Colageno

Canal . .
de potasio Mioglobina
AlbGmina Transporte Estructura
‘ Insulina
Factor de Senalizacion

transcripcion

Movimiento

Inmuno- Polimerasa Pepsina
gamma- de DNA
globulina

Miosina



Red de interacciones <
e intramoleculares
e intermoleculares

f

\

Enlaces de hidrogeno
Interacciones de van der Waals
Interacciones electrostaticas
Interacciones hidrofobicas






dE =TdS —PdV + ) sdN,
E=E(S.V,N) i

H=H(S,P,N.)=E+PV dH =TdS+Vd|:’-|-Z:,uidNi

G=G(T,P,N,)=H -TS=E-TS +PV 0G = ~SdT +VdP+ 3 4N,

AG = AH —TAS B
AH = AH(T,)+AC,(T -T,)

0

AS = AS(T,)+AC, h{lj
I A

ac, =

aAH(I')j _T(aAS(T)j __[2’aG)
or ), Lot ) or* )



A
12 Ley de la Termodinamica Balance energético

AE =Q-W
dE =dQ—-dW =TdS—PdV +>_ xdN,

reversible  dQ=TdS dW =PdV -> sdN,

irreversible  dQ<TdS dW <PdV - zdN,

22 Ley de la Termodinamica Direccionalidad o viabilidad
AS >0 enun sistema aislado

dS20  reversible  dS=0
irreversible dS >0
imposible dS <0



Supongamos que el sistema
no es aislado, pero es cerrado

dE =dE, +dE, =0

dS =dS, +dS, >0

ds —ds, + 9% _gs ~99 5
T T

TdS, —dQ, >0

TdS,—-dE, >0 dE,-TdS,=dF, <0 siV constante

TdS,-dH, >0 dH,-TdS, =dG, <0 siP constante



E.V constantes dS, >0
T,V constantes dF, <0
T,P constantes dG, <0

G=G(T,P,N) energia libre de Gibbs
G=E-TS+PV=H-TS=F+PV
AG =AH —TAS

dG = dE —TdS —SdT +VdP + PdV =—-SdT +VdP + > _ z,dN,

dG >0 procesono favorable A 4 B
T,Pconstantes dG =0 equilibrio A < B
dG <0 proceso favorable A —> B



AH

AS

A< B K :e—(AGO/RT):e—AHO/RTeASO/R

€q

AG =AH —TAS

AH >0 endotérmica
AH <0 exotérmica

kcal/mol

AG >0 endergobnica

AG <0 exergonica ]
B -12S

cambio de energia almacenada en enlaces e interacciones
refleja namero, tipo y calidad de enlaces

AH<0 = siTT, entonces K,V

AH>0 = siTT, entonces K, T

medida de desorden
refleja orden-desorden en enlaces, flexibilidad conformacional y solvatacion



AG, =G, -G,

1=0,1,..,n estados = P

T,P cte = P cexp(-AG,/RT)

>p -
1=0



P _ exp(—AG, /RT)

Q= IZ_n:eXp(— AG./RT)
1=0

1 Q
funcion de particion
i AG exp(-AG/RT)
0 G, 0 1
| G, AG, exp(-AG,/RT)
n G, AG, exp(-AG,/RT)




A propiedad observable del sistema = ; medida de A ?

<A> = Z PA promedio de colectividad
1=0
A = lim % ; A(t)dt"  promedio temporal
t—+o0

Sistema ergodico = <A> = A

En general, <A> = A, Vi



Q= Za)i exp(—AHi / RT):Zexp(—AGi / RT)

i AG AH AS
p_ exp(—AG, /RT) . . - -
0 : : : ;
i AG, AH, AS,
<AG> — _RT an n AG, AH_ AS,

(aH)=RT?20Q _ 1> 9(4G)/T)

oT

- 0InQ)  &(AG)
<AS>—R(an+T pee j_ -




Q= Zexp(— AG, / RT)

exp(—AG, /RT)

Pi:
Q
Ni:NPi:Nexp(—AGi/RT)
1
N,=NPF, =N

.

N
N p

0

(- AG, /RT)



Equilibrio Conformacional

AG, =G, -G,

1=0,1,..,n estados = P

T,P cte = P ocexp(~AG,/RT)



AG, =
G, = AG,(T,P, pH, 11,[D],[L]....

AG([D]) = AG ~m[D]

AG,(pH)=AG + ) nRT In 1+107% "
1+ 10P<@—PH

j=1

AG,(T) = AH,
(T, )+AC, (T-T,)-T(AS,(T,,)+AC,, In(T /T, ,))

AG,([L]) = AG! +RT m(ﬂ@,mj

1+ Ky, [L]



Estudio de estabilidad de proteinas

* Bioquimica y Biofisica
Interacciones intramoleculares
Plegamiento de proteinas

* Biotecnologia
Ingenieria de proteinas
Sensores moleculares

 Biomedicina
Enfermedades conformacionales

* Farmacologia
Formulacion de farmacos
Control de calidad



En un contexto dado, la estructura primaria de una
proteina determina su estructura tridimensional, que
corresponde a un minimo energetico

Conformacion nativa = conformacion de minima energia
estructurada, estable, funcional, activa

 temperatura moderada
* ausencia de agentes denaturalizantes

* pH moderado

Pérdida de la Conformacion Nativa
* pH acido
* temperatura extrema
e agentes desnaturalizantes
e hidrolisis
* mutaciones



Energia requerida para
> desestabilizar la estructura
tridimensional molecular

Cuantificacion de
la estabilidad

Técnicas Experimentales:

» Espectroscopia (UV, F, CD, NMR, FTIR)
 Calorimetria (DSC)

