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Gibbs Free Energy

How do we know when a biological process is at equilibrium
or at least tend to the equilibrium conditions”? We introduce a

new function that will include the 1st and 2nd law, ie.
conservation of energy and maximisation of entropy. This is
the free energy (Gibbs free energy, G at constant pressure)

G=H-TS (H=U+pV)

which always decreases when a process occurs
spontaneously and it is at a minimum at equilibrium at

constant pressure and temperature
AdG=dH-TdS with dG<0

- G Is only dependent on the system
- |t accounts for both enthalpic and entropic contributions




Gibbs Free Energy

The Gibbs free energy G = H - TS measures the maximum amount of energy
In a system that can be converted into useful (non-volume) work while
maintaining constant temperature and pressure.

dG = dH — TdS = 5Wnon—volume

Under constant T and P:

1. Volume work (PdV) is automatically handled by the Htermin G=H - TS.

2. G focuses on the remaining energy available for “useful” work, like

electrical work, chemical reactions, or mechanical work. dG quantifies this
avallable energy.



Gibbs free energy (G = H-TS)

nonequilibrium point

equilibrium point

/ X |

progress of reaction or process
at constant pressure and temperature

(A) dX: small step in reaction

Or Process

——~dG: corresponding change
In G is zero at equilibrium
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Figure 9.6 The Gibbs free energy,
G, has a minimal value at
equilibrium. The graph shows how
the free energy, G, of the system
changes during a general process

or reaction. The horizontal axis
represents a variable of the system,
denoted X. The two expanded views
show the variation of the free energy
(A) when X is close to the equilibrium
value and (B) when X is far from

equilibrium. 4





https://www.youtube.com/watch?v=YANAso8Jxrk

Free Energy of chemical reactions

(A) inorganic

Consider ATP hydrolysis:
ATP+H,0— ADP +P,

products
AG= J dG = G(products)— G(reactants)=G(ADP + P,) — G(ATP + HZO)

reactants

Usually we refer to the standard AG° at standard conditions: ie
pressure 1 atm, 1 M of solute, apart for water (55 M), and room
temperature 298 K. Thus at these conditions for ATP hydrolysis
Is AGY = —28 kd*mol-

A

free energy
of 1 mole of A |AG® = standard free-

energy change
for reaction

B

A
free energy 6
of 1 mole of B




Coupling of ATP hydrolysis to work
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https://www.youtube.com/watch?v=y-uuk4Pr2i8

Free Energy of chemical reactions

acetate- -369.2
CO2 (gas) -394.4
CO>, (aqueous -386.2
solution)

carbonate ion -587.1
ethanol -181.5
fructose -915.4
fructose-6- -1758.3
phosphate?-

a-D-glucose -917.2
glucose-6- -1760.2
phosphate?-

H* (agueous 0.0
solution)

H, (gas) 0.0
H,0 (liquid) -237.2
isocitrate3- -1160.0
lactate- -516.6
OH- -157.3
pyruvate- —474.5
succinate?- —690.2

How to calculate these free energies?
Using the free energy of formation of the
molecules involved in the reactions, starting
from the composing elements

0]
AG” = Z AfGO(product) — Z AG (reactant)
all all
pro ducts reactants
500 -
AfG° AfG° AfG° AfG°
ol | (water) (leucine) (glucose) (sucrose)
pure carbon, .+ .
= hydrogen, water
[s) nitrogen (1 mole, liquid)
£ -500 1 and oxygen ' —
N leucine
— (T mole)
S Y
~1000 - : '
glucose
(1 mole)
Iv |
~1500 - sSucrose
(T mole)




Free Energy of chemical reactions

Since it might be difficult to measure the free energy of
formation for some given products in one single step, the
reaction is broken down in intermediate steps involving less
complex reactions and thermodynamic cycles are used to
calculate the final free energy (this is working because G is a

state function) A G (qlUc0se)
6C + 602 + 6H2 + 302 > C6H1206 + 602

1 ’ A

(reverse of glucose

combustion)
~AG°

(carbon combustion)
6 x AsG° (CO»y)

\/ 2
6C02 + 302 + 6H2 > 6H20 + 6COZ

(hydrogen combustion)
0 X AfGO(HZO) 10




molecular channel
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* the most important source of free energy for the cell comes from chemical
work - e.g. transformation or transfer of matter - changes in the free energy of
the system that result from changes in the number of molecules.

AG = J-A,u dn

* the chemical potential takes into account when a system loses or gains
molecules, or molecules change states.

