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Background 
 
Voltage clamp fluorometry (VCF) is a powerful technique to study voltage-sensitive conformational dynamics 
in membrane proteins. By combining the membrane voltage clamp with the measurement of fluorescent signals 
from the fluorophore attached to the protein of interest, real-time measurements of the protein’s conformational 
changes can be obtained and correlated to the electrophysiological functions. Initially developed to measure the 
conformational changes occurring in ion channels [1,2], the technique evolved to study other membrane 
proteins such as ion transporters [3,4] and, as discussed in this protocol, the voltage-sensing phosphatase (VSP) 
[5,6]. 
VSP is a 3 and 5 phosphatidylinositol phosphate (PIP) phosphatase coupled to a voltage-sensing domain (VSD) 
[7]. The VSD is made up of four transmembrane helices (S1–S4), with the S4 containing arginine residues that 
act as gating charges to sense the electric field of the membrane. Depolarization of the membrane causes the S4 
to move from a down “resting” state in the membrane to an up “active” state. Unlike ion channels, the movement 
of the VSD in VSP does not lead to ionic currents; therefore, VCF is particularly advantageous as a robust measure 
of VSP’s voltage sensitivity and protein motions.  
Environmentally sensitive fluorophores, like tetramethylrhodamine-6-maleimide (TMRM), are often used to 
monitor protein movements when attached to a protein’s predicted mobile region. Because the maleimide of 
TMRM is thiol-reactive, single cysteine mutations are introduced into these regions for labeling and are 
empirically tested for fluorescence changes that correlate with protein activation. To monitor S4 movements in 
VSP, G214C, at the top of S4 in the extracellular loop between S3 and S4, is a common labeling site. By analyzing 
the G214C-TMRM fluorescence signal during activation and repolarization conditions, the kinetics of the VSD, 
specifically S4, are calculated, giving us insight into the VSD motions in response to the changing voltage 
stimulus. Additionally, by taking the amplitude of the fluorescence signal relative to the membrane voltage, we 
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calculate the voltage dependence of the VSD, which correlates with the voltage dependence of VSP’s phosphatase 
activity. Further, VCF labeling sites can be combined with other mutations to probe the mechanism of voltage 
dependence [6,8], coupling properties of the linker [9–11] and phosphatase activity [12,13]. While we only 
discuss the G214C labeling site here, different labeling sites will report on different protein motions and can be 
used to further test the mechanism of protein function [10,11]. 
Because Xenopus laevis (X. laevis) oocytes are large single cells that are easy to manipulate and maintain, they 
are a great expression system for VCF. This protocol describes all the different parts of preparing, setting up, 
and conducting a VCF experiment. It starts with how to prepare X. laevis oocytes from the ovary; it then describes 
how to make the messenger RNA (mRNA). It moves on to how to inject the oocytes with the mRNA for expression, 
how to label them with TMRM, and ultimately how to voltage clamp them using a Dagan CA-1B amplifier for 
two-electrode voltage clamp. Lastly, this protocol describes the steps for analyzing the acquired fluorescence 
signals.  
 
 

Materials and reagents 
 

Biological materials 
 
1. Xenopus laevis ovaries (Xenopus One, catalog number: 10004, ¼ ovary) 
2. Ciona intestinalis voltage-sensing phosphatase (Ci-VSP) in pSD64TF vector (Y. Okamura, Osaka University, 
Osaka, Japan, Addgene plasmid #80332) (Figure 1A) 
 

 
 
Figure 1. Map of pSD64TF Ci-VSP plasmid. Vector of pSD64TF with ampicillin selection and an SP6 promoter. 
The VSD, catalytic domain, and C2 domain of Ci-VSP are noted in the gray regions. 
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Sodium pyruvate 2.5 mM 5 mL of 1 M stock 
HEPES 10 mM 2.383 g 
Total n/a 1,000 mL 

 
2. Ca2+-free buffer (1 L) 
Note: Adjust pH to 7.6 with HCl or NaOH and autoclave to sterilize. Store at room temperature for up to a year or 
longer as long as it does not show any growth. 

