Binding interactions are the foundation of biology

David Goodsell
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Cellular signaling — Receptor ligand interactions

Plasma Kinase GTP
membrane cascade

Nuclear
envelope

e~ DNA
mRNA

Protein
Figure 12-2

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W. H.Freeman and Company
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Protein — protein association: Large structures
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Types of association reactions

* Protein — protein binding (homo-oligomers,
hetero-oligomers)

— oligomeric enzymes
* metabolic enzymes
* ribosomes
* channel proteins and pores
* molecular machines

— structural proteins
* cytoskeleton
* extracellular proteins

* Receptor - ligand interactions
— signaling and import
— cell surface receptors
— intracellular receptor

* Protein — DNA binding
— transcription factors
— chromatin
— DNA enzymes
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Binding curves for one site binding
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advantage of semilogarithmic plot:

both baselines are available
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The free energy of binding

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

... Whereas AG itself can be AG =AH -TAS
separated into enthalpy and {—A—\
entropy + ionic + hydrophobic effect
+ vdW - loss of ligand
+ H-bonds  entropy!
1}\.
<
degrees of — degrees O].C |
freedom freedom fixed!
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Calculation example

Helix 11

Helix |

Helix 1

C-terminal

Helix 111

N-terminal

HTH-HMG domain (1gt0)

Leucine Zipper/

’tl‘ 1TH domain Helix It
Regulatory domain
) r\‘ﬁ‘“ ¢ Regiol Max
3 elig 4™ »
i &‘0’ & T
38 4"%s X/ T
Helix 111 t g

Tetramerization region ’
Zn finger domain (4m9e) Lac repressor-DNA complex (1lbg) bHLH-leucine-zipper domain (Inkp)
https://doi.org/10.3390/genes8080192

You have a protein (transcription factor)
binding to a particular DNA sequence
with a dissociation constant of 10° M.

Now, you test a different sequence and
find that the protein binds tenfold (10x)
better

what is the free energy difference
between the two interactions?

Could you suggest what molecular
interaction could account for that
difference?
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Binding to multiple non-interacting sites

for a single site: L+s —)E Lb Kd _ [s]IL]

s: free binding site
L,: bound ligand

H

f R+RL+RI + I:,jl per macromolecule
2 T RL.
i=0
e ;i[R][L] /K" ) ;z’[L] /K" P 0[]
SIRILI /K, SILI/K" [L]+ K,

_ RL+2RL,+3RL;+... ZZRL" fraction of ligand bound

Binding isotherm for
multi-site binding

K' =K K, KK =]]X
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Scatchard plot for multisite binding

Linearization method

binding curve
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Cooperative binding

Binding I Unstable
L7} site I Less stable
- Il stable

Binding
site

no ligand, flexible regions at
binding site, interior low
stability regions

one site bound

protomer converted into
high affinity conformation
second binding site
stabilized

second ligand bound with
higher affinity
—> positive cooperativity
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Cooperativity: Hemoglobin

free 0, bound

Figure 5-10
Lehnii Principles of Biochemistry, Fifth Editi .
il e Fun fact: 750 g hemoglobin per adult,

1022 molecules (108 molecules per blood cell).
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Cooperativity: Hemoglobin

T state
KT 02 02 02 02 02
02 02 02 02 02
T state R state
strongly 1[ | } strongly
favored favored

88"“
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Cooperativity: Hemoglobin

pO,in pO, in
tissues lungs
1.0
( ( ) Finely tuned transition between
H'g:;::g"'ty high- to low affinity state
0.8 A
Transition from

low- to high-

affinity state - transport function of hemoglobin
0.6

- transfer to myoglobin (only high
g affinity state)
045 - blood O2 saturation: critical
parameter

Low-affinity

0.2 state
1 1
. 4 8 12 16 di : bb
0O, (kPa) iscussion on
fFigL'"‘e 5-!2' f Bioci 1 Fifth Editi

@ 2008 W.H, Freeman and Company
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The Hill plot

binding curve Hill plots
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Interpretation of the Hill coefficient

1.20
1.00
0.80
f 0.60
0.40
0.20

0.00

binding curve

K,=10°M

1E-08 LE-07 1.E-06 LE-05 1E-04 1E-03

[L]

For a receptor / protein with x
binding sites:

Total cooperativity (all-or-none
transition): n = x

No cooperativitiy: n = 1

All other cases: I <n <x

Empirical description of the
behavior
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Effect of the receptor concentration

R+L—=RL
Kd

Up to this point, we have assumed that
[R] is much lower than the K

discussion on bb
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Effect of the receptor concentration

R+ L——RL Up to this point, we have assumed that
K, [R] is much lower than the K

if this is not the case the fraction  [RL] K, +[R,]+[L,] \/(Kd +[R,1+[L,]) -4[R,][L,]

bound ligand is expressed as: (R ] 2 2
semilog. binding curve (linear) binding curve
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Measuring binding interactions
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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

v

Calorimetry directly informs on
thermodynamic parameters AH and AS

degrees of
freedom fixed!

