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Abstract —The functions of proteins is often realized through their mutual interactions. Determining a relative transformation for a pair
of proteins and their conformations which form a stable complex, reproducible in nature, is known as docking. It is an important step in
drug design, structure determination and understanding function and structure relationships. In this paper we extend our non-uniform
fast Fourier transform docking algorithm to include an adaptive search phase (both translational and rotational) and thereby speed
up its execution. We have also implemented a multithreaded version of the adaptive docking algorithm for even faster execution on
multicore machines. We call this protein-protein docking code F2Dock (F2 = Fast Fourier) . We have calibrated F?Dock based on an
extensive experimental study on a list of benchmark complexes and conclude that F2Dock works very well in practice. Though all
docking results reported in this paper use shape complementarity and Coulombic potential based scores only, F2Dock is structured to
incorporate Lennard-Jones potential and re-ranking docking solutions based on desolvation energy .

Index Terms —Computational Structural Biology, Protein-Protein Interactions, Fast Fourier Methods, Algorithms, Docking, Redocking
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1 INTRODUCTION can be performed as an initial step. Rigid docking based

. _ . on structure alone has shown to be adequate for a range of
ROTEINS are stable, folded chains of amino acid poly:

R . roteins[3].
mers, and together with lipids (fats and oils), carbcf3 : : T
hydrates (e.g., sugars) and nucleic acids (DNA and RNA) There _are fwo main E-lSpeCtS of a _docklng alggnthm.
form the structural and functional building blocks in our(l) scoring or measuring the quality of any given docked

cells. Functions of these building blocks, and particylarl  complex, and _ . . _
those of proteins are expressed through their mutual siraict (2) Searching for the highest scoring or a pool of high quality
interactions. For example, inhibitors bind to enzymes raitli docking conformations

their rate of reaction. Another example is the attachment of Shape complementarity along the docked interface is seen to
immunoglobins to antigens like viruses, in order to signane of the primary measure of docking quality. Other factors
that these antigens are foreign objects in our cells. Helmge twhich contribute to the formation of stable complexes idelu
study of protein-protein interactions plays an importaéiin ~ electrostatics, hydrophobicity, hydrogen bonds, sobvatn-
uderstanding the processes of life [1]. In particular, &sttio  ergy etc. [2], [4]. These, together with shape complemégtar
preceding examples suggest, protein-protein interadscat are known asaffinity functions The docking problem can be
the core of structure-based drug design. Though advandsmetewed as the search for stable minimum energy complexes.
in X-ray crystallography and other imaging techniques havéhe energy function has several major terms.

lead to the extraction of near atomic resolution informafr (i) The Lennard-Jonesl2-6 dispersion-repulsion potential
numerous individual proteins, the creation, crystall@atand aj by
imaging of macromolecular complexes, as extensively requi 2 e
for drug design, still remains a difficult task. Flexibility between two given atoms, ar&l andbjj are constants
of proteins makes the search for the required conformation based on atom types.

through experimentation even more difficult. Hence, thednegii) The electrostatic potentiais given byy; ; a(r:?)jri,- , Where

for fast and robust computational approaches to predicting g andq; are Coulombic charges, amdr;;) is a distance

is given by 3 ; ( , whererj; is the distance

the structures of protein-protein interactions is grov#hg
An important step towards understanding protein-protain i
teractions isprotein-protein dockingvhich can be defined as

computationally finding the best relative transformatiord ajii
conformation of two proteins that results in a stable comple

reproducible in nature (if one exists). If only large, fgirl
inflexible proteins are involvedijgid protein-protein docking
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dependant dielectric constant. Electrostatics plays @ rol
in long range interaction due to partially charged protein
and solvent atoms.

) Desolvation energys defined as the change in energy

due to the displacement of solvent molecules from the
interface. The desolvation free energy for moving an atom

of chargeq and radiug from a region of dielectrie; to

a region of dielectrie,, is given bquz(s—l1 — 8—12). The total
desolvation energy is the sum of desolvation energies of
individual atoms involved.

Docking energy computations also involve change in
energy due to hydrophobicity, hydrogen bond formation

and conformational changes. Given the affinity functions,
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Fig. 1. (a) Skin and Core regions for complementary space docking. Atoms are drawn as solid circles. The skins regions are colored green while
the core regions are red. The skin volume of molecule A is obtained by rolling a solvent ball over its surface. (b) A possible docking of the molecules
show a large overlap between the grown layer of molecule A and the surface atoms of molecule B.

and a scoring method, a search is performed over all sfores only, FDock is structured to incorporate Lennard-
transformation and conformation spaces to find where tenes potential and re-ranking docking solutions based on
two given proteins fit best. desolvation energy . In our consider three scenarios ofiser
. . rigid protein-protein docking. The first is known as redoaki
Shap_e _I_Jas_ed co_mplementanty, cou_pl_e_d with electrost_a%%ere a given complex of two proteins, are first separated,
compatibility is typically used as an initial step to Obtalr?andomly rotated and translated, and then redocked. In this

possible docking sites. These sites are further rank_ed;) USthse the top docking solutions are compared with the otligina
other energy terms. The few remaining potential dOCk'@S'tcomplex, and the RMSD (oot mean square deviation) error

are then tested u§|ng energy m|r.1|m|zat|on routlne§. measure computed. The second scenario is known as bound-
In [5] we described a Non-equispaced Fast Fourier (NFF{hhound docking, where one of the two proteins is in the same
based algorithm for efficiently performing the initial deck conformation as in a complex, while the conformation of the
ing search (based on shape and electrostatics complem@isond protein is independent and unknown from the one in
tarity). We presented a sum of Gaussians based model fg complex. Again the RMSD of the solution dockings are
proteins, and described a new specification of the rigighmputed with respect to the original complex. The third and
protein-protein docking problem. Given two proteiAsand  fina| docking scenario is the unbound-unbound case, where
B with Ma andMg atoms, respectively, our algorithm spendgoth proteins are in unknown conformations with respect to
O(maxMa,Mg) +nlogn+ pn®) time to find the topo peaks those in the complex. All three docking scenarios have the
in the docking profile, ana is a parameter chosen to satisfysgme computational complexity.
a user required accuracy in the_ docking profile. We showedThe rest of the paper is organized as follows. In Section
that for a summation of Gaussians model for the molecue\ye include a review of prior work on rigid protein-protein
where atoms are represented as Gaussian ken?eba,rles aS docking. In Section 3 we describe our new algorithm with
O(maxMa, Ms)). Compared to traditional grid based Fourieggaptive translational and rotational search. We include o
docking algorithms, the algorithm was shown to have lowekperimental results with#ock on ZDock Benchmark Suite
computational complexity and memory requirement. 2.0 [6] in Section 4. Finally, in Section 5 we include some
In this paper we extend our non-uniform fast Fourier trangencluding remarks and plans for future research.
form(NFFT) based docking algorithm to include an adaptive
search phase (both translational and rotational) and {hesds
up its execution. We have also implemented a multithreadgd RELATED WORK
version of the adaptive docking algorithm for even fastérhere have been a wide range of work on both flexible and
execution on multicore machines. We call this protein-@irot rigid-body docking. In this Section we discuss some relevan
docking code FDock (F2 = Fast Fourier) . We have calibrated prior work on rigid-body docking. Please see the technical
F2Dock based on an extensive experimental study on a listreport on our flexible docking algorithm®Bock [7] for a
benchmark complexes and conclude th&@béck works very review of known techniques for docking flexible molecules.
well in practice. Though all docking results reported irstha- Graph theory based docking methods [8], [9], [10] reduce
per use shape complementarity and Coulombic potentiatbaskee shape complementarity based molecular fitting problems
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Fig. 2. For shape-complementarity scoring skin atoms are assigned a weight of cR¢ =, /Wgs, and core atoms are assigned weight ¢'™ =i - , /W,
where wgs is the reward factor for skin-skin overlaps, and we is the penalty factor for core-core overlaps.

into combinatorial search that have well developed algord®. matches by using shape contexts to describe the relation of
However, some good potential matches may be ignored durithg shape to a certain point on the shape. Since corresgpndin
search due to the use of pruning for reducing the cost pbints on two similar shapes will have similar shape comstext
combinatorial search. Geometry-based docking methods usthe matching problem is reduced to an optimal point pair
first level assumption that molecules will ‘dock’ if the r@ter assignment problem between two shapes. This technique has
and the ligand exhibit very high shape (surface and volumeduced sensitivity to small variations in the two shapes.
complementarity. Point-wise spherical approximationsface

. . L Using some representation of molecular surface boundary
normals, etc. have also been considered in characterizages %51

. kin), and a correlation/scoring function based on cutiuda
complem_entanty. In [.11]’ [12] sphereg are used to repies verlap of characteristic (electron density) functionsmflec-

I%;tc;.\cr)vjiel(;] icr)1nz pgzgtﬁgdh;hsiigen:étzegeth[igc])th[iz]It [\iv Tar shape, rigid docking can be performed by conducting a
161 1171, 118 ?1 h tg ‘ based ’ ’t hi Ombina_torial search in a six dimensi(_)nal paramgtt_ar space 0
[ .]’ (171, [ .] where a search strategy based on maichiag possible translations and orientations of a rigid prote
pairs of consistent spheres, one from each protein was usl%ﬁi

