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Why use a Nano DSC?

ADSC is the only technique that allows the
direct measure of T,,, qC, and gH.

ADSC allows for calculation of entropy (gS5) and
free energy (qiG).

ADoes not require nitrogen purge
Ai.e. CD-spectroscopy

AEqually useful for macromolecules and
small molecules (no MW limit)

ACompatible with essentially any buffer or
additive

/Requires small sample concentrations and
volume

TA



Nano DSC Specifications and Configurations

Temp Range -10° Cto 130° C Capillary
-10° Cto 160° C Cylindrical
Pressure Perturbation To 6 atm
Cell volume 0.3 mL
Cell material Platinum i Capillary
Gold i Cylindrical
Capill ary can al so be _aut oma

(Fra



Nano DSC Cell Geometry

Continuous Capillary  Fixed-cell for maximum
(130° ) sensitivity

ACell Construction:
Inert to biomaterials
99.99% Platinum

ASmall Sample Volume
(0.3 mL)

AAttenuates or delays
onset of aggregation
until after protein has
unfolded

AEasy-to-fill and clean
design
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Nano DSC Optional Cell Geometry

Cylindrical High-Temperature
Version (160° C)

ACell Construction:
99.999% Gold

ASmall Sample Volume
(0.33 mL)

AHigh temperature option

AEasy-to-fill and clean

TA



Nano DSC Schematic

Heat flow

Software 1 Firmware control

\
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Nano DSC Automation System

Nano DSC Autosampler System:

AProgram-and-walk-away functionality

ALiquid handling autosampler from
Spark Holland

A Temperature controlled sample storage
(4 Ci Ambient)

A Two 96-well sample plates

A Pro ramming for up to 96 samples with

ABoth Nano DSC and %th%étﬂjﬁgg

programmed from same software

TA



Nano DSC Autosampler
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Nano DSC Autosampler

Raw Heat Rate

/ /

AN

“.‘\‘
0.r6g/ mL
// ;\ \‘\\ o e ——
/ N
P /,/ 02 m/mL \\ \\“ o

Performance

Cell wash
Buffer scan
Cell wash

Sample scan
Cell wash

Glycine Buffer

Buffer scan

© XNk WNE

Final cell wash

Experiment Parameters:

Instrument. Nano DSC
Sample: Lysozyme
Scan Range: 101 80°C
Scan Rate: 1°C / min
Sample Buffer: Glycine
Sample Vol: 1mL

A/S & DSC Protocol:
Initial cell wash
Cell conditioning scan

2 Samples
Each
mg/mL

\
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Nano DSC Applications

Biopolymer 1 Stability

Biopolymer Structure

Domain, Subunit, oligomerization

Ligand Interactions
Drug Binding to Proteins or
Nucleic Acids

Membrane Structure
Lipid Bilayers, Membrane
proteins

A Pressure Pertur
structure and s
A Complex milieu

3000 +

2500 1

o
o
o

2000 L
1500 -

1000 L

Baseline Subtracted (kJ/mol-K)

o

| |
I ! ! I | I I | | |
40 45 50 85 60 65 70 75 80 85 20 95

Temperature (°C)

Dash = blood serum
Solid = pure proteins in serum
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Types of questions addressed - Nano DSC

Stability of proteins and protein structural components
Why that linear sequence folds into that structure
design drugs that bind to odi

understand how proteins interact with and control each
other, etc.

Cooperativity and reversibility of unfolding/folding reactions
Environmental effects on stability and reversibility
Enthalpic and entropic contributions to protein stability
Stability of molecular assemblies (e.g. liposomes)

Effect of ligand binding on protein-ligand complex stability

Experimental approaches are applicable to all
biological macromolecules.

N
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Why study proteins by DSC?
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Understanding quantified values from a DSC

What stabilizes a protein structure?

Free energy required to denature a protein
IS ~ 0.42 kJ/mol per amino acid.

100 residue protein is stabilized by about
42 kJ/mol

Interactions with the environment (salts,
membranes, ligands, other proteins) are
critical to the structure of a protein.

Levels of protein structure

Magnitude of enthalpy corresponds with level of
structure and type of folding (b-sheet, U-helix)




What happens to a protein duringa DSC  scan?

AThe moderate heat used in a DSC scan
will break the very weak bonds and
|nteraCt|0nS that Stablllze the three MET LEL SER A%P GLU ASP PHE LY S ALA WAL PHE GLY

MET THR ARG SER AL A PHE ALA A5M LEW PRO LEU TRP

dimensiona| structure LY¥S GLIM GLMN ASMLEL LYS LYS GLU LYS GLY LEU PHE

AHeat absorption causes the protein atoms
to vibrate and move, disrupting stabilizing
bonds and interactions. Hydrophobic groups
are exposed to water. Proteins stick together
and precipitate.

Unfolded State

Native state

MAMost proteins unfold between 40 i 90 °C

ATemperature of unfolding (T,,) of a protein is
characteristic for that protein




What happens to a protein during a DSC scan?
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Heat absorption A vibration A disrupting stabilizing bonds and interactions
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Two state model of protein unfolding

Denaturation
————

o TR AT T
Renaturation

Native molecule Denatured molecule
Enthalpically Favorable EntropFauabltgbl e
Hydrophobic & electrostatic interactions, Changes in solvatior
H* bonding conformational freed

AHeat associated with unfolding (endothermic) and folding (exothermic) is easily
measured by calorimetry, allowing thermodynamic analysis of the folding/unfolding
process.

AFol ding and unfolding of a smal.l protei
(once started, it goes to completion).

AThese small units can fold and unfold reversibly. Reversibility is directly measurable
using DSC.
CTA



Information from DSC

AHeat capacity change (DC))

ATrend: Protein with lower DCIO - more 110

100- AH,—AH;, T,

rigid and protein with higher DC,, -

more flexible.

