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What Is Chymotrypsin?

 Digestive enzyme. Protease.

« Catalyze proteolysis (breakdown of proteins).

« Preferentially cleave peptide bonds after an aromatic
amino acid residue (Phe, Tyr and Trp).

- Aromatic ring fits into a hydrophobic pocket.
- Hydrophobic and shape complementarity.

Substrate (a polypeptide)

H H H H H
AA —c—|c|—N—c— —N—C—C—AAn

2 gy

78



S
|
S

w—un

—

S

S
58

Chymotrypsin Primary Structure

h A chain
13
16

42
His57
B chain

Asp102
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136
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182 :;f:

w-n

191

Gly'93@
y , Ser195
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201

220

w—un —

-

C chain

245 l

 Three subunits.

Chymotrypsinogen

. . (inactive)
Catalytically important
residues shown in red. l“yps"‘
7r-Chymotrypsin
. (active)
Why does numbering 4 15 16 S
of B and C chains not Arglle
ar-chymotrypsin
start from 17 (autolysis)
Ser'4-Arql5
Why are some & Thr147. Rgn148
residues miSSing? a-Chymotrypsin
(active)
Proenzyme 113 16 146 149 245
chymotrypsinogen Lale  Tm A
(inactive)
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Chymotrypsin Quaternary Structure

(b)

A chain « Ser as nucleophile
Hydrophobic pocket _

- * His as base
_ C chain  Asp H-bond

Disulfide bonds

80



Chymotrypsin Catalysis Mechanism

 Transition state stabilization.
 General acid-base catalysis and covalent catalysis.
- Transient covalent acyl-enzyme intermediate.
- Two steps: acylation and deacylation
- Acylation: peptide bond cleaved and ester bond formed
- Deacylation: ester bond cleaved and enzyme regenerated

Chymotrypsin

Ser' 9 Serl 95
: BH
B HO 0
1 2 | new ester bond formed
$ C
2 / \RI

R~ N—C —R » O
| +

H O 2
peptide bond broken R™—NH
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Step 1: Substrate Binding

When substrate binds, the side chain

of the residue adjacent to the peptide

bond to be cleaved nestles in a
Chymotrypsin (free enzyme) hydrophobic pocket on the enzyme,

>\Asp“’2 positioning the peptide bond for attack.

- o

l
H O
N
e 57
T < ]\/Hls 4
N

g:.yea""m H Substrate (a polypeptide)
o H H H H H
N\ b mETST T
/ HN Ser's R* O o R' O
\
Hydrophobic : @
pocket ay,}

H bond between Asp and His

H bond between His and Ser

Oxyanion hole stabilized by Ser and Gly
Hydrophobic pocket for side chain

Enzyme-
substrate
complex

H

N ic 57
Ts ﬁ < I\{/Hls
N

AA—CH —C\ (,:

"\ /o

I [
—c—-HN —CH—C—AA
ﬁ ﬁ') ~~ i

(o] HHN Ser'%

H R'" O

H
N
Gly 193
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How to Read Reaction Mechanism

N ic 57
| I N
AA—CH —C "(?H

O"I/HN ser'»s
H

N

G|y193

Electron pairs in carbonyl
group (C=0) NOT shared
equally.

» C relatively electron-deficient

* Nucleophile (electron-rich)
» Electrophile (electron-deficient)

Electron pushing
« A pair of electrons (-OH)
* Arrow represent movement

Electronegativity

*F>0>N>C=S>P=H
Nucleophiles Electrophiles
_o_/\ f: R

{GY ottt Bz

hydroxyl group or an ionized
carboxylic acid)
Y
_s i
Negatively charged sulfhydryl

|
Carbanion —?'/-\

7
_NI f—
Uncharged amine group

Imidazole HN \/""\
7~

H—0"
Hydroxide ion

Carbon atom of a carbonyl group
(the more electronegative oxygen
of the carbonyl group pulls
electrons away from the carbon)

‘R
N
7 _\,'f\
H
Protonated imine group
(activated for nucleophilic attack
at the carbon by protonation of

the imine)

e
Phosphorusofa o—p=0
phosphate group

R
Proton H*
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Step 2: Nucleophilic Attack

