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ABSTRACT: Mapping the functionality of GTPases through
small molecule inhibitors represents an underexplored area in
large part due to the lack of suitable compounds. Here we
report on the small chemical molecule 2-(benzoylcarbamo-
thioylamino)-5,5-dimethyl-4,7-dihydrothieno[2,3-c]pyran-3-
carboxylic acid (PubChem CID 1067700) as an inhibitor of
nucleotide binding by Ras-related GTPases. The mechanism of
action of this pan-GTPase inhibitor was characterized in the
context of the Rab7 GTPase as there are no known inhibitors
of Rab GTPases. Bead-based flow cytometry established that
CID 1067700 has significant inhibitory potency on Rab7
nucleotide binding with nanomolar inhibitor (Ki) values and an inhibitory response of ≥97% for BODIPY-GTP and BODIPY-
GDP binding. Other tested GTPases exhibited significantly lower responses. The compound behaves as a competitive inhibitor
of Rab7 nucleotide binding based on both equilibrium binding and dissociation assays. Molecular docking analyses are
compatible with CID 1067700 fitting into the nucleotide binding pocket of the GTP-conformer of Rab7. On the GDP-
conformer, the molecule has greater solvent exposure and significantly less protein interaction relative to GDP, offering a
molecular rationale for the experimental results. Structural features pertinent to CID 1067700 inhibitory activity have been
identified through initial structure−activity analyses and identified a molecular scaffold that may serve in the generation of more
selective probes for Rab7 and other GTPases. Taken together, our study has identified the first competitive GTPase inhibitor and
demonstrated the potential utility of the compound for dissecting the enzymology of the Rab7 GTPase, as well as serving as a
model for other small molecular weight GTPase inhibitors.

The Ras superfamily of GTPases, which includes Arf, Rho,
Ras, and Rab GTPase subfamilies, regulate a broad range

of cellular processes ranging from membrane trafficking to the
control of cell proliferation.1−3 Alteration of small GTPase
functions is a hallmark of genetic and sporadic human diseases,
making GTPase family members attractive though under-
studied targets.2,4,5 In a cellular context, GTPases are molecular
regulators that switch between GDP (inactive) and GTP
(active) bound conformational states and are temporally and
spatially regulated.6 The conformational switch is key to the
regulation of cell physiology and is therefore closely controlled
by regulatory proteins. Among such regulators, guanosine
exchange factors (GEFs) catalyze release of bound GDP to
allow for GTP binding and activation in association with
organelle membranes.7,8 Inactivation is mediated by GTPase
activating proteins (GAPs) that facilitate GTP-hydrolysis by the
membrane localized small GTPase proteins and lead to
cytosolic translocation of the now inactive GTPase.7,8 To
date, inhibitors of small GTPase function have focused on
blocking membrane recruitment, through inhibition of protein

prenylation or inhibition of regulatory protein interactions.2,9,10

Because of the broad cellular importance of lipid modifications
for protein function, the former approach has not yielded the
selectivity required for many applications, though the pursuit of
more specific prenylation inhibitors remains under active
investigation.11−14 The inhibition of regulatory protein
interactions holds promise for being more specific, with the
best-characterized example provided by Brefeldin-A mediated
inhibition of Arf GEF activity.15 Rho-family GEF inhibitors
have been identified through screening and rationale based
design, leading to a handful of Rho-family selective
inhibitors.16−19 Despite the therapeutic success and selectivity
of competitive nucleotide binding inhibitors for targeting
tyrosine kinases, no similar inhibitors have been identified for
GTPases, and there are no small molecules reported to date
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targeting the Rab-family of GTPases, despite their cellular
importance in cancer and genetic diseases.2,20

Among the Rab GTPases, Rab7 occupies a critical nexus in
the endocytic pathway where it governs cellular processes that
are potential candidates for small molecule modulation. Such
small molecules could have utility both for dissecting the
mechanistic details of processes governed by Rab7 and for the
future development of targeted therapies for diseases whose
treatment may benefit from the modulation of specific GTPase
activities.2,4 Rab7 and its effectors are central to the regulation
of growth factor signaling and receptor downregulation through
lysosomal degradation or exosome release.21−26 Increased
receptor downregulation may be pertinent to reducing

hyperactive signaling in cancers where expression of epidermal
growth factor receptor is elevated and/or constitutively active
and where Rab7 is overexpressed.27,28 Autophagy is central to
cellular homeostasis, wherein Rab7 facilitates delivery of
autophagosomes to lysosomes.29,30 Imbalances in autophagy
are associated with immune dysregulation, cancer, and
neurodegeneration.31−33 Disease-causing point mutants of
Rab7 alter its nucleotide binding characteristics and lead to
the peripheral neuropathy Charcot−Marie−Tooth (CMT)
type 2B.34−36 CMT2B mutant Rab7 protein expression leads
to altered neurite outgrowth and prolonged nerve growth factor
receptor signaling from endosomes.23,37 The highlighted
examples demonstrate the importance of Rab7 in fundamental

Figure 1. Identification of CID 1067700 as a pan GTPase inhibitor using high-throughput screening (HTS) on small GTPases. (a) Schematic
diagram of the bead-based assay used to measure BODIPY-linked guanosine triphosphate (GTP) binding by flow cytometry to glutathione-S-
transferase (GST)−GTPase chimeras immobilized on GSH beads. For HTS, beads of varying red fluorescence intensities were used as identifiers for
individual protein-conjugated bead sets. The assay is sensitive to both increases and decreases in bead-associated fluorescence and was used to
identify both activators and inhibitors in a single screen. (b) Chemical structure of CID 1067700 an inhibitor of nucleotide binding. (c) BODIPY-
GTP (100 nM) binding measured in the presence of increasing concentrations of compound (10−6-100) μM. Plotted is residual activity at the
saturating dose of inhibitor tested. (d) Nanomolar concentrations of CID 1067700 inhibit Rab7wt protein nucleotide binding; BODIPY-GTP (1
nM, ■) and BODIPY-GDP (0.4 nM, ▲). (e) Unlabeled nucleotides (GTP, GDP, and GTP-γ-S) effectively compete with BODIPY-GTP (100 nM)
binding.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb3001099 | ACS Chem. Biol. 2012, 7, 1095−11081096



cellular processes and illustrate the potential for targeted
manipulation of Rab7 function to manage human disease. For
example, upregulation or enhancement of wild-type Rab7
activity could be beneficial in autosomal dominant neuropathy
such as Charcot−Marie−Tooth disease, whereas downregula-
tion or functional inhibition of Rab7 may be a benefit in some
cancers. Thus, Rab7 presents a good candidate for exploring
how small molecules can modulate its functional characteristics
in vitro and in cell-based systems.
Here we report on Rab7 inhibition by a sulfur-based small

molecule, 2-(benzoylcarbamothioylamino)-5,5-dimethyl-4,7-

dihydrothieno[2,3-c]pyran-3-carboxylic acid. The molecule
was identified through high-throughput screening (HTS)
using a novel bead-based flow cytometry assay.38,39 This is a
simple, easy to implement experimental approach that is not
susceptible to the underestimation of equilibrium dissociation
(Kd) values seen with classical radioactive ligand binding assays,
unless nucleotide free protein is used, which however tends to
be unstable.40 We characterized the effects of the small
molecule on Rab7 interaction with fluorescently linked
nucleotides (BODIPY-GTP and BODIPY-GDP). We also
present evidence on the structure-activity relationships of a

