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Thermophoresis

* Particle movement in thermal gradient

* Unlike diffusion does not depend on concentration gradient

* Frequently used term ,,Microscale thermophoresis (MST)“ to
highlight small gradient (several Kelvins) on the level of single
molecules
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Diffusion

= movement of particles in concentration gradient

Start point

AC
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Diffusion

= movement of particles in concentration gradient

AC=0
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Thermophoresis

= movement of particles in temperature gradient C = const.

Start point I
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Thermophoresis

= movement of particles in temperature gradient

End point
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History
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Movements of particles

Thermophoresis Electrophoresis Mass Diffusion

in temperature gradient in electric field in concentration gradient

Cold + - Tc Jc

Q Q Q
? @ ? - e + Q
a9 I I
@ O Q
Q Q Q
o o Q
Thermophoretic parameters Charge, (size) Particle radius,
(Sorret coefficient) solvent viscosity
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A bit of theory...

Particle flux j in solution (modified Fick’s law)

mass diffusion thermal diffusion

D ... diffusion coefficient (]m) (]T )

p ... particle density

D; ... thermal diffusion coefficient

T ... temperature (Kelvins)

A ... differencial value (delta) Duhr and Braun, PNAS, 2006
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A bit of theory...

At steady state (“equilibrium”), the flux;j =0

thermal diffusion + mass diffusion =0

2
Ap =p—AT
D

The difference in molecular density (concentration) depends on:
* |Initial concentration
* The temperature gradient

* Thermal and mass diffusion coefficitents Duhr and Braun. PNAS. 2666
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A bit of theory...

At steady state (“equilibrium”), the flux;j =0

thermal diffusion + mass diffusion =0

Ap=p AT

Soret coefficient
(S;)

S - DT Thermal diffusion coefficient
T p Mass diffusion coefficient
Duhr and Braun, PNAS, 2006
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A bit of theory...

At steady state (“equilibrium”), the flux;j =0

thermal diffusion + mass diffusion =0

Ap=p AT

Soret coefficient

(S) C
T hot e_ST'AT

DT Thermal diffusion coefficient CCOld
D Mass diffusion coefficient

Duhr and Braun, PNAS, 2006
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Soret coefficient... for proteins not so easy

A Oy
_ 4 BOess
kT

St

A ... surface area of the molecule

T ... temperature (Kelvins)

Shyq - hydratation enthropy of the molecule — solution interface
o.¢r - the effective charge

€ ... dielectric constant

p ... temperature derivative

Apy ... Debey-Hueckel length
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Soret coefficient... for proteins
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Soret coefficient... for proteins . _ )
P /@( y

size charge 2

hydration shell

Soret coefficient S; depends on:

&

. hydration shell entropy (solvation, conformation)

. particle size (surface area)

. electrostatic potential (~ charge)

° mean temperature

Strength of MST — almost every interaction causes changes in one of these
parameters (not in mean temperature)

> is measurable by MST
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Experiment

STATE-OF-THE-ART
SAMPLE PREPARATION SYSTEM

! L THIS MY FRIEND, IS OUR
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MST measurement — laser

* Infrared laser excitation light
* Creates temperature gradient
AT depends on the laser power and time
(>10 K after 5 s at 40% laser power)

e Excitation laser
* Excites fluorescence scanning
* Red, blue, green or UV laser —
» Suitable fluorescent dye needed

capillaries

Jerabek-Willemsen, 2014
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MST curve

Heating start Heating stop
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MST measurement

I _—

1000 <= |R-laser on
e Different Soret coefficient for
(@) .
< target alone and target in
(@) . .
2 complex with ligand causes
< 800 4 ) )
S the differences in MST curves
L
700 - unbound
f IR-laser off
| ) ] L |
0 10 20 30 40
Time (s)
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MST measurement

e Data analyses

Normalized fluorescence F, F, ..,

1000 <= |R-laser on

900 - F . <Fh0t>
(] —
8 Y (Fa)
(]
§ 800 = cold
o)
=
L

700 + unbound

f IR-laser off C hot S A
— T T T — e — T* T
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Time (s
(®) Ceold
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A bit more theory...