Interaction of Ser195 and His57 generates Alkoxide: RO~
a strongly nucleophilic alkoxide ion on
Enzyme- Ser195; the ion attacks the peptide carbonyl Short-lived
substrate group, forming a tetrahedral acyl-enzyme. intermediate*
complex This is accompanied by formation of (acylation)

. ashort-lived negative

H charge on the H
N : carbonyl oxygen of N
N % :n’\/n.s s yl oxyg < ]’\/H.ssv
T = the substrate, —"
AA —CH —C iy which is stabilized |l
oo T Uy ycrogen ) '; L
@ C—C—HN—CcH—C—aa  bondingin the HN HN —CH —C—AA
H A 4 oxyanion hole. L
H \ Ser H <:\o 0\/
H U H N Ser'l95
N (2] ;
G|y193 — =
— Gly '

 His protonation makes Ser a strong nucleophile (acid-base catalysis).

« Ser O attacks carbonyl C, forming a tetrahedral structure (covalent catalysis).

« Negative charge on carbonyl O, stabilized in oxyanion hole by H bonds.
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Step 3: Substrate Cleavage

Instability of the negative charge on the substrate

Short-lived carbonyl oxygen leads to collapse of the tetrahedral
intermediate* intermediate; re-formation of a double bond with
(acylation) carbon displaces the bond between carbon and the
- amino group of the peptide
: linkage, breaking the
<\ :ﬂ’\/ms 57 peptide bond. The amino
R* O dN leaving group is protonated
i B e by His57, facilitating its
’ \ = | | displacement.
HN\ HN —CH —C—AA,
ﬁ—g\\o\/ - Instability of negative charge on carbonyl O
'O U 195 . .
: " » Collapse of tetrahedral intermediate
e « Re-formation of double bond

Breaking of peptide bond

Amino leaving group protonated by His

H goes from Ser residue to amino group
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Step 3: Substrate Cleavage

ProductT « Product 1 leaves (with a new amino group).

HN—C—C— AA

o L.I""« Newly formed ester.

» Acyl-enzyme intermediate and acylation.

Acyl-enzyme intermediate

'3 N
. B is 57
AA —EH —(lc)| QNJI/\/H /C\
N RTR?
b
ﬁ-c\\\o\/ 0 Acyl group

OH N sers | |
'

—N~ R2

Gly R 1/ \O/
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Acyl-enzyme intermediate

R® O
|l
AA —CH —C
b
HN

\

Step 4: Water Comes In

H
N
< I\/His 57
H

o’
C—C~
(o)
H \/
O'IIHN Ser195

H
—N
Gly 193

=

« Water deprotonation by His
(acid-base catalysis).
* Hydroxide ion strong

o nucleophile.

An incoming water molecule
is deprotonated by general
base catalysis, generating a
strongly nucleophilic
hydroxide ion. Attack of
hydroxide on the ester
linkage of the acyl-enzyme
generates a second tetrahedral
intermediate, with
oxygen in the oxyanion hole
again taking on a negative
charge.
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Step 5: Water Attacks

Short-lived intermediate *
(deacylation)

Acyl-enzyme intermediate

H H
N N
< His 7 R® O < :“’\/His 57
R® O | Il
| [l *ij\ AA —CH —C N
AA —CH —C v
HN o (5 e \ ~0
Yl 9 = tso
c—cC H “? \/
H (t\ o"’HN Ser 1%
?‘I;HN Serws H \
H \ N~
N Gly

Collapse of the tetrahedral
intermediate forms the second
product, a carboxylate anion,
and displaces Sergs.

Hydroxide O attacks carbonyl C,
forming a second tetrahedral structure.
Negative charge on carbonyl O,

stabilized in oxyanion hole by H bonds.
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Step 6: Break-off from Enzyme

Enzyme-product 2 complex Short-lived intermediate *
(deacylation)

\ \ O AA —CH —C o\
€—C k/ . N R
OmHN Ser'™s \ \ /o
| 0
: H e\
7~ NS —OIu

Gly 3 = HT Ser'%
H
* |nstability of negative charge on carbonyl O. ac\
» Collapse of tetrahedral intermediate.

