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We previously noted that bovine apolipoprotein A-II (apoA-II) had a bactericidal
effect causing morphological changes in the cytoplasm. To determine whether and
how apoA-II and apoA-I, which have acidic isoelectric points (pIs), enter cells, we
determined the rates of uptake of FITC-labeled proteins by fibroblast cells and found
that they entered cells more easily at low pH than at neutral pH under conditions
where endocytosis was inhibited. The enhanced uptake of proteins at low pH was also
observed for other proteins examined regardless of the molecular weight (M,) or pI in
a time-dependent manner, although the efficiency of uptake varied among the pro-
teins. Furthermore, a pH gradient was shown to be the main driving force for the
translocation. As cells were viable above pH 4 for 2 h at 4°C and internalized B-galac-
tosidase was active under these conditions, we suggest that this procedure is applica-
ble to the injection of proteins into cells without the use of an apparatus such as a
microinjector.

Key words: apolipoprotein A-II, endocytosis, low pH, membrane.

Abbreviations: ApoA-I, apolipoprotein A-I; ApoA-II, apolipoprotein A-II; DPBSG, Dulbecco’s phosphate-buffered
saline supplemented with glucose; FHYV, flock house virus; FITC, fluorescein isothiocyanate; HDL, high-density
lipoprotein; HIV-1, human immunodeficiency virus 1; HRP, horseradish peroxidase; HSV-1, herpes simplex virus
1; PC, L-dimyristoylglycero-phosphocholine; TFE, trifluoroethanol.

It is generally accepted that the plasma membrane of
cells is impermeable to proteins and peptides. Although
cells have developed a complex system for exporting
secretory proteins, little transfer of proteins from the
extracellular environment to the cytosol is thought to
occur (I). Adsorptive or fluid-phase endocytosis (pinocy-
tosis) has been thought to be a typical mechanism of cel-
lular internalization for many proteins (reviewed in Refs.
2-4). In general, the internalized proteins in endocytic
vesicles are delivered to lysosomes for degradation. How-
ever, there have been some reports showing the uptake of
proteins through a non-endocytic pathway. It has been
reported that a low pH is sufficient for diphtheria toxin to
enter Vero or V79 cells (5, 6). Translocation of diphtheria
toxin to the cytosol is normally carried out by acidic endo-
somes following receptor-mediated endocytosis (reviewed
in Ref. 7). However, direct translocation of the catalytic
A-fragment of the toxin can be induced when cells with
surface-bound toxin are exposed to low pH, which mimics
the conditions in the endosomes. Furthermore, it has
been reported that basic proteins or peptides like Tat
protein from human immunodeficiency virus 1 (HIV-1),
homeobox peptide of Drosophila Antennapedia protein, a
capsid protein VP22 from herpes simplex virus 1 (HSV-1),
and the RNA-binding peptides from HIV-1 Rev and flock
house virus (FHV) coat protein are translocated across
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the cell membrane at neutral pH (8—12) and even at 4°C
in a non-endocytic manner (11-14). The domains respon-
sible for this translocation contain basic amino acid clus-
ters (11-14).

Apolipoprotein A-I and A-IT (apoA-I and apoA-II) are
the major protein constituents of high-density lipoprotein
(HDL). ApoA-I is responsible for a major part of the anti-
atherogenic activity of HDL, and apoA-II is thought to be
an antagonist as to the anti-atherogenic property of
apoA-I (reviewed in Refs. 15 and 16). We have reported
that bovine apoA-II shows anti-Escherichia coli activity
(17), and that its C-terminal region from residue 49 to C-
terminal 76 is critical for the activity (18). The target site
of the C-terminal fragment, named peptide 49-76, was
shown to exist in the cytoplasm because electron micro-
graphs of E. coli treated with peptide 49-76 revealed
morphological changes only occur in the cytoplasm (18).
This finding also raised the possibility that bovine apoA-
II can be translocated across the cell membrane,
although it has an acidic isoelectric point (pI) (5.0) and
contains no obvious clusters of over three residues of
basic amino acids.

