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Cytosolic pH regulates root water
transport during anoxic stress
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Flooding of soils results in acute oxygen deprivation (anoxia) of
plant roots during winter in temperate latitudes, or after irriga-
tion', and is a major problem for agriculture. One early response
of plants to anoxia and other environmental stresses is down-
regulation of water uptake due to inhibition of the water
permeability (hydraulic conductivity) of roots (Lp,)*. Root
water uptake is mediated largely by water channel proteins
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(aquaporins) of the plasma membrane intrinsic protein (PIP)
subgroup®®. These aquaporins may mediate stress-induced inhi-
bition of Lp,>*’ but the mechanisms involved are unknown. Here
we delineate the whole-root and cell bases for inhibition of water
uptake by anoxia and link them to cytosol acidosis. We also
uncover a molecular mechanism for aquaporin gating by cytosolic
PpH. Because it is conserved in all PIPs, this mechanism provides a
basis for explaining the inhibition of Lp, by anoxia and possibly
other stresses. More generally, our work opens new routes to
explore pH-dependent cell signalling processes leading to regu-
lation of water transport in plant tissues or in animal epithelia'.

The molecular bases of aquaporin gating in plants and animals by
phosphorylation'™"* or other mechanisms'*'* remain elusive. Cer-
tain mammalian aquaporins are regulated by external pH'*'® when
expressed in Xenopus oocytes. In plants, the water channel activity
of purified plasma membrane vesicles can be blocked by protons'’.
We investigated the relevance of this process for regulation of water
uptake by roots in Arabidopsis.

Roots detached from plants grown in hydroponics were inserted
into a pressure chamber and bathed in a well-aerated standard root
bathing solution (RBS) at pH 6.0. Applied pressure (P) induced a
flow (J,) of exuded sap, with a linear ], to P relationship for P up to
0.5 MPa. The slope reported to root dry weight indicates a mean Lp,
of 61.5 = 6.7mlg” 'h™'MPa~' (xs.e.m.; n = 4) (Fig. la). Oxygen
deprivation was induced in the same roots by N, bubbling for
30 min in RBS and resulted in a 42% reduction in Lp, to 35.6 £
7.4mlg*1h71MPa*l (*£s.e.m.) (Fig. la). Because the J, curves
cross the Paxis at similar values close to the origin, measurements of
]y at a high (>0.3 MPa) constant P can be used to monitor relative
changes in Lp,. For instance, the anoxic treatment above induced a
46% reduction in J, at 0.35MPa. A similar reduction in J, by
49.2 = 3.7% (*s.e.m., n =>5) was observed on another set of
plants. Altogether, these results extend to Arabidopsis observations
previously made in crop species®. A fall in cytosolic pH is, besides
fluctuations in cytosolic Ca’*, one early cellular response that
typically accompanies anoxia'®*’. This response was investigated
in Arabidopsis roots using in vivo proton-decoupled 'P-nuclear
magnetic resonance (NMR) spectroscopy. Spectra (see Supple-
mentary Information 1) revealed three major peaks corresponding
to phosphorylcholine (P-Cho), at 3.47 parts per million (p.p.m.),
and to cytosolic and vacuolar pools of inorganic phosphate (Pi), at
2.45 and 0.55 p.p.m.—pH values of 7.7 and 5.9, respectively. Within
the 10 min after the onset of oxygen deprivation, the peaks of
cytosolic Pi and P-Cho shifted upfield to 1.94p.p.m. and
3.38 p.p.m., respectively, indicating a decrease in cytosolic pH to
7.20=7.25 (n = 3).