Table 1

Rab7wt Rab7Q67L Rab7T22N

GTP* GDP* GTP* GDP*

Bmax
a (BODIPY/bead): controlb 2110.00 ± 42.88 2651.00 ± 57.56 2660.00 ± 83.51 3275.00 ± 76.61

Bmax(BODIPY/bead): treated
b 2250.00 ± 55.75 2779.00 ± 57.58 3372.00 ± 187.40 3515.00 ± 148.30

EC50
c (nM): controlb 90.89 ± 7.19 51.57 ± 4.97 220.50 ± 22.30 106.70 ± 9.420

EC50(nM): treatedb 258.40 ± 19.79 140.4 ± 10.42 654.40 ± 86.32 294.50 ± 37.15
Ki
d (nM) 12.89 (95% confidence interval: 8.440−19.690)

Ki
d (nM) 19.70 (95% confidence interval: 13.370−29.004)

Equilibrium Binding Off Rates
BODIPY-GTPe

CID1067700 competitor (K−1 s
−1): 2.21 × 10−2 ± 1.30 × 10−3

unlabeled GDP competitor (K−1 s
−1): 3.27 × 10−2 ± 1.70 × 10−3

BODIPY-GDPf

CID1067700 competitor (K−1 s
−1): 1.02 × 10−3 ± 3.28 × 10−5

unlabeled GDP competitor (K−1 s
−1): 1.60 × 10−3 ± 2.92 × 10−5

aMaximal number of bound BODIPY-nucleotide molecules per bead (Bmax).
bThe samples labeled control, were treated with 1% DMSO final while

those labeled treated were subjected to CID1067700 treatment. cEC50 values were calculated simultaneously using the GraphPad Prism software to
fit dose dependence to equation B = Bmax[nucleotide]/(EC50 + [nucleotide]) where B represents the number of Rab7. Cytometry detector output
was converted to BODIPY-nucleotide/bead using standard fluorescein beads from Invitrogen after correcting for the nonspecific binding dInhibitor
constant (Ki) was calculated using Cheng Prusoff equation38 where EC50 is obtained from data represented by Figure 1d: Ki = EC50/(1 +
([substrate]/(Kd,substrate)).

eOff rates were calculated using a two phase exponential to fit BODIPY-GTP kinetic data obtained under equilibrium
conditions. fOff rates were calculated using the equation B = plateau(e−koff(t−t0)) to fit BODIPY-GDP kinetic data obtained under equilibrium
conditions.

Table 2
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small cohort of analogues that identify the critical structural
features responsible for the GTPase inhibitory activity of CID
1067700.

■ RESULTS
Identification of CID 1067700 as an Inhibitor of

Nucleotide Binding by Ras-Related GTPases. CID
1067700 was identified as an inhibitor of BODIPY-GTP
binding using a high-throughput screen that we described
previously in the context of an allosteric Rho GTPase
inhibitor.41 Briefly, six sets of beads (each with a unique red
fluorescence intensity) were individually coated with six
representative GST-tagged Ras-related GTPases (Cdc42 wt,
Rac1wt, Rac1Q61L, Rab2 wt, Rab7wt, and H-Ras wt) (Figure
1a). The individually conjugated beads were then assayed in the
presence of individual compounds in the Molecular Libraries
Small Molecule Repository using HyperCyt flow cytometry to
identify molecules that altered the binding of fluorescent
nucleotide to Ras-family GTPases.42 CID 1067700 (Figure 1b)
was identified as a hit that decreased fluorescent nucleotide
(BODIPY-GTP) binding in the primary screen and was
confirmed in secondary, multiplex dose−response assays to
have an EC50 of 20−500 nM and at least 40% inhibitory activity
against all tested GTPases (Figure 1c). CID 1067700 was the
only compound identified in the screen of ∼300,000 small
molecules to have significant inhibitory activity against the Rab
GTPases (Rab2 and Rab7). Because of its pronounced
inhibitory effect (>80%) on Rab7 and the absence of any
known small molecule inhibitors for Rab-family GTPases, we
further characterized the mechanism of CID 1067700
inhibition using Rab7 as a model protein.
Dose-Dependent Inhibition of Rab7 Nucleotide Bind-

ing by CID 1067700. Single-plex dose−response measure-
ments were used to determine the inhibitory response and
potency of CID 1067700 on nucleotide binding by Rab7. The
BODIPY-GTP and BODIPY-GDP concentrations in the assay
were fixed at or below the previously determined equilibrium
dissociation constants (Kd = 100 nM for BODIPY-GTP; Kd =
40 nM for BODIPY-GDP) for the wild-type (wt) Rab7
protein.38 Increasing CID 1067700 concentrations resulted in
strong inhibition of binding of the BODIPY-linked nucleotides,
providing respective EC50 values of 11.22 ± 1.34 nM for
BODIPY-GTP and 20.96 ± 1.34 nM for BODIPY-GDP
(Figure 1d) and calculated Ki values of 12.89 and 19.70 nM,
respectively (Tables 1 and 2). The maximal inhibitory response
was ≥97% for both nucleotides. These results collectively
demonstrate high efficacy and potency of CID 1067700 with
respect to inhibiting Rab7 nucleotide binding. Maximum
inhibition of BODIPY-linked nucleotide binding by CID
1067700 occurred at ∼1 μM. The slight differences between
the deduced EC50 values using BODIPY-GTP or BODIPY-
GDP may be attributed to higher affinity of Rab7 for GDP than
for GTP.38,43 For comparative purposes, we also assayed the
competition between BODIPY-linked nucleotides and unla-
beled GTP, GDP, and GTP-γ-S nucleotides (Figure 1e).
Consistent with our expectations, the unlabeled nucleotides
effectively competed with BODIPY-GTP to ∼100%. This
confirmed that the fluorescently linked nucleotides indeed bind
the nucleotide binding pocket of Rab7 and, together with our
published work,38,39 confirm the suitability of the assay for
determining the mechanism of small molecule action.
To test the mechanism of CID 1067700 inhibition,

equilibrium nucleotide binding assays were used. We first

tested the inhibition of Rab7wt by CID 1067700 under
conditions where CID 1067700 concentration was held fixed
while increasing the concentration of the fluorescent nucleotide
competitor (Figure 2a−d). The concentrations of CID
1067700 used were equivalent to at least 10 times the deduced
EC50 for CID 1067700 that was measured against the two
fluorescent nucleotides (Figure 1d). The inhibitory effect of
CID 1067700 was most pronounced at lower nucleotide
concentrations, resulting in an overall rightward shift of the
dose−response curves (Figure 2b,d). Significantly, both control
(DMSO only) and inhibitor (CID 1067700-treated) curves had
statistically similar Bmax values that correspond to the number of
binding sites on Rab7 (Figure 2a,c). Thus, at high
concentrations, guanine nucleotides (GTP or GDP) out-
compete the CID 1067700 compound for the binding pocket,
accounting for the statistically similar Bmax values. On the
contrary, there was ∼3-fold increase in the observed EC50 for
both nucleotides in the presence of CID 1067700, indicating
competition by the inhibitor for the nucleotide binding site.
Statistically similar Bmax values ruled out inhibition by CID
1067700 via non-competitive mechanism. Inhibitor constants
(Ki) calculated using the Cheng−Prusoff equation44 showed
that within statistically acceptable experimental limits, CID
1067700 is slightly better at inhibiting BODIPY-GTP binding
relative to BODIPY-GDP binding (Table 1). The difference is
however not significant given that the deduced Ki values
overlap within the confidence interval of the measurements
(Table 1). Analysis of the constitutively active Rab7Q67L and
dominant negative Rab7T22N mutants, which mimic the GTP-
bound and GDP-bound conformers of Rab7, respectively,
showed that both were similarly inhibited by CID 1067700
(Figure 2e−h). The composite data suggest that CID 1067700
compound and the nucleotide most likely compete for the
nucleotide binding pocket of Rab7.

