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LonA proteases and ClpB chaperones are key components of the protein
quality control system in bacterial cells. LonA proteases form a unique
family of ATPases associated with diverse cellular activities (AAA™") pro-
teins due to the presence of an unusual N-terminal region comprised of
two domains: a B-structured N domain and an o-helical domain, including
the coiled-coil fragment, which is referred to as HI(CC). The arrangement
of helices in the HI(CC) domain is reminiscent of the structure of the H1
domain of the first AAA" module of ClpB chaperones. It has been hypoth-
esized that LonA proteases with a single AAA" module may also contain a
part of another AAA" module, the full version of which is present in ClpB.
Here, we established and tested the structural basis of this hypothesis using
the known crystal structures of various fragments of LonA proteases and
ClpB chaperones, as well as the newly determined structure of the
Escherichia coli LonA fragment (235-584). The similarities and differences
in the corresponding domains of LonA proteases and ClpB chaperones
were examined in structural terms. The results of our analysis, comple-
mented by the finding of a singular match in the location of the most con-
served axial pore-1 loop between the LonA NB domain and the NB2
domain of ClpB, support our hypothesis that there is a structural and func-
tional relationship between two coiled—coil fragments and implies a similar
mechanism of engagement of the pore-1 loops in the AAA" modules of
LonAs and ClpBs.

The family of Lon proteases, together with several
other energy-dependent proteases, molecular chaper-
ones, as well as regulatory molecules, forms a system
of protein quality control (PQC). These proteins play
a key role in the maintenance of cellular proteome in
all natural kingdoms [1-6]. Chaperones ensure correct
folding of the polypeptide products of biosynthesis
and participate in the formation of protein assemblies,
as well as in preventing aggregation and refolding of

Abbreviations

modified cellular proteins. ATP-dependent proteases
degrade damaged or abnormal proteins and control
the level of regulatory proteins at every stage of the
cell cycle.

Most chaperones and all proteases of the PQC sys-
tem are heat-shock proteins (Hsp). The PQC proteases
are bifunctional oligomeric enzymes. Their proteolytic
domains belong to different classes of peptide hydro-
lases, whereas the ATPase parts are related to the

AAA*, ATPases associated with diverse cellular activities; PDB, Protein Data Bank; PQC, protein quality control.
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single Hspl00 superfamily denoted AAA" proteins
(i.e., ATPases associated with diverse cellular activities)
[5,7-12]. Chaperones-disaggregases Hspl00 (repre-
sented by the ClpB family in bacteria or Hspl04 in
eukaryotes) also are part of the same superfamily [7-
9].

The domain organization of AAA™ proteins of the
PQC system is shown in Fig. 1. The ATPase compo-
nent of any AAA" protein is a two-domain AAA™
module comprising a large nucleotide-binding (NB or
o/p) domain as well as a small a-helical (H or o)
domain. These modules contain a variety of conserved
elements consisting of peptide fragments or, in some
instances, single amino acid residues [8,9,11,13]. Fur-
thermore, all AAA" proteins include nonhomologous
‘extra’ domains (either located in the protein N-termi-
nal region or inserted within their NB domains (I
domains); see Fig. 1).

The AAA" proteins are divided into two classes
depending on the number of AAA" modules. The
ATPase components of most AAA" proteases and pro-
teolytic complexes (such as proteasomes) that contain
only one such module (Lons, FtsH, HslUV, PAN/20S,
ClpXP) belong to class II of AAA" proteins, whereas
components ClpA, ClpC, and CIpE of other proteases,
as well as chaperones-disaggregases ClpB, have two
AAA" modules (D1 and D2) and are assigned to class
I (Fig. 1). The H domains of the D1 modules of ClpB,
ClpC, and CIpE incorporate inserted coiled-coil (CC)
fragments of different sizes (52 to more than 110 resi-
dues). Proteolytic components of the ATP-dependent
proteases can be either domain within a single
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polypeptide chain of homooligomeric enzymes (Lon
and FtsH), or individual subunits of heterooligomeric
enzymes (HslUV, CIpXP, CIpAP, and others).

The common pool of Lon proteases comprises a
number of different groups, among which the most
representative and studied are the subfamilies LonA
and LonB [8,14]. Subfamily A includes mainly bacte-
rial and eukaryotic enzymes, whereas most enzymes of
the archaeal origin belong to subfamily B. Although
proteolytic (P) domains of both, LonA and LonB sub-
families, are serine-lysine hydrolases (clan SJ, family
S16 in the MEROPS classification) [15,16], the envi-
ronment of the catalytic serine and lysine residues in
the P domains of LonA and LonB is different [14].
Furthermore, ‘extra’ domains of LonA and LonB pro-
teases are positioned differently. An extra domain in
LonA is located at the N terminus of the protein
chain, whereas in LonB it is found inside the AAA"
module (Fig. 1). It is not yet clear how these differ-
ences are reflected in the structures of the full-length
enzymes, as to date no crystal structure of any full-
length Lon protease has been determined. However,
crystal structures of a number of fragments consisting
of individual domains of LonA and LonB proteases or
their combinations are known.

The most prominent feature of LonA proteases,
which distinguishes them from proteases of the LonB
subfamily, as well as from other AAA" proteins, is a
very extended N-terminal region with 300 to over 400
amino acids. It has been suggested that the N-terminal
region represents a combination of two domains—the
actual N-terminal (N) domain, followed by an inserted
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domain which is located between the N domain and
the AAA" module [17]. This inserted domain, referred
to as HI(CC) (helical inserted with CC-fragment [18],
Fig. 1), is formed exclusively by a-helices and is pre-
dicted to contain a CC fragment [14,19] (see also
https://embnet.vital-it.ch/software/COILS_form.html).
It was suggested that the HI(CC) domain resembles
the H1 domain of ClpB chaperone, which also con-
tains a fragment of similar size with CC conformation
(namely M domain, Fig. 1) [17,18].

The role of the N-terminal region in supporting
ATP-dependent proteolysis and in maintaining the
structure of the active enzyme has not yet been fully
clarified. There is evidence indicating that this region
might play an important role in oligomerization of
LonA proteases and could be involved in the binding
of protein substrates [20-24]. Furthermore, it was
shown that truncations or deletions in the N-terminal
regions of different LonA proteases often disrupt enzy-
matic activities [20-22,25-,30].

With the availability of extensive structural data for
the N domain [31,32], but only incomplete data for the
HI(CC) domain [32-34], we aim here to examine the
architecture of the N-terminal region of LonA proteases,
in particular the structure of their HI(CC) domains,
focusing on the LonA protease from Escherichia coli
(EcLon). The interdomain interactions within monomers
and oligomers of EcLon are also analyzed. As part of
this study, we determined the structure of the fragment
EcLon (235-584) that comprises a part of the HI(CC)
domain and the AAA™ module, since no such structure
of EcLon has been available to date.

Materials and methods

The amino acid sequences of the chaperones and proteases
analyzed in this study were obtained from the UniProt
Knowledgebase (http://www.uniprot.org/) and the MER-
OPS database (www.merops.sanger.ac.uk) [35], respectively.
ExPASy server (https://embnet.vital-it.ch/software/Clusta
IW.html; https://www.ebi.ac.uk/Tools/msa/clustalo/; https://
embnet.vital-it.ch/software/COILS_form.html; http://distill.
ucd.ie/porter/) was used to evaluate the degree of conserva-
tion in sequences, to identify the CC regions in proteins,
and for the subsequent topology analysis.