Reagent Final concentration Quantity or Volume 

NaCl 83 mM 4.8 g 
KCl 2 mM 0.15 g 
MgCl2·6H2O 1 mM 0.203 g 
HEPES 10 mM 2.383 g 
Total n/a 1,000 mL 

 
3. ND-96(-) (1 L) 
Note: Adjust pH to 7.6 with HCl or NaOH and autoclave to sterilize. Store at room temperature for up to a year or 
longer as long as it does not show any growth. 

Reagent Final concentration Quantity or Volume 

NaCl 96 mM 56.1 g 
KCl 2 mM 0.15 g 
CaCl2·2H2O 1.8 mM 0.265 g 
MgCl2·6H2O 1 mM 0.203 g 
HEPES 10 mM 2.383 g 
Total n/a 1,000 mL 

 
4. Bridge buffer (1 L) 
Note: Adjust pH to 7.4 with HCl or NaOH and autoclave to sterilize. Store at room temperature for up to a year or 
longer as long as it does not show any growth. 

Reagent Final concentration Quantity or Volume 

NaCl 1 M 58.4 g 
HEPES 10 mM 2.383 g 
Total n/a 1,000 mL 

 

Laboratory supplies 
 
1. Reusable 45 mm bottle top filter (Nalgene, catalog number: DS0320-5045) 
2. Membrane and prefilter disks (Nalgene, catalog number: DS02154020)  
3. Low-retention filtered RNase-free pipette tips (Fisher, catalog numbers: 02-707-002, 02-707-006, and 02-707-
008) 
4. 3.5” glass capillaries (Drummond Scientific, catalog number: 3-000-203-G/X) 
5. Glass capillary tubes (VWR, catalog number: 5432-921) 
6. Glass coverslips, No. 1, 22 × 40 mm (Warner Instruments, catalog number: 64-0707) 
7. Polypropylene microcentrifuge tubes (Globe Scientific, catalog number: 11563) 
8. Falcon Petri dishes (Falcon, catalog number: 351007) 
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9. 50 mL conical tubes (Thermo Fisher, catalog number: AM12502) 
10. 25 G × 5/8 in. needle (BD, catalog number: 305122) 
11. 1 mL syringe (BD, catalog number: 309628) 
12. DrieriteTM 10–20 mesh (Thermo Scientific, catalog number: 219065000) 
13. 150 mm × 15 mm Petri dish (Falcon, catalog number: 351058)  
14. Palladium wire (Thermo Scientific, catalog number: AA45072G1) 
 
 

Equipment 
 
1. Belly Dancer Orbital Shaker (IBI Scientific, model: BDRAA115S) 
2. Glass Pasteur pipette (Fisher, catalog number: 13-678-4A) 
3. Blunted glass Pasteur pipette (homemade using the pipettes in #2)  
4. Mini low-temperature refrigerated incubator, 18 L (Fisher, catalog number: 15-015-2632) 
5. Water bath 2 L digital (Benchmark Scientific, catalog number: B2000-2) 
6. Refrigerated high-speed microcentrifuge (Thomas Scientific, catalog number: 1154Q52) 
7. Rotor (Thomas Scientific, model: AS-24-2) 
8. Centrifugal vacuum concentrator (Thermo Scientific, model: DNA120) 
9. NanoDropTM One spectrophotometer (Thermo Scientific, catalog number: ND-ONE-W) 
10. Nanoject II Auto-Nanoliter Injector (Drummond Scientific, catalog number: 3-000-204) 
11. Dissecting microscope (Olympus, model: SZ61) 
12. Manipulator (Märzhäuser Wetzlar, catalog number: 00-42-101-0000)  
13. Flaming/Brown micropipette puller (Sutter Instruments, model: P-97) 
14. Inverted microscope (Leica, model: DM IRBE, catalog number: 020-525.701 to 020-525.780) 
15. HC Pl APO 20×/0.7 fluorescence objective (Leica, catalog number: 506166) 
16. Amplifier (Dagan Corporation, model: CA-1B) 
17. Photomultiplier tube (PMT) (ThorLabs, catalog number: PMTSS2) 
18. Axon Digidata-1440A (Molecular Devices Instruments, catalog number: DD1440A) 
19. X-Cite XLED1 light source (Lumen Dynamics, catalog number: 010-00288R)  
20. LED 505-546 nm (Lumen Dynamics, model: BGX) 
21. Cy3 Leica cube set with HQ531/40 excitation filter, HQ593/40 emission filter, Q562LP dichroic (Semrock, 
catalog number: Cy3-4040C-LSC-ZERO) 
22. Eight-pole Bessel filter (Frequency Devices, model: 900CT) 
23. Gravity glass puller (Narishige, model: PC-10) 
24. Vibration isolation platform (TMC, catalog number: 77049189) 
25. Faraday cages (homemade) 
26. Glass agarose bridges (homemade) 
27. Bath chamber (Warner Instruments, model: RC-24E) 
28. Bath chamber platform (Warner Instruments, model: 64-1526) 
29. Inox tweezers style #5 (Dumont, catalog number: 11254-20) 
30. Mesh 0.011 diameter, 18 × 16 mesh count (Phifer, catalog number: 3002201) 
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Software and datasets 
 