CID 1067700 Equilibrates Quickly and Does Not
Affect Nucleotide Release by Rab7. To further confirm
the mode of Rab7 nucleotide inhibition by CID 1067700, we
analyzed the fluorescent nucleotide dissociation rates from
Rab7 in the presence of CID 1067700. We analyzed bound
nucleotide dissociation by first prebinding BODIPY-GTP or
BODIPY-GDP to GST-tagged Rab7wt protein to equilibrium
and then assaying for the loss of fluorescence over time
occasioned by the release of bound nucleotide (Figure 3a−d) at
RT. As a competitor, we used CID 1067700 (10 μM) or
unlabeled GDP (10 μM). Dissociation rate constants (Koff)
were calculated from the data fit to exponential functions using
Prism software. Koff values were statistically similar for
BODIPY-GTP or BODIPY-GDP irrespective of whether
unlabeled GDP or CID 1067700 was used as the competitor
(Figure 3a−d and Table 1). Comparatively, the observed
slower off rate of BODIPY-GDP relative to that of BODIPY-
GTP is consistent with the significant difference in Rab7 affinity
for BODIPY-GDP relative to BODIPY-GTP. The time
dependence of Rab7 inhibition of BODIPY-GTP binding by
CID 1067700 demonstrated fast binding kinetics (maximal
inhibition observed within 2 min), and there was no further
time-dependent increase in the inhibition of BODIPY-GTP
binding (Figure 3e). CID 1067700 could also be completely
washed off following preincubation and restored BODIPY-GTP
binding to DMSO control levels (Figure 3e). The data indicate
that covalent interaction between the acyl thiourea group of
CID 1067700 and Rab7 was not a factor in its inhibitory
properties. Independent chemical stability experiments per-
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formed with CID 1067700 and excess glutathione provided a
third line of evidence that CID 1067700 remained unchanged
and did not form covalent conjugates or other products when
monitored by liquid chromatography mass spectrometry (LC−
MS) over 72 h. Together, these findings confirm that the CID
1067700 equilibrates rapidly with Rab7 and has no effect on the
rate of release of bound BODIPY-GTP or BODIPY-GDP by

Rab7, further substantiating the competitive binding of the CID
1067700 to the nucleotide pocket of Rab7.
A potential caveat of using fluorescent nucleotide derivatives

in our assays is the possibility that the small molecule might
compete with a putative interaction between Rab7 and the
BODIPY moiety of the labeled nucleotide or might directly
quench the fluorophore. On the basis of the ability of unlabeled

Figure 2. CID 1067700 competitively inhibits BODIPY-linked nucleotide binding by wild-type and mutant forms of Rab7. (a, b) CID 1067700 (100
nM) does not alter Rab7wt Bmax for BODIPY-GTP but does alter the apparent EC50 for BODIPY-GTP (■); observed as a rightward shift of log plot
of BODIPY-GTP binding by Rab7wt. (c, d) CID 1067700 (200 nM) does not alter Rab7wt Bmax for BODIPY-GDP but does alter apparent EC50 for
BODIPY-GDP (▲); observed as rightward shift of log plot of BODIPY-GDP binding by Rab7wt. (e, f) CID 1067700 (100 nM) does not alter
constitutively active Rab7Q67L mutant Bmax for BODIPY-GTP but does alter apparent EC50 for BODIPY-GTP (■); observed as a rightward shift of
log plot of BODIPY-GTP binding by Rab7Q67L. (g, h) CID 1067700 (200 nM) does not alter Rab7T22N Bmax for BODIPY-GDP but does alter
apparent EC50 for BODIPY-GDP (▲); observed as rightward shift of log plot of BODIPY-GDP binding by Rab7T22N. In all experiments,
equilibrium binding reactions performed in 1% DMSO (final) served as the controls (○), and fluorescence attributed to nonspecific nucleotide
binding was subtracted accordingly.
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nucleotides to compete 100% for BODIPY-GTP binding
(Figure 1e), we considered anomalies due to the BODIPY
moiety binding to Rab7 unlikely. Nevertheless, we tested for
both scenarios using unconjugated BODIPY dye. As expected,
we did not observe any significant interaction between bead-
bound Rab7 and unconjugated BODIPY, nor was there any
interaction between the BODIPY dye and “naked” glutathione
(GSH) beads (Figure 3f). There was also no interaction
between the CID 1067700 small molecule and BODIPY
fluorescent moiety of the dye (Figure 3f). The controls further
confirmed that the inhibitory effect associated with CID
1067700 is a direct result of its interaction with Rab7 and ruled
out possible indirect inhibitory effects of CID 1067700 via
fluorescence quenching.
Molecular Docking of CID 1067700 on Rab7wt GDP

and GTP Bound Crystal Structures Shows Optimal
Binding to the Nucleotide Binding Pocket of the GTP-
Conformer. The molecular docking of CID 1067700 to the

nucleotide binding site of Rab7 as predicted by the
experimental data was examined using molecular docking
OpenEye Fred docking software (Figure 4a−h). Docking of
CID 1067700 on the GDP- and GTP-conformers of Rab7
revealed that the molecule fills the nucleotide binding pocket of
both conformers in a manner that mimics the normal
nucleotide binding (Figure 4a−d). However, the interaction
map (Figure 4e−h) revealed that the compound had fewer
potential interactions with the GDP-conformer where the
binding pocket is more exposed to solvent (Figure 4e,f), which
may explain why CID 1067700 has a slightly lower potency
against BODIPY-GDP bound Rab7 than BODIPY-GTP bound
Rab7. The good alignment between CID 1067700 and GNP
where the 4,7-dihydro-4H-thieno[2,3-c]pyran ring of CID
1067700 has the same orientation as the guanine ring is the
basis for our model of the predicted binding of CID 1067700 to
the nucleotide binding pocket of Rab7. To confirm the most

