ENZYMES e s |Lecture 18 (10/25/24)

Ché; 213-220

* Homework #18 a. Reaction & specificity

NEXT b. Activation (zymogens); lle a-amino pKaimpt.

+ Reading: Chs; 148-149, c. Active Site Determination

o 152-157.160-164 i. esterase activity

. ’ ii.  burstkinetics => two-steps (Ping-pong bi bi)
L Homework#19 | iii. protein modification

e e i | e e e mm mme e g — — iv. pH studies
X-ray crystallography
d. Proposed mechanism
i. Catalytic triad (Ser-His-Asp) — highly conserved
ii. Mechanism; tetrahedral intermediates and stabilize t.s. witt
oxy-

iii. Old; charge relay (but Ser-195 does not have the correct
pKa)
iv. Low-barrier Hydrogen bonds - Role for Asp
e. Specificity
Chymotrypsin versus ela

1. Other protease mechamsms

8. Inhibition
a. Irreversible: protein modification l Enzyme Regulatlon H. H Iobi
b. Reversible: Competitive, Uncomp., Noncomp. 1. |erdU(_3t|0n ; 1;’2::22?::,
Active-site identification 2. Stralegies uaion s o
1. Determine mechanism-ordered versus random b. Covalent Modification ) )
2. pH studies; c. Allosteric Control
3. Protein modification; Irreversible 3. Covalent Modification
4. X-ray crystallography structure; cleft a. Proteolysis, Protein modifications
. . i. Phos|
G. Energetics of Catalysis Knases
1. The AAGF is negative o Example-PKA
2. The AAG*= AAH*-TAAS¥; bonding & proximity effects i
3. Rate dependent on (KT/h)EXP(-AG¥RT) 4 ’2'_'ogigmgﬁgﬂgxgldamre
4. Examples; Proline Racemase, HIV protease i. On/off switch
: ii. Example: ATCast
H. Enzyme Mechanisms b. ﬁe"vllz_ew blrﬁ’dlng cun/es why sigmoidal
c. Hi ion
1. Proteases _ d. Phys%al models; 3° and 4° conf. changes
a. Introduction; roles and types i. Tovs. Ro
i. Roles: Serine: ii. Sequential; KNF
) ii. Types of mechanisms; Serine, Thiol, Acid, Metallo iii. Concerted (symmetry); MWC
2 _Serine Proteases iv of measiring these

Enzyme Regulation _

Control by Covalent Modification:

EXAMPLE: Protein Kinase A |

Less-active enzyme

AKA: GAMP- B, (90 kDa & 40 kDay) |
depen}gent Protein ¢ is Regulatory (R) ” -
Inase complex

B is Catalytic (C) and has the kinase activity

4 x cAMP
The active site
recognizes a particular
site on substrate proteins
Target sites have the
;’ . . consensus sequence:

B
4 x cAMP R KXSB

Inactive Large
Why is PKA inactivatedwhen bound to R,?  small  hydrophobic

R has a sequence: RRGAI that fits into the C active site!
How is this equilibrium shifted?  Cyclic-AMP (CAMP)
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Enzyme Regulation

Control by Allostery:

: .
IR I _—}———» i o
“0—P—0—P—0—P—0—H,C o adenylate cyclase / H H
(!)’ (I) o H H O 8 OHH
6—0
HO OH -0
ATP 3',5"-Cyclic AMP
(cAMP)
Hzoi phosphodiesterase
For PKA, cAMP is known as a NH,
positive heterotropic allosteric effector ﬁ~>
X N

o N

]
0—P—0-HC o
o H H
H

HO OH

Enzyme Regulation

Control by Allostery:

(meaning: ‘allo’ = another, ‘steric’ = place, site, space)

Control by binding to another site; NOT the active site

Nomenclature for allosteric effector molecules:
* molecules that are the substrate = homotropic
* molecules that are the not the substrate = heterotropic

* molecules that activate the enzyme = positive
* molecules that inhibit the enzyme = negative

Hence, cAMP is a positive heterotropic allosteric effector for PKA
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Control by Allostery:

Recall binding curves:

k]
R+L<=RL
k)

_[RIIL]
" [RelL]

Fraction bound (¥) =
[Re L]

[R];

y=—t>=
Ky +[L]

y__
K, +[L]

0.5

1.0

[L] Y
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Enzyme Regulation

Single kind of
binding site

(8]

Multiple kinds of
binding sites

Kp

o

Ligand concentration [L]

IF AFFORDS A WAY TO MAKE AN ON/OFF SWITCH

Control by Allostery:

