
PROTEIN BINDING:
Pretty Much All proteins bind

"The secret to life is molecular recognition. The ability to recognize another through
weak binding interactions

HEMOGLOBIN BINDS OXYGEN
Heme= prosthetic group

Functions --> Transport O2

ENZYME CHARACTERISTICS

1. ENZYMES BIND SUBSTRATE

2. ENZYMES BIND INHIBITORS

HIV PROTEASE
incredibly tight binding of inhibitor 

multiple H-bonds and 200+ VDW forces between
enzyme and substrate

Proteins can bind other proteins, 
not necessarly just ligand

Protein + Ligand = PL

Kd= [P][L]/[PL]

PL <---> P + L 

Why not K association?

Ka = [PL}/[P][L]

THIS EQUATES TO UNITS 

Ka = M/MM
Ka = M^-1 

units of substrate per molarity 
is not a useful measure for BCH

WHAT DOES Kd GIVE?

Kd is the value of substrate at 
which 50% of the enzyme active sites are saturated

Kd = K-1/K1

PROOF: 

Kd = [P][L]/[PL]

[P]=[PL] this means the there is
just as much free protein as bound protein

50% relationship

therefore [P]/[PL] = 1

Kd = ([P]/[PL]) [L]

Kd=(1)[L]
THEREFORE:

Kd = [L] when [P]=[PL]

almost all bidning sites on the protein
are saturated when [L]=10Kd

PROOF

[L]=10Kd

Kd=[L][P]/[PL]

Kd= [10Kd][P]/[PL]

rearrange

[PL]=10[P]

This means that the concentration of
protein bound to ligand is 10 times the

concentration of free protein
hence it is highly saturated

The opposite is true if it were

[L]=1/10Kd

HOW IS THE Kd RELATED TO GIBBS FREE ENERGY?

ΔG=-RTln(Kd)

Just keep in mind that
ΔG increase in proportion to Kd

The higher the ΔG the less stable the PL complex
which represents a higher rate of dissociation

Therefore as Kd increases, the ΔG increase (more positive)
(less likely to exist as PL) 

As Kd decreases, the ΔG decreases (more negative)
(more likely to exist as PL) 

 

LIGAND BINDING CURVES AND DEGREE OF BINDING

DEGREE OF BINDING
of single binding site (v)

DEGREE OF BINDING 
of multiple binding sites (θ)

v=[PL]/([P]+[PL])

Which translates to 
percentage of bound protein to total protein

total protein = [P] + [PL] 

v=bound protein/total protein

Note that degree of binding graphs are done in the following units

degree of binding = y axis
Log [S] = x axis

Stochiometric binding occurs when

[P] >>>>>>> Kd

Meaning that the concentraiton of free protein is 
much greater than available [PL] or [S]

The idea is that we cannot distinguish
Kd or degree of bingind between substrates

when they're all bound regardles sof their
the massive difference between

their actual Kd values

Which is tight versus weak affinity

we don't fucking know

MANY PROTEINS HAVE MULTIPLE
BINDING SITES

- COOPERATIVITY
-HETEROGENEITY

COOPERATIVITY

HETEROGENEITY

Multiple binding sites, but they are all INDEPENDENT
and NOT EQUIVALENT to each other

each will have a separate Kd value since they don't
affiliate

All bingind sites are EQUIVALENT and DEPENDENT 
on each other's binding of substrate

Kd depends on the amount of substrate bound

T = Tight (low affinity state AKA NOT ACTIVE)

R = Relaxed (high affinity state AKA ACTIVE) 

DERIVATION OF THE HILL EQUATION FOR MULTIPLE
BINDING SITES INFINITE COOPERATIVITY

it means that one substrate bound results
in complete binding of substrate to all binding sites of protein

THERE ARE NO INTERMEDIATES TO CONSIDER HERE!
(forget about one site bound nd the other not bound)

Derivation:

Pretty much plug the equation for Kd
into the degree of binding equation

LINEARIZATION of the HILL EQUATION

We use the reciprocal of the v value
v/(1-v)

IN THE GRAPH WE USE

Log (v/(1-v)) = y-axis

Log ([L]) = x-axis

y=mx+b

Log(v/1-v) = nLog([L]) - LogKd

Therefore Kd is the Y-intercept (THE LOG OF IT)

