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Abstract: The protein quality control network (pQC) plays critical roles in maintaining protein and cellu-
lar homeostasis, especially during stress. Lon is a major pQC AAA+ protease, conserved from bacteria
to human mitochondria. It is the principal enzyme that degrades most unfolded or damaged proteins.
Degradation by Lon also controls cellular levels of several key regulatory proteins. Recently, our group
determined that Escherichia coli Lon, previously thought to be an obligate homo-hexamer, also forms
a dodecamer. This larger assembly has decreased ATPase activity and displays substrate-specific
alterations in degradation compared with the hexamer. Here we experimentally probe the physical
hexamer-hexamer interactions and the biological roles of the Lon dodecamer. Using structure predic-
tion methods coupled with mutagenesis, we identified a key interface and specific residues within the
Lon N domain that participates in an intermolecular coiled coil unique to the dodecamer. With this
knowledge, we made a Lon variant (Lon"®) that forms a dodecamer with increased stability, as deter-
mined by analytical ultracentrifugation and electron microscopy. Using this altered Lon, we character-
ize the Lon dodecamer’s activities using a panel of substrates. Lon dodecamers are clearly functional,
and complement critical Jon- phenotypes but also exhibit altered substrate specificity. For example,
the small heat shock proteins IbpA and IbpB are only efficiently degraded well by the hexamer. Thus,
by elucidating the intermolecular contacts connecting the hexamers, we are starting to illuminate how

Abbreviations: AUC, analytical ultracentrifugation; EM, electron microscopy; Ibp, inclusion body binding protein; sHSP, small heat
shock protein.
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Summary statement Lon protease degrades several critical regulatory proteins and maintains protein quality control. We charac-
terized a variant of Escherichia coli Lon that preferentially forms a dodecamer; an assembly that has distinct activities and sub-
strate recognition compared with the Lon hexamer. This variant served as a molecular probe to investigate the biological roles of
the dodecamer—hexamer equilibrium in vivo and in vitro. This work thus highlights new aspects of the complex molecular pro-
cesses that control Lon activity.
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dodecamer formation versus disassembly can alter Lon function under conditions where controlling
specific activities and substrate preferences of this key protease may be advantageous.
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regulated proteolysis

Introduction

The protein quality control (pQC) network is integral
for maintaining cellular homeostasis and viability dur-
ing and after stress by preventing the accumulation of
potentially toxic unfolded, damaged, and aggregated
proteins. This system is composed of several enzymatic
machines, including protein chaperones, disaggre-
gases, and proteases. One of the central proteases
responsible for pQC is Lon, as it degrades the majority
of unfolded proteins in bacteria and is thought to per-
form a similar function in human mitochondria.>? Lon
is a highly conserved member of the AAA+ (ATPases
associated with diverse cellular activities) protease
family, which also includes ClpAP, ClpXP, FtsH,
HsIUV, and the 26S proteasome.® In bacteria, Lon also
modulates levels of several short-lived regulatory pro-
teins induced during cellular stresses, including heat
shock and DNA damage.*® In humans, mitochondrial
Lon antagonizes aging by degrading oxidatively dam-
aged proteins,” and Lon is identified as a potential
therapeutic target to treat both lymphoma and bladder
cancer.®?

Lon assembles into a barrel-shaped homo-
hexamer with the proteolytic active sites sequestered
in an internal chamber, largely inaccessible to folded
proteins; this architecture serves to prevent degrada-
tion of non-substrate proteins. After substrate bind-
ing, Lon uses the power of ATP hydrolysis coupled to
conformational changes to wunfold substrates
(if necessary), and then to translocate the polypeptide
chain through a central pore into the degradation
chamber.®!! Lon often recognizes unfolded proteins
via short peptide sequences (degrons) exposed in the
unfolded protein that are buried and inaccessible in
the folded version. The beta-20 peptide (or B-20), iso-
lated from unfolded p-galactosidase, is an example of
this type of degron.'? Lon also degrades multiple
other classes of substrates. In many of these
instances, Lon recognizes folded proteins through
unstructured peptide degrons displayed on the pro-
tein surface, such as in an exposed loop or near the
termini. For example, Lon specifically recognizes the
last 20 amino acids of the cell division inhibitor SulA
and also the first 21 residues of the superoxide
response regulator SoxS.%>1% In contrast, Lon can also
bind certain folded protein domains lacking any
known degron peptide; this class of substrate is
represented by the a-crystallin domains of the small
heat shock proteins (sHSPs, IbpA, and IbpB in bacte-
ria).? Thus, the pool of Lon substrates and the
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mechanisms of recognition for degradation are both
important and diverse.

Each Lon monomer contains three functional
sub-regions: the N domain, AAA+ ATPase module,
and a protease domain. The ATPase and protease
domains are the most well-conserved regions of Lon.
Interestingly, the ~300 residue N domain is the most
variable region in primary sequence among Lon
homologs, and it is also the least well understood in
function.'* Multiple lines of evidence indicate a role
of the N domain in mediating recognition and proces-
sing of certain Lon substrates.!®~® However, the pre-
cise binding interface and molecular interactions that
underlie recognition of most Lon substrates remain
unknown. Furthermore, deletion of portions of the N
domain can alter or ablate both ATPase and protease
activity, indicating the N domain also plays a critical
role in assembly and/or control of the entire
machine.'*® More recently, we discovered an addi-
tional role for the Lon N domain in the Escherichia
coli enzyme: to mediate the higher-order assembly of
a Lon dodecamer.2’

In this previous study, we showed that Lon
homo-hexamers associate in a head-to-head fashion
to form a large, ellipsoid-shaped dodecamer based on
an electron microscopy reconstruction.?’ Modeling of
the individual structural regions of Lon strongly sug-
gested that this association is mediated by intermole-
cular interactions between N domains. Protein
association constants and in vivo concentration mea-
surements indicate that the ratio of Lon dodecamer
to hexamer is likely close to equal during balanced
growth and increases when lon gene expression is
induced under stress (e.g. heat shock).2® In vitro anal-
ysis reveals that increasing dodecamer population
correlates with approximately 10-fold lower ATPase
activity as well as slower degradation of certain sub-
strates.2® Other reports identified multiple binding
partners that modulate Lon activity in various ways,
including DNA, inorganic polyphosphate, and protein
adaptors.212* Therefore, Lon binding to itself via
dodecamer formation may represent an additional
mechanism by which intermolecular interactions con-
trol Lon activity or tune substrate preference in addi-
tion to these other well-studied binding effectors. In
light of these findings, we designed experiments to
better understand the structural basis of dodecamer
formation and possible biological roles of the Lon
dodecamer during different, potentially stressful,
growth conditions that require pQC.

