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Riluzole, approved by the US Food and Drug Administration
(FDA) in 1995, is the most widespread oral treatment for the

fatal neurodegenerative disorder amyotrophic lateral sclerosis
(ALS). The drug, whose mechanism of action is still obscure,

mitigates progression of the illness, but unfortunately with

only limited improvements. Herein we report the first demon-
stration, using a combination of computational and in vitro

studies, that riluzole is an ATP-competitive inhibitor of the pro-
tein kinase CK1 isoform d, with an IC50 value of 16.1 mm. This

allows us to rewrite its possible molecular mechanism of
action in the treatment of ALS. The inhibition of CK1d catalytic

activity indeed links the two main pathological hallmarks of

ALS: transactive response DNA-binding protein of 43 kDa
(TDP-43) proteinopathy and glutamate excitotoxicity, exacer-

bated by the loss of expression of glial excitatory amino acid
transporter-2 (EAAT2).

Lou Gehrig’s disease, also known as amyotrophic lateral sclero-

sis (ALS) or motor neuron disease (MND), is a progressive and
fatal neurodegenerative disorder that involves both upper and

lower motor neurons in the brain and spinal cord.[1] Clinical
symptoms reported in affected patients range from muscles

weakening to spasticity, resulting in difficulty in movements,
poor functional capacity and, in the final stages of the disease,

respiratory failure.[2] Prognosis is grim, life expectancy rarely ex-

ceeds five years, and available drugs only mitigate progression
of the illness.[3] Similar to what is reported in other neurodege-

nerative disorders such as Alzheimer’s and Parkinson’s diseases,
a pathological hallmark of ALS is the cytoplasmic aggregation

of misfolded, ubiquitinated, and hyperphosphorylated pro-
teins.[4] Transactive response DNA-binding protein of 43 kDa

(TDP-43) was identified as the main component of neuronal
and glial cytoplasmic inclusions, detected in grey matter urea
fractions of ALS patients.[4] TDP-43 is a nuclear DNA/RNA bind-

ing protein that controls RNA transcription, maturation, and
stability. Under pathological conditions, the localization and

consequent function of TDP-43 is deeply altered: from the
original nuclear compartmentalization the protein is seques-

tered in hyperphosphorylated cytoplasmic aggregates. TDP-43-

mediated degeneration of motor neurons can therefore be the
consequence of a nuclear “loss of function” mechanism, or can

derive from a “gain of novel toxicity” in cytoplasmic inclusions;
the scientific community is still debating that, but the former

hypothesis is currently more accredited.[5, 6] Abnormal phos-
phorylation plays a crucial role in TDP-43 proteinopathy: im-

munohistochemical analysis has identified Ser379, Ser403/4,

and Ser409/410 as key conserved phosphorylated residues in
pathological tissues.[7, 8] Among the various protein kinases that

share the ability to phosphorylate TDP-43, it has been demon-
strated in both in vitro and in vivo experiments that protein

kinase CK1 isoform d (CK1d) is the only kinase able to promote
mislocalization and cytoplasmic accumulation.[8]

Despite the central role mediated by TDP-43 in motor

neuron death, over the last decades other mechanisms have
been proposed to explain the complex pathological progres-

sion of ALS. The discovery of an increased level of the neuro-
transmitter glutamate in cerebrospinal fluid of patients with

sporadic nonfamiliar ALS corroborate the excitotoxic hypothe-
sis.[9] Glutamate is the main excitatory amino acid in the brain;
glial cells efficiently prevent its accumulation and toxicity in

the synaptic cleft of neurons through specific uptake systems.
Abnormal concentrations of glutamate would indeed disrupt
the ionic equilibrium inside cells, promoting excessive entry of
extracellular calcium and sodium. If the depolarization is persis-

tent, this can be one of the reasons behind motor neuron
death.[9, 10] To date, there are only two drugs approved for ALS:

riluzole and edaravone. Neither of these two treatments allows
healing from the pathological condition; they only delay the
need for assisted ventilation—and ultimately death—by sever-

al months.[11]

