Bio 5312 Enzyme Kinetics

Two substrate reactions

Dihydrofolate reductase- a two substrate
example

Data analysis - full time course

Allosteric enzymes — one and two substrates

Phosphofructokinase as an allosteric
enzyme



Bio 5312 Enzyme Kinetics

Texts: For single substrate enzymes and basic
concepts, any Biochemistry textbook will do.

For multisubstrate enzymes as well as issues
related to mechanisms:

Fersht (1999) “Enzyme Structure and
Mechanism”

Leskovac (2003) “Comprehensive Enzyme
Kinetics”

Cornish-Bowden (2004) “Fundamentals of
Enzyme Kinetics”

Cook and Cleland (2007)’"Enzyme Kinetics and
Mechanism”

For transient kinetics: Johnson review
(handout).

For a review of enzyme kinetics: Johnson “A
century of enzyme kinetic analysis, 1913-2013”

To access papers for class, go to Bio 5312-
Macromolecular Interactions. Click on journal
articles and images.



You have already had some information to prepare for
enzyme Kinetics. Two substrate cases are more
complicated than single substrate cases.

The vast majority of enzymes involve 2 or more
substrates — even if the second substrate is H,O.

Dr. Galletto described E + S == ES

And determination of rate constants for binding steps
and a conformational change. Can measure by, for
example, fluorescence change on ligand binding

Lohman discussed diffusion controlled steps with a
rate constant of 10° — 10® /sec-mol

What about other steps in an enzymatic reaction
What is rate limiting

E + S == ES is usually a fast step, but is second order
and therefore depends on concentration

ES==EP You might expect that the chemical

transformation would be a rate determining step. But
frequently not

EP == E + P Leaves the off rate as rate limiting.



We have ignored what might be the most important
rate determining steps — conformational changes.

So, as Dr. Galletto described
E+ S ==ES == ES’

Which gives two apparent rate constants each of
which includes all the rate constants for the process.
If you can determine the two apparent rate constants
as a function of the substrate concentration, you can
solve for all 4 intrinsic rate constants.

For a multisubstrate enzyme you should be able to do
this experiment for each substrate and for the
products as well.
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Some reminders

Single substrate case

The Michaelis-Menten equation
Vo = Vinax/(1+K/S)

The Michaelis constant has the units of concentration

It Is simply defined as the concentration at which the initial

velocity is one-half the maximum velocity.

A simple rapld equilibrlum derivation Is:
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Single substrate

Rapid Equilibrium Lo 4
For the mechanism E + S ES—= E+P
'é = /é-L
Vm = ko(Eo)
Km = k-1/ky = Kg
Steady State 4, L. A
For the mechanism E+ Se=ES—= EP— E+P
&y ®-2 * -3

Vm= k2k3(Eo)/(k2+k-2+k3)
Km= k-1 k3 + k-1 k.2 + k2k3/k1 (kz + k-2 +k3)

Y/}\u (7/{9%\(0(4_1% 64\@A‘~\ 545‘&_; Q(Ln} s/“—h;l\

(o f\}en @fa(fSl?,f & The



o T™Moere ﬂubs“*mlar
'-‘-\m J"_ ’MQVLQF;;‘“‘:

D"'J{rcl E+~n "_.—‘

| + » |74
- 4 _c k
(R = * (ﬁ@
?r'nnh-r [o4 1 /‘b C?;I
1°F » [©_— C3.1
CBJ>CGJ>LB]
7y,
Secendq lo
¥ —
é"‘""f ™




Buk Thae tithas ve (

m—

Od“{'J ax Nsssien d—‘-l*ﬁc{--i
ovn Tuwe W.f-r)“l;q u.&c.cl {\—uq C(Lr(.v?“‘ll;\.

m-—cguvﬁ‘-\ -‘F’j,—' ﬁﬂo Ca Ei. J.a.mV‘J.(.W
2 Ta“""‘l R I NP
afy

* Bleady. o luk, ~vdeve I addih,,

Fo (2419:':1 C\ Vel ibviv i ovder,

| +~ l_(? Las
(R> (A B)

R«- Sl-tq.L(-s - /La.ndo-n ,71&4. @ .d‘z"v\

Contal. o J’Qtﬂug l'a A"; ﬂ‘. ALB,'A'B_. & ABTB‘

(’Iﬁs-ran.(
Vo
P T e .



