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CONCEPT: BIOSIGNALING
● Five features of signal transduction:
□ Specificity – specificity like any protein, signals usually chemical
□ Amplification – one molecule binding leads to enzymes amplifying the signal internally
□ Modularity – proteins are able to interact with multiple components of signaling pathway
□ Adaption – feedback modulates receptor presence, or activity
□ Integration – all signals are integrating into other signals to give appropriate response, signals don’t exist alone
● G protein-coupled receptors – ligand binding makes receptor change conformation on cytosolic side, activating G

● G protein has a GDP bound to its α subunit, when activated by the receptor, GDP is exchanged for GTP
□ This reaction is catalyzed by several guanine exchange factors (GEFs)
● G with GTP bound travels to, and activates, adenylyl cyclase that converts ATP to cAMP
● G protein is also a GTPase, and will slowly breakdown its bound GTP to GDP, leaving the α subunit inactive
□ GTP Activator Proteins (GAPs) increase the reaction rate of GTP à GDP
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CONCEPT: BIOSIGNALING
● cAMP – secondary messenger that activates protein kinase A (PKA) by allosterically binding to the regulatory subunit
□ Binding causes the regulatory subunit to release from the catalytic subunit, allowing catalysis to occur
□ Used as secondary messenger for MANY systems, hormones, and neurotransmitters
□ Broken down by cyclic nucleotide phosphodiesterase (PDE) cAMP à AMP
● Protein kinase A regulates many enzymes and proteins by covalently modifying S or T residues with phosphate group
● Anchoring proteins hold together the receptor, PK, and adenylyl cyclase
● Phosphorylation cascades activate and deactivate a series of proteins through the transfer of phosphate groups
● Epinephrine – hormone synthesized from tyrosine that binds to a GPCR and leads to the activation of PKA
□ PKA phosphorylates phosphorylase b kinase b to the active form, phosphorylase b kinase a
□ Phosphorylase b kinase a phosphorylates glycogen phosphorylase b to glycogen phosphorylase a
□ Glycogen phosphorylase a breaks down glycogen to glucose 1-phosphate, that is released as glucose into blood

● 1 molecule of epinephrine à 100,000 molecules of glucose
● ß adrenergic receptor kinase (ßARK) – binds and phosphorylates epinephrine receptor so it won’t work
□ ß-arrestin binds to phosphorylated terminal of receptors, signals the membrane trafficking system to pull
receptors back into the cell, where they’re stored in endosomes
● Cholera toxin causes NAD+ to be broken down and covalently linked (as ADP-ribose) to G protein
□ Covalent modification causes G protein to be stuck in active form
□ Leads to far too much cAMP being produced, resulting in pumping out excess Cl- and Na+, water follows solutes
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● G protein with GTP also activates phospholipase C, an enzyme that cleaves lipids
□ Phospholipase C cleaves the bond between the inositol phosphate and glycerol of phosphatidylinositol (PIP2)
□ Inositol trisphosphate (IP3) opens Ca2+ channel inside of cell
□ Diacylglycerol and Ca2+ activate PKC
□ IP3 and Ca2+ are also secondary messengers in many other signaling pathways

● Receptor tyrosine kinases (RTKs) – receptors capable of autophosphorylating at Y residues in response to ligand binding
□ Insulin receptor is an RTK that works best as a dimer, and initiates a phosphorylation cascade when insulin binds
□ Phosphorylates IRS-1, IRS-1 turns on Ras protein complex
□ Ras complex phosphorylates MEK, MEK phosphorylates ERK, ERK enters nucleus and activates gene
□ IRS-1 also activates PKB, which leads to more glucose transporters (GLUT4) in the membrane
□ PKB inactivates GSK3, leading to glycogen synthesis by glycogen synthase
- GSK3 inactivates glycogen synthase by phosphorylating it
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CONCEPT: BIOSIGNALING
● Crosstalk – signaling pathways interact with each other to modify cellular response

● Guanylyl cyclase – receptor enzyme that converts GTP to cGMP in response to ligand binding
□ Mostly membrane bound receptors, but one cytosolic guanylyl cyclase is known, and activated by NO
□ cGMP stimulates PKG cascade
□ NO, derived from arginine and O2, causes smooth muscle contraction
□ Viagra inhibits cGMP PDE, and cGMP stimulates smooth muscle contraction of vein leaving the penis
□ Asthma is an immune response that causes smooth muscle contraction in bronchia
- Use ß-adrenergic agonist raising cAMP levels, does the opposite of cGMP, relaxing smooth muscle