Riluzole, a benzothiazole compound (Figure 1), was initially

investigated in the 1980s as a free radical scavenger for stroke
therapy. It was then approved in 1995 for the treatment of

ALS. The mechanisms of action of riluzole remain unclear, and

without specific knowledge of the molecular target(s), any
structure-based drug design (SBDD) approach to improve its

modest activity would be impossible.[12] Neuropharmacological
studies in the past years have unveiled the ability of riluzole to

depress glutamatergic communication in the brain; however,
none of these studies have been able to demonstrate a direct
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interaction between the drug and ionotropic/metabotropic
glutamate receptors or transporters.[10, 13] In addition, traditional
antiglutamatergic molecules showed no therapeutic effect in
ALS models; all these findings suggest that riluzole modulation
of glutamate signaling may be indirect, through a third-party

molecular actor.
In this study, we initially hypothesize, through computational

studies, and later experimentally demonstrate, the inhibitory

mechanism of action of riluzole toward the target CK1d.
CK1d, the protein responsible for TDP-43 pathological hyper-

phosphorylation, is a Ser/Thr protein kinase ubiquitously ex-
pressed in eukaryotic organisms, mainly in the central nervous

system (CNS).[14] Different families of potent CK1d inhibitors
were developed during the last decades, but until now, none

of them have reached clinical trials due to a low selectivity pro-

file and/or poor CNS permeation.[15] Nowadays, 18 CK1d crys-
tallographic structures are present in the RCSB Protein Data

Bank (PDB), 15 of which are co-crystal structures with an ATP-
competitive inhibitor (all data are provided in the Supporting

Information).
Our computational work started with a conventional visual

inspection of all co-crystallized ligands followed by scaffold

clustering based on different similarity metrics such as MACCS-
driven Tanimoto and Dice indexes. Curiously, three ATP-com-

petitive inhibitors belong to the benzothiazole and benzimida-
zole families : in particular, as shown in Figure 2, the compound

9XK (PDB ID: 5OKT) is a 2-aminobenzothiazole, whereas com-
pounds 37J (PDB ID: 4TWC) and 386 (PDB ID: 4TW9) are 2-ami-

nobenzimidazoles.[16–18] Looking at the ATP-binding site, both

benzothiazole and benzimidazole scaffolds are anchored to
the hinge region of the protein kinase through a conserved hy-
drogen bond network, similar to what was also observed for
the ATP binding mode. Furthermore, the benzothiazole scaf-

fold has been extensively investigated as a starting point for

computer-aided design and for the subsequent synthesis of
potent CK1d inhibitors, for which structural data are not avail-
able.[19, 20] Intriguingly, riluzole also belongs to the 2-aminoben-
zothiazole family and, theoretically, it could itself be an ATP-

competitive inhibitor of CK1d. Currently, no information on
this is available. To preliminarily support this hypothesis, a mo-

lecular docking study was performed, to determine if the
mode of interaction of riluzole is consistent with that observed

for the three crystallographic inhibitors described above. Fig-

ure 3 A shows the energetically more stable binding mode for
riluzole in the CK1d catalytic site. The orientation of the 2-ami-

nobenzothiazole scaffold is nicely superimposable with the
crystallographic binding mode of the aforementioned kinase

inhibitors (see the Supporting Information). In particular, Leu85
seems to play a fundamental role in binding, stabilizing riluzole
to the kinase hinge region with a double hydrogen bond inter-

action: the first one between the carbonyl group of the back-
bone and the amino group at the 2-position of riluzole, and
the second between the NH group of the backbone and the
nitrogen atom at the 3-position of riluzole. Moreover, the rilu-

zole trifluoromethoxy group occupies a hydrophobic pocket
located near Met82, the crucial “gatekeeper residue” of the

kinase. Indeed, most of the co-crystallized CK1d inhibitors are

characterized by the presence of halogen atoms at the same
position of the trifluoromethoxy group of riluzole, supporting

the importance of this substituent for binding recognition.
Using a heat map representation, Figure 3 B quantitatively de-

picts the electrostatic and hydrophobic contributions of ligand
binding mediated by all residues that compose the ATP-bind-

ing cavity.

