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Noncovalent binding interactions between proteins are the central
physicochemical phenomenon underlying biological signaling and
functional control on the molecular level. Here, we perform an
extensive structural analysis of a large set of bound and unbound
ubiquitin conformers and study the level of residual induced fit
after conformational selection in the binding process. We show
that the region surrounding the binding site in ubiquitin under-
goes conformational changes that are significantly more pro-
nounced compared with the whole molecule on average. We
demonstrate that these induced-fit structural adjustments are
comparable in magnitude to conformational selection. Our final
model of ubiquitin binding blends conformational selection with
the subsequent induced fit and provides a quantitative measure of
their respective contributions.

ubiquitin binding � protein recognition � Kolmogorov–Smirnov test

The picture of protein–protein interactions has, over the decades,
evolved from the early lock-and-key hypothesis (1) to the

generally accepted and widely applied induced-fit model (2, 3).
However, several different systems have recently been shown to
follow an alternative paradigm whose central element is the idea of
conformational selection (4). Within this paradigm, the conforma-
tional change in binding is thought to originate primarily from the
conformational diversity of the unbound state (5–15). Simply put,
the unbound protein explores the energy landscape, spending most
of the time in the lowest energy conformations, but also occupying
higher-energy ones, some of which are structurally similar to the
bound conformations. In the course of binding, because of favor-
able interactions with the ligand, these conformers get preferen-
tially selected and the population of protein microstates shifts in the
direction of bound conformations (4–15). In a way, induced fit and
conformational selection are two extremes of possible mechanisms
underlying protein interactions (16): in the former, optimal binding
is achieved by specific structural change, whereas in the latter it
is brought about through selection from the already present
unbound ensemble. The two mechanisms have recently been
compared from the perspective of kinetics (17) and the energy
landscape theory (18).

Some of the earliest-described examples of the conformational
selection paradigm are the antibody–antigen interactions where an
antibody can be found in different unbound conformations, exhib-
iting different specificity for different antigens (19–22). Binding
then occurs by a simple selection of those antigens whose epitopes
are already in a matching conformation for the paratope. In
general, growing support for conformational selection in specific
protein–protein interactions is based mainly on finding bound-like
conformations of proteins in the respective unbound ensembles of
structures (12, 14, 23–30). For example, Gsponer et al. (30) pro-
posed that Ca2�-bound, ligand-free calmodulin samples the con-
formational space of calmodulin bound to myosin light chain
kinase. Apart from such cases with bound-like conformations in the
unbound state on the level of the whole molecule, there are several

examples where specifically those residues that participate in bind-
ing are found in a proper conformation already before binding
(31–34). Despite such successes, there are many examples of
systems that cannot be explained by conformational selection. For
example, Sullivan and Holyoak (35) showed that in phosphoenol-
pyruvate carboxykinase (PEPCK) formation of the catalytic active
complex is combined with a closure of the active site. This means
that, even if in the unbound state PEPCK samples bound confor-
mations, they would simply not be available for the substrate. To
overcome pitfalls in each of the above models, Grünberg et al. (11)
proposed a three-step model where diffusional encounter is fol-
lowed by the recognition of complementary structures within the
conformational ensemble of unbound proteins and subsequent
refolding, i.e., induced fit.

Advances in NMR have resulted in a high-resolution, dynamic
picture of protein ensembles, allowing us to study protein–protein
interactions with unprecedented resolution (36–41). In a recent
tour de force study using residual dipolar couplings (RDCs), Lange
and coworkers (39, 41) have demonstrated that free ubiquitin
samples conformations globally similar to those in the bound state.
Ubiquitin is a highly conserved, 76-residue protein that has been
well studied from both structural and functional standpoints, be-
cause of its extreme importance in different key biological processes
such as protein degradation, cell-cycle regulation, or transcription
control (42–45). In their study, Lange and coworkers (39, 41)
compared an ensemble of X-ray structures of ubiquitin, bound to
different ubiquitin-binding proteins, with NMR structures of ubiq-
uitin free in solution. The latter ensemble captured the full dynamic
behavior of ubiquitin on the picosecond to microsecond time scale,
extending and completing the previous picture of its dynamics (46).
Surprisingly, Lange and coworkers demonstrated that for each
bound ubiquitin structure there is a member of the unbound
ensemble that is structurally similar to it in the rmsd sense, thus
giving strong support to the conformational selection mecha-
nism (16). Furthermore, using principal component analysis,
they showed that the dominant motion in ubiquitin binding
entails a pincer-like motion around the central hydrophobic
patch in ubiquitin.

