Competitive
inhibitor

Figure 8-15b
Biochemistry, Sixth Edition

€ 2007 W.H.Freeman and Company
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N=N=N OH

AZT g ® . ®
(3’azido-2'desoxitimidina) Desoxitimidina

Enzima: DNA polimerase viral
Tratamento AIDS
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H H
OYN O OYN O
HN\IF HN\I 0

5 fluorouracila Uracila

Enzima: timidilato sintase

Tratamento de tumores
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E+ S < = ES > E+P

S)
y =
\\\

El @ T

(a) Competitive inhibition
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s
E—>—>ES —>E+P
+

' !
al
El >
%1 Ne inhibitor
2 [1] = K,
2
C 60
2 [1=10K
e
® 40
2 ' [1]=5K,
20 [/
0
[Substrate] —
Figure 8-17

Biochemistry, Sixth Edition
© 2007 W.H. Freeman and Company
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1/v

o]
Increasing

[1]

a =1 (no inhibitor)

W Slope = aKy/V .,
_‘_,ﬁ"‘::ff! [I]
##;# ’J"’ ff II=1 + F
;ﬂ'### l‘"” J'!f l
t"'### d”rt .l"l'r
0
-T/aKy 1/[S]

Figure 12-7 Fundamentals of Biochemistry, 2/e
© 2006 John Wiley & Sons
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Substrate

Noncompetitive
inhibitor

Exemplos de inibidores nao-competitivos:
Hg*2, Pb*2 = reagem com grupos -SH das proteinas
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S
E+IA—>E5—)*E+P

s |

El A—»ESl —>

100

No inhibitor

80
b
E o0 [11=K
L
® 40
:

20 ” [I11=10K;, [I] = 5K;

F
0
[Substrate] —

Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company
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+ Noncompetitive

inhibitor + Competitive
(_/ / inhibitor

\ No inhibitor
present

1/V

\ No inhibitor
present

0 1/[S] 0 1/[S]
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Regulacao da Atividade Enzimatica

A regulacdao enzimatica é importante para manter a homeostase celular

Energy- Energy-
containing depleted
nutrients _ end products
Catabolism F
Carbohydrates CO,
Fats H,0O
Proteins ‘, NH,
£ . oo ATP
goFHHPO@ B Nape AR
A : NADFPH
NADP" FADH. eneIgy
wIAD 2
Cell &x ‘ Precursor
macromolecules : molecules
Proteins Anabolism Amino acids
Polysaccharides Sugars

Lipids

Fatty acids
Nucleic acids

Nitrogenous bases
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T

Vias de sintese e degradac¢ao das biomoleéculas
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GLYCOLYSIS / GLUCOMEOGEMESIS
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e 2L D89 (o rtrmce lhalar)
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e (3 lyceralde hyde- 3P
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0 &
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Estratégias de regulacao enzimatica

e Fisico

e [ ]do substrato

e [ ]daenzima

e Expressao génica

Lesson: Regulacdo enzimas

Alosterismo

Isoenzimas

Modificacoes covalentes

Ativacao enzimatica
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Mecanismos Regulatorios

FISICO

A enzima e o seu substrato

Hough endoplasmic ——
Febiul e

Protoms sy nthesized
for export

devem estar no mesmo

Transpsrt vesi s

compartimento celular.
(compartimentalizacao).

—— Uil cofmplex

Secrelory e bes

As reacOes catabdlicas e anabdlicas ocorrem
geralmente em diferentes compartimentos
celulares.

Por exemplo, o catabolismo de ac. graxos
ocorre nas mitocondrias e a sintese de ac.
graxos ocorre no citosol.
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CONCENTRACAO DO SUBSTRATO

Geralmente a concentracdao celular do substrato na célula tende a
ser muito similar ao Km da enzima.

Por qué nao usar o maximo da capacidade enzimatica?

V /f"

Vosaa/ d

Reaction velocity (V) —

Substrate concentration [S| —
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CONCENTRACAO DO SUBSTRATO
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CONCENTRACAO ENZIMATICA
Sintese e degradacao

Assim como qualquer outra proteina, a concentracao
de uma dada enzima vai depender da relacao entre as

taxas de sintese (k) e degradagdo (Kye)

Enzima

kdeg

AR
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CONCENTRACAO ENZIMATICA

Gene

LN A, e

Transeription r

Primary transcript "V WAS e Nucleotides

Posttranscriptional }
processing l mRNA degradation

Mature mENA AN

Translation (-\

Protemn f_"" { Amino acids
(inactive) w U
{
. oo®
Posttranslational s O
processing l Protein degradation
2
Modified e
protein v A o P
(active) 9§ B4
-]

Protein targeting
and transport

l
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Estratégias de regulacao enzimatica

e Fisico

e [ ]do substrato

e [ ]daenzima

e Expressao génica

Lesson: Regulacdo enzimas

Alosterismo

Isoenzimas

Modificacoes covalentes

Ativacao enzimatica
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CONTROLE ALOSTERICO

Proteinas alostéricas sao aquelas que adquirem
diferentes conformacoes induzidas pela ligacao de
moduladores.

