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Fragment-Based High-Throughput Docking

Peter Kolb* and Amedeo Caflisch*

Department of Biochemistry, Urersity of Zuich, Winterthurerstrasse 190, CH-8057 iZth, Switzerland

Receied July 17, 2006

The computer program DAIM (Decomposition and ldentification of Molecules) has been developed to
automatically break up compounds in small-molecule libraries for fragment-based docking as well as database
analysis. Here, DAIM is evaluated on 130 ligands derived from known crystal structures ofigestdin
complexes. The decomposition and a new fingerprint-based identification technique are used to select anchor
fragments for docking. The docking results show that the DAIM selection is superior to size-based or random
selection of fragments. To evaluate the usefulness for analyzing the fragment composition of a large library,
DAIM is applied to a collection of about 1.85 million commercially available compounds. Interestingly, it

is found that the set of most frequent cyclic and acyclic fragments originating from the decomposition of
the 1.85 million molecules shows a large overlap with the most frequent fragments in a library of 5120
known drugs. DAIM has been successfully used in the in silico screening for inhibitgrsetretase and
EphB4 kinase by fragment-based high-throughput docking. Possible future applications for de novo ligand
design are briefly discussed.

1. Introduction In this work, an approach for the efficient decomposition of
4nolecules into mainly rigid fragments is presented and evalu-

molecular level is spurring considerable interest in small- ated. The method has be_e_n implementeq in_a computer program
molecule inhibitors of enzymes and receptors. Because of the¢@/led DAIM (Decomposition and Identification of Molecules)
large number of 3D-structures of pharmacologically relevant and is part of our fragmer(ljt—.basellttj) docking apzroaﬁch SiED/
protein targets, structure-based computer-aided approaches arg" -D: For every compound in a library, DAIM identifies the

useful and widely employed tools in drug discovérigh- three fragments most appropriate for fragment-based docking.

throughput docking has recently emerged as a very cost-effective N€ fragment triplets are then docked by the program SEED

and efficient alternative to in vitro screening campaigns to (Solvation Energy for Exhausze DoSk|n§)?8 The m.ost
discover lead compounds? Furthermore, docking and accurate [avorable poses of the three "anchor” fragments guide the
methods to calculate the binding free energy are being used fordocking of the molecule mg,ge the binding site by FFLD (Fast
the in silico evaluation of chemical modifications of initial hits " '€xible Ligand Dockingf?=° Recently, the entire suite of

to guide the synthesis of molecules with more favorable binding Pregrams has esuccessfully been applied to identify inhibitors
constant$-10 of B-secretase’ Here, three analyses are performed to further

Efficient docking algorithms include fragment-based ap- assess the usefulness of the DAIM decomposition and anchor

proaches in which (almost) rigid molecular fragments are selection procedur_e for docking and design. First, it is invgs-
automatically placed in the binding site and used as “anchors” tigated whether, using solely the 2D-structure, DAIM can predict

to guide the docking of the compounds they originate from. the Iigand_fragments that are involv_ed in the highest number of
Fragment-based docking is a divide-and-conquer approach,comacts In X-ray structures of Ilgaﬁ@rotem complexes..
which was introduced 15 years ago in the context of compu- Second, the blndlng mode obtained using the fragm'ent trlplet
tational ligand desight-15 In vitro fragment-based search selected by DAIM is compared to the results of docking using
strategies have been develofed® using NMR920and X-ray all other fragment triplets. Finally, a collection of about 1.85
crystallography! and successful screening campaigns have beenm'"'on avallaple chemical compounds is decqmposed by. [.)A”\./l’
reported for several targets, including kinases and DNA and the resulting fragments are compared with those originating
gyrase??-24 Although small molecular fragments usually bind from a database of known drugs to evaluate overlap and

unspecifically with 1Gg values in the low millimolar range, they differences.
sometimes exhibit significant “efficiency” (i.e., binding energy o Mmethods
per atom®29. Furthermore, the probability of a match between

