ENZYMES: Binding & Catalysis  Lecture 17 (10/22/25)
* Reading: Ch5; 157
Ch12; 413-415

NEXT
_______________ * Reading: Ch5; 157-160

2.  Catalytic strategies (What) Ch6; 213-220
a.  Position (proximity), Polarization, Strain, desolvation
3. Mechanistic strategies (How) :_Homework #18

E. Quantifying the Catalytic Power: Kinetics F. Enzyme Mechanisms
1.Proteases

1. Review of kinetics .
L a. Introduction; roles and types
2. Enzyme Kinetics (M-M equation) Serine. Thiol. Acid. Me

a. M-M equation
b.  Lineweaver-Burk; double reciprocal

2. Serine Proteases
a. Reaction & specificity

¢.  Inhibition b. Activation (zymogens); lle a-N
i. Competitive; like substrate; Km affected by (1 +[I]/Kr) = o c. Active Site Determination
ii. Uncompetitive; binds only ES; both Km and Vmax affected in opposite ways i. esterase activity
iii. Noncompetitive; binds both E & ES equally; Vmax affected ii. burst kinetics =>

two-steps (Ping-pong bi bi)

iv. Mixed inhibition if T binds E differently than it binds ES ; Vmax affected, Km affected ) o
o iii. protein modification
a. Uses of Steady-state kinetics iv. pH studies
b. Active-site identification v. X-ray crystallography
i.  Determine mechanism-distinguish ping-pong versus sequential d. Proposed mechanism
ii.  pH studies; do ionizations match amino acid pKa's when looking at pH vs. activity? i. Catalytic triad (Ser-His-Asp)
ii.  Protein modification; Irreversible ii. Mechanism;
iv.  X-ray crystallography structure; cleft, with ligands (inhibitors or substrat e. Specificity
c. Energetics of Catalysis i. Chymotrypsin versus elastase
i AAGHis negative 3. Other protease mechanisms
i AAG*= AAH#-TAASY; bonding effects & proximity/position effects G_ Enzyme Regulation

iii.  Rate dependent on (KT/h)EXP(-AGHRT) 1. Introducti
iv. Example of enzyme; Proline Racemase .Introduction

HIV protease: tetrahedral t5 seen in two oM inhibitors (K < 1 o\ it 2. Strategies

structural studies

Enzyme Mechanism

Chymotrypsin

Chymotrypsin Uses Two of our
the Mechanistic Strategies

» X-ray crystallography

S-S, S-S,

[ 1 T 1 covalent Anion “Hole”
113 16 4258122136146 143,201 355 acid/base
Lol | [tssd L
Leu lle Tyr Ala
A B c (d)

(c) A chain

C chain
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: (=)
Hydrophobic :
pocket ay.?
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Sessile bond

° ° A P Q
Chymotrypsin Mechanism
Step 1: Substrate Binding e et lg
Acylation Deacylation
When substrate binds, the side chain
of the residue adjacent to the peptide
bond to be cleaved nestles in a Enzyme-
Chymotrypsin (free enzyme)  hydrophobic pocket on the enzyme, substrate
xspm positioning the peptide bond for attack. complex
= =
7 (1) ;
H N

Chymotrypsin Mechanism

Step 2: Nucleophilic Attack 2

A P B Q
(ester) (alcohol) (water)  (acid)
F
(E-Q=F) E
Acylation Deacylation

Interaction of Ser195 and His57 generates
a strongly nucleophilic hydroxyl on

Enzyme- Ser195; which 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 N
i o carbonyl oxygen of jl’YHis 57
B <NIY the substrate, R® O <.N
AA—CH—C, NG which is stabilized [l S
HN g RO by hydrogen AR g-EH—C H R 0O
\c_c_,'-HN —cHi—c—naa_ bondingin the HN Gﬁ —ClH —y—AA
H Il '\/ oxyanion hole. =
0 |||HN\ Ser’ss ﬁ g\\ow
H -?’”H N Ser™*
N~ 9 W\

GI 193
y \ N
Gly 193
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Chymotrypsin Mechanism TF 7T
Step 3: SUbStrate Cleavage j Acylation ‘EsmneacwationE

Instability of the negative charge on the substrate

Short-lived carbonyl oxygen leads to collapse of the tetrahedral
i i intermediate; ion of a double bond with
(acylation) carbon displaces the bond between carbon and the

amino group of the peptide
linkage, breaking the
peptide bond. The amino
leaving group is protonated
by His57, facilitating its
displacement.

g: ]’Yﬂis“
G

Il
AR—CH—C "o
A = 1
WN N —cH—C—na,

F-A=F-QP

Product 1

R 0
Ho|
HN—CH—C—AR,,

G

Acyl-enzyme intermediate

Do G
AA;(N—:N\N\ N F_Q’
@ e

H N ser™
\

c
A\

AN~

Gy

\
o
H
ly

Q

P
(ester) (alcohal) (water) ~(acid)

Chymotrypsin Mechanism
Step 4: Water Comes In E ok

Acylation Deacylation

Acyl-enzyme intermediate

o= kg

What if His: were
protonated to His:H+?

