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Significance

Zinc homeostasis is important for 
human health. When zinc 
homeostasis becomes 
dysregulated, human pathologies 
arise. LROs (Lysosome- related 
organelles) are key sites for 
macromolecule degradation and 
zinc trafficking. CDF- 2 and 
ZIPT- 2.3 localize to LROs and their 
expression levels are reciprocally 
regulated by zinc. LROs contain 
an acidified compartment and an 
expansion compartment—they 
are not simply a sphere with a 
single lipid bilayer but are 
structurally more complex.  
The expansion compartment 
increases in volume in zinc excess 
and deficiency, demonstrating 
that LRO morphology is dynamic. 
CDF- 2 localizes to both 
compartments, whereas ZIPT- 2.3 
localizes to the acidified 
compartment only. This 
distribution of zinc transporters 
and dynamic LRO morphology 
permits rapid delivery of zinc 
transporters and directional 
movement of zinc to promote 
homeostasis.
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Zinc is an essential nutrient—it is stored during periods of excess to promote detoxifi-
cation and released during periods of deficiency to sustain function. Lysosome- related 
organelles (LROs) are an evolutionarily conserved site of zinc storage, but mechanisms 
that control the directional zinc flow necessary for homeostasis are not well understood. 
In Caenorhabditis elegans intestinal cells, the CDF- 2 transporter stores zinc in LROs 
during excess. Here, we identify ZIPT- 2.3 as the transporter that releases zinc during 
deficiency; ZIPT- 2.3 transports zinc, localizes to the membrane of LROs in intestinal 
cells, and is necessary for zinc release from LROs and survival during zinc deficiency. In 
zinc excess and deficiency, the expression levels of CDF- 2 and ZIPT- 2.3 are reciprocally 
regulated at the level of mRNA and protein, establishing a fundamental mechanism 
for directional flow to promote homeostasis. To elucidate how the ratio of CDF- 2 and 
ZIPT- 2.3 is altered, we used super- resolution microscopy to demonstrate that LROs are 
composed of a spherical acidified compartment and a hemispherical expansion compart-
ment. The expansion compartment increases in volume during zinc excess and deficiency. 
These results identify the expansion compartment as an unexpected structural feature 
of LROs that facilitates rapid transitions in the composition of zinc transporters to 
mediate homeostasis, likely minimizing the disturbance to the acidified compartment.

zinc homeostasis | lysosome | expansion compartment | zinc transporters | C. elegans

Zinc is essential for all organisms, playing a wide range of structural (1), catalytic (2), and 
signaling roles (3); it is predicted to bind ~10% of the human proteome (4). Because 
deficiency and excess are deleterious, zinc levels are regulated by homeostatic mechanisms 
(5). Zinc homeostasis occurs in individual cells and whole organisms, and integration of 
cellular and organismal zinc homeostasis is not well defined. Transmembrane proteins that 
transport zinc across cellular membranes are key elements of zinc homeostasis; SLC30A/
ZNT/CDF family proteins reduce cytosolic zinc levels by transporting zinc from cytosol 
to extracellular spaces or organelle lumens, whereas SLC39A/Zrt,Irt- like (ZIP) family 
proteins increase cytosolic zinc levels by transporting zinc in the opposite directions (6).

Caenorhabditis elegans is a useful and relevant model system to study zinc homeostasis 
due to powerful genetic approaches, a transparent body that facilitates imaging, and 
conservation of CDF and ZIP transporters (7, 8). HIZR- 1, the high- zinc sensor and 
master regulator of high- zinc homeostasis, is a nuclear receptor transcription factor com-
posed of a ligand- binding domain (LBD) and a DNA- binding domain (DBD) (9). When 
zinc binds the LBD, HIZR- 1 translocates to the nucleus and directly binds a DNA 
enhancer called the High Zinc Activation (HZA) element (10). HIZR- 1 bound to the 
HZA recruits the mediator complex and RNA polymerase to activate transcription of 
multiple genes that promote high zinc homeostasis (11, 12). One direct target is cdf- 2; 
CDF- 2 transports zinc from the cytosol to the lumen of lysosome- related organelles 
(LROs) in intestinal cells, also called gut granules, to detoxify and store zinc (13).

In zinc- replete conditions, LROs were spherical and labeled with LysoTracker, which 
stains acidified compartments. Roh et al. (2012) reported that LROs change shape in 
excess zinc, displaying a bilobed morphology; CDF- 2 localizes to both lobes, whereas 
LysoTracker stains only one lobe (13). The discovery that LROs change morphology in 
excess zinc raised new questions: What is the mechanism of LRO shape change? What is 
the structure and function of each lobe? Where is the zinc stored? How does the bilobe 
structure promote high zinc homeostasis?

The low- zinc homeostasis pathway in C. elegans is beginning to be described (7, 8). zipt- 2.1, 
zipt- 2.3, and zipt- 7.1 display increased levels of mRNA during zinc deficiency (14); promoters 
of these genes contain low zinc activation (LZA) elements that promote transcriptional 
activation during zinc deficiency. These results suggest an LZA- binding protein, yet to be 
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defined, may function as a low- zinc sensor, and these zipt genes may 
promote low- zinc homeostasis. While CDF- 2 transports zinc into 
the lumen of LROs during zinc excess, the mechanism of zinc release 
during zinc deficiency has yet to be defined.

Here, we show that ZIPT- 2.3 specifically localizes to the mem-
brane of LROs and promotes zinc release during deficiency. 
zipt- 2.3 transcription is activated during zinc deficiency and 
repressed during zinc excess. CDF- 2 is reciprocally regulated at 
the mRNA and protein levels, and we propose that reciprocal 
regulation of CDF- 2 and ZIPT- 2.3 protein levels on the mem-
brane of LROs is a fundamental mechanism of homeostasis and 
the key to directional flow of zinc. Super- resolution microscopy 
revealed that LROs consist of two compartments: an acidified 
compartment and an expansion compartment. Labile zinc is con-
centrated in the acidified compartment, which contains both 
CDF- 2 and ZIPT- 2.3. The expansion compartment is present in 
all zinc conditions; it is contracted in zinc- replete conditions, and 
it increases in volume dramatically in zinc excess and moderately 
in zinc deficiency, suggesting that increased volume is a response 
to high and low- zinc homeostasis. The expansion compartment 
appears to grow by vesicular fusion, suggesting that it functions 
to mediate delivery of zinc transporters; this may be a mechanism 
to alter the ratio of transporters without disturbing the acidified 
compartment. These results provide a high- resolution view of a 
dynamic compartment that is an integral part of LROs.

