Pre-synaptic nerve
(action potential)

Synapse
(chemical transmitter)

Post-synaptic nerve
(action potential)



@ Acetylcholine The action potential

triggers Ca?* release

which stimulates
acetylcholine release.
Acetylcholine diffuses
across the synapse

and binds to the
acetylcholine receptors.
This binding triggers the

» opening of the ion channel.
4/ Na' rushes in, starting

An action potential in the
Post synaptic nerve.
Acetylcholinesterase
hydrolyses the acetylcholine
enabling the channel to shut
and return to the resting
potential.




— Transmembrane
subunils  «

Nicotinic/Acetylcholine

o Receptor
Cytosol
Integral Membrane
(a) lon pare

Protein

5 subunits

f(ﬂbgoeacchande

2{ Nicotine blocks open

i 0 E % g % Curare blocks closed
al a? ad ad

orees U&

)

S
+
+

al

/‘\W
g



a Rapid
hydrolysis
of
CH,—C—S—CoA chcoo-  acetylcholinesterase
Isrequired
S anstarase Acstchainesterase fOI’. rap id
refiring of the
nerve.

Choaline

2=

5 | What isthe
Ho—C—0— N, |Ike|y transition
state???

Acelylcholine



Serine Protease I nhibitors

Diisopropyl - F - Synthetic Inhibits enzymes with active site serine,
H.C EH., : s 5
fluorophosphate N, I s including acetylcholinesterase
DEP CH—O—P—O—CH
H.C -
E 0 CH,
Sarin e F Symthetic Like DFP
3 _ I ~ {nerve gas)
\/-HH — 00— ||'—|'— |_.H3
H,C 1
Physostigmine 'ﬁ' CH Calabar beans Like DFP
=g
CH, — NH—C—Q ‘%
I Kl
Lol
CH, CH,
Parathion 5 Synthetic Like [YFE but especially inhibitory to
Il {insecticide} insect acetylcholinesterase
':3,-.H5':' —— T [
2 | z
C,H O
N-Tosyl-1-phenyl- g Synthetic Reacts with His 57 of chymotrypsin
alaninechloro- Il
methyl ketone CH_-,—CIJH—C—CH_-,—Cl
{TPCK) o



Chapter 11--Enzymes

Catalysts

— Trangition statetheory & activation energy
— Kinetics (with oodles of graphs)

M echanisms

I nhibition

Examples

— Proteases

— Lysozyme

— Prosthetic groups

— RNAs



What are enzymes??

Usually proteins
rarely RNA
often with prosthetic groups

Biological catalysts
Speed up reactions
Are not changed
No biochemical reaction takes place without an enzyme

Many inherited diseases are theresult of a defective enzyme

Antibiotic and antiviral therapeuticsinvolve inhibiting
Enzymes (theirs but not yours)



Biological catalysts must

Work at moderate temperatures
| n aqueous solutions

Bevery specific

Respond to environmental signals
(regulation)



Antibodies bind ground states
Enzymes bind transition states

Linus Pauling



Antibodies that bind
to transition state
analogs can act as
catalysts.

s — L arbohydrate

But, arethey asgood as
“natural” enzymes?

Catalytic
N VA, N Antibodies

Initial state
ireactants) AG"
i Final state GE
A —_ B {DTOCIU':[SJ

Resction caordinate



1 Chymotrypsin
1 \/ﬂ

: Serine Protease

“Catalytic Triad”
Ser 120
His57

Asp 102



Chympotrypsin Mechanism

*H. I/\/\E-;‘-terminu &)
"o

ﬁ‘_ Folypeptida
1 MR cubstrate

{C-terminus)

. Porypeptide subelrate binds noncovalantiy o H* b5 frangfarsad from Se C-N bond bl‘ Oken
with side chains of wdrophobic pocket The sustrate forms a et .
ransition state with the & C ter peptl de
released.
N ter peptide

still bound.



What kinds of evidence are used to
“prove’ an enzyme mechanism?



