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Abstract: Predicting protein—protein and protein—ligand docking remains one of the challenging topics of
structural biology. The main problems are (i) to reliably estimate the binding free energies of docked states,
(i) to enumerate possible docking orientations at a high resolution, and (iii) to consider mobility of the
docking surfaces and structural rearrangements upon interaction. Here we present a novel algorithm,
TreeDock, that addresses the enumeration problem in a rigid-body docking search. By representing
molecules as multidimensional binary search trees and by exploring a sufficient number of docking
orientations such that two chosen atoms, one from each molecule, are always in contact, TreeDock is able
to explore all clash-free orientations at very fine resolution in a reasonable amount of time. Due to the
speed of the program, many contact pairs can be examined to search partial or complete surface areas.
The deterministic systematic search of TreeDock is in contrast to most other docking programs that use
stochastic searches such as Monte Carlo or simulated annealing methods. At this point, we have used the
Lennard-Jones potential as the only scoring function and show that this can predict the correct docked
conformation for a number of protein—protein and protein—ligand complexes. The program is most powerful
if some information is known about the location of binding faces from NMR chemical-shift perturbation
studies, orientation information from residual dipolar coupling, or mutational screening. The approach has
the potential to include docking-site mobility by performing molecular dynamics or other randomization
methods of the docking site and docking families to families of structures. The performance of the algorithm
is demonstrated by docking three complexes of immunoglobulin superfamily domains, CD2 to CD58, the
Vi, domain of a T-cell receptor to its V3 domain, and a T-cell receptor to a pMHC complex as well as a
small molecule inhibitor to a phosphatase.

Association of proteins with other macromolecules or smaller many interactions are weak, and stable complexes that can be
ligands is one of the fundamental events in biology. Much studied experimentally may not form. Thus, it would be quite
experimental and theoretical work has been dedicated torewarding to have efficient and reliable computational tools
unraveling the principles of protein interactiohslowever, available to predict correctly conformations of protein complexes
predicting correctly associated configurations of protein com- based on experimental structures of the free molecules.
plexes still remains a challenge. Experimental methods for  Factors that determine binding affinity and specificity that
protein-structure determination have improved dramatically over should ideally be considered when scoring docking conforma-
the past decade, and the number of protein structures determinedions include steric complementarity of the shapes of the
is ever increasing. However, structures of complexes are still ainteraction sites, electrostatic interactions, and hydrogen bond-
small minority among the entries in the Protein Data Bank ing. Furthermore, exclusion of the solvent from the interface
(www.rcsb.org/pdb) although most proteins function in the and the associated solvent entropy change play an important
context of larger complexes. This imbalance reflects the fact role in stabilization of protein interactions. Protejprotein and
that it is more difficult to prepare complexes suitable for Protein-ligand docking is a dynamic process where sometimes
structural studies and to determine their structures. In addition, €ven major conformational changes may take place. The