Inhibitors of cytochrome pathway respiration can be used to
mimic oxygen deprivation*®. We found that sodium azide (1 mM
NaNj3) and potassium cyanide (0.5mM KCN) induced a marked
inhibition of J, by 87 £ 1% (NaNs; n = 6) and 81 * 1% (KCN;
n = 7), with half times (¢,,) of 2.6 = 0.2 min and 4.6 = 0.1 min,
respectively (Fig. 1b). Wash out of NaN; and KCN induced a
significant reversal of J, inhibition to 92 £ 3% (n = 3) and
76 = 3% (n=4) of initial values, respectively, over a similarly
short period of time (NaNj, ¢, =4.6 £ 0.6 min; KCN,
ti;2 = 3.2 £ 0.7min; Fig. 1b). In parallel NMR experiments the
chemical shift of P-Cho indicated that exposure of roots to 1 mM
NaNj; or 0.5 mM KCN resulted in a rapid drop in cytosolic pH to a
steady-state value of 6.9-7.0 (NaN3) or 7.0-7.25 (KCN; n = 3) after
10-20 min (Fig. Lc; see also Supplementary Information 1). Wash
out of the inhibitors resulted in a complete recovery of initial
cytosolic pH values (pH 7.7) in less than 5 min (Fig. 1¢).

Loading of root cells with 20 mM propionic acid/potassium
propionate (KProp), by substituting at constant pH (pH 6.0) the
weak acid for 20 mM KCl in a standard RBS, induced a marked drop
in cytosolic pH down to 6.5-6.6 (n = 3), with a secondary equili-
bration to steady-state values in the range of pH 6.7-6.8 (Fig. 2b). A
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rapid recovery to initial cytosolic pH values was observed on
return to standard RBS (Fig. 2b). Parallel pressure chamber
measurements indicated that a similar acid load treatment induced
a rapid (f;, =3.7 £ 0.3min; n = 6) and significant reduction
(71 £ 3%) in J, (Fig. 2a). On subsequent transfer into control
RBS, a significant recovery from J, inhibition (70 % 6%; n = 4)
occurred rapidly (t;,, = 1.8 £ 0.2 min), before J, slowly decreased
again and stabilized to a slightly reduced, steady-state value (Fig. 2a).
Altogether, kinetic measurements of ], and cytosolic pH under acid
load and respiration blockade conditions establish a strong corre-
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Figure 1 Effects of anoxia and respiratory inhibitors on Arabidopsis root water transport
and cytosolic pH. a, Pressure chamber measurements (*s.e.m.) on individual excised
root systems (n = 4) bathed in a standard RBS before (normoxic, filled circles) and after
(anoxic, open circles) a 30-min bubbling treatment with N,. J,, was expressed per unit dry
weight and plotted as a function of applied pressure. The slope of the regression lines
corresponds to the root hydraulic conductivity (Lp,). b, Representative kinetic changes of
Jy (% of initial value) induced on two individual excised root systems by exposure to 1 mM
NaNj (filled triangles) or 0.5 mM KCN (filled circles). Inhibitors were added at t = 0 (filled
arrow) and removed at £ = 25 min (open arrow). The applied pressure was kept constant
at 0.3 MPa. ¢, Kinetic changes in cytosolic pH in response to exposure to respiratory
inhibitors. Same conventions as in b.
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lation between cytosolic pH and root water transport capacity. The
partially irreversible alterations of Lp, observed after acid load may
result from the large amplitude changes in cytosolic and vacuolar
pH values and associated metabolic disturbances. Also, root cells
that have the most abundant cytosolic Pi pools and thus contribute
to most of the NMR signal may not represent the critical barriers for
water transport regulation. This may explain further slight discre-
pancies between kinetic changes in cytosolic pH and J,. Further-
more, changing the pH between 5.5 and 8.0 of a RBS had no effect
on cytosolic pH and did not noticeably alter Lp,, indicating that, by
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Figure 2 Effects of an acid load on cytosolic pH and water transport in whole roots and
cortex cells. a, Kinetic changes in J, induced in response to an acid load with 20 mM
propionic acid at pH 6.0. Acid load was applied at t= 0 (filled arrow) and maintained
(open circles) or reversed (filled circles) at t = 25 min (open arrow). b, Acid-load-induced
changes in cytosolic pH. Same treatment and conventions as in a. Cytosolic pH was
deduced from the chemical shift of P-Cho determined in 2.5-min acquisition spectra.
¢, Typical time course of root cortex cell pressure relaxation in control (KCI) and acid-
loaded (KProp) roots. After measurements of a stationary turgor pressure, exo-osmotic
(outward) and endo-osmotic (inward) water movements were triggered by quickly
changing the cell pressure using the cell probe, and then hydrostatic relaxations at
constant probe volume (meniscus immobilized manually) were recorded. For the
individual cells shown, mean water relation parameters were: KCl, 1, = 0.50's,

