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Summary

Cells use plasma membrane proton fluxes to maintain cytoplasmic and extracellular pH and to
mediate the co-transport of metabolites and ions. Because proton-coupled transport often involves
movement of multiple substrates, traditional electrical measurements provide limited information
about proton transport at the cell surface. Here we visualize voltage-dependent proton fluxes over
the entire landscape of a cell by covalently attaching small molecule fluorescent pH sensors to the
cell’s glycocalyx. We found that the extracellularly-facing sensors enable real-time detection of
proton accumulation and depletion at the plasma membrane, providing an indirect readout of
channel and transporter activity that correlated with whole-cell proton current. Moreover, the
proton wavefront emanating from one cell was readily visible as it crossed over nearby cells.
Given that any small molecule fluorescent sensor can be covalently attached to a cell’s glycocalyx,
our approach is readily adaptable to visualize most electrogenic and non-electrogenic transport
events at the plasma membrane.
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Introduction

Proton fluxes at the plasma membrane are mediated by voltage-gated proton channels
(Hv-1) and proton-coupled membrane transporters that concomitantly transport a proton
with another substrate in the same (co-transporter) or opposite (antiporter) direction. Rapid
proton transport through these membrane-embedded proteins is essential for maintaining
intracellular pH (Decoursey, 2003), regulating gastric (Kopic and Geibel, 2013) and airway
mucosal acidity (Fischer and Widdicombe, 2006), and providing electrogenic shunts for
phagocytic and endocytic processes (Beyenbach and Wieczorek, 2006). In the synaptic cleft,
vesicle exocytosis is estimated to raise the pH 0.2-0.6 units, enabling the proton to act as a
neurotransmitter by activating acid-sensing ion channels (ASICs) (Du et al., 2014). Gain of
function mutations that create unregulated proton pores in voltage-gated cation channels
have been implicated in myotonias, periodic paralysis, and some forms of Long QT
Syndrome (Jurkat-Rott et al., 2012; Jurkat-Rott and Lehmann-Horn, 2010). Although these
tiny “omega” currents are completely obscured by the central cation-conducting pore, the
chronic leak of protons through these pores has been hypothesized to be sufficient to alter
cardiac and muscular electrical activity (George, 2012; Jurkat-Rott et al., 2010; Moreau et
al., 2015; Sokolov et al., 2007; Struyk et al., 2008). Given their varied physiological roles,
proton transport proteins are viable therapeutic targets for treating human diseases—the
most successful target has been the gastric proton pump, where irreversible inhibition of this
proton flux mitigates gastrointestinal reflux disease (Sachs et al., 2007).

Electrical recordings have unequivocally established that ion accumulation and depletion
occur at the plasma membrane during normal and pathophysiological activity. However,
these whole cell electrical measurements do not directly reveal the identity of the transported
ion(s), the subcellular location(s) of activity, or report on non-electrogenic transport events.
In contrast, proton-sensitive mircoelectrodes provide a direct readout of the extracellular pH
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(Fuster et al., 2004; Kreitzer et al., 2007), but only at a single macroscopic location abutting
the cell. Because both techniques are time consuming, challenging, and provide negligible
spatiotemporal information, various fluorescent imaging approaches have been employed to
visualize changes in cellular pH. Genetically-encoded pH sensors and pH-sensitive
fluorescent dextrans have been instrumental for measuring pH in the cytoplasm and
intracellular compartments (Han and Burgess, 2010; Miesenbock et al., 1998); extracellular
pH has been measured using fluorescein-conjugated wheat germ agglutinin (Stock et al.,
2007). Although these reagents have enabled pH determinations at various locations in and
around a cell, the real-time visualization of voltage-dependent proton fluxes at the plasma
membrane has not been tenable with existing tools.

Here we use glycocalyx engineering (Laughlin and Bertozzi, 2007) to covalently label the
cell surface with small molecule fluorescent pH sensors to visualize proton fluxes at the
plasma membrane (Figure 1A). Using voltage-clamp fluorimetry to simultaneously control
and visualize proton transport, we observed robust fluorescent signals that corresponded to
cellular proton fluxes in both directions—outward and inward. The real-time kinetics of
proton accumulation and depletion at the cell surface directly correlated to current density
and buffer capacity, permitting the fluorescent signal to serve as a surrogate of ion channel
and membrane transporter activity. The proton selectivity and sensitivity of the fluorescent
signal enabled the determination of the proton current through chloride/proton antiporters
(CIC-5) and the visualization of omega proton fluxes in the presence of a fully functioning
voltage-gated Shaker potassium channel—where 6% of the total current was carried by
protons. Strikingly, the resultant proton wavefront emanating from one cell was readily
detected as it enveloped adjacent cells that were covalently modified with pH sensors.

