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The position of lysosomes within the cell determines
their luminal pH

Danielle E. Johnson, Philip Ostrowski, Valentin Jaumouill¢, and Sergio Grinstein

Program in Cell Biology, Hospital for Sick Children, Toronto, Onfario M5G 0A4, Canada

We examined the luminal pH of individual lysosomes using quantitative ratiometric fluorescence microscopy and report
an unappreciated heterogeneity: peripheral lysosomes are less acidic than juxtanuclear ones despite their comparable
buffering capacity. An increased passive (leak) permeability to protons, together with reduced vacuolar H—adenosine
triphosphatase (V-ATPase) activity, accounts for the reduced acidifying ability of peripheral lysosomes. The altered com-
position of peripheral lysosomes is due, at least in part, to more limited access to material exported by the biosynthetic
pothwoy. The balance between Rab7 and Arl8b determines the subcellular localization of |ysosomes; more periphercﬂ
lysosomes have reduced Rab7 density. This in turn results in decreased recruitment of Rab-interacting lysosomal protein
(RILP), an effector that regulates the recruitment and stability of the V1G1 component of the lysosomal V-ATPase. Delib-
erate margination of lysosomes is associated with reduced acidification and impaired proteolytic activity. The heteroge-
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neity in lysosomal pH may be an indication of a broader functional versatility.

Introduction

Lysosomes, the terminal organelles of the endocytic pathway,
are characterized by a highly acidic lumen that is rich in hy-
drolytic enzymes. Lysosome functions are diverse and include
digestion of macromolecules taken up by endocytosis or mac-
ropinocytosis (Saftig and Klumperman, 2009), degradation of
organelles sequestered by autophagy (Shen and Mizushima,
2014), and elimination of pathogens engulfed by phagocyto-
sis (Saftig and Klumperman, 2009). Lysosomes also regulate
metal ion homeostasis (Shawki et al., 2012) and can sense
nutrient availability, thus controlling autophagy, energy me-
tabolism, and organelle biogenesis (Settembre et al., 2011;
Roczniak-Ferguson et al., 2012). Finally, lysosomes are inte-
gral to antigen processing, degrading antigenic proteins to pep-
tides that are loaded onto major histocompatibility complex
class II molecules for presentation to T cells (Trombetta et al.,
2003; Furuta et al., 2013).

Like other compartments of the endocytic pathway, lyso-
somes generate and maintain an acidic lumen by means of the
vacuolar H*-ATPase (V-ATPase). The acidic lysosomal lumen
is well suited for the activity of hydrolases (de Duve and Wat-
tiaux, 1966; Ng et al., 2012), many of which have pH optima
between 4.5 and 5.5 (Mellman et al., 1986). The protonmotive
force generated by the V-ATPase also drives the coupled trans-
port of ions and small molecules (Hinton et al., 2009; Scott and
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Gruenberg, 2011), including amino acids by members of the
SLC36 family (Thwaites and Anderson, 2011) and chloride by
the CIC-7 antiporter (Scott and Gruenberg, 2011). In addition,
luminal acidification is required for efficient cargo sorting along
recycling and degradative pathways; accordingly, dissipation of
the transmembrane pH gradient using weak bases, ionophores,
or V-ATPase inhibitors causes mistargeting of multiple ligands
and proteases (Gonzalez-Noriega et al., 1980; Basu et al., 1981;
Tycko et al., 1983; Schwartz et al., 1984; Brown et al., 1986;
Johnson et al., 1993; Presley et al., 1993, 1997; Chapman and
Munro, 1994; Reaves and Banting, 1994; van Weert et al.,
1995). Alkalinizing agents also alter membrane traffic because
budding of carrier vesicles from endosomes is dependent on
functional V-ATPases (Clague et al., 1994; van Weert et al.,
1995; Aniento et al., 1996). Luminal acidification is seemingly
required for the recruitment of Arfl and f-COP (Aniento et
al., 1996) as well as Arf6 and ARNO (Hurtado-Lorenzo et al.,
2006) to endosomal membranes. Lastly, formation of intralu-
minal vesicles is similarly dependent on an acidic endosomal
lumen (Falguieres et al., 2008).

Although lysosomes are generally conceived as a uniform
compartment, there is evidence of both structural (Baccino et
al., 1971; Goldstone and Koenig, 1974; Pertoft et al., 1978; de
Duve, 1983; Luzio et al., 2007; Saftig and Klumperman, 2009;
Huotari and Helenius, 2011) and functional heterogeneity
(Nilsson et al., 1997; Terman et al., 2006; Kurz et al., 2008;
Lima et al., 2012), even within individual cells. Neither the
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source nor the consequences of this heterogeneity are known.
We reasoned that a detailed analysis of lysosomal pH would
provide insight into lysosomal heterogeneity. The luminal pH
of a large number of individual lysosomes can be measured ac-
curately by noninvasive means in intact cells, yielding robust
data that can be correlated with parameters such as subcellu-
lar location. Using this approach, in combination with heterol-
ogous expression of lysosomal-associated proteins, we found
that peripheral lysosomes are more alkaline than juxtanuclear
ones and that depletion of Rab7 and its effector, Rab-interacting
lysosomal protein (RILP), is associated with and can account
for the reduced acidification.

Results

Lysosomal pH is heterogeneous

We assessed lysosomal heterogeneity within the cell by mea-
suring the pH of individual lysosomes using ratiometric flu-
orescence microscopy. The lysosomes of HelLa cells were
loaded with two fluorescently tagged probes: the pH-sensitive
Oregon green 488—dextran and the pH-insensitive tetramethyl-
rhodamine-dextran. Oregon green 488 has a pK, of 4.7, which
is well suited to measure the acidic pH of the lysosome lumen.
The emission of the two dyes was separately determined in in-
dividual lysosomes, and the fluorescence ratio was converted to
absolute pH using the internal calibration procedure described
in the Conversion of fluorescence ratio to pH section in Mate-
rials and methods. A 6-h pulse with the dextrans was followed
by an overnight (12-16 h) chase to ensure that the probes had
fully traversed the endocytic pathway and were confined to ly-
sosomes. Accordingly, the fluorescent dextrans showed a high
degree of overlap with the conventional lysosomal marker, ly-
sosomal associated membrane protein 1 (LAMP1; Fig. S1 a).
Near the cell center, 90 + 1% of the dextran-containing com-
partments colocalized with LAMPI1-RFP, whereas the overlap
was 82 + 2% at the cell periphery. LAMPI, in turn, colocalized
extensively with saposin C, a protein thought to be restricted to
lysosomes, where it facilitates glycolipid catabolism (Fig. S1
b). Having validated that the dextran is located predominantly
in lysosomes, we proceeded to measure the pH of this com-
partment. As illustrated in Fig. 1 a, ratiometric fluorescence
microscopy using Oregon green 488 revealed an unexpectedly
broad distribution: although the largest fraction of lysosomes
had a luminal pH (pH,) between 4.7 and 4.9 (mean pH, was
4.76 + 0.03), consistent with earlier determinations (Ohkuma
and Poole, 1978), a sizable subpopulation was more alkaline,
reaching pH values >6.

Peripheral lysosomes are more alkaline

than central lysosomes

The heterogeneity of the lysosomal pH was validated using an
alternative approach: lysosomes were loaded with dextran con-
jugated to Alexa Fluor 647, a pH-insensitive far red—emitting
fluorophore, and chased overnight as above. The cells were then
incubated with LysoTracker, a fluorescent weak base that ac-
cumulates in highly acidic organelles. In agreement with the
ratiometric determinations, we found that most, but not all, ly-
sosomes accumulated LysoTracker. We also noted that a greater
proportion of the most acidic (LysoTracker positive) lysosomes
resided in the perinuclear region, whereas less LysoTracker ac-
cumulated in peripheral lysosomes (Fig. 1 b). A similar pattern
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was observed in C2C12 murine myoblasts and in human mi-
crovascular endothelial cells (Fig. S2, a and b). However, this
feature was not universal: primary dendritic cells, which have
long tubular lysosomes, and CHO cells displayed more homo-
geneous lysosomal pH (Fig. S2, ¢ and d).

