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Proteins that bind more than a single ligand

    In this lecture we shall consider the case of proteins 
that bind more than a single ligand. In detail, we shall 
discuss the following cases:

   (i) heterotropic linkage between two different ligands

   (ii) homotropic linkage between two identical ligands

   (iii) ligand-linked association-dissociation 



Heterotropic linkage between different 
ligands

    Some proteins present two 
different ligand binding sites, 
each specific for its own ligand



  Ligand binding to a protein presenting two different sites 
for two different ligands is described by a thermodynamic 
square

   The square is described by 4 equilibrium constant, and 
there are two paths leading from PXY to P:
            YKX * KY = [P][X][Y] / [PXY] = XKY * KX



    The formula:

                YKX * KY = [P][X][Y] / [PXY] = XKY * KX

implies that only three constants are independent, the 
fourth being defined by the other three; for example:

                          XKY = KY * YKX / KX 

If   YKX > KX  then the binding of X reduces the affinity for 
Y (negative linkage; remember that we are using 
dissociation constants!); conversely, if   YKX < KX  then the 
binding of X increases the affinity for Y (positive linkage).



Carrying out an experiment

    In order to determine the three dissociation constants 
of our thermodynamic square, we should measure the 
apparent affinity of the protein for either ligand at fixed 
concentration of the other ligand. 
    
    Since the ligand whose concentration is fixed may be 
bound or released while we add the variable ligand, we 
should select a concentration high enough to remain 
approximately constant



    In order to provide a mathematical description of an 
experiment in which ligand Y is kept at fixed 
concentration while the concentration of X is varied, we 
need to write down the so called binding polynomial of 
our system, i.e. an expression that defines the 
concentration of each species with reference to one of 
them:

[P] = reference species
[PX] = [P] [X] / KX

[PY] = [P] [Y] / KY

[PXY] = [P] ([X] / YKX) ([Y] / KY)



Our binding polynomial is as follows:

                  [P] + [PX] + [PY] + [PXY] =
    = [P] (1  +  [X] / KX  +  [Y] / KY  +  [X] [Y] / YKX KY)

we notice that each term of the binding polynomial 
represent one of the four species of the protein, and we 
can express the fractional saturation for the variable ligand 
X as follows:



   Clearly, the function we obtained is quite complex; after 
all, solving our system requires the determination of three 
equilibrium constants. However, if we carry out a 
sufficient number of measurements, at several 
concentrations of the fixed ligand Y, the least squares 
minimization routine will find the best estimates for the 
equilibrium constants.





   The ligand saturation function we found:

suggests an interesting graphical analysis of the X50:



The function 

is limited between:
 
[X]50 = KX   if  [Y] = 0

and

[X]50 = YKX  if  [Y] >> KY  





The structural basis of heterotropic linkage

Heterotropic linkage effect are mediated by ligand-linked 
structural changes of the protein, which may be of two 
kinds:
(i) the protein is stable in two conformations, either of 
which can be stabilized by either ligand; thus the ligand 
biases a structural conformation equilibrium;
or
(ii) the ligand causes the structure of the protein to 
change, in the absence of a true pre-existng equilibrium 
(so-called ligand induced fit).





Proteins constituted by identical, non-interacting subunits

    Many proteins are constituted by symmetrically arranged identical 
subunits. If the subunits bind ligands and do not present linkage, the 
lignd binding curve is indistinguishable from that of their monomers; 
however, one may question how the liganded and unliganded subunits 
are distributed in the oligomer. This question is preliminar to the analysis 
of homotropic linkage and ligand-linked association-dissociation.



     Let us imagine a symmetric homodimer costituted of identical 
subunits, each with a ligand binding site; the overall reaction scheme is:

M2 + 2 X  <=>  M2X + X  <=>  M2X2 

as long as the monomers are concerned, the reaction scheme is:
M + X  <=>  MX

and each monomer ignores whether the partner monomer in the 
homodimer is liganded or unliganded; thus the saturation function is:

[MX] / [M]tot = [X] / (Kd + [X])

    If we want to know how the liganded and unliganded monomers are 
distributed in the homodimers, we apply statistical considerations, and 
conclude that the distribution is binomial:
                 [M2] + [M2X] + [M2X2] = ([MX]/[M]tot + [M]/[M]tot)2 



