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Abstract The functional mechanisms of membrane proteins are extensively investigated with

cysteine mutagenesis. To complement cysteine-based approaches, we engineered a membrane

protein with thiol-independent crosslinkable groups using azidohomoalanine (AHA), a non-canonical

methionine analogue containing an azide group that can selectively react with cycloalkynes through

a strain-promoted azide-alkyne cycloaddition (SPAAC) reaction. We demonstrate that AHA can be

readily incorporated into the Shaker Kv channel in place of methionine residues and modified with

azide-reactive alkyne probes in Xenopus oocytes. Using voltage-clamp fluorometry, we show that

AHA incorporation permits site-specific fluorescent labeling to track voltage-dependent

conformational changes similar to cysteine-based methods. By combining AHA incorporation and

cysteine mutagenesis in an orthogonal manner, we were able to site-specifically label the Shaker Kv

channel with two different fluorophores simultaneously. Our results identify a facile and

straightforward approach for chemical modification of membrane proteins with bioorthogonal

chemistry to explore their structure-function relationships in live cells.

DOI: https://doi.org/10.7554/eLife.50776.001

Introduction
Membrane proteins play fundamental roles in maintaining cellular homeostasis by transporting ions

and organic molecules and triggering intracellular signaling pathways in response to external stimuli.

One of the most commonly used methods to probe structural relationships and functional dynamics

of membrane proteins is the chemical modification of cysteine residues, commonly known as the

substituted cysteine accessibility method (SCAM) (Akabas, 2015; Akabas et al., 1992;

Altenbach et al., 1990; Falke and Koshland, 1987). The distinct reactivity of the thiol group (pKa

8.5) towards methanethiosulfonate (MTS) or maleimide conjugated reagents, low abundance in

membrane proteins and the ease of introducing cysteine residues through site-directed mutagene-

sis, has facilitated the application of cysteine mutagenesis to study the conformation dynamics of a

variety of membrane proteins including ion channels (Akabas, 2015; Bezanilla, 2000; El Hiani and

Linsdell, 2014; Forman and Miller, 2011; Horn, 2002; McNally and Prakriya, 2012; Nakajo and

Kubo, 2015; Nys et al., 2013), transport proteins (Javitch, 1998; Mulligan and Mindell, 2017; Rud-

nick, 2006; Schmidt-Rose and Jentsch, 1997; Takeuchi et al., 2009; Zhu and Casey, 2007) and

G-protein coupled receptors (Liapakis et al., 2001; Wess et al., 2008).

Traditionally, cysteine mutagenesis experiments have been carried out by assessing either cyste-

ine accessibility and/or disulfide and metal bridging in the presence or absence of a substrate or

activating stimuli (Linsdell, 2015). Cysteine mutagenesis also provides a reactive chemical handle for
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site-specifically installing fluorophores or spin labels into membrane proteins to track their conforma-

tional transitions with voltage-clamp fluorometry (Cha and Bezanilla, 1997; Chanda et al., 2004;

Gorraitz et al., 2017; Hou et al., 2017; Mannuzzu et al., 1996; Priest and Bezanilla, 2015), fluo-

rescence resonance energy transfer (FRET) (Cha et al., 1999; Chanda et al., 2005; Glauner et al.,

1999; Jarecki et al., 2013; Ji et al., 2016; Posson and Selvin, 2008), electron paramagnetic reso-

nance and double electron-electron resonance spectroscopy (Altenbach et al., 1990; Paz et al.,

2018; Pliotas, 2017). With cysteine providing a single reactive group to investigate the conforma-

tional dynamics of membrane proteins, it becomes challenging to study multiple allosteric transitions

underlying the function of the protein. Recently, a variety of non-canonical amino acids have been

incorporated into membrane proteins to introduce reactive chemical groups, environmentally sensi-

tive biophysical reporters and subtle chemical modifications (Huber and Sakmar, 2014;

Klippenstein et al., 2018; Pless and Ahern, 2013; Rannversson et al., 2016; Van Arnam and

Dougherty, 2014; Young and Schultz, 2018). Typically, non-canonical amino acids are incorporated

through a nonsense suppression method using chemically charged tRNA (Nowak et al., 1995) or a

specific pair of tRNA and amino acyl-tRNA synthetase (Noren et al., 1989). Since non-canonical

amino acid mutagenesis is compatible with cysteine mutagenesis, the two have been combined to

expand the scope and precision of strategies for studying membrane proteins (Dai et al., 2019;

Gordon et al., 2018; Kalstrup and Blunck, 2013). However, the success rate and efficiency of non-

canonical amino acid mutagenesis varies considerably with the type of membrane protein being

investigated, expression system, choice of the non-canonical amino acid and the target site in the

protein (Kalstrup and Blunck, 2015; Leisle et al., 2015; Pless et al., 2015).

eLife digest Living cells can sense cues from their environment via molecules located at the

interface between the inside and the outside of the cell. These molecules are mostly proteins and

are made up of building blocks known as amino acids. To understand how these proteins work,

fluorescent probes can be attached to amino acids within them – which can then tell when different

parts of proteins move in response to a signal. Scientists often target fluorescent probes at the

amino acid cysteine, because it has a chemically reactive side group and is rare enough so that

unique positions can be labeled in the protein of interest. However, being able to target other

amino acids would allow scientists to ask, and potentially solve, more precise questions about these

proteins.

Methionine is another amino acid that has a low abundance in most proteins. Previous research

has shown that the cell’s normal protein-building machinery can incorporate synthetic versions of

methionine into proteins. This suggested that the introduction of chemically reactive alternatives to

methionine could offer a way to label membrane proteins with fluorescent probes and free up the

cysteines to be targeted with other approaches. Gupta et al. set out to develop a straightforward

method to achieve this and started with a well-studied membrane protein, called Shaker, and cells

from female African clawed frogs, which are widely used to study membrane proteins.

Gupta et al. found that the cells could readily take up a chemically reactive methionine alternative

called azidohomoalanine (AHA) from their surrounding solution and incorporate it within the Shaker

protein. The AHA took the place of the methionines that are normally found in Shaker, and just like

in cysteine-based methods, fluorescent probes could be easily attached to the AHAs in this

membrane protein. Shaker is a protein that allows potassium ions to flow across the cell membrane

by changing shape in response to the membrane voltage. The fluorescence from those probes also

changed with the membrane voltage in a way that was comparable to cysteine-mediated

approaches. This indicated that the AHA modification could also be used to track structural changes

in the Shaker protein. Finally, Gupta et al. showed that AHA- and cysteine-mediated labeling

approaches could be combined to attach two different fluorescent probes onto the Shaker protein.

This method will expand the toolbox for researchers studying the relationship between the

structure and function of membrane proteins in live cells. In future, it could be applied more widely

once the properties of the fluorescent probes for AHA-mediated labeling can be optimized.

DOI: https://doi.org/10.7554/eLife.50776.002
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The goal of the present study was to develop a facile and generalizable strategy to incorporate a

bioorthogonal (a chemical group which is absent in vivo) crosslinkable amino acid into membrane

proteins for installation of biophysical reporters that could then be combined with cysteine mutagen-

esis for the arsenal of approaches outlined above. We used an alternate to the nonsense suppression

approach where an essential amino acid is simply replaced by supplying excess of an non-canonical

analogue, resulting in the global replacement of the natural amino acid in the newly synthesized pro-

tein (Budisa, 2004; Johnson et al., 2010; Link and Tirrell, 2005). One of the most successful exam-

ples of this strategy is the replacement of methionine residues by incorporation of selenomethionine

into proteins for X-ray crystallography (Cohen and Cowie, 1957; Saotome et al., 2016; Yang et al.,

1990). Incorporation of methionine analogues into proteins has been particularly successful due to

the unique conformational flexibility in the amino acid binding site of methionyl tRNA synthetase

(Nadarajan et al., 2013; van Hest and Tirrell, 1998) and indispensable dependence of most eukary-

otic systems on external sources for this essential amino acid. To install a bioorthogonally crosslink-

able amino acid, we chose azidohomoalanine (AHA) (Figure 1A) (Kiick et al., 2002), a non-canonical

amino acid that is nearly isosteric with methionine (Figure 1A) and contains an azide group capable

of reacting selectively with strained alkynes (Figure 1B). Indeed, AHA has previously been incorpo-

rated into proteins to identify and visualize newly synthesized proteins after attachment of biotin

(Dieterich et al., 2006) or fluorescent probes (Dieterich et al., 2010) using bioorthogonal azide-

alkyne cycloaddition reactions (Agard et al., 2004; Rostovtsev et al., 2002; Tornøe et al., 2002),

approaches that have been successful in both prokaryotic and eukaryotic systems (Ma and Yates,

2018).

Using the Shaker voltage-activated potassium (Kv) channel as a test case, we find that AHA can

be readily incorporated into the channel and enables site-specific installation of fluorophores in the

protein via a catalyst-independent strain-promoted azide-alkyne cycloaddition (SPAAC) reaction in

live Xenopus laevis oocytes (Figure 1B) (Agard et al., 2004). We show that fluorophores attached

to AHA can be used to track conformational changes of the voltage-sensor in a manner analogous

to cysteine-based methods. Finally, we implement a straightforward strategy to carry out two-color

labeling of membrane proteins in a site-specific manner using a combination of AHA incorporation

and cysteine mutagenesis.

Results

Incorporation of AHA into the Shaker Kv channel
We began by testing whether AHA could be introduced into the Shaker Kv channel, an extensively

studied ion channel protein that opens and closes in response to changes in membrane voltage

(Bezanilla, 2000; Horne and Fedida, 2009; Swartz, 2008). Shaker is an oligomeric integral mem-

brane protein containing four identical subunits, with each subunit containing six transmembrane

(TM) segments. The S1-S4 segments from each subunit form peripheral voltage-sensing domains,

while the S5-S6 segments from all four subunits constitute the central pore domain (Long et al.,

2007) (Figure 1C). Due to a close homology with other eukaryotic Kv channels and optimal expres-

sion in heterologous expression systems, Shaker has been extensively subjected to a variety of

chemical modifications through cysteine mutagenesis (Gandhi et al., 2003; Gonzalez et al., 2005;

Gross and MacKinnon, 1996; Holmgren et al., 1998; Horne and Fedida, 2009; Larsson et al.,

1996; Liu et al., 1996). In addition, many non-canonical amino acids have been successfully incorpo-

rated into the Shaker Kv channel (Infield et al., 2018; Kalstrup and Blunck, 2013; Pless et al.,

2015; Tao et al., 2010).

We initially examined whether AHA could be incorporated in the Shaker Kv channel expressed in

Xenopus oocytes using surface biotinylation to detect AHA incorporation into the channel (Fig-

ure 1—figure supplement 1). The Shaker Kv channel contains 12 methionine residues in each sub-

unit, 5 of which are in TM regions of the channel (Figure 1C, cyan) (Long et al., 2007). Cysteine

accessibility experiments have shown that two out of five methionine residues in the TM regions of

Shaker (M356 and M448) face the extracellular side of the channel (Figure 1C) (Larsson et al., 1996;

Liu et al., 1996), providing the means of detecting AHA incorporation into the Shaker Kv channel

expressed on the surface of live Xenopus oocytes. In eukaryotic expression systems, AHA is typically

incorporated into proteins by adding the non-canonical amino acid into methionine-free cell culture
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Figure 1. Incorporation and detection of azidohomoalanine into the Shaker Kv channel. (A) Structures of Methionine and Azidohomoalanine. (B) A

schematic for the strain promoted azide alkyne cycloaddition (SPAAC) reaction. (C) Transmembrane region of a single subunit of a Kv channel

containing voltage sensing domain (red) and pore domain (pink). Methionine residues are colored in cyan. Inset shows tetrameric structure of the

Kv1.2–2.1 paddle chimera crystal structure, 2R9R (Long et al., 2007). (D) Structures of biotin probes; DBCO-sulfo-biotin (top) and NHS-sulfo-biotin

(bottom). (E–F) Anti-myc western blots for the surface fraction (top) and total cell protein (bottom) isolated from Xenopus laevis oocytes injected with

ShakerD5-V478W-myc (Wild-type, E) or the mutant lacking the methionine residues facing the extracellular side (M356A/M448L, F). (G) Densitometry

plots of anti-myc western blots for the surface fraction of the wild-type Shaker Kv channel in the absence or presence of AHA. A.U. refers to arbitrary

units for absolute chemiluminescence intensity. Boxes represent SEM for n = 4–6. The small open squares and black horizontal lines represent the mean

and weighted mean values, respectively, for the chemiluminescence intensity. Vertical black lines represent the full range of data.

DOI: https://doi.org/10.7554/eLife.50776.003

The following figure supplements are available for figure 1:

Figure 1 continued on next page
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medium at concentrations ranging from 1 to 4 mM (Dieterich et al., 2006), but has not been previ-

ously tested with Xenopus oocytes, a commonly used expression system for studying membrane

proteins. To incorporate AHA into the Shaker Kv channel, we preincubated oocytes overnight with 4

mM AHA in the ND96 maintenance buffer to compete out the endogenous pool of free methionine.

The next day, cRNA for a myc-tagged construct of the Shaker Kv channel was injected (See Materials

and methods), and oocytes were maintained in the presence of AHA. After 3–4 days at 17˚C, excess

AHA was removed by washing oocytes with ND96 and then incubated with membrane-impermeable

biotinylation reagents, either azide-reactive dibenzocyclooctyne (DBCO)-sulfo-biotin (Figure 1D,

top) to tag AHA-modified proteins or amine-reactive NHS-sulfo-biotin (Figure 1D, bottom) to tag all

proteins expressed on the cell surface. After removing unreacted biotin probes by washing with

ND96, oocytes were lysed with a triton X-100 containing lysis buffer, followed by neutravidin aga-

rose pull-down. Subsequently, we analyzed both the cell lysate (total cell protein) and the surface

fraction with anti-myc western blotting. AHA-supplemented oocytes showed a single band for the

mature Shaker Kv channel subunits in the surface fraction isolated with DBCO-sulfo-biotin

(Figure 1E, surface fraction, lane 2), indicating successful incorporation of AHA into the Shaker Kv

channel. No pull-down was observed with DBCO-sulfo-biotin in the absence of AHA (Figure 1E, sur-

face fraction, lane 1), although the protein expression was similar in both the cases (Figure 1E, total

cell protein, lane 1 and 2), demonstrating that the DBCO is chemically selective and does not react

with other residues of the protein. In contrast, pull down with NHS-sulfo-biotin yielded similar

amounts of protein both in the absence and presence of AHA (Figure 1E, surface fraction and total

cell protein, lane 3 and 4), indicating that introduction of AHA into the Shaker Kv channel has no

detectable effect on expression and trafficking of the channel in Xenopus oocytes. Moreover, AHA

supplementation had no toxic effects on the survival of oocytes in ND96 at 17˚C (data not shown),

consistent with previous reports using this non-canonical amino acid in other expression systems

(Dieterich et al., 2006; Hinz et al., 2013).

Next, we tested whether AHA replaces only methionine residues in the Shaker Kv channel when

expressed in Xenopus oocytes by mutating the two methionine residues on the extracellular side of

the Shaker Kv channel to Ala (M356A) or Leu (M448L) (Figure 1C) (Larsson et al., 1996; Liu et al.,

1996). When oocytes expressing the M356A/M448L mutant channel were labeled with DBCO-sulfo-

biotin, no detectable pull-down was observed in the absence or presence of AHA (Figure 1F, sur-

face fraction, lane 1 and 2), although a comparable amount of protein expression was observed in

the cell lysate (Figure 1F, total cell protein, lane 1 and 2), indicating that the expression of mutant

Shaker Kv channel was not affected substantially. In contrast, NHS-sulfo-biotin showed a similar

amount of pull down for the mutant protein in both cases (Figure 1F, surface fraction and total cell

protein, lane 3 and 4), establishing that AHA specifically replaces methionine residues in membrane

proteins expressed in Xenopus oocytes. These results unambiguously demonstrate that Xenopus

oocytes can uptake AHA from the extracellular medium and their endogenous protein synthesis

machinery can robustly incorporate this non-canonical amino acid into newly expressed heterologous

proteins.

