Enzyme Kinetics Tutorial


In this tutorial you will use the program mm.exe to study enzyme kinetics.  The program will show how the concentrations of several chemical species change with time.  We will use a model with three rate constants:
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The values of two of the rate constants, k1 and k-1, are held constant in this tutorial, and you can vary k2.  You can also vary the initial substrate concentration, [S]0, although the lowest value of [S]0 is roughly 1000-fold greater than the total concentration of enzyme.  For this reason it is not easy to plot [S] as a function of time on the same scale as we plot the other species, but you can look at the numerical value of [S] for any time on your computer screen under Results.


Every time you change the initial substrate concentration, [S]0 or k2, you must press the "clear" and "plot" buttons to see the effect of your changes.  The program graphs the concentrations of free enzyme [E] in black, enzyme substrate complex [ES] in blue, and product [P] in red as functions of time.  The program also displays the values of [E], [ES], [S], and the velocity of the reaction d[P]/dt as functions of time under Results.  You can use the slider to change the time, which updates the concentrations automatically.  However, you must change the "Maximum Time" yourself to make sure that the reaction has proceeded to the steady state phase.
There are four points which you will illustrate for yourself:

•
After a short pre-steady state period, the concentrations of free enzyme, [E], and enzyme-substrate complex, [ES] become essentially constant with time.  This is called the "steady state," and the rate of product formation (the velocity) is constant during steady state.  Virtually no substrate is consumed in the short period of time it takes to reach the steady state.

•
The ratio of [ES]/[E] in the steady state increases as the initial substrate concentration, [S]0, is increased.  However, both low and high values of [S]0 produce a steady state.

•
The velocity of the reaction increases with increasing [S]0 when [S]0 is low, and levels off to a maximum velocity, Vmax, at high [S]0.  At high [S]0 the enzyme is "saturated," and the rate cannot be increased.

•
The value of Km is the [S]0 which produces a velocity = Vmax/2.

Concept of the Steady State and Its Importance to Enzyme Kinetics

Imagine putting a dam with a floodgate across a river.  At first the level of the water rises behind the dam forming a lake and only a little water flows through the dam.  Gradually, rate of water passing over the dam increases and the level of the lake rises more slowly.  Finally, the water downstream of the dam flows at a constant rate, the same rate that water reaches the dam, and the level of the lake stays constant.  This is an example of a system in steady state.  Steady state differs from equilibrium in that there would be no water entering or leaving a system in equilibrium.


The level of the water in the lake is analogous to the concentration of the enzyme-substrate complex, [ES].  The value of [ES] is zero initially and quickly builds up to an essentially constant value, usually in a few milliseconds.  In steady state, the rate of formation of ES = rate of breakdown of ES.  Most measurements of enzyme velocity are done at least several seconds after the enzyme and substrate are mixed, long after steady state is reached.

Basic Tutorial
1.  Start the program and choose the value of k2 to be 1x103 and [S]0 to be 1x10-4 M.  Using the slider to change t, find the time at which the [ES] no longer changes significantly with time.  Change the value of the "Maximum Time" until you are sure that you are in the steady state.  This is the point at which [ES] is constant to two decimal places.  Find the time at which the velocity, 

, becomes constant to two (nonzero) decimal places. _________ 

Are the two times approximately the same?  _________ 
Has [S] gone down very much by the time steady-state is reached?  _________
2.  [S]0 values can be chosen between 1x10-6 M to 1x10-3 M; to display all of them click on the S0 button and use the vertical slider.  Choose the lowest value of [S]0, and write down the steady state ratio of [ES]/[E]:  _________.  Now use the highest value of [S]0, and write down the steady state ratio of [ES]/[E]:  _________.  The ratios are different for different levels of [S]0.  Do both reach steady-state?        _________.  What effect does increasing [S]0 have on the ratio of [ES]/[E]?  


