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AP-3 shows off its flexibility for the cryo-EM camera
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The tetrameric adaptor protein AP-3 is critical for the
transport of proteins to lysosomes and lysosome-related or-
ganelles. The structures of homologous adaptors AP-1 and AP-
2 have revealed a closed-to-open conformational change upon
membrane recruitment and phosphoinositide binding.
Recently, Schoppe et al. reported the first cryo-EM structures
of AP-3 from budding yeast and described remarkably flexible
solution structures that are all in the open conformation. The
apparent lack of a closed conformational state, the first such
description in the literature, allows AP-3 to be more reliant on
cargo interaction for its initial membrane recruitment
compared with AP-1.

The formation of membrane-enclosed transport vesicles
(or tubules) typically requires coat proteins such as clathrin to
select cargo and facilitate membrane deformation. Clathrin
was the first identified vesicle coat protein and associates with
a variety of different adaptor proteins (APs) that bind to
sorting signals found in cargo proteins (1, 2). These APs can be
differentially recruited to the Golgi, endosomes, or plasma
membrane, providing clathrin the versatility of operating in
several different trafficking pathways. The five known tetra-
meric adaptors, termed AP-1 to AP-5, have similar subunit
compositions, with two large subunits bearing long-
unstructured linkers attached to “ear” domains (f1-5 and q,
Y, 8, & or (), a medium-sized subunit (u1-5), and a small
subunit (01-5). For AP-3, the subunit composition is 33, §, u3,
and 03 (2). These APs are well conserved, although AP-4 and
AP-5 are not present in many model organisms, such as
budding yeast and Drosophila.

The role AP-3 plays in protein trafficking was illuminated
through the characterization of mutations causing changes in
eye color in Drosophila (garnet), coat color in mice (mocha,
pearl), and mislocalization of alkaline phosphatase in yeast (3).
Soon after these reports, AP-3 mutations in humans were
found to cause Hermansky—Pudlak syndrome, which is char-
acterized by albinism, defects in blood clotting, immunodefi-
ciency, and pulmonary fibrosis. These studies emphasized the
importance of AP-3 in sorting proteins to lysosome-like or-
ganelles, including melanosomes, platelet-dense granules,
lamellar bodies, and the yeast vacuole (4, 5). In budding yeast,
AP-3 has been shown to mediate a direct Golgi-to-vacuole
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transport pathway that bypasses the endosomes (6). Another
striking feature of budding yeast AP-3 is that it functions quite
well in the absence of clathrin, which may be true for
mammalian AP-3 as well (2, 6). The clathrin outer coat formed
from triskelia of heavy and light chains is thought to be
important for concentrating cargo and deforming the mem-
brane. However, how AP-3 sorts proteins without this clathrin
functionality during vesicle budding is unclear.

All of the tetrameric adaptors recognize similar YXX® and
dileucine sorting signals in cargo proteins and, therefore, must
have other binding interactions that confer organelle-specific
membrane recruitment (1). AP-1, AP-3, and AP-4 all require
the small GTP-binding protein ADP-ribosylation factor (ARF)
in its GTP-bound form for recruitment to Golgi or endosomal
membranes. There also appears to be a general requirement
for anionic phospholipid, particularly phosphoinositides, for
membrane association. For example, AP-2 is recruited from
the «cytosol to the plasma membrane by binding
phosphatidylinositol-4,5-bisphosphate and sorting signals,
whereas AP-1 is recruited to the trans-Golgi network by
binding to PI4P, Arf-GTP, and sorting signals present in in-
tegral membrane cargo proteins (2, 7, 8).

