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The cytoplasmic tail of the H,K-ATPase b-subunit contains
a putative tyrosine-based motif that directs the b-subunit’s
basolateral sorting when it is expressed in Madin-Darby
Canine Kidney (MDCK) cells. When expressed in LLC-PK1

cells, however, the b-subunit is localized to the apical
membrane. Several proteins that contain tyrosine-based
motifs, including the low-density lipoprotein and trans-
ferrin receptors, show a similar sorting ‘defect’ when
expressed in LLC-PK1 cells. For low-density lipoprotein
and transferrin receptors, this behavior is due to the differ-
ential expression of the m1B subunit of the AP-1B clathrin
adaptor complex. m1B is expressed by MDCK cells, but not
LLC-PK1 cells, and transfection of m1B into LLC-PK1 cells
restores basolateral localization of low-density lipoprotein
and transferrin receptors. For the b-subunit, however, m1B
expression in LLC-PK1 cells does not induce its basolateral
expression. We found that the b-subunit interacts with
both m1B and m1A in vitro and in vivo. The capacity to
participate in a m1B interaction therefore is not sufficient to
program the b-subunit’s basolateral localization in MDCK
cells. Our data suggest that the H,K-ATPase b-subunit’s
basolateral sorting signal is either masked in certain
epithelial cells, or requires an interaction with sorting
machinery other than AP-1B for delivery to the basolat-
eral plasma membrane.
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The plasma membranes of polarized epithelial cells are

divided into apical and basolateral domains. These mem-

brane surfaces are functionally distinct and each contains a

different complement of proteins and lipids (1). Protein

targeting to the basolateral membrane in polarized epithe-

lial cells is mediated by various sorting signals that are

embedded within the cytoplasmic domains of the basolat-

eral proteins themselves (2).

Tyrosine-based motifs constitute a class of sorting signals

that are represented in the cytoplasmic domains of many

membrane proteins. These motifs are recognized by cla-

thrin adaptor complexes and play important signaling roles

in endocytosis, lysosomal targeting and basolateral sorting

(3). The tyrosine-based motif is defined by a four-amino

acid sequence, YXXØ, where X can be any amino acid and

Ø is an amino acid with a bulky hydrophobic side chain (4).

The tyrosine in these motifs is crucial for the function of

the targeting signal; however, the amino acids that flank

the YXXØ domain also participate in interactions with

adaptor complexes (5,6).

The intracellular trafficking of the heterodimeric gastric

H,K-ATPase is affected by a tyrosine residue in a putative

tyrosine-based motif. The gastric H,K-ATPase is composed

of two subunits, a and b. The cytoplasmic tail of the

b-subunit includes the sequence ‘FRHY’. Although this

motif presents the canonical YXXØ amino acid sequence

in reverse orientation, and the requirement for the phenyl-

alanine residue has not been verified, previous work has

demonstrated that the tyrosine residue is necessary for

the regulated endocytosis of the H,K-ATPase b-subunit in

both the stomach and the kidney (7,8). The tyrosine resi-

due in this putative tyrosine-based motif also plays a role

in protein sorting when the H,K-ATPase b-subunit is

expressed in polarized epithelial cells (9). Heterologously

expressed H,K-ATPase b-subunit accumulates at the baso-

lateral membrane in the Madin-Darby canine kidney

(MDCK) cell line; however, when the tyrosine is mutated

to an alanine, a significant percentage of the b-subunit is

also localized to the apical membrane (9). This result

demonstrates that this tyrosine residue influences not

only the internalization but also the basolateral distribution

of the H,K-ATPase b-subunit in at least some polarized

epithelial cell types.

Although tyrosine-based motifs specify basolateral sorting

in MDCK cells, not all epithelial cells are capable of inter-

preting the sorting information that these motifs contain.

MDCK cells exhibit properties more consistent with cells

of the renal distal tubule, whereas the LLC-PK1 renal cell

line exhibits properties more consistent with those of renal

proximal tubule cells. The H,K-ATPase b-subunit is sorted

to the basolateral membrane of MDCK cells, but it is

localized to the apical membrane of LLC-PK1 cells (10). A

similar phenomenon is seen with several proteins that

contain tyrosine-based motifs, including the low-density

lipoprotein (LDL) and transferrin receptors, both of which

sort to the basolateral membrane when expressed in
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MDCK cells and to the apical membrane when expressed

in LLC-PK1 cells (11–13).

A large body of biochemical work has demonstrated that

the information encoded in tyrosine-based motifs can be

interpreted by adaptor proteins. Adaptor proteins are het-

erotetrameric complexes that link clathrin to membrane

proteins and play an important role in membrane invagina-

tion and protein trafficking (14). The m subunit interacts

with tyrosine-based motifs (15). The adaptor protein-1

complex (AP-1) has been implicated in basolateral sorting,

based on the observation that vesicles targeted to the

basolateral membrane bud from endosomal tubules that

are coated with clathrin and AP-1 (16). The AP-1 complex is

capable of associating with at least two m subunits, m1A

and m1B. The m1A protein is ubiquitously expressed; how-

ever, m1B has a more limited distribution and is primarily

expressed in polarized epithelial or exocrine cell-types (17).

While m1B is expressed in several epithelial cell lines,

including MDCK cells, it is not expressed in LLC-PK1 cells

(17). These findings suggested that m1B could be involved

in sorting, and that the presence or absence of this protein

may account for the differential sorting behaviors exhibited

by various polarized epithelial cells (17). In fact, stable

expression of m1B in LLC-PK1 cells causes a dramatic

redistribution of the LDL and transferrin receptors from

the apical to the basolateral membrane in these cells

(13). This result led to the conclusion that m1B is an import-

ant mediator of basolateral targeting for proteins contain-

ing tyrosine-based motifs (13).

To test whether expression of m1B in LLC-PK1 cells would

alter the apical targeting of the H,K-ATPase b-subunit, we

stably transfected LLC-PK1 cells that express functional

levels of m1B or m1A with a cDNA encoding the H,K-

ATPase b-subunit. Additionally, we tested for possible

interactions between the tyrosine-containing motif of the

H,K-ATPase b-subunit and m1B. We found that m1B

expression is not sufficient to alter the distribution of the

H,K-ATPase b-subunit polypeptide.