» chemical potential of a type of molecule is simply the free energy of one mole
of these molecules under the specified conditions (units are in fact J/mole)

U; =

(3G AG

o~

o~

N aNi y AN,

T,P,N,,; i

=G (for one molecule)



Chemical potential

* It Is the thermodynamic quantity that determines the equilibrium
conditions, the tendency of a molecule to escape from a region to
another and/or to react from a given state to another

* like T is the entropic force driving energy transfer, the chemical
potential drives the net transfer or transformation of particles

* from the maximization of entropy, you obtain the equilibrium
condition:

semipermeable
sliding partition membrane

a sical Biology of the Cell (© Garland Science 2009)
Figure 5. ysical Blology of the Cel ariand Science Figure 5.27c Physical Biology of the Cell (© Garland Science 2009)
— —
A B



Chemical potential driving forces
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Figure 10.1 The Molecules of Life (© Garland Science 2013)

dG = (luin N luout) dNin <0

therefore molecules move spontaneously from regions of high chemical
potential to regions of low chemical potential



Chemical potential driving forces

Min 2 Mout

Figure 10.1 The Molecules of Life (© Garland Science 2013)
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dG = (luin - lLlOU.t) dNin <0

therefore molecules move spontaneously from regions of high chemical
potential to regions of low chemical potential

mitochondria
ADP + P,

Release of
energy from
“oncentration

gradient

ATP  * o o

free energy of
ATP synthesis

- AGaTP



www.youtube.com/watch?v=CSrtewCJbpg


https://www.youtube.com/watch?v=CSrtewCJbpg

Chemical potential and concentration

* chemical potential of a solute is related to the logarithm of the
concentration of the solute as a consequence of the positional
entropy of the solute

* if you consider a ideal solute solution (Nwaters >> Nmolecules)

region 1 region 2
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oo lol o Tal el sl tel T el e we expect molecules to move
ool ol o oo elel T o T [ele spontaneously from region 1 (high
e e el e o el 1wl concentration) to region 2 (low
® Solute: Nar, pay ® Solute: Naz, pias concentration), which is in the direction of
@ otvent: o s @ selvent: o ko of decreasing chemical potential.

M grid boxes M grid boxes

in reality the chemical potential is also ) C )
always defined with respect to standard ~ #4=HM +RTIn o )T H + RTInC
conditions



Equilibrium Constants

for a generic reacton v, A+v.B<=0v C+0o /D  (eg ATP+H,0— ADP+P,)

where Vi are the stoichiometric coefficients, imposing the free energy is at

the minimum ie dG=0, equilibrium conditions, you obtain that

dG = U, dn, + Uy dng + Uc dne + U, dny, =0 thus | Uy ty + Vg Uy =V e +Up Uy

using dIN; = v;dé &£ ::reaction coordinate

Therefore, isolating the chemical potential at standard conditions and using
the relationship between chemical potential and concentration:

. ; ; [Cleg [Dleg .
Uc Mg + Ve Hp =V, Uy —Vg iy =—RTIn = AG

[Aleq [Bleg

€q

€q

Defining the equilibrium constant Keq

C Uc D Up .
Keq= [[A]]es [[B]]‘:)q we obtain that (AG"=-RTInK,, and Kq=¢'

€q €q




Equilibrium Constants

Remember that the equilibrium constant Keqis adimensional because
also in the case the stoichiometric coefficients do not cancel out -
all concentrations are refereed with respect to the standard conditions

reactants products
101 )" (DL, )
0 - > Uglp
K:\‘C‘) \ D" A
eq A Va - ()%
( _A_eq\ ( B, A
A" ) UIBLY
AG ~ _RTaneq Z—?znegative C;—?:positive
pictorial representation G
on how to reach equilibrium ->
_) (_
direction of — direction of
ntaneou — ntaneou
dN; = v;d¢ Tt R0 B
f:: reaction coordinate equiibrium point "
¢

reaction progress



Example of ATP hydrolysis

ATP+H,O—>ADP+P, AG’=-28kJemol™
Equilibrium constant (water is neglected as concentration does

not change): [ADP][P,]
o 1
[ATP] ( )

AG®
RT

We can compute K using Keq=e

+28 +11.3 0.43 \113 5
K=e 7“8 =¢ z(lO‘ ) ~10

Assuming that [Pi] is constant 10-2M (10 mM within physiological levels)

|ADP |
[ATP]

=10" What do you think its the extent of this reaction ?

19



Example of ATP hydrolysis

ATP+H,0 > ADP+P  AG°=-28kJemol"

Equilibrium constant (water is neglected as concentration does
not change):

x — \ADPI[P]
[ATP] _(AG(,]
We can compute K using Keqg=e' ™

K = e+282.478 _ o113 (100.43 )11-3 ~10°
Assuming that [Pi] is constant 10-2M (10 mM within physiological levels)

Thus at equilibrium almost all the ATP will indeed have

[ADP] v converted to ADP, except for roughly 1 part per 10 million.
=10 The substantial free energy difference between ATP and
[ATP] its hydrolysis products does indeed drive the reaction

nearly to completion.

20



Mass action ratio

If we are far from equilibrium, dealing with observed concentrations not at
equilibrium conditions, how do we calculate AG?

AG=| Ve U+ U U =V, 1 = Vg f5 [+ RTIn

[Cl;

Dl

obs

(Al

obs

Bl;

obs

=AG=AG"+RTInQ

and we can define the reaction quotient as Q: Q=2

introduction the equilibrium constant for better comparison:

AG=AG°+RTInQ=-—RTInK+RTInQ

the ratio Q/K, the mass action ratio gives us a way to understand where a
reaction is going. If Q/K < 1 implies that AG < 0 and the reaction is going
forward. When Q=K the reaction is at equilibrium.

