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CHAPTER 2: METHODS

Ion channel electrophysiology is the central method used by our group.  As such, the electrophysiological techniques (and associated equipment) allowing the study of the function of ion channels at various levels of resolution were already in place for me to learn when I joined the lab.  However, as is nearly always the case, the application of these techniques to answer the specific questions in this dissertation necessitated some customization.  As a result, this research expanded the technical capability of our lab, particularly with respect to the quantitiative measurement of CFTR activity in whole cells during long experiments.  This chapter explains the methods used to generate and analyze the data collected in this dissertation.  The first section is an account of our efforts to optimize the quality of the Xenopus laevis oocytes that we harvest from our colony and use in electrophysiological studies.  This includes a case report (submitted last fall to the animal husbandry journal JAALAS) detailing our experience in recognizing and eliminating an infection in the colony that was negatively impacting the quality of the oocytes.  The second section describes the methodological details pertaining to the electrophysiological experiments conducted as well as how data were analyzed.   In the final section, I will briefly discuss the design and construction of an experimental rig that records electrophysiogical and fluorescence data from the same ion channels simultaneously and explain how this rig has been used to generate information on the localization of CFTR in Xenopus oocytes.


2.1 Xenopus laevis husbandry and optimization of oocyte quality via eradication of multidrug resistant bacteria
	2.1.1 Introduction: The African clawed frog (Xenopus laevis) oocyte expression model is used prominently by our group and many others in studies of the structure, regulation, and pharmacology of ion channels and receptors (Dascal, 1987).  Many groups have periodically struggled with issues of oocyte quality with respect to their utility in electrophysiological studies. In the case detailed in this report, we addressed an issue of poor oocyte quality first by treating the isolated oocytes with the broad spectrum antibiotic ciprofloxacin (in addition to the standard treatment of penicillin and streptomycin), and subsequently by re-establishing the bacterial biofilter and Xenopus laevis colony.  Our case serves as a valuable guide toward diagnosis and treatment of bacterial infections for those encountering issues with poor oocyte quality from their Xenopus colonies.
2.1.2 Case Report:  All work was conducted in accordance with a protocol approved by the institutional animal care and use committee at Emory University.  Our colony of between 10 and 15 frogs is housed in a 100 gallon recirculating system incorporating both a bacterial biofilter and particulate filtration (Figure 2.1).  We isolate oocytes via partial oophorectomy on one frog per week using aseptic technique. Our water recipe is designed to match the general hardness and alkalinity of South African ponds of which Xenopus laevis are endemic, as we, like others, have observed that this recipe   correlates   with   increased   heterologous   expression   of  proteins  of 	interest 


Figure 2.1.  Recirculating frog colony housing system in use.  Arrows indicate flow of water.  A) Water supply tank.  B) Carbon filter and pump.  C) UV lamp.  D) 5 gallon biofilter tanks.  E) Frog housing tank.  F) Particulate filter.









Table 2.1: Xenopus laevis recirculating system pond water recipe

	Constituent 
	Amount per 10L 

	Salts 
	4.0 g Cichlid lake salts (Seachem) 
0.7 g Equilibrium salts (Seachem) 

