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ABSTRACT: Druglike molecules are defined by Lipinski's rule of 5, to characterize
fragment thresholds, they have been reduced from 5 to 3 (Astex's rule of 3). They are
applied to assemble fragment libraries, and providers use them to select fragments for
commercial offer. We question whether these rules are too stringent to compose
fragment libraries with candidates exhibiting sufficient room for chemical subsequent
growing and merging modifications as appropriate functional groups for chemical
transformations are required. Usually these groups exhibit properties as hydrogen bond
donors/acceptors and provide entry points for optimization chemistry. We therefore
designed a fragment library (364 entries) without strictly applying the rule of 3. For
initial screening for endothiapepsin binding, we performed a biochemical cleavage assay
of a fluorogenic substrate at 1 mM. “Hits” were defined to inhibit the enzyme by at least
40%. Fifty-five hits were suggested and subsequently soaked into endothiapepsin
crystals. Eleven crystal structures could be determined covering fragments with diverse binding modes: (i) direct binding to the
catalytic dyad aspartates, (ii) water-mediated binding to the aspartates, (iii) no direct interaction with the dyad. They occupy
different specificity pockets. Only 4 of the 11 fragments are consistent with the rule of 3. Restriction to this rule would have
limited the fragment hits to a strongly reduced variety of chemotypes.

■ INTRODUCTION

The steadily increasing disclosure of novel and interesting
target structures for therapeutic intervention, often stimulated
by results from proteomics and structural genomics, increas-
ingly demands efficient strategies to discover first leads to
interfere with protein function. In the 1990s high-throughput
screening and combinatorial chemistry have been established to
resolve the bottleneck for an efficient lead discovery.
Subsequently, virtual computer screening has been added as
an alternative to complement these approaches. However,
success rates were not as expected and the size of the
discovered hits was in the range of common drug molecules not
leaving much space for optimization without significantly
exceeding the molecular weight limit of about 500 g/mol.1 To
better evaluate the size of a discovered hit with respect to its
achieved potency, the concept of ligand efficiency2 was
introduced. Highly efficient leads exhibit good potency
combined with low molecular weight.
Advances in biophysical techniques to detect protein−ligand

binding and increasing success to acquire structural information
about protein−ligand complexes by crystallography3−5 or NMR
spectroscopy6−8 allowed the pushing of the limits of the
compounds to be screened to lower molecular weight.
Particularly NMR and surface plasmon resonance (SPR) are

nowadays supposed to be reliable enough to detect very small
and weak binders which exhibit sufficient and convincing
potency (“high” ligand efficiency).2 Other approaches intend to
screen directly with proteins in crystalline state.5,9 Fragment-
type10 leads appear as a special challenge, as they provide (once
characterized in terms of a crystal structure) wide opportunities
for optimization into prospective drug candidates. Many
examples have meanwhile been described in the literature,
and an impressive number of reviews have been written,11−22

mostly developed in industry or specialized small biotechnology
companies along the following targets: HSP90,23−28 different
kinases,29−36 phosphatases,37−39 antibacterial and anti-infective
targets,40−44 BCL-2,45 and BACE.45−48

Druglike molecules are usually defined by Lipinski's rules
(“RO5”).1 This “rule of 5” tries to summarize properties that
are needed to achieve oral availability which is essential for an
active substance as prospective candidate for clinical trials.
Similar rules have been defined for fragments and became
popular as Astex's “rule of 3” (“RO3”).10 These rules reduce the
various thresholds from 5 to 3. In particular, the crucial
molecular weight is <300 g/mol, the number of hydrogen bond
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donors and acceptors is ≤3, XlogP is ≤3,10 the number of freely

rotatable bonds is ≤3, and the polar surface area is ≤60 Å2. As a

consequence, for fragment libraries assembled and offered

commercially, many providers over the past years try to stick to

these rules and select the fragments that largely conform with

Astex's “RO3”.

In this contribution, we critically ask whether these rules are
too stringent for a fragment library holding candidates that
leave sufficient room for subsequent chemical modifications. In
terms of strategies focusing on fragment growing and fragment
merging, an appropriate number of functional groups is
required. Frequently, these groups display properties as
hydrogen donors and/or hydrogen acceptors. They can be

Figure 1. Distribution of physicochemical and structural properties across the library entries.
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used also as synthetic handles to start the required optimization
chemistry. Therefore, we designed a small fragment library
without adhering strictly to the RO3 criteria for fragments but
that should be well suited for crystallographic screening and
follow-up chemistry. Subsequently, we screened endothiapepsin
with this library. Besides finding new fragment binders for this
protease and their crystallographic characterization, we were
interested to find out how well the discovered fragments agree
with the Astex's “RO3”.
Endothiapepsin serves as a model system for the large group

of pepsin-like aspartic proteases. In this family there are many
proteins that are involved in serious diseases such as malaria
(plasmepsins), fungal infections (secreted aspartic proteinases),
Alzheimer’s disease (β-secreatase), and hypertension (renin).
In the 1980s this protein was the working horse for the
development of blood pressure depressions before the crystal
structure of renin became available. This emphasizes the
relevance of endothiapepsin as a suitable reference protein. In
the past it has already been successfully used as a model system
by others. Here, it provided important information for
understanding the details of the catalytic mechanism49 as well
as developing renin inhibitors.50 Endothiapepsin was also a
successful model in discovering novel fragments binding to β-
secretase.51

