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Section 1: Properties of
Enzymes



Concept 1.1: Enzyme Complexes

» Enzymes consist of two parts: the protein portion
(apoenzyme) and the non-protein portion (cofactor or
coenzyme).

» The complete enzyme is called the holoenzyme. Subs"a'e'
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Coenzymes and cofactors are essential for enzyme
activity.

» They facilitate the chemical reaction by binding to the
active site of the enzyme.

. Apoenzyme Cofactor Holoe:
» Coenzymes are organic molecules and cofactors are (orosetn porton), Gonsioai oo ivsceenisoly
usually inorganic ions or molecules. inactive activator active

» They are involved in redox or electron transfer reactions,
and stabilizing the protein structure.



Concept 1.2: Lock/Key vs. Induced Fit Enzyme Models

» Lock/Key model suggests that the active site of the enzyme
is already in the perfect shape for the substrate to bind, like

a key fitting into a lock. Lock and Key:

» Induced Fit model proposes that the active site of the =
enzyme is flexible and changes shape to accommodate ¢ + .
the substrate when it binds, like a glove molding to fit a

hand.
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. ) Induced-Fit:

» Lock/Key modelis more rigid and less adaptable, with @

fixed active site that only allows specific substrates to bind. N [Ab? ~ [ A

| | + [l = (@ = (%

» Induced Fit model is more flexible and adaptable, allowing
for more specific and efficient enzyme-substrate
interaction:s.



Section 3: Enzyme
Regulation



Concept 3.1: Physical Factors that Affect Enzyme Rate

Temperature: Enzyme activity increases as temperature
increases

» Until a certain point, where the temperature causes the
protein to denature

» Proteins are generally most active from 30-37°c

H: Enzymes have specific ranges of pH where they
unction most optimally

» Changes in pH causes ionization of amino acid side chains
» This causes changes in protein structure

» Extreme pH changes can also affect protein folding and
cause denaturation.

Enzyme activity —

Enzyme activity —
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Figure X. (a) Graph displaying enzyme activity
vs temperature. (b) Graph displaying enzyme
activity vs. pH.



Concept 3.2: Substrate Conceniration and

Availability

Increases in substrate concentration will directly
increase the reaction rate, until maximum velocity Is
reached.

In reversible reactions, equilibrium will be reached
unless product is removed through other reactions.

Example: Glycogen is broken down to create the
substrate for glycolysis (glucose-6-phosphate)

Y initial reaction rate (mol L' 1)

A
Maximum velocity, Vv
-+
g
g./@@; (i(g
@ @ Enzyme is
@ @ saturated: far more
substrate than it can
@@@ deal with

—»>
[S], concentration of substrate {mol L)
Figure X. Graph of reaction velocity Vs. SUDSIrare ConceniuiiuiL,



https://www.youtube.com/watch?v=A6jI8otOdQA

Concept 3.2: Product Inhibition

Products can prevent reaction by binding to enzyme and prevent
reactants from binding.

Applying Le Chatelier’s Principle:

When concentrations of substrates are significantly higher than
products, Forward Reaction is Favoured.

When concentration of products are significantly higher than
reactants, Reverse Reaction is Favoured.



Concept 3.3: Covalent Modification

= Covalent modification

(typically downstream of
hormonal control)

» The addition of certain molecules on enzymes can

influence their activity Substrate Substrate

» Phosphorylation, glycosylation, etc.

