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Abstract 
 
This section of the thesis is a literature review of the proteolytic machineries of 
mitochondrial AAA+ family of proteins. Most of these molecular machines are 
involved in maintaining the protein quality control in mitochondria. How these 
proteins harness the energy of ATP hydrolysis to perform specific tasks is the 
main topic of this chapter. All AAA+ proteins have retained the capacity of 
converting ATP combustion to mechanical force generation. Many of these 
proteins exist as hexameric assemblies forming a ring structure. The ring 
assembly has compartmentalized functions where each domain performs 
specific mechanistic roles. The canonical AAA+ domain is usually a chaperone 
that act as a motor. This motor domain assists in bringing the substrate protein 
to the protease chamber via unfolding and translocation through the axial pore. 
The protease domain has solvent accessible proteolytic sites facing the inner 
cavity, that is capped by a small exit pore on one side and an accessible entry 
from the axial pore of the motor ring. This compartmentalization of the protease 
domain prevents entry of even the smallest folded proteins to access the protease 
sites. ATP-coupled protein degradation is an irreversible process, so how these 
machines recognizes, unfolds and digest the substrate is of utmost relevance to 
mitochondrial survival. The main focus of the thesis is to understand the 
structural basis of how human mitochondrial LonP1 recognizes their substrates 
and proteolytically digest them by using ATP.   
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1.1 A brief introduction to quality control in 
mitochondria 
 

Mitochondria are the essential double membrane organelles of the 
eukaryotic cells next to nucleus. These specialized structures were first 
discovered by Richard Altmann in 1890 and termed as “bioblasts” (life-germs). 
They are the endosymbionts of the proteobacteria that were integrated 
structurally and functionally into the eukaryotic metabolism. Mitochondria are 
the major sites for several life-essential processes like respiration (ATP 
generation), metabolites and cofactor synthesis, ion, lipid and Ca2+ homeostasis, 
apoptosis and many more. The cell needs to maintain a healthy balance between 
protein biogenesis and degradation through-out its cell cycle, which is a protein- 
and time-variant event. Any deviation from this steady state protein level 
maintenance, often leads to disastrous effects in many cellular pathways. As an 
endosymbiont, mitochondria (mtDNA) encodes only 13 proteins out of nearly 
1200 nuclear coded proteins that constitutes the ‘mitoproteome’. These nuclear 
encoded proteins have to be imported from cytosol into the mitochondria to 
carry the essential functions that are crucial to the cell survival 1.  

 
Mitochondria are always under constant dynamic behavior in response to 

the cytosolic cues that are necessary to maintain this remarkable endosymbiotic 
relationship. This behavior demands an additional challenge for a coordinated 
nuclear and mitochondrial gene expression 2 3. To deal with this, cells have 
adapted and developed a quality control mechanism, often called as 
‘homeostasis’. The quality control mechanism in mitochondria (MQC) occurs at 
two levels: (1) Organellar and (2) Molecular level (intra-mitochondrial). The 
organellar MQC results in dynamic behavior of mitochondria through two 
fundamental processes namely, Fusion and Fission. Mitochondria appears to 
fuse with one another when there is an energy demand or stress. The stress 
induced response often produces hyperfusion of mitochondria to simply dilute 
the damage-content. Fission process generates new mitochondria and facilitates 
quality control. The molecular quality control is at the heart of the protein 
homeostasis in mitochondria, which is functionally intertwined with organellar 
MQC in response to the cytosolic cues.  
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Figure 1. Schematic representation of the mitochondrial quality control occurring at 
the organelle level. Stress conditions like mtUPR (unfolded protein response) induces 
high levels of chaperones and protease expression to alleviate the damage. Fusion allows 
mixing of the contents and thus deal with mild or temporary mitochondrial stress. A 
dysfunctional mitochondrion inhibits fusion by promoting fragmentation by fission, 
which is associated with mitophagy. Under severe damage conditions, fission often 
proceeds to apoptosis. Referred from 4. 
 
 
1.2 Molecular protein control in mitochondria 

 
In order to maintain the functional quality of the mitoproteome, these 

intracellular systems have developed and adopted a surveillance and check 
mechanisms, that can be broadly termed as “Protein Quality Control” (PQC) 
mechanism or “proteostasis” 2 3 1. This quality control process works in-
conjunction with the cellular demands that are time and environment 
dependent. The inner mitochondrial membrane (IMM) is the most protein rich 
sites of the cell that are also the vital locations of respiratory chain complexes (or 
electron transport chain proteins). Much of the cellular ATP is synthesized via 
the ‘Oxidative phosphorylation’ (OXPHOS) processes of these respiratory 
proteins. The OXPHOS is formed by both the nuclear and mitochondrial 
encoded protein subunits. Hence for proper mitochondrial function, both the 
nuclear and mitochondrial expression needs to be under balance and check 

Rugarli & Langer, EMBO J. (2012) 

Mitochondrial quality control 
(MQC) 

• Two levels of MQC: 
1). Organellar 
2). Molecular (aka intramitochondrial) 
 

• Molecular and organellar MQC 
are interdependent and  
functionally intertwined  

8 
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controls. Malfunction of these OXPHOS proteins may occurs at many levels as 
described below. 

 
(1). Impairment during mitochondrial protein import and translocation. 
(2). Any mismatches in subunit-stoichiometry and improper assembly. 
(3). Oxidative protein damage from Reactive Oxygen Species (ROS).  
 
One of the paradoxes of mitochondria is that it is also a source for the 

production of ROS agents as a byproduct of the respiration process. Extensive 
ROS production can oxidatively damage proteins, mtDNA, lipids etc. As a result, 
any mismatches in the OXPHOS subunit stoichiometry results in accumulation 
of unassembled and misfolded proteins that are lethal to cell. Hence these 
OXPHOS building proteins are under heavy regulation 1 (Figure-1a). Eukaryotic 
cells have developed a sensing mechanism for the unfolded proteins, wherein 
any accumulated perturbance, is in turn associated with the activation of genes 
that handle the protein homeostasis. This feedback process is called the unfolded 
protein response (UPR) often located in cytosol, in the ER (UPRER) and in 
mitochondria (UPRmt). The UPRmt produces various signals to communicate 
with the nucleus to activate either the proteostasis genes or to produce higher 
levels of the damaged protein. The mitochondrial PQC machinery constitutes a 
myriad of molecular chaperones and protein degrading complexes, known as 
proteases 3 1 (Figure-1a). Many chaperones like mtHsp60 (mitochondrial heat 
shock protein 60) and mtHsp70 (mitochondrial heat shock protein 70) are 
associated with UPRmt response, and are involved in the de-novo folding of 
proteins and also assist in protein translocation during import via TIM-TOM 
complex 2 5. On the other hand, the in-vivo studies demonstrated the role of 
Hsp78 (heat shock protein 78) chaperone in solubilizing the heat induced 
aggregated proteins 6 7. 
 