APrimarily reflects exposure of
hydrophobic groups. DC,, is positive.

AEnthalpy

AgpH: e2 non-covalent interactions i

hydrophobic & electrostatic, H+ bonding

Molar Heat Capacity (kJ K'mol")

ATm 100

Temperature (°C)

Alndicates macromolecular stability

/\From these measured values it is ASTM E2603-08 - for verification of enthalpy and

possible to calculate the entropy temperature of a fixed-cell DSC (www.astm.org)

(gB) and free energy (pG)

TA


http://www.astm.org/

What does a DSC scan tell us?

Alf the native (N) and unfolded (U) state are in equilibrium
AAssume Two-state

AAt any T:
Aeqg = [U]/[N]
ADG = -RT InK,
ADG =DH i TDS

AAL T, ¥ unfolded,DG = 0 therDS =DH/T,, and [N] = [U]

AThe measured values, are used to calculate entr@$; & measure of
molecular disorder) and free energyG).

AFree energy describes the overall stability of the system.
APositiveDG: the folded protein is more stable than the unfolded protein.

TA



Ent hal py

kJ / mol-K

Constructed Baseline

a—— T, (gG) comes from two places:

Measured qH_,  @Handgs.

/A H=400.3872 kJ / mol
/A §=1.1946 kd / (mol-K)
TMax = 62.0207 °C

Enthalpy
goH: e2 non-covalent interactions

I hydrophobic & electrostatic, H+

e S e e bonding
40 45 50 55 60 65 70 75 80 85
Temperature (°C)

== [woStateScaled e Raw Data

45 -

TwoStateScaled Aw 0.984
Tm(°C)  61.51
AH (kJ/mol) 411.9

Calculated qH,

m 20
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Enthalpy: Comparison of measured ( DH_,) and
calculated ( DH, )

Ky
N——D
DI—IVH < I:)Hcal DHV H™ DHC a l DHVH > I:)Hcal
Na |a U, Na U N, 2 nU (oligomer)
I\/I\/\/Co-operative unit < a ? | 2 LIS NI {I@S MW(’IO-OD. unit =
I\/I\Nprotein a? LINR 0 SA Y |vl\Nprotein

Two-state model
invalid

Twatat e |
val i d. Cada
unf ol di ng

Privalov and Potekhin i S ¢ a n Mieratagorimetry in Studying Temperature-
|l nduced ChangeMethddsin Bhzyrmdiogyi(1986)0) v141, pg4-51

9

m olhdocestate model
) ovplid or process ie

iIrreversible 1
hysteresis
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DHV H< DHC a l

Do two portions unfold independently?

1-9F 26

3.0

3.4

1 1 1 ]
20 40 )

Temperature {TC)

lig.1. Temperature dependence of partial specific heat
capacity of papain in solutions with different pH.

Increase of protein stability
and the heat absorption
peak also becomes sharper

This sharpness can be
guantitatively evaluated with

CpHVH ' I:)HvH < DI_Ical

Quasi-independent
cooperative. Ratio is ~1.7
(DHcaI/ DHVH)

Privalov, Microcalorimetry of Macromolecules, 2012 Wiley

N
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Analysis Data (kJ / mol-K)

DHvH > DI_I(:al

s insulin + zinc Baseline Subtracted (kJ/mol-K)
s apo insulin Baseline Subtracted (kJimol-K)

70—
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?05 Tm : 83.6 °C o
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- dH : 783 kJ/mol
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Temp (°C)

Confirm dimer formation

Normalized Fit (kJ/imol)

Corrected Heat Rate (pJis)

with ITC

Dimer Dissociation
Time (s)
5?0 1 DIDD 1 SIDD 20‘00 ZBIDD SDIDD 35|E|0 40‘00
i T T T T T T T T
05
064
50—+
451
Model Variable Value
4.0 Dimer Dissociation  Kd (M) 2171e-05
35 dH (kd/mol)  38.55
Ka (1/M) 4 606e+04
T ds (J/imol-K) 2186
251
20+
15—+
1.0+
0.5+ |

| | | |
50 100 150 200 250 i 300
Mole Ratio

Ky =22 pM
DSC [sample] > 100 uM

R,
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Entropy and Heat Capacity

A ofS: an expression of the multiplicity of ways in which the
system can be found with a particular energy
A Degeneracy (w) of the system.

A o, relationship with g5. AC, =TS

A C, depends on the numbers of ways there are of distributing
any added heat energy to the system

A Because C, Is easier to visualize than g from a DSC
thermogram, the focus will be on this property

A 1 w and 1 S then 1 C,, little energy will be required to
raise the temperature

N



Entropy and Heat Capacit)

Ve

A'S: an expression of the multiplici
found with a particular energy.
A Degeneracy (w) of the system.

AC, =T

Adeepends on the numbers of ways o

= o

Unfolded states Folded or Native State

An astronomical number of conformations. A A single conformation (or, more correctly, a
100 residue protein, with 2 conformations per collection of similar conformational
residue has 2'% or 10** different conformations sub-states)

Cartoon: http://www.lanl.gov/bmsi/Individual%20Research/Werner/WernerFolding.html

TA



Heat Capacity

A +p G : typically a denatured protein has a
higher heat capacity than the native
folded protein.

A Reasons for + G

A Solvent reorganization around newly
exposed non-polar side chains.

A o G scales with the number of buried
hydrophobic side chains in the native
conformation.

