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The Bis-T series of compounds comprise some of the most
potent inhibitors of dynamin GTPase activity yet reported, e. g.,
(2E,2’E)-N,N’-(propane-1,3-diyl)bis(2-cyano-3-(3,4-
dihydroxyphenyl)acrylamide) (2), Bis-T-22. The catechol moieties
are believed to limit cell permeability, rendering these com-
pounds largely inactive in cells. To solve this problem, a
prodrug strategy was envisaged and eight ester analogues
were synthesised. The shortest and bulkiest esters (acetate and
butyl/tert-butyl) were found to be insoluble under physiological
conditions, whilst the remaining five were soluble and stable

under these conditions. These five were analysed for plasma
stability and half-lives ranged from ~ 2.3 min (propionic ester 4),
increasing with size and bulk, to greater than 24 hr (dimethyl
carbamate 10). Similar profiles where observed with the rate of
formation of Bis-T-22 with half-lives ranging from ~ 25 mins
(propionic ester 4). Propionic ester 4 was chosen to undergo
further testing and was found to inhibit endocytosis in a dose-
dependent manner with IC50 ~ 8 μM, suggesting this compound
is able to effectively cross the cell membrane where it is rapidly
hydrolysed to the desired Bis-T-22 parent compound.

Introduction

Dynamin belongs to the superfamily of large (~ 100 kDa) GTP-
binding proteins that are intricately involved in various
membrane trafficking and membrane fission or fusion
processes.[1–3] They are act as mechanochemical enzymes that
hydrolyse GTP to constrict and deform biological
membranes.[4–6]

In mammals classical dynamin exist in three isoforms:
dynamin I (dynI) is primarily neuron-specific; dynamin II (dynII)
is ubiquitous; and dynamin III (dynIII) exists in various tissues
including the brain, testes, lung, heart and potentially cells of
hematopoietic origin.[1–4] The classical dynamins mediate mem-
brane fission during clathrin-mediated endocytosis (CME) and
play additional cellular roles in the exocytic fusion pore, actin
dynamics and cytokinesis.[7–10] Dynamin mutants and/or over-
expression has been linked to various cancers, often with poor

prognosis.[11,12] Endocytic pathway defects have been associated
with a multitude of human neurological conditions.[13,14]

Dynamin’s association with microtubules has been linked with
endocytosis defects in Alzheimer’s Disease. Inhibition of
dynamin has also been linked to a possible treatment for
epilepsy.[15]

The dynamins are typically characterized as possessing five
domains: a GTPase domain,[16,17] a pleckstrin homology (PH)
domain,[18,19] a middle domain, a GTPase effector (GED)
domain[16,20,21] and a proline rich domain (PRD).[17,18,22,23] Each
domain is a potential drug target.

Dynamin inhibitors have been shown as valuable tools for
investigating endocytic pathways.[24,25] Inhibitors from our
laboratories span the MiTMAB,[26–28] RTIL,[29] Iminodyn,[30]

Pthaladyn,[31] dyngo®,[32] Rhodadyn,[33] DynolesTM,[34–36]

Quinodyn,[37] Naphthaladyn,[38] phenothiazine drugs[39] and Bis-T-
22,[40,41] compound families. Other groups have reported
dynasore analogues,[42] some selective serotonin reuptake
inhibitors,[43] and high throughput screening hits as dynamin
inhibitors.[42,44,45] Of these, the MiTMAB,[27,46] Bis-T[47] and dynole[48]

classes have anti-tumour activity that show selectivity for cancer
cells with minimal to no effect on non-tumourigenic fibroblasts.
These dynamin inhibitors induce apoptosis via the intrinsic
pathway, exclusively following cytokinesis failure and
polyploidisation.[27] In addition, dynamin inhibitors alter cell
signalling pathways and have been shown to enhance the
effects of existing chemotherapeutic approaches.[49,50] This
suggests that targeting dynamin may be a novel anti-cancer
strategy. In support of this, dynole-34-2 and a phenothiazine
drug were recently shown to be effective as combination
therapies in mouse models of leukemia and head and neck
cancer respectively,[49,51] or as a mono-therapy in
glioblastoma.[52]

The dimeric tyrphostins (the Bis-T series) were among the
first reported dynamin inhibitors and are the focus of the
current study. Their binding site on dynamin is unknown, and
they are not GTP competitive.[41] Members of this compound
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series have shown potential therapeutic utility in animal models
of kidney disease.[53–55] Bis-T-22 (2) is equally the most active in
the dynamin inhibitor in the series, with an IC50 for dynamin I
inhibition of 1.7�2 μM) (compound 22 in Table 1 of[41]). It
contains two highly polar catechol groups which have been
shown to be essential for dynamin inhibition.[40,41] Bis-T-22 (2)
displayed varying degrees of cell permeability, limiting its
potential as a future therapeutic. Herein we describe a simple
prodrug strategy enhancing the cell permeability of the Bis-T
series and explore Bis-T-22’s mechanism of action.