■ RESULTS
Library Design. Initially, we asked several chemical

suppliers (ASINEX, ChemBridge, MayBridge, InterBio Screen,
LifeChemicals, Enamine, Specs, Vitas M Laboratory) to name
their commercially offered compounds with ≤20 non-hydrogen
atoms, including only C, N, O, F, Cl, Br, P and an availability of
at least 100 mg. In spring 2009, this resulted in 238 224
compounds. Since the library was intended to be screened
crystallographically, fragments containing strong X-ray scatter-
ers such as bromine were considered advantageous. Because of
the high molecular weight of such electron rich atoms, we
restricted the size of our fragments by the number of non-
hydrogen atoms instead of molecular weight. Thus, we defined
the fragments to have between 8 and 20 non-hydrogen atoms.
The range of the molecular weight in the final library is
between 122 and 359 g/mol with an average of 224 g/mol
(Figure 1, Table 1).

Next we filtered for particular functional groups to discard
potentially toxic, unwanted, or chemically unstable moieties.
The applied filters are similar to those developed by Baurin and
colleagues at Vernalis.52

All physicochemical properties have been calculated under
the assumption of standard protonation states at physiological
pH conditions using MOE.53 Rotatable bonds were not
restrained (Figure 1). Therefore, the number of rotatable
bonds in the final database varies from 0 to 7 with an overall

average of 1.7 (Table 1). The log P value was calculated within
the MOE software (clogP(o/w))53and was filtered to be ≤3.
For particular chemical motifs the threshold was expanded to
5.4 (Figure 1). Thus, the calculated lipophilicity spreads from
−1.25 to 5.39 with a mean of 1.58 (Table 1).
For hydrogen-bond acceptors we filtered differently from the

“RO3” to be more comparable to the “RO5” criteria.1 There
the number of hydrogen-bond acceptors is multiplied by a
factor of 2 considering 10 hydrogen-bond acceptors as
appropriate. Transferring this factor to the “RO3” for
fragments, six hydrogen-bond acceptors are acceptable. In
special cases only, we allowed fragments to exceed this number
of hydrogen-bond acceptors as upper limit (Figure 1). In the
final fragment library the hydrogen-bond acceptor range falls
between 1 and 7 with an average of 3.7. The hydrogen-bond
donors have been selected to be in agreement with the original
“RO3”. Only a few chemical scaffolds had a larger number of
hydrogen-bond donors so that this property finally varied from
0 to 4 with an average of 1.3. For the total polar surface area
(TPSA) we increased the threshold from 60 to 80 Å2. Again, we
allowed some chemotypes to deviate from this upper threshold.
In the final library the TPSA ranged between 15 and 126 Å2

with a mean of 52 Å2.
The filtered fragments were clustered, manually prioritized,

and selected by visual inspection to avoid strong accumulation
of similar chemotypes and to cover a sufficient range of
deviating chemical scaffolds. Every entry was requested to
contain at least one ring system. The overwhelming majority
shows one or two ring systems (frequently fused) and about
20% with three ring systems.
Considering in detail the finally selected 364 compounds of

our library, 141 fragments conform to the “RO3” whereas 223
fragments do not agree with the respective criteria. In terms of
stereochemistry, 55 compounds comprise at least one stereo-
genic center. For chiral compounds usually the racemates have
been purchased. Finally, experimental solubility was determined
to be >1 mM for 76% of the compounds (Figure 1).
Considering upper and lower threshold limits of the “RO3”,
we exceeded the ranges of all considered rules, but with respect
to the average values our selection fell well into the limitation of
the rules. Only the average number of acceptors was clearly
beyond the range set by the original “RO3”. Purity of the
compounds was checked, and apart from 22 entries sufficient
purity could be registered.
Validating the Library on Endothiapepsin. To validate

the suitability of our library for fragment screening purposes, all
entries were tested against endothiapepsin in a fluorescence-
based competition assay. All compounds were screened at 1
mmol/L concentration. Due to insufficient solubility under the
applied assay conditions 14 fragments were excluded and
another 18 compounds could only be screened at 500 μmol/L.
Finally, 17 entries were excluded from the assay screen because
of self-fluorescence.
For the screen, the hit criterion was set to at least 40%

inhibition of protein function, suggesting 55 entries to enter a
subsequent crystallographic screen. The fragments were soaked
into native endothiapepsin crystals in mixtures of two
compounds. Principally, screening cocktails of several frag-
ments at a time speeds up the search and provides the chance
to discover cooperative binding. However, simultaneous
soaking of multiple compounds enhances the risk of
competition for the same binding site and will reduce the
maximally possible ligand concentration in the mother liquid.

