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Abstract

Many cellular processes are dependent on correct pH levels, and this is especially important for the secretory
pathway. Defects in pH homeostasis in distinct organelles cause a wide range of diseases, including disorders of
glycosylation and lysosomal storage diseases. Ratiometric imaging of the pH-sensitive mutant of green fluorescent
protein (GFP), pHLuorin, has allowed for targeted pH measurements in various organelles, but the required
sequential image acquisition is intrinsically slow and therefore the temporal resolution unsuitable to follow the
rapid transit of cargo between organelles. We therefore applied fluorescence lifetime imaging microscopy (FLIM)
to measure intraorganellar pH with just a single excitation wavelength. We first validated this method by
confirming the pH in multiple compartments along the secretory pathway. Then, we analyze the dynamic pH
changes within cells treated with Brefeldin A, a COPI coat inhibitor. Finally, we followed the pH changes of newly-
synthesized molecules of the inflammatory cytokine tumor necrosis factor (TNF)-a while it was in transit from the
endoplasmic reticulum via the Golgi to the plasma membrane. The toolbox we present here can be applied to
measure intracellular pH with high spatial and temporal resolution, and can be used to assess organellar pH in

disease models.
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Introduction

Physiological pH homeostasis is crucial for many cellular processes. Not only the cytosolic pH is of
importance, but defined intraorganellar pH delineates the secretory pathway. The pH of the endoplasmic
reticulum (ER) is approximately 7, while the Golgi apparatus slightly acidifies from pH 6.7 at the cis face to pH 6.0
at the trans face' . Before secretory cargo is released at the plasma membrane and reaches the neutral pH of the
extracellular environment, the pH in secretory vesicles is about 52",

pH is not only crucial for proper protein folding and enzyme activity through influencing the charge of
amino acid side chains, but its importance in secretory protein transport is increasingly clear”. pH affects binding

affinities of cargo molecules to trafficking chaperones, and thereby pH differences facilitate intracellular transport

1 12-14

by both influencing the transit of cargos_ ! and the sorting of secretory pathway resident proteins™ . Moreover,

4,15-18

the localization of glycosylation enzymes and their substrates is determined by pH , and defects in this

19725 Being able to accurately determine intraorganellar pH

homeostasis cause a wide range of human disease
along the secretory pathway is therefore of both fundamental and diagnostic importance.

Fluorescent dyes that allow the measurement of intraorganellar pH exist and are commercially available
2030 hut the inability of specific organellar targeting is a major drawback. The pH in the lumen of the Golgi and ER
in mammalian cells have been measured using Shiga-like toxins covalently bound to fluorescent dyesal'32 and with
the biotin-avidin system33. However, especially the development of pH-sensitive mutants of green fluorescent
protein (GFP), such as pH Luorin®***, which can be targeted to specific organelles by fusion proteins, have enabled
specific measurement of intracellular compartments. Two classes of pHLuorin were developed by mutagenesis

3 First, ecliptic pHLuorin

which altered the bimodal excitation spectrum of GFP with peaks at 395 and 475 nm
which shows a reduction of its excitation efficiency at 475 nm at pH values lower than 6. Second, ratiometric
pHLuorin which shows a gradual increase in the ratio of excitation at 475/395 nm between pH 5.5 and pH 7.5%.
With ecliptic pHLuorin, intraorganellar pH can be determined by first recording an image at 475 nm excitation, and
then correlating the fluorescence intensities with a calibration curve. The pH can be determined with ratiometric
pHLuorin using a similar approach, but now by sequentially recording images at 395 and 475 nm. A new version of

ratiometric pHLuorin, ratiometric pHLuorin2 (RpHLuorin2) was later developed with 8-fold improved

35
fluorescence™.
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Ecliptic pHLuorin is less accurate than ratiometric pHLuorin, because the fluorescence intensity not only
depends on the pH but also on the concentration of pHLuorin. However, ratiometric imaging also has several
drawbacks, such as sensitivity to background fluorescence leading to high variation in the ratio values and the
need for two sequential image acquisitions with two different excitation wavelengths. As the exocytic pathway is
highly dynamic, the sequential imaging could potentially result in misalignment of the emitted signal,
compromising the calculation of ratio values.

