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Abstract
The mobilization and transport of Na* across the plasma membrane is central to biology?.
While the sweeping consequences of aberrant extracellular or cytosolic Na* levels on organism
physiology are known, and indeed mapped, at the tissue and single cell levels*~>, sub-cellular
Na* remains unmapped due to a lack of tools of sub-cellular imaging. Here we describe RatiNa, a
pH-independent, ratiometric fluorescent reporter for Na*. With RatiNa we successfully imaged
organellar Na* in mammalian cells and C. elegans. Several crucial findings ensue from organelle
Na* measurement: For one, average Na* levels in endocytic organelles exceeds cytosolic levels
but can vary from one vesicle to another. In addition, unlike any other ion mapped so far,
lumenal Na* decreases as endosomes mature. Finally, a drastic change in Na* levels occur in
lysosomes when nematodes adapt to salinity. We found NHX-5, a putative lysosomal Na*/H*
exchanger, is vital for salt adaptation. Since lysosomes play a key role in metazoan metabolism,
The ability to image sub-cellular Na* in vivo may lead to a deeper understanding of Na* transport

and metabolism.



Introduction

i. Significance of organellar Na*

Free sodium ion (Na*) is the most abundant monovalent cation in most life forms®. The largest
fraction is present in the extracellular milieu where it maintains the osmotic pressure and ionic
balance. Na" is an essential nutrient: it cannot be produced endogenously and must be obtained
from dietary intake®’. We dedicate huge amount of energy and resources to preserve Na* in our
body by kidney reabsorption as Na* is scarce in paleolithic diet*. However, there is an excess of
Na* in our present day diets with cheap and easy access to processed food® (Figure 1). Our
ability to evolve and thereby adapt to a high Na” modern diet is much slower, leading to excess
dietary Na* being retained in our body, and disrupting the balance of ionic equilibrium®. Chronic
excess dietary Na* is thus linked to several disorders such as hypertension, kidney failure and
heart disease®!°. These diseases are on an alarming rise and ischemic heart disease is now the
lead death cause of world population according to WHO?. Thus, a better understanding of Na*

homeostasis could potentially identify ways to combating high Na* that causes pathology.
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Figure 1. Na* is essential but in excess in modern diet

a. Examples of Natural food and processed food. b. Natural food has low level of Na* and
processed food have high content of Na*'?. Graph is adapted from Karppanen et al. (reference
12). c. Large sample size study data showing clear correlation of Na* intake and elevated blood
pressure. (N = 95,767 indivisuals)'® Graph is adapted from Mente et al. (reference 13). d. Pie
chart showing that cardiovascular disease is the leading cause of death in Europe, year 2017.

Image source: https://www.r3i.org/.



Cells spend ~30% of their ATP to maintain the Na* gradient across the plasma membrane!*1°,
The Na* gradient regulates cell surface Na* channels and transporters that collectively maintain
osmotic pressure and ionic balance as well as control functions ranging from neuron firing to
nutrient transport'®t’. Our current understanding of cellular Na* homeostasis is limited to its
mobilization at the plasma membrane. Yet plasma membrane comprises only 2-5% of total
membrane in the cell*® and the remainder is distributed among organelles. The math alone
suggests that Na+ homeostasis in the cell cannot be maintained just by the plasma membrane and
organelles must be involved. Few lines of evidence suggest that organelles could contribute to
the metabolism or mobilization Na* in single cells®. For one, organelles have quite different
chemical environment compared to cytosol to perform their specific functions. Every ion that has
been mapped so far in organelles shows levels that are quite different compared to either the
cytosol or the extracellular milieu. Na* is one of the most abundant extracellular cations and is
therefore also likely to vary given the differences in functions between different organelles. In
addition, many organelles are now known to harbor membrane potential and organelle
membranes contain several Na* channels and transporters®®-24. For example, in yeast, many
endosomal Na*/H* exchangers (NHEs) were identified by salt stress causing lethality when these
genes were knocked out?®. | hypothesize therefore, that Na* gradient also exists across organelle

membranes and that different organelles likely have different lumenal Na* levels.

The function and significance of maintaining Na* gradient across organelle membrane, if there is
one, is unknown. One speculative reason is to maintain organelle membrane potential. Recently,
organelles were found to have distinct membrane potentials ranging from +110 mV in lysosomes
to +65 mV in recycling endosomes?. Such high membrane potential likely has a Na* transport

component. As seen in the case of the plasma membrane, | posit that the Na* gradient across



organelle membranes can be used to depolarize the latter and trigger downstream events such as
fusion and fission, Ca?* release, etc.?®?’. Another potential function for the organelle Na*
gradient is to facilitate transport of other ions or amino acids through exchangers like NHEs*® or
transporters like SLC38A9, respectively?®. Similar machineries have been found on the plasma

membrane and is likely also present in organelles?®.

A key piece of evidence for the significance of Na* in organelles, is the fact that mutations in
organellar Na* transporters lead to observable phenotypes such as a change in organism color. In
the Japanese morning glory flower, mutation of vacuolar Na*/H* exchanger nhx1 causes a
change from purple to blue blossoms (Figure 2a) °. Even in animals, a mutation in zebrafish
NCKXS5, a K* dependent Na*/Ca?* exchanger in melanosomes, causes the typical zebrafish

stripes to fade, and the lack of pigmentation, leads to the “golden” phenotype®® (Figure 2b).

a. Morning glory : Zebrafish

Purple gene (Pr): vacuolar Na*/H* exchanger golden gene (gol) : melanosomal K*,Na*/Ca*"-exchangers

Figure 2. Organelle Na+ transporter dictates color phenotype. a. nhx1 gene mutation in
morning glory causes flower to change from purple to blue color. Figure adapted from Fukada-
Tanaka et al (ref. 30). b. nckx5 gene mutation in zebrafish cause the striping pattern to fade.

Figure adapted from Lamason et al. (ref. 31).



ii. Developing a method to map Na* in organelles

To prove that Na* gradient exist at the organelle membrane we need feasible methods of Na*
detection. Indirect methods like elemental analysis of isolated organelles reports only average
values and cannot account for any ion exchange during the isolation process®. To answer
questions about Na* function in organelles we used an imaging-based method which allows
direct live imaging of Na* with single organelle resolution. Fluorescent probe development is a
constantly evolving field and new technologies are emerging on a daily basis®3. There are myriad
ways to design fluorescent probes, but the working principle is simple: the fluorescent properties
of the probe will change in the presence of different levels of the analyte that it is supposed to
detect. One of the most popular scaffolds for fluorescent probes is based on proteins as they are
genetically encodable3. For genetically encoded reporters, conformational change due to the
binding of the analyte to the protein leads to a change in fluorescent intensity or FRET. Protein
reporters can be easily expressed and targeted to a given organelle®. However, protein-based
probes usually have low fluorescent intensity, limited dynamic range, limited responsivity
compared to small molecules and its overexpression may change the physiological state of the
cellular system®. There is no protein-based Na* reporter developed so far because there is no

known Na* binding proteins (Figure 3b).
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Figure 3. DNA based reporters combines the advantages of small molecule and genetically
encodable reporters. Advantages and limitations of (A) small molecule fluorescent reporters
and (B) protein based reporters. (C) DNA reporters have the advantage of small molecules for
high fold change and richness of chemical information, as well as targeting precision associated
with protein-based reporters. Internal ratiometry of DNA reporters allows accurate

quantification.

On the other hand, small molecule probes have excellent photochemical properties and high
fluorescence intensities®’ (Figure 3a). These fluorophores can either react to or associate with the
analyte, resulting in fluorescence toggling on and off as a readout®. But organelle specific
targeting is a major limitation of small molecule probes. Without any targeting motifs, such
small molecule probes usually remain in the cytosol. But with functional groups appended on the
small molecule, the probe can localize passively to certain organelles by leveraging the acidic pH
of the organelle or its membrane potential®®. But even same type of organelles can have different

level of pH*’: any ion transport on organelle membrane can lead to a substantial change in



concentration due to the small volume of organellar lumen*. Indeed, we have previously
measured ion concentration and membrane potential in organelles and these parameters vary
widely across a organelles?®4243, Additionally, in disease states organelles usually have different
chemical environments. For example, mitochondrial depolarization is accompanied by ROS
induced stress*. Thus, many factors can affect targeting of small molecule probes to the correct

organelles and a better strategy is needed to image organellar Na*.

One way to improve the targeting specificity of small molecules is to use a biologics. DNA is an
ideal candidate to target endocytic organelles (Figure 3c). Cells express scavenger receptors that
bind and internalize to anionic macromolecules through clathrin mediated endocytosis*.
Therefore, DNA can be delivered to endocytic organelles including endosomes and lysosomes
by co-opting natural cellular machinery®. Unlike protein-based overexpression systems, DNA
nanodevices cause no changes in cellular transcription/translation and can probe the resting state
of live cells. One concern with treating cells with synthetic DNA nanodevices is their potential
interaction with toll-like receptors (TLR)*. TLRs are expressed on innate immune cells surface
that help immune cells identify threat of infection. dsDNA is a ligand for TLR9 and downstream
signaling of TLR can change the cellular state and triggers unwanted immune response*’. To
address the concern, we have previously shown that short double stranded DNA of <100 bp, free

of immunogenic sequences do not activate macrophages*®.

Using DNA as a scaffold to make organelle reporters has many more advantages. Duplex DNA
is rigid upto 150 base pairs, and fluorophores can be positioned along this rigid rod at fixed
distances to either prevent or enable photophysical interactions between different fluorophores®.
Due to the 1:1 stoichiometry of Watson-Crick-Franklin base-pairing, one can incorporate

reference fluorophores on a DNA assembly in a specific stoichiometry to make a uniwavelength



small molecule reporter, ratiometric. A fluorophore that is unaffected by target analyte creates a
way to normalize fluorescent signal from a uniwavelength sensing dye. The ratiometric signal
reports the concentration of analyte far more accurately as it is independent of reporter

concentration®°,

Here | describe the development of a DNA-based ratiometric Na* reporter to measure lumenal
Na* concentration of organelles which | name RatiNa. In the following chapters | describe
RatiNa design, characterization, in vitro and in vivo performance. There are several key
discoveries from my measurements of Na* with RatiNa. To begin with, my studies revealed the
accurate levels of Na* in single lysosomes of both C. elegans and murine macrophage lysosomes
for the first time ever. | found that Na* varied greatly across lysosomes and was on average ~40
mM. This indicates that when lysosomal Na* channels open, Na" must flow into the cytosol.
Next, | mapped Na* as a function of endosomal maturation by measuring it in early endosomes,
late endosomes and lysosomes. | found that, unlike any other ion mapped so far, lumenal Na*
decreases along the endolysosomal pathway. To further shed light on the potential role of
organelles in cellular Na* homeostasis, | mapped lumenal Na* levels in each stage of the
endolysosomal pathway in worms upon their adaptation to high salt levels. | found that worms
which successfully adapted showed substantial changes in their lysosomal Na* levels. In fact,
worms lacking the lysosomal Na*/H* exchanger NHX-5 failed to adapt. Using RatiNa I have
pinpointed a key role for the lysosome in mobilizing Na* in the animal kingdom. RatiNa can

reveal Na™ metabolism at an entirely new level of cellular detail.



