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Distinct roles for luminal acidification in apical
protein sorting and trafficking in zebrafish
Daniel S. Levic, Sean Ryan, Lindsay Marjoram, Jamie Honeycutt, Jennifer Bagwell, and Michel Bagnat

Epithelial cell physiology critically depends on the asymmetric distribution of channels and transporters. However, the
mechanisms targeting membrane proteins to the apical surface are still poorly understood. Here, we performed a visual
forward genetic screen in the zebrafish intestine and identified mutants with defective apical targeting of membrane
proteins. One of these mutants, affecting the vacuolar H+-ATPase gene atp6ap1b, revealed specific requirements for luminal
acidification in apical, but not basolateral, membrane protein sorting and transport. Using a low temperature block assay
combined with genetic and pharmacologic perturbation of luminal pH, we monitored transport of newly synthesized
membrane proteins from the TGN to apical membrane in live zebrafish. We show that vacuolar H+-ATPase activity regulates
sorting of O-glycosylated proteins at the TGN, as well as Rab8-dependent post-Golgi trafficking of different classes of apical
membrane proteins. Thus, luminal acidification plays distinct and specific roles in apical membrane biogenesis.

Introduction
Epithelial cells line the surface of most internal organs and have
vital roles in physiology by mediating the transport of fluid,
nutrients, and other solutes. These physiological functions are
dependent on the asymmetric localization of transporters,
channels, and adhesion molecules. Polarization allows cells to
generate ion gradients that in turn provide the driving force for
transporting sugars, amino acids, and other molecules (Caceres
et al., 2017). An essential step for generating and maintaining
epithelial cell polarity is the delivery of membrane proteins to
the apical or basolateral plasma membrane. This process gen-
erally occurs via sorting within the TGN into distinct post-Golgi
transport membrane compartments (Griffiths and Simons,
1986), followed by their trafficking along intermediate com-
partments and delivery to the apical or basolateral plasma
membrane (Rodriguez-Boulan and Macara, 2014).

Basolateral sorting of membrane proteins has been exten-
sively characterized (Guo et al., 2013) and involves binding of
cytoplasmic adapters like clathrin to cytoplasmic sorting motifs
(Fölsch et al., 1999; Gravotta et al., 2012). In contrast, the mo-
lecular mechanisms underlying apical membrane protein sort-
ing are poorly defined. Apical sorting signals are heterogeneous
and comprise luminal glycans, transmembrane domains, and/or
covalently attached lipids that are inaccessible to adaptors and
are not known to bind to receptors (Rodriguez-Boulan and
Macara, 2014). Sorting of many apical membrane proteins de-
pends on N- or O-glycans or protein–lipid interactions and

partitioning into lipid rafts (Brown and Rose, 1992; Scheiffele
et al., 1995; Alfalah et al., 1999; Simons and Vaz, 2004;
Lingwood and Simons, 2010). In other cases, glycans mediate
apical sorting independently of lipid raft association (Yeaman
et al., 1997; Breuza et al., 2002). This mechanism is thought
to be aided by carbohydrate-binding lectins such as galectin-3
(Delacour et al., 2008), galectin-4 (Delacour et al., 2005), and
galectin-9 (Mishra et al., 2010). Although mechanistically dis-
tinct, each of these modes of apical sorting involve the forma-
tion of membrane protein clusters in the TGN (Griffiths and
Simons, 1986; Mellman and Simons, 1992), which facilitates
segregation into apical transport carriers (Schuck and Simons,
2004; Paladino et al., 2004), and possibly also promotes carrier
formation (Klemm et al., 2009). The role of clustering in pro-
tein sorting is conserved and has been implicated in plasma
membrane protein sorting in budding yeast (Bagnat et al.,
2000; Bagnat and Simons, 2002) and is likely also involved in
apical targeting in Caenorhabditis elegans (Zhang et al., 2011).

Although clustering is known to promote apical sorting, the
molecular machinery regulating this process in the TGN has not
been identified. This raises the possibility that apical sorting is
driven primarily by biophysical processes such as glycan–glycan
and glycan–glycolipid interactions within the permissive acidic
environment of the TGN (Hakomori, 2004; Matlin, 1986; Kim
et al., 1996; Miesenböck et al., 1998). Indeed, luminal acidifica-
tion was proposed decades ago to play a role in polarized sorting
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in epithelial cells (Matlin, 1986; Griffiths and Simons, 1986), but
whether luminal pH functions in apical sorting has not been
demonstrated. A recent C. elegans genetic screen for apical po-
larity identified multifaceted roles for the vacuolar H+-ATPase
(V-ATPase) in brush border (BB) integrity (Bidaud-Meynard
et al., 2019). However, which V-ATPase functions are attribut-
able to its canonical role in pH regulation and how these relate to
the different phases of apical protein sorting and trafficking
remains unclear.

Apical trafficking networks have been extensively charac-
terized using 2D and 3D cell culture models such as MDCK cells
(Martin-Belmonte et al., 2007; Bryant et al., 2010, 2014; Apodaca
et al., 2012). In vivo, clear roles for apical transport have also
been identified for Rab8 (Sato et al., 2007, 2014) and Rab11
(Sobajima et al., 2014), as well as other effector proteins (Nakajo
et al., 2016; Weis et al., 2016). However, the in vivo dynamics of
these trafficking events and their regulation are not fully un-
derstood. One factor limiting progress in this field has been the
difficulty of investigating epithelial polarization and trafficking
processes in genetically tractable organisms that rely on com-
plex sorting mechanisms, such as vertebrates.

Here, we performed a visual forward genetic screen in ze-
brafish to uncover factors required for apical targeting of the
O-glycosylated membrane protein p75 in the intestine. Through
characterization of one of these mutants, we show that luminal
acidification, driven by the V-ATPase, is required for both the
initial sorting and later trafficking of apical membrane proteins.
By monitoring in vivo post-Golgi transport of newly synthesized
membrane proteins, combined with chemical and genetic per-
turbation of luminal pH, we show that acidification is crucial for
biosynthetic delivery of apical, but not basolateral, membrane
proteins. We demonstrate that the specific requirement for H+

ATPase activity in apical trafficking derives from its impact on
Rab8 recruitment to tubular biosynthetic carriers.

Results
A forward genetic screen in zebrafish identifies regulators of
apical membrane protein polarity
To uncover regulators of apical membrane biogenesis in intes-
tinal epithelial cells (IECs), we performed a visual forward ge-
netic screen in zebrafish using C-terminally GFP-tagged p75
(NGF receptor; Fig. 1 A) as a model apical membrane protein.
This marker has been extensively characterized in cultured
mammalian cells, and its apical localization has been shown to
be mediated by its O-glycosylated stalk domain (Yeaman et al.,
1997; Breuza et al., 2002). To monitor apical membrane protein
sorting in vivo, we generated a zebrafish transgenic line, Tg(i-
fabp2:p75-GFPpd1208), that expresses p75-GFP in larval IECs (Fig. 1
B). In 5-d postfertilization (dpf) larvae, we observed apical en-
richment (92.8% ± 1.5% of GFP signal present at the BB; Fig. 1, C
and D) in IECs, with little to no intracellular localization at
steady-state. We then followed a traditional 3-generation for-
ward genetic screen using 1-ethyl-1-nitrosourea (ENU) muta-
genesis to identify recessive mutations that impair localization
of p75-GFP (Fig. 1 E). We generated 452 F2 families and screened
F3 larvae at 5 dpf in ∼20 clutches per family (Fig. 1 F). We first

looked for changes in p75-GFP apical membrane intensity in live
larvae using a stereo microscope and then rescreened candidate
mutations at higher resolution on transverse sections using
confocal microscopy (Fig. 1, F–H).

From our screen, we recovered five mutants showing mis-
localized p75-GFP, corresponding to four distinct phenotypic
classes (Fig. 1, I–N): cx20.16pd1215 exhibits randomized apical-
basolateral missorting (Fig. 1 K, arrowheads); bb20.14pd1216 accu-
mulates p75-GFP in multiple small subapical vesicles (Fig. 1 L,
arrows); and bx67.16pd1217 and bx38.22pd1218 show partial retention
of p75-GFP in a highly diffuse and reticulated compartment
throughout the cytoplasm (Fig. 1 M, arrows), likely the endo-
plasmic reticulum. The last mutant, aa24.2pd1209, which is the
focus of these studies, is characterized by a robust intracellular
accumulation of p75-GFP in enlarged subapical vacuoles
(Fig. 1 N, arrows), as well as basolateral missorting (Fig. 1 N,
arrowheads). We performed all our analyses at stages several
days before any lethality resulting from the mutations (Fig.
S1 A).

Loss of V-ATPase function leads to intracellular accumulation
of p75-GFP
To identify the mutation responsible for the aa24.2pd1209 mutant
phenotype, we used whole exome sequencing and positional
cloning (Fig. 2, A and B; Ryan et al., 2013). We identified a ge-
nomic interval on chromosome 23 containing a candidate mu-
tation affecting the splice donor site of exon 9 in atp6ap1b (Fig. 2
C). The mutation is predicted to cause intron readthrough and
introduce a premature stop codon to the atp6ap1b transcript,
truncating the protein before the transmembrane domain. In
agreement, we detected nonsense-mediated decay of the at-
p6ap1b transcript by RT-PCR (Fig. 2 D). Rescue experiments
showed that expression of WT or GFP-tagged atp6ap1b is suffi-
cient to partially restore skin pigmentation, jaw morphogenesis,
and body length defects of aa24.2pd1209 mutants (Fig. S1, B, C, F,
and G). Crossing the aa24.2pd1209 allele to a previously identified
atp6ap1b mutant allele (Nuckels et al., 2009) failed to comple-
ment these phenotypes (Fig. S1 D). Moreover, mosaic expression
of HA-tagged Atp6ap1b in IECs suppressed p75-GFP vacuolar
accumulation in aa24.2pd1209mutants (Fig. S1 E). These data show
that loss of atp6ap1b causes the aa24.2pd1209 (hereafter called at-
p6ap1bpd1209) mutant phenotype.

Atp6ap1b is a homologue of ATP6AP1 (aka AC45), an acces-
sory protein subunit of the V-ATPase complex that mediates
luminal acidification of both secretory and endocytic pathway
organelles (Fig. 2 E; Maxson and Grinstein, 2014; Cotter et al.,
2015). Consistent with a loss of V-ATPase function, atp6ap1bpd1209

mutants showed decreased labeling of acidic compartments in
the gut following gavage of the acidotropic dye LysoTracker
(Fig. 2 F). To determine if the p75-GFP localization defects ob-
served in atp6ap1bpd1209 mutants stem from loss of V-ATPase
function, we analyzed seven additional mutations affecting
either the V0 or V1 sector of the complex (Fig. 2 G). All V-ATPase
mutants analyzed exhibited subapical accumulation of p75-GFP
of varying severity (Fig. 2, G and H, arrows), with some also
showing basolateral missorting (Fig. 2, G and H, arrowheads).
Mutants of atp6v0ca, which encodes the subunit comprising the
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Figure 1. Forward genetic screen identifies mutations perturbing sorting and trafficking of apical membrane proteins. (A) Schematic of p75-GFP, a
model O-glycosylated apical membrane protein. TMD, transmembrane domain. (B) Tg(ifabp2:p75-GFP)pd1208 larvae show expression in the intestine (black box

Levic et al. Journal of Cell Biology 3 of 22

Luminal pH regulates apical protein delivery https://doi.org/10.1083/jcb.201908225

https://doi.org/10.1083/jcb.201908225


proteolipid pore that transports protons, showed complete re-
tention of p75-GFP within vacuoles and no signal at the apical
membrane (Fig. 2 H). Additionally, WT larvae treated with the
highly specific V-ATPase pump inhibitor bafilomycin recapitu-
lated p75-GFP localization defects found in atp6ap1bpd1209 mu-
tants (Fig. 2 H). V-ATPase mutants and bafilomycin-treated
larvae also showed vacuolar accumulation of p75-GFP when
expressed in pronephric epithelial cells (Fig. 2, I and J, arrows),
suggesting a general requirement in epithelial cells.

