Jlekunsa 2

1. llepBu4yHasa cTpyKTypa, uaeHTumnkaumnsa denka.
Macc-cnektpomeTtpus. CrnektpanbHble METOAb
(CD, IR, Raman). HaTuBHasa CTpyKTypa,
neHartypauusa n arperaumst oenka. Metoabl
nccnegoBaHusa ctabunbHocTm 6enkos (CD, DSC,
DSF). [pnumepei.

Hukonaun HukonaeBunuy
CnyyaHko



[1naH 6 nekuuu

lNMepBnYHasa CTPyKTypa, naeHTUpMKaumsa 6enka. Macc-cnekrpomeTpus.
CnekTpanbHble meTtoabl (CD, IR, Raman). HaTUBHasA CTPYKTYypa,
AeHaTypauusa m arperauus 6enka. Metoabl nccnegoBaHus
ctabunbHocTun 6enkoB (CD, DSC, DSF). Npumepsbl.

PeHTreHoBCKas kpuctannorpadgusa (macromolecular crystallography, MX).
HenTtpoHHas n anekTpoHHas Kpuctannorpadgpus. PaboTta co CTPYKTYPHbIMU
moaenamu (PBD n PyMOL). [Npumepsl.

ManoyrnoBsoe paccedaHune ny4den (SAXS n SANS). [Npumepsl

[pyrne metoabl uccrnenoBaHust CTPYKTypbl 6enkos (NMR, Cryo-EM,
Cryo-electrotomography, native-MS, HDX-MS). IHTerpansHbI nogxoa v
mModenunpoBaHme 6enkoB no romonoruu (iTasser). MNpumepsl.

MeToabl nccnegoBaHusi 6enok-oenkoBbix B3anmoaencTeuni (Co-IP, equilibrium
dialysis, ITC, SPR, BLIC, MST, QMb, SESC). MNpumepbi.
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Mbl BbIOennu u quCQH-IHQIOMWHaHTHbM Oenok, 3HaeM, Kakas OOImKHa
ObITb €ro nocriegoBaTenbHOCTb, YTO Aanblue? Kak ee npoBeputhb?

Buanm nosiBneHne Hekotoporo 6enka, Ho He 3HaeM, YTo 3TOo 3a Oenok?

[MTonyyeHHbIn 6enok npeacrtaBneH Heckonbkumm nosiocamu B NAAT. Y10 33
nonocbl?

Benok MoanduLMpoBaH, HO MO KakMM y4acTkam?

[Tony4eHHbIn 6enoK MeHbLUEe Mo pasMepy, YeM OXnaarnm, Kak BbISICHUTD,
novyemy??

B npenaparte npucyTcTBYET rpsA3b, YTO 3TO?

npOI/I3BOﬂ,I/IM XUMWYECKOE «ClLUMBaHUE» BENKOBOIO onuromMmepa, XotTnm
NOHATb, OOKOBbLIE LEMNN KaknxX OCTAaTKOB 3a4E€NCTBOBAHbI?



Mass-spectrometry

* A toolkit of methods to accurately determine masses in a sample

Required steps:

* lonization is the required step (ions with different masses will
show different properties)

* Acceleration and separation of ions

* Detection of different ions (m and z) to get a spectrum

Purposes:

* Protein identification

* Impurities detection

e Study of modifications (e.g., PTMs)

More sophisticated approaches:

* Proteomic scale analysis of proteomes and its changes

* Analysis of the oligomeric distribution and complexes (native-MS)
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Cnocobbl noHnzauum ana MC

Type Phase Fragmentation
Inductively Coupled Plasma (ICP) Liquid feed Gives elements
Electron Impact (El) gas lots
Chemical lonization (ClI) gas some
Electrospray (ESI) liquid very little
Atmospheric Pressure Chemical lonization liquid some
(APCI)
Matrix Assisted Laser Desorption lonization solid some
(MALDI)
Desorption Electrospray lonization (DESI) Portable Very little




Cnocobbl noHnzauum ana MC

Type Phase Fragmentation
Inductively Coupled Plasma (ICP) Liquid feed Gives elements
Electron Impact (El) gas lots
Chemical lonization (ClI) gas some
‘ Electrospray (ESI) liquid very little
Atmospheric Pressure Chemical lonization liquid some
(APCI)
Matrix Assisted Laser Desorption lonization solid some
(MALDI)
Desorption Electrospray lonization (DESI) Portable Very little

Evaporation
Chamber
Capillary

e



Cnocobbl noHnzauum ana MC

Type Phase Fragmentation
Inductively Coupled Plasma (ICP) Liquid feed Gives elements
Electron Impact (El) gas lots
Chemical lonization (ClI) gas some
‘ Electrospray (ESI) liquid very little
Atmospheric Pressure Chemical lonization liquid some
(APCI)
‘ Matrix Assisted Laser Desorption lonization solid some
(MALDI)
Desorption Electrospray lonization (DESI) Portable Very little

Evaporation
Chpaomber

ESI
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=S MALDI

3apsa4 MOHOB >> 1 ol
AnanasoH m/z no 3 000 .. 4 000 6onbLine
KOMMNeKC COXpaHseTCs anccoummnpyet
pa3Mep MOHOB 70 .. 100* k[a no 1 000 kAa
iz NOTOKOBbIU UMMYJIbCHbIN
CemeHiok I1.
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EcTecTBeHHOE N30TONHOE pacnpeneneHne
B Oenkax u nentuaax
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Kak nocuymTaTb Maccy MoHa, 3Has
coceaHune NMKn m/z ?

M = molecular weight of protein
Z = charge state

= (M+2z)/z ] ‘
= (M+z+1)/(z+1) |

X
i

To calculate the charge state (z) of X,

Z,= (=1)EY) MNpumep

X =998.23

Y =942.82

z, = (Y-1)/(X-Y)

= (942.82 - 1)/(998.23 - 942.82) = 16.997

To calculate the molecular weight of the protein,

= (K7 Z) =&, =Y &) -2,

s X=17andY =18

M=(X*z,)-2,=998.23*17-17 = 16952.91
Predicted MW of Myoglobin = 16951.5



Cnocobbl pa3geneHnsa NOHOB

Type Speed Basis Cost
Magnetic Sector slow Acceleration in magnetic field moderate
Double Focusing slow Magnetic plus electric field high

Quadrupole fast Passage through ac electric field moderate

lon trap fast Orbit in quadrupole moderate

Time-of-Flight very fast Time to travel through tube moderate
Newer High Resolution varies Various, usually involving orbits high

Combinations are often used!