Results and Discussion

In our early investigations with Bis-T-22 (2), we were unable to
convincingly demonstrate that this compound inhibits dynamin
and clathrin-mediated endocytosis (CME) in all cultured cell
lines (Figure 1). Endocytosis block was essentially complete with
100 μM 2 in Swiss 3T3 (Figure 1), HER14 and B104 cells (not
shown), but 2 was largely ineffective in COS7, A431, B35 and
HeLa cells at up to 300 μM (Figure 1, and SI Figure S1). This
obviously limits the use of this compound, despite its excellent

dynamin IC50 value (dyn I IC50 =1.7 μM; dyn II IC50 =0.5 μM),[41]

for the study of endocytosis in a wide range of cell types. We
rationalised that this variability in activity was possibly due to
the inability of 2 to permeate the cell membrane, and thus
block endocytosis, although other factors may explain the
variability, such as cell line differences in active efflux trans-
porter mechanisms or xenobiotic metabolism via cytochrome
P450 oxidases and transferase enzymes like glutathione S-
transferases. To address the hypothesis that the deficit with 2
was in cell permeability, we sought to explore a prodrug
approach and enhance compound 2’s cell permeability.[56–58]

Our initial investigations provided no detail on the mecha-
nism by which 2 inhibited dynamin. In principle there are
multiple points in the dynamin endocytosis cycle that a small
molecule could block dynamin action. In the formative stages,
dynamin associates with the plasma membrane via its PH
(pleckstrin homology, lipid binding) domain; at the later power
stroke phase, dynamin hydrolyses GTP to GDP (providing the
energy required to drive vesicle scission). We investigated the
effect of 2 in both of these scenarios (Figure 2).

Our analysis reveals that Bis-T-22 (and by association, this
class of compounds) effects dynamin inhibition in a non-GTP
and non-lipid dependent manner. It is possible that Bis-T-22

Table 1. Physico-chemical properties of Bis-T-22 (2) and prodrugs 3–10.

Compound Log P[a] Aqueous Stability[b]

2 (Bis-T-22) 2.61 ND[c]

3 2.77 ND
4 4.30 Y
5 7.63 Y
6 8.00 Y
7 6.93 Y
8 11.19 ND
9 8.08 ND
10 3.11 Y

[a] Calculated using the Drug Likeness tool in ICM, Molsoft Ca; [b] Stock
solutions of the compound were incubated in tris buffer (pH 7.4) at 37 °C
for 24 h, stability judged by HPLC analysis, with compound identified as
stable if <10 % Bis-T-22 was observed. [c] ND =not determined

Figure 1. The effect of 100 μM Bis-T-22 (2) on the uptake of a transferrin red dye (TxR-Tfn) by endocytosis. A/B Control using Swiss 3T3 cells (no compound),
A. TxR-Tfn stain evident; B. TxR-Tfn colocalised with DAPI (nuclear staining); C/D with 100 μM 2 added; E/F Control using COS7 cells (no compound), E. TxR-Tfn
stain evident; F. TxR-Tfn colocalised with DAPI (nuclear staining); G/H with 100 μM 2 added.

Figure 2. The effect of 2 on dynamin activity with increasing GTP concen-
tration; B. Effect of 2 on dynamin activity with increasing phospholipid (PS)
concentration.
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affects dynamin assembly, regardless of the exact mode of
action, this inhibition offers a different point of intervention in
dynamin-dependent endocytosis than other reported com-
pounds from our laboratories. The naphthaladyns,[38]

quinodyns[37] and pthaladyns[31] are GTP competitive, the
pyrimidyns are mixed competitive with GTP and lipids,[59] the
MiTMABs are PH domain (lipid) competitive,[26] while the
dynoles are presumed to be allosteric inhibitors and the dyngos
also block dynamin assembly.[32]

Thus, developing a cell permeable Bis-T-22 analogue would
afford the biology community an additional orthogonal chem-
ical scaffold and mode of action inhibitor to explore the effect
of dynamin inhibition on biological systems. To this end, we
developed a number of Bis-T-22 (2) analogues incorporating
commonly utilised prodrug moieties, which comprised alkyl
esters (acetic acid 3, propionic acid 4, butyric acid 5, isobutyric
acid 6, hexanoic acid 8 and trimethyl acetic acid 9), an isobutyl
carbonate (7) and a dimethylcarbamate (10). The synthesis of
these derivatives from the parent compound Bis-T-22 (2) is
described in Scheme 1.

In a typical synthesis, treatment of propane-1,3-diamine
with methyl cyanoacetate gave the required 1,3-dicyanoamide
(1), which under Knoevenagel condensation conditions, with
excess 3,4-dihydroxybenzaldehyde gave 2.[41] Treatment of 2
with the appropriate acid anhydride or isobutyric chloroformate
and DMAP generated esters 3, 4, 5, 6, 8 and carbonate 7,
respectively. Bis-T-22 (2) was also reacted with trimethylacetic
anhydride and dimethyl carbomylchloride in the presence of
K2CO3 to afford ester 9 and carbamate 10, respectively.
Compounds 3–10 were then submitted for biological evaluation
and, as expected, displayed no in vitro dynamin inhibitory
activity at 300 or 500 μM. This is consistent with the previously

described pharmacophore requirements for this compound
class.[40,41]

To evaluate their suitability as potential endocytosis inhib-
itors, a number of physicochemical properties of prodrugs 3–10
were determined (Table 1). It can be seen that all the prodrugs
display greater lipophilicity (Log P) than Bis-T-22 (2). Com-
pounds 3, 8 and 9 were insoluble in the buffer solution, and
were not investigated further. Given our desire to develop cell
permeable prodrugs, we examined the aqueous stability of the
remaining analogues (4–7 and 10) by HPLC analysis (24 h,
pH 7.4 phosphate buffer). No detectable decomposition was
noted (Table 1).