If the fluorescence F ., . Of free molecules differs from fluorescence F
of bound molecules then for the bound fraction FB of binding partner B:

norm,bound

= (1 FB) F + (FB) Fnorm,bound

norm norm,free

Equilibrium constant K is calculated as:

KD = 1 = [A]free [B]free _ ([A]_ [AB])([B]_ [AB])

Ka  [AB] [AB]

Leading to quadratic equation with a single unknown variable Kj:

[AB] B]+ K, — ([A]+[B]+K, ¥ - 4[A]B]

B] 2[8]
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Experiment evaluation
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Dissecting the MST timetrace

Heating on Heating of

1.05 - / (Infrared laser) (Infrared laser)

0.95

0.9 A
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Relative fluorescence
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Dissecting the MST timetrace

Initial fluorescence

1.05 - . .
Defines the cold region for data analyses
1 | Idealy is constant
S 0.95 +
C ’ L] ]
3 Bleaching = decrease of fluorescence signal
S 097 caused by excitation laser
>
= 085 - * Feature of the dye
= e Can be induced/influenced by ligand
o 0.8 -
(a'sl
0.75 A ,
0.7 I I I I I I I
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Time [s]
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Dissecting the MST timetrace

T-jump

1.05 1 * Rapid decrease in fluorescence signal caused by
1 temperature change
9 o  Dye dependent
S * Probes the local surrounding
O
3 09 A of the dye
E
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=
©
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Dissecting the MST timetrace

Los - Thermophoresis
* Movement of particales in temperature gradient
14 | * We can follow only the behavior of the target
8 0.5 - * Dynamic equilibrium reached at steady state
Q
A
Y 0.9 ~
O
3
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>
©
o 0.8 -
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Dissecting the MST timetrace

1.05 - Mass diffusion

. * Particles are ,moving back to original position”

)  Diffusion coefficient D
© 095 -
Q
&
Y 09 -
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Dissecting the MST timetrace

Irreversible effects

1.05 1 e Caused by heat demage of the sample
L * e.g. unfolding, aggregation, adhesion to capillar
. e Convection of the buffer
O 0.95 -
()]
A
U 09 -~
o
=
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2
I
o 0.8 1
o
0.75 -~
0.7 .
-6 36
Time [s]
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Dissecting the MST timetrace ?

 MST do not measure thermophoresis but ,fluorescence under thermal perturbat
(NanoTemper, 2018)

1.05 1~
Bleachin :
8 1C Irreversible effects
§ 0.95 A
S Thermophoresis
Y 09 A
®)
=
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MST data analysis

1000 4= » == |R-laser on 1000 o IR-laser on

900 + 900
Q (D}
(@] (@]
C C
Q (D}
3 3
8 800 o 8 800 o
o o]
> >
i i

700 - unbound 700 - unbound

' IR-laser off ' IR-laser off
— T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)
Original approach Current approach
“Hot region” at the maximum difference of signal “Hot region” at the minimal effect of sample heating
MST timetrace TRIC timetrace
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What can be measured by MST?

Affinity

 What is the strength of interaction?

* Labelled partner (target) at constant c <K

Fnorm ()
25388

 Serial dilution of second partner (ligand) in
range of expected K
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More than affinity (special cases)

* Multiple binding events within one experiment

* Stoichiometry determination

* Inhibition assay
* Thermodynamics measured by MST

* Interaction with liposomes

* Measurement in crowdy samples
(blood, cell lysate)
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Multiple binding events

Two independent binding events in one measurement

* Target at constant ¢ < Kp (stronger)
* Both Ky's far enough to be distinguishable but close enough to be covered within o
dilution row

700
; v Kd Model @ ey
695 ® & paameter  Result 695
| ® Unbound 670.31
=) ol Bound 660.87 690
| K, =9.10°8 6
p=9. . @ mes “ | Ky=7.10
g FS TargetConc 50 =z D
= 680/ £ 680
E | E
2 675! 2 675
| - v Kd Model @
o o 8 = 670 ° ® . Parameter Result
P ® ® Unbound 659.84
665 o 665 Bound 696.98
[ ]
a0 . Kd 6687.5
TargetConc 50
+0 +1 +2 +3 +4 +5 +6 +0 +1 +2 +3 +4 +5 +6
1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10
Ligand Concentration Ligand Concentration
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Stochiometry

