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Abstract

AAA+ (ATPases associated with diverse cellular activities) chaperones are involved
in a plethora of cellular activities to ensure protein homeostasis. The function of
AAA+ chaperones is mostly modulated by their hexameric/dodecameric quaternary
structures. Here we report the structural and biochemical characterizations of a tetra-
decameric AAA+ chaperone, ClpL from Streptococcus pneumoniae. ClpL exists as
a tetradecamer in solution in the presence of ATP. The cryo-EM structure of ClpL at
4.5 A resolution reveals a striking tetradecameric arrangement. Solution structures of
CIpL derived from small-angle X-ray scattering data suggest that the tetradecameric
CIpL could assume a spiral conformation found in active hexameric/dodecameric
AAA+ chaperone structures. Vertical positioning of the middle domain accounts for
the head-to-head arrangement of two heptameric rings. Biochemical activity assays
with site-directed mutagenesis confirmed the critical roles of residues both in the
integrity of the tetradecameric arrangement and activities of ClpL. Non-conserved
Q321 and R670 are crucial in the heptameric ring assembly of ClpL. These results
establish that ClpL is a functionally active tetradecamer, clearly distinct from hexam-

eric/dodecameric AAA+ chaperones.
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1 | INTRODUCTION

ATPases
(AAA+ proteins) are involved in numerous cellular pro-
cesses, such as membrane fusion, DNA repair, protein ho-
meostasis through coupled proteolysis, and stress adaptation
by remodeling protein substrates, to name a few."” A large
number of AAA+ proteins function as chaperones, render-
ing them essential components in the stress adaption. Among
multiple families of AAA+ chaperones, heat shock protein
100 (HSP100) chaperones prevent unfolded proteins from
remaining unfolded or becoming aggregated.®'* Three dif-
ferent models for the ATP hydrolysis cycle for ring-shaped,
hexameric ATPases have been proposed.11 In the “synchro-
nized” model, ATP binding and hydrolysis occur simulta-
neously in all six subunits. In the “rotational” model, every
other subunit becomes active in ATP hydrolysis at a time. In
the “sequential” model, all subunits are presumably active in
ATP hydrolysis with only pairs of subunits being “in phase.”

HSP100 chaperones harbor two nucleotide-binding
domains (NBDs) and a middle domain (MD) of variable
lengths.lz’13 HSP100 chaperones require hexameric/do-
decameric oligomeric states for proper functioning.l’m’15
Structural and biochemical studies on HSP100 chaperones
have demonstrated that HSP100 chaperones operate as hex-
amer-based oligomers. The crystal structure of ClpA from
E coli revealed a hexameric assernbly.16 ClpA is associated
with ClpP, a protease, serving as degradation machinery.'’
ClpB from E coli forms a hexamer or a dodecamer and ex-
hibits disaggregation activity with HSP70 as a co-chaper-
one.'8"? Although one case reported a heptameric state of
a bacterial ClpB, it was considered to represent an inactive
state.”* Some ClpC chaperones, those from B subtilis and S
aureus, also assemble as hexamers in the presence of an acti-
vating cofactor such as MecA, while the dodecameric assem-
bly of ClpC from S aureus blocks binding to MecA, thereby
representing a “repressed” state.'>' It remains unexplored
whether non-hexameric oligomers of HSP100 chaperones
can be active.

Extensive biochemical and structural studies have suggested
that each subunit in the hexameric/dodecameric assembly of
an HSP100 chaperone undergoes sequential conformational
changes to translocate a substrate polypeptide,zz’23 although
some literature report otherwise.”* As exemplified in structural

studies of ClpB and Hsp104, HSP100 chaperones can assume
13,19,25,26

associated with diverse cellular activities

“flat” hexameric states in the absence of a substrate.
They subsequently change the assembly to “spiral” conforma-
tions so that a substrate polypeptide can be processed along the
reaction coordinates during ATP hydrolysis.27'3 "'In these steps,
the conformation of MD becomes critical in driving changes
in the oligomeric assembly of an HSP100 chaperone. In ClpC
from Saureus, the activating cofactor MecA binding seems to
drive the conformational change in the MD. Specifically, the

MBD can adopt an equatorial position in the MecA-bound ac-
tive state and move to a vertical position to become fully inac-
tive in the absence of MecA.*!

Here, we present the structural and biochemical character-
izations of an HSP100 chaperone functioning as a non-hex-
amer-based oligomer, caseinolytic protease L (ClpL) from
Streptococcus pneumoniae. Phylogenetically ClpL is related
to ClpC, ClpB, and its eukaryotic ortholog Hsp104.32 Unlike
other Clp proteins, ClpL is unique in that it functions as a
molecular chaperone without co-chaperones or adaptor pro-
teins.* We find that ClpL forms a tetradecamer in solution
and that the tetradecameric oligomeric state of ClpL rep-
resents a functionally active form.

2 | MATERIALS AND METHODS
2.1 | Plasmids
Gene encoding ClpL (GenBank accession number:

NC_008533.1) from S pneumoniae strain D39 was inserted
in parallel GST 2 vector using restriction enzymes Ncol and
Xhol (New England Bio Lab, Ipswich, MA, USA) to encode
the glutathione S-transferase (GST) fusion protein.33 Plasmids
encoding ClpL-Trap mutant (E193A/E526A) where key glu-
tamates in Walker B motifs were mutated to alanine™ and
other mutants were prepared according to the protocol for
Quick-Change site-directed mutagenesis kit (Agilent, Santa
Clara, CA, USA). Identities of ClpL-Trap and all other mu-
tants were verified by DNA sequencing.

