to stimulate an appropriate immune re-
sponse at the site involved in the earliest
stages of viral infection.
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Association of the AP-3 Adaptor Complex
with Clathrin

Esteban C. Dell’Angelica, Judith Klumperman,
Willem Stoorvogel, Juan S. Bonifacino®

A heterotetrameric complex termed AP-3 is involved in signal-mediated protein sorting
to endosomal-lysosomal organelles. AP-3 has been proposed to be a component of a
nonclathrin coat. In vitro binding assays showed that mammalian AP-3 did associate with
clathrin by interaction of the appendage domain of its 83 subunit with the amino-terminal
domain of the clathrin heavy chain. The B3 appendage domain contained a conserved
consensus motif for clathrin binding. AP-3 colocalized with clathrin in cells as observed
by immunofluorescence and immunoelectron microscopy. Thus, AP-3 function in protein

sorting may depend on clathrin.

The formation of vesicles for transport be-
tween organelles of the endocytic and se-
cretory pathways and the selection of cargo
for packaging into those vesicles are medi-
ated by protein coats associated with the
cytosolic face of the organelles (I). The best
characterized coats contain clathrin and
protein complexes termed “adaptors” (2).
Clathrin is a complex of three heavy chains
and three light chains that polymerizes to
form the scaffold of the coats. The adaptors
mediate attachment of clathrin to mem-
branes and recruit integral membrane pro-
teins to the coats. Two clathrin adaptors
have been described to date—AP-1 and
AP-2, which participate in protein trans-
port to the endosomal-lysosomal system
from the trans-Golgi network {TGN) and
the plasma membrane, respectively.
Recently, another complex related to
AP-1 and AP-2 has been identified. This
complex, termed AP-3, is composed of two
large subunits (8 and B3A or B3B), a me-
dium-sized subunit (W3A or w3B), and a
small subunit (03A or o3B) (3-8). AP-3
has been localized to the TGN and endo-

somes (4, 5) and is involved in protein
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trafficking to lysosomes or specialized endo-
somal-lysosomal organelles such as pigment
granules, melanosomes, and platelet dense
granules (8, 9). Previous studies suggested
that AP-3 is a component of a nonclathrin
coat (3, 4). However, a critical question has
remained unanswered: does AP-3 assemble
with a structural coat protein that plays the
role of clathrin?

We used glutathione S-transferase
(GST) fusion proteins bearing the H
(hinge) and C (COOH-terminal) segments
of the “appendage” region of human B3A
(6) to search for this putative protein (Fig.
1A). The reason for selection of these con-
structs was that both AP-1 and AP-2 bind
clathrin via the appendage regions of the
B1 and B2 subunits (10, 11). Affinity puri-
fication from a cytosolic extract of a human
T cell line, Jurkat, resulted in isolation of a
prominent 180-kD protein on GST-B3A~
but not GST-B3A,; or GST columns (Fig.
1B). Unexpectedly, microsequencing of
eight tryptic peptides derived from the 180-
kD protein identified it as the clathrin
heavy chain (Fig. 1B) (12). Binding of
clathrin to GST-B3A could also be dem-
onstrated by immunoblotting with antibod-
ies to either the heavy (Fig. 1C, 1B, and Fig.
1D, TL _) or light (Fig. 1D, CON.1) chain
of clathrin as well as by immunoprecipita-
tion of metabolically labeled proteins (Fig.
1C, IP). Furthermore, the extent of clathrin
binding to GST-B3A. was comparable to
that of a GST fusion protein having the
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appendage region of B2 (Fig. 1D, GST-
BZs95-051)-

The region of B3A that binds clathrin
was further delineated by using additional
GST-B3A constructs (Fig. 1A). Deletion of
the first 19 or 76 residues from the C do-
main of B3A (GST-B3Ag;e 1094 o GST-
B3Agss_1094) abrogated interaction with
clathrin (Fig. 1E, upper). Moreover, a con-
struct having only residues 810 to 885 of
B3A was able to bind clathrin. We also
analyzed the interaction of the neuronal-
specific B3B subunit (3) with clathrin. As
observed for B3A, the C domain, but not

Fig. 1. Interaction of B3A with A
clathrin. (A) Schematic representa-

the H domain, of B3B interacted with
clathrin (Fig. 1E, upper).

