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The mechanism of ligand binding coupled to conformational
changes in macromolecules has recently attracted considerable
interest. The 2 limiting cases are the ‘‘induced fit’’ mechanism
(binding first) or ‘‘conformational selection’’ (conformational
change first). Described here are the criteria by which the sequence
of events can be determined quantitatively. The relative impor-
tance of the 2 pathways is determined not by comparing rate
constants (a common misconception) but instead by comparing the
flux through each pathway. The simple rules for calculating flux in
multistep mechanisms are described and then applied to 2 exam-
ples from the literature, neither of which has previously been
analyzed using the concept of flux. The first example is the
mechanism of conformational change in the binding of NADPH to
dihydrofolate reductase. The second example is the mechanism of
flavodoxin folding coupled to binding of its cofactor, flavin mono-
nucleotide. In both cases, the mechanism switches from being
dominated by the conformational selection pathway at low ligand
concentration to induced fit at high ligand concentration. Over a
wide range of conditions, a significant fraction of the flux occurs
through both pathways. Such a mixed mechanism likely will be
discovered for many cases of coupled conformational change and
ligand binding when kinetic data are analyzed by using a flux-
based approach.

kinetics � binding � folding � coupled equilibria � mechanism

The binding of ligands by macromolecules is crucial to a
multitude of physiological processes. These include the cas-

cade of reactions accompanying hormone binding to receptors
(1, 2), enzyme reactions initiated by the binding of substrates to
the enzyme (3, 4), gene regulation by the binding of molecules
to DNA (5) and RNA (6), and the folding of unstructured
proteins to produce biologically active molecules (7, 8). In
virtually all cases, the binding of ligands and conformational
changes go hand in hand. Consequently, considerable effort has
been expended in assessing the detailed mechanism by which
ligand binding and conformational changes are coupled (3, 4, 9).
Two limiting mechanisms are generally considered: (i) ‘‘confor-
mational selection,’’ whereby the ligand selectively binds to a
form of the macromolecule that is present only in small amounts,
eventually converting the macromolecule to the ligand-bound
conformation; and (ii) ‘‘induced fit,’’ (9) whereby ligand binds to
the predominant free conformation followed by a conforma-
tional change in the macromolecule to give the preferred ligand-
bound conformation.

The 2 limiting mechanisms can be written as:

Conformational Selection: Pweak º Ptight

Ptight � L º Ptight�L
[1]

Induced Fit: Pweak � L º Pweak�L

Pweak�L º Ptight�L
[2]

In these equations, Pweak and Ptight represent the tightly and
weakly binding conformations of the protein (or other macro-
molecule), and L is the ligand. In point of fact, these 2 limiting

mechanisms can be distinguished by kinetic measurements of the
rate of the conformational change. In the simplest case, which
often prevails, the ligand-binding step is assumed to be rapid
relative to the conformational change, and the ligand concen-
tration is much greater than the protein concentration. Under
these conditions, the observed first-order rate constants for the
2 mechanisms are (4):

Conformational Selection: kobs � k f �
k r

1 � �L� /Kd
[3]

Induced Fit: kobs � k r �
k f

1 � Kd/�L�
[4]

In these equations, kf and kr are the forward and reverse rate
constants for the conformational change reaction as it is written,
and Kd is the equilibrium dissociation constant for ligand bind-
ing. In the former case, the observed rate constant decreases as
the ligand concentration increases, whereas in the latter case, the
observed rate constant increases as the ligand concentration is
raised. If the ligand and protein concentrations are comparable,
kinetic experiments near equilibrium (relaxation kinetics) can be
easily interpreted with simple analytical equations similar to the
above (4). If the ligand-binding reaction and the conformational
change reaction proceed at similar rates, the kinetic analysis
becomes complex, although relaxation measurements can be
analyzed without too much difficulty.

These 2 limiting cases are part of the general mechanism
shown in Fig. 1. Here, we will show that in many cases both
mechanisms may be occurring, and that the reaction path can be
altered by changes in the ligand and protein concentrations.
Determination of the reaction path followed requires knowledge
of both the rate constants and the concentrations of all species.
If these are known, the flux, F, through a given path can be
readily calculated. The flux of a reaction is equivalent to the rate
of change of the reactant concentrations with respect to time and
is calculated by multiplying the reactant concentration(s) times
the forward rate constant. The fractional f lux through a given
path is a precise measure of how much a reaction proceeds
through that path. For complex mechanisms, the flux can be
calculated following 2 simple rules:

