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Module - 05
Protein ligand interactions

Lecture - 25
Discussion Class

In our last class on protein ligand interactions in this module 5, we will be discussing the several
methods involved in protein ligand binding and work out some problems related to the
discussions that we had considered in the previous lectures of this module.
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CONCEPTS COVERED

» Binding of ligands to a macromolecule

» Protein ligand binding problems

» Scatchard plot

> Hill plot

In these discussions we will be looking at the bindings of ligands to a macromolecule, which is
what our protein ligand binding is all about and look at some specific plots, the scatchard plot
and the hill plot with specific examples of how they may be calculated and how they may be

understood further.
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KEYWORDS

» Association and Dissociation constants

» Equilibrium dialysis

» Scatchard plot

> Hill plot

The association and dissociation constants are something that we looked at in the previous
classes. Also other methods to identify protein ligand binding where we realize that we need a
methodology to find out the protein ligand binding complex concentration or the free protein or
the free ligand left after binding, to be able to get some meaningful information about the protein
ligand complex and how the interaction proceeded.
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Prerequisite for Binding

‘ Initial collisions

+ =) between the ligand
molecule and the
protein have to occur
to form an encounter
complex

7

/ Diffusion and Collision

We understood that the prerequisite for binding, similar to an enzyme substrate complex
formation, (which we will see later) requires diffusion and collision. In this specific case of a
protein ligand bound together, we realize that with the proper orientation and the proper



proximity we would have this binding and the initial collisions will have to occur to form this
[refer to slide] specific complex.

When we are working with enzyme and substrate, we realize that this is the enzyme and this is
the substrate that has to bind to the specific pocket for a reaction to take place.
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Molecular diffusion

Molecular diffusion, which originates from molecular
kinetic energy (or heat, thermal energy), is an
entropy-driven process.

In a protein-ligand-solvent system, the diffusion
(random Brownian motion) of solute molecules have
two origins:

(i) the kinetic energy of the solute molecules

(ii) collisions of the large solute with the small water
molecules

In our molecular diffusion and understanding, when we look at a protein ligand solvent system,
we have the diffusion of the molecules, the diffusion of the solvent molecules.
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Collisions of the large solute with the small water molecules




And we want a fruitful collision for a specific interaction to occur and in an enzyme substrate
complex, for a specific catalytic reaction to occur.

(Refer Slide Time: 02:57)

Prerequisite for Binding: Proximity and Orientation

The binding that we look at in the collisions of the large molecules with the small water
molecules, can affect the entropy and the enthalpy of the ligand binding and we realized that we
needed a spontaneous change in the free energy to result in a fruitful protein ligand interaction.
So we have our solvent molecules, we have our ligand molecules and our protein molecules and
they have to come together to give us a specific complex formation.

(Refer Slide Time: 03:26)

Increasing complexity of binding
all binding sites are simple
equivalent and independent
cooperativity heterogeneity
all binding sites are all binding sites are difficult
equivalent and not independent but not
independent equivalent
\ very
difficult

heterogeneity cooperativity
all binding sites are

not equivalent and not independent



We see there are different levels [refer to slide] of binding. The different levels are such that we
could have the binding sites on the protein, that are all equivalent and independent of each other.

This could require cooperativity of heterogeneity. We will look at cooperativity in this lecture
and then later on when we have a special lecture on hemoglobin and myoglobin binding to
oxygen; probably the most important protein ligand interaction known.

In cooperativity we have all the binding sites that are equivalent, but they are not independent of
each other and in heterogeneity we have all binding sites that are independent, but not
equivalent. As we look at heterogeneity and cooperativity, we can have all binding sites that are
not equivalent and not independent of each other either. So this gets from a simple situation to a
gradually difficult and a very complex situation, in understanding protein ligand binding all
together.
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N-methylacetamide is a monocarboxylic
acid amide that is the N-methyl derivative of acetamide

HyC

The dimerization of N-methylacetamide in
solution is used as a model system to study
inter-peptide hydrogen bonds in proteins.