	NaHCO3
	0.305 g 

	AmQuel plus (Kordon, Inc.) 
	5 mL 

	NovAqua plus (Kordon, Inc.) 
	5 mL 



















We monitor the function of the biofilter monthly via testing strips for ammonia, nitrite, and nitrate, and perform three 10% water changes per week to control nitrate levels (Table 2.2).  With these maintenance practices in place, we had enjoyed several years of trouble-free oocyte isolation with low frog mortality and high expression of ion channel proteins of interest upon injection of cRNAs encoding those proteins.
However, starting in June of 2014, we noted that several batches of isolated oocytes formed dark spots over their entire surface, and died within 48 hours of isolation when maintained in oocyte storage media containing the antibiotics penicillin and streptomycin (not shown, but indistinguishable in appearance compared to O’Connel et al. (O'Connell et al., 2011).)  For the next 8 months, we also noted an increase in frog mortality as compared to the same length period in the previous year (5 deaths vs. 1 death). Table 2.3 details frog mortality in the period from the point we began to notice the changes in oocyte phenotype, to when we ultimately broke down the system. As shown, primary pathologies observed in the affected frogs were redness on mouth and bloating, both consistent with bacterial infection (Hubbard, 1981).  Oocytes with appearance as noted above were useless for electrophysiological recordings; they were characterized by membrane potentials near 0 mV (indicating loss of normal electrochemical gradients) and large leak currents when voltage clamping was attempted.  
We noted that during this time, no significant changes were detected in any of the water quality indicators listed previously in Table 2.1 (4 measurements taken between  5/24/14  to  6/24/14).  The  appearance  of the oocytes and timeline of 	oocyte 
Table 2.2:  Levels of relevant chemicals in a well controlled recirculating system

	Chemical/parameter
	target level 
	readings 5/24/14-6/24/14 

	Nitrate 
	20 ± 20 ppm 
	30 ±10 ppm

	Nitrite 
	0 ppm 
	0 ppm 

	Ammonia 
	0 ppm 
	0 ppm 

	General hardness 
	300 ± 50 ppm 
	350 ± 25 ppm

	Chlorine 
	0 ppm 
	0 ppm 

	Alkalinity 
	100 
	100 ±20

	pH 
	7.5 ± 0.2 
	7.4 ± 0.1


















Table 2.3  Frog mortality during the period of poor oocyte quality
	Date Reported 
	Issues reported by Veterinarian 
	Result 

	6/4/14 
	No obvious issues 
	Found dead in tank 

	7/14/14 
	Lethargy/bloating 
	Euthanized 

	9/3/14 
	Redness on mouth, secondary bacterial infection 
	Euthanized 

	12/24/14 
	Bloating 
	Found dead in tank 

	1/14/15 
	Bloating 
	Found dead in tank 
















symptoms after isolation was remarkably similar to those described in detail by O’Connell and colleagues (O'Connell et al., 2011).  In that study, the cause of the oocyte malady was determined to be infection of the frogs by multidrug resistant bacteria. Suspecting our frogs might also be infected, we cultured on antibiotic-free blood agar plates bacteria from the wound of one of the sick frogs before euthanasia (9/4/14).  The hemolytic bacteria were subsequently characterized via the Biolog system (Biolog Inc., Hayward, CA), and genetic identities were confirmed via partial 16s ribosomal RNA sequencing by John Varga, PhD (Department of Pediatrics, Emory University).  Two bacterial types were identified: Aeromonas sp. (most probable identity Aeromonas allosaccharophilia) and Shewanella sp. (most probable identity Shewanella xiamenenis).
The aeromonad bacterium was of particular interest because several species of this genus (particularly Aeromonas hydrophila) are known pathogens to freshwater laboratory animals (Hubbard, 1981) and have shown resistance to antimicrobial peptides of Xenopus laevis (Schadich and Cole, 2009).  In addition, certain strains of Aeromonas have been shown to be resistant to penicillin and streptomycin, the antibiotics we had been using in our oocyte storage media (Bondi et al., 2000).  
Since the effects of infection in the study by O’Connell and colleagues were ameliorated to their satisfaction via addition of broad-spectrum antibiotics to the oocyte storage media, we similarly treated the isolated oocytes with the same dose (100 mg/L) of ciprofloxacin.  Oocytes maintained in the presence of this antibiotic were absent of dark spots, and typically survived ≥ 6 days in storage medium.  Oocyte quality was increased to the point where some experiments could be performed, although greater than 40% of oocytes tested still failed to withstand voltage clamping to Vm = -60 mV within the first five minutes of experimentation during this period (Figure 2.2).  Additionally, there remained histological indications that the treated oocytes were suboptimal.  In the majority of oocyte batches, we observed that a high fraction of isolated oocytes had follicular tissue attached after collagenase digestion.  The micrograph in Figure 2.3 shows a batch of oocytes with follicular tissue attached, indicated by constrictions of the oocyte by the edge of the follicular membrane (white arrows).  This follicular tissue persisted even after we increased both the concentration and duration of collagenase exposure by 30%, relative to our normal protocol.  These oocytes could not be used for electrophysiological recordings, because attached follicular tissue has been shown to confound results of pharmacological studies in oocytes (Madeja et al., 1997).
After an extended period of ordering oocytes from an outside company (Ecocyte Inc., Austin, TX), we decided to rebuild our recirculating system and re-establish our biofilter and Xenopus colony.  We replaced all of the plastic and PVC parts (sourced via Grainger Industrial Supply Inc., Chicago, IL) with the exception of the 5-gallon biofilter tanks, the pump and large water tanks (see Figure 2.1). The reused parts were washed twice in a sterilizing high temperature cage washing machine and then wiped down with ethanol.  We filled the system with water adulterated according to our Xenopus recipe (detailed in Table 2.1), and left it to cycle for 7 days with the UV sterilization lamp on, while at this point the biofilter tanks were disconnected from the system.



