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Summary

Flexibility characteristics of biomacromolecules can be efficiently determined down to the
atomic level by a graph-theoretical technique as implemented in the FIRST (Floppy Inclusion
and Rigid Substructure Topology) and ProFlex software packages. The method has been
successfully applied to a series of protein and nucleic acid structures. Here, we describe
practical guidelines for setting up and performing a flexibility analysis, discuss current
bottlenecks of the approach, and provide sample applications as to how this technique can

support computer-aided drug design approaches.

Key words: Flexibility/rigidity analysis, FIRST, ProFlex, statics of biomacromolecules,

rigidity theory, constraint counting
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1. Introduction

Biomacromolecules are inherently flexible and can undergo functionally relevant
conformational changes; these changes occur on a wide range of different amplitudes and
time scales. The ability to undergo conformational transitions becomes particularly
pronounced in the case of ligand binding to several pharmacologically important protein or
RNA structures (1), with prominent examples being HIV-1 protease (2) or HIV-1 TAR RNA
(3). From an experimental perspective, main sources of information about dynamics of
biomacromolecules are crystallographic B-values, atomic fluctuations derived from NMR
structural ensembles, NMR relaxation measurements, residual dipolar couplings, and H/D
exchange experiments (4, 5). From a theoretical or computational perspective, characterizing
the dynamics of proteins or nucleic acids is still challenging.

Here, we present concepts from rigidity theory that allow to obtain detailed insights into
the intrinsic flexibility characteristics of biomacromolecules in a very efficient manner (6).
For this, constraint counting is applied to a topological network representation of the
biomacromolecule. In the network, vertices represent atoms, and edges represent covalent
and non-covalent constraints (Figure 1). Based on the accessibility of rotational degrees of
freedom, each bond is identified as either flexible or rigid. Furthermore, the molecule is
decomposed into rigid regions and flexible parts in between them. Rigid regions are those
parts of a molecule that have a well-defined equilibrium structure and move as a rigid body
with six degrees of freedom. Thus, no internal motion is allowed within a rigid region. In
turn, flexible regions are hinge regions of the molecule where bond-rotational motions can
occur without a high cost of energy.

The approach has been implemented into the FIRST (Floppy Inclusion and Rigid
Substructure Topology) (6) and ProFlex (6, 7) software packages and has been thoroughly

validated to identify rigid clusters and collectively moving regions in protein (6) and RNA
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structures (8). There are ample possibilities of applying flexibility analysis in structure-based
drug design, such as for docking or virtual screening approaches; these will be detailed below
in the ‘Notes section’. Another noteworthy application of flexibility analysis is data-driven
protein engineering by identifying structural features that impact protein thermostability (9,
10) and/or investigating the influence of mutations on protein flexibility and stability (9, 11).
That way experiments can be guided that aim at optimizing thermostability of proteins and/or
improving enzyme activity (9, 12). Furthermore, the approach has been successfully used to
determine the change in protein flexibility upon complex formation (11, 13), to probe the
principle of corresponding states on protein structures from mesophilic and thermophilic
organisms (9, 12), to compare the pattern of flexibility gain during unfolding across different
protein families (14-16), and to obtain insights into the functional role of the ribosomal exit
tunnel structure (17). The approach usually takes a few seconds on proteins of hundreds or
thousands of residues (18) so that it can be efficiently applied to large macromolecules, such
as a virus capsid (19) or the ribosomal complex (17, 20), too. Recent versions of the program

are available for download or interactive use via the FlexWeb site at http://flexweb.asu.edu/

or the ProFlex site at http://www.bch.msu.edu/~kuhn/software/proflex.

--- Figure 1 ---

2. Methods

In the following, we will first outline the concepts of flexibility analysis based on a
topological network representation of a biomacromolecule. We will then describe the
individual steps for preparing an input structure, performing a flexibility analysis, and

visualizing the results.


http://flexweb.asu.edu/
http://www.bch.msu.edu/~kuhn/software/proflex
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2.1. Flexibility analysis based on a topological network representation

1. Constraint counting
For understanding the influence of covalent and non-covalent constraints on the flexibility
of biomacromolecules consider the following. In 3-space, a structure consisting of n atoms
has 3n degrees of freedom, six of which describe rotational and translational rigid body
motions. The flexibility of the structure is determined by the number of independent
internal degrees of freedom dof, which is given by subtracting six global degrees of
freedom and the number of independent constraints C from the overall number of degrees
of freedom (Eqg. 1). Thus, with very many (few) constraints present, the biomacromolecule
is largely rigid (flexible).