The N-methylacetamide which is a monocarboxylic acid amide that is an N-methyl derivative of
acetamide, is chosen for a lot of studies as the dimerization of this compound is a model system
to study the dipeptide, as you can see the -CONH- that gives us inter peptide hydrogen bonds in
proteins that is the important measure to understand their interactions. So this is sometimes used
as a model in many studies.
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Data for the dimerization equilibrium constant (K) and
enthalpy of dimerization at 25°C in various solvents are
given below
'Solvent (klm) AS®
/ /k]mol L JK'mol ™!
e ) N ?
Dioxane 052i { ? -, 33 ?
waer ] oo0sl) 1) v o] @ ¢

Fill in the missing data and suggest the role of H-
bonding in biomolecular interactions. AGO

-2

If we look at a specific problem related to this and we have data for the dimerization equilibrium
constant K, the enthalpy of dimerization in various solvents and we would like to see the
hydrogen bonding capability in these solvents. So we look at the solvent; we can see we have
carbon tetrachloride, dioxane and water and these are the equilibrium constants in the different
media.

From the equilibrium constants we can determine the change in free energy and from a
knowledge of the values of our enthalpy changes, we can find out the corresponding entropy
changes.

We can fill in the missing data and suggest the role of the hydrogen bonding in biomolecular
interactions, by considering the spontaneity of the reaction in terms of when we calculate using
our AG® = - RTIn K. What we have here is our K value we have our AG® value.
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NMA + NMA = NMA4, =
R e [NMA|[NMA]
AG" = —RTInK ——
[ 0
AGY = AHO- TAS? . e 2
T =250 L
Solvent | K | AG° AH® AS?

/M Jkjmol™t | /kJmol™! | /JK~'mol ™!

ccl, 47 38\ 16| -46.0
Dioxane = 0.52 16 3.3 -16.5

Water | 0005 | 131/ 0 4.0

This suggests that H-bonding is unfavourable in polar solvents

We can actually look at the dimerization procedure, which gives us our AG® = - RTIn K and we
know that this K is a measure of the law of mass action applied to this particular set. So when we
look at a AG® we know it is AH - TAS. So, the AS can be given by a small rearrangement, giving
us this value and we know that T is 25° C.

We can calculate our values and we can fill up the table. And based on the table, we can look at
the AG® values and determine what hydrogen bonding aspect would be considered for this
particular dimerization reaction. And so this suggests that when we have polar solvents, the
hydrogen bonding is unfavorable.

This is an indication that we can look at the way we would study reactions such as these, in the
determination of free energy changes, enthalpy changes and entropy changes.
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An equilibrium dialysis experiment of the binding of a
ligand to a receptor protein gives the following information
=

/

Outside dialysis bag
(only free ligand)

Inside dialysis bag
(protein + ligand)
Both free & bound

In the equilibrium dialysis experiment, we will look at a problem related to this. We learnt that
we have a specific dialysis bag that is permeable to specific molecular weight. We have this bag
that has a specific molecular weight cut off, allowing any molecule that has a molecular weight
less than the cutoff of the dialysis bag, to pass freely through the membrane.

In the dialysis bag we only have free ligand and the free ligand concentration outside the dialysis
bag is equivalent to the free ligand inside the bag because the ligand does not see the bag at all
and considers that we have an equal concentration of the free ligand throughout.

However, inside we have a protein ligand complex form and this protein ligand complex will not
be allowed to leave the bag considering that the molecular weight is high enough to be retained
in the bag.
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An equilibrium dialysis experiment of the binding of a

drug to a receptor protein gives the following data:
In dialysis bag (protein + ligand): “ oy

Total protein concentration : ° o’
=9.2 x 10°M .. %02
Total ligand concentration se =

—4.06 x 1073M 2 >
Outside dialysis bag (ligand only): oo =

Total ligand concentration = 3.60 x 1078M




Based on an experiment like this if we get the data, where we have in the dialysis bag the protein
plus the ligand, we have a total protein concentration, we have a total ligand concentration and
from that we have outside the dialysis bag (that is only the ligand), we have a ligand
concentration of 3.60 X 108 M.

So understanding now that we can determine the amount of protein that is free, the amount of
ligand that is free and probably amount of protein ligand complex that has been formed; given
that we know the concentrations and we are able to determine the concentrations.
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Total protein concentration = 9.2 x 107°M
Total ligand concentration = 4.06 x 10~M

Protein concentration = [PL] + [Plre = 9.2 X 107°M

Ligand concentration + [L] o) =4.06 X 10‘3Mk

Free ligand [L],,, =3.60 x 10~

o [PL] = (4.06 x 1078 —=3.60 x 108) M
=4.6x107°M

[Pliree=(9.2 X107 —4.6 x107%) M
=4.6x107°M

Hence K = [PL]/[P][L] = 2.8 x 10’M~!