Although the effort by Lange and coworkers (39, 41) provided
good evidence for conformational selection in ubiquitin binding,
many open questions remain. Here, we analyze the residual induced
fit after the conformational selection step in ubiquitin binding and
assess the possibility that induced fit and conformational selection
actually coexist in the course of ubiquitin binding. Following Lange
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and coworkers we performed an exhaustive structural comparison
between a set of ubiquitin X-ray structures bound to different
partners with an RDC-refined ensemble of ubiquitin free in solu-
tion. We focus on the NMR ensemble by Lange and coworkers, but
to confirm our findings, we also analyzed two other structural
ensembles (Backrub ensembles from ref. 47) that were refined
based on the same RDC data.

Results
Ubiquitin, when free in solution, samples a subset of structures that,
in terms of their global conformation, are similar to ubiquitin in the
bound state in the rmsd sense (39, 41). Global multidimensional
scaling (MDS) analysis using Lange and coworkers’ EROS ensem-
ble (39, 41) supports this finding, but also adds information (Fig. 1).
Calculated MDS maps inform about relative distances (here,
backbone atom-positional rmsd values between conformations) of
multidimensional data in a reduced dimensional space. We present
our results for: (i) residues 1–70 of ubiquitin (excluding the flexible
C-terminal tail) and (ii) residues 1–76 (including the tail). Although
the inclusion of the C-terminal tail makes structural comparisons
more difficult because of its intrinsic flexibility, our analysis indi-
cates that this region is directly involved in binding in �50% of all
ubiquitin complexes studied, and its contribution cannot be ignored
(Fig. S1). 2D MDS maps (Fig. 1) demonstrate that, in general, there

appears to be a small number of NMR structures exhibiting globally
very similar conformations to bound X-ray structures, whereas the
rest are significantly more different. For example, �60% of the
whole X-ray ensemble is captured by only three dominant NMR
unbound structures (see also Fig. S2), which is also evident from the
2D MDS maps (Fig. 1), despite the inaccuracies associated with
projecting multidimensional data into two dimensions (Fig. S3).
Additionally, if one focuses on all unbound structures with an rmsd
in the range of 0.1 Å from the lowest rmsd value, a similar picture
is obtained (Fig. S2). Altogether, this analysis supports the thesis
that the unbound protein during its dynamics does not frequently
adopt bound conformations. Moreover, the ensemble of unbound
NMR structures is clearly separated from the bound X-ray ensem-
ble and appears to be significantly more diffuse in a structural sense.
Finally, although quantitatively different, the MDS maps with the
C-terminal tail excluded or included are qualitatively fairly similar.

More information about the high-resolution details can be
obtained by looking at local conformational differences, especially
close to the binding site. In Fig. 2, we see what are the average
deviations of atoms between the globally most similar unbound
ubiquitin structure and the corresponding bound structure, as a
function of distance from the binding site. In other words, our
analysis probes the residual induced fit after conformational selec-
tion. In each case (Fig. 2), the average local atom–atom rmsd (Fig.

Fig. 1. MDS analysis of ubiquitin binding. Global
conformational analysis by MDS, using backbone at-
om-positional rmsd as a metric, performed on a
merged ensemble consisting of X-ray (crosses) and
NMR (blue and red circles) structures. (A) Residues
1–70. (B) All residues. NMR structures, which are de-
picted in red, represent the most similar (in rmsd sense)
NMR structures to at least one X-ray structure.

