


















possibility of Atg19 decorating only the surface of the Cvt aggre-

gate. This interpretation is further supported by previous EM

micrographs of immuno-gold-labeled Atg19 receptor [24] and is in

line with its capability of solubilizing prApe1 aggregates, thus

imposing a mechanism of size control on the Cvt vesicle. Hence,

Atg19 is spatially distributed over the entire Cvt vesicle and the

relative levels of Atg19 and its cargo are critical to limit the inher-

ent aggregation propensity of prApe1, thereby determining the

overall size of the Cvt assembly. In analogy to the recently

described mammalian selective autophagy receptor p62 polymers

[40], the equilibrium between assembly and disassembly of Cvt

aggregates is tightly regulated by its native binding partners.

Together, we have structurally characterized cargo proteins of

the Cvt vesicle at various scales of resolution, laid out the

foundations of how the major cargo interacts with its designated

autophagy receptor and how the cargos can be placed into the

cellular framework of the Cvt pathway. In light of the available

literature, our data allow us to redraw the currently prevalent

model of Cvt vesicle formation: In the cytosol, prApe1 forms

homo-oligomers as dodecamers (Fig 6A) and assembles into

higher-order chain-like aggregates via its propeptide (Fig 6B).

Atg19 competes with prApe1 propeptide trans-interactions,

becomes an integral part of the Cvt aggregate, and thus limits

aggregate size (Fig 6C). In parallel, Atg19 also recruits Ams1

tetramers to the forming assembly. Hence, Ape1 dodecamer

cargos together with Ams1 tetramers and Atg19 trimers assemble

into a densely packed core in an approximate stoichiometric

ratio of 3:1:1, which determines the size of the forming Cvt

A B C
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Figure 5. Correlative light and electron microscopy of Saccharomyces cerevisiae Cvt vesicles from resin-embedded cell sections.

A Fluorescence microscopy image of a resin section of prApe1-GFP/Atg19-mCherry/ypt7D cells, merge of green (prApe1-GFP) and red (Atg19-mCherry) channels.
Tetraspeck beads are detected in the blue channel.

B Electron tomography slice of the boxed area in (A). The outer and inner dashed green circles of 160 and 60 nm radius represent estimated 50 and 90% localization
accuracy, respectively. Insets show close-up views of a double (top) and single (bottom) membrane. Corresponding tomogram is shown in Movie EV2.

C Plot of the x and y dimensions of the Cvt vesicles obtained from localization correlation. The average dimensions give rise to spheroids with an average ellipticity of
11% (shown in dark gray). Both prApe1-GFP and prApe1-GFP/Atg19-mCherry datasets were included. The cases representing autophagosomes were excluded.

D Dense Cvt aggregate that is not surrounded by membrane. Corresponding tomogram is shown in Movie EV3.
E Cvt aggregate that is partially enwrapped by double membrane. White arrowheads indicate the double membrane. Corresponding tomogram is shown in Movie EV4.
F Cvt vesicle fully enclosed by double membrane. Bottom: Schematic representation. White arrowheads indicate the double membrane. Corresponding tomogram is

shown in Movie EV5.
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aggregate (Fig 6E). In conjunction with Atg8/Atg11, the double-

membrane phagophore wraps tightly around the Cvt aggregate to

enclose cargo and exclude non-cargo material (Fig 6F and G).

The ability of cargo and receptor components to self-interact

enables efficient packaging and provides an effective transport

platform for binding of additional cargo and membrane recruit-

ment through multiple binding sites. The analogy of our example

to other selective autophagy pathways from higher eukaryotes

[38,40] illustrates that studying the molecular details of cargo

assembly and Cvt vesicle formation provides common structural

clues to better understand the molecular mechanisms of selective

autophagy.

Materials and Methods

Cloning, expression constructs, yeast strains, transfection of
Sf21 cells

All clones were generated by InFusion cloning, following the manu-

facturer’s protocol (Clontech) unless otherwise stated. Saccharo-

myces (S.) cerevisiae mApe1, prApe1 and Chaetomium (C.)

thermophilum mApe1 (ct-mApe1) cDNAs were cloned into pETM33

to generate N-terminal GST fusion proteins. S. cerevisiae Atg19

cDNA was cloned into pETM40 to generate an N-terminal MBP

fusion protein. For Pichia (P.) pastoris expression of Ams1, the
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Figure 6. Model of the Cvt pathway.

A–I prApe1 (A), the major Cvt cargo, forms homo-oligomers as dodecamers that (B) assemble into higher-order assemblies mediated by the N-terminal propeptide.
(C) These assemblies are capable of binding Atg19 that forms a trimer in solution. (D) Ams1, which forms a homo-oligomer as a tetramer, joins the Cvt assembly by
binding to Atg19 via a site that is distinct from the Ape1 binding site. (E) prApe1 dodecamers, secondary cargo enzymes such as Ams1 tetramers and Atg19 trimers,
are the main constituents of the Cvt aggregate in the cytosol. (F) The Cvt aggregate becomes enwrapped by a double membrane via Atg8 and Atg19 interaction to
form (G) the Cvt vesicle. Cvt assembly stages in (E, F, and G) are drawn respecting the determined average size of the vesicles, the dimensions, and stoichiometry of
the major cargo prApe1 and secondary cargo Ams1 found in this article. (H) After fusion with the vacuole, prApe1 is subjected to maturation while maintaining the
dodecamer organization. (I) Ams1 does not undergo a maturation process in the vacuole.
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pGAPZa vector (Invitrogen) was modified as in [44]. Ams1 muta-

genesis was performed using the QuikChange site-directed mutagen-

esis kit following the manufacturer’s protocol (Agilent). To generate

vectors for insect cell expression, GST-prApe1, GST-mApe1, and

MBP-Atg19 were cloned into pACEBACDual MCS1. Primer

sequences are available on request.

