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Introduction

Kinetics and Thermodynamics of
Catalysis



Catalysis — Kinetics

k0
Uncatalyzed R — P V, = k,[R] 1 st
(nth) order

kCa’[
Catalyzed R+C —> P+C v, =K 4R]C] 2nd

(n+1th) order

Rate acceleration: v /vy = (K./Ko)[C]

depends on: catalytic efficiency
catalyst concentration




Catalysis — Kinetics

Catalyzed and uncatalyzed reactions run in parallel

Vobs = Vo * Veat
= Ko[R] + ke[RI[C]
= [R](\ko + kcat[C])’
|
Kobs
Vobs = Kobs[RI

kobs = kO + kcat[C]

-

Kobs A

/\(

~

>

[C]/




Catalysis — Thermodynamics

AAGH T _A¢
Eyringeq. k = - ¢ KT
h
4 )
if AG_{ < AG,*
\then Keat > Ko )
>
q

A AAGHt of 5.7 kd/mol (1/2 of one hydrogen bond) gives a 10-fold rate enhancement.

A AAGHt of 34 kd/mol (small fraction of a covalent bond) gives a 106-fold rate
enhancement



Catalysis — Thermodynamics

R+C —> P+C

R+C = [RC] —[PC] ==2P +C

A simplified
representation

A more realistic
representation



‘P

Michaelis-Menten Equation

k k
1 cat
E+5 ES——EP E+F
k—1
binding  catalysis
__ kcat|E]|S] k-1 4+ kcat
=Km + [5] S 3
keat v = keat[E]
A | — vV = [E][S]
V f Km i




Catalytic Efficiency: k.,

ADC) arginine decarboxylase;
ODC) orotidine 5'-phosphatedecarboxylase;
STN) staphylococcalnuclease;
GLU) sweetpotato a-amylase;
FUM) fumarase;

MAN ) mandelateracemase;
PEP) carboxypeptidaseB;

CDA) E. coli cytidinedeaminase;
KSI) ketosteroidisomerase;
CMU) chorismatemutase;

CAN )carbonicanhydrase.

105

rate constant
(s1)

t10 1 minute

105
10 1 week

t4/5 100 years

m

10-10 :

t1/2 1 mition years

10-15

t1,2 4 bifion years

oocﬂg_ ___________________ '

| &

nonenzymatic rate constants (Kp,,)




Catalytic Perfection: k

cat

IK,,

superoxide .
dismutase Stfpeierl
fumarase fumarate
triose

glyceraldehyde
P RO 3-phosphate
isomerase

b-lactamase penicillin
OMP orotidine 5’-
decarboxylas phosphate

cytochrome ¢

peroxidase hydrogen peroxide

HIV protease peptide

redox 7 x 109

hydration 1x109
enolization 4 x 108

lactam 1 x 108
hydrolysis

decarboxyl 6 x 107
ation

redox 5x107

amide
7
hydrolysis el

diffusion

diffusion

diffusion

partly diff.
not diff.
not diff.

not diff.




Catalytic Efficiency

Kcat up to 108 s-1
Kcat'Ko 106 - 1020
K, 10-3—- 106 M

K 105 — 1010



ODC: Orotidine 5’-phosphate decarboxylase

0 0
HN)j\ HN)‘j
< ° O)\N COOH ° _° o)\n
P P
/\ ° — /N °
HO © H H HO © H H
H H H H
OH OH OH OH
OMP UMP
= 17
k../k, = 10

t,, = 78.000.000 years ==——-(.018 s



Enzymes are wondertful catalysts

>Catalytic Efficiency k_,/k, = 106-1020

cat

\

>3Specificity

b {— binding

>Selectivity |



Structure and Properties of Amino
Acids, Peptides, Proteins and Enzymes

13



Aminoacids

¢

L-alanine D-alanine

_,

Enantiomers = non superimposable mirror images



Stereochemical Notation

Q0

ol0) COO

"HoN———  "H,N H

®

O

L
w

CHj
Fischer: L (D)

K . H CHj
natural alanine K

*H,N COO

Cahn-Ingold-Prelog (C.I.P.): S (R)



Neutral

H,N~ >COOH

H,N~ “COOH

H,N~ "COOH

Glycine GLY G

Alanine ALA A

Valine VAL V

Leucine LEU L

Isoleucine ILE |

Phenilalanine PHE F

Tyrosine TYRY

i\ NH

H,N~ ~COOH
OH
HZN/[COOH
IOH
H,N~ ~COOH
SH
HzN/[COOH

S/
H,N~ ~COOH
CONH,
H2N/[COOH

Triptophan TRP W

Serine SER S

Threonine THR T

Cysteine CYS C

Methionine MET M

Asparagine ASN N

fCONHz

H,N” "COOH  Glutammine GLN Q

COOH

a

Proline PRO P

Acids
/[COOH
H,N~ >COOH Aspartic Ac. ASP D
/(\COOH
H,N~ >COOH Glutammic Ac. GLU E
Bases
H
/(\/NYNH
H,N~  COOH NH, Arginine ARG R
H,N”~ “COOH Lysine LYS K
HN—\
ol
H,N”~ > COOH Histidine HIS H



Non Proteinogenic a.a.

OH

—, ~——COOH OH

+ H2+ N +
HaN coo" HN oo H,
L-Dopa Kainic Acid
(anti-Parkinson’s)  stimulant (seaweed) Tyr Pro

Non proteinogenic a.a. are occasionally found in proteins

Oo— [ s~
N COOreplaces N coo" replaces
Hy" Hy" *H3N COO *H,N COO

OO0

Azetidin-
2-carboxylic acid

Pro Norleucine Met



Post-traslational Modifications

C,N-terminal
O
*HaN~ " proteing” > COO- 0 )ku/\/\ Proteina” > “CONH,
Side chains
i COOH i
NH2 RCOOH N)J\R RNHZ NHR
- - H ~N N
N
o) o @) @]

Lys



Post-traslational Modifications

R
0O O O
H,O H H
o. ,OH ~ ~
“P~oH OX
R. _OH R__O HS . S
L{ H3P0'4 j%( . )
N ~N
N N
0 ° e 0
Ser, Thr OH
HOZE@\OH Cys
zucchero OH
R__O
H o
H H
N.__NH, N._O NH,
\,\11//'_' H,0 \f H,0
o H o H o

Arg citrulline ornithine



Pepftides

A dipeptide:
Ph phenylalanylalanine
Phe-Ala
Ph COO” FA
l *H3N \
HoN~ ~COOH /'
N-terminal C-terminal
H,N" >COOH Trans peptide bonds
r Ph OH
H,N~ ~COOH ! J
+H3N COO-
A tripeptide:
phenylalanylalanylserina
Phe-Ala-Ser

FAS



The Pepftide Bond
H

Amide resonance \{%’N\ - \(/NJr\

Co O

planar (sp2) C, N, O @
restricted rotations H — }‘{
AN

H .
No*
N
\(,
|
oY
b
L]
H\ ICH)
'/ ; ¢
O/ C".’
a ¢
N
2
-
[«
(&
B L L " m.. —M-ww"\-' R e,
WO 120 100 80 8 0 0 o

160

“'—ot



Cis-Trans Peptide Bonds

trans amides are W
generally more stable
(less hindered)

trans o = 180° cis wm=0°

H
the proline case Fq&

b



Conformations of Peptides

©

0=-80°

Ramachandran Plot

pf-sheet

a-helix
(left-handed)

v \ -
a-helix -60 -? \
. — P
(right-handed) ¢ Y 120k f'\
—— |

-180 -120 -60 0 60 120 +180 (0 =90, yw=-907)
Disfavored

—




Conformations of Peptides

2 B-sheet

o-helix
&"h\)

@ o @
O % Q | 7 (|)| | '
=0
= ﬁ)/: N /\n/N\/‘\N/\n/ \/J\
Am m‘&}' ot |1| g Il? Ill g
Aci‘Ls GG = antiparallel \ I
| ey S N A
o OQ o N\Inl/\ | | N \InI/\N /J\/ N AN
' ;é o R O H R O
S o
O (®7 e )
@ W o
I/”\.l 3 Q Q I [1] ” I I
T ° R T
4 O H o) R H )
" .
\ o parallel !
> &b g ¢
o \l}l/\lﬂl/ \|/\I}l i



a-helix

Secondary Structure of Proteins




Secondary Structure of Proteins

a-helix

B-sheet




Secondary Structure of Proteins




Conformations of Peptides

B-turn
R i R
>ALN
H—N ,_{ o
O----H——N
R R
N—H----0
/



Secondary Structure of Proteins

Antiparallel § Sheets Helices and Parallel p Sheets




Chou-Fasman Rule

a-helix

Glu Ala Leu His Met GIn Trp Val Phe Lyslle Asp Thr Ser Arg Cys Asn Tyr Pro Gly

< >
promote (helicogenic) neutral inhibit

4 helicogenic aa in a sequence of 6 initiate a a-helix

B-sheet

< >
Met Val lle Cys Tyr Phe GIn Leu Thr Trp Ala Arg Gly Asp Lys Ser His Asn Pro Glu

promote neutral inhibit

3 promoters in a sequence of 5 initiate a f§ sheet.
4 inhibitors terminate a 3 sheet



Tertiary Structure

Collagen: LINEAR Haemoglobin: GLOBULAR




Hiv-protease complexed with a substrate




Catalytic Efficiency

33



Binding and Catalysis

K, k

ES— 2 . Ep

E+S E+F

k—1
binding  catalysis

The activity of enzymes depends on:
their ability to bind a substrate (binding)

their ability to promote its transformations (catalysis)



A!

