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e This is note set was built for personal use which may not perfectly
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Lecture 1, 2: Introduction and concepts

1.1 Life
Properties:

e A high degree of chemical complexity and microscopic
organization;

e Have systems for extracting, transforming and using
energy from the environment;

e Have the capacity for precise self-replication and self-
assembly;

e Have mechanisms for sensing and responding to
alternations surroundings;

e Have defined functions for each of their components and
regulated interactions among them;

e There’s a history of evolutionary change.

1.2 Cells
Cells are functional units of all living organisms.
It has basic components:
e Plasma membrane: lipids and proteins

e Cytoplasm: water, metabolites, ions, coenzymes, proteins,
ribosomes, DNA/RNA, organelles

1.3 Types of cells
a. Classification:



e Based on evolution origin: bacteria, archaea,

eukaryotes
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e Based on the way of metabolism: phototrophs (energy
from light), chemotrophs (energy from chemical
components)

b. The difference between prokaryotic cells and eukaryotic cells:
e No nucleus for prokaryotic cells
e Different organelles

Eukaryotic cell Prokaryotic cell

Nucleus Capsule

- ’/ B Ribosomes

Ribosomes

Golgi
complex

Endoplasmic
reticulum

Plasma
membrane

Plasma
membrane

Mitochondria

Cytoplasm Cytoplasm

Lysosome

The left cell is likely to be a mammalian cell, the right cell is

likely to be a E.coli cell. They are not in their actual size in this
picture.

c. Bacteria



Can be classified to be either Gram-positive or Gram-
negative, based on Gram staining.
e Gram-negative has outer membrane, Gram-positive
does not have outer membrane
e Gram-positive has thicker peptidoglycan layer than
Gram-negative
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e Different color under Gram staining: blue/purple for
Gram-positive, red/pink for Gram-negative

e Examples for Gram-negative is E.coli. It is used as the
genetic tool since it grows fast. But not all Gram-
negative bacteria are good. For example, E.coli can
cause food poisoning, unary tract infections, etc.

e Example for Gram-positive is bacillus subtilis. It is also
used as the genetic tool since its high protein
production. Also, not all Gram-positive bacteria are
good — staphylococci can cause infections.

e Cyanobacteria is a Gram-positive bacteria which can fix
nitrogen and carbon dioxide, can be used to produce
biofuels.

d. Eukaryotic cells
There are several types of eukaryotic cells: mammalian cells,
plant cells, yeast cells, insect cells



1.4 Cell dimensions and scales
e Shapes for cells:

spherical cells rod-shaped cells the smallest cells  spiral cells
e.g., Streptococcus  e.g., Escherichia coli, e.g., Mycoplasma, e.g., Treponema pallidum
Vibrio cholerae Spiroplasma

e Length scales:

Cells/organelles/bonds Length
Mammalian cell 10-20 um
Nucleus 5um
Mitochondria 2 um
E.coli 2 um
O-H bond 0.10 nm
C-C bond 0.15 nm
Amino acid in protein 0.40 nm
DNA base pair spacing 0.40 nm
Diameter of average protein 4 nm
Thickness of lipid bilayer 5nm

e Time scales:

e Fick’s 1%t Law of Diffusion: random walk — “drunk on

a hill”
oc
Flux | = =D <—)
ox
e Einstein Smoluchowski Equation
LZ
t=—
D

D is diffusion coefficient with unit of length?/time



Activity Time

Cell cycle for E.coli 20~40 min
Cell cycle for budding yeast | 70~140 min
Cell cycle for Hela cell 15~30 hr

DNA replication for E.coli 200~1000 bases/s

DNA replication for human | 40 bases/s

Transcription 10~100 bases/s

Translation 10~20 aa/s

e Concentration scales

Concentration

Concentration of 1 nM:
in E. coli =1 molecule/cell;
in Hel a cells =1000 molecules/cell

Characteristic concentration
for a signaling protein: =10 nM-1 uM

Water content: =70% by mass; general
elemental composition (dry weight) of
E. coli: =CH,ON,; Yeast: =CH, O,N,

Composition of E. coli (dry weight): =55%
protein, 20% RNA, 10% lipids, 15% others

Protein concentration: =100 mg/ml = 3 mM.
10%-107 per E. coli (depending on growth rate);
Total metabolites (MW < 1 kDa) =300 mM

e Molecular forces:
There are five primary types of forces between molecules
=> Full covalent bonds: Direct link between atoms by
sharing electrons
= Electrostatic forces/lonic Forces: Attraction or
repulsion due to —ve or +ve charged groups on
molecule



= Hydrogen bonds: ‘sharing’ of a hydrogen atom
between two molecules

= Hydrophobic interactions: Bunching together of
hydrophobic molecules to free up water molecules

= Van der Waals forces: Shimmering of electron
clouds in one molecules give induces a net attractive
force to another molecule

. Covalent bond: sharing electrons
Covalent bonds are very strong, bond length is generally

short.

Type Length / nm Strength / kJ mol! How common is it?
C-H 0.114 435 VV common
c-C 0.154 368 V common

C-N 0.147 350 V common

C-N (peptide) 0.133 500 V common

S-S 0.205 252 Rare but important
Cc=C 0.134 720 Quite common
Cc=0 0.123 1076 V common

An example is the peptide bond.

amino \
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(0]
c / carboxyl
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OH

The peptide bonds have the characteristic of rigidity.
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@ o-carbon

@ Carbonyl carbon
O Hydrogen

@ Nitrogen

@ Oxygen

@ Side chain

This can be seen as the “resonance” occurred. therefore,
the peptide bond has a partial double bond character
and hence the rigidity between C-N bond.

As the consequence, it allows the rotation of other two
bonds in the polypeptide until they interfere with each
other.

Another example is disulphide bridges. It holds the
peptide chain together.

®NH,
©00C —CH—CH,—SH + HS—CH,—CH—c00®

®NH,
Cysteine Cysteine

Oxidation

®NH,
©00c —?H— CH,—S—S—CH,— CH—c00®

®NH;
Cystine

These occur when cysteine side chains with a protein are
oxidized resulting in a covalent link between the two
amino acids.

lonic forces: electron transfer
In a vacuum, the force can be determined by:

1
% q19>

F =
dte,  r?

where,

= (1 g, are the charge on a single electron with value
1.602x 10~1°C



(8)
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= g, is the permittivity of free space with value
8.85x 10712 Fm™

has an estimated value at 9 X

1
= Therefore,
477.'80

107N m? C?

In water, we need to reshape the equation to:

1
F= % 414>
Ame,D 12

where D is the dielectric constant of water with value 80.

This is because water has an electric dipole, this align
with the local electric field to reduce the ionic force.

Example: ionic forces is important for amino acids with
charges chains (e.g. Glu, Asp, Lys, Arg). The majority of
charged group of a folded protein are at the surface.
They strong bonds when ions are within the protein
interior, excluding from water and ionic solutions.

. Hydrogen bonds

Example of H bonds is water.

Oxygen atoms in water are sp3 hybridized — 2 sigma
bonds and two lone pairs. Lone pairs form H bonds with
the 4 adjacent water molecules — gives a tetrahedral
shape.

This gives the biological significance for proteins and
DNA.

. Hydrophobic interactions
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In a network of water molecules with hydrogen bonds, a
water molecule can adopt 6 different positions with 4
neighboring water molecules

VAVAVLN
VAVAVLN

If we replace a neighboring water molecule to a non-polar
molecule, the hydrogens at top 3 configurations can no
longer form H bonds, this reduced the entropy.

Estimations:
Molecule Area/ Energy per Energy / kJ mol! Dissolves
nm2 molecule / J in water?
Oxygen O, 0.1 0.7 k, T 1.75 YES
Octane (CgH4g) 2.1 15k, T 37.5 NO
Protein ball 50.2 352 kT 880 Predicted NO
2nm radius

Examples: phospholipid bilayer

Water
( Q Q Q %Y Q 9
\ Hydrophilic
\ (\' ’ “heads”
Hydrophobic
A § c fatty acid “tails”
0 o ~ .Q Hydrophilic
“heads”
Water



e. Van der Waals forces:
Van der Waals forces are transient, weak electrostatic
attractions between two atoms. It rises due to the
fluctuating electron cloud surrounding each atom which
has a temporary electric dipole.