» Phosphate are attached to serine, threonine and

tyrsosine amino acids in proteins Enzyme ﬁm igwm

» Canincrease/decrease protein activity

S P Covalent modification for
example phosphorylation

Figure X. Diagram of phosphorylation’s effects
on enzyme-substrate interactions.



https://quizlet.com/gb/449663724/bioenergetics-and-metabolism-l2-glycolysis-flash-cards/
https://quizlet.com/gb/449663724/bioenergetics-and-metabolism-l2-glycolysis-flash-cards/

Section 3 Quiz: Multiple Choice

Which fundamental principle surrounding enzymes explains why transition
state analogues are able to act as potent inhibitors of naturally occurring
enzymese

a. The induced fit theory

b. Allosteric inhibition

c. Enzyme specificity

d. Proximity and orientation effects




Section 3 Quiz: Multiple Choice

Answer: A

Remember that substrates and enzymes do not fit together immediately
upon binding. Enzymes and substrates will change their structure slightly
upon binding to increase the affinity between the two during the
reaction’s transition state. The induced fit theory states that binding
between enzymes and substrates is strongest at the corresponding
reaction’s transition state.




Section 4: Enzyme Kinetics



Concept 4.1: The Enzyme-Substrate Complex and

Reaction Rate

Substrate

» Enzyme-subsirate complex

» Formation of this complex IS ro’re—limi’ring s’rep of Enzyme-substrate complex

reaction

» Overall reaction = proportional to concentration of this
complex

Active site

Enzyme

Figure 1. Enzyme-substrate complex



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.vedantu.com%2Fquestion-answer%2Fwhat-is-an-enzyme-substrate-complex-class-11-biology-cbse-60cfae49b9d60b2eae31cede&psig=AOvVaw0vI1QBw5QM4daLEpF1AAL9&ust=1682134284516000&source=images&cd=vfe&ved=0CA4QjRxqFwoTCPCCrtaEuv4CFQAAAAAdAAAAABAD

Concept 4.2: Michaelis-Menten Equation

VO = (Vmax[S])/(Km + [S])
» VO = inifial reaction velocity
» Vmax = maximum reaction rate
» [S] = inifial substrate concentration
» Km = Michaelis-Menten constant
» Specific to each enzyme
» Reflective of enzyme's affinity for substrate
» Low Km -->low [S] needed to reach 50% saturation
>

High Km --> high [S[ heeded to reach 50% saturation

Vmax

Reaction velocity v

Substrate concentration [S]

Figure 2. Michaelis-Menten equation graphed



https://www.google.com/url?sa=i&url=https%3A%2F%2Fdepts.washington.edu%2Fwmatkins%2Fkinetics%2Fmichaelis-menten.html&psig=AOvVaw3Euf7KBkcJyhxcp8q0DoCJ&ust=1682134332793000&source=images&cd=vfe&ved=0CA4QjRxqFwoTCJisxu2Euv4CFQAAAAAdAAAAABAD

Concept 4.3: Enzyme-Subsirate Assumptions

> Measurements must be conducted when substrate
concentration is significantly higher than enzyme
concentration and significantly below maximum velocity

> Measurements are conducted immediately after mixing of
enzyme and substrate

» Reactions are performed at one particular enzyme
concentration



Concept 4.4: Michaelis-Menten vs. Lineweaver-

Burk Plots

» Lineweaver-Burk plot

>

vV v v v Vv

Linear plot

Reciprocal of each side of Michaelis Menten equation
Equation: (1/V0O) = (Km/(Vmax*[S]) + (1/Vmax)
X-intercept =-1/Km

Slope = Km/Vmax

Y-Intercept = 1/VMax
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Figure 2. Lineweaver-Burk Plot Graphed



https://www.google.com/url?sa=i&url=https%3A%2F%2Fcommons.wikimedia.org%2Fwiki%2FFile%3ALineweaver-Burke_plot.svg&psig=AOvVaw0-zVratKjlDzRgd-aMkslF&ust=1682134566051000&source=images&cd=vfe&ved=0CA4QjRxqFwoTCODypN2Fuv4CFQAAAAAdAAAAABAQ

Concept 4.5: Regulation of Allosteric Enzymes

Hill equation

» For allosteric enzymes

» Sigmoidal curve

» N = degree of cooperativity

» N> 1 -->positive cooperativity (binding of effector
increases enzyme activity)

