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Abstract  
Fluorine is frequently used in the pharmaceutical 
industry and fluorine NMR-based spectroscopy 
(19F-NMR) can become a useful tool for hit validation 
in primary screening of drug discovery. In the primary 
screening, fragment-based drug discovery (FBDD) 
has emerged as one of the successful approaches to 
design high-affinity ligands for target proteins of 
therapeutic interest. The fragment bindings can be 
detected using sensitive biophysical techniques such 
as NMR, surface plasmon resonance (SPR), or 
isothermal titration calorimetry (ITC). Here, the 
FBDD was performed using a chemical library 
containing a fluorine atom or a trifluoromethyl group. 
We have used the extracellular signal-regulated kinase 
2 (ERK2) as a model target protein. We concluded 
that the cross-validation of 19F-NMR, SPR and ITC 
methods are a powerful tool in the early stages of 
FBDD.  
 
1. Introduction �
Fluorine containing compounds have had a profound 
impact on the development of drugs for the modern 
pharmaceuticals market. [1]. Fluorine is frequently 
used in the pharmaceutical industry and approximately 
20% of all drugs contain fluorine atoms and widely 
used in the lead optimization phase of drug discovery. 
Recently, 19F-NMR has emerged as an efficient tool 
for performing binding assays. The chemical shift or 
intensity change of fluorine NMR is especially a 
powerful marker of the fluorine local environment. 
This method can become a useful tool for hit 
validation in primary screening of drug discovery. 

Fragment-based drug discovery (FBDD) has 
emerged as one of the successful approaches to design 
high-affinity ligands for target proteins of therapeutic 
interest. The interactions between the fragments and a 
target protein are relatively weak with submilimolar 
affinity. It is expected that these weak binders provide 

a starting point for the development of inhibitors with 
submicromolar affinity. In small compound screening, 
the selection of specific binders to a target protein is 
important point to obtain the true hit compounds from 
the compound library. A variety of experimental 
techniques, including X-ray crystallography, NMR, 
surface plasmon resonance (SPR), isothermal titration 
calorimetry (ITC), and differential scanning 
fluorometry, have proven to be very useful in 
determining binding affinities, binding poses and 
binding specificities of fragments to target proteins [2] 
(Figure 1).  

 

 
 
Figure 1. Flow chart of small-molecule screening 
with biophysical approaches in drug discovery 

 
Here, the FBDD was performed using a chemical 

library containing a fluorine atom. We have used the 
extracellular signal-regulated kinase 2 (ERK2) as a 
model target protein. ERK2 binds to an inhibitor 
(FR180204) and shows binding responses in SPR and 
ITC (Figure 2). We performed 19F-NMR, SPR and 
ITC analysis to obtain the hit compounds binding 
specifically to ERK2. 19F-NMR and SPR are suitable 
to use in the primary screening due to the high 
sensitivity in the NMR signal and the exclusion of 
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false positive signals in the SPR response, 
respectively. ITC was used to validate 

thermodynamically the ERK2 binding in hit 
candidates of NMR and SPR.  
 
Figure 2. SPR and ITC profiles of ERK2 binding to 
FR180204 
 
2. Results & Discussion�
2-1. 19F NMR-based screening�
The 19F signal changes of each fragment compounds 
have been determined and the mixtures of 24-25 
compounds which chemical shift are well resolved 
have been prepared before the screening. 19F 
NMR-based fragment screenings were performed on 
Bruker AV500 equipped with 5-mm BBFO probe at 
298 K. The fluorine containing fragment compounds 
(418 compounds) were tested with 19F R2 filter 
experiment with Carr-purcell-Meiboom-Gill scheme 
in the absence and presence of ERK2. When the 
fragment compounds interact with ERK2, the signals 
of the compound are significantly reduced in intensity 
in the presence of ERK2. Typical 19F NMR fragment 
screening results are shown in Figure 3. From the 
results of 19F NMR-based fragment screenings, the 
signals of 27 compounds were reduced its signal 
intensity (> 30%). 

- protein

- protein

 
Figure 3. 19F NMR fragment screen spectra 
 

2-2. SPR screening�
Fragment screening of ERK2 was conducted in a 

Biacore T200 instrument (GE Healthcare) using a 
CM5 sensor chip at 298 K. ERK2 was captured by the 
anti-His antibody. The fragments were injected at 100 
µM. The positive control experiment was performed 
periodically to confirm the stability of the protein on 
the sensor chip by injecting FR180204. The binding 
responses were normalized with respect to FR18024 
and buffer. Only fragments with binding response 
levels above 3SD and below 100% to that of FR18024 
were selected the hit candidates. In comparison with 
the hit candidates of 19F NMR, four compounds were 
selected for the true hit candidates. 
 
