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Prostate-specific membrane antigen (PSMA) is a transmembrane protein expressed at high levels in prostate cancer and
in tumor-associated neovasculature. In this study, we report that PSMA is internalized via a clathrin-dependent endocytic
mechanism and that internalization of PSMA is mediated by the five N-terminal amino acids (MWNLL) present in its
cytoplasmic tail. Deletion of the cytoplasmic tail abolished PSMA internalization. Mutagenesis of N-terminal amino acid
residues at position 2, 3, or 4 to alanine did not affect internalization of PSMA, whereas mutation of amino acid residues
1 or 5 to alanine strongly inhibited internalization. Using a chimeric protein composed of Tac antigen, the �-chain of
interleukin 2-receptor, fused to the first five amino acids of PSMA (Tac-MWNLL), we found that this sequence is sufficient
for PSMA internalization. In addition, inclusion of additional alanines into the MWNLL sequence either in the Tac
chimera or the full-length PSMA strongly inhibited internalization. From these results, we suggest that a novel MXXXL
motif in the cytoplasmic tail mediates PSMA internalization. We also show that dominant negative �2 of the adaptor
protein (AP)-2 complex strongly inhibits the internalization of PSMA, indicating that AP-2 is involved in the internal-
ization of PSMA mediated by the MXXXL motif.

INTRODUCTION

Prostate-specific membrane antigen (PSMA) was originally
identified by the monoclonal antibody (mAb) 7E11-C5
raised against the human prostate cancer cell line LNCaP
(Horoszewicz et al., 1987). Subsequently, the PSMA gene
was cloned (Israeli et al., 1993) and mapped to chromosome
11q (Rinker-Schaeffer et al., 1995). PSMA is a type II mem-
brane protein with a short cytoplasmic N-terminal region
(19 amino acids), a transmembrane domain (24 amino acids),
and a large extracellular C-terminal portion (707 amino ac-
ids) (Israeli et al., 1993) with several potential N-glycosyla-
tion sites. Recently, it has been shown that PSMA is homol-
ogous to glutamate carboxypeptidase II (85% at nucleic acid
level) isolated from rat brain (Coyle, 1997) and has folate
hydrolase activity (Pinto et al., 1996; Halsted et al., 1998), and
N-acetylated �-linked acidic dipeptidase (NAALDase) activ-
ity (Carter et al., 1996, 1998). The extracellular domain of
PSMA shows homology (26% identity at the amino acid
level) to the transferrin receptor I (Israeli et al., 1993) and to
a recently cloned transferrin receptor II (Kawabata et al.,

1999). The functional significance of homology between
PSMA and transferrin receptor is not known.

PSMA has been the subject of increasing interest in cancer
research due to its potential as a diagnostic and therapeutic
target for human prostate cancer (Chang et al., 1999a). PSMA
is abundantly expressed in prostate cancer cells. Its expres-
sion is further increased in higher-grade cancers, metastatic
disease, and hormone-refractory prostate carcinoma (Wright
et al., 1996; Silver et al., 1997). In addition, PSMA has become
the focus of even more intense interest due to the recent
findings that it is selectively expressed in the neovasculature
of nearly all types of solid tumors, but not in the vasculature
of normal tissue (Liu et al., 1997; Silver et al., 1997; Chang et
al., 1999b,c). The function of PSMA with respect to vascular
endothelial cell biology and the direct correlation between
its expression and increasing tumor aggressiveness in pros-
tate cancer remain intriguing and unclear. Although a sig-
nificant amount of research is being carried out using anti-
bodies against PSMA for immunotherapy of prostate cancer
(McDevitt et al., 2001; Smith-Jones et al., 2003), very little is
known about the mechanism of internalization of this pro-
tein.

In general, the endocytic pathway includes internalization
of the receptor-ligand complex via clathrin-coated pits and
accumulation in the endosomes. The receptor–ligand com-
plex then dissociates in the endosomes and the dissociated
molecules are either recycled back to the cell surface or
targeted to lysosomes for degradation (Pastan and Willing-
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ham, 1981; Mellman, 1996). Targeting of most receptors to
coated pits and their traffic through endocytic compartments
are generally mediated by endocytic signals located in the
cytoplasmic domain of proteins (reviewed in Trowbridge et
al., 1993; Kirchhausen et al., 1997; Mukherjee et al., 1997;
Bonifacino and Traub, 2003). These signals fall into two
major categories such as tyrosine-based and di-leucine based
signals.