To assess the efficiency of AHA incorporation into the Shaker Kv channel, we used densitometry

to analyze the anti-myc western blots from wild-type protein (Figure 1E). In general, AHA incorpo-

ration had no detectable effect on the total protein expression of the Shaker Kv channel (Figure 1—

figure supplement 2). Moreover, AHA supplementation does not alter the surface expression of the

Shaker Kv channel, as the amount of protein pulled down with NHS-sulfo-biotin, which provides an

estimate for the total expression of Shaker on the surface of oocytes, was similar in the absence and

presence of AHA (Figure 1G). In contrast, DBCO-sulfo-biotin pulls down a comparable amount of

protein in the presence of AHA and fails to pull down any protein in the absence of AHA in repeated

trials (Figure 1G). We did observe some variability in the pull down with DBCO-sulfo-biotin as

Figure 1 continued

Figure supplement 1. Scheme for detecting AHA incorporation into the Shaker Kv channel.

DOI: https://doi.org/10.7554/eLife.50776.004

Figure supplement 2. Densitometry plots of anti-myc western blots for the total cell protein obtained after cell lysis from oocytes injected with the

ShakerD5-V478W-myc (wild-type, Figure 1E) in the absence and presence of AHA.

DOI: https://doi.org/10.7554/eLife.50776.005
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compared to NHS-sulfo-biotin, suggesting that the extent of AHA incorporation can vary between

different batches of oocytes.

AHA incorporation does not alter the gating properties of the Shaker
Kv channel
AHA-modification of the Shaker Kv channel will replace up to 12 methionine residues with the non-

canonical amino acid in regions of the protein known to be critical for voltage-dependent gating

(Figure 1C) (Bezanilla, 2008; Swartz, 2008). To explore whether AHA incorporation alters the gat-

ing behavior of the Shaker Kv channel, we initially expressed the channel in the absence and pres-

ence of AHA and used the two-electrode voltage clamp recording technique to obtain voltage-

activation relationships from macroscopic ionic currents with K+ as the charge carrier (See Materials

and methods). When the membrane voltage was stepped between �100 mV and +50 mV, we

observed robust voltage-activated K+ currents in the presence and absence of AHA, with voltage-

activation relationships that were not discernably different (Figure 2A,B), suggesting that AHA incor-

poration does not detectably alter the overall process of voltage-dependent gating in the Shaker Kv

channel. Activation of the voltage-sensing domains in the Shaker Kv channel involves the movement

Figure 2. Effect of AHA on the gating behavior of the Shaker Kv channel. (A) Ionic currents elicited by voltage

steps for oocytes injected with Shaker-IR in the absence (left) or presence of AHA (right). Holding voltage = �90

mV, tail voltage = �60 mV. (B) G-V relationships obtained from tail currents at �60 mV in the absence (open

circles) and presence of AHA (closed circles). All data points represent mean ± SEM (n = 3) (C) Gating currents

obtained from Shaker-V478W, a non-conducting mutant of Shaker, in the absence (top) or presence of AHA

(bottom). (D) Q-V relationships obtained from the gating currents elicited after stepping to different voltages from

a holding voltage of �90 mV in the absence (open circles) and presence of AHA (closed circles).

DOI: https://doi.org/10.7554/eLife.50776.006

The following figure supplement is available for figure 2:

Figure supplement 1. Effect of AHA on the gating behavior of the Shaker Kv channel.

DOI: https://doi.org/10.7554/eLife.50776.007

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 6 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.50776.006
https://doi.org/10.7554/eLife.50776.007
https://doi.org/10.7554/eLife.50776


of positively charged arginine residues, which can be directly measured as non-linear capacitive cur-

rents known as gating currents (Bezanilla et al., 1991). Using the V478W non-conducting mutant of

the Shaker Kv channel (Hackos et al., 2002; Kitaguchi et al., 2004), we also measured gating cur-

rents in the presence and absence of AHA and obtained gating charge (Q)-voltage (V) relationships

that were similar (Figure 2C,D), suggesting that voltage-sensor activation was also not detectably

altered with AHA incorporation. Finally, we tested whether AHA incorporation alters the sensitivity

of the Shaker Kv channel to a tarantula toxin that binds to the S1-S4 voltage-sensing domain to allo-

sterically inhibit opening of the channel in response to membrane depolarization. Using a construct

of the Shaker Kv channel that is sensitive to the tarantula toxin GxTx1E (ShakerD5)

(Herrington et al., 2006; Milescu et al., 2009; Milescu et al., 2013), we observed that the toxin

produced robust and indistinguishable shifts of voltage-activation relationships to more positive vol-

tages, both in the absence and presence of AHA (Figure 2—figure supplement 1). Collectively,

these results demonstrate that global replacement of methionine residues with AHA in the Shaker

Kv channel does not result in detectable alterations in the gating properties of the channel.

Site-specific installation of fluorophores into AHA-modified Shaker Kv
channels
After successfully labeling the Shaker Kv channel with cyclooctyne-conjugated biotin probes through

AHA, we explored the possibility of using the SPAAC reaction to install environmentally-sensitive flu-

orophores in a site-specific manner and monitor the conformational dynamics of the channel using

voltage-clamp fluorometry (VCF) (Cha and Bezanilla, 1997; Mannuzzu et al., 1996). This technique

has been widely used to investigate a variety of membrane proteins, including the Shaker Kv channel

(Horne and Fedida, 2009), after installation of different thiol-reactive fluorophores using cysteine

mutagenesis (Priest and Bezanilla, 2015). For site-specific fluorescent labeling, we generated the

Shaker-M356 construct (M356/M448L), where the methionine residue in the pore domain (M448)

was mutated to leucine, leaving a single accessible methionine residue (M356) on the extracellular

side of the channel. M356 is located at the N-terminus of the S4 helix within the voltage-sensing

domain (Figure 1C), is accessible to extracellular thiol-reactive compounds when mutated to cyste-

ine (Cha and Bezanilla, 1997; Larsson et al., 1996; Mannuzzu et al., 1996) and fluorophores

attached at this position exhibit changes in fluorescence as the protein undergoes conformational

changes in response to changes in membrane voltage (Cha and Bezanilla, 1997; Mannuzzu et al.,

1996). To facilitate gating current measurements, all voltage clamp fluorometry experiments were

carried out with the V478W non-conducting mutant. Since the advent of the SPAAC reaction, a vari-

ety of cyclooctynes with varying size, hydrophobicity and reactivity towards the azide group have

been synthesized (Dommerholt et al., 2016; Sletten and Bertozzi, 2011). In addition, many cyclo-

octyne conjugated fluorophores have been generated and are commercially available

(Supplementary files 1 and 2), although in some instances their solubility is limited in aqueous solu-

tions (e.g. TAMRA-DBCO). In order to maximize the aqueous solubility of cyclooctyne-fluorophore

conjugate, we chose to work with a relatively polar and charged fluorophore, Alexa 488

(Hughes et al., 2014).

We began by measuring baseline fluorescence signals at a holding voltage of �90 mV using a fil-

ter cube appropriate for Alexa 488 (ex. 480/40 nm; em. 535/50 nm) after labeling with a cyclooc-

tyne-conjugated Alexa 488 fluorophore (AF488-DBCO; Figure 3A) and compared uninjected

oocytes with those expressing Shaker-M356 in the absence and presence of AHA (Figure 3B). In the

absence of AHA, we observed a 2-fold increase in fluorescence intensity with both uninjected and

Shaker-M356 expressing oocytes when compared to unlabeled oocytes (Figure 3B, Uninjected and

M356), which may reflect non-specific interactions between the oocyte membrane and the hydro-

phobic cyclooctyne group in AF488-DBCO. In the presence of AHA, labeling of uninjected oocytes

showed a 5-fold increase in the fluorescence intensity, suggesting incorporation of AHA into a frac-

tion of endogenous oocyte proteins during basal protein turnover (Figure 3B, Uninjected + AHA). In

contrast, oocytes expressing AHA-modified Shaker-M356 exhibited ~15 fold higher baseline fluores-

cence intensity compared to unlabeled oocytes (Figure 3B, Shaker-M356 + AHA), indicating that

AHA modification enables the preferential labeling of newly synthesized Shaker Kv channels with

cyclooctyne-conjugated fluorophores over other endogenous proteins in Xenopus oocytes. In addi-

tion, gating currents measured from oocytes with and without labeling with AF488-DBCO reveals

that the Q-V relationship of labeled oocytes was detectably shifted towards more depolarized
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voltages (Figure 3C), which is consistent with a bulky and charged fluorophore attaching to and

modulating the movement of S4 helix (Cha and Bezanilla, 1997).

Next, we investigated whether voltage-sensor activation would produce a change in the fluores-

cence of AF488-DBCO labeled oocytes expressing Shaker-M356. As the oocyte membrane was

depolarized to positive voltages from a holding voltage of �90 mV, we observed readily detectable

increase in fluorescence signals that saturated at positive membrane voltages and returned to the

baseline value on membrane repolarization (Figure 3D). We observed no detectable change in fluo-

rescence with AF488-DBCO labeled oocytes expressing the M356A mutant (M356A/M448L) in the

presence of AHA (Figure 3E), demonstrating that the voltage-dependent fluorescence response

specifically originates from AF488-DBCO conjugated at the M356 position in the Shaker Kv channel.

Similarly, oocytes expressing Shaker-M356 in the absence of AHA and labeled with AF488-DBCO

did not produce any change in fluorescence on membrane depolarization (Figure 3F). Taken

together, these results demonstrate that AHA-modified Shaker Kv channels can be labeled with

Figure 3. Voltage clamp fluorometry with AHA-modified Shaker Kv channels. (A) Structure of azide reactive cyclooctyne-conjugated Alexa Fluor 488,

AF488-DBCO. (B) Baseline fluorescence intensity (at �90 mV) obtained from unlabeled and labeled oocytes, either uninjected or injected with Shaker-

M356 (M356/M448L) in the presence or absence of AHA (n = 5–6) (C) Q-V relationship obtained from AHA-modified Shaker-M356 before (gray) and

after (black) labeling with AF488-DBCO. All data points represent mean ± SEM (n = 3). (D–F) Representative signals for gating currents (black) and

fluorescence responses (green) obtained from AF488-DBCO labeled oocytes, injected with Shaker-M356 (D) or M356A (Shaker-M356A/M448L) (E) in the

presence of AHA or Shaker-M356 in the absence of AHA (F).

DOI: https://doi.org/10.7554/eLife.50776.008
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azide-reactive fluorophores in a site-specific and chemoselective manner to track the conformational

changes of the channel in response to changes in membrane voltage.

Comparing fluorescence responses with fluorophores installed
into Shaker using AHA and cysteine
Having established AHA as a unique chemical handle for site-specific fluorescent labeling of the

Shaker Kv channel, we wanted to compare the properties of AHA-mediated fluorescent labeling of

the channel with the well-established cysteine-based method. To monitor the fluorescence response

from a single methionine or cysteine residue placed at identical sites in the protein, we designed a

construct, Shaker-M356* (M356/M448L/C245V/C462A) that has two endogenous cysteines (C245V

and C462A) along with the methionine (M448L) residue in the pore domain mutated. For AHA-medi-

ated labeling, we used the native methionine at M356 position and for the cysteine-mediated label-

ing, we mutated this methionine to a cysteine and generated the Shaker-M356C construct (M356C/

M448L/C245V/C462A). We chose AF488-C5-maleimide to carry out cysteine mediated labeling as

the linker length in the two probes is similar (Figure 4—figure supplement 1). Although our com-

parison was done using the same fluorophore, labeling sites and background constructs, the residue

at the labeling site and attachment chemistries are necessarily different, and therefore the results

are not expected to be identical. In addition, the M356C mutant of the Shaker Kv channel has been

shown to slow voltage sensor activation and shift the Q-V relationship to more positive voltages

(Cha and Bezanilla, 1997), perturbations not observed with replacement of M356 with AHA

(Figure 2C,D). Oocytes injected with Shaker-M356* and Shaker-M356C were labeled with the com-

plementary azide or thiol-reactive fluorophores using identical protocols (See Materials and meth-

ods). For both AF488-DBCO and AF488-C5-maleimide labeled oocytes, we observed an increase in

fluorescence intensity with membrane depolarization that saturated at positive membrane voltages

(Figure 4A,B), indicating that the labeling chemistry does not affect the qualitative behavior of the

fluorophore in response to voltage-dependent conformational changes in the Shaker Kv channel.

We characterized the behavior of the two fluorescent probes with respect to the gating behavior

of the Shaker Kv channel and analyzed the relationship between gating charge movement and

changes in fluorescence intensity in each case. The steady state F-V relationship obtained from the

labeled Shaker-M356* construct exhibited a detectable shift towards depolarized voltages in com-

parison to the Q-V relationship (Figure 4C), whereas a closer overlap was observed between the

Q-V and F-V relationships obtained from the labeled Shaker-M356C construct (Figure 4D). In addi-

tion, the onset of the fluorescence response from Shaker-M356* was discernibly slower than the dis-

placement of gating charge upon depolarization (Figure 4E) but overlapped closely during

repolarization (Figure 4G). In the case of the Shaker-M356C channel, both the gating currents and

fluorescence response showed multiple kinetic components during activation and deactivation of the

channel (Figure 4F,H). Our observations on the behavior of the AF488-C5-maleimide labeled

Shaker-M356C channel are similar to those reported for the M356C mutant of Shaker after labeling

with Oregon green maleimide, a thiol-reactive fluorophore with identical excitation and emission

spectra to AF488 (Cha and Bezanilla, 1997). Taken together, this comparison shows that fluorescent

labeling of AHA-modified Shaker Kv channels with cyclooctyne-conjugated fluorophores can be uti-

lized to track the conformational rearrangements similar to cysteine-based methods.