1. pClamp version 10.3 software package (Axon Instruments) 
2. Microsoft Excel, version 16.9 for Mac (Microsoft) 
3. Igor Pro version 8 software (WaveMetrics) 
 
 

Procedure 
 

A. Defolliculating X. laevis oocytes 
 

1. Immediately upon arrival of the X. laevis ovaries (Figure 2A and B), wash the ovary pieces in Ca2+-free buffer.  
a. If unable to immediately process the ovaries, store the oocytes in fresh ND-96 with antibiotic in the incubator 
at 18 °C for a maximum of 4 h. Do NOT freeze or store at 4 °C. 
Note: We use ND-96 with and without antibiotic. We use the notation ND-96(-) to denote without antibiotic and just 
ND-96 to denote with antibiotic. 
 

 
 
Figure 2. X. laevis oocytes pre-digestion of follicular membrane. A. Lobe of X. laevis ovary. B. Magnified 
lobe of X. laevis ovary; black arrow highlights the follicular membrane. C. Morselized ovary pieces.  
 
2. Use sterile tweezers and/or small sharp scissors to morselize the ovary into pieces around 5 mm in size (which 
is about five oocytes) in Ca2+-free buffer (Figure 2C). 
Tip: Make the morselized pieces roughly the same size so the follicular layer of the oocyte digests at the same 
rate.  
 
3. Place the morselized ovary pieces into a 50 mL tube and wash to remove the yolk of lysed oocytes. 
a. Agitate by gently inverting the tube up and down. Pour out the Ca2+-free buffer and replace with fresh Ca2+-
free buffer. Repeat the wash steps 2–3 times. On the final wash, decant as much of the liquid off as you can, 
leaving ~5 mL of morselized ovary pieces. 
 
4. Digest the cleaned and morselized ovary pieces. 
a. In a 50 mL tube, make the digestion solution: 0.5 mg/mL collagenase type II and 0.83 mg/mL collagenase 
type III in 15 mL of Ca2+-free buffer. 
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b. Add the digestion solution to the ~5 mL of morselized ovary pieces and gently shake on the belly dancer 
rotating platform at speed ~4 at room temperature for 60–70 min. 
Note: Collagenase activity can show batch-to-batch variability. If it is the first use of a collagenase batch, it is 
recommended to check the progression of digestion earlier in the process (~30 min) and then repeatedly check every 
10 min. Once a good baseline of the collagenase activity is established, the amount of monitoring can be reduced. For 
our batches, checking at the initial 60 min mark is a good starting point to monitor the collagenase effectiveness. 
c. Partway through digestion, remove a few oocytes from the digestion solution. Place them onto a Petri dish 
under a dissecting microscope to assess the level of digestion through the removal of the follicular membrane 
(Figure 3A). The follicular membrane is part of the extracellular matrix that holds the cells together. On an 
individual cell, it looks like a transparent layer with red veining (Figure 3C).  
 

