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’ INTRODUCTION

Adenosine diphosphate ribosylation factors (ARFs), small
guanine nucleotide-binding proteins of the Ras superfamily,
control essential cellular functions including cytoskeletal dy-
namics, cell migration, and vesicular trafficking.1 Like all small
GTPases, ARFs are molecular switches that cycle between two
conformations: the active guanosine triphosphate (GTP)-
bound conformation and the inactive guanosine diphosphate
(GDP)-bound state. ARF activity is tightly controlled by reg-
ulatory proteins: GTPase-activating proteins (GAPs) inactivate
the ARFs by stimulating their intrinsic GTP hydrolase activity,
and guanine nucleotide exchange factors (GEFs) activate the
ARFs by facilitating the dissociation of GDP and the binding
of GTP.2

The ARF GEFs of the cytohesin family consist of four highly
homologous members: cytohesin-1, cytohesin-2 (ARNO), cyto-
hesin-3, and cytohesin-4. Cytohesins belong to the class of small
ARFGEFs. They share a conserved domain structure, namely the
amino-terminal coiled-coil domain, which is used for interaction
with cellular binding partners, the central Sec7 domain, which
harbors the GEF function, and the carboxy-terminal pleckstrin
homology (PH) domain, which can bind to inositol phospholi-
pids and therefore regulate the protein’s membrane association.3

In contrast to large ARF GEFs that primarily regulate Golgi-
localized ARFs, cytohesins control ARFs in particular at the

plasma membrane and in the endosomal pathway.1,3 Further-
more, cytohesins have been shown to be involved in signal
transduction of receptor tyrosine kinases, like the ErbB or insulin
receptors.4�7

Upon activation of ARF, significant conformational changes
occur that are accompanied by a change in the intrinsic
tryptophan fluorescence of the protein.8 Therefore, the most
widely applied ARF activation assay measures tryptophan
excitation and emission at 280 and 340 nm, respectively. In
most cases, a truncated version of ARF1 (NΔ17ARF1) is used,
which renders the assay independent of lipid membranes
and increases the solubility of ARF1.8,9 An alternative approach
to measure the GEF-catalyzed activation of NΔ17ARF1 is to
use GDP or GTP analogues labeled with an environmen-
tally sensitive fluorescent group, like N-methylanthraniloyl
(or mant).10,11 The fluorescence of mant-GDP/GTP exhibits
both an increased fluorescence quantum yield and a blue-shift
of 10�20 nm in its fluorescence emission maximum upon
protein binding. Mant-guanine nucleotides can be excited at a
wavelength of 360 nm and show protein-binding-dependent
emission at 440 nm, remote from the wavelength region
where proteins or most small molecules absorb. By using
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ABSTRACT: A homogeneous fluorescence resonance energy transfer (FRET) system for the
real-time monitoring of exchange factor-catalyzed activation of a ras-like small GTPase is
described. The underlying design is based on supramolecular template effects exerted by
protein�protein interactions between the GTPase adenosine diphosphate ribosylation factor
(ARF) and its effector protein GGA3. The GTPase is activated when bound to guanosine
triphosphate (GTP) and switched off in its guanosine diphosphate (GDP)-bound state. Both
states are accompanied by severe conformational changes that are recognized by GGA3, which
only binds the GTPase “on” state. GDP-to-GTP exchange, i.e., GTPase activation, is catalyzed by
the guanine nucleotide exchange factor cytohesin-2. When GGA3 and the GTPase ARF1 are
labeled with thoroughly selected FRET probes, with simultaneous recording of the fluorescence of
an internal tryptophan residue in ARF1, the conformational changes during the activation of the GTPase can be monitored in real
time. We applied the FRET system to a multiplex format that allows the simultaneous identification and distinction of small-
molecule inhibitors that interfere with the cytohesin-catalyzed ARF1 activation and/or with the interaction between activated
ARF1-GTP and GGA3. By screening a library of potential cytohesin inhibitors, predicted by in silico modeling, we identified new
inhibitors for the cytohesin-catalyzed GDP/GTP exchange on ARF1 and verified their increased potency in a cell proliferation assay.
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mant-nucleotides, activation of NΔ17ARF1 can be followed
kinetically in three ways. First, one can simply monitor binding
of mant-GTP to NΔ17ARF1 by measuring the fluorescence of
mant-GTP at ex360/em440 nm. As a variant, the displacement of
mant-GDP by GTP on mant-GDP-preloaded NΔ17ARF1 can
also be measured. Furthermore, it is possible to use fluorescence
resonance energy transfer (FRET) between tryptophan andmant-
nucleotide to follow the exchange reaction (ex280/em440 nm).
Here the tryptophan residue is excited and acts as a donor to
induce the fluorescence of the acceptor mant group. Although the
mant fluorescent group is small and in general does not disturb the
binding of small molecules, possible interference has to be taken
into account.

