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The heterotetrameric (�-�4-�4-�4) complex adaptor protein
4 (AP-4) is a component of a non-clathrin coat involved in pro-
tein sorting at the trans-Golgi network (TGN). Considerable
interest in this complex has arisen from the recent discovery
that mutations in each of its four subunits are the cause of a
congenital intellectual disability and movement disorder in
humans. Despite its physiological importance, the structure and
function of this coat remain poorly understood. To investigate
the assembly of the AP-4 coat, we dissected the determinants of
interaction of AP-4 with its only known accessory protein, the
ENTH/VHS-domain-containing protein tepsin. Using a variety
of protein interaction assays, we found that tepsin comprises
two phylogenetically conserved peptide motifs, [GS]LFXG
[ML]X[LV] and S[AV]F[SA]FLN, within its C-terminal unstruc-
tured region, which interact with the C-terminal ear (or append-
age) domains of the �4 and � subunits of AP-4, respectively.
Structure-based mutational analyses mapped the binding site
for the [GS]LFXG[ML]X[LV] motif to a conserved, hydrophobic
surface on the �4-ear platform fold. Both peptide-ear interac-
tions are required for efficient association of tepsin with AP-4,
and for recruitment of tepsin to the TGN. The bivalency of the
interactions increases the avidity of tepsin for AP-4 and may
enable cross-linking of multiple AP-4 heterotetramers, thus
contributing to the assembly of the AP-4 coat. In addition to
revealing critical aspects of this coat, our findings extend the
paradigm of peptide-ear interactions, previously established for
clathrin-AP-1/AP-2 coats, to a non-clathrin coat.

Shuttling of cargo between membrane-bound compart-
ments of the endomembrane system of eukaryotic cells is car-
ried out by transport vesicles that bud from a donor compart-
ment and fuse with an acceptor compartment (1). Cargo
selection and vesicle budding are both mediated by protein
coats that assemble on the cytosolic aspect of the donor com-
partment from components recruited from the cytosol. To

date, about ten different protein coats have been described that
participate in vesicular transport at various stages of the endo-
membrane system. Most of them consist of an outer “scaffold”
layer and an inner “adaptor” layer, although in some cases both
layers are tightly intertwined. Among the best-characterized
protein coats are those containing clathrin as a scaffold and the
AP-12 and AP-2 complexes as adaptors (2, 3, 4, 5). AP-1 and
AP-2 are heterotetramers composed of homologous �-�1-
�1-�1 and �-�2-�2-�2 subunits, respectively (Fig. 1A). The
large � and �1 subunits of AP-1, and � and �2 subunits of AP-2,
have a modular organization consisting of a folded N-terminal
“trunk” domain, a largely unstructured “hinge” segment, and a
folded C-terminal “ear” or “appendage” domain. The trunk
domains of the large subunits, plus the whole � and � subunits,
constitute a “core” that mediates membrane recruitment
through interaction with specific phosphoinositides and/or
Arf-family GTPases, as well as cargo selection through recog-
nition of sorting signals in the cytosolic tails of transmembrane
proteins. The hinge segments extend from the core and interact
with the clathrin scaffold via LLDLD-type “clathrin-box” motifs
(6). Finally, the ear domains interact with a variety of accessory
proteins, some of which regulate coat assembly and interac-
tions with the cytoskeleton, while others function as additional
adaptors.

X-ray crystallographic analyses of the �- and �2-ear domains
of AP-2 revealed that they have a similar bilobed structure com-
prising an N-terminal immunoglobulin-like �-sandwich sub-
domain and a C-terminal platform subdomain (7, 8, 9, 10) (Fig.
1A). Accessory proteins interact with the � and �2 ear domains
via short peptide sequences or structural motifs that bind to
sites on either the sandwich or platform subdomains. For
instance, DPW (11) and WXX[FW]X[DE] motifs (12, 13, 14)
(where X is any amino acid) (motifs denoted in PROSITE syn-
tax) bind to the �-ear sandwich, while DP[FW] (7, 11) and
FXDXF motifs (11, 14) bind to the �-ear platform, all in an
extended conformation. On the other hand, a helical
[DE]nX1–2FXX[FL]XXXR motif (15, 9, 10) and probably the
extended DP[FW] motif as well (8) bind to the �2-ear platform.
X-ray crystallography of the �-ear and the related GGA-ear
domains showed that they consist of only a sandwich sub-
domain (16, 17, 18, 19, 20) that binds accessory proteins via
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�G[PDE][�LM] motifs (where � is an aromatic amino acid) (21,
22, 23) or variants thereof (24, 25). The structure of the �1 ear
has not been solved crystallographically, although, because of
its homology to the �2 ear (�75% amino acid sequence iden-
tity), it is expected to have a similar bilobed structure and to
bind the same accessory proteins and motifs.

At least five other complexes (AP-3, AP-4, AP-5, COPI-F
subcomplex, and part of TSET) (2, 3, 5, 26, 27) are known or
predicted to have a structure similar to that of AP-1 and AP-2
(Fig. 1A). However, very little is known about their interactions
with accessory proteins. We have been studying the AP-4 com-
plex, a non-clathrin-associated heterotetramer of subunit com-
position �-�4-�4-�4 (28, 29). This complex associates with the
trans-Golgi network (TGN) (28, 29, 30) in an Arf-regulated
manner (31), and participates in the sorting of several cargos,
including glutamate receptors (32, 33) and members of the
amyloid precursor protein family (34). Importantly, mutations
in each of the subunits of AP-4 in humans have been found to
cause an autosomal-recessive congenital disorder character-
ized by severe intellectual disability, progressive spastic para-
plegia or tetraplegia, microcephaly, seizures, and growth retar-
dation (35, 36, 37, 38, 39). Coated vesicle proteomics analyses
by Borner et al. (40) identified the only currently known AP-4
accessory protein, tepsin (also known as the product of the
ENTHD2 or AP4AT gene). Tepsin is encoded by several splice
forms, the best characterized of which corresponds to a protein
of 525 amino acids having an N-terminal ENTH domain,
an intervening unstructured segment, a central VHS/ENTH
domain, and a C-terminal unstructured segment (40) (Fig. 1B).
Tepsin was shown to bind to the �4-ear domain of AP-4, and to
be recruited to the TGN in manner dependent on this interac-
tion (40). However, the structural determinants of this interac-
tion and the possible existence of additional tepsin-AP-4 inter-
actions remain to be investigated.