Activity and Functions of the Lon Dodecamer



Here, we report mutagenesis and chemical cross-
linking studies that identify a precise segment of the
Lon N domain in mediating dodecamer assembly.
Importantly, we find a Lon variant carrying mutations
in this region that preferentially forms dodecamers. The
Lon V217A/Q220A (Lon"®) variant, in which residues
Val217 and GIn220 that are present in a region pre-
dicted to form intermolecular coiled coils between hex-
amers were mutated to alanine, showed an increased
propensity to form dodecamers both in solution and by
EM analysis. This Lon"® variant was analyzed bio-
chemically as well as expressed in vivo. Our results indi-
cate that the dodecamer is active, although it exhibits
alterations in substrate selection and/or degradation.
Similar changes in substrate choice are observed both
in vivo and in vitro, strongly suggesting that Lon'®
exists largely in dodecamer form under standard growth
conditions. Cells expressing only Lon"® are healthier
than Lon-deficient strains during normal growth and
perform similarly to wild-type Lon in a panel of in vivo
bioassays except for degradation of small heat shock
proteins. Thus, we conclude that the dodecamer success-
fully completes many of the Lon protease’s important
regulatory functions while modifying substrate choice,
perhaps to better manage protein quality control under
conditions such as UV, heat, and oxidative stress.

Results

Identification of N domain interactions
underlying Lon dodecamer formation
Our previous work identified that Lon forms a dodecamer
and suggested that intermolecular N domain interac-
tions were likely responsible. This model of Lon dodeca-
mer assembly was constructed using low-resolution
transmission electron microscopy (EM) image analysis.2’
The resulting ellipsoidal electron density map was suffi-
cient to model two barrel-shaped hexamers at the distal
ends of the dodecamer corresponding to the Lon ATPase
and protease modules [Fig. 1(a)l. The two barrels were
then bridged by six extended helical structures, which
were modeled as six N domain dimers forming end-to-
end interactions that mimic two-stranded, antiparallel
coiled coils [Fig. 1(a)]. Although the model informs that
the Lon N domains are primarily responsible for dodeca-
mer formation, the specific intermolecular interactions
necessary to stabilize this large assembly could not be
obtained due to the low resolution of the EM map
(~35-40 A).2° Therefore, to identify the specific residue
contacts that underlie dodecamer assembly, we carried
out bioinformatics analysis followed by scanning muta-
genesis and crosslinking studies targeted at residues pre-
dicted to participate in N domain interactions.
Inspection of the isolated E. coli Lon N domain
crystal structure reveals an extended o-helix
(Residues 189-242), which contains more than one
region with a high probability of forming coiled-coil
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interactions based on primary sequence analysis.2%2¢

Using the Lon EM dodecamer model, we constrained
our bioinformatics predictions to be dimeric, antipar-
allel, coiled coils. Candidate residues for subsequent
cysteine mutagenesis and crosslinking were identified
from several models predicted using Drawcoil 1.0,
including Val209, Ile213, Val217, GIn220, Ser224,
and Tyr228 (Fig. S1).2” We purified Lon variants in
the presence of reducing agent, then rapidly diluted
into Lon reaction buffer containing ATPyS (a non-
hydrolyzable ATP analog) and the oxidizing catalyst
copper phenanthroline, and monitored crosslinking
over time by SDS-PAGE. In the presence of the oxi-
dizing catalyst, wild-type Lon (Lon™7), which has six
cysteine residues but none located in the predicted
coiled-coil region, showed no disulfide-based cross-
linking [Fig. 1(b)]. In contrast, we identified two cys-
teine variants from the six candidates, Val217C
(Lon"?'"C) and GIn220C (Lon®?2°C), that reproducibly
yielded fast and robust intermolecular disulfide cross-
linking [Fig. 1(c,d)]. Dimer formation increased over
time, suggesting these two residues are likely partici-
pating in the antiparallel coiled-coil interface
between two Lon hexamers. Additionally, low levels
of oligomerization were detected for both variants
even without an oxidizing catalyst, indicating that
the absence of a reducing agent alone is sufficient for
spontaneous disulfide-bond formation. Finally, treat-
ment of the oxidized samples with reducing agent
resulted in a loss of the higher molecular weight spe-
cies in SDS-PAGE, confirming that the cysteine-
based disulfide crosslinking was responsible for the
formation of the SDS-resistant dimers. A model of an
antiparallel coiled coil that is consistent with our
results and the corresponding bioinformatics helical
wheel diagram are shown in Figures 1(e) and S1.

Mutation of Val217 and GIn220 shifts Lon
population toward dodecamer

To further probe the role of residues Val217 and
GIn220 in dodecamer formation and stabilization,
both residues were mutated to alanines, and the
resulting variant (Lon V217A/Q220A, henceforth
Lon"®) was characterized biophysically using analyti-
cal ultracentrifugation (AUC). Our previous study
showed Lon"T sediments as a mixture of oligomer
assemblies, and the percentage of dodecamer in the
population increases with concentration.?’ Due to the
interconversion between hexamer and dodecamer, all
future references to Lon concentration will be in
monomer equivalents. Both Lon"T and Lon"®
assayed using sedimentation velocity AUC at multi-
ple concentrations in the presence of ATPyS (Fig. 2).
The previously calculated dissociation constant
between dodecamer and hexamer for Lon"T
approximately 1-3 pM (monomer equivalents). Inter-
estingly, Lon'® also sediments as a mixture of
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Figure 1. The Lon dodecamer forms via putative N domain coiled-coil interactions. (a) Low-resolution electron microscopy 3D
reconstruction presents a model for dodecamer formation via the association of Lon N domains through antiparallel coiled coils.
Lon N domain dimers are in green with the predicted coiled-coil region colored blue, the hexameric ATPase and protease domains
are colored tan, and the electron density map is shown as a gray mesh. Details for model reconstruction were described
previously?°. (o-d) Copper phenanthroline catalyzed crosslinking of Lon"’T and Lon variants analyzed by SDS-PAGE. Lon proteins
(20 pM) were incubated with catalyst (+Phen) for the indicated times, then reduced with 10 mM p-mercaptoethanol and 5 mM DTT