Chapter 1. Design and characterization of RatiNa

i. Existing Strategies for Na* measurement

The heart of the ability of RatiNa to sense Na* comes from a Na+ sensitive fluorophore. We
started with a thorough search of small molecule Na* reporters in literature. Most existing Na*
sensing molecules are based on Nobel Prize winner Charles Pedersen’s finding of crown ethers,
compounds that binds alkali metal ions®!. SBFI is the first Na* sensing fluorophore developed by
Roger Tsien in 1989° (Figure 4). The molecule consists of a crown ether for Na* binding and a
benzofuran isophthalate fluorophore. The crown ether selectively binds to Na™ and abolishes the
photoinduced electron transfer (PET) quenching of the fluorophore from the lone pair of
electrons on the crown nitrogen. It is self-ratiometric and has ~20 fold selectivity against K*.
However, it has 17 mM Kg for Na*, a pKa of 6.09 and quantum efficiency of 0.045, indicating
that it only senses Na* reliably up to 50 mM with low intensity and is sensitive to the acidic pH
corresponding to organelle lumens. Subsequently, multiple new fluorophores with crown ethers
were made and a few such molecules are worth mentioning. CoroNa Green is commercially
available, has a relatively higher Kq of 80 mM and therefore is suited to measuring Na*in a
higher concentration regime®® (Figure 4, compound 4). ANaz2 is a two photon active Na* sensing
dye that can sense Na* in tissue®* (Figure 4, compound 8). All existing Na* sensitive

fluorophores are summarized in Figure 4.



Figure 4. Published Na+ sensing small molecule probes. Chemical structures of published Na

sensitive fluorophores with their excitation wavelength shaded from UV (purple) to infrared

(red).

Table 1. Spectral characteristics and dissociation constants for various Na* sensitive dyes.

Cpd Dye name Ex/Em Wavelength (nm) Kda (mMM) Reference
T SBFI 337/537 20 %

2 N/A 440/517 48 55

3 Sodium Green 507/530 8 %6

4 CoroNa Green 492/515 80 53

5 N/A 498/510 59 57

6 N/A 497/507 N.D. 58

7 ANal 780/500 (2 photon) 8 54

8 ANa2 750/500 (2 photon) 18 59

10
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Strategies building on small molecule probes for Na* sensing are also developed. Verkman
conjugated the Na* sensitive chromophore sodium red and Na* insensitive chromophore
BODIPY-FL on polystyrene beads and estimated Na* in the colon pericryptal space of live
mouse® (Figure 5a). On the other hand, reporters based on nucleic acids scaffolds are also
known. Lu et al have isolated an RNA cleaving DNAzyme whose activity is highly dependent on
Na*l. They used it to make a Na* reporter by placing a quencher on the DNAzyme and a
fluorophore on its substrate. Once Na* facilitates the cleavage of the RNA substrate, the
fluorescence turns on®:®?(Figure 5b). Both strategies have limitations: beads cannot enter the
cells, while the DNAzyme reports Na* via an irreversible reaction which cannot report Na*

fluctuations.
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Figure 5. Non-small molecule Na+ probing strategies a. Ratiometric bead-based Na* sensing
by Verkman et al. Using Na* sensing dye Sodium Red and ratiometric dye BODIPY -fl non-

specifically adsorbed to latex beads, the authors measured Na* in the pericryptal space of mice
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(Figure 5 Continued) colon. Figure is adapted from Lu et al. (ref. 51). b. DNAzyme based
bioreporter. Single RNA cleavage site is photocaged and the reporter is delivered to cells. After
uncaging, the DNAzyme cleaves the RNA and quenching is relieved. Figure is adapted from

Verkman et al. (ref. 53).

ii. Design of RatiNa

All summarized strategies have distinct advantages and disadvantages and there is no universal
method to detect Na* in all biological and cellular locations. The biggest obstacle for organelle
Na* sensing is the acidic lumenal environment in endocytic organelles which crossreacts with
every known Na* sensitive dye®. We were inspired by a recent paper demonstrated that the
hydroxyl group of Aarhus Green (Figure 6a, 6b), a tetrafluorofluorescein fluorophore, exhibits
lower pKa (~3.1) and less pH sensitivity from pH 4 — 7 as compared to Pennsylvania Green
(Figure 6B), its difluorofluorescein analogue (pKa ~ 4.7)%*. CoroNa Green (Figure 6c) is also a
difluorofluorescein Na* sensing molecule that we can potentially apply the same strategy to
engineer to shift the pKa to lower regime to obtain a pH insensitive yet Na* sensitive small
molecule that we named Chicago Green (CG) (Figure 6c¢). It has a tetrafluorofluorescein core, a

crown ether and a propargy! group for conjugation to DNA scaffold. The detailed synthesis of

12



CG is described in next section.
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Figure 6. Rationale for chemical design of Chicago Green. a. pH response of fluorescence of
Aarhus Green and Pennsylvania Green. Figure adapted from Holmehave et al. (ref. 64). b.
Structure and pKa of Aarhus Green and Pennsylvania Green shows the additional fluorine
modification shifts pKa and makes the fluorophore less sensitive to pH. c. Chicago Green is
designed by fluorine modification of CoroNa Green, an Na* sensing dye with physiological Kg

and high fold change to Na".

| designed the DNA scaffold shown in Figure 7. A 45-bp duplex was chosen as the DNA
backbone. The length of the duplex is ~15 nm and the two fluorophores are placed at opposite
ends of the DNA duplex to make sure no interference or FRET can happen between the dyes. In
a separate study my colleague Dr Anees Palapuravan has found that DNA sequences next to a
cryptand, another crown ether, based fluorophore can affect the dye performance. Therefore, the
sequence which had no effect on cryptand dye was chosen for CG conjugation. The final design
for RatiNa consists of three single stranded DNA: D1 is a 25-mer ssDNA with CG at 5” end. The

13



normalizing module D2, bearing ATTO647N (A,,= 646 nm, A,,, = 663 nm) at the 5’ end, is a
45-mer ssDNA with a sequence complementary to D1. Our choice of ATTO647N as the
ratiometric dye is based on its brightness, photostability, insignificant spectral overlap with CG
and insensitivity to pH, Na+ and other ions®. D3 is a 20-mer ssDNA that can be either

unmodified or with a biotin conjugated for bead clamping later described.

D3 D?’biotin D3
D2RD D2RD DZRD
D1Nap2s D1Nap2s D1
RatiNa RatiNa biotin RatiNaAT
name sequence
DlNaDZS
D1 5-ATC AAC ACT GCA TAT ATA TAC GAC C-3’ (25mer)

D2rp. | 5-ATTO647N-C ACT GCA CAC CAG ACA GCAA G GTC GTATAT ATATGC
AGT GTT GAT-3’ (45mer)

D3yistin 5-T TGC TGT CTG GTG TGC AGT G-BioTEG- 3’ (20mer)

D3 5-T TGC TGT CTG GTG TGC AGT G — 3’ (20mer)

Figure 7. Design and sequences of of DNA based RatiNa reporters. RatiNa comprises three
single stranded DNA oligonucleotides with two fluorophores. CG (green sphere) is the Na*
sensing fluorophore and ATTO (red sphere) is the ratiometric fluorophore. RatiNa"" can be
displayed on streptavidin coated beads for calibration with microscope. RatiNa”" is used for

colocalization experiments and bears only the ATTO dye.
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iii. Synthesis of Chicago Green, a pH insensitive Na* sensing dye

We followed previous literature for synthesis of compound 3-5%. The synthesis of CG was
performed by Dr Koushambi Mitra, Dr Aneesh Tazhe Veetil and Joseph Ramirez and following
protocol is adapted from Dr Mitra’s note (Figure 8). In brief, a mixture of 2-aminophenol (1 eq)
and cesium fluoride (5 eq) was stirred in acetonitrile in N2. Next, tetraethylene glycol di(p-
toluenesulfonate) (1 eq) was dissolved in acetonitrile and added to the mixture and let react for
48 h in N2. Crude product was collected by evaporation and dissolved in chloroform and washed
with water, saturated sodium bicarbonate and brine. Silica gel column chromatography (50-70%
ethyl acetate/hexane) was used for purification and final product is a yellowish-brown oil. Next,
compound 3 (1 eq), methyl bromoacetate (2 eq), DIPEA (5 eq) and Nal (1 eg) mixture in dry
acetonitrile was refluxed in N2 for 48 hours. Crude product was evaporated and dissolved in
dichloromethane and washed with water. Organic layer was dried with MgSO4 and evaporated.
Silica gel column chromatography (0-8% methanol/dichloromethane) was used to purify
compound 4. POCIs (5 eq) was slowly added to dry DMF to form the Vilsmeier’s reagent.
Compound 4 (1 eq) was slowly added to Vilsmeier’s reagent, and the reaction was stirred for 24
h at room temperature in N2. Reaction mixture was slowly poured into a mixture of ice-cold
saturated K>COs solution. After 5 times extraction of dichloromethane, the organic extract was
dried with Na,SO4 and purified with silica gel column chromatography (0-8%
methanol/dichloromethane) to yield compound 5. Compound 5 (1 eq) and NaOH (3 eq) were
dissolved in 1:1 EtOH/H20 and stirred at room temperature for 2.5 h. Then 3 N HCI was used to
neutralize the solution and EtOH was evaporated. 5 times extraction of dichloromethane was

used and the extract was washed with brine and dried with NaxSO4. After evaporation, propargyl
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alcohol (1.2 eq), DIPEA (1.2 eq) and DMAP (0.2 eq) was added to crude product in
dichloromethane in ice bath. EDC (1.2 eq) was added to the mixture and reaction was stirred at
room temperature for 16 h. The reaction was then double washed with water and brine, dried
with Na>SOs, and evaporated. Silica column chromatography (0-5% methanol/dichloromethane)
was used to for purification of compound 6, a yellow viscous oil. Compound 6 (1 eq), 2,4-
difluororesorcinol (2 eq) was then stirred in methanesulfonic acid at room temperature for 48 h
in N2. The reaction mixture was diluted with water and slowly poured into ice-cold 3 N NaOAc
solution and extracted with ethyl acetate for 5 times. Organic extract was dried with Na2SOs,
filtered and evaporated. Crude product was mixed with chloranil in 1:1 chloroform/methanol and
refluxed for 4-5 h. Reaction mixture was cooled, filtered and evaporated. Reverse phase HPLC
(1:1 methanol/acetonitrile) was used to obtain final product propargyl-CG. Mass spectrometry

and NMR confirmed the identity of all intermediates and products.
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NH, NH 9 O O N N
Br 7 Va
OH 0\) \(r)l/\ \(g\ 0\) oc \‘g\ 0\)
CsF, MeCN POCI;, DMF
1 _CoF MeCN - il
reflux, 48 h rt,20h

. DIPEA, Nal, MeCN
o o 3 reflux, 48 h 4 CHO
TsO NN N0Ts

2

(o 0_> HO i OH
i) NaOH, 50% aq. O~ Q MeSOsH, rt., 24 h

EOH,rt, 3h . \(g\ o) 5 S >
i) oz~ OH cl cl
EDAC, DMAP, DIPEA, CHO cl cl
DCM, rt., 16 h o