The magnitude is proportional to 1/r” —falls very fast.

Very common in proteins — the sheer number of the
interactions.

1.5 the chemistry of life

small organic building blocks larger organic molecules
of the cell of the cell

S e
TTY ACIDS - FATS AND MEMBRANE LIPIDS

1.6 Cell processes

e Examples: replicate, metabolism, communication,
specialization, differentiation

1.7 From cells to tissues

e Microbial communities — specific bacteria produce specific
compounds

12



e Cell differentiation: same genome but different
phenotypes.

1.8 Evolution
e DNA changes during evolution — mutation, duplication,
segment shuffling, horizontal transfer

Lecture 3: Lipids, membranes and transport

3.1 Lipids
e Organic molecules, low solubility in water, relative
hydrophobic
e Diverse functions:
= Storage of energy
= Reduced compounds: lots of available energy
= Hydrophobicity: good packing
= Insulation from the environment
= Low thermal conductivity
= High heat capacity — absorb energy
= Mechanical protection —absorb shocks
= Water repellant — hydrophobicity - keep the surface of
organisms dry
= Prevent excessive wetting (birds)
= Prevent the loss of water from evaporation
= Buoyancy control and acoustics in marine mammals
= Provide the main structure of cell membranes
= Be cofactors of enzymes
= Vitamin K: blood clot formation
= Coenzyme Q: ATP synthesis in mitochondria
= Be signaling molecules

13



= Paracrine hormones (locally)
= Steroid hormones (body-wide)
= Growth factors
= Vitamin A and D (hormone precursors)
—> Be pigments
= the color of tomatoes, carrots, pumpkins, birds
= Be antioxidants
= VitaminE
e The classification of lipids:
= The lipid contains fatty acids:
= Storage lipids: triacylglycerols
= Membrane lipids: phospholipid, glycolipids,
archaeal ether lipids
= The lipid does not contain fatty acids: cholesterols,
vitamins, pigments, etc.
e Fatty acids:
= Carboxylic acids with 4-36 carbons (usually even
number), mostly unbranched
= 3 types:
= Saturated: no double bonds between C
= Unsaturated: 1 double bonds between Cin
alkyl chain
= Polyunsaturated: more than 1 double bonds
= The names:
= Systematic name: cis-9-octadecanoinc acid
= Common name: oleic acid

o, .
SNV NNV, Delta numbering of carbon skeleton: 18:14°
e
18:1(A%  cis-9-Octadecenoic acid (describes location of the first carbon of the

alkene in relationship to the carbonyl carbon)

= Omega numbering of carbon skeleton: 18:1%?

14



(describes location of the first carbon of the
alkene in relationship to the terminal methyl)
= The solubility: decreases with the increase of chain

= The melting point:
decreases with the decrease of the chain
decreases with the increase of double bonds
= Saturated fatty acids pack in a fairly orderly
way, giving extensive favorable interactions
= Unsaturated cis fatty acids pack less orderly
due to the kink, less-extensive favorable
interactions
= Thus, it takes less thermal energy to disrupt
disordered packing of unsaturated fatty
acids — low melting point
e Structural lipids in membrane
=> a polar head group, a non-polar tail group
= diversification come from: backbones, fatty acids, head
groups
= the surface properties of membrane are determined by
the head group
= different organisms, different head group
compositions
= different tissue, different head group
compositions
e glycerophospholipids
= primary constituents of cell membranes
CHOH o = two fatty acids form ester linkages with the first and the

HO—2C—H O T
=éa,—o—lll—o— Ho/K\o;/'_\o- second hydroxyl groups of L-glycerol-3-phosphate
L

-Glycerol 3-phosphate (sn-glycerol 3phosphatey = 1 N€ phosphate group is charged at physiological pH
= The structure:

15
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= Unsaturated — commonly connect to C2 of L-

glycerol-3-phosphate

* The highly polar phosphate group may be further

esterified by an alcohol; the substituent groups

are known as the head groups

Saturated fatty acid
(e.g., palmitic acid)

o GcheroI(")

P
/\/\/\/\/\/\/\Ao/\l(\o//\o_x
OH O

Unsaturated fatty acid \/\MM Head-group
(e.g., linoleic acid) o substituent
Fatty acids
= Examples of glycerophospholipids:
Name of Net charge
glycerophospholipid Name of X—0 Formula of X (atpH7)
Phosphatidic acid — —iH -2
Phosphatidylett Ethanolami S NH, 0
Phosphatidylcholine Choline \/\T\ 0
o]
Phosphatidylserine Serine H‘ o -1
NH,
Phosphatidylgl | Gl | o -1
osphatidylglycero ycerol \){/ OH

Phosphatidylinositol
4,5-bisphosphate

Cardiolipin

myo-Inositol 4,5-
bisphosphate

Phosphatidyl-
glycerol

» Phosphatidylcholine is the major component of

most eukaryotic cell membranes

3.2 The lipid bilayer — membranes

e 3 major structures - the formation depends on type of lipids

and concentration:

= micelles:




Individual units are = forms in the solution of amphipathic molecules
wedge-shaped

(cross section of head that have larger, more polar head than tail
greater than that ..
of side chain). = composed of a few dozen to a few thousand lipid

molecules

= aggregation of individual lipids into micelles is
concentration dependent

. = bilayers
Micelle _
= consists of two leaflets
= forms when lipid with polar heads and more than
Individual units are L. . . .
cylindrical (cross section 1 lipid tail are in aqueous solution
of head equals that of . i .
side chain). = hydrophilic head groups interact with water on

both sides of the bilayer
= hydrophobic tails are packed inside
= liposomes (vesicle)

= small bilayers spontaneously seal into vesicles in a
concentration-dependent way

= synthetic vesicle membranes can be made into
vitro and can contain artificially inserted proteins

= the central agueous cavity can enclose dissolved
molecules

= yseful artificial carriers of molecules (e.g. drug)
Veskclo = fuse readily with cell membranes or others

e What are membranes?
= Complex lipid-based structures that form pliable sheets
Composed of a variety of lipids and proteins
= Separates the cell from its surrounding

= Eukaryotic cells have various internal membranes that
divide the internal space into compartments

17



e Functions:
= Define the boundaries of the cell
= Allow import and export
= Selective import of nutrients (e.g. lactose)
= Selective export of waste and toxins (e.g. antibiotics)
= Retain metabolites and ions within the cell
= Sense external signals and transmit information into the
cell
= Provide compartmentalization within the cell
= separate energy-producing reactions from energy-
consuming ones
= keep proteolytic enzymes away from important
cellular proteins
—> Store energy as a proton gradient
= Support synthesis of ATP
e Common features:
= Sheet-like flexible structure, 3-10nm thick
= Main structure is composed of two leaflets of lipids
= Form spontaneously in aqueous solution and are
stabilized by non-covalent forces, especially
hydrophobic effect
= Protein molecules span the lipid bilayer
= Asymmetric:
= Some lipids are found commonly “inside”
= Some lipids are found commonly “outside”
= Carbohydrate moieties are attached on the outer
leaflet
= (Can be electrically polarized
= Fluid structures: two-dimensional solution of oriented
lipids
¢ Fluid mosaic model of membranes:



= Lipids from a viscous, two-dimensional solvent into
which proteins are inserted and integrated more or less
deeply
=> Proteins can either be embedded in or associated with
the membrane
= |ntegral proteins are firmly associated with the
membrane, often spanning the bilayer
= Peripheral proteins are weakly associated and can
be removed easily — some are non-covalently

attached, some are linked to the membrane lipids
Outside GPl-anchored protein

Glycolipid

Oligosaccharide
chains of glycoprotein

| | Lipid
bilayer

Phospholipid
polar heads

Peripheral protein

Peripheral covalently linked
protein  to lipid

Integral protein . L.