In this study, to determine whether apolipoproteins
enter cells through endocytosis, we measured the uptake
of FITC-labeled proteins by fibroblast cells. We demon-
strate that fibroblast cells take up apolipoproteins and
other proteins examined with different efficiencies
through a non-endocytic pathway at low pH regardless of
the pI or molecular weight (3,), and that a pH gradient is
the main driving force for the translocation.

© 2004 The Japanese Biochemical Society.
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Table 1. Certain properties of the proteins used in this study and the quantities of cell-associated pro-

tein calculated from the data in Fig. 3.

Uptake (% of administered load per 105 cells per hour)

Protein M, (kDa) pl2 pH7 pH5 (fold)
ApoA-1 27 5.7 0.2 2.8 (14)
ApoA-11 8.6 5.0 0.3 3.1 (10)
BSA 66 5.7 0.1 16 (160)
Histone® 11-15 10-11 0.3 13 (43)
o-Lactalbumin 14 4.9 0.2 3.4 amn
Ovalbumin 45 5.2 <0.1 1.1 (>11)
IgG 150 6.6-10 <0.1 0.5 (>5)
HRPe 43 7.1 <0.1 0.4 (>4)

aThe isoelectric point (pI) was calculated from the amino acid sequence of each protein or protein mixture. "This
preparation of histone contains few H1 species. ‘The molecular weight (M) and pI of HRP are the averages for the

C1 and C2 species.

MATERIALS AND METHODS

Proteins—Bovine apoA-I and apoA-II were isolated
from HDL as described previously (17). Bovine serum
albumin (BSA, lipid-free), E. coli B-galactosidase, chicken
ovalbumin, bovine a-lactalbumin, horseradish peroxi-
dase (HRP), and FITC-labeled goat immunoglobulin G
(IgG) were purchased from Sigma Chemical (St. Louis,
MO). Certain properties of these proteins are summa-
rized in Table 1. Fluorescein isothiocyanate (FITC,
Sigma) was covalently conjugated to the proteins by con-
stant stirring in 0.5 M Na,CO, (pH 9) at 4°C for 3 h. The
FITC-labeled proteins were purified by gel-permeation
chromatography (Sephadex G-25; Amersham Biosciences,
Piscataway, NJ) with 10 mM Tris buffer (pH 7), and
reverse-phase HPLC (Resource RPC; Amersham Bio-
sciences) with a linear gradient of H,O and acetonitrile.

Cell Culture—Mouse fibroblasts (BALB/3T3) were cul-
tured in 24-well plates at 37°C in a humidified 5% CO, in
air environment in minimal essential medium (RPMI
1640, Sigma) supplemented with 100 mg/liter of kanamy-
cin, 300 mg/liter glutamine and 10% fetal calf serum
(FCS; EQUITEC-BIO, Ingram, TX). After 4 days without
replacement of the medium, the cells (2 x 105 cells/well)
were used for the uptake experiments.

Uptake Experiment—After removal of the medium, the
cells were rinsed twice with Dulbecco’s phosphate-buff-
ered saline (DPBS) supplemented with glucose (DPBSG;
8 mM Na,HPO,, 1.5 mM KH,PO,, 140 mM NaCl, 3 mM
KCl, 0.5 mM MgCl,, 0.9 mM CaCl,, 1 g/liter D-glucose) at
4°C and subsequently exposed to 500 pl of an each FITC-
labeled protein solution (0.5 pM) in DPBSG for the indi-
cated periods at the indicated temperature. At the end of
the incubation, the cells were washed twice with ice-cold
PBS/2% FCS and then once with PBS, and finally lysed
with 10 mM Tris (pH 8) containing 1% Triton X-100 for 1
h at 37°C. The resulting lysate was used for measuring
the fluorescence with a Hitachi F-4000 fluorescence spec-
trophotometer and for determination of the protein con-
tent according to the method of Lowry et al. (19). The
average protein content determined with this method
was 250 pug per 10° cells. In some experiments, the pH of
DPBSG was lowered with H;PO,. The cells were fixed
with 1% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4), washed thoroughly with 10mM Tris/0.1M NaCl
(pH 7), and then exposed to an each FITC-labeled protein
solution in DPBSG. After incubation at 25°C, the cells

were lysed with 10 mM Tris (pH 8) containing 1% Triton
X-100 and 0.025% trypsin.

