Chemistry 150 Name:

Exercise 8:Kinetics and equilibrium
Michadis-Menten kindics

The study of enzymekineticsis key to understanding the mechanism of how an
enzyme performsits function. In 1913 Leonor Michaelis (German physician) and
Maud Menten (Canadian physician) researched and developed arelatively
simple model of enzyme kinetics.

It starts with the idea that an enzyme molecule (E) must meet with its substrate
molecule (S). The substrate is the molecule on which the enzyme will perform its
action. Together, they form atemporary, and until recently, unmeasurable
complex called the enzyme-substrate complex (ES). That complex hastwo
choices: fall apart back into a separate enzyme and substrate, or elselet the
enzyme doitswork and form a product molecule (P), releasng the enzyme
unchanged. The former of the pathsisdescribed by the backwards arrow in the
first equation below, and the latter path isdescribed by the second equation.

E+S=—ES
ES vy E+P

Since all of these reactions take place in water, it is sensible to measure the
concentrations of various chemical species, not their mass or mole quantities.
Thus, the notation [chemical species] will be used to denote their concentrations.
For instance, [E] is the concentration of enzyme-substrate complex in the
solution.

The subscripted OlQletters above and below represent rate constants for the
various reactions. A rate constant works asfollows: suppose | want to know the
rate at which the product molecule will form; I@ call this OMQ Evidently, the rate
at which the product will form isdependent on how much enzyme-substrate
complex is made; after all, more ESmeans more P ultimately.

In other words, v " [EY, which istranslated as Ohe rate at which the product
formsis proportional to the concentration of enzyme-substrate complex in the
solutionO.

The rate constant existsto turn that proportionality into an equation:

v =k, [ES



The equation aboveistrue for any time during the reaction, but the rate will vary
asthereaction goeson and so istough to measure. A fairly easy measurement is
the initial rate at which the product appears; for instance, if the solution is
colorless originally and the product is colored, it is an easy thing to measure how
fast the product forms at first by simply measuring the amount of color the
solution attains asthe reaction proceeds.

Thisinitial rate of product formation 1@ call &/Owhich istherate at time zero
(the start of the reactionQ

Vo = Ky [ES

Unfortunately for us, we cannot build a theoretical model of how enzymeswork
because neither of the quantities on the right side of the equation is measureable!

So wedl try a sneaky indirect method to get quantities that are measureable on
the right side of the equation, so we will be able to predict what v, should be for
agiven enzyme and compare that to the actual v, of the enzyme. That is how
science is supposed to work.

|@ make adistinction between enzymes that are OfeeOin solution and enzymes
that are OlbundOto a substrate molecule. N ote that at any given time, any

enzyme moleculein this solution must either be free or bound. We can then
define:

[Eow] = [El + [ES

Now, recast the equation so that [E] is alone on the left side.

Question 1:

[E] =

Put that asde for a minute. | will now define the rate at which the enzyme-
substrate complex will form:

rate at which [ES] forms = k, [E] [9]

How did | get that? Look at the two equations on thefirst page; note that the rate
at which ESwill form isdependent on how much E you have and how much S
you have. Thus, lots of E but little Sdoesn®get you much ES, and lots of Sbut
little E doesn®get you much ES, but lots of E and lots of Sgets you lots of ES,



k, issimply the rate constant that holds the equation together along that
pathway.

Now, replace the [E] in the equation above with Question 1@ recagting of [E]:

Question 2:

rate at which [E] forms = k, ( 19

Next, |@l define a harder quantity: the rate at which the enzyme-substrate
complex will be used up. First of all, when something isused up, the rate at
which itisused up isonly dependent on how much of the something thereisin
the first place. In other words, if you have alot of something, you can useit up at
arate much fagter than if you only had alittle of something.

What I@n trying to say is that [ES] will be the only quantity involved.

Secondly, note that there are two pathways to use up ES: the GhackwardsO
reaction in the first reaction on thefirst page and the second reaction on the first
page. This means that there will be two rates that will need to be added together.

Question 3 (fill in the blanks before the [ES|@ on the right side):

rate at which [E] is used up = E] + ES

Now collect like terms on theright side.

Question 4:
rate at which [E] is usedup = ( + ) [ES

Next, we must make a crucial assumption, called the steady-state approximation.
This meansthat, at any given instant, the amount of ESin the solution stays
constant. This seems crazy, what with all the formation and using up going on,
but note that if those two processes happen at the same rate, then the net change
in the amount of ESis zero.

rate at which [E] is used up = rate at which [E] forms

Note that you have calculated both sides of the equation above in terms of other
guantities; by the rules of algebraif A =Band B=C and C=D, then A =D.
Write the equality above using theright sides of the equations you wrotein
Questions 2 and 4.