(1:1) MeOH:CHCl3, reflux, 4-5 h

Figure 8. Synthesis of Chicago Green. A brief overview of the synthesis schematic for the

synthesis of Chicago Green. Synthesis schematic is adapted from Dr. Koushambi Mitra.
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CG was then characterized by spectroscopy. We found the excitation maximum and emission

maximum of CG to be 510 nm and 530 nm respectively (Figure 9a). CG is indeed responsive to

Na* with a 6.5 fold change from 1 mM to 150 mM of Na™ in buffer (Figure 9b, 9c). Most

importantly, we observe similar Kq from pH 4.5 — 7.4 indicating CG is indeed pH insensitive

(Figure 9d). Previously we have noticed that small molecule reporters can have altered fold

change or spectral characteristics after DNA conjugation®®. Therefore, we proceeded to

conjugate CG to DNA and performed a thorough characterization with the full reporter.
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Figure 9. Chicago Green is sensitive to Na+ and insensitive to pH. a. Structure and

mechanism of Na* mediated fluorescence increase of CG. b. Excitation and emission spectra of
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(Figure 9 Continued) CG. Emission fluorescence increases with increasing amounts of Na™. c.
CG Emission peak maximum plotted against Na* level at pH 7.4. d. Kq of CG is calculated from

Na* response curve at each pH point.

iv. CG conjugation to DNA

Next, | will describe how to build RatiNa reporters. As discussed previously the reporter is
composed of three single stranded DNA. Two of the strand D2 and D3 are directly purchased
from vendor. We will need to perform CG conjugation to D1 strand and anneal with the other
two strands for complete RatiNa reporters (Figure 10a). We started by using D1 strand with 5’
amine modification. 5’-amine modified single strand DNA (IDT) is reacted overnight with 20
equivalence of azide-(PEG)4-NHS ester (Click Chemistry Tool, AZ103) in 100 mM NaxHPO4
buffer with pH adjusted to ~8.5 by adding NaHCOs. Ethanol precipitation of DNA was done by
adding 0.1 volume of 3 M NaOAc (Sigma) and 3 volume of molecular biology grade ethanol
(Sigma). Precipitation was done at -20 °C for at least 2 hours then centrifuged at >12000 g to
collect DNA precipitate. DNA was redissolved in 50 mM pH 7 phosphate buffer after wash with

70% ethanol (Figure 10b).

To confirm full conversion of amine to azide, a small aliquot of azide-DNA was reacted with 2
equivalences of 5kDa mPEG-DBCO (Nanocs, PG1-DB-5K) in 50 mM pH 7 phosphate buffer
overnight and run on 12% native PAGE. PEGylated DNA will have significantly different gel
shift and no azide-DNA band is observed, indicating all amine strands are converted to azide

strands (Figure 10c). Azide-DNA can be made in bulk and aliquoted in -20 °C for 12 months.
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The copper(l)-catalyzed alkyne-azide cycloaddition (CUAAC) reaction was used for CG
conjugation to azide-DNA®’ (Figure 10d). Copper catalyst was prepared by premixing
concentrated CuSO4 and THPTA (100 mM, 10 eq). Purge azide-DNA (1.3 mM, 1 eq) with
nitrogen for 1 min. Add propargyl-CG (2.6 mM in DMSO, 2 eq) CuSO4/THPTA mix, and
sodium ascorbate (1 M, 40 eq) in 30% DMSO in buffer. Extra DMSO may be needed to fully
dissolve small molecule propargyl-CG. Reaction mix was briefly purged with nitrogen and tube
was sealed and allow to react for > 5 hours. DNA was precipitated and assessed by both 12%
native PAGE and UV-Vis. D1 band in PAGE shows CG fluorescence confirming that reaction
has occurred. Absorption spectrum of CG-D1 conjugate confirmed full conjugation of DNA
strands by extinction coefficient analysis (¢ = 21,000 L / mole-cm for CG at 522 nm). We
noticed that 1., and A, are shifted to 522 nm and 545 nm respectively, a change potentially
occurred due to structural changes on CG from propargyl group to triazole group after
conjugation to DNA. The fluorescence fold change of CG to Na* is preserved after conjugation

to DNA.
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Figure 10. CG conjugation to DNA verified by PAGE. a. Reaction schematic of CUAAC
coupling of CG to ssDNA. b. PAGE analysis of first conjugation step, azido strand shows no gel
shift from amine strand. c. PAGE confirmation first conjugation step by reacting azido strand
with 10kDa PEG. The full conversion of azido strand to PEGylated strand confirms that no
amine strand is present. d. PAGE of CG to DNA conjugation. CG fluorescence can be detected

from the DNA band.

Next complete RatiNa reporters are formed by annealing (Figure 11a). We made RatiNa which
has unmodified D3 strand and RatiNa®" to replace D3 with biotinylated 3’ end. 12% PAGE gel
shows the complete annealing of RatiNa reporters with no extra single stranded DNA band to

guarantee 1:1 ratiometry (Figure 11b). And the complete RatiNa has both red fluorescence from
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Figure 11. RatiNa reporters annealing confirmed by PAGE. a. 12% native PAGE shows full
annealing of RatiNa reporter with no single strands or partially annealed products. b. 12% native
PAGE shows full annealing of RatiNa®®"" reporter with no single strands or partially annealed
products. Arrow represents sSDNA, green circle represents CG dye and red circle represents

ATTO dye.

v. RatiNa is selective to Na* and pH insensitive

We first take fluorescence spectra of RatiNa for Na* sensitivity in Na™ buffer (150 mM Na* and
K*, 150 mM CI', 10 mM HEPES, 10 mM MES, 10 mM KOAc. pH adjusted by HCI or KOH).
The buffer mimicks Na* and K* level in biological system: total amount of both cation is about

150 mM. HEPES, MES and KOAc combined can buffer pH from 3-9.
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To fully characterize RatiNa in terms of Na* affinity, pH insensitivity and selectivity, we decided
to use fluorescent imaging method since the fluorescence signal is the final read out. Thus, we
can image RatiNa with same image acquisition settings as we use for both in vitro
characterization and in vivo measurement. To image RatiNa we use the biotinylated RatiNa to
coat streptavidin bead with RatiNa and image the bead in various buffer conditions. In brief, 1
um streptavidin coated polystyrene bead (Bangs Laboratories, CP01004) was first washed twice
and then incubated with 10 uM of RatiNa®°" in phosphate buffer. Either vigorous shaking or
magnetic stirrers can be used to keep beads well mixed. After 2 hours of shaking the bead can be
collected by centrifuging at 5,000 rpm and stored in phosphate buffer. 0.1% Tween-20 was

added to prevent aggregation of beads.

Beads were then imaged to test Na* affinity. RatiNa beads were resuspended in Na+ buffer (1
mM to 2000mM NaCl, 10 mM HEPES, 10 mM MES, 10 mM KOAc. pH from 4.5 to 7.4
adjusted by HCI or KOH) and added to poly-D-lysine coated glass bottom dishes (Cellvis D35-
14). Poly-D-lysine coating help with immobilization of the beads. Bead was imaged by either
wide field microscope (Olympus 1X83) or confocal microscope (Leica Stellaris 8). Individual
bead was first picked with Analyze Particle function in FIJI and saved as individual ROI. Then
each ROI was analyzed by taking integrated intensity in CG channels and ATTO channels.
Average G/R for >100 beads were calculated and normalized to the lowest average G/R in all
samples (Figure 12a). We notice that on the log scale normalized G/R can be approximated with

a sigmoidal curve (Figure 12d). This is expected response for affinity-based fluorescent reporter.

For pH insensitivity we compared the sigmoidal curve at each pH from 4.5 to 7.4. From the
overlay and Kd calculations, we concluded that both fold change and Kd are constant from acidic

to neutral pH (Figure 12c). Since the lysosome is most acidic organelle with average pH of 4.5%,

22



RatiNa can reliably measure Na+ in acidic organelles, and we expect to see the same Na+

response regardless of pH.

a.
H6.5 pH7.4
0.12 pH 4.5 0.12 PHS.5 0.12 P 0.12
0.10 % 0.10 0.10 0.10 % %
0.08 % 0.08 0.08 0.08 %
@ 4 o« x
3 006 % % % 3 0.06 3 0.06 30.06 % % %
0.04 % @ 0.04 0.04 0.04 %
002 % 0.02 0.02 0021 %
0.00 0.00 0.00 0,00+ . .
STt SIS NI NN SN N SIPNIPNIPNIINIRISNIRIIN
S &S T F S S SELSE S S S S
b VS S S &S NS A '\90& \(?0& {L@@ b@;@i@c@ F S S ”‘@@&é’\ﬁ&& TS
) C. d.
0.12 300-
4
5/ |
0.104 250 { | ‘
g,ﬂ z
0.084 200 ER % 31
< 5 S | 2 |
@ = R =
3 0081 E 150 g 5 2|
> =2 8
S @ o |
0.04 1004 931\ 5 J
0.02 50 h]\.;\ . W
0.00 -;,}\\ e e o
"205 00 05 10 15 20 25 30 35 40 ° 45 50 55 60 65 70 75 T~ e = e s e
A= - S5 o =
log([Nal) (mM) =

oH R

Figure 12. Bead calibration of RatiNa for Na+ and pH response. a. RatiNa bead was imaged
inpH =4.5,5.5,6.5and 7.4 Na* calibration buffer and imaged with widefield microscope. G/R
of more than 100 beads was calculated. G/R signal increases and saturated at high Na*. b. G/R
and log([Na*]) is plotted and sigmoidal fit shown for each pH. The fitted curves from pH 4.5 to
7.4 shows that RatiNa is pH insensitive. c. Na* Kq of RatiNa calculated from the sigmoidal fit.
Kq values are also constant from pH 4.5 to 7.4. d. Surface plot of RatiNa G/R signal across
different pH and Na* level. RatiNa G/R response plotted in physiological Na* level in linear

scale. In this Na* range G/R increase is approximately linear with >3 fold change.

Selectivity of RatiNa is another crucial aspect for biological application. It is widely recognized
that crown ether can bind to Cs with superior affinity® but we limit our test to biologically

abundant ions: K*, Li*, Mg?*, Ca?*. These ions were added at biologically relevant concentration
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(145 mM KCI /10 mM LiCIl /10 mM CaCl. / 10 mM MgCl>) to RatiNa in background of 5 mM
Na* (Figure 13a). RatiNa beads were imaged, and signal was compared before and after addition
of ions. We found that the increase of signal was insignificant. To test whether general
osmolarity increase can affect RatiNa signal, we also added 300 mM NMDG, an organic
monovalent cation. No signal increase was observed, and we concluded that in biological
environment, RatiNa is only responding to Na" and not any other major cations. Since K is the
main cation that can affect Na* signal of RatiNa, We also measured RatiNa signal increase with
K* (Figure 13b). We found that only in molar range of K* we see ~1.2 fold increase of RatiNa

signal, and the selectivity against K* is 27 fold.
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Figure 13. Selectivity of RatiNa and its K+ binding characteristics. a. Specificity of RatiNa
reporter against other physiologically relevant cations. Na*, K* = 145 mM; Li*, Ca?*, Mg?*,
NMDG = 10 mM. b. RatiNa signal increase with high amounts of K*. K4 for K" is 4500 mM and

selectivity against K* is ~27 fold.
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Chapter 2. Calibration of RatiNa and In vivo measurement

I. Requirements of calibration due to low fluorescence of CG

Having fully characterized RatiNa in vitro by fluorescence spectroscopy and microscopy, here |
describe how we used RatiNa to measure Na* in organelles of living systems. We chose to test
RatiNa in C. elegans and macrophages for several reasons. Firstly, in both systems we have
previously established targeting to endocytic organelles*®®°. Secondly, C. elegans coelomocytes
and macrophages uptake significant amount of DNA due to high expression of scavenger
recepters’®’, Finally, we have previously measured the concentration of H*, CI-, Ca?* and
membrane potential in both C. elegans and macrophages but organellar Na* is yet to be measured
in either system. Organelle Na* measurement would complement our knowledge of other ions

measured and help us understand the overall landscape of the chemical milieu within organelles.