2.2 | Protein expression and purification

Plasmids encoding GST fusion proteins of ClpL variants were
transformed into E coli Rosetta 2 cells. Cultures were inocu-
lated in 10 mL of LB media (USB Corporation, Cleveland,
OH, USA) with 50 pg mL™! ampicillin (Acros Organics, Geel,
Belgium) containing the transformed Rosetta 2 cells and in-
cubated at 37°C overnight. Next day, the cultured cells were
transferred to 500 mL of LB media with 50 pg mL™" ampi-
cillin. Cells were grown at 37°C until ODg, reached 0.6-0.8.
Protein expression was induced with 0.5 mM isopropyl-1-thio-
B-p-thiogalactopyranoside (GeneDepot, Karty, TX, USA).
The induced cells were further grown at 16°C for 16-18 hours.
Cells were harvested by centrifugation at 4000 rpm at 4°C
for 15 minutes and subsequently lysed in buffer A (20 mM
Tris-HCI pH 7.5, 150 mM KCI, and 1 mM DTT). The lysed
cells were sonicated with 2s/2s pulses on a VCX 750 ultra-
sonic processor (Sonics & MaterialsInc, Newtown, CT,
USA) and centrifuged at 13 000 rpm at 4°C for 20 minutes.
Clarified supernatant containing GST-ClpL was loaded to
glutathione-agarose resin (GE Healthcare, Chicago, IL, USA)
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pre-equilibrated with the buffer A and incubated for 30 minutes
at ambient temperature. ClpL-bound resin was washed with
buffer B (20 mM Tris-HCI pH 7.5, 500 mM KCl, and 1 mM
DTT). A GST-CIpL protein was eluted with buffer C (50 mM
Tris-HCI pH 8.0, 150 mM KCI, 1 mM DTT, and 10 mM re-
duced glutathione). The GST tag was cleaved by the addition
of tobacco etch virus (TEV) protease overnight during dialy-
sis against buffer D (20 mM Tris-HCI pH 7.5, 10 mM KClI,
and 1 mM DTT). The cleaved GST tag and histidine-tagged
TEV protease were captured using glutathione-agarose (GE
Healthcare, Chicago, IL, USA) and Ni-NTA (Qiagen, Hilden,
Germany) resins. ClpL was further separated on a Resource Q
anion exchange column (GE Healthcare, Chicago, IL, USA)
pre-equilibrated with the buffer D. ClpL was eluted using 40-
50% 1 M KCl gradient in buffer E (20 mM Tris-HCI pH 7.5,
1 M KCI, and 1 mM DTT). Final purification of ClpL was
performed on a Superdex 200 exclusion chromatography col-
umn (GE Healthcare, Chicago, IL, USA) pre-equilibrated with
buffer F (50 mM HEPES-NaOH pH 7.5, 100 mM KCl, 20 mM
MgCl,, and 1 mM DTT). Protein purity was checked by SDS-
PAGE. Monomeric ClpL was concentrated in Amicon ultra-15
30 kDa centrifugal filter units (Merck Millipore, Burlington,
MA, USA). Protein concentration was determined using the
Bradford method. Polydispersity and hydrodynamic radius,
Ry, of the purified ClpL analyzed by dynamic light scatter-
ing (DLS) on a DynaPro (Wyatt Technology, Santa Barbara,
CA, USA) indicated that the purified ClpL was monodisperse
monomer in solution (data not shown).

2.3 | Oligomerization

6 mM adenosine triphosphate (ATP) or adenosine 5'-O-
(3-thiotriphosphate) (ATPyS) was added to a solution con-
taining 20 pM ClpL monomer. The resulting solution was
incubated for 1 hour with shaking at ambient temperature.
After incubation, the resulting solution was centrifuged at
13 000 rpm and 4°C for 30 minutes. Ry of the ClpL oli-
gomer was analyzed on a DynaPro (Wyatt Technology,
Santa Barbara, CA, USA). The ClpL oligomer formed in the
presence of ATP was separated on a Superose 6 10/300 ana-
lytical size-exclusion chromatography (aSEC) column (GE
Healthcare, Chicago, IL, USA) pre-equilibrated with buffer
G (50 mM HEPES-NaOH pH 7.5, 100 mM KCI, 20 mM
MgCl,, | mM DTT, and 6 mM ATP). The purity and concen-
tration of the separated ClpL oligomers were characterized
by SDS-PAGE and Bradford method.

2.4 | Analytical size-exclusion
chromatography

A standard curve was constructed using a high molecular
weight gel filtration markers kit (GE Healthcare, Chicago,
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IL, USA). About 750 pL of a solution containing ClpL
oligomer was loaded to a Superose 6 10/300 column (GE
Healthcare, Chicago, IL, USA) pre-equilibrated with the
buffer G. Molecular masses of the eluted peaks were esti-
mated based on the standard curve.

2.5 | Analytical ultracentrifugation
Analytical ultracentrifugation experiments in both sedi-
mentation velocity (SV) and equilibrium (SE) modes were
performed on a ProteomelLab XL-I analytical centrifuge
(Beckman Coulter, Brea, CA, USA) equipped with Rayleigh
interference optics. In SV experiments, the ClpL-Trap mu-
tant oligomer at 1.5 mg mL~" in the presence of 6 mM ATP
was centrifuged at 30 000 rpm in the buffer G at 10°C. The
sedimentation coefficient distributions were obtained using
the c(s) method of SEDFIT *° with v = 0.7327 mL g
which was calculated from the amino acid composition and
solvent density = 0.9982 g mL™". In SE experiments, the
ClpL-Trap mutant oligomer at 0.3 mg mL™" in the presence
of 6 mM ATP was centrifuged at 6 000 rpm three days in
the buffer G at 10°C. Data from the SE experiments were
processed using SEDNTERP *® with partial specific vol-
ume = 0.73 mL g_l, buffer density = 1.008 g mL™', and
buffer viscosity = 0.10478.

2.6 | Cryo-EM data collection

The purified ClpL-Trap was diluted to a concentration of
0.5 mg mL ™" in the presence of 6 mM ATPyS and ATP. 3 pL.
of ClpL-Trap:ATPyS and 4 pL of ClpL-Trap:ATP were loaded
onto Quantifoil Cu R1.2/1.3 holey carbon grid (Quantifoil,
GroBlobichau, Germany) which had been glow-discharged
for 30 seconds using Pelco glow-discharge unit (Ted Pella,
Inc, Redding, CA, USA). Grids were blotted for 2.5 seconds
(blot force 5) at ~100% humidity and then flash-frozen in lig-
uid ethane using a Vitrobot Mark IV (Thermo Fisher, Waltham,
MA, USA). Grids were then transferred to and imaged on a
Titan Krios transmission electron microscope IV (Thermo
Fisher, Waltham, MA, USA) equipped with a field emission
source IV (Thermo Fisher, Waltham, MA, USA) operating at
an acceleration voltage of 300 kV. Micrographs were recorded
in an automated fashion, using EPU software, on Falcon II di-
rect electron detector IV (Thermo Fisher, Waltham, MA, USA)
with a magnification of 47 000x, which yielded a pixel size of
1.3973 A. Dose-fractionated images were recorded for 1.8 sec-
onds with a per-frame exposure time of 60 ms (30 subframes)
and a dose of ~33 electrons per A? per second (~2 electrons
per A? per frame). The total accumulated dose was ~60 e /A%
Images were recorded with a defocus ranging from —1.8 pm to
—3.4 pm for ClpL-Trap:ATPyS and —0.5 to —3.9 pm for ClpL-
Trap:ATP, respectively.
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2.7 | Cryo-EM image processing

All image processing was performed in RELION 2.177
otherwise stated. For each data set, movie frames 2-29
of each image were subjected to drift-correction using
MOTIONCORR2® with dose compensation, and contrast
transfer function (CTF) parameters were estimated using
CTFFIND4.*° For each data set of ClpL-Trap:ATPyS and
ClpL-Trap:ATP, ~2000 particles were manually selected
and extracted into 200 X 200 pixel box. These manually
selected particles were subjected to reference-free two-di-
mensional classification to generate two-dimensional ref-
erences that were used for auto-picking as templates. The
total numbers of particles picked for ClpL-Trap:ATPyS and
ClpL-Trap:ATP were 377 780 and 252 233, respectively.
Following the automated particle selection, 200 X 200 pixel
particle images were extracted from the motion-corrected
and dose-filtered images. An initial round of reference-
free two-dimensional classification and averages were
calculated from each data set to remove false positive and
defective particles, and those classes that displayed clear
secondary-structure detail were taken forward to three-di-
mensional (3D) classification.