Figure 3. CID 1067700 has no effect on the rate of release of bound BODIPY-linked nucleotide by wild type Rab7 under equilibrium binding
conditions. (a) Rab7 was preincubated with BODIPY-GTP (100 nM) for 2 h 15 min at 4 °C, conditions that allow nucleotide binding to
equilibrium. Dissociation assays were initiated by dilution ± the addition of either CID 1067700 (10 μM) or unlabeled GDP (10 μM), and decrease
in fluorescence due to nucleotide dissociation was measured in real time. (b) Two-phase exponential analysis of data from panel a, normalized by
division of dilution only values. (c) Rab7 was preincubated with BODIPY-GDP (40 nM) for 2 h 15 min at 4 °C as for panel a. Dissociation assays
were initiated by dilution ± CID 1067700 (10 μM) or unlabeled GDP (10 μM), and decrease in fluorescence due to nucleotide dissociation was
measured in real time. (d) Single-phase exponential analysis of data in panel c, normalized by division of dilution only values. (e) CID 1067700
exhibits fast binding kinetics and is reversible. Equal concentrations (140 nM) of Rab7 and CID 1067700 were used against 100 nM BODIPY-GTP.
CID 1067700 preincubated with Rab7 and either not washed (■) or washed (blue △). (f) Rab7 specifically binds guanine nucleotide moiety on
BODIPY-GTP (100 nM, blue □) without additional interaction with the BODIPY fluorescent moeity. 100 nM BODIPY dye was used in this control
experiment and exhibited only background binding.
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likely binding mode, however, a crystal structure determination
of CID 1067700 complexed to Rab7 will be required.
Structure−Activity Analyses Identify Critical Determi-

nants for Competitive Inhibition. To determine structure−
activity relationships (SAR), 39 variants of the parent
compound were evaluated. This preliminary SAR set was
obtained through synthetic effort (32 compounds) or
commercial acquisition (7 compounds). The parent scaffold,
represented by CID 1067700, was modified in any of the four
major regions to afford the initial analogue collection. The
structural alterations focused on esterification of the carboxylic
acid (R1), geminal substitution changes on the fused pyran ring
(R2, R3), mutation of the ring-fused pyran to a N-methylated
ring-fused piperidine, revision of the N-acyl thiourea linker (L),
or alteration of the phenyl substituent by ortho-, meta-, or para-
substitution or replacement with aliphatic or heterocylic
moieties. Of the structural changes surveyed with R1−R3 and
L, only three of the compounds retained activity in the initial
multiplex GTPase screen with all other derivatives in that series

being inactive (Table 2, select compounds shown). Two of the
active derivatives and one inactive derivative were assayed in
single-plex dose−response assays, and EC50 values determined
against Rab7 (Figure 5a−c). Esterification of the carboxylic acid
moiety resulted in loss of nucleotide binding inhibition (Figure
5c and Table 2), a finding that supports the suggested
participation of this group in hydrogen bonding (Figure 4).
Removal of one or both of the gem-dimethyl groups from the
parental thiophenylpyran structure (R2, R3) resulted in a 10- or
20-fold loss in potency respectively when compared across
multiple GTPases (Table 2 and data not shown). The effect on
potency observed with the gem-dimethyl substitution suggests
an advantageous lipophilic ligand-binding site interaction that is
lost upon substituent removal. Alteration of the N-acyl thiourea
linker further attenuated potency as demonstrated by the
complete loss of activity for the amide CID 740871 (Table 2).
While further SAR work is required to attribute specific linker
functionality with preferred binding interactions, these initial
results indicate that the orientation of tethered groups and the
length and hydrogen-bonding character of the linker region are
critical to maintaining a beneficial activity profile. Generally, of
the 2-, 3-, or 4-substituted phenyl rings that were tested, 2-
substituted phenyl rings were the least active (data not shown).
Regardless of the electron distribution of the substituent
installed on the ring, none was more beneficial than the parent
structure, which possessed an unsubstituted phenyl ring.
Replacement of the phenyl ring with other heterocycles such
as 2-furyl or 2-thiophene gave analogues with activity profiles
analogous to that of the parent hit. The 2-thiophene analogue
possessed a slightly better potency profile across all GTPases
tested, and no changes in selectivity were noted. A non-
aromatic cyclohexyl substituent was also surveyed without
benefit.

■ DISCUSSION
In the present study we identify CID 1067700 as a small
molecule that inhibits nucleotide (BODIPY-GTP and BODI-
PY-GDP) binding by Rab7 with a deduced inhibitor constant
(Ki) value in the nanomolar range (12.89−19.70 nM) and a
maximal efficacy of nucleotide binding inhibition of ≥97% for
both BODIPY-linked nucleotides. Kinetic and equilibrium
nucleotide binding studies demonstrate that the parent
compound (CID 1067700) acts as a competitive inhibitor
and, as predicted by molecular docking, exhibits a good fit to
the nucleotide binding pockets of both the GTP- and GDP-
bound conformations of Rab7. By assaying initial on rate
kinetics of Rab7 nucleotide binding in the presence of CID
1067700, we noted a decrease in the number of available
BODIPY-GTP and BODIPY-GDP binding sites on Rab7 across
the entire nucleotide concentration range indicating that CID
1067700 was competing with BODIPY-linked nucleotides for
the binding sites on Rab7 (data not shown). On the basis of
equilibrium nucleotide binding kinetics and dissociation
measurements, we showed that CID 1067700 equilibrates
quickly with Rab7 and does not affect bound nucleotide
dissociation rates, further supporting a competitive mechanism.
Structure−activity relationships demonstrate a dependence on
the hydrophobic interactions with the substituted ring-fused
pyran, the hydrogen bonding capability of the carboxylic acid,
and the integrity of an extended N-acyl thiourea linker to
properly extend and orient the tethered aryl functionality.
Although our assays focused on characterizing the small
molecule on Rab7, CID 1067700 also exhibits inhibitory

Figure 4. CID 1067700 docks optimally in the nucleotide binding
pocket of Rab7 in the GTP-bound conformation. CID 1067700
docked in the nucleotide binding site of Rab7 in the (a, b) GDP-
bound (PDB 1VG9) and (c, d) GNP-bound (PDB 1VG8)
conformations. Molecular docking carried out using Fred docking
software. Both GTP or GDP and CID 1067700 are shown
simultaneously docked in the pocket for purposes of comparing
their orientations in the pocket. Interaction maps for (e, f) Rab7-GDP
vs CID 1067700 and (g, h) Rab7-GNP vs CID 1067700 illustrate
differences in number and sites of interaction.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb3001099 | ACS Chem. Biol. 2012, 7, 1095−11081101



activity on other small GTPases. To the best of our knowledge
CID 1067700 is the first example of a competitive guanine
nucleotide binding inhibitor characterized for any member of
the Ras-super family of GTPases.
CID 1067700 was found to inhibit nucleotide binding by

both the Rab7Q67L and Rab7T22N mutants that are known to
be constitutively in the GTP- and GDP-bound states,
respectively.45 Although the Q67L mutation lies in the
nucleotide binding pocket of Rab7, the actual location of the
Gln67 residue in the pocket is far removed from all predicted
contacts with CID 1067700. From analysis of the crystal
structure, amino acid residue Thr22 is involved in interactions
with the Mg2+ cofactor that is required for guanine nucleotide
binding. Although our small molecule inhibitor binds to the

same pocket, molecular docking studies suggest that Mg2+ is
not essential for its binding, and therefore it is not surprising
that there was no impact of the Rab7T22N mutant on CID
1067700 inhibition. Thus, the compound could have the utility
against relevant human disease mutants of Rab7 such as those
responsible for Charcot−Marie−Tooth type 2B (CMT2B)
disease.
The identification of CID 1067700 as a competitive inhibitor

of Rab7 nucleotide binding presents an exciting and novel route
to characterize the Rab family of proteins. Most small
molecules reported to be active against low molecular GTPases
are allosteric inhibitors and have activities that are restricted to
the Rho-family GTPases based on inhibition of specific Rho-
family GEF or effector protein interactions with Cdc42, Rac1,