21



G (kJemol-T)

Q

AG=+RTIn—=+2.3RTlog,, —

K

slope = AGforA— B

0.001

pure A
<—

AG =-11.6 kdemol-]
(2*2.3RT)

AG = 0.0 kdemol-1

~ —

0.01 0.1 1 10

Q
K

AG=-5.8kdemol-T AG = +5.8 kdemol-

(2.3RT

(reaction quotient, Q = [Bypsl/[Agps])

(equilibrium constant, K = [Bggl/[Aggl)

AG = +11.0 kdemol-]

100 1000

pure B
_)

22




However, in living cells, the ratio of ATP to ADP is held nearly constant, the reaction
does not go to completion because the action of metabolic reactions that consume
sugars and other sources of energy used to synthesize ATP.

ATP+H,0—>ADP+P, AG’=-28k]Jemol™

. [ADP][P] [ADP] _ .

[ATP] [ATP]

AG (kJemol-1) [ATP]/[ADP] Relevant condition
10° 1 0 10~/ equilibrium
103 1072 -11 107>
1 107 -28 1072 standard condition
1073 1078 -46 10 mitochondrial matrix
107> 1010 -57 103 cytoplasm

For instance ATP concentrations in the cytoplasm are held so that [ATP]/[ADP] is
~1000, storing more free energy than in standard conditions. Thus, the ATP
hydrolysis reaction can be coupled to other reactions that are uphill in terms of
free energy, making such transformations possible. 23



Acid-base equilibrium
Acids dissociate in water to release protons
HA = H + A

Acid dissociation constant:
H|[A
k- HAT
[HA]

Applying the log1o and recalling that pH= -log1o([H*]) and pKa =-log10(Ka)
We obtain the Henderson-Hasselbalch equation:

(AT] ) We will revive it in the
[HA] | exercise session

pH — pKa T loglo

24



Acid-base equilibrium and protonation states

o pKa

C-terminal | " + u
~3.0 ,
carboxyl 9roup %—on T %o / B negatively charged
- aspartic acid sidechain
O

Asp, Glu | o + .
sidechains 11':,4\0“ A 1,1’ ¢ 4.0

H\
sidechain ___{ e} A 7"‘ | N
N-terminal ® /" + positively chargéd

) N — M ~ o ae we " .
aminogrowp %\ ~— Y, 8.0 histidine sidechain
H

Cys s — $- 4N
sidechain %’* " o \'L 8.7

With the Henderson-Hasselbalch equation and a few concepts from
the free energy and equilibria you will be able to compute pKas for
residues within the protein environment (see exercises)

[His|

— =10
[His™ ]

His for example has a pKa of 6 and at pH 7 we have that
and thus AG”= —RTInK = -8.314x300xIn10 = —5.7 kJemol™
for the deprotonation reaction of His (Hist— His + H*).
If His is close to an Asp in a protein environment its pKa can raise up !

ex. page 437 (TMOL)



Free energy change in protein folding

Two concepts we are going to use to describe protein

folding QY AG°= AHP - TAS®
K —e RT o

Protein folding reaction can be simplified as transition
from the unfolded state (U) to the folded state (F).

unfolded state folded state

Thus that the folding reaction is @ 1 \5 . % 4
U= F 5 Y
[ F ] many conformations essentially one con formation

K

= at equilibrium
folding [U] ( q )

for the unfolding reaction we have K i = 7= = Kiiding



Energetic components in protein folding

Protein folding folding result rom a balance between enthalpy and entropy
AG”°=AH" - TAS”

As you know there are several types of molecular interactions in a folded
protein

hydrogen bonds
between 3 strands hydrogen bonds with water

Which component gives a higher contribution and why 7
a) Enthalpy

b) Entropy

c) Both the same



Energetic components in protein folding

Protein folding folding result rom a balance between enthalpy and entropy
AG°=AH°-TAS® <0

As you know there are several types of molecular interactions in a folded
protein

\c=o nnnnnnnn H—N \ N\

/ \ =

hydrogen bonds
between 3 strands hydrogen bonds with water

favorable van der Waals contacts lack of stable van der Waals contacts

Enthalpy: H-bonds do not have a major effect, in U many with water are
replaced in F within the protein. vdW interactions are more favourable in F
but are not so strong - overall you get a small favourable H balance (AH<O)

This can be around AH = -150 kd/mol for a small size protein (~50 aa)



Energetic components in protein folding

Protein folding folding result rom a balance between enthalpy and entropy
AG°=AH’- TAS° <0

As you know there are several types of molecular interactions in a folded
protein

\ H—0
C=—=—=0Qmmm H—N \ F \

/ \ =

hydrogen bonds favorable van der Waals contacts  lack of stable van der Waals contacts
between 3 strands hydrogen bonds with water

Entropy: U state has high entropy (many different unfolded configurations).
The F state has low entropy (only one configuration, S=0)

AS =RInN AS® = 0—=S oidea = — Sunfolded
Thus -TASY can be around +200 kd/mol for a small size protein




Energetic components in protein folding

Protein folding folding result rom a balance between enthalpy and entropy
AG”°=AH" - TAS”

As you know there are several types of molecular interactions in a folded
protein