One of the biggest obstacles | faced in using RatiNa in live cells was low fluorescence signal and
suboptimal signal to noise ratio for reliable ion measurement in organelles. CG has remarkable
selectivity and pH insensitivity. However, like all other Na* sensing small molecules, it is limited
by the brightness of the dye. We have measured the relative quantum yield by comparing to
Rhodamine 6G, a dye with similar absorption spectrum (1,4, = 535 nm) and known quantum
yield (¢ = 0.95 in H20). We found that CG has a quantum yield of 0.045 when fully turned on

using the following equation to compare relative quantum yield’? (Figure 14a, 14b):

Bce = Brnoa (nsdce ) (e )" _ 0045 £q. (1)

Gradrhod/ \"Rhod

Gradce and Gradrnod refers to the gradient of the linear fitting curve of absorbance maximum

plotted against fluorescence maximum of two fluorophores. ncc and nrnod refers to the refractive
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index of the sample and cancels out because both measurements are done in pure H20. compared

to a quantum yield of 0.65 for ATTO647N® and therefore CG has overall low brightness.
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Figure 14. Relative quantum yield of CG. Rhodamine 6G with known absorbance and

fluorescence spectroscopy (A) of exciting at 535 nm and emission at 550 nm. Absorbance of CG

sample are recorded (B), and fluorescence were taken at 550 nm. Slopes of linear fitting curve of

both graphs are calculated to determine the relative quantum yield of CG.

On beads, since there is no background fluorescence, RatiNa has homogeneous signal due to

high effective concentration from strong interaction of streptavidin and biotin. However, the

RatiNa signal from an organelle can be masked by autofluorescence within the cell, especially if

there is a low level of uptake of DNA nanodevices in a given system. Therefore, to get reliable

measurement we must calibrate RatiNa in the same system where we intend to measure Na*.

One way to get the best fluorescence signal out of a low intensity dye like CG is to excite and

collect emission at optimal wavelength. The excitation peak wavelength for CG conjugated to

DNA is 522 nm which is between traditional 490 nm GFP and 550 nm RFP channels. We use



525/30 BP (Semrock FF01-525/30-25) as excitation filter, 532 nm dichroic mirror (Semrock
Di02-R532-25x36) and 575/40 BP (Chroma ET575/40m) as emission filter on the wide field
microscope for the CG channel. RatiNa beads in these channels gives good fold change and
signal to noise ratio. However, in cultured cells CG channel is much harder to visualize
compared to images of beads. Firstly, lysosomes in cultured cells have less RatiNa compared to
individual beads. Secondly, the autofluorescence signal is high and can mask the RatiNa CG
signal. Thirdly, the autofluorescence signal is heterogeneous and cannot be simply excluded

from background analysis or image processing.

Given that the difficulty to image CG arises mainly from the background, we use confocal
microscopy to reject “out-0f-focus” light in effort to improve the signal to noise. We chose Leica
Stellaris 8 confocal microscope which has a white light laser and can excite a fluorophore of any
wavelength from 440 nm to 790 nm. We found that when set excitation at 522 nm and detector
to collect from 530 — 580 nm, signal to noise of CG channel is much greater than widefield
microscope in cultured cells. Therefore, we decided to do bead clamping, cell clamping and

measurements in this confocal microscope.

ii. Targeting endocytic organelles of C. elegans

C. elegans is an established model system to validate DNA based reporters*>> as it presents
many advantages. For one C. elegans has 6 cells called coelomocytes which are dedicated for
removing and degrading unwanted materials. Coelomocytes express high level of scavenger
receptors, which are natural receptors that mediate the endocytosis of double-stranded DNA, .
We have observed that coelomocytes uptake essentially all dSDNA that is injected into the
pseudocoelom of the worm and cell specificity is cleanly achieved. Coelomocytes also have big

endosomes and lysosomes, and are actively endocytosing cells. This helps to accumulate large
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amounts of DNA reporters leading to excellent signal to noise ratio and this eventually helps
with image analysis. Secondly, knockdown and knockout of C. elegans genes can be easily done
and existing library of mutant strains are readily available. Thirdly, C. elegans is small,

transparent and has no pigments that might interfere with live fluorescent imaging.

DNA nanodevices are directly microinjected to the pseudocoelom of the worm body, which
targets the endocytic compartments of coelomocytes. Before doing measurements we try to
standardize targeting of specific organelles of C. elegans. We made RatiNa*" which share the
same D2 and D3 with regular RatiNa but D1 is not conjugated to CG dye. RatiNa”T can be used
for verifying targeting because it has identical DNA backbone which is therefore trafficked the

same as regular RatiNa. And only ATTO dye is needed to visualize the location of DNA.

Young adult worms were injected with 2 uM RatiNa in the pseudocoelom following previously
published work™ and transferred to fresh NGM plates. Worms were then transferred to agar pads
(2% agar in M9 buffer). 50 uM levamisole was used to anesthetize worms. WWorms were imaged

at the indicated chase times.

RatiNa targets organelles through scavenger receptor mediated endocytosis. Endocytosed cargo
traffics through organelles on the endolysosomal pathway in a time dependent manner. Cargo is
trafficked first to early endosomes, then to late endosomes and finally reaches the lysosome. If
we image at specific chase times, RatiNa is found to be localized mostly in the early endosome,
late endosome or lysosomes. We have previously established these timepoints in C. elegans with
other DNA based reporters. Now we need to determine the effectiveness and specificity of

RatiNa targeting using these timepoints.
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For early endosome targeting we used cdls131 worm which expresses GFP::RAB-5 fusion
protein in coelomocytes. RAB-5 is an early endosome protein marker’. Worms were imaged 5
min after injecting cdls131 worm with RatiNa”T (Figure 15a). RatiNa”T colocalizes with early
endosomes 5 min after injecting cdls131 worms For late endosome targeting we used cdls66
mutant worms which express GFP::RAB-7 fusion protein in coelomocytes. RAB-7 is a late
endosome protein marker’®. RatiNa”" colocalizes with late endosomes 17 min after injecting
cdls66 worms . For lysosome targeting we used pwls50 mutant worms which express GFP with
LMP-1 promoter. LMP-1 is a lysosomal protein marker’®. RatiNa”T colocalizes with lysosomes

60 min after pwls50 worms are injected.

Colocalization analysis is used to confirm targeting to specific organelle. In C. elegans,
endosome and lysosome markers are membrane bound and vesicles are as large as >3 um
diameter on average. Pixel based colocalization PCC is therefore not suitable and instead number
of DNA containing compartment was counted. Percentage compartments containing both DNA

nanodevice and bearing the membrane marker were calculated for targeting specificity.

RatiNa is localized to early endosome, late endosome and lysosome with high efficacy at 5 min,
17 min and 60 min respectively (Figure 15a). Next, we check off-target labeling by assessing
anti-colocalization with other endocytic organelles. RatiNa is trafficked from early endosome to
late endosome, so tested the extent of colocalization at 5 min with late endosomes. Indeed, there
is <15% colocalization of RatiNa with RAB-7 at 5 min post injection (Figure 15b). Similarly
anti-colocalization with early endosome was shown for late endosome labeling conditions. There
is <15% colocalization of RatiNa with RAB-5 at 17 min post injection (Figure 15b). RAB-7
partially labels lysosome, so it is not a good marker for anti-colocalization. Therefore, we used

LMP-1 anti-colocalization at 17 min to show specificity of lysosome targeting (Figure 15b).
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Figure 15. Targeting of C. elegans endocytic organelles. a. RatiNa”" colocalization with early

endosome and anti-colocalization with late endosome. b. RatiNa”" colocalization with late
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(Figure 15 Continued) endosome and anti-colocalization with early endosome. c. RatiNa”T
colocalization with lysosome and anti-colocalization with late endosomes. d. Quantification of

targeting early endosome, late endosome and lysosome.

iii. C. elegans clamping and lysosome Na* measurement

Worms were punctured several times with injection needle and incubated with Na* clamping
buffer for 1 h. The C. elegans clamping buffer has a pH of 5.5 and contains 150 mM Na* and K™,
150 mM ClI-, 50 uM monensin, 50 uM nigericin, 10 uM gramicidin, 100 uM ouabain. The buffer
mimics Na* and K* level in biological system: total amount of both cations is ~150 mM.
Monensin is a Na* ionophore, nigericin is a K™ ionophore, gramicidin can form ion-channel like
pores in membranes to facilitate Na* and K* ion exchange via diffusion’’. Ouabain inhibits
Na'/K* ATPase which actively transport Na* and K* to maintain high cytosolic K™ and low
cytosolic Na*. We chose pH 5.5 because it’s close to C. elegans lysosomal pH. lonophores bind
Na* or K* in their deprotonated forms and release bound ion when protonated. Having a steep pH
gradient across lysosomal membrane makes the protonation and deprotonation cycle much better

therefore pH 5.5 buffer is used.

Clamping of organellar Na* is challenging since the amount of Na* needs to be transported is on
the millimolar scale. After one hour of clamping we observed a morphological change of C.
elegans lysosomes from spherical to amorphous, and the effect is more severe when clamping at
extreme values of 5 mM and 145 mM Na* (Figure 16b). We compared G/R values of clamped
lysosomes and RatiNa beads and found that indeed G/R levels are very similar in both cases with
slight shift in the extreme values of Na* (Figure 16c). Therefore, we used the bead data to

extrapolate the RatiNa calibration curve in C. elegans since we reasoned that Na* levels for the
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extreme values may not have been fully clamped (Figure 16d). RatiNa calibration curve is

obtained for the physiologically relevant regime of Na* from 5 mM to 145 mM. Although on the

logarithmic scale G/R values of RatiNa increases sigmoidally with Na*, for the regime 5 mM to

145 mM it is approximately linear as shown both in bead and C. elegans clamping (Figure 12d,

16d).
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Figure 16. RatiNa clamping in vivo. a. Workflow of analysis of imaging data. First G/R image

is generated from CG channel image (cyan) and ATTO channel image (maganta). Then the

calibration curve of G/R to [Na*] is applied and G/R image is converted into a Na* heatmap. b.