Together, these data show that loss of V-ATPase pump ac-
tivity results in impaired apical membrane localization of p75-
GFP in atp6ap1bpd1209 mutants.

V-ATPase function is required for polarized apical but not
basolateral membrane protein delivery
To determine if localization defects in V-ATPase mutants are
specific to p75-GFP, we tested other classes of polarized proteins.
Similar to p75-GFP, intestinal-type sodium-phosphate co-
transporter (NaPi-2b-intGFP), endogenous aminopeptidase-N
(Anpep; Fig. S2), mucins, and CD36-RFP all showed vacuolar
retention in atp6ap1bpd1209mutants (Fig. 3, A–D, arrows; and Fig.
S3 A, arrows). By contrast, villin, a soluble protein highly po-
larized at the apical BB, did not accumulate in vacuoles (Fig. S3
B, arrows), indicating a specific defect in membrane protein
transport in atp6ap1bpd1209 mutants. In addition to subapical
retention, O-glycosylated p75-GFP, Anpep, and mucins showed
basolateral missorting (Fig. 3, A and C, arrowheads). Vacuolar
accumulation and missorting of O-glycosylated Anpep was also
observed in V-ATPase V0 and V1 sector mutants (Fig. S1 H,
arrows and arrowheads, respectively).

The vacuoles containing p75-GFP were also labeled with the
lysosomal marker Lamp2-RFP (Rodŕıguez-Fraticelli et al., 2015;
Fig. 3 A, arrows). To characterize this compartment further, we
collected high resolution confocal z-stacks and performed 3D
rendering of Lamp2-RFP and p75-GFP. This analysis revealed a
complex morphology of large vacuoles, with p75-GFP present
within and surrounding the vacuoles in tubular structures
(Fig. 3 E, arrows), suggesting that vacuoles fuse with apical tu-
bular carriers that transport p75-GFP in V-ATPase mutants.

In contrast to apical membrane proteins, basolateral membrane
proteins, including endogenously tagged E-cadherin–mLanYFP
(Cronan and Tobin, 2019) and Na+/K+-ATPase, did not show vacu-
olar retention at steady-state in atp6ap1bpd1209 mutants (Fig. 3, F and
G, arrows). To further test whether loss of V-ATPase function
specifically affects apical membrane transport, we generated heat
shock-inducible lines expressing basolateral membrane proteins
MICA-GFP or Aqp3-GFP, as well as apical p75-GFP (Fig. 3, H–J). We
treated 5-dpf larvae for 4 h with DMSO (control) or bafilo-
mycin immediately after heat shock induction. Although

p75-GFP accumulated subapically in vacuoles after bafilomy-
cin treatment (Fig. 3 J, arrows), MICA-GFP and Aqp3-GFP,
similar to the controls, were present at the basolateral mem-
brane and did not accumulate intracellularly (Fig. 3, H and I).

Because the aberrant vacuoles present in atp6ap1bpd1209 mu-
tants sequester apical and lysosomal membrane proteins, we
next asked whether cargo internalized from the apical mem-
brane also accumulates in these vacuoles. To this end, we de-
signed a “pulse-chase” gavage assay and followed the fate of
internalized soluble cargo. Following gavage, internalization of
cargo was allowed to proceed for 90 min (pulse), and then the
excess cargo in the lumen was flushed with unlabeled buffer
(chase), keeping the larvae in fresh water for various times
before processing for analysis (Fig. S3 C). Using this approach,
we observed perinuclear enrichment of endocytic tracers FM4-
64 and transferrin in WT controls after a 90-min chase (Fig. S3,
D and E), while atp6ap1bpd1209 mutants accumulated the apically
internalized cargo in vacuolesmarked by p75-GFP (Fig. S3, D and
E, arrows).

Together, these data show that loss of V-ATPase function
impairs polarized trafficking of both apical N- and O-glycosylated,
but not basolateral, membrane proteins, leading to their accu-
mulation in aberrant vacuoles that also contain internalized fluid-
phase cargo and lysosomal membrane proteins. Loss of V-ATPase
function also causes basolateral missorting of O-glycosylated
membrane proteins.

In vivo assay of biosynthetic membrane protein trafficking
Given that atp6ap1bpd1209 mutants accumulate cargo internalized
from the apical surface within vacuoles, it was unclear whether
retention of apical membrane proteins in these mutants occurs
primarily during biosynthetic transport or due to impaired re-
cycling following endocytosis.

To distinguish between these two possibilities, we developed
an in vivo assay based on the low temperature block and release
of biosynthetic cargo transport at the TGN. This assay originated
from the discovery that cargo export from the TGN is naturally
temperature sensitive and can be temporarily and reversibly
blocked by incubatingmammalian cells at 20°C for several hours
and then shifting them back to 37°C (Matlin and Simons, 1983).
By combining a low temperature block with selective labeling of
newly synthesized proteins (e.g., pulse-chase radiolabeling), it
was possible to monitor biosynthetic TGN export of a cohort of
labeled membrane proteins. To adapt this assay for an in vivo
microscopy setting, we used our inducible p75-GFP line and
found a temperature that blocks transport of newly synthesized
p75-GFP with no deleterious effects and complete recovery after
returning the larvae to the physiological temperature. We found
that incubation of 5-dpf larvae at 14°C for 2 h immediately after a

in upper panel). (C) Transverse section showing p75-GFP localization at the BB. The white dotted line demarcates the intestinal epithelium. The transverse
section was taken at the level indicated by the white rectangle in B. Scale bar is 20 µm. (D) Quantitation of p75-GFP enrichment at the apical membrane
expressed as a percentage of BB GFP signal intensity over total cellular GFP intensity. n = 38 IECs from four larvae at 5 dpf. Error bars are SD. (E) Schematic of
genetic screen design. (F) Workflow of screen. (G) Initial screen characterization of mutants. Scale bars are 500 µm. (H) Confocal imaging of transverse
intestinal sections. Scale bars are 20 µm. (I)Mutant classes recovered from our forward genetic screen. (J–N)Mutants affecting p75-GFP localization. Images
are representative of phenotypes observed. Arrows show intracellular accumulations; arrowheads indicate basolateral missorting. Scale bars are 10 µm. n > 10
mutants in more than three independent experiments.
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Figure 2. V-ATPase function is required for apical membrane protein delivery. (A–D) Identification of aa24.2pd1209 as a splice site mutation in atp6ap1b of
the V-ATPase complex. SNPtrack linkage analysis (A) and positional cloning (B) of the aa24.2pd1209mutation affecting the splice donor site of exon 9 of atp6ap1b
(C). Rec, recombinants; TM, transmembrane. (D) RT-PCR showing decay of the atp6ap1b mutated transcript. (E) Illustration of the V-ATPase complex.
(F) aa24.2pd1209mutants show decreased labeling of acidic organelles; aberrant vacuoles are not acidified (arrows). Larvae were gavaged with LysoTracker and
processed within 30 min for confocal microscopy. n = 8 mutants in three independent experiments. (G and H) All V-ATPase subunits analyzed showed variable
defects in apical membrane protein trafficking and sorting. (G) Genetic analysis of p75-GFP localization in V-ATPase subunit mutants. Plus signs indicate
relative penetrance for each phenotype. (H) p75-GFP localization in different V0 and V1 sector V-ATPase mutants. WT larvae treated with 250 nM bafilomycin
for 16-h phenocopy p75-GFP localization of V-ATPase mutants. Arrows point to vacuolar accumulation; arrowheads show basolateral missorting. n > 10 larvae
of each genotype/treatment from at least two independent experiments. Scale bars are 10 µm. (I and J) p75-GFP localization in the pronephros of aa24.2pd1209

mutants and bafilomycin-treated larvae. n > 3 larvae of each genotype/treatment from at least two independent experiments. Scale bars are 5 µm.
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30-min 42°C heat shock induction can serve as an effective and
well-tolerated (100% survival) temperature block for p75-GFP
(Fig. 4 A). Larvae subjected to these conditions showed perinu-
clear accumulation of p75-GFP, whereas incubation at the
physiological temperature of 28°C for the same duration led to
apical membrane enrichment (Fig. 4, B and C, arrows). Using

B4GALT1-tagRFPt as a marker for the TGN, we found that p75-
GFP accumulated in the TGN of enterocytes (Fig. 4, D and E), as
is the case for cultured mammalian cells in the classic 20°C TGN
block (Matlin and Simons, 1983).

Next, to monitor biosynthetic post-Golgi transport, we per-
formed a low temperature block and then shifted the larvae back

Figure 3. Loss of V-ATPase function impairs apical but not basolateral membrane protein delivery. (A–D) Schematic and localization of O- and
N-glycosylated apical membrane proteins in aa24.2pd1209 mutants. Mutants retain apical membrane proteins in aberrant apical vacuoles, marked with Lamp2-
RFP. Arrows point to vacuoles; arrowheads to basolateral missorting. n ≥ 7 mutants in at least two independent clutches for A–C; n = 3 mutants for D. Scale
bars are 10 µm. C, C-terminus; EC, extracellular; Glyc, glycan; IC, intracellular; N, N-terminus; TMD, transmembrane domain. (E) 0.6-µm depth 2D projection
(two optical slices) of p75-GFP/Lamp2-RFP vacuoles (top) and corresponding 7.2-µm depth 3D reconstruction (bottom). p75-GFP shows a tubular appearance
in addition to vacuolar retention in aa24.2pd1209 mutants (arrows). Data are from z-series taken for experiments in A. Scale bars are 2 µm. (F–J) Basolateral
membrane proteins are not retained in vacuoles (arrows) upon loss of V-ATPase function. Endogenously expressed E-cadherin-YFP (F) and Na+K+ ATPase (G)
do not accumulate in vacuoles in aa24.2pd1209 mutants. n > 10 mutants from three independent experiments for F and G. Overexpressed MICA-GFP (H) and
Aqp3-GFP (I) do not accumulate intracellularly, as with p75-GFP (J), in larvae treated with 500 nM bafilomycin for 4 h. n ≥ 6 larvae per condition for H–J. Scale
bars are 10 µm.
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to their physiological 28°C temperature to release p75-GFP from
the TGN and imaged the intestine after defined time intervals
(Fig. 4 F). p75-GFP rapidly exited the TGN (Fig. 4 G, arrowheads)
in apical carriers and began to populate the BB (Fig. 4 G, arrows)
within 1 h of TGN release. Between 1–4 h of TGN release,
p75-GFP was depleted from the TGN and became enriched at
the apical membrane (Fig. 4 G, arrows), reaching steady-state
localization within ~8 h after TGN release, with the signal
remaining stable at the apical membrane for ≥24 h (Fig. 4 H).

