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ABSTRACT: Six focused rhodanine-based libraries, 60 compounds in total, were synthesized and evaluated as potential
dynamin I GTPase inhibitors. Twenty-six were more potent than the lead compound with 13 returning IC50 values ≤10 μM,
making the Rhodadyn series among the most active dynamin inhibitors reported. Two analogues were highly effective at blocking
receptor-mediated endocytosis: C10 and D10 with IC50(RME) = 7.0 ± 2.2 and 5.9 ± 1.0 μM, respectively. These compounds are
equipotent with the best reported in-cell dynamin inhibitors.
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Dynamin is a 100kD GTPase,1 with three closely related
mammalian isoforms: dynamin I (dynI),2,3 dynamin II

(dynII),4 and dynamin III (dynIII).5 Each isoform has a
different number of spliced variants: dynI has eight, dynII has
four, and dynIII has thirteen.6 Each may have different
regulatory mechanisms at distinct locations within the cell or
be involved in the cellular localization of dynamin.7,8

The best-characterized superfamily member is dynI,
exclusively expressed in brain and neuronal tissue. DynI is a
key component of the synaptic vesicle (SV) recycling, which in
turn is essential for the maintenance of neurotransmission,
serving to retrieve empty SVs for refilling and reuse.6,9,10 SV
recycling is a specialized, rapid local endocytic recycling, con-
sidered to be a specialized form of receptor-mediated
endocytosis (RME).6−8

Dynamin is also involved in clathrin-independent endocy-
tosis, phagocytosis, and caveolae internalization. It has been
implicated in cellular processes such as vesicle trafficking, Golgi
function, organelle division, and mitochondria and chloroplast
biogenesis.7,8,11 Dynamin facilitates cell migration and invasion
and potentially plays an important role in cell growth, cell
spreading, and neurite outgrowth.12

Targeting endocytosis and trafficking defects through the
dynamin inhibition represents a novel strategy for the treat-
ment of many diseases such as neurological (e.g., epilepsy),
viral, and bacterial (which enter cells via clathrin-medicated
endocytosis) infections.13−15 Disruption of the cellular trans-

port process has been linked to over 100 diseases involving
endocytosis and intracellular trafficking defects.16,17 In humans,
dynamin has been implicated in Charcot-Marie-Tooth
disease,18 centronuclear myopathy,19 dominant optic atro-
phy,20,21 and HIV entry.22
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Figure 1. Chemical structure of the lead Rhodadyn A1.

Scheme 1a

aReagents and conditions: (i) EtOH, MW irradiation, 120 °C, 55 min
or EtOH, piperidine, reflux, 18 h.
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We have reported the MiTMAB,23,24a Bis-T,25,26 RTILs,27

Dynole,28 Iminodyn,29 and Pthaladyn series of compounds as
novel dynamin inhibitors.30 Each series thus far has targeted
many of dynamin's four domains: the pleckstrin homology, the
assembly domain, the proline-rich domain, and the GTP
binding domain. Other reported dynamin inhibitors include
dynasore, antipsychotics, and selective serotonin reuptake
inhibitors.31−33 As part of our ongoing studies, we identified
(Z)-3-benzyl-5-(4-bromobenzylidene)-2-thioxothiazolidin-4-
one (A1) (Figure 1) as a dynI inhibitor, IC50 = 134 μM.
While A1 was only a moderately potent dynamin inhibitor, the

primary rhodanine core is readily available or easily assessed and
amenable to focused library development. Herein, we selected six
commercially available rhodanines (A−F) (Figure 2a). As we were
keen to explore new chemical space with the aldehyde moiety and
to introduce novel isosteres with enhanced druglike character than
we had previously reported,26,29 we restricted our aldehyde library
to a family of 10 aldehydes (1−10) (Figure 2b). The introduction
of the aldehyde headgroup requires only a simple condensation
reaction.26,27,29,34

The rhodanine core is a privileged scaffold in medicinal chem-
istry and one that has found promise among many therapeutic
applications.34,35 Using our selected rhodanines (A−F) and
aldehydes (1−10), we constructed six, 10-component, focused

Table 1. Inhibition of dynI GTPase by Rhodadyn Libraries A−F

aIC50 > 100 μM; −, not active up to 300 μM.