For bacterial expression, all constructs were transformed into

E. coli BL21 RIL cells and grown in lysogeny broth (LB) medium.

P. pastoris SMD1168 strain (Invitrogen) was transformed with

pGAPZ-His6-Ams1 wild-type and W234E mutant as described

Watanabe et al [44].

S. cerevisiae strains for quantitative fluorescence microscopy and

CLEM were generated by homologous recombination into the

endogenous gene locus with a PCR cassette. C-terminal tagging with

EGFP or mCherry as well as deletion strains was generated using

pYM28 (GFP), pFA6a-mCherry-KanMX4, and pFA6a-natNT2

cassettes, respectively [45]. Correct integration was verified by

DNA sequencing. After insertion of genomic tags, original strains

were mated and haploid spores were selected after sporulation. A

list of yeast strains generated can be found in Table EV1.

Baculovirus production was carried out following previously

described protocols [46]. Briefly, plasmids encoding GST-prApe1,

GST-mApe1, or MBP-Atg19 were integrated into baculoviral genome

by tn7 transposition via electroporation of DH10EMBacaY cells.

Baculoviral DNA was isolated and used to transfect 3 ml of Sf21 cells

at a density of 0.3 × 106 cells/ml using X-tremeGENE HP transfection

reagent (Roche). Cells were incubated for 60 h before the supernatant

containing baculovirus was removed (V0). V0 virus was then further

amplified and used for subsequent large-scale protein expression.

Protein expression and purification

BL21 RIL cells expressing S. cerevisiae or GST-ct-mApe1 were grown

at 24°C for 4 h after induction. Cells were lysed by sonication in 1×

phosphate-buffered saline (PBS), 500 mM NaCl, 2 mM MgCl2, 1 mM

dithiothreitol (DTT), 1 mg/ml lysozyme, and 1× EDTA-free protease

inhibitor cocktail (PrInh) (Roche). The supernatant was cleared by

centrifugation at 48,000 g and supernatant incubated with

glutathione beads (GE Healthcare) for 2 h at 4°C before beads

were washed extensively and protein eluted by cleavage with GST-

3C protease overnight at 4°C. mApe1 dodecamers were separated

from other oligomeric states by a continuous 10–30% glycerol

gradient run at 146,000 g for 16 h at 4°C in a SW 60Ti Beckman

rotor. In the case of S. cerevisiae mApe1, the GraFix protocol [29]

was performed by combining the 10–30% glycerol gradient with a

0–0.15% glutaraldehyde gradient in 50 mM Hepes pH 7.5 and

150 mM NaCl.

Ams1 wild-type and mutant W234E expression in P. pastoris was

based on described protocols [44]. Expression of S. cerevisiae GST-

prApe1, GST-mApe1, MBP-Atg19, and the Atg19/prApe1 complex

was performed in Sf21 insect cells. First, cells were grown in

suspension at 27°C until 1 × 106 cells and then they were infected

or coinfected with virus expressing the protein of interest and

harvested 72 h after growth arrest, lysed by sonication, and cleared

by centrifugation at 48,000 g. In the case of GST-prApe1, lysis was

performed in 50 mM Tris–HCl pH 7.5, 25 mM NaCl, 1 mM DTT, 1×

PrInh. Lysate was incubated with glutathione beads for 2 h at 4°C,

beads washed extensively, and protein eluted in the presence of

50 mM reduced glutathione and 0.1% Triton X-100 before cleavage

from GST by incubation with His-3C protease overnight at 4°C. The

cleaved protein was further purified by size-exclusion chromato-

graphy with a Superose 6, 10/300 GL column (GE Healthcare) run

in 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM DTT. In the case

of MBP-Atg19 and the MBP-Atg19/prApe1 co-expression, lysis was

performed in 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2,

10% glycerol, 1 mM DTT, and 2× PrInh. The cleared lysate was

incubated with amylose beads (New England BioLabs) overnight at

4°C, beads washed extensively before protein was eluted with

10 mM maltose and cleaved with His-TEV protease overnight at

4°C. After cleavage, Atg19 was separated by DEAE ion-exchange

chromatography, whereas the Atg19/prApe1 complex was further

purified by SEC with a Superose 6, 10/300 GL column run in

50 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT.

Biochemical assays

Activity assay

Ams1 activity was measured according to an established protocol

[25,47].

SEC-MALS

Atg19 was concentrated to approximately 2 mg/ml in 50 mM Tris

pH 7.5, 150 mM NaCl, 0.5 mM TCEP. SEC of Atg19 was performed

at room temperature on a Superose 6 increase (10/300) column at a

flow rate of 0.3 ml/min. Following separation by in-line SEC, the

separated sample components were analyzed with a modular triple

detector array (Viscotek TDA 305, Malvern Instruments Ltd.,

Malvern, UK) to determine right-angle light scattering (RALS),

refractive index (RI), and UV-vis (UV). The TDA data were

processed using Omnisec software. The molecular weight (MWRALS)

of the species eluting from the SEC column was assessed in tripli-

cates using correlated concentration measurements derived from

baseline corrected RI in combination with baseline corrected RALS

intensities calibrated against a bovine serum albumin narrow stan-

dard (monomeric peak) for both SEC columns.