2-3. ITC validation 
ITC is broadly considered the gold standard for the 
quantitative description of protein−ligand interactions. 
Detailed calorimetric analysis of hit candidates from 
NMR and SPR was conducted in a iTC200 instrument 
(GE Healthcare) at 298 K. ERK2 at 20 µM was 
titrated with fragments (2 mM) in 25 mM HEPES, 
150 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 5% 
DMSO at pH 7.5. The results demonstrated that one 
compound in four hit candidates was determined as 
shown in Figure 4. This compound showed a 
exothermic binding to ERK2 with submilimolar 
affinity (KD=130 µM). 
 
Figure 4. ITC profile of a hit compound 

 
3. Conclusion 
We performed the FBDD to obtain the hit compounds 
as inhibitor of ERK2 using fragment library 
containing a fluorine atom. From the cross-validation 
of 19F-NMR, SPR and ITC methods, one hit 
compound was determined. 
 
Reference 
[1] E.P. Gillis, K. J. Eastman, M. D. Hill, D. J. 
Donnelly, N. A. Meanwell, J. Med. Chem. (2015) 
DOI: 10.1021/acs.jmedchem.5b00258. 
[2] A. Kobe, J. M. Caaveiro, S. Tashiro, D. Kajihara, 
M. Kikkawa, T. Mitani, Tsumoto K, J. Med. Chem. 
(2013) 56, 2155-2159. 
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Abstract 
The 3D-RISM theory can calculate the density 

distribution function of small ligands around protein, 
directly and analytically. We have developed the 
method which can transform the atomic distribution 
functions as the result of 3D-RISM calculation into a 
molecular distribution function and also developed the 
new sampling method to small ligands or 
pharmacophores for determining the binding position. 
By means of this strategy, the method can be used to 
predict the binding pockets or select docking pose 
based on the 3-dimentional distribution function. We 
applied this method to the peroxisome proliferator-�
activated receptor alpha with the known agonist for 
determining the binding spot of its pharmacophore, 
the carboxylate group. 
 
1. Introduction 

In current drug discovery or drug design studies, 
many protein-ligand complexes are available by 
effort and development of the structural biology. 
Their experimental structures are used to design and 
discover the ligands which have novel binding 
pockets or undetermined docking poses. In the 
usual method to investigate above problem, most 
analyses are based on the structural alignments of 
complexes and docking simulations between the 
protein and ligands. However, this methodology 
needs high computational cost and large number of 
structure samples. On the other hand, we developed 
a new method based on the 3-dimentional distribution 
functions (DFs) with Inversed-transformed Monte-�
Carlo, recently [1]. This method can reproduce the 
conformation of hydration structure from 
3-dimentional DF by low computational cost, 
comparing with usual simulation. 

The 3D-RISM theory can calculate not only water 
but also small ligands, directly and analytically [2]. As 

the results of calculation, the 3D-RISM theory can 
obtain the 3-dimentional DFs. However, the DF is 
difficult to image the molecular shape. Additionally, 
the DF obtained from 3D-RISM theory is defined as 
an atomic function, then it is not ensure that one 
molecule locate the position where the peak appears. 
Therefore, we developed the calculation method 
which can transform the atomic DFs into a molecular 
DF, firstly. Secondly, we extended the new sampling 
method to small ligands or pharmacophores for 
determining the binding position. In this study, we 
applied this method to the peroxisome proliferator- 
activated receptor alpha (PPARα) with the known 
agonist for determining the binding spot of its 
pharmacophore, the carboxylate group. 
 
2. Method 

The framework of 3D-RISM calculation is 
constructed from 3D-RISM equation (eq.(1)) and its 
closure equation, which is called KH equation 
(eq.(2)) [3]. The superscripts “u” and “v” denote 
“solute” and “solvent”, then the 3-dimensional DF 
of ligand and water around protein is denoted as 

. “γ” denotes a solvent site, or an atom species 
in the ligand,. 
 

 
 (1) 

 

   (2) 

 
 

For understanding the location of binding site, the 
potential of mean force which can be calculated from 
3-dimentional DFs is a good indicator. These 
approaches have been successfully applied to measure 
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the affinity or selectivity of solvent around protein. In 
the previous works, we define the function which is 
called as distribution center (DC) in eq.(3) for 
estimating the potential of mean force as ligand 
affinity[4]. 

 

 
(3) 

In this function, r denotes the center of box, N is the 
total number of sites of ligand molecule. Vbox denotes 
the volume of the box which is based on the effective 
radius of a ligand shape. Vprotein(r) is the excluding 
volume of the protein in the box. Therefore, (Vbox - 
Vprotein(r)) indicates the space where the ligand can 
enter. 