New Node
Log(v/1-v) = nLog([L]) - LogKd

Note the purpose of the slope (n)

n=1 NO COOP
n>1 = YES COOP
n<1 = NEG COOP

extrapolation of the points at where n=1

we get tight binding (Rstate) (high affinity)

we get weak binding (Tstate) (Low affinity)

label

THINGS TO FOCUS ON HERE:

X-INTERCEPT OF EXTRAPOLATED LINE = Log(Kd)

SLOPE --> LOOK AT THE ABOVE BOX

New Node

GRAPH 1

Y-axis l= v (percent binding)

X-axis = [L] 

Both units are linear

Trend is PARABOLIC
similar to Michealis-menten (note than MM has a Velocity Y axis)

THIS DEMONSTRATES NO COOPERATIVITY

GRAPH 2 (BOTTOM LEFT)

Cooperativity demonstrated by sigmoidal shape

WE CAN ONLY GET AN AVERAGE Kd FOR THIS unlike the 
hill plot, which can give Kd for low afinity and high affinity states

GRAPH 3 (TOP RIGHT)

X-axis is Log[L]

Y-axis Degree binding

Sigmoidal because of logarithmic relationship

WITHOUT COOPERATIVITY

GRAPH 4 (BOTTOM RIGHT)

same as above

COOPERATIVITY = much more steep slope
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ALLOSTERY

Regulation of protein function by binding 
of an effector molecule

Effector molecule binds at a site
other than main binding site

Allosteric regulator:

Activator --> like in ATCase --> ATP

Inhibitor --> like in ATCase --> CTP

LECTURE 12
 

two models of 
ALLOSTERIC REGULATION

MWC MODEL / SYMMETRY MODEL

1. Allosteric protein is symmetrical
Assumes all 4 binding sites are the same

hence COOPERATIVE DEFINITION

2. PRotein can exist in 2 states which represent an
EQUILIBRIUM

T-state = Low affinity
R-state = High affinity

3. Ligand can bind BOTH states
L can bind to T or R state, this will disrupt the Equilibrium to 

favour one of the states more than the other
NOTE --> regardless of equilibrium, presence of both states at all times

New Node To = Low affinity state dominant
there is no Ligand binding yet 

first Ligand Binds

To --> T1 ---> R1

After the binding of the first Ligand, 
T1 becomes R1 (Eq shift)

This "Activates" the enzymes next subunit 

But can occur SIMULTANEOUSLY to other binding sites
Not necessarily sequential as T2, T3 and T4 can exist just as much
as R2, R3 and R4 after the second ligand binds, it just depends on 

how the protein responds to the binding of the following effector molecule
and so on. 

THINGS TO KEEP IN MIND

at no ligand binding T-state concentration is much higher than R-state

This is disrupted by binding of first ligand.

KNF MODEL / SYMMETRY MODEL

1. Subunits of a multimeric roteins have to conformational states NOT IN EQUILIBRIUM
either T-state or R-state per subunit (NOT THE ENTIRE PROTEIN)

2. Ligand binding causes conformational change of the following subunit 
fits the induced fit model

3. Conformation change of one subunit may decrease the energy for the conformational 
of the following subunits (decrease in energy means lower ΔG‡  for the Transition state

of the following conformational change of the other subunits AKA activates them) 
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KNF model 

The enzyme begins in a low affinity T-state

Binding of the first substrate convderts the first
subunit (active site) into the R-state, which will put the remaining

Subunits in an intermediate state (between T n R) --> He names this 
the "strained intermediate"

Then binding of the following substrate will push the next available subunits
further into the strained intermediate via lower G‡ . 

Strength of this cooperativity
depends on the strength of mechanical 

coupling of subunits

"the more binding of the ligand, the more a change in the 
surrounding subunits caused --> thus increased cooperativity" 

Strength of cooperativity dependent on 
the shift in the Equilibrium constants. 
The change between the favourability

of the T-state over the R-state and vice versa 
(of the entire protein)

as we bind the ligands

VS

What is the difference between 

The induced fit model

The Lock and key Model

Side note

This is to prove the KNF
model

Lock and Key

Static model of Enzyme kinetics

If the active site is so rigid, then the 
Transition state is not possible

(refer to Transition state catalytic process LECTURE 14)

INDUCED FIT MODEL

This better represents the dynamic nature
of proteins

substrate binding can accept changes in protein
active site structure to better welcome 

allosteric regulation according to the KNF model

ENZYMES... WHAT DO THEY DO?