So we have the protein concentration, the ligand concentration and we know that the total protein
concentration has to be whatever is bound to the ligand and whatever is free. The ligand
concentration is what is bound to the protein and what is free.

The free ligand given by the concentration outside the dialysis bag, tells us the amount of ligand
bound to the protein. From that we can determine the free protein and based on that we can
determine our K or association constant.

From methodologies that are going to be used to determine the free concentrations of the ligand
or the protein or the protein ligand complex, we will be able to determine the association
constants which we are interested in.

(Refer Slide Time: 11:03)



A protein of interest is analyzed using experiments such
as centrifugation, SDS-PAGE, UV-Vis and it is found to
contain 3 identical subunits.

ATP copurifies with the protein.

Assumption: Each subunit has a binding site for
the ligand.

Experiment: Put 1x10™* M protein into a
dialysis bag and put the bag into a solution
containing ATP.

Similarly, if we have an example where we look at a protein of interest that is analyzed using
several experiments and it is found to have now three identical subunits and we find that ATP
copurifies with the protein.

We have a specific assumption that each subunit has a binding site for the ligand and an
experiment is conducted, where a specific concentration of the protein is put into the dialysis bag
and the dialysis bag is put into a solution containing ATP. Now we have to identify how much of
the ATP is going to be bound to the protein.

(Refer Slide Time: 11:46)

After waiting to reach equilibrium, you find the following:

[ATP] =3 x 10~* M inside the bag
[ATP] =1 x 10~* M outside the bag

Assuming that the binding sites are identical - ‘
Determine the binding association constant for L
binding to one site.

Based on this we wait for reaching equilibrium, this is extremely important because we are
finding out the association constants in the assumption that the reaction has reached equilibrium.
We find out that the concentration of ATP is 3 X 10* M inside the bag and 1 X 10* M outside



the bag. Assuming that the binding sites are identical we can find out the association constant for
the ligand binding to a single site.
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Ans: [ATP]pound = [ATP);n—[ATP]pue =2 X 1074 M

NKq[L] _2x10‘4M_2
14+K4[L] (Pl 1x1074M =

3K4[L] = 2(1 + K4[L]) ‘

K, L] =2

We look at the [ATP]bound = [ATP]in — [ATP]out; given by the ATP concentrations that can be
determined and from that we can look at our scatchard plot, find out the number of ligands bound
to the total molecule or the macromolecule concentration present. So this [refer to slide] is the
concentration of the ligand bound to the total protein present and from that again, with a bit of
algebra, we can find out our value for the association constant.

(Refer Slide Time: 12:51)

Protein Ligand Binding m
Y (or 0) represents the fraction or
percent of the protein that has the(os}-
ligand “L” bound to it. '

Y(or @)

: - =x/(x + 2)
Extrapolation to the x axis fromthe | |
point on the curve to 50% gives the o @ ; |
dissociation constant. 1) ariteary uit) ‘

Curve is hyperbolic: ¥ (or 6) fraction of ligand bound;
x ligand concentration

Z represents the dissociation constant (K ) or the
inverse of the association constant (K ,).




Let us look at protein ligand binding from a different perspective, in understanding the fraction
or the percent of the protein that has a ligand bound to it. So if we look [refer to slide] at the
specific way in which we have the ligand bound in the specific binding curve, we understand that
if we have a specific fraction or a ligand bound to it, we know that when this reaches 0.5, we
have the value of our dissociation constant.

The curve is hyperbolic in nature indicating the fraction of the ligand bound, x being the ligand
concentration and z that represents the dissociation constant or the inverse of the association
constant.
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For a given protein, the binding affinity for its ligand (K ,) is

5 x 1075M at pH 5.0 at 25°C. At what concentration of the
ligand is half of the protein bound?

10 The concentration of the
ligand bound to half of the

e e o
protein= K, = K
& 1
T 5%x1075M

) 1
Ki 5 10

(L (arbitrary units) =2X 10—6 M

Along these lines if we consider an experiment where we have for a given protein, the
binding affinity for its ligand that is given as 5 X 10° M at pH 5 at 25° C. If we want to
know the concentration of the ligand when half of the protein is bound, it indicates the
dissociation constant. So, the concentration of the ligand bound to half of the protein is
equal to Kg, is equal to 1/K, that gives us 2 X 10 M, that is 2 pM.
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If the pH was increased to 7.0, the K, raised to 30 uM.
Is the binding stronger or weaker at this pH change?