 Propiedad con diferentes valores para cada estado

 Senal medida proporcional al avance del proceso de desplegamiento
 Informacion global o local



Espectroscopia

1
100

1 1 1 1
OOOOOOO
666666

1
80

60
Temperatura (°C)



Calorimetria Diferencial de Barrido

8000

100°C ~
'g 6000 - .
=
i _g“ & E 4000 - .
é& /\;2 2000 - 1
O
& 2 vl |
2‘\ Dg 3I0 | 4IO | 5I0 | 6IO | 7I0 | 8I0 | 9I0
gﬂ T(°C
Q)
% pe
- — & Medida de la capacidad calorifica de

una disolucidon de macromolécula en
funcion de la temperatura
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10}

20 40 60 80 100
Temperatura (°C)

Sefial Espectroscopica

40, 7

Desplegamiento Cooperativo 2>  Reduccion del nimero
de estados accesibles

Estados parcialmente plegados no son significativamente poblados



Estabilidad —— AG  Energia de Gibbs de estabilizacion
o desplegamiento
Diferencia de energia de Gibbs

N < U entre el estado nativo y el estado
desplegado
AG =—-RT InK
_Yl
[N]
AG >0 AG T
Estable = Estabilidad T =
K <1 K



Equilibrio de desplegamiento o desnaturalizacion

No se obtiene informacion cinética
No se consideran procesos irreversibles




Enlaces de hidrogeno
Interacciones de van der Waals
Interacciones electrostaticas
AG = AH - TAS < Interacciones hidrofobicas
\ Entalpia de solvatacion
Balance entre estado nativo y Entropia de solvatacion

desplegado, tomando como |\ Entropia conformacional
referencia la interaccion con

el solvente

Polar/Charged

El papel del agua es extremadamente importante



Desplegamiento de dos estados



i AG exp(-AG/RT)
2 . 0 !
2. G, AG K

Q=1+K
( 1
P —
Y1+K
]
K
P —
LY 1+K




AG =AG(T, P, pH, 1,[D],[L],...)

AG([D])=AG’ —m[D]

=1 1+ 10P ®uPH

o ] 410 CP"
0
AG(pH)=AG’+> nRT h{ ]

AG(T)=AH(T_)+AC, (T —Tm)—T(AS(Tm)+ACP In(T /Tm))

: [HKBN[L])
AG([L]) =AG® +RT In ’

1+ Ky y[L]



Desnaturalizacion Termica

AG(T)=AH(T,)+AC,(T -T.)—-T(AS(T, )+ AC, In(T /T, ))

/ \

AH(T )=AH(T =T.) AS(T )=AS(T =T.)
2

pc, (28] 4{285) __yfo'ne

oT ), oT ), oT? )

AG(T)=-RT InK

AG(T )=0 = = 2




AH(T )>0 Ruptura de interacciones de van der Waals
Ruptura de enlaces de hidrogeno
Solvatacion de grupos polares y apolares

AS(T.)>0  Libertad conformacional
Solvatacion de grupos polares y apolares

AC,> 0 Solvatacion de grupos polares y apolares

AC, = cte

AC,=a+bT +cT?



60

Sefial Espectroscopica

(A) =

50
40
20

10}F

[ 08
30F o«

0af .
SVZ: Ws st /
0 20 40 60 80 100 -
Temperatura (°C) j—

............
..................................

- A :(aN+bNT)

. / A, =P, (a, +b,T)

20 40 60 80 100
Temperatura (°C)

(a bT )+ o~(AH (T, +ACy (T=T,))~T (AS(T,, ) +AC, In(T /T,,)))/ RT (a 1h T)
L by u TNy

Sefial Espectroscopica

14 e—(AH (T, )+ACp (T-T,)-T(AS(T,,)+ACp In(T/T_,)))/RT
60
50 -
40 -
30 -
0l AH(T ) 101 £2 kcal/mol
ol ] T, 60.69 £ 0.04 °C
N R AC, 2.2 £ 0.7 kcal/K-mol
0 20 40 60 80 100

Temperatura (°C)
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<AC_> (kcal/K-mol)

=
o
T

N ON DN O ©
——————————

Temperatura (°C)
AH(T,) = [(AC,)dT
(AC,)

AS(T,) = jTT dT

AHcal V* .,. ]

K .- .‘h‘w¢ h

[ cussossostertete®® - - - il Tm A(%P_
4IO . 6I0 . 8I0

180 |
150 F

120

<AH> (kcal/mol)
3

w
o o
T 1

(e2}
o
—T—T

40 60 ' 80
Temperatura (°C)

(AH)= [ (AC,)dT




o} ] AH(T )+ AC,(T -T.)
E 10_- ® o -

5 o (AH)=PAH, + P,AH,,
Q)& 2 o .W = P,AH

Temperatura (°C)

AG(T)=AH(T )+AC,(T-T.)
~T(AS(T,)+AC, In(T /T,))
Q =1+exp(—AG/RT)

0lnQ
oT

o(AH ) K AH? K
AC.) = _ A
(AC;) [ oT ] (1+K) RT2 14K Cr

(AH)=RT?




[
N
L |

<AC_> (kcal/K-mol)

10

AG (kcal/mol)
o

-10

e o
o N
LA DL |

O N M O ©
L L R LA B |

1
ol
Ll

20 50 80
Temperatura (°C)
— Tmax AG
Tm
0°AG
AC, =-T .
ol
P
40 20 0 20 40 60 80 100

Temperatura (°C)

T, 60.75 £ 0.03 °C

AH(T,) 102 £ 0.3 kcal/mol

AC, 2.51 £ 0.02 kcal/K-mol

Oln Kj _ AH
or  J; RT?