We used HeLa cells hereafter to analyze the source of
the heterogeneity in lysosomal pH. To quantitatively assess
whether luminal pH is correlated with subcellular localization,
we analyzed the LysoTracker content of individual lysosomes
as a function of their distance from the edge of the cell (Fig. 1,
c and d). The boundary of the cells was determined by outlin-
ing the fluorescence of cytosolic EGFP. This boundary was de-
graded inward by 4.2-pum increments to create four concentric
shells, as illustrated in Fig. 1 c. The degree of overlap between
dextran-containing and LysoTracker-positive lysosomes was
quantified in each shell and is plotted as a function of distance
from the edge of the cell in Fig. 1 d. The fraction of overlap-
ping features increased progressively from the cell periphery
to the cell center, confirming that central lysosomes are more
likely to accumulate LysoTracker. The pH gradient correlated
with the distance of the lysosomes from the microtubule-or-
ganizing center (MTOC) rather than to their closeness to the
plasma membrane. This was established by measuring the over-
lap between dextran and LysoTracker as a function of their dis-
tance from pericentrin, a component of the MTOC (Fig. S3, a
and c), or from wheat germ agglutinin, added externally as a
plasmalemmal label (Fig. S3, b and d). These observations not
only confirm that the lysosomal pH is heterogeneous, but indi-
cate that in HeLa cells, the peripheral lysosomes (those further
away from the MTOC) tend to be more alkaline than those in
the perinuclear region.

Margination of lysosomes elevates their
luminal pH

The preceding experiments indicated that the luminal pH of ly-
sosomes was correlated with their position within the cell. To
determine whether these events are causally related, we sought
to manipulate lysosome localization. Lysosomes move bidirec-
tionally along microtubules, propelled by dynein and kinesins
(Matteoni and Kreis, 1987; Jordens et al., 2001). Arl8b, a small
GTPase found on the lysosomal surface (Hofmann and Munro,
2006), binds the centrifugal motor kinesin-1 through its effec-
tor SKIP (SifA and kinesin-interacting protein; Rosa-Ferreira
and Munro, 2011). FYCO1 (FYVE and coiled-coil domain—
containing 1) and RILP both associate with Rab7, another ly-
sosomal GTPase (Bucci et al., 2000). Like SKIP, FYCO1 binds
kinesin-1 (Pankiv et al., 2010), whereas RILP associates with
the centripetal motor dynein (Jordens et al., 2001). We took ad-
vantage of the reported ability of these proteins, when expressed
ectopically, to modify lysosomal positioning. As reported
(Bagshaw et al., 2006), we found that expression of Arl8b or
FYCOI results in accumulation of lysosomes at the cell periph-
ery (Fig. 2 a). We were similarly able to displace lysosomes pe-
ripherally by inhibiting dynein. The activity of dynein requires
the protein complex dynactin, which can be disrupted by supra-
stoichiometric expression of one of its components, dynamitin
(Burkhardt et al., 1997). As shown in Fig. 2 a, expression of dy-
namitin unmasked the unopposed activity of kinesin, displacing
the lysosomes peripherally. The redistribution of lysosomes was
quantified for cells expressing Arl8b, dynamitin, and FYCO1
using the concentric shell analysis described above (Fig. 2 b).
As summarized in Fig. 2 (c—e), in control cells, the largest
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Lysosomal pH is heterogeneous. (a) The lysosomes of Hela cells were loaded with two fluorescently tagged dextrans: the pH-sensitive Oregon

green 488-dextran and the pH-insensitive tetramethylrhodamine-dextran. Individual lysosomal pH was measured by ratiometric fluorescence microscopy,
and fluorescence values were converted to pH as described in the Conversion of fluorescence ratio to pH section in Materials and methods. The fraction of
total lysosomes as a function of pH was plotted (n = 105 individual lysosomes from three independent experiments). (b) The lysosomes of Hela cells were
loaded with Alexa Fluor 647-dextran (magenta) and then loaded with the acidotropic dye LysoTracker (green) and imaged by confocal microscopy. The
cell of interest is outlined with a dashed line. White boxes delineate two regions, labeled 1 and 2, which were used to superimpose the two channels in
the righthand insets. Here and elsewhere, white indicates overlap of the signals. (c) Cells expressing soluble EGFP were loaded with Alexa Fluor 647~
dextran and LysoTracker. The outline of the cells was defined from the pattern of EGFP fluorescence (not depicted) using Volocity software and was de-
graded inward by 4.2 pm every cycle (three times) to create four concentric shells (dashed lines), which were used for the calculations shown in d. (d) The
fraction of overlapping features (dextran-positive lysosomes containing LysoTracker) for each shell was determined and plotted as a function of distance

from the edge of the cell. Error bars represent SEM (n = 10 cells from three independent experiments). Bars, 10 pm.

fraction of lysosomes was found in the innermost shells, whereas
the opposite was true for cells expressing Arl8b, dynamitin, or
FYCOI. Furthermore, expression of Arl8b or dynamitin caused
an overall reduction in the accumulation of LysoTracker, sug-
gesting alkalinization of the lysosomal pH (Fig. S4, a—e).

To determine whether positioning within the cell could
affect lysosome acidification, we quantified luminal pH in cells
where lysosomes were displaced to the periphery by Arl8b ex-
pression. The lysosomes of HeLa cells were initially loaded
with the ratiometric pH-sensitive fluorescein-dextran (Ohkuma
and Poole, 1978) and subsequently transfected with Arl8b

during the chase period. For these experiments, fluorescein was
used instead of Oregon green 488 because its higher pK, (6.4)
more accurately reports the more alkaline pH detected in pe-
ripheral lysosomes. As before, lysosomal pH was determined
by ratiometric fluorescence microscopy; a pseudocolor scale
was used to indicate pH. As illustrated in Fig. 3 a, peripheral
lysosomes tend to be less acidic than perinuclear ones. More
importantly, when margination of lysosomes is imposed by ex-
pression of Arl8b, a much larger fraction of the lysosomes is
less acidic. The mean pH of control lysosomes was 5.12 + 0.03,
whereas that of Arl8b-expressing lysosomes was 5.98 + 0.05

Position of lysosomes determines their luminal pH
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Figure 2. Peripheral lysosome phenotype is magnified by expression of proteins that cause lysosomal redistribution. (a) The lysosomes of Hela cells were
loaded with Alexa Fluor 647-dextran (magenta) and transfected with Arl8b-mCherry, dynamitin-EGFP, FYCO1-mCherry, or cytosolic EGFP cDNAs (all
shown in green). (b) Using Volocity software, the boundary of control or Arl8b-expressing cells was determined as in Fig. 1 and was degraded inward by
1.7 pm every cycle (four times) to create four shells (illustrated by shades of pink). Lysosomes are shown in purple. (c) The fraction of total lysosomes per shell
in control cells and Arl8b-expressing cells was defermined and plotted as a function of distance from the edge of the cell. n = 4 cells from four independent
experiments. (d and e) Using a similar analysis, the fraction of total lysosomes per shell in dynamitin-expressing cells (d) and FYCO1-expressing cells (e)
was determined and plotted as a function of distance from the edge of the cell. n = 6-16 cells from at least three independent experiments. The dashed
lines indicate the fraction of control lysosomes, reproduced from c for comparison. Error bars represent SEM. Bars, 10 pm.

(Fig. 3 b). Thus, the data are consistent with the notion that a
more peripheral location is associated with and may cause ele-
vation of the lysosomal pH.