To aim at visualization of the binding spot, we 
also defined the cumulative distribution function from 
DC which is written as below, according to the 
general methodology of Inversed-transformed 
Monte-Carlo method. 

 
 

 

 
In eq.(5), the integration is performed over the system, 
and the range of P(x,y,z) is from 0 to 1. Therefore, 
coordinates of the binding spot is obtained from 
uniform random number s, whose range is also from 0 
to 1. One spot sampled at a time by using a random 
number until filling up the selected region. 
 
3. Results and Discussion 

We performed the calculation of the function 
DC based on eq. (3) to estimate the affinity of 
carboxylate group around the PPARα (PDB ID: 
1K7L). The result is shown in Fig. 1(a) with the 
threshold fDC�2.5 and demonstrates that the 
function DC can distribute the correct binding site.�
After obtaining the function DC, we predicted the 

Figure 1. Binding spots prediction around PPARα 
(PDB ID: 1K7L) with its pharmacophore, 
carboxylate group. (a) The distribution of 
pharmacophore affinity which is obtained from 
3D-RISM calculation. (b) The binding spots 
prediction based on the pharmacophore affinity. (c) 
Comparison between predicted spot and 
carboxylate group of known agonist inside the 
binding pocket. 
 
binding spots from the distribution (Fig. 1(b)). The 
predicted binding spots appear on hydrophilic and 
positive-charged surface as expected. The range of 
RMS error between predicted and correct spots is 
roughly from 0.5 Å to 1.0 Å (Fig. 1(c)) because of 
the grid resolution. We consider that this 
methodology can be useful to determine the novel 
binding pockets or docking poses. 
 
References: 
[1] Chiba, S.; Kiyota, Y.; Takeda-Shitaka, M.; 2015, 
SAR2015, KP06. 
[2] Kiyota, Y.; Takeda-Shitaka, M.; J. Phys. Chem. B., 
2014, 118, 11496.  
[3] Kovalenko, A.; Hirata, F.; J. Chem. Phys., 1999, 
110, 10095. 
[4] Kiyota, Y.; Yoshida, N.; Hirata, F.; J. Chem. 
Theory Comput., 2011, 7, 3803. 
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Abstract  
Lysophosphatidylserine (LysoPS) is a kind of 
lysophospholipids generated from plasma membrane 
lipid, phosphatidylserine. Our group showed that 
orphan G-protein-coupled receptors (GPCRs), 
P2Y10/LPS2 and GPR174/LPS3 specifically recognize 
LysoPS, in addition to the previously reported 
GPR34/LPS1. These receptors are suggested to control 
immune system, but their detailed biological roles are 
still unknown. To create active and/or 
subtype-selective agonists as useful tools to study the 
functions of these receptors, we have synthesized 
many LysoPS analogues focusing on its modularized 
structure consisting of a polar head of phosphoserine, 
a hydrophobic tail of fatty acid and a glycerol linkage.  
In this study, we focused on the fatty acid moiety of 
2-deoxy-LysoPS analogues, which lack a hydroxyl 
group on the glycerol moiety. We introduced benzene 
rings to the fatty acid moiety to get highly active 
2-deoxy-LysoPS analogues toward GPR34 and P2Y10. 
Especially, we found that modification of the fatty 
acid moiety had a great impact on GPR34 activation, 
although P2Y10 was activated rather consistently by 
2-deoxy-LysoPS analogues with various fatty acid 
surrogates. We could potentiate almost inactive 
2-deoxy-LysoPS analogues by structural expansion of 
the fatty acid moiety to get GPR34 agonists with 
submicromolar activity. 
Thus, the fatty acid surrogates of the 2-deoxy-LysoPS 
analogues are assumed to interact effectively with 
GPR34. To find the receptor moieties responsible for 
such effective hydrophobic interactions, we 
constructed a plausible GPR34-agonist binding model, 
which will guide us to further structural expansion. 
Homology models of GPR34 were constructed and a 
GPR34 agonist with a rigid fatty acid surrogate 
containing benzenes was docked into the receptor 

models. After the evaluation of robustness of the 
binding models by using molecular dynamics 
simulations, the GPR34-agonist binding models were 
found to be consistent with the experimentally 
obtained structure-activity relationship data.  
In the model, the terminal of the fatty acid surrogate 
of GPR34 agonist was placed between transmembrane 
helices of the receptor. Therefore, it is supposed that 
an elongated hydrophobic tail could protrude from the 
receptor to reach the membrane region. An additional 
group attached to the ligand terminal would not 
decrease the ligand activity because such groups 
would be placed outside the receptor. Thus, we 
designed, synthesized and evaluated the activity of 
such compounds, and found that they actually 
maintained high agonistic activity against GPR34, 
supporting the plausibility of our binding model. Thus 
the receptor-ligand binding model suggested further 
ways to design more intelligent LysoPS derivatives. 
 
