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Voltage-Clamp Fluorometry, abbreviated as VCF, is a measurement technique that can detect 

conformational changes in proteins by measuring the fluorescence of a fluorescent dye bound 

to the protein to be investigated. Originally, this technique was invented for the study of 

voltage-gated transmembrane proteins, in the 1990s. Hence the words “Voltage-Clamp” in the 

name of the technique, which, if we really want, could be interpreted as “voltage-lock”. 

What this word pair wants to mean, I will detail later. 

  

Voltage-Clamp Fluorometry (VCF)

• Detection of protein conformational change

• Using fluorescence measurements

• Originally developed for voltage gated ion channels (in the mid-

1990s.)



 

 

I could summarize the principle of the VCF technique in the following few points: 

1. The amino acid structure of the protein what we want to investigate should be modified so 

that only one cysteine is available to the fluorescent dye from the extracellular side, the light 

emission of which will be measured during the VCF measurement. 

2. Cysteine is important in this case because the dye we will use is able to react with and bind to 

the sulfur atom of cysteine through the formation of a disulfide bridge. There are several such 

dyes that are also used in different labs. Four of these can be seen on this slide; I have tried all 

this myself. My best experience was with Tamra-MTS. 

3. The dye molecule must be very sensitive to its local environment. Thus, if a conformational 

change takes place in the structure of the protein and therefore the local environment of our 

dye changes, then the light emitting ability will also change, i.e. it will be able to emit 

fluorescent light more or less well. This change will be the fluorescent signal itself. 

4. The protein to be tested must be expressed in frog eggs in order to achieve the required 

relatively high protein expression. 
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The idea behind VCF

• A protein of interest is engineered to include a single
reactive cysteine residue and expressed in Xenopus oocytes

• Labeling with thiol-reactive fluorophore probe

• Structural rearrangements are assayed via differences in 
fluorescence emission

Fluorophores:

Alexa Flour. 488
Maleimide

Alexa Flour. 555 MTS-TAMRA TMRM



 

 
 

 

The VCF technique is based on a simpler so-called “two-electrode voltage clamp” technique. In 

this case, there is no fluorescence. Frog oocytes are required into which the mRNA encoding 

the protein to be tested is to be injected. So that the oocyte expresses the transmembrane 

protein encoded by the mRNA on the surface of the oocyte. Two measuring electrodes 

connected to an amplifier are inserted into the oocyte. One of the electrodes measures the 

membrane potential of the oocyte relative to a reference electrode located in the measuring 

chamber next to the oocyte. While through the other electrode the required current is injected 

into the cell to keep the membrane potential at the desired value. This is the origin of the 

words “voltage clamp” in the name of this technique,  i.e. to “hold”, to “clamp”, to keep the 

membrane potential constant during the measurement. And what we can measure in this way 

is the ion current flowing through the proteins in the membrane, through the ion channels. 

  

TEVC

Two Electrode Voltage-Clamp (TEVC)



 
 

 

Thus, compared to the two-electrode voltage-clamp technique, the VCF technique is different 

in that it requires a microscope equipped with fluorescence. That is, we need an excitation light 

source (we use LEDs in our lab for this purpose), a dichroic mirror (to separate the light used for 

excitation and the light emitted) and a detector to detect the fluorescent light emitted, in our 

case it is a photodiode. Furthermore, a water immersion objective is also required to minimize 

the loss of light when collecting the fluorescent signal, i.e., there is only external solution used 

for the measurement between the objective and the oocyte. 

Furthermore, the protein to be tested should be stained with a fluorescent dye in the 

membrane of the oocyte. In practice, this means that a few days after the injection of RNA, on 

the day of the measurement, just before the recording, the oocytes are placed in a solution for 

a few 10 minutes that contains the fluorescent dye capable of binding to the cysteine of our 

protein via a disulfide bridge, i.e. to dye our proteins.  