1.2.1  Proteolytic control systems of mitochondria-
mitodegradome 

 
The major class of these quality control proteins in mitochondria that 

ensures the efficient working of OXPHOS processes are proteases. In addition to 
the degradation functions, these mitochondrial proteolytic proteins are essential 
in protein synthesis, mito-biogenesis, dynamics, mitophagy and apoptosis. Any 
impairment of these proteases are closely associated with ageing, catabolic 
conditions like neurodegenerative disorders, metabolic syndromes and cancer 1. 
Even though the main role of these proteases is to maintain the structural 
integrity of the mitochondrion, they are a highly diverse group of enzymes that 



Introduction 
 

 15 

differ in structure and catalysis. Collectively, these protein degrading molecules 
of mitochondria are known as “mitodegradome” 8. Figure-2 illustrate few of the 
pathological and catabolic syndromes associated with the malfunction of these 
genes. The proteolytic machinery or proteases often employ the hydrolysis of the 
peptide bond in order to regulate the mitoproteome balance, hence the name 
protein wrecking machines.  

 
 
Figure 2. Tabular form showing the hereditary and consequential disease related 
syndromes that caused because of the malfunction or absence of these mitochondrial 
proteases. Reference1 

 
Most of these proteases in mitochondria can be broadly classified into two 

categories, namely (1) Non-ATP dependent proteases and (2) ATP-dependent 
proteases.  
 
1.2.1.1  The non-ATP dependent proteases 
 

The non-ATP dependent proteases are known as the processing 
peptidases that are responsible for the maturation of mito-targeting 
polypeptides. The nuclear coded polypeptides are brought to the outer 
membrane via the ER associated ribosome machinery, that are assisted by 
various cytosolic chaperones. The N-terminal mitochondrial targeting sequence 
(MTS) of the precursor protein contains a highly conserved 20-80 amino acid 
stretch composed of hydrophobic and arginine residues. These N-terminal 
signals are completely devoid of negatively charged amino acids and usually form 
amphipathic helices. In the next step, these pre-proteins are translocated 
through the outer and inner membrane via the TOM and TIM translocases 
respectively. Pre-proteins are targeted to different sub-mitochondrial locations 

Several mitoproteases have been associated with 
modulation of ageing. For example, LONP levels and 
activity decrease during ageing111, whereas its upregu-
lation protects against several stress factors112, sug-
gesting that it has a role in ageing and ageing-related 
diseases. Consistent with this possibility, deletion of 
the gene encoding the Lon protease in yeast induces 
accelerated ageing113, whereas its overexpression in the 
fungus Podospora anserina increases healthspan and life-
span114. Conversely, deletion of the gene encoding CLPP 
in P.!anserina increases lifespan, an effect that can be 
reversed by expression of human CLPP115. Recent stud-
ies have also explored the links between mito proteases 
and ageing in genetically modified mice. Loss of Htra2 
in non-neuronal tissues in mice causes premature 
ageing, owing to an increase in mtDNA deletions116. 
Furthermore, deletions of other genes encoding mito-
proteases, such as Afg3l2, Clpp and Parl, cause severe 
defects in mice, such as axonal degeneration, multi-
system disorder and cachexia by general atrophy, respec-
tively, which ultimately shorten their lifespan owing to 
impaired mitochondrial activities41,106,117. By contrast, 
another study suggested that single nucleotide polymor-
phisms (SNPs) in AGF3L2 are associated with longevity 
and enhanced cognitive abilities in elderly humans118.

Some mitoproteases that function as processing 
peptidases have also been implicated in ageing. An inac-
tivating mutation of mouse Immp2l induces an increase 
in oxidative stress in several organs119, which triggers an 
early onset of age-associated disorders, impairment of 
adult stem cell self-renewal and age-dependent sper-
matogenic damage120,121. Deletion of Icp55, the yeast 
orthologue of the mammalian gene encoding XPNPEP3, 
which cleaves specific N-terminal amino acids from 
mitochondrial proteins, increases lifespan and oxida-
tive stress resistance owing to activation of an oxidative 
stress response122. Collectively, these studies indicate that 

mitoproteases have an important impact on the ageing 
process, but they may have either pro- or anti-ageing 
properties depending on their specific function in the 
maintenance of mitochondrial proteostasis.

Mitoproteases and human diseases
Consistent with the essential roles of mitoproteases in 
mitochondrial function, alterations in these enzymes 
underlie many pathological conditions2. Mutations in 
genes encoding mitoproteases cause several human 
hereditary diseases that are characterized by Mendelian 
inheritance123. Among the more than 100 human heredi-
tary diseases that are associated with proteases (see the 
Degradome database), 12 are caused by mutations or 
defects in mitoproteases and pseudo-mitoproteases 
(TABLE!2). Moreover, dysregulation of components of the 
mitodegradome, especially changes in the expression 
levels of mitoproteases, also contributes to various path-
ological conditions, including neurological and degener-
ative disorders, metabolic and multisystem diseases, and 
cancer. Some of these pathological alterations have been 
described in animal models of loss- or gain-of-function 
mutations in genes encoding mitoproteases, which has 
facilitated the identification of various conditions that 
are associated with the absence or overexpression of 
these enzymes.

Neurological and neurodegenerative disorders. Various 
neurodegenerative disorders are caused by misfolding 
of mitoproteases or defects in their proteolytic function, 
owing to the resulting loss of proteostasis. In addition, 
defects in mitophagy that are caused by either mutations 
of genes or dysfunction of proteins that are implicated 
in this pathway have been linked to neurodegenerative 
disorders such as Parkinson disease, possibly owing to 
the resulting inability to remove defective mitochon-
dria. Several mitoproteases have been implicated in the 

Table 2 | Hereditary diseases caused by defects in mitochondrial proteases

Protease Gene Locus Disease OMIM code Inheritance Refs

AFG3-like protein 2 AFG3L2 18p11 Dominant hereditary ataxia SCA28 610246 Dominant 134

AFG3-like protein 2 AFG3L2 18p11 Spastic ataxia–neuropathy syndrome 614487 Recessive 135

ATP-dependent Clp protease 
proteolytic subunit

CLPP 19p13 Perrault syndrome 3 614129 Recessive 148

Lon protease homologue LONP1 19p13 CODAS syndrome 600373 Recessive 147

DJ-1 PARK7 1p36 Parkinson disease type 7 606324 Recessive 124

Ser protease HTRA2 HTRA2 2p12 Parkinson disease type 13 610297 Dominant 125

Ser protease HTRA2 HTRA2 2p12 Essential tremor 190300 Dominant 126

Mitochodrial inner membrane 
protease 2

IMMP2L 7q31 Gilles de la Tourette syndrome 137580 Dominant 131

Presenilins-associated 
rhomboid like

PARL 3q27 Parkinson disease 168600 Recessive 129

Paraplegin SPG7 16q24 Spastic paraplegia 607259 Recessive 136

Cytochrome b-c
1
 complex 

subunit 2
UQCRC2 16p12 Mitochondrial complex III deficiency 615160 Recessive 149

X-Pro aminopeptidase 3 XPNPEP3 22q13 Nephronophthisis-like nephropathy 613159 Recessive 150

CODAS, cerebral, ocular, dental, auricular and skeletal anomalies; OMIM, Online Mendelian Inheritance in Man database.