JJJ:‘:; I . -
YCKOp eH1e MOHOB c::?::o":':;'::‘::’id’ ";:fa ngsgg:ﬂ%mee'ra
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MC noaxoabl K uaeHTUdUKaLUMN U
XapakTepucTuke denka: «npssMomn» N «KBepx

HNAMANIAY
A Bottom Up Approach Peptide MS Analysis
* \ 3712.53 Da
; Digestion ‘ S
j:;) —> - —> A JU \ )| _’ identification
o MS/MS Analysns

LLLL

Intact MS Analysis

B Top Down Approach

A [ 29043.3 Da
\ Intact protein
y / \ /\ / \,’\_/\ A > identification and

characterization

z, No Digestion A/ l
=

MS/MS Analysis

JALJMA—A—‘ http://www.chromatographyonline.com/top-down

-versus-bottom-approaches-proteomics-0




[TpMMEeHNMOCTb aHannM3aTopoB MOHOB A4
top-down

Mass Suitable for Spectral acquisition Mass accuracy Available
analyzer Top Down time/s Resolution/Da (ppm) Performance at 8§ kDa fragmentation

CID
Ion trap + 0.05-0.3 1000 100-200 ETD
TOF

CID

ISD
TOE-TOF + + <0.01 10000 5-20
Q-TOF PSD
FI

CID
Orbitrap ++ + 0.1-1 60000 3-10 ETD

HCD

CID

| \ | ECD
FTICR ++ + 0.1-1 200000 1-3 | “ . ‘ ﬁ
AA“M WAL A4 IRMPD

Abbreviations used: TOF, Time of Flight; Q, Quadrupole; FT, Fourier Transform; ICR, Ion Cyclotron Resonance; CID, Collision-Induced
Dissociation; ETD, Electron Transfer Dissociation; ISD, In-Source Decay; PSD, Post-Source Decay; HCD, High Energy Collision; IRMPD,

Infrarad Multinhatan Niceariatinn 4+ lace cnitahlas 4+ 4+ cnitahlas + 4+ L varv enitahla



Two types of the “bottom-up” protein

identification

Peptide mass fingerprinting after proteolytic digestion and comparison with the
predicted masses derived from the “idealistic” cleavage by this enzyme

only pure proteins or very simple mixtures

can be ambiguous as several identical masses may be derived from different
proteins

Can be done on MS/MS instruments, but also on MALDI-TOF.

Tandem MS (or MS/MS)

lon is separated from others and subjected to fragmentation within the
instrument

The aa sequence is deduced from the masses of fragment ions
Basically, de novo sequencing of a protein
Is not subject to high-throughput analysis

“Uninterpreted” proteomics (product ion spectra are cross-correlated with the
databases to find an annotated protein giving the same spectrum



NMpumep MALDI macc-cnekrpa:
TPUNTUYECKUU rmaponusar pparmeHTa 6enka M1 Bupyca rpunna
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TaHoemMHas Macc-
CNEeKTpoOMEeTpUs
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Amino acid

code

Avg. mass/
Elenental

composition mass increment/u

Monoisotopic

Alanine
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine
p-Serine
p-Threonine
p-Tyrosine

T T T — W0 X0 0 — = m m
9 T,p <s< PRZECR - TO oo >

Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu
Met
Asn
Pro
GIn
Arg
Ser
Thr
Val
Trp
Tyr
pSer
pThr

pTyr

C;HNO
C,H.NOS
C,HNO,
C<H,NO,
CoHoNO
C,H,NO
CcH,N,0
CcH,,NO
CeH1,N,0
CcH,,NO
C<H,NOS
C,HoN,0,
C<H,NO
CsHgN,0,
CeH1oN,O
C;H:NO,
C,H,NO,
C<HoNO
C‘l 1 H10N20
CoHoNO,
C;HNOP
C,HsNOP
CoH1oNOSP

71.03711378804
103.00918447804
115.02694303224
129.04259309652
147.0684139166

57.02146372376
137.0589118628
113.08406398088
128.09496301826

113.08406398088

131.0404846066

114.04292744752
97.05276385232

128.0585775118

156.10111102874
87.03202841014
101.04767847442

99.0684139166
186.07931295398
163.0633285387
166.99835882058
181.01400888486

243.02965894914

G

«

Monoisotopic

masses of
amino acids

Identical masses!
Similar masses!

ldentical masses!

Similar masses!

80Da phosphorylation
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Ning-Hua Tan, Wen-Jun He, in Advances in Botanical Research, 2015



MS/MS for indentifying terminal
truncations in protein sequence
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MS/MS for indentifying PTMs

MS/MS spectrum of the 1641 Da phosphopeptide

MS spectrum
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Secondary structure elements

* a-helix

e B-strand

* Turns and loops
 Random coil

Protein conformation is stabilized largely by
weak interactions and is therefore labile

>sp|014558|1-160
MEIPVPVQPSWLRRASAPLPGLSAPGRLFDQRFGEGLLEAELAALCPTTLAPYYLRAPSV
ALPVAQVPTDPGHFSVLLDVKHFSPEEIAVKVVGEHVEVHARHEERPDEHGFVAREFHRR

YRLPPGVDPAAVTSALSPEGVLSIQAAPASAQAPPPAAAK



[MpenckasaHne BTOPUYHOM CTPYKTYpPbl Oenka
Mo ero nocrneagoBaTenbHOCTU

Jpred 4

Incorporating Jnet

A Protein Secondary Structure Prediction Server

5
Input Sequence( ) MQVWPIEGIKKFETLSYLPPLTVEDLLKQIEYLLRSKWVPCLEFSKVGFVYRENHRSPGYYDGRYWTMWKLPMFGCTD
ATQVLKELEEAKKAYPDAFVRIIGEFDNVRQVQLISFIAYKPPGC

4

Advanced options (click to show/hide)

‘ Make Prediction | ‘ Reset Form ‘

http://www.compbio.dundee.ac.uk/jpred4/index up.html




Secondary structure prediction based on STARD1 protein
sequence

using a neural network called Jnet

MLLATFKLCAGSSYRHMRNMKGLRQQAVMATSQELNRRALGGPTPSTWINQVRRRSSLLGSRLEETLYSDQELAYLQQGEEAMQKALGILS
- - -HHHHHH- - - === == - - - -- HHHHHHHHHHHH - - =H= == = == === m oo oo e e oo HHHHHHHHHHHHHHHHHHHHH

