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The autophagy-related 1 (Atg1) complex of Saccharomyces cerevi-
siae has a central role in the initiation of autophagy following star-
vation and TORC1 inactivation. The complex consists of the protein
kinase Atg1, the TORC1 substrate Atg13, and the trimeric Atg17–
Atg31–Atg29 scaffolding subcomplex. Autophagy is triggered when
Atg1 and Atg13 assemble with the trimeric scaffold. Here we show
by hydrogen–deuterium exchange coupled to mass spectrometry
that the mutually interacting Atg1 early autophagy targeting/teth-
ering domain and the Atg13 central domain are highly dynamic in
isolation but together form a stable complex with ∼100-nM affinity.
The Atg1–Atg13 complex in turn binds as a unit to the Atg17–Atg31–
Atg29 scaffold with ∼10-μM affinity via Atg13. The resulting com-
plex consists primarily of a dimer of pentamers in solution. These
results lead to a model for autophagy initiation in which Atg1
and Atg13 are tightly associated with one another and assemble
transiently into the pentameric Atg1 complex during starvation.

analytical ultracentrifugation | isothermal titration calorimetry |
membrane tethering | intrinsically disordered proteins | protein structure

The engulfment of cytosolic contents by autophagy is an an-
cient mechanism for cell survival and homeostasis (1, 2). This

process is conserved throughout the Eukarya. Autophagy consists
of the surrounding of cellular material in a double-membrane
structure known as the phagophore (1), which matures into the
autophagosome and fuses with the lysosome. The small-molecule
metabolites generated by lysosomal degradation replenish energy
stores and biosynthetic precursors. Autophagy, or its dysfunction,
has roles in neurodegenerative disease, cancer, infection, in-
flammation, and aging (3). Despite its central importance in
human health and disease, current knowledge of autophago-
some biogenesis at the structural and molecular mechanistic
level is limited (4). Our laboratory and many others have
therefore embarked on a protein-by-protein effort to dissect
the structures and interactions responsible for the remarkable
process of autophagosome biogenesis.
In yeast, autophagosome biogenesis commences at a single

locus known as the phagophore assembly site (PAS). The auto-
phagosome is nucleated, at least in part, from a cluster of a small
number of vesicles with radii of 15–30 nm that contain the integral
membrane protein autophagy-related 9 (Atg9) (5–7). The Atg1
complex, consisting of the subunits Atg1, Atg13, Atg17, Atg29,
and Atg31, is thought to have a central role in autophagy initiation
at the PAS. Atg1 is a protein kinase, yet the Atg1 complex is
thought to have essential roles very early in autophagy that are
independent of its kinase activity (8). These probably include or-
ganizing the vesicle cluster that goes on to form the phagophore
(9). The kinase activity of Atg1 is also essential, in part because it
phosphorylates Atg9 (10). In human cells, the Unc51-like kinase 1
(ULK1) and ULK2 complexes are largely conserved and thought to
serve similar functions (11). The subunits Atg17, Atg29, and Atg31
appear to be capable of assembling at the PAS constitutively. They
thus appear to serve as a preexisting scaffold for the recruitment of
Atg1 and Atg13 upon activation.

The crystal structure of the Atg17–Atg31–Atg29 complex
showed that it dimerizes into a structurally unique double cres-
cent (9, 12). Dimerization occurs via the C terminus of Atg17,
and is required for formation of the PAS and for autophagy (9).
Autophagy initiation also requires the recruitment of Atg1 and
Atg13 to the PAS downstream of Atg17–Atg31–Atg29 (13). Atg1
consists of an N-terminal protein kinase domain, a predicted
flexible linker, and a C-terminal early autophagy targeting/teth-
ering (EAT) domain. Atg13 consists of an N-terminal HORMA
domain (14) and a very long predicted unstructured central and
C-terminal region. The presence of extensive regions of pre-
sumed intrinsic disorder in the Atg1 and Atg13 subunits has
slowed progress in understanding the structure and assembly of
the complete pentameric Atg1 complex. Given the essential role
of the Atg1 complex in autophagy initiation, we set out to probe
its dynamics using hydrogen–deuterium exchange (HDX) cou-
pled to mass spectrometry (MS). In HDX-MS, the intrinsic ex-
change rate of amide protons is used to measure protein
dynamics (15–17). Highly ordered regions of proteins exchange
protons slowly, whereas dynamic regions exchange them rapidly.
The translocation of the Atg1 and Atg13 subunits to the PAS

