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Enzyme types

TABLE 6-3 International Classification of Enzymes

Class
no. Class name Type of reaction catalyzed

I Oxidoreductases Transfer of electrons (hydride ions or H atoms)

2 Transferases Group transfer reactions

3  Hydrolases Hydrolysis reactions (transfer of functional groups to water)

4  Lyases Cleavage of C—C, C—O, C—N, or other bonds by elimination,
leaving double bonds or rings, or addition of groups to double
bonds

5 Isomerases Transfer of groups within molecules to yield isomeric forms

6  Ligases Formation of C—C, C—S, C—O, and C—N bonds by
condensation reactions coupled to cleavage of ATP or similar
cofactor




Enzyme types

1. oxidoreductases: oxidation-reduction reaction

e.g. lactate dehydrogenase (DH), alcohol DH

0.~ .0 B
N — 0. .0

HO—C H + NAD* + NADH + H*

///C .
CH'§ 0 CHS

Lactate Pyruvate

1. transferases: group transfer

e.g. kKinases, coenzyme A transferases

Kinase 0
Substrate + ATP > +  Substrate

reduced




Enzyme types

3. hydrolases: hydrolysis reaction

R,\ H ) ? R 4 0
. . . o /,\.i, G HO /= b . A0+ THIN €
e.g. chymotrypsin, amylase, lipase O OS, NTe 0
0 R 0 R,
Peptide Carboxyl Amino
component component

5. isomerases: isomerization (isomers such as geometric isomers or optical isomers)
e.g. triose phospahte isomerases, biphosphoglycerate mutase

° 2, i
(recall glycolysis and Hb) Oy, OPO; 00O
Phosphoglycerate kinase i
g H H\C 0 % - HjEOH
\C ~OH Triose sphate ‘ OPO3 OPO32.
O—C/ . concaducilios H—C—OH 1,3-Bisphosphoglycerate 3-Phosphoglycerate
\ 2- ‘ RS f*,c‘;r:e 2.3-Bisphosphoglycerate
CH,0PO4 CH,0PO+2- mutase 0p03 - . oglycer
Dihydroxyacetone Glyceraldehyde OPO
phosphate 3-phosphate 3

2,3-Bisphosphoglycerate



Acetyl-CoA
Gluconeogenesm

Enzyme types e

Oxaloacatate Citrate

4. Iyases: cleaving bonds by means other than hydrolysis or oxidation MD% ROt \“CN
AcetytCoA %
Malate ICL Isocitrate

c.g. fumarase in TCA cycle, isocitrate lvase in glycosvlate cycle ( Glyoxylate )T.DH
R NADH+H i €0,
OH Fumarate 2—OxogI:latrate

FADH,
H COO “00C /OH NADH+H \ ODH
- Y‘.‘\" J CQ

H SDH
" N -— § < Succinate Succinyl-CoA
'OOCI .H H H CO0O~ *\7/
SCs

H : DNA de _re
amage fECOgI\IlIOﬂ
Fumarate L-Malate oA Rgwe \
TITTTITTITITTITITIT G AATTCTTTTTTITITITITIT
LULLLLLLLLLLLL CTTAA GLLLLLLLLULLLLLLL
Sticky ends
0. ligase: forming bonds with hydrolysis of ATP l G >9
Ly [DNA strand|-3'+QH)+ ~0—P—0—5"—{DNA strand]
. . TITITTTTITTITTTINT TITTTTTTTTITITTIIT
e.2. Aminoacyl-tRNA svnthetase, DNA ligase L Grran  GLULLLILLLLILL 0

DNA Ligase

ATP (or NADY) s AMP
2Pi € PPi ‘J o )

. N T S : ,]. xT )\ .
Amino acid + ATP + tRNA == aminoacyl-tRNA + AMP + PP; -8 T &5 iliaad]

TITTTTTTTITTI T I T GAAT TCTTTITTTTITTTTTTITTT 0
LU CTTAAGALLLLLLLLLLLLLLL —)
Repaired DNA New 3" - 5 phosphodiester bond

(7. translocase, with the hydrolysis of ATP. e.g. ABC transporters, active transport)