Comparison of amino acids 810 to 885
of B3A to the corresponding segment in
B3B revealed three clusters of conserved
residues (Fig. 2A). Groups of three or four
residues within the clusters were mutated
en bloc to alanine residues in the context of
the GST-B3 A construct. Mutations of the
sequences SLL37-81% and DLD32°-822 with-
in the first cluster (13) led to a dramatic
decrease in clathrin binding, whereas other
mutations had partial (DFN®3-82%) or no
effect (PVSBZG"SZB, DLE845'847, LHL849_851,

tion of human B3A (6) and portions
of it expressed as fusions with GST
(20). (B) Isolation of clathrin by affin-
ity chromatography on a GST-

11084  B3A

643-809 GST-B3AH
810-1094 GST-B3AC
829-1094 GST-B3Aaz0.1004
e 886-1094. GST-B3Agg6-1004

" '

B3A; column. Cytosolic proteins 52 b
that bound to the indicated GST-

fusion proteins (27) were analyzed [sequence Residue number in
by SDS-polyacrylamide gel elec- clathrin heavy chain
trophoresis  (SDS-PAGE). Arrow | +——| RIPSADSAIMNPASK 64-78
points to a protein that bound only : IXGETIFVTAPXEATA 208-313

to GST-B3A.. The sequences of I‘;'ii’;i'—"“ ;g?";g;
trypth peptides derived from this ARl R B VRAIEENG | sax o
protein matched the segments of LLYNNVSNFGR e e
clathrin heavy chain indicated in the SVNESLNNLFITEEXY 1462 - 1477
figure (72, 713). (C) Immunoblotting YXYLFKG 1510- 1517

(IB, TD.1 antibody) (22) and immu- e

noprecipitation (IP) (23) analyses of i L) 5 E 23 9

the binding of clathrin from Jurkat e g 3 35S

(IB) or HeLa (IP) cytosolic extracts to . £3 $ 8 igz § 82

the indicated GST-fusion proteins. EoEe il e e

First lane in each panel corre- 3888 88 8 BRBBBBL 83
sponds to a clathrin-positive con-

trol. (D) Interaction of clathrin from - i -m'1 _- feden
Jurkat cell cytosol with the clathrin- )
binding domains of B3A and B2 as - P -CON" N

analyzed by immunoblotting with

antibodies to the heavy (TD.1) or light (CON.1) chains of clathrin (22). (E) Binding of clathrin from bovine
brain cytosol (upper) or [35S]methionine-labeled clathrin terminal domain (24) (lower) to GST-fusion

proteins bearing portions of B3A or B3B (20).

LLHR®73-876) (Fig. 2A) (14). Thus, the
segment SLLDLDDFN&!7-825 of B3A con-
tained residues that were involved in clath-
rin binding. Similar amino acid sequences
were found within the clathrin-binding re-
gions of B1 and B2 (11) as well as within
segments of arrestin3 (15) and amphiphysin
II (16) that have been demonstrated to
mediate interaction with clathrin (Fig. 2B).
Alignment of these sequences defined a
consensus motif for clathrin binding that
consisted of acidic and bulky hydrophobic
residues and conformed to the canonical
sequence L(L, I}(D, E, N)(L, F)}(D, E).

AP-2 and B-arrestin bind to the “termi-
nal domain” at the NH,-terminus of the
clathrin heavy chain (17). To test whether
this was also the case for 83A and B3B, we
analyzed the binding of radiolabeled clath-
rin terminal domain to various GST-fusion
proteins. Like intact clathrin, the terminal
domain fragment specifically bound to the
C domains of B3A and B3B as well as to
residues 810 to 885 of B3A (Fig. 1E).

To investigate whether the complete
AP-3 complex interacted with clathrin, we
used a coassembly assay in which clathrin
cages were formed in the presence of a
mixture of AP-1, AP-2, and AP-3 (18). We
observed coassembly of AP-3 with clathrin
cages to an extent comparable to that of
AP-1 and AP-2 (Fig. 2C). Control experi-
ments demonstrated that neither of the
three adaptors sedimented in the absence of
clathrin and that irrelevant proteins such as
bovine serum albumin (BSA) and GST did
not associate with clathrin cages (Fig. 2C).

Confocal immunofluorescence micros-
copy analyses revealed localization of
AP-3 in a juxtanuclear area as well as in
scattered peripheral foci; 82 = 6% of these
peripheral foci coincided with clathrin-
containing structures (Fig. 3). This colo-
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Fig. 2. (A) Delineation of a clathrin-binding site within B3A. (Up-
per) Alignment of residues 810 to 885 of human B3A with resi-
dues 799 to 873 of human B3B (1.3). The indicated three-residue
groups in the B3A sequence were mutated to alanine triplets in
the context of the GST-B3A,, construct (20). The resulting GST-
B3A. mutants, as well as GST and wild-type GST-B3A., were
assayed for clathrin binding. (Middle) Immunoblotting of bound
proteins from Jurkat cell cytosol with TD. 1, the antibody to clath-
rin. (Lower) SDS-PAGE analysis of GST-fusion proteins. (B) Se-
quence alignment illustrating the existence of a potential clathrin-
binding motif within residues 817 to 825 of human B3A and
segments of human B3B, B1, and B2; bovine arrestind and
B-arrestin; and human amphiphysins | and Il. (C) Coassembly of
adaptors with clathrin. A mixture of AP-1, AP-2, and AP-3,
containing BSA and GST as irrelevant control proteins, was
combined with purified clathrin and dialyzed against a buffer that
promotes clathrin cage formation (78). Samples without clathrin
were processed as controls. Samples were sequentially centri-