2 o

l—‘—ow e ‘l.“"""’.""q‘)lr(n h’-"‘-‘-’dﬂh Thsea h"“‘-‘ﬁ-n'-.\-.‘

(Mc‘- ‘v Thart vn 62,(14,4—)

?"'f - ?‘"3 ta C‘“"l C%L na‘" ‘-’4‘\*, c‘mnun)

Liéq,w.-‘ bea ‘M‘ (v Bq,'f‘y-.i-L> ’:j' RI(J

.,
?a Aved 1o\ ‘..Jr".“ /&)0" :(B)
&'H'b'n ( e



~T2e ()] %
[ Aale -C?dcféa.)‘ﬂ.t' ('wc/ o4

S-I‘AJ"C S J L s ‘J“r‘a;"-c

v Es) o W

lCCA. l( \/ X )
5 (<
LA K ULB AR . AP puo vea
* P [ ] [ 4
ke .k; T Key
. KV, A i
BYAP  Kigg v
Kia Ky T & , VA8 . V3Aq
‘ﬂ K,.f K'L k!
Note :
OLP' ‘) CLG.\ .
Sc ‘A Widmene fq;f—um

2) +Cv‘w‘_‘ ’ I )
~ (AP B, @sf) (5rq)



4 - Vi V. 4.3
K;&lzl.yz_* Kb\/‘_ﬁ"'kg\/,_rgq- VAB
V.
) |+ Ko . Ky Kie K,
A 3

For P =0 ( a.‘Llcv /l-uff“\g‘m; )

14

-~ a

| + f?_-(w _::_‘ ) + Ko k.z..k‘b( L ke4Q
Pr

S — (1

q 3 Aes K(sk)

and Lov LA at Crnshead B

-V-/(  + %)

| +— ZL ( l'*'éh(’:
[y

34 ErE (e kena

Kia kbk.‘v,_
(e K¢
B
conphive
- Q S a ﬁ v'aﬁ.-L,J-,v vs A - Lc.f 8=
Gahl"ﬂd")
At geturahng B
" V.
s Eﬂ"(|!—§‘_> C_gm’.us."l:lc /

"



- 7,_

o G =o
(Z&a fl’dv\\slv\& aa hc%-dvf
V.
e P T -
Er*’f‘* .'fi( fiﬁf>+ kicFy ) kqv P
A B K kﬁ A'G (ll- K‘.‘Kbkﬁ U;>

V. /(. 14

)

Y _’__ I+ v.e v
L+ 7‘—5(“_5_ )* {.‘: s LA ki ks o WA

Hin Kag ¥ Y,
R - . hkb A
ki e P A8 K“-
=, Vv~ P
l‘lr -~ .
Eir

/M:'-cc.cl ‘v Lu'\ o
LA zn Pis vk comphlive v B
U)H.r?
¥ B=pn P is uncompc"'o“‘;c s A



.
ng o> w™mane (64'\”'-(. 5 gk.v“- L‘\q-,l

so'ﬂgl( Aub!"*‘"ﬂ
A (=4
Lgo]
The Loem 2] N —equahin

The 34ume Acs‘arl.l.w 6‘+'7\q Nnuwmber

‘1_ |;\\"(,.m.¢4.i‘£1‘ C 2x);

) A—/\Jll.“

>\

r 7

8 A
Ve geml Pl



_?,

60'1'\4_ Co ~P \ve d'—""l'gu_, . "(-v.uo a...tos‘l"‘rv ,"0._) OYAA.ICJ

i fi ..
r

dead el
L‘.ni ‘L‘ E A' [} - -
r s Ce rl x aborhie
o ’ conplares

o  ra
LL T ESS

-rL‘QV'O_ én ™Mo re Cn +y.\° '&1.‘5 ‘LOJ m“-/l‘ﬁd:"n\

n e (Il BRe coune o N & rvachin
Tlan A Tl twach.ca vajtu'-‘:

Ib ':‘\ aﬁog u‘(‘(w 'LI L‘-'Lt\f‘”‘d:ﬁ—t. b:i\ll.\n J.UA

Nate (,on.sLn..._t, vaXla 'ﬁ_% &..n.du_ r&ﬂ\t\d‘ld
(_h“-(. Vem ard KM)_



What'’s important to remember
Distinguish rates from rate constants.

AP, -d(A)/dt = k[A] where K is a first order rate constant with the units of t!
A+B >AB, d(AB)/dt = k[A][B] where k is a second order rate constant tm

For the single substrate case

1. The Michaelis constant is probably not a dissociation constant.

2. Velocity expressions are the same irrespective of the method of derivation.
They are also the same irrespective of how many intermediates exist
between EA and EP.

The rapid equilibrium assumption is just that: assumes steps E+A
and E+P are in rapid equilibrium (Kr, is a dissociation constant)
The steady state derivation makes no such assumptions.