NQEGWKKE SQQDNGDKVMSKVVPDVGKVFRLEVVVDQPMERLYEELVERMEAMGEWNPNVKE IKVLQKIGKDTFITHE LAAEAAGNLVGPRDFVSVRCAKRRGSTCVLAGMA
————— - - ~HHHHHHHHH - - - - - - - - - - - -HHH e -—--

TDFGNMPEQKGVIRAEHGPTCMVLHPLAGSPSKTKLTWLLSIDLKGWLPKSIINQVLSQTQVDFANHLRKRLESHPASEARC
------------ --- ————e-- - - - - = = ~-HHHHHHHHHHHHHHHHHHHHHHHHHA - - - - - - - -

alpha helix (‘H'), beta sheet ('E') or not H or E ('-')

What is the real secondary structure composition of
a given protein?
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N3ameHeHue aHeprun monekynbl (AE)
npu B3aMMoOeNCTBUN C KBAHTOM CBETA
(hv)

hv =AE,,, =AE,+ AE,,+ AE,+ AE,,,

----- w'  § R

i
:@%“QQ

ICK- g4 Jpa

TpOHa A, HM
>
D/1eKTPOHHO-K0./1e0aT. Koaeoar. BpamareasHas JIIP SAMP
COEeKTPOCKONHSA COEeKTPOCKOMHsA CHEeKTPOCKOIHSA
(mornomeHus (UK, KP) (MHKpOBO.JIHOBAA)
wn (Gayopecennnm) Vv, cvl
<€

https://biomolecula.ru/articles/spektroskopiia-kr-novye-vozmozhnosti-starogo-metoda




Main protein chromophores

— Aromatic sidechains (rt-t™* ~280 nm, near UV)
* Phenylalanine (¢ ~ 250 M-icm1)
 Tyrosine (¢ ~ 1000 Mtcm™) —

Sensitive to tertiary

structure
* Tryptophan (g ~ 5000 M-1cm™)
— Backbone amide bond (far UV)
* n-nt* ~210-220 nm (major peak in UV spectrum, (€ ™ /
- - ! T—
100 M*cm™) ~ Sensitive to :
e 1-1t* ~“190 Nnm secondary structure Q;{/H
¢
6000, H—I
% 4000 P m &\X
Come
§ 2000, Tyr / =0
g Phe

04
240 260 280 300 320
nm




Absorption in far-UV by secondary
structures

6

190 210 230 250

/. (nm)

The differences in the linear absorption exist, but are not sufficient to tell
the secondary structure composition in a protein



Chirality and optical activity




a-helices and [3-cheets are optically
active

o - helices B - pleated sheets



Polarization of light




Polarization of light

https://www.youtube.com/watch?v=8YkfEft4p-w




Circularly polarized light can be absorbed

Linear polarized light can be viewed different absorption of the left- and
as a superposition of opposite right hand polarized component leads
A circular polarized light of equal to ellipticity (CD) and optical rotation
amplitude and phase (OR).
E;;+E

/B
“é\ E.-E
L




Units of CD

A=exbxc
AA = (g, -egq) x C x| —— OuxpouyHoe

. | o MonsipHbIn
Ag = g -€p differential abdHPOEIQMERNS mol/l solution ina 1 cm cell ANXPON3M

Measured 0 , ellipticity, is the rotation in degrees
of a 1 dmol/cm? solution and a pathlength of 1 cm

Mean residue ellipiticity: [0] = 6222MMRW/10*[*c
degrees cm? dmol' residue '
MMRW: mean residue weight (MW/ amino acid residue number)

I: cell path in cm
c: protein concentration in mg/ml

/Ag — [el/3298 Litre mol' cm! or Litre (mol residue)-' cm-!

MonsapHbin MonspHas
AUXPOU3M  INSIUNTUYHOC
Tb




Far-UV CD spectroscopy

Random coil

80000
positive at 212 nm (7t->7*)
60000 -

negative at 195 nm (n->7*)

ﬂ _Sheet 40000 -

negative at 218 nm (n->7*) 20000 -

positive at 196 nm (n->7*) o

Ellipticity

o—helix
at192 20000 1

-40000 -

positive (m—>7*)
nm

perpendicular

negative (1->7%) . ., at 209 nm

-60000

negative at 222 nm is red shifted 180 210 230 250

(n->7*) Wavelength [nm]




Far-UV CD spectroscopy

* The resulting spectra are a combination of

. . . - [B-Sheet
contributions from alpha-helical, e
beta-stranded, and random coil structural i = Random Coil

elements

* CD spectra of a protein can be

deconvoluted using the reference spectra

CD Signal

to derive the proportion of a, 3, random

coils

L] 1
190 210 230 250
Wavelength (nm)



[8] x10™3 Degree cm?/Dacimole

Alpha-helix content determination using an
empirical formula

70 |

0% Belo

Curve %aHelix % Random Chain
| (00 0
2 80 20
3 60 40
4 40 60
5 20 80
6

|®],,, —4000°
29000°

Y0, =

. 200 | i ’ l R Greenfield, N.; Fasman, G. D. Biochemistry
" 2o me ome me w 1969, 8, 4108-4116.
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Dichr(« ) Web
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N

On-line analysis for protein Circular Dichroism spectra

Apply for a user-account

Analyse data (registered users only)

Citing DichroWeb:

If you use DichroWeb for your analysis you agree to cite the

publications detailing the original methods and reference data used,

as well as one of the specific DichroWeb papers:

Whitmore, L. and Wallace, B.A. (2008) Biopolymers 89:

392-400. (PDF)
Whitmore, L. and Wallace, B.A. (2004) Nucleic Acids
Research 32: W668-673. (PDF)

DichroWeb News

Video guides:

* Accurate measuring_of the true
pathlength of optical CD cells

* Cleaning and Loading_Circular Dichroism
Cells

* Calibrating CD Spectra with CDTool and
MS Excel

* Measuring a CSA spectrum

* PCDDB Tutorial

* Analysing Protein CD Data using
Dichroweb

Related Projects ValiDichro: CD validation
and quality control, 2Struc: The Secondary,
Structure Server, Dichromatch, and the
Protein Circular Dichroism Data Bank are
now open for use.