     Replacing in equation:
[M2] + [M2X] + [M2X2] = ([MX]/[M]tot + [M]/[M]tot)2

 [MX]/[M]tot  with  [X] / (Kd + [X])  
and   

[M]/[M]tot  with  Kd / (Kd + [X])  

we obtain:

[M2] / [M2]tot = Kd2 / (Kd2 + 2 Kd [X] + [X]2)

[M2X] / [M2]tot = 2 Kd [X] / (Kd2 + 2 Kd [X] + [X]2)

[M2X2] / [M2]tot = [X]2 / (Kd2 + 2 Kd [X] + [X]2)

Thus, the apparent dissociation constant of the first site is  2 Kd  and that 
of the second site is  Kd2

 



The binding polynomial of a non interacting homodimer

    The binding polynomial of a non-interacting homodimer, taking as the 
reference species the unliganded protein (M2), can be written in several 
equivalent formulas:

 [M2]tot = [M2] (1 + 2 [X]/Kd + [X]2/Kd2) = 
= [M2] (Kd2 + 2 [X] Kd + [X]2) / Kd2 =
= [M2] (1 + [X] / Kd)2  = [M2] (Kd + [X])2 / Kd2

    The fractional saturation results: 
 [MX] / [M]tot = ([M2X] + 2 [M2X2]) / 2 ([M2] + [M2X] + [M2X2]) =

= ([X] Kd + [X]2) / (Kd + [X])2  = [X] (Kd + [X]) / (Kd + [X])2

where [MX] and [M]tot refer to the monomers, however distributed



The formula: 
[MX] / [M]tot = [X] (Kd + [X]) / (Kd + [X])2

should be used as such if we are interested in the distribution of liganded 
and unliganded monomers among the homodimers; can be simplified to:

[MX] / [M]tot = [X] / (Kd + [X])

if we are interested in the overall fractional saturation of the monomers, 
irrespective of their distribution among the homodimers 



Homotropic linkage between identical ligands

Homotropic linkage occurs between identical binding 
sites and identical ligands; the protein is usually an 
oligomer of identical or very similar subunits, 
symmetrically arranged; each subunit has one ligand 
binding site. 

Classical examples are hemoglobin, which is a tetramer; 
Asp transcarbamylase, which is a six-mer , double ring 
structure; and glycogen phosphorylase, which is a dimer.





     Homotropic linkage may be of the positive type (the 
first ligand increases the affinity for the second) or of the 
negative type (the first ligand decreases the affinity for 
the second).

    Positive homotropic linkage usually implies symmetry 
of the oligomer, whereas negative homotropic linkage 
implies asymmetry.

    Positive homotropic linkage is expressed as 
cooperativity and causes the fractional saturation vs. log 
[X] plot to be steeper than in the case of absence of 
linkage.



                                 Positive and negative homotropic linkage



     The basic feature of homotropic interaction is that the first and last 
binding site of the oligomer present different ligand affinity; in the case of 
positive homotropic interactions  K1 > Kn  and the opposite occurs in the 
case of negative homotropic interactions.

      If we consider a homodimer, we can write down the following binding 
polynomial (Adair’s polynomial):

                   [M2]tot = [M2] (1 + 2 [X] / K1 + [X]2 / K1K2)

notice that if  K1 = K2  the system behave as in the non-cooperative case 
discussed before.

     The fractional ligand saturation is:

    [MX] / [M]tot = ([X] /K1 + [X]2 /K1K2) / (1 + 2 [X] /K1 + [X]2 /K1K2)



The two-state model of Monod, Wyman and Changeux

    In 1965 Monod, Wyman and Changeux (MWC) proposed a radically 
innovative view of positive homotropic interactions. It should be stressed, 
however, that there are proteins that do not obey the MWC model and 
that the model does not account for negative homotropic interactions.

     The model’s assumptions are as follows:
(i) the protein is a symmetric homooligomer, capable of assuming two 
quaternary conformations, called T and R;
(ii) the two conformations are in equilibrium at every degree of ligand 
saturation
(iii) the two conformations have different ligand affinities, KR and KT, with 
KR << KT;
(iv) in the absence of the ligand the low affinity T-state is preferred. 



