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STRUCTURAL BIOLOGY

Complete three-dimensional structures of the Lon
protease translocating a protein substrate

Shanshan Li""%, Kan-Yen Hsieh?, Chiao-1 Kuo?, Szu-Hui Lee?, Grigore D. Pintilie?,

Kaiming Zhang'?*, Chung-l1 Chang>**

Lon is an evolutionarily conserved proteolytic machine carrying out a wide spectrum of biological activities by
degrading misfolded damaged proteins and specific cellular substrates. Lon contains a large N-terminal domain
and forms a hexameric core of fused adenosine triphosphatase and protease domains. Here, we report two com-
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plete structures of Lon engaging a substrate, determined by cryo-electron microscopy to 2.4-angstrom resolution.
These structures show a multilayered architecture featuring a tensegrity triangle complex, uniquely constructed
by six long N-terminal helices. The interlocked helix triangle is assembled on the top of the hexameric core to
spread a web of six globular substrate-binding domains. It serves as a multipurpose platform that controls the
access of substrates to the AAA+ ring, provides a ruler-based mechanism for substrate selection, and acts as a
pulley device to facilitate unfolding of the translocated substrate. This work provides a complete framework for

understanding the structural mechanisms of Lon.

INTRODUCTION
Lon is an evolutionarily conserved adenosine 5’-triphosphate (ATP)-
dependent protease found in prokaryotic cytoplasm and eukaryotic
organelles. Lon plays a major role in cellular protein homeostasis by
degrading damaged or misfolded proteins. Lon also participates in
the regulation of diverse biological processes by degrading specific
regulatory proteins (I). Lon has been implicated in the virulence of
many pathogenic bacteria (2-4); mutations and dysregulation of Lon
determine severe diseases and pathologic conditions in humans (5).
Lon is a large multidomain protein that assembles into a homo-
hexamer (6). The N-terminal region contains a bilobal globular
domain (7-10), which recognizes and binds protein substrates (11-13),
followed by a 40-residue C-terminal linker with unknown struc-
tural and functional roles. The fused AAA+ and the protease domains
form a hexameric core complex (14-18), which carries out ATP-
dependent substrate degradation (1). Recent structures of substrate-
bound Lon composed of the AAA+ and the protease domains form
a close-ring hexamer in which the substrate-engaged adenosine
triphosphatase (ATPase) domains show a spiral staircase arrange-
ment; these results have suggested a conserved processive rotary
mechanism for substrate translocation (19-21). So far, none of the
available structures of the hexameric Lon complex contain the
N-terminal region. Consequently, current knowledge and under-
standing of the structure of Lon and its mode of action are frag-
mented. The mechanisms by which Lon selects protein targets as
the substrates, controls access of the substrates to the AAA+ ring,
and mediates the unfolding of the substrates remain poorly under-
stood. A complete structure of the full-length Lon including the

'MOE Key Laboratory for Membraneless Organelles and Cellular Dynamics, Hefei
National Laboratory for Physical Sciences at the Microscale and Division of Life Sciences
and Medicine, University of Science and Technology of China, Hefei 230027, China.
Department of Bioengineering and James H.Clark Center, Stanford University,
Stanford, CA 94305, USA. 3Institute of Biological Chemistry, Academia Sinica, Taipei
11529, Taiwan. *Institute of Biochemical Sciences, College of Life Science, National
Taiwan University, Taipei 10617, Taiwan.

*Corresponding author. Email: kmzhang@ustc.edu.cn (K.Z.); chungi@gate.sinica.
edu.tw (C-1.C)

Lietal., Sci. Adv. 2021; 7 : eabj7835 15 October 2021

functionally indispensable N-terminal region would be key to answer
these fundamental questions.

Here, we report complete three-dimensional (3D) structures of
the Lon protease from Meiothermus taiwanensis (MtaLon), in two
substrate-bound states, determined to 2.4-A resolution by cryo-
electron microscopy (cryo-EM). This work has revealed previously
unknown structural features and new roles of the N-terminal domain;
the structures also show the path of a translocating substrate engaged
by the N-terminal and the AAA+ domains. This study has provided
answers to the mechanistic questions described above.