C=——=0Q H——N

/ \

hydrogen bonds
between 3 strands hydrogen bonds with water

Thus the overall AG is positive, AH - TAS =-150 - (-200) ~50 kJ/mol,
which is not what we expect as the protein actually folds, ie AG < 0.
Something is missing - namely the hydrophobic effect




Energetic components in protein folding

Increase of entropy on the solvent (e.g. water) upon folding
due to the so-called hydrophobic effect, provides another
favorable term to the free energy of folding

each hydrophobic sidechain
reduces the freedom

v L g L of two water molecules th|S entropy Contr|but|0ns

in bulk water,

@  this water can tumble |S IOW |n U State

in all directions

orientation of
water molecule

8]
\ is restricted

this entropy contribution is hight as
those waters can have more

L QP ceapoentasal gocessible conformations, thus we
the hydrophobic groups inside,
away from water have extra AS > 0 term from water
= and a favourable term -TAS =-100
kd/mol, thus overall the AG ~ -50
A kd/mol for our exemplary small
) - rotein
o \. .¢ s & p



Thermodynamic properties of proteins

Enthalpic and entropic energy contributions for protein
folding can be in fact measured by using calorimeters, which
measure the heat capacity as we have seen

temperature monitor N

o]
o

melting temperature (Ty)

thermometers i —
buffer / N __ Er;:::, computer controls X
solution A solution [l maintain precisely T
N\ // the same temperature g 40-
S 2 S
O350 O ~<AC,
%% 30 40 50 60 70 80 90 100
<€ o
heating elements temperature (°C)
Instrument : Data: Melting Curve

Differential Scanning Calorimeter  Temperature scan of the sample
Measure heat capacity associated

to protein folding
Determines the melting
temperature



Thermodynamic properties of proteins

with calorimetry we follow the unfolding reaction

80

F \ U melting temperature (Ty)
-

ACp>O

x
K [U] -'5 40
unfolding ~— [ ] g
AG® — AH® TAS’ ] e
unfolding unfolding o unfolding 20 30 40 50 60 70 80 90

temperature (°C)

As the temperature increases more of the protein unfolds, until at a certain

temperature (Tm - melting temperature), the AG” becomes zero
(remember that AG"=-RTInK,, )

The measured heat capacity includes contributions of both the folded
population( f ) and the unfolded population(1-f)

C,” =fC,+(1-f)C,

100

CF+U
g U
_fx(CP) (1-1)x(Cp)

N

heat capacity (kJemol-TeK-T)

0

20 40 60 80 100
temperature (°C)



Thermodynamic properties of proteins

area under curve f\
— [~unfoldin
=Jcp 9dT

o
=AH unfolding

But looking at the data something is missing
which is the peak reporting the heat capacity
due to the interactions that are broken
passing from the folded to unfold state

heat capacity (kJemol-1.K-1)

0 20 40 60 80 100
temperature (°C)

C(I))bserved — CE;U + C;l)nfolding — f Cf) + (1_ f) Cg + C;nfolding

Thus to estimate only the energy that accounts for the unfolding
process we have to integrate Cpunfolding gptaining AH

unfolding . - .
J.CP dT = H unfolded H folded AH

unfolding



Thermodynamic properties of proteins

area under curve /
— Icgnfolding dT
- AHanfolding

unfolding . - _
_[CP dT = H unfolded H folded AH

unfolding

heat capacity (kJemol-1.K-1)

temperature (°C)
. U
At melting temperature K(atT,,) = ? =1 thus AG°(T,) = -RTInK(T,) = 0

if the free energy is zero we can not only estimate the enthalpy contribution to unfolding but

also the entropic one - thus at the melting T we can completely characterise the
thermodynamics of folding, in fact:

— T, AS,

unfolding

AG oaing (at Ty )=AH | =0

unfolding

0
— A So AH unfolding
unfolding
8 TM




Thermodynamic properties of proteins

But how to characterise the process
at any given T different from Tu?
For this we can benefit from the fact that

AC,=CY-C"

area under curve
=Icgnfolding dT
=AH :mfolding

heat capacity (kJemol-1.K-1)

and th us: AH l(infolding ( T) — AH Enfolding ( TM )+ A(:P ( T_ TM ) ' ' te";peramre e |

(1)

AS rine (T)=ASS trdine ( Ty )+ AC , In

unfolding unfolding \ TM /
|n Case ACp WaS ZerO, FOEEHEEEEE [Akljfrgzosl'o?:aer residue] [Ajf;gljp;%)r residue] ﬁfl’z-%mol-1 per residue]
then the equations above [foercer | 720 16 53
Parvalbumin 11,500 1.4 16.8 46
WOUId have been Cytochrome ¢ 12,400 0.64 17.8 67
independent frOm the Ribonuclease A 13,600 2.4 17.8 44
te m pe ra’[u re Hen lysozyme 14,300 2.0 17.6 52
" Staph. nuclease 16,800 0.85 17.5 61
ACp > 0 IS correlated with | mostonin 17,900 0.04 17.9 75
h t t f . t t Papain 23,400 0.93 17.0 60
t € exient ot Interaction B-Papain 23,800 1.3 17.9 58
Of hyd rOphObIC grOupS a-Chymotrypsin 25,200 1.1 18.0 58
Wlth Watel‘ Average 1.2+0.7 17.4+ 0.6 57 +9



What to know...