In this study, we exploit fluorescence lifetime, an intrinsic property of fluorophores that is insensitive to

37,38 39,40

changes in laser intensity or protein concentration but is sensitive to pH™", to accurately measure

intraorganellar pH with both high spatial and temporal resolution.

Results
FLIM measurements of recombinant ratiometric pHLuorin2
We first measured the fluorescence excitation spectra of recombinant RpHLuorin2 (Supplementary Figure 1) in
different pH solutions with a fluorescence spectrometer. As expected34, we observed strong dependence of the
excitation efficiencies on pH, as a higher pH resulted in an increased emission brightness (at 508 nm) at an
excitation wavelength of 470 nm, whereas the fluorescence brightness was reduced at an excitation wavelength of
405 nm (Supplementary Figure 1a). We then plotted the ratios of the emission signals with 470 nm over 405 nm
excitation as a function of the pH and fitted this data with a three-parameter Michaelis-Menten function, as the
(de)protonation states of RpHLuorin2 will saturate at very high and low pH values (Supplementary Figure 1b). The
largest changes in fluorescence of RpHLuorin2 were observed between pH 5.5 and pH 7, making RpHLuorin2 an
excellent candidate for pH measurements in the secretory pathway.

As ratiometric determination of pH with RpHLuorin2 requires two sequential image acquisitions with
different excitation wavelengths, we investigated whether fluorescence lifetime imaging microscopy (FLIM) would
be an appropriate substitute to allow for single-scan imaging. We hypothesized that as the lifetime of fluorophores

39,40

is influenced by pH™", the pH sensitivity of RpHLuorin2 would allow for accurate pH measurement based on
fluorescence lifetime. Therefore, we performed FLIM of recombinant RpHLuorin2 in different pH solutions at 488

nm excitation (Figure 1). We observed a similar dependency of the lifetime as a function of pH (Figure 1) as in the
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81 ratiometric measurements (Supplementary Figure 1), and the fluorescence lifetime increased upon an increasing
82 pH. We then fused RpHLuorin2 to several intraorganellar markers in the secretory pathway to perform pH
83  measurements in living cells.
84
85 pH measurements in the secretory pathway
86 In order to accurately measure intraorganellar pH of specific organelles, we targeted RpHLuorin2
87 intracellularly by fusing it to proteins and targeting sequences that locate to specific subcellular locations in the
88 secretory pathway (Figure 3a). To interrogate the luminal pH along the entire secretory pathway, we fused
89 RpHLuorin2 to the signal sequence of the ER-resident protein calreticulin and a C-terminal ER retention signal KDEL
90 for ER targeting, to the luminal regions of cis-/medial-Golgi protein alpha-1,6-mannosyl-glycoprotein 2-beta-N-
91 acetylglucosaminyltransferase (MGAT2), to trans-Golgi enzyme beta-1,4-galactosyltransferase 1 (GalT), to trans-
92 Golgi network protein TGN46, and to lysosome-associated membrane glycoprotein 1 (LAMP1) for lysosomal
93 targeting, and finally to a GPI anchor for plasma membrane (i.e. extracellular) localization. For the Golgi enzymes
94 (MGAT2 and GalT), we truncated each protein by removing their catalytic sites and only kept the transmembrane
95 region and stalk regions responsible for their localization" ™.
96 We then expressed the fusion constructs in Hela cells, and recorded FLIM images. We used the GPI-
97 anchored RpHLuorin2 to calibrate the probe expressed in cells using the same pH buffers as used for the
98 calibration of purified RpHLuorin2 (Figure 2a-c). We again observed a dependency of the fluorescence lifetime of
99 RpHLuorin2 on pH, although the absolute fluorescence lifetime values were lower than for the recombinant
100 RpHLuorin2, possibly due to crowding effects. This dependence on pH could again be fitted by a three-parameter
101 Michaelis-Menten function. After successfully calibrating our system, we proceeded with pH measurements in the
102 lumen of the organelles along of the secretory pathway (Figure 3). With ER-RpHLuorin2, we measured an apparent
103 average pH of 7.2, while with medial-Golgi marker MGAT2-RpHLuorin2 we measured an apparent average pH of
104 6.1, and with trans-Golgi marker GalT-RpHLuorin2 an apparent average pH of 5.9 (Figure 3b, c). Finally, for
105 lysosomal marker LAMP1-RpHLuorin2 we measured an apparent average pH of 4.7. These pH values are all
106 consistent with previous literature"”®. Taken together, our data show that the RpHLuorin2 FLIM system is highly

