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Cmpykmypa 0e/1K0é

| IIOCJICAOBATCIIBHOCTD

1. IlepBuyuHas CTPYKTypa = aMHHOKHMCIOTHBIX OCTATKOB |+

i

H.N —C—COOH
|
H

OO1as XxuMHu4YecKas
dbopMyna L-a-aMHUHOKHUCIIOT.

B HOJII/IHGHTI/II[HOfl O CIn

MTOJIOKEHUE S-S
CBSI3€M (€CJIU €CTh)

lleno
apauiaem-
¢ 30ech

I[locnenoBareaLHOCTH
AMUHOKHUCJIOTHBIX OCTAaTKOB
B MOJIEKYJIC JIM30LMMA.

BrITssHyTas monu-
TIETITHIHAS TETTh.

bt Ll 16/10/2023



2. BropuyHasa CTpyKTypa

peaynsapuas A) a-cnupano
b) p-cknaouamerii
caou
Hepe2YNAPHAas CMPYKmypa

A) Pacnionoxenue aToMOB

OCTOBA TOJIUIEIITUAHOMN e
OTHOCUTEJILHO OCHU  O-CITUPAJIH.

3. TpeTtuuyHasa CTpyKTypa

Jluzoyum: 129 a.x. ocm.

13 930 Ja (1 la=1,67%10-2" xr)
[C.C.F. Blanke et al., Nature 206 (1965) 757]

o CezB
R g ol
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2023

DyHKUMK BrononMmepoB HENOCPEACTBEHHO CBSA3aAHbI
C UX CTPYKTYPOWU

CrpykTypa Onomnoarmepa onpeeisieT Ha0op KojaeOaHUM, COCTaBISIOIINX

KOJICOATEIbHBIN CIIEKTP

H36ecmuble (Ha HaCMOAWULL MOMEHN) 8UObL KOJleOaHUll OUONOIUMEpA.:

Penaxcauyuonnvie (nocapugpmuuecxkuti 8u0 pacnpeoenienus uupumsl)

axycmuvecxkue (om 1 0o 100 11y)
¢ppaxmonwl (om 100 11y)
6030HHbIU nux (600-800 ['Ty)

6036)/97‘C0€HM}Z HA coomeencmeyrmux XuMudeCKux CeA3AX MOJEKY]l U

epynn monexya (>100011y)

16/10/2023



Bo3MoKHBIE (pa30BEIC IPEBPAILCHUS B
OenKax

disordered
p—" HM3MeHnenune BHEITHUX
nascent Ycnosuu. Myranuu
chain
native
—_—
Y n A .
l‘i hmmnc ) - inclusion bodies,
: l extracellular deposits
) e R ’ ! '
—A7 —
.'}I",-‘t‘.' .'. |
o v /
ordered pre- HeiipoaerepaTriBHbIC 3a00J1€BaHUSA
fibrillar

aggregates HpI/IOHHBIC 6OH63HI/I



‘ KoaebareApHAA CIEKTPOCKOTINA

= Probes: o
-« Brillouin spectroscopy

o Light: photons ] ° Raman spectroscopy
* Infrared absorption spect.

~ « Inelastic X-ray Scattering

r -~ electrons: High Resolution e- Energy Loss

a Particles ~ He: He atom scattering

. neutrons < Time-of-flight spectroscopy
* Inelastic Neutron Scattering




‘ KoaebareApHAA CIEKTPOCKOTINA

Raman spec.

* ImeV-eV Excitations (5-5000 1/cm)
* Optic phonons at the center of

the Brillouin zone

* High resolution

- Different selection rules

X-ray scattering

- Excitations ~ meV, ~ A

* whole BZ available

mNo kinematics restrictions

m Dispersion + p(®)

* Energy resolution ~1meV
107

Brillouin spec. -

4 10%

10%

Optic b.

4 10t

(ZEM

oustic branches

4 10°

\ 4107
O
- << ]
10° Neutron scattering

* Excitations of 2ueV-0.6meV 10° L 3 2
+(0.001 -30 1/cm) N v N
* Acoustic phonon branches at low q

(sound waves)

I-i
o

qA™)

10°

1
\ - Excitations ~ meV, ~ A
* whole BZ available

mDispersion + p(w)
Kinematical limit: v, < 3000 m/s

- Information: E > V, (sound speed)
linewidth = Atenuation



Heympyroe paccesnne HeUTPpOHOB

B akcnepumeHTax
NCMNOJSIb3YHTCH
N3MEHEHNSA Kak

MOMEHTA, TaK N 3Heprum
Onsi Xapakrepusauum
KornebaHun CUCTEMBbI:

PELUETOYHBIX,

MarHUTHbIX U T.A4..

1 meV =8.6 1/cm
1 1/cm=30TTu

o Vibrational neutron
Elastic line
spectroscopy
<€-Magnetic scattering—>
Y
4 Intramolecular modes
2 Lattice modes ¢
=
> ”
Neutron Compton
scattering
Quasielastic
Ascauenng
l | l | |
0 1 2 3 < 5
logm(energy transfer / cm1)
microwave infrared visible UV

Electromagnetic spectrum

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)




‘ YIpyroe paccesHUE HEUTPOHOB

Crystallography

Microstructure

Porous Madia

L

Structure

Y,Ba,CuO, (T.=95K) T=5K »=1.594A

= @ B8
g 8 8 & 8

Neutron Intensity
%

i - 0bs
==
i dif
-
EYENT ;
3 Ioruks ‘Aj:
’{?ﬁu uv *u LJ'A\J' \.h/‘q
vaa-;;:;;,"‘“ "_ g G e e el e e ey
20 40 60 80 100 120 140 160

o ()

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)
= Determine length scales

and differentiate between
nano-, micro-, and macro-
systems.