In vitro binding

Purified MBP-Atg19 (1 lM) or MBP alone (1 lM) was mixed with

his-Ams1 (1 lM), mApe1 (1 lM) or prApe1 (0.7 lM—the maximal

concentration achievable before protein precipitation) in buffer A

(50 mM Tris–HCl, pH 7.5, 25 mM NaCl, 5 mM MgCl2, 1 mM DTT,

and 0.2% NP-40) and incubated overnight at 4°C with gentle agita-

tion. Equilibrated amylose beads (125 ll) were added to each reac-

tion and incubated for 2 h at 4°C with gentle agitation. The amylose

beads were sedimented by centrifugation and washed four times

with 1 ml buffer A (3,500 g, 2 min at 4°C). Bound proteins were

eluted from the beads by boiling in SDS loading buffer, and the

eluates were analyzed by SDS–PAGE followed by staining with

Coomassie Brilliant Blue.

Co-sedimentation

Equivalent amounts of purified S. cerevisiae prApe1, prApe1/Atg19,

and Atg19 as control were centrifuged in a Beckman TLA100 rotor

for 3 h at 186,000 g at 4°C. Equivalent volumes of pellet and super-

natant were analyzed by SDS–PAGE followed by staining with

Coomassie Brilliant Blue.
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Western blot

prApe1-GFP/Atg19-mCherry/Dypt7 and prApe1-GFP/Atg19D/ypt7D
S. cerevisiae cells were grown at 30°C until OD600 nm = 1–1.2. Cells

were washed twice in ice-cold PBS 1× and immediately resuspended

in 50 mM Tris–HCl pH 8, 100 mM NaCl, 2.5 mM MgCl2, 0.25%

Triton X-100, 1 mM PMSF, 1 mM DTT, 1× PrInh. Cells were sub-

sequently lysed with glass beads using FastPrep�-24 (MP BIOMEDI-

CALS) set with following parameters: four cycles at speed 4, 15 s

each with 3 min cooling in between. Lysates were spun at 17,000 g,

4°C to remove cell debris. Equivalent amounts of clarified lysates

were subjected to western blot using anti-Atg19 antibody (poly-

clonal, 1: 200), anti-Ape1 antibody (polyclonal, 1:1,000), and anti-

tubulin antibody (TAT1, Abcam, monoclonal, 1:500).

Negative stain image reconstruction

Negatively stained specimens (sc-mApe1 and Ams1) for electron

microscopy (EM) were prepared by the droplet technique with 2%

uranyl acetate and imaged using a Philips CM-120 transmission

electron microscope, operated at 120 kV, and equipped with a

TVIPS 4k × 4k CCD camera. For GraFix-purified sc-mApe1,

30 micrographs were collected at an underfocus between 1.0 and

1.5 lm with a nominal magnification of 53,000 corresponding to

1.9 Å pixel size. A total of 5,481 particles were manually picked

using E2BOXER of the EMAN2 package [48] and class averages were

generated using IMAGIC and SPIDER [49,50]. We built the initial

models, first by aligning a set of 20 best-defined classes against a

Gaussian blob while imposing tetrahedral symmetry, second by

assigning the corresponding Euler angles manually and imposing

tetrahedral symmetry. Both initial models converged to the same

24 Å resolution structure after 20 cycles of iterative refinement with

SPIDER. For an initial 3D model of Ams1, a random-conical tilt

dataset was acquired on an FEI Polara microscope operated at

100 kV at an underfocus of 1.8 lm with a magnification of 59,000

corresponding to 1.91 Å pixel size on a US4000 Gatan CCD camera.

A total of 1,830 tilt-pair particles were selected, subjected to 2D clas-

sification, and used for a reconstruction using the EMAN2 random-

conical tilt protocol [48] while imposing D2 symmetry. Sub-

sequently, we further refined the structure using 9,865 untilted

particles in the SPIDER software suite to a resolution of approxi-

mately 31 Å.

Crystallization, model refinement, and homology modeling

Small bipyramidal crystals (5 × 5 × 5 lm) of ct-mApe1 (2.0–

3.0 mg/ml in 50 mM Tris–HCl, 50 mM NaCl, pH 7.5) were grown

using hanging drop vapor diffusion at 4°C after 3–7 days in 100 mM

Hepes (pH 6.6), 4 M sodium formate. For cryoprotection, crystals

were soaked for 5 min in 100 mM Tris–HCl pH 8.5, 4.6 M sodium

formate, 2 mM ZnCl2 supplemented with 15% (v/v) glycerol and

flash-cooled in liquid nitrogen. Diffraction data were collected at the

ID23-2 and EMBL P14 microfocus beamlines at European Synchro-

tron Radiation Facility and at the DESY PETRA III storage ring,

respectively, and processed with XDS [51] and SCALA [52]. Self-

rotation functions revealed four non-crystallographic threefold axes

and eight non-crystallographic twofold axes, showing the asymmet-

ric unit is composed of six ct-mApe1 subunits and dodecamers are

generated by crystallographic symmetry. The crystal structure was

solved by molecular replacement in Phaser [53] using a mammalian

tetrahedral aspartyl aminopeptidase model (PDB 3vat) with all side

chains truncated to Cb atoms. An anomalous difference Fourier elec-

tron density map calculated using data from the K absorption edge

for zinc revealed strong density at both metal sites. The molecular

replacement solution was refined through iterative rounds of

reciprocal-space refinement in Phenix [54] and manual rebuilding in

Coot [55]. Positional non-crystallographic symmetry constraints

were imposed throughout the refinement and zinc-ligand distances

were restrained according to Harding [56,57]. Table 1 summarizes

data collection and refinement statistics.