Lpeer = 4.16 X 10 % ms ™" MPa™"; KProp, t1, = 3.98, Lpeey = 0.44 X

10 ®ms "MPa . d, Mean Lpg values for the indicated number of cells from root
segments that were pre-treated for 12.5-22.5min in a KCl or a KProp solution or
successively treated for 20 min in KProp and 15—20 min in a KCI solution (KProp + KClI).
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contrast to cytosolic pH, extracellular pH does not regulate water
transport in Arabidopsis roots (data not shown).

Root water transport is mediated through the parallel contri-
bution of cell wall (apoplastic) and cell-to-cell paths*"*. The latter
includes transport across cellular membranes and/or plasmodes-
mata and is a likely target for reversible regulation by cytosolic pH.
To investigate this, the hydraulic conductivity of root cortex cells
(Lpeen) was measured by the cell pressure probe technique®* in
conditions similar to those used for measuring J, and cytosolic pH.
Cells of roots bathed in a control saline solution with 20 mM KClI,
pH 6.0, displayed typically short hydrostatic equilibration times
(t1, = 0.66 * 0.05s; n = 9; Fig. 2¢) indicative of a high hydraulic
conductivity (Lpey = 3.43 + 0.52 X 10 ®ms™ ' MPa" '; Fig. 2d).
In contrast, acid load for 12.5-22.5 min with 20 mM KProp at pH
6.0 resulted in a marked decrease (89%) in Lp.. (Fig. 2d). This
decrease was reflected by a greater than tenfold increase in ¢y,
(t1, = 7.29 * 1.24s; n = 8; Fig. 2¢) without significant alteration
in stationary turgor pressure nor in volumetric elastic modulus
(data not shown). Cells from root segments that had been sequen-
tially acid loaded and returned in a control saline solution had a
mean Lp.. similar to that of control untreated cells (Fig. 2d).
Although cell analysis was only accessible in the cortex®, the
amplitude of acid-load-induced inhibition of Lp.y suggests
that blockade of the trans-cellular path can account for most
effects observed on whole-root water transport (see Supplementary
Information 2).