Enzyme Regulation

Example of famous binding

. 1.0r
proteins:
Myoglobin
£
§
'—é 05
2
© .
Lz Hemoglobin

1 J

1 1 1
0 10 20 30 40 50
0, pressure (p0O, in torrs)

Figure 7-20

Oxygen dissociation curves of
myoglobin and hemoglobin.
Saturation of the oxygen-binding sites
is plotted as a function of the partial
pressure of oxygen surrounding the
solution.
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Enzyme Regulation

Control by Allostery:
Allosteric Effectors can change binding/kinetic behavior

Non- allosteric enzyme
(M-M enzyme)

Allosteric

———————— enzyme

(sigmoidal)

[S]

If this is physiological concentration of
substrate, we have an ON/OFF switch!

Enzyme Regulation

Control by Allostery:
Allosteric Effectors can change binding/kinetic behavior

Non- allosteric enzyme
(M-M enzyme)

+positive
allosteric
effect

Rate with M-M kinetics {@uuunn
(+positive effector)

il
. ,-‘/

; No allosteric

/ /} O N effectors

N

+negative allosteric
effector

} OFF

U()

Rate with positive heterotropic
allosteric effector
(or sometimes these positive
pifectors convert the enzyme to a
non-cooperative kinetics (M-M))

Rate with Sigmoidal
kinetics

Rate with negative heterotropic

allosteric effector | | | |
[S] From book: At increasing conc.
L. . ) . positive effectors (blue) or
If this is physiological concentration of negative effectors (red) can
- ffect the Km or the Vimax t
substrate, we have an ON/OFF switch! 2% o e same switan.




Enzyme Regulation

Control by Allostery:
Allosteric Effectors can change binding/kinetic behavior

EXAMPLE: Aspartate
Transcarbamoylase (ATCase)

Ccoo~ “0_~°
e 0 H,N 3 P, H,N  CH,
—
H:N—C—0=—pP—0" -+ CH ~— C CH—CO00™
. 2 aspartate 04 \N/
(o) COO~ transcarbamoylase H
Carbamoyl Aspartate N-Carbamoylaspartate

phosphate

Enzyme Regulation

Control by Allostery:

Pyrimidine Biosynthesis: ATCase Controlled
by Classic Feedback Inhibition

Carbamoyl phosphate ATCase
¥ Cas

N-Carbamoylaspartate
Aspartate I

> 6 enzymatic

'
}
}
l reaction steps
'
}

HO OH

Cytidine triphosphate (CTP)
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Enzyme Regulation

Control by Allostery:

Allosteric Effectors: ATCase Reaction

[ ]

=

ATP I
No allosteric
v, effectors
CTP CTP is a negative heterotropic
allosteric effector molecule
ATP is a positive heterotropic
} O F F allosteric effector molecule
| 1 | 1 1 1 1 J
0 1 10 20 30 40

[Aspartate] (mM)

After Kantrowitz, E.R., Pastra-Landis, S.C., and Lipscomb, W.N.,
Trends Biochem. Sci. 5, 125 (1980).

Enzyme Regulation

Control by Allostery:
Allosteric Effectors can change binding/kinetic behavior

Other examples: +AMP Isocitrate dehydrogenass
v
No effector
Physiological* 02 04 06 [1socitrate] (mur)
concentration +dCDP

Deoxythymidine kinase

v

No effector
Physiological 2 3 [ATP] {m M)
concentration

Pyruvate kinase

v

Physiological
concentration

Fioure 10-4. The abolition of positive cooperativity on the binding of allosteric
effectors to some enzymes. Note the dramatic increases in activity at low sub-
strate ati on the add of adi inc monophosphate to isocitrate
dehydrogenase. of deoxycytosine diphosphate to deoxythymidine kinase, and of
fructose 1,6-diphosphate to pyruvate kinase: this shows how the activity may be
“switched on"" by an allosteric effector (PEP = phosphoenolpyruvate). [From
J. A. Hathaway and D. E. Atkinson, J. Biol. Chem. 238, 2875 (1963); R. Okazaki
and A. Kornberg, J. Biol. Chem. 239, 275 (1964); R. Haeckel, B. Hess, W. Lau-
terhorn, and K.-H. Wirster, Hoppe-Seyler's Z. Physiol. Chem. 349, 699 (1968).]

[PEP] (mm)
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Enzyme Regulation
Control by Allostery:
Why has sigmoidal kinetics evolved?