To compare the magnitude of fluorescence responses as a function of protein expression level for

fluorophore installation using AHA- and cysteine-based approaches, we measured maximal fluores-

cence responses (DF/F, %) along with Qmax to estimate the total number of Shaker Kv channels

expressed on the surface of oocytes (Aggarwal and MacKinnon, 1996). For both AF488-DBCO and

AF488-C5-maleimide labeled oocytes (Figure 5A,B), the magnitude of maximal fluorescence

response increases along with channel expression on the surface of oocytes (Figure 5C,D), although

there is a considerable spread in both relationships. Variability in fluorescence responses is to be

expected given the heterogeneity in the endogenous oocyte fluorescence around 480 nm excitation

(Lee and Bezanilla, 2019). Nevertheless, comparison of the trends for AHA- and cysteine-mediated

fluorescent labeling suggests that AHA-mediated labeling requires approximately two-fold higher

protein expression when compared to cysteine-mediated labeling (Figure 5C,D). This difference

could arise from either incomplete incorporation of AHA and/or fluorophore labeling due to the

slower rate of SPAAC reaction compared to the reaction between maleimide and cysteine

(Dommerholt et al., 2016; Lang and Chin, 2014; Saito et al., 2015).
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Figure 4. A comparison of AHA and cysteine-mediated voltage clamp fluorometry with the Shaker Kv channel. (A–B) Representative traces for gating

currents (black) and fluorescence responses (green) obtained from oocytes injected with Shaker-M356* (M356/M448L/C245V/C462A) (A) or Shaker-

M356C (M356C/M448L/C245V/C462A) (B) after labeling with AF488-DBCO or AF488-C5-Maleimide, respectively. (C–D) Relationship between total

gating charge displaced (Q, black) and change in fluorescence intensity (F, green) at steady state as a function of voltage for oocytes injected with

Figure 4 continued on next page
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Two-color labeling of the Shaker Kv channel using a combination of
AHA and cysteine
Membrane proteins are also labeled simultaneously with two distinct biophysical reporters to investi-

gate their conformational transitions through FRET (Taraska, 2012; Taraska and Zagotta, 2010) or

to independently track structural rearrangements in two different regions of the protein

(Kalstrup and Blunck, 2013; Kalstrup and Blunck, 2018). Thus far, two-color labeling of membrane

proteins has been achieved using pairs of cysteine residues (Glauner et al., 1999; Koch, 2005;

Posson and Selvin, 2008; Wang et al., 2018), where it is difficult to monitor the site-specific attach-

ment of fluorophores and often suffers from complexities arising from mixed populations of proteins

containing one or both fluorophores. Cysteine mutagenesis has also been combined with fluores-

cently-labeled ligands (Posson and Selvin, 2008), transition metal binding sites (Billesbølle et al.,

2016; Taraska et al., 2009), lanthanide metal binding peptide tags (Vázquez-Ibar et al., 2002) or

fluorescent non-canonical amino acids (Gordon et al., 2018; Kalstrup and Blunck, 2013) to achieve

site-specific labeling of membrane proteins with two different biophysical reporters. Interestingly,

biorthogonal reactions including the SPAAC reaction and the copper mediated azide alkyne cycload-

dition (CuAAC) reaction have also been combined with thiol-mediated reactions for two-color label-

ing, but exclusively with relatively small and soluble purified proteins containing azide- or alkyne-

terminated amino acids introduced through the nonsense suppression method (Sadoine et al.,

2017; Seo et al., 2011; Tyagi and Lemke, 2013). Given the straightforward nature of AHA incorpo-

ration, the biocompatible nature of the SPAAC reaction and the comparable fluorescence responses

observed using AHA- and cysteine-based approaches (Figures 4 and 5), we explored the possibility

of combining the two methods for two-color labeling of the Shaker Kv channel using azide and thiol-

mediated chemical reactions in live cells.

To install two different fluorophores simultaneously into the Shaker Kv channel, we added a cyste-

ine mutation at position S424C in the outer mouth of pore domain of Shaker-M356* to generate

Shaker-M356*-S424C (M356/M448L/C245V/C462A/S424C). The S424C site is accessible to fluores-

cent labeling with thiol-reactive TAMRA-maleimide fluorophore (Gandhi et al., 2000; Loots and

Isacoff, 1998; Loots and Isacoff, 2000), the resulting voltage-dependent fluorescence responses

are distinct from those measured when TAMRA fluorophores are attached to the external end of S4

(Cha and Bezanilla, 1997) and have been proposed to report on conformational rearrangements

associated with slow inactivation of the channel (Claydon et al., 2007; Loots and Isacoff, 1998).

Thus, fluorophores attached at M356 in the voltage-sensing domain and S424 in the pore domain of

the Shaker-M356*-S424C construct should report on distinct conformational changes in these two

regions of the protein. We first measured fluorescence responses of Shaker-M356*-S424C when

labeled independently with AF488-DBCO or TAMRA-MTS. Oocytes injected with Shaker-M356*-

S424C in the presence of AHA gave rise to functional channels after labeling with AF488-DBCO

(Figure 6A) or TAMRA-MTS (Figure 6B). AF488-DBCO labeled oocytes produced a similar fluores-

cence response as observed with Shaker-M356* through the 488 filter cube (ex. 480/40 nm; em.

535/50 nm) (Figure 4A,C), indicating that the additional cysteine mutation in the pore did not sub-

stantially affect the fluorescence behavior of AF488 installed at M356 (Figure 6C,G). In contrast,

TAMRA-MTS labeled oocytes generated distinct fluorescence responses through the TAMRA filter

cube (ex. 535/50 nm; em. 610/75 nm) when compared to the fluorophore on top of S4 and were

consistent with responses reported when labeling with TAMRA-maleimide (Figure 6F)

(Claydon et al., 2007). The fluorescence-voltage relationships for AF488-DBCO on S4 and TAMRA-

Figure 4 continued

Shaker-M356*, n = 18 (C) or Shaker-M356C, n = 5 (D). All data points represent mean ± SEM. (E–H) Kinetics of displacement of gating charge (black)

and change in fluorescence intensity (green) during activation (E–F) and deactivation (G–H) of voltage sensors at weak (�30 mV, top) and strong

depolarization (30 mV, bottom). Dashed lines represent the displacement of gating charge in unlabeled oocytes. Gray traces represent the integrated

capacitive transient as a measure of the speed of the voltage clamp.

DOI: https://doi.org/10.7554/eLife.50776.009

The following figure supplement is available for figure 4:

Figure supplement 1. Structure of thiol reactive Alexa Fluor 488, AF488-C5-Maleimide.

DOI: https://doi.org/10.7554/eLife.50776.010
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Figure 5. Efficiency of AHA and cysteine-mediated voltage clamp fluorometry with Shaker. (A–B) Gating currents (black) and fluorescence responses

(green) from AF488-DBCO labeled Shaker-M356 (M356/M448L) in the presence of AHA (A) or AF488-C5-maleimide labeled Shaker-M356C (M356C/

M448L/C245V/C462A) (B). (C–D) Scatter plot for maximum fluorescence signal (Max DF/F, %) obtained as a function of total gating charge displaced

(Max Q, nC) for oocytes labeled at M356 through AHA (C) or cysteine (D).

Figure 5 continued on next page
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MTS within the pore domain were radically different from each other (Figure 6G,H), and no fluores-

cence response was detected when AF488-DBCO labeled oocytes were subjected to TAMRA excita-

tion/emission (ex. 535/50 nm; em. 610/75 nm) (Figure 6E) or when TAMRA-MTS labeled oocytes

were subjected to AF488 excitation/emission (ex. 480/40 nm; em. 535/50 nm) (Figure 6D). Thus, we

could clearly distinguish between the fluorescence responses originating from AF488-DBCO or

TAMRA-MTS labeled Shaker-M356*-S424C in the presence of AHA.

Figure 5 continued

DOI: https://doi.org/10.7554/eLife.50776.011

Figure 6. Fluorescence responses from the Shaker Kv channel labeled with azide or thiol-reactive fluorophores.

(A–B) Gating currents from oocytes expressing Shaker-M356*-S424C (M356/M448L/C245V/C462A/S424C) in the

presence of AHA and labeled with AF488-DBCO (A) or TAMRA-MTS (B). (C–D) Fluorescence responses from

oocytes labeled with AF488-DBCO (C) or TAMRA-MTS (D) through 488 filter cube (ex. 480/40 nm; em. 535/50 nm).

(E–F) Fluorescence response from oocytes labeled with AF488-DBCO (E) or TAMRA-MTS (F) through TAMRA filter

cube (ex. 535/50 nm; em. 610/75 nm). (G–H) Q-V (Q, black) and steady state F-V relationships (F_488; green,

F_TAMRA; red) obtained from oocytes labeled with AF488-DBCO (G) or TAMRA-MTS (H) fluorophores. All data

points are the mean ± SEM, n = 5–7.

DOI: https://doi.org/10.7554/eLife.50776.012
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For two-color labeling, oocytes expressing the Shaker Kv channel containing only the M356 or

S424C sites were used to assess the degree of cross-reactivity between cyclooctyne and cysteine

residues (Beatty et al., 2010; Conte et al., 2011; van Geel et al., 2012; Zhang et al., 2018a). To

minimize the cross-reactivity, oocytes were labeled sequentially with TAMRA-MTS and then AF488-

DBCO (See Materials and methods). As expected, two-color labeled Shaker-M356* produced volt-

age-dependent fluorescence changes through the AF488 filter cube (Figure 7E,K) which closely

resembled Shaker-M356* labeled only with AF488-DBCO (Figure 4A,C), and there was no measur-

able change in fluorescence intensity through the TAMRA filter cube (Figure 7H). Similarly, two-

color labeling of oocytes expressing Shaker-M356*-S424C in the absence of AHA showed no volt-

age-dependent fluorescence through the AF488 filter cube (Figure 7F), while the fluorescence

response through the TAMRA filter cube was consistent with previous reports for S424C labeled

with TAMRA-maleimide (Figure 7I,L) (Claydon et al., 2007). The lack of voltage-dependent fluores-

cence responses in the TAMRA channel (ex. 535/50 nm; em. 610/75 nm) after two-color labeling of

M356* (Figure 7H) indicates that TAMRA-MTS does not cross-react with AHA at M356, since

TAMRA produces a robust response when attached at this position using cysteine chemistry

(Cha and Bezanilla, 1997; Mannuzzu et al., 1996). Similarly, the absence of voltage-dependent

fluorescence responses in the AF488 channel for two-color labeling of M356*-S424C indicates that

AF488-DBCO does not cross-react with S424C under these labeling conditions, since labeling S424C

with AF488-C5-maleimide produces robust fluorescence responses (Figure 7—figure supplement

1). Finally, the two-color labeled Shaker-M356*-S424C showed distinct voltage-dependent fluores-

cence responses through both AF488 and TAMRA filter cubes (Figure 7G,J,M), similar to the single

color labeling (Figure 6). These results demonstrate that AHA- and cysteine-mediated fluorescent

labeling approaches can be combined for chemically selective and site-specific installation of differ-

ent fluorophores into the Shaker Kv channel.

To determine whether individual Shaker Kv channels have been simultaneously labeled with both

fluorophores, we looked for direct intramolecular energy transfer between AF488 and TAMRA. In

the structure of the Kv1.2/2.1 paddle chimera (Long et al., 2007), the Ca distances between the res-

idues corresponding to M356 in S4 and S424 in the four subunits forming the pore domain are 23.7

Å, 38.5 Å, 45.8 Å and 55 Å (Figure 8—figure supplement 1), near enough to allow FRET from

AF488 to TAMRA (where R0 ~55 Å). To distinguish such intra-molecular FRET in our system, we must

account for background sources of fluorescence (e.g. fluorophores attached to other surface pro-

teins, oocyte auto-fluorescence, etc.) as well as ‘bleed through’ due to direct emission of the donor

and direct excitation of the acceptor through the FRET filter cube. Conveniently, the background

fluorescence is independent of voltage, so its contribution can be excluded by considering only the

voltage-dependent fluorescence changes (DF). Figure 8 shows the voltage-dependent fluorescent

changes for constructs containing only the fluorescent donor site (Shaker-M356*) or the fluorescent

acceptor site, (Shaker M356A-S424C) or both donor and acceptor sites (Shaker M356*-S424C) in the

presence of AHA. Because the signal through the FRET cube (Alexa 488 excitation: ex. 480/40 nm;

TAMRA emission: em. 535/50 nm) includes contributions from AF488 fluorophores emitting directly

into the TAMRA channel and TAMRA fluorophores directly excited by the AF488 excitation, we used

oocytes expressing the Shaker-M356*-S424C labeled only with AF488-DBCO or TAMRA-MTS to

estimate and correct for this spectral bleed-through (Figure 8—figure supplement 2). Subtraction

of AF488-DBCO direct emission into the TAMRA channel should be quite reliable as the emission in

the AF488 channel and TAMRA channel have identical voltage dependent behavior with a mean

bleed through ratio of 0.142 ± 0.004 at 50 mV (Figure 8—figure supplements 2G and 3). In con-

trast, the subtraction of the TAMRA direct excitation signal is more approximate because the volt-

age-dependence of TAMRA emission depends on the excitation wavelength and was not identical

with AF488 and TAMRA excitation (Figure 8—figure supplement 2H). The mean bleed through

ratio for TAMRA was estimated to be 0.076 ± 0.004 at 50 mV. (Figure 8—figure supplement 3).

Nevertheless, both the raw and corrected FRET signals (Alexa 488 excitation; TAMRA emission) are

larger when both donor and acceptor are present (Figure 8L,O) compared to when only the donor

(Figure 8J) or acceptor (Figure 8K) is present. Furthermore, the increase in the FRET signal upon

depolarization correlates with the upward movement of the S4 helix (and donor) towards the accep-

tor with the corrected FRET F-V relationship closely following the Q-V relationship for the oocytes

expressing Shaker-M356*-S424C in the presence of AHA (Figure 8R). Collectively, these results

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 14 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.50776


Figure 7. Two color labeling of the Shaker Kv channel through AHA and cysteine. (A) A schematic for two-color labeling of the Shaker Kv channel.

Each subunit contains an azide group from AHA (yellow) on the top of S4 within the voltage-sensing domain and a thiol group from cysteine (magenta)

in the pore domain. Voltage-dependent conformational changes in the channel (blue and black arrows) result into a change in the fluorescence

intensity of AF488-DBCO (green) and TAMRA-MTS (red) fluorophores. (B–D) Gating currents obtained from two-color labeled oocytes expressing

Shaker-M356* (M356/M448L/C245V/C462A) in the presence of AHA (B) or Shaker-M356*-S424C (M356/M448L/C245V/C462A/S424C) in the absence (C)

or presence of AHA (D). (E–J) Fluorescence responses from the two-color labeled oocytes through 488 filter cube (ex. 480/40 nm; em. 535/50 nm) (E–G)

and TAMRA filter cube (ex. 535/50 nm; em. 610/75 nm) (H–J). (K–M) Q-V (Q, black) and steady-state F-V relationships (F_488; green, F_TAMRA; red)

obtained from oocytes labeled with both AF488-DBCO and TAMRA-MTS. In all cases, data points are the mean ± SEM (n = 4–6). For Shaker-M356*,

maximal DF/F (%) for TAMRA filter cube was 0.013 ± 0.003 (H). For Shaker-M356*-S424C without AHA, maximal DF/F (%) for 488 filter cube was

0.046 ± 0.011 (F).

DOI: https://doi.org/10.7554/eLife.50776.013

The following figure supplement is available for figure 7:

Figure 7 continued on next page
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establish that AHA incorporation and cysteine mutagenesis can be efficiently combined to carry out

site-specific two-color labeling of individual Shaker Kv channels in live cells.

Discussion
In the present study, we introduce a cysteine-independent method to engineer membrane proteins

with crosslinkable chemical groups and subsequently modify them with spectroscopic probes using

a bioorthogonal chemical reaction in live cells. We used the non-canonical amino acid, azidohomoa-

lanine (AHA) (Kiick et al., 2002), to introduce azide groups in place of methionine residues in the

Shaker Kv channel. Our results establish that AHA can be readily incorporated into the Shaker Kv

channel in an efficient and residue-specific manner. Using SPAAC chemistry with azide-reactive

cyclooctyne conjugated reagents (Agard et al., 2004), we demonstrate the utility of AHA incorpo-

ration for site-specific installation of fluorescent probes in the Shaker Kv channel to follow the con-

formational changes with voltage-clamp fluorometry in Xenopus oocytes (Cha and Bezanilla, 1997;

Mannuzzu et al., 1996). We were able to combine AHA and cysteine-mediated fluorescent labeling

for simultaneous labeling with two different fluorophores at specific sites in the voltage-sensing and

pore domains of the Shaker Kv channel. We also demonstrate that a voltage-dependent FRET

response can be detected with the two-color labeled Shaker Kv channel exclusively when unique cys-

teine and AHA-substituted methionine residues are both present. Taken together, our results sug-

gest that AHA incorporation and cysteine mutagenesis provide a straightforward and robust way of

incorporating two distinct reactive groups into the Shaker Kv channel expressed in live cells.

