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Abstract
Protein interactions, key to many biological processes, involves induced fit between flexible proteins

which typically undergo conformational changes. Modelingthis flexible protein-protein docking is an
important step in drug discovery, structure determinationand understanding structure-function relation-
ships. In this paper, we presentF3Dock, a Fast Flexible and Fourier based docking algorithm which
utilizes adaptive sampling of orientation and conformational spaces, and a hierarchical molecular flexi-
bility and structure representation. Different conformations are adaptively sampled and docked using a
Non-equispaced Fast Fourier based algorithm.

1 Introduction

Structural interactions between proteins is responsible for their functions as building blocks in our cells and
their conformational changes is often critical during the induced fit. Hence accounting for different conforma-
tional states of proteins is important for accurate computational protein docking1. Flexibility often involves
movements between large rigid parts of the protein, called domains, flexible loops on the molecular surface
and large side chain at active sites (see [32] for an example of the HIV-1 protease flexibility simulation). In
a previous paper, onF2Dock [11], we presented a non-equispaced fast Fourier based algorithm for efficiently
computing rigid protein-protein docking (based on shape complementarity and the electric potential). In this
paper, we provide a data structure and file format for users torepresent hierarchical flexibility meta data for
the given proteins and extend a Normal Mode Analysis based approach for automatic domain identification to
represent flexibility. Using a hierarchical representation of structure and multiresolution docking, an adaptive
sampling of orientation space is performed to compute docking conformations. A multi-stage hierarchical
rigid docking is used to drive the sampling and a final side chain fit at potential interfaces is performed to
optimize the docking score.

2 Related work

In our F2Dock paper [11], we provided a summary of previous approaches for rigid docking, and in this
section we summarize previous work on flexible docking. There are several good reviews (e.g., [45, 46, 57,
60, 79, 130, 135, 139, 141]) that discuss protein-protein docking techniques at various resolutions, while [20]
reviews research on flexible protein-protein docking in particular.
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2.1 Flexibility in Proteins

Flexibility analysis of proteins can be performed through awide variety of algorithms. Algorithms based on
molecular dynamics (MD) are given in [71, 82, 98, 137, 142]. However, use of this method is limited since
it usually simulates proteins at pico- or nano-second scale, while large conformational changes occur over
micro- or milli-seconds. Though various methods [13,18,118,129,170] have been proposed to speed-up MD
simulation, simulating such large conformational changesis still beyond the capabilities of today’s state-of-
the-art simulators. Xray Crystallography is used to obtainatomic resolution models of proteins in crystalline
forms. NMR (Nuclear Magnetic Resonance) techniques are also used for smaller molecules.

Protein dynamics gives rise to a large number of conformations making its analysis computationally in-
feasible, and furthermore, many of the motions used in the simulation do not affect docking results. Many
methods have been developed to reduce these conformations to a new basis, where the principal basis gives
the large fluctuations efficiently. It has been shown that conformational changes of a protein can be captured
by only a few bases and projection vectors [144, 147, 148]). Normal Mode Analysis (NMA), Principal Com-
ponent Analysis (PCA) and Singular Value Decomposition (SVD) are used to reduce the dimensionality of
the problem. Low frequency normal modes can usually represent many observed conformational changes in
proteins [23, 63, 67, 154]. Successful modeling of the Chaperonin GroEL was performed using NMA [105].
To avoid the computations on a large matrix, a blocked version of NMA was computed in [145]. Graph theory
is also used for NMA based protein flexibility prediction [74]. In [165] deformations along principal com-
ponents are treated as additional degrees of freedom to facilitate binding process which is shown to improve
results of protein-protein docking [109]. Normal modes arealso used to optimize complexes against density
maps [69,146] which has the potential of improving docking results. Gaussian Network Models (GNM) [51]
model protein structures as elastic networks [149,169]. GNM based on Kirchoff matrices were introduced for
proteins in [84]. PCA is used in Essential Dynamics (ED) to generate protein conformaions [31, 117, 131].
Various tools and web services based on collective motions analysis are now available for identifying flexible
and hinge regions [4,14], and for generating starting conformations for docking [15,99,143].

Protein flexibility can also be modeled by decomposing it into rigid domains. Various techniques have
been developed for identifying these domains from one or more conformation of a protein. Rigid domains
are identified in [167] under the assumption that groups of atoms folded by hydrophobic effect behave as
compact units during conformational changes. Static core or the backboneof molecules and their associated
rigid domains were computed in [21] using two different conformations of a given protein. The algorithm
in [136] assumes that a domain must have more internal contact than that with the rest of the protein. This
idea is extended in [107] to perform a Monte Carlo sampling ininternal coordinates.

HingeFinder [159] uses two conformations of a protein in order to identify rigid domains. It selects subsets
of Cα atoms around randomly chosen points from both conformations. Atoms that show large movements
in both subsets are removed from the sets and neighbors are screened and added if required. The remaining
atoms are assumed to form a rigid domain, and are deleted fromboth conformations. The procedure is then
repeated for the next set of randomly chosen atoms. The 6D transformation is approximated as a rotation
around a hinge axis. DynDom [62, 64] also uses two conformations. FIRST/ProFlex [74] obtains flexible
and rigid domains from a single conformation using a graph theoretical approach. DomainFinder [67, 68]
computes NMA on the input protein and allows the user to select a set of modes and a deformation threshold
to compute rigid domains. Cubes of approximately 6 residuesare given 6 transformations from the selected
modes. Clusters of cubes with similar transformations are grouped to form a rigid domain. Other software
packages for domain decmposition include DomainParser [163] and PDP [3].

