Exercise 15

Drug binding and investigation of the Michaelis Menten equation; the pitfalls of the methods of linearisation
In biochemistry, Michaelis–Menten kinetics (MM) is a classical model of enzyme kinetics. The MM equation describes the rates of irreversible enzyme reactions by relating the reaction rate to the concentration of the substrate. At steady state, the solution is:
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Eq.1

where Vmax is the constant of capacity (as a maximum reaction rate for enzyme kinetics); Km is an affinity constant having the same dimension (units) as S and S is the substrate concentration. The units of this equation are most commonly amount/time for velocity and Vmax; and concentration for Km and S.

This equation is very generic and able to describe any capacity-limited system that is governed by the law of mass action. It is extensively used in pharmacology in various forms to describe not only drug metabolism but also drug transport, protein (plasma or tissue) binding, receptor binding and reversible pharmacological effects (the Emax model). The reason is that different proteins are targets for drug binding in the body such as enzymes, transporters, ion channels or receptors.
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From Jusko JCP (1989)

For protein binding, the equation equivalent to the MM equation is:
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Eq.2

where Bound is the bound drug concentration, Bmax the maximal binding capacity of the transport protein(s) and Kd the steady state dissociation constant. Kd is the free concentration of the drug for which the bound concentration is equal to Bmax/2. The inverse of Kd is Ka, the steady-state constant of affinity. The unit of ka is the inverse of concentration. For example a Ka equal to 5X109 M means that to obtain half the saturation of Bmax, one mole of ligand should be diluted in a volume of 5X109 L.

In blood, a drug (ligand) coexists under two forms: bound [B] and unbound. The unbound drug is also called free [Free]. The proportion (fraction) of drug that is free depends on the specific drug affinity for plasma proteins. This proportion is called fu (from 0 to 1 or 0 to 100%) with u meaning unbound 
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Eq.3

where Total is the total plasma concentration of the drug. It should be noted that fu and [Free] are not synonymous and saying that fu increases does not automatically mean that [Free] increases.

In PK, the most commonly used analytical methods measure the total (plasma) drug concentrations i.e. [Total=B+Free]. As generally only the unbound part of a drug is available at the target site of action including pathogens, the assessment of blood and plasma protein binding is critical to evaluate the in vivo free concentrations of drug i.e. [Free].

The free concentration i.e. [Free] is obtained with the following equation:
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where fu (unbound fraction) is the fraction (from 0 to 1) of drug that is free of any binding. Fu can be directly determined in steady-state conditions using equilibrium dialysis (see later). 

Actually, fu is directly related to the binding parameters given in Eq.2 i.e. Bmax and Kd with:
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Eq.4

So, fu can be determined from an experiment aimed at determining the two parameters of Eq.2. This approach is more informative than determining fu under steady-state conditions because drug binding is a saturable phenomenon. For a new drug entity or for a PD endpoint that can be a hormone concentration (e.g. cortisol) or for a situation where some competition exists, we need to estimate Bmax and Kd.

Different methods are used to investigate drug binding both in vivo and in vitro. In vitro, the most used methods are equilibrium dialysis, ultracentrifugation and ultrafiltration. The next figure explains the principle of equilibrium dialysis.
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Drug (often radio-labeled) is introduced in chamber 1 that contains proteins. Drug can freely diffuse through a semi-permeable membrane into the second chamber (buffer). After some delay (e.g. 2 h), the system reaches an equilibrium with the same free drug concentration in the two chambers. Typical results are shown in the next figures.

Figure 1

[image: image8.png]ng/mL)

=]

Free (blue)and bound (red) (|

o

Total and free concentrations vs. time

> .
°
° ° °
[ |
[ | - [ | [ |
[ |
20 40 60 80 100 120 140 160 180

Time (min)




From this single assay, fu can be obtained with:
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And fb the binding percentage with:
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A more advanced protocol consists of repeating this kind of experiment but with very different drug concentrations in order to show a possible saturation of the proteins tested. The next tables give simulated results of such an assay with Total and free being the collected raw data.

Table 1: data obtained with equation 5

	Free
	Bound
	NS
	total
	free fraction
	Bound%

	1
	238
	0
	239
	0.42
	99.58

	2
	455
	0
	457
	0.44
	99.56

	4
	833
	0
	837
	0.48
	99.52

	5
	1000
	0
	1005
	0.50
	99.50

	15
	2143
	0
	2158
	0.70
	99.30

	20
	2500
	0
	2520
	0.79
	99.21

	30
	3000
	0
	3030
	0.99
	99.01

	50
	3571
	0
	3621
	1.38
	98.62

	100
	4167
	0
	4267
	2.34
	97.66

	200
	4545
	0
	4745
	4.21
	95.79

	500
	4808
	0
	5308
	9.42
	90.58

	1000
	4902
	0
	5902
	16.94
	83.06


Table 2: data obtained with equation 6
	Free
	Bound
	NS
	total
	free fraction
	Bound%

	1
	238
	10
	249
	0.40
	99.60

	2
	455
	20
	477
	0.42
	99.58

	4
	833
	40
	877
	0.46
	99.54

	5
	1000
	50
	1055
	0.47
	99.53

	15
	2143
	150
	2308
	0.65
	99.35

	20
	2500
	200
	2720
	0.74
	99.26

	30
	3000
	300
	3330
	0.90
	99.10

	50
	3571
	500
	4121
	1.21
	98.79

	100
	4167
	1000
	5267
	1.90
	98.10

	200
	4545
	2000
	6745
	2.96
	97.04

	500
	4808
	5000
	10308
	4.85
	95.15

	1000
	4902
	10000
	15902
	6.29
	93.71


The first data set has been simulated with Eq.5. The second set was simulated with Eq.6 which is the most frequently used equation incorporating two binding sites namely a saturable and a non-saturable (NS) binding site.
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Eq.5
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Eq.6

where Total (the dependent variable) is the total concentration in chamber 1 and Free (the independent variable), the concentration in chamber 2.

