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Abstract

The derivation of equations, which give the conitn of enzyme or
ligand species in both the steady-state and thesigmt phase for a given
mechanism of an enzyme reaction,is an unavoidablefor most kinetic analyses
of any enzyme reaction. The above-mentioned empmittan be obtained either
under strict conditions, i.e. without the assumptaf reversible steps being in
rapid equilibrium, or by assuming a rapid equiliioni of one of thereversible step,
or more,involved in the reaction mechanism (parggid equilibrium approach),
or them all(total rapid equilibrium approach). Bettjuation types, strict ones and
those obtained by assuming arapid equilibrium, Wwiidcmally differ for the same
reaction mechanismin many cases, have advantagkdinaitations, which are
discussed herein with specific examples.
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1. Introduction

Strict equationsare those obtained bya minimumo§etssumptions whichallow the
linearization of the set of algebraic (for steathtes) or differential (for the transient phase)
equations that provide the kinetic behavior of wegienzyme system;e.gunder free enzyme
limiting conditions. In transient phase equaticasother condition is a reaction time, usedfor
the initial concentration of the ligand speciesb@tates, inhibitors, activators, etc.) thatbind
to an enzyme species to be consideredapproximateigtant during this time.The rapid
equilibrium approach adds another assumption: swahe or all of the reversible steps
involved in the reaction mechanism reach theequilib practically uponthe onset of the
reaction [1]. This would mean that all the rate stants of the first or pseudo-first orders
involved in the reversible steps assumed in th&raquilibrium would be much larger than
all the others involved in the mechanism, andwaudd differ much mutually [2-5]. Both
equationtypes, strict ones and those obtained synaisg a rapid equilibrium,which formally
differ for thesame situationin most cases [5], héveir advantages and drawbacks. The
present work uses specific examples to clarify staiflicting attributes.

Several contributions exist, e.g. references [193,50n the strict steady-state of
enzyme reactions, although the presented equati@ysbe too complex to be of practical
interest [10]. Thus more simplified steady-stataaipns arefrequently obtained byassuming
that one of the reversible steps or more is/arapid equilibrium [2,3,5-13]. The steady-state
equations of an enzyme reaction mechanismcan kenebt in five different ways when
assumingrapid equilibrium: (1)directly from the cgan scheme byassuming that some or all
of the reversible steps are in rapid equilibriumd ahenfrom the corresponding set of
algebraic equations [1,2]; (2) from the strict geatate in which some rate constants must be
much larger (or much smaller) than others [3,5;8%]using appropriate software, some of
which have been implemented by our research grmupllow these equationsto be rapidly
and safely obtained [3,5,6,9,14,15]; (4) from thyeation of another mechanism of which the
first can be considered a particular case [16]a®)a particular case of the transient phase
equations according tothe assumption of rapid gxjisim when time obtains high values; i.e.
whent - «[3,17].

The more recent method forobtaining transient pleggmtions by assuming the rapid
equilibrium of some or all the reversible stepsmslogous to the above [3]. Transient phase

equations,together with the experimental time pesgrcurves of enzyme species throughout
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the reaction course, are the most commonly usdd toccharacterize enzyme systems. The
transient phase analysis identifies experimentaigthe and kinetic data analyses, which can
provide more information about the kinetic paramseténvolved than a steady-state

analysisalone[3,18,19]. This is why more and marayses of the transient phase of enzyme

reactions are becoming increasingly popular.

The transient phase kinetic equations of an enzyeaetion mechanism can be
acquired in four waysby assuming a rapid equilitoriy1)directly from the scheme of the
reaction by assuming some or all the reversiblgsste be in rapid equilibrium, and then from
the corresponding set of differential equations22] (2) by setting some rate constants that
are much larger or smaller than others in thetdnamsient phase equations [22-24]; (3) using
software, some of which have been implemented byveark group[3,25]; (4) from the
equations of another mechanism of which the fiest be considered a particular case [16].
By obtaining transient phase equations, steadg-stguations can also be obtained as a
particular case of the former[3,19,25,26].

The main purpose of this contribution is to carmay a cursory comparative analysis of
the advantages and disadvantages of using steagyastd transient phase equationsby the

rapid equilibrium approach comparedwith the coroesiing strict equations.