Results

ZIPT- 2.3 Is a Zinc Transporter Localized to LROs in Intestinal 
Cells. Fourteen C. elegans genes encode ZIP family proteins, 
named zipt genes (14, 15). Three of these, zipt- 2.1, zipt- 2.3, 
and zipt- 7.1, contain LZA enhancers and are transcriptionally 
activated during zinc deficiency, suggesting that these genes play 
roles in zinc homeostasis (14). To further explore regulation, we 
analyzed transcript levels of zipt genes in zinc excess. zipt- 2.3 
mRNA levels were significantly lower in excess zinc. This is a 
specific regulatory response, since 13 other zipt genes did not 
display significant regulation (SI Appendix, Fig. S1I). Because it 
is regulated in zinc deficiency and excess, we focused on zipt- 2.3, 
which includes five exons and generates an 1,108 nucleotide 
mRNA (Fig.  1A). The ZIPT- 2.3 protein is highly similar to 
Homo sapiens ZIP2, Drosophila melanogaster dZip (16), and Danio 
rerio DrZIP1 (17), suggesting that genes encoding these proteins 
derived from a common ancestral gene (SI Appendix, Fig. S2A).

Many ZIP proteins transport zinc, but some transport iron or 
other metals (18). To investigate the ability of ZIPT- 2.3 to trans-
port zinc, we expressed ZIPT- 2.3 by transient transfection in 
human embryonic kidney cells (HEK293T) and determined the 
rate of uptake using radioactive zinc (19). Control cells displayed 
baseline uptake mediated by endogenous zinc transporters; cells 
expressing ZIPT- 2.3 displayed a significant increase (P < 0.0001) 

Fig. 1. ZIPT- 2.3 is a zinc transporter that localizes to LROs. (A) Diagrams show a portion of the plasmids in transgenic strains that express zipt- 2.3 or cdf- 2. 
White boxes represent promoter and 3′ UTR regions, black boxes and lines represent coding regions and introns. Red, blue, and green coding regions represent 
mCherry, T7, and GFP, respectively. Triangles represent LZA (red) and HZA (orange) enhancers. The red line indicates the extent of the ok2094 deletion mutation. 
(B) Human HEK293T cells expressing ZIPT- 2.3 or a vector control were incubated with various concentrations of zinc containing a fixed fraction of radioactive 
65Zn. The rate of zinc uptake was determined by measuring radioactivity that accumulated in the cells. Values are mean and SE (N = 4 experimental replicates) 
evaluated by 2- way ANOVA (****P < 0.0001). (C) Transgenic animals expressing CDF- 2::GFP (green) and ZIPT- 2.3::mCherry (red) were cultured with LysoTracker 
Blue in zinc replete, excess, or deficient conditions for 16 h and visualized with confocal microscopy. Yellow arrowheads indicate acidifed compartment; white 
arrowheads indicate expansion compartment. Scale bars, 5 µm in larger image, and 1 µm in smaller Inset indicated by white box.

http://www.pnas.org/lookup/doi/10.1073/pnas.2307143121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307143121#supplementary-materials


PNAS  2024  Vol. 121  No. 7  e2307143121 https://doi.org/10.1073/pnas.2307143121   3 of 11

in zinc uptake (Fig. 1B). Thus, ZIPT- 2.3 was sufficient to promote 
zinc uptake, consistent with the model that ZIPT- 2.3 is a physio-
logical zinc transporter (SI Appendix, Fig. S2B). These data are also 
consistent with the model that ZIPT- 2.3 enhances the uptake of 
endogenous zinc transporters. Because zinc uptake in transfected 
cells is mediated by a combination of endogeonous transporters 
and ZIPT- 2.3, we did not attempt to use these data to determine 
the kinetic parameters of ZIPT- 2.3 such as Km and Vmax.

To determine the localization of ZIPT- 2.3, we generated trans-
genic animals expressing the zipt- 2.3 promoter and coding region 
fused to the coding region of mCherry (Fig. 1A). A double colon 
(::) indicates fusion proteins. This ZIPT- 2.3::mCherry protein is 
functional, since expression in transgenic animals rescued the 
zipt- 2.3(lf ) phenotype of reduced growth in zinc deficiency 
(SI Appendix, Fig. S2C). Using spinning disk confocal microscopy, 
transgenic animals cultured in zinc- replete medium displayed a 
punctate pattern of expression in intestinal cells, suggestive of 
localization to LROs (Fig. 1C); Chapman et al. (2019) reported 
a similar localization pattern and identified a role for zipt- 2.3 in 
germline apoptosis (20). To characterize this punctate pattern, we 
used LysoTracker, a dye that stains acidified lysosomes. 
ZIPT- 2.3::mCherry colocalized with LysoTracker, indicating that 
ZIPT- 2.3 localizes to the membrane of acidified LROs in intes-
tinal cells (Fig. 1C).