(Red.). Lon™T (b) shows no crosslinking in the presence of phenanthroline whereas Lon

V217C (C) Q220C (d)

and Lon both show a

time-dependent increase in crosslinking with oxidizing agent. All crosslinking was abolished by addition of reducing agent. Solid
line indicates a portion of the gel that was removed for clarity. (€) Bioinformatics analysis was used to create a theoretical model
of the Lon N domain antiparallel coiled-coil interactions (cartoon representation, colored as in (a). The residues chosen for
mutagenesis (shown in stick representation) were mapped on the E. coli Lon N domain structure (PDB 3LJC). Two Lon N domain
monomers were manually modeled in an antiparallel conformation to mimic the potential interaction surface and residues Val217
and GIn220 are highlighted in dark blue. The lower case letters denote the coiled-coil heptad position as displayed in Fig. S1.

hexamer and dodecamer, however, this variant exhib-
ited a higher percentage of dodecamer populated com-
pared with Lon™T at all concentrations tested.
Importantly, at lower concentrations (e.g. 3 and
1.5 pM) where Lon™7 is presumed to be predomi-
nately hexamer, Lon"® is still predominately dodeca-
mer and the relative amount of dodecamer increases
with increasing concentration. At the concentration
where Lon"" approximately equally populated the
hexamer and dodecamer, Lon"® was calculated to be
over 75% dodecamer. Furthermore, at the highest
concentration assayed, Lon'® was more than 90%
dodecamer. Using these data, the Lon"® variant was
calculated to have a dissociation constant of
~0.5 + 0.1 pM, about 5-fold tighter than that of
Lon%T (see Materials and Methods). Therefore, the
Lon"® variant exists predominately as a dodecamer
in solution, even at concentrations where Lon™T
exists mostly as a hexamer.
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Next, we analyzed the oligomeric propensity of
the Lon"® variant using EM (Fig. 3). Both Lon"" and
Lon"® samples were diluted to the same starting con-
centration, which populates primarily dodecamers for
both variants (11 pM monomer). The samples were
incubated at 37°C with ATP and MgCl,, then the
reaction quenched with ATPyS. Samples were diluted
to 340 nM, immediately immobilized on grids, and
stained with uranyl acetate before imaging. Individ-
ual hexamer and dodecamer particles were chosen
over multiple images and quantified. Lon"' EM
images displayed approximately 43% hexamer and
57% dodecamer particles. Under the same experimen-
tal conditions and protein concentrations, the Lon'®
particles were approximately 21% hexamer and 79%
dodecamer. Although this procedure is not a true
equilibrium experiment as time of dilution, the grid
surface, and a capacity of being able to more easily
identify some types of particles than others could all

Activity and Functions of the Lon Dodecamer
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Figure 2. Lon"? preferentially forms dodecamers in solution.
Sedimentation velocity analytical ultracentrifugation of LonW"
(solid line) and Lon"? (dashed line). Sedimentation analysis
shows the Lon"® variant forms a higher percentage of
dodecamers in solution. The population of dodecamer
increases with concentration for both Lon variants; however,
at each concentration shown, there is a higher dodecamer
population for LonV® compared with LonV". The C(S20,w) Values
for each concentration series were offset by a standard value
for clarity.

influence the quantification. Nonetheless, this EM
characterization confirms the crosslinking experi-
ments presented above in identifying Lon residues
Val217 and GIn220 as being involved in dodecamer
stabilization.

Lon"? displays biochemical activities comparable
to the Lon""™ dodecamer

Previous studies revealed that Lon’s intrinsic ATPase
activity (not stimulated by protein substrate) decreases
with increasing protein concentration and the coinci-
dent dodecamer formation.?’ Based on these basal

ATPase activities, the Lon dodecamer hydrolyzes ATP
approximately 10-fold slower than the hexamer. We
assayed ATPase activity for Lon"® at concentrations in
which Lon"? was either predominately hexamer or pre-
dominately dodecamer (each with the same number of
monomer equivalents) [Fig. 4(a)l. At lower concentra-
tions where Lon"T is mostly hexamer (0.75 pM), Lon"®
displayed an approximately 1.5-fold slower basal
ATPase activity. As the concentration of Lon increases,
so does the amount of dodecamer present in the sample.
At 12 pM Lon monomer, where the majority of Lon™ " is
predicted to be dodecamer, Lon"® had nearly identical
ATPase activity compared with Lon"". Notably, at
monomer concentrations at or below the dissociation
constant for Lon"'", LonV® had depressed ATPase activ-
ity compared with Lon" " . These activity assays thus
confirm our previous biophysical studies that reveal
that Lon"? has a tighter hexamer—dodecamer equilib-
rium. We also assayed substrate-stimulated ATPase
rates using an unfolded substrate with a Lon-specific
degron (Fig. S2). While both Lon"" and Lon"® dis-
played higher ATPase activity in the presence of sub-
strate, there was still a concentration-dependence in
activity, indicating that substrate-binding does not lead
to dodecamer dissociation.

