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H I G H L I G H T S

• Protein interactions may involve con-
formational changes.

• The conformational change can occur
before or after the initial encounter.

• Both mechanisms may give complex
kinetics.

• Induced fit and conformational selection
can be distinguished by varying the re-
actants' concentrations.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 29 January 2014
Received in revised form 13 March 2014
Accepted 13 March 2014
Available online 1 April 2014

Keywords:
Induced fit
Conformational selection
Kinetics
Protein–protein interactions

The interactions between proteins and ligands often involve a conformational change in the protein. This conforma-
tional change can occur before (conformational selection) or after (inducedfit) the associationwith ligand. It is often
very difficult to distinguish induced fit from conformational selection when hyperbolic binding kinetics are ob-
served. In light of a recent paper in this journal (Vogt et al., Biophys. Chem., 186, 2014, 13-21) and the current interest
in binding mechanisms emerging from observed sampling of distinct conformations in protein domains, as well as
from the field of intrinsically disordered proteins, we here describe a kineticmethod that, at least in some cases, un-
equivocally distinguishes induced fit from conformational selection. The method relies on measuring the observed
rate constantλ for binding andvarying both the protein and the ligand in separate experiments.Whereas inducedfit
always yields a hyperbolic dependence of increasing λ values, the conformational selectionmechanism gives rise to
distinct kineticswhen the ligand and protein (displaying the conformational change) concentration is varied in sep-
arate experiments. We provide examples from the literature and discuss the limitations of the approach.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mechanisms of protein–ligand interactions have been studied since
the dawn ofmodern structure-based biochemistry. Strikingly, it is almost

60 years ago that Daniel Koshland Jr. introduced a theory to explain en-
zyme specificity, based on the concept that ligands may induce changes
in protein structures upon binding [1]. This pioneering work, together
with the subsequent studies of the group of Monod [2], lead to the
establishment of what are still considered the two “standard mecha-
nisms” in protein–ligand recognition, i.e. the concerted (nowadays more
frequently called conformational selection) [2] and induced fit [3]
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scenarios. Thefield experienced a revivalwith thedevelopment of sophis-
ticated NMR andmolecular dynamics methods that identified high ener-
gy states in proteins that resemble ligand bound states [4–6], and
allostery based on protein dynamics [7,8] rather than conformational
changes, but the underlying questions remain the same [9]. Thus, it
appears that proteins can sample high energy states, which are proposed
to bind the ligand, while the most stable ground state does not bind the
ligand. The rates of interconversion between these high and low energy
states are usually fast and it is therefore hard to prove what comes first,
the conformational change or the binding. This question is also of center
stage in the organically growing field of intrinsically disordered proteins
(IDPs) [10], where the definition of the order of events in themechanism
of binding induced folding is critical to investigate the advantages (if any)
of disorder [11]. Based ondifferent experimental and computational tech-
niques the general consensus in the field is that the induced fit mecha-
nism is the most common [12] but conclusive evidence are scarce.

Recently, Di Cera et al. published three papers in which the two
mechanisms, induced fit and conformational selection, were subjected
to a critical appraisal [13–15]. They showed that, whilst an increase of
the observed rate constant as a function of reactant concentration
might be consistent with both models, a decrease in the observed rate
constant is a characteristic signature of conformational selection. Their
analyses suggest that, in general, conformational selection is amore ver-
satile model to describe kinetic data and the papers also offer a valuable
method to distinguish between the two different scenarios.

Indeed, the first example where kinetics was used to distinguish in-
duced fit from conformational selection clearly showed that the latter
model applies to the binding of nicotinamide-adenine dinucleotide
(NAD+) to yeast glyceraldehyde-3-phosphate dehydrogenase [16].
While conformational selection is now gaining popularity, there are ex-
amples from the literature of well-established induced fit mechanisms,
such as for an exonuclease-deficient mutant of T7 DNA polymerase
studied by Johnson et al. [17–19]. This DNA polymerase represents an
interesting example, in which a complex physiological mechanism is
regulated kinetically by a binding step followed by a conformational
change to achieve specificity towards the correct nucleotide. Binding
of an incorrect nucleotide, resulting in a mismatched DNA, is character-
ized by a slow forward conformational change and fast reverse dissoci-
ation step, thereby allowing sufficient time for the release of the
mismatched nucleotide from the polymerase active site. On the other
hand, the slow release of the correct substrate and faster forward step
allow the conformational change to occur and commit the enzyme to-
wards incorporation of the nucleotide to the growing chain.