Utilizes position and

Pynn, Neutron Scattering: A Primer (1989)

momentum correlation.



[1poLecchl pacceaHus Light
cBeTa o ——> Q
M>Ao A2 <ho \Scattered
2 2 s
Excited state
(Virtual)
AE; AE,
l Absorption
y ; Initial state
——= @ @
i

Rayleigh  Stokes Anti-Stokes  |r5-req

scattering  ~an 1an Raman Absorption
scattering scattering



Paccesaue cBeTa

Ynpyroe paccedHue: Rayleigh
0 Inhomogeneities: vacancies, interstitials, etc...

~ '3
IRayleigh 10 IO

Heynpyroe paccesiHue:
0 Acoustic waves: Brillouin Scattering

o Other waves: Raman scattering
IRayleigh™1 0-°-10-"2|,



MHTEHCUBHOCTH PaCCEIHHOIO CBETA

N

Y

1,7V 85
ME 2 ap

|
<Tnti-8tokes components : Stokes components

|
Rayleigh

Y1rpyroe paccessHue
CrpykTypa

2 2 2
1, = I"ﬂ; 12/(1 88) o ksT (1+ C0s2¢9)
AL \ooT ), Cpp

J Lk T(1+C0s2¢9)

S

Brillouin
Heynpyroe paccesnue

JluHamuka

TN
& Wavelength
kT
AP )= —F
5 k. .C.p
AST )= "~




‘ KoaebaTeApHAA CIIEKTPOCKOIIHSA
r/ A

10* 10° 10° 10’ 10° 10

.L-Wf:" " T '.. l‘. ! ll PR L e | L} ,:‘.a*.l.’\.l::,.s..l,:-x(,.' I'I"' B |

.......

AL Chopper
Vi /4

ez,

LN \ S W W ¥
N \ A \
s \ \ \ N Y v
\ \ v\ \
N\ \ \ \ \ b B
% 3 \ \
, \ AN
\ N
\
¢ \ =
\

;?/\. §
0 [ et/
107 Cé/
107
10* /

10° Photon s
correlation
10° //
1 i 1 B 1 /1 11Illll | 1 Lllllll i L Illllll A L R -0 & RA
10>

16™* 10° 10" 10° 10’

E/ meV

t/ ps




Puzmyeckre METOABI UCCAEAOBAHUIA N3MEHEHIN
KOH(OPMAITIA OIOIIOANIMEPOB

ManoyrnoBoe paccesiHne HEMTPOHOB — aHanus U3MeHeHU i
TPETUYHOWN, BTOPUYHOMN 1 NEPBUYHON CTPYKTYP, HA YPOBHE
Oa/HET, HNKaKUX CTPYKTYPHbIX AeTanen, dopma obpasoBaHus
arperartoB, 4OMNOSTHUTESTbHbIX CTPYKTYP

PEeHTreHOCTPYKTYPHbIN aHanus3
AMP

BpnnntoaHOBCKOE paccesiHMe CBeTa
PamaHoBCKoe paccesHue cBeTa



BpI/IAAIOSHOBCKOC pacceAHnc CBETa
- PamanoBckoe pacceAHnC CBETa

NO3BONSET ONpeaennuTb TOYKN
(TemnepaTypHble, KOHUEHTPALUWUOHHbIE U T.A.)
N3MEHEHUA AMHAMMUKMN, a 3HAYUT U
CTPYKTYPHbIX (KOHOPMaALMOHHbIX)
npeBpalleHnin. BoiaensatoT 0CoObeHHOCTH
CTPYKTYPHbIX NBMEHEHUN — KaKNEe MMEHHO
9JIEMEHTbI CTPYKTYPbI UCHEINN UK
NOSABUINCS.



‘ TemPaZOHClJleble Kpucmaiibsl jiuouuma

[A.B. CBanupge, C.I. JIlymnaukos, JI.A. IllysanoB, Kpuctamnorpadus 50 (2005) 789 ]



Hpoekuu;l mempazoHAa;ibHO20 KpucmaJjia

A_L/S5
auzouuma Ha naockocmo (001) = ‘
benkoevie kpucmannwtl cooeprrcam 30-70 % 6oowt!! 1 ®1

2-fold symmetry Ghao
axes

[A. Nadarajah et al., Acta Cryst. D52 (1996) 983]



Da3zoebie nepexoovl 8 DEIKOBHIX KPUCMANTAX

1. Jolles P., Berthou J. A Phase Transition in a Protein Crystal:
The example of Hen Lysozyme // FEBS Lett. 1972. V. 23. No. 1. P. 21.

2. Berthou J., Jolles P. High Temperature Crystallization of Lysozyme:
An example of Phase Transition. // Biochim. Biophys. Acta. 1974.

V. 336. P. 222.

T=25°C
KPUCTAJLJIBI JIN301IUMA KPUCTAJLJIBI JIN30LIUMA
MOIU(PUKAUA 20 MOIU(PUKAUA




dazoesvlii nepexod 8 KPUCMailax Ju3ouuma npu

I. Dobrianov et al., Acta Cryst. D57 (2001) 61
Dynamic response of tetragonal lysozyme crystals to changes in relative

oezuopamauui...

humidity: implications for post-growth crystal treatments

S m—— g KNO3 (93% RH), KCl (86%), KBr(83%), NaCl (75%)...

Ilpu RH < 88 %:

* YXYALIEHUE pa3pelieHus

(1.6A — 3.7A)

¢ HU3MCHCHHUC MO3aAMYHOCTHU
(0.06° — 1.9°)

* TIapaMETP BJIEMEHTAPHOMU
AYEUKU € YMEHBIIIAETCS

Ha~9 %

Lattice parameter ¢ (f\)

39

38 F

37

35+

Decreasing r.h.

