Studying protein structure and binding using calorimetry
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Thermal denaturation

Rib(,)nuc,leas? Tl, the T-dependence of K is

given by:
0 0
£ an(T)z—AH +AS
RT R
-AHYR derivative for T:
HT- 207 dinK _AH,,
dT  RT?
dinK B AHSH
dl/T R
N D van't Hoff equation
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Thermodynamic parameters of protein denaturation

Enthalpy:

Determined from slope of Van't Hoff plot
dinK  AH,,

dl/T R

within window of linear relationship

Entropy:
At T, the temperature of the mid-point of the

transition (AGY = 0)

AG’ = AH® —TAS"
AS*=AH" /T, (for AG’=0)

"' _AHYR |
2.90 2.195 3_.100 3.105
1/T - 103 (1/K)

8-Two state transitions

p.3



Quiz 2: Thermal transitions

* Another small protein is 99% folded at 328K and 1 % folded at 340 K

* what is the standard enthalpy (4H°) of its folding transition?

» also estimate the entropy of the transition (AS°)!
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Heat capacity changes in protein denaturation

Heat capacity: C :(8_]‘1) :(5_Qj
" \eor), \or),

Change of internal energy upon heating, property
of each global state

0 _ 0 0
A(:'P - CP,unfolded — CP, folded

Curvature in Van't Hoff relations: The native state
and the denatured state have different heat
capacities.

Protein unfolding heat capacity is large and positive

-4

-AHR

1 -

2.90

2.95 3.00

1/T - 103 (1/K)

ACPO >0
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Heat capacity of protein denaturation

Definition of heat capacity:

AC°

p

_dAH"

dT

L

N\
]

<r

I«
2
AN

dAS° both, AHY and AS? are
dT temperature dependent

AC /T =

The molecular origin of AC ) > 0:
The native and the denatured state exhibit differences in solvation

in D, hydrophobic residues are exposed. The water structure leads to high
heat capacity (compare to Lecture 1)

ACp0 is usually 40-80 J mol* K per residue

related to m-value (also dependent on ASA)
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Measuring thermodynamic parameters: Differential Scanning

Calorimetry (DSC)

buffer reference

reference  sample
T-controler T-controler

Measures amount of heat required
to change the temperature in the
sample vs. the reference.

For an adiabatic isolated
microcalorimeter, no heat exchange
takes place with the environment

50 =0
according to first law

dU =dW

changes in internal energy solely
depend on work within instrument

8-Two state transitions
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The partial molar heat capacity Cp

The heat capacity is defined as the amount of heat (Q) required to
change the temperature by dT with constant pressure.

c _(a_Qj _(G_Hj _an
" \er), \er), dr

Heat capacity of a protein solution C)p,
molar heat capacity terms:

- Heat capacity of the solvent Cp,

- Heat capacity of the protein (e.g. non-covalent interactions) Cp,

is @ composite of partial

sol

From Cj, we can determine the enthalpy of protein C - 0Cq,
folding/unfolding (n denotes the molar amounts) P2 8712
T,p,n;#2
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Using calorimetry to determine protein stability

Problem: Cp, cannot be directly measured

From calorimetry, the apparent molar this is the difference between the
heat capacity (Cp,,,) is obtained heat capacity of the solution (Cp,,))
and of the solvent (C))

app

C = Cpsot =M Chpy " A
Papp — with: PSol
T,p,n;#2

2 on,
_ Papp

CPZ _ CPapp + n, [ B j

n2 T,p,n;#2

\ J
this term can usually be neglected
for employed protein concentrations

sz = CPI -C

Papp
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Determining heat capacity from calorimetry

jacket
T-contro

reference  sample
T-controler T-controler

heat flux

8-Two state transitions

. L/min ¢
1-120.g1 SO(=6)M LOmM Napc pH=S .2M NaCl Vi(1) DASHA 2.11.88
l."fw\T!O.RI. RHaze T1 0.7 7ml 10 M Nafc 0.2 M NaCl pH=5 V1

€1) 2.11.88 L/min dT=0.1 80

/ reference
g

«— sample

—

g

T T T T T T
0.50 z.00 3.5 5.00 .50 8.00 .50

temperature

offset correction between sample and reference

from normalized and calibrated difference follows the
heat capacity change of protein unfolding

VP Ck Vp ! part.ial spec'if‘ic volume of protein
C — N S— h v, : partial specific volume of solvent
P2 Pl h: normalization
1 D k: calibration constant
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Determining heat capacity from calorimetry

1-120.g1 SO(=6)M LOmM Napc pH=S .2M NaCl Vi(1) DASHA 2.11.88. 1/min ¢
1*1-«\7!0.!(1 RHaze T1 0.7 7ml 10 M Nafc 0.2 M NaCl pH=5 V1
€1) 2.11.88 L/min dT=0.1

/ reference
g

—

x
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Enthalpy of conversion in protein denaturation

©
T

. From integration of the curve
the enthalpy of conversion

(folded to unfolded) AH  (cal)
is determined

o
T

-
T

. -1
Specific heat capacity Cp,pr (cal g )

dH
0.7} CP e
dT
20 30 40 50 50 70 80 % =AH N=1C dT
Temperature (°C) Qd m(ca) I .

