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In the following pages, overviews of the mechanism of serine, aspartate and
metallo proteases (proteinases) is presented. In addition the active sites of a
variety of proteases that are drug targets are presented.

Trifluorketones with a serine protease

A Merck inhibitor with the HIV aspartate protease

A Merck inhibitor with a cysteine protease.

Frey's Model :
Proc. Natl. Acad. Sci. USA 95 (19
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FiG. 5. The postulated LBHB-facilitated mechanism for the acylation of chymotrypsin by a peptide substrate




Christianson and Lipscomb

68 Acc. Chem. Res., Vol. 22, No. 2, 1989
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Figure 9. CPA crystals soaked in a buffer solution containing
0.1 M benzoyl-L-phenylalanine show enzymatic activity during
the time frame of the X-ray diffraction experiment. A schematic
view of the resulting enzyme-substrate-product compilex is
presented: nota that this complex also represents an enxyme—
products complex for the hydrolysis of N-benzoyl-L-phenyl-
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Figure 10. Proposed mechaniam for CPA-catalyzed proteolysis:
(a) the precatalytic Michaelis complex with the substrate carbonyl
hydrogen bonded to Arg-127 allows for nucleophilic attack by a
water molecule promoted by zinc and assisted by Glu-270; (b) the
stabilized tatrahedral intermediate collapses with required proton
donation by Glu-270; (c) the final product complex. after a secand
and final proton transfer mediated by Glu-270—unfavorable
elactrostatic interactions between Glu-270 and the jonized product
carboxylata may facilitats product releasa.
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HIV-1 Protease 2. Chemical Mechanism
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Biochem 29: 7608-17 (1990)
Biochem 36: 4576 (1997)

Structure of Chymotrypsin-Inhibitor Complexes |
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Merck Inhibitors of Cysteine Proteases

Caspase-3:DEVD ICE:YVAD

. Prot77
YTM 7” : Y
9
(AR LRE Y

Aeptuty Amn? AY a8 '
\ \ N e 1 : Argaan Sn

”=(””.-"':5-’J‘ .. - I/Aﬂrl Y <«]\,0ﬁmr . Ha. r\N Y <:]\/

by ) Lt NH
MNH e "' (] i 6
LI AR M
4 .. H
*\( o " A RN u\i,\
Aarnan PP’ L N ":Ir“ o P o u )\NH o' I 37 TCye2ss
K H

.
e

Argaat



— "I Crotease Complexes-

L-732,047 - Potential Hydrogen ‘Bonds (Side)

Inhibitor bound to HIV protease
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There exist four major classes of proteases:
Type Function
1. serine (S, H, D) digestion, immune response,

blood coagulation, fibrinolysis,

reproduction
(T, K) proteosome
(S, K)
2. cysteine (C, H) common cold-rhinovirus protease
caspases (apoptosis)
3. metallo proteases (Zn**) matrix metallo proteases (tissue
(E, D, H ligands) invasion and inflammation), ACE
4. aspartate (2 Ds) HIV protease, renin

Many additional types of proteases have been discovered in the past few
years that do not exactly fit into the above paradigm. There are proteases that
cut membrane proteins within the membrane that play a major role in
generating the B amyloid protein associated with Alzheimers disease and a
protein controlling cholesterol homeostasis that upon cleavage within the
golgi membrane releases a soluble transcription factor. There are also Fe™,
Ca*™ and Co* proteases that have recently been characterized.
Proteases play a major role in regulation of metabolic pathways. They
provide yet another example of post-translational modification that can
either activate or inactivate a process in an irreversible fashion. In vivo most proteins are
inhibited in a proenzyme or zymogen form or by small protein inhibitors.
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In the old days the substrate specificity was determined by synthesizing one

Specificity

molecule at a time and comparing the compounds by determining their k_,,/K_s. Now
combinatorial libraries are generated and fluorescence methods are used to monitor 10°

reactions simultaneously in 360 well plate formats. These methods allow



one to look at S1-54 and 51'-54' sites simultaneously. Often some prejudice can be built
into your library if you know what the actual substrate for the protein is and or if you
know the structure of the protein. Different approaches to screen combinatorial libraries
for caspases (C, H) are reported in [J. Biol.Chem. 272, 17907-11 (1997) or for collagenases

[J. Biol. Chem 277, 8366-8371 (2002)]. A strategy for screening caspases is shown below
where a very prejudiced library is used. Ar - ¥— Y- % -D~- [Amd
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Strategies for identifying proteases in vivo. [Cravatt Biochemistry (2001) 40, 4005-15;
PNAS 99, 10335-40 (2002); PNAS 99, 11139-41 (2002)] As noted above proteases are often
present in zymogen form. They need to be proteolytically processed to become active. A
method has recently been developed taking advantage of our wealth of knowledge about
serine proteases to specifically label the active sites of all serine proteases. Since the label-
ing occurs in the active site and is chemistry dependent, one only observes the active
form of the protein. The strategy is shown below.
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Summary of specificity rules for chymotrypsin.
The P1 site is aromatic or hydrophobic (W,F, Y, I, L); this amino acid must be in the L con-

figuration; The X can be a wide range of leaving groups (NH-aminoacid, NH,NH,,
NHOH, Cl, SR, OH). P1' and P2' have largely been ignored. A classic experiment by
Hedstrom and Rutter showed that two loops outside the active site (185-188) and (221-225
play a key role in specificity. Also G216 makes two key H bonding interactions with the



P3 site. The second loop determines that the glycine is appropriately positioned for these
interactions. The picture in most introductory text books of the importance of the S1 site
is way too simple. Understanding specificity is essential to study mechanism.

As you will see over and over again, one needs to perturb the system to study it and

knowing the flexibility within your substrate is an essential first step as you will see with

chymotrypsin.