Herein we report the identification of a novel peptide motif,
[GS]LFXG[ML]X[LV], in the C-terminal unstructured seg-
ment of tepsin that interacts with the �4-ear domain. A recent
solution NMR structure of the �4 ear (PDB ID: 2MJ7) (41)
showed that this domain consists of only a platform fold similar
to that of the �2-ear platform subdomain. Mutational and bind-
ing analyses based on this structure allowed us to map the bind-
ing site for the [GS]LFXG[ML]X[LV] motif to the same surface
that harbors the binding sites for the [DE]nX1–2FXX[FL]XXXR
and DP[FW] motifs on the �2 ear (8, 9, 10, 15). Further ana-
lyses revealed a second motif at the C terminus of tepsin,
S[AV]F[SA]FLN, which binds to the �-ear domain of AP-4.
Both motifs are phylogenetically conserved and contribute to
the interaction of tepsin with AP-4 and its recruitment to the
TGN. The bivalency of the interactions contributes to a higher
avidity of tepsin for AP-4 and also has the potential to promote
cross-linking of AP-4 heterotetramers in the process of AP-4-
mediated protein sorting.

Experimental Procedures

DNA Recombinant Constructs—All mutations were gener-
ated by site-directed mutagenesis (QuickChange, Agilent) and
confirmed by DNA sequencing.

Two Strep/One FLAG (TSF)-tagged Constructs—The
pGADT7-human � (NM_007347.4) vector (31) was subjected
to mutagenesis to remove an internal XhoI site and used as a
template for PCR amplification to generate a KpnI/XhoI frag-
ment encoding full-length (FL) �. Similarly, a KpnI/XhoI tepsin
fragment encoding FL human tepsin (NM_144679.2) was PCR-
amplified from pOTB7-tepsin (Thermo Scientific). The KpnI/
XhoI � and tepsin fragments were subcloned into the large frag-
ment obtained after digestion of pcDNA 3.1-BLOS2 (42) with
KpnI and XhoI. These ligations generated pcDNA 3.1-TSF-�
and pcDNA 3.1-TSF-tepsin, two constructs based on the
pcDNA 3.1/myc-His A MCS plasmid (Invitrogen) that direct
the expression of the AP-4 � subunit and tepsin tagged at their
N terminus with a TSF epitope.

Yeast Two-hybrid Vectors—The pGADT7-human �4 and
pGADT7-based plasmids encoding FL human � and the 1–138,
1–260, 1–545, 1–368, and 727–1137 � fragments were previ-
ously described (31). An SfiI/PstI (filled in with T4 DNA poly-
merase) fragment encoding human �4 hinge-ear domains (res-
idues 534 –739), excised from pGBKT7-�4 hinge-ear, was
subcloned into the SfiI/XhoI (filled in with T4 DNA polymer-
ase) sites of pGADT7 (Clontech). The pGADT7-DNA �4
hinge-ear was subsequently spliced out by mutagenesis to gen-
erate pGADT7-�4 ear (residues 601–739). The above-de-
scribed pcDNA 3.1-TSF-tepsin was mutagenized to remove an
internal EcoRI site. An EcoRI/XhoI fragment encoding FL tep-
sin was subsequently generated by PCR amplification and sub-
cloned into the EcoRI/SalI sites of pGBT9 (Clontech). The
pGBT9-rat TGN38 tail construct (residues 324 –353) was
described previously (43).

pEGFP Constructs—Vectors encoding N-terminal or C-ter-
minal fusions of tepsin with GFP were generated by subcloning
an EcoRI/XhoI tepsin fragment into the EcoRI/SalI sites of
pEGFP-C2 (Clontech) (GFP-tepsin construct) and by Gibson
Assembly Master Mix (New England Biolabs)-directed cloning
into the HindIII/EcoRI sites of pEGFP-N1 vector (Clontech)
(tepsin-GFP construct).

GST Fusion Constructs—An NdeI/PstI fragment encoding
the �4 hinge-ear domains was excised from pGBKT7-�4 hinge-
ear, filled in-with T4 DNA polymerase and subcloned into the
SmaI site of pGEX-4T-1 (GE Healthcare). The pGEX-5X-1-�4
ear construct was previously described (28). A BamH1-SalI
fragment encoding the � ear domain (residues 840 –1137) was
subcloned between the corresponding sites of pGEX-4T-1.

Antibodies—The mouse monoclonal anti-FLAG M2 anti-
bodies used for immunofluorescence (affinity purified, F1804)
and immunoblotting (F3165) were purchased from Sigma. The
mouse monoclonal anti-� antibody (BD612018) was from BD
Biosciences, and the sheep polyclonal anti-TGN46 antibody
(AHP500) was from AbD Serotec.

Cell Culture and Transfection—H4 and HeLa cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 100 units/ml peni-
cillin and 100 �g/ml streptomycin (complete DMEM) at 37 °C
and 5% CO2. Plasmid transfection was performed using Lipo-
fectamine 2000 (Life Technologies) or X-tremeGENE 9
(Roche) as per the manufacturers’ instructions.
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Tandem Affinity Purification and Mass Spectrometry—H4
cells stably transfected with pcDNA 3.1-TSF-� were selected by
addition of 1.25 mg/ml G418 to the culture medium. Individual
clones were isolated approximately 2 weeks after initial trans-
fection, grown on 6-well plates and analyzed by immunofluo-
rescence and immunoblotting using anti-FLAG and anti-� anti-
bodies. H4 cells stably expressing TSF-� (grown on fifteen
150-mm culture dishes) were lysed in 15 ml of 50 mM Tris-HCl
pH 7.4, 75 mM NaCl, 5 mM EDTA and 0.8% (v/v) Triton X-100
supplemented with proteinase inhibitor mixture (Roche). Cell
lysates were cleared by centrifugation at 17,000 � g and 4 °C for
15 min and incubated with StrepTactin resin (IBA) for 2 h at
4 °C. The resin was washed twice with 50 mM Tris-HCl pH 7.4,
300 mM NaCl, 5 mM EDTA and 0.1% (v/v) Triton X-100 and
once with phosphate-buffered saline (PBS). Bound proteins
were eluted with 5 mM desthiobiotin-containing buffer (IBA) at
room temperature. Eluates were supplemented with 0.8% (v/v)
Triton X-100 and protease inhibitors and further purified by
incubation for 2 h at 4 °C with FLAG antibody-coated beads
(Sigma). Resin was washed as in the previous step and proteins
eluted with 500 �g/ml FLAG peptide (Sigma) in 10 mM Tris-
HCl pH 7.4, 150 mM NaCl. Eluted proteins were precipitated
with 10% trichloroacetic acid, washed with acetone, air-dried,
and analyzed by mass spectrometry at the Taplin Facility, Har-
vard University.