To be useful as prodrugs of 2, analogues must be readily
converted to the active parent compound in vivo. Thus, stock
solutions (100 μM) of 4–7 and 10 in 5 % rat blood plasma at
37 °C for 24 h. Aliquots were taken at regular time intervals and
the half-lives determined by HPLC peak area analysis of the
prodrug, Bis-T-22 (2), and an internal standard (benzophenone).
Under these conditions, prodrugs 4–7 were quantitatively
hydrolysed to 2 and, as expected, the stability of the prodrug
increased with the steric bulk of the ester group (Table 2).
Dimethylcarbamate 10 exhibited significant enzymatic stability
with no evidence of hydrolysis even on increasing the rat
plasma concentration to 80 % and 24 h incubation. This is
consistent with the prolonged lifetime exhibited by prodrugs
which contain this moiety.[60,61]

The hydrolysis of propionic acid ester 4 was then followed
by HPLC analysis (Figure 3). Upon the addition of plasma,
compound 4 was rapidly converted into a number of well
resolved intermediate adducts, presumably containing one or
more prodrug moieties (Figure 3C). As the concentration of the
intermediates increased, hydrolysis of 4 slows (Figure 3E
>10 min) due to preferential hydrolysis of the more sterically
accessible intermediates. This corresponds to a steady increase
in the formation of 2 until hydrolysis of 4 was complete
(Figure 3E �60 min).

Encouraged by the calculated increase in membrane
permeability of 4 and its rapid in vivo conversion to 2, we
sought to ascertain the efficacy of prodrug 4 as an in-cell
endocytosis inhibitor. We examined the effect of 30 μM of 4
and 100 μM Bis-T-22 (2) on EGF-TxR uptake in HeLa cells
(Figure 4). EGF is internalised into cells by clathrin-mediated
endocytosis (CME), which is a dynamin-dependent process.
Both the control (DMSO vehicle only) and the Bis-T-22 (2)
treated cells showed significant EGF-TxR internalisation, indicat-
ing no effect on CME. In contrast, the cells treated with prodrug
4 displayed a marked reduction in CME and a significant
increase in green fluorescence.

To unequivocally demonstrate that the green fluorescence
was due to the presence of Bis-T-22 (2) within the cells, we
recorded the fluorescence emission spectra of Bis-T-22 (2) and
prodrug 4 in the region where the green signal is measured
(515–555 nm). We chose a 30 min preincubation time plus an
additional 10 min ligand stimulation to potentially produce up
to 80 % conversion from prodrug to active drug, based on the
data in Figure 4F. Bis-T-22 (2) displayed significant green
fluorescence whereas 4 exhibited minimal fluorescence in the

Scheme 1. Reagents and conditions: i) neat, 25 °C, 2 h ii) piperidine (cat),
EtOH, reflux, 2 h iii) acid anhydride (for 3, 4, 5, 6 and 8) or isobutyl
chloroformate (7), DMAP, pyridine, 0 to 25 °C, 2 h iv) trimethylacetic
anhydride (9) or dimethylcarbamyl chloride (10), K2CO3, DMF, 25 °C, 18 h.
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region of interest (Figure 5). The results are consistent with the
efficient diffusion of prodrug 4 across the cell membrane and is
effectively cleaved, in vivo, to liberate the active compound, Bis-
T-22 (2).

To further examine the in-cell impact of prodrug 4 on CME,
a quantitative study was carried out using a second ligand,
transferrin, and a second cell line (COS7 cells) (Figure 6).
Transferrin uptake (i. e. CME) was determined by measuring
fluorescence intensity in cells treated with 4 relative to control
cells which were treated with DMSO vehicle only. Data was

collected from 100 randomly selected cells. Prodrug 4 inhibited
transferrin CME in a concentration-dependent manner, with an
in-cell IC50 (8.0�0.5 μM), similar to the in vitro IC50 of Bis-T-22 (2)
(1.7�0.2 μM) (Figure 4). As the actual concentration of dynamin
within the cell is unknown, a direct comparison of IC50 in vitro
and in-cell is not appropriate. This combined with our
observation of significant in cell fluorescence, which we have
demonstrated arises from prodrug 4 hydrolysis to 2 (cf Figures 4
and 5) suggests that diffusion of 4 across the cell membrane is
efficient, with little extracellular hydrolysis taking place. Fur-

Figure 3. HPLC traces illustrating the cleavage of prodrug 4 to generate Bis-T-22 in 5 % rat blood plasma. Panels (A) and (B) show 100 μM solutions of prodrug
4 (Rt = 14.8 min) and Bis-T-22 (2) (Rt = 5 min) respectively. Panels (C) and (D) show compound 4 after a 10 min and 60 min incubation in 5 % rat plasma
respectively. All HPLC traces contain benzophenone as an internal standard (Rt = 10.5 min). Panel (E) shows the relationship between the hydrolysis of 4 and
the formation of Bis-T-22 (2) (data calculated based on the HPLC determined peak area relative to internal standard).
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thermore, the level of endocytosis is closely correlated (r2 =

� 0.95) to the intensity of green fluorescence exhibited by the
affected cell. This is consistent with the efficient cellular
internalisation and rapid hydrolysis of 4 to yield the active
parent compound, Bis-T-22 (2).

