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I The basic mechanism of chemical reaction

Free radical
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Four main types of reactions

Substitution nucleophilic Oxidation/reduction

Addition electrophilic  adgition/elimination

Elimination Hydrolysis

Rearrangement Decarboxylation ‘
H + NO, — NO, + H*

electrophilic

substitution (1) BIFLY OB F B o (O IR )
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Palmer T (1991) Understanding Enzymes, Chap. 10, 11 (Ellis Horwood, England)

Petsko GA, Ringe D (2004) Protein Structure and Function (New Science Press, London) 3



Nucleophilic substitution reactions

Unimolecular nucleophilic substitution (Sy1)  zs@smi
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II Mechanisms of enzyme catalytic reactions

(1) Acid-base | |
catalysis Rscg—C:)—R —> R3(|3 + CI)—R
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catalysis | |_|2|I\| C") H2||\| CI)
I AR ET HZC_(;_OCH3 ’ C—C OCH3
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catalysis
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Chymotrypsin

Catalytic triad
Zymogen activation
pH dependence
Transition state
Two-step mechanism
Covalent catalysis
Substrate specificity

Domain 2

D102

<

Active site could be
created between
two domains

—>

The geometry of the
Lt | catalytic triad of the
serine protease as
used to locate similar
sites in other proteins

Petsko GA, Ringe D (2004) Protein Structure and Function F4-35

Branden & Tooze (1999) Introduction to Protein Structure (2e) p.212, 210



N-acetylglucosamine Fﬁﬂﬁlmgﬁ pH 5 ﬁ]{lﬁ]ﬂ}ﬁ
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Stryer (2002) Biochemistry (5e) p.199, Fig 8-7




Ribonuclease

R3 R3’
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Triose phosphate isomerase

Glyceraldehyde-3-P
O HC=0-H-N* NH O H . HC-OH 72N
s \ LD gy NTONH
C_O ........... H_CI:_OH C O I_ - \ /
CH,OPO;~ — CH,OPO;=

(1) Imidazole has neutral pKa
(2) Proton donor & acceptor

(3) Nucleophile & electrophile |
(4) Stabilize charged groups
(5) Could be phosphorylated

G3P formula unchanged
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Glycogen phosphorylase

Glycogen (n)

HOH,C
i - o) Glycogen (n-1
wom,c  Non-reducing end HO ycogen (n-1)
HO O HO B
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| —_— —0 HO O
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| Coenzyme HO
Coenzymes have O
reactive groups
which could initiate O —(P)—/0O"
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Pyridoxal Glc-1-P ©

phosphate




Catalytic toolkit for active sites

(a) = s Arg-Arg-Arg T’ J;F_H\ =l (b) Asp-Asp [kl lcl‘aaf (Thr 4-1*) [::]Asp Arg FEs f“a‘nﬂ 2 pK,)  (d) Arg...Asp-COO" (4%

Combinations of
different residues
form ‘catalytic units’
that are found
repeatedly in different
unrelated enzymes

| o | . : '\-" _;:l-':ﬁ' o | " . a4 o
S —
Gutteridge A, Thornton JM (2005) Understanding nature’s catalytic toolkit. TIBS 30: 622 J_J | - ‘J VJ I -




Amazing histidine

L[ WIKIPEDIA
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Catalytic propensity

1-
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Residue type F4-35

Gutteridge A, Thornton JM (2005) TIBS 30: 622




Multifunctional enzymes

glutamine

(1) One active site, two reactions
(2) Two active sites, two reactions
(3) Trifunctional enzyme with tunnel

Carbamoyl phosphate synthetase —

(L EL R R n] i

tunnel

| Tryptophan synthase |

indole

- i ..+ (Glyceraldehyde . =
[ indole-3-glycerolphosphate 3-phosphate : @\H

tryptophan e« [-serine :S'«‘j
NH J s "

Petsko GA, Ringe D (2004) Protein Structure and Function F2-44, 45 carbamoy! phosphate dllostero Slt



Enzymes also has non-catalytic functions

Zheng, L et al (2003) S phase activation of the histone H2B promoter by OCA-S, a coactivator
complex that contains GAPDH as a key component. Cell 114: 255~266

Other histone gene transcription
factors and r:ntat:lum .