A Major influence of C, comes from the
primary sequence minor influences
are non-covalent
Gomez et al. Proteins, 1995, 22, 404
Nl cebergo theory.
water that forms around the non-
polar groups that is said to contribute
to the large heat capacity. Sturtevant,
PNAS, 1977, 74, 2236

> I

Heat Capacity Differences

L] |
45 50 5|5 60 BIE 70 75 80 85
Temperature (°C)

There I s a cage

TA



Heat Capacity & Binding

Smaller, + DC,

A

AB

CDCE Is directly related to solvation

In case of L binding to P, if pC,, <0 (reverse direction of above), this is associated
with ligand-induced structural changes that bury hydrophobic resides and liberate
solvent (JACS (1964), 86, 4302)

TA



DSC Analysi s Summary

AT,
A Stability
A
A Heat Capacity
A Degeneracy
A Excess molar C, following unfolding and longevity

A Enthalpy
AV a nHbff relationship
A Cooperativity

Next step I s to apply thi

TA
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Applications for DSC

/Determine thermal transition (melting) temperatures
AMeasure gH of denaturation

AMeasure reversibility of thermal processes
MMeasure oiC,, of unfolding

ADetermine stability macromolecules

AMeasure high affinity binding (up to 1020 M-1)
Alnvestigate a complex milieu

TA



Eff ect of addi ti ves and

25
, . . —— 20 mM HEPES buffer
-1.5Mdgl |
AExciplent to s 2y 5I800
chemical and p 1. itheleke
i 16 1| Z 1 sm NascN
d e g r-a d a t I on 150 mM (NH4)2S04

10 -

<
A Choice of an a  s- 4/44¢
formulation is | j_//léé

deter mined emp

-5

a-amylase
A DSC I s the fas -0 - . - - . - -
: 40 50 60 70 80 9 100 110 120
eval uating add
T reversibili 1¢C)
m? Ly Olsen et al.Thermochimica@cta 484, (2009), 3237

Many users stop data analysis after reporting a T,.,, the

following slides will discuss what is being missed.
N




Denaturation and Aggregation

NW

/] ¢ of oxi dati on of si de g\ou
" TA

25
20 { N<~—D— , |
A Is the NaSCN trace a
15 1 1 5M NaSCN better choice than
il 150 mM (NH4)2S04 , (NH4)ZSO47
' A Correlation of proteins
5 1 with aggregation
= e tendencies to poor
longevity, using real-time
5 1 HPLC SEC.
-10 T v v T v . :
40 50 60 70 80 90 100 110 120
T(°C)
chniques for studying denaturati on
pH far from I soelectric point
Dilute solutions
3. Re vieabsa @hée netsyoppr bt eins typica
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A Mutate proteins: more stable, more
specific, faster, new properties, etc. ST

A Useful to predict outcome of a mutation, 4r

A Complicated network of interactions

A

A .

Macromolecular Stability

so need a database of thermodynamically
characterized proteins

Cp (kcal/K mol)

N
T T

—_
T

A Example: enthalpic changes
(changes in hydrophobic interactions,
hydrogen bonding, electrostatic 1
Interactions) are compensated by
entropic changes (changes in
solvation, conformational freedom)

{ AYODSON ¢¢D{ £ dzy ¥2f RAYyH 2AG/CRNGE 465KaS ya de;
0eé | 0&az2NbAYy3I KSI O 0SyuizK A2/@IsND 20vUSh 2ayUal

A2LI2t 8YSNI dzy T2t RAYy3 Aa

w
e |

o

N Y N T I N A I I

-30 40 50 60 70 80 90 100 110

Temperature (°C)

Grzesiak et al., J. Mol. Bio. 301, 205-217, 2000
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How to determine 1 f unfolding

50 -

40 4
30 - 1.5°C/min

20 A
1°C/min

10 A

-10 -
20 -
-30 A
40 ~

'50 Ll L) L) Ll L) L) L} 1
55 60 65 70 75 80 85 90 95
Temperature

AScan rate dependence of T, indicates that N and U are not in
equilibrium.
ATheir concentrations change at a rate equal to the sum of the unfolding
and refolding reactions. Increasing temperature faster than system
responds distorts T,, and shape.

N



Protein unfolding/refolding reversibility - scan rate

20

A Interleukin-1 receptor
scanned at 0.25, 0.5, 1.0
and 1.5 °C/min:

A Scan-rate
dependence of T,
Indicates folded and
unfolded protein are
not in equilibrium

Cp (kcal/imol/K)
o o

&)}

% A Unfolding is kinetically
T(C)
controlled
Re mmeelte BACB2,72 (0 ) B 328339
N



How t o determine 1 f unf ol

60 | 2nd Heating Scan
(partial kinetic
irreversibility)

/

e
2nd Heating Scan

1stHeating Scan

0

35 60 65 70 75 80 85 90 95
Temperature

AAggregation is characterized by thermodynamic and kinetic components.
AThermodynamic component causes unfolding. _ o
AKinetic component can result in partial or complete irreversibility.

TA



Protein unfolding/refolding reversibility -
rescanning

15.0
A Non-reversibility of protein

10.0 unfolding indicates:

j2 A Multi-domain or subunit
g sg0 structure
P A Chemical alterations to
% %0 the sequence
& A Kinetic events
-5.0 . .
= hindering
20 ‘ 40 . 60 . a0 . 100
15t heating scan to 6™ heat scan shown
N



Heat Capacity

Domail n and

D1 D2 D3 D4

|

0

10 20 30 40 50 60 70 80 90 100 110

Temperature (C)

Subuni t St abi |

A Unfolding of domains and subunits
with different thermal stabilities may
produce asymmetric thermograms.

A A small change in sequence, or
other alteration, can affect the
stability of the whole protein, or the
stability of one domain or subunit.

A DSC quickly reveals these stability
changes.Practical implications:
|dentify subunit stability within a
protein.

Medvetw. ! Bi ol27,4ACheal 99 9

W
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Polynucleotide structure

A Linearlized pBR 322 heated at 0.1 ol X o
°C/min for optical profile, 1 °C/min
for DSC scan.

normalized

[dA /dT]
270
(=
|

A Individual spectral peaks reflect

the cooperative melting of one or

more domains.