Fig. 2. Induced fit in ubiquitin binding as a function
of distance from the binding site. Local structural dif-
ferences between the conformationally selected un-
bound structures and the corresponding bound struc-
tures of ubiquitin, captured as the average atomic
rmsd values, and given as a function of distance from
the binding site without the C-terminal tail [backbone
(A) and side chains (B)] or with the C-terminal tail
[backbone (C) and side chains (D) included]. The red
curve represents the mean rmsd values calculated from
all 19 pairs of structures, the blue curves represent the
individual structural pairs, and the green curve repre-
sents the average number of residues in each distance
range. The � parameter, defined as � � (rmsd0.5Å �
rmsd25Å)/rmsd25Å) � 100%, captures the extent to
which local conformational deviations close to the
binding site (0.5 Å range) are greater than the global
deviations (25-Å range). We use colors to illustrate the
extent to which the residues in the C-terminal tail take
part in forming the binding site: blue, more than 1⁄4 of
all of the tail residues are in the binding site (from 25%
to 100%); yellow, �25% of tail residues are in the
binding site; black, tail does not take part in the bind-
ing interaction. All error bars denote standard devia-
tion of a given variable.
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2, red curve) is highest in the vicinity of the binding site. For
example, the backbone atoms of the residues immediately sur-
rounding the binding site deviate 31% more compared with the
structure on average (Fig. 2A; 0.5-Å range, residues 1–70, � �
31%). Even more importantly, there are structures of bound
ubiquitin for which this deviation is significantly greater than the
average, reaching �100% in some cases. This difference is even
more pronounced if one focuses only on side-chain atoms. First, the
global structural deviation between the conformationally selected
structure and the corresponding bound structure is significantly
greater than just for the backbone (1.4 Å versus 0.65 Å on average).
Second, the local deviations around the binding site are there even
more pronounced with � � 40%. In general, the effect of the
binding site proximity extends in all cases typically �5–10 Å away
from it. In Fig. 2 C and D we illustrate the influence of the flexible
region (residues 71–76) in ubiquitin binding. The presence of these
tail residues in the binding site (Fig. 2 C and D, blue curves)
increases the discrepancy of rmsd values between the binding site
and the whole protein. In other words, the tail residues that
participate in binding exhibit significant conformational change
after conformational selection. Although the � value for just the
backbone is greater than for the side chains (78% vs. 54%), for
individual cases the average local structural deviation for side
chains is often higher than for the backbone (e.g., 5 Å versus 2–3
Å; Fig. 2 C and D).

The structural deviations between a given conformationally
selected structure and the corresponding bound structure appear to
be more pronounced around the binding site compared with the
molecule as a whole (Fig. 2). However, are these differences
statistically significant? To quantitatively address this question, we
have used the two-sample Kolmogorov–Smirnov (KS) P value
analysis and asked whether the magnitudes of the local atomic
deviations are drawn from the same distribution as the magnitudes
of the global atomic deviations. In other words, we probe the
statistical significance and the associated P values of the null-
hypothesis that the distributions of the magnitudes of local atomic
deviations between a given bound structure and the corresponding
conformationally selected conformer are drawn from the same
distribution as the deviations on the level of the whole molecule. We
calculate this as a function of distance from the binding site (see

Materials and Methods). With median values and their average
deviation, we present the calculated P values in each distance range
for the 19 pairs of structures (Fig. 3). Additionally, we present a
fraction of structures with P � 0.1 in each distance range.

For backbone atoms, conformational differences between the
local and the global, all-structure levels are statistically significant
up to �5 Å away from the binding site, with the median P values
typically �0.1. For example, if one focuses only on the backbone,
�50% of structures with the C-terminal tail included exhibit P �
0.1 up to 5 Å and �40% without the tail included (Fig. 3 A and C).
A similar situation is seen if one looks at side-chain atoms, although
it appears that their fluctuations dissipate over somewhat shorter
distances than those of the backbone atoms (Fig. 3 B and D). Note
that the incorporation of ‘‘tail’’ residues typically does not change
the level of statistical significance, possibly because it influences
local and global rmsd values equally. A merged set, in which we pool
together the magnitudes of structural deviations for all 19 struc-
tures, exhibits an even better level of significance of conformational
changes, i.e., up to 10 Å (Fig. 4A). Overall, our results suggest that
conformational differences close to the binding site are not repre-
sentative of the global conformational changes after conforma-
tional selection, i.e., they are drawn from different distributions.
Finally, to provide a structural context to our P value analysis, in Fig.
4B we map P values onto a surface of an X-ray structure of
ubiquitin. Here, we use a structure whose P value curve is closest
to the median curve in the rmsd sense. This approach for confor-
mational analysis clearly shows the statistical significance of the
deviation in structural changes as a function of distance from the
binding site. After conformational selection, the residues close to
the binding site change in ways that cannot be explained by global
structural changes, hinting at induced fit optimization.