The 280 253 (ClpL-Trap:ATPyS) and 97 906 (ClpL-
Trap:ATP) selected particles were subjected to three-dimen-
sional classification procedures. For the initial models, 60 A
low pass-filtered maps obtained from a cylinder (height,
200 A; diameter, 140 A) were used. For 3D processing, both
dihedral 7 (D7) and cyclic 1 (C1) symmetries were applied.
3D classification split each data set of ClpL-Trap:ATPyS and
ClpL-Trap:ATP into four classes. For the ClpL-Trap:ATPyS
data set, two of the four 3D classes which appeared similar
were recombined to form the final data set (78 587 particles).
For the ClpL-Trap:ATP data set, two distinct 3D classes
among the similar data set were selected (39 483 particles).
These selected ClpL-Trap:ATPyS and ClpL-Trap:ATP data
sets were further three-dimensionally refined with D7 and
C1 symmetry, respectively. The overall resolutions of tet-
radecameric ClpL-Trap:ATPyS and ClpL-Trap:ATP were
47 and 6.99 A, respectively. Local resolution estimates
were calculated using BLOCRES™ with the two unbinned
and unsharpened half-maps as the inputs. The final data
sets were subjected to the “post-processing” in which a soft
mask was calculated and applied to the two half-maps before
the corrected Fourier shell criterion (FSC) was calculated.
Temperature-factor estimation and map sharpening were also
performed in the post-processing step using an automated
procedure.

To enhance the overall resolution of the cryo-EM maps,
we re-processed images using cisTEM.*' We used models
processed at 4.7 A (ClpL-Trap:ATPyS) and 6.99 A (ClpL-
Trap:ATP) as reference models. For each data set, we clas-
sified good images using CTF sorting method. After CTF

sorting, we used 262 (ClpL-Trap:ATPyS) and 645 (ClpL-
Trap:ATP) micrographs, respectively. About 64 674 (ClpL-
Trap:ATPyS) and 104 148 (ClpL-Trap:ATP) particles were
picked. About 49 797 (ClpL-Trap:ATPyS) and 52 689 (ClIpL-
Trap:ATP) particles selected from serial 2D classification
were subjected to 3D classification procedures. These selected
ClpL:ATPyS and ClpL:ATP data sets were further three-di-
mensionally refined with D7 symmetry. The final overall res-
olutions of tetradecameric ClpL:ATPyS and ClpL:ATP maps
were 4.5 and 6.33 A, respectively. The final resolution was
estimated using the “gold-standard” FSC = 0.143.

2.8 | Model building and refinement

The crystal structure of Thermus thermophilus ClpB (PDB
1QVR) was used as a template for initial fitting in ClpL-
Trap:ATPyS 4.7 A and ClpL-Trap:ATP 7.2 A maps.
Enhancement of model building was performed using ClpL-
Trap:ATPyS 4.5 A and ClpL-Trap:ATP 6.3 A maps. Briefly,
the models were initially docked into each cryo-EM density
map using UCSF CHIMERA* and then manually rebuilt
in COOT* to fit the density after visual inspection. Real-
space refinement was performed with PHENIX.** To im-
prove model geometry and backbone placement errors due
to near-atomic resolution map, initial models were refined
by automated structure refinement based on peptide fragment
replacement fit to map by ROSETTA.* The final model con-
tained residues 76-698 for both ClpL-Trap:ATPyS and ClpL-
Trap:ATP complexes.

2.9 | Small-angle X-ray scattering

ClpL oligomer samples were concentrated in Amicon
ultra-15 100 kDa centrifugal filter units (Merck Millipore,
Burlington, MA, USA). Final concentrations were meas-
ured by the Bradford assay method. The buffer G was
used to record the reference buffer scattering profile. Each
sample was measured twelve times and monitored for ra-
diation damage. Samples were serially diluted (two, four,
and eight-fold) with the buffer G to check for concentra-
tion dependency. Scattering profiles were generated using
in-house software at the beamline 4C, Pohang Accelerator
Laboratory. Radius of gyration, R,, and /(0) from Guinier
plot were calculated using AUTORG.*® GNOM™® was
used to calculate the pair distribution function and Porod
volume. The experimental scattering profile curve in so-
lution was compared with that of the cryo-EM structure
using CRYSOL.*" Ab initio molecular envelope of the tet-
radecameric ClpL in solution was derived by DAMMINF*
and DAMAVER.*” The derived molecular envelope was
refined using DAMMIN.® Superimpositions between the
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cryo-EM structure and ab initio models were performed by
SUPCOMB.”!

2.10 | ATPase activity assay

ATPase activity of ClpL was measured by a colorimetric
assay33 with minor modifications. About 1 pM ClpL protein
in the buffer D was added to buffer H (50 mM Mops-NaOH
pH 7.0, 100 mM KCI, 4 mM MgCl,, and 4 mM ATP) to
make the total volume of 100 pL. The reaction mixture was
incubated for 20 minutes at 25°C. After 20 minutes, the reac-
tion was terminated by adding 100 pL of termination solu-
tion (2 mL of 0.082% (w/v) malachite green, 1 mL of 5.72%
(w/v) ammonium molybdate in 6 M HCI, 1 mL of 2.32%
(w/v) polyvinyl alcohol in hot water). The color change re-
action was monitored at 630 nm on an ELx800 microplate
reader (BioTek, Winooski, VT, USA). Concentrations of the
released phosphate ion were calculated according to a phos-
phate ion standard curve.

2.11 | Holdase/disaggregase activity assay

6 uM ClpL protein in buffer I (50 mM HEPES-NaOH pH 7.5,
150 mM KCl, 6 mM MgCl,, and 6 mM ATP) was mixed with
1 pM native luciferase (Sigma Aldrich, St. Louis, MO, USA)
and the resulting solution was incubated for 20 minutes at
25°C. Turbidity was monitored by light scattering at 575 nm
at 44°C on a Synergy Neo2 microplate reader (BioTek,
Winooski, VT, USA). Detection was made at 30 seconds in-
tervals for 90 minutes. Reaction mixture without ClpL and
that without ATP were used as controls.

