The control of enzyme
* activity

Enzyme Engineering

$ Two ways to control enzyme activity

. Controlling concentration of enzyme :
Regulation of transcription and translation —
Long—term

> Controlling activities of enzyme — Rapid
responses

6.2 Control of the activities of single enzymes
. By covalent bonds
2. By reversible binding of ‘regulator’
.. Inhibitor, [S], product inhibition, etc---




6.2 Control of the activities

. Control by covalent bond
= Irreversible, mostly intracellular regulation
. Example: phosphorylation, ubiguitination, ...
1.1 Irreversible changes in covalent bond (Proteolysis)

Table 6.1 Some enzymes activated by proteclytic action (mostly for extracellular regu|ation)

Enzyme Precursor Function
Trypsin Trypsinogen ]
Chymotrypsin Chymotrypsinoge! I

- : Pancreatic secretion (see Section 6.2.1.1
Pre ‘

Frophospho Pancreatic secretion

Pepsinogen Secreted into gastric juice: most active in

pH range

Thrombin Prothrombin he blood coagulation system
Section 5.2.1.1)

Clf Clr he first component of the

Chitin synthase® Zymogen

during budding and cell division ir

6.2.1.1 Control by irreversible changes in
covalent bond

Signal amplification mechanism of proteolysis
1y Pancreatic proteases

Trypsinogen

—
Enteropeptidase———— # \ Autocatalysis: trypsin
catalyses its own
activation

/ Ll H"“x
Activation of Activation of Activation of
chymotrypsinogen proclastase procarboxypeptidase

2 Blood coagulation Fibrinogen
prothrombin — thrombin — l
Fibrin




6.2.1.2 Control by reversible changes in
covalent bond

= Phosphorylation—dephosphorylation

= Adenylation or ADP-ribosylation also regulate
enzyme activity

= Methylation, acetylation, tyrosinolation, etc...
do not regulate activity

1. Phosphorylation
= Kinase : phosphorylation of other protein
= Protein phosphatase : dephosphorylation

= Human has 2000 kinase and 1000 protein
phosphatase

= Phosphorylation occurs on serine/threonine,
tyrosine using ATP(GTP) as a substrate

Enzyme or protein Madification Biological function

Glycogen metabolism (see Section 6.4.2)

Fructose 2,6-bisphosphatase/6-phosphofructo-2-kinase  ADP-ribosylation Possi




6.2.1.2 Control by reversible changes in

covalent bond

Ser/Thr phosphorylation  eme iy
involves in metabolic ent P
control, while Tyr

phosphrylation in cell
growth/differentiation

Amino-acid  Regulator Processes regulated
acceptor

6.2.1.2 Control by reversible changes in

covalent bond

= Adenylylation on Tyr of glutamine synthase —

Reducing enzyme activity

= Nitrogenase from nitrogen—fixing bacteria is
regulated by ADP-ribosylation on Arg —

Reducing enzyme activity

Features

1. Rapid response and signal
amplification

2. Continuous response

Ser/thr phos — in balance

Tyr phos — shift to dephosphorylation,

meaning the transient response

(0]
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6.2.2 Control by Ligand binding

= Conformation changes by ligand binding regulates
enzyme activity

= Firstly found in biosynthetic pathway

P
H H threonine [} CH;~ CH, H
! shydratase 1
CHy—C —C—CO u—"‘";“—-““‘ CH,—CH,~C—CO,H ——e CH—C—00zH
| 1
OH NH, A CH; NH,
2 \\
L -Threonine ‘\\ 2-Oxobutyric acid [_.|.,‘,|\..l',:.”w
=~ : __/:_;-'_/
INHIBITION
Y aspartate > iy ) )
L - Aspartate + Carbamoylphosphate ‘ N -Carbamoyl - L -aspartate-
carbamoyltransferase + Orthophosphate }
inhibition |
|
|
CTP =< —-UTP+—-UMP +-————————————————— === |

6.2.2 Control by Ligand binding

From Monod and Jacob _
. Effectors are structurally distinct from
substrate or product, so they are e

unlikely bound to active site (allosteric)

2. Enzyme kinetics are sigmoidal rather/v -
than hyperbolic ,

3. Some treatments desensitize the /

enzymes to effector without losing T Fracioss EavoapSwieT
enzyme activity

4. In general, the regulated enzymes are
multimeric (structurally complex)




6.2.2.2 Kinetics of Ligand binding

= Starting from Hb model

P+A = PA

« _[PIIA]
[PA]

[PAl _ _[A]