Table 1. Physicochemical Parameters of the Library

parameter min max average

no. of heavy atoms 8 20 15
MW [g/mol] 122 359 224
Lipinski donor 0 4 1.3
Lipinski acceptor 1 7 3,7
log P −1.3 5.4 1.6
free rotabtable bonds 0 7 1.7
TPSA (Å2) 15 126 52
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We therefore decided to use mixtures of only two compounds,
as we expected the overwhelming part of fragments to interact
with the catalytic dyad. In this case, one compound of such a
mixture was identified in a crystal structure; the other one was
soaked again in a different cocktail. Simultaneous binding of
two fragments was never observed.
In total, 11 crystal structures were obtained (Figure 2). The

hit rate of the fluorescence-based assay with 55 hits out of a 364
membered fragment library is remarkably high. The observed
11 crystal structures out of the initially detected 55 hits suggest
that the composition of our assembled fragment library is
efficiently done and the complete initial screening based on the
fluorescence-based assay was a good filter.
Table 2 shows the assay results. The inhibition of

endothiapepsin ranges from 42% to 100%. The 40% inhibition
was set as threshold to accept a test candidate as “hit”. The 11
fragments of which we could determine a crystal structure are
highlighted. The % inhibition does not correlate with the
probability of penetrating into the crystals and successfully
revealing a crystal structure. Interestingly enough, we were not
able to successfully determine crystal structures of the eight
fragments, suggesting full inhibition in the fluorescence-based
assay; however, we were able to crystallize fragments with the
enzyme that displayed less than 50% inhibition.
To find meaningful parameters that correlate with successful

crystal soaking and structure determination, we closely
examined the crystallographically characterized fragments.
Table 3 lists the physicochemical parameters of these
fragments. The molecular weight ranges from 168 to 262
g/mol, which is in agreement with the Astex rules. All 11
fragments have between one and three donors. Remarkably, the
hydrogen-bond acceptors show a different picture. Six out of
the 11 hits possess four or more acceptors. Only five
compounds exhibit between one and three acceptors, the
number principally allowed by the “RO3”. Therefore, with
respect to the latter criterion, most of our discovered fragments
do not meet the Astex rules. Interestingly, 6 of the 11 hits
involve all their hydrogen-bond acceptors interacting with the
protein. The log P is in most cases below 3 and agrees with

Astex's “RO3”. Only one fragment displays a log P of 3.3 and
departs somewhat from these limits. The free rotatable bonds
range from 0 to 6. The majority has less than three free
rotatable bonds, and only two fragments differ and show four
and six rotatable bonds. Thus, the last two fragments infringe
on the Astex rules. The total polar surface area is in all cases
below 60 Å2 and thus fully agrees with the limitation set by the
rules.
In summary 7 of the 11 fragments that lead to a crystal

structure violate at least one parameter of Astex's “RO3”.

Figure 2. Chemical formulas of the 11 hits that successfully provided complexes in crystal structure analysis.

Table 2. Summary of the Screening Resultsa

fragment
%

inhibition fragment
%

inhibition fragment
%

inhibition

149 100 297 78 201 51
177 100* 186 76 065 50
178 100 333 76 291 50
236 100 175 75 041 49
238 100 301 75 088 47
042 99 040 73 137 47
064 99 063 66 188 47
017 97 252 64 261 47
306 93 224 63 051 46
003 92 159 60 141 46
168 92 183 60 140 45
005 89 335 60 216 45
083 89 134 57 295 44
109 89 176 55 362 43
284 87 192 55* 171 42
255 84 266 54*
290 84 267 54
142 80 308 53
161 80 222 52
093 79 148 51

aHits leading to a crystal structure are underlined and in italic font.
Values marked with an asterisk are measured at a 500 μmol/L
inhibitor; all other were measured at 1 mmol/L.
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Solubility has been discussed to be a crucial property.28 To
investigate the impact of solubility, we measured the aqueous
buffer solubility of our fragments at a pH of 7.4. During library
design we applied computer tools54,55 and property calculations
to select fragments with expected high solubility. The most
important parameter to predict this property was log P, which
varied from −1.25 to 5.39 with an average of 1.58 (Table 1).
The measured solubilities are presented in Table 4 and Figure

1. A total of 36 fragments could not be evaluated because of
self-fluorescence. 76% of the fragments show solubility greater
than 1 mmol/L, indicating a quite successful computational
selection procedure. To further characterize the discovered
crystallographic hits, we compared the solubility of these
compounds with the assay hits and with all entries of the
library. As can be seen in Table 4 the solubility of the assay hits
varies over the entire solubility range with a slight tendency
toward better solubility. All fragments that also penetrate into
the crystals show a solubility of greater than 1.5 mmol/L. This
observation suggests that better soluble fragments are more
likely to show up as an assay hit. With regard to the probability
of penetrating into the crystals apart from reasonable inhibition
properties, pronounced solubility seems to be an even more
important aspect.
Analysis of the Crystal Structures. Endothiapepsin is

secreted by the fungus Cryphonectria parasitica. Like most
aspartic proteinases the protein is activated in acid medium.
After cleavage of the N-terminal propeptide the active protein
consists of 330 amino acids with a molecular weight of 34 kDa.
The catalytic site consists of two aspartates. While Asp35 is
deprotonated, Asp219 is supposed to carry one proton.49,56

This protonation state is stabilized by the surrounding amino
acids.57 In the uncomplexed state, a water molecule is bound
between the two aspartates. During the first step of proteolysis

this water molecule is able to attack the scissile bond of a
peptide, leading to its cleavage. The active site of the protein is
covered by the flap, a highly flexible β-hairpin loop. The
catalytic dyad and the most important pockets are shown in
Figure 3.