The tyrosine-based signals are represented by NPXY and
YXX� consensus motifs (Bonifacino and Traub, 2003) with
the Y residue being critical for their function (Lazarovits and
Roth, 1988). NPXY signals mediate internalization of several
type-1 membrane proteins such as LDL receptor, epidermal
growth factor receptor, insulin receptor, and others (Boni-
facino and Traub, 2003). The YXX� (�, bulky hydrophobic
side chain) signals mediate internalization and lysosomal
targeting of several type I and type II membrane proteins
such as transferrin receptor, mannose-6-phosphate receptor,
asialoglycoprotein receptor, polymeric immunoglobulin re-
ceptor, and others (reviewed in Trowbridge et al., 1993;
Marks et al., 1997; Bonifacino and Dell’Angelica, 1999; Boni-
facino and Traub, 2003).

The di-leucine based signals require two consecutive
leucines or a leucine-isoleucine pair for their function (Le-
tourneur and Klausner, 1992; Sandoval and Bakke, 1994).
Recent studies have identified two distinct classes of di-
leucine based signals represented by [DE]XXXL[LI] and
DXXLL consensus sequences. Both these signals are in-
volved in internalization and lysosomal targeting of several
membrane proteins. Proteins such as CD3-�, LIMP-II, tyrosi-
nase CD4, and GLUT4 have a [DE]XXXL type signal,
whereas a DXXLL signal has been characterized in mannose
6-phosphate/insulin-like growth factor-II receptor, the cat-
ion-dependent mannose-6-phosphate receptor, LDL-recep-

tor related proteins, �-secretase, and others (Bonifacino and
Traub, 2003).

We have shown that PSMA undergoes internalization via
clathrin-coated pits in LNCaP cells (Liu et al., 1998), a human
prostate cancer cell line that abundantly expresses endoge-
nous PSMA. To further understand the mechanism of PSMA
internalization, we searched for possible internalization mo-
tifs in the cytoplasmic domain of PSMA. In this study we
demonstrate that the cytoplasmic tail N-terminal five amino
acid residues, including the start codon methionine and the
fifth amino acid residue leucine form a novel MXXXL motif
that mediates PSMA internalization. By transferring this
MXXXL motif to a noninternalized protein, the �-chain of
interleukin 2-receptor (Tac), we further show that this motif
is sufficient for PSMA internalization. Furthermore, using an
inducible dominant-negative �2 subunit of the adaptor pro-
tein (AP)-2 adaptor complex, we provide evidence that in-
ternalization of this clinically important protein requires the
function of AP-2.

EXPERIMENTAL PROCEDURES

Plasmid Constructs
Cloning and characterization of full-length cDNA of PSMA was described
previously (Israeli et al., 1993). The alanine scan mutagenesis approach was
used to mutate each of the cytoplasmic tail amino acids in the cytoplasmic tail
of PSMA. Alanine scan mutagenesis was essentially carried out by polymer-
ase chain reaction (PCR) by using sense primers carrying respective mutation
of the cytoplasmic tail amino acid (positions 2–15) to alanine. A Kozak
consensus sequence (GCCACC) and a translation start site (ATG) were in-
corporated at the N-terminus of the sense primers. A cytoplasmic tail deletion
mutant of PSMA was created by deleting the N-terminal 15 amino acids by
using PCR. An alanine and three arginine residues proximal to the transmem-
brane domain were retained because these three arginine residues may be
necessary to maintain the type II orientation of the protein (von Heijne, 1988).
Also, PSMA constructs in which the cytoplasmic tail amino acids 6–14 were

Figure 1. Schematic representation of PSMA
cytoplasmic tail mutants and Tac-PSMA chi-
mera used in this study. Deletions are shown
by horizontal arrows, and insertion of addi-
tional alanines is indicated. Amino acids con-
verted to alanine or valine are indicated as A
and V, respectively. Internalization (INT) pos-
itive (�) or negative (�) for the respective
constructs is indicated.
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deleted or all the three putative phosphorylation sites were mutated (PSMA-
T8A/S10A/T14A) and a PSMA construct containing five alanines inserted
after the start codon [PSMA-MA(5)] were generated using PCR. Tac-PSMA
chimera were also generated using PCR. Full-length Tac (gift from Dr. Boni-
facino, National Institutes of Health, Bethesda, MD) was described previously
(Leonard et al., 1984). Tac cytoplasmic tail chimera containing the di-leucine–
like motif of PSMA (Tac-MWNLL), di-leucine motif mutated to alanine (Tac-
MWNAA), leucine at position 5 mutated to alanine (Tac-MWNLA), leucine at
position 4 mutated to alanine (Tac-MWNAL), methionine at first position
mutated to alanine in Tac with leucine at position 4 mutated to alanine
(Tac-AWNAL), and with an extraalanine (Tac-MAWNAL) were generated.
Because Tac is a type I membrane protein, to have the N-terminal methionine
free as in PSMA, we used primers encoding the respective amino acids in the
reverse orientation. Full-length PSMA (designated as wild-type PSMA [PS-
MAwt]), cytoplasmic tail mutants of PSMA, and Tac-PSMA chimeras were
inserted into eukaryotic expression vector pCDNA3. The mutations were
verified by DNA sequencing. Constructs used in this study are shown in
Figure 1.