Both AP-1 and AP-2 adopt a closed conformational state
when free in solution. This conformation buries the cargo-
binding sites in the p subunits, thereby preventing cargo
engagement at inappropriate membrane sites (7, 8). Arf-GTP
and/or phosphoinositide interactions induce a conforma-
tional change to an open state that swings the p subunit into a
position that allows cargo engagement (Fig. 1). Therefore, it
seemed likely that the other tetrameric adaptors may be
regulated in a similar fashion. However, although Schoppe
et al. find here that AP-3 is highly flexible and can adopt a suite
of open conformational states in solution, they did not detect
the closed conformational state (9). If AP-3 does not rely on
activating ligands to achieve the open state, then it should be
able to bind cargo in the absence of Arf and phosphoinositides.
Indeed, the authors found substantial recruitment of AP-3 to
liposomes bearing cargo but lacking Arf and PI4P, whereas, as
expected, AP-1 was not recruited onto the membrane under
these conditions.

However, AP-3 binding to sorting signals in cargo does not
appear to be sufficient for stable membrane association,
otherwise AP-3 would be recruited to newly synthesized cargo
in the ER and cis-Golgi. Within living yeast cells, AP-3 is
recruited to maturing Golgi cisternae in the early Golgi-to-late
Golgi transition, before appearance of the canonical late Golgi
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Figure 1. AP-2 and AP-3 conformational states. AP-2 primarily exists in a closed conformational state (PDB, 2VGL) in solution and undergoes a
conformational switch to the open structure (PDB, 2XA7) upon binding to phosphoinositides present in the inner leaflet of the plasma membrane. In these
views, the y2 subunit swings downward from the AP-2 core during activation to expose cargo-binding sites. In contrast, purified AP-3 is only detected in the
open conformation by cryo-EM but with conformational states ranging from open compact (PDB, 7P3X), open intermediate (PDB, 7P3Y), and open stretched

(PDB, 7P3Z). The AP structures shown lack the ear appendages.

marker Sec7 and AP-1 binding (10). Therefore, it was hy-
pothesized that PI4P would play a role in AP-3 membrane
recruitment and consistently Schoppe et al. (9) found that
PI4P acts with Arf-GTP to stimulate AP-3 binding to lipo-
somes. However, through these direct comparisons, it appears
that cargo interactions play a much greater role in AP-3
membrane recruitment relative to AP-1 membrane recruit-
ment (9).

These results provide an elegant explanation for why AP-3
precedes AP-1 on maturing Golgi cisternae (9). The lack of a
closed conformational state should make AP-3 a more sensi-
tive coincidence detector, as it can immediately bind cargo,
Arf-GTP, and PI4P without having to undergo a ligand-
induced conformational change. Assuming PI4P is limiting
in the membrane during the early-to-late Golgi transition, AP-
3 should be able to outcompete AP-1 for these initial in-
teractions because AP-1 would not have a comparable avidity
for the membrane while in the closed conformational state. As
AP-3 cargoes are removed and PI4P levels increase, AP-1
would then have sufficient access to Arf-GTP and PI4P to
undergo the conformational change needed for cargo binding,
high avidity membrane association, and vesicle formation. The
study by Schoppe et al. (9) also provides hints as to how AP-3
can concentrate cargo in the absence of clathrin. In solution,
AP-3 fractionates as a single, well-defined peak by gel filtra-
tion, indicating a lack of oligomerization. However, upon
recruitment of an equimolar mixture of differentially labeled
AP-3s to supported bilayers containing cargo, dually labeled
aggregates of low diffusional mobility were formed (9). This
observation suggests that cargo binding on a membrane sur-
face can promote AP-3 self-assembly, thereby concentrating
cargo. Thus, the ability of clathrin to cross-link adaptors in a
defined region of the membrane would not be needed. An
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exciting future direction would be to define the molecular
basis for oligomerization and test whether these AP-3 self-
interactions are critical for cargo sorting to the vacuole.

Although these biochemical studies clearly demonstrate
fascinating differences between AP-1 and AP-3 (9), it remains
possible that an AP-3 closed conformational state exists in the
cytosol of cells and is stabilized by factors lost upon its puri-
fication. Coat function can be modulated by posttranslational
modification, and even though AP-3 was purified from yeast, it
is difficult to know whether the modifications are gained or
lost during cell lysis and protein purification. The development
of in vivo detectors of conformational changes would provide a
complementary approach to compare AP-1 and AP-3 dy-
namics in living cells.