The fragment of EcLon (235-584) comprising the C-ter-
minal part of HI(CC) domain and the full-length AAA™
module was produced by limited proteolysis from purified
full-length EcLonA, as previously described [22]. As the
final step of purification, concentrated protein was loaded
on a Superdex 200 Prep grade 26/600 size exclusion column
(GE Healthcare, Waukesha, WI, USA) at a flow rate of
0.5 mL-min~". The buffer consisted of 20 mm Tris/HCI pH
7.5, 0.2 m NaCl and 1 mm ADP. For crystallization, the
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protein was concentrated to 8 mgmL~™' on a Microcon
concentrator with 10 kDa MW cutoff (EMD Millipore,
Billerica, MA, USA).

Large needle-shaped crystals were grown by the sitting
drop vapor diffusion method with a Hydrall crystallization
robot (Art Robbins Instruments, Sunnyvale, CA, USA) at
21 °C. The crystals grew in 7-10 days in 30% (w/v) PEG
400, 0.2 M LirSOy4, 0.1 M Na cacodylate pH 6.5 from the
Wizard 11 screen (Beryllium Discovery, Bedford, MA,
USA). Crystals were harvested and flash-frozen in liquid
nitrogen.

X-ray diffraction data were collected at the SER-CAT
22-ID beamline of the Advanced Photon Source at
Argonne National Laboratory (Argonne, IL, USA) with a
MARD225 detector. The best crystal diffracted to ~ 3.0 A
and belonged to space group P6; or its enantiomorph.
Diffraction data were processed with HKL2000 [36]. Since
the completeness and quality of data extending beyond
3.5 A were poor, we only used data up to that resolution
limit (Table 1).

The structure of EcLon (235-584) was solved by molecu-
lar replacement using search models derived from the

Table 1. Data collection and refinement statistics

Data collection

Wavelength (A) 1.0

Space group P6s

Mol/ASU 1

X-ray source APS-22-1D

a b c(A) 88.6, 88.6, 67.7

o, B, v () 90, 90, 120

Onin (A)° 3.5 (3.6-3.5)

Completeness (%)? 99.9 (100)

Redundancy?® 11.1(11.2)

Rmerge” 0.12 (0.38)

o ()? 19.2 (6.4)
Refinement

Resolution 44.3-3.5

Reflections 3856
Atoms 2696
Amino acids 338

Ruorc/ Riree 0.28/0.32
Validation

Bond angle RMSD (°) 0.661

Bond length RMSD (A) 0.003

Ramachandran favored (%)® 84.2

Ramachandran allowed (%)° 12.5

Clashscore 13.8

Indicates statistics for the last resolution shell shown in parenthe-
ses.; meergezihm (‘/hk/7 </hk/>wzh/</,/ Ihk, Where <l > is the
average intensity for a set of | symmetry-related reflections, and /,
is the value of the intensity for a single reflection within a set of
symmetry-related  reflections.;  °Ruor = Znwr ([|Fo] — |Fell/Znrl Fol
where F, is the observed structure factor amplitude and F; is the
calculated structure factor amplitude.; “Ryee = Zpi7 (1Fol — |Fell)/
Thu71Fol, where a test set, T, is omitted from the refinement.; Cal-
culated with MolProbity [65].
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structures of fragments of LonA proteases from Meiother-
mus taiwanensis [MtLon; Protein Data Bank (PDB) ID
4YPL [34]] and Bacillus subtilis (BsLon; PDB 1D 3M6A
[33]). We obtained the best hit with a homology model
built from 4YPL with the Phyre2 server [37]. Program PHA-
SER [38] from the PHENIX program suite identified a solution
in space group P6s. The solution was further improved
when the search was performed using separately the NB (o/
B) and H (o) domains of the AAA™ module. After alternat-
ing cycles of refinement with phenix.refine [39] and model
building in coort [40], the structure was rebuilt with the help
of the crystal structure of E. coli H domain (PDB ID
1QZM [41]). The structure was refined to an Ryo Of
28.4% and Rpee of 32.7% [42] with 86.6% of the residues
located in the core region of the Ramachandran plot and
10.7% in the additional allowed region (Table 1). Despite
the comparatively low resolution, the electron density is
well defined, thus assuring that the overall fold of the struc-
ture is correct.

Results and Discussion

Crystal structure of the of EcLon fragment
comprising the C-terminal part of HI(CC) and the
AAA* module

Members of the LonA protease subfamily comprise
five domains within a single chain, connected by three
linkers:

N—Ilinker 1 —HI(CC)—linker 2—NB—H—linker 3—P,

where domains N and HI(CC) constitute the N-termi-
nal region, NB and H form the AAA" module, and P
is a serine-lysine peptide hydrolase (Figs 1 and 2A).
Structural data are available for only four out of the
five domains of LonA proteases from different organ-
isms. They include the functional domains NB, H, P,
as well as the N domain from the noncatalytic N-ter-
minal region.

Crystal structures of LonA fragments that include
the ATPase modules from BsLon and MrLon are
available [33,34], but no corresponding structure for
EcLon has been previously reported. We have now
determined crystal structure of the fragment of EcLon
comprising the C-terminal part of HI(CC) and full
length of NB and H domains (residues 235-584) at
3.5 A resolution (PDB ID 6N2I). Although the N-ter-
minal residue of the construct is Lys235, the first resi-
due visible in the electron density map is Ala247,
located before the o8 helix (Figs 2 and 3A). The al2
helix (aa: 331-341) is considered to be the beginning
of the NB domain (Fig. 2) [9].
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As in all AAA" proteins, the ATPase module of
EcLon is composed of two domains—a large NB (o/)
domain with RecA-like fold and a small a-helical (H)
domain [8,9,11,43], with an ATP binding site located
in the junction between these two domains (Fig. 3A).
The overall fold of the AAA" modules of EcLon,
BsLon, and MtLon is very similar (Fig. 3B). The
structure of the NB domain of EcLon is characterized
by a central B-sheet comprising five parallel B strands
(with strand order 51432), flanked by o helices, while
the H domain adapts a four-helix bundle fold.

A set of conserved consensus fragments of the AAA"
module includes Walker motifs A (residues 356-363)
and B (419-424), as well as residues forming sensor-1
(Asnd73), sensor-2 (Arg542), and the arginine finger
Argd84 (Fig. 2) [8-10,18]. All these fragments are cru-
cial for binding and hydrolyzing ATP. The motif A
coordinates the y-phosphate of ATP, and the motif B
coordinates a magnesium ion and activates a water
molecule for nucleophilic attack on the 7y-phosphate
[43]. Sensor-1 residue coordinates a nucleophilic water
molecule, while sensor-2 interacts with the a-phosphate
of ATP; the arginine finger provides the interactions
between neighboring subunits of the enzyme.

An ADP molecule with well-defined electron density
is found in the nucleotide-binding site (Fig. 3A,C).
Lys362 of the consensus Walker A motif (Fig. 2) is
involved in interactions with both phosphates of the
ADP. Its NZ atom is hydrogen bonded to the  phos-
phate, whereas its amide interacts with the o phos-
phate. Another interaction with the B phosphate is
provided by the amide nitrogen of Gly359, while ori-
entation of the base is supported by its interactions
with Tyr493, and the sugar oxygen interacts with
Lys509 (Fig. 3C).

While the fragment of the HI(CC) domain at the N
terminus of our structure has poorer density suggesting
mobility, the electron density unambiguously defines
the overall fold of the NB and H domains of EcLon,
as well as packing of the individual molecules in the
oligomer (Fig. 3D). The oligomers in the crystal struc-
tures of BsLon and MtLon fragments demonstrate
two different kinds of hexameric arrangements—hex-
amers with open and closed rings, respectively
(Fig. 3E,F). In our structure of EcLon, the AAA"
modules form an open helical hexameric ring
(Fig. 3D), as was observed in the crystal structure of
BsLon (Fig. 3E) [33].