Side chains play an important role in protein flexibility. Ithas been shown that only a few conformational
states (i.e., rotamers) of any side chain residue are predominantly present in nature (e.g., see [124]). Both
backbone independent [40,151] and backbone dependent [40–43] libraries for side chain rotamers have been
developed. The Dead End Elimination theorem [34] is often used to prune the number of rotamers to consider
for docking.
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2.2 Flexible Protein-protein Docking

Protein-protein and protein-ligand (i.e., small protein)docking problems are mathematically equivalent, but
the latter is computationally more feasible and hence has been tackled often. Unless specified otherwise, each
approach mentioned below has been used for both problems.

Some docking algorithms treat side chain and small backboneflexibility implicitly by means of surface
softening that allows slight interpenetration of surfacesto be matched [121], or by trimming long side chains
[65]. Though this approach does not always provide good results due to frequent steric clashes at the atomic
level [140], recently some improved docking results were obtained by utilizing snapshots of MD simulation
for constructing the 3D grid onto which the molecules were mapped [104]. Many docking algorithms incor-
porate flexibility by performing cross docking, i.e., by rigid-body docking of ensembles of conformations ob-
tained by applying some conformational sampling method (e.g., MD simulation [25,36,59,101,125,138,140],
NMR structures [38], etc.). NMA [166] and ED [7, 117] have also been used to generate conformations for
cross docking.

Many recent algorithms include flexibility explicitly in the docking process. These algorithms use explicit
representations of molecules instead of mapping them onto agrid, and many of them apply flexibility during
a refinement stage after rigid-body docking. HADDOCK [37] explicitly allows both backbone and side chain
flexibility during its MD simulated annealing refinement stages which results in improved docking results
[36]. Guided docking [50, 138], too, allows limited backbone flexibility. In [44] torsion angle dynamics was
used to simulate the binding of barnase and barstar.

FlexDock [134] is able to model very large conformaional changes of proteins during docking by de-
composing them into rigid domains, and then applying rigid-body docking on different conformations of
the proteins obtained by applying hinge-bending motions between connected domains. Similar strategies
are used by some other algorithms, too [19, 158]. Global search algorithms based on energy minimizations,
heuristics based search methods, and geometric identifications of possible active sites are used for flexible
docking. In DOCK [87] and later [33], receptor binding siteswere identified as cavities and the comple-
mentary space as spheres. Ligand fragments were separatelybound to the active site and then incrementally
selected to form the entire ligand. Incremental approachesbased on shape (e.g., [92], HammerHead [157])
and properties of the molecules (e.g., FLEXX [126, 127]) areused to dock fragments, pruning the exponen-
tial search by retaining only a fixed set of possible conformers at each step. Other global search techniques
include fast Fourier Transform (FFT) [30, 52, 108, 152], hydrogen bond pattern based search [113], genetic
algorithms [78](GOLD), [77,80,120], Monte-Carlo/simulated annealing [55](AUTODOCK), [8,24,86,111],
conformational space annealing [95–97], molecular dynamics [119] and evolutionary programming [53].
See [116] for the performance of different algorithms in AUTODOCK. Steered molecular dynamics, using a
visualization and feedback toolkit has also been studied inSMD [98].

An algorithm based on geometric hashing that uses hinge bending for domain movements in proteins/ligands
is given in [133]. In [156] conformations are sampled using acoarse set of values for torsion angles of rotating
bonds, and conformations that do not form severe steric overlaps are used in rigid-body docking. Angles are
sampled and matched usingα-shapes [10].

Flexible side chains are more commonly modeled in protein-protein docking than movements in the back-
bone. Most side chain packing algorithms [29, 40–43, 58, 76,103, 106, 110, 124, 151, 155, 160–162, 164, 165]
use rotamer libraries. The side chain packing problem can bemodeled as a combinatorial search problem that
optimizes an energy function. This problem is known to be NP-Hard [2, 123] which cannot even be reason-
ably approximated in polynomial time [29]. Using rotamer libraries, and a greedy heuristic or branch and cut
algorithm, [6] performs docking of proteins with flexible side chains as a second step to rigid protein-protein
docking. Similar discrete side chain conformations were searched in [91]. By classifying residues as ‘active’
and ‘inactive’, and clustering them into connected graphs of interacting residues, SCWRL [28] is able to iden-
tify low energy conformation rotamers efficiently. A recentalgorithm named TreePack [161,162] claim to run
up to 90 times faster than SCWRL3 [22,28,39]. A combination of pseudo-brownian Monte Carlo minimiza-
tion followed by flexible side chain docking with ICM [1] (seealso [49]) was tested on a variety of bound and
unbound complexes in [48]. Many algorithms based on the DeadEnd Elimination (DEE) theorem [34] can
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reach the global minima provided they are able to converge [34,35,54,56,83,88,89,102,106,122,153], while
some algorithms based on other techniques such as Monte Carlo simulation [70], cyclical search [42, 160],
spatial restraint satisfaction [132], and approximation algorithms [29, 85, 162] run reasonably fast without
any guarantee of global optima. Among other methods A* search [93], simulated annealing [94], mean-field
optimization [73, 90], maximum edge-weighted clique [9], and integer linear programming [5, 47] are also
used. All-atom representations are used in [1,26,27,37,48,49,100,140,150], all of which allow at least side
chain flexibility.

Apart from backbone and side chain movements, loop flexibility can also affect docking. Flexible loops
at known active sites is handled using a Monte Carlo, simulated annealing based docking approach in [16,17].
In [128] flexible loops are ignored in the docking step, and later rebuilt in a loop modeling step.