TIPI+[PA] [A]+K

Allosteric effect

6.2.2.2 Kinetics of Ligand binding

= Hill eqg. (1910)
P+nA = PA,

< _[PIAT
[PA]

__[PA] _ [A]"
K+[PA] [A]"+K

h>1




i 6.2.2.2 Kinetics of Ligand binding

= /7: cooperativity

= his generally Rl
smaller than n 2 s
_emug u).m y
= A can be o e
obtained by S e
experiment E , )
. Myoglobin .
e v
Y _[A .
1-Y K % ;
2 1 ] 1 2 3

Y
log——) =hlog[A]-log K
9(;—) = hlog[A] - log

i 6.2.2.2 Kinetics of Ligand binding

=  Monod, Wyman, and Changeux (MWC) model
i. At lease one axis of symmetry

> The conformation of each subunit is affected
by others

3. Two conformation states, Rand T

4. Either in R or T state, the symmetry is
conserved — no ‘hybrid’ state

To CX) — Dj Ry 0.0

Fraction of subunit

T, WO == [a[]r, U5 bound to substrate

T; (A -— R, 1O




6.2.2.2 Kinetics of Ligand binding

= Two parameters are defined
a; conc. Free ligand, c=Kq/K;, L=[T,1/[R,]

Ry] = 4K:] [Ro) = 42[Ro]  [Ti] 4}”‘([:] L[Ro] = 40cL{Ro]
[Rs] = 6}: Ro) = 602[Rg]  [Ta] = 6“;E§}2 LIRy] = 622¢*L[Ro)

(a) the fraction of protein in the R state (R = function of state R):

i [Ro] + [Ry] + [Ro] + [Ry] - -- + [Ry]
T+ R+ T+ Rl -+ + [Ra]) + (Tl + T3] + [T+ [Tl T TTaD
(13.31)

(b) the fraction of sites actually bound by the ligand (¥} = saturation function):
o (R4 2(Ral + 3[Re] -+ nlRa]) + (T +20T,] +3[Tg -+ nlTa)
‘B n([Ro] + [Ry] + [Ra] + [Rg] - - + [Rn]) +n([To] + [T] + [T2] + [T5] - -+ + [Ta])
(13.32)

6.2.2.2 Kinetics of Ligand binding

_ Lea(l +ea) +all+a)"!
L(1+ca)" +(1+a)"

(6.7)

il

(Lt (6.8)
Lil+ca) +(1+a)"

=

L and ¢ can be obtained
experimentally (in
hemoglobin, L=9050,
c=0.014)

K system and V system
No Substrate, no Effector
Adding substrate

Adding effector

10
|L-Aspartate] (mmol dm ™)




6.2.2.2 Kinetics of Ligand binding

= Koshland, Nemethy, and Filmer (KNF) model
= “Induced-fit” hypothesis

OO +4 == CA
O +4 — [A[A]

1. Without substrate, the protein exist in one state
>.  The conformational change is sequential
5. The intxns b/n subunits can be positive/negative

Square Linear

&

Tetrahedral

6.2.2.2 Kinetics of Ligand binding

= Differences between MWC and KNF models

(00— oo —m|

= —

R

<‘ _\\\\\\ ‘l }
k| Rl -« KNF model
/

| AN
O@®f= Ca] ==|[»
' R
Al | 4
| el
b | |
|| [
1L *d I
AR —|[A]a
ek - =

[ — MWC model




6.2.2.2 Kinetics of Ligand binding

= The significance of the cooperativity in
enzyme Kkinetics : small changes in [S] induce
large changes in v

I/'Fl‘iilx [S]j‘

V=
K. +[S]"

Value of s in eqn (6.9) Required change in [S] to increase
velocity from 10 per cent of

V max 10 90 per cent of V..

1 81-fold

2 9-fold

3 4.33-fold
4 3-fold

0.5 6561-fold

6.3 Control of metabolic pathways

= Intrinsic control vs extrinsic control

= Intrinsic control : Control of metabolic activity by
metabolite concentrations (Unicellular organism)

= Extrinsic control : Control of metabolic activity by
extracellular signals, such as hormones or
nervous stimulation (Multicellular organism)

= Secondary signaling molecules : cyclic AMP,
Ca?*, inositol 1,4,5-triphosphate, and
diacylglycerol

(©
CH: o  Adenine H OPO;
PV | 2=0,PO f—\H
(8] (| OH H
H H/
| H )‘\(_JH OH/| CH—O—R;