Figure 5. Structure−activity relationships identify importance of linker and R-groups in inhibitory activity of CID 1067700. Blue and red dotted lines
represent inhibitory dose−response curves of the parent CID 1067700 compound against BODIPY-GTP (1 nM) and BODIPY-GDP (0.4 nM),
respectively. (a) Nanomolar concentrations of CID 46916263 derivative with only single methyl replacement on the pyran group and intact
carbamothioylamino linker inhibits Rab7wt protein nucleotide binding; BODIPY-GTP (1 nM, ■) and BODIPY-GDP (0.40 nM, ▲). (b)
Nanomolar concentrations of CID 46916265 derivative with only alteration of the thiourea moiety of the carbamothioylamino linker inhibits Rab7wt
protein nucleotide binding; BODIPY-GTP (1 nM, ■) and BODIPY-GDP (0.4 nM, ▲). (c) Nanomolar concentrations of CID 1251121 derivative
with alteration of the carboxylic acid group does not inhibit nucleotide binding by Rab7wt protein.
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and RhoA. CID 10677000 is the first inhibitor with
demonstrated activity against any member of the Rab subfamily
of GTPases. Even though small GTPases share a common
nucleotide binding fold, CID 1067700 had significantly less
activity against other Ras-superfamily GTPases and even against
another Rab family member (Rab2). Thus, the identification of
CID 1067700, together with our analyses of structure−activity
relationships, suggest that it may be possible with further
development to prepare more specific analogues that target
individual subsets of GTPases analogous to nucleotide binding
inhibitors of kinases.46

The identification of small molecule inhibitors for GTPases
has unique advantages when compared to traditional
approaches such as conditional knock out or RNA interference
that have been the primary means to perturb Rab GTPase
functionality. In functional studies, small molecules can be
applied to cells to rapidly and reversibly inhibit molecular
targets of interest. This is exemplified by Brefeldin A, an
allosteric inhibitor of Arf GTPases,15 and inhibitors of
phosphoinositide 3-kinases that have been shown to inhibit
specific kinase isoforms.46 Inhibitors of nucleotide binding may
also have utility for inhibiting protein−protein interactions.
Rab7 function in regulating endocytosis depends on numerous
protein−protein interaction partners including hVps39,25,26

TBC1D15,47 RILP,48,49 ORPIL,50,51 Rabring7,52 and the alpha
proteasome subunit XAPC7.26,53 Susceptibility of these Rab7−
protein interactions may be useful for designing new disease
interventions. Use of CID 1067700 may also be useful for
dissecting the order of Rab7 binding to a multimeric complex
and/or the importance of nucleotide bound status for stability
of the protein complex involving Rab7. Taken together, our
findings present CID 1067700 as a novel competitive inhibitor
of small GTPase nucleotide binding that has potential for
dissecting protein function. It may serve as a springboard for
further development of families of compounds selective for
individual GTPases.

■ METHODS
Reagents. Reagents used in this study were obtained from Sigma

(St. Louis, MO, USA) unless otherwise indicated. Sephadex G-25,
glutathione (GSH) Sepharose 4B, and Superdex peptide beads (13 μm
with an exclusion limit of 7 kDa) were from Amersham Biosciences.
BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene or dipyrrome-
thene boron difluoride) nucleotide analogues (BODIPY-GTP; 2′-(or
3′)-O-[N-(2-aminoethyl)urethane], G-35778, and BODIPY-GDP; 2′-
(or-3′)-O-[N-(2-aminoethyl)urethane], G-22360) and BODIPY dye
were from Invitrogen Molecular Probes (Carlsbad, CA, USA).
Concentrations of BODIPY-linked nucleotides were based on
absorbance measurements and an extinction coefficient value of
80,000 M−1 cm−1. 2-(Benzoylcarbamothioylamino)-5,5-dimethyl-4,7-
dihydrothieno[2,3-c]pyran-3-carboxylic acid with compound identi-
fication number; CID 1067700 was from ChemDiv Inc. (San Diego,
CA, USA).
Expression and Purification of GST-Rab7. Recombinant GST-

Rab7 was expressed in E. coli BL21(DE3) cells. Cultures were grown at
37 °C to a bacterial density of 0.5−0.7 absorbance units measured at
595 nm, and protein expression was induced by transfer to RT and
addition of 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) for
16−18 h to maximize yield of properly folded active fusion protein.
Purification of GST-Rab7 was performed according to standard
procedures as previously described.38

Synthesis of Glutathione (GSH) Beads for Flow Cytometry
Assay. High GSH density beads used for flow cytometry were
synthesized by loading Superdex peptide beads with GSH as
previously reported.38,39

Immobilization of Rab7 on GSH Beads for Flow Cytometry.
All nucleotide binding measurements were performed in Hepes buffer
(30 mM Hepes, pH 7.5, 20 mM NaCl and 100 mM KCl)
supplemented with 1 mM EDTA, 1 mM dithiothreitol (DTT), and
0.1% bovine serum albumin (BSA). A BectonDickinson FACScan flow
cytometer with a 488-nm excitation argon (Ar) laser and standard
detection optics was used for all assays.38 Purified GST-Rab7 protein
was incubated in 96-well plates at 4 °C overnight with 105 GSH beads
in a total volume of 100 μL of Hepes buffer supplemented with 1 mM
EDTA and 1 mM dithiothreitol (DTT) added fresh. Unbound protein
was removed by centrifugation twice at 800g followed by resuspension
in fresh buffer.

Dose−Response or Competition Binding Assays. Dose−
response assays involving CID 1067700 were conducted in two
different modes. In the first case, 2 × 103 GSH beads loaded with
GST-Rab7 were incubated with a fixed concentration of nucleotide
(BODIPY-GDP or BODIPY-GTP) for 1 h in the presence of 1%
DMSO (final) or increasing concentrations of CID 1067700 (10−6−
20) μM in 1% DMSO and a total volume of 20 μL on a 96-well plate.
CID 1067700 was added from a stock solution of CID 1067700 (10
mM) prepared in 100% DMSO and stored in single use aliquots at
−20 °C. In the second mode, 2 × 103 GSH beads loaded with GST-
Rab7 protein were incubated for 2 h at 4 °C with varying
concentrations of BODIPY-linked guanine nucleotide (0−2) μM in
a total volume of 20 μL on a 96-well plate in the presence of either 1%
DMSO or a fixed CID 1067700 concentration (0.1−0.2) μM. For
measurements on the flow cytometer, samples were transferred to a
tube suitable (Product No. 352008, BD Bioscience, San Jose, CA,
USA) for flow cytometry and were diluted at least 10-fold in Hepes
buffer as before. This dilution step was necessary to ensure
discrimination between bead-associated fluorescence and background
fluorescence of soluble proteins and to ensure sufficient sample
volume for the measurement. Similarly, competition assays involving
regular unlabeled nucleotides (GTP, GDP, and GTP-γ-S) were
conducted by incubating GST-Rab7 with a fixed concentration of
BODIPY-GTP (100 nM) against increasing concentrations (10−6−
1000) μM of unlabeled nucleotide in a total volume of 20 μL on a 96-
well plate for 2 h. Final fluorescence measurements were then obtained
as before.Nucleotide binding and dissociation kinetics assays

A two-pronged approach was employed to assay how CID 1067700
affects kinetics of nucleotide binding by Rab7. Nucleotide dissociation
under equilibrium conditions was accomplished by first loading GST-
Rab7 with fixed concentrations of BODIPY-GTP (100 nM) or
BODIPY-GDP (40 nM) for 2 h at 4 °C followed by initiating release
of bound nucleotide with either unlabeled GDP (10 μM) or CID
1067700 (10 μM). As a negative control, GST-Rab7 was preloaded
with unlabeled GDP (1 mM) for 2 h 15 min at 4 °C prior to adding
BODIPY-GTP or BODIPY-GDP at the above concentrations for a
further 2 h 15 min and then similarly initiating release of bound
BODIPY-linked nucleotide with unlabeled GDP (10 μM) to obtain
fluorescence for nonspecific binding under equilibrium binding
conditions. This low level bead-associated fluorescence was subtracted
from specific binding to obtain accurate measurement of the off rates.
Data normalization was performed by dividing values from the
competitor-treated experimental set by those obtained from dilution-
only set. Time-dependent nucleotide binding by Rab7 in the presence
of CID 1067700 was carried out using BODIPY-GTP in the presence
of either 1% DMSO (final) or 1 μM CID 1067700. Either was added
to glutathione (GSH) bead mobilized GST-Rab7, and the fluorescence
of bound BODIPY-GTP was monitored as a function of time up to the
equilibrium point of 2 h.