Specificity and selectivity

B>>C

specificity
with respect to reagents

selectivity
with respect to products



Specificity of Serine Proteases

Chymotrypsin: Phe-Xaa

Tyr-Xaa
Trp-Xaa
Trypsin: Lys-Xaa
Arg-Xaa
Elastase: Gly-Xaa

Ala-Xaa



Specificity and selectivity

)I\ )\ acylase J\ )I\
COOH COOH /\COOH

Acylase is stereospecific: it recognizes (S)-acyl-a.a.
but not R isomers.



Specificity and selectivity

)Oi/\ " )(L/\
—_—
(RS)
alcohol
)Oi/\dehydrogenase )(L/\ )Oi/\
_> +
(RS) (R)

Alcohol dehydrogenase is stereospecific: only the (S)
alcohol is oxidized



Specificity and selectivity

0 alcohol OH
dehydrogenase £

— /\/\
)

Alcohol dehydrogenase is stereoselective: only the (S)
alcohol is formed



Specificity, Selectivity and Binding

selective
—_—

—
specific

NAD-H NAD*

alcohol dehydrogenase



The Lock and Key Principle
(Emil Fischer 1894)

‘ Lock and key
’ are complementary

substrate ‘

enzyme

Specific binding

—>

Enzyme-substrate
complex




Flexible binding. Induced Fit

*bstrate ( o * #
‘ |
9®-0-6-0

enzyme ES complex




Non-Covalent Binding Interactions

Electrostatic Interactions (< 350 kJd/mol)

* lon-lon
* lon-Dipole
« Dipole-Dipole

Hydrogen Bonding (< 160 kJ/mol)

mm-Bonds (< 80 kJ/mol)

 Cation-r
 T1-11 Stacking

Van der Waals (< 10 kd/mol)

 Dipole-Induced Dipole
* London Forces
« The Hydrophobic Effect

43



Electrostatic Interactions
(up to 350 kd/mol)

enzyme

kcoo- +H3NM

100-350 kJ/mol 20-60 Kj/mol
1/r2 1/r2

44



Electrostatic Interactions in Proteins

Chymotrypsin Trypsin

PHE-XAA
TYR-XAA




lon-Dipole Interactions
(50-200 kJ/mol)

18 Crown 6

46



lon-Dipole Interactions in Proteins
T -

w (d

Potassium channel from
Streptomycin Lividans

Noskov S.Y. Biophys. Chem. 2006



Dipole-Dipole Interactions
(5-50 kdJ/mol)

Orthogonal

R', &+ o

“4A

Antiparallel

48



Dipole-Dipole Interactions

Nilotinib
(a kinase inhibitor)
approved for Leukemia

49

Diederich, F. Angew. Chem. Int. Ed. 2015



Hydrogen Bond
4-160 kJd/mol

S §t 22-40A

[
D—H ‘A —/——> D—H—"--- A
1.0-1.2 A 1.2-3.2 A

300 - 400 kJd/mol

D = donor: an electronegative atom
(in proteins: N, O)
A = acceptor: an atom with non-bonded electron pairs

(in proteins: N, O)



Strong
60-160 kd/mol

Intermediate
16-60 kJ/mol

Weak
4-16 kd/mol

Hydrogen Bonds

2.2-2.5A
D----H----A
1.2-1.5A
2.5-3.2 A
I 1
D—H------A
1.5-2.2 A
3.2-4.0 A
| l 1
D—H-----A
2.2-3.2 A

F—H—F 163 kJ/mol
HO—H---OH 135 kJ/mol

e

A H.
" / Se
D—H D A
A \ .
A H

in bifurcated systems

51



Hydrogen Bonds in Proteins

donors

O—H----A

acceptors



Hydrogen Bonds in Proteins

Also amide groups in the backbone can form hydrogen
bonds with the substrate, if they are not engaged in
hydrogen bonds internal to the protein (a-helix, p-sheet).



Hydrogen Bond Motifs

. N / X/Y



Dipole-Induced Dipole Interactions

Permanent
. dipole on A

H W
. |
P F

—
H
H e/
H, / ‘C
_C H” \
H H
H Induced -

dipole on B

95



London Forces
(< 5 kd/mol)

Instantaneous
H H '
y o dipole on A
C e
H” \ HZm
H H
e —_—
H H
H, / H. 7/
'C 'C
H” \ H” \
H H Induced
o dipole on B
No polarisation
1/r12
>
2
(O}
LI
1/r6

T T
S

7
I) [

O

T
O\

56



London Forces (Hydrophobic Interactions)

Squalene oxide cyclase
Kv = 250 uM

O

Lysozyme

Chorismate mutase . 57
Ky =2 mM Ribonuclease A



m-1r-Stacking
(< 50 kJ/mol)

electron
rich

g NS
electron
deficient

ol

N
NH
N | 02N

NO,




m-1r-Stacking

Two electron-rich aromatics Two electron-rich aromatics Two electron-rich An electron-rich and
aromatics electron-deficient aromatic
5 5 0 O o O
G+ 59) (5+ d+) (5+ S+)
3- 5- - F) 0 0- B b=
} Repuision 5+ o+4)
O- 0 - O O - H[ﬁ+ (\+}@
€ o +)
O- 0 - 0- O - o
G= 59)
0 - 0-
Face-centred
stacking is Off-centre parallel Edge-to-face Face-centred
disfavored stacking interactions stacking is favored
H
H H H___H H H H__H
H— o —H H—S —H H—>—H
H H H H Y Y H H
H_ H H___H H_H
H—__>—H H—__o—H HH H H—<__S>—EWG
v HH H—>—H o
H H

59




m-1r-Stacking in Proteins

Calcium ATPase (PDB: 1T5S)

Sorensen, T.L.-M. Science 2004

/E/
’ <

&

-
Q

60



Cation-tT Interactions
(5-80 kJ/mol)

Li*

61



Cation-1r Interactions in Proteins

Dougherty, D.A. PNAS 1999

62



Catalysis

—

 Acid
e« Base

- Proton transfer

 Electrophilic
* Nucleophilic



Acid-Base Properties

Glu/Asp” SCOOH —= GluAsp” SCOO™ i+
§ N
His —His +
/\E s . /\E s oy
NH* N
Cys/\SH —_— Cys/\S' + HY
NH3* NH
Lys/\/\/ 3 Lys/\/\/ 2 "
Tyr/\©\ - Tyr/\©\ + H*
OH O
NH3 NH

Arg/\/\HJ\NHz + HY

|

pKa
3.5-4.5

6-8

7.5-8.5

10

10

12-13



Nucleophiles

Ser” “OH Proteases, lipases, esterases
Thr)\oH Posphotransferases
Cys” “SH Proteases
Glu/Asp” >COO" Epoxide hydrolases, haloalkane dehalogenases

Lys” > NH; Aldolases, acetoacetate decarboxylase

H

| N
Hls/\[ » Phosphotransferases, Nucleases

N

Tyr/\©\
OH DNA topoisomerase



Catalytic Efficiency

multifunctional catalysis
proximity
transition state complementarity

substrate distorsion



Bifunctional Catalysis: Mutarotation

OH OH
&V [a]D By
(0] o]
HO O
B-D-glucopiranosio (63%) a-D- glucoplran03|o (37%)
[a]p = +18.7° [a]p = +112.2°

acid- catalyzed'

Oj SH V@(OH* VS;(H — m\

OH+

base-catalyzed:

V) o == O o =—= Q v == O
U(H
180°

"OH H 0¥ OH

NAT

O



Bifunctional Catalysis: Mutarotation

H
: H POH
=2 o =20 =20
KphoH Kpy Kpyon = 7000 X (Kp, *+ Kpnop)

H OQ'O'H'N / O\ -0".N /



Bifunctional Catalysis: Ketosteroid Isomerase

ketosteroid
isomerase
—>
O

Tyr 16



pH Optimum of Fumarase

H
<\E)]\/His

H. _H
@)
( fumarase OH
ooe \C00H ——— L _cooH
L-malic ac.
H/ \/\/\Lys

Rate




Catalytic Efficiency

« multifunctional catalysis
> proximity
 transition state complementarity

* substrate distorsion



Intramolecular Catalysis

. —Y
Intramolecular reaction U — X\/
Intermolecular reaction x+vy ——» x—v
) P Cat
Intramolecular catalysis \JCat —
Intermolecular catalysis _cat, o,
# — # . #
AG inter — AH inter TAS inter
# — # . #
AG intra = AH intra TAS intra
_ AH# n
AH#intra - AH inter
- AG intra < AG inter
AS intra > AS inter _




Intramolecular Catalysis

Intramolecular catalysis R\JC"’” - P\JCat

Cat

Intermolecular catalysis R —» p
Vintra |ntra[R Cat] [klntra] = s
Vinter |nter[R][Cat] [klnter] = M-1s-
if [R—Cat] = [R] and Vi, = Vina
then Kintra = kinter[Cat]
Kintra/Kinter = [Cat]
4 N

Effective Molarity
EM=k . /k .. >1

intra’ "Ninter

[EM] = s1/M-1s1 = M




Intramolecular Catalysis

EM intramolecular catalysis reference reaction
o) (0} COO o
S
T — OO S
@:5 COOH O)J\( O)\(
O
EL)O\
H OH OH OH
P N0 0 H,0*
30.000 o ° @
O —> PhCHO + + EtOH —— > PhCHO + + EtOH
H-0 H.O

COOH
109 NHz + NH3
O HO coo

b
ks

coor
— ©/ + NHs




EM for Intramolecular Catalysis

intramolecular catalysis reference reaction
OPh

° O-\S Pho OO0 HO pooc  cooH 0 AcONa O
= — M ——= ] +PnoH
kv) opPh H20 OH

0
ooc M, 9
4000

@)
@)