We proceeded to investigate the possible mechanisms under-
lying the differential pH of juxtanuclear versus more periph-
eral lysosomes. We initially measured lysosomal buffering
capacity, pulsing untransfected or Arl8b-expressing cells with
membrane-permeant weak electrolytes (Loiselle and Casey,
2010). Because buffering power often varies as a function of
pH, we ensured that the measurements were performed under
comparable conditions. To this end, the control cells were pre-
treated with the V-ATPase inhibitor concanamycin A (CcA),

and their pH was allowed to drift upwards until it reached val-
ues comparable to those measured in the peripheral lysosomes
of Arl8b-expressing cells (Fig. 4 a). At that stage, NH,CI was
added, and the resulting change in lysosomal pH was quanti-
fied. As illustrated in Fig. 4 b, the intrinsic buffering capac-
ity of (predominantly perinuclear) lysosomes of control cells
and (largely peripheral) lysosomes of Arl8b transfectants—
calculated as A[NH,*]/ApH,—was indistinguishable.

The rate of passive H* (equivalent) permeability, i.e., the
H* “leak,” was measured next. The leak was estimated from the
rate change of the lysosomal pH (ApH,/t) after inhibition of the
V-ATPase (Fig. 4 c). The rate of change was measured between
pH 6.2 and 6.9 in all cases to ensure that the driving forces
and buffering power were comparable. The rate of H* leak-
age in the peripheral lysosomes of Arl8b-transfected cells was
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Lysosomes displaced to the cell periphery by expression of Arl8b are more alkaline. The lysosomes of Hela cells were loaded with fluoresce-

in-dextran, a ratiometric pH-sensitive dye. Cells were then either mock transfected or transfected with Arl8b-mCherry cDNA. Lysosomal pH was measured
by ratiometric fluorescence microscopy as described in the Ratiometric fluorescence microscopy section in Materials and methods. (a) Representative
images of control and Arl8b-expressing cells with fluorescein fluorescence ratios converted to pH (see calibration bar). Cells of interest are outlined with
dashed lines. Bars, 10 pm. (b) Lysosomal pH was determined in control and Arl8b-expressing cells. Error bars represent SEM (n = 30 and 39 cells from at
least nine independent experiments for control and Arl8b transfectants, respectively).

considerably larger thanin lysosomes of control cells (0.61 +0.04
mmol/l/min vs. 0.37 = 0.03 mmol/l/min, respectively; Fig. 4 d).

The activity of the lysosomal H* pump was compared next.
The pumping rate decreases as the lumen acidifies, becoming
increasingly difficult to detect. To facilitate its measurement, we
initially dissipated the lysosomal transmembrane pH gradient
using carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a
conductive protonophore. This maneuver also ensured that mea-
surements in peripheral and juxtanuclear lysosomes would be
performed under thermodynamically equivalent conditions. The
activity of the V-ATPase was assessed from the rate of reacid-
ification, which was triggered by removing the protonophore
by washing the cells with medium containing defatted albumin.
Scavenging CCCP in this manner initiated a rapid acidification
that was attributable to the activity of the V-ATPase because it
was fully prevented by addition of CcA (Fig. 4 e). The H* pump
activity, calculated as the slope of the reacidification measured
during the initial 90 s after removal of CCCP multiplied by the
buffering power, was 3.17 + 0.42 mmol/l/min in control cells
(Fig. 4 f). H* pump activity in Arl8b-expressing cells was 0.63 +
0.10 mmol/l/min, markedly less than in control cells (Fig. 4 f).
Together, these data indicate that the less acidic pH of periph-
eral lysosomes is attributable to a combination of reduced H*
pumping and increased rates of H* leakage.

Under some conditions, lysosomes can fuse with the plasma
membrane. We reasoned that, by virtue of their location, pe-
ripheral lysosomes may be prone to interact transiently with the
plasma membrane, which could explain their increased leakage
and may result in loss or inactivation of V-ATPases. This possi-
bility was tested by analyzing the ability of plasmalemmal com-
ponents to access peripheral lysosomes in Arl8b-transfected

cells. The plasma membrane was labeled with phosphatidyleth-
anolamine (PE)-rhodamine, whereas lysosomes were identified
by preloading them with Alexa Fluor 647—dextran as above.
Confocal microscopy revealed no evidence of continuity or
preferential vesicular traffic between the two compartments
when the fate of PE-rhodamine was monitored for incubation
periods of up to 15 min (Fig. 5 a).

Rather than interacting with the plasma membrane, it is
conceivable that peripheral lysosomes fuse more readily with
earlier compartments of the endocytic pathway, which are
known to be less acidic. To assess this possibility, lysosomes
were loaded with Alexa Fluor 647—dextran for 3 h and chased
for 12 h, and the cells were then allowed to internalize Alexa
Fluor 546—dextran for 20 or 60 min (Fig. 5 c). The rate of de-
livery of endocytosed material to lysosomes was compared in
dynamitin-EGFP-transfected cells and in cells transfected with
EGFP alone. Dynamitin-EGFP was used in this instance to
displace lysosomes centrifugally to enable the detection of the
red- and far red—labeled dextrans (for reasons that are unclear,
EGFP-tagged constructs of Arl8b were found to be much less
effective than Arl8b-mCherry). Representative control cells im-
aged 20 min (left) or 60 min (right) after addition of Alexa Fluor
546—dextran are shown in Fig. 5 d. Quantification of the overlap
of the two dextran markers revealed no significant difference in
the rate of endosome to lysosome fusion between control (EGFP
transfected) and dynamitin-EGFP—expressing cells (Fig. 5 b).

The preceding data suggest that the altered pH homeosta-
sis of peripheral lysosomes cannot be attributed to interaction
with the plasma membrane or to accelerated fusion with earlier
components of the endocytic pathway. In agreement with this
conclusion, the peripheral lysosomes of HeLa cells were found
to be devoid of Rab5 and early endosome antigen 1 (EEA1),
markers of early/sorting endosomes (Fig. 5 e), and of Rablla
and transferrin, markers of recycling endosomes (Fig. 5 f).

Position of lysosomes determines their luminal pH
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Figure 4. Buffering capacity is indistinguishable in
central and peripheral lysosomes, whereas peripheral
lysosomes have greater H* leak and lower H* pump
activity. The lysosomes of Hela cells were loaded with
fluorescein-dextran. Cells were then mock transfected
or transfected with Arl8b-mCherry cDNA. Lysosomal
pH was measured by ratiometric fluorescence micros-
copy. (a) Lysosomal buffering capacity was assessed
using the NH,Cl pulse technique, as described in the
Buffer capacity section in Materials and methods.
Control lysosomes were treated with 2 pM of the
V-ATPase inhibitor CcA when indicated by the arrow.
3.75 mM NH,Cl was added to both samples where
indicated by the arrow. (b) Quantification of lyso-
somal buffer capacity in control and Arl8b-expressing
cells. n = 6-9 cells for each condition from at least
six independent experiments. (c) Llysosomal H* leak
was assessed by measuring the rate of alkalinization
in control and Arl8b-expressing cells after addition of
2 pM CcA (indicated by arrow). H* leak was calcu-
lated in the pH 6.2-6.9 inferval (indicated by dotted
lines). (d) Quantification of H* leak in control and
Arl8b-expressing cells. n = 21-27 cells for each con-
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and f) Llysosomal H* pump activity was measured in
control and Arl8b-expressing cells in the presence or
absence of 2 pM CcA as indicated. (e) 30 pM pro-
tonophore CCCP was added to untransfected cells
either alone or together with CcA, where indicated
by the arrow, to dissipate the transmembrane ApH.
CCCP was removed by addition of 5 mg/ml of defat-
ted BSA when indicated. (f) Quantification of H* pump
activity determined from the rate of reacidification re-
corded upon removal of CCCP. n = 6-9 cells for each
condition from at least three independent experiments.
Error bars represent SEM.
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Peripheral lysosomes have decreased

