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Wepresent an analysis of the chemical fragments from lead-like ligands in the ProteinData Bank (PDB)
that form hydrogen bonds to the side chains of Asp, Glu, Arg, and His, which are the most common
residues found in ligand binding sites. A fragment is defined as the largest ring assembly containing the
atoms involved in hydrogen bonding. In total, 462 fragments were found in 2038 ligands from over 8000
protein-ligand structures in the PDB. The results show which fragments have a higher propensity for
interaction with specific side chains. Some fragments interact with Asp but not withGlu, and vice versa,
despite these side chains sharing the same chemicalmoiety. Arg side chains form hydrogen bonds almost
exclusively with O-mediated ligands, and the fragments are the most diverse. Hydrogen bond distances
from the imidazole of His showed a wider range than the other three amino acids.

Introduction

During the past 10 years, fragment-baseddrugdiscovery1-4

has become an established and successful paradigm. It is
commonly used to discover new chemical entities against a
protein drug target. Small chemical structures or fragments
(usually of 150-250 molecular weight and weak affinity) are
screened to probe the protein’s binding site to identify larger
andmore potent bindingmolecules.Althoughmost platforms
are laboratory-based, in silico techniques are emerging.5Most
computational methods employ well-established virtual
screening techniques such as docking or pharmacophore
generation together with a library of low molecular weight
“fragments” to identify ligands that have a high probability of
binding.6 Free-energy calculation by systematic sampling
followed by de novo assembly of fragments has also been
developed.7 Small fragment databases are usually generated
by analyzing drug-related databases, such as the World Drug
Index.8 Analyses of data frommolecular databases have been
used to characterize molecular frameworks,9 property,10 di-
versity, and privileged scaffolds for different drug-related
molecular databases. These databases provide useful infor-
mation on the variety of fragments and their drug-like or lead-
like properties, without the linking information on target or
protein-ligand interactions.

Protein-ligand interaction information and ligand chemi-
cal structures can be retrieved from many established web-
baseddatabases suchasRelibase,11PDBsum,12,13andPDBe.14,15

Searches can be by protein name, protein sequence, molecule

name, formula, simplified molecular input line entry specifi-
cation (SMILESa) string, or a sketched molecular fragment.
A comprehensive review of these databases has recently
been published.16 However, given a new target protein, it is
still hard to determine what kind of scaffolds or fragments
chemists should try. Identification of the chemical fragments
that preferentially interact with particular protein side chains
in a binding site could provide a head start for library design
work.

Our knowledge of the three-dimensional (3D) structures of
protein targets of course plays a major role in designing and
optimizing compounds that bind to specific targets. Cur-
rently, the number of macromolecular structures publicly
available from the Protein Data Bank (PDB)17 is close to
60K entries, of which about 37K entries have bound ligands.
The 3D structures of protein-ligand complexes provide a
wealth of information for understanding how proteins inter-
act with different chemical fragments, and functional
groups.18 To date, analyses of specific ligand/side chain
interactions in the structures of the PDB have tended to focus
on single ligand atoms rather than chemical fragments. Thus
the analyses that underpin SuperStar19 or MED-SuMo,20 the
former analyses derive from the 3D distributions of specific
ligand atoms types about different protein side chains while
the latter applies a heuristic based on 3D representation of
macromolecular surfaces such as H-bond acceptor and hy-
drophobic. These two methods are similar to those with
pharmacophore generationmethods (chemical physical prop-
erties are merged-e.g. H bond from Asp or Glu), while
our new method lists the fragments from the interaction with
each amino acid. The results, for example, the difference
in fragment interaction with Asp and Glu will not be dis-
covered if the interaction is combined. Relibase, too, provides
superposition of a particular ligand/fragment with protein
side chains/functional groups, revealing their interaction
modes of a related protein family. For a medicinal chemist,
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however, chemical fragments (and chemical functional groups)
are of more interest and value than single atoms.