Recall, the second i
half-reaction is slow ’
Acyl-enzyme intermediate o

An incoming water molecule
is deprotonated by general

base catalysis, generating a

\ CE 0] strongly nucleophilic y
""\ f\o’ hydroxide ion. Attack of F_ Q L) B
c —C~p, hydroxide on the ester
" g?” H\N/ - linkage of the acyl-enzyme
o \ >o g asecond hedral
P = intermediate, with oxygen in
Gly™ the oxyanion hole again taking

on a negative charge.




Chymotrypsin Mechanism
Step 5: Water Attacks

A P B Q
(sster) (alcohol) (water) ~ (acid)
F.
E (E-Q=F)
Acylation Deacylation

Short-lived intermediate VWhat if this His:H*
(deacylation)

H
N
His & R O
R? [l
T *N AA —CH—C
AA—cH—C g &\
\ \ tl 4__——-’ L
HN o (=

Collapse of the tetrahedral
intermediate forms the second
product, a carboxylate anion,
and displaces Ser, 5.

F-Q-B=F-Q

N
\ f\o/

QIRPE

were deprotonated? Acyl-enzyme intermediate

O/H N serss
H

N~
G|y193

F-Q-B

E

Chymotrypsin Mechanism o oo
Step 6: Break-off from the Enzyme R

Enzyme-product 2 complex

H

N
R 0 His 7
Lol (]I’Y %
AA—CH—C  H N
" N\ 2
c—c
E-Q i b
ome( Ser'®
H
ay: Short-lived intermediate *
(deacylation)

N e

6 Il o
A—cH—C y O\
N

F Q Gl
Collapse of the tetrahedral
intermediate forms the second
product, a carboxylate anion,

and displaces Ser;os.
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(ester) (alcahol) (water) (acid)

Chymotrypsin Mechanism
Step 7: Product Dissociates S

Acylation Deacylation

Chymotrypsin (free enzyme)
yhsp

=n

o
Active site IY““ %
Oxyanion' N

=22z .0

hole, H
o
I
7
/ H r{ Ser'™
Hydrophobic- H
pocket g,;“}

Product 2

H H H
AA —C—C—N—C—C—OH

H!l

Enzyme-product 2 complex

y T —
HN O H
Dissociation of the c —ﬁ |
H
second prnd.ur.! o) "/ Ser®
from the active Il
site regenerates /:\
free enzyme. Gly™

Chymotrypsin Mechanism
Animation

Chymotrypsin
(free enzyme)

=N,

57

0
Vi
Asp "")—c(

\\\O

HO—( Ser'”®

Hydrophobic
/ pocket
Active site /
i H H
Oxyanion hole N/ \N




1st half-reaction

e e——

i% o
His 57 0.
H

Ser 195

SUMMARY

The six panels show (a) the

: o}’”e
-—<°H N Nireeh—

N—C=0.

HN Gly 193
. H_'i\_
<

rc ot s fsion o chymorypin Asp 102

Recall, the (@) Enz-
second half- (1) somplex
reaction is
slow b
=0
o = M ¢
_<’;‘N\®;N\ .Y
H NG

Y 8
\ H
(b) First \ 7
tetrahedral

intermediate

support of this
mechanism?

2nd half-reaction

Asp 102 His 57

R ¢ H-N N
H

(d) Acyl-
enz

C-=O .
CHz—éi Ser 195

/oS-

\C=O
—d H-NO®N H—Cii
e M\ : S
/o>c<d§‘-HN<
H CH—CH,
(e) Second
tetrahedral .
intermediate >
0 T
=0
_C(o N e {‘c
o o
\o/b t\N—-
o
HO—C=0 H
p N
CH—CH,
(f)Enz-
product
complex

Chymotrypsin Mechanism

Recall, the second half-reaction is slow.

action!