Figure 2. (a) Rhodanines (A−F) and (b) aldehydes (1−10) used in
the synthesis of libraries A−F.
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libraries as potential dynI inhibitors. We call this the Rhodadyn
class of dynamin inhibitors.
Library A examined the retention of the N-benzyl moiety,

while library B examined removal of the N-benzyl moiety from
the lead A1. All Rhodadyn libraries were synthesized as shown
in Scheme 1 (see the Supporting Information) and were solids
that remained stable over extended periods at room temper-
ature.
Libraries A and B were examined for their ability to inhibit

dynI, and these data are presented in Table 1.
Table 1 identified five library A analogues with noteworthy

dynI inhibition. Of the actives, A9 was the most potent, IC50 =
7.4 ± 0.8 μM, a 20-fold increase in potency over A1. Of the
library A inactives, the most striking was A7, the sulfur isostere
of A5, a 53 μM dynI inhibitor.
Library B contained six dynI inhibitors ranging in potency

from 5.5 to 90 μM. Generally, there was a correlation between
the actives in libraries A and B, with library A actives also
displaying a level of activity in library B. Only B1 and B10 were
inactive when the library A equivalents displayed inhibition.
Interestingly, in both cases, the aldehydes used were relatively
simple aromatic systems. The potency trend differs between
libraries A and B. In library A, the most potent analogue was
A9 (7.4 μM), but in library B, B3, B5, and B8 are equipotent
(5.5−7.4 μM). There was an 8-fold increase in dynI inhibition
on removal of the benzyl moiety on going from A5 to B5.
Analogue B3 is marginally the most potent Rhodadyn from

libraries A and B, three times more potent than dynasore,33 but
less potent than Dynole 34-228 or Iminodyn compounds.36 Ten
of the nineteen new analogues in libraries A and B were
significantly more potent than the lead, A1.
From the libraries C (N-ethyl) and D (N-allyl) analogues

C1−D10 (Scheme 1 and Table 1), only C8−C10 and D8−
D10 displayed any dynI inhibition. The N-ethyl analogues C8−
C10 were the most potent with IC50 values of 3.0, 5.1, and
6.4 μM, respectively. Within library D, D10 was the most
potent (3.6 μM), with other library D members at best modest
dynI inhibitors: D8 (31 μM) and D9 (134 μM, equipotent with
A1). Notwithstanding this, C8−C10 and D8−D10 are up to a
50-fold more active than A1.
Libraries E (N-acetic acid) and F (N-propionic acid) afforded

high levels of dynI inhibition with E2, E3, E8, and E9 returning
IC50 values of 73, 12.3, 5.5, and 3.4 μM, respectively. Library F
contained seven dynI inhibitors with F1−F3, F6, and F8−F10
returning IC50 values of 9, 42, 48, 23.5, 4.3, 10, and 21.7 μM,
respectively.
Interestingly, the head groups (2 and 3) that saw an activity

loss in libraries C and D saw activity restored in libraries E and
F, for example, 12.3 μM for E3 vs inactive for C3/D3,
suggesting some binding in the tail region of the molecule.
Analogues derived from 8 and 9 were again the most active
with IC50 values of 3.4 (E9) and 4.3 μM (F8). These two head
groups are not only among the most active across all libraries
but are the only ones retaining activity across all libraries.

Table 2. DynI IC50 Values and In-Cell RME IC50 Values in U2OS Cells of Rhodadyn Analogues A8−F8, A10, B4, C10, D10, E3,
and F3

aIC50 > 100 μM; −, not active up to 300 μM.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml200284s | ACS Med. Chem. Lett. 2012, 3, 352−356354