In this study, we identify chemical partners or fragments
that commonlybind to side chains of four specific amino acids
via hydrogenbonding interactions. There are, of course,many
ways of defining fragments or scaffolds depending on the aim
of the study.9,21 In this paper, our aim is to bring out the most
important proximate chemical features that form hydrogen
bonds with the protein side chains. Therefore, a ring assembly
seems to be a good choice. Simple functional groups linked to
alkyl chains may be important for binding but these will be
considered in a separate study. Therefore, we defined a
fragment as the largest ring assembly containing the atoms
involved in hydrogen bond(s) to one of the side chains.
Among the 20 amino acids, at least 12 (especially charged
amino acids: Asp, Glu, Arg, and Lys) can form hydrogen
bonds with their side chains. However we chose Asp, Glu,
Arg, and His for their reported importance in protein binding
sites. For example, Villar andKauvar found that in 50 diverse
protein binding sites, His, Arg, and Asp were more frequently
in contact with the ligand than other side chains.22 In another
study, Bartlett et al. have found that His, Glu, Asp, and Arg
accounted for 55% of all catalytic residues in enzyme active
sites.23 In this study, we examined only hydrogen bonding
interactions with the ligand. The process followed in the
analysis is illustrated in Figure 1. The interaction information
for a given amino acid side chain and its partner ligand is
extracted from PDBsum, the interacting fragment of the
ligand is identified and the fragments collated, only relatively
high resolution <2.1 Å structures were used. This process
extracts the preferred fragments for a given amino acid side
chain and should allow chemists to bias the compositions of a
library to enable a higher hit rate. We find that fragments
interacting with Asp and Glu are surprisingly conservative
especially for those forming two hydrogen bonds. Fragments
interacting with Arg and His are more diverse. The data can
serve to inform a fragment-based approach to drug design
as well as being useful for targeting binding hot spots in
protein-protein interactions.24

Results and Discussion

Fragment Definition and Extraction. For each ligand, the
chemical fragment involved in hydrogen bonding to the
protein side chain of interest was identified as illustrated in

Figure 1. Figure 1a shows a LIGPLOT25 diagram of the
hydrogen bonding interactions between a ligand andprotein.
Figure 1b shows a chemical representation of the ligand, and
Figure 1c shows the interacting fragment. The chemical
fragments were abstracted from ligands that interact via
hydrogen bonds with protein side chains. We define the
interacting fragment as the largest ring assembly containing
the atoms involved in the hydrogen bond(s). Other substit-
uents on the ring assembly are removed if they are not
involved in the hydrogen bond to the relevant protein side
chain. The removal of other substituents that are not in-
volved in hydrogen bonding will reduce the number of
different fragments, thus making the statistics of fragments
studied more relevant. It was apparent that this definition
did not capture information for functional groups such as
sulfonamide, urea, and hydroxamic acid linked to alkyl
chains. However, the choice of our fragment definition was
designed to maximize the information retrieval of drug like
fragments.26 Alkyl chains introduce greater degrees of con-
formational freedom andmight be expected to be disfavored
as drug fragments. In our analysis, we had to strike a balance
between retrieval of “drug like” fragments and rejecting
useful binding information. Thus the rules utilized are
broader than a simple Rule of Three definition27 such as
employed for a fragment library for screening. The molecu-
lar weight range 100-800 is far outside a Rule of Three
definition or even Lipinski28 drug likeness guidelines. In
addition, we collected the information on motifs such as
amidines, even though they may have problems in terms of
oral bioavailability. The purpose of this study is to identify
the most common binding units (or fragments) without
prejudice. If the information is being used to design a screen-
ing library, then factors such as the suitability of groups for
an oral indication can come into play. A detailed description
of the fragment extraction process is in the Materials and
Methods section.

Acidic and Negatively Charged Residues-Asp and Glu.

The pKa values for Asp and Glu side chain carboxylates
are 3.9 and 3.3, respectively,29 and are negatively charged at
physiological pH. The carboxylic group is capable of form-
ing hydrogen bonds with other molecules either through one
or both oxygens. In this study, we will examine these two
categories separately. In general, from more than 5000 PDB
complexes 159 and 143 unique fragments were found forAsp