%j =—AS AS=0 = maxAG
oT ), T

AH(T )
T =T.=T exp| — o
mTaxAG S m p( ACPTm j

max AG =AH(T_)—-AC,T_| l—exp| — ARd,)
T AC,T



<ACP>
(kcal/K-mol)

AG
(kcal/mol)

Fraccion
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AG = AH - TAS AST=0 > =Ty

. AHT)=0 = TH:Tm—AZC(:T'“)
Enlaces de hidrogeno 107 —
Interacciones de van der Waals = 9 heo E
. - £ ol X" 1% <
Interacciones electrostaticas < * 7
. . 1 g sfe )
Interacciones hidrofobicas < | 0 g
2 -10.- TH -100 |_|
150 =
-15.- 200 E
-20 L— — g
0 20 40 60 80 100
Temperatura (°C) A
+
g estabilizado entalpicamente -
:
gr\ estabilizado entropicamente
Estabilidad “marginal” —

Dificultad para calculos predictivos



Posible justificacion de una estabilidad no muy elevada:

e Permitir cierta flexibilidad y dinamica relacionadas
con la funcion molecular

* Posibilitar la degradacion mediante proteasas

* Impedir cinética de plegamiento lenta con
intermedios de plegamiento muy estables

 Evitar la aparicion de estructuras incorrectamente
plegadas estables (trampas cin¢ticas)

Razones para una estabilidad no muy baja:

e Estados parcial- o totalmente desplegados
significativamente poblados (inactivos y susceptibles
de degradacion)



Diferencias de estabilidad

Subtype B
Subtype A

Subtype C

Subtypo O Problema: AG= AG(T)

Utilizar una
temperatura comun

<AC_> (kcal/K-mol)
o = N w EaN (&) »

Temperatura (°C)
AAG (TH\INT) — AG MUT (TH\INT) o AG WT (TH\INT)

ACMUT ~ ACVT - AAG(T M) = AS(T VAT

AAG ~ _(%j AX, = —(%j (X Mur_ x v )
OX )iy X )r




Estabilidad a elevada y baja temperatura

AG (kcal/mol)

30 ! ! ! T T T T T

N
o

[N
o

o

[HEY
o

40 -20 0 20 40 60 80 100
Temperatura (°C)

¢, Queé proteina es mas estable ?

AH(T,)
AS(T,)
AC,

AH (T,)
AS(T,)
AC

180 kcal/mol
0.54 kcal/(K-mol)
5.0 kcal/(K-mol)

350 kcal/mol
1.05 kcal/(K-mol)
8.0 kcal/(K-mol).
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AH(T,) 102 £ 0.3 kcal/mol
AC, 2.51 £ 0.02 kcal/K-mol
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3T -2T,
AH(T )
T =T.=T exp| — o
mTaxAG S m p( ACPTm j

m

max AG =AH(T_)—AC,T_| l—exp| - AR(,,)
T AC,T



AG (kcal/mol)

Desnaturalizacion Fria
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Temperatura (°C)



Para una proteina globular tipica:

T, ~50-70 °C
AH(T,) ~ 80-120 kcal/mol
AC, ~ 2-3 kcal/K-mol
AG(25°C)  ~5-10 kcal/mol

T G ~20-30 °C

T, <0°C



Desplegamiento de tres estados



i AG. exp(-AG./RT)
28 0 1
2H AG, K,
2.8 AG, K,
N AG,+AG, KK,

Q=1+K,+K,+K,K,=(1+K) (1 +K,)

b _ exp(—AG, /RT)

| Q




i AG. exp(-AG./RT)
28 0 1
2H AG, K,
250 AG,+AG, KK,

Q=1+K,+KK,#(1+K)((+K,)

b _ exp(—AG, /RT)

| Q
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<ACP>
(kcal/K-mol)

AG
(kcal/mol)
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Reduccién del niimero
de estados accesibles



¢ Transicion de dos estados ?

<AC_> (kcal/K-mol)

o

300

250 F
200 F

150

[EY
o
o

<AH> (kcal/mol)
)

o
T

20 40 60 80 100
Temperatura (°C)

(AH)= [ (AC,)dT

40 60 80 100

Temperatura ("C)



Tests de dos estados

e Superposicion de las curvas de desplegamiento
obtenidas con diversas técnicas (espectroscopia)

* Valor del cociente iHVH (calorimetria)

cal



Dos estados Tres estados

1.2

e Fluorescencia ‘51'0: . P
L o CD (far UV) E T ey
o x Refolding s [ g
3 805
L 06 i= -
% 5 T
0.4 a L
i Boo PV iaa?
02 1.0+ ::ﬂ:amam """""
r : ----- Denatured
5 st |
0 1 2 3 4 5 6 S 0.5-
[Urea] M E B
0.037: e
280 300 320 340 360

Temperature (K)

Genzor et al. Protein Science (1996) 5, 1376-1388 Irin et al. J. Mol. Biol. (2001) 306, 877-888



i Cuidado !