Yeast Two-Hybrid Assays—Assays were performed using the
GAL4-based Matchmaker system (Clontech) and the AH109
reporter yeast strain as previously described (21).

GST Fusion Protein Expression and Purification—Recombi-
nant protein expression in Escherichia coli strain BL21 (Nova-
gen) transformed with pGEX-4T-1-�4 hinge-ear, pGEX-5X-
1-�4 ear or pGEX-4T-1-� ear plasmids was induced by addition
of 0.5 mM IPTG followed by incubation for 3 h at 37 °C or
overnight at 20 °C. Bacterial pellets were lysed by sonication in
PBS supplemented with 10 �g/ml aprotinin, 4 �g/ml leupeptin,
1.7 �g/ml pepstatin, 1 mM 4-(2-aminoethyl)benzenesulfonyl,
and 2 mM EDTA. After sonication, suspensions were supple-
mented with 1% (v/v) Triton X-100 followed by incubation for
30 min at 4 °C. Protein extracts were cleared by centrifugation
at 14,000 � g and 4 °C for 30 min, and the supernatants subse-
quently bound to glutathione-Sepharose resin (GE Healthcare)
and eluted with 20 mM glutathione.

Isothermal Titration Calorimetry (ITC)—GST-�4 hinge-ear,
GST-� ear and GST were dialyzed overnight against excess PBS
pH 7.4 at 4 °C, followed by concentration on Centricon Ultracel
YM-10 filters (EMD Millipore) to �100 –180 �M. The peptides
CAWSRDSLFAGMELVA and SEPSAFAFLNA (residues 463–
478 and 515–525 in human tepsin) (New England Peptide) were
dissolved to a final concentration of �1 and 1.4 mM, respec-
tively. Immediately preceding experiments, the GST proteins
and tepsin peptide solutions in PBS were supplemented with
0.5 mM DTT. Titration calorimetry was performed at 10 °C
using an iTC200 system (Malvern Instruments). The tepsin
peptides were injected over the GST-�4 hinge-ear and GST-�
ear (or a GST control) in 20 aliquots of 2 �l each at 150 s inter-
vals. Data analysis was performed with Origin software. The
affinity reported represents the mean � S.D. of assays with
three different preparations of recombinant protein.

Isolation of �4-ear Binding Peptides from a Phage-display
Library—Previously described methods (44, 22) were used to
construct a library of random dodecapeptides fused to the N
terminus of the M13 bacteriophage major coat protein (2 �
1010 unique members). Phage pools displaying the library were
cycled through rounds of binding selection with GST-�4 hinge-
ear or GST-�4 ear fusion proteins coated on 96-well MaxiSorp
immunoplates (Nalge Nunc) as capture targets. The library was
sorted separately against each target, and phage were propa-
gated in E. coli XL1-blue cells (Stratagene) supplemented with
both M13-KO7 helper phage (New England Biolabs) to facili-
tate phage production and 10 �M IPTG to induce expression of
the library. After three rounds of selection, phages from indi-
vidual clones were analyzed in a phage enzyme-linked immu-
nosorbent assay. Phages that bound to GST-�4-hinge-ear or
GST-�4-ear fusion proteins but not to a control GST fusion
were subjected to DNA sequence analysis.

StrepTactin Pulldowns—HeLa cells in 100-mm plates tran-
siently transfected with different TSF-tagged tepsin constructs
were washed twice with cold PBS and lysed in 0.8 ml of 50 mM

Tris-HCl pH 7.4, 0.8% (v/v) Triton X-100, 75 mM NaCl (lysis
buffer) with protease inhibitors (EDTA-free Complete, Roche).
Extracts were centrifuged for 15 min at 21,000 � g and 4 °C, and
supernatants incubated overnight at 4 °C with 60 �l of Strep-
Tactin beads previously washed in PBS 0.01% (v/v) Triton
X-100. Beads with immobilized complexes were washed three
times with lysis buffer containing 0.1% (v/v) Triton X-100 and
two times with PBS at 4 °C. Bound complexes were eluted from
beads by incubation for 20 min at 25 °C with 50 �l of 2.5 mM

desthiobiotin-containing buffer diluted in PBS. The suspen-
sions were centrifuged at room temperature for 2 min at
16,000 � g and the supernatants analyzed by SDS-PAGE and
immunoblotting.

Immunofluorescence Microscopy—HeLa cells were plated on
12-mm coverslips previously coated with fibronectin (Sigma)
(0.1 mg/ml in PBS for 1 h at 37 °C) and grown to �30% conflu-
ency before transfection with the different pEGFP-tepsin con-
structs. At 24 –36 h after transfection, coverslips were washed
in PBS and permeabilized for 1 min with 25 mM HEPES-HCl,
150 mM potassium glutamate, 25 mM potassium chloride, 2.5
mM potassium acetate, 5 mM EDTA, and 0.00375% saponin at
room temperature (21). Coverslips were washed in PBS and
fixed for 12 min in 4% paraformaldehyde in PBS. Following
fixation, coverslips were washed twice for 5 min in PBS, per-
meabilized for 15 min in 0.2% (v/v) Triton X-100 and blocked in
1% bovine serum albumin (BSA) in PBS for another 15 min.
Staining was carried out for 30 min at 37 °C with sheep anti-
TGN46 antibody diluted 1:1000 in 0.2% BSA in PBS (immuno-
fluorescence buffer). Coverslips were then washed twice with
PBS and incubated for 30 min at 37 °C with secondary Alexa
Fluor 647 donkey anti-sheep (Life Technologies) antibody
diluted 1:1000 in immunofluorescence buffer. Coverslips were
next washed twice with PBS and mounted on slides using Fluo-
romount-G with DAPI (Electron Microscopy Sciences). Images
were obtained on an inverted confocal laser scanning micro-
scope (LSM780; Carl Zeiss) fitted with a 63X, 1.4 NA objective.
Image analysis was performed using Image J (Rasband, W.S.,
ImageJ, NIH, Bethesda, Maryland).
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Results

Isolation of Tepsin as an AP-4-interacting Protein—In exper-
iments aimed at identifying proteins that interact with the AP-4
complex, detergent extracts of human H4 neuroglioma cells
stably expressing the human � subunit of AP-4 appended with
an N-terminal Two-Strep/one FLAG (TSF) tag were subjected
to tandem affinity purification (TAP) followed by mass spec-
trometry of the eluate. To limit our analysis to the most abun-
dant, specific interactors, we set a threshold of four total
peptides and filtered the results against the Contaminant
Repository for Affinity Purification database (CRAPome). Only
proteins that were not found as contaminants in this repository
(0 spectral counts) were considered for further analysis. The top
hits in order of total peptide number in the resulting short list
were the four subunits of AP-4 (�, �4, �4, and �4) (Fig. 1C), thus
verifying the reliability of this approach. The fifth hit was the
product of the ENTHD2 gene, tepsin (Fig. 1C), a protein that
had been previously identified as an AP-4 interactor (40). The
other proteins on this list were the products of the FAM160A2,

ATG9A, and ICAM genes (Fig. 1C), the significance of which
remains to be determined.