2.12 | Refolding assay

We employed a protocol for refolding assay of a heat-de-
natured substrate>> with minor modifications. About 4 uM
GFP was added to the buffer J (40 mM Tris-HCI pH 7.5,
50 mM KCI, 1 mM DTT, and 8 M urea) and incubated
20 minutes at 85°C. Denatured GFP was 80-fold diluted
in ATP regeneration buffer (40 mM Tris-HCI pH 7.5,
50 mM KCl, 10 mM MgCl,, 0.015% BSA, 10 pg creatine
kinase, 10 mM phosphocreatine, and 6 mM ATP). About
6 uM ClpL was then added and the reaction mixture incu-
bated for 2 hours at 25°C. Renatured GFP was measured
by monitoring fluorescence with excitation at 395 nm and
emission at 510 nm on a Synergy Neo2 microplate reader
(BioTek, Winooski, VT, USA). Data were normalized by
the fluorescence of the native GFP. For the refolding assay
of a chemically denatured substrate, 4 pM luciferase was
added to the buffer J and incubated for 1 hour at 45°C. The
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urea-denatured luciferase was then 80-fold diluted in the
ATP regeneration buffer. Subsequently, 6 uM ClpL was
added and the reaction mixture incubated for 90 minutes
at 30°C. After incubation, 15 uM luciferin (Sigma Aldrich,
St. Louis, MO, USA) was added in the refolding sample
reaction. Refolded luciferase was measured by monitor-
ing luminescence on a GloMax96 microplate luminometer
(Promega, Madison, WI, USA). Data were normalized by
the luminescence of the native luciferase.

3 | RESULTS
3.1 | CIpL exists as a tetradecamer in
solution

Previously we reported that ClpL was likely to form hexamers
in the presence of ATP based on sequence similarity to ClpB
and Hsp104 and size-exclusion chromatograms on an S200 col-
umn,* which suggested that ClpL. might have a hexameric as-
sembly similar to that of ClpA, ClpB, ClpC or Hsp104.13’19’33’53
However, the retention volume of the oligomeric ClpL peak
was close to the void volume, raising the possibility that ClpL
may form an oligomer larger than a hexamer. To characterize
the oligomeric state of ClpL in solution further, we performed
size-exclusion chromatography on a Superose 6 column having
a broader molecular mass range. The retention volume of the
oligomeric peak of ClpL appeared earlier than that of hexam-
eric ClpB, suggesting that ClpL. was not hexameric in solution
(Figure 1A). The calibration curve using standards with known
molecular masses suggested the molecular mass of ClpL being
close to 1 MDa (molecular mass of ClpL. monomer is 78 kDa),
exceeding that of a hexameric assembly. Initially, we inter-
preted that ClpL. may form a dodecamer, which would be con-
sistent with the oligomeric states of other members in HSP100
family such as ClpB and ClpC.'*!*?%%* The active site “trap”
mutant EI93A/E526A in which two residues in the Walker B
motifs of two NBDs (E193A/E526A) were mutated (hereaf-
ter ClpL-Trap) and reported to slow down ATP hydrolysis34
also exhibited the same elution profile in size-exclusion chro-
matography (Figure 1B). To accurately determine the oligo-
meric state of ClpL, we pursued analytical ultracentrifugation
(AUC). Sedimentation velocity data suggested that the molecu-
lar mass of ClpL in the presence of ATP in solution is 1.15
MDa (Figure 1C) and interference sedimentation equilibrium
data 1.16 MDa (Figure 1D). These results are consistent with
the oligomeric state of ClpL being a tetradecamer. To corrobo-
rate the oligomeric state of ClpL revealed by the AUC, we took
electron micrographs of the oligomeric ClpL in the presence
of ATP using negative staining (Figure 1E). Surprisingly, the
negatively stained images of ClpL manifested a heptameric ar-
rangement from top views. Taken together, we concluded that
CIpL exists predominantly as a tetradecamer in solution.
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3.2 | Cryo-EM structure of ClpL
tetradecamer

ClpL from S pneumoniae consists of an N-terminal do-
main (NTD), two NBDs (NBD1 and NBD2) connected by
the MD, and a C-terminal domain (CTD) at the primary
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FIGURE 1 Molecular characterizations of the oligomeric ClpL. A, Analytical size-exclusion chromatograms of ClpL wild-type from §
pneumoniae and ClpB from E coli. Proteins were loaded to a Superose 6 column in the presence of 6 mM ATP with molecular mass values of
standards indicated above the peaks. B, A chromatogram of ClpL-Trap (E193A/E526A):ATP reveals that the oligomeric state observed in ClpL
wild-type is maintained in ClpL-Trap mutant. A Coomassie blue-stained SDS-PAGE gel showing fractions corresponding to the oligomeric
ClpL-Trap:ATP is shown at the bottom. C, (Upper) Sedimentation velocity profiles of ClpL-Trap (E193A/E526A) oligomer in solution. Data were
acquired on a ProteomelLab XL-I analytical centrifuge (Beckman Coulter) equipped with Rayleigh interference optics. (Lower) Sedimentation
coefficient distribution, c(s), of ClpL-Trap:ATP obtained by sedimentation velocity experiment is shown. The apparent molecular mass of ClpL-
Trap oligomer was estimated to be 1.15 MDa with friction ratio being 2.0. D, Interference sedimentation equilibrium analysis of ClpL-Trap
oligomer in solution. Molecular mass of the ClpL-Trap was estimated to be 1.16 MDa, indicating that ClpL-Trap is tetradecamer in solution. E,
(Left) A representative image obtained by negative staining on a transmission electron microscope of the tetradecameric ClpL-Trap:ATP (scale
bar = 100 nm). 2D averaged images of ClpL-Trap:ATP with side-view (upper right) and top-view (lower right) are shown.

(A) 193 526
Walker B WT: ILFFDEIH WT: ILLDEIE
TRAP: ILFFDAIH TRAP: ILLDAIE
1 76 324 374 589 701
NTD CTD

(D)

200A

FIGURE 2 Cryo-EM structure of the tetradecameric ClpL-Trap:ATPyS. A, Domain organization of ClpL is shown with domain boundaries
indicated. Domains are described as colored boxes: NTD, N-terminal domain (gray); NBD1, nucleotide-binding domain 1 (blue); MD, middle
domain (red); NBD2, nucleotide-binding domain 2 (green); and CTD, C-terminal domain (gray). Residues mutated in the ClpL-Trap mutant are
indicated at the top. B, Cryo-EM map of the tetradecameric ClpL-Trap:ATPyS complex at an overall resolution of 4.5 A. Side-view (upper) and
top-view (lower) are provided. Maps are segmented and colored by protomers. Dimensions for the width of the full-length protein, heights of the
full-length, each heptameric ring, and MD are shown(upper). ClpL oligomer inner diameter was shown in top-view (lower). C, The same structure
as (B) with maps being segmented and colored by domains. The coloring scheme is identical to that in (A). D, Side and top views of the fitted
atomic model of tetradecameric ClpL:ATPyS, colored by protomers in cartoon representation.