Cell Culture and Transfection
COS-7 cells (ATCC CRL 1651) were grown in DMEM supplemented with 10%
fetal bovine serum containing streptomycin and penicillin at 5% CO2 in a
water-saturated atmosphere. Cells grown on glass coverslips were transiently
transfected by the calcium phosphate method as described previously (Ra-
jasekaran et al., 1994). After transfection (48 h), the cells were tested for the
uptake of antibodies as described below. HeLa cells expressing hemaggluti-
nin-tagged D176A/W421A mutant �2 constructs under the control of a
tetracycline-repressible promoter have been described previously (Nesterov
et al., 1999). The cells were grown in DMEM supplemented with 10% fetal
bovine serum containing streptomycin and penicillin, 400 �g/ml G418, 200
ng/ml puromycin, and 10 ng/ml doxycycline at 5% CO2 in a water-saturated
atmosphere. Cells plated on glass coverslips were used for transient transfec-
tion by the calcium phosphate method. Twelve hours after transfection,
expression of the mutant �2 protein was induced by replacing the culture
medium with doxycyline-free medium. Eight hours before the planned ex-
periments, sodium butyrate was added to the culture medium to ensure high
expression levels of the mutant �2 protein to replace the endogenous wild-
type �2 in AP complexes. Transfected cells were used 60 h after transfection.

Antibody Uptake and Immunofluorescence Analysis
Antibody uptake was carried out as described previously (Liu et al., 1998). In
brief, the cells were washed with DMEM containing 0.5% fatty acid-free
bovine serum albumin and incubated at 37°C for 2 h with mAb J591 (5

�g/ml). Cells were then fixed, permeabilized, and incubated with Texas
Red-conjugated secondary antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA). To visualize PSMA localization in endosomes, cells were
coincubated with fluorescein isothiocyanate (FITC)-conjugated transferrin
(Jackson ImmunoResearch Laboratories) during J591 incubation. To monitor
the internalization of Tac-PSMA chimera, mAb against the extracellular do-
main of Tac, 7G7 (Rubin et al., 1985) was used. For kinetic analysis of PSMA
uptake the cells were incubated with J591 and FITC-conjugated transferrin for
1 h at 4°C, washed three times, and then incubated in DMEM at 37°C, 5% CO2
to allow for uptake. The cells were fixed at the indicated time points and
incubated with Texas Red-conjugated secondary antibody. Uptake of anti-
bodies (mAbs J591 and 7G7) and transferrin were visualized and quantitated
by confocal microscopy (see below). To visualize surface expression of PSMA
and Tac-PSMA chimeras, COS cells transfected with the respective plasmid
were fixed and stained with mAb J591 and 7G7, respectively, under nonper-
meabilized conditions.

Confocal Microscopy
Codistribution of internalized mAbs J591or 7G7 and transferrin were exam-
ined using a Fluoview laser scanning confocal microscope (Olympus Amer-
ica, Melville, NY). To detect simultaneously FITC- and Texas Red-labeled
antigens, samples were excited at 488 and 568 nm with argon and krypton
lasers, respectively, and the light emitted between 525 and 540 nm was
recorded for FITC and �630 nm for Texas Red. Images were generated using
Fluoview software (version 2.1.39). Transfected cells (30–40) were examined
for each transfection done in duplicate and the representative data are shown.

Quantification of internalization in COS cells expressing PSMAwt and
PSMA harboring mutation of the fourth leucine (PSMA-L4A) or fourth and
fifth leucine (PSMA-L4A/L5A) was done using image analysis software
(Fluoview, version 2.1.39). Average pixel intensities of internalized transferrin
(green), and mAb J591 (red) from optical sections of 30–40 cells were deter-
mined. Because the transferrin uptake was more or less uniform PSMA
internalization was normalized to transferrin uptake. An analysis of variance
was used to compare the PSMA/transferrin ratios as a function of time
between PSMAwt and PSMA-L4A. A logarithmic transform was used to
stabilize variance and for computing 95% confidence intervals for the geo-
metric mean of PSMA-L4A mutant ratios as a percentage of PSMAwt ratios.