dof=3n-6-C Eqg. 1

2. Treatment of non-covalent constraints
As the flexibility of biomacromolecules is largely determined by non-covalent
interactions, the outcome of a flexibility analysis is mainly governed by the way hydrogen
bonds (including salt bridges) and hydrophobic interactions are modeled in the network
(Figure 1 (2.)). In general, hydrogen bonds are included depending on their geometry and
interaction energy. For this, potential hydrogen bonds are ranked according to an energy
function that takes into account the hybridization state of donor and acceptor atoms as well
as their mutual orientation (6). By tuning the energy threshold Eyg strong hydrogen bonds
can be distinguished from weaker ones. Choosing Eng = -0.6 kcal/mol corresponds to the
thermal energy at room temperature and so provides a natural choice (6). Choosing
Ens =-1.0 kcal/mol has also been reported in the literature (21, 22) and is currently the
default energy cutoff for protein and nucleic acid structures in FIRST. (Note that the

default energy cutoff Eyg = -0.1 kcal/mol in ProFlex.)
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Rather than analyzing a biomacromolecule at a preset Eng value, one can also simulate a
thermal unfolding of the underlying topological network representation of the
biomacromolecule by successively removing hydrogen bonds in the order of increasing
strength. Monitoring the decay of the network by the so-called cluster configuration
entropy (Eq. 2) then allows to identify pronounced structural events during the protein

unfolding process:

H=->w,Inw,; Eq. 2

where w; is the probability that an arbitrarily occupied site in the network belongs to a
cluster of size s (23) or s* (9). This approach is useful if one aims at investigating changes
in the network that are required for a transition to occur between a structurally stable state,
where a rigid core is still present within the structure, and a largely flexible state, where
this core has ceased to exist (Figure 1 (3.)).

Hydrophobic interactions are considered between pairs of carbon and/or sulfur atoms if
the distance between the atoms is smaller than the sum of the van der Waals radii (1.7 A
for carbon, 1.8 A for sulfur) plus a variable threshold Dyc. In most studies, Dyc is set to

0.25 (0.15) A in the case of protein (9, 12, 18) (RNA (17, 24)) structures.

2.2. Preparing an input structure

2.2.3 Selecting an input structure

A structure in PDB format is required as input for the flexibility analysis, as, e.g., obtained
from the Protein Database (PDB), Nucleic Acid Database (NDB), or generated by homology
modeling.

1. X-ray structures with high resolution allow for the most consistent flexibility

characterization. We recommend using X-ray structures resolved to < 2.5 A. Structures
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with resolution > 3.0 A usually do not allow modeling the underlying constraint
network appropriately and should be regarded with care.

2. NMR structures are often deposited as ensembles of models that agree with the
experimental restraints. In those cases, we recommend to take either the first structure
of the ensemble or to cluster all structures of the ensemble and choose the structure
closest to the centroid of the largest cluster. With the latter approach, a structure that
best represents the ensemble is identified. Many methods are available for clustering,

among them the Multiscale Modeling Tools available at http://mmtsb.org/. NMR

structures do not provide information about solvation and ion binding properties of the
structure and should therefore only be chosen when no X-ray data are available.

3. Homology Models: When no experimental structures are available, one is tempted to
use molecular modeling techniques to build a structure that can subsequently be used
for flexibility analysis. Since the quality of such model-built structures may be low,
special care has to be taken in preparing the structure and analyzing the results.

4. In all cases, the quality of the input structure should be checked with the help of the
PDBREPORT database (25), and no flexibility analysis should be performed on
structures labeled “bad”. In the case of statically disordered residues, where two or
more conformations are present in the PDB file, only atoms of one conformation should
be kept.

See Note 3.1 for comments on the sensitivity of the flexibility analysis to the input structure.

2.2.4 Adding hydrogen atoms and assigning protonation states

In the case of X-ray structures or homology models, missing hydrogen atoms have to be
added. This can be done using the Whatlf program (26), the REDUCE program (27), or the
leap program from the Amber package (28). In addition, for building a proper hydrogen bond

network, the orientation of Asn, Gln, and His side chains might have to be corrected; this can


http://mmtsb.org/
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be done either with the help of the Whatlf or REDUCE programs or manually. Finally, the
protonation states of Asp, Glu, His, Lys, and Arg have to be defined, e.g., either with the help
of the H++ webserver (29) or manually based on an inspection of the molecular

environment/hydrogen bond network these sidechains are embedded in.