upon TORC1 inactivation is a critical event in early autophagy
and has been the topic of intensive investigation and debate.
Dephosphorylated Atg13 is thought to act as a bridge between
Atg1 and Atg17, triggering the assembly of the subunits into
a dimer of pentamers. Mutation of the eight identified Atg13
phosphorylation sites to Ala induces Atg1 complex formation
in yeast in the absence of autophagy induction (18). Recently,
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a constitutive interaction between Atg1 and Atg13 was observed
(19), consistent with findings in human (20–22) and Drosophila
(23) cells. The newer report suggests that the Atg1–Atg13 complex
is constitutive and is regulated primarily at the level of its con-
formation, rather than its assembly. In this work, we probe the
dynamics and stability of the Atg1 EAT domain and find that
much of it is mobile in the absence of Atg13. We also find that the
affinity of Atg1 and Atg13 for one another is very high, on the
order of ∼100 nM. By contrast, the affinity of the preassembled
Atg1–Atg13 and Atg17–Atg31–Atg29 complexes for one another
is two orders of magnitude weaker. These findings have implica-
tions for models of Atg1 recruitment to the PAS and so for the
mechanism of autophagy initiation.

Results
How Atg13 Binds to Atg1 and Atg17–Atg31–Atg29. Atg13 directly
binds to both Atg1 and Atg17 (9, 24–27). To map which portion
of Atg13 binds to the Atg1 EAT domain (henceforth Atg1EAT),
a series of deletion constructs was generated using proteins from
Kluveromyces lactis (Kl) and tested in pull-down experiments
(Fig. 1A). The systematic truncations showed that the Atg13
fragment that comprises the minimal binding domain for
Atg1EAT spans residues 400–475. The same strategy was applied

to map the determinants for binding to the Atg17–Atg31–Atg29
scaffold. The boundaries of the minimal fragment capable of
binding to the scaffolding subcomplex were residues 375–525
(Fig. 1 B and C). Because the Atg13350–525 construct included
both sites, it was used for all of the experiments in this study. The
deletion mapping of the Atg1 binding site was corroborated and
refined upon by HDX-MS. The entirety of the Atg13350–525
construct evidenced rapid exchange in the absence of Atg1EAT
(Fig. 1D), consistent with the expectation that this was an in-
trinsically disordered region. However, residues 417–426 of
Atg13 had sharply reduced exchange in the presence of Atg1EAT,
implicating this region as the primary binding site for Atg1.
Residues 448–451 showed reduced exchange to a lesser extent,
suggesting a secondary role in binding to Atg1EAT.
While this work was under review, a crystal structure analysis

of the K. marxianus (Km) Atg1–Atg13 and Lachancea thermo-
tolerans (Lt; Fig. S1) Atg13–Atg17 interactions was published
(28). The structure confirmed the prediction that Atg1EAT con-
sists of six α-helices, and showed that these helices correspond to
two microtubule-interacting and transport (MIT) domains. The
regions of Kl Atg13 that were protected from HDX by Atg1
correspond to regions termed N-terminal MIT interacting motif
(MIM-N) and MIM-C by Fujioka et al. (28). MIM-N was found
to be the main driver for the affinity of the interaction (28),
consistent with our finding that this region has the highest pro-
tection from HDX upon binding to Atg1. Leu424 in this highly
protected region of Kl Atg13 corresponds to Leu476 of Sac-
charomyces cerevisiae Atg13 (Fig. 1E and Fig. S1), which is es-
sential for PAS formation and for autophagy (28). The high
degree of protection observed for this residue by HDX thus
correlates with its essential role in PAS formation.
To assess the binding affinity between Kl Atg1EAT and

Atg13350–525, Atg1EAT was titrated into a cell containing
Atg13350–525 (Fig. 1F). A dissociation constant (Kd) value of 125 ±
10 nM was obtained with n = 0.78 ± 0.02. Using Km Atg1EAT and
Km Atg13460–521, a Kd value of 360 nM was independently
obtained by isothermal titration calorimetry (ITC) (28), in excel-
lent agreement with our observations.