Enzyme speeds up reaction rate but doesn’t change equilibrium

- Enzyme lowers the activation - Transition state, X*
energy (AG between substrate .,peel < s il
and transition state) so it PRaTS
. q PR AG* (catalyzed)
speeds up the reaction. ] Z v .
(" 2 Substrate
@ AG
unChange! < 5 for the
- But enzyme doesn’t change E Femion
. G
the AG of the whole reaction, v
so it doesn’t change the Product
equilibrium position. Reaction progress —»




Enzyme speeds up reaction rate but doesn’t change equilibrium

Transition state, X+

- Transition state:

- no longer the substrate, AG* <uncata'vzed>
but is not yet the product ! e AGH (catalyzed)
> Substrate
z AG
o for the
- an Instantaneous status 2 reaction

Product

- highest free energy (G) Reaction progress —




Enzyme speeds up reaction rate but doesn’t change equilibrium

Blndlng energy:

The binding energy is the free energy
that is released by the formation of
non-covalent interactions between
substrate (but not product) and
enzyme.

= AG (uncatalyzed) - AG (catalyzed)
enzyme being complementary to the
transition state -> the maximum
binding energy is released at the
formation of transition state, stabilize
the transition state, catalyze the
reaction to happen

Free energy —

Transition state, X*

AG* (uncatalyzed)
e’
b AG* (catalyzed)
™ .
Substrate

AG
for the
reaction

Product

Reaction progress —




Mechaelis-Menton Kineti Vo = Va5
echaelis-ivienton Kinetics 0 K
+ [
m

- ameasure in steady-state kinetics
(single substrate reaction)

- Vo: initial velocity of reaction at
certain [S]

- Vmax: velocity when all enzyme binds
with substrate

- Km: reflects affinity of enzyme
towards a specific substrate

- Km depends on type of substrate and
enzyme

Initial velocity, Vo (uM/min)

 Km = [S] at % Vmax

Substrate concentration, [S] (mMm)




Break Down Different Constants

- Km=(k2+k-1)/Kk1, not exactly equals to

binding affinity (k-1/k1)
- Vmax = k2|ES]

- When [S] is high, all enzyme binds with

substrate, |[ES|=|E]
- Vmax = k2|ES|=k2]E]

- k-2 negligible in Mechaelis-Menton

kintics

fast slow
K, Ko
ES

E+S E+P

k.lElS]
K +|[S]

V, =



Reading Mechaelis-Menton Equation

- Km: smaller Km=higher affinity

- kcat (turnover rate): no. of reaction
process at catalytic site per unit
time

- kcat/Km: catalytic efficiency of an
enzyme

- kcat/Km limited by ki(diffusion of
substrate)

- When [S] >> Km , Vo = kcat [Et](rate
not depends on substrate)

- When [S] << Km, Vo = kcat [Et] [S] /
Km (first order)

/min)

Vo (um,

Km=(k2+k-1)/k1

fast slow

K, ks
E+S= =ES = =E+P
K.
V. [S] Vo=V * When all enzymes are saturated with substi
«V K l

[ES] = [Et] = total concentration of enzyme

E+S

max

k1 kcat
Eei—— |2l

E‘> V- kel E1LS]
K, +1S]



Quiz 1

Which of the following statement(s) is/are INCORRECT?

Phosphotransferase is a kind of kinases

Lactate dehydrogenase requires coenzyme to catalyze the reaction
Hydrolase is present in saliva

. Ligase is the only type of enzyme which involves hydrolysis
Fumarate is oxidized to malate by fumarase

ATP is used in the formation of phosphodiester bond by DNA ligase

2RO OR s



Quiz 1

Which of the following statement(s) is/are INCORRECT?