2.2.5 Treating ions and water molecules

Metal ions should be retained when they are part of the structure. Especially, interactions
with divalent ions such as Mg** are known to affect the conformational flexibility of RNA
structures (30) and should be considered in the flexibility analysis, together with surrounding
water molecules when available. Interactions mediated by other structural water molecules,
buffer ions, substrates, or cofactor molecules should not be included unless their influence on
the flexibility of the biomacromolecule is to be probed; accordingly, these species should be
removed from the structure. Unfortunately, water molecules and ions may be wrongly
assigned when interpreting the electron density (31). Thus, we recommend evaluating this
experimental information critically if one wishes to include these species in the flexibility
analysis (see Note 3.2). While interactions between water molecules or buffer ions and the
biomacromolecule can be modeled as non-covalent bonds in the topological network
representation (see below), interactions between metal ions and the biomacromolecule can be

modeled as covalent bonds by inserting them manually into the constraint network (12).

2.2.6 Treating ligands

Depending on the aim of the flexibility analysis, a ligand molecule can either be included or
excluded from the topological network representation. This can be used for computing
changes in the receptor flexibility upon ligand binding, which may provide a structural

explanation for observed changes in entropy (11, 32). If the ligand is included in the



Flexibility analysis of biomacromolecules — S. Fulle, H. Gohlke 9

flexibility analysis care should be taken to assign appropriate protonation states to the

ligand’s functional groups.

2.3. Performing a flexibility analysis
1. FIRST software

The FIRST software handles protein, RNA, and DNA structures as well as ligands
found in PDB entries. As for non-standard nucleosides in tRNA and rRNA, the software
can cope with the most commonly occurring modifications of nucleosides such as
pseudouridine, where the C5 of uracil is covalently attached to the sugar C1’, and
methylation of the 2’0 position of the ribose sugar. In addition, methylated bases are
generally considered if the methyl-carbon atom matches one of the following names:
CM1, CM2, CM5, CM7, C5M or C10. See Note 3.3 for further comments on performing a
flexibility analysis on RNA and DNA structures.

The FIRST software provides many command-line options for interfering with data
input and output, and the program flow. For a detailed discussion, the reader is referred to
the program’s manual. The three most important options are related to the definition of
non-covalent constraints for the topological network representation. For the latest FIRST
version (v6.2), these are:

- The energy cutoff for hydrogen bonds Eyg can be set via the command line option “-E’.
In general, we recommend using the default Eyg =-1.0 kcal/mol. As an alternative, a
“dilution” of the hydrogen bond network and, hence, a thermal unfolding of the
biomacromolecule can be simulated via the option *-dil1’.

- There are three options available for identifying hydrophobic constraints, which can be
defined by the command line flag ‘~H’. We recommend choosing ‘~H 1’, which applies

the most commonly used threshold for hydrophobic contacts Dyc = 0.25 (0.15) A for
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protein (9, 12, 18) (RNA (17, 24)) structures, but no additional restrictions. In contrast, the
default option for identifying hydrophobic contacts in FIRST is ‘-H 3’, where Dy is set to
0.50 A (18). Furthermore, in this case, a hydrophobic constraint is only included into the
network if 1) both atoms of the pair are bonded to carbons, sulfurs, or hydrogens (as an
indication of a hydrophobic environment) and I1) a given atom does not already form a
contact with another atom of the residue under consideration.

In summary, a typical FIRST v6.2 run for an input structure myPDB.pdb can be started

with

:\> FIRST myPDB.pdb —E -1.0 -H 1

2. FlexWeb webserver
A webserver for flexibility analysis based on the FIRST software is available for public

use at http://flexweb.asu.edu. The webserver prompts the user to submit the structure in a

PDB format. Hydrogen atoms are added automatically using the REDUCE program (27).
The user can modify the energy threshold Eng. After the calculation, the results can be

investigated on the webpage or downloaded for further analysis.

3. ProFlex software
A further implementation of the constraint counting algorithm is provided in the

ProFlex software, which is available at http://www.bch.msu.edu/~kuhn/software/proflex.