2000 (-

r

A DSC provides a complimentary

and more direct means of

1000

500

<Cp> [cal mol 7" K]

measuring

thermodynamic

n 1 " 1
75 80 85 90
Temperature [°C]

parameters of

DNA. Volker et al., Biopolymers 50, 303-318, 1999

\
(TA | TAINSTRUMENTS.COM
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120 -
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100 -
80 -
SuM /
60 1 2uM \
40 - 1uM A
2 Oligomeric Protein
0 \
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Protein oligomerization

S
2500 — —— s

- 4
E 2000 ]
: 1
E 1500 F 1
©
2 :
= r 1
2 500 ¢ :
M ]
{é‘u [ ]
]
u i
L [ ' R e ]
0 &0 il B0 10
Temperature (°C)

Johnson et al., Biochemistry 34 (1995) 5309-5316

A Oligomerization domain of tumor suppressor p53 studied at 70, 93 and
146 M.

A T_increase with increase dependent upon concentration demonstrates

the formation of higher order association states
N



Membrane proteins and membranes: detergents
and lipids

AMe mbr ane proteins must be solub
ADet er ge mtasn ofsoprhnrer at er composed

of detergent molecules. This 1Is
ALi pi dsiamosmher water composed of
| 1T pid mol ecules, called a |1 poso




Membr anes/ Membrane protein

AMany proteins are associated with membranes
and serve numerous functions.

AHow does membrane stability change in the
presence of various proteins

ADSC can provide indications

0
g
2
wy
¥
w
-
-
-
-«
<
R

A Vesicles were prepared by sonicaton bath
with 5 mg/mL DPPC and then treated

A Palmitoylated SNAP-25 (Orange)
1.2 ug SNAP-25 (Red)
2 ug SNAP-25 (Blue)

Untreated control (Green) 30 35 40 45 50
Temperature (°C)

Heat Rate

> I D

Palmitoylated SNAP-25 increase membrane stability, while
non-palmitoylated SNAP-25 decreases membrane stability relative to the control

TA



Membrane protein structure

- . 350
A Mi crograms of a men

represent weeks of
detergents for solu

A Nano DSC obtgasiandd yh

Cp (/K mol)

3004
2504
2004
1501
100

usi2ngO (@i comol €86) 0 s

Da compl-pal hnooyl at o

partially pal-tnbpt oyl
consi s3menmbrodne pr ot x
A Thermogram veXy w

=
. . £
transiti ons x 50
e ) . = 601
A Parti al chemical degm
stabilization of co )
DSC

0

40 45 50 55 80 &5 7O 7L B8O 85

45 50 55 &l &5 70
Temperature (°C)

100

Temperature {"C)
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Studyi ng Binding by DSC

(0]
o

If a ligand binds
preferentially to a folded
protein, the T, of the
protein will generally
Increase. The more bound
ligand there is, or the
tighter it binds, the more

B a (2] ~
o o o o
! ! !

Excess Cp / kJ mol* K™
N w
o o

10 +
T, increases. ol -
Can determine binding 10 ‘ ‘ ‘ ‘
35 45 55 65 75 85
constant at Tm' Temperature / °C
Useful for very tight
binding . A Y RA YCBIP ®RNaseA@ 5% DMSO (black)

DSC is a quick way to K, = 5900 Mt (-DMSO); 6900 MI(+DMSO) at. T

determine if two molecules
interact.

TA



Studying Binding Via DSC - Simplified

8

o
o

Advantages over other
Techniques:

3

s
o

B
(=]

1. Ligand only soluble in
| organic solvents
o % % w n w w 2. Extremely tight binding

Temperature (°C)

Fig. 2. Simulated DSC data showing the molar heat aﬂ:l n Itles
capacity of free ligand (L), free protein (P) and the 3 SIOW bl nd I ng
protein-ligand complex (PL), where the complex is a )

tightly-associating system.

L
o

5]

Partial Molar Heat Capacity (kJ K™ mol™)

[
o

]
(=]

—AHbp - w ACpp - w[l [—)+——l)‘~ |

K Tm — Tm To R I
[ L]
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Protleiitgqnand compl ex

Nano DSC Scans from 0° C-110° C at 1° C/minute

Analysis Data /() /5] R _

Nucl ei d DSECi &dcan Nucleic Acid-Binding Protein 1T DSC Scan

75 B [ El minﬁ Forf L Ll "‘--I'--r \\\\ ‘ P L "'I -“v"‘)‘w THS B E T \l\ T AT
Ternp () 4 a5 50 & T (T)EJ 3 71 3
Tm =86.1° C Complex i DSC Scan Tm = 60.7° C

Nano DSC analysis of the complex reveals several surprising details
e

(TA



Tertiary structural changes upon ligand binding

AProtein structures are dynamic and
constantly fluctuating between partially
folding and folded structures

ALigands can preferentially bind to a
partially unfolded conformation

AEX: Zn?* added to Ca?*-saturated a-
lactaloumin, a two-domain protein

AEnthalpies of the domains in absence
of Zn?* are consistent with the crystal
structure

Alncreasing [Zn2*] progressively
destabilizes the protein, driving
equilibrium towards the unfolded state

ADSC is a quick way of determining if a
ligand binds preferentially to folded or
partially unfolded protein.

Excess Heat Capacity

No Zing

1:3.5

SN

30 40 50 60 70 &80 90

Temperature (°C)

N
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Pressure Perturbation
No Autosampler interface

Pressure perturbation: the heat change in a
biopolymer sample caused by a pressure
jump.

Nano-DSC can alter pressure quickly and
smoothly, to 6 ATM.

Heat corresponds to the work done by the
pressure to create a volume change.

A Thermal expansion determined, which is
correlated with hydration of the
biopolymer.