- Concentrations of reactants and products at the equilibrium
constant (K) is related to the free energy change.

- Don't forget the Henderson-Hasselbach equation and
application to amino acid protonation states !

- Protein folding results from a balance between energy and
entropy and the hydrophobic effect is a key feature

- Measurements of the difference in the heat capacity makes it
possible to determine the value of AH and AS for unfolding at
any temperature



Why binding is that important ?

protein-protein interaction networks
You can imagine that such
> i extensive interaction networks
SRS i -~ are at least as complex for:

NG IR St L 1

2% Homo sapiens . . -

S roe o *protein-dna interactions
Bt e s b o 58,9 PO REREE Interactions 135,097

“f\‘;; = ."g: e -‘i\*"vji‘;ﬁo X Avg. neighbors 6.31
TERRRS i Avg. path length 410 k..

R

e _.'ﬁ"' et e N Ve .
O AT 2 ',".'::i’:" $ 2, 2 ML v i L 5 .-?l:,‘""f'-' . ro e I n -S a O e C u e
L TR A ey e WL,
L -. s AN S s ‘. n'gl 'Sy X

7% Mus musculus
2 ey :v‘f Proteins 6,108 " "
' o o, ) Interactions
B e 7, . CHRERL S Avg. neighbors 4.87
Drosophila melanogaster .+ B IR Avg. path length 4.19 |
Proteins 9,995 EX 5 R et e
Interactions 36,135 Sacch e
Avg. neighbors 5 17 P?:tce i rlasromyces cerews%ag52
3 [ ‘.' ’
AV? p ik length 4'30 13 Interactions 96,311

i FETE *protein-lipid interactions as
well have started to be
recognised as very important

-Dots are proteins, edges represent interactions

38



Why binding is that important ?

14,667
o RSN R & AL USRS Interactions 135,097
e e, AR S KL .. 4 Avg. neighbors -
o, os O OSATR Avg. path length o,
L : y A ('-:’,f‘
o _ v, : gy A e ™ -::»tﬁ: Mus musculus
P Sl TP IO YA 24'; Proteins 6,108
= : it gLt S 4»% Interactions 14,688
QPP s Avg. neighbors 4.87
Drosophila melanogaster i A\vg. path jength sl 4

Proteins 9,995 ity
Interactions 36,135 B 5 g
Avg. neighbors 217 ot Sacc{waromyces cerevisiae 5
Avg. path length 4.30 § BNE Proteins o
reprep——————— L DROC AR Interactions 96,311
17 "/;,V-‘-/" Sk |8 ¥E Avg. neighbors 31.51
7\ W SR TS 51 Avg. path length 2.37
\ /] : Il

//t v , $ ‘

-Dots are proteins, edges represent interactions

For a qualitative description of the this
submap its enough to know that A binds
B,C and D somehow

However, for a quantitative description it
IS essential to determine measurable
guantities to these edges — i.e. binding
affinities

Measuring the concentration of the free
and associated species at equilibrium,
we can calculate the strength of the
molecular interactions.

39



e.gd., the Nuclear Pore Complex

ax )




Viewing Binding as a Chemical Reaction

Some examples of important molecular recognition events:

(D) 3 > enzyme-drug
(A) S duplex DNA e _) complex
——
enzyme
(E) @ hormone-receptor
complex
hormone

(B) ) DNA-transcription

) factor complex

transcription
factor

cell surface
signaling receptor

(C) @ enzyme-substrate (F) antibody-antigen
complex
substrate complex antigen ’
e protein A
enzyme | antibody

we talked about equilibrium constants for chemical reactions, if in general we consider a
protein as target P and a ligand L as the interacting molecule via non covalent

interactions the general complex P+L can be considered the product of the following
reaction:

P+L=PeL

41



Looking at the reaction mechanism

Ilgand protein—ligand
@ @ complex
protein
P4+ L > P+L=PelL
Equilibrium constant: Because it is a binding
[PoL] reaction we call it [PoL]
K = association constant: K, =

[P[L] [PIL]

Thus we can define the binding fee energy for the association as:
AG, .=-RT InK,

which is a measure of the affinity of the interaction, that is, how
strongly the molecules bind to each other. 42



Looking at the reaction mechanism

Energetic Landscape of Binding

combined free energy

of protein and ligand \
before binding P + L < P ® L

Figure 12.3 The Molecules of Life (© Garland Science 2013)

Definition of Binding Affinity:

- it refers to the strength of a molecular interaction

- the greater the decrease in free energy upon binding the
greater the affinity

43



Looking at the reaction mechanism

It is however common practice to characterize the affinity of
a binding interaction in terms of the dissociation reaction,
which Is associated to the dissociation constant Kp

ligand proteiln—ligand
&@o complex
=@
F;ritim ——— P PelL.—=P+L
K. = [PJL] _ 1 AG? . =+RTInK,
Pel] K,