Identification of a Short Peptide Sequence in Tepsin That Is
Required for Interaction with the AP-4 �4-Ear Domain—
Because the structural determinants of the tepsin-AP-4 inter-
action were not known, we decided to undertake a systematic
molecular dissection of AP-4-binding sequences in human tep-
sin using the yeast two-hybrid system (Y2H) as a reporter assay.
In agreement with previous findings using other methodologies
(40), we detected specific interaction of full-length tepsin with
full-length �4, �4-hinge-ear, and �4-ear constructs (Fig. 1D).
These interactions were relatively strong, as they withstood
challenge with up to 5 mM 3-amino-1,2,4-triazole (AT), a com-
petitive inhibitor of the His3 reporter in the Y2H system (Fig.
1D). We next tested a series of C-terminal (Fig. 2, A and B) and
N-terminal truncation mutants (Fig. 2, C and D) of tepsin for
their ability to interact with �4. We observed that deletion of 94
amino acids from the C terminus rendered tepsin unable to
bind to the �4 ear (tepsin 1– 431, Fig. 2B). Moreover, we found

FIGURE 1. Isolation of Tepsin as an AP-4 interactor. A, schematic representation of adaptor protein (AP) complexes, indicating their subunits and structural
domains. Two other complexes not represented here, the COPI-F subcomplex and part of the TSET complex, have a similar structure. Notice that some ear
domains comprise two subdomains referred to as sandwich and platform, while others consist of only a sandwich (e.g. AP-1�) (16, 17) or platform (e.g. AP-4 �4)
(41) subdomain. In addition, GGA proteins have a sandwich domain similar to the AP-1 �-ear domain (18, 19) and the yeast exomer Chs5 subunit has a FBE
domain that is structurally homologous to the sandwich-platform tandem of the AP-2 �-ear domain (50). B, top, consensus secondary structure prediction of
tepsin by a combination of the MLRC, DSC, and PHD methods at the NPS@ server. Blue represents �-helix, red �-sheet, and magenta random coil structure. B,
bottom, domain organization of human tepsin. Domain names and amino acid numbers are indicated. C, filtered results of the affinity purification and mass
spectrometric analysis for proteins that co-purify with the human AP-4 complex. D, yeast two-hybrid (Y2H) analysis of the interaction of tepsin or p53 (control)
fused to the GAL4 DNA binding domain (BD) with different AP-4 �4 constructs or the SV40 large T antigen (T-Ag) (control) fused to the GAL4 transcriptional
activation domain (AD). Colonies were grown in the presence of varying concentrations of 3-amino-1,2,4-triazole (AT) to test the specificity and strength of the
interactions. Colony growth in medium without histidine (�His) is indicative of interactions. Growth in complete medium (�His) is used as a control. All images
are from plates grown for 4 days. The larger diameter of the growth areas on plates with higher concentrations of AT (particularly at 1–5 mM AT) stems from the
fact that the yeast inoculum (5 �l drop) spreads over a larger area in these plates.
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that these 94 amino acids were sufficient for interaction with
the �4 ear (tepsin 432–525, Fig. 2D). Further deletion analyses
delineated a determinant for interaction with the �4 ear to the
segment spanning amino acids 467 to 477 of tepsin (Fig. 2E),
having the sequence RDSLFAGMELV (Fig. 2F). An alanine-
scan mutagenesis of this segment (except for Ala-472, which
was substituted by aspartate) identified Leu-470, Phe-471, and
Met-474 as critical elements of the interaction determinant
(Fig. 2G). Although the 467– 477 segment is contained within
the largely unstructured C-terminal region of tepsin, theoreti-

cal analyses predicted that the segment itself could form a short �
helix (Fig. 2F). However, substitution of a helix-breaking proline
residue in place of Ser-469 or Ala-472 did not abrogate interaction
of tepsin with the �4 ear (although the A472P mutant exhibited
somewhat reduced binding) (Fig. 2H). Therefore, the 467–477
segment of tepsin is required for interaction with the �4 ear, pos-
sibly as part of an extended peptide sequence.

The Core Residues LFAGM Define a Determinant That Is
Sufficient for Interaction with the �4 Ear—To determine if the
467– 477 segment contained sufficient information for interac-

FIGURE 2. Mutational and yeast two-hybrid analyses identify a short peptide sequence in tepsin that interacts with the AP-4 �4-ear domain. A,
schematic representation of C-terminally truncated tepsin constructs, and B, testing for their interactions with the �4-ear domain using the Y2H system. C,
schematic representation of N-terminally truncated tepsin constructs, and D and E, testing for their interactions with full-length (FL) �4, �4-hinge-ear and
�4-ear constructs using the Y2H system. F, tepsin sequence required for interaction with the �4 ear, and secondary structure prediction by the methods
described in the legend to Fig. 1B. Blue h represents �-helix, red e represents �-sheet, and orange c represents random coil structure. G and H, Y2H analysis of
the interaction of tepsin mutants bearing single amino acid substitutions with the �4-hinge-ear and �4-ear domains. Y2H assays were performed as described
in the legend to Fig. 1D.
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tion with the �4 ear, we inserted the LFAGM sequence from
this segment into the cytosolic tail of another protein, TGN38
(Fig. 3A), and again used the Y2H assay to test for interactions.
The TGN38 tail has an YXXØ-type sorting signal (YQRL, res-
idues 350 –353) (Fig. 3A) that interacts with the � subunits of
several AP complexes (45, 46, 47) (Fig. 3B), but not with the �4

ear (Fig. 3C). The sequence LFAGM was placed between resi-
dues 348 and 349 of the TGN38 cytosolic tail, in an unstruc-
tured region immediately upstream of the YQRL sequence
recognized by AP � subunits. Importantly, insertion of the
LFAGM sequence was sufficient to confer on the TGN38 tail
the ability to interact with the �4 ear (Fig. 3C). These results