The unusual N-terminal region of LonA proteases

Structural data are available for two N-terminal frag-
ments of EcLon, consisting of 116 and 245 amino acid
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| N Domain

B1 B2 ot B3 02 B4 85

Ec MNPERSERIEIPVLPLRDVVVYPHMVIPLFVG---REKSIRCLEAAMDHDKKIMLVAQKEASTDEPGV-NDLFTVGTVASILOMLKLPDGTVKVLVEGLQRAR 99
Bs MAEELKRSIPLLPLRGLLVYPTMVLHLDVG---RDKSVQALEQAMMHDHMIFLATQQODISIDEPGE-DEIFTVGTY TKIKQMLKLPNGTIRVLVEGLKRAH 97
Bt MGERSGKREIPLLPLRGLLVYPSMVLHLDVG---REKSVRALEQAMVDDNQILLATQEVHIEEEPSA-EQIFSVGTVARVKQMLKLPNGTIRVLVEGLQRAR 98
Mt MRLELPVIPLRNTVILPHTTTPVDVG---RAKSKRAVEEAMGADRLIFLVAQRDPEVDDPAP-DDLYTWGVQAVVKQAMRLPDGTLQVMVEARARAQ 93

Hum 115 MTI-PDVFPHLPLIAITRNPVFPRFIKIIEVKNKKLVELLRRKVRLAQPYVGVFLKRDDSNESDVVESLDEIYHTGTFAQIHEMQDL-GDKLRMIVMGHRRVH 215

N Domain | <¢—>| HI(CC) Domain .
<—| Linker 1 I—) CC Region

36 B7 a3 a4 ob a6 (CC-)
Ec ISALSDNG EHFSAKAEY LESPTID- EREQEVLVRTAISQFEGYIKLNKKIPPEVLT--SLNS--IDDPARLADTIAAH MPLKLADKQSVLEMSDVN 190
Bs IVKYNEHE DYTSVDIQL IHEDDSK- DTEDEALMRTLLDHFDQYIKISKKISAETYA--AVTD--IEEPGRMADIVASH LPLKLKDKQDILETADVK 188
Bt IDEYIRQD DFFQVSITY LEEEKAD- ENEVEALMRAVLSHFEQYIKLSKKISPEALT--SVSD--IEEPGRLADVIASH LPLKMKDKQEILETTNIK 189
Mt VTDYIPGP YLRARGEVF SEIFPID- EAVVRVLVEELKEAFEKYVANHKSLRLDRYQLEAVKG--TSDPAMLADTIAYH ATWTVAEKQEILELTDLE 186
Hum ISRQLEVE 46 VLMVEVENV VHEDFQVT E-EVKALTAEIVKTIRDIIALNPLYRESVLQMMQAGQRVVDNPIYLSDMGAAL TGAESHELQDVLEETNIP 356
o7 (CC-2) o8 (CC-3) 09 (CC-4)
Ec ERLEYLMAMME SEIDLLQVEKRIRNRVKKQMEKSQREYYLNEQMKAIQKE LGEMDDAPDENEALKRKIDAAK-MPKEAKEKAEAELQKLKM MSPMSAEATVV 291
Bs DRLNKVIDFINNEKEVLEIEKKIGQRVKRSMERTQKEYYLREQMKAIQKE LGDKEGKTGEVQTLTEKIEEAG-MPDHVKETALKELNRYEK IPSSSAESSVI 289
Bt ERLNILLDILNNEREVLELERKISNRVKKQMERT QKEYYLREQMKAIQKELGEKDGRQSEVDELRAQLEKSD-APERIKNKIEKELERLEK MPTTSAEGAVI 290
Mt ARLKKVLGLLSRDLERFELDKRVAQRVKEQMDTNQREYY LREQMKAIQKELGGEDGLS -DLEALRKKIEEVG-MPEAVKTKALKELDRLER MQQGSPEATVA 286
Hum KRLYKALSLLKKEFELSKLQQRLGREVEEKIKQTHRKYLLQEQLKIIKKELGLEKDDKDAIEEKFRERLKELVVPKHVMDVVDEELSKLGL LDNHSSEFNVT 458
HI(CC) Domain | € > | NB Domain
Linker 2
a10 all al2 38 al3 9 _
Ec RGYIDWMVQV PWNARSKVKKDLRQAQEILDTDHY GLERVKDRILEYLAVQSRVN----KIKGPILCLVGPPGVGKTSLGQSIAKATGRKYVRMALGGVRDE 388
Bs RNYIDWLVAL PWTDETDDKLDLKEAGRLLDEEHH 386
Bt RTYIDTLLSL PWTRRTVDNLDIHHAEQVLNEDHY GLEKPKERVLEYLAVQKLVN----SMRGPILCLVGPPGVGKTSLARSIARALEREFVRISLGGVRDE 387
Mt RTYLDWLTEV PWSKADPEVLDINHTRQVLDEDHY GLKDVKERILEYLAVRQLTQGLDVRNKAPILVLVGPPGVGKTSLGRSIARSMNRKFHRISLGGVRDE 387
Hum RNYLDWLTSI PWGKYSNENLDLARAQAVLEEDHY GMEDVKKRILEFIAVSQLRG----STQGKILCFYGPPGVGKTSIARSIARALNREYFRFSVGGMTDV 555
Walker A Motif
NB Domain |
al4 al5 B10 16 [E1k] p12 B13 a7 B14
Ec AETRGHRRTY IGSMPGKLIQKMAKVGVKNPLFLLDE IDKMSSDMRGD PASALLEVLDPEQNVAFSDHY LEVDYDLSDVMEFVAT SN- SMNIPAPLLDRMEVIRL 490
Bs SEIRGHRRTYVGAMPGRIIQGMKKAGKLNPVFLLDEIDKMS SDFRGDPSSAMLEVLDPEQNSSFSDHYIEETFDLSKVLFIATANNLATIPGPLRDRMEIINI 489
Bt AEIRGHRRTYVGALPGRIIQGMKQAGTINPVFLLDEIDKLASDFRGDPASALLEVLDPNQNDKFSDHY IEETYDLTNVMFITTANSTHTIPRPLLDRMEVISI 490
mt AETRGHRRTYIGAMPGKLIHAMKQVGVINPVILLDEIDKMSSDWRGD PASAMLEVLD PEQNNTFTDHYLDVPYDLSKVFFITTANTLQTI PRPLLDRMEVIEI 490
Hum AEIKGHRRTYVGAMPGKIIQCLKKTKTENPLILIDEVDKIGRGYQGDPSSALLELLDPEQNANFLDHYLDVPVDLSKVLFICTANVTDTIPEPLRDRMEMINV 658
Walker B Motif s1 Af
| H Domain H Domain |<—
Linker 3
al8 p15 ol9 20 p16 21
Ec SGYTEDEKLNIAKRHLLPKQIERNALKKGELTVDDSAIIGIIRYY TREAGVRGLEREI SKLCRKAVKQLLLDKSLKHIEINGDNLHDYL GVQRFDYGRADNE 592
Bs AGYTEIEKLEIVKDHLLPKQIKEHGLKKSNLQLRDQAILDIIRYYTREAGVRSLERQLAAICRKAAKATIVAEER-KRITVTEKNLODFI GKRIFRYGQAETE 590
Bt AGYTELEKLHIMRDYLLPKQMEEHGLGRDKLOMNEEAMLKVIRQYTREAGVRNLNREAANICRKAARLIVSGEK-KRVVVTPKTVESLL GKPRYRYGLAERE 591
Mt PGYTNMEKQATARQYLWPKQVRE - SGMEGRIEVTDAAILRVISEY TREAGVRGLERELGKIARKGAKFWLEGAWEGLRTIDASDIPTYL GIPRYRPDKAETE 591
Hum SGYVAQEKLAIAERYLVPQARALCGLDESKAKLSSDVLTLLIKQYCRESGVRNLQKQVEKVLRKSAYKIVSGEA-ESVEVTPENLQDFV GKPVFTVERMYDV 759
s2
> | P Domain
B17 p18 B19 22 a23 20 p21 24
Ec NRV GQVTGLAWTEVGGDLLTIETACVP  GKGKLTYTGSLGEVMQESIQAALTVVRARAEKLGINPDFYEKRDIHVHVPEGATPKDGPSAGIAMCTALVSC 691
Bs DQV GVVTGLAYTTVGGDTLSIEVSLSP  GKGKLILTGKLGDVMRESAQAAFSYVRSKTEELGIEPDFHEKYDIHIHVPEGAVPKDGPSAGITMATALVSA 689
Bt DQV GAVTGLAWTQAGGDTLNVEVSILP GKGKLTLTGQLGDVMKESAQAAFSYIRSRAAAWNIDPEFHEKNDIHIHVPEGAIPKDGP SAGITIATALVSA 690
Mt PQV GTAQGLAWTPVGGTLLTIEVAAVP  GSGKLSLTGQLGEVMKESAQAALTYLRAHTQDYGLPEDFYNKVDLHVHVPDGATPKDGPSAGITMATAIASA 690
Hum TPP GVVMGLAWTAMGGSTLFVETSLRR 9 KDGSLEVTGQLGEVMKESARIAYTFARAFLMQOHAPANDYLVTSHIHLHVPEGATPKDGPSAGCTIVTALLSL 867
*
P Dom |
- p22 P23 p24 a25 25 26 a27 326 028
Ec LTGNPVRADVAMTGEITLRGQVLPIGGLKEKLLAAHRGGIKTVLIPFENKRDLEE IPDNVIADLDIHPVKRIEEVLTLALQ NEPSGMQVVTAK 784
Bs LTGRAVSREVGMTGEITLRGRVLPIGGLKEKALGAHRAGLTTIIAPKDNEKD IEDIPESVREGLTFILASHLDEVLEHALV GEKK 774
Bt LTGIPVRKEVGMTGE ITLRGRVLPIGGLKEKALSAHRAGLTTVILPKENEKDIEDIPESVRKELKLITVEHMDEVLRHALT RQAVGETR 779
Mt LSRRPARMDIAMTGEVSLRGKVMPIGGVKEKLLAAHQAGIHKIVLPKDNEAQLEELPKEVLEGLEIKLVEDVGEVLEYLLL PEPTMPPVVQPSDNRQQPGAGA 793
Hum AMGRPVRONLAMTGEVSLTGKILPVGGIKEKTIAAKRAGVTCIVLPAENKKDFYDLAAFITEGLEVHFVEHYREIFDIAFP DEQAEALAVER 959
# *
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Fig. 2. Alignment of the primary and secondary structures of full-length EclLon, BsLon, BtLon, MtLon, and HumLon. Lon proteases are from
Escherichia coli (Ec), Bacillus subtilis (Bs), Brevibacillus thermoruber (Bt), Meiothermus taiwanensis (Mt), and Homo sapiens (Hum) Domain
organization of the enzymes and location of the CC region are shown. Fragments of the primary structures were compared using the
program http://www.ch.embnet.org/cgi-bin/clustalw_parser; boundaries were determined based on the secondary structures. Experimentally
determined secondary structure elements are shown in bold; fragments of sequences not seen in crystal structures are italicized. Red
indicates amino acids that form o helices, magenta—3/10 helices, blue—f strands, and black color indicates amino acids that are not
included in the secondary structure elements. Consensus sequence elements are highlighted in lavender: Walker motifs A and B, the
residues sensor-1 (s7), sensor-2 (s2), Arg finger (Af). The catalytic serine (S*) and lysine (K*) residues as well as important for activity