Regarding the electrostatic contributions, the fundamental
role of Leu85 is once again underscored by the corresponding

intense blue band. On the other hand, observing the hydro-
phobic contacts, several residues such as Ile23, Tyr56, Leu85,

and Ile148, contribute to the overall stabilization of the ligand–
kinase complex. This aspect is common to all crystallographic

benzothiazole/benzimidazole CK1d inhibitors for which, in ad-

dition to a conserved pair of electrostatic interactions, the hy-
drophobic contribution seems to be the predominant driving

force of ligand binding (more details are given in the Support-
ing Information).

Figure 1. Structure of 6-(trifluoromethoxy)-1,3-benzothiazole-2-amine, com-
mercially known as riluzole.

Figure 2. Structures of CK1d crystallographic inhibitors 9XK, 37J, and 386 characterized by the highest values of molecular similarity with respect to riluzole;
benzothiazole and benzimidazole scaffolds responsible for protein kinase recognition are indicated with red and green circles.
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To further support the hypothesis that riluzole may be an

ATP-competitive inhibitor of CK1d, a supervised molecular dy-
namics (SuMD) study was carried out. SuMD is a recently de-

veloped computational technique for investigating unbiased
receptor–ligand recognition pathways on the nanosecond

timescale, by combining unbiased MD simulations and a tabu-
like algorithm.[21, 22] As depicted in Figure 4 A, starting from

70 a away from the ATP binding cavity of CK1d, in only 26 ns

of SuMD simulation, it was possible to explore the entire bind-
ing recognition of riluzole to CK1d. After 10 ns, riluzole is per-

fectly accommodated in the CK1d binding site, establishing
the same interaction pattern previously described by docking

analysis, as confirmed by the RMSD values calculated during
the SuMD trajectory. The ligand–protein interaction energy

landscape of the molecular recognition pathway is depicted in

Figure 4 B; it is possible to cluster three main ligand–protein
populations during the SuMD trajectory. Cluster 1, energetically

similar to the unbound state, describes the first contact event
between riluzole and CK1d, considerably far away from the

conventional ATP binding site. Conversely, clusters 2 and 3
depict the two key steps of molecular recognition, when rilu-

zole approaches the ATP binding site, reorienting itself to

reach the final binding mode, characterized by higher energet-
ic stability (the video in the Supporting Information shows the

recognition mechanism in detail).

Surprisingly, all preliminary computational analyses con-

verged to indicate that riluzole can bind protein kinase CK1d,
which, if demonstrated, could also allow rewriting, from a

mechanistic point of view, its possible role in the treatment of
ALS. To experimentally validate this hypothesis, the inhibitory

activity of riluzole toward CK1d was evaluated in vitro, through
a luminescence kinase assay. Initially, two independent experi-

ments were set up using riluzole at concentrations of 10 and

40 mm. At the higher concentration, riluzole was able to com-
pletely abolish CK1d catalytic activity. Thus, three independent

experiments at eight different concentrations of riluzole, from
100 to 0.16 mm, were carried out to precisely quantify its IC50

value, which was determined to be 16 mm, as reported in
Figure 5. These data, although preliminary, could lay the foun-

dation for exploring the role of riluzole in ALS treatment

through its direct inhibition of CK1d. Although the primary
pathogenic role of this protein kinase in ALS is already con-

firmed, there remain some questions that must be clarified by
future studies.[8] In particular, the causes behind the deregulat-

ed and aberrant activation of CK1d in ALS are not known, and
it also remains obscure which of the two different cellular pop-
ulations of CK1d—cytoplasmic or nuclear—are responsible for

neurodegeneration.[23]

However, after more than twenty years from riluzole’s appro-

val for ALS treatment, the identification of CK1d as a novel mo-

Figure 3. A) Molecular docking predicted pose for riluzole in the CK1d ATP binding site (PDB ID: 5OKT); residues involved in molecular recognition are la-
beled, while hydrogen bonds between the drug and kinase hinge region are depicted by light blue lines. B) Interaction energy fingerprints that summarize,
using a heat map, the electrostatic and hydrophobic contributions to binding mediated by each residue composing the protein binding site.