Chemistry, cell surface labeling and characterization

Compared to targeting or overexpressing a specific membrane protein, we hypothesized that
a bioorthogonal chemical reaction with the cell’s glycocalyx would result in a uniform and
dense coating of fluorescent pH sensors at the cell surface to enable visualization of
extracellular proton fluxes. To covalently modify the cell surface with small molecule
fluorescent pH sensors, we used metabolic engineering with a membrane permeant
peracetylated unnatural sugar to install azido groups into the cell’s glycocalyx (Laughlin and
Bertozzi, 2007; Saxon and Bertozzi, 2000), which were subsequently modified with pH-
DIBO—an azido-reactive, rhodamine-based pH sensor (Figure 1A). The photoinduced
electron transfer (PET) rhodamine pH sensor (pH-DIBO) was synthesized using a modified
literature procedure (Aigner et al., 2012) where the piperazine groups were Boc-protected to
simplify purification (Figure 1B). A pendant amino group was attached to 2 by first reaction
with 2-ethylcarboxymercaptan followed by peptide coupling with 1,2-bis(2-
aminoethoxy)ethane. Reaction of 4 with the 4-nitrobenyl ester of DIBO, and subsequent
removal of the Boc groups with TFA yielded pH-DIBO in six steps from 3-(1-
piperazinyl)phenol.

To fluorescently visualize proton fluxes using pH-DIBO, Chinese hamster ovary (CHO)
cells were transiently transfected with a GFP-tagged, human voltage-gated proton channel
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(Hv-1) and incubated with tetraacetylated N-azidoacetyl-o-mannosamine (azidosugar)
(Laughlin and Bertozzi, 2007; Saxon and Bertozzi, 2000). After 2 d, the cells were labeled
with pH-DIBO for 30 min and the currents and fluorescence were measured using patch-
clamp fluorometry in a bath solution with a low buffer capacity (0.1 mM). Figure 2A shows
families of currents and fluorescent signals from voltage-clamped CHO cells expressing
Hv-1; HEK cells are shown in Figure S1. Voltage-activation of Hv-1 resulted in channel
opening with voltage-dependent Kinetics that reached steady state with test voltages greater
than 20 mV. Simultaneous fluorescent imaging revealed that the fluorescent signals mirrored
both the current magnitude and kinetics of voltage-activation at the various depolarizations.
In contrast, Hv-1 channel closing at — 80 mV was much faster than the decaying fluorescent
signal, consistent with the accumulated protons diffusing into bulk solution. Both the
voltage-dependent currents and fluorescence signals were specific for Hv-1 channels
because they were inhibited by Zn?* (Figure S2) and required transfection with Hv-1 DNA
(not shown). In addition, incubation with azidosugar was required to observe a significant
change in fluorescence upon Hv-1 channel opening (Figure 2B). Cells incubated with
azidosugar showed diffuse fluorescence over the entire cell with some higher intensity
clusters (Figure 2B, inset). In contrast, the fluorescent signals from vehicle-treated cells
were challenging to detect except for a few bright puncta. Because DIBO has been shown to
react with thiols (van Geel et al., 2012), we chemically-inactivated pH-DIBO and repeated
the labeling experiments. Comparing TIRF images of cells labeled with chemically-inactive
or active pH-DIBO (Figure S3) revealed that the punctate labeling in the absence of
azidosugar was due to pH-DIBO non-specifically modifying the cell surface. Although some
background labeling occurs with the DIBO group, the cells must be incubated with
azidosugar to coat the glycocalyx with enough pH sensors to fluorescently detect cellular
proton fluxes.