RESULTS AND DISCUSSION

A tensegrity helix triangle assembled by six

N-terminal helices

In our previous work, MtaLon was purified by size exclusion chro-
matography in the presence of excess amounts of adenosine 5’-[y-thio]-
triphosphate (ATP-y-S) and the model substrate 1g2; the cryo-EM
data yielded a substrate-bound structure with six protomers, of
which only the ATPase domain and the protease domain (residues
241 to 780) were resolved in the map (21). However, when the cryo-
EM specimen was prepared with o-casein, a common model sub-
strate for Lon, processing of the acquired micrographs yielded
cryo-EM maps with interpretable density emerging on the top of
the spirally arranged ring of the ATPase domains. On the basis of
the initial result, more micrograph images were collected, and the
box size was increased for particle extraction (see Materials and
Methods). Image processing with 3D classification eventually yielded
two high-resolution maps to the resolution of 2.4 A (Fig. 1A and
figs. S1 and S2), in which some water molecules could be identified
(fig. S3). These maps (map 1 and map 2) revealed three 78—A—long
shafts crossing over each other to form a triangular structure
mounted on the top of the hexameric core; each of the three inter-
crossed sticks is adjoined by a globular domain structure, similar in
shape to a golf club (Fig. 1A). The density for the three clubheads is
not well resolved; nevertheless, the overall map fits well with the
crystal structure of the globular N-terminal fragment (residues 1
to 206) (13). At a lower threshold, the map further reveals a weak
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Fig. 1. Complete structure of the Lon complex. (A) Reconstructed cryo-EM map of MtaLon in the top (left) and side (right) views. One group of nonadjoining protomers
is colored in orange for the N-terminal and in yellow for the C-terminal regions, and the other group is colored in forest green for the N-terminal and in lime for the C-terminal
regions. The substrate is colored in pink. For better display, different contour levels in Chimera are used: N-terminal regions of the protomers, colored in forest green, 0.1;
N-terminal regions of the protomers, in orange, 0.3; C-terminal regions of all protomers, 0.4; substrate, 0.2. (B) The structure of MtaLon in the top and side views, in the
same coloring scheme as (A). The inset shows a tensegrity triangle containing three a helices as rods. (C) Domain organization of the full-length MtaLon. The locations of
patch-M and patch-C residues, which form the crossover contacts in the tensegrity triangle structure, are marked as p-M and p-C, respectively. (D) Side view of two rep-
resentative protomers (chains A and B) in the same orientation, one with the LH forming an obtuse angle with helix | of 3H (Ob-protomer; shown by chain B, left) and the
other with an acute-angled LH (Ac-protomer; shown by chain A, right). Each of the composed domains is colored in the same scheme as (C). The p-M/C residues are shown
in spheres. (E) Structures of the full-length Lon protomers. The top row shows the top-view arrangements of three Ac-protomers (left; with forest green LHs) and
three Ob-protomers (right; with orange LHs). The bottom row shows the side view of the six protomers with distinct conformational states (P1 to P6); these protomers are
aligned on the basis of the protease domain.
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density for three more golf club-shaped structures. Later, particle
subtraction and focused local refinement were applied to improve
the reconstruction for the N-terminal region. The focused refined
maps, with the resolutions of 3.7 and 4.3 A (figs. S1 and S2), showed
interpretable side-chain features for the helices forming the trian-
gular structure (residues 207 to 240) and allowed us to build the
complete structure of Lon.