@LO% 2 x 105
COO-

@)

ﬁOPh 1010



Catalytic Efficiency

« multifunctional catalysis
* proximity
> transition state complementarity

> substrate distorsion



Transition State Complementarity

g ——» TS¥ — P

AGg || E E |[[AGs

ES =——= ETS* —> E+P
AGH#

cat

AG#O = AGTS = AG#cat + AGS = O

AGH#,+ AGg = AG#__, + AGrg
AG# - AG*;= AGg - AGg AG*, < AGH*, if AG;g> AGg
AGH* . < AGH, if AG;s> AGg



Transition State Complementarity

substrate complementary transition state complementary




Substrate Destabilization

substrate complementary

substrate distorsion




Substrate Destabilization

H,O _ _
OH,* OH,
/ —_— ’ S —_— ’
H—N<g H—N~ . O H—N<, O
S TS P
lE ll
R COOH
e
c R™ &
NV X0 HoN
H— " ~g \R'
ES

Distorted amide:
» geometrically similar to the TS
 loss of amide resonance = 20 Kcal/mol



Catalysis

—

 Acid
e« Base

- Proton transfer

 Electrophilic
* Nucleophilic



Specific Acid-Base Catalysis

[ The catalyst is H;O* or OH- ]

R—P v=kR]

H;O*
R——P v =kyRIH;O] | v=vy+vy+vg,
OH" = ko[R] + ky[R][H;0*] + ko [R][OH]

LI Vou = Kou[RI[OH] |
R P OH — "OH = (Ko + Ky[H30"] + Kop[OHIR]
| 1

1

koo A Kops (at constant pH)
at constant pH: )
v =k, [R]
kkobs = kO + kH[H3()+] + kOHKW/[H3C)+] )

[H,0]



logk

obs

pH Profile

Kope = Ko + ky[H30%] + kopK,/[H50"]

log Kops = 109 KoKy +pH

log K,ps = l0og ky-pH

acid
cat.

base
cat.

uncatalyzed

Y



pH Profiles

K Ko >> Kon Koms Ko >> Ky K» Kon >> Ko

IOgkobs Iogkobs IOgkobs

\J

pH: pH pH

(ester hydrolysis)



Acid-Catalyzed Hydrolysis of Esters

0 H;O0* 0
+H,O0O T—= + EtOH
AOEt AOH

v = -d[E]/dt = k,[E] + ky[HO*][E]

vV =K, s[El

At constant pH
kobs = k0 + kH[HSOJr] } p

510
obs

ko=1x10-11s1=0
K, = 1.36 x 104 M-1s-"

v = ky[H;O+][E]

mmmmmmmmmmmm
=] i W ] S . 1) G ™~ 3 )



A_.2 Mechanism

)k +H3O+ —_ )J\ +H20
OEt OEt
- (fast) Ene
OH* K, OH OH Ks OH*
L == Ao == Sl.on == )koﬁ =
‘\OEt K., OEt  (fast) “Comet Kj
EH*~ OHj T T2*

indistinguishable
tetrahedral intermediates

OH K oo
)k + H,O <:> )k + H;O*
OH (fast) OH

Slow formation of T+: v = k,[EH*] = kK, [E][Hz0*] = Ky, opo[EI[H;0"]

Slow breakdown of T+: v = ky[T*] = kgK, [EH*] = kK, 'K, [EIH50%] = Ky ops[EIH50]



Rate Determining Step

1. Sterically hindered esters

O

AOEt \)kOEt %OEt %OEt
more _ less
reactive reactlve

[ Consistent with slow associative step J




Rate Determining Step

2. Isotopic labelling

180H+ HZO 180H 180H 180

——» _ hoHy == lon == _J__ +EOH+H observed
ph” OEtSIOW  Ph Yog Ph; Ph” ~OH : 18
HOEt retention of 180
180+ H,0  '°OH 180H 180
I -OHy == _ koon — _ I +EtOH+H
Ph” ~OEt fast Ph ‘ogt Ph.3oE+ Ph” ~OH
not observed
fast uJSOHz slow scrambling

ont  HeO OH
I — ko — J__ +EtOH+H*
Ph” “OEt Ph.doEt Ph "OH



Energy Profile




B..2 Mechanism

k ‘ o OH- O
| L HO > EtOH
o W AOE:{ 2 AOH +

kKp=1x101"s1=0

Koy = 1.1 x 10-1 M-1s-1

CfoH] V= konlOHIE



pH Profile

Koy = 1.1 X 10-1 M-1s-"

N= 1.36 x 104 M-1s-1
o >

<

T T T T T T T 1
01 2 3 4 5 6 7 8 91011 1213 14

sat. (1M)

pH



Mechanisms for Ester Hydrolysis

Catalysis |Bond Molecularity
cleavage

|
_R
O ‘\ B=Base AL=O-alkyl 2= bimol.

O-acyl O-alkyl

R

)/L



Acid-Catalyzed Ester Hydrolysis

H:0 OH HQ OH O+ 1O
2 R<_—>"+/R<_—>)J\<_—>)J\ +H0"
OH OHZ/ R 0 RO R” “OH R” “OH
Lo ) + ROH
RI
R™ 0
| OH H,0
H I A ANg +ROH" == ROH +H0"
OH,
0 HO ¢
0/ — -— H,O*
o _z AT T R)J\QHZ‘_ e
-

E/R' + R'OH
H



Base-Catalyzed Ester Hydrolysis

R\Y
u R/go + R'OH Ba 2
OH
o) 1R, 9 Bac
A T T RToH T Aoy +ROH
+ R'O



Oxime Formation

_OH
0 HO. _NHOH H* OH- N
)K + NH,OH == 7< —_— + H,0
slow
Log K<
A

Kobs=Kn[H30°] Kobs=KonlOH]




Oxime Formation

0 Ki HO_ _NHOH
M+ won =X [T] = K,[Ac][NH,OH]
T

pH >10

- H T oH OH

k N~ = -

HO%N\ o < e on v = k,K,[OH-][AC][NH,OH]

T

kobs
pH 8-10
H
| _OH _OH
Ko' H*N N — L

HO‘}%N\ o ke e on U+ HO v = k,’K,[Ac][NH,OH]

T

kobs

H 6-8
P H" OH, o |
HO.__NHOH @ O V = kgl = kgf<[TI[H;0"]

N f ot == X = kKK, [H;O*][AC]INH,OH]

T K2 T + H30* +H,0 \

|

obs

K



Oxime Formation

pH <6
Ka
NH3OH* + H,O &2 NH,OH + H30* pK,=5.96
K, INH;OH*] K4(INH,OH],,-[NH,OH])  K_[NH,OH],
[NH,OH] = = ~
[H;07] [H30%] [H307]
O Ki  Ho_ _NHOH N
)K+ NH,OH —> 7< —>)K+ H,O
slow
k,K,INH,OH],,

v = k,[Ac][NH,OH] = [acetone]

[H;07]
|

obs

\ )

k



General Acid-Base Catalysis

[The catalyst is any species that can transfer a proton:]

H,O*  strong acid
HA weaker acid (es. AcOH)

OH- strong base
B weaker base (es. AcO-)

V=V + vy + vy + Vo, + Vg = K [R]+HKG[RI[H;O*]+k A [RI[HA]+k oy [R][OH-]+kg[R][B]
= [RI(kgtkp[H3O+kya[HA]+k o [OH-]+kg[B])

(" )

at constant pH:

v =k ..[R]

Kops = Ko + Ky[H304] + Kou[OH-] + kya[HA] + Kg[BI
. W,




General Acid-Base Catalysis

v =Kk s[R]
kobs = kO + kH[H3o+] + kHA[HA]

At constant pH and varying [HA] (buffer):

K

obs

Kotk [HsO]

A

[ specific ]

k

obs

Kotk [HsO*]

>
[HA]

A

[ general

]

K
! RHa

>
[HA]



Kinetic Origin of General and Specific Catalysis

k

R+HA =——= RH'+A’
o

RH* —2— P + H*

proton transfer is fast (k, slow): specific catalysis

proton transfer is slow (k, slow): general catalysis



Kinetic Origin of General and Specific Catalysis

K

R+ HA =——= RH"+ A"
o
RH* —=— P+ H*

v = d[P}/dt = k,[RH*]

steady state: d[RH*]/dt = 0 = k,[RI[HA]-k_[RH*][A]-k,[RH"]
K{[RI[HA] =[RH*](k_;[A-]+k,)

K{[RI[HA]
RH*] =
[RH] (k4[A]+k,)
K,k RIHA]

' (k4[A]+k,)



Kinetic Origin of General and Specific Catalysis
K

R+HA =——= RH'+A’
K-1
Ko
RH* P+ H*
. klelRIHA]
(k-1TA']+k2)
1. K<<k [A] (K, slow)] %
| _ikIRIHA
K4IA] HA + H,0 = A-+ H,0*
_ [H30+][A']
HA [HA]
<5 (HA] _ [H3O]
k.k AT o
specific Vv =—— [R][H;0"]

-1"YHA



Kinetic Origin of General and Specific Catalysis

<——= RH"+ A°

_ KiIRIHA]
(KA [AT+Ky)

2. kKy>>k ([A] (k4 slow) %

_k kZ[R][HA]

%

general v =Kk[R][HA]




Kinetic Origin of General and Specific Catalysis

k

R+HA =——= RH'+A’
o

RH* —2— P + H*

proton transfer is fast (k, slow): specific catalysis

sp2 sp2 sp3 sp3 sp3 sp3

b+ OH* /\* “OHy* :

ko Pk a9

proton transfer is slow (k, slow): general catalysis

Sp? sp3

)@\ )Ci )lorg—'i)\

sp3 sp?