Parallel reaction paths: F total � ¥Fi [5]

Serial reaction paths: F total �
1

¥1/Fi
[6]

where Fi is the flux of the ith reaction step. For a combination
of serial and parallel paths, these 2 rules can be combined.
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The fluxes for forming Ptight�L from Pweak and L for the 2
pathways illustrated in Fig. 1 are as follows:

Conformational selection: Using F1 � kWT[Pweak] and F2 �
kon

T [Ptight][L] f with Eq. 6:

FCS � � 1
kWT�Pweak�

�
1

kon
T �Ptight��L� f

� �1

[7]

Induced fit: Using F1 � kon
W[Pweak][L] f and F2 � kWT

L [Pweak�L]
with Eq. 6:

FIF � � 1
kon

W�Pweak��L� f
�

1
kWT

L �Pweak�L��
�1

. [8]

It is important to note that the ligand concentration ([L]f) in
these equations refers to the free ligand concentration rather
than the total concentration. Because total ligand concentration
is usually the known quantity, one must derive the free concen-
tration as described in Methods.

To illustrate the methodology of calculating fluxes, we con-
sider 2 specific examples, the reaction of enzyme with a substrate
and the coupling of protein folding with ligand binding.

Results
Enzyme Plus Substrate. Dihydrofolate reductase (DHFR) is an
enzyme that has been extensively studied with many different
methods and in many different laboratories (10–25). It catalyzes
the reduction of dihydrofolate by nicotinamide adenine dinu-
cleotide phosphate (NADPH) to tetrahydrofolate and NADP�.
A recent NMR study of DHFR demonstrates that an ensemble
of enzyme conformations exists throughout the entire reaction
and suggests that the reaction proceeds by a conformational
selection mechanism (13). As a specific example, the binding of
NADPH to the enzyme is considered. In terms of Fig. 1, Pweak
and Ptight correspond to the E and E� conformations of dihy-
drofolate reductase and the ligand is NADPH (see Fig. 2A.) The
NMR study suggests that only �2% of the free enzyme exists in
a conformation, E�, to which NADPH binds much more strongly
than to the predominant conformation. The exchange rate constant
observed is �1,000 s�1. This can be attributed to the sum of the rate
constants for the interconversion of the 2 enzyme species. An
alternative path for the formation of E��NADPH is the binding of
E and NADPH to form E�NADPH, which then forms E��NADPH.
The second order rate constant for the overall combination of
enzyme and NADPH is �107 M�1�s�1 and the overall equilibrium
dissociation constant is �1 �M (15, 25).

Based on these results, reasonable rate constants have been
assigned to the mechanism depicted in Fig. 2 A. If NADPH is
presumed to bind only to E, the corresponding second order rate
constant would be approximately equal to the experimentally
determined value, 107 M�1�s�1 (the estimate shown in Fig. 2).
Whereas, if NADPH is presumed to bind only to E�, the
approximate second order rate constant consistent with the
experimental data is 109 M�1�s�1 (Fig. 2). Thus, the bimolecular
rate constants are consistent with the experimental measure-
ments of the overall rate constant for both the conformational
selection and induced fit mechanisms. The sum of the rate
constants for the interconversion of E and E� is set equal to 1,000
s�1, with an equilibrium constant of 50 in favor of E, both from
the results of NMR experiments. The sum of the rate constants
for the interconversion of E�NADPH and E��NADPH is also set
equal to 1,000 s�1, with an equilibrium constant of 100 favoring
E��NADPH. This value of the equilibrium constant is somewhat
arbitrary, but E��NADPH is clearly the favored conformation.
Note that with this equilibrium constant, the equilibrium disso-
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Fig. 1. General mechanism for ligand binding coupled to conformational
change. Pweak and Ptight represent macromolecule conformations with lower
and higher affinity for the ligand, L.
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Fig. 2. Mechanism of DHFR conformational change coupled to NADPH binding. (A) Mechanistic scheme for 2 alternative pathways where E and E� represent
the low and high affinity forms of DHFR, respectively. Labels on arrows represent first order rate constants (in s�1) except for the 2 ligand binding steps, which
are second-order rate constants (in M�1�s�1.) Values given are based in part on estimates made by Boehr et al. (13) (see Enzyme Plus Substrate) (B) Fractional flux
through the Conformational Selection path at 2 DHFR concentrations: 1 �M is near cellular concentrations and 1 mM is the concentration used for the NMR
experiments. Fractional flux is plotted vs. total [NADPH].
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ciation constant for the binding of ligand to E is 5,000 times
larger than that for binding to E�.