Fraction of receptor bound by ligand

°
o
s}

» N <1 -->negative cooperativity (binding of effector
decreases enzyme activity)

» K1/2 = affinity constant (same as Km)

1.00 1

0.754

0.50 1

0251 /

0.5 1.0
Free Ligand Concentration

1.5

Hill
Coefficient

Figure 4. Hill equation graphed



https://www.google.com/url?sa=i&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FHill_equation_%2528biochemistry%2529&psig=AOvVaw0W-nEW-Ze0PW79NelYAgUI&ust=1682134662620000&source=images&cd=vfe&ved=0CA4QjRxqFwoTCNi98oqGuv4CFQAAAAAdAAAAABAP

Section 3 Quiz: 1 MC

An enzyme was assayed in the absence (-) or presence (+) of an
allosteric effector, and the following Lineweaver-Burke plot was L
obtained.

Which statement about the allosteric effector is correct?

a.
o.

C
d.

The effectoris an activator that increases both Vmax and Km
The effectoris an activator that increases Vmax but
decreases Km

. The effector is an inhibitor that decreases both Km and Vmax Pl

The effectoris an inhibitor that increases Km but decreases
Vmax

1/[S]



Section 3 Quiz: 1 MC

Answer: C

The effector is an inhibitor that decreases both Km and Vmax

Effect of an inhibitor on a Lineweaver-Burk plot

11Vy

Allosteric
effector
present

Increased y-intercept,
decreased V.,

Allosteric
effector
absent

18]

Left-shifted x-intercept,
decreased K,




Section 5: Enzyme
Inhibition



Concept 5.1: Reversible vs. irreversible inhibitors

Reversible inhibitors . S
Irreversible enzymatic inhibitors

Can bind and unbind to the enzyme
: ol Normally at
Has 4 different classes the active site

Covalent bonding
shares electrons,
SO is very strong

Irreversible inhibitors

A substrate analogue forms a permanent covalent
bond to the enzyme's active site

Figure 1. Diagram of how an irreversible inhibitor
blocks enzyme binding.

Creates a stable enzyme-inhibitor complex



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DnTz-Zk4ylH4&psig=AOvVaw0WrfE8KbxqyWgJF2o8rI4q&ust=1682132942812000&source=images&cd=vfe&ved=0CBEQjRxqFwoTCMiaktb_uf4CFQAAAAAdAAAAABAv
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DnTz-Zk4ylH4&psig=AOvVaw0WrfE8KbxqyWgJF2o8rI4q&ust=1682132942812000&source=images&cd=vfe&ved=0CBEQjRxqFwoTCMiaktb_uf4CFQAAAAAdAAAAABAv

Concept 5.2: Types of Reversible Enzyme Inhibitors

Competitive inhibitors

Bind to enzyme active site to block the binding of substrates

- Increases Km but does not change Vmax
Uncompetitive inhibitors - - -

Compet itive

Bind to enzyme when substrate binds to acfive site Py Noncm,,e.fti”""“’\ subsote (~"ihior
. n itol - 2N
Binds to allosteric site and prevents enzyme from being active E@ &
Decreases Km and Vmax
Noncompeﬁﬁve inhibitors Figure 2. A comparison between the three types

of reversible inhibitors.

Binds the enzyme or enzyme-substrate complex at allosteric
site

Decreases Vmax but does not change Km


https://www.youtube.com/watch?v=MN73RrG0x0U
https://www.youtube.com/watch?v=MN73RrG0x0U

Section 5 Quiz: MC

What type of inhibitor is the green line?

a. Uncompetitive

b. Competitive Normal
enzyme

c. Noncompetitive

Answer: b

Rate of reaction

What type of inhibitor is the blue line?

a. Uncompetitive

b. Competitive :
Substrate concentration

c. Noncompetitive

Answer: C



Section 5 Quiz: MC

What type of inhibitor is the green line?

a. Uncompetitive

b. Competitive Normal

c. Noncompetitive (o | Gl
©
5 I
©

What type of inhibitor is the blue line? o

a. Uncompetitive

b. Competitive :
Substrate concentration

c. Noncompetitive



Intermembrane space

'''''

X
FADH. FAD

NADH +2H"

NAD" + H"

Mitochondrial matrix Inner mitochondrial membrane



TCA cycle is the 1st stage of cellular
respiration, that removes high-energy
electrons from carbon fuels like acetyl-CoA.