* Maintain homeostasis

Vo If [S] increases, the rate of
enzyme goes up, and S
gets used up. Eventually,
the [S] is lowered.

If [S] decreases |the rate
of its use gogs down.
Eventually, the [S] is
replenished.

This acts to “buffer”

the activity at around Subs}rate concentration, [S]
2V hax, Often right at

* Not just to create ON/OFF switches A%S% P% Q

the homeostatic [S] Physiological concentration of substrate.

Enzyme Regulation
Control by Allostery:
What is the degree of cooperativity?

Michaelis-Menton Equation Vo= VmaxlS]
Kim +[5]

Like binding, we can also Ve = [s]

express as fraction of o~

maximum rate Vinax K +[S]

bincing, thera s an oxponent 2 = 15"

term on the [S]. Vinax ~ K'm +[S]"

Substrate concentration, [S]

The K'm term is a mixture of values for both poor-
(at low [S]) and high-affinity (at higher [S])
binding sites.

The n’ term is related to the degree of
cooperativity.
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Enzyme Regulation

Control by Allostery:
In 1913, Archibald Hill derived an equation to measure
both the K, term, and the n’term: The Hill Equation

[s]™
Fraction of [Elras [ES] (Bound) Y K’ +[S]”
Fraction of [E]r as [E] (Free) ~ 1-Y 1 _ [S]™
v K +[ST |
Related to —— (K'm +[S]")
_LsIm
K'm
Take log of both sides
Sometimes you will see: log ( Y ) = n’log[S]-log K;
n’ = h, the Hill coefficient 1-Y "

(Eqgn for line > y=ax + b)

This has the form of a line with n’ as the slope and —logK’,, as the x-

intercept in a plot of log Y/(1-Y) versus log [S]. This is a “Hill Plot.”

Enzyme Regulation

Control by Allostery:

The Hill Plot  =(5) - rws -«

Theoretical
maximum
cooperativity
= # of binding
sites

log [A]

Positive cooperativity: n > 1 Non-cooperative: n = 1 Negative cooperativity: n < 1
at low and high [S]
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Enzyme Regulation
Control by Allostery:

Physically, how does this cooperativity work?
In other words, how is this cooperativity accomplished at
the molecular level?

Recall that sigmoidal behavior requires more than one subunit. Therefore, subunits
must “communicate,” or binding of one subunit changes the subunit-subunit
interface, and this changes how the non-bound subunits will bind.

EXAMPLE:
*Dimer

» Two conformations /
» unbound enzyme =T (tense) state TT

» bound enzyme = R (relaxed) state

*Conformation at interface differs
+Binding site differs with binding easier

(tighter) in the R-state

Enzyme Regulation

Control by Allostery:

Two ways have 7 ,
been proposed to

explain the

transition for T- T
state to R-state 1 L».Ls 1 L+s
binding.

This type of cooperativity
would be homotropic (caused

by the substrate itself)
7{7 S /I L-L S

All at once = One at a time =
CONCERTED SEQUENTIAL
[Proposed by [Proposed by
Monod, Wyman, Koshland,

& Changeux Nemethy, &
(MWC)] RR Filmore (KNF)]
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Enzyme Regulation

Control by Allostery:

Allosteric

lfit binds to the ™"
T-state, it would
be an inhibitor.
(negative
heterotropic
allosteric
effector) —
Heterotropic cooperativity Allosteric
can be achieved by (v
T . If it binds to th
binding at a different Rrstato, 1t would
allosteric site. be an activator.
(positive
heterotropic
R state allosteric
effector)
Enzyme Regulation
Control by Allostery: The Koshland-Némethy-Filmer (KNF) sequential model
How about for a tetramer? u=
AN
Sequential Model of &

cooperative s
regulation ‘a8

« S does not bind to the T-state. The KNF model for the binding of ligands to a tetrameric protein.

+ Binding of ligand to one subunit changes its conformation.

» That conformational change influences neighboring subunits through changes at the subunit-
subunit interface.

+ The binding to the neighboring subunits is easier (Ky decreases).

+ Model has many different binding and dissociation constants (very complicated rate equations).

R

10/25/24
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Enzyme Regulation

Control by Allostery:

Concerted Model of

The Monod-Wyman-Changeux (MWC) concerted mechanism

cooperative
- S —_— +4S
regulation =
« Looks more complicated, but its setEE; = 83 +3s
simpler in concept and mechani & :
p p echanism . _ gsg e
* An equilibrium exists between the i i
T-state and the R-state SISl L
. : S+ — % +8
* Binding of substrate is easier to the @
R-state —
* Binding of substrate to one subunit T FORM R FORM
shifts the equilibrium_ The MWC model for the binding of ligands to a tetrameric protein.