Theconnexions project athttp://cnx.rice.edu/content/m11464/latest/ maintains a summary of
flexible docking algorithms. The CAPRI (Critical Assessment of Predicted Interaction) project [75,114,115]
monitors the performance of state-of-the-art docking algorithms by arranging community-wide blind docking
experiments which often include flexible proteins.

3 Flexible Chain Complex

Proteins have a naturally occurring backbone, forming chains which flex through their torsion angles as shown
in figure 1. Structural (shape) and functional properties are described as a labeledsheath around the central
nerve. This combined labeled representation of anerve and asheath is used to model a flexible protein’s
structure and properties and is referred to as a Flexible Chain Complex (FCC). Movement of loops and do-
mains leading to large conformational changes occur due to backbone torsional angle changes and hinge type
bending and shearing movements. Rearrangement of side chains in binding regions occur due to torsional
angle changes in the side chains of various residues. Figure1 shows three residues along a typical backbone
with different relevant torsional angles marked. The backbones motion is mainly controlled by the pair ofφ ,ψ
angles given for each residue. The side chains move through torsional changes in theχ angles. Depending on
the amino acid type, there can be up to 5 such successive angles. In section §2.1, we have already summarized
various algorithms to compute flexibility in proteins. Herewe compute a hierarchical decomposition using
Normal Mode Analysis. But since our data structure is general, we observe that users can augment their own
descriptions to it. The FlexTree is a data structure introduced by Zhao, Stoffler and Sanner [168], and provides
a method for storing a hierarchical description of flexibility. Their data structure should be easily parsed into
our Flexible Chain Complex and used in the flexible docking algorithm. Our data structure provides similar
capabilities, but with shear, bending and twist motions andwe maintain a general graph with priorities at
each edge and provide an automated algorithm to compute the flexibility. We first describe the flexible data
structure and then provide an automated algorithm to compute it for any given protein.

3.1 Hierarchical Domain Identification

Domains are considered to be rigid contiguous parts of a protein which show little movement in different
conformations (obtained through molecular dynamics, normal mode analysis etc.). Given a threshold of
rigidity, a protein decomposes in to different number of domains. Hence, we can automatically obtain, from
dynamics or other simulations, a hierarchical domain decomposition for proteins. In particular, we keep a
decomposition tree, with each discrete level representingthe protein at a rigidity threshold. Since we provide
a output ASCII file format, users can update any kind of flexibility at desired locations, with ranges. Below,
we provide one method to automatically compute all the required quantities.

Connectors, Flexible Loops and Domain Model.At any given level, there are various domains which in-
teract either through connected chain segments or large interfaces. In particular, we call these chain segments
and areas as connectors. Domains and connectors form a complete description of the flexible protein at a
given level. We also recognize that domains have flexible loops and chain ends on their surfaces. We identify
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Figure 1: The first three residues of 1AY7.PDB: ASP, VAL, SER are shown schematically with the relevant
backbone (φ ,ψ) and side chain (χ1,χ2) torsion angles.

and mark these are flexible loops, apart from the rigid segments in a domain. To build a formal model, we
define the following objects:

• Segment.A segment is a contiguous sequence of residues from the chainof a protein.

• Flexible loops / Handles.A segment on a rigid domain surface, not acting as a connectorto another
domain and also consists of large flexible side chains. It is useful to identify such flexible regions in a
domain to provide a finer resolution flexibility model for thedocking algorithm.

• Domain. A connected set of rigid segments and flexible loops. Using different rigidity thresholds, we
obtain a hierarchy of sub-domains.

• Connector / Linker. Segment between two domains. We also consider large domain interfaces as
connectors.

• Flexor. A set of connectors between a pair of domains, associated with certain flexibilities. The flexors
are given priorities over all levels, to form a hierarchicaldescription of protein flexibility. Unlike in the
FlexTree, Flexors here need not form a cut.

3.1.1 Motions Allowed at Flexors

We provide shear, bending and twist motions at flexors. In [107] techniques to compute such motions for two
domains linked by a single or double stranded linkers is provided.

Shear.This describes lateral movement along interfaces between domains. The magnitude of shear is limited
by a maximum value chosen by the user and the length of the smallest connector between the two domains
under consideration. In the absence of connectors, the linejoining the centroids of the two domains is used to
compute the normal of the shearing plane.

Bending. We apply the bending motion around three orthogonal axes when the domains are connected by at
least one connector. The geometric center of the shortest connector between the two domains is chosen as
the hinge point and the normal to the plain containing the geometric centers of the two domains and of the
shortest connector is taken as the primary hinge axis. The secondary axis is orthogonal to the primary axis
and also to the line connecting the two domain centers. The line through the domain centers is considered the
third axis. First we compute the hinge-point and the primaryaxis. After applying the bending motion around
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this axis, we compute the secondary axis and recompute the hinge-point with respect to the new conformation,
and apply motion around the new secondary axis. Then we compute the hinge-point again along with the third
axis, and apply bending motion around this axis.

Twist. When a single physical connector exists between two domains, it is also given a twist motion by
updating torsion angles along its backbone.

3.1.2 Normal Mode Analysis

Normal Mode Analysis for a given unbound structure of a protein is computed using Hinsen’s DomainFinder
program [67]. For a given deformation threshold and domain coarseness, a set of rigid domains with their
similarity indices is computed. Their output defines the domains as a set of contiguous residues. These are
collected as segments of the protein. LetS1, ..,Sd be the set of segments in thed domains at a given level. By
deleting these sets from the protein, we are left with segments which form either flexible loops, connectors
between domains or ends of chains. We assume that a chain consists of atleast one domain. Virtual connectors
are added to domains which share a common interface. If we aredealing with a large macromolecule, more
than one level can be computed by varying the parameters to DomainFinder.