2. Material and Methods

In order to obtain the steady-state equations, sed tthe software ALBASS [9],
WREFERAS[27] or WinStes [4], while we used the wefte SKEE-w2013 [25] or
TRAPHAER [3] to obtain the transient phase equatifor the strict ones, and the software
TRAPHAER for the rapid equilibrium ones. All theseftware packages are available
viahttp://oretano.iele-ab.uclm.es/~BioChem-mg/softwgiyp. Some basic elementary

mathematicsconcepts were also necessary.

3.Rapid Equilibrium Kinetic Equations ver sus Strict Equations

Figure 1 schematically represents the four egnatypesdiscussed in this work and
the relationshipsamong them. Rapid equilibrium &qua can be consideredthose of the strict
equations in which one reversible step or moregséasumed to be in rapid equilibrium. Thus
it could be stated that rapid equilibrium equatienterge from strict ones. The contrary is not
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observed. Both strict and rapid equilibrium steathte equations can be considered a
particular case of the corresponding transient @leagiations when time obtains high values;
e.g. whent - «.

STRICT STEADY-STATE RAPID EQUILIBRIUM STEADY-STATE
EQUATIONS Some or all of the EQUATIONS
(None of the reversible steps is in reversible steps in (Strict steady-state equations when
rapid equilibrium) rapid equilibrium | 5 or more of the reversible steps
are in rapid equilibrium)

Enzyme species concentrations Enzyme species concentrations
Formation or transformation rate, a, of the Formation or transformation rate, o, of the
ligand species (e.g. products) ligand species (e.g. products)

h
t > o t 5o
STRICT TRANSIENT PHASE RAPID EQUILIBRIUM TRANSIENT-
EQUATIONS Some or all of the PHASE EQUATIONS
(None of the reversible steps isin | reversiblestepsin | (gyriet ctoady-state equations when
. e e rapid equilibrium N
rapid equilibrium) one or more of the reversible steps
are in rapid equilibrium)
Instantaneous concentration of the Instantaneous concentration of the
enzyme and ligand species (e.g. products) enzyme and ligand species (e.g. products)

Figure 1.The different kinetic equations treated in thigkvand the relationships between them.

Let us assume an enzyme system that consistsenzyme species argl ligand
speciesin which the interconversions between tfierdnt enzyme species are first- or pseudo
first-order. Most specific enzyme systems fit tigigneral system type. If we denote the
enzyme species a§ (i=1,2,...n) and the ligand species involved in any reacti@timanism
asYs(s=1,2,...,9), the strict steady state and trangiase for the concentrationsXfand
Ys, [X] and [Y4 are[3,5,6,9,19,25]:

3.1. Strict equations

Strict steady-state equations

[X1=A, (=12,..n) (1)

[Y]{Y],=B+at (Bora could be zero in some casesF,2,...g) )
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whereA ,, S and a are the expressions that contain the rate comsstamd the initial

concentrations of the enzyme and ligand speciesepteupon the onset of the reaction. In
Eg. (2) ais the so-called initial rate, or steady-state wftéigand specie¥sand [Y{ is the

initial concentration ofs.

Strict transient phase equations

[X]= A+ A M (=12...1) 3)
YJ-1Yd, =ﬁ+at+iyhe‘“‘ (=1,2,...9) (4)

In Egs. (3) and (4),is an integer number less thanThe u-value depends on the
mechanism of the enzyme reactioko, @ and [ are the same as in Egs. (1) and
(2).Argumentsi,, 4,,...,A, are functions of the rate constants and the initacentrations of
the ligand species, and are real and negative omplex with a negative real part
[28].Amplitudes A1, Aia,...,Aiy in Eg. (3) and amplitudesy,, V,, ...,J, in Eq. (4) are
functions of argumentsi,, A,,..., A,, the rate constants and the initial concentratibthe

species present upon the onset of the reaction.

Note that steady-state Eqgs. (1) and (2) can bairgdat from Egs. (3) and (4) by setting
t - o since arguments are real and negative, or compigxarnegative real part, and all the

exponential terms vanish at. o .