(single transmembrane helix)  SPhingolipids

e The composition of membranes
= Varies by organisms, tissues, organelles
= Ratio of lipid to proteins varies
= Two leaflets have different lipid compositions, the
outer leaflet is often more positively charged

3.3 Membrane proteins
e Function of lipid protein:
= Receptors: detecting signals from outside
= Light (opsin)
= Hormones (insulin receptor)

19



= Neurotransmitters (acetylcholine receptors)

= Pheromones (taste and smell receptors)
= Channels, gates, pumps

= Nutrients (maltoporin)

* J|ons (K-channel)

= Neurotransmitters (serotonin reuptake protein)
= Enzymes

» Lipid biosynthesis (some acyltransferases)

= ATP synthesis (FoF1 ATPase/ATP synthase)

= Anchors
TRANSPORTERS AND ANCHORS RECEPTORS ENZYMES
CHANNELS
<
o 2 | - -~ EXTRACELLULAR
l CYTOSOL
-
X Y

e Types of membrane proteins:
= Peripheral (non-GPI lined) membrane proteins
= Electrostatic/H-bond interaction with lipids or
integral proteins
= Associate with the polar head groups of

Amphitropic proteins membrane
Protein-glycan = Relatively loosely associate with the membrane
s = Removed by disrupting ionic interactions either

J with high salt or change in pH

phospholipase C u H - H .
e o e acoo Purified peripheral membrane proteins are no

OOOLH QOO

longer associated with any lipids

; 3 oo cocece's = Amphitrophic and GPI-linked proteins
& = Reversibly linked to the membrane

00 000 @0 09
FIF biological

regulation

&3
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Can be conditionally attached to the membrane
by covalent interaction with lipid or
carbohydrates attached to lipids

Can be linked non-covalently with proteins or
lipids

=> Integral membrane proteins

Integral proteins

change in pH; Q

chelating agent;
urea; carbonate

Polytopic
oot H AR YA Oy O
l N ‘

/

7
00 v (e
Monotopic

09
) o;":“o

N7
W 7

Integral protein  J
(hydrophobic domains ““¢
coated with detergent)

000000 ©

o
Detergent

Embedded within the bilayer, span the entire
membrane

Can be monotopic — interact with one leaflet OR
polytopic, interact with both

Have asymmetry like the membrane — different
domains in different compartment

Tightly associated with the membrane:
hydrophobic stretches in the protein interact with
the hydrophobic regions of the membrane
Removed by detergents that disrupt the
membrane

Purified integral membrane proteins still have
phospholipid associated with them

e Lipid anchors

=> some membrane proteins are lipoproteins

= they contain a covalently linked lipid molecule

= the lipid part can become part of the membrane

=> the protein is anchored to the membrane

reversible

allows targeting of proteins

some (e.g. GPl anchors) are found only on the
outer surface

e Membrane proteins also contain f-sheets

21
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e Amino acids in membrane protein cluster in distinct regions
= transmembrane segments are predominantly
hydrophobic
=> Tyr and Trp cluster at non-polar/polar interface

® Charged residues
® Trp
O Tyr

OmpLA

Maltoporin

= Charged amino acids are only found in aqueous

OmpX Phosphoporin E

domains

3.4 Membrane dynamics
e Physical properties
= Dynamic and flexible structure
=> Exist in various phases and undergo phase transitions
= Not permeable to large polar solutes and non-polar
compounds
= Permeability can be artificially increased by chemical
treatment
e Membrane phases
= Depending on their composition and the temperature, the
lipid phase can be in gel or fluid phase
= Gel phase: individual molecules do not move around
® Fluid phase: individual molecules can move around
= Heating causes gel to fluid
= Under physiological conditions, membranes are more
fluid-like than gel-like
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(a) Liquid-ordered state L,

Heat produces thermal
motion of side chains
(L, — L4 transition).

(b) Liquid-disordered state Ly

e Organisms can adjust the membrane composition
= Membrane fluidity is determined by the fatty acid
composition and melting point
= More fluid membranes require shorter and more
unsaturated fatty acids
= Melting point decreases with the increase of the
double bonds
= Melting point increases with the increase of the
length of saturated fatty acids
= At higher temperature, cells need more long, saturated
fatty acids
= At lower temperature, cells need more unsaturated fatty
acids
e Diffusion mechanisms
= Lateral diffusion: with one leaflet
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Uncatalyzed lateral diffusion

1)) (I

v/ Uiy /’*)/'

= Transverse diffusion: rare, the charges heads must
transverse the hydrophobic tail region

Uncatalyzed transbilayer (“flip-flop”) diffusion
PIOOSAIIAD

= Filppases: enzyme-catalyzed transverse diffusion, use of
ATP against concentration gradient

Catalyzed transbilayer translocations
NH;

Inside
ATP ADP+P; ATP ADP+P;
Flippase Floppase Scramblase
(P-type ATPase) (ABC transporter) moves lipids in
moves PE and PS moves phospholipids either direction,
from outer to from cytosolic to toward equilibrium
cytosolic leaflet outer leaflet

Membrane curvature

— Caveolin



Plasma
membrane Outside

Inside

Caveola

Caveolin dimer

(six fatty acyl,
eight cholesterol
moieties)

= Other mechanisms: due to charge, lipid, proteins, etc.
e Membrane fusion
= Membranes can fuse with each other without exposure of
lipids to agueous solvent
= Can be spontaneous or protein mediated
¢ Neurotransmitter release
= Mediated by SNARE-type proteins
= Three types of SNARE proteins:
= T-SNARE: assemble on the target membrane
= V-SNARE: assemble on the vesicle membrane
= Q-SNARE (e.g. SNAP-25): Ca®" induced regulatory proteins

25



Cytosol

Secyeltory Neurotransmitter-filled vesicle
vesicle x approaches plasma membrane.
Neurotransmitter molecules
—__/ \___v-SNARE

\x (/ t-SNARE

Plasma membrane
l SNAP25

v-SNARE and t-SNARE bind to
each other, zipping up from the
amino termini and drawing the
two membranes together.

P — -

l Zipping causes curvature and
lateral tension on bilayers,
favoring hemifusion between
outer leaflets.

XEXXLTXIR++ FIXIXEIIKX

Hemifusion: outer leaflets of both
membranes come into contact.

RRIRXXZK i’ IXRXRRZXRS

l

Complete fusion creates a fusion
pore.

XEXIRZX RS} REXZXIXIX:

Pore widens; vesicle contents are
l released outside cell.

WL

3.5 Transport across membranes

= Cell membranes are permeable to small non-polar
molecules that passively diffuse through the membrane

= Passive diffusion of polar molecules involves desolvation
and thus has a high activation barrier

= Can be facilitate by proteins that provide an alternative
diffusion path. These proteins are known as transporters

or permeases
e Energetically favorable:

= Concentration dependence: move towards equilibrium

= Electrochemical dependence: move towards electrical

equilibrium
(a)

G >>G
Before At
equilibrium equilibrium

Net flux No net flux

—_—

equilibrium

Before At
equilibrium
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e Polar solutes need alternative paths across cell membranes

= High free energy needed for the molecule passes
through the membrane (a)

= Need of transporters, reduce the free energy (b)

Hydrated § . o Facilitated diffusion
solute e Simple diffusion (down electrochemical  Primary active
\ a8 ¢ (nonpolar gradient) transport (against
my bE 8 2 AL compounds S electrochemical
@) ‘. O > .8 o d » only, down. gradient, driven
Vet A - T ) concentration RS by ATP)
». : <8 FL A gradient) . !
o s-: P sout =
.
Simple diffusion
without transporter

Diffusion AGH T
with transporter

Free energy, G

..Q -
lonophore- e | e
mediated ion ~ooag | [ Socoo000a0 %lon
transport (down
electrochemical
gradient) lon channel (down
electrochemical

olon Secondary active
(b) transport (against

electrochemical

2 gradient, driven by
gradient; may be o wovina.d
5 g down
gated by a ligand its gradient)

orion)

e Types of transport: (the second diagram above)
= Simple diffusion
= Non-polar compounds ONLY
= By concentration gradient
= Facilitated diffusion
= By electrochemical gradient
= Primary active transport
= Driven by ATP, against electrochemical gradient
= Secondary active transport
= Driven by ion moving down the gradient, against
electrochemical gradient
= lonophore mediated ion transport
= By electrochemical gradient
=> lon channel



= by electrochemical gradient
®* may be gated by a ligand or ion
e 3 classes of transport systems:

Uniport | Symport Antiport ;

Cotrarllsport
= Uniport: transport of one metabolite
= Cotransport: transport more than one metabolites
= Symport: metabolites transported to the same side
= Antiport: metabolites transported to the opposite
sides