+ That shift brings neighboring
subunits, which are also high
affinity; more "good” sites.

Enzyme Regulation

Control by Allostery:
Two Models of Cooperativity:
Concerted vs. Sequential

5—0 - -5~
1 1 \

&8 —H 88@8%53
1 1 R T N )
&8 — 88@8%[%
1 1 (R R T N TR
&8 — 88@8%5%

1 1 1 1\ 1
©O® . [Tm O _. uo [T _. uu uu
©© [t

All at once = CONCERTED One at a time = SEQUENTIAL
[MWC] [KNF]

10/25/24
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Enzyme Regulation

Control by Allostery:
We can write the rate equation for the

Concerted Model of cooperative regulation:

The equilibrium between the T-state
and the R-state = [T])/[Ro] =L

Binding of substrate is easier to the
R-state, which is reflected in a ratio
of dissociation constants =¢c = K /
Kt (less than 1.0).

A rate equation can be derived using these values: For a dimer.....

[S] 1
— +
Yo =KelESI _ [ES] _ Bounds _. _ Kr (
Viax = Keat [El7 [E]y  Total sites L+ (1 +
For dimer, exponent in denominator
If L=0 (no T-state) ....... 5]
. e (]
Recall egn for coop: Y = R -
Vo = __ISI" [S] Kg + [S]
Viax K ST (1 +TR

[S] \(n-2)
)
[S] (™
)

Enzyme Regulation

L = [Tol/[Ro]

Control by Allostery: c=KqlKs
(KR << KT)
Allosteric constants for some proteins
Number
of Hill
binding constant
Protein Ligand sites (n) (h) ik ¢ Ref.
Hemoglobin 0, 4 2:8 3 x 10° 0.01 1
Pyruvate kinase Phosphoenol- 4 28 92 x 10°“ 0.01 2
(yeast) pyruvate
Glyceraldehyde NAD™ 4 2.3 60 0.04 3
3-phosphate
.dehydrogenase
(yeast)

“ Estimated by the author.
I S. J. Edelstein, Nature, Lond. 230, 224 (1971).

2 R. Haeckel, B. Hess, W. Lauterhorn, and K.-H. Wirster, Hoppe-Seyler's Z. Physiol.
Chem. 349, 699 (1968): H. Bischofb><-, B. Fess, and P. Roschlau, Hoppe-Sevler's Z.

Physiol. Chem. 352, 1139 (1971).
3 K. Kirschner, E. Gallego, 1. Schuster, and D. Goodall, J. Molec. Biol.

58. 29 (1971).

Is there structural evidence for these T- and R-states?

10/25/24

12



Enzyme Regulation
Control by Allostery: Aspartate Transcarboxylase (ATCase)

R-state 22 PALA

Catalytiths (o)

Regulatory subunits (B) T-stat
-state

(a3)2(B2)s

ATCase from E. coli

PDBids 5AT1 and 8ATC

Enzyme Regulation

Control by Allostery:
ATCase: Conformational Changes: T-State
vs. R-State

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

Figure 6-34

10/25/24
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http://www.rcsb.org/pdb/explore/explore.do?structureId=5at1
http://www.rcsb.org/pdb/explore/explore.do?structureId=8atc

(a) T state

Catalytic monomer

Carbamoy!
phosphate-
binding
domain

Catalytic monomer

v, () R stat

[

10/25/24
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http://garlandscience.com/garlandscience_resources/resource_detail.jsf?landing=student&resource_id=9780815344469_CH03_QTM02

Key Concepts for Control of Enzyme Activity

+Allosteric effectors bind to multisubunit enzymes, such as aspartate
transcarbamoylase, thereby inducing cooperative conformational changes
that alter the enzyme’s catalytic activity (T and R states).
*Phosphorylation and dephosphorylation of an enzyme such as glycogen
phosphorylase by protein kinases can control its activity by shifting the
equilibrium between more active and less active conformations (T and R
states).

You should be able to:

+ Compare and contrast the actions of an allosteric effector, a competitive
enzyme inhibitor, and a noncompetitive inhibitor.

+ Explain the structural basis for cooperative substrate binding and allosteric
control in ATCase.

+ Why are such allosteric enzymes composed of more than one catalytic
subunit?

« Distinguish between KNF and MWC models for cooperativity and how
homotropic and heterotropic effectors act

+ Understand what can be derived from a Hill Plot

10/25/24
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