REVIEWS

354 | JUNE 2015 | VOLUME 16  www.nature.com/reviews/molcellbio

© 2015 Macmillan Publishers Limited. All rights reserved
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based on the internal signal-sequence in the polypeptide following the N-
terminal signal. Upon their localized imports either to the matrix, inner-
membrane (IMM) or inter-membrane space (IMS), specialized processing 
peptidases cleave the MTS signal. Based on their location in mitochondria, 
processing peptidases are grouped accordingly into three categories, namely (a) 
the mitochondrial processing peptidase (MPP), the intermediate peptidase 
(MIP) and the inner-membrane peptidase (IMP) 9 10. These are primarily 
responsible for the maturation of the mito-proteins and also assist during protein 
import via the TIM-TOM complex. The mitochondrial encoded proteins also 
undergo proteolysis to remove the initiation codon amino acid methionine with 
the assistance from METAP1D (Met aminopeptidase 1D) enzyme. The processed 
polypeptide from the METAP1D enzyme then can be assembled in the IMM.   
 

 
Figure 3. Cartoon diagram depicting the process of mitochondrial targeting of the 
precursor protein and subsequent maturation by the processing peptidases. TIM 
(translocase inner membrane)-TOM (translocase outer membrane) complexes assist in 
importing the cytosolic translated proteins into the mitochondria and followed by the 
removal of MTS (mitochondrial targeting sequence) signal from the precursor protein. 
PMPCA/PMPCB (mitochondrial-processing peptidase subunit-a and -b) and other 
peptidases sequentially cleave of the N-terminal signal. Met aminopeptidase 1D 

Nature Reviews | Molecular Cell Biology

Intermembrane space

Cytosol

Matrix

Inner membrane

Outer membrane TOM40 40

TIM23

IMMP1L
IMMP2L

TIM23 complex
subunit PMPCB

PMPCA

Imported or
mitochondrial
protein

mRNA

Ribosome

Met
METAP1D

MIP

XPNPEP3

CTS

MTS

8 aa
1 aa

has been implicated in the degradation of mitochondrial 
amyloid !-protein45. Interestingly, amyloid !-protein 
inhibits the yeast orthologue of PITRM1, which impairs 
the processing activity of MPPs and triggers the accumu-
lation of preproteins in mitochondria44. It has also been 
suggested that MEP, which is located in both the cytosol 
and mitochondria, may have oligopeptidase activity in 
the intermembrane space46.

Other ATP-independent proteases participate in the 
protein quality control that takes place in the intermem-
brane space. HTRA2, which is highly conserved from 
bacteria to mammals, forms trimers in the mitochon-
drial intermembrane space and has key roles in the deg-
radation of oxidized proteins47 (FIG.!3). Loss of HTRA2 
induces a decrease in both mitochondrial mass and 
mitochondrial membrane potential, which eventually 
results in ATP depletion48. ATP23 (which is encoded by 
XRCC6BP1 in mammals) is another protease that may 
participate in quality control49,50. This metalloprotease 
is active in the mitochondrial intermembrane space and 

was discovered in yeast as an enzyme that is required for 
the assembly of the mitochondrial F1F0-ATP synthase49. 
The function of ATP23 in mammals is still unknown, 
but the finding that its yeast orthologue has a role in 
the degradation of evolutionarily conserved lipid trans-
fer proteins in mitochondria suggests that mammalian 
ATP23 may perform a similar function50.

Mitochondrial biogenesis. In addition to classic pro-
cessing peptidases that act on newly imported mito-
chondrial proteins, and quality control proteases that 
degrade damaged proteins, an increasing number of 
mitoproteases have been found to control mitochon-
drial biogenesis and function. These mitoproteases 
have diverse roles in various pathways such as protein 
import, cardiolipin metabolism, mitochondrial gene 
expression and mtDNA stability (FIG.!4). These func-
tions are associated with specific proteolytic processing, 
in contrast to the nonspecific degradation exerted by 
some mitoproteases functioning as quality-control pro-
teases. For example, mAAA protease controls ribosome 
assembly and the synthesis of mitochondrially encoded 
subunits of the respiratory chain51,52. Respiratory defi-
ciencies in yeast cells that lack the mAAA protease are 
caused by impaired processing of the ribosomal subunit 
MrpL32, resulting in defective mitochondrial transla-
tion52. Loss of the mammalian mAAA subunit AFG3L2 
also causes a decrease in mitochondrial calcium uptake 
that is due to induced mitochondrial fragmentation 
triggered by processing of dynamin-like 120 kDa pro-
tein (OPA1) (see"below)53. Furthermore, following the 
stress response, the iAAA YME1L1 subunit degrades 
mitochondrial import inner membrane translocase 
subunit TIM17A, thereby decreasing protein import 
into the mitochondrion54. YME1L1 is also involved in 
the control of mitochondrial membrane composition, 
modulation of cardiolipin levels and apoptotic resist-
ance by degrading PRELI domain-containing protein"1 
(PRELID1; Ups1 in yeast). PRELID1 forms a complex 
with the TP53-regulated inhibitor of apoptosis 1 in the 
intermembrane space, which prevents apoptosis by 
mediating intramitochondrial transport of phosphatidic 
acid that is necessary for the synthesis of cardiolipin55. 
The matrix mitoprotease LONP controls mtDNA main-
tenance and gene expression owing to its function as a 
DNA-binding protein and its ability to degrade TFAM 
following its release from mtDNA38,56,57. HTRA2 has 
also been associated with mtDNA maintenance, on 
the basis of mtDNA mutations that have been found in 
HTRA2-deficient mouse cells58. Finally, there are some 
poorly characterized mitoproteases that have additional 
roles in processes that are related to mitochondrial 
biogenesis and homeostasis. For example, the metallo-
protease O-sialoglycoprotein endopeptidase-like pro-
tein 1 (OSGEPL1) is located in the matrix, and it has 
been suggested that it may be involved in mitochondrial 
genome maintenance — similar to the orthologous Kae1 
(also known as OSGEP) and YgjD proteins, which are 
members of a family of genome maintenance proteins 
that are present in several organisms59. In addition, the 
Ser protease !-lactamase-like protein LACTB, which 

Figure 2 | Functions of mitochondrial processing peptidases. Mitoproteases actively 
participate in the import of proteins into mitochondria. Proteins that are synthesized in 
the cytosol are translocated into mitochondria through the translocase outer membrane 
(TOM) complex and the translocase inner membrane (TIM) complex into the matrix. 
These proteins contain a mitochondrial targeting sequence (MTS), which, in general, is 
processed in the mitochondrial matrix by the mitochondrial processing peptidase (MPP) 
protease complex (which comprises mitochondrial-processing peptidase subunit-# 
(PMPCA) and PMPCB). Several proteins require additional processing after the removal 
of their MTS. This proteolytic event is carried out by mitochondrial intermediate 
peptidase (MIP), which cleaves an octapeptide, or by X-Pro aminopeptidase 3 (XPNPEP3), 
which removes a single amino acid. Some proteins can be translocated to the inner 
membrane or the intermembrane space after being processed by the MPP. These 
proteins are sometimes cleaved by mitochondrial inner membrane protease subunit 1 
(IMMP1L) and IMMP2L. Some mitochondrially encoded proteins can also undergo a 
proteolytic maturation by IMMP1L and IMMP2L. IMMPs also cleave a specific 
carboxy-terminal sequence (CTS) present in a TIM complex subunit and promote its 
assembly. Notably, some newly imported proteins are matured by the matrix ATPases 
associated with diverse cellular activities (mAAA) protease rather than the MPP (not 
shown). In the mitochondrial matrix, Met aminopeptidase 1D (METAP1D) removes the 
initial Met of some mitochondrially encoded polypeptides.