Eleven crystal structures of a fragment in complex with
endothiapepsin were obtained with resolutions ranging
between 1.25 and 1.90 Å. The soaked fragments disclose
their binding mode in all complexes by a well-resolved Fo − Fc
difference electron density and suggest population of at least
90%. The compounds show diverse binding modes that can be
divided into three categories: direct binding to the two catalytic
aspartates, binding to the two catalytic aspartates mediated by a
water molecule, and no direct interaction with the catalytic
dyad.
Direct binding to the two catalytic aspartates could be

observed in seven cases, making this the most prominent
interaction motif (Figure 4). Fragment 109 addresses the two
catalytic aspartates through its terminal nitrogen of the
hydrazine carbonyl moiety. The terminal nitrogen interacts
with both aspartates, and through a water molecule it is
bridging an interaction to Gly37 in the front part of the S1′
pocket. The major part of the ligand skeleton is orientated
toward the S1 pocket. The fragment is populated to 90% and
shows some disorder concerning the two terminal ethyl
substituents (Figure 4). Additionally, a DMSO molecule is
bound in the front part of the S4 pocket interacting with
Thr223.
Fragment 005 binds to the catalytic dyad with its exocyclic

amino group placed between the two aspartates. The
endocyclic nitrogen atom of the five-membered ring forms a

Table 3. Physicochemical Parameters of the Fragments Detected in a Crystal Structure

fragment heavy atoms weight53 (g/mol) Lipinski donor53 Lipinski acceptor53 log P 53 free rotatable bond TPSA53 (Å2)

005 10 169 2 2 2.2 0 38.4
041 19 262 1 5 1.6 3 50.8
063 15 204 1 4 1.0 4 47.3
109 15 207 3 4 1.0 2 58.4
148 19 251 1 4 2.2 2 46.9
216 13 261 3 2 3.3 1 49.9
255 19 251 1 4 1.8 3 46.9
284 18 253 1 3 2.0 6 32.7
290 12 201 3 2 2.9 2 49.9
291 18 242 1 4 1.7 2 43.4
306 12 201 3 2 2.9 2 49.9

Table 4. Solubility Data for Library Entriesa

all (364) (%) hits (55) (%) structure (11) (%)

ND 10 2 0
0 1 0 0
0−0.5 mM 6 2 0
0.5−1 mM 7 2 0
1−1.5 mM 10 14 0
1.5−2 mM 38 53 64
>2 mM 28 27 36

aSecond column: all data. Third column: for the 55 initial assay hits.
Fourth column: for the 11 fragments providing crystal structures. ND
= not detected because of self-fluorescence.

Figure 3. Left: Overall folding structure of endothiapepsin with the
catalytic dyad in the center. Right: Blow-up of the uncomplexed
binding pocket with the catalytic water and the two catalytic aspartates.
The adjacent specificity pockets S1′, S1, and S2′ are indicated on the
solvent accessible surface.
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hydrogen bond to Thr222 of the S2 pocket. The fused aromatic
benzene ring is located in the S1 pocket, performing a π
stacking with Tyr79 (Figure 4). In the case of the aspartyl
protease BACE, a ligand skeleton of similar topology has been
described as binding chemotype.58

Although fragments 148 and 255 are chemically similar, their
binding modes show interesting differences. 148 interacts only
with one of the catalytic aspartates (Asp35). In addition, a
hydrogen bond to Thr222 and to Gly221 is formed.
Furthermore, this fragment forms via the carbonyl oxygen of
the amide group, an H-bond to the NH group of Gly80. Its
benzimidazole moiety occupies the S1 pocket, while the phenyl
ring at the opposite end is orientated toward the S2 pocket. 255

binds above the catalytic dyad, forming hydrogen bonds to both
aspartates, another hydrogen bond is experienced via its
carbonyl amide group toward the flap addressing Gly80. The
larger fused 5−6 ring system occupies the S1 pocket similar to
the binding mode of 148. While 148 is addressing the S2
pocket, in this case the phenyl ring is pointing toward the S1′
pocket (Figure 4).
Fragments 216, 306, and 290 form the three most likely salt-

type hydrogen bonds toward the catalytic dyad by placing an
amidine group next to the two aspartates (Figure 4). All prefer
a paired double hydrogen bond with Asp35, whereas Asp219 is
only addressed via one single H-bond contact. It is difficult to
speculate on the most likely protonation state of the dyad

Figure 4. Seven crystal structures that directly interact with the two catalytic aspartates. Nitrogen atoms are in blue, oxygen atoms in red, ligand
carbon atoms in salmon, and protein carbons in white. The green mesh shows the Fo − Fc difference electron density at σ = 2.0.

Figure 5. Two fragments interacting with the catalytic aspartates by an interstitial water molecule. Nitrogen atoms are in blue, oxygen atoms in red,
ligand carbon atoms in salmon, and protein carbons in white. Fo − Fc difference electron density at σ = 2.0.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm200642w | J. Med. Chem. 2011, 54, 7784−77967789



regarding the observed binding mode.59 Usually Asp35 is
assumed to be fully deprotonated whereas Asp 219 should carry
one proton. Interestingly, for β-secretase a complex with an
amidine derivative similar to 306 and 290 has been reported
but with reverse orientation (PDB code 3KMX).48 Never-
theless, the distances across the catalytic dyad in β-secretase are
somewhat larger than in endothiapepsin, which might (with
some care) explain the deviating binding properties observed in
the former protease. The aromatic portions of the inhibitors are
positioned in front of the S1′ pocket. 306 and 290 vary only in
the position of the attached chlorine. While the para-attached
chlorine in 290 is pointing into the surrounding solvent
environment, the ortho-substituent in 306 enables the chlorine
to interact with Phe194. Here, the chlorine atom is pointing
with about 4 Å distance toward the plane of the Phe194 phenyl
ring. This geometry departs somewhat from the ideal
interaction pattern described for chlorine−aromatic ring system
contacts. In the structure of 216 an additional DMSO molecule
is found exactly at the same position as in the complex with
109.
Binding mediated via a water molecule can be observed for