V-ATPase activity is required for the biosynthetic transport of
p75-GFP
At steady-state, V-ATPase mutants show progressive accumu-
lation of apical membrane proteins in aberrant vacuoles

between 3–5 dpf (Fig. 5 A, arrows). To determine how V-ATPase
function regulates apical membrane protein trafficking during
distinct steps of transport, we monitored p75-GFP localization
after a TGN release in the presence of DMSO (control) or bafi-
lomycin to inhibit V-ATPase H+ pump activity (Fig. 5 B). 1 h
following TGN release, control larvae showed a clear enrichment
of p75-GFP at the apical membrane (Fig. 5, C and D, arrows). By
contrast, bafilomycin-treated larvae showed p75-GFP accumu-
lation subapically (Fig. 5 C, arrowheads), with only a minor pool
present at the apical membrane (Fig. 5 D, arrow). Perinuclear
localization of p75-GFP was also more prominent in bafilomycin-
treated larvae, suggesting a potential role for V-ATPase activity
at the TGN (Fig. 5 C). After a 4-h TGN release, p75-GFP largely
remained accumulated subapically in bafilomycin-treated larvae

Figure 4. A low temperature block synchronizes biosynthetic transport of p75 in the TGN in vivo. (A–E) A low temperature TGN block for zebrafish
larvae. (A) Schematic of low-temperature TGN block. (B and C) Apical membrane transport (arrow) of newly synthesized p75-GFP is stalled after a 2-h low
temperature block. Arrowheads point to perinuclear pool. n ≥ 5 larvae per condition in three independent experiments. Scale bars are 10 µm. (D) Newly
synthesized p75-GFP is retained at the TGN (arrowheads), marked by Galt-tagRFPt. n = 5 larvae. (E) Colocalized p75-GFP+ and B4GALT1-tagRFPt+ pixels from
D. Scale bars are 10 µm. (F–H) A TGN block and release assay for zebrafish larvae. (F) Experimental strategy. (G) p75-GFP localization at various time points
after a TGN release. p75-GFP is rapidly released from the TGN into apical carriers, progressively accumulating at the apical membrane. Scale bars are 10 µm.
(H) Kinetic analysis of p75-GFP transport after a TGN release plotted as a ratio of apical membrane intensity (CAM) to cytoplasm intensity (CC) over time. Data
are fitted with a one-phase exponential association model (R2 = 0.8159; n > 20 cells from at least two animals per time point; error bars are SD).
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(Fig. 5 E, arrowheads), was depleted at the apical membrane
(Fig. 5, E and F, arrows), and began to line vacuolar compart-
ments similar to those present in V-ATPase mutants (Fig. 5 E,
asterisks, inset).

To determine whether the observed trafficking defects were
of biosynthetic origin, we modified our TGN release assay to
distinguish between biosynthetic transport and the recycling

pathway. We first allowed p75-GFP to reach steady-state local-
ization at the apical membranewith a 24-h TGN release and then
applied bafilomycin for 1–2 h (Fig. 5 G). With this pulse-chase
approach, no additional synthesis of p75-GFP occurs during the
bafilomycin treatment, and any accumulation subapically would
have to result from apical membrane recycling. Under these
conditions, apical p75-GFP localization was largely unaffected,

Figure 5. V-ATPase activity is required for biosynthetic delivery of apical membrane proteins. (A) p75-GFP localization in the gut of aa24.2pd1209mutants
at 3–5 dpf. Arrows point to intracellular accumulation. n ≥ 5 larvae per genotype per stage. Scale bars are 10 µm. (B) Experimental strategy for a 1- or 4-h TGN
release in the presence of 750 nM bafilomycin or DMSO. (C) p75-GFP surface delivery (arrows) is blocked by bafilomycin, leading to subapical accumulation
(arrowheads). n = 6 for bafilomycin and 4 for DMSO. Scale bars are 10 µm. (D) Line profiles of p75-GFP from the cyan arrows in C. Phalloidin marks the BB. Rel.,
relative. (E) p75-GFP accumulates in apical vacuoles within 4 h of TGN release with bafilomycin. Arrows point to the apical membrane; arrowheads to subapical
accumulation; asterisks mark vacuoles. n = 6 for bafilomycin and 3 for controls. Scale bars are 10 µm and 2 µm (white box). (F) Line profiles of p75-GFP from
the cyan arrows in E. (G) Experimental design. p75-GFP was allowed to reach steady-state accumulation at the apical membrane by a 24-h TGN release. Then,
750 nM bafilomycin or DMSO was applied for 1 or 2 h, and larvae were processed for imaging. (H) No apical membrane localization (arrows) or subapical
accumulation were observed after 1 h of bafilomycin treatment. Only sparse subapical accumulations (arrowheads) were seen after 2 h of bafilomycin
treatment. At least five bafilomycin-treated larvae and at least four controls were imaged per time point. Scale bars are 10 µm.
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and only a small subapical pool, likely representing recycling
compartments, could be detected upon bafilomycin treatment
(Fig. 5 H, arrowheads).

Together, these data indicate that loss of V-ATPase function
impairs biosynthetic trafficking of newly synthesized p75-GFP
to the apical membrane.

Distinct roles for V-ATPase–dependent luminal acidification in
apical membrane protein sorting and trafficking
In the course of our study, we noted that inhibiting V-ATPase
activity appeared to delay export of p75-GFP from the TGN after
a 1-h release (Fig. 5 C). The TGN was shown to be a critical
sorting compartment for membrane proteins in mammalian
cells and yeast (Wandinger-Ness et al., 1990; Keller et al., 2001;
Klemm et al., 2009). Although luminal pH was postulated to
influence protein sorting in epithelial cells (Matlin, 1986;
Griffiths and Simons, 1986), a role for V-ATPase activity in this
context has not been explored. Given our data showing that
V-ATPase mutants exhibited missorting of O-glycosylated apical
membrane proteins (Fig. 2 and Fig. 3), we hypothesized that
luminal acidification of the TGN is required for proper sorting.
To test this possibility, we turned to agents that neutralize lu-
minal pH independently of the V-ATPase (Fig. 6 A).

Luminal pH depends not only on activity of the V-ATPase,
but also on transporters that use H+ gradients to transport other
ions, such as Na+/H+ exchangers (Orlowski and Grinstein, 2011;
Casey et al., 2010). Although bafilomycin inhibits H+ pump ac-
tivity, its effect on luminal pH is relatively slow as it depends on
H+ transport through other transporters (Poëa-Guyon et al.,
2013; Casey et al., 2010). Furthermore, different organelles ex-
hibit distinct H+ leakage kinetics (Wu et al., 2001), confounding
functional analysis of luminal pH based exclusively on pump
inhibitors. Ionophores, on the other hand, rapidly neutralize
luminal pH within minutes by sequestering specific cations,
thereby hyperactivating H+ export through exchangers (Fig. 6 A;
Poëa-Guyon et al., 2013). This is an important distinction be-
cause when we inhibit H+ pump activity with bafilomycin
immediately following TGN release, the relatively slow kinetics
of pH neutralization may hinder our ability to test how alkali-
zation of the TGN influences apical sorting of p75-GFP, which
rapidly exits upon TGN release (Fig. 4, G and H).

To determine the extent to which ionophore/inhibitor
treatments alter TGN luminal pH in IECs, we generated a line
expressing a TGN-localized ratiometric pH sensor, consisting of
the N-terminus and transmembrane domain of B4GALT1 (Qasba
et al., 2008), and tagged in its luminal domain with pH-sensitive
se-pHluorin (Sankaranarayanan et al., 2000) and pH-insensitive
tagRFPt (Shaner et al., 2008; Fig. S4 A). We first generated a
standard curve by incubating intestinal sections obtained from
larvae expressing the sensor in pH-calibrated buffers and
measuring se-pHluorin/tagRFPt intensity ratios with defined
confocal imaging parameters (Fig. S4, B and C). Next, we treated
larvae with DMSO (control), bafilomycin, or ionophores and
performed live imaging of the TGN pH sensor in IECs 2 h later
using identical imaging specifications as for standard curve
analysis to extrapolate absolute pH values. Control larvae
showed an average TGN luminal pH of ~6.4 (Fig. S4, D and E),

which is in line with values reported for the TGN with other
pH sensors in cultured mammalian cells (Kim et al., 1996;
Miesenböck et al., 1998; Maeda et al., 2008; Hummer et al.,
2017). Treatment with bafilomycin or ionophores (monensin
or nigericin) alkalized TGN pH. However, the Na+ selective
ionophore monensin exerted a much stronger effect than the
K+ selective ionophore nigericin (Fig. S4 E), possibly reflecting
differential abundance or activity of H+ exchangers that use
these cations in the TGN in IECs.

Next, we tested how TGN luminal acidification affected api-
cal membrane protein transport. We performed a TGN release
and immediately gavaged either DMSO (control), bafilomycin,
monensin, or ammonium, and then followed p75-GFP localiza-
tion 1 h later (Fig. 6 B). As before, bafilomycin treatment resulted
in subapical accumulation of p75-GFP (Fig. 6 C, arrows). By
contrast, ionophore or ammonium treatment resulted in robust
basolateral missorting of p75-GFP (Fig. 6 C, arrowheads). Sub-
apical accumulations were present after ionophore gavage, but
they were less prominent than with bafilomycin treatment
(Fig. 6 C, arrows), likely due to a large fraction of p75-GFP being
rerouted basolaterally before reaching apical carriers. Accord-
ingly, when we pretreated larvae with bafilomycin by gavage to
allow for pH neutralization before induction of p75-GFP (Fig. 6 D),
p75-GFP showed robust basolateral missorting (Fig. 6 E, arrow-
heads) and less prominent apical accumulation (Fig. 6 E, arrows),
similar to the more rapid effect of ionophore treatment (Fig. 6 C,
arrowheads). Basolateral missorting of p75-GFP did not appear
to stem from changes in its post-translational processing as no
obvious defects could be detected by immunoprecipitation (IP)
and Western blotting (Fig. S4, F and G, arrowheads).

