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Abstract We report an investigation designed to explore

alternative approaches for ranking of docking poses in the

search for antagonists of the adenosine A2A receptor, an

attractive target for structure-based virtual screening. Cal-

culation of 3D similarity of docking poses to crystallo-

graphic ligand(s) as well as similarity of receptor–ligand

interaction patterns was consistently superior to conven-

tional scoring functions for prioritizing antagonists over

decoys. Moreover, the use of crystallographic antagonists

and agonists, a core fragment of an antagonist, and a model

of an agonist placed into the binding site of an antagonist-

bound form of the receptor resulted in a significant early

enrichment of antagonists in compound rankings. Taken

together, these findings showed that the use of binding

modes of agonists and/or antagonists, even if they were

only approximate, for similarity assessment of docking

poses or comparison of interaction patterns increased the

odds of identifying new active compounds over conven-

tional scoring.

Keywords Molecular docking � Virtual screening �
Binding modes � Compound ranking � 3D similarity �
Protein–ligand interaction fingerprints

Introduction

Virtual screening (VS) of compound databases is a widely

applied approach in pharmaceutical research to comple-

ment biological screening and aid in the identification of

active compounds [1, 2]. Typically, VS is used to prioritize

database compounds for in vitro assays. VS approaches can

roughly be divided into structure—and ligand-based

methods. Structure-based (SB) methods [3] such as dock-

ing [4] make use of the target structure-usually a protein—

as a screening template, whereas ligand-based (LB)

methods [5] utilize structural information from known

active compounds in the search for new chemical entities.

SBVS and LBVS approaches are not mutually exclusive

and can be combined in a variety of ways [6]. For example,

we have recently introduced a hybrid SB/LBVS method-

ology consisting of docking and ligand 3D similarity

analysis [7]. This approach involved docking and the

generation of ligand poses followed by assessing the 3D

similarity of modeled poses and crystallographic binding

modes of known active compounds. 3D similarity analysis

was facilitated by calculating atomic property density

functions of test compounds and quantifying their overlap

[8, 9]. The underlying idea is to replace conventional force

field-based scoring functions, yielding energy scores, with

a 3D similarity measure for compound ranking. In bench-

mark calculations, 3D similarity-based compound rankings

were found to produce higher recall of active compounds

than scoring functions for a variety of targets [7]. By

design, this hybrid docking/similarity approach is knowl-

edge based, as it explicitly takes known crystallographic

binding modes into account. Accordingly, it is not appli-

cable in cases where no X-ray structures of ligand–target

complexes are available as references.
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In the present work, we have applied and further

extended this modeling and ranking protocol in a case

study on one of the structurally best characterized G pro-

tein coupled receptor (GPCR) [10], i.e. the adenosine A2A

receptor [11]. In recent years, GPCR structural biology has

provided a much improved basis for SBVS [12, 13]

applications on this eminent family of therapeutic targets

for the treatment of a variety of central nervous system

disorders, cancers, or inflammatory diseases [11]. X-ray

structures have provided unprecedented insights into the

conformational plasticity of ligand binding sites in GPCRs

and the often delicate balance of and subtle differences

between agonistic and antagonistic ligand effects. Such

structural insights have opened the door for SBVS appli-

cations [14]. However, major challenges for SBVS include

the variety of conformational effects that have been

observed upon ligand binding as well as the wide spectrum

of conformational states available to these integral mem-

brane proteins [10]. For the A2A receptor, several complex

X-ray structures have been determined with either agonists

or antagonists present bound in the orthosteric ligand

binding site, hence providing a sound basis for exploring

and exploiting binding modes of functionally distinct

ligands.

As an extension of 3D similarity analysis, we have also

used a protein–ligand interaction fingerprint (PLIF) [15] to

compare modeled and crystallographic ligand poses in the

search for A2A receptor antagonists. The calculation of

PLIFs also critically depends on ligand poses but does not

capture molecular similarity such as atomic property den-

sity functions. Rather, PLIFs account for interactions

within the target binding site that result from given binding

poses. Accordingly, the use of PLIFs is more related to

pharmacophore methods than whole-molecule similarity

assessment. Hence, comparison of PLIFs computed for

models and experimental reference ligands evaluates to

what extent crystallographic interactions are mimicked by

predicted poses, in accord with the pharmacophore

concept.