REVIEWS

350 | JUNE 2015 | VOLUME 16  www.nature.com/reviews/molcellbio

© 2015 Macmillan Publishers Limited. All rights reserved
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(METAP1D) of the matrix removes the initial Met from the mitochondrially encoded 
proteins. Referred from 1  
 
(a). The mitochondrial processing peptidase (MPP) is a 100 KDa 
heterodimeric Zinc metallopeptidase complex composed of PMPCA and PMPCB 
subunits (mitochondrial-processing peptidase subunit-a and -b). The major 
function of this protein is to cleave of the N-terminal signal peptide following the 
N-end rule. Majority of these proteins from different species (80%), cleave the 
peptide bond after Arg residue which is positioned at either -2 or -3 from the N-
terminus. Much of the previous studies have demonstrated that the MPP activity 
is associated with the correct folding and maturation of subunit 1of the 
cytochrome b-c1 complex. 
 
(b). The mitochondrial intermediate processing peptidase (MIP) is a 
55 KDa monomeric protein that is found both in mitochondria and in nucleus, is 
commonly known as XPNPEP3 (X-Pro aminopeptidase 3). It belongs to 
aminopeptidase P family and found attached to the IMM facing the matrix. It 
works in conjunction with the matrix processing peptidases, often involving 
second or third cleavage steps between two prolines. These peptidases remove 
the N-terminal Tyr, Ser and Pro residues for proper maturation of the imported 
polypeptide.  
 
(c). The inner membrane peptidase (IMP) is a heterodimeric protein 
complex composed of IMMP1L (22 KDa) and IMMP2L (19 KDa) subunits. These 
are embedded at the IMM with their N-terminus, and is extended in a such a way 
that their C-terminal part protrudes towards the inter-membrane space. 
Majority of the complex III, IV and TIM23 subunits are processed via the 
IMMP2L peptidase to properly fold and placed in the IMM.  
 
There are other peptidases that belong to either of the above-mentioned groups 
like ATP23 homologue protease, PARL (presenilins-associated rhomboid like 
protease), Rhomboid protease (membrane-embeded serine protease), that work 
in association to the demands of the mito-encoded proteins. Some subunits of 
the OXPHOS system like the cytochrome b6 may require help from other AAA+ 
proteases like LonP1 (La Protease). 
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1.2.1.2 ATP-dependent mammalian proteolytic 
machineries 

 
The ATP-dependent proteases constitute the major proportion of the PQC 

machinery in the mitochondria that also includes the UPRmt response. To meet 
the constant demand of cellular energy and to the changing developmental and 
environmental factors, the mitoproteome is under constant modification. The 
relentless production of ATP via the respiratory chain complexes produces ROS 
(Reactive Oxygen Species), that results in oxidative protein damage in 
mitochondria. This together with UPRmt response generates dysfunctional, 
misfolded and to-be regulated proteins, that needed to be cleared from the 
matrix. These proteases belong to AAA+ superfamily (ATPase Associated with 
diverse cellular Activities), that have retained the evolutionary conserved action 
of motor behavior, wherein the ATP is hydrolsed to perform the mechanical task 
11. 

 
ATP-dependent mammalian proteolytic machineries can be broadly 

classified into two groups (a) the membrane associated (namely m-AAA and i-
AAA) and (2) the soluble matrix  

 
Nature Reviews | Molecular Cell Biology
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is located in the intermembrane space, forms internal 
filaments and promotes intramitochondrial mem-
brane organization and micro-compartmentalization, 
suggestin g that it has a role as a structural mitoprotease60.

Mitochondrial stress responses. Mitochondrial damage 
triggers various stress responses that coordinate the 
relay of a signal from mitochondria to the nucleus to 
induce the transcription and translation of mitopro-
teases that, in turn, counteract mitochondrial damage. 
The mitochondrial unfolded protein response (UPRmt) 
is the best known of these pathways. The UPRmt is acti-
vated by mitochondrial proteotoxic stress, which is 
caused by the accumulation of unfolded or unassembled 
proteins, defects in components of the OXPHOS com-
plexes or a mitonuclear imbalance61–63. After activa tion, 
the UPRmt induces the transcription of nuclear genes 
encoding mitochondrial quality control components 
(mainly proteases and chaperones) together with other 
genes, to re-establish mitochondrial proteostasis64. 
Although this pathway was originally discovered in 
mammalian cells, its function has been more exten-
sively studied in Caenorhabditis elegans, in which the 
process involves CLPP-mediated digestion of unfolded 

or unassembled proteins in mitochondria into pep-
tides. These peptides are transported to the cytoplasm, 
where they activate the expression of components of the 
mitochondrial protein quality control system, such as 
the worm orthologues of the mammalian mitochon-
drial quality control proteases CLPP, LONP and SPG7 
(REF.!40). The main UPRmt regulator in nematodes is the 
transcription factor protein ATFS-1, isoform a, which 
is imported into the mitochondrial matrix under basal 
conditions and degraded by the Lon protease65. After 
proteotoxic stress, mitochondrial import is reduced, 
which leads to the accumulation of ATFS-1 in the cyto-
sol and its translocation to the nucleus, where it activates 
the transcription of many quality control components65. 
The regulatory mechanism of the UPRmt in mammals 
is largely unknown, although some mito proteases 
have been recently implicated. It has been shown that 
CLPP is induced in response to unfolded protein stress 
in mammalian cells63. Furthermore, the transcription 
factors DNA damage-inducible transcript!3 protein 
and CCAAT/enhancer-binding protein-" regulate the 
expression of YME1L1, PMPCB and CLPP by bind-
ing to UPRmt response elements in their promoters66. 
LONP has also been recently associated with the mam-
malian UPRmt, and its expression is positively corre-
lated with several UPRmt proteins in both human and 
mouse!cells67.

