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Chemical genetics seeks to identify small molecules that
afford functional dissection of cell biological pathways.
Previous screens for small molecule inhibitors of exocytic
membrane traffic yielded the identification and character-
ization of several compounds that block traffic from the
Golgi to the cell surface as well as transport from the
endoplasmic reticulum to the Golgi network [Feng et al.
Proc Natl Acad Sci USA 2003;100:6469-6474; Yarrow et al.
Comb Chem High Throughput Screen 2003;6:279-286;
Feng et al. EMBO Reports 2004: in press]. Here, we
screened these inhibitors for potential effects on endocy-
tic membrane traffic. Two structurally related sulfona-
mides were found to be potent and reversible inhibitors
of transferrin-mediated iron uptake. These inhibitors do
not block endoplasmic reticulum-to-Golgi transport, but
do disrupt Golgi-to-cell surface traffic. The compounds
are members of a novel class of sulfonamides that elevate
endosomal and lysosomal pH, down-regulate cell surface
receptors, and impair recycling of internalized transferrin
receptors to the plasma membrane. In vitro experiments
revealed that the sulfonamides directly inhibit adenosine
triphosphate (ATP) hydrolysis by the V-ATPase and that
they also possess a potent proton ionophore activity.
While maintenance of organellar pH is known to be a
critical factor in both endocytosis and exocytosis, the
precise role of acidification, beyond the uncoupling of
ligands from their receptors, remains largely unknown.
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Identification of this novel class of sulfonamide inhibitors
provides new chemical tools to better understand the
function of organelle pH in membrane traffic and the
activity of V-ATPases in particular.
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Chemical genetics seeks to identify novel small molecules
that afford functional dissection of cell biological pathways
(1-3). Such compounds are useful as bioactive molecular
probes and allow further analysis of the relationship
between target processes or proteins within cells and
their cellular function. We have taken a chemical genetics
approach to identify small cell-permeable molecules that
block exocytosis (4,5). The exocytic or constitutive secre-
tory pathway encompasses vesicular movement of newly
synthesized membrane proteins and secretory compon-
ents from the endoplasmic reticulum (ER) to the Golgi
apparatus with final arrival at the cell surface (for resident
plasma membrane proteins) or export (for secreted pro-
teins). To identify small molecule inhibitors of this path-
way, we employed a medium-throughput screen based on
cell fluorescence imaging of a green fluorescent protein
(GFP)-tagged vesticular stomatitis virus glycoprotein
temperature-sensitive mutant (VSV-G'%*%) which transits this
pathway in a well-defined and experimentally manipulable
fashion (4,5). This investigation led to the discovery of
Exo1(6B6) and Ex02(15E19), agents that block exit from
the ER (4), as well as five other compounds (16D20,
30N12, 4F17, 17G7, 16F19) that block exit from the
Golgi (5). To further examine the selectivity of these com-
pounds as inhibitors of specific steps of intracellular mem-
brane traffic, we undertook the present study to explore
their effects on the endocytic pathway.

The process of endocytosis brings extracellular material
and plasma membrane proteins into cells from their sur-
face through a series of membrane-bound compartments,
often referred to as early, sorting and recycling endo-
somes. Internalized material is sorted and ultimately dir-
ected from these endocytic organelles for degradation in
lysosomes or for return to the cell surface (recycling). Our
knowledge of the endocytic recycling pathway is largely
based on detailed analysis of the membrane traffic of



transferrin (Tf). This serum iron-binding protein associates
with specific cell surface receptors to be internalized and
delivered to the endocytic pathway. These binding inter-
actions are facilitated at the extracellular pH of 7.4 with
high ligand binding affinity (Kd ~ 1-5nm) (6,7). TT-TfR com-
plexes cluster into clathrin-coated pits to be delivered to
early endosomes. The pH of endosomes is lowered by an
ATP-dependent proton pump; under these conditions, the
release of iron from Tf is facilitated through its interactions
with Tf receptor (8). Unlike many other ligands, apoTf
(devoid of its cargo iron) remains bound to its receptor
and is therefore recycled back to the cell surface, where
it can be released for further rounds of iron delivery (9-11).
The vesicular movement of the Tf receptor through the
early sorting and recycling endosomal pathway is well-
defined (12).

In screening the small molecule inhibitors of exocytosis for
their effects on cellular iron assimilation through the Tf
cycle, we fortuitously identified a family of sulfonamide
compounds that blocked uptake of iron via the Tf receptor
pathway. Seven members of this family were character-
ized with 1Cgq values ranging from 0.1 um to greater than
250 pum. Detailed study of one member, 16D10, revealed
that treatment with this compound increases the pH of
compartments of the endocytic pathway, thereby blocking
both the release of iron from Tf and recycling of Tf recep-
tors to the cell surface. Results from biochemical experi-
ments presented here demonstrate that a potential target
of the compounds is the V; domain of vacuolar ATPases
(V-ATPases), which is responsible for pumping protons
into the lumen of a variety of organelles, including endo-
somes, lysosomes and the Golgi apparatus. In addition,
we found that members of the sulfonamide family can act
as proton ionophores in vitro. While it is well-established
that maintenance of organellar pH is a critical factor in
both endocytic and exocytic membrane traffic, the precise
role of acidification in these pathways remains largely
unknown. The novel class of sulfonamide inhibitors there-
fore provides new chemical tools to better understand the
function of organelle pH in membrane traffic and to study
functional aspects of V-ATPases in particular.

Results

Compounds that block Golgi to plasma membrane
traffic inhibit Tf-mediated iron uptake

In a recent high throughput screen of more than 10000
chemicals from the DIVERSet E (ChemBridge Corp.,
San Diego, CA) for inhibitors of exocytosis, seven small
molecules were identified that reduced the delivery of
GFP-tagged VSV-G'°%#® o the cell surface (4,5). Two com-
pounds, 6B6 and 15E19, now called Exol and Exo2,
respectively, were characterized to block exit from the
ER (4). Five others, 16D20, 30N12, 4F17, 17G7, and
16F19, did not affect VSV-G*%*° traffic from the ER to
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the Golgi apparatus, but instead inhibited the membrane
protein’s exit from the Golgi to the cell surface (5). Struc-
tures of these seven small molecule inhibitors are shown
in Figure 1. When tested at 50 um, these compounds
reduced the amount of the viral glycoprotein delivered to
the cell surface with inhibitory potencies that ranged
between 95 and 30%, with 6B6>15E19 > 16D20-
16F19-30N12-4F17 > 17G7 (Figure 2).