Chemically significant modifications of the tail group have limited
impact on dynI inhibition, for example, the change from an ethyl
(C8) to acetic acid (E8) resulted in only an IC50 change from 3.1
to 5.5 μM.
Given that dynamin GTPase activity is essential for endocytosis,

we examined the Rhodadyns for their potential inhibition of
another key endocytotic protein, clathrin. We view clathrin
inhibition as an undesirable off-target action.37,38 Gratifyingly, no
clathrin inhibition was observed at 100 μM Rhodadyn con-
centration. Second, two compound cohorts were then examined
for their ability to block in-cell endocytosis using our automated
quantitative RME assay based on endocytosis of Texas Red-
transferrin (TxR-Tf) into U2OS human osteosarcoma epithelial
cells (see the Supporting Information).28,36 The first cohort, A8−
F8, varied only the tail group (Figure 1 and Table 2).
Surprisingly, only B8 of the first cohort screened for RME

activity was in-cell active (Table 2). This may be due to poor cell
permeability or rapid compound efflux of the others. Further
evaluation of RME efficacy of selected Rhodadyn analogues
identified the N-ethyl C10 and N-allyl D10 as more potent RME
blockers with IC50 values of 7.0 and 5.9 μM, respectively (Table 2).
The N-benzyl A10 was inactive. As A10, C10, and D10 possess
the same headgroup, this suggests that differences in RME activity,
within this cohort, arise via the tail group with small alkyl groups
better tolerated than aromatic moieties. As expected, on the basis of
our observations in Table 2, analogues the carboxylate substituted
E3 and F3 as well as the hydrophilic B4 displayed no RME activity
presumably due to poor cell permeability or rapid cellular efflux.
cLog P calculations showed no direct correlation between
compound solubility and membrane permeability (Table 2).39

The Rhodadyn series are highly active dynI inhibitors, and
through the development of six focused compound libraries, a
50-fold increase in potency has been realized. Thirteen
Rhodadyn analogues returned IC50 ≤ 10 μM, and of these,
C8 (3.0 μM), E9 (3.4 μM), and D10 (3.6 μM) have activity
better than our reported Pthaladyn series (IC50 ∼ 4.6 μM),
although not equal to the Iminodyn (IC50 ∼ 0.26 μM) or
Dynole (IC50 ∼ 1.30 μM) series.28,30

The most active compound in each library (A9, B3, C8, D10,
E9, and F8) varied significantly in regards to requisite aldehyde
but varied little in actual activity (IC50 ∼ 7.4, 5.5, 3.0, 3.6, 3.4, and
4.3 μM respectively). Of the 10 head groups evaluated, only one
(7) failed to display any significant dynI inhibition. Clearly, our
findings offer considerable scope to further improve on the
potency of this new class of Rhodadyn compounds. The impact of
the tail groups remains less clear with only 3,5-dichlorobenzalde-
hyde (8) retaining activity across all six libraries.
Examination of selected Rhodadyn analogues in our whole

cell RME assay identified two, C10 and D10, with best
IC50(RME) values of 7.0 and 5.9 μM, respectively. This represents
almost the same activity as compared to their measured dynI
IC50 values and compares favorably to the decrease in activity
found in the Pthaladyn (inactive), Iminodyn (24-fold decrease),
and Dynole (4-fold decrease) series. C10 and D10 are among
the most potent RME inhibitors reported, only surpassed by
Dynole 34-2 (IC50(RME) ∼ 5.0 μM).28,30,36 The development of
the Rhodadyn series adds another chemical biology probe to
the expanding palette of dynamin inhibitors.

■ ASSOCIATED CONTENT
*S Supporting Information
Details of library synthesis. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Tel: +61249216486. Fax: +61249215472. E-mail: Adam.
McCluskey@newcastle.edu.au.

Present Address
∥Department of Pharmaceutical Science, University of Milan,
via Mangiagalli, 25-20133 Milan, Italy.

Funding
This work was supported by the National Medical & Health
Research Council (Australia), the Australian Research Council,
and the Deutsche Forschungsgemeinschaft (SFB765/B4;
HA2686/3-2).

Notes
The authors declare the following competing financial
interest(s):We have entered into a commercial agreement
with Abcam biochemicals (Bristol, UK) for the supply of our
dynamin inhibitors. This includes the compounds listed in this
paper.