To determine if luminal acidification similarly regulates
transport of membrane proteins other than p75-GFP, we per-
formed a 2-h TGN release experiment in the presence of DMSO
(control), bafilomycin, or monensin (Fig. 7 A) in larvae ex-
pressing different classes of polarized membrane proteins (Fig. 7
B). We tested the multipass apical N-glycosylated CD36-GFP
(a fatty acid transporter) and apical NaPi-2b-intGFP, as well as
the basolateral protein MICA-GFP, which is also N-glycosylated
but harbors a dominant dihydrophobic sorting motif (Suemizu
et al., 2002; Fig. 7 B). In controls, each of the polarizedmembrane
proteins were efficiently delivered to the apical or basolateral
plasma membrane within 2 h of TGN release, as typically found
in WT under normal conditions (Fig. 7, C–F). Bafilomycin
treatment led to subapical accumulation of the apical membrane
proteins p75-GFP, CD36-GFP, and NaPi-2b-intGFP (Fig. 7, G–I,
arrows). Interestingly, although O-glycosylated p75-GFP showed
basolateral missorting after monensin treatment (Fig. 7 K),
N-glycosylated CD36-GFP and NaPi-2b-intGFP exhibited subap-
ical accumulation, but without basolateral missorting (Fig. 7, L
andM). Under these conditions, MICA-GFP remained unaffected
by either treatment and was properly sorted to the basolateral
membrane (Fig. 7, J and N), showing only a small intracellular
pool after bafilomycin treatment, likely resulting from impaired
recycling (Fig. S5 E). These data are consistent with our genetic
analysis showing that V-ATPase mutants missort apical
O-glycosylated p75-GFP, aminopeptidase, and mucins to the ba-
solateral membrane (Fig. 2 H and Fig. 3, A, C, and D) but not
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N-glycosylated NaPi-2b-intGFP (Fig. 3 B), which only accumu-
lates subapically.

Together, these data reveal that luminal acidification of post-
Golgi carriers is broadly required for biosynthetic trafficking of
apical, but not basolateral, membrane proteins and that TGN
luminal acidification is specifically required for proper sorting
of O-glycosylated apical membrane proteins.

Loss of V-ATPase activity leads to acute collapse of Rab8+

tubules into vacuoles that recruit apical carriers
To characterize the apical carriers that transport p75-GFP
in vivo, we followed its localization in larvae expressing

mRFP-Rab8a, a GTPase known to regulate apical trafficking in
IECs (Sato et al., 2007, 2014; Nakajo et al., 2016). After a 1-h TGN
release, p75-GFP overlapped with Rab8a in post-Golgi tubules
(Fig. 8, A and B, arrowheads), as well as within small apical
carriers at the terminal web, close to the BB (Fig. 8, A and B,
arrows). Super-resolution stimulated emission depletion (STED)
microscopy confirmed that p75-GFP closely overlapped with
Rab8+ tubules during biosynthetic transport (Fig. 8, C–F). Ad-
ditionally, mRFP-Rab8a marked tubules near the basolateral
membrane that were devoid of p75-GFP (Fig. 8, C and D). Live
in vivo imaging shortly after a TGN release revealed p75-GFP
exiting the TGN along dynamic mRFP-Rab8a tubules (Fig. 8 G,

Figure 6. Luminal acidification is required for distinct steps of apical membrane protein sorting and trafficking. (A) Schematic (adapted and reprinted
with permission from the Journal of Cell Biology; Poëa-Guyon et al., 2013) of the mechanisms of action and luminal pH kinetics of V-ATPase inhibitors versus
ionophores. (B) Experimental strategy. Immediately upon TGN release, larvae were gavaged with DMSO, 500 nM bafilomycin, 25 µM monensin, or 100 mM
NH4Cl, immersed in the same compound, and processed for imaging 1 h later. (C) Ionophore treatment results in apical-basolateral missorting (arrowheads),
while bafilomycin treatment leads to subapical accumulation (arrows) after a 1 h TGN release. n ≥ 5 larvae per condition in two independent experiments. Scale
bars are 10 µm. (D) Experimental strategy. The intestines of larvae were pretreated with bafilomycin by gavage before p75-GFP induction. After induction,
larvae were immersed in bafilomycin and processed for imaging at time points indicated. (E) p75-GFP exhibits apical-basolateral missorting when bafilomycin is
applied before its expression and sorting. Arrowheads point to basolateral missorting; arrows point to apical accumulation. n ≥ 8 larvae per condition in two
independent experiments. Scale bars are 10 µm.
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Figure 7. Differential requirements of luminal acidification for sorting and trafficking of membrane proteins. (A) Experimental strategy. After
transgene induction, larvae were treated with DMSO, 750 nM bafilomycin, or 25 µM monensin and then subjected to a TGN block and 2-h release. (B) Il-
lustrations of different classes of polarized membrane proteins. C, C-terminus; glyc, glycan; N, N-terminus; TMD, transmembrane domain. (C–F) Under control
conditions (DMSO), each membrane protein is enriched at the cell surface after a 2-h TGN release. Scale bars are 10 µm. (G–J) After bafilomycin treatment,
apical membrane proteins p75-GFP, CD36-GFP, and NaPi-2b-intGFP accumulate subapically (arrows), while basolateral membrane protein MICA-GFP does not
accumulate comparably. Scale bars are 10 µm. (K–N) After monensin treatment, the O-glycosylated apical membrane protein p75-GFP is basolaterally
missorted (arrowheads), the N-glycosylated apical membrane proteins CD36-GFP and NaPi-2b-intGFP accumulate subapically (arrows), and the N-glycosylated
basolateral membrane protein MICA-GFP is relatively unaffected. Scale bars are 10 µm. (O) Quantification of intracellular accumulation expressed as a ratio of
mean apical membrane intensity to cytoplasm intensity. Data were normalized to DMSO controls, and each data point is an individual larva. n ≥ 3 larvae per
condition representing ≥20 cells. Error bars are SD. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05. Baf., bafilomycin; EC, extracellular; IC, in-
tracellular; Mon., monensin; Norm., normal. Two-way ANOVA with Tukey’s multiple comparison test.
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Figure 8. Biosynthetic transport of p75 through distinct tubular carriers en route to the apical membrane. (A–G) p75-GFP is present in post-Golgi Rab8
tubules during biosynthetic transport. (A) p75-GFP was imaged in Tg(cldn15la:qf2)pd1142;Tg(quas:mRFP-Rab8a)pd1213 larvae (mRFP-Rab8a expressing larvae) after
a 1-h TGN release. n ≥ 4 larvae per condition in two independent experiments. Scale bar is 10 µm. (B) Magnified insets of A. p75-GFP is present in post-Golgi
tubules (arrowheads) and apical tubules (arrows) at the terminal web, marked by mRFP-Rab8a, as well as the BB. Scale bars are 2 µm. (C–F) p75-GFP co-
localizes with mRFP-Rab8a in tubular carriers. (C) p75-GFP was imaged after a 1-h TGN release in mRFP-Rab8a expressing larvae, labeled with anti–GFP-
ATTO647 and anti–RFP-STAR580, and imaged with STEDmicroscopy. Scale bar is 1 µm. Cyan arrows indicate line profiles (D and E). (F) p75-GFP colocalization
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arrowheads; and Video 1, white rectangles). On the other hand,
Rab11, a GTPase implicated in apical trafficking (Bryant et al.,
2010; Knowles et al., 2015; Sobajima et al., 2014), was absent
from elongated post-Golgi tubules and was instead enriched
at apical terminal web structures along with mRFP-Rab8a and
p75-GFP after a 1-h TGN release (Fig. 8, H–J). Overexpressed
GFP-Rab11a was similarly enriched apically but absent from
post-Golgi tubules (data not shown). STED imaging revealed that
these apical Rab11a structures consisted of small tubules pro-
jecting from subapical networks through the terminal web and
to the BB (Fig. 8, K–N). Because these tubules appeared to con-
nect apical tubular networks toward the BB, terminal web Rab8/
Rab11+ tubules may represent the last transport compartment
responsible for membrane protein delivery to the apical plasma
membrane. Accordingly, after a short TGN release, we often
observed p75-GFP highly enriched at apical membrane sub-
domains directly adjacent to apical p75+/Rab8+ tubules (Fig. 9 A,
top: panels, arrows and overlying BB).

To determine if biosynthetic apical carriers also harbor
V-ATPase subunits, we generated a transgenic line expressing
Atp6ap1b internally tagged with GFP in the middle of its luminal
domain (Atp6ap1b-intGFP), which we foundwas able to partially
rescue atp6ap1bpd1209mutants (Fig. S1, F and G). Atp6ap1b-intGFP
overlapped with mRFP-Rab8a in post-Golgi tubules (Fig. 8, O–Q,
arrowheads), as well as with the V-ATPase c subunit Atp6v0ca-
mScarlet (data not shown). Together, these data indicate that
post-Golgi Rab8+ tubules and apical Rab11+/Rab8+ tubules are
distinct transport intermediates responsible for the biosynthetic
delivery of apical membrane proteins in IECs.

To investigate how loss of V-ATPase activity impairs bio-
synthetic transport of apical, but not basolateral, membrane
proteins, we followed p75-GFP transit through apical carriers
after a 1-h TGN release during V-ATPase inhibition. As before,
control larvae treated with DMSO showed enrichment of p75-
GFP at the apical membrane after a 1-h TGN release, with a small
population remaining in biosynthetic Rab8+/Rab11+ carriers
(Fig. 9 A, arrows; and Fig. S5, A and B, arrows). In contrast,
V-ATPase inhibition with bafilomycin acutely blocked p75-GFP
delivery through apical carriers (Fig. 9 A, arrowheads; and Fig.
S5, A and B, arrowheads). Strikingly, mRFP-Rab8a began con-
densing into vacuoles within just 1 h of V-ATPase inhibition
(Fig. 9 A, asterisks), progressively accumulating there while
becoming depleted from Rab11+ carriers over time (Fig. S5 C).
p75-GFP was largely absent from Rab8 vacuoles at the 1-h time
point (Fig. 9 B) and instead was found surrounding vacuoles in
small clusters (Fig. 9 A, bottom, arrowheads and adjacent

asterisks). The relatively rapid (<1 h) collapse of Rab8 to va-
cuoles was surprising because p75-GFP accumulates in vacuoles
with slower kinetics after ~4 h of V-ATPase inhibition (Fig. 5 E,
asterisks), suggesting that Rab8 vacuoles fuse with apical car-
riers over time. Closer inspection revealed that, despite Rab8
mislocalization, p75-GFP was still present along tubules (Fig. 9,
A, C, and D, arrowheads) that were closely interspersed with
vacuoles (Fig. 9, C and D, asterisks) after a 1-h TGN release with
V-ATPase inhibition. At later time points (8-h TGN release plus
V-ATPase inhibition), p75-GFP strongly overlapped with mRFP-
Rab8a vacuoles (R = 0.713 ± 0.13; six cells, two animals; Fig. 9, E
and F), further indicating that Rab8 vacuoles fuse with apical bi-
osynthetic carriers upon loss of V-ATPase function. Interestingly,
although Rab8+ vacuoles seemed to fuse with post-Golgi tubules
during V-ATPase inhibition, Rab11 localization was unaffected by
bafilomycin treatment (Fig. 9 G), suggesting unique requirements
for V-ATPase function in post-Golgi Rab8+ tubules. By contrast,
basolateral MICA-GFP, which did not significantly accumulate at
vacuoles in our assays (Fig. S5, D and E), was absent from mRFP-
Rab8a tubules during biosynthetic transport in WT larvae (Fig.
S5 F). These data indicate that mRFP-Rab8a tubules are special-
ized in apical membrane protein trafficking in the intestine.

