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Enzymes — biocatalyst

- usually large protein molecules (apoenzymes)
- some RNA molecules (ribozymes)
- sometimes metal 1s involved (metalloenzymes)

some enzymes require coenzyme/metal 1ons

Apoenzyme + Coenzyme/cofactor = Holoenzyme
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Introduction

BOSTON

Enzymes

Enzymes can be produced from inactive proteins (proenzymes/
Zzymogens)

Enzymes with different structures can catalyze the same reaction:
1soenzymes Or 1S0zymes




Classification

BEOSTON

e The International Union of Biochemistry - ase suffix

Enzyme Commission code : EC

lactate dehydrogenase - EC 1.1.1.27.

Code Classification Type of reaction catalyzed
1 Oxidoreductases Oxidations and reductions
2 Transferases Intermolecular transfer of groups
3 Hydrolases Hydrolysis of various functional groups
4 Lyases Cleaveage of bonds by non-oxidative or non-hydrolytic mechanism
5 lsomerases Interconversion of isomers
6 The formation of bonds between molecules

Ligases (synthases)
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Active Sites and Catalytic Action

e Active site - substrate

E +8S E-S complex ——— E-Pcomplex —— P + E

? \

Recycled

- Enzymes are catalysts - they reduce activation energy

TS Uncatalysed reaction

/ energy changes

Enzyme-catalysed
reaction energy
changes

Ener
9y Substrate T

E-S complex t
E—P complex Product

Reaction ordinate > 5
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Active Sites and Catalytic Action

nusrnu
Active site — substrate interaction
- Lock and Key model
Active site
Substrate 8 <8 @ Product 8
Enzyme E-S complex E-P complex Enzyme
- Induced fit model
Active site
\@ @ Enzyme-
——» catalysed
reaction
Substrate
Enzyme E-S complex

- Coenzyme model

Active site Coenzyme Co enzyme

\ Daniel Koshland
Coenzyme i} Substrate
6

Enzyme —S complex




Active Sites and Catalytic Action m
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e Allosteric activation

Active site Allosteric site Extra active site

FBPase
1 — active site
2 — allosteric site

3 — tetrameric allosteric site




Regulation of Enzyme Activity

BOSTON

e (Covalent modification

- attachment of a chemical moiety by a covalent bond (regulators)
- activate or i1nactivate (switch on/off)
- modifying/converter enzymes

Glycogen Glucose-1-phosphate
e Glycogen phosphorylase» il
0
Active enzyme —CH2—O—|T>—O_
A O_
Phosphorylation by Dephosphorylation by glycogen
protein kinase y phosphoryl phosphatase

Inactive enzyme —CH,OH




Regulation of Enzyme Activity m
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Allosteric control

- reversible binding to an allosteric site — activate/deactivate

- compounds from metabolic pathway or others (effectors,
modulators, regulators)

- allosteric site — regulatory site

Active site inactivated Active site activated
Regulator ) | ’>
activating >+ —
enzyme Regulator
Inactive enzyme Active enzyme
Active site activated Active site inactivated

Regulator ) ‘ )
deactivating >+ p—
enzyme Regulator

Active enzyme Inactive enzyme 9




Regulation of Enzyme Activity E’:@s
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e Allosteric control

- Feedback control

Can inhibit E,
v
Earlier stepsinthe _ E | E 5 E c _Evarious - D
metabolic pathway A number
of steps

- Second modulator (positive modulators)

Active site

<— Regulator activated

Active site k» B
inactivated EnE e + CcAMP —— x + G cAMP

_ Regulator
Inactive enzyme Active enzyme
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Regulation of Enzyme Activity
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Allosteric control
- Proenzyme control
15 16 147 148
Thr-Asn 245
1 Arg-lle 122 136 T, 201
Chymotrypsinogen Cys Y Mcyswcysw CYSM
(inactive) S-S | L s-s
Trypsin
15Arg ”e16 .
Thr-Asn 245
. 1 201
n -Chymotrypsin C sﬂ Méizsmé)i/iw MC)(SM
(active) . | | S-S
14 15 7=-Chymotrypsin
Ser-Arg + Thr-Asn
146 149
13 18 Tyr Ala

