I. BRIGGS-HALDANE AND BEYOND: BASICS

DINAKAR RAMAKRISHNAN AND ROBERT D. TANNER

This is the first pat of our sequence of papers on enzyme Kinetics giving an
algebro-geometric view, by making use of the geometry of surfaces in space which
arise from our point of view. The new geometry will be exposed in the second part.

Introduction

1. THE BASIC DIFFERENTIAL EQUATIONS

If X is a substance, we will use [X] for its molar concentration in gram moles
per liter. It is customary in Chemistry to write (X), but we will not use it here
since we want to be able to write f(X) to mean a function of X.

S:  Substrate

E: Enzyme
ES: Intermediate complex
P: Product
t: Time
. d[P]
Ui Tar
Ve ksE*

S*: Initial concentration of Substrate = value of [S] at t =0
E*: Initial concentration of Enzyme

(ES)*: Initial concentration of the intermediate complex
P*: [Initial concentration of Product

We have the following Reaction Kinetic Scheme:

S+E - Bs By piE
S+E & Es

To conform to the notation used in Chemistry, we write [S], [E], [ES], [P] to
denote the functions of ¢ defined by S, E, ES, P.

d[S]

Hypothesis: == < 0, for all positive ¢.

So [S] is a strictly decreasing function, and it goes from S* to 0. In particular, it
is one-to-one as a function of ¢ and admits an inverse. Consequently, we may view
all the basic quantities, which are a priori functions of ¢, as functions of [S].

1



2 DINAKAR RAMAKRISHNAN AND ROBERT D. TANNER

Assuming the Law of Mass Action, we obtain the following four inter-related,
inhomogeneous differential equations

(1) % = —k1[S][E] + ko[ ES]

) A5 — klsiiB] - (ko + ko)(B8]

(Note that d[dEtS] would be > 0 if k3 were zero, since then d[dEtS] would equal —%.)
(3) % = —k[S|[E] + (k2 + k3)[ES]

(4) v = % = k3[ES)]

Adding (2) and (3) and integrating, we get

(5) [ES] = (ES)" + E* — [E],
while adding (1), (2) and (4), followed by integration, leads to
(6) [S]+ [ES]+ [P] = S* + (ES)" + P*.

Consequently, given all the initial parameters, the four quantities [S], [E], [ES], [P]
are all determined by just the knowledge of any two of them.

Thanks to (4) and (5), we see that v is 0 at the start, i.e., when [S] = S*, and it
is again zero at the end, i.e., when [S] = 0. Thus the maximum value of v occurs
in (0,5%)

Put
Syt the value of [S] where the absolute maximum value of v occurs.
We will see later (see Lemma 2.1) that S, is unique.

Lemma 1.1 At any critical point of v as a function of [S] in (0,S*), we have

- () (B 1),

In particular, this happens at Sp.

Proof. Asv= %, we have

dv dt d d[P]

d[S] — d[S]dt dt

Recall that by our hypothesis, % is strictly negative, so % is well defined and
non-zero (outside the end points). So we see that the critical points occur exactly
when
dv d*[P] B
dat — drz
Applying (4), since k3 > 0, we have to solve
d[ES)]

dt
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Thanks to (2), this condition becomes
k1 [S][E] — (k2 + k3)[ES] = 0.
Because of (5), the critical point for v occurs at [S] if and only if we have
k1 [S][E] — (k2 + ks)((ES)* + E* — [E]) = 0.
The Lemma now follows easily. (I

We have implicitly assumed that E* — [E] is positive except possibly at the end
points, which is a reasonable hypothesis.

2. CONVEXITY OF v = % AS A FUNCTION OF [5]

Recall that S, is, by definition, where v attains its absolute maximum. Since v
is a differentiable function of [S], it attains its maximum at a critical point. On the
other hand, by Lemma 1.1, there is a unique critical point of v, which gives part
(i) of the following:

Lemma 2.1 We have

(i) Sy is the unique critical point of v = % on the open interval (0,5%);
(ii) d‘fZTﬁ’g is everywhere negative, hence the graph of v as a function of [S] is

entirely bell-shaped (convez).