Two Electrode Voltage-Clamp Fluorometry (TEVCF)



 
 

 

On this slide, I would like to review the stimulus / effect of ion channels that can trigger the 

conformational change that opens the channel, i.e. what we want to study with the VCF 

technique. 6 main stimuli / effects can be distinguished, based on which ion channels can be 

classified into 6 large groups: 1) voltage-gated channels; traditionally, this method has been 

invented to study these channels. 2) Ligand-gated, where the ligand binds to the ion channel 

from the extracellular side. 3) Gated by an intracellular messenger molecule, i.c. signal-gated: 

Due to its name, the ligand / molecule binds to the ion channel from the inside, i.e. from the 

intracellular side. 4) Stretch-gated or membrane tension gated: mechanical tension here is the 

stimulus; these ion channels play a key role in volume regulation, e.g. the membrane tension of 

swollen cells can be thought of as a stimulus. 5) Background channels: they are constantly open 

and the ion characteristic of the given ion channel flows continuously through them. 6) 

Temperature-gated channels, here both high and low temperatures can be the stimulus. In 

principle, any of these channels could be investigated with the VCF technique; however, people 

use the VCF technique almost exclusively to investigate for voltage-gated proteins.   

Fundamental properties of ion channels: gating

gating: appropriate trigger causes a conformational change in the protein resulting 
in the transition among different states of the channels

temperature gated
change is temperature

(e.g. members of TRP channel
family

i.c.  signal-gated 
binding of a specific intra-cellular 
molecule (e.g. Ca2+ activated K+

channel)

stretch gated channels
change in membrane tension (e.g. 

volume activated Cl– channels)

background channel
continuously open, but 

modulated by many factors, 
maintenance of negative 

membrane potential (e.g. two-
pore domain K+ channels)

change in the membrane 
potential

(e.g. voltage gated K+ and Na+

channels of neurons) 

ligand-gated
binding of a specific extracellular 

ligand (e.g. nicotinic 
acetylcholine receptor in 
neuromuscular junction)

6



 
 

Let us take a closer look at the structure of voltage-gated proteins in general and a possible 

grouping of these. 

The best known and the largest group is the voltage-gated ion channels. Each of these ion 

channels is made up of two major parts: the Voltage Sensing Domain (VSD), which is part S1-S4 

(i.e., 4 transmembrane helices), and a pore-forming part through which ions can pass through 

the cell membrane. Bioinformatics searches were used in the early 2000s to find new protein 

that had a structurally very similar moiety to VSD. However, instead of the pore of the found 

protein, there was a catalytic domain. This protein created a new family called voltage-gated 

phosphatase. 

The third group would include proteins that have a VSD part but no other portion. This type of 

protein has been shown to be the protein that generates the proton current known for a long 

time. 

Conformational changes in all of these proteins can be examined using the VCF technique.  

Voltage-gated proteins

Swartz, K.J. Nature 2008



 
 

With this slide, I want to show which regions on a voltage-gated ion channel are worth staining, 

where it is worth introducing a cysteine by point mutation. These parts are shown in panel A, 

highlighted with a blue rectangular that are at the extracellular parts of the protein. One of the 

best-known and most researched voltage-gated ion channel, the Shaker channel, was 

investigated in this 2007 paper using the VCF technique. Panel B shows the current curve 

flowing through our ion channel (I, upper curve); the fluorescence intensity measured in 

parallel with the current (middle, red curve) and, at the bottom, the membrane potential of the 

cell, which is control by ourselves during the measurement. Fluorescent signals of many shapes 

and sizes can be seen on the C panel. I show these figures because I personally do not know of 

any other protein where a cysteine mutation has been made at so many different positions and 

given a fluorescent signal, i.e. a change in fluorescence intensity by altering the membrane 

potential. In most cases, people only try to mutate and label cysteine at the upper part of the 

S4 helix because people expect the greatest conformational change from the movement of S4. 

  

Ideas for potential labeling positions

2007, Neuron,
Closing In on the Resting State of the Shaker K+ Channel
Medha M. Pathak, Vladimir Yarov-Yarovoy, Gautam Agarwal, 
Benoıˆt Roux, Patrick Barth, Susy Kohout, Francesco 
Tombola, and Ehud Y. Isacoff



 
 

 

 

Let us take a closer look at the principles of the VCF technique listed on one of the previous 

slides! 

The protein to be examined should be “designed” to contain a single reactive cysteine amino 

acid, i.e., only a single cysteine should be accessible from the extracellular space. This is 

important because the staining / labeling is done (as I mentioned earlier) by adding the 

fluorescent dye (I prefer Tamra-MTS) to the external solution and waiting for a few minutes or 

even half an hour, i.e. incubating the protein with dye molecules. 