= The modal for glucose transport:
D-Glucose

Outside

e 2 types of active transport: against the electrochemical gradient

28



ADP +P, & &
ADP +P; & c a
ATP & &
4]
© (W
(W (W) ™ (®) © Oo © (%) . e Q
(a) Primary active transport (b) Secondary active transport

= Primary active transport: ABC transporters use ATP
hydrolysis to drive transport of substrates

Outward-facing Inward-facing

Extracellular

Substrate — space

NBDs
= Mutation of human CRTF transporter (a type of ABC

transporter) would result in cystic fibrosis
= Energy of ATP hydrolysis can be used to drive protons
through the membrane; energy of the proton gradient can
be used to synthesis ATP (chloroplast, mitochondrial
membrane)
= Proton driven ATPase can function in both directions:



(a) (b)

Lumen of vacuole Mitochondrial matrix

* (a) The V,Vi H" ATPase uses ATP to pump protons
into vacuoles and lysosomes

= (b) The Fo,F; ATPase, the protons flow down the
electrochemical gradient

e lon channels:
= Maintain the gradient concentration for active transport:
replace of water to carbonyl group, allowing ions to

transport

Backbone carbonyl §

oxygens form cage that

fits K™ precisely, e i

replacing waters of Alternating K™ sites .

hydration sphere (blue or green) occupied

Helix dipole

_/ stabilizes K*

""L )‘ )‘ )

=

®

[

QOO0 0000

Large
Inside water-filled
vestibule allows
hydration of K*
K* with hydrating

water molecules

= Can respond to cellular voltage changes

Lecture 4: Enzymes and catalysis
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4.1 Introduction
e Features of enzymes
= Catalysts
= Mostly globular proteins
= Exception: RNA
= Has selectivity
= Sometimes need additional requirements
= Cofactors: inorganic ions (prosthetic group), can be
covalently linked (e.g. Cu, Fe, Mg, Zn)
= Coenzymes: organic or metalloorganic molecules
(e.g. coenzyme A, NADH)
= Holoenzyme: a catalytically active enzyme bound to
its cofactor
= Apoenzyme: a protein part
e Biocatalysts is better than inorganic catalysts:
= Greater reaction specificity
= Milder reaction conditions
= Higher rate
= Capacity of regulation
e Classification: based on the type of reaction

Class no. Class name Type of reaction catalyzed
1 Oxidoreductases  Transfer of electrons (hydride ions or H atoms)
2 Transferases Group transfer reactions
3 Hydrolases Hydrolysis reactions (transfer of functional groups to water)
4 Lyases Addition of groups to double bonds, or formation of double bonds
by removal of groups
5 Isomerases Transfer of groups within molecules to yield isomeric forms
6 Ligases Formation of C—C, C—S, C—O0, and C—N bonds by condensation

reactions coupled to cleavage of ATP or similar cofactor

4.2 Enzyme catalysis

rate A
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Transition state ()

Free energy, G

Reaction coordinate

= Enzymes do not affect chemical
equilibrium - does not affect the free energy
of reaction

= Enzymes decrease the activation barrier
AG* to increase the rate

e Enzymes organize reactive groups into close proximity and
proper orientation to reduce AG*

Enzyme complementary to transition state

b,é’\@;fs

Free energy, G

p

Reaction coordinate

= Uncatalyzed: transition state conversion is entropically

unfavorable

= Catalyzed: enzyme uses the binding energy of substrate to
organize the reaction to ES complex

= Entropy cost is paid during binding
= Reactant complex to transition state is entropically

neutral

= Enzymes bind transition states best
e C(Catalytic mechanisms:

Enzymes may use one or a combination of:
= Acid-base catalysis: give and take protons

= Covalent catalysis: change reaction paths, form of
covalent bonds with substrates

= Metal-ion catalysis: use redox cofactors
= |nvolves a metal ion, binds to the enzyme
= |nteract with substrate to facilitate binding
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= Stabilize negative charges
= Participate in oxidation reactions
Catalytic example: chymotrypsin
= Chymotrypsin is one of the proteases cuts peptides at
specific location during digestion of proteins
= Step 1: substrate binding

When substrate binds, the side chain
of the residue adjacent to the peptide

bond to be cleaved nestles in a Enzyme-
Chymotrypsin (free enzyme) hydrophobic pocket on the enzyme, substrate
x,pm positioning the peptide bond for attack. complex

- o

.4
N oo K jr\/His s
Active site ( IY"is i AA —c(n —g N
N . [N

Oxyanion Substrate (a polypeptide) .

-1
N o
H HH HH —é—LHN
AA—C—C—N—C—C—N—C—C—AA, Al D7

hole H
o

pocket Gly™®

= Step 2: nucleophilic attack

Interaction of Ser195 and His57 generates
a strongly nucleophilic alkoxide ion on

\ - il i W
/ oy s R 0 o RO gyl
\ N
Hydrophoblc,n\ @ av‘:

fq
CH—C—AA,

Enzyme- Ser195; the ion attacks the peptide carbonyl Short-lived
substrate group, forming a tetrahedral acyl-enzyme. intermediate*
complex This is accompanied by formation of (acylation)
. ashort-lived negative z
H charge on the H
L — carbonyl oxygen of N]’\{ -
3 H H
lI? ﬁ <N:H/Y & the substrate, R o <.N "
AA—CH—C, T which is stabilized [l §
HN . RO by hydrogen A=t =€, R w2
—¢—Tun—ci—c—an_ bondingin the HN Gﬁ —CH—C—AA
H Il Y oxyanion hole. 5 i
O%/IHN ser™s @ C C\o
\ H (:\ \/
H OVHN ser'
—N~ =

H

GI 193
y \ N
Gly 193

= Step 3: substrate cleavage



= Step 4: wate

Instability of the negative charge on the substrate

r comesin

Acyl-enzyme intermediate

Short-lived carbonyl oxygen leads to collapse of the tetrahedral =
intermediate* inter re-for of a double bond with -
(acylation) carbon displaces the bond b carbon and the , N
: amino group of the peptide T ?I < I THis
: linkage, breaking the AA —CH —C N
< I This peptide bond. The amino H\N
R O (:N leaving group is protonated ;‘1' ﬁ \
| Il H agas gl _
AR —CH —C L — by Hiss7, facilitating its s ey i o ﬁ C\\‘o
H\N ( 2 displacement. o P i ,“'m/ 4
v \BN—CH—C—a, 0 Ser
QTS &y o
TOUHN ser o G.y;
i { Acyl-enzyme intermediate
) -
e Acyl-enzyme intermadinte H An incoming water molecule

is deprotonated by general
base catalysis, generating a

H R0

il (NJ’Y’“‘ v AA"—(liH—ﬂ

P

AR —CH—C N \ (E 0 strongly nucleophilic
~ . 0" hydroxide ion. Attack of
J— c —C~o hydroxide on the ester
n 2 o (lPl Y . linkage of the acyl-enzyme
O [ - ; ? Se generates a second tetrahedral
,:\ s intermediate, with oxygen in
Gly™ Gly™* the oxyanion hole again taking

on a negative charge.

= Step 5: water attacks
= Step 6: break-off from the enzyme

Enzyme-product 2 complex

R? o His 7
[ <N]r\/
y  —

2w

-
HN o H
\ \ ©
c—c
H Il
OIIIHN\ Ser'%
H
aNQ Short-lived intermediate * . .
.4 (deacylation) Acyl-enzyme intermediate
I H £
N Y his R 0 (NJ’\/Hissv
R* O -
6 | Il ’(‘f\ AA"—CH—C\ ([:j
AA"—CH—C\ H\ \ N H M
R (' g — N G
A\ /0 9 @ C—C~q
c—c H 12Ny
H ¢\ OiH N serss
g"’HN Ser 1% H \
H | ~N~
N~ Gly'
G'yIQS

Collapse of the tetrahedral
intermediate forms the second
product, a carboxylate anion,
and displaces Ser,gs.