Figure 4. A) RMSD variation of riluzole’s atomic coordinates during SuMD trajectories, with respect to the pose predicted by molecular docking. In the back-
ground are some snapshots of a possible molecular recognition process between riluzole and CK1d ; the final SuMD binding mode of the drug is geometrical-
ly and interactively convergent with docking results (a video of the whole SuMD trajectory is available as Supporting Information). B) Riluzole recognition
energy landscape based on the potential energy contribution during SuMD trajectory; boxes 1 to 3 highlight the main clusters of energetic populations sam-
pled during the recognition pathway.
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lecular target allows us to revisit the drug’s mechanism of
action, as schematized in Figure 6. In summary, riluzole inhibits

the catalytic activity of CK1d, decreases TDP-43 hyperphos-

phorylation, and consequently TDP-43 aggregation and cyto-
plasmic mislocalization, one of the principal pathological hall-

marks of ALS. As reported by an independent screening of
known active molecules from the LOPACS library, riluzole was

already classified as TDP-43 self-interaction inhibitor, with an
unknown mechanism of action.[2] Curiously, the same work

found that the concentration at which riluzole exerts its maxi-

mum effect is around 10 mm, in agreement with the IC50 value
determined in vitro toward CK1d. In parallel, the pathological

loss of TDP-43 nuclear localization in ALS results in the pro-
gressive disruption of normal mRNA maturation. In particular,

it was experimentally found in samples obtained from human
brains, that the levels of mRNA transcripts for glial excitatory

amino acid transporter-2 (EAAT2) are significantly lower in

TDP-43 proteinopathy-affected patients relative to samples
taken from healthy people.[24]

EAAT2 is normally expressed in glial cells, and it is responsi-
ble in synaptic boutons for almost 90 % of glutamate reuptake,

thereby preventing its accumulation and toxicity. CK1d inhibi-
tors are able to restore the correct nuclear localization of TDP-

43, and thus riluzole itself modulating CK1d activity could

ensure the physiological processing and maturation of specific
mRNA transcripts, mediated by TDP-43.[25] This hypothesis

found an experimental confirmation in two independent stud-
ies: in the first, riluzole showed the ability to reverse cocaine-

induced suppression of the glutamate transporter EAAT2 in
the nucleus accumbens (NAc), and coherently, in the second
study, long-term riluzole administration rescued EAAT2 mRNA
levels and protein expression in the hippocampus.[26, 27] More-
over, in a murine model, depletion of EAAT2 promoted the
progressive impairment of glutamate reuptake, with conse-
quent death of motor neurons, muscular weakness, and paraly-

sis conditions similar to those of ALS.[28]

All this evidence allows us to speculate that riluzole, through
the inhibition of CK1d, ensures the physiological nuclear com-
partmentalization of TDP-43, which guarantees the correct ma-

turation of EAAT2 mRNA transcripts. Therefore, the normal ex-
pression of the glutamate transporter on astrocytes prevents

and protects motor neurons from excitotoxity. Interestingly, in

this proposed mechanism, the role of glial cells in the patho-
logical onset of ALS takes on greater importance, if compared

with the classical motor-neuron-centric hypothesis, and this is
coherent with Sloan and Barres’ research, which has clarified

the role of astrocytes in TDP-43 proteinopathy.[29]

In the present work, it has been demonstrated for the first

time, through both computational and in vitro studies, that ri-

luzole is an ATP-competitive inhibitor of the protein kinase
CK1d. This clarifies its possible therapeutic role in the treat-

ment of ALS, bridging the two main pathological hallmarks of
the disease: TDP-43 aggregation and excitotoxicity. Further

studies are still ongoing in our research group to confirm the
proposed mechanism of action and to elucidate if more

potent and CNS-permeable CK1d inhibitors are able to repli-

cate and improve the therapeutic profile of riluzole.