With the rate constants specified above, the fraction of the
equilibrium flux proceeding through the conformational selec-
tion mechanism at various ligand concentrations is shown in Fig.
2B for 2 conditions, 1 mM total enzyme concentration as used
in the NMR experiment and 1 �M total enzyme concentration,
a condition closer to other types of experiments and the cell. The
flux through each path is:

Conformational Selection:

FCS � � 1
20�E�

�
1

109�NADPH��E��
� �1

M/s [9]

Induced Fit:

F IF � � 1
1000�E�NADPH�

�
1

107�NADPH��E�
� �1

M/s [10]

where [NADPH] corresponds to the free ligand concentration
obtained from Eq. 11 in Methods. In both cases, the mechanistic
path followed changes as the ligand concentration is varied. As
is also readily apparent, the mechanistic path followed depends
greatly on the enzyme concentration. Under the conditions used
in the NMR experiments (1 mM enzyme, 10–50 mM NADPH),
virtually none of the flux proceeds through the conformational
selection mechanism. At very low ligand concentrations, �80%
of the flux goes through the conformational selection mecha-
nism, but this percentage drops off rapidly as the ligand con-
centration is increased. These calculations are illustrative only.
In point of fact, insufficient information is available to determine
which mechanism prevails. However, this example vividly illus-
trates that both mechanisms must be considered and that the
pathway is not easily predicted, even if one of the conformations
binds the ligand much more tightly. Furthermore, the mecha-
nistic pathway depends very strongly on the ligand and enzyme
concentrations. In order for a large fraction of the mechanism to
proceed through the conformational selection mechanism at
high ligand concentrations, the second order rate constant
characterizing the binding of E and NADPH would have to be
reduced several orders of magnitude. This is certainly possible,
but seems unlikely.

Folding Plus Binding. The marginal thermodynamic stability of
many proteins under physiological conditions has increasingly
been recognized in proteomes from a variety of organisms (26).
The folding reaction of many proteins or individual domains is
unfavorable in the absence of a binding partner (27). A large
fraction of these so-called intrinsically disordered proteins fold
only when bound to small ligands, nucleic acids or other proteins
(8). Through thermodynamic linkage, the binding free energy of
these complexes is used in part to promote folding of the
intrinsically disordered protein (28). Even when a protein is
stably folded in the absence of ligand, binding always enhances
stability except in the unlikely event that the binding affinity of
the unfolded protein is equal to or higher than that of the folded
form. The mechanism by which these coupled folding and binding
reactions take place has stimulated much recent interest (29–36).

Kinetically speaking, the key question is: which occurs first,
folding or binding? Although claims of coincident or concurrent
folding and binding have been made, this mechanism is ex-
tremely improbable because both folding and binding are rela-
tively low frequency stochastic events, making their simulta-
neous occurrence an even lower frequency event (see refs.
37–39). A more appropriate interpretation of apparent coinci-
dent folding and binding is that one of the 2 reactions (probably
binding) occurs with a rate constant higher than can be exper-

imentally detected or the intermediate species is spectroscopi-
cally silent. Thus, folding and binding are almost certainly
sequential steps and kinetic experiments must be carefully
designed to determine their order.

Several recent studies have sought to determine the order of
steps in sequential folding/binding reactions (8, 29, 32, 33, 36).
The experiments require transient detection of the folding
reaction in the presence of various concentrations of ligand (33).
Alternatively, binding can be transiently detected under various
conditions that produce various proportions of folded and
unfolded protein. In either case, the folding/binding mechanism
cannot be determined under a single set of conditions. Likewise,
the relative free energies of the ground state species or their
structures cannot be compared because these properties do not
exclusively determine the relative flux. Only kinetic measure-
ments under a variety of equilibrium conditions can quantita-
tively determine the relative importance of the binding-first and
folding-first pathways.

A recent example of a kinetic study of a coupled folding and
binding system is the work of Wittung-Stafshede and coworkers
on the folding of Desulfovibrio desulfuricans f lavodoxin in the
presence and absence of its cofactor, f lavin mononucleotide
(FMN) (30, 31). These workers measured the folding kinetics of
apo- and holo-flavodoxin (31) and combined these results with
their previous work on FMN binding kinetics in the same system
(30) to estimate the rate constants for the mechanism depicted
in Fig. 3A. The second-order rate constants for FMN association
shown in Fig. 3A correspond to pseudofirst order rate constants
for FMN binding of �1,000 s�1 for unfolded flavodoxin and �2
s�1 for folded flavodoxin at holo-protein concentrations of 20
�M. Likewise, the folding rate constants for apo- and holo-
flavodoxin were estimated to be 46 s�1 and 570 s�1, respectively.
Based on a comparison of these rate constants, the authors
argued that the mechanism must occur exclusively via the
binding-first (induced fit) pathway because the lowest rate
constant step on this path (folding of holoflavodoxin) is hun-
dreds of times faster than the lowest rate constant step (FMN
binding by folded protein) on the alternative folding-first (con-
formational selection) path.