* Target (labelled) at constant ¢ > K
* Several dilution of ligand in range of expected molecular ratio

First experiment: Second experiment:
dilution series over wide range dilution series over small
to narrow down point of saturation. .~ 23 concentration range
800 - to precisely determine stoichiometry
' 790
790 - i
__ 7807 non-saturated
= g |
§ 780 - =
= < 770-
T £
E 770 - g A saturated
s} w
" 760+ /\
760 - o
n ._'
/ L ] 750"
750 YT ML B b | T T
0.1 1 10 100 1000 10000 0 20 40 60 80 100 120 140 160 180
[Biotin] (nM) [Biotin] (nM)
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Inhibition assay

e Standard affinity measurement in presence and absence of inhibitor
* Comparison of curves / calculated K,

) G9a-NT495 binds BIX-01204 3 3 © GOa-NT495 binds BIX-01294 3
S 1.2} © without b-H3(1-21) S 12F o without SAM
= o with 2uM b-H3(1-21) = O with 20pM SAM
E. = & with 100pM b-H3(1-21) E- " A with 300pM SAM
808 - @ 0.8
2 @
D
[us] 1]
-~ 04 — 04
E H
u u®
4 0.0 - 0.0
2 3 4 5 2 3 4 5
10 10 10 10 10 10 10 10
Concentration BIX-01294 [nM] Concentration BIX-01294 [nM]
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Thermodynamics

* Kpdetermination at various temperatures
e Calculation of thermodynamic parameters

17 A
3 van’t Hoff plot
o ¥ .19-
©
E
60 ﬁ -20 -
g S,
il
- X -21-
&
20 -22
0 -23
097 19 390 1 1% 32 625 1% %0 S0
Concentration p3s [nM] 3.20 3.2 3.30 335  3.40x10°
K )S inverse Temperature [1/K]
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Practical aspects
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1. Sample preparation

e
- Cotume
ety

4. MST measurement

1.05 ~
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0.9 4
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0.75 H

Relative fluorescence

0.7 T T T T T T T
-6 0 6 12 18 24 30 36
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2. Capillary filling

3. Capillary scan

1600 -
1400 -
1200 A

1000 A W
800 -
600 -

Fluorescence
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5. Data analysis
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Size range

MicroScale Thermophoresis (MST)

Bactera Mkl o

e

- -~
e 8

o
o
O O > i
O O >
S ® i S Q
a i ! N a
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Sample

Labelling

NT.115 S YO S |18 FITC/FAM/GFP/YFP | Cy3/RFP/ImCherry | no detection
Blue/Green |IEERES

NT.115 =& ¥ () FITC/FAM/GFP/YFP no detection | Cy5/Alexa647
Blue/Red Em:520

* Instrument measures fluorescence signal

* Dyes compatible with blue, green or red laser

* Commercial dyes or specialised dyes s L YFP Cy3IRFP
reen/Re .
from MST manufacturer (NanoTemper) L

Cy5/Alexa647

* Labelling is necessary unless

* You work with fluorescent proteins

* GFP (green)
* YFP (yellow)

* You have “label free” instrument
* Uses intrinsic flourescence of tryptophanes
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Sample labelling

R
Reactive groups availability: E:é”'”
Lysine -

MHS-Ester

Amino group — Lysine, N-terminus 0

H
. 0 N s
Cysteine = 1 \||)\"

Maleimides

Thiol (sulfhydryl) group — Cystein

His-tag
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Risks of labelling

Interference with interaction

= cjz ‘ 1. Sterical hindrance
2. Conformation changes 4.
<

3. Non-specific interaction

4. Adhesion to labware

5
5. Solubility change, aggregation .
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LabelFree MST