Question 5:

With a couple of deft manipulations, you should be ableto isolate all of the k
(rate constant) terms on the right side of the equation. In fact, | help you with
that; all you haveto do isfill in the left side.

Question 6:
kll 1 + k2
ky

The quantity on theright side of the equation above isitself a constant and so is
redefined asK,,, or the Michaelis-Menten constant.

k., + k,
ky

K, will be agood number to compare the activity of different enzymes, aswed
see later.

K, =

Now, | will take over the algebra. With the definition of K, and one
multiplication, | can change question 6@ equation into:

([Eowl ™ [ES) [9 = Ky [ES

Expanding the left side of the equation:

[Eewl [ " [ES [H = Ky [ES

Gathering all the [ES] terms on one side:

(Bl [9 = (Ky + [J) [ES



Finally, isolating [ES] on one side:

— [Etotal] [SJ
B9 = K, +19)

Remember 0 = k2 [ES] from the first page?| can now replace
the [ESF] in the equation above with the equation at the top of the page:

[EtotaI] [S] .O/
(Ky +[9)&

And remember how | complained that nothing on the right side of the equation
wasmeasureable? Well, now nearly everything is...except k,. We can get around
this, though.

vV =
2

We have to think of the fastest possible readion rate, given a certain amount of
enzyme. Call this Oy, O.Thiswill occur when there is so much substrate floating
around in the solution, that every single enzyme moleculeis bound and trying to
work on the substrate.

Vmax = k2 [Ea = k2 [Etotal]

since all of the enzymeisbound up. Notice that the right side of the equation
aboveishidden in the equation just above that.

Now, you get to write the Michaelis-Menten equation for enzyme kinetics by
repladng v,,, into the expression for v.

Question 7:

V =



How doesthis help usunderstand enzyme kinetics? The graph below shows
readion rate plotted against substrate concentration.

Question 8: Calculate v for the case where the substrate concentration isvery
large (in other words, if [§ >> K,,). Hint: the answer should be quite short!

Question 9: Calculate v for the case where the substrate concentration isvery
small (in other words, if [§ << Kj).

Question 10: Which of the two numbers, the question 8 answer or the question 9
answer, is bigger? Where does this value correlate to, on the graph above?

Question 11: Takethe case where[S] = 0 (in other words, thereis no substrate).
What will v be? Where does this value correlate to, on the graph above?

Question 12: The enzyme hexokinase catalyzes the transfer of a phosphate group
from ATP to asugar. K,, of hexokinase for a glucose substrate is 0.15; for a
fructose substrate, it is 1.5. Suppose you have two beakers of dilute sugar
solutions, one containing glucose and the other fructose. You add the same
amount of hexokinase to both beakers. Which beaker will contain more



phosphorylated sugar product, shortly after the addition of the enzyme? Show
your reaoning.

Equilibrium calculations

13.5.0 moles of ammonia are introduced into a 5.0 liter reactor vessel in which it
partially dissociates at high temperatures: 2NH3(g)! 3H2(g) + N2(g). At
equilibrium at 700;C, 1.0 moles of ammonia remains. Calculate K for the
reaction.

14.Gaseous phosphorus pentachloride decomposes according to:

PCls(g)! PClz(g) +Cl2(9)
K¢ for the reaction is 1.00" 103 mol/ L. Suppose 2.00 moles of phosphorus
pentachloridein a2.00liter vessel isallowed to come to equilibrium. Calculate
the equilibrium concentrations of all species.



15.For thereaction N2O4 (g) ! 2NO2 (), #Hxn = +58 k¥ mole. Write the
equilibrium expression and, using that, predict the results (in terms of the
direction the reaction will go) of the following changes to an equilibrium mixture
of the reaction.

a) Addition of NO2 (Q)

b) Addition of He (g) (not a catalyst, nor doesit react)

c) Decreasng the container volume

d) Increasng the temperature

e) Addition of aNi (s) catalyst

16. An example of thermodynamics and kinetics from biochemistry: F,, isthe
variable part of the antibody molecule and it bindsto a substrate, called a
hapten. At 25iC, the dissociation constant of an F,Bhapten complex is3.0" 1.

The rate constant of the release of the hapten from the complex is 120s*. What is
the rate constant for the capture of the hapten molecule by F,,?