Dynamics of Atg1EAT. To gain insights into the dynamic properties
of Atg1EAT in solution, we performed continuous-labeling HDX-
MS (29–31). We initially measured deuteron incorporation into
isolated Atg1EAT to analyze the overall kinetics of the HDX
reaction. Atg1EAT exchanged about 60% of its exchangeable
amide hydrogens within 10 s in D2O (Fig. 2 and Figs. S2–S4).
The overall exchange characteristics indicate the presence of
a large fraction of highly dynamic, solvent-accessible structure.
To localize fast- and slow-exchanging regions in Atg1EAT, we

performed protein digestion under quenched conditions after the
HDX reaction (30, 32). The peptides generated by proteolysis
were analyzed by electrospray ionization mass spectrometry. The
observed fragments covered about 90% of the Atg1EAT sequence.
Atg1EAT contains six α-helices (α1–α6) (Fig. 2A). Labeling for 10 s
is sufficient to selectively deuterate fully solvated amides (33, 34).
The HDX data are consistent with the presence of stable structure
in helices α1, α2, and α3 (Fig. 2 A and B). These regions in-
corporate deuterons to a much lower degree than the inter-
connecting loop regions. No usable peptides were generated for
the region corresponding to helix α5. However, helices α4 and α6
are highly solvent-accessible, with almost complete deuteration
within 10 s (Fig. 2 A and B). These data indicate significant flex-
ibility of these helices with transient opening of hydrogen bonds.
The isotopic peaks corresponding to helices α4 and α6 formed

a clear bimodal distribution, revealing the presence of two
Atg1EAT states with different solvent accessibility. The less ac-
cessible state is termed the “T” state, following terminology used
to describe the slow-exchanging conformation of Hsp90 (35).
The T state rapidly converts into a more accessible “R” state
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(Fig. S2A). From the isotopic peak area of the two states, we
determined a rate constant for the T-to-R conversion of about
0.05 s−1 (Fig. S2B). The two different conformational states were
primarily localized to the C-terminal half of Atg1EAT. These data
clearly show that the N-terminal subdomain (α1–α3) is well-fol-
ded in solution, consistent with its role in forming the dimer
interface in the crystal structure (28). The C-terminal subdomain
(α4–α6) is highly dynamic and able to alternate between two
conformational states.

Dynamics of Atg1EAT–Atg13350–525. The systematic truncations and
the HDX analysis of Atg13 showed that a portion of the in-
trinsically disordered middle region of Atg13, residues 350–525,
was important for binding to Atg1EAT. To characterize the dy-
namics of Atg1EAT as bound to Atg13, we coexpressed and
copurified Atg1EAT with Atg13350–525. To localize Atg13-induced
changes in Atg1EAT dynamics, we compared deuteron incorpo-
ration into different segments of the Atg1EAT–Atg13 complex with
Atg1EAT alone (Fig. 3A). The presence of Atg13350–525 had
a prominent stabilizing effect on Atg1EAT. Multiple peptides are
more protected in the Atg1EAT–Atg13350–525 complex, including
the loop between helices α2 and α3 and the C-terminal regions
corresponding to helices α4 and α6 (28). The main Atg13–MIM-N
interaction is with the second helical bundle (α4–α6; corre-
sponding to MIT2) of Atg1EAT (28). This is consistent with Atg13
reducing EAT domain dynamics by directly binding to α4 and α6.
Atg13 binding had no significant effect on the regions corre-
sponding to helices α1, α2, and α3 at times shorter than ∼5 min.
At longer times, the amide protons of these helices can be seen to
exchange more rapidly in the absence of Atg13 (Fig. S3). The
relative degree of stabilization, however, especially as measured at
shorter times, is much more pronounced for α4 and α6.
The specific protection of the C-terminal subdomain of