Other externally accessible cysteines should not be present in our protein, otherwise we will 

not only receive fluorescent signal from the target area, which may render our signal 

incomprehensible; but at least it can greatly increase our background fluorescence, i.e. it can 

greatly degrade the signal-to-noise ratio.  
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A protein of interest is engineered to include a single
reactive cysteine

• That Cys residue has to be accessible from the
extracellular space

• Since staining, labelling is done by adding the 
dye/fluorophore (Tamra-MTS) to the extracellular
solution

• Other available Cys cannot be present

• Otherwise, we would receive fluorescent signal from 
several locations and our measured signal cannot be 
clearly interpreted.



 
 

 

 

We use frog eggs / oocytes to produce and express our protein. This is because the frog egg is 

able to express much more protein than mammalian cells due to its larger size. A frog egg is 

approximately 1 mm in diameter. It can express 1000 times more protein than a mammalian 

cell. And the right amount of protein is very important to achieve a good signal-to-noise ratio! 
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A protein of interest is engineered to include a single reactive cysteine

and expressed in Xenopus oocytes

• Xenopus oocytes express much more protein 
compared to mammalian cells.

• The right amount of protein is essential to achieve a 
good signal-to-noise ratio!

• An oocyte is about 1mm in diameter and can 
express about 1000 times more protein than a 
mammalian cell.



 
 

 

Staining of cysteine with a fluorophore, a dye molecule, is a simple incubation, i.e., the external 

solution contains the fluorescent dye into which the frog egg is inserted and all the time is 

allowed for the dye to bind to the cysteine of our protein. After staining, the oocyte was 

washed with a clear external solution. 

The fluorophore / dye must be sensitive to its local surroundings! This is an important 

constraint on dye. In the absence of this property, we will not be able to detect a change in 

fluorescence intensity when proteins undergo a conformational change. When the 

conformational change of the protein occurs, the position of our fluorophore changes, as well 

as its local environment, which changes the quantum efficiency and light emitting ability of the 

dye / fluorophore. 

We can measure this changed light intensity, it is the fluorescent signal itself. 

To measure this, we use a photodiode in our laboratory. 
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Labeling with thiol-reactive fluorophore probe

Fluorophores:

Alexa Flour. 488
Maleimide

Alexa Flour. 555 MTS-TAMRA TMRM

• The fluorophore should be sensitive to its 
local environment.
• When the conformational change takes place, 

the local environment of the fluorophore 
changes.

• It modifies the quantum efficiency, the light-
emitting ability of the dye/fluorophore.

• With a photodiode we can measure this change.



 

 

 

Possible explanations for differences in fluorescence emission: 

1) The hydrophobicity of the fluorophore environment changes, i.e., the dye moves from an 

aqueous to a lipid phase environment during a conformational change, or vice versa; and 

therefore the quantum efficiency of the dye changes. 

2) Certain amino acid side chains near the dye may interact with the fluorophore and 

quench fluorescence. Examples of such amino acids are Trp, Tyr, His, Met. 

3) The excitation spectrum of the dye changes due to fluorophore - fluorophore interactions 

or so-called electrochromic effects. The latter means that the electric field also changes due 

to the changing cell membrane potential, which can directly interact with the energy levels 

of the dye. 

But other explanations are also possible.  
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A protein of interest is engineered to include a single
reactive cysteine

• Structural rearrangements are assayed via 
differences in fluorescence emission

• Possible explanations for the fluorescent 
change/difference:
– Changes in the hydrophobicity of the fluorophore’s 

environment (aqueous to lipid phase)

– Nearby protein residues can also interact with and 
quench the fluorophore (Trp, Tyr, His, Met)

– Shifts in the excitation spectrum of the dye (caused by 
fluorophore–fluorophore interactions; or 
electrochromic effect)

– …



 
 

 

 

Due to the aforementioned reasons, the altered quantum efficiency and light emitting ability of 

the dye modifies the intensity of the fluorescent light emitted. Thus, we can study the 

structural rearrangement of our protein through differences in fluorescence emission. A change 

in fluorescence intensity will mean the fluorescent signal to us. 

From the kinetics of the signal, we can deduce the kinetics of the structural rearrangement of 

our protein. 