: . ) Tefative to another rigid protein. In [25] coarse grids and
instead of a full combinatorial search. In [19] the Comblfotational angles are used to reduce the combinatoricseof th

nator_ial ;earch_wgs rec_iuced to a clique finding problem lg}éarch. The combinatorics of possible relative conforomasti
EOPS'??”%_ pa|rW|3e d'ft‘;nces Iam(')trrlg atoms. Adkr_mb 2% gn be reduced by using a priori knowledge of suitable bipdin
ole CEtection and marching aigorithm was used in [ ite locations on the proteins [3]. Fast Fourier Transforms
[21] Wherg an optimization is performed usmggad-b_ased can be used to speed up the cumulative scoring function
dquble skin Ia_yer approacin 2D. We shall further dIS.CLI.SS computations [25], [3], [26]. The grid based double skinelay
this double skin layer approach later as we use a variation proach became the base of many variations and software
it in our algorithm. A full 6D grid based search was used i 9., DOT [27], ZDOCK [28], [29], [30] and RDOCK [31] '
[22] .WhiCh also prov?des a methpd to uniformly sample 3 d’rogen bon(’js were used,in [3’2] to reduce the rotational
Lotlatlonaldspa}:e. Using glgeotrt:letrlc fetz;l]tu(;es t?UCh tais p_ocktg pling space and improve the scoring function. Spherical
0'es, and suriace normals, Iese methods attempt o 80NSH, ;i onjics based approached were studied in [33], [34], [26]
the search areas to relatively small portions of the rec§gto [35], [36], [37], [38]. We have compared our algorithm to

S“”‘f’ice- Geometric S|gnature_s/feature points were aled is revious grid based Fourier transform and Spherical haizson
earlier geometry-based docking methods [13], [23]. How,ewglpproaches in [5]

geometric signature based approaches often have diféstiiti
dealing with molecular surfaces without notable featuteshs  There have also been other approaches including building
as flat regions. These methods are also quite sensitive th srebs over the surfaces and matching them using least squares
geometric feature changes, and a large amount of hashitig39], a slice based matching scheme [40], mapping sur-
of storage space is needed for complicated |igand/reced@?es to 2D matrices and detection of matching sub matrices
geometries. Some relatively recent surface and 3-D shd@d] and fixing anchors and searching over other degrees of
matching methods could be customized to improve the dfeedom (TreeDock [42]). A simulated annealing method, by
ficiency of geometric surface-surface docking. For examplehoosing angles in discrete 45 degree steps and trangation
including molecular properties into the scoring functioouid of 2A is used in [43] to perform a random walk and dock
necessarily move the geometry matching problem to highefoteins. In [44], a coarse approximation of the protein is

than three dimensions. Belongie et al. [24] calculate shagktained by approximating each residue by a single spheres,
and furthermore the 6D docking search space is paramederize
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by 5 rotations and 1 translation. The 5D rotational space vgere,g is the Gaussian function located at each atom (or

further sampled using simulated annealing techniques. pseudo atom) andSC) stands for shape complementarity.
The weights{c, € {c'™,cRe}, k=1,...,Mp} are either positive

3 ALGORITHM DETAILS imaginary or positive real. See also [30] for an extension of

Consider two proteing and B, with Ma and Mg atoms re- shape complementarity fmairwise shape complementarity

spectively. We represent the molecules using Gaussiarelsgrn _ .
construct double skin layers used for complementary spadd-2 Electrostatics Interactions

docking and derive a new model for docking. Similar to the procedure used for shape complementaritybGa
et. al. [3] have shown how to introduce the electrostatiosite
3.1 Affinity Functions The first protein’s electric potential is computed and matth

The affinity functions are modeled as Radial Basis Functio@g2inst the charges in the other. This can also be sped up usin
(RBFs) to facilitate using Fourier transforms to efficigntl @ Fourier based algorithm. Charge assignments are madg usin
solve the docking problem. PDB2PQR [48]). We define two new affinity functiof§ and

We use the sum of Gaussian’s representation to model dér for moleculeA andB, respectively.
proteins. An atom centered &, with a van der Waal's radius Ma
of r, is modeled as an isotropic Gaussian kergék— xc) = fE(x) = I S
(e ) p e AP0 2 MBIk
e ' . The decay rate of the kernel is controlled by
the blobbiness paramet@. A value of 23 is used in the E Mg
literature [45] to approximate the solvent excluded swefat and fg(x) = ad(x—X),
an isovalue of 1. By lowering this parameter, we can model k=1
molecules at lower resolutions [46]. where, g¢ is the Coulombic charge on atoky §(x) is the

) Kronecker delta function with value 1 afx|| =0, and O

3.1.1 Shape Complementarity everywhere else, an(x) is the distance dependent dielectric
For shape based docking we maximize the overlap of teenstant [3] as given below.
surface of proteirB with the complementary space Af The

double skin layerapproach is used here. It was introduced 4 if ||x|| < 6A,
in [21] for 2D, [22] for 3D, sped up using Fast Fourier E(x) =< 80 if [|x|| > 8A,
Transforms in [47], and extended to complex space in [29]. 38-||x|| — 224 otherwise.

We define twoskin regions
1. The complementary region @, defined by agrown skin . , .
region, by introducing a 1-layer of pseudo-atoms on thg'2 Rigid Docking Model Specification
surface ofA. Typically each pseudo-atoms has the sameet T andA denote the translational and the rotational opera-
radius which is chosen to make its size comparable tors, respectively. If the user considers a potential dugkite

that of a solvent molecule. as one where the overlap potential (plus electrostaticspied
2. The surface skinof B, which is the density function of if electrostatics interactions are used) is over a threshol
the set of surface atoms &t 17, then the rigid protein-protein docking solution, usingr ou

The atoms ofA and the inner atoms @& form core regions  affinity functions definition, is expressed as the set ofiétip
These regions are shown in Figure 1. We use an adaptive grid

based algorithm to construct these regions [5]. s = Re(FEjS (t,r) —we - Fg (U))

To maximize skin overlaps and to minimize overlaps of the (tr,s): — e m(FSC(t r)) 2T
cores, we assign positive imaginary weights to the core sitom v WesWee ABL 1)

and positive real weights to the skin atoms/pseudo-atoees (§vh
: . o ere,
Figure 2). An integral of the superposition of the molectias sc esc sc
two real contributions: the core overlaps contribute neght FA,B(U) 2{ fR- ()T (Ar (fB (X))) dx,
and the skin overlaps contribute positively. The magnitafie £ £ £
the imaginary part of the integral due to skin-core clashes Fas(t:r) :.XffA ()T (& (f5 (x))) dx,
(caused by psuedo-atom vs atom overlaps) are also non- . ) )
desirable and assigned a ‘smaller’ negative weight in the Wss= reward for (unit) skin-skin overlap,
accumulated score. Wee = penalty for (unit) core-core overlap,
The weighted sum of Gaussians function definition of a Wsc= Ppenalty for (unit) skin-core overlap, and
moleculeP € {A,B} with Mp atoms be expressed as follows: ~ We = reward for (unit) charge-complementarity.

SC _ R _ Im _
fo (x) = ) Skzi . C k(X Xk)+k C; . ¢ (X — Xk) This model assumes that each skin atom is assigned a
eskin(P) ecore(P) positive real weight ofcR® =, /Wss, and each core atom is

_ < _ assigned a positive imaginary weight of™ = /W (see
= ) GG(X—x), -
k=1 igure 2).
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Fig. 3. Overview of the translational search phase of the F2Dock algorithm. Here f5 and fg are affinity functions of molecule A and B, respectively.
We assume that a given rotation has already been applied on molecule B.
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Fig. 4. The docking peak search can be represented as finding the peak positions and values in a grid of overlapping splines.

3.3 Search gx —x) = ¥ GueM* %@ Hence, the affinity func-
WElw
We solve Equation 1 using Fourier series expansions. Shape

Mp
SC(y) — Cly) —
complementarity scores and electrostatics scores areuteshp 100 5 (X) = kzlckg(x —X¢) can be expressed d§(x) =

separately, and then combined. For simplicity of expositio Mp (XX . .
we describe below our search algorithm for the foIIowing-sirq(zlck(mgI Gwe’ ¥W-©). Rearranging terms, we obtain:

pler case where botivs; andwg are set to 0. Generalization ;C  Mp o
to Equation 1 is straight-forward. fom(x) = a% Ge?™ @ Zlcke* ™® et us denote the
second terms byCg,. Hence, fS6(x) = 3 GuCee?™ 9.
{(t,r,s): (s= Re(FASg(t,r))) > r} @ . el
’ Similarly: fSS(x—y) = 3 GuCue?* V)@,

. WEl o
We express the integral as a sum of compactly SUpportEdExpandinngC and fBSC using the above series, for a given

radial basis funcnons and provide an adapt!ve algorithm t8tat|onr, with the molecules scaled to lie m® = (—0.5..0.5
search for regions where the scoring function exceeds the . . . T .

4 of simpler mathematical notation, the scoring integral in
threshold provided by the user.

Equation 2 reduces to

3.3.1 Fourier Series Expansions .
ouner pansio vX: Ay (O (159) (x —y)dy
Any periodic integrable function can be expanded as a  yem

Fourier series. For example, a periodic functiori-ri/2,1/2] = [ Y GuwCup&M@ 5 GuyCyy, e Y)-@edy
0o .. loo loo
can be expressed asi(x) = Y w;e?™*, where the co- yere Oas “es
j=—00
efficients w; = 1}2 (x)e ?T*dx. Let I, denote a 3D vz
=) 4 n Since [ ¢™@b — 1 if a=b and 0 otherwise, the

~1/2
. : e -1/2

grid of integer indices:{k : [-n/2..n/2)% k € 2%}. Let . 2~ 2TiX®

us expand the kernel function in its Fourier series forrrl{:“egral reduces t%glewaCwez '
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3.3.2 Approximations Al

gorithm 1 Inverse adaptive peak search

We make three approximations in computing the above coeft

ficients. Since the truncated Gaussian is a decaying kemeel, %
3:

choose to compute only the first-n/2..n/2]° Fourier coef-
ficients. The parametar is chosen to satisfy a user required 4
accuracy in the docking profile. If we include electrosstic °

the decay should be even slower, and hence, the same bourftls
derived for shape complementarity should be sufficient. The:
current analysis, though, is based on shape complemgntarif: I

The Fourier coefficignts of the atoms cente@;,C,, are 9
approximated a€,,C,,, computed using a Nonequispaced?