To determine how V-ATPase function impacts the Rab8+

compartment, we performed live imaging of mRFP-Rab8a in the
intestine after 1 h of bafilomycin treatment (Fig. 9 H). Control
larvae treated with DMSO showed rapid, dynamic movement of
mRFP-Rab8a along tubules (Fig. 9, I and J, arrowheads; Video 2, and
Video 3). In contrast, during V-ATPase inhibition, mRFP-Rab8a
accumulated in vacuolar structures largely devoid of tubulation
(Fig. 9, I and J, arrows; and Video 2, Video 3, and Video 4). In cases
where vacuoles did project outward tubules, they appeared to
contact other carriers and vacuoles before coalescing (Fig. S5 G,
arrowheads; and Video 5), supporting the notion that aberrant
Rab8+ vacuoles recruit and fuse with apical biosynthetic carriers.
Our live imaging experiments also showed that Rab8+ tubules
rapidly collapsed during V-ATPase inhibition, with multiple Rab8+

tubules and puncta giving rise to an enlarged vacuole within
25 min (Fig. S5 G, arrowheads; and Video 5). These data indicate
that luminal acidification of apical carriers is required for proper
biogenesis and dynamics of Rab8+ compartments, thereby regu-
lating apical but not basolateral membrane protein trafficking.

Discussion
In this work, we performed a visual forward genetic screen
to identify regulators of apical membrane biogenesis in the

with mRFP-Rab8. n = 7 larvae representing 22 ROIs of the apical cytoplasm. Error bars are SD. (G) p75-GFP was live-imaged in the intestine of mRFP-Rab8a
expressing larvae after a 45-min TGN release using Airyscan. Arrowheads point to p75+/Rab8+ tubules extending from the region of the TGN. n = 10 larvae.
Scale bars are 5 µm in left panel and 1 µm in magnified insets. See also Video 1. (H–N) p75/Rab8a apical tubules overlap with Rab11. (H) p75-GFP was imaged in
mRFP-Rab8a expressing larvae after a 1-h TGN release and stained for endogenous Rab11. n = 9 larvae. Scale bars are 10 µm. (I)Magnified inset of G. Arrows
indicate apical tubules at the terminal web. Scale bar is 2 µm. (J) Line profile showing overlap of p75, Rab8a, and Rab11 at apical tubules (arrows) from H.
(K–M) Confocal (K) and STED (L and M) imaging of Rab11-AF594 and p75-GFP-ATTO647 localization at apical tubules after a 1-h TGN release. n = 10 larvae.
(M)Magnified inset of K showing colocalization of p75-GFP with Rab11 in apical tubules at the terminal web. Cyan line indicates line profile in N. Scale bars are
2 µm (K and L) or 0.5 µm (M). (O–Q) V-ATPase, marked by Atp6ap1b-intGFP, overlaps with post-Golgi Rab8 tubules. (O) Localization of Rab8a and Atp6ap1b-
GFP. n = 11 larvae. Scale bar is 10 µm. (P)Magnified insets of N. Atp6ap1b-intGFP is present in mRFP-Rab8a tubules (arrows). Scale bars are 2 µm. Cyan arrow
indicates line profile in Q.
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Figure 9. Acute loss of V-ATPase function rapidly collapses apical Rab8 tubules into vacuoles that fuse with apical carriers. (A) p75-GFP was imaged
in mRFP-Rab8a expressing larvae after a 1-h TGN release in the presence of 750 nM bafilomycin or DMSO as a control. In controls, p75-GFP overlaps with
mRFP-Rab8a in post-Golgi tubules (flat arrows) and apical tubules (concave arrows). Upon loss of V-ATPase function, mRFP-Rab8a condenses into vacuoles
(asterisks) surrounded by p75-GFP (arrowheads). Scale bars are 10 µm and 2 µm in magnified insets. (B) Colocalization analysis of p75-GFP and mRFP-Rab8a
from ROIs of the apical cytoplasm from ~5 µm z-series shown as a Gardner-Altman plot of Pearson’s coefficient (R). Left, mean ± SD is plotted. Right, mean
difference (Baf-DMSO) plotted on a floating axis as a bootstrap sampling distribution with the mean difference depicted as a dot; the 95% confidence interval is
indicated by the ends of the vertical error bar. n ≥ 10 ROIs from at least two animals. P = 9.6e-6, Mann-Whitney test. (C) Optical section taken from a 5-µm
z-series of a group of mRFP-Rab8a vacuoles (asterisks) and p75-GFP tubules (arrowheads), some of which appear to be fusing with vacuoles (arrow), after a 1-h
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zebrafish intestine. We recovered five mutants representing
four phenotypic classes that exhibit robust mislocalization of
the apical membrane protein p75-GFP. By characterizing one of
these novel mutants, atp6ap1bpd1209, we have uncovered distinct
roles for V-ATPase function in both the initial sorting of apical
membrane proteins at the TGN and their later trafficking
through Rab8 tubular carriers (Fig. 10). Mutants of the
V-ATPase complex retain apical membrane proteins intracel-
lularly in aberrant vacuoles, which also accumulate lysosomal
membrane proteins and cargo internalized from the intestinal
lumen. Remarkably, the requirement for V-ATPase function is
specific to apical but not basolateral transport. We found this is
due to the fact that loss of V-ATPase activity rapidly collapses
Rab8 tubules into vacuoles. Over time, Rab8+ vacuoles fuse
with newly made apical biosynthetic carriers, sequestering
apical and some lysosomal membrane proteins, while not af-
fecting basolateral cargo. In addition to its role in post-Golgi
trafficking, V-ATPase–dependent acidification also regulates

sorting of O-glycosylated, but not N-glycosylated, apical
membrane proteins. Altogether, our study reveals that apical
membrane proteins rely on luminal acidification for multiple
stages of biosynthetic transport in the intestine.

Post-Golgi trafficking of apical membrane proteins
Prior studies have shown that in Rab8a null mutant knockout
(KO) mice, apical membrane proteins accumulate in vacuoles
that contain lysosomal cargo and, in some cases, also microvilli
(Sato et al., 2007, 2014), clearly establishing a role for Rab8 in
apical membrane biogenesis. Detailed studies in vitro have also
established requirements for Rab8 in late events of apical
transport, affecting lumen formation in 3D cultures (Bryant
et al., 2010; Gálvez-Santisteban et al., 2012; Mrozowska and
Fukuda, 2016). Using in vivo assays, we found that the
V-ATPase regulates post-Golgi biosynthetic trafficking through
Rab8+ tubular carriers, starting at the exit of the TGN. However,
unlike Rab8a KO mice, we did not observe formation of

TGN release in the presence of 750 nM bafilomycin. Scale bar is 1 µm. (D) 3D reconstruction of the z-series from C. Highlighted structures correspond ap-
proximately to those in E. (E) Optical section taken from a 7-µm z-series of an mRFP-Rab8a vacuole (asterisk) and p75-GFP (arrowheads) after an 8-h TGN
release in the presence of 500 nM bafilomycin. Scale bar is 1 µm. (F) 3D reconstruction of the z-series from E. Highlighted structures correspond approximately
to those in E. (G)mRFP-Rab8a expressing larvae were treated as in E and stained for endogenous Rab11. In bafilomycin-treated larvae, Rab11 (arrows) remains
enriched subapically and does not localize to mRFP-Rab8a vacuoles (arrowheads). Scale bars are 5 µm and 2 µm in magnified insets. n ≥ 10 larvae. (H–J) Loss of
V-ATPase activity acutely impairs Rab8 dynamics along tubular carriers. (H) Experimental strategy. 5-dpf larvae expressing mRFP-Rab8a were treated with
either 1 µM bafilomycin or DMSO for 45 min before live imaging. (I) Overlay of dynamic mRFP-Rab8a tracks (multicolored lines) superimposed on still frames
from live imaging videos. Scale bars are 5 µm. (J)Magnified insets of still frames from videos represented in I. Arrowheads mark Rab8 moving along tubules in
controls, and arrows show Rab8 vacuoles deficient in tubulation during bafilomycin treatment. Scale bars are 1 µm. See also Video 2, Video 3, and Video 4. n ≥ 6
larvae. Baf, bafilomycin.

Figure 10. Model depicting requirements of V-ATPase activity for biosynthetic sorting and trafficking of apical membrane proteins. V-ATPase
activity promotes apical sorting of O-glycosylated membrane proteins in the TGN and subsequent trafficking of both O- and N-glycosylatedmembrane proteins
through distinct Rab8 and Rab11 carriers. In the absence of V-ATPase activity, O-glycosylated membrane proteins become randomly missorted to basolateral
and apical trafficking routes. Additionally, apical delivery through Rab11 carriers is acutely blocked, and Rab8 tubular carriers collapse into vacuoles. Over time,
aberrant vacuoles fuse with apical compartments and accumulate apical and lysosomal membrane proteins.
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microvillus (MV) inclusions in V-ATPase mutants. MV in-
clusions derive primarily from defective recycling following
plasma membrane internalization, but can also form de novo
when soluble apical proteins accumulate at apical endosomes
(Mosa et al., 2018; Schneeberger et al., 2018; Bidaud-Meynard
et al., 2019). Rab8a KOmice not only exhibit MV inclusions, but
also accumulation of apical membrane proteins within vacuoles
that are separate from MV inclusions (Sato et al., 2007). Our
study suggests that vacuolar accumulations largely represent
biosynthetic transport defects, as we show in zebrafish V-ATPase
mutants, while MV inclusions may form separately due to addi-
tional defects in internalization and recycling. Because the
V-ATPase is primarily required for biosynthetic transport and
does not affect soluble apical proteins like villin (Fig. S3 B), its loss
may not substantially impact Rab8’s role in apical membrane
internalization. Interestingly, a recent study in C. elegans found
that knockdown of V-ATPase V0 membrane subunits led to MV
inclusions while not affecting trafficking of apical membrane
proteins. Moreover, its role was unrelated to acidification because
most apical polarity defects were not recapitulated either by pH
neutralization or by loss of V1 subunits (Bidaud-Meynard et al.,
2019). Together, these studies suggest that, although V-ATPase has
a conserved role in intestinal homeostasis, it may also exhibit
specialized functions unique to invertebrates.

pH-dependent sorting of apical membrane proteins
Our characterization of V-ATPase function inmembrane protein
transport uncovered a role for luminal acidification in apical
sorting of specific classes of membrane proteins. We found that
acute neutralization of luminal pH during biosynthetic transport
resulted in basolateral missorting of O-glycosylated p75-GFP but
not N-glycosylated CD36-GFP or NaPi-2b-intGFP. Similarly, ge-
netic perturbation of the V-ATPase led to basolateral missorting
of O-glycosylated membrane proteins p75-GFP, aminopeptidase,
and mucins, but not N-glycosylated NaPi-2b-intGFP, nor any
basolateral membrane proteins at steady-state. These data argue
that sorting deficits did not derive from global loss of epithelial
polarity and suggest instead a direct role for luminal acidifica-
tion in apical sorting.