3.2. Rapid equilibrium equations

Rapid equilibrium equations result when it is assdrthat one reversible step or more

is/arein rapid equilibriumin strict equations, as s

Rapid equilibrium equations lim [strict equation (5)
one or more

reversible steps
assumed to be
in rapid equilibrium
Their general mathematical forms are similar toséhef strictequations,but are
generally more reduced. Below we provide these igéf@ms, and the equilibrium equations

are shaded in grayfor clarity.
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Rapid equilibrium steady-state equations

[X1=A, (=12,.n) (6)
[YJ{Y,=B+at (Bora could be zero in some cases) s=1,2,...09) )

where A ,, S anda are the expressions that contain rate constamigj®ium constantsand

the initial concentrations of the enzyme and ligapecies present upon the onset of the
reaction. These expressions can be formally eqdehtical or simpler than those that

correspond to strict equations, as we will seewelo

Rapid equilibrium transient phase equations

[X]= Ao+ A <) @)
Y14, = Braw yed <) ©)

In Egs. (8) and (9 is an integer number less thanThe w-value depends on the
mechanism of the enzyme reaction and on the nuofhreversible steps in rapid equilibrium.
Generally, if there aren reversible steps in rapid equilibrium, thevalue equalgm, but
there are exceptions to this rule; when there@wpd in the reaction mechanism, all the steps
in the loops are reversible and assumed to bepid equilibrium. In these cases, thevalue

is higher tharu-m, but is always less thaf8,19]. Ao, @ and [ are the same as in Egs. (6)
and (7). Argumentd, A,,..., A, in Egs. (8) and (9) are functions of the rate tamis,

equilibrium constants and the initial concentragior the ligand species, and they are real and
negative or complex with a negative real part [28hplitudesA; 1, Ai2,...,Aiw in Eq. (8) and
amplitudes ¥, V,, -..,¥, in Eq. (9) are functions of argumentd, A,,..., 4, the rate and

equilibrium constants and the initial concentratidrihe species present upon the onset of the

reaction.

4. Results and Discussion

The use of kinetic equations,both those that cpmed to steady-state and transition

phase equations in rapid equilibrium, can be jigstiby the following:
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(1) They are generally easier to obtain than thdffgout these assumptions.

(2) They are mostly simpler than strict equatiofise assumption of a rapid equilibrium
mechanism usually results in much simpler equaticosmpared with those that
correspond to the strict steady-state conditioastiqularly when different assumptions

are applied to systems with many reaction steps.

(3) As a result of (2), they are more suitable fitimg experimental data and for a kinetic
data analysis than strict equations. There arerakwentributions in the literature
where,once a strict kinetic equation is obtainedsit quickly replaced with the
corresponding equation obtained by the rapid doyiulin approach [22-24]. Yet despite
these apparent advantages, their use has itstionisae.g.:

(a) When one of these equations is simpler thasttiet one, fewer kinetic parameters can be
evaluated.

(b) Since these equations aather artificiagiven the lower probability of a rapid equilibrium
being fulfiled (and also because it is unclear thbe anequilibrium exists or not), the
resulting values of the kinetic parameters canyatiffer fromtheir true values[29].However,

the better the rapid equilibrium conditions ardilfeld, the more similar they will be [4].

(c) As regards transient phase equations, and soeeetalso steady-state equations, the
mathematical form of a strict equation differsfréime corresponding equations by assuming a

rapid equilibrium,which underlines the considemasianade in point (b) above.

(d) Only by means of numerical integration, in whiarbitrary values are assigned to rate
constants and initial concentrations, can stristiits be compared with those obtained by the

rapid equilibrium assumption [4,30].

(e) There is good reason to believe that the raegidlibrium approach does not prevail in the
enzyme systems of living cells [31-34].Sostudiest o not use this approach better reflect

the physiology of cells.

One can express a rule equivalent to the well-kntewvarruleas: “the more reduced
the kinetic equation becomes, the fewer the kinggi@meters that can be evaluated and the
less accurate the evaluations”. Put more simphhdtwis gained in simplicity is lost in the

accuracy of the kinetic analysis”,as already pairget by Yago et al. [4]
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We chose five enzyme reaction mechanism schemes{atzed below), together
with their corresponding kinetic equations, todsstheir advantages and disadvantages. For
all the schemes, both the strict and rapid equilibrsteady-state equations are provided, and
the form of the transient phase is also providedithemes 3-5 only. These equations can be
obtained in any of the ways indicated in the Intrtttbn. For those cases in which kinetic
equations were not found in the literature, we ubedsoftware implemented by our research
group for the steadystate alone [3,4,6,9,25,24],fanboth the transient phase and the steady
state either with [3] or without reversiblesteps2E in rapid equilibrium. Next we go on

todistinguish between steady-state and transiessgbkquations.