107 suitable for intracellular pH measurements with only a single image acquisition.
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108

109  Dynamic measurements of pH in the secretory pathway

110 To evaluate whether our method would be able to measure dynamic changes in pH, we started by
111 measuring the pH of the medial-Golgi marker MGAT2-pHLuorin2 in the presence of fungal metabolite Brefeldin A
112 (BFA). BFA is a potent inhibitor of COPI-mediated vesicular trafficking and causes the relocation of Golgi-resident

44,45

113 enzymes to the ER™. We therefore expected a substantial increase in pH when MGAT2-RpHLuorin2 expressing
114 cells were challenged with BFA. Indeed, we measured an apparent average pH of 7.1 in the BFA-challenged cells
115 compared to an apparent average pH of 6.4 in the vehicle control cells (Figure 4a, b). This result means that our
116 system is capable of measuring dynamic alterations of pH in living cells.

117 Next, we employed FLIM-based measurements to monitor the changes of the pH in real-time along the
118 secretory pathway. To this end, we chose the secreted cytokine tumor necrosis factor alpha (TNF-a) as a model
119 protein that is transported through the secretory pathway. Using the Retention Using Selective Hooks (RUSH)
120 system43, we synchronized the transit of TNF-a along the secretory pathway. RUSH uses the expression of two
121 separate constructs in the cell: (i) the hook construct, which is an ER-targeting sequence fused to streptavidin, and
122 (i) the reporter construct which is the protein of interest (i.e., TNF-a) fused in tandem to a streptavidin binding
123 protein (SBP) and a fluorescent protein (RpHLuorin2). When biotin is absent from the culture medium, the reporter
124 construct is held at the ER through an interaction of streptavidin of the hook construct and the SBP. When biotin is
125 added to the culture medium, biotin outcompetes this interaction and the reporter construct is released and
126 transits along the secretory pathway in a synchronized fashion.

127 In our case, we used the KDEL-motif as a targeting sequence for the ER”, and used a TNFo-SBP-
128 RpHLuorin2 fusion protein (RUSH TNFa-RpHLuorin2) as the reporter construct, so that we could follow the
129 dynamic transit of TNFa from the ER to the plasma membrane (Figure 4c-e, Supplementary Movie 1). In the
130 absence of biotin in the cell culture medium, when all the reporter construct was trapped within the ER, we
131 measured an apparent average pH of 7.58, which is comparable to our earlier determined pH in the ER. In the ~25
132 min following the addition of biotin to the cells, RUSH TNFa-RpHLuorin2 was trafficked through the Golgi and the
133 apparent average pH gradually decreased to around pH 6. At later time points, the pH gradually increased again as

134 more TNFa-RpHLuorin2 reached the plasma membrane and was released in the extracellular environment.
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135 Because of the limited number of photons, we fitted the fluorescence lifetime histograms with a single exponential
136 decay function and report the apparent average pH per cell’®. This result demonstrates that FLIM-based pH
137 measurements are a suitable method to determine intraorganellar pH with high temporal resolution.

138

139  Discussion

140 In this study, we measured the pH in various subcellular compartments using FLIM of the pH-sensitive
141  fluorescent protein RpHLuorin2. Consistent with previous literature, we observed a clear acidification of luminal
142 pH through the secretory pathwayl_s. The fusion of RpHLuorin2 is not restricted to the proteins we described here;
143 this system is applicable to any other intraorganellar measurement, provided RpHLuorin2 can be fused to a luminal
144 domain of a protein residing in the target organelle. Furthermore, additional applications include combining
145 RpHLuorin2 with other fluorescence (lifetime) based probes to measure pH and other cellular processes
146 simultaneously within the same cell.

147 The key improvement of our study is the usage of FLIM as opposed to traditional ratiometric imaging.
148 Ratiometric imaging of pHLuorin and derivatives®>*** requires the sequential recording of the fluorescent protein
149 at both 405 and 470 nm excitation wavelengths. This sequential imaging intrinsically limits the temporal resolution
150 and consequently limits the applicability for pH determination in dynamically moving and reshaping organelles.
151 FLIM mitigates this issue, as only a single recording with a single excitation wavelength is required. Moreover, FLIM
152 measurements are not dependent on laser intensity37'38, while ratiometric measurements can easily be affected by
153 fluctuations in excitation laser power. FLIM measurements are thus more comparable between experiments.