O mesmo conceito se aplica para as enzimas.

eModuladores:
podem ser tanto inibidores como estimuladores.
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Modelo de alosterismo

E} Substrate

@ Positive modulator

— IS R

Less-active enzyme

oo

E% C / R @
More-active enzyme
C R Active
enzyme-substrate
complex
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Inibicao por “feedback”

?ﬂﬂ‘ Glutamine
N | Threonine l
H —{0H
_EH Carbamoyl phosphate
M3
threonine
=) [Er dehyd
i , i o ATCasel
;
]
! - N-carbamoylaspartate
i 8
: Es . = Eu
| (End product inhibition) v
I C
i
i Ea :
[ i
; D :
1 ;
. UTP
[ Co0"
P ] v
, H;H—l‘i‘—H
1"'---H—¢IZ—CH3 L-Isoleucine CTP
THz ¥ :
I Passo regulatério em muitas
E ]

vias metabdlicas: catalisado por
enzimas alostéricas
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Modelo de alosterismo:
aspartato transcarbaminase (ATCase)
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Modelo de alosterismo: aspartato transcarbaminase (ATCase)

==l 0

NH H oy NH | |
G'_'{: + . ¥ a'f T F:Ill
OPO2" 1 l * } )
Carbamoyl Aspartate N-Carbamoylaspartate
phosphate
NH
/ 2
Nt
O 0 0
H ] G
' EL i \
_,—E" H"m. d,.-:'P J__.-g‘p L
D / O~ / h"‘-w-.c}.-* “""‘-.t,:],.1-""."-.'.‘h _.-FG-_\‘_
O o O i
J \
HO OH
Cytidine triphosphate (CTP)

Reacao da ATCase. A enzima catalisa a condensacao do carbamil
fosfato e o aspartato para formar o N-carbamilaspartato, na sintese

dos nucleotideos pirimidinicos.
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ATCase e inibida pelo CTP

Glutamine

.

Carbamoyl phosphate

o 7> ATCase
g ]
m
- I 5 N-carbamoylaspartate
©0.=
TR
S E S
o n _g A J
£
m
L™
= | !
0.5 1.0 :
[CTP], mM Utk
CTP
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Estrutura quaternaria da ATCase
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Estrutura da ATCase na presenca do PALA

Catalytic
subunit

o, o
Arglﬂ?? q'
b His 134
Gln 231 7'?5 I
o™ o-4 g Y
g v
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As conformacoes da ATCase. A ATCase existe em duas conformacdes:
uma compacta e menos ativa (tense state, T) e outra expandida (relaxed
state, R). A ligacdo do PALA estabiliza a conformacao R.

PALA é um substrato nao hidrolisavel, logo um inibidor competitivo.

6A
T state R state
menos ativa mais ativa
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Por outro lado...

O CTP estabiliza o estado T.

T state

O CTP se liga na subunidades regulatorias
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Na auséncia de substrato ou moduladores:
o estado R e o estado T estao em equilibrio
(estado T e favorecido em uma relacao de 200:1).

T state R state
(less active) (more active)

., _'.M

Favored by CTP binding Favored by substrate binding
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R-state curve

I-state curve

Rate of
N-carbamoylaspartate
formation —

[Aspartate] —

Base da curva sigmoide. O grafico sigmodide pode ser entendido como uma
mistura da cinética de 2 enzimas com Km diferentes: Os Km para T state e
para R state. Com o aumento da [ | de Asp o equilibrio se desloca do T state
para o R state, que resulta num aumento da atividade.