Hydrolysis of Acetals

O

RO><OR + H,0 =——> JU + 2ROH v =k [acetal]
R™H R™ H
logKobs Kobsh Kops A
0 pH 14 [H36+] [Al‘T]
H +
H* 2 H
RO OR' . ROJ,OR slow j\w RO_ OH
RXH 3 -— RXH <— R 4 T
+
R'OH
H* | OH* 0
RO ¢OH SIOW H.0
—_— % S — +
RXH € R)J\H D T R)J\H + H30
+
R'OH
MeO OMe MeO OMe MeO OMe
H™H HsC” H HsC” “CHs




Hydrolysis of Vinyl Ethers

A 0Bt + HO === g + EtOH V= koether]

logK ops Kobs A Kops A
0 pH 14 [Hs0"] [AcOH]
ko = 0 Kpcon = 1.8 x 103 M1t
ky = 2.1 x 101 51
slow

y N +
AH PR == Hxppr =— P

OH H+ F A
QR RO OH,* RQ, COH OH* o

L )kH<——’ )kH+A-H

+ ROH

i
I
*
I



a.-Halogenation of Carbonyl Compounds

H -— )K -—> )\ slow v = k,[OH-][acetone]

&O_\\/* A — e fast

[General Base Catalysis}




The Aldol Reaction

OH"
OH
dilute solution conc. solution (>10M)
V = Kouy[OH-J[CH,CHO]J2 V' = K ou[OH][CH,CHO]
Koy = 0,67 M-2s-1 Koy=7 M-1s-
kobs A kobs A ..
Fa
Y00 (o) & [ SS— koulOH]
[BT @]

SPECIFIC GENERAL



The Aldol Reaction

. [CH,CHO']
O+ OH == .0 + HO K, = 2
N o 2 "~ [CH,CHOJIOH]
k o HO O
O X0 s \/\4 o m— \/\4 + OH
O OH
dil. solution vel. conc. solution
k, is slow 1 k, is slow
V2= k,[CH,CHOJ[CH,CHO] 4 y v1 = k,[CH,CHOJ[OH-]
1
= k,K,' [CH;CHOJ[OH] V2

[CH,CHO]



Hydrolysis of Anhydrides: Mechanistic Catalysis

Log k

obs

kobs=kH[H3o+] obs=kOH[OH_]+kAcO[ACO_]

0123456 7891112 pH [AcOH] [AcOr]



Hydrolysis of Anhydrides: Mechanistic Catalysis

O O Ton « O -0 OH
)J\ J\ — - ——> CH3C0O0" + CHsCOOH Vou = K{[OH-][Ac,O]
0 o)
AcO‘)
O ¢0 ~of ' 00 oH |
)J\O)( H — ;'3& ——= CHyCO0O" + CHaCOOH  Vaco = Ky [ACO[AC,0]
+ AcOH

Ve = Vou + Vaeo = ki [OHIAC,0] + k,[ACO[AC,O] = (k,[OH] + k, [ACO-])[AC,O]
\ ]

1

k

obs



Proteases

Specificity

v v § 4] HoT
Ay A I
H @) 'HH @) _ OH: H OU?

Endoproteases Exoproteases

Catalytic mechanism

Serine protease s :
|::> nucleophilic catalysis
Cysteine proteases

Aspartyl proteases —> acid-base catalysis
Metal proteases C— electrophilic catalysis



HIV Protease







Aspartyl Proteases

« Two Asp residues in the catalytic site
« The two residue can be on the same chain or on different chains
« Optimum pH is acidic: HIV-PR pH 4-5; pepsin pH = 4 (stomach)

[ 1stpK,: 3.3 2nd pK_: 5.3

HJ\O/H\O)H 1stpK,: 4.21  2nd pK,: 5.64



HIV-Protease — Catalytic Mechanism

25-Asp Asp-25'

Tetrahedral Intermediate
(hydrated amide)



Bransted Equation

HA + Hgo ; A + H30+ BH* + H2()!> B + H30+

-

HA + R A"+ RH* B + RH !VI BH" + R

RH* — P R — P

[Is there a relation between K, and ky, (Kyg and kyg)? ]

The Bronsted equation (empirical)

log ky, = alogKy, + cost. log ki = -apKy, + cost. (0 sa < 1)]

logks = -plogKg, + cost. logky = PpKg +cost. (0<P < 1}




Bransted Equation

LFER = Linear Free Energy Relationship

log ks = a log Ky, + cost

[l

AG* AG
KT - RT " RT L
log l e = aloge + cost
1
=
AG AG '
= 4+ cost

RT




Bransted Equation

Meaning of the o, p parameters

Kra AG* AG
HA+R — A +RH* = «a
RT
Kua AG' * AG'
HA'+ R —> A" + RH* = a
A RT RT

G

R+HA

+ cost

4+ coslt

AG™

AG* AG'

AG

RT

AG* - AG* = 0(AG’ — AG)

=a(

RT RT

|
i

AAG* = aAAG

g

_ AAGH*
A ="AAG

RT

)



Bransted Equation
Halogenation of Carbonyl Compounds

O
P 2~ T +r+s v =ko[OH][acetone] + ky[B][acetone]

slow v = k,[B][acetone]

fast

Hammond Postulate

o

)\+BH+

o O

A B




Bransted Equation: Levelling of o. (B)

log kAA

log kg

a >0

/ Kinetic effect

k
HA+R ——> A +

Ko
RH* — P
Ky becomes faster as
HA becomes stronger:

ngneral -> specific

~

RH*

/

>
PKAR

A

B >0

-
I
(@)

ﬁl’ hermodynamic effect\

Kha
HA + H,0 =—

[HA] << [H;0+4]

all the same)
K general =

As HA becomes stronger

(strong acids in water are

A" + H;O*

specific /

>
pKBH+

/ Diffusion rate \

Reactions in solution can
not be faster than diffusion




Nucleophilic Catalysis

"
R>cl + Nu ———> R >N +Cr

Kk
R g+ == R +CI I-: better nucleophile
-1
RN + Nu Ko R >Ny + 1 I-: better leaving group
k1 slow k2 slow
v=k1[RCI][I] k,k, [RCIJ[I7][Nu]
v VT -
- Cl
G ! [CT']




Aldol Reaction

k O BH' @)
o OH
specific base: dil. aqueous sol.
general base: conc. aqueous sol.

2y and 1y amines are more efficient than 3 amines with the same pKa

Nucleophilic catalysis via enamine:

O
.
R., R : OH
“N”. 9] OH HO
j + RoNH TO> g/_’ R\NK/\)\Z R\N/\)\ L» 04\)\
2 better R R

nucleophile



Benzoin Reaction

- O — 2 -
2 JC.I)\ L Ph V= kObS[PhCHO] [CN]
PH “H Ph nucleophilic catalysis
OH
o o _ different reaction with OH
2 — a different reaction wi -
PhJJ\H Ph” “OH Ph” “OH
o)
j\ N K1 NC O ko )C\N_/;;J\H
+ ) - > 4_’ e
Ph™ H PhXH OH ke
electrophile nucleophile
OH o) _oN o)
—_— —_—
Phiwph - N Ph = PhJ\(Ph
0] OH OH

v = ko[PhC(OH)CN-]JPhCHO]
v = K,k,[PhCHOJ2[CN]
[PhC(OH)CN-] = K4[PhCHO][CN]



Thiamine-Catalyzed Benzoin Reaction

.

resonance-stabilized ylide




Piruvate Decarboxylase 1QPB

J&V




Piruvate Decarboxylase 1QPB

4{

H._O
\lé Y His115
N
o

(.02 Lo
H l;i-.O\H {H |I|o‘ \H
e - 0
¢ T
s NNR  g-R



Bransted Equation for Nucleophiles
and Leaving Groups

k
X + CHyY —— X-CHy+ Y’

Is there a quantitative relation between nucleophilicity and pKay, ?

log k = By PKayy + cost
Is there a quantitative relation between nucleofugality and pKa, ?

log k = - B, gpKayy + cost



Bransted Equation for Nucleophiles

)Ok ., o ko
ArO- + —= LYy T +
R Y Kk 1 R/kOAI’ R)kOAr
o
1. Poor nucleophiles e.g.
O.N
A formation of the intermediate is slow:

10g Kops v = k,[ArO][RCOY]
log ki = B1PKaron + COSt.

o
2. Good nucleophiles e.g./©/
HsCO

@ @ formation of the intermediate is fast:
% > v =k, [ArO-][RCOY] Kops= KoK4/K 4
p ArOH Iog kobs = ﬁobspKArOH + cost.
Bobs=B1— B4+ B,

>0 <0 =0



Energy Profile

j\ K, O K, 0 y
ArO- + D —— Ly ——> +
R Y k_1 R/kOAI’ R)]\OAF
A
G




Ester Hydrolysis Catalyzed by Tertiary Amines

log k

log k

catalyzed by: AcO- (mechanistic catalysis)
tertiary amines, pyridine, imidazole

1 / N
I
| N N
N H

Rll

PKa rany*



Ester Hydrolysis Catalyzed by Tertiary Amines

=
- Q. ©
: N |
better nucleophile N NO; \_/ N

— N* 0O D —
than H,0 \')ko/@ %gPNP /J%O
PNPO
ape \
more electrophilic @ o O o e o
than PNP ester /go = )J\OH TN )ko- * \H+

can be 1solated

NO, () H20 Q
B = = e

PNPO



Chymotrypsin

Endoprotease
Specificity: Phe-Xaa, Tyr-Xaa, Trp-Xaa
Mechanism: serine 195 is essential