Because they contribute significantly to Lp.y in roots®*, PIP
aquaporins may well account for the cytosolic pH-dependent
component. The direct effects of extra- and intracellular acidifica-
tion on the activity of specific PIP isoforms were investigated using
heterologous expression in Xenopus oocytes. Measurements with a
pH-sensitive electrode showed that oocytes maintain physiological
cytosolic pH values in the 7.1-7.3 range when exposed to bathing
solutions with 50 mM NaCl at pH 7.5 (NaCl 7.5) or pH 6.0 (NaCl
6.0) or with 50 mM sodium acetate at pH 7.5 (NaAc 7.5) (Fig. 3a). In
contrast, exposure to 50 mM NaAc at pH 6.0 (NaAc 6.0) induced a
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Figure 3 Effects of a stepwise acid load treatment on cytosolic pH and aquaporin water
transport activity in Xenopus oocytes. a, Native oocytes (n = 7-8) were pre-treated for
10 min in solutions containing 50 mM NaCl or NaAc at pH 6.0 or pH 7.5, and cytosolic
pH was measured in the same solution using a pH-sensitive electrode. b—d, After
pre-treatments as in a, P of control uninjected (grey bars; n = 11) or cRNA-injected
(black bars; n = 19; b, TIP1;1; ¢, PIP2;2; d, PIP1;2) oocytes was measured by a swelling
assay in the same solutions but with a fivefold dilution in distilled water. Each panel
represents pooled data from three independent batches of oocytes.
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marked cytosolic acidification in less than 10min (cytosolic
pH = 5.90 = 0.06; n = 8; Fig. 3a). In parallel osmotic swelling
assays, we observed that the osmotic water permeability (Py)
conferred to the oocyte membrane by expression of Arabidopsis
vacuolar membrane aquaporin TIP1;1 (ref. 24) was insensitive to a
10-min pre-treatment of oocytes by NaCl or NaAc at either pH 6.0
or 7.5 (Fig. 3b). In contrast, the activity of all PIP2 homologues
investigated (PIP2;1, PIP2;2, PIP2;3) was markedly (=85%) and
specifically inhibited by a NaAc 6.0 pre-treatment (Fig. 3¢). Among
several PIP1 isoforms investigated (PIP1;1, PIP1;2, PIP1;3, PIP1;4),
only PIP1;2 displayed a significant water transport activity in
oocytes, which again was selectively blocked in NaAc 6.0 (Fig. 3d).

The finding that most, if not all, PIPs are specifically blocked by
intracellular acidification implies that PIPs have a conserved struc-
tural basis for cytosolic pH sensing. Incubation of oocytes expres-
sing PIP2;2 in NaAc solutions with pH between 6.0 and 7.5
(6.0 < cytosolic pH < 6.9) indicated that the apparent pK of
proton-dependent PIP inhibition was in the range of pH 6-6.9
(Fig. 4a). This and the sidedness of pH effects suggest that proto-
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Figure 4 Sensitivity of wild-type (WT) and mutant PIP2;2 to cytosolic acidification.

a, Control uninjected oocytes (open circles) or oocytes expressing wild-type PIP2;2 (filled
circles) or H197D (grey triangles), H197A (white triangles) or H197K (black triangles)
mutants were pre-treated for 10 min in NaAc solutions with pH between 6.0 and 7.5. P
values were measured and are reported as a function of cytosolic pH measured in control
oocytes pre-treated in the same conditions. Error bars not shown fall into symbols

(n = 4-6). The inset shows a schematic view of PIP2;2 topology and the position of H197
(H) in loop D. b, Control uninjected oocytes (n = 9-10) or oocytes injected with cRNAs
(n = 6) encoding wild-type PIP2;2 or double PIP2;2 mutants R194A/H197A or D195A/
H197A were pre-treated in a NaAc 6.0 (light grey bars; cytosolic pH of 6.0) or a NaAc 7.5
(dark grey bars; cytosolic pH of 6.9) solution and their P value was measured. The inset
shows the sequence of loop D in PIP2;2.
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nation of one or more cytoplasmically exposed His residues is
involved. Sequence comparison indicated that all 13 Arabidopsis
PIPs share a highly conserved pattern of five His residues (Sup-
plementary Information 3). Although all PIP1 and certain PIP2
homologues have a few additional His residues at varying positions,
PIP2;2 is one PIP isoform that exhibits the minimal five His pattern.
Three of these face the cytosol with only two being specific for PIPs:
His 197 and His 264, which are localized in intracellular loop D
(Fig. 4a, inset) and at the end of the sixth membrane-spanning
domain, respectively. In experiments where oocyte cytosolic pH was
adjusted to values between 6.0 and 6.9, a PIP2;2 mutant with
substitution of His 197 by an Ala residue (H197A) exhibited a
much less pronounced blockade by cytosolic acidification (30%)
than wild-type PIP2;2 (85%) (Fig. 4a). A H197D mutant carrying a
negatively charged Asp at the same position exhibited a constitu-
tively high, pH-insensitive activity. Furthermore, substitution of
His 197 by a Lys residue (H197K) conferred a totally pH-insensitive
but low apparent activity, in agreement with the assumption that
the introduced positive charge may mimic the protonated state of
His 197 (Fig. 4a). Altogether, the effects of point mutations and/or
charge substitution at position 197 establish His 197 of PIP2;2 as a
major site for cytosolic pH sensing. Yet, other titratable residues
may account for residual proton sensitivity of H197A channels. A
similar mutation at position 264 (H264A), alone or in combination
with H197A, had no significant effect on PIP2;2 activity and pH
sensitivity (data not shown). Loop D contains a stretch of charged
amino acids that also may cooperate with the cytosolic pH-depen-
dent function of His 197 (Fig. 4b, inset). Accordingly, the double
mutants R194A/H197A and D195A/H197A displayed a complete
insensitivity to cytosolic acidification at pH 6.0 (NaAc 6.0) (Fig. 4b).
Single Ala mutants at positions 194 or 195 also showed a markedly
reduced inhibition by pH (data not shown). Altogether, these
results establish that charged residues in the cytosolic vestibule of
the aqueous pore control its conformation and/or conductance and
make these responsive to cytosolic protons. Although a His residue
is lacking, mammalian aquaporins, including AQP1 and AQP2, also
have a stretch of charged amino acids in loop D.