87 %
88 %

79 %

33

93 %

76

1
77 78

Lattice parameter a (A)

1
79

80



S. Speziale et al., Biophys. J. 85 (2003) 3202
Sound Velocity and Elasticity of Tetragonal Lysozyme Crystals
by Brillouin Spectroscopy

93 I l T . l
| R |
P Dobrianov et al. (2001)
Elastic scattering peak
H ’a \
67%r.h. =
- eyt = 3.0 —
Lysozyme | | >
> - 'S 5
— o}
3 ®
1] > @]
- 9
S 3 25| -
= =2
£ o
S ®
= ®
z © o
c o
e =
= = 20 e
o
S O [001]
=1 m [110]
) : e 15 | | | | | I
e — 65 70 75 80 85 90 g5 100
-0.4 -0.2 0.0 10.2 0.4 . o
Frequency Shift (cm ) Relative humidity (%)
FIGURE 3 Brillouin spectra for phonons propagating in the [110] FIGURE 4 Sound velocity of tetragonal lysozyme along the [110] and
direction in tetragonal lysozyme crystals at different relative humidities. =  [001] directions as a function of RH. There is a discontinuous increase of
The dots indicate the raw data. The lines are a fit to a model for the both velocities and an inversion of the velocity ratio in the 93%—-87% RH
mechanical coupling of the acoustic phonon to a relaxation mode of range.

hydration water.



[1nsa ceHeTO3NeKTPUKOB M pPSAA APYrnX COeANHEHUN. ..

Msarkas moaa A
_ o, ~(T-T¢)
- 30-
93% enaxHocmu ; o
ons Na-OJHK = 25 g%
il Z ¥
s B
< N
S X
Z 20/
24 x
A - AHK B - OHK . . o
0 50 100
[T. Weidlich, et al., Phys. Rev. Lett., 1998: RELATIVE HUMIDITY, %
T WGIdlICh, et al" J PhyS Chem" 1988] 3aB|/|C|/IMOCTb YaCTOTbIl OT BJIMTa>XHOCTU

Raman aktnBHon moabl B Na-[HK
npu nepexone n3 A B B gopmy

16/102023




Cnexmp MBP ceema ¢ mempazonaivHvlX KpUCmaiiax au3ouuma

100 T=298 K; HEWL crystal in capillary ¢ ¢, +2¢C
M Upa = 2p
80 n LA phonon
Urgp = f(cll ,Chpy C, Cig )
: Org = J (C44)
S 907 TA2
° h
& phonon
Z 1
ﬂé 10 | 1) Velocity
I
- | Av A,
D=
20 2n
Al 2) Integral Intensity
phonon N
0 ' | ' | ' I ' | “ ' I ! | | ' S(a)) X
-20 15 -10 -5 0 5 10 15 20

Brillouin shift, GHz

[A.B. CBanupagze, C.I. JIlymnaukos, C. Komkuma, ITucema B XKOT® 84 (2006) 646]



Temnepamypnsie 3a8UCUMOCHIU CKOPOCHIU W BOCHPUUMUUBOCIIU —

nonepeuno2o TA2 cponona ¢ kpucmanne nuzouuma,

1460
| (a) .
%g ®
1440
> TA2 phonon e
8 1420 .
B = 184
i . H
£ 1400 . L
8 ... * .
2 1380 0.... : 5
- o®
z . >,
N [ | 1 ;-Qﬁ 1.82
1360 =L
- (b) o Q
= 0
5 =
. O O
£ 70k o L
) o° =
> °50 =180
2 6of o0 . 5
E o ° o = ,
g} 50 %o 00 302
L
f ot (T=306K!I
295 300 305 310 315 320
_ T (K)

Temnepamvpuaﬂ Jasucumocms menjioeémMKocmu

[A.B. CBannpgze u ap.,
ITucema B JKOTD 84 (2006) 646]

304 306 308 310 312

TEMIIETAPYPA, K

AN . °1 4 1
[ V. OvVdallllZl CL dl.,

Appl. Phys. Lett. 95 (2009) 263702]



TN

®da3za «pacnnaesieHHouU 25106y nbI» U 30/1b-2€J1b
nepexoo 8 okpecmHocmu mensiogoli 0eHamypayuu

Jusoyuma
0.030 - NaAc buffer 180° ceomempusi paccesiHus1
0.025 - 508 SETER Ve,
. . O O
0.020 - o ?2?
e HE  '
‘2 0.015+ o0 A
- ing o a0 Mee e
:-_)_ 0010- - PY o r= \\~I //
S i © o * lysozyme -
N e |
\>A: G100 ] solution | Heat-induced
~  0.000 - ° 250 mg/ml I gelation
- - |
: O :
-0.0104 * !
|
_ . @ - R — B>
-0.015 ¥ T T T T T *' (ﬂ &
290 300 310 320 330 340 native unfolded aggregated network

Temperature, K

iy
350\
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‘ bbIunii CBIBOPOTOYHBIN aIb0yMHUH

(BCA)

bbIunii CBIBOPOTOYHBIN alTbOYMUH:

‘M =69 xDa

*607 aMMHOKHUCIIOTHBIX OCTaTKa
*3 JOMEHA

*50-68% o-CrIMpaIbHOCTD
*KOHIIEHTpals B IJIa3Me
cocTasisieT 35-55 mr/mi.