What is the relative magnitude of induced fit in ubiquitin
interactions, when compared with conformational selection? The
histograms presented in Fig. 5 compare the magnitude of confor-
mational selection with induced fit in the first and the last distance
range, representing just the binding site and the whole molecule,
respectively. In all four cases, from the point of view of the whole
molecule, induced fit is quantitatively of a lower magnitude com-
pared with conformational selection (�global � 0), but it is still
significant, especially for side chains. When we focus on just the

Fig. 3. Statistical significance of induced fit motions in ubiquitin binding. The KS P value analysis of statistical significance of local conformational deviations
from those of the molecule as a whole as a function of distance from the binding site. The blue curve depicts the median of P values from 19 pairs of structures,
and the green curve captures the fraction of structures with P � 0.1 in each distance range, without the C-terminal tail [backbone (A) and side chains (B)] or with
the C-terminal tail [backbone (C) and side chains (D)] included.

19348 � www.pnas.org�cgi�doi�10.1073�pnas.0906966106 Wlodarski and Zagrovic



binding site, the magnitude of induced fit is still somewhat lower for
the backbone compared with conformational selection (�binding-site
� 0), but for side chains it is higher (�binding-site � 0). This practically
means that side chains are more prone to undergo induced fit as
opposed to backbone, especially close to the binding site, where
their structural changes can even be greater than the changes
caused by conformational selection. Interestingly, if one includes
the tail residues (Fig. 5 C and D), the conformational selection
appears to be somewhat more dominant than the global induced fit
(i.e., distributions are more separated in terms of �global) on
average, although the local induced fit in the vicinity of the binding
site can be sizable, especially in cases where the tail residues
participate in binding. Further analysis (local rmsd and P values)
carried out on two additional ensembles derived from the same
NMR data (47) support our findings presented here. These results
are further presented and discussed below and in SI Text and Table
S1). Finally, we have also analyzed the correlated motions in the
unbound EROS ensemble of ubiquitin. Our findings suggest that
there are no major long-range correlations in the unbound state,
except for those in the binding site itself (Fig. S4).

Discussion
We have shown that apart from global conformational similarity
between unbound and bound structures differences in their local
conformation strongly suggest that the residual induced fit after
conformational selection is a significant component underlying
specificity in noncovalent interactions of ubiquitin. Local structural
differences and adjustments are especially pronounced close to the
binding site and are described by significantly different distributions
of deviations compared with the whole molecule. Moreover, we
have shown that the C-terminal tail region of ubiquitin is important
in the binding interaction, and that it does undergo extensive
structural rearrangements upon binding in many cases. Our results
support and extend the picture of protein–protein interactions
proposed by Grünberg et al. (11). In the course of a binding event,
the structurally closest protein scaffold to the bound conformation
is chosen by conformational selection, while subsequently the
binding interface is optimized for specific interactions via induced
fit (Fig. S5). In this model, the relative magnitude of conformational
selection as compared with the magnitude of induced fit could vary
for more dynamic proteins and could also depend on protein
function. Our results suggest that the magnitude of the residual
induced fit in ubiquitin binding is, on the level of the whole
molecule, only marginally lower than that of conformational selec-
tion, but can locally and per atom be even greater, especially for side

chains. Altogether, our study furthers our understanding of ubiq-
uitin binding and provides a common framework for analyzing all
ubiquitin interactions.

In the present study, we have chosen the rmsd measure because
it is probably the most widely used measure for structural compar-
ison of biomolecules, and it is the principal tool used in previous
analyses of conformational selection (39, 41). By choosing only
atom-to-atom rmsd we were able to avoid size dependence present
in typical global rmsd calculations. However, we have also tested
other approaches, especially for local structural comparison. We
have used a nine-residue window sliding down the ubiquitin se-
quence and have superimposed and calculated the atom-positional
rmsd inside this window. In a similar analysis, all atoms within a 6-Å
radius sphere around each backbone atom were analyzed and atoms
inside this sphere were superimposed and their atom-positional
rmsd was calculated. Results from such analyses were in general
agreement with the findings presented herein without adding new
insight.