Proof.  'We need to prove only part (ii). Again, since by our hypothesis, d[S]/dt is
everywhere negative on (0,S5*), and as k3 is positive, we are left (by equation (4)

of section 1) to prove that
d (dES] >0
dt \ d[S] '

Applying equations (1) and (2) of section 1, we obtain
dlES] _ [ES) _ k[S][E] — (k2 + ks)[ES]

dsl SV —k[SIE] + ka(ES]
where [S]’, resp. [ES], denotes %, resp. d[dEtS]. Comparing (1) and (2), we have
[ES) = —[S] = ks[ES],
which yields
dES] o [ES]
as] NG

Taking derivatives with respect to ¢ and multiplying both sides by —k3 ' ([S]')?, we

obtain
(8175 (st ) = SV1ESY - (57 [ES),

Now we claim that on the open interval (0, 5*),

# () 70

Indeed, the left hand side can be zero if and only if we have

[SV'[ES] - [S]"[ES] = 0.
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In other words,

which integrates to give

log[S]" = log[ES] + ¢,
for a real constant c. Exponentiating, we obtain

[S]" = e°[ES].
Since e® > 0 for any real number ¢, we deduce that, if the claim were false, [S]’
and [E'S] must, in particular, have the same sign in (0,.5*). This is patently false
as [S]’ is negative and [ES] is > 0. Hence the Claim.
Consequently, to prove the Proposition, we need only show that

[SV'[ES] — [9]"[ES] < 0, for some [S].

This is because the expression on the left is continuous (since [ES], [S] are repeat-
edly differentiable) and non-zero (by the claim above), and thanks to the interme-
diate value theorem, once it is positive somewhere, it will be so everywhere.

Since [S] < 0 and [ES] > 0, it suffices to prove that

319] such that [ES] >0 and [S]” > 0.

We know that [ES]’ is negative when ¢ is small, i.e., when [S] is near S*. More-
over, differentiating (1) (with respect to t) yields

151" = —ka[S)'[E] = ka[SI[E]) + ko [ES]'.
From (2) and (3), we see that [E] = —[ES]’, implying
[S)" = —ka[SV[E] + (ka[S] + ko) [ES],

which is positive when [ES]’ > 0, since [S]" < 0, while [E], [S], k1, k2 are positive.
This finishes the proof of the Proposition.
U

3. THE BRIGGS-HALDANE MODEL

Now suppose we make (just in this section) the following stationary state
assumption:

d[ES)

7 —— =0
7 = o,
or equivalently (by (2)):
(7) ki [S][E] = (k2 + ks)[ES].
Proposition 3.1 (Briggs-Haldane) Under the steady state assumption above, we
have VIS
v o= ng_}[s}, where V = ksE*, K,,, = (ko + k3)/k1.
In particular, in this model, v = % goes to zero as [S] — 0, i.e., as t — oo.

Moreover, at the peak point [S] = Sy, this curve meets the actual curve defining v.

By the actual curve, we mean the one obtained without the steady state as-
sumption. Later on, we will denote the approximate expression for v given by
Briggs-Haldane by vpgy.
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Proof of Proposition 3.1 Write [ES]’ for d[dEtS}, etc. From equation (5) of section
1, we see that [E] = —[ES]’ (since [ES] = (ES)* + E* — [E]), so the steady state
hypothesis gives, thanks to equation (3) (of section 1),

ki(E" = [ES])[S] = (k2 + k3)[ES],
which yields
(k1[S] + k2 + k3)[ES] = ki E7,

or equivalently,

Vis]
K +[S)
with K,,, V as in the statement of the Proposition. (The subscript m usually
stands for Michaelis.)

d[P]

Now substituting this in the equation (4) gives us the assertion on v = =7+ under
the steady state assumption.

BS) =

It is left to prove that the Briggs-Haldane approximation vgy, as denoted from
here on, equals the actual function v at [S] = S,. For this recall that in section 2
we proved, with no hypothesis, that S, is the unique critical point of v in (0, S*).
Since v = [P]’ equals k3[ES] by equation (4),

dv [ES])

dis) sy
which vanishes at the unique critical point, and since [S]" is non-zero in (0, S*), we
see that
d[ES)|
dt
Since this vanishing is the starting point (“steady state”) for the Briggs-Haldane
model, we get

=0 at [S] =S5,

v =vpg at [S]=5,.
In other words, the graphs of v and vpy as functions of [S] meet at the peak point

[S] = Sp. (This point is not the peak for vp gy, however.)
([l

4. A NEW APPROACH

As S approaches 0 (corresponding to t — 00), so does v = % as long as there
is no back reaction between [P] + [E] and [ES], which we will assume to be the
case. Thanks to equation (4), [ES] goes to zero as well.