4.1 Steady-state equations

Scheme 1(A) indicates no rapid equilibrium in thalyo reversible step. In
Scheme 1(B) the reversible step is in rapid equuiih. Note that Egs. (1A.1) and (1B.1) are
formally identical. Eq. (1B.1) differs from Eq. (18 in that the latter contains equilibrium
constantKiinstead of Michaelis constaht, Thus if one assumes rapid equilibrikqrather
thanKyis obtained,e.¢(wis taken as if it werd, and the error becomes very largekifis
much lower thank;is not verified. We believethat the rapid equilibni assumption is
unnecessaryin this case because the effort maidéh®experimental data to Egs. (1A.1) and
(1B.1) is the same. Perhaps the only advantage ssfinsinga rapid equilibrium is
thatEqg. (1B.1) is slightly easier to obtain than EdA.1).

Scheme 2(A) shows no rapid equilibrium in the ordyersible step. The reversible
stepin Scheme 2(B) is in rapid equilibrium. Exadtig same considerations as for Schemes 1
may be made here. Otherwise Egs. (2A.1) and (2B« formally equal, as in Scheme 1, and
global parameteKdiffers rather thaid;. If we use Eq. (2B.1) for fitting purposes, we aiht
K1, which is reallyKn. It would be senseless to use the rapid equilibbrapproach here,
except that Eq. (2B.1) is slightly easier to obthian Eq. (2A.1).

Scheme 3(A) includes no rapid equilibrium in theemsible steps of inhibitor binding
from the onset of the reaction, but equilibriuimézessarily reached in the steady state of the
reaction, which is why Egs. (3A.1) and (3B.1) adeniticalin this particular case.Using the

rapid equilibrium approach offers no advantagehere.

In Scheme 4(A) no rapid equilibrium is found in asfythe three reversible steps, and
the three reversible steps in Scheme 4(B) are pid requilibrium. In Scheme 4 we can
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observe a huge difference between Egs. (4A.1)[3®] &B.1). Eq. (4A.1) is a rational
equation of five parameters, whose numerator ambrd@ator aresecond-order in {S]
whereas Eq. (4B.1) is a rational equation with éhparameters of first-order g} in both
the numerator and the denominator. Therefore, #pdrequilibrium equation is much
simpler, as is the expression of the coefficient®lived in it. In this case, usingEq. (4B.1) is
justified because strict Eq. (4A.1) is untreatabfet we must not forget that the values
obtained forks, K> and Ks+K;K, do not coincide with the true values of these e
equilibrium constants. Another advantage of Eq..[3dBs that it is very easy to obtain

manually from the three equilibria and the enzymeassn balance; e.g.

[Elo = [E+[ES+[E'SI+[E'].

Finally in Scheme 5, the rapid equilibrium Eqg. (BBis considerably simpler than
Eqg. (5A.1). From the latter, and by means of tHifdng steps, we find that: (a) different fits
by non-linear regression of the experimerntalvaluesvs.[A], at boththe fixed[RB] and [C};
(b) the corresponding replots. [B]o atthe fixed [C§; (c) finally, replotsvs. [C]eallow the

evaluation of all the rate and equilibrium conssantolved in Eq. (5B.1).

In Schemes 1-5 the steady-state equations thatedeered to are only specific

examples of the following general results:

- Rapid equilibrium steady-state equations are nevane complicated than strict ones
[compare Eq.rA.1) with (rB.1) (r=1,2,3,4,5)].

- Rapid equilibrium equations involve always one &bdum constant or more[see
Egs. (B.1) (=1,2,3,4,5)].

- Strict steady-state equations may sometimes invagailibrium constants [see
Eqg. (3A.1)].

- Rapid equilibrium steady-state equations may sonetiinvolve Michaelis constants
[see Eq. (3B.1)].

- Rapid equilibrium steady-state equations may folynedjual strict ones, but involve
one different kinetic parameter or more [compares.E(LA.1) with (1B.1) and
Eq. (2A.1) with (2B.1)].
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- In some cases, both strict and rapid equilibriurady-state equations are identical
[compare Egs. (3A.1) with (3B.1)].

- Equilibrium steady-state equations are usually #mfhan the corresponding strict
ones and are, therefore, more suitable for desigexperimentalkinetic data analyses
[compare Egs. (4A.1) with (4B.1), and Eq. (5A.1Jw(5B.1)].

- Strict and rapid equilibrium steady-state equatiomsy be identical, different but
formally equal,or totally different depending oretheaction mechanism, and also

from the steps assumed to be in rapid equilibriasnndicated above.

- Both strict steady-state and rapid equilibrium equs can be easily obtained in a
very short time and with no human errors by usimg $oftware valid only for strict

equations [18,25], or for both strict and rapid iggtium equations [3].

