ucdm | Universidad Carlos lll de Madrid

OpenCourseWare (2023)
CHEMISTRY I

Verdnica San Miguel Arnanz
Teresa Pérez Prior
Berna Serrano Prieto

Department of Materials Science and Engineering and Chemical Engineering

BIOPHYSICS AND CATALYSIS



Chemistry Il = MODULE 3. BIOCHEMISTRY

Universidad

ucadm | Carloslll

de Madrid
Contents

Biochemistry
Introduction
Organic Compounds of Macromolecules

Biophysics
Introduction
Bioenergetics and Thermodynamics

Catalysis
Introduction: Enzymes as Biocatalysts
Enzyme Kinetics
The Michaelis-Menten Equation
Inhibition Mechanisms_A Kinetic Approach

3.1. Biophysics and Catalysis



Chemistry Il — MODULE 3. BIOCHEMISTRY
Universidad

ucdm | Carlos il 1. Biochemistry
de Madrid

Introduction

Biochemistry is the study of the molecules and chemical reactions of life. It is the discipline that uses the principles and

language of chemistry to explain biology at the molecular level.

Enzymes

1828 Friedrich Wéhler synthesized

the organic compound urea 1897 Buchner showed that extracts

of yeast cells could catalyze the
fermentation of the sugar glucose

NH,*NCO-

Ammonium cyanate

1944 Oswald Avery, Colin MacLeod, and Maclyn
McCarty extracted deoxyribonucleic acid (DNA)
from a toxic strain of the bacterium
Streptococcus pneumoniae. DNA is the
molecule that carries genetic information.
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Introduction

Computer Modelling

DNA Analysis and
4 N\ Structure

Biophysics is the field that applies the

theories and methods of physics to

understand how biological systems

\ work. /

Bioengineering, Nanotechnologies, Medical
Biomaterials Applications
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Bioenergetics and Thermodynamics

Bioenergetics is the quantitative study of energy transductions—changes of one
form of energy into another—that occur in living cells, and of the nature and

function of the chemical processes underlying these transductions.

Laws of Thermodynamics: Biological Processes

First Law: is the principle of the Conservation of Energy. For any physical or chemical change, the
total amount of energy in the universe remains constant; energy may change form or it may be

transported from one region to another, but it cannot be created or destroyed.

Second Law: the universe always tends toward increasing disorder, in all natural processes, the

Entropy of the universe increases.

2. Biophysics
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Standard Free-Energy Changes are Additive

AG[d. ., = AGL® + AG)°

(1) A-» B AG°
(2) B> C AGY

Example:

Sum: A— C AG® + AG)?

2. Biophysics

Glucose + P; — glucose 6 — phosphate + H,0 AG'°= 13.8 kJ/mol

ATP + H,0 — ADP + P; AG'°= —30.5 kJ/mol

(1) Glucose + P; — glucose 6 — phosphate + H,0

(2) ATP + H,0 —» ADP + P,

Sum: ATP + glucose - ADP + glucose 6 — phosphate

k
AG'= 13'8m_£l + (—30.5kJ/mol) = EXERGONIC

Energy stored in ATP is used to drive the

synthesis of glucose 6-phosphate



ucam

1

2

Universidad

Carlos |l
de Madrid

Chemistry Il = MODULE 3. BIOCHEMISTRY

3. Catalysis

Introduction: Enzymes as Biocatalysts

Enzymes are extraordinarily efficient, selective biological catalysts.

Oxidoreductases
Transferases
Hydrolases

Lyases

Isomerases

Ligases

Transfer of electrons (hydride ions or H atoms)
Group transfer reactions
Hydrolysis reactions (transfer of functional groups to water)

Addition of groups to double bonds, or formation of double bonds by removal of
groups

Transfer of groups within molecules to yield isomeric forms

Formation of C—C, C-S, C-0, and C—N bonds by condensation reactions coupled
to cleavage of ATP or similar cofactor

Triose . . R
H Pesilgie Triose phosphate isomerase-catalyzed reaction

Glyceraldehyde-3-phosphate

OH
O\\P/ O\)\/O

Hd' OH 8
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Binding of a substrate to an enzyme at the active site.
The enzyme chymotrypsin, with bound substrate in red
(PDB ID 7GCH).