Figure 1. Definition of fragment motif: (a) LIGPLOT of PDB code: 1fjs. The hydrogen bonding interaction between the ligand Z34 and the
Asp side chain is highlighted in a rounded box; (b) structure of ligand N-[2-[5-[amino(imino)methyl]-2-hydroxyphenoxy]-3,5-difluoro-
6-[3-(4,5-dihydro-1-methyl-1H-imidazol-2-yl)phenoxy]pyridin-4-yl]-N-methylglycine (ZK-807834, ligand code: Z34). Extracted fragment in
square box; and (c) extracted fragment with hydrogen bonding atoms in blue.
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and Glu, respectively. These fragments together with their
frequency of occurrence, ligand codes, PDB codes, and
PDBsum links are listed in Tables S1 and S2 in the Support-
ing Information. The atoms that can mediate hydrogen
bonds are nitrogen (most frequent), oxygen, and sulfur.
There are only four S-mediated fragments for Asp and Glu
combined.

Fragments Binding Both Oxygens of Asp and Glu Side

Chains.Onewould expect that the hydrogen bond fragments
found for Asp and Glu would be similar because they both
have carboxylic acid side chains. Indeed, their O-mediated
fragments are similar (Table 1). However, their N-mediated
fragments are quite different when both oxygens are engaged
in hydrogen bonding.

In Asp, when both oxygens of the carboxylic acid moiety
are involved in hydrogen bonding with ligands, the aryl
amidine-mediated fragments (Table 1) occur the most fre-
quently (11 fragments). The amidine group forms two hy-
drogen bonds beautifully with the carboxylic acid group in a
typical linear fashion through a pair of N-H 3 3 3O interac-
tions as shown in Figure 1a. In contrast, this type of inter-
action is not common for Glu, as only two fragments are
foundwith the amidine group and their frequency is low. The
amidine group fragment is mostly found in binding with
serine proteases, such as trypsin, thrombin, and factor Xa,
where it binds with Asp in the active site. Serine proteases
accounted for almost 1200 PDB entries (out of 3851) in this

study. Other nonamidine containing groups, either in ring
structures or alkyl chains, have been used to target these
families.30 Nonamidine containing ring fragments in low
frequency were found for these proteins. Figure 2 lists one
example for trypsin, thrombin, and factor Xa. However,
these fragments form H-bonds with only one oxygen from
the side chain ofAsp. For example, the fragment aminobenz-
isoxazol (Figure 2c) has been used to target various serine
proteases but depending on what scaffolds it was attached to
showed different activities in different serine proteases.31 The
low frequency of these fragments in our data set is probably
due to the pragmatism of the experimentalists; inhibitors
known to bind to a given protein are likely to be tried for
related family members.

Only 2 and 5 guanidine containing fragments are found for
Asp and Glu, respectively, with the most common ones
shown in Table 1. The phenylguanidine fragment extracted
from interaction with Asp side chains came from 14 unique
ligands, 9 (corresponding to 9 PDB entries) of thembound to
the carboxypetidase B family while the rest to serine pro-
teases (4 unique ligands, 6 PDB entries). For Glu, the five
guanidine containing fragments came from nitric oxide
synthase (ligand ARR in 1vaf and 1vag), thrombin (4CP in
2bvr), and neuraminidase (e.g BCZ in 1l7f, G20 in 2qwf, and
GNA in 2qw3). In the case of thrombin, Glu192 is not at the
center of the active site but rather near the P50 and P60

pockets.32

The most frequent N-mediated fragments found for Glu
are mainly guanine-like and adenine-like bases, which allow
two hydrogen bonds to form to the carboxylate through two
adjacent nitrogens (Table 1). Only one each fragment of
hydroxamic acid and urea are found for Glu (see Supporting
Information Table S2) but none forAsp. Although relatively
rare, the 1,2-dihydropyrazines (found only in the Asp data set)
are an attractive double H-bonding group to carboxylates.33

The cyclic diols are extremely common double H-bond
forming fragments. The three most common examples
shown in Table 1 do not display the full diversity of this
group (see Supporting Information Tables S1 and S2).
Natural sugars (see the ribose like fragment in Table 1,
bottom) are predominant, but other cyclic diols are very
common. Although the diol is the interacting group here, the
ease (in chemical synthesis terms) with which this can be
accommodated within larger scaffolds goes some way to
explaining the high frequency of this fragment.