Here we present a recursive approach to understanding the situation near the
point [S] = 0, which also works at the other boundary point [S] = S*. It does
not make use of any steady state hypothesis, and so is independent of the Briggs-
Haldane approach.

For simplicity, we will assume from here on that the initial values (ES)* and P*

of [ES] and [P], respectively, are zero.

Step 1: Start with [ES] = 0, which happens at [S] = 0. (It also happens at
[S] = 5™ if [ES]* =0.)

Then equation (1) becomes

(S = —k1E*[S],
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resulting in the unique solution
(®) [S] = S*e P,
Moreover, equation (6) then yields [P] = S* — [9], i.e.,
[P] = S*(1—e MF),
Hence v = [P]’ equals ki E*S*e~*1"t, Combining this with (8), we get
v

= S

kS/kl [ ]7
where V' = ksE*. This is a different starting point than what one gets in the
Briggs-Haldane or the Michaelis-Menton models. In all three cases (including our
own, the general form is v = %[S], for suitable K.

Of course [ES] will soon become non-zero as we go away from [S] = 0, and the

idea is to feed the information we have obtained at the end of this step back into
the differential system.

Step 2: At the end of Step 1, we had
v =my[S], with m; =k E",

where := means definition. (We will denote this value of v at the first stage as v;.)
Since v = k3[ES], this gives us the starting point of this step, namely

9) v

ki1 E*
(10a) [BS] = =—9].
k3
Differentiating this with respect to t, we get
k1 E*
(100) [ES] = lk (S
3

To make use of this equation, we have to first calculate [S]. Using equation (1)),
we obtain

kB 2B

(1) 5 = I G ki) + B s
3 3
Recall that by adding equations (1), (2) and (4),
(12) v+ [S] +[ES] = 0.
Hence by (10b),
v=—(1+ ﬁE*)[S’]’
k3

Substituting for [S] from (11) yields

k k E* k2E*
(13) v = (14 —E*) | 2= (ks — ko)[S] — 2=[5]? ).
ks ks ks
If we put
k k E*
ms = (1+ k—lE*) ( 1k (ks — k2)> ,
3 3

then we have, in particular,

v = ma[S] + O([S]?).
In other words, when [S] is small enough so that [S]? is negligible, v is like ma[S]
at the end of Step 2. So msy gives an approximation, finer than m;, to the slope of
the tangent to the curve v as a function of [S] at [S] = 0.
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Of course, (13) gives a more precise formula at this stage, and also allows us to
keep track of the quadratic term.

Step n+ 1: After the n-th step, we get an analogue of (13):

n

(14) v=1y = Y ¢i(n)[SY,
j=1
for suitable constants ¢;(n), with ¢1(n) = m,. This gives an expression for [ES]
(via (4)), and also one for [S]" by using (1). Then we find [ES]" by differentiating,
and using the expression for [S]'. Now, equation (12) gives a new expression for v
as a polynomial of degree n in [S] with new coefficients ¢;(n + 1).
Continue this way ad infinitum, and take the limit as n — co.

Theorem For every positive integer n, let v, denote the expression on the right
of (14), i.e., the value of v at the end of Step n. Then there exists a positive real
number R > 0 such that the sequence v,, converges for [S] < R. Moreover, the limit
is v near [S] = 0.

We will supply a proof of this result later.

5. THE SLOPE AT [S] =0

Put k

bj = /?; for j =1,2.
Let V = k3E* as before. In our recursive method, [ES], and hence v, is zero at
the zeroth stage; we put vg = 0 = mg. After the n-th stage, v is given by v, as
in (14), with v; = b V[S]. So [ES] is given by [ES], := v,/ks, and this leads to
expressions for [S]), and also [ES]],.Then our procedure gives
(15) Unt1 = —[S]; — [ES],,
which is the key recursive formula.