levels of Rab7

The activity of the V-ATPase, which we found to be reduced
in peripheral lysosomes, was recently described to be regu-
lated by RILP, an effector of GTP-bound Rab7 (De Luca et al.,
2014). It was therefore conceivable that the density of active
Rab7 differs between peripheral and juxtanuclear lysosomes. It
is noteworthy that RILP also serves to recruit dynein to Rab7-
positive organelles; a reduced association of RILP with lyso-
somes could therefore also account for their more peripheral
distribution. We therefore compared the relative density of
Rab7 on the membrane of juxtanuclear versus peripheral lyso-
somes. In cells transfected with wild-type EGFP-Rab7 but oth-
erwise untreated, Rab7 was more abundant in central lysosomes
(Fig. 6 a). Quantitation of the ratio of fluorescence of Rab7 to
that of the dextran used to label the lysosomes, followed by
segmentation of the cells in concentric shells, as in Fig. 1, re-
vealed that the density of Rab7 increased progressively from
the outermost to the innermost lysosomes (Fig. 6 b). We used
RILP-C33 to ensure that the uneven distribution of ectopically
expressed EGFP-Rab7 was a reliable indication of the behavior
of the endogenous Rab7. Although heterologous expression of
full-length RILP causes lysosomal clustering due to excessive
recruitment of dynein, the C-terminal fragment (RILP-C33)
does not have this effect (Cantalupo et al., 2001). As shown
in Fig. 6 c, peripheral lysosomes bound less RILP-C33 than
more central ones, recapitulating the observations made
with EGFP-Rab7. Importantly, because RILP-C33, like full-
length RILP, associates only with GTP-bound Rab7, these data
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indicate that it is the active form of Rab7 that is unevenly dis-
tributed among lysosomes. Moreover, because RILP modulates
the activity of the V-ATPase, the observed depletion of this pro-
tein in peripheral lysosomes can explain their reduced acidifi-
cation. This possibility was tested by silencing RILP by means
of siRNA. Using a pool of four oligonucleotides, RILP was
knocked down by 90 + 3%, as determined by quantitative PCR.
Under these conditions, pH, increased to 6.3 = 0.1 compared
with 5.1 + 0.1 in control cells treated with nontargeting siRNA.

Collectively, our data suggest that depletion of active
Rab7 is associated with, and in fact may lead to, a more periph-
eral localization of lysosomes within the cell. Indeed, it is pos-
sible that the balance between active Rab7 and Arl8b dictates
the positioning of the lysosomes within the cell and also their
luminal pH. The experiment illustrated in Fig. 6 d supports this
contention. When cells were cotransfected with both Rab7 and
Arl8b, the more centrally located organelles had considerably
higher levels of Rab7 than of Arl8b, whereas the reverse was
true for the marginated lysosomes.

Delayed delivery of proteins from the
secretory pathway to peripheral lysosomes
Although reduced RILP content can explain the lower V-ATPase
activity of peripheral lysosomes, their elevated H* leakage re-
mained unaccounted for. In this regard, it is most likely that
components other than Rab7 and RILP are also altered in these
lysosomes. The composition of lysosomes is dictated by a bal-
ance between acquisition of endocytic components and compo-
nents originating from the secretory pathway. Because delivery
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Figure 5. Peripheral lysosomes do not exhibit enhanced in-
teraction with the plasma membrane, nor do they colocalize
with early or recycling endocytic markers. (a) The lysosomes
of Hela cells were loaded with Alexa Fluor 647-dextran
(magenta) and transfected with dynamitin-EGFP ¢cDNA (not
depicted). The plasma membrane was stained with the flu-
orescent marker PE-rhodamine (green), and the cells were
imaged by confocal microscopy in the 5-10-min interval
after membrane labeling. The white box indicates the region

PE-
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magnified in the righthand insets. (b) The fraction of over-
lapping features (Alexa Fluor 647-dextran-positive lysosomes
1gh  containing Alexa Fluor 546-dextran) at 20 and 60 min was

0 15
c I ! / —F | determined in lysosomes of both control (EGFP transfected)
chase 7/ TAF 546 dexiran and dynomitin-EGFP—tronsfected. .cells. Error bq.rs represent
1Y B - SEM (n = 6 cells for each condition from three independent
image  imageé  experiments). (c) Diagrammatic presentation of the protocol

used: lysosomes were loaded with Alexa Fluor 647-dexiran
for 3 h, chased for 12 h, and then loaded with Alexa Fluor
546-dextran for 20 or 60 min. Cells were imaged by con-
focal microscopy when indicated by the arrows. (d) Repre-
sentative images of control cells imaged 20 min (left) or 60
min (right) after addition of Alexa Fluor 546-dextran. Cells
of interest are outlined with dashed lines. (e) Lysosomes were
loaded with Alexa Fluor 647-dextran (magenta) and trans-
fected with Rab5-EGFP (green) or EEAT-EGFP (green). Cells
were imaged by confocal microscopy. White boxes indicate
the regions magnified in the righthand insets. (f) Lysosomes
were loaded with Alexa Fluor 647-dextran (magenta) and
transfected with Rab11a (green) or loaded for 20 min with
Alexa Fluor 546—transferrin (green). Cells were imaged by
confocal microscopy. White boxes indicate the regions mag-
nified in the righthand insets. Bars, 10 pm.
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of endosomal constituents was not visibly abnormal (Fig. 5), we
analyzed the ability of lysosomes located in different regions
to import secretory material. The molecular nature of the com-
ponents of the H* leak pathway is unknown, but they are likely
to be transmembrane proteins. We therefore used lysosomal in-
tegral membrane protein 2 (LIMP2), an abundant prototypical
lysosomal protein that spans the membrane twice, to compare
the ability of central and peripheral lysosomes to acquire trans-
membrane proteins from the Golgi complex.

Lysosomes were loaded with Alexa Fluor 647—dextran and
either mock transfected or transfected with Arl8b-mCherry to
induce margination of the lysosomes. 12 h later, the cells were
transfected with LIMP2-GFP and imaged by confocal micros-
copy 6 h later, the minimum time required for the synthesis of
detectable amounts of GFP (Fig. 7 a). As illustrated in Fig. 7 b,

newly synthesized LIMP2-GFP was rapidly delivered to pre-
formed lysosomes in cells not expressing Arl8b (left), but deliv-
ery was delayed in cells transfected with Arl8b (right), an effect
that was particularly noticeable in the most peripheral lysosomes.
The overlap between dextran and LIMP2-GFP was significantly
higher in control cells than in Arl8b-expressing cells (Fig. 7 c).
Importantly, the total expression of LIMP2-GFP, quantified by
flow cytometry, was not altered by transfection of Arl8b (Fig. 7,
d and e). These data are consistent with the notion that peripheral
lysosomes are less accessible to de novo synthesized material
emerging from the Golgi and hence subject to gradual changes in
composition that may account for their increased H* permeability.

Because the properties of peripheral and juxtanuclear
lysosomes differ, we sought to determine the rate at which
these two populations exchange with each other. To this

Position of lysosomes determines their luminal pH
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Figure 6. Peripheral lysosomes have decreased levels of Rab7 and RILP-C33. (a) Lysosomes of Hela cells were loaded with Alexa Fluor 647-dextran
(magenta) and transfected with EGFP-Rab7 (green). Cells were imaged by confocal microscopy. (b) The boundary of cells was determined and degraded
inward by 4.2 ym every cycle to create four concentric shells as in Fig. 1. The ratio of Rab7 to dextran fluorescence intensity per shell was determined and
plotted as a function of distance from the edge of the cell. Error bars represent SEM (n = 13 cells). (c) Lysosomes were loaded with Alexa Fluor 647-dexiran
(magenta) and transfected with EGFPRILP-C33 (green). Cells were imaged by confocal microscopy. (d) Hela cells were transfected with Arl8b-mCherry
(magenta) and EGFP-Rab?7 (green) and imaged by confocal microscopy. (a, ¢, and d) The numbered white boxes indicate the regions magnified in the
righthand insets. Bars, 10 pm.
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end, we generated a photoactivatable dextran (CMNB-caged
carboxyfluorescein-dextran) and, using a focused beam, gener-
ated localized subpopulations of fluorescent lysosomes either
near the cell center or at the periphery (Fig. 8 a). The fluores-
cent features were then tracked for periods of up to 120 min.
Total track length was assessed by acquiring images every 1
min to more accurately assess overall (nondirectional) lyso-
some mobility; gradual photobleaching limited these measure-
ments to 30 min. Central and peripheral lysosomes exhibited
total track lengths of 59 + 3 um and 48 + 2 pm, respectively
(Fig. 8 b). Net displacement from the starting position, mea-
sured over 120 min and acquiring images every 4 min, was 15
+ 1 um and 20 + 1 pm for central and peripheral lysosomes,
respectively. Because the distance from the MTOC (pericen-
trin) to the farthest edge of the cells averaged 30.5 = 1.7 um, it
is clear that exchange between the two pools of lysosomes is at
best slow, requiring many hours.

