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KEY

A. Give TWO reasons why ATP is considered to be a high energy molecule.
(10 points)

ATP is considered to be a high energy molecule because of the amount of free-
energy change associated with cleavage of the phosphoanhydride bond. Several
factors contribute to the large amount of energy released. First, electrostatic
repulsion among the negatively charged oxygen atoms of the phosphoanhydride
groups of ATP is less after hydrolysis. Second, the products of hydrolysis are
better solvated that ATP itself decreasing the repulsion between phosphate
groups. Third, the products of hydrolysis are more stable than ATP.

B. . Why is ATP used as the major energy currency of the cell? (5 points)

ATP provides energy by group transfers, not by simple hydrolysis. ATP holds an

intermediate position on the phosphoryl group transfer potential scale. Therefore,
ATP can carry energy from high-energy phosphate compounds produced by
catabolism to compounds such as glucose, converting them into more reactive
species. In return, ADP can serve as an acceptor of phosphoryl groups from
higher energy phosphate compounds yielding ATP.

Also, in aqueous solution, in addition to being thermodynamically unstable and
therefore a good phosphoryl group donor, ATP is kinetically stable. ATP does
not spontaneously donate phosphoryl groups to water or to any other potential
cellular substrate. Only when specific enzymes are present to lower the energy of
activation can phosphoryl group transfer from ATP occur,



Many metabolic reactions are coupled reactions. A common coupled reaction is substrate
phosphorylation by ATP. For example, the oxidation of glucose begins with its
phosphorylation to glucose-6-phosphate and is coupled to ATP hydrolysis. (15 points)

Glucose + Pi <> glucose-6-phosphate +H,O AG® = 14 kifmol
ATP + H,0 €-> ADP + Pi AG® = -30.5 kJ/mol

A. In muscle cells at 37°C, the steady state ratio of [ATP)/[ADP] is 12. Assuming
that glucose and glucose-6-phosphate (G6P) achieve equilibrium values in
muscle, what is the ratio of [G6P] to [glucose]?

The phosphorylation of glucose coupled to ATP hydrolysis is the sum of the two
reactions shown above.

ATP + glucose <=2 glucose-6-phosphate + ADP AG" =-16.5 kJ/mol
At equilibrium, AG =0 and AG =-RT In Keq

Keq = e "*°“®T = [ADP][G6P]
[ATP](glucose]

Since [ATP]/[ADP] = 12

G6P] = 12 4C0RT
lucosej

=12 e-(-iGSOOJImol)I(S.3 14JK/mol)(310K)

' =7233

- B. Each of the nine glycolytic intermediates between glucose and pyruvate is
phosphorylated. Give ONE function of the phosphoryl groups.

The phosphoryl groups appear to have three different functions:

1. They are ionized at pH 7, giving each glycolytic intermediate a negative
charge. Because the plasma membrane is impermeable to charged
molecules, the phosphorylated intermediates cannot diffuse out of the cell.
After the initial phosphorylation, no further energy is necessary to retain
phosphorylated intermediates in the cell, despite the large difference in
their intracellular and extracellular concentrations.



2. Phosphoryl groups are essential components in the enzymatic conservation
of metabolic energy. Energy released in the breakage of
- phosphoanhydride bonds is partially conserved in the formation of
phosphate esters such as glucose-6-phosphate. High-energy phosphate

compounds formed in glycolysis can donate phosphoryl groups to ADP to
form ATP.

3. Binding energy resulting from the binding of phosphate groups to the
active sites of enzymes lowers the activation energy and increases the
specificity of the enzymatic reactions.

Patients in shock experience decreased delivery of O, to tissues, decreased activity of
the pyruvate dehydrogenase complex, and increased anaerobic metabolism. Excess
pyruvate is converted to lactate, which accumulates in tissues and in the blood,
causing lactic acidosis. (20 points)

A.

What is the function of the pyruvate dehydrogenase complex?

The function of the pyruvate dehydrogenase complex is to oxidize pyruvate to
CO; and acetyl-CoA.

Since O, is not a reactant or product of the citric acid cycle, why do low levels
of O decrease the activity of the pyruvate dehydrogenase complex?

The NADH produced by oxidative reactions of the TCA cycle must be
recycled back to NAD+, a required co-factor for the pyruvate dehydrogenase
complex. When O2 levels are low, fewer NADH molecules are reoxidized by
02 via electron transport and oxidative phosphorylation. Therefore, the
activity of the pyruvate dehydrogenase complex decreases.

To alleviate lactic acidosis, shock patients are sometimes given

dichloroacetate, which inhibits pyruvate dehyrogenase kinase. How does this

treatment affect the activity of the pyruvate dehydrogenase complex?~

Pyruvate dehydrogenase kinase catalyzes the phosphorylation of the pyruvate
dehydrogenase complex, thereby inactivating it. Inhibition of the kinase shifts
the pyruvate dehydrogenase complex to its more active form.