Different PLIF designs have been reported and applied

in docking and SBVS [16]. For example, Marcou and

Rognan used PLIFs to prioritize inhibitors of cyclin-de-

pendent kinase 2 over molecular decoys, demonstrating

superior performance compared to force field scoring [17].

Furthermore, Desaphy et al. [18] devised a PLIF-based

protocol to post-process docking poses. Moreover, Da and

Kireev reported the design of so-called structural protein–

ligand interaction fingerprints (SPLIF) [19], which were

then applied by Da et al. [20] to discover a series of Mer

kinase inhibitors.

In addition to evaluating alternative measures of binding

mode resemblance for ranking of docking poses, we have

analyzed whether or not the structure of an inactive form of

the adenosine A2A receptor provided an advantage over an

active conformation when searching for antagonists. Fur-

thermore, both antagonists and agonists as well as molec-

ular models derived from them were evaluated as reference

compounds for binding mode assessment, yielding some

surprising findings.

Materials and methods

Receptor structure selection and preparation

Fourteen structures [21–28] of the A2A receptor are cur-

rently available in the Protein DataBank (PDB) (Table 1).

These X-ray structures include complexes with five unique

antagonists and four agonists. For our analysis, we selected

an active (agonist-bound) [21] and an inactive (antagonist-

bound) [26] conformation of the receptor, with PDB codes

2YDV and 4EIY, respectively, on the basis of highest

resolution an lowest crystallographic R-factors. The

selected structures were prepared for docking using

Molecular Operating Environment (MOE) 2014.09 [15].

Bound ions, organic solvent, and water molecules were

removed from the receptor ligand binding domains used as

a template for docking. Potential benefits of including

water molecules in docking studies on the adenosine A2A

receptor have been stated previously [29]. Since we used

chemically diverse sets of ligands for docking, structural

water molecules interacting with specific agonists or

antagonists were not considered to avoid potential bias of

Table 1 X-ray structures adenosine A2A receptor–ligand complexes

PDB ID Resolution (Å) Ligand

Antagonist-bound structures

4EIY [21] 1.80 ZM241385

3EML [22] 2.60 ZM241385

3VG9 [23] 2.70 ZM241385

3VGA [23] 3.10 ZM241385

3UZA [24] 3.27 1,2,4-Triazine derivative

3PWH [25] 3.30 ZM241385

3REY [25] 3.31 XAC

3UZC [24] 3.34 1,2,4-Triazine derivative

3RFM [25] 3.60 Caffeine

Agonist-bound structures

2YDV [26] 2.60 NECA

4UG2 [27] 2.60 CGS21680

4UHR [27] 2.60 CGS21680

3QAK [28] 2.71 UK-432097

2YDO [26] 3.00 Adenosine

Fourteen currently available complex X-ray structures of the A2A

receptor are listed. Structures selected for docking are shown in bold
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benchmark calculations. Other preparation steps included

the addition of hydrogen atoms, computation of protona-

tion states and tautomers, assignment of partial charges,

and mild energy minimization (structural relaxation) using

the Amber10 force field until a root mean square (RMS)

gradient of 0.1 kcal/mol/Å2 was reached.

Ligand preparation

A benchmark set for the A2A receptor was extracted from

the DEKOIS 2.0 [30]. This set included 40 active com-

pounds and 1200 decoys. Activity annotations were con-

firmed on the basis of corresponding BindingDB [31]

records. Our analysis was focused on antagonists that

provide a much larger knowledge base for docking studies

than agonists. In addition, the only three known agonists

(BDB50085666, BDB50085668, and BDB50309479) pre-

sent in the benchmark set were retained together with 100

decoys selected from the ZINC database [32] by the

developers of the DEKOIS database that matched physic-

ochemical properties of these agonists. Hence, a final set of

37 antagonists, three agonists, and 1200 decoys was

obtained. An initial low-energy 3D conformation of each

ligand was generated with MOE and protonation states and

partial charges were assigned using the AM1-BCC imple-

mentation in MOE following a previously reported proto-

col [33], which was also was applied to prepare

crystallographic ligands for docking.

Docking and scoring

All docking trials were carried out using the Dock module

of MOE [15]. Coordinates of crystallographic ligands were

used to define the docking sites. A triangle matcher func-

tion was used to generate and 1000 docking poses for each

ligand. The top-30 best solutions according to the London

dG scoring function were pre-selected and further refined

and subjected to re-scoring using the GBVI/WSA dG

scoring function. On the basis of these two-step posing

protocol, the best pose of each ligand was used for ranking.