Acknowledgements

The Molecular Modeling Section (MMS) laboratory is very grateful
to Chemical Computing Group, OpenEye, and Acellera for the sci-

entific and technical partnerships. The MMS lab gratefully ac-
knowledges the support of NVIDIA Corporation with the donation

Figure 5. Concentration–inhibition curve of riluzole at human CK1d. The ob-
tained IC50 value is 16.1 mm, with a 95 % confidence interval of 5.6–26.7 mm.
Data were collected from three independent experiments performed in du-
plicate.

Figure 6. A) Excitotoxicity conditions in the synaptic cleft : because it is not known which population of CK1d is responsible for TDP-43 hyperphosphorylation
and mislocalization, both nuclear and cytoplasmic populations are shown. Loss of TDP-43 nuclear localization causes aberrant mRNA maturation and thus the
lack of expression of EAAT2 on the astrocyte, with consequent glutamate accumulation and toxicity. B) Riluzole, in our proposed mechanism of action, inhibits
CK1d both in neurons and in glial cells, preventing TDP-43 proteinopathy, thereby allowing the physiological expression of EAAT2 and indeed glutamate ho-
meostasis.

4

http://www.chemmedchem.org


of the Titan Xp GPU used for this research. The authors thank
Alessia Vitale (University of Trieste) for her help in kinase activity

testing.

Conflict of interest

The authors declare no conflict of interest.

Keywords: amyotrophic lateral sclerosis · mechanism of

action · protein kinase CK1d · riluzole · TDP-43

[1] J. Sreedharan, I. P. Blair, V. B. Tripathi, X. Hu, C. Vance, B. Rogelj, S. Acker-
ley, J. C. Durnall, K. L. Williams, E. Buratti, Science 2008, 319, 1668 – 1672.

[2] M. Oberstadt, J. Stieler, D. L. Simpong, U. Rçmuß, N. Urban, M. Schaefer,
T. Arendt, M. Holzer, Sci. Rep. 2018, 8, 2248.

[3] L. P. Rowland, N. A. Shneider, N. Engl. J. Med. 2001, 344, 1688 – 1700.
[4] M. Neumann, D. M. Sampathu, L. K. Kwong, A. C. Truax, M. C. Micsenyi,

T. T. Chou, J. Bruce, T. Schuck, M. Grossman, C. M. Clark, Science 2006,
314, 130 – 133.

[5] E. B. Lee, V. M.-Y. Lee, J. Q. Trojanowski, Nat. Rev. Neurosci. 2012, 13, 38 –
50.

[6] L. Vanden Broeck, P. Callaerts, B. Dermaut, Trends Mol. Med. 2014, 20,
66 – 71.

[7] Y. Inukai, T. Nonaka, T. Arai, M. Yoshida, Y. Hashizume, T. G. Beach, E. Bur-
atti, F. E. Baralle, H. Akiyama, S. Hisanaga, FEBS Lett. 2008, 582, 2899 –
2904.

[8] T. Nonaka, G. Suzuki, Y. Tanaka, F. Kametani, S. Hirai, H. Okado, T. Miya-
shita, M. Saitoe, H. Akiyama, H. Masai, J. Biol. Chem. 2016, 291, 5473 –
5483.

[9] L. Van Den Bosch, P. Van Damme, E. Bogaert, W. Robberecht, Biochim.
Biophys. Acta (BBA)-Molecular Basis Dis. 2006, 1762, 1068 – 1082.