How could luminal acidification impact apical sorting? One
possibility is that an acidic luminal environment promotes
clustering of O-glycosylated membrane proteins. Luminal
O-glycans are a common sorting signal for apical membrane
proteins (Weisz and Rodriguez-Boulan, 2009), and they function
by promoting the formation of high molecular weight clusters in
the TGN (Cao et al., 2012). Clustering, which is mediated by
carbohydrate–carbohydrate interactions (CCIs) and protein–
lipid interactions, relies on weak electrostatic interactions such
as hydrogen bonding and van der Waals forces (Bucior et al.,
2004; Hakomori, 2004). As such, CCIs are sensitive to factors
that contribute additional coordinating forces, including diva-
lent cations such as Ca2+, that alleviate repulsive interactions of
negatively charged glycan chains (Haseley et al., 2001; Bucior
et al., 2004). We speculate that V-ATPase–dependent acidifica-
tion promotes neutralization of charges in O-glycans of apical
membrane proteins and possibly also in glycolipids, thereby
facilitating glycan clustering at the TGN.

In addition to CCIs, pH may also influence binding of lectins
such as galectin-3 (Delacour et al., 2006). At steady-state, Lgals3
(galectin-3) KO mice show missorting of p75 (Delacour et al.,
2008), and knockdown of galectin-3 impairs p75 clustering
in vitro (Delacour et al., 2007). However, galectin-3 was shown
to associate with high molecular weight p75 clusters after TGN
release (Delacour et al., 2007), suggesting it functions in a post-
Golgi compartment rather than at the TGN,where p75 clustering
is initiated (Youker et al., 2013). Moreover, zebrafish V-ATPase
mutants exhibit missorting phenotypes distinct from Lgals3 KO
mice. For example, V-ATPase mutants missort aminopeptidase
(Fig. 3 C and Fig. S1 H, arrowheads), but Lgals3 KO mice do not
(Delacour et al., 2008). Together, these data are consistent with
a role for V-ATPase in sorting that is part of a biophysical pro-
cess that may later be stabilized and enhanced by other factors
such as galectin-3.

Sorting and trafficking of lysosomal membrane proteins
We found that apical and lysosomal membrane proteins accu-
mulate together in vacuoles in V-ATPase mutants, suggesting
that they share common Rab8-dependent transport inter-
mediates that are segregated from basolateral membrane pro-
teins. Extensive work in mammalian cells has shown that
sorting of lysosomal membrane proteins occurs either directly
during intracellular transport or indirectly following plasma
membrane delivery (Braulke and Bonifacino, 2009). Interest-
ingly, it was recently shown that in HeLa cells, LAMP1 exits the
TGN in tubular carriers co-occupied by plasma membrane
proteins (Chen et al., 2017), suggesting that some lysosomal
membrane proteins undergo progressive sorting. Our data
support this model and suggest that in polarized epithelial cells,
LAMPs are first segregated to the apical transport pathway.
Notably, lysosomal membrane proteins are heavily glycosylated
within their luminal domains, much like apical membrane
proteins, and these moieties could also serve as additional
sorting signals as they do for apical membrane proteins. It will
be interesting to determine whether glycan-based sorting acts
cooperatively with lysosomal sorting motifs such as dileucine-
based and tyrosine-based sequences in polarized epithelial cells.

In conclusion, our study has uncovered distinct roles for
V-ATPase–dependent luminal acidification in both initial sorting
and later trafficking of apical membrane proteins in vivo. Our
study helps to clarify how polarized transport in epithelial cells
is regulated and offers future avenues for further dissecting
biophysical mechanisms underlying apical sorting. This work
could be aided by the characterization of additional mutations
exhibiting distinct sorting and trafficking phenotypes from our
forward genetic screen. Significantly, our screen did not achieve
saturation, suggesting that our forward genetics approach could
be expanded and adapted to analyze transport of other cargoes.

Materials and methods
Zebrafish maintenance
Zebrafish (Danio rerio) were used in accordance with Duke
University Institutional Animal Care and Use Committee
guidelines. Zebrafish stocks were maintained and bred as
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previously described (Westerfield, 2007). Genotypes were de-
termined by fin clipping or phenotypic analysis. Male and
female breeders from 3–18 mo of age were used to generate fish
for all experiments. 5–6-dpf zebrafish larvae from the Ekkwill
or AB/TL background were used in this study. Strains generated
for this study: aa24.2/atp6ap1bpd1209, bb20.14pd1216, bx67.16pd1217,
bx38.22pd1218, cx20.16pd1215, Tg(ifabp2:p75-GFP)pd1208, Tg(hsp70l:
slc34a2a-intGFP;cmlc2:GFP)pd1193 [Napi-2b-intGFP], Tg(hsp70l:MICA-
GFP;cmlc2:GFP)pd1183, Tg(hsp70l:aqp3-GFP;cmlc2:GFP)pd1192, Tg(hsp70l:
p75-GFP)pd1180, Tg(ifabp2:B4GALT1-tagRFPt)pd1193, Tg(hsp70l:cd36-
GFP;cmlc2:GFP)pd1197, Tg(quas:mRFP-rab8a;cmlc2:GFP)pd1213, Tg(quas:
atp6ap1b-intGFP;cryaa:mCherry)pd1178, Tg(quas:atp6ap1b-intHA-
BioID2;cryaa:mCherry)pd1176, and Tg(quas:B4GALT1-se-pHluorin-
tagRFPt;cmlc2:GFP)pd1212. Previously published strains used for
this study include: atp6ap1bhi112Tg (Nuckels et al., 2009),
atp6v0cahi1207 (Nuckels et al., 2009), atp6v1e1hi577a (Nuckels
et al., 2009), atp6v1fhi1988 (Nuckels et al., 2009), atp6ap2hi3681

(Amsterdam et al., 2004), atp6v0d1hi2188b (Nuckels et al., 2009),
atp6v1hhi923 (Nuckels et al., 2009), atp6v1aasa20406 (Busch-
Nentwich et al., 2013), TgBAC(lamp2-RFP) pd1044 (Rodrı́guez-
Fraticelli et al., 2015), cdh1-mLanYFPxt17 (Cronan et al., 2018;
Cronan and Tobin, 2019), Tg(cldn15la:qf2;cmlc2:GFP) pd1142 (Park
et al., 2019), and TgBAC(cd36-RFP) pd1213 (Ye et al., 2019).

Mutagenesis
Mutagenesis was performed as previously described (Ryan et al.,
2013). Adult AB/TL males were exposed to 3 mM ENU in system
water for 1 h at 22°C. ENU treatment was repeated six times
within a period of 12 wk. Mutagenized males were crossed to
AB/TL females to generate F1 families. F1 fishwere crossed to the
Tg(ifabp2:p75-GFP)pd1208 line to generate F2 families. F2 fish were
incrossed, and their F3 progeny were screened at 5 dpf for re-
cessive mutant phenotypes.

Transgenesis
Constructs used to generate transgenic lines were made using
the Tol2kit approach (Kwan et al., 2007) with multisite Gateway
cloning (ThermoFisher Scientific). p5E:quas was provided by
Marnie Halpern (Carnegie Institution for Science, Baltimore,
MD; Subedi et al., 2014). pGEM-rab8a was provided by Rob
Parton (University of Queensland, Brisbane, Australia; Hall
et al., 2017). pShuttle:B4GALT1-tagRFPt was provided by
Norma Andrews (University of Maryland, College Park, MD;
Flannery et al., 2010). A plasmid encoding super-ecliptic
pHluorin was provided by Cedric Asensio (University of Den-
ver, Denver, CO; Hummer et al., 2017). slc34a2awas cloned from
zebrafish cDNA into pCS2+ using the primers 59-cctctcgagCAG
AAGGGCAGAAGCAACTT-39 and 59-ccttctagaTGCATACTGTCA
ACTCTGGGTAC39. A silent mutation was introduced to remove
an endogenous SacI site, and then a NheI/SacI cloning site was
introduced between the nucleotides encoding amino acids 50–51
using Q5 site-directed mutagenesis (New England BioLabs). The
insertion site was chosen based on a previous study of renal-
type NaPi-cotransporter (Lambert et al., 1999). Subsequently,
EGFP was cloned into the site, and the fusion was subcloned
to a pME Gateway cloning vector (ThermoFisher Scientific).
atp6ap1b was cloned from zebrafish cDNA to pCS2+ using the

primers 59-cttctcgagATGACGGAAGTAGGAATGCG-39 and 59-ctt
tctagaTCACTCACTCAGAGGCACTG-39, and then a NheI/SacI
cloning site was introduced between the nucleotides encoding
amino acids 241–242 using Q5 site-directed mutagenesis (New
England BioLabs). The insertion site was chosen based on pre-
vious studies of Ac45 (Louagie et al., 2008; Jansen et al., 2012).
EGFP or HA-BioID2 was then cloned to the site, and the fusions
were subcloned to pME Gateway cloning vectors (ThermoFisher
Scientific). For all other constructs containing N-terminal or
C-terminal tags, standard molecular biology approaches were
used. To generate stable transgenic lines, one-cell stage embryos
were coinjected with Tol2 constructs and transposase cRNA. At
2–3 mpf, the injected fish were outcrossed and their F1 embryos
were screened for fluorescence and raised. Individual F1
founders were then outcrossed to obtain stable transgenic lines.
All transgenic experiments were performed on larvae of the F2
or greater generations.

Sectioning, immunofluorescence, and histology
5-dpf larvae were fixed in 4% PFA in PBS (pH 7.5) for 2 h at room
temperature or overnight at 4°C, rinsed in PBS, and then em-
bedded in 5% low melting point agarose. 200-µm sections were
collected using a Leica VT1000S vibratome and stained as pre-
viously described (Marjoram et al., 2015). Fluorescently tagged
proteins encoded by transgenes were imaged directly unless
indicated otherwise. Processing for STED imaging was per-
formed identically, but GFP and RFP were immunostained.
Primary antibodies used for confocal imaging were anti-4e8
(Abcam, ab73643), anti-Na+K+ATPase (DSHB, a5), anti-Rab11,
D4F5 clone (Cell Signaling Technology, 5589), and anti-HA
(Roche, 11 867 423 001). Goat AlexaFluor-conjugated secondary
antibodies (ThermoFisher Scientific) were used for confocal
imaging. Antibodies used for STED imaging were anti-GFP
(Aves, GFP-1020), FluoTag-Q anti-RFP-AberriorStar-580 conju-
gate nanobody (Synaptic Systems, N0401-Ab580-S), FluoTag-X2
ATTO 647N-labeled Chicken IgY nanobody (Synaptic Systems,
N0702-At647N-S), anti-Rab11, D4F5 clone (Cell Signaling Tech-
nology 5589), and goat anti-rabbit IgG AlexaFluor-594 (Ther-
moFisher Scientific, A-11037). For detection of mucins, 5-dpf
larvaewere fixed as before but then embedded in JB4-plus plastic
resin. 2-µm sections were collected using a Reichert-Jung
UltraCut microtome equipped with a glass knife as previously
described (Levic et al., 2015), stained with periodic acid-Schiff
(PAS) and hematoxylin, and mounted in Cytoseal XYL.