Results

LLC-PK1 cell lines that stably express m1B or m1A were

stably transfected with a cDNA encoding the H,K-ATPase

b-subunit. We found that the LLC-PK1 cell lines that

express m1A do not typically form a well-differentiated

monolayer, whereas the LLC-PK1 cell lines that express

m1B are less likely to grow in multiple layers. These obser-

vations are in agreement with the observations of Fölsch

et al. and Ohno et al. (13,18). When the b-subunit of the

H,K-ATPase is expressed by transfection in cultured cell

lines, it is delivered to the cell surface, even in the absence

of the H,K-ATPase a-subunit (19). Confocal immunofluor-

escence microscopy demonstrates that the expression of

m1B does not induce the basolateral accumulation of the

H,K-ATPase b-subunit (Figure 1A, B). Additionally, the H,K-

ATPase b-subunit remains localized to the apical mem-

brane in the LLC-PK1 cells that stably express m1A (Figure

1C,D). The data presented in Figure 1 suggest that, unlike

the LDL and transferrin receptors, the expression of m1B is

not sufficient to redirect the H,K-ATPase b-subunit to the

basolateral membrane in LLC-PK1 cells.

In order to ensure that the cells that are transfected with

both m1B and the H,K-ATPase b-subunit are expressing

functional levels of the m1B adaptor subunit polypeptide,

we utilized a defective adenovirus system to super-

transfect both cell lines with a cDNA encoding the LDL

receptor. Confocal immunofluorescence microscopy indi-

cates that the LDL receptor accumulates at the basolateral

membrane of LLC-PK1 cells that express both m1B and the

H,K-ATPase b-subunit (Figure 1E,F), but the receptor

remains at the apical surface of LLC-PK1 cells that express

m1A and the H,K-ATPase b-subunit (Figure 1G,H). This

result confirms that the cell line that is transfected with

both m1B and the H,K-ATPase b-subunit is expressing

functional levels of m1B.

The fact that stable expression of m1B does not influence

the distribution of the H,K-ATPase b-subunit raises the

question of whether the m1B subunit and the H,K-ATPase

b-subunit cytoplasmic tail are capable of interacting at all.

To facilitate the examination of this issue, we prepared a

series of FLAG-tagged m-subunits. The adaptor subunits

m1A, m1B and m2 were all tagged internally to ensure that

the m subunit can be incorporated into functional adaptor

protein complexes (Figure 2A) (20,21). When FLAG-tagged

m1A and m1B are transiently transfected into COS-7 cells,

immunoprecipitation with anti-FLAG antibody precipitates

m-subunits as well as the associated g-subunit of the AP-1

complex (Figure 2B). As expected, immunoprecipitation of

lysates of cells transfected with m2 with anti-FLAG anti-

body brings down the m2 subunit, but does not precipitate

the g-subunit since this protein is not present in the adap-

tor protein-2 complex into which m2 incorporates. These

data demonstrate that immunoprecipitations with the anti-

FLAG antibody are specific, and that the tagged m1A and

m1B subunits are incorporated into fully assembled AP-1

complexes.

To assess the potential for interaction between the cyto-

plasmic tail of the H,K-ATPase b-subunit and the m-subunits,

we employed GST fusion proteins for in vitro binding

assays (Figure 2C). The b-subunit is a Type II membrane

protein; therefore, we generated a construct that contains

the N-terminal cytoplasmic residues of the H,K-ATPase

b-subunit fused to the N-terminus of GST. Lysate from

untransfected COS-7 cells and COS-7 cells transiently

transfected with m1A and m1B were incubated with the

GST fusion protein, and precipitated material was sub-

jected to SDS-PAGE analysis. The resulting blots were

probed with anti-FLAG antibody. These data indicate that

the m1A and m1B proteins are capable of interaction with
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the H,K-ATPase b-subunit cytoplasmic tail GST construct

(Figure 3A). A g-adaptin signal is also observed when the

tail constructs are incubated with lysate from untrans-

fected cells, demonstrating that endogenous intact AP-1A

complex is also capable of interaction with these GST

constructs (Figure 3B).

Previous work has demonstrated that the tyrosine residue

in the H,K-ATPase b-subunit cytoplasmic tail is required for

the appropriate sorting of the b-subunit in MDCK cells (9).

To determine whether the tyrosine residue is required for

interaction between the b-subunit cytoplasmic tail and the

AP-1 complex m-subunits, we generated the Y20A tyrosine

Figure 1 : The H,K-ATPase

b-subunit is localized to the

apical membrane in LLC-PK1

cells that express functional

levels of m1B or m1A. The H,

K - A T P a s e b- s u b u n i t i s

predominantly detected in the

apical membranes of LLC-PK1

cells that stably express m1B,

viewed en face and in X/Z cross-

section (A and B). The H,K-ATPase

b-subunit is also predominantly

localized to the apical membrane

of LLC-PK1 cells that stably

express m1A, viewed en face

view and in X/Z cross-section (C

and D). LDL receptor is primarily

localized to the basolateral

membrane of LLC-PK1 cells that

stably express m1B, viewed en

face and in X/Z cross-section (E

and F). In contrast, LDL receptor is

predominantly localized to the

apical membrane of LLC-PK1 cells

that stably express m1A, viewed

en face and in X/Z cross-section (G

and H). Scale bars are equal to

20mm.

H,K-ATPase b-Subunit Independent of m1B
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to alanine mutant tail construct Y20A-GST (Figure 2C). As

expected, mutating the tyrosine in the b-subunit cytoplas-

mic tail markedly reduced its interaction with the AP-1

subunits m1A and m1B (Figure 3A). Thus, the tyrosine

residue in H,K-ATPase b-subunit cytoplasmic tail is impor-

tant for the in vitro interaction between the b-subunit and

the AP-1 complex. The fact that some interaction can be

detected between AP-1 proteins and Y20A-GST suggests

that this tyrosine based motif is not the only determinant

that mediates this interaction. These data indicate that the

altered sorting behavior of the b-subunit Y20A mutant in

MDCK cells may be attributable in part to its reduced

capacity for interaction with the AP-1B complex (9).

In order to test whether the b-subunit and m1B interact in

LLC-PK1 cells, we prepared cell lines that stably express

both the H,K-ATPase b-subunit and m1A-FLAG or m1B-

FLAG. Immunofluorescence localization experiments per-

formed on subconfluent cells reveal that the H,K-ATPase is

found in both intracellular structures and at the cell surface

(Figure 4A, a,d,g). As previously shown by Fölsch et al. (20)

both m1A and m1B are found throughout the cytoplasm and

are also localized to the perinuclear region (Figure 4A, e,h).