In all of our local rmsd analyses, we have chosen an unbound
NMR structure with the lowest backbone global rmsd to the
corresponding bound X-ray structure. Following Lange and co-
workers (39, 41), this, by definition, is the conformationally selected
unbound conformer associated with a given X-ray structure. The
choice of this unbound structure to compare with the bound one,
critically depends not only on the conformational selection model
being correct, but also on its operational definition. In this sense,
our analysis can be thought of as the study of the residual induced
fit after conformational selection, as defined through the global
backbone rmsd criteria. This fact touches on a fundamental issue
concerning the very definition of conformational selection.
Namely, here we have defined conformational selection in the
global rmsd sense. However, one could envision a local definition
of conformational selection, in which just the binding site would
need to be structurally similar in the unbound and the bound state,
whereas the rest of the structure could be fairly different. In this
sense, the balance between conformational selection and induced
fit in binding is in part a matter of definition of the two components.

We have carried out a detailed analysis based on an NMR
ensemble (39, 41) that is, to the best of our knowledge, the most
detailed available structural description of ubiquitin dynamics,
covering a dynamical range from ps to �s. However, it is known that
different structural ensembles can reproduce the NMR data to a
similar extent, including ensembles that were generated through
refinement (39, 41, 47) or even represent different structural
models obtained by other methods such as X-ray crystallography

Fig. 4. Pooled statistical significance of induced fit motions in ubiquitin binding. (A) The KS P value analysis conducted on a dataset from all 19 structural pairs
pooled together into one distribution for each distance range. (B) Mapping of the calculated KS P values onto a representative ubiquitin surface [structure of
ubiquitin bound to ADP-ribosylation-factor-binding protein GGA3 (gray); PDB ID code 1YD8], capturing the P value dependence on the distance from the binding
site. The structure shown is closest (in the rmsd sense) in terms of its P value distribution to the median over all 19 structures examined.
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(48). For this reason, we have repeated our complete analysis on
two additional NMR ensembles generated from the same RDC
data as the EROS ensemble [Backrub ensembles generated via

Monte Carlo simulations (47)]. All of the principal results obtained
with the EROS ensemble are reproduced with these ensembles (see
SI Text). For example, 47% of the structures in the Backrub 1.2
ensemble (Table S1) without the tail, and 58% with the tail
included, exhibit significantly greater fluctuations (P � 0.1) in the
region �1.5 Å away from the binding site compared with the
molecule as a whole. However, here one should emphasize that the
original EROS ensemble still slightly better reproduces the original
RDC data (47) and may potentially be somewhat more realistic as
it was generated by using time-dependent molecular dynamics
simulations.

Finally, our findings could be of use for further development of
computational docking methods, which have recently started to
incorporate the conformational selection model for ligand–
receptor interactions (49). One particularly exciting future devel-
opment would entail using molecular dynamics simulations to
sample bound and unbound ensembles of different interacting
partners. The principal advantage of such an approach is that one
would obtain information about populations of each conforma-
tional state. Altogether, the methods developed herein provide a
quantitative basis for comparing induced fit and conformational
selection in general and open up ways for similar efforts in different
systems.

Materials and Methods
Structural dataset used in our analysis is based on the one used by Lange and
coworkers (39,41). It consistsoftwoensembles: (i)anensembleofX-raystructures
containing a number of ubiquitin conformers bound to different partners and (ii)
an NMR ensemble of ubiquitin structures free in solution, the EROS ensemble
refined from RDCs (39, 41). The first ensemble consists of 19 high-resolution X-ray
structures of ubiquitin bound to different binding partners (Table S2), chosen
from the Protein Data Bank (PDB). The selection criteria together with the exact
PDB codes are given in SI Text. The NMR EROS ensemble includes 116 conforma-
tions of unbound ubiquitin. For additional analysis, we have used two Backrub
ensembles described in ref. 47 (two ensembles of 50 structures with maximum
segment length 3 and 12 and kT � 2.4 and 1.2, respectively) that also reproduce
the RDC data well. However, if not further specified, our analysis refers to the
EROS ensemble. In addition to the analysis of ubiquitin without the flexible
C-terminal region (residues 71–76 comprising ubiquitin’s tail), as done by Lange
and coworkers (39, 41), we have performed analysis on the complete structure of
ubiquitin (including all 76 residues, when available, or the maximum number of
residues, when the structure of the complete molecule was not available, such as
in a number of X-ray structures). The reason for including the tail residues is that,
in fact, they often directly participate in ubiquitin binding and are in many cases
an integral part of ubiquitin’s binding site (Fig. S1).