AHm(.cal) of lysozyme denaturation as a model-free determination of
function of pH

enthalpy of state transition
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Two-state folding or multistate transition?

. -1
Specific heat capacity Cp,pr (cal g )
T

©
T

o
T

o
-~
T

o
w

n
o

L
30 40 50 60 70 80

Temperature (°C)

AH, (cal) of lysozyme denaturation as a
function of pH

comparing the areas under the

curve, an equilibrium constant can
be determined.

From K, Van't Hoff Enthalpy can be
determined immediately, using:

CﬂnK) AH®
P

v. H.
dT RT*

This assumes a two-state transition

Only in this case, AH  (cal) = AH’ ,,
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Entropy of conversion

©
T

o
T

o
-~
T

. -1
Specific heat capacity Cp,pr (cal g )
: -.f

n
o

1 1
30 40 50 60 70 80

Temperature (°C)

AH, (cal) of lysozyme denaturation as a
function of pH

At the midpoint of the

transition (T_), the entropy can
be determined

AG=AH -TAS =0

as, =AM,
Tm
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Heat capacity difference of unfolding

©
T

ACP can directly be obtained
from the measured curve

o
T

-
T

Can also be determined from
the temperature dependence

of AH,, e.g. measured under
different pH

o
-~
T

. -1
Specific heat capacity Cp,pr (cal g )
o
w

n
o
ol
o
H
[=]
w»
o
(42}
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-~
o
@
=]

90 600}
Temperature (°C)

500}

AHp, (k) /mol)
(&)
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Tm (°C)

Rnase T1 denaturation data
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The protein stability curve

With heat capacity:

dd;‘f: AC,  AH(I)=AH(T,)+AC,(T-T,)
dAS r
— - T=AC, AS(T) = AS(T,)+AC, ln[ij

With heat capacity, the T-dependence of AG® becomes:

AG’(T)=AH’(T,)-TAS(T,)+AC LT—Tm —TlnlJ

m

8-Two state transitions
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The protein stability curve

With heat capacity, the T-dependence of AG® becomes:

0 0 0 0 T
AG"(T)=AH"(T,)~TAS"(T,)+AC, [T—Tm—Tln—j

m

Example
L 1 ] H T
b~
120k i AH|[TAS
Ly -1
':.3‘ n rd ~
Q
sof- 2 \
3 ™ Tg Th T. Tg
= 21
~ t
- (&}
40 -l
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L
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0/ ——-_-N__-‘_-. |~ ‘\
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—20/111||1 - 0 29/ 40 60 8 10
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T.°K Temperature (°C)
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The protein stability curve

Protein stability is maximal
at AS” = 0 (Ty)

K, (equilibrium constant)

\ ] is maximal at AH” = 0 (T)

AG (kcal/mole)
3
m—i
1
—
’l
’
S

i - The transition mid-point
0 2] 40 . 60 80 . 100 ] (T,)is at AG’=0and f,, =
Temperature (°C) Ju=05
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Protein cold denaturation

(8] x 10 "Idegrees-cm7/decimole|

Protein stability curves show second Tm' at
low temperature! = cold denaturation

Can be observed for some proteins / mutants:
Cold denaturation of lysozyme (destabilized mutant)

5 4 . 5
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2
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Using calorimetry to determine binding interactions

The energy of a ligand-receptor
interaction is determined by AG :

... Whereas AG itself can be
separated into enthalpy and
entropy

AG=RThK,

AG =AH -TAS

Calorimetry directly informs on
thermodynamic parameters AH and AS

degrees of
freedom fixed!

4-Secondary structure formation
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Using calorimetry to determine binding interactions: Isothermal
titration calorimetry ITC

AG=RTInK,
N AG = AH —TAS
Raw data
Syringe 0.05 -
O_
o..
® -0.05
%
[ <
:. g 0.10
0.15
-0.201
Reference cell  Sample cell 0 10 io , 30 40 o0
ime (min)

injection of ligand
solution into receptor
solution
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Isothermal titration calorimetry

Al

Syringe

Reference cell  Sample cell

injection of ligand
solution into receptor
solution

heat (q;)
detected!

pealls

0.05 1

-0.05 4

AG =RTIhK,

AG =AH —-TAS
Raw data

0 10 20 30 40 50
Time (min)

all injected ligand is bound

binding energy is released
and is measured as heat

10-Molecular associations
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Isothermal titration calorimetry

Al

Syringe

heat (q;) S
detected!