Fast Fourier Transform (NFFT) algorithm given in [49] (Veryl®:
briefly, the NFFT algorithm computes an approximation td2
Fourier coefficients when input data is not uniformly sardjple 13
The truncated Gaussian is a tensor product kernel. Thedfourt*
coefficients of the truncated Gaussians are now approximate:

as the tensor produ@. Hence, we approximate the scoring!®:
17:

integral as 3 GZCuCly@™ @ = 5 Fue?™ @,

[AIE wElp 18:

19:

3.3.3 Inverse Peak Search 20:

Given the functionf(x) = Y Fue?™®, we are required ;.
wElp

22:

to compute{(x,s) : s= Regf(x)) > 1}. A 3D IFFT (Inverse
nonequispaced fast Fourier transform)gfyields the docking 23
profile f(x) at a uniform sampling. If we have prior knowledge24
on the smoothness of the profile, we can zero pad(if

necessary) and obtain the profile at a sufficient samplingg T
would generally lead to higher computational and memo
requirements. Instead, we perform an adaptive computafion 8
Fe, progressively zooming in on regions where the threshofd

T is satisfied. Using the NFFT algorithm in [49], we make théof

following approximation: f(x) ~ §(x) = S kp(w; —
k€lnm(®) 32
k/f), (j €ln, A=an, a2 lgm(@;) ={l€la:fwy—m<I < 33

H26:

. Inputs :
-A%: number of frequencies
-h: accuracy of peak position
-@. Compactly supported smooth decaying function
at eachk € I
-T: threshold for docking score
-{(val, pog}: Current output peak regions and
scores
: Preprocessing: [Interval sdt= intervalgk)]
- while | £ 0 do
interval «— |.next )
if interval.isLowRes( Yhen
t— 0, {@} < interval.overlappingp( )
for pe {¢} do
if @ >0 then
if interval.isOutsid€) then
t — t+ @(interval. fIdx(¢@.centep)
else
t—t+ @nax
end if
else
t —t— @(interval. fIdx(¢@.centep)
end if
end for
if (t >71) then
| — lUinterval.sublnterval$ )
1 [midpoint subdivision based oh]
end if
else
updaté{(val, pog},interval)
end if
: end while
: Output: [(val, pos}]

nw; +m}). This is schematically represented in 1D in Figure 4.
Obtaining regions which are above a certain threshold is how
reduced to finding roots of the polynomRE§(x)) =1 If we

use a cubic Bspline function fag with a support width of 5, it of

requires the root of a 7x7x7 system of degree 5 equations. \Wg

instead adaptively compute regions which satisfy our dugki nu

threshold using an adaptive search algorithm. We initistiyrt

with the r® grid of ¢ as a set of intervals. We determine usin
a simple procedure if any interval can potentially contain
value greater than the docking threshold and, if so, sutiéivi
and recursively search the sub intervals. Consider anyvite
|. There are multiplep functions whose summation determind®
the function inl. If we change these, such that positive one
centered outside come closer by one interval width, negativ
ones shift away from by one interval width and positive
ones centered insideare given its maximum value, the sum®®
of the new function (calleq)) at the interval endpoints defines
an upper bound for the original functiamand ¢g{x) insidel. fol

of

3D space) with zeros on the outside and large negatives on
inside. Hence, in the very first step of the algorithmygda
mber of regions are removed from further consideration.

We are able to reduce tpe full 3D inverse EFTFgf which
%i:Ids the docking profile

(x) in the first step of our adaptive
arch into an inverse FFT of simé. This is an efficient way
speeding up the overall inverse peak search algorithm 1.

We provide an analysis in 1D, which can be easily extended

3D. Consider an intervdl,i + 1], with B-spline functions

s %o wherei —m< k <i+1+m, capturing both positive and
(Qegative peaks df, . Let the extent of theg be m on each
side of k. We construct a new upper bound functigr (to

nstruct an approximate scoring profile , by raising theieal
@ to max @, @1, %_1) on ther® grid. This gives us the
lowing simple observation:

This upper bound function yields an approximate profile to oy oima 3.1. The summation ofy values at a point k in the
scoref (x) and provides us with a test function for determining, .\, resolution grid of the Gaussian centers is always greate
where to further subdivide and refine an interval as we 10c3{€;, the summation ap values at any point in any interval

the positive peaks of the scoring function.
The docking score profile is usually large in a thin closed
region (as skin-skin overlaps occur in a relatively smalisat

The approximate docking profile,f(x)

which includes k.
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oY (w; —k/A) is a summation of smooth functions,molecule.
Kelgm())
and is now computed over a uniform interval ot points. | all experiments, we measured the quality of our docking
This summation of smooth functions is equivalent to go|ytion based on its RMSD distance from the known bound
convolution of a discretely sampled kernel functiap  strycture of the two molecules involved. RMSD was calcu-
with discrete values ofy, namely gc. The convolution of |ated using theC, atoms within 5A of the interface of the
Y and g is, as is well known, equivalent to the inversgoung structure. We used Kabsch’s optimal vector alignment
Fourier transform, of the product of the Fourier transforrrﬁgorithm [50], [51] for aligning the two sets of interface
of ¢ and g respectively and hence computable using 3Btoms during RMSD computation. We ha8fock output the
FFT in O(nlogn) as the first step of our algorithm. Thisiop 50,000 solutions ranked based on the score it assigns to
initial uniform coarse approximation of the docking profileach solution. We claimed a *hit’ if there was a solution with
eliminates most regions out;ide the overlap of sk_in _and CORRISD less than 5 A among the top 2,000 solutions returned
clashes. Hence, our adaptive search is then limited tob9 FDock. A rotational sampling of 6 degrees was used, and

narrower region where the skin-skin overlaps occur, whighhless specified otherwise, the number of frequenciesagtta
yield the maximum positive values to the docking profile. py FFT js 33,

Figure 3 gives an overview of the adaptive translation $earc

phase of EDock.
4.1 Unbound-unbound Docking

3.3.4 Rotational Sampling Tables 1 and 2 shows the results of runnif@éck on the 84
For the orientational degrees of freedom we use the optiinizeomplexes of ZDock Benchmark Suite 2.0 [6] for unbound-
and uniform sampling described in [27]. The sampling is Haseinbound docking using shape complementarity only. We used
on Euler angles, and the rotations are applied on moleBulefour different sets of weight values given to the skin-skigg,
Each rotational step is followed by a 3D translational searcore-core ) and skin-corewsc) overlap costs. In the tables
as described in preceding sections. Fot @0mean rotational ‘Rank’ is the best rank among all predicted positions whose
spacing the number of samples obtained is 1,800, while fBMSD from the known bound structure was less than 5A.
6° there are 54,000 sample rotations. Rotational search ¢&@wod Peaks’ is the number of peaks in the predicted set
also be made adaptive as follows. We first perform a lowhich were less than 5SA RMSD from the known position.
resolution rotational search, say, of mean rotational isgac In the ‘RMSD’ column in the tables we report the lowest
of Ry, and retain only those rotations for which translationdMSD among all peaks that were retained. We also list the
search yield solutions above a user-specified thresholdn TtZDock results in the last column. ZDock uset btational
for each of these retained coarse rotations we performsampling like EDock, but retained 54,000 peaks. The RMSD
finer rotational search, say, of mean rotational spacing eémputation procedure is also based@natoms within 5A
Rz < Ry/4, within a cone of angular radiug; /2 around the of the interface.
coarse rotational sample under consideration. As before wele observe from Tables 1 and 2 that the number of hits
retain only rotations that produce solutions above thergivslightly increased aswve is increased from 5 to 10 (with
threshold during translational search. Such adaptiveaefant wss and wsc held constant at 1.0 and 0.5, respectively), and
steps can be repeated with finer and finer rotational sanglirigcreased even further ifvsc is increased from 0.5 to 1.0.

until some given level of accuracy is reached. However, increasinc further to 20 did not seem to increase
the number of hits anymore. Moreover, increasimg from
4 EXPERIMENTAL RESULTS 5 to 10 generally improved the lowest RMSD value of the

We have colmputed docking predictions for a set ,Of 84 COMHm 0.5t0 1.0 generally worsened the lowest RMSD. We also
plexes obtained from the ZDock Benchmark Suite 2.0 [6 bserve that ZDock performed better tha?DBck in most
For soft docking we first use shape complementarity (i.e. Valces under these parameter settings.

der Waal’§ inter_actions) as the aﬁ"_‘“y fungtion in sqoring In Figure 5 we show the best docking positions we obtained
Then we investigate the effects of introducing electrastat during unbound-unbound docking of the following four com-
Interactions. ) ) plexes: (a) Ribonuclease A complexed with Rnase inhibitor,

We performed three types of docking experiments: (b) Epstein-Barr virus receptor CR2 complexed with Comple-
Bound-bound (Redocking). Both moleculesA and B are ment C3, (c) Cyt C peroxidase complexed with Cytochrome
taken from the bound complex involving and B, and they C, and (d) Colicin E7 nuclease complexed with Im7 immunity
are then computationally redocked. protein.