3.2 Flexible Docking Algorithm

The flexible docking algorithm consists of adaptively sampling conformation space. In the first step, the high
priority flexors are used to compute a set of conformations, the size of which is given by the user. A low
resolution representation of the proteins are used to compute docking at each of these conformations over all
of orientation space (or limited by the active sites if known). Given a set of possible docking positions, the
domain(s) in that regions is further subdivided and a new setof conformations are computed for docking. If
the sub domains (whose union is not the parent domain due to the presence of flexible loops) are far away
from the interaction region, then only conformation sampling of the flexible loops are considered. In the last
step, we refit all the interface side chains using a greedy algorithm.

Multiresolution Sum-of-Gaussians Representation.The electron density of an atom at a pointx is repre-

sented as a Gaussian function:f (x) = e
β
(

|x−c|2

r2
−1

)

wherec,r are the center and radius of the atom. and thus

the electron density of a protein withM atoms atx is: f (x) =
M−1
∑

i=0
e

β
(

|x−ci|
2

r2i
−1

)

whereβ is a parameter used

to control the rate of decay of the Gaussian and known as theblobbiness of the Gaussian [12]. By clustering
atoms and varying the rate of decay of clustered Gaussians, we can obtain a Sum-of-Gaussians representation
for the protein at multiple resolution levels.

Soft Docking. We use ourF2dock algorithm described before in [11] for soft protein-protein docking. Given
two conformations, the algorithm predicts a set of possibledocking sites where the docking score is above a
user defined threshold. In particular, givenN scoring functionsf1,k, f2,k,k = 1..Nand a user defined scoreτ ,
we solve the equation:

{

(t, r ,s) :

(

s = Re

(

N
∑

k=1

(

∫

x
f1,k,β (x)Tt

(

∆r
(

f2,k,β (x)
))

dx
)))

≥ τ ,∀(t, r)
}

In the above equation,t is the translational space we require to sample, andr is the rotational sampling
space. The resolution of the maps is controlled byβ . In particular, our soft docking algorithm can be restricted
to the orientations we are interested in and the resolution of docking maps can be controlled.

3.2.1 Hierarchical Docking

Our flexible docking has three stages: Parallel docking of a global hierarchical conformational sampling, local
flexible loop and large side chain sampling and interface fit using a greedy algorithm.
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FCC Construction:

1. Input: For a given protein, Normal Mode Analysis is used to compute,for L levels, the domainsDi for
each level.

(a) Di =
⋃

Si,k, a set ofk segments.

2. Compute flexible loops and Connectors:Follow each segments ∈ Di. If it terminates back inDi

without crossing into any other domain, or is the end of a chain, add it toDi as a flexible segmentf .

(a) Di = Di
⋃

F, a set of flexible segments.

(b) Any segmentc that crosses fromDi to D j, i 6= j is added to a list of connectors:C = C
⋃

ci, j.

3. Compute Labeled Flexors:For each pair of domainsDi,D j, all ci j are collected to form a Flexor
between the domains. If{ci, j} = Φ, then the area of the interface is used to determine if we needa
virtual flexor or not.

4. Compute Hierarchy: Steps2,3 are repeated for all levels. Domains are broken up if necessary to
maintain unique parent domain nodes.

5. Output: This labeled complex is printed out in a easy-to-use ASCII file. Users can intuitively add/delete
new domains, connectors and flexors at will.

Adaptive Sampling of Conformations.The biased probability Monte Carlo sampling in [107] can be applied
to our structure, but here we provide a random sampling followed by a steric collision test. There are two
distinct types of flexors: Flexors which lead to a cut in the component and those which do not. For each
flexor, we arbitrarily assign a left and right domain, and always update the right domain. For a flexor which
defines a cut, all domains to the right are updated, while for the other case, only the right domain is updated.
The connectors from the right to other domains are updated tomaintain structural integrity of the protein.
This reduces the range of motion at a flexor which is not a cut. Each flexor is given a score depending on the
range of motions computed for its associated shear, primary/secondary bending and twist. The sampling is
adaptively performed to reflect these scores.

Global Conformation Sampling and Low Resolution Search:

1. Input: The FCC of a ligand and a fixed number of global conformationsN.

2. Allocate Conformations:Given the set of Flexors{ f} at the top level, a hierarchy of importance is
built and the total number of conformations is divided amongthem.

(a) Determine if each Flexorf is a cut or not. The domains, connectors at any level form a graph.
Hence, each flexor, defined as the set of connectors between domains can possibly disconnect the
graph.

(b) If f is a cut, then let{dl},{dr} be the set of domains to the left and right. Let the sum of their
weights bewl,wr. Then the score forf is s f = min(wl ,wr).

(c) If f is not a cut, letwdl ,wdr be the weight of the left and right domain. Then the score forf is
given ass f = min(wdl ,wdr).

(d) N f , the number of conformations allocated tof is Ns f /∑ f .

(e) Each flexor is associated with at most 5 motions: shear, twist, and bending along 3 axes. Each
motion is sampled using heuristics based on their computed range.
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3. Compute Conformations:We recursively apply a new motion at each flexor.

GetConformation ( Flexorfi, Moleculem )

- Setm̂← m

- For each motiont in fi

- apply( fi, t,m̂)

- If (i = Number of Flexors), Print( ˆm )

- Else Call GetConformation(fi+1,m̂ )

- End for

Output: A set of at mostN conformations of the ligand, with higher priority flexors given a higher
resolution sampling.