threonine (T#) are highlighted in orange.

residues, respectively [31,32], as well as for a fragment
of BsLon (1-209) [33]. These structures, combined with
prediction of the secondary structures for several other
LonA proteases (http://www.ch.embnet.org), revealed
that the extended N-terminal region of LonA proteases
preceding the AAA" module is formed by two
domains, the predominantly B-structured N domain,
and the o-helical HI(CC) domain (Figs 1 and 2)
[17,18,32].

In contrast, the ATPase subunits of CIpAP and
ClIpCP proteases, as well as of ClpB chaperones, have
homologous o-helical N domains [44-46], whereas

subunits ClpX and CIpE (proteases ClpXP and CIpEP)
include specific Zn-binding N domains (ZBD) [47,48].
Membrane-binding bacterial FtsH proteases contain
periplasmic N domains which have o/B-fold formed by
two o-helices and five [B-strands [49]. All these N
domains were shown to be involved in recognition and
binding of either target proteins or adapter molecules
[44-48]. Thus, two-domain organization of the N-ter-
minal region radically distinguishes LonA proteases
from the other AAA" proteases and ClpB chaperones
of the PQC system that bear single N-terminal
domains with varying folds (Fig. 1).

Fig. 3. Structures of LonA proteases. (A) Crystal structure of a truncated fragment of EclLon (residues 235-584 in rainbow coloring).
Individual domains are marked. The bound ADP molecule is shown in sticks. (B) Superposition of the crystal structures of three similar
fragments of EclLon (red), BsLon (green) and MtLon (cyan). (C) Interactions of ADP molecule in the binding pocket of EclLon. (D) Cartoon
representation of an open ring hexamer in the structure of EclLon (235-584), with helical arrangement of the monomers around the
crystallographic 6, axis passing through the central pore. N-terminal helices are blue, NB domains are green, and H domains are red. (E)
Crystal structure of the open hexamer of BsLon (240-774; PDB ID 3M6A, P domain not shown for clarity). Colors are as in panel D. (F)
Crystal structure of the closed hexamer of the fragment (242-793) of MtLon (PDB ID 4YPL, P domain not shown for clarity). Two sets of N-
terminal three-helix bundles located either at the center or at the periphery of a hexamer are shown in light and dark blue, respectively.
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The N domains of bacterial LonAs are composed of
seven P strands and two o-helical fragments (Fig. 2;
see also Fig. 1A in [31]). A large insert that may
include up to 100 amino acids is present in most
eukaryotic LonA proteases in the C-terminal hairpin
formed by the sixth and seventh B strands (Fig. 2).
The predicted secondary structures of various N
domains agree with the experimentally determined sec-
ondary structures of the N domains of EcLon (PDB
ID 2ANE) and BsLon (PDB ID 3M65), suggesting
conservation of the fold. The linker 1 regions between
the N domain and the subsequent HI(CC) domain in
bacterial and eukaryotic enzymes are of similar size
and include 7-8 amino acid residues (Fig. 2).

The second domain in the N-terminal region of
LonA is a-helical domain, HI(CC), located between
the N and NB domains (Fig. 1). HI(CC) domains are
similar in size in all LonAs and show a fairly high
degree of sequence similarity in groups of bacterial
and eukaryotic enzymes (data not shown). A compara-
tive analysis of the primary and the experimental or
predicted secondary structures of various LonAs
revealed that the HI(CC) domain is formed by eight
helices (a3-a10, Fig. 2). According to a prediction
(https://embnet.vital-it.ch/software/COILS_form.html),
four helices (a6-09 or CC-1-CC-4) represent a CC
region, with helix o7 (CC-2) being unusually long
(~ 85 A, aa V189-E243 in EcLon; Fig. 2). It should be
emphasized that the degrees of similarity of the CC
regions exceed those of the full-sized HI(CC) domains,
and the most conserved fragment of the CC regions is
the extended helix a7 (CC-2).