= Step 7: product dissociates
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Chymotrypsin (free enzyme)
XASPMI

Active site
Oxyanion
hole

Hydrophobic :
pocket Gy

Product 2

H H H
AA —C—C—N—C—C—OH

o".u,'s,'

Enzyme-product 2 complex

R* 0O His ¥
= il < :rY
AA—CH—C 4
A\ 2
HN o H
S AY©
Dissociation of the c —c |
H Al 7
second prod'uct 0 JHIN se
from the active \
site regenerates i
N~
free enzyme. Gly'™”

4.3 Enzyme kinetics
= The rate at which compound react
= Catalytic rate affected by

= Enzyme

Substrate
Effectors
Temperature

k1 k2
E+S 2ESS>E+P
K-1

= The assumptions and constraints:
= The concentration of enzyme is constant: STot =[S]

+[ES] = [S]
= Steady state assumption: rate of formation of ES =

rate of breakdown of ES=0

= The observed rate is v,,,; = % = k[ES]

= The final form is a single substrate is
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_ KL [EI[S] _ V8]
K_ +[S] Km+[S]

Known as the Michaelis-Menten equation

= ideal

Kcat is the turnover number. It describes how many
substrate molecules one enzyme molecule can
convert in 1 second
K is the Michaelis constant. It describes an
approximate measure of a substrate’s affinity for an
enzyme
k_ik,

ky
Vmax OCcurs at all enzyme is in the ES complex and
depend on k[ES]

S .
vma—x[]’ the deviations may due to:

limitations of measurements

ki =

rate v =

substrate inhibition
substrate prep containing inhibitors
enzyme prep containing inhibitors

= v is not proportional to [S] at high concentration of
substrate:

e Vs Vm;.(x [s] Vo = Vinax
£
E
=
2N
>O :Evmax
" [S](mm)

= Knand vy Ccan be determined from Lineweaver-Buck plot:



K
Slope = v

)

1

pmm/min

R i
Vo

T_1 (1
Km [S] \mm

= |inearized, double-reciprocal

4.4 Enzyme inhibition
e Inhibitors are compounds that decrease the enzyme activity
=> Irreversible inhibitor:
= One inhibitor shut off one enzyme permanently
= Often powerful toxins, can be used as drugs
=> Reversible inhibitor:
= Often structural analogs of substrate or products
= Can be used as drugs to slow down a specific
enzyme
= (Can bind to the free enzyme, preventing the binding
of substrate
= (Can bind to the ES, preventing the reaction
e 3typesinhibition:
= Competitive inhibition
= Competes with substrate for binding
= Does not change Vmay, increase of Ky,



38

= Lines interact with y-axis in Lineweaver-Buck plot

L (aKm ) 1,1
Vmax [S] Vmax

Competitive inhibition

E+S =—=— ES —E+P

- @ = J[I]
| / = % a=2
L G 5| LA

El ‘E\\ _ 1 kNoinhibitor
de R__ 1 I —aKm

max

= Uncompetitive inhibition f%l(#)
= Only binds with ES complex
= Decrease of v, decrease of Ky,
= K../Vmax remains constant

= Lines are parallel in Lineweaver-Buck plot
Uncompetitive inhibition 1 (K...

-‘-/-(;=
E+S =—— ES —>E+P

Nl e,

lo

a’

1
vmax) Bl * Vi

= Mixed inhibition
= Binds enzyme with or without substrate
= Decrease of vy, change of Ky,



= Lines intersect left from y-axis in Lineweaver-Buck

plot

4, (aKm)L L
VO - Vmax [S] Vmax

T[I]

Mixed inhibition
E+S =—ES —E+P

L kG-

1

1

El+S —— ESI ®H “ o | No inhibitor
RSA -
4.5 Enzyme regulation

e Enzyme can be regulated by:
= Non-covalent modification (allosteric regulators)

= Have +ve/-ve effectors
=  Generally small chemicals

Positive |regulator

Negative|regulator

Vo (um/min)

[S]1(mM)

— Covalent modification
= Irreversible modification
— Reversible modification

Overall+--

= Control of enzyme abundances: gene expression, enzyme

degradation

39



= Control of substrate concentration: transporters,
metabolism

Introduction of metabolism
e Metabolism is all chemical reaction that occur in cells and organisms.

e Overall, the input is nutrients, the output is building blocks, energy
and waste products

e A dynamic system and highly regulated

e Responsible for cell behavior, differentiation, metabolic state:

For example:
—> Crabtree effect

N Aermentation .

resplratla z s
ow_ (LA ®N  wen (A9 » BIO-
g o) ) s DT Y Erhanol

= Warburg effect

Lactate » CANCER

Low

= Negative feedback...
e What is the difference between catabolism and anabolism?
= Catabolism deals with the breakdown of large molecules into
smaller ones; anabolism is related to the synthesis of complex

molecules from simpler ones.
= Catabolism and anabolism together form metabolism, they are

both energy-using processes.

Lecture 5: Catabolism
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5.1 Sugar catabolism

— e Four pathways for glucose catabolism:
and cell wall Glycogen, . . . .
polysaccharides starch,sucrose  —> Oxidation via glycolysis to pyruvate

synthesisof\ / —> Oxidation via pentose phosphate pathway to
structural storage .
polymers ribose 5-phosphate

= Synthesis of structural polymers to

oxidation via

aiyeolysis  extracellular matrix and cell wall polysaccharides

pentose phosph
pathway

oxidation via
ate

—> Storage to glycogen, starch, sucrose
Ribose 5-phosphate Pyruvate

e We pay attention to glycolysis: the process that the 1 mole of 6-
carbon glucose turns to 2 mole 3-carbon pyruvates
= Needs no oxygen — anaerobic, happens in cytoplasm
= Two phases:
= the preparatory phase: phosphorylation of glucose and its
conversion to glyceraldehyde 3-phosphate
= the payoff phase: oxidative conversion of glyceraldehyde 3-
phosphate to pyruvate and the coupled formation of ATP and
NADH
= the overall reaction:
glucose + 2NAD™" + 2ADP + 2P;
— 2 pyryvate + 2NADH + 2H" + 2ATP
= Made: 2 pyruvate, 4 ATP, 2 NADH
= Used: 1glucose, 2 ATP, 2 NAD"*
= 10 steps involved in glycolysis:

I& Glucose is | : (-
phosphorylated by ATP to Q hexckiness O
form a sugar phosphate.
The negative charge of the OH + S OH + ADP + H°
phosphate prevents passage HO OH HO OH
of the sugar with the
phosphate through the
plasma membrane, OH %eszerce of OH
:Laep&'“? glucose inside glucose g glucose 6-phosphate
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I& A readily

reversible
rearrangement of
the chemical 5
structure

(isomerization) 4
moves the

carbonyl oxygen
from carbon 1to
carbon 2, forming a
ketose from an
aldose sugar.

(See Panel 2-3,

pp. 70-71.)

OH
HO 3

(ring form)

N /7

6 CH,O—P %

o) H—C;—OH

1
2 OH

HO— C3—H
—
H— C4— OH
OH H— Cs— OH
6CHZO —E
(open-chain form)

glucose 6-phosphate

—_—
—

phosphoglucose =0

isomerase
HO—C—H a

HO 22
OH

CH,0H

H—C—OH
4 a3
OH

(ring form)

H_SC_OH
GCHZOﬁ P

(open-chain form)

fructose 6-phosphate

I& The new hydroxyl

group on carbon 1 is
phosphorylated by ATP, in
preparation for the formation
of two three-carbon sugar
phosphates. The entry of sugars
into glycolysis is controlled at
this step, through regulation
of the enzyme
phosphofructokinase.

p—OH,C

o. CH,OH

HO
OH

+ LU

OH
fructose 6-phosphate

P— OH,C CH,0—P

+ [ADP + H*

O
HO

phosphofructokinase

OH
OH

fructose 1,6-bisphosphate

I Step 4 The

six-carbon sugar is
cleaved to produce
two three-carbon
molecules. Only the
glyceraldehyde
3-phosphate can
proceed immediately
through glycolysis.

P—

OH,C

OH

(ring form)

|
HO—C—H
H=C=OH

(IZHzo —&
C=0
aldolase
B ——————
—

H—C—OH

H—C—OH [

CH,0 —P H0-8

(open-chain form)

fructose 1,6-bisphosphate

dihydroxyacetone
phosphate

glyceraldehyde
3-phosphate

S The other

product of step 4,
dihydroxyacetone
phosphate, is
isomerized to form
glyceraldehyde
3-phosphate.