Although the observed change in fluorescence was consistent with an outward proton flux,
we wanted to confirm that the voltage-dependent changes in fluorescence were due to proton
accumulation on the extracellular side of the membrane. To test this, we increased the buffer
capacity in the external bath solution to compete with extracellularly-facing pH-DIBO
sensors (Figure 2C). To normalize the cellular proton flux under each buffer condition, the
cells were depolarized such that the same steady-state current (~ 250 pA) was reached after
4 s. As expected for extracellular proton accumulation, increasing the buffer capacity from
0.1 to 10 mM monotonically reduced the change in fluorescence until no change was
detectable even though Hv-1 channels were open and conducting during the depolarizing
test pulse (currents not shown). The competition between buffer and the glycocalyx-attached
pH-DIBO sensors was also visualized by rapidly jumping to different depolarizing voltages
and monitoring the rates to reach steady-state fluorescence (Figure S4). These
supplementary experiments also ruled out saturation of the glycocalyx-attached sensors as
the cause as the of the steady-state fluorescence. To convert the steady-state fluorescence
into pH at the cell surface, we varied the pH of the bath solution and measured the change in
fluorescence (Figure 2D). The fluorescence response of glycocalyx-attached pH-DIBO and
pH-DIBO sensors in solution was linear over the same pH range, indicating that cell surface
attachment did not appreciably change the pKa of the sensor. Thus, the 20% change in
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fluorescence in Figure 2A corresponded to a pH of ~ 6.5 at the extracellular side of the
membrane.

One component of the fluorescent signal that could not be easily explained was the
biexponential decay kinetics that were observed when the channels were closed by
repolarization (Figs. 2A, 2C, S1, S2, and S4). The slower time constant was consistent with
proton diffusion because it was dependent on buffer concentration (Figure 2C); however, the
initial drop in fluorescence was independent of buffer concentration. We initially dismissed
inward proton currents through Hv-1 channels because the outward proton gradient used
would require hyperpolarization less than — 90 mV. However, it has been recently shown that
Hv-1 channels can deplete the local proton concentration on the intracellular side of the
channel (De-la-Rosa et al., 2016), raising the possibility that the local proton driving force
could be vastly different than the bulk proton gradient. Indeed, holding Hv-1 channels open
for 4 sat 100 mV in the absence of a pH gradient created a substantial inward proton
gradient, which was detected as an inward tail current when the channels were closed at 0
mV (Figure S5, blue trace). Under these experimental conditions (Figure S5), the fast
component of the fluorescent decay was directly proportional to the channel closing rate,
demonstrating that the initial drop in fluorescence was in fact due to protons re-entering the
cell through Hv-1 channels before they closed.

We next examined whether the pH-DIBO signals correlated with Hv-1 channel localization
by comparing the whole-cell fluorescent images. The pH-DIBO fluorescent image shows
diffuse staining over the entire cell surface, though some large clusters of sensors were
always observed as shown in the exemplar in Figure 2E. Surprisingly, Hv-1 channel
localization was similar to pH-DIBO labeling, including the overlapping smiley emoji
observed in both panels (Figure 2E). Because Hv-1 channels cannot be N- or O-glycosylated
(they do not contain any extracellular serines or threonines), we hypothesized that the funny
convergence was due to pinocytosis of pH-DIBO-labeled glycoproteins into acidic
compartments that overlapped with intracellular Hv-1 channels. Although the images
collected contained both in- and out-of-focused light, we used the voltage-dependent change
in the pH-DIBO signal to isolate the population of sensors that were facing the extracellular
milieu. Figure 2F shows three F — Fg snapshots before, during, and after a 100 mV test pulse
(Movie S1). In contrast to the clusters observed in Figure 2E, the pH-DIBO signal in these
processed images was scattered over the entire cell, indicating that functioning Hv-1
channels were not clustered, but were randomly distributed over the cell surface.

Disentangling proton efflux from ionic currents

To characterize the glycocalyx-attached pH sensors, we used a perfectly proton selective
channel, Hv-1(Decoursey, 2003). However, many membrane transport proteins permit the
simultaneous passage of a proton with a different ion or ions, which will contaminate or
completely obscure the proton current. Omega currents from voltage-gated cation channels
are a class of proton currents that have been postulated to cause several human diseases
(George, 2012; Jurkat-Rott et al., 2010; Moreau et al., 2015; Sokolov et al., 2007; Struyk et
al., 2008), but have not been observed without destroying or blocking the ion conducting
pore domain. Therefore, we used our approach to determine whether these gain-of-function
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voltage sensor domain mutations create omega proton currents in a channel with a
functioning central pore. For the omega proton current, we used a Shaker-IR K* mutant
(R371H) (Starace and Bezanilla, 2001), which is expected to form four voltage-dependent
proton pores that circumscribe the central potassium pore (Figure 3A). Figure 3B shows
current traces and fluorescent signals from cells expressing Shaker-IR R371H and WT
channels. Depolarization-elicited Shaker-IR R371H currents activated rapidly and slowly
inactivated over the 4-s depolarization. The rapid activation kinetics, large currents, and
hallmark voltage-dependent C-type inactivation indicated that the majority of the current
was flowing through the central pore. In contrast to the current traces, the changes in pH-
DIBO fluorescence were indicative of a small, but relatively constant voltage-dependent
proton current that modestly lowered the extracellular pH. Using the calibration in Figure
2D, the ~ 3% change in fluorescence at the end of the 120 mV pulse equated to a ~ 0.05 pH
change on the extracellular side of the membrane. No omega proton fluxes were
fluorescently detected with WT Shaker-IR, which expressed 10-fold more total current than
the R371H mutant and had unusual inactivation kinetics with a 120 mV 4-s depolarization.