*Irpaer TpaHCIIOPTHYIO POJIb B
OpraHu3Me




‘ dazoBas quarpamma bCA

Start of I domain
unfolding

Start of II domain
unfolding

Loop

Helix |

} .,
epeXxo/1 /




TemneparypHasi 3aBUCUMOCTh OTHOCHUTEIBHOIO
n3MeHeHMs capura ayonera Mb B BCA

T L

T {+++
1.004 4 o s e k

1.002

Peak Height

v,
o
— O

>~ 1.000 4
|
> +

:

N
0.996 - { - ' 3(IJO ' 3;0 ' 3&0 ' BIIBO ’ 34l10 ' 3é0 l 3(ISO ' 370
. : Temperature / K
'|'|'|'i:'|:'|:'|:'| .
290 300 310 320 330 340 350 360 370 Temperature dependences of the peak height
Temperature / K intensities of individual Gaussian components

[K. Murayama, M. Tomida, Biochemistry 2004 ; 43, 36.]

Helix 2



‘ TemneparypHast 3aBUCUMOCTb HUHTEHCUBHOCTHU

J:[y6HeTa Mb B BCA

Intensity / Arbitr. Units

©
N
]

TemmeparypHas 3aBUCHMOCTh HHTCHCUBHOCTH
nyonetra Mb B O€JIKOBOM pacTBOpe

1.2 1

-
o
|

o
fe")
1

o
D
L

0.2 1

0.0 1

TTTTT

£ : ; :
UL L L L

300 310 320 330 340 350 360 370

Temperature / K

mean-squared displacement

7.5 1
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1

DOJIACTD
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1
. L
SRR e A e e S A S AR AR S TR R v
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1
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o
o
1

[ J
°

9
o
1

4.5 ;.. 1

4~0|'|'|'i5|:'|"|:'|
300 310 320 330 340 350 360 370

Temperature / K

TemnieparypHas 3aBUCUMOCTb

CpeIHEKBaApaTUYHOIO OTKJIIOHEHUA 111 BCA

[M. Grimaldo, F.Roseen-Runge, M. Henning et.al.
Phys. Chem. Chem. Phys. 2015 ;17 , 6.]



o)o)eo XO

PenakcauyuoHHasi MoOa

Lysogyme denaturation

induced by GdnHCI

37 A
\
- N—H,,
N=C ! 7l
+ / ’ ‘\ \ X \\\\\\\\
H |/  N—H
[/
s
TV
'(,‘_I\
(- D
———
denaturation
???

Y/

change of solvent

N

properties interaction

protein-Gdm*

-3
(o))

O =
o O

S o o
[N R SN N

0.0

Fraction of Lysozyme Denatured

GdnHCI Concentration, M

GdnHCl-induced lysozyme
denaturation, fluorescence data.
[W. Liu et al., Biotech. Bioengin. 2004]

80

-
o

DENATURED

Temperature (°C)
N a @
o o o

w
[=]

20

0 1 2 3 4 5
GdnHCI Concentration (M)

Thermal transition of lysozyme as a function
of GdnHCI concentration, CD at 230 nm
[B.A. Vemaglia et al., Biomacromolec. 2004]

]
16/10/2023




ocooeo PesrakcayuoHHasi Mooa

Lysogyme denaturation induced by GdnHCI
[P.E. Mason et al., Biophys. J. 2007]

Gdm*-Gdm* interactions ~30 ps

FIGURE 1 Atom density of Gdm™ around melittin side chains
Arg?? (left) and Trp'® (right), displayed using VMD (20). The Gdm™
contours are displayed at a number density of 4.4-times the bulk
number density of Gdm™ for both figures.

-4

X-ray structural crystallography
of lysozyme crystals with GdnHCI

Formation of GdnHCI clusters in water. [S-C- Mande et al., Prot. Eng. 2000 |
[P E-Mason et al, J. Am. Chem. Soc, 2004] — 1A-C-W.-Pike-etal., Prot-Sci-1934]
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ocooeo PesrakcayuoHHasi Mooa

Gdm™ -protein interactions ...22

300 ; '
Brillouin } | Brillouin
peak —_¥ . — peak
— -
:g o T=339K
= | :
> 200  relaxation time of &
o ! Gdm'-protein |
= interactions  { | relaxation time of § 1
~ I J  Gdm'-Gdm' @ y
2 . | ' interactions ! !
.‘: i i 2 Iy ‘B
= i' ‘ 1: 4 C— T 19 pPs ‘; ’
b ' 4 | & 4
o 1004 E S 1::3. \ N R | N
= o B \ Wedine.. a2/ y
an - T" '-'.k}\ i ;,‘_ “* ‘ ) .l 4‘ ? _: ¢ %
, 74 / T ORGL \ / O -i‘? B -
[ 'Jv‘_'} - - : : ”’; ‘A. -
e quasi-elastic scattering AR
0= - —— e .
-1 1
Gdm* N

Brillouin shift (GHz) atom density around the hydrophobic side

chains in the N-terminal region. The contour
level is 2.6-times the bulk number density of
these nuclei.

[P.E. Mason et al., Biophys. J. 2007]
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Details of neutron scattering experiment 4

Bovine Serum Albumin
(Sigma-Aldrich)

lyophilized, without deuteration
g of water / g of H,O = 0.04 (TGA)

583 a.a. residues
66 463 [Ja (1 Ja=1,67-1047 kg)
prolate ellipsoid shape with dimensions:
140 x 40 x 40 A3

Details of neutron scattering experiment:

e FOCUS, SINQ; resolution ~ 100 peV ( Tt~ 10 ps)
o wavelengthA=4.3 A
e temperature variation from 200 K up to 340 K
e data analysis in DAVE: self-shielding correction
vanadium used for data normalization ]:> ;‘(J:;
correction for Al sample holder

™

g

16/10/2023




Dynamic structure factor of BSA 5

BSA, T = 240 K

e Data
7000 1 elastic scattering -
b lorentz 1

6000 | igﬁm S(q,a) ~ ()) - 6Xp(—<u2>q2)
2L quasi-elastic scattering — "
5000 0.20 .
- | ’
D 4000, boson peak o1sl
— T //
5 3000 - o< T ,?
g N g /,
n N )