We refer to the two determined structures based on map 1 and
map 2 as Conl and Con2, respectively. Because map 1 shows better
quality overall, hereafter, the presentation and description are mainly
based on the structure of Conl (movie S1), unless mentioned otherwise.
The full-length structure of Lon contains three interlocked long he-
lices (hereafter termed LHs), extended from three non-neighboring
protomers in the hexameric complex, forming a tensegrity triangle
structure (22, 23). The tensegrity helix triangle of Lon consists of
three long o helices; each helix intersects with two other helices, and
each of the vertices is connected by crossing over the C-terminal end
of one helix by another helix (Fig. 1B). The LH in each Lon protomer
bridges the N-terminal globular domain (NGD) and the first helix I
of the three-helix bundle (3H) of the AAA+ module via a flexible
glycine-rich hinge loop (Fig. 1C). Each of the three interlocked LHs
joins the AAA+ module by forming an obtuse angle with helix I of the
3H; by contrast, those of the remaining three form an acute angle
(Fig. 1, D and E). The protomers with acute-angled LH (Ac-protomers)
and those with obtuse-angled LH (Ob-protomers) are not adjoining
in the hexameric complex (Fig. 1E). The tensegrity triangle struc-
ture is therefore formed by the LHs of the Ob-protomers; the cross-
overed LHs at every corner are further supported by additional
interhelical contacts with another LH from each of the three Ac-
protomers (Fig. 1, B and E).

Two conserved hydrophobic patches mediating crossover
helix triangle formation

The LHs are involved in two types of interactions in the Lon hexamer:
one making three crossovers of the helix triangle and the other
binding to the crossovered helices. The interhelical interactions are
made possible by the presence of two universally conserved hydro-
phobic patches, patch-M and patch-C, located in the middle and
the C-terminal portions of the LH, respectively (Figs. 1C and 2A).
Patch-M consists of L205, V209, V213, and M217; patch-C consists
of L226, M230, 1233, and L237. The crossover interaction involves
patch-M and patch-C residues from the LHs of two non-neighboring
Ob-protomers; the crossovered helices are further bound by patch-C
residues from the LH of an Ac-protomer (Fig. 2B).

We made two quadruple mutants with the four patch-M residues
(LVVM) and patch-C residues (LMIL) replaced by alanines and tested
their degradation activity against two substrates: Ig2 and a-casein
(Fig. 2C) (17, 18). Ig2 is partially unfolded at 55°C, the preferred
assay temperature for thermophilic MtaLon (17, 18); by contrast,
o-casein is intrinsically disordered. Degradation of Ig2 by MtaLon
strictly requires the N-terminal domain. Some loss of a-casein was
observed by an MtaLon mutant lacking the entire N-terminal do-
main (A1-243) at the initial time point but no further degradation
(Fig. 2C). Both LVVM and LMIL mutants completely lost the activity
to degrade the substrate Ig2. Degradation of a-casein by the quadruple
mutants was severely inhibited to a degree comparable to that by
MtaLon A1-243 mutant (Fig. 2C). The results on a-casein may sug-
gest that only a single round of degradation of a-casein occurs due
to the loss of the N-terminal tensegrity structure, which is required
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for further rounds of o-casein degradation. These results suggest that
patch-M-C and patch-C-C interactions, which mediate the forma-
tion of the prominent triangular structure, are critical for substrate-
degrading activity.