FIGURE 3. The hydrophobic core of the short tepsin sequence is sufficient for interaction with the AP-4 �4 ear and tolerates substitutions by other
hydrophobic amino acids. A, sequences of the rat TGN38 cytosolic tail and a chimeric TGN38 cytosolic tail having an insertion of the LFAGM sequence from
tepsin. Key amino acids for interaction with AP � subunits and the AP-4 �4 ear are highlighted in red. B, Y2H analysis of the interaction of the TGN38 cytosolic
tail with � subunits of AP complexes. C, Y2H analysis of the interaction of the TGN38 cytosolic tail and the chimeric TGN38 cytosolic tail with the AP-4 �4 ear and
the AP-2 �2 subunit. D, SDS/PAGE and Coomassie Blue staining of GST-�4 hinge-ear and GST proteins used in ITC assays. The positions of molecular mass
markers (in kDa) are indicated at left. E, ITC analysis of the interaction of �4-ear-binding peptide CAWSRDSLFAGMELVA with GST-�4 hinge-ear. The binding
isotherm depicts the normalized integrated heat change (kcal/mol of injected peptide) as a function of the molar ratio of peptide to GST-�4 hinge-ear. Data
were fit to a one-site binding model. The indicated Kd value for the tepsin peptide-GST-�4 hinge-ear interaction represents the mean � S.D. of three
determinations performed with different preparations of recombinant protein. F, Y2H analysis of the interaction of tepsin mutants having single amino acid
substitutions in the LFAGM sequence with the �4 ear. Y2H assays were performed as described in the legend to Fig. 1D. G, diminished avidity for �4 ear seen
with tepsin mutants L470A, L470Y, F471A, F471I, M474W, M474D, and M474K in panel F is not the due to differences in their levels of expression, stability or
folding, as demonstrated by the ability of these mutant constructs to interact with the AP-4 � ear, a second tepsin partner identified in this study (see Fig. 6). The
assay shown was performed at higher stringency conditions (3 mM AT).
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thus demonstrated that the LFAGM sequence constitutes the
core of an autonomous �4-ear-binding determinant. Because
Leu-470 is the first essential hydrophobic residue within this
sequence, we designated it as position zero of an interaction
motif.

In Vitro Binding of an LFAGM-containing Peptide to the
�4-ear—To independently confirm that a segment containing
the LFAGM sequence is sufficient for binding to �4, and to
quantitatively assess this interaction, we analyzed by isothermal
titration calorimetry (ITC) the binding of the tepsin peptide
CAWSRDSLFAGMELVA to purified GST-�4-hinge-ear or
GST (control) proteins (Fig. 3D). We observed that this peptide
bound to GST-�4-hinge-ear with a Kd of 0.5 � 0.2 �M (mean �
S.D., n � 3) but not to GST (Fig. 3E).

Sequence Requirements of the �4-ear-binding Determinant—
To characterize further the �4-ear-binding sequence, we sub-
stituted each residue within the LFAGM core by different
amino acids, and analyzed the interactions using the Y2H sys-
tem. We found that Leu-470 (position 0) could be substituted

by bulky hydrophobic residues such as Ile, Met or Phe, but not
Ala or Tyr, without loss in interaction with the �4 ear (Fig. 3F).
Phe-471 (position 1) could be substituted by Leu, Met, or Tyr,
but not Ala or Ile (Fig. 3F). In contrast, Ala-472 (position 2) and
Gly-473 (position 3) tolerated various substitutions (Fig. 3F).
Finally, Met-474 (position 4) could only be substituted by Leu
among all the amino acids tested (Fig. 3F). These observations
confirmed that the bulky hydrophobic Leu-470, Phe-471, and
Met-474 are the most critical elements of the interaction motif,
although substitutions by chemically similar amino acids are
tolerated in some cases.

Definition of a Consensus Motif for Interaction with the �4
Ear by Screening of a Phage Display Peptide Library—To search
more broadly for peptide sequences that bind to the �4 ear, we
screened a phage display library encoding random dodecameric
peptides using GST-�4-hinge-ear and GST-�4-ear fusion pro-
teins as baits. The peptide sequences isolated by both �4 con-
structs all shared an 8-amino acid core fitting a [GS]LFXG
[ML]X[LV] consensus motif (Fig. 4, A and B). Reassuringly, this

FIGURE 4. Combinatorial peptide screens and sequence comparisons define a consensus motif for binding to the AP-4 �4 ear. A and B, peptides selected
by GST-�4 hinge-ear (A) and GST-�4 ear (B) from a phage display library of random dodecapeptides (12-mers) fused to the N terminus of the M13 bacteriophage
major coat protein. An 8-amino acid conserved core is indicated by the shaded box. C, conservation of the �4-ear-binding sequence in species from different
eukaryotic super-groups. Consensus motifs for all three sequence lists are represented by sequence logos created with WebLogo.
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motif was in accordance with the LFAGM sequence identified in
human tepsin as a �4-ear ligand in our Y2H assays (Figs. 2 and 3),
as well as with the homologous sequences in tepsins from all
eukaryotic super-groups (Fig. 4C). Less frequent variants of this
consensus motif displayed Ile, Met, or Phe in place of Leu(0), Leu,
or Tyr in place of Phe(�1), Val in place of [ML](�4), and Ile, Trp,
or Phe in place of [LV](�6), consistent with our amino acid sub-
stitution analyses (Fig. 3F) and with the presence of some of these
rarer variants in orthologous tepsins (Fig. 4C).

Mapping of a Conserved Binding Site for the Tepsin Motif on
the �4 Ear—The AP-4 �4 ear exhibits only a low degree (19%) of
amino acid sequence identity to the platform subdomain of the
AP-2 �2 ear (Fig. 5A). However, a recently reported NMR
structure of the �4 ear (PDB ID: 2MJ7) (41) shows that its three-
dimensional structure is very similar to that of the �2 platform
subdomain (PDB ID: 1E42) (8) (Fig. 5B). Indeed, the root-
mean-square deviation of atoms between both structures is
2.15 Å, indicative of a high degree of structural homology. Both
structures consist of a five-stranded �-sheet flanked on either
side by one and two �-helices (Fig. 5B). Analysis of sequence
conservation between both structures using the BLOSUM 60
matrix revealed a highly conserved groove (highlighted in blue
in Fig. 5C) that corresponds to the binding site for the �-helical
[DE]nX1–2FXX[FL]XXXR motif on the �2 platform subdomain
(9, 10, 15). On the �4 ear, this groove features a combination of
hydrophobic and acidic surface potential (white and red,
respectively, in Fig. 5D), and contains conserved residues
shown to be important for [DE]nX1–2FXX[FL]XXXR binding to
the �2 platform (Fig. 5E) (9, 10, 15). Among these conserved �4
residues are Trp-635, Gln-643, Tyr-682, and Glu-696, homo-
logous to �2 residues Trp-841, Gln-851, Tyr-888 and Glu-902,
respectively (Fig. 5E). Single substitution of these residues by
alanine in the �4 ear followed by Y2H analyses showed that
Tyr-682 was essential and Trp-635 partially required for inter-
action with tepsin (Fig. 5F), as was also the case for the corre-
sponding substitutions in the interaction of the �2 ear with the
[DE]nX1–2FXX[FL]XXXR motif (9, 15). The �4 residues
Gln-643 and Glu-696, on the other hand, were unimportant
for binding to tepsin (Fig. 5F), likely because the homolo-
gous residues in �2 engage the arginine residue in the
[DE]nX1–2FXX[FL]XXXR motif (9, 10), which is not present in
the tepsin [GS]LFXG[ML]X[LV] motif. From these experi-
ments we concluded that the tepsin [GS]LFXG[ML]X[LV]
motif likely binds to a site on the �4 ear that is similar to that for
the [DE]nX1–2FXX[FL]XXXR motif on the �2 ear, albeit with
differences that impart specificity to the interactions.