DichroWeb currently has 7200+ registered
users and has performed 906,990
deconvolutions.

DichroWeb is produced in the lab of Professor B.A. Wallace at the Department of Crystallography,
Institute of Structural and Molecular Biology, Birkbeck College, Unversity of London, UK. © 2001-2019.

We are supported by a grant from the BBSRC.



STARD1 far-UV spectrum analysis using DichroWeb

experimental data for StARD1|__

A + +reconstructed data (CDSSTR) - B-Sheet
- 104 — o-Helix
g g — Random Coil
T 51
% =
£ Z
O il
(®)) w
[ 0 (m)]
© O
(+2)
o
L -5 4
w
o
=
D, -10-
L] L]
190 210 230 250

180 190 200 210 220 230 240 250 260 Wavelength (nm)
Wavelength, nm

Secondary structure type CONTIN® (set3°) CDSSTR” (set3°) 3POL PDB entry (StARD1)
a-helices 22.4% 22% 19%

B-strands 24% 26% 31%

Turns 22.4% 22% 50%

Unordered 31.3% 30%

4 Goodness-of-fit (NRMSD) = 0.043.
b -0Of- e .
Goodness-ok-ALNRMSD) = 0.015. Sluchanko et al Prot. Exp. Purif. 2016



Applications

Determination of 2° structure content in a protein of interest

The effect of ligand binding on the 2° structure of a protein

Effect of mutations and modifications on the 2° structure
Conformational changes in response to buffer composition changes
Protein folding and unfolding

Protein-protein interactions

Kinetics of 2° structure changes in response to anything



Stabilization of a protein by its partner pH-dependent conformational change

A
A 50+ ° 10000

_ . g . P

TED 40. :2 N

S 5000

5 30 § o g

£ 20- * & &

8 o ] w2 @ A0 W0 w g 0

5 3

2 <
D | D A T = -5000-

S o ——14-3-3¢

= 1 - - - pHspB6

2, -20- -10000 : . T

T T T T T T T T T T 1 200 220 240 260
190 200 210 220 230 240 250 260
Wavelength, nm Wavelength (nm)
100
B ——143-3_ B
- = = 14-3-3¢_-pHspB6 10000
80 -

2 l z
3 60} 5000 N
% —4a— 198 nm

[

5 40+ 0

g ‘j

© 20 —o— 218 nm

L i -5000-

QO\Q——W——H
oF T
-10000 r Y . .

pH

Sluchanko et al Biochemistry 2012 Busch et al JBC 1998



Monomerization of a protein reduces the stability of its alpha-helical structure

A & B 100
< 50- ——CWT
§ 40 - === O SH8E ° 80 1
3  30- g
E oo 8 604 ——CWT
2 X} - - - {m S58E \
() 10— ot \
b S 40
no 0- 8
. -10- L 20-
Engineered = -20-
H -30_ T T T T T T 0-
mutation 190 200 210 220 230 240 250 260 10 20 30 40 50 60 70
D © _ C o
1 —rWT 60.5
14-3-3¢ g s f;m S58E
monomer = \ 8-
E \
5'10‘ '_
S 2
o §
: E
g -20
o
1 1 | | 1 ; 0 T T | 1 1) I I
200 210 220 230 240 250 260 10 20 30 40 50 60 70
Wavelength, nm Temperature, °C

Sluchanko, Uversky BBA Proteins 2015



Far-UV CD

Very convenient, sensitive, non-invasive technique

Small sample consumption (50-100 pl, 0.5-1 mg/ml), sample can be re-used!
Very good for a-helical proteins, worse for unfolded and beta-folded proteins
Nitrogen gas is used to minimize O, associated absorbance

Equipment is expensive!

Chirascan (Applied Photophysics)



Aromatic residues are chromophores

Near-UVv

O
A
N : OH
| Y NH
r p —~ N 4 :
H

Trp

200 Tyr HO N
Phe OH
0 0
240 260 280 300 320 Tyr
& 1 H NH,
. - _OH
he 2

6000,

4000

Absorption coefficient

nm

=

* Resonance double bonds
e Absorb UV light around 280 nm
* Proteins therefore give characteristic Abs spectra, which is useful for their detection



Near-UV CD for assessment of tertiary
structure features

0 pre Tyr Trp

Higher protein C
than for far-Uv CD,

35
1 Is sensitive to the environment!

the signals are ~ 207

weak! g 1s.
£ 15
§ 104
on
S
o e
= &-
S

v N

T T d T T T T T T T v
260 270 280 290 300 310 320

Far-UV (190-260 nm)
UV region <
Near-UV (250-320 nm)




Near-UV CD indicates that mutation in
alpha-B crystallin affects both its 2°
and 3° structure

320

For wild-type aB-crystallin
10% a-helix,

44% [B-sheet,

45% unfolded

For R120G aB-crystallin
15% a-helix

5
4 A
3 i
3
%0 oB-WT
g1
a o
@) \){
-1
-2 oB-R120 G
3
-4
250 260 270 280 290 300 310
Wavelength [ nm |
12 B
o |
P4
-]
Eo
a4 oaB-WT
Q
-8
oB-R120 G
12
193 200 210 220 230 240 250

Wavelength [ nm |
Bova et al PNAS 1999

33% [B-sheet
¥ 529% unfolded

CD is not great for beta-structured proteins!!!



Fourier-Transform Infrared (FTIR) spectroscopy

CostmicRays |

Microwaves

/AN

Wavelength (in microns) .

Short Wave
Radio

Conbmotor
Waves

o Michelson interferometer

076 15 5.6
Infrared Infrared
Stationary \
/ Mirror [ \
X axis — wavenumbers (cm-1) :

1650 cm™ = 0.01/1650 ~ 6 um = 6000 nm

Many frequences are present in the K, e
incident beam at a time! = ‘ Spectrum
Analysis of molecular vibrations! Detector

lR Interferometer
\ | Source I /
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Interference

Movable mirror

SN

Same-phase interference

SS

WH o B A 0 A 2

Fixed mirror /\/\ Continuous phase shift
L
: 5 B
Movable mirr Opposite-phase o X)
interference y -
wave shape 7“:’
>
Fixed mirroN\ @
C
Movable mir,

2. A 0 A 2\

Same-phase interference

wave shape D Interference pattern of light
manifested by the optical-path
difference