This conclusion is incorrect under a wide range of conditions
for the reasons outlined in the previous section. Using the
authors’ estimates for the rate and equilibrium constants, we
have calculated the flux through each path as a function of
holo-protein concentration. As depicted in Fig. 3B, the flux
through the folding-first path represents 20% of the total f lux at
20 �M holo-protein [the concentration used by Wittung-
Stafshede and coworkers (30, 31)] and as much as 85% at lower
concentrations. Thus, the mechanism is mixed over a very broad
concentration range and inspection of rate constants alone does
not allow the determination of mechanism.

The reason that the path with lower rate constants has
significant flux can be understood by inspecting the fractional
populations of the 4 forms of the protein in Fig. 3C. At all
reasonable concentrations, the population of the folded un-
bound protein F vastly exceeds that of both unfolded forms. The
relative contribution of the 2 steps in the folding-first pathway is
strongly concentration dependent and at 20 �M holo-protein the
folding step is f lux-limiting (the true ‘‘rate-limiting’’ step) even
though the rate constant for folding is 400 times higher than the
pseudofirst order rate constant for binding to F (0.1 s�1). This
is because [F] is 104 times greater than [U]. However, the relative
contribution of the 2 steps in the binding-first pathway to the
total f lux through that path is concentration independent and
under the conditions used by Muralidhara et al., both steps
contribute equally, which means that the overall binding-first
f lux is half of the flux through each sequential step. Under these
specific conditions, the relative importance of the folding-first
pathway may be approximated by comparing the rate constant
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for folding of the unliganded unfolded flavodoxin (46 s�1) with
the pseudofirst order rate constant of FMN binding to the same
species divided by 2 (180 s�1). This calculation agrees with the
estimate given above that 20% of the flux is through the
folding-first path.

Discussion
These 2 examples of flux calculations indicate several important
factors that should be considered in assessing the mechanism of
processes that couple conformational changes to ligand binding.
First, the mechanistic path followed depends on the protein and
ligand concentrations. Second, the mechanism can only be
assessed by considering all possible paths. Even when a given
path may seem (with a strong emphasis on ‘‘seem’’) thermody-
namically unlikely, it can be a viable path because the path is
determined by the flux, which is in turn determined by a
product of concentrations and rate constants. This same caution
applies when discussing ‘‘rate-determining steps:’’ the ‘‘rate-
determining step’’ cannot be determined only by examining
relative values of rate constants. The true rate-determining step
in a sequential pathway is the step with the lowest f lux because
the reciprocal sum in Eq. 6 is dominated by the smallest Fi values.
Thus, an alternative name for the ‘‘rate-determining’’ step is the
‘‘f lux-determining step.’’

An additional complication is that the mechanisms discussed
thus far are simplifications of what actually occurs. Proteins exist
in an ensemble of conformations (40, 41). For enzymatic reac-
tions, an ensemble of conformations exists for each of the
multiple intermediates that occur along the reaction pathway
(12, 16, 42). Conformational ensembles are also important for
protein folding. The calculation of fluxes for these more com-
plicated situations is straightforward, but requires a detailed
knowledge of the kinetics and thermodynamics of the reaction
mechanism. When multiple conformations are involved, the
distinction between conformational selection and induced fit
mechanisms becomes blurred. For example, consider the case
where the final conformation of the protein-ligand complex has
a ‘‘lid’’ over the binding site (43). In this case, the assertion is
usually made that an induced fit mechanism must occur. This is
a statement about the kinetics of the ligand binding mechanism,
namely the second-order rate constant for the combination of
protein in the ‘‘lid-closed’’ conformation and ligand is very small.
However, if an ensemble of conformations is present, the
combination of protein and ligand may involve several ground
state conformations that are significantly populated. The mal-
tose binding protein is a good example of the situation. From

crystallographic studies, the conformation of the protein without
ligand is ‘‘open,’’ whereas the conformation with ligand bound
that has a lid over the binding site is ‘‘closed.’’ Thus, the
mechanism of ligand binding is cited as binding to the ‘‘open’’
state before a change in conformation to the ‘‘closed’’ state.
However, recent NMR experiments have indicated that a sig-
nificant fraction (�5%) of the protein without ligand has a
conformation in-between the ‘‘open’’ and ‘‘closed’’ states (44). If
the binding of ligand involves this state mechanistically, then the
mechanism could involve both conformational selection and
induced fit mechanisms.