In light of its successful CME inhibition in COS7 and HeLa
cells, we sought to examine the effectiveness of prodrug 4 in
other cell lines. At 30 μM prodrug 4, but not the parental Bis-T-

22, inhibited transferrin and EGF uptake (where applicable) in
HER14, B104, B35, Swiss 3T3 and A431 cells (data not shown).

Figure 4. Panel A&D, control DMSO vehicle-treated HeLa cells, no compound with images recorded in A the red channel, and D in the green channel. B&E The
effects of 100 μM Bis-T-22 2 (B, red channel; E, green channel) on the uptake of EGF-TxR dye in HeLa cells. C&F the effects of 30 μM prodrug 4 (C, red channel;
F, green channel) on internalisation of EGF-Tx in HeLa cells. The control cells show level of autofluorescence in the green channel and the product Bis-T-22 is
highly fluorescent in the green channel.

Figure 5. Fluorescence emission spectra of Bis-T-22 (2) and prodrug 4. Bis-T-
22 (2), but not 4, exhibits significant and broad fluorescence in the green
region (515–555 nm) of the spectra. Figure 6. The effect of prodrug 4 on internalisation of Texas-red EGF (Tfn) in

COS7 cells. The values represent the mean data for 100 randomly selected
drug treated cells relative to the control cells. Prodrug 4 pre-incubated with
cells for 30 min prior to addition of Tfn, 10 min incubation with Tfn present
prior to HPLC analysis. Note a red-tagged ligand is required since Bis-T-22
interferes in the green channel, preventing CME analysis.
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Conclusion

We have shown that small molecule inhibitors of dynamin
GTPase activity can be used to block CME in cells if rendered
cell-permeable. Bis-T-22 (2) is an in vitro dynamin inhibitor with
an IC50 of 1.7 μM, however it has low or no effect on CME in
multiple cell lines tested (not shown). Consequently, a prodrug
strategy was employed in an attempt to improve the in-cell
availability of Bis-T-22 (2). A number of prodrug candidates
were prepared and their physical properties determined (lip-
ophilicity (log P), enzymatic and chemical stability).

The propionic acid ester 4 displayed a calculated increase in
membrane permeability and was rapidly hydrolysed by non-
specific esterases in plasma or in cells to liberate the active
parent, Bis-T-22 (2). This was also indicated by a large increase
in fluorescence in the green channel as the active Bis-T-22 (2)
was formed. Thus, it was prioritised for further evolution and
was found to inhibit CME of two different ligands in two
different cell lines. The observed potency in COS-7 cells was
8.0�0.5 μM. In conclusion, Bis-T-22 (2) and its propionic acid
ester prodrug 4 represent novel small molecule inhibitors of
endocytosis.

Experimental Section

Chemistry

General methods

THF was freshly distilled from sodium-benzophenone. Flash
chromatography was carried out using silica gel 200–400 mesh
(60 Å). 1H and 13C NMR were recorded at 300 MHz and 75 MHz
respectively using a Bruker Avance 300 MHz spectrometer in CDCl3

and DMSO-d6. GCMS was performed using a Shimadzu GCMS-
QP2100. The instrument uses a quadrupole mass spectrometer and
detects samples via electron impact ionization (EI). The University
of Wollongong, Australia, Biomolecular Mass Spectrometry Labo-
ratory analyzed samples for HRMS. The spectra were run on the VG
Autospec-oa-tof tandem high resolution mass spectrometer using
CI (chemical ionization), with methane as the carrier gas and PFK
(perfluorokerosene) as the reference. Microanalysis was conducted
at the Microanalyis Unit at the Australian National University,
Canberra Australia. All samples returned satisfactory analyses.
Compound purity was confirmed by a combination of LC–MS
(HPLC), micro and/or high resolution mass spectrometry and NMR
analysis. All analogues are�95 % purity.

2-Cyano-N-[3-(2-cyanoacetylamino)propyl]acetamide (1)[62]

Propane-1,3-diamine (1.50 g, 25 mmol) and methyl cyanoacetate
(5.00 g, 50 mmol) were stirred at 25 °C for 2 hr. The resulting white
solid was then mixed with 10 mL ethanol and collected by filtration.
Recrystallisation from ethanol gave the title compound as a white
solid. Yield 4.95 g (81 %) mp 146 °C (Lit [148] °C).[29] 1H NMR (DMSO-
d6): 1.55 (quin, J= 6.9 Hz, 2H), 3.08 (q, J=6.9 Hz, 4H), 3.60 (s, 4H),
8.22 (br s, 2H); 13C NMR (DMSO-d6): 25.3 (2C), 28.5, 36.9 (2C), 116.2
(2C), 162.1 (2C).