fuged at 16,000g for 5 min to remove aggregates (P1) and at 350,000g for 10 min to collect clathrin
cages and associated proteins (P2). Both P1 and P2 pellets and the final supernatant (S) were analyzed
by immunoblotting with antibodies to AP-1 (100/3; Sigma), AP-2 (100/2; Sigma), AP-3 (anti-u3) (5), BSA
(Cappel), and GST (prepared in our laboratory).
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calization was not likely due to random
overlap because in many cases the same
“constellations” of foci were recognizable
for both AP-3 and clathrin (Fig. 3, insets).
In contrast, the overlap of AP-3 with
AP-2 amounted to only 12 *+ 3% (14).
Immunoelectron microscopy of thin cryo-
sections revealed the presence of both
AP-3 (15-nm gold particles) and clathrin
(10-nm gold particles) on tubulovesicular
membranes in the proximity of the Golgi
stack (Fig. 4A, arrowheads); labeling for
AP-3 was also observed on clathrin-positive
vacuolar structures reminiscent of endo-
somes (14). The percentage of AP-3—con-
taining membranes that were also labeled for
clathrin was 65 = 5%. To ascertain whether
AP-3 colocalized with clathrin on endo-

A Clathrin .

Fig. 3. Confocal immunofluorescence microsco-
py analysis of colocalization of AP-3 with clathrin.
Human Hela cells were double-stained (5) for
clathrin [X22 antibody followed by Cy3-conjugat-
ed anti-mouse immunoglobulin G; Jackson Im-
munoResearch] (A) and AP-3 [B3C1 antibody (6)
followed by Cy2-conjugated anti-rabbit immuno-
globulin G; Jackson ImmunoResearch] (B). (C)
Overlay of the images obtained for clathrin (red)
and AP-3 (green); yellow indicates colocalization.
Insets are magnified views of the smaller rectan-
gular areas of the cytoplasm. Arrows point to
structures where clathrin and AP-3 colocalize.
Similar results were obtained with antibodies to
other AP-3 subunits (74). Bar, 10 um.
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somes, we used a whole-mount immunoelec-
tron microscopy technique that allows selec-
tive visualization of endosomes loaded with
horseradish peroxidase—conjugated trans-
ferrin (19). We observed colocalization of
AP-3 (10-nm gold particles) and clathrin
(5-nm gold particles) on 60-nm-diameter
buds at the ends of endosomal tubules (Fig.
4B, arrowheads) and, sporadically, on the
vacuolar part of endosomes (14).

In conclusion, our observations demon-
strated an association of the mammalian
AP-3 complex with clathrin both in vitro
and within cells. This association was me-
diated by interaction of the C domain of
B3(A or B) with the terminal domain of
the clathrin heavy chain. Residues in B3
that were involved in this interaction con-
formed to a consensus motif shared with
B1, B2, nonvisual arrestins, and - am-
phiphysins; conservation of this motif is
likely to account for the ability of all these
proteins to bind clathrin despite their
structural diversity. Our findings imply
that mammalian AP-3 is likely to function
as a clathrin adaptor, just like AP-1 and
AP-2. Thus, protein sorting events medi-
ated by AP-3 may also depend on clathrin.

Fig. 4. Immunoelectron microscopy analysis of
the colocalization of AP-3 with clathrin. (A) Ultra-
thin cryosections of rat PC12 cells were double-
labeled for AP-3 (B3A1 antibody) (6) (15-nm gold
particles) and clathrin (polyclonal antibody provid-
ed by E. Ungewickell) (10-nm gold particles) as
described (25). Arowheads point to membranes
displaying labeling for both AP-3 and clathrin. G,
Golgi stack. (B) Human A431 cells were allowed
to endocytose transferrin conjugated to horserad-
ish peroxidase (79). After the peroxidase reaction,
cells were permeabilized, immunolabeled for
AP-3 (B3A1 antibody) (10-nm gold particles) and
clathrin (X22 antibody) (5-nm gold particles), and
examined by whole-mount transmission electron
microscopy (79). Bars, 100 nm.
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NMR Structure of a Classical Pseudoknot:
Interplay of Single- and Double-Stranded RNA