complexity of the dynamic docking problem is comparable to
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proteins to flexible proteinsHowever, it seems that none of chain flexibility.25> None of these programs claim to work for
these methods can reliably predict from basic principles the all molecules.
docked conformations of proteirprotein complexes from the van der Waals interactions are crucial in defining shape
structures of the free protein components. Rigid docking routines complementarity. However, this energy term is often avoided
are important components of more-general docking programs, since the slope of L-J potential is steep and is sensitive to steric
and predicting rigid docking is an important problé&fficient clashes. Most docking programs optimize some other function.
and correct algorithms for rigid docking may play a key role in  For example, the docking algorithms that are based on the fast
predicting flexible docking, as flexible docking may be dissected Fourier transform maximize the number of overlapped centers
into a manifold of rigid docking casésGood rigid-docking of surface atom& This approximates the goal of maximizing
programs should be able to reassemble a profaiatein hetero- the contact surface but does not minimize the L-J potential.
dimer after separating the components. Although this seems a The L-J potential between a pair of atoms at distanég
simple task, we believe that there are no programs that cancomposed of two parts, a repulsive (positive) part proportional
achieve this with a satisfactory low root-mean-square deviation to r=12 and an attractive (negative) part proportionat té. The
(RMSD) to the correct complex structure of less than AL L-J potential is highly sensitive when atoms are near their van
The existing algorithms for protein docking utilize compu- der Waals contact distance which is the distance at which the
tational search methods to predict good docking configurations L-J potential is optimal. Closer than this distance, the repulsive
while minimizing a target function. Most published algorithms part becomes dominant and grows very rapidly with decreasing
use stochastic search procedures, such as Monte Carlo odistance, and above the van der Waals distance, the attractive
simulated annealing methods. Few programs attempt a completecomponent is dominant. Between a single pair of atoms the
enumeration of the search space and only at low resoldion. attractive L-J potential is insignificant. However, when numer-
There are many programs that attempt to solve the docking ous pairs of atoms are simultaneously close to their van der
problem, see refs 10, 11, 13, and 14 for reviews. Numerous Waals distances, the attractive L-J potential becomes significant.
algorithmic techniques have been employed to solve this This happens only when the shapes of the molecules are
problem. These include but are not limited to the following: complementary.
Searching for negative images of the receptor in a database of Note that a molecular configuration with an overall negative
ligands is the technique used in DOGKLUDI 6 uses subgraph  L-J potential does not preclude the existence of pairs of atoms
isomorphism as another technique to search for ligands in awith repulsive (but small) L-J potential. Because the L-J
database. Subgraph isomorphism is also used in programs suclpotential can be so high when the distances between atoms are
as ALLADIN” and FOUNDATION!8 AUTODOCK 1° uses a too close, the energy due to a single misplaced atom can drown
Lamarckian genetic algorithm for docking. Programs such as all the other terms in the energy function, including the
GRID2 CLIX,2t and DOCK 15 all use grid-based energy electrostatic term, low as they may be. This makes the L-J
computation. Monte Carlo combined with simulated annealing potential a crucial factor when it comes time to optimize the
is the method used in PRODOCRwhich is primarily a flexible binding energy function which is the main subject of this paper.
docking program. A mathematically elegant metiédased Minimizing the L-J potential can be expected to maximize the
on the fast Fourier transform, has resulted in three different buried surface area, which minimizes the free energy of the
implementations, an original implementation, FTDO&@nd solvent!
VDW-FFT 24 The program MCSSuses molecular dynamics Search spaces are very large and difficult to cover exhaus-
to generate multiple functional copies of the docking site and tively. Only few docking programs attempt to enumerate all of
simultaneously docks to each of them. TAealgorithm was the relative configurations of a pair of molecules. This search
used as a search method to dock proteins with discrete side-space is very large and often cannot be totally covered using a
fine enough resolution to satisfy the demands of locating low
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the correct solution to be the one with the lowest L-J energy in and went through three steps: (1) take the molecules apart by
all rigid docking cases studied. translating and rotating the coordinates of one molecule of the
docked pair; (2) provide TreeDock the coordinates of each
molecule separately along with, in most cases, an indication of
Development of TreeDock.TreeDock is designed to enu-  the approximate docking sites, (3) run TreeDock and determine
merate efficiently many different orientations at a sufficient how closely TreeDock puts the molecules back together in their
resolution in a reasonable amount of time. At the present state,known proper docking configuration, as measured by the root-
we restrict our objective to solving docking problems under the mean-square deviation (RMSD) of coordinates of the molecules.
assumptions that (1) the molecules are rigid bodies, where The performance of the algorithm is demonstrated by docking
flexibility can be modeled by generating different rigid bodies two complexes of immunoglobulin superfamily domains, CD2
with different conformations, and (2) for large molecules, the to CDS8, theV, domain of a T-cell receptor to it¢s domain,
program user can tell TreeDock an approximate docking site. and a T-cell receptor to its cognate pMHC complex, as well as
These restrictive assumptions are meaningful when we target aa small molecule inhibitor to a phosphatase. Additionally,
class of docking situations in which conformational changes TreeDock was successfully used as a docking tool in a study
are absent or small, a class that may include many cases ofof small-molecule inhibitors of the antiapoptotic protein Bcl-
docking ligands to proteins. Often the docking site can be XL as described in the accompanying manusctipt.
approximated by experimental means, for example, by NMR  The Search Spaceln searching for docking configurations,
chemical-shift mapping® NOE mapping’’ or alanine-scanning  the user provides TreeDock a PDB file that specifies each
of protein surfaces?2° molecule as a ball-model, i.e., a union of atoms, each defined
TreeDock uses accurate coordinates of the atoms of theby the position of its center. The user also provides TreeDock
molecules; it does not use grids to compute energy. Ratherenough information so it can pick a pair of atoms, one from
successive configurations are obtained by using transformationseach molecule, calleghchors At the cost of increased execution
that are adjusted to satisfy a user-defined search resolutiontime, the anchors can be more loosely specified and TreeDock
parameter. The whole of the molecule is transformed using the can try out various pairs of anchors. If one molecule is small,
same transformation which preserves its shape. e.g., a ligand, an anchor does not need to be specified, and
TreeDock minimizes the L-J potential, which is a good TreeDock will try all possible anchor pairs.
indicator of shape fit and often suffices to find low RMSD Of the two molecules, the larger, callédis fixed in space;
configurations. It allows configurations of the two molecules the other, called, for “movable”, undergoes translations and
in which atoms from different molecules have repulsive rotations to generate a search space of configurations. Because
(positive) L-J energy; the distance between atoms is allowed to in a lowest energy configuration the two molecules must touch,
be as small as 70% of the optimal van der Waals distance, aTreeDock can limit its search space: For each pair of anchors
condition present frequently in complexes found in the PDB that it deals with, TreeDock movel! while keeping the
and commonly used in simulated annealing algorithms for M-anchor in contact with th&-anchor so they meet at some
structure determinatiof?. tangent point. The contact constraint leaves five degrees of
The search space defined in TreeDock is intuitive to the user; freedom, four of which are searched exhaustively with respect
it is based on the concept of anchors, the docking of the to @ prespecified resolution in a manner to be described shortly;
molecules based on the condition that two chosen atomsthe last degree of freedom is a rotation, analyzed byrtaay-
(anchors), one from each molecule, must be in contact. Thego-round algorithmwhich computes the minimum energy
size of the search space in TreeDock is much smaller than inconfiguration, as will be described.
other programs because it uses docking-site information which  The Exhaustive Search and Its ResolutionEach config-
is supplied by the user. Therefore, the search resolution can beuration of the two molecules can be reached by translations and
raised which is what is needed to minimize the L-J potential. rotations ofM that bring a point on the surface of tMeanchor
The smaller size of the search space allows TreeDock to finishinto tangency with a point on the surface of tReanchor,
the search in a reasonable amount of time while delivering followed by a rotation oM around the axis through the centers
configurations that are very close to the minimum-energy Of the two anchors. Thus the search is over five degrees of
configuration if the choice of anchors and the search resolution freedom: two translational degrees to cover the surface of the
permit it. Also, the user will know that the search space has F-anchor, two rotational degrees to cover the surface of the
been covered completely (up to the specified search resolution),M-anchor, and a third rotational degree about the axis through
thus providing information that may help in deciding on their the centers of the anchors (see Figure 1). Limiting each anchor
next step. surface to the part unblocked by atoms of its own molecule
To test TreeDock, as will be discussed, we selected dockedthe solvent accessible surfactirther shortened the search.
configurations of molecules from the Protein Data Bank (PDB) ~ Since the degrees of freedom are continuous, exhaustive
search depends on the continuity of the energy as a function of