Phosphotransferase is a kind of kinases (kinase: transfer Pi from ATP)
Lactate dehydrogenase requires coenzyme to catalyze the reaction
Hydrolase is present in saliva

. Ligase is the only type of enzyme which involves hydrolysis

Fumarate is oxidized to malate by fumarase

ATP is used in the formation of phosphodiester bond by DNA ligase

ol leN- -l



Glysolysis

understand

1. rate limiting steps
2. first committed step
3. Input/product of glycolysis

e
(a) Glucose HO—CH,

Preparatory phase

0
H 4 H Phosphorylation of glucose
first ATP Qon u A and its conversion to
i R HO OH glyceraldehyde 3-phosphate
reaction » ADP - 2
¢ 0 H OH
Glucose 6-phosphate (Py—0—CH,
4 + O
H H H ”
P) OH H e
= HO OH
2)P X
b H OH
Fructose 6-phosphate (Py—0—CH, O CH,—OH
B |
= H HO /A 3) Pl
smur?d ~ | ATP H OH
priming (3
reaction S OH H |
v \
Fructose 1,6-bisphosphate @—()-—I'H,t 0. (‘H,—()-@
. B - =

cleavage I({ HO L
of 6-carbon
sugar OH H
phosphate to (4

two 3-carbon

€

sugar
phosphates =
- - Vs
Glyceraldehyde 3-phosphate | [l_’}—n—(‘H:—('H—('\
+ i\ oi H
Dihydroxyacetone phosphate P :—(‘Elq—(u‘—(‘Hzn}{
=1 \ O
5
(b) ‘,"
¥ / (8]

¥
Glyceraldehyde 3-phosphate (2)
—~ 2P, on H
2NAD"

(P)—0—CH,—CH: &
P)—0—CH,—CH—C_

oxidation and
phosphorylation

»2(NADH) + H'

. ’ ~ A~
1,3-Bisphosphogly (2) (P)—0—CH,—CH—C ~
m
first ATP- on 0P
forming reaction 7 l
(substrate-level > 2 ATP
phosphorylation) il o
4
3-Phosphoglycerate (2) j’}—(l——(‘H:A‘Hﬁl‘\
OH o
8
0
P,
2-Phosphoglycerate (2) CHy;—CH—(
OH O o
9 > 2H,0 )
0
Y
Phosphoenolpyruvate (2) l‘l'lg—ll'—i‘\
[8]
second ATP- |~ 2ADP
forming reaction 10 1:
(substrate-lovel > 2 (ATP
phosphorylation) | 5
v 0
Pyruvate (2) CH—C—C
0

(8]

Payoff phase

Oxidative conversion of
glyceraldehyde 3-phosphate to
pyruvate and the coupled
formation of ATP and NADH




(a) Glucose

first

ATP
priming (1
reaction
> ADP
v

Glysolysis (rate limiting steps)

Fructose 6-phosphate

N\

|A'I"'P

second
priming (3 [
reaction
> ADP
1> ADE

Stepi, Steps, Stepio

Fructose 1,6-bisphosphate J

cleavage
arbon

0
sugar

phosphate to (4

sugar
phosphates

Glyceraldehyde 3-phosphate

+

Allosteric regulation of enzyme

Dihydroxyacetone phosphate

step1 (hexokinase) inhibit by G-6-P
step3 (PFK-1) inhibit by ATP =@

1,3-Bisphosphoglycerate (2)

step1o (pyruvate kinase) inhibit by ATP “’

4

2-Phosphoglycerate (2)

9 > 2H,0
|
Phosphoenolpyruvate (2)

second ATP- 2ADP
forming reaction 10 1:
{substrat | > 2l ATP
phosphorylation) g

v

Pyruvate (2)

Preparatory phase

Phosphorylation of glucose
and its conversion to
glyceraldehyde 3-phosphate

6
HO—CH,
54 O
H H l‘l
‘NoH H A
HO OH
S 2
H OH
(P)—0—CH,
. O
H H H
OH H /|
HO OH
H OH

(Py—0—CH, O_  CH,—OH

|
H HO A
H OH
H

OH

(B—0—CH, 0

H HO
H OH
H

OH

0
4
([_'}—(:—('[—i:—vu—( '\
OH H
(Pr—0—CH,—C—CH,OH

Il
(4]

CH,—0—P)

Payoff phase

ive conversion of

A ildehyde 3-phosphate to
pyruvate and the coupled
formation of ATP and NADH

= A
P)—0—CH,—CH—C
by
(8]

Py #
P)—0—CHy—CH—C

OH

OH O
P
Y
CH,—CH—(
OH © 0
L
P)
0
CHy=G—C
Q 0
A
(D)
0

/
CHy;—C—C_

o ¢

0—P)

6 I
7)1
7

ki
8 )