a protein binding site and a small molecule decreases expo- h . f th Fi 1) (1) d o ;
tially with the complexity of the molecuté Hence, as small approach consists of three steps (Figure 1): (1) decomposition o
nen ’ each molecule of the library into mainly rigid fragments, (2)

molecular fragments bind in multiple sites, they are especially fragment docking with evaluation of electrostatic solvation, and
useful to chart the characteristics of a protein surface. Becauseg3) flexible docking of each molecule of the library using the
of their small number of atoms, they can be chemically modified positions of its fragments as anchors. Step 1 is performed by the
to improve potency and other properties (e.g., solubility) to a program DAIM, which is described in detail in the following
greater extent without increasing too much in molecular weight. subsection. The programs used in steps 2 and 3 will be briefly
described here.
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Figure 1. Schematic depiction of the fragment-based docking procedure. The programs used for steps 1, 2, and 3 are DAIM, SEED, and FFLD,
respectively.

protein?”28 Apolar fragments are docked into hydrophobic regions H\N/H

ar ==
of the receptor while polar fragments are positioned such that at - f T f l J_ACTPMP }/\/
!east one intermolecular hydrogen_ bond is for_med. Ea_ch fragr_nent (12 6100006000021 670.545298 |
is placed at several thousand different positions with multiple 1 1 77 18
orientations (for a total of on the order ofé€onformations), and H H Atoms N Hal S = am Donor W4/1000
the binding energy is estimated only if there are no severe clashes H directions
(usually about 19conformations). The binding energy is the sum Field Description
of the van der Waals interaction and the electrostatic energy. The field 1 Total number of atoms
latter consists of the screened receptor-fragment interaction, as well geld 2 Number of carbon atoms
. eld 3  Number of nitrogen atoms

as the desolvation penalty of receptor and fragnint. field 4  Number of oxygen atoms

Step 3: The flexible-ligand docking approach FFLD uses a field 5 Number of halogen atoms
genetic algorithm and a very efficient but approximate scoring field 6 Number of sulfur atoms
function2%39FFLD requires the positions of three (not necessarily field 7 Number of phosphorus atoms
different) fragments to place a flexible ligand unambiguously in field 8 Number of aromatic bonds
the binding site. Solvation effects are implicitly accounted for as geld 9~ Number of double bonds

L . . . eld 10 Number of triple bonds

the b|r_1d|ng modes of the fragments are determined with electrostatic field 11 Number of amide bonds
solvation in SEED. field 12 Number of hydrogen bond acceptors

2.2. DAIM Program. DAIM is a versatile tool to decompose field 13 Number of hydrogen bond donor directions
molecules and prioritize the resulting fragments according to their field 14 Cyclomatic number (ref 50)
suitability as anchors for fragment-based docking. During the field 15 Total number of heavy atoms in rings

field 16 Longest sequence of atoms in the molecule

decomposition, a simple in-house-developed fingerprint is computed field 17 Modified Wiener Index 4 divided by 1000 (ref51)

for each molecule and fragment. This fingerprint is used to compare ) ) - ) ) ]
molecules or fragments and is the basis for the selection of the Figure 2. The DAIM fingerprint for aniline. The Wiener index 4 (field

fragment triplet needed by FFLD. Moreover, DAIM determines 17, ref 51) has been modified to take into account the covalent radii of
the ligand flexibility for FFLD by identifying the rotatable bonds ~ he atoms instead of their maximum principal quantum numbers.
betwgen fragmenti. 4 fying Furthermore, the modified Wiener Index is scaled by a factor of 1000