Kb is a dimensionless quantity, but usually it is discussed as if it had molar
units of concentration. Kps that range from picomolar to nanomolar (10-12
102 M, ~ -50 kd/mol) are the tightest interactions, if in the order of millimolar
(10-3 M, ~ -15 kd/mol) they are the weakest. 4



Looking at the reaction mechanism

common practice to express Kp in molar terms because
concentration at standard conditions are kind of neglected

KD=( [PoL] \[P][L]:/ [PoL] \KE

([P]'[L]" J[PeL] ([P]'[L],

Some examples and affinity ranges :

Type of interaction Kp (molar) AGp..4 (@t300K)
(kJemol-1)

Enzyme-ATP ~1 x 103 to ~1 x 1076 —17 to -35
(millimolar to micromolar)

Signaling protein binding to a target | ~1 x 10~° (micromolar) -35

Sequence-specific recognition of ~1 x 10~? (nanomolar) -52

DNA by a transcription factor

Small molecule inhibitors of ~1 x 10-7 to ~1 x 1012 ~-52 to -69

proteins (drugs) (nanomolar to picomolar)

Biotin binding to avidin protein (one | ~1 x 10~' (femtomolar) -86

of the strongest known noncovalent

Interactions)

The trade-off between affinity and specificity is crucial in
many biological processes 45



Affinity vs. specificity

Affinity of an interaction defines its strength (ie Kbp).

But affinity alone is most of the times not sufficient as if you
bind with high affinity to multiple targets then you will engage
with targets that are not specific for a given biological function
(le off-target binding)

Specificity thus is the affinity of the ligand for one and only
one specific target of interest

proteineDNA

DNAetranscription
factor complex

DNA o <
transcription

factor

proteineprotein hormoneereceptor
complex

hormone

Specificity is mainly achieved by : :
polar, directional interactions (eg

|| surf 46
H-bOndS) sigr?e?linséurreiceeptor




Affinity vs. specificity

Affinity of an interaction defines its strength (ie Kbp).
Specificity is the affinity of the ligand for one and only one
specific target of interest

FGF
extracellular )
ligand-binding c/\c /5 \' 4 )
domains A~ \n‘y
™~ ./“/ S FGFR1c
—_— ‘j / N Y
N/ 5 ‘ q J
OUtSide | ] | I . ".'
inside I I | I : ' r ™
FGFR2c
cytoplasmic g By
kinase domain . . .
Inactive active
FGF receptors FGF receptors
( )
Interaction between fibroblast growth factor (FGF) and its receptor FGER2b
\_ J
FGFR3c
\ )
FGF receptors

FGF 47

FGF9 FGF10 FGF12b FGF19



How to determine Ky

The value of Kp corresponds to the concentration of free ligand at

which protein is half saturated

300

saturating concentration
of protein-ligand complex

concentration of
protein-ligand complex [P«L]

f

I
o

\ half-maximal concentration

of protein-ligand complex
value of Kp = [L] at this point

0 20 40 60
ligand concentration [L]

very low ligand concentration:f~0  intermediate ligand concentration: f= 0.5
Kp =[L] when f=0.5

Figure 12.4 The Molecules of Life (© Garland Science 2013)

80

Let's see why this is true:
we call f the fractional saturation
or fractional occupancy of the ligand

binding sites

which is the extent to which
the binding sites on a protein
are filled with ligand

48



How to determine Ky

e : saturatingconcentration Let,s See hOW thiS iS true:

E of protein-ligand complex
: f=1.0

N
(=1
o

-
o
o

\ half-maximal concentration

of protein-ligand complex
value of Kp = [L] at this point

concentration of
protein-ligand complex [P«L]

f=0

f=

__concentration of protein with ligand bound

0 20 40 60 80
ligand concentration [L]

very low ligand concentration:f~0  intermediate ligand concentration: f= 0.5
Kp = [L] when f=0.5

Figure 12.4 The Molecules of Life (© Garland Science 2013)

total protein concentration

f=

|

we call f the fractional saturation

or fractional occupancy of the ligand
binding sites

[Pe]

Recalling that: |[PeL|= [P]IL]

KD

U

[PJ[L]

\

e+ [P

L]

KD)

~ [P]+[PeL]

49



concentration of
protein-ligand complex [P-L]

How to determine Ky

_concentration of protein with ligand bound

f=

total protein concentration

----------------------------------------

saturating concentration
of protein-ligand complex

\ half-maximal concentration

of protein-ligand complex
value of Kp = [L] at this point

o

|} 1

20 40 60 80
ligand concentration [L]

(rectangular hyperbolic function)

U

[P[L]

PeL]

\

nu

L]

KD)

[P

+|PeoL|




How to determine Ky

2004 ..

saturating concentration
of protein-ligand complex

T O R O R R O R R R TR TR T TR R TR TR T R TR TR TR T R TR T R TR TR TR TR e e e e

\ half-maximal concentration

of protein-ligand complex
value of Kp = [L] at this point

concentration of
protein-ligand complex [P-.L]

1 I 1

0 20 40 60 80
ligand concentration [L]

Therefore, a plot of fractional saturation as function of ligand concentration is known

as a binding isotherm or binding curve. The Kp value depends on the temperature.
o1