These electrons reduce oxygen to generate a
proton gradient, along the inner
mitochondrial membrane, used to synthesize
ATP

Oxidative phosphorylation (OXPHOS) is the

linkage of reduction of oxygen to the
synthesis of ATP

@ Prrovate oXDATION

i @
oy =Y LEm
\"ﬁw“’“\c aC'«\»y\ Coh *@
\

: @ QTRIC

Steps of Cellular respiration.

ACID CvCLE \



https://www.khanacademy.org/science/ap-biology/cellular-energetics/cellular-respiration-ap/a/steps-of-cellular-respiration

Concept 7.2: The TCA Cycle

Reaction converts Acetyl CoA info 2 CO2 and generafes
high-energy e-

Oxaloacetate is combined with acetyl group of Acetyl-
CoA, and oxaloacetate is formed as the cycle ends

TCA cycle does not result in the gain or loss of cycle
intermediates

Intermediates produced from degradation of AA, and
conversion of pyruvate to oxaloacetate.

- Intermediates can exit cycle to be used for biosynthesis of AA
and
formation of glucose from AA by gluconeogenesis

Krebs Cycle

j diffuses ont of the cell
2 Acetyl COA wmpp- 4 Carbon Dioxide returns o the Krebs
Oxaloacetate Oxaloacetate em——7 Cycle +o be used again

% QLI;H\’ released into the cell

for evergy use
2 FADH; ?
travels +o the cristae +o bring

high-energy electrons +o the TS

TIw the Krebs Cycle, two 2-carbon molecules of acetyl CoA are converted
to four molecules of carbon dioxide

—o o ©
—o " o0

TCA Cycle Equation Overview.



https://humanbiology.pressbooks.tru.ca/chapter/4-10-cellular-respiration/

- Acetyl-CoA and

Oxaloacetate are joined
together by citrate synthase, |
which forms citrate and CoA f=°

| coo®
Citrate synthase regulated DY gyaloacetate

product inhibition

Inhibited by cifrate Citrate Synthesis.

coo®
Slo-CoA H,0 cIH2
C|=0 ey HO—CI—COOe+ HS-CoA + H®
CH; éHz
Acetyl CoA C|00@
Citrate


http://clfs690.alivetek.org/CLFS690/enzymes/citacid/citsyn.htm

Concept 7.4: Formation of a-ketoglutarate

Isocitrate is decarboxylated (loses coo coo
CQO2) by isocitrate dehydrogenase, HO—C—h CO, s
enerating the 1st NADH and CO?2 - T =
?from acetyl group) H—C—coo -teudogmase |, ¢
+
NAD" NADH -
— _H e ™ c—
* Catalysis of Isocitrate dehydrogenase H—¢ i ;
is the rate-limiting step (oJelo} CO0"
- Inhibited by ATP and NADH isocitrate alpha-ketoglutarate

. Activated by ADP and Ca?*

Formation of of a-ketoglutarate.



https://microbiologyinfo.com/krebs-citric-acid-cycle-steps-by-steps-explanation/

Concept 7.5: Oxidative Decarboxylation of a-

ketoglutarate

CoA is added to a-ketoglutarate
to form succinyl CoA releasing 2nd
CO, and NADH

Reaction catalyzed by a--
ketoglutarate dehydrogenase
complex

- Inhibited by NADH, Succinyl CoA
- Activated by Ca?*

CoA-SH
cuz —C00~ NAD* CH,—CO00"~
NADH |
Hz CH>» + CO2
c_o a-ketoglutarate CI—S-CoA
_ dehydrogenase Il
COO complex 0
a-Ketoglutarate Succinyl-CoA