 
 
Figure 3. X. laevis oocytes post-digestion of the follicular membrane. A. Mixture in the appearance of X. 
laevis oocytes post-digestion. B. Various qualities of X. laevis oocytes. From left to right: small immature cells, 
poor-quality stage-V cells, and good-quality stage-V cells. C. Magnified image of a good-quality stage-V cell with 
part of the follicular membrane attached. 
 
5. After the majority of the morselized ovary is digested into individual oocytes, and approximately 20%–50% 
have the follicular membrane removed, wash the oocytes in the same 50 mL tube by gently inverting the tube 
up and down. Pour out the Ca2+-free buffer and replace with 30 mL of fresh Ca2+-free buffer. Repeat this wash 
step 10 times. 
 
6. Sort the healthy stage-V oocytes from the dead, immature, and unhealthy oocytes. A healthy stage-V oocyte 
will be approximately 1 mm in diameter with a well-defined line for animal (dark) and vegetal (light) poles. 
Any oocytes that are small or have mixing animal and vegetal poles are discarded (Figure 3B). Culture the 
remaining healthy oocytes in ND-96 at 18 °C. 
a. To create a glass pipette for moving the oocytes, a glass Pasteur pipette is first scored by a file close to the 
end of the taper of the pipette. The placement is dependent on how big an opening is desired. The glass is broken 
off at the scoring and briefly passed through a flame to create a smooth edge to the glass. Allow it to cool to 
room temperature before use (Figure 4A). 
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Figure 4. Glass Pasteur pipettes for X. laevis oocyte manipulation. A. Pasteur pipettes for moving oocytes. 
Top: some pipette taper remaining and a small opening; bottom: pipette taper removed and a larger opening. B. 
Pasteur pipettes for manual defolliculation. Top: more taper and longer length; bottom: less taper and shorter 
length. 
 
7. In our experience, oocytes have better experimental survival under voltage clamp at high positive voltages if 
they are manually defolliculated rather than completely defolliculated by collagenase. 
a. For manual defolliculation, select individual oocytes with the follicular membrane still attached (Figure 3C). 
b. Pipette the oocytes into a Falcon Petri dish containing ND-96.  
c. To create a defolliculating glass pipette, repeat step 6a but heat the end of the glass for longer to create a 
blunted tip that is smaller than the size of the oocyte. Allow to cool to room temperature before use (Figure 4B). 
d. Gently press the folliculated oocytes into the Falcon dish with the blunted glass pipette until the follicular 
membrane “sticks” to the Falcon dish (Video 1). While the exact chemistry is uncertain, we believe the crystal-
grade polystyrene of the Falcon Petri dishes is more hydrophobic than other Petri dishes and therefore allows 
for better follicular membrane sticking. 
e. Using the blunted glass pipette, gently roll the oocyte out of the stuck follicular membrane. 
f. Repeat for all the oocytes needed. We typically inject approximately 10–20 oocytes. 
Tip: We find that lining up all the oocytes in rows in the dish facilitates this process.  
 

 
 
Video 1. Manual defolliculation of an oocyte. The glass probe approaches from the left and gently presses 
the oocyte into the Falcon dish until the follicular membrane sticks. The probe is then used to gently roll the 
oocyte away. 

https://bio-protocol.org/e5212?v=1
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C. RNA injection 
 
1. Critical: These steps should be done under RNase-free conditions as discussed in section B. 
 
2. Prepare the injection glass. 
a. Pull 3.5” glass capillaries with the P-97 Sutter Instruments puller.  
i. Each puller’s filament is different, so per the instruction manual, determine the ramp number for the glass 
being used. The ramp value for our filament is 561. 
ii. Use the ramp value to create a program that will pull the glass into a long needle-like projection (Figure 6A) 
(see the Pipette Cookbook from Sutter Instruments). 
Tip: We pull a maximum of four glass injection needles before turning the puller off to allow it to cool for at 
least 15 min before pulling another four glass injection needles (if needed). This pause period helps maintain 
the quality of the injection glass needles pulled by not overheating the filament.  
 