● Integrin (adhesion receptor) binds cytoskeleton and collagen in ECM
□ When these proteins change position, cells change shape and form
● While most receptors are found on the membrane, steroid hormone receptors are located inside the cell
□ Generally steroid receptors act as transcription factors
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CONCEPT: GLYCOLYSIS
● Glucose has many uses in the cell
□ Glycogen, starch, and sucrose for energy storage
□ Extracellular matrix and cell wall polysaccharides
□ Ribose 5-phosphate via the pentose phosphate pathway
□ Pyruvate for aerobic cellular respiration
● Glycolysis has 2 phases:
1.) Energy Investment Phase

__________________________________________________________________________________________________
2.) Energy Payoff Phase
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CONCEPT: GLYCOLYSIS
1. Hexokinase (∆G’o = -16.7 kJ/mol) glucose à glucose 6-phosphate

2. Phosphohexose isomerase (∆G’o = 1.7 kJ/mol) glucose 6-phosphate à fructose 6-phosphate

3. Phosphofructokinase (∆G’o = -14.2 kJ/mol) fructose 6-phosphate à fructose 1,6-bisphosphate

4. Aldolase (∆G’o = 23.8 kJ/mol) f 1,6-bp à glyceralehyde 3-phosphate (G3P) + dihydroxyacetone phosphate (DHAP)
□ ∆G at cellular conditions is between -6 and 0 kJ/mol
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CONCEPT: GLYCOLYSIS
5. Triose phosphate isomerase (TIM) (∆G’o = 7.5 kJ/mol) DHAP à G3P

● Everything from this point on is doubled for 1 molecule of glucose
6. Glyceraldehyde 3-phosphate dehydrogenase (∆G’o = 6.3 kJ/mol) G3P + Pi + NAD+ à 1,3-bisphosphoglycerate + NADH

7. 3-Phosphoglycerate kinase (∆G’o = -18.5 kJ/mol) 1,3-bisphosphoglycerate + ADP à 3-phosphoglycerate + ATP

8. 3-Phosphoglycerate mutase (∆G’o = 4.4 kJ/mol) 3-phosphoglycerate à 2-phosphoglycerate
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CONCEPT: GLYCOLYSIS
9. Enolase (∆G’o = 7.5 kJ/mol) 2-phosphoglycerate à phosphoenolpyruvate (PEP) + H2O

10. Pyruvate kinase (∆G’o = -31.4 kJ/mol) PEP + ADP à pyruvate + ATP
□ Pyruvate comes out of the reaction in the enol form, but immediately converts to the keto form

● Reactions 1, 3, 10 are the major drivers of glycolysis because they have -∆G, and are very favorable
● Other molecules can feed into glycolysis, but it always costs 2 ATP
□ Glucose à glucose 6-phosphate
□ Lactose à glucose + galactose
□ Mannose à mannose 6-phosphate à fructose 6-phosphate
□ Fructose à fructose 1-phosphate à glyceraldehyde + DHAP à G3P

● Glycerol à glycerol 3-phosphate à DHAP à G3P
□ Uses 1 ATP, and generates 2 ATP, but it also generates 2 NADH
□ Generates excess NADH for glycolysis to be sustained with fermentation, can only be used in aerobic conditions
● Glycogen phosphorylase breaks down glycogen to be used as glucose by the cell
□ Glycogen à glucose 1-phosphate à glucose 6-phosphate
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CONCEPT: FERMENTATION
● The fate of pyruvate is determined by the conditions under which the cell is performing glycolysis, and the type of cell
□ Anaerobic conditions à lactate in humans
□ Anaerobic or hypoxic conditions à ethanol + 2CO2 in yeast
□ Aerobic conditions à acetyl-CoA
● Alcohol fermentation – pyruvate is converted to ethanol, releasing CO2 and oxidizing NADH

● Lactic acid fermentation (Cori cycle) – pyruvate is reduced directly by NADH, forming lactate and reforming NAD+
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CONCEPT: GLUCONEOGENESIS
● Gluconeogenesis uses many of the same enzymes as glycolysis because their reactions are readily reversible
□ Reactions 1, 3, and 10 cannot simply be reversed because they are too favorable, new enzymes required
● Gluconeogenesis creates glucose from a variety of feeder molecules
□ Fats – only glycerol can enter gluconeogenesis
□ Amino acids – only L and K are unable to be gluconeogenic, others can only contribute certain carbons
□ Lactate can be converted to pyruvate

