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Abstract

Many drugs and other small molecules used to modulate biological function are amphiphiles that adsorb at the bilayer/solution interface and
thereby alter lipid bilayer properties. This is important because membrane proteins are energetically coupled to their host bilayer by hydrophobic
interactions. Changes in bilayer properties thus alter membrane protein function, which provides an indirect way for amphiphiles to modulate
protein function and a possible mechanism for "off-target" drug effects. We have previously developed an electrophysiological assay for detecting
changes in lipid bilayer properties using linear gramicidin channels as probes 312, Gramicidin channels are mini-proteins formed by the
transbilayer dimerization of two non-conducting subunits. They are sensitive to changes in their membrane environment, which makes them
powerful probes for monitoring changes in lipid bilayer properties as sensed by bilayer spanning proteins. We now demonstrate a fluorescence
assay for detecting changes in bilayer properties using the same channels as probes. The assay is based on measuring the time-course of
fluorescence quenching from fluorophore-loaded large unilamellar vesicles due to the entry of a quencher through the gramicidin channels. We
use the fluorescence indicator/quencher pair 8-aminonaphthalene-1,3,6-trisulfonate (ANTS)/TI* that has been successfully used in other
fluorescence quenching assays %'3. TI* permeates the lipid bilayer slowly & but passes readily through conducting gramicidin channels '-14. The
method is scalable and suitable for both mechanistic studies and high-throughput screening of small molecules for bilayer-perturbing, and
potential "off-target", effects. We find that results using this method are in good agreement with previous electrophysiological results 12.

Protocol

1. Generate ANTS-filled Liposomes

On day 1, remove organic solvent from lipids.

Remove lipid from freezer and let it equilibrate to room temperature.

Add 0.6 mL of 25 mg/mL (1,2-dierucoyl-sn-glycero-3-phosphocholine) lipid in chloroform solution to a 25 mL round bottom flask.
Continually rotate the flask while drying under nitrogen, until all the chloroform has evaporated and a thin white film of lipid coats the entire
lower half of the flask.

5. Dry in a dessicator under vacuum overnight.
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On day 2, prepare the sample with the fluorophore that will be incorporated into the vesicles.
Rehydrate in 100 mM NaNOg3, 25 mM ANTS (Na salt), 10 mM HEPES. Use HNO3 or NaOH to adjust pH to 7.0. Each ANTS molecule has 2
Na*, for a total of 150 mM [Na*]. Add 1.671 mL of electrolyte to get a 10 mM lipid suspension.

3. Parafilm and vortex suspension thoroughly.

4. Protect sample from light with foil and let it age at room temperature overnight.

1. On Day 3, make large unilamellar vesicles and remove all the fluorophore from outside the vesicles.

2. Sonicate for 1 min in a low-power sonicator.

3. Freeze-thaw sample 5-6 times, each time with 5 minutes on dry ice and 5 minutes in warm (~50 °C) water.

4. Extrude the lipid suspension using an Avanti mini-extruder. Set up the mini-extruder with a 0.1 um polycarbonate filter and filter supports (see

extruder manual for details). Extrude the suspension back and forth 21 times such that the suspension ends up on the opposite syringe.
When multiple batches are extruded, always remember to load samples with the same syringe. During extrusion the cloudy initial lipid
suspension should become almost translucent (it will still be yellow due to the ANTS fluorophore). If the extrusion suddenly becomes easier
and less pressure is needed to move through filter, the filter may have ruptured and will need to be replaced.

5. Remove external ANTS by running the extruded suspension over a PD-10 desalting column using a gravity protocol. Equilibrate column with
20-30 mL of Na-buffer (140 mM NaNO3, 10 mM HEPES, pH 7.0, remember to use HNO3 or NaOH to adjust pH). Add 1.5 mL of the extruded
lipid suspension to the column and let it seep in. Bring the total volume of sample to 2.5 mL by adding 1 mL Na-buffer. After the buffer is fully
incorporated into the column and nothing is leaking out, elute the liposomes with 3 mL of Na-buffer and collect the resulting sample. The
resulting ANTS filled LUV stock solution should contain about 4-5 mM lipids and appear translucent milky white. Protect the sample from light
with foil.

6. If the stock solution is not used immediately, store at 13 °C for a maximum of 7 days. Warning: do not freeze or cool the lipid solution below
its liquid- to crystal-phase transition temperature (~12 °C), as this will destroy the vesicles' integrity and the fluorophore will leak out.

2. Mix Fluorescence Solution

1. 24 hours prior to use, dilute liposomes and incubate with gramicidin (at 13 °C). Equilibration of gramicidin between the lipid vesicles' inner and
outer monolayers is a slow process, requiring a long incubation.
2. Thoroughly vortex the ANTS-filled LUV stock solution as the LUVs have a density >1 g/mL and will therefore sediment in the solutions.
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Mix the ANTS-filled LUV stock 1:20 in Na-buffer. Mix all liposomes for use in one day of experiments together in a single flask to enhance
sample uniformity.

Separate out 3/4 of the liposomes and add 260 nM gramicidin pre-diluted in DMSO (500 pg/mL).