CH,OH

H o]
N/

triose phosphate isomerase C

c=0

!
CH,0—P

dihydroxyacetone
phosphate

H—C—OH

CH,0—P

glyceraldehyde
3-phosphate

SEed The two molecules

of glyceraldehyde 3-phosphate
are oxidized. The
energy-generation phase of
glycolysis begins, as NADH and
a new high-energy anhydride
linkage to phosphate are
formed (see Figure 13-5).

\\c/
+ [NADY + @
H—C—OH
CH,0—P

glyceraldehyde
3-phosphate

glyceraldehyde 3-phosphate

dehydrogenase O\ /O =2

+ [0 + v

H—C—OH
CH,O—P
1,3-bisphosphoglycerate

I& The transfer
to ADP of the
high-energy phosphate
group that was
generated in step 6
forms ATP.

H—C—OH
CH,O—P
1,3-bisphosphoglycerate

0\ /O

- T +

H—C—OH

phosphoglycerate kinase

CH,O—P
3-phosphoglycerate
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I_Step 8 The remaining

phosphate ester linkage in
3-phosphoglycerate,
which has a relatively low
free energy of hydrolysis,
is moved from carbon 3

to carbon 2 to form
2-phosphoglycerate.

H —2C| —OH
ECHZOA P
3-phosphoglycerate

X
phosphoglycerate mutase C

H—(‘Z—O—P
CH,OH

2-phosphoglycerate

St The removal of

water from 2-phosphoglycerate
creates a high-energy enol
phosphate linkage.

o
O\ Y
i
H—C—O—P
CH,OH
2-phosphoglycerate

O, (O
N
enolase C

c—o—-p + HO

[
CH,

phosphoenolpyruvate

SEp 1Y The transfer to

ADP of the high-energy
phosphate group that was
generated in step 9 forms
ATP, completing
glycolysis.

N
|
+ |ADP
ﬁ—o—p
CH,

phosphoenolpyruvate

+ H'

o
O\ /
pyruvate kinase C
_— | + B3
c=o TP
CH,
pyruvate

= Step 1-—step 5 are the preparatory phase

= Step 6 —step 10 are the payoff phase

= The role of enzymes:

Type of Enzyme

Function

Step

Kinase

Catalyzes the addition of a
phosphate group

1,3,7,10

Isomerase

of bonds in a single molecule

Catalyzes the rearrangement 2,5

Dehydrogenase

electron

molecule by removing a
hydrogen atom plus an

Catalyzes the oxidation of a 6

Mutase

molecule

Catalyzes the shifting of a
chemical group from one
position to another in a

8,10

= The energy change for each step:
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Step AG® (ki/mol) | Step AG® (ki/mol)
1 -16.74 6 +6.28
2 +1.74 7 -18.83
3 -14.23 8 +4.60
a4 +23.85 g +1.67
5 +7.53 10 -31.38

From the aspect of energy, the glycolysis can be seen as

two stages. The breakdown of glucose into pyruvate

releases energy while the synthesis of ATP from ADP

absorbs energy
From calculation, AG® =-135.56 kJ/mol, which indicates
that this process releases energy

= The fate of pyruvate:

Condition

Product

Hypoxic or anaerobic

(yeast)

lactate

Hypoxic or anaerobic
(vigorously contracting
muscle, erythrocytes, some
microorganisms)

ethanol, CO,

(muscle)
Aerobic Acetyl-CoA
(animals, plants, microbial | (then to TCA
cells) cycle)

5.2 TCA cycle




e The link reaction: Under aerobic condition, 3-cabon pyruvates are
decarboxylated to 2-carbon acetyl-CoA in mitochondria with a
wasted CO,.
= Net reaction:

= QOxidative decarboxylation of pyruvate
= First carbon of glucose to be fully oxidized
= Catalyzed by the pyruvate dehydrogenase complex:
= The complex contains 5 enzymes
= TPP, lipoyllysine, FAD are prosthetic groups
= NAD?, CoA-SH are co-substrates
= The products including acetyl-CoA, NADH and CO,

CO,
o\ /O- CoA-SH TPP, +
C NAD* lipoate, NADH o\ S-CoA
I=o \_Ffmp J N
‘i pyruvate dehydrogenase |
CH; complex (E, + E, + E;) CH3
Pyruvate Acetyl-CoA

e TCA cycle/Citric acid cycle/Krebs cycle
= The net reaction is:
Acetyl-CoA + 3NAD" + FAD + GDP + P; + 2H,0 —
2CO; + 3NADH + FADH, + GTP + CoA + 3H*

= Net oxidation of two carbons to CO;
equivalent to two carbons of acetyl-CoA but not the exact
same carbons

= Energy captured by electron transfer to NADH and FADH2

= Generates 1 GTP which can be converted to ATP (i.e.
generate a small amount of ATP)
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NAD* m +H"  coenzyme A
: _‘,/O \ / HS-CoA Overview of the complete citric acid cycle.
CH;-C_ \ The two carbons from acetyl CoA that
COO™ enter this turn of the cycle (shadowed in
pyruvate COZ

acetyl CoA (20) red ) will be converted to CO, in

: |O subsequent turns of the cycle: it is the two
€H;~C-5-CoA carbons shadowed in blue that are
HS-CoA converted to CO, in this cycle.
next cycle (|:OO HQ .
C|= o (IZOO
o R o e
COO HO- (IZ -COO

i’ Step 1
L COO~ oxaloacetate (4C) CH, Step 2
L , )
ol ¢oo™ €oo
(I:Hz éHz isocitrate (6C)
I

= Step 8 citrate (6C)
?OO ’ COO™ H(I: -COO™
H—Q—OH oxaloacetate (4C) HO—(IjH
(IZH2 malate (4C) N (IZOO_
coo™ CITRIC ACID CYCLE NAD®
H,O Step 3
fumarate (4C) a-ketoglutarate (5C) EOO m o
Step 7 coo™ (IIH2 co,
éH succinyl CoA (4C) CIHZ

succinate (4C)

Foo~ SiRE c=0

%H Step 6 CoO™
COO~ CH,
CH,

[FADH, | 00~

FAD

HS-CoA ® €O,

= We pay attention to the change of number of carbons:

= The 2-C acetyl-CoA and the 4-C oxaloacetate form the
6-C citrate

= The 6-C citrate forms the 5-C a-ketoglutarate by
removing a 1-C CO,, producing 1 NADH

= the 5-C a-ketoglutarate forms the 4-C succinyl-CoA by
removing a 1-C CO,, producing 1 NADH

= the 4-C compound converted back in the final step, to
the re-start the cycle, producing 1 NADH and 1 FADH,

5.3 Oxidative phosphorylation
e The reduced coenzymes — NADH and FADH, — deliver their
electrons to the inner mitochondria membrane to make ATP,
known as electron transfer chain.



Intermembrane

space (pside)  4H'

G s s S e

Matrix
(n side)

NADH + H*

Succinate Fumarate

NAD*
Proton-motive force

Chemical potential Electrical potential ATP synthesis driven
ApH + Ay
(inside alkaline) (inside negative) RY/potonmativeforce

= How ATP is made:

The reduced coenzymes deliver their electrons to
the first protein in the electron transfer chain, and
the protein is reduced

The electron passes to the second protein and
reduce the protein again. This happens all along the
electron transfer chain, release energy

This energy is used to pump the H" into the
intermembrane space

Intermembrane contains a higher concentration of
H*, creating a diffusion gradient; intermembrane is
more positive-charged due to the protons, creating
an electrochemical gradient

H* diffuses back to the mitochondria through the
ATP synthesis enzyme. The flow of H* causes the
enzyme makes ATP from ADP and P;, known as
chemiosmosis

= 1 NHDH + 11 H* + % O,— 10 H* + H;0 + NAD"*

1 FADH,+ 6 H*+ %% O,— FAD + 6 H'+ H,O

NADH and FADH,; transfer different number of
protons — the number of ATP they synthesized is
different.

= 1 glucose forms 2 FADH; and 10 NADH.
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Cia —> Acetyl -CoA
Ciz —> Acetyl -CoA
Cio —> Acetyl -CoA
Cs —> Acetyl -CoA
Ce —> Acetyl -CoA
C, —> Acetyl -CoA
Acetyl-CoA

= given 1 NADH forms 3 ATP, 1 FADH, forms 2 ATP
= the total ATP formed is 34 moles.