● 2 Pyruvate + 4 ATP + 2GTP + 2NADH are used to form one glucose
● Glycolysis and gluconeogenesis occur in the cytosol, but don’t occur simultaneously
□ The two pathways are tightly regulated so they don’t become a futile cycle
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CONCEPT: GLUCONEOGENESIS
● Cannot reverse pyruvate kinase, must convert pyruvate to oxaloacetate before PEP
● Pyruvate carboxylase – pyruvate + ATP à oxaloacetate + ADP
□ Adds CO2 to pyruvate

● PEP carboxykinase – oxaloacetate + GTP à PEP + GDP
□ Removes CO2 and phosphorylates

● Fructose 1,6-bisphosphatase reverse the action of PFK-1 (fructose 1,6-bisphosphate à fructose 6-phosphate)

● Glucose 6-phosphatase reverse the action of hexokinase (glucose 6-phosphate à glucose)
□ Enzyme is only present in liver cells
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CONCEPT: PENTOSE PHOSPHATE PATHWAY
● Pentose phosphate pathway – glucose 6-phosphate enters, makes 2 NADPH and ribulose 5-phosphate
□ Produce ribose 5-phosphate for nucleotide synthesis and H synthesis
□ Produce erythrose 4-phosphate for FWY synthesis
□ Can completely oxidize glucose
□ Source of NADPH, uses NADP+ instead of NAD+
1. Glucose 6-phosphate dehydrogenase – glucose 6-phosphate + NADP+ à 6-phosphoglucono-δ-lactone + NADPH
2. Lactonase – 6-phosphoglucono-δ-lactone à 6-phosphogluconate
3. 6-phosphogluconate dehydrogenase – 6-phosphogluconate + NADP+ à ribulose 5-phosphate + NADPH
4. Phosphopentose isomerase – ribulose 5-phosphate à ribose 5-phosphate

● Transketolases transfer 2 carbon units
□ Use thymine pyrophosphate (TPP) as their transfer agent
□ Xyulose 5-phosphate + ribose 5-phosphate à G3P + sedoheptulose 7-phosphate (7C)
● Transaldolases transfers 3 carbon units
□ G3P + sedoheptulose 7-phosphate à fructose 6-phosphate + erythrose 4-phosphate (4C)

● NADPH helps prevent oxygen toxicity from super oxide radicals with glutathione reductase
□ Superoxide dismutase converts O2- to H2O2, and glutathione reductase peroxidase uses glutathione to form H2O
□ Glutathione reductase uses NADPH to convert glutathione back into active (reduced) form
□ NADPH inhibits glucose entry into the pentose phosphate pathway via feedback inhibition
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PRACTICE: BIOSIGNALING
1. The Scatchard analysis provides data on:
a. enzyme cascades
b. enzyme mechanism
c. gated ion-channels
d. protein phosphorylation
e. receptor-ligand interactions
2. When G protein-coupled receptors bind their ligand:
a. their ion channels open
b. adenylyl cyclase is immediately activated
c. GDP is replaced with GTP in protein G
d. perform an enzymatic reaction on the ligand
e. they synthesize protein G
3. Protein kinase A is:
a. activated by covalent binding of c-AMP
b. affected by c-AMP at the phosphorylation site
c. allosterically activated by c-AMP
d. completely inhibited by c-AMP
e. hydrolyzed by c-AMP
4. Hormone activated phospholipase C can convert physphatidylinositol 4,5 bisphosphate to:
a. diacylglycerol + inositol + 2 phosphates
b. glycerol + inositol + phosphate
c. glycerol + phosphoserine
d. diaglycerol + inosititol-trisphosphate
e. phosphatidyl glycerol + inositol + 2 phosphates
5. Autophosphorylation of receptor tyrosine kinases depends on:
a. dimerization of the receptor
b. ATP
c. ligand binding
d. conformational changes in the receptor through the membrane
e. all of the above
6. After insulin binds to its receptor?
a. Glycogen synthase become activated
b. The glucose transporter GLUT4 moves from internal membrane vesicles to the plasma membrane
c. The glucose transporter GLUT4 moves from the plasma membrane to internal membrane vesicles
d. Cyclic GMP is produced
e. Both a and b
7. Steroid hormones are carried on specific carrier proteins in blood because the hormones:
a. are too unstable to survive in blood on their own
b. cannot target cells without them
c. cannot dissolve in blood
d. need them to pass through the cell membrane
e. required them to bind the receptor in the nucleus
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8. List the 5 major features of signal transducing systems. (Hint: your answer must be a DESCRIPTIVE LIST without explanations)
-