Collapse of the tetrahedral
 Re-formation of double bond. intermediate forms the second

« Breakina of ester bond product, a carboxylate anion,
9 _ ' _ and displaces Ser,gs.

« Hydroxyl leaving group protonated by His.

* H goes from water molecule to Ser residue.

« OH goes from water molecule to carboxyl group.
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Step 7: Product Dissociates

Chymotrypsin (free enzyme)

_O_CX‘SP'“’
; o * Product 2 leaves (with a new carboxyl group).
Activ(e) site . <NIYHiss7
/ ', —C(=O)—NH— + HOH + Chymotrypsin-OH
Hydrophobic 1 ;
pocket ay-?
Product 2 J/
i AP —C(=0)—OH + HNH— + Chymotrypsin-OH

Enzyme-product 2 complex

* In product 1, H comes from enzyme Ser residue.
v % < J 7™ « |nproduct 2, OH comes from water molecule.

HN o /’H ° .

— \C_\C ¢ After catalysis, Ser H atom comes from water.
second product H (')lmH

from the active

site regenerates
free enzyme. Gly'®
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Catalytic Triad

Chymotrypsin (free enzyme)

Asp-His-Ser forms H-bonding
network.

>\Asp102
“0—C S - Ser pKa generally too high.
:I (ﬂ - Deprotonated Ser NOT present.
N S « Substrate binding induces
Active site \ - .
5 . a conformational change.
Xyanion ’
h oIVe o « Stronger H-bond between Asp
‘l’ and His.
7  His pKaincreases from 7 to >12.
/ H "\' Ser’ - His acts as enhanced general
Hydrophobic H base and deprotonates Ser.
X —N _
pocket Gly ' « Ser acts as a strong nucleophile.
pK, values
Abbreviation/ PK, pK, pK,
Amino acid symbol m * (—COOH) (—NH?) (Rgroup) pl
Serine Ser S 105 2.21 9.15 5.68
Threonine ThrT 119 2.11 9.62 5.87
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Protease

» Serine protease.

- Deprotonated Ser hydroxyl group as nucleophile.

- Involves general acid-base catalysis and covalent catalysis.
» Cysteine protease.

- Deprotonated Cys thiol group as nucleophile.

- Involves general acid-base catalysis and covalent catalysis.
» Aspartyl protease and Metalloprotease.

- Activated water molecule as nucleophile.

- Involves general acid-base catalysis but NOT covalent catalysis.

Amino acid
for 6th week |
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HIV Protease

Aided by general
base catalysis, water The tetrahedral
i
carbon, generating llapses; _ - /
a tetrahedral /,ﬂ acid leaving group is . =c
Ox / i ; O~ rotonated as it is Paptides \
Sc intermediate =c P
\ stabilized by \ expelled. /C
/C H-bonding. /C HN
I 3 | £ Gk I
<o ‘ 0 OH o
0N A o. /1 ———o0_ OH o OH
j (7 H o | __ ko 5 o N
25
Asp O/ Asp?5 Asp?S 0/ Asp?s Asp?5 O/ Asp?5
HIV protease

« Aspartyl protease.

- Asp deprotonates water and activated water molecule acts as nucleophile.
- NO covalent bond between enzyme and substrate.
- Tetrahedral intermediate similar to transition state.

« Cleaves peptide bonds between Phe and Pro most efficiently.
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Immune System, HIV and AIDS

N 4 -

SAMPRHE #SE ONLY

&N

-y

\

Helper T cell

hucleus
I e vinus enters nelper T cells

which are the prlmary target:




Immune System, HIV and AIDS

« Immune system fights off infections caused by foreign
Invaders such as bacteria and viruses

« HIV: Human Immunodeficiency Virus
- ARRIEIRERE

« AIDS: Acquired Immunodeficiency Syndrome

RS ERIRIRZ G ETE
HIV’s primary target is helper T cell

HIV kills helper T cells, weakens immune system

Opportunistic infections develop because body cannot defend itself
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How HIV Transmits and How to Avoid