Little overlap between the H,K-ATPase b-subunit and the

m-subunits is observed, except for an area of weak colo-

calization in a perinuclear region (Figures 4A,f,i). Strong

colocalization of these proteins is not expected, since the

interaction between the b-subunit and the m-subunits is

likely to be transient. Similar results are obtained for the

tyrosine to alanine mutant H,K-ATPase b-subunit Y20A and

m1A-FLAG or m1B-FLAG (data not shown).

We also determined the polarity of the b-subunit in

LLC-PK1 cells expressing the FLAG-tagged m1 subunit

constructs. Confocal immunofluorescence microscopy

demonstrates that the H,K-ATPase b-subunit remains local-

ized to the apical membrane (Figure 4B, a,b). As expected,

the H,K-ATPase b-subunit is also localized to the apical

membrane in a control cell line that expresses a m1A-

FLAG (Figures 4B, c.d).

We tested whether the H,K-ATPase b-subunit and the m1

subunits interact in LLC-PK1 cells by performing immunopre-

cipitation experiments. The H,K-ATPase b-subunit exhibits

two major forms in Western blot analysis as a result of

post-translational modifications. The H,K-ATPase b-subunit

has seven N-glycosylation sites, all of which are subject

to modification with carbohydrate chains (22). Asano

et al. have demonstrated that in HEK cells transfected

with the b-subunit, bands with a molecular mass of

approximately 40–50 kDa (bc) can be digested with

Endo H, and are thus likely to represent H,K-ATPase

b-subunit bearing core high mannose modification of its

N-glycosylation sites (22). Asano et al. also demonstrated

that the mature higher molecular weight form of the

H,K-ATPase b-subunit (bm) is modified with complex

carbohydrates. We confirmed these data for LLC-PK1

cells by treating cell lysate with endoglycosidase H and

peptide:N-glycosidase F (data not shown). LLC-PK1 cells

stably transfected with both the b-subunit and FLAG-tagged

m1A or m1B subunits were lysed, and the lysates were

immunoprecipitated with anti-FLAG antibody. When the

immunoprecipitated material was blotted with antibody

Figure 2: Schematic depiction of constructs utilized in GST-pulldowns and immunoprecipitations. A. m1A, m1B and m2 were

epitope tagged within the polypeptide chain to ensure that the m subunits can assemble into functional adaptor complexes. B. The FLAG-

tagged m1A, m1B and m2 constructs were transfected into COS-7 cells and the cells were lysed in 1% Triton X-100. A postnuclear

supernatant was incubated with anti-FLAG antibody, and all transfected m-subunits were immunoprecipitated. Endogenous g-adaptin

precipitates only with the m1A and m1B constructs. C. N-terminal GST-fusion constructs were generated to investigate whether the AP-1

complex is capable of interacting with the H,K-ATPase b-subunit cytoplasmic tail. The tyrosine-based motif is in bold type.

Duffield et al.
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directed against the H,K-ATPase b-subunit, we observed

that only a relatively small amount of mature b-subunit

coprecipitates with the m1 subunits (Figure 5A). The

observation that m1B interacts fairly modestly in vivo with

fully glycosylated b-subunit is consistent with the interpreta-

tion that m1B does not participate in an extensive

stable interaction with the H,K-ATPase b-subunit during

or after the late stages of its postsynthetic processing.

We also observed that the m1A subunit demonstrates a

pronounced interaction with the bc subunit. The interaction

between the H,K-ATPase b-subunit and m1A appears to

be more extensive than the interaction between the

b-subunit and m1B. It must be noted, however, that

these experiments do not allow us to draw conclusions

concerning the relative affinities of these interaction

partners. In agreement with our GST-pulldown data,

we find that mutation of the tyrosine residue in the

H,K-ATPase b-subunit cytoplasmic tail reduces, but

does not completely prevent, the association between

the b-subunit and m1A or m1B. Immunoprecipitated

material was also blotted with anti-FLAG antibodies in

order to visualize precipitated m1B and with anti-g-

adaptin antibody to ensure that FLAG-tagged m1B subunit

is incorporated into the AP-1 complex (Figure 5B).

The influence of AP-1B on the steady-state basolateral

distribution of the LDL receptor may in part be associated

with a potential role for this adaptor subunit in postendo-

cytic sorting (23). Thus, the form of the b-subunit which

undergoes postendocytic recycling may need to interact

with AP-1B for expression of the m1B subunit to affect the

subcellular localization of the b-subunit. We biotinylated

the surface population of H,K-ATPase b-subunit, allowed

the protein to undergo internalization, and subsequently

stripped the biotin remaining at the surface of the cell by

treatment with the membrane-impermeant reducing

agent 2-mercaptoethanesulfonic acid (MesNa). We then

precipitated the biotinylated material with streptavidin

beads to isolate surface proteins that were internalized

and protected from the MesNa reagent. This experiment

was performed on LLC-PK1 cell lines stably transfected

with the H,K-ATPase b-subunit alone or doubly transfected

Figure 3: Motifs within the

cytoplasmic N-terminal tail of

the H,K-ATPase b-subunit are

capable of interacting with AP-

1 m-subunits. A, Untransfected

COS-7 cells as well as COS-7

cells transiently transfected with

m1A and m1B were lysed in 1%

Triton X-100. Glutathione beads

charged with equal amounts of

GST, TAIL-GST or Y20A-GST

were incubated with lysate from

untransfected COS-7 cells, COS-7

cells transfected with m1A-FLAG or

COS-7 cells transfected with m1B-

FLAG. Proteins were eluted with

reducing sample buffer and

subjected to SDS-PAGE analysis.

The resulting blots were probed

with anti-FLAG antibody, and

signal intensity from each band

was quantified by densitometry.

FLAG-tagged m1A and FLAG-

tagged m1B interact with the

TAIL-GST construct. Substitution

of the tyrosine residue in TAIL-

GST with an alanine residue in

Y20A-GST reduces but does not

prevent its interaction with the m1

subunits. B, Blots were also

p robed wi th an t i -g- adap t in

ant ibody. The nat i ve AP-1

complex interacts with the TAIL-

GST construct and, to a lesser

extent, Y20A-GST.