If you protonate the His-57, it
can’t get beyond the acyl-

enzyme intermediate. Recall, the second
half-reaction is slow

Asp194

Aspl102

sp?
E=elastase (small aliphatic)

S=YPFVEPI

Acyl-enzyme intermediate

"
i
o s
PoKT
et N
\
w

@

—c~,
WO
OM N ser
P
AN~
oy

Acyl-enzyme intermediate
Anincoming water mol

hydroxide ion, Attack of F-Q’-B

ona n-mlw zh-m

Perform X-ray crystallography but by trapping the enzyme in

F-Q'

What if His: were
protonated to His:H*?

B

. w15 deprotonated by general
h <“:ry base catalysis, generating a
S N strongly nucleophilic
el
@/\< -ds hydroxide on the ester
N WAy linkage of the acyl-enzyme
Ser195 g generates a second tetr -h'd ral
> - intarmedia
Gy the 0
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Chymotrypsin Mechanism

Recall, the second half-reaction is slow.
Perform X-ray crystallography but by trapping the enzyme in

action!

If you de-protonate during turnover and stop the

reaction, its built up at the slowest step (the

His-57 proton is titrated and can’t participate in
Short-lived intermediate What if this His:H+  Dreakdown of the tetrahedral intermediate).
(deacylation) were deprotonated?

Collapse of the tetrahedral _0).
intermediate forms the second F Q B
product, a carboxylate anion,

and displaces Ser;gs.

Chymotrypsin Mechanism

Recall, the second half-reaction is slow.
Perform X-ray crystallography but by trapping the enzyme in

action!

. . If you de-protonate during turnover and stop the
If you protonate the His-57, it gaction, its built up at the slowest step (the
can't get beyond the acyl- His-57 proton is titrated and can't participate in
enzyme intermediate. breakdown of the tetrahedral intermediate).

Ser195
s Aspl102
\‘c)-?

sp?

Aspl194

E=elastase (small aliphatic) S=YPFVEPI
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* Enzyme mechanism and binding energy

Chymotrypsin Mechanism

The “catalytic triad”
Asp102 — His57 — Ser195

The catalytic triad is found in all Serine Protease and Serine

Esterases (e.g., acetylcholinesterase) = e
L CH,
How does this work? i x_,,,,/\ S
e e —,'\IA\ A /CHZ
WL 1i==0)
102,
For this to work, all pK; e e 2
values should be similar. C\O’;n"{N\\i/\\! Qg
In other words, pKj, value B AT
of Asp slightly higher than "Charge relay system’"
that of Ser Asp102 — His57 — Ser195
pKa values as amino acids are: 3.5 6.0 15.0
The measured pK, values are: 7.0 7.0(12.0)* 15.0 *only transiently

* Enzyme mechanism and binding energy

Chymotrypsin Mechanism

Low-barrier H-bond in the Transition State?

N\ /N /L\ e

Where is the LBHB in the triad? « > o *~ . "=

What is a Low-Barrier H-bond?

Energy

B
H

=
N N~
1o o R
<l og c=0
(q, Ser 195, R‘\(l: RXH  Ser195 o/
er —a
AP xR, = ok (\xﬁ2 ;
Ser 195 —O!
N H A — o]
H. " — o,y
i His 57 N I =
NN 2 N—H---0=C
g = B i
\H\ 5 H’"oJ'To Asp 102
/ okb‘)o \C/‘
I
1
2,4- 7 8 Asp 102

What is significant about LBHBs is that they are 4-5x stronger
than normal 2.8 A H-bonds (~20 kcal/mole)
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Enzymes

Substrate Specificity

Chymotrypsin vs.

Ser-195 o
His-57

Ser-195

Trypsin is much like Chymotrypsin except for a Asp-189 instead of Ser-189.

Enzymes

Substrate Specificity

Chymotrypsin vs. Trypsin vs. Elastase

Scissile bond

Phe

' Gly
\ ? 216
Gly \
226

Ser 189
Chymotrypsin

Scissile bond Scissile bond

Lys 8

Thr 288
" Gly 2%
. / 216 Val mm8 &
Gly Q _ / a\w N \}
226 \ / - jl/&f \‘q
4 Elastase
Asp 189
Trypsin
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Class of Examples
Protease
Serine Trypsin, Chymotrypsin, Elastase
{ Thiol Papain, Cathepsin B, Caspases
Acid HIV protease, Pepsin, Cathepsin D, Renin, Chymosin
Metal Carboxylpeptidase A, Thermolysin

Very similar with

half-reactions

Acylation

Substrate

Im ImH* Im
acylation/deacylation b X x +HX
| |
Yo+ (—R= O—¢—R= O—¢—R
0 o- o

Product Tetrahedral Acyl enzyme
Deacylation

A Serine protease

Acylation

ImH* ImH* Im
X X +HX
S’+C|—R: S—(lf—R: S—C—R
! L !