HIV passes from person to person through infected body fluids:

- Unprotected sex

- Shared drug injection needles

- Childbirth and breastfeeding

- Contaminated blood and blood products

How to avoid HIV:

- Know your partner’s HIV status

Limit sex to one uninfected partner

Use condoms
Avoid injectable illegal drugs or shared needles

Avoid intoxication from drugs and alcohol
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0

HIV

HIV Life Cycle

cic ' : :
', SRy g e T :O ", « HIVis a retrovirus.
. w'«QC \y—" ¢.%,°%> - RNAbutNOT DNA
\ prorease L{'/ ,_O \.-0 virion genome .
A : (;( s [ s * Reverse Transcriptase.
reverse ranscnp ase translation ‘@ viral K . .
r‘ ) TR protein - Directs synthesis of DNA
‘ V'r:a g vira
o !Z/ RNA I sequence complementary
- to RNA genome.
% * Integrase.
N - - Inserts DNA into host
chromosome.
iy m, L A
o o » Protease.
No cure. Antiretroviral medications. . ¢t large polyproteins into
- NOT completely remove virus. individual proteins.

- Reduce HIV amount in the bodly.
- Fusion/Entry inhibitors.
- Inhibitors of reverse transcriptase, integrase, or protease.
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HIV Protease Inhibitors

Q v (n; @ @Y Q

O NC(CHa) W f
\\‘c/ +CH;50,~ OH %" N N
/I 25 / G)k ° " on a
Asp / Asp25 o7 TNC(CH;);

Nelfinavir Saquinavir

* All inhibitors share a core structure.

- A main chain with a hydroxyl group.

- A branch containing a benzyl group.

* Inhibitors work as a transition-state analog.
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HIV Replication and Therapy

Viral entry

- Viral gp120 and gp41 proteins
- CD4 and CCR5 on T cell

Inhibitors of four key steps:

- Host cell entry
- Reverse Transcription
- Integration

- Proteolytic cleavage
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What Is Hexokinase?

* Phosphorylates hexose (six-carbon sugar).

- Glucose is the most important substrate.
 Forms hexose phosphate.

- Glucose 6-phosphate is the most important product.
 Transferase. Part of glycolysis.

- Transfer phosphate group from ATP to substrate.

Mg - ATP 5
CH,OH CH,O0PO3~
(o) Mg - ADP (o)
H H OH j ) H H OH
OH H < OH H
HO H hexokinase HO H
H OH H OH

B-p-Glucose Glucose 6-phosphate
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Binding Induces Conformational Change

(b)

* When glucose is NOT
present:
- Active site residues NOT in
position for reaction.
* When glucose binds:
- Binding induces
conformational change.
- Hexokinase changes to
catalytically active form.
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What Is Enolase?

« Catalyze reversible dehydration of 2-phosphoglycerate

to phosphoenolpyruvate. OH

- Also part of glycolysis. R%
3
 Lyase. Metalloenzyme (Mg2* as cofactor) R
R2
- Cleave carbon-oxygen bond.
Enol
(0 (o}
N/
C O
enolase | |
- - C—O—Ii—O‘ + H,0
| _
CH, O

Phosphoenolpyruvate
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Enolase Reaction Mechanism

Lys345 abstracts a Glu211 facilitates
Mg2* PO g- proton by general Mg2* PO g- elimination of the
| base catalysis. Two [ -OH group by
“o‘/) O H Mg?* ions stabilize 0 O H general acid
Mgz+,,,«—‘ \c —Cl —Cl _— the resulting enolate Mg2* \C =cI —CI - catalysis. PO §-
-7 L | intermediate. - f\/ Yol |
o _—H _OH 0 COH HOH 0 ? M
nolase s HO o H, HO 0 . I Cc—C=C
H—N—H \ 7 H—N"—H o 4 N
| ¢ (1) | ¢ (2 ° H
Lys345 | Lys345 |
Glu211 Glu21
2-Phosphoglycerate bound to enzyme Enolate intermediate Phosphoenolpyruvate

» General acid-base catalysis.