Structural rmsd Analysis. Our structural analysis focused on: (i) ubiquitin’s global
structural features, encompassing the whole molecule and (ii) local structural
features and their dependence on the distance from the binding site. For the
globalanalysiswehaveusednonmetricMDS[theSammonmappingalgorithmas
implemented in R (50) and modified for our purposes] and applied it to a distance
matrix produced from backbone atom-positional rmsd values calculated for all
pairs from the merged set (X-ray with NMR ensemble). The exact procedure for
generating MDS maps is given in SI Text.

Our local structural analysis is based on first finding, for each X-ray structure,
oneunboundNMRstructurewith themost similar conformation in thebackbone
atom-positional rmsd sense. As suggested before, this structure is the one that is
conformationally selected for a given binding partner (39, 41). Subsequently, we
analyze individual atom-to-atom rmsd (separately for backbone and side-chain
atoms) between the atoms in the ubiquitin X-ray structures and the matching
atoms from the corresponding conformationally selected NMR structures, as a
function of distance from the binding site (Fig. 2). Importantly, these local
deviations are analyzed upon global superposition of the two structures by using
all backbone atoms for superposition. To acquire the dependence of the devia-
tions on the distance from the binding site, we have grouped all ubiquitin atoms
in each pair into nine distance ranges: from 0 to 0.5, 1.5, 3, 5, 7.5, 10, 15, 20, and
25 Å, depending on the distance from the binding site. A given atom is assigned
to one of the above ranges if its distance to the closest nonhydrogen atom from
the binding partner is less than the sum of the upper bound of a given range and
the van der Waals radii of the two atoms. The binding site itself is defined as all
of the atoms in the 0.5-Å distance range (51). Note that distance ranges are

Fig. 5. Relative magnitude of conformational selection and induced fit motions.
A histogram presenting the magnitude of conformational changes and induced fit
of just the binding site (dark blue) or the whole molecule (light blue), and the
conformational selection part of interaction between ubiquitin and its binding
partners (red), shown separately for analysis without [backbone (A) and side-chain
(B)] and with the C-terminal tail [backbone (C) and side chain (D)]. The calculated �
parameter describes the probability-weighted distance between two histograms:
�global � conformational selection versus induced fit of the whole molecule; �binding-

site � conformational selection versus induced fit of the binding site.
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cumulative, meaning that if an atom belongs to one group it also belongs to all
other groups with larger upper bounds.

Statistical Significance of Structural Differences. We have used the standard
two-sample KS test to compare, for each pair of structures, the distribution of
atom-to-atom rmsd values in each distance range with the distribution of atom-
to-atom rmsd values in the last distance range (25 Å) representing the whole
molecule. We have chosen this nonparametric test, because the distributions of
magnitudes of atomic deviations did not conform well to any distribution for
which a parametric test might be used. In addition to applying the above test to
individual structural pairs, we have applied our P value analysis to a merged
dataset where data from all 19 structural pairs was pooled into one distribution
for each distance range. The details about the KS test are given in SI Text.

Quantitative Comparison of Conformational Selection and Induced Fit. One can
quantify the magnitude of conformational selection as the average backbone
atom-positional rmsd value between all unbound structures and the one chosen
to be the most similar to the bound state. Similarly, the calculated local atom-
positional rmsd values (for pairs of X-ray and NMR structures) can be taken as a
measure of the magnitude of induced fit. The differences in magnitude between
conformational selection and induced fit in ubiquitin binding is analyzed here
via: (i) histograms of average backbone atom-positional rmsd values between all
unbound structures and the one chosen to be the most similar to the bound state,

capturing the magnitude of conformational selection for all 19 structures, and (ii)
histograms of structural atom-to-atom deviations from the first and the last
distance range (see above), capturing the induced fit of the binding site and the
whole molecule, respectively. Additionally, to quantitatively describe relative
differences between induced fit and conformational selection, we have calcu-
lated probability-weighted ‘‘distance’’ between distributions:

� � �
xi, fi�D1

�
xj, fj�D2

�xi fi

ni
�

xj fj

nj
�, [1]

where D1 and D2 are distributions of magnitudes of conformational selection and
induced fit, respectively, x are rmsd values, f are frequencies, and n is a number
of points in each distribution.
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