■ ABBREVIATIONS

dynI, dynamin I; dynII, dynamin II; dynIII, dynamin III; SV,
synaptic vesicle; RME, receptor-mediated endocytosis

■ ADDITIONAL NOTE
aRhodadyn, MiTMAB, Bis-T, Dynole, Dynole 34-2, and
Iminodyn are trademarks of Children's Medical Research
Institute and Newcastle Innovation Ltd. Rhodadyn compounds
and most other dynamin inhibitors described in this paper are
available from Abcam Biochemicals Ltd. (Bristol, United
Kingdom).

■ REFERENCES
(1) Krueger, B. K.; Forn, J.; Greengard, P. Depolarization-induced
phosphorylation of specific proteins, mediated by calcium ion influx, in
rat brain synaptosomes. J. Biol. Chem. 1977, 252, 2764−2773.
(2) Van der Bliek, A. M.; Meyerowitz, E. M. Dynamin-like protein
encoded by the Drosophila shibire gene associated with vesicular
traffic. Nature 1991, 351, 411−414.
(3) Chen, M. S.; Obar, R. A.; Schroeder, C. C.; Austin, T. W.;
Poodry, C. A.; Wadsworth, S. C.; Vallee, R. B. Multiple forms of
dynamin are encoded by shibire, a Drosophila gene involved in
endocytosis. Nature 1991, 351, 583−586.
(4) Robinson, P. J.; Sontag, J. M.; Liu, J. P.; Fykse, E. M.; Slaughter,
C.; McMahon, H.; Sudhof, T. C. Dynamin GTPase regulated by
protein kinase C phosphorylation in nerve terminals. Nature 1993,
365, 163−166.
(5) Noda, Y.; Nakata, T.; Hirokawa, N. Localization of dynamin:
Widespread distribution in mature neurons and association with
membranous organelles. Neuroscience 1993, 55, 113−127.
(6) Cao, H.; Garcia, F.; McNiven, M. A. Differential distribution of
dynamin isoforms in mammalian cells. Mol. Biol. Cell 1998, 9 (9),
2595−2609.
(7) Liu, J. -P.; Robinson, P. J. Dynamin and endocytosis. Endocr. Rev.
1995, 16, 590−607.
(8) Hinshaw, J. E. Dynamin and its role in membrane fission. Annu.
Rev. Cell Dev. Biol. 2000, 16, 483−519.
(9) Smillie, K. J.; Cousin, M. A. Dynamin I phosphorylation and the
control of synaptic vesicle endocytosis. Biochem. Soc. Symp. 2005, 72,
87−97.
(10) Cousin, M. A.; Tan, T. C.; Robinson, P. J. Protein
phosphorylation is required for endocytosis in nerve terminals:
potential role for the dephosphins dynamin I and synaptojanin, but
not AP180 or amphiphysin. J. Neurochem. 2001, 76, 105−116.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml200284s | ACS Med. Chem. Lett. 2012, 3, 352−356355

http://pubs.acs.org
mailto:Adam.McCluskey@newcastle.edu.au
mailto:Adam.McCluskey@newcastle.edu.au