Atg1EAT suggests that it is directly involved in Atg13 binding. In
support of this, we found that in the presence of Atg13350–525 the
isotope peaks corresponding to the Atg1EAT helices α4 and α6
formed a unimodal distribution after 10 s of labeling (Fig. 3B).
The isotope clusters correspond to a single, rigid conformational
state with reduced solvent accessibility. The bimodal distribution
could be observed only after prolonged incubation in D2O,
probably reflecting Atg13 dissociation. The T-to-R conversion
constant of the C-terminal subdomain in complex with Atg13 was
reduced by more than 50-fold in comparison with free Atg1EAT
(Fig. 3C). The T-to-R conversion kinetics of Atg1EAT–Atg13350–525

was not significantly altered by adding the saturating amounts of
the Atg17–Atg31–Atg29 complex (Fig. 3C). The findings are
consistent with the concept that Atg13 is the dominant modulator
of Atg1EAT dynamics. This suggests that once Atg13 binds to and
rigidifies Atg1, incorporation with Atg17–Atg31–Atg29 does not
restore Atg1 to the R state (Fig. 3C).

Quaternary Structure of Atg1EAT–Atg13350–525. We previously found
that Atg1EAT is a dimer (9). The studies above suggested to us
that the Atg1–Atg13 subcomplex is the biologically functional
form in which Atg1 is presented to the Atg17–Atg31–Atg29
scaffold. Here we used sedimentation velocity analytical ultra-
centrifugation (SV-AUC) to probe the quaternary structure of
both Atg1EAT alone and the Atg1EAT–Atg13350–525 subcomplex.
Atg1EAT exists primarily as a dimer in solution at a sedimenta-
tion coefficient at 20 °C in water (s20,w) of 4.2 S (Fig. 4A,
Fig. S5, and Table S1), consistent with the previous analysis.
Atg1EAT–Atg13350–525 also exists primarily as a dimer in solu-
tion at an s20,w value of 4.7 S (Fig. 4A and Table S1). Size-
exclusion chromatography coupled to multiangle light scattering
(SEC-MALS) was used to independently obtain a molecular
mass of 98 kDa for the Atg1EAT–Atg13350–525 complex
(Fig. S6A). This is in good agreement with the estimate of
88 kDa from SV-AUC and an expected value of 106.6 kDa
computed from the sequences. These data show that Atg1EAT is
a dimer irrespective of the presence or absence of Atg13.

Assembly of the Atg1–Atg13–Atg17–Atg31–Atg29 Complex. We used
ITC to determine the dissociation constant between Atg17 and
Atg13. The Kd for binding of Atg1EAT–Atg13350–525 to Atg17–
Atg31–Atg29 was found to be 11 ± 2 μM with n = 0.86 ± 0.17
(Fig. 4B). The figure for the Kl proteins studied here is signifi-
cantly greater than the figure of 1.2 μM for the binding of the
424–436 peptide from Lt Atg13 to Lt Atg17 (28), which might
reflect differences in the species studied or in the size of the
constructs. Next, we wanted to understand the oligomeric state
of the full pentameric complex, which includes the full-length
Atg17–Atg31–Atg29 complex and the Atg1EAT–Atg13350–525
subcomplex. Using SV-AUC, we found that for Atg17–Atg31–
Atg29, the majority species is a highly elongated dimer at an s20,w
of 5.5 S, with some presence of a tetramer at 8.2 S (Fig. 4C and
Fig. S7). These data are generally consistent with a previous
sedimentation equilibrium (SE) AUC study of the Atg17–Atg31–
Atg29 complex (36), although the tetrameric form was not noted
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in the SE study. Even though the Atg17 dimer is ∼60 kDa larger
than the Atg1EAT–Atg13350–525 dimer, their sedimentation co-
efficient distributions [c(s)] partially overlap. We attribute this to
the highly elongated nature of Atg17–Atg31–Atg29, which slows
its sedimentation.
To characterize the oligomeric state of Atg1EAT–Atg13350–525–