A different, fluorescence-independent approach to measure
GDP/GTP exchange on NΔ17ARF1 makes use of radioactively
labeled nucleotides.12 For this purpose, the exchange reaction is
conducted in the presence of radioactively labeled GTP. GTP
loading on NΔ17ARF1 is measured after removal of unbound
radioactivity, e.g., by filter binding. However, because of the
nonhomogenous nature of the assay, determination of kinetic
parameters is difficult.

The latter group of assays is based on the specific interactions
of activated ARF proteins with their effector proteins. By
specifically binding to ARF-GTP, these proteins are recruited
to cellular membranes where they initiate, e.g., the formation of
transport vesicles.13 The GAT domain of GGAs (Golgi-localized,
gamma ear-containing, ARF-binding proteins) specifically inter-
act with ARF-GTP and can be used as a tool to quantify the
amount of ARF-GTP in vitro and in vivo.14,15 For this purpose, a
GST-taggedGGA-GATdomain is added to an exchange reaction
or cell lysate. After precipitation of GGA-GAT, the amount of
bound ARF-GTP is determined by SDS-PAGE and Western
blotting. The strength of this pull-down technique is that it gives
information about the amount of activated ARF in complex
samples like cell lysates. None of these assays allows the
simultaneous real-time measurement of both the activation of
ARF and its activation-dependent interaction with an effector
protein, which would provide valuable information not only
about the bioactivity of ARF and its effectors but also about how a
given small molecule might inhibit ARF.

Here we describe a new, homogeneous FRET system that
allows for the monitoring of cytohesin-catalyzed GDP/GTP
exchange on NΔ17ARF1. The principal design relies on supra-
molecular template effects of protein�protein interactions that
depend on the activation status of one partner and the labeling of
these partners with carefully selected FRET probes. Only when
activated by a bound small-molecule ligand, guanosine tripho-
sphate GTP, do the corresponding structural changes enable the
association of the other partner. When the activation is cataly-
tically triggered by the guanine nucleotide exchange factor
ARNO (cytohesin-2), the simultaneous monitoring of both the
guanine nucleotide exchange factor-catalyzed exchange of GDP
for GTP that leads to the activation of the Ras-like small GTPase
ARF1 and the consequence of this activation, namely the
interaction of the activated ARF with one of its specific effector
proteins, GGA3, becomes possible. The system also allows the
simultaneous identification and distinction of small-molecule
inhibitors that interfere with the cytohesin-catalyzedNΔ17ARF1
activation and/or with the interaction between NΔ17ARF1-
GTP and its effector protein GGA3. By applying this FRET
system, we identified new inhibitors for the cytohesin-catalyzed
GDP/GTP exchange on NΔ17ARF1.