AG'" = =33.5 kJ/mol

Oxidative Decarboxylation of a-ketoglutarate.



https://people.uleth.ca/~steven.mosimann/bchm3300/Bchm3300_L7.pdf

Concept 7.6: Products of the TCA Cycle

NADH/FADH2:

4 pairs of electrons fransferred to ETC: 3 pairs from 3NADH, 1 pair from FADH2
- 4reduced coenzymes per acetyl-CoA oxidized to CO2

GTP:

- 1 GTP produced

- GTP is essentially an equivalent energy source to ATP

CO2:

.- 2CO2 produced

- 2 C from Acetyl-CoA leave as CO2 (also a reduced coenzyme)

TCA Net Equation:

Acetyl-CoA + 3 NAD* + FAD + GDP + P, + 2H,0 2 CO, + 3 NADH + FADH, + GTP + 3 H* +

CoA

Pyruvate

\ Cytosol
l Mitochondria
Pyruvate

Pyruvate dehydrogenase  (QATP, acetyl-CoA, NADH, fatty acids
complex

&) AMP, CoA, NAD*, Ca?*

Acetyl-CoA
o
¢
Oxaloacetate  pud Neon  SAH
o,
Sc—coo e Ho—c—coor Citrat
29 Citrat the -
) ol itrate synthase L coq
HADHEH (RNADH, succinyk-CoA, citrate, ATP
" &) ADP 4o
NAD! Malate e Aconitase
dehydrogenase
o i Hig—Co0"
L-Malate  HC—co0 &—coo' | cls-Aconitate
HyC—C00" He—coo"
H0
A tase
H20 - Fumarase
Hic—coo"
H /€00 HE=COO™ yocitraty
Fumarate i Urmees
L& ®ate OH
00 W & ca®, ADP
Isocitrate o
NAD'
Succinate dehydrogenase
FADH dehydrogenase NADH+ H*
(Complex 2 of ETC) €Oz
FAD (@ succinyl-CoA, NADH HaC—COO
(&) Ca®*, ADP
CHaCO0" HiC
én,coo Succinyl-CoA alpha-KG L alpha-Ketoglutarate
) CoASH, 4
Succinate
HyC—COO
GTP N,é b
ab ’é e NADH
of
Succinyl-CoA

One cycle yields 7 products: GTP, 3 NADH (2.5 ATP per), 1 FADH2 (1.5 ATP per), 2 CO2

Overview of TCA Cycle.



https://www.khanacademy.org/science/biology/cellular-respiration-and-fermentation/pyruvate-oxidation-and-the-citric-acid-cycle/a/the-citric-acid-cycle

Concept 7.7: Overview of the Electron Transpori

Chain

Electron Transport Chain

- First step of OXPHOS

Intermembrane space

- Protein complexes found on mitochondrial
iInner membrane (IM)

- Uses energy from electron carriers (NADH,
FADH,) generated from catabolic

pOThWOyS (g|YCO|ySiS, TC CYC|e) TO pUmp Mitochondrial matrix Inner mitochondrial membrane
protons intfo IM space to eventually create
ATP Overview of the 4 complexes in the Electron

Transport Chain.



https://www.khanacademy.org/science/ap-biology/cellular-energetics/cellular-respiration-ap/a/oxidative-phosphorylation-etc
https://www.khanacademy.org/science/ap-biology/cellular-energetics/cellular-respiration-ap/a/oxidative-phosphorylation-etc

Concept 7.8: The ETC and Free Energy

ETC complex is determined by the affinity of different electron carriers
(redox potential & free energy)

Redox potential: Tendency for a molecule to acquire electrons by
becoming reduced

NADH and FADH2 readily pass their e- to the ETC (low redox potential)