The reaction scheme of the MWC model is as follows:

The T- and R-states in themselves do not present cooperativity, and 
bind the first and last ligand with the same affinity:

KT = [Txn-1] [X] / [TXn]   for any value of n

KR = [Rxn-1] [X] / [RXn]  for any value of n



The allosteric constant L0 is defined as:    L0 = [T] / [R]

The model requires three independent constants: KR, KT and L0; all other 
Ls can be derived from these three:

 Li = L0 * (KR / KT)i

The binding polynomials of the R- and T-state, taking [R] as the 
reference species are:

     [R]tot = [R] (1 + [X] / KR)n

[T]tot = [R] L0 (1 + [X] / KT)n

This yieds the binding polynomial:
[P]tot = [R] { (1 + X / KR)n + L0 (1 + X / KT)n }



   The formula for the fractional ligand saturation of the MWC model is:

Positive cooperativity results from the fact that in the absence of the 
ligand the low affinity T-state predominates (L0 >> 1); however, as 
ligation proceeds the high affinity R-state becomes more populated 
(Li = L0 KRi / KTi) and in the fully liganded state the R-state predominates 
(Ln << 1).



Ligand-linked association-dissociation

    In some proteins that bind ligands and form oligomers ligand binding 
interferes with the association-dissociation equilibria; for example the 
insulin receptor is a monomer in the absence of insulin and a homodimer 
in the presence of the hormone.

    A less dramatic case is provided by human hemoglobin, a tetramer 
that can dissociate into dimers, the dissociation constants being in the 
microM concentration range for HbO2, and in the sub-nanoM 
concentration range for Hb.

    The hallmark of ligand-linked association-dissociation is that ligand 
affinity depends on protein concentration.





   The mathematical description of ligand-linked association-dissociation 
in the case of a non-cooperative homodimer is straightforward.
    The reaction scheme is as follows:

We immediately notice that only three of the five constant need to be 
independent, the other two being defined by the rule of thermodynamic 
squares. There is no rule on which constants we should selectfor our 
model, but it seems logical to use Jd, Kd and K0 as these are relatively 
easy to measure directly, while K1 is obviously awkward.  



    To write down the binding polynomial of our system we select as the 
reference species the unliganded monomer M, and we obtain:

[M] = reference species
[MX] = [M] * [X]/Kd

[M2] = [M]2 / K0

[M2X] = [M2] * 2 [X]/Jd

[M2X2] = [M2] * [X]2/Jd2

[M]tot = [M] (1 + [X] / Kd) + 2 [M]2 / K0 (1 + [X] / Jd)2

    From the binding polynomial one can calculate [M], the reference 
species, for any couple of values of [M]tot and [X], and use the value thus 
obtained to calculate the concentration of each species in the system.



Doubts on the definition of allostery

    The concept of allostery is not unequivocally interpreted in the 
literature; this is because Monod gave two different definitions, whose 
overlap is incomplete:

- in 1963 Monod was studying (with Changeux) the enzyme Thr 
deaminase that initiates the biosynthetic pathway for Ile, and is inhibited 
by this aminoacid (a negative feedback loop). Allostery in this context is a 
special case of heterotropic linkage.

- In 1965 in collaboration with Wyman, Monod turned his attention to 
hemoglobin and enzymes presenting homotropic linkage and defined 
allostery in terms of the quaternary conformational equilibrium described 
before.



Allostery in the absence of ligands

     A very special case, conceptually similar to two-state allostery, is that 
of voltage-gated ion channels.

     Voltage-gated ion channels usually are oligomeric membrane proteins 
in whose sequence clusters of charged aminoacid residues (usually 
positively charged Lys and Arg) are present. The protein is stable in two 
alternative conformazions, differing for the state of the pore (open or 
closed) and for the position of the charged cluster (closer to the 
cytoplasmic side or to the external side of the membrane).

     Accumulation of charges on one side of the membrane biases the 
conformational equilibrium of the channel in the direction that moves the 
charged cluster closer or farther away from the external charges. 




	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22
	Diapositiva 23
	Diapositiva 24
	Diapositiva 25
	Diapositiva 26
	Diapositiva 27
	Diapositiva 28
	Diapositiva 29
	Diapositiva 30
	Diapositiva 31
	Diapositiva 32
	Diapositiva 33
	Diapositiva 34
	Diapositiva 35
	Diapositiva 36