Results
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Movable Molecule

K Rotation Axis
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Anchor Atoms
Contact Points

Fixed Molecule

Figure 1. The fixed moleculd= and the movable molecuM touching at
contact points on the surface of the anchor atoms. Having fixéd@mtact
point, choosing betwedw-contact points rotatéd, and changing--contact
points translate. After choosing theé=-contact point and th&1-contact
point, the only degree of freedom left is a rotation about the axis that

making the angle (in radians) between neighbofiagontact
points less than

AGtrans = F‘)/dfixed (2)

wheredsyeq is the radius of the fixed anchor. In this manner it
is guaranteed that all atoms bf will not be placed by more
than R A from a previous location by any step in the search,
so that the absolute best configuration will have no atom more
thanR distant from a configuration examined in the search.
The Energy Function and Multidimensional Search Trees.
Critical to TreeDock’s capacity to deliver results in a reasonable
amount of time is its use of a multidimensional search #ég,
to take advantage of a cutoff feature for the computation of the
L-J potential. The L-J potential is given by

P

12 6

®3)

connects the centers of the anchors (and the contacts points). The merry- . . .
go-round algorithm delimits the clash-free angles (if any) between the two Where thei andj summations are taken over atoms of the

molecules when th&l-molecule is rotated about this axis.

To find the lowest energy configuration, TreeDock operates
nested loops: TreeDock loops throughcontact points. For
eachF-contact point, TreeDock enters an inner loop and steps
throughM-contact points; for eachl-contact point, TreeDock
brings moleculeM in touch withF so that the two anchors are

andM molecules, respectively. The constaAjsandB; depend
on the types of atoms, ang is the distance between ators
and j of the moleculesF and M, respectively. We used
appropriate values of the constarsand B; supplied in the
X-PLOR prograng?-34

The L-J potential, (eq 3), has a contribution from each pair
of atoms, one fronM and one fromF; however, if the atoms

tangent and the two contact points are coincident, as shown ings a0 M—F pair are separated by more than a separation