In ETC, e- flows from low redox potentials to higher redox potential
compounds (higher to lower free energy)

3. Oxygen final acceptor for e- in the ETC (high redox potential).
Produces H20

Lactate shuttle

(o
M-A shuttle /\/
NADH /
400 — 60
uFA H GP shuttle 7

200 — g / 150
o Hd 4" FADH,
-
R R
'% 200 | 02 }r-' {30
5}
2, a0 | e A o
é Cytc
B 600 | H-4s" |,
(a7

800 L /\ _Jo

H,O

Complex I 11 I11 v

Free Energy of ETC. Top (High energy) and
bottomm (low energy).

Free Energy (kcal/ml)



https://www.toppr.com/ask/content/concept/electron-transport-system-ets-and-oxidative-phosphorylation-201445/

Concept 7.9: The Chemiosmotic Gradient

Gradient occurs due to differences in ion across
semipermeable membrane

Created when e- passes down ETC, free energy can be used to
move H* from the matrix into the inter-memibrane space

10-fold gradient across inner membrane, equivalent to 1 pH unit
difference

Membrane potential created across inner mitochondrial
membrane (IMM) due to + charge from H* in IMM space and
the net - charge in the matrix

Proton motive force (PMF) is a pH gradient and membrane
potential drives H* across the inner membrane back to the
matrix, driving ATP synthesis by ATP synthase

Chemiosmosis
Intermembrane @ @

space

= — Inner
@ @ 5 mitochondri
A membrane

|Proton pump|
Mitochondrial matrix

synthase

Chemiosmosis.



https://www.wikidoc.org/index.php/Chemiosmosis

Concept 7.10: ATP Synthase

Chemiosmotic gradient and resulting PMF causes
the beta-subunits to cycle between 3
conformational states to bind ADP to Pi, creating

ATP synthase required for OXPHOS but not part of
ETC

Proton motive force causes the -subunits to cycle

between 3 conformational states to bind ADP 1o
Pi, creating

Electrochemical

proton

gradient

+ . . . . Intermembrane

space

ner mitochondrial
- membrane

: Mitochondrial
. matrix

ATP

ATP synthase



https://theory.labster.com/atp-synthase/

Spotlight on Disease: Uncouplers of Oxidative

Phosphorylation

Uncoupling proteins

Brown fat generates heat (infants and hibernating animals) by uncoupling Collzx Fgae ]

proteins in the ETC, which bypass ATP synthase, allowing H+ to renter the matrix COUPLING UNCOUPLING

WITh out g ener Oﬂﬂ g ATP bUT h eat (oxidative phosphorylation) (proton leak)
W
Oligomycin H
. . . H'/ o H\ He
- Drug that binds the FO domain of ATP synthase (the part in IMM), and blocks Intermembrane space
proton channel Aty
. inner ATP synth
Gradient across IMM become too great that ETC eventually halts membrane N .
. o [
Synthetic uncouplers Matrix v \ i Y
. ADP+Pi ;
Uncouple OXPHOS & | ; Heat
oM
(ex. 2, 4-dinitrophenol) diffuses through the membrane and allows e- in ETC to ATP Synthesis
move through the membrane without pumping protons Mechanism of Uncouplers of OXPHOS.

Heat is produced


https://bodyheatbiology.weebly.com/how-is-it-different.html

Section 7 Quiz: 1 MC

1.Which molecule has the highest redox potential (lowest free energy)?

A.FADH2
B.NADH

C.Oxygen
D.Hydrogen

Answer: C



Section 7 Quiz: 1 SA

2. Explain the process of OXPHOS

|. ETC: Protein complexes found on mitochondrial IM that use energy from electron carriers generated
from catabolic pathways to pump protons into IM space to eventually create ATP

Il. Chemiosmotic gradient: Created when e- passes down ETC, free energy can be used to move H+
from the matrix intfo the inter-membrane space to fuel ATP synthase



