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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Master Reaction Concept: -
Its Validity in Integrated

Biological Systems
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Abstract. The maximum rate of a biological process consisting of a series of
linked reversible enzymatic reactions is determined by the slowest reaction in
the series. This master (or bottleneck) reaction is a consequence of the fact
that enzymaﬁic reactipns approach zero-order kinetic behavior as they near

their maximum rate.
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Over sixty years ago Blackman, without proof, prdpoéed.the concept
of a master (or bottleneck) reaction, stating that the rafe of & biological
 process is limited by the pace of the slowest factor (1). Several workers have
criticized Blackmanis‘concept, both conceptually and mathematically (2). How-
ever,_Perrét has defended the master reaction concept, pointing out that the
criticism was based on first~order chemical kinetics, wheréas biological reactions
‘are of all feasible orders from virtually zero upwards (3). We present a proof
for the master reaction cbncept based on reversible enzyme kinetics.,

We base our argument on a simplified model of a biological system con-
sisting of N consecutive reverSible Michaelis-Menten type enzymatic‘réactions.
- (The case of a single enzyme—sﬁbstrate complex undergoing succéssible trans-
formations (k) shoﬁld not bevconfused with this case.) The product of each
enzymatic reaction is the substrate for the next. There is one_external limit-

ing substrate, S.
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E denotes the enzyme, P;the products of the eniymatic r§a¢tions, and k the rate
_constants. Cataiysis occurs in the substraté—enzyme—complexes (such as Pn_lEn).
_In this general case no réaction steps are considered to bé irfevérsible;
irreversibility'is approached. only by‘virfue of a large negative free energy
change.

The velocity of.thésigg; reéction, vﬁ, is fouhd by assuming that the
concentration of enzyme is much smalier than the concentration of its substrate,
and by assuming éteady state condifions. Steady state masy be assumed even if
we consider an aﬁtocatalytic process such as balanced cellular growth since we
express eniyme congentrations;per-unitﬁqf cellular-masé;(?hiéhfiévindependent
of ﬁgﬁg; cellular mass). The»splution.(s) is given here with vn-implicitly
ekpressed;

_ [Pn](an} vn) + K'v

n ’ g
I = K /K (Vg - vn)n ’ ' (1)

[Pn—l



"UCRL-18971 . Dabes 5

where [P] and [Pan] are concentrations of species Pn and P is the net

Vv
n-1> 'n

rate of enzymatic reaction, V 0 ='k£[E§], the maximum forward rate; V_, = k n[Eo],

F Bn n

the maximum backward rate; [Ez] is the total COncentrafion of the nEE-enzyme;
= . + 1 . ! = . + 1 1 .
Kn <k—n kn)/kn’ Kn (k—n 1 kn)/k—n

All of the individual reéctions give equations of the form of equation

(1). We obtained the solution for the whole system of N equations by fealizing

1 2 n N

substitutions until the concentration of S, [S], is related only to v and [PN],

that at steady state v=v, = v, = ..... = v = ;;... = v and by making SucceSﬁive

the concentration of final product. If P

N is a cellular constituent and cellular

growth is balanced, then [PN] is constant with time (when expressed per unit of

cellular mass). The solution is:

i . n ) N
K (v ' [P:] (V. + v)
g 33; Bigtv) JJ; oo
[S]—nzinql( ) M Ra-v (2)
= == (V.- 7 (V= v | - e
i=1 Ki-l F1 Y 'ALE Kn Fn ' '

where VBO is defined equal to zero, and Ké/Kd is defined equal to one. If, for

.example, we have two enzymatic reactions, N = 2, and :

5] = ifz];Yéz + V) (Vgy +v) - Kov{Vgyt v) . (VKlf S
2 & 1, F1 ‘
T K (VF2— V)(VFl—V) Ef‘(VFE- v)(VFl— v)

2 1 , 1

In equation (2) the maximum rate for the system is set by, and cannot
'exceed,vthe maximum forward rate of the smallest VFn’ since [Ss] approaches infinity

as v approaches the smallest VFn' This can be easily seen by substituting any
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two numerical values for V_. and V into equation (3). As v approaches the

F2 Fl

smaller of the two numerical values corresponding to Vg or V [S] must ap-

_ F2°’
proach infinity. The slowest an is the master reaction for the system: a
barrier which cannot be exceeded. An interesfing.corbllary is that when [S]

is large (i.e. not limiting), the system rate isv0pergtihg near the maximum rate
set by the master reaction.

Such a limiting step or master reaction caﬁnot oceur in chemical'
reactions of higher than zero order (6), but can,oécur in enzymatic reactions
since zero-order iS»approached.as the enzyme sites become saturated with their
substrate,. |

Care must be used not tO'cérry the master reactioﬁ concept too far.
Even though the slowest reaction séfs the maximum rate for the system, it doés
not entirely determine the relationéhip of overall rate asva function of limit-
ing substrate concentration; At loﬁ substrate concentrations, [S1, more than one
of the reactipns in series may influence the overall rate. We have in fact
used equation (2) as a basis to explain deﬁiations of experimental data from
some of the simpler models uéed to describe the substrate-iimited growth of
micfo—organisms (7).

Insight into the chémical kinetics of‘éuch integrated biological pro-
cesses as éeilular growth, resPiration.and photosynthesis appears possiblé using

the approach presented here.
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