4. Low Resolution Search:A 20 degree rotational sampling is used for soft docking. We use residue level
parameters to represent the shape affinity functions.

• Electron density can be represented as a sum of Gaussians, asdescribed before. The FCC gives
a clustering of atoms into residues. For this lower resolution search, we can either decrease the
decay parameter, or use fewer Gaussians to represent a residue.

• For every conformation ˆmi, i = 1..N, call F2Dock [11].

5. Output: Conformations and their orientations where the docking score exceeded a user defined thresh-
old.

Finer Resolution Search. Given a set of promising orientations from the previous low resolution search,
soft docking is again performed with high resolution affinity functions. For shape, we vary the rate of decay
of Gaussians representing atoms to obtain a higher resolution map. We use a value of -2.3 to represent the
atomic level resolution. For electrostatics, we use a charge from OPLS at each atom. Each conformation and
orientation saved from the low resolution search is used as input. Hence, we adaptively sample orientation
space and use a multiresolution representation of affinity functions. To further improve the docking score, we
perform a refitting of side chains at potential interfaces.

Refitting Side Chains at Interfaces. We use the Dunbrack [41] backbone independent library to sample
interface rotamers.

Given a certain conformation from soft docking, we would like to optimize the side chains in the interface
to obtain a better fit of the proteins. Let there beN interface residues in the given conformation, and the
residues beRi, i = 1..N. Each residue is associated with a rotamer set{ri}. The cardinality of this set depends
on the type of the residue. Since we do not want to discard the current conformation for a given side chain, we
includeRi into the set{ri}. From the Dunbrack library, we also have{pi}, probabilities for each rotamer for
a given side chain. We set a probability for the current side chain as equal to the highest in its set of rotamers.
Let the scoring function for thejth rotamer for side chaini beS(ri

j). A solution is any set{ri
j, i = 1..N}, and

is the optimal solution when∑
i

S(ri
j) is maximized.

Intersection lists
Using the FCC of the second protein, residue intersections are computed for all surface residues. Surface

residues are computed as those whose atoms (at least 1) are less than 4Å away from the other protein’s surface.
Given a residue, we traverse down the FCC hierarchy to adaptively compute all other intersecting residues.
Let {Ii} be the set of residues which intersect residueRi and any of its rotamers. Assuming a maximum
number of intersecting residuesNI, the cost of this algorithm is linear in the number of residues. Here, we
are interested in computing intersection with neighbors, assuming that the current residue can be any of its
rotamers.
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Scoring
The addition of a residues rotamer into the current partially formed interface will influence both the current

score of the docking and the scores of potential rotamers yetto be added. The score is currently computed
as the sum of shape complementarity and electrostatics. First we compute the functionφs,φe, density and
electrostatics for the first protein. For any given atom in a rotamer under consideration, we calculate the
approximate Lennard Jones score depending on its distance from the electron density, and the electrostatics
score as a product of its negative charge and the fieldφe. A slightly higher rating is used for the electrostatics
energy contribution. The addition of a new rotamer affect other rotamers yet to be added. The scores of those
rotamers are updated using a simpler scheme based on steric overlaps with the newly added rotamer, to avoid
costs of recomputing the fields.

Side chain repacking algorithm:
From the results of the previous docking steps, we are given aprotein and ligand (in possibly new con-

formations) and a transformation between the proteins thatyields a good docking score. Now we proceed
to repack the side chains of the ligand to improve the fit. First, we compute the interface residues for the
given transformation. This can be quickly done by a pre-computation of the signed distance function of the
individual proteins. Next we compute all the rotamers of allthe interface residues, by looking up appropriate
entries in a Rotamer library. In the third preprocessing step, we compute all neighbors of a given residue. We
can assume this to be a constant number. In the final step, we compute the current score for each residue and
its set of rotamers. The score is currently a sum of both shapeand electrostatic interactions.

Now we reinsert a new rotamer in place of each of the original interface residues. The choice is a greedy
choice, with a backtracking option when the score is lower than a threshold. Hence, we first insert the rotamer
with the highest docking score among all interface residuesand all their rotamers. The potential costs of all
neighboring residues and rotamers can now be updated (currently we use a simple steric test for performance
reasons). In this greedy fashion, all interface residues are replaced by new rotamers. Since the current position
of a residue may be its most stable state, we also include the current residue as one of its choice of rotamers. If
the total score at any point is too unfavorable, we backtrackand use the probabilities in the Dunbrack rotamer
library to pick a new choice.

Assuming that each residue has a fixed number of rotamers and afixed number of neighbors, the cost of
maintaining a dynamic list of scores for residues forN interface residues and their insertion into the ligand
should beO(N logN), but our current implementation uses a simplerO(N2) update. The main steps in the
algorithm is presented below.

1. Input: The FCCs of proteins A and B, with a list of transformations from soft docking,{X}, that lead
to potential complexes.

2. Output: For eachX ∈ {X}, multiple sets of new repacking of side chains at interface.

3. Preprocessing:

(a) Potential fieldsφs,φe.

(b) Interface residues{Ri, i = 1..N} of protein B.

(c) Rotamer set{Roti, j}, i = 1..N, j = 1..n(Ri) and probabilitiespi, j.

(d) Neighboring residues{RN
i } for every interface residueRi.

4. Fit interface for eachX :

(a) Transform second protein:
Trans(B,X)

(b) Compute relevant interface residuesRX
i , i = 1..NX from Ri.
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(c) Compute initial scores for rotamers:{S(RotX
i, j)}.