From the shape of our signal, from its complexity, we can deduce the complexity of the 

conformational change of our protein. 

From the temporality of the formation of our signal compared to the ion current flowing 

through our channel, we can deduce the phase, the conformational change, which makes our 

ion channel open or which precedes the channel opening.  
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Interpretation and analysis of the fluorescent 
signal

• Kinetics and shape of the fluorescent signal
• When the conformational change takes place, the 

local environment of the fluorophore changes.

• It modifies the quantum efficiency, the light-
emitting ability of the dye/fluorophore.

• With a photodiode we can measure this change.

• From the kinetics of the signal we can deduce the 
kinetics of the structural rearrangement of our 
protein.

• From the shape of our signal, from its complexity, 
we can deduce the complexity of the 
conformational change of our protein.



 

When applying the VCF technique, we can measure two types of signals: 

1) Ion current flowing through the channel; this can also be measured by the simpler two-

electrode voltage clamp method, which also uses oocytes; as well as the patch-clamp 

technique, which uses mammalian cells. 

2) Fluorescence can be measured in parallel with, but even independently of, the ion 

current from oocytes labeled with dye molecules bound to the cysteine residues. 

These two figures on the right show typical measurable ion currents and fluorescent signals. 

The voltage protocol that triggers this is not a simple depolarizing pulse, but a series of 

pulses in which we jump to an increasing membrane potential during the voltage protocol. 

The schematic figure on the left shows one of the four subunits of a voltage-gated ion 

channel, which is composed of 6 transmembrane helices. The fourth helix has a net positive 

charge, thus being able to sense the changed membrane potential. That is, if the cell is 

depolarized, the more positive intracellular space will repel the S4 helix outward. In general, 

this is itself a significant part of the protein conformational change. This conformational 

change can be detected by staining the top of S4. Thus, with S4, our dye will also move, 

which will change its local environment and thus its light-emitting ability. This 

conformational change will be transmitted to the pore, resulting in an open and measurable 

ion current. 

The readout of VCF



 
 

 

With this slide, I just want to show that one of the first articles about the VCF technique and the 

data obtained using it was published in 1997, from Ehud Isacoff’s lab. The experiments were 

performed on the Shaker ion channel, staining the protein at several positions, as can be seen 

in the upper left corner of the images on the right, marked with white numbers. In this case, 

the cysteine mutated at position 359 was most efficiently stained, as can be seen in the figures.  

Direct Physical Measure of Conformational Rearrangement Underlying Potassium Channel Gating
Author(s): Lidia M. Mannuzzu, Mario M. Moronne and  Ehud Y. Isacoff Source: Science 
New Series, Vol. 271, No. 5246 (Jan. 12, 1996), pp. 213-216 

Origin of VCF: 1996, Science, Ehud Y. Isacoff



 
 

 

Finally, I would like to show a nice example where a protein has been shown to be able to 

detect a change in membrane potential that is not an ion channel and does not fall into any of 

the previously listed categories. Last year, in 2019, the VCF results on this protein were 

published, on the basis of which the authors finally dared to report that this unknown protein is 

able to detect membrane potential change. This project also began with a bioinformatics search 

for a new protein containing VSD. Once this protein, later named TMEM266, was found, people 

could not measure ion current through this protein by patch-clamp technique, despite 

containing a VSD-like moiety, i.e., S1-S4-like transmembrane helices, see the sequence of this 

protein in the figure. On the top right, I also show a possible structural diagram of this protein, 

where VSD can also be identified in the form of bluish-green vertical spiral structures, helices. 

After this, the authors thought that the VCF technique would be one of the best to test the 

voltage sensing ability of this protein. And indeed, the authors, the first of whom was myself, 

were right. TMEM266 seems to be a voltage sensing protein. However, the function of this 

protein remained unknown.  