245

o =Chymotrypsin 1 pp:»“’p{ m‘”‘««.bk 122 136;4]{ Ea){;w

(active) CE S Cllyswwv Cl)ys
S-S S-S
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Specific Nature of Enzyme Action
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e Role of chirality

Stereoisomers @
. — oflacticacid ——___

1 .C
N\ " W .,
B ey, = ,
S 8 2
‘;n 7 “‘_‘\\ ,’"/,
COOoH : : h’
{ i
\ i H H
: P ; ; : ;
} H H
1 H H
) H 1
1 H :
; : :
)
1
T
1

CHg| 4+ 1 | i | i |CHs| 4
Active site '

(a) (b)

Product .'
in deficit ‘.

Llow reaction

+H,

-

Fast regection

Coatalyst !
iy ‘(/"'"‘.b Erl:ldl-f L-ll | |
ﬁq‘ i EXLESY r" ' ."‘
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Physical Factors of Enzyme Action
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e Allosteric vs. feedback regulated enzyme catalysis

A i s s 5 1 ¢ s 5 i £ £ 8 SR 8 A
Saturation
142 Y b s ; value
Rate Rate
Ko
Concentration of substrate — Concentration of substrate ——
(a) (b)
-pH, T
Pepsin Trypsin
Activity Activity

pH— Temperature ——» 13




Enzyme Kinetics
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e Single substrate reactions

E+S e Sl e i~ L S

- Michaelis — Menten equation [ | Slope=K /Y,

Vmax [S] i /
V =
Km t [S]

WK, iy
- Lineweaver — Burk equation
1/[S] —>
1 Km 1
= +
V Vmax [S] Vmax
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Enzyme Kinetics

T Slope =K /[V._]

v
Lineweaver — Burk plot /

_1/Km //,—' 1/V
18] —>
Eadie — Hofstee plot Hanes — Wolf plot
/ Viex T Slope = 1/V__
[S]
T v /
4 Vmax - K - K
[ l T Ve
i P [S] —
s B K
4 -V vV

BOSTON
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Enzyme Kinetics
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e Multiple substrate reactions

- The sequential or single displacement reactions

E+A+B A—E—B == N—E—P ——> E+P+N
E+A = A E+B A E == N E P  E+P+N
- Double-displacement or ping-pong reactions
P
E + A— E-A Pt B LEB_——EN___. gip
B
1% // 1V //
1[A] —» 1/[A] —»

(a) (b)
16




Enzyme Inhibitors

e Reversible Inhibitors

- Competitive inhibition

Active site
—» Products (P)
Substrate @
—S complex
Inhibitor
Enzyme Enzyme
(I) process stops
E-l complex

E+ S + |

.

L

’ .

r o,

,,7 -
-
-

—ES —— E+P

X

E-I
Inhibitor concentration is 2]l] COO™ OO~
Inhibitor concentration is [I] K Succinate
. dehydrogenase
Noinhibitor CO0
Malonate COO~

Note the similarity Succinate
of these structures

1/[S] —»

74
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COO

5
COO
Fumarate
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- Non-competitive inhibition ~ m@
8 / \fﬁg\;%;x CHs g NH\[:::I:T§>——/ N ot
Substrate “ > Product oo NG \\O CH,

Delavirdine
Nevirapine F,
Allosteric Actlve site
site \ E 0 Efavirenz
@ Inhibitor C a

Enzyme 4¢¢??