Single-particle electron cryomicroscopy and atomic
model building

To optimize the dispersity of the sample, His6-Ams1 at 0.4 mg/ml

was dialyzed into a 50 mM Tris–HCl, 175 mM NaCl, 75 mM imida-

zole buffer. The sample was applied to glow-discharged 300 mesh

Quantifoil R 2/2 grids, plunge-frozen in liquid ethane using an FEI

Vitrobot, and transferred to an FEI Titan Krios microscope operating

at 300 kV. Micrographs were recorded using EPU and a Falcon II

direct electron detector at an underfocus between 1 and 5 lm with a

total dose of 58 e�/Å2, accumulated in seven frames at a final pixel

size of 1.084 Å. For preprocessing, we used MotionCorr [58] and

determined the contrast transfer function parameters using

CTFFIND3 [59]. Subsequent processing steps of 3D structure refine-

ment of the data set were conducted with RELION-1.3 [60]: 85,274

particles were subjected to 2D classification followed by 3D struc-

ture refinement, and a homogeneous subpopulation of 33,588 parti-

cles was selected based on 3D classification and further processed

using the particle polishing procedure, which resulted in a final

6.3 Å resolution map based on the 0.143 Fourier shell correlation

criterion. The obtained map was sharpened by applying a B-factor

of �80 Å2 and filtered to 5.0 Å.

The complete quasi-atomic model of Ams1 was built by combin-

ing homology and de novo domain models followed by flexible EM

density-guided fitting. First, a homology model of the well-

conserved C-terminal portion (287–1,083) was computed using

MODELLER [61] based on the structure of Streptococcus pyogenes

a-mannosidase (PDB 2wyh) with a sequence identity of 17%.

Second, due to the lack of closely related structural templates for

the N-terminal part (1–286), Ams1 was subjected to a search for

modeling templates using MODexplorer (http://modorama.org, [62]

and Genesilico Metaserver (https://genesilico.pl/meta2, [63]). As a

result, for residues 45–203, we identified a jelly-roll fold from RetS

periplasmic sensor domain (PDB 2xbz, chain A) with significant

similarity scores to Ams1 (HHSearch [64] probability up to 96%)

compatible with the EM density. We could further improve the

visual match between the structure and EM density by introducing

fragments 45–55 and 114–127 from a putative b-galactosidase from

B. fragilis (PDB 3 cmg, chain A). However, for the remaining

N-terminal residues 1–44 and residues 204–286, no modeling template

could be identified while the unassigned part of the cryo-EM map

revealed four tubular densities forming an apparent four a-helix
bundle. In support, a-helical structure predictions of residues 209–

271, they were modeled de novo using Rosetta AbinitioRelax [65],

by generating 1,000 alternative models and selecting the model of

highest cross-correlation with the EM map. Finally, we assigned the
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remaining helical density to a predicted N-terminal helix for resi-

dues 17–27, and due to uncertainty of the sequence register, this

helix was built as an ideal poly-alanine helix. To resolve steric

clashes and geometry deviations, the combined structures were

energy-minimized with GROMACS [66] prior to flexible fitting with

the DireX software [67]. The C-terminal (residues 287–1,083) and

N-terminal regions (17–286) were fitted separately against map frag-

ments carved from the sharpened EM map. It should be noted that

the N-terminal four-helix bundle could alternatively be connected to

the a/b barrel of the adjacent subunit (Fig 2K, chain D). The

distance of the connecting residues and compactness of fold,

however, favored the connectivity of our current model. To limit

overfitting, we applied secondary structure restraints from the

reference structures. We evaluated a grid parameter search

(den_strength, den_gamma, pert_fac, den_strength_loop) by identi-

fying solutions with highest map correlation along with physically

plausible stereochemistry and clash scores. Finally, for our selected

model, we applied the parameter values 0.01, 0.8, and 0.06 for

pert_fact, den_strength, and den_gamma. To decrease the effect of

the reference structure for regions outside predicted secondary

structure elements, we scaled the den_strength for loop regions by a

factor of 0.35. With the application of D2 symmetry, we then gener-

ated the remaining monomers and the tetramer was refined against

the full map with strong restraints on the monomer structure. A

final energy minimization step with restraints on the main chain

atoms was performed to resolve deviations from reference stereo-

chemistry arising from the DireX refinement.

Quantitative fluorescence microscopy

Cells were grown in SC-Trp medium at 30°C till OD600 nm = 0.6.

prApe1-GFP, Ams1-GFP, and Atg19-GFP cells were individually

mixed 1:1 with Nuf2-GFP cells of the same mating type. Cells were

incubated for 10 min at room temperature to adhere on concana-

valin A-coated coverslips and then washed with SC-Trp medium.