_____________________________________________________________________________
3.  Choose the same value of k2 as you used in parts 1 and 2.  Pick a concentration of [S]0, and find the numerical value of the velocity once steady-state is reached.  Change the value of the "Maximum Time" until you are sure that you are in the steady state.  Write down the values of [S]0 and the velocity at steady state, or go to the data menu and copy and paste the values into a spreadsheet program.  Use at least seven values of [S]0, both high and low values.  [S]0 values can be chosen between 1x10-6 M to 1x10-3 M, and you can display all of them using the vertical slider that becomes visible when you open the pull-down menu.
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Open a spreadsheet program.  Make one column each for [S]0, velocity, 1/[S]0, and 1/velocity.  Plot velocity versus [S]0. Your plot should look something like the drawing below left:
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Does the velocity in your graph level off at high [S]0?  _________ 

Most enzymes follow "saturation kinetics," in which the velocity begins to level off at high [S]0.  Saturation kinetics is described by the Michaelis-Menten equation:














(1)


The horizontal asymptote is Vmax, and this velocity is only reached at high [S]0 when the enzyme is saturated with substrate.  Saturation means that all of the total enzyme is in the ES form already, and raising the [S]0 further can't increase the rate.  Km is value of [S]0 that produces a velocity equal to Vmax/2 (see point 4).


It is simpler to obtain values for Km and Vmax from a linear equation (2) than from the Michaelis-Menten equation (1).  Plot 1/v versus 1/[S]0.  Calculate the best-fit line through the data.  Your plot should resemble the one above right.  According to the Lineweaver-Burk equation:
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When we compare equation (2) with the equation for a straight line,
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we can see that the slope, m, = Km/Vmax and the y-intercept, b, is 1/Vmax.  Use the slope and intercept values from the best-fit line to calculate the values of Vmax and Km.  Compare this Km with the value of Km that the program displays on the screen.


Are the two values about equal?  _________ (They should be close.)


Slope = 
_________


Intercept = 
_________
 
Km = 

_________

            Vmax = 
_________


4.  Choose the value of [S]0 that is closest to the value of Km that you calculated in part 3. (It should be nearly identical.)  Recall that when the substrate concentration is equal to Km, the velocity is half of the maximum possible velocity, which we will now show.  

What is the value of the steady-state velocity divided by Vmax?  _________ 
What is the steady-state ratio of 

? _________
Are the two ratios nearly identical? _________ (They should be close.)  

The reason why the velocity is one-half of Vmax is that exactly one-half of the enzyme is in the ES form.  At a lower substrate concentration where, for example, one-third of the enzyme was in the ES form, the velocity would be Vmax/3.

Advanced Tutorial
      The rate constant for product formation, k2, can be either larger or smaller than k-1, and yet the enzyme still reaches steady state and shows saturation kinetics.  Briggs and Haldane showed that this was true, as long as [S]0 >> Etotal.  Michaelis and Menten had assumed k2 << k-1, the quasi-equilibrium assumption.  In the quasi-equilibrium model, the binding and release of the substrate by the enzyme essentially reach equilibrium because k2 is so slow.

Yet, Briggs and Haldane wanted a model that was more general than the quasi-equilibrium model and made no assumptions about k2.  In fact, for many enzymes the value of k2 is larger than k-1.  This fact has far-reaching consequences for the dependence of enzymatic rates on pH and for the kinetic isotope effect, which is the effect on rate of replacing an atom with another isotope of the same element.

•
For a mechanism involving only three rate constants (the one shown at the very top of this tutorial), the Michaelis constant is defined as: 
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Therefore, Km changes with different values of k2 in a predictable way.  More complicated mechanisms with more rate constants have different definitions of Km.

5.
The largest value of k2 in this program is 10-fold greater than the value of k-1, and the smallest value of k2 is 10-fold less than the value of k-1.  Choose two values of k2, the largest and smallest values that you can, and keep [S]0 constant.


Which value of k2 does not conform to the assumption made by Michaelis and Menten? _________ Do both reactions reach steady state?  _________  
Look at the values of the steady state velocity.  Are they the same or different?  _________  
If they are different, is the ratio as large as the ratio of the two values of k2?  _________
Which value of k2 produces the larger value of Km?  _________  
Is this in accord with the prediction made by equation 4?  _________
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