Identification of a Second Motif at the C Terminus of Tepsin
that Mediates Interaction with the AP-4 � Ear—Because some
accessory proteins bind to both ears of an AP complex, as is the
case for the binding of Epsin, Eps15, and AP180 to the � and �2
ear domains of AP-2 (8), we next sought to determine if tepsin
also binds to the � ear of AP-4. Y2H analyses showed that tepsin
indeed bound to full-length � as well as to a fragment containing
part of the hinge and all of the � ear (727–1137), but not to
constructs spanning different portions of the trunk domain
(residues 1 to 545) (Fig. 6A). Further analyses showed that tep-
sin was recognized by the �-hinge-ear or �-ear, but not �-hinge,
domains (Fig. 6B). Analysis of a series of tepsin N- and C-ter-

minal truncation mutants revealed that the �-ear-binding
determinant was different from the �4-ear-binding fragment
(residues 467– 477) and was contained within the last 11 amino
acids (515–525) (Fig. 6, A–C), comprising the sequence
SEPSAFAFLNA. Single alanine substitutions in this sequence
(except for alanines 519, 521, and 525, which were replaced by
aspartate) revealed a requirement for Ser-518, Ala-519, Phe-
520, Phe-522, Leu-523, and Asn-524 for interaction with the �
ear (Fig. 6D). Theoretical analyses of the SEPSAFAFLNA
sequence predict that it occurs within a largely unstructured con-
text, although, similarly to the �4-ear-binding sequence, the criti-
cal residues themselves have the potential to form a short �-helix
(Fig. 6E). ITC analysis showed that a SEPSAFAFLNA peptide
bound to the GST-� ear (Fig. 6F) with a Kd of 2.5 � 0.5 �M (mean �
S.D., n � 3) (Fig. 6G), 5-fold weaker than the binding of the
CAWSRDSLFAGMELVA peptide to the GST-�4-hinge-ear
(Fig. 3E).

The �-ear-binding sequence is quite conserved at the C ter-
minus of all vertebrate tepsins, fitting the consensus motif
S[AV]F[SA]FLN (Fig. 7A). This structural element was more
difficult to recognize in non-vertebrate tepsins, but closer
inspection revealed that they all contained a more degenerate,
shorter version of the motif, FXF[LIMV] (Fig. 7B). This motif was
also found within the C-terminal unstructured segment of the
non-vertebrate tepsins, albeit not at the very C terminus. From
these experiments, we concluded that tepsin has the ability to bind
to both the �4 ear via a [GS]LFXG[ML]X[LV] motif and to the �
ear via a distinct S[AV]F[SA]FLN motif (in vertebrates).

Both Tepsin Motifs Contribute to Interaction with AP-4 and
Recruitment of Tepsin to the TGN in Cells—To assess the
importance of both interactions for association of tepsin with
AP-4 in human cells, we transfected HeLa cells with plasmids
encoding TSF-tagged WT or mutant tepsin constructs, and
examined their interaction with endogenous AP-4 by co-pre-
cipitation analysis (Fig. 8). We observed that both full-length
tepsin and a truncation mutant lacking the N-terminal ENTH
domain (tepsin 142–525) co-precipitated AP-4, as detected by
immunoblotting with an antibody to endogenous AP-4 �. Dele-
tion of both the N-terminal ENTH and the central VHS/ENTH
domains (tepsin 357–525), however, resulted in a great
decrease in AP-4 co-precipitation, revealing that the central
VHS/ENTH domain is required for tepsin-AP-4 interactions.
Deletion of either the �4-binding [GS]LFXG[ML]X[LV] motif
(tepsin�467– 477) or �-binding S[AV]F[SA]FLN motif (tepsin
1–515) also greatly reduced AP-4 co-precipitation, and com-
bined mutation of both motifs completely eliminated it (Fig. 8).
These experiments thus demonstrated that both ear-binding
motifs are required for efficient tepsin-AP-4 association and,
additionally, uncovered a requirement of the central VHS/
ENTH domain for this association in human cells.

A previous study showed that tepsin localizes to the TGN in
an AP-4-dependent manner (40). To test for the importance of
both ear-binding motifs for this localization, we first examined
the distribution of different tagged forms of tepsin in trans-
fected HeLa cells. We observed that tepsin tagged at the C ter-
minus with GFP (tepsin-GFP) showed localization to the TGN
in 89% of the cells, as determined by co-staining for TGN46,
although the protein was also found in the cytosol of all cells
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(Fig. 9A). Tagging of tepsin at the N terminus with either GFP
or TSF resulted in lower percentages of cells exhibiting TGN
staining (data not shown), indicating that a free N-terminal
ENTH domain is required for optimal TGN association. Muta-
tional analyses were consequently conducted using tepsin-

GFP as a template. Deletion of the [GS]LFXG[ML]X[LV] or
S[AV]F[SA]FLN motifs, individually or in combination,
reduced the TGN localization of tepsin-GFP to �40% of the
cells (Fig. 9A) and �40% overall intensity (Fig. 9B). We con-
cluded that interactions of both tepsin motifs with the corre-