2-Cyano-N-{3-[2-cyano-
3-(3,4-dihydroxyphenyl)acryloylamino]propyl}-
3-(3,4-dihydroxyphenyl)acrylamide (2)

To a solution of 1 (1.00 g, 4.8 mmol) and 3,4-dihydroxybenzalde-
hyde (1.45 g, 10.5 mmol) in EtOH (25 mL) was added piperidine (2
drops). The resulting mixture was refluxed for 2 hr, cooled to room
temperature, diluted with 1 M HCl (10 mL) and extracted with
EtOAc (3 × 50 mL). The combined extracts were dried (MgSO4),
evaporated and the residue recrystallised from MeOH to give the
desired compound as a yellow solid. Yield 1.89 g (88 %) mp 274–
275 °C (Lit [277] °C).10 1H NMR (DMSO-d6): 1.68–1.77 (m, 2H), 3.24–
3.28 (m, 4H), 6.87 (d, J=8.4 Hz, 2H), 7.28 (dd, J= 2.1, 8.4 Hz, 2H),
7.53 (d, J=2.1 Hz, 2H), 7.93 (s, 2H), 8.19 (br s, 2H); 13C NMR (DMSO-
d6, DEPTQ): 28.9, 37.4 (2C), 100.5 (2C), 115.9 (2C), 116.0 (2C), 117.3
(2C), 123.3 (2C), 125.3 (2C), 145.7 (2C), 150.7 (2C), 150.9 (2C), 161.7
(2C).

Acetic acid 2-acetoxy-5-(2-cyano-2-{3-[2-cyano-3-
(3,4-diacetoxyphenyl) acryloylamino]propylcarbamoyl}vinyl)
phenyl ester (3)

To a cooled (0 °C) solution of 2 (Bis-T-22 (0.50 g, 1.1 mmol) and
DMAP (0.014 g, 0.11 mmol) in pyridine (3 mL) was added acetic
anhydride (0.88 g, 8.8 mmol). The mixture was stirred at 25 °C for
2 hrs and poured over crushed ice. The resulting precipitate was
collected and washed with water. The crude product was recrystal-
lised from acetone to yield to the title compound as an off-white
solid. Yield 0.430 g (63 %) mp 242–244 °C. 1H NMR (DMSO-d6): 1.77
(m, 2H), 2.32 (s, 12H), 3.28 (m, 4H, obscured), 7.49 (d, J=8.5 Hz, 2H),
7.84 (d, J=1.9 Hz, 2H), 7.89 (dd, J=1.9, 8.5 Hz, 2H), 8.17 (s, 2H), 8.48
(br t, J=5.5 Hz, 2H).; 13C NMR (DMSO-d6): 20.26 (2C), 20.35 (2C), 28.6,
37.6 (2C), 107.1 (2C), 116.0 (2C), 124.6 (2C), 125.0 (2C), 128.6 (2C),
130.5 (2C), 142.3 (2C), 144.7 (2C), 148.8 (2C), 160.7 (2C), 167.9 (2C),
168.1 (2C).

Propionic acid 5-(2-{3-[3-(3,4-bis-propionyloxyphenyl)-2-
cyanoacryloylamino]propylcarbamoyl}-2-cyanovinyl)-2-
propionyloxyphenyl ester (4)

Synthesised using the general procedure as for 3 and propionic
anhydride. Afforded an off white solid. Yield 0.484 g (65 %) mp 146–
148 °C. 1H NMR (DMSO-d6): 1.14 (t, J=7.5 Hz, 12H), 1.77 (m, 2H), 2.63
(qd, J=2.6, 7.5 Hz, 8H), 3.28 (m, 4H, obscured), 7.50 (d, J= 8.5 Hz,
2H), 7.84 (d, J=2.0 Hz, 2H), 7.90 (dd, J=2.0, 8.5 Hz, 2H), 8.17 (s, 2H),
8.47 (br t, J= 5.6 Hz, 2H); 13C NMR (DMSO-d6): 8.7 (2C), 8.8 (2C), 26.6
(2C), 26.7 (2C), 28.6, 37.5 (2C), 107.0 (2C), 116.0 (2C), 124.5 (2C),
125.0 (2C), 128.4 (2C), 130.4 (2C), 142.2 (2C), 144.7 (2C), 148.7 (2C),
160.6 (2C), 171.1 (2C), 171.3 (2C). C35H36N4O10: Calc C62.49,
H5.39 N8.33 Anal C62.12, H5.49, N7.99.

Butyric acid 5-(2-{3-[3-(3,4-bis-butyryloxyphenyl)-2-
cyanoacryloylamino]propylcarbamoyl}-2-cyanovinyl)-2-
butyryloxyphenyl ester (5)

Synthesised using the general procedure as for 3 and butyric
anhydride. Afforded an off-white solid. Yield 0.440 g (55 %) mp
144–145 °C. 1H NMR (DMSO-d6): 0.97 (t, J= 7.3 Hz, 12H), 1.64 (sex,
J= 7.3 Hz, 8H), 1.78 (m, 2H), 2.59 (td, J=1.6, 7.3 Hz, 8H), 3.28 (m, 4H,
obscured), 7.49 (d, J=8.5 Hz, 2H), 7.84 (d, J= 1.6 Hz, 2H), 7.90 (dd,
J= 1.6, 8.5 Hz, 2H), 8.17 (s, 2H), 8.47 (br t, J=5.3 Hz, 2H); 13C NMR
(DMSO-d6): 13.21 (2C), 13.23 (2C), 17.7 (2C), 17.8 (2C), 28.6, 34.8 (2C),
34.9 (2C), 37.5 (2C), 107.1 (2C), 116.0 (2C), 124.6 (2C), 125.1 (2C),
128.4 (2C), 130.5 (2C), 142.2 (2C), 144.7 (2C), 148.7 (2C), 160.6 (2C),
170.3 (2C), 170.4 (2C).
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Isobutyric acid 5-(2-{3-[3-(3,4-bis-isobutyryloxyphenyl)-2-
cyanoacryloylamino]propylcarbam-oyl}-2-cyanovinyl)-2-
isobutyryloxyphenyl ester (6)