’RESULTS

FRET System for Cytohesin-Catalyzed GDP/GTP Exchange
on NΔ17ARF1. By monitoring the tryptophan fluorescence of
NΔ17ARF1-CyPet simultaneously with the FRET between
NΔ17ARF1-CyPet and YPet-GGA3, our real-time, homoge-
neous FRET system measures two results of GTP binding to
ARF: the conformational change of ARF itself and the interac-
tion with the effector GGA3. Based on this dual detection, it is
possible to identify both kinds of inhibitors, those that interfere
with the cytohesin-catalyzed nucleotide exchange on ARF1 and
inhibitors that block binding of GTP-loaded ARF1 to its effector
protein.
Figure 1 displays the principles of the FRET system.

NΔ17ARF1 was C-terminally tagged with the fluorescent pro-
tein CyPet. NΔ17ARF1-CyPet is nonenzymatically preloaded
with GDP and subsequently incubated with the Sec7 domain of
ARNO. To monitor binding of NΔ17ARF1-CyPet-GTP to its
effector protein GGA3, GGA3-GAT domain with its N-terminus
fused to the fluorescent protein YPet is added. After starting the
exchange reaction by addition of GTP, NΔ17ARF1-CyPet
activation is detected by measuring tryptophan fluorescence at
ex280/em340 nm. Simultaneously, binding of NΔ17ARF1-Cy-
Pet-GTP to YPet-GGA3 is analyzed in real time by FRET
between the CyPet moiety of NΔ17ARF-CyPet and the YPet
moiety of YPet-GGA3 at ex436/em535 nm. CyPet is excited at
436 nm and acts as a donor to induce fluorescence of YPet. CyPet
and YPet are FRET-optimized variants of the fluorescent pro-
teins CFP and YFP, respectively, and have been recently used to
monitor ARF6 activation in living cells.16,17 Since fluorescence
energy transfer critically depends on the proximity of the two
fluorophores involved, binding of GTP-loaded NΔ17ARF-Cy-
Pet to YPet-GGA3 leads to an increase in FRET between CyPet
and YPet, and therefore to enhanced emission of YPet at 535 nm.
Activation of ARF1-CyPet Can Be Monitored in Real Time

by Simultaneous Detection of Tryptophan Fluorescence
and FRET in the Presence of YPet-GGA3. To exclude that
YPet-GGA3 disturbs the ARNO-Sec7-catalyzed GDP/GTP ex-
change on NΔ17ARF-CyPet, we added increasing amounts of
YPet-GGA3 (0.2�1.0 μM) to an exchange reaction (0.7 μM
NΔ17ARF-CyPet, 15 nM ARNO-Sec7). All measurements were
performed in PBS, pH 7.4, 3.0 mM MgCl2 at 37 �C in black
96-well plates, in a total volume of 200 μL.

Figure 1. FRET system for the cytohesin-catalyzed GDP/GTP ex-
change on NΔ17ARF1: principle of the assay. GDP-preloaded
NΔ17ARF1-CyPet is incubated with ARNO-Sec7 and YPet-GGA3.
The exchange reaction is started by addition of GTP. The conforma-
tional change in NΔ17ARF1-CyPet caused by GDP/GTP exchange is
detected by measuring tryptophan fluorescence (ex280/em340 nm).
Simultaneously, the amount of GTP-loaded NΔ17ARF1-CyPet is
monitored by FRET (ex436/em535 nm) resulting from the interaction
of NΔ17ARF1-CyPet-GTP with YPet-GGA3.
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Figure 2 shows the signals obtained at 280/340 nm (Figure 2A,
tryptophan fluorescence = exchange) and 436/535 nm (Figure 2C,
FRET = interaction between NΔ17ARF-CyPet-GTP and YPet-
GGA3) as well as the calculated slopes for the initial, linear phase of
the reaction (Figure 2B,D). As expected, GDP/GTP exchange on
NΔ17ARF-CyPet critically depends on the presence of ARNO-Sec7
(Figure 2A,B; compare black and orange bars). Although increasing
amounts of YPet-GGA3 raised the fluorescence signal at the starting
point due to higher absolute protein concentrations, they did not
influence the slope of the reaction (red, green, blue). Thus, YPet-
GGA3 does not interfere with the Sec7-catalyzed exchange reaction.
No FRET signal could be detected in the absence of YPet-GGA3
(black, Figure 2C,D). As expected, increasing amounts of YPet-
GGA3 enhanced the FRET signal (red, green, blue) due to increased
complex formation betweenΔ17ARF-CyPet-GTP andYPet-GGA3.
In agreement with the tryptophan fluorescence, only a weak FRET
signal was detected in the absence of ARNO-Sec7, even at the
highest concentration of YPet-GGA3 (orange).On the basis of these
results, a concentration of 0.5 μM of YPet-GGA3 was selected for
further experiments. Taken together, these data show that fusion of
Δ17ARF1 with CyPet does not interfere with its Sec7-dependent
activation and that the FRET signal obtained for the interaction of
Δ17ARF-CyPet andYPet-GGA3 critically depends on the loading of
Δ17ARF-CyPet with GTP.
To demonstrate that Δ17ARF-CyPet-GTP can be detected