In excess zinc, intestinal LROs are the major site of zinc storage; 
the CDF- 2 transporter localizes to these organelles and promotes 
zinc storage (13, 21). To examine colocalization, we generated trans-
genic animals that express CDF- 2::GFP and ZIPT- 2.3::mCherry 
(Fig. 1A). In a zinc- replete medium, LROs appeared spherical, and 
CDF- 2::GFP and ZIPT- 2.3::mCherry displayed complete colocal-
ization (Fig. 1 C, Middle). In excess zinc, many LROs displayed a 
bilobed morphology; CDF- 2::GFP was localized to the membrane 
of both lobes, whereas ZIPT- 2.3::mCherry and LysoTracker were 
only localized to one lobe (Fig. 1 C, Right). To examine zinc defi-
ciency, we cultured animals with the zinc chelator N,N,N′,N′- 
 Tetrakis (2- pyridylmethyl)ethylenediamine (TPEN). In zinc defi-
ciency, LROs displayed a LysoTracker positive lobe that contains 
CDF- 2 and ZIPT- 2.3 and a small LysoTracker negative lobe that 
contains CDF- 2 but not ZIPT- 2.3 (Fig. 1 C, Left). Thus, LROs in 
intestinal cells are spherical in zinc- replete conditions and remod-
eled during zinc excess and deficiency; in both zinc extremes, a 
LysoTracker positive lobe contains CDF- 2 and ZIPT- 2.3 while a 
LysoTracker negative lobe contains CDF- 2 but not ZIPT- 2.3.

Genetic Analysis Demonstrates that zipt- 2.3 Promotes 
Mobilization of Zinc from LROs and Influences Cytosolic Levels 
of Zinc. Based on the localization and transport activity of 
ZIPT- 2.3, we predicted that a zipt- 2.3 loss- of- function(lf ) mutant 
would be defective in mobilizing zinc stored in LROs. To test 
this prediction, we analyzed the ok2094 mutation that removes 
1,561 base pairs of zipt- 2.3, including all of exons 2 and 3 and 
part of exon 4 (Fig. 1A). These exons encode highly conserved 
regions of the protein, suggesting zipt- 2.3(ok2094) is a strong 
loss- of- function or null allele. We used an established assay based 
on localization of the zinc dye FluoZin- 3 AM to LROs (13). 
Wild- type and zipt- 2.3(lf ) animals cultured with supplemental 
zinc and FluoZin- 3 AM for 16 h displayed strong fluorescence in 
LROs, indicating robust zinc storage (Fig. 2A). When shifted to 
zinc- replete or - deficient conditions, wild- type animals displayed 
a significant decrease in fluorescence after 24 or 48 h, indicating 
that stored zinc is mobilized from LROs. By contrast, zipt- 2.3(lf ) 
animals did not display reduced fluorescence, indicating a failure 
to mobilize stored zinc (Fig. 2 A–C). Thus, ZIPT- 2.3 was necessary 
to mobilize zinc from intestinal LROs.

If ZIPT- 2.3 releases stored zinc, then we predict that zipt- 2.3(lf ) 
mutants will have lower levels of cytosolic zinc compared to wild 
type. To test this prediction, we analyzed the expression levels of 
zinc- regulated genes as a surrogate marker for cytosolic zinc 
levels.zipt- 2.1 and F44E7.5 are activated by zinc- deficient condi-
tions (14); the mRNA levels of both genes were increased signifi-
cantly in zipt- 2.3(lf ) mutant animals compared to wild type, 
suggesting cytosolic zinc levels are decreased in these mutant ani-
mals (Fig. 2D). To determine if zipt- 2.3 is sufficient to increase 
cytosolic zinc levels, we overexpressed zipt- 2.3 in intestinal cells. 
We generated a transgenic strain containing multiple copies of 
zipt- 2.3 controlled by the ges- 1 promoter (zipt- 2.3(oe)) that is con-
stitutively expressed in intestinal cells (Fig. 1A). mtl- 1 and cdf- 2 
are activated by zinc- excess conditions (21), and the mRNA levels 
of both genes were increased significantly in zipt- 2.3(oe) mutant 
animals compared to wild type, suggesting cytoplasmic zinc levels 
are increased in these mutant animals (Fig. 2E). Thus, zipt- 2.3 was 
necessary to release stored zinc and maintain normal levels of cyto-
solic zinc and sufficient to increase cytosolic zinc levels.

zipt- 2.3 Promotes Organismal Zinc Homeostasis. To investigate 
the function of zipt- 2.3 in organismal zinc homeostasis, we 
analyzed the growth rate of wild- type and zipt- 2.3(lf ) animals in 
zinc deficiency. Synchronized L1 stage animals were cultured for 72 
h, and length was determined as a quantitative measure of growth 
(13). In a zinc- replete medium, wild- type and zipt- 2.3(lf ) animals 
grew and developed to similar- sized adults. In zinc deficiency, wild- 
type animals displayed a slight, dose- dependent growth inhibition. 
By contrast, zipt- 2.3(lf ) mutants displayed severe growth defects, 
indicating hypersensitivity to zinc deficiency (Fig. 3A). Mutations 
of six other zipt genes did not cause hypersensitivity, suggesting 
that this phenotype is specific (SI  Appendix, Fig.  S1 C–H). 
Furthermore, zipt- 2.3(lf ) animals did not display hypersensitivity 
to the iron chelator 2,2- bipyridyl or the manganese chelator 
diaminocyclohexanetetraacetic acid, indicating that the phenotype 
is specific for zinc deficiency (Fig. 3B and SI Appendix, Fig. S1B). 
zipt- 2.3(oe) animals displayed hypersensitivity to excess zinc 
compared to wild type (Fig. 3C). Thus, zipt- 2.3 was necessary for 
growth and development in zinc deficiency and sufficient to cause 
hypersensitivity to high zinc toxicity.

The CDF- 2 protein promotes storage during zinc excess; 
cdf- 2(lf ) mutant animals displayed hypersensitivity to growth 
defects caused by excess zinc but displayed normal growth in zinc 
deficiency (Fig. 3D). By contrast, zipt- 2.3(lf ) animals displayed 
hypersensitivity to growth defects caused by zinc deficiency but 
displayed normal growth in zinc excess (Fig. 3E). Roh et al. (2012) 
showed that loss- of- function mutations in LRO biogenesis genes 
glo- 1, pgp- 2, and glo- 3 reduced intestinal zinc levels, suggesting 
that zinc is stored in these LROs (13). glo- 1 enodes a Rab GTPase 
that localizes to LROs. To test the prediction that intestinal LROs 
themselves function in zinc homeostasis, we analyzed growth of 
glo- 1(zu391) mutant animals in zinc excess and deficiency (22). 
glo- 1(lf ) animals were hypersensitive to growth defects caused by 
zinc deficiency and excess, consistent with the model that intes-
tinal LROs play a central role in zinc homeostasis (Fig. 3F). An 
alternative interpretation is that glo- 1 mutants have other defects 
that impair growth in zinc extremes. The glo- 1 gene may have 
multiple functions including protein trafficking to LROs, LRO 
biogenesis, and assembly (22, 23). GLO- 1 also participates in 
protein trafficking to LROs, but it requires WHT- 2, an ABC 
transporter, to localize to LROs (24).