Cells were imaged in 40 ll of SC-Trp medium at room temperature

with an Olympus IX81 wide-field epifluorescence microscope,

equipped with at 100×/1.45 objective and a Hamamatsu Orca-ER

CCD camera. Samples were excited with a X-Cite 120Q lamp (Olym-

pus) at 100% of power for 100 ms for the GFP channel and 250 ms

for the RFP channel. For each channel, the samples were imaged as

z-stacks of 23 frames (Fig 3H) or 21 frames (Fig 4A) spaced by

200 nm each. The stacks were acquired one frame at the time for

both channels. All the microscope setup was controlled through

Metamorph 7.5 (Molecular Devices). For Fig 3H, GFP patches of

prApe1-GFP/Atg19D/ypt7D cells were quantified as follows: The

background in the cells was subtracted by median filtering (ker-

nel = 20 pixels). The intensities of the patches were measured from

a rectangular selection in the frame of the z-stack where the patch

was brightest. The size of the rectangular selection was large

enough to surround the thresholded patch and was allowed to vary,

to accommodate the heterogeneity of patch sizes. The median inten-

sity of prApe1-GFP was normalized to the median intensity of Nuf2-

GFP spots. prApe1-GFP patches in prApe1-GFP/Atg19-mCherry/

ypt7D cells were quantified for comparison and were subjected to

identical procedure for the quantification and normalization of the

spot intensities. The error associated with each median was the

standard error for the median (SEM) calculated as:

r ¼ 1:4826 exp ðIÞ MAD
ffiffiffiffi

N
p

where MAD is the median absolute deviation computed on the log

transformation of the measured fluorescence intensities (I). The

error of the intensities normalized to the number of Nuf2 mole-

cules was computed propagating the standard errors for the medi-

ans accordingly. For Fig 4B, the quantification of the patches was

done by a custom-written software in Python 2.7 as detailed in

[36]. In brief, the number of prApe1-GFP, Ams1-GFP, or Atg19-

GFP molecules was quantified using Nuf2 molecules as a reference.

For each kinetochore patch, 280.6 � 16.1 molecules of Nuf2 were

counted. The number of Nuf2 molecules was quantified by

comparing Nuf2 and Cse4 and by considering five molecules of

Cse4 for kinetochore (Lawrimore et al [35], Picco et al [36]). The

image stacks were background-corrected by subtraction of the

median-filtered image to the image itself. The fluorescence inten-

sity of the patches was measured by integrating the fluorescence

intensity of each patch through the frames of the stack. Patches at

the beginning or at the end of the stack were discarded. For Ams1,

Ape1, and Atg19, only the patches that were colocalizing with an

mCherry marker were quantified: Atg19-mCherry for Ams1 or

Ape1 and Ape1-mCherry for Atg19.

Correlative light and electron microscopy

Sample preparation and data collection for the prApe1-GFP/ypt7D
dataset were performed as described previously [37,68,69], with

minor modifications for the prApe1-GFP/Atg19-mCherry/ypt7D
dataset. Briefly, cells were grown in YPAD medium at 30°C to an

OD600 = 0.6, high-pressure-frozen, freeze-substituted, embedded in

Lowicryl HM20, and sectioned to 300 nm. Grids were incubated

with 50 nm TetraSpeckTM beads (Life Technologies) and imaged with

an Olympus IX81 wide-field epifluorescence microscope equipped

with a 100×/1.45 objective and a Hamamatsu Orca-ER CCD camera.

Grids were subsequently incubated with protein A-coated gold

beads, stained with Reynolds lead citrate, and electron tomography

was performed on an FEI F30 TEM operated at 300 KV, equipped

with an FEI Eagle 4K CCD camera and a dual tilt holder (Fischione

Model 2040), using the SerialEM software [70]. Tomograms were

reconstructed using the IMOD 4.7.13 software package [71]. The

position of the fluorescent structures of interest was determined

using the correlation procedure described before [37,69].

Accession numbers

The electron microscopy maps of S. cerevisiae mApe1 and Ams1

have been deposited in the EM Data Bank and available with

accession codes (EMD-8167, EMD-8166). Atomic coordinates of

C. thermophilummApe1 and S. cerevisiae Ams1 have been deposited

at the Protein Data Bank under accession codes (5JM6, 5JM0).

Expanded View for this article is available online.

Acknowledgements
We thank the EMBL Heidelberg Protein Expression and Purification Core Facil-

ity for maintaining the insect cell culture facility. We acknowledge technical

support by Jaclyn Chan. We also appreciate the support of the EMBL EM facility.

ª 2016 The Authors EMBO reports Vol 17 | No 7 | 2016

Chiara Bertipaglia et al Higher-order oligomeric cargo receptor complexes EMBO reports

1057

Published online: June 6, 2016 

http://dx.doi.org/10.15252/embr.201541960


We are grateful to IT Support from F. Thommen and M. Wahlers for setup and

maintenance of the high-performance computational environment. In addition,

we express gratitude to Michael Meurer and Michael Knop for yeast plasmids,

Ambroise Desfosses for help with EM image processing, and Alejandro Reyes for

advice on statistical evaluation. A.J.J. acknowledges support by Marie-Sklo-

dowska-Curie (MSC) Fellowship (PIEF-GA-2012-331285). C.B. and Y.S.B. acknowl-

edge support by the EMBL International PhD Program, S.S. by the MSC ITN

RNPnet (PITN-GA-2011-289007), A.J.J. and J.K. by postdoctoral fellowships from

the EMBL Interdisciplinary Postdoc Program (EIPOD) under MSC COFUND

actions (PCOFUND-GA-2008-229597), and W.K. by a fellowship of the Swiss

National Science Foundation.

Author contributions
CB, SS, and CS designed the project. CB, AJJ, MW, and CS determined the

mApe1 crystal and low-resolution EM structure. SS, WJHH, AJJ, JK, and CS

determined the Ams1 cryo-EM structure. CB, AP, and MK measured the in vivo

stoichiometry by quantitative fluorescence microscopy. CB, YSB, WK, and JAGB

performed CLEM experiments. CB, SS, ACR, AJJ, and AKT carried out biochemical

experiments. CB, SS, AKT, AJJ, and CS wrote the manuscript with support from

all authors.