A conserved hydrophobic triad presenting a tyrosine gate

to engage substrate

The helix triangle structure forms an open pore lined with three
copies of the gate residue Y224, whose side chains are each packed
by the neighboring Y225 and M217 from patch-M of a crossing LH
(Figs. 2B and 3A). Y224 and Y225 are also highly conserved in pro-
karyotic and eukaryotic Lon proteins (Fig. 2A); the aromatic side
chains of Y224 make contact with the substrate bound at the center
of the pore (Fig. 3A). Therefore, the gate residue Y224 may play an
essential role to control substrate entry. We conducted mutational
analysis to test the role of each of the triad residues M217, Y224, and
Y225. The results showed that the Y224A and Y224S mutants could
not degrade Ig2 and a-casein, two model substrates with distinct
C-terminal sequences (Fig. 3, B and C). Y224I and Y224L, with shorter
and less bulky hydrophobic side chains, did not show the activity
either. However, the Y224M, Y224F, and Y224W mutants displayed
an activity similar to wild-type MtaLon or the control mutant Q221A
(Fig. 3, B and C). These results suggest that long hydrophobic or
bulky aromatic side chains of the gate residue are essential and suf-
ficient for engaging the substrate. Moreover, we found that M217A,
M217S, Y225A, and Y225S mutations all lost the substrate-degrading
activity; by contrast, M217L, M217Y, and Y225L are active (Fig. 3, Band C).
These results suggest that hydrophobic stacking interactions among
the triad residues are also important, perhaps for positioning the
hydrophobic side chain of the gate residue Y224 for effective sub-
strate interaction; a flexible side-chain conformation of Y224 in the
pore may instead impede entry of substrate polypeptide. In line
with this notion, Y224H was not active; in the mutant, the charged
aromatic side chain of H224 may not stack with M217 and Y225
(Fig. 3, B and C).

A translocation pathway delineated by the interlocked
helices and the AAA+ pore loops

At the center of the triangular gate encircled by Y224, the maps re-
veal density for the translocating substrate, which extends down the
central axis of the hexamer (Fig. 4A). After residue i + 3, the density
becomes weaker and visible only at lower threshold. After residue
i+ 5, the density for the translocating polypeptide backbone becomes
stronger and remains continuous until residue i + 22 (Fig. 4B). The
translocating substrate is engaged by pore-loop-I residues Y397 and
1398, the two acting as a pincer gripping the peptide bond moieties
of every other residue of the substrate polypeptide; the substrate
backbone is also captured by pore-loop-II residue W431. These pore-
loop-I and pore-loop-II residues are contributed by four protomers
P1 to P4 arranged spirally in a clockwise descending order; together,
they demarcate the full path for a translocating substrate engaged
by the AAA+ domains (Fig. 4B). The protomers P5 and P6 serve as
two ascending nonengaging “seam” protomers, an arrangement
similar to human mitochondrial Lon but not Yersinia pestis Lon (19-21).
In Conl, the P1 substrate-engaging protomer is an Ac-protomer,
with an acute-angled LH, whereas in Con2, the P1 protomer is an
Ob-protomer; therefore, Conl and Con2 may be regarded as two
sequential conformational states in the ATP-hydrolysis cycle, which
proceeds counterclockwise in each of the six protomers (Fig. 4C).
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Fig. 2. Analysis of the interhelical interactions forming a tensegrity helix triangle. (A) Structure-based sequence alignment of LH. The conserved hydrophobic resi-
dues constituting patch-M and patch-C are shaded. The conserved Y224 making contact with the substrate is indicated by the asterisk. The UniProt IDs of the aligned Lon
proteins are as follows: AOAO59VAZ3 for M. taiwanensis, AOA5P8YJ65 for Y. pestis, POAIMO for Escherichia coli, P37945 for Bacillus subtilis, P36776 for Homo sapiens, P36775
for Saccharomyces cerevisiae, and P93655 and 064948 for Arabidopsis thaliana. Mt and px are abbreviations for mitochondrion and peroxisome, respectively. (B) Two
views showing the interlocked triangle complex of six LHs and their C-terminally linked 3Hs. The dashed box on the right shows the zoom-in view of the crossover inter-
helical interaction sites by LHs from two Ob-protomers (orange; 3Hs colored in yellow) and one Ac-protomer (forest green; 3Hs colored in lime), mediated by the hydro-
phobic residues of patch-M and patch-C. Y224 is indicated by the asterisk. (C) Mutational analysis showing the essential role of the hydrophobic residues in patch-M and
patch-C on the activity of Lon. The substrate bands in the gels are indicated by arrowheads, and the names are shown below each gel image. Histograms of the substrate
bands, which were scanned and quantified, are plotted below as means + SD. Each gel assay was repeated three times.
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Fig. 3. Substrate-entry gate and mutational analysis. (A) Structure of the substrate-entry gate formed by three LHs from Ob-protomers (orange), with key residues
shown in sticks. The bound substrate is shown in pink sticks. (B) Mutational analysis of the hydrophobic triad M217, Y224, and Y225. The C-terminal sequences of two
tested substrates are listed. Q221, shown in gray sticks in (A), is used as a mutation control. (C) Summary of the substrate-degrading activity of the mutants. The top-view
diagram on the left illustrates the side-chain packing interaction of the triad residues M217, Y224, and Y225. The letter “S”indicates the bound substrate. Each gel assay

was repeated three times.