To the remaining 1/4 add the same volume of DMSO (without gramicidin) to keep the solvent concentration constant in all samples.

3. Setting up the Fluorescence Instrument
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We use an Applied Photophysics SX.20 stopped-flow spectrofluorometer with temperature control to measure the rate of fluorescence
quenching.

Turn the instruments on an hour ahead of time to allow for warm up. The components are: computer, electronic control unit, water-bath (both
cooler and heater), lamp power supply and nitrogen tank.

Set up the recording conditions using the Pro-Data SX software.

Set the monochromator excitation wavelength to 352 nm and slit width apertures for excitation to 1/1.

Use a A=455 nm high-pass filter to record the emission.

Use the "Pressure Hold" setting, which enables the instrument to maintain the nitrogen pressure during the recording and thus prevents
pressure oscillations (and recording artifacts) during the first few milliseconds.

Set "Time" to 1 s and "Points" to 5000.

Use the repeat box and adjust the number of repeats, normally we use 9 and 13 repeats for buffer and quencher runs, respectively.
Water-bath temperature should be set to 25°C; the temperature should be monitored in the SX software.

. Set the drive volume to 120 pL, meaning that each time the instrument runs a sample, it mixes 60 pL from each of the two syringes. With this

instrumental setup, a 120 yL volume gives a dead time of = 1.2 ms.

. Adjust the high voltage (gain) on the fluorescence detector for the ANTS-liposome's output to be around 8. For a standard experimental

mixture the gain should be 400-420 V. Some drugs are fluorescent, such that they can saturate the fluorescence signal. In these cases,
gain/voltage should be decreased.

Always load the fluorescent sample into the left syringe and buffer/quencher in the right syringe. Make sure to thoroughly vortex all samples
containing liposomes before loading, and be aware that the LUVs with time will settle in the syringe.

4. Doing an Experiment

Prepare a sample of ANTS-loaded LUVs with either solvent or compound, and load into the spectrofluorometer together with either Na-buffer
or Tl-quencher (50 mM TINO3z, 94 mM NaNO3, 10 mM HEPES at pH 7.0).

Use 1.5 mL diluted ANTS-LUV solution, with or without gramicidin, prepared the previous day.

Add the compound at the desired concentration or the solvent for controls. Keep the solvent concentration to a minimum and constant across
all the samples. The concentrations will need to be adjusted with any new (unknown) compound to achieve the desired dose-response range.
Incubate for 10 min at 25°C in the dark.

Vortex the LUV sample and load into the left syringe. Load the Na-buffer or Tl-quencher into the right syringe.

Thoroughly remove air bubbles from both samples by pushing the syringes back and forth.

Make sure both syringes are loaded equally before closing the valves. Unequal loading will result in pre-mixing of solutions before they reach
the recording chamber.

For the very first sample, record the fluorescence with Na-buffer, repeat 4 times, adjust the high voltage (gain) as necessary, and repeat 5
times.

For the remaining samples, record 9 repeats with Na-buffer.

Replace the Na-buffer with the TI-quencher and record 13 repeats.

. Rinse with water and continue with next sample. As controls we use samples with: no gramicidin and with solvent, no gramicidin and with the

maximum compound concentration, with both gramicidin and solvent.

5. Analyzing Data

1.

8.

Transfer the results to the analysis computer. Read all the data into MATLAB for analyzing. For each sample, read in all the buffer and
quencher repeats, excluding the first four in each case, as those contain mixing artifacts. Assuming a drive volume of 120 pL it takes a little
less than four shots to completely clear out the previous mixture from the stopped-flow tubing.

The buffer repeats for all the samples should be very similar. If there is a significant shift in the fluorescence signal, which depends on the
compound concentration, then the compound itself may be fluorescent and it may be necessary to first subtract this extra fluorescence signal
before normalizing the samples.

Manually go through the traces and remove "bad" repeats: repeats containing spikes or deviations from multi-exponentiality due to mixing
artifacts and/or bubbles.

Normalize the quencher repeats to the average starting value of the buffer repeats for each sample. Combine averages of all samples into
one graph for visualization.

Traces recorded with no gramicidin should all be similar and show almost no fluorescence quenching; there may be a slow reduction in the
fluorescence signal due to slow leakage of TI* through the vesicles bilayer 8. If the sample with no gramicidin and no modifier shows
significant quenching, then the vesicles have deteriorated and should not be used further. If the samples with no gramicidin but with the
modifier show significant quenching, then the modifier perturbs the vesicles bilayer to such an extent that it allows the fluorophore or
quencher to cross the bilayer.

If the compound alters lipid bilayer properties, as sensed by gramicidin channels, the fluorescence time course will be visibly altered.

For each sample, a stretched exponential

F(t) = F()+(F(0)- F(«))-exp{~(t/1,)’}

e.g. 4 is fit to the first 2-100 ms of the normalized fluorescence quenching curve of the individual repeats and the rate
ate(t) = (B / /7 |6

rate(t) =(B/1,)-(1/7,)

4 calculated at 2 ms. Averages and standard deviations are calculated for a given sample from all the individual repeats.
Finally, determine the relative change in quench rate by normalizing to the closest control sample in time that has gramicidin and no modifier.