The structural basis described here for cytosolic pH-dependent
gating is conserved in all PIPs. This provides a mechanism for
coordinate inhibition of plant plasma membrane aquaporins and,
as a consequence, for a general block of root water transport, as was
observed at the cell and organ levels. Thus, cytosol acidosis was
identified as the primary cause for inhibition of Lp, in anoxic
conditions and represents, in addition to changes in cytosolic Ca**
and Rop-dependent H,O, production®**, a new signalling mech-
anism for anoxia. Furthermore, aquaporin mutants with altered
sensitivity to cytosolic pH will be instrumental in testing how
aquaporin activity in plant roots may be detrimental under anoxic
stress, and this may provide new knowledge to improve the flooding
tolerance of crops. |

Methods

Plant culture
Arabidopsis thaliana plants (ecotype Wassilewskija) were grown in hydroponic culture as
described®.

Whole-root and cortex cell hydraulic conductivities
The pressure (P)-dependent flow (J) of sap exuded by excised roots was measured in a
pressure chamber using the device described in ref. 6 and in Supplementary information 2,
with a RBS containing 20 mM KCl, 1.25 mM KNOj3, 1.5 mM Ca(NO0s),, 0.75 mM MgSO,,
0.05mM KH,PO,, 3 mM glucose, 10 mM Mes-KOH, pH 6.0. When indicated, J,
measurements were made in a RBS supplemented with 1 mM NaNj; or 0.5 mM KCNorina
RBS in which 20 mM propionic acid/potassium propionate (KProp), pH 6.0, was
substituted for 20 mM KCL. The dry weight (DW) of individual root systems was determined
and hydrostatic hydraulic conductivity (Lp,) was calculated from the slope of a J,/DW to P
plot derived from steady-state J, measurements at five P values between 0.15 and 0.35 MPa.
Cell pressure probe measurements were performed as described®. Excised root tips (30—
50 mm in length) were preincubated in a simplified RBS (KCI) containing 20 mM KCl,
10 mM Mes-KOH, pH 6.0, or in a corresponding acid load solution (KProp: 20 mM K-
propionate, 10 mM Mes-KOH, pH 6.0), and the hydraulic conductivity of root cortex cells
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(Lpeen) located between 2.5-3.5 mm from root apex was measured in the following 12—
20 min.