For reactions involving 2 or more substrates

1. The Michaelis constant for one substrate may (or may not) depend on the
concentration of the other substrate.

2. There are different mechanisms involving substrate addition or product
release.

3. The initial velocity expression does depend on the method of derivation.

4. The expression for the velocity can be very complicated. Determination of

the individual rate constants is much more revealing in terms of the kinetic
mechanism.
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DHFR
The mechanism and the role of protein motions

M H
H-—-. . HA H\ 'HA \/ ‘.‘_
o r {
H
:‘1 NHR  NH;  cmm R o e O | NHR
HN’I f ”I f ‘C\ N r' 0
£ NADPH DHF E: NADPH DHFH' E NADP' THF

Figure 1. Catalytic mechanism of ecDHFR involving proton transfer from an active site water molecule ta NS of DHF {blue) and subsequent
hydride transfer from NADPH to C6 of DHF (red).

From Hanoian et al. Acc Chem Res 2015 48 482-489

Motion and flexibility have important functional roles in substrate binding, the chemical
transformation and product release. There are numerous different time scales with in a
protein ranging from femtoseconds to milliseconds to seconds. The fastest motions are
vibrational motions probably not related to enzymatic activity. Slower time scales are
small conformational changes and slow time scales are probably domain motions. For
DHFR, the pKa of the N5 atom of the substrate DHF varies from 2.6 in buffer to up to 9 in
the enzyme depending on the conformation of the Met20 loop.
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Some mutations affect the off rate
WT ket (HsF) 12 sec™
L54G >300 sec™

Other affect hydride transfer



Conserved residues include Met 42 and Gly121. What happens when these (and other
residues are modified. Biochemistry 47 2002 12618-12628

Table 5. Forward Hydride Transfer Rates (Ana) at 25 “C in MTEN

Buffer, pH 7.0
DHFR K s™H kipa(WT/mutant)
WT 228+ 8 10
M42F 159+ 17 14
M42wW 56041y 41
GI121A 3843 60
G1218 374+£04 62
G121V 144+£02035) 163
G67V (12) 190415 12
MA2W-G67V 391+04¢65 59
M42F-G121A 13402 175
M42F-G121S 046+ 008 496
M42W-G121A 027 4004 (0.60) 844
MA2W-GI21S 007+ 001 (064) 3257
M42W-GI121V 0.030 4 0.065 (0.50) 7600
G67V-G121S 27402 84

4 Rate constants for a conformational change step preceding hydride
transfer are indicated in parentheses

See DHFR-the movie



Single turnover experiments

Done under conditions where the enzyme concentration is equal to or greater than
the substrate concentration. The idea is to measure the rate of the chemical
transformation.

E>or=A

For the simple case
& ke
E+A—EA—FEP
-) -2
Under these conditions where no product is formed (all product is tied up in the
EP complex)

Assuming that there is an observable change between EA and EP and, for the
sake of simplicity that k.; is zero.

Assume k; is ~ diffusion controlled = ~ 10" sec'mol™. k. is not particularly
important but should be small enough that an appreciable amount of EA is formed
prior to the chemical transformation.

The formation of EA would probably be too fast to measure by standard stopped
flow experiments — i.e., faster than 1 msec. Thus one measures EA—2EP.

In vivo it is very possible that the enzyme concentration is greater than the
substrate concentration. Under these conditions the Michaelis-Menten equation
does not hold.



There is no explicit equation that describes the complete enzymatic reaction. The
complete description of the time course of an enzymatic reaction requires using
numerical integration programs.

Numerical integration:
For any process
X1 + ... == X2 +...
There is a flux for every species such that
d(X;)/dt = sum of all steps leading to formation of X; minus all steps leading
away.
Numerical integration sets up the appropriate differential equations: i.e.,
[Xidteat = [Xilt + [(dXi)/dt]AL

At must be small enough to keep the solution of the equation within certain
bounds and computers must be fast enough to allow long time simulations.



The full time course of a reaction

Kintek Explorer - Student Version
Google Kintek Explorer and open Kintek Explorer Global Simulation Software

Go to the bottom of the page and Download KinTek Explorer Student for your
computer

After expanding you will find the program under _kin

You can read the manual or just be aware of a few instructions. Because this is
the student version you cannot create a new mechanism or save data. That's the
professional version that costs $$.

The mechanism that appears is E + S == ES == EA and the rate constants used
are given under the section called Reactions. By placing the mouse over one of
the numbers, you can change the rate constant and watch in real time the
change in the time course of the reaction. You can fix rate constants to a certain
value by clicking on the button to turn it red. Assume the rate constants are in
sec”!, uM™. Do you think the value of 0.13 is appropriate?