T. V. Rotanova et al.

The packing of the individual helices in the HI(CC)
domain is still unknown, as no structure containing an
intact HI(CC) domain has been determined. However,
the helical nature of the HI(CC) domain is confirmed
by combining data from the independently obtained
crystal structures of EcLon (1-245) [32] that includes
the N domain and the first five o helices of the HI
(CC) domain (Fig. 4A), and the structure of BsLon
(240-774) [33] that comprises the three C-terminal
helices of the HI(CC) domain, AAA" module, and P
domain (Fig. 4B). Considering the extensive sequence
similarity between EcLon and BsLon that exceeds
86%, it might be expected that a hybrid model of a
full-length bacterial LonA could be assembled from
these two structures that contain four overlapping resi-
dues (Fig. 2). However, in practice such modeling can-
not be done due to the large discrepancy in the size
and packing of some individual helices comprising the
HI(CC) fragment in the structures of differently trun-
cated molecules of EcLon and BsLon. A simple struc-
tural comparison of the N-terminal fragments of
EcLon and BsLon illustrates that phenomenon very
clearly (Fig. 5). The sizes of the first helices of HI(CC)
domains in these two structures, as well as the topo-
logical arrangement of the following helical fragments,
are different. Although the variation in the size of the
helices and their packing within the HI(CC) fragments
could be a result of differences in crystallization or
truncation (Fig. 5), it emphasizes the extreme flexibility
of this region, substantiating the difficulties encoun-
tered in attempts to grow crystals of the full-length
enzyme.

Fig. 4. Crystal structures of the fragments
Eclon (1-245) and BsLon (240-774). (A) N
domain of EcLon (PDB ID 3LJC; residues
1-116) is shown in green; the first five
helices of the HI(CC) domain are yellow
(a3, residues 124-145), blue (o4, residues
149-159), orange (ab, residues 162-172),
and magenta (06 and o7, residues 181—
185 and 189-243), respectively. (B) The
last three helices a8-a10 of the HI(CC)
domain of BsLon (PDB ID 3MG6A, three N-
terminal helices of the construct) are
shown in magenta (8, «9) and dark blue
(210); the NB domain is green; helices in
the H domain are shown with the same
color scheme as the first three helices and
the last helix of HI(CC) domain,
respectively; the P domain is red.
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These conclusions are supported by the recently
determined structures of two fragments of AMtLon
comprising different C-terminal parts of the HI(CC)
domain (PDB IDs 4YPL and 4YPN) [34], as well as
by the structure of EcLon (235-584) presented here.
Although the starting residues in the two fragments of
MtLon are different (residue 207 in 4YPN and residue
242 in 4YPL), the segment comprising residues 207—
242 in 4YPN is not visible. Similarly, residues 235-246
are not seen in the structure of EcLon (235-584).
These results confirm the extensive flexibility of this
region in the truncated constructs of LonAs.

(o

Fig. 5. Superposition of the structures of the N-terminal fragments
of Eclon and Bslon. The structures of EclLon (1-245; PDB ID
3LJC, green) and BsLon (1-209; PDB ID 3M65, yellow) are
superimposed by aligning Ca atoms in their N domains.

LHicC) Domain,

o3 o4 ab

Lons

Relationship of LonA proteases and ClpB chaperones

The HI(CC) domain resembles very closely the H1
domain of first AAA" module of ClpB chaperone with
an inserted coiled-coil M domain, with more than
30% sequence similarity between them. One of the
helices in the M domain is composed of 58 residues,
similar to the long o7 helix in the EcLon HI(CC)
domain. This resemblance prompted a conjecture that
the HI(CC) domain might correspond to an a-helical
domain of a hypothetical AAA™ module that has lost
its own NB domain, and is embedded between the N
domain and the existing single AAA" module of LonA
[18]. This conjecture is supported by the prior observa-
tion that organization of the sole ATPase modules in
the class I AAA" proteins (ClpX and HslU) is similar
to the organization of the D2 modules in the class I
AAA™ proteins [13,50-53].

Structural comparison of the HI(CC) domain of
LonA and the H1(M) fragment of ClpB

Whereas a resemblance of the HI(CC) domain of
LonA to the HI(M) fragment of ClpB has been previ-
ously suggested [18], no structural basis for such a
topological similarity has been established. A compar-
ison of the primary and secondary structures of the HI
(CC) domains of EcLon, BsLon, and MtLon on the
one hand, and the HI1(M) fragments of E. coli and
Thermus thermophilus ClpB chaperones (EcClpB and
TtClpB) [46] on the other hand (Fig. 6), reveals notice-
able similarity. Based on the sequence alignment, it
was suggested that eight helices of the HI(CC) domain
[five helices (a3—a7) seen in the EcLon (1-245) and
three N-terminal helices (a8-a10) from the structures
of EcLon (235-584), BsLon (240-774), and MtLon

Eclon 121 TIDEREQEVLVRTAISQFEGYIKLNKKIPPEVLT--SLNS-IDD---PARLADTIAAH

BsLon 119 DSKDTEDEALMRTLLDHFDQYIKISKKISAETYA--AVTD-IEE---PGRMADIVASH--------
MtlLon 115 PIDEAVVRVLVEELKEAFEKYVANHKSLRLDRYQLEAVKG-TSD---PAMLADTIAYH--------

cC Regiog
a6 (CC-1) o7 (CC-2)
KLADKQSVLI EYL IDLLOVEKRIRNRVKKQMEKSQREYYLN 231

____________ LPLKLKDKQDILETADVKDRLNKVIDFINNEKEVLEIEKKIGQRVKRSMERTQKEYYLR 229
____________ ATWTVAEKQEILELTDLEARLKKVLGLLSRDLERFELDKRVAQRVKEQMDTNQREYYLR ~ 227

EcClpB 340 EPSVEDTIAILRGLKERYELHHHVQITDPAIVAAATLSHRYIADRQLPDKAIDLIDEAASSIRMQIDSKPEELDRLDRRIIQLKLEQQALMKESDEASKKRLDMLNEELSDKERQYSELEEEWKAEKASLSGTQTIK 476
TtCIpB 331 EPTVEETISILRGLKEKYEVHHGVRISDSAIIAAATLSHRYITERRLPDKAIDLIDEAAARLRMALESAPEEIDALERKKLQLEIEREALKKEKDPDSQERLKAIEAEIAKLTEEIAKLRAEWEREREILRKLREAQ 467

c1 c2 c3

| H1 Domain 3
Lons EC Region 1

a8 (CC-3)

Clps

a9 (CC-4) 10

L1 L2

M Domain,

EHI(CG) Domain |_’l NB Domain 3
Linker 2

odl Walker A Motif

EcLon 232 EQMKAIQKELGEMDDAPDENEALKRKIDAAKMPKEAKEKAEAELQKLKM:
BsLon 230 EQMKAIQKELGE OTLTEKI

RGY IDWMVQV
D)HVKETALKELNRYEK-IPSSSAESSVIRNY IDWLVALPWTDETDDKLDLKEAGRLLDEEHH-GLEKVKERI LEYLAVQKLTKSL-~~~-KGPILCLAGPPGVGKT 361

KDLRQAQEILDTDHY-GLERVKDRILEYLAVQSRVNKI----KGPILCLVGPPGVGKT 363

MtLon 228 EQMKAIQKELGGEDGLS-DLEALRKKIEEVGMPEAVKTKALKELDRLER-MQQGSPEATVARTYLDWLTEVPWSKADPEVLDINHTRQVLDEDHY-GLKDVKERILEYLAVRQLTQGLDVRNKAPILVLVGPPGVGKT 362