Although small differences in modeling hydrogen bonds and hydrophobic constraints in
the topological network representation exist as compared to FIRST and FlexWeb, ProFlex
also captures the essential conformational flexibility of proteins. Using a protonated PDB
structure myPDB_wiH. pdb, a typical ProFlex run is started by

:\> PROFLEX —h myPDB_wiH.pdb —e-1.0

where


http://flexweb.asu.edu/
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‘—e’ denotes the energy threshold Eyg for hydrogen bonds and

‘~h’ must be used in the case of a PDB file having hydrogens.

Again, a “dilution” of the hydrogen bond network and, hence, a thermal unfolding of the
biomacromolecule can be simulated via the option “-nonh’.

Note that in the current implementation of ProFlex, a hydrophobic constraint between two
carbon or sulfur atoms is included into the network 1) using a distance threshold
Dhc = 0.50 A and 1) if both atoms are bonded to carbons, sulfurs, or hydrogens. This

corresponds to the flag “-H 2’ in the FIRST software.

4. Generating the topological network representation using Amber
The topological network representation of a biomacromolecule can also be generated

using the ambpdb program of the Amber suite (http://www.ambermd.org) (28). This is

particularly convenient if snapshots from a molecular dynamics (MD) simulation are
available in the “Amber restart file” format, such as to perform flexibility analysis on an
MD ensemble of structures. Ambpdb converts a restart file into a FIRSTdataset file, which
is essentially a PDB file augmented by information about covalent and non-covalent
bonds. The resulting topological network representation is almost identical to the one
generated by FIRST if *-H 1’ is specified and no energy cutoff for hydrogen bonds is
considered. In addition to the restart file, ambpdb requires an “Amber prmtop file” that
contains information about the topology of the biomacromolecule. The FIRSTdataset file
is generated by

:\> ambpdb -first -p myPDB.prmtop < myPDB.restart >
myPDB_FIRSTdataset

The prmtop file can be generated using the program xleap of the Amber suite and a PDB

file as input. As an advantage over applying FIRST or FlexWeb directly to a PDB file, the
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xleap/ambpdb route allows to also consider ligands that have not yet been deposited in the
PDB database. The resulting network representation can serve as input to the FIRST
software. For this, use the file ending with “_FIRSTdataset” and run FIRST via:

:\> FIRST myPDB_FIRSTdataset -E -1.0

2.4. Analyzing and visualizing the results

The outcome of a flexibility analysis of a biomacromolecule can be analyzed at different
levels of detail. First, rigid cluster decompositions provide hints about movements of
structural parts as rigid bodies; second, flexibility characteristics at the bond level are
instructive for analyzing, e.g., binding site regions; finally, flexibility characteristics of larger
regions can be related to potential global movements. That way, static properties of a
biomacromolecule can be linked to biological function and/or be used to support computer
aided drug-design. See Note 3.4 for comments on comparing results from a flexibility

analysis to data from experiments.

1. Rigid cluster decomposition
A decomposition of the topological network into rigid clusters (and flexible regions in
between) is calculated by both, the FIRST and ProFlex software. With the help of a Pymol
script generated by the programs, each rigid cluster can be visualized as a uniformly
colored body (Figure 1 (3.)). That way, regions of the biomacromolecule that are expected
to have a well-defined equilibrium structure (rigid clusters) can be distinguished from

flexible regions where bond-rotational motions can occur without a high cost of energy.

2. Flexibility index
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While the decomposition into rigid clusters and flexible regions only provides a qualitative
picture, a continuous quantitative measure is also available in terms of a flexibility index
fi, which is defined for each covalent bond i. In ProFlex and initial versions of FIRST, f; is

defined as (Eq. 3) (6)

F.
H—’ in an underconstrained region
i
f. = 0 in an isostatically rigid cluster Eq. 3
R, . . .
c in an overconstrained region
k

In underconstrained regions j, fi relates the number of independently rotatable bonds (F;) to
the number of potentially rotatable bonds (H;). Conversely, in overconstrained regions k
the number of redundant constraints (Ry) is related to the overall number of constraints
(Cy). Thus, f; ranges from -1 to 1, with negative values in rigid regions and positive values
in flexible ones; the index allows quantifying how much more flexible (stable) an
underconstrained (overconstrained) region is compared to a minimally rigid region (13).
For visualizing the results, atom-based flexibility indices can be calculated as average over
fi values of covalent bonds the atom is involved in (8, 13). E.g., a flexibility index for C,
atoms has been calculated by averaging over the two backbone bonds (N-C, and C,-C’),
while a flexibility index for phosphorus atoms has been calculated by averaging over the
05’-P and P-O3’ bonds (8, 13). The atom based flexibility indices can be visualized by a
color-coded mapping onto the biomacromolecule’s atoms (Figure 1 (5.)) (13, 17). It is
common to use bluish colors for indicating overconstrained regions, reddish colors for
flexible regions, and green or white for minimally rigid regions (6, 8, 17).