Figure S1). 2D class average and cryo-EM map from the with dual layers each of which is composed of a heptamer
3D classification and refinement without imposing any at 9.3 A resolution (Figure S1C-E). To improve the resolu-
symmetry shows that ClpL-Trap:ATPyS is a tetradecamer tion, D7 symmetry was applied for further 3D classification



KIM ET AL.

M?ASE‘BJOURNAL

TABLE 1 Cryo-EM data collection and processing statistics

Sample preparation

Grid

Cryo-specimen freezing
Data collection

Electron microscope

Data collection mode
Voltage (kV)
Magnification

Pixel size (1&)

Defocus range (um)

Total electron dose (e_/x&z)
Exposure time (s)

Data processing

Data processing program
Number of micrographs
Number of frames per image
Initial particle number
Final particle number
Symmetry imposed
Resolution (10\)

Refinement

Refinement program
Reference for the initial model
Reference for the final model
Cell dimensions

a, b, c (A)

a py ()

Map sharpening B-factor (A?)
Model composition
Nonhydrogen atoms
Protein residues

Average B-factor (Az)

R m.s deviations

Bond length (A)

Bond angle (°)
Ramachandran plot
Favored (%)

Allowed (%)

Disallowed (%)

Validation

Clash score”

Rotamer outliers (%)

MolProbity score

Mask CC

CIpL-Trap:ATPyS

ClpL-Trap:ATP

(EMDB-0967) (PDB 6LT4)

Quantifoil R2/2 200 mesh
Vitrobot IV

Titan krios
Electron counting
300

47 000

1.3973
—-1.8t0-34

60

1.8

RELION and cisTEM
1164

40

63 674

49 797

D7

4.5

PHENIX
PDB 1QVR (RELION)
RELION processing model

166.28, 166.28, 227.76
90, 90, 90
—388.847

68 530
8722
81.86

0.007
0.972

94.52
5.48
0.00

8.90
0.19

1.85

0.71

*The MolProbity clash score indicates the number of steric overlaps larger than 0.4 A per 1000 atoms.

(EMDB-0965) (PDB 6LSY)

Linear

300

47 000
1.3973
—0.5t0 -3.9
60

1.8

1821

30

104 148
52 689
D7

6.33

164.88, 169.07, 236.14
90, 90, 90
—948.575

67 662
8722
72.8

0.018
1.875

95.49
3.70
0.81

1.43
0

1.19

0.71


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1QVR

KIM ET AL.

and refinement, yielding a cryo-EM map with a global res-
olution of 4.5 A (Figure SIE-G).

The overall structure of tetradecameric ClpL-Trap:ATPyS
features two parallel, symmetrical and face-to-face hep-
tameric rings with outer diameter 140 10\, inner diameter
30 A, and height 70 A, separated by seven bridges with 60 A
gap distance (Figure 2B). The tetradecameric arrangement
of CIpL is striking, considering that most AAA+ ATPases
are known to form either hexamers or dodecamers. Each
heptameric ring is composed of NBD2 stacked on top of
NBD1 with MDs perpendicularly protruding from NBDIs
(Figure 2C).

The identity of a nucleotide in the cryo-EM structure of
an AAA+ ATPase is often responsible for different confor-
mations.?*>>7 Structure of an ADP-bound NBD2 of ClpB
from T thermophilus features that pore loop is exposed to the
central channel for substrate translocation.”> An AMPPNP-
bound ClpB structure from M tuberculosis adopts an open
and asymmetric conformation.”’ To investigate whether ATP,
not ATPyS, can lead to different conformations of ClpL, we
determined the cryo-EM structure of ClpL-Trap in the pres-
ence of ATP at 6.3 A resolution (Table 1 and Figure S2A-F).
No noticeable conformational change was observed between
ClpL: ATPyS and ClpL:ATP cryo-EM structures.

The cryo-EM structure of tetradecameric ClpL-Trap re-
veals a flattened conformation while oligomeric HSP100
chaperones assume a twisted or helical arrangement when
they are active.”>*%% To resolve this controversy, we in-
vestigated the solution structure of ClpL-Trap:ATP using
small-angle X-ray scattering (SAXS; Table S1). The radius
of gyration (R,) of ClpL byo SAXS (78 A) is slightly smaller
than that by cryo-EM (83 A), corroborating that the overall
tetradecameric state is likely to be conserved (Figure S2G).
Interestingly, D,,,« value, the maximal distance between two
atoms in a structure, assessed by SAXS (257 10\) is somewhat
larger than that by cryo-EM (232 10\), suggesting that ClpL
may have a more flexible structure in solution (Figure S2H).
Ab initio envelopes for ClpL derived from SAXS data appear
to be fitted better with a hypothetical helical ClpL tetrade-
camer than with cryo-EM structure (Figure S2I). These data
implicate that active ClpL may assume a non-flattened con-
formation. The current cryo-EM structure of ClpL seems to
reflect conditions where individual ClpL particles are aligned
in a thin vitrified environment.

While densities for NBDs and MD are clearly visible in
the cryo-EM map, the density for the NTD was missing in
3D reconstruction (Figure 2C), probably due to its high flexi-
bility in the absence of a substrate a similar observation made
in other Clp family structures.'® Mass spectrometry analysis
confirmed the presence of the intact NTD (Figure S3A). A
construct lacking NTD, ClpL-ANTD, exhibited less flexibil-
ity judged by Porod-Debye plot®' derived from SAXS data
(Table S1 and Figure S3B), corroborating that the NTD is
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flexible. The locations of the N-termini of NBD1 suggest that
this missing NTD might be located near the central cham-
ber (Figure S3C). A size-exclusion chromatogram revealed
that ClpL-ANTD did not cause a shift in its elution volume,
implicating that NTD is dispensable in forming the tetrade-
cameric arrangement of ClpL (Figure S3D).

The model built in cryo-EM density map of ClpL revealed
that the NBD1 and NBD2 shows a typical AAA+ ATPase
fold consisting of a large RecA-like o/f and small a-heli-
cal ATPase subdomain and that the helix-turn-helix of MD
forms a coiled-coil structure which protrudes from the small
subdomain of NBD1 (Figure 2D and Figure S3C). For both
NBDs, the large subdomains are organized as a -sheet that
is flanked by helices on both sides. The small subdomains of
NBDI1 have a four-helix bundle, while the fourth helix was
replaced by the two-stranded p-sheet in the small subdomain
of NBD2 (Figure S3C).