with the FRET-based exchange assay in a quantitative manner,

we conducted exchange assays in the presence of increasing
concentrations of ARNO-Sec7 (3.5�30 nM) orΔ17ARF-CyPet
(0.1�1.3 μM). As expected, the measured slopes for the
tryptophan fluorescence (Figure 3A) directly depend on the
concentration of ARNO-Sec7 and Δ17ARF-CyPet, reflecting
increasing concentrations of Δ17ARF-CyPet-GTP. The slopes
of the signals obtained for the FRET between Δ17ARF-CyPet-
GTP and YPet-GGA3 (Figure 3B) directly mirrored the slopes of
the tryptophan fluorescence, demonstrating the suitability of this
assay to quantitatively monitor the GDP/GTP exchange on
Δ17ARF1.
We next examined whether the FRET-based exchange assay is

suited for detecting the chemical inhibition of cytohesins by the
cytohesin antagonists SecinH3 and Secin16.6,18 For this purpose
we performed an exchange assay on Δ17ARF1-CyPet in the
presence of SecinH3 (15 μM), Secin16 (2.5 μM), or solvent
(1%DMSO). Figure 4 shows that inhibition of ARNO-Sec7 with
SecinH3 or Secin16 is detected by a reduced slope in both the
tryptophan fluorescence (Figure 4A) and the FRET signal
(Figure 4B). Again, both detection methods revealed consistent
results.
To test the suitability of the FRET-based GDP/GTP exchange

assay on Δ17ARF1-CyPet for use as a screening assay, we
determined the Z0 factor.19 This factor reflects both the dynamic
range of the signals (or the signal-noise-ratio) and the variation of
the obtained signals. The Z0 factor is therefore a useful tool to

Figure 2. Simultaneous measurement of tryptophan fluorescence and FRET in a homogeneous assay format. (A,C) Tryptophan fluorescence ex280/
em340 nm (A) or FRET ex436/em535 nm (C) of NΔ17ARF1-CyPet in the presence (black, red, green, blue) or absence (orange) of ARNO-Sec7 and
different concentrations of YPet-GGA3 (red, green, blue). The slope of the reaction was calculated by fitting the linear part of the increase in tryptophan
fluorescence or FRET by linear regression (shown as a line). (B,D) Calculated slope for the initial increase in tryptophan fluorescence (B) or FRET
signal (D). Data represent the means ( SEM of duplicates of one representative measurement (out of three independent measurements). For
fluorescence measurements of YPet and CyPet, please refer to Supporting Information Figure S1.
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describe the quality of an assay system. For the tryptophan
fluorescence as well as for FRET-based detection of GDP/GTP
exchange on Δ17ARF1-CyPet, we calculated a Z0 factor of 0.6
out of six independent measurements, with the reactions in the
presence or absence of ARNO-Sec7 used as a positive or negative
control, respectively. This Z0 value rates the FRET and trypto-
phan fluorescence detection system as being reliable and accu-
rate, and even potentially suitable for screening.
In order to allow the testing of larger sets of compounds, we

asked whether it might be possible to simplify data analysis.
Therefore, we calculated the difference in the FRET signal
(ΔFRET) between the beginning (∼200 s after GTP addition)
and the end point (∼600 s) of the linear phase of the reaction