43/63  NJnearpod
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+0.4 mM CTP

Rate of
N-carbamoylaspartate
formation —

|

-
Ko s K s

[Aspartato]

O CTP age como um modulador negativo!
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formation —

Rate of
N-carbamoylaspartate

L o
K 0,5 KU,E

[Aspartato]

O ATP age como um modulador positivo!
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== = NH
Inlb_lgao por S i ¥
retroalimentacao, PO~ *HsN CO0
ou retroinibicao
9 E ........................................ > ‘;‘ 1 E1
I o 5 A
* nao se liga no sitio ativo, mas em | : E2
um sitio regulatério : 1
. M - " r.m E B
* Inibicao do tipo alostérica : 1 E4
C
' 1 ES
D
1 E6
NH,
0 0 0
-§ -1 - ik ¥
-— 0% o7 o7 No 3
ﬂ,’r 0 {‘_}f DG/ O \ .-“"D”“-~._
HO  OH
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Allosteric enzymes have sigmoidal Kinetic curves

Vo (um/min)

Typical‘ of a homotropic enzyme (substrate is the positive modulator)
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Modulators of heterotropic enzymes

ATCase + modulator (ATP)
1

Vmax

— v

-

E O

S

- R £ e -

Sy ) AT 12 Vimax
Koz

ATCase - modulator (CTP)
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Heterotropic enzymes may have less common curve shapes

Vmax
€
£ ®
S R et i R R s
(-]
-~
vmax
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Modificacoes covalentes

ATP ADP 0
Enz A——L& E-inx—%l"—{} Tyr, Ser, Thr, His
Phosphorylation (ll'l
ATP PP, 0
L ' ]*Zm:—lllil'—{}—CH-g i | Adenine | Tyr
Adenylylation 0" |
H

UTP PP 0
I

I
Enz ;—L ]*In;r.—,'Fl"'—ﬂ'—CH-g
Uridylylation 0~

H H
OH OH
NAD nicotinamide 0 0
o I I : _
Enz T = » Enz CHy;—0—P—0—P—0—CH; | Adenine | Arg, Gln, Cys,
0 | | 0 diphthamide (a modified His
ADP-ribosylation O 0 :
H H
OH OH
S-adenosyl- S-adenosyl-

Methylation methionine homocysteine

Enz \\‘"— i Enz—CHj Glu
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TasLe 10.1 Common covalent modifications of protein activity

Modification Donor molecule

Example of
modified protein

Protein function

Phosphorylation ATP Glycogen Glucose homeostasis;
phosphorylase energy transduction
Acetylation Acetyl CoA Histones DNA packing; transcription
Myristoylation Myristoyl CoA Src Signal transduction
ADP ribosylation NAD* RNA polymerase Transcription
Farnesylation Farnesyl pyrophosphate Ras Signal transduction
y-Carboxylation HCO; Thrombin Blood clotting
Sulfation 3'-Phosphoadenosine-5'- Fibrinogen Blood-clot formation
phosphosulfate
Ubiquitination Ubiquitin Cyclin Control of cell cycle
Table 101

Biochemistry, Sixth Edition
© 2007 W.H. Freeman and Company
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FOSFORILACAO

Proteinas quinases:
catalisam a adicao de um grupo
Ser, Thr ou Tyr.

NH;
a N '
O -0 t:|'- g
OH
\ N
G - ::.- D D o _G / . - :_..
HO  OH
Serine, ATP
threonine,
or tyrosine
residue
o O
’_‘_'_r"- "‘h,_{;_':_-_'ﬂ + s
0~ o
0 0
Phosphorylated
protein
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fosfato a residuo de

NH,
N
0 F G, W
P N— / + 0
" o\ e |
HO OH
ADP

L nearpod
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DESFOSFORILACAO

Proteinas fosfatases catalisam a remoc¢ao de um grupo
fosfato de residuos de Ser, Thr ou Tyr.

> 2
s P votein 0
hosphatase HO. /
" \PO + H,0 ~ t /OF' + ‘O
0 0
Phosphorylated Orthophosphate
protein (P,)
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EXEMPLO

Regulacao da glicogénio fosforilase por fosforilacdo e desfosforilacao

Glicogenio(, + Pi — glicogénio com a cadeia 1) + glicose-1-P

Menos ativa !

Mais ativa !

Lesson: Regulacdo enzimas

Ser  OH OH Serl
side | side
chain CH, CH,; chain
> Phosphorylase b
{leqs active)
i N
/ 9P.  2ATP \
phosphorylase Iz}u}:-;phur}.-'lem*
phosphatase Llrmme
9H,0 2ADP /
L
® ®
D“x ;D
CH, CH,
S Phosphorylase a

(more active)