To examine the effect of this set of inhibitors on the
endocytic pathway, uptake of radioactive iron from Tf
was measured in the presence of 50um of the com-
pounds. After association with its receptor at the cell sur-
face, Tf delivers iron to cells via the endocytic pathway. As
shown in Figure 3, none of the drugs affected cell-
associated %°Fe at 4°C (open bars), a temperature that
blocks endocytosis of Tf. These data indicate that none of
the drugs permeabilizes cells or in any way promotes non-
endocytic uptake of iron from Tf. However, Tf-mediated
uptake of °°Fe at 37°C (closed bars) was inhibited by 85%
to 5% with an order of potency 16D20-30N12-16F19 >>
17G7 > 4F17-15E19-6B6. This order of potency was
completely different from inhibition of VSV-G traffic and
confirms the selectivity of 6B6 (Exo1) and 15E19 (Ex02) to
inhibit ER-to-Golgi transport. In contrast, inspection of the
chemical features of two of the most potent inhibitors
of both exocytic and endocytic traffic, 30N12 and 16F19
(Figure 1), suggested a commmon structural basis for their
effects on both pathways. Based on the presumption that
these compounds might selectively target a cellular com-
ponent functioning in both the endocytic and exocytic
pathways, these compounds became a focus for further
investigation.

Inhibition of Tf-mediated iron uptake by 30 N12 and
16F19 is dose-dependent and reversible

The dose-response of inhibition of Tf-mediated iron uptake
by 30N12 and 16F19 was determined. Both compounds
effectively blocked iron uptake in a dose-dependent man-
ner, with |Csq values of 0.1 and 2 pwm, respectively (Figure 4).
Moreover, inhibition by 30N12 and 16F19 was reversible
(Figure 5). In these experiments, cells were either first
treated with vehicle solvent (DMSO) followed by a 1-h
incubation with the inhibitor (open bars) or they were
treated with the compounds for 1h, followed by a 4-h
recovery period with DMSO added (solid bars). Reversal
of the inhibition of Tf-mediated iron uptake under the latter
conditions also confirmed that there were no confounding
solvent effects of vehicle treatment, and that these com-
pounds were not toxic to cells.

Structurally related sulfonamides inhibit membrane
traffic

Based on the chemical structures of 30N12 and 16F19,
five other sulfonamide compounds were selected from the
ChemBridge DIVERSet E (Figure 6). The ability of mem-
bers of this family of sulfonamides to inhibit uptake of 5°Fe
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from Tf was determined in a series of dose-response
experiments that established ICsq values from 0.1 um
(30N12) to > 250 um (23H9). Inhibition studies of the ability
of these sulfonamide family members to block cell surface
delivery of VSV G protein revealed a similar range of ICsg
values (data not shown). From the relative potency of the
compounds (30N12 > 16L2-16F19-16D2 > 16D10 >> O-1
and 23H9), limited structure-activity information can be
deduced. In more potent compounds, the sulfonamide is
flanked by a single benzyl ring on the sulfonyl-group,
whereas bulkier aryl groups are tolerated on the amide
(e.g. 16F19). A converse configuration (23H9 vs. 16L2)
significantly impairs inhibitory potency. Chloro- and/or
nitroso substituents on the single benzyl ring off the
sulfonyl-group do not appear to affect the compound’s

480

30N12

NH Cl

16F19

Figure1: Chemical genetic
screening identifies compounds
that reduce exocytosis of GFP-
tagged VSV-G™%*® to the cell
surface. Structures of seven small
molecule compounds were
identified in a screen of > 10000
chemicals from the ChemBridge
DIVERSet E library to block
secretion of VSV G. Screening
conducted by Y.F. (4,5).

action (e.g. 30N12 vs. 16L2). On the aryl group adjacent
to the amide, a halide is invariantly present in the para
position; elimination of this halide greatly reduces the
ability of the sulfonamide to inhibit both endocytosis and
exocytosis (O-1). For more detailed functional studies, we
focused on 16D 10 since it has a structure representing the
most significant aspects of this class of compounds: both
chloro- and nitroso-groups are present on an aryl ring
adjacent to the sulfonyl-group and a halide is para to the
amide on a benzyl group, which itself is connected via an
amide linkage to a second benzyl ring. As a control for
some of these experiments, we employed O-1, which
lacks the halide and nitroso constituents and displays an
ICso value for inhibition of 5®Fe uptake that is one order of
magnitude greater than 16D10.

Traffic 2004; 5: 478-492



100 A

75 A

50

25

% VSV-G at cell surface

DMSO  6B6 15E19 16D20 30N12  4F17 17G7  16F19

Figure2: Inhibition of VSV-G*%* exocytosis. To examine the
effects of chemicals shown in Figure 1, BSC1 cells were
transduced with adenovirus to express GFP-tagged VSV G'S04°
and grown overnight at 40 °C. Prior to transfer to 32 °C, 50 um of
each compound was added to the media for 1h. After 3h
incubation at 32°C, the amount of VSV GS°*® at the cell surface
was measured by incubating with monoclonal VSV-G antisera as
detailed in the Materials and Methods section. As a control for
nonspecific binding, cells were also treated with 10 um brefeldin
A, a drug known to completely block transport to the cell surface.
After subtraction of background (measured in the presence of
brefeldin A), data were normalized to the total fluorescence signal
detected by GFP expression. Shown is the percentage of surface
VSV-G relative to the total GFP signal (n=9; & SEM). Experiments
performed by Y.F.
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Figure 3: Inhibitors of the exocytic pathway block °°Fe
uptake from Tf. Hel a cells were treated with 50 um of inhibitors
shown in Figure 1 for 4h at 37°C (solid bars) or 4°C (open bars)
in the continued presence of 40nm S°FeTf. After washing, cells
were lysed with 0.1% Triton X-100 containing 0.1% NaOH
and cell-associated °°Fe was determined by liquid scintillation
counting. Results were normalized to protein concentrations to
determine pmol ®®Fe/mg cell protein. The means of duplicate deter-
minations are shown from a single experiment with similar results
obtained on several occasions. Experiments were performed by
J.X.B and P.D.B.
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Figure 4: Dose-response to 16F19 and 30N12. Inhibition of
%Fe uptake from Tf was determined exactly as described for
Figure 1. Hela cells were incubated with the concentrations of
inhibitors and the amount of %°Fe taken up by the cells was
normalized to control cells which were treated with vehicle
(DMSOQ) alone. Experiments performed by J.X.B and P.D.B.

16D10 does not inhibit non-Tf bound iron (NTBI)
uptake or ER-to-Golgi traffic

To test whether the inhibition of iron assimilation was
linked to the Tf-Tf receptor (TfR)-dependent pathway, the
effect of 16D10 on NTBI uptake was examined. NTBI
uptake involves transport of the metal directly across the
cell surface in the absence of Tf, and does not depend on
endocytosis (13). As shown in Figure 7, NTBI uptake was
unaffected by the presence of 50 um 16D10. From these
data, we conclude that 16D10 does not act as a membrane
perturbant or iron chelator to disrupt Tf-mediated delivery
and cellular iron assimilation from this pathway. These
results also indicate that inhibition of Tf-mediated iron
uptake by the sulfonamide is unlikely to be caused by
cellular ATP depletion, since NTBI uptake is an energy-
requiring process (14). To further examine the selectivity
of 16D10, we took advantage of GFP-tagged VSV-G'%4® to
follow its movement by fluorescence microscopy. This
temperature-sensitive mutant accumulates in the ER until
cells are placed at permissive temperature (32 °C). Under
these conditions, most of the GFP-tagged protein is
observed in the Golgi apparatus after a 30-min incubation
(upper panels, Figure 8). Treatment of cells with inactive
O-1 or active 16D10 did not alter transport of the VSV G
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Figure5: 16F19 and 30N12 inhibit °°Fe uptake from Tf in a
reversible manner. Hela cells were either first incubated with
2pum 16F19 or 0.5um 30N12 for 1h followed by a 4-h recovery
incubation with 0.5% DMSO after removal of the drug, or cells
were first incubated for 4h with 0.5% DMSO followed by a 1h
incubation with sulfonamides. Cells treated under both conditions
were then incubated with 40nm %5Fe-Tf for 1h. During the 1h
assay, cells continued to be incubated either with DMSO (closed
bars) to test reversibility (closed bars) or with sulfonamide to
directly inhibitory potency in assay (open bars). °°Fe uptake was
normalized to protein content and expressed as percentage
control (cells incubated with 0.5% DMSO in the absence of
sulfonamide). Experiments performed by P.D.B.