Binding assays

In all cases to estimate dissociation constants we need to come up with some
experimental procedure able to measure the amount of ligands bound to a protein.
These are called binding assays - there are many ways to develop a binding assay
based on many different techniques and properties of the ligand or proteins. Here is
an example based on radioactivity applied to steroid hormone receptors

(A)

ooy g we use a radioactively 7 VR

transcription  domain region - -
tivati . - <>
e labelled ligand S = e
tritiated estrogen @9 C \,9 —_ <©g —_—
—o ON
e solution of @ i o Solution of . @ resin that
inhibitory estrogen @ ;O estrogen E "@ binds
protein receptor Cb | spiked with 9&9 receptor
complex hormone w @7 radioactivity, <lb. protein
binding site \_’ \2 ata specific \ o/ \/
- concentration [L]
steroitﬁ
hormone — >
N
300 _di
\ : saturating concentration G% l- discard supernatant
: f bound ligand L
- : oo e unbound | % — — measure radioactivity
2 _ : estrogen |7 o |
éf 200 F210 36 ceﬂtrn‘ugg to — calculate concentration
> TTTTTTTTTTT T . o o| ] Peetresin of bound estrogen [PeL]
£ : all receptor | —— e
DNA-binding 32 : roteins are at |¢ 48" 3 e
Eite exposed 2 | bgttom of tube t«“f) \
O : ’
J 28 00d . f=05 bound to resin
O
| ion of bound ligand " "
— : oS0 saraton [Pel] is then plotted for various
0- I T T T -
oA / 0 a0 e concentration of L and curve
concentration of free ligand,
Figure 12.5b The Molecules of Life (© Garland Science 2013) [L]in nM (10—9 M) f- 52
<+— fitted to calculate Kp

value of the dissociation constant,
KD ~5nM



Binding curves shown in different ways

0.75 -

0.50

fractional saturation, f

0.25 ¢

[

o'-l L) 1 T I T
0 0.1 0.2 0.3 0.4 0.5 0.6
[L] mM

fraction bound f L] [L]+K, _ |L]

fracionunbound 1-f [L]+K, K, K,

When (Ljﬂ then the log is O and the intercept of the line on

B the horizontal axis is equal to the log of Kp

Note: we usually assume that the amount of bound ligand is very small
compared to the total amount of ligand available, thus we usually use the free
ligand concentration and the total ligand concentration interchangeably

If [L]bound<< [L]total then [L]total — [L] [L]bound ~ [L] 23



Universal Binding Isotherm

log[L]
Kp
-3 -2 -1 0 1 2 3
1.0
* 0
g
£ itially no binding
c !
2 0.5 1
o ] essentially complete bing
e when [L] > 10 X K
D
I!
0 - T T T
0.001 0.01 0.1 1 10 100 1000

[L1/Kp

Saturable binding is the hallmark of specific binding interactions, ie a

simple binding mode with one protein associated with one ligand, one
binding pocket at the time

The Kp defines the ligand concentration range over which the protein

switches from unbound to bound - using the universal binding curve is a
handy way to characterise binding because the ligand concentration is
expressed in terms of dissociation constant (ie it is a universal curve).



Universal Binding Isotherm

(o]
xl“’

D

essentially complete bi
when [L]=> 10 X Kp

0 T T T —
0.001 0.01 0.1 1 10 100 1000

[L1/Kp

A common question In biochemistry and pharmacology is how
much of a protein is bound to a ligand.

For a concentration where the free ligand is 10 times the value of Kp |
the target is almost completely occupied (at 91%), in fact:
L | 10K, 10

f: — ——20.91
L|+K, 10K,+K, 11
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Universal Binding Isotherm

fraction bound, f

eeeee tially complete bi c ,
when [L] > 10 X Kp

= n ' r i
0.001 0.01 0.1 1 10 100 1000
[L1/Kp

A common question In biochemistry and pharmacology is how
much of a protein is bound to a ligand

For a concentration where the free ligand is 0.1 times the value of Kp,
the target is occupied only at 9%

;e 01K, 0.
K,+0.1K, 1.1

= 9%
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Thinking again about specificity !

O
dr“gKD o Let's make use of the universal binding curve
A @ ) )
desired If you have this situation in which you have
et o to develop a drug for a given target A, which
g should also be selective, ie it does not bind a
B @ KD; 107V @ second target B.
{‘a"rgse‘t’edﬂc What would the optimal Kps be in relative

terms to achieve this goal?

=2 1 o + 2 |fthedrugis delivered ata 100 nM
| concentration, can you achieve a proper
selectivity?

—————= Yes - If you administer this drug at 100 nM (10-7 M), you will
when L] >10 xKp obtain that 99% of the target A is bound with the drug,
3 while only 1% of target B will be occupied

0.001 0.01 0.1 1 10 100 1000 of
[L1/Kp




Drug Binding by Proteins

One of the main criteria that drives drug development (DD)
processes Is the binding affinity of the drug to a protein

Generally it starts that have low affinity (ie lead compounds),
which will then improved by the lead optimisation process

Let's look at the example of kinases — key enzymes in
signalling and involved in a number of diseases such as
cancer kinnes

N

Kinases natively bind ATP and transfer
one phosphate group to Ser, Thr or Tyr
of protein substrates



Drug Binding by Proteins
Structural information does help DD

If we look at the active site interactions they
can help us to rationally design drug compounds

For example the malfunctioning of the tyrosine-protein kinase
Abl causes chronic myelogenous leukemia. Inhibitor of Abl
known as imatinib (marketed as Gleevec) blocks the action of
Abl and is an effective treatment for the leukemia.