The overall subdomain organization and fold of the ClpL
protomer is similar to that of the other Clp family proteins,
resulting root-mean-square-deviation (r.m.s.d.) 2.1 A when
superimposed with ClpC, a phylogenetically close ortholog
(Figure S4A). In the current cryo-EM structure of ClpL-Trap,
densities of ATPyS molecules are visible. In NBD1, ATPyS
is accommodated in a pocket formed by residues of the
Walker A (K127 and T128) and Walker B (D192 and E193)
motifs as well as by those of sensor-1 (T231) and sensor-2
(R301) (Figure S4B). In addition, arginine finger from the
neighboring protomer (R248%*) protrudes into the ATP bind-
ing site, indicating that coordinated inter-protomer communi-
cations are also critical for nucleotide sensing and hydrolysis
(Figure S4B). In NBD2, the corresponding residues (Walker
A: K458, T459; Walker B: D525, E526; sensor-1: N567; sen-
sor-2: R659 and arginine finger: R600) similarly interact with
ATPyS (Figure S4C).

The two heptameric rings of ClpL are connected by seven
bridges consisting of fourteen vertical MDs (Figure 2D). In
the cryo-EM structure, the MDs seem to be an insertion to the
NBDI1 although the MD is located between NBD1 and NBD2
at the primary structural level. The vertical arrangement of
the MDs is also seen in the “repressed” dodecameric ClpC
structure.! Unlike the dodecameric ClpC structure, however,
the tetradecameric ClpL features stacked two heptameric
rings, not spiral ones. The region in the MD responsible for
the ring-to-ring contact is rather small, burying only 115.8
A%

3.3 | Oligomeric assembly

ClpL is phylogenetically related to other HSP100 proteins
such as ClpC, ClpB, and Hsp104 (Figure 3A). Protomers of
ClpL-Trap are assembled into a tetradecamer with two-lay-
ered heptameric rings, while all the other known HSP100
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FIGURE 3 Oligomeric assemblies of ClpL and other HSP100 chaperones. A, Phylogenetic analysis of HSP100/Clp chaperones. SpCIpL,
ClpL from Streptococcus pneumoniae; BsClpC, ClpC from Bacillus subtillis; SaClpC, ClpC from Staphylococcus aureus; ScHsp104, Hsp104
from Saccharomyces cerevisiae; EcClpB, ClpB from Escherichia coli. SpClpL is labeled in red. B, ClpL forms a heptameric ring, while other
orthologs form hexameric rings. Top-view of oligomers are shown as surface representations. Coordinates used are as follows: SpCIpL, this study;
BsClpC:MecA complex, PDB ID 3J3U; SaClpC:MecA, PDB ID 6EMW; EcClpB, PDB ID 4D2U; and ScHsp104 closed form, PDB ID 5VJH.
Each protomer in an HSP100 chaperone assembly is colored differently. C, Internal chamber volume analysis of SpClpL, BsCIpC, and EcClpB.
Internal chamber volumes were analyzed by ChExVis.”” NBD2s of BsClpC form a closed hexameric ring, thereby excluded from calculating
the internal chamber volume. Dimensions of the internal chamber volumes are shown in angstrom (10\). NBD1s (blue) and NBD2s (green) of
heptameric ring of SpClpL, NTDs (pink), NBD1s (blue), MDs (red), NBD2 (green) and MecA (olive) of hexameric ring of BsClpC 1-485 and
NBD1s (blue), NBD2s (green), MDs (red), NTDs (pink) and CTDs (brown) of EcClpB are shown. Internal chamber volumes are depicted as
yellow surface presentations.
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proteins form either hexamers or dodecamers (Figure 3B).
ClpC exists as either a hexamer (complexed with a cofac-
tor)13
and its yeast ortholog Hsp104 feature a single hexameric
ring despite the variable positions of the MD. To compare
the oligomeric assembly of ClpL to those of other related
Clp proteins, we analyzed the internal chamber volume of
the heptameric and hexameric rings of ClpL, ClpC, and
ClpB (Figure 3C). Since the NTD in the ClpL structure is
missing, we confined our analysis to one layer of a ring.

or a dodecamer (repressed conformation).?! ClpB
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The heptameric ring of CIpL shows an internal chamber
with 42 A in height and 16-18 A in width. In contrast, the
hexameric rings of ClpC and ClpB feature internal cavities
with 26 A in height and 13-17 A in width for ClpC, and
92 A in height and 12-22 A in width for ClpB, respectively.
ClpC shows widths of the internal chamber comparable to
those of ClpL (13-17 vs 16-18 A), while the height of the
internal chamber of ClpC is about half the height of ClpL
(26 vs 42 A). Although ClpC is the closest ortholog of
ClpL phylogenetically among HSP100 chaperones whose
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FIGURE 4 Protomer interface analysis of the heptameric ring of ClpL. A, Conservation analysis of HSP100 chaperones (ClpL, ClpC, ClpB,
and Hsp104). Degree of conservation in residues of NBD1 (left) and NBD2 (right) is mapped on surface representations with color varying from

red (conserved) to white (variable). The orientations of NBD1 and NBD?2 are the same as those in Figure S5A. Key interface residues for hexameric
ring assembly (R112 and K492) and those for heptameric ring assembly (Q321 and R670) are labeled. B, C, ATPase activities (B) and refoldase
activities (C) of ClpL mutants at the protomer interface. Relative activities of ClpL mutants are shown. Mutants are colored in the same manner

in (A) and wild-type (WT) as black. Average and standard deviation values from triplicates are shown. Statistical significance is represented as

follows: *** P < .001.
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structure is well characterized, the internal chamber vol-
ume is apparently smaller from that of ClpL. However,
ClpC often requires the presence of an adaptor protein such
as MecA, which provides an additional open chamber with
23 A in height and 90 A in width. At the one-layered ring
level, ClpB seems to have a bigger chamber than ClpL:
for instance, the height of the internal chamber of ClpB
is about two-fold bigger than that of ClpL (92 vs 42 A).
However, considering that ClpL forms two-layered rings
one can imagine the total chamber would be comparable
to each other. These analyses clearly demonstrate that the
oligomeric assembly of ClpL is distinct from those of other
HSP100 proteins.

3.4 | Protomer arrangement and interfaces
The protomers of the tetradecameric ClpL constitute four kinds
of inter-protomer interfaces (Figure S5A): NBD1-NBD1 in-
terface (Figure S5B), MD-NBDI interface (Figure S5C),
NBD2-NBD?2 interface (Figure S5D) and CTD-NBD?2 inter-
face (Figure S5E). Inter-protomer interactions found in the
tetradecameric ClpL share common features with those of
other hexameric and dodecameric AAA+ ATPases despite
differences in details (Figure S6). R112, K114, and K492 of
ClpL are structurally equivalent to residues at the hexameric
interface of ClpB (Figure S6A). In contrast, Q165 and Q321
in NBD1, R433 in NBD2, and N602, R659, R670, and D671
in CTD are residues specifically found in the heptameric in-
terface (Figure S6B).