Michaél H. Kolk, Marinette van der Graaf,*
Sybren S. Wijmenga,t Cornelis W. A. Pleij,: Hans A. Heus,
Cornelis W. Hilbers§

Pseudoknot formation folds the 3’ ends of many plant viral genomic RNAs into
structures that resemble transfer RNA in global folding and in their reactivity to transfer
RNA-specific proteins. The solution structure of the pseudoknotted T arm and ac-
ceptor arm of the transfer RNA-like structure of turnip yellow mosaic virus (T YMV) was
determined by nuclear magnetic resonance (NMR) spectroscopy. The molecule is
stabilized by the hairpin formed by the 5’ end of the RNA, and by the intricate
interactions related to the loops of the pseudoknot. Loop 1 spans the major groove
of the helix with only two of its four nucleotides. Loop 2, which crosses the minor
groove, interacts closely with its opposing helix, in particular through hydrogen bonds
with a highly conserved adenine. The structure resulting from this interaction between
the minor groove and single-stranded RNA at helical junctions displays internal mo-
bility, which may be a general feature of RNA pseudoknots that regulates their in-
teraction with proteins or other RNA molecules.

RNa pseudoknots are found in virtually
all classes of RNA and play key roles in a
variety of biological processes. They often
constitute a local structural element that
may act as a recognition site for proteins
involved in replication initiation or trans-
lational regulation (1). The formation of
most functional pseudoknots involves
Watson-Crick base pairing of residues in
an RNA hairpin loop with nucleotides
outside that loop, yielding two stems that
are mutually connected by two nonequiva-
lent loops. Stacking of these helical seg-
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ments is thought to add to the overall
stability of the pseudoknot and represents
a major feature of the functional
pseudoknots described to date (2—4). Con-
sistent with the RNA A-helical geometry,
the connecting loops 1 and 2 are always
located on opposite sides of the helix, at
the major and minor groove side, respec-
tively; however, detailed information on
tertiary structure in the pseudoknot and
on the determinants of its stability has not
been available.

Here we describe the NMR structure of
a pseudoknotted fragment that was re-
solved at an atomic level in all regions,
allowing an accurate description of the
interplay of single- and double-stranded
regions responsible for the distinct struc-
tural and dynamic properties of the mole-
cule. The system matches the complete T
arm and valine acceptor arm of the tRNA-
like structure of TYMV genomic RNA
(Fig. 1A). This structure was the earliest

example found of this class of pseudoknot
motifs (5, 6), which is present in the
genomic RNAs of many plant viruses (7).
The tRNA mimicry is achieved through
pseudoknot formation in the aminoacyl
acceptor arm, which leads to a global fold-
ing of the entire tRNA-like structure into
an L-shaped molecule, despite a secondary
structure that is very different from tRNA
(6, 8). The structural resemblance to
tRNA is also evident from its reactivity to
tRNA-specific enzymes, such as cleavage
by ribonuclease (RNase) P and aminoacy-
lation by valyl-tRNA synthetase, as in the
case of TYMV genomic RNA (7, 9).

The 44-nucleotide RNA molecule we
studied is identical to the 3’-terminal re-
gion of TYMV RNA, with the exception of
some structurally silent alterations in the
stem and loop of the hairpin at the 5 side
of the acceptor arm (10), which is required
to seal down an otherwise unstable
pseudoknot (11). The size of the molecule
required the use of both uniformly and se-
lectively (A-only and U-only) 3C- and
>N-labeled samples for the NMR structure
determination (12). Selective labeling
proved essential for assigning the reso-
nances of loop residues and of residues lo-
cated near the helical junction sites, some
of which are severely broadened (Fig. 1B).
We could identify most resonances with
standard triple-resonance techniques, but
some additional experiments were needed
for complete assignment of the sugar-spin
systems (13). Distance and dihedral re-
straints derived from the NMR data were
used for structure calculations (14) to ob-
tain the final ensemble of 10 structures
(Table 1 and Fig. 2).

The average structure shows an A-type
helical conformation for all three stem
regions. Colinearity is maintained at both
helical junction sites. Slight torsional and
swaying motions between these helices on
a millisecond time scale are most likely
responsible for the observed line broaden-
ing for residues near the interface of stems
I and 2. Changes in the ring-current ef-
fects resulting from even a modest dislo-
cation of an aromatic moiety can result in
a significant change in the chemical shift
of nearby protons (15), even if the latter
themselves are within a stable Watson-
Crick base pair. This type of dynamics
probably also accounts for similar line
broadening reported for a different
pseudoknot (3}, and we expect it to be a
general phenomenon of this class of RNA
motifs.

The rod-shaped molecule is capped by a
seven-membered loop that is comparable
to the T loop in tRNA. Although two
mutations were introduced at the 5’ side
of the loop, its sequence contains all the
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