- catalyze biochem RXN by making it FASTER

-
Do this by reducing G‡ 

NOT consumed in the RXN 

New Node Just take note of the following in  the 
graph:

1. The position of Intermediates after 
the peaks in the G ‡ 
 
2. Catalysis in BCH RXN is done by 
creating multiple intermediates --> 
REFER TO COVALENT CATALYSIS 
PROCESS IN LECTURE 14

3. Larger G‡ 
 means slower RCN

Smaller G‡ 
 means faster RXN

4. only activation energy can describe 
kinetics of a RXN (speed of the RXN)
The difference in energy between 
products and reactants AKA GIibbs 
free energyDOESNT DESCRIBE  the 
SPEED OF THE RXN only spontaneity
 

ENZYME NEVER CHANGES GIBBS FREE ENERGY, 
JUST ACTIVATION ENERGY
 

Some ENzymatic reactions are 
so efficient --> meaning that G‡  is sooooo LOW 

that the only limiting factor is the DIFFUSION LIMIT, 

Meaning the rate at whi h the Enzyme and the Substrate can
come together/interact
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Diffusion LIMIT is:

10^8 - 10^9  M-1s-1
 

START
 HERE
 

MICHEALIS MENTEN 

ENZYME KINETICS

New Node

In an enzyme catalyzed RXN

The RXN coordinate demonstrates 
two phases

Phase one (low substrate concent)
= Linear Phase  

as substrate concentration increases
velocity increases

Phase two (Beyond Km concentration)
= Saturation Phase

substrate cocnentration no longer
has an effect on velocity

LIMITED BY ENZYME ACTIVE SITE

v=k1[s] --> First order reaction
RXN rate dependent on concentration of 

a single species in the RXN

v=k[s][I] --> Second order reaction
RXN rate depndent on concentration

of two species in a reaction

v=k[S][I][S'] --> Third order reaction
... you get the idea

Mechanistic model for enzyme catalysis

2 steps

E+S <----> ES ---> E+P

Enzyme Binds to Substrate first

E+S <--> ES

Enzyme catalyzes formation of product

ES --> E+P

MM derivation of equation

k-1[ES] + kcat[ES] = k1[E][S]
v0 = kcat[ES] 

[E] = [E]total - [ES]

plug them into each other to solve 
for [ES]

insert the solution for [ES] into 
v0 = kcat[ES] 

and note 
Km = (k-1 + kcat)/k1 

we get
 [ES] = [E]total [S]/(Km + [S]) 

Vmax = Kcat[E]total

if all enzyme is turning over product 
then all active sites are THEORETICALLY

saturated

finally we get
v0 = Vmax [S]/(Km + [S])  

THINGS TO NOTE ABOUT THE MM EQUATION

Steady state assumption (SSA)
theoretically at equilibrium, the rate of formation

of ES should be the same as the rate
of dissapearance of ES

Formation = k1[E][S]

Dissapearance = k-1[ES] + k2[ES]
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THINGS TO NOTE ABOUT THE RXN COORDINATE DIAGRAM:

Kcat/Km is indicative of the energetic difference beteween free substrate 
and enzyme to the transition state AKA activation energy

Kd is the NET energetic difference between the ES complex and the E+S reactants

Kcat is the energetic difference from the ES complex to the TS (highest peak in the diagram)

Intermediates are denoted by local lows after a TS peak (ES and EP)

K3 is very fast since TS only exist for a fraction of a second
K-2 negligible since it is very slow

Types of ENZYMES

1. OXIDOREDUCTASE (REDOX CATALYSIS)

2. TRANSFERASE ( TRANSFER GROUPS BETWEEN MOLECULES)  

3. HYDROLASE (BREAKS BOND USING WATER)

4. LYASES (FORMATION OF A BOND)

5. ISOMERASE (CHANGES LOCATION OF GROUPS WITHIN MOLECULE)

6. LIGASE/SYNTHASE (BOND FORMATION BY ATP COUPLING)

P450 
 

KINASE
 

TRYPSIN
 

PAL
 

PHOSPHOGLUCOSE 
MUTASE
 

ANY ATP USER  LOOK AT 
ENZYMES OF 
GLYCOLYSIS
 

CO-FACTORS
non-protein part of an enzyme

IONS

CO-ENZYMES 
organic 

they are chemically consumed

co-enzyme A, B6, B1
lipolic acid, nicotinamide, riboflavin

PROSTHETIC GROUPS
tightly bound COVALENTLY co-factors

APOENZYME
not active

(lacking prosthetic group)