The concentration of the ligand

bound to half of the protein = K; = Ki

=2x10"M =2 uM

T5 x10-M

Higher K ;indicates lower affinity.
The binding is weaker at pH 7.

If we now have some additional information about our protein, say that if the pH was increased
to 7 the Kq raised to 30 uM will the protein be stronger or weaker at this pH change. So the
concentration of the ligand that we found in the previous case, bound to half of the protein
corresponding to the dissociation constant, now we have this say at 2 uM. So if the pH is raised
to 7, the Kq is 30 uM.

We know that a higher Kq indicates a lower affinity. So, this means that the binding is weaker at
pH 7. Given instances like this, we are able to understand the binding capabilities of our proteins,
we are able to understand their binding at different pH values and have an assessment of how we
would like to design ligands that could bind to proteins effectively.

(Refer Slide Time: 15:22)

The binding of an antibody (Ab) to its antigen (Ag) was
studied in an equilibrium dialysis experiment. The Ab
concentration was 1.0 M in each experiment, and the
initial and equilibrium Ag concentrations are given.

What are the number of binding sites, K ; for the binding?

[Ag]added| [AG)freeeq Scatchard Plot
0.0924M | 0.0087 uM
0.231M | 0.0232 M
0.4704M | 00525 uM
0.716 M | 0.0907uM

0.957uM | 0.1420 uM

Plot/ —vs v

[L]




In another example let us look at antigen antibody binding. The binding of an antibody to its
antigen we know is a very strong binding and this was studied in another equilibrium dialysis
experiment where the antibody concentration was 1 pM.

The initial and equilibrium antigen concentrations have been given in the table here [refer to
slide], we want to know how many binding sites there are present and the Ky, that is the
dissociation constant for binding. Now to do this we need to plot a scatchard plot, as we have
learnt in one of the previous lectures.

What we have is, we have this linear equation v = nKa - vKa

[L]

and we have to plot v/[L] versus v, that from the slope of which we will get the value of - Ka.
and we get the intercept.

(Refer Slide Time: 16:18)

Scatchard Plot [A9]total = [Ag]free + [Ag]bound
[Ag]bound = [Ag]total T [@ree
Plot —vs v [A9]bound -
7 OF b
[Ag]  [Ag] [[Ad] A
added (free.eq |bound \v/[Ab] ;\‘) v/[L] *ee

0.092 0.0087 0.0833 0.0833™~0/0833~_9/575
0231 0.0232 02078 0.2078 0.2078 8.957
0470 0.0525 04175 04175 04175 7.952
0.726 0.0907 0.6253 0.6253 0.6253 6.894
0975 0.1420 0.8330 0.8330 0.8330 5.866

If we look at this [refer to slide] scatchard plot, we have to do a bit of calculation in order to find
the v/[L] and the v value which we now have to plot. So, with the knowledge of the [Ag]ita =
[Aglfee + [AQ]bound, knowing that the total antigen concentration is what is free and what is
bound together, we can find out the amount bound and the definition of the v is the amount of
ligand bound to the total amount of macromolecule, which in this case is the antibody.
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Scatchard Plot [49]total = [A9] free t [49]bouna
(491 bound = A9 totat — [49] free

Plot of - vs. — [Aglbound
(Z] V=

o [Ab]

10 - =nK A\—V K A

@

v/IL]

Slope = —K},

Given our plot of v/[L] versus v, we will get this [refer to slide] plot, given the values in the
table. What we see from this value is that the equation that we get or the information that we get
from the X intercepts, gives us the number of binding sites and the slope is equal to - Ka.
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x intercept: number of binding sites . n=2
Slope is the negative of the association constant = —K

The slope on the Scatchard Plot is - 5 uM !
Association constant K, =5puM™ = 5x 106M~!

Dissociation constant is the reciprocal of the

association constant .. Kp = W

Kp=0.2pM=0.2x10"M =2x10M

If we do a bit of calculation here we will see that we have found that the x intercept gives us the
number of binding sites which is equal to 2. From the slope, we get the negative of the
association constant - Ka. Now, when we look at the slope on the scatchard plot, we therefore,
get - 5 uM™ which means that the association constant Ka is given as 5 pM™ =5 X 106M™.,

So we know that the dissociation constant is the reciprocal of the association constant. From this
we can get the value of Kp that follows to be 0.2 X 10°M that is 2 X 107M. So, this gives us an



indication of how we can use the scatchard plot to find out the number of binding sites and the
association and dissociation constants of protein ligand binding.