In recent versions of FIRST, a flexibility index g; is now calculated according to (Eq. 4):
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Fj
6E; - B;
gi = 0 in an isostatically rigid cluster Eq. 4
Cy —(6V —6)
6V, -1
=D ey -6)

in an underconstrained region

in an overconstrained region

In underconstrained regions j, F; indicates the number of independently rotatable bonds,
E; is the number of edges representing rotatable bonds, and B; is the total number of
constraints from rotatable bonds. In overconstrained regions k, Cy is the total number of
constraints and Vy indicates the number of atoms in that region. Note that f; = g; for bonds
in underconstrained regions but f; = g; for bonds in overconstrained regions: f; relates the
number of redundant constraints to the actual number of all constraints, while g; relates
the number of redundant constraints to the maximal number of redundant constraints.
This must be considered when comparing flexibility analyses from different programs or

program versions.

3. Hydrogen bond dilution

By gradually removing non-covalent bonds from the constraint network, the thermal
unfolding of biomacromolecule structures can be simulated (12, 15). So far, hydrogen
bonds and salt bridges have been removed successively from the network in the order of
increasing strength. In contrast, the number of hydrophobic contacts has been kept
constant because the strength of hydrophobic interactions remains constant or even
increases with increasing temperature. A hydrogen bond dilution can be computed by
FIRST using the “—dil 1’ option and by ProFlex using the ‘—nonh’ option. The dilution
simulates a melting of the network and results in a hierarchy of regions of varying stability
(18). That way, information is gained that complements the above flexibility indices.

Furthermore, by applying indices from network theory (33), the microstructure of a

network, i.e., properties of the set of rigid clusters generated by the bond dilution process,
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and macroscopic properties of a network associated with the rigid cluster size distribution,
such as a transition from a folded to an unfolded state, have been be analyzed in the
context of protein (thermo-)stability (9, 12). Calculating these indices is possible within
the Constraint Network Analysis (CNA) package (9, 12), which is a front-end to FIRST.
Such analyses may also become valuable for structure-based drug design when it comes to

estimating the effect of ligand binding on the structural stability of a receptor.

3. Notes

Constraint counting on a topological network representation of biomacromolecules
provides a deeper understanding of the flexibility characteristics of protein, RNA, and DNA
structures down to the atomic level in a computational time on the order of seconds.
Compared to MD simulations, the computational time requirement for a flexibility analysis is
several orders of magnitude smaller. By now, there is ample evidence that a flexibility
analysis provides a picture of biomacromolecular flexibility that agrees with MD results or
data from experiments (6, 8, 9, 13). Still, several methodological pitfalls exist, and

improvements of the topological network representation can be anticipated.

3.1. Sensitivity of flexibility analysis to the input structure

While atomic motions along a MD trajectory are governed by the continuous spectrum of
forces exerted by surrounding atoms, the constraints in the topological network are “all-or-
nothing” — a bond is either present or absent. Especially in the case of non-covalent
interactions, one needs to distinguish forces sufficiently strong, which are included into the
network, from weaker ones, which are excluded. In the case of marginally stable
biomacromolecules, this can lead to different experimental input structures showing

significant differences in flexibility predictions (C. Pfleger, E. Schmitt, H. Gohlke,



Flexibility analysis of biomacromolecules — S. Fulle, H. Gohlke 16

unpublished results): a region in such structures may switch from flexible to rigid depending
on the inclusion of a few (in the extreme, a single) constraint. We thus recommend testing the
sensitivity of flexibility analysis by varying the energy cutoff for hydrogen bonds Epg and/or
the criteria for inclusion of hydrophobic interactions, and repeating the flexibility analysis.
Likewise, conformations extracted along a MD trajectory can also result in different
flexibility predictions (13, 34). When available, we thus recommend performing the
flexibility analysis on an ensemble of input structures and then average the results (13). This
is also advantageous because it allows deriving a measure of significance for flexibility
predictions on the atomic level in terms of the standard error of the mean. Ensemble-based

flexibility analysis can be performed using the CNA package.