1€

9) 1
10) Pyruvate



(a) Glucose H( 1_(‘71-{, Preparatory phase
H xué‘ & H Phosphorylation of glucose
first - ATP o OH H bl and its conversion to
fo r::::l;z ] HO W/ Y OH glyceraldehyde 3-phosphate
*alk W OH
U a L U Glucose 6-phosphate Py )—(r'l{_,
2 Non u/ 1) Hexokinase
- HON] OH
HooH .
Fructose 6-phosphate ([P)—0—CH, O, CH,—OH
AG*™* AG** second ATP h H H(:J - 3 }‘|~w>:'vrx.. ,
priming (3 1 ructokinase-1
Step Reaction Enzyme kjmol™  kcalmol™ k) meol™ s > ADP o H T Aliilas
1 Glucose + ATP — Glucose-6-phosphate + ADP  Hexokinase/Glucokinase -16.7 -4.0 e R glisgiiie @-o—cH, 0, CH—0-0®  _
cleavage H HO -
2 Glucose-6-phosphate — Fructose-6-phosphate Glucose phosphate isomerase  +1.67 +0.4 -2.92 Ssz:‘"""’ " ot
4 H H
3 Fructose-6-phosphate + ATP — Fructose-1, Phosphofructokinase -14.2 -84 Hioriaief) (4
6-bisphosphate + ADP sugar
phosphates 5
4 Fructose-1 .G-bzsp_ hosphate — Dihydroxyacetone Aldolase +23.9 +5.7 =0.23 Glyceraldehyde 3-phosphate (B)—0—CH; o
phosphate + Glyceraldehyde-3-phosphate i \ 41}, “u
5 Dihydroxyacetone phosphate — Glyceraldehyde-  Triose phosphate isomerase +7.56 +1.8 +2.41 Dihydroxyacetone phosphate |\ (B—0—CH,~(—CH,0H
3-phosphate G ’\ ‘] 4
6 2(Glyceraldehyde-3-phosphate + NAD* + P, — Glyceraldehyde-3-P 2(+6.20) 2(+1.5) 2(—1.29) | (b) Payoff phase
1,3-bisphosphoglycerate + NADH + H*) dehydrogenase o ||| oxigzes _—
Xldative conversion o
- . - 7
7 2(1,3-bisphosphoglycerate + ADP — Phosphoglycerate kinase 2(—18.8) 2(—4.5) 2(+0.1) Glyceraldehyde 3-phosphate (2) @—“—('Hz—il'ﬂ—": ;:b‘rvmldvhy:l? -'i-phus;l:hau- to
3-Phosphoglycerate + ATP) 2P, bn B | pyruvate and the coup f-d
e _|[~ 2NaD* formation of ATP and NADH
8 2(3-Phosphoglycerate — 2-Phosphoglycerate) Phosphoglyceromutase 2(+44) 2(+1.1) 2(+0.83) ohbsnharviation) \& |
~> 2(NADH) + H"
9 2(2-Phosphoglycerate — Enolase 2(+1.8 2(+0.4 2(+1.1 A
I(’lmspht]::el?g][y)\'nwaw + H,0) ( ) ( ) ( ) 1,3-Bisphosphoglycerate (2) (@—U—(‘.II,—(‘I!—:'/ ® slyceraldehyde
, first ATP- |~ 2apP o O 3-phosphate
< . ) < g < < I'orr:ning reaction { dehydrogenase
10 2(Phosphoenolpyruvate + ADP — Pyruvate kinase 2(-314) 2(-7.5) 2(-23.0) e (D :
Pyruvate + ATP) phosphorylation) | 2 o (7) Phospho-

glycerate

(

7
@D—(I—('H:—(‘H—(‘/
h? kinase

3-Phosphoglycerate (2)

o O
&) (8) Phospho-
0 ~ glycerate
y, )
2-Phosphoglycerate (2) (I‘H,—l H—C mutase
OH 0O o

) Enolase

Large free energy release - irreversible step

> 2H,0

P lll Pyruvate
Phosphoenolpyruvate (2) !'H-,-—ll‘—('\ kinase
second ATP- |~ 2app o O
forming reaction 7 7 ( A
10) I
(substrate-level | > 2[ATP
phosphorylation)
v /()
Pyruvate (2) CH—C—C
(l, 0