Molecular Docking of CID 1067700 on Rab7. Docking
calculations were performed using OpenEye Fred (Fred, version
2.2.5, OpenEye Scientific Software, Inc., Santa Fe, NM, USA, www.
eyesopen.com, 2010) docking software. Rab7 crystal structures (PDB
code: 1T91 GDP-conformer, 1VG8 GNP-conformer) were used to
dock CID 1067700 on Rab7 for the wild type. Chemgauss3 scoring
function was used to evaluate ligand binding potential. Docking
simulations provide only a qualitative assessment of binding
probability of our ligand to Rab7 and should be examined with care;

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb3001099 | ACS Chem. Biol. 2012, 7, 1095−11081103

www.eyesopen.com
www.eyesopen.com


however, the results indicate that CID 1067700 can potentially bind to
Rab7 nucleotide binding site, and no steric constraints were observed.
Data Analyses. All data processing and analyses employed

GraphPad Prism software (GraphPad Software). For kinetic experi-
ments, raw data acquired were first processed using IDLE query
software (obtained from University of New Mexico Center for
Molecular Discovery, UNM CMD) before further analysis using
GraphPad Prism. All experiments are representative of at least three
independent trials.
Synthesis of CID 1067700 Derivatives for Structure−Activity

Analyses. General Experimental and Analytical Details. 1H
and 13C NMR spectra were recorded on a Bruker AM 400
spectrometers (operating at 400 and 101 MHz) in CDCl3 with
0.03% tetramethylsilane (TMS) or DMSO-d6 as an internal
standard. The chemical shifts (δ) reported are given in parts per
million (ppm), and the coupling constants (J) are in Hertz
(Hz). The spin multiplicities are reported as s = singlet, br s =
broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet
of doublet, and m = multiplet. The LC−MS analysis was
performed on an Agilent 1200 RRL chromatograph with
photodiode array UV detection and an Agilent 6224 TOF mass
spectrometer. The chromatographic method utilized the
following parameters: a Waters Acquity BEH C-18 2.1 mm ×
50 mm, 1.7 μm column; UV detection wavelength = 214 nm;
flow rate = 0.4 mL/min; gradient = 5−100% acetonitrile over 3
min with a hold of 0.8 min at 100% acetonitrile; the aqueous
mobile phase contained 0.15% ammonium hydroxide (v/v).
The mass spectrometer utilized the following parameters: an
Agilent multimode source that simultaneously acquires ESI
+/APCI+; a reference mass solution consisting of purine and
hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine; and a sol-
vent consisting of 90:10:0.1 MeOH/water/formic acid that was
introduced to the LC flow prior to the source to assist
ionization. Melting points were determined on a Stanford
Research Systems OptiMelt apparatus.
Synthesized analogues were prepared by the general route depicted

in Figure 6. Stepwise procedures for all synthesized analogues and
intermediates are described. Analytical characterization is provided for
all tested commercial and locally synthesized compounds itemized in
this manuscript.
tert-Butyl 2-amino-5,7-dihydro-4H-thieno[2,3-c]pyran-3-carbox-

ylate.

Following a standard procedure, tetrahydro-4H-pyran-4-one
(0.28 mL, 3.0 mmol, 1 equiv), tert-butyl cyanoacetate (0.47 mL,
3.3 mmol, 1.1 equiv), sulfur (0.106 g, 3.30 mmol, 1.1 equiv),
and morpholine (0.39 mL, 4.5 mmol, 1.5 equiv) were dissolved
in EtOH (9 mL) and stirred at 50 oC1 for 16 h. The solvent
was removed, and water (7 mL) was added. The product was
extracted with EtOAc (2 × 7 mL) and purified by preparatory

HPLC (0−20% EtOAC/hexanes). The product was isolated as
a clear, pale yellow oil (0.77 g, quantitative yield). 1H NMR
(400 MHz, CDCl3) δ 5.98 (s, 2H), 4.55 (t, J = 2.0 Hz, 2H),
3.90 (t, J = 5.6 Hz, 2H), 2.79 (ddd, J = 7.6, 3.8, 2.0 Hz, 2H),
1.54 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.38, 161.65,
130.33, 114.60, 106.76, 80.37, 65.20, 64.66, 28.57, 27.94.

tert-Butyl 2-(3-benzoylthioureido)-5,7-dihydro-4H-thieno[2,3-c]-
pyran-3-carboxylate.

tert-Butyl 2-amino-5,7-dihydro-4H-thieno[2,3-c]pyran-3-car-
boxylate (0.099 g, 0.39 mmol, 1 equiv) and PhCONCS (0.06
mL, 0.4 mmol, 1 equiv) were dissolved in THF (2 mL) and
stirred at 50 °C for 16 h. The solvent was removed and the
product was purified by preparatory HPLC (0−30% EtOAC/
hexanes). The product was isolated as a white solid (0.131 g,
80% yield). 1H NMR (400 MHz, CDCl3) δ 14.75 (s, 1H), 9.21
(s, 1H), 7.92 (dd, J = 5.2, 3.3 Hz, 2H), 7.64−7.57 (m, 1H),
7.54−7.46 (m, 2H), 4.71 (s, 2H), 3.94 (t, J = 5.6 Hz, 2H), 2.90
(t, J = 5.6 Hz, 2H), 1.63 (s, 9H). 13C NMR (101 MHz, CDCl3)
δ 173.72, 165.23, 164.54, 147.15, 133.48, 131.81, 129.36,
129.04, 127.77, 125.77, 117.76, 82.36, 65.20, 64.71, 28.51,
27.38.

2-(3-benzoylthioureido)-5,7-dihydro-4H-thieno[2,3-c]pyran-3-
carboxylic acid (SID 99381129, CID 46916266).

To a solution of tert-butyl 2-(3-benzoylthioureido)-5,7-dihydro-
4H-thieno[2,3-c]pyran-3-carboxylate (0.104 g, 0.25 mmol, 1
equiv) in DCM (10 mL) was added TFA (2 mL, 26 mmol, 100
equiv), and the reaction was stirred at rt for 16 h. The solvent
was removed, and the product was triturated with 1:1 Et2O/
hexanes (25 mL) and filtered. The product was purified by
mass-directed reverse-phase chromatography and isolated as a
white solid (3 mg, 3% yield). 1H NMR (400 MHz, CDCl3) δ
14.92 (br s, 1H), 9.02−9.09 (m, 1H), 7.83−7.91 (m, 1H),
7.55−7.66 (m, 2H), 7.41−7.50 (m, 2H), 7.19−7.23 (m, 1H),
4.69−4.76 (m, 2H), 3.92−3.98 (m, 2H), 2.88−3.03 (m, 2H).
LC−MS retention time: 2.955 min, purity at 215 nm = 100%.
HRMS m/z calculated for C16H15N2O4S2 [M

+ + 1] 363.0468,
found 363.0464.