Synthesised using the general procedure as for 3 and isobutyric
anhydride. Afforded an off white solid. Yield 0.435 g (54 %) mp 142–
144 °C. 1H NMR (DMSO-d6): 1.23 (d, J= 6.8 Hz, 24H), 1.77 (m, 2H),
2.85 (m, 4H), 3.29 (m, 4H), 7.49 (d, J=8.4 Hz, 2H), 7.83 (br s, 2H),
7.91 (d, J=8.4 Hz, 2H), 8.17 (s, 2H), 8.47 (br t, J=4.9 Hz, 2H); 13C
NMR (DMSO-d6): 18.47 (4C), 18.50 (4C), 28.6, 33.1 (2C), 33.2 (2C),
37.5 (2C), 107.1 (2C), 116.0 (2C), 124.5 (2C), 125.2 (2C), 128.2 (2C),
130.5 (2C), 142.2 (2C), 144.8 (2C), 148.6 (2C), 160.6 (2C), 173.5 (2C),
173.7 (2C).

Isobutyloxylcarbonyl acid 5-(2-{3-[3-(3,4-bis-
isobutyryloxycarbonylphenyl)-2- cyanoacryloylamino]
propylcarbamoyl}-2-cyanovinyl)-2-isobutyryloxycarbonylphenyl
ester (7)

Synthesised using the general procedure as for 3 and isobutyl
chloroformate to afford an off-white solid. Yield 0.552 g (63 %) mp
137–139 °C. 1H NMR (DMSO-d6): 0.93 (d, J=6.7 Hz, 24H), 1.76 (m,
2H), 1.98 (m, 4H), 3.29 (q, J=5.6 Hz, 4H), 4.05 (d, J=6.5 Hz, 8H), 7.65
(d, J=8.4 Hz, 2H), 7.95 (m, 4H), 8.21 (s, 2H), 8.54 (br t, J= 5.2 Hz, 2H);
13C NMR (DMSO-d6): 18.4 (8C), 27.22 (2C), 27.23 (2C), 28.5, 37.5 (2C),
74.8 (2C), 74.9 (2C). 107.7 (2C), 115.9 (2C), 124.2 (2C), 124.6 (2C),
128.8 (2C), 131.0 (2C), 142.2 (2C), 144.4 (2C), 148.4 (2C), 151.6 (2C),
151.8 (2C), 160.5 (2C).

Hexanoic acid 5-(2-{3-[3-(3,4-bis-hexanoyloxyphenyl)-2-
cyanoacryloylamino]-propylcarbamoyl}-2-cyanovinyl)-2-
hexanoyloxyphenyl ester (8)

Synthesised using the general procedure as for 3 and hexanoic
anhydride to afford an off-white solid. Yield 0.621 g (67 %) mp 147–
148 °C. 1H NMR (DMSO-d6): 0.89 (m, 12H), 1.33 (m, 16H), 1.63 (m,
8H), 1.77 (m, 2H), 2.59 (t, J=6.6 Hz, 8H), 3.29 (m, 4H, obscured), 7.49
(d, J=8.4 Hz, 2H), 7.84 (d, J=1.9 Hz, 2H), 7.89 (dd, J=1.9, 8.4 Hz,
2H), 8.17 (s, 2H), 8.47 (br t, J=5.5 Hz, 2H); 13C NMR (DMSO-d6): 13.7
(4C), 21.7 (4C), 23.87 (2C), 23.95 (2C), 28.6, 30.5 (4C), 33.0 (2C), 33.1
(2C), 37.5 (2C), 107.1 (2C), 116.0 (2C), 124.6 (2C), 125.0 (2C), 128.4
(2C), 130.4 (2C), 142.1 (2C), 144.7 (2C), 148.7 (2C), 160.6 (2C), 170.3
(2C), 170.5 (2C).

2,2-Dimethylpropionic acid 5-[2-(3-{3-[3,4-bis-(2,2-
dimethylpropionyloxy)phenyl]-2-cyanoacryloyl amino}
propylcarbamoyl)-2-cyanovinyl]-2-
(2,2-dimethylpropionyloxy)phenyl ester (9)

To a cooled (0 °C) solution of 2 (Bis-T-22) (0.50 g, 1.1 mmol) and
potassium carbonate (0.22 g, 2.2 mmol) in DMF (3 mL) was added
trimethylacetic anhydride (1.63 g, 8.8 mmol). The mixture was
stirred at 25 °C for 18 hr and diluted with water (10 mL) and EtOAc
(30 mL). The organic layer was washed with brine (2 × 20 mL), dried
(MgSO4) and concentrated under reduced pressure. The crude
product was purified by flash column chromatography eluting with
petroleum spirit/EtOAc (1 : 1) to yield the title compound as a light
orange oil, which solidified upon standing. Yield 0.543 g (63 %) mp
149–151 °C. 1H NMR (DMSO-d6): 1.30 (s, 36H), 1.77 (m, 2H), 3.28 (m,
4H, obscured), 7.47 (d, J=8.5 Hz, 2H), 7.81 (d, J=1.7 Hz, 2H), 7.91
(dd, J=1.7, 8.5 Hz, 2H), 8.17 (s, 2H), 8.47 (br t, J=5.5 Hz, 2H); 13C
NMR (DMSO-d6): 26.7 (12C), 28.5, 37.5 (2C), 38.7 (4C), 107.1 (2C),
116.0 (2C), 124.5 (2C), 125.4 (2C), 127.9 (2C), 130.5 (2C), 142.4 (2C),
145.0, 148.6 (2C), 160.7 (2C), 174.9 (2C), 175.1 (2C).