Does the more alkaline pH of peripheral lysosomes have phys-
iological consequences? Several of the degradative enzymes
present in lysosomes display acidic pH optima; it is therefore

(e) Quantification of GFP fluorescence in cells
expressing LIMP2 or LIMP2 and Arl8b, gated
as illustrated in d. Error bars represent SEM.
n = 3 independent experiments.

-100° 10 10* 10°
GFP fluorescence

reasonable to assume that such enzymes might have lower
degradative capacity in peripheral lysosomes. We tested this
hypothesis using a fluorogenic assay of cathepsin L activity
(Magic Red cathepsin L). Cathepsin L is pH sensitive, its activ-
ity being maximal between pH 4.5 and 5.5 (Mason et al., 1985).
We first verified the pH responsiveness of the reaction by com-
paring the fluorescence generated by untreated versus NH,CI-
treated lysosomes. The data were normalized to the lysosomal
content of each cell, determined by preloading with labeled
dextran, as above. As anticipated based on the reported pH op-
timum of the enzyme, cathepsin L activity was much greater in
the untreated (acidic) lysosomes than in those alkalinized by
NH,* (Fig.9,aandb).

We next quantified cathepsin L activity in control (EGFP
transfected) and dynamitin-EGFP—expressing cells. As dis-
cussed in the third Results section, dynamitin-EGFP was used
to marginate the lysosomes in these experiments to enable the
detection of the fluorescence of Magic Red. As shown by the
shaded bars in Fig. 9 ¢, dynamitin-EGFP effectively displaced
a large fraction of the lysosomes to the cell periphery. More
importantly, lysosome margination was accompanied by a
highly significant decrease in the overall activity of cathepsin L.
(Fig. 9 c, unshaded bars).

Position of lysosomes determines their luminal pH
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Figure 8.

Assessment of lysosomal mobility by photoactivation. (a) Lysosomes were loaded with Alexa Fluor 647-dextran (purple) and CMNB-caged

carboxyfluorescein-dextran. A ROI (indicated by solid white circle) was selectively illuminated using a 405-nm laser to photoactivate the CMNB-caged
carboxyfluorescein-dextran (green in middle and right panels). The resulting fluorescence was imaged using a 488-nm laser every 1 min for 30 min
or every 4 min for 2 h. Photoactivated lysosomes were tracked using Imaris software (right). (b) Lysosomes were tracked in cells where CMNB-caged
carboxyfluorescein-dextran was photoactivated in either the cell center or the cell periphery. The total track length over 30 min was quantified. Error bars
represent SEM (n = 104-204 lysosomes from three to five cells from five independent experiments). (c) The net displacement over 2 h was quantified. Error
bars represent SEM (n = 137-285 lysosomes from three to seven cells from two independent experiments).

While in resting cells in culture, the density of lysosomes is
greatest near the MTOC, a considerable fraction is more periph-
eral. The subcellular distribution of lysosomes varies among
cell types and can be affected by several parameters, including
their metabolic state (Korolchuk et al., 2011). Lysosome posi-
tioning is thought to reflect the dynamic balance between cen-
tripetal and centrifugal microtubule motors. These are linked
to the lysosomal membrane via adapters, which are in turn as-
sociated with active GTPases. Arl8b recruits kinesin-1 via its
adapter, SKIP, fostering displacement toward the (peripheral)
plus ends of microtubules. Rab7, in contrast, has dual effects:
like Arl8b, it promotes centrifugal motion by associating with
kinesins via FYCOLI, but it is also able to bind RILP, which
recruits the dynein complex, a minus end—directed motor. The
net effect of Rab7 appears to be centripetal, inasmuch as lyso-
somes concentrate around the MTOC in cells transfected with
constitutively active Rab7 and disperse peripherally when dom-
inant-negative Rab7(T22N) is expressed (Bucci et al., 2000).
One would therefore expect Rab7-depleted lysosomes to be
more peripheral, as documented in Fig. 6.

Not only is the subcellular distribution of lysosomes het-
erogeneous, but so are their contents and, as our data indicate,
their luminal pH. The relationship between lysosomal position-
ing, motility, and pH had been studied before, but only in the
context of the cytosolic (as opposed to luminal) pH. Heuser and
colleagues first reported that acidification of the cytosol caused

lysosomes to move to the periphery of macrophages, to the
basolateral region of epithelial cells, and into the processes of
neurons (Heuser, 1989; Parton et al., 1991); cytosolic alkalin-
ization had the converse effect. The dependence on cytosolic
pH was also proposed to account for the effects of nutrients on
lysosomal positioning: addition of amino acids was found to
cause cytosolic acidification, which could account for the ac-
companying centripetal displacement of the lysosomes (Korol-
chuk et al., 2011). These effects are most simply explained by
differential pH sensitivity of the microtubule-associated cen-
tripetal and centrifugal motors and/or of the molecules that link
them to the lysosomes. Of note, all of these components are
exposed to the cytosol, sensing the prevailing pH, but cannot
directly perceive the luminal pH. Hence, we believe that the
more acidic pH of the juxtanuclear lysosomes is not the cause,
but a consequence of their subcellular location. Accordingly,
deliberate margination of lysosomes by expression of Arl8b
or dynamitin (Fig. 3 and Fig. S4) was associated with elevated
luminal pH. Furthermore, accumulation of the acidotropic dye
LysoTracker was reported to be deficient in cells expressing
Rab7(T22N) (Bucci et al., 2000).

Two separate effects contribute to the more alkaline pH
of peripheral lysosomes: decreased V-ATPase activity and in-
creased H* leakage. We were unable to compare the number of
V-ATPases in lysosomes located in different regions of the cell
because available antibodies were not sufficiently sensitive for
quantitative immunostaining. However, differences in the rate
of pumping need not result from altered density of pumps and
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Figure 9. Peripheral lysosomes exhibit lower cathep-
sin L activity than central lysosomes. (a) Lysosomes
were loaded with Alexa Fluor 647-dextran (not de-
picted) and incubated with Magic Red cathepsin L
substrate (shown in gray/white). On the right, lyso-
somes were alkalinized with NH,Cl before Magic Red
addition. Cells were imaged by confocal microscopy.
Bars, 10 pm. (b) Cathepsin L activity was quantified
in untreated and NH,ClHireated cells by normalizing
Magic Red fluorescence to Alexa Fluor 647-dextran
fluorescence. n = 15-17 cells for each condition from
three independent experiments. (c) Lysosomes were
loaded with Alexa Fluor é47-dextran followed by
transfection with EGFP or dynamitin-EGFP. Finally, the
cells were incubated with Magic Red cathepsin L sub-
strate and imaged by confocal microscopy. Cathepsin
L activity (left y axis, unshaded bars) was quantified
by normalizing Magic Red fluorescence to Alexa Fluor
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could instead reflect reduced activity per pump. Indeed, the ele-
vated pH of peripheral lysosomes can be attributed to a reduced
pumping rate caused by the inability of RILP to associate with
the V1G1 subunit of the V-ATPase (De Luca et al., 2014). RILP
regulates recruitment to the lysosome of V1Gl1 (also known as
ATP6V1G1), which is essential for the correct assembly and
operation of the V-ATPase (De Luca et al., 2014). In good ac-
cordance, our data indicate that lysosomal pH was significantly
increased in cells depleted of RILP. Because they are deficient in
Rab7, peripheral lysosomes are expected to contain less RILP,
which was validated using RILP-C33, a surrogate marker.