Microscopy, image processing, and image analysis
Whole-mount live confocal imaging was performed on an in-
verted Olympus Fluoview FV3000 microscope equipped with a
30× 1.05 NA silicone oil objective. Whole-mount live time-lapse
confocal imaging was performed on a Zeiss 880 Airyscan Fast
Inverted microscope with a 40× 1.2 NA water immersion ob-
jective. Confocal imaging of tissue sections was performed with
either an Olympus Fluoview FV3000 with a 60× 1.4 NA oil ob-
jective or a Leica SP8 with a 100× 1.4 NA oil objective. Gated
STED imaging was performed on a Leica SP8 with a 100× 1.4 NA
oil objective using a pulsed 775-nm laser depletion line for
AberriorStar-580, AlexaFluor-594, and ATTO-647N. Confocal
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imaging of PAS-stained plastic sections was performed using a
Leica SP8 with a 580-nm excitation laser, and emission spectra
were collected at a 620–780-nm wavelength. Confocal and STED
z-stacks acquired on the Leica SP8 were deconvolved using
Huygens Professional linked to LAS X software, as recom-
mended by the manufacturer. Postprocessing of images was
performed in ImageJ (National Institutes of Health)/Fiji and
Adobe Photoshop. Confocal micrographs were linearly adjusted
evenly for brightness and contrast on individual channels and
were pseudocolored. Time-lapse videos were corrected for
sample drift using the ImageJ (National Institutes of Health)
plugin StackReg (Thévenaz et al., 1998), and they were corrected
for signal loss from photobleaching using the ImageJ tool En-
hance Contrast (National Institutes of Health). Particle tracking
was performed in ImageJ (National Institutes of Health) using
the plugin MTrackJ (Meijering et al., 2012). 3D rendering of
confocal z-stacks was performed in Imaris 9.0 (Bitplane) using
the surfaces and filaments tools. Colocalization analysis was
performed using ImageJ with the plugin Coloc 2, and R values
were plotted and analyzed in GraphPad Prism or using DABEST
(data analysis with bootstrap-coupled estimation; Ho et al.,
2019). Line scans were collected in ImageJ, plotted in Micro-
soft Excel, and edited in Photoshop (Adobe). For depictions of
colocalized pixels, channels were thresholded, and the resulting
double-positive pixels were plotted using the ImageJ plugin
Colocalization. For analysis of trafficking phenotypes in Fig. 7,
the apical membrane was thresholded using phalloidin signal to
automatically select the apical membrane. Mean pixel intensity
ratios for the apical membrane and remaining cell area were
plotted and analyzed in GraphPad Prism.

Gavage
5-dpf larvae were gavaged as previously described (Cocchiaro
and Rawls, 2013). Larvae were gavaged with 4 nl of a mixture
containing 10 µM LysoTracker Red (ThermoFisher Scientific),
500 µM FM4-64 (ThermoFisher Scientific), or 1.25 mg/ml
Transferrin-AlexaFluor-568 (ThermoFisher Scientific) in PBS
plus 0.05% phenol red. For gavage pulse-chase analysis, larvae
were gavaged with one of the solutions above, transferred back
to egg water to recover for 90min, and then gavaged with excess
PBS (1–2 pulses of 5–10 nl each), which displaces contents of the
intestinal lumen through the cloaca. Flushing of the intestinal
lumen was visually assessed by confirming thorough displace-
ment of phenol red from the gut. The chase period proceeded for
90 min, and then larvae were processed for sectioning and
confocal imaging. In other experiments, larvae were gavaged
with inhibitors, ionophores, or control vehicles dissolved in egg
water (pH 7.5) plus 0.05% phenol red. Concentrations and du-
rations used are indicated in the figure legends.

Analysis of TGN pH
For generation of a calibration curve, 5-dpf larvae stably ex-
pressing a TGN-localized luminal pH sensor (Tg(quas:B4GALT1-
se-pHluorin-tagRFPt;cmlc2:GFP)pd1212; Tg(cldn15la:qf2;cmlc2:GFP)pd1142)
were fixed and sectioned as described above. 200-µm–thick
sections of the mid-intestine were permeabilized overnight in
PBS-0.5% Triton-X100 and then for 10 min in PBS-1% Triton-

X100, and finally equilibrated in pH-calibrated phosphate-
citrate buffers (pH 4–8.6) in 20% glycerol for 4 h. Confocal
image acquisition settings were assigned at pH 7.5 to allow for
high dynamic range with no pixel saturation. Next, intestinal
sections for the entire pH range were imaged using these de-
fined confocal imaging parameters. Raw 16-bit confocal images
were analyzed in ImageJ/Fiji, and GFP/RFP intensity ratios were
plotted in GraphPad Prism. A sigmoidal model was used for
curve fitting. For analysis of TGN pH in live animals, whole
mount imaging of the intestine was performed in vivo using
identical hardware and acquisition settings as assigned for
standard curve analysis. Raw 16-bit confocal images were ana-
lyzed as before, but for every image, a background subtraction
step was performed to correct for autofluorescence that occurs
with in vivo imaging. Randomly selected regions of interest
(ROIs) were identified using the RFP channel, and GFP/RFP
intensity measurements of the TGN were collected. GFP/RFP
intensity ratios were used to extrapolate pH values from the
calibration curve, and data were analyzed in GraphPad Prism
using one-way ANOVA.

Exome sequencing and mapping
DNA extraction, exome capture, sequencing, and positional
cloningwere performed exactly as described previously (Ryan et al.,
2013). Data were analyzed using SNPtrack (OmicX; Leshchiner
et al., 2012). The number of animals analyzed and recombinants
observed from positional mapping are presented in Fig. 2 B.

In vivo low temperature block
5-dpf larvae transgenic for hsp70l-inducible EGFP-tagged mem-
brane proteins were transferred to 50-ml conical tubes in 45 ml
of egg water (n ≤ 80 larvae per tube). Tubes were floated in a
42°C water bath for 30 min to induce transgene expression.
Next, for TGN block, tubes were transferred to a 14°C water bath
(made using an ice water bath in a thick-walled Styrofoam box)
and allowed to float for 2–4 h. For TGN release, larvae were
transferred into a 12-well plate at a density of ≤5 fish/ml, the
media were replaced with prewarmed media containing in-
hibitors, ionophores, or control vehicles, and the plates were
incubated at 28°C for the time intervals indicated. Treatment
concentrations and durations are described in the figure leg-
ends. For kinetic analysis of TGN-to-apical membrane transport,
intestinal sections were imaged with confocal microscopy, ROIs
of the BB and the remaining cell area were taken for individual
cells, and ratios of apical membrane intensity over cytoplasm
intensity were plotted and fitted with a one-phase exponential
association model in GraphPad Prism. For live imaging of TGN
release, larvae were processed for a TGN block as described
above and then immediately mounted in 1.3% low melting point
agarose in glass-bottom dishes, which were then transferred to a
prewarmed 28°C incubation chamber in a Zeiss 880 inverted
confocal microscope. EGFP was used as a tag for all TGN release
experiments in this study.

IP and mass spectroscopy
For p75-GFP IP, n = 20 6-dpf larvae were homogenized in T-PER
extraction buffer (ThermoFisher Scientific) supplemented with
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deoxycholate, EDTA, and protease inhibitors (Sigma, 539134;
plus 1 µM PMSF), clarified by centrifugation, and incubated with
GFP-Trap agarose beads (Chromotek). Eluted proteins were run
on an SDS-PAGE gel, and Western blot analysis was performed
using anti-GFP (VAPR, 1C9A5) and anti-mouse–HRP antibodies
with chemiluminescence in a ChemiDoc Imaging System (Bio-
Rad). For 4e8 IP, n = 1,000 5-dpf larvae were homogenized
in T-PER extraction buffer (ThermoFisher Scientific) supple-
mented with deoxycholate, EDTA, and protease inhibitors
(Sigma, 539134; plus 1 µM PMSF), clarified by centrifugation,
and incubated with 10 µg of 4e8 antibody (Abcam, ab73643) or
10 µg of 2h9 antibody (a different mouse monoclonal antibody
used as a control) overnight at 4°C while rotating. Lysate-
antibody mixtures were then incubated with Protein G agarose
beads (ThermoFisher Scientific, 20398) and washed according to
the manufacturer’s recommendations. Proteins were eluted with
Laemmli buffer and run on an SDS-PAGE gel (Biorad, 4561094).
Gels were stained with GelCode Blue Coomassie reagent (Ther-
moFisher Scientific), and relevant bands were excised and sub-
jected to in-gel trypsin digestion. Extracted peptides were
lyophilized and resuspended in 12 µl of 1% trifluoroacetic acid/2%
acetonitrile. Each sample was subjected to chromatographic
separation on a NanoAcquity UPLC equipped with a 1.7-µm
BEH130 C18 75-µm ID ×250-mm reversed-phase column. The
mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). Following a 4-µl injection, pep-
tides were trapped for 3 min on a 5-µm Symmetry C18 180 µm ID
× 20 mm column at 5 µl/min in 99.9% A. The analytical column
was then switched in-line and a linear elution gradient of
5%–30% B was performed over 90 min at 400 nl/min. The an-
alytical column was connected to a fused silica PicoTip emitter
(New Objective) with a 10-µm tip orifice and coupled to a
QExactive HF mass spectrometer (ThermoFisher Scientific)
through an electrospray interface operating in a data-dependent
mode of acquisition. The instrument was set to acquire a pre-
cursor mass spectroscopy (MS) scan at m/z 375–1600 with a
target automatic gain control value of 3e6 ions, followed by 12
MS/MS scans at an rpm of 15,000 (at m/z 200) at a target au-
tomatic gain control value of 5e4 ions and 45ms. A 20-s dynamic
exclusion was employed for previously fragmented precursor
ions. Raw liquid chromatography MS/MS data files were pro-
cessed in Proteome Discoverer (ThermoFisher Scientific) and
then submitted to independentMascot searches (Matrix Science)
against a TrEMBL database containing both forward and reverse
entries of each protein (59,273 forward entries). Search toler-
ances were 5 ppm for precursor ions and 0.02 D for product ions
using trypsin specificity with up to two missed cleavages. All
searched spectra were imported into Scaffold (v4.4; Proteome
Software), and scoring thresholds were set to achieve a peptide
false discovery rate of 1% using the PeptideProphet algorithm.

RT-PCR
20 5-dpf aa24.2mutant larvae or WT siblings were homogenized
in TRIzol Reagent (Ambion). Total RNA was isolated by phase
separation and isopropanol precipitation, treated with DNase I
(New England BioLabs), and then purified by acid phenol-
chloroform extraction and isopropanol-ammonium acetate

precipitation. Poly-dT-primed first-strand cDNA synthesis was
performed using SuperScript III reverse transcription (In-
vitrogen) with 1 µg total RNA, and atp6ap1b was PCR amplified
using the primers 59-TCCAGCAGAATGACGGAAGT-39 and 59-
CCACATTAAAGGCTGGATGC-39.