Fragments Binding a Single Oxygen of Asp or Glu Side

Chains.TheN-mediated fragments of bothAsp andGlu that
bond via one oxygen of the carboxylic acid to the nitrogen
show, as might be expected, a greater diversity than the
double H-bond fragments. The highest frequency examples
are shown in Table 2. Fragments can be from heterocyclic
rings or amines, sulfonamides, or amide groups attached to
ring systems. Some proteins bind to a diversity of fragments.
For example, haem enzyme cytochrome C peroxidase (CCP)

Table 1. Fragments Showing Two Hydrogen Bonds to Asp and Glu
Side Chainsd

a f is the frequency of the generic fragment found in the Asp and Glu
data set. bAtoms involved in hydrogen bonding are in bold-type.
Hydrogen atoms are not shown for chemical structures as these are
not visible in most X-ray data. c n is the frequency of the unique ligand
containing the fragment appearing in the PDB bound to the Asp/Glu
side chains. dWn represents an inserted CH2 or a functional group.

Figure 2. Fragments that form a single hydrogen bond with the
Asp side chain found in serine proteases. The amino group only
interacts with one oxygen to the Asp side chain.
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is a membrane-bound hemoprotein that is essential for
electron transport. For this single protein, 14 fragments are
found as shown in Figure 3.

For O-mediated interactions, the interacting fragments
involving either single or both oxygens are similar. Both
Asp and Glu interact mainly with hydroxyl oxygen (50
fragments). Most of them are sugar-like structures. The rest
of the fragments are carboxylic acids (9 fragments). In cases
like these, either the carboxylic acid from the Asp/Glu side
chains or the ligand must be protonated. For example, the
carbonyl group of one carboxylic acid is hydrogen bonded to

the hydroxyl group of the other (see for example 1oxr in
PDBsum). Unfortunately, it is impossible to distinguish
which is which from the X-ray PDB structure. In the case of
S-mediated fragments, two each are found for Asp and Glu.

Basic and Positively Charged Arg. Arg is positively
charged at pH values below its pKa, which is 12. Therefore,
Arg is entirely a hydrogen bond donor in proteins.34 Argi-
nine is well designed to bind the phosphate anion. It is often
found in the active centers of proteins that bind phosphory-
lated substrates35-37 as well as in DNA binding to bases,
such as guanine, thymine, and adenine.38 In fact, the most
frequent functional groups that interact with Arg are phos-
phate and phosphonate groups and they are exclusively alkyl
linked so are not included in the present analysis. The whole
fragment set found for Arg, together with their frequency of
occurrence, ligand codes, PDB codes, and PDBsum links are
listed in Supporting Information Table S3.

A total of 130 unique fragments were found for Arg. Arg
can form hydrogen bonds through O, N, F, Cl, and S-
mediated ligands. Table 3 shows the generic structures and
examples of highest frequency fragments. Almost 90% of
them are formed through O-mediated fragments (see
Table 5). This suggests that it will be most efficient to target
Arg with O-mediated fragments/ligands. Among the O-
mediated fragments, the most popular ones are carboxylic
acids (52 cases), hydroxyl (29 cases), and carbonyl (27 cases)
groups. Only 12 N-mediated fragments are found. Other
most common functional groups linked fragments found are
nitro, sulfonyl, and amide.

Table 2. Fragments Showing OneHydrogen Bond to Asp andGlu Side
Chainsd

a f is the frequency of the generic fragment found in the Asp/Glu data
set. bAtoms involved in hydrogen bonding are in bold-type. Hydrogen
atoms are not shown for chemical structures as these are not visible in
most X-ray data. c n is the frequency of the unique ligand containing the
fragment appearing in the PDB bound to the Asp/Glu side chains. dWn
represents an inserted CH2 or a functional group.

Figure 3. Fragments hydrogen bonding with Asp side chain found
in cytochrome c peroxidases. (a) Frequency of occurrence (number
of PDB retrieved) is listed for each fragment. (b) Number of unique
ligands is listed for that fragment.