" . . so that its weight is of the same order of magnitude as those of the
. Th_e_ de_com_pc_)g,ltlon ofa molec_:l,!lt_e proceec_is in four phases_: N9 sther fields, whgi]ch is necessary when evaluatin% the similarity between
identification, initial fragment definition, functional group merging, two molecules.
and completion of the valences. (i) Rings are identified by
successively enumerating all neighbors (i.e., directly covalently —CHO, —NO,, —NH,, and —SH) are merged with the fragment
bound atoms) of every atom, similar to a breadth-first search. A they are connected to. Unbreakable bonds and functional groups
neighbor with an already assigned number indicates a ring closure,(points ii and iii, respectively) can be defined by the user. (iv) In
and the corresponding ring size is the sum of the two numbers. (ii) the final step, missing atom neighbors are added. An atom will
A fragment is defined as a set of atoms connected by unbreakablelack a neighbor atom where the bond connecting them has been
bonds. The basic definition of unbreakable bonds includes terminal, cut. These missing neighbors are replaced by hydrogen atoms to
double, triple, and aromatic bonds and bonds in rings. Nonrotatable reconstitute the correct valence for every atom. A methyl group is
and unbreakable bonds are distinguished in DAIM; a nonrotatable used to fill valences where a hydrogen atom would result in an
bond is always unbreakable, whereas the reverse is not true (e.g.unwanted additional hydrogen bond direction (e.g., a hydrogen
a double bond is nonrotatable and unbreakable, whereas an amideeplacing a carbon atom bound to ar? sfirogen).
bond is unbreakable but can assume more than one conformation). 2.2.1. DAIM Fingerprints. The DAIM fingerprint is a simple
In this study, an extended definition of unbreakable bonds is used structural key and is generated for each fragment obtained by DAIM
since with the basic definition mentioned above single bonds of decomposition. Its main aim is to provide a numerical identifier
groups that form chemical entities would be cut (e.g., in a for a chemical structure to allow fast comparisons of molecules or
sulfonamide group, the bond between sulfur and nitrogen is formally fragments. The DAIM fingerprint consists of 17 fields, which count
a single bond and would thus be cut). This extended list includes atomic and chemical features (Figure 2). It uses only chemical
amide, phosphate group, and sulfonamide bonds, as well as theelements and does not require a fragment dictionary, which might
single bonds in conjugated systems, and the single bond connectinghave to be updated for every new project. Furthermore, the entries
an amidine group. (iii) To form chemically relevant fragments and of a fingerprint consisting of chemical element counts can be
avoid the generation of many small groups, small functional groups combined to estimate molecular descriptors, such as the log P
(e.g.,—OH, —CHjs, —CX; [where X can be any halogen}; SG;, (octanol/water partition coefficient), which can be calculated by
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Figure 3. CompoundL of ref 5 is used as an example of a DAIM decomposition and triplet selection. (Top) Compdskdown with the covalent

bonds that are cut by DAIM marked with red lines. (Middle) The fragments identified by DAIM are shown together with their DAIM fingerprints

and chemical richnegs. Note thatp, is evaluated by summing over all values in the fingerprint but neglecting hydrogen atoms graCigs added

by DAIM (e.g., the CH group on the nitrogen of the morpholine in fragment 7). (Bottom) The fragment triplet suggested for docking by DAIM

is shown in color. The trisubstituted benzene is considered “central” and is not suggested as anchor (see text). Curly arrows denote rotatable bonds.