 Superposicion de curvas obtenidas con distintas técnicas
es condicion necesaria pero no suficiente

 Espectroscopia nos informa de comportamiento global
y/o local

 Transicion de dos estados implica total cooperatividad
(ausencia de otros estados parcialmente plegados)

* Errores y ruido en las medidas pueden enmascarar
algunos detalles y fendmenos



dlnK AH van’t Hoff enthalpy

oT  RT’
aH,,, =480 ZHA :P =
i: :z =1 unidad cooperativa = molécula (dos estados)
i: vH 1 unidad cooperativa < molécula (estados intermedios)
cal
AH o1 unidad cooperativa > molécula (nativo esta asociado)

AH

cal



<AC_> (kcal/K-mol)

[EEY
o
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N

cal

< AC >

P” max

1
AH 4

AH /AH
T

20 40 60 80 100
Temperatura ("C)

144.3 kcal/mol
63.5 °C
10.2 kcal/K-mol

63.4 kcal/mol
0.44
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<AC_> (kcal/K-mol)
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Dos dominios interaccionantes

i AG. exp(-AG./RT)
28 0 1
2% AG,+Ag K K
2.8 AG,+Ag K,k
2% | AGHAG, +Ag K, Kk

Q=1+KK,+ kK, + kKK, # (1 +KK,) (1 +kK))

¥
Q

_ exp(—AG, /RT)
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Fraccion

<AC_> (kcal/K-mol)
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Reducciéon del numero
de estados accesibles

<AC_> (kcal/K-mol)



pH 5.0

4.2 kcal/mol 4.2 kcal/mol 6 kcal/mol

9.5 kcal/mol 0.5 kcal/mol 14 kcal/mol

Cooperatividad = No aditividad

Todd et al. J. Mol. Biol. (1998) 283, 475-88
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N < U
KO
KOZ[U]
[N]

AG’ =-RT InK"

o _INT 1

Y [Pl 14K
_[u]_ K

[P], 1+K°



AG. exp(-AG,/RT)

1

0 1
AGY K9
Q=1+K"

o exp(—AG, /RT)

| Q




N o U
KO

_|_

- . 1 U1 K
T K, CINJ+[NL] [NJ1+K,[L] 1+K,[L]
NL

AG = AG’ +RT In(1+ K,[L])

5 INIHINL]_ 1 14 K[L]
[P 1+K  1+K [L]+K°
5 _ Ul _ K K°

UTIP], 14K 14K [L]+ K’



i AG. exp(-AG./RT)
B 0 1
2 AGying Kall]
2 AG? KO

Q=1+K,[L]+KO

5 _ exp(—AG, /RT)

1

Q
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—RTIn(1+K,[L])
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T
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e K (25°C) = 5.5:10¢ M1
K,(25°C)=4.5-100 M
______ K, (25°C) = 3.5 10F M
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NoU
KO
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L
_[Ul+[UL] [U] w0
. K="="N] —[N](1+Ka[L])—K(1+Ka[L])
UL

AG = AG’ —RT In(1+K,[L])

[N] 1 1
P, = — =

[P, 1+K 1+K°(1+K,[L])

U]+[UL] K K°(1+K,[L])

P, = = =
[P], 1+K  1+K°(1+K,[L])




i AG. exp(-AG./RT)
2 0 1
2a AG? KO
= AG*+AGy;y | KUKG[L]

Q=1+KY+K,[L])

1

5 _ exp(—AG, /RT)

Q
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® l —RTIn(1+K,[L])
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gﬂ J —RTIn(1+K, ¢[L])

—RTIn(1+K, [L])




AG (kcal/mol)  <AC_> (kcal/mol)

Estabilizacion de proteinas

20

16 |

AAH 2.5 kcal/mol
AAS 2.5 kcal/mol

20 40 60 80 100
Temperatura ("C)

AAG(TY™) ~ AS(TVHAT.



Estabilizacion de proteinas

AAH, AAS = AAG >0

 Enlace disulfuro intramolecular

e Interaccion cation-m

e Residuo con mayor propension helicoidal

 Carga positiva en extremo C de a-hélice

 Carga negativa en extremo N de a-helice
 Rellenado de cavidad intramolecular

» Optimizacion de carga electrostatica
 Neutralizacion de enlaces de hidrogeno superficiales



Estudio de union de ligandos

 Bioquimica y Biofisica
Interacciones intramoleculares
Plegamiento de proteinas

* Biotecnologia
Ingenieria de proteinas
Motores moleculares

 Biomedicina
Inhibidores y activadores
Enfermedades conformacionales

* Farmacologia
Control de calidad



AG = AH = TAS,, . or — TAS ~ TAS

conf-Inh solv

Pérdida de entropia :
ﬂeracciones M-L debido a una pérdida de Gc'slnanlma(\jdsd I
* van der Waals grados de libertad entropia debido a fa

desolvatacion

* enlaces de H
* de/protonacion

Qesolvatacic’)n /

e COmMo interaccionan M y L entre si?
« COmo interaccionan M y L con el disolvente?



Tipos de interacciones:

M+ L

M + nL

mM

mM + L

<>

>

ML



Técnicas experimentales

Método 1
e Didlisis
 Ultracentrifugacion analitica
Método 2

» Espectroscopia
» Calorimetria



Dialisis

[L];, =[L], +[ML]
[L]T2 :[I—]z
Hy, =p, = [L] =[L],

[ML]=[L];, —[L], =[L];,—[L], = concentraciones en equilibrio



Ultracentrifugaciéon

=
[

C(ry=C,e™v = pesomolecular

Distribucion de pesos moleculares

: -, — concentraciones en equilibrio
en disolucion



Espectroscopia

e
\: :’
- ~
ya

v/

e
\: :’
- ~
ya

\/

sefal

olnKy; AH

THe= 1Ko 6T  RT?

concentracion de ligando



Calorimetria

T time (min)
0 30 60 90 120
30—
25t M+L < ML
% 2.0; . I
> _
3 15)
B Mm
O osh
= .
00F JUkUUbUUM A A rn
10.0; voe,,
8.0f ! “
=N T
E 60 1 Kg=1/K,
= L AH e
S 40 | \
S \
o Y | n \\
qi :VAH ([ML]l _[ML]i—l) OO—v ----------- \¥ ......... . \...\...:Q:Q—,.f_.f.i._,.:‘,. _______

00 05 10 15 20 25 3.0
[Ligand] /[Macromolecule] .




