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5.6: Multi-Substrate Sequential Mechanisms
The Michaelis –Menten model of enzyme kinetics was derived for single substrate reactions. Enzymatic reactions requiring
multiple substrates and yielding multiple products are more common than single-substrate reaction. In these types of reactions, the
all the substrates involved are bound to the enzyme before catalysis of the reaction takes place to release the products. Sequential
reactions can be either ordered or random. In contrast to the Michealis-Menton kinetics where a binary Enzyme-Substrate complex
is generated in the mechanism ([ES], in bi-substrate enzyme reactions, a ternary complex of the enzyme and two substrates is
generated:

Bisubstrate reactions account for ~ 60% of the known enzymatic reactions. Multi-substrate reactions follow complex rate equations
that describe how the substrates bind and in what sequence. The analysis of these reactions is much simpler if the concentration of
substrate A is kept constant and substrate B varied. Under these conditions, the enzyme behaves just like a single-substrate enzyme
and a plot of v by [S] gives apparent KM and Vmax constants for substrate B. If a set of these measurements is performed at
different fixed concentrations of A, these data can be used to work out what the mechanism of the reaction is. For an enzyme that
takes two substrates A and B and turns them into two products P and Q, there are two types of mechanism: ternary complex and
ping–pong.

How do you resolve the enzymes kinetics of these more complicated systems? The answer is fairly straightforward. You keep one
of the substrates (B, for example) fixed, and vary the other substrate (A) and obtain a series of hyperbolic plots of v  vs A at
different fixed B concentrations. This would give a series of linear 1/v vs. 1/A double-reciprocal plots (Lineweaver-Burk plots) as
well. The pattern of Lineweaver-Burk plots depends on how the reactants and products interact with the enzyme.

Sequential Mechanism 

In this mechanism, both substrates must bind to the enzyme before any products are made and released. The substrates might bind
to the enzyme in a random fashion (A first then B or vice-versa) or in an ordered fashion (A first followed by B). For both
mechanisms, Lineweaver-Burk plots at varying A and different fixed values of B give a series of intersecting lines. Derivative
curves can be solved to obtain appropriate kinetic constants. In ordered sequential reactions, all the substrates are first bound to the
enzyme in a defined order or sequence. The products, too, are released after catalysis in a defined order or sequence.

An example is the lactate dehydrogenase enzyme, which is a protein that catalyzes glucose metabolism. In this ordered mechanism,
the coenzyme, NADH, always binds first, with pyruvate binding afterward. During the reaction, the pyruvate is reduced to lactate
while NADH is oxidized to NAD  by the enzyme. Lactate is then released first, followed by the release of NAD .

Figure 5.6.1: Reaction of the lactate dehydrogenase: pyruvate (left) is oxidized to lactate (right) by expense of NADH

Figure 5.6.2: Ordered Sequential Mechanism for the lactate dehydrogenase enzyme

This is a characteristic of a ternary complex, which consists of three molecules that are bound together. Before catalysis, the
substrates and coenzyme are bound to the enzyme. After catalysis, the complex consists of the enzyme and products, NAD  and
lactate.

In random sequential reactions, the substrates and products are bound and then released in no preferred order, or "random" order
(Figure 3.4.1). An example is the creatine kinase enzyme, which catalyzes creatine and ATP (the two substrates) to form
phosphocreatine and ADP (teh Products) in Figure 3.4.4. In this case, either substrates may bind first and either products may be
released first. A ternary complex is still observed for random sequential reactions. Before catalysis, the complex is generated that
includes the enzyme, ATP, and creatine. After catalysis, the complex consists of the enzyme, ADP, and phosphocreatine.
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Figure 5.6.3: The metabolism of creatine kinase follows a random
sequential mechanism.
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