In vivo NMR analyses

*'P-NMR spectra of excised roots (approximately 10 g fresh weight) were recorded at 20 °C
in an AMX 400 wide bore spectrometer (Bruker) equipped with a 25-mm multinuclear
probe tuned at 161.9 MHz, using an experimental arrangement described previously.
The acquisition of data used 70-ps pulses (50°) at 0.6-s intervals, and a sweep width of
9.8 kHz. A broadband decoupling at 2.5 W during acquisition and 0.5 W during the delay
was applied using the Waltz sequence; the signal was digitized at 4,000 data points zero-filled
to 8,000, and processed with a 5-Hz line broadening. Spectra were referenced to methylene
diphosphonic acid (pH 8.9) as described'. Roots were continuously perfused at a rate of
120 ml min~ " with a RBS bubbled with O, or N, (anoxia) (gas flow of 1 Imin~!) in the
medium reservoir. This device provides an optimal supply of O, in control conditions and
allows one to evacuate the CO, produced by roots in anoxic conditions.

To assign the resonance of inorganic phosphate and soluble phosphate-containing
compounds to specific peaks observed on in vivo >'P-NMR spectra, the spectra of
perchloric acid extracts prepared from the samples frozen immediately after in vivo
analyses were compared with the spectra of standard solutions of known compounds'.
The definitive assignments were made after running a series of spectra obtained by
addition of the authentic compounds to the perchloric acid extracts at different pH values.
Intracellular pH values were estimated from the chemical shift of the cytosolic and
vacuolar Pi pools as previously described'”. When the peak of cytosolic Pi was too weak to
be unambiguously identified, cytosolic pH was evaluated from the chemical shift of the
relatively abundant P-Cho (see Supplementary Information 1).

Expression in oocytes, water permeability and cytosolic pH

The complementary DNA of all aquaporins investigated was cloned in a pSP64T-derived
expression vector’. Aquaporin mutants were generated by oligonucleotide-directed
mutagenesis using a recombinant PCR technique' or the QuikChange Site-Directed
Mutagenesis kit (Stratagene). All the constructs were verified by automated sequencing of
the full cDNA. Complementary RNA production, expression in Xenopus oocytes and
osmotic water permeability (P¢) measurements were performed as previously described"’.
Intracellular pH was measured with respect to a membrane potential electrode using a
H-selective liquid exchanger microelectrode (hydrogen ionophore IT Cocktail A, Fluka)
connected to a high impedance amplifier as described*. Electrodes had a linear response

with a slope =52 mV pH unit ™.
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Induction of cytotoxic T-cell immunity requires the phagocytosis
of pathogens, virus-infected or dead tumour cells by dendritic
cells'. Peptides derived from phagocytosed antigens are then
presented to CD8" T lymphocytes on major histocompatibility
complex (MHC) class I molecules, a process called “cross-pres-
entation”>’. After phagocytosis, antigens are exported into the
cytosol and degraded by the proteasome*®. The resulting pep-
tides are thought to be translocated into the lumen of the
endoplasmic reticulum (ER) by specific transporters associated
with antigen presentation (TAP), and loaded onto MHC class I
molecules by a complex “loading machinery” (which includes
tapasin, calreticulin and Erp57)’. Here we show that soon after or
during formation, phagosomes fuse with the ER. After antigen
export to the cytosol and degradation by the proteasome, pep-
tides are translocated by TAP into the lumen of the same
phagosomes, before loading on phagosomal MHC class I mol-
ecules. Therefore, cross-presentation in dendritic cells occursin a
specialized, self-sufficient, ER-phagosome mix compartment.
The reasons why phagocytosis itself favours cross-presentation in
dendritic cells and macrophages are unclear. To gain further insight
into this process, we purified phagosomes from immature dendritic
cells. After purification, the enrichment of various phagosomal
markers was analysed by western blotting. Early phagocytic mar-
kers, such as transferring receptor and phosphoinositide-3-kinase
(Pi3Kp85), were detected early after engulfment and rapidly
decreased thereafter. Markers of the late endocytic pathway, such
as rab7 (Fig. 1a) and Lamp2 (Fig. 1b, left panels) increased over
time, indicating phagosome maturation towards phagolysosomes.
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In macrophages, phagosomes were recently shown to fuse with
the ER during or soon after engulfment®. Similarly, we found that
several ER resident proteins such as sec61/sec62 and calnexin were
detected immediately after phagosome formation in dendritic cells
(Fig. la and Fig. 1b, right panels). Recruitment of ER residents into
phagosomes, however, was restricted to a subset of the ER proteins
detected by polyclonal antibodies raised against whole ER mem-
branes (Supplementary Information SD1). The presence of these ER
markers in phagosomes decreased as phagosomes matured into
phagolysosomes.