63 and 291 (Figure 5). In both cases, the catalytic water
molecules bridge an interaction between a pyridine-type
nitrogen and the catalytic dyad.
The protein conformation remains unchanged across all 11

crystal structures. Especially the flap region, known to be
flexible, is found in close state and varies only slightly between
the different structures. Therefore, the fragments bury their
surface between 68% (216) and 83% (041, 109, and 005).
Similarly, the percentage of the hydrophobic buried surface
varies from 67% (216) to 93% (063). These values were
determined using the program MS with a probe radius of 1.4
Å.60

Besides the interaction with the catalytic aspartates, 63 forms
two hydrogen bonds with its secondary amino group at the
opposite end of the fragment. The functional group is
positioned between the flap aspartate (Asp81) and Ser115.
The central part of the fragment binds to the S1 pocket.
291 also addresses Asp81 with a nitrogen. The pyridine ring

is able to perform a π-stacking with Tyr79. The benzdioxane
moiety reaches into the S3 pocket.
41 and 284 show no direct or supposedly very weak and

extended interactions with the two aspartates of the catalytic
dyad (Figure 6). 41 interacts with the flap residues by forming
two hydrogen bonds, one through the hydrogen at the
piperidine nitrogen to the terminal carboxylate group of
Asp81 and one via its amide carbonyl to the backbone NH
group of the same residue. The adjacent amide nitrogen forms a
hydrogen bond toward Thr222 in front of the S2 pocket. The
aromatic piperonyl ring system is pointing toward the S1′
pocket, whereas the hydrophobic portion of the piperidine ring
occupies the S1 pocket.
284 forms hydrogen bonds via its hydroxyl function to the

backbone nitrogen of Gly80 of the flap and via its pyrrolidine
nitrogen to Gly221 at the bottom of the binding pocket. As this
pyrrolidine nitrogen is most likely protonated under the acidic
buffer conditions applied for soaking, a second rather long H-
bond contact (3.5 Å) is formed to the water molecule hosted at
the pivot between both aspartates of the catalytic dyad. The
hydrophobic portion of the pyrrolidine moiety occupies the S1
pocket, while the opposing aromatic ring is orientated toward
the S2 pocket.

The different electron densities of 41 and 284 are less well-
defined compared to the other nine fragments, indicating a
rather large residual mobility of the fragments in the binding
pocket. Probably this observation is due to the fact that these
fragments are not in direct contact with the strongly fixed, most
likely negatively charged catalytic dyad.
An overlay of all crystal structures is shown in Figure 7 and

Figure 8. Almost the entire volume of the various subpockets of

this protease is occupied by the different fragments. Besides
binding to the catalytic dyad, several preferred interactions can
be observed. The following interactions highlight some of these
contacts. Seven compounds (005, 041, 148, 255, 284, 291, and
109) orientate a hydrophobic ligand portion toward the S1
pocket. A ligand carbonyl group addressing the backbone
nitrogen of the flap aspartate is observed in three cases (041,
148, 284). Thr222 at the bottom of the binding pocket is
addressed by an NH functionality of 005 and 148. Remarkably,
all these interactions are also observed for pepstatin, a well-
known highly potent inhibitor of most aspartic proteases not
designed by a medicinal chemistry program but optimized by
microorganisms using principles of evolution.
Although the most prominent interactions with the protein

are also experienced by known inhibitors such as pepstatin, our
fragment screen affords seven new interaction patterns with the

Figure 6. Fragments showing no direct interaction to the two
aspartates. Nitrogen atoms are in blue, oxygen atoms in red, ligand
carbon atoms in salmon, and protein carbons in white. Fo − Fc
difference electron density at σ = 2.0.

Figure 7. Overlay of all 11 fragment structures. The binding pocket is
in surface representation, and specificity pockets are indicated. Carbon
atoms are colored in salmon, nitrogen in blue, oxygen in red, chlorine
in green, and fluorine in cyan.
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catalytic dyad not reported previously for pepsin-like aspartic
proteinases.
A closer inspection of the binding poses suggests several

ways to replace active-site water molecules. While in four of our
structures the catalytic water molecule is displaced by a most
likely charged nitrogen, the disordered water molecules found
in the S2 and S1′ pockets are substituted by hydrophobic ligand
portions. A water molecule found between Asp81, Ser83, and
Ser115 is not directly substituted but displaced by a secondary
nitrogen (063 or 284) or by a neighboring hydrophobic moiety
(109). In all fragments comprising an amidine functional group,
a water molecule binding to Gly37 is displaced by the second
nitrogen atom interacting with the oxygen atom of Asp35 being
more exposed to the binding site.