Figure 1.
There is a one-parameter family of configurations that keeps
a pair of contact points coincident, while allowing rotation of

parameterry, the contribution of the pair is negligible. Thus
the time spent calculating energy can be greatly reduced by
skipping pairs that contribute a negligible amount, i.e., pairs

moleculeM about an axis through the centers of the anchors geparated by more thap,. TreeDock saves time by building a
(and the contact points). TreeDock employs the merry-go-round mjidimensional search tree, once for e&ebontact point, and

algorithm to determine analytically the configuration of lowest
energy within this family. The configuration found for a given
M—F pair of contact points is compared with a previously found
least-energetic configuration, and, if lower, replaces it as the
“best so far”.

using the tree repeatedly in the inner loop to find, for each
M-atom, theF-atoms separated from it by less than In this
way it efficiently finds all the M—F pairs that contribute
significantly to the energy. These atoms are found in an
expected-time logarithmic in the number of atoms of the

To achieve adequate resolution in the scanning of contact ygjecule and linear M

points, the user tells TreeDock the value of a paranfRt=lled
thesearch resolutiorfin A) and TreeDock organizes the search
so that no atom oM is moved by more thamR in a change
from one configuration to a neighboring configuration. The
parametelR can be varied by the user to trade precision for
running time. GiverR, TreeDock generates a setffcontact
points and a set dfl-contact points.

Moving from oneM-contact point to its neighbor necessarily
rotates molecul®l. To bar this rotation from moving the atom
of M most distant from th&l-anchor by more thaR, the angle
(in radians) between anyl-contact point and its neighboring
M-contact points is made less than

Aerot = R/dmax (1)
wherednax is the distance from the center of tMeanchor to
the farthest atom oM.

Interestingly, the spacing d¥-contact points can be much

coarser, because at each of them all relevant rotations are

explored using theM-contact points; hence the spacing of
F-contact points is limited only by the need to makes translations
from one to its neighbors be less thBRnThis is achieved by

1244 J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002

Multidimensional search treé$32 or kd-search trees, have
been used in computer science extensively for efficient reporting
of proximity queries and range searching in many different
applications. They generalize the binary search algorithm to
k-dimensions. For eack-contact point explored, TreeDock
changes to cylindrical coordinate frame (o, 2) in which the
center of theM-anchor is at the origin and the center of the
F-anchor is on the negativeaxis. The tree-building subroutine
takes the unsorted list of coordinate triples {i, z) for centers
of the F-atoms in this frame and makes a two-dimensional tree
for the coordinateg andz, ignoring theg-coordinate. To do
this, the subroutine finds the median of theoordinates of the
F-atoms and assigns all the atoms to two subtrees, one for atoms
havingz-coordinate above the median and one for atoms having
a z-coordinate at or below the median. The subroutine then
flips to thep-dimension and splits each subtree into two subtrees,
one for atoms having-coordinates greater than themedian
of the subtree, etc.; then the subroutine flips back, tand so

(32) Bentley, JCommun. ACML975 18, 509-517.

(33) Preparata, F.; Shamos, Momputational GeometrySpringer-Verlag:
Berlin, 1985.

(34) Engh, R. A,; Huber, RActa Crystallogr.1991, A47, 392—400.
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Non clashing region.

270 20

180

Figure 2. The angular interval in which the molecules clash is the union
of angular intervals in which any atom from the surface of the movable
moleculeM clashes with some atom from the fixed moleckl@ark arcs).
The energy is computed only in the clash-free region if it exists.

on, recursively, until it builds a tree with no more than one
atom in each leaf node.
Searching for a single atom can be done in logarithmic

by scanning the angular intervals that are clash-free and
computing the energy within the intervals. Merry-go-round
computes the energy using the &¢in) for each atonm of M,
which contains all the atoms & for which the energy due to
atomm is significant.

When called to deal with aM—F pair of contact points,
merry-go-round starts a loop through all centers of atoms of
M. For each atomm € M, merry-go-round uses the two-
dimensional search tree to find the &m) of all the F-atoms
which some rotation about tlzeaxis bringsM close to, meaning
closer than the separation parametgrThe search tree keeps
the time to do this logarithmic in the number®fatoms. Within
that loop, merry-go-round then enters an inner loop over all
the F-atoms inC(m) and eliminates configurations (indexed by
0) for which there is a clash betweemand any of the atoms
in C(m). It also computes a running union of clashing angles;
if these grow to cover the whole set of rotations, Merry-go-
round exits both loops, allowing TreeDock to go to the next
M—F pair of contact points. If there are nonclashing angles left
after merry-go-round completes these loops, the set of them is
a union of intervals of). By explicit computation of energy

expected time in the number of atoms in the tree and searching,yithin these intervals (taken at rotation increments that satisfy

for atoms within a certain range can be done in logarithmic

the search resolution parameter), merry-go-round computes the

time plus the size of the range. In our case, the size of the rangeangled by which to rotateM so as to minimize the value of

will be small and will not affect the search time in any

substantial way. Logarithmic search time is achieved only if

the tree is roughly balanced, otherwise it becomes linear.
The Merry-Go-Round Algorithm. Each M—F pair of

contact points determines a one-parameter family of configura-

the energy function for th&#1—F pair of contact points.