atom-additive method®:33 Most importantly, DAIM fingerprints is that the fingerprint includes fields that consider both size features
are evaluated rapidly (139 min for the 4.3 million compounds of and functional groups. The size of a fragment determines in which
the November 2005 version of the ZINC datal¥asm a single pockets of a binding site it can fit. Functional groups are likely to
Athlon 2.1 GHz CPU) and do not require the extensive search form directional interactions and thus determine the orientation of
procedures necessary for hashed fingerprints (e.g., the Daylightthe fragment. The fragments with the largest sum over all entries
fingerprints®). Furthermore, as has been shown by Bender and in the DAIM fingerprint are likely to contain many such functional
Gleng® simple atom count fingerprints perform very well in  groups.
similarity searches, achieving almost as high enrichment rates as All fragments with a value op, lower than ten are discarded
Unity fingerprints¥” The DAIM fingerprint can be used for  for reasons of computational efficiency. The value of ten as
assessing the similarity of molecules or fragments thereof, but not acceptance threshold was chosen to exclude small apolar fragments
directly for searches of arbitrary substructures, because it containssuch as methane( = 9.09), which is very frequent. It allows,
only limited information about connections. It represents a balance however, the selection of methanagl, (= 14.18). In the second
between detailed description (i.e., high number of entries) and step, fragments with several substituents are eliminated. These
computational efficiency. The DAIM fingerprints are employed to “central” fragments, if highly substituted, will not form significant
decompose large libraries into a set of unique fragments and tointeractions with the protein for steric reasons. For a cyclic fragment,
define three anchor fragments for docking by the SEEB the number of substituentss(ps) and the number of ringSfngs)
FFLD?%30 procedure (see below). are counted, and the cyclic fragment is considered “central” if
2.2.2. Selection of Fragments as Anchor§he most suitable Nsubst= K X (Mheavy atoms in ring— Nrings). Using ak; value ofY/; 75 a
anchor fragments for fragment-based docking are those that formdisubstituted benzene is not deselected, whereas a trisubstituted one
highly favorable interactions with the protein upon binding. In other is considered “central” and, therefore, not used as anchor. An acyclic
words, these fragments define the strongest constraints for the posdragment is deselected fsupst = Ki X Nheavy atoms The ki value of
of the ligand. DAIM selects fragments in a three-step selection 0.5 used in this study permits the selection of terminal amide groups
process. In the first step, the “chemical richnegstf a fragment (i.e., connected to one other fragment) but rejects amide groups
is evaluated by summing over all values in the fingerprint but originating from within the chain (i.e., connected to two fragments).
neglecting hydrogen atoms or Ggroups which have been added Finally, the fragments are ranked according to theivalue, and
by DAIM to fill valences. The assumption behind this simple sum the top three fragments are chosen as anchors. Figure 3 shows a
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Figure 4. Distribution of the number of fragments per ligand for the 130 test cases. The black dashed line denotes the median value. The average
value is 11.1.
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Figure 5. Comparison of the DAIM prediction (purple diamonds), the size-based prediction (orange diamonds), and 1000 random predictions
(dots) for the fragments with the highest numbers of contacts. Results are separated into four categories: all correct (i.e, the three fragments
suggested by DAIM are the ones with the most contacts in the X-ray structure), two out of three correct, one correct, and none correct. For 32 out
of 130 testcases, DAIM was able to correctly predict the three fragments forming the highest number of contacts with the protein. In 72 cases, two
out of three were predicted correctly. Brown triangles show the average of the 1000 random runs in every category.

pB-secretase inhibitdt,its DAIM-defined fragments, and their  combined to more than one triplet. This left 130 ligamotein
chemical richness. complexes for the contact analysis.

2.3. Preparation of the Test SetsThe ligand-protein database For the docking analysis, the subset of the 130 complexes with
(LPDB),®8 a collection of 262 complexes (as of February 2005), ligands of 10 or fewer rotatable bonds was used to evaluate the
was used as test set. Complexes in which the ligand had more thardocking quality, because most compounds in commercial libraries
21 rotatable bonds were not considered, because it had been showhave less than 10 rotatable bonds. This subset initially contained
previously that molecules with such a high degree of flexibility 48 ligand-protein complexes. The number was then reduced to
cannot readily be treated by the docking appro&chhe ligands 36 by excluding all test cases in which no triplet yielded a solution
were decomposed into all possible fragments with DAIM. Only with a root-mean-square deviation (rmsd) from the X-ray structure
ligands with at least four fragments were kept for further analysis, smaller than 2 A. In both analyses, the results obtained using the
because four is the smallest number of fragments that can beDAIM selection of fragments were compared to selections based
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Figure 6. Pie chart of the distribution of the rmsds after docking for the subsets of 36 (top row) and 22 (bottom row) test cases. In the first subset,
for the DAIM selection (top left), more than one-third of the docking runs generated at least one pose with rmsil d more than 50%

were belev 2 A rmsd from the X-ray structure. For the size-based selection (top right), more than 50% had an rmsd above 2 A. The advantage of
using the DAIM selection is even more evident for the second subset of 22 test cases.