Glysolysis committed step

Step 3 (PFK-1)

[t is committed to proceeding all the way to
pyruvate

i.e. to completing glycolysis

(otherwise: G-6-P -> pantose phosphate
pathway)

Sugar are “funnel” to F-6-P to process step 3

Entry points for other sugars into glycolysis

Trehalose Lactose HO ¢ H U Q
trehalase lactase on =
OH H 0. o HO .1 0 —
\ '\ ) L - o~
o
CH,0H "0 AT
— Glycogen; starch
H A 0, H amylase o o-Galactose
4
OH H P phosphorylase P
Sucrose HO UDP-galactose <——~_\_____
‘‘‘‘‘ - H OH Glucose +— UDP-glucose
p-Glucose PR CH;0H
hexokinase 0,
phosphogluco H H
HOCH; CH;OH mutase H
0 oHHo A
H HO 56:1“05:
H -phosphate o
OH H ATP o-Mannose
hexo
o-Fructose kinas hexokinase

ATP | fructokinase

Fructose 1-phosphate
fructose 1
phosphate
aldolase

Glyceraldehyde +Dihydroxyaceton!

Fructose
6-phosphate «—|

Mannose 6-phosphate

Fructose 1,6-
| bisphosphate

phosphate

t h hat
ATP triose nqw phosphate
kinase \_ isomerase I
Glyceraldehyde
3. nhasoh

Uridine diphosphate galactose

Galactose toxic if transferase is missing

All carbohydrates enter glycolysis

In muscle, often via hexokinase

https://www.sli .net/pr

Ire-13-40727535




Glysolysis overview

The overall balance sheet show a net gain of ATP

Glucose + 2ATP + 2NAD* + 4 ADP + 2P,

_)

2 pyruvate + 2ADP + 2NADH + 2H* +4ATP + 2H,0

Glucose + 2NAD* + 2ADP + 2P, —

2 pyruvate + 2NADH + 2H* + 2ATP +2H,0

GTP consumption:
Step 1, step 3 = -2ATP
ATP pay off:

Step 10 +2ATP

\_

step 6 coupled with step 7, +2ATP +2 NADH

~

/

@BCHE3080

6 - 3
(a) Glucose HO—CH, Preparatory phase
s o
H 4 H Phosphorylation of glucose
first 3 ATP 4 oH H A and its conversion to
:?:‘::)ﬁ HO |/ OH glyceraldehyde 3-phosphate
- > 0 B 2
oAbk H OH
Glucose 6-phosphate (Py—0—CH,
—0
H H H ”
) OH H e
= HO OH
| 2)F
H OH
Fructose 6-phosphate (Py—0—CH, 0 II'Il_»—(lll
second ATP ”\” ””/ |Ip:|| }Il
priming (3
reaction 5 OH H
> ADE D A
Fructose 1,6-bisphosphate @—()—I'M,/l)\ ('Ii,—()—@
| | P ~J 53 T
cleavage II{ II(‘) |
of G-carbon H OH
sugar OH H
phosphate to (4
two 3-carbon
sugar
phosphates 5
4
Glyceraldehyde 3-phosphate | @—U—(‘H,—(‘H—(J\
+ [I’IH H
Dihydroxyacetone phosphate \ @-—(J—c‘[—li—(f—(‘ﬁzml
5 I | .
1l 1
(b) H / Payoff phase
1
/ 0 Oxidative conversion of
= 7
Glyceraldehyde 3-phosphate (2) ®—0—CH,—CH—C_ glyceraldehyde 3-phosphate to
op 1|)H H pyruvate and the coupled
J ;NIAD + formation of ATP and NADH
oxidation and RS
phosphorylation &
> 2(NADH) + H'
A
1,3-Bisphosphoglycerate (2) (P )—CHy—CH—C_ 6
-
first ATP- | - 2aDP o 0@
forming reaction =y |
(substrate-level J 4 > 2 ATP
phosphorylation) J. o 7) Phosph
Vs dtets
3-Phosphoglycerate (2) @v”—""r—"H*"\ i
- 0 kinase
8 8
0
7
2-Phosphoglycerate (2) CH,—CH—C_ mutase
OH O o B B
8) | 21,0 & 9) Enolase
r oS
ﬁﬂ (10) Pyruvate
Phosphoenolpyruvate (2) CHy=C—C kinase
second ATP- |~ 2ADP [} <
forming reaction 10 i P
(substrate-level I~> 2[ATP =~
phosphorylation) I =% o
Pyruvate (2) CH,—C—C
3 ¥
5 o