Conflict of interest
The authors declare that they have no conflict of interest.

References

1. Johansen T, Lamark T (2011) Selective autophagy mediated by auto-

phagic adapter proteins. Autophagy 7: 279 – 296

2. Yao Z, Delorme-Axford E, Backues SK, Klionsky DJ (2015) Atg41/Icy2 regu-

lates autophagosome formation. Autophagy 11: 2288 – 2299

3. Xie Z, Klionsky DJ (2007) Autophagosome formation: core machinery and

adaptations. Nat Cell Biol 9: 1102 – 1109

4. Shintani T, Klionsky DJ (2004) Cargo proteins facilitate the formation of

transport vesicles in the cytoplasm to vacuole targeting pathway. J Biol

Chem 279: 29889 – 29894

5. Bjørkøy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn A,

Stenmark H, Johansen T (2005) p62/SQSTM1 forms protein aggregates

degraded by autophagy and has a protective effect on huntingtin-

induced cell death. J Cell Biol 171: 603 – 614

6. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun J-A, Outzen H, Øvervatn

A, Bjørkøy G, Johansen T (2007) p62/SQSTM1 binds directly to Atg8/LC3

to facilitate degradation of ubiquitinated protein aggregates by auto-

phagy. J Biol Chem 282: 24131 – 24145

7. Mizushima N, Yoshimori T, Ohsumi Y (2011) The role of Atg proteins in

autophagosome formation. Annu Rev Cell Dev Biol 27: 107 – 132

8. Klionsky DJ, Cueva R, Yaver DS (1992) Aminopeptidase I of Saccha-

romyces cerevisiae is localized to the vacuole independent of the secre-

tory pathway. J Cell Biol 119: 287 – 299

9. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y (2009) Dynamics and

diversity in autophagy mechanisms: lessons from yeast. Nat Rev Mol Cell

Biol 10: 458 – 467

10. Suzuki K, Kubota Y, Sekito T, Ohsumi Y (2007) Hierarchy of Atg proteins

in pre-autophagosomal structure organization. Genes Cells 12: 209 – 218

11. He C, Song H, Yorimitsu T, Monastyrska I, Yen W-L, Legakis JE, Klionsky

DJ (2006) Recruitment of Atg9 to the preautophagosomal structure by

Atg11 is essential for selective autophagy in budding yeast. J Cell Biol

175: 925 – 935

12. Baba M, Osumi M, Scott SV, Klionsky DJ, Ohsumi Y (1997) Two distinct

pathways for targeting proteins from the cytoplasm to the vacuole/

lysosome. J Cell Biol 139: 1687 – 1695

13. Scott SV, Baba M, Ohsumi Y, Klionsky DJ (1997) Aminopeptidase I is

targeted to the vacuole by a nonclassical vesicular mechanism. J Cell

Biol 138: 37 – 44

14. Harding TM, Hefner-Gravink A, Thumm M, Klionsky DJ (1996) Genetic

and phenotypic overlap between autophagy and the cytoplasm to

vacuole protein targeting pathway. J Biol Chem 271: 17621 – 17624

15. Scott SV, Hefner-Gravink A, Morano KA, Noda T, Ohsumi Y, Klionsky DJ

(1996) Cytoplasm-to-vacuole targeting and autophagy employ the same

machinery to deliver proteins to the yeast vacuole. Proc Natl Acad Sci

USA 93: 12304 – 12308

16. Suzuki K (2013) Selective autophagy in budding yeast. Cell Death Differ

20: 43 – 48

17. Marx R, Metz G, Röhn KH (1977) The quaternary structure of yeast

aminopeptidase I. 2. Geometric arrangement of subunits. Z Naturforsch

C 32: 938 – 943

18. Metz G, Marx R, Röhm KH (1977) The quaternary structure of yeast

aminopeptidase I. 1. Molecular forms and subunit size. Z Naturforsch C

32: 929 – 937

19. Morales Quinones M, Stromhaug PE (2011) The propeptide of

Aminopeptidase 1 mediates aggregation and vesicle formation in the

Cytoplasm-to-vacuole targeting pathway. J Biol Chem 287:

10121 – 10133

20. Seguí-Real B, Martinez M, Sandoval IV (1995) Yeast aminopeptidase I is

post-translationally sorted from the cytosol to the vacuole by a

mechanism mediated by its bipartite N-terminal extension. EMBO J 14:

5476 – 5484

21. Oda MN, Scott SV, Hefner-Gravink A, Caffarelli AD, Klionsky DJ (1996)

Identification of a cytoplasm to vacuole targeting determinant in

aminopeptidase I. J Cell Biol 132: 999 – 1010

22. Scott SV, Guan J, Hutchins MU, Kim J, Klionsky DJ (2001) Cvt19 is a

receptor for the cytoplasm-to-vacuole targeting pathway. Mol Cell 7:

1131 – 1141

23. Shintani T, Huang W-P, Stromhaug PE, Klionsky DJ (2002) Mechanism of

cargo selection in the cytoplasm to vacuole targeting pathway. Dev Cell

3: 825 – 837.