(11) Praefcke, G. J. K.; McMahon, H. T. The dynamin superfamily:
Universal membrane tubulation and fission molecules? Nat. Rev. Mol.
Cell Biol. 2004, 5, 133−147.
(12) Urrutia, R.; Henley, J. R.; Cook, T.; McNiven, M. A. The
dynamins: Redundant or distinct functions for an expanding family of
related GTPases? Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 377−384.
(13) Pelkmans, L.; Helenius, A. Insider information: What viruses tell
us about endocytosis. Curr. Opin. Cell Biol. 2003, 15, 414−422.
(14) Veiga, E.; Cossart, P. Listeria hijacks the clathrin-dependent
endocytic machinery to invade mammalian cells. Nat. Cell Biol. 2005,
7, 894−900.
(15) Bonazzi, M.; Cossart, P. Bacterial entry into cells: A role for the
endocytic machinery. FEBS Lett. 2006, 580, 2962−2967.
(16) Aridor, M.; Hannan, L. A. Traffic jam: A compendium of human
diseases that affect intracellular transport processes. Traffic 2000, 1,
836−851.
(17) Aridor, M.; Hannan Lisa, A. Traffic jams II: An update of
diseases of intracellular transport. Traffic 2002, 3, 781−790.
(18) Zuechner, S.; Noureddine, M.; Kennerson, M.; Verhoeven, K.;
Claeys, K.; De Jonghe, P.; Merory, J.; Oliveira, S. A.; Speer, M. C.;
Stenger, J. E.; Walizada, G.; Zhu, D.; Pericak-Vance, M. A.; Nicholson,
G.; Timmerman, V.; Vance, J. M. Mutations in the pleckstrin
homology domain of dynamin 2 cause dominant intermediate
Charcot-Marie-Tooth disease. Nat. Genet. 2004, 37, 289−294.
(19) Bitoun, M.; Maugenre, S.; Jeannet, P.-Y.; Lacene, E.; Ferrer, X.;
Laforet, P.; Martin, J.-J.; Laporte, J.; Lochmueller, H.; Beggs, A. H.;
Fardeau, M.; Eymard, B.; Romero, N. B.; Guicheney, P. Mutations in
dynamin 2 cause dominant centronuclear myopathy. Nat. Genet. 2005,
37, 1207−1209.
(20) Delettre, C.; Lenaers, G.; Pelloquin, L.; Belenguer, P.; Hamel, C. P.
OPA1 (Kjer Type) dominant optic atrophy: A novel mitochondrial
disease. Mol. Genet. Metab. 2002, 75, 97−107.
(21) Alexander, C.; Votruba, M.; Pesch, U. E. A.; Thiselton, D. L.;
Mayer, S.; Moore, A.; Rodriguez, M.; Kellner, U.; Leo-Kottler, B.;
Auburger, G.; Bhattacharya, S. S.; Wissinger, B. OPA1, encoding a
dynamin-related GTPase, is mutated in autosomal dominant optic
atrophy linked to chromosome 3q28. Nat. Genet. 2000, 26, 211−215.
(22) Daecke, J.; Fackler, O. T.; Dittmar, M. T.; Kraeusslich, H.-G.
Involvement of clathrin-mediated endocytosis in human immunode-
ficiency virus type 1 entry. J. Virol. 2005, 79, 1581−1594.
(23) Hill, T. A.; Odell, L. R.; Quan, A.; Abagyan, R.; Ferguson, G.;
Robinson, P. J.; McCluskey, A. Long chain amines and long chain
ammonium salts as novel inhibitors of dynamin GTPase activity.
Bioorg. Med. Chem. Lett. 2004, 14, 3275−3278.
(24) Quan, A.; McGeachie, A. B.; Keating, D. J.; van Dam, E. M.;
Rusak, J.; Chau, N.; Malladi, C. S.; Chen, C.; McCluskey, A.; Cousin,
M. A.; Robinson, P. J. Myristyl trimethyl ammonium bromide and
octadecyl trimethyl ammonium bromide are surface-active small
molecule dynamin inhibitors that block endocytosis mediated by
dynamin I or dynamin II. Mol. Pharmacol. 2007, 72, 1425−1439.
(25) Hill, T.; Odell, L. R.; Edwards, J. K.; Graham, M. E.; McGeachie,
A. B.; Rusak, J.; Quan, A.; Abagyan, R.; Scott, J. L.; Robinson, P. J.;
McCluskey, A. Small Molecule Inhibitors of Dynamin I GTPase
Activity: Development of Dimeric Tyrphostins. J. Med. Chem. 2005,
48, 7781−7788.
(26) Odell, L. R.; Chau, N.; Mariana, A.; Graham, M. E.; Robinson,
P. J.; McCluskey, A. Azido and Diazarinyl Analogues of Bis-Tyrphostin
as Asymmetrical Inhibitors of Dynamin GTPase. ChemMedChem
2009, 4, 1182−1188.
(27) Zhang, J.; Lawrance, G. A.; Chau, N.; Robinson, P. J.;
McCluskey, A. From Spanish fly to room-temperature ionic liquids
(RTILs): Synthesis, thermal stability and inhibition of dynamin 1
GTPase by a novel class of RTILs. New J. Chem. 2008, 32, 28−36.
(28) Hill, T. A.; Gordon, C. P.; McGeachie, A. B.; Venn-Brown, B.;
Odell, L. R.; Chau, N.; Quan, A.; Mariana, A.; Sakoff, J. A.; Chircop,
M.; Robinson, P. J.; McCluskey, A. Inhibition of Dynamin Mediated
Endocytosis by the Dynoles - Synthesis and Functional Activity of a
Family of Indoles. J. Med. Chem. 2009, 52, 3762−3773.