(Figure 4C). To minimize technically caused variations in single-
point fluorescence measurements, we used the mean of three
time points to calculate the difference in fluorescence signal
(ΔFRET), i.e., ΔFRET = MEANEND(v600s,v590s,v580s) �
MEANSTART(v220s,v210s,v200s). In the presence of SecinH3 or
Secin16, we observed a decrease in ΔFRET which closely
mirrored the reduced initial slope determined as above
(compare panels D and C of Figure 4). Again, we determined
the Z0 factor for this kind of analysis to rate its suitability for
screening assays. Although the Z0 factor of 0.5 was lower than
the Z0 factor calculated for the analysis of the initial slope of
the exchange reaction, it still fit the requirements for a
screening assay.

Figure 4. Suitability of the FRET and tryptophan fluorescence system to detect inhibitors of ARF activation. (A,B) Calculated slope for the initial
increase in tryptophan fluorescence (A) or FRET signal (B) of NΔ17ARF1-CyPet (0.7 μM) in the presence of 15 μM SecinH3 (red), 2.5 μM Secin16
(orange), or solvent (0.4% DMSO, blue). All measurements were performed in the presence of 0.5 μM YPet-GGA3. (C) Simplified data analysis by
calculating the difference in the FRET signal between the beginning and the end of the exchange reaction (ΔFRET). ΔFRET was calculated as the
difference of the means of three single measurement values at the end (580�600 s) and the beginning (200�220 s) of the reaction. ΔFRET =
MEANEND(v600s,v590s,v580s) � MEANSTART(v220s,v210s,v200s). Data represent the means of five independent measurements.

Figure 3. FRET-based determination of activated ARF. Calculated slope for the initial increase in tryptophan fluorescence (A) or FRET signal (B).
Increasing concentrations of ARNO-Sec7 (0�30nM)were titrated to 0.7μMNΔ17ARF1-CyPet (red bars), or the concentration of NΔ17ARF1-CyPet
was varied in the presence of 15 nMARNO-Sec7 (blue bars). All measurements were preformed in the presence of 0.5 μMYPet-GGA3. Data represent
the means ( SEM of duplicates of one representative measurement (out of three independent measurements).

http://pubs.acs.org/action/showImage?doi=10.1021/ja202513s&iName=master.img-003.jpg&w=308&h=228
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Screening of Secin16-Derived Chemotypes. High-
throughput screening currently plays a major role as a source
of novel active molecules that serve as leads for drug develop-
ment and as tools for biomedical research. As an alternative,
virtual screening of chemical libraries formatted in silico can be
applied to search for new chemotypes. Starting from SecinH3
analogues as virtual screening templates, we recently identified
structurally distinct Sec7 inhibitors including Secin16.18 Here
we used Secin16 as a template and explored its chemical
neighborhood using a fingerprint search. Publicly available
compounds were ranked in the order of decreasing similarity

to Secin16. From this ranking, different Secin16 analogues and
structurally distinct molecules were selected, yielding a library
of potential Sec7 inhibitors that contained 88 commercially
available compounds.
These compounds were tested for their potential to inhibit

the GDP/GTP exchange on Δ17ARF1-CyPet at a concentra-
tion of 1.0 μM using the dual-detection exchange assay. By
analyzing the initial rate of FRET signal increase, we identified
17 compounds that showed at least 70% inhibition (Figure 5,
blue bars; Secin16 red bars), which were classified as hits.
The structures of these compounds are shown in Table 1.