2000 H \? I U+//+

014} g
1000 . ’++§’+’%
| ¥ | | | O 0 240 270 30 330 360
% - 5 ‘ 10 ' 15 - 20 T/K
w / meV
2
S (2:0) =8, (2,0)® S, (4,0) |S,e, (w)=4,6(w)+ Z AL (0)+InN(o)
n=1
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Protein dynamics: Boson peak 6

Fitting of Boson peak by lognormal distribution:

H

[

v PHYSICA |

Modeling of protein properties
- - ELSEVIER Physica A 294 (2001) 44-50
US’ng ran dom elas tlc n e twork www.elsevier.com/locate/physa

. Cwoc koc y Origin of the lognormal shape @n the boson-peak
For acoustic waves. A of globular proteins

M. Noéllmann?®, P. Etchegoin®™*

A ~ [ -localization length due
to structural disorder

» distribution of quasi-localization lengths
» topological properties

PDF (arb.units)

Probability distribution function of the
maxima in the logarithmic singularities
of cytochrome C.

[M. Nbélimann, P. Etchegoin, Physica A 2001] Frequency (cm™)

16/10/2023




Protein dynamics: Boson peak r4

s O a5
v o 300K
= 280 K >
s L)
8000 = % . 260K ) - %,
v . 240K S LT
K e 230K ~
% ¢ 220K S 30r
g ©
= 6000 L Q
- I
w n ®
8 25t P
Y
4000 L O ®
é -
3
2.0 1 I 1 I L I 1 I
i 200 250 300 350
o/ meV T/K

Dynamic structure factor of BSA

Temperature dependence of boson
at different temperatures.

peak maximum frequency for BSA.

16/10/2023



=I/(n(v)+1) [arb.un.]

Protein dynamics: Boson peak

light-vibration
coupling coefficient

I (v)= G(v
W=—=cw__

ot
(o)}
2 .

o
o
A

© O
w ~

2 [ 2 | 1
-
i

o

N
L
1

014 . N i

0-0 : ' v ' L l v '—' —l -' ~' —'—
0 10 20 30 40 50 60 70
LE
viem-')

Low-frequency Raman spectrum of
lysozyme, h=0.4, T=250 K.

[S. Khodadadi et al., Biochim. Biophys.
Acta 2010]

FE
S 1 T=170:10K w77
E:

[ M [l " [ M [ Py [ 1
100 150 200 250 300
Temperature [K]

Temperature variation of boson peak
frequency for lysozyme.

[S. Khodadadi et al., Biochim. Biophys.
Acta 2010]
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VoLUME 45, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OcToBER 1980

Phys. Rev. B 21, (1980), and to be published. S. Basu, A. R. McGhie, and J. E. Fischer, Mater.
"E. L. Evans and J. M. Thomas, J. Solid State Chem.  Sci. Eng. 40, 1 (1979),

14, 89 (1975). ""A. D. Novaco and J. P. McTague, Phys. Rev. Lett.

N, Kambe, M. 8. Dresselhaus, G. Dresselhaus, 38, 1286 (1977).

Fractal Form of Proteins

H. J. Stapleton, J, P. Allen, C. P. Flynn, D. G. Stinson, and S. R, Kurtz
Department of Physics and Materials Research Laboratory, University of Nlinois

at Urbana-Champaign, Urbana, Illinois 61801
(Received 20 March 1980)

Electron spin relaxation measurements on low=-spin Fe'* in several proteins show that
they occupy a space of fractal dimensionality d= 1,65+ 0,04, in conformity with the dim=
ensionality d= % of a self-avoiding random walk. Analysis of myoglobin x-ray data inde-
pendently confirms this fractal dimension.

PACS numbers: 87.15.By, 63.50.+x, 76.30.-v




It is possible to use the fractal approach for description
of protein structure

M (r)ocr?
D,— fractal dimension
For protein  2.25< D<2.75

2

Schematic representation of a massive Cross section of the protein 1A4G
self-avoiding linear fractal chain [M.B. Enright and D.M. Leitner, 2005]
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FIG. 11. Crossover of the DOS (solid line). The dotted
(dashed) lines represent the continuation of the phonon (frac-
ton) asymptotic behavior into the crossover regime.

Nakayama, Yakubo and Orbach, Rev.Mod.Phys.66 (1996)



Daniel ben-Avraham,
Vibration normal-mode spectrum

of globule proteins //
Phys. Rev. B 47 (1993) 14 559

d -
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d, — fracton dimension

Andreani C. et al.,

Low frequency dynamics in the enzyme
superoxide dismutase revealed by inelastic
neutron scattering //

Physica B 234-236 (1997) 223
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FIG. 1. Density of vibrational normal modes, g (@), of g ac-
tin (O) lysozyme (/\), ribonuclease 1 (4 ), BPTI (V), and cram-
bin (@) as a function of frequency.
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Hevnpvzoe paccesanue HeumpoHo8 8 JAU30UUME

Samples: hen egg white lysozyme (Fluka):
- protonated
- deuterated

Inelastic neutron scattering inverse-geometry time of flight
spectrometer KDSOG-M (JINR, Dubna, Russia)

Temperatures 280 K, 311 K, 200 K
Density of vibrational states G(®)

2 Al
Q) k() | / d"o

G(o) = Ao
L ) niem) + ]le)za._d!..!(.f(!) /incoh

ko u k;-wave vectors of incident and scattered neutrons,
Q=k,-k; — scattering wave vector, n(®) — Bose-Einstein factor.