154 In contrast to another study which relies on equilibrating pH with the ionophore monensin®’, we used
155 GPl-anchored RpHLuorin2 to obtain calibration curves with defined pH buffers, because monensin is a known
156 inhibitor of physiological Golgi transport, thereby likely affecting the observed fluorescence lifetime values"’ .

157 Defects in the regulation of pH are a hallmark of a wide range of disease, including disorders of

4,19,21-25 55-58

158 glycosylation s cancer54, neurodegenerative diseases™ ~, mitochondrial disorders™ and lysosomal storage
159 disorders®™. The tools we presented in this study offer a method to assess intraorganellar pH, both in static
160 compartments and in transit between organelles with high temporal resolution.

161
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176 Methods

177 Cloning

178 The sequence of RpHLuorin2® was synthesized by Genscript for both recombinant (codon optimized for E. coli)
179 and mammalian cell expression. Synthetic RpHLuorin2 codon optimized for E. coli for recombinant protein
180 production was inserted in pET-28a(+) (EMD Biosciences) with restriction sites Ndel and Xhol. The construct for
181 cytosolic expression of RpHLuorin2 was generated by replacing EGFP in pEGFP-N1 (Clontech) with synthesized
182 RpHLuorin2 using restriction sites Agel and BsrGl. ER-targeting of RpHLuorin2 was achieved by inserting the signal
183 sequence of calreticulin (MLLSVPLLLGLLGLAVA) and flexible GGSGGS linker before RpHLuorin2 and adding a KDEL
184 motif for luminal ER retention after RpHLuorin2. Targeting to the MGAT2-positive compartment was achieved by
185 inserting synthetic truncated MGAT2 (residues 1-89 of Uniprot Q10469, Genscript) in the vector for cytosolic
186 expression of RpHLuorin2 with restriction sites EcoRl and BamHI. The starting codon of RpHLuorin2 was removed
187 and a flexible GGSGGS linker was added between the two protein fragments. Targeting to the GalT-positive
188 compartment was achieved by inserting truncated GalT (Addgene plasmid #87325) in the vector for cytosolic
189 expression of RpHLuorin2 with restriction sites Smal and BamHI. The starting codon of RpHLuorin2 was removed
190 and a flexible GGSGGS linker was added between the two protein fragments. Targeting to LAMP1-positive
191 compartments was achieved by inserting the signal sequence of LAMP1 (LAMP1-mGFP®, Addgene plasmid
192 #34831) N-terminal to RpHLuorin2 with restriction sites Hindlll and Agel. Then, the luminal domain of LAMP1 was
193 placed C-terminal to RpHLuorin2 after a flexible GSGS linker with restriction sites BsrGl and Notl. GPI-RpHLuorin2
194 was generated by replacing mRFP from GPI-mRFP with synthetic RpHLuorin2 with restriction sites Xmal and Notl.
195 RUSH TNFa-RpHLuorin2 was generated by replacing EGFP from Str-KDEL_TNF-SBP-EGFP (Addgene plasmid #65278)
196 with synthetic RpHLuorin2 (Genscript) with restriction sites Sbfl and BsrGl. All sequences were verified by Sanger
197 sequencing prior to transfection. All generated plasmids from this study have been deposited at Addgene.

198

199  cCell culture and transfection

200  Hela cells (authenticated by ATCC through their human STR profiling cell authentication service) were maintained

201 in high glucose DMEM with Glutamax (Gibco 31966021), supplemented with 10% fetal calf serum (FCS, Greiner
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202 Bio-one, Kremsmiinster, Austria) and antibiotic-antimycotic solution (Gibco 15240-062). Cells were regularly tested
203 for mycoplasma contamination. Hela cells were transfected with plasmid vectors using Fugene HD (Promega
204 E2311), using the recommended protocol of the manufacturer. Cells were imaged 48 hours post-transfection. Only
205 cells expressing low to moderate levels of the transfected plasmids, based on fluorescence intensity and manual
206 localization scoring, were chosen for subsequent microscopic analyses.