On the basis of Conl and Con2 structures, it was possible to extrapolate
additional conformational states associated with the subsequent steps
in the ATPase cycle (movie S2). In both Con1 and Con2 structures,
the substrate-engaging protomers P1, P2, and P3 are bound to
ATP-v-S; the engaging P4 and nonengaging P5 are bound to ade-
nosine 5'-diphosphate (ADP). Notably, the nonengaging protomer
P6 is bound to ATP-y-S in Conl but ADP in Con2 (Fig. 4C and
fig. S4). This result suggests that the seam protomer P6 is in a con-
formational state permitting ADP-to-ATP exchange, which lends
experimental support to the proposed processive rotary model for
substrate translocation (24).

Lietal., Sci. Adv. 2021; 7 : eabj7835 15 October 2021

Implication of the tensegrity helix triangle

on the assembly process

The unique interlocked helix triangle structure assembled in a
homohexameric complex may presume a specific assembly process.
One possibility is to involve a specific protomer dimer pair as the
building block (fig. S5), joined by an Ac-protomer and an Ob-
protomer, of which their LHs interact with each other via patch-C
residues (Fig. 2B). A previous study has shown the monomers and
dimers of Lon in solution (25). An Ac-Ob dimer may be bound by
the second Ac-Ob dimer, joining counterclockwise to form a tetramer,
thereby forming a LH crossover joint. Forming the final hexamer
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@ ATP4-S
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Fig. 4. Engagement of Lon with a-casein and the nucleotides. (A) Focused refined map and molecular model of the triangular gate formed by interlocked LHs, shown
in the top (top) and cutaway side (bottom) views. The map is contoured at 6.5 . The density for the bound substrate (pink) is modeled with poly-Ala, with the residues
denoted by i +n, where n is a positive integer. The LHs are colored in the same scheme as Figs. 1A and 2B. (B) Cryo-EM map and poly-Ala model of the substrate, shown
in the top (top) and side (bottom) views, which is bound by the pore-loop-I residues Y397 and 1398 and by pore-loop-Il residue W431, shown in sticks, of four engaging
protomers (colored in four different shades of blue). The maps with matching colors were contoured at 4.0 ¢ for both the substrate and pore-loop-I residues and at 3.5 ¢
for pore-loop-Il residues. (C) Top view of the Con1 and Con2 structures and cartoon illustrations. On the left, the structures are shown in spheres for the AAA+ and prote-
ase domains. The N-terminal portions are shown in ribbons and cylindrical helices in the same coloring scheme as Fig. 1B. Substrate, ATP-y-S, and ADP are colored in pink,
red, and blue, respectively. On the right, cartoons show the protomers in four substrate-engaging conformational states (P1 to P4, in four different shades of blue) and
two nonengaging conformational states (P5 and P6, in two shades of gray). ATP-y-S and ADP are represented by red circles and blue squares, respectively. The substrate

is represented by a pink hexagon. The nucleotide assumed to undergo hydrolysis is marked by a lightning symbol.

may be completed by adding the third Ac-Ob dimer or, alternative-
ly, by a monomer binding next to the exposed Ac-protomer to form
an Ob-protomer, completing the triangular LH crossovers, followed
by the sixth monomer joining as the final Ac-protomer for completion.
This model is consistent with previous chemical cross-linking results,
suggesting a dimer < tetramer <> hexamer assembly model (26).