TMEM266 (Transmembrane protein)

Coded by C15orf27 gene

MAVAPSFNMTNPQPAIEGGISEVEIISQQVDEETKSIAPVQLVNFAYRDLPLAAVDLSTAGSQLLSNLDEDYQREGSNWLKPCCGKRAA : 89 

 

     S1                               S2 

           
         

VWQVFLLSASLNSFLVACVILVVILLTLELLIDIKLLQF~~~~~~~~~~~~~~~~~~~~SSAFQFAGVIHWISLVILSVFFSETVLRIV :158 

 

   S3                S4 

           
 

VLGIW~DYIENKIEVFDGAVIILSLAPMVASTVANGP~~~~~~~~~~~~~~~RSPWDAISLIIMLRIWRVKRVIDAYVLPVKLEMEMVI :231 

 

QQYEKAKVIQDEQLERLTQICQEQGFEIRQLRAHLAQQDLDLAAEREAALQAPHVLSQPRSRFKVLEAGTWDEETAAESVVEELQPSQE :320 

 

ATMKDDMNSYISQYYNGPSSDSGVPEPAVCMVTTAAIDIHQPNISSDLFSLDMPLKLGGNGTSATSESASRSSVTRAQSDSSQTLGSSM :409 

 

DCSTAREEPSSEPGPSPPPLPSQQQVEEATVQDLLSSLSEDPCPSQKALDPAPLARPSPAGSAQTSPELEHRVSLFNQKNQEGFTVFQI :498 

 

RPVIHFQPTVPMLEDKFRSLESKEQKLHRVPEA                                                         :531 

 

PHYRE2 Protein Fold Recognition Server
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index

531 residues; consists of 3 parts:
• 90 residue N-terminus
• 134 residue S1-S4 domain (VSD-like part)
• 307 residue C-terminus

A nice example of the
usefulness of using VCF



 
 

 

I would also like to mention that in bioinformatics searches, it is important to know what the 

characteristics of VSD is. This figure shows the sequence analysis of VSDs from different 

proteins. There is always a so-called “Arginine repeat” in S4, which means that every third 

amino acid is arginine, or another positively charged amino acid. There must be a so-called 

“charge transfer center” in S2, which is a phenylalanine that interacts with the positively 

charged amino acids of S4. There are also “highly conserved” amino acids at the top of S1 and 

in S3, mainly negatively charged aspartate and glutamate.  

  S1        S2 

                 
                 

hNVS       : VWQVFLLSASLNSFLVACVILVVILLTLELLIDIKLLQF~~~~~~~~~~~~~~~~~~~~SSAFQFAGVIHWISLVILSVFFSETVLRIV :158 

mNVS       : VWQVFLLSASLNSFLVACVILVVILLTLELLIDTKLLQF~~~~~~~~~~~~~~~~~~~~SNAFQFAGVIHWISLVILSVFFSETVLRIV :158 

rNVS       : VWQVLLLSASLNSFLVACVILVVILLTLELLIDIKLLQF~~~~~~~~~~~~~~~~~~~~SSAFQFAAVIHWISLVILSVFFSETILRIV :150 

zfNVS      : LWQVCLLSAGFNCFLVACVILVVLLLTLELLIDTKLLQF~~~~~~~~~~~~~~~~~~~~NNAFQFACIIHWISLVILSVFFTETVFRIV :153 

Ci-VSP     : RVRAVIDHLGMRVFGVFLIFLDIILMIIDLSLPGKSE~~~~~~~~~~~~~~~~~~~~~~~~~SSQQSFYDGMALALSCYFMLDLGLRIF :170 

h-Hv1      : MLRKLFSSHRFQVIIICLVVLDALLVLAELILDLKIIQPDKN~~~~~~~~~~~~~~~~~~~~NYAAMVFHYMSITILVFFMMEIIFKLF :159 

rKv1.2     : YPESSGPARIIAIVSVMVILISIVSFCLETLPIFRDENEDMHGGGVTFHTYSN~STIGYQQSTSFTDPFFIVETLCIIWFSFEFLVRFF :242 

Shaker Kv  : YPESSQAARVVAIISVFVILLSIVIFCLETLPEFKHYKVFNTTTN~~~~~~~~GTKIEEDEVPDITDPFFLIETLCIIWFTFELTVRFL :299 

 