NAALDase Activity
NAALDase activity was determined as described by Sekiguchi et al. (1989).
COS cells were transfected with PSMAwt on 60-mm culture dishes. After 48 h
of transfection, cells were incubated with 1 �Ci/ml [3H]NAAG (PerkinElmer
Life Sciences, Boston, MA) in Krebs-Ringer bicarbonate medium or in Dul-

Figure 2. PSMA internalization in COS-7
cells expressing wild-type PSMA (PSMAwt)
and the cytoplasmic tail deletion mutant
(PSMA-�cd). (A–C) Internalization of PS-
MAwt and FITC-transferrin. COS cells tran-
siently transfected with PSMAwt were simul-
taneously incubated with mAb J591 (A) and
FITC-transferrin (B) for 2 h, washed, fixed in
cold methanol, and stained with Texas Red-
conjugated anti-mouse antibody. Representa-
tive medial optical sections are shown. (C)
Merged image. The yellow color indicates the
codistribution of FITC-transferrin and inter-
nalized PSMA. (D–F) COS cells expressing
Dynamin K44A and PSMAwt cDNA were in-
cubated with mAb J591 for 2 h, washed fixed,
and stained with FITC-conjugated anti-mouse
antibody to detect PSMA (D) and with poly-
clonal anti-dynamin antibody and Texas Red-
conjugated anti-rabbit antibody to detect cells
expressing the dynamin mutant (E). (F)
Merged image. Note that in cells expressing
DynaminK44A, PSMA was not internalized.
(G–I) PSMA-�cd–expressing cells were incu-
bated with mAb J591 (G) and FITC-transferrin
(H) as described above. PSMA-�cd does not
internalize and therefore, does not colocalize
with internalized transferring (I). Bar, 5�m.
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becco’s modified Eagle’s medium for 1 h. The medium was removed and the
cells were washed three times with their respective incubation medium. Cells
were then lysed in 1% Triton X-100, and the radioactivity was determined
using a scintillation counter (Beckman LS 6500). Counts were normalized to
protein. Protein concentrations of the cell lysates were determined using the
Bio-Rad DC reagent (Bio-Rad, Hercules, CA) according to manufacturer’s
instructions.

RESULTS

To study the internalization of PSMA, COS cells were tran-
siently transfected with PSMAwt cDNA (Figure 1) and up-
take of mAb J591 was monitored by immunofluorescence
and confocal microscopy. The internalized antibody showed
a distinct spot-like staining pattern at the perinuclear region
(Figure 2A). This spot-like staining is reminiscent of the
recycling endosomal compartment and internalized trans-
ferrin, a marker for this compartment, colocalized with en-
docytosed PSMA (Figure 2, A–C), indicating that PSMA is
localized to the recycling endosome. We have shown earlier
that PSMA is internalized via clathrin-coated vesicles in
LNCaP cells (Liu et al., 1998). To further confirm that PSMA
is internalized via a clathrin-dependent endocytic mecha-
nism in COS cells, we tested whether PSMA is internalized
in cells expressing a GTPase-deficient dynamin mutant
(K44A), which is known to inhibit clathrin-dependent endo-
cytosis in cultured cells (Herskovits et al., 1993; van der Bliek
et al., 1993). In these cells internalization of PSMA was not
detected (Figure 2, D–F) further confirming that PSMA is
internalized via a clathrin-dependent endocytic pathway.

To test whether the cytoplasmic tail of PSMA contains a
signal that mediates its internalization the PSMA cytoplas-
mic tail was deleted and the mutant (PSMA-�cd) was ex-
pressed in COS cells. PSMA-�cd was clearly expressed on
the cell surface as revealed by immunofluorescence staining
under nonpermeabilized condition (our unpublished data).

Incubation of these cells with mAb J591 did not show uptake
or localization to the endosomes and internalized transferrin
did not reveal a codistribution with PSMA (Figure 2, G–I),
indicating that the cytoplasmic tail of PSMA contains a
signal that mediates its internalization.

The cytoplasmic tail of PSMA contains two consecutive
leucines as reported for di-leucine-like motifs (Figure 1). To
examine whether this motif functions as an internalization
signal for PSMA, the di-leucine pair was converted to di-
alanine (PSMA-L4A/L5A), the mutant protein was ex-
pressed in COS cells and uptake of mAb J591 was moni-
tored. The di-alanine mutant of PSMA was clearly expressed
on the cell surface as revealed by staining with mAb J591
under nonpermeabilized condition (Figure 3A). Our inter-
nalization assay revealed that mAb J591 was not internal-
ized in cells expressing the di-alanine mutant of PSMA
(Figure 3B) and did not show codistribution with the inter-
nalized FITC-transferrin (Figure 3, C and D), indicating that
mutation of the di-leucine pair in the cytoplasmic tail of
PSMA abrogates its internalization. We then examined
whether both these leucines are essential for the internaliza-
tion of PSMA. For this purpose single leucine residues at
positions 4 (PSMA-L4A) and 5 (PSMA-L5A) were mutated
to alanine and the uptake of mAb J591 was studied. Both
these mutants were expressed on the cell surface as revealed
by staining with mAb J591 under nonpermeabilized condi-
tion (Figure 3, E and I). J591 was clearly internalized in cells
expressing PSMA-L4A (Figure 3F) and internalized trans-
ferrin (Figure 3G) codistributed with the internalized mAb
J591 (Figure 3H). By contrast, in cells expressing PSMA-L5A,
mAb J591 was not internalized (Figure 3J) and the antibody
primarily stained the plasma membrane similar to cells ex-
pressing PSMA-L4/L5 (Figure 3B). In these cells, colocaliza-
tion of PSMA and internalized FITC-transferrin was not