H,K-ATPase b-Subunit Independent of m1B
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with the b-subunit and m1A or the b-subunit and m1B

(Figure 6). These experiments demonstrate that only the

fully glycosylated form of the b-subunit is delivered to the

cell surface and is subsequently internalized in these cell

lines. Therefore, it is only the mature bm form of the H,

K-ATPase b-subunit that is available to participate in post-

endocytic recycling. Thus, the fact that relatively little bm

coprecipitates with m1B suggests that m1B is not likely to

play a substantial role in H,K-ATPase b-subunit recycling.

We also performed experiments to further characterize

the effect of m1B expression on the postendocytic recyc-

ling of the H,K-ATPase b-subunit. We utilized LLC-PK1 cell

lines that express the H,K-ATPase b-subunit alone and

cells lines that express both the b-subunit and m1A or the

b-subunit and m1B. We surface biotinylated the cells and

one dish from each cell line was reserved. The remaining

dishes were incubated at 37 �C for 30 min and biotin

remaining at the cell surface was stripped with MesNa.

One dish from each cell line was reserved at this point, and

the remaining dishes were returned to 37 �C for either 10

or 30 min, followed by a second treatment with MesNa. In

these dishes, any b-subunit that was initially internalized

and protected from the MesNa and subsequently returned

to the cell surface is stripped of its biotin. Very little b-

subunit is precipitated by streptavidin beads after the sec-

ond incubation at 37 �C; therefore, much of the internalized

H,K-ATPase b-subunit is rapidly returned to the cell sur-

face. The same result was obtained for all cell lines. Thus,

expression of m1B does not appear to affect the rate of cell

surface recycling of the H,K-ATPase b-subunit.

Discussion

Previous work has demonstrated that the H,K-ATPase

b-subunit is sorted differentially in MDCK and LLC-PK1

cells (9). Additionally, it has been established that the

H,K-ATPase b-subunit contains a tyrosine residue that is

necessary for its basolateral sorting in MDCK cells (9). In

the current study we found that, in contrast to the beha-

viors of the LDL and transferrin receptors, expression of

m1B does not alter sorting of the H,K-ATPase b-subunit in

LLC-PK1 cells. This lack of influence on H,K-ATPase

b-subunit sorting is observed despite the fact that m1B is

capable of interacting with the H,K-ATPase b-subunit in this

cell line. Interestingly, the b-subunit tyrosine residue that is

critical for this protein’s basolateral localization in MDCK cells

is important, but not absolutely required for, the interaction

between the b-subunit cytoplasmic tail and AP-1B (9).

One possible explanation for the insensitivity of H,K-

ATPase b-subunit sorting to m1B expression is that the

steady-state colocalization of the H,K-ATPase b-subunit

may be effectively determined by clathrin-independent

pathways. Such clathrin-independent pathways could

Figure 4: Localization of the H,K-ATPase b-subunit, m1A and m1B in stably transfected subconfluent LLC-PK1 cells. A, LLC-PK1

cells were stably transfected with the H,K-ATPase b-subunit alone (a-c), the H,K-ATPase b-subunit and m1A-FLAG (d-f) or the H,K-ATPase

b-subunit and m1B-FLAG (g-i). The b-subunit was detected with anti-H,K-ATPase b-subunit monoclonal antibody (green), and m1 constructs

were detected with an anti-FLAG polyclonal antibody (red). The H,K-ATPase b-subunit is localized to the plasma membrane and to

intracellular vesicles. Both m1 constructs are distributed diffusely in an intracellular pattern and are also found in the perinuclear region.

Some overlap is seen between the staining patterns of the b-subunit and the m1 subunits in this perinuclear region. A similar pattern is

observed for the tyrosine to alanine H,K-ATPase b-subunit construct (data not shown). Scale bar is equal to 10mm. B, The H,K-ATPase b-

subunit is also detected in the apical membranes of LLC-PK1 cells that stably express b-subunit and m1B-FLAG, viewed en face and in X/Z

cross-section (a and b). Similarly, the H,K-ATPase b-subunit is predominantly localized to the apical membranes of LLC-PK1 cells that stably

express b-subunit and m1A-FLAG, viewed en face and in X/Z cross-section (c and d). Scale bar is equal to 20mm.

Duffield et al.
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potentially include selective retention of the H,K-ATPase

b-subunit by cytoskeletal elements associated with distinct

domains of the plasma membranes of MDCK and

LLC-PK1 cells. For instance, the H,K-ATPase b-subunit may

be initially targeted to the basolateral membrane via

m1B-mediated interactions, but may then become stabilized

at the apical membrane via cytoskeletal-mediated interactions

following transcytosis.

Apical sorting of the H,K-ATPase b-subunit in LLC-PK1 cells

may also be attributable to the presence of active apical

sorting information in this protein that could override the

effects of m1B expression. The endocytic receptor megalin

contains a YXXØ motif, but is sorted to the apical mem-

brane in MDCK cells, presumably due to a dominant apical

sorting signal in its cytoplasmic tail (24). This scenario

seems unlikely to apply to the H,K-ATPase b-subunit,

since when the b-subunit is coexpressed with its normal

interaction partners, it does not exert any dominant effects

upon polarized sorting. For example, an Na,K/H,K-ATPase

a-subunit chimera accumulates at the basolateral surface

of LLC-PK1 cells. The H,K-ATPase b-subunit assembles

with and follows this chimera to the basolateral mem-

brane. Thus, the basolateral signal in the Na,K-ATPase

a-subunit masks or is dominant over any apical sorting

information contained in the H,K-ATPase b-subunit (25).

The H,K-ATPase b-subunit associates with a number of

proteins that may affect its sorting, and it is possible that

the signals present in these partners could prevail over the

Figure 5: The H,K-ATPase b-subunit interacts with m1B in LLC-PK1 cells. A, LLC-PK1 cells stably expressing the H,K-ATPase b-subunit

alone or the tyrosine to alanine mutant b-subunit alone (HKb alone, HKbY20A alone), the b-subunit constructs and m1A-FLAG (HKbþm1A-

FLAG, HKbY20Aþm1A-FLAG) or the b-subunit constructs and m1B-FLAG (HKbþm1B-FLAG, HKbY20Aþm1B-FLAG) were lysed in 1%

Triton X-100. Lysate was immunoprecipitated with anti-FLAG antibody. Precipitated proteins were blotted with anti-H,K-ATPase b-subunit

antibody. The H,K-ATPase b-subunit coprecipitates with anti-FLAG antibody in cells that express either of the m-subunits along with the

H,K-ATPase b-subunit. The H,K-ATPase b-subunit is not immunoprecipitated by anti-FLAG antibody in cells that express b-subunit alone.