protein to this compartment. Longer incubation times (2 h)
resulted in the appearance of fluorescence at the cell
surface; however, the presence of 16D10 significantly
reduced traffic of the GFP-tagged protein to the plasma
membrane (lower left panel, Figure 8). The observation
that 16D 10 does not block ER-to-Golgi transport is consist-
ent with previous results obtained for 30N12 and 16F19
(5) and bolsters the idea that the sulfonamides selectively
inhibit specific steps of membrane traffic involved in trans-
port to the cell surface.

16D 10 reduces Tf endocytosis due to receptor down-
regulation

Endocytic uptake of Tf is initiated at the cell surface upon
receptor binding, with internalization by clathrin-coated
vesicles followed by delivery of the ligand to early or sorting
endosomes. Control experiments confirmed that the sulfo-
namides did not interfere with Tf binding to its receptor
(data not shown). To test whether subsequent steps of
Tf endocytosis were affected, internalization of alexa594-
labeled Tf was followed by fluorescence microscopy. The
results in Figure 9 demonstrate that endocytic uptake of Tf
continued in the presence of 10um 16D10 (left panel).
Notably, there was no change in the morphology or dis-
tribution of endocytic compartments containing the fluor-
escent probe in cells treated with the compound.
However, a significant decrease in the amount of ligand
internalized was observed relative to control cells treated
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Figure 6: Family of sulfonamide inhibitors of membrane
traffic. Based on the structures of 30N12 and 16D19, several
additional compounds were screened for their ability to inhibit
membrane traffic. Dose-response curves for inhibition of 5°Fe
uptake from Tf were measured as described for Figure 4. In
addition to 30N12 and 16F19 (5), structures of 16L2, 16D2,
16D10, 23H9 and O-1 are shown along with the relative 1Cgq
values determined for inhibition of Tf-mediated iron uptake. ICsq
values were determined as described in Materials and Methods
using GraphPad PRISM3 software. Experiments performed by
J.X.B and P.D.B. with data analysis by T.J.F.N.

with vehicle (DMSO) or the inactive sulfonamide O-1.
Thus, the pattern of alexab94-Tf traffic through the endo-
cytic pathway is normal but the amount of ligand inter-
nalized is dramatically reduced by 16D10.

To evaluate whether reduced uptake is the result of a
reduction in the number of Tf receptors on the plasma
membrane, "2°I-Tf binding studies were performed (Figure 10,
upper panel). Treatment with 10um 16D10 for 30min
induced a loss of >60% surface binding sites. Moreover,
the number of surface low density lipoprotein (LDL) recep-
tors was also reduced in cells treated with 16D10 (Figure 10,
lower panel), indicating that the observed effects were
not unique to the Tf receptor. Control experiments also
confirmed that the latter observations did not result from
altered LDL binding in the presence of 16D10 (data not

Traffic 2004; 5: 478-492
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Figure 7: 16D10 sulfonamide does not inhibit NTBI uptake.
The uptake of %°Fe was measured in the absence of Tf by using a
chemical chelate with NTA (1: 4 ratio) to present the cation to
Hela cells. To measure nontransferrin bound iron (NTBI) uptake,
cells were preincubated with 50 um of the indicated compounds
for 30 min prior to addition of 2 um 5®FeNTA. After 1 h incubation
at either 4°C (open bars) or 37°C (closed bars), uptake was
quenched by placing the cells on ice and incubating with
unlabeled 1 mm FeNTA to displace surface-bound iron; lysates
were collected to measure cell-associated radioactivity and
protein to calculate pmol ®°Fe/mg cell protein. Shown are the
means of duplicate determinations from a single experiment with
similar results obtained on several occasions. Experiments
performed by J.X.B and P.D.B.

shown). From these combined results, we infer that the sulf-
onamide perturbs the endocytic recycling pathway to induce
receptor down-regulation.

16D10

O-1

30 min

2 hrs

Traffic 2004; 5: 478-492

Sulfonamide Inhibitors of Membrane Traffic

16D 10 impairs Tf receptor recycling

A reduction in the amount of receptors on the cell surface
can result from an accelerated rate of endocytosis, a
reduced rate of exocytic return to the cell surface, or a
combination of both perturbations. Experiments measur-
ing the endocytic rate constant by the In/Sur method
(15) indicated that Tf receptor internalization was not
up-regulated by 16D 10, as would be the case if the reduction
in receptors on the cell surface was a consequence of
altered internalization. However, recycling of Tf receptors
back to the cell surface was significantly impaired in the
presence of this compound. In these experiments, the
release of internalized '?°I-Tf was monitored in the pre-
sence of 100um desferrioxamine (an iron chelator) and
3pg/mL unlabeled Tf to prevent ‘treadmilling’ or recapture
of '?51-Tf back into the cells. The rate of ?%|-Tf release was
greatly reduced in the presence of 16D10 (Figure 11, panel
A) and from a series of experiments (n=4), a near 10-fold
reduction in the recycling rate constant was determined
(Figure 11, panel B).

Sulfonamides alter endosomal and lysosomal pH

Previous studies have shown that flux of receptors and
membrane components through the recycling pathway is
slowed when the endosomal pH is raised (11,16-18). In
addition, an intracellular retention or accumulation of recyc-
ling receptors is observed, an effect similar to the down-
regulation of surface Tf and LDL receptors induced by
16D10 (Figure 10). We therefore tested whether the sul-
fonamides alkalinized Tf-containing compartments using a
fluorescence ratio imaging method to determine the pH of
recycling endosomes with doubly labeled Rh/FI-Tf (17).
16D 10 promoted an increase in Fl fluorescence, consistent
with a rise in endosomal pH (Figure 12, panels A and B).
Using methylamine to equilibrate cells with buffers of