Reference cell  Sample cell

injection of ligand
solution into receptor
solution

pealls

AG=RTInK,
AG =AH —-TAS
0.05 - Raw data
o—-rf
0051
0.101
0.15
0.201
0 10 20 30 40 50

Time (min)

all injected ligand is bound

binding energy is released
and is measured as heat
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Isothermal titration calorimetry

AG=RThK,
i AG = AH —TAS
Raw data
Syringe 0.05 -
Vi
-0.05+
heat(q)  |2¢ 5 %10
detected! 0151
-0.20+
Reference cell  Sample cell 0 10 iﬁne (ITW?F?) 40 S0
around the Kd, no longer all
injection of ligand ligand is bound, less heat is
solution into receptor released
solution
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Isothermal titration calorimetry

AG=RThK,
i AG = AH —TAS
Raw data
Syringe 0.05 -
Vi
-0.05+
heat(q)  |2¢ 5 %10 :
detected! 0151
-0.20+
Reference cell  Sample cell 0 10 iﬁne (ITW?F?) 40 S0
around the Kd, no longer all
injection of ligand ligand is bound, less heat is
solution into receptor released
solution
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Isothermal titration calorimetry

Al Bl
Raw data

. 0.05 1
Syringe
-0.05 4

-0.101

pcalls

-0.15 1

-0.204

0 10 20 30 40 50

Reference cell  Sample cell Time (min)
injection of ligand measurement of heat
solution into receptor of binding

solution
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Isothermal titration calorimetry

N . Analysis:
_ 0.05 - Raw data heat released (absorbed) for each
>yringe injection
" _
-0.051 q;, = AI{app ) VC ([RL]b,i - [RL]b,i-l)
= "_EL'[”O' Ve : volume
0.15 of the cell
-0.20 1
using binding isotherm for

o 10 20 30 0 s multisite binding:

Reference cell  Sample cell Time (min) f H[L] [RL]
injection of ligand measurement of heat [L1+K, [R,]
solution into receptor of binding

solution

Qi = A}Iapp ) VC (ﬁ[Rtot ]i - ]{i—l [Rtot ]i—l )
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ITC: Binding to n independent, equal sites

total heat released N
(complete integral of curve): 0= qu. =AH, V. [RL]=AH, V. [R,] |

i=1

using the general solution, as shown before:

AH, -V, 2
Q = % ([Ltot] + n[Rtot] + KD - \/([Ltot] + n[Rtot] + KD) - 4n[Rt0t][Ltot ] )

differentiate for [L, ]

dQ _ AHapp ) VC 1 [Ltot] + KD _n[Rtot]

diL,] 2 | JqL,1+nlR,1+K,) 4R, L, ]
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Simulated ITC traces

Kd

L (start)

1.00E-09

5.00E-09
1.00E-07
1

dQ/dL

-0.2

-0.4

-0.6

-0.8

-1.2

Simulated ITC trace

0.5

1

[LI/[R]

1.5
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ITC can give informations about binding mechanisms

kcal/mole

-20

Unfavorable

A

A B C Y

M AG
W AH
W -TAS

Favorable

...all three binding reactions have
the same AG.

A) good hydrogen bonding
(enthalpy) and unfavorable
conformational changes.

B) Hydrophobic interactions drive
binding

C) both favorable enthalpic
interactions and hydrophobic
interactions

10-Molecular associations

p. 30



Isothermal titration calorimetry

Al

Syringe

Reference cell  Sample cell

injection of ligand
solution into receptor
solution

pealls

Bl

0.05 5

-0.05 A

-0.10 1

-0.15 -

-0.20 1

Q
Raw data Reported data
1_
- 0
wr Wr A
=1
o
821
5 Sl |em <— (K Binding
e Mechanism
g -4 <«—— (n) Stoichiometry
64 5
T T T T T T T T T T T '? T T T
0 10 20 30 40 50 0 1 2 3 4 b
Time (min) Molar ratio

measurement of heat
of binding

Fitting to appropriate model:
determination of all parameters
of a binding reaction

for useful traces, [R,,.J/K, * n =5 to 500 (10 to
100 ideal)
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In cells, interactions are managed by compartmentalization

David Goodsell

8-Binding interactions
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