PRACTICE: BIOENERGETICS
9. If Keq is greater than 1, and ∆G’° is negative for a particular reaction done at standard conditions, in which direction will the reaction
proceed?
a. the reaction will not proceed at all
b. the reaction will proceed forward
c. the reaction will proceed in reverse if it occurs at low temperature
d. the reaction will proceed in reverse
e. the reaction is at equilibrium
10. Which of the following is not correct?
a. Acid anhydride ∆G = -30 to -40 kJ/mol
b. Esters ∆G = -13 to -20 kJ/mol
c. Amides and peptides ∆G = -10 to -14 kJ/mol
d. Glucose when oxidized ∆G = -2,840 kJ/mol
e. Phosphocreatine ∆G = -10 kJ/mol
11. ΔG’° on the reaction, studentose à producate is -35 kJ/mole. This means under standard conditions the reaction:
a. is at equilibrium
b. will never react equilibrium
c. will not occur spontaneously
d. will proceed at a rapid rate
e. will proceed spontaneously from studentose to producate
12. Which of the following has the largest negative value for ΔG’° of hydrolysis?
a. phosphate ester
b. amide
c. glycoside
d. acid anhydride
e. aldol condensation
13. Consider the malate dehydrogenase reaction, ΔG’° = +29.7 kJ/mole:
L-malate + NAD+ à oxaloacetate + NADH + H+
This reaction as written:
a. can never occur in a cell
b. can occur in a cell if it is coupled to a positive ΔG’° reaction
c. can not occur at all because of its activation energy
d. does not even occur in Biochem texts
e. may occur in cells at some concentrations of substrates and products
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14. Muscle contraction involves the conversion of:
a. chemical energy to kinetic energy
b. potential energy to chemical energy
c. potential energy to kinetic energy
d. kinetic energy to chemical energy
e. chemical energy to potential energy
15. Biological oxidation-reduction reactions always involve:
a. participation of oxygen
b. formation of water
c. mitochondria
d. transfer of hydrogens
e. transfer of electrons
16. The standard reduction potentials (E’°) for the following half reactions are:
Fumarate + 2H+ + 2e- à succinate E’° = +0.031 v
FAD + 2H+ +2e- à FADH2 E’° = -0.219 v
If you mixed succinate, fumarate, FAD, and FADH2 together, all at 1M concentrations at pH 7.0 and in the presence of succinate
dehydrogenase, which of the following will happen initially?
a. fumarate and succinate would become oxidized and FAD and FADH2 would become reduced
b. fumarate would become reduced and FADH2 would become oxidized
c. no reaction, all reactants and products are already standardized
d. succinate would become oxidized; FAD would become reduced
e. succinate would become reduced, FADH2 would be unchanged because it is a cofactor
17. The hydrolysis of phosphoenolpyruvate has a ΔG’° of about -62 kJ/mole. The greatest contributing factor to this reaction is:
a. electrostatic attraction
b. ionization
c. polarization
d. tautomerization
e. dynamite
18. The reverse reaction of phosphoglucoisomerase has a K’eq of 1.97.
a. What is the ∆G’° for the reverse reaction, use 2.5 kJ/mol for RT.