H 3
TO—P—_ HY { OPO; |
(Hj -0 OH = - CH,—OH

CH,—0O-R,

H H

10



1. Amplification
2. Signaling depending on the # of receptors/cell
3. One protein kinase activating many different enzymes

i 6.3 Control of metabolic pathways

6.3.1 General aspects of intrinsic control
= Finding most economic way to regulate the flux

E, E, E, E, E;
A—-B—->C—->D->E-—>F

E B
AR -
E Ez i
A—rB——C]
o
= e
Fa
C6 G




6.3 Control of metabolic pathways

- L-Ormithine e Citrulline = | L-Arginine

= Carbamoyl-phosphate synthase is inhibited by
pyrimidines, but not by arginine

= Carbamoyl-phosphate synthase is activated by orinithine
= Other methods of regulation include isoenzymes
(ex. Aromatic amino acid pathway)

6.3 Control of metabolic pathways

6.3.2 Amplification of signals

1. Substrate cycles _E ('"—"‘““‘: B

If E, and E_, are catalyzed by different enzymes,

| aTp ADP
glucose _— Fructose 13 =Fru¢tose
phosphite =-phosphate 1= bisphosphate | < = Triosephosphates
. 3 » 4
AMP activates 1 and \_JL.:
. o - e
inhibits 2 < s
| Ornhophosphate H,0

12



6.3 Control of metabolic pathways

Control of glucose/glycogen metabolism in liver

ATP ADP
(1) ,,/(
—~ i .
D-Glucose 7 * p-Glucose 6-phosphate
~—_
o~

Orthophosphate H,0

= Other examples include PEP/pyruvate
interconversion, fatty acid/triglycerol in adipose
tissue, etc...

= Sometimes working as futile cycle

6.3 Control of metabolic pathways

2. Interconvertible enzyme cycle
= Control of enzyme activities by covalent modification

= 0.5% changes of modifier can regulate enzyme activity
from 10 to 90%

= High ratios of [NADH]/[NAD+] and [acetylCoA]l/[CoAl
activate kinase and inactivates protein phosphatase

ATP S [2P
\'\5 Mgt _J/"
//"f.u_\:-::L_""'x._\
/ N
\

Pyruvate Pyruvate
'._\|\-'n\‘l-\.\;,-._-:-...\._-I:l_w 7\ denvarogenase/ e

4
\ phosphatase "
e

Orthophosphate H,0
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i 6.3 Control of metabolic pathways

— — Activation of
|Binding of | adenylate cyclase; \ l\ ll.u n ol | [ Activa l 1 i —|
{hormone | increasein = [ | cowvl-depen vl
(e [cAMP] p l nknl |._m.,

L T PV s

Breakdown of |._Jt ONVersion I |
glycogen phosphoryla |
= — | pho |h |_|.. a

= 1% increase of [cAMP] can convert 50% of
phosphorylase b to a within 2 seconds

6.3 Control of metabolic pathways

3. Theoretical approach to analyze the metabolic
pathways

. Metabolic flux analysis
2. Metabolic control analysis

14



yetabolic Flux Analysis

Examplel v| 0 Tv; X vy X Ty,

2X, > X, dX

dX S-v
I ot

V V V V
dx 1 2 3 4
dtz—Vz 2V, 1 -1 0 01X
dX S: 0 1 —2 O XZ

3— —

A 0 0 1 -1|x

iQuasi Steady State Assumption

-9£=SN:O
dt
1 -1 0 O
01 -2 0 =0
0O 0 1 -1

15



~1 -1
1 0
0 1
0 0

1
0
0
0

vs_ vA4

SN T
o~ ./ \ <
o X yache +
o Vl / > V5 o~
R S
S N
L

D Type | Operation

-1 -1
1 0

1
0

0 1 0]v,
-2 0 0 -1|v,

-1
0

1

-1 0 0 O

-1 0 O

1
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. _VZ_
-1 -1 0 011 0v
10—2030—1v4:O [S S]V“—
0 1 -1 010 Vs u miy
S R m
0 0 1 -10 0]y
| v
SV, +S V. =0
SV, =-S V_
-1
V,=-8,7s Vv
Glucose
PEP 2 NADPH
I YR Qglc CO2
Example 3 T e Rusp
p Vpgil Vig me
F6P X5P R5Pﬂ
{ ATP NVS X{I
GAP GAP S7P
—
Vpep \.NADH X"
ATP E6P E4p—
con PEt
\Dil'
PYR ATP Acetate
from protein
Vppc \Vicih prodrcnon
NADH aTp
AcCoA OZV/A Acetate Hq Acetate
ace (internal) aCe  (external)