Because we could specifically visualize proton efflux in the presence of a functioning
potassium pore, it was possible to calculate the omega proton current’s contribution to the
total current. To convert the pH-DIBO signal into current, we needed to determine whether
the fluorescent signal could serve as a surrogate for the whole-cell proton current. Therefore,
we compared the current traces and fluorescent signals from cells expressing the CIC-5
antiporter that transports two chloride ions for every exported proton (Figure 3A) (Zifarelli
and Pusch, 2009). Cells expressing CIC-5 give rise to near instantaneous voltage-dependent
currents that do not inactivate (Figure 3C). Both the magnitude and rate of AF/Fg
proportionally increased with the total current, indicating that a constant proton source was
activated with depolarization. These changes in fluorescence were proton-specific because
they were not observed with a CIC-5 mutant (E211A) (Scheel et al., 2005) that only
conducts chloride (Figure 3C, lower panels). To calibrate the fluorescent signals, we plotted
the linear fits of AF/Fq vs current for Hv-1 and CIC-5 expressing cells (Figure 3D) and found
that the slope of the CIC-5 data was approximately 1/3' of Hv-1. Because the fluorescent
pH-DIBO signal was directly proportional to the whole-cell proton current, the maximum
change in fluorescence for Shaker-IR R371H corresponded to ~ 40 pA of proton current
(Figure 3B). Thus, the omega proton current is only 6% of the total Shaker-IR R371H
current.

Visualizing extracellular proton depletion and proton wavefronts

In addition to the selective visualization and quantification of proton efflux in the presence
of other ion currents, glycocalyx-attached pH-DIBO sensors should faithfully report on
changes in proton concentration at the cell surface regardless of the proton source or
direction. Therefore, we labeled cells expressing Shaker R362H (Starace and Bezanilla,
2004) with pH-DIBO to visualize inward proton currents at hyperpolarizing potentials
(Figure 4A). To directly compare the inward fluorescent signals to the outward Hv-1 signals,
we intentionally blocked the potassium channel pore (W434F) (Perozo et al., 1993); thus,
the currents shown in Figure 4A are only omega currents. The change in fluorescence with
Shaker-IR R362H was the mirror opposite to Hv-1 (Movie S3): the cell surface fluorescence
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became dimmer upon hyperpolarization, reached steady-state, and then rapidly recovered
with biexponential kinetics when the cell was returned to the 30 mV holding potential
(Figure 4A, bottom panel). In addition, the absolute value of the current-AF/Fg slope (0.82
+ 0.09) was similar to Hv-1, indicating that Shaker-IR R362H is a proton selective omega
current that readily depletes protons on the extracellular side of the membrane.

While performing the proton flux experiments, we noticed the pH-DIBO-labeled cells
adjacent to the patch-clamped cell fluoresced with a delayed synchrony, as if the
neighboring cells were reporting on the proton efflux of the depolarized cell (Movie S5). To
test this supposition, we measured the change in fluorescence on each half of a neighboring
cell (near and far) and plotted it against the voltage-clamped cell expressing Hv-1 channels
(Figure 4B). The clamped, near, and far fluorescent signals were consistent with a proton
wavefront originating from the clamped cell that first reached the near side of the adjacent
cell and then gradually enveloped the far side of the cell. After a 4s depolarization, the
extracellular proton concentration was the greatest around the clamped cell, but a substantial
proton gradient was also detected over the surface of the neighboring cell that was four
microns away. Upon turning off the proton source (clamped cell), the extracellular proton
gradient across the neighboring cell decayed with a single time constant (Figure 4B, right
panel), reaffirming that the rapid drop in fluorescence observed with the patch-clamped cells
was due to protons rapidly entering the cytoplasm before Hv-1 channel closure. As expected
for an extracellular proton wavefront, the pH surrounding a neighboring cell was titratable
with buffer concentration (Figure 4C). In total, these data demonstrated that the glycocalyx-
attached pH-DIBO sensors exquisitely report on the extracellular pH at the plasma
membrane, enabling the visualization of both proton fluxes and wavefronts.