(d) Incremental greedy fit:Repeat till we get a desired number of (suboptimal) solutions within finite
number of attempts.

i. Initialize Sol = Φ.

ii. Choose next best fit:Rb = argmaxRoti, j{S(Roti, j)}, Sol = Sol∪Rb.

iii. Update scores:
S(RN

b)−= StericScore(Rb,R
N
b ).

iv. Discard{Roti}.

v. Feasibility test: IfS(Sol) < τ discardSol and restore StericScore of neighborhood residues
RN . Else, continue with step ii.

(e) Evaluate: For each solution, compute and print RMSD with true solution.

4 Results

In Sections 4.1 and 4.2 we provide preliminary analysis of the flexibility of molecules and perform conforma-
tional sampling for soft docking, and in Section 4.3 we present some additional results on ZDock benchmark
suites [72,112].

4.1 Flexibility Analysis of Adenylate Kinase

We obtained normal mode based domain decomposition using DomainFinder for adenylate kinase (chain
A from 4AKE.pdb). Figure 2 shows the decomposition. The normal modes were chosen according to the
suggestions provided in the DomainFinder documentation [66]. The decomposition we obtained using nor-
mal mode analysis, and the decomposition reported by Hayward [61] based on conformational change based
analysis [62], identify more or less the same rigid regions as domains, and the domain sizes are also compa-
rable. See Table 1 for more detailed comparison of the domains along with the DomainFinder parameters we
used. In addition to the rigid segments of each domain identified by DomainFinder, we identified the handles
and the linkers/flexors connecting the domains, and assigned appropriate motions (shear/hinge-bending/twist)
to the flexors.

We briefly describe our flexibility analysis for adenylate kinase below, and in Figure 3 we show the motion
graph. We identified three domains. The core domain (i.e., domain 1) contains 93 residues, 12 segments and 7
handles. The AMP-binding domain (i.e., domain 2) has 52 residues, 9 segments and 4 handles, while the ATP-
lid domain (i.e., domain 3) has 36 residues, 4 segments and 3 handles. Domain 1 is connected to domains
2 and 3 with 3 and 2 linkers, respectively, and no linkers wereidentified between domains 2 and 3. The
interface area between domains 1 and 2 is large (508 Å2), and hence we assigned a shear motion to the flexor.
Also since the flexor acts as a cut (i.e., removing it disconnects the two domains), it is given a hinge-bending
motion. However, due to the very small interface (2 Å2) between domains 1 and 3, the connecting flexor was
assigned only bending motions.

In contrast, Hayward [61] also reports three domains for this enzyme containing 103 (core domain), 42
(AMP-binding domain) and 38 (ATP-lid domain) residues, andapplies bending motions between the core and
each of the remaining two domains.

In Figure 4 we show an example of the effectiveness of our motion assignment. We start with an open
conformation of adenylate kinase (chain A from 4AKE.pdb) in(a), and apply a suitable compound bending
motion (around three orthogonal axes) between the core (blue) and the ATP-lid (green) domains to obtain
(b). The geometric center of the shortest linker between thetwo domains is chosen as the hinge point and the
normal to the plain containing the geometric centers of the two domains and of the shortest linker is taken as
the primary hinge axis. The secondary axis is orthogonal to the primary axis and also to the line connecting
the two domain centers (i.e., the third axis). We applied 46◦ and−12◦ bending around the primary and the
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Figure 2: Domain decomposition using DomainFinder for adenylate kinase considered by Hayward [61]
with its domains, rigid segments, flexible handles and linkers identified. Each domain is given a different
color (domain 1: red, domain 2: green, domain 3: blue) with the rigid segments colored darker than the
flexible handles. The linkers are colored yellow. We show both the atomic space-filling model, and the
Cα -backbone structure. See Table 1 for more details.
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Table 1: Domain decomposition (using DomainFinder 1.1) andflexibility analysis of the triple-domain
enzyme adenylate kinase (chain A from 4AKE.pdb). We also compare our decomposition with the decom-
position given by Hayward [61] using DynDom.
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Figure 3: Motion graphs for adenylate kinase based on our flexibility analysis. The area of a circular domain
is drawn proportional to its size (i.e., number of residues). If a flexor (i.e., set of linkers) exists between two
domains, it is labeled with the motion(s) (shear and/or hinge-bending) assigned to it.

secondary axes, respectively, and−2◦ around the third to obtain (b). A closed conformation of adenylate
kinase (chain B from 2ECK.pdb) is shown in (c). If the backbone atoms of the core domains of (a) and (c) are
superimposed, the RMSD between the backbone atoms of the ATP-lid domains turns out to be 16.98 Å. But
if we use (b) instead of (a) the RMSD reduces to 1.13 Å. Using HaywardŠs bending parameters [61,168], on
the other hand, we were able to reach a minimum RMSD of 1.17 Å at53◦.
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Figure 4: (a) An open conformation of adenylate kinase (chain A from 4AKE.pdb), (b) conformation we
obtained from (a) after applying a suitable compound hinge-bending motion between the core (blue) and
the ATP-lid (green) domains, and (c) a closed conformation (chain B from 2ECK.pdb). The AMP-binding
domain is show in red, and the linkers in yellow. If the backbone atoms of the core domains of (a) and (c) are
superimposed, the RMSD between the backbone atoms of the ATP-lid domains turns out to be 16.98 Å. But
under the same superposition, the RMSD between the ATP-lid domains of (b) and (c) is only 1.13 Å.��������������������������� ������������ �������������������������������������� ������������ ������������ ��� ����� ���� ¡¢ �£ ¤¥¦§ ¨���� ¡
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Figure 5: Motion graphs for (a) NFT2 protein, (b) antigen-lysozyme antibody complex, and (c) calmodulin
with a kinase based on our flexibility analysis. The area of a circular domain is drawn proportional to its size
(i.e., number of residues). If a flexor (i.e., set of linkers)exists between two domains, it is labeled with the
motion(s) (shear and/or hinge-bending) assigned to it.