For this example, the different colors in the graph show different substrate
concentrations. ‘

In the Experiment Editor, chose just one substrate concentration rather than four.
At the bottom of this window is a section called Observables. In this case the
observable is ES times a factor plus a second factor.

Add an observable for EA.

Ei}r\ld which rate constant(s) you can change to change the lag for the formation of

Under Model Editor, click on Open. You will find a number of possible
mechanisms. Choose one and click on OK at the bottom.

As your problem set, discuss the one you choose and how changing specific rate
constants affects the time course.
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The two substrate case:
The kinetic equation for allosteric behavior, n subunits and 2 conformational forms

af(l+a+B+aBf)" 1+ Ledaf(1 + ca +dp + cdap)™
A+a+p+af)*+ LA+ ca+dp + cdap)™

assuming the binding one substrate does not affect the binding of the other. C
and d represent relative binding of A and B to the different forms.

The binding expression making the same assumptions as above as well as
assuming multiple (n) subunits in the protein

(a+B+2af)A+ )" (A + )"+ L(ca + dB + 2¢cdaf)(1 + ca)* (1 +dp)" !
A+a)"A+/)"+ LA+ ca)*(1 +dB)"

If L=0 (or infinity) and n=1, both equations reduce to the simple one site case.
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More allostery

Although the term allosteric enzymes was originally applied to multisubunit
proteins, it has become a catch-all term for any system where sites distant from
the active site affect enzymatic behavior. Thus, it applies to enzymes that are
monomeric.

Example: the protease thrombin.

A protein of mol wt 36k it is a part of the coagulation cascade converting (among
other things) fibrinogen to fibrin. See J Biol Chem (2004) 279 31842-31853 Like
all trypsin-like proteases, thrombin has the three catalytic residues: His57, Asp102
and Ser195. But there is a Na* binding site that is distinct from the active site that
is involved with substrate recognition.

The results of the paper sited above identify structural determinants responsible
for the Na* dependent enhancement of catalytic activity. The changes are small
but critical. Two forms are defined — fast and slow. The figure show the structural
changes induced by Na* binding

0162 162

Fis. 6. Stereo view of the structural n
changes Induced by Na* andjor H5T
PPACK binding to thrombin. Strue- g2
tures depict F ifree fast form, gold), 8 W5
{free slow form, red), FL {(PPACK-bound
fast form. dlue)l and SL (PPACK-bound e
slew furm, green). The bound PPACK in —
the SL and FL structures was omitted to
expose the changes at the level of Ser-195.
Shown are the changes in the Arg-221a
backbone (8), the breaknage of the Arg-
187:Asp-222 jon pair (§), the reorienta-
tion of Asp-180 (8). the upward ehift of
the 191183 strand (SL and FL), the re-
arientation of Glu-182 (8 and F}, and the
shift in the position of the Oy atom of
Ser-195 (S and F). H-bondz are shown by
&roken lines and refer to the FL structure.
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Processivity is the ability of an enzyme to catalyze many consecutive reactions
prior to dissociation of the enzyme from the substrate. Polymerases, helicases are
assemblies of subunits and the mechanism of action is complex. However, these
enzymes do dissociate from their substrates at some point. One can imagine, for
example, an inchworm type mechanism where the enzyme moves ahead to grasp
a new region of the substrate while dissociating from the previous region.

What are the kinetics of processive enzymes. For any substrate that has
repeating structures: helicases, polymerases, cellulases etc

Statistical kinetics of processive enzymes
From Cruys-Bagger et al. (2013) Biochemistry 52 8938-8948

Scheme L. Simplified Reaction Scheme for the Hydrolysis of
a Cellulose Strand by a Processive Enzyme®
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“T'he enzyme, E, attacks the end of a strand, G, with m cellobiose
units and moaves processively along the strand. Cellobiose, C, is
released and the strand is sequentially shortened to Gy, Cynp, and so
forth. The reaction is govemed by four parameters: rate constants for
association (Le., formation of an activated complex), catalysis, and
dissociation and a processivity number; i

From Patel et al. (1991) Biochemistry 30 511-525

ABSTRACT: The elementary sieps of DNA polymerization catalyzed by T7 DNA polymerase have been
resolved by Lransient-stale analysis of single nucleotide incorporation, leading to the complete pathway:
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where E. D, N, and P represent T7 DNA polymerase, DNA primer /template, deoxynucleoside triphosphate,
and .inorganic: pyrophosphaie, respectively, A DNA primer/ l.empl_al.c_:_c_o_ngisxlgg of a synthetic 25E6-mcr

From Fischer et al. Methods in Molecular Biology 875 (2012)

Kinelics of Motor Protein Translocation L14
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