Additional force field-based rankings were generated by

scoring the selected poses using the London dG and Alpha

HB scoring functions [34, 35]. Force field-based rankings

were then compared to similarity—and PLIF-based rank-

ings, as specified in the following.

Similarity calculations

Similarity to experimental binding modes was quantified

using the property density function-based 3D similarity

measure [6] and the PLIF implementation of MOE [15]. On

the basis of this implementation, receptor–ligand contacts

were classified into six types of interactions including side

chain-mediated hydrogen bonds (donor and acceptor),

backbone-mediated hydrogen bonds (donor and acceptor),

ionic interactions, and surface interactions. PLIFs were

calculated with default settings and compared using the

Tanimoto coefficient. Normalized overlap of property

density functions (ranging from 0 to 1) was calculated as a

measure of 3D similarity. For each similarity measure,

compound rankings were calculated.

As crystallographic reference compounds, the bound

antagonist ZM24138521 (PDB code 4EIY) and agonist

NECA [26] (2YDV) were used as well as other

[22–25, 27, 28] structurally characterized agonists and

antagonists (Table 1). Ligand overlays were generated by

superposing alpha carbon atoms of corresponding A2A

receptor structures.

Performance evaluation

Receiver operator characteristic (ROC) plots were gener-

ated to evaluate compound rankings. ROC curves monitor

the percentage of known active compounds retrieved at

each position of the ranking. The area under the ROC curve

(AUC) was computed as a measure of the enrichment of

active compounds in a ranking applying the composite

trapezoidal rule. AUC values of 0.5 correspond to a ran-

dom compound distribution, while further increasing val-

ues indicate the enrichment of active compounds at high

rank positions. An AUC value of 1 would be produced by a

ranking in which all active compounds would be ranked

higher than the best scoring decoys. In addition, to assess

early enrichment of active compounds, the enrichment

factor for 10 % of the ranked database (Ef10 %) was

computed [36].

Results and discussion

Docking reproduces experimental binding modes

The A2A receptor has canonical GPCR topology with seven

transmembrane helices connected by three intracellular and

three extracellular loops [10]. The antagonist ZM241385

[21] and agonist NECA [26] bind to the orthosteric site of

the receptor (Fig. 1a). The triazolotriazine core of antag-

onist ZM241385 approximately aligns with the adenine

moiety of agonist NECA, which form comparable hydro-

gen bonds with Glu1695.30 and Asn2536.55 (superscripts

refer to conventional Ballesteros–Weinstein numbering

system [37]). Otherwise, the antagonist and agonist form

distinct interactions. For example, the ribose moiety of

NECA forms additional hydrogen bonds with Ser2777.42

and His2787.43 (Fig. 1b). These interactions are thought to

stabilize the active conformation of the receptor [26].
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Re-docking and cross-docking of ZM241385 and NECA

were carried out using the antagonist-(4EIY) and agonist-

bound (2YDV) form of the receptor. The best poses from

re-docking reproduced the experimental binding modes

with RMS deviations of only of 0.4 Å (ZM241385) 0.3 Å

(NECA), as reported in Table 2, and key interactions were

modeled correctly (Fig. 1c, d); an encouraging finding.

Cross-docking calculations were performed as a control to

assess the influence of different conformations of several

binding site residues observed in these structures on pos-

ing. These conformational differences are illustrated in

Fig. 1b. As anticipated, cross-docking resulted in poses

that were inconsistent with X-ray binding modes, yielding

RMDS deviations larger than 2 Å in both cases (Table 2).

Hence, conformational differences of binding site residues

impaired accurate modeling of the antagonist into the

binding site of the agonist-bound form of the receptor and

vice versa, as expected on the basis of the X-ray structures

and confirmed by cross-docking.