Ratiometric images of RatiNa”°" on beads (right panels) and RatiNa-labeled, Na* clamped C.



(Figure 16 Continued) elegans lysosomes (left panels) at the indicated Na* levels. c. Histogram
of G/R value of individual clamped lysosome and clamped bead (N > 80 per Na* level). d.

Calibration curve is generated from averaged bead clamping data.

We chose lysosomes as our target organelle for initial investigations. dsDNA is naturally
targeted to lysosomes for degradation as mentioned earlier. Further, lysosomes can also
accumulate more nanodevices, which facilitates RatiNa imaging and measurement of Na*. For C.
elegans, lysosomes were labeled by microinjecting 2 uM of RatiNa in young adult N2 worms
and imaged after 1 h chase time. Images were taken with the same settings for bead clamping
and cell clamping: White light laser was set to 85% and 63x objective (Leica HC PL APO CS2
63x 1.40NA) and Hybrid detectors (Leica HyD X) were used. Sequential scan is used, and
pinhole was set to 95.5 um. For CG, the 522 nm laser was used for excitation (10% intensity)
and emission was collected from 530 nm to 580 nm (HyD X2 Gain 100). For ATTO647N, 646
nm laser was used for excitation (2% intensity) and emission was collected from 655 nm to 780

nm (HyD X4 Gain 10).

For image analysis in C. elegans, lysosomes are selected manually in the ATTO channel, the
rolling ball method was used for background subtraction and the G/R value of each endosome or
lysosome is calculated by taking ratio of integrated intensity in CG channel and ATTO channel.
The ROI file and G/R values of each lysosome were saved and converted to the Na* value using
the equation corresponding to the calibration profile obtained for RatiNa from 5 mM to 145 mM.
To show lysosomal Na* in a more direct and visible way, the Na* heatmap is generated from

background subtracted images in CG and ATTO channels (Figure 16a). Linear fit equation of
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G/R to Na* is applied using the Image Expression Parser function. The resulting image was
pseudo colored with Vridis lookup table and the contrast was adjusted to fit the color scale. Each
experiment was done in triplicate from injection to analysis and the data is plotted on a log scale.
Numerical data was processed and plotted with Origin. For analysis, data points corresponding to
the Na* value of a single endosome was represented as a hollow circle, color coded according to
each of the three trials. The color of the filled circle corresponds to the mean value of all
endosomes in the indicated trial. The line represents the average endosomal Na* overall, and the

error bar reports 1 standard deviation.

iv. Targeting and integrity of RatiNa in lysosomes of RAW 264.7 macrophages

Macrophages express high level of scavenger receptor and will uptake dsDNA by endocytosis’.
We chose RAW 264.7 macrophages to test RatiNa performance in lysosomes of mammalian
cells. RAW 264.7 cells are virally transformed monocyte/macrophage-like cells derived from
BALB/c mice’®. We have previously targeted DNA devices to lysosomes of these cells using a
30 min pulse and 30 min chase protocol”®. To accumulate even more RatiNa in lysosomes, we
pulse RatiNa”T for 2 h instead. This new protocol led to substantially better signal while
preserving the localization of RatiNa”T in lysosomes, where the latter were prelabeled with 0.5
mg/mL TMR dextran (Figure 16a). PCC value is calculated for each cell and plotted as CL
sample. Pixel shift is done by translating ATTO image by 20 pixels in both X and Y axes and re-

calculated to show that the high PCC values are not due to random colocalization (Fig 14b).
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Figure 17. RatiNaAT targets RAW 264.7 lysosomes. a. RAW macrophages lysosomes
targeting of RatiNa”™. CL shows PCC value for colocalization, and PS shows PCC value for
pixel shifted images for random colocalization. b. Illustration of RatiNa*™ and TMR-dex

colocalization in lysosome created with BioRender.com.

Macrophage lysosomes are highly degradative and harbor several endonucleases and
exonucleases®®. Therefore, we need to test the integrity of the DNA backbone of RatiNa to
estimate when degradation of RatiNa sets in. We first labeled lysosomes with TMR-dextran
which is not digested by lysosomal enzymes. Then RatiNa*T was targeted to lysosome with 2 h

pulse and 30 min chase. The signal from TMR-dextran is expected to stay constant, while the red
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signal from RatiNa”T is expected to decrease as DNA degrades resulting in the free dye leaving
the lysosome and thereafter the cytosol via diffusion across these biological membranes.
Therefore R/G is a good indicator of DNA degradation. Indeed, we observe decrease of overall
red signal (Figure 18a). We plotted the R/G signal of single lysosomes at different chase times
(Figure 18b). The large spread of the R/G is due to differential uptake of dextran and DNA
through fluid phase endocytosis and receptor mediated endocytosis respectively. But the R/G
average indeed decreases. Previously we showed that for 30 min chase there is minimal DNA
digestion. To better interpret the data, we use the following equation to calculate percentage of

undigested DNA (Figure 18c):

_ (R/G)t
Lysosomal DNA = ®/5)eq Eq (2)

where t = chase time and to is 30 min. Based on this data, all subsequent studies did not measure

Na+ in lysosomes beyond a 30 min chase time to ensure that RatiNa is fully intact.
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Figure 18. RatiNa is stable in RAW macrophages. a. Lysosomes in RAW264.7 macrophages

labeled with TMR-dextran and RatiNa”", imaged at different chase times. b, Single lysosome
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(Figure 18 Continued) R/G analysis shows RatiNa”" is stable up to 3 h. ¢, DNA degradation as a
function of chase time. Note that for 30 min chase time DNA is intact and ratiometry is valid.

Error bar represents standard deviation

v. Na* measurement in lysosomes of RAW 264.7 macrophages

Unlike C. elegans coelomocytes which can accumulate almost all injected DNA in lysosomes,
cultured cells uptake less DNA and the overall fluorescence signal is weaker. A new calibration
curve is required for measurements in macrophage lysosomes. The clamping buffer we used for
macrophage is pH 5.5, 150 mM Na" and K*, 150 mM CI-, 5mM D-glucose, 1 mM MgClz, 1 mM
CaCl,, 10 mM HEPES, 50 puM monensin, 50 uM nigericin, 10 pM gramicidin, 100 uM
ouabain®. The buffer is slightly different from C. elegans clamping buffer and better
recapitulates the internal osmolarity of cultured cells, which prevent cells from swelling or
shrinking while the internal cellular osmolarity equilibrates. Using a similar workflow | clamped
macrophage lysosomes and attempted to image RatiNa in Na* clamped lysosomes. | noticed that
CG signal is very low and G/R fold change from lysosomes is only ~2 fold compared to ~4 fold

in C. elegans lysosomes.

To see whether RatiNa can reliably measure Na* in macrophage lysosomes, we investigated the
difference of RatiNa fold change in macrophages. | observed that autofluorescence can be
detected at the optimal excitation and emission wavelength of CG in macrophages (Figure 19a).
Then | evaluated the contribution of RatiNa”" in macrophages in both CG channel and ATTO
channel and | observed signal in both channels. If the ROl is picked from ATTO channel and
GIR is calculated for RatiNa”T containing lysosomes, a non-specific G/R signal is obtained even

without the CG dye (Figure 19b). If the average non-specific G/R signal is subtracted from G/R
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from clamped lysosomes, the fold change of G/R signal now reaches ~3.5 from 5 mM to 145
mM Na*, which is similar to C. elegans clamped lysosomes (Figure 19¢c, 19d). | concluded that
even though the fold change is lower in macrophages due to their higher autofluorescence in the
CG channel, we can still obtaine a calibration profile by Na" clamping. The new calibration

profile then had to be used for all Na* measurements in lysosomes of RAW 264.7 macrophages.
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Figure 19. RatiNa clamping in RAW macrophages. a. Fluorescence images of RatiNa*"
labeled RAW264.7 macrophages in CG (G) and ATTO (R) channels. b. Comparison of fold

change with RatiNa in bead and worm after correcting for non-specific signal. c. Images of
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(Figure 19 Continued) RatiNa”"-labeled lysosomes clamped at various indicated Na* and in
native lysosomes. G/R heat maps show adequate change that Na* can be measured in native
lysosomes. d. Distribution of G/R values of RatiNa-labeled single lysosomes. Accounting for
autofluorescence, the fold change in G/R signal of RatiNa in lysosomes of RAW264.7

macrophages is comparable to that in C. elegans and on beads.

For Na" measurement in macrophage lysosomes, 1 uM RatiNa in prewarmed Opti-MEM was
added to RAW 264.7 macrophages and incubated for 2 hours for maximum RatiNa uptake. Cells
were then washed 3 times with PBS and incubated in prewarmed complete DMEM medium for
30 minutes to allow RatiNa to label lysosomes. Cells were then imaged in a confocal microscope
(Figure 20a). White light laser was set to 85% and 63x objective (Leica HC PL APO CS2 63x
1.40NA) and Hybrid detectors (Leica HyD X) were used. Sequential scan is used, and pinhole
was set to 95.5 um. For CG 522 nm laser was used for excitation (30% intensity) and emission
was collected from 530 nm to 580 nm (HyD X2 Gain 100). For ATTO647N, 646 nm laser was
used for excitation (2% intensity) and emission was collected from 655 nm to 780 nm (HyD X4

Gain 10).

For image analysis single lysosomes are selected by a homemade Matlab program which picks
out bright punctate ROI in images. Rolling ball method was used for background subtraction.
G/R value of each endosome or lysosome is calculated by taking ratio of integrated intensity in
CG channel and ATTO channel. ROI file and G/R value of each lysosome were saved and
converted to Na* value using the equation of linear calibration curve from 5 mM to 145 mM.
Three trials were done for each experiment and data is plotted on a log scale (Figure 20Db).

Numerical data was processed and plotted with Origin. For Na* measurement, data points of
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single endosomes is represented as a hollow circle color coded according to each of the three
trials. The filled circle represents the mean value of all endosomes in a given trial. The line

represents the average endosomal Na* overall, and error bar reports 1 standard deviation.

Both in cultured cells and in vivo, lumenal Na* varies greatly across lysosomes. Our data
revealed that Na* in single lysosomes in both systems could be as low as 5 mM or as high as 145
mM. However, on average across ~120 lysosomes, lysosomal Na* is ~43 mM Na" in C. elegans
and was comparable to ~48 mM Na* in RAW 264.7 macrophages. This reconciles previous

measurements of lysosomal Na*, both lacking single lysosome resolution, that differed from each

other by ~130 mM?2%82,
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Figure 20. Lysosomal Na+ measurement. a. Representative images of RatiNa lysosome
imaging. b. Lumenal Na* levels in single, native lysosomes in C. elegans and RAW
macrophages (n ~120 lysosomes) performed in triplicate, with data from each trial color coded

and the mean value of each trial given by a filled circle of the corresponding color.®
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Chapter 3. RatiNa maps Na* in multiple organelles

i. RatiNa maps Na" in early and late endosomes of C. elegans

Until now | have demonstrated that RatiNa can map Na* in lysosomes of cultured cells and in a
live organism. | observed that Na* levels vary greatly across single lysosomes, and that on
average, it is ~40 mM in worms and nematodes. Next, we want to measure Na* in other
organelles. Our group has previously targeted DNA nanodevices to different organelles including
early endosomes®?, late endosomes®®, lysosomes’3, recycling endosomes*?, trans-Golgi
networks®®, plasma membrane® and phagosomes®’. Therefore, we can potentially target RatiNa
to any of these organelles and measure Na*. Our long-term goal is to get a complete picture of
Na* levels in every kind of organelle. However, we first need to show that RatiNa can work in
organelles other than the lysosome and show generalizability.