distance shorter than 4.5 A. For each of the 130 liggmabtein
complexes, the three fragments with the highest numbers of contacts
were identified. For eight complexes there were four and for one
complex there were five “most contacting” fragments because of
degeneracy in the number of contacts.

2.4.2 Comparison with Random ResultsTo ensure that the
triplet identified by DAIM is better than chance selection, a
comparison set was created by random selection of triplets. This
selection was repeated 1000 times with different seed numbers for
the random selection process. All random selections were uniformly
distributed.

2.5. Assessment of the Usefulness of the DAIM Triplet for
Docking. To eliminate conformational bias due to the binding
mode?° each ligand was first minimized in the isolated state (i.e.,

Figure 7. Example of a docking calculation which illustrates the
superiority of DAIM selection vs size-based selection of fragment
triplets. The ligand is progesterone d-hemisuccinate (only heavy
atoms are shown), which has seven DAIM fragments, and the protein

outside of the binding site). Then, each ligand was docked by FFLD
using as anchor fragments every possible fragment triplet in turn.

This required 3x (3) docking runs for each ligand, whends the

(not shown) is the Fab’ fragment of the DB3 antibody (PDB code number of fragments. The factor of 3 in front of the binomial reflects

1dbnf4). Green, the minimized pose of the X-ray structure; blue, the three independent FFLD calculations with different seeds for the
pose closest to the X-ray structure when using the DAIM triplet in the random number generator for each choice of anchor trlple_t. For
docking calculation (rmsd of 1.06 A); yellow, the pose closest to the each fragment triplet of every compound, the 150 poses with the
X-ray structure when using the triplet of the size-based selection in best FFLD scores (50 poses from each FFLD run) were clustered

the docking calculation (rmsd of 5.46 A). Figure generated with
PYMOL.

either on fragment size alone (taking the number of atoms as
criterion) or a random choice of three fragments.

All minimizations were carried out with CHARMRA using the
CHARMm22force field, applying a distance-dependent dielectric
function. The protein was kept rigid in all calculations. Partial
charges were computed with the modified partial equalization of
orbital electronegativity (MPEOE) method developed by No et
al.*42as implemented in the program Wit!P (A. Widmer, Novartis

Pharma AG, Basel, unpublished). In all complexes, the ligands were

minimized in the protein binding site. The minimized structures
were then used as references in the calculation of the rmsd.

2.4. Assessment of the DAIM Selection of Ligand Fragments
in Contact with the Protein.

2.4.1. Computation of Fragment-Protein Contacts. A frag-
ment-protein contact was defined as any heavy atom intermolecular

by using a leader algorithm with a similarity cutoff of @743 The
representative of each cluster was selected for further CHARMM
minimization according to the protocol for high-throughput dock-
ing 56 Afterward, the rmsds of all minimized poses were calculated
with respect to the X-ray pose, which had been minimized
previously. Special attention was paid to cases of ligands containing
symmetric groups, for which the rmsd was calculated manually.
Finally, each of the ) triplets was assigned the smallest rmsd of
all poses resulting from the respective docking as a figure of merit.
The rmsd and not the ranking of a pose was used so that the method
used for scoring has no influence on the outcome of the tests.