Cell Viability—The cell viability at various pHs was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-2H-tetrazolium bromide (MTT) method, which is
based on reduction of tetrazolium salts by mitochondrial
dehydrogenases of living cells (20). After incubation in
DPBSG (pH 8-3) for 2 h, the cells were incubated with
cell culture medium containing 0.5 mg/ml of MTT.

To determine whether or not cells exposed to acidic pH
retain their proliferative activity, cells culutured in
DPBSG (pH 8-3) for 2 h were incubated with cell culture
medium for 24 h and then the cell number was deter-
mined.

Confocal Laser Scanning Microscopy—Cells were grown
on coverslips in 6-well plates. After the cells had reached
semiconfluence, the coverslips were washed twice with
DPBSG (pH 5), and then treated with an each FITC-
labeled protein solution in DPBSG (pH 5) at 4°C. After 30
min, the cells were washed three-times with ice-cold PBS
containing 2% FCS, fixed with 4% paraformaldehyde in
0.1 M cacodylate buffer (pH 6.8) for 1 h at 4°C, and then
washed with PBS. Individual coverslips were mounted
cell-side down on fresh glass slides. The cells were viewed
under a Leica TCS4D confocal laser scanning microscope.

Histological Staining—The cells grown on glass cover-
slips were washed twice with DPBSG, and then treated
with B-galactosidase (100 pg/ml) in DPBSG (pH 7 or pH
5) at 4°C. After 1 h, the cells were washed with ice-cold
PBS/2% FCS, fixed with 1% glutaraldehyde in 0.1 M
cacodylate buffer (pH 6.8) for 30 min at 4°C, and then
washed with 10 mM Tris (pH 7), 0.1 M NaCl. The fixed
cells were incubated in 1 mg of X-Gal (5-bromo-4-chloro-
3-indolyl B-galactoside) per ml, 5 mM K;Fe(CN)g, 5 mM
K,Fe(CN)g, 2 mM MgCl,. After 30 min, the reaction was
terminated by washing with distilled water.

Circular Dichroism (CD) Measurements—CD spectra
of the proteins were recorded with a J-720 spectropola-
rimeter (JASCO) using a 1 mm optical path cuvette. The
CD spectra of the proteins in 10 mM sodium phosphate
buffer (pH 7.4) or 10 mM sodium acetate buffer (pH 5), or
in a 1:1 (v/v) mixture of trifluoroethanol (TFE) and buffer
were recorded at room temperature in the 200—250 nm
wavelength range. CD spectra were also measured in the
presence of phospholipid vesicles (peptide/lipid molar
ratio, 1:30). The phospholipid vesicles (liposome) were
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Fig. 1. Cellular uptake of apoA-I or apoA-II by fibroblast cells
under various conditions. In the first four experiments, fibrob-
last cells were incubated with 0.5 pM FITC-labeled apoA-I or apoA-
II for 30 min in DPBSG at pH 7 at 25°C (con), and then endocytosis
was inhibited with 25 mM 2-deoxyglucose/10 mM Na-azide in place
of glucose (dog), with 450 mM sucrose (suc), or at 4°C (4°C). In the
last two experiments, cells were incubated at pH 6.0 (pH 6) and,
after the incubation, treated with trypsin (pH 6/trypsin). Statistical
analysis with the ¢-test (n = 3) indicated: “P < 0.05 versus control;
*P < 0.01 versus control; *P < 0.01 versus pH 6.

prepared by sonication of multilamellar vesicles com-
posed of L-dimyristoylglycero-phosphocholine (PC, Sigma).
CD data are expressed in terms of mean residue elliptic-
ity at 222 nm ([B]49). The helicity was estimated with the
following equation: Percentage a-helix ={—([0]599 + 2340)/
30300} x100 (21).