‘. . .‘ ' n _— AGl :Gi_GO :_RTln [MLI]
® g08% © — [ML]
9 9%

1=0,1,..,n states = P

T,P constant = P o w,exp(— AIL/RT)=exp(—AG /RT)

$p o
1=0




P = expl- AZGi/ RT) Z=" exp(-AG,/RT)
1=0
partition function or binding polynomial

1 G AG exp(-AG/RT)

0 G, 0 1

I G, AG; exp(-AG,/RT)
n G, AG, exp(-AG,/RT)

AG, = AH, —=TAS, =f,(T,pH,...)

Binding and Linkage: Functional Chemistry of Biological Macromolecules. J. Wyman and S. Gill.
Ed. University Science Books



A observable property of the system — measurement of A?

A=) PA, ensemble average ® ..'0 ®
i=0 :
o °gs®e
A = lim t jo A(thdt”  time average 9 9%
t—>+00

ergodic system — (A=A

observed value = V[M] (A
observed value =[M], A |



Z=" exp(- AG/RT)

exp(— AGi/RT)

P, =
Z
AG)=-RTInZ
<AH> RT2 Y14 olnZ — _T2 8(<AG>/T)
oT
AS) = R(an +T fﬂnzj D)
oT oT



Z =Y exp(-AG/RT)

» _ oxp[-AG/RT)

Z
N - Np - N P(-AGRT)
1 ’ L N exp(- G /RT)
N, =NP, = NZ N,

_y Ny &y ML
Z_Zi:No ZCO Z[M]



Number of ligand molecules
bound per macromolecule

Zn:i[MLi]
g = Ll = Fy ="
Mh S e ) "

20r

15¢ ong o

LB

10+

05r

Iimn,,=0 -
Lisor P 0.0 [L] (M)

In([L)/1M)

Binding and Linkage: Functional Chemistry of Biological Macromolecules. J. Wyman and S. Gill.
Ed. University Science Books



ML. o
B, = [i/l][Ll%i =exp(-AG,/RT)  overall association constants

. ML. . .
K = [ML ] step-wise association constants
[ML, , J[L]

B, = H K' K= B? i BIL] = [[1;44%]] = exp(— AG /RT)

AG, = AG, —iRTIn[L]

n

> BiLT =1+ B,[L]+B,[LT +...

i=0

=> HK;‘TJ[L]i =1+ K/[L]+K/K}[L] +...
i=0 \_ j=1

Z






Measurement of thermodynamic binding parameters: AG, K,, AH, AS

» Direct measurement of equilibrium concentrations (method 1)

[L],IM],IML] — K, — AG

[ J ’ (] °
onK, AH ‘. . ® .
0T  RT’ O .0 ®
AG = AH -TAS . > ‘ ‘@
o9 70
* Measurement of signal proportional to advance of reaction (method 2)
signal «c F,
LB — Q =nky _%
[M]; g
model —» K,,AH — AG : e
ligand concentration
olnK, AH
0T  RT’

AG =AH -TAS



I olnZ.
o dIn[L]

[L], =[L]+n,z[M], conservation or balance equation

[L]+n,[M] -[L; =0 — [L] — P — [ML]=P[M],

observed value = V[M], (A = V[M]TZPA VZ[ML JA.

observed value =[M]; (A = [M]TZPA Z[ML JA.

Note: The free species concentrations are unknown; we only manage total concentrations



Qr;=VIMI,;/AH) = V[M]; ;> P AH, =V} [ML,],AH,
i=0 =0

Q-0 [1- Y =vimy, S[p - [1- ¥ Al
Q=Q, QT,H(I Vj V[M]T,JZ(PI,J PI,J-I[I VDAHl

1=0

- VZ ([MLi ]j - [MLi ]j-l (1 _ :/jjAHi

time (min)
O 3 60 90 120
30— : : : ,
25}

2.0+

2 15l /J [L]j +nLBj[M]T,j _[L]T,j =0

cal/s)

1.0+

dQ/dt (

v

UL [M]T,j = [M]O(l - V)

100} see,, : j
8.0t ‘\-\ [Ll; = [L]o(l - (1 - :/j j

6.0t \.

40}

34

O ost
|

|
K3

2.0t

Q (kcal/mol)

0.‘0 0‘.5 110 1.‘5 2‘.0 215 310
[Ligand] /[Macromolecule]



A, =IMI,, A =M}, TR, = TIML]A

A+Z M, (A, A)

=[M] T,jAO+Z [ML; ] j(Ai_AO) \

[L]j + nLBj[M]T,j - [L]T,j =0

............ _ vy
[ ] [M];; = [M]o(l V)

—~ 70
5' E
S 60t ] |
— 1 J
L wemfi(y)
o & 40 - . \Y
2 30 ]
8 ]
8 20+ b - V
‘§ 1.0 -] T [M];; =[M] .
9, * % ool / _- T 0 V+JV
.9, 00 05 10 1s 20 25 30 [L] L1 -3V
) [Ligand], (uM) L) V4 v




Ligand binding to a simple protein

A single binding site



Binding affinity —

M+L < ML
o - ®

AG =—-RTInK ,

K. - ML
[IM][L]

AG <0

Binding = {
K>1

AG Gibbs energy for complex
formation
Gibbs energy difference
between free and bound
states

AG=G,, -G,
A GM

&>

G

GML

AG 4

Affinity T = {K A



M+L << ML

n —
Y14+ KL

i AG; exp(—AG,/RT)
3 0 1
2 AG — RTIn[L] K[L]
Z=1+K[L]
K[L]