207

208

209  pH calibration buffers

210 Buffers with defined pH for the generation of a calibration curve were prepared as described previously?’o.
211 Calibration buffers contain 125 mM KCl, 25 mM NaCl, and 25 mM N-[2-hydroxyethyl]-piperazine-N-[2-
212 ethanesulfonic acid] (HEPES, pH 7.5 or 7.0) or 25 mM 2-[N-morpholino] ethanesulfonic acid (MES, pH 6.5, 6.0, 5.5,
213 5.0 or 4.5). Each buffer solution was adjusted to the appropriate final pH using 1 M NaOH or 1 M HCl at 37°C.

214

215 Recombinant protein expression and purification

216 RpHLuorin2 in pET-28(a)+ vector was transformed in BL21(DE3) E. coli. Cells were grown in 2x yeast extract -
217 tryptone medium and induced with 250 pg/mL B-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.8 for 2 hrs at
218  37°C and 200 rpm. Cells were pelleted at 3000 x g at 4°C for 30 mins and subsequently lysed with B-PER (Thermo
219 Scientific) supplemented with 50 U DNAsel, 1:500 lysozyme and protease inhibitor cocktail (Roche). Lysates were
220 then cleared by centrifugation (20,000 x g at 4°C for 10 mins) and supernatants with recombinant protein were
221 loaded onto nickel — nitrilotriacetic acid (Ni-NTA) bead columns. Ni-NTA beads were then washed five times with
222 10 mM Tris-HCl pH 7.6 and 150 mM KCl, and proteins were eluted in 10 mM Tris-HCI pH 7.6, 150 mM KCl and 200
223 mM imidazole. To remove the elution buffer, purified protein was dialyzed overnight against ddH,O using 2 mL
224 Slide-A-Lyzer 10K MWCO tubes (Thermo Scientific). Protein concentration was determined using the Micro BCA
225 Protein Assay Kit (Thermo Scientific). Fluorescence of recombinant pHLuorin2 in each pH calibration buffer was
226 measured using Eppendorf semimicro Vis Cuvettes on an LS 55 Fluorescence spectrometer (PerkinElmer). A xenon
227 lamp was used as the excitation source. Samples were excited at 405 and 470 nm, and the emission was recorded

228 at 508 nm.
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229

230  Confocal microscopy

231 Imaging of cells took place in Leibovitz’s L-15 medium, with the exception of the samples for the pH calibration
232 curve and the recombinant protein measurements. GPI-RpHLuorin2 and recombinant RpHLuorin2 (10 uM)
233 measurements were performed in the pH buffers mentioned above. For calibration with GPI-RpHLuorin2, cells
234 were preincubated in pH buffer for 15 mins at 37°C to achieve sufficient pH equilibration. Imaging was performed
235  on a Leica SP8 SMD system at 37°C, equipped with an HC PL APO CS2 63x/1.20 WATER objective. pHLuorin2 was
236 excited at 488 nm with a pulsed white light laser, operating at 80 MHz. Photons were collected for one minute or
237 30 seconds for time-lapse experiments with a HyD detector set at 502 — 530 nm and lifetime histograms of the
238 donor fluorophore were fitted with a monoexponential decay function convoluted with the microscope instrument
239 response function in Leica LAS X. For reconstructing the images, tiff files with t values were generated using
240 FLIMFit™* and 2 x 2 spatial binning, and then convoluted with the fluorescent intensities using a custom-written
241 ImageJ macro.

242

243 Quantification and statistical analysis

244 All mean values represent the average of all cells analyzed. pH calibration curves were fitted with the three-
245 parameter Michaelis-Menten function as described by equation (1) with the MM.3 function from the R package
246  drc®.

247

=c+
g 1+3) (1)

248 Where y is the fluorescence intensity or lifetime, x is the pH and ¢, d and e are fit parameters.

249 All comparisons were first checked for similar mean and median values and acceptable (< 3x) difference in
250 variance. Statistical analysis of three or more groups was performed using a one-way ANOVA, followed by a post-
251 hoc Tukey’s honestly significant difference test. p < 0.05 was considered significant. *p < 0.05, **p < 0.01, ***p <

252 0.001, ****p < 0.0001. All statistical analyses were performed using R statistical software. All numerical data were

10
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253 visualized using R package ggplot2®', with violins representing the overall distribution of the data and means + 95%

254 Cl overlaid.

255

256  Data and code availability

257 All raw data, including R scripts and ImageJ macros, have been deposited to Zenodo.

11
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259 Figure 1. Fluorescence lifetime imaging microscopy (FLIM) of recombinant RpHLuorin2.
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260 (a) Representative confocal images of 10 uM recombinant RpHLuorin2 in calibration buffers with defined pH.
261 The intensity image (left column) was convoluted with the fluorescent lifetime value per pixel and
262 pseudo-colored (right column).