3.2. Treatment of water molecules

Interactions mediated by structural water molecules are known to affect the flexibility and
stability of biomacromolecules. In most flexibility analysis studies so far, water molecules
have not been included in the topological network, mainly due to the problem to distinguish
tightly bound water molecules from fast-exchanging ones based on information from
experiment. Results from MD simulations can complement experiments in this respect (35).
However, by incorporating data from computationally expensive MD simulations, the
advantage of the highly efficient flexibility analysis with computing times on the order of
seconds even for the large ribosomal subunit will be lost. Encouragingly, previous findings
showed only a negligible difference in the flexibility characteristics of a protein-protein
complex when structural waters were considered (13). In addition, the influence of solvent on
structural stability is already implicitly considered by including hydrophobic interactions as

constraints into the network (9).
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3.3. Treatment of RNA and DNA structures

Recently, we adapted the approach to RNA structures by developing a new topological
network representation for these macromolecules (8). The adaptation was necessary because
the structural stability of proteins, dominated by hydrophobic interactions, and RNA
structures, dominated by hydrogen bonds and base stacking interactions, is determined by
different non-covalent forces. Although the new network parameterization already provides
crucial insights into the flexibility characteristics of RNA structures (8, 17, 36, 37), several
improvements of the network representation can be anticipated:

1. Base stacking interactions are known to be both dependent on the type of the bases and
the sequential context: 1) stacking interactions in general increase in the order
pyrimidine-pyrimidine < purine-pyrimidine < purine-purine bases (38); Il) stacking
interactions are larger for sequences rich in G-C rather than A-U base pairs (39, 40).
Thus, differences in base stacking interactions could be modeled by using varying
numbers of constraints for the hydrophobic tethers. This approach has not been pursued
so far.

2. Another area of improvement in modelling nucleic acids relates to the question how
repulsive forces between negatively charged phosphate groups can be included into the
topological network representation. Modeling repulsive forces is difficult within the
combinatorial approach followed in the pebble game algorithm because this leads to
one-way inequalities, where the constraint length cannot become shorter but longer,
compared to two-way equalities, where the constraint length is fixed, used so far (41).

In regard to using the RNA parameterization for analyzing DNA structures, one should notice
that both types of molecules express different flexibility characteristics in response to the
presence or absence of the 2'OH group (42). A recent MD study revealed that the differences

between flexibility and rigidity in both types of nucleic acids are much more complex than
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usually believed (43): RNA is very deformable along a small set of essential deformations,
whereas DNA has a more degenerate pattern of deformability. To date, no validation study

for using FIRST on DNA structures has been reported.

3.4. Comparison of flexibility analysis results with data from experiments

When comparing results from a flexibility analysis with data from experiments, one
needs to keep in mind that flexibility is a static property, which describes the possibility of
motion. Phrased differently, flexibility denotes the ability of a region to be deformed. From
the study of flexibility alone, however, no information is available about the direction and
magnitude of the possible motions (44). In contrast, data from experiments, e.g.,
crystallographic B-values, or MD simulations, e.g., atomic fluctuations, often report on the
mobility of atoms. Unsurprisingly, results from flexibility analysis and mobility information
from experiment or MD simulation must disagree in the case of a rigid, yet mobile, body
(such as a moving helix or domain).

Along these lines, one must take into account that flexibility analysis is better suited to
characterize biomacromolecular flexibility that underlies longer timescale motions (45).
While hydrogen/deuterium exchange experiments are frequently interpreted in the context of
such longer timescale motions, NMR S? order parameters are generally associated with fast
fluctuations in the ns regime. Thus, results of a flexibility analysis and S* order parameters

must be compared with caution.