To quantify the proportion of phagosomes bearing ER markers,
we used flow cytometric (FACS) analysis of phagosomes’. After the
pulse with latex beads, only 10% of the phagosomes expressed
Lamp2, and the proportion of Lamp2-bearing phagosomes
increased over time (Fig. 1b, left panel), to reach over 50% after
240 min chase. The distribution of calnexin, in contrast, was
homogeneously high in early phagosomes (right panels in Fig. 1b),
suggesting that most of the phagosomes had already fused with ER
membranes. Consistent with our biochemical analysis and with
previous results in macrophages®, calnexin labelling of phagosomes
decreased over time.

ER recruitment to phagosomes was also shown in whole cells,
using confocal-laser scanning-microscopy (CLSM). In immature
dendritic cells pulsed with fluorescent beads, staining of the phago-
somal membrane was observed using both total ER antibodies (not
shown) and calnexin antibodies (Fig. le), in a wide proportion of
early phagosomes. Electronic microscopy analysis of ER distri-
bution by calreticulin staining demonstrates the juxtaposition of
ER membranes to the forming phagosomes (phagocytic cups were
stabilized by PI3K inhibitors®), and strongly suggests direct
fusion between the two organelles (Fig. 1c). Direct evidence for
ER-phagosome fusion was obtained using a cytochemical EM
technique, revealing the activity of the ER enzyme glucose-6-
phosphatase (G-6-Pase) on Epon sections'®. G-6-Pase activity
appears as dense precipitates in numerous ER structures through-
out the cells, including the nuclear envelope (Fig. 1d). Strikingly, the
majority of phagosomes displayed strong G-6-Pase labelling some-
times over the whole of the limiting membrane (Fig. 1d, right
panel), other times on part of it (Fig. 1d, left panel). We concluded
that in dendritic cells, like in macrophages®, phagosomes fuse with
the ER, soon after or during particle engulfment. ER proteins
then progressively disappear as phagosomes mature into
phagolysosomes.

Fusion with the ER and the recruitment of ER proteins to
phagosomes led us to reconsider the conventional view of cross-
presentation. We hypothesized that after antigen export to the
cytosol and degradation by the proteasome, peptides could be
translocated back into the lumen of the same phagosome by TAP,
and loaded onto MHC class I molecules in the phagosomal lumen.

To test this model, we first examined whether ER fusion with
phagosomes actually results in recruitment of TAP and of the MHC
class I loading machinery. Abundant TAP was detected in early
phagosomes and was reduced over time (Fig. 2a, right panel). Flow
cytometric analysis of phagosome populations’ of various ages
revealed homogeneous staining of early phagosomes, which also
decreased over time (Fig. 2a, left panel). EM analysis of purified
phagosomes showed that TAP2 is inserted into the phagosomal
membrane surrounding the latex bead (Fig. 2b). The recruitment of
TAP to phagosomes was also seen in intact dendritic cells using
CLSM (Fig. 2¢). In spite of high staining of abundant ER mem-
branes throughout the cells, enrichment in membranes surround-
ing the beads was evident in most phagosomes.

Together with TAP, tapasin, calreticulin, ERp57 and the heavy
chain of MHC class I were all detected in purified early phagosomes
by western blotting (Fig. 2d). A clear decrease over time was
observed for tapasin and ERp57, whereas MHC class I heavy
chain and calreticulin remained stable. Therefore, in the first few
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