The results of five independent experiments were quantified by densitometry. B, Precipitated proteins were also blotted with anti-g-

subunit and anti-FLAG antibodies. Endogenous g-adaptin and the m1-FLAG adaptins precipitate with anti-FLAG antibody in cells that

express either of the m-subunits. Endogenous g-adaptin and both m1-FLAG adaptins are not immunoprecipitated by anti-FLAG antibody in

cells that express b-subunit alone. 0.5% of the total lysate from each immunoprecipitation was subjected to SDS-PAGE and blotted with

anti-H,K-ATPase b-subunit antibody. All cell lines express b-subunit.

H,K-ATPase b-Subunit Independent of m1B
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sorting influence exerted through the m1B interaction. For

instance, our immunoprecipitation data suggest that the

H,K-ATPase b-subunit may associate more robustly with

the m1A AP-1 subunit than with the m1B AP-1 subunit. This

is not the case for the LDL receptor, which exhibits a

greater propensity for association with AP-1B than with

AP-1A (20). These data suggest that mere association with

AP-1B is not sufficient for basolateral distribution of a

protein, and that differential affinities for the two AP-1

complexes may be important in determining the ultimate

distributions of their associated cargoes.

Another possibility is that a different adaptor complex could

direct the intracellular sorting of the H,K-ATPase b-subunit.

One potential suspect is adaptor complex-4. Simmen et al.

demonstrated that this adaptor complex is involved in the

Figure 6: H,K-ATPase b-subunit modified with complex carbohydrates is present at the plasma membrane and is endocytosed

from the cell surface. A, LLC-PK1 cells stably transfected with the H,K-ATPase b-subunit alone, the b-subunit and m1A-FLAG or the b-

subunit and m1B-FLAG were surface-labeled with NHS-SS-biotin. After biotinylation, cells were incubated at 37 �C to allow internalization

of surface proteins for the indicated lengths of time. The cells were then cooled to 4 �C and one dish from each time-point was subjected

to a MesNa strip. All cells were lysed in 1% Triton X-100 and incubated overnight with streptavidin-conjugated agarose beads. Samples

were analyzed by SDS-PAGE and probed with anti-H,K-ATPase b-subunit monoclonal antibody. Only the bm form of the b-subunit is

endocytosed from the cell surface. B, LLC-PK1 cells stably transfected with the H,K-ATPase b-subunit alone, the b-subunit and m1A-FLAG

or the b-subunit and m1B-FLAG were surface-labeled with NHS-SS-biotin. Four dishes of each cell type were biotinylated. One dish of each

cell type was reserved (Total Surface Biotinylated HKb) and the remaining cells were incubated at 37 �C to allow internalization of surface

proteins for 30 min. The dishes were then cooled to 4 �C and subjected to a MesNa strip. One dish of each cell type was reserved

(Internalized (30’)) and the remaining dishes were incubated at 37 �C for either 10 min or 30 min and treated with MesNa for a second time

(Recycled (10’) or Recycled (30’)). All cells were lysed in 1% Triton X-100 and incubated overnight with streptavidin-conjugated agarose

beads. Samples were analyzed by SDS-PAGE and probed with anti-H,K-ATPase b-subunit monoclonal antibody. In all cell lines the majority

of the b-subunit that was internalized in the first 37 �C incubation is returned to the cell surface after a second 37 �C incubation.
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basolateral sorting of LDL receptor and MPR46 in MDCK

cells (26). It is not known whether the adaptor complex-4 is

functionally expressed in LLC-PK1 cells. Were it to be absent

from this cell line, such a difference could conceivably

account for the distinct sorting properties of the H,K-ATPase

b-subunit in MDCK and LLC-PK1 cells.

We have found that the H,K-ATPase b-subunit associates

with proteins other than adaptor complexes, and these

partners may also influence the sorting of the b-subunit.

The b-subunit forms a complex with the tetraspanin CD63,

most likely through interactions involving the transmem-

brane or extracellular domains of these proteins (27). CD63

has a tyrosine-based motif in its cytoplasmic tail that

directs its sorting to the late endosomal/lysosomal com-

partment through interactions with the adaptor protein-2

and adaptor protein-3 complexes (28). We found that b-

subunit that is associated with CD63 is also delivered to a

CD63-positive intracellular compartment (27). Since CD63

is capable of recruiting adaptor complexes through its own

tyrosine-based motif, the association between CD63 and

the H,K-ATPase b-subunit may modify the interpretation of

the b-subunit’s tyrosine signal. Thus, the sorting conse-

quences of the H,K-ATPase b-subunit’s capacity to assem-

ble with m1B may not be simple and straightforward. The

presence of two tyrosine motifs and multiple adaptor com-

plexes in association with the H,K-ATPase b-subunit/CD63

pair might suppress or alter the basolateral targeting direc-

tive conferred by m1B assembly.

It is also possible that m1B expression does not direct

basolateral distribution of the b-subunit because m1B

does not appear to manifest a substantial interaction with

the mature, fully glycosylated b-subunit. The fully glycosyl-

ated bm forms of the H,K-ATPase b-subunit reach the

plasma membrane of stably transfected LLC-PK1 cells,

and are subsequently endocytosed from cell surface. It

has been shown that m1B may contribute to the basolat-

eral steady-state localization of the LDL receptor by facil-

itating its basolateral recycling following endocytosis (23).

Thus, the form of the b-subunit that undergoes postendo-

cytic recycling may not be functionally available for inter-

action with AP-1B, thereby preventing m1B expression

from influencing at least this component of the processes

that determine the b-subunit’s localization.

Finally, additional and as yet unidentified molecular

mechanisms may participate in interpreting basolateral

sorting signals associated with tyrosine-based motifs.

The tyrosine-based motif YDEV directs the basolateral

targeting of a CD8/kidney anion exchanger chimera in

LLC-PK1 cells, despite the fact that these cells lack m1B

expression (29). Other cells which do not express m1B,

including neurons and hepatocytes, are capable of sorting

proteins that contain tyrosine-based motifs, suggesting

that molecular mechanisms other than the m1B pathway

can and must participate in basolateral sorting (17). The

availability of a diverse set of signaling and trafficking

mechanisms is almost certainly beneficial to epithelial

cells, given the variety of physiologic tasks that these

cells must accomplish (2). Thus, a single mechanism for

sorting proteins which contain a tyrosine-based motif to

the basolateral membrane in polarized epithelial cells is

unlikely to meet the needs of all such cell types.