(29) Chan, L.-S.; Hansra, G.; Robinson, P. J.; Graham, M. E.
Differential Phosphorylation of Dynamin I Isoforms in Subcellular
Compartments Demonstrates the Hidden Complexity of Phospho-
proteomes. J. Proteome Res. 2010, 9, 4028−4037.
(30) Odell, L. R.; Howan, D.; Gordon, C. P.; Robertson, M. J.; Chau,
N.; Mariana, A.; Whiting, A. E.; Abagyan, R.; Daniel, J. A.; Gorgani, N. N.;
Robinson, P. J.; McCluskey, A. The Pthaladyns: GTP Competitive
Inhibitors of Dynamin I and II GTPase Derived from Virtual Screening.
J. Med. Chem. 2010, 53, 5267−5280.
(31) Takahashi, K.; Miyoshi, H.; Otomo, M.; Osada, K.; Yamaguchi,
N.; Nakashima, H. Suppression of dynamin GTPase activity by
sertraline leads to inhibition of dynamin-dependent endocytosis.
Biochem. Biophys. Res. Commun. 2010, 391, 382−387.
(32) Otomo, M.; Takahashi, K.; Miyoshi, H.; Osada, K.; Nakashima,
H.; Yamaguchi, N. Some selective serotonin reuptake inhibitors inhibit
dynamin I guanosine triphosphatase (GTPase). Biol. Pharm. Bull.
2008, 31, 1489−1495.
(33) Macia, E.; Ehrlich, M.; Massol, R.; Boucrot, E.; Brunner, C.;
Kirchhausen, T. Dynasore, a cell-permeable inhibitor of dynamin. Dev.
Cell 2006, 10, 839−850.
(34) Welsch, M. E.; Snyder, S. A.; Stockwell, B. R. Privileged scaffolds
for library design and drug discovery. Curr. Opin. Chem. Biol. 2010, 14,
347−361.
(35) Tomasic, T.; Masic, L. P. Rhodanine as a privileged scaffold in
drug discovery. Curr. Med. Chem. 2009, 16, 1596−1629.
(36) Hill, T. A.; Mariana, A.; Gordon, C. P.; Odell, L. R.; Robertson,
M. J.; McGeachie, A. B.; Chau, N.; Daniel, J. A.; Gorgani, N. N.;
Robinson, P. J.; McCluskey, A. Iminochromene Inhibitors of
Dynamins I and II GTPase Activity and Endocytosis. J. Med. Chem.
2010, 53, 4094−4102.
(37) von Kleist, L.; Stahlschmidt, W.; Bulut, H.; Gromova, K.;
Puchkov, D.; Robertson, M. JJ.; MacGregor, K. A.; Tomlin, N.;
Pechstein, A.; Chau, N.; Chircop, M.; Sakoff, J. A.; von Kries, J.;
Saenger, W.; Kraüsslich, H. -G.; Shupliakov, O.; Robinson, P. J.;
McCluskey, A.; Haucke, V. Essential role of the clathrin terminal
domain in regulating coated pit dynamics revealed by small molecule
inhibition. Cell 2011, 146, 471−484.
(38) McMahon, H. T.; Boucrot, E. Molecular Mechanism and
physiological functions of clathrin-mediated endocytosis. Nat. Rev.,
Mol. Cell. Biol. 2011, 12, 517−533.
(39) Calculated using the Osiris Molecular Property Calculator:
http://www.organic-chemistry.org/prog/peo/.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml200284s | ACS Med. Chem. Lett. 2012, 3, 352−356356

http://www.organic-chemistry.org/prog/peo/