Chymotrypsin M echanism Part |1--regeneration

. A water molecule bings fo the enzyme ' The water molecule rans

in place of the daparted palypeptide, proten to His 57 and its - Rel ease Of peptl de-
remaining substrate frag ; ;
& telrahedral transton sl M Igr atl on Of

Serine proton.



PROTEIN “relatedness’

BLAST--Comparesprimary sequences
--% identity, %osimilarity
--closely related sequences

RCSB, SCOP--Compares 3D structures
--Superimpose?
--Classify folding patterns
--moredistantly related proteins

> NP_011485 S. cerevisiae L 30

1 mapvksges ngklalviks gkytlgykst
vkdlrggksk liliaantpv Irkseleyya
misktkvyyf gggnnelgta

vgklfrvgvv sileagdsdi Ittla



Yeast TMI

TRIOSE
PHOSPHATE
| SOM ERASE

Has a conserved
B sheet/ a helix
fold.

Chicken TMI

Trypanosome TMI



k, K,
E+S& [ES] ™ E+P
K4

Y ou should derivethigs!!!!

V=d[P//dt=k,ES/(K.+S) =V, (K, +S)

WhereK,. = (k, + k.)/ k,



Cancenirations

",
1]

L

Tz

Pre-steady
state:
£5 forming

o

Sismpdy siEte

&5 almost
corstant

Steady
State
Approximation:

~d[ES]/dt=0



e
K, .
measures 5
affinity =
of substrate
for enyzme.
[51=
- K
i

suostrate concentration, [5]

At K. theenzymeishalf saturated

What [S] isheeded to measure K ,?? Vmax??



lope = -,

.
i
Lm:-.:.:"l'h'f'l'd

=]
1

[5]

L ineweaver-Bur ke Plot Eadie-Hofstee Plot



Enzyme “efficiency” isoften judged by k . / K,

K .o IStheturnover number

K ot | Kpat low [S] thisratio measures productivity

s

of E + Scollision. n




Arning Acid in Ester Amine Acid Side Chain kool K [(mol/L) 1571
Glycine —H 1.3 = 107!
Norvaline —CHCHCH, 36 2 100
MNorleucine —CHCHCH,CH,, 3.0 = 10°
Phenylalanine —C:H:@ 1.0 % 10°
. {N-terminus)
Er‘/‘/\’
. . Polypeptid
Chymotrypsin’s pocket N eate

For the side chain of
The R1 amino acid

subrsirats

{C-terminus)

Porypepida suberate binds noncovalanthy
with side chains of hydrophobic pocket



What do enzymes actually do?

Hexokinase
Triose phosphate isomerase
L ysozyme

Ribozymes



Free enargy, i3

(c)

» |—|_}[33|—| iH j[:lH H j[:lH

o N N

Baat Half-chair Chair L
(1) (2 ()

A=eF Transition
Enaryy

]
|
0
2l

Reaction coordinate, angle of bend (8)

Enzymeworkson either AH# or AS



.............
''''''''''''

Enzyme acts
Asareaction
surface

Enzyme has pockets
that make H bonds,
salt bridges, and

hydr ophobic contacts
with Transition State



Enzyme-Substrate Recognition

Lock and Key--Rigid Enzyme
Specificity
I nduced Fit--Confor mational Change

Specificity
Trangtion State

o

& G



rglucose

Glucose + ATP —» Glucose-6-phosphate + ADP

Why must the water be excluded from thetransition state?



C C H—C— OH
| | | ':
H=C—0H ==| C—OH |= (=0

CH,0PO,*~ . CH,0PO,%_ CH,0PO,?"