Figure 3. Internalization of the cytoplasmic
tail di-leucine mutants of PSMA. (A, E, and I)
Surface expression of PSMA in COS-7 cells
expressing PSMA-L4A/L5A, PSMA-L4A, and
PSMA-L5A mutants, respectively. Forty-eight
hours after transfection, the cells were fixed in
paraformaldehyde under nonpermeabilized
conditions and labeled with mAb J591 fol-
lowed by FITC-conjugated anti-mouse anti-
body and visualized by epifluorescence mi-
croscopy. (B, F, and J) Internalization of
PSMA mutants. (C, G, and K) FITC-trans-
ferrin uptake. (D, H, and L) Merged images of
PSMA and FITC-transferrin. Representative
medial optical sections are shown. Yellow
color in H indicates the codistribution of
FITC-transferrin and internalized PSMA.
Bars, 10 �m (A, E, and I) and 5 �m (B, C, D, F,
G, H, K, and L).
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Figure 4. Kinetic analysis of internalization of PS-
MAwt and PSMA-L4A in COS cells. (A and B) Time
course of PSMAwt (A) and PSMA-L4A (B) internal-
ization. Transiently transfected COS cells were incu-
bated with mAb J591 and FITC-transferrin for the
indicated time points, as described under EXPERI-
MENTAL PROCEDURES and stained with Texas
Red-conjugated anti-mouse antibody. Representative
medial optical sections are shown. Arrows indicate
peripheral vesicles containing PSMA and transferrin.
Bar, 5 �m. (C) COS cells expressing PSMAwt, PSMA-
L4A, or PSMA-L4A/L5A were incubated with J591
and FITC-conjugated transferrin for 1 h at 4°C,
washed, and incubated at 37°C to allow for uptake.
The cells were fixed after 30, 60, and 120 min and
incubated with Texas Red-conjugated secondary an-
tibody. Uptake of mAbs J591 and transferrin were
visualized and quantitated by confocal microscopy as
described under EXPERIMENTAL PROCEDURES.
PSMA internalization was normalized to transferring
uptake. The bars indicate SE of 30–40 cells analyzed
for each condition.
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detected (Figure 3, K and L). These results indicated that the
fifth leucine in the cytoplasmic tail of PSMA is crucial for its
internalization.

Because PSMA-L4A was internalized similar to PSMAwt
we determined the kinetics of PSMA uptake in cells express-
ing these constructs. Our efforts to obtain quantitative data
by using iodinated mAb J591 were not successful because
mAb J591 bound to the cell surface was not quantitatively
released after acid wash procedures commonly used to re-
lease bound antibody on the cell surface. Therefore, we used
immunofluorescence and confocal microscopy approaches
to determine the kinetics of mAb J591 uptake in cells ex-
pressing PSMAwt and PSMA-L4A. As shown in Figure 4,
both PSMAwt and PSMA-L4A expressing cells internalized
PSMA rapidly. After 5-min incubation both PSMA and
transferrin showed predominant plasma membrane local-
ization with small amounts localized to peripheral vesicles
(arrow). Similarly, after 10 min PSMA and transferrin codis-
tributed in more peripheral vesicles, whereas after 20 min it
accumulated in the recycling endosomal compartment. Cells
expressing PSMA-L4A (Figure 4B) showed a similar inter-
nalization pattern. These results indicated that mutation of

the fourth leucine in the cytoplasmic tail of PSMA has a
minimal effect on the internalization of PSMA in COS cells.
To obtain quantitative data we determined the average pixel
intensity represented by internalized PSMA and transferrin
by using image analysis software (Fluoview, version 2.1.39).
Because quantification of internalized PSMA and transferrin
was more reliable after 30 min, we quantified internalized
PSMA in cells expressing PSMAwt and PSMA-L4A at 30, 60,
and 120 min. We used internalized transferrin as an internal
control for defining the area representing the internalized
PSMA. Comparison of the internalization kinetics of PS-
MAwt and PSMA-L4A revealed that PSMA-L4A is internal-
ized with kinetics similar to PSMAwt (Figure 4C). An anal-
ysis of the variance demonstrated that internalization
increased with time (p � 0.04), but there was no statistical
difference between the internalization profiles for PSMAwt
and PSMA-L4A mutants (p � 0.2). The 95% confidence
intervals for PSMA-L4A mutant internalization (as percent-
age of PSMAwt) were 100–148% at 30 min, 72–116% at 60
min, and 89–143% at 120 min, indicating that mutation of
the fourth leucine does not alter the internalization proper-
ties of PSMA.