Volume change can also be correlated with
tightness of packing of protein interior
(chymotrypsinogen is more hydrophobic than
ribonuclease).

s o AQ
o | 4—
/ ‘ﬁ :
Reference cell P4 Solute Sample cell

Pressure sensor
Pressure chamber AP

m ‘

molecule

1.0x10°

9.0x10

6.0x10

Coefficient of Thermal Expansion (deg )

3.0x10°

Lin et al.,

8.0x10°

4.0x10"

.

4

Chymotrypsinogen

1 -
-
B.0x107 h
J r n
7.0x10” f \l.k 6‘3@&9“

I
R l|' \hbnnuclease.h
|

T T T T T T T T T T T T T 1 T T T
i} 10 20 30 40 50 0 VO 8D 80
Temperature "C

Anal. Biochem. 302, 144-160, 2002
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Shell v. Bulk Solvent

hydration shell

heme cavity

sidechain

\

\ /

bulk solvent
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Pressure Perturbation

; -18 | ' ’
= %' 20 ' g I'SXIO.L
60- g -22/ N 4 l
40 1 Q. |
B M |
%— 7 18 19
- 204 Temperature, °C
5 o
(o 1
-20-
-40
'60 T v T Y T T v T Y T
0 20 40 60 80 100 Temperature, °C
Temperature, °C
Pressure perturbation scan of 13.4 mg/mL 12bp dsDNA Thermal expansion coefficients of
against buffer at 0.1° K/min and 1 to 5 Atm pressure pulses. three different 12bp dsDNA

Pressure perturbation experiments provide information on the
temperature-induced changes in samples ;.. etal. siopoymers, 91(2), 2008
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Application of pressure perturbation

PPC of Buffer PPC of 12bp DNA Duplex |
100—‘ Pulses: 1-5atm
aof Heating rate: 0.1 K/min |" 804 : 18 ' |
60 <_¢,'r‘l : 20 | o
L rl J 60 g J)/ M 4
40 - 1 & |
] 40 -
%. 20 %. 7 n 1%
- ] Pressure pulses 204 Temperature, °C
0 | Lok
% - 1T % 0-
o -2 1 ‘,J.-H"f:"h [ P
40 ‘{“.[ 1“ -20-
60_‘( -40-
80 - ’60 T v T M T T v T T
v = 3 — : v - = : 0 20 40 60 80 100
0 20 40 60 80 100 &
Temperature, °C Temperature, 'C

APressure perturbation effects are different for the DNA solution and the
Buffer and they change in different ways with temperature increase.

Dragan, Russell, Privalov; Biopolymers 91:95-101. 2009
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Application of pressure perturbation

PPC of Three Different 12bp DNA Duplexes

| 586CGCAAATTTGC-30

I 56CGCAGACTGGC-36

]_leo-l_ I 56CGCCGCCAIEC-30 o —_—
| =1 DNA-I
DA

2 3.7-

>
3.6 1
0,0 e + - T ' N —— . -y 1 l. T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Temperature, °C Temperature, °C

ATemperature reduction results in a decrease of the partial volumes of all three considered duplexes

AThe decrease of the partial volume on formation of duplex | is about 2@whireater than that of the two
other ¢ Duplex one has contiguou8AAT TTstretch

ADifference in partial volumes must be attributed to the differences in the volumes of the hydrating water. It
follows from the above results that the volume of water hydrating the duplex containingdA&T TTstretch
Is considerably smaller than the volume of water hydrating the two other duplexes

Dragan, Russell, Privalov; Biopolymers 91:95-101. 2009
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Up and Coming Application

Plasma Proteome - Peptidome
A 3000 individual proteins / peptides
A Biomarkers for diagnostic purpose
A Therapeutic monitoring
A Minimally invasive and safe access

A Peptides related to diseases expected to increase

Ve

A Increased binding / interaction with huge proteins found

TA



Whole blood fractions

" B Other 1%
| Proteins 8%—g
Plasma—< :
55% Water 91% —
Whole i
blood S Leukocytes —
and platelets
Formed < 0.9%
elements
45% Erythrocytes
" 99.1%

picture from: www.encyclopedia.lubopitko-bg.com Corporation

\
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Major Plasma Proteins

A 10 proteins make up 90% of the mass of plasma proteome
A next 10-12 proteins account for another 9% (2D GE, MS)

Transferrin

Fibrinogen

IgG total

al-Antitrypsin
. ! Haptoglo'

1% remains (LAP)
A biomarkers

A peptides

Apolipoproteins A 1 &R

}Pool Containing

Medium- & Low-
Abundance
Proteins

Disease related:
A no single peptides, rather sets
A changed composition

A peptides complexed to HSA or Ig picture from: psshio.com

\
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Lookout for cancer / disease biomarkers

inside plasma huge proteins: biomarker / peptides rather small
albumin

globulines l
Fi brinogente

small changes in size and charge

Tumour microenvironment

0 / Circulation

easy to miss in

w Circulating carrier |
SRS S Endothelial mleu“e .
o> @ basement - electrophoresis
Fibroblast Immune cell — .o
_ W <. s
\ / Endotheia | & 5 Q \0 mass spectrometry
'3 Qs 20, -:‘km s‘}
1u1 r cell Biomarker R P D Ced’ — \\ P
protein e ) 3
LMW proteins 0 'JC,O 8
and fragments B
goom,
Qroe T
< - % ]

Carrier with

b) DSC is sensitive to
diagnostic cargo | ., . . .
Copyright @ 2006 N:turc Pu hll(jhm(: Group CO m p OS Itl O n a-n d I nte raCtI O n

Nature Reviews | Cancer
TAA

Proteinase



Characterization of plasma proteome from
healthy controls

Thermograms of the 16 most abundant Plasma of healthy individuals

plasma proteins (9 and5 )
X+ sd

© HSA
8 lgG a 0.5 -
= 034 AL Oy O
\8’ Fibrinogen %

O
> -~
‘S Igﬁt - -é‘
© ' )
% Haptoglobin g
(@) 0.2+ Ceruloplasmin @©
© Prealbumin 9
(] «, Macroglobulin 8
= C-Reactive Protein <
g":’ Complement C4 o
h Py SRR =
8 0.1+ ymplement C3 b 7
Q. Q