Cyclin Excdk2 f Couplingto other S-phase events
A NPAT cnurdmaimn/‘ (e.g., DNA replication)

TATATARA

GAPDH has several functions: Other examples:

(0) Glycolysis enzyme Phosphoglucose isomerase
(1) Transcription cofactor (Glycolysis & Cytokine)
(2) Initiates apoptosis LON (Mitochondrial protease

(3) ER to Golgi transportation & Chaperone protein)




III Identification of enzyme catalytic sites

(1) Trapping the enzyme-substrate complex (classical)

E+S — ES — E+P

Fructose

bisphosphate Glyceraldehyde-3-P
aldolase CH _OH CH -OH
E NH, + O= C — E N== C
(Lys) CH ,LOPO," CH OPO )
| \/
+2H Fructose-1,6-bisP
NaBH, :
(borohydrlde)
(I:HZ-OH . (IZHZ-OH
Lys—N—CH . E—NLCH
H | _ Hcl H | _
CH,OPO3™  hydrolysis CH,OPO;”




Identification of enzyme catalytic sites
(2) The use of substrate analogues or rapid-reaction tech

Nitrophenol acetate ISR ;
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A 7 o o
Chymotrypsin 5
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/ Deacylation (slow step) |
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Identification of enzyme catalytic sites

(3) Chemical modification protected by substrate (classical)

N

DIFP (Diisopropyl-fluorophosphate)

O
1
(CH,),CH-O- I|3 —O—-CH(CH,),
O
o 4 | 4
CH,
A —
Serl95

Partial hydrolysis
\4

DIFP

Gly-Asp-Ser-Gly-Gly-Pro
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Identification of enzyme catalytic sites

(4) The effect of changing pH (classical but useful)

1B
¥y
i
4

pH

5

6

New NH,-terminus

L13 116 Y146

Gly 193

Ser 195

pK, changes depending
on microenvironment



Identification of enzyme catalytic sites

(5) Enzyme modified by site-directed mutagenesis (hot!)

Amino acids in active site
Mutations  Triad: Ser His Asp Relative activity

NO BNZYIME - » 1

Subtilisin ® o © 10,000,000,000
Ser, Hs & Asp - Ala O O O 4,000
His & Asp — Ala ® O O 37,000
Ser — Ala O @ @ 5,000
Asp — Ala ® o O 330,000
Asnt=> — Leu ® o © 10,000,000

(Asn’>° stabilizes transition state)

EEI’EEEE%E%E Adapted from Dressler & Potter (1991) Discovering Enzymes, p.245




Identification of enzyme catalytic sites

(6) Enzyme Kinetics and inhibition Kinetics (real useful)

(7) Partial proteolysis protected by binding groups
(8) Prediction from protein sequences (very reliable!)

RIE=RE]

i

100

80

; o + 0
70 60 50 40 30 20 10 0
% identity

Relationship of sequence similarity to
similarity of function. Enzyme, blue curve;
non-enzyme, green curve

] 30% H DA

% same function

Inhibitor
lysine

Petsko GA, Ringe D (2004) Protein Structure and Function F4-12

Active site

aspartate E E+l

Stryer (1995) Biochemistry (4e) p.252

Mathews et al (2000) Biochemistry (3e) p.208

20




Identification of enzyme catalytic sites
(9) NMR *ﬁmﬁ;ﬁ Petsko GA, Ringe D (2004) Protein Structure and Function F5-3, 5-4

NMR structures of
cytochrome c in solution /]'J\?’_%
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collection analysis

purified, labeled protein NMR spectrometer . resonance assignment and
internuclear distance measurement
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(10) X-ray crystallography x xsae
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-e of %hyto?hagﬁn Synthase
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Glu Cys sH Gly Glutathione Phytochelatin, PC

Tyr 55

C

2nd Glutathione

Argf152 (second GSH binding site) Lys.-185

(cysteine protease)

PC,




Phytochelatin synthase molecules

1 485

AtPCS1  N-—- ¢ 56.3 kD
1 221

AtPCSI-N NI @ v 267kD

__________________________________ 222 485
AtPCS1-C | - ¢ 31.4 kD

Second substrate binding site?

NsPCS is a Cys protease-like enzyme Vivares et al (2005) PNAS 102:18848-18853



HATRMN

LLRADMT

IVERAYF

T

8382055

S58zmx8

~
o, & o
EOOOE C
=l | sl ) |
x233TIZTT
= U0 L0 G0 O
=0 L
0 I DEE
2 Wl
“L2LZZ3
ZFoETITITE
4434+
a5 B8
- =1

[T '
& i
Yy i
HEE KL
*EZEEEE
) o e MO0, N
« IC¥ C LK
._.u..n i O O B B

EEE>>E
- L e 00 0
L I = e |
U = = G0 0 0

$582ns8

O = i3 00 LA

= I ek
wall @ 2 = L
2 Nl i g gl
=<
=1

[ e

X

P v B
FOIL ===

= == U0 U=

200
T =1 T=F-
oL o]
= Bl - -

& 3 U0 L L L
2 b= O ol ) oL
o= O e
= e e T T
MENNEINY
2 l wl L o
[+

= E TN
aboodadad
S EX

= of «f of o of <L

I i i

G0 = o
T T e
w0 x
-l v O |

$582ns8

—.