Materials and Methods

Antibodies and reagents

Rabbit gastric H,K-ATPase b-subunit cDNA was kindly pro-

vided by G. Sachs (University of California, Los Angeles).

Mouse adaptor complex m1A and m2 cDNA, as well as

human m1B cDNA were the generous gifts of J. Bonifacino

(NIH). The H,K-ATPase b-subunit tyrosine to alanine

mutant was prepared as described previously (9). The

pEBG vector was obtained from L. Ptaszek and D. Schatz

(Yale University). Adenovirus encoding for LDL receptor was

the kind gift of J. Wilson (University of Pennsylvania).

Anti-H,K-ATPase b-subunit monoclonal antibody was

kindly provided by J. Forte (University of California,

Berkeley). Anti-LDL receptor antibody hybridoma C7

was purchased from the ATCC. Monoclonal and poly-

clonal anti-FLAG antibodies, as well as anti g-adaptin

antibodies (clone 100/3) were purchased from Sigma

(St. Louis, MO).

Molecular biology

H,K-ATPase b-subunit cDNA was subcloned into the mam-

malian expression vector pcDNA3.1 (Invitrogen, Carlsbad,

CA) using the Xba I and Kpn I restriction sites. This con-

struct was generated in both hygromycin and neomycin

resistance vectors.

FLAG-tagged m1A, m1B and m2 were generated by sequen-

tial polymerase chain reactions (PCR). The 5’ terminus of

m1A was amplified using m1A as a template with the

N-terminal primer 5’-AAAAGGATCCGCGATGTCCGCCAG-

CGCCGTC-3’ and the ‘3’ internal FLAG’ primer 5’-CTTGTC-

GTCATCGTCTTTGTAGTCTGACTTGCTCTTCCCTCGGC-3’.

The 3’ terminus of m1A was amplified using m1A as a

template with the C-terminal primer 5’-ACCGCTCGAG-

CTTACTACTGGGTCCGGAGCTGATAATCTC-3’ and a ‘5’

internal FLAG’ primer 5’-GACTACAAAGACGATGACGA-

CAAGGTGGAGCTGGAGGATGTGAAATTC-3’. The ampli-

fied products of these two PCR reactions were mixed

together in a 1 : 1 ratio and used as a template in a final

PCR reaction. In this final reaction, the complete FLAG-

tagged m1A construct was generated using the previously

described mixture as template with the N-terminal primer

5’-AAAAGGATCCGCGATGTCCGCCAGCGCCGTC-3’ and the

C-terminal primer 5’-ACCGCTCGAGCTTACTACTGGGTCCG-

GAGCTGATAATCTC-3’. The PCR fragment was cloned into

pcDNA3.1 (hygromycin resistance) using Bam HI and Xho I.

FLAG-tagged m1B was generated using the same sequential

PCR procedure, using m1B as the template in the first

H,K-ATPase b-Subunit Independent of m1B
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PCR reaction with the N-terminal primer 5’-CCCAAGC-

TTGGGATGTCCGCCTCGGCTGTCTTCATTCTGGACGTTA-

AGG-3’, the C-terminal primer 5’-ACCGCTCGAGCTTACT-

AGCTGGTACGAAGTTGGTAATCGC-3’, the ‘3’ internal

FLAG’ primer 5’-CTTGTCGTCATCGTCTTTGTAGTCTGA-

TTTGTTCTTGCTGCGGCC-3’ and the ‘5’ internal FLAG’

primer 5’-GACTACAAAGACGATGACGACAAGGTAGAGC-

TGGAGGATGTAAAATTCCAC-3’. The PCR fragment was

cloned into pcDNA3.1 (hygromycin resistance) using the

Hind III and Xho I restriction sites. FLAG-tagged m2 was

also generated using the same sequential PCR proce-

dure, using m2 as the template in the first PCR reaction

with the N-terminal primer 5’-CCCAAGCTTGGGAT-

GATCGGAGGCTTATTCATCTATAATC-3’, the C-terminal

primer 5’-ACCGCTCGAGCTTACTAGCAGCGGGTTTCA-

TAAATGC-3’, the ‘3’ internal FLAG’ primer 5’-CTTGTCG-

TCATCGTCTTTGTAGTCACTCTTGCTTGTTTCATCAGCTGT-

GC-3’ and the ‘5’ internal FLAG’ primer 5’-GACTA-

CAAAGACGATGACGACAAGGGTAAGCAGTCGATCGCCA-

TTGA-3’. The PCR fragment was cloned into pcDNA3.1

(hygromycin resistance) using the Hind III and Xho I

restriction sites.

The N-terminal glutathione S-transferase (GST) fusion protein

vector was generated by amplifying GST from the pEBG vector

(30) with the N-terminal primer 5’-GCATGCGGCCGC-

GATGGCCCCTATACTAGGTTAT-3’ and the C-terminal primer

5’-CTAGCTCGAGTCACTATTAACGCGGAACCAGATCCGATTT-

3’. The product was cloned into pET22bþ (Novagen/EMD Bio-

sciences, La Jolla, CA) using Not I and Xho I. In order to create

the GST fusion proteins, oligonucleotides were annealed and

the double-stranded product was ligated into the modified

pET22bþ vector using Nde I and Not I. The constructs utilized

the following pairs of oligonucleotides: H,K-ATPase b-subunit

tail, 5’-TATGGCCGCCTTGCAGGAGAAGAAGTCGTGCAGCCA-

GCGCATGGAGGAGTTCCGCCACTACTGCTGGAACCCGG-

ACACGGGGCAGATGCTGGGCCGCACCCTGTCTAGAGC-3’

and 5’-GGCCGCTCTAGACAGGGTGCGGCCCAGCATCTGC-

CCCGTGTCCGGGTTCCAGCAGTAGTGGCGGAACTCCTCC-

ATGCGCTGGCTGCACGACTTCTTCTCCTGCAAGGCGGC-

CA-3’; H, K-ATPase b-subunit tail tyrosine to alanine

mutant 5’-TATGGCCGCCTTGCAGGAGAAGAAGTCGTGC-

AGCCAGCGCATGGAGGAGTTCCGCCACGCCTGCTGGAA-

CCCGGACACGGGGCAGATGCTGGGCCGCACCCTGTCTA-

GAGC-3’ and 5’-GGCCGCTCTAGACAGGGTGCGGCCCAG-

CATCTGCCCCGTGTCCGGGTTCCAGCAGGCGTGGCGGA-

ACTCCTCCATGCGCTGGCTGCACGACTTCTTCTCCTGCA-

AGGCGGCCA-3’.