4.2 Flexibility Analysis and Conformational Sampling of Three Additional Complexes

In this section we perform domain analysis using the algorithm in section §3.2.1 was performed on three
additional complexes: 1A2K.pdb, 1VFB.pdb and calmodulin 2BBM.pdb. In Figures 6,7 and 8, we show
the flexible regions and rigid domains identified using Normal Mode Analysis of DomainFinder and our
clustering. We look at three primary motion types: shear, hinge and a combination of both. Shearing motion
is shown at the large interface in 1A2K.pdb, the combinationin 1VFB.pdb and a severe hinge motion in
calmodulin 2BBM.pdb. In Figure 5 we show the corresponding motion graphs. Below we provide results
from adaptive sampling to see how close we can get to a bound conformation from an unbound one using our
model.
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RMSD to Bound Structure
Complex Rigid-body Docking FCC Sampling

1A2K.pdb 1.453 Å 1.111 Å
1VFB.pdb 3.784 Å 0.586 Å
2BBM.pdb 14.429 Å 8.590 Å

Table 2: Improvements in RMSD between bound and unbound structures with and without FCC conforma-
tional sampling.

(a) Two large domains of NFT2 protein
shown in green and red, consisting of 88,
57 residues each, 12,8 rigid segments and
10, 6 flexible loops respectively. The
darker shades represent the rigid domains
while the lighter shades the flexible loops.

(b) The GDPRan protein is shown in gray transparency
at 5 Å resolution while the bound NTF2 ligand’s back-
bone is in blue. The two chains of the unbound structure
are shown in gold and red. The original RMSD between
these bound and unbound structures is 1.453Å.

Figure 6: GDPRan-NTF2 Complex

GDPRan-NTF2 Complex (1A2K.pdb).In the docking set given, only the C chain from the C,D and E chains
of RAN is given. The A and B chains of the NTF2 protein are used as the flexible protein and domain analy-
sis followed by adaptive conformation sampling is performed on it. From DomainFinder, we compute two
domains with 88 and 57 residues. Using the above model, we build our FCC with the following information:
The interface area at the flexor measures 436.612 Å2. The flexor is a cut of our FCC. Due to the large inter-
face area between the domains of the ligand at its only flexor,it is given a shear motion. Although we have
a cut, the large interface limits the angle of search (This also prohibits any twisting motion in our model.).
In figure 6(a), we show the NFT2 protein colored by the domains. In the right hand side, in figure 6(b), we
overlap the bound and unbound proteins. To compute RMSD and to fit the proteins, we used backbone atoms
from residues 4 to 126 from chain A and residues 4 to 124 from chain B. Using our FCC model and adaptive
conformational search, we get unbound structures with RMSDranging from 1.111 Å to 2.06 Å to the bound
structure. The unbound crystal structure has a RMSD of 1.453Å to the bound protein. Hence we can get
conformations closer to the bound structure using our FCC sampling.

Immunoglobulin-Hen egg white lysozyme Complex (1VFB.pdb). The A B chains of the immunoglobulin
is used as the flexible protein docking to the lysozyme. Afterdomain analysis, we obtain two large domains
at level 0. The flexor of this model is not associated with any shear as the interface area between the domains
of the flexible immunoglobulin is only 101.433 Å2. It is also a cut of the FCC and hence allows large bending
motion at its hinge. Using this FCC model and rotations, we adaptively compute a set of conformations for
the immunoglobulin. All backbone atoms of chain B and of residues from 1 to 107 of chain A were used
in RMSD and fitting. We obtain RMSDs ranging from a high of 24.902 to a low of 0.586 Å. The original
RMSD between the unbound and bound immunoglobulin is 3.784 Å. Hence we see a significantly closer
conformation by our sampling.
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(a) This consists of 2 distinct domains shown
in green and red with 67, 64 residues, 12, 9
rigid segments and 11, 9 flexible loops.

(b) The colors represent the same structures as in figure 6.
The original RMSD between the bound and unbound struc-
tures is 3.784 Å.

Figure 7: Antigen-lysozyme Antibody Complex

(a) Calmodulin consists of two domains (in red and
green) linked by a third in blue through connectors
in black. They have 55, 51, 18 residues and 4, 5, 0
flexible loops respectively.

(b) This molecule has been well studied due to its
large conformation change on binding. Especially
note the breakage of the central helix. We separate
the bound and unbound structures to show the large
conformational change.

Figure 8: Calmodulin with a kinase

Calmodulin bound to kinase (2BBM.pdb). We also decided to present calmodulin as it is known for its
large conformational change. In this complex (2BBM.pdb), we use calmodulin and a target peptide given
by a myosin light chain kinase. We let calmodulin be the flexible protein and to test the accuracy of Normal
Mode Analysis based domain finding, we again use DomainFinder to compute domains. We obtain 3 domains
for calmodulin. One of them contains the central helix. But from figure 8, we see that the central helix breaks
into two during its conformational change for binding. Hence, we were unable to get a close RMSD to the
bound protein from the unbound calmodulin (from 1CLL.pdb).The RMSD was computed using backbone
atoms of residues 4 to 147. The RMSD of the unbound state was 14.429 Å!. The best RMSD found from
rotating about the two flexors between domains 1,2 and domains 2,3 was just 8.590 Å. Hence we see that for
large conformational changes, user input or analysis of more than one conformation is necessary.