HOLOENZYME
active

1 2 
3 

heme is an example

 

enzymes are highly substrate selective

enzymes are highly stereoselective

induced fit model dictated by non-covalent force interaction

- H-bonding
- Electrotatic interaction

-Size and shape of substrate (surface of contact)

NON-COVALENT INTERACTIONS AT THE BINDING 
AND CATALYTIC SITES
 

HOW DO ENZYMES INCREASE Vo?
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PROXIMITY EFFECT

ACID/BASE CATALYSIS

METAL ION CATALYSIS (LEWIS ACID CATALYSIS)
COVALENT CATALYSIS

ELECTROSTATIC CATALYSIS

TRANSITION STATE STABILIZATION

Example used was DHFR with NADP+ CO-FACTOR

1. enzyme will increase concentration of substrate by closing space
around it (brings it closer)

2. Enzyme will increase geometry by properly orienting the active surfaces 
between substrate and co-enzyme

When the enzyme binds both the sustrate and the co-enzyme we name this THE TERNARY COMPLEX

LARGE INFLUENCE ON 
ENTROPY
 

New Text
 

Enzymes allow for both Acid (A) and Base (B) catalysis as they prevent
the two from coming into contact with each other when in the active site.

Typically they would neutralize each other in solution, but enzyme prevents this
to allow for Nucleophile attack and electrophile formation at the same time.

Base will make water a better nucleophile by deprotonating it

Acid will make alkoxide group OR into a good leaving group 
by making an alcohol out of it ROH (protonating it)

Essential the goal is to fuck with oxygen until it leaves the substrate
and makes room for another oxygen based molecule

in this RXN, OR leaves by forming a TETRAHEDRAL COMPLEX and 
allows OH to form (free sugar product)

New Node

Good AB Amino acid catalysts:

Asp, Glu, Cys, Lys

Tyr but not the best bexuse of high pKa... highly protonated

His is the best because it exists as both
depro and pro form due to pKa of 6 

therefore can behave as acid and base

Focus on the purpose of the divalent cation

1. Activates the C=O complex by pronouncing the dipole
between the oxygen and carbon

Carbon becomes even more positive (highly electrophilic) 
This activates it for Nucleophilic attack

Zn2+ draws the negative charge away from oxygen (Lewis acid property since
a lewis acid is a molecule that readily accepts electrons ... Zn2+) --> oxygen will compensate 

for this by pulling electron density away from its carbon

2. Zn2+ will coordinate H2O (coordinate means it makes the bonds in H2O very polarized) 
If the bonds in H2O are polarized, the H will most likely ditch the molecule easily

making the pKa lower (higher Ka --> Ka = [A-][H]/[HA] .... therfore favours ionized form of water) 

This will make OH- + H+ much more likely to exist --> hence the H+ will make a good OH- leaving group 
for water.... the Glutamate can now attack the H+ electrophile

Tetrahedral intermediate is formed --> breaking of the specific bonds in the intermediate will dictate
product formation or reactant reformation
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Essential the ENolate intermediate is too high energy and isn't very favourable in biological conditions

Acetoacetate decides to go with an enzyme (Acetoacetate decarbixylase) which will create 
multiple intermediate states to by pass the high energy intermediate

typically glutamate isn't a strong enough base to deprotonate water.... but
Zn2+ coordinates water's bonds enough so that the OH- is favoured

this will result in much more easier destabalization of the H2O molecule to favour its deprotonation

stabalizing OH- and Glutamic acid formation

THE ACETOACETATE FORMS AN IMINIUM ION

C=O becomes an OH and substitutes with a Lys side chain
RNH3+

This forms the Imminium ion --> REVERSIBLE 

Imminium ion is decarboxylated CO2 loss --> IRREVERSIBLE STEP

ENAMINE IS FORMED = Low energy alternative to ENOLATE

Tautemerization of the CH2 double bond and the RNH group
addition of an H+

Product is released after re substitution of the RNH2 group with OH 

this forms ACETONE
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In solution (without enzyme) the chargest of substrates
are stabalized by the solvent dipoles. 