We also assayed in vitro degradation of two clas-
ses of radiolabeled model Lon substrates by monitor-
ing generation of acid-soluble peptides with time over
a range of Lon™" or Lon"® concentrations that would
contain different percentages of dodecamer. First, we
monitored the degradation of SulA as a representa-
tive of small folded substrates. SulA is induced dur-
ing the SOS response to DNA-damage to allow for
DNA repair prior to cell division. After stress, Lon
specifically degrades SulA via recognition of a short
unstructured C-terminal tail (sul20, residues
150-169) with a K,, of approximately 40 pM.>1%28

Figure 3. Electron microscopy analysis and quantification of LonV® dodecamer formation. Negative stain electron micrographs of
Lon"T (left) and Lon“? (right). Under the same experimental conditions and upon immobilization on the grids, Lon¥® forms a higher
percentage of dodecamers. Representative dodecamer and hexamer particles are denoted with white and black arrows,
respectively. Inset left: representative class images of dodecamers (top) and hexamers (bottom) based on the Lon'T negative
stain particles.° Inset right: zoomed in view of raw LonY? particles. The three particles on the left in white boxes are dodecamers
and the particle on the right in the black box is a representative hexamer. Scale bar shown represents 100 nm.
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Figure 4. Lon"? displays diminished ATPase and degradation
activity compared with Lon*'". (a) ATP hydrolysis activity of
Lon*WT (dark gray bars) and Lon"® (light gray bars). At lower
concentrations where Lon"T is predominately hexameric, there
is approximately 1.5-fold higher activity for Lon"'" compared
with Lon®. However, at higher concentrations where both
proteins are expected to be predominantly dodecamer, the
ATP hydrolysis activity is comparable. The values reported are
from three independent experiments performed in triplicate,
and the error bars represent SEM. (b and c) Degradation of

40 pM 3-itin”-sul20 (b) and **S-IbpB (c) by Lon"'™ and
LonV® was monitored by generation of acid-soluble radioactive
peptides. The indicated Lon concentrations are in monomer
equivalents. Degradation rates were normalized in comparison
to the rate at 0.75 pM. Each experiment was performed in
triplicate and error bars represent SEM (curved lines
connecting data points do not represent statistically-based
fitting).

We appended the SulA degron onto the C-terminus of
the 127 domain of human titin (titin'?’-sul20, approxi-
mately 14 kDa). Increasing concentrations of Lon"®
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caused a larger decrease in proteolytic activity com-
pared with Lon"", and at the highest concentration
assayed, the Lon"? degradation rate was significantly
(1.8-fold) slower than Lon™T [Fig. 4(b)]. We also
assayed processing of the sHSP IbpB, which readily
forms oligomers (tetramers and greater) under our
experimental conditions, making it a larger substrate
than the titin'?” domain. Lon™" recognizes IbpB via
its folded a-crystallin domain with a K,, of 16 uM.*
LonY? was able to degrade the oligomeric IbpB
in vitro, however at a much slower rate than Lon™"
[Fig. 4(c)]. Again, increasing Lon"® concentration had
a greater effect on diminishing degradation activity
for IbpB compared with Lon™7, similar to the proces-
sing of the titin'’-sul20 substrate. The concentration
range over which Lon"® showed slowed degradation
was significantly lower than was observed with
Lon"". Thus, as with the intrinsic ATPase rates, pro-
tein degradation rates, especially of IbpB, appear to
serve as a surrogate for measuring the amount of the
Lon dodecamer population at each concentration.
These observations support the conclusion that
Lon"? hexamers and dodecamers behave similarly to
Lon"T except for exhibiting a shifted hexamer—
dodecamer equilibrium constant to a lower (tighter)
value.

Lon"€ s altered in recognition of dodecamer-
sensitive substrates in vivo

We established in vitro that a hallmark of the Lon
dodecamer is a diminished rate of IbpB degradation
(this work and Refs. [20]). Therefore, using this phe-
notype as a measure of dodecamer population, we
sought to assay the assembly and activity of Lon"®
in vivo by monitoring the interaction of Lon with
IbpA, a paralog IbpB and also a substrate of Lon,*
after heat shock. IbpA is induced to help prevent
toxic aggregation of unfolded proteins during heat
stress.2®3% Lon recognizes the folded o-crystallin
domain of IbpA leading to degradation of IbpA after
heat stress, allowing for release of unfolded client
proteins so they are available for refolding by folding
chaperones.* While both IbpA and IbpB are Lon sub-
strates, we were constrained to follow only IbpA deg-
radation in vivo due to the poor specificity of our
IbpB antibodies. Although IbpA monomers are small
(~16 kDa), they form large oligomers under heat
stress, similar to IbpB.232 Escherichia coli cultures
expressing Lon"7T, Lon"? (integrated into the normal
chromosomal locus) or with the endogenous lon gene
deleted and replaced with a kanamycin-resistant cas-
sette (Alon) were grown at 37°C and then stressed by
shifting the cultures to 45°C. Cellular levels of IbpA
were monitored at the indicated time points via West-
ern blot (Fig. 5). Lon"" degrades IbpA slowly over
time under heat stress (¢y5~ 30 min) with approxi-
mately 70% of the initial protein lost 45 min post
heat shock. Conversely, IbpA degradation is severely

Activity and Functions of the Lon Dodecamer
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Figure 5. In vivo degradation of IbpA by Lon upon heat shock.
Representative Western blots of E. coli cell extracts during
heat shock (45°C) monitoring loss of the IbpA protein over
time. Bottom. Protein bands were quantified and the
percentage of IbpA protein remaining when Lon™T (circles),
Lon"® (squares), or Alon (triangles) was expressed is plotted
as a function of time. The experiment was performed in
triplicate and error bars represent SEM (lines connecting data
points are not indicative of statistically based fitting).

reduced when Lon"® was expressed, with less than
15% of total IbpA degraded after the same time
period. As a control that IbpA is normally a Lon sub-
strate under these conditions, we observed that IbpA
was stable throughout the time course when endoge-
nous lon was deleted. In our previous report, we iden-
tified that cellular levels of Lon" " increase ~1.2-fold
under heat stress.2’ However, under these conditions,
there is still approximately 45% Lon“' hexamer
available to degrade IbpA. With the Lon"<® variant,
because it is largely dodecamer both at 37°C and
45°C, we would expect an intermediate phenotype
between Lon™7T (a mixture of hexamers and dodeca-
mers) and Alon strains, which is indeed what we
found. Thus, we suggest that the increased dodeca-
mer population in Lon'® disrupts the ability of
Lon to degrade IbpA in wvivo. This degradation
pattern by Lon'®, taken together with our in vitro
analysis demonstrating that a major signature of
the Lon dodecamer is its slow degradation of IbpB
[Fig. 4(c)], suggests that Lon"® is largely in the dode-
camer form under these growth conditions in vivo,
whereas Lon"T has a comparatively higher hexamer
population.