Atg17–Atg31–Atg29, we kept the concentration of Atg17–Atg31–
Atg29 constant and titrated it with a four- or eightfold molar
excess of Atg1EAT–Atg13350–525. Atg1EAT–Atg13350–525–Atg17–
Atg31–Atg29 exists primarily as a dimer at an s20,w of 7.9 S, with
some tetramer formation at 11.7 S (Fig. 4C). The excess un-
bound Atg1EAT–Atg13350–525 sediments at an s20,w of 4.9 S. On
the basis of the SEC-MALS, a molecular mass of 234 kDa was
independently obtained (Fig. S6B and Table S1), consistent
with a predominant population of Atg1EAT–Atg13350–525–Atg17–
Atg31–Atg29 dimers. Taken together with the ITC and HDX-
MS data, these results led us to a model for the pathway of Atg1
complex assembly (Fig. 5).

Discussion
Atg1EAT was previously shown to tether high-curvature liposomes
in vitro (9). It was proposed that this property was dependent on
the dimerization of Atg1EAT. We found that Atg1EAT is a dimer in
solution by SV-AUC, and that in the absence of other members of
the complex, the first three helices (MIT1) of Atg1EAT are much
more rigid than the last three (MIT2). The crystal structure of
Atg1EAT (28) showed that the asymmetric unit consists of a dimer,
and that the dimer interface is formed by the burial of ∼800 Å2 of
surface area from MIT1. The formation of this interface explains
why α1–α3 are so much less flexible than α4 and α6. The com-
plementary crystallographic and solution data present a consistent
picture that Atg1EAT dimerizes through an extensive interface
involving MIT1 (Fig. 2A).
Because the recruitment of Atg1 to the PAS upon starvation is

a central trigger for autophagy, considerable effort has been

spent in understanding how this is regulated. In particular, the
mechanism whereby the TORC1 complex phosphoregulates the
Atg1 complex has been a major question. In an early model, it
was observed that coimmunoprecipitation of Atg1 and Atg13 is
inhibited in rich medium under conditions when TORC1 is ac-
tive (18, 24). More recent investigation found that Atg1 and
Atg13 form a constitutive complex in yeast (19). Experimental
differences in the mode of cell lysis and immunoprecipitation
thus seem to significantly affect the conclusions of these studies.
We sought to complement these cellular-level analyses with in
vitro biochemistry. We found that Atg1 and Atg13 fragments
bind to each other with near–100-nM affinity. These fragments
were generated in Escherichia coli and so represent the hypo-
phosphorylated states of these proteins that are thought to exist
during starvation in yeast. This figure approaches the concen-
trations at which they are likely to be present in cells (37), al-
though these levels have not been established rigorously. Subject
to the usual limitations of interpreting in vitro studies with re-
spect to cellular mechanism, these results seem potentially con-
sistent with the model that Atg1–Atg13 is a stable complex in
yeast (19). It also seems probable that Atg1 exists in cells under
some conditions separate from its complex with Atg13. In this
event, the exceptional dynamics of the EAT domain will un-
doubtedly affect the properties of Atg1.
We next sought to understand how Atg1–Atg13 interacts with