If we now use the fact that v,, = m,[S] + O([S]?), we get by (15),

(16) M1 = — (1 + ’Z") b1V — bomn).
3
Put (formally)
(17) m:= lim my,.
n—oo

Then (16) implies, by taking limits of both sides,

m = (1 + m) (b1 V — bym).
k3

In other words, m satisfies the quadratic equation
(18). b2m2 — (b1V — (bg + 1)]413)771 -V =0.

This equation has real solutions, incidentally showing that the limit exists. Indeed,
if we look at the discriminant of this quadratic, namely

(19a) D = (b1V — (by + 1)k3)* + 4b1 b5V,

then
D > (b1V — (by + 1)k3)* > 0.
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There is a unique positive solution, given by
bV —(katks) VD
N 20y 2by

The positivity of the slope is forced by the convexity (proved in section 2) of v as
a function of [S].

(19b)

Let us state the final result for later use:

Proposition The convexr curve describing the graph of v = % as a function of
[S], has the following slope at [S] = 0:
1
m= o (k1V — (ky + k3)ks + /(F1V — (ko + k3)k3)2 + 4k1sz) .
2

6. COMPARISON OF m WITH mpgy AND M

Let m denote the slope at [S] = 0 obtained in the section above. Put

kV
20 mpyg = ———,
(20a) s ko + ks
which is the slope in the Briggs-Haldane model, and
k1V
(20b) mmarn = 17,
ko

the slope coming from the Michaelis-Menton model.

Proposition We have
mpg < m < MM

7. A QUADRATIC APPROXIMATION FOR SMALL [S]

We explicated the linear term of our method in the previous sections and com-
pared it to the Briggs-Haldane and Michaelis-Menton approaches. Our approach
can go much further and give an approximation of any order desired (for small [S]).
In the next section we will in fact give an exact infinite series expansion, from which
approximations of any order can be deduced. Now let us delineate the quadratic
case. We will preserve the earlier notations involving vy, [ES],, etc., denoting the
values of v, [ES], etc., at the n-th stage of the recursion. Let us write

(21) U = mu[S] + ¢.[S]? + O([S]?),

where m,, is the slope at the n-th stage, and ¢, the coefficient controlling the
quadratic term. As usual, O([S]") denotes, for any r > 0, a sum of terms of order
at least [S]". It follows by differentiation that

(22) ll, = malS] + 24, [S][S] + [SVO(SP) + O(SP).
Since v = k3[ES], we get from (21),

(230) ksl ES], — %mnm T ’;—jqn[sﬁ +O((S1),

and

(230) K [SIES], = L, [S]2 + O(IS]?).
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These give, thanks to (1) and (5), at stage n,
e 180 = (R v ()4 B 2R gy )
ks ks ks
In particular, [S]" is O([S]), and
SISV = (2= 1) I8P+ OSP).
ks ks
So (22) simplifies as
’ / ko k1 2 3
(25) k(ST = mal) + (22m, — Bv) 52 + o).
3 3
The recursion is defined in such a way that
(26) Unt1 = —[S], — [ES],,
where [S],, denotes the value of [S] at stage n. Thus, by (25),
k k
(27) Upgr = — (14 2 ) 18], — [ momn — —V ) [S2 + O([S]?).
ks ks

Plugging in (24), we then get
(28)

i = = (14052 ) (ma = v )51 (0 Ty ety _ o

Since this is mp11[S] + gn+1[S]? + O([S]?), we obtain

(29) it = — (14 m 1My, + Kag '
ks ks

Now we let n go to infinity, and obtain, for ¢ = lim g,, the relation
n—oo

m kim + kaogq
= —(1 — _ .
! < +k‘3>< ks )

1_,_& k:lm
(30) q = _1( 1k3)mk3k2'
+A+ B

This yields

Note that this is independent of [E]*.
Putting v = lim v,, this gives the expression
n—oo

B (ks + m)kim
(31) U_mm<%jWﬁmW2

where m is given by (19b). Consequently,

dv 2(ks +m)kim 2
T = (k§+(k3+m)k2) 181+ O(SP).