4.3 Results on ZDock Benchmark

We ran F3Dock on 3 of the 8 test cases that are tagged as the most difficult under ZDock Benchmark 2.0
[112]. The complexes we considered are: 1ATN, 1IBR and 2HMI.For each test case we took one of the
two unbound proteins, and performed normal mode analysis using DomainFinder 1.1 in order to obtain a
domain decomposition of the protein. See Table 3 for detailed information on the domains obtained and the
parameters used. Using these domain definitions we obtainedconformations of the corresponding unbound
protein which are closer to the protein in the bound state. The best conformation obtained in each case under
this metric is given in Table 4. These new conformations werethen used for unbound-unbound docking with
F3Dock, and for each of the 3 test cases we were able to obtain docking results that are at least 0.8 Å closer to
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Table 3: Domain decomposition (using DomainFinder 1.1) of three proteins from ZDock Benchmark 2.0.
The domain definitions obtained from DomainFinder have beensimplified (got rid of fragmentations) for
convenience. The domain definition of Actin matches the one given in [81].
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Table 4: Improved docking by F3Dock for three complexes fromZDock Benchmark 2.0. These are among
the 8 complexes included in the benchmark that are categorized as difficult to dock. RMSD values are based
on backbone atoms only.

the bound complex compared to rigid-body docking results obtained using original conformations. We used
6◦ of rotational sampling and 643 frquencies. Other details are given in Table 4.

In Figure 9 we show the docking results for 1IBR, which is a complex of Importinβ and Ran GTPase.
We performed flexibility analysis of both using DomainFinder [67, 68] and our flexibility model, and were
able to decompose Importinβ into two rigid domains (see Table 3 for details), while Ran GTPase turned
out to be mostly rigid. In Figure 9(a) we show the conformation of Importinβ in this complex, while
Figure 9(b) shows the complex itself. As the figures show the two domains of Importin β form a grip-
like conformation that holds Ran GTPase tightly between them. Figure 9(b) shows another conformation of
Importin β which appears as chain A of 1F59.pdb, and Figure 9(d) shows the best rigid-body docking we
were able to obtain between this conformation of Importinβ and Ran GTPase (chain A of 1QG4.pdb). The
RMSD distance (based on backbone atoms) between the two conformations of Importinβ is 2.94 Å, while
the two corresponding complexes (in Figures 9(b) and 9(d)) are 5.88 Å apart. As Figure 9(d) shows the space
inside the grip formed by the two domains of Importinβ is too small for Ran GTPase to fit. In Figure 9(e) we
show another conformation of Importinβ that was obtained by applying a -20◦ bending motion around the
third axis defined for the connector between its two domains (see Section 3.1.1 for the definitions of our axes
of bending motion). In this new conformation the space inside the grip is larger than that in Figure 9(c), and
it is 1.4 Å away from the reference conformation in Figure 9(a). Now if we dock Ran GTPase with this new
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Figure 9: Flexible docking of Importinβ (i.e., 1IBR_l_u.pdb or chain A of 1F59.pdb) and Ran GTPase
(i.e., 1IBR_r_u.pdb or chain A of 1QG4.pdb) from ZDock Benchmark 2.0: (a) Conformation of protein 1
(i.e., 1IBR_l_u.pdb) in bound state (given as 1IBRł_b.pdb or 1IBR.pdb: chain B).(b) Bound complex of
1IBR_l_b.pdb (1IBR.pdb: chain B) and 1IBR_r_b.pdb (1IBR.pdb: chain A).(c) Domain decomposition of
unbound protein 1 (i.e., 1IBR_l_u.pdb, or 1F59.pdb: chain A). Domains 1 and 2 are colored in red and green,
respectively, and the linkers are colored in black.(d) Rigid-body docking of unbound proteins 1IBR_l_u.pdb
(i.e., 1F59.pdb: chain A) and 1IBR_r_u.pdb (i.e., 1QG4.pdb: chain _). Protein 2 (i.e., 1IBR_r_u.pdb)
is colored grey. (e) A new conformation generated from the given unbound protein1IBR_l_u.pdb (i.e.,
1F59.pdb: chain A). See Section 4.3 and Table 3 for details.(f) Flexible docking of the new conformation of
1IBR_l_u.pdb from (e) and given unbound protein 1IBR_r_u.pdb. See Table 4 for details.

conformation the docked complex, shown in Figure 9( f ), is 4.24 Å away from the bound complex in Figure
9(b), which is an improvement of 1.64 Å from the rigid-body docking result shown in Figure 9(d).

5 Conclusions

Our algorithms are based on representing affinity functionsin a multi-resolution radial basis function format.
The smoothed particle representation, together with non-equispaced Fast Fourier transforms allows us to de-
sign and analyze our algorithm without the use of a sampling grid. The soft protein-protein docking algorithm
is built upon accurate construction of molecular surfaces and properties. Its efficiency and multiresolution na-
ture is utilized to sample conformational space and allow flexible docking. Flexibility models of proteins
were created using Normal Mode Analysis. This was used to compute a diverse set of conformations which
can be used in docking and effectively sampling orientationspace. A simple greedy hueristic based algorithm
for finer refitting of side chains at interfaces has also been presented. All of these interactions can be better
studied by visual inspection of surfaces, functional properties and interfaces.
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