- Lys deprotonates C-2.
- Glu protonates -OH leaving group.

v({{ * Mg2* ions.
Glu2" < - lonic interactions with carboxyl group.

- Stabilization of transition state.
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Lysozyme

 Attack peptidoglycan (bacterial cell wall).
- Abundant in secretions such as tear, saliva, milk and mucus.
- Also present inside a cell (macrophage).
- Found in egg white.

 Antibacterial action (1922 Alexander Fleming).

In the first experiment nasal mucus from the patient, with coryza, was
shaken up with five times its volume of normal salt solution, and the
mixture was centrifuged. A drop of the clear supernatant fluid was placed
on an agar plate, which had previously been thickly planted with
M. lysodeikticus, and the plate was incubated at 37° C. for 24 hours, when
it showed a copious growth of the coccus, except in the region where the
nasal mucus had been placed. Here there was complete inhibition of
growth, and this inhibition extended for a distance of about 1 em. beyond
the limits of the mucus.
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Peptidoglycan and Lysozyme

* Peptidoglycan is a polysaccharide cross-linked by peptides,
found in many bacterial cell walls.

» Cleavage of cell wall leads to lysis of bacteria.

* Lysozyme is an antibacterial enzyme.

N-Acetylglucosamine Peptidoglycan
(GIcNACc) .
N-Acetylmuramic ’ polymer

acid (Mur2Ac)

end

T
Pentaglycine
cross-link
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Lysozyme-Catalyzed Reaction

OH (I)

-__o I
GlcNACc RO = CH;CHCOO"
N
HOH,C ac NAc/AcN = —NH —ol.'i—cm
o
A 0

N

[¢] O
CH,OH
Mur2Ac
o Hydrogen bonds
RO ¢ to residues
O in enzyme
B AN o ol 7 binding site /

CH,OH

\ H
Mur2Ac \. "y |‘ H GleNAC
H /T "\ OH

H

GlcNACc

« Cleaves glycosidic C-O
bond

» Between Mur2Ac residue
in D site and GIcNAc
residue in E site.
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GIcNAc and Mur2Ac

OH OH OH
O O O
HO —> HO HO
HO HO ——> HO
OH NH, NH
o:< OH

glucose OH glucosamine OH

CH;
N-acetylglucosamine (GIcNAc)

o/

O
HO
— 5 CH;~_.0

NH, NH
COOH OH COOH O:< OH
muramic acid CH

3
N-acetylmuramic acid (Mur2Ac)
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Active Site Residues

» Aspartate 52

- Nucleophile.

'Lysozy ne

- Covalent catalysis.

e Glutamate 35

- General acid-base
Covalent

intermediate catalysis.
RN i e - Protonate and
active site

deprotonate.
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Two Nucleophilic Attacks

1. Asp 52 acts as a nucleophile to attack carbon #1 in the
first step.

2. Glu 35 acts as a general acid and protonates leaving
group in transition state.

3. Glu 35 acts as a general base and deprotonates water
In the second step.

4. Deprotonated water acts as a nucleophile to attack
covalent glycosyl-enzyme intermediate.
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First Nucleophilic Attack

Glu3®

A

¢S cH,on

—0. ﬁy_
Murzh ~ H GlcNAc

H /ﬁ\U\ OH
H H
AcN H

Asp52 acts as a cova-
lent catalyst, directly
displacing the GIcNAc

via an Sy2 mechanism.

Glu35 protonates the
GlcNACc to facilitate its
departure.