Table 3. Fragments Showing Hydrogen Bonds to Arg Side Chaind

a f is the frequency of the generic fragment found in the Arg data set.
bAtoms involved in hydrogen bonding are in bold-type. Hydrogen
atoms are not shown for chemical structures as these are not visible in
most X-ray data. c n is the frequency of the unique ligand containing the
fragment appearing in the PDB bound to the Arg side chain. dWn
represents an inserted CH2 or a functional group.
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Basic Residue His.His is the only amino acid with a pKa in
the physiological range, with a pKa of 6. The imidazole ofHis
makes it a common participant in enzyme catalyzed reac-
tions. His has a high frequency coordinating to almost any
metal.39 Themost frequent ones areZn, Cu, Fe, andMn.The
unprotonated imidazole is nucleophilic and can serve as a
general base, hydrogen bond donor and acceptor, while the
protonated form can serve as a general acid and hydrogen
bond donor. In any case, either hydrogen can serve as a
hydrogen bond donor or acceptor. However, X-ray crystal-
lography cannot resolve hydrogen atoms in most protein
crystals and so hydrogens are absent from the coordinates.
Thus it is difficult to determine which state the His is in when
bonding to another molecule. In this study, we did not try to
distinguish if the His side chains are hydrogen bond donors
or acceptors.

His, unlike Arg, can form hydrogen bonds favorably with
both N and O-mediated fragments. His can form hydrogen
bonds through O, N, F, Cl, and S-mediated ligands. The
whole fragment set found for His, together with their fre-
quency of occurrence, ligand codes, PDB codes, and
PDBsum links, are listed in Supporting Information Table
S4. Table 4 shows the generic structures and examples of
highest frequency fragments. Among the 140 unique frag-
ments found for His, there are more O-mediated (86 cases,
63%) fragments thanN-mediated (36 cases, 26%) ones. Like
Arg, the most frequent functional group is the phosphate
group (129 cases), yet the phosphate group was not observed
linked to any ring system.Most of theO-mediated fragments

are hydroxyl groups (44 cases), followed by 28 cases of
carbonyl and 18 cases of acids (numbers may not total 86
because some fragments have more than one functional
group that can form hydrogen bonds with His). Other
functional groups linked fragments such as sulfonyl, sulfinyl,
sulfonamide, and nitro are observed at low frequency.

TheN-mediated fragments aremainly nitrogen containing
heterocyclics, except for four cases where the interacting
amine (three fragments) or guanidine (one fragment) group
is attached to a ring system. The most frequent fragment is
imidazole (15 cases). Because His frequently coordinates to
metal in proteins, the ligands that bind to these active/
binding sites have a high occurrence of binding to metal
too. Nine sulfonamide fragments are found in our data set
that attach to a ring system, and only one hydroxamic acid
containing fragment was found in this study.

Analysis of the Whole Data Set. Table 5 shows some
general statistics of the data retrieved. At first glance, it
seems thatAsp andArg both have farmore PDB entries than
those of Glu and His. Using PISCES (protein sequence
culling server)40 to remove the redundant entries (sequence
identity between twoprotein sequences ofmore than 80%41),
it emerged that there are many more entries retrieved from
Asp (2428 entries) over Glu (1043), Arg (1568), and His
(1019).

Another interesting observation is that there are relatively
few unique ligands fromArg compared to those of Asp, Glu,
and His. The diversity ratio (number of unique fragments/
number of unique ligands) in Table 5 measures the diversity
of the fragments for all the ligands of each amino acid.When
the diversity ratio is high or approaching 1, all the fragments

Table 4. Fragments Showing Hydrogen Bonds to His Side Chaind

a f is the frequency of the generic fragment found in the His data set.
bAtoms involved in hydrogen bonding are in bold-type. Hydrogen
atoms are not shown for chemical structures as these are not visible in
most X-ray data. c n is the frequency of the unique ligand containing the
fragment appearing in the PDB bound to the His side chain. dWn
represents an inserted CH2 or a functional group.