3. Results and Discussion

The usefulness of the DAIM selection of fragments for
docking was assessed in two separate tests. The first test
concerned the ability of DAIM to identify the ligand fragments
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Figure 8. Distributions of the rmsds of the results of the docking the number of hydrogen bond acceptors and donor directions
calculations when using every possible triplet combination. On the (fields 12 and 13 in Figure 2) is 0.47

x-axis, the number of possible triplets has been normalized to the ) o
interval between 0 and 1. The dark gray area of each bar represents 3.2. Docking Analysislt is necessary to assess the usefulness
the fraction of the triplets whose application as anchors yielded at leastof the chemical richnesg, as a fragment selection criterion
one pose with an rmsd below 2 A. White diamonds display the rank of jrrespective of possible shortcomings of the other programs and
the calculations using the DAIM triplet. In 20 of 36 cases, the white scoring functions used in the fragment-based docking approach.
diamond is in the dark gray area, indicating successful docking (within Hence. two subsets of the 48 test cases with less than 11

2 A rmsd) using the DAIM selection of the fragment triplet. Numbers
to the right of each bar give the total number of possible fragment rotatable bonds were prepared, based on the results of the
triplets. docking calculations. In the first subset, only the 36 test cases

which could be successfully redocked with at least one fragment

involved in the highest number of contacts with the protein using triplet were considered. This set was defined by excluding the
only the 2D structure of the ligand. In the second test, the 12 ligand-protein complexes for which no docked structure
docking results obtained with the DAIM selection of three With an rmsd from the X-ray structure smaller tha A was
anchor fragments were compared to the docking results obtainedPbtained. Because anchor fragments are used in FFLD, the
using all possible fragment triplets. second subset was defined by excluding ligaptbtein com-

The 130 ligands with less than 22 rotatable bonds were plexes where the anchors did not match the positions of the
decomposed into 1438 fragments, with a maximum number of respective fragments in the X-ray structures. Therefore, the
21 fragments per ligand and a median of 11 (Figure 4). A total second subset was derived from the first subset by considering
of 109 unique fragments were identified. The three most frequent only the 22 test cases that had at least two anchors within 2 A
fragments were methane, formate, &hehethylformamide with ~ of the X-ray positions of at least two fragments of both the
an occurrence of 697, 301, and 158 times, respectively. Benzend®AIM triplet and the size-based triplet. For both subsets, the
was the most common cyclic fragment, with a frequency of DAIM triplet selection was again compared to the size-based
117. selection and a random selection. To neglect the inaccuracies

3.1. Contact Analysis. The fragment triplets chosen by of the scoring functipn used to rank the poses, all poses, and
DAIM, using the chemical richnegs (defined as the sum over ~ hot only the pose with the best energy, were compared to the
the DAIM fingerprint entries, i.e., employing only the 2D  X-ray structure.
structure of the ligand), reproduce the ranking according to the  3.2.1. Comparison with the Size-Based Triplet Selection.
number of contacts in the X-ray structures significantly better Figure 6 shows a graphical representation of the rmsds of the
than randomly chosen triplets (Figure 5). However, this result poses closest to the X-ray pose, irrespective of their rank in a
is mainly due to the fact that the sum of the DAIM fingerprint  scoring function. For the first subset, the result is clearly better
entries favors bulky fragments. The selection based solely onfor the dockings based on the DAIM triplet than for the triplets
the number of atoms in a fragment performs almost as well as obtained by choosing the largest fragments (20 and 15 cases
the DAIM selection (Figure 5). In fact, the fragment molecular out of 36 below 2 A, respectively). Remarkably, more than one-
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Figure 10. The acyclic fragments that occur in at least 1% of the molecules in the November 2005 version of the ZINC database.