In this review we wish to complement Vogt and Di Cera's analyses
[13–15] on these two mechanisms with a kinetic method that indeed
can distinguish induced fit from conformational selection, even when
the observed rate constant increases hyperbolically. It is our hope that
the present paper will spur interest in this kinetic method which,
while known since many years [20–26], has been rarely used, has
never been explicitly analyzed in a dedicated paper and discussed to-
gether with its advantages and limitations.

2. How to distinguish induced fit from conformational selection

The binding kinetics of protein–ligand interactions have been
reviewed previously [27,28] and Di Cera et al. have recently provided
a comprehensive description of the kinetics for induced fit and confor-
mational selection [13–15] (Fig. 1). In this section we complement
these studies by describing a straightforward approach, whichwas pre-
viously used by for example Halford [20,29], Olson et al. [21], Galletto
and Bujalowski [22–24] and ourselves [25,26], and that may be
employed to distinguish between these two alternative scenarios.

A commonmethod to study the time dependence of second order re-
actions is to carry out experiments in the presence of a very high concen-
tration of one of the reactants. Under such conditions, commonly known
as pseudo-first-order, the reaction rate (defined as the derivative of the

observed signal as a function of time) will depend on the concentration
of the reactant present at low concentration, with an apparent rate
constant ki′ equal to the microscopic rate constant ki multiplied by the
concentration of the species at high concentration. For example, by
considering a simple reaction

Aþ B

k1
→
←
k2

AB�

If [A] N N [B], the reaction ratewill depend only on the concentration
of B and the system will approach a first order scenario such that

B

k1 A½ �
→
←
k2

AB�

We will now describe how some simple considerations regarding
the pseudo-first-order assumption may be employed to distinguish be-
tween induced fit and conformational selection.

The induced fit mechanism can be described by the scheme in Fig. 1.
Importantly, under pseudo-first-order conditionswhere [B] N N [A], this
scheme will simplify to

A

k1 B½ �
→
←
k2

AB

k3
→
←
k4

AB�

or, if [A] N N [B]

B

k1 A½ �
→
←
k2

AB

k3
→
←
k4

AB�

The analytical solutions of these two scenarios correspond to the
following eigenvalues (denoted λi), which are the observed rate
constants λ1 and λ2.

λ1;2 ¼
k1 A½ � þ k2 þ k3 þ k4ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 A½ � þ k2 þ k3 þ k4ð Þ2−4k1 A½ �k2−4k1 A½ �k4−4k2k4

q

2

And

λ1;2 ¼
k1 B½ � þ k2 þ k3 þ k4ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 B½ � þ k2 þ k3 þ k4ð Þ2−4k1 B½ �k2−4k1 B½ �k4−4k2k4

q

2

It is evident from inspection of these equations that, due to their sym-
metry with respect to the reactants, in the case of induced fit, the solu-
tions of the respective kinetic system are identical when pseudo-first-
order experiments are performed with respect to either A or B. Thus, in
both cases, the slowphase λ2 displays a hyperbolic dependence onA or B.

On the other hand, by following the conformational selection mech-
anism (Fig. 1), it is postulated that the protein may explore alternative
conformations in the absence of the ligand and that the different confor-
mations are selected depending on their relative affinities for the ligand.

A+ B (AB) AB* Induced fit
k1’

k2

k3

k4

A + B A* + B AB* Conformational selection
k1

k2

k3’

k4

Fig. 1. Reaction schemes depicting induced fit and conformational selection. The prime
indicates a pseudo-first order rate constant.
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