(B) (C)
Glu & h’ Glu 9 ”
°®N/C\c/ OA\/"/C\C/
N QThr S H ¢ kTh
How and where to start ¢ et T e ™ WS, N
. O\ Go ”’fH\ - hydrophobic pocket ©/\C\a ”’H\
with the DD process? oy, o™ pn, ]
Met 2 N\ ; O O Met 2 =
N I I R1  scaffold for

/S inhibitor design

exterior
polar pocket



The Drug Development Process

scaffold for inhibitor relative
design binding affinity

Lead optimization

We can see In this
example how different
changes In the structure
of the small molecule
change binding affinities,
to reach up to ~10 nM

101

imatinib

Figure 12.14 The Molecules of Life (© Garland Science 2013) 60



Small molecules drugs

H

/\/\/O N O
Looel
Abilify SN

/Kn' o (antipsychaotic) 0 ‘
SN, g
/O F OCH,

Prozac N Cymbalta
(antidepressant) ' QI} (pain and anxiety)
Plavix N O Etoposide
(antiplatelet agent) . /@: - s N cancer)
i 0 b \_/
Ny Nexium 0~

|
/©/CH3 N @\NH w (gastric acid)
N 7 N OH

Gleevec Lipitor

(cancer) (Cholesterol) lbuprofen

(inflammation)



Drug Discovery & Development

FDA approvals in 2020
53 New Drugs Approved

60
B BLAS
[] NMEs
0. 6 17
13
. 10
~
o 40- 12 12
Q.
o 11
(7p]
(@)
S 30
=
o
B
2 20-
-
=z
10-
O —
LG LA L R e N I N e e R L N R N S N\

Fig. 1| Novel FDA approvals since 1993. Annual numbers of new molecular  new approvalsin 2020. Approvals by the Center for Biologics Evaluation and
entities (NMEs) and biologics license applications (BLAs) approved by  Research (CBER), for products such as vaccines and gene therapies, are not
the FDA's Center for Drug Evaluation and Research (CDER). See TABLE 1 for  included in this drug count (see TABLE 2). Source: FDA.

Source:
Asher Mullard,
Nature Reviews Drug Discovery, February (2021)



Energetics of Binding

it is always true that entropy is lost upon binding of the small molecule, but

(A)
‘ +

protein
Tz
/ y
X
3 translational

degrees of
freedom

b

5

3 rotational
degrees of
freedom

(B)

+

protein

Q - @
r r

VaE ak

3 translational 3 translational

degrees of degrees of
freedom freedom
N 2
3 rotational 3 rotational
degrees of degrees of
freedom freedom
internal motions are
reduced severely
==
\¢L.
;'\ \ P
.\
I
ligand protein-ligand complex

Figure 12.33 The Molecules of Life (© Garland Science 2013)

protein-ligand complex

v

AG = AH - TAS

There are entropic
losses on binding which
are not energetically
favorable

Enthalpic gains on the
interactions of the
protein with the ligand

Entropic gains on the
solvent (ie hydrophobic
effect)

thus overall AG <0 63



Energetics of Binding

Very similar principles to the folding reaction

« Enthalpic gains on the interactions of the
protein with the ligand come mostly from H-
bonds - this contribution is not very large

water molecules
trapped at protein
active site

* Entropic gain in free energy due to the solvent
(ie hydrophobic effect) is instead quite
significant

 As a consequence an optimal drug should

water molecules maximise hydrophobic features
released,

entropyincreases . |y practice, drugs cannot be only hydrophobic
Figure 12.35a The Molecules of Life (© Garland Science 2013) aS they WiII be insoluble, Complicating

™) ®) nonpolar adsorption and administration
y: | ) molecule
@ L r * Also hydrophobic interactions tend to be not
specific, while polar are more specific
many different orientations are moverhenttowards nohpolar ° Th us |n the develOpment Of a drug one needs tO
possible because of favorable molecule is restricted due to . .
bonding interactions lack of hydrogen-bonding groups find the best compromise between polar and

hydrophobic interactions 64



What to know ...

* The affinity of a protein for a ligand is characterized by the dissociation
constant Kp

* The value of the Ky for a binding interaction is the ligand concentration at
which half the receptors are bound to ligand

« The value of the Kp determines the concentration range of the ligand over
which the receptor switches from unbound to bound

* The Kpfor a physiological ligand is usually close to the natural
concentration of the ligand, this is the result of evolution

Kevy formulas :

K, = [[i][llj]] = KL AG, .=+ RT In K|
o
A
L] ( f ) ([L]\
J= lo =log| — |=log|L|-log K|,
[L]+ Ky gkl_f) g\KD) ° ;