G3P cis-enediol DHAP

Glyceraldehyde-3-phosphate dihydr oxyacetonephosphate

Aldose K etose



Triose phosphate isomerase (TIM)




TIM active site--His, Glu, Lys



| M M
H H
“ I} HO ?H HO i
S | _ . | =
! _|_-_| H i |P| | T — :_|_ — H i |F'|:I B p— :—I_ —| H | |F" | <
e | e 2 3 PN
H H H H
H
I:I"'\ f,l'“-‘ Ij‘x IGH ':"M f,l'“-‘
E TR e e
GAP binds 1o Enadic CHAFP baund
active site Intermediate 1 active sike

farmed by transter
of I_E praton 1o Glu 165,
tran=fer of H 95 protan
10 carbanyl

Role of Hisand Glu in shuttling protons



Frea anergy

Menenzymatic

arganic base
(1.0}
TRl laap
miant
(1.4 %104
TFI
wild
Py
(6 % 10%)
E+ G3F E«GE2F E-ad E - OHAP E + DHAF

Enzyme breakslarge barrier into series of small ones.



Yeast TMI

TRIOSE
PHOSPHATE
| SOM ERASE

Has a conserved
B sheet/ a helix
fold.

Chicken TMI

Trypanosome TMI



Enzyime

Chymotrypsin

Pepsin
Tyrosyl-tRNA synthetase

Ribonuclease

Carbonic anhydrase

Fumarase

Reaction Catalyzed

Hx2
Ac-Phe-Ala = Ac—Phe + Ala

H,o

Phe-Gly == Phe + Gly

Tyrosine + tRNA — tyrosyl-tRINA

Cytidine 2', 3 & cytidine 3'-
cyclic phosphate phosphate
HCOB_ + H+ — H:D + CD;-

H, O
Furmarate —>—# malate

How high can thisvalue go??

What isthelimit?

Epg (reliL)

L5 % 1071

EI (1

9 1074

7.9 %1073

261072

5 107 %

keals ™ 1)
.14

0.5

7.5

7.0 % 102
4 % 107

8 107

kcar/ K [(m0l/L)

o3

1.7 % 10°7
8.4 % 107

1.0 * 107

1.5 % 107

1.6 % 108



Why arethe energetic barriers
equally high?

Why isTIM called “a perfect enzyme” ?

Super oxide dismutase--super speedy enzyme



What kinds of evidence are used to
“prove’ an enzyme mechanism?

**mutations

**|solate Intermediates
**|sotopic labelling
**Inhibitors

* %

* %

* %

0DH dependence
Kinetics (rate limiting steps)

ohylogeny (related proteins)



F| (dead end)

Derive kinetics?
Graphs?

"‘* Substrate
“— Infiitor

Substrate and
inhibitor can
bind to the
active sita

-
A
Products ‘
Inhibitor ‘

prevents
binding of
substrate




Competitive
inhibitors
changeKm
by “reducing”
available
enzyme.

K ; ||_:I'|!|:|,

(a)

e K,
5| e
ope = ™

(c)

(b}



E+4+ oe—

+ S

g

E| 4 & i

I::.—1

Non-competitive inhibition
| does not prevent Sbinding, but does prevent catalysis.

Kot 1STeduced, but Km isthe same.
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Infervesing sequence {IW3)
-

B e LG pARADAD Bolpapap

Fra-rRA
) Pre-rRedi forms loop at WS

¥

fRRA, s pesplicad and
T 3 el

Self-splicing RNA
Transesterifications
O attacksP

Make and break

P - O bonds.
TS=tbp

Mg 2+ stabilizes O-



YO
B

I=

ooo .«

SOoCcocO0
o I
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=
3

[y

- CAGGOCAGLAAAALGECALILA OO
i

D00 R

- Porthon remowved - o
; — La-
by RMasze P R
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B
. =)
. IRMNA
I:-_'| .--. ABLE
cp
......
'q.l " 'H."H.'-.-I-.-'H.'I-.
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) b
E ! »
G “Uie,
~ i o Jl-l.l:
- at ala |'_'_.I Gl |
O , -
i
AL
R
La-
N
Y,
B

RNase P=
RNA + protein

Processes 5’ end
Of pre-tRNA

Co-discoverers
Altman (Yale)

and Pace (Indiana),
RNase P

Cech (Colorado)
Self-splicing RNA

Early 1980's
Cech and Altman
Nobel Prize--1989



Replication

RNA World Hypothesis

DNA
' Did RNA come first?
Transcription
Genetics
Catalysis
RNA

Transiation




Your enzymescan’'t do it alone.