Recently an entire issue of Chemical Reviews was on all classes of proteases
Chemical Review 102 December 2002. Hedstrom has written an excellent review on

serine proteases 102, 4501-4523.
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Biological Chemistry p. 282.
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enzyme kinetics
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~ From Ken Johnson's Review in the Enzymes 22 1992 p. 17

Let us look at two simple cases which will give you a feeling for complexity of
the analysis: -
k
E+S — ES d(E)/dT = k4[E][S]
We set up the experiment such that [S}>>[E], that is we will have a pseudo first
order reaction. The observed kinetics, if ydu can follow a way to monitor
substrate (S) binding should be fit to a single exponetial. Integration of the above
equation gives: |
(E] = [E], e8It [ES] = [Eg(1 - X1t )
kobs = k][S], since we are under pseudo first order conditions the [S] does not
change. If the [E] is approximately equal to the [S], then both concentrations
vary'us a function of time and the differential equations cannot be solved
explicitly. |

Now let us go to a more realistic. but also very simple case:

Again let us assume that [S] is >> [E]. Solutions are given by
Ky[S]

[ESV[Ee] = K,[S] + 1

——

amplitude

< 1 _ e'KObS[S] t)

Kops = Kq[S] + K4

The suprise is that kobs is equal to the sum of the forward and reverse rate
constants. This is because the back reaction reduces the amplitude and therefore
shortens the time to equilibrium.

In the best of all worlds, by measuring kobs as a function of [S] one could
obtain the rate constants for binding and dissociation.

In the case of chymotrypsin we have a more complex situation that has
been simplified. ‘



2
E + S-X —= Eeg.X —> ES —> E+ P
- J
X
Ko K3
Eeg.X ——> E-S —m> E + P

)

X
[X]/EO _ AO (1 _ e-KObSt ) + kcatt

Ko

Kops = Ko + k? | A, = amplitude = (ms

2

)



CONTEMPORARY ENZYME KINETICS AND MECHANISM
Edited by Daniel L. Purich (1983)

(11 DERIVATION OF INITIAL VELOCITY EQUATIONS 5

The use of the determinant method for complex enzyme mechanisms
is time-consuming because of the stepwise expansion and the large .
number of positive and negative terms that must be canceled. It is quite
useful. however. in computer-assisted derivation of rate equations (cf.
Chapter [5] by Fromm. ir \'olume 63).

THE KING AND ALTMAN METHOD

King and Aliman® developed a schematic approach for deriving
steady-state rate equations. which has contributed to the advance of en-
zvme kinetics. The first step of this method is to draw an enclosed geo-
metric figure with each enzyme form as one of the corners. Equation (5),
for instance. can be rewritten as:

The second step is to draw all the possitle patterns that connect all the en-
zyme species without forming a loop. For a mechanism with n enzyme
species. or a figure with n comers. each pattern should contain n — 1
lines. The number of valid patterns for any single-loop mechanism is
equal to the number of enzyme forms. Thus. there are three patterns for
the triangle shown above:

\_\ \\\/ 7
The determinant for a given enzyme species is obtained as the summation
of the product of the rate constants and concentration factors associated
with all the branches in the patterns/eading roward this particular enzyme
species. The same patierns are used for each species, albeit the direction
in which they are read will vary. However, when an irreversible step is

present. e.g.. the EP — E step. some patterns become invalid for certain
enzyme forms.

k., k.,
et \ . er———
E) = + N
2N s /4; ,/4d
N
. kg, - bk, - kojkl

*E. L King and C. Altman. J. Phys. Chem. 60, 1375 (1956).
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Cleland's Rules: -

1. C, competitive inhibition: In a plot of 1/V vs 1/S (varying [I], where I is an
inhibitor), an inhibitor effects the slope when I and the variable substrate
either compete directly for the same form of the enzyme or react with forms
separated from each other by reversible steps. In either case, one can effect
the concentration of enzyme available by displacement of the equilibria. The
variable substrate can overcome the inhibition.

2. UC, uncompetitive inhibition: An inhibitor, I, effects the intercepts of a
plot of 1/V vs 1/S, when it combines with a form of the enzyme that differs
from that responsible for combination with the variable S. The inhibitor
lowers the total amount of the enzyme available for distribution among
normal enzyme fyrms in a manner that cannot be overcome by saturation
with substrate.

3. NC, noncompetitive inhibition: If the inhibitor combines with more than
one form of the L. (or 1s reversibly connected), the resulting pattern is the sum
of the different inhibitors produced singly. Ina 1/V vs 1/5, both the slopes
and intercepts are effected.

Comparison of Different Symbolisms of Bisubstrate Kinetics

Alberty (1956)
v, Ki Ko . Kaa ¢ $12
— - b — —— e K - K - ol
” I + -+ 2 + A A AB ol
[0 - e
X =2 v, =S
g " %
Dalziel (1957)
.. &0 o L8 e
vy S S SiS:
Bloomfield et al. (1963}
Vis TR Kas 1 Kin ¢2 b1
” Ka A KiB ' AB ‘T e "7 e
Kas = 22 V, = £
o o
Cleland (1963) .
1 K. A KL @ P12
— -] —_ —— - - ™
" IR T K %o K &2
K= Vi =L
b0 éo
Ouwr Meaning Dalziel Alberty Bloomfield Cleland Enzyme
designation et al, Commizssion
K Limiting Michaelis ot Kus
constant for A o K4 X K L
K Limiting Michaelis ¢ Kz
constant for B ot K . K K2
R. Dissociation constant 12 Kus
for A " s Ka Ka K
Vi Limiting maximum velocity ;-: V; Vs 4 14
Vy 1 Vi Vaz 4
— Turnover number - —_ 43 =g
« 0 Eo Ep Ey None
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