Is



Interferometer




FTIR spectroscopy requires Fourier
transformation of raw data to get spectrum

8r interferogram 801 spectrum
6F o
—~ [ 2 60
> 4 I
O] f > -
g °F FFT % 40
% 8 N — GCJ 3
w O; T € 20}
-2F !
-4;l M| IRV | [ OB+ . . . . 4 .
8000 8500 1000 3000
Time or mirror position wavenumbers (1/cm)

The FTIR interferogram (dependence on the mirror position) is transformed into

spectrum (wavelength dependence) by Fourier transformation



Fourier transform

=

Jean-Baptiste-Josephde
Fourier (1768-1830)

Signal in time domain  =——  Signal in frequency domain
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Absorbance (Arbitrary Unit)

Buffer subtraction from sample

— Raw Spectrum
— Bufler Spectrum
—— Subtracted Spectrum

Amide A
“/\\w&\ nide |
¢
- - - s - Aﬂm 1I
3500 3000 2500 2000 1500 100C

Wavenumber (cm™!)

e Water absorbs !
* Analysis in thin films and cuvettes, capillaries



FTIR spectroscopy for studying 2° structures

a-helix

unordered

B-sheet

turn

8 Amide |
& e N - Amide I
-E 1720 1700 1680 1660 1640 1620 1600 1580
8 Wavenumber (cm-')
Q2
< .
Amide A P-O stretch
B /C-H stretch l \
4000 3000 2000 1000

Wavenumber (cm-1)

c o o @
N W R® O
1

extinction

e
o

0,0

52 % a-helix

1680 1670 1660 1650 1640 1630 1620

wavenumber/cm

59 m

29 % random coil

The workflow for structure analysis:
i)  measurement of the protein sample

extinction

-
-
—

amide | band decomposition
iii) integration of the calculated

components




Protein bands in a FTIR spectrum

Amide A 3300 N-H, pacTsaxxeHune
\ ’ Amide B 3100 N-H, pacTsaxxeHune
o Amide I 1600-1690 C=0O0, pacTsi)keHune
« /. Amide 11 1480-1575 C-N, pactsixkeHume, N-H noBoporT
v Amide III 1229-1301 C-N, pacraxxeHune, N-H noBopor
K ’ Amide IV 625-767 O-C-N, noBopoT
P Amide V 640-800 N-H, NnoBOpOT BHE MNJIOCKOCTH
Amide VI 537-606 C=0, NoBOpPOT BHE MNJIOCKOCTHU
Amide VII 200 TOPCUOHHbBIE YI/ibl




Processing of the raw spectrum

>

Absorbance

raw spectrum

1650

1700

1680

1660 1640 1620 1600
Wavenumber

Absorbance/Wavenumber 2 [0

2" derivative

1700

1680

1660 1640 1620 1600
Wavenumber

Mean

frequencies Assignment
1,624 + 1.0 B-sheet
1,627 £ 2.0 B-sheet
1,633+ 2.0 B-sheet
1,638 £ 2.0 B-sheet
1,642 £ 1.0 B-sheet
1,648 + 2.0 Random
1,656 + 2.0 o-helix
1,663 £ 3.0 3,0-helix
1,667 + 1.0 B-turn
1,675+ 1.0 B-turn
1,680 + 2.0 B-turn
1,685+ 2.0 B-turn
1,691 + 2.0 B-sheet
1,696 + 2.0 B-sheet

| VOL.10 NO.3 | 2015 | NATURE PROTOCOLS

Curve-fitted inverse
derivative spectrum
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Unfolding of HSPB8 induced by temperature as
monitored by FTIR

Normalized absorbance

@)

Second derivatives

0.0

B-Sheets Tums a-Helices Random-coil

and turns M \ B-Sheets

.'J:‘.'
i
s | N 1
1680 1660 1640 1620
Wavenumber, cm’’

A
3000
of
5
£ %
T -3000
5 .
£
o
8 -6000
@
-9000 F %
_12000 1 " 1 " 1 " 1 " 1 L
200 210 220 230 240 250
Wavelength, nm
20C 70C
12% a-helix 0% a-helix

33% B-sheet
55% unfolded

18% B-sheet
82% unfolded

Kazakov et al Biophys Chem 2009



Raman spectroscopy

Complimentary to IR spectroscopy, but relies on scattering instead of absorption

Possibility to measure directly in water, non-invasively, while IR is absorbed by water



Raman spectroscopy

Elastic scattering Raman scattering
C.V. Raman, Must be filtered out!
1930 Nobel Prize Incidént jight
\ Rayleigh scatter (same wavelength,
24 more abundant)
A New Radiation' Scattered light \ Raman scatter (different
S wavelength, less abundant)
Pror. C. V. .R.8.
Aol OyeHb cnabble

(Plate XII).

1. Introduction. g (’ CULCHAallbI |
sample |




KoMbunHaLMoHHOEe paccesiHne cBeTa

(adpdpekT PamaHa) — Heynpyroe paccedHne onTUYeCKoro n3nyv4eHuns Ha
MONneKynax BewecTtBa (TBEPOOro, >XWMOKOMO WNM ras3oobpasHoro),
conpoBoXaawlleecd 3aMeTHbIM M3MEHEHMEM YacTOoTbl U3nydeHusi. B
OTNNYME OT PIANEEBCKOINO paccedHud, B cnyyYae KOMOMHALWMOHHOIO
paccesiHusi B  CIEKTPEe pPacCeAHHOro M3ryyYeHus nosiBNSTCA
crnekTparnbHble NIMHUKN, KOTOPbIX HET B CreKkTpe BO3byXaatoLLero ceeTa.
Uncno wn pacnonoXeHne nosABMBLUMXCS JMHUIA  onpeaensieTcd
MONNEKYNSAPHbLIM CTPOEHMEM BELLECTBA.