 
 
Figure 6. Supplies and setup for X. laevis injection. A. Glass injection needles. Top: directly from the glass 
pipette puller; bottom: after being trimmed. B. Microscope view of the needle aligned with the parafilm corner 
and the mineral oil being ejected out. C. View of the injector and injection needle with mineral oil being ejected 
out. The metal plunger is halfway down the needle. D. Oocytes resting in the etched Petri dish. 
 
b. Break the tip of this injection glass with tweezers to give a suitable opening for injection (Video 2). The 
opening diameter we usually use is approximately 45 µm. The smaller the diameter, the less damage is done to 
the oocyte membrane; however, the more likely the injection needle is to get clogged (Figure 6A). 
Tip: The glass tip coming out of the puller should be thin enough to be flexible. We aim our tweezers to the 
area where the glass bends and then break just below that region. 
c. Backfill the glass needle with 100% mineral oil using a 25-gauge needle and syringe. 
Tip: Take care not to produce any air bubbles in the mineral oil as this will negatively impact the injection 
volume’s accuracy. 
d. On the Nanoject II injector, loosen the black collet and carefully slide the injection glass needle onto the metal 
plunger pushing until the glass hits the white spacer (hidden under the black collet) and then tighten the collet. 
Double-check that the glass needle is secure on the injector by giving a gentle tug.  
e. Cut a square of parafilm and apply 70% EtOH (made from 190 proof EtOH) to the work surface to act as a 
lubricant for moving the parafilm around. Place the parafilm on the work surface with the paper side up and 
remove the paper. This is assumed to be the RNase-free side. 
f. Line up a corner of the parafilm in the view of the microscope; this now becomes the point toward which to 
aim the tip of the needle. With the needle touching the parafilm, press the empty button on the injector until 
the metal plunger reaches approximately halfway down the glass needle. Then, pull the needle directly up from 
the parafilm (Figure 6B and C). 



https://bio-protocol.org/e5212?v=2
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Figure 7. VCF setup. A. An oocyte under voltage clamp showing the bath and headstage setup. The black 
arrows point to the wells containing the silver-chloride wires and agarose bridges. The yellow wire connects to 
the P1 and V2 headstages, and the white wire connects to the P2 headstage. B. Silver-chloride wires. Top: 
properly chlorinated; bottom: needs to be chlorinated as shiny metal patches are showing. C. Oocyte in the bath 
chamber with glass microelectrodes inserted; the surrounding gray mesh prevents the oocyte from rolling. D. 
Front of Dagan CA-1B amplifier in the TEV setting. The digital monitor is set to V2 showing the bath clamp; 
note that the amplifier internally inverts the command (i.e., a -80 mV holding shows +80 mV). To the right, 
the CLAMP is in the ON position and BATH/GUARD switch to ACTIVE. 
 
d. Place the two glass agarose bridges into the bath to connect the bath chamber to each of the two back wells.  
i. To make the agarose bridges, take the 3.5” glass capillaries and cut to approximately 1.5’’ length with a file 
or glass cutter (Figure 8A and B). Using a Bunsen burner and tweezers, flame the end of the glass so a bend will 
appear approximately 0.25” from the end. Cut longer pieces if you want taller bridges. Let it cool down. Using 
the tweezers, grab the bent end and flame the other side to bend that end about the same height. Keep the glass 
such that the bend happens in the same direction as the first bend. The end result should look like a bridge.  
ii. Thread a piece of palladium wire through the open tube. Cut at a length such that the wire does not stick out 
from the glass. Tuck the wire into the bridge so neither end sticks out (Figure 8C and D). 
iii. To prepare the agarose, measure enough agarose for a 2% solution in bridge buffer. We tend to make about 
50 mL at a time. Transfer the solution to a low-sided beaker. The low side will make the transfer of the solution 
into the glass bridge easier.  
iv. Melt the agarose in the microwave making sure it does not boil over, as that will change the concentration 
of the agarose. Place the melted agarose on a hot plate to keep it hot and melted.  
v. The 3.5” glass capillaries come with a suction tube that can be connected on one side to the bridge and the 
other side to a syringe (Figure 8E and F).  
vi. Once both sides are sealed, fill up the agarose solution into the bridge. Because air bubbles will disrupt the 
connection, we keep filling into the suction tube. Remove from the melted agarose and leave for approximately 
10–20 s, letting the agarose in the bridge solidify; then, remove from the seal (Figure 8G).  
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3. Bring the objective into focus on the oocyte. Because the oocyte will cover most of the field of view when 
using a 20× objective, aim to focus on the granules that give the dark pole its color since these will represent 
the bottom of the oocyte. 
 