FIGURE 5. Structure-based mutagenesis of the AP-4 �4 ear identifies residues required for interaction with the tepsin motif. A, sequence alignment of
the AP-2 �2 ear platform subdomain and AP-4 �4 ear domain. Identical residues are highlighted in red and chemically conserved residues are highlighted in
yellow. Secondary structure elements are indicated. B, comparison of the crystal structure of the AP-2 �2 ear platform subdomain (PDB ID: 1E42) (8) and the
solution NMR structure of the AP-4 �4 ear domain (PDB ID: 2MJ7) (41). The positions of the N and C termini are indicated. The first of the three structures is
considered the front view. C, sequence conservation between the AP-2 �2 ear platform subdomain and the AP-4 �4 ear domain (front view). The similarity index
was calculated using the BLOSUM 60 distance matrix and plotted on the surface of the AP-4 �4 ear domain. Blue indicates 100% similarity, white 50%, and red
no similarity in amino acids at the same position. Notice the high degree of similarity, particularly in the peptide-binding groove. D, surface representation of
the AP-4 �4 ear domain colored for electrostatic potential (positive (�5 kT e�1), in blue, to negative (�5 kT e�1) in red). This surface was created using the APBS
algorithm plug-in implemented in VMD (51, 52, 53). E, comparison of the structure of the AP-2 �2 ear platform subdomain in complex with a bound
[DE]nX1–2FXX[FL]XXXR-type helical peptide from ARH (PDB ID: 2G30) (9) with the structure of the AP-4 �4 ear domain (PDB ID: 2MJ7) (41), indicating residues
on �4 that are homologous to those involved in peptide binding in �2. F, Y2H analysis of the interaction of tepsin with �4-ear constructs having mutations in
the residues indicated in E. Y2H assays were performed as described in the legend to Fig. 1D.
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sponding AP-4 �4 and � ears are required for efficient associa-
tion of tepsin with the TGN. The residual TGN association of
the mutant constructs, however, suggests that other parts of
tepsin also contribute to its recruitment to the TGN.

Discussion

Protein coats involved in cargo sorting and vesicle budding
are formed by cooperative assembly of multiple components
that interact with each other via low-to-moderate affinity inter-
actions (in the order of 1–100 �M) (3, 4). Many of these inter-
actions involve short peptide motifs within unstructured parts
of proteins binding to folded domains of other proteins. The
interaction networks that contribute to coat assembly and dynam-
ics have been most extensively characterized for clathrin coats
containing the AP-2 or AP-1 adaptors, but remain poorly under-
stood for most other coats. Here we describe two novel peptide
motifs within the C-terminal unstructured part of the accessory
protein tepsin that mediate interactions with the �4-ear and �-ear
domains of the AP-4 adaptor. Moreover, we show that both inter-
actions are required for high-avidity association of tepsin with

AP-4 and for efficient recruitment of tepsin to the TGN in human
cells. These findings demonstrate that the paradigm of peptide
motifs in accessory proteins binding to ear domains of AP com-
plexes, previously established for clathrin-AP-1/AP-2 coats, also
applies to a non-clathrin coat containing AP-4.

The �4-ear-binding motif is contained within the segment
spanning residues 467 to 477 of the 525-amino acid isoform of
human tepsin. The sequence of this segment is RDSLFAGMELV,
and its most critical residues for binding to the �4 ear are Leu,
Phe, and Met within the LFAGM core (Figs. 2 and 3). Insertion of
this core sequence into an unrelated protein confers the ability to
bind to the �4 ear (Fig. 3), indicating that it can function as an
autonomous interaction determinant. Mutational analyses of this
sequence (Figs. 2 and 3), screening of a phage display peptide
library (Fig. 4), and comparison of orthologous tepsin sequences
from all eukaryotic super-groups (Fig. 4) contribute to defining the
8-amino acid consensus motif [GS]LFXG[ML]X[LV], in which the
first Leu corresponds to position 0.

The �-ear-binding motif is found right at the C terminus of
human tepsin, within the segment comprising amino acids 515

FIGURE 6. Identification of a second tepsin motif that mediates interactions with the AP-4 �-ear domain. A–C, Y2H analysis of the interaction of full-length
and N- and C-terminally truncated forms of AP-4 � with full-length tepsin and a series of N- and C-terminally truncated forms of tepsin (schemes shown in Fig.
2, A and C). D, Y2H analysis of the interaction of �-hinge-ear and �-ear constructs with tepsin mutants having single amino acid substitutions in the segment
spanning amino acids 516 to 525. E, secondary structure prediction of the tepsin C-terminal region including segment 515–525 by the methods described in
the legend to Fig. 1B. F, SDS/PAGE analysis and Coomassie Blue staining of GST-� ear and GST proteins used in ITC assays. The positions of molecular mass
markers (in kDa) are indicated at left. The GST-� ear migrates with an apparent molecular mass of 60 kDa. G, ITC analysis of the interaction of �-ear-binding
peptide SEPSAFAFLNA with GST-� ear. The binding isotherm depicts the normalized integrated heat change (kcal/mol of injected peptide) as a function of the
molar ratio of peptide to GST-� ear. Data were fit to a one-site binding model. The indicated Kd value for the tepsin peptide-GST-� ear interaction represents the
mean � S.D. of three determinations performed with different preparations of recombinant protein.
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to 525. The sequence of this segment is SEPSAFAFLNA and its
most critical elements are the SAF and FLN tripeptide
sequences (Fig. 6). To generalize this finding, we attempted the
identification of peptides that bind to the �-ear by screening of
a phage display peptide library, but we only isolated a few non-
specific clones.3 Sequence comparisons to tepsin orthologs,
however, were instructive. We found that all vertebrate tepsins
share a conserved sequence at their C terminus that fits the
7-amino acid consensus motif S[AV]F[SA]FLN, in which the
first Phe is considered position 0 (Fig. 7A). In non-vertebrate
species we found a conserved but more degenerate motif that
fits the consensus FXF[LIMV] (Fig. 7B). Although this motif is
shorter than the vertebrate motif, it is worth noting that the
bulky hydrophobic residues at positions 0, 2, and 3 are con-
served. Whether this motif mediates interactions of the non-
vertebrate protein orthologs remains to be experimentally
tested.

Both tepsin motifs are different from previously-described
motifs that mediate interactions with the ear domains of other
adaptors. Although they all share the property of having bulky
hydrophobic or aromatic amino acids as their key residues, the
exact amino acids, their position within the sequence, the nature of
the intervening amino acids, and the secondary structure of the
sequence likely confer specificity to the interactions. Solution
NMR studies (41) have shown that the �4-ear domain has a fold
similar to that of the platform subdomain of the AP-2 �2 ear (8, 9,
10). Mutational analysis based on these structures allowed us to
map the binding site for the [GS]LFXG[ML]X[LV] motif to a sur-
face of the �4 ear (Fig. 5) that is at a location similar to the binding
site for the �-helical [DE]nX1–2FXX[FL]XXXR motif (9, 10) and
the linear DP[FW] motif (8) on the �2 ear. The bulky hydrophobic
residues of the [GS]LFXG[ML]X[LV] motif are likely to anchor

3 S. S. Sidhu, unpublished results.

FIGURE 7. Consensus motif for binding to the AP-4 � ear. A and B, conservation of the �-ear-binding sequence in vertebrate (A) and non-vertebrate species
(B). Consensus motifs are represented by sequence logos created with WebLogo.