72
(——),., - thedouble differential cross section for incoherent scattering
dQdw' ™




DpaKmon 8 HU3KOYACMOMHOU 00,1aCMU_K0J1e0amejibiHo20 CHeKmpa
Juouuma

®>>wm,  density of states G(®) ¢ @ %1, d — fracton dimension

O<< ®,, Debay low G(®) < @ %!, d — dimension of Euclidian space
[ T. Nakayama, K. Yakubo, R.L. Orbach, Rev. Mod. Phys., 66, (1994) 381-443]

@ deuterated lysozyme
O  protonated lysozyme

S (cerre
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HaHpaBAGHI/IH AEVICTBUIL:

Tonbko kKoMbrHauuna obeyxgaemblx 34ech (U psaa
apyrux) MetogoB AaeT BO3MOXXHOCTb MOMHOCTbIO

BOCCTAaHOBNTb KapPpTUHY ONHaAMWKHA 6|/|ononmmepa.

[omkHbl peann3oBbIBaTbCA KaK CTPYKTYPHbIN, TaK U
ONHAMUYECKNIN noaxoabl



3AKJIOYEHUE 21

Cnacunbo 3a BHMMaHue!
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Fractal approach for description of ...

Protein dynamics Protein structure

Fracton
Dy - the fractal dimension,

Moc 1 2f
The density of fracton states
G(®) « ®*!, d - fracton dimension

In real physical systems : a<<L<<Lo,
a - the length that forms the lattice spacing of the original network,
Lo - the length corresponds the description of the
fractal object as a homogeneous system



Fractal approach for description of ...

Protein dynamics Protein structure

Fracton
Dy - the fractal dimension,

Moc r &/
The density of fracton states
G(m) « @*!, d - fracton dimension
In real physical systems : a<<L<<Lo,

a - the length that forms the lattice spacing of the original network,
Lo - the length corresponds the description of the
fractal object as a homogeneous system



Protein dynamics Protein structure

Fractal model

Description of protein dynamic and structure from the one point of view

Crossover from phonons to fractons Dispersion relations for fracton

~

vk npuw<<wo, —D./d
woc{kDf/g npu @ >> o*Alw) 7

@, - crossover frequency A(w) - frequency-dependent length scale

for lysozyme ... D, /d =~1.92+0.05



Manoyanogoe paccesiHue neumponos, IKCNepuUMeHm

= Oo6pa3zen: hen egg white lysozyme (Fluka):
- Ciys=50 mg/ml and 250 mg/ml,
- NaAc buffer (pH=4.6, D:0O), T range: 300 - 347.5 K

= VYcranoska: “Yellow Submarine ” (Budapest neutron center)

mechanical
selector
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Results of investigation of lvsozyme by SANS

tertiary structure
of lysozyme,

Intensity, a.u.
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Fractal dimension, D ,

Change of fractal dimension of lysozyme-at thermal denaturation,

results of SANS
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dTHU 2016 @0000 Momusauyusi 4

[1nsa ceHeTO3NeKTPUKOB M pPSAA APYrnX COeANHEHUN. ..

Msarkas moaa A
_ o, ~(T-T¢)
- 30-
93% enaxHocmu ; o
ons Na-OJHK = 25 g%
il Z ¥
s B
< N
S X
Z 20/
24 x
A - AHK B - OHK . . o
0 50 100
[T. Weidlich, et al., Phys. Rev. Lett., 1998: RELATIVE HUMIDITY, %
T WGIdlICh, et al" J PhyS Chem" 1988] 3aB|/|C|/IMOCTb YaCTOTbIl OT BJIMTa>XHOCTU

Raman aktnBHon moabl B Na-[HK
npu nepexone n3 A B B gopmy

14/11/2013




da3zoebie nepexoonl

30

Ceznemoanacmuueckuii gpazoentii

nepexoo — hpa3oBbIii TIEPEXo/,
pY KOTOPOM BO3HUKAET COCTOSIHUE
CO CIIOHTaHHOU Aedopmanuei
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Elastic softening in BiVO, and LaNbOj.
['Y. Ishibashi et al., Physica B&C 150(1988) 258]



CobOcTBennas Hu3kodactoTHas quHamuka JIHK agn’s?

1,002

. A*T stacked on A-T
: (ApA and TpT steps)
= 349 K
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Hsmenenue cmpyxmypor AHK npu naaeéaenuu: cmaxure
83aumooevicmeun

Double-stranded DNA

O Lo
AT stacked on A-T ©
(ApA and TpT s‘l’e.ps)/
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Intensity, r.u.

3aBUCHUMOCTh UHTEHCUBHOCTH PEJIEEBCKOU (YIIPYTOM)
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Cmpyxmypa mymanmnou AHK u ee usmenenus npu noeviuernuu
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3aBHICHUMOCTDb CKOPOCTH 3BYKa IIPU

CTPYKTYPHOM (PA30BOM IIEPEXOAE
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Intensity, r.u.
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«Hucmaar ounamuxa AHK npu naaéaernuu u

NHK

16
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Landau theory ® 10GHz
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®TU 2013, KoHkypc ny4qwux pabom

Llenb paboThi:

ccnegoBaHMe HU3KOYACTOTHOW AMHAMUKM DMOMNONMEpPOB
npu pasoBbIX NpeBpalleHusax. aydyeHne cea3n mexay
CTPYKTYPOU U AMHAMUKOWN DMOMNONMMEPOB

06/11/2013



®TU 2013, KoHkypc ny4qwux pabom

da30Bble NpeBpaLleHnsa B buononmmepax:

» OMHaMWUYECKUIM (CTEKONbHbIN) pasoBbin nepexon (npun T<240K)
» nenarypauus (nmpu T> 340K)

» kKoH(pOpMallMOHHAS JIMHAMHUKA

06/11/2013



®TU 2016 cecoo  Jlusoyum, Kak MoOesibHbIU 6es1ok 6

TN Hen Egg White Lysozyme:

globular structure
129 a.a. residues
13 930 fa (1 Ja=1,67-104" kg)
4 S-S bonds
[C.C.F. Blanke et al., Nature 1965]

®akmopsbl, npusodsujue K
deHamypayuu 6enkos:

> memMriepamypa

» CUJIbHbIE KUC/Iombl U Wesioqu
> XaomporiHbie azeHmsbi(urea,

AKTUBHbI Genok  AeHaTypMPOBaHHbIiA quanidine hydrochloride)
» daesieHuUe u m.o.