6. Representative Results
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Figure 1: The essentials of the fluorescence quench-based assay to detect changes in lipid bilayer properties. Top left: A zoom-in on a
single lipid vesicle with ANTS plus NaNO3 on the inside and NaNO3 plus TINO3 on the outside. Top right: The fluorescence signal recorded using

Bottom: Schematic representation of the stopped-flow mixing chamber.
/38 Pro Data SX

(form top to bottom) ANTS-filled vesicles without quencher, with quencher, with quencher and pre-doped with 87, 260 and 780 nM gramicidin.
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Figure 2: A screen shot from the Pro-Data SX software illustrating the various panels referenced in the description of the experimental
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Figure 3: Multiple repeat determinations of the fluorescence signal from ANTS-loaded LUVs with Na-buffer. The first four repeats are

always excluded, as they contain mixing artifacts. The tubing connecting the sample syringes to the mixing cell have a defined volume, therefore
the first few repeats will give us a reading of what was previously in the tubing: water for repeat 1 and 2, some combination of water and sample
for repeat 3, mostly sample for repeat 4, and just sample for the remaining repeats.
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Figure 4: Multiple repeat determinations of the fluorescence signal from ANTS-loaded LUVs with Na-buffer and with Tl-quencher. The
first four repeats have been removed from both conditions. Additionally, for the TI-quencher measurements, repeat 8 needs to be removed due to

artifacts, most likely air bubbles.
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Figure 5: Effect of capsaicin (Cap) on the time course of ANTS fluorescence quenching. (A) Normalized fluorescence signal over 1 s, gray
dots denote results from all repeats (n > 5 per condition); red lines denote the average of all repeats. (B) The first 100 ms, gray dots denote
results from a single repeat for each condition; red lines are stretched exponential fits (2 - 100 ms) to those repeats. The stippled blue line
denotes the 2 ms mark, the time at which the rate of quenching is determined. In both A and B the top trace shows results in the absence of TI*;
the next two traces show results in the absence of gA, with TI* £ Cap; the four lower traces show results with 260 nM gA and TI*, where the
numbers denote [Cap] in uM. The rates of quenching for 0, 10, 30 and 90 uM Cap, as determined by the rate of a stretched exponential, are
3616, 6916, 8518 and 247+27 (mean % s.d., n > 8), respectively.

Discussion

We have demonstrated a fast fluorescence-based assay for determining the bilayer modifying potential of drugs and other small amphiphiles.
Compounds that modify bilayer properties are likely to alter membrane protein function in an indirect, nonspecific manner, possibly contributing to
"off-target" drug effects. The assay exploits the power of gramicidin channels as probes for changes in bilayer properties '? that are sensed by
bilayer-spanning proteins. The results obtained using the fluorescence-based assay are in good agreement with results from single-channel gA
experiments 12, indicating that this method can be used for mechanistic studies as well as for screening compound libraries. Using the present
configuration of the assay we can test dozens of compounds a day, which is one-to-two orders of magnitude higher throughput than possible
using the single-channel approach. There are no fundamental rate-limiting steps in the fluorescence-based assay, meaning that it can be
extended to run in true high-throughput mode. It is possible to vary the assay's electrolyte solutions and/or use different lipid composition for the
LUVs'. It is worth noting that some lipid compositions can separate when dried, requiring rapid solvent exchange systems instead of
drying/hydration steps 7.

It remains unclear whether there is a causal relationship between increasing lipophilicity of drug leads and increasing attrition in drug
development 191117 and, if so, what are the underlying mechanism(s)? Nevertheless, because membrane proteins tend to be regulated by
changes in their membrane environment 2, it would be prudent to test whether amphiphilic drugs and drug leads alter pertinent lipid bilayer
properties and, if so, at what concentrations? Amphiphile adsorption to the lipid bilayer will deplete the aqueous phase, therefore the relevant
concentration is the free concentration in the aqueous phase which may be orders of magnitude less than the nominal concentration in the
system, e.g. 8916_|f a molecule's desired (biological) effects occur at concentrations where it alters bilayer properties, it becomes important to
distinguish between the "non-specific", bilayer-mediated changes in membrane protein function, as opposed to direct effects due to (high-affinity)
binding to one or more target proteins. Knowing the bilayer-modifying propensity of a drug lead, discovered via conventional high-throughput
screening, is therefore likely to be important for decisions regarding its further development.

Any amphiphile will at some concentration alter some bilayer property. Key considerations therefore become: at what concentration; and are the
changes in bilayer properties sensed by (bilayer-spanning) membrane proteins? Here we exploit the ability of gramicidin to form channels by
transbilayer dimerization 5. This makes them useful probes for the energetic coupling between lipid bilayers and bilayer-embedded proteins, and
for exploring whether small molecules alter bilayer properties that are sensed by membrane proteins. The assay is fast, reliable and scalable, and
therefore suitable for both biophysical studies and for screening compound libraries for drugs with potential bilayer-perturbing effects.

For additional information on the assay, verification of the assay's effectiveness, and comparison with the single-channel electrophysiology see 2.
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