RESULTS

Effect of Inhibition of Endocytosis on Uptake of Apoli-
poproteins—To determine whether or not mammalian
cells take up apolipoproteins, we incubated fibroblast
cells (BALB/3T3) with fluorescence-labeled apoA-I or
apoA-II at 25°C for 30 min (Fig. 1). In a control experi-
ment, about 0.2% of the administrated load per 10° cells
for both proteins was taken up during the incubation.
When endocytosis of the cells was inhibited by either
depleting ATP with 2-deoxyglucose/Na-azide, increasing
the osmotic pressure with 450 mM sucrose, or lowering
the temperature to 4°C, the uptake of apoA-I was reduced
to 40-60% of the control level (Fig. 1). The results sug-
gested that apoA-I was taken up mostly through endocy-
tosis because a reduction of the uptake under such condi-
tions is characteristic of endocytic uptake (2—4). In
contrast, the uptake of apoA-II was not affected under
any of these experimental conditions suggesting that
apoA-II was taken up through a non-endocytic pathway.

The plasma membrane is thought to have a receptor
for apoA-I, which promotes secretion of lipids from cells
through an active transport pathway (22-24). So, we
examined whether or not the uptake of apoA-I is recep-
tor-mediated by means of incubation at acidic pH, which
is known to enhance receptor-ligand dissociation (3).
However, on incubation at pH 6, the uptake of apoA-I and
apoA-II increased 1.7- and 2.7-fold, respectively, com-
pared with on incubation at pH 7 (Fig. 1), raising the pos-
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Fig. 2. Time courses of protein uptake into or protein release
from fibroblast cells. (A) Fibroblast cells were incubated with 0.5
pM FITC-labeled protein in DPBSG at pH 5 and 4°C for the indi-
cated time periods. Cells were isolated and lysed, and then the
quantities of the proteins in the cell lysates were determined by flu-
orescence spectrometry. (B) The cells, preloaded with FITC-labeled
proteins, were incubated at pH 7 or 5 in DPBSG at 4°C. The results
shown are representative of two independent experiments.

sibility that apoA-I is also taken up through a non-endo-
cytic pathway, at least at acidic pH.

As it is also possible that apolipoproteins are associ-
ated with cells on their outside, cells loaded with apoA-I
or apoA-II at pH 6 were treated with trypsin. The great
majority of the cell-associated apoA-I was insensitive to
trypsinization (Fig. 1), suggesting that it was inside the
cells. In contrast, trypsinization reduced cell-associated
apoA-II to less than 5% of the control level (Fig. 1), sug-
gesting that most of the apoA-II was bound to the surface
of the cells, although it remains possible that apoA-II
rapidly exited the cells during the trypsinization.

Time Dependency of Protein Translocation—To further
characterize the mode of translocation of apolipoproteins
across the cell membrane, the time courses of protein
uptake were determined at 4°C and compared with those
of other proteins listed in Table 1. The results showed
that all the proteins examined except for apoA-II were
taken up in an approximately linear manner for at least 2
h (Fig. 2A), eliminating the possibility that the process is
an artificial one like adsorption. Exceptionally, however,
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Fig. 3. Quantities of proteins taken up by fibroblast cells at
different pHs. Fibroblast cells with (solid triangles) and without
fixation with 1% glutaraldehyde (solid circles, open circles) were
exposed to 0.5 uM FITC-labeled protein in DPBSG at the indicated
pHs ranging from 8 to 3 for 30 min at 25°C (solid circles, solid trian-
gles) or 4°C (open circles). Cells were isolated and lysed, and then
the quantities of the proteins in the cell lysates were determined by
fluorescence spectrometry. The results shown are representative of
two independent experiments.

the uptake of apoA-II reached a plateau after 60 min
incubation. This indicated two possibilities, namely that
apoA-II is adsorbed on the cell surface or that it rapidly
exits the cells, an equilibration between protein import
and export being reached. To examine these possibilities,
we determined the rates of release of the proteins from
cells (Fig. 2B). The results showed that, among the pro-
teins examined, apoA-II was most rapidly released from
the cells, followed by apoA-I, and this process occurred
more rapidly at pH 7 than at pH 5, while BSA (Fig. 2B)
and other proteins like histone, ovalbumin, and a-lactal-
bumin (data not shown) were not significantly released in
2 h at either pH. About 90% and 60% of apoA-II was
released from the cells within 30 min at pH 7 and pH 5,
respectively. ApoA-I was released at a slow rate (25% in
the first 30 min) at pH 7 and not significantly released at
pH 5 (Fig. 2B). Thus, it is likely that all the proteins
examined were taken up by the cells in a time-dependent
manner at low pH, although apoA-II and, to a lesser
extent, apoA-I readily exited cells.