E- Product
7N
E | -E-S Cannot form product or forms
\ / the product very slowly
| -E

Enzyme Inhibitors

e Reversible Inhibitors

T Inhibited T Inhibited T Inhibited
17V // v / 17V /
’ No inhibitor / /
/{;//, A No inhibitor /”’x”'NoinhmHor
1/[S] —> 1Sl — 7 , 18] —»
(a) (b) (b)
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Enzyme Inhibitors

e Reversible Inhibitors
- Uncompetitive inhibition

Si=aC &l S

E+S

-

| /

Inhibitor concentration increasing

No inhibitor

1/[S]—
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Enzyme Inhibitors
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e Reversible Inhibitors
- Uncompetitive inhibition of So-reductase

CF,

Dutasteride

20
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HESTBH

Enzyme Inhibitors

e [rreversible Inhibitors
- Active site — directed inhibitors

Substrate Active site

@ — Products (P)
/
E-S complex
> Enzyme-inhibitor

. (I) complex cannot
Inhibitor form the products

E-l complex

E+S+l —E-S—E+P

I

E-

Most of them are too toxic — research use

21
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Enzyme Inhibitors

e Anti-inflammatory drugs: Aspirin — a case study

- - COOH Cycooxygenase O/’/ ’/WCOOH
L . 10, - Cl) —

Arachidonic acid DOk PGG,

Other O/ N "COOH Other
prostaglandins™ (') — > prostaglandins

Prostaglandin synthase

o, 5 Ty o
NHCOCHNHCO NHCOCHNHCO %’“NHCOCHNHCO'HJJ

2 CH2 COOH

| e —— - » +
COOH (‘OH COOH c|>‘“H + H
Osc-tHs 05— ch, o
ol
o¥ 5> 3
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Enzyme Inhibitors m
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e Anti-inflammatory drugs: Aspirin — a case study

aspirin, ibuprofen, naproxen (NSAIDs) — COX 1, 2 inhibition
long term use : ulceration of both GI tract, and kidneys

more selective inhibition of COX-2

COX-3 (CNYS) target for drugs to decrease pain and fever
O O O
-l O:/g

O:S O\S
/ / CH
i \©\ "N OY\ et O\K< 3
N/N =
| \>—CF3 | O /O

Celeoxib Rofecoxib Valdecoxib

23




e [rreversible binding — suicide inhibitors (K,
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Enzyme Inhibitors

or IMBIs)

cat

usually analogs of natural substrate

Active site

Inhibitor
activated
—_—
by the
Inactlve enzyme

inhibitor Inhibitor binds to Activated inhibitor binds
enzyme irreversibly to the enzyme

serine protease thrombin

O O
o Enz-OH /dL /@\)J\O/Enz
%— ! Possible
H,NCH, N/&O H,NCH; H,NCH, ll\l’H\hydrogen

PhCH2 PhCH2 PhCH2 bondlng

7-Aminomethylisatoic Enzyme-bound molecule
anhydride -4
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e [rreversible binding — suicide inhibitors (K _,, or IMBIs)
e /\ X§ Enz—Nu Enz—Nu Enz—Nu
Z—INU
X=0,SorNR \/H+
1 1
L7 —— L+ X"\ + Enz-BH
X=0,5SorNR A/T_l/r?: B
L = a stable leaving group Erz
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* [rreversible binding — suicide inhibitors (K

Enzyme Inhibitors

or IMBIs)

at
Oxidation Michael type
OH . * O . O
4\( (Oxidoreductase) /\% addition of Enz-Nu K\?
R R _Nu R
nz
F ®) Elimination S *4\%0 Michael type N (\?o
\/\f (Lyase) addition of Enz-Nu
R R _Nu R
EnZ
\OH Oxidation \?O Michael type X %\{/O
(Oxidoreductase) addition of Enz-Nu
R R /NU R
Enz
Oxidation 5 Nucleophilic OH
~>—OH . - [>=o0 — - X
(Oxidoreductase) addition of Enz-Nu Nu—Enz