We know that early endosomes and late endosomes in C. elegans coelomocytes can be reliably
targeted using RatiNa”". Using the same pulse and chase protocol we developed for RatiNa”T
targeting we used RatiNa to label early endosomes and late endosomes and measured Na* in
these organelles. We found that early endosomes and late endosomes have ~74 mM and ~51 mM
lumenal Na* respectively (Figure 21a). It is interesting to note that lumenal Na* decreases along
the endocytic pathway because for every previously measured ion such as H*, Cl-and Ca?*, the
lumenal ionic level increases as a function of endosomal maturation (Figure 21b). However, Na*
is highest in the early endosome, then decreases dramatically in the late endosome and thereafter

shows a milder decrease in lysosomes.

One potential explanation is that since early endosomes forms immediately after endocytosis, the
lumenal Na* level should be similar to extracellular milieu which has high Na*. Although we do

not know the precise Na* level in the pseudocoelom, it is very likely to match that of

41



mammalian and other organisms, and certainly exceed that within early endosomes. Our
measurements reveal that there must be significant Na* efflux in early endosomes and late

endosomes, but the transporters responsible for this efflux are yet to be identified.
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Figure 21. Na+ measurement in endocytic organelles in C. elegans. a. RatiNa maps lumenal
Na* levels at each stage of endosomal maturation in coelomocytes of N2 C. elegans (n~130

endosomes per stage). Na* level is highest in early endosomes (EE) and falls as EE matures into
late endosomes (LE) and lysosomes (Ly). b. Na* level as a function of endosomal maturation is

plotted together with other ions and membrane potential. Ec: extracellular matrix. Cyt: cytosol.

ii. Measuring physiological perturbations of lysosomal Na* with RatiNa
So far, | have successfully measured Na* in early endosomes, late endosomes and lysosomes in

their native states both in cellulo and in vivo. Beyond simply mapping organellar Na*, another
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crucial application of RatiNa is to test whether it can measure physiological perturbations of Na
levels in organelles. As stated previously, excessive Na* intake can lead to diseases and
questions related to organelle involvement in these diseases, or whether perturbations in
extracellular Na* are transferred downstream to organelles remain unknown. First, we need to
test whether RatiNa can report changes in Na* levels in a single organelle. The lysosomal
membrane harbors Na* channels such as Two Pore Channel 2 (TPC2), which is very well
studied. In 2009 Zhu et al. reported that TPC2 is a lysosomal Ca?* channel activated by
NAADP®, Later, in 2012 Xu et al. reported that TPC proteins can also function as Na* channels
when activated by lipid PI(3,5)P2. TPC2 is exclusively on the lysosomal membrane and its
activation should lower lumenal Na* since average lysosomal Na* of ~40 mM is higher than that
of the cytosol which is ~10 mM. There are agonists and antagonists of TPC proteins but none of
these small molecules selectively targets the Na* transport function of TPC proteins®°2. | treated
RAW 264.7 macrophages with many of these reported agonists and antagonists and found no
change in the equilibrium level of lysosomal Na* (Data not shown). It is possible that if
lysosomal Ca?* is also transported during TPC activation or inhibition, it could engage other Na*
transporters in the lysosome and override the Na* transport due to TPC activity. To specifically
activate Na* channels functionality of TPC2, | decided to target P1(3,5)P2 which is an
endogenous regulator of TPC Na* channel activity. PI(3)P is converted to PI(3,5)P2 by the action
of the kinase PIKfyve®® (Figure 22a). Thus, PIKfyve inhibition is expected to reduce PI(3,5)P2
levels and a previous report indeed demonstrates that PIKfyve inhibition can lead to inhibition of

TPC proteins®9.
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Figure 22. PIKfyve inhibition results in Na+ accumulation in lysosome via TPC2 inhibition.
a. Schematic of mode of action of apilimod inhibition of Na+ transport of TPC2 channels.
Structure and IC50 of apilimod is also shown. b. RatiNa maps lumenal Na+ in lysosomes of
RAW264.7 macrophages and upon inhibiting lysosomal Na+ channel, TPC2, with apilimod.
(n~250 lysosomes). All experiments were performed in triplicate. Data from each trial are colour
coded. Mean value of each trial is in filled circle of the corresponding colour83. * P < 0.05; **

P < 0.01; *** P < 0.001 by paired t-test.
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| therefore treated RAW 264.7 macrophages with apilimod, a potent PIKfyve inhibitor, and
measured lysosomal Na*. Briefly, RAW 264.7 macrophage were treated with 100 nM apilimod
(sigma SML2974) for 1 hour to inhibit PIKfyve. 1 uM of RatiNa was pulsed for 2 h and chased
for 30 min with 100 nM apilimod in all medium. Cells were then imaged in a confocal
microscope and lysosomal Na™ was measured as previously described. Again, | observed
enlarged lysosomes as previously reported®. This is caused by PIKfyve inhibition, which
induces lysosomal fusion. Excitingly, | observed a dramatic increase of lysosomal Na* to ~70
mM due to TPC2 protein inhibition (Figure 22b). Note that PI1(3,5)P2 can also act on other
lysosomal channels like TRPML1%" and there can be other undocumented targets of P1(3,5)P2 on
lysosome that may also function as Na* channels. Importantly, the increase in lysosomal Na+
cannot be attributed to lysosomal fusion with other organelles, such as late endosomes or other
lysosomes, because these would not elevate Na* to such high levels. Thus, this concentration
change can be clearly attributed to a lack of Na* transporter in the lysosome. Clearly, RatiNa can
indeed capture changes in lysosomal Na* due to physiological perturbations which can be
broadly impactful. For one, we can use RatiNa to measure organellar Na* in disease states.
Additionally, we can potentially discover new modulators of organelle Na* transport as well as
new organellar transporters. These are exciting new directions with great possibilities for new

discoveries.

iii. Considerations for how lumenal Na* affects organelle membrane potential

| hypothesize that lumenal Na* concentration in organelles can affect its membrane potential.
Given what we know about organelle membrane potential and lumenal levels of ions in these
organelles, | analyze below, how the values of organellar Na* determined in this thesis might

affect membrane potential and potentially, further support our measurements of organellar Na™.
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The reversal potential for an ion is determined by the transmembrane concentration. Using the

Nernst equation, we can derive the reversal potential for a positively charged ion:

_RT - [X*]out

Eeq =—In oM Eq. (3)

Where R is the ideal gas constant, T is the absolute temperature, z is the number of elementary
charges, F is the Faraday constant, [X*]Jout is the ion concentration on the lumenal side (cytosol

positive). [X*in is the ion concentration on the cytosolic side.

At physiological temperatures, i.e., 37 °C, | plot the reversal potential of Na* versus organellar

lumenal Na" concentration as shown in Fig 23 below:
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Figure 23. Lumenal [Na+] and its respective reversal potential. The reversal potential of Na*
at a given organellar membrane can be plotted from Nernst equation. Here [Na*]out is the lumenal

concentration of Na* when considering organellar membrane.
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From the Nernst equation, the reversal potential Eeq can be plotted for Na*. Note that for

organelles, lumenal Na* concentration is equivalent of [Na*]out for plasma membrane.

Eoqa+ = 615my x log (1 lout) Eq. (4)

[Nat]in

For a cytosolic Na* concentration of 10 mM, and experimentally determined lumenal
concentrations of 74 mM, 51 mM and 44 mM for early endosomes, late endosomes and
lysosomes respectively, the reversal potential of Na* is estimated at +53 mV, +44 mV and +40
mV. To relate lumenal Na* concentration to the resting membrane potential, Goldman-Hodgkin-
Katz voltage equation can be used and we can consider the resting potential for an organelle to

be given by:

_ RT Pnal[Nat]out+Pr[K Y out+PcilCl lin
Em = F PnalNatlin+Pk[K*lin+PcilCllout Eqg. (5)

where Pna, Pk and Pcj to be the selective permeabilities for Na*, K™ and ClI- respectively. Here we
did not consider H* and Ca?* since their concentration is in micromolar range, suggesting that
their contributions are likely to be comparatively insignificant. If we use the measured values of
absolute membrane potential of the early endosome, late endosomes or lysosome as +130 mV,

+40 mV and +100 mV, then for the early endosome:

PNa[Na+]lumen+PK[K+]lumen+PCl[Cl_]cyt Eq (6)

E =%m
mEE F PnalNa*]cye+Pg[Kt]eye+PcilClliumen

74mMM Pno+Pg[Kt]out+40mM Py
10mM Ppg+150mM Pg+40mM Pc;

= 130 AU Eq. (7)

Early endosomes are highly hyperpolarized, and we have no clear idea of the ion permeability of
this organelle membrane due to the paucity of knowledge of ion transporters in this organelle. To

achieve and maintain such high membrane potentials, the permeability of Na* must be very high
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and accordingly, the Na™ gradient is highest across the early endosome membrane. This is further
supported by the rapid drop of Na* levels as endosomes mature from early endosome to late
endosome. My labmate, Dr Palapuravan Anees, has measured K* level in early endosome to be ~
20 mM (unpublished) which is much lower than cytosolic K* (150 mM). This suggests that

permeability for K* should be lower than Na* or Pna> Pk in the early endosome.
For late endosomes, using the values for membrane potential and ion concentration, we obtain:

+ umen + umen l_
Epis = ElnPNa[Na i +Pg[K™]; +Pci[Cl eyt Eq. (8)

F Pyg[Nat]leye+Pg[Kt]cye+PcilClliumen

51mM Png+Pg[Kt]out+40mM P
10mM Ppg+150mM Pg+60mM P¢;

=45AU Eq. (9)

The late endosome has much less membrane potential than early endosomes. Here too, the
permeability for ions is obscure due to the lack of knowledge of ion transporters. The K* level in
the late endosome is currently unknown. Focusing on the Na* term in equation (9), we see that
change in lumenal Na* levels is much less compared to change in membrane potential. This is
further supported by the reversal potential change of +53 mV to +44 mV from early endosome to
late endosome. Therefore, the decrease in lumenal Na* alone is not sufficient to explain the
change of membrane potential. | therefore posit that the permeability of Na* in the late endosome
is lower than in the early endosome. | further posit that the membrane potential of the late
endosomes is also heavily affected by lumenal K* levels and permeability of K* and CI". These

values are yet to be measured.
For lysosomes, we use the values for membrane potential and ion concentration as follows:

RTl PNa[Na+]lumen+PK[K+]lumen+PCl[Cl_]cyt

E. = —
mLy F PnalNa*]cye+Pg[K*]eye+PcilClliumen

Eq. (10)
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44mM Ppnog+Pg[K T out+40mM Pc;
10mM Ppq+150mM Pg+120mM Py

=42 AU Eq. (11)

Lysosomes, like early endosomes, are highly hyperpolarized. The transmembrane gradient of
Na" is least for this organelle yet the membrane potential is high. Note that the reverse potential
for CI"is -30 mV which counteracts the reversal potential for Na* at +40 mV. | hypothesize that
the above model for monovalent ions may not be suitable to describe lysosomal resting
membrane potential given the high transmembrane gradient for H* and Ca?*. Additionally,
experiments by Dr. Saminathan have revealed that H* transport across the lysosomal membrane
accounts for ~90% of its membrane potential®®. Thus, I conclude that ions other than Na*, which
have a high transmembrane gradient are the major contributors to the lysosomal membrane

potential.