Funding and additional information—This work was supported by
the US National Institutes of Health under Grant award 1 RO1
GM107978 to T. R. G. The content is solely the responsibility of the
author and does not necessarily represent the official views of the
National Institutes of Health.

Conflict of interest—The author declares that he has no conflict of
interest with the contents of this article.

Abbreviations—The abbreviations used are: AP, adaptor protein;
ARF, ADP-ribosylation factor.

References
1. Traub, L. M., and Bonifacino, J. S. (2013) Cargo recognition in clathrin-
mediated endocytosis. Cold Spring Harb. Perspect. Biol. 5, a016790
2. Sanger, A., Hirst, J., Davies, A. K, and Robinson, M. S. (2019)
Adaptor protein complexes and disease at a glance. /. Cell Sci. 132,
jcs222992

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01301-6/sref1
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref1
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref2
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref2
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref2

. Odorizzi, G., Cowles, C. R., and Emr, S. D. (1998) The AP-3 complex: A
coat of many colours. Trends Cell Biol. 8, 282—288

. Dell’Angelica, E. C., Shotelersuk, V., Aguilar, R. C., Gahl, W. A, and
Bonifacino, J. S. (1999) Altered trafficking of lysosomal proteins in
Hermansky-Pudlak syndrome due to mutations in the beta 3A subunit of
the AP-3 adaptor. Mol. Cell 3, 11-21

. Feng, L., Seymour, A. B, Jiang, S., To, A., Peden, A. A., Novak, E. K,
Zhen, L., Rusiniak, M. E., Eicher, E. M., Robinson, M. S., Gorin, M. B., and
Swank, R. T. (1999) The beta3A subunit gene (Ap3bl) of the AP-3
adaptor complex is altered in the mouse hypopigmentation mutant
pearl, a model for Hermansky-Pudlak syndrome and night blindness.
Hum. Mol. Genet. 8, 323-330

. Cowles, C. R, Odorizzi, G., Payne, G. S., and Emr, S. D. (1997) The AP-3
adaptor complex is essential for cargo-selective transport to the yeast
vacuole. Cell 91, 109-118

SASBMB

10.

EDITORS’ PICK HIGHLIGHT: Cryo-EM structure of AP-3

. Jackson, L. P, Kelly, B. T., McCoy, A. J., Gaffry, T., James, L. C., Collins,

B. M., Héning, S., Evans, P. R, and Owen, D. J. (2010) A large-scale
conformational change couples membrane recruitment to cargo binding
in the AP2 clathrin adaptor complex. Cell 141, 1220-1229

. Ren, X,, Farfas, G. G., Canagarajah, B. ], Bonifacino, J. S., and Hurley, J. H.

(2013) Structural basis for recruitment and activation of the AP-1 clathrin
adaptor complex by Arfl. Cell 152, 755-767

. Schoppe, J., Schubert, E., Apelbaum, A., Yavavli, E., Birkholz, O., Ste-

phanowitz, H., Han, Y., Perz, A., Hofnagel, O., Liu, F., Piehler, J., Raunser,
S., and Ungermann, C. (2021) Flexible open conformation of the AP-3
complex explains its role in cargo recruitment at the Golgi. /. Biol.
Chem. 297, 101334

Tojima, T., Suda, Y., Ishii, M., Kurokawa, K., and Nakano, A. (2019)
Spatiotemporal dissection of the trans-Golgi network in budding yeast. J.
Cell Sci. 132, jes231159

J. Biol. Chem. (2022) 298(1) 101491 3


http://refhub.elsevier.com/S0021-9258(21)01301-6/sref3
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref3
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref4
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref4
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref4
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref4
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref5
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref6
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref6
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref6
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref7
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref7
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref7
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref7
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref8
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref8
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref8
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref9
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref9
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref9
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref9
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref9
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref10
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref10
http://refhub.elsevier.com/S0021-9258(21)01301-6/sref10

	AP-3 shows off its flexibility for the cryo-EM camera
	Funding and additional information
	References