Fig. 1 Adenosine A2A receptor

in complex with an agonist and

antagonist. a The superposition

of the agonist—(orange) and

antagonist-bound (green) forms

of the receptor. The structure

and molecular surface of co-

crystallized ligands in the

orthosteric binding site are

displayed. b Receptor–ligand

interaction details for both

complexes. In c, d the overlay

of docked (magenta) and

crystallographic binding modes

of NECA (orange) and

ZM241385 (green) is shown,

respectively

Table 2 Re-docking and cross-docking

Receptor structure ZM241385 (Å) NECA (Å)

Antagonist-bound (4EIY) 0.4 [2

Agonist-bound (2YDV) [2 0.3

Atomic RMS deviations between crystallographic binding modes and

best docking poses of ZM241385 and NECA in the ligand-free 4EIY

and 2YDV structures are reported. RMS deviations were calculated

following alpha carbon superposition of 4EIY and 2YDV. Given the

large RMS deviations observed in cross-docking calculations, the

resulting models were not further considered as potential references

for pose evaluation
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The set of 37 known antagonists, three agonists, and

1200 decoys was then docked into the antagonist—and

agonist-bound form of the A2A receptor from which ligands

had been removed and alternative rankings of ligand poses

were generated, as detailed in the ‘‘Materials and methods’’

section.

Ranking on the basis of standard scoring functions

Modeled binding modes were first evaluated using three

different scoring functions (London dG, GBVI/WSA dG,

and Alpha HB). Only low to moderate enrichment of

known antagonists was detected in each ranking. AUC

values ranged from 0.57 to 0.64 and Ef10 % enrichment

factors from 1.62 to 2.16 (Table 3). The best performance

was achieved by scoring with London dG resulting in an

AUC values of 0.64 (4EIY) and 0.62 (2YDV) (Fig. 2).

Thus, recall of known antagonists was only slightly higher

for the antagonist-compared to the agonist-bound form of

the receptor.

Ranking on the basis of 3D similarity

Next 3D similarity calculations comparing docked and

crystallographic binding modes were carried out. Com-

pounds docked into 2YDV were ranked by calculating 3D

similarity to NECA resulting in an AUC value of 0.71 and

Ef10 % factor of 3.78 (Table 3), thus yielding a

notable improvement over force field-based rankings,

although the binding mode of an agonist was used as a

reference. In this context, we note that Rodrı́guez et al. [38]

reported a successful prospective SBVS campaign using

agonist-bound structures of the A2A receptor. However, all

newly identified active compounds were found to be

antagonists [38]; a rather surprising finding. However, in

the case of 3D similarity comparison of binding models, a

rationale for the ability of the agonist NECA to select

antagonists was provided by considering that the adenine

core of NECA resembled the triazolotriazine core of

ZM241385, as illustrated in Fig. 1b. Hence, binding modes

of these core fragments corresponded to each other, which

led to the successful identification of antagonists on the

basis of both references. Surprisingly, however, when

compounds were docked into 4EIY and ranked by calcu-

lating 3D similarity to the antagonist ZM241385, lower

search performance was observed than in the case of

2YDV/NECA, with an AUC of only 0.57 (Table 3).

Searching for a possible structural rationale for these

findings, we observed that the phenol ring and ethylamine

group of ZM241385 were located in a region proximal to

the extracellular loops of the receptor where no clear

interactions were formed and several other known A2A

antagonists lacked corresponding groups [24, 25], sug-

gesting that these moieties were conformationally unre-

straint and not essential for binding. Hence, for whole-

molecule similarity calculations, the presence of the phenol

ring and ethylamine group was considered a potential

caveat. Therefore, as a control, a fragment of ZM241385

was constructed only containing the triazolotriazine core

and furan ring that were involved in well-defined interac-

tions with the receptor and had corresponding moieties in

other antagonists [24, 25]. There is evidence in the litera-

ture that this fragment itself might be active because the

phenol ring and ethylamine group are not essential for

binding [39]. However, we consider such fragments gen-

erated for similarity calculations as ‘‘artificial’’ ligands.

Table 3 AUC values and early

enrichment factors
Ranking method Antagonist-bound receptor (4EIY) Agonist-bound receptor (2YDV)

AUC Ef10 % AUC Ef10 %

London dG 0.64 1.89 0.62 1.62

GBVI/WSA dG 0.63 2.16 0.57 1.62

Alpha HB 0.61 1.89 0.58 1.62

3D sim: ZM 0.57 1.35 0.45 0.54

3D sim: ZM frag 0.75 3.24 0.64 1.08

3D sim: NECA 0.74 3.78 0.71 3.78

3D sim: multiple 0.71 3.24 0.63 2.16

PLIF: ZM 0.74 4.59 0.65 2.43

PLIF: NECA 0.76 4.05 0.70 1.89

PLIF: multiple 0.75 4.05 0.70 2.16

AUC and Ef10 % values are reported for all rankings. Docked compounds were ranked according to three

different scoring functions (top) and on the basis of 3D and PLIF similarity to crystallographic ligand(s).