Q.
D )
2]
¢ - g
O S )
Lﬁ 0.0 - — o= | : i '

T T T T T T T T T
50 60 70 80 9( 50 60 70 80 90
Temperature (°C) Temperature (°C)

Garbett et al. (2009), Experimental and Molecular Pathology 86:186-191
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Setup for plasma in DSC measurements

Simple procedure

1.Sample preparation (example from
Filted®m cel |l ul ose acetate
Concent2rfaoli eandi I uti on

buf fRRBS pHhOWM RQA 5MM NaXlg§ L NacCitra

2. Experi ment al procedure
scamt e 1 C / min
scamnge 1090C

basetoneecthwmhfbaurf bhlea n k

TA



Systemic lupus erythemathosus (SLE) and

Cervical Cancer

A Thermograms of both diseases show distinct Haptoglobin
peak due to Albumin stabilization (T, shift), no significant
change in albumin conc. (proved by electrophoresis)

0.6

0.0

Excess Specific Heat Capacity (cal/°C.g)

0.5

£
E
=
L2
<<

» Normal

0.4

0.3+

£
92
o
g
Q.
(]
+
M
'l
H
!

0.2

0.1+

Fibrinogen

Temperature (°C)

A Haptoglobin peak also

found in 'lupus'
autoimmune
disease:typical 'butterfly
rash'




Shifts I n thermograms due
al bumi n

é’ o A Plasma + BG

3 Proof of concept:

g | Bromocresol Green (BG) mixed to
i Plasma (A) and Albumin (B):

‘% | A T, shifts to higher stability

55 0 A higher [BG], higher Tm shift

Temperature (C) A resemblence to disease thermograms
R ryrTeT A reveals lower abundance proteins

§ |

§ 024 f ]

: Interactomics!

014 { f
3 ua..._-a../w// ‘
5 :crrpefa'.;rc (°C) " i
Garbett et al. (2009), Exp and Mol Pathology 86:186-191 T



Colorectal Cancer (CRC)

healthy control (32 volunteers)

CRC1, CRC2, CRC3 classification

A Cp-ratio T2/T3 comparison between healthy and cancerous sample
A 0.8 K/min, 20-95° C, buffer blank

05{ A B C

0.4-

0.3

CRC2,

0.2

CRC2,

0.1-

c,” (cal /g deg)

0.0

50 60 70 80 50 60 70 80 50 60 70 80
Temperature (°C)
Todinova et al. (2012), Biophimica et Biophysica Acta

http://dx.doi.org/10.1016/j.bbagen.2012.08.001
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Non cancerous soft tissue inflammation vs

Gastric cancer

Inflammation
A Increasing globulins
A decreasing albumins

0.5 4

0.4 4

0.3 4

0.2 4

cPex (cal /g deg)

0.1 -

0.0

50 60 70 80
Temperature (°C)

Todinova et al. (2012), Biophimica et Biophysica Acta
http://dx.doi.org/10.1016/j.bbagen.2012.08.001

cP“ (cal /g deg)

0.5 4

0.5 4

04,

93 4

032 -

0.1 4
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50 o0 70
Tompecatsre (°C)
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Br al n

-

Stored in N,(/)

Tumor

After 3 min at 37 °C DNAse
and collagenase is added

Pushed through s.s. mesh screen
Washed with PBS, centrifuged

Thawed at 37 °Cin
bath

Pellet resuspended in PBS
and assayed in DSC within

Study

0.8+

g

Relative Units (RU)
o
>

Chagovetz A, Quinn C, Demarse N, Hansen L, Chagovetz A, Jensen, R.
Differential Scanning Calorimetry of Gliomas: A New Tool in Brain Cancer
Diagnostics? Neurosurgery 2013 73(2)289-295

24 hours
oA E [T
20
" mL
.
B
8004
15 = x
‘E * I \
E 600+ \
=
T
=
10 Meningioma's i.-‘ 4004 T T_ ,_-I:
—— Low Grade §
= GBM o
—0ligo's ‘é
" Normal Tissue e 2004
"JXUIW‘!H LI T g
‘];”‘”fmwurm.w‘ . o
i o) 2 * R
> v v
? 50 55 60 65 70 75 80 85 90 95 100
W GBM B LGG OLIGO

A Only T,,, showed statistical differences
between types.

o
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DSC Utility

A Consider the systems that our users put into the Nano
DSC: blood serum, brain tissue, cerebral spinal fluid,
| T posomes, micelles. We dono
protein unfolding or even only proteins!

A DSC can quantify the cooperativity of the unfolding. The
relationship of qH., and gqH,,, provide interesting
Information regarding the cooperativity of unfolding as well
as the oligiomeric state of the protein.

TA



Experimental: Getting Started




How much

prot el

N

Molar Heat Capacity

1] O

&5 &0 a0 o5
Temperatura (°C)
Lysozyme in Calorimetric van't Hoff
cell (pg) . N a
AH kI mol) | AS K mol’) | T | AH ik mol’)
400 512 1.46 78.0 515
100 512 .46 78.0 509
50 517 1.47 77.9 513
25 512 .46 778 513
10 515 1.47 78.0 515
5 490 1.40 78.1 510
2 503 1.43 778 499

S

TA
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Choice of Buffer

AAll buffers have an ionization enthalpy:

BH_—_—_ B+ H*
DH.
ion

/Buffers with high ionization enthalpy undergo large change in pH as
temperature increases (e.g. TRIS)
AUlse_buffers with low ionization enthalpy: acetate, formate, citrate,
glycine

AQuaternary amine buffers have high ionization enthalpies and
~ should be avoided
AUse only thermostable additives.