4. On the amplifier, press the monitoring button for V1-V2. If the offsets were properly adjusted as in step E1i–
k, then the digital meter will read 0 volts, as both V1 and V2 are set to reading the bath clamp at 80 mV. Impale 
the V1 microelectrode into the oocyte membrane with as shallow a penetration as possible. We use the same 
technique here as we do when injecting the cells. The value of V1-V2 will increase as soon as the oocyte is 
impaled; this value is the oocyte resting membrane potential. 
a. While the resting membrane potential is dependent on the health of the oocyte, the protein expressed, and 
the solution conditions of the oocyte, for our given experiments with Ci-VSP G214C in ND-96, the resting 
membrane potential should range from -20 to -60 mV. Values close to 0 mV indicate that the oocyte quality is 
poor. These poor-quality cells are discarded as they typically will not reliably hold a voltage clamp. 
 
5. Repeat step E4, this time impaling the oocyte with the Vi microelectrode and using the V1-Vi digital meter 
(Figure 7C). Before the oocyte is impaled with Vi, both the monitors for V1-V2 and V1-Vi should read the resting 
membrane potential, as both V2 and Vi are still reading the bath clamp at 80 mV. As soon as the Vi 
microelectrode impales the oocyte, the V1-Vi digital meter will read 0 mV, as both V1 and Vi are reading the 
same oocyte internal values.  
Tip: Simultaneous impalement makes it less likely that the oocyte will roll away. Create a divot with both 
electrodes and then tap the manual manipulators. That degree of force is usually enough to pop the electrode 
into the cell without damaging the cell.  
 
6. Do a final focus of the objective on the oocyte (should just be small fine adjustments at this point). 
 
7. Switch the microscope prism to send the emission light to the PMT port instead of the eye port. If using a 
blackout cover, lower the cover over the opening of the Faraday cage now.  
 
8. On the amplifier, switch the CLAMP to the ON position (Figure 7D). If the oocyte is properly clamped, the 
V1 monitor should read 0 mV, as V1 monitors the inside of the cell held at a virtual ground, while the bath is 
voltage-clamped to the set holding voltage (-80 mV) as monitored by V2. Therefore, when the clamp is on, the 
V1-V2 monitor should read the oocyte holding voltage of -80 mV. 
 
9. Turn the CLAMP GAIN knob to the ½ position. To confirm the integrity of the clamp and determine the clamp 
gain settings, run a single voltage pulse going from -80 mV to +150 mV for 125 ms and then back to -80 mV 
with the LED trigger off. 
a. The Im (membrane current) signal should have minimal oscillations, and the waveform of the applied voltage 
pulse should be a tight square. If the Im signal shows oscillations, turn down the gain. If the voltage pulse shows 
a slow rise to the applied voltage step, turn the gain up. If adjusting the gain does not help, then the integrity 
of the oocyte membrane is likely not ideal, and another oocyte should be used. 
 
10. Trigger the LED to turn on for 250 ms to establish the PMT baseline. Initially, the output signal from the 
PMT is close to 0 as there is no voltage in the system. Turn up the voltage on the PMT until the output signal 
measures around 6 V. This level provides a good signal while avoiding the potential saturation of the PMT (10 
V). 
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