To determine analytically the angular ranges for clashing of
M andf € C(m), merry-go-round uses a trigonometry formula
that for an arbitrary distanaddefines the (possibly empty) set
of angles of rotatior® about thez-axis at which the centers of

tions indexed by a rotation. For the cylindrical coordinate frame M and F are closer thard, i.e., merry-go-round determines

adapted to a giveM—F pair, each rotation is about tlzeaxis
by some angl®); this takes the coordinate to ¢ + 6 while
leavingz and p invariant. Within this one-parameter family of
configurations, we will speak of the configurati@nThe merry-

go-round algorithm determines whether the minimum energy

of the family of configurations defined by tid—F pair is lower
than a previously found “least energy so far”, and if so, it
determines that energy and the valueddbr which it occurs.
For this, it finds within the set of configurations09 <2z the
subset (possibly empty) in which the surfaceMfdoes not
penetrate the interior of thE or vice versa and in which the
surface atoms o andF do not overlap enough to cause the

analytically the interval(s) of for which

2t ot (T — 2 —
2005

cos@ + ¢, — @) = P (4)

Implementation and Testing of TreeDock.TreeDock has
been implemented in a C-program on a single SGI R10K
workstation. Parameters for the scoring energy function were
adopted from the X-PLOR prograffTo identify surface atoms
as potential anchors and distinguish them from interior atoms,
we have determined the solvent-accessible surface area of each

L-J potential to be above a high threshold (see Figure 2). We atom using the program Nacce8syhich is an implementation

say two atomslashif their centers are separated by sufficiently

less than the sum of van der Waals radii of the two atoms to

of the Lee-and-Richards algorith#f.
To test the performance of the program, we have used

push the L-J potential over a certain threshold. Speeded by itscoordinates of protein complexes deposited in the protein data

use of the multidimensional tree built before it is called, merry-

bank (PDB). In each example, the two molecules of a complex

go-round eliminates angles where the molecules clash and thenwere manually separated, and their relative orientation was
within the remaining range, searches for minimum energy randomized. Subsequently, TreeDock was asked to reassemble

configurations.

The set of angles at which the molecWe clashes with
moleculeF is the union of the sets of angles for which any
atom of M clashes with any atom frork (see Figure 2). In
many cases merry-go-round finds that MeandF clash over
the whole of the 2 range, even before covering all of the atoms
of M. Indeed, a single atom d¥l can clash withF for all
rotations about the-axis. When this occurs, the energy is very
high and merry-go-round eliminates thé-contact point and

goes to another one, if there is one. In contrasting cases when

the complex while keeping the two molecules rigid. The results
were then analyzed by plotting the energy of the target function
against the RMSD. Identification of docked conformations that
have low values of both indicate a successful prediction. The
RMSD between a proposed complex and the known structure
was determined by superimposing fRenolecule and comput-

ing the RMSD of allM-molecule atoms. However, the RMSD

of the whole molecule may not be the best measure of the
accuracy of prediction because distant atoms may have a large

there exist angles free of clashes, merry-go-round finds the ang|e(35) Hubbard, S.; Thornton, J. Department of Biochemistry and Molecular

Biology; University College London: London, 1993.

that minimizes the energy for the current choice of contact points (36) Lee, B.; Richards, F. Ml. Mol. Biol. 1971, 55, 379-400.
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Figure 3. L-J potential of all clash-free orientations versus RMSDDS of two domains of the T-cell receptor that were encountered during the search using
anchors with 7.9% and 12.1% solvent-accessible surface areas.