Wild- type animals exposed to excess zinc early in life display 
resistance to growth defects caused by zinc deficiency later in life, 
presumably because they mobilize stored zinc (SI Appendix, 
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Fig. 2. ZIPT- 2.3 transports zinc from the lumen of LROs to the cytosol. (A) Wild- type and zipt- 2.3(ok2094) animals were cultured with 200 μM supplemental zinc to 
promote zinc storage and FluoZin- 3 AM to visualize labile zinc in LROs in intestinal cells. Animals were transferred to zinc- replete or zinc- deficient medium (200 μM 
TPEN), and FluoZin- 3 AM fluorescence was analyzed by microscopy after 24 and 48 h. Representative fluorescence images show a portion of the intestine; white 
displays FluoZin- 3 AM fluorescence. (B and C) Quantification of fluorescence intensity: the value at time 0 was set to 1.0 arbitrary units (AU), and other values were 
normalized. Values are the average of three biological replicates ± SD (*P < 0.05). (D and E) Populations of mixed- stage, wild- type, zipt- 2.3(ok2094), or amEx350 
[zipt- 2.3(oe)] animals were cultured in standard zinc- replete conditions. RNA was analyzed by qPCR. The value for WT was set to 1.0 arbitrary units (AU) for each 
gene, and mutant values were normalized. One dish of worms is a biological replicate; values are the average of 3 biological replicates and the SD (*P < 0.05).
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Fig. S1I) (13). We predicted that zipt- 2.3 is necessary to utilize 
stored zinc. Consistent with this prediction, zipt- 2.3(lf ) mutants 
did not display increased resistance when exposed to excess zinc 
early in life (SI Appendix, Fig. S1J). glo- 1(lf ) mutants displayed a 
similar defect, consistent with the central role of LROs in zinc 
storage and release (SI Appendix, Fig. S1K).

Reciprocal Regulation of ZIPT- 2.3 and CDF- 2 Mediates Zinc 
Homeostasis. cdf- 2 mRNA levels increase in excess zinc, and 
zipt- 2.3 mRNA levels increase in zinc deficiency (13, 14). 
To further analyze regulatory control, we cultured wild- type 
animals for 16 h with 40 µM TPEN (zinc deficient), 200 
µM supplemental zinc (zinc excess), or no supplemental zinc 
or TPEN (zinc replete) and analyzed mRNA levels. In zinc 
deficiency, the level of zipt- 2.3 mRNA increased significantly 
and the level of cdf- 2 mRNA decreased significantly compared 
to replete conditions. By contrast, in zinc excess, the level of 
zipt- 2.3 mRNA decreased significantly and the level of cdf- 2 
mRNA increased significantly compared to replete conditions 
(Fig.  4A). Fluorescence imaging with transgenic animals 
containing CDF- 2::GFP and ZIPT- 2.3::mCherry fusion 
proteins showed reciprocal regulatory control was also observed 
at the level of protein expression (Fig. 4B). These results suggest 
a mechanism for directional flow of zinc from the cytosol into 
the lumen of LROs during excess, when CDF- 2 levels are high 
and ZIPT- 2.3 levels are low, and from the lumen of LROs back 
into the cytosol during deficiency, when ZIPT- 2.3 levels are 
high and CDF- 2 levels are low.

Super- Resolution Microscopy Reveals that LROs Are Composed 
of an Acidified Compartment and an Expansion Compartment. 
To define mechanisms that promote dynamic changes in the 
composition of zinc transporters on the membranes of LROs, we 

observed individual organelles at 120 nm resolution using super- 
resolution microscopy. Animals raised in zinc- replete medium 
were transferred to zinc deficient, replete, or excess conditions 
for 16 h and visualized with three different fluorescent markers. 
One strain expressed CDF- 2::GFP and ZIPT- 2.3::mCherry and 
was stained with LysoTracker (Fig.  5 A–D and SI  Appendix, 
Figs. S3 and S6–S8) (25). The second strain expressed CDF- 
2::mCherry and was stained with LysoTracker and FluoZin- 3 
AM, which stains labile zinc (Fig.  5 E–H and SI  Appendix, 
Figs. S4 and S9–S11). Individual organelles that did not overlap 
neighboring organelles were reconstructed in three dimensions, 
and maximum- intensity projections (MIP) were prepared. The 
MIP is a composite of all planes of a z- stack obtained during 
imaging and thus represents the entire LRO. For clarity of 
presentation, we applied an arbitrary color for each marker: 
CDF- 2 is red, ZIPT- 2.3 is green, LysoTracker is blue, and labile 
zinc is yellow (Figs. 5–7).