HasBaHne «KOMOMHALMOHHOE» paccesiHne O3Ha4yaeT, YTO CMeKTp
paccesiHusi npeacrasnaeT cobom KoMOMHaLUMIO YacToT BO3DyxaaroLlero
cBeTa N COOCTBEHHbIX KONebdaHuin MOSEKYNbI

https://biomolecula.ru/articles/spektroskopiia-kr-novye-vozmozhnosti-starogo-metoda




BbiaBneHne pasnnyHbIX BELLECTB Mo
KNo4YeBbIM NMKaM Ha criekTpe KP cnoXXHOoU
CMecCH




Raman spectroscopy

(=koMOMHaLIMOHHOE paccesiHne

Shielded by
Laser source fluorescence

455 nm
532 nm
628 nm
785 nm
1064 nm

Eff.drops

* Very weak signals (elastic scattering

dominates)
* Inefficient process (1/10° events)
 Efficiency drops as A increases -

cBeTa)

m
o

P
K
=

ypoBHU , EO,E1 A

ONEKTPOHHbIE

Virtual
energy
states
The focus of
Raman
Vibrational S ectrosco
energy states P Py
4
3
2
} v]_ 1 0
0 5 s
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> Raman spectroscopy
S3% (=KOMBVHaLMOHHOE
wmx o paccesiHue cBeTa)




NAL

RAMAN SIGH

Raman spectrum

EXCITATION WAVELENGTH (nm

Stokes shifts

Stokes Shift

Laser frequency (0 cm™)

Rayleigh Scattenng

o

Intensily

Anti-Stokes Shift

Raman Shift (cm™)

Raman frequency shift and IR absorption peak frequency are identical



Raman spectrum

Wavelength (nm)
575 560 545 530 515 500

Antr-Sickes Reman  Ravieigh  Stokes Ramen
FLana I| ia Y.~
Stokes-Raman- Laser R U VY, l o
: Seattered
scattering T,
Anti-Stokes-Raman-
scattering
| N A

Raman intensity (arbitrary units)

¢ 3003 :

—— e —————— v v . Faman S5t
800 600 400 200 0 200 -400 -600 -800 514 5mw exeitation A (on

A Waveliength
Wavaniimbar / em-1 cre




Raman microscope

Source » Sample lllumination » Spectrometer
Pinhole Aperture
eliminates any image degrading Confocal Set Up

out-of-focus information,
allows for controllable depth of
field and gives the ability to
collect series of optical sections

Detector

Barrier Filter
filters and transmit both Stokes and

anti-Stokes Raman signals while In Focus Light Rays —

blocking the laser line

Dichroic Mirror

Objective
very accurate color J o
filter used to selectively

pass light of a small
range of colors while
reflecting other colors

Out of Focus Light Rays

Sample

\ >—H7 Laser

Pinhole Aperture

Band Pass Filter - reduces scattered

- blocks al.l but (stray) light and
the laser line ; i

5 immensely improves
of interest

the image quality



Information extracted from Raman spectra

its identification

under study
~r OH .
“_ ] C=C
' RS
a v
3 OH
s |
= c-C
7y
c
2 }
- |
© C-CH3
& ‘ 1525 cm’”
m -
& /
H‘/WA/J 1159 cm’”’
'E L , .
800 1200 1600

Raman Shift /ecm”

The Raman shifts and relative intensities of all of the bands of the material leads to

Individual band changes — indication of the environment changes of the molecule

. Echinenone

I Zeaxanthin

| BetaCarotene

| Myxoxanthophyll

800 900 1000 1100 1200 1300 1400 1500 1600

Raman shift (cm)



Raman spectra — protein 2° structure

Resonance Raman spectra — near the electronic transition frequency

(a) (c)

Amide + Phe
Resonance Raman 5 s
81 = — l_
F—-Phe | | - JIE
Y—Tyr R_aT:a_rl_“““}-_: ________ 'G\L L/\-\ g 5/} lJ 197 nm
W —Trp ’1 ) A TN )
Yol | A > z
- Tyr+Trp z >
S, }v l
§ § g f i
,‘J' E:/-’W 419 nm
200 300 400 500 600 800 1000 1200 1400 1600 1800
Wavelength (nm) Raman Shift (cm'”)

Curr Opin Struct Biol. 2008 Oct; 18(5): 623-629.



Intrinsic fluorescence and tertiary structure
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Trp location and fluorescence spectra

308nm 352nm

L4 T L T L L} A
300 310 320 330 340 350 360 370 380 390 400

Wavelength, nm
Figure 3. Examples of protein fluorescence spectra of tryptophan
residues located in different environments of protein molecule.

class A (Am = 308 nm, structured spectra) - the fluorophores, which do not form hydrogen-bound complexes in the excited
state (exciplexes) with solvent or neighboring protein groups;
class S (Am =316 nm, structured spectra) includes the buried tryptophan residues that can form the exciplexes with 1:1
stoichiometry;
class | (Am =330-332 nm, AA = 48-50 nm) represents the buried fluorophores that can form the exciplexes with 2:1
stoichiometry;
class Il (Am =340-342 nm, AA = 53-55 nm) represents the fluorophores exposed to the bound water possessing very long
dipole relaxation time, which precludes the completing the relaxation-induced spectral shift during the excited state lifetime;
class Ill (Am=350-353 nm, AA = 59-61 nm) contains rather fully exposed fluorophores surrounded with highly mobile water
completely relaxing during the excitation lifetime, which makes their spectra almost coinciding with those of free aqueous
tryptophan;

http://pfast.phys.uri.edu/background/background.php




Protein folding
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Protein quality control

Poly-Ubi

<o

L

Proteasome

Amvyloid

Hsp60/Tric/CCT
fibrils ppe

Native fold



Thermal stability of proteins

Thermal shift assays:

* Enzyme activity (7)

* CD

 DSF JOO |-+ nenernrrroneennannaneeneneasessass

+ DSC - “P
%m _____________________________________
&

Temperature



Differential scanning fluorimetry (DSF)

MoxeT ObITb He TONbKO

6enkoBbIn hnyopodop! Trp

JInbo BHewHSAA, nnbdo ? » »
MMMOOUMNM3oBaHHaa MeTKa Trp

fluorescence detection
thermal element ’_ 330 nm

unfolded

Trp fluorescence

folded

temperature or concentration of denaturant

https://www.nature.com/articles/nprot.2007.321




10N

Data transformat

T T
= (=] =]
=+] =t

160
2

‘e ‘WU g¥g e
< 2@douddsaiony jo Ausuaju|

Trp emission
spectrum

9JU92sSaloNn|} QL._.