■ DISCUSSION

The fluorescence-based assay screening results and the
obtained crystal structures with endothiapepsin suggest that
the library has been convincingly well designed for crystallo-
graphic fragment screening, bearing in mind that this library
was assembled for all kinds of targets and not specifically for
aspartyl proteases. Nevertheless, this conclusion is preliminary
and based on the result of one single target, for which we
obtained 11 crystal structures out of the 364-membered library.
In this context it is worth mentioning that one of our industry
partners in the project screened the library for the
phophodiesterase PDE4 and found eight hits and for the
CHK1 kinase four hits (D. Ullmann, T. Neuefeind, Proteros
GmbH Munich, Germany, personal communication).
The solubility of the fragments in the assembled library is

very promising and emphasizes the importance of this property,
as 66% of the compounds showed at least a solubility of 1.5
mmol/L and 76% are at least soluble at 1 mmol/L. This
criterion is critical for success because fragments are weak
binders and therefore have to be applied in rather high
concentrations for crystallization and assay experiments.
As indicated earlier, the library design was not consistent

with the “RO3” of Astex. The assembled compounds are in
agreement with these rules with respect to molecular weight,
log P, and the TPSA. However, we cover a larger range
concerning the number of hydrogen-bond donors and in
particular acceptors and in the number of free rotatable bonds.
If we had designed a library strictly within the limitations of the
“RO3”, we would have missed seven fragments of our detected

hits for endothiapepsin. Particularly remarkable is the fact that
all four remaining crystallographically confirmed fragments
have amidine-like moieties and are in agreement with the rules.
However, with respect to drug design and medicinal chemistry
follow-up programs, they would provide a rather narrow range
of chemotypes. Clearly, a research study applying fragment-
based lead discovery expects a much broader range of chemical
diversity. Therefore, the strict threshold of less than three
donors and acceptors and the number of rotatable bonds is
questionable.
With respect to fragment growing and fragment merging a

sufficient number of synthetically accessible functional groups is
of utmost importance for subsequent chemical synthesis.
Alleviating these criteria enlarges the available fragment pool
and potentially leads to higher hit rates of binding fragments
suitable for further ligand design. As a matter of fact usually the
functional groups are motifs that show hydrogen-bond donor
or hydrogen-bond acceptor properties.

■ CONCLUSION

The suitability of a fragment library for successful crystallization
and follow-up optimization is not only determined by the
library design. The correct choice of the experimental screening
conditions is equally essential to discover reasonable hits. The
first step is usually a screening assay followed by a
crystallographic hit validation. In our case, we have chosen a
functional assay at 1 mmol/L compound concentration and
demanded at least 40% protein inhibition. On the one hand,
this criterion was quite successful, as we were able to determine
11 crystal structures out of 55 assay hits. On the other hand, it
is remarkable that according to our crystallographic screening
results, no obvious correlation between potency observed in the
assay and probability to receive a crystal structure can be
established. It might even be possible that there are still some
compounds with an even lower inhibition rate that would
penetrate into the crystals and disclose their successful binding
in a crystal structure. Picking fragments according to positive
assay results seems indicative but by no means reliable. In the
literature several protocols have been reported as screening
strategies which were based on techniques such as SPR, NMR,
biochemical functional assay, mass spectrometry, and replace-
ment titration experiments. Interestingly, hit lists were
generated showing sometimes minimal overlap. The physical
bases for these observations are still rather unclear. However,

Figure 8. Overlay of four fragments (light brown) (right) and pepstatin (purple) (left). The flap aspartate and Thr222 are shown in white. Two
interactions performed by pepstatin are marked with dashed lines.
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structure-based fragment lead discovery needs a well-resolved
structure as an entry point into a medicinal chemistry follow-up
program. Usually this is a crystal structure. Thus, the final
consequence of these observations might be to perform
fragment screening primarily on protein crystals, a perspective
presently not followed as the X-ray facilities would have to be
expanded and adapted to this strategy. Most setups are yet not
suited for this concept and would require further automation
and more frequent access to synchrotron beam time. We also
refrained up to now from such attempts, as it appears only
feasible with the required automation and approved access to
synchrotron beam time to include all 364 library fragments in
the screening process.
Nevertheless, in this project 11 crystal structures with a

fragment bound to endothiapepsin could be determined. These
fragments show diverse binding modes filling up almost the
entire volume of the various specificity pockets. They can be
divided into three different categories which include direct
contacts to the catalytic aspartates, binding mediated by a water
molecule, and no direct binding to the catalytic dyad. The
various binding modes provide novel ideas to address the active
site of aspartic proteases. The fragment structures are also
suitable to elucidate experimentally the hot spots of binding. An
alignment of all structures enables us to “map out” possible

interaction patterns and binding motifs with the protease.
Remarkably, pepstatin, a potent nonselective aspartyl protease
inhibitor, uses prominent interactions highlighted by our
fragments to achieve potent binding.