NADH
SuUgc Vn KG

ATP

CO2

NADH
CO2

co %
(internal) Jc co 2

|
Eﬁg"‘—l‘z AcCoA 2 o
Vglyox N ADH (external)

Vbiomass Biomass

ATP o

NAD(P)H = 2 ATP
Vresp
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Jresp Jatp Qooz Qam Jblcmass

Jie  Ju Ji Jppe i Jis | Jis | Jie | J

Jg

Joep | Joyk Iy | Jce

g s

ngc

-205

-709
-1625
519.1
-28328

0

G6P
F6P

0
0
0

GAP
PEP
PYR

-4028.8

-1786.7

0

0

OAA
ICT

-1078.9

0

0

KG

suc

0

RusP
RSP
X5P
S7P
E4P

-897.7

0

-361
-14678

-18485

0

0

NAD(H)P
ATP

1793

387

0

Co2

0

acetate

Assumption : V., = 0, Otherwise, S, is singular

o)
o
o o ™ —A +d +H © © © o N U0 ~
O oI ~wowoodadaxdR3 IR IYJ 8 o
@ @ ™ N ITITNATITFTY® S
o "o " ooococococd g Ssass ™8
o
L |
Il
r 1
2 o £ £ § 8§ » 3 4 o & 3 v 9 2 5 § g ot
I e e T e T T T e e B e R T S R
—_

|

J glc
qace
qCOZ
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9 pgi | [ 086 F’EF’GlucoSe 2 NADPH
J, 0.879 PYR GGSQ” j"; o
u v
J pep 1.63 Vpgil Via VA\M
J oyr 0.363 E6P X5P R5P —~
ATP
J pdh 114 N V3 Vikt
GAP S7P
Jace 0.271 - GAP
Jg 0.551 Voep [N naDH Vial
Jit 0.551 ATP F6P E4P—
PEP
J 0.466 coy Vo
V,=| J, |=| 0.466 ¢
ATP Acetate
J ppc 0226 « PYR from protein
3 0.128 a’ \\/icih prodrcuon
14 . NADH  ATp
Jis 0.0992 ﬁii% A(cetalt)e *"q—‘ecteta%e
ace internal ace  (external
Jis 0.0285 ———0AA V& jor
NADH
J 0.0285 FADH VI . % CO2
tht 0.028 V12 Vavox  NaoH (inemay (external)
A .0285 NADH coz
; tal 335 SU‘C>V11/KG .
resp . e Vbiomass Biomass
Jap 7.56 o ATP Vo
| Jgiomass | | 0-0000788 | NAD(P)Hy = 2 ATP
[ J | [ 0849 ]
J; 0.873
J pep 1.61
J oyt 0.331
-1 J 1.10
J— pdh
Vu — Su Sme Joe 0.174
Jg 0.590
Jint 0.590
Ju 0.500
V,=| J, |=| 0.500
J 0.134
J o 1 14
Jis 0.104
Vi =1 J e |=]0.237 Js 0.0299
J 3.35 N 0.0299
resp Ju 0.0299
Jatp 7.42
Oco, 2.32
Oace 0.204
| Jgiomass | | 0-0000829 |
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$ Metabolic Flux Analysis |

= Mass Balance Equations

= Quasi Steady State Approximation

= Removing the Linearly Dependent
Reactions

= Measure the Fluxes as many as Degree
of Freedom

$ Metabolic Flux Analysis ||

Mass Balance Equations

Quasi Steady State Approximation

oving the Linearly Dep « More Constraints

» Optimal Solution
gree of Freedom

20



dx _
dt
O < Vi < Vi,max

Osvj <V.

j,max

0<y, < Vi max

S-v=0

Maximum

Jbiomass

2x+y=4 (x>0,y=>0)

2X+ 3y — Max




Flux,
Flux;

Pty ] Flux,
Q% B Q\% B

From Edwards and Palsson, PNAS, 97:5528

iSummary . Metabolic Flux Analysis

= Metabolic Flux Distribution
= Maximum Yield

= Predicting Growth Rates (wild type and
mutant)

= Relying on Biochemical Knowledge

= No Kinetics and Regulatory
Information
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i Metabolic Control Analysis

 — Xl  —— X2 E— X3—>

e e, e, e,

Flux control coefficient Elux
Jk:Ed\]k_dank o

C _ T
' J, dE, dInE /

Steady State
Elasticity coefficient

Ev = Vi ,
' ds Enzyme

Theorems
Y .Cl=1

D> C'Eg=0

Metabolic Control Analysis
= Rate limiting enzyme

= How the activity change in one enzyme can
affect on the overall pathway

= Hard to estimate parameters
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