DMSO

Figure 8: Sulfonamides block
VSV-G** transport from the
Golgi apparatus to the plasma
membrane. Cells were trans-
duced to express VSV-G%® and
incubated as described for Figure 2
except that 100 um of 16D10 or O-1
were added before transfer to
32°C. After 30-min and 2-h
incubation periods, the cells were
fixed with 3% formaldehyde and
images of GFP-tagged VSV-G'*%4®
were collected using a 40x lens.
Scale bar=10pum. Experiments
performed by Y.F.
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Figure 9: 16D10 sulfonamide reduces entry of Tf into cells. TRVb-1 cells were pretreated with 10 um 16D 10, O-1 or DMSO for 30 min
and then 40 pg/mL Alexis594-labeled Tf was added for an additional 30 min. Cells were fixed with 3% formaldehyde and fluorescence
images were collected using the same exposure times with a 63x oil immersion lens. Scale bar=5pum. Experiments performed by

T.J.F.N.

known pH, a standard in-cell calibration curve was con-
structed (Figure 12, panel C). From the values of Rh/FI
ratios in control vs. 16D10-treated cells, it was determined
that the pH of recycling endosomes was raised from 6.4 to
7.0 in the presence of the sulfonamide. These results are
consistent with the model that receptor down-regulation
and impaired Tf receptor recycling are induced by elevation
of endosomal pH by the sulfonamide. Elevation of endo-
somal pH would also significantly impact the release of
iron from Tf, since dissociation of the metal requires acidic
conditions (8,10,11,16).

To study whether the sulfonamides could also alter lyso-
somal pH, the degradation of a fluid phase endocytic mar-
ker was followed. K562 cells were allowed to internalize
exogenously added avidin-p-galactosidase at 20 °C to load
the early endosomal compartment as previously
described; a subsequent shift of temperature to 37°C
results in trafficking of this marker enzyme to the lyso-
somes where it is degraded (19). The amount of B-galac-
tosidase remaining after the chase period can be
measured in cell lysates by enzymatic hydrolysis of the
fluorescent substrate 4-methylumbelliferyl-B-p-galactoside.
Agents that are known to raise the lysosomal pH, such as
NH,Cl and the V-ATPase inhibitor bafilomycin A1, prevent
the degradation of B-galactosidase (Figure 13). Similar to
these lysosomotropic agents, addition of 10um 16D10
also inhibits the loss of B-galactosidase activity, consistent
with the idea that the sulfonamides elevate the pH of the
lysosomes.

Sulfonamides inhibit V-ATPase activity and act as
potent proton ionophores

V-ATPases are required for the maintenance of the pH of
different organelles, including the endosomal, lysosomal
and Golgi compartments (20). Because 16D10 appeared to
raise the pH of compartments in the endocytic pathway,
the V-ATPase is an attractive candidate target for inhibition
by the sulfonamides. To better understand the mechanism
of action of these inhibitors, the effects of 16D2, 16D10
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and O-1 on V-ATPase activity were studied biochemically
(Table 1). The active sulfonamides, 16D2 and 16D 10, inhib-
ited hydrolysis of ATP by V,-ATPase with ICgq values of 6
and 15um, respectively. These values correspond fairly
well with their respective potencies for inhibition of iron
uptake in vivo (Figure 6). Also consistent with the efficacy
of sulfonamide inhibition in vivo, the relatively inactive
compound O-1 inhibited only 30% of ATPase activity at a
concentration of 250 um. The ICgq values for inhibition of
ATP hydrolysis were shifted by an order of magnitude,
however, when the intact V,Vo-ATPase was employed in
these assays. This observation suggests that the assem-
bly of the V; sector onto the Vo domain may somehow
partially protect the enzyme from sulfonamide inhibition,
raising the possibility that the binding site for the sulfo-
namides may be in the stalk region at the V,Vy interface.

The effects of the sulfonamides on the ATP hydrolysis
activity of the V-ATPase were unusual since most specific
inhibitors, such as bafilomycin A, concanamycin A, and
salicylihalamide A, do not inhibit ATP hydrolysis activity of
dissociated V4 or uncoupled V;Vy complex but instead
inhibit ATP hydrolysis of V-ATPase by blocking the proton
channel (21). To directly investigate the effects of the
sulfonamides on the proton transport function of
V-ATPase, in vitro assays were performed using proteolipo-
somes as previously described (21). During these studies,
16D2 was found to collapse the proton gradient generated
by ATP-driven proton transport by the V-ATPase at a very
low concentration (10 nm) as shown in Figure 14A. Further
investigation using a protein-free liposome system to
measure membrane potential-driven proton conductance
revealed that the two effective sulfonamide compounds
tested (16D2 and 16D10) act as proton ionophores in the
nm range, whereas O-1 is more than a 1000-fold less
potent (Figure 14B). This activity was unexpected and the
potency of the sulfonamides’ effects was quite surprising
since most commonly employed proton ionophores are
effective at ~ 1 um. For example, the activity of the proton
ionophore 1799 (bis-(hexafluoroacetonyl)acetone) at 1 um

Traffic 2004; 5: 478-492
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Figure 10: 16D10 sulfonamide promotes down-regulation of
cell surface receptors. Top panel: TRVb-1 cells were
preincubated in serum free media for 90min at 37°C, then
treated with or without 10 pum 16D10 for 30 min at 37°C. After
cells were chilled on ice, surface '2°I-Tf binding was measured as
described under Materials and Methods. Data shown are the
average (+SD) of two experiments. The data are plotted as a
fraction of the "?°I-Tf bound to the surface of control cells. Bottom
panel: TVRb-1 cells were grown for 3days in medium
supplemented with lipoprotein deficient serum to up-regulate
endogenous LDL receptor. On the day of assay, cells were
washed twice in serum-free medium and pretreated with 10 um
16D10 or DMSO alone for 30 min at 37 °C. Cells were then chilled
on ice, and LDL labeled with '2°| on the lipoprotein moiety was
added for 1h on ice at a final concentration of 25ug/mL. Non-
bound LDL was washed away with phosphate-buffered saline and
cells were lysed in 0.1N NaOH for 30 min at room temperature.
For each sample, an aliquot was counted by LSC and assayed for
protein levels. Data are expressed as LDL receptor levels as a
percentage of control. Note that saturating levels of ligands were
used to measure cell surface binding for Tf and LDL receptors,
3ug/mL and 25pg/mL, respectively. Experiments performed by
T.J.F.N and T.D.C.
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Figure 11: 16D10 sulfonamide impairs Tf receptor recycling.
Panel A: TRVb-1 cells (treated with or without 16D10) were
incubated with '2°I-Tf for 2h at 37°C to allow ligand
internalization, then washed and incubated for the indicated
time to allow recycling and release of Tf. The amount of '2°|-Tf
remaining as a function of time is shown for control (open circles),
cells treated with 0.56% DMSO (closed triangles) and cells treated
with 10um 16D10 (open squares). PanelB: Recycling rate
constant (min~") was determined from the slope of lines shown
in the middle panel; shown is the mean value (+SD) determined
in four separate experiments. Experiments performed by T.D.C.

is shown in Figure 14B. Because much higher concentra-
tions of the sulfonamides are required to block intracellular
membrane trafficking in vivo, exactly how these in vitro
ionophore effects correlate with the influence of the com-
pounds on cellular activities remains uncertain. Unfortu-
nately, it is not possible to determine their precise
influence on the V-ATPase proton pump function in vitro
due to the confounding proton ionophore effects.