Table 5. Analysis and Statistics for the Four Amino Acids

aThe number of PDB entries was counted before filtering of un-
wanted ligands. This included all PDB entries where ligands have
hydrogen bonding with the amino acid side chains. bThe number of
nonredundant PDB entries was calculated using PISCES33 as described
in text. cThe name of protein family was retrieved directly from the title
entry in PDB. dThe number of unique ligandswas counted after filtering
of unwanted ligands. eThe ratio is obtained by (number of unique
fragment/number of unique ligands). It measures the diversity of the
fragment motifs for all the ligands of each amino acid. fMixed category
involves more than two heteroatoms in the same ring assembly having
hydrogen bonds with the same amino acid. The two heteroatoms are
usually N and O.
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from their individual ligandswill be different fromeach other
(most diverse). When the diversity ratio is small and ap-
proaching zero, there are more redundant fragments from
different ligands.Asp,Glu, andHis have a similar ratio, 0.16,
while Arg (0.18) is higher. It suggests that there is more
variety of fragments (more diverse) that interact with Arg in
the PDBeven though the number of unique ligands forArg is
the smallest in this study.

The four amino acids form hydrogen bonds with ligands
through electronegative heteroatomsN, O, F, Cl, and S. The
number of fragments via different heteroatoms is analyzed in
Table 5, together with their percentage. In general, the acidic
side chains of Asp and Glu have a higher tendency to form
hydrogen bonds with N-mediated fragments, while basic
residues, Arg and His, have a higher tendency to form
hydrogen bonds with O-mediated ones. Most interesting is
that Arg almost exclusively forms hydrogen bonds with
O-mediated ligands (91%), suggesting it couldbemost effective
to use O-mediated fragments to form hydrogen bonds with
Arg. Fluorine and chlorine atoms have interesting bonding
characters in protein-ligand interaction.42-44 Despite the tra-
ditional view of being hydrogen bond acceptors, there is also

evidence that theymay be hydrogen bond donors. Among all
our ring fragments, F and Cl attached to ring systems
are only detected with low frequency for Arg and His side
chains but not at all with those of Asp and Glu. This may
suggest that it is not effective to target the side chains of the
amino acids in this study with F or Cl.

In Figure 4, the hydrogen bond distances between ligand
and side chain measured between two heteroatoms are
reported. The measured distances were between O-O,
N-O, and N-N atoms, as coordinates of H atoms are not
usually reported in X-ray structures. Typical distances be-
tween two heteroatoms ranged from 2.5-3.5 Å. The range of
bond lengths of different types of hydrogen bond found in
this study is in line with the typical values.45 The trend is that
O-O being the shortest, while N-N the longest due to the
atomic radii of these atoms.

In the N-O category, the mean hydrogen bond distances
for Asp, Glu, and Arg are around 2.8-3.0 Å. However, in
His, the mean value is slightly shorter, around 2.6-2.8 Å.
Also its bond value distribution is more spread out. This
implies that His, as a hydrogen bond acceptor or donor, has
the ability to form a wider range (stronger to weaker) of

Figure 4. Hydrogen bond distances between ligand and side chain. (a) O-O type for hydrogen bonds for Asp andGlu; (b) N-O type for Arg
and His, and O-N for Asp and Glu; (c) N-N-type for Arg and His where X-Y corresponds to X from side chain and Y from ligand.
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hydrogen bonds with ligands, depending on the bonding
environment in the ligand binding sites.

In theN-Ncategory, themean hydrogen bond value (3.2 to
3.4 Å) between His and other N-containing ligands tends to be
longer. This suggests weaker hydrogen bonds compared to
those formed by Arg. Most of the PDB entries in this category
areZnbindingproteins.His coordinates toZnaswell as ligand.
In this case,His is donating electrons to themetal and therefore
forms a weaker hydrogen bond with ligand.

Our data set contains structures from all enzyme classes as
well as from various receptor families. In Figure 5, the
protein family distributions for each amino acid are shown
as pie charts. In general, five protein families dominate:
hydrolase, oxidoreductase, transferase, lyase, and isomerase.
In Asp andGlu, their family distribution profiles are similar.
However, in Arg, the top protein family is oxidoreductase.
The domination of enzymatic classes over receptor families
indicates that in almost all cases, hydrogen bonding interac-
tion is a requirement in enzymatic active sites.

Use of the Data. The fragments compiled heremay be of use
to medicinal, computational scientists, and biological science
researchers as a compendium of fragments known to interact
with the four side chains analyzed here. The interactions these
fragments make with the side chains can be examined in 3D or
using the 2D schematics diagrams of LIGPLOT.