       S3       S4 

         
                

hNVS       : VLGIW~DYIENKIEVFDGAVIILSLAPMVASTVANGP~~~~~~~~~~~~~~~RSPWDAISLIIMLRIWRVKRVIDAYVLPVKLEMEMVI :231 

mNVS       : VLGIW~DYIENKIEVFDGAVIILSLAPMVASTVANGP~~~~~~~~~~~~~~~RSPWDAISLIIMFRIWRVKRVIDAYVLPVKLEMEMVT :231 

rNVS       : VLGIW~DYIENKIEVFDGAVIILSLAPMVASTVANGP~~~~~~~~~~~~~~~RSPWDAISLIIMFRIWRVKRVIDAYVLPVKLEMEMVT :223 

zfNVS      : VLGIW~DYIENKVEVFDGAVIVLSLAPMVASTVANGP~~~~~~~~~~~~~~~SSPWDAISLIITLRIWRVKRIIDAYVLQVKVEMELEI :226 

Ci-VSP     : AYG~PKNFFTNPWEVADGLIIVVTFVVTIFYTVLDEYVQ~~~~~~~~~~~~ETGADGLGRLVVLARLLRVVRLARIFYSHQQMKASSRR :246 

h-Hv1      : ~VFRL~EFFHHKFEILDAVVVVVSFILDIVLLFQ~~~~~~~~~~~~~~~~~~EHQFEALGLLILLRLWRVARIINGIIISVKTRSERQL :228 

rKv1.2     : ACPSKAGFFTNIMNIIDIVAIIPYFITLGTELAEK~~~~~~~~~~~PEDAQQGQQAMSLAILRVIRLVRVFRIFKLSRHSKGLQILGQT :320 

Shaker Kv  : ACPNKLNFCRDVMNVIDIIAIIPYFITLATVVAEEEDTLNLPKAPVSPQDKSSNQAMSLAILRVIRLVRVFRIFKLSRHSKGLQILGRT :388 

 

Voltage Sensor Domain Alignment

TMEM266 or NVS

Arginine repeat

Charge transfer center



 
 

 

As I mentioned earlier, most likely, the S4 part of the VSD will move, i.e. will undergo a 

conformational change when the membrane potential of the cell changes, in any voltage-

sensing protein. Therefore, it is advisable to design the cysteine mutation in the extracellular 

part of S4, which we did. In the amino acid sequence shown in the middle of the slide, I 

highlighted in gray the amino acid positions which I mutated to cysteine. The top panel of the 

figure shows how much basic fluorescence intensities I was able to measure by labeling the 

different constructs. It can be clearly seen that the baseline intensity is higher at certain 

positions compared to uninjected and labeled oocytes. The higher intensity indicates that the 

cysteine was available from the extracellular space, i.e., it was stainable. 

The illustration in the lower left panel helps to visualize a VSD labeled with Tamra-MTS; and 

next to it, it can be seen what and how much fluorescent signal was measurable at position 193 

when the membrane potential was adjusted from -100mV to different voltages. At this position, 

the largest signal could be measured. 

  

 

    S3                S4 

           
 

VLGIW~DYIENKIEVFDGAVIILSLAPMVASTVANGP~~~~~~~~~~~~~~~RSPWDAISLIIMLRIWRVKRVIDAYVLPVKLEMEMVI :231 
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The top panel of this slide shows the baseline fluorescence intensities again as a function of 

amino acid position. Below, you can see how much fluorescent signal was measurable for a 

given mutation. The correlation between labeling and the presence of a fluorescent signal is 

clearly visible. That is, a signal could only be measured where cysteine could be labeled. This is 

to be expected anyway. I note, however, that this is not always the case, i.e. there are proteins, 

ion channels where the relationship between these two things is not so good, i.e. sometimes 

oocytes with little (or no) higher basal intensity than the fluorescent intensity of the uninjected 

oocyte give a nice fluorescent signal. 
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Summary 
 

 

 

1) Voltage-Clamp Fluorometry, abbreviated as VCF, is a measurement technique that can 

detect conformational changes in proteins by measuring the fluorescence of a 

fluorophore bound to the protein to be investigated. 

 

2) This technique was originally invented to study voltage-gated transmembrane proteins. 

 

3) The protein to be tested must be expressed in frog oocytes in order to achieve the 

required relatively high protein expression. 

 

4) When applying the VCF technique, we can measure two types of signals: 

a. Ionic current flowing through the channel 

b. Fluorescence in parallel with, but even independent of, the ionic current from 

the labeling fluorophore bound to the cysteine. 

 

5) From the kinetics of the signal we can deduce the kinetics of the structural 

rearrangement, conformational change of our protein 

 

6) From the shape of our signal, from its complexity, we can deduce the complexity of the 

conformational change of our protein. 