deviation even though atoms near the docking site may be atto be 1.0 A. The solvent-accessible surface areas of the two
nearly correct positions. For this reason we compute in addition anchors were 7.9% and 12.1%, respectively. After scanning the
to the RMSD of the wholeM-molecule, RMSDM, a second surfaces of the two anchors, 1078 contact-points on the surface
RMSD limited to the docking site atoms, RMSDDS. of the movable anchor and 26 contact-points on the surface of
Testing TreeDock on known protein complexes had the the fixed anchor were found. The number of calls to merry-
purpose of answering the following questions: (i) Can TreeDock go-round were 28 028. A plot of the energy of orientations
generally and always find the correct solution of the rigid encountered during the search that had no surface penetration
docking problem? (ii) How much CPU time is needed for versus their RMSDDS is given in Figure 3. Four orientations
searching all reasonable docking conformations of typical small with low energies were found that have low RMSDDS. The
proteins with two known anchors? (i) How does the resolution orientation with lowest L-J energy had an RMSDDS of 0.29 A
parameterR of TreeDock have to be set to find the correct (RMSDM 0.43 A). The L-J potential was24.1 kcal/mol. The
solution? (iv) How does the shape of the molecular surface number of atomic contacts was 107, 47 of which resulted in
around the anchor atoms affect the search time? (v) Can wepositive (repulsive) energy (with distances as close as 70% of
find a scoring function that yields valid results but is simple the ideal van der Waals distance), amounting to 17.3 kcal/mol,
enough to allow a high-resolution search? (vi) Can the algorithm and 60 atomic contacts resulted in negative energy amounting
be used to dock small-molecular-weight ligands to proteins? to —41.4 kcal/mol. The run time was 2 min and 28 s of CPU
Docking the Two Domains of the D10 T-Cell Receptor time.

(TCR). The first example is the docking of thé, and V; In a second case, two anchors, OE1 of GLN 337 of\fhe
domains that form the 28 kDB, fragment of the D10 T-cell  domain and NE2 of GLN 36 of th¥, domain, are chosen with
receptor whose structure was solved by NRIRHere the larger solvent-accessible surface areas, 14.0% and 34.8%,
interface is flat and primarily hydrophobic. The number of respectively. At a search resolution of 1.0 A and since the
surface atoms of th&/s domain is 1114 and that of the, solvent-accessible surfaces of the anchors are larger than in the

domain is 903. There are 59 atoms\ef making contact with  previous example, more contact points were found, 23 and 5249,
56 atoms of the/s domain in the complex. We use this example respectively. The number of calls to merry-go-round was
to test (i) whether TreeDock finds the correctly docked 120727. The orientation with the lowest energy had an
conformation if it is given at least one pair of atoms that contact RMSDDS of 0.96 A (RMSDM 1.19 A). This configuration was
each other and (ii) to estimate the search time for two different found in 39 min and 32 s of CPU time. The plot of L-J energy
types of anchor pairs that are partially buried and largely versus RMSDDS for clash-free orientations is given in Figure
exposed, respectively. 4. The lowest L-J energy corresponded to low RMSDDS
The two anchors, HE1 of TYR 335 of thé; domain and  configurations. Thus the run time depends on the surface
CG of GLN 106 of thé\/q domain, were chosen from the middle accessibi]ity of the anchor atoms.
of the docking site where the search space was expected to be 15 ,0del the uncertainty of knowing the exact atoms

small and the run time short. The search resoluiovas chosen involved in docking, we fixed one anchor, OE1 of GLN 337 of
(37) Hare, B. J.; Wyss, D. F.; Osburne, M. S.; Kern, P. S.; Reinherz, E. L.; theVs domain (SOI_Vent accessibility 14'0%)_’ and chose 20 atoms
Wagner, GNat. Struct. Biol.1999 6, 574-581. from theV,, domain as anchors one at a time (average solvent
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Figure 4. L-J energy versus RMSDDS of all clash-free orientations of two domains of the T-cell receptor that were encountered during the search using
anchors with 14.0% and 34.8% solvent-accessible surface areas.
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Figure 5. L-J energy of all clash-free orientations of two domains of the T-cell receptor versus their RMSDDS. One anchor from one of the two molecules
(with solvent accessibility of 14.0%) was picked. A total of 20 atoms from the other molecule were chosen one at a time as anchors (average solvent
accessibility of 5.8%).

accessibility 5.8%). The run time was 41 min and 28 s of CPU of 29 heavy atoms of CD2 are in contact with 23 heavy atoms
time. The plot of the L-J energy of all clash-free orientations of CD58. The interface is flat and primarily hydrophilic. The
versus their RMSDDS is given in Figure 5. The lowest energy average solvent accessibilities of the two molecules are 24.7%
was —29.8 kcal/mol with an RMSDDS of 0.76 A. and 18.8%, respectively.