A flux-based approach to determine these mechanisms of
conformational change coupled to binding has several concep-
tual and experimental advantages. Although rate constants are
often estimated via equilibrium displacement time resolved
experiments, this is not the only way to measure flux. Dynamic
NMR experiments, including line shape analysis (45, 46) and
relaxation dispersion experiments (47–50), detect equilibrium
flux directly because no time dependent perturbation from
equilibrium is necessary to observe the effect of chemical
exchange between 2 or more magnetic environments. Because
the data are not time-dependent, they can be analyzed without
solving the differential equation(s) defined by the rate law. In
some circumstances, for instance when the macromolecule con-
centration is much larger than the apparent Kd, this differential
equation is second order and has no useful analytical solution.
However, Eqs. 5 and 6 still apply under these conditions and can
be used to model dynamic NMR data, allowing determination of
kinetic parameters from estimates of flux. Thus, a flux-based
analysis is ideally suited to dynamic NMR experiments.

In summary, we have shown that ligand-binding mechanisms
involving multiple protein conformations can be complex. More-
over, the mechanism of ligand binding changes as the ligand and
protein concentrations change. The mechanistic paths followed can
be best assessed by using the concept of flux, but this requires a
detailed knowledge of all of the rate constants and conformations
involved. At the present time, the best way to determine this
information appears to be from NMR, where both rates and
populations can be determined, and from detailed kinetic studies.

Methods
All flux calculations were performed by using a Mathematica notebook,
available for application to other systems from T.G.O. The key equations allow
the calculation of free ligand and macromolecule concentrations from the
known total concentrations and equilibrium constants:

U

F

U•FMN

F•FMN

FMN

FMN

C
o

n
fo

rm
ational Selection

Induced F
it

A

0.5

1.0

0.5

1.0

P
op

ul
at

io
n

F
C

S
/(

F
C

S
+

F
IF
)

F F•FMN

U U•FMN

[Flavodoxin•FMN] (M)

B

C

10-8 10-7 10-6 10-5 10-4 0.001

108

580

3x104

0.025

0.005 9x10-346 568

20 µM

Fig. 3. Mechanism of Desulfovibrio desulfuricans flavodoxin folding coupled to FMN binding. (A) Mechanistic scheme for 2 alternative paths where U and F
represent the folded and unfolded forms of flavodoxin, respectively. Labels on arrows represent first order rate constants (in s�1) except for the 2 ligand binding
steps, which are second order rate constants (in M�1�s�1.) Values given are based on estimates made by Muralidhara et al. (30, 31).
(B) Fractional flux through the folding-first (Conformational Selection) pathway at various holoflavodoxin concentrations, calculated from the rate constants
given in A. (C) Fractional population of each species shown in A. The vertical line at 20 �M indicates the holo-flavodoxin concentration used by Muralidhara et
al. (31). Note that the populations of U and U�FMN are very small under all conditions and the mechanism is mixed over the concentration range shown.

13740 � www.pnas.org�cgi�doi�10.1073�pnas.0907195106 Hammes et al.



�L� f � �L� tot � �PW�L� � �PT�L�

� �L� tot � �PW�� 1
Kd

W �
Keq

WT

Kd
T � [11]

where [L]f and [L]tot are the free and total ligand concentrations; [PW�L] and
[PT�L] are the concentrations of the ligand-bound forms of Pweak and Ptight; Kd

W

and Kd
T are the dissociation constants of those species; Keq

WT is the equilibrium
constant for the Pweakº Ptight reaction in the absence of ligand; and [PW] is the
concentration of Pweak given by:

�P�W �
�P� tot

1 �
�L� f

Kd
W � Keq

WT� 1 �
�L� f

Kd
T � [12]

where [P]tot is the total macromolecule concentration. Substituting Eq. 12 into
Eq. 11 yields a quadratic equation whose positive solution gives [L]f. The
concentrations of the other species are:

�PT� � Keq
WT�PW�

�PW�L� �
�PW�

Kd
W �L� f

�PT�L� �
Keq

WT�PW�

Kd
T �L� f

[13]
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