Discussion

Chemical genetics holds the promise of providing small
molecules to study biological processes in greater detail.
For example, recent screening efforts resulted in the
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Figure 12: 16D10 sulfonamide alters endosomal pH. Panel A:
Histogram of the distribution of Rh/Fl ratio of peri-centriolar
recycling compartments of control and 16D10 treated cells.
Compound 16D10 causes an increase in the Fl fluorescence,
resulting in a shift of the distribution to the left. The data are from
a representative experiment and 60 peri-centriolar recycling
compartments from each condition were measured. Panel B:
The average £+ SEM Rh/FI ratio of peri-centriolar recycling
compartment from control and 16D10 treated cells (n=60).
Panel C: Estimation of endosomal pH based on the Rh/Fl ratio. A
standard pH curve was constructed by determining the Rh/Fl ratio
in cells whose endosomes were equilibrated to a known pH
(squares). The Rh/Fl ratio measured in control and 16D 10 cells can
be converted to pH using this standard curve. The peri-centriolar
endosomes in controls cells have a pH of ~ 6.4 and those in cells
treated with compound 16D10 have a pH of ~7.0. Experiments
performed by T.D.C.
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discovery of two new inhibitors (Exo1 and Exo2) of ER-to-
Golgi traffic (4,5). The effects of Exol1 appear similar to
brefeldin A, a well-known fungal inhibitor of Golgi traffic
(22). Unlike brefeldin A, however, its actions do not involve
adenosine diphosphate (ADP)-ribosylation of Bars50 or
inhibition of guanine nucleotide exchange activity of
Golgi-associated ADP-ribosylation factors (ARFs) (4).
Thus, Exo1 is a new chemical tool to help further dissect
the mechanistic elements involved in ER-to-Golgi traffic. In
the present study, we examined these and five additional
compounds for potential effects on the endocytic path-
way. From this analysis, two structurally related com-
pounds, 30N12 and 16F19, were discovered to block
Tf-mediated iron delivery through the endocytic pathway.
Both compounds were previously shown to interfere
with Golgi-to-plasma membrane but not with ER-to-Golgi
traffic (5), suggesting possible influences on membrane
trafficking to the cell surface. 30N12 and 16F19 therefore
became the founding members of a larger class of sulfona-
mide derivatives characterized in this investigation.

Members of the sulfonamide family inhibit endocytic
uptake of iron via Tf=TfR complexes and the transport of
VSV G protein from the Golgi to the plasma membrane in a
dose-dependent and reversible manner. Structural rela-
tionships of this family include aryl groups linked across
the sulfonamide, with a benzyl halide para- to the amide.
While our structure—activity profiling was limited to a small
set of seven compounds, searches of the ChemBridge
DIVERSet E indicate that approximately 30 family mem-
bers are available for study in this chemical library. Among
the sulfonamides we have studied, ICsq values for inhib-
ition of Tf-mediated iron uptake ranged from 0.1um to
>250 pum. Similar values for inhibition of Golgi-to-plasma
membrane traffic were observed, while none of the com-
pounds appeared to block ER-to-Golgi transport.

The functional effects of one sulfonamide, 16D10, were
studied in greater detail. The structure of 16D10 repre-
sents the most significant chemical attributes of the sul-
fonamide family. 16D10 inhibited Tf-mediated iron uptake
with an ICsp ~3-8 um but did not affect NTBI uptake. In
cells treated with 16D10, endosomal pH was elevated
from 6.4 to 7.0. Since release of iron from Tf requires
endosomal acidification (8,10,11,16), dissociation of the
metal would be blocked in the presence of this sulfona-
mide. Therefore, this effect accounts for the observed
inhibition of Tf-mediated iron uptake and provides an explan-
ation for why NTBI uptake is not affected by the com-
pound. The alkalinization of endocytic compartments by
16D10 was also associated with a reduction in the number
of surface Tf receptors due to impaired receptor recycling.
This effect was not specific to the Tf receptor since down-
regulation of the LDL receptor, another constitutively recyc-
ling receptor, was also observed. Previous studies of
recycling endocytic traffic in the presence of pH-disrupting
lysosomotropic agents have shown that Tf uptake is dis-
rupted by alkalinization of intracellular organelles (7,9,23).
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Figure 13: 16D10 prevents lysosomal degradation. K562 cells
were incubated with B-galactosidase at 20°C for 60 min to allow
its internalization by fluid phase into endosomal (prelysosomal)
compartments. After washing, cells were incubated for 30 min in
the presence of 10 um 16D 10 or 1% DMSO vehicle control, 0.5 uwm
bafilomycin A1 (BafA1) or 20 mm NH,4CI. The intracellular activity
of internalized B-galactosidase following the chase period reflects
access to lysosomes as is manifested by decreased
B-galactosidase activity due to its proteolytic degradation within
lysosomes. Results of duplicate samples were normalized to the
total amount of activity before the chase period and are expressed
as percentage control (DMSO vehicle treatment). Experiment
performed by T.J.F.N.

Alterations in membrane traffic induced by weak bases like
NH4CI, chloroquine or primaquine, include changes in the
distribution of other recycling receptors as well. For example,
monensin inhibits dissociation of ligand from the
asialoglycoprotein receptor (24,25) such that lysosomal
degradation is blocked (26). Weak bases also induce a
loss of cell surface asialoglycoprotein receptors, with con-
comitant increases in intracellular pools (24-28). Similar to
our observations that 16D10 promotes down-regulation of
the LDL receptor, monensin also has been reported to block
recycling of this receptor (29). The observation that
16D2 and 16D10 block the loss of endocytosed B-galacto-
sidase activity due to membrane traffic is consistent with

Table 1: Inhibition of ATPase activity of the catalytic sector V4 and
the intact V-ATPase by sulfonamide compounds. The ATP hydro-
lysis activity of the dissociated catalytic sector V; of bovine brain
V-ATPase or the intact enzyme was measured in the presence of
either MgCl, or CaCl,, respectively. The ICsq of sulfonamides on
the V-ATPase activity was obtained by titration of each compound.
At the concentration of 250 uwm, the highest concentration we have
tested, the compound O-1 inhibited less than 50% of either
ATPase activity. Experiments performed by J.W.

ICs0 (LM)
Compounds V1 ATPase Intact V-ATPase
16D2 6 27
16D10 15 32
0-1 > 250 > 250
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the idea that, very much like these other lysosomotropic
agents, the influence on lumenal pH by these compounds
is not specific to endosomes, since lysosomal protease
activity also appears to be inhibited in cells treated with
the compounds.