Figure 5. Internalization of Tac and Tac-
PSMA chimera. (A and E) Surface expression
of Tac. Forty-eight hours after transfection the
cells were fixed in paraformaldehyde under
nonpermeabilized condition, labeled with
mAb 7G7 followed by FITC-conjugated anti-
mouse antibody, and visualized by epifluo-
rescence microscopy. (B–D, F–H) Internaliza-
tion of Tac and FITC-transferrin. The cells
were incubated with mAb 7G7 and FITC-
transferrin for 2 h, washed, fixed in cold
methanol, and stained with Texas Red-conju-
gated anti-mouse antibody. Representative
medial optical sections are shown. (B and F)
Internalization of Tac antibody. (C and G)
Uptake of FITC-transferrin. (D and H)
Merged images. Yellow color in H indicates
the codistribution of FITC-transferrin and in-
ternalized Tac. Bars, 10 �m (A and E) and 5
�m (B, C, D, F, G, and H).
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To further test whether amino acid residues other than the
fifth leucine are essential for the internalization of mAb J591
we systematically mutated each of the cytoplasmic tail
amino acids into alanine. These point mutations did not
affect the internalization of mAb J591 (our unpublished
data). Moreover, the construct in which amino acids 6–14
were deleted (PSMA-�6–14) internalized mAb J591 when
expressed in COS cells. These results demonstrated that the
N-terminal first five amino acids in the cytoplasmic tail of
PSMA are sufficient to mediate PSMA internalization and
the fifth amino acid leucine is crucial for its internalization
activity.

To further confirm that this five amino acid motif of
PSMA is sufficient for internalization, we transferred the five
N-terminal amino acids of PSMA to the noninternalized
protein Tac, a type I membrane protein (Letourneur and
Klausner, 1992). Internalization of Tac was monitored by
uptake of mAb 7G7 raised against the extracellular domain
of Tac (Rubin et al., 1985). In nonpermeabilized COS cells
wild-type Tac (Tacwt) showed a distinct plasma membrane
localization (Figure 5A), indicating that this protein is tar-
geted to the plasma membrane but incubation with mAb
7G7 did not result in the internalization of this antibody,
confirming that Tacwt is not internalized in COS cells (Figure
5B) as reported previously (Letourneur and Klausner, 1992).
Codistribution of mAb 7G7 staining and internalized trans-
ferrin was not detected in these cells (Figure 5, C and D). By
contrast, incorporation of the amino acids MWNLL into the
Tac cytoplasmic tail (Tac-MWNLL) resulted in the internal-
ization of mAb 7G7 (Figure 5F). The internalized antibody
clearly colocalized with internalized FITC-transferrin (Fig-
ure 5, G and H) indicating that the N-terminal five amino
acids in the cytoplasmic tail of PSMA are transferable and

are sufficient to confer internalization properties to a nonin-
ternalized protein.

Furthermore, in cells expressing Tac-MWNAA where the
two consecutive leucines are mutated to alanines, the mAb
7G7 was not internalized (Figure 6B), although this protein
was clearly localized to the plasma membrane (Figure 6A).
This mutant did not codistribute with internalized FITC-
transferrin (Figure 6, C and D). Internalization of mAb 7G7
was maintained in cells expressing the construct where the
fourth leucine is mutated to alanine (Tac-MWNAL) (Figure
6, F–H), whereas in cells expressing Tac-MWNLA, where
the leucine at position 5 is mutated, the uptake of 7G7 was
not detected (Figure 6, J–L). Both these mutants were clearly
expressed on the plasma membrane as revealed by nonper-
meablized staining by using mAb 7G7 (Figure 6, E and I).
Together, these data demonstrate that the leucine at the fifth
position is critical for PSMA internalization.

Although it is possible that a single leucine in the cyto-
plasmic tail of PSMA might play a crucial role in its inter-
nalization, it is unlikely that it can function as an internal-
ization motif. Therefore, we decided to test for other
potential amino acid residues in the five amino acid motif
that might be involved in the internalization of PSMA. We
have evidence that mutation of amino acids at position 2 and
3 (our unpublished data) and 4 (Figure 3) of the cytoplasmic
tail of PSMA did not affect internalization, whereas mutation
of leucine at position 5 abolished its internalization. The only
amino acid that remained to be tested was the first amino
acid methionine. Therefore, we mutated methionine in the
internalizing Tac-MWNAL chimera to generate Tac-
AWNAL. Although Tac-AWNAL was expressed on the cell
surface (our unpublished data), a drastic reduction in the
internalization of mAb 7G7 was noticed in cells expressing