A triangular platform for substrate binding, selection,

and unfolding

This work uncovers a tensegrity helix triangle previously not described
in proteins. The unique interlocked helix structure is mounted on
the top of the AAA+ rings, serving as a scaffold to spread a web of
six substrate-binding NGDs (Figs. 1B and 5A). NGDs show different
degrees of flexibility (fig. S6); some of them tumble independently
of the hexameric complex (13). These NGDs have been shown to
selectively bind to the exposed hydrophobic regions of the folded or
unfolded protein substrates (13). Here, the NGDs further serve as
the compression elements for the tensegrity structure, allowing the
multiple LHs to be stably mounted on the top of the AAA+ ring for
interacting with diverse protein substrates with different folding

Lietal., Sci. Adv. 2021; 7 : eabj7835 15 October 2021

states and molecular sizes. The open gate formed in the helix trian-
gle is located at the central axis of the hexamer where the gate residue
Y224 is ~21 A above the pore-loop-I 1398 of the substrate-engaging
P1 protomer. The substrate polypeptide chain captured by Y224
and 1398 encompasses a segment of seven to eight residues. Many
characterized Lon substrates are large or incompletely synthesized,
folded or partially unfolded proteins or polypeptides carrying an
exposed region (or degron) of at least seven residues at the C termi-
nus rich in hydrophobic and aromatic residues (27-31). A protein
with a shorter C-terminal tail, with less than seven to eight residues,
would unlikely be degraded, as the short tail would not be able to
reach beyond the triangular gate to be engaged by the pore-loop-I
residue. Therefore, the structural features of the mounted multihelix
platform suggest that it may function as a ruler to measure and
target diverse protein substrates with sufficiently long C-terminal
tails (Fig. 5B).

According to the processive rotatory model, the translocating
substrate polypeptide chain is pulled by pore-loop residues of the
AAA+ domains in processive movement powered by sequential rotary
ATP hydrolysis around the hexameric ring. The gated triangular
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Fig. 5. Structural features and mechanism of Lon. (A) Side (left) and top (right) views of the structure of Lon highlighting the multitier architectural features. To reveal
the engaged substrate (colored in pink) inside the core chamber, the AAA+ and protease domains of the nonengaging protomers E and F are removed for clarity. From
the top down, the NGDs are shown in wheat spheres, the LHs (in orange) and 3Hs (in green) are shown in cylindrical helices, and the core complex of the AAA+ and pro-
tease domains are shown as sky blue and brown spheres, respectively. The substrate-engaging Y224 and all the pore-loop residues are highlighted in red. (B) Schematic
diagram of cutaway view illustrating the structural features and molecular mechanism of Lon. The NGDs (colored in yellow) bind substrates with exposed hydrophobic
region. The LH-3H framework (in orange and green, respectively) carries out selection of substrates with a sufficiently long (>7 to 8 residues) exposed tail rich in aromatic
or hydrophobic residues, which interact with the gate residue Y224 (shown in three red ovals). The LH platform mounted on the top of the AAA+ ring (in sky blue) with a
triangular gate forms a pulley-like structure to trigger substrate unfolding by translocation of substrate polypeptide, which requires the four sets of pore-loop residues
(denoted by red dots) and ATP-powered conformational changes of the AAA+ ring. In the core chamber, the translocated polypeptide is degraded by the protease do-

mains (in brown) by a mechanism not depicted here. aa, amino acid.

platform may form a pulley-like structure functionally coupled to
the motile AAA+ ring. A substrate undergoing translocation may
be regarded as in an engaged state that its exposed tail threading
through the gate is gripped by the spiraling AAA+ pore loops below
the triangular platform, while the other exposed hydrophobic re-
gions are bound by the multiple NGDs protruding above the trian-
gular platform. The pulley-like feature may thus serve to convert
the directional pull of the translocating substrate into mechanical
force to facilitate unfolding of the substrate (Fig. 5B). The global
stability and plasticity of the pulley-like platform are strategically
provided by the tensegrity structure formed by the N-terminal heli-
ces. In light of the present work, the full-length structures of other
AAA+ protease complexes with analogous activities may show sim-
ilar substrate selection and pulley-like molecular features; this spec-
ulation awaits experimental evidence from future structural studies.