Discussion

By covalently attaching small molecule pH-sensitive fluorophores (pH-DIBO) directly to the
cell’s glycocalyx, we observed both inward and outward proton fluxes, extracellular pH
gradients, and proton wavefronts enveloping neighboring cells. Although a subpopulation of
sensors is internalized, these luminally-facing fluorescent sensors are unresponsive to
plasma membrane activity. As designed, the glycocalyx-attached pH-DIBO sensors did not
report on ion channel gating or transporter activation/deactivation, but rather the kinetics of
proton accumulation or depletion on the extracellular side of the membrane. The
juxtaposition of the covalently-attached pH-DIBO sensors to the extracellular vestibules of
membrane transport proteins provided remarkable insight into the extracellular pH
environment abutting a mammalian cell. Previous determinations of extracellular pH at the
cell surface required either extremely large cells (Zifarelli and Pusch, 2009) or mathematical
modeling (Zifarelli et al., 2008) to estimate the radiating pH gradient. Our results suggest
that Hv-1 proton channels create a much more acidic extracellular environment than was
previously calculated. For example, the pH surrounding the clamped cell in Figure 4B is ~
6.3 whereas the calculation (Zifarelli et al., 2008) for a similarly-sized spherical cell is ~7.2.
Part of the difference may be due to limited proton diffusion in the restricted space between
the cell and the glass coverslip. However, the pH gradient (6.8 — 7.2) observed across
neighboring cells indicates that the majority of the protons emanating from a patch clamped
cell are freely diffusing in the bath solution. These proton accumulation and diffusion results
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also highlight that open Hv-1 channels not only deplete the local intracellular proton
concentration (De-la-Rosa et al., 2016), but also raise the extracellular proton concentration
tens of microns away from the cell perimeter.

Because the glycocalyx-attached pH sensors are well within the experimentally and
computationally determined unstirred layer (USL) for protons (Pohl et al., 1998), our
approach provides an opportunity to monitor proton diffusion over the entire cell surface
during proton transport. The slow opening and closing of Hv-1 channels confounds
modeling these data; however, the fluorescent data from the rapidly closing Shaker R362H
omega pores (Figure 4A) are amenable to fitting. Proton depletion from the glycocalyx shell
upon channel opening could be well fitted with a simple equation:

(cell] & [shell] 25 [buik]

where shell corresponded to the approximate volume of the cell’s glycocalyx, Kgwas the
proton equilibrium constant between bulk and shell, and k;, correlated with the steady state
current at each depolarizing voltage. However upon channel closing, the model failed to
recapitulate the slow phase of the biphasic kinetics of proton replenishing shown in Figure
4A (bottom panel); therefore, an additional layer (USL) and equilibrium constant (Kys;)
between the glycocalyx shell and an unstirred layer was added to the model (Figure 4D). For
the modeling, we varied k;,, the volumes of the USL and shell, and the rate of proton entry
and exit into a layer. In addition, we assumed the equilibrium constant between any layer
was equal to one and the forward and backward proton rates into a layer (shel/, USL, and
bulk) was the same. At each voltage (Figure 4E), kj, was varied to achieve the steady state
fluorescence after 4 s, which correlated well with the total number of protons that entered
the cell (average current) during the hyperpolarizing pulse (Figure 4A, top panel). In
contrast to the simple shell model, this concentric volume model fit the biphasic return of
protons to the glycocalyx shell (Figure 4E). Because k&, was held constant at each voltage,
the model poorly fit the kinetics of proton influx at hyperpolarizing voltages where channel
gating, and thus current, was not constant during the test pulse (Figure 4A, top panel). In
addition, the local proton concentration in the s/he//and equilibrium between the layers is
likely more complicated due to the cell surface proteins, carbohydrates, and covalently-
bound pH sensors in the glycocalyx.