Bmax, Kd and NS are the parameters of interest. Bmax and Kd were previously defined and NS is the proportionality factor for the non-specific (non-saturable) binding. NS can be viewed as a Bmax/Kd ratio when Kd >>[Free] for this protein or binding site.

· Open WNL to plot these data using an arithmetic scale (Figs.2 and 3)

Figure 2: Arithmetic plot of data given in Table 1
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Figure 3: Arithmetic plot of data given in Table 2

[image: image14.png]Free vs Total concentrations

NS=Yes.

)
E
=3
g
5
©

500
Free (ng/mL)





Comment on the differences between these two figures?

For Figure 2, what are the approximate values of Kd and Bmax ?

Plot the same curves using a log X scale.

What are your comments? 

Do you agree that the hyperbolic curve (Figure 2) was transformed into a sigmoid curve (Figure 4)? 

Is it easier to have some initial value of Kd from this figure?

Figure 4: Semi-logarithmic plot of the data given in Table 1
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Figure 5: Semi-logarithmic plot of the data given in Table 1
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Estimation of Bmax, Kd and NS using Non-Linear regression.

It is no longer acceptable with modern computers to analyze binding data using some linear transformation such as the Scatchard/Rosenthal plot (see last section of this exercise). We will use WNL to estimate Bmax, Kd and NS using a User model. 

For the second data set (three parameters to estimate i.e. Bmax, Kd and NS), can you write the model yourself?  
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You can also paste the following Word listing and edit it as required 

MODEL

remark   ******************************************************

remark   Developer:
PL Toutain

remark   Model Date:
03-29-2011

remark   Model Version:
1.0

remark   ******************************************************

remark

remark - define model-specific commands 

COMMANDS 

NSECO 3

NFUNCTIONS 1

NPARAMETERS 3

PNAMES  'Bmax', 'Kd', 'NS'

SNAMES  'fu5', 'fu100','fu1000'

END

remark - define temporary variables

TEMPORARY 

Free=x

END 

remark - define algebraic functions

FUNCTION 1

F= Free+(Bmax*Free)/(Kd+Free)+NS*Free

END

SECO

remark: free fraction for free=5 or 100 ng/ml

fu5=5/(5+(5*Bmax)/(kd+5)+NS*5)*100

fu100=100/(100+(100*Bmax)/(kd+100)+NS*100)*100

 fu1000=1000/(1000+(100*Bmax)/(kd+1000)+NS*1000)*100

END

remark - define any secondary parameters

remark - end of model

EOM

The next two figures show the fitted plot obtained with the second data set and the corresponding residual plot. 

Figure 6: Observed and fitted data given in Table 2 and fitted with Equation 6
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Figure 7: Residual plots of fitted data given in Table 2 and fitted with Equation 6
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Parameter estimates for the full mode including an NS component
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Edit this model to fit the first data set i.e. delete the NS of the user model.

Linearization of the MM equation

Before nonlinear regression programs were available, scientists transformed data into a linear form, and then analyzed the data by linear regression. There are numerous methods to linearize binding data; the two most popular are the methods of the Lineweaver-Burk and the Scatchard/Rosenthal plots.

A Lineweaver–Burk plot consists of plotting the inverse of the [Free] against the inverse of [B] with:
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This is of the form Y=b +aX i.e.  a single straight line.

With b, the intercept equals 1/Bmax, a, the slope equals Kd/Bmax and X, the independent variable equals 1 /X.

Using your raw data of data set 1 (I added a value for F=0.25), construct a Lineweaver–Burk plot.

Table 3: Data set for the Lineweaver-Burk plot

	F
	1/F
	B
	1/B

	0.25
	4
	61.7283951
	0.0162

	1
	1
	238.095238
	0.0042

	2
	0.5
	454.545455
	0.0022

	4
	0.25
	833.333333
	0.0012

	5
	0.2
	1000
	0.001

	15
	0.06666667
	2142.85714
	0.00046667

	20
	0.05
	2500
	0.0004

	30
	0.03333333
	3000
	0.00033333

	50
	0.02
	3571.42857
	0.00028

	100
	0.01
	4166.66667
	0.00024

	200
	0.005
	4545.45455
	0.00022

	500
	0.002
	4807.69231
	0.000208

	1000
	0.001
	4901.96078
	0.000204


Figure 8: Lineweaver-Burk plot of data set given in Table 3
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Using classical linear regression, the intercept is  0.0002 and the slope is 0.004, giving an estimate of Bmax=1/0.002=5000 and of Kd=slope X Bmax=20 ng/ml meaning a perfect estimate.
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· Now repeat your estimation of these two parameters (Bmax, Ka) by linear and non-linear regression but after altering a single value (replace the first value B=61.7 by B=50). 
Actually, the linearization has many drawbacks. Firstly, the inspection of the plots is not intuitive (except the linearity). Secondly, and more importantly, by transforming observations (making reciprocals), the error standard of the model is widely altered leading to very inaccurate parameter estimates (except for data without noise). In addition, the weights of the different data points are very different and any mistake in small values can lead to totally different estimates between linear and non-linear regressions as demonstrated here. 

Conclusion: 

The data obtained by linearization should never be the source of the actual values of the binding parameters due to the high sensitivity to errors inherent to all inverse plots. 
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