°C

T,.
°S ® © <+ o o
- (=] { =] [a=] [} o
Buipjojun Jo ssausajejdwon

(aa]

<

)

(o]0}

c

Q
Q
>
C &

= c

(@]

<

x

©

=

<

—

<

40 45 50 55 60 65 70

35

i

(2I/(TV)I

T, %

T,C



60000

50000 -

Fluorescence (R)
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Extrinsic dyes: supro orange, 1,8-ANS, Nile red

gPCR machine



Thermofluor — effect of ligands

Native =— Unfolded 10k
5 s 08}
C 5
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Ex (nm)|Em (nm)
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Fluoresc

1000 +

DSF and high-throughput

Screening of ligands (bind or not)

Optimization of crystallization conditions

Optimization of protein mutant forms (enzyme stability for biotechnology)
Screening for detergents in case of membrane proteins

Assessment of quality of protein preparation

Differential Scanning Fluorimetry 51 B

guanine

41 . xanthine
adenine

ATm (°C)

4 chemoreceptor LBD

O-I i n =l a a i LAa ..lrl
chemoreceptor LBD + ligand

23 33 43 53 63 73 83 uric acid
Temperature (°C) -3°

DOI: 10.1007/978-1-4939-7577-8_23
In book: Bacterial Chemosensing




DSF and high-throughput

60,000

—~ 50,000 1

SYPRO orange fluorescence (A.U.

NATURE PROTOCOLS | VOL.2 N0.9 | 2007 | 2219

40,000 1

30,000

20,000

10,000 -

35 40 45 50 55
(°C)

= BO04 (-0.3 K)-Z00001, reference, NaAc pH 5.0
—— BO08 (-0.7 K)-Z00001, reference, HEPES pH 7.5
B12 (-0.6 K)-Z00001, reference, BORAX pH 9.0

- HO03 (-0.7 K)-100 uM oxaloacetate, NaAc pH 5.0
(

= HO07 (-0.4 K)-100 uM oxaloacetate, HEPES pH 7.5

—— H11 (0.6 K)-100 uM oxaloacetate, BORAX pH 9.0

0.4K, 100 uM NADH in MES pH 6.0, A01
0.3K, 100 1M NADPH in MES pH 6.0, A02
0.2K, 100 uM NAD in MES pH 6.0, A03

0K, 100 UM NADP in MES pH 6.0, A04
0.2K, 100 Il" NADH in HEPES pH 7.5, A05
0.3K, 100 1M NADPH in HEPES pH 7.5, A06
0.3K, 100 yM NAD In HEPES pH 7.5, AO7
—01K,100 IM NADP in HEPES pH 7.5, A08
0.1K, 1DDuMNADMIn BORAX pH 9.0, A09
0. 1K 100|JM NADPH in BORAX pH 9.0,A10
M NAD in BORAX pH 9.0, A11

0. 3K 100 pM NADP in BORAX H 9.0,A12
0. 1K, 20 uM cAMP in MES pN 6.0, B01
0.1K, cGMP in MES pH 6.0, B02

0.5K, H20 control in MES pH 6.0, B03
—0.1K, uM reference in MES pH 6.0, B04
0.3K, 20 UM cAMP in HEPES pH 7.5,B05
0.3K, cGMP in HEPES pH 7.5, B06.

0.3K, H20 control in HEPES pH 7.5, BO7
12K, reference in HEPES pH 7.5, B08
0.1K, 20 uM cAMP in BORAX pH 9.0, B09
0.1K, cGMP in BORAX pH 9.0, B10
1K, H20 control in BORAX pH 9.0, B11
01K, wrolonnco in BORAX pH 9.0,B12
OK 50 uM ATPg: SInMESpHGO CM

0K, 50 uM GTPgS in MES pH
0K, 100 uM AMP in MES pH s
0K, 100 uM GMP in MES pH G

0.3K, 50 yM ATPgS in HEPES pl

0.3K, 50 uM GTPgS in HEPES pH 1
0.2K 100 pM AMP in HEPES pH 7.5,

0.1K, 5 PgS in B! H 09
01K,50|IMGYPQS in BORAX pH 9 10

0.1K, 100 uM AMP in BORAX pH 9.0, C11

0.2K, 100 uM GMP in BORAX pH 9.0, C12

0K, 20 uM L-ascorbic acid in MES pH 6.0, D01

um in MES pH 6.0, D02

oK 100 uM ADP in MES pH 6.0, D03

K, 100 uM GDP in MES pH 6.0, D04

0.3K, 20 uM L-ucorbic acid in HEPES pH 7.5, D05
0.3K, 20 M biotin in HEPES pH 7.5, D06

0.2K, 100 uM ADP in HEPES pH 7.5, D07

—0.1K, 100 uM GDP in HEPES pH 7.5, D08

0.1K, 20 pM L-ascorbic acid in BORAX pH 9.0, D09
—0.1K, 20 uM biotin in BORAX pH 9.0,D10

0K, 100 uM ADP in BORAX pH 9.0, D11

0.2K, 100 M GDP in BORAX pH 9.0, D12

0.1K, 20 pM thiamine monoph in MES pH 6.0, E01
0.1K, 20 pyndoxulphmpn in MES pH 6.0, E02
0.1 .20 IM GSSG, glutathio in MES pH 6.0, E03
—0 1K, 100 uM TDP in MES pH 6.0, E04

0.3K, 20 M thiamine monoph in HEPES pH 7.5, E05
0.3K, 20 uM pyridoxalphosph in HEPES pH 7.5, E06
0.2K, 20 uM GSSG, glutathio in HEPES pH 7.5, E07
—-0.2K, 100 MM TDP in HEPES pH 7.5, E08

0K, 20 pM thiamine monoph in BORAX pH 9.0, E09
0K, 20 uM pyridoxalphosph in BORAX pH 9.0, E10
0.1K, 2 WGS G, glutathio in BORAX pH 9.0, E11
0K, 100 uM TDP in BORAX pH 9.0, E12

0, 1K, 20 uM FAD in MES pH 6.0, FO1

0.1K, 20 uM tetrahydrofolic in MES pH 6.0, F03
01K, 100|M L-glutamic acid in MES pH 6.0, F04
0.3K, 20 M FAD in HEPES pH 7.5, F05.
0.3K, 20 uM folic acid in HEPES pH 7.5, F06
0.2K, 20 uM tetrahydrofolic in HEPES pH 7.5, FO7
—0.1K, 100 pM L-glutamic acid in HEPES pH 7.5, F08
0K, 20 uM FAD in BORAX pH 9.0, F09
0.1K, ZDuM folic acid in BORAX pH 9.0, F10
0.2K, 20 uM tetrahydrofolic in BORAX pH 9.0, F11
K, L- '?uumk: acid in BORAX pH 9.0, F12

M reference in MES pH 6.0, G01
DZK iOOWlPEG!DOInIESpHSO Go2
0.1K, 20 M SAM s-(s'ldono in MES pH 6.0, G03
0K, UDP in MES pH 6.0, G04

-0.1K, w rohnm:o In BORAX pHO.