b. If the cellular concentration of the substrate of this reverse reaction is 1.2 mM and the product 0.6 mM, what is the ∆G of the reverse
reaction.
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PRACTICE: GLYCOLYSIS
19. Converting 1 mole of fructose-1,6-bis phosphate to 2 moles of pyruvate by glycolysis results in:
a. 1 mole of NAD+ + 2 mole ATP
b. 1 mole NADH + 1 mole ATP
c. 2 moles of NAD+ + 4 moles ATP
d. 2 moles NADH + 2 moles ATP
e. 2 moles of NADH + 4 moles ATP
20. Glucose labeled with 14C in C-1 and C-6 gives rise to pyruvate labeled in:
a. all three carbons
b. its carboxyl carbon
c. its carbonyl carbon
d. its alcohol carbon
e. its methyl carbon
21. If glucose was labeled with 14C in C-1 and fed to yeast carrying out the ethanol fermentation, where would the 14C label be in the
products?
a. C-1 of ethanol and CO2
b. C-1 of ethanol only
c. C-2 (methyl) of ethanol only
d. C-2 of ethanol and CO2
e. CO2 only
22. The purpose of fermentation in cells is
a. to regenerate NAD+
b. to generate ATP
c. to generate NADH
d. to produce glucogenic compounds
e. to fully oxidize pyruvate
23. Which of the following reactions in glycolysis requires ATP as a substrate?
a. aldolase
b. hexokinase
c. pyruvate kinase
d. glyceraldehyde-3-P dehydrogenase
e. protein kinase A
24. Which of the following reactions in glycolysis produces ATP as a product?
a. aldolase
b. hexokinase
c. pyruvate kinase
d. glyceraldehyde-3-P dehydrogenase
e. protein kinase A
25. Which of the following is a ketose to aldose isomerization?
a. hexokinase
b. phosphoglycerate mutase
c. enolase
d. aldolase
e. triose phosphate isomera se
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26. The molecule [18F]-2-fluoro-2-deoxyglucose is:
a. an intermediate in glycosis
b. a positive regulator of glycosis
c. potent anit-cancer agent
d. an antibiotic
e. an imaging agent to detect tumors
27. In an anerobic muscle preparation, lactate formed from glucose labeled C-2 would be labeled in:
a. all three carbons
b. the alcohol carbon
c. the carboxyl carbon
d. carbonyl carbon
e. methyl carbon
28. Glycerol is considered a nonfermentable sugar because:
a. it can’t be fermented by biological enzymes
b. it produces too much NADH to be efficient
c. it does not generate any ATP
d. it cannot be oxidized
e. it can only be converted into substrates of the citric acid cycle
29. While most reactions of glycolysis are easily reversible, reactions ______________ are irreversible, and drive the pathway forward.
a. 2 and 4
b. 1, 3, and 10
c. 7, 8, and 9
d. 1, 5, and 7
e. 3, 8, and 10
30. Phosphoglucoisomerase (=phosphohexoisomerase) catalyzes the second reaction in glycolysis. Diagram the reaction in the
Glycolytic pathway. Be sure to show all atoms of substrate(s) and product(s).
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PRACTICE: GLUCONEOGENESIS
31. An enzyme used by both glycolysis and gluconeogenesis is:
a. phosphofructokinase-1
b. hexokinase
c. pyruvate kinase
d. glucose-6-phosphatase
e. 3-phosphoglycerate kinase
32. What enzyme used in gluconeogenesis reverses the action of the glycolytic enzyme phosphofructokinase?
a. Glucose 6-phosphatase
b. Pyruvate carboxylase
c. Phosphoenol carboxykinase
d. Fructose 1,6-bisphosphatase
e. Hexokinase
33. Which of the following statements about gluconeogenesis is false?
a. For starting materials, it can use carbon skeletons derived from certain amino acids.
b. It consists entirely of glycolytic reactions working in reverse.
c. It employs the enzyme fructose-1-6 bisphosphate phosphatase-1
d. It is one of the ways all mammals maintain blood glucose between meals
e. It requires ATP and GTP
34. Pyruvate cannot be directly converted to phosphoenolpyruvate (PEP):
a. it must first be converted to oxaloacetate, that is then converted into PEP
b. it must be converted at the cost of 2 ATP
c. because the reaction of pyruvate kinase is so energetically favorable
d. Both a and b
e. Both a and c
35. Glycolysis and gluconeogenesis are highly regulated; why is it important that these metabolic pathways are tightly controlled?
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PRACTICE: PENTOSE PHOSPHATE PATHWAY
36. Transketolases transfer parts of sugar molecules to other sugar molecules. The transferred segment is composed of:
a. 1 carbon
b. 2 carbons
c. 3 carbons
d. 4 carbons
e. 5 carbons
37. Transaldolases transfer parts of sugar molecules to other sugar molecules. The transferred segment is composed of:
a. 1 carbon
b. 2 carbons
c. 3 carbons
d. 4 carbons
e. 5 carbons
38. Which of the following statements about the Pentose Phosphate Pathway is correct?
a. It generates 36 moles of ATP per mole of glucose
b. It produces 6 moles of CO2 per mole of glucose
c. It is a reductive pathway consuming NADH
d. It is present in plants, but not in animals and bacteria
e. It provides precursors for amino acid biosynthesis
39. Which of the following acts in the Pentose Phosphate Pathway?
a. glycogen phosphorylase
b. aldolase
c. 6-phosphogluconate dehydrogenase
d. phosphofructokinase-1
e. pyruvate kinase
40. Glucose labeled with 14C in all of its carbon atoms, is added to a crude liver extract rich in the enzymes of the pentose phosphate
pathway. The most rapid production of 14CO2 will occur from glucose is carbons:
a. C-1
b. C-2
c. C-3
d. C-4
e. C-5
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