‘‘ZM’’ abbreviates ZM241385, ‘‘sim’’ similarity, and ‘‘frag’’ fragment. In addition, ‘‘multiple’’ stands for

multiple reference ligands (i.e. multiple agonists for the agonist-bound and antagonists for the antagonist-

bound form)
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When the ZM241385 fragment was used as a reference for

3D similarity calculations, a clear improvement in search

performance was observed, with an AUC value of 0.75 and

an Ef10 % factor of 3.24 (Table 3; Fig. 2). These findings

supported the view that overlapping core structures of

NECA and ZM241385 were responsible for the observed

enrichment of antagonists in 3D similarity calculations.

Furthermore, the results showed that an artificial A2A

receptor ligand representing an important core fragment of

active compounds could be effectively used as a reference

for similarity scoring, which we considered an important

result in the context of our investigation. It is expected that

core structure fragment constructs can also be used for

similarity-based ranking in the case of other targets, even if

these artificial ligands might not be active.

In addition, we also used all five structurally charac-

terized antagonists of the A2A receptor (Table 1) super-

posed in the binding site of 4EIY as reference compounds

and selected the highest similarity value as the final score

for ranking (akin to a 1-nearest neighbor approach). Cor-

responding calculations were carried out using the four

structurally characterized agonists (Table 1) superposed in

the binding site of 2YDV. In the former case, search per-

formance was increased compared to the complete struc-

ture of ZM241385, with an AUC of 0.71, but remained

lower than for the ZM241385 core fragment. In the latter

case, the use of multiple agonists as references did not

yield a further improvement over NECA (Table 3; Fig. 2).

NECA was also positioned in the binding site of 4EIY

following superposition of the agonist—and antagonist-

bound form of the receptor, as shown in Fig. 1a, b. This

reference structure was termed ‘‘transferred NECA’’.

Analogously, ZM241385 was transferred into 2YDV based

on the same superposition (transferred ZM241385).

Transferred NECA, transferred ZM241385, and its corre-

sponding core fragment were then used as reference com-

pounds. These calculations produced in part surprising

results. ZM241385 placed into the binding site of agonist-

bound form of the receptor de-selected known antagonists

with an AUC value of 0.45 (i.e. lower than for random

selection). The ability to enrich known antagonists was

again recovered, albeit to a lesser extent than before, when

the core fragment of transferred ZM241385 was used as

reference, yielding an AUC value of 0.64. By contrast,

when transferred NECA was used as a reference com-

pound, a significant prioritization of antagonists over

decoys was detected, with an AUC value of 0.74 and an

Ef10 % factor of 3.78 (Table 3; Fig. 2). Hence, a model of

an agonist in the antagonist-bound form of the receptor was

capable of prioritizing antagonists in compound rankings

when used as a reference for 3D similarity calculations. A

plausible rationale for these findings was provided by the

Fig. 2 ROC plots for force field and 3D similarity rankings. Blue

curves represent the results for the best-performing scoring function

London dG (Docking), green curves for 3D similarity to ZM241385,

green dashed curves for 3D similarity to a fragment of ZM241385

(consisting of the triazolotriazine core and the furan ring), cyan

curves for highest 3D similarity to any of the five available

crystallographic antagonists, orange curves for 3D similarity to

NECA, and yellow curves for highest 3D similarity to any of the four

available crystallographic agonists. The red lines provide a reference

for random compound selection. In addition to X-ray binding modes,

transferred ZM241385 and NECA (as described in the text) were also

used as reference compounds
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partial binding mode resemblance of NECA and

ZM241385 in combination with a key structural difference.

As shown in Fig. 1b, the binding modes of the antagonist

and agonist overlapped in their core regions, but NECA

lacked the terminal unconstrained terminal moieties of

ZM241385 that compromised whole-molecule similarity

calculations, as discussed above.