1. GPCRs Specifically Activated by 
Lysophosphatidylserine 
GPCRs are membrane receptors activated by various 
molecules like biogenic amines, hormones, odorants 
and lipids. As GPCRs transduce signals through 
plasma membrane and they are involved in many 
pathological states, GPCRs are one of the major 
therapeutic targets. 
Recently our group developed a novel assay system, 
TGFα shedding assay1, to evaluate the activation of 
wide range of GPCRs. The system can detect 
activation/deactivation of GPCRs, which were 
difficult to be observed by the conventional methods 
and this assay system clearly showed that three orphan 
GPCRs, P2Y10/LPS2, GPR174/LPS3 and 
A630033H20/LPS2L to be activated specifically by 
LysoPS, a kind of lipid ligands. As human 
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A630033H20 is the product of a truncated 
nonfunctional pseudo gene, at least three receptors, 
P2Y10 and GPR174 in addition to the previously 
reported GPR34/LPS1

2 respond to LysoPS in human. 
LysoPS is a kind of lysophospholipids, which is 
generated by enzymatic hydrolysis of membrane lipid, 
phosphatidylserine. Several studies suggested LysoPS 
receptors’ function in immune system, but their 
detailed roles are still unknown. Potent and 
subtype-selective ligands will be useful chemical tools 
to elucidate these receptors’ functions. Thus, we have 
synthesized such ligands, focusing on a modularized 
structure of LysoPS: a polar phosphoserine moiety, a 
hydrophobic fatty acid moiety and a glycerol linkage 
(Figure 1).3 We previously found that each moiety can 
be modified individually and optimized moieties can 
be connected to yield highly active and selective 
agonists. In this study, we focus on derivatization of 
fatty acid moiety (Figure 2). 
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Figure 1. Modular structure of LysoPS 
 
2. Study of Structure-Activity Relationship 
about Fatty Acid Moiety of 2-Deoxy-LysoPS 
We focused on 2-deoxy-LysoPS analogues that lacks 
hydroxyl group on glycerol moiety for synthetic 
versatility. Various fatty acid moieties were attached 
to the phosphoserine-glycerol moiety.  
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Figure 2. 2-Deoxy-LysoPS and its activity toward 
three LysoPS receptors 
 
GPR34 activation depended on the shape of fatty acid 
moiety while P2Y10 was activated rather consistently 
and GPR174 was not activated by 2-deoxy-LysoPS 
analogues with various fatty acid surrogates. The 

GPR34 agonistic activity of 2-deoxy-LysoPS having 
oleic acid was very weak, but the analogue containing 
three benzenes in its fatty acid moiety showed 
subnanomolar activity. Thus, we could potentiate 
LysoPS analogues toward GPR34 by modification of 
fatty acid moiety. The fact that structural change in 
fatty acid moiety is linked to activity toward GPR34 
suggests fatty acid moiety of 2-deoxy-LysoPS 
analogues is strictly recognized by GPR34.  
 
3. Prediction of Hydrophobic Binding Site 
We next focused on how the hydrophobic moiety of 
2-deoxy-LysoPS analogues is recognized by GPR34. 
The plausible model will help our further design of 
LysoPS analogues.  
GPCRs are membrane receptors with seven 
transmembrane helix domains. We constructed 
GPR34 homology models using P2Y124, 
phylogenetically close to GPR34, as a structural 
template. Docking study of 2-deoxy-LysoPS 
analogues, having fatty acids effective for GPR34 
activation, was conducted. The obtained binding 
models were optimized by molecular dynamics 
simulation and validated with the experimental 
structure-activity relationship. 
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Figure 3. A proposed model of GPR34/LPS1 and 
2-deoxy-LysoPS analogue complex 
 
In the plausible model, the acyl moiety was placed 
between transmembrane helices (Figure 3) and it was 
suggested that the LysoPS analogues with elongated 
acyl moiety would be similarly active toward GPR34. 
Such analogues were synthesized and biologically 
evaluated to actually have GPR34 agonistic activity. 
Thus, the obtained model was shown to be useful in 
designing more intelligent analogues. 
 
1. Inoue, A. et al. Nat. Methods, 2012, 9, 1021. 
2. Sugo, T. et al. Biochem. Biophys. Res. Commun., 
2006, 341, 1078. 
3. Ikubo, M. et al. J. Med. Chem., 2015, 58, 4204. 
4. Zhang, J. et al. Nature, 2014, 509, 119. 
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