Another way of using this analysis might be to direct de novo
fragment-based design efforts, where a typical work flow con-
sists of docking a fragment into the binding site of the target
protein, choosing the best orientation and then using this as a
starting point for the attachment of substituents with the aim of
targeting a new area where other interactions might be made
within the binding site. For example, in the case of anAsp in the
binding site, one might begin an in silico exercise by docking all
the fragments (for Asp) provided from this study into the
binding site. Our fragments will represent a more focused (for
Asp) subset compared to the common fragments generated
from known drug databases. Many docking programs and
scoring functions have been reviewed for their performance in
fragment-based drug design.46,47 Next, one could grow the
fragment into a single ligand using one of several algorithms,
such as SPROUT,48 FieldStere,49 or ReCore.50

In addition, the statistics from the study provide powerful
suggestions. For example, when targeting Arg for successful
hydrogen bonding, O-mediated ligands should be used. The
modificationof fragments, for thecreationofdenovo fragments,
or ease of synthesis, or accommodation of other substituents,
could be easily done by using chemist’s intuition and experience
or by computational analysis such as bioisostere analysis. How-
ever, if 3D binding site information is available, our fragment
atlas will add weight to a 3D computational approach.

Conclusions

We have gathered hydrogen bonding information between
ligands and four types of protein amino acid side chain from
the PDB database. The vast amount of data retrieved enables
us to analyze the fragments that form hydrogen bonds with
the amino acid side chain in question. Our results enable
researchers to quickly generate hypotheses regarding binding
fragments for a given binding site.

The choice of our fragment definition was designed to
maximize the information retrieval of drug like fragments
(amino acids and peptides were excluded). This analysis also
identifies binding from diverse heterocyclic fragments such as
observed for the Asp carboxylate group.

From the perspective of drug design, the similarity in
residue utilization at binding sites for unrelated proteins
observed in this study indicates that limits may exist to the
possible types of interactions with other molecules. For
example in the case of trypsin, a benzamidine group is the
most frequently utilized fragment to bind to Asp in the active
site. Consequently, some types of chemical structures should
be favored for interaction with amacromolecule. Such limita-
tions may account for the observed presence of particular
substructural fragments across pharmacologically diverse
classes of chemicals that elicit their action by blocking a
recognition site. Alternatively, the appearance of common
fragments may only reflect the limited variability of currently
available chemical libraries from which drugs are derived.
The results of this paper will be useful for directing new
synthetic chemical efforts based on knowledge from the past.

In summary, this analysis of chemical fragments provides
information that is useful for drug design, especially in the

Figure 5. Family distribution based on the title information abstracted from the PDB.
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area of fragment-based design, chemical library design, and
selection of screening compounds. Research into the fragment
preferences of different amino acids for other interactions, such
as hydrophobic and cation-π would complement this study.

Materials and Methods

Data Set. The data set for this study was compiled in April
2009 and was taken to be all released PDB entries at that time,
solved by X-ray crystallography to a resolution of 2.1 Å or
better, and containing proteins in complex with small-molecule
ligands. This gave a set of approximately 26000 structural
models. Hydrogen bond interactions between the ligands and
specific protein side chains in these complexes were extracted
from the data files in PDBsum using a series of in-house Perl
scripts. PDBsum is a web atlas of all PDB entries and provides
various structural analyses of the models, including schematic
LIGPLOT diagrams of protein-ligand interactions. The inter-
actions are calculated using the HBPLUS program,51 which
identifies potential hydrogen bonds and nonbonded contacts.
These data are stored in text files which are publicly accessible
from the PDBsum13 web site. The data were scanned to identify
all ligands interacting with any of the four side chains of interest.
For each ligand, its 3D coordinates, together with those of the
interacting side chain were extracted from the parent PDB file
and translated into MDL SD format52 for further processing.

Filtering Rules for Ligands. The side chains examined in this
study were those of amino acids Asp, Glu, Arg, and His. The
analysis of this paper focused on lead-like ligands. There are
many definitions of lead-like properties. Among them, the
Lipinski Rule of Five (Ro5) is probably the best known and
most used. The Ro5 is MW e 500, number of hydrogen bond
donors (HD)e 5, number of hydrogen bond acceptors (HA) (or
number of N and O together)e 10, and logPe 5. Oprea and his
group have also extensively analyzed lead-like and drug-like
properties. Inoneof their recent papers,53 they included in their data
set compounds from phases I to III. Their properties extend to
a larger rangeof values, e.g.,MWcanbeas largeas 760andclogP>
6. Inour study,wewanted tocapturemorecompounds that satisfied
lead-likeness. In Table 6, rules 1-7 have reflected this selection.