4-Secondary structure formation



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
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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
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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
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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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Fluorescence anisotropy: Transition dipole moment

Interaction with light:

Incident light E induces Alexa 488 Alexa 594
a dipole y;, 503 503
luind = a.E
o : polarisability
O/\NH(egcine)
o

Transition dipole moment:

Ground state wave funct.:
Excited state wave funct.:

<lpb E llja> Sﬂggxfteine)

can be interpreted as a vector

Hoefling et al. PLOS ONE 2011

7-Biomolecular Spectroscopy: Fluorescence



Excitation of chromophore subpopulation

Conditions:
Immobile chromophores (e.g.
embedded in a glass)

Excitation light vertically polarized

Probability of absorption: p ~cos?6

;"L(A".,v

Excitation |

Figure 10.6. Excited-state distribution for immobile fluorophores
with r, = 0.4.

Lakowicz, Principles of
fluorescence spectroscopy

7-Biomolecular Spectroscopy: Fluorescence -



Fluorescence emission anisotropy

Conditions: I z

Emission dipole colinear ASSIEES :
absorption dipole

No molecular motion 7/ r=0.4
Excitation T
[[1

l > X

Emission is polarized

Figure 10.6. Excited-state distribution for immobile fluorophores
with r, = 0.4.

Lakowicz, Principles of
fluorescence spectroscopy

7-Biomolecular Spectroscopy: Fluorescence



Measuring fluorescence anisotropy

polarization filter

rating | excitation
monochromatc

polarized
light

Xe lamp

- unpelarized light
it sample polarzes g

I cell

polarization filters I
which can be rotated

unpolarized light

Anisotropy
= (I” _ IL) grating
%
(III +2 Ii) .. photomultiplier
emission
For the immobile case: r = 0.4 monochromator img: enz. britannica

7-Biomolecular Spectroscopy: Fluorescence p.34



Loss of fluorescence anisotropy

Anisotropy
. (I|| _IJ_)
([|| +2*I¢)

Rotational diffusion:
The Perrin equation

r T
Lo1+Zlo1+v6Dr - @®
e.g.: Perylene

B 0 g y
ro: anisotropy in the absence of motion O
7 : fluorescence lifetime r,: 0.36
0 : rotation correlation time 7:6ns
D : rotational diffusion coefficient Anisotropy in solution (EtOH): 0.005

7-Biomolecular Spectroscopy: Fluorescence



Loss of fluorescence anisotropy: Proteins

Rotational diffusion:
The Perrin equation

Lo1+i=1+6D1
r 0

For a 50 kDa protein the rotation
correlation time 6 =14 ns

0="1"_ 0 v+
RT RT
n = viscosity
V =volume
M = molecular weight
v = specific volume protein
h = hydration (g/g protein)

7-Biomolecular Spectroscopy: Fluorescence



Measuring protein-protein interactions with anisotropy

-
I

—— H4K5ac ':i.
—— H4K8ac Y
5. 08r +-- H4K12ac /
) —e— H4K16ac {
£ 06 | —= H4K20ac A
5 / ii i
. 0.4~ vy I
?LJ ) }? ’ ,g-";
02 «
;j, L
= ‘Jf—zﬁ ﬂ i— e
| | L Lol L Ll
1 10 100 1000
[bromodomain]/pM
Ruthenburg et al.
Cell 2011

Protein domain (bromodomain)
interacting with modified histone peptides

Peptides contain fluorophore, are kept at
the same concentration

Protein is titrated and anisotropy is
determiend for each concentration

- Kd is obtained
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Stochiometry determined by anisotropy measurement

rr =0.033
002}
0 04 08 12
[caAM]=1078M
K, ok,

ANISOTROPY

<— r=0.170

[Rs20]=10"2M

Fluorescence anisotropy
measurements can be used to
determine binding reactions

Example: MLCK peptide (RS20) binds
calmodulin

Determining tryptophan
fluorescence anisotropy in peptide,
the binding constant can be
determined in a titration.

10-Molecular associations
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Fluorescence anistropy in HTS

Competition assays

' ' Predictor™ Tracer Red  Compound
(non-inhibitor)
Receptor
| - S —
’ " b e N
Predictor™ Tracer Red = Compound e o
(inhibitor) —* H\
Receptor Low po!aﬂzation\
compound
library
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High throughput evaluation using plate readers

Fluorescence Polarization

* Specialized optics:
* FP cube beam splitter
* Non-standard high-transmission filters

Top simultaneous:

Polarizing beam splitter

Cube # 4

Gen5™ Protocol Parameters  Top PMT  Side PMT

Gain* 9
VI,
Plate Movement Delay -
Cube # 62 - hERG Measurements|well** -
EX: 530/EM: 590 Read Height () _
| * ] Light Source -
G Factor -
* tis recommended Goin be determined for eoch reoder.

**Higher measurements/well con result in greater precision & specificity but lower reod times

119 -

- Normal
= 0

- 10-200

- 10.25

- Xenon, Low
= Fixedvalue: 1

Source: Biotek
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In cells, interactions are managed by compartmentalization

David Goodsell

8-Binding interactions
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