Fluorescence in UV region Absorption and emission spectrum of tryptophan

. . . 10.0 ¢ 1.1
* Excitation: 280 nm ; 1
X 410 =
[ . . = o :
* Emission: 360 nm : fos 3
_ dos B
HE lor £

* Tryptophan w 1™
o [ 406
- i =
D & 0.1 3 b —
: 403 &
- -
DH B —- 0.2 %
NH B -4 0.1 el
HN e ] 5
D+D i 1 i 1 I :l i | 1 i 1 i | 1 L 010 u_

tryptophan 220 240 260 280 300 320 340 360 380 400

Wavelength / nm
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LabelFree MST

* Other molecules compatible with “LabelFree” instrumentation
* Tyrosine (?)
* Nucleic bases analogues
e Specific organic molecules

N

W
oslie
hl

0
N 3
OH ¢ I\N
’ O/m:L N N”)\N H, "O

o

tyrosine 2-aminopurine BIRB-796 (kinase inhibitor)
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Risks of not labelling . ‘ ‘

1. Weak signal
* High concentration needed
* Unsuitable for low Kd’s

4

2. Signal from both binding partners
 Mainly for protein-protein interactins
* Signal dependent on ligand concentration
* Not suitable for MST experiment

€¢
€ ¢¢

2
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Which capillary to use?

Sample sticking to the capillary wall

Standard

Fluorescence-
) )
=

100-

llr1l!||l||l|||r|llr1l|||-lr|ll|1 |1lr'|rl|1 TTiry

LA L

..... .l .'ll.!: Frrnprawigeray e l':lll.rtll.l .'ll.ll. .ll.ll. .l. d I.II‘T.lr. ) .rl.l .'ll: o B _Il_l:l_ b, Tk
: : a8 " ‘39 40 . 41 42 43 . dd ;
' Position [mm] | Z i Z 3

A lot of sticking No sticking A bit of sticking
Coated (premium
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Initial fluorescence

Y T
| |

\x
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20 24 28 32 36 40 44 48 S2 S6 60 64 68 72 76 80 84 88 92 %€
" Position [mm]

Fluorescence
llll,llillll

* 10% deviation from average is acceptable

* Optimize sample quality, buffer composition
 Sample homogeneity

* Pipet more accurately — MST is highly sensitive
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Ligand-dependent fluorescence?

Ligand-induced
fluorescence change

Constant
fluorescence

3

Direct evaluation
of fluorescence

or ?

Standard

[ ]
measurement « e 4 o
Optimization of conditions
(additives, buffer, l[abelling)
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Troubleshooting: fluorescence

—_—

SD test =
denaturation

* In case of ligand-induced fluorescence change SDS / urea
95°C

e add SDS + DTT mix to first and last sample of ~ °""e Pecicauencine

the dilution series .
H H H Q denaturation
(lowest and highest ligand concentration) £ SnaLa
§ 95°C
S
o . Sy
e denature (95°C, 5 min) target complex
non-specific fluorescence loss:
* check fluorescence _
5
e denaturation
5 SDS / urea
§ 95°C
S
target complex
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Troubleshooting: aggregation

Optimization is necessary:

1.05 1 * Centrifuge sample before loading
S 11 :
C
3 oos | capillary
Q
o 091 * Add detergents
“~ 085 -
2 o (0.05% TWEEN20, pluronic F-12, BSA)
o e
Q . . .« .
& 075 - e Optimize buffer composition

0.7 1 1 1 1 1 1 1 . .

6 0 6 12 18 24 30 36 (pH, salt, additives)
Time [s]
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Negative thermophoresis

116
114
112
L

1.08
1.06
1.04

* Evaluation identical as in
case of “normal” MST E

Normalized MST time-traces

* Relatively rare

Relative Fluorescence [-]

B i ahe i raatn tai st deinisRe Ead sttt shats
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[
[=]
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Ligand Concentration
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Real hardware

HANG ON A SEC WHILE | READ
THE SAFETY INSTRUCTIONS
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MST machines -;—=M|==?o