24. Sawa-Makarska J, Abert C, Romanov J, Zens B, Ibiricu I, Martens S

(2014) Cargo binding to Atg19 unmasks additional Atg8 binding sites to

mediate membrane-cargo apposition during selective autophagy. Nat

Cell Biol 16: 425 – 433

25. Hutchins MU, Klionsky DJ (2001) Vacuolar localization of oligomeric

alpha-mannosidase requires the cytoplasm to vacuole targeting and

autophagy pathway components in Saccharomyces cerevisiae. J Biol

Chem 276: 20491 – 20498

26. Yuga M, Gomi K, Klionsky DJ, Shintani T (2011) Aspartyl

aminopeptidase is imported from the cytoplasm to the vacuole by

selective autophagy in Saccharomyces cerevisiae. J Biol Chem 286:

13704 – 13713

27. Pfaffenwimmer T, Reiter W, Brach T, Nogellova V, Papinski D, Schuschnig

M, Abert C, Ammerer G, Martens S, Kraft C (2014) Hrr25 kinase promotes

selective autophagy by phosphorylating the cargo receptor Atg19. EMBO

Rep 15: 862 – 870

28. Lynch-Day MA, Klionsky DJ (2010) The Cvt pathway as a model for

selective autophagy. FEBS Lett 584: 1359 – 1366

29. Stark H (2010) GraFix: stabilization of fragile macromolecular complexes

for single particle cryo-EM. Methods Enzymol 481: 109 – 126

EMBO reports Vol 17 | No 7 | 2016 ª 2016 The Authors

EMBO reports Higher-order oligomeric cargo receptor complexes Chiara Bertipaglia et al

1058

Published online: June 6, 2016 



30. Bock T, Chen W-H, Ori A, Malik N, Silva-Martin N, Huerta-Cepas J,

Powell ST, Kastritis PL, Smyshlyaev G, Vonkova I et al (2014) An

integrated approach for genome annotation of the eukaryotic

thermophile Chaetomium thermophilum. Nucleic Acids Res 42:

13525 – 13533

31. Su M-Y, Peng W-H, Ho M-R, Su S-C, Chang Y-C, Chen G-C, Chang C-I

(2015) Structure of yeast Ape1 and its role in autophagic vesicle forma-

tion. Autophagy 11: 1580 – 1593

32. Suits MDL, Zhu Y, Taylor EJ, Walton J, Zechel DL, Gilbert HJ, Davies GJ

(2010) Structure and kinetic investigation of Streptococcus pyogenes

family GH38 alpha-mannosidase. PLoS ONE 5: e9006

33. Kim J, Dalton VM, Eggerton KP, Scott SV, Klionsky DJ (1999)

Apg7p/Cvt2p is required for the cytoplasm-to-vacuole targeting,

macroautophagy, and peroxisome degradation pathways. Mol Biol Cell

10: 1337 – 1351

34. Joglekar AP, Bouck DC, Molk JN, Bloom KS, Salmon ED (2006) Molecular

architecture of a kinetochore-microtubule attachment site. Nat Cell Biol

8: 581 – 585

35. Lawrimore J, Bloom KS, Salmon ED (2011) Point centromeres contain

more than a single centromere-specific Cse4 (CENP-A) nucleosome. J Cell

Biol 195: 573 – 582

36. Picco A, Mund M, Ries J, Nédélec F, Kaksonen M (2015) Visualizing the

functional architecture of the endocytic machinery. Elife 4: e04535

37. Kukulski W, Schorb M, Welsch S, Picco A, Kaksonen M, Briggs JAG (2011)

Correlated fluorescence and 3D electron microscopy with high sensitivity

and spatial precision. J Cell Biol 192: 111 – 119

38. Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC (2014) Quanti-

tative proteomics identifies NCOA4 as the cargo receptor mediating

ferritinophagy. Nature 509: 105 – 109

39. Thumm M (2002) Hitchhikers guide to the vacuole—mechanisms of

cargo sequestration in the Cvt and autophagic pathways. Mol Cell 10:

1257 – 1258

40. Ciuffa R, Lamark T, Tarafder AK, Guesdon A, Rybina S, Hagen WJH,

Johansen T, Sachse C (2015) The selective autophagy receptor p62 forms

a flexible filamentous helical scaffold. Cell Rep 11: 748 – 758

41. Lamark T, Perander M, Outzen H, Kristiansen K, Øvervatn A, Michaelsen

E, Bjørkøy G, Johansen T (2003) Interaction codes within the family of

mammalian Phox and Bem1p domain-containing proteins. J Biol Chem

278: 34568 – 34581

42. Itakura E, Mizushima N (2011) p62 Targeting to the autophagosome

formation site requires self-oligomerization but not LC3 binding. J Cell

Biol 192: 17 – 27

43. Wurzer B, Zaffagnini G, Fracchiolla D, Turco E, Abert C, Romanov J,

Martens S (2015) Oligomerization of p62 allows for selection of ubiquiti-

nated cargo and isolation membrane during selective autophagy. Elife

4: e08941

44. Watanabe Y, Noda NN, Honbou K, Suzuki K, Sakai Y, Ohsumi Y, Inagaki

F (2009) Crystallization of Saccharomyces cerevisiae alpha-mannosidase,

a cargo protein of the Cvt pathway. Acta Crystallogr Sect F Struct Biol

Cryst Commun 65: 571 – 573

45. Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S, Maekawa H,

Moreno-Borchart A, Doenges G, Schwob E, Schiebel E et al (2004) A

versatile toolbox for PCR-based tagging of yeast genes: new fluorescent

proteins, more markers and promoter substitution cassettes. Yeast 21:

947 – 962

46. Fitzgerald DJ, Berger P, Schaffitzel C, Yamada K, Richmond TJ, Berger I

(2006) Protein complex expression by using multigene baculoviral

vectors. Nat Methods 3: 1021 – 1032

47. Opheim DJ (1978) alpha-D-Mannosidase of Saccharomyces cerevisiae.

Characterization and modulation of activity. Biochim Biophys Acta 524:

121 – 130

48. Tang G, Peng L, Baldwin PR, Mann DS, Jiang W, Rees I, Ludtke SJ (2007)

EMAN2: an extensible image processing suite for electron microscopy. J

Struct Biol 157: 38 – 46

49. van Heel M, Harauz G, Orlova EV, Schmidt R, Schatz M (1996) A new

generation of the IMAGIC image processing system. J Struct Biol 116:

17 – 24

50. Frank J, Shimkin B, Dowse H (1981) Spider—A modular software system

for electron image processing. Ultramicroscopy 6: 343 – 357

51. Kabsch W (2010) XDS. Acta Crystallogr D Biol Crystallogr 66: 125 – 132

52. Collaborative Computational Project number four (1994) The CCP4 suite:

programs for protein crystallography. Acta Crystallogr D Biol Crystallogr

50: 760 – 763

53. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read

RJ (2007) Phaser crystallographic software. J Appl Crystallogr 40:

658 – 674

54. Adams PD, Afonine PV, Bunkóczi G, Chen VB, Davis IW, Echols N, Headd

JJ, Hung L-W, Kapral GJ, Grosse-Kunstleve RW et al (2010) PHENIX: a

comprehensive Python-based system for macromolecular structure solu-

tion. Acta Crystallogr D Biol Crystallogr 66: 213 – 221

55. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular

graphics. Acta Crystallogr D Biol Crystallogr 60: 2126 – 2132

56. Harding MM (2002) Metal–ligand geometry relevant to proteins and in

proteins: sodium and potassium. Acta Crystallogr Sect D Biol Crystallogr

58: 872 – 874

57. Harding MM (2004) The architecture of metal coordination groups in

proteins. Acta Crystallogr D Biol Crystallogr 60: 849 – 859

58. Li X, Mooney P, Zheng S, Booth CR, Braunfeld MB, Gubbens S, Agard DA,

Cheng Y (2013) Electron counting and beam-induced motion correction

enable near-atomic-resolution single-particle cryo-EM. Nat Methods 10:

584 – 590

59. Mindell JA, Grigorieff N (2003) Accurate determination of local

defocus and specimen tilt in electron microscopy. J Struct Biol 142:

334 – 347

60. Scheres SHW (2012) RELION: implementation of a Bayesian approach to

cryo-EM structure determination. J Struct Biol 180: 519 – 530

61. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D,

Shen M-Y, Pieper U, Sali A (2007) Comparative protein structure modeling

using MODELLER. Curr Protoc Protein Sci Chapter 2, Unit 2.9

62. Kosinski J, Barbato A, Tramontano A (2013) MODexplorer: an integrated

tool for exploring protein sequence, structure and function relationships.

Bioinformatics 29: 953 – 954

63. Kurowski MA, Bujnicki JM (2003) GeneSilico protein structure prediction

meta-server. Nucleic Acids Res 31: 3305 – 3307

64. Söding J (2005) Protein homology detection by HMM-HMM comparison.

Bioinformatics 21: 951 – 960

65. Bradley P, Misura KMS, Baker D (2005) Toward high-resolution

de novo structure prediction for small proteins. Science 309:

1868 – 1871

66. Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen

HJC (2005) GROMACS: fast, flexible, and free. J Comput Chem 26:

1701 – 1718

67. Schröder GF, Brunger AT, Levitt M (2007) Combining efficient

conformational sampling with a deformable elastic network model

facilitates structure refinement at low resolution. Structure 15:

1630 – 1641

ª 2016 The Authors EMBO reports Vol 17 | No 7 | 2016

Chiara Bertipaglia et al Higher-order oligomeric cargo receptor complexes EMBO reports

1059

Published online: June 6, 2016 



68. Suresh HG, da Silveira Dos Santos AX, Kukulski W, Tyedmers J, Riezman

H, Bukau B, Mogk A (2015) Prolonged starvation drives reversible

sequestration of lipid biosynthetic enzymes and organelle reorganiza-

tion in Saccharomyces cerevisiae. Mol Biol Cell 26: 1601 – 1615

69. Kukulski W, Schorb M, Welsch S, Picco A, Kaksonen M, Briggs JAG (2012)

Precise, correlated fluorescence microscopy and electron tomography of

lowicryl sections using fluorescent fiducial markers. Methods Cell Biol

111: 235 – 257

70. Mastronarde DN (2005) Automated electron microscope tomography

using robust prediction of specimen movements. J Struct Biol 152: 36 – 51

71. Kremer JR, Mastronarde DN, McIntosh JR (1996) Computer visualiza-

tion of three-dimensional image data using IMOD. J Struct Biol 116:

71 – 76

License: This is an open access article under the

terms of the Creative Commons Attribution-NonCom-

mercial-NoDerivs 4.0 License, which permits use and

distribution in any medium, provided the original

work is properly cited, the use is non-commercial and

no modifications or adaptations are made.

EMBO reports Vol 17 | No 7 | 2016 ª 2016 The Authors

EMBO reports Higher-order oligomeric cargo receptor complexes Chiara Bertipaglia et al

1060

Published online: June 6, 2016 