Thus, the Na* concentration changes observed at each endocytic stage clearly supports how the
membrane potential profile of these organelles changes during endosomal maturation. However,
the contribution of Na* alone is insufficient to explain the large change in membrane potential:
Na* reversal potential goes from +40 mV in late endosomes to +53 mV in early endosomes, but
the organelle membrane potential goes from +40 mV to +130 mV. Hence, the permeability for
ions must be different from that across the plasma membrane where, for example in neurons, K*
is far more permeable than either Na* or CI". Organelle membranes harbor ion transporters with
different mechanism and relative abundances. At this stage, due to the lack of knowledge of
different transporters on organelle membranes we cannot comprehensively relate membrane
potential with the resting transmembrane ion gradient. In lysosomes, where the Na* reversal
potential is barely counteracting the CI- reversal potential, other abundant ions like H*, Ca?* and
unknown charged ions such as polyamines may contribute to the high membrane potential of

+100 mV.
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Chapter 4. Lysosomes enable salt adaptation in C. elegans

I. C. elegans salt adaptation and brood size assay

C. elegans have a mechanism that senses the environmental salt levels for its optimal growth. In
low salt conditions C. elegans is attracted to Na* and the ASE neurons are responsible for Na*
chemotaxis behavior®. C. elegans also avoids high concentrations of Na* which requires tmc-1
in ASH neurons®®. While environmental salt levels are important for the optimal growth of
nematodes, C. elegans are capable of adapting to high salt levels in the environment. Upon
exposure to high salt, the worm experiences a hypertonic shock and loses body volume as water
leaves'®. The WNK pathway is activated and NKCC1 is activated by phosphorylation®®,
NKCC1 is a Na*/K*/CI cotransporter and Na* influx then allows the acute recovery of body
volume!®, Upon prolonged exposure to high Na*, the glycerol synthesis pathway is activated,
because glycerol serves as an osmolyte that increases the internal osmolarity to combat the
hypertonic environment'®. However, there is no evidence so far that organelles participate in the
process of salt adaptation in animals, even though in plants vacuoles are known to handle

excessive salt1%,

To investigate salt adaptation in C. elegans, we first established an assay for adaptation in our
hands. We followed a previously published protocol to adapt C. elegans to high Na*%. In brief,
high Na* containing plates were made by supplementing NaCl to NGM plates (51 mM NaCl for
normal NGM plate, 200 mM, 300 mM and 400 mM NaCl for high Na* plates). High Na* plates
are sealed with parafilm and kept at 4°C until use. For adaptation, gravid worms were transferred
to 200 mM Na* plate. Hatched worms were allowed to grow on 200 mM Na* plate for
adaptation. Worms grown to the L4 embryonic stage are considered adapted to Na*. As

previously published, a live-or-dead assay can be used to score adaptation since only adapted
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worms survive in 400 mM Na* plates. We too observed that adapted worms show normal
physical activity in 400 mM Na* plates while unadapted worms do not move even though they
are still alive and will respond if poked with a platinum wire. Therefore, we used brood size to
score for salt stress on worms. Worms affected most by high Na™ do not produce progeny while

only those that have successfully adapted to high Na* lay egg and produce progeny.

For the brood size assay, 5 untreated (or adapted) worms are transferred to 200 mM, 300 mM
and 400 mM Na* plate at L4 stage. Worms were allowed to lay eggs for 24 hours and removed
from the plate. Progeny were allowed to grow for another 48 hours for easier visualization.
Plates were photographed and brood size was counted (Figure 24). We were able to recapitulate
the previous finding that C. elegans adapts to high Na* and can breed even in lethal amounts of

Na* (Figure 24).
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Figure 24. Schematic of C. elegans brood size assay. Brood size assay was designed to
compare salt adaptability from different genetic backgrounds. For unadapted worms (UD),
worms were directly transferred to high Na* plates from NGM plate and brood size were
counted. For adapted worms, adaptation was done by allowing worms to grow for one generation
at 200 mM Na* plate. Then adapted worms were transferred to high Na* plate and brood size

were counted.

To address whether organelles participate in salt adaptation process, we tested the salt adaptation
ability of worms lacking various Na* transporters either at the plasma membrane or in
organelles. There are very few reports of organellar Na* transporters in C. elegans, and most
relate to the NHX protein family. These are Na*/H* exchangers and they have been previously

shown to localize to intracellular compartments, even though the precise organelle is not
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determined!®*. NCX proteins are Na*/Ca?* exchangers that are predominantly found on plasma

105

membrane*. We used deletion mutants of nhx gene and ncx gene with following genetic

background:

0k661 is a deletion mutant with 1411 bp deletion in nhx-5 gene (F57C7.2) and does not express

NHX-5 globally. We will use ANHX-5 worm to refer to this deletion mutant.

0k583 is a deletion mutant with 1702 bp deletion in nhx-7 gene (K09C8.1) and does not express

NHX-7 globally. We will use ANHX-7 worm to refer to this deletion mutant.

0k549 is a deletion mutant with 1584 bp deletion in nhx-8 gene (Y18D10A.6) and does not

express NHX-8 globally. We will use ANHX-8 worm to refer to this deletion mutant.

gk879849 is a substitution mutant R634 to stop codon in ncx-2 gene (C10G8.5). We will use

ANCX-2 worm to refer to this deletion mutant.

We found that, even after adaptation, all Na* mutants are more susceptible to salt stress than N2
worms (Figure 25). This may be because the Na* homeostasis machinery may require the
activity of all these different Na* transporters and deleting any of them will render the worm less

resistant to high environmental Na*.
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Figure 25. Adaptation of C. elegans to high Na+, given by brood size. Adaptability of C.
elegans to high Na*™ was scored by brood size (N=3). Note that all adapted worms (AD) make
more progeny compared to untreated worms (UD). Adapted N2 worms can tolerate up to 400

mM Na* and ANHX-5 mutant worms cannot tolerate even 300 mM Na®.

ii. Organellar Na* levels in Na* transporter mutants
| then measured lysosomal Na* in the mutant worms. Similar to the perturbation in RAW 264.7

macrophages, | expect to find steady state levels of lysosomal Na* changed so as to reflect the
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loss of activity due to transporter deletion. However, the results proved more interesting as they
were less straightforward (Figure 26a, 26b). Lysosomal Na+ measurements revealed that ANHX-
5 worms showed the lowest Na* levels of all the mutants. This indicates that NHX-5 may
directly or indirectly facilitate lysosomal Na* import. The closest homolog of worm NHX-5 is
human NHE9 (40% identity, 61% similarity, aligned with 90% sequence coverage), which, in
humans mainly localizes to late endosomes and is expected to import Na* 1%. ANHX-7 worms
have slightly lower lysosomal Na* but not as low as ANHX-5 worms. The closest homolog of
worm NHX-7 is human NHEL1 (35% identity, 55% similarity, aligned with 77% sequence
coverage), which is a plasma membrane Na*/H" exchanger. Similarly, ANCX-2 worms show
slightly lesser lysosomal Na* but not as low as ANHX-5 worms. The closest homolog of NCX-2
is human NCX2 (45% identity, 63% similarity, aligned with 57% sequence coverage), which is
found on plasma membrane (Figure 26c¢). The lysosomal Na+ level of ANHX-8 worms is
unaffected compared to N2 worms. Its closest homolog is NHE8 (48% identity, 69% similarity,

aligned with 61% sequence coverage), which is found mainly in TGN.
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Figure 26. Lysosomal Na+ measurement in Na+ transporter deletion mutants. a.
Representative Na* heatmaps of WT and Na* transporter deletion mutant worms. b. Lumenal Na*
levels in single lysosomes in worms of the indicated genetic background. (N = 120, 50, 170, 120,
60 for N2, ANHX-5, ANHX-7, ANHX-8, ANCX-2 respectively) For statistical analysis paired t-
test is used and *, **, *** represents P < 0.05, 0.01, 0.001 respectively. c. Homology analysis of

C. elegans genes investigated. Human analog can be used to infer about the subcellular location

of NHX proteins.

Our results suggest that even if NHX-8 transports Na* in Golgi, it is unable to directly or
indirectly toggle Na* transport in lysosomes. On the other hand, NHX-7 and NCX-2 transport

Na* across plasma membrane and this loss of Na* transport can reduce lysosomal Na* , possibly
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because it lowers cytosolic Na*. ANHX-5 mutant has the lowest lysosomal Na* indicating that it
directly or indirectly influences Na+ import in this organelle, given that the human homolog
imports Na* in late endosomes. Notably ANHX-5 mutants were the least able to adapt to high

salt.

iii. The bidirectionality of Na™ exchangers enables salt adaptation

To understand how the regulation of organellar Na* connect to an organism level phenotype such
as salt resistance, | measured lysosomal Na* in adapted N2 and mutant worms. | observed that
intriguingly, post-adaptation, lysosomal Na* levels in N2 worms decreased. In contrast, in
adapted mutant worms lysosomal Na* levels increased. This indicates that first, lysosomal Na*
level changes as worms adapt to salt stress revealing that lysosomes support the adaptation

process by modulating how they mobilize Na* (Figure 26).