[10] A. Doble, Neurology 1996, 47, 233S – 241S.
[11] R. P. Dash, R. J. Babu, N. R. Srinivas, Clin. Pharmacokinet. 2018, 57, 1385 –

1398.
[12] M. K. Jaiswal, Med. Res. Rev. 2018, DOI: https://doi.org/10.1002/

med.21528.
[13] M. C. Bellingham, CNS Neurosci. Ther. 2011, 17, 4 – 31.

[14] U. Knippschild, A. Gocht, S. Wolff, N. Huber, J. Lçhler, M. Stçter, Cell. Sig-
nalling 2005, 17, 675 – 689.

[15] S. Mente, E. Arnold, T. Butler, S. Chakrapani, R. Chandrasekaran, K.
Cherry, K. DiRico, A. Doran, K. Fisher, P. Galatsis, J. Med. Chem. 2013, 56,
6819 – 6828.

[16] J. Bischof, J. Leban, M. Zaja, A. Grothey, B. Radunsky, O. Othersen, S.
Strobl, D. Vitt, U. Knippschild, Amino Acids 2012, 43, 1577 – 1591.

[17] J. Richter, J. Bischof, M. Zaja, H. Kohlhof, O. Othersen, D. Vitt, V. Alscher,
I. Pospiech, B. Garc&a-Reyes, S. Berg, J. Med. Chem. 2014, 57, 7933 –
7946.

[18] B. Garc&a-Reyes, L. Witt, B. Jansen, E. Karasu, T. Gehring, J. Leban, D.
Henne-Bruns, C. Pichlo, E. Brunstein, U. Baumann, F. Wesseler, B. Rathm-
er, D. Schade, C. Peifer, U. Knippschild, J. Med. Chem. 2018, 61, 4087 –
4102.

[19] I. G. Salado, M. Redondo, M. L. Bello, C. Perez, N. F. Liachko, B. C. Kraem-
er, L. Miguel, M. Lecourtois, C. Gil, A. Martinez, J. Med. Chem. 2014, 57,
2755 – 2772.

[20] F. R. Makhuri, J. B. Ghasemi, Eur. J. Pharm. Sci. 2015, 78, 151 – 162.
[21] D. Sabbadin, S. Moro, J. Chem. Inf. Model. 2014, 54, 372 – 376.
[22] A. Cuzzolin, M. Sturlese, G. Deganutti, V. Salmaso, D. Sabbadin, A. Cian-

cetta, S. Moro, J. Chem. Inf. Model. 2016, 56, 687 – 705.
[23] D. M. Milne, P. Looby, D. W. Meek, Exp. Cell Res. 2001, 263, 43 – 54.
[24] J. R. Tollervey, T. Curk, B. Rogelj, M. Briese, M. Cereda, M. Kayikci, J.

Kçnig, T. Hortob#gyi, A. L. Nishimura, V. Župunski, Nat. Neurosci. 2011,
14, 452 – 458.

[25] C. Alquezar, I. G. Salado, A. De la Encarnacijn, D. I. P8rez, F. Moreno, C.
Gil, A. L. de Munain, A. Mart&nez, ]. Mart&n-Requero, Mol. Neurodegener.
2016, 11, 36.

[26] M. T. Sepulveda-Orengo, K. L. Healey, R. Kim, A. C. Auriemma, J. Rojas, N.
Woronoff, R. Hyppolite, K. J. Reissner, Neuropsychopharmacology 2018,
43, 1212 – 1223.

[27] A. C. Pereira, J. D. Gray, J. F. Kogan, R. L. Davidson, T. G. Rubin, M. Oka-
moto, J. H. Morrison, B. S. McEwen, Mol. Psychiatry 2017, 22, 296.

[28] J. Tong, C. Huang, F. Bi, Q. Wu, B. Huang, X. Liu, F. Li, H. Zhou, X. Xia,
EMBO J. 2013, 32, 1917 – 1926.