Docking the Two Proteins CD2 and CD58.The second We chose two anchors, OD2 of ASP 31 of CD2 and NH1 of
complex on which we tested TreeDock is the complex composed ARG 44 of CD58, with solvent accessibilities of 17.4% and
of the two proteins CD2 and CD58There are 543 heavy atoms 41 094, respectively. At a resolution of 1.0 A, 37 contact points
on the surface of CD2 and 520 on the surface of CD58. A total yere found on the surface of the CD2-anchor and 3051 contact
(38) Wang, J. H.; Smolyar, A.; Tan, K,; Liu, J. H.; Kim, M.; Sun, Z. Y.; Wagner, points on the surface of the CDS58-anchor (the movable

G.; Reinherz, E. LCell 1999 97, 791-803. molecule). The number of calls to merry-go-round was 112 887.
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Figure 6. L-J energy of all clash-free orientations versus RMSDDS of CD2 and CD58 that were encountered during the search using anchors with 17.4%
and 41.0% solvent-accessible surface areas from the edge of the docking site.

0

The run time was 13 min and 33 s. A large number of collision- possible pairings of the these atoms, 46 of the pairs resulted in
free orientations was found during the search. However, low low RMSD configurations. The best RMSDDS was 0.351 with
values of the L-J energy corresponded to low RMSDDS an L-J energy of-67.193 kcal/mol, see Figure 8. The run time
orientations as is evident from Figure 6. The orientation with was 10 h and 30 mim of CPU time.
least energy had an RMSDDS of 0.715 A (RMSDM 0.684). Use of TreeDock To Determine the Docked Conformation
Docking a Compound to the Active Site of a Phosphatase.  of Experimentally Identified Inhibitors of the Antiapoptotic
TreeDock was further tested for the docking of an inhibitor, a Protein Bcl-xL. Recently Degterev et al. have identified
tartrate, to the active site of the PTEN phosphatase, a tumorinhibitors of the interaction between the antiapoptotic protein
suppressdP which consists of 179-residue N-terminal domain Bcl-xL and the proapoptotic Bak BH3 peptiffe This was
and a 166-residue C-terminal domain. There are 19 atoms fromachieved by screening a library of chemical compounds using
the phosphatase making contact with 9 atoms of the tartrate.a fluorescence-polarization assay where the fluorescence label
One atom from the docking site of the phosphatase was choserwas attached to the Bak peptide. NMR titrations were used to
(solvent-accessible area 4.2%, the average for the docking sitemap the binding sites of the compounds on the Bcl-xL surface.
is 3.1%) and all the atoms of the tartrate were chosen in turn asThe ligands identified bind wittKp values in the low micro-
anchors. The search resolution was set at 0.7 A. TreeDock spentmolar range. As is often observed in such a situation, many of
4 min and 11 s of CPU time to locate a 0.4 A RMSDDS the Bcl-xL resonances in the ligand-binding site are exchange
orientation which also corresponded to the lowest L-J energy, broadened, in particular in the center of the binding site. Due
—18.881 kcal/mol, see Figure 7. We note that the same to the line broadening, very few intermolecular NOEs can be
experiment was conducted with the search resolution set at 1.00bserved, and those that are observed are from the periphery
A which failed to locate a simultaneously low energy and low of the binding site that does not suffer from line broaderfing.
RMSDDS configuration. This is due to the small diameter of ~ To overcome this problem Lugovskoy et3lhave used
the movable molecule, the tartrate, and shows the need for high-TreeDock module supplemented with the sparse experimental
resolution search. intermolecular constraints and validation approach. In this hybrid
Docking a T-Cell Receptor to a pMHC Complex. To approach, a family of ligand conformations was created and
further model the uncertainty of knowing exactly which atoms docked to Bcl-xL using TreeDock. The best ligand conforma-
of the two docking sites are known to be in contact, TreeDock tions were selected on the basis of shape complementarity and
was tested on a T-cell receptor in complex with peptide and consistency with the experimental constraints. This was very
MHC class 112° We chose 18 atoms from the docking site of successful and is described in the accompanying manuseript.
the T-cell receptor to be potential anchors and 13 from the MHC It showed that reasonable docked conformations can be obtained
docking site. The search resolution was set at 1.6 A. Out of all Using such a procedure, and the values of the scoring function
containing only van der Waals terms correlated very well with

(39) Lee, J. O.; Yang, H.: Georgescu, M. M.; Di Cristofano, A.; Maehama, T.; the experimentally measured affinities. This approach takes

Shi, Y.; Dixon, J. E.; Pandolfi, P.; Pavletich, N. ell 1999 99, 323— account of ligand mobility.
334.