Protein Uptake at Low pH—To provide an insight into
the mode of protein uptake at low pH, we investigated
the uptake of fluorescence-labeled apolipoproteins and
other proteins at various pHs ranging from 8 to 3. The
uptake of all the proteins was significantly stimulated
when the pH of the medium was lowered below 5 (Fig. 3).

M. Motizuki et al.

When the amounts of proteins taken up by the cells at pH
7 were compared with those at pH 5 (Table 1), the effi-
ciencies of protein uptake at low pHs significantly dif-
fered among the proteins independent of the pl or Mr.
BSA showed the highest, and IgG and HRP the lowest
efficiencies among the proteins. On the other hand, the
uptake of the proteins by chilled (at 4°C) or glutaralde-
hyde-fixed cells was inhibited only partially, with greater
inhibition for chilled cells than for fixed cells (Fig. 3).
Furthermore, trypsinization of chilled cells loaded with
the proteins at pH 5, except for those with apoA-II, did
not decrease the fluorescence intensities (data not
shown), indicating that proteins were present inside the
cells. To determine the cellular localization of apoA-II,
chilled cells incubated at pH 5 with FITC-labeled apoA-II
were observed under a confocal laser scanning micro-
scope. The micrographs clearly showed the diffuse distri-
bution of the fluorescence in the cytoplasm indicating the
internalization of apoA-II (Fig. 4). Similar patterns of
distribution were found for all the other proteins on
fluorescence microscopy (data not shown). These results
suggested that proteins enter cells through an endo-
cytosis-independent pathway at low pH.

To rule out the possibility that the internalization of
proteins at low pH is caused by a passive process like
increased leakiness of the lipid bilayer itself or a confor-
mational change of some membrane spanning proteins,
we examined the leakage of cytoplasmic proteins during
incubation at low pH. After incubation of 107 cells (2.5 mg
protein) in 1 ml of an acidic medium (pH 4 or 5) at 4°C for
2 h, 10 pl of the medium was analyzed by SDS/PAGE. No
bands were seen on silver-stained gel (data not shown),
suggesting that the internalization of proteins is not a
passive process caused by damage to the plasma mem-
brane.

Cell Viability at Low pH—We checked cell viability
after the incubation of cells for 2 h at various pHs using
the MTT test (Fig. 5). While the cell viability was little
decreased above pH 5, it was severely decreased at pH 3,
being completely lost at 25°C and partly (<40%) at 4°C.
At pH 4, about two-thirds of the incubated cells were via-
ble at 4°C, although over half were dead at 25°C. Thus,
the increased uptake of proteins at low pH, as shown in
Fig. 3, was not, at least not completely, due to death at
least above pH 4 for the chilled cells and above pH 5 for
the cells incubated at 25°C. Furthermore, we examined
the proliferation activity after the incubation of cells for 2
h at acidic pHs at 4°C by measuring the increase in the
cell number afterwards. The proliferation activity was lit-
tle decreased above pH 5 compared with that of cells
incubated at neutral pH, although it was partly (<20%)
decreased at pH 4 (data not shown), suggesting that the
cells exposed to an acidic medium underwent the normal
process of cell division afterwards.