Currently only by company NanoTemper Technologies
* Monolith X

* Monolith NT.115

* Monolith Automated

* Dianthus

Monolith NT.115 Dianthus

Monolith X

- Monolith Automated
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Monolith (Monolith NT.115)

* nM to mM K, range
24 capillaries (16 in the old version)
* Two fluorescence channels (BLUE, GREEN, RED)

A [nm] Nano Nano Nano
BLUE/ BLUE/ GREEN/
GREEN RED RED

800

750

700

650

600

550

500

450
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Monolith Pico

* pM to mM K, range
* Only RED fluorescence channel

DNA-hybridization Protein-DNA interaction Protein-protein interaction
& Y 2K
ég § ; 3 ¢ &
. 1.00] 1.00 1.00 |
§ § 0.96] 0.96 o
E 5 0.92 1 bound 092 —— 0.92
§§ . : 0.88 bound
0.88 unbound 0.88 unbound unbou
’ ] T T T T T T T 084 T T T L)
0 10 20 30 40 0 10 20 0 10 20 30 40
Time (sec) Time (sec) Time (sec)
25+ 204
€ tuorophore) = 200 PM 301 Cuorophore) = 20 PM € (tuorophore) = 500 PM *
209 Ky=167 1 8 pM 25] Kg=1.01 0.1 pM Ky =620 + 61 pM
- — - 154
!‘é 15- & 2] %
E !
] 104 LLg 154 u.210
5 ] % 10 <
5 3 54
I
0 1 od}
wq—v--qu—v-nww—v-v-mwa P Gl = | — T o ) T " i - " ™
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sSDNA (nM) EcoSSB (nM) Anakinra (nM)
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Monolith LabelFree

Fluorescence in UV region Absorption and emission spectrum of tryptophan

10.0 ¢ T — T T T T T T T T 1.1
* Excitation: 280 nm : 110 £
i c
* Emission: 360 nm jos 3
08 S
B I . a
T 1.0 E | 07 =
* Tryptophan, ev. other molecules ! w5
5 : 1. 2
= : d 05 %
0 S gl : 104 £
@ F I 0.3 §

I .

OH : 02 &
HN NH; ! o
l ] 3
PR IR I | MR W N N SR N P T

tryptophan 0020 240 260 250 300 320 340 250 380 400

Wavelength / nm
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Monolith X

* In addition to MST utilizes technology of ,,Spectral shift”
* Analysis of fluorescence profile change induced by ligand presence

Kd
. 1.08 —
Spectral Shift
o s 1.06 —
.lr ..l. ! ‘ —
; E
g' g 1.04 —
2 L0 i
@ L
= £ 1.02 4
l; ﬂ
g G |
o
@ ° 1.00 -
wn L=
e 5 i
g 0.98 —
E -
-I I
: {]SE T ||||||I'| T ||||||I'| T |||||'||| T |||||||| T ||||||I'| T ||||||I'|
] I I I
630 650 670 690 i1 10" 10° 10° 107 10° 10°
Emission wavelength (nm) Ligand concentration (M)
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Monolith Automated

 Two channels possible

* 96 samplesin arun

* High-throughput applications: Fragment screening
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Dianthus

* 384-well plate-based instrument (no capillaries)

* High-throughput screening of binding affinities

e Using MST/TRIC and Spectral shift
 Compatible with automation

* Up-to 1350 K,’s determined per day
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MST Summary

Thermophoresis is sensitive to subtle changes — almost every
interaction will give a signal

In real system, several processes happen concurrently — MST > TRIC

 Method is suitable for a broad range of samples (from ions to viruses)
with relatively low sample consumption

e Careful data analysis is necessary — only relevant curves should be
evaluated (pipetting accuracy, bleaching, denaturation, aggregation)
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Biomolecular
| nteractions and
Crystallography Core Facility

CEITEC ]
MST & DSF-responsible person:

B | C CF Head: Josef Houser

Eva Paulenova —
+420 549 492 527

+420 549 497 822 ) )
bic@ceitec.cz > josef.houser@ceitec.cz

>4 eva.paulenova@ceitec.muni.cz
bic.ceitec.cz
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