We believe this approach will work for other membrane proteins, but several important issues

should be considered for each potential application. One of the most important considerations is

the number and location of methionine residues in the protein of interest. Methionine residues have

similar abundance as cysteine residues in membrane proteins and they tend to be located towards

the center of the lipid bilayer (Koehler Leman et al., 2018), suggesting that our AHA-based

approach will have similar applications and limitations when compared to cysteine-based

approaches. Although methionine residues are somewhat more abundant in other membrane pro-

teins compared to the Shaker Kv channel, their prevalence is comparable to cysteine residues within

regions potentially accessible to the extracellular solution (Supplementary file 3). Importantly, not

all methionine residues in the extracellular half of the protein will be accessible to azide-reactive

alkyne probes and would need to be removed. In the Shaker Kv channel, for example, out of the

three methionine residues in the extracellular half of the protein, while M356 can be robustly labeled

with DBCO-biotin in the presence of AHA, M448 exhibits barely detectable labeling (data not

shown) and M440 is inaccessible, as seen by the absence of streptavidin pulldown for the M356A/

M448L double mutant (Figure 1F). Moreover, it has been previously demonstrated that site-specific

fluorescence responses can be measured using cysteine-based approaches without removing the

native cysteine residues (Savalli et al., 2006). Thus, using AHA for fluorescent labeling on the extra-

cellular side of membrane proteins should be generally applicable, even for some of the larger mem-

brane proteins we analyzed (Supplementary file 3).

The degree to which replacement of methionine with AHA perturbs the functional properties of a

membrane protein is another important consideration in applying the approaches described here. In

our experience with the Shaker Kv channel, AHA incorporation is well-tolerated, showing minimal

perturbations in cellular expression level (Figure 1), voltage-dependent gating properties (Figure 2)

and response of the channel to a gating modifier toxin, GxTx1E (Figure 2—figure supplement 1).

This can be attributed to the highly isosteric nature of methionine and AHA residues (Kiick et al.,

2002), making it a suitable substrate for endogenous protein translation machinery of Xenopus

oocytes and precluding substantial changes to the allosteric transitions required for voltage-depen-

dent activation and deactivation of the channel. In most circumstances, it is likely that replacement

of methionine with AHA will be well tolerated, although the effect of substituting a new methionine

residue will depend on the identity of that specific site. It is also important to consider that the

Figure 7 continued

Figure supplement 1. Voltage-dependent fluorescence responses from Shaker-M356*-S424C after labeling with AF488-C5-Maleimide.

DOI: https://doi.org/10.7554/eLife.50776.014
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Figure 8. Two-color labeling through AHA and cysteine installs different fluorophores within the Shaker Kv channel. (A–C) Gating currents obtained

from two-color labeled oocytes expressing Shaker-M356* (M356/M448L/C245V/C462A) (A), Shaker-M356A-S424C (M356A/M448L/C245V/C462A/S424C)

(B) or Shaker-M356*-S424C (M356/M448L/C245V/C462A/S424C) (C) in the presence of AHA. (D–O) Fluorescence responses from two-color labeled

oocytes through 488 filter cube (ex. 480/40 nm; em. 535/50 nm) (D–F), TAMRA filter cube (ex. 535/50 nm; em. 610/75 nm) (G–I) or FRET filter cube (ex.

Figure 8 continued on next page
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relatively bulky DBCO group we used in this study and the product of SPAAC reaction with AHA

may not be well-accommodated at all positions in a protein of interest. However, in our experience

thus far, labeling the voltage-sensing domain of the Shaker Kv channel with DBCO-conjugated fluo-

rophores does not dramatically alter voltage sensor activation (Figures 3C, 4E and G). We also note

that smaller azide-reactive cyclooctyne reagents like the bicyclononynes (BCN) group have also been

conjugated to fluorophores and are commercially available for fluorescent labeling of AHA-modified

membrane proteins (Supplementary file 2) (Dommerholt et al., 2010; Dommerholt et al., 2014;

Leunissen et al., 2014).

The extent of AHA incorporation will also be an important variable to consider in planning future

applications of our methods and is clearly a limitation in comparison to cysteine mutagenesis.

Although the pull-down observed with the azide-reactive DBCO-sulfo-biotin is comparable to that

with the amine-reactive NHS-sulfo-biotin (Figure 1E, lane 2 and 4 and Figure 1G), suggesting that

the extent of AHA incorporation is robust, this assay is relatively qualitative. We are currently devel-

oping quantitative methods to measure the extent of AHA incorporation using mass spectrometry

and/or azide-reactive cyclooctyne polyethylene glycol (PEG) polymers (Darabedian et al., 2018).

Background labeling of cysteine and methionine residues present within endogenously expressed

proteins might also prevent detection of distinct fluorescent signals from proteins that do not

express to high enough levels. However, it is important to appreciate that specifically detecting the

stimulus-dependent changes in fluorescence may be sufficient to distinguish responses originating

from the protein of interest. For instance, we did not observe any voltage-dependent changes in

fluorescence with the Shaker-M356A construct in the presence of AHA (Figure 3E), even though

background labeling of other proteins was clearly detectable in the presence of AHA (Figure 3B).

Nevertheless, limitations imposed by partial AHA incorporation and incomplete SPAAC reactions

combine to produce only 2-fold smaller fluorescence responses for our AHA-based labeling

approach when compared to cysteine-based methods (Figure 5), providing a convenient benchmark

to suggest that AHA-based methods should be viable for most proteins that have already been suc-

cessfully studied using cysteine-based approaches (Supplementary file 3) (Cowgill and Chanda,

2019; Horne and Fedida, 2009; Priest and Bezanilla, 2015).

Finally, it is important to keep in mind that the array of DBCO- or BCN-conjugated fluorophores

which are commercially available is currently more limited (Supplementary files 1 and 2) compared

to the thiol-reactive probes available for cysteine-based approaches. Nevertheless, there are certain

DBCO-conjugated fluorophores (e.g. AF555-DBCO and AF594-DBCO) that may have better proper-

ties than AF488-DBCO because they absorb far from the UV region, and thus the fluorescence

responses should have less contamination from endogenous oocyte fluorescence and improved sig-

nal/noise ratios. Our preliminary results with AF555-DBCO and AF594-DBCO show that these spec-

trally distinct fluorophores also exhibit voltage-dependent changes in fluorescence when installed at

M356 using AHA (data not shown). The ability to install different azide-reactive fluorescent reporters

through AHA incorporation into a membrane protein will hopefully provide motivation to generate

better reagents with optimal spectral properties and linkers between the reactive group and

fluorophore.

Figure 8 continued

480/40 nm; em. 610/75 nm) before (J–L) and after (M–O) bleed through correction. (P–R) Q-V (Q, black) and steady-state F-V relationships (F_488;

green, F_TAMRA; red, FRETObserved; gray and FRETCorrected; cyan) obtained from oocytes labeled with both AF488-DBCO and TAMRA-MTS. In all cases,

data points are the mean ± SEM (n = 5–7). For Shaker-M356*, maximal DF for TAMRA filter cube was 0.131 ± 0.003 (G) and FRETCorrected was

�0.00585 ± 0.004 (M). For Shaker-M356A-S424C, maximal DF for 488 filter cube was 0.010 ± 0.008 (E) and FRETCorrected cube was 0.032 ± 0.018 (N).

DOI: https://doi.org/10.7554/eLife.50776.015

The following figure supplements are available for figure 8:

Figure supplement 1. Structure of Kv1.2–2.1 paddle chimera (2R9R) indicating the Ca distances between residues corresponding to M356 and S424 in

the Shaker Kv channel (Long et al., 2007).

DOI: https://doi.org/10.7554/eLife.50776.016

Figure supplement 2. Bleed through of fluorescence from AF488 and TAMRA through FRET cube.

DOI: https://doi.org/10.7554/eLife.50776.017

Figure supplement 3. Bleed through ratio of fluorescence from AF488 and TAMRA through FRET cube.

DOI: https://doi.org/10.7554/eLife.50776.018
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An important aspect of combining AHA incorporation and cysteine mutagenesis is the compatibil-

ity between azide and thiol-mediated chemical reactions for installing two different biophysical

probes into a single protein. It is important to mention that some cyclooctyne groups can react with

cysteine residues (Beatty et al., 2010; Conte et al., 2011; van Geel et al., 2012; Zhang et al.,

2018a), however, our approach of first labeling cysteine residues with thiol-reactive probes works

efficiently for achieving site-specific fluorescence responses from azide and thiol-reactive fluoro-

phores with negligible cross-reactivity between cyclooctyne and cysteine residues (Figures 7 and

8). Given that the reaction rates between cysteine and MTS/maleimide reagents are considerably

faster (~103–104 M�1s�1) (Saito et al., 2015) than the reaction between AHA and cyclooctynes (0.1–

1 M�1s�1) (Dommerholt et al., 2016; Lang and Chin, 2014), it should be possible to achieve spe-

cific labeling when the two reactions are carried out at the same time. In addition, other azide-con-

taining amino acids such as p-azidophenylalanine have been widely incorporated into membrane

proteins through nonsense suppression methods (Daggett and Sakmar, 2011; Rannversson et al.,

2016; Zhu et al., 2014), and thus can also be combined with cysteine mutagenesis similar to what

we have shown here with AHA incorporation and cysteine mutagenesis (Figure 7).

Our FRET measurements demonstrate that we can simultaneously install two different fluoro-

phores site-specifically into the Shaker Kv channel using a combination of AHA incorporation and

cysteine mutagenesis (Figure 8). Recently, the fluorescent non-canonical amino acid, Anap, has been

incorporated and combined with cysteine mutagenesis to install two fluorescent reporters into the

Shaker Kv channel and simultaneously monitor conformational changes on the intracellular and extra-

cellular side of the protein (Kalstrup and Blunck, 2013). Anap incorporation has also been com-

bined with TETAC, a cysteine-reactive transition metal binding cyclen, for measuring intramolecular

distances using tmFRET (Dai et al., 2019). Although Anap incorporation is highly site-specific and

allows quantitative estimation of short distances (10–20 Å), its incorporation diminishes protein

expression considerably (Aman et al., 2016; Shandell et al., 2019; Zagotta et al., 2016). Moreover,

Anap requires UV excitation, and thus suffers from contamination with cellular autofluorescence in

some cell types (Chatterjee et al., 2013). The combination of AHA incorporation and cysteine muta-

genesis would provide flexibility to choose the donor and acceptor pairs for measuring a wide range

of distances and it would be particularly exciting to carry out FRET measurements between fluoro-

phores installed through AHA and TETAC installed with cysteine. In addition to two-color labeling,

combining AHA incorporation and cysteine mutagenesis would be valuable for an array of other bio-

physical applications. Installation of fluorophores with AHA effectively frees up cysteine mutagenesis,

providing an opportunity to spectroscopically monitor the impact of cysteine modification, or disul-

fide/metal bridge formation on the structural rearrangements of membrane proteins. It would also

be exciting to combine AHA incorporation and cysteine mutagenesis for bioorthogonal installation

of electron paramagnetic probes at two independent sites, greatly expanding the types of distance

measurements that could be achieved. Finally, due to inherent orthogonality between AHA incorpo-

ration, cysteine mutagenesis and nonsense suppression methods, it is conceivable that three inde-

pendent biophysical reporters can be installed within a protein to further constrain FRET based

measurements and/or study multiple conformational changes simultaneously. Given that AHA incor-

poration has been widely used in a variety of different cell types (Dieterich et al., 2010;

Dieterich et al., 2006; Erdmann et al., 2015; Glenn et al., 2017; Hinz et al., 2012; Link et al.,

2004; Ma and Yates, 2018), the approach described here with Xenopus laevis oocytes should be

readily applicable to studies in other cellular expression systems.

Materials and methods

Key resources table

Reagent type
(species)
or resource Designation Source or reference Identifiers

Additional
information

Gene (Drosophila
melanogaster)

Shaker Gene ID: 32780

Continued on next page
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Continued

Reagent type
(species)
or resource Designation Source or reference Identifiers

Additional
information

Oocytes (Xenopus
laevis, female)

Xenopus
Oocytes or oocytes

Xenopus Express IMP XL FM

Antibody Anti-myc antibody ThermoFisher Cat. No.
46–0603

1:1000
(2 ml in 2 ml)

Antibody HRP-conjugated
anti-mouse
secondary antibody

Amersham ECL Cat. No. NA931VS 1:3750
(4 ml in 15 ml)

Recombinant
DNA reagent

pGEMHE vector Liman et al., 1992

Peptide,
recombinant
protein

GxTx1E This paper Toxin

Chemical
compound, drug

NHS-sulfo-biotin ThermoFisher Cat. No. 21335 1 mM from 10X
stock in ddH2O

Chemical
compound, drug

DBCO-sulfo-biotin Sigma Cat. No. 760706 1 mM from 10X
stock in ddH2O

Chemical
compound, drug

AF488-DBCO Click Chemistry
Tools

Cat. No. 1278 100 mM from 100X
stock in anhydrous
DMSO

Chemical
compound, drug

AF488-C5-
Maleimide

Click Chemistry
Tools

Cat. No. 1014 100 mM from 100X
stock in anhydrous
DMSO

Chemical
compound, drug

TAMRA-MTS Toronto Research
Chemicals

Cat. No. T305175 10 mM from 1000X
stock in ddH2O

Chemical
compound, drug

Azidohomoalanine
(AHA)

Bachem Cat. No.
F-4265

4 mM from
100 mM
stock in ddH2O

Molecular biology
All the constructs were generated in the pGEMHE vector (Liman et al., 1992) with Shaker-IR (DN, 6–

46) (Hoshi et al., 1990) as the common background. The mutations for methionine and cysteine resi-

dues were carried out using the QuickChange Lightning site-directed mutagenesis kit as per manu-

facturer’s protocol (Agilent Technologies). The DNA sequence of all constructs and mutants was

confirmed by automated DNA sequencing and complementary RNA (cRNA) was synthesized using

T7 polymerase after linearizing the DNA with NheI restriction enzyme. The RNA was purified using

the RNAse easy kit (Qiagen), eluted in RNAse-free water and stored at �80˚C until use. All the

chemicals were purchased from Sigma-Aldrich unless specified.