the preexisting and constitutive Atg17–Atg31–Atg29 scaffold.
The preassembled complex of Atg1–Atg13–interacting regions
binds to Atg17–Atg31–Atg29 with an affinity of near 10 μM.
Thus, the interaction between the subcomplexes is nearly two
orders of magnitude weaker than the interaction between Atg1
and Atg13 within the Atg1–Atg13 subcomplex. The Atg17–
Atg31–Atg29 assembly is so tight that the separate components
cannot be produced, and thus it has not been possible to measure
its affinity. The Kd for the dissociation of the two subcomplexes
from one another is much greater than the plausible cellular
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Fig. 3. Dynamics of the Atg1EAT–Atg13 sub-
complex. (A) Structure of the Atg1EAT–Atg13 complex
colored according to the percentage of deuterons in-
corporated in the presence of Atg13 minus deuterons
incorporated in the absence of Atg13 into Atg1EAT resi-
duesafter 10 s inD2O. Atg13 is inwhite and regions of
Atg1 lacking peptide coverage are in gray. (B) Differ-
ence plot of%D incorporated intoAtg1EAT α-helices in
thepresenceofAtg13minusdeuterons incorporated in
the absence of Atg13 into Atg1EAT segments after 10 s
in D2O. The numbers of the corresponding Atg1EAT
peptides are given at the bottom of the graph. The
Atg1EAT secondary structuredrawing (Upper) illustrates
the two states that were compared in the HDX-MS
analysis. Six predicted α-helices (α1–α6) are colored
according to % D exchange. (C) Representative mass
spectra (m/z scale) of two selected peptides of Atg1EAT
before incubation inD2O (Bottom; monoisotopicmass-
to-charge ratio and charge statearegiven), after 10 s in
D2O in the absence (Atg1EAT) and presence of Atg13
(Atg1EAT–Atg13350–525), or after Atg1EAT unfolding
with 6 M guanidinium hydrochloride followed by
complete deuteration. Arrows above the spectra in-
dicate the bimodal isotope distribution after a 10-s in-
cubation in D2O. The bimodal isotope distribution was
attributed to the relaxed and tense states of Atg1EAT.
The numbers above the spectra refer to the corre-
sponding backbone amides. (D) Relative amount of R
state versus incubation time in D2O. T-to-R transition
kinetics for selectedpeptidesofAtg1EAT in isolationor in
the context of Atg1EAT–Atg13350–525 and the Atg1EAT–
Atg13350–525–Atg17–Atg31–Atg29 complex. A first-
order rate equationwas fitted to the data (solid lines) to give the T-to-R conversion rate constants of 0.05 s−1 and 0.001 s−1 for Atg1EAT andAtg1EAT–Atg13350–525,
respectively. Data are averages of three experiments and error bars represent the SEM.
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concentrations of these proteins. Therefore, additional factors
must participate to drive this interaction. Atg9 and the Rab
GTPase Ypt1 (38) are candidates for such factors. Overall, the
data are consistent with a model in which the assembly of Atg1–
Atg13 with Atg17–Atg31–Atg29 is the most energetically costly
step in the Atg1 assembly pathway at cellular concentrations.
This suggests that it is likely to be a rate-limiting step as well, and
therefore a natural target for regulation.
The analytical ultracentrifugation data add perspective to the

larger organization of the complex. The Atg1–Atg13 subcomplex
acts, structurally, as a nearly independent module within the
larger complex, in the sense that neither the dimerization nor the
dynamics of the complex seems to be perturbed by binding to
Atg17–Atg31–Atg29. The HDX-MS data also add insight into
the role of putative intrinsically disordered regions within the
Atg1 complex. The extensive flexibility in the central region of
Atg13 allows it to bind to Atg1 and so become ordered within the
context of the Atg1–Atg13 complex. Thus, in their functional
form, some regions of Atg proteins that appear to be disordered
based on prediction may in fact be folded together with their
partners. Other regions may genuinely require flexibility. In the

current model for the assembly of the Atg1 complex, the Atg1–
Atg13 subcomplex functions as an essentially independent
module, tethered to the tip of the Atg17–Atg31–Atg29 scaffold
by a flexible region within Atg13.
These results provide a framework for various questions that

remain to be explored. Can the effects of TORC1 phosphory-
lation of Atg13 be accounted for in the context of reduced af-
finity of Atg1–Atg13 for Atg17–Atg31–Atg29? What additional
interactions bolster the moderate 10-μM affinity of the two
subcomplexes for one another, such that the cellular thermody-
namic equilibrium shifts to the pentameric complex in starva-
tion? Given that both the Atg17–Atg31–Atg29 and Atg1–Atg13
complexes are dimers, how are these different types of dimers
arranged into potential higher-order structures at the PAS? How
do these interactions regulate the vesicle-tethering and protein
kinase activities of the Atg1 complex? Among the Atg proteins,
how much of what appears by sequence analysis to be intrinsic
disorder is actually disordered functionally? Here we have pro-
vided some tools and a conceptual framework to move forward
in answering these questions.