Ranking on the basis of interaction fingerprints

Modeled and experimental reference binding modes were

also compared using PLIFs, which provided a pharma-

cophore-centric assessment of interaction similarity and

thus an additional-and conceptually different-approach to

evaluate 3D similarity. PLIF-based Tanimoto similarity to

crystallographic reference(s) was calculated to rank dock-

ing poses. ROC plots for all PLIF-based rankings are

represented in Fig. 3. The use of ZM241385 and trans-

ferred ZM241385 as references for PLIF calculations

yielded AUC values comparable to those obtained by using

the ZM241385 fragment in 3D similarity-based rankings

(Table 3; Fig. 3). Hence, the ability of PLIFs to capture

relevant interactions with the receptor enabled this

approach to circumvent the caveat associated with the

terminal moieties of ZM241385.

Furthermore, the use of NECA as a reference in both

structures also resulted in AUC values comparable to those

obtained in the 3D similarity-based rankings. In the

antagonist-bound form of the receptor, further increased

Ef10 % factors of 4.59 (ZM241385) and 4.05 (NECA)

were observed (Table 3). On the other hand, in the agonist-

bound form, an Ef10 % factor of 2.43 was determined for

ZM241385 while a lower Ef10 % factor of 1.89 was

obtained for NECA. Furthermore, AUC values and

enrichment factors comparable to single reference com-

pound present in the antagonist-bound form of the receptor

were obtained when multiple ligands were used. Taken

together, these results indicated that a single antagonist-or

even agonist-used as a reference was already sufficient to

capture interactions using PLIFs that prioritized antago-

nists over decoys when ranking docking poses. On the

basis of these findings, 3D interaction analysis provided an

attractive complement to 3D similarity calculations for

ranking of poses.

Multiple receptor conformations

The use of multiple receptor conformations in docking (i.e.

ensemble docking) might further improve the enrichment

of ligands by indirectly taking structural flexibility of the

target into account [40–44]. GPCRs, which transition

through a spectrum of active or inactive conformations, are

a paramount case of target flexibility. Hence, we have also

investigated whether ensemble docking using both 2YDV

and 4EIY structures improves the enrichment of known

antagonists following our approach. To assess this possi-

bility, the overall best score obtained for each ligand and

decoy was used to generate new rankings. Interestingly, the

resulting ranks of antagonists based on scoring functions

were lower than those obtained using 2YDV or 4EIY alone

(Table 4). By contrast, 3D similarity—or PLIF-based

ranking on the basis of ensemble docking essentially

Fig. 3 ROC plots for PLIF-

based rankings. Reported are the

results for PLIF-based

compound rankings compared

to 3D similarity rankings on the

basis of the ZM241385

fragment and NECA according

to Fig. 2
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averaged the enrichments obtained for the individual

structures. Thus, in this case, the use of two receptor

conformations did not results in a notable improvement of

rank positions of known active compounds. For target

structure selection, different strategies were introduced

previously [41, 42, 44]. In case of A2A receptor, several

structures have been determined at a relatively low reso-

lution (Table 1), making them less suitable templates for

docking and hence limiting the potential of ensemble

docking. Structural genomics efforts focusing on GPCRs

[45] are likely to provide further candidate structures for

ensemble docking.

Ranking of agonists

As an additional control, rankings were also generated by

including the three known agonists and corresponding

decoys in the docking calculations. Compounds were

ranked using scoring functions, 3D similarity, and PLIF

similarity. The rank positions of the docked agonists are

reported in Table 5. In general, agonists tended to rank

higher when docked into the active conformation, as also

observed in our cross-docking calculations. However, some

exceptions are evident in Table 5 for highly ranked ago-

nists docked into 4EIY. This provides further evidence that

reasonable binding modes might be obtained even when

the receptor conformation does not correspond to the

activity state of the docked ligand.

Conclusions

Herein we have reported a case study on the adenosine A2A

receptor to further explore alternative ranking schemes for

docking poses of putative ligands. Structural information

for GPCRs is still limited but the A2A receptor is well

characterized-including a number of milestone structures

for the GPCR field-such that systematic SBVS trials could

be carried out using alternative structural templates and

information provided by multiple crystallographic agonists

and antagonists. The docking and ranking calculations have

focused on the search for antagonists, which are available

in sufficient numbers to enable a meaningful statistical

assessment of benchmark calculations.