In Table 3 we report the results of incorporating the approxi
mate electrostatics interactions score computed by ounadet
into the docking score. We used 1.0, 10.0 and 1.0 as skin-skin
(wsg), core-core\ficc) and skin-corewisc) weights, respectively.
Unbound-unbound. NeitherA nor B is taken from the bound Electrostatics based affinity function is defined using a ehod
complex involving A and B, that is, each of them comesby Gabb [3]. The dielectric value is set as 4 for distances
from an independent structure that does not include ther otthess than 6 A from the center of atoms, 80 for greater than

Eredictions, but increasing.. even further or increasingsc

Bound-unbound. One molecule, say\, is taken from the
bound complex involvingA and B, and the other one, i.e.,
B, is taken from another known independent structur®.of



IEEE/ACM TRANSACTIONS ON COMPUTATIONAL BIOLOGY AND BIOINFORMATICS 8

(a) 1DFJ (b) 1GHQ (c) 2PcC (d) 7CEI

Fig. 5. Unbound-unbound docking: (a) (IDFJ: Ribonuclease A complexed with Rnase inhibitor) Docking the unmarked chain of 2BNH.pdb (Rnase
inhibitor) on chain B (Ribonuclease A) of 9RSA.pdb, (b) (1GHQ: Epstein-Barr virus receptor CR2 complexed with Complement C3) Docking chain A
(Complement C3) of 1LY2.pdb on the unmarked chain (Epstein-Barr virus receptor CR2) of 1C3D.pdb, (c) (2PCC: Cyt C peroxidase complexed with
Cytochrome C) Docking the unmarked chain (Cytochrome C) of 1YCC.pdb on the unmarked chain (Cyt C peroxidase) of 1CCP.pdb, and (d) (7CEl:
Calicin E7 nuclease complexed with Im7 immunity protein) Docking chain B (Im7 immunity protein) of 1M08.pdb on chain D (Colicin E7 nuclease)
of LUNK.pdb. In all cases the first chain is static (colored yellow), and the other chain is moved around for docking. The position of the moving
molecule shown in pink corresponds to the true solution (obtained by the best superimposition of each molecule on the corresponding molecule in
the bound structure) while red is our final docked position.

FZDock Results Wss= 1.0, frequencies = 3%
Data wee = 5.0 wee = 10.0 wee = 10.0 wee = 20.0 ZDock
wsc = 0.5 wsc = 0.5 Wsc= 1.0 wsc=1.0 Results
Bound Unbound | Unbound Good Rank RMSD Good Rank RMSD Good Rank RMSD Good Rank RMSD RMSD ||

Complex Mol 1 Mol 2 Peaks (A) Peaks (A) Peaks (A) Peaks (A) A)
1A2K_C:AB [ 1QG4_A [ 10UN_AB 2 15,258 | 4.37 29 19,083 | 3.02 36 8,100 3.02 29 5,565 3.19 1.61
1ACB_E:I 2CGA B | 1EGL_ 1,913 361 255 1,117 480 2.89 569 803 3.08 328 1,282 3.08 2.54
1AHW_AB:C| 1IFGN_LH| 1TFH_A 1 46,475 4.77 23 13,916 1.65 36 6,516 1.65 44 3,844 1.65 0.89
1AK4_A:D 2CPL_ 1E6J_P 604 84 3.43 248 91 3.49 110 160 3.49 95 207 3.49 201
1AKJ_AB:DE| 2CLR_DE| 1CD8_AB 1,412 16 1.54 961 165 1.45 679 102 1.45 381 79 1.45 1.24
1ATN_A:D 113J_8B 3DNI_ 8 8,017 4.68 8 3,889 4.68 4 19,423 4.72 1 32,962 4.72 3.87
1AVX_AB | 1QQU_A| 1BA7_B 725 408 158 470 723 1.58 339 1,769 175 198 870 1.88 0.76
1AY7_A'B | 1RGH_B | 1A19_B 491 156 0.80 420 100 0.69 303 94 0.87 237 360 1.04 1.08
1B6C_A:B | 1D60O_A | 1IAS_A 166 3,278 1.70 157 1,844 1.70 127 1,862 1.96 7 1431 218 2.05
1BGX_HL:T | 1AY1_HL | ICMW_A 3 21,434 | 454 - - 6.03 - - 6.54 - - 6.57 5.69
1BJ1_HL:VW| 1BJ1_HL | 2VPF_GH - - 7.31 - - 7.31 - - 6.81 1 49,034 | 4.45 0.87
1BUH_AB 1HCL_ 1DKS_A 6,060 154 1.04 5,244 107 0.97 4,505 65 0.75 3,825 20 0.87 1.00
1BVK_DE:F [ 1BVL_BA 3LZT_ 9 18,274 3.97 61 3,692 2.88 139 801 221 173 234 221 1.49
1BVN_P:T 1PIG_ 1HOE_ 1,566 1 158 1,087 9 1.58 685 72 158 442 117 1.62 1.00
1CGI_E:I 2CGA_ B[ 1HPT_ 3,533 29 253 2,736 14 253 1,859 39 255 1,167 4 257 2.08
1D6R_A:I 2TGT_ 1K9B_A 3,923 48 1.45 2,858 477 1.43 2,419 177 1.45 2,252 164 1.49 2.61
1DE4_AB:CF| 1A6Z_AB [ 1CX8_AB 131 4,182 298 40 34,372 2.81 110 607 2.81 81 1,059 2.81 2.65
1DFJ_E:I 9RSA_B | 2BNH_ 1,198 154 1.07 640 75 1.07 318 243 115 112 1,093 115 1.35
1DQJ_AB:C|1DQQ_CD| 3LZT_ - - 8.78 - - 6.67 - - 5.80 50 17,605 2.83 1.63
1E6E_A:B | 1EIN_A | 1CJE_D 136 9,817 215 141 5,428 2.26 47 12,176 | 3.38 61 4,953 3.84 1.18
1E6J_HL:P | 1IE60_HL| 1A43_ - - 9.85 - - 8.31 - - 7.03 36 32,782 3.05 1.28
1E96_A:B IMH1_ | 1HH8_A 104 768 2.08 196 725 1.79 175 300 179 195 684 1.50 1.68
1EAW_AB | 1EAX_A 9PTI_ 1,088 35 1.22 1,146 478 1.22 913 517 1.70 636 760 2.40 0.66
1EER_A:BC| 1BUY_A | 1IERN_AB 512 20 247 250 7 247 112 4 2.80 33 2 3.11 3.24
1EWY_A:C | 1GJR_A| 1CZP_A 3,055 172 1.08 2,608 30 1.08 1,567 4 121 791 2 127 1.49
1EZU_C:AB | 1TRM_A | 1ECZ_AB 266 630 2.48 86 412 294 42 826 3.40 21 2,762 3.81 1.35
1F34_AB 4PEP_ 1F32_A 972 484 123 783 156 1.23 570 98 134 396 35 1.90 1.23
1F51_ABE [ 1IXM_AB [ 1SRR_C - - - - - - - - - - - - 0.83
1FAK_HL:T | 1QFK_HL| 1TFH_B - - 8.30 - - 8.26 - - 8.43 - - 8.67 6.85
1FC2_C:D 1BDD_ | 1FC1_AB - - 5.95 - - 5.86 1 45,800 | 4.98 20 13,678 | 4.16 223
1FQ1_AB 1FPZ_F | 1B39_A 62 652 4.01 53 706 3.89 42 970 4.01 20 2,950 4.03 3.52
1FQJ_AB | 1TND_C [ 1FQI_A 558 79 1.90 345 20 1.90 288 27 212 162 179 214 275
1FSK_BC:A| 1FSK_BC| 1BV1_ - - 8.58 8 38,144 | 2.88 39 14,829 | 2.19 58 5,874 219 0.66
1GCQ_B:C | 1GRI_B | 1GCP_B - - 14.19 - - 14.19 - - 14.19 - - 14.19 117
1GHQ_A:B 1C3D_ 1LY2_A 159 1,253 275 211 181 3.05 245 101 2.85 226 58 2.85 3.60
1GP2_A:BG| 1GIA_ |[1TBG_DH - - 7.05 - - 7.05 - - 7.05 - - 7.38 2.02
1GRN_AB [ 1A4R_A 1RGP_ 486 1,600 2.26 357 1,418 2.26 349 1,264 223 297 1,605 223 1.62
1H1V_A:G 113J_8B 1DON_B - - 13.45 - - 13.46 - - 13.47 - - 13.48 9.58
1HE1_C:A IMH1_ | 1HE9_A 3,492 25 112 1,866 3 112 1,116 1 112 592 5 112 1.16
1HE8_B:A 821P_ 1E8Z_A 64 11,791 2.98 4 41,665 | 4.60 - - 5.14 - - 5.40 3.24
1HIA_AB:I [ 2PKA_XY | 1BXB_ 749 88 3.09 590 103 3.09 488 453 3.10 284 570 3.35 2.60
112M_A:B 1QG4_A | 1A12_A 210 574 2.74 181 1,133 2.86 137 1,352 3.06 70 1,411 3.51 2.31

TABLE 1

Unbound-unbound docking results using shape complementarity only, where we use four different sets of skin-skin (wss), core-core (wcc) and
skin-core (wsc) weight values for F2Dock. ‘Rank’ is the best rank among all predicted positions whose RMSD was less than 5A. ‘Good Peaks' is the
number of peaks in the predicted set which were less than 5A RMSD from the known position. ‘RMSD’ is the lowest RMSD among all peaks that
were retained. Both F2Dock and ZDock use 6° rotational sampling. F?Dock and ZDock retained 50,000 and 54,000 peaks, respectively. RMSD
was calculated using the C, atoms near the interface of the known bound conformation (within 5A of the interface for F2Dock).