Dimethylcarbamic acid 5-(2-{3-[3-(3,4-bis-
dimethylcarbamoyloxyphenyl)-2-cyanoacryloylamino]
propylcarbamoyl}-2-cyanovinyl)-2-dimethylcarbamoyloxy
phenyl ester (10)

Synthesised using the general procedure as for 9 and dimeth-
ylcarbomyl chloride. Recrystallisation from acetone afforded an off-
white solid. Yield 0.435 g (54 %) mp 141–142 °C; 1H NMR (DMSO-d6):
1.77 (quin, J= 6.5 Hz, 2H), 2.93 (s, 12H), 3.01 (d, J=3.2 Hz, 12H), 3.29
(m, 4H, obscured), 7.47 (d, J=8.2 Hz, 2H), 7.83 (m, 4H), 8.16 (s, 2H),
8.46 (br t, J=5.5 Hz, 2H); 13C NMR (DMSO-d6): 28.6, 35.9 (4C), 36.3
(4C), 37.5 (2C), 106.4 (2C), 116.1 (2C), 124.1 (2C), 124.7 (2C), 128.1
(2C), 129.6 (2C), 143.3 (2C), 146.0 (2C), 149.0, 152.4 (2C), 152.6 (2C),
160.7 (2C).

Biology

Materials

Phosphatidylserine (PS), phenylmethylsulfonylfluoride (PMSF) and
Tween 80 were from Sigma-Aldrich (St Louis, CA). GTP was from
Roche Applied Science (Germany), leupeptin was from Bachem
(Bubendorf, Switzerland). Gel electrophoresis reagents, equipment
and protein molecular weight markers were from Bio-Rad (Hercules,
CA). Collagenase was from Roche. Paraformaldehyde (PFA) was
from Merck Pty Ltd (Kilsyth, Australia). Coverslips were from Lomb
Scientific (Sydney, Australia). Penicillin/streptomycin, phosphate
buffered salts, foetal calf serum (FCS) and Dulbecco’s Minimal
Essential Medium (DMEM) were from Invitrogen (Mount Waverley,
Victoria, Australia). Alexa-594 conjugated Tf (Tf-A594), and DAPI
were from Molecular Probes (Oregon, USA). All other reagents were
of analytical reagent grade or better.

Drugs

Drugs were made in-house or were purchased from Sigma-
Aldrich. The drugs were made up as stock solutions in 100 %
DMSO and diluted in 50 % v/v DMSO/20 mM Tris/HCl pH 7.4 or
cell media prior to further dilution in the assay. The final DMSO
concentration in the GTPase or endocytosis assays was at most
3.3 % or 1 % respectively. The GTPase assay for dynamin I was
unaffected by DMSO up to 3.3 %. Drugs were dissolved as 30 mM
stocks in 100 % DMSO and were light yellow in colour. Stocks
were stored at � 20 °C for several months. They were diluted into
solutions of 50 % DMSO made up in 20 mM Tris/HCl pH 7.4 and
then diluted again into the final assay.

Protein production

Dynamin I was purified from sheep brain by extraction from the
peripheral membrane fraction of whole brain[63] and affinity
purification on GST-Amph2-SH3-sepharose as described,[64] yielding
8–10 mg protein from 200 g sheep brain.

Receptor-mediated endocytosis assay

Transferrin (Tfn-TxR) and EGF (EGF-TxR) uptake was analysed in
Swiss 3T3, HER14, B104, A431, B35, HeLa and COS7 cells, where
applicable. All cells were grown in Dulbecco’s modified essential
medium (DMEM) supplemented with 10 % foetal calf serum (FCS)
and cell media was removed and replaced with DMEM for 16 hrs
before the experiment.

The drugs were added for 30 mins before the addition of Tfn-TxR
(final concentration 5.0 μg/mL) or EGF-TxR (final concentration
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1.0 μg/mL) and then incubated at 37 °C for 10 mins. All media was
removed and replaced with ice-cold acid wash solution (0.2 M
acetic acid, 0.5 M NaCl, pH 2.8) to remove surface bound ligand for
10 min. This was then replaced with 4 % paraformaldehyde (pH 7.5)
and incubated for 10 min at 25 °C. This was replaced with
phosphate buffered saline (PBS) containing DAPI to stain nuclei and
incubated for 10 min. The cells were washed in PBS before the
coverslips were mounted on slides in media containing DABCO to
prevent fading and sealed with nail polish.

Fluorescence was monitored using a Leica DMLB bright field
microscope and SPOT digital camera. For quantitative analysis the
average integrated intensity of the EGF-TxR signal per cell was
calculated for each well using Metamorph (Molecular Devices), and
the data expressed as a percentage of control cells (vehicle treated
only). Data was then analysed in Excel.