Figure 2.2.  Effect of intervention on usefulness of Xenopus oocytes in electrophysiological experiments.  Oocyte was considered “stable” if still alive after 5 minutes of voltage clamping to Vm = -60 mV.  














Figure 2.3.  Micrograph of oocytes with persistent follicular tissue after collagenase treatment.  White arrowheads show constrictions in oocyte resulting from follicular tissue.







In parallel, we re-established the biofilter.  Specifically, we filled each of the 5 gallon biofilter tanks with clean bioballs (Amiracle Plastics Inc., Englewood, CO) and water adulterated according to our Xenopus recipe detailed in Table 2.1.  We then added ammonia to reach initial levels of 3 ppm as indicated via test strips.  After two days of measuring ammonia levels to confirm stability, we introduced the bacterial formulation Nutrafin Cycle (Hagen Inc., Mansfield, MA) according to the manufacturer’s instructions.  As this bacterial mixture has been formulated to accomplish both conversion of ammonia to nitrite and of nitrite to nitrate, we followed the levels of these chemicals over time using test strips.  The ammonia-fixing bacteria were established within one week of introduction, after which they rapidly neutralized a second dose of ammonia.  Within 3 weeks, a steady increase in nitrate confirmed that the bacterial population was effectively converting ammonia to the nitrate end product.
At this point, we connected the biofilter to the rest of the recirculating system and let water circulate for one week, with the UV sterilization lamp off.  We then turned the UV lamp on and stocked the tank with 5 new frogs (Xenopus One Inc., Ann Arbor, MI).
We tested the quality of the oocytes from these frogs in two ways.  Twelve weeks after the frogs were stocked, we checked to see if the oocytes would remain healthy in our standard penicillin and streptomycin antibiotic cocktail or if dark spots would form in the absence of ciprofloxacin as they had before re-establishment.  Oocytes from all batches of the new frog colony were free of dark spots in the absence of  ciprofloxacin  (Figure 2.4),  suggesting  that  the  infection  resident  in  the initial 	frog 



Figure 2.4.  Micrograph of oocytes from Xenopus following rebuild.  Oocytes lack any signs of infection in standard penicillin/streptomycin antibiotic, absent of ciprofloxacin.