8 A and a linear interpolation in between. The electrostaticespectively. We observe that adding the electrostatiosesc
weight (vg) was set to an empirically determined value of 350nproved the ‘Rank’ of 45 out of 84 complexes: 63%),
which seems to improve the ‘Rank’ for the largest number @fhile for 24 complexes 29%) solutions actually degraded.
complexes whemvss, Wee and (vsc are set to 1.0, 10.0 and 1.0,Among the complexes with improved ‘Rank’ values, 42 had
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FZDock Results Wss= 1.0, frequencies = 3%
Data wee = 5.0 wee =100 wee = 10.0 wec =200 ZDock
Wsc= 0.5 wsc = 0.5 Wsc= 1.0 wsc=1.0 Results
Bound Unbound Unbound Good Rank RMSD Good Rank RMSD Good Rank RMSD Good Rank RMSD RMSD ||

Complex Mol 1 Mol 2 Peaks (A) Peaks (A) Peaks (A) Peaks (A) (A)
114D_D:AB 1MH1_ 1149_AB 42 6,391 3.58 - - - 96 6,940 3.41 - - - 1.74
1I9R_HL:ABC 1I9R_HL 1ALY_ABC 13 13,814 231 109 4043 1.60 129 2,739 151 149 842 151 1.49
1IB1_AB:E 1QJB_AB 1KUY_A 66 18,213 3.66 54 13,593 3.66 18 20,918 3.66 - - 5.19 3.97
1IBR_A:B 1QG4_A 1F59_A 6 13,885 | 4.41 - - 7.38 - - 6.89 - - 6.78 471
11JK_BC:A 1FVU_AB 1AUQ_ 289 3,414 254 228 3,514 2.54 197 2,221 2.54 113 3,036 2.55 111
11QD_AB:C 1IQD_AB 1D7P_M - - 8.65 9 33,186 | 1.34 31 8,909 | 1.34 53 3551 | 1.34 0.75
1IPS_HL:T 1IPT_HL 1TFH_B 71 5,846 3.25 174 1,733 1.29 265 484 1.24 322 799 121 0.86
1K4C_AB:.C 1K4C_AB [ 1JVM_ABCD 167 74 3.02 147 13 3.02 115 64 3.02 55 1,569 3.02 0.64
1K5D_AB:C 1RRP_AB 1YRG_B 13 1,203 4.52 6 18,833 | 4.34 - - 5.06 3 27,117 | 4.49 1.81
1KAC_A:B 1INOB_F 1F5W_B 301 2,005 1.42 375 941 1.42 380 747 1.67 341 431 1.67 1.34
1KKL_ABC:H 1JB1_ABC 2HPR_ - - 5.75 - - 5.62 - - 6.07 - - 5.02 2.35
1KLU_AB:D 1H15_AB 1STE_ a7 2,582 4.09 19 3,276 4.31 8 20,914 4.36 22 6,464 3.45 0.87
1KTZ_AB 1TGK_ 1M9Z_A - - 5.03 2 33,047 4.89 3 26,751 4.89 14 14,660 4.78 0.76
1KXP_A:D 1133 B 1KW2_B 223 418 1.59 178 226 201 138 306 201 82 70 2.01 1.58
1KXQ_H:A 1KXQ_H 1PPI_ 160 1,502 | 1.36 279 2270 | 1.36 303 646 1.36 263 302 1.36 0.85
1M10_A:B 1AUQ_ 1MOZ_B 146 3,412 2.99 90 3,593 2.99 42 7,365 3.36 37 6,232 3.67 4.29
1IMAH_A:F 1J06_B 1FSC_ - - 5.50 7 30,532 2.16 39 6,598 2.07 7 2,628 2.07 0.86
1MLO_AB:D 1MKF_AB 1DOL_ 186 4,634 2.62 40 9,643 3.57 - - 5.22 1 48,211 3.38 1.25
1IMLC_AB:E 1IMLB_AB 3LZT_ - - 9.96 - - 5.48 - - 5.12 - - 5.12 0.83
1IN2C_ABCD:EH 3MIN_ABCD| 2NIP_AB 9 11,739 | 3.70 - - - 2 16,076 | 4.82 - - - 3.03
INCA_HL:N INCA_HL 7NN9_ 2 46,528 | 4.50 32 7,060 1.50 37 7,406 1.50 51 3,765 0.86 0.60
INSN_HL:S INSN_HL 1KDC_ 29 29,539 | 2.31 90 9,501 213 69 7,846 2.09 31 4,773 2.09 0.94
1PPE_E:I 1BTP_ 1LUO_A 3,425 118 112 2,574 210 1.12 1,634 355 1.12 1,007 165 112 0.58
1QA9_AB 1HNF_ 1CCZ_A 4 35,505 4.45 11 12,385 3.37 23 9,957 3.37 49 6,689 2.03 1.38
1QFW_IM:AB 1QFW_IM 1HRP_AB 12 34,831 243 27 5,651 1.34 35 1,372 1.34 46 391 1.34 1.13
1RLB_ABCD:E | 2PAB_ABCD 1HBP_ 25 7,151 3.53 35 19,653 4.29 26 6,480 3.82 33 3,088 2.85 111
1SBB_A:B 1BEC_ 1SE4_ - - 5.43 4 25,893 4.80 19 6,270 4.06 8 3,717 4.34 1.36
1TMQ_AB 1JAE_ 1B1U_A 564 9 1.63 379 18 1.63 233 247 1.63 175 1,652 1.97 1.43
1UDI_E:I 1UDH_ 2UGI_B 352 5,597 1.46 236 3,693 1.60 113 5,438 1.98 121 1,817 1.99 1.24
1VFB_AB:C 1VFA_AB 8LYZ_ 50 4,533 3.26 135 863 0.75 243 310 0.75 259 96 0.75 1.42
1IWEJ_HL:F 1QBL_HK 1HRC_ - - 6.91 - - 7.03 - - 6.44 4 44,648 3.24 0.51
1IWQ1_R:G 6Q21_D IWER_ 1,039 327 1.58 809 132 1.95 503 96 1.95 392 52 2,01 1.55
2BTF_A:P 1133 B 1PNE_ 1 41,750 2.96 13 13,803 231 7 17,075 231 8 5,799 2.96 0.88
2HMI_CD:AB 2HMI_CD 1S6P_AB 7 18,636 3.73 13 4,480 3.73 10 884 4.15 10 303 4.15 2.58
2JEL_HL:P 2JEL_HL 1POH_ - - 10.62 - - - - - - - - - 0.72
2MTA_HL:A 2BBK_JM 2RAC_A 358 882 235 434 1,489 2.25 384 1,378 1.58 619 304 1.58 0.74
2PCC_AB 1CCP_ 1YCC_ 245 5,259 1.55 88 8,369 1.64 73 19,509 1.10 79 8,413 1.60 1.46
2QFW_HL:AB 1QFW_HL 1HRP_AB 113 6,453 175 193 1,308 1.18 239 525 1.18 223 595 1.18 1.48
2SIC_E:I 1SUP_ 3SSI_ 352 1,978 2.35 293 936 1.79 226 1,072 1.79 213 773 1.79 0.43
2SNI_E:I 1UBN_A 2CI2_| 827 291 1.63 421 359 1.63 257 362 1.92 168 1,739 228 1.05
2VIS_AB:.C 1GIG_LH 2VIU_ACE - - 8.07 - - - - - 7.74 - - - 1.24
7CEI_AB 1UNK_D 1M08_B 279 1,182 1.22 262 845 0.95 318 1,188 1.04 378 516 1.04 0.80

TABLE 2

Unbound-unbound docking results using shape complementarity only (continued), where we use four different sets of skin-skin (wsg), core-core
(wee) and skin-core (wsc) weight values for F2Dock. ‘Rank’ is the best rank among all predicted positions whose RMSD was less than 5A. ‘Good
Peaks’ is the number of peaks in the predicted set which were less than 5A RMSD from the known position. ‘RMSD’ is the lowest RMSD among alll
peaks that were retained. Both F2Dock and ZDock use 6° rotational sampling. F?Dock and ZDock retained 50,000 and 54,000 peaks, respectively.
RMSD was calculated using the C, atoms near the interface of the known bound conformation (within 5A of the interface for F2Dock).

their ‘Rank’ improved by at least 10, 30 by at least 100, amtl3 Bound-bound Docking or Redocking
15 by at least 1,000. Electrostatics scores did not seenvi® h

as much impact on the minimum RMSD value as they had . .
P Y ock benchmark 2.0 [6]. We use the same weight values as in

‘Rank’. For only 16 complexes the minimum RMSD improve_l_ ble 4. and sh Its both with and with | :
by at least 0.05 A, while for 9 it degraded by at least 0.05 able 4, and show results both with and without electrostati

For 52 complexes the minimum RMSD did not change. We did not move moleculel (the moving molecgle) o a
random location at the beginning of the experiment since

_ F2Dock initially centers both molecules at the origin anyway.
4.2 Bound-unbound Docking We also did not rotate moleculby a random amount initially

Table 4 shows the results of increasing the number of frquefince we are using rotations sampled uniformly at random
cies extracted by FFT from 32to 64 when performing and the identity matrix (i.e., °0rotation) was not included
bound-unbound docking on the complexes of the ZDodé a rotation matrix separately. For 27 complexes the lowest
benchmark suite. The weight values are the same as in Tabl&BISD was less than 1, and for 47 it was less theh The

and electrostatics interactions were not considered. Wergb impact of including electrostatics was almost similar te th
that increasing the number of frequencies generally imguioyunbound-unbound case. For example, electrostatics iredrov
the lowest RMSD considerably. For 45 complexes the lowe&e ‘Rank’ value for around 54% of the complexes, while for
RMSD improved by at least 0.05 A. around 34% of the complexes ‘Rank’ degraded.