Lietal., Sci. Adv. 2021; 7 : eabj7835 15 October 2021

MATERIALS AND METHODS

Cloning and mutagenesis

Gene encoding wild-type MtaLon with a C-terminal 6xHis-tag was
cloned into pET21a(+) vector, which was used as the template for
site-directed mutagenesis, as previously described (17). All mutants
were constructed by site-directed mutagenesis (the primers are listed
in table S2). All constructs in this study were sequenced before
use by the DNA Sequencing Core Facility of Academia Sinica
(AS-CFII-108-115).

Protein expression and purification

Cells were grown in LB medium at 37°C until the optical density
reached 0.8. Isopropyl-B-p-thiogalactopyranoside was then added
to a final concentration of 1 mM to the culture and incubated for
another 4 hours at 25°C, allowing expression of the full-length
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MtaLon. Cells were harvested by centrifugation and suspended in
lysis buffer containing 50 mM tris-HCI (pH 8.0) and 500 mM NaCl.
Cell lysate was ruptured by a French press (Avestin) and centri-
fuged at 35,000g. The supernatant was collected and incubated with
Ni-nitrilotriacetic acid resins (Qiagen) at 4°C for 2 hours. The resins
were loaded into an open column, washed with 20 mM imidazole,
and lastly eluted with 250 mM imidazole. The eluted protein was
dialyzed against a buffer containing 20 mM tris-HCI (pH 8.0), 100 mM
NaCl, and 2 mM dithiothreitol (DTT).

Purified MtaLon was incubated with 10 mM MgCl, for 1 hour
and then incubated with 1 mM bortezomib, 5 mM ATP-y-S, and
o-casein (Sigma-Aldrich; in fivefold molar excess) overnight. Before
cryo-sample preparation, the mixture was treated by adding an
additional 1 mM ATP-y-S.

Cryo-EM data acquisition

The substrate-engaged MtaLon sample was diluted at a final con-
centration of around 0.5 mg/ml. Three microliters of the sample
was applied onto glow-discharged 200-mesh R1.2/1.3 Quantifoil
copper grids. The grids were blotted for 4 s and rapidly cryocooled
in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific)
at 4°C and 100% humidity. The sample was screened using a Talos
Arctica cryo-electron microscope (Thermo Fisher Scientific)
operated at 200 kV. It was then imaged in a Titan Krios cryo-
electron microscope (Thermo Fisher Scientific) at a magnification of
x96,000 (corresponding to a calibrated sampling of 0.82 A per
pixel). Micrographs were recorded by EPU software (Thermo
Fisher Scientific) with a Falcon 4 detector, where each image
was composed of 40 individual frames in gain-normalized mrc
format with an exposure time of 5.8 s and an exposure rate of
8.28 electrons/s per square angstrom. A total of 6479 movie stacks
were collected.