K[L]
g =
1+ K[L]
time (min)
[L] i nLB [M]T B [L]T - O 30 0 3'0 6'0 9'0 1?0
25t
I K[L E
[M] = M, ML= g S
1+K[L] 1+ K[L] T ol
Q 0.5}
0.0} ALLLLM ¥\
Q= V([ML]j ~[ML], (I—VDAH 100} seeer,
A% __ 8o} .
T 6ol . K,AH,n
E 4.0} '\.
5 2.0 \.\
0.0} ®%eecsecccss

00 05 1.0 15 20 25 3.0
[Ligand] /[Macromolecule]



dQ/dt (ucalls)

Q (kcal/mol of injectant)

-12
-16
-20

0

time (min)
30 60 90 120 150 180 210

B

,['w

00 05 10 15 20 25 3.0

[2’CMP] /[RNase A]
K, 2.9-106 M-!
AH -19.3 kcal/mol

n 1.02

Bovine Pancreatic Ribonuclease A
2'CMP




dQ/dt (ucalls)

Q (kcal/mol of injectant)

1.0

0.5

0.0

10.0

8.0 !
6.0 !
4.0 !
2.0 !
0.0 !

time (min)
0O 30 60 90 120 150 180 210

|
ir__
-
b

00 05 1.0 15 20 25 3.0 35

[PPT]/[STI],
K, 1.5-10° M-!
AH 8.4 kcal/mol

n 1.2

Soybean Trypsin Inhibitor
Pancreatic Porcine Trypsin




Ligand binding to a “complex” protein

Two binding sites



M+2L < ML,

i AG; exp(—AG/RT)
2 0 1
2 AG, — RTIn[L] B,[L]

2 AG, — 2RTIn[L] B,[L]2

Z=1+B,[L]+B,[L]

_ Bi[L1+2B,[LT

N;p = 2
1+B,[L]+PB,[L]




Z :1‘*'[31[14]'*‘[32[14]2

L BILI+2B,[LT
L [LT+B,[LT

[L]+nz[M]; —[L]; =0

1 _ By [L]

[M] = ;[M];  [ML]= >
146 [L]+ B, L] 14B,[L]+B,[L]
1019 T L) SV
1+B,[L]+B,[L]

Q, = V([[ML] —[ML] j_l(l —%DAHI

\Y%
+([ML2] —[ML, ] j_l(l—vDAsz

M

Iy

al/s)

dQ/dt (uc

Q (kcal/mol)
o o o




Identical and independent binding sites

4[32<1 Non-identical and independent binding sites,
ih or negative cooperativity
- . .
BB; >1 Positive cooperativity
1

First, perform data analysis with model-free general formalism.
Then, once the system is classified, then, apply site-specific models.
What if the binding sites are different, but they display cooperativity?

Extra-thermodynamic considerations (e.g. structural features) may
help in deciding which model applies.



Binding Cooperativity in Proteins

= =

Homotropic Interaction Heterotropic Interaction

[M], [A], [IMA], [MA,] [M], [A], [B], [MA], [MB], [MAB]



Quantifying binding cooperativity

alog(nm]

B n—-n, . . .

M = ologlL] Hill coefficient

on, g B n o .
dloglL] =y Binding capacity
LB72

0<ny,<1 negative cooperativity
Ny = 1 independent binding
1 <ny,;<n positive cooperativity

* Measure of the ability for accepting or delivering large guantities of ligand
for relatively small changes in ligand concentration

 Efficiency of biochemical signal transduction (response to changes in
ligand concentration)



cAMP Receptor Protein + cAMP

Q (kcal/mol of injectant)

B, 5.5-10* M1
AH, -1.9 kcal/mol
B, 4.2-10° M2
AH, 9.9 kcal/mol
43,/B,> 5.4

Ny 1.40

ML) / M,

10}

0.8

0.6 |-

0.4

0.2

0.0 -

1 1 1 1 1
0.0 0.5 1.0 15 2.0

Gorshkova et al. (1995). Journal of Biological Chemistry 270 21679-21683




R. solanacearum Lectin + a-Methyl-Fucoside

Q (kcal/mol of injectant)

1 1 1 1 1
0 1 2 3 4

B, 3.0-10° M-
AH, -10.1 kcal/mol
B, 2.4-1012 M2
AH, -19.1 kcal/mol
43,/B,2 1.1

Ny 1.02

Kostlanova et al. (2005). Journal of Biological Chemistry 280 27839-27849



Human Transferrin + Fe3*

Q (kcal/mol of injectant)

1 1 1 1 1
0 1 2 3 4

B, 1.0-10” M-!
AH, -9.5 kcal/mol
B, 5.4-1013 M2
AH, -15.0 kcal/mol
43,/B,2 2.2

Ny 1.19

Lin et al. (1993). Biochemistry 32 9398-9406



H. vulgaris Hemocyanin + Caffeine

10k

Q (kcal/mol of injectant)

215 -

1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Molar Ratio

B, 3.3-10* M!
AH, -23.8 kcal/mol
B, 2.6:10° M2
AH, -33.2 kcal/mol
4B,/B,2 9.6

Ny 1.51

Menze et al. (2001). Journal of Experimental Biology 204 1033-1038



Cyanovirin + Manal—2Man

Q (kcal/mol of injectant)

1 1 1 1 1
0 1 2 3 4

B, 4.6-10° M-!
AH, -9.5 kcal/mol
B, 1.4-1010 M2
AH, -18.1 kcal/mol

4B,/B2  0.27
ng,  0.68

Bewley et al. (2001). Journal of the American Chemical Society 123 3892-3902



O. nova d(T,G,T,G,) + Telomere Binding Protein a. Subunit N-domain

Q (kcal/mol of injectant)