Although we could fit the fluorescent signal kinetics of proton replenishing at the cell
surface, the model does not speak to how the unstirred layer fills (or empties) during proton
transport. Several studies (Branden et al., 2006; Mulkidjanian et al., 2006; Serowy et al.,
2003; Springer et al., 2011) suggest that during proton efflux the protons diffuse rapidly and
parallel to the plasma membrane before entering the unstirred layer and bulk solution. The
neighboring cell experiments in Figure 4B and 4C demonstrate that it is experimentally
feasible to utilize glycocalyx-attached pH sensors to spatiotemporally detect pH differences
at the plasma membrane. However, in our experiments, the proton channels and transport
proteins were randomly distributed over the entire cell surface; thus, we did not detect rapid
proton diffusion parallel to the plasma membrane upon activating proton efflux with voltage.
Visualization of proton efflux from a proton transport protein that localizes to a specific
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region of the plasma membrane would provide insight on whether protons rapidly
circumscribe a living cell before diffusing into the unstirred layer and bulk solution.

An unexpected advantage of directly attaching the sensors to the glycocalyx was that the
change in pH-DIBO fluorescence was an accurate approximation of the whole cell proton
current in voltage-clamp experiments. By comparing the CIC-5 current-AF/Fq slope to Hv-1,
we showed that only 1/3' of the CIC-5 current is carried by protons, fully consistent with
the known 2:1 stoichiometry of its transport cycle (Zifarelli and Pusch, 2009). In contrast to
CIC-5, Shaker-IR omega currents were as proton-selective as Hv-1 channels. Using the
current-AF/Fg relationship, we estimated that the proton current accounted for ~ 6% of the
total current for a Shaker-IR VVSD omega mutant. If all four VVSDs pass the same amount of
proton current, then our experimental results indicate that a single omega pore contributes 1
- 2% of the total current in a voltage-gated K* channel. Because VSD mutations affect the
potassium current through the central pore by shifting the voltage-activation, deactivation,
and inactivation of the channel, we expect the proton current’s contribution to the total
current will vary for the different omega pore mutants that cause human disease. No proton
fluxes were ever observed with wild-type voltage-gated K* channels, confirming that the
histidine residues in the VVSDs are required for the omega current in full-length Shaker-IR
channels. In addition to being a surrogate for proton current, voltage-clamp fluorometry with
pH-DIBO will also be useful for identifying residues required for proton permeation and
exploring the voltage-dependency of non-electrogenic proton transport proteins.

Because proton transport is involved in a wide range of cellular processes, chemical tools
that specifically detect plasma membrane proton fluxes have broad utility. The diverse color
and pKa palette of small molecule proton sensors (Han and Burgess, 2010) provides
additional flexibility to coat cells with fluorophores with desirable pH-sensing and
photophysical properties. Combining our chemical approach with state-of-the-art imaging
techniques will allow for high-resolution spatiotemporal imaging over the entire landscape
of a cell and possibly visualization of single-channel fluxes. Given that the glycocalyces of
living organisms can be engineered with unnatural sugars (Laughlin et al., 2008; Laughlin
and Bertozzi, 2009; Xie et al., 2016), visualization of rapid efflux from cells, tissues, and
model organisms is tenable by modifying metabolically-labeled glycocalyces with small
molecule ion- or metabolite-sensitive fluorophores.

Significance

Proton fluxes at the plasma membrane are vital for maintaining intracellular and
extracellular pH as well as a serving as a counter-ion for the cellular transport of amino
acids, lactate, and other mono- and dicarboxylates. Current biophysical and biological
approaches have been unable to visualize voltage-dependent proton fluxes over the entire
plasma membrane of a mammalian cell. We developed a cell surface chemistry approach to
visualize proton fluxes at the plasma membrane by covalently attaching small molecule, pH-
sensitive fluorophores to the glycocalyx of mammalian cells metabolically-labeled with an
unnatural azidosugar. The dense coating of extracellularly-facing sensors provided real-time
detection of proton accumulation and depletion at the plasma membrane from voltage-gated
proton channels, antiporters, and proton leak channels associated with human disease.
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Moreover, the proton wavefront emanating from one cell was clearly visible when it
enveloped nearby neighboring cells. The modularity of our approach makes it adaptable to
study any plasma membrane transport protein that increases the extracellular substrate
concentration in native cells, tissues and model organisms.