In Figure 6(b) we show our docking of chains A & B (nu- Figure 6(a) shows our redocking of chains A & B (nuclear
clear transport factor 2) obtained from 10UN.pdb on chain @ansport factor 2) of 1A2K.pdb on its chain C (Ran GTPase),
(Ran GTPase) of 1A2K.pdb (i.e., docking the unbound nucleahile Figure 6(c) shows our redocking of chain | (PSTI) of
transport factor 2 from 1OUN.pdb instead of the same protel€Gl.pdb on its chain E (Bovine chymotrypsinogen).
already docked on Ran GTPase of 1A2K.pdb). In Figure 6(d) Figure 7 shows the distribution of electrostatics poténtia
we show the docking of PSTI obtained from 1HPT.pdb oan the molecular surfaces of Ran GTPase and Ran GAP, and
chain E (Bovine chymotrypsinogen) of 1CGl.pdb replacinglso how the distribution changes when they form a complex
the PSTI (chain I) already docked there. (1K5D.pdb). In Figure 8 we show the electrostatics comple-

Table 5 we report our bound-bound docking results on
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F2Dock Results F2Dock Results
Weights:wss= 1.0, wee = 10.0, wsc = 1.0 Weights:wss= 1.0, wee = 10.0, wsc = 1.0
Frequencies = £ Frequencies =
Without Electrostatics With Electrostatics Without Electrostatics With Electrostatics
Data Data
wg =0 WE =350 wg =0 Wg = 350

Bound Unbound [ Unbound Good Rank RMSD Good Rank RMSD Bound Unbound Unbound Good Rank RMSD Good Rank RMSD

Complex Mol 1 Mol 2 Peaks (A) Peaks (A) Complex Mol 1 Mol 2 Peaks (A) Peaks (A)
TA2K_C:AB | 1QG4_A | IOUN_AB 36 8,100 | 3.02 75 4374 | 3.02 114D_D:AB TMHL_ 1149_AB 96 6,940 | 3.41 94 7033 | 341
1ACB_E:I 2CGA_B 1EGL_ 569 803 3.08 501 849 3.20 1I9R_HL:ABC 1I9R_HL 1ALY_ABC 129 2,739 151 185 2,090 1.51
1AHW_AB:C| 1IFGN_LH| 1TFH_A 36 6,516 1.65 36 5,396 1.65 1IB1_AB:E 1QJB_AB 1KUY_A 18 20,918 3.66 13 22,719 3.73
1AK4_A:D 2CPL_ 1E6J_P 110 160 3.49 139 128 3.48 1IBR_A:B 1QG4_A 1F59_A - - 6.89 - - 6.26
1AKJ_AB:DE| 2CLR_DE| 1CD8_AB 679 102 1.45 907 46 1.45 1JK_BC:A 1FVU_AB 1AUQ_ 197 2,221 254 299 1,426 243
1ATN_A:D 113J_B 3DNI_ 4 19,423 | 4.72 4 14,779 | 4.72 1IQD_AB:C 11QD_AB 1D7P_M 31 8,909 1.34 50 6,412 134
1AVX_AB | 1QQU_A| 1BA7_B 339 1,769 175 326 1,909 1.75 1IPS_HL:T 1JPT_HL 1TFH_B 265 484 1.24 265 702 117
1AY7_A'B | 1RGH_B | 1A19_B 303 94 0.87 474 32 0.98 1K4C_AB:C 1K4C_AB [1JVM_ABCD 115 64 3.02 114 87 3.02
1B6C_A:B | 1D60O_A | 1IAS_A 127 1,862 1.96 144 1,687 1.96 1K5D_AB:C 1RRP_AB 1YRG_B - - 5.06 64 8,013 279
1BGX_HL:T | 1AY1 _HL | 1ICMW_A - - 6.54 - - 6.54 1KAC_A:B 1INOB_F 1F5W_B 380 747 1.67 377 672 1.67
1BJ1_HL:VW| 1BJ1_HL | 2VPF_GH - - 6.81 - - 7.19 1KKL_ABC:H 1JB1_ABC 2HPR_ - - 6.07 - - 6.07
1BUH_AB 1HCL_ 1DKS_A 4,505 65 0.75 4,569 64 0.75 1KLU_AB:D 1H15_AB 1STE_ 8 20,914 4.36 6 33,414 4.36
1BVK_DE:F | 1BVL_BA| 3LZT_ 139 801 221 177 560 221 1KTZ_AB 1TGK_ 1M9Z_A 3 26,751 4.89 4 20,866 4.89
1BVN_P:T 1PIG_ 1HOE_ 685 72 158 608 54 158 1KXP_A:D 113J_B 1KwW2_B 138 306 201 168 157 2.01
1CGI_E:I 2CGA_B | 1HPT_ 1,859 39 255 1,762 45 255 1KXQ_H:A 1KXQ_H 1PPI 303 646 1.36 353 528 1.39
1D6R_A:I 2TGT_ 1K9B_A 2,419 177 1.45 2,480 170 1.45 1M10_A:B 1AUQ_ 1MOZ_B 42 7,365 3.36 115 3,138 2.99
1DE4_AB:CF| 1A6Z_AB | 1CX8_AB 110 607 2.81 131 589 281 1IMAH_AF 1J06_B 1FSC_ 39 6,598 2,07 89 3,327 2.07
1DFJ_E:I 9RSA_B | 2BNH_ 318 243 115 881 22 114 1MLO_AB:D 1MKF_AB 1DOL_ - - 5.22 3 33,027 | 4.50
1DQJ_AB:C [1DQQ_CD| 3LZT_ - - 5.80 - - 5.80 1IMLC_ABE 1IMLB_AB 3LZT_ - - 5.12 - - 5.33
1E6E_A:B 1EIN_A | 1CJE_D a7 12,176 3.38 210 3,526 241 1N2C_ABCD:EH 3MIN_ABCD| 2NIP_AB 2 16,076 4.82 2 8,637 4.82
1E6J_HL:P | 1IE60_HL| 1A43_ - - 7.03 - - 7.00 INCA_HL:N INCA_HL 7NN9_ 37 7,406 1.50 29 8,944 1.65
1E96_AB | 1IMH1_ | 1HH8_A 175 300 179 218 193 179 INSN_HL:S | 1INSN_HL 1KDC_ 69 7,846 | 2.09 68 8,340 | 2.09
1EAW_AB | 1EAX_A 9PTI_ 913 517 1.70 1,265 454 152 1PPE_E:I 1BTP_ 1LUO_A 1,634 355 112 1,450 392 112
1EER_A:BC| 1BUY_A | 1ERN_AB|| 112 4 2.80 142 1 2.84 1QA9_AB 1HNF_ 1CCZ_A 23 9,957 | 3.37 24 9,730 | 3.37
1EWY_A.C | 1GJR_A| 1CZP_A 1,567 4 121 2,308 4 117 1QFW_IM:AB 1QFW_IM 1HRP_AB 35 1,372 1.34 45 1,212 134
1EZU_C:AB | 1TRM_A | 1ECZ_AB 42 826 3.40 42 763 3.40 1RLB_ABCD:E | 2PAB_ABCD 1HBP_ 26 6,480 3.82 28 4,843 3.77
1F34_AB 4PEP_ 1F32_A 570 98 134 625 60 134 1SBB_A:B 1BEC_ 1SE4_ 19 6,270 4.06 19 6,146 4.06
1F51_AB:E | 1IXM_AB [ 1SRR_C - - - - - - 1TMQ_A:B 1IAE_ 1B1U_A 233 247 1.63 238 241 1.63
1FAK_HL:T | 1QFK_HL| 1TFH_B - - 8.43 - - 8.43 1UDI_E:I 1UDH_ 2UGI_B 113 5,438 1.98 217 3,043 174
1FC2_C:D 1BDD_ | 1FC1_AB 1 45,800 | 4.98 - - 5.12 1VFB_AB:C 1VFA_AB 8LYZ_ 243 310 0.75 269 213 0.75
1FQ1_AB | 1FPZ_F | 1B39_A 42 970 4.01 - - - 1WEJ_HL:F | 1QBL_HK 1HRC_ - - 6.44 - - 6.44
1FQJ_AB | 1TND_C | 1FQI_A 288 27 212 326 30 2.10 1WQ1_R:G 6Q21_D 1WER_ 503 96 1.95 608 62 1.95
1FSK_BC:A [ 1IFSK_BC| 1BV1_ 39 14,829 2.19 37 14,873 219 2BTF_A:P 113J_B 1PNE_ 7 17,075 231 8 13,957 231
1GCQ_B:C | 1GRI_B | 1GCP_B - - 14.19 - - 14.19||| 2HMI_CD:AB | 2HMI_CD | 1S6P_AB 10 884 4.15 10 836 4.15
1GHQ_AB | 1C3D_ | 1LY2_A 245 101 2.85 190 431 2.85 2JEL_HL:P 2JEL_HL 1POH_ - - - 57 11,932 | 258
1GP2_A:BG| 1GIA_ |[1TBG_DH - - 7.05 - - 6.97 2MTA_HL:A 2BBK_IM 2RAC_A 384 1,378 1.58 811 1,124 158
1GRN_AB | 1A4R_A 1RGP_ 349 1,264 223 504 674 223 2PCC_AB 1CCP_ 1YccC_ 73 19,509 1.10 1,574 843 0.66
1H1V_A:G 113J_B 1DON_B - - 13.47 - - 13.47 2QFW_HL:AB | 1QFW_HL 1HRP_AB 239 525 1.18 307 427 118
1HE1_C:A IMH1_ | 1HE9_A 1,116 1 112 1,253 1 112 2SIC_E:I 1SUP_ 3SSI_ 226 1,072 1.79 180 1,429 2.35
1HE8_B:A 821P_ 1E8Z_A - - 5.14 - - 5.14 2SNI_E:I 1UBN_A 2CI2_| 257 362 1.92 246 377 1.92
1HIA_AB:l | 2PKA_XY | 1BXB_ 488 453 3.10 718 220 2.98 2VIS_AB:C 1GIG_LH 2VIU_ACE - - 7.74 - - 774
12M_AB | 1QG4_A | 1A12_A 137 1,352 | 3.06 349 381 2.86 7CEI_AB 1UNK_D 1M08_B 318 1,188 | 1.04 958 598 0.85

TABLE 3
Effect of using electrostatics on shape-complementarity-based unbound-unbound docking with F2Dock. ‘Rank’ is the best rank among all predicted
positions whose RMSD was less than 5A. ‘Good Peaks’ is the number of peaks in the predicted set which were less than 5A RMSD from the
known position. ‘RMSD’ is the lowest RMSD among all peaks that were retained. In both cases we used 6° rotational sampling, and retained
50,000. RMSD was calculated using the C, atoms near the interface of the known bound conformation (within 5A of the interface).