colony (and therefore the oocytes) was no longer present. Second, we tested the oocytes functionally. In terms of utility for our electrophysiological experiments, these oocytes have been exceptional in the surgeries performed over 14 weeks since re-establishing the frog colony.  As shown in Figure 2.2, fewer than 20% of the oocytes were unstable during voltage-clamp experimentation without having been maintained with ciprofloxacin in the storage media, whereas before rebuild, greater than 40% were unstable with the aid of ciprofloxacin and none were useable without it.
2.1.3 Discussion: In this report, we have detailed our experience combating a pen/strep-resistant bacterial infection in our Xenopus laevis colony that caused increased mortality in the colony and adverse effects on the oocytes isolated from the frogs, in terms of their usefulness in electrophysiological assays.  The infection of Xenopus laevis by bacteria such as Aeromonas hydrophila and other pathogens has been previously described (Hill et al., 2010; Hubbard, 1981) but in our case the disease course was somewhat different. While frog mortality was overall increased as compared to analogous previous periods, mortality was not acutely catastrophic or widespread in the tank at any one time.  In our case, the chronic condition most strikingly manifested itself symptomatically in the poor quality of oocytes isolated from the frogs.  Furthermore, the species of bacteria we isolated from our infected frog (Aeromonas allosaccharophilia and Shewanella xiamenenis) have not, to our knowledge, been previously isolated from infected Xenopus laevis.  In fact, the literature on these bacteria is limited: Aeromonas allosaccharophilia has been islolated from diseased European eels (Martinez-Murcia et al., 1992), while Shewanella xiamenenis has been isolated from an infected human patient (Antonelli et al., 2015).
Our experience is similar to that noted in the previously mentioned study by O’connell and colleagues, particularly in the appearance of dark spots that appeared several days after isolation (see (O'Connell et al., 2011)).  However, unique characteristics distinguish our study, in addition to the different bacterial species (Pseudomonas fluorescens) isolated in that study.  These differences pertain primarily to the condition of our oocytes in the presence of ciprofloxacin.  Whereas in their study, addition of broad-spectrum antibiotics to treat the isolated oocytes completely rescued oocyte quality, we found that while treating the oocytes with the same antibiotic dose (ciprofloxacin 100 µg/L) improved the oocytes, it did not completely ameliorate the quality issues (Figure 2.2-2.3).  The partial improvement may be explained by reports that ciprofloxacin functions either as bactericidal or bacteriostatic depending on dose and bacterial target (Silva et al., 2011).
We noted an apparent effect of frog health condition on follicular tissue tightness and adherence following collagenase treatment (Figure 2.4).  The effect of infection and/or immune status on follicular tissue physiology of Xenopus laevis is poorly understood; however, it has been reported that follicular tissue serves an innate immunological role in mammals (Herath et al., 2007).  Given that the phenotype of tightly adhering follicular tissue was readily observed in oocytes isolated during the time we believe the frogs were contending with elevated levels of pathogenic bacteria in the tanks (as opposed to after the system was rebuilt), we speculate that this undesirable phenotype of the oocytes may be attributable to a protective reproductive mechanism.  
The most valuable lessons from our experience most directly relate to the health of our Xenopus colony and its impact on the quality of isolated oocytes.  First, we learned that if observed and reviewed critically (for even subtle changes), data on oocyte quality and overall frog mortality/morbidity have the potential to inform on each other.  As causes of Xenopus oocyte quality issues are notoriously mysterious (at least in the ion channel field), this principle is of high potential value to investigators.  Second, when confronted with aquaculture issues, one needs to consider not only the function of the biofilter, which in this case was unaffected (Table 2.2), but also the potential for changing bacterial composition in the frog housing system. This is particularly important since potentially pathogenic bacteria such as the aeromonads are ubiquitous at low levels in the environment (Hanninen et al., 1997).  Finally, although treating isolated oocytes from frogs with confirmed or suspected health issues with antibiotics may suffice for certain applications and types of experiments (as achieved in (O'Connell et al., 2011) and (Elsner et al., 2000)), in our experience, the most prudent (although most laborious and time-consuming) course of action has been the elimination of the root cause of frog morbidity via re-establishment of the colony and biofilter.     