To obtain insights into determinants for the heptameric
assembly of ClpL, we analyzed relationship between se-
quence conservation and the locations of interface residues
(Figure 4). Sequence conservation mapped to the struc-
tures of NBD1 and NBD2 of ClpL revealed that Q321, a
key residue in the NBDI1 interface, and R670, one in the
NBD?2 interface, are located in the non-conserved region
(Figure 4A). In contrast, interface residues of hexameric
ClpC and ClpB are highly conserved. It appears that the
non-conserved residues in ClpL may be responsible for the
heptameric ring arrangement of ClpL. To validate func-
tional roles of residues in the heptameric interface, we per-
formed the following activity assays: ATPase and refoldase
assays. Virtually all mutations in the heptameric interface
residues impaired ATPase hydrolysis whether they are
structurally equivalent to residues in hexameric interfaces
of other HSP100 proteins or not (Figure 4B), suggesting
that the integrity of the heptameric ring is critical in con-
ferring ATPase activity. Interestingly, the refoldase activity
of the tetradecameric ClpL was compromised most drasti-
cally by residues specific to the heptameric interface such
as Q321 in NBDI and R670 in CTD (Figure 4C). These

results demonstrate that the heptameric interface appears to
be more critical in conferring refoldase activity.

To compare the roles of interface residues in heptameric
CIpL ring with those of interface residues in hexameric
ClpC and ClpB rings, we analyzed locations of the residues
in the protomer interface and the MDs of ClpL, ClpC, and
CIpB (Figure S7). We chose one residue per each NBD at
the protomer interface (Q321 for NBD1 and R670 for NBD2
in ClpL; R405 for NBD1 and R767 for NBD2 in ClpC; and
R196 for NBD1 and Q703 for NBD2 in ClpB) and one res-
idue essential for contacts among the MDs (F350 for ClpL,
F436 for CIpC and Y503 for ClpB). Then we measured the
angle among the three residues (one in the NBD1 interface,
one in the NBD2 interface, and one in the MD interface) from
the top view. In ClpL, the NBD1 interface residue is rotated
clockwise to the NBD2 interface residue by 15° in a protomer
(Figure S7A). In contrast, in both ClpC and ClpB, the NBD1
interface residues are rotated counter-clockwise to the NBD2
interface residues by 26° and 24°, respectively (Figure S7B
and C). The NBD1 interface residue of ClpL is again rotated
clockwise to the MD interface residue by 5° (Figure S7A),
while the NBD1 interface residues of ClpC and ClpB are ro-
tated counter-clockwise to the MD interface residues by 8°
and 12°, respectively (Figure S7B and C). It seems that the
NBDI1 interface residue in the tetradecameric CIpL is posi-
tioned so that the NBD1 interface residue is rotated clockwise
to the NBD2 and MD interface residues, unlike hexameric
ClIpC and ClpB where the NBD1 interface residues are rotated
counter-clockwise to the NBD2 and MD interface residues.

3.5 | Vertical arrangement of the
middle domains

Structural analysis points out that F350 is a key residue
in maintaining the two heptameric rings through MDs
(Figures S8A and 5A). The head-to-head interactions
between MDs are composed of the three pairs of proxi-
mally located hydrophobic residues encompassing V345,
F350, A353 and L354 and two pairs of polar residues in-
cluding E348 and K357 at the tip of the MDs, leading to
a stable and rigid tetradecameric ClpL (Figures S8A and
5A). To corroborate the roles of residues at the protomer
interface, we compared the oligomeric state of a deletion
mutant (A339-356) with that of WT by size-exclusion
chromatography (Figure 5B). The deletion mutant eluted
at about half the size of the WT, confirming the roles of
the aforementioned residues in maintaining the tetradeca-
meric state. Furthermore, mutations of the key hydropho-
bic residue (F350A, F350E, F350R, and D349A/F350A/
E351A) also led to the disruption of the tetradecameric
state (Figure S8B-E). Superposition of MDs from HSP100
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Analysis of MDs of ClpL and its orthologs. A, Close-up of inter-ring interactions between two heptameric rings in a head-to-head

manner. Two MDs making inter-ring contacts are shown as ribbon representations with key residues involved in inter-ring contacts as stick models.
B, Analytical size-exclusion chromatograms of ClpL-Trap full-length (red) and ClpL-Trap A339-356 lacking MD residues (blue). 6 mM ATP was
added to the protein solution to promote ClpL oligomer formation. Fractions corresponding to the ClpL oligomer peaks were analyzed by SDS-
PAGE. C-F, Angle between the MD of ClpL and the MDs of active ClpC (C), repressed ClpC (D), ClpB (E), and Hsp104 (F). The MDs are aligned
in reference to the NBD1s (gray). The MD of CIpL is colored as red and the MDs of ClpC, ClpB, and Hsp104 as blue.

family proteins such as ClpB, ClpC, and Hsp104 reveals
that subtle rotameric changes contribute to the protomer
interface (Figure S8F). This is in contrast to the repressed
ClpC oligomer where the ring-to-ring contact is mediated

by hydrogen bonds between E435 and N438.2' F350 of
ClpL, corresponding to F436 of ClpC, assumes a slightly
different rotameric position. Such a subtle rotameric differ-
ence appears to be crucial in mediating different positioning
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Relative ATPase activities of CIpL and its middle domain (MD)

mutants. Results from biological triplicates are shown. B, Relative holdase/disaggregase activities of ClpL and its MD mutants. Turbidity of
luciferase was monitored at 575 nm at designated time intervals. Each mutant is colored differently. C, Refolding of chemically denatured
luciferase by ClpL and its MD mutants. Renaturation of firefly luciferase was monitored by measuring luminescence from refolded luciferase.

Values are normalized to the percentage of luminescence of the ClpL-WT. R

esults from biological triplicates are shown. D, Relative refolding of

heat-denatured GFP by ClpL and its MD mutants. Renaturation of GFP was monitored by measuring fluorescence from refolded GFP. Values are
normalized to percentage of the ClpL-WT fluorescence. In all panels, statistical significance is represented as follows: *, P < .05; **, P < .01; and

*#%, P <.001; NS, not significant.

of MDs relative to other domains of protomers. Multiple
sequence alignment of the MDs of ClpL, ClpC, and CIpE
orthologs reveal that many key residues in the MD interac-
tions of ClpL including E348, F350, A353, and K357 are
well conserved (Figure S8G).