Online supplemental material
Fig. S1 provides supporting evidence that V-ATPase function is
required for sorting and trafficking of apical membrane pro-
teins. Fig. S2 shows that the zebrafish BB antigen 4e8 mono-
clonal antibody labels Anpep. Fig. S3 shows characterization of
trafficking phenotypes for apical membrane, membrane-associated,
and apically internalized cargo in V-ATPase mutants. Fig. S4 shows
design and use of a novel pH sensor transgenic line to quantify TGN
luminal acidification in intestinal epithelial cells. Fig. S5 provides
supporting evidence that V-ATPase activity is required for bio-
synthetic trafficking of apical membrane proteins. Video 1 shows
p75-GFP exiting the TGN in mRFP-Rab8a tubular carriers during
biosynthetic transport. Video 2, Video 3, and Video 4 show de-
creased dynamic movement of mRFP-Rab8a along tubules when
V-ATPase activity is inhibited. Video 5 shows mRFP-Rab8a tubules
collapsing within a 25-min period to form a vacuole after inhibition
of V-ATPase activity.
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Figure S1. Loss of atp6ap1b is causative of aa24.2pd1209 mutant phenotypes. (A) Survival curve of aa24.2pd1209 mutants. n = 82 mutants and 109 WT
siblings. (B–G) Rescue experiments for aa24.2pd1209 mutants. (B) aa24.2pd1209 heterozygotes were crossed, and one-cell stage embryos were injected with
atp6ap1b cRNA with a portion of embryos kept as noninjected controls (NIC) and analyzed at 4 dpf for craniofacial dysmorphology (arrowheads) and hy-
popigmentation (arrows). Scale bar is 500 µm. (C) Quantitation of hypopigmentation. Severe is denoted as the aa24.2pd1209 NIC phenotype shown in A, which is
fully penetrant in control mutants. (D) Complementation analysis of the aa24.2pd1209 allele with the atp6ap1bhi112Tg allele previously described (Nuckels et al.,
2009). n values are shown in C and D. (E) Mosaic expression of HA-tagged Atp6ap1b in enterocytes cell-autonomously rescues p75-GFP localization in
aa24.2pd1209 mutants. Magenta lines indicate HA-positive cells and arrows point to intracellular accumulation. Scale bars are 10 µm. n > 10 mutants in two
independent experiments. (F and G) aa24.2pd1209 heterozygotes were crossed, and one-cell stage embryos were injected with cRNA encoding untagged or GFP-
tagged Atp6ap1b, and 5-dpf larvae were live imaged for craniofacial dysmorphology (arrows) and body length quantification (G). Scale bar is 500 µm. Error bars
are SD. ****, P < 0.0001; ***, P < 0.001; two-way ANOVA with Tukey’s multiple comparison test. n ≥ 29 mutants per condition. (H) Localization of Anpep in
different V0 and V1 sector V-ATPase mutants. Arrows point to vacuolar accumulation, and arrowheads show basolateral missorting. Scale bars are 10 µm and
2 µm in magnified insets. n ≥ 10 mutants in two independent experiments per allele.
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Figure S2. Identification of Anpep as a target for the 4e8 antibody. (A) Coomassie-stained SDS-PAGE gel of eluates from immunoprecipitation with
negative control (-con; lysates incubated with Protein G agarose beads only), anti-4e8, or anti-2h9 (a different mouse monoclonal antibody used for com-
parison) from 5-dpf larvae. The ~150-kD band (arrow) in the Coomassie-stained gel in the 4e8 IP lane was excised and analyzed by MS. (B) Mapped MS
peptides (yellow) with zebrafish Anpep (A0A0R4IZV6_DANRE; anpepb, ENSDARG00000103878). Proteins were filtered at a false discovery rate <1%, with a
minimum of four mapped peptides. Hits were sorted by the number of mapped exclusive unique peptide counts, leaving Anpep as the top hit with 44 exclusive
unique peptides and 59% coverage. The observed molecular weight for the band in A is consistent with that of human ANPEP due to N- and O-glycosylation
modifications (Naim et al., 1999).
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Figure S3. Characterization of apical trafficking phenotypes in V-ATPase mutants. (A) aa24.2pd1209 mutants retain apical membrane proteins p75-GFP
and CD36-RFP (arrows). TgBAC(cd36-RFP)pd1203 expresses CD36-RFP at low levels in the gut, indicating that trafficking defects are not dependent on expression
levels. n > 10 mutants in two independent experiments. (B) aa24.2pd1209 mutant vacuoles (arrows) do not contain MV marker villin. n > 10 mutants in two
independent experiments. (C) Experimental pulse-chase strategy for delivering soluble cargo to the apical surface of intestinal epithelial cells. 5-dpf larvae were
gavaged with endocytic tracers and phenol red to visualize the intestinal lumen. After 1.5 h, the intestinal lumen was flushed out by gavage of excess unlabeled
buffer containing no phenol red to visualize clearing of the intestine. (D and E) Internalized fluid phase FM4-64 (D) and receptor-mediated transferrin-AF568
(E) endocytic cargo accumulates in apical vacuoles (arrows) of aa24.2pd1209 mutants. Scale bars are 10 µm. n ≥ 4 mutants per condition for D and E.
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Figure S4. Manipulation of luminal pH of the TGN and its effect on p75-GFP processing. (A) Schematic structure of a luminal pH sensor for the TGN.
(B) Calibration curve of B4GALT1-se-pHluorin-tagRFPt pH sensor. Sections of Tg(cldn15la:qf2)pd1142;Tg(quas:B4GALT1-pHluorin-tagRFPt)pd1212 larvae were per-
meabilized overnight in PBS-0.5% Triton-X100 and then for 20 min in PBS-1% Triton-X100. Afterward, sections were equilibrated in pH-calibrated phosphate-
citrate buffer in 20% glycerol for ≥4 h and imaged by confocal microscopy. Image acquisition parameters were set at pH 7.5 to allow high dynamic range with no
saturation for each channel. All subsequent imaging for standard curve analysis and live in vivo imaging were then conducted with identical hardware and
software parameters. For quantitation of ratiometric imaging of the sensor, raw 16-bit confocal data were used. Curve fitting and pH interpolation was
conducted using a sigmoidal model. R2 = 0.8806. n ≥ 5 animals representing ≥25 enterocytes. Error bars are 1 SEM. (C) Representative images from standard
curve analysis from B. Scale bars are 10 µm. (D and E) Tg(cldn15la:qf2)pd1142;Tg(quas:B4GALT1-pHluorin-tagRFPt)pd1212 larvae were gavaged with 1% DMSO, 25 µM
monensin, 1 µM bafilomycin, or 20 µM nigericin and then allowed to recover for 1 h. Larvae were then mounted in agarose and allowed to recover from tricaine
anesthesia for ≥30 min. Media were then replaced with egg water containing the same concentration of inhibitor as gavage conditions. Larvae were then live
imaged with no anesthesia within 1 h later. (D) Representative live images. (E)Quantitation of TGN pH values from larvae treated with DMSO, monensin (Mon),
bafilomycin (Baf), or nigericin (Nig). ***, P < 0.001; *, P < 0.05; one-way ANOVA. n ≥ 6 animals, representing ≥30 cells. Data points are average pH values for
individual animals from randomly selected TGN ROIs. Scale bars are 10 µm. (F and G) Larvae expressing p75-GFP were subjected to a 1-h TGN release in the
presence of 0.75% DMSO, 750 nM bafilomycin (Baf), 25 µM monensin (Mon), or 100 mM NH4+. (G) After the 1-h treatment, p75-GFP was immunoprecipitated
and analyzed by Western blot. The upper band represents the mature processed form of p75-GFP that is present at steady-state (24 h after induction). The
lower bands represent immature p75-GFP intermediates.
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Figure S5. Inhibition of V-ATPase activity rapidly blocks p75 apical membrane delivery and redistributes Rab8 into vacuoles. (A) Experimental
scheme. (B) p75-GFP overlaps with Rab11 in apical tubules (arrows) and is enriched at the apical membrane in control larvae after a 1-h TGN release. Bafi-
lomycin treatment acutely inhibits surface delivery, and p75-GFP accumulates in subcortical patches at and below the terminal web with Rab11 (arrowheads).
For depiction of colocalized pixels, control and experimental larvae were processed in parallel, and identical thresholding parameters were applied using the
ImageJ plugin Colocalization. Scale bars are 5 µm. n = 4 mutants. (C) 5-dpf larvae expressing mRFP-Rab8a were treated with DMSO or bafilomycin for the
indicated times and stained for endogenous Rab11. Arrows point to accumulated mRFP-Rab8a/Rab11 signal after 1 h of bafilomycin treatment, and arrowheads
show vacuoles. Scale bars are 5 µm. n ≥ 4 larvae per time point. (D) Experimental scheme. (E) Biosynthetic delivery of MICA-GFP to the basolateral membrane
is not significantly impacted by bafilomycin treatment. Arrowheads point to basolateral membrane signal. Arrows show small intracellular signal that begins to
accumulate after 4 h of bafilomycin treatment. n = 3 (1 h), 8 (2 h), or 6 (4 h) bafilomycin-treated larvae. Scale bars are 10 µm. (F)MICA-GFP was imaged after a
1-h TGN release in mRFP-Rab8a expressing larvae. Wide arrows point to mRFP-Rab8a tubules lacking MICA-GFP and narrow arrows show MICA-GFP lacking
mRFP-Rab8a and extending from the presumptive TGN. n = 12 larvae. (G) 5-dpf larvae expressing mRFP-Rab8a in the gut were treated with DMSO or 1 µM
bafilomycin for 35 min and then live imaged using a Zeiss LSM 880 confocal microscope with a 40× water immersion objective in Airyscan Fast Mode.
Arrowheads show mRFP-Rab8a structures progressively collapsing to form a vacuolar-like compartment during bafilomycin treatment. See also Video 5. Scale
bars are 2 µm. n = 6 bafilomycin-treated larvae.
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Video 1. Live imaging of mRFP-Rab8a and p75-GFP after a 45-min TGN release. 5-dpf larvae were subjected to a 3-h TGN block, mounted in low melting
point agarose in glass-bottom dishes, and then transferred to a 28°C incubation chamber. Live imaging of the mid-intestine was started ~45 min after TGN
release. Images were acquired at 1 frame/4 s. Time stamps are shown in the video. White rectangles indicate the TGN region of enterocytes.

Video 2. Effects of V-ATPase inhibition on mRFP-Rab8a dynamics. 5-dpf larvae were mounted in low melting point agarose in glass-bottom dishes and
then covered in fresh media containing either 1% DMSO (control) or 1 µM bafilomycin. Live imaging of the mid-intestine was started ~45–50 min after adding
media. Images were acquired at 1 frame/4 s. Time stamps are shown in the video. Tracks of mRFP-Rab8 particles were assigned using mTrackJ in ImageJ.

Video 3. Magnified inset of mRFP-Rab8a dynamics during control conditions or during V-ATPase inhibition. This video is a magnified view of individual
enterocytes from Video 2. Images were acquired at 1 frame/4 s.

Video 4. Additional examples of mRFP-Rab8a dynamics during control conditions or during V-ATPase inhibition. Larvae were processed and imaged
identically to those in Video 2, but imaging was started ~60-70 min after adding media. Images were acquired at 1 frame/4 s. Time stamps are shown in
the video.

Video 5. Vacuolar collapse of mRFP-Rab8a+ tubules during V-ATPase inhibition. 5-dpf larvae were under identical conditions as used in Videos 2, 3, and
4, and live imaging of the mid-intestine was started ~35 min after adding media. Images were acquired at 1 frame/4 s, and time stamps are shown in the video.
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