Hydrophobic pocket

HO
\l Catalytic Serine
Ser



Chymotrypsin




Chymotrypsin: The Catalytic Triad

A . -

HNTSNG HTY == HN 7 NH

Hiss Hiss;
pKa = 16 pKa = 7

N g %

HNSN HTY = (0 aNANH

2:/ Ser195 ASp102 @) 8:/

Hiss Hiss7



Chymotripsin: Catalytic Mechanism

(o)

Ser-195 His-57

, Ser-195 His-57
Gl 193 N—H-
) %H’" 7

o
Gly-193

\

HI

—H--0_ O =
z/HNkﬁ(><N I_|N/H+',

Asp -102

Ser-195 His-57

2nd tetrahedral
intermediate

\

Gly-193 , -

1st tetrahedral
intermediate
“oxyanion”

/WO

Ser 195 His-57

O Asp 102

\ NH "‘0
~ f\ H</v o

Acyl Enzyme



Serine Proteases: Specificity

Scissile bond

Phe-Xaa
Tyr-Xaa

Trp-Xaa Scissile bond Lys-Xaa

Arg-Xaa

< —

er 189
Chymotrypsin

Scissile bond

Ala

==

4Thr216

Ala-Xaa
Gly-Xaa

Val 226 4

Elastase

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



Chymotrypsin and Trypsin

SN
:Ho\/

Inhibitor






Papain — Catalytic Mechanism

o o}
o }N Cys-25 His-159 \N His-159
Gin-t0—4{ H.. ==
s MRS Wl S, |
/NYCOOH Ho HNGNH H o N NH

. o]
\ “oxyanion hole” \
0 N—{Cys-25 His-159 o N—{cys-25 His-159
Gln-19—< H Gln-19—< H
N—H--0 S - N—=H--0 S bl
/ R|!| R R (0]
2nd tetrahedral 1st tetrahedral
intermediate 1,0 intermediate
! NH,
o }N Cys-25 His-159 R 0
Gln-19—< H
N—H --b\ s N—NH
LS
N RO

Thioacyl enzyme



Papain: Acyl Enzyme

'
\ GIn19 His159 %)
L 2 Asp158
1.9
A, -

‘
~
s25
2

-

35
&
- ol




Evolution of Serine and Cystein Proteases

Ser Ser
UCU AGU
UccC * AGC
UCA
UCG

Two families of serine proteases evolutionally distant



Evolution of Serine and Cystein Proteases

Cys

uGu

UGC
Ser / \ Ser
Ucu AGU
UcCcC AGC
UCA
UCG

» —CAC — AGC —
—CAC —UGC — =  eAC — Uee

His Cys His Ser

[y s ;\ "y Tow
NH NH



Electrophilic Catalysis

0
. _ 0 AlCh
Friedel-Crafts acylation )LCI @ 5 + HCl

0 K

Ao

+ AlCl; «<—=

Ko
—_—

slow

Ne

Epoxide ring opening & *

BF3
— O‘) ——

L/(\(

O-Li*

R +BF;

S —_ ——O + AICI4

P A
5 + HClI + AICI;

OLi

N

I. BF3
i. H,O Q

- > HOM

Fs\ =—= LiO
oY T T

Li+

l H,0

HO ™"

)



Decarboxylation of Dimethyloxalacetic Acid

HOOC&COOH o catalyzed by
HOOC metal ions (Al3+,
o) o - Cuz-)
cooH _ OH
EtOOC — > L0000
not catalyzed by
8 metal ions
0 o 0
M __coon . J |
0o o My 0y M*
(@) 9] X
o 0 0

catalysis by metal chelation



Hydrolysis of Aminoesters

R R
)\COOEt —> HoN J\COOH + EtOH Catalyzed by Cu2+

R R
)\ H2o )\ 24
COOEt ———» cooy  +EtOH not catalyzed by Cu

R R
OEt Cu,t OEt )\’<0Et
H2N/K[( ‘——2‘ H2N | 4\ 4>H2 - OH2+
O c:u2 H,0 CU;'O
R R R
OH - Cu.* HoN OH H N)\’Q'OHE’[
O (‘)u—é:;o -EtOH Cu—é—;o



Metal Proteases

Contain a Zn(ll) ion
Inactivated by chelators sequestering the metal ion

HOOC

HOOC/\N/\/N\/COOH __
=2
COOH N N=
EDTA 1,10-fenantrolin

Thermolysin (endopeptidase)
Carboxypeptidase A (exopeptidase)
Similar catalytic site architecture
Different mechanism






Thermolysin - Catalytic Mechanism

Tyr157
His231
0 R /§2 |
H N, A
H N zn?+
- \:)LOH * HQNJ\“/ SNy
R 0

H
Cl) o tetrahedral
\ﬁ intermediate

Glu143



Thermolysin: Industrial Synthesis of Aspartame

NutraSweet/Ajinomoto “Formyl” process

5 HOOC MeOH, H+ HOOC
L —
H

O%Ph
+ 50%
Ph + monoester isomer
HOOC © /[ + diester + diacid
~ eq. mixture
07 N N~ >COOH (€a )
' 599, H
DSM/Tosoh Synthesis chemoenzymatic process
racemization Ph
'
H3N COOMe
i H*
COOH thermolysm ii Hp, cat HOOC
L ' COOMe ’ N__coom
e
CbzHN~ ~COOH COOMe CbzHN \:/ H,N ~~
(D L) O PH

Insoluble salt






Carboxypeptidase A — Catalytic Mechanism

O R * R
NaBCNH,
Enz + S (Prot.) — Prot)J\NH °© Prot NHJ\*/OI_I

. ¢

Glu270 3-OH-norvalina

NaCNBH,; does not reduce carboxylic acids, but reduces anhydrides



Carboxypeptidase A — Catalytic Mechanism

NH
BB Ly
’N, N “coo | i

/
R Glu-n/\n’o\zp“{
:\j o] \ His-196
- ToH R
,nga Iy
R
fL vNc 145 1st tetrahedral
(o

GIu-270 His-80 JH intermediate

N N
[
T o o) Ji{
/ Glu-72 Zn
Glu-n/ﬁfo\ .N{ /\Lr | s

0o zr His-196 . i
N NN Ncoo
” \/ ~ s &

)OH H n. H
R H H” \W,thrg-‘las

NH; Giu-270 N,
GIu-ZTD His- 6\9—'[
2nd tetrahedral T r o
intermediate ks nﬁro\ {
- l'.i His-196
,ﬂvﬂeﬂ‘"\\
- COO

R
0 ng -145
acyl enzyme ! Y

(mixed anhydride)



Classification of Enzymes

1. Oxidoreductases Ao —> R OH
OR' R"
2. Transferases L v oH —= L+ Aok
OR OH
3. Hydrolases T emp —= 1+ won
(@] o
4. Lyases Mooy = ) +co,
5. Isomerases A — S

. )
6. Ligases con L %P2 — con J_coon



Hydrolysis and Transfer Reactions

x i / Bt Bt
< T + HN R 4RNH, — -R" 4+ RNH
2 N 2
) o | N N
Amidases (Proteases, Peptidases) Transpeptidases
x i x it
R — +  ROH R 4ROH — -R" + ROH
O )J\OH 0 0
Esterases (Lipases) Acyltransferases
OH OH OH
A —’\aﬁﬁw +FoH \a%*“’“ o @&( .
fo OR!
0 ~\-OR 0 ~\-OH S
Glycosidases Glycosyltransferases
0, o 0. O 0. O 0. O
— >  p + ROH p’ ROH — ¢’ + ROH
"or ~Pon ~Por * ~Por

Phosphatase (Phosphoesterases, Nucleases) Phosphotransferases (Kinases)



Esterases and Lipases

Common mechanism.

Catalytic triad: Asp(Glu)/His/Ser

Nucleophilic Catalysis (covalent)

Similar Binding site architecture to serine proteases

Esterases: hydrolyze small, water soluble esters
Lipases: involved in the degradation of fatty acids
hydrolyze water insoluble triglycerides
Inactive in water
active at the water-lipid interface



AChE (Acetyicholinesterase)

O
\ / \ /




AChE: Catalytic Mechanism

')
D—H:---0 — o Glu-327

0
4. c-COOH )\</O‘H\j\5,NH
3

(o] . HNMe;;
)Lo/\/Nme3

,!, Ser-200 His-440 ° Ser-200 His-440
“oxyanion hole”
0 Glu-327 ‘ 9 Glu-327
k(><\7H’N - _H ((>< /'\H N /NH
(o}
1 st tetrahedral
2nd tetrahedral NMe
: - * intermediate
intermediate
I-_l: Ser 200 HIS 440 /\/NMe3

O Glu-327

o
\N ‘
Y N\ N
o

H--0

Acyl Enzyme



Acetylcholine

Acetylcholine is a neurotransmitter (transmits nerve signals across
synapses).

Acetylcholine controls Na+*-K* channels and is degraded by AChE in the
synaptic cleft.

nicotinic acetylcholine receptor synaptic cleft

e ® Nat
. post-synaptic membrane

- .

acetylcholine

binding site

WWWT(T( 3 »00000000000

...Q“Q“C'...QJ W MMMMM

© CNSforum.com 2002

When acetylcholine accumulates, the channel remains open causing
muscles to contract.

This leads to spasms, loss of control over body functions, inability to breathe
and, eventually, death.