(40) Reinherz, E. L.; Tan, K.; Tang, L.; Kern, P.; Liu, J.; Xiong, Y.; Hussey,
R. E.; Smolyar, A.; Hare, B.; Zhang, R.; Joachimiak, A.; Chang, H. C.; (41) Degterev, A.; Lugovskoy, A.; Cardone, M.; Mulley, B.; Wagner, G.;
Wagner, G.; Wang, Bciencel999 286, 1913-1921. Mitchison, T.; Yuan, JNat. Cell. Biol.2001, 3, 173-182.
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Figure 7. L-J energy of all clash-free orientations versus RMSDDS of PTEN tumor suppressor and tartrate that were encountered during the search using
one anchor from the phosphatase with 4.2% solvent-accessible surface area and all the atoms of the tartrate as anchors.
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Figure 8. L-J energy of all clash-fee orientations versus RMSDDS resulting from the docking of a T-cell receptor to pMHC complex that were encountered
during the search using 18 anchors from the T-cell receptor with 13 anchors from pMHC complex.

Discussion resolution. The examples that we presented earlier were

We have developed a new program, TreeDock, that addresse®erformed at the coarsest resolution that provi_ded satisfactory
the enumeration problem of protein docking. A key feature of €N€rgy values: any coarser and the search missed low energy
our program is to discard efficiently all configurations where conflg.uranns. A finer search did not result in much improve-
the two molecules are not in contact or have severe steric MeNtIn energy.
clashes. At this point, we limit the search to rigid body docking, At the moment, our program only deals with rigid-body
and we only search for a minimum of the L-J potential to select docking. This is certainly a severe restriction and limits us to
for the best docking configuration. This searches essentially for cases where proteins do not change conformation significantly
the best steric surface complementarity. Due to the simplicity upon docking. However, this provides a baseline from which
of the L-J potential and the dramatic reduction of search space,we will develop programs that include surface mobility. The
the residual contact space can be explored at very highmerry-go-round algorithm we used here to explore the best
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orientation of theM-molecule as a whole can also be used to straints prevents a pure experimental determination of the
explore the variation of the dihedral angles of the side chains complex. This is the case if a ligand binds to a protein with
of residues in the docking interface. Studies of this nature are intermediate exchange kinetics causing line broadening for some
underway. of the protein resonances. In such a situation it is difficult to
So far we have limited our search of protein surfaces to measure NOEs to the broadened resonances, which may be in
smaller regions that are known to be involved in binding. This the core of the binding site.
was to target our research to situations where some information The use of TreeDock module supplemented with the limited
about docking sites is available from mutational studies and/or experimental data set in conjunction with a validation procedure
NMR chemical shift mapping. Measurements of residual dipolar (described in the accompanying manuséHpallowed identi-
coupling$? promise to provide additional restrictions of the fication of the docked conformation of inhibitors of Bcl-xL that
search space that can be easily implemented in the programwere previously identified with high-throughput screenthg.
As described in the section on results and test cases, identifica-This indicates that our approach is reasonable and worth
tion of the best docked conformation for a single anchor pair pursuing. Needless to say, implementation of electrostatics in
with the typical protein size considered here takes from a the scoring function is desirable and will be pursued.
fraction of a minute to several minutes on a single CPU SGI M
. . ethods

computer. The search is faster if the anchor atoms are less
solvent accessible and slower if they are more exposed (larger TréeDock has been implemented in a C-program on a single SGI
number of permissive orientations). It is possible to perform a R10K workstation. The input to TreeDock consists of wo slightly
brute-force search with TreeDock over the entire surfaces of M°dified PDBHiles, one for each molecule. Following the coordinates

. . . . of each atom in a PDB file, its solvent-accessible surface (computed
both proteins when using multiple CPUs. For proteins of the

. . - . by the program Nacce®}is stored. The output of TreeDock is a single
size of IgSF domains, such as the adhesion domains of CD2 Offile containing the coordinates of the complex whose L-J energy is

CDs58, there are approximately 500 heavy surface atoms of minimum. Parameters for the L-J potential were obtained from the
either domain. Considering that a typical binding face involves X-PLOR progran®® and the work of Engh and Hub#&k3*

about 50 atoms, only 10 to 20 representative surface atoms of
one protein must be paired with all surface atoms of the other
protein to include at least one correct pair. With the current
performance of TreeDock (1 to 30 min CPU time per anchor
pair) and 16 CPUs, this rigid docking search could be completed
within 3 to 5 days. However, we are in the process of developing
new algorithms to speed up the search procedures dramaticall
within the TreeDock framework before searching whole protein
surfaces.

TreeDock will be very valuable when combined with some

experimental data when the nature of the experimental con-
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