2.2 Electrophysiological methods used to study the structure and pharmacology of CFTR
	2.2.1 Use of cysteine trapping to study protein structure and conformational change.  
Cysteine trapping has been successfully used in numerous studies of the structure and function of membrane proteins such as CFTR (El Hiani and Linsdell, 2014; Linsdell, 2015; Wang and Linsdell, 2012).  The technique takes advantage of both the relative rarity and physiological reactivity of cysteine residues in proteins to allow the elucidation of both structural proximity and conformational dynamics between different regions of proteins.  In general, the demonstration that two cysteine residues interact is indicative of their close proximity in a given state of a protein; when engaged in a disulfide bond, the sulfhydryl groups of cysteine residues approach within 2.2 Ȧ of each other (Bosnjak et al., 2014), while linkage via a soft metal such as cadmium suggests proximity within 5 Ȧ (Rulisek and Vondrasek, 1998).     In this dissertation, we couple chemical modulation of engineered cysteine residues with electrophysiology, observing the functional effects in real time of DTT (to reduce disulfide bonds) or cadmium (to trap cysteine residues in metal coordination complexes).  
	2.2.2 Methodological details:  
Oocyte preparation and molecular biology:  Human wild type (WT) CFTR (V470M/V1470M variant) subcloned into the pGEM-HE oocyte expression vector was previously provided by Dr. David Gadsby (The Rockefeller University, New York, NY).  Human WT beta-2 adrenergic receptor (β2AR) subcloned into the pSP65 vector was previously provided by Dr. Brian Kobilka (Stanford University, Stanford, CA).   Mutations were made using the Quikchange XL mutagenesis kit (Stratagene) according to the manufacturer’s instructions and sequences were verified through the open reading frame.  Complementary RNA was transcribed using the Ambion in vitro RNA transcription kit according to the manufacturer’s instructions.  Xenopus laevis oocytes were injected with 1-10 ng of CFTR cRNA.  For some two-electrode voltage clamp (TEVC) experiments, cRNA encoding β2AR was premixed with CFTR cRNA at a mass-to-mass ratio of 1:20.  Oocytes were incubated in modified Leibovitz’s L-15 media plus HEPES pH 7.5, penicillin, streptomycin, and (during some periods) ciprofloxacin.  The oocyte isolation procedure was in accordance with a protocol approved by the Institutional Animal Care and Use Committee of Emory University.  Recordings were typically made 48-96 hours after cRNA injection.           
Electrophysiology:  
[bookmark: _GoBack]Two electrode voltage clamp recording.  All recordings were made at room temperature in Ringer’s solution (ND96) consisting of (in mM):   96 NaCl, 2 KCl, 1 MgCl2, and 5 HEPES, pH 7.5. For cadmium dose response experiments, ND96 was made up using new plastic vessels to minimize the effect of contaminating trace metals leaching from glassware. Recordings were made using a Geneclamp 500 amplifier (Molecular Devices).  Intracellular electrode resistances averaged 0.5 MΩ when filled with 3 M KCl solution.  Different voltage protocols were utilized depending on application.  For recordings measuring conductance, the membrane voltage was held at Vm = -20 mV (approximating the resting membrane potential for an expressing cell) and either pulsed to -80 mV, -60 mV, -40 mV, -20 mV, and 0 mV for 200 ms every 2 seconds or ramped from -60 mV to 0 mV over the course of 500 ms.  In all cases, cell conductance was calculated as the slope between -40 mV and 0 mV.   For each CFTR variant studied, the data generated an I/V slope that was linear from -60 to 0 mV.  The design of these protocols allowed even highly expressing oocytes to be recorded at 10 second time resolution while limiting rundown from intracellular chloride depletion. In experiments with higher desired resolution, the membrane potential was held at -20 mV and pulsed to -60 mV for 200 ms every 2 seconds, and current at -60 mV was reported, or cells were held at Vm = -40 mV and gap-free recordings were digitized at 500 Hz.    