EcClpB 477 AELEQAKIAIEQARRVGDLARMSELQYGKIPELEKQLEAATQLEGKTMRLLRNKVTDAEIAEVLARWTGI

LLRMEQELHHRVIGQNEAVDAVSNAT. PIGSFLFLGPTGVGKT 612

TtCIpB 468 HRLDEVRREIELAERQYDLNRAAELRYGELPKLEAEVEALSE-KLRGARFVRLEVTEEDIAEIVSRWTIGIPVSKLLEGEREKLLRLEEELHKRVVGQDEATRAVADATRRARAGL--KDPNRPIGSFLFLGPTGVGKT 602

L3 L4 c4

Clps .
P! M Domain |

¢ NB1 Domain | <
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Fig. 6. Alignment of the primary and secondary structures of the HI(CC) domains of EcLon, BsLon, and MtLon with the H1(M) fragments of
EcClpB and TtClpB. The secondary structure elements are designated and highlighted as in Fig. 2. Helices a3-a10 form the Lon HI(CC)
domain, helices C1-C4 form the ClpB H1 domain, and helices L1-L4 form the ClpB M domain. Helices in Clp structures are labeled as in

original report [46].
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(242-793)], might correspond to the C1-C4 helices of
the H1 domain of the chaperone, combined with the
helices L1-L4 of the inserted M domain (Fig. 6). The
fragment (302-324) of EcLon that includes helix oll
and the equivalent fragments of BsLon and M¢Lon
correspond to the linker region connecting the HI and
NB2 domains in EcClpB and TrClpB.

The long a7 (CC-2) helix, consisting of 55 residues,
is a distinctive feature of EcLon (1-245) fragment
(Fig. 4A, magenta). A helix of similar length (L2) is
the key element of the propeller-like M domain of
ClpB chaperone (magenta in Fig. 7A) that has CC
conformation and is inserted in the chaperone HI1
domain (Figs 1 and 6) between its o helices C3 and C4
[46]. The degree of similarity of these helices in EcLon
and EcClpB (Fig. 6) is > 45%. An important addition
to the similarities listed above is the conservation of
consensus elements of AAA" proteins—positively
charged ‘sensor-2’ residues at the beginning of the
third helix (Argl64 in EcLon, Argl62 in BsLon, and
Lys388 in EcClpB), as well as the Walker A motifs
located in the following nucleotide-binding domains
(Fig. 6).

We postulate that the first three helices (a3-a5),
combined with the eighth helix (a10) of the HI(CC)
domain, form a putative a-helical domain in the N-ter-
minal part of the LonA proteases (o-helical inserted
domain, HI domain). Such a domain would topologi-
cally resemble the HI domain of the first AAA" mod-
ule of ClpB (D1), since it includes the inserted CC
region formed by four helices (a6-09 or CC-1-CC-4),
equivalent to the arrangement of the helices L1-L4 in
the M domain of ClpB. In order to clarify this propo-
sition in structural terms, we marked with identical
colors the corresponding helices in the structure of the
fragment (150-854) of TtClpB (PDB ID I1QVR,

A
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Fig. 7A) and in the structure of the fragments of
EcLon (124-245) and EcLon (235-584; Fig. 7B,C).
The fragments of EcLon (124-245) and EcLon (247-
299), highlighted by a gray background in Fig. 7B,C,
comprise the structure of the HI(CC) domain.

As mentioned earlier, the mutual arrangements of
the helices in HI(CC) in respect to the other domains
in the partial structures of EcLon and BsLon might be
affected by truncations introduced into the constructs
that have been used for crystallization. In the absence
of a LonA structure with the intact HI(CC) domain,
the existing structural fragments containing HI(CC)
helices cannot be properly compared between them-
selves and to ClpB. Therefore, in order to test this
hypothesis using the available structural data, we ana-
lyzed the resemblance between the two proteins on the
level of both the secondary and tertiary structures,
comparing either the individual helices, or the whole
domains.

We started by superimposing selected helices com-
prising the HI(CC) domain of EcLon with their coun-
terparts in the HI domain of the first AAA" module
of ClpB [54] (Fig. 8). As can be seen in Fig. 8A, the
first three helices of the LonA HI(CC) domain (a3—a5)
could be superimposed quite well onto the correspond-
ing helices of the H1 domain of ClpB (C1-C3). The
short helix a6, preceding the long helix o7 in the struc-
ture of the N-terminal fragment of EcLon (yellow in
Fig. 8A), is oriented differently than the corresponding
first helix L1 of ClpB M domain (shown in a different
shade of yellow), which leads to a dramatic difference
in the orientation of the long helices o7 and L2 (shown
in two different shades of green).

Furthermore, helices a8 (CC-3), a9 (CC-4), and a10
at the N terminus of EcLon (235-584) correspond to
helices L3, L4, and C4 of ClpB (Figs 6 and 8B, shown

Fig. 7. Crystal structures of fragments of
TtClpB chaperone and EcLon. (A) TtClpB
chaperone (150-854; PDB ID 1QVR); (B)
Eclon (124-245; PDB ID 3LJC); (C) EcLon
(235-584; PDB ID 6N2I). The nucleotide-
binding domains are colored in light (NB1,
TtClpB) and dark green (NB2, TtClpB and
NB, EclLon). Corresponding helices in the
H1 and H2 domains of TtClpB, as well as
in HI(CC) and H domains of EclLon, are
colored identically.
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BsLon NB

CIpB NB2 '.ﬁ~
v

Ja &

Fig. 8. Structural comparison of the HI(CC) domain of LonAs and H1 domain of EcClpB. (A) The first three helices of the EcLon HI(CC)
domain (a3-ab, red, PDB ID 3LJC) are superimposed on the first three helices of the H1 domain of EcClpB (blue, PDB ID 4D2U). Two
following helices in both proteins are colored in different shades of yellow and green, correspondingly. (B) Topological assignment of the
remaining three helices of the HI(CC) domain. Helices a8-210 of the EcLon HI(CC) domain (brown, PDB ID 6N2I) are placed within the
frame of Fig. 8A by superimposing the NB domain of EcLon and NB2 domain of EcClpB. Corresponding helices in ClpB are shown in
orange. (C) Flexible linker region between the N-terminal three-helix bundle and NB domain in EcLon (brown). The NB2 domain of EcClpB,

superimposed with the latter, is shown in blue.

in brown and orange, respectively). In the hexamers of
EcLon (235-584) and BsLon (240-774), these helices
are oriented toward the central pore (shown in blue in
Fig. 3D,E). The authors attribute the open ring
arrangement of the monomers in the hexamer of
BsLon to the observed position of this helical bundle
in the crystal structure that ‘is incompatible’ with for-
mation of a closed ring [33]. The helices a8—a10 in
EcLon are connected to the NB domain via a long,
extended linker (Fig. 8C, colors as above), which
would permit flexibility in the relative positioning of
these helical fragments in truncated molecules of
EcLon and BsLon. That conclusion is also supported
by variations in the relative position of the N-terminal
three-helix bundle in six monomers, as well as by
increased temperature factors for this area. Therefore,
the observed localization of the N-terminal helices of
EcLon and BsLon may not reflect their position in the
structure of a Lon molecule in which the HI(CC)
domain would be intact.

Two crystal structures of the closed ring hexamers
of the fragments (242-793) and (207-492) of M¢Lon
(PDB ID 4YPL, 4YPN) with a similar three-helix bun-
dle at the N terminus of the molecule also indicate
that formation of a closed hexameric ring does not

tolerate the presence of all three-helix bundles in the
central pore, but requires to move three bundles out of
six to the periphery of the ring (Fig. 3F).