8582058

Vivares et al (2005) PNAS 102:18848-18853 2 5

LERERE

|} ]

=X
EFEYAE.a
O JIEIX
G el il G L =
o = —

bl el Sl el el e

858z0s8



Motif prediction for PCS phosphorylation

l Phosphorylation site
1 MAMASLYRRSLPSPPAIDFESAEGKLIFNEALQKGTMEGFFRLISYFQiQ

. : *
Catalytic triad 51 §EPAYCGLASLSVVLNALSIDPGRKWKGPWRWFDEQMLDCCEPLEVVKEK

101 GISFGKVVCLAHCSGAKVEAFRTSQEEIDDFRKFVVKCiSSENCHMISTY
* *
151 HRSVFKQTGNGHFSPIGGYNAERDMAL I LDVARFKYPPHWVPLKLLWEAM
221

201 DSIDQSiGKRRGFMLISRPH&EPGLLYTLECKDEEWIEIAKYLKEDVPRL

251 VSSQHVDSVEKIISVVFKSLPSNFNQFIRWVAEIRITEDSNQNLgAEEKS
301 RLKLKQLVLKEVHETELFKHINKFLSTVGYEDSLTYAAAKACCQGAEILS

351 GSPSKEFCCRETCVKCIKGPDDSEGTVVTGVVVRDGNEQKVDLLVPSiQi

401 ECECGPEATYPAGNDVFTALLLALPPQTWSGIKDQALMHEMKQL ISMASL

485
I
451 PTLLQEEVLHLRRQLQLLKRCQENKEEDDLAAPAY

CKIl_PHOSPHO SITE = PKC_PHOSPHO_SITE
[ST]-x(2)-[DE] —— [ST]-X-[RK] ==sreees



PCS is phosphorylated on Thr 49

Autoradiograph GSH + GSH — Phytochelatin (PC,)

wit wit
T49A T49A

R183A R183A

"o —

[EEN
a1
I

PCS activity
[EY
o
[

ol
[

Bl +Cd
ge =
wt T49A Y55A

I 'I =

CK2
AtPCS1  APCSI-N g

wt

T49A R183A Y55A

AtPCS1




Hydrophobic
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The active site of PCS

C-Terminal domain

«+ GSH

to C-Terminal
domain

:

o0 000000 o. g
vyEC . &

o <
0000000 =
= (@)
=
>
Q.

Hydrophobic

helix (58-68)




3-Dimensional structure prediction

Phytochelatin synthase 85 3% 15 kMg

Catalytic triad

*

51

101

151

201

251

301

351

401

451

Phosphorylation site *
MAMASLYRRSLPSPPAI DFSAEGKL IFNEALQKGTMEGFFRLI SYFQEQ

§I§PAY§G LASLSVVLNALSI DPGRKWKGPWRWFDEM LDCCEPLEVVKEK

Gl SFGKVVCLAHCSGAKVEAFRTSQI DDFRKFWKCESSENCHM ISTY

HRSVFKQTGNGﬁFSP IGGYNAERDMALI LﬁVARFKYPPHWVPLKLLWEAM

21
DSIDQSGKRRGFMLISRPH EPGLLYTLCKDEWIEIAKYLKEDVPRL

VSSQHVDSVEKI I SVWFKSLPSNFNQF IRWVAEIRI TEDSNQNLEAEEKS
RLKLKQLVLKEVHETELFKHINKFLSTVGYEDSLTYAAAKACCQGAEILS

GSPSKEFCCRETCVKCI KGPDDSEGTVVTGVVVRDGNEQKVDLLVPSQ

ECECGPEATYPAGNDVFTALLLALPPQTWSGIKDQALMHEMKQL I SMASL

85
PTLLQEEVLHLRRQLQLLKRCQENKEEDDLAAPAY

Hl +Cd
L [ ] -cCd

PCS activity
= -
o o1
T
|

6]
T
|

wt T49A R183A Y55A  Y55D
AtPCS1-N

GSH + GSH — Phytochelatin (PC,)

; 41 PCS
" ——

AN
Pl Arg 183 nffEf{a

) R iR L Y = Prediction

Second substrate binding site?
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