Figure 5. Screening of 88 Secin16-analogues. GDP/GTP exchange on NΔ17ARF1-CyPet in the presence of the 88 Secin16 analogues (1.0 μM) or
Secin16 (1.0 μM, 2.5 μM) as detected by FRET between NΔ17ARF1-CyPet and YPet-GGA3. Shown are the relative exchange rates, calculated as the
slopes of the initial increase in FRET signal with the reaction in the presence of solvent only set to 1 (black). Seventeen hits were identified that inhibited
the reaction more than 70% (blue bars).

Table 1. Structures of 17 Secin16 Analogues That Showed at Least 70% Inhibition of GDP/GTP Exchange onΔ17ARF1-CyPet at
a Concentration of 1.0 μM

http://pubs.acs.org/action/showImage?doi=10.1021/ja202513s&iName=master.img-005.jpg&w=426&h=113
http://pubs.acs.org/action/showImage?doi=10.1021/ja202513s&iName=master.img-006.jpg&w=100&h=38
http://pubs.acs.org/action/showImage?doi=10.1021/ja202513s&iName=master.img-007.jpg&w=313&h=259
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The simplified single-point evaluation of the FRET signal
identified the same 17 hits, underlining the equivalence of both
methods of analysis.
By analyzing the tryptophan fluorescence ofΔ17ARF1-CyPet,

19 hits were found. These 19 compounds included all 17 hits
identified in the FRET-based analyses. One compound, F6,
showed an inhibition of 74% in tryptophan fluorescence and
51% (initial rate) or 60% (ΔFRET) inhibition in the FRET-
based detection. H1 completely inhibited the increase in trypto-
phan fluorescence but was only moderately active in the FRET-
based measurements. Re-evaluation of the data revealed the
inhibition in the tryptophan fluorescence assay as a quenching
artifact caused by strong absorption of H1 at 280 nm. The ability
to easily identify H1 as a false-positive hit in the tryptophan
fluorescence assay exemplifies an important advantage of our
dual-detection exchange assay. In addition, 10 compounds
showed strong autofluorescence at 280/340 nm and could hence
only be evaluated in the FRET-based assay. Compound B7
showed the strongest inhibition in both assays and was re-
evaluated at different concentrations to verify dose-dependency
and to determine an IC50 value. With an IC50 of 0.44( 0.06 μM,
B7 showed a nearly 10-fold or even 26-fold improved potency
compared to Secin16 (3.74 ( 0.37 μM) or SecinH3 (11.40 (
0.70 μM).
Effect of Secin Analogues on PC9 Cell Proliferation.

Recently it was shown that cytohesins are involved in the
regulation of PC9 cell proliferation.4 We therefore performed
a proliferation assay of PC9 cells in the presence of Secin
analogues to verify the improved potency of SecinB7 in cells.
As a negative control we used either DMSO or the compound
XH1009, a derivative of the cytohesin inhibitor SecinH3 that
does not act on cytohesins. We also tested SecinH3 and Secin16
to compare their effects directly with that of SecinB7. Figure 6
shows that SecinB7 significantly inhibited PC9 cell proliferation
at 250 nM, a concentration at which neither SecinH3 nor
Secin16 exhibits detectable activity, demonstrating its improved
potency as compared with these first- and second-generation
Secins.

’DISCUSSION

Our study introduces a new measuring paradigm that allows
simultaneous monitoring of both the GEF-catalyzed nucleotide
exchange on a small GTPase and the result of the exchange, i.e.,
the interaction of the activated GTPase with one of its effector
proteins, GGA3. The FRET system combines the advantages of
rapid and highly sensitive real-time fluorescence measurements
with the possibility to identify small-molecule inhibitors of the
interaction between NΔ17ARF1-GTP and GGA3. Thus, it
allows the simultaneous identification and distinction of small-
molecule inhibitors that interfere with cytohesin-catalyzed
NΔ17ARF1 activation and/or with the interaction between
NΔ17ARF1-GTP and its effector protein GGA3.