Aqueous stability

To 9900 μL of phosphate buffer (made up from 0.05 M NaH2PO4
and 0.05 M Na2HPO4, pH 7.4) was added 100 μL of the appropriate
drug (10 mM stock in 100 % DMSO). The resulting solution was
mixed and incubated for 24 hrs at 37 °C. 248 μL aliquots were taken
at 0, 60, 120, 240, 540, and 24 hr and frozen on dry ice until
analysis. The aliquots were thawed in water bath and benzophe-
none added (2 μL of 10 mM stock in DMSO). The aliquots were
mixed and analysed by HPLC as described below.

Rat blood plasma stability

To 9850 μL of phosphate buffer (made up from 0.05 M NaH2PO4

and 0.05 M Na2HPO4, pH 7.4) was added 100 μL of the appro-
priate drug (10 mM stock in 100 % DMSO) followed by 50 μL of
rat blood plasma (100 μM final drug concentration, 5 % final rat
blood plasma concentration). The resulting solution was mixed
and incubated for 24 hr at 37 °C. 248 μL aliquots were taken at 0,
2.5, 5, 10, 15, 20, 30, 40, 50, 60, 90, 120, 180, 240, 300, 420, 540,
720, 1440 and 24 hrs and frozen on dry ice until analysis. The
aliquots were thawed in water bath (c.a. 15–20 °C to prevent
esterase activity) and benzophenone added (2 μL of 10 mM stock
in DMSO). The aliquots were mixed and analysed by HPLC as
described below.

Rat blood plasma was obtained by bleed from the lateral tail vein
of adult (>150 g weight) male Wistar rats. Blood was allowed to
completely clot at 37degC for 60 min followed by 2 hr at room
temperature, then centrifuged (1000 × g) for 10 min and the serum
was transferred to a new tube where 0.1 % sodium azide was used
as preservative before storage at � 20 °C. These experimental
procedures were approved by the Children’s Medical Research
Institute / Children’s Hospital Westmead Animal Care and Ethics
Committee (ACEC number C116/05).

Malachite Green GTPase assay

The Malachite Green method was used for the sensitive
colorimetric detection of orthophosphate (Pi). It is based on the
formation of a phosphomolybdate complex at low pH with basic
dyes, causing a colour change. The assay procedure is based on
stimulation of native sheep brain-purified dynamin I by sonicated
phosphatidylserine (PS) liposomes[65] However, in our earlier
studies we used 200 nM dynamin I while in the present study we
used 20 nM requiring a reformulation of assay volumes and the
Malachite Green reagent for the present study.[28,41] Purified
dynamin I (20 nM) (diluted in 6 mM Tris/HCl, 20 mM NaCl, 0.01 %
Tween 80, pH 7.4) was incubated in GTPase assay buffer (5 mM

Tris/HCl, 10 mM NaCl, 2 mM Mg2 +, 0.05 % Tween 80, pH 7.4, 1 μg/
mL leupeptin and 0.1 mM PMSF) and GTP 0.3 mM in the presence
of test compound for 30 min at 37 °C. The final assay volume was
150 μL in round bottomed 96 well plates. Plate incubations were
performed in a dry heating block with shaking at 300 rpm
(Eppendorf Thermomixer). Dynamin I GTPase activity was max-
imally stimulated by addition of 4 μg/ml phosphatidylserine (PS)
liposomes (although this concentration slightly varied from
batch to batch of dynamin I). The reactions were all terminated
with 10 μL of 0.5 M EDTA pH 8.0 and the samples were stable for
several hours at room temperature. To each well was added
40 μL of Malachite Green solution (2 % w/v ammonium molyb-
date tetrahydrate, 0.15 % w/v malachite green and 4 M HCl: the
solution was passed through 0.45 μm filters and stored in the
dark for up to 2 months at room temperature) and colour was
allowed to develop for 5 min (and was stable up to 2 hour). The
absorbance of samples in each plate was determined on a
microplate spectrophotometer at 650 nm. Phosphate release was
quantified by comparison with a standard curve of sodium
dihydrogen orthophosphate monohydrate (baked dry at 110 °C
overnight) which was run in each experiment. GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA) was used for plotting
data points and analysis of enzyme kinetics using non-linear
regression. The curves were generated using the Michaelis-
Menten equation v = Vmax[S]/(Km + [S]) where S = PS activator or
GTP substrate. After the Vmax and Km values were determined, the
data was transformed using the Lineweaver-Burke equation 1/
v = 1/Vmax + (Km/V) × (1/[S]).Dynamin I GTPase data are reported as
basal activity subtracted from PS-stimulated activity.

Analytical methods

HPLC experimental details

Bis-T-22 and its prodrug derivatives were determined by gradient
reverse-phase HPLC procedure using a Pharmacia Biotech SMART
system equipped with a variable wavelength UV detector operated
at 254 nm, and a 50μL injection loop. The chromatographic
separation was achieved on a GRACEVYDAC C18-column (5 μm,
100 mm, 2.1 mm) using a H2O (+ 0.1 % TFA) and CH3CN gradient at
a flow rate of 1.0 mL/min. Quantitation of the compounds was
done by measuring the peak areas in relation to a benzophenone
standard. Data was then analysed using Excel.
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