Lipid catabolism: beta-oxidation
During fatty acid oxidation, a 2-carbon unit is removed from the
fatty acid chain once. The removal of carbon initially starts from
the beta carbon on the chain. Therefore, the process is known as
the beta-oxidation.
Beta-oxidation has a general formula:
C.-acyl-CoA + FAD + NAD +H,0 + CoA —
Cn-2-acyl-CoA + FADH,+ NADH + H* + acetyl-CoA
= 1 acetyl-CoA, 1 FADH;, 1 NADH are formed by removing
two carbons from the fatty acid chain.
= We take a 16-C fatty acid as an example (see left), it can
generate 8 acetyl-CoA
After beta-oxidation, acetyl-CoA are coming to the TCA cycle.
The NADH, FADH,; produced from the beta-oxidation and the
TCA cycle are then converted to ATP by oxidative
phosphorylation.

Stage 1
‘\Hs
7 E{EHI B Oxidation
3, -
/¢ r\u;
o8
%

CH,

CH,
¢ Z’\G;
L)CH,

e J{‘
r’“{ﬁ"’

=0
| &

28e~

Stage3 |

Stage 2 Intracellular protein

— |8 Acetyl-CoK Dietary Amino
protein acids
. . NH? Carbon
Biosynthesis i skeletons
of amino acids,
nucleotides, and
biological amines
Carbamoyl a-Keto
= phosphate acids

64e~

Aspartate-
arginino-
succinate

€0, +H,0

M NADH, FADH, l

{ 16CO,

shunt of
citric acid
cycle

+ ATP

2H" +1,0,

Respiratory
(electron-transfer)
chain

('
Moo

L N

ADP +P ATP
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Urea (nitrogen
excretion product)

Oxaloacetate

Glucose
(synthesized in gluconeogenesis)



5.5 Amino acid catabolism
e A complex mechanism, 2 different pathways (see the second diagram
above)
e Briefly, an amino acid will be degraded into an ammonia group (NH;*) and
the carbon skeleton.
= the ammonia group is fitted into the urea cycle to produce
urea
= the carbon skeleton is fitted into the TCA cycle to generate
energy
e The carbon skeletons of different amino acids enter the TCA cycle at
different stages. note: glucogenic and ketogenic are two groups of amino
acids with different roles.

Leucine Arginine
Lysine [ Glutamate |« Glutami
Phenylalanine  Ketone L 1 Histidine
Tryptophan bodies Proline
Tyrosine
l Isocitrate [ aJ(Qtoglunrne |
‘ Acetoacetyl-CoA Citric \77 . anud\hnl
Citrate acid Succinyl-CoA <«— ne
7 Cycie J Valine
} Acetyl-CoA Succinate
—
Oxal ¢ I | F 7{[: :honyhlmm
| Malate
co,

. Py";.“ Glucose

Alanine

Cysteine
Isoleucine Glycine
Leucine Serine [ Glucogenic
Threonine Threonine Asparagine
Tryptophan Tryptophan  Aspartate [| Ketogenic

Lecture 6: Anabolism
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Glycolysis

Gluconeogenesis

ATP
hexokinase
ADP Glucose

AT :

P,

glucose

6-phosphatase
H,0

ClF

Fructose

6-phosphat

P,

ATP e
phospho- fructose
fructokinase-1 1,6-bisphosphatase-1
ADP [Fructose H,0

1,6

Dihydroxyacetone / \
phosphate

AN

Dihydroxyacetone
phosphate

7

(2) Glyceraldehyde

3-phosphate

2P, |~2p,

2NAD* ~N (.ZNAD*
2NADH + 2H* «| [\-2NADH + 2H*
(2) 1,3-Bisphosphoglycerate

2ADP - | - 2ADP
2ATP | [\-2ATP

(2) 3-Phosphoglycerate

Il

(2) 2-Phosphoglycerate

pyruvate
kinase

2GDP

(2) Phosphgenol- PEP
2ADP BRiRvate \karboxykinu-

2GTP

2ATP

—(2) Oxaloacetate

2ADP
pyruvate
carboxylase
2ATP
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6.1

j—
j—

Sugar synthesis

Gluconeogenesis

synthesis of glucose from pyruvate

an opposite reaction of glycolysis, requires

energy

=

most enzymes are the same (reversible

reactions), but four enzymes are different, these

steps require energy

=
=

typical organ: liver
“expensive”: great energy input

2 pyruvate + 4 ATP +2 GTP + 2 NADH + 2 H* + 2
H,0 — glucose + 4 ADP + 2 GDP + 6 P; + 2 NAD*

j—

glucose is generated when glycogen stores are

depleted: starvation/ vigorous exercise

=

can generate glucose from amino acids, not

fatty acids

Glycogen synthesis

= polymer, made of glucose

= typical organ: liver, skeletal muscle; also in yeast and

other microbes

ose
OH
. glucose-6-phosphate
W

g

Glucokinase (hexokinase 4)

Glycogenesis

o]

I
OH
HO—F~g

HO HO Q
HO = HO
HO OH
OH

glycogen synthase

glycogenin




e Sucrose synthesis

CH,0H
0,

H H
1

H OH
UDP-glucose
sucrose
6-phosphate
synthase
CH,OH
0,

+
HO

0
OH

HOCH,

)

HOCH,

O_ H

2K H
HO
OH H

upp

O _ H

2K H HO

o
CH,—0—P)

Fructose 6-phosphate

CH,—0—(P)

OH H

Sucrose 6-phosphate

sucrose
6-phosphate
phosphatase

CH,OH
o)

H

e Starch synthesis

o}

OH  gucrose

HOCH,

2CH HO

OH H

CH,OH

= sugar units linked by two types of bonds in a compact

way (specific enzyme for degradation)

o L a-1,6-bond
HO o o
H CWH

) ) \ a-1,4-bond

Holio o Oo> o 0 2 OHO |~ a-1,
R = A~ % <

HO H

HO (o) o} 0 H

-~ w o7 OHowOH g

= needs ADP at darkness, no need of ADP under light

Dim light or darkness Bright light
Photosynthesis
slow l
ADP + P, | —> | ATP 3-Phosphoglycerate

Glucose 1-
phosphate + ATP

ADP-glucose + PP;

ADP-glucose
pyrophosphorylase
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e Cellulose synthesis

= the main component of cell walls
= vert strong (H bonds)
= glucose monomers linked by 3(1—4) linkages

OH |11 OH
I'1'l HO 6 olll
o* s
0 %o
/ O |l HO-M on Y \
OH
(B1—4)-linked p-glucose units

— bacteria also make cellulose

6.2 Lipid synthesis

e Fatty acid synthesis

= Similar to the beta-oxidation, fatty acid synthesis starts
from acetyl-CoA, adding two carbons to the chain at
each cycle (that’s why most fatty acids have even
number of carbons)

= The process consumes NADPH

= The cycle has four enzyme-catalyzed steps:
= Condensation of the growing chain with activated

acetate

= Reduction of carbonyl to hydroxyl
= Dehydration of alcohol to trans-alkene
= Reduction of alkene to alkane

e Triacylglycerol synthesis
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Fatty acids

Glucose

' \\_y ACYL-CoA

glycolysis '
H,TOH H,COH
C=0 O HCOH

]
H(—0—P—0" H,COH GLYCEROL -3-
Dihydroxyacetone 0~ Glycerol PHOSPHATE

phosphate
q ycerol
ase
ADP
H,COH

CYTOPLASMIC
UPID DROPLET

uo_i_.. o
n.c—o—p—o

0
1-Glycerol 3-phosphate

= Needs three different fatty acids

LYSOPHOSPHATIDIC PHOSPHATIDIC

NADH +H*

glycerol 3-phosphate
dehydrogenase

NAD*

= Glycerol 3-phosphate is normally stored in lipid droplets

(see left)
phosphatidic acid
| d
SR e Shosoholioid snthes
cytidinediphosphate diacylglycerols diacylglycerols ° OSp OIpl Synt esls
| ] l \ = Two pathways depend on their roles:
PG Pl PS
l TAG MeDG  m CDP-DAG pathway
cardiolipin PE w—cr M | " Kennedy pathway
PMME
Biosynthesis of t
complex PDME
glycerolipids i
PC CDP-cho