Substrate
Active site

2

{

E>.

Substrate entering
active site of enzyme

Enzyme/substrate
complex

Enzyme changes shape
slightly as substrate hinds

3. Catalysis

How does an Enzyme work?

Enzymes enhance the rates of biological reactions.
Substrate is bound in the active site of the enzyme.

High specificity in the interaction between enzyme and substrate:

Lock and Key Theory

Lock and Key Theory The

| Products

¥

substrate fits into a preformed

active site on the enzyme.

An enzyme-substrate complex

is formed as an intermediate

Products leaving
active site of enzyme

Enzyme/products
complex
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Enzymatic reaction

%‘ & Free Enzyme
& @ & Substrates

ES ‘@ Substrate Binding
A ]
Il

ES” Reaction
A
v ®
EP % Product Formation
AN
1l
¢ ‘@ [/}
E+P 1% @ Release of Products

Effect of enzyme concentration ([E]), on the
initial velocity (v) of an enzyme-catalyzed

reaction at a fixed, saturating [S].

Reaction rate —»

3. Catalysis

Enzyme Kinetics

1. The conversion of a substrate (S) to a product (P),
catalyzed by an enzyme (E). Enzyme binds a substrate

to form an enzyme-substrate complex (ES).

2. The reaction rate is affected by the concentration of
enzyme but not by the concentration of the other

reactant, S, if [S] is very high.

10

Enzyme concentration ———»
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Mechanism: A kinetic Approach
Kinetic parameters E+S 2 J ES —> E+P
Kz
At the beginning of the reaction
[P] and [ES] are low, [S] and [E] are high
/ . .
The concentration of product [P], increases as
the reaction proceeds. The initial velocity of
the reaction v, is the slope of the initial linear
portion of the curve.
The rate of the reaction doubles when twice
as much enzyme is added to an otherwise
identical reaction mixture.
As the reaction proceeds, [P] and [E] are high, [S] and [ES] are low

Change in concentration of reaction materials over time.

11
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The Michaelis-Menten Equation

k k
E+S SES SE+P
K,
V. = Vmax [S ] Michaelis-Menten Equation
O K, +[S]
K.,: Michaelis constant
____________________________

0.201 ;

\

Zero order with respectto S

0 1000 2000 3000

Substrate concentration

4000

3. Catalysis

12
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Derivation of the Michaelis-Menten Equation
k; k> N
E+S = ES S5 E+P Steady-State Derivation
K4
ES k_2> E+P Vo = k,[ES] (Eq 1) Rate-limiting step

=k, [E][S
Ve =k [E][S] v, =k, [ES] + k, [ES] Formation and Decomposition of ES:

Kinetic Considerations

[E] = [E] oqr — [ES]

Rate of ES formation = Rate of ES decomposition

ki([E]ltotar — [ESDIS] = (k_1 + k3)[ES] (Eq2)

Steady-State Approximation

Rearrangement of Eq 2

k_4+ k, (IE]totar — [ESDIS] K, Michaelis Constant
_—— Km e (Eq 3)
k4 [ES]

13
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kit ke - K. = ([Eltotar — [ESDIS]
ey " [ES]

[ES|Km = (IEl¢otar — [ESDIS]

[ES](Km + [SD = [ES]totailS]

. [E]total[S]
ES1= %+ s
ko [EliorqlS
vo = k,[ES] = ZIE ]jrt[ls[] ]

Vinax = ks [E]total

(Eq 3)

(Eq 4)

(Eq 5)

(Eq 6)

(Eq 7)

(Eq 8)

(Eq 9)

3. Catalysis

Steady-State Concentration

Maximum rate: the concentration of S
is very high, the molecules of E are
present as ES

Michaelis-Menten Equation

14
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Catalytic Constant (k)
At high substrate concentration the Vmax

overall velocity of the reactionis V.,

Vinax = kcat[E]total kcat - [E]t tal
ota

k.. Catalytic constant

Number of moles of substrate converted to product per second

er mole of enzyme or turnover number.
Turnover Number P f enzy

Enzyme (per second)

Carbonic anhydrase 600,000

3-Ketoesteroid isomerase 280,000

Acetylcholinesterase 25,000

Penicillinase 2,000

Lactate dehydrogenase 1,000 Representative values of k,, (The
Chymostrypsin 100 catalytic constants are given only as
DNA Polymerase | 15 orders of magnitud)