Materials and Methods
Analytical Ultracentrifugation. Sedimentation velocity experiments were
conducted at speeds between 98,784 × g and 201,600 × g using a Beckman
Coulter XLI analytical ultracentrifuge. The samples were monitored by ab-
sorbance at 280 nm and by interference. All proteins were dialyzed in 20 mM
Tris·HCl (pH 8.0) and 200 mM NaCl, with 1 mM Tris(2-carboxyethyl)phosphine
added for Atg1EAT. Atg17–Atg31–Atg29 samples were run at 5, 8, and 10 μM,
and Atg1EAT–Atg13350–525 samples were run at 5 and 20 μM. To characterize
the formation of higher-order species when assembling the pentamer,
Atg17–Atg31–Atg29 (2 μM) was incubated with Atg1EAT–Atg13350–525 at
molar ratios of 1:4 and 1:8. The solvent density (1.007 g·mL−1), viscosity
(0.01026 poise), and partial specific volumes that were used for the analyses,
0.7152mL·g−1 (Atg1EAT), 0.7109mL·g−1 (Atg1EAT–Atg13350–525), and 0.7348mL·g−1

(Atg17–Atg31–Atg29 and Atg1EAT–Atg13350–525–Atg17–Atg31–Atg29), were
calculated by SEDNTERP version 20130813 BETA (http://bitcwiki.sr.unh.edu/
index.php/Main_Page) (39). The sedimentation coefficients and apparent
molecular weights were calculated from c(s) analysis using SEDFIT version
14.3e (40, 41). The figures were prepared using GUSSI (http://biophysics.
swmed.edu/MBR/software.html) version 1.0.8d with the sedimentation
coefficients standardized to s20,w.

Isothermal Titration Calorimetry. ITC was conducted with a MicroCal Auto-
iTC200 apparatus (GE Healthcare). Proteins were dialyzed in the same buffer
used for AUC. The binding affinity between Atg13350–525 and Atg1EAT was
determined by using 10 μM maltose-binding protein (MBP)–tagged
Atg13350–525 in the cell and 100 μM Atg1EAT in the syringe. As a control,

 Atg1      :Atg13      
EAT 350-525

 Atg1        
EAT

molar ratio Atg1-Atg13 to Atg17-Atg31-Atg29

 Atg1-Atg13-Atg17-Atg31-Atg29       
 Atg17-Atg31-Atg29        

 Excess Atg1-Atg13      

A

CB

Fig. 4. Assembly of the Atg1EAT–Atg13–Atg17–Atg31–Atg29 complex. (A)
Overlay of the c(s) plots of Atg1EAT and Atg1EAT–Atg13350–525. Both Atg1EAT
and Atg1EAT–Atg13350–525 primarily exist as dimeric species at an s20,w of
4.2 S and 4.7 S, respectively. The concentration of protein used for both
Atg1EAT and Atg1EAT–Atg13350–525 was 20 μM. The c(s) distributions were
normalized to the peak area of Atg1EAT. (B) Representative ITC thermogram
of Atg1EAT–Atg13350–525 binding to Atg17–Atg31–Atg29, yielding a Kd of
11 ± 2 μM. Atg17–Atg31–Atg29 complex (15 μM) was loaded into the ITC cell
and EAT-13 (450 μM) was loaded into the syringe. The thermogram was fit to
a single-site binding model. Error bars are shown for each individual injection
according to the fitting of the baseline (42). (C) Overlay of the c(s) plots of
Atg17–Atg31–Atg29 and the pentamer. Atg17–Atg31–Atg29 exists primarily as
an elongated, dimeric species at an s20,w value of 5.5 S with some formation of
a tetramer at 8.1 S. To assess the oligomeric state of the pentamer, an 8-M
excess of Atg1EAT–Atg13350–525 was mixed with Atg17–Atg31–Atg29 (2 μM).
The c(s) distributions show that the pentamer exists primarily as a dimer at
an s20,w value of 7.9 S. The excess, unbound EAT-13 sediments at 4.9 S. The
c(s) distributions were normalized to the peak area of the Atg17–Atg31–
Atg29 dimer.