Hydrolysis

Nucleophilic
substitution of the

O
O
~ _Br (

Haloenol lactone

Serine protease

halogen by Enz-Nu

@) O
O\Enz O\Enz
> O O
) Br Nu-Enz

nz Nucleophilic

HoN substitution of the HoN

Hydrolysis

0
H,N o
Z (
*“OR
Cl

Serine protease)' halogen by Enz-Nu

0 /Enz
0]
O
VY

Enz-Nu OR
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Enzyme Inhibitors

e [rreversible binding — suicide inhibitors (K _,, or IMBIs)
- tienilic acid (ticrynafen, diuretic drug)

H H . H H i
Cl O._COOH  Oxidation 3 Cl O._ COOH
L
[\ NADPH / O, M\
s S
O O 0’
CYP-450-SH
H H Gl
_COOH __/ ¢l O._COOH
CYP- 450 CYP-450 S . —
S
Varlous steps H T o

Irreversibly inhibited enzyme

- penicillin (transpeptidase) N%j
. . . ,NH
- allopurinol (xanthine oxidase — gout) v i
- eflornithine (ornithine decarboxylase —( i,

sleeping sickness, hair growth)

H,N e

74
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Enzyme Inhibitors

e Transition state inhibitors

HO_ NH, NH, HO_ NH, OH
N N
N N 4 N -~ N i’ N
\ - s
S U0 = |0 | — o
\_—N N N < N N N N
i:% ibose Ribose i Ribose | Ribose
Coformycin Adenosine Transition state Inosine
on adenosine deaminase
COOCH o
|’.\1H2 (|:H2 Aspartate CQOH H,0 | |
B transcarbamoylase NH, CH, ) NH CH,
O_(|: /H\'r\]/ CH\COOH |c | (|: b
( 2 ~ ~ CH ~ / g

o) = e N COOH

| Aspartic _ O NH \COOH NH
O=—P—0O acid C|)

(|)_ H* + o=p—0— N-Carbamoyl aspartic acid Dihydroorotic acid
Carbamoyl (|)_ (CAA) (DHOA)
phosphate

Bond forming CC@H CQ\OH
pe) o g
. 0=C., CH _~C CH
s ~
sondbreaking ——: 11" ScooH oH,  NH~ cooH
O |
| _
O0=P—0 | -
| _ O=P—0
0 I
O

(b)

=
/,
PIAR

Uncatalysed reaction

/ energy changes

Enzyme-catalysed
reaction energy
changes

TS

Ener
oy Substrate T
E-S complex
P E-P complex Product
Reaction ordinate ——»

N-phosphoacetyl-L-aspartate
PALA
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Enzyme Inhibitors m

BOSTON

e Enzymes and drug design
- preventing or regulating cell growth

Advantage:
- diversity of enzymes (activity in pathogens vs humans

Disadvantage:

- specificity of the inhibitor
- reversible vs. irreversible

29




Examples of Enzyme Inhibitors

e Sulfonamides (bacteriostatic agents)

NH,
Reduction
H,N N:N@SOZNHQ H,N SO,NH,

Prontosil p-Aminobenzenesulphonamide
H,N_N-_NH N—-Q
2 Y N 0 (.). ~ COOH SO,NH, SOZ-NHAM—CHa
N A N _O0—P—0—P—0 @
N | | _
OH o0
NH, NH, NH,
2-Amino-4-hydroxy-6-hydroxymethyl-7,8-dihydropteridine diphosphate
. Para-aminobenzoic acid p-Aminobenzenesulphonamide Sulphamethoxazole
Normal metabolism route Sulphonamide inhibition route (PABA)
Dihydropteroate synthetase Treatment with sul-
PABA
phamethoxazole
H,N N NH H,N N NH
Y O N-0
N A 2 /NH@COO N~ N/ NH@S%NH—U—CHs
OH T OH
Dihydrofolate ,
PABA residue Cannot react to form the
Various steps peptide chain since no
.CO0 suitable functional groups
?Hz are present
H2N\WN\ NH CH,
N~ NH]\/NH—@CO—NH—CH
\CO _____ Up to seven glutamate residues can be
OH incorporated into the peptide chain 30