Detection of AHA incorporation through surface biotinylation of
Xenopus laevis oocytes
Female Xenopus laevis animals were housed and surgery was performed according to the guidelines

of the National Institutes of Health, Office of Animal Care and Use (OACU) (Protocol Number 1253–

18). Oocytes were removed surgically and incubated with agitation for 1 hr in a solution containing

(in mM) 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES, pH 7.6 (with NaOH), and collagenase (2 mg/ml; Wor-

thington Biochemical, Lakewood, NJ). All surface biotinylation experiments were carried out with

ShakerD5-V478W-myc (Hackos et al., 2002; Milescu et al., 2013) containing a myc tag at the C-ter-

minal. Defolliculated oocytes were injected with 50 nl of channel RNA (~500 ng/ml) after preincubat-

ing them in the absence or presence of 4 mM AHA (Bachem, 100 mM stock in ddH2O) at 17˚C

overnight in an ND96 oocyte maintenance buffer, containing (in mM): 96 NaCl, 2 KCl, 5 HEPES, 1

MgCl2 and 1.8 CaCl2 plus 50 mg/ml gentamycin, pH 7.6 with NaOH. After four days of maintaining

the oocytes at 17˚C, excess AHA was removed with 5–6 washes of ND96 and oocytes were labeled

with amine or azide reactive biotin reagents, EZ-Link-sulfo-NHS-LC-biotin (ThermoFisher) or DBCO-

sulfo-biotin (Sigma), according to the previously published protocol with minor modifications
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(Silberberg et al., 2005; Zhang et al., 2018b). Twenty healthy oocytes were incubated with 1 mM

of each biotin probe (10X stock in ddH2O) in separate wells of a 24-well plate in a final volume of 0.5

ml at room temperature. The reaction was terminated after 20 min for NHS-sulfo-LC-biotin and 60

min for DBCO-sulfo-biotin by transferring the oocytes to ND96, followed by 6–8 washes to remove

excess biotinylation reagent. Subsequently, oocytes were homogenized in 400 ml of lysis buffer con-

taining (in mM): 100 NaCl, 20 Tris�Cl, pH 7.4, 1% Triton X-100, 5 ml/ml protease inhibitor mixture

(Sigma). Homogenization and all subsequent steps were performed at 4˚C. After centrifugation at

16,000 � g for 3 min, a 20 ml aliquot of the supernatant (total cell protein) was mixed with equal vol-

ume of 2 � NuPAGE LDS sample buffer (ThermoFisher) plus reducing agent: 50% 4 � LDS sample

buffer (Bio-Rad), 10% 2-mercaptoethanol and 40% 100 mM DTT. The remaining supernatant was

diluted 1:1 with the lysis buffer and 60 ml of High Capacity NeutrAvidin agarose beads (Thermo-

Fisher) were added followed by gentle tumbling overnight at 4˚C. The NeutrAvidin agarose beads

were washed six times with the lysis buffer with a 2 min centrifugation (16,000 � g) step between

each wash. At the end of the final wash, 40 ml of 2 � LDS sample buffer plus reducing agent was

added to the beads and samples were heated at 70˚C for 10 min. Following a 2 min centrifugation

(16,000 � g), the supernatant (surface protein) and total cell protein (collected earlier) were sepa-

rated in 10% Bis-Tris acrylamide gel (ThermoFisher) using a MOPS running buffer containing (in

mM): 20 Tris base, 20 MOPS, 1.25 EDTA, 0.1% SDS, pH 7.6. Seeblue Plus2 prestained ladder (Ther-

moFisher) was used as the protein molecular weight marker. After SDS-PAGE, proteins in the gel

were transferred to nitrocellulose membrane using the iBLOT semi-dry transfer apparatus (Thermo-

Fisher). The nitrocellulose membrane was probed with mouse anti-myc antibody (ThermoFisher, Cat.

No. 46–0603) diluted 1:1000 in TBS-T containing (in mM): 25 Tris, 137 NaCl, 3 KCl, 0.05% Tween20

followed by HRP-conjugated anti-mouse secondary antibody (4 ml in 15 ml TBS-T). The blot was

developed using Immobilon ECL Western detection reagents (Millipore). Densitometry was per-

formed with the Image lab software (Bio Rad).

Two-electrode voltage clamp recordings of macroscopic ionic currents
All ionic currents were recorded using the Shaker-IR construct where residues 6–46 were deleted to

remove N-type inactivation (Hoshi et al., 1990). For experiments with the tarantula toxin GxTx1E,

the toxin-sensitive ShakerD5 construct (L327I, A328F, V330T, V331E and A332S) was used

(Milescu et al., 2013). GxTx1E toxin was synthesized on an ABI peptide synthesizer using Fmoc

chemistry, refolded in vitro and purified as previously described (Gupta et al., 2015). Experiments

with AHA-modified channel were performed after preincubating the oocytes in 4 mM AHA (pre-

pared in ND96 from a 100 mM stock in ddH2O) overnight, followed by cRNA injection. Oocytes

were injected with 50 nl of channel RNA (5–10 ng/ml) in the absence or presence of AHA and studied

after 1–4 days to allow for expression at 17˚C in ND96 solution. All the recordings were performed

using the two-electrode voltage-clamp recording technique (OC-725C amplifier; Warner Instru-

ments, Hamden, CT) using a 150 ml recording chamber. Data were filtered at 1 kHz and digitized at

5–10 kHz using Digidata 1321A interface board and pCLAMP 10 software (Molecular Devices, Sun-

nyvale, CA). Microelectrode resistances were 0.2–0.8 MW when filled with 3 M KCl. The external

recording solution contained (in mM): 50 KCl, 50 NaCl, 10 HEPES, pH 7.6 with NaOH at room tem-

perature (~22˚C).

Voltage-clamp fluorometry
All voltage-clamp fluorometry experiments were performed using the non-conducting V478W

mutant of the Shaker Kv channel (Hackos et al., 2002; Kitaguchi et al., 2004), with additional

methionine or cysteine mutations as indicated in the text and figure legends. Oocytes were injected

with 50 nl of channel RNA (100–500 ng/ml) in the absence or presence of 4 mM AHA and maintained

at 17˚C for 1–5 days. Fluorescent labeling of oocytes was carried out by first removing excess AHA

with 5–6 washes with ND96, followed by incubation with 100 mM AF488-DBCO (Alexa fluorophore

488-dibenzocyclooctyne, Click Chemistry Tools, 100X stock in DMSO) or AF488-C5-maleimide

(Alexa fluorophore 488-C5-maleimide, Click Chemistry Tools, 100X stock in DMSO) for 60 min at

room temperature in 0.5 ml ND96. Oocytes were transferred to fresh ND96 and washed five times

(5 min each) to remove the excess fluorophore and stored in the dark at 10–13˚C prior to performing

experiments. For TAMRA-MTS (2-((5 (6)-tetramethylrhodamine)carboxylamino)ethyl
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methanethiosulfonate; Toronto Research Chemicals), oocytes were incubated with 10 mM of the fluo-

rophore (1000X stock in ddH2O) in ND96 at 4˚C for 60 min, followed by five washes. For the two-

color labeling, oocytes were first labeled with TAMRA-MTS, followed by AF488-DBCO labeling as

documented above. Two-electrode voltage clamp recordings were obtained using a Dagan CA-1B

amplifier. Electrodes were filled with 3M KCl and had resistances between 0.2–0.8 MW. The external

recording solution was ND96 without gentamycin, containing (in mM): 96 NaCl, 2 KCl, 5 HEPES, 1

MgCl2 and 1.8 CaCl2, pH 7.6 with NaOH. For all gating current measurements, Q was obtained by

integrating the OFF gating current elicited by repolarization to the holding voltage. Fluorescence

signals were acquired through a 40X, 0.8-NA objective (Olympus LUMplanFLN) on an Olympus

BX51WI microscope and a photodiode. For Alexa 488 signals, excitation filter, emission filter and

dichroic were ET480/40, ET535/50 and T510nm, respectively (Chroma Tech.). For TAMRA-MTS, exci-

tation filter, emission filter and dichroic were HQ535/50, HQ610/75 and T570pxrxt, respectively

(Chroma Tech.). For the FRET cube, the excitation filter, emission filter and dichroic were ET480/40,

HQ610/75 and T570pxrxt, respectively (Chroma Tech.). The signal from the photodiode was low-

pass filtered at 3 kHz and sampled at 20 kHz through a Digidata-1440A controlled by pClamp10

(Molecular Devices). The light source used for the illumination was either a blue (470/24 nm) or a

green (550/15 nm) LED (Lumencor, Spectra X). The bleed through fluorescence ratio for AF488 and

TAMRA were calculated by using single-color labeled oocytes expressing Shaker-M356*-S424C in

the presence of AHA and normalizing the magnitude of the steady-state voltage-dependent change

in fluorescence intensity (DF, A.U.) obtained through the FRET cube by the one obtained from 488

and TAMRA filter cubes, respectively. All the fluorescence traces represent single recordings without

averaging.

Data and materials availability
All data needed to evaluate the conclusions in this paper are available in the main text and supple-

mentary materials.

Acknowledgements
We thank Anirban Banerjee, Joe Mindell, Miguel Holmgren, Mark Mayer, Yan Li and members of the

Swartz laboratory for helpful discussions. We also thank Helena Chang for help with the surface bio-

tinylation experiments and Tamas Lajtos for assistance with molecular biology.

Additional information

Competing interests

Kenton J Swartz: Reviewing editor, eLife. The other authors declare that no competing interests

exist.

Funding

Funder Author

National Institute of Neurolo-
gical Disorders and Stroke

Kenton J Swartz

The funders had no role in study design, data collection and

interpretation, or the decision to submit the work for publication.

Author contributions

Kanchan Gupta, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,

Resources, Validation, Writing—original draft, Writing—review and editing; Gilman ES Toombes,

Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Writing—

original draft, Writing—review and editing; Kenton J Swartz, Conceptualization, Resources,

Supervision, Funding acquisition, Validation, Investigation, Methodology, Project administration,

Writing—review and editing

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 22 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.50776


Author ORCIDs

Kanchan Gupta https://orcid.org/0000-0002-8411-881X

Gilman ES Toombes https://orcid.org/0000-0001-8346-1790

Kenton J Swartz https://orcid.org/0000-0003-3419-0765

Ethics

Animal experimentation: Female Xenopus laevis animals were housed and surgery was performed

according to the guidelines of the National Institutes of Health, Office of Animal Care and Use

(OACU) (Protocol Number 1253-18).

Decision letter and Author response

Decision letter https://doi.org/10.7554/eLife.50776.024

Author response https://doi.org/10.7554/eLife.50776.025

Additional files
Supplementary files
. Supplementary file 1. Commercially available dibenzocyclooctyne (DBCO)-conjugated fluorophores

https://clickchemistrytools.com/product-category/fluorescent-dyes/cu-free-click-chemistry/ - All

these fluorophores are charged and membrane impermeable.

DOI: https://doi.org/10.7554/eLife.50776.019

. Supplementary file 2. Commercially available bicyclononyne (BCN)–conjugated fluorphores https://

biotium.com/product/cf-dye-bcn/ - All these fluorophores are membrane impermeable.

DOI: https://doi.org/10.7554/eLife.50776.020

. Supplementary file 3. Prevalence and location of methionine and cysteine residues in a selection of

membrane proteins previously studied with voltage-clamp fluorometry.

DOI: https://doi.org/10.7554/eLife.50776.021

. Transparent reporting form DOI: https://doi.org/10.7554/eLife.50776.022

Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.

References
Agard NJ, Prescher JA, Bertozzi CR. 2004. A strain-promoted [3 + 2] azide-alkyne cycloaddition for covalent
modification of biomolecules in living systems. Journal of the American Chemical Society 126:15046–15047.
DOI: https://doi.org/10.1021/ja044996f, PMID: 15547999

Aggarwal SK, MacKinnon R. 1996. Contribution of the S4 segment to gating charge in the shaker K+ channel.
Neuron 16:1169–1177. DOI: https://doi.org/10.1016/S0896-6273(00)80143-9, PMID: 8663993

Akabas MH, Stauffer DA, Xu M, Karlin A. 1992. Acetylcholine receptor channel structure probed in cysteine-
substitution mutants. Science 258:307–310. DOI: https://doi.org/10.1126/science.1384130, PMID: 1384130

Akabas MH. 2015. Cysteine modification: probing channel structure, function and conformational change.
Advances in Experimental Medicine and Biology 869:25–54. DOI: https://doi.org/10.1007/978-1-4939-2845-3_
3, PMID: 26381939

Altenbach C, Marti T, Khorana HG, Hubbell WL. 1990. Transmembrane protein structure: spin labeling of
bacteriorhodopsin mutants. Science 248:1088–1092. DOI: https://doi.org/10.1126/science.2160734,
PMID: 2160734

Aman TK, Gordon SE, Zagotta WN. 2016. Regulation of CNGA1 channel gating by interactions with the
membrane. Journal of Biological Chemistry 291:9939–9947. DOI: https://doi.org/10.1074/jbc.M116.723932,
PMID: 26969165

Beatty KE, Fisk JD, Smart BP, Lu YY, Szychowski J, Hangauer MJ, Baskin JM, Bertozzi CR, Tirrell DA. 2010. Live-
cell imaging of cellular proteins by a strain-promoted azide-alkyne cycloaddition. ChemBioChem 11:2092–
2095. DOI: https://doi.org/10.1002/cbic.201000419, PMID: 20836119

Bezanilla F, Perozo E, Papazian D, Stefani E. 1991. Molecular basis of gating charge immobilization in shaker
potassium channels. Science 254:679–683. DOI: https://doi.org/10.1126/science.1948047

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 23 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://orcid.org/0000-0002-8411-881X
https://orcid.org/0000-0001-8346-1790
https://orcid.org/0000-0003-3419-0765
https://doi.org/10.7554/eLife.50776.024
https://doi.org/10.7554/eLife.50776.025
https://clickchemistrytools.com/product-category/fluorescent-dyes/cu-free-click-chemistry/
https://doi.org/10.7554/eLife.50776.019
https://biotium.com/product/cf-dye-bcn/
https://biotium.com/product/cf-dye-bcn/
https://doi.org/10.7554/eLife.50776.020
https://doi.org/10.7554/eLife.50776.021
https://doi.org/10.7554/eLife.50776.022
https://doi.org/10.1021/ja044996f
http://www.ncbi.nlm.nih.gov/pubmed/15547999
https://doi.org/10.1016/S0896-6273(00)80143-9
http://www.ncbi.nlm.nih.gov/pubmed/8663993
https://doi.org/10.1126/science.1384130
http://www.ncbi.nlm.nih.gov/pubmed/1384130
https://doi.org/10.1007/978-1-4939-2845-3_3
https://doi.org/10.1007/978-1-4939-2845-3_3
http://www.ncbi.nlm.nih.gov/pubmed/26381939
https://doi.org/10.1126/science.2160734
http://www.ncbi.nlm.nih.gov/pubmed/2160734
https://doi.org/10.1074/jbc.M116.723932
http://www.ncbi.nlm.nih.gov/pubmed/26969165
https://doi.org/10.1002/cbic.201000419
http://www.ncbi.nlm.nih.gov/pubmed/20836119
https://doi.org/10.1126/science.1948047
https://doi.org/10.7554/eLife.50776


Bezanilla F. 2000. The voltage sensor in voltage-dependent ion channels. Physiological Reviews 80:555–592.
DOI: https://doi.org/10.1152/physrev.2000.80.2.555, PMID: 10747201

Bezanilla F. 2008. How membrane proteins sense voltage. Nature Reviews Molecular Cell Biology 9:323–332.
DOI: https://doi.org/10.1038/nrm2376, PMID: 18354422

Billesbølle CB, Mortensen JS, Sohail A, Schmidt SG, Shi L, Sitte HH, Gether U, Loland CJ. 2016. Transition metal
ion FRET uncovers K+ regulation of a neurotransmitter/sodium symporter. Nature Communications 7:12755.
DOI: https://doi.org/10.1038/ncomms12755, PMID: 27678200

Budisa N. 2004. Prolegomena to future experimental efforts on genetic code engineering by expanding its
amino acid repertoire. Angewandte Chemie International Edition 43:6426–6463. DOI: https://doi.org/10.1002/
anie.200300646, PMID: 15578784

Cha A, Snyder GE, Selvin PR, Bezanilla F. 1999. Atomic scale movement of the voltage-sensing region in a
potassium channel measured via spectroscopy. Nature 402:809–813. DOI: https://doi.org/10.1038/45552,
PMID: 10617201

Cha A, Bezanilla F. 1997. Characterizing Voltage-Dependent conformational changes in the ShakerK+ channel
with fluorescence. Neuron 19:1127–1140. DOI: https://doi.org/10.1016/S0896-6273(00)80403-1

Chanda B, Asamoah OK, Bezanilla F. 2004. Coupling interactions between voltage sensors of the sodium channel
as revealed by site-specific measurements. The Journal of General Physiology 123:217–230. DOI: https://doi.
org/10.1085/jgp.200308971, PMID: 14981134

Chanda B, Asamoah OK, Blunck R, Roux B, Bezanilla F. 2005. Gating charge displacement in voltage-gated ion
channels involves limited transmembrane movement. Nature 436:852–856. DOI: https://doi.org/10.1038/
nature03888, PMID: 16094369

Chatterjee A, Guo J, Lee HS, Schultz PG. 2013. A genetically encoded fluorescent probe in mammalian cells.
Journal of the American Chemical Society 135:12540–12543. DOI: https://doi.org/10.1021/ja4059553