Up-regulated activity of small GTPases is involved in various
human diseases. This is not only true for the prototype oncogene
ras. ARFs play an important role in the regulation of the
proliferation and invasive capacity of cancer cells, making them
attractive targets for cancer therapy.20�23 Unfortunately, no
specific, direct ARF inhibitor has been described. However,
indirect inhibition of ARFs by targeting their specific GEFs has
been proven very useful to elucidate the cellular functions of
ARFs. The fungal metabolite brefeldin A (BFA) binds to the
complex of GDP-bound, inactive ARF1 and the Sec7 domain of
large GEFs, thereby inhibiting GDP/GTP exchange catalyzed by
this subgroup of GEFs.24 By a similar mechanism, the small
molecule LM11 targets the complexes of ARF1-GDP with the
large GEF BIG1 as well as with BFA-insensitive ARNO. Both
molecules have been shown to inhibit ARF-regulated traffic at the
Golgi apparatus in cells.25 Recently, we have described the two
cytohesin-specific inhibitors, SecinH3 and Secin16 (Sec7
inhibitors),6,18,26,27 and various studies have proven their poten-
tial as indirect inhibitors of ARF1 and ARF6.5,6,18,28�32 However,
in order to elucidate the cellular role of a particular ARF or its
corresponding ARF-GEF, monospecific ARF and ARF-GEF
inhibitors are required. We showed in this study that the FRET
system developed here can also serve as a newmultiplex assay for
the simultaneous identification of ARF and ARF-GEF inhibitors
by applying it to a new set of Secin candidates, predicted by in
silico modeling.

Since the presence of YPet-GGA3 did not affect GDP/GTP
exchange on NΔ17ARF1-CyPet, it is possible to perform the
FRET-based assay in a homogeneous format. Interaction be-
tween NΔ17ARF1-CyPet and YPet-GGA3 can be detected in
real time, simultaneously with tryptophan fluorescence. These
features enable the identification and discrimination of cytohesin
inhibitors, ARF1 inhibitors, and inhibitors of the interaction
between ARF1-GTP and its effector protein GGA3 in one single,
homogeneous, real-time measurement.

By screening a set of 88 potential Sec7-domain inhibitors,
predicted by virtual screening, we were able to identify 17 novel
chemotypes that inhibited GDP/GTP exchange on ARF1 by
more than 70% at a concentration of 1.0 μM in both tryptophan
fluorescence and FRET measurements. The most potent mole-
cule, termed SecinB7, showed an IC50 < 500 nM, a nearly 10-fold
improvement in potency compared to the template compound
Secin16. This improved potency was verified in a cellular context
by inhibiting cytohesin-dependent PC9 cell proliferation.

Eleven compounds showed a strong absorption and/or auto-
fluorescence in the tryptophan fluorescence assay, making
it impossible to analyze these compounds by this commonly
used exchange assay. However, all 11 compounds could be

Figure 6. Effect of Secin analogues on PC9 cell proliferation. SecinH3,
Secin16, and SecinB7 but not the control compound XH1009 inhibit
proliferation of PC9 cells. The diagram shows the relative cell number
(MTT assay) after 72 h treatment with the indicated compounds or
DMSO. The cell number in the solvent treated samples was set to 1. ***,
p > 0.001, n g 3.

http://pubs.acs.org/action/showImage?doi=10.1021/ja202513s&iName=master.img-008.jpg&w=174&h=166
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investigated by the FRET-based exchange assay, and one com-
pound was identified as a false positive. No compound showed an
interference with the fluorescence measurement at the wave-
length used for FRET, underlining the considerable advantage of
using longer wavelengths for the screening of small molecules.

No compound was identified that inhibited the interaction
between NΔ17ARF1-CyPet-GTP and YPet-GGA3 without dis-
turbing the cytohesin-catalyzed exchange on NΔ17ARF1. The
explanation lies in the limited structural variability of the 88 test
compounds that were derived from the cytohesin inhibitor
Secin16. Our results not only introduce a new, powerful FRET
system for the identification of small-molecule inhibitors of
cytohesin or ARF proteins. The same measuring principle also
provides a means for the simultaneous monitoring of both the
guanine nucleotide exchange factor-catalyzed exchange of GDP
for GTP on NΔ17ARF1, leading to activation of this Ras-like
small GTPase, and the consequence of this activation, i.e., the
interaction of the activated ARF with one of its specific effector
proteins, GGA3. The same principle should also be applicable to
other combinations of GEF, GTPase, and effector proteins, and
thus can serve as a useful modular tool for the rapid in vitro
determination of these activities in various biological contexts.