Enzymatic Staining of Internalized f-Galactosidase—
To determine whether or not a protein taken up at low
pH through a non-endocytic pathway still possesses enzy-
matic activity, B-galactosidase was incubated with cells
at pH 5 and 4°C for 1 h. The cytoplasm of the cells was
stained blue after incubation with X-Gal as a substrate,
indicating that the enzyme, if not completely, was cata-
lytically active (Fig. 6). Thus, it is suggested that proteins
recover their native conformations after translocation
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Fig. 4. Uptake of FITC-labeled apoA-II by fibroblast cells.
Confocal laser scanning micrograph of cells incubated with FITC-
apoA-II (4 pg/ml) for 30 min at 4°C. A representative photomicro-
graph is shown.

into cells at low pH. It should be added that cells incu-
bated with p-galactosidase at neutral pH and 4°C were
not stained with X-Gal (data not shown), suggesting that
the protein was not taken up at neutral pH, similar to
other proteins (Fig. 3).

CD Measurements—As human apoA-I and apoA-II
have been reported to exhibit increased o-helicity on
binding to PC liposomes at neutral pH (25), we examined
whether or not the secondary structures of bovine apoli-
poproteins change at low pH by CD spectrometry (Table
2). Both apoA-I and apoA-II exhibited increased o-helic-
ity in the presence of liposomes at pH 7 up to the level
induced in organic solvent TFE, in which proteins are
known to exhibit the maximal a-helicity. The pH shift
from 7 to 5 did not affect the a-helicity, suggesting that
the proteins were still associated with liposomes at pH 5
and that a-helix formation was required for binding to
the cell surface. On the other hand, we observed a
decrease in the helical content of BSA from 53% to 47%
on the pH shift from 7 to 5 in the presence of PC lipo-
somes (Table 2), indicating that the transition from the
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Fig. 5. Effect of pH on cell viability. The viability of fibroblast
cells incubated at different pHs for 2 h at 25°C or 4°C was assayed
by means of the MTT test. Relative activity (mean +SD, n = 3) is
presented taking the activity detected in the culture medium as
100%. t-test: “P < 0.05; “P < 0.01.
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Fig. 6. Cytochemical staining of internalized pB-galactosidase.
Fibroblast cells were incubated for 1 h at 4°C at pH 5 with B-galac-
tosidase (0.1 mg/ml), washed, and then stained for enzyme activity
with X-Gal as the substrate. A representative photomicrograph is
shown.

normal (N) to fast (F) form (26-28) occurred even in the
presence of liposomes. Thus, it seems possible that spe-
cific changes in the secondary structure are not required
for binding to liposomes at low pH.

Driving Force for the Low pH-Induced Entry—It has
been proposed that some kind of energy input is required
for protein translocation across the membranes of cells
and organella (Reviewed in Ref. 29). The energy can be
provided by either ATP, a membrane potential (Ae), a pH
gradient (ApH), or a combination of these factors. To
determine what sort of energy input is required for pro-
tein translocation across the plasma membrane at low
pH, we first studied the effect of ATP by depleting it with
2-deoxyglucose and Na-azide (30). We found that ATP
depletion did not significantly inhibit the uptake of apoA-
I, apoA-II, BSA or histone (data not shown).

We next studied the effect of plasma membrane depo-
larization on protein uptake using gramicidin D, a pep-

O NaOAc

Mgra gra+ChCl

100
80
60

40

% of control

20

BSA Histone

Fig. 7. Effects of electrical depolarization and cytosolic acid-
ification on cellular uptake of proteins. Fibroblast cells were
incubated for 30 min at 25°C and pH 5 with 0.5 uM FITC-labeled
proteins in DPBSG in the absence (control) or presence of either 10
pg/ml gramicidine D (gra), 10 ug/ml gramicidine D in a choline chlo-
ride solution (gra + ChCl), or 20 mM sodium acetate (NaOAc). The
results (mean +SD, n = 3) are presented as percentages of the con-
trol level. ¢-test: “P < 0.05; “P < 0.01.
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Table 2. Ellipticity of apoA-I, apoA-II, and BSA.