Claydon TW, Vaid M, Rezazadeh S, Kwan DC, Kehl SJ, Fedida D. 2007. A direct demonstration of closed-state
inactivation of K+ channels at low pH. The Journal of General Physiology 129:437–455. DOI: https://doi.org/10.
1085/jgp.200709774, PMID: 17470663

Cohen GN, Cowie DB. 1957. Total replacement of methionine by selenomethionine in the proteins of Escherichia
coli. Comptes Rendus Hebdomadaires Des Seances De l’Academie Des Sciences 244:680–683. PMID: 134141
98

Conte ML, Staderini S, Marra A, Sanchez-Navarro M, Davis BG, Dondoni A. 2011. Multi-molecule reaction of
serum albumin can occur through thiol-yne coupling. Chemical Communications 47:11086–11088. DOI: https://
doi.org/10.1039/c1cc14402b

Cowgill J, Chanda B. 2019. The contribution of voltage clamp fluorometry to the understanding of channel and
transporter mechanisms. The Journal of General Physiology 151:1163–1172. DOI: https://doi.org/10.1085/jgp.
201912372, PMID: 31431491

Daggett KA, Sakmar TP. 2011. Site-specific in vitro and in vivo incorporation of molecular probes to study
G-protein-coupled receptors. Current Opinion in Chemical Biology 15:392–398. DOI: https://doi.org/10.1016/j.
cbpa.2011.03.010, PMID: 21571577

Dai G, Aman TK, DiMaio F, Zagotta WN. 2019. The HCN channel voltage sensor undergoes a large downward
motion during hyperpolarization. Nature Structural & Molecular Biology 26:686–694. DOI: https://doi.org/10.
1038/s41594-019-0259-1, PMID: 31285608

Darabedian N, Thompson JW, Chuh KN, Hsieh-Wilson LC, Pratt MR. 2018. Optimization of chemoenzymatic
mass tagging by Strain-Promoted cycloaddition (SPAAC) for the determination of O-GlcNAc stoichiometry by
western blotting. Biochemistry 57:5769–5774. DOI: https://doi.org/10.1021/acs.biochem.8b00648, PMID: 3016
9966

Dieterich DC, Link AJ, Graumann J, Tirrell DA, Schuman EM. 2006. Selective identification of newly synthesized
proteins in mammalian cells using bioorthogonal noncanonical amino acid tagging (BONCAT). PNAS 103:
9482–9487. DOI: https://doi.org/10.1073/pnas.0601637103, PMID: 16769897

Dieterich DC, Hodas JJ, Gouzer G, Shadrin IY, Ngo JT, Triller A, Tirrell DA, Schuman EM. 2010. In situ
visualization and dynamics of newly synthesized proteins in rat hippocampal neurons. Nature Neuroscience 13:
897–905. DOI: https://doi.org/10.1038/nn.2580, PMID: 20543841

Dommerholt J, Schmidt S, Temming R, Hendriks LJ, Rutjes FP, van Hest JC, Lefeber DJ, Friedl P, van Delft FL.
2010. Readily accessible bicyclononynes for bioorthogonal labeling and three-dimensional imaging of living
cells. Angewandte Chemie International Edition 49:9422–9425. DOI: https://doi.org/10.1002/anie.201003761,
PMID: 20857472

Dommerholt J, van Rooijen O, Borrmann A, Guerra CF, Bickelhaupt FM, van Delft FL. 2014. Highly accelerated
inverse electron-demand cycloaddition of electron-deficient azides with aliphatic cyclooctynes. Nature
Communications 5:5378. DOI: https://doi.org/10.1038/ncomms6378, PMID: 25382411

Dommerholt J, Rutjes FPJT, van Delft FL. 2016. Strain-Promoted 1,3-Dipolar cycloaddition of cycloalkynes and
organic azides. Topics in Current Chemistry 374:16. DOI: https://doi.org/10.1007/s41061-016-0016-4

El Hiani Y, Linsdell P. 2014. Conformational changes opening and closing the CFTR chloride channel: insights
from cysteine scanning mutagenesis. Biochemistry and Cell Biology 92:481–488. DOI: https://doi.org/10.1139/
bcb-2014-0038, PMID: 25367045

Erdmann I, Marter K, Kobler O, Niehues S, Abele J, Müller A, Bussmann J, Storkebaum E, Ziv T, Thomas U,
Dieterich DC. 2015. Cell-selective labelling of proteomes in Drosophila Melanogaster. Nature Communications
6:7521. DOI: https://doi.org/10.1038/ncomms8521, PMID: 26138272

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 24 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1152/physrev.2000.80.2.555
http://www.ncbi.nlm.nih.gov/pubmed/10747201
https://doi.org/10.1038/nrm2376
http://www.ncbi.nlm.nih.gov/pubmed/18354422
https://doi.org/10.1038/ncomms12755
http://www.ncbi.nlm.nih.gov/pubmed/27678200
https://doi.org/10.1002/anie.200300646
https://doi.org/10.1002/anie.200300646
http://www.ncbi.nlm.nih.gov/pubmed/15578784
https://doi.org/10.1038/45552
http://www.ncbi.nlm.nih.gov/pubmed/10617201
https://doi.org/10.1016/S0896-6273(00)80403-1
https://doi.org/10.1085/jgp.200308971
https://doi.org/10.1085/jgp.200308971
http://www.ncbi.nlm.nih.gov/pubmed/14981134
https://doi.org/10.1038/nature03888
https://doi.org/10.1038/nature03888
http://www.ncbi.nlm.nih.gov/pubmed/16094369
https://doi.org/10.1021/ja4059553
https://doi.org/10.1085/jgp.200709774
https://doi.org/10.1085/jgp.200709774
http://www.ncbi.nlm.nih.gov/pubmed/17470663
http://www.ncbi.nlm.nih.gov/pubmed/13414198
http://www.ncbi.nlm.nih.gov/pubmed/13414198
https://doi.org/10.1039/c1cc14402b
https://doi.org/10.1039/c1cc14402b
https://doi.org/10.1085/jgp.201912372
https://doi.org/10.1085/jgp.201912372
http://www.ncbi.nlm.nih.gov/pubmed/31431491
https://doi.org/10.1016/j.cbpa.2011.03.010
https://doi.org/10.1016/j.cbpa.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21571577
https://doi.org/10.1038/s41594-019-0259-1
https://doi.org/10.1038/s41594-019-0259-1
http://www.ncbi.nlm.nih.gov/pubmed/31285608
https://doi.org/10.1021/acs.biochem.8b00648
http://www.ncbi.nlm.nih.gov/pubmed/30169966
http://www.ncbi.nlm.nih.gov/pubmed/30169966
https://doi.org/10.1073/pnas.0601637103
http://www.ncbi.nlm.nih.gov/pubmed/16769897
https://doi.org/10.1038/nn.2580
http://www.ncbi.nlm.nih.gov/pubmed/20543841
https://doi.org/10.1002/anie.201003761
http://www.ncbi.nlm.nih.gov/pubmed/20857472
https://doi.org/10.1038/ncomms6378
http://www.ncbi.nlm.nih.gov/pubmed/25382411
https://doi.org/10.1007/s41061-016-0016-4
https://doi.org/10.1139/bcb-2014-0038
https://doi.org/10.1139/bcb-2014-0038
http://www.ncbi.nlm.nih.gov/pubmed/25367045
https://doi.org/10.1038/ncomms8521
http://www.ncbi.nlm.nih.gov/pubmed/26138272
https://doi.org/10.7554/eLife.50776


Falke JJ, Koshland DE. 1987. Global flexibility in a sensory receptor: a site-directed cross-linking approach.
Science 237:1596–1600. DOI: https://doi.org/10.1126/science.2820061, PMID: 2820061

Forman SA, Miller KW. 2011. Anesthetic sites and allosteric mechanisms of action on Cys-loop ligand-gated ion
channels. Canadian Journal of Anesthesia/Journal Canadien d’anesthésie 58:191–205. DOI: https://doi.org/10.
1007/s12630-010-9419-9

Gandhi CS, Loots E, Isacoff EY. 2000. Reconstructing voltage sensor-pore interaction from a fluorescence scan of
a voltage-gated K+ channel. Neuron 27:585–595. DOI: https://doi.org/10.1016/S0896-6273(00)00068-4,
PMID: 11055440

Gandhi CS, Clark E, Loots E, Pralle A, Isacoff EY. 2003. The orientation and molecular movement of a k(+)
channel voltage-sensing domain. Neuron 40:515–525. DOI: https://doi.org/10.1016/S0896-6273(03)00646-9,
PMID: 14642276

Glauner KS, Mannuzzu LM, Gandhi CS, Isacoff EY. 1999. Spectroscopic mapping of voltage sensor movement in
the shaker potassium channel. Nature 402:813–817. DOI: https://doi.org/10.1038/45561, PMID: 10617202

Glenn WS, Stone SE, Ho SH, Sweredoski MJ, Moradian A, Hess S, Bailey-Serres J, Tirrell DA. 2017.
Bioorthogonal noncanonical amino acid tagging (BONCAT) Enables Time-Resolved analysis of protein synthesis
in native plant tissue. Plant Physiology 173:1543–1553. DOI: https://doi.org/10.1104/pp.16.01762, PMID: 2
8104718

Gonzalez C, Morera FJ, Rosenmann E, Alvarez O, Latorre R. 2005. S3b amino acid residues do not shuttle across
the bilayer in voltage-dependent shaker K+ channels. PNAS 102:5020–5025. DOI: https://doi.org/10.1073/
pnas.0501051102, PMID: 15774578

Gordon SE, Munari M, Zagotta WN. 2018. Visualizing conformational dynamics of proteins in solution and at the
cell membrane. eLife 7:e37248. DOI: https://doi.org/10.7554/eLife.37248, PMID: 29923827

Gorraitz E, Hirayama BA, Paz A, Wright EM, Loo DDF. 2017. Active site voltage clamp fluorometry of the sodium
glucose cotransporter hSGLT1. PNAS 114:E9980–E9988. DOI: https://doi.org/10.1073/pnas.1713899114,
PMID: 29087341

Gross A, MacKinnon R. 1996. Agitoxin footprinting the shaker potassium channel pore. Neuron 16:399–406.
DOI: https://doi.org/10.1016/S0896-6273(00)80057-4, PMID: 8789954

Gupta K, Zamanian M, Bae C, Milescu M, Krepkiy D, Tilley DC, Sack JT, Yarov-Yarovoy V, Kim JI, Swartz KJ.
2015. Tarantula toxins use common surfaces for interacting with kv and ASIC ion channels. eLife 4:e06774.
DOI: https://doi.org/10.7554/eLife.06774, PMID: 25948544

Hackos DH, Chang TH, Swartz KJ. 2002. Scanning the intracellular S6 activation gate in the shaker K+ channel.
The Journal of General Physiology 119:521–531. DOI: https://doi.org/10.1085/jgp.20028569, PMID: 12034760

Herrington J, Zhou Y-P, Bugianesi RM, Dulski PM, Feng Y, Warren VA, Smith MM, Kohler MG, Garsky VM,
Sanchez M, Wagner M, Raphaelli K, Banerjee P, Ahaghotu C, Wunderler D, Priest BT, Mehl JT, Garcia ML,
McManus OB, Kaczorowski GJ, et al. 2006. Blockers of the Delayed-Rectifier potassium current in pancreatic -
Cells Enhance Glucose-Dependent Insulin Secretion. Diabetes 55:1034–1042. DOI: https://doi.org/10.2337/
diabetes.55.04.06.db05-0788

Hinz FI, Dieterich DC, Tirrell DA, Schuman EM. 2012. Noncanonical amino acid labeling in vivo to visualize and
affinity purify newly synthesized proteins in larval zebrafish. ACS Chemical Neuroscience 3:40–49. DOI: https://
doi.org/10.1021/cn2000876

Hinz FI, Dieterich DC, Schuman EM. 2013. Teaching old NCATs new tricks: using non-canonical amino acid
tagging to study neuronal plasticity. Current Opinion in Chemical Biology 17:738–746. DOI: https://doi.org/10.
1016/j.cbpa.2013.07.021, PMID: 23938204

Holmgren M, Shin KS, Yellen G. 1998. The activation gate of a voltage-gated K+ channel can be trapped in the
open state by an intersubunit metal bridge. Neuron 21:617–621. DOI: https://doi.org/10.1016/S0896-6273(00)
80571-1, PMID: 9768847

Horn R. 2002. Molecular basis for function in sodium channels. Novartis Foundation Symposium 241:226–232.
Horne AJ, Fedida D. 2009. Use of voltage clamp fluorimetry in understanding potassium channel gating: a
review of shaker fluorescence data. Canadian Journal of Physiology and Pharmacology 87:411–418.
DOI: https://doi.org/10.1139/Y09-024, PMID: 19526034

Hoshi T, Zagotta WN, Aldrich RW. 1990. Biophysical and molecular mechanisms of shaker potassium channel
inactivation. Science 250:533–538. DOI: https://doi.org/10.1126/science.2122519, PMID: 2122519

Hou P, Eldstrom J, Shi J, Zhong L, McFarland K, Gao Y, Fedida D, Cui J. 2017. Inactivation of KCNQ1 potassium
channels reveals dynamic coupling between voltage sensing and pore opening. Nature Communications 8:
1730. DOI: https://doi.org/10.1038/s41467-017-01911-8, PMID: 29167462

Huber T, Sakmar TP. 2014. Chemical biology methods for investigating G protein-coupled receptor signaling.
Chemistry & Biology 21:1224–1237. DOI: https://doi.org/10.1016/j.chembiol.2014.08.009, PMID: 25237865

Hughes LD, Rawle RJ, Boxer SG. 2014. Choose your label wisely: water-soluble fluorophores often interact with
lipid bilayers. PLOS ONE 9:e87649. DOI: https://doi.org/10.1371/journal.pone.0087649, PMID: 24503716

Infield DT, Matulef K, Galpin JD, Lam K, Tajkhorshid E, Ahern CA, Valiyaveetil FI. 2018. Main-chain mutagenesis
reveals intrahelical coupling in an ion channel voltage-sensor. Nature Communications 9:5055. DOI: https://doi.
org/10.1038/s41467-018-07477-3, PMID: 30498243

Jarecki BW, Zheng S, Zhang L, Li X, Zhou X, Cui Q, Tang W, Chanda B. 2013. Tethered spectroscopic probes
estimate dynamic distances with subnanometer resolution in voltage-dependent potassium channels.
Biophysical Journal 105:2724–2732. DOI: https://doi.org/10.1016/j.bpj.2013.11.010, PMID: 24359744