In most experiments, CFTR was activated through the beta-2 adrenergic receptor (β2AR) with isoproterenol to elicit robust Gαs signaling and increase intracellular cAMP.  Physiological activation of CFTR via β2AR has been demonstrated in lung (Bossard et al., 2011), sweat glands (Quinton et al., 2012), and nasal epithelia (Rowe et al., 2011).  This activation mode has been used successfully by our group and others in several studies to probe CFTR structure in oocytes via cysteine accessibility and modification, including those using DTT as a reducing agent (Alexander et al., 2009; Cui et al., 2014; McCarty et al., 1993; Norimatsu et al., 2012).  In experiments wherein precisely graded activation was desired, CFTR was activated by 10 µM of the adenylyl kinase activator forskolin and various concentrations of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) to reach previously described quasi-plateaus (Drumm et al., 1991; Smit et al., 1993; Wilkinson et al., 1996).  
Single channel recording.  Excised, inside-out patches containing several CFTR channels were recorded at room temperature as previously described (Fuller et al., 2007).  Manual removal of the oocyte vitelline membrane was performed after shrinking in hypertonic solution containing (in mM):  200 monopotassium aspartate, 20 KCl, 1 MgCl2, 10 EGTA, and 10 HEPES, pH 7.2 adjusted with KOH.  Pipettes were pulled from borosilicate glass using a Sutter laser puller (model P-2000).  Pipette resistances averaged 10 MΩ when filled with pipette solution containing (in mM):  150 NMDG-Cl, 5 MgCl2, 10 TES, pH 7.5.  Channels were activated and recorded in intracellular solution containing (in mM):  150 NMDG-Cl, 1.1 MgCl2, 2 Tris-EGTA, 10 TES, 1 MgATP, and 127 U/ml PKA, pH 7.5.  CFTR currents were measured using an Axon Instruments 200B patch-clamp amplifier (Molecular Devices) holding in all cases at Vm = -100 mV,  low pass Bessel filtered at 10 kHz, and recorded to DAT tape.  Traces were played back to pClamp 10.2 software, filtered at 100 Hz, digitized at 500 Hz, and baseline was manually adjusted. To quantify open channel burst durations, at least 100 openings pooled from at least 4 independent patches per condition were manually analyzed.  Open bursts were separated by closures of at least 10 ms.  All points amplitude histograms corresponding to each individual displayed record were fit to Gaussian distributions and provided next to the associated traces.   
Generation of CFTR model images:  Coordinates for amino acids were based on the 2.5 nanosecond snapshot of a recently published molecular dynamics simulation of CFTR gating (Rahman et al., 2013).  Images were generated using Pymol 0.99 software.
Statistics and analyses:  Groups of data were compared via Student’s t-test.  P-values are indicated in the figure legends.  Error bars indicate standard deviation in all cases except for single channel mean burst duration, where error bars indicate standard error of the mean.  Percent inhibition and fold increase were calculated as:
Inh % = (AINITIAL- AFINAL)/(AINITIAL)
Fold increase = AFINAL /AINITIAL
where AFINAL is the activity level of the channel population (current or conductance) at the end of treatment and AINITIAL is the activity level directly before treatment.    
Source of chemicals and reagents:  Purified PKA catalytic subunit was purchased from Promega, and L-15 Media was purchased from Gibco.  The CFTR inhibitor Inh172 and the potentiator VX-770 (Ivacaftor) were purchased from Cayman Chemicals and diluted to working concentrations from frozen 20 mM stocks in DMSO.  All other chemicals were purchased from Sigma Aldrich.   DTT stocks (1 M) in deionized ddH2O were made fresh at the beginning of each experiment day and kept on ice. IBMX stocks (1 M) in DMSO were made fresh at the beginning of each experiment day and kept at room temperature.  Cadmium solutions were made from serial dilutions of a 1 M CdCl2 stock solution in deionized ddH2O.  
Finally, I note that it was discovered in pilot experiments using Ivacaftor that the drug was particularly prone to “carry-over” effects.  This is to say, after using the drug on one cell, its effect would be blunted when applied to subsequent cells, despite thorough rinsing of the recording chamber between experiments.  This phenomenon likely arises from the high lipophilicity and potency of the drug (Hadida et al., 2014).  To circumvent this, it was necessary to disassemble the recording chamber and perfusion manifold, wash all parts thoroughly (removing all vacuum grease), and allow parts to soak for ≥ 2 hours in detergent.  To save time, multiple modules consisting of clean perfusion manifolds and recording chambers were assembled at the beginning of each experimental day and replaced as needed.