Tryptophan synthetase 2

Lysozyme 0.5

15
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kot ky

kq

m:

Michaelis Constant (K,,)

([Eltotar — [ESDIS]

[ES]

k; k2
E+S (K:’ES—>E+P
1

1. Ifk, <<k, k,can be neglected and K,, = k_, / k,

K., Equilibrium constant for the dissociation of the ES complex to E + S

2. K., is a measure of the affinity of E for S.

The lower the value of K,,, the more tightly the substrate is bound.

3. From the curve:

K, =[S] whenv,=V,_ /2

VO —

Vmax [S]
K +[5]

Reaction rate

(Eq 3)

3. Catalysis

1000 2000 3000 4000
Substrate concentration

16
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Lineweaver-Burk Equation: Measurement of Kinetic Parameters
| /A S
v, = Smaxll g
Km +[S] 4
Vo
Michaelis-Menten Equation
.—"Q/.
Linear transformation /?/"’S
/'p"l”
| &
= = ’/.y’
1 1 % 1 Y-Intercept Vmax o e
- n m o R Slope = 7
max
Vo Vinax Vinax ) 1S] -1
X-Intercept=—" _~
Km -~
Lineweaver-Burk Equation /'/
@" ; 4
0 1

Double-reciprocal (Lineweaver-Burk) plot.

17
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Inhibition Mechanisms: A Kinetic Approach

An enzyme inhibitor (1) is a compound that binds to an enzyme

and interferes with its activity

%+ Prevent the formation of ES complex.

+» Block the chemical reaction that leads to the formation of product.

Types of Reversible Inhibition

Competitive (I binds to E only) Raises K.,
Vmax remains unchanged

Uncompetitive (1 binds to ES only) Lowers V, ., and K,
Ratio of V,,./K,, remains unchanged

Noncompetitive (I binds to E or ES) Lowers V, .
K., remains unchanged

3. Catalysis

18



Chemistry Il = MODULE 3. BIOCHEMISTRY

Universidad
ucdm | Carloslll
de Madrid
substrate
competitive *_/
inhibitor ~ AE |
Inactive enzyme allosteric

site

e~ Competitive Inhibition

-+~ No Competitive Inhibition

3. Catalysis
Competitive Inhibition
(I binds to E)

k; k2
E+S 2ES->E+P

K4

k. S and | compete for binding to the

or E +1 (:)' El enzyme molecule

Double reciprocal plot

V..., remains unchanged and K, increases. The green line labeled

max

“Control” is the result in the absence of inhibitor. The red line is

the result in the presence of inhibitor.

Y -1 0
Km Km-inhibited

19
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Uncompetitive Inhibition
(I binds to ES)
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Normal Uncompetitive

Inhibitor

o T
\>f'{~

o

)

Inactive enzyme

&

-8~ Uncompetitive Inhibitor Added

-2 |Inhibitor Absent

«—

{ Kmtinhibk) 1 0
1/ Kmiinhik) 1/Km 5]

k; k>
E+S K:’ES—>E+P
-1

k.
! free enzyme

or ES+1 2 ESI

Double reciprocal plot

Both Vv, and K,, decrease (i.e., the absolute values of both
1/V,,, and 1/K  obtained from the y and x intercepts,

respectively, increase).
The ratio K,/V,,.,, the slope of the lines, remains

max

unchanged.

1 ( Km> 1,1
VO Vmax [S] Vmax
20

Inhibitors bind only to ES, not to
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D\ 4

noncompetitive
inhibitor

allosteric /

site
Inhibitors do not bind at the

same siteas S

—e—- Noncompetitive Inhibitor Added

-& Inhibitor Absent

Noncompetitive Inhibition
(I binds to E or ES)

k; ko
E+S KT_’ES—>E+P
-1

=~

i

orE+1 2 E[+S2ESI
ki
or ES+1 2 ESI

3. Catalysis

Inhibitors can bind to E or ES,
forming inactive El or ESI
complexes

Double reciprocal plot

V... decreases, but K,, remains the same.

(Km> 1,1
Vmax [S] Vmax

21
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