 Atg1        EAT

Atg13      

Atg17-Atg31-Atg29 

Fig. 5. Model for Atg1 complex assembly. Atg1EAT–Atg13 is deliberately
shown as a monomer to emphasize interactions with a single copy of Atg17.
The binding site for Atg13 is positioned near the tip of the scaffold (28).
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Atg1EAT was injected into 10 μM MBP (Fig. S8). To measure the interaction
between the two subcomplexes, the cell contained 15 μM Atg17–Atg31–
Atg29 and the syringe contained 450 μM Atg1EAT–Atg13350–525. Experiments
were done at 20 °C, with 20 total injections of 2 μL per injection. The data
were baseline-corrected with NITPIC (42) and loaded into SEDPHAT (43–47)
for global analysis and fitting using a 1:1 model.

HDX-MS Experiments. Amide HDX-MS was initiated by a 20-fold dilution of
stock Atg1EAT, Atg1EAT–Atg13350–525, or MBP-tagged Atg13350–525 (20–40 μM)
into D2O buffer containing 20 mM Tris·HCl (pD 8.0), 200 mM NaCl, and 1 mM
DTT at 30 °C. The pentamer was assembled by incubating Atg1EAT–Atg13350–525
(20 μM) with Atg17–Atg31–Atg29 (354 μM) for a minimum of 1 h at room
temperature before 20-fold dilution into D2O. After intervals of 10 s to
1 h, the exchange was quenched at 0 °C with the addition of ice-cold
quench buffer (400 mM KH2PO4/H3PO4, pH 2.2). Quenched samples were
injected onto an HPLC-MS (Agilent 1100) with in-line peptic digestion
and desalting. Desalted peptides were eluted and directly analyzed by
an Orbitrap Discovery mass spectrometer (Thermo Scientific). The HPLC
system was extensively cleaned between samples. Initial peptide iden-
tification was done by running tandem MS/MS experiments. Peptides
were identified using a Mascot (48) and PEAKS Studio 7 (www.bioinfor.
com) search. Initial mass analysis of the peptide centroids was performed
using the software HDExaminer version 1.3 (Sierra Analytics) followed by
manual verification of every peptide. The deuteron content of the peptic
peptides covering Atg1EAT and Atg13350–525 was determined from the

centroid of the molecular ion isotope envelope. The deuteron content
was adjusted for deuteron gain/loss during digestion and HPLC. Both
nondeuterated and fully deuterated Atg1EAT and Atg13350–525 were
analyzed. Fully deuterated samples were prepared by three cycles of
drying and resolubilization in D2O and 6 M guanidinium hydrochloride.
For the kinetic analysis of the T-to-R transition, the abundance of the
two deuterated mass species was calculated by fitting two Gaussian
peaks to the bimodal isotope cluster. The isotope cluster area of the R
state was divided by the sum of the areas of the bimodal isotope cluster
[R/(R+T)] and plotted as a function of time. The data were fitted using
a first-order rate equation using GraphPad Prism. Experiments were re-
peated three times and errors are given as SEM. For full-length protein
analysis, samples were trapped on a reversed-phase column and desalted
for 3 min before analysis. To analyze deuteron incorporation into full-
length proteins, mass spectra of deuterated proteins were analyzed by
ProMass Deconvolution software (Thermo Scientific). The deuteron
content was adjusted for deuteron gain/loss during HPLC.
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