The source of the increased H* leakage is unclear be-
cause the pathways capable of passively translocating H* or
its equivalents across the lysosomal membrane have not been
characterized (Haines, 2001). It has been proposed that the tran-
sient receptor potential cation channel, mucolipin subfamily 1
(TRP-ML1), can serve as a H* channel in lysosomes (Soyombo
et al., 2006). Accordingly, lysosomes of TRP-ML1-deficient
cells are overacidified. It is noteworthy, however, that such cells
process lipids abnormally and that in cells that accumulate lipids
as a result of lysosomal storage disorders, like Niemann-Pick
disease, lysosomes accumulate in the perinuclear region (Ko et
al., 2001; Lebrand et al., 2002). Thus, the overacidification may
be a consequence of the altered subcellular localization of the
lysosomes. Regardless of the precise identity of the pathways
responsible for H* leakage, it is conceivable that the membrane
composition of central versus peripheral lysosomes differs sub-
stantially. Our data indicate that delivery of newly synthesized
proteins proceeds at different rates for central versus peripheral
lysosomes, which will inevitably alter their composition.

The biological significance of lysosomal heterogeneity
has not been explored, but several possibilities can be contem-
plated. More peripheral lysosomes may be poised to serve in
membrane repair, in which case reduced luminal acidification,
and consequently reduced protease and lipase activities, may be

advantageous. Alternatively, heterogeneous lysosomal position-
ing may be an indicator and possibly a determinant of their met-
abolic state. Korolchuk et al. (2011) reported that margination
of lysosomes upon expression of Arl8b increased the activity
of mMTORC1 (mammalian target of rapamycin complex 1). The
change in mTORCT activity may have resulted from the asso-
ciated change in luminal pH. However, our results (Fig. S5, a
and b) and those of others (Zoncu et al., 2011; Settembre et al.,
2012) suggest that luminal alkalinization depresses the activity
of mTORC1, an effect opposite to that reported by Korolchuk
et al. (2011). Clearly, the relationship between lysosomal local-
ization, pH, and mTORCI1 activity requires further definition.

Lastly, it is conceivable that the differential positioning of
lysosomes is a consequence and perhaps an indicator of their de-
velopment, aging, or disease. Hirota et al. (2004) described the
existence of a postlysosomal compartment endowed with mem-
brane proteins characteristic of lysosomes, e.g., LIMP2, yet de-
void of cathepsins; like the peripheral lysosomes of HeLa cells,
such postlysosomes were less acidic than bona fide lysosomes
containing cathepsins. The prevalence of such postlysosomes
and their pH regulatory features remains to be investigated in
detail. Lysosomal aging has not been rigorously studied, but
like other exhausted organelles, old lysosomes likely become
damaged (leaky) and are cleared by autophagy. This is indeed
the fate of lysosomes that are purposefully damaged (Hung et
al., 2013; Maejima et al., 2013). Intentional damage of lyso-
somes is associated with impaired acidification (Hung et al.,
2013), resembling the phenotype of the peripheral lysosomes.
As found for other organelles, membrane leakiness may signal
the initiation of lysosomal autophagy.

In summary, our findings are consistent with the notion
that lysosome function is not homogeneous. It can be modu-
lated by changes in its enzymatic composition resulting from
altered connectivity to the biosynthetic pathway and/or to re-
cycling of selected components to earlier compartments of the

Position of lysosomes determines their luminal pH
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endocytic pathway. However, the functional responsiveness of
lysosomes may also be changed acutely by altering their pH,
a level of regulation that could be exerted more rapidly by the
GTPases. The manner whereby the balance between Rab7 and
Arl8b is maintained remains to be defined, but competition for
finite binding sites or reciprocal feedback inhibition may cause
polarization of lysosomes within the cell.

Materials and methods

Reagents

Oregon green 488—dextran, tetramethylrhodamine-dextran, Alexa
Fluor 647-dextran, Alexa Fluor 546-dextran, LysoTracker red
DND-99, CMNB-caged carboxyfluorescein, SE (5-carboxyflu-
orescein-bis-[5-carboxymethoxy-2-nitrobenzyl]ether ~ and  p-ala-
nine-carboxamide succinimidyl ester), amino-dextran, Alexa Fluor
546-transferrin, Oregon green 488-labeled wheat germ agglutinin,
nigericin, 18-mm round glass coverslips, and Slide-A-Lyzer 10K Dial-
ysis Cassettes were from Thermo Fisher Scientific. Fluorescein-dextran
and monensin were from Sigma-Aldrich. All dextrans were 10,000 mol
wt. FuGene 6 transfection reagent was from Promega. HiPerFect was
from QIAGEN. Arl8b-mCherry cDNA was a gift from J. Kay (State
University of New York at Buffalo, Buffalo, NY). Arl8b was subcloned
from Arl8b-GFP (Kaniuk et al., 2011) into pmCherry-N1 (Takara Bio
Inc.). The generation of plasmids used for the expression of pS0 dyna-
mitin~EGFP (Harrison et al., 2003), FYCO1-mCherry (Pankiv et al.,
2010), Rab5-EGFP (Scott et al., 2002), EEA1-EGFP (Gillooly et al.,
2000), EGFP-Rabl1la (Choudhury et al., 2002), EGFP-Rab7 (Bucci
et al., 2000), EGFP-RILP-C33 (Colucci et al., 2005), LAMP1-RFP
(Sherer et al., 2003), and P3X-FLAG-EGFP-pericentrin-myc (provided
by V. Menella, Hospital for Sick Children, Toronto, Canada; Kim and
Rhee, 2014) is described in the references provided. pPEGFP-N1 was
from Takara Bio Inc. LIMP2-GFP ¢cDNA was a gift from D. Neculai
(Hospital for Sick Children, Toronto, Canada). Full-length hLIMP2
was amplified from a mammalian gene collection cDNA template
(AT8-G3) using forward and reverse primers (5'-CTCGAGCTCAAG
CTTATGGGCCGATGCTGCTTCTACAC-3" and 5'-GATCCCGGG
CCCGCGGTACCGGTTCGAATGAGGGGTGC-3', respectively)
and cloned into pPEGFP-N1 using the In-Fusion CG Dry-Down PCR
Cloning kit (Takara Bio Inc.). CcA was from Abcam. PE-rhodamine
was from Avanti Polar Lipids, Inc. Magic Red cathepsin L detection kit
was from ImmunoChemistry Technologies, LLC. Mouse anti-human
LAMPI antibody (H4A3) was from the Developmental Studies Hy-
bridoma Bank. Rabbit anti—saposin C antibody (H-81) was from Santa
Cruz Biotechnology, Inc. Rabbit antiphospho-p70 S6 kinase antibody
was from Cell Signaling Technology. HRP-conjugated anti-mouse
and anti-rabbit secondary antibodies were from Jackson Immuno-
Research Laboratories, Inc. ON-TARGETplus human RILP siRNA
SMARTDpool was from GE Healthcare. TagMan Gene Expression As-
says (RILP FAM and CDKN1A VIC) were from Applied Biosystems.
Excitation/emission filters were from Semrock, Inc. Dichroics were
from Chroma Technology Corp.

Tissue culture

EGFP, Arl8b-mCherry, pS0 dynamitin~-EGFP, FYCO1-mCherry, Rab5-
EGFP, EEA1-EGFP, EGFP-Rabl1a, EGFP-Rab7, EGFP-RILP-C33,
LAMPI-RFP, LIMP2-GFP, and P3X-FLAG-EGFP-pericentrin-myc
constructs were expressed by transient transfection of HeLa cells using
FuGene 6 transfection reagent according to the manufacturer’s pro-
tocol. Cells were grown at 37°C in an air/CO, (19:1) environment in
DMEM supplemented with 5% (vol/vol) FBS.
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RILP knockdown and quantitative PCR

HeLa cells were plated sparsely in 6-well tissue culture plates and
grown overnight. The next day, cells were transfected with four
pooled siRNA oligonucleotides against human RILP (SMARTpool;
L-008787-01-0005) using HiPerFect transfection reagent according
to the manufacturer’s protocol. As a control, a nontargeting SMART-
pool siRNA oligonucleotide set (D-001810-10) was used. After 48 h,
cells were washed and transfected again. After a further 24 h, RNA
was isolated using the GeneJET RNA Purification kit (Thermo Fisher
Scientific). Equal amounts of RNA were loaded as template for the
generation of cDNA using the SuperScript VILO ¢cDNA Synthesis kit
(Thermo Fisher Scientific). Quantitative PCR was performed in a 96-
well plate using the TagMan System (Thermo Fisher Scientific) on a
Step One Plus Real-Time PCR thermal cycler with Step One software
(v2.2.2; Applied Biosystems). The Tagman gene expression assays for
the reference gene (CDKN1; Hs00355782_m1) and target gene (RILP;
Hs01018707_gl) were duplexed in triplicate. Target gene expres-
sion was determined by relative quantification (AACt method) to the
CDKNI reference gene and the control sample.