Mean residue ellipticity ([0]y9, in degree x cm? x dmol)

Protein
ApoA-I ApoA-II BSA
Aqueous pH7 -19,600 (57) -6,470 (14) -17,600 (50)
pH5 -18,300 (53) -9,150 (22) -16,100 (45)
With TFE pH?7 —24,500 (73) —20,700 (61) -18,200 (52)
pH5 —24,900 (74) —21,500 (63) -18,800 (54)
With PC pH7 —24,100 (72) —21,100 (62) -18,500 (53)
pH5 —-26,100 (78) —20,400 (60) -16,600 (47)

Values in parentheses indicate percentages of a-helix.

tidic channel-forming ionophore (31). As shown in Fig. 7,
gramicidin D slightly decreased the uptake of all the pro-
teins examined. Replacement of extracellular NaCl by
choline chloride, a nondiffusive cation that can prevent
the depolarization provoked by gramicidin D (32),
restored the uptake of the proteins to the control levels.
This suggested that the protein uptake at low pH was
driven only partly, if at all, by the energy of a membrane
potential.

Lastly, to determine if a pH gradient across the plasma
membrane is required for protein translocation, we acidi-
fied the cytosol by preincubating cells with acetic acid,
which penetrates the cell membranes in a protonated
form and decreases the pH in the cytosol (33, 34). As
shown in Fig. 7, incubation of cells with 20 mM acetic
acid (35) significantly prevented the cellular uptake of
the proteins. This suggested that a pH gradient is the
main driving force for the translocation of proteins across
the plasma membrane at low pH.

DISCUSSION

In this paper, we show that various proteins including
ones with acidic pIs and Mrs above 100 kDa are effi-
ciently taken up by fibroblast cells when the extracellular
pH is lowered. At low pH, proteins entered the cells
apparently through a non-endocytic pathway because
substantial uptake was observed under all the endocyto-
sis-inhibited conditions tested (Fig. 3). Furthermore, the
cells were viable for at least 2 h incubation above pH 4 at
4°C and the enzyme B-galactosidase retains its enzymatic
activity after translocation into cells. Thus, we suggest
that these procedures could be applicable to the injection
of proteins into cells without the use of an apparatus
such as a microinjector.

Although the precise mechanism by which hydrophilic
proteins traverse a membrane at low pH remains un-
clear, the interaction of proteins with the cell membrane
seems to be important for the cellular entry of the pro-
teins. We showed that bovine apoA-I and apoA-II bound
to phospholipids like human homologues even at low pH,
judging from the helical contents (Table 2). Furthermore,
the addition of PC liposomes significantly inhibited the
cellular entry of BSA or histone (data not shown), sug-
gesting the proteins bind to phospholipids of both the cell
membrane and liposomes. Thus, it is likely that proteins
first bind to membrane phospholipids at low pH, this
being facilitated by both positively charged amino acids
and increased hydrophobicity due to neutralization of
carboxyl groups in the proteins. Then, a pH gradient may

provide the energy necessary for the proteins to cross the
cell membrane.

Recently, it was reported that basic proteins or pep-
tides like Tat protein from HIV-1, homeobox peptide from
Drosophila Antennapedia protein, a capsid protein,
VP22, from HSV-1, and the RNA-binding peptides from
HSV-1 Rev and FHV coat protein are translocated across
the cell membrane at neutral pH (8-12) in a non-endo-
cytic manner (11-14). The domains responsible for this
translocation contain basic amino acid clusters, such as
RKKRR and RRR for HIV-1 Tat, RR and KK for Antenna-
pedia peptide and HSV VP22, and RRRR for HIV-1 Rev
and FHV coat protein (17—-14). A study on Antennapedia
peptide has confirmed that positively charged amino
acids are necessary for the interaction with negatively
charged phospholipids (reviewed in Ref. 36). In this
regard, the proteins used in this study do not contain any
clusters of over three residues of basic amino acids except
histone H2B, but contain some dimers of them like KK,
KR, or RR, most of which are scattered throughout the
proteins. Possibly, a dimer of basic amino acids is impor-
tant for efficient binding of proteins to cells at low pH.

In this report, we showed, for the first time, that pro-
teins efficiently enter cells through a non-endocytic path-
way when added at low pH. These results will facilitate
evaluation of the nonclassical pathway by which proteins
are translocated across membranes.
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