Brown et al.

Lon"@ is active in vivo, indicating dodecamers

are a functional form of Lon

Having developed combined in vitro and in vivo evi-
dence that Lon"? is largely behaving as a dodecamer,
we went on to investigate possible in vivo function(s)
of the dodecamer. We started with bioassays for
classically-studied substrates. First, we monitored
Lon degradation of ResA, a 24 kDa transcription fac-
tor, which normally suppresses colonic acid exopoly-
saccharide production.®® Using the same set of
isogenic lon strains, we assayed growth on minimal
media agar plates [Fig. 6(a)]. After 4 days, there was
robust overproduction of colonic acid in the Alon
strain, evidenced by mucoid colonies, indicating this
strain is deficient in RcsA degradation. However,
both the Lon"'- and Lon"®-expressing strains were
non-mucoid, indicating that the Lon dodecamer is
competent to degrade RcsA in vivo and thus properly
regulate exopolysaccharide production.

We next assayed in vivo inactivation of the cell
division inhibitor SulA (19 kDa). DNA damage was
introduced by a pulse of UV irradiation and then sur-
viving cells were allowed to grow overnight on LB
agar plates [Fig. 6(b)]. In the case of the Alon strain,
cells had little or no ability to form colonies after irra-
diation. However, strains expressing either Lon™ " or
Lon"9 were able to rescue the growth-arrest pheno-
type induced by DNA damage. This assay suggests
that the Lon"® dodecamer is capable of interacting
with SulA in vivo in a manner leading to timely SulA
inactivation and resumption of cell division. It should
be noted that this assay may report on the binding of
Lon to SulA, and not necessarily SulA degradation,
as a catalytically inactive Lon variant in which the
active-site serine is mutated to alanine (LonS¢"®%) is
also able to suppress the growth inhibition caused by
SulA 8

Finally, we monitored the growth of these strains
during heat stress [Fig. 6(c)]. Cultures were grown in
exponential phase to an ODgy of 0.3, then trans-
ferred to 45°C and ODgoo measurements taken at the
indicated intervals. At 37°C, the Alon strain grew sig-
nificantly slower than the other two strains and never
established a true exponential phase [Fig. 6(c)]. In
contrast, there was no appreciable difference between
the growth rates of the lon"” and lon"? strains, indi-
cating that Lon dodecamers can perform the func-
tions needed for wild-type growth efficiency at normal
temperatures. Interestingly, however, after increas-
ing temperature, the growth rates for all three
strains were slower but their doubling times were
similar within experimental error (~43 min). These
data suggest that immediately after shifting to high
temperature, loss of Lon activity is not deleterious to
viability. Therefore, the lower activity of Lon dodeca-
mers may be advantageous, as its formation prevents
degradation of certain substrates, such as IbpA, IbpB,
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Figure 6. Lon"? is functional in vivo. (a) W3110 E. coli cells expressing either LonVT or Lon"® from the endogenous /on locus or
with the genomic lon copy deleted and replaced with a kanamycin-resistant cassette (Alon) were grown in culture then plated on
M9 minimal media agar plates. Lon degradation of RcsA reduces colonic acid synthesis. Stabilization of RcsA in Alon strain
results in a mucoid phenotype. (b) In vivo bioassay monitoring inactivation of the cell division inhibitor protein SulA by Lon after UV
stress. Lon"T is able to inactivate SulA which allows for cell division and growth after UV irradiation (top row). However, when Lon
is deleted (middle row), cells are unable to recover from UV damage. Expression of Lon"® from the endogenous locus is also able
to allow for cell growth recovery after UV stress similar to LonVT. Each column, from left to right, represents a 10-fold serial
dilution. (c) Growth curves of isogenic lon W3110 strains. The Alon strain grew significantly slower than Lon"™ and Lon"®
(student’s unpaired t test, P > 0.0005 and 0.005 for Lon¥" and Lon"?, respectively) at 37°C; however, all strains had similar
growth rates at 45°C (temperature shift indicated by black arrow for Lon’T and Lon"® or gray arrow for Alon). Each semi-log plot
is the average of two independent cultures and error bars represent SEM.

and perhaps others. A switch to low temperature and
recovery from heat stress would then require the
activity of the Lon hexamer to degrade these regula-
tory proteins that are no longer needed.

Discussion

Lon protease plays a major role in maintaining pQC
in bacteria as the primary protease responsible for
degrading unfolded or damaged proteins that result
from various cellular stresses. Previous studies char-
acterized Lon to function as a homo-hexamer with
the proteolytic active sites sequestered in a cavity
that is accessed through a small central pore. More
recently, our group found that Lon hexamers associ-
ate in a head-to-head orientation to form a larger
ellipsoidal-shaped dodecamer. Using the available
crystal structures of individual Lon domains?®>3*
together with bioinformatics, we proposed and then
tested if this association was mediated by antiparallel
coiled coils between opposing Lon N domains, canoni-
cal interaction motifs that underlie oligomerization of
many proteins.?® In vitro we demonstrated that the
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dodecamer is increasingly populated with increasing
Lon concentration. Based on the determined Kp for
assembly and the cellular Lon concentration, we pre-
dicted that Lon exists in equilibrium between the
hexamer and dodecamer forms in wild-type cells
in vivo.?° Importantly, the Lon dodecamer displays
decreased ATPase activity as well as differences in
substrate processing in vitro compared with the Lon
hexamer. As such, we sought to further characterize
Lon to advance understanding of the dodecamer form
and uncover possible biological functions of this
assembly state during pQC and stress responses.