2.3  Development of an assay to report on CFTR localization in Xenopus oocytes

An early iteration of my dissertation project aimed to study the structure and function of CFTR using quantitative fluorescence techniques.  At that time, I built an experimental rig that allowed the simultaneous and sensitive recording of fluorescence and electrophysiological data, by combining a conventional TEVC system to the optical system schematized in Figure 2.5A, with details on relevant parts in Table 2.4.  This rig utilizes a conventional metal halide fluorescence light source which is reduced in intensity via neutral density filters and shuttered via TTL pulses from pCLAMP to minimize photo-bleaching of the sample.  The oocyte is mounted with its animal pole facing downwards in a custom designed recording chamber that suspends the oocyte above the unidirectional flow of solution (Figure 2.5B).   The fluorescence signal is amplified, recorded as a voltage via a photomultiplier tube (PMT), and digitized to pCLAMP 10.2 software. 
The experimental rig was not ultimately successfully used in studies of the conformational dynamics of CFTR; however, we have employed it towards a different purpose that takes advantage of the intrinsic pH sensitivity of the fluorescence of green 


Figure 2.5.  Design of an experimental rig that measures fluorescence from Xenopus oocytes in real time.  A) Schematic diagram showing signal inputs and outputs.  B) Top-view photograph of the custom designed recording chamber used in this rig.  The chamber utilizes a glass bottom not visible in this photograph.




Table 2.4 Identity of non-standard parts in the oocyte optical rig in Figure 2.5
	Label in Figure 2.5
	Manufacturer
	Part number

	LD Xcite 200
	Lumen Dynamics 
	Xcite 120Q

	Uniblitz shutter
	Vincent Associates
	9003-0212

	ND filter 
	Thorlabs
	NE03B

	Thorlabs Iris
	Thorlabs
	8203206060

	Ham PMT
	Hamamatsu
	H9306-02

	Shutter Driver
	Vincent Associates
	VCM-D1

	0.1 kHz filter
	Warner Instruments
	LPF-100B

	Oriel Power supply
	Newport Instruments
	70703

	10 kOhm pot
	PEC
	KU2531S28

	Zeiss Axiovert
	Zeiss
	1021858676

















fluorescent protein (GFP) (Ashby et al., 2004; Kneen et al., 1998). Specifically, I generated a version of CFTR wherein GFP was subcloned into the fourth extracellular loop of CFTR (exGFP-CFTR, Figure 2.6A), and found that the fluorescence measured from oocytes expressing this CFTR variant was rapidly and reversibly responsive to changes in the pH of the Ringer’s solution (Figure 2.6B,D).  The fluorescence of oocytes expressing a CFTR variant tagged with intracellular GFP (inGFP-CFTR, Figure 2.6C) was essentially insensitive to changes in extracellular pH (Figure 2.6D), suggesting that the previously observed reduction of macroscopic fluorescence from exGFP-CFTR is due to the quenching of extracellular GFP from plasma membrane-localized CFTR channels.  This assay is currently being used by another member of our group (B. Stauffer) to ask whether silencing of CFTR channels by bacterial sphingomyelinase (Ramu et al., 2007; Ramu et al., 2014) arises from internalization of CFTR from the plasma membranes of Xenopus oocytes.   In addition, in the future, this system could be used to test the expression and plasma membrane localization of CFTR mutants that do not generate currents in electrophysiological assays.





















Figure 2.6.  Fluorescence quenching-based assay of CFTR localization in Xenopus oocytes.  A) Cartoon layout of a version of CFTR featuring GFP subcloned into its fourth extracellular loop.  B) Example trace showing rapid quenching and de-quenching of fluorescence from exGFP-CFTR upon changes from pH 7.4 to pH 5.5.  C) Cartoon layout of a version of CFTR featuring GFP subcloned at the intracellular N-terminus.  D) Summary data demonstrating the apparent insensitivity of inGFP-CFTR relative to exGFP-CFTR in experiments wherein oocytes injected with either variant are exposed to Ringer’s solution with neutral, acidic, and neutral pH in sequence. VPMT = the voltage recorded by the photomultiplier tube.
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