third of the docking runs using the DAIM triplet generated at right of each bar in Figure 8) because the computational cost
least one pose with an rmsd from the X-ray structure of less would increase by a factor of between 1 and 2 orders of
than 1 A. The superiority of DAIM is even more pronounced magnitude.
when looking at the second subset. Here, docking with the 3.3, Analysis of Molecular Libraries. DAIM can be
DAIM triplet generated poses withi2 A of theX-ray structure  employed to automatically analyze the composition and diversity
in 19 out of 22 cases, whereas the size-based selection yieldedhf molecular libraries. As an example, a representative subset
a pose withi 2 A only in 14 out of 22 cases. As an example, of 1.85 million unique compounds of the November 2005
Figure 7 shows a ligand (progesteronexdfiemisuccinate) that  version of the ZINC databa¥ewas decomposed by DAIM into
was docked in a pose close to the X-ray structure into the Fab’ 186 789 unique fragments (in 29 h on a single Pentium IV 3.2
fragment of the DB3 antibody (PDB code 1dffinusing the ~ GHz CPU). It is interesting to compare the DAIM decomposi-
triplet suggested by DAIM, but was misplaced when using the tion of the ZINC database with a previous analysis, based on
triplet suggested by the size-based selection. atomic framework4546 of a database of 5120 known drugs
3.2.2. Comparison with a Random Triplet SelectionEvery (which is not publicly available) to assess the relevance of the
possible fragment triplet was used once in a separate dockingfragments generated by DAIM. It has to be noted, however,
run. The solutions obtained from these separate docking runsthat there are differences between the hierarchical approach used
were ranked according to the rmsd from the X-ray structure. by Bemis and Murck#?#®and DAIM. As an example, DAIM
Figure 8 depicts the normalized rankings. From top to bottom, does not treat rings connected by a linker as one scaffold
each dark gray/light gray bar represents one liggnwtein (“framework”), but always separates them (e.g., benzylbenzene,
complex out of the first subset of 36 ligand-protein complexes. the third most frequent framework in known drégérequency
The dark gray area of each bar represents the fraction of theof 68/5120) is decomposed into two benzene rings by DAIM).
total number of fragment triplets whose usage as SEED/FFLD For this reason, benzene, which is the most frequent fragment
anchors resulted in at least one pose with an rmsd from thein both databases (Figure 9), has a much larger frequency in
X-ray structure below 2 A. Given these fractions, the expectancy ZINC (42.2%) than in known drud® (8.5%). In fact, all
value to obtain results bel?2 A rmsd amounts to 5.87 out of molecules with a benzene ring contribute to the benzene count
36 ligand-protein complexes. This value indicates that by in DAIM. On the other hand, naphthalene and pyridine have
selecting a random triplet for each docking calculation, one comparable frequencies (1.88% and 3.66%, respectively, in
would obtain on average six cases with at least one pose withZINC and 0.59% and 0.82% in the known drugs). The main
an error belw 2 A rmsd from the X-ray structure. Furthermore, difference between ZINC and the known drugs is the occurrence
by random selection of triplets, the probability to generate poses of aromatic heterocyclic five-rings (Figure 9), of which there
with an rmsd below 2 A in 20 or more cases (the number is only one appearance among the 41 most frequent frameworks
obtained by always using the triplet suggested by DAIM) is in known drug¥® (imidazole, frequency of 19/5120). Conversely,
less than 0.28%. For the second subset of 22 test cases, chandeo steroid-derived scaffolds are present in ZINC, despite the
selection (note that not all triplets might have SEED anchors fact that there are five among the 41 most frequent frameworks
within 2 A of the X-ray position) yields an expectancy value in known drugsj‘.5 The most frequent acyclic fragments identified
of 4.24 and a probability of 1.44% to do equally well or better by DAIM (Figure 10) appear also among the most frequent
than the docking using the DAIM triplet. Thus, using the DAIM ~ acyclic substituents (“side chains”) in known drd§sThis
suggestion of a fragment triplet, poses are generated close tosimilarity is probably due to the easy synthetic accessibility of
the X-ray structure significantly more often than when using a certain functional groups.
random triplet. Finally, it has to be emphasized that it is not  In spite of the differences between the DAIM decomposition
feasible in high-throughput docking of large libraries to use all and the approach used in the previous analysis of known
fragment triplets for each compound (the numbers to the drugs?>6 it appears that frameworks and side chains in