In our case study, ranking schemes for docking poses

using an antagonist-bound as well as agonist-bound form of

the A2A receptor and different reference compounds were

compared. It was found that ranking of docking poses on

the basis of calculated 3D similarity to crystallographic

reference compounds yielded consistently higher enrich-

ment of antagonists than conventional force field-based

scoring. Because these calculations quantified whole-

molecule similarity, we also investigated interaction fin-

gerprints for binding mode comparisons. This approach

represented an indirect assessment of ‘‘local’’ similarities

that were also pose-dependent, by positioning of functional

groups, resulting in specific receptor–ligand interactions.

Table 4 AUC and early enrichment factors based on ensemble

docking

Ranking method Two receptor conformations (2YDV and 4EIY)

AUC Ef10 %

London dG 0.55 1.35

GBVI/WSA dG 0.53 1.35

Alpha HB 0.54 1.62

3D sim: co-crystal 0.73 2.97

3D sim: multiple 0.63 2.70

PLIF: co-crystal 0.73 4.60

PLIF: multiple 0.72 4.32

AUC and Ef10 % values are reported for all rankings from ensemble

docking. For each compound, the best score was used for ranking.

‘‘co-crystal’’ abbreviates co-crystallized ligands, i.e. NECA for 2YDV

and the ZM241385 fragment for 4EIY. In addition, ‘‘multiple’’ stands

for multiple reference ligands (i.e. multiple agonists for the agonist-

bound and multiple antagonists for the antagonist-bound form)

Table 5 Rank positions of three known agonists

Ranking method Antagonist-bound receptor (4EIY) Agonist-bound receptor (2YDV)

Rank 50,085,666

(%)

Rank 50,085,668

(%)

Rank 50,309,479

(%)

Rank 50,085,666

(%)

Rank 50,085,668

(%)

Rank 50,309,479

(%)

London dG 1.0 15.2 30.3 1.1 1.5 8.5

GBVI/WSA dG 11.4 17.3 12.7 1.9 0.4 53.5

Alpha HB 0.1 9.0 46.8 17.9 1.4 57.0

3D sim: co-crystal 22.4 49.3 61.7 35.6 0.1 68.1

3D sim: multiple 73.0 44.6 97.4 15.9 0.1 67.6

PLIF: co-crystal 5.6 30.7 45.9 25.4 0.1 29.0

PLIF: multiple 11.0 56.7 76.4 21.0 0.1 8.6

Calculations were performed using the complete DEKOIS data set. The rank position of three known agonists BDB50085666 (50085666),

BDB50085668 (50085668), and BDB50309479 (50309479) are given as compound percentage intervals determined by agonist ranks
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PLIF calculations resulted in compound rankings that were

consistently better than those obtained by force field-based

scoring and at least comparable and in part superior to

explicit 3D similarity assessment. Specifically, PLIF-based

rankings mostly resulted in further improved early

enrichment of antagonists compared to 3D similarity

rankings. Taken together, both ‘‘global’’ and ‘‘local’’ sim-

ilarities between crystallographic reference compounds and

docking poses were effectively exploited to improve the

quality of compound rankings over force field-based

scoring.

Moreover, several important lessons were learned

concerning the choice of reference ligands for pose

comparisons. First, corresponding core fragments of an

antagonist as well as an agonist were sufficient to prior-

itize A2A antagonists over decoys. In fact, the presence of

a flexible moiety in the antagonist ZM241385, which was

not present in several other antagonists, illustrated a

potential caveat associated with whole-molecule similarity

calculations that was counter-balanced by focusing on the

core fragment of the antagonist or by using interaction

fingerprints as an alternative. Since the non-conserved

flexible moiety in ZM241385 was not involved in sig-

nificant receptor–ligand interactions, it did not affect PLIF

calculations.

It is noted that docking and ranking calculations can

probably not be expected to distinguish between fine

interaction details and binding mode discrepancies that

differentiate between GPCR antagonists and agonists.

However, for practical SBVS applications on GPCRs, the

finding that a single crystallographic binding mode of an

antagonist or agonist was capable to prioritize antagonists

over decoys has important implications. Even a transferred

antagonist or agonist used as a reference for global and/or

local similarity assessment might be sufficient to improve

compound rankings over conventional scoring. Strongest

support for this conjecture was provided by the results of

calculations using the agonist transferred NECA whose

core partly resembled ZM241385. This model compound

was capable of significantly enriching antagonists in

rankings.
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