Asp*? CH,OH
o)
H. /H
C [
o wo”Z \\OH H
H NAc
First product

Glu3®

(o M ¢ by

\ Cl Covalent

_

AcN

intermediate

o__0

Y

Asp52

Aspartate 52

Nucleophile
Attacks C #1 in Mur2Ac
Breaks glycosidic C-O bond

Covalent catalysis
Glutamate 35

- General acid catalysis
- Protonates leaving GICNAC

- First product leaves
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Second Nucleophilic Attack

e Glutamate 35

Glu33
. o/*o- - General base catalysis.
Y
1 Covalent - Deprotonates water molecule.
H intermediate
—|/ « Deprotonated water
AN 5 o
Y - Nucleophile.
Asp52 .
- Attacks C #1 in Mur2Ac.
H,0
91” - Breaks C-O bond.
Glu33
A Glu35 acts as a general
—o0 : st bas.e. catalyst to
N\ ~Yo—u facilitate the Sy2
H /S attack of water,
_l/ displacing Asp52and
AcN ODO generating product.

o

ASPSZ
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Catalysis Completion

Glu35

LySOZyme * Glu35 acts as a general
—0 °/H2j base catalyst to
regenerated Ni—=oem facilitate the Sy2
H C attack of water,
- Aspartate 52 _{/ displacing Asp52and
AcN D generating product.
- Glutamate 35 °Y/°
Asp52

Product 2 leaves f
* In product 1 (GIcNAc) H

A comes from Glu residue.
i 9 « In product 2 (Mur2Ac) OH
_____ ; \C/OH " comes from water.
L Y * In regenerated Glu H
RO AcN 'OY,O comes from water.
Second product
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Peptidoglycan

* Peptidoglycan is a polysaccharide cross-linked by peptides,
found in many bacterial cell walls.
* Inhibition of peptidoglycan synthesis leads to death of

bacteria.
N-Acetylglucosamine
(GIcNAc)
N-Acetylmuramic
/ acid (Mur2Ac)

end

Pentaglycine
cross-link
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Part of Peptidoglycan Synthesis

--.( )n- ..
| @ N-Acetylglucosamine

s (GNAD * Transpeptidase
o=t | @ e MrarnA :
" - Bacterial enzyme.
_/\::} - Involved in bacterial cell wall
Ci_} synthesis.
R G - Cross-links peptide side chains of
k\ peptidoglycan strands.
- e Catalysis step 1
4 L - Ser acts as nucleophile.
"’"_(G"’S_”_“E:Zo _H__(Z:) - Attacks carbonyl carbon of peptide
:;J PG bond between two D-Ala residues.
; } I - covalent catalysis and D-Ala leaves.
Transpeptidase
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Part of Peptidoglycan Synthesis

« Catalysis step 2
...(.._?.)n... '"('._")n'"

Ala Al - Amino group acts as nucleophile.
D-Glu D-Glu
Nl — =) (G N - Attacks carbonyl carbon of ester bond.
=0 D-Ala
A o-Ala - Enzyme regenerated and
H?—Cﬂs Peptidoglycan chain 2 i .
<o peptidoglycan cross-linked.

7 b

Sar Ser

N-Acetylglucosamine
Transpeptidase \ / (GlcNAc)

N-Acetylmuramic
acid (Mur2Ac)

v )y ...(.._?.)n... Reducing i .".'.".‘;‘ J :
| i " Rl

L-Ala L-Ala end
5 @ N-Acetylglucosamine
>g % i (GIcNAQ)
(Gly)5 = (L-Lys) — (D-Ala) — (Gly)5 = (L-Lys) —
- @ N-Acetylmuramic
I acid (Mur2NAc)
D-Ala
Pentaglycine
Cross-linked peptidoglycan cross-link
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Transpeptidase Inhibition by Penicillin

Trans- oo
peptidase —Ser —OH

‘"’ H
R—C—N—cCc—c =3\ s
H I P
Trans- C N< “CH
peptidase —Ser —0~ \}) H SH ’
COOH
Stably derivatized,

inactive transpeptidase

* Transpeptidase active site
Ser attacks carbonyl carbon
of peptide bond in penicillin.

* Results in a covalent acyl-

enzyme product.

* Product hydrolysis is so slow

that enzyme cannot be
regenerated, and so

transpeptidase is inactivated.
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Summary 6.4 Examples of Enzymes

« Chymotrypsin is a serine protease, featuring general
acid-base catalysis, covalent catalysis, and transition
state stabilization.

« Hexokinase provides a good example of induced fit.

* Enolase reaction proceeds via metal ion catalysis.