FIGURE 8. Both the �4-ear- and �-ear-binding motifs are required for
interaction of tepsin with AP-4 in HeLa cells. A, HeLa cells were transfected
with plasmids encoding various TSF-tagged tepsin constructs, including full
length, 145–525 (missing the N-terminal ENTH domain), 367–525 (missing
both the N-terminal ENTH domain and central VHS/ENTH domain), �467– 477
(missing the �4-ear-binding [GS]LFXG[ML]X[LV] motif), 1–515 (missing the
�-ear-binding S[AV]F[SA]FLN motif), and 1–515/�467– 477 (missing both
motifs) (see Fig. 1B for schematic representation of tepsin), or were left
untransfected. Cell lysates were subjected to StrepTactin pulldown followed
by SDS-PAGE and immunoblotting (IB) with antibody to endogenous AP-4�.
Cell lysates were also analyzed by SDS-PAGE and immunoblotting for AP-4�
and the FLAG epitope contained within the TSF tag. The positions of molec-
ular mass markers (in kDa) are indicated on the left of each immunoblot.
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this sequence by fitting into hydrophobic pockets similar to those
that accommodate the F and [FL] residues of the [DE]nX1–2FXX
[FL]XXXR motif on the �2 ear (9, 10). The lack of a requirement
of �4 residues Gln-643 and Glu-696 for tepsin binding (Fig. 5),
however, differs from the involvement of the homologous �2
residues Gln-851 and Glu-902 in binding the Arg residue of the
helical [DE]nX1–2FXX[FL]XXXR motif (9, 10). These differ-

ences likely account, at least in part, for the specificity of differ-
ent motif-ear interactions. Although the RDSLFAGMELV
sequence from tepsin has some probability of adopting an
�-helical structure (Fig. 2F), the fact that the short sequence
LFAGM is sufficient to confer binding to the �4 ear (Fig. 3C)
suggests that it could bind in an extended conformation. Eluci-
dation of the active conformation of the [GS]LFXG[ML]X[LV]

FIGURE 9. Role of �4-ear- and �-ear-binding motifs in the recruitment of tepsin to the TGN. A, HeLa cells expressing FL, �467– 477, 1–515 or 1–515/�467–
477 tepsin-GFP constructs were immunostained for endogenous TGN46 and imaged by confocal fluorescence microscopy. The percentage of cells exhibiting
TGN fluorescence for each tepsin-GFP construct is shown (n indicates the number of cells analyzed in each group). Bars: 10 �m. B, quantitation of the fraction
of tepsin-GFP fluorescence associated with TGN (envelope defined by TGN46 staining) in cells transfected with the different constructs. TGN association was
calculated as the difference between the GFP fluorescence in the TGN envelope minus the GFP fluorescence in an area of the cytosol identical to the TGN (and
contiguous to the TGN) divided by the GFP fluorescence in the cytosol ((GFP in TGN minus GFP in cytosol)/GFP in cytosol) (tepsin at TGN, expressed in arbitrary
units, AU). Statistical significance was calculated by ANOVA followed by Tukey’s test (**, p 	 0.01 when compared with FL construct; 40 cells were analyzed in
each group). C, scheme depicting the bivalent interaction of one tepsin molecule with one or two AP-4 complexes.
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motif will require the resolution of its atomic structure in com-
plex with the �4 ear. To date, the atomic structure of the � ear
has not been reported, precluding structure-based mutational
analyses of the S[AV]F[SA]FLN-binding site. The �-ear is pre-
dicted to have both sandwich and platform domains homo-
logous to those of the AP-2 � and �2 ears, and it is possible that
the S[AV]F[SA]FLN motif will bind to sites similar to those that
bind DPW (7, 11), WXX[FW]X[DE] (12, 13, 14) or FXDXF (11,
14) motifs on the AP-2 subunits.

The presence of two motifs, [GS]LFXG[ML]X[LV] and
S[AV]F[SA]FLN, could enhance the avidity and specificity of
tepsin for binding to a single AP-4 molecule (Fig. 9C). Indeed,
co-precipitation analysis showed that both motifs are required
for optimal interaction of tepsin with AP-4 in human cells (Fig.
8). In addition, these assays revealed that the central VHS/
ENTH domain in tepsin also contributes to interaction with
AP-4 in cells (Fig. 8), although such interaction was not evident
in the Y2H assays using single �4 or � subunits (Figs. 2 and 6).
Perhaps both subunits, or other parts of the AP-4 complex, are
required for interaction with the central VHS/ENTH domain.
Previous affinity purifications using GST fused to the AP-4 �4-
or �-ear domains failed to identify any specific AP-4-binding
partners, even when similar methods isolated a plethora of
AP-2 interactors (10). In light of our findings on tepsin-AP-4
interactions, we think that both AP-4 ear domains are likely
needed for the affinity purification approach to work. In addi-
tion to increasing avidity, the linkage of two motifs that bind to
different ear domains could promote cross-linking of different
AP-4 heterotetramers, thus contributing to the assembly of
AP-4 coats in cells (Fig. 9C).

Both motifs were also found to contribute to recruitment of
tepsin to the TGN, consistent with the fact that this recruit-
ment requires binding to AP-4 (40). The cellular function of
tepsin remains to be determined, although by analogy with
ENTH/VHS-domain-containing proteins that are components
of other coats (48, 49), it could contribute to stabilization of the
AP-4 coat, vesicle budding, or recognition of additional cargos.
The definition of consensus binding motifs reported here could
allow the identification of additional AP-4 accessory proteins
using bioinformatics approaches, as we previously did for the
AP-1�- and GGA-ear domains (22). A pattern search of eukary-
otic genomes using the MyHits web server yielded 339 hits for
the [GS]LFXG[ML]X[LV] motif. The same analysis for the
S[AV]F[SA]FLN and FXF[LIMV] motifs produced 24 and “too
many matches,” respectively. Without independent informa-
tion on AP-4 interactors from other physical or genetic inter-
action studies, at present it is difficult to ascertain if any of these
hits are relevant. Nevertheless, the identification of the deter-
minants of tepsin interaction with AP-4 reported here should
aid in the elucidation of the molecular and cellular mechanisms
by which these proteins participate in cargo trafficking and
development of the central nervous system.
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