Lysosomal markers

For pH measurements, lysosomes of HeLa cells were loaded with 0.5
mg/ml dextran (Oregon green 488— and tetramethylrhodamine- or flu-
orescein-conjugated dextran) for 6 h at 37°C (5% CO, balance air),
transfected as noted in figure legends, and chased overnight. For all
other experiments, lysosomes were loaded with 0.1 mg/ml dextran for
3 hat37°C (5% CO, balance air), transfected as indicated in figure leg-
ends, and chased overnight. Cells were imaged the next day or loaded
with 200 nM LysoTracker for 5 min, washed, and imaged immediately.

Immunofluorescence

Lysosomes of HeLLa cells were loaded by pulsing cells with 0.1 mg/ml
Alexa Fluor 647—dextran for 3 h, and then cells were chased for 1 h and
fixed with 4% paraformaldehyde in PBS for 20 min at room tempera-
ture. Cells were permeabilized with 0.1% saponin for 15 min at room
temperature and blocked for 1 h with 1% BSA in PBS, 10% goat serum,
0.3 M glycine, and 0.1% saponin. Samples were incubated with pri-
mary and secondary antibodies for 1 h at room temperature in 1% BSA.

Transferrin loading

Lysosomes of HeLa cells were loaded by pulsing cells with 0.1 mg/
ml Alexa Fluor 647—dextran for 3 h at 37°C (5% CO, balance air) and
chasing them overnight. The next day, cells were pulsed with 0.05 mg/
ml Alexa Fluor 546—transferrin for 20 min, washed, and imaged imme-
diately by confocal microscopy.

Ratiometric fluorescence microscopy

HeLa cells grown on glass coverslips were mounted in a Chamlide
magnetic chamber and overlaid with Hepes-buffered HBSS or isotonic
Na* buffer (140 mM NaCl, 5 mM KCI, 1 mM CaCl,, | mM MgCl,,
5 mM glucose, and 20 mM Hepes, pH 7.4). The chamber was placed
in a Leiden microincubator maintained at 37°C on the stage of an in-
verted microscope (DM IRB; Leica Biosystems) equipped with a
40x/1.25 NA oil objective (Leica Biosystems), a lamp (X-Cite 120;
EXFO Life Sciences Group), and filter wheels (Sutter Instrument) that
control excitation and emission filters. For experiments using Oregon
green 488— and tetramethylrhodamine-dextran, excitation wavelengths
were alternated between 485 + 10 nm and 543 + 11 nm, with emit-
ted light filtered alternately through a 505-nm dichroic and a 535 *
20-nm emission filter or a 495/565-nm dichroic and a 580 + 30-nm
emission filter, respectively. For experiments using fluorescein-dextran,
excitation wavelengths of 485 + 10 nm and 438 + 12 nm were selected,
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and emitted light was filtered through a 505-nm dichroic and a 535 +
20-nm emission filter. Light was captured by an electron-multiplied
charge-coupled device camera (Cascade II; Photometrics). The filter
wheel and camera were under the control of MetaFluor software (Mo-
lecular Devices). Images were acquired at 60-s intervals.

Conversion of fluorescence ratio to pH

To convert fluorescence values to pH, cells were sequentially bathed
in isotonic K* solutions (143 mM KCIl, 5 mM glucose, | mM MgCl,,
1 mM CacCl,, and 20 mM Hepes) buffered to a pH ranging from 4.5 to
7.5 and containing 10 uM nigericin and 5 pM monensin. For calibra-
tion, data were acquired 5 min after the addition of each solution to
ensure equilibration of pH across compartments (Thomas et al., 1979).
A calibration curve relating themean fluorescence ratio (corrected by
subtracting the background fluorescence at each wavelength) at each
pH to the medium pH value was fitted by least squares and used to
transform fluorescence ratio measurements to intracellular pH.

Spinning disk confocal microscopy

Confocal images were acquired using a spinning disk system (WaveFX;
Quorum Technologies Inc.). The instrument consists of a microscope
(Axiovert 200M; ZEISS), scanning unit (CSU10; Yokogawa Electric
Corporation), electron-multiplied charge-coupled device (C9100-13;
Hamamatsu Photonics), five-line (405, 443, 491, 561, and 655 nm)
laser module (Spectral Applied Research), and filter wheel (MACS5000;
Ludl) and is operated by Volocity software version4.3.2 or 6.2.1 (Perkin-
Elmer). Images were acquired using a 63x/1.4 NA oil objective (ZEISS)
coupled to an additional 1.5 magnifying lens and the appropriate
emission filter. Cells were maintained at 37°C using an environmental
chamber (Live Cell Instruments).

Generation of photoactivatable dextran

The succinimidyl ester of CMNB-caged carboxyfluorescein was in-
cubated with amino-dextran in borate buffer (50 mM borate, pH
8.5) for 1 h at 24°C and dialyzed overnight using a dialysis cas-
sette (Slide-A-Lyzer 10K) in PBS at 4°C to generate CMNB-caged
carboxyfluorescein-dextran.

Point-scanning confocal microscopy for photoactivation
Photoactivation experiments were conducted on a confocal microscope
(A1R; Nikon) using a 60x/1.4 NA oil objective (Nikon). Using NIS Ele-
ments software (Nikon), a region of interest was selectively illuminated
using a 405-nm laser, and the resulting fluorescence was imaged using a
488-nm laser with a 1.2-AU pinhole and 2x line averaging every 1 min
for 30 min or every 4 min for 2 h. Focus was maintained using MCL Piezo
Drive and Nikon Perfect Focus. Cells were maintained at 37°C using a
temperature/CO, environmental control chamber (Tokai Hit). Lysosome
tracking analysis was conducted using Imaris 8.1.2 software (Bitplane).

Image processing and quantification
Images acquired using Volocity or MetaFluor were exported to ImageJ
1.48 (National Institutes of Health) for contrast enhancement, analysis,
and quantification, unless otherwise noted. Analysis was performed on
optical slices acquired 0.4—0.8 um from the ventral surface of the cell.
For pH measurements, fluorescence values were obtained using
the freehand tool in ImageJ to select regions of interest (ROIs) delimiting
individual lysosomes. In cases where individual lysosomes could not be
resolved because they formed dense clusters, e.g., in Arl8b-expressing
cells, ROIs were drawn to encompass the entire cluster. The fluorescence
intensity ratio in each ROI was corrected by subtracting the background
fluorescence at each wavelength and converted to pH by curve fitting as
described in the Conversion of fluorescence ratio to pH section.

For pseudocolor display, a thresholding algorithm in ImageJ was
used to select lysosomes, and a calibration curve was applied to convert
fluorescence ratio to colors corresponding to the indicated pH.

Overlap analysis was conducted using Volocity 6.3.1. In brief,
a thresholding algorithm was used to identify populations of individ-
ual lysosomes (marked with dextran, LAMPI, saposin C, LysoTracker,
and/or LIMP2). Using the compartmentalize function, features of di-
ameters >0.4 pm sharing significant overlap were identified and scored
as a fraction of the total population.