(Refer Slide Time: 18:40)

Protein Ligand Binding

A protein (P) that binds multiple ligands (L) may bind all
n of them simultaneously, with infinite cooperativity.

The protein molecule either has “all or none” of its
ligand-binding sites occupied so that there are no
observable intermediates PL,,PL,etc.

P+nL

Now we look at another aspect of protein ligand binding in the sense, that we have the protein
binding multiple ligands. If they bind all of them simultaneously, we call this infinite
cooperativity. So we have P, we have nL and we have PL, formed in the complex formation of
multiple ligands. The protein molecule in this case has an all or none situation, where either all
its binding sites are empty or all are occupied which indicates that there are no intermediates PL
1, PL 2 et cetera.

(Refer Slide Time: 19:23)

Protein Ligand Binding

The chemical reaction (n is the number of binding sites) is:
P +nL=PL,

Y is the fraction of binding sites which are occupied by the
ligand (L).

Show that a plot (plot of log(¥Y /(1 - Y)) vs. log[L]),
will give a straight line with slope = n for binding

with infinite cooperativity.




If we look at the association with this, the chemical reaction therefore is P + nL giving us PLn
and Y as we considered in the previous, can be the fraction of binding sites which are occupied.
Now, if we can actually show that a plot of this logy/(1-Y) versus log[L] will give a straight line
with the slope = n for binding with infinite cooperativity, which says that all of our ligands bind
together to the protein.

(Refer Slide Time: 20:01)

@ ) IPL
K=o o =K[L* [ ([pL
[PIIL] [P] I i

it
log ((I;ﬁ =nlog([L]) + logK =

- [l EEneen
= TR PR

[P] Senis

" [PI+[PL,]

So let us see how this works. This [refer to slide] is our association constant, where by the law of
mass action we have [PLn] and [P] and [L]" as the two reactants. Then we can look at a
rearrangement of this separate equation and what we get is a fraction bound.

Y = [PLn]
[P1-[ PLa]

We get the fraction bound with the ligand in this case which is defined by our Y. So, we can
rearrange this equation to give us what 1 - Y is and from that we can do a bit of algebra to
determine that 1 - Y corresponds to : [P]

[P]+[ PLx]
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[PL,]
Y [P]+[PLy] _ [PLa]

=y Pl ]
[P+ [PLy]

&og (%) = n/log([Ll]) + log?/

Aplot of log (ryy) vs.log([L]) will be
a straight line with a slope = n

So, Y/(1-Y) will give us this [refer to slide] expression which will work out to a specific
expression which we get which is log (Y/1-Y) = nlog ([L]) + log K. So based on this if we plot
log (Y/1-Y) versus log ([L]), we will get a straight line with the slope = n.
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Hill equation
| ( )_— hlog[L] - 1 gK

K, = dissociation constant

Y = fraction of enzyme with substrate bound

%, = the fraction of binding sites which are

occupied for an enzyme binding substrate.

This is called the Hill equation. So we have log (Y/1-Y) =hlog [L] — log Kp. We will see what
this h means in a moment, Kp is the dissociation constant, Y is the fraction of the enzyme with
substrate bound and (Y/1-Y) is the fraction of the binding sites which are occupied for the
enzyme binding substrate.
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Hill equation Y

log (—) = hlog[L] - logK,
1-¥

Three cases:

1) If h = 1 then the enzyme exhibits no cooperativity

2) If h = n then the enzyme exhibits perfect cooperative
behavior.

Implies - enzyme fully bound to substrate or
completely unbound. Not usually observed.

3) If 1 < h < n then the enzyme exhibits a degree
of cooperativity. e.g. hemoglobin, h is about 3.

Now if we look at 3 cases, if h is equal to 1 then the enzyme exhibits no cooperativity as it is
called. The cooperativity factor means that the binding of one ligand facilitates the binding of the
other ligand to the binding site.

So if h is equal to n, then the enzyme exhibits perfect cooperativity saying that the number of
binding sites are occupied immediately. So, the enzyme in this case will be fully bound to the
substrate, if we are looking at an enzyme substrate situation or the protein fully bound with the
ligand, but this is not usually observed in reality.