Recent pharmacologic advances have provided specific
inhibitors of the vacuolar H"-ATPase to study the role of
organelle pH in membrane traffic. Macrolide antibiotics
bafilomycin A1 and concanamycins A and B have been
identified to disrupt V-ATPase activity (30,31), although
their precise mechanism of action is not yet entirely clear
(20). A class of benzolactone enamides has also been
identified to potently and selectively inhibit mammalian
V-ATPase, but they are even less well-characterized (32).
Of these V-ATPase inhibitors, bafilomycin A1 has been
used most extensively in studies of membrane trafficking.
Bafilomycin A1 inhibits the ATPase activity of the intact
V-ATPase by blocking its proton channel (33) and subse-
quently raises the pH of both endosomal (17,18,34), and
Golgi (35,36) compartments. Treatment with bafilomycin
A1 markedly reduces the rate of TfR recycling and pro-
motes receptor down-regulation (17,18,37,38). Similar to
bafilomycin A1, 16D 10 also raises endosomal pH to inhibit
Tf-mediated iron uptake, induces receptor down-regulation,
and impairs receptor recycling. It thus follows that the
V-ATPase is a strong candidate target for inhibition by
this compound. This model is also consistent with the fact
that the sulfonamides do not block ER-to-Golgi transport
but do inhibit Golgi-to-plasma membrane traffic of VSV-G
protein (5). A pH gradient exists across the secretory path-
way such that the trans-Golgi and the trans-Golgi network
(TGN) are acidified (20). Similar to our observations of
sulfonamide family members, bafilomycin A1 does not
affect exit of VSV-G protein from the ER, but does cause
its accumulation in the Golgi of virally infected cells (39).
Prodigiosin-25, which uncouples V-ATPase driven proton
transport, also inhibits cell surface transport of VSV-G (40).

Biochemical studies of isolated V-ATPase support the
model that the sulfonamides may act by affecting its func-
tion. However, although the sulfonamides were found to
inhibit hydrolysis of ATP by the V-ATPase in vitro, one
surprise was that the sulfonamides also collapsed the pro-
ton gradient generated by ATP-driven proton transport of
V-ATPase reconstituted in proteoliposomes. Studies using
protein-free liposomes subsequently confirmed that the
sulfonamides can act as proton ionophores. In fact, the
proton ionophore activity of the compounds 16D2 and
16D10 in vitro is at least 100-fold higher than other iono-
phores commonly used in biochemical studies (e.g. 1799,
FCCP, etc.). By comparing in vitro and in vivo data on the
effects of the sulfonamides, however, it becomes appar-
ent that the proton ionophore activity of these compounds
must be ‘neutralized’ by cellular mechanism(s) in vivo. It
seems likely that the 1000-fold concentration difference
observed to elicit effects in vivo vs. in vitro reflects cata-
bolism of the compounds in some manner that may
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Figure 14: Proton ionophore activity of sulfonamides. Pane/ A: Bovine brain V-ATPase was reconstituted into proteoliposomes and
assayed for ATP-driven proton transport activity. Sulfonamide analog 16D2 (10 nv) added at the end of the assay was found to collapse the
proton gradient. Panel B: The proton ionophore activity of sulfonamides was measured as membrane potential-driven proton conductance
in a protein-free liposome system. Sulfonamides and 1799 were added at the indicated concentrations. Experiments performed by J.W.

eliminate or significantly impair their ionophore activity. At
this time, it remains uncertain whether these compounds
act to raise the pH of intracellular compartments directly as
proton ionophores or indirectly through inhibition of
V-ATPase function. They could potentially act through both
mechanisms, and it is also possible that their effectiveness
as proton ionophores differs in different organelles such
that this activity may be more responsible for some cellular
effects than others. With respect to the inhibition of iron
uptake which is thought to occur in endosomes, we note
that the relative potencies of 16D2 and 16D 10 for inhibition
of ATP hydrolysis by V-ATPase in vitro are compatible
with the relative ICsq values measured in vivo, while their
proton ionophore activities at 1000-fold greater concentra-
tions are almost identical in vitro. Thus, the model that the
compounds inhibit ATP hydrolysis and thereby disrupt
V-ATPase function is more compatible with the sum of our
data for inhibition of Tf-mediated iron import.

Although we favor the view that the sulfonamides block
V-ATPase function, it is curious that the I1Cgsq values meas-
ured for inhibition of ATP hydrolysis by the intact V;-Vq
complex are significantly higher than for the isolated V,
sector alone. One possible explanation for these results
arises from the inference that the compounds have a
higher affinity to V4 relative to the intact V-ATPase. The
equilibrium between intact V-ATPase and its dissociated
V; and Vo domains in response to energy utilization and
other cellular events has been well-established in yeast
and insect systems (41,42), and is likely to be true in
mammalian cells as well. In light of our data, the sulfona-
mides may inhibit the V-ATPase primarily by binding to free
V4, which could result from the disassembled inactive
enzyme or which might even prevent V; from assembly
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with Vq. Although it can not be ruled out that the sulfona-
mides bind to the catalytic center of the transporter,
wherein the pump’s conformation changes when
assembled with Vo, it is more likely that the binding site
for these compounds is within the stalk region at the V,-Vq
interface. In this regard, the sulfonamide compounds pro-
vide a particularly attractive tool to further study the struc-
ture, function, and regulation of V-ATPases.

Materials and Methods

Cell culture

BSC1 fibroblasts were cultured and transduced to express
VSV G'%4° a5 previously described (4). For Tf uptake meas-
urements, Hela cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), and grown
to ~ 60% confluency in 6-well plates prior to iron uptake
studies. The CHO cell line, TRVb-1, was grown in 24-well
plates with McCoy's medium containing 5% FBS to meas-
ure recycling and endosomal pH as described below. This
cell line expresses the human Tf receptor but not the
endogenous hamster Tf receptor, and has been exten-
sively used for analysis of Tf receptor endocytic traffic
(43). For '°|-Tf surface binding and alexa-Tf uptake experi-
ments, TVRb-1 cells were maintained in Ham's F12
medium with 10% FBS.

Small molecule inhibitors

Compounds were purchased from ChemBridge Corp. and
dissolved in DMSO to a final concentration of 10 mm and
stored at — 80 °C until use. During the course of this inves-
tigation, we discovered that the potency of the
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compounds was greatly reduced if serum or bovine serum
albumin was present in the assay medium, presumably
because albumin may act as a scavenger to bind the lipo-
philic compounds, thus reducing their bioavailability.

VSV-G*%% exocytosis

BSC1 cells transduced with adenovirus to express GFP-
tagged VSV G'%%5 were grown overnight at 40°C in 96-
well clear-bottom plates at a cell density of 10000/well.
Prior to transfer to 32°C, compounds were added to the
media at a final concentration of 50um and cells were
incubated for 1h at 40°C. As a control, cells were also
treated with 10 um brefeldin A to completely block trans-
port to the cell surface. After 3 h incubation at 32 °C, cells
were fixed with 3% formaldehyde and stained with the
monoclonal antibody 8G5 to detect GFP-tagged VSV-
GS9%®.GFP at the cell surface using secondary goat
antimouse labeled with alexab94. Cell-associated fluores-
cence was measured using an automated fluorescence
microscope (Universal Imaging Corp., Downington, PA)
with triple band-pass filters (excitation wavelengths of
360/490/570nm; emission wavelengths of 460/530/
625 nm). After subtraction of nonspecific binding of sec-
ondary antisera (measured in the presence of brefeldin A),
the percentage of surface VSV-Gt*%*® was calculated rela-
tive to the total amount of cell-associated GFP fluores-
cence. This surface/total ratio represents the extent in
transport of GFP-tagged VSV-G'%® to the cell surface.