Tetrahydrofolate (THF)




Examples of Enzyme Inhibitors
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e Angiotensin inhibitors (captoril and related drugs)
Human angiotensinogen — Asp-Arg-Val-Try-lle-His-Pro-Phe-His-Leu . .
Renin Angiotensin | 1mactive
Angiotensin-converting enzyme (ACE)
Asp-Arg-Val-Try-lle-His-Pro-Phe + His-Leu s ]
Angiotensin I constrictor
Aminopeptidase / angiotensinases J

Asp + Arg-Val-Try-lle-His-Pro-Phe Na+ release

Angiotensin ll|

|

Inactive metabolites

from kidney

initial approach — peptide inhibitors
NH,,

,lAr (|3H3
Peptide chain-+w»—NH-CH-CO—NH-CH-CO- Nij

Aromatic amino 31
; : Alanine i
acid residue Proline




e Angiotensin inhibitors (captoril and related drugs)

Angiotensin |
peptide chain

NH
—N
=, U= H,N=C.
Zn NH\'/) o T NH,
R~ Oy CH, ‘c=0
| [ | / CH
—NH—CH—C—NH—CH—CO—NH—CH /7
) Histidine CHZ CH
II-I/O\H Leucine CH3
: The peptide
chain of ACE
CH
7 HOOC 2 Q HS <|3*3 Q
HOOC. _C ~., -G~ -N O an N
H
(a) (b) (c)
g arboxyacylproline aptopri
(R)-benzylsuccinic Carboxyacylprol Captopril

acid

Examples of Enzyme Inhibitors

Derivatives (ACE inh.)

BOSTON

(capoten®, BMS)
32
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e Angiotensin inhibitors (captoril and related drugs)

(|;|-| . (capoten®, BMS)
HS._  .C /Q

CH, “-H\CO COOH
@ Captopril @
C"lz Cliz
CH, CH, CH, CH,
2 P
C /C /N / ~ //:\ .
Hooc/Hl SNH e_H\CO COOH CH4CH,00C HA NH g CO COOH
Enalaprilat I\|IH2 Enalapril
-CH; (Merck)
(Merck) @ (|3H2
CH2 ,CH
JP RS
C C _N
Hooc 4 “NH = co COOH
H H
Lisinopril

(prinivil®, Merck)
33
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Examples of Enzyme Inhibitors

llf'g.s'rnu'
e Angiotensin inhibitors (captoril and related drugs)
CH, _ CH,
(|3H2 (|3H3 Q Enzymic . (|3|_|2 (|3H3 Q
hydrolysis + C,H;O0OH
C .C _N C -C -N
CHSCHZOOC/HA NH ‘—-H\CO COOH Hooc/Hl ~ ‘-H\CO COOH
Enalapril (a) Enalaprilat
CH
H ant
@C ¥ TCH,  CH
CH, | - HCl
| . HCI _C } _N
C - N, 4 CNH AT g
C,H;00C 4 “NH L T "CH,COOH C2Hs 000 H Il 1 “coon
H H O 0
Benzapril hydrochloride Quinapril hydrochloride
H COOH
(CH)—P CH2C N 5
©/ CH3 H
.. N
CH, COOH C,H;00C 4 NH I
OCOC, H, S
CH,
Ramipril 34

Fosinopril




Examples of Enzyme Inhibitors m
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e Cardiovascular diseases — Cholesterol problem

sources of cholesterol

Cholesterol is produced by the liver and
we consume it from meat and dairy products

Cholesterol

FADAM.
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Examples of Enzyme Inhibitors m
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e Cardiovascular diseases — Cholesterol problem

pathways of cholesterol Biessey fat .'