Eat your vegetables and take your vitamins.

Vitamin

Thiamine {vitamin B;)
Riboflavin {vitamin B;}

Miacin
Pantothenic acid
Pyridoxine

Biotin
Lipoic acid

Folic acid

Vitamin Bys

Coenzyme

Thiamine pyrophosphate
Flavin mononucleotide; flavin adenine
dinucleotide

Nicotinamide adenine dinucleotide;
nicotinamide adenine dinucleotide
phosphate

Coenzyme A

Pyridoxal phosphate

Biotin
Lipoamide

Tetrahydrotolate

Adenocsyl cobalamin; methyl cobalamin

Reactions Involving
These Coenzymes

Activation and transfer of aldehydes
Ohiidation—reduction

Cridation—reduction

Acyl group activation and transfer

Various reactions involving amino acid
activation

C (Y, activation and transfer

Acyl group activation; oxidation—
reduction

Activation and transfer of single-carbon
tunctional groups

[somerizations and methwl group
transfers



H
|

Q
H. H |
C H C
s T
N"'f H H hi.l H

R R

NAD™ NADH

Nicotinamide adenine dinucleotide--REDOX
R= 2 phosphates, ribose, adenine--\Why so big??

Ethanol —— acetaldehyde
NAD* g~ NADH

Alcohol dehydrogenase--I 1 you don’t haveit?



Even though NAD+
Isnot chiral,

the enzyme imposes
achirality

and H isadded

ster eospecifically.



G—UoF

OH

G—UoF

0—DF

G—UDP

H

CH,OH
il

H O=UDP

JH
UDP-glucose

Epimerase--NAD+ needed to
Form C=0



‘f substrate inter-
water R ,—C—H acts with Arg 145

i
H .CH SUBRSTRATE
e Ny
¥ ™ zne gabilizesthe O
"‘-1—1—‘3{' in TS of carboxypeptidase
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1
b

b D H

b ra
Ay j?(] —N
fSu-_:_zar—-—N,.“ ,rG-D
C C
e cH,
Phosphate
N b
ch N
b - B H“'“'-.
Sugar—N C=0
N
/C oy
H CH-

Adjacent thymine residues

Uy light
CJ% (‘JH
~C;—N '
Sugar N,,'" P f{;—g Sugar——N
_-"; - M—— I:'
.,
/ H./ CH, :
Phosphate Phosphate
\ {}% H
Cl—M
f;ut_‘]ﬁl—NE“ - T C=0 Sugar—N
SCommCT
H CH; /

(a) Cyclobutane thymine dimer

Unprotected
funinthesun

may lead to
crosslinking of DNA
pyrimidines.

Thiscan lead to
mutations, cell death,

?CE—-N/ or cancer.
i C=0
Sc=e?
H OnCHs
Ne—n
12 . OH
‘ﬁﬁcin=5cfu’ i
/
H CH,

{b) 6-4 photoproduct



FACH-
FADH®
- 2
HMNT L [MH

Rever sal of the Photocrosslink
Use photolyase/FAD

i Y .
|\_|‘ —
-;) SHg CH,

HM T I
S
L riJ/J“c-

ufj\r
FADH"

|
FACH"

- -

[ ]
T CHy cH
3 HHS

HI MH

|1
[}}\ |‘|~J P|~J /J%[:'

(b}



()

Photolyase Co-factor

Flavin adenine dinucleotide
(R=alinear ribose followed
by two phosphates and an
adenine)

Absorbslight at 370 nm

Shuttles electronsto convert
2C--Cto2C=C.

BUT Wedon't haveit.
Bacteria do.
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Defectsin the proteins of the UV repair system may result

| n diseases such as Xeroderma pigmentosunI (XP)
TT

Or breast cancer (BRCA1).
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