The major impediment to elucidating the biologi-
cal function of the Lon dodecamer is the inability to
isolate a homogeneous population of this assembly
using wild-type protein. Further limiting experimental
approaches, the precise molecular contacts required
for dodecamer formation were unknown. Therefore, we
employed computation-directed mutagenesis, protein—
protein crosslinking, and biochemical analysis to iden-
tify a variant of Lon that prefers the dodecameric
state. We identified that Lon N domain residues
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Val217 and GIn220 are featured at the oligomerization
interface based on the results of cysteine mutagenesis
and disulfide-based crosslinking. Interestingly, when
both residues are mutated to alanine, presumably
removing wild-type hydrophobic or polar interactions
between the antiparallel coils, the dodecamer is stabi-
lized compared with that of Lon™'. These mutations
result in an increased percentage of dodecamer at
physiological protein concentrations, as observed by
analytical ultracentrifugation. This increased propen-
sity to form dodecamers was confirmed using electron
microscopy. We hypothesize the alanine mutations
may have disrupted the natural balance of intermole-
cular interactions that allow for rapid interconversion
between the hexameric and dodecameric forms in
favor of a tighter dodecamer interface. As predicted
from its increased dodecamer stability, Lon"® is less
active at low concentrations compared with Lon™", an
additional indicator of a larger dodecamer population.
Importantly, based on the hexamer—dodecamer K; of
0.5 pM for Lon"?, this newly identified variant is pre-
dicted to exist as majority dodecamer in vivo, as the
intracellular Lon concentration was determined to be
approximately 2.5 pM monomer.2°

It should be noted that although the Lon"< vari-
ant is largely dodecamer at all concentrations
assayed in vitro, these samples are not homogeneous,
as a small fraction of hexamers remain. This mixture
is evidenced by the concentration dependence of the
ATPase activity and in vitro substrate degradation
rates, a behavior that was also seen for Lon"", albeit
over a higher concentration range. Additionally,
quantification of EM particles reports approximately
20% of the total Lon"® population is hexameric after
immobilization on grids. Nevertheless, the combina-
tion of these mutations yielded a Lon variant with an
approximate 5-fold tighter dissociation constant for
dodecamer formation compared with Lon"". There-
fore, we have improved our understanding of how the
dodecamer is formed by identifying (i) the N domain
antiparallel coiled-coil register, (ii) a critical part of
the intermolecular interaction interface that medi-
ates dodecamer assembly as well as (iii) generating a
molecular tool to more clearly test the activities and
in vivo functions of the dodecamer.

A previous study identified a separate mutation
in the Lon N domain that also yields a Lon population
that is primarily dodecamer.!” It was reported that
the Glu240 to Lys mutation (Lon%?‘%) results in a
Lon dodecamer dissociation constant of 2.6 nM, an
approximately 1000-times tighter interaction than
that of Lon"".17 Residue 240 is located in the second
of the two predicted coiled-coil regions in the Lon N
domain (coiled-coil Region 1 is comprised of Residues
185-228 and Region 2 is composed of Residues
230-278). We chose to focus on mutations solely in the
first predicted coiled-coil region for multiple reasons.
First, the Lon®2*°F variant has altered substrate
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specificity as evidenced by the finding that the recogni-
tion and the degradation of the RecsA substrate by
Lon®24%K are diminished while SulA substrate recogni-
tion is unaffected.!® Also, biochemical evidence sug-
gested the Lon®2*%¥ dodecamer might be allosterically
regulated in a different manner compared with the
Lon"" dodecamer. For example, Lon®?*¥ dodecamers
degraded the model Lon substrate casein nearly as
efficiently as the Lon"" hexamer, whereas dodecamers
formed by Lon"" or Lon"® subunits behave similarly
and degrade this substrate very slowly.!” Finally,
other reports identified that the N domain region con-
taining Residues 240-252 is important for proper
ATPase activity, substrate translocation, and degrada-
tion.® Therefore, we chose to focus this study on N
domain residues upstream of this allosteric regulatory
region in order to minimize potential confounding
effects that could interfere with the unambiguous elu-
cidation of dodecamer function.

Among Lon homologs, the N domain is the most
variable region, compared with the ATPase and pro-
tease domains. Despite lower sequence homology,
dimerization of N domains via coiled-coil interactions
seems to be a conserved feature among Lon homo-
logs.15343637 However, there may be additional
regions other than the segment probed in this study
that could mediate antiparallel coiled-coil forma-
tion.’®3¢ Interestingly, E. coli Val217 is conserved
among proteobacteria whereas GIn220 is slightly
more variable. Therefore, it will be worthwhile to
determine if other Lon homologs also form larger
assemblies. If so, dodecamer formation may be a con-
served mechanism to regulate Lon protease function.
Based on experiments with Bacillus subtilis Lon, it
was suggested this homolog also forms larger assem-
blies in solution as the N domains dimerize via
coiled-coil interaction.?* Preliminary experiments in
our lab also detected a dodecamer-like species with
this full-length protein.