Lysosome position analysis

The boundary of the cells was determined by outlining the fluores-
cence of cytosolic EGFP or dynamitin-EGFP using Volocity software
and was degraded inward to create multiple shells of the indicated
thickness. Background-corrected lysosome intensity for the total cell
or for each shell was determined using the following equation: back-
ground-corrected lysosome intensity = sum intensityyomes — (Sum
INtenSityp,ekground/AT€apackground X Ar€ygosomes)-

Distance measurements from pericentrin or plasma membrane
To assess distances from the MTOC, lysosomes of HeLa cells were
loaded with 0.1 mg/ml Alexa Fluor 647—dextran for 3 h at 37°C, trans-
fected with P3X-FLAG-EGFP-pericentrin-myc, and chased overnight.
The next day, cells were loaded with 200 nM LysoTracker red for 5
min, washed, and imaged immediately.

To assess distance to the membrane, lysosomes were loaded with
0.1 mg/ml Alexa Fluor 647—dextran as in the Lysosomal markers sec-
tion. The next day, cells were loaded with 200 nM LysoTracker red
for 5 min, washed, and then labeled with 10 pg/ml Oregon green 488—
wheat germ agglutinin at 4°C, washed, and imaged immediately.

Optical slices were used to reconstruct sagittal (x vs. z) views near
the middle of the cell, and the distances between the MTOC (pericen-
trin) or the plasma membrane (wheat germ agglutinin) and dextran-pos-
itive lysosomes were measured using the measure distance function in
Volocity. Lysosomes were scored manually as being positive or nega-
tive for LysoTracker, and the LysoTracker-positive fraction is reported.

Buffer capacity

Lysosomal pH was measured by ratiometric fluorescence microscopy as
described in a previous section. The lysosomes were loaded with fluores-
cein-dextran and washed, and the cells were then transiently transfected
with Arl8b-mCherry ¢cDNA or mock transfected. The next day, cells
were bathed in isotonic Na* buffer. 2 uM CcA was added to mock-trans-
fected cells, and the pH was allowed to drift upward so that buffering
capacity in control and Arl8b-expressing cells would be determined
at comparable initial pH values. Fluorescence images were acquired
as described in the Ratiometric fluorescence microscopy section. The
bathing solution was switched to Na* buffer containing 3.75 mM NH,CI,
and the resulting pH change was measured immediately. At the end of
each experiment, a standard calibration was performed as described in
the Conversion of fluorescence ratio to pH section, and fluorescence
values were converted to pH. The intralysosomal NH,* concentration
([NH,*])) was calculated using the Henderson-Hasselbalch equation,
and the intrinsic buffer capacity (in millimoles/liter/pH) was calcu-
lated as A([NH4*]/ApH,).

H* leak

Lysosomes were loaded with fluorescein-dextran and washed, and the
cells were then transiently transfected with Arl8b-mCherry cDNA or
mock transfected. The next day, cells were bathed in isotonic Na* buf-
fer, and images were acquired for pH determination. The bathing solu-
tion was then switched to Na* buffer containing 2 uM CcA, and pH
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was measured for 20 min. At the end of each experiment, a standard
calibration was performed, and fluorescence values were converted to
pH. Rates of H* leak (in millimoles/liter/minute) were determined by
multiplying the slope (ApH/At) of the line between pH 6.2 and 6.9
(fitted by the least squares method) by the buffer capacity determined
as in the previous paragraph in the same pH range.

H* pump activity

The lysosomes were loaded with fluorescein-dextran and washed,
and the cells were transiently transfected with Arl8b-mCherry cDNA
or mock transfected. The next day, cells were bathed in isotonic Na*
buffer, and images were acquired for pH determination. The bath-
ing solution was switched to Na* buffer containing 30 uM CCCP for
3 min to dissipate the existing pH gradient, and the ionophore was
then rapidly washed away with Na* buffer containing 5 mg/ml fatty
acid—free BSA. Where indicated, 2 uM CcA was present during the
incubations with CCCP and BSA. At the end of each experiment, a
standard calibration was performed, and fluorescence values were
converted to pH. Rates of pH change during the initial 90 s after the
addition of BSA were determined as the slope (ApH/At) of the line
fitted by least squares. H* pump activity (in millimoles/liter/minute)
was determined by multiplying ApH/At by the buffer capacity deter-
mined in the same pH range.

PE-rhodamine loading

The lysosomes were loaded with 0.1 mg/ml Alexa Fluor 647—dextran,
and the cells were then transfected with dynamitin-EGFP cDNA.
The next day, cells were incubated with the fluorescent marker PE-
rhodamine (dissolved in 1:1 [vol/vol] chloroform/methanol and then
dried under constant N, flow and reconstituted in 0.1% BSA) for 15
min at 10°C to label the plasma membrane. Cells were washed with
HBSS at 10°C and immediately imaged by confocal microscopy.

Flow cytometry

HeLa cells were mock transfected or transfected with Arl8b-mCherry.
12 h later, cells were again mock transfected or transfected with the ly-
sosomal membrane protein LIMP2-GFP. 6 h later, the cells were lifted
from the plates by incubation with 0.05% trypsin, pelleted by centrifu-
gation for 5 min at 500 g, and resuspended in PBS. Cells were passed
through a cell strainer, run through a flow cytometer (LSRII; BD), and
analyzed using FlowJo software (Tree Star).

Cathepsin L activity assay
The lysosomes were loaded with 0.1 mg/ml Alexa Fluor 647—dextran
for 3 h and washed, and the cells were then transfected with EGFP
or dynamitin-EGFP cDNAs. The next day, cells were incubated with
Magic Red cathepsin L substrate for 15 min and then washed. The
fluorescence generated by hydrolysis of the Magic Red substrate was
imaged by confocal microscopy. Where specified, lysosomes were al-
kalinized with NH,CI before Magic Red addition; in these instances,
NH,CI remained present for the duration of the experiment.

Cathepsin L activity was quantified by normalizing Magic Red
fluorescence to Alexa Fluor 647—dextran fluorescence, thereby stan-
dardizing the measurements per lysosomal volume.

Immunoblotting

HeLa cells were incubated at 37°C for 1 h in DMEM supplemented
with 5% FBS alone (control), DMEM supplemented with 5% FBS con-
taining 1 pM CcA and 10 mM NH,CI, or 2 uM torinl. Cell lysates were
harvested in Laemmli buffer containing 2% (vol/vol) 2-mercaptoeth-
anol plus protease and phosphatase inhibitors. Samples were boiled
for 5 min and then resolved on 12% acrylamide gels. Proteins were
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transferred to polyvinylidene difluoride membranes by electrophore-
sis, blocked by incubation for 1 h at 20°C in PBS containing 0.1%
(vol/vol) Tween 20 and 10% (vol/vol) nonfat dry milk (PBST-M), and
then incubated at 4°C for 16 h in PBST-M containing rabbit antiphos-
phorylated p70 S6 kinase (1:1,000) and mouse anti-GAPDH antibodies
(1:20,000). Blots were incubated for 1 h with PBST-M containing don-
key anti—rabbit and donkey anti-mouse IgG conjugated to horseradish
peroxidase (1:3,000). Blots were visualized using ECL Prime Western
Blot Detection reagent (GE Healthcare) and an Odyssey FC imaging
system (LI-COR Biosciences) and quantified using ImageJ.

Statistical analysis

Data are presented as mean = SEM of the number of determina-
tions indicated. Statistical significance of data was determined using
an unpaired ¢ test (PRISM 4; GraphPad Software), with P < 0.05
considered significant.

Online supplemental material

Fig. S1 shows the distribution of LAMP1 and saposin C in lysosomes.
Fig. S2 examines lysosomal pH heterogeneity in several cell types. Fig.
S3 shows the localization of lysosomes as a function of their distance
from either the MTOC or the plasma membrane. Fig. S4 shows that
lysosomes displaced to the cell periphery by expression of Arl8b or
dynamitin accumulate reduced levels of LysoTracker. Fig. S5 shows
that alkalinizing lysosomes decreases mTORCI activity. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.201507112/DC1.
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