- One of the reasons for using steady-state equatithsone reversible step or more in
rapid equilibrium was because obtaining rapid éguilm equations is manually
easier than obtaining strict ones. Nowadays, tiffsrdnce is no longer important if

suitable softwareis used.

- Based on the above, the use of rapid equilibriseadst-state equations would only be
justified in those cases in which the equationimpter thanthe strict one and is,
therefore, more suitable for suggesting a convér@gperimental design and a kinetic

data analysis.

4.2 Transient phase equations

Transient phase equations, together with the tinoeirse monitoring of the
concentration of the corresponding species, allogvenkinetic parameters to be evaluated
than a simple study of steady-state behavior [3225]. These equations can correspond to
strict conditions, e.g.without assuming that anyersible step is in rapid equilibrium, or that
the rapid equilibrium assumption of one reversitiep or more is involved in the reaction
mechanism. Our work group has implemented softwf8e8,25] that allows the
computerized acquisition of transient phase eqoatiboth according to a strict and rapid
equilibrium assumption, which circumvents the lads and prone-to-human error manual
acquisition of these equations by using any ofpteeedures discussed in the Introduction.
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As a support, we used the same five reaction scheaseused for the steady-state
equations. The complete transient phase equatiengravidedfor Schemes 1 and 2, and only
the mathematical form (sufficient for our purpos#) these equations is provided for
Schemes 3, 4 and 5. As particular cases,transibasep equations contain steady-state
equations. The following statements are valid foictsand rapid equilibrium transient phase
equations, some of which are easy to confirm frdm equations that correspond to
Schemes 1-5.

- Rapid equilibrium transient phase equations ar@gvsimpler than strict ones.

- Equations according to rapid equilibrium assumgialways have fewer exponential
terms that strict ones.

- Each reversible step assumed to be in rapid equitibreduces one exponential term
from the corresponding strict equation [3].

- The amplitudes and arguments in rapid equilibrisssuanptions are always reduced
compared with strict ones.

- The remaining coefficients in the rapid equilibrivgquation are generally simpler
than the corresponding onesin strict equations.

- Rapid equilibrium equations always involve one &guum constant or more.

- In some cases, both strict and the rapid equilibraieady-state equations are totally
identical or formally equal.

- Strict transient phase equations may sometimesvieequilibrium constants.
- Rapid equilibrium equations may sometimes invohielielis constants.

- Rapid equilibrium equations are more suitable tlaict equations for designing
experiments and for kinetic data analyses.

- Both strict steady-state and rapid equilibrium egus can be easily obtained in a
very short time and with no human errors by usimg $oftware valid either for only
strict equations [25,18] or for both strict andidaequilibrium equations [3].

- One of the reasons for using transient phase emsatvith one reversible step or more
in rapid equilibrium was that obtaining rapid eduium equations was manually
easier than obtaining strict ones. Nowadays, tliferdnce no longer exists thanks to
the software available.



-606-

- Due to the above, using rapid equilibrium transigmise equationsis justified only in
those cases in which the equation is simpler tharstrict one and is, therefore, more
suitable for suggesting a convenient experimerdaigh and kinetic data analyses.

- Whenw =0, e.g. when no exponential terms are in rapidiligium, both rapid
equilibrium steady-state equations coincide acogth Eqgs. (1)-(4).

Rapid equilibrium

k
E+S.:1’ESL> E+P E+5L>|:_5L. E+P
1 k;
1(A) 1(B)

Strict steady-state equations Steady-state equations with rapid equilibrium

[Sl, + K, [S]p + K,
K, = k*lk‘: ke (1A2) K, =k, /k (1B.2)
Strict transient phase equations Strict transient phase equations with rapid equilibrium
[Pl =at+p(1-€") (1A.3) [P =at (1B.3)

a is given by Eq. (1B.1)
A=~(k, +lo + K[ 99 (1A.4)

a is given by Eq. (1A.1)

__ kkIS{ &, (1A5)
(kitk+k[S,)° '

Schemes 1.A simple Michaelis Menten mechanism and the cpading kinetic equationsk], and [, are the

initial concentrations of andS[1,19].
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E+smbeps —2, pp 2, Eip E+s._L>EsL.Ep_.k3 E+P
-1 5
2A) 2(B)
Strict steady-state equations Steady-state equations with rapid equilibrium
__ kKIS & (2A1) g kK90 E, (28.1)

(k+k)[ S0+ K K, (k+k)[So+ kK

k., +
K, =—= ud (2A.2) K =ku/k (2B.2)
K
Strict transient phase equations Strict transient phase equations with rapid equilibrium
[Pl =B+at+yet +y,é (2A3) [Pl =at+p-¢") (2B.3)