3.5. Applications
There are many potential applications for flexibility analysis. Predicted flexibility
characteristics of biomacromolecules can either be linked to biological function, which is not

in the focus of the present review, or be used to support structure-based drug design. The



Flexibility analysis of biomacromolecules — S. Fulle, H. Gohlke 19

present challenge in structure-based drug design is that it is not known in advance which
conformation a target will adopt in response to binding of a ligand or how to design a ligand
for such an unknown conformation (1). In this context, it is advantageous that flexibility
analysis provides rigidity and flexibility information at various structural levels:

1. Flexibility characteristics at the bond level are instructive for analyzing binding site
regions. As such, flexibility analysis can be used to guide the sampling of protein main-
chain flexibility during ligand docking as proposed by Keating and coworkers (7). In
such a case, the identified hinge regions can be used as input for the docking program
FlexDock, which handles hinge-bending motions of the receptor molecule during the
docking process (46). Similarly, a flexibility analysis will also be helpful for identifying
potentially flexible sidechains in a binding site. This can be used for docking with
AutoDock4 (47), which allows to model as flexible only a few sidechains of the
binding site during the docking.

2. By investigating ribosomal structures from different organism, we found characteristic
flexibility patterns in the highly conserved antibiotics binding pocket at the PTC for
different kingdoms. These flexibility patterns have been related to antibiotics selectivity
(17). These findings point to the importance of considering differences in the degrees of
freedom of binding regions upon complex formation, as such differences may
entropically influence binding processes. Furthermore, it shows that subtle differences
in binding site flexibility might need to be considered for a proper assessment of the
drugability of new putative binding sites.

3. Flexibility characteristics of larger regions can be related to potential global
conformational changes and provide hints about movements of structural parts as rigid
bodies. By determining a hierarchy of regions of varying stabilities of the large

ribosomal subunit, we were able to propose a pathway of allosteric signal transmission
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from the ribosomal tunnel region to the peptidyl transferase center (PTC) (17).
Remarkably, this prediction was later confirmed by cryo-EM data of a stalled ribosome
structure (48) and mutation studies (49). This shows that the approach can be used to
detect coupling between two structural sites, which makes it most interesting for
identifying new allosteric binding sites.

4. Finally, the rigid cluster decomposition can serve as input for coarse-grained simulation
methods (21, 22, 50-52), which sample the conformational space of a
biomacromolecule by means of constrained geometric simulation (Figure 1 (4.)).
Ligands can then be docked into the ensemble of receptor conformations, as was
successfully demonstrated for the cyclic peptide cyclosporine with its receptor
cyclophilin (53) and multiple ligands binding to HIV-1 TAR RNA (37). In both cases,
docking into an ensemble of simulation-generated structures proofed to be a valuable
tool to cope with large apo-to-holo conformational transitions of the receptor structure,

thereby implicitly taking into account conformational changes upon binding.(54)
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Figure captions

Figure 1. Workflow of a flexibility analysis of a biomacromolecule based on constraint
counting. A thrombin structure (PDB code 1ETS) was taken as an example. (1.) A PDB
structure including polar hydrogen atoms is used as input. (2.) The biomacromolecule is
modeled as a topological network. In this network, vertices represent atoms and edges
represent covalent and non-covalent bond constraints (strong hydrogen bonds (red lines), salt
bridges (red lines), and hydrophobic interactions (green lines)) (44). Then, each bond is
identified as either part of a rigid region or a flexible link in between. The resulting rigid
cluster decomposition of the thrombin structure is shown in (3.), where each rigid cluster is
depicted as a uniformly colored body. The left (right) picture shows the rigid cluster
decomposition before (after) a phase transition as determined using the cluster configuration
entropy (Eq. 2) (9, 12). The computed decomposition of the biomacromolecular structure into
rigid and flexible regions can be used in a subsequent step as input for coarse-grained
simulations (21, 22, 44), which explore the molecule’s mobility. Panel (4.) shows an
ensemble of thrombin conformers generated by such a method, NMsim (21, 55), within a few
hours of computational time. Finally, a flexibility index (Eqg. 3) can be obtained, which is
mapped in a color-coded fashion onto the thrombin structure (5.). Overconstrained regions
are indicated by blue colors (fi < 0), rigid regions are represented in white (f; = 0), and flexible
regions are shown in red colors (f; > 0). The blow up in (5.) shows the active site of thrombin
together with a bound ligand and the S1, S2, and S3 subpockets. The flexibility index
provides crucial insight into the binding site flexibility at the bond level. For example, the 60-
insertion loop (Tyr60A-Trp60D) assumes different orientations in complexes with different
inhibitors (56). In agreement with this, residues Leu60 and Asp60E-Thr60l are identified to
be flexible, which allows the movement of the 60-insertion loop. Finally, potential

applications of the approach to computer-aided drug design are listed in (6.).
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