Other mitochondrial stress responses involving mito-
proteases are the STAR overload response (SOR) and the 
HTRA2-mediated response. SOR is induced by the accu-
mulation of STAR in the mitochondrial matrix, which 
enhances the expression of proteolytic enzymes that are 
involved in its degradation, such as LONP, AFG3L2, 
SPG7 and, to a lesser extent, YME1L1 (REF.!68). The 
HTRA2 stress response is caused by a deficiency in this 
mitochondrial Ser protease in the brain, which triggers 
a transcriptional stress response to counteract the accu-
mulation of unfolded proteins, defects in respiration and 
increased ROS levels69.

Mitochondrial dynamics. Mitochondria are highly 
dynamic organelles that continually undergo fusion 
and fission. Fusion and fission of mitochondrial mem-
branes depend on dynamin-like GTPases, the activity 
of which is regulated by mitoproteases and various 
post-translational modifications. In mammals, fission 
is largely controlled by dynamin-1-like protein (DRP1), 
which is located in the cytoplasm. DRP1 is recognized 
and recruited to mitochondria by specific receptors 
in the outer membrane such as mitochondrial fission 
factor, mitochondrial fission 1 protein or mitochon-
drial dynamics protein MID49 and MID51, forming a 
ring-like structure that constricts mitochondrial mem-
branes and facilitates initiation of fission. Fusion mainly 
involves three large GTPases: mitofusin 1 (MFN1) and 
MFN2 in the outer membrane, and OPA1 in the inner 
membrane70,71. Mitochondrial fusion and morpho-
genesis of cristae depend on long OPA1 forms (L-OPA1). 
Levels and activity of OPA1 are controlled by alterna-
tive splicing and proteolysis. OPA1 has eight different 
forms, some of which are proteolytically processed to 

Figure 3 | Regulation of mitochondrial quality control. Mitoproteases degrade 
defective proteins in different mitochondrial compartments. The degradation of 
misfolded, damaged and oxidized proteins, as well as the turnover of some metabolic 
enzymes, is carried out in the matrix by the Ser protease ATP-dependent Clp protease 
proteolytic subunit (CLPP) — together with the chaperone ATP-dependent Clp protease 
ATP-binding subunit ClpX-like (CLPX), forming the CLPXP complex — and Lon protease 
homologue (LONP), and in the inner membrane by matrix ATPases associated with 
diverse cellular activities (mAAA) and intermembrane AAA (iAAA) proteases. LONP and 
the mAAA protease also participate in the maintenance of the respiratory chain 
complexes. Proteolysis generates peptides, which can be exported to the cytosol or 
further degraded into amino acids by the oligopeptidase presequence protease 
(PITRM1). In the intermembrane space, HTRA2 degrades misfolded, damaged and 
oxidized proteins, whereas mitochondrial inner membrane protease Atp23 homologue 
(ATP23) and the iAAA protease participate in the maintenance of the respiratory chain 
(although the role of ATP23 is not completely clear, indicated by the question mark in the 
figure). Peptides that are generated in this compartment are also released to the cytosol. 
ABC transporter, ATP-binding cassette transporter; ROS, reactive oxygen species.
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Figure 4. Regulation of mitochondrial quality control by the AAA+ ATPases. This 
picture shows the production of ROS (reactive oxygen species) from the electron 
transport chain complexes which oxidatively damages the protein in matrix and the 
inter-membrane space (IMS). LONP, CLPXP and the membrane associated m-AAA will 
recognize and cleave the damaged protein into small peptides as depicted in the 
diagram. i-AAA, ATP23 and HTRA2 proteases clear the IMS associated damaged 
proteins. Referred from 1 
 
located proteases (ClpXP and Lon). Mitochondrial ClpXP (caseinolytic protease) 
is homologous to the prokaryotic ClpXP, ClpAP, ClpCP and HslUV systems, in 
which two different polypeptides assemble into a functional oligomeric complex, 
hence the name two-component proteases. The first component, namely ClpX is 
a typical unfoldase, that harbors the ATP-binding sites responsible for unfolding 
and translocation of the polypeptide substrate 12 13. The latter component is 
protein degrading complex involved in peptidase activity 2 14. The Lon family of 
proteins belong to the one component protease class, wherein a single 
polypeptide consists of both the unfoldase and protease parts (Figure-5). 
 

 
 
Figure 5.  Broad classification AAA+ proteases based on the presence or absence of 
the proteolytic module on the same polypeptide length.  

 
  

51 Machines of Destruction – AAA+ Proteases...

bacteria (see  [  6,   7  ] ) to the regulation of virulence through the degradation of key 
factors that control virulence (see  [  8  ] ). ClpXP has also been shown to play an impor-
tant role in regulating mitochondrial protein homeostasis (proteostasis) in eukary-
otes such as worms  [  9,   10  ]  and plants  [  11  ] . Surprisingly however, this proteolytic 
machine is absent from most fungi including,  Saccharomyces cereviseae   [  12,   13  ] . 
For a detailed review of about the role of these AAA+ proteases in regulating mito-
chondrial function please refer to  [  14  ] . Although the AAA+ proteases ClpAP and 
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  Fig. 1.1     Cartoon representation of the various different AAA+ proteases in bacteria . 
AAA+ proteases can be separated into two different groups. Two component proteases (e.g. ClpAP, 
ClpCP, ClpXP, ClpEP and HslUV) contain the unfoldase and peptidase components on separate 
polypeptides. One component proteases, contain the peptidase and the unfoldase on a single 
polypeptide (e.g. LonA, LonB and FtsH). The unfoldase component contains one or more 
AAA+ domains, responsible for ATP-dependent unfolding of the substrate. All unfoldase com-
ponents also contain at least one accessory domains (e.g. ClpA and ClpC contain a conserved 
N-terminal domain (N-domain , pink ), ClpC and ClpE contain a middle domain (M , grey ), ClpE 
and ClpX contain a Zinc binding domain ( ZBD, yellow ), HslU contains an accessory domain 
inserted into the AAA+ domain (I-domain , purple ), LonA contains two N-terminal domains unre-
lated to the N-domain of ClpA and ClpC (N1 and N2 , green ), while LonB and FtsH both contain 
a single transmembrane (TM) region), which serve various different functions (see main text for 
details). In the case of the ClpP-binding unfoldase components, the AAA-2 domain contains an 
IGF/L loop for interaction with ClpP. The protease components are responsible for cleavage of the 
unfolded substrate. In the case of ClpP, hydrolysis of the polypeptide is catalysed by the catalytic 
triad (S, H and D), while FtsH and HslV contain either a conserved HExxH motif or an N-terminal 
threonine (T) respectively, for peptide bond cleavage       
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1.3 Structural and functional characteristics of AAA+ 
proteins 
 