There is increasing evidence to support the the-
ory that coiled-coil interactions may be a conserved
feature of several AAA+ pQC enzymes. Although
there is likely some diversity in the orientation of
these interactions, it seems higher-order assembly is
a mechanism for modulating activity. For instance,
the coiled-coil middle domains (MD) of the ClpB dis-
aggregase interact in a head-to-tail orientation, lead-
ing to suppression of ATPase activity.>®3° Disruption
of these interactions by binding of the DnaK co-chap-
erone, in turn, alleviates the suppression, allowing
for normal ClpB activity.*® Another AAA+ chaperone
ClpC was recently shown to also oligomerize via
coiled-coil MD interactions, but in this instance in a
head-to-head orientation, as we find for E. coli Lon.*!
Binding of the MecA adaptor to the MD results in
conformational changes that break the coiled-coil
interactions leading to stabilization of active ClpC
hexamers. The differentiating feature of the Lon
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dodecamer is that it does not appear to be an inactive
“storage form” of Lon preventing degradation of sub-
strates, and we did not identify substrate interactions
that altered assembly. For example, previous nega-
tive stain EM micrographs, taken in the presence of a
SulA degron peptide, still contained a significant
dodecamer population.?’ Also, the Lon"® dodecamer
variant is sufficiently active in a series of in vivo bio-
assays, including suppression of extracellular capsu-
lar polysaccharide production and re-establishing cell
division during recovery from DNA damage. Rather,
our results suggest that the Lon dodecamer may be
unable to degrade larger substrates like the oligo-
mers formed by the Ibps,*? but still able to degrade
smaller (<25 kDa) substrates relatively well, such as
ResA and SulA (this work) as well as small degron-
tagged model proteins.2® The Lon dodecamer’s inabil-
ity to degrade IbpA during growth at high tempera-
ture in vivo may be important to allow efficient IbpA
binding to aggregating client proteins during heat
shock. Then, once cells return to a lower stress envi-
ronment, the Ibp—client complexes are likely prefer-
ential substrates for disaggregation and refolding.
Thus, unlike ClpB or ClpC, Lon dodecamer formation
may be a way to tune, but not preclude, substrate rec-
ognition and subsequent degradation in the presence
of cellular stress. Because Lon has such a large
number of substrates that must be degraded under
specialized conditions, such tuning rather than inacti-
vation may be advantageous to cells.

Several questions about the role of Lon dodeca-
mer formation in vivo remain to be addressed. For
instance, could certain substrate and small molecule
binding sites located on the N domain become
occluded upon dodecamer assembly? Also, could the
altered “resting” ATPase activity of the dodecamer
play a role in slowing or preventing substrate proces-
sing during cellular stress when certain Lon sub-
strates are needed for their anti-aggregation
function? These questions can now be dissected using
this Lon"® dodecamer-favoring variant using a com-
bined in vivo and in vitro approach. Commensurate
with our understanding of the biological significance
of the Lon dodecamer, the next step in understanding
Lon function in vivo is to develop variants of Lon that
form obligate hexamers to compare to our current
data. However, this endeavor may prove to be precar-
ious, especially if dodecamer formation is a key mech-
anism for controlling deleterious proteolysis of
critical Lon substrates in response to specific environ-
mental conditions.

Materials and Methods

Protein expression and purification

Wild-type Lon and Lon N domain variants were
expressed and purified as previously described.2’
Briefly, Lon was cloned into the pBAD33 vector and
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all Lon variants were produced with the QuikChange
site-directed mutagenesis protocol (Agilent) using
specific primers containing the desired mutations.
Proteins were grown in TB media at 37°C and expres-
sion induced with 0.2% L-arabinose for 3—4 h followed
by centrifugation to collect cell pellets. For purifica-
tion, cells were resuspended in phosphate binding
buffer (100 mM potassium phosphate, pH 6.5, 10%
glycerol, 1 mM DTT, 1 mM EDTA) and lysed via
French Press. After incubation with benzonase (25U),
the lysate was clarified by centrifugation and the
supernatant incubated with phosphocellulose resin
(Whatman). The bound protein was eluted with
400 mM potassium phosphate, concentrated and sub-
jected to gel filtration in high salt buffer
(GE Superose 6 10/300, 25 mM Hepes pH 7.5, 2 M
NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA). The
appropriate protein fractions were pooled and concen-
trated while exchanging into Lon Storage Buffer
(50 mM Hepes pH 7.5, 150 mM NaCl, 10% glycerol,
0.1 mM TCEP, 1 mM EDTA) then frozen in liquid
nitrogen and stored at —80°C. All Lon concentrations
are expressed in monomer equivalents using the
extinction coefficient of 46,300 M~ ecm™! at 280 nm.
353.labeled substrates were expressed and purified as
previously described.*

Disulfide crosslinking

The Lon cysteine variants were exchanged into pre-
crosslinking buffer (50 mM Hepes, pH 7.6, 150 mM
NaCl, 10% glycerol, 0.1 mM TCEP) using a PD-10
desalting column (GE Healthcare) and then concen-
trated (Amicon). Before starting the reaction, all pro-
teins were diluted (approximately 1.3-3.2-fold) to
200 uM in the pre-crosslinking buffer. The reaction
began by diluting Lon to 20 uM in crosslinking buffer
(50 mM Hepes, pH 7.6, 150 mM NaCl, 10% glycerol)
along with 2.5 mM ATPyS, 5 mM MgCl,, and cross-
linking catalyst containing 5 pM cupric sulfate and
either 10 pM phenanthroline or 1% DMSO. All reac-
tions were carried out at 22°C and were quenched
with 10 mM EDTA at the indicated time points. After
30 min, the samples were treated with 5 mM DTT
and 10 mM B-mercaptoethanol and incubated at 95°C
for 5 min to reduce disulfide bonds formed during
the oxidation reaction. Samples were mixed with
SDS-PAGE loading dye without reducing agent and
efficiency of crosslinking analyzed by electrophoresis
on a 4-15% acrylamide gel (Bio-Rad).

Negative stain electron microscopy

Lon protein samples were first diluted to 1 mg/mL in
EM buffer (50 mM Hepes pH 7.5, 150 mM NacCl,
0.1 mM TCEP, 0.01 mM EDTA) and filtered with a
0.1 pM inorganic filter (Whatman). Prior to setting up
grids, Lon was incubated with ATP and MgCl, at
37°C. After 5 min, the reaction was quenched with
ATPyS. Lon was diluted 0.03 mg/mL in dilution
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buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 0.1 mM
TCEP, 0.01 mM EDTA, 10 mM MgCly, 5 mM ATPyS)
immediately prior to spotting on grid. The diluted
Lon samples were immobilized on copper mesh grids
(Pacific Grid-Tech) washed with dilution buffer and
the grids were subsequently stained with 2% uranyl
acetate. Images were obtained with the FEI Technai
Spirit Transmission Electron Microscope. For quanti-
fication of hexamer versus dodecamer population, a
total of 233 and 193 particles were chosen for Lon"*
and Lon"®, respectively.