The MDs of other AAA+ ATPases are reported to be
equatorial (ClpB and Hsp104),26’62 intermediate (ClpC),13
and axial (dodecameric ClpC).21 In terms of the angle that
the MDs make in reference to the NBDs of an oligomer, the
MDs of ClpL are almost perpendicular (Figure S9D). The
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vertical positioning of the MD of ClpL becomes clear when
compared to the positioning of the MDs of ClpC, ClpB, and
Hspl04 when the NBDI1s are superposed (Figure 5C-F).
The MD of ClpC makes 56° angle with the MD of ClpL for
the active conformation complexed with MecA (Figure 5C)
and 51° angle for the repressed, inactive conformation
(Figure 5D). The MDs of ClpB and its eukaryotic ortholog
Hsp104 make a 75° angle with the MD of ClpL (Figure 5E
and F). These analyses clearly demonstrate that the position-
ing of the MD of ClpL is quite different from that of the MDs
of other phylogenetically related Clp proteins. The head-to-
head interactions observed in the MDs of ClpL were also dis-
tinct from those of other Clp family proteins where the MD
binds to their auxiliary co-chaperone proteins (Figure S9A).
Multiple sequence alignment of the MDs from ClpL, ClpB,
and Hsp104 shows some variability (Figure S9B). These re-
sults support that the MDs of ClpL are pivotal in ensuring the
tetradecameric oligomeric state of ClpL.

3.6 | Tetradecameric ClpL is
functionally active

It was previously reported that ClpB, an ortholog of ClpL,
can exist as an inactive heptamer.”’ To investigate whether
ClpL tetradecamer observed in the cryo-EM structures
are functionally active, we performed activity assays such
as ATPase, holdase/disaggregase, and refoldase ones
(Figure 6). An M-domain deletion mutant A339-356 and
single mutants showed no significant reduction in ATPase
activities (Figure 6A), reflecting the established notion
that ATPase activity is mediated by NBDs, not by MDs.
Mutations in the MD of ClpL deteriorated holdase/disag-
gregase activity (Figure 6B), corroborating that integrity
of the tetradecameric oligomeric state is critical in ensur-
ing the activity. A triple mutant at the interface of MDs,
D349A/F350A/E351A, exhibited the most severe reduc-
tion in holdase/disaggregase activity of ClpL, further sup-
porting the importance of these residues and thereby of
tetradecameric arrangement. Chaperone activity of ClpL,
probed by refolding of chemically denatured luciferase
and heat-denatured GFP, sheds light on the mechanistic
aspect of CIpL chaperone. Refolding of luciferase was
negatively affected by mutations in the MD (Figure 6C
and D). Notably, mutations in the bottom tip of MD such
as D349A, F350A, F350A/L354A, and D349A/F350A/
E351A showed the most drastic reduction in the chaperone
activity. In contrast, refolding of GFP was less deteriorated
by aforementioned mutants, implicating that the chaperone
activity of ClpL may differ depending on substrate poly-
peptides. Collectively, these activity assay results establish
that the tetradecameric ClpL is functionally active.
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4 | DISCUSSION

Functional AAA+ ATPases have been assumed to be ei-
ther hexameric or dodecameric oligomers. Here we report a
functional tetradecameric AAA+ ATPase structure of ClpL.
Combined by cryo-EM, SAXS, and biochemical data, we
demonstrate that the tetradecameric ClpL is a functionally
active ATPase. The previously reported, inactive heptameric
ClpB forms in the absence of salt and ATP.? Since ATP ap-
parently stabilizes hexameric ClpB,63 the heptameric ClpB
is likely to be an inactive oligomer. However, ClpL forms
tetradecamers only upon binding to ATP (Figure 1). Other in-
stances of heptameric ATPases include HslU® and RuvB.%
In both cases, the heptameric oligomer state represents func-
tionally inactive states, either in the absence of ATP for
HslU or of DNA for RuvB. ClpP, belonging to the same Clp
family, functions as a heptamer, but the structure and func-
tion differ from those of ClpL (Figure $10).°%® Heptameric
ClpP forms a two-component protease complex with hexa-
meric ClpX or CIpA for the chaperone. In contrast, ClpL is
an AAA+ chaperone that can function without any auxiliary
factor. A recent study reported a heptameric assembly of
yeast Besl, an AAA+ ATPase, involved in the transport of
folded proteins.69 However, Bcs1 has a domain architecture
different from that of ClpL. To the best of our knowledge,
this is the first case where an AAA+ ATPase is active as a
heptamer-based oligomer.

Our analyses on residues in the protomer interfaces shed
light on determinants for heptameric ring formation for
HSP100 and AAA+ ATPases. Non-conserved residues seem
to be critical in forming a heptameric assembly, while con-
served residues apparently participate in hexameric assembly
(Figure 4). The relative positioning of residues in the NBD1
and NBD2 interfaces may contribute to the distinction be-
tween heptameric and hexameric assemblies. The heptameric
assembly shows the clockwise rotation of the NBD1 interface
residue to the NBD2 interface residue, while the hexameric
assembly exhibits the counter-clockwise rotation (Figure S7).
The chamber volume analysis also hints on the requirement
of heptameric assembly for ClpL. The heptameric ring of
ClpL contributes to only about half the chamber volume of
hexameric ClpC and ClpB, implicating that the two-layered
tetradecameric assembly of ClpL might warrant function-
ality as a chaperone (Figure 3C). It requires further inves-
tigation whether these features found in the tetradecameric
CIpL structure can be extended beyond the HSP100 family to
AAA+ ATPases in general.

The position of the MD relative to the NBDs has been
implicated in different functional states of AAA+ ATPases.
Lateral MD is associated with active states, exemplified in
ClpB,60 while vertical MD with inactive state as shown in the
case of “repressed” ClpC.21 The MD of ClpL assumes the most
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vertical position among known ring-type AAA+ ATPases
(Figure S9A), but this position is obviously correlated with
the functionally active state.

Functional tetradecameric ClpL labels it as a unique
ring-type ATPase. While most AAA+ ATPases are hexam-
er-based oligomers, many proteins working in conjunction
with AAA+ ATPases feature non-hexameric oligomeric
states. For instance, ClpX, a bacterial protease working with
ClpB and other bacterial chaperones, functions as a hep-
tamer. GroEL-GroES chaperone complex shows the hep-
tamer-based architecture. It seems that ClpL is positioned
between heptamer-based chaperones and proteases and hex-
amer-based canonical AAA+ ATPases, rendering CIpL in a
unique position in lieu of oligomeric structure. Such unique-
ness of tetradecameric CIpL is also reflected in the oligo-
meric interfaces: some residues are specific to ClpL, while
others are involved in hexameric orthologs (Figure 4A and
Figure S5). Phylogenetic analysis of ClpL with its orthologs,**
combined with multiple sequence alignments, implicates
that tetradecameric arrangement may represent a subgroup
of AAA+ ATPases (Figure S8G). For instance, CIpE from
Leptotrichia wadei is closest to CIpL in the phylogeny and
shows 82% sequence identity. Sequence alignment shows
that key residues in protomer interface and MD are well con-
served, corroborating the idea that more AAA+ ATPases may
exist as non-hexameric oligomers, including tetradecamers.
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