To define relationships between the markers, we performed line 
scans on each LRO. Because each color represents a different mol-
ecule, it is not informative to compare the relative intensities of 
colors. Therefore, each of the three colors was normalized to a max-
imum value of 1.0 (Fig. 5 B–D and F–H and SI Appendix, Figs. S6–
S11). The interpretation of the line scans revealed that LROs are 
composed of two compartments in all zinc conditions: an acidified 
compartment that stains with LysoTracker, and an expansion com-
partment that is LysoTracker negative. We assigned names to com-
partments, regions, and membranes (labeled in bold). The acidified 
compartment membrane contains both CDF- 2 and ZIPT- 2.3 and 
surrounds the spherical acidified compartment. The acidified com-
partment has two regions—the LysoTracker region forms the 
center of the sphere and stains strongly with LysoTracker and weakly 
with FluoZin- 3 AM, whereas the zinc region forms the periphery 
of the sphere and stains strongly with FluoZin- 3 AM and weakly 
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Fig. 3. zipt- 2.3, cdf- 2, and glo- 1 function in organismal zinc homeostasis. (A–F) L1 larvae were cultured on standard NAMM dishes or dishes containing the zinc 
chelator TPEN, the iron chelator 2,2′- bipyridyl, or supplemental zinc for 3 d, and the length of individual worms was measured. Genotypes: zipt- 2.3(ok2094), 
amEx350 [zipt- 2.3(oe)], cdf- 2(tm788), glo- 1(zu391), and wild type. Values represent the average length ± SD (3 independent biological replicates, *P < 0.05). [A, WT 
= 51 worms, zipt- 2.3(lf) = 61 worms; B, WT = 180 worms, zipt- 2.3(lf) = 160 worms; C, WT = 215 worms, zipt- 2.3(oe) = 166 worms; D, WT = 119 worms, cdf- 2(lf) = 88 
worms; E, WT = 119 worms, zipt- 2.3(lf) = 134 worms; F, WT = 119 worms, glo- 1(lf) = 72 worms].
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with LysoTracker. The zinc region appears as a crescent adjacent to 
the interface membrane in zinc excess. The expansion compartment 
is a hemisphere that is dynamic in shape and volume. The expansion 
compartment membrane contains CDF- 2 but not ZIPT- 2.3 and 
appears to attach with or surround the acidified compartment mem-
brane. The expansion and acidified compartments appear to be 
separated by a portion of the acidified compartment membrane that 
we named the interface membrane. Fig. 6A shows a diagram of an 
LRO in excess zinc.

The Expansion Compartment Increases in Volume in Response 
to Zinc Excess and Deficiency. To characterize remodeling in 
response to changes in zinc levels, we quantified compartment 
volumes. Volumes were calculated by assuming that the 
compartments were spheres, hollow spheres, or hemispherical 
segments, based on our microscope images (SI Appendix, Fig. S5). 
In zinc- replete conditions, LROs are approximately spherical 
with a total average volume of ~7.6 µm3 (Fig. 6D). The acidified 
compartment represents 83% of the total volume, with a large 
LysoTracker region (~5.9 µm3) and a small zinc region (~0.6 µm3). 
The expansion compartment is contracted; its volume of ~1.2 µm3 
represents 17% of the total volume (Fig. 6 B and D). Although 
contracted, the expansion compartment can be visualized with 
super- resolution microscopy in zinc- replete conditions (Fig. 5 A 

and C and SI Appendix, Figs. S3B and S4B). In many cases, the line 
scan reveals the CDF- 2 boundary (red line) is outside the ZIPT- 2.3 
boundary (green line), indicating the line scan passes through 
the expansion compartment membrane before passing through 
the acidified compartment membrane (Fig. 5C). The ZIPT- 2.3 
membrane coincides closely with LysoTracker (SI  Appendix, 
Fig. S3). The LysoTracker and FluoZin- 3 AM staining overlap 
extensively, and there is frequently a small zinc region outside the 
LysoTracker boundary (Fig. 5G). Overall, LROs in zinc- replete 
medium appear to have stable membrane dynamics, store a small 
amount of zinc, and have a prominent acidified compartment.

After 16 h in zinc excess, LROs increase in total volume about 
60% to an average of ~12.0 µm3 (Figs. 5 D and H and 6 C and 
D and SI Appendix, Fig. S12E). The prominent expansion com-
partment is shaped like a hemisphere and increases about eightfold 
to ~9.3 µm3; this represents 76% of the total volume. The acidified 
compartment is spherical and shrinks overall to 2.7 µm3-  24% of 
total volume; the LysoTracker region is 1.8 µm3, while the zinc 
region is ~0.9 µm3 (Fig. 6 B and D and SI Appendix, Fig. S12). 
In most cases, the line scans reveal that the CDF- 2 boundary (red 
line) is coincident with the ZIPT- 2.3 boundary (green line) as it 
passes through the acidified compartment membrane (Fig. 5 A 
and D and SI Appendix, Fig. S8). In most cases, there is a distinct 
zinc region shaped like a crescent: Line scans reveal FluoZin- 3 
AM staining extends beyond the LysoTracker stain and is coinci-
dent with the CDF- 2 membrane, indicating that the crescent of 
zinc is located in the acidified compartment rather than the expan-
sion compartment (Fig. 5 E and H). Overall, LROs in zinc excess 
appear to have active membrane dynamics driving a growing 
expansion compartment and a prominent crescent of zinc staining 
localized to the acidified compartment.

After 16 h in zinc deficiency, LROs increase slightly to a total 
average volume of ~8.3 µm3 (Figs. 5 B and F and 6 B and D). An 
expansion compartment shaped like a hemisphere is frequently 
visible with an average volume of ~2.0 µm3; this is about 60% 
larger than in replete conditions, representing 25% of total volume 
of the organelle. The acidified compartment is ~6.3 µm3, which 
is 75% of total volume; the LysoTracker region is ~5.3 µm3 while 
the zinc region is ~1.0 µm3 (Fig. 6D and SI Appendix, Fig. S12). 
Overall, LROs in zinc deficiency appear to have active membrane 
dynamics leading to a larger expansion compartment and a mostly 
unchanged acidified compartment.

In excess zinc, the volume of LROs varied ~15- fold; of eleven 
analyzed in detail, the smallest was ~2.2 µm3 and the largest was 
~33.3 µm3 (Fig. 6C and SI Appendix, Fig. S11). Interestingly, the 
overall shape and proportions appeared to be similar despite these 
size differences. To rigorously determine how the proportions of 
compartments and regions in LROs scale with size, we analyzed 
correlations between the volumes of the LysoTracker region, zinc 
region, and expansion compartment and the total volume. In 
zinc excess and deficiency, the expansion compartment and 
LysoTracker region positively correlated with total volume, indi-
cating that LROs have a similar composition regardless of size 
(SI Appendix, Fig. S13). In zinc- replete conditions, only the 
LysoTracker region positively correlated with total volume 
(SI Appendix, Fig. S13).