(b) 1A2K (bound-unbound)

(a) 1A2K (bound-bound) (c) 1CGI (bound-bound) (d) 1CGI (bound-unbound)

Fig. 6. (a & b) Docking 1A2K (Ran GTPase complexed with nuclear transport factor 2): (a) (Bound-Bound) Redocking chains A & B (nuclear
transport factor 2) of 1A2K.pdb on it's chain C (Ran GTPase), (b) (Bound-Unbound) Docking chains A & B (nuclear transport factor 2) of 1OUN.pdb
on chain C of 1A2K.pdb. (c & d) Docking 1CGI (Bovine chymotrypsinogen complxed with PSTI):: (c) (Bound-Bound) Redocking chain | (PSTI)
of 1CGl.pdb on it's chain E (Bovine chymotrypsinogen), (d) (Bound-Unbound) Docking the unmarked chain (PSTI) of 1HPT.pdb on chain E of
1CGl.pdb. In (a) & (b) chain C is static (colored yellow), and in (c) & (d) chain E is static, and in all cases the other chain(s) is (are) moved around
for docking (the true position in the bound complex is pink, and our final docked position is red).

mentarity at the interface when Ran GTPase and Ran GAP CONCLUSION

dock qt three di_fferent locations and orientations. The-elepye have presented a fast, and practical adaptive algorithm
tro_statlcs potentl_al for all of these examples, were comgutsy, rigid protein-protein docking. Our algorithm is based o
using our CVC in-house software call PBEM3D (Moleculafepresenting affinity functions in a multi-resolution raldvasis
Poisson Boltzmann Boundary Element Electrostatics Pialentnction format. The smoothed particle protein represéria
calculation in 3D [52]). Figures (visualization) was obiedl  ogether with nonequispaced Fast Fourier transforms allosv
using CVC- TexMol. several advantages of efficiency and accuracy tradeoffsigis
traditional FFT based docking approaches. Our contribstio
are also in scoring of docked conformations as a convolution
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F2Dock Results F2Dock Results
weights weights
Wss= 1.0, wec = 1.0, wsc = 1.0 Wss= 1.0, wec = 1.0, wsc= 1.0
Data Frequencies = ES Frequencies = 64 Data Frequencies = E) Frequencies = ]

Bound Unbound Good Rank RMSD Good Rank RMSD Bound Unbound Good Rank RMSD Good Rank RMSD

Complex Mol 2 Peaks (A) Peaks (A) Complex Mol 2 Peaks (A) Peaks (A)

1A2K_C:AB | 10UN_AB 40 5,240 3.01 26 2,329 3.17 114D_D:AB 1149_AB 35 4,657 4.08 227 353 268 ||

1ACB_E:I 1EGL_ 581 130 1.90 594 50 1.93 1I9R_HL:ABC | 1ALY_ABC 108 3,983 0.85 123 1,782 0.84
1AHW_AB:C| 1TFH_A 42 5,742 1.24 94 1,001 1.27 1IB1_AB:E 1KUY_A 75 589 1.79 107 3,166 1.35
1AK4_A:D 1E6J_P 58 785 4.09 82 3,480 3.97 1IBR_AB 1F59_A 1 49,336 4.98 3 31,965 3.43
1AKJ_AB:DE| 1CD8_AB 427 320 1.26 532 286 1.26 11JK_BC:A 1AUQ_ 56 2,647 1.72 18 7,958 177
1ATN_A:D 3DNI_ 3 17,662 4.61 1 25,273 1.57 1IQD_AB:C 1D7P_M 31 8,909 1.34 9 25,042 1.74
1AVX_AB 1BA7_B 588 262 1.70 781 176 1.40 1IPS_HL:T 1TFH_B 178 1,689 0.93 142 1,195 0.75
1AY7_AB 1A19 B 121 2,607 1.48 109 45 141 1K4C_AB:C | 1JVM_ABCD 115 64 3.02 357 31 2.84
1B6C_A:B 1IAS_A 92 2,059 2.08 66 7,647 156 1K5D_AB:C 1YRG_B 7 34,601 1.80 3 7,478 4.73
1BGX_HL:T | 1ICMW_A - - 5.21 12 2,049 3.51 1KAC_A:B 1F5W_B 465 340 1.53 319 804 173
1BJ1_HL:VW| 2VPF_GH 2 43,036 | 4.69 - - 6.02 1KKL_ABC:H 2HPR_ 24 30,156 | 2.09 94 7,376 227
1BUH_AB | 1DKS_A 6,041 8 0.46 5,723 9 0.22 1KLU_AB:D 1STE_ 31 7,312 4.04 9 11,638 | 4.30
1BVK_DE:F 3LZT_ 97 3,687 1.58 61 842 1.72 1KTZ_AB 1M9Z_A - - 5.15 - - 5.05
1BVN_P:T 1HOE_ 719 36 1.27 1,255 14 1.03 1KXP_A:D 1KW2_B 221 102 1.35 345 126 1.16
1CGI_E:I 1HPT_ 3,289 5 0.75 4,752 14 1.20 1KXQ_H:A 1PPI_ 249 1,020 1.69 295 1,758 0.65
1D6R_A:I 1K9B_A 2,508 170 111 2,469 200 1.10 1M10_A:B 1MOZ_B 91 5,622 3.09 26 5,628 3.65
1DE4_AB:CF| 1CX8_AB 206 1,296 1.61 113 878 2.09 1MAH_AF 1FSC_ 25 16,095 3.39 73 3,508 158
1DFJ_E:I 2BNH_ 512 65 0.86 637 732 0.64 1MLO_AB:D 1DOL_ - - 5.34 34 621 1.86
1DQJ_AB:C| 3LZT_ 8 3,5060 | 3.15 16 18,100 | 2.24 1IMLC_ABE 3LZT_ - - 5.43 - - 511
1E6E_A:B 1CJE_D 212 4,586 227 319 175 1.29 1IN2C_ABCD:EH 2NIP_AB 13 797 4.44 10 2,936 4.41
1E6J_HL:P 1A43_ - - 6.99 23 23,314 | 1.93 INCA_HL:N TNN9_ 37 7,406 1.50 67 3,133 0.91
1E96_A:B | 1HH8_A 252 514 1.62 150 2,084 174 INSN_HL:S 1KDC_ 69 7,846 2.09 106 1,996 2.09
1EAW_AB 9PTI_ 837 203 221 1,460 149 1.54 1PPE_E:I 1LUO_A 2,994 205 1.68 3,171 18 1.27
1EER_A:BC [ 1IERN_AB 112 29 2.86 534 a7 1.79 1QA9_A:B 1CCZ_A 26 15,078 2.59 40 4,334 157
1EWY_A:.C | 1CZP_A 2,253 129 114 2,160 1 1.04 1QFW_IM:AB 1HRP_AB 35 1,371 1.34 11 4,852 157
1EZU_C:AB | 1IECZ_AB 61 24 3.23 113 51 3.36 1RLB_ABCD:E 1HBP_ 30 10,452 2.20 10 16,389 2.16
1F34_AB 1F32_A 528 65 1.28 875 15 113 1SBB_A:B 1SE4_ 9 30,808 4.24 4 18,560 4.07
1F51_AB:E | 1SRR_C 168 2,553 3.05 351 499 1.63 1TMQ_A:B 1B1U_A 309 9 1.60 504 12 133
1FAK_HL:T | 1TFH_B 39 1,391 241 58 2,184 272 1UDI_E:I 2UGI_B 398 1,071 151 509 192 1.06
1FC2_C:D | 1FC1_AB - - 5.61 - - 6.04 1VFB_AB:C 8LYZ_ 129 8,387 253 96 2,511 1.84
1FQ1_AB | 1B39_A 15 4,591 4.23 1 28,985 | 4.87 1WEJ_HL:F 1HRC_ - - 6.57 4 27,001 3.62
1FQJ_AB 1FQI_A 325 21 1.75 277 124 1.99 1WQ1_R:G 1WER_ 868 379 1.40 1,080 93 1.44
1FSK_BC:A | 1BV1_ 39 14,829 | 2.19 27 8,442 175 2BTF_AP 1PNE_ 126 7,748 157 89 3,769 0.87
1GCQ_B:C | 16cP B|| 1,280 20 118 || 1,263 2 1.30 ||| 2HMI_CD:AB | 1S6P_AB - - 573 - - 5.97
1GHQ AB | 1LY2_A 239 11 2.90 368 190 2.77 2JEL_HL:P 1POH_ 46 14,110 | 2.76 6 25303 | 3.29
1GP2_A:BG [ 1TBG_DH 42 1,990 1.35 14 10,191 1.61 2MTA_HL:A 2RAC_A 171 6,357 3.36 333 1,273 1.09
1GRN_A:B 1RGP_ 171 3,286 1.59 239 708 123 2PCC_A:B 1YCC_ 200 9,587 0.62 85 5,616 1.56
1H1V_A:G 1DON_B - - 13.33 - - 13.49 2QFW_HL:AB 1HRP_AB 239 525 1.18 209 3,715 1.06
1HE1_C:A | 1HE9_A 1,134 27 0.88 1,400 40 0.91 2SIC_E:I 3SSI_ 328 550 1.59 207 838 2.39
1HE8_B:A | 1E8Z_A 9 28,558 | 3.50 62 4,239 214 2SNI_E:I 2CI2_| 234 855 253 262 2,688 1.87
1HIA_AB:| 1BXB_ 454 90 2.61 641 1 2.20 2VIS_AB:C 2VIU_ACE - - 7.02 - - 7.01
112M_A:B 1A12_A 532 48 0.84 576 27 0.87 7CEI_AB 1M08_B 582 67 1.25 725 19 1.56

TABLE 4
Effect of changing the number of frequencies extracted by FFT during Bound-unbound docking with F2Dock. ‘Rank’ is the best rank among all
predicted positions whose RMSD was less than 5A. ‘Good Peaks' is the number of peaks in the predicted set which were less than 5A RMSD from
the known position. ‘RMSD’ is the lowest RMSD among all peaks that were retained. F2Dock used 6° rotational sampling, and retained 50,000
peaks. RMSD was computed using the C, atoms near the interface of the known bound conformation (within 5A of the interface).