The disease beriberi, which results from a dietary deficiency of vitamin B1
(thiamine), is characterized by neuroloic and cardiac symptoms, as well as increased
levels of pyruvate and o-ketoglutarate in the blood. (15 points)

How does a deficiency of thiamine account for the increased levels of pyruvate and
 a-ketoglutarate?

Thiamine (Vitamin B1) is required for the synthesis of thiamine pyrophosphate
(TPP), a coenzyme in the pyruvate dehydrogenase and a-keoglutarate dehydrogenase
complexes. TPP plays an important role in the cleavage of bonds adjacent to a

carbonyl group, such as the decarboxylation of a-keto acids, A thiamine deficiency
reduces the activity of these enzyme complexes and causes an observed increase in
levels of pyruvate and o-ketoglutarate.

You have isolated mitochondria and are measuring their respiratory function in a
- medium that irifiglly contains only buffer and the substrate succinate. You measure
their relative rate of oxygen consumption using an oxygen electrode.

The following graph illustrates the consumption of oxygen as a function of time.
" Reproduce the graph in your blue book and by extending the graphed line, show how

-the SEQUENTIAL addition of the substances indicated would alter the amount of
oxygen consumed in mitochondria. (20 points)

oligomycin rotenone

ADP + Pi uncoupler cyanide
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For each addition, briefly explain the biochemical reason for the change in oxygen
consumed that you have indicated:

I. ADP+Pi

Consumption of ADP and Pi to make ATP have no effect on oxygen
‘consumption, so it continues at the normal rate (i.e. oxygen is consumed, so
concentration measured by electrode decreases with time).

2. Oligomycin (inhibits the FoF; ATP synthase)
Electron transfer is normally coupled to ATP synthesis, so that continued electron
transfer and oxygen consumption requires ATP synthesis. Inhibiting the synthase
will therefore stop oxygen consumption.

3. Anuncoupling agent
ATP synthesis remains inactivated. Electron transport resumes and continues,
and oxygen consumption resumes because uncouplers allow electron transport in
the absence of ATP synthesis.

4. Rotenone (inhibits electron transport between NADH and FMN in Complex I}
Rotenone inhibits electron transport at Complex I. In this case the substrate is

succinate so electrons are donated to Complex II, thus bypassing Complex L
Therefore, the drug has no effect on oxygen consumption.

5. Cyanide (prevents cytochrome a/a; from participating in electron transfer in Complex IV)

Inhibiting cytochrome a/a3 oxidase in Complex IV also blocks electron transfer so
oXygen consumption stops.



Preparation of [y-*P]JATP (15 points)
Highly radioactive ATP labeled with **P in the y position is used extensively in

metabolic studies. In one procedure to produce [y->*P] ATP, investigators incubated
the following components:

1 L 50 mM pH 8 buffer

10 mM magnesium chloride

2 mM reducing agent

0.4 mM glyceraldehyde-3-phosphate

0.05 mM NAD"

0.2 mM ADP (not radioactive)

0.4 mg glyceraldehyde-3-phosphate dehydrogenase
0.2 mg phosphoglycerate kinase

Small amount of **P-labeled sodium phosphate

After the mixture was incubated for one hour, the ATP was recovered. Almost all of
the 2P was found in the y position of ATP.

A. How does this procedure work? Briefly describe the mechanisms.

The two enzymes catalyze a portion of the glycolytic pathway. First,
glyceraldehyde-3-phosphate dehydrogenase converts glyceraldehyde-3-
_phosphate by oxidation and phosphorylation to 1,3-bisphosphoglycerate. This
step uses inorganic phosphate to phosphorylate NOT ATP. Subsequently,
phosphoglycerate kinase converts 1,3-bisphosphoglycerate to 3-
phosphoglycerate. The phosphoglycerate kinase step produces ATP by
transferring the high energy phosphoryl group from the carboxyl group of 1,3-
bisphosphoglycerate to ADP. The ¥*P incorporated as 32Pi in the first step is
transferred in the second step, forming the radioactive [‘\(—32P]ATP.

B. What would you predict the outcome to be if an excess of arsenate (AsO4>),
was included in the reaction mixture. Explain your reasoning.

Arsenate, like phosphorus, is in Group V of the periodic table and is an analog of
inorganic phosphate (Pi). Many enzymes that require phosphate will also use
arsenate. Arsenate would compete for Pi in the active site of glyceraldehyde 3-
phosphate dehydrogenase reaction to yield an unstable analog of 1,3~
bisphosphoglycerate called I-arseno-3-phosphoglycerate. This compound rapidly
hydrolyzes in water non-enzymatically to yield 3-phosphoglycerate. So in the
presence of arsenate, glycolysis can proceed from 3-phosphoglycerate but the

- ATP production reaction involving 1,3-bisphosphoglycerate is bypassed. In our
example, no ATP would be formed. :

o
i
0\\ O—As— 0°
¢ lo HO  A0®  coo®
H~— (i: —OH nonenzymatic H— (lj__ OH
CH,0P0® CH,0P0 P 6

1-Arseno-3-phosphoglycerate 3-Phosphoglycerate
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