All constructs and PCR products were sequenced to

ensure that errors were not introduced during amplification

or other manipulations.

GST fusion protein preparation

The Escherichia coli strain BL21(DE3) (Novagen/EMD

Biosciences) was transformed with GST constructs. A

single colony was grown overnight in 50 ml of LB media

with ampicillin (100mg/ml). This culture was used to inocu-

late 500 ml of LB with ampicillin to an A600 of 0.1. The

bacterial cells were grown at 37 �C until an A600 of 0.8–1.0

was attained, protein synthesis was induced with 0.1 mM

isopropyl-b-D-thiogalactopyranoside (American Bioanalyt-

ical, Natick, MA), and the cells were grown for an add-

itional 4 h at 30 �C. Bacteria were then collected by

centrifugation (5000� g for 15 min) and resuspended in

ice-cold phosphate buffered saline (PBS; 150 mM NaCl,

15 mM NaH2PO4, 85 mM Na2HPO4, pH 7.4) to a final

volume of 28.5 ml. The cells were lysed by sonication

in the presence of a protease inhibitor mixture (100mg/

ml phenylmethylsulfonyl fluoride and 1mg/ml each of

aprotinin, leupeptin and pepstatin A) until the suspension

cleared. To the suspension was added 1.5 ml 20% Triton

X-100 in PBS, and the mixture was allowed to incubate for

30 min at 4 �C. Soluble proteins were separated from

cellular debris by centrifugation (10 000� g for 30 min).

The amount of GST fusion protein in each preparation was

determined by incubating 20ml glutathione-Sepharose

4B (Amersham Biosciences, Piscataway, NJ) with a

dilution series of the cleared lysate, followed by SDS-PAGE

analysis and visualization with a Coomassie stain.

To perform the GST fusion protein pulldown experiments,

glutathione-Sepharose beads were charged with equiva-

lent amounts of the various fusion proteins by incubating

10ml beads with bacterial cell lysate overnight at 4 �C. The

beads were washed 3 times with PBS to remove unbound

material. To prepare COS-7 cell lysate, transiently trans-

fected COS-7 cells were incubated in lysis buffer (1%

Triton X-100, 5 mM MgCl2, 150 mM NaCl, 25 mM HEPES,

pH 7.4) for 30 min. Insoluble material was removed by

centrifugation at 10 000� g for 30 min at 4 �C. The amount

of protein present in the COS-7 cell lysate was determined

using a Bradford protein assay. Equivalent amounts of

COS-7 cell lysate were incubated with the charged glu-

tathione-Sepharose beads overnight at 4 �C. The beads

were then washed 3 times in cold lysis buffer and once

in cold PBS. SDS-PAGE sample buffer containing 100 mM

dithiothreitol was added to the immunoprecipitates, and

samples were heated to 65 �C for 10 min. SDS-PAGE

analysis of the samples was conducted as described

below.

Data from six independent GST pulldown assays were

quantified using a GS-800 Densitometer (Bio-Rad Labora-

tories, Hercules, CA). All values obtained in a given experi-

ment were normalized to the intensity of the band

obtained in the GST-TAIL/m1A-FLG pulldown.

Biochemical procedures

For Western blot analysis, proteins were resolved with

10% SDS-PAGE using standard protocols. The protein

was electrophoretically transferred to nitrocellulose

membranes (Bio-Rad Laboratories) and blocked with milk

solution (150 mM NaCl, 20 mM Tris, 5% milk (w/v), 0.1%
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Tween (v/v), pH 7.5) to quench nonspecific protein

binding. The blocked membranes were probed with mono-

clonal antibodies diluted in the milk solution. Horseradish

peroxidase-conjugated goat antimouse IgG antibodies

(Jackson ImmunoResearch, West Grove, PA) were used

at a 1 : 50 000 dilution and bands were visualized with

the Enhanced ChemiLuminescence kit (Amersham

Biosciences).

For coimmunoprecipitations, a 10-cm dish of cells was

incubated in 1 ml lysis buffer (1% Triton X-100, 5 mM

MgCl2, 150 mM NaCl, 25 mM HEPES, pH 7.4) supplemented

with protease inhibitor mixture for 30 min at 4 �C. Insoluble

material was removed by centrifugation at 10 000� g for

30 min at 4 �C. Lysate was incubated with 0.5mg (Figure 2B)

or 3mg (Figure 5) anti-FLAG polyclonal antibody and

immobilized Protein A agarose beads (Pierce, Rockford, IL)

overnight at 4 �C. Beads were then washed 3 times with

cold immunoprecipitation buffer supplemented with

detergent, and 3 times with cold PBS. SDS-PAGE sample

buffer containing 100 mM dithiothreitol was added to the

immunoprecipitates, and samples were heated to 65 �C
for 10 min. SDS-PAGE analysis of the samples was con-

ducted as described above. Data from five independent

immunoprecipitations were quantified using a GS-800

Densitometer.

Internalization assays

All manipulations shown in Figure 6A were performed at

4 �C unless otherwise noted. LLC-PK1 cells were grown to

confluence in tissue culture treated dishes. Cells were

washed 3 times in ice-cold PBSþþ (PBS supplemented

with 100mM CaCl2 and 1 mM MgCl2) and incubated with

2.5 mM Sulfo-NHS-SS-biotin (Pierce) in biotinylation

buffer (10 mM triethanolamine, 2 mM CaCl2, 125 mM NaCl,

pH 7.4) 2� 20 min. Unreacted biotin was quenched

3� 5 min with 100 mM glycine in PBSþþ. For internalization

assays, cells were placed in media heated to 37 �C and

allowed to incubate at 37 �C for the appropriate length of

time. For MesNa stripping, cells were removed from the

incubator, washed with ice-cold PBSþþ, and incubated

3� 20 min at 4 �C in freshly mixed MesNa solution

(100 mM MesNa, 100 mM NaCl, 1 mM EDTA, 0.2% bovine

serum albumin (BSA), 50 mM Tris, pH 8.6). Excess MesNa

was quenched by incubating the cells in freshly mixed

120 mM iodoacetic acid in PBSþþ 3� 5 min. Cells not sub-

jected to the MesNa strip were removed from the incuba-

tor, washed with ice-cold PBSþþ, incubated 3� 20 min

at 4 �C in buffer (100 mM NaCl, 1 mM EDTA, 0.2% BSA,

50 mM Tris, pH 8.6) and incubated 3� 5 min in 120 mM

iodoacetic acid diluted in PBSþþ at 4 �C. Samples were

then incubated in lysis buffer for 30 min and cleared by

centrifugation at 10 000� g for 30 min at 4 �C. The super-

natant was rotated overnight at 4 �C with strep-

tavidin-conjugated agarose beads. The beads were then

washed and eluted as described for coimmunoprecipita-

tions.