1 1 1 1
0 1 2 3 4

B, 2.5-10" M1
AH, 3.4 kcal/mol
B, 3.3:-10'2 M2

AH, -2.5 kcal/mol

4B,/B2  0.022
ngg  0.26

Buczek and Horvath. (2006). Journal of Molecular Biology 359 1217-1234



E. carinatus Ecarpholin S + Suramin

Q (kcal/mol of injectant)

1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

B, 3.1-10* M!
AH, -21.9 kcal/mol
B, 3.3-10° M2

AH, -45.3 kcal/mol

4B,/B,2 14.1
Ny 1.56

Zhou et al. (2008). Biophysical Journal 95 3366-3380



Ligand binding to a “complex” protein

Two nonidentical and independent
binding sites



M+2L < ML,

i AG; exp(—AG/RT)
B 0 |
2 AG, — RTIn[L] K, [L]
2 AG,— RTIn[L] K,[L]
2 AG,+AG, — 2RTIn[L]| K,K,[L]?

Z=1+(K,+K,JL]+ K K,[L]* = (1+K,[L])N1+K,[L])

(K +KGILIF2KKG[LP | KL | KG[L]

nLB o 2
1+(K, +K, JL]+ K K,[L] 1+K,[L] 1+K,[L]




Z=1+(K,+K, JL]+ K K,[LT

o (K KL+ 2K KL
P14+ (K, + K, L1+ K K LT

[L]+nz[M]; —[L]; =0

1

1+ (K, +K, JL]+ K K, [LT
K,[L]

1+ (K, +K, JL]+ K K, [L]’

\%
Q, = VH[ML] ~[ML], (1 - Vj
+|[LM], —[LM],, (1 -

jAHZ
v

[M]=

[Ml;

[LM]= [M];

AH,

+|[LML], ~[LML], (1 _ \V/D(AH1 +AH, )j

K, [L]
1+ (K, +K, JL]+ K K, [LT
KK,[LT

[ML]=

[

[LML]=

1+ (K, +K, JL]+ K K, [L]

time (min)
0 30 60 9 120

.

" KAHn,
\.KzaAHzanr

\\‘111

00 10 20 30 40
[Ligand] /[Macromolecule] .

dQ/dt (ucal/s)

°
=)

Q (kcal/mol)
o o o p
B (o] oo o

o«
N

o
=)

o000 -

M,

[M

It



Ligand binding to a “complex” protein

Two identical and independent binding sites



M+2L <« ML,
i AG; exp(—AG/RT)
3 0 !
2 AG — RTIn[L] K[L.
2 AG — RTIn[L] KL
2 2AG — 2RTIn[L] K2[L]

Z=1+2K[L]+K*[L] = (1+K][L])

_ 2K[L]+2K*[LY

_ 2K[L]

T T OKL]+ KA [LP 1+ K[L]




Z=1+2K[L]+K°[LT

N 2K[L]+2K°[LT
Y14 2K[L]+ K [LP

[L]+nz[M]; —[L]; =0

M= R v FN V1) FE L 1 N Y
+2K[L]+K2[L] 1+ 2K[L]+K2[L]
ML.]= KALE g,
+ ZK[L] + K [L] time (min)

0 30 60 90 120

Q. :V([[ML]J. 1—f AH S ol “H“HM |

10.0F oo

""\ K, AH,n |

+[[ML] ~[ML,], ( VDZAH) Ee
\ -V I

o©
=)
-

00 1.0 20 30 40 50 60
[Ligand] /[Macromolecule]



Ligand binding to a “complex” protein

Two identical and cooperative binding sites



M+2L < ML,

i AG; exp(—AG,/RT)
2 0 1
2 AG — RTIn[L] K[L]
) AG — RTIn[L] K[L]
2 2AG+Ag — 2RTIn[L] aK2[L]?

Z =1+2K[L]+aK*[LT

2K[L]+2aK*[L]

n —_
14 2K[L]+ aK[LT




4B,
B

=

ifoa>1:
Z =1+2K[L]+oK*[L]* # (1+K,[L]N1+K,[L])

A 2K[L]+20K*[LT L KLl | KG[L]
Y14 2K[L]+ oKL} 1+K,[L] 1+K,[L]

if o<1
Z =1+ 2K[L]+aK’[L] = (1+ K, [L])1+K,[L])

A 2K[L]+2aK’[LT  K,[L] . KL
Y14 2K[L]+aK?[L]? 1+K,[L] 1+K,[L]

nonidentical independent binding sites are equivalent to
identical binding sites with negative cooperativity



Z =1+2K[L]+aK’[L]

- e |
n,, = 2K[L]+20K"[L] ol . K.AHnD
1+ 2K[L]+oK*[LT z  T™aan
[L] + nLB [M]T o [L]T = O [i?ganéj](j/[Mzeli(c)ro;;(l)ecu;i(])
1 2K[L
[M] = M}, [ML]= e —
1+2K[L]+aK"[L] 1+2K[L]+aK"[L]
aK*[LT
[ML,] = - »
1 + 2K[L] + (X,K [L] time (min)
i MLLLMM
v gi 1.0 —
Qj = V([[ML]J. —[ML] il (1 — VDAH =t 5 :
06 K,AH,n |
NV E 0.4} “m"‘\(x, Ah
+ ML, =ML, ], 1= ¢ (2AH +Ah) 2= _

N
o

time (min)

0 30 60 90 120

00 10 20 30 40
[Ligand] /[Macromolecule] .




Equilibrio conformacional modulado por union de ligando

1+ K, [L]
AG" = AG +RT In(1+ K ,[L])



Union de ligando modulada por equilibrio conformacional

L

!