Fosforilacoes multiplas: regulagao

Consensus Sequences for Protein Kinases

Protein kinase Consensus sequence and phosphorylated residue”
Protein kinase A -X-R-{R/K)-X-(S/T)-B-
Protein kinase G X-R-{R/K)-X-(S/T)-X
Protein kinase C ~(R/K)-R/K)-X~HS/T)-BAR/K)HR/K)-
Protein kinase B ~X=R=-X-{S/T)-X-K-
Ca“" fcalmodulin B-X-R-X-X-(S/T)-X-X-X-B
kKinase |
Ca* " fcalmodulin ~B-X~{R/K)=X=X~{S/T)-X-X~
kinase 1|
Myosin light chain -K-K-R-X-X-S-X-B-B-
kinase (smooth muscle)
Phosphorylase b kinase K-R-K-Q-1-5-V-R
Extracellular signal- -P-XA{S/T)-P-P-
regulated kinase (ERK)
Cyclin-dependent X~(S/T)-P-X-(K/R)-
protein kinase (cdc2)
Casein kinase | (Sp/Tp)-X-X-(X)-(S/T)-B
Casein kinase || -X—(S/T)-X-X{E/D/Sp/Yp)-X-
B-Adrenergic receptor ~{D/E), H{S/T)-X-X-X-
kinase
Rhodopsin kinase X-X-(S/T)AE),
Insulin receptor kinase -X-E-E-E-Y-M-M-M-M-K-K-5-R-G-

D-Y-M-T-M-Q-1-G-K-K-K-L-P-A-
T-G-D-Y-M-N-M-S-P-V-G-D
Epidermal growth factor —E-E-E-E-Y-F-E-L-V-
(EGF) receptor kinase

Lesson: Regulacdo enzimas




Fosforilacoes multiplas: regulac¢ao fina

: 2 3 1
Phosphorylation — -
Sites on A B ABC 45 AB
glycogen _ ‘ - | | |
synthase H N ———--ccmmmmm CO0
Degree of
Glycogen synthase synthase
Kinase sites phosphorylated inactivation
Protein kinase A 1A, 1B, 2. 4 +
Protein kinase G 1A, 1B, 2 +
Protein kinase C 1A +
Ca*'/calmodulin kinase 1B, 2 +
Phosphorylase b kinase 2 +
Casein kinase I At least 9 sites + + + +
Casein kinase II 53 0
Glycogen synthase 3A, 3B, 3C + + +
kinase 3
Glycogen synthase 2 -
kinase 4
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Estratégias de regulacao enzimatica

e Fisico

e [ ]do substrato

e [ ]daenzima

e Expressao génica
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Alosterismo

Isoenzimas

Modificacoes covalentes

Ativacao enzimatica
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Isoenzimas ou isozimas

Diferem na seq de aa, estrutura, mas catalisam a mesma reacao
Km, Vmax distintos

Ajuste fino do metabolismo: dependendo do tecido ou estagio de
desenvolvimento

LDH-1 -

LDH-2 a8 Em ==

o i

LDH-4 e on

LDH-5 9

-9 -3 -1 +12 +21 Adult

e O y

Heart Kidney bloodcell Brain Leukocyte Muscle Liver
H, I — E=a] — E— — —
H:M s [ I [ == —
HM, — — S— == == —= —
HM; —— —_ — —_— m— —_— —
M, —— — — — — . ]

Figure 10-16b
Blachemintry, Shorh Editlon
O 2007 W H. Fresrman and Company
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Regulacao por clivagem de um precursor enzimatico
Zimogeéneo: precursor inativo ou proenzima

Ativacao por clivagem proteolitica

Trypsinogen
(Inactive)
16 T
T— .
Val-(Asp),—Lys—Ile—

enteropeptidase
Val-(Asp),—Lys

Trypsin
(active)

T 245

Ile

OBS. Diferentemente da regulagao mediada por um efetor, a
regulagao por meio de uma quebra proteolitica e irreversivel.

Lesson: Regulacdo enzimas 59/63 /__/_T/I'WQGFDOU




Lesson: Regulacdo enzimas

1 115 1|6
Arg Ile

113 16

L!.lu I!!a-
A

Chymotrypsinogen
(1nactive)

245
J trypsin

7-Chymotrypsin
(active)

245

chymotrypsin

\* Serl4-Argls
+ Thrl47-Asn 148

a-Chymotrypsin
(active)

146 149 245

Tyr Ala
C



TaBLe 10.3 Gastric and pancreatic zymogens

Site of synthesis Zymogen Active enzyme
Stomach Pepsinogen Pepsin

Pancreas Chymotrypsinogen Chymotrypsin
Pancreas Trypsinogen Trypsin

Pancreas Procarboxypeptidase Carboxypeptidase
Pancreas Proelastase Elastase

Table 10-3
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

Coagulacao sanguinea:
Cascata de ativacoes de zimogéneos

Hormonios: proinsulina = insulina

Apoptose (morte celular programada): procaspase => caspase

Lesson: Regulacdo enzimas
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Estratégias de regulacao enzimatica

e Fisico

e [ ]do substrato

e [ ]daenzima

e Expressao génica
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Alosterismo

Isoenzimas

Modificacoes covalentes

Ativacao enzimatica
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