’METHODS

Constructs and Proteins. For the construction of the CyPet and
YPet constructs, CyPET-Arf6 (Addgene plasmid 18840) and YPet-GGA3
(Addgene plasmid 18841) were used as templates.16 NΔ17ARF1-CyPet
(amino acids 18�181 of humanARF1 fused to theN-terminus of CyPet),
YPet-GGA3 (YPet fused to amino acids 148�302 of human GGA3), and
ARNO-Sec7 (amino acids 50�255) were subcloned into pET15 vectors
(Novagen). All proteins were N-terminally 6xHis-tagged, expressed in
Escherichia coli, and purified by Ni2þ-NTA chromatography (Ni-NTA
agarose, Qiagen).
Exchange Assay. All measurements were performed in PBS pH

7.4, 3.0 mM MgCl2 at 37 �C. NΔ17ARF1-CyPet (2.8 μM) was
preincubated with GDP (80 μM) in the presence of EDTA (2.0 mM)
for 15 min in PBS pH 7.4 at 37 �C. The bound GDP was stabilized by
addition of MgCl2 (final concentration 3.0 mM) and incubation for a
further 5 min at 37 �C. If not otherwise indicated, 700 nM of GDP-
loaded NΔ17ARF1-CyPet was mixed with 15 nM ARNO-Sec7 in the
absence or presence of inhibitor or solvent (1% DMSO) in PBS pH 7.4,
3.0mMMgCl2, and after 5min incubation at room temperature, 500 nM
YPet-GGA3 was added (total volume 180 μL). The reaction was started
by injection of 20 μL of GTP (50 μM). Fluorescence was detected
approximately every 10 s, depending on sample number, for a total of
600 s. The tryptophan fluorescence was measured at excitation and
emission wavelengths of 280 and 340 nm, respectively, whereas FRET
was measured at 436 and 535 nm, respectively. To detect possible
quenching effects of the compounds, CyPet and YPet were detected at
ex436/em465 nm and ex500/em535, respectively, at the beginning of
each measurement. All fluorescent measurements were performed in a
Varioskan microplate reader (Thermo Scientific), in black 96-well
plates. For data analysis the linear part of the increase in the fluorescence
signal (200�600 s) was fitted by linear regression using Prism software
(GraphPad).
In Silico Screening. Using Secin16 as a single template, similarity

searching of our in-house virtually formatted compound collection18 was
carried out using the MACCS fingerprint.33 Compounds were ranked
relative to Secin16 in the order of decreasing calculated Tanimoto
similarity.34

Proliferation Assay. PC9 cells (kind gift of K.Nishio) were grown
at 37 �C and 5% CO2 in RPMI (PAA)/10% FBS (Lonza). For

proliferation assay, 3 � 103 PC9 cells per 96 wells were seeded into a
clear, flat-bottom 96-well plate (TPP). After 24 h the cells were treated
with the respective concentration of compounds or solvent (final
DMSO concentration 0.4%) in RPMI, 1% FCS. Medium was changed
daily for 3 days, and cell proliferation was analyzed with a 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
as described in the manufacturer’s protocol using a Varioscan microplate
reader (Thermo Scientific). All assays were performed at least in
triplicate. For calculation of the relative proliferation rate/cell number,
the mean absorbance in the solvent (DMSO)-only treated cells was
set as 1.

’ASSOCIATED CONTENT

bS Supporting Information. Additional fluorescence data
and complete refs 4 and 30. This material is available free of
charge via the Internet at http://pubs.acs.org.
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