Vesicles Appear to Deliver Zinc Transporters to LROs, thereby 
Increasing the Volume of the Expansion Compartment. In zinc excess, 
we frequently observed small, spherical vesicles that were positive for 
CDF- 2 adjacent to or fusing with the expansion compartment. In zinc 
deficiency, we occasionally observed such vesicles (Fig. 7C). Based on 
these observations, we propose that vesicle fusion may deliver CDF- 2 
to LROs in zinc excess and may be the source of the increase in the 
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Fig. 4. Zinc reciprocally regulates zipt- 2.3 and cdf- 2 mRNA levels, and ZIPT- 2.3 
and CDF- 2 protein levels. (A) A population of mixed- stage, wild- type animals 
were cultured with 200 µM supplemental zinc (zinc excess), 40 µM TPEN (zinc 
deficient), or standard medium (zinc replete) for 16 h. RNA was analyzed 
by qPCR. The value in zinc- replete conditions was set equal to 1.0 arbitrary 
units (AU), and other values normalized. One dish of worms is a biological 
replicate; average of 3 biological replicates ± SD. (B) Transgenic L4 stage larvae 
expressing CDF- 2::GFP and ZIPT- 2.3::mCherry were cultured with 50 µM TPEN 
or 200 µM supplemental zinc for 16 h. Representative images show one worm 
with bright field (BF, Upper), green fluorescence (Middle), or red fluorescence 
(Lower). White indicates protein expression in intestinal cells. (Scale bar, 10 µm.)
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expansion compartment volume. Similarly, we propose that vesicle fusion 
may be responsible for delivering ZIPT- 2.3 to LROs in zinc deficiency 
and may be the source of the increase in the expansion compartment 
volume. The process seems to be robust in zinc excess conditions, 
resulting in the appearance of many vesicles and a dramatic increase in 
the volume of the expansion compartment; the process is less robust in 
zinc deficiency, since fewer vesicles were observed and changes in the 
expansion compartment volume are subtler (Fig. 7A). Static images do 
not rigorously establish the mechanism of this dynamic process, and an 
alternative model is that removal of expansion compartment membrane 
is reduced in zinc excess and deficiency, resulting in a volume increase.

Based on these observations and previous studies of zinc- regulated 
transcription, we propose an integrated model of zinc homeostasis 
(Fig. 7B). In zinc excess, zinc binds the HIZR- 1 LBD, and HIZR- 1 

translocates to the nucleus where its DBD interacts with the HZA 
enhancer, increasing cdf- 2 transcription. By contrast, transcription 
of zipt- 2.3 is decreased by an unknown mechanism. Increased levels 
of cdf- 2 transcripts result in increased translation of CDF- 2 protein 
in the endoplasmic reticulum and the generation of vesicles that 
fuse with the expansion compartment of LROs. Vesicle fusion adds 
membrane and increases the volume of the expansion compart-
ment; increased levels of CDF- 2 promote zinc transport and detox-
ification, and zinc is concentrated in the zinc region (Fig. 7 B, 
Lower). In zinc- replete conditions, transcription of cdf- 2 and 
zipt- 2.3 are balanced, and only a small number of vesicles fuse with 
LROs, so the expansion compartment is contracted (Fig. 7 B, 
Middle). In zinc deficiency, the LZA enhancer is activated, leading 
to increased levels of zipt- 2.3 transcripts. By contrast, the cdf- 2 

Fig. 5. Super- resolution microscopy reveals that LROs are composed of an acidified and an expansion compartment. (A) Transgenic L4 stage animals expressing 
CDF- 2::GFP (arbitrary color red) and ZIPT- 2.3::mCherry (arbitrary color green) were cultured for 16 h in LysoTracker Blue (arbitrary color blue) in either standard 
medium (Zn replete), 50 µM TPEN (Zn deficient), or 200 µM supplemental zinc (Zn excess). Individual LROs were imaged by super- resolution microscopy for 
green, red, and blue fluorescence, and a MIP is displayed. (Scale bar, 0.5 µm.) (B–D) A line scan was performed, indicated by the dashed white line on the merge 
image. For each color, the highest value was set equal to 1.0 arbitrary units (AU), and other values were normalized. (C’ and C’’) Enlargements of specific regions 
indicated by black double- sided arrows. Annotations above indicate positions of membranes (triangles), compartments (purple and gray rectangles), and regions 
(blue and orange rectangles) as defined in the key between C’’ and F’. (E–H) Transgenic L4 stage animals expressing CDF- 2::mCherry (arbitrary color red) were 
cultured for 16 to 20 h in LysoTracker Blue (arbitrary color blue) and the zinc dye FluoZin- 3 AM (arbitrary color yellow). Culture conditions, imaging, line scan 
analysis, and enlargements in F’, H’, and H’’ are as described for panels A–D.
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promoter is repressed by an unknown mechanism. Increased levels 
of zipt- 2.3 transcripts result in increased translation of ZIPT- 2.3 
protein in the endoplasmic reticulum and the generation of vesicles 
that fuse with the expansion compartment of LROs. Vesicle fusion 
enlarges the expansion compartment slightly, and increased levels 
of ZIPT- 2.3 promote zinc export (Fig. 7 B, Upper).

Discussion

Reciprocal Regulation of CDF- 2 and ZIPT- 2.3 Is a Fundamental 
Mechanism of Zinc Homeostasis. The lysosome is emerging as an 
evolutionarily conserved site of zinc storage in eukaryotes, including 
the vacuole of yeast (26), acidocalcisomes of Chlamydomonas (27, 28),  
LROs in intestinal cells of worms (13), and zincosomes in mammals 
(3, 29, 30). In C. elegans, CDF- 2 transports zinc from cytosol to 
lumen of LROs (13). Here, we show that ZIPT- 2.3 transports zinc 
from the lumen back into the cytosol. This conclusion is based on 
ZIPT- 2.3 transport activity in cultured cells, specific localization 
of ZIPT- 2.3 to the acidified compartment of LROs, and genetic 
analysis showing zipt- 2.3 is necessary to release zinc stored in 
LROs. The identification of CDF- 2 and ZIPT- 2.3 as the pair of 
transporters that control zinc storage and release from LROs is an 
important advance in understanding zinc homeostasis. Fourteen 
ZIPT proteins are present in C. elegans (14, 15); Sue et al. (2022) 
reported that ZIPT- 2.4 localizes to the germline and vesicular- like 
structures in the intestine (31), raising the possibility that it also 
functions in zinc homeostasis in LROs.