Anna Svanidze

14/11/2013



Tennoean denamypayua ausoyuma

l I ‘ll Il _ 0.045
— ) - TE C
‘e s
VN
- IV -

[D.R. Booth et al., Nature 1997]

0.06

0.05f

0.02 F

0.01 |

lysozyme concentrations

3.8 mM

——=- 26 mM
re—-= 13 mM

30 40 50
T[°C]

Excess thermal capacity thermograms
at different lysozyme concentrations.
[S. Raccosta et al., Eur. Biophys. J. 2010]

PacTtBop nu3oumma B ONTUHECKOM MUKPOCKOME
npu KoHUeHTpauum (a) 50 uM n
(b) 334 uM nocne BbliaepPxKu npu 81

14/11/2013




dTU 2016 3

MeToabl UcciieJOBaHUMI;

» MaHgenbwTam-6punto3aHOBCKOE paccessHMe CBeTa
» PamaHOBCKOE paccesiHue CBeTa

» [IK-cnekTpockonus

» Manoyrnosoe paccesiHue HeENTPOHOB

» Heynpyroe paccesHne HENTPOHOB

» KBasunyrnpyroe paccesiHme HEMTPOHOB

» MoHTe-Kapno mogenmpoBaHue, KBAHTOBO-XMMUYECKNE PaCHEThI

14/11/2013



®TU 2016 coeco Tennoeasi OeHamypauyusi nusoyuma 11

Crexmp pacceanua céema 6 6ygepe u 90 scattering geometry
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Anna Svanidze 14/11/2013



®TU 2016 coeco Tennoeass OeHamypayusi nuloyuma 12

90° scattering geometry

TemMnepaTtypHoe noBefeHue
OTHOCWUTENBLHOINO M3MEHEHUSA
CKOPOCTM WU 3aTyxXaHus rmnepaByka

B pacrsoOpe

S>> a=a,ta,ta, =

nmM3ouuma

q2{4n+ﬁ+z(7—Q]

20| 3 c

n — shear viscosity, n’ — bulk viscosity, a — amplitude
damping constant, y = ¢,/c, x — thermal conductivity
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Differential Raman spectra
(a) 0.02 M acetate buffer, pH 4.7;
(b) 300 mg/ml lysozyme in buffer s

(c) 300 mg/ml lysozyme in water
[Genzel, L., Biopolymers, 1976].

ution;

d1g(v) /dv

DIFFERENTIAL RAMANSNTENSITY

| 1 -
50 100 150 200

WAVENUMBER (cm™)

o

o

Raman spectra I(®) of
lysozyme crystals.

solid line- wet crystals,
dashed line - semidry crystals

dotted line - dry crystals
[Hisako Urabe et. al, Biophys.J., 19

l7]f§lllllllllllllllllI!I

-200 -100 0 100 200
Raman shift (cm")




Sow-Hsin Chen, Jose Teixeira, Structure of protein-detergent complexes.

/ Rhys. Rev. Lett. 57 (1986) 2583

Denaturation of bovine pancreas albumin
by lithium dodecyle sulfate (LDS)

SANS experiment
Different

concentration of LDS

(a) (b)

FIG. 1. Schematic representation of the protein configura-
tion. (a) Native protein; (b) denatured protein. Small dots:
amino-acid residues. Black dots: micelles.
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L \<\—> bf=2.36 ]
/_ .

01

0.01}-

0.001

! | | 1 1 1

1
0.005 001 0.02003 005 01 0.2 Q(A™Y

FIG. 3. Scattering cross section /(Q) for the three studied
samples plotted vs Q in a log-log diagram. Dots: experimental
points. Solid lines: best theoretical fits.
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160
L e

4o g o3 g8 % R 2
£l R () =222 ) (lou)
S 100} d
2 sof v~ (-1 1) =7
é 20 87 _

of b) o=—R.(y)~77

20 2 M " " "
290 300 310 320 330 340 350 360

Temperature (K)

1, - incident light intensity, p — density, V' - scattering volume, v - sound velocity, R .(p) - constant
of scattering from adiabatic density fluctuations, o - extinction coefficient, r - distance from the
scattering volume to the observation point, /- light propagation distance in the medium,

g - scattering vector, 5, { - coefficients of shear and volume viscosity

14/11/2013




Universite Lille1 oceooo  Brillouin light scattering

Example of Brillouin spectrum and fitting
|—@— 6M GdnHCI in NaAc buffer

1000 - o | 1
’ ) Rayleigh peak b g
«h $ -
. 800 - (h' .'

= o o _

@ﬁ - Brillouin peak ;{“ ‘Pi‘: i

;‘ | 00 :: quasi-elastic 8 l'l d

g 400 4 } 0 scatterin b o |

g |

— 200-

0- - —— '
-15 -10 -5 0 5 10 15
LAV _ o VO Brillouin shift, GHz
C 2 2 4
q o A
a=a,+ta,+a,= | _n+n'+ > (y-1
S = 2av = T T a3, -

S(a)) ~ (kT / ha)) Im(Z) n — shear viscosity, n’ — bulk viscosity, a — amplitude
damping constant, y = ¢,/c, x — thermal conductivity

5/09/2012

Anna Svanidze




Universite Lille1 00®00 Thermal denaturation of lysozyme 15

Conclusions

» The pronounced anomalies in the behavior of Brillouin peaks at
sol-gel transition accompanied lysozyme thermal denaturation
have been found.