Figure 6. General scheme used for synthesis of CID 1067700 analogues. Reagents and conditions: (a) morpholine, sulfur, EtOH, 50 °C; (b)
PhCONCS or PhCONCO, THF, 50 °C; (c) TFA, CH2Cl2, rt.
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tert-Butyl 2-amino-5,5-dimethyl-5,7-dihydro-4H-thieno[2,3-c]-

pyran-3-carboxylate.

A mixture of 2,2-dimethyldihydro-2H-pyran-4(3H)-one (0.300
g, 2.34 mmol, 1 equiv), tert-butyl cyanoacetate (0.37 mL, 2.57
mmol, 1.1 equiv), sulfur (0.083 g, 2.57 mmol, 1.1 equiv),
morpholine (0.30 mL, 3.51 mmol, 1.5 equiv), and ethanol (7
mL) was heated at 50 °C for 16 h. The reaction mixture was
then filtered, and the filter cake washed with ethyl acetate (20
mL). Purification by silica gel chromatography (0−20%
EtOAc/hexanes ramp over 20 min) afforded the desired
product tert-butyl 2-amino-5,5-dimethyl-5,7-dihydro-4H-
thieno[2,3-c]pyran-3-carboxylate as a yellow solid (0.631 g,
2.23 mmol, 95% yield). 1H NMR (400 MHz, CDCl3) δ 5.88 (s,
2H), 4.52 (t, J = 1.9, 2H), 2.64 (t, J = 1.9, 2H), 1.53 (s, 9H),
1.26 (s, 6H).

tert-Butyl 2-(3-benzoylureido)-5,5-dimethyl-5,7-dihydro-4H-

thieno[2,3-c]pyran-3-carboxylate.

tert-Butyl 2-amino-5,5-dimethyl-5,7-dihydro-4H-thieno[2,3-c]-
pyran-3-carboxylate (0.116 g, 0.41 mmol, 1 equiv) and
PhCONCO (0.06 mL, 0.5 mmol, 1.2 equiv) were dissolved
in THF (2 mL) and stirred at 50 °C for 16 h. The solvent was
removed, and the product was purified by preparatory HPLC
(0−40% EtOAC/hexanes). The product was isolated as a white
solid (0.105 g, 59% yield). 1H NMR (400 MHz, CDCl3) δ
13.26 (s, 1H), 9.81 (s, 1H), 8.13 (d, J = 7.0 Hz, 2H), 7.65 (d, J
= 6.7 Hz, 3H), 4.72 (s, 2H), 2.75 (s, 2H), 1.64 (s, 9H), 1.32 (s,
6H).

2-(3-Benzoylureido)-5,5-dimethyl-5,7-dihydro-4H-thieno[2,3-c]-

pyran-3-carboxylic acid (SID 99381130, CID 46916265).

To a solution of tert-butyl 2-(3-benzoylureido)-5,5-dimethyl-
5,7-dihydro-4H-thieno[2,3-c]pyran-3-carboxylate (0.105 g, 0.24
mmol, 1 equiv) in DCM (10 mL) was added TFA (0.5 mL, 6.5
mmol, 27 equiv), and the reaction was stirred at rt for 5 days.
The solvent was removed under reduced pressure, and the
product was purified by preparatory HPLC (0−5% MeOH/
DCM), followed by mass-directed reverse-phase chromatog-
raphy, and isolated as a white solid (6 mg, 7% yield). 1H NMR
(400 MHz, DMSO) δ 13.11 (s, 1H), 11.39 (s, 1H), 8.05−7.99
(m, 2H), 7.69−7.63 (m, 1H), 7.55 (t, J = 7.7 Hz, 2H), 4.62 (s,
2H), 2.71 (s, 2H), 1.22 (s, 6H). LC−MS retention time: 2.872
min, purity at 215 nm = 100%. HRMS m/z calculated for
C18H19N2O5S [M+ + 1] 375.1009, found 375.1013.

5,5-Dimethyl-2-(2-phenylacetamido)-5,7-dihydro-4H-thieno[2,3-
c]pyran-3-carboxylic acid (SID 99381117, CID 740871).

5,5-Dimethyl-2-(2-phenylacetamido)-5,7-dihydro-4H-thieno-
[2,3-c]pyran-3-carboxylic acid was purchased from ChemBridge
(CAS 303966-15-6) and purified by mass-directed reverse-
phase chromatography and isolated as a white solid (3 mg,
100% purity). 1H NMR (400 MHz, CDCl3) δ 10.88 (s, 1H),
7.43−7.37 (m, 2H), 7.33 (dd, J = 6.7, 4.3 Hz, 3H), 4.72 (s,
2H), 3.85 (s, 2H), 2.85 (s, 2H), 1.35 (s, 6H). LC−MS
retention time: 3.045 min, purity at 215 nm = 100%. HRMS m/
z calculated for C18H20NO4S [M+ + 1] 346.1108, found
346.1110.

Methyl 2-(3-benzoylthioureido)-5,5-dimethyl-5,7-dihydro-4H-
thieno[2,3-c]pyran-3-carboxylate (SID 99381118, CID 1251121).

To a combined mixture of methyl 2-amino-5,5-dimethyl-5,7-
dihydro-4H-thieno[2,3-c]pyran-3-carboxylate (ChemBridge,
CAS 713111-73-0, 31 mg, 0.13 mmol, 1 equiv) and PhCONCS
(0.02 mL, 0.15 mmol, 1.2 equiv) was added THF (0.7 mL).
The resulting solution was stirred at 50 °C for 3 days. The
solvent was then removed under reduced pressure, and the
crude product was triturated with hexanes, filtered, and rinsed
with hexanes (4 × 5 mL). The product was further purified by
preparatory HPLC (0−50% EtOAC/hexanes) and isolated as a
white solid (38 mg, 72% yield). 1H NMR (400 MHz, CDCl3) δ
14.83 (s, 1H), 9.14 (s, 1H), 7.98 (dd, J = 8.4, 1.2 Hz, 2H),
7.72−7.63 (m, 1H), 7.56 (dd, J = 10.5, 4.8 Hz, 2H), 4.77 (t, J =
1.5 Hz, 2H), 4.04 (s, 3H), 2.85 (s, 2H), 1.35 (s, 6H). LC−MS
retention time: 3.508 min, purity at 215 nm = 96%. HRMS m/z
calculated for C19H21N2O4S2 [M+ + 1] 405.0937, found
405.0942.

2-(3-Benzoylthioureido)-5,5-dimethyl-5,7-dihydro-4H-thieno[2,3-
c]pyran-3-carboxylic acid (SID 85747738, CID 1067700).