* Lysozyme makes use of covalent catalysis and general

acid-base catalysis.
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Enzymes

6.1 An Introduction to Enzymes

6.2 How Enzymes Work

6.3 Enzyme Kinetics

6.4 Examples of Enzymatic Reactions

6.5 Regulatory Enzymes
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Enzyme Activity Can Be Regulated

Regulatory enzymes exhibit increased or decreased

catalytic activity in response to certain signals.
- Much faster than increasing or decreasing amount of enzymes.
Enzyme activity can be regulated in a variety of ways:

- Allosteric enzyme (reversible, noncovalent, modulator)
- Covalent modification (reversible)
- Regulatory protein (reversible)

- Proteolytic cleavage (irreversible)
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Allosteric Protein

* Allosteric protein
- Binding of a ligand to one site affects the binding properties of
a different site, on the same protein
- Ligand, referred to as modulator
- Can be positive or negative
* Modulator
- Allosteric activator or allosteric inhibitor
- modulator = ligand, homotropic interaction
- modulator # ligand, heterotropic interaction
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Conformational Change Upon Binding

* Allosteric enzyme.

- Binding of modulator causes conformational change, and
affects the catalytic activity of enzyme.

- Can have one or more regulatory, or allosteric, sites for binding
modulator.

- Each regulatory site is specific for its modulator.
* Modulator.

- Allosteric activator or allosteric inhibitor
- modulator = substrate, homotropic regulation
- modulator # substrate, heterotropic regulation
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Conformational Change Upon Binding

Positive modulator

« Substrate-binding site
[}Substrate
- R < - Catalytic subunit
——
sERCveenzyme * Modulator-binding site
w* - Regulatory subunit

o/ 8 ndi
More-active enzyme Modulator bmdmg

|

Conformational change

% C / R Active \l,
O st Active catalytic subunit

complex

122



Aspartate Transcarbamoylase (ATCase)

COO™ “0__~0
. ] e
1Y 0 Sl i b B
P i
\H,.N—C—-70—P—0" + CH ] = CH—COO0"™
1 | |2 aspartate 07 N7
— o~ COO~ transcarbamoylase H
- Carbamoyl Aspartate N-Carbamoylaspartate

phosphate

« Catalyzes an early step in biosynthesis of pyrimidine
nucleotides.
- Pyrimidine nucleotides include CTP and UTP.

* 12 polypeptide chains.

- 6 catalytic subunits.
- 6 regulatory subunits.
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Allosteric Behavior of ATCase

(a) Inactive T state (b) Active R state

* Regulatory subunits have binding sites for CTP and ATP.

« CTP functions as a negative regulator.

- CTP is one of end products of biosynthesis pathway.
- When CTP is abundant, negative regulation limits ATCase activity.

« ATP functions as a positive regulator.

- High concentrations of ATP indicates robust cellular metabolism.
- Additional pyrimidine nucleotides needed to support RNA transcription.
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Reversible Covalent Modification

Covalent modification

(Target residues)
Phosphorylation
(Tyr, Ser, Thr, His)
ATP ADP o
Enzyme;L» Enzyme —ll-l —0~
e
Adenylylation
(Tyr)
ATP PP, 0
Enzyme AL» Enzyme—l||>I —O0—CH ; %
o-
H
OH OH
Acetylation
(Lys, a-amino (amino terminus))
Acetyl-CoA HS-CoA
Enzyme \ i Enzyme —ll.—CH3
Myristoylation

(a-amino (amino terminus))

Myristoyl-CoA HS-CoA (o)

N

[
Enzyme Enzyme —C—(CH,),, —CH;

Ubiquitination

(Lys) Hs- 0
U)—c - @ g—s—@
~o- activation

Activated ubiquitin

I
@ <s
Activated ubiquitin  Hs-§2)

~ i

Enzyme —N—C
H

Enzyme

ADP-ribosylation
(Arg, GIn, Cys, diphthamide—a modified His)

NAD nicotinamide

Enzyme

Enzyme

OH OH
Methylation
(Glu)

S-adenosyl- S -adenosyl-
methionine homocysteine

Enzyme \/

Enzyme —CH,
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Reversible Covalent Modification

« Simple modifications:

- Methylation (Lys, Arg). <
- Acetylation (Lys, a-amino). Enzyme _g_cn_,,
(0
- Phosphorylation (Ser, Thr, Tyr). Enzyme_lﬂ_o_

|

* More complex modifications: 0~
- Adenylylation. (ﬁ
Enzyme—P—0—CH , Adenine
- ADP-ribosylation. CI’_ 0

- Ubiquitination.
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Phosphorylation and Dephosphorylation

* Phosphorylation.