263 (b) Representative fluorescence lifetime histograms of recombinant RpHLuorin2 in pH 4.87 solution (red
264 dashed line) or pH 7.5 solution (pink dashed line). Fits with mono-exponential decay functions (pH 4.87,
265 solid red line; pH 7.5, solid pink line) convoluted with the instrumental response function (IRF, gray dotted
266 line). Graphs are normalized to the maximum photon counts.

267 (c) Average lifetime histograms from the images of panel (a). 30 regions of interest were selected per pH
268 buffer and the average lifetime T was measured.

269 (d) pH dependence of recombinant RpHLuorin2 in defined pH calibration buffers from the images of panel
270 (a).

271
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273 Figure 2. Calibration of RpHLuorin2 by fluorescence lifetime imaging microscopy (FLIM) in Hela cells expressing

274  GPI-RpHLuorin2.

275 (a) Representative confocal micrographs of Hela cells expressing GPI-RpHLuorin2 in defined calibration
276 buffers. The intensity image (left column) was convoluted with the fluorescent lifetime value per pixel and
277 pseudo-colored (right column). Scalebars, 10 pm.
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278 (b) Average lifetime histograms from the images of panel (a). N = 86 (pH 4.87), 108 (pH 5.31), 90 (pH 5.67),
279 115 (pH 6.17), 122 (pH 6.68), 113 (pH 7.03) and 120 (pH 7.5) cells from three independent experiments.
280 (c) pH dependence of Hela cells expressing GPI-RpHLuorin2 in defined pH calibration buffers from the
281 images of panel (a).

282
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Figure 3. Steady-state pH measurements of secretory pathway markers.
(a) Schematic overview of all RpHLuorin2 constructs used in this study. The signal sequence of LAMP1 is
removed following co-translational ER insertion and is not shown in the diagram. MW, molecular weight.
RUSH, retention using selective hooks". SBP, streptavidin binding protein.
(b) Representative confocal micrographs of Hela cells expressing the mentioned RpHLuorin2 fusion
constructs. The intensity image (left column) was convoluted with the fluorescent lifetime value per pixel

and pseudo-colored (middle column). The intensity image was also convoluted with the calculated pH per
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291 pixel and pseudo-colored (right column). FLIM, fluorescence lifetime imaging microscopy. Scalebars, 10
292 pm.

293 (¢) Quantification of average pH values from panel (b). N = 88 (ER), 188 (MGAT2), 193 (GalT), and 134
294 (LAMP1) cells from 3 — 5 independent experiments.

295
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Figure 4. Dynamic pH measurements along the secretory pathway.
(a) Representative confocal micrographs of Hela cells expressing MGAT2-RpHLuorin2 in the absence (Ctrl,
green) or presence of Brefeldin A (Brefeldin A, orange). The intensity image (left column) was convoluted

with the fluorescent lifetime value per pixel and pseudo-colored (middle column). The intensity image
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was also convoluted with the calculated pH per pixel and pseudo-colored (right column). FLIM,
fluorescence lifetime imaging microscopy. Scalebars, 10 pum.

Quantification of average pH values from panel (a). N = 110 (DMSO) and 165 (Brefeldin A) cells from 2 -3
independent experiments.

Representative confocal micrographs of Hela cells expressing RUSH TNFa-RpHLuorin2 in the absence of
biotin (0 min) or 20, 40 and 60 minutes after biotin addition. The intensity image (left column) was
convoluted with the fluorescent lifetime value per pixel and pseudo-colored (middle column). The
intensity image was also convoluted with the calculated pH per pixel and pseudo-colored (right column).
FLIM, fluorescence lifetime imaging microscopy. Scalebars, 10 um. See also Supplementary Movie 1.
Quantification of average pH values of the cell shown in panel (c) and Supplementary Movie 1.

Average pH measured of all cells expressing RUSH TNFa-RpHLuorin2. N = 29 from 2 independent

experiments.
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