6.3 Nucleotide synthesis

e Two pathways:

=> Purine (adenine, guanine) pathway:
= negatively regulated
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Inosine «— Adenosine . S
adenylosuccinate IMP
PRPP l PRPP l PRPP synthetase dehydrogenase
Guanine Adenine = AP -> X Q) < aMP--~
Hypoxanthine I \ 4 I
! XMP |
: XMP-glutamine :
X anthine : it amidotransferase :
: GMP e
I lyase
7 - —3 gal h |
Uric Acid AR P \
N AMP -—————— e
= Pyrimidine (cytosine, thymine, uracil) pathway:
Aspartate
i NAD* !
_________ -> ! dihydroorotate /_ | orotidylate
: ® Carbamoyl : dehydrogenase K. i decarboxylase
| aspartate |  Phosphate i NADH + H* /3\ |
\ trans- 1 H H H Iridul
! carbamoylase \, P, o _° ! Orotate j ) ! Uridyla
| . ¢ 1 0” N oo !
i HN  CH, | n !
! N-Carbamoylaspartate 4 G- ] P el o ’ i
| o” 7 | phosphoribosyl- m‘/(\ & ! kinases
: dihydroorotase H i transferase \- | !
y PP, | 2ADP
| \ H,0 9 : o~y 0o |
! 2 /c' L i Orotidylate ®—0—CH; i Uridine 5'-triphosphate (UTP)
1
i 1-Dihydroorotate "E j:'—coo- i W i - -
1
H o” O e orotidylate i \
i : /— NAD* H i decarboxylase N\ co, : cytidylate Glu
: :n:y:i’roorotate i : synthetase ATP
el rogenase Y
E ydrog R—— g | Uridylate (UMP) @ oy, i
' H /c\N ! 2@ : K»ADP+P,
! Orotate 1 j i - i
h > \N \coo_ : kinases :
: S i N 2ADP !

Pentoses phfsphate pathway

GTP PRPP _ GI AP | X<-AmMP -———-—-
l/ X glutamine-PRPP

I I de novo I amidotransferase —-GMP —————--—
: thesi v R <- mp -—--- ~
GDP i synthesis ADP . : I
5-Phosphoribosylamine | \
! Y i |
GMP +— +— — —>  AMP 9 steps i
1 l | ; |
IMP.———im i P

Glycolysis

| Ribose 5-phosphate I

ribose phosphate
pyrophosphokinase
(PRPP synthetase) \

[ PRPP

ADP ATP

-~

O-O=®=0—cH;
D Cytidine 5'-triphosphate|(CTP) A

OH OH

e Glu provides most of the amino groups
e Gly is the precursor of purines
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e Asp is the precursor of pyrimidines

6.4 Amino acid synthesis

e Bacteria can synthesis the 20 amino acids from the
intermediates in glycolysis and TCA cycle
e Mammals need require them from diet

Glucose

Y

4 steps L
Glucose 6-phosphate PS, Ribose5

phosphate

v

4 steps

y
S — s — (s

¢ Glycine

Phosphoenolpyruvate Cysteine

Yovniomh l Alanine

ryptophan »>| Valine
Phenylalanine Pyruvate Leucine
Tyrosine l Isoleucine

/ Citrate \
Oxaloacetate a-Ketoglutarate

\\ — /

Asparagine Glutamine

Methionine Proline

Threo_mne Arginine
Lysine

Lecture 7, 8: Biotechnology

7.1 DNA
e DNA edit: DNA synthesis, chemical synthesis
e DNA copy: PCR polymerase
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= Denaturation
= Annealing
= Extension

Nucleotide

Extension

DNA primer
\
Original DNA ¢

wo
I
aw

e DNA cut: restriction enzymes

Sticky ends: EcoRl Blunt ends: EcoRV

J’_ —A—
__T__T_

Digest l Digestl

—a OEATIG—— —GAT (OET—
——crTAn<®) G—— —CIA® TAG—

e DNA paste: DNA ligase
DNA backbane Sticky End DNA insert

...‘w M'...

Sticky End

iLigation

Recombinant DNA

NIRIBIE
ala

XOCOCOCHARMHEOOCK
TIITLLA]]LA

e DNA read: DNA sequencing

-

nlm

2]

7.2 RNA

Transcription engineering
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RES

_— 3'UTR
Promater : R Coding region
5‘ El
5 I T RMA
sStart sStop
7.3 Proteins

Translation engineering

B IUTR
'UT
Promater S R

Coding region
5 I T RMA

sStart sStop

7.4 Enzymes
Enzyme engineering
e Rational design
e Evolution-based design
e Semi-rational design
e Mutation-selection methods

7.5 Metabolism
Metabolic engineering

DikA

DA
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Removing Feedback

Enhancing supply of
ol inhibition

ﬂpﬁl * I
A B—=C D —E

Increasing - -
Rate Limiting steps Blocking Competing
pathways

Carbon source Degradation
utilization F blocking

7.6 Engineering CO, fixation
Use E.coli to fix CO, since plants, algae and cyanobacteria are
difficult to engineer.
= Need of knowing the Calvin cycle:
3 CO,+ 6 NADPH + 5 H,0 + 9 ATP —
glyceraldehyde 3-phosphate + 6 NADP* + 9 ADP + 8 P;

PRK ADP
(3)
Stage 3:
Regeneration o
acceptor

ATP

CH,0—P) Fixation

Energy . Ribulose 1,5- Rubisco
production via ) bisphosphate
glycolysis; CHO (3)
starchorsugar (1) | |
synthesis C‘HOH THDH
CH,0—P) cH0—P)

Glyceraldehyde 3-phosphate 3"‘““‘"(‘;)9"“““
(6)

Stage 2:
Reduction

P,
(6) ‘\(g’
NADP*

©  NADPH +H' gy

()

= One example: hemi-autotrophic — using two pathways



no organic input
into module

fixation
module

phospho-sugars, etc.

NADH -~
Ti
ATP »
b1 cutoff prevents
X carbon flow
. between modules biomass
‘-‘ Agpm from CO,
TCA supplies energy pyruvate from organic carbon

for carbon fixation
1

energy
module

organic-acids, etc.

= Cut the enzyme for pyruvate, separate the two
pathways
= After evolution

laboratory heterotrophic E. coli evolved autotrophic E. coli future industrial autotrophic E. coli
Co, CO,

renewable
energy

chemical
energy

energy
+

engineering  evolution future work

biomass co,

biomass biomass

food & green fuels

7.7 Engineering endosymbionts
Example: engineering yeast

A B
glucose —4 glycolysis— ATP glixhse
M
glycerol glycerol

glycerol

Cut some genes for glycolysis out
Cut the genes for mitochondria out
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Introduce E.coli which is able to produce ATP from glycerol, to
the yeast

7.8 Metabolic engineering
Example productlon of antlmalarla drugs by engineering yeast

Genes for ey \

hydrocarbon

|
oxidation
/k{:_';}-' Artemisinicacid |
e e
- y Improvement of
——— \\ \_’/ cytochrome P450-

4 \ * Low titre
[ C15-hydrocarbon * Low viability e
. producer | , S—— \
\ -/ . [ Ancmlslnlc acid \\
’ 40 g per L amorphadiene ‘ \\ \ /
o
Genes for Lofw titre
amorphadiene 1 * Improved viability
production Accumulatlon ol
| A. annua
[ genes for oxidation
(" Parent \
yeast strain
Q \ //
S ( ' Artemisinic acid \
| 25 g per L artemisinic acid { licae J
e /
t
! Development of
fermentation
/ and extraction
H - H protocols
Il <“\0 Y [
( 0 OLA | { L
\ ‘ \ i ‘
\ o_ T — HO _
I S Chemical S
o Processing
( Pure artemisinin J [ Pure artemisinic acid ‘

= Microbial oil is the oil derived from microbial sources

= Substrate can be turned into oil from microbial
fermentation

= Example: the microorganisms Yarrowia with starch as
substrate to produce biofuels (in this case, 3 acid
glycerols)

= a-amylase and glucoamylase breakdown the starch for
the microorganism to use

it
4 ey g
ﬁgt%ggga“ﬁggg%gg“
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