- Catalyzed by protein kinase.

- Transfer of phosphoryl group from ATP to a residue on protein.

- Moderately polar -> bulky and charged.

I
'O—FI’—O—CHz —CIH—COO-

* Dephosphorylation.

e] *NH,
Phosphoserine

- Catalyzed by protein phosphatase.

o) CH;
Il I

- Produces a phosphate ion and a free -OH group. ™©—#—0—cH—cH—coo”
o) *NH,
Phosphothreonine

I
_O—IT—OOCHZ —(l'.H—COO_
(0

*NH,
Phosphotyrosine

127



Regulation by Phosphorylation

« Glycogen phosphorylase
- Catalyze following reaction.

(glucose)n + Pi  ——> (glucose)n-1 + glucose 1-phosphate

glycogen shortened glycogen chain

- NOT a kinase.
- Not use ATP as phosphoryl donor.

» Glycogen phosphorylase occurs in two forms.

- More active phosphorylase a, two Ser residues phosphorylated.

- Less active phosphorylase b, two Ser residues dephosphorylated.
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phosphorylase
2ATP kinase 2ADP

OH m C?
w BN Ll pdl o

g

W EPTTREEAS ~
Phosphorylase b Phosphorylase a

<

' phosphorylase
2P; phosphatase 250

Phosphorylation catalyzed by phosphorylase kinase
Dephosphorylation catalyzed by phosphorylase phosphatase

Glycogen Phosphorylase Regulation
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Regulation by Proteolytic Cleavage

« Some enzymes are first synthesized as an inactive precursor.
- Inactive precursor called zymogen or proenzyme.
- Chymotrypsin initially synthesized as chymotrypsinogen.
- Trypsin initially synthesized as trypsinogen.
» Specific cleavage causes conformational change.
- Enzyme active site exposed.

- lrreversible activation.
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Activation of Zymogens

Chymotrypsinogen Trypsinogen
(inactive) (inactive)
1 245 } ? z
Val-(Asp),-Lys-lle-
i enteropeptidase
trypsin
Val-(Asp),-Lys
7r-Chymotrypsin Trypsin
(active) (active)
11 |5 1|6 245 { 245
Arglle lle
ar-chymotrypsin
(autolysis)
Ser!4-Arg1s In final active forms, some

+ Thr147-Asn148

a-Chymotrypsin

e Fesidues are missing.

1 1|3 1|6 14|6 14|9 245
Leulle Tyr Ala
A B C
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Summary 6.5 Regulatory Enzymes

« Allosteric enzyme is regulated by reversible
binding of a modulator to a regulatory site. The
effect may be inhibitory or stimulatory.

* Regulatory enzymes can be modulated by
covalent modification. Phosphorylation is a
common way to regulate enzyme activity.

 Many proteases are synthesized as inactive
zymogens, and are then activated by proteolytic
cleavage.
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In this chapter, we learned:

why nature needs enzyme catalysis
NOW enzymes can accelerate chemical reactions

now to perform and analyze kinetic studies

now chymotrypsin breaks down peptide bonds

Nnow enzyme activity can be regulated
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Vegetable & Fruit active fermented beverage

‘ﬁ%ﬁ&ﬁﬁﬁﬂ X

Fermentation in yeast and bacteria is a metabolic process that
converts sugar to acids or alcohol.
Lactic acid fermentation in oxygen-starved muscle cell

Produce lactic acid to preserve food.

pickled cucumber, kimchi and yogurt fE&E/JI. B, BT}
Produce alcoholic beverage

wine and beer Bif8. ZIf. EH
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