[29] S. A. Sloan, B. A. Barres, Proc. Natl. Acad. Sci. USA 2013, 110, 4439 – 4440.

Accepted manuscript online: O ctober 25, 2018

5

https://doi.org/10.1126/science.1154584
https://doi.org/10.1126/science.1154584
https://doi.org/10.1126/science.1154584
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1134108
https://doi.org/10.1038/nrn3121
https://doi.org/10.1038/nrn3121
https://doi.org/10.1038/nrn3121
https://doi.org/10.1016/j.molmed.2013.11.003
https://doi.org/10.1016/j.molmed.2013.11.003
https://doi.org/10.1016/j.molmed.2013.11.003
https://doi.org/10.1016/j.molmed.2013.11.003
https://doi.org/10.1016/j.febslet.2008.07.027
https://doi.org/10.1016/j.febslet.2008.07.027
https://doi.org/10.1016/j.febslet.2008.07.027
https://doi.org/10.1074/jbc.M115.695379
https://doi.org/10.1074/jbc.M115.695379
https://doi.org/10.1074/jbc.M115.695379
https://doi.org/10.1212/WNL.47.6_Suppl_4.233S
https://doi.org/10.1212/WNL.47.6_Suppl_4.233S
https://doi.org/10.1212/WNL.47.6_Suppl_4.233S
https://doi.org/10.1007/s40262-018-0655-4
https://doi.org/10.1007/s40262-018-0655-4
https://doi.org/10.1007/s40262-018-0655-4
https://doi.org/10.1002/med.21528
https://doi.org/10.1002/med.21528
https://doi.org/10.1111/j.1755-5949.2009.00116.x
https://doi.org/10.1111/j.1755-5949.2009.00116.x
https://doi.org/10.1111/j.1755-5949.2009.00116.x
https://doi.org/10.1016/j.cellsig.2004.12.011
https://doi.org/10.1016/j.cellsig.2004.12.011
https://doi.org/10.1016/j.cellsig.2004.12.011
https://doi.org/10.1016/j.cellsig.2004.12.011
https://doi.org/10.1021/jm4006324
https://doi.org/10.1021/jm4006324
https://doi.org/10.1021/jm4006324
https://doi.org/10.1021/jm4006324
https://doi.org/10.1007/s00726-012-1234-x
https://doi.org/10.1007/s00726-012-1234-x
https://doi.org/10.1007/s00726-012-1234-x
https://doi.org/10.1021/jm500600b
https://doi.org/10.1021/jm500600b
https://doi.org/10.1021/jm500600b
https://doi.org/10.1021/acs.jmedchem.8b00095
https://doi.org/10.1021/acs.jmedchem.8b00095
https://doi.org/10.1021/acs.jmedchem.8b00095
https://doi.org/10.1021/jm500065f
https://doi.org/10.1021/jm500065f
https://doi.org/10.1021/jm500065f
https://doi.org/10.1021/jm500065f
https://doi.org/10.1016/j.ejps.2015.07.011
https://doi.org/10.1016/j.ejps.2015.07.011
https://doi.org/10.1016/j.ejps.2015.07.011
https://doi.org/10.1021/ci400766b
https://doi.org/10.1021/ci400766b
https://doi.org/10.1021/ci400766b
https://doi.org/10.1021/acs.jcim.5b00702
https://doi.org/10.1021/acs.jcim.5b00702
https://doi.org/10.1021/acs.jcim.5b00702
https://doi.org/10.1006/excr.2000.5100
https://doi.org/10.1006/excr.2000.5100
https://doi.org/10.1006/excr.2000.5100
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1038/mp.2016.33
https://doi.org/10.1038/emboj.2013.122
https://doi.org/10.1038/emboj.2013.122
https://doi.org/10.1038/emboj.2013.122
https://doi.org/10.1073/pnas.1301608110
https://doi.org/10.1073/pnas.1301608110
https://doi.org/10.1073/pnas.1301608110
http://www.chemmedchem.org