) S+ O(SP),

(32)

R

ks
— kigv

If S* is small, then so is Sp, in which case this quadratic approximation has some

2
validity near it, allowing to deduce that S, is close to %

).
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8. A QUADRATIC APPROXIMATION AT S*
This section not delicate as the previous section, since the [S]-derivatives of U%
are all well defined and easily calculated at S* (unlike at [S] = 0). Nevertheless,
the formulae below are useful in the following section. As before, we will write [S]’

for %7 [ES) = d[ftsl, etc.

Lemma ¢t the point [S] = S*, the following values hold:
(a) [S] = —k2S*E*, [ES] = k1S*E*, and [E] = k1S*E*.

(b) d(fg] = _k3-
d*v k3
(c) aisz — THS B

Consequently, the quadratic Taylor approximation to v near [S] = S* is given by
k3

v = —k3([S] - S*) - WS E*

([S] = 8%)* + O(([S] = 5)°).

Proof. (a):  This follows directly from the basic differential equations by
evaluation at S*.
(b):  We saw in the proof of Lemma 2.1 that

dES] 4 [ES]
as] Yl
Since v = k3[ES] and [ES] = E* — [E] is zero at S*, we get % = —ks.
(c): Differentiating relative to ¢,
[S"[ES]

d (dES)\ . [SVES) -
ﬁ(ﬂﬂ)““ SR

9. APPROXIMATIONS TO S,

Now that we have expansions for v at 0 and at S*, we can find a series of
approximations S, ,, to S,, which will be good for small S*, by equating the n-th
order terms of the respective expansions.

Proposition
ksS* .
(a) Spvl = mi—k;;’
(b) Sp2 satisfies a quadratic equation:

AX?4+BX +C =0,

with
A k% B (ks +m)kim
2k1S5* E* k% + ks + mks ’
k3
B = <2k1E* _m_k?’) :
and

C = k3 e N T
“\ ok Er ? 2k, S* E* '
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10. A RECURSIVE VARIATION ON BRIGGS-HALDANE

Here we present a recursive approach to understanding the situation arround the
point [S] = S, starting with the steady state hypothesis of Briggs-Haldane, but
which does not hold any more after the first iteration.

For simplicity, we will continue to assume that the initial values (ES)* and P*
of [ES] and [P], respectively, are zero.

Step 1: Start with [ES]’ = 0, which happens at [S] = .S,. Then by (2):
ki[S](E™ — [ES]) = (k2 + k3)[ES],
which gives the Briggs-Haldane formulae
E[S]
———— and = ks3[ES =
R, + 18] 4 ven = kalBSlon = =g
We will write [ES]y and vy = [P](, instead to signify that these values are at the

zeroth stage.
Using (1), we also get

(33) (ES]pn = V1]

[S) = ki E*[S] + (k2 + k1 [S])([ES]) = E*[S] <k1 + m> '

This simplifies as

V(S]
Ko +[S]
Of course this should have been expected, as at the zeroth stage, [ES]’ = 0, while
the time derivative of equation (6) gives [ES]’ + [P]’ +[S]’ = 0, and since v = [P]/,
we get 0 = [ES] = —v — [S]' (at that stage).

(34) ) = —

Of course [ES]’ will soon become non-zero as we go away from [S] = S, and the
idea is to feed the information we have obtained at the end of this step back into
the differential system.

Step 2: Differentiating [E'S] using (33), we get
;) _ (BT (K +[S]) = EX[SDIST

(5] (Kom + [S])? ’
which simplifies as
,  EK,[S)
55) B8 = e s

Since v + [S] + [ES] = 0, we get from (35),
E*K
— 181 (14 Gt )
o= (1 s o
Substituting for [S] from (34),

w0 o= (i) (o)

We call this v.
Taking the derivative with respect to [S], we obtain

dvy. VK, E*V K (K — 2[S)

(37) a5 " Bt B2 (K + (8]
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Clearly,
dUl VvV E*V
> W,
|[S]:0 m m
and p
ng] =0 & ([S]+ Kmn)* = 2E°([S] + Km) +3E" K = 0.

Thus the critical points of v; are given by

[S] = —Kp + E* + \/E*(E* — 3K,,).

Note that

‘o o _ .
If £* =0 then <d[5]0¢>[5} Km).

This agrees with the Briggs-Haldane limit; of course, in reality, [S] will not be
negative.