2-(3-Benzoylthioureido)-5,5-dimethyl-5,7-dihydro-4H-thieno-
[2,3-c]pyran-3-carboxylic acid was purchased from Chemdiv
Inc. (CAS 314042-01-8) and purified by mass-directed reverse-
phase chromatography to yield a white solid (6 mg). 1H NMR
(400 MHz, DMSO) δ 14.84 (s, 1H), 13.39 (s, 1H), 11.81 (s,
1H), 7.98 (dd, J = 1.2, 8.4, 2H), 7.74−7.62 (m, 1H), 7.55 (t, J =
7.7, 2H), 4.67 (s, 2H), 2.75 (s, 2H), 1.24 (s, 6H). 13C NMR
(101 MHz, DMSO) δ 174.43, 166.86, 165.35, 146.72, 133.08,
132.06, 129.10, 128.75, 128.41, 124.09, 116.50, 70.14, 58.82,
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37.27, 26.19. LC−MS retention time: 1.871 min, purity at 214
nm = 92.8%. HRMS m/z calculated for C18H19N2O4S2 [M

+ +
1] 391.0781, found 391.0777.
2-(3-Benzoylthioureido)-5-methyl-5,7-dihydro-4H-thieno[2,3-c]-

pyran-3-carboxylic acid (SID 9931128, CID 46916263).

To tert-butyl 2-(3-benzoylthioureido)-5-methyl-5,7-dihydro-4H-
thieno[2,3-c]pyran-3-carboxylate (0.028 g, 0.065 mmol, 1 equiv) was
added a 40% v/v solution of trifluoroacetic acid in dichloromethane
(2.5 mL). After stirring the solution for 4 h at rt, the solvent was
evaporated in vacuo, and the residue purified by reverse-phase
chromatography to yield the product as a white semisolid (0.011 g,
0.029 mmol, 46% yield). 1H NMR (400 MHz, Acetone) δ 8.07 (d, J =
7.4, 2H), 7.68 (t, J = 7.0, 1H), 7.56 (t, J = 7.5, 2H), 4.76 (q, J = 14.7,
2H), 3.82−3.68 (m, 1H), 3.05 (d, 1H), 1.47 (d, J = 6.5, 1H), 1.32 (d, J
= 6.1, 3H). 13C NMR (126 MHz, Acetone) δ 175.37, 166.92, 165.37,
161.89, 148.65, 134.12, 133.28, 131.39, 129.62, 129.28, 126.49, 71.61,
65.11, 35.05, 21.82. LC−MS retention time: 3.095 min, purity at 214
nm = 93.3%. HRMS m/z calculated for C17H17N2O4S2 [M+ + 1]
377.0624, found 377.0622.

tert-Butyl 2-amino-5-methyl-5,7-dihydro-4H-thieno[2,3-c]pyran-
3-carboxylate.

A mixture of 2-methyldihydro-2H-pyran-4(3H)-one (0.320 g,
2.80 mmol, 1 equiv), tert-butyl cyanoacetate (0.44 mL, 3.08
mmol, 1.1 equiv), sulfur (0.099 g, 3.08 mmol, 1.1 equiv),
morpholine (0.36 mL, 4.21 mmol, 1.5 equiv), and ethanol (7
mL) was heated at 50 °C for 16 h. The reaction mixture was
then filtered, and the filter cake washed with ethyl acetate (20
mL). Purification by silica gel chromatography (0−30%
EtOAc/hexanes ramp over 20 min) afforded the desired
product tert-butyl 2-amino-5-methyl-5,7-dihydro-4H-thieno-
[2,3-c]pyran-3-carboxylate as a pale yellow solid (0.745 g,
2.77 mmol, 99% yield). 1H NMR (400 MHz, CDCl3) δ 5.90 (s,
2H), 4.71−4.49 (m, 2H), 3.82−3.65 (m, 1H), 2.86−2.73 (m,
1H), 2.52−2.37 (m, 1H), 1.52 (d, J = 1.4, 9H), 1.31 (dd, J =
2.1, 6.2, 3H).
tert-Butyl 2-(3-benzoylthioureido)-5-methyl-5,7-dihydro-4H-

thieno[2,3-c]pyran-3-carboxylate.

To a solution of tert-butyl 2-amino-5-methyl-5,7-dihydro-4H-thieno-
[2,3-c]pyran-3-carboxylate (0.104 g, 0.386 mmol, 1 equiv) in dry
ethanol (1 mL) under argon was added benzoyl isothiocyanate (0.15
mL, 1.08 mmol, 2.8 equiv). The mixture was heated at reflux for 16 h.
The solvent was evaporated in vacuo. Purification by reverse-phase
chromatography (10−100% CH3CN/water ramp over 20 min)
afforded the desired product tert-butyl 2-(3-benzoylthioureido)-5-
methyl-5,7-dihydro-4H-thieno[2,3-c]pyran-3-carboxylate as a pale
yellow oil (0.057 g, 0.132 mmol, 34% yield). 1H NMR (400 MHz,
DMSO) δ 14.72 (s, 1H), 11.89 (s, 1H), 8.06−7.95 (m, 2H), 7.69 (t, J
= 7.4, 1H), 7.57 (t, J = 7.7, 2H), 4.78 (d, J = 14.8, 1H), 4.66 (d, J =
15.0, 1H), 3.80−3.63 (m, 1H), 2.93 (d, J = 16.7, 1H), 2.50−2.44 (m,
1H), 1.59 (s, 9H), 1.30 (d, J = 6.1, 3H).

tert-Butyl 5,5-dimethyl-2-(3-phenylthioureido)-5,7-dihydro-4H-
thieno[2,3-c]pyran-3-carboxylate.

To a solution of tert-butyl 2-amino-5,5-dimethyl-5,7-dihydro-
4H-thieno[2,3-c]pyran-3-carboxylate (0.100 g, 0.353 mmol, 1
equiv) in dry tetrahyrofuran (5 mL) under argon was added
phenyl isothiocyanate (0.05 mL, 0.388 mmol, 1.1 equiv). The
mixture was heated at reflux for 16 h. The solvent was
evaporated in vacuo. Purification by reverse-phase chromatog-
raphy (0−100% CH3CN/water ramp over 20 min) afforded the
desired product tert-butyl 5,5-dimethyl-2-(3-phenylthioureido)-
5,7-dihydro-4H-thieno[2,3-c]pyran-3-carboxylate as a yellow
solid (0.045 g, 0.108 mmol, 30% yield). 1H NMR (400 MHz,
DMSO) δ 11.92 (s, 1H), 11.05 (s, 1H), 7.50 (d, J = 7.6, 2H),
7.42 (t, J = 7.9, 2H), 7.26 (t, J = 7.3, 1H), 4.61 (s, 2H), 2.65 (s,
2H), 1.53 (s, 9H), 1.23 (s, 6H).

5,5-Dimethyl-2-(3-phenylthioureido)-5,7-dihydro-4H-thieno[2,3-
c]pyran-3-carboxylic acid (SID 99381127, CID 1280844).

To 5,5-dimethyl-2-(3-phenylthioureido)-5,7-dihydro-4H-
thieno[2,3-c]pyran-3-carboxylic acid (0.037 g, 0.088 mmol, 1
equiv) was added a 40% v/v solution of trifluoroacetic acid in
dichloromethane (2.5 mL). After stirring the solution for 4 h at
rt, the solvent was evaporated in vacuo, and the residue was
purified by reverse-phase LC−MS to yield the product as a
white solid (0.020 g, 0.065 mmol, 63% yield). 1H NMR (400
MHz, Acetone) δ 7.97 (d, J = 7.7, 2H), 7.88 (t, J = 7.7, 2H),
7.73 (t, J = 6.9, 1H), 4.32 (s, 2H), 3.11 (s, 2H), 1.73 (s, 6H).
LC−MS retention time: 3.113 min, purity at 214 nm = 100%.
HRMS m/z calculated for C17H19N2O3S2 [M

+ + 1] 363.0832,
found 363.0829.
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