■ MATERIALS AND METHODS
Inhibition Assay. Endothiapepsin was purified from Suparen

(provided by DSM Food Specialties) by exchanging the buffer to 0.1
M acetate buffer, pH 4.6, using a Vivaspin 20 with a molecular weight
cutoff at 10 000 Da. The protein concentration was measured by
absorbance at 280 nm assuming an extinction coefficient of 1.15 for 1
mg/mL solutions.61

A 100 mM stock solution in DMSO was prepared for all
compounds of the fragment library. Because of solubility reasons in
18 cases, only 50 mM could be achieved. Fourteen compounds were
not soluble in DMSO and therefore excluded from the screen. As
substrate we used Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2 (pur-
chased from Bachem). The assay was performed with a Tecan
Safire2microplate reader at an excitation wavelength of 337 nm and an
emission wavelength of 414 nm. The Km of the substrate toward
endothiapepsin was determined to 1.6 μM. The assay buffer (0.1 M
acetate buffer, pH 4.6, containing 0.01% Tween 20) was premixed with
the substrate and the screening compound, whereas the protein was
added directly before measurement. The final reaction volume was 200
μM containing 4 nM endothiapepsin, 1.8 μM substrate, and 1 mM test
compound (or 500 μM in the cases where a 50 mM stock solution was

Table 5. Crystallographic Data (Part 1)

bound fragment, PDB code

parameter 109, 3PBZ 005, 3PBD 148, 3PMY 255, 3PM4 216, 3PCW 290, 3PLD

Data Collection and Processing
collection site BL 14.2 in-house BL 14.2 in-house BL 14.2 BL 14.3
λ (Å) 0.918 41 1.541 78 0.918 41 1.541 78 0.918 41 0.894 40
space group P21 P21 P21 P21 P21 P21
unit cell parameters
a (Å) 45.1 45.3 45.4 45.2 45.3 45.3
b (Å) 73.3 73.1 73.1 73.5 73.1 73.0
c (Å) 52.4 52.7 52.8 52.5 52.5 52.8
β (deg) 109.2 109.8 109.6 109.2 109.5 109.6
resoln (Å) 30−1.48 30−1.70 30−1.38 40−1.68 20−1.25 40−1.40
highest resoln shell 1.51−1.48 1.73−1.70 1.40−1.38 1.71−1.68 1.27−1.25 1.42−1.40
unique reflns 51 357 35 536 65 186 37 129 86 999 63 118
Rsym (%)a 5.8 (25.5) 4.6 (20.8) 4.6 (21.9) 4.1 (21.2) 3.6 (18.9) 5.9 (33.0)
completeness (%)a 95.5 (86.0) 99.5 (99.3) 97.7 (87.5) 100 (100) 98.0 (84.5) 99.3 (97.6)
redundancya 2.7 (2.0) 2.8 (2.6) 3.0 (2.0) 3.9 (3.6) 3.6 (2.1) 3.1 (2.6)
I/σ a 15.9 (2.7) 29.4 (4.7) 22.1 (3.8) 31.4 (6.0) 27.9 (3.9) 18.5 (2.4)

Refinement
final Rfree 17.9 19.6 16.2 19.3 15.0 16.6
final Rwork 12.8 15.3 12.2 15.3 11.6 12.9
no. of water
molecules

260 323 292 303 304 300

Ramachandran plot
most favored regions
(%)

94.2 92.8 94.6 93.9 93.5 94.6

additional allowed
regions (%)

5.8 7.2 5.4 6.1 6.5 5.4

mean B factors (Å2)
protein atoms 14.2 16.3 11.4 16.5 12.0 13.0
water molecules 27.7 28.7 25.4 28.4 26.3 26.7
ligand (fragment) 28.3 28.6 31.0 20.5 21.5 23.7
ligand (other)b 27.6 24.4 17.5 25.0 24.3 19.9
rmsd bond length (Å) 0.009 0.007 0.011 0.008 0.013 0.010
rmsd bond angle
(deg)

2.7 2.4 2.7 2.5 2.8 2.7

aValues in parentheses are for the highest resolution shell. bOther ligands are glycerol and/or DMSO.
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used). Blanks were prepared in the same way using DMSO instead of
the compound stock solution. During measurement the fluorescence
increased because of substrate cleavage. For data analysis the initial
slope of the fluorescence in the compound containing wells were
compared to the initial slope of the blanks. Each compound was
measured twice. The final result represents the average of both
measurements.
Crystallization and Structure Determination. Crystals of

unbound endothiapepsin were grown similarly as described
previously.51 We used the sitting drop vapor diffusion method and a
crystallization temperature of 16 °C. The drops contained 2 μL of
protein solution (5 mg/mL) and 2 μL of mother liquor. The reservoir
solution consisted of 1 mL of 0.1 M NH4Ac, 0.1 M acetate buffer, pH
4.6, and 26% PEG 4000. Crystals were ready for soaking after about 2
weeks. For each compound, a 1 M stock solution in DMSO was
prepared. The crystals were soaked 1−2 days in reservoir buffer
containing 25% glycerol and a mixture of two compounds, each at a
final concentration of 50 mM. To ensure a clear identification of the
bound fragment, the two compounds were chosen by maximal
chemical shape diversity. If the compound precipitated, the deposit
was ignored. After soaking, the crystals were flash-frozen in liquid
nitrogen. If one compound of a cocktail showed binding, the other one
was subsequently soaked again in a different mixture or separately. 109
was soaked alone for practical reasons. In two cases (255, 148) the
bound compound was soaked again because the difference density was
not sufficient for placement of the fragment. These compounds were

soaked without an additional fragment. In both cases the difference
electron density improved significantly.