KL
L
1+K[]
K
1+—5JL
1+K[]
. K,
" 1+K

AG} = AG, +RT In(1+K)



Equilibrio de union modulado por la union de otro ligando

0.0 2.5 [L]S(ﬁM) 7.5 10.0
[ML] R [ Tt
|:B — — In([L}/1uM)
[M]+[ML]
N

EX _ [ML] _ K [L] _ TR ([X]

° [MJ+[ML]+[MX] 1+K, [L]+K,[X] K,

L X 1+ [L]
1+ K, [X]
x _ K
C 1+ K [X]

AG) =AG, +RT In(1+K,[X])



Isothermal Titration Calorimetry
&
Differential Scanning Calorimetry

Adrian Velazquez Campoy



Binding Equilibrium
&F +~ = F

Conformational Equilibrium

F = S

Every biological process can be decomposed in a sequence
of sequential and/or simultaneous elemental processes




A = B

, > () unfavorable
Gibbs Energy AG =G, -G,
< 0 favorable

AG, K., AH, AS, AC,

eq?

Gibbs energy
Equilibrium constant
Enthalpy

Entropy

Heat Capacity



A = B

, > () unfavorable
Gibbs Energy AG =G, -G,
< 0 favorable

AG, Ky, AH, AS, AC,
oAH
__ AC, =| ——
AG =-RTInK,, P (8T jp
AG =AH —TAS AC, :T(%Sj
oT ),

AG(T)=AH(T,)+AC, (T —TO)—T(AS(TO)+ACP 1n1Tj

0



AG, K

|

AH, AS

|

environmental variables
T, pH, 10nic strength, solutes

|

information about the inter- and intramolecular
interactions involved in the process

€q



Two calorimetric techniques can be used to perform an
exhaustive thermodynamic characterization of binding
and conformational equilibrium processes:

ITC Determination of Enthalpy, Affinity, Entropy and

time (min)

of Binding. . o » @ » =
2 |
o | — | AH, K,, n, AG, AS, AC,,
8.0F R ]
B | ML o ML
gzof \‘

010 0:5 110 115 2:0 215 3:0
[Ligand],/[Macromolecule],

DSC Characterization of Thermodynamic Stability.

EGOOO' 1

z

2 ] | — [ AH, T, AC,, AS, AG, K
51 Native <> Unfolded

. . . . .
30 40 50 60 70 80 90
Temperature ('C)



Isothermal Titration Calorimetry



Isothermal Titration Calorimetry




Isothermal Titration Calorimetry

Reference 5.0
and Peltier ~
Sample element c:g 4.0
cells [ 3 |
N = 30f
\\_ P s
N S 20
N | | | | | ,
\ h dQ/dt 0 100 200 300

time (s)

The measured signal 1s the

R S amount of heat per time
K unit, dQ/dt, that must be
AT, L AT=T-T, provided or removed in
o order to keep AT null.

’ adiabatic chamber



Isothermal Titration Calorimetry

5.0
]
2 40
(av]
Q |
=
= 30}
] B
@4
e = 20
100 200 300
time (s)

dQ/dt

- B

e AT=T- Ty




Isothermal Titration Calorimetry

5.0 -
%4.0- \
:j); L
o = 30}
S |
= 20
0 100 200 300
) time (s)
dQ/dt
R [ S [
vy
Al R —AT=T¢-Ty




Isothermal Titration Calorimetry

5.0
:3); L
o = 30}
S |
= 20
0 100 200 300
) time (s)
dQ/dt
R [ S [
vy
Al R —AT=T¢-Ty




Isothermal Titration Calorimetry

5.0
]
2 40
(av]
Q |
=
= 30}
] B
@4
e = 20
100 200 300
time (s)

dQ/dt

- B

e AT=T- Ty




Isothermal Titration Calorimetry

5.0
]
2 40
(av]
Q |
=
= 30}
] B
@4
e = 20
100 200 300
time (s)

dQ/dt

- B

e AT=T- Ty




Isothermal Titration Calorimetry

dQ/dt

e AT=T- Ty

o
o

>
o

dQ/dt (ucal/s)

g
o

»
o
—

(=)

100 200 300

time (s)
Q= j 1dQ

Total heat released
or absorbed during
the thermal event




Isothermal Titration Calorimetry , ,
time (min)

0 30 60 90 120
3.0 R

2.5¢
2.0r

1.5+
1.0+
0.5r

dQ/dt (ucal/s)

0.0

10.0

8.0

6.0

4.0

2.0

Q (kcal/mol)

0.0

00 05 1.0 15 20 25 3.0
[Ligand] /[Macromolecule],



Isothermal Titration Calorimetry , ,
_ time (min)

0 30 60 90 120
30 T T T T T T

2.5) M+L < ML |

2.0r

1.5+

1.0+

051 L
0.0F -

L] |
N e}

dQ/dt (ucal/s)

-?‘-

|

A 10.0

8.0

6.0

4.0

2.0

Q (kcal/mol)

0.0

> 00 05 1.0 15 20 25 3.0
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I TC: Advantages

Complete thermodynamic charaterization: AH, K_, n, AG and AS

Direct determination of the binding enthalpy (with no additional
assumptions)

Heat 1s a universal signal
Absence of reporter labels

Non-destructive technique



Determination of the Binding Heat Capacity
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e fastanalytic technique (< 2 hours/experiment)




Extension of the Practical Limits for Reliable
Affinity Determination
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Differential Scanning Calorimetry



Differential Scanning Calorimetry




Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry

100°C

0°C

ToT—

Le

B 2
m\’a&ﬂ? 52, ”e»

|
-5

v

(cal/K-mol)

<AC >
P excess

8000

6000 -

4000 -

2000 -




Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry Native <«> Unfolded
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Differential Scanning Calorimetry
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Differential Scanning Calorimetry
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