Recycling assays

All manipulations for experiments shown in Figure 6B

were performed at 4 �C unless otherwise noted. LLC-PK1

cells were grown to confluence in tissue culture treated

dishes. Cells were biotinylated as described above. One

dish of each cell line was maintained at 0 �C and the

remaining cells were placed in media heated to 37 �C and

allowed to incubate at 37 �C for 30 min. All dishes were

stripped with MesNa and quenched with iodoacetic acid,

as described above. Dishes that were not subjected to the

strip were incubated in buffer without added MesNa and

then incubated with iodoacetic acid solution. One dish of

each cell line that was subjected to the MesNa strip was

maintained at 0 �C and the remaining cells were placed in

media heated to 37 �C and allowed to incubate at 37 �C for

either 10 or 30 min. These dishes were then treated with

MesNa solution for a second time. The reserved dishes

were treated with buffer that did not contain MesNa, and

all dishes were treated with iodoacetic acid. Dishes were

then incubated in lysis buffer for 30 min and cleared by

centrifugation at 10 000� g for 30 min at 4 �C. The super-

natant was rotated overnight at 4 �C with streptavidin-

conjugated agarose beads. The beads were washed and

eluted as described for coimmunoprecipitations.

Cell culture

LLC-PK1 cells were maintained in a-MEM (Gibco/Invitro-

gen, Carlsbad, CA) supplemented with 10% fetal calf

serum (Sigma), 50 Units/ml penicillin, 50mg/ml strepto-

mycin and 2 mM L-glutamine. All cells were grown in a

humidified incubator at 37 �C and 5% CO2 atmosphere.

Transfection of COS-7 cells was performed with Lipofect-

amine 2000 (Invitrogen) according to the manufacturer’s

instructions. Assays were performed 48 h after transfec-

tion.

Stable Transfection & Immunofluorescence

cDNA was transfected into LLC-PK1 cells as described

previously (31). Transfected colonies were selected in

800mg/ml hygromycin (American Bioanalytical) or 1.8 mg/

ml geneticin (Gibco), and screened by immunofluores-

cence and Western blot. Cell lines were maintained with

1.8 mg/ml geneticin and/or 800mg/ml hygromycin added to

the media.

LLC-PK1 cells were seeded on glass coverslips and

allowed to grow for 2–3 days. Subconfluent cells were

fixed in ice-cold methanol for 7 min. Fixed cells were

washed 3 times in PBSþþ and then permeabilized and

blocked in dilution buffer (PBS containing 10% goat

serum (v/v), 2% saponin (w/v), 10 mM glycine) for 30 min.

Coverslips were incubated in primary antibody diluted in

dilution buffer (1 : 100 for HKb monoclonal antibody, 1 : 200

for FLAG polyclonal antibody) for 1 h at room temperature.

Cells were immersed 3 times in a wash buffer (0.1% BSA,

2% saponin in PBSþþ), and incubated for 1 h in fluorescein

isothiocyanate-conjugated goat antimouse IgG (Sigma)

H,K-ATPase b-Subunit Independent of m1B

Traffic 2004; 5: 449–461 459



and rhodamine-conjugated goat antirabbit IgG (Chemicon)

antibody diluted 1 : 100 in dilution buffer. Cells were then

rinsed 3 times in wash buffer and once in water before

mounting in Vectashield (Vector Laboratories, Burlingame,

CA). Cells were visualized by confocal microscopy using an

extended depth of focus macro to combine images from

planes of focus separated by 1mm each. All images are the

product of 4-fold line averaging.

For surface immunofluorescence, cells were grown to

confluence on Transwell porous polycarbonate cell culture

filters (Corning Costar, Corning, NY; 0.4mm pore size) for

3–5 days. Filters were moved to 4 �C, blocked with

PBSþþþ 0.1% BSA 3� 5 min, and incubated in H,K-

ATPase b-subunit monoclonal antibody diluted 1 : 100 in

PBSþþþ 0.1% BSA for 2 h. Antibody was present on

both the apical and basolateral sides of the filter. Cells

were washed with PBSþþ in 3� 5 min, and were fixed in

2% paraformaldehyde/PBSþþ for 1 h. Filters were again

washed with PBSþþ 3� 5 min. Cells were then permeabil-

ized and incubated with a goat antimouse fluorescein

isothiocyanate-conjugated secondary antibody as described

previously (10).

Adenovirus transfection/surface immunofluorescence

Cells were grown to confluence on Transwell porous poly-

carbonate cell culture filters for 3–5 days. Cultures were

washed once in serum-free medium from the apical side,

and 50–100 colony-forming units of adenovirus encoding

LDL receptor diluted in serum-free medium was added to

the apical side of the filter. After 1 h of incubation at 37 �C
in a 5% CO2 atmosphere, the media in the apical chamber

was removed and replaced with serum-containing media.

Surface immunofluorescence was performed 2 days

postinfection. Cells were washed and blocked with

PBSþþþ 0.1% BSA at room temperature, and were then

incubated for 3–5 min in supernatant from an anti-LDL

receptor hybridoma cell line diluted 1 : 1 with blocking solu-

tion. Filters were washed twice in PBSþþ and fixed in 3%

paraformaldehyde/PBSþþ for 15 min at room temperature.

Cells were then permeabilized and incubated with a goat

antimouse fluorescein isothiocyanate-conjugated second-

ary antibody as described previously (10).

Confocal immunofluorescence microscopy

Confocal sections were taken on a Zeiss LSM 410 laser

scanning confocal microscope. Images are the product of

8-fold line averaging. X/Z cross-sections were generated

with a 0.2 micron motor step. Contrast and brightness

were set so that all pixels were in the linear range.
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