All most all of the proteins in a cell function through interactions with 
their partnering molecules like proteins (same or different), metabolites, nucleic 
acids, cofactors, lipids etc. Complex cellular tasks need multiprotein complexes 
to efficiently perform their respective functions. Throughout evolution, cells 
have adapted to make use of the universal currency, the ATP to catalyze chemical 
processes that are thermodynamically unfavorable. Those specialized proteins 
that combust ATP to generate mechanical force are generally termed as “motor” 
proteins or “molecular machines”15 16. These are grouped into the so-called P-
loop ATPase superfamily, that consists of a flexible glycine rich region (termed 
as P-loop) that binds phosphate groups of the nucleotide. AAA+ family of 
ATPases (ATPases Associated with various cellular Activities) are a distinct 
section of the P-loop ATPases, but differ slightly in their domain architecture, 
that is discussed below in this section17 18. These machines harness the ATP 
hydrolysis to perform specific functions like DNA replication, protein 
disaggregation, regulated proteolysis and many others. The architectural folds of 
these motor proteins are highly conserved in preserving the underlying ATP 
hydrolysis events in a coordinated fashion13 19. Proteins belonging to this family 
often function as oligomers, that has ATPase sites located at the subunit 
interfaces, making the nucleotide binding pocket to be a ‘bipartite functional 
site’. Hence this bipartite nucleotide binding pocket is surrounded by either cis- 
(same subunit) or trans- (adjacent subunit) acting residues. This region 
containing the ATPase active sites is known as AAA+ domain or the motor 
domain. Depending on what type of additional folds or regions these AAA+ 
domains extend into, these protein complexes engages in diverse cellular 
functions.  
 
 
 
1.3.1 AAA+ domain architecture and structural motifs 
 

Like P-loop ATPases, AAA+ family of proteins contain the characteristic 
a/b fold at the motor part in the oligomeric complex. The canonical AAA+ 
domain is composed of roughly 250 amino acids that can be categorized into the 
characteristic b-sheet in the center and other structural elements which vary 
among different proteins. The central b-sheet is made up of five parallel beta 
strands arranged in this order: b5- b1- b4- b3- b2. This insertion of b4 between b1 
and b3 among AAA+ domains distinguishes from the other P-loop ATPases 20 21. 
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Each individual strand is flanked by alpha-helices making the well-known a-b-a 
motif. This a-b-a core fold is the fundamental structural component of the 
AAA+ domain, that exists in each subunit with in the multimeric complex. Most 
often these complexes assemble them as rings, composed of either identical 
subunits or different subunits. Another feature of the AAA+ fold is the 
arrangement of the central a-b-a core fold in relation to the ring axis, wherein 
the parallel b-sheet motif lies roughly perpendicular to the ring axis. This is 
different in other P-loop ATPases like the RecA family, where the fold is parallel 
to the longitudinal axis. Some of the AAA+ proteins like FtsH, HslU, ClpX and 
Lon, often contains a C-terminal alpha-helical bundle downstream of the 
a-b-a fold. This mostly alpha helical subdomain of the AAA+ domain 
accommodates the relative movements between the subunits in a ring complex. 
This is essential as the stress and strain caused by the binding of ATP and ADP 
in the subunits has to propagate sequentially along the ring assembly. 

 
 

Figure 5. Primary sequence and the topology of a canonical AAA+ domain. It 
represents the well conserved a-b-a fold showing the characteristic motifs: 
Walker-A and Walker-B motifs, Sensor-1, Arginine finger and the Sensor-2 
motifs. The typical length of this AAA+ domain is about 250 amino acids. 
  

 
Based on the recently published motor protein structures 22 17 and the 

sequence alignment of different ring assemblies, there lies a subtle distinction 
between the AAA and AAA+ family of proteins. AAA+ motor domains contain an 
additional C-terminal extension after the b4 strand, which is absent in the AAA 
proteins17. According to the high order evolutionary classification, the primary 
sequence of AAA+ domain can be divided into four distinct structural motifs 23. 
They are (a) Walker-A and Walker-B motifs, (b) Second region of homology 
(SRH), (c) Sensor-2 and 3 motifs and (d) the N-terminal linker domain. 
 
(a) Walker-A and Walker-B motifs. First discovered by John E. Walker in 
1982 (in F1F0-ATP synthase), these are the structurally conserved sequence 
motifs in all the ATP binding proteins24 25. These are the most important residues 
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F&'()* #: Features of the AAA+ ATPase domain. (a)+e AAA+ !-"-! fold topology and active site feature locations are shown in primary
sequence and secondary structure. Helices and strands within the core !/" fold are colored in blue and yellow, respectively. C-terminal lid
domain helices are colored in light green. (b) Active site residues are precisely positioned to bind nucleotide and Mg2+. +e Mg2+ cation is
directly coordinated by the Walker-A threonine, the "-phosphate of the bound nucleotide, and four water molecules. Dashed lines indicate
discussed molecular interactions (see text). +e bound ADP molecule and critical active site features are shown in stick, water molecules
as light blue spheres, and the magnesium ion as a magenta sphere. (c) +e ATPase site forms at subunit interfaces by residues of adjacent
subunits. +e Walker-A, Walker-B, and Sensor # residues are positioned on the le, side of the site and all reside on the same subunit (blue,
“cis-acting”), while three basic residues are located on the right side of the site from the neighboring subunit (yellow, “trans-acting”). Bound
ADP and Mg2+ are represented identical to (b).+e protein topology cartoon in (a) was prepared using the TopDraw so,ware package [$!].
All structure representations in the -gure were prepared with the Pymol so,ware package [$.] and PDB accession codes #FNN [#/] (b) and
$R%Y [$#] (c).

!-"-! sandwich. Features that distinguish AAA+ family
members from other P-loopNTPases include the insertion of"$ between "# and". [#%], the lack of an antiparallel"-strand
adjacent to "/ [#0], and the lack of any additional strands
directly adjacent to either "/ or "! [#"–#0]. +is contrasts
other P-loop family members that contain additional "-
strands, such as the ABC subfamily [#0, #1].

Many AAA+ proteins have a C-terminal !-helical bundle
in addition to the !-"-! core (Figure #(a)). +e functional
roles of the helical bundle are varied and include the forma-
tion of a lid over the nucleotide binding site and mediation
of subunit interactions in oligomeric protein complexes.+e
position of the helical bundle relative to the !-"-! core fold
is o,en nucleotide-dependent. For example, the C-terminal
bundle of the HslU protein translocase rotates !#./! between
the fully open state (apo state) and closed state (ADP-
bound) with the ATP-state representing an intermediate
conformation [!2].

3. Distinguishing AAA+ Primary
Sequence Motifs

+e AAA+ domain contains primary sequence motifs orig-
inally used to establish the AAA family [#$, #", #%, !#]. +e
AAA+ protein family was de-ned a,er the crystal structures
of N-ethylmaleimide-sensitive fusion (NSF) protein and the#" subunit of the E. coli DNA polymerase III were consid-
ered alongside multiple sequence alignments and revealed
a unique region C-terminal to "$ [#$, !!, !.]. We will
discuss here the signature AAA+ sequence motifs and their
functional roles.