AFor reducing agents, TCEP is preferable to b-mercaptoethanol or
DTT.

ACaution: viscous additives, especially preservatives and stabilizers
such as glycercol and detergents, can trap air bubbles, and dialyze
very slowly.

N
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Buffer Thermal Stability

MES

PIPES

Phos

BES

MOPS

HEPES

Tris

Bicine

TAPS

CAPS

0 4.73 6.35 6.98 6.92 7.40 7.44 7.93 7.73 8.98 8.63 8.97 11.06
10 4.7 6.24 6.90 6.86 7.23 7.30 7.71 758 8.65 8.45 8.69 10.74
20 4.70 6.15 6.84 6.82 7.08 7.16 7.50 7.46 8.34 8.28 8.42 1043
30 4.70 6.06 6.77 6.79 6.93 7.04 7.31 7.34 8.06 8.12 8.18 10.15
40 4.70 5.97 6.70 6.77 6.79 6.91 7.13 7.22 7.81 197 7.95 9.88
50 4.7 5.89 6.64 6.76 6.86 6.80 6.98 711 7.57 7.83 7.74 9.63
60 4.73 5.81 6.58 6.78 6.54 6.69 6.81 7.00 7.35 7.70 7.54 9.39
70 4.75 5.74 6.53 6.77 6.42 6.58 6.66 6.89 7.15 7.58 7.38 9.16
80 4.78 5.67 6.47 6.79 6.31 6.48 6.53 6.79 6.96 7.46 7.18 8.94
90 4.81 5.60 642 6.82 6.21 6.38 6.40 6.69 6.76 7.35 7.02 8.74
100 484 5.53 6.37 6.85 6.11 6.28 6.29 6.60 6.62 7.25 6.87 8.84

(Phos: phosphate. Values from H. Fukada and K. Takahashi (1987), Laboratory of Biophysical Chemistry, College of Agriculture,

Sakai, Osaka, Japan.)
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Sample scans

AAccurate concentration determination is critical for accurate DH, DC,,.
Typical concentration range is 0.1 T 1 mg/mL,

ASample volume of ~0.55 mL is sufficient to overfill the 0.3 mL cell

AFor added reproducibility, load éon the flya

Aﬁel%?se pressure at ~ 30 °C on first cooling scan, remove pressure
andle

ALoad degassed sample while down scan continues
ASample will be scanned on next heating cycle

éRepeat to establish reproducibility of sample thermogram

ARescan same sample (reversibility). Vary sample concentration
(oligomerization), scan rate (kinetic effects).

AHint: Use fast (2 °C/min) scan rate for very dilute samples, slow (0.5
°C/min) for complex (multi-domain, multi-subunit) samples

ANote: Conditioning and baseline repeatability scans are only
necessary when changing buffer composition.

N



Sampl e Dialysi s and D

ADSC measures the small heat capacity differences between buffer in
reference and sample sides. It is critical to match buffer composition in
both cells. It is suggested to dialyze sample extensively to remove low
molecular weight contaminants.

Alncreased temperature results in decreased solubility of dissolved gases,
causing bubble formation. Degas sample and dialysis buffer (for reference
cell) under vacuum for 5-15 min at about 0.3 atmospheres.

/Bubble formation and boiling are retarded by pressurizing sample and
reference cell to 3-6 atmospheres during scanning experiment.

FEnsure cells are scrupulously clean and do not introduce air bubbles,
which can affect noise and repeatability of the scans
Ae.g. 1 nL air bubble can cause a 70 mW offset at 1 °C/min

TA



Degassing Station

Power switch

Pungpx haus:

Stir OFf |
‘ 536 RPM

Timer Of f
° 200

Power connector
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Manual Load - Capillary

AUse pipet tips with small piece of
silicon tubing to manually load cells
Alnsert the the silicon tubing on the
sample or reference cell and fill by
rocking the solution

ACap one side of the sample and
reference side with a black vinyl cap

AFrom the Nano DSC Getting Started Guide. Available
on any computer with DSC Run installed.

A



Nano DSC Data Analysis

AFlexible DSC data fiting models ~ ASt ati sti csg,qth) re

. Two State AUser adjustable fit

+ Two State Scaled AConfidence interval

» General AVi sual graph of fit

» Gaussian ASt atistics onfgHY p
A Flexible Overlay Graphing ABatch Processing

«» Flexible display of multiple graphs ATabul ar listings

» User selectable format for graph export AEasy analysis of mu

A



Nano DSC Data Analysis - Models

AThree models available in NanoAnalyze
ATwo-State
ATwo-State Scaled
AGeneral
AModel i ng o fpsubdodbvaa rndast methpd 1

This @suedodv a nHbff expression does not depend on the absolute
values of DC, and DH and consequently neither on the possible errors
In determining the concentration of the studied material nor on the
calibration of the scanning calorimeter.

P.L. Privalov and S.A. Potekhin n S ¢ a n Micratajorimetry in Studying
Temperature-Induced Changes in Pr ot eMetha® in Enzymology
(1986), v141, pages 4-51
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Model Definitions: Two -State

AT hinso d @ls s uniehser ottea n
beei thel deudnf ol(@.advo
Sstatemdssentat akinhgtist

a Gaussidamnmtritbaoatth @ =¢

50 = | TwoState Tm (°C) 61.80

st a.t es _asE AH (kJ/mol) 443.8

40 £

At al soassumetshatany

a (

Alteitbthegeantii®oi k.
t hetnh modelpeedawwi hbbe
abtesi mult amaobbbtihe
wi darmmdei ghthdcatpae ak

35 -F
30 £
25 F

concentamdMWnnf or mz»:
ent eradheol Areacapacs, :

w
2 10-E

conveudsiabdgccur at et

= [woState == Raw Data

illl\lll\\IIII\III\I\III\\IIII\III\IIII
45 50 55 60 65 70 75 80

Temp (°C)
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Model Definitions: Two -State Scaled

AThe two-state scaled model adds
the additional Awvariable, a scaling
factor to compensate for errors in
the assigned concentration.