_(k+k)9o+ kK

A andA, being th f 04, = 2B.4
an eing the roots of equatio 1S+ K. ( )
a is given by Eq. (2B.1)
A +FA+F,=0 (2A.4) ﬂ=——k2k3([5]°+ )L 8L Ez° (2B.5)
{(+k)190+ k K}
wherd=; andF, are:
F=k[Fo+ k+ k+ K (2A.5)
Fo=ki(k+ k)[ o+ k( kit k) (2A.6)
- _kikk[S,
AT, AT
- _ ki[9,
SRVHOEN Ao

a is given by Eq. (2A.1)

- kl[qo"' k—1+ IS+ |§ 2A.9
Aot k)9, k(K ) O

Schemes 2.The Michaelis Menten mechanism with two intermesigE], and [§, are the initial concentrations
of E andS[36-39].
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k k et cautoriam
E + S = ES 2> E+P . L | L,
+ R + .
| | | |
k3Hk'3 k“ﬂk"‘ kal ks, k4ﬂk4
El ESI El ESI
3(A) 3(B)
Strict steady-state equations Steady-state equations with rapid equilibrium
. KKK LSEl, o kKK L S[EL,
KmK3K4+ KSKA[S]O + KmKA[I]0+ KS[I]O[S]D KmK3K4+ KSKA[S]D + KmK4[|]0+ Ks[l]o[s]o
(3A.1) (3B.1)
K, =itk @A2) Kk, =Xatk (3B.2)
K, K,
Ky =Ka/ks (3A3)  Ky=Ka/k (3B.3)
K, =k, /k, (BA4) K,=k,/k, (3B.4)
Strict transient phase equations Strict transient phase equations with rapid equilibrium
3 t
[P =B+at+) yet (3A5)  [Pl=at+p(1-e+) (38.5)
h=1
a is given by Egs. (3A.1) a is given by Eq. (3B.1)

Schemes 3.The Michaelis Menten mechanism with linear mixedibition.[E]o , [S]o and []o are the initial

concentrations dE, Sandl [35].
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IT_’ +S
Ks
4A) 4(B)
Strict steady-state equations Steady-state equations with rapid equilibrium
2 Kkek(k+ K S)l $IEL, A1) g=— KI9d 8, (4B.1)
a+H9,+ ¢Sl Ks + KK, +(1+K,)[S],
a=k{kiko+ (ky*+ k)(k+ K} (4A2) K =ky/k (4B.2)
b=klo(k+k + k) + kk( k+ k+ B+ kkk K =ky/k (4B.3)
(4A.3)
c=kkg(k,+k) (4A4)  Ks=ki/kq (4B.4)
Strict transient phase equations Strict transient phase equations with rapid equilibrium
3
[P]=B+at+) et (@A5)  [Pl=at+pt-€) (4B.5)
h=1
a is given by eq. (4A.1) a is given by eq. (4B.1)

Schemes 4.The Rabin cooperativity modeE], and § are the initial concentrations BfandS[40,41].
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A 8 kCl " ” o A i H,Bm
E<—_]l:l EA _le, EAB%PEQR%QER—S» E+R _1[_1 _2[_1 eaphald] EQR R E4R
Q
3(A) 5(B)

Strict steady-state equations Steady-state equations with rapid equilibrium
a= kkkkK Al BE Tl Eo = Kk K[AJB{TL Eo

a+b[Al;+qq,+d A} B+ [e]d 1C+[ BILE (HalAJB IC , KKk + KoKk Al + K kI A B o+ k(k+ K] AL B I,

(5A.1) (5B.1)

=kkok K GA2) K =ky/k (5B.2)
b=kk,kk (5A3) K, =k,/k (5B.3)
c=kykkk BA4) Ky =ks/Ks (5B.4)
d=kkkk (5A.5)
e=kkkk (5A.6)
f =kok,k K (5A.7)
9=kkk(k k) (5A.8)
Strict transient phase equations Strict transient phase equations with rapid equilibrium

4
[Pl=p+at+y yeh (5A9) [Pl=B+at+ye +y,é (58.5)
h=1

a is given by Eq. (5A.1) a is given by Eq. (5B.1)

Schemes 5.The sequential ordered Ter-TerTheorell-Chance amsh. Elo , [Alo, [Blo and [Cl, are the initial
concentrations of E, A, B and C. [1,42].
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