Single-particle image processing and 3D reconstruction

All micrographs were first imported into Relion (32) for image pro-
cessing. The motion correction was performed using MotionCor2
(33), and the contrast transfer function was determined using
CTFFIND4 (34). Then, the micrographs with “rlnMotionEarly < 10”
and “rInCtfMaxResolution < 5” were selected using the “subset se-
lection” option in Relion. All particles were autopicked using the
NeuralNet option (threshold 1 = 0; threshold 2 = —5) in EMAN2
(35). Then, particle coordinates were imported to Relion, where the
poor 2D class averages were removed by several rounds of 2D clas-
sification. Notably, we initially extracted the particles with a box size
of 256 pixels and found some extra density on the top of the hexamer
core from 2D analysis; therefore, the box size was increased to
336 pixels to include all possible densities from N termini (fig. S1). A
total of 692,834 particles were transferred to cryoSPARC (36) for ab
initio map generation. Then, a good class with apparent N termini
and better-resolved AAA+ and protease domains, containing 317,318
particles, was subjected to homogeneous refinement, and a 2.3-A
map was obtained. However, the features of N termini were not clearly
visible, indicating their heterogeneity. Therefore, another round of
heterogeneous refinement was performed to further classify the
particles, and two good classes (Conl and Con2) having distinct
N termini were generated. Homogeneous refinement and local re-
finement were then conducted to achieve the final maps. A 2.4-A
map from 158,553 particles for Conl and a 2.4-A map from 156,330
particles for Con2 were lastly obtained. To better resolve the
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N-terminal region, particle subtraction and local refinement on
this region were applied, resulting in two locally refined maps
of the N-terminal region with the resolutions of 3.7 and 4.3 A, re-
spectively. Resolutions for the final maps were estimated with the
0.143 criterion of the Fourier shell correlation curve. Resolution
maps were calculated in cryoSPARC using the “Local Resolution
Estimation” option. The figures were prepared using Chimera
(37) and PyMOL (38) (see more information in figs. S1 and S2 and
table S1).

Model building

Model building was first performed on the 2.4-A-resolution cryo-
EM map of Conl. The crystal structure of a hexameric Lon protease
(residues 244 to 780) (Protein Data Bank ID: 4YPL) from our previ-
ous work (18) was rigidly fitted into the cryo-EM map. As the six
protomers were conformationally different in the cryo-EM density,
molecular dynamics flexible fitting (MDFF) (39) was used. The MDFF
was completed in three runs, where each run included 10* minimi-
zation steps and 10° molecular dynamics steps. After no noticeable
deformation, the MDFF was stopped. The resultant model was re-
fined using phenix.real_space_refine (40).

To model the N-terminal domain of Conl, a locally refined map,
at 3.7-A resolution, was used together with the crystal structure of
the N-terminal fragment (residues 1 to 206) (13). The region (resi-
dues 207 to 237) that was previously unresolved was modeled using
SWISS-MODEL (41). These models were combined and rigidly fitted
into the locally refined map and subjected to one round of MDFF,
followed by optimization by Coot (42) and phenix.real_space_refine.
The resulting model was then docked into the 2.4-A full map. The
linker (residues 238 to 243) between the N-terminal domain and
the AAA+ module was manually built using Coot to complete the
full-length model of Conl. Then, phenix.real space_refine and
Coot were applied for model optimization.

The type of the bound nucleotides, ADP or ATP-y-S, was deter-
mined by LigandFit in Phenix, with an overall correlation coeffi-
cient of the ligand to the map of more than 0.7. The bound substrate
(a-casein) was manually built with Coot. The complete model con-
sisting of the full-length MtaLon, bound nucleotide, and substrate
was optimized using phenix.real_space_refine.

The same modeling procedures were also conducted on the 2.4-A
full map and 4.3-A locally refined map of Con2. The final models
were evaluated by MolProbity (43). Statistics of the map reconstruc-
tion and model building are summarized in table S1. All figures
were prepared using PYMOL and Chimera.

Substrate degradation assay

Ig2 as a model substrate of MtaLon has been reported previously (17).
Ig2 (4 uM) or o-casein (8 uM) was incubated with 0.8 uM MtaLon
(hexamer concentration) in the reaction buffer containing 50 mM
tris-HCI (pH 8.0), 10 mM MgCl,, 1 mM DTT, and 5 mM ATP at
55°C. At different time points, reaction aliquots were stopped by
adding 5x SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
loading dye and heated at 95°C for 5 min. Substrate degradation
was assessed by SDS-PAGE (SurePAGE gel, 4 to 20% Bis-Tris,
Genscript) and Coomassie Blue staining. The substrate band inten-
sities were scanned by Image] (National Institutes of Health); data
were analyzed using Prism 5 (GraphPad Software Inc., San Diego,
CA, USA) and presented as means = SD of three independent
experiments.
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