Tf-mediated iron uptake

Human apoTf (Sigma Chemical Co., St. Louis, MO) was
loaded with ®°Fe as previously described (13). Hela cells
were washed with serum-free media and incubated with
40nm °°Fe-Tf at 37°C with or without inhibitors at the
concentrations shown in the Figure legends. As a control,
cells were incubated with vehicle alone (0.5% DMSO). At
the end of the uptake period, cells were rapidly chilled on
ice, washed with ice-cold phosphate-buffered saline (PBS)
three times, then incubated with 40 ng/mL unlabeled Tf to
displace surface-bound °°Fe-Tf for 1h at 4°C. Cells were
lysed with 0.1% Triton X-100 containing 0.1% NaOH. Cell-
associated radioactivity was determined by liquid scintilla-
tion counting and cell protein was measured using the
Bradford assay (44) to calculate pmol ®°Fe/mg cell protein.

Non-Tf-bound iron uptake

Iron uptake in the absence of Tf was measured using a
chelate of ®®Fe with nitrilotriacetic acid (NTA) at a 1: 4 ratio
(13). Hela cells were preincubated at 37 °C in serum-free
media with 50 pm inhibitor for 30 min, then 2 pm ®°Fe-NTA
was added for 1h. At the end of the uptake assay, cells
were chilled on ice, washed three times with phosphate-
buffered saline, then incubated with 1 mwm unlabelled
Fe-NTA on ice to displace any surface-bound iron. Lysates
were prepared and pmol ®°Fe/mg cell protein was deter-
mined as described above.
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Alexa594-Tf uptake

TRVb-1 cells were first incubated at 37 °C for 2 h in serum-
free Ham's F12 medium supplemented with 25mm
HEPES (pH 7.4) to remove any residual Tf bound to recept-
ors. After preincubation with 10pm 16D10 or vehicle
(0.1% DMSQO) in the same medium for 30 min at 37°C,
cells were incubated in the presence of 16D10 or DMSO
for an additional 30 min with 40 pg/mL alexab94-Tf added
to the media. After internalization of the fluorescent ligand,
cells were washed in PBS containing 2 mm CaCl, and 1 mwm
MgCl,, fixed for 30 min on ice with 4% paraformaldehyde
in PBS. Cells were analyzed for Tf uptake by fluorescence
microscopy using a 63X oil immersion lens.

Down-regulation of cell surface Tf receptors

The effects of inhibitors on cell surface Tf receptors on the
surface were determined by first incubating TRVb-1 cells in
serum-free medium for 2h at 37°C in 5% CO,. Com-
pounds or DMSO were added during the final 30 min of
this incubation. The cells were transferred to ice for 10 min
to inhibit membrane trafficking, washed, and incubated in
HEPES-buffered pH 7.2 balanced salt solution (HBSS) con-
taining 3 pg/mL '*®I-transferrin to measure surface binding
sites. All data were corrected for nonspecific '?°I-Tf bind-
ing, which was measured by incubating cells under the
same conditions except that 600 pg/mL unlabeled Tf was
added. After a 2-h incubation on ice, the cells were washed
six times, solubilized and surface-bound radioactivity was
measured by gamma counting.

Down-regulation of cell surface LDL receptors

TVRb-1 cells were grown in 24-well plates for 3 days in Ham's
F12 medium containing 10% new born calf lipoprotein-
deficient serum (a kind gift of Dr. Monty Krieger, MIT)
to up-regulate expression of endogenous LDL receptors.
On the day of the assay, cells (~40% confluency) were
washed twice in serum-free Ham's F12 medium supple-
mented with 25mm HEPES, pH7.4, and pretreated with
10pum 16D10 or DMSO (0.1%) for 30min at 37°C. The
cells were then placed on ice, washed twice to remove
compound, and then incubated for 60 min with 25 pg/mL
of human LDL labeled with '?®| on the apoliprotein moiety
(also generously provided by Dr. Krieger). Unbound '?°I-LDL
was washed away with PBS and cells were lysed in 0.1N
NaOH. Cell-associated radioactivity was determined by
liquid scintillation counting and cell protein was meas-
ured using the Bradford assay (44) to calculate the
amount of LDL bound to the cells (ng '?®I-LDL/mg cell
protein). Data was corrected for nonspecific binding deter-
mined in the presence of 40- fold excess nonlabeled LDL.

Tf receptor recycling kinetics

The kinetics of Tf receptor recycling in TRVb-1 cells were
measured as previously described (45). Briefly, on the
second day after plating into 24-well plates, cells were
incubated with 3pug/mL '?°I-Tf in serum-free McCoy's
medium for 2h at 37°C in 5% CO,. This medium contains
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20mm HEPES and 26 mm sodium bicarbonate. Com-
pounds were added at 50 pum final concentration during
the last 30 min of incubation. In control samples, DMSO
(vehicle) was added to final concentration of 0.5%. At the
end of the incubation period, the cells were washed once
with serum-free McCoy's medium, washed with a mild
acid wash at pHb5 for 2min, and then washed three
times with HBSS. The cells were then incubated in
serum-free McCoy's media supplemented with 100 um
desferrioxamine and 3 pg/mL of unlabeled Tf. The release
of Tf from cells was monitored as a function of time by
collecting the medium and solubilizing cells to measure
125)Tf released and remaining in cells, respectively. The
recycling rate constant for the Tf receptor was determined
from plots of the natural log of the fraction of cell-
associated Tf vs. time. Nonspecific binding was measured
by incubating cells with 3 pg/mL of '?°I-Tf and 600 pg/mL
unlabeled Tf. All data were corrected for nonspecific '2°I-
Tf binding.

Endosomal pH measurements

TRVb-1 cells were plated in McCoy's 5A medium supple-
mented with 5% FBS on coverslip bottom dishes 2 days
before experiments. On the day of the experiment, the
cells were incubated with 20 pg/mL rhodamine/fluorescein-
labeled Tf (Rh/FI-Tf) for 90 min at 37°C. Compounds or
vehicle (0.5% DMSO) were added at 50um during the
final 30min of incubation. One dish was incubated for
90 min in serum-free McCoy's BA medium without any
additions to determine background fluorescence. At the
end of the incubation, samples were washed four times
over 1Tmin with HBSS, transferred to the microscope
stage and imaged live. A field of cells was chosen in the
rhodamine channel, and a rhodamine and fluorescein
images were collected. Images from five fields for each
condition were collected. Samples were examined
sequentially and loading times were staggered to insure
that the incubation periods were constant among the dif-
ferent samples.

To correlate the Rh/FI ratio with pH values, an in-cell cali-
bration curve was constructed. Cells were incubated with
20 pg/mL Rh/FI-Tf for 90 min, washed four times with
HBSS, and fixed for 5min in 3.7% formaldehyde. Each
sample was transferred to a different pH buffer (6.2, 6.6,
6.8, or 7.2) containing 40 mm methylamine. After a 1-h
incubation, during which time the endosome pH equili-
brates with the buffer pH, fluorescein and rhodamine
images were collected from each dish (three fields per
dish).