Similarities and differences in the structures of
the NB domains in AAA* modules of LonA
proteases and Clp chaperones

Structural data on the NB domains of LonA proteases
include our structure of EcLon presented here
(Fig. 3A), as well as two high-resolution crystal struc-
tures of BsLon (PDB ID 3M6A, Fig. 4B) [33] and
MtLon (PDB ID 4YPN) [34]. The overall fold of the
LonA NB domain is typical of many other AAA™ pro-
teins, in particular of the ATPase components of
ClpXP (PDB ID 3HTE) [55] and CIpAP proteases
(PDB ID 1KSF) [44], as well as both NB domains of
ClpB chaperones (PDB IDs 1QVR, 1JBK) [46,56].

Similarly to other AAA" ATPases, LonA proteases
are expected to function as hexamers with a central
pore that is lined with axial loops, required for protein
unfolding and translocation. Three different pore
loops, called ‘GYVG’ (or pore-1), pore-2 and ‘RKH’,
are usually found in almost all AAA" unfoldases
[55,57].
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The homologs of GYVG (pore-1) loops are found
in all AAA" proteases and chaperones of the ClpB/
Hspl04 family [55,57-60]. As currently established
[57,61], GYVG loops are involved during all stages of
molecular machinery work. They interact with
polypeptide substrates and pull them into the pore in a
concerted way with nucleotide-dependent loop move-
ments unfolding those substrates that cannot enter the
pore otherwise. A comparison of the fragments con-
taining GYVG loops in the structures of AAA" mod-
ules of chaperones ClpA and ClpB revealed a distinct
difference in the location of the functional motif
within the individual loops in their NBI and NB2
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domains. Structure-based sequence alignment of the
NB domains of LonA proteases with the NB1 and
NB2 domains of CIpA and ClpB chaperones (Fig. 9)
indicates variability in the placement of GYVG motif
in these proteins. A structural superposition of the cor-
responding fragments, comprising GYVG signature
motives in these proteins (Fig. 10), provides a good
illustration of this feature.

A pairwise comparison of the fragments containing
the GYVG loops in the structures of NB domains of
EcLon, BsLon, and MtLon with those in the NB1 and
NB2 domains of CIlpA and ClpB chaperones reveals a
striking similarity in the location of GYVG motif with

| NB Domain
Walker A Motif
EcLon-NB 326 GLERVKDRILEYLAVQSRVNKI----KGPILCLVGPPGVGKTSLGQSIAKATG-—--—-—-————-— 374
BsLon-NB 324 GLEKVKERILEYLAVQKLTKSL----KGPILCLAGPPGVGKTSLAKSIAKSLG----—-———-—= 372
MitLon-NB 321 GLKDVKERILEYLAVRQLTQGLDVRNKAPILVLVGPPGVGKTSLGRSIARSMN---——-———-— 373
TtClpB-NB2 562 GQDEAIRAVADAIRRARAGLKDPNR-PIGSFLFLGPTGVGKTELAKTLAATLF----DTEE-- 617
TtClpB-NB1 174 GRDEEIRRVIQILLRRTK---------- NNPVLIGEPGVGKTAIVEGLAQRIVKGDVPEGLKG 226
EcCIpA-NB1 190 GREKELERAIQVLCRRRK------—---— NNPLLVGESGVGKTAIAEGLAWRIVQGDVPEVMAD 242
EcCIpA-NB2 462 GQDKAIEALTEAIKMARAGLGHEHK-PVGSFLFAGPTGVGKTEVTVQLSKALG------—-——- 513
Axial “GYVG”-loop (Pore-1)
EcLon-NB 375 RKYVRMAL----GGVRD--———=—=—==——— EAEIR-GHRRTYIGSMPG-KLIQKMAKVGVKN- 417
BsLon-NB 373 RKFVRISL----GGVRD--------—-————- ESEIR-GHRRTYVGAMPG-RIIQGMKKAGKLN- 415
MitLon-NB 374 RKFHRISL----GGVRD--—--—-———————— EAEIR-GHRRTYIGAMPG-KLIHAMKQVGVIN- 416
TiClpB-NB2 618 -AMIRIDM----TEYME----—======= KHAVSRLIGAPPGYVGYEEGGQLTEAVRRRPY--- 661
TtClpB-NB1 227 KRIVSLQMGSLLAGAK—---YRG------ EFE-———————————————— ERLKAVIQEVVQSQG 263
EcCIpA-NB1 243 CTIYSLDIGSLIAGTK—--YRG------ DFE--————————=—=——=—= KRFKALLKQLEQDTN 279
EcCIpA-NB2 514 IELLRFDM----SEYMERHTVSRLIGAPPGYVGFDQG--—--——————-— GLLTDAVIKHPH--- 558
Walker B Motif Pore-2 “RKH”-loop

EcLon-NB 418
BsLon-NB 416
MitLon-NB 417

-PLFLLDEIDKMS--SDMRGDPAS--
-PVFLLDEIDKMS--SDFRGDPSS--
—-PVILLDEIDKMS--SDWRGDPAS--

—————— ALLEVLDPEQNVAFSDHYLEVDYDLSDVMFVA 470
—————— AMLEVLDPEQNSSFSDHYIEETFDLSKVLFIA 468
—————— AMLEVLDPEQNNTFTDHYLDVPYDLSKVFFIT 469

TiClpB-NB2 662 -SVILFDEIEKAH--------————-- PDVFNILLQILDDGRLTDS----HGRTVDFRNTVIIL 706
TtClpB-NB1 264 EVILFIDELH---TVVGAGKAEGAVDAGNM---LKPALAR-—=—=======m==—===— GELRLIG 304
EcCIpA-NB1 280 -SILFIDEIHTII-------- GAGAASGGQVDAANLIKPLLSS--=-=========== GKIRVIG 320
EcCIpA-NB2 559 -AVLLLDEIEKAH-----—-——-—————— PDVFNILLQVMDNGTLTDNNGRK----ADFRNVVLVM 603
NB Domain |
s1 Rf

EcLon-NB 471 TSN---———————m—m—m—m -
BsLon-NB 469 TAN------————————————
MtLon-NB 470 TAN---------—m—mmmm— e

TtClpB-NB2 707

TtCIpB-NB1 305 ATT-------=-=——————————=

EcCIpA-NB1 321
EcCIpA-NB2 604

----SMNIPAPLLDRMEVIRLS 491
---NLATIPGPLRDRMEIINIA 490
--TLQTIPRPLLDRMEVIEIP 491
TSNLGSPLILEGLQKGWPYERIRDEVFKVLQQHFRPEFLNRLDEIVVF 754
LDEYREIEKDPALERRFQPVYVD 330
STT-———————————————————— YQEFSNIFEKDRALARRFQKIDIT 347
TTNAGVRETERKSIGLIHQDNSTD-AMEEIKKIFTPEFRNRLDNIIWF 650

Fig. 9. Structure-based sequence alignment of the NB domains of EcLon, BslLon, and MtLon with the NB1 and NB2 domains of EcCIpA and
TtClpB chaperones. The secondary structure elements are designated and highlighted as in Fig. 2. Axial pore loops are highlighted in green.
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‘GYVG’ loop

Fig. 10. A comparison of the fragments containing axial GYVG
(pore-1) loops in the crystal structures of NB domains of LonAs
and NB1-2 domains of CIpA and ClpB chaperones. GYVG
comprising fragments from Eclon (PDB ID 6N2l, residues 378—
409, Tyr398 shown in sticks, red), BsLon (PDB ID 3MG6A, residues
376-408 with a break between residues 382 and 403, green) and
MtLon (PDB ID 4YPL, residues 377-409, Tyr397 shown in sticks,
blue) are superimposed: (A) with corresponding fragments from
the NB1 domains of EcClpB (PDB ID 50FO, residues 237-267,
Tyr251 shown in sticks, yellow) and TtClpB (PDB ID 1QVR,
residues 230-259 with a break between 234 and 246, orange); (B)
with corresponding fragments from the NB2 domains of EcClpB
(PDB ID 50FO, residues 628-668, Tyr653 shown in sticks, yellow)
and TtClpB (PDB ID 1QVR, residues 620-656 with a break
between 636 and 651, orange); (C) with corresponding fragments
from the NB1 domains of EcCIpA (PDB ID 1KSF, residues 246-273
with a break between 251 and 255, Tyr259 shown in sticks, pink)
and EcClpA (PDB ID 1R6B, residues 246-273 with a break
between 251 and 255, Tyr259 shown in sticks, magenta); (D) with
corresponding fragments from the NB2 domains of EcClpA (PDB
ID 1KSF, residues 517-552, Tyr540 shown in sticks, pink) and
EcClpA (PDB ID 1R6B, residues 517-552, Tyr540 shown in sticks,
magenta).