Analytical ultracentrifugation. Lon“T and Lon"®
protein samples were exchanged into AUC buffer
(50 mM Hepes pH 7.5, 150 mM NaCl, 0.1 mM TCEP,
0.01 mM EDTA) via overnight dialysis. Both proteins
were filtered and diluted to the indicated concentra-
tions using dialysis buffer and each sample, along
with the corresponding buffer reference, was supple-
mented with 1 mM MgCl; and 0.1 mM ATPyS. Sedi-
mentation velocity centrifugation using interference
optics was performed with the Beckman Optima XL-1
analytical ultracentrifuge at 20°C and 20,000 rpm.
Data were analyzed with Sedfit to calculate the con-
tinuous distribution of sedimentation coefficients
from 1S to 60S at a resolution of 200 scans per con-
centration with a confidence level (F-ratio) of 0.95.%3
Calculations were performed using a density of
1.00831, a viscosity of 0.010475, and a Lon partial
specific volume of 0.7431 as determined by SEDN-
TERP (Biomolecular Interaction Technologies Center
at the University of New Hampshire; http:/bitcwiki.
sr.unh.eduw/index.php/Main_Page). The dissociation
constants for the dodecamer to hexamer transition
for Lon™T and Lon'® were calculated in Kaleida-
Graph (Synergy Software) with the equation y = x/
(x + K;), where y is the fraction of dodecamer and x is
the concentration of Lon monomer.

ATP hydrolysis activity assays. ATP hydrolysis
activity was monitored at 37°C using an NADH-
coupled assay.** Briefly, Lon protein samples were
diluted serially using Lon storage buffer. The ATP
regeneration mix was prepared with Lon reaction
buffer (256 mM Tris pH 8, 100 mM KCI, 10 mM
MgCly, 1 mM DTT), 0.7 mM NADH, 4 mM ATP, 2%
DMSO, 4 mM phosphoenolpyruvate, 13 U/mL pyru-
vate kinase, and 17 U/mL lactate dehydrogenase and
was warmed to 37°C. The protein was added to a
384-well clear-bottom plate (Corning) in triplicate
and the reaction was started by adding ATP regener-
ation mix to each well with a repeat pipettor. The loss
of absorbance at 340 nm over time was monitored
using a UV/Vis spectrometer (Molecular Devices).

SulA inactivation assay

Escherichia coli strain W3110 expressing wild-type
Lon, Alon:kan® or lon:lonV?17#Q220A from  the
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endogenous Lon promoter were grown in LB broth to
an ODggg of 0.9-1.3, diluted into fresh LB broth to an
ODggo of 0.25, and 10-fold serial dilutions were pre-
pared. Ten microliters of each dilution were spotted
onto an LB-agar plate. The plate was exposed to
254 nm UV light for 5 s and incubated overnight in
the dark at 37°C.

IbpA in vivo degradation assay

In vivo degradation assays were performed as previ-
ously described.* Briefly, LB cultures were grown at
37°C in a shaking water bath to an ODgg of 0.2. The
culture was then transferred to 45°C for 30 min. A
900 pL aliquot of the culture was added to 100 pL
100% trichloroacetic acid (TCA) for the 0 min time
point sample. Spectinomycin (400 pg/mL) was added,
and samples were taken at 15 min intervals for
60 min while maintaining the cultures at 45°C. For
each sample, ODggy was determined and then TCA
was added to a final concentration of 10%. Samples
were centrifuged and the pellets were rinsed with
acetone and suspended in 2x Tris-tricine sample
buffer to normalize the cell density. An equal volume
of each sample was run on a 12% Tris-tricine poly-
acrylamide gel. IbpA levels were detected using the
anti-IbpA antibody (1:2000 dilution) and were quanti-
fied wusing ImageQuant software (GE Health
Sciences).

IbpB and titin'?"-sul20 in vitro degradation assay
In vitro degradation reactions using 40 pM radiolabeled
substrates were performed as previously described.?°
IbpB degradation reactions contained 60% (vol/vol)
IbpB storage buffer (50 mM Hepes-KOH [pH 8],
600 mM potassium glutamate, 20% sucrose, 0.1 mM
TCEP), 5% (vol/vol) Lon storage buffer, 5 mM MgCls,,
5 mM KCl, and 2% (vol/vol) DMSO. The degradation
reactions were initiated by the addition of an ATP-
regeneration system, containing a final concentration of
4 mM ATP, 100 mg/mL creatine kinase, and 10 mM cre-
atine phosphate. Degradation was monitored at 37°C by
the formation of TCA-soluble radioactive peptides, as
previously described.**® Degradation of titin'?"-sul20
was carried out at 37°C in buffer containing 25 mM
Tris—HCI, pH 8.0, 100 mM KCI, 10 mM MgCly, 1 mM
DTT, 2 mM ATP, 100 mg/mL creatine kinase, and
10 mM creatine phosphate. Kinetics were determined
using a mixture of 5% (mol/mol) 3°S-labeled substrate
and 95% (mol/mol) unlabeled substrate, as previously
described.*

Mucoid phenotype assay

LB cultures (30 mL) were inoculated with 500 pL of
overnight W3110 starter culture, either wild type, or
Alon:kan® or lon:lonVZ2!"Q220A gnq grown at 37°C
to an ODggg of 0.8-1.0. Cultures were diluted with LB
to ODggo 0.25, which was further diluted 1:1000 with

LB and 10 pL plated on M9 minimal media agar
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plates supplemented with 1 mM magnesium sulfate,
0.05% thiamine hydrochloride, 0.004% casamino
acids, and 0.2% glucose. Plates were incubated at
37°C for approximately 18 h, then at 22°C for an
additional 72 h before imaging.

W3110 E. coli growth curves
Duplicate LB cultures (50 mL) were inoculated with
500 pL of overnight starter culture of W3110 wild

type, Alon:kan® or lon:lonVZ1"#Q220A a1d grown at

37°C to ODggo of 0.3. At this point, cultures were
transferred to a 45°C water bath with shaking and
samples removed at the indicated time points for OD
measurements.
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