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 25 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1126/science.2820061
http://www.ncbi.nlm.nih.gov/pubmed/2820061
https://doi.org/10.1007/s12630-010-9419-9
https://doi.org/10.1007/s12630-010-9419-9
https://doi.org/10.1016/S0896-6273(00)00068-4
http://www.ncbi.nlm.nih.gov/pubmed/11055440
https://doi.org/10.1016/S0896-6273(03)00646-9
http://www.ncbi.nlm.nih.gov/pubmed/14642276
https://doi.org/10.1038/45561
http://www.ncbi.nlm.nih.gov/pubmed/10617202
https://doi.org/10.1104/pp.16.01762
http://www.ncbi.nlm.nih.gov/pubmed/28104718
http://www.ncbi.nlm.nih.gov/pubmed/28104718
https://doi.org/10.1073/pnas.0501051102
https://doi.org/10.1073/pnas.0501051102
http://www.ncbi.nlm.nih.gov/pubmed/15774578
https://doi.org/10.7554/eLife.37248
http://www.ncbi.nlm.nih.gov/pubmed/29923827
https://doi.org/10.1073/pnas.1713899114
http://www.ncbi.nlm.nih.gov/pubmed/29087341
https://doi.org/10.1016/S0896-6273(00)80057-4
http://www.ncbi.nlm.nih.gov/pubmed/8789954
https://doi.org/10.7554/eLife.06774
http://www.ncbi.nlm.nih.gov/pubmed/25948544
https://doi.org/10.1085/jgp.20028569
http://www.ncbi.nlm.nih.gov/pubmed/12034760
https://doi.org/10.2337/diabetes.55.04.06.db05-0788
https://doi.org/10.2337/diabetes.55.04.06.db05-0788
https://doi.org/10.1021/cn2000876
https://doi.org/10.1021/cn2000876
https://doi.org/10.1016/j.cbpa.2013.07.021
https://doi.org/10.1016/j.cbpa.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/23938204
https://doi.org/10.1016/S0896-6273(00)80571-1
https://doi.org/10.1016/S0896-6273(00)80571-1
http://www.ncbi.nlm.nih.gov/pubmed/9768847
https://doi.org/10.1139/Y09-024
http://www.ncbi.nlm.nih.gov/pubmed/19526034
https://doi.org/10.1126/science.2122519
http://www.ncbi.nlm.nih.gov/pubmed/2122519
https://doi.org/10.1038/s41467-017-01911-8
http://www.ncbi.nlm.nih.gov/pubmed/29167462
https://doi.org/10.1016/j.chembiol.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25237865
https://doi.org/10.1371/journal.pone.0087649
http://www.ncbi.nlm.nih.gov/pubmed/24503716
https://doi.org/10.1038/s41467-018-07477-3
https://doi.org/10.1038/s41467-018-07477-3
http://www.ncbi.nlm.nih.gov/pubmed/30498243
https://doi.org/10.1016/j.bpj.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24359744
https://doi.org/10.7554/eLife.50776


Javitch JA. 1998. Probing structure of neurotransmitter transporters by substituted-cysteine accessibility
method. Methods in Enzymology 296:331–346. DOI: https://doi.org/10.1016/s0076-6879(98)96025-6, PMID:
9779459

Ji Y, Postis VL, Wang Y, Bartlam M, Goldman A. 2016. Transport mechanism of a glutamate transporter
homologue GltPh. Biochemical Society Transactions 44:898–904. DOI: https://doi.org/10.1042/BST20160055,
PMID: 27284058

Johnson JA, Lu YY, Van Deventer JA, Tirrell DA. 2010. Residue-specific incorporation of non-canonical amino
acids into proteins: recent developments and applications. Current Opinion in Chemical Biology 14:774–780.
DOI: https://doi.org/10.1016/j.cbpa.2010.09.013, PMID: 21071259

Kalstrup T, Blunck R. 2013. Dynamics of internal pore opening in K(V) channels probed by a fluorescent unnatural
amino acid. PNAS 110:8272–8277. DOI: https://doi.org/10.1073/pnas.1220398110, PMID: 23630265

Kalstrup T, Blunck R. 2015. Reinitiation at non-canonical start codons leads to leak expression when
incorporating unnatural amino acids. Scientific Reports 5:11866. DOI: https://doi.org/10.1038/srep11866,
PMID: 26153354

Kalstrup T, Blunck R. 2018. S4-S5 Linker movement during activation and inactivation in voltage-gated K+

channels. PNAS 115:E6751–E6759. DOI: https://doi.org/10.1073/pnas.1719105115, PMID: 29959207
Kiick KL, Saxon E, Tirrell DA, Bertozzi CR. 2002. Incorporation of azides into recombinant proteins for
chemoselective modification by the Staudinger ligation. PNAS 99:19–24. DOI: https://doi.org/10.1073/pnas.
012583299

Kitaguchi T, Sukhareva M, Swartz KJ. 2004. Stabilizing the closed S6 gate in the shaker kv channel through
modification of a hydrophobic seal. The Journal of General Physiology 124:319–332. DOI: https://doi.org/10.
1085/jgp.200409098, PMID: 15365093

Klippenstein V, Mony L, Paoletti P. 2018. Probing ion channel structure and function using Light-Sensitive amino
acids. Trends in Biochemical Sciences 43:436–451. DOI: https://doi.org/10.1016/j.tibs.2018.02.012, PMID: 2
9650383

Koch HP. 2005. Small-Scale molecular motions accomplish glutamate uptake in human glutamate transporters.
Journal of Neuroscience 25:1730–1736. DOI: https://doi.org/10.1523/JNEUROSCI.4138-04.2005

Koehler Leman J, Bonneau R, Ulmschneider MB. 2018. Statistically derived asymmetric membrane potentials
from a-helical and b-barrel membrane proteins. Scientific Reports 8:4446. DOI: https://doi.org/10.1038/
s41598-018-22476-6, PMID: 29535329

Lang K, Chin JW. 2014. Bioorthogonal reactions for labeling proteins. ACS Chemical Biology 9:16–20.
DOI: https://doi.org/10.1021/cb4009292, PMID: 24432752

Larsson HP, Baker OS, Dhillon DS, Isacoff EY. 1996. Transmembrane movement of the shaker K+ channel S4.
Neuron 16:387–397. DOI: https://doi.org/10.1016/S0896-6273(00)80056-2, PMID: 8789953

Lee EEL, Bezanilla F. 2019. Methodological improvements for fluorescence recordings in xenopus laevis oocytes.
The Journal of General Physiology 151:264–272. DOI: https://doi.org/10.1085/jgp.201812189,
PMID: 30606741

Leisle L, Valiyaveetil F, Mehl RA, Ahern CA. 2015. Incorporation of Non-Canonical amino acids. Advances in
Experimental Medicine and Biology 869:119–151. DOI: https://doi.org/10.1007/978-1-4939-2845-3_7,
PMID: 26381943

Leunissen EH, Meuleners MH, Verkade JM, Dommerholt J, Hoenderop JG, van Delft FL. 2014. Copper-free click
reactions with polar bicyclononyne derivatives for modulation of cellular imaging. ChemBioChem 15:1446–
1451. DOI: https://doi.org/10.1002/cbic.201402030, PMID: 24904006

Liapakis G, Simpson MM, Javitch JA. 2001. The substituted-cysteine accessibility method (SCAM) to elucidate
membrane protein structure. Current Protocols in Neuroscience 4:15. DOI: https://doi.org/10.1002/
0471142301.ns0415s08, PMID: 18428478

Liman ER, Tytgat J, Hess P. 1992. Subunit stoichiometry of a mammalian K+ channel determined by construction
of multimeric cDNAs. Neuron 9:861–871. DOI: https://doi.org/10.1016/0896-6273(92)90239-A, PMID: 1419000

Link AJ, Vink MK, Tirrell DA. 2004. Presentation and detection of azide functionality in bacterial cell surface
proteins. Journal of the American Chemical Society 126:10598–10602. DOI: https://doi.org/10.1021/ja047629c,
PMID: 15327317

Link AJ, Tirrell DA. 2005. Reassignment of sense codons in vivo. Methods 36:291–298. DOI: https://doi.org/10.
1016/j.ymeth.2005.04.005, PMID: 16076455

Linsdell P. 2015. Metal bridges to probe membrane ion channel structure and function. Biomolecular Concepts
6:191–203. DOI: https://doi.org/10.1515/bmc-2015-0013, PMID: 26103632

Liu Y, Jurman ME, Yellen G. 1996. Dynamic rearrangement of the outer mouth of a K+ channel during gating.
Neuron 16:859–867. DOI: https://doi.org/10.1016/S0896-6273(00)80106-3

Long SB, Tao X, Campbell EB, MacKinnon R. 2007. Atomic structure of a voltage-dependent K+ channel in a lipid
membrane-like environment.Nature 450:376–382. DOI: https://doi.org/10.1038/nature06265, PMID: 18004376

Loots E, Isacoff EY. 1998. Protein rearrangements underlying slow inactivation of the shaker K+ channel. The
Journal of General Physiology 112:377–389. DOI: https://doi.org/10.1085/jgp.112.4.377, PMID: 9758858

Loots E, Isacoff EY. 2000. Molecular coupling of S4 to a K(+) channel’s slow inactivation gate. The Journal of
General Physiology 116:623–636. DOI: https://doi.org/10.1085/jgp.116.5.623, PMID: 11055991

Ma Y, Yates JR. 2018. Proteomics and pulse azidohomoalanine labeling of newly synthesized proteins: what are
the potential applications? Expert Review of Proteomics 15:545–554. DOI: https://doi.org/10.1080/14789450.
2018.1500902, PMID: 30005169

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 26 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1016/s0076-6879(98)96025-6
http://www.ncbi.nlm.nih.gov/pubmed/9779459
https://doi.org/10.1042/BST20160055
http://www.ncbi.nlm.nih.gov/pubmed/27284058
https://doi.org/10.1016/j.cbpa.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/21071259
https://doi.org/10.1073/pnas.1220398110
http://www.ncbi.nlm.nih.gov/pubmed/23630265
https://doi.org/10.1038/srep11866
http://www.ncbi.nlm.nih.gov/pubmed/26153354
https://doi.org/10.1073/pnas.1719105115
http://www.ncbi.nlm.nih.gov/pubmed/29959207
https://doi.org/10.1073/pnas.012583299
https://doi.org/10.1073/pnas.012583299
https://doi.org/10.1085/jgp.200409098
https://doi.org/10.1085/jgp.200409098
http://www.ncbi.nlm.nih.gov/pubmed/15365093
https://doi.org/10.1016/j.tibs.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29650383
http://www.ncbi.nlm.nih.gov/pubmed/29650383
https://doi.org/10.1523/JNEUROSCI.4138-04.2005
https://doi.org/10.1038/s41598-018-22476-6
https://doi.org/10.1038/s41598-018-22476-6
http://www.ncbi.nlm.nih.gov/pubmed/29535329
https://doi.org/10.1021/cb4009292
http://www.ncbi.nlm.nih.gov/pubmed/24432752
https://doi.org/10.1016/S0896-6273(00)80056-2
http://www.ncbi.nlm.nih.gov/pubmed/8789953
https://doi.org/10.1085/jgp.201812189
http://www.ncbi.nlm.nih.gov/pubmed/30606741
https://doi.org/10.1007/978-1-4939-2845-3_7
http://www.ncbi.nlm.nih.gov/pubmed/26381943
https://doi.org/10.1002/cbic.201402030
http://www.ncbi.nlm.nih.gov/pubmed/24904006
https://doi.org/10.1002/0471142301.ns0415s08
https://doi.org/10.1002/0471142301.ns0415s08
http://www.ncbi.nlm.nih.gov/pubmed/18428478
https://doi.org/10.1016/0896-6273(92)90239-A
http://www.ncbi.nlm.nih.gov/pubmed/1419000
https://doi.org/10.1021/ja047629c
http://www.ncbi.nlm.nih.gov/pubmed/15327317
https://doi.org/10.1016/j.ymeth.2005.04.005
https://doi.org/10.1016/j.ymeth.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16076455
https://doi.org/10.1515/bmc-2015-0013
http://www.ncbi.nlm.nih.gov/pubmed/26103632
https://doi.org/10.1016/S0896-6273(00)80106-3
https://doi.org/10.1038/nature06265
http://www.ncbi.nlm.nih.gov/pubmed/18004376
https://doi.org/10.1085/jgp.112.4.377
http://www.ncbi.nlm.nih.gov/pubmed/9758858
https://doi.org/10.1085/jgp.116.5.623
http://www.ncbi.nlm.nih.gov/pubmed/11055991
https://doi.org/10.1080/14789450.2018.1500902
https://doi.org/10.1080/14789450.2018.1500902
http://www.ncbi.nlm.nih.gov/pubmed/30005169
https://doi.org/10.7554/eLife.50776


Mannuzzu LM, Moronne MM, Isacoff EY. 1996. Direct physical measure of conformational rearrangement
underlying potassium channel gating. Science 271:213–216. DOI: https://doi.org/10.1126/science.271.5246.
213, PMID: 8539623

McNally BA, Prakriya M. 2012. Permeation, selectivity and gating in store-operated CRAC channels. The Journal
of Physiology 590:4179–4191. DOI: https://doi.org/10.1113/jphysiol.2012.233098, PMID: 22586221

Milescu M, Bosmans F, Lee S, Alabi AA, Kim JI, Swartz KJ. 2009. Interactions between lipids and voltage sensor
paddles detected with tarantula toxins. Nature Structural & Molecular Biology 16:1080–1085. DOI: https://doi.
org/10.1038/nsmb.1679, PMID: 19783984

Milescu M, Lee HC, Bae CH, Kim JI, Swartz KJ. 2013. Opening the shaker K+ channel with hanatoxin. The Journal
of General Physiology 141:203–216. DOI: https://doi.org/10.1085/jgp.201210914, PMID: 23359283

Mulligan C, Mindell JA. 2017. Pinning down the mechanism of transport: probing the structure and function of
transporters using cysteine Cross-Linking and Site-Specific labeling. Methods in Enzymology 594:165–202.
DOI: https://doi.org/10.1016/bs.mie.2017.05.012, PMID: 28779840

Nadarajan SP, Mathew S, Deepankumar K, Yun H. 2013. An in silico approach to evaluate the polyspecificity of
methionyl-tRNA synthetases. Journal of Molecular Graphics and Modelling 39:79–86. DOI: https://doi.org/10.
1016/j.jmgm.2012.11.005, PMID: 23228618

Nakajo K, Kubo Y. 2015. KCNQ1 channel modulation by KCNE proteins via the voltage-sensing domain. The
Journal of Physiology 593:2617–2625. DOI: https://doi.org/10.1113/jphysiol.2014.287672, PMID: 25603957

Noren CJ, Anthony-Cahill SJ, Griffith MC, Schultz PG. 1989. A general method for site-specific incorporation of
unnatural amino acids into proteins. Science 244:182–188. DOI: https://doi.org/10.1126/science.2649980,
PMID: 2649980

Nowak MW, Kearney PC, Sampson JR, Saks ME, Labarca CG, Silverman SK, Zhong W, Thorson J, Abelson JN,
Davidson N. 1995. Nicotinic receptor binding site probed with unnatural amino acid incorporation in intact
cells. Science 268:439–442. DOI: https://doi.org/10.1126/science.7716551, PMID: 7716551

Nys M, Kesters D, Ulens C. 2013. Structural insights into Cys-loop receptor function and ligand recognition.
Biochemical Pharmacology 86:1042–1053. DOI: https://doi.org/10.1016/j.bcp.2013.07.001

Paz A, Claxton DP, Kumar JP, Kazmier K, Bisignano P, Sharma S, Nolte SA, Liwag TM, Nayak V, Wright EM,
Grabe M, Mchaourab HS, Abramson J. 2018. Conformational transitions of the sodium-dependent sugar
transporter, vSGLT. PNAS 115:E2742–E2751. DOI: https://doi.org/10.1073/pnas.1718451115, PMID: 29507231

Pless SA, Kim RY, Ahern CA, Kurata HT. 2015. Atom-by-atom engineering of voltage-gated ion channels:
magnified insights into function and pharmacology. The Journal of Physiology 593:2627–2634. DOI: https://
doi.org/10.1113/jphysiol.2014.287714, PMID: 25640301

Pless SA, Ahern CA. 2013. Unnatural amino acids as probes of ligand-receptor interactions and their
conformational consequences. Annual Review of Pharmacology and Toxicology 53:211–229. DOI: https://doi.
org/10.1146/annurev-pharmtox-011112-140343, PMID: 23294309

Pliotas C. 2017. Ion channel conformation and oligomerization assessment by Site-Directed spin labeling and
Pulsed-EPR. Methods in Enzymology 594:203–242. DOI: https://doi.org/10.1016/bs.mie.2017.05.013, PMID: 2
8779841