a conserved tyrosine residue within the helical frag-
ment of these loops between the LonA NB and ClpB
NB2 domains (Figs 9 and 10B). It must be stressed
that although the pore-1 loop is partially disordered in
the NB1 domain of TtrClpB, GYVG location is unam-
biguously different in both, EcClpB and TtClpB, from
the one described above (Figs 9 and 10A). It is remi-
niscent of the position of the GYVG loop in EcCIlpA

Relationship of LonA proteases and ClpB chaperones

“RKH”

EcCIpA NB2

Fig. 11. A comparison of the fragments containing axial loops
pore-2 and RKH in the crystal structures of the NB domains of
LonAs and NB1-2 domains of CIpA and ClpB chaperones. (A) Pore-
2 comprising fragments from EclLon (PDB ID 6N2I, residues 419—
445, red), BsLon (PDB ID 3MG6A, residues 416-442 with a break
between 427 and 437, green), and MtLon (PDB ID 4YPL, residues
417-443, blue) are superimposed onto corresponding fragments
from TtClpB (PDB ID 1QVR) of both the NB1 domain (residues
264-295 with a break between 271 and 291, yellow), and the NB2
domain (residues 662-684, orange), as well as with the
corresponding fragments from EcClpA (PDB ID 1R6B) of both the
NB1 (residues 280-307, pink), and NB2 domains (residues 559-
581, magenta); (B) RKH comprising fragments from EcLon (PDB ID
6N2I, residues 447-465, red), BsLon (residues 445-463, green)
and MtlLon (residues 446-464, blue) are superimposed onto the
corresponding fragments from TtClpB of both the NB1 (residues
296-302, yellow) and NB2 domains (residues 686-700, orange), as
well as with the corresponding fragments from EcCIpA of both the
NB1 (residues 308-316, pink), and NB2 domains (residues 582—
597, magenta).

NB2 domain, although the placement of the conserved
tyrosine is different among them (Figs 9 and 10D). It
should be stressed, however, that the conformation of
the GYVG loop in the EcClpA NB2 domain might be
affected by the presence of a Mg ion bound in the
vicinity of this loop in the crystals [62]. On the other
hand, location of the conserved tyrosine residues in
the NB1 domains of ClpA and ClpB is similar (Figs 9
and 10A,C).

Our analysis indicates that there is a correlation
between the presence of the CC fragment, embedded
in the o-helical domain that precedes either the single
or second AAA" module, and the location of GYVG
motif in the pore-1 loop of the following NB domain.
Other proteins with a single AAA" module (ClpX,
HslU, FtsH) that do not contain a CC insertion have
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their GYVG signature located on the top of the loop,
as shown in Fig. 10A.

Location of two other axial loops (pore-2 and
RKH) is highly conserved in the structures of LonA
proteases and of both chaperones, CIpA and ClpB
(Fig. 11A,B). Pore-2 loops are also pointing into the
central pore and are expected to interact with the sub-
strate, as pore-1 loops do, but at a different stage of
substrate translocation [55,59,63]. In LonA proteases,
they are more similar in length to their counterparts in
the NB1 domains of both CIpA and ClpB (Figs 9 and
11A).

RKH loops are located at the upper entry to the
central pore and are expected to interact with the sub-
strate at early stages of its approach to the AAA™
molecular machine, stabilizing the contacts during ini-
tial complex formation [55,64]. RKH loops of LonA
proteases are much more similar in length to their
structural equivalents in the NB2 domains of ClpA
and ClpB chaperones, than to the shorter ones in their
NB1 domains (Figs 9 and 11B).

Conclusions

The principal aim of this study was to provide struc-
tural support for the hypothesis that LonA proteases,
which bear a single classical AAA™ module, may also
contain a part of the second AAA" module, which is
present in full in the Clp enzymes of class I AAA"
proteins. A comparative analysis of the corresponding
domains in the available structures of LonA proteases
and ClpB chaperones revealed similarities on all four
levels of structural organization of these proteins (from
primary to quaternary). There is a strong indication
that the architecture of the unique HI(CC) domain of
LonA proteases resembles the structure of the H
domain of the DI AAA" module of ClpB chaperones.
The number of helices, their topology, and the pres-
ence of the long helix in the HI(CC) domain, the
structural equivalent of which in the M domain of DI
is engaged in regulation of the necessary dynamic rear-
rangement of the subunits in a hexamer of ClpB [54],
are similar in both proteins. However, discrepancies in
the sizes of the corresponding helices would imply that
their packing within the individual domains might be
different.

The other argument in favor of this hypothesis
comes from studies evaluating functional characteris-
tics of an E. coli LonA mutant with deleted HI(CC)
domain (residues 124-304) [29]. The ATPase activity
of this mutant was shown to decrease by more than an
order of magnitude, and its proteolytic activity was
almost totally lost. At the same time, the enzyme

T. V. Rotanova et al.

retained partial ability to hydrolyze peptide substrates
(about 30%), although, unlike intact EcLon, binding
of nucleotides and their complexes with magnesium
ions did not affect the efficiency of peptide hydrolysis.
It was concluded that the inserted HI(CC) domain is
needed for formation of a functionally active enzyme,
and the absence of this domain alters coupling
between ATP hydrolysis and substrate proteolysis, as
well as it affects interactions between LonA and a pro-
tein substrate.

This idea is also supported by comparison of the
functionally important axial loops in the NB domain
of the single AAA" module of LonA with the corre-
sponding ones in the NB1 and NB2 domains of two
AAA™ modules of ClpA and ClpB chaperones, respec-
tively. Significant results of that analysis are provided
for the most conserved axial pore-1 loops (GYVG)
that are engaged in the interactions with substrate dur-
ing all stages of protein function. A comparison of the
fragment comprising this loop in LonA with the corre-
sponding fragments of both the NB1 and NB2
domains of ClpA and ClpB chaperones unambiguously
reveals a singular match in the location of the GYVG
loop between the LonA NB domain and the NB2
domain of ClpB. This finding suggests that the mecha-
nism of engagement of pore-1 loops in these AAA™
modules of LonA and ClpB might be indeed similar.
Our observations, combined with the data derived
from the structure of ClpB with bound substrate [61]
that designate the AAA'-2 module as being the main
motor of ClpB, give a new perspective to a functional
meaning of the resemblance between the sole ATPase
module of class IT and the AAA™-2 module of class T
of the AAA" proteins, and also correlate with the
matching topology between the HI(CC) domain of
LonAs and H1 domain of ClpBs.

In the absence of a structure of full-length LonA
protease, the structural elements that carry the func-
tional or regulatory properties for these molecular
machines cannot be accurately matched up between
different partial structures. However, available struc-
tural data strongly support the hypothesis of their
revised structural and functional relationship, thus sug-
gesting that LonA proteases, exhibiting the structural
features of both classes of AAA" proteins, may repre-
sent a novel subclass of AAA" proteins, distinctive
from the established class I and class II.
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