We hypothesize that observed increase in lysosomal Na* in mutant worms upon adaptation is
likely due to the exchanger changing its direction of transport during stress. During high Na*
stress, the organelle may respond by exporting more Na* into cytosol so as to counter the high
Na* coming into lysosomes via endocytosis. In an effort to restore lysosomal Na* to its normal
levels, | posit that, in N2 worms, lysosomal Na* exchangers changes their directionality from
one of Na* import to export. Worms that have adapted to salt stress have vigorous lysosomal Na*
export as revealed by the lower steady state level of lysosomal Na* (Figure 27). A similar
mechanism is seen in yeast where vacuolar NHX-1 activity required to survive high Na* stress®.
This hypothesis is supported by our results from the NHX-5 deletion mutant. This mutants

cannot export the excess lysosomal Na*™ and the adapted worms show a net increase of lysosomal

Na* (Figure 26). This effect is so prominent that lysosomal Na* increases in all NHX mutants,
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even plasma membrane Na*/Ca?* exchanger NCX-2 mutants. Our explanation is that impairing
plasma membrane Na* export elevates cytosolic Na*. This leads to lysosomal Na* transporters

importing the excess Na* in order to eject it from the cell by lysosomal exocytosis.
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Figure 27. Lysosomal Na+ measurement in adapted Na+ transporter mutant worms.
Single lysosomal measurements of untreated and adapted lysosomal Na* (N > 120 for all adapted

worms). Note that adapted N2 worms have lower lysosomal Na* whereas all mutant adapted
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(Figure 27 continued) worms have higher lysosomal Na*. For statistical analysis paired t-test is

used and *, **, *** represents P < 0.05, 0.01, 0.001 respectively.

iv. Expression level of Na* transporter is unaltered in adapted worms

One of the possible reasons that lysosomal Na™ changes upon adaptation is that salt adaptation
may change the expression of Na* transporter genes which changes transporter activity and thus,
the steady state levels of lysosomal Na*. We therefore compared the expression levels of nhx and
ncx genes in N2 worms pre and post adaptation by qRT-PCR (Figure 28). In brief, >50 adult
worms are washed with M9 buffer twice and collected by centrifuging at 1,000 x g for 1 min.
Aspirate off M9 and add 500 uL Trizol (Thermo 15596026) to the worm. The tube was then
flash frozen with liquid N2 and thawed with 37 °C heat block 5 times followed by 1 min
centrifugation at 3,000 x g. The supernatant was transferred to a new tube and 100 pL
chloroform was added, vortexed the aqueous layer was left to separate from organic layer. The
aqueous layer was collected and 250 pL of cold isopropanol was added. The mixture was
incubated at room temperature for 5 min and -20°C for 1 hour, centrifuged at 12,000 x g for 10
min at 4°C and the supernatant discarded. The RNA pellet was washed with 500 uL cold 70%
EtOH and centrifuged at 12,000 x g for 10 min. All the EtOH was removed by carefully
pipetting out the supernatant and the pellet was air-dried with clean N2. The RNA was

resuspended in 30 uL RNAse free water.
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Figure 28. Comparison of gene expression levels of Na+ transporters in worms upon
adaptation. Expression level of nhx-5 and ncx-2 mRNAs is similar in untreated and adapted N2
worms by qRT-PCT analysis. Fold change in mRNA levels of adapted worms compared to

untreated worms was calculated from AACt. Act-1 was used as reference gene.

cDNA was synthesized with Maxima H Minus cDNA synthesis master mix (Thermo, M1661)
according to manufacturer’s protocol. qPCR was performed with Roche LightCycler 96. AACT
was used to calculate fold change difference of RNA level compared to control gene act-1.

Following primers were used for gRT-PCR:

NHX-5 fwd: CGT CAACTG TAG CAG GTTCTAA
NHX-5 rev: GGA AAC GTA GGT GAG GAG TAT G
NHX-7 fwd: GGA GCT TTACCACACGACTTAT
NHX-7 rev: GTG CAT GAG CTG ACG AAT AGA

NHX-8 fwd: CCATCG TTC AACTCG TTACCT
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NHX-8 rev: GAG CAATGC ACT CAACAATCC
NCX-2 fwd: GAT TGA TCG GAG GAG GAG ATATTG
NCX-2 rev: GTA GTG AGC TGG ATC CAAGAAG
ACT-1 fwd: CGAGCG TGG TTACTCTTT CA

We found that the adaptation process didn’t affect the mRNA level of investigated genes (Figure
28), further supporting that lysosomal Na* change is due to actual directional change of the Na*

exchangers.
v. Lysosomes play a crucial role in worm Na* adaptation

To test whether the adaptation process was specifically supported by lysosomes, or generally by
all endocytic organelles, we mapped lumenal Na* along the endolysosomal pathway in adapted
N2 worms. We found that Na* levels in early endosome, late endosome and lysosomes were all
lowered upon adaptation. However, the effect was most pronounced in lysosomes which showed

~67% decrease (Figure 29). Again, lysosome seem to be crucial for the adaptation to Na*.
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Figure 29. Na+ levels in early endosome, late endosome and lysosomes of N2 and ANHX-5
worms. Average luminal Na™ analysis by compartments. Each data points represents the average
+

lumenal Na* of n > 100 endosomes or lysosomes. Note that for the NHX-5 mutant lysosomal Na

is significantly and specifically decreased, indicating ANHX-5 imports Na* into the lysosome.

We focused on NHX-5 where lysosomal Na* is affected and where adaptability is most impaired.

We measured early endosome and late endosome Na*in ANHX-5 mutant worms and found that
both early endosome and late endosome Na* levels are unaltered in adapted worms (Figure 30a).
Yet lysosomal Na* increased ~8-fold upon adaptation in ANHX-5 mutants (Figure 30b)

indicating that Na* transport specifically in the lysosome is crucial for salt adaptation.
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Figure 30. Lysosomal Na* transport is crucial for salt adaptation in NHX-5 mutant worms
Single endosome analysis of lumenal Na* levels at each stage of the endolysosomal pathway in
unadapted (UD) and adapted (AD) N2 (a) and Anhx-5 (b) worms. Cell is outlined in white. All
experiments were performed in triplicate and data from each trial is colour coded. Mean value of
each trial is in filled circle of the corresponding colour®. *P < 0.05; **P < 0.01; ***P < 0.001;

ns, no statistical significance by paired t-test.

Our data shows that the early endosome and the late endosome show comparable Na* in NHX-5
mutant and N2 worms (Figure 29). This reveals that under physiological conditions, NHX-5
imports Na* specifically in lysosomes. This is the first evidence of a lysosomal Na* importer in
C. elegans. Our data suggests a model where, under salt stress, the increase of Na* specifically in
lysosomes suggests that NHX-5 changes its direction of transport from one of importing Na* to

one where Na" is exported (Figure 31).
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Figure 31. Model of NHX-5 Na* transport direction under native state and adapted state
At normal physiology, NHX-5 imports Na* to lysosome lumen and help establish Na* level of
~40 mM. After adapting to high Na*, NHX-5 switch its direction of transport to export Na*,

resulting in low Na* level of adapted worms. Model created with BioRender.com.
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Conclusion
We describe what to our knowledge is the first reporter of organellar Na* in live cells and in
vivo. This reporter technology, denoted RatiNa, is ratiometric, pH-insensitive and reports on

absolute concentrations of Na* in acidic organelles, with single organelle resolution.

Using RatiNa we could map lumenal Na* levels as a function of endosomal maturation. We
found that Na* levels decreased progressively along the endolysosomal pathway in C. elegans,
from ~70 mM in early endosomes to ~40 mM in lysosomes. This contrasts with other previously
mapped ions that progressively increase as a function of endosomal maturation. Interestingly, the
high Na" levels of early endosomes suggests that Na* could be a major determinant of the high

membrane potential observed in early endosomes.

In lysosomes of both C. elegans and mammalian macrophages Na* levels proved similar on
average. However, single lysosomes in both systems showed considerable variation in terms of
their Na* levels, ranging from 5 to 150 mM in normal physiological conditions. Our findings
resolve the contradictory values obtained previously from bulk or whole cell measurements,

which may have led to the upper or lower limits being enriched due to concurrent Na* transport

21,79

Our findings in RAW 264.7 macrophages using the pharmacological inhibition showed that
RatiNa can map lysosome with perturbed Na* level and even diseased state lysosomes. PIKfyve
inhibition can influence multiple lysosomal Na* transporters but TPC2 should be the main target.
CRISPR knockout of TPC2 in RAW macrophages will better prove that TPC2 is responsible for

Na* efflux in lysosomes.
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Interestingly, worms lacking NHX-5, the worm homolog of the human lysosomal Na*/H*
exchanger NHE9, showed elevated Na*. This observation is particularly exciting since this is the
first evidence of a bona fide lysosomal Na* importer in any live system. Lysosomal Na*
concentration is higher than cytosolic Na* concentration and there must be a transporter to
establish and maintain such gradient. As an example Na*/K* ATPase on the plasma membrane is
necessary to maintain the Na* gradient across the plasma membrane!®’. More experiments are
required to establish detailed function of NHX-5 such as in vitro reconstitution and live labeling
for subcellular localization. In addition, NHE9 protein, the human homolog, is also a crucial
gene for autism®%1%, There is an intriguing yet unexplored implication of NHE9 in terms of its
Na* transporting activity as an autism risk gene. All previous reports have attributes NHE9 as a
pH modulator for endosomes and this is the first evidence NHE can also modulate Na* level in

endosomes and lysosomes'%.

Exchangers are bidirectional and can switch direction for transport when necessary*®, and the
direction of ion transport on a given organelle cannot be predicted unless tested. Our studies
indicate that NHX5 imports Na* into worm lysosomes at normal physiological conditions but

switch to export Na* in high salt adapted state.

Compared to other organelles, it was the lack of a Na* transporter in the lysosome that most
impacted the ability of the worm to withstand salt stress. In fact, N2 worms that adapted to salt
stress showed far lower Na* levels specifically in their lysosomes among all the organelles on the
endolysosomal pathway. The trend was opposite for the NHX-5 worms which lysosomal Na+
levels increase specifically, suggesting that lysosome may be the most important organelle in the

process of salt adaptation.
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Cumulatively, our studies reveal lysosomes as a critical conduit for Na* homeostasis in
metazoans. Given that vacuoles in yeast are analogous to lysosomes in metazoan cells, our
findings are consistent with pioneering studies showing that vacuolar Na*/H* exchangers such as
NHX-1 were necessary for yeast survival in high salt conditions'®, NHX-1 was shown to
sequester Na+ in vacuoles and contribute to the maintenance of cytosolic pH and Na* levels
under salt stress. Even in mammalian cells, lysosomes are key to cells being able to counter
osmotic stress, which is inextricably linked to salt stress. For example, lysosome-resident
LRRCS8, which is part of the volume regulated anion channels (VRAC), is required for cell
survival in hypotonic stresst!!. In another instance, lysosome biogenesis is induced by

hyperosmotic stress and brought about by NHE7 being delivered to the plasma membrane.!?

Cellular adaptation upon prolonged exposure to high Na+ is accompanied by numerous
metabolic changes that serve to produce inert organic osmolytes such as sorbitol to increase the
internal osmotic pressure!'®. These osmolytes are synthesized from energy sources such as
glucose!'*. To compensate for the low energy generated by glucose catabolism, cells upregulate
autophagy and lysosomal proteolysis*>11, The upregulation of lysosomal proteolysis and
autophagy leads to the activity of numerous nutrient transporters to export and recycle lysosomal
degradation products into the cytosol**®. Nearly half of all known nutrient transporters either
leverage the transmembrane lysosomal Na* gradient or cotransport Na* as they move their
substrates across the membrane. For example, the activity of the lysosomal arginine transporter
SLC38A9 increases along with lumenal Na* levels?®. Hence one can reconcile the large changes

in the steady state levels of lysosomal Na* during adaptation to salinity.

While Na* homeostasis is extensively studied, its mobilization and metabolism remain unmapped

at the sub-cellular level. RatiNa is a powerful tool to explore Na™ metabolism at sub-cellular
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resolution in living systems and reveal the contribution of organelles to cellular Na* homeostasis.
Because so many sub-cellular nutrient transporters use Na*'!"1'8 one can potentially map their
activity in real-time and in vivo by quantitatively imaging organellar Na*. This new organellar
Na* reporter technology could be deployed to discover new organellar nutrient transporters,

119 "1t can also be used in high throughput screens to

organellar Na* channels and transporters
identify chemical modulators of these organelle-resident proteins and reveal Na* homeostasis at

an entirely new level of cellular detail*?.
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