Posson DJ, Selvin PR. 2008. Extent of voltage sensor movement during gating of shaker K+ channels. Neuron
59:98–109. DOI: https://doi.org/10.1016/j.neuron.2008.05.006, PMID: 18614032

Priest M, Bezanilla F. 2015. Functional Site-Directed fluorometry. Advances in Experimental Medicine and
Biology 869:55–76. DOI: https://doi.org/10.1007/978-1-4939-2845-3_4, PMID: 26381940

Rannversson H, Andersen J, Sørensen L, Bang-Andersen B, Park M, Huber T, Sakmar TP, Strømgaard K. 2016.
Genetically encoded photocrosslinkers locate the high-affinity binding site of antidepressant drugs in the
human serotonin transporter. Nature Communications 7:11261. DOI: https://doi.org/10.1038/ncomms11261,
PMID: 27089947

Rostovtsev VV, Green LG, Fokin VV, Sharpless KB. 2002. A stepwise huisgen cycloaddition process: copper(I)-
Catalyzed regioselective “Ligation” of Azides and Terminal Alkynes. Angewandte Chemie International Edition
41:2596–2599. DOI: https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4

Rudnick G. 2006. Serotonin transporters–structure and function. Journal of Membrane Biology 213:101–110.
DOI: https://doi.org/10.1007/s00232-006-0878-4, PMID: 17417703

Sadoine M, Cerminara M, Kempf N, Gerrits M, Fitter J, Katranidis A. 2017. Selective Double-Labeling of Cell-
Free synthesized proteins for more accurate smFRET studies. Analytical Chemistry 89:11278–11285.
DOI: https://doi.org/10.1021/acs.analchem.7b01639, PMID: 29022338

Saito F, Noda H, Bode JW. 2015. Critical evaluation and rate constants of chemoselective ligation reactions for
stoichiometric conjugations in water. ACS Chemical Biology 10:1026–1033. DOI: https://doi.org/10.1021/
cb5006728, PMID: 25572124

Saotome K, Singh AK, Yelshanskaya MV, Sobolevsky AI. 2016. Crystal structure of the epithelial calcium channel
TRPV6. Nature 534:506–511. DOI: https://doi.org/10.1038/nature17975

Savalli N, Kondratiev A, Toro L, Olcese R. 2006. Voltage-dependent conformational changes in human ca(2+)-
and voltage-activated K(+) channel, revealed by voltage-clamp fluorometry. PNAS 103:12619–12624.
DOI: https://doi.org/10.1073/pnas.0601176103, PMID: 16895996

Schmidt-Rose T, Jentsch TJ. 1997. Transmembrane topology of a CLC chloride channel. PNAS 94:7633–7638.
DOI: https://doi.org/10.1073/pnas.94.14.7633, PMID: 9207144

Seo MH, Lee TS, Kim E, Cho YL, Park HS, Yoon TY, Kim HS. 2011. Efficient single-molecule fluorescence
resonance energy transfer analysis by site-specific dual-labeling of protein using an unnatural amino acid.
Analytical Chemistry 83:8849–8854. DOI: https://doi.org/10.1021/ac202096t, PMID: 22035235

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 27 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1126/science.271.5246.213
https://doi.org/10.1126/science.271.5246.213
http://www.ncbi.nlm.nih.gov/pubmed/8539623
https://doi.org/10.1113/jphysiol.2012.233098
http://www.ncbi.nlm.nih.gov/pubmed/22586221
https://doi.org/10.1038/nsmb.1679
https://doi.org/10.1038/nsmb.1679
http://www.ncbi.nlm.nih.gov/pubmed/19783984
https://doi.org/10.1085/jgp.201210914
http://www.ncbi.nlm.nih.gov/pubmed/23359283
https://doi.org/10.1016/bs.mie.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28779840
https://doi.org/10.1016/j.jmgm.2012.11.005
https://doi.org/10.1016/j.jmgm.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23228618
https://doi.org/10.1113/jphysiol.2014.287672
http://www.ncbi.nlm.nih.gov/pubmed/25603957
https://doi.org/10.1126/science.2649980
http://www.ncbi.nlm.nih.gov/pubmed/2649980
https://doi.org/10.1126/science.7716551
http://www.ncbi.nlm.nih.gov/pubmed/7716551
https://doi.org/10.1016/j.bcp.2013.07.001
https://doi.org/10.1073/pnas.1718451115
http://www.ncbi.nlm.nih.gov/pubmed/29507231
https://doi.org/10.1113/jphysiol.2014.287714
https://doi.org/10.1113/jphysiol.2014.287714
http://www.ncbi.nlm.nih.gov/pubmed/25640301
https://doi.org/10.1146/annurev-pharmtox-011112-140343
https://doi.org/10.1146/annurev-pharmtox-011112-140343
http://www.ncbi.nlm.nih.gov/pubmed/23294309
https://doi.org/10.1016/bs.mie.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28779841
http://www.ncbi.nlm.nih.gov/pubmed/28779841
https://doi.org/10.1016/j.neuron.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18614032
https://doi.org/10.1007/978-1-4939-2845-3_4
http://www.ncbi.nlm.nih.gov/pubmed/26381940
https://doi.org/10.1038/ncomms11261
http://www.ncbi.nlm.nih.gov/pubmed/27089947
https://doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
https://doi.org/10.1007/s00232-006-0878-4
http://www.ncbi.nlm.nih.gov/pubmed/17417703
https://doi.org/10.1021/acs.analchem.7b01639
http://www.ncbi.nlm.nih.gov/pubmed/29022338
https://doi.org/10.1021/cb5006728
https://doi.org/10.1021/cb5006728
http://www.ncbi.nlm.nih.gov/pubmed/25572124
https://doi.org/10.1038/nature17975
https://doi.org/10.1073/pnas.0601176103
http://www.ncbi.nlm.nih.gov/pubmed/16895996
https://doi.org/10.1073/pnas.94.14.7633
http://www.ncbi.nlm.nih.gov/pubmed/9207144
https://doi.org/10.1021/ac202096t
http://www.ncbi.nlm.nih.gov/pubmed/22035235
https://doi.org/10.7554/eLife.50776


Shandell MA, Quejada JR, Yazawa M, Cornish VW, Kass RS. 2019. Detection of Nav1.5 conformational change in
mammalian cells using the noncanonical amino acid ANAP. Biophysical Journal 117:1352–1363. DOI: https://
doi.org/10.1016/j.bpj.2019.08.028, PMID: 31521331

Silberberg SD, Chang TH, Swartz KJ. 2005. Secondary structure and gating rearrangements of transmembrane
segments in rat P2X4 receptor channels. The Journal of General Physiology 125:347–359. DOI: https://doi.org/
10.1085/jgp.200409221, PMID: 15795310

Sletten EM, Bertozzi CR. 2011. From mechanism to mouse: a tale of two bioorthogonal reactions. Accounts of
Chemical Research 44:666–676. DOI: https://doi.org/10.1021/ar200148z, PMID: 21838330

Swartz KJ. 2008. Sensing voltage across lipid membranes. Nature 456:891–897. DOI: https://doi.org/10.1038/
nature07620, PMID: 19092925

Takeuchi A, Reyes N, Artigas P, Gadsby DC. 2009. Visualizing the mapped ion pathway through the Na,K-
ATPase pump. Channels 3:383–386. DOI: https://doi.org/10.4161/chan.3.6.9775

Tao X, Lee A, Limapichat W, Dougherty DA, MacKinnon R. 2010. A gating charge transfer center in voltage
sensors. Science 328:67–73. DOI: https://doi.org/10.1126/science.1185954, PMID: 20360102

Taraska JW, Puljung MC, Olivier NB, Flynn GE, Zagotta WN. 2009. Mapping the structure and conformational
movements of proteins with transition metal ion FRET. Nature Methods 6:532–537. DOI: https://doi.org/10.
1038/nmeth.1341, PMID: 19525958

Taraska JW. 2012. Mapping membrane protein structure with fluorescence. Current Opinion in Structural
Biology 22:507–513. DOI: https://doi.org/10.1016/j.sbi.2012.02.004, PMID: 22445227

Taraska JW, Zagotta WN. 2010. Fluorescence applications in molecular neurobiology. Neuron 66:170–189.
DOI: https://doi.org/10.1016/j.neuron.2010.02.002, PMID: 20434995

Tornøe CW, Christensen C, Meldal M. 2002. Peptidotriazoles on solid phase: [1,2,3]-triazoles by regiospecific
copper(i)-catalyzed 1,3-dipolar cycloadditions of terminal alkynes to azides. The Journal of Organic Chemistry
67:3057–3064. DOI: https://doi.org/10.1021/jo011148j, PMID: 11975567

Tyagi S, Lemke EA. 2013. Genetically encoded click chemistry for single-molecule FRET of proteins. Methods in
Cell Biology 113:169–187. DOI: https://doi.org/10.1016/B978-0-12-407239-8.00009-4, PMID: 23317903

Van Arnam EB, Dougherty DA. 2014. Functional probes of drug-receptor interactions implicated by structural
studies: cys-loop receptors provide a fertile testing ground. Journal of Medicinal Chemistry 57:6289–6300.
DOI: https://doi.org/10.1021/jm500023m, PMID: 24568098

van Geel R, Pruijn GJ, van Delft FL, Boelens WC. 2012. Preventing thiol-yne addition improves the specificity of
strain-promoted azide-alkyne cycloaddition. Bioconjugate Chemistry 23:392–398. DOI: https://doi.org/10.1021/
bc200365k, PMID: 22372991

van Hest JC, Tirrell DA. 1998. Efficient introduction of alkene functionality into proteins in vivo. FEBS Letters
428:68–70. DOI: https://doi.org/10.1016/S0014-5793(98)00489-X, PMID: 9645477

Vázquez-Ibar JL, Weinglass AB, Kaback HR. 2002. Engineering a terbium-binding site into an integral membrane
protein for luminescence energy transfer. PNAS 99:3487–3492. DOI: https://doi.org/10.1073/pnas.052703599,
PMID: 11891311

Wang S, Brettmann JB, Nichols CG. 2018. Studying structural dynamics of potassium channels by Single-
Molecule FRET. Methods in Molecular Biology 1684:163–180. DOI: https://doi.org/10.1007/978-1-4939-7362-
0_13, PMID: 29058191

Wess J, Han SJ, Kim SK, Jacobson KA, Li JH. 2008. Conformational changes involved in G-protein-coupled-
receptor activation. Trends in Pharmacological Sciences 29:616–625. DOI: https://doi.org/10.1016/j.tips.2008.
08.006, PMID: 18838178

Yang W, Hendrickson WA, Crouch RJ, Satow Y. 1990. Structure of ribonuclease H phased at 2 A resolution by
MAD analysis of the selenomethionyl protein. Science 249:1398–1405. DOI: https://doi.org/10.1126/science.
2169648, PMID: 2169648

Young DD, Schultz PG. 2018. Playing with the molecules of life. ACS Chemical Biology 13:854–870. DOI: https://
doi.org/10.1021/acschembio.7b00974, PMID: 29345901

Zagotta WN, Gordon MT, Senning EN, Munari MA, Gordon SE. 2016. Measuring distances between TRPV1 and
the plasma membrane using a noncanonical amino acid and transition metal ion FRET. The Journal of General
Physiology 147:201–216. DOI: https://doi.org/10.1085/jgp.201511531, PMID: 26755770

Zhang C, Dai P, Vinogradov AA, Gates ZP, Pentelute BL. 2018a. Site-Selective Cysteine-Cyclooctyne conjugation.
Angewandte Chemie International Edition 57:6459–6463. DOI: https://doi.org/10.1002/anie.201800860,
PMID: 29575377

Zhang F, Jara-Oseguera A, Chang TH, Bae C, Hanson SM, Swartz KJ. 2018b. Heat activation is intrinsic to the
pore domain of TRPV1. PNAS 115:E317–E324. DOI: https://doi.org/10.1073/pnas.1717192115, PMID: 292793
88

Zhu S, Riou M, Yao CA, Carvalho S, Rodriguez PC, Bensaude O, Paoletti P, Ye S. 2014. Genetically encoding a
light switch in an ionotropic glutamate receptor reveals subunit-specific interfaces. PNAS 111:6081–6086.
DOI: https://doi.org/10.1073/pnas.1318808111, PMID: 24715733

Zhu Q, Casey JR. 2007. Topology of transmembrane proteins by scanning cysteine accessibility mutagenesis
methodology. Methods 41:439–450. DOI: https://doi.org/10.1016/j.ymeth.2006.08.004, PMID: 17367716

Gupta et al. eLife 2019;8:e50776. DOI: https://doi.org/10.7554/eLife.50776 28 of 28

Tools and resources Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1016/j.bpj.2019.08.028
https://doi.org/10.1016/j.bpj.2019.08.028
http://www.ncbi.nlm.nih.gov/pubmed/31521331
https://doi.org/10.1085/jgp.200409221
https://doi.org/10.1085/jgp.200409221
http://www.ncbi.nlm.nih.gov/pubmed/15795310
https://doi.org/10.1021/ar200148z
http://www.ncbi.nlm.nih.gov/pubmed/21838330
https://doi.org/10.1038/nature07620
https://doi.org/10.1038/nature07620
http://www.ncbi.nlm.nih.gov/pubmed/19092925
https://doi.org/10.4161/chan.3.6.9775
https://doi.org/10.1126/science.1185954
http://www.ncbi.nlm.nih.gov/pubmed/20360102
https://doi.org/10.1038/nmeth.1341
https://doi.org/10.1038/nmeth.1341
http://www.ncbi.nlm.nih.gov/pubmed/19525958
https://doi.org/10.1016/j.sbi.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22445227
https://doi.org/10.1016/j.neuron.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20434995
https://doi.org/10.1021/jo011148j
http://www.ncbi.nlm.nih.gov/pubmed/11975567
https://doi.org/10.1016/B978-0-12-407239-8.00009-4
http://www.ncbi.nlm.nih.gov/pubmed/23317903
https://doi.org/10.1021/jm500023m
http://www.ncbi.nlm.nih.gov/pubmed/24568098
https://doi.org/10.1021/bc200365k
https://doi.org/10.1021/bc200365k
http://www.ncbi.nlm.nih.gov/pubmed/22372991
https://doi.org/10.1016/S0014-5793(98)00489-X
http://www.ncbi.nlm.nih.gov/pubmed/9645477
https://doi.org/10.1073/pnas.052703599
http://www.ncbi.nlm.nih.gov/pubmed/11891311
https://doi.org/10.1007/978-1-4939-7362-0_13
https://doi.org/10.1007/978-1-4939-7362-0_13
http://www.ncbi.nlm.nih.gov/pubmed/29058191
https://doi.org/10.1016/j.tips.2008.08.006
https://doi.org/10.1016/j.tips.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18838178
https://doi.org/10.1126/science.2169648
https://doi.org/10.1126/science.2169648
http://www.ncbi.nlm.nih.gov/pubmed/2169648
https://doi.org/10.1021/acschembio.7b00974
https://doi.org/10.1021/acschembio.7b00974
http://www.ncbi.nlm.nih.gov/pubmed/29345901
https://doi.org/10.1085/jgp.201511531
http://www.ncbi.nlm.nih.gov/pubmed/26755770
https://doi.org/10.1002/anie.201800860
http://www.ncbi.nlm.nih.gov/pubmed/29575377
https://doi.org/10.1073/pnas.1717192115
http://www.ncbi.nlm.nih.gov/pubmed/29279388
http://www.ncbi.nlm.nih.gov/pubmed/29279388
https://doi.org/10.1073/pnas.1318808111
http://www.ncbi.nlm.nih.gov/pubmed/24715733
https://doi.org/10.1016/j.ymeth.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17367716
https://doi.org/10.7554/eLife.50776