Nerve Agents and Insecticides

Nerve agents (organophosphorus compounds) and certain insecticides
are AChE inhibitors

Nerve agents (chemical weapons) were discovered in Germany in
1935-1939

O O O
's b 'p A
/ 4 4 - P
NG .O/\ £~ \O £ \O /\O ‘S )l\

TABUN SARIN SOMAN X (UK)
Insecticides

O.N

? S
/P't /\
oY o

°\ 0 S Xe)

)

PARATHION MALATHION



SARIN

Irreversible AChE inhibitor
26 times more toxic than HCN
1988. Iraq (Kurdistan and IRAQ-IRAN war)

1995. Japan - Tokyo Metro
2013 Syria

Tetrahedral P: O
Mimicks the TS for | |
hydrolysis of acetylcholine

P,
F: good leaving group F/ \



SARIN

Oy O_) )\
N I —> O —>
ser200” N0 7 N )\ Ser 2007 > Y Ser200” N0~ \O

P,
|l| F/ \O (F\
] phosphorylated
N serine
HisMO\/[» His 440 / ;
N N
H H*

COO :
Glu327” Gluger” >9°



Lipases: interfacial activation

Lid closed

Lid open

ACTIVE INACTIVE



Lipases: interfacial activation

ACTIVE INACTIVE



Lipases

polar g

closed lid

¥ |

in water:
closed form

: interfacial activation

substrate

at the water-lipid interface:
open form



Biocatalysis in Organic Synthesis

Lipases and esterases are widely used in organic synthesis for
their stereospecificity and stereoselectivity, both at the laboratory

and industrial scale
Stereospecificity

PLE

i — > COOH COOMe
Kinetic |\/|eooc/\/coo'v'e MeOOC”™ >~ * MeOOC™ Y
resolution OH OH OH

(RS) (A) (5)
Stereoselectivity (asymmetric synthesis)
Asymmetrization

ymme pn COOMe  plg  p, COOMe
of prochiral /< —
compounds COOMe COOH

OAc OAc

Asymmetrization

PLE
of meso Q — > Q
compounds

OAc OH



phosphoric acid

Monesters

COO-

= p
O—P,
IO
o
phosphoenolpyruvate

o)
HOQJ\/O\P'//O
.
o O
dihydroxyacetone
phosphate

Phosphoesters

Diesters

\

(@) Base
7@

nucleic acids

pKa, =2.15

pKa, = 7.20

pKa; = 12.35
Triesters

parathion



Phosphoesters

NH,
N \N
O O O ¢
I I I /J
0-P-0-H-0-H-0— _ N>y
O O O _%_?
HO OH

ATP



Hydrolysis of Phosphate Esters

Monoesters:
7, 0
\
0= *> on0)  —— \Ji—OH Preferred
00 O:O‘
™o o 5
RO—F, OH-(H,0) =——» RO—P—OH —3 P— OH
L 4 -RO" /|
00 o- O 0o
o)
N Y I OH- (H20) \
RO—P —_— P —_— P— OH
I o P
( RO o} o}
(@] o 0 0
/o
] / H,O
* Bic:-0.8 AIO—P'  ——3 HPO,* + ArOH
o-‘O'

» The reaction occurs with inversion of configuration at P

// H20 \\ ‘g »
RO—P, ~——3 P—OH chiral phosphate
\ 18_0- 18Q7

"o ' 169



Hydrolysis of Phosphate Esters

Diesters:
/7 A
RO o ooy —= §—on preferred
ROO OOR
0 - o)
0]
1< \ .
RO—P//,_\ OH- (H,0) ——> R(Q\p—OH B \/IID—OH pOSSlble
R (‘;O _O OR' OOR

170



Alkaline Phosphatase

//O phosphatase /O
RO—P, +HO —»  HO—P.  + ROH
o Y0

ROH and HPO42- are formed at different rates
1 mol of ROH is rapidly released before phosphate is formed
For the formation of ROH B¢ = -1.1

Kot (for the slow formation of HPO42-) is independent from R

The reaction occurs with retention of configuration at P

S S
/ /
RO—F,, + H:0——3 HO—R, _ + ROH
\‘~718_O- \'1~180-
o) 0"

“chiral phosphate”



Alkaline Phosphatase (E. Choli)

N [




Electrophilic Water Activation by Metal lons

Metal pKa Metal pKa

Ba2 13.1 Caz* 12.5
Mg?* 11.4 Mnz* 10.1
Cd2+ 9.8 Zn2* 9.6
Coz2* 9.4 Ni2* 9.0

Fe2+ 8.4 Ber 4.3




Alkaline Phosphatase

NH,

A
Ar9166/\/\lIl l}l/
HoH
T O O
: /‘\P/") R
° 7

- - | Ser102 2'Zn

H.O

0O 0
N/ ROH

A
Arg166/\/\|}1 2N [Ij/



Phosphodioesterases - Nucleases

Exonucleases: hydrolyze phosphate bonds from the 3’ or 5’
terminal. Nucleases from snake’s venom digest single stranded

DNA from the 3’ terminal in a completely aspecific way
| |

|
O:IID—O' 0=P—-0O-

Endonucleases: hydrolyze internal phosphate bonds and are, in general, highly
specific. Restriction enzymes cut DNA's double helix in palindromic positions

ar , :

B 'Hl. . Bacyllus amyloliquefaciens
recognition
site

& N
— ATGTTIGCATCCITTGAC —
— TAC /\Alg CTAGGIAACTG —



Phosphodiesterases: BamH1

A%
AATAY/
A
I
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»
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S =3
B Si
AV 7 AT ¥
A% v“'ﬂx'k‘i““‘
< varal A%




Ribonuclease A
Arg 85 .

$. Arg 33 Arg 10




Ribonuclease A
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Ribonuclease A
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ATP: Energy Storage and Supply

NH,

NH,
t > t )
S TR S ? 9 Q
0-P-0-P-0-P-0 +H,0 <~—= 0-P-0-P-0 + HO-P-O- + H++ 7.1 Kcal/mol
O O O o O O
OH OH OH OH
ATP ADP P,
P
s + ATP — S+ATP
—_— —. -...P+ADP
. ADP

Hydrolysis of ATP allows to overcome thermodynamical barriers



ATP: Energy Storage and Supply

ATP ADP
O E f CoA-SH O .
)'t > )k * PO,
OH S-CoA

acetate kinase AOP 0, phosphotransacetilase

NH,

0 0 {Nﬁ,\,

CoA-SH = HS\/\N)J\/\N)%O\P,O N N/)
H H OH O’/ \O' \%3?‘

*0,PO OH

R—OH + ATP ——» R—OPO3;* + ADP+H*

R—OPOs> + Nu —» R—Nu + PO,*

R-OH + Nu+ ATP —— R-Nu+ADP+ PO,% + H*



ATP: Energy Storage and Supply

Nu Nu

.&9.

O- P—rO P—rO P O-Adenosina
O-E EO'E :O

Nu-P + ADP l l Nu-AMP + P-P
Nu-ADP + P Nu-P-P + AMP



Protein Synthesis

G A
RCONHR!
+
H,0
RCOOH
+
R'NH,
R ATP  P-P R 'RNA-OH AMP
n n Rn
H3N+%“/O_ #’ H N+)ﬁ.‘/o\P/o\ X #’ N O\t
aminoacyl-RNA ™3 R Adenosina 4 in g acyiRNA HaN RNA
o synthase 0 00 synthase o)
Rn
HZNJ\(O“RNA
h O 0 'RNA-OH o R,
H
N
peptide” %O-tRNA /4 > peptide/NQJ\N)\[(o'tRNA
R ribosome - H
n-1 Rn_1 0]



P-Type ATPase

Ca++

Extracellular
space

e ETRT

§5 4% ;g 3 ]

Cytoplasm ” [

NH, NH,

7 N 7 N
R R

N N

N~ N © 9 0 N~ N Q@ 9 Q

o O_|I:>_O_|I:>_O_|I:>_O-+H20 e 0 O-P-0O-P-0O + HO—IID—O' + H+t 7.1 Kcal/mol
| |
O O O O O )
OH OH OH OH
ATP



Ca++
Membrane binding site
A
Cytoplasm
40 A
\ 4

(Mg+*)




P-Type ATPase

Asp351

Lys 684

Ho, O
HO”

So

H,0

ROH

OH
O\,
\0¢P\\o

R

2
Asp351

Lys 664



ATP Synthase, a Molecular Machine
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ATP Synthase, a Molecular Machine

Subunit-1ll oligomers
of chloroplast ATP
synthase

the distinct wide and narrow rings
represent the two surfaces of the
subunit-1lIx oligomer

wide oligomer ends

narrow oligomer ends



ATP Synthase

open loose binding tight binding
H-D
r
Glu O'{_SQP/OH Glu Ot) /90 Glu O
Ty oo T W( — Y

ADP-Or



ATP: the Third Cleavage Site.
Biological Methylations

Ccoo
s P-P-P ‘0O0C._ _NH3*
T f ) ?
~
0-P-0-P-0-b- o J > “s < :@
O O O S-adenosylmethio
synthas
HO OH
ROH HO OH
SAM
00C_ _NHs*
g/ NH
N— X
—_— ROMe + S </ | /)
N7 SN
0
HO OH

S-adenosylhomocysteine



Glycosidases

Hydrolyse the glycosidic bond between two sugars: are involved in
polysaccharides degradation

OH OH

OH OH

They are, generally, very specific for the disaccharide substrate:
¢ sugars
 type of bond (1,4-1,6-1,3; o, )

All glycosidases use acid catalysis (acetal hydrolysis)



Lysozyme

Degrades peptidoglycan of bacterial cell walls by cutting between
N-acetylmuramic acid and N-acetylglucosamine residues.

- { ) » g ..|
A ~

4 NAG NAM Oligopeptide

Lysozyme is a natural antibiotic present in tears, nasal mucus, egg
white; it is used as a preservative in the food industry.