Figure 6. Internalization of Tac-PSMA chi-
meras harboring mutations in the di-leucine
signal. Surface expression as well as internal-
ization of PSMA was performed as described
in figure legend 5. (A, E, and I) Surface ex-
pression of Tac in COS-7 cells expressing Tac-
MWNAA, Tac-MWNAL, and Tac-MWNLA
chimeras, respectively. (B, F, and J) Internal-
ization of Tac chimera mutants. (C, G, and K)
Uptake of FITC-transferrin. (D, H, and L)
Merged images. Representative medial opti-
cal sections are shown. Yellow color in H
indicates the codistribution of FITC-trans-
ferrin and internalized PSMA. Bars, 10 �m (A,
E, and I) and 5 �m (B, C, D, F, G, H, J, K, and L).
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this chimera (Figure 7A). Although in these cells FITC-
transferrin was clearly internalized (Figure 7B), there was
little colocalization of internalized transferrin with Tac-
AWNAL (Figure 7C). Small amounts of internalized mAb
J591 were seen in peripheral vesicles, in contrast to the
intense fluorescence of internalized transferrin seen at the
cell center. This result indicated that in addition to the fifth
leucine the methionine is also required and that the N-
terminal five amino acids, MWNLL, form a motif to mediate
the internalization of PSMA. To test whether the length of
this motif is involved in PSMA internalization, we inserted
an additional alanine between tryptophan and methionine
(Tac-MAWNAL) and monitored the internalization of this
chimera. In COS cells, Tac-MAWNAL was clearly expressed
on the cell surface as revealed by nonpermeabilized staining
(our unpublished data). However, internalization of
mAb7G7 was highly reduced (Figure 7D), and there was less
colocalization of the chimera with internalized FITC-trans-
ferrin (Figure 7, E and F). We then tested whether incorpo-
ration of alanine into the MWNLL motif of PSMA itself
affects internalization. Whereas insertion of one or two
amino acids did not affect internalization, insertion of five
alanines [PSMA-MA(5)] drastically reduced the internaliza-
tion of PSMA (Figure 7G).

The endocytic motif of membrane receptors binds to AP
complexes, which are heterotetramers and mediate the in-
ternalization of membrane receptors (Hirst and Robinson,
1998; Kirchhausen, 1999). The adaptor complex AP-2 has
been shown to associate with both tyrosine (Ohno et al.,
1995; Honing et al., 1996; Boll et al., 2002) and di-leucine–
based signals (Hofmann et al., 1999). To obtain insights into
whether AP-2 is involved in the internalization of PSMA, we
monitored internalization of PSMA in a HeLa cell line that
expresses a dominant negative mutant �2 of the AP-2 com-
plex under the control of a tetracycline-off system (Nesterov

et al., 1999). Strikingly, mutant �2 drastically reduced the
internalization of PSMA (Figure 8A) and transferrin (Figure
8B), and transferrin showed a more diffused localization
pattern that codistributed with PSMA (Figure 8C). In non-
induced cells that only express wild-type �2 PSMA as well
as transferrin were clearly internalized (Figure 8, D–F), in-
dicating that the �2-subunit of AP-2 is involved in the
internalization mediated by the MWNLL motif of PSMA.

DISCUSSION

In this study, we demonstrate that the cytoplasmic tail five
N-terminal amino acids MWNLL are sufficient to mediate
the internalization of PSMA. Methionine at the first position
and leucine at the fifth position are essential, whereas amino
acids 2, 3, and 4 are dispensable for the internalization of
PSMA. Incorporation of alanine(s) into Tac-chimera (Tac-
MAWNAL) and into PSMA [PSMA-MA(5)] drastically re-
duced the internalization, indicating that the length of this
sequence is also important for its internalization function.
We also present evidence that the adaptor complex AP-2 is
involved in the internalization of PSMA. Based on these
results, we suggest that the N-terminal five amino acid
residues of PSMA form a novel autonomous methionine-
leucine based internalization motif (MXXXL). To our knowl-
edge, this is the first study describing a N-terminal amino
acid (translation start site) as part of an internalization motif.