0.1K, 100|AMPEG30NII BORAX pH 9.

0K, 2OUMSAM. S-(s'adono in BORAX pH 9.
K, 100 uM UDP in BORAX pl HDO G12

0.2K, 100 uM IMP in MES pN 6.0, HO1

0.2K, 100 uM UMP in MES pH 6.0, H02

0. JK 100 UM IMP in HEPES pH 7. 5 HOS

0.3K, 100 uM UMP in HEPES pH 7.5, H06

2.8K, 100 uM onlolcm n HEPES pH 7.5, HO7
—0.1K, 20 uM CoA in HEPES pH 7.5, H08

OK 100 pM IMP in BORAX pH 9.0, H09

0.1K, 100 yM UMP in BORAX pH 9.0, H10

24K, 100 uM oxaloacetate in BORAX pH 9.0, H11
0.3K, CoA in BORAX pH 9.0, H12

Tm shift (K)
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NndpepeHumnanbHas
ckaHupytowas kanopumetpusa (ACK,
DSC)



TennoTta n kKanopus

KonuyecTBo aHeprum, KOTopoe TEPSET UMK Nory4aeT TeENo B
Te4yeHne BpeMeHn B dopme TENOBOro NOToKa

EovHuua namepeHuns — [)xoynb nnuv Kanopus

[Mpnbopbl, n3mepswoLLMe TENNOTY, BblAENAEeMYH U
NOrnoLwaemMyto B pasfnmnyHbIX NpoLieccax — KANOpPUMeTpbl

dakTnyeckn pernctpupyrotcsa TennoBble 3¢peKkTbl (0OTaava nnum
norrfowieHne Tenna), ConposoXxgarLine nameHeHna B obpasue B
YyCIoBuax nporpaMmmMmmnpoBaHnga Temrneparypbl

OuddepeHumanbHbIM criocob aHanusa — pa3HOCTb TeMNepaTyp
MEXAy HEKMM 3TarnoHOM 1 obpasuom



[MpuHumn metoga [CK

polymer
sample sample reference

pan / pan

A\
\‘l ‘| L | @]
[ | ] |

f % I
&heaters J

computer to monitor temperature
and regulate heat flow

[N CK ocHOBaH Ha HarpeBaHum Unu oxnaxaeHum obpasua v atanoHa c
3a1aHHOW CKOPOCTbLIO NPU COXPaHEHUN NX TeMnepaTtyp U usmepeHun
TENS0BOro NOTOKa, NoaaepKMBatoLLero TemnepaTypy obpasua B npegenax
3agaHHoM nporpamMmmel (Hanpumep, 1 rpag C B MUHYTY) — NPy CKAHUPOBaHUM

HarpeBaTento s4Yernkn ¢ obpasLom npuaeTcsa pabotaTb ycepaHee, Yem
HarpesaTento nog atanoHomM. OH JoMmKeH BblaenaTs 6onblue Tenna. A
HaCKOIbKO MMeHHO borbLue - Lenb onbita JCK



OnpepeneHuns

. heat 4
Tennosown _ = —— = heatflow
NOTOK fame t
CKOpOCTb temperature increase AT _
HarpeBaHus time -y heating rate
q
TennonornouieH ——
ne 2 q
(nepepaHHoe = - = Cp =  heat capacity
Tensno, AT AT
OTHECEHHOE K _;T_
NPUPOCTY

Temnepartyphbl)



B3anmocBA3b NOTOKa Tenna B eanHuLy
BpeMeHW (MOLLHOCTb) 1 TeMnepaTypbl

(O
=
= [TOCTOAHHAs MOWHOCTb
Q.
@ N3Mepsaem TemnepaTtypy
s
@
|_
BpeMs

& ®

|
H ! [TOCTOAHHaA
o d:)/ CKOpPOCTb Harpesa
"
g I3MepsieM MOLLHOCTb
= I Tnn

|

TeMNepaTtypa

CemeHiok I1.
1A



TeMmneparypa

MOLWHOCTb

BpeMSs

T

nn

TemnepaTtypa

[TocTOAHHAS MOLWHOCTb
N3mepaeM TeMmnepaTtypy

[TocTOAHHAA
CKOPOCTb Harpesa

N3mMepdaeM MOLWHOCTb

CemeHtok IM.
.



[TOCTOAHHas MOLWHOCTb
N3mMepsaem TeMmnepaTtypy

TemnepaTypa

BpeMs

N
5 Q., NocToaHHas
O CKOpPOCTb Harpesa
g N3MepsaeM MOLWHOCTb
b2 LT

|

TEMNEepaTypa

CemeHtok IM.
.



OHOOTEPMUYECKME N IK3OTEPMUYECKNE
TennoBble 3 deKThl

——— —_—

Eadothermic
change

Differential power

Change in

specific heat
Exothermic
change
g

Temperature




YTO nony4yaem B ntore onbita’?

T=20°C T=90°C
Folded Unfolded

Cp (kcal/mole/C)
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Cp (kcalmole/C)
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L Tm
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/ [Native)
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€ 70 80 ) AH:J‘ ACp (T)dT
Temperature ( °C)

AS=|ACp(T)/TdT

ACp=Mw x0.06/Cmx Ve xv
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ACT, kJ* mol " *

KanopumeTtpus MynsTUAOMEHHbIX
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AM. Matyushenko et al. / Biophysical Chemistry 196 (2015) 77-85



CoyeTaHune pasHbIX
METO0B NU3y4YeHUS
TEPMOCTabUNMBbHOCTU
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TpeboBaHuA K 0bpa3sLy N ycTaHOBKE

« (Obpasel He OOIMKEH B3anMogencTBoBaTb C Matepmnarnom
N3MepPUTESNIbHON AYEUKN (NNaTUHA)

* HyXHO NpegoTBpaTunTbL BbiKMNaHne obpasua (aaBrneHme)

* Hy>XHO xOpoLUnK TENSTOBOM KOHTAKT obpasLua C TenNOBbIM CEHCOPOM
N NpeaoTBpaTUTbL arperaumio 6enka (TOHKMe KanmnnsapHble S4YENKN)

50 oOpas3uoB B
| NEeHb

2-5 0bpa3LoB B
NeHb