Experimental Procedures

Synthetic Protocols

Protocols and characterization of all new compounds are described in the supplementary
information. An a/p anomer mixture of tetraacetylated N-Azidoacetyl-o-mannosamine
(azido-sugar); 5,6-dihydro-11,12-didehydro-dibenzo[a,e]cycloocten-5-yl ester, 4-nitrophenyl
ester (DIBO-4-nitrophenyl ester), and Compound 1 were synthesized following procedures
described in the literature.

Plasmids and cDNAs

Cell culture,

Plasmids containing human GFP-Hv-1, CIC5, and Shaker-IR omega mutants were gifts from
David Clapham (Harvard Medical School), Michael Pusch (Istituto di Biofisica), and Baron
Chanda (University of Wisconsin—Madison), respectively. Mutations were introduced by
QuikChange site-directed mutagenesis (Agilent) and confirmed by DNA sequencing the
entire gene.

transfections and pH-DIBO cell surface labeling

Chinese Hamster Ovary-K1 (CHO) cells were cultured in F-12K nutrient mixture
(Invitrogen); HEK cells were cultured in high glucose DMEM medium. All media were
supplemented with 10% fetal bovine serum (Hyclone) and 100 units/mL penicillin/
streptomycin (Invitrogen). The cells were plated at 60 75% confluency in 35 mm dishes.
Glass bottom culture dishes (MatTek) were used for HEK cells. After 24 h, Cells were
transiently transfected with a 1 ug of ion channel or transporter DNA and 8 pL of
Lipofectamine (Invitrogen) for CHO cells or 4 pL of Lipofectamine and 6uL PLUSTM
reagent (Invitrogen) for HEK cells in Opti-MEM (Invitrogen). To visualize transfected cells,
0.25 ug of pEGFP-C3 was added to transfections that did not contain GFP-tagged channels/
transporters. After terminating the transfections, the cells were incubated in media
containing 50 uM azido-sugar for 2 d, which was replenished after 24 h.

Whole Cell Patch Clamp Fluorometry

Transfected CHO cells were trypsinized and seeded on a glass bottom culture dish for 2 h
and then labeled with pH-DIBO (50 pM) in Opti-MEM at r.t. for 0.5 h; HEK cells were
directly labeled with pH-DIBO in Opti-MEM. Transfected cells were identified using an
inverted light microscope (Axiovert 40 CFL; Carl Zeiss, Inc.) and the currents were recorded
in the whole cell patch configuration at room temperature (24 + 2°C) using a glass electrode
(pipette resistance: 2.5 — 3.5 MQ) filled with (in mM): 126 NaCl, 2 MgSQy, 0.5 CaCl,, 5
EGTA 4 K,-ATP, 0.4 GTP and 25 buffer (HEPES for pH = 7.5 and 7.0, MES for pH = 6.0)
with NaOH; bath solution contained (in mM): 145 NacCl, 5.4 KCI, 5 CaCly, 0.1 buffer
(TAPS for pH = 8.0, HEPES for pH = 7.5 and 7.0, Bis-Tris for pH = 6.5, MES for pH = 6.0)
with NaOH. Cells were imaged at 10 Hz using a CoolLED pE-4000 light source (exposure
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time = 10 ms), 63 x 1.4 N.A. oil immersion objective, and a Zyla sSCMOS camera
(ANDOR). GFP and pH-DIBO were excited respectively at 460 nm channel (light power =
30%, emission filter set 38 HE from Zeiss) and 550 nm channel (light power = 15%,
emission filter set 20 HE from Zeiss). The patch clamp (Axopatch 200B), light source, and
camera were controlled with Clampex 10.5 (Molecular Devices); fluorescent images were
collected (10 Hz, 4 x 4 binning) and processed using open source software (micro-manager
and ImageJ). Fq is the average fluorescence intensity of the first five data points before the
test depolarization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Glycocalyx-attached pH sensors enable spatiotemporal detection of
proton fluxes.
. Fluorescent pH signals provide a direct readout of cell surface proton
activity.
. Proton leak channels associated with human diseases were visualized.
. Proton wavefronts were detected as they enveloped neighboring cells.
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Figure 1.
Glycocalyx engineering strategy to visualize plasma membrane proton fluxes: (A) Cells

expressing ion channels or membrane transporters are incubated with an azidosugar (azido
group in blue) and the cell surface is subsequently labeled with a fluorescent pH sensor (pH-
DIBO) to detect proton fluxes. The azide-reactive and fluorescent pH-sensitive groups in the
chemical structure and label are colored blue and red, respectively. (B) Scheme for the
synthesis of pH-DIBO.
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Figure 2.
Visualization of proton efflux from CHO cells expressing Hv-1: (A) Voltage-clamp