» The model for the description of Brillouin peak intensities in the
critical region has been developed.

» There exists a temperature region before sol-gel transition where
the anomalies in hypersound velocity appear that probably
correspond to the intermediate state at thermal denaturation.

Anna Svanidze 5/09/2012



Mooeasvrazr cmpyxmypa AHK
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Mogaens B-/IHK
[R. Wing et al., Nature 287 (1980) 755]

U XUMHUYECKAsA CTPYKTypa JIBOWHOU
crimpanu JJHK

[R.E. Dickerson, Sci. Am. 249 (1983) 94]

-~ ADNA Z DNA

MOI[CJ'II/I pa3/JIMYHbIX U3BCCTHLIX

ctpykryp JHK:
B- JIHK: nnametp 23.7 A

BBICOTA BUTKA crupain 34 A
A-JIHK: amametp 25.5 A
BBICOTA BUTKA crupain 25 A

7Z-/IHK: neBo3akpy4yeHHas



Kondopmanmonnas quanamuka JJTHK

JlokaJibHBIE CTPYKTYpPBI: My3bIPH, IINWIbKH, TPUILIEKCHI, KBAAPYTIIIEKCHI, TEPEKPECTHS

XoJuaes, KpecToo0pa3HbIe CTPYKTYPhI

A) B) C)
M\ AN 7N
==

N
|

|

A) Linear DNA

’

>

N3menenue kpect-dhopmel JTHK:
a)PackpbiTas

b)Cornyras

c)CnoxxeHHas

> GAACATGTCCCAACATGTTG R
S<TTTTTTITTITTITI T T I T I T T I T T T TTTTTT 3
Fel LI L L L e
< CTTGTACAGGGTTGTACAAC
;
B) Cruciform DNA i P
T—{A
A—T
X f’ Branchpoint
A A/ 'P

o%

G

QO =




Kpusas miasinenus JIHK

Double-stranded (ds) DNA
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| Mooeavrnaa cmpyxmypa AHK npu menaoeéou

denamypayuu

Denatured
(random coil)

14/11/2013



3amaua

UccnenoBanue IIOBEICHUSA HU3KOYaCTOTHOU
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H3yuenue BIUAHUS HYKICOTHAHOrO cocrasa JIHK
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2.Kondopmanmonnas auHamuka JJHK

3.MaHaenbpITamM-0pHuILIFOOHOBCKOE PACCESHUE
CBETA

4.Pe3ysibTarhl aHAIM3A CIIEKTPOB YIIPYTOro U
HEYPYroro paccesitHus CBeTa

5.BBIBOJIBI



OOBEKTHI

B kauecTtBe 00BE€KTOB OBLIM BBIOpaHBI ABE nocieaoBarenbHocT JIHK
MIOJIYYEHHBIE TTIOCPEACTBOM IIOJIMMEPAZHOU LIETTHOW PEAKIIUU U
BBIJICJICHHBIC U3 MYX BUaa Drosophila melanogaster

JIvaua qukoro tumna Berlin

MyrtantHas — agnostic (agn®’), XapakTepusymoollascs pe3KHUMU
HapylICHUSIMM OOy4YeHHS M MaMSITH, YTO COOTBETCTBYET OCHOBHBIM
CHMIITOMaM HEHpoJierepaTuBHbIX O0Ie3HEeN

MyTaHTHas JIMHUS OTIMYalach OT JUKOro Tuia Haauuuem AT Ooratoit
BCTaBKHU B 28 1.H. B m3Mepenusx ucnonp3oBainu pactsop JHK B Harpuii-

docdarnom Oydepe (pH = 7.5),
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Dependence of the frequency shift of the
lowest-frequency Raman active mode in
Na-DNA on relative humidity (RH).

[T. Weidlich, et al., Phys. Rev. Lett., 1998;
T. Weidlich, et al., J. Phys. Chem., 1988]
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Brillouin light scattering

DKenepumenmanvrviii cnekmp pacceanua céema

|—@— 6M GdnHCI in NaAc buffer

1000 -
8001
=
S s
<.
o 400-
o
S 2004
()_
Av Vv .6
+  —— =2n—Sin—
C 2
oW~ 2L >

S(w) =KL/ hed) ImCy)

0 . i

| 0 0
Brillouin peak l;‘.' "ﬁ

!s 4 0 2
0

®
l ) Rayleich peak
)|

H {

quasi-elastic
scatterin

i

{

0 5

10 15
Brillouin shift, GHz
2
q |4 X
a=o +o.+a. =—| n+n+ = (yr-1
Tt 20p37777€p(7 )

n — shear viscosity, n’— bulk viscosity, a — amplitude
damping constant, y = ¢,/c, x — thermal conductivity
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MaHgenbLTam-opunnto3aHOBCKOE paccesiHue cBeTa

Brillouin Shift V/VO
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‘ IXS: wvibrational DOS

A. Bosak, M. Krisch; Phys. Rev. B 72 (2005) 224305
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ab initio:
P. Pavone, K. Karch, O.Shiitt, W. Windl,

D. Strauch, P. Giannozzi, S. Baroni
Phys. Rev. B 48 (1993) 3156-3163

multiphonon contribution is estimated as 8% of the total inelastic part
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Elastic softening in BiVO, and LaNbOj.
['Y. Ishibashi et al., Physica B&C 150(1988) 258]
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Brillouin spectra of GdnHCI solutions
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DOS of hen egg white lysozyme obtained
by our incoherent neutron scattering

. . . Xperimen
DOS of bovine pancreatic trypsin experiment
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[Smith J. et. AL,
J-Chem: Phys. 93 (1990)2974]