This means that when the substrate is added to solution, all 
the water molecules must allign to stabalize the newly added charges

this is time consuming and energy costly

In an ENZYME, the active site has already held the solvent dipoles into
place ... the new substrate is ready to be accepted (much like the proximity midel) 

When inserted into the active site, the substrate's charges are destabalized 
by the already formed dipoles, which will push it to the more energeticallyfavourable 

product (shared charges) 

IMPORTANT NOTE

CATALYSIS is NOT due to dipoles stabalizing 
the added substrate... it is due to the 

dipoles destabalizing the substrate into 
favouring the products

New Node

ACtive site is better suited for the transition state than the 
reactants or the products this serves two purposes

Substrate won't bind sooo well that the ES intermediate energy
level is much lower than the EP and E+P alternatives... no reaction proceeds 

in this case

Product won't remain bound to active site after catalysis, this will allow its
release

Inhibitors are designed in light
of the TS form such that 

they prevent binding of the substrate
by tightly binding the active site's conformation

New Node

REGULATION OF ENZYMATIC ACTIVITY

CONTORL THE AMOUNT OF 
ENZYME AVAILABLE

LONG TERM REGULATION

CONTROL ENZYME ACTIVITY

IMMEDIATE REGULATION

TRANSCRIITPIONAL REGULATION
TRANSLATIONAL REGULATION

PROTEOLYTIC DEGRADATION

ALLOSTERIC CONTROL 

ALLOSTERIC REGULATORS

ATCase Example

CbmP + Asp --> CTP

Positive regulators

Negative Regulators

ATP, Asp, CbmP 

either reactants or energy

Promote faster formation of products

CTP 

creates downstream regulation
of product formation by product

FEEDBACK INHIBITION

In a reactivity to substrate [] graph

A negative regulator will decrease activity at the same
concentraiton of substrate

A positive regulator will increase activity at the same concentraiton 
of substrate

Just draw a line at a value for substrate cocnentration
and look at the realtive activities of each

New Node
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ATCase has 12  subunits

6 catalytic = 2 trimers

6 regulatory = 3 dimers

Substrate bind to catalytic subints

Non-substrate regulators bind
to regulatory subunits

2 state model

T-state = Catalytically inactive R-state Catalytically active

Catalytic Domain Regulation

Follow MWC model
 

Inhibitor will stabalize T-state Activator will stabalize R-state

CbmP and Asp will bind at the T-state 
it will push the equilibrium towards the R-state

Much like the MWC model

ALL 12 SUBUNITS RESPOND ... this not 
a sequential model

In the absence of substrate, 
the T-state is dominant in cocnentration

200:1

Regulatory Domain Regulation

Allosteric Effector will bind anywhere other than the 
catalytic domain

This will cause a conformational shift in a specific subunit 

if negative regulator it will stabalize the T-state
therefore no activity

THERE IS NOT CHANGE IN EQUILIBRIUM therefore cooperativity is
NOT LOST

Selective binding of ATP as an activator (regardless of CTP inhibition) is still existant

MAIN IDEA:
ACtivator will bind High affinitiy R-state and stabalize it

Inhibitor will bind low affinity T-state and stabilize it

Examples are:

PFK, FBPase, Glycogen Phosphorylase
 

models of inhibition
3 types

competitive

uncompetitive

mixed:

comp + uncomp

binds the free enzyme and competes with the free substrate

Doesn't change Vmax since it can be beaten by increase [S]

Increases Km since affinity between substrate and enzyme is now affected

Km=K-1+K2/K1 --> K1 is severly reduced!
Therefore as a denominator it should increase the total Km

or Km app = αKm

α = 1+ [I]/Ki 

New Node

Inhibitor binds to the enzyme substrate complex REVERSIBLY

This causes boththe Km to decrease and for Vmax to decrease

Km app = Km/α'

Vmax app = Vmax/α'

Ternary complex is bound tightly such that product can't be formed

Kcat/Km = enzyme specificity 

Dictates the activation energy

Changes in this case, therefore activation energy
changes relative to the linear phase slope (Kcat/Km)

α' = 1+ [I]/Ki'
 

New Node

Kcat/Km = specificity constant

It doesn't change in this case since both the
vmax and the Km are reduced

by the same magnitude α

Binds both the free enzyme and the enzyme
substrate complex, but never for the same active site

Km app = αKm/α'
Vmax app = Vmax/α'

Ternary complex is bound tight such that product isn't formed

This particular inhibition is not afffected by substrate concentration
since ESI also exists and that they are not competing for the same

active site

New Node

Vmax decreases

Km can decrease but only slightly since 
α usually comparable to α' 

this means they almost cancel each other out

Overall Kcat/Km changes considerably
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