In reality we have a value that is between 1 and n, then we say that the enzyme or the protein
exhibits a degree of cooperativity. For example, hemoglobin that has four binding sites which we
will see in a subsequent lecture, shows us an h of about 3. If now we work on this hill equation
looking at a hill plot and see how we can work on a specific example.
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[N
Aprotein (P) withan unknown | ¥ (L] ee,eq
number of binding sites bindsa 9 199, 126 4m
ligand (L). The cooperativity was [ 13 70, 20.0 um
investigated by monitoringthe 501 o,[ 31.6,4m
fraction of binding sites occupied (3 oo 44.7 m

(¥) at various free ligand 55.7%| 63.1uM
concentrations [L]. 73.8%| 89.1uM
Determine the cooperativity of [g¢ 30, 125.9 M
the binding. 90.9%| 199.5 uM

What is the minimum number of 94 10 3162 um
binding sites for this protein?

If we have a protein P with an unknown number of binding sites say with the L, the cooperativity
has been investigated by monitoring the fraction of the sites occupied with free ligand
concentration.

We want to know the cooperativity of binding and also the number of binding sites, the
minimum number of binding sites of this protein. Given that we know the fraction of binding
sites that are occupied at the specific free ligand concentrations that we have here, let us work to
find out the table that needs to be constructed to get our plot.
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¥ Hill equation and Hill plot
9.1% | 12.6 uM Y.
13.7%) 20.0 uM l'slog(l—_ y)z hloglL] - logK,
20.1%) 31.6 uM
36.0 %| 4.7 uM ?1'0 =
55.7%| 63.1 M 50-5 =23 ‘
73.8%) 89.1uM | & 00
86.3%)| 125.9uM| 2-0.5
90.9%[199.5uM| 1.0 FErrrrrrrri

L 1 2 log([L]) 3 :

So, we have Y and [L] and we need to find log (Y/1-Y) and this h log [L] — log Kp value here
and what we will get is from the slope we will get the value of h. If we plot the graph, this [refer
to slide] is the observed plot that we get for the data shown on the left. What this means now is



we it we need to find out what h is. h turns out to be from the linear part of the curve a value of
2.3.
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The cooperativity is the slope in the linear range = 2.3

—

The maximum possible cooperativity (infinite cooperativity)
has a value equal to the number of binding sites.

The cooperativity is less than or equal to n.

The number of binding sites must also be an integer. |
Minimum number binding siteg=3

This means that the cooperativity is the slope in the linear range that comes out to be 2.3 and the
maximum possible infinite cooperativity has a value equal to the number of binding sites. But in
this case the cooperativity has to be less than or equal to n, n means there is infinite
cooperativity.

The number of binding sites also must be an integer and what this indicates that the minimum
number of binding sites is 3 and this being a cooperative nature of the order of the value of h
being 2.3, indicates that there is some cooperativity in the binding of this ligand with the protein.
That means that once one ligand molecule bounds, this will help the other ligand molecules bind
to it.
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v Types of protein ligand interactions

v’ Kinetics and Thermodynamics of Protein ligand
interactions

v Experimental techniques in Protein ligand
interactions

v Theoretical analyses of protein-ligand
interactions

What we have looked at in the series in this module are, the types of protein ligand interactions,
the kinetics and thermodynamics of protein ligand interactions, followed by experimental
techniques in protein ligand interactions and in the previous lecture theoretical analysis of the
protein ligand interactions in terms of docking methods and other methodologies.

In the final lecture of this module we have looked at specific types of plots, what we can do from
an equilibrium dialysis experiment with actual data, how we plot a scatchard plot to determine
the number of binding sites and a hill plot from a hill equation to determine the cooperativity of
binding.
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END OF MODULE 5

PROTEIN LIGAND INTERACTIONS

(Refer Slide Time: 26:30)



» van Holde, Johnson, Ho., Principles of Physical
Biochemistry. Kersal E. Prentice-Hall

» Introduction to Proteins, Kessel and Ben-Tal, 2018

» Cantor & Schimmel; Biophysical Chemistry, Part |,
Part Il & Part Ill, W.H. Freeman and Co., New York

» Lehninger Principles of Biochemistry, 6 edition

» Donald Voet and Judith G. Voet Biochemistry;

4thedition

i

This ends this module 5, that dealt with protein ligand interactions. The references have been
given in each of the lectures which are also listed here [refer to slide].

Thank you.