Discovered in 1922 by Alexander Fleming



Lysozyme




Lysozyme

Inhibitor:

OH
NHAc o)
HO @
HO HO
0] F
OH
OH






Lysozyme - Carbocation Mechanism

HO e
. o)
~N O."(O (0]
Ro HO ~
AcNH NHAc
OTO
HO Asp 52
o)
\o OH
RO
NHAc H,0
HO
le) (e)
o) HO
fo ~ 0

o .
H
HO J
~ o
Qo f, H
AcNH
0¢2,20



Lysozyme - Nucleophilic Mechanism

HO Asp 52
o)
\o OH
RO
NHAC H,O



Nucleophilic Substitutions:
Haloalkane Dehalogenase

Sy 2
Cl > R OH

Haloalkane Dehalogenase is found in bacteria that grow
In industrial wastes



Haloalkan

‘ (X@@aa

Hi3289’ ‘

ehalogenase
utotrophicus)




Haloalkane Dehalogenase

H
NV
His289 \ W

cr "y

H.
(ID O/\

H
N Kgo
His289 \ Z Asp124
rR.Ccl
o
(‘\\o A~ H*
R~ OH
Asp124 H* | N\?
His289 \
N
H
A\O
OS5
o



S)2 Reactions

Detoxification of hydrophobic compounds containing
a suitable leaving group

H,O0
R-X ——> R-OH + HX

O O O

N
Ko/ R — ot o A s o

Enz X- Enz Enz



Human Epoxide Hydrolase (PDB 3WK4)

L/ ;

0 Tyr 466
His 524 h

g

~— >




Human Epoxide Hydrolase (PDB 3WK4)

0 Asp 335/\’40
Asp 335/Y o) T o
O / (@] O /
. H Tyr H™ Ny H
o - > A ,

;ﬁ\ i

\‘ O 4
N H Tyr N [ Tyr
\ 72
O e
N
H His 524 H His 524
O, - Oo. -
N = O N~ O
OH
Asp 496 > é Asp 496
HO
»PFALH.

0
Asp335/\’¢
¥ {0
Aspsas/\fOH
H Tyr H/ T
/// //
o H -
N T (@)
¢ / M- o g ¢ : H o
- + - A-
g ﬁ% Wt
His 524 H His 524
o. -
-0

Asp 496)/



1,2-Eliminations: Histidine Ammonia Lyase

B
N
H H
Rsé\rcoo- T o ALC00 4 BH 4 NH,
C NH3+
R = Ph: phenylalanine ammonia lyase
R=Im: histidine a. |.
R =COO- aspartase



Pseudomonas Putida Histidine Ammonia Lyase

Imidazolone

cysteine (inhibitor)




1,2-Eliminations: Histidine Ammonia Lyase

A 0 H'2N\_N H'°N_N imidazolone
” 142 NH/\H/J ! f O I o

HN%OO - H,0 Nigrso  -H,0 Nugtsgy  cofactor

Ala142




1,2-Eliminations: Histidine Ammonia Lyase

\ ‘_
§ ~
T\ © N
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H N o)
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COOCH
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N
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H
F "N g,

Enz-AH  HoN



Pseudomonas Putida Histidine Ammonia Lyase

(@




anionic

cationic

radicalic

pericyclic

C-C Bond Formation



Aldolases (Fructose 1,6-Diphosphate Aldolases)

- 0.PO aldolase O C;)H
=04P =04PO ~ .
OPO3 ° < OPOS_
OH OH
Aldolases: Class | — via enamine Lys-NH,
Classe Il — metal enzymes (Mg2+, Zn2+, Mn2+)
Fructose 1,6-diphosphate aldolase: class | in mammals

class Il in bacteria



Class | Aldolase from Rabbit Muscle

Lys229

Lys146 ? i
Glu187



Class | Aldolase from Rabbit M‘scle
/ ‘ Y_
- d——
>

Asp33

L2}

/|
& Glu187 -

-




Class | Aldolase: Mechanism

Asp33 Asp33
o)\O- o)\o
N |
\ /H e H, H
HO N“‘\/Ly5229 HO ¢ N\/Ly3229

=03Po\)</0H _OgPO\)</OH

Asp33 \ Asp33

0~ "o Lys229 07 "0 ysoo9

l\o NH, H+N§

= - O
OfO%OH 0.P Y
sPO ° >—Glu187
H H T O

Lys229

HN

"05PO ~. _OH o)
>—Glu187

H H—O



Class | Aldolase: Mechanism

Asp33 Asp33
o)\o- 0% o
N |
\ /H —> H‘\ H
HO N* Lys229 HO ¢ N Lys229

“05PO OH =03PO\)</OH

Asp33 / \ Asp33
R

| r|_ys229 o~ "0 Lys229
[ P
O NHg H+N)
OSPO%OH “04PO OH
> >~Glu187
OH OH H H 0
0sPO A -
« OPOs
OH O H20 Lys229 )Ly3229
H*N HN
- H
o3Po\//\<A/OH o
ZOSPO | —(-)\ >‘G|U187
e fH  H-O




Class Il Aldolase from Giardia lamblia Complexed
with Tagatose-1,6-diphosphate

ASp255_ ™
A

¢
E



o/H
Asp83/§0
OH OH

=O3PO :

OH

Class Il Aldolase

0]

OPO3

His178
/

n
% “His21
OH

0

Asp255



Squalene Oxide Cyclase

squalene
epoxidase

= =

squalene squalene oxide

squalene oxide
cyclase

lanosterol

o7 LR

model reaction: “H T'H*

Lo
o R

*HOD)

= = =



Squalene Oxide Cyclase Mechanism




Squalene Oxide Cyclase







Squalene Oxide Cyclase




Radical Reactions: Methylmalonyl CoA Mutase

COO- methylmalonyl
A
)\WSCOA <C° mutass 000~ ~800A
O O

methylmalonylCoA succinylCoA



B12 Vitamin

NH,
N N
'/

<N | N/)

H2C—Ad

. co''/ = corrin

+

OH

5’ deoxyadenosylcobalamine



Methylmalonyl CoA Mutase




Methylmalonyl CoA Mutase
o

MethylmalonylCoA }




Methylmalonyl CoA Mutase

coo ololoy
CoAS CoAS
HaC—Ad — HzC—Ad
™\
Ve \) oo
N N 0 \§Z>
>



Pericyclic Reactions

=
Diels-Alder cycloaddition (4 (—L, —
N |
O O
Claisen rearrangement [k I
) O‘Qd — 0

AH#is generally small, AS#is generally large and negative



Chorismate mutase

H NHs*
COO

Phe

o COO"
coo” chorismate 00C, 7 .
mutase H ¢-NH3
J\ COO
OH \

- (o) COO -
4 k,./k, = 108

Tyr
chorismic acid prephenic acid OH



Claisen Rearrangement

00 60C\ \ # COO-
coo RS
0 O _1coo Q,-coo 0
— g —> 7 > COO-
COO-
OH OH \ OH ) OH
chorismic acid TS prephenic acid

substrat' . transition state



Chorismate mutase




Chorismate mutase




Chorismate mutase




Redox Reactions

+1.0 ~—
Redox
potential —
{Volts)
| +082 O; + 4H* + 4e¢ — 2H,0
+0.55 cytpFe¥ + le —— cyt3.Fe?*
0.5 —

—i +0.30 02 + 2320 + 47— 2H202
4025 cyt. Fe** + le¢ ——— cyr Fe?*

] o]
1 A gaon + 2H + 26— Ao

+0.06 (ascorbate)or + 2H* + 2¢° ———= (ascorbate).gq
+0.03 -()2(_:"\\./002~ + 2H* + 2¢¢ ———am -ozc‘\,coi

-0.16 CH3CHO + 2H* + 2¢¢ ———» CH;CH,OH Flavoproteins
-0.18 FAD + 2H* + 20 ———» FADH,
019 CH;COCOy + 2H* + 2e¢ ——= CH;CH(OH)COy a

3

. 029 (ipoate)y + ZH* + 2¢- ——» (lipoate)y
3 -0.32 NAD(P)* + H* + 2¢ ——= NAD(P)H
036 (Figlox + 2H* + 260 ~—— (Fip)reg fe:redoxins,
042 2H* + 26— H, | iron-sulphur
-043 (ferredoxin)o, + lem ——» (ferredoxin)yy

0.5 —

—1 -0.60 CH3COy + 3B* + 2¢¢ — CH;CHO + H0

-0.67 -oac‘\/coz' + CO,; + 2HY + 2¢° — ﬂzc'\/Kcoz- + H,0
€0.76 CHsCOy + CO; + 2H* + 2¢¢ ~— CH3COCO; + H;0

-1.0 —

Fig. 6.1 Some biologically important redox potentials. CoA, coenzyme A; FAD, flavin
adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate.