!.". Walker-A and Walker-B Motifs. Like all P-loop NTPases,
AAA+ proteins have Walker-A and Walker-B motif residues
that are critical for binding and hydrolyzingATP.+eWalker-
A motif consists of a GXXXXGK[T/S] sequence, where X is
any amino acid and theC-terminal residue is either threonine
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required for binding and hydrolysis of ATP. From the published structures, the 
main difference at the functional level between the walker-A and -B motif is that: 
Walker-B residues do not interact directly with the nucleotide or the Mg2+ ion. 
Walker-A motif contains the conserved GXXXXGK(T/S) sequence, where X is 
any amino acid, that is followed by either a C-terminal threonine or serine 
residue. This Walker-A motif is also known as a P-loop (phosphate-binding), that 
is located between b1 and a1 within the a-b-a core fold 17. The conserved lysine 
of the P-loop interacts directly with the phosphate groups of the nucleotide. 
Mutational studies of this lysine amino acid to alanine have confirmed that it is 
essential for binding and stabilization of the nucleotide within the P-loop 17. The 
C-terminal serine or threonine were involved in stabilizing the Mg2+ cation that 
forms a transient octahedral coordination geometry through the b-phosphate of 
the nucleotide and four water molecules 20. Walker-B motif is localized on b3 
strand that contains the following conserved sequence: hhhhD(D/E), where h is 
any hydrophobic amino acid that is followed by C-terminal aspartate or 
glutamate. Mutational studies have confirmed the role of glutamate in ATP 
hydrolysis and no effect on the ATP binding. The walker-B glutamate act as a 
catalytic base that assists in the nucleophilic attack of the water molecule on the 
gamma-phosphate during ATP hydrolysis 26 27. This makes the Walker-B motif 
to interact indirectly with the nucleotide via the charged water molecule. 
 
(b) Second region of homology (SRH) is the characteristic motif of AAA+ 
proteins that is absent in other types of P-loop ATPases. SRH is made of 18-22 
amino acids long stretch that spans the C-terminal b4 and the entire a4 helix. It 
is the central motif that act as bipartite binding site that brings both the cis- and 
trans-acting motifs to the nucleotide site of action 21. The cis-acting motif of the 
SRH is known as sensor-1 motif, which is usually a polar amino acid (asparagine, 
serine, threonine or aspartate), that is placed between the Walker-A and Walker-
B motifs. This sensor-1 residue assists in correctly orienting the nucleophilic 
water molecule of the Walker-B motif for efficient hydrolysis attack on the 
gamma-phosphate. The Walker-A & -B motif and the sensor-1 of the SRH are all 
located on the same subunit, making them the cis-acting motifs. The trans-
acting component of the SRH region is often known as the arginine finger or 
finger loop, named after their discovery in the GTP-binding proteins 23 28 29. 
Structural and functional studies have implicated that the arginine might 
stabilize the accumulated negative charge during the transition of ATP-
hydrolysis 30 31. These structural motifs of SRH are essential in coordinating the 
hydrolysis events and also to propagate the associated conformational changes 
among the subunits of the complex. 
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Figure 6. Cartoon representation of the a-b-a fold topology of the AAA+ domain. The 
left picture shows how the ATP binding and hydrolysis events are separated from the RF 
(Arginine Finger) loops. This separation makes to transfer the changes at the nucleotide 
binding sites to the neighboring subunits along the motor complex. The right picture 
shows the atomic details of the amino acid environment surrounding the nucleotide 
binding pocket. 

 
(c) Sensor-2 and -3 motifs. Most of the AAA+ proteins containing sensor-2 
and -3 motifs act as cis-acting structural elements with a few exceptions. Sensor-
2 motif is generally an arginine residue (occasionally a lysine) that assists in 
mediating the conformational changes during the ATP hydrolysis cycle 32. 
Located on the a7 helix of the C-terminal subdomain, this arginine residue has 
been shown to stabilize the nucleotide via the a-phosphate interactions 33. In the 
case of hexameric MCM (Mini-chromosome maintenance) helicases, this sensor-
2 arginine act as a trans-acting motif 34 35. Additionally, MCM and 
papillomavirus helicases contain an extra sensor-3 which is either an arginine or 
histidine residue respectively 36 37.  
 
(d) N-terminal linker domain(s). N-terminal region of the AAA+ proteins 
vary in their structural and geometric positioning of the folds upstream the 
central canonical AAA+ domain. This N-terminal linker domain starts from the 
N-terminus on the polypeptide till the a0 helix of the AAA+ domain. Depending 
on the types of AAA+ proteins and their functionality, the N-terminal domain is 
often divided into distinct subdomains that may assist either in stabilizing the 
ATP-binding loops and/or substrate recognition and translocation 38 39. 
  
Based on the homology and the sequence-structural alignments of different 
subdomains, AAA+ proteins have been classified into seven clades and two 
superclades 20 23. This has been summarized in the table below with their 
respective secondary structural elements that differ either within/or near the 
AAA+ core fold. 
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Types of clades Structural fold 

Unique features are shown 
in magenta 

Characteristic features 
and examples 
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(Clamp Loader 

Clade) 

 

-simplest AAA+ domain 
with a minimal C-
terminal a-helical lid 
subdomain 
-Zn cluster insertion 
after the Walker-A 
motif 
-Examples: 
Replication Factor C 
(RFC), g/d DNA 
polymerase III 
subunits. 

Clade 2 
(Initiator Clade) 

 

-insertion of an extra a-
helix (initiator-specific 
motif, ISM) between a2 
and b2 of the a-b-a 
core 
-ISM involves in DNA 
binding 
- Examples: 
DnaA/DnaC (DNA 
replication protein) or 
Orc1 (Origin of 
replication) protein, etc. 
 

Clade 3 
(Classic clade) 

 

-insertion of a very 
short helix-loop 
between a2 and b2 of 
the a-b-a core 
-involves in the 
substrate binding 
- Examples: FtsH, 
katanin, TIP49, ClpBC 
family, Vps4, etc. 
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microtubule interaction domain and a C-terminal helix that
may support oligomerization [-,].

!.". #e Pre-Sensor " "-Hairpin Superclade. )e AAA+ fam-
ilies representing Clades +–1 constitute the “pre-Sensor -"-hairpin” (ps-"h) superclade, where all members share a
common "-hairpin insertion between !, and "+ (Figures
'(e)–'(h)) [-/, -2]. Each member of this superclade contains
the canonical AAA+ features, a ps-"h, and additional dis-
tinguishing features. Structural and biochemical studies have
shown that the ps-"h motif is positioned near the central
channel of many protein complexes [+0, +-, +1, +.]. )e
crystal structure of the Clade + papillomavirus E- protein
bound to single-stranded DNA (ssDNA) revealed a ps-"h
that projects into the central channel and directly interacts
with DNA [+0]. In contrast, the ps-"h feature is required
for interaction of RuvA with the Clade ! RuvB protein
rather than for substrate translocation [/']. )erefore, the
functional role of the ps-"h is likely clade-dependent.