(a) Ran GTPase (b) Ran GAP (c) Ran GTPase complexed with Ran GAP

Fig. 7. Poisson-Boltzmann electrostatics potential on the surface of (a) Ran GTPase, (b) Ran GAP, and (c) complex of Ran GTPase and Ran GAP
(1K5D.pdb). The potential ranges from —3.8 ky T /& (red) to +3.8 kT /¢ (blue).

of complex affinity functions, and providing approximatiorthe threads. When electrostatics is not used we use on the
algorithms to detect peaks in the docking scoring profileaverage, around 15 mins for computing docking positions
Both shape complementarity and electrostatics are used(wath 6° rotational sampling and 32requencies) per typical
scoring and obtain the top docking conformations. Our inprotein complex on a quad-core linux desktop (3.0GHz) with
plementation of FDock speeds up computation even furthe#GB RAM. The running time approximately doubles when
by executing multiple concurrent threads on multicore malectrostatics is used. We used the FFTW package [53] for
chines. The rotation matrices are evenly distributed amongmputing FFT and the inverse FFT. We are also working
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Fig. 8. Figures (a) and (b) show Poisson-Boltzmann electrostatics potential on the surface of Ran GTPase and Ran GAP, respectively. The potential
ranges from —3.8 kT /e (red) to +3.8 k,T /e: (blue). Figures (c) and (d) show the bound complex of Ran GTPase and Ran GAP (1K5D.pdb). In (c)
Ran GAP is drawn semi-transparent while in (d) Ran GTPase is drawn semi-transparent in order to show the electrostatics complementarity at the
interface. Figures (e) and (f) show the solution with the lowest RMSD (1.66 A) from the bound complex among the top 2,000 solutions returned by
F2Dock when electrostatics weight was set to 350. Figures (g) and (h) show the solution with the lowest RMSD (2.90 A) from the bound complex
among the top 2,000 solutions returned by F2Dock when electrostatics weight was set to 0.

on an MPI [54] based distributed implementation dDBck REFERENCES

capable of running on Linux clusters. This implementation
will be available as a web-based docking server. Jobs dah
also be launched on the server from our in-house molecujgr
modeling and visualization client software tool, callec Vel
[55]. The TexMol client tool is in the public domain andl3]
can be freely downloaded from our center’s software website
(http://www.ices.utexas.edu/CVC/softwarel/).

We are also in the process of extendiri@Bck to PDock 4]
which is capable of handling flexible molecules. Some prey)
liminary results on BDock are available as a technical report

[71. -
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F2Dock Results FZDock Results
Weights:wss= 1.0, wec = 10.0, wsc = 1.0 Weights:wss= 1.0, wec = 10.0, wsc = 1.0
Frequencies = Frequencies = £
Without Electrostatics With Electrostatics Without Electrostatics With Electrostatics
Data Data
wg =0 WE = 350 wg =0 Wg =350
Bound Good Rank RMSD Good Rank RMSD Bound Good Rank RMSD Good Rank RMSD]|

Complex Peaks (A) Peaks (A) Complex Peaks (A) Peaks A)
1A2K_C:AB 240 232 0.60 440 50 0.60 114D_D:AB 12 25,200 1.75 8 26,792 | 2.16
1ACB_E:I 2,005 1 0.45 2,731 1 0.45 1I9R_HL:ABC 37 2,794 1.69 79 1,189 1.69
1AHW_AB:C 29 5,807 0.79 46 5,542 0.79 1IB1_AB:E 141 181 0.91 190 56 0.91
1AK4_A:D 1,417 13 0.34 2,665 5 0.34 1IBR_A:B 120 398 1.87 289 166 1.74
1AKJ_AB:DE 286 32 0.93 607 12 0.93 1JK_BC:A 194 277 1.00 38 8,490 3.09
1ATN_AD 10 11,589 3.81 16 12,168 | 3.81 11QD_AB:C 85 772 0.99 315 81 0.99
1AVX_AB 729 46 0.64 1,114 10 0.64 1IPS_HL:T 346 1,414 151 458 666 0.85
1AY7_AB 111 1,867 0.55 145 941 0.55 1K4C_AB:C 53 4,338 131 49 5,984 131
1B6C_A:B 108 911 0.94 86 1,588 0.94 1K5D_AB:C 79 1,370 0.83 324 42 0.69
1BGX_HL:T 33 35 1.40 29 44 1.40 1KAC_A:B 187 1,018 0.55 311 341 0.55
1BJ1_HL:VW] - - 7.39 - - 7.47 1KKL_ABC:H 322 1,097 1.38 437 297 1.38
1BUH_AB 3,367 8 0.33 3,106 2 0.26 1KLU_AB:D 43 424 1.13 41 1,558 1.13
1BVK_DE:F 72 1,831 0.66 279 310 041 1KTZ_AB 64 2,965 0.80 1,323 190 0.61
1BVN_P:T 552 3 0.98 154 44 0.98 1KXP_A:D 70 203 0.98 84 54 0.98
1CGI_E:I 1,622 1 0.40 2,132 1 0.40 1KXQ_H:A 104 1,511 1.70 238 563 1.69
1D6R_A:I 2,086 40 0.35 1,947 41 0.35 1M10_A:B 81 197 0.93 726 11 0.84
1DE4_AB:CF 282 51 1.36 299 38 1.36 1IMAH_A:F 58 6,719 3.48 634 768 274
1DFJ_E:I 248 1 0.61 3,156 1 0.61 1MLO_AB:D 26 17,851 3.56 180 4,134 2.67
1DQJ_AB:C 112 3,336 223 31 10,128 | 3.16 1IMLC_ABE 12 27,310 1.04 5 31,822 | 3.31
1E6E_AB 251 34 1.18 873 3 1.02 1N2C_ABCD:EH - - 6.71 - - 6.71
1E6J_HL:P 9 6,805 4.35 18 4,873 4.15 INCA_HL:N 40 6,351 157 25 8,636 157
1E96_A:B 139 946 1.26 174 1,053 1.26 INSN_HL:S 42 5,504 2.85 19 8,735 3.15
1EAW_AB 451 59 114 1,851 10 114 1PPE_E:I 1,767 1 0.77 630 1 0.77
1EER_A:BC 29 5,727 1.56 159 531 155 1QA9_AB 701 7 1.25 1,471 22 0.84
1EWY_A:.C 657 779 0.73 1,285 447 0.62 1QFW_IM:AB 226 433 0.89 332 147 0.89
1EZU_C:AB 148 24 1.09 145 9 1.09 1RLB_ABCD:E 24 5,651 1.74 10 7,951 1.74
1F34_A:B 577 1 1.35 297 1 1.35 1SBB_A:B 64 9,509 1.42 103 9,156 1.42
1F51_AB:E 264 642 221 112 782 251 1TMQ_AB 55 302 1.06 59 254 1.08
1FAK_HL:T 29 974 1.89 28 818 1.89 1UDI_E:I 135 324 1.15 977 18 0.94
1FC2_C:D 307 2,530 0.49 130 3,749 1.18 1VFB_AB:C 156 349 0.59 271 159 0.59
1FQ1_A:B 143 187 0.73 - - - 1WEJ_HL:F 484 2,266 1.36 389 2,778 1.36
1FQJ_AB 71 2220 | 3.22 220 1,376 | 2.76 1WQ1L_R:G 447 10 049 || 1127 2 0.49
1FSK_BC:A 206 1,030 1.89 233 994 1.89 2BTF_A:P 24 18,464 1.47 86 9,529 131
1GCQ_B:C 1,149 11 0.40 311 328 0.43 2HMI_CD:AB - - 591 - - 5.34
1GHQ_A:B 171 16 2.84 33 2,742 3.83 2JEL_HL:P 44 3,029 1.05 89 3,124 0.86
1GP2_A:BG 6 2,224 1.85 12 1,277 1.42 2MTA_HL:A 330 269 1.58 834 305 1.41
1GRN_AB 147 329 121 377 39 1.20 2PCC_AB 216 503 1.36 4,634 16 0.60
1H1V_AG 23 6,904 1.38 11 16,219 1.38 2QFW_HL:AB 170 1,106 0.91 243 364 0.91
1HE1_C:A 1,098 3 0.59 1,438 1 0.59 2SIC_E:I 570 1 0.64 173 7 0.64
1HE8_B:A - - 5.17 - - 5.17 2SNI_E:I 889 1 0.81 809 1 0.81
1HIA_AB:I 1,853 1 0.52 3,731 1 0.52 2VIS_AB:.C 8 12,239 217 8 12,678 217
112M_A:B 129 433 0.99 1,633 2 0.98 7CEI_AB 518 162 0.34 2,468 58 0.34

TABLE 5

Shape-complementarity-based bound-bound docking results with and without electrostatics using F2Dock. ‘Rank’ is the best rank among all
predicted positions whose RMSD was less than 5A. ‘Good Peaks' is the number of peaks in the predicted set which were less than 5A RMSD from
the known position. ‘RMSD’ is the lowest RMSD among all peaks that were shortlisted. F?Dock used use 6° rotational sampling, and retained

50,000 peaks. RMSD was calculated using the C, atoms near the interface of the known bound conformation (within 5A of the interface).
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