Deacylation

B Thiol protease

Serine
Protease

Cysteine
(Thiol)
Protease

Class of Examples
Protease
Serine Trypsin, Chymotrypsin, Elastase
Thiol Papain, Cathepsin B, Caspases
{ Acid HIV protease, Pepsin, Cathepsin D, Renin, Chymosin
Metal Carboxylpeptidase A, Thermolysin
/?sp 32 J?Sp 32 /i\sp 32 f|\sp 32
CZ(O_ C=0 CTO Cc=0
(!5\/ o o~ i C:J OH glio\ OH (|) OH
B SC—R H
(:) NAR’ é
C|==O
Asp 215

€ Carboxyl prote

D Metallo protease
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Enzyme
Regulation

Recall that enzymes have 4 major attributes:

Increase rates of chemical reactions

Catalysis under mild conditions of temperature and pH
Very specific binding to substrates

Can regulate their activity

oD

10/22/25
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EXAMPLE: Enzyme Regulation

Overview of Catabolism Interconnected and opposing pathways:

Polysaccharides

>

@ Glycogen
glycogen breakdow ﬂ glycogen synthesis
pentose phosphate pathway
IGlucoseJ : |G1ucose-6-phosphate| |:> Ribose-5-phosphate
)( \ I
2]
o]

acid
el Acetyl-CoA

J

Citric acid cycle

How are these opposing pathways regulated so that they
are not working at the same time in a futile cycle?

EXAMPLE: Enzyme Regulation
First: Catabolic & Anabolic Pathways Differ

e R
® ©)

Enz-3\ Enz-5

u—

Enz-4

Second: Give an enzyme specific for each
pathway an on/off switch

10/22/25
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EXAMPLE: Enzyme Regulation
// ———————————————————————— \\
Y \
A—@—B ~ C ~ P
Enz-1 Enz-2 Enz-3

* This on/off switch is normally at the start of
a pathway so all the intermediates need not
be made; i.e., at the committal step.

* This on/off switch is often controlled by a

small molecule, often the product of the
pathway; i.e., Negative Feedback Regulation

Enzyme Regulation
So, how are cellular processes controlled?

These controls are everywhere, from simple binding/release to
embryological problems that set into motion all the processes
to take a fertilized egg to an embryo.

THERE ARE THREE BASIC STRATEGIES:

. __Spead-af
1. Genetic Control . Slow (mingges)
2. Covalent-Modification Control Medium (se¢dnds) .
3 . Enzyme concentration

| %&é}c)
P> Vg Al

B Masking | -t
sequence | Ito the active digestive

QrZYIme pepsin.

10/22/25
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Covalent modification
(Target residues)

Enzyme Regulation

(Tyr, Ser, Thr, His)

ATP ADP °
|
z..zy....A_L. Enzyme —P—0"

b
o

Adenylylation

Control by Covalent Modification:
Proteolytic activity “"M““’
Phosphorylation wntion , R3S
Adenylylation ‘ g ”'":':éf;““:”
etc. o

Methylation

—cH,
Ubiquitination
W s g
TN gl
@<, g;:di;?m
°
@@
Activated ubiquitin  Hs- €3} o
Enzyme: tmyme—gfL@

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

id
P R —
PO
| |

[aderine] | GO TOTI TR0
0. o~ o H H
| )
W ow
H OH OH
"

me
H
Methylation
(Glu)
S-adenosyl- § -adenosyl-
methionine homocysteine

Enzyme. Enzyme —cH,

Eigure 6:36

Enzyme Regulation

Control by Covalent Modification:
Phosphorylation

ATP* + R-OH = ADP®* + R-O-PO,* + H*
Kinase H,oN
Now, if R = N =N
an enzyme o 0 0 « \ /)
O—P—-O0—-P—-O—P-0O N N

0
: P OHOH _ ATP*+
. ADP3
. AMP2-

10/22/25
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Enzyme Regulation

Control by Covalent Modification:

ATP+ + Protein-OH = ADP* + Protein-O-PO,2 + H*
Protein Kinase

ATP ADP

protein
kinase

=]

Ser, Thr, Tyr

lonic environment
H-bond acceptors \

O
I

. P"'ll -
Protein—0~ })_0 Y)

AG = —6 kcal/mole

Because enzymes are
involved in this, there is a
potential for amplification p Kinetically stable; requires an

enzyme

H,0
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