Images were collected on an Axiovert 200M inverted micro-
scope using a 40x, 1.3 NA oil immersion objective (Carl
Zeiss, Inc., Thornwood, NY), and a cooled CCD-camera
1300-V/HS from Princeton Instruments, Inc. (Monmouth
Junction, NJ). In all experiments the exposure times were
set such that less than 5% of the pixels were saturating in
the brightest samples. Images were processed using
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Metamorph image processing software (Universal Ima-
ging Corp.) as described previously (46). The intensity of
the pixels of the endosomes was measured by encircling
the peri-centriolar endosome recycling compartment. The
average pixel intensity was determined and background
corrected by subtracting average pixel intensity from
dishes that were not incubated with Rh/FI-Tf. The ratio of
rhodamine to fluorescein was calculated per endosomal
recycling compartment and averaged values are presented.

Measurement of endocytosed 3-galactosidase activity
K562 cells were washed three times in PBS and sus-
pended in uptake buffer (150mm NaCl, 25mm HEPES,
pH 7.4, 1 mg/mL dextrose, 1 mg/mL bovine serum albumin
[BSA]) with 0.5mg/mL avidin-linked B-galactosidase as
previously described (19). Internalization of the fluid
phase endocytic marker was allowed to proceed for
60 min at 20°C to permit accumulation into early endo-
somes. After extensive washing to remove any noninter-
nalized marker, cells (5 x 10%/mL) were resuspended in
uptake buffer without BSA but with vehicle (1% DMSO)
or 10um 16D10. For comparison, cells were also treated
with 20 mm NH,4CI or 500 nm bafilomycin A;. After contin-
ued incubation at 20°C for 30min, control cells were
chilled on ice, while a paired sample was warmed to
37°C to permit traffic to later compartments of the endo-
cytic pathway. After 60 min incubation, the latter samples
were also placed on ice, and along with control samples,
cells were washed three times in ice-cold PBS, resus-
pended in hypotonic breaking buffer (20mm HEPES,
pH7.4, 100mm KCI, 85 mm sucrose, 20mm EGTA), and
snap-frozen in liquid N,. Samples were stored at —80°C
until B-galactosidase activity was measured.

To obtain cell lysates, samples were thawed at room tem-
perature, then placed on ice and vigorously vortexed for
1-2min, then snap-frozen again. This procedure was
repeated two times until > 90% of the cells were broken.
Post-nuclear supernatants were collected upon centrifuga-
tion at 800 x g for 5min at 4 °C. Aliquots of 10 uL of the cell
lysates were removed for B-galactosidase assays. Lysates
were solubilized with 1% octyl glucoside and enzyme
assays were performed as previously described using the
fluorogenic substrate 4-methylumbelliferyl-B-p-glactoside
(19). Fluorescence (355 nm excitation; 460 nm emission)
was measured using a SpectraMAX Gemini XS plate
reader (Molecular Devices, Sunnyvale, CA).

Measurement of ATPase activity

ATPase activity was measured as the liberation of 2P
from (y->?P)ATP (Amersham) (47). In brief, purified
V-ATPase from bovine brain (21), 1ug protein for each
assay, was first mixed with 2 ug phosphatidylserine and
incubated at room temperature for 5min. The ATP hydro-
lysis assay was started by addition of 200 pL assay solution
(30mm KCI, 50mm Tris-MES, pH7.0, 3mm MgCl,, and
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3mm [y-2PIATP (400 cpm/nmol)) in the presence or
absence of sulfonamide compounds at designated con-
centrations and continued for 15min at 37°C. For ATPase
assay of the dissociated catalytic sector V4 there is no
need to incubate the enzyme with phosphatidylserine
and Ca-ATPase activity was measured instead of Mg-
ATPase activity, by replacing MgCl, with 3mm CaCl,. The
ATP hydrolysis reaction was terminated by adding 1.0 mL
of 1.25N perchloric acid, and the released °2P; was
extracted and counted in a Beckman scintillation counter
as described (33).

Reconstitution of V-pump into proteoliposomes and
measurement of proton translocation

The purified bovine brain V-ATPase was reconstituted into
liposomes, which contain phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylserine and cholesterol at a
weight ratio of 40:26.5:7.5:26, by the cholate dilution,
freeze-thaw method (21). In brief, liposomes (200 pg) were
added to 1 ug of V-ATPase and were well mixed. Glycerol,
Na-cholate, KCI, and MgCl, were added to the protein-lipid
mixture at final concentrations of 10% (v/v), 1%, 0.15 m
and 2.5mwm, respectively. The reconstitution mixture was
incubated at room temperature for 1h, frozen in liquid N5
for 1min, thawed at room temperature and ready for
assay. Proton translocation was measured using the Acri-
dine orange quenching (48), which was conducted in an
SLM-Aminco DW2C dual wavelength spectrophotometer
and the activity was registered as AA4gs.540. The mixture
was diluted into 1.5mL of proton pumping assay buffer
(150 mm KCI, 10 mm Na-tricine, pH 7.0, 3mm MgCl,, and
6.7 um Acridine orange) in a spectrophotometer cuvette,
which allows the formation of sealed proteoliposomes.
The reaction was initiated by addition of 1.3mm ATP
(pH7.0) and 1pug/mL valinomycin and continued for
5min. Inhibitors were added into the assay solution either
prior to the start or at the end of the assay.

Measurement of proton ionophore activity

Proton ionophore activity of sulfonamides was examined
by their ability to collapse the proton gradient generated by
the proteoliposomes of V-ATPase as described above, and
by a direct measurement of the membrane potential-driven
proton conductance of these compounds in a protein-
free liposomes system. The membrane potential was
established by loading the liposomes with 150 mm KCI
and diluting into a solution containing NaCl instead of KCl,
which will generate a membrane potential, internal negative,
in the presence of valinomycin, a potassium ionophore. This
membrane potential will drive a proton influx if a mechanism
for proton conductance is present, either a proton channel or
a proton ionophore, which has been previously used to study
the proton channel activity of Vg (49). In brief, the liposomes
were reconstituted as described above, except that a buffer
without protein was used instead of V-ATPase. The lipo-
somes were sealed by dilution into 150mm KCI, 10mm
Na-tricine, pH 7.0, and 2 mm MgCl,, followed by centrifugation
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at 100 000 x g for 1 h to precipitate the sealed liposomes that
were loaded with KCl and suspended in a small volume of the
same buffer. The proton conductance assay was performed
using Acridine orange quenching as described above, except
that the assay solution contains 150 mm NaCl in place of KCI.
Specifically, an aliquot of the above sealed liposomes contain-
ing 100 ug lipids was added into an assay solution containing
150 mm NaCl, 10 mm Na-tricine, pH 7.0, 2mm MgCl,, 6.7 um
Acridine orange, and 1 pum valinomycin, and the compound to
be assayed was added into the cuvette, after a stable baseline
was established, to measure the proton conductance of the
compound.
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