ZIPT- 2.3 and CDF- 2 display reciprocal regulation in response 
to low and high zinc conditions, identifying a fundamental mech-
anism for directional flow. In excess zinc, HIZR- 1 (9) translocates 
to the nucleus and activates transcription of cdf- 2, increasing zinc 
storage capacity in LROs. Here, we show excess zinc also reduced 
levels of zipt- 2.3 mRNA, reducing zinc release capacity. The 

mechanism of transcriptional repression by high zinc is unknown 
and represents an important question for future studies. We pro-
pose that high levels of CDF- 2 and low levels of ZIPT- 2.3 are 
responsible for the net flow of zinc from the cytosol into the lumen 
of LROs in zinc excess.

During zinc deficiency, an unknown mechanism activates the 
LZA enhancer, resulting in high levels of zipt- 2.3 transcript and 
increased capacity for zinc mobilization from LROs. Chapman et al. 
(2019) reported that transcription factor KLF- 3 mediates zipt- 2.3 
expression, but the relationship to the LZA enhancer is unknown 
(20). Here, we show zinc deficiency also results in reduced levels of 
cdf- 2 mRNA, reducing zinc storage capacity. The mechanism of 
transcriptional repression by low zinc is unknown, laying the foun-
dation for future studies. We propose that high levels of ZIPT- 2.3 
and low levels of CDF- 2 are responsible for the net flow of zinc from 
the lumen of LROs into the cytosol during zinc deficiency.

Transcriptional control of CDF and ZIP proteins is well doc-
umented in yeast. In zinc deficiency, the zinc- responsive tran-
scription factor Zap1 becomes active, leading to the elevated 
expression of the vacuolar zinc transporters Zrt3 and Zrc1, and 
the ER transporter Zrg17 (32, 33). Zrt3 is a ZIP protein that 
localizes to the vacuole and releases zinc (30). In mammals, 
many ZNT and ZIP family members are reported to localize 
to the ER, Golgi, and lysosome in various cell types; however, 
little is known about pairs of ZNT and ZIP proteins that local-
ize to the same lysosome. ZIP3 (34) and ZIP8 (35) localize to 
lysosomes, suggesting that these proteins may release stored 
zinc. The zinc exporter ZNT2 localizes to lysosomes (36) and 
regulates zinc storage during mammary gland involution (37). 
ZNT3 and ZNT4 co- localize with LAMP- 1, an endolysosomal 
marker, suggesting that they promote zinc storage in lysosomes 
(38, 39). ZNT4 cooperates with TRPML1, a zinc importer, to 
regulate zinc flow between the cytosol and the lysosome (40), 
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Fig. 6. LROs dynamically respond to changing cytosolic zinc levels. (A) Model of an LRO in zinc- excess conditions. Compartments, regions, and membranes are 
labeled. CDF- 2 and ZIPT- 2.3 proteins are black/white or pink arrows, respectively. (B) Transgenic L4 stage animals expressing CDF- 2::mCherry were cultured for 
16 to 20 h in LysoTracker Blue and the zinc dye FluoZin- 3 AM in either standard medium (Zn replete), 50 µM TPEN (Zn deficient), or 200 µM supplemental zinc 
(Zn excess). Individual LROs were imaged by super- resolution microscopy for green, red, and blue fluorescence. The volumes of the LysoTracker region, zinc 
region, and expansion compartment were quantified as described in SI Appendix, Fig. S5. (C) Merge images of LROs from animals cultured in zinc excess illustrate 
volume variation. (Scale bar, 0.5 µm.) The same LROs are shown in SI Appendix, Fig. S11. (D) Volumes of the expansion compartment, zinc region, LysoTracker 
region, and total LRO were determined as described in panel B. Values are average ± SD, and percent is the fraction of the total volume. N = 11 deficient LROs, 
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suggesting that this is another type of regulation for zinc storage 
and release.
LROs contain a dynamic expansion compartment. Roh et al. (2012) 
showed LROs adopt a bilobed morphology in high zinc, but the 
structure was not well defined (13). Here, we used super- resolution 
microscopy, new markers, and a wider range of zinc concentrations 
to advance understanding of the bilobed morphology and lysosome 
remodeling. Our results indicate that LROs in intestinal cells are 
composed of an acidified compartment that stains with LysoTracker, 
CDF- 2, and ZIPT- 2.3, and an expansion compartment that 
stains with CDF- 2 but not LysoTracker or ZIPT- 2.3. This raises 
the fascinating question of how these two membrane- bound 
compartments acquire and sustain different compositions of 
transmembrane proteins. The expansion compartment is dynamic—
it increases in volume dramatically in high zinc, consistent with the 
results of Roh et al. (13). Furthermore, here we show that it increases 
in volume moderately in low zinc, indicating that remodeling occurs 
in both zinc extremes. Surprisingly, the expansion compartment 
is also present in zinc- replete conditions, but it is contracted and 
difficult to appreciate; it can be visualized with super- resolution 
microscopy, whereas it was not apparent with standard confocal 
microscopy.

In high zinc, the expansion compartment is often shaped like a 
hemisphere that appears to be attached to the acidified compartment. 
Hemisphere formation has been reported in yeast vacuoles, but it is 
a transient state (41) that facilitates selective protein degradation 
(42). An alternative model is that the expansion compartment com-
pletely surrounds the acidified compartment; this might occur by 
invagination, similar to formation of multivesicular bodies (43). This 
model predicts that line scans will always encounter the expansion 
compartment membrane before the acidified compartment mem-
brane. However, our line scans often encountered the acidifed com-
partment first, indicating that in at least some LROs, the acidified 
compartment membrane contacts the cytosol rather than being 
completely surrounded by the expansion compartment membrane. 
Our data do not resolve the precise relationship between the two 
membrane compartments. The cartoons of LROs in Figs. 6 and 7 
were drawn to look like typical LROs but are not meant to specifiy 
the detailed membrane structure; future studies are needed to dis-
tinguish these alternative models.