Glycolysis to TCA cycle

Pyruvate to Acetyl-CoA

e 5 coenzymes (Coenzyme A, NAD+, TPP, lipoate, FAD) are required
e Pyruvate dehyrogenase complex

0
o 0 o> - CoA-SH CH3—C —S-CoA
TPP: thi — e - SC I Acety}-CoA
. iamine pyrophosp 3— \ g—
, CO; CoA-SH: Coenzyme A o- & \@ u.§o"ﬁ§s...e
0 0~ CoA-SH i1 Pyruvate = \Q\LL y
N/ : + TPP, 1 cy
(|3 NAD lipoate, ‘\ﬁDH O\\ /S-COA Ilpoyllysmef 5h
FAD .
(|3:0 =~ > (| CHOH s "AD”+”+
ey ‘complex (E, + E, + CHs, / )
CH, Hydroxyethyl @
Pyruvate Acetyl-CoA TPP Oxidized i
lipoyllysine NAD
AG" = —33.4 kJ/mol Pyruvate Dihydrolipoyl Dihydrolipoyl
dehydrogenase, transacetylase, dehydrogenase,

E, E; E;



Quiz 2

Which of the following glycolysis steps does not involve ATP-ADP coupled?

Step 1
Step 3
Step 6
. Step 7
Step 10

= o 0R 2



Quiz 2

Which of the following glycolysis steps does not
involve ATP/ADP coupled?

A. Step1
B. Step3
C. Step 6
D. Step 7
E. Step 1o

Step 6 involve NAD+/NADH coupled

Step 6 has deltaG>o and produces high energy
compounds, but it couples with Step 7 (deltaG<o,

highly favourable)!

(a) Glucose

first
priming (1
reaction

ATP

> ADP

Glucose 6-phosphate
4

Fructose 6-phosphate

second | ATP

priming (3 [
reaction )
1> ADE

Fructose 1,6-bisphosphate
4
cleavage
of 6-carbon
sugar
phosphate to (4
tw arbon

suga
phosphates

Glyceraldehyde 3-phosphate
+
Dihydroxyacetone phosphate

(b) H

Preparatory phase

Phosphorylation of glucose
and its conversion to
glyceraldehyde 3-phosphate

6
HO—CH,
54 O
H H l‘l
‘NoH H A
HO OH
S 2
H OH
(P)—0—CH,
. O
H H H
OH H /|
HO OH
H OH

(Py—0—CH, O_  CH,—OH

|
H HO A
H OH
H

OH

(F—0—CH, 0 CH,—0—P)

H HO
H OH

OH H
L
([_'}—(:—('[—i:—vu—( '\
OH H

:I')—w—c'n_.—h-—vn,( H
O

= a
Glyceraldehyde 3-phosphate (2)

= A
P)—0—CH,—CH—C]

Payoff phase

Oxidative conversion of
glyce
pyruvate and the coupled

formation of ATP and NADH

ildehyde 3-phosphate to

") 2P, on H
oxidation and 2NAD"
phosphorylation [ .

>»2(NADH' + H

] N 0
l,ii—Hi:-;)l\usphu-i-l\n-r;uu (2) P)—0—CH;—CH—C,

first ATP- 2ADP on 0B
forming reaction = |

(substrate-level 2 > 2 ATP
phosphorylation)
v

3-Phosphoglycerate (2)

]

2-Phosphoglycerate (2)

9 > 2H,0
b
Phosphoenolpyruvate (2)

second ATP- 2ADP
forming reaction 0 1:
(substrate-lovel » 2 (ATP
phosphorylation) g

v

Pyruvate (2)

O
P 4
l",\-‘*“—”‘l;g"”"'\

OH (8]

P
Y
CH,—CH—(
OH © 0
L
P)
0
CH,=(C—C,_
(I) Y
J'il":
0
/
CHy;—C—C_
0

(8]