Decomposition of Molecules for Docking

Table 1. High-Throughput Docking Campaigns in which DAIM was
Used To Decompose Libraries of Commercially Available Compounds

target Nimo® Nrag® Niv© Ninnd ref
[-secretase 306 022 4917 10 1 5
[-secretase 2476 188 20 0 5
[-secretase 391 14 42 1 5
pB-secretase 306 022 4917 24 3 6
[-secretase 10 067 469 64 7 6
EphB# 728 202 35513 30 3 Kolb et al.,

in preparation

aNumber of molecules docked by DAWSEED-FFLD. ® Number of
unique fragments resulting from the decompositionNafo; molecules.
¢ Number of molecules tested in vitrtbNumber of identified inhibitors with
an 1Gy < 100 uM. ©Erythropoietin producing human hepatocellular
carcinoma receptor tyrosine kinase B4.

commercially available molecular libraries reflect the chemical
features present in drug molecules.

4. Conclusions

DAIM is an automatic and efficient procedure for decompos-
ing molecules and prioritizing the resulting fragments as a first
step in fragment-based high-throughput docking. Here, DAIM

Journal of Medicinal Chemistry, 2006, Vol. 49, No7 2%L

(provided that the fragments are available). An advantage of
using DAIM-generated fragments, instead of filtering existing
libraries for compounds with very low molecular weight, is that
DAIM keeps track of the covalent bonds “cleaved” in the
decomposition. This information is useful for estimating the ease
of synthesis of de novo designed molecules. Finally, the ability
of DAIM to compare fragments via their fingerprints can be
exploited for suggesting bioisosteric replacements. In this
approach, one or more functional groups of a given inhibitor
are replaced by different functionalities of similar size and
physicochemical properties but more favorable ADMET (ab-
sorption, distribution, metabolism, excretion, and toxicity)
properties'849

Availability of DAIM. The program DAIM as well as its
documentation and test cases are available for free to not-for-
profit institutions.
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protein, the DAIM rules (i.e., elimination of “central” fragments
and ranking according to the chemical richnesg)(perform
equally well as the prediction based on the fragment size alone.
On the other hand, the triplets of fragments suggested by DAIM
on the basis op, are crucial for the correct placement of a
ligand, because the docking solutions obtained by prioritizing
fragments with DAIM are more often close to the X-ray

structure than the ones obtained with the size-based selection.

Because the two sets of 130 triplets overlap only at 80%, it can
be concluded that DAIM is able to identify small fragments
with a very high contact/size ratio.

To evaluate the usefulness of DAIM for the analysis of large
collections of molecules, DAIM was used to decompose 1.85
million compounds from the ZINC databa¥eThe decomposi-
tion took only 29 h and yielded a list of most frequent cyclic
and acyclic fragments very similar to the one obtained by an
analysis of atomic frameworks in 5120 known drdg$despite
the differences in the approach used as well as size and
composition of the two libraries. This similarity indicates that
most molecules in commercially available libraries contain the
scaffolds and functional groups most frequently observed in
known drugs.

Recently, we have successfully applied DAIM to decompose
compounds from several libraries for a total of more than one
million molecules, which has resulted in the discovery of several
low molecular weight micromolar inhibitors gf-secretase®
and the receptor tyrosine kinase EphB4 (erythropoietin produc-
ing human hepatocellular carcinoma receptor B4, Table 1). It
has to be emphasized, however, that the usage of DAIM is not
limited to docking together with SEED/FFLD. Thg-based
ranking produced by DAIM can also be employed to select the
best anchor fragment for use with other docking programs that
require only one anchor (e.g., FleXX

Other possible applications of DAIM include de novo ligand
design and hit improvement. For de novo design, DAIM could
be employed to decompose (virtual) libraries into small mo-
lecular fragments and use the fingerprint to prioritize them for
docking. These databases of fragments could then be used fo

design by growing or pharmacophore searches or even experi-

mental techniques such as NMR and X-ray crystallography
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