Interacting ligands were filtered to leave those considered
most relevant to medicinal chemists and were identified using
the filtering rules shown in Table 6. These include selection of
physical and chemical properties (Table 6, rules 1-7) to ensure
lead-like properties and rules to exclude artifacts such as solvent
molecules and impurities (rules 8-10). Other irrelevant macro-
molecules (rules 11-13) were also removed. The filtering was
done using scripts written for the cheminformatics software
package Pipeline Pilot. A full list of excluded ligands and het
groups is provided in Supporting Information Table S5. For
each ligand, the “interacting fragment” was then manually
defined, as illustrated in Figure 1, and the counts of each
fragments’ hydrogen-bonded interactions with the four side
chains of interest in this study were compiled and analyzed.

Fragment Identification and Extraction. The process of iden-
tification of fragments was manual. Initially the interaction
between a ligand and the protein was visually examined using
the LIGPLOT (2D) diagrams in PDBsum, in 3D using RasMol
(again from the relevant PDBsum ligand page), and the text file
generated by LIGPLOT detailing the H-bond interactions
(bond length, interacting atoms, etc) as mentioned in the section
of Data Set. Once all the fragments had been identified and
classified they were drawn with ISISDraw and saved as mol,
SMILES, and sd files. Retrospective computer programs were
written after this effort. In general, two Pipeline Pilot scripts
were written for each amino acid separating the N- and
O-mediated interactions. For Asp and Glu, two extra Pipeline
Pilot scripts were written to separate the 2 and 1-oxygen inter-
actions. This script performed a series of 2D substructure
searches (using the Substructure Filter from File component)

from the mol files generated above and gave statistics of the
frequency of fragments observed (using the Generate Frequen-
cies component). For example (as illustrated in Figure 6), for the
set of ligands that has O-mediated interaction with Arg side
chain, the script will read in the SMILES strings (using the
SMILES Reader component) of the ligands that has only
O-mediated interaction with Arg side chain, then the program
performs substructure searches of all the fragments we have
reported in Supporting Information Table S3.2 and S3.4. The
scripts allowed us to examine if any ligand had not been categori-
zed by fragment type. Each ligandwill only be categorized once. In
addition, a series of C-programs were written. They use the mol
files generated and performed a graph matching to the original
ligand to retrieve the atomnames lost during the conversion tomol
files and allow the analysis of which fragments H-bond to which
side chains and generate the tables in the Supporting Information.
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fragments, their frequency of occurrence, related ligand codes,
PDB codes, and their PDBsum links for Asp, Glu, Arg, andHis,
respectively. Table S5 lists the excluded ligands and het groups.
Thismaterial is available free of charge via the Internet at http://
pubs.acs.org.

Table 6. Filtera Criteria Used to Retrieve Relevant Ligands from the
PDB

rule criteria

1. 100 < molecular weight (Da) < 800
2. number of atoms >5
3. only atoms H, C, N, O, P, S, F, Cl, Br, I
4. number of oxygen and nitrogen atoms <16
5. number of hydrogen donor atoms <8
6. number of rotatable bonds <16
7. not metal ion or inorganic compound, such as AlF3

8. not a common solvent used in X-ray, such as GOL (glycerol),
EDO (1,2-ethanediol), TRS (2-amino-2-hydroxymethyl-
propane-1,3-diol)

9. not an impurity or unknown, such as UNX, UNK, UNL,
ARG, O, C, N

10. not negative ion, such as NO3
- (nitrate), SO4

2- (sulfate)
11. not an amino acid
12. not a common sugar or lipid
13. not a common cofactor, such as ATP, ADP, SAM, SAH,

NAD, and FAM
aA complete list of filtered ligands and het groups is included in Table

S5 in the Supporting Information.

Figure 6. Flowchart to illustrate fragment 2D substructure search
process in Pipeline Pilot.
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