Although the presence of two consecutive leucines at
position four and five suggested that the cytoplasmic tail of
PSMA may contain a di-leucine–like motif, our results indi-
cate that this might not represent a typical di-leucine motif
as observed in other membrane proteins. The di-leucine–
based signals of the [DE]XXXL[LI] and DXXLL types have
an acidic residue at –4 from the first leucine (Pond et al.,

Figure 7. Internalization of Tac-PSMA chi-
meras Tac-AWNAL and Tac-MAWNAL, and
of PSMA-MA(5). (A and D) Internalization of
Tac chimera mutants and (G) mAb J591 in
transiently transfected COS cells. (B, E, and
H) Internalization of FITC-transferrin. (C, F,
and I) Merged images. Note the lack of codis-
tribution of Tac-chimera mutants or PSMA-
MA(5) and FITC-transferrin. Bar, 5 �m.
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1995; Sandoval et al., 2000), which is absent in PSMA and is
replaced by an essential methionine. In the [DE]XXXL[LI]
type the first leucine is generally indispensable and substi-
tution with other amino acids decreases the efficacy of the
signal (Letourneur and Klausner, 1992), whereas in the
DXXLL type both the leucines are essential and mutation of
any of these residues to alanine inactivates the signal (John-
son and Kornfeld, 1992; Chen et al., 1997). In PSMA, muta-
tion of the first leucine did not change significantly the
internalization kinetics. Moreover, in polarized epithelial
cells, proteins with di-leucine motif are targeted to the ba-
solateral plasma membrane (Sheikh and Isacke, 1996; El
Nemer et al., 1999; Bello et al., 2001). By contrast, PSMA is
targeted to the apical plasma membrane in Madin-Darby
canine kidney cells (Christiansen et al., 2003) and swapping
the cytoplasmic tail of PSMA with the cytoplasmic tail of a
di-leucine motif containing protein redirected PSMA to the
basolateral plasma membrane (our unpublished data). The
absence of tyrosine residues in the cytoplasmic tail of PSMA
clearly indicates that this protein does not contain a tyrosine-
based signal. Together, these results strongly indicate that
the MXXXL motif of PSMA is a novel methionine-leucine–
based internalization motif.

PSMA is localized to the recycling endosomal compart-
ment as revealed by its colocalization with internalized
transferrin. Colocalization of Tac-MWNLL with transferrin
further indicated that the MWNLL sequence is sufficient for
the localization of PSMA to the recycling endosomal com-
partment. We have recently shown that the cytoplasmic tail
of PSMA associates with the actin cross linking protein
filamin (Anilkumar et al., 2003) and that this association is
involved in the localization of PSMA to the recycling endo-
somal compartment. Future studies will determine whether
the MWNLL motif of PSMA associates with filamin and
functions as a recycling endosome targeting signal.

We have shown that dominant negative �2 of the AP-2
complex reduces the internalization of PSMA, indicating
that the AP-2 complex is involved in the internalization
mediated by the MXXXL motif of PSMA. Recent structural
studies suggested that the Yxx� endocytic determinant
might associate with the �2 adaptin as a two-pinned plug
into a socket with the Y and the � residues (the pins) fitting
into sterically and chemically complementary pockets of the
�2 surface (Owen and Evans, 1998; Owen and Luzio, 2000).
Requirement of the specific length of the MXXXL motif
tempts us to speculate that the first amino acid methionine

Figure 8. Internalization of PSMAwt in HeLa
cells expressing dominant-negative AP-2
complexes. PSMAwt cDNA was transiently
transfected into HeLa cells expressing a tetra-
cycline-repressible dominant-negative mu-
tant of �2. mAb J591 internalization was mon-
itored in mutant �2-induced cells (A) and in
noninduced cells (D). (B and E) Internaliza-
tion of FITC-transferrin. (C and F) Merged
images. Bar, 5 �m.
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and the fifth leucine of the PSMA endocytic determinant
might function as two pins fitting into a complementary
pocket of �2 (Figure 9). Future studies will establish whether
�2 directly associates with the MXXXL motif and whether
this motif can compete with the Yxx� or [DE]XXXL[LI]
motifs, which are known to associate with �2.

The catalytic site for glutamate carboxypeptidase/NAAL-
Dase activity of PSMA resides in its extracellular domain
(Speno et al., 1999). Millimolar concentrations of phosphate
used in the culture medium almost completely inhibited the
NAALDase activity in COS cells (our unpublished data;
Slusher et al., 1999). Because our internalization assays were
performed in culture medium that inhibits NAALDase ac-
tivity, this enzymatic activity seems not to be necessary for
the internalization of PSMA. Moreover, in LNCaP cells,
incubation with the NAAG substrate for NAALDase did not
increase the internalization of PSMA (our unpublished
data), whereas incubation with mAb J591 or the Fab frag-
ments of this antibody increased the internalization rate of
PSMA (Liu et al., 1998). The antibody and the antibody
fragments might mimic a putative ligand for PSMA. These
results indicate that the internalization of PSMA might be an
independent function from its glutamate carboxypeptidase/
NAALDase activity. It is possible that PSMA might function
as a receptor mediating the internalization of a putative
ligand. Identification of a PSMA ligand combined with the

knowledge on PSMA internalization should provide more
insights into the function of this protein and, in conse-
quence, provide valuable information for therapeutic appli-
cations of PSMA.
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