Endogenous

Dietary cholesterol HDL

| cholesterol

Gall .
bladder

] /] ®
Large <@ ' Cholesterol-
lipid - - rich
droplets s chylomicron
N remnants

.....

Muscle cells

——> Exogenous pathway
—— Endogenous pathway

Intestinal
lymph

Fatty acids

Chylomicrons 4
© 2008 John Wiley & Sons, Inc. All rights reserved.
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 Lipoproteins

LELIERFLAE Characteristics of the Major Classes of Lipoproteins in Human Plasma

Chylomicrons VLDL IDL LDL HDL
Density (g - cm™3) <0.95 <1.006 1.006-1.019 1.019-1.063 1.063-1.210
Particle diameter (A) 750-12,000 300-800 250-350 180-250 50-120
Particle mass (kD) 400,000 10,000-80,000 5000-10,000 2300 175-360
% Protein” 1.5-2.5 5-10 15-20 20-25 40-55
% Phospholipids* 7-9 15-20 22 15-20 20-35
% Free cholesterol” 1-3 5-10 8 7-10 3-4
% Triacylglycerols® 84-89 50-65 22 7-10 3-5
% Cholesteryl esters® 3-5 10-15 30 35-40 12
Major apolipoproteins A-l, A-ll, B-48, C-l, B-100, C-I, C-lI, B-100, C-I, C-lI, B-100 A-l, A-ll, C-, C-lI,
C-ll, C-ll, E C-lll, E C-lil, E C-lll, D E
“Surface components Cholesteryl ester

bCore lipids.
© 2008 John Wiley & Sons, Inc. All right

Phospholipid

Unesterified cholesterol
Apolipoprotein B-100

37
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 Solutions for the cholesterol problem
- cholesterol uptake inhibitors

lon-exchange resins — bile salts — excretion

- cholesterol synthesis inhibitors

- both
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e Statins — inhibition of cholesterol biosynthesis

0) O
W
b
(|3H3 (|?H2
(|?=O HO—(|3—CH3
o CH, CH;
CH C/ [B-ketothiolase (|j HMG-CoA synthase (ij
3T > >
e T VAl e 2
SCoA P R 0" SCoA . //0\ o “scoa
Acetyl-Coa  CH€ _ CoASH 5 cetoacetyl-Coa 20 T CH—G . ACOASH 3-Hydroxy-3-methylglutaryl-CoA
2 . (HMG-CoA)
Acetyl-CoA Acetyl-CoA
2 NADPH + 2 H*
HMG-CoA reductase
(inhibited by statins)
CoASH + 2 NADP?*
(|JOO“
N
Konrad Bloch HO—(|3—CH3
T
Nobe.:l .PI‘IZC n CH,0H
Medicine L-Mevalonate

Figure 18-20 Concepts in Biochemistry, 3/e
1964 © 2006 John Wiley & Sons
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Examples of Enzyme Inhibitors

e Statins
P 0
I
C\ /Y C\
HaC" HO™
Lovastatin Mevastatin Simvastatin Pravastatin
HO
COOH
L COOH
OH
OH

F

NOOTTLOT623
Lipitor®
(Atorvastatin
Calcium) Tablets

10 mg

Cautlon-Federal law prohibits
dispensing without prescription-

90 TABLETS

F = O
O NJ\ \N/
e O )

Fluvastatin Atorvastatin Cerivastatin

e
“UIESAIOL DL O

Unnumbered figure pg 577 Concepts in Biochemistry, 3/e
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e Statins

Examples of Enzyme Inhibitors

Enzymic C
> /Y h

hydrolysis CH 3

H,C"

Lovastrain (inactive) Active form of the drug

Mevacor

BOSTON
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Enzymes and Drug Resistance m
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e Changes in enzyme concentration

- excess enzyme is produced
- increased production of metabolic enzymes

e An increase in the production of the substrate
e Changes in the structure of the enzyme

e Alternative metabolic pathway

42