ASuch errors may arise from not
knowing how much of the material
in the original solution is in its
native folded state and how much
may have already denatured.

AUse of multiple two-state scaled
models is a convenient method for
peak deconvolution.

ANhen using either the simple or
scaled two-state model, the data
must be baseline-subtracted.

50

== TwoStateScaled = Raw Data

45 H

TwoStateScaled Aw 0.871
Tm (°C) 61.79
AH (kJ/mol) 451.7

TTTTTTITITTITTITTIT

TITTTTITTT

TTTTITTT

i

45 50 55 60 65 70 75 80
Temp (°C)
N
" TA




Importance of concentration determination

ADH_,, is dependent on concentration of the folded protein in sample
ADenatured protein and contaminants will provide incorrect DH__;, DS, DG

120 -

[2X]
90 - \
60
’ /
0- [X]
-30
e 1 8 L 1 . : 3 .

Temperature



Mo d e | Defi nitl ons: Gener ¢

A Most Complex in terms of
variables to fit

A This model is typically only used
in cases where the user is o F

General = Raw Data

. . General A0 -0.54754
interested in the qop G before and cul  meo orem
after the peak, and wants to s+ PRI
derive it from a model. Sek
“gzo-g
- . . © 15_§
A The Aoand A1 variables of this w0
. > 5
model represent the intercept ERES
. < E
andS'OpeOftheIeadlng 757§\II\\IIIIIIIII\\III\IIIIII}III\}IIIIII
baseline (before the transition), * ® C emp(C) b b ®
respectively.
ADondét subtract the baseline when
fitting this model.
GEN



Model Definitions: Gaussian

mmmmmm Gaussian mmmmmw Gaussian e=msssm Gaussian =s s == Model Sum =mmmssm Raw Data
550 £ Gaussian Amplitude 57.735
500 - FWHM (°C) 6.271
C 450 E T(°C) 53.91
- = Area 385.4
g 400 | Gaussian Amplitude  536.62
— 350 FWHM (°C) 3.919
2 300 T (°C) 67.11
TU’ 250 _E Area 2238
© 565 E Gaussian Amplitude 49.439
(@] = FWHM (°C) 4.336
2 150 £ TS 73.36
>100-E Area 228.2
e 50 £
< oE _/\
0
e T R A
40 45 50 55 60 65 70 75 80

Temp (°C)

This generic model mathematically describes
the symmetric unfolding of a molecule.
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Nano DSC data anal ysi s

Basic steps of DSC data analysis: ® Nz it

File  Edit ExperlmentD95|gn Ba

AAdd file(s) to NanoAnalyze worksheet
AChemical baseline subtraction

AMolar heat capacity (MHC) conversion
ASelect region of interest

AApply integration baseline

AModeling of data

@NanoAnalyze untitled
File Edit Experiment Desic

| 4_;] L

ADSC file types for NanoAnalyze:
ARaw data file extensions -.dsc files
AUse Add file

5 = |
=¥y Buffer

AAnalyzed data in saved sessions - .csc i scan |
AUse Open file




NanoAnalyze o Data Conversion Tab

{8 NanoAnalyze - untitled

File Edit Experiment Design

9 [

Data -
®
o
2
£
c
<

Overlay ‘
-

Batch Processing  Help

~TBE A3
UBEt U2 &\

Data Conversion Integration Baseline Modeling Statistics Results Log Reports

Comments

Scan Blark Conversion
Lysozyme 1 mg/mL
Uikachly Eszr Convert To Molar Heat Capacity El Glycine buffer
Units ® Volume Imassl O Mass (O Volume Imales)
. 1 [] Exothem Up
@i Opeals Vokume ml) MU (kD)
[ Modeling Decimation Factor 0 Auwg Cone [ma/mi)
= e 3/2/2010 616,18 PM
i i st late:
Export Experiment Infa o Clipboard 2 e,
Clear Range  Show raw data
DSC data
454
Exo " E
& =
s
a0
25
x r
2 2L
2 r
oF
E 1 T | T 1 1 T 1 | T 1 | T 1 | T | T 1 T 1 | T | T 1 T 1
10 20 30 40 50 50 70 20 %0 100 110

Temperature (°C)

100
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NanoAnalyze 0 Integration Baseline Tab

{8 NanoAnalyze - untitled
File Edit Experiment Design Batch Processing Help

R Wi 2 R

l%v b -] View Baseline | Table Text Size 70 Sigmoid 1

Constructed Baseline

‘ Analysis | Data

45|

40-|

A H=411.7169 kJ / mol
A S =12296 kd / (mol-K)
TMax = 61.6856 °C

35+

30+

25+

Overlay 20

kJ / mol-K

40 45 50 55 60 65 70
- Temperature (°C)

(Fra

80

85




NanoAnalyze o Modeling Tab

(@ NanoAnalyze - untitled
File  Edit

Experiment Design  Batch Processing

N E | M0 e
| M_E 4Bt G

Help

£0

o

o -
0-03-01 1 mg-ml lysoz E Data Conversion Integration Baseline Modeling Statistics Results Log Reports
scan = - -1 T v e 3 "N - :
B seanl —i® G Al AR B[ &- Elapsed: 00:00:00 lterations: 199
seans E Models Varisbles
e ccan 1 g Name Style Color Visible Name Units Value Min. Max. Vary Sci. Notation Precision Visible
= < s - O 0944 0010 10| 4
. e 0 m °C 61.74 20 100 4
AH kJimol 438.6 10 2000 O 4
= - &
q o ‘
1
e TwoStaieScaled e Raw Daia
504
C TwoStateScaled Aw 0944
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45 AH (kd/imol) 438.6
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E
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o
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NanoAnalyze 0o Statistics Tab
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