In-house data sets were collected on a sealed Cu fine focus X-ray
device using a MAR345 image plate. Synchrotron data sets were
collected at BESSY beamline 14.2 or 14.3 in Berlin. Bessy beamline
14.2 provides a Rayonix MX-255 CCD detector, beamline 14.3 a
Rayonix SX-165mm CCD detector. All data sets were collected at 100
K and processed using HKL2000. Details about the data collection and
data reduction are listed in Tables 5 and 6.62

The structures were determined by molecular replacement using the
program Phaser.63 Search model was the 0.9 Å structure of
endothiapepsin bound to a short peptide (PDB code 1OEW). For
cross-validation of the refinement 5% of the reflections were chosen at
random for inclusion in the Rfree set. After initial simulated annealing
with CNS, refinement was done using SHELXL.64 During the last
cycles of refinement of the structures containing 109, 148, 216, and
290, anisotropic refinement was applied. The structure containing
fragment 284 was refined using PHENIX.65 After each cycle the
models were inspected and subsequently improved using Coot.66 In
most structures some unexplained difference density remained after
refinement. This additional density which also occurred in the binding
pocket is probably due to the high amount of soaked compound
leading to unspecific binding. It is also possible that this indicates some
DMSO molecules showing limited occupancy, as only in two
structures fully occupied DMSO molecules could be assigned. To
determine the Fo − Fc difference electron density next to the binding
pocket (shown in all figures), the fragments have been removed from

Table 6. Crystallographic Data (Part 2)

bound fragment, PDB code

parameter 306, 3PLL 63, 3PB5 291, 3PI0 41, 3PGI 284, 3PMU

Data Collection and Processing
collection site BL 14.3 in-house BL 14.3 in-house BL 14.2
λ (Å) 0.894 40 1.541 78 0.894 40 1.541 78 0.918 41
space group P21 P21 P21 P21 P21
unit cell parameters
a (Å) 45.2 45.3 45.3 45.3 45.2
b (Å) 73.1 73.0 73.0 72.8 73.7
c (Å) 52.7 52.5 52.7 52.8 52.5
β (deg) 109.6 109.5 109.4 109.6 109.3
resoln (Å) 40−1.73 30−1.90 40−1.64 30−1.90 20−1.43
highest resoln shell 1.76−1.73 1.93−1.90 1.67−1.64 1.93−1.90 1.45−1.43
unique reflns 32 328 25 453 38 684 25 348 59 547
Rsym (%)a 7.2 (34.7) 7.2 (30.0) 5.3 (33.3) 6.5 (28.7) 7.3 (42.9)
completeness (%)a 96.4(94.7) 100(99.6) 98.0(97.2) 99.2(96.0) 99.4(98.2)
redundancya 3.1 (2.8) 4.0 (3.6) 3.0 (2.6) 3.6 (3.2) 3.1 (2.7)
I/σ a 13.2 (2.6) 19.0 (4.1) 20.4 (3.0) 26.7 (4.3) 14.3 (2.3)

Refinement
final Rfree 22.0 22.2 18.4 21.5 18.9
final Rwork 16.3 16.1 15.1 16.2 16.5
no. of water molecules 236 237 254 239 264
Ramachandran plot
most favored regions
(%)

93.1 92.8 94.2 93.1 93.9

additional allowed
regions (%)

6.9 7.2 5.8 6.9 6.1

mean B factors (Å2)
protein atoms 14.8 17.1 13.0 21.4 13.7
water molecules 24.9 27.5 25.4 30.6 24.5
ligand (fragment) 18.2 30.8 25.5 46.0 32.9
ligand (other)b 22.3 32.2 24.8 40.4
rmsd bond length (Å) 0.007 0.006 0.008 0.006 0.005c

rmsd bond angle (deg) 2.4 2.2 2.5 2.2 1.1c

aValues in parentheses are for the highest resolution shell. bOther ligands are glycerol and/or DMSO. cLow values are due to stronger geometrical
restrains used in PHENIX compared to SHELXL.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm200642w | J. Med. Chem. 2011, 54, 7784−77967793



the structural models and after additional cycles of refinement the
maps were generated.
Solubility Assay. A 500 μM buffered compound solution is

prepared using a 10 mM compound stock solution in DMSO. This
solution is transferred into three wells (100 μL/well, triplicates) of a
96-well filtration plate (Millipore; 0.2 μm, hydrophilic PVDF,
Durapore-MSGVN2250) and incubated at room temperature for 90
min while agitating at 100 rpm (sample wells). In parallel the same
solution is transferred into three wells (100 μL/well, triplicate) of a 96-
well, UV transparent plate (Greiner, no. 655801) prefilled with 100
μL/well acetonitrile, thereby ensuring complete dissolution of the
compounds (control wells). In order to separate the precipitate from
dissolved compound, the filtration plate is centrifuged (2000 rpm, 5
min, room temperature). The filtrates are collected directly in the wells
of the UV transparent plate. After addition of 100 μL/well acetonitrile
to the filtrate wells, absorbance spectra are taken (250−500 nm).
Spectra of the sample and control wells are integrated and averaged
over the triplicates. Kinetic solubility is calculated by 500 μM ×
(integral sample wells/integral control wells).
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†The PDB accession codes of crystal structures in this
contribution are as follows: 3PBZ, 3PBD, 3PMY, 3PM4,
3PCW, 3PLD, 3PLL, 3PB5, 3PI0, 3PGI, 3PMU.
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