fluorometry (VCF) traces: the cell was held at — 80 mV, and currents and fluorescence were
elicited from 4-s command voltages from 0 to 100 mV in 20-mV increments. (B) Average
normalized fluorescence at — 80 mV and after a 4-s depolarization (100 mV) in the presence
(+) or absence (-) of azidosugar. Data were averaged from 5 cells + SEM; asterisk indicates
significance of at least P < 0.05. /nset: Images of cells labeled with (top) or without (bottom)
azidosugar. (C) Fluorescence traces of cells expressing similar total current (150 — 300 pA)
in bath solutions with various buffer concentrations (HEPES); n = 5; error bars are £ SEM.
(D) Change in pH-DIBO fluorescence attached to the cell surface (filled circles) and in a
solution (open squares) versus pH. Buffer concentration 10 mM; AF/Fg at pH 7.5 was
defined as O; data were averaged 5 — 10 experiments + SEM. (E) GFP and pH-DIBO
fluorescence images (10 ms) of CHO cells expressing Hv-1. (F) AF/Fq snapshots of pH-
DIBO fluorescence at 100 mV at time points indicated in (A). VCF scale bars represent 50
pA, 2% AF/Fq, and 1 s; fluorescent image scale bars are 5 pm; pHy/pH; = 7.5/6.0; bath
solution 0.1 mM HEPES except in (C and D).
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Figure 3.
Visualization of proton efflux from co-transport proteins expressed in CHO cells: (A)

Cartoons of Hv-1, CIC-5 antiporter, and Shaker omega pore mutant (R371H). (B) Voltage-
clamp fluorometry (VCF) current and fluorescence traces of cells expressing Shaker R371H
(scale bars 100 pA, 1%, 1 s) from 0 to 120 mV in 40-mV increments and WT Shaker-IR at
120 mV (scale bars 1 nA, 1%, 1 s); holding potential - 80 mV; pHy/pH; = 7.5/6.0 (bath: 0.1
mM HEPES). (C) VCF current and fluorescence traces of cells expressing CIC-5 from 60 to
140 mV in 20-mV increments or CIC-5 E211A at 140 mV. Scale bars 50 pA, 2%, 1 s;
holding potential — 80 mV; pHy/pH; = 7.5/7.5 (bath: 0.1 mM HEPES). (D) Plot of AF/Fy as a
function of current for Hv-1 (filled circles) and CIC-5 (open squares).
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Figure 4.
Visualization of extracellular proton depletion and wavefronts in CHO cells: (A) Voltage-

clamp fluorometry traces of cells expressing Shaker R362H: the cell was held at 30 mV, and
currents and fluorescence were elicited from 4-s command voltages from — 40 to — 120 mV
in 20-mV increments; scale bars 50 pA, 2%, 1 s, pHy/pH; = 6.0/7.5 (bath: 0.1 mM MES);
(B) Left. Cartoon of proton diffusion to a neighboring cell. Right. Fluorescence signals of
pH-DIBO-labeled cells. A voltage-clamped Hv-1 expressing cell (- 80 mV) was depolarized
to 100 mV and the fluorescent signals from the clamped (&= 23 pm) and a neighboring cell
(near and far side, o= 18 pm) were plotted versus time. The distance of the two cells is ~ 4
um; scale bars 2%, 1 s, pHy/pH; = 7.5/6.0 (bath: 0.1 mM HEPES). (C) Buffer concentration
dependence of the fluorescent signals of a neighboring cell ~ 8 um away from an Hv-1
expressing cell. The clamped cells were held at — 80 mV, depolarized to 100 mV, and the
fluorescence of the clamped and neighboring cells were plotted versus time. Scale bars 2%,
1s, pHo/pHj = 7.5/6.0; (bath: 0.1 mM HEPES). (D) Cartoon diagram and proton diffusion
equation of the concentric volume model with an unstirred layer (USL). (E) Fits of the
fluorescent data in (A). Bulk=1mL; USL =1.5fL; shell=0.08 fL; KysL = Kg = 1; ki = k;
=1.457L; k;, (black) = 0.090 s71; &, (red) = 0.070 s71; &, (blue) = 0.050 s~1; ;, (magenta)
=0.030s7L; k;, (green) = 0.013 s7L..
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