We propose that dynamic growth of the expansion compart-
ment in high and low zinc is driven by vesicle fusion. In zinc 
excess, we frequently observed vesicles that appear to be fusing 
with the expansion compartment or were positioned close to it. 
This model is appealing because it explains the source of the mem-
brane that allows the expansion compartment to increase in vol-
ume. However, our static images can only be used to infer dynamic 
processes. Alternative models are that vesicles are undergoing 
fission or are close to the expansion compartment by coincidence. 
Future studies, such as video recordings, are necessary to directly 
address the mechanisms of dynamic change in LROs.

The acidified compartment function is well established—the 
low pH environment promotes the activity of enzymes that 
degrade macromolecules for nutrient recycling. Our results doc-
ument the existence of a dynamic expansion compartment, raising 
a new question: What is the function of this compartment? We 
propose that the expansion compartment is a mechanism to pro-
mote rapid transitions in the ratio of zinc transporters without 
disturbing the acidified compartment. According to this model, 
in zinc excess, the cell must increase the ratio of CDF- 2 to 
ZIPT- 2.3 on the membrane of LROs. This is accomplished by 
reciprocal regulation of transcription, which increases cdf- 2 levels 
and decreases zipt- 2.3 levels, followed by delivery of vesicles with 
the new ratio of transporters to the expansion compartment. 

Because fusion of the new vesicles occurs at the expansion com-
partment, the acidified compartment is protected from fusion to 
vesicles that are not acidified. Conversely, in zinc deficiency, recip-
rocal transcriptional regulation increases zipt- 2.3 levels and 
decreases cdf- 2 levels, so newly synthesized vesicles that fuse to the 
expansion compartment will begin to shift the transporter ratio 
to favor zinc release.
Metal storage in LROs. To determine the volume of the zinc region, 
we measured and then calculated the area stained with fluorescent 
zinc dye. FluoZin- 3 AM detects “labile” zinc that is chelatable by the 
dye, but not total zinc. The calculated volumes were 0.6 ± 0.6 µm3 
in replete, 0.9 ± 0.4 µm3 in excess, and 1.0 ± 0.4 µm3 in deficient; 
there was no statistical difference between these values or between 
these volumes calculated as a percent of total LRO volume. We did 
not quantify zinc levels in individual LROs. The overall amount of 
FluoZin- 3 AM staining in the intestine decreases in zinc deficiency 
compared to excess (13). These results indicate that the volume of 
the zinc region in individual LROs does not correlate well with the 
overall amount of zinc stored in the intestine. One interpretation is 
that the number of LROs is reduced in zinc deficiency compared to 
excess; thus, while the volume of zinc regions in individual LROs is 
not altered significantly, the overall volume of zinc regions is smaller 
in deficiency due to a smaller number of LROs. Alternatively, the 
volume of the zinc region may not correlate with the amount of zinc 
stored. Future studies that quantify total zinc in individual lysosomes 
using X- ray fluorescence microscopy would help distinguish these 
alternative models.

Our results show that labile zinc is concentrated in the acidified 
compartment lumen; however, CDF- 2 localizes to the expansion 
compartment membrane, suggesting that zinc may also be trans-
ported into the expansion compartment lumen. One possibility is 
that zinc in the expansion compartment is not visualized by 
FluoZin- 3 AM, either because the dye is not located in the expansion 
compartment or this zinc is tightly bound and not labile. Alternatively, 
zinc that enters the expansion compartment may be rapidly trans-
ported to the acidified compartment. Another possibility is that zinc 
does not enter the expansion compartment effectively because 
CDF- 2 activity on that membrane is low. CDF- 2 is part of the 
SLC30A family, and some members are H+ antiporters (44). If 
CDF- 2 is also a H+ antiporter, then it might be highly active on the 
acidified compartment membrane due to the low pH of the lumen, 
whereas it might be less active on the expansion compartment mem-
brane due to the higher pH of that lumen. Thus, localization to 
compartments with different pH may be another regulatory mech-
anism to control CDF- 2 activity.

The anion that balances the Zn2+ charge in the LRO is 
unknown; anthranillic acid (45) has been reported to exist in 
intestinal LROs and may be a candidate. An interesting possi-
bility is that the anion is transported in parallel with zinc, and 
the anion transporter may be regulated by the high and low- zinc 
homeostasis pathways.

Here, we focus on zinc, but the LRO may also store other metals. 
Chun et al. (2017) showed that LROs in intestinal cells of C. elegans 
store copper, and the copper transporter CUA- 1 re- localizes from 
the intestinal basolateral membrane to LROs during excess copper 
exposure (46). While LROs store both copper and zinc, it is 
unknown whether these metals are stored in the same location and 
whether copper storage involves dynamic changes in the expansion 
compartment. LROs in Chlamydomonas, known as acidocalci-
somes, are also a site for metal mobilization and sensitive to zinc 
levels in the cell. Zinc deficiency in Chlamydomonas results in iron 
and copper hyperaccumulation in acidocalcisomes (27, 47). Our 
results establish the foundation for understanding how the structure 
of LROs facilitates multiple activities including degradation of 
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macromolecules and storage of essential nutrients such as zinc and 
copper.

Experimental Procedures Summary

Plasmid DNA construction and transgenic strain generation used 
standard C. elegans techniques. Worm growth was measured after 
3 d using microscopy. Zinc shift assays were performed with 
FluoZin- 3 AM. Quantitative real- time PCR was performed using 
standard methods (14). Zinc uptake assays were performed using 
HEK293T cells based on methods described by Gaither and Eide 
(48). Spinning- disk microscopy and super- resolution microscopy 
were performed on live animals. Comparisons of data were per-
formed using the two- tailed unpaired Student’s t test or a 2- way 
ANOVA, and a P value <0.05 was considered significant. Pearson 
correlations were first analyzed by 1- way ANOVA; when P < 0.05, 
data were further analyzed by a student’s t test. See SI Appendix 
for detailed methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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