Redox Reactions: NADH/NAD+

NH,

N CONH, N N
Q o (AL J NAD*(R=H): catabolism
o [~O-P-0-P-0— o NADP* (R = PO;%): anabolism
O O
OH OH OH OR



Alcohol dehydrogenase

CH,CHO + 2 H* + 2 e« —> CH,CH,OH E,=-0.16 V

NADH —> NAD* + H* + 2e- E,=+0.32V

CH,CHO + NADH + H* = CH,CH,OH + NAD+ E,=+0.16V

o) A
He |*
H ‘,‘ CH;{ .
alcohol H™  CHs
H H "
~ 2 CONH. dehydrogenase
"' ‘ —~ ~=_CONH.
| | - ( =~ 2
I A
i R






HLADH




HLADH




Flavin-Adenin Dinucleotide FAD

Hy
N B
N
< §
[ OH 9 @ NN OH
ribitol Ho., A_0-P-0-P-0 o) HO.,, AL _OH
o O
OH OR

OH OH
isoalloxazine ;@:Nzl\?;o QNJ?N(\AEO
N I N o
FAD Vit. B2
FADH, —» FAD +2H*+2e-  E,=+0.18

H

R H R . R R

N.N_O ' N__N._O NONO N N0

OO =000 XL ==

N N N N

H 5 o) H O 0
FADH, semiquinone radical i FAD

R
N

/NYO
:©: I\C.)(NH

\
H



Glutathione Reductase

COO

O
: H
A N O
+H3NW ﬂm CoOr glutathione COoo 0

0 reductase : H\)k
S o N AN~
; " HN N ¥ coo

FADH,  FAD O Ngy

|
0
H
wn ~ L o
H
COO 0

Glutathione: protects cells from oxidative stress and from molecular oxygen



Glutathione Reductase




Glutathione Reductase

’/_.. B/Enz
" FADH " FAD ! !
s $ Cs S GLT. __S
/~ &
GLT\S_S/GLT
=S >, \4\"# charge transfer

FAD,
W SMS complex

B/Enz
NADP* |1|
GLT__
FAD ? GLT-SH

NADPH, H* S "s

242



p-Hydroxybenzoate Hydroxylase (Monooxygenase)

COOH HO COOH
/©/ + O, + FADH, — ]@/ + FAD + H,0
HO HO

-~
)
FADJ /

s \/\K’(/

Tyr222

& & (& \ /d

L

) ) Tyr201



p-Hydroxybenzoate Hydroxylase (Monooxygenase)

+++++++
HHHHHH



Metal Dependent Monooxygenases
Cytochrome p450

"00C COOr "00C COO"

Cytochrome p450 catalyzes the hydroxylation of unactivated alkanes (detoxification)

R-H + 02
NADPH, H* FAD >< Fe(ll)j
NADF>+><|=ADH2 Fe(lll)

R-OH + H,0



Camphor Hydroxylase (P450cam)

O p450 cam QO
2H OH
1H 1H

Stereospecific! Retention of configuration



Camphor Hydroxylase (P450cam)

\ Ny
| A _. /

- ¢ o~
X

e, S Tyr96
J B

| —




Camphor Hydroxylase (P450cam)

: 2
e , -
Fe' FelV

NADP*  NADPH, H*

S-Enz ROH Rf) l-Enz
~QOH
R-H, Op :E : I‘:e”' ;

g-Enz



Camphor Hydroxylase (P450cam)

R®
OH

free radical mechanism : Fell 7
|

R—H
S-Enz
ﬁ R—OH
: FeV ; : Fel ;
| \ R / |

5-H
~("l S-Enz
o

K

concerted mechanism ’ﬂ
Fe
l-Enz

S-Enz



Pyridoxal-Catalyzed Reactions

L-dopa

H
HO : COO_decarboxylase HO
_—
NH3*
HO HO

L-dopa

: ,COO" Alanine racemase

—_—
NH3*
H Aspartate
: ,COO0" -00C cOO- aminotransferase
'OOC/Y + \/\[( -
NH5* o]
OHH Threonine
)\%,COO' dehydratase
é
NH3*
H Methionine
/S\/\ET,COO' y-lyase
NH3*

dopamine

COO-
H

NH3z*

COO" -00C COO-
-Ooc/ﬁ( + \/\T/
(0]

H
NHg*

/\(coo-

0]

/\[(COO'

o

Pyridoxal 5'-
phosphate

250



Pyridoxal-Catalyzed Reactions

| + +
{ NHy ="~ NHy ="~
Z ) H H H
o S . :
oO- 5. o 5. O~
2-04PO N 03PO | N — 3 “03PO | AN
| R § /
+ | H+ N*

251



.. Alanine Racemcse 1iF

ArgZ1 )

)-*'-pl)—

Tyr265’

P




Alanine Racemase
(Two-Base Mechanism)

Tyr265' Tyr265' Tyr265'

Ar9219\/\/NYNH2 Ar9219\/\/NYNH

NH2 NH2

253



L-DOPA Decarboxylase 1 JS3

\\-/

H,N

°N COOH
H

Carbidopa



L-DOPA Decarboxylase 1JS3

255



Stereoelectronic Control of Reactivity

PO

racemases R
transaminases ,__?COO'
etc. ~HUOC

H

PO
H
decarboxylases % <R
0
0

256
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&\spaﬂate Aminotran’A



Aspartate Aminotransferase

COoOr

Lys

H,0
H coo
. coo

‘00C
‘00C ‘00C

H20 coo-
Lys

259



Threonine Dehydratase 1ve5

Y
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N Thr279
Ser303




Threonine Dehydratase 1veb
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HO
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Hairpin Ribozyme




Hairpin Ribozyme




Hairpin Ribozyme




Hairpin Ribozyme: Simplified Mechanism
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Protein Synthesis

G A
RCONHR!
+
H,0
RCOOH
+
R'NH,
R ATP  P-P R 'RNA-OH AMP
n n Rn
H3N+%“/O_ #’ H N+)ﬁ.‘/o\P/o\ X #’ N O\t
aminoacyl-RNA ™3 R Adenosina 4 in g acyiRNA HaN RNA
o synthase 0 00 synthase o)
Rn
HZNJ\(O“RNA
h O 0 'RNA-OH o R,
H
N
peptide” %O-tRNA /4 > peptide/NQJ\N)\[(o'tRNA
R ribosome - H
n-1 Rn_1 0]



The Ribosome (Holoarcula Marismortui)

Red: proteins
Cyan: RNA



Ribosome and Protein Synthesis

tANA,
leaving aa,-tRNA;

arriving

|
C A

Start 2 ’—— Ribosome moves

__.Y_J e A [N S v \__Y_i k_Y___/ L. ..Y,_)

Codon Codon Codon Codon Codon Coden

Modified from Griffiths et al., AN INTRODUCTION TO GEHETIC AHALYSIS, 6th Ed., W.H. Freeman & Co., 1996.



Ribosome and Protein Synthesis

D39
NG
pepticyl A Rk

N
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\
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Ribosome and Protein Synthesis

tRII\IA

O A

O

O OH
H
N
peptide” \/b& i OLRNA
Rn-1 HQN/H]/ - \ tRNA
O A



Catalysis and Evolution

Prebiotic _ . |
Systems catalysis information
Evolution
proteins
Life

genetic
information

catalysis




Enzyme Inhibitors

| S .
El<=E <= ES Competitive
Reversible J
P EP Non Competitive
: | S
Irreversible E-l<— El== E == ES



Reversible Inhibitors

substrate
analogs k j
o

S I S I
Ribonuclease A F6P-Aldolase
I NH, NH,

" o_ .0 o_ .0
transition state o> lo </N \H Vo N \H 00C H
analogs o S AL _I 0 <N I = ooc
o N7 NH, o N7 NH, ?‘PSCOO y coor
g OH HO OH OH OH
TS | TS |

Hairpin Ribozyme Chorismate Mutase



Substrate Analogs: Sulfa Drugs

) )"12/\ /f\coo-
0 W o 00C coor 00"
Q OO\ 0O dihydropteroate - dihydrofolate
N (70 ~o \O synthetase synthetase )i[ j/\
o] ]ﬂ oy f
N N
H

A
dlhydropteroate dlhydrofolate

dihydrofolate
reducttase

2 N ]
o.__0O HoN ,,O purines '\L |N\> /(\coo
S \ )O%[H /@)‘\ .
SR
HZNJ\N N
H H

N / tetrahydrofolate
)
N

/]
@)

z
T

NH, NH, pyrimidines

substrate inhibitor



TS Analogs: HIV Protease Inhibitors

3 viral enzymes:
inverse transcriptase
HIV integrase
: protease (HIV-PR)

- _
reverse transcriptase:
N R viral DNA



TS Analogs: HIV Protease Inhibitors
)

\Asp25 j
Asp25'

transition state
OH

transition state analog (JG-365) K,
= 0.66nM

Oy lle-Val-OMe

Ac-Ser-Leu-Asn\N
H

: H
© CONH, o

Saquinavir®



HIV-Protease — JG-365 Complex




( allosteric activation

Non Competitive (Allosteric) Inhibition

allosteric inhibition
| b|nd|ng - x\
site




A P38 Kinase Non Competitive Inhibitor

. ATP pinding site

BIRB 796 (Doramapimod®)
antiinflammatory

ATP ADP

. _OH L_L, 0.,.0
Protein Protein” R

P38 o0



Enzyme Inhibitors
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Nucleophiles

Ser” “OH Proteases, lipases, esterases
Thr)\oH Posphotransferases
Cys” “SH Proteases
Glu/Asp” >COO" Epoxide hydrolases, haloalkane dehalogenases

Lys” > NH; Aldolases, acetoacetate decarboxylase

H

| N
Hls/\[ » Phosphotransferases, Nucleases

N

Tyr/\©\
OH DNA topoisomerase



AChE:

Irreversible Inhibitors



Irreversible Inhibitors: Trypsin

Bortezomib



Penicillin (Transpeptidase Inhibitor)

Bacterial Cell Wall:




Biosynthesis of Bacterial Cell Walls
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Penicillin (Transpeptidase Inhibitor)

RW/H " RYH "
A\ :_S A\ :_S
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COOH COOH
from cys and val mimics the Ala-Ala substrate
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@) 3 R N
COOH H .
O Ser-(transpeptidase )

HO N~
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« antibatterico-antivirale
* antitumorale

* antiossidante

« antiinflammatoria

O O
/OO\
HO OH

Curcumin