Clade !: Superfamily III Helicase Clade. Members of Clade
+ are exclusively viral DNA helicases that are not found in
bacteria, archaea, or eukaryotes [-/]. )ese proteins lack a
C-terminal AAA+ lid domain but contain a unique helical
bundle that is formed by elements N- and C-terminal to the

core !-"-! domain (shown in salmon in Figure '(e)) [-2].
)e Sensor ' residue in this clade is based on structural
position rather than sequence analysis [+0] and is a trans-
acting residue, in contrast to the cis-acting Sensor ' of
clades that possess a canonical lid domain. Clade + family
members also contain the ps-"h insertion between !, and"+. Superfamily III helicases form functional hexamers that
belong to the AAA+ family, in contrast to Superfamily I and
II helicases that contain tandem RecA-domains and function
as either monomers or dimers [/,]. Examples of Clade +
proteins include the SV+0 large T-antigen helicase [/+, /!],
papillomavirus E- [+0, //], and the adeno-associated virus
Rep+0 [/1].)e X-ray crystal structure of E- bound to ssDNA
shows that a ps-"h lysine residue of each E- subunit forms
a salt-bridge with the DNA phosphate backbone [+0, //].
)e "-hairpin from each subunit di3ers in height to form a
staircase-like structure that correlates with the status of the
associatedATP-site [+0].)is suggests amechanism forDNA
translocation, which is expected to be common to all SF,
helicases, where ATP is sequentially hydrolyzed around the
ring to drive ps-"h movement one staircase increment at a
time.
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common "-hairpin insertion between !, and "+ (Figures
'(e)–'(h)) [-/, -2]. Each member of this superclade contains
the canonical AAA+ features, a ps-"h, and additional dis-
tinguishing features. Structural and biochemical studies have
shown that the ps-"h motif is positioned near the central
channel of many protein complexes [+0, +-, +1, +.]. )e
crystal structure of the Clade + papillomavirus E- protein
bound to single-stranded DNA (ssDNA) revealed a ps-"h
that projects into the central channel and directly interacts
with DNA [+0]. In contrast, the ps-"h feature is required
for interaction of RuvA with the Clade ! RuvB protein
rather than for substrate translocation [/']. )erefore, the
functional role of the ps-"h is likely clade-dependent.

Clade !: Superfamily III Helicase Clade. Members of Clade
+ are exclusively viral DNA helicases that are not found in
bacteria, archaea, or eukaryotes [-/]. )ese proteins lack a
C-terminal AAA+ lid domain but contain a unique helical
bundle that is formed by elements N- and C-terminal to the

core !-"-! domain (shown in salmon in Figure '(e)) [-2].
)e Sensor ' residue in this clade is based on structural
position rather than sequence analysis [+0] and is a trans-
acting residue, in contrast to the cis-acting Sensor ' of
clades that possess a canonical lid domain. Clade + family
members also contain the ps-"h insertion between !, and"+. Superfamily III helicases form functional hexamers that
belong to the AAA+ family, in contrast to Superfamily I and
II helicases that contain tandem RecA-domains and function
as either monomers or dimers [/,]. Examples of Clade +
proteins include the SV+0 large T-antigen helicase [/+, /!],
papillomavirus E- [+0, //], and the adeno-associated virus
Rep+0 [/1].)e X-ray crystal structure of E- bound to ssDNA
shows that a ps-"h lysine residue of each E- subunit forms
a salt-bridge with the DNA phosphate backbone [+0, //].
)e "-hairpin from each subunit di3ers in height to form a
staircase-like structure that correlates with the status of the
associatedATP-site [+0].)is suggests amechanism forDNA
translocation, which is expected to be common to all SF,
helicases, where ATP is sequentially hydrolyzed around the
ring to drive ps-"h movement one staircase increment at a
time.

Clade $: HCLRClade. Clade ! is themost basicmember of the
ps-"h superclade because the associated "-hairpin insertion
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ps1bh  
(clades 4 to 7) 

Clade 4 
(Superfamily III 
Helicase Clade) 

 

-lack of C-terminal lid 
subdomain. 
-Only found in viral 
DNA helicases 
-unique N- and C- 
terminal structural 
motifs flanking the 
a-b-a core. 
-insertion of ps1bh 
between a3 and b4. 
- Examples: SV40 
large T-antigen 
helicase, Papillomavirus 
E1 helicase. 

Clade 5 
(HCLR Clade) 

 

- ps1bh is the only 
defining feature 
- four major protein 
families: HslU/ClpX, 
ClpAB-CTD, Lon and 
RuvB 

Clade 6 
(Helix-2-Insert 

Clade) 

 

-beta hairpin in the 
helix 2 of the AAA+ fold 
- Examples: NtrC and 
McrB family 

Clade 7 
(Pre-Sensor 2 Insert 

Clade) 

 

-Extra helical insertion 
after helix a5 and 
sensor2  
Examples: MCM, MoxR 
and Dynein etc. 

 
 The molecular targets that were part of this thesis are human 
mitochondrial LONP1 and CLPXP protease systems, and are dealt in detail below 
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microtubule interaction domain and a C-terminal helix that
may support oligomerization [-,].

!.". #e Pre-Sensor " "-Hairpin Superclade. )e AAA+ fam-
ilies representing Clades +–1 constitute the “pre-Sensor -"-hairpin” (ps-"h) superclade, where all members share a
common "-hairpin insertion between !, and "+ (Figures
'(e)–'(h)) [-/, -2]. Each member of this superclade contains
the canonical AAA+ features, a ps-"h, and additional dis-
tinguishing features. Structural and biochemical studies have
shown that the ps-"h motif is positioned near the central
channel of many protein complexes [+0, +-, +1, +.]. )e
crystal structure of the Clade + papillomavirus E- protein
bound to single-stranded DNA (ssDNA) revealed a ps-"h
that projects into the central channel and directly interacts
with DNA [+0]. In contrast, the ps-"h feature is required
for interaction of RuvA with the Clade ! RuvB protein
rather than for substrate translocation [/']. )erefore, the
functional role of the ps-"h is likely clade-dependent.

Clade !: Superfamily III Helicase Clade. Members of Clade
+ are exclusively viral DNA helicases that are not found in
bacteria, archaea, or eukaryotes [-/]. )ese proteins lack a
C-terminal AAA+ lid domain but contain a unique helical
bundle that is formed by elements N- and C-terminal to the

core !-"-! domain (shown in salmon in Figure '(e)) [-2].
)e Sensor ' residue in this clade is based on structural
position rather than sequence analysis [+0] and is a trans-
acting residue, in contrast to the cis-acting Sensor ' of
clades that possess a canonical lid domain. Clade + family
members also contain the ps-"h insertion between !, and"+. Superfamily III helicases form functional hexamers that
belong to the AAA+ family, in contrast to Superfamily I and
II helicases that contain tandem RecA-domains and function
as either monomers or dimers [/,]. Examples of Clade +
proteins include the SV+0 large T-antigen helicase [/+, /!],
papillomavirus E- [+0, //], and the adeno-associated virus
Rep+0 [/1].)e X-ray crystal structure of E- bound to ssDNA
shows that a ps-"h lysine residue of each E- subunit forms
a salt-bridge with the DNA phosphate backbone [+0, //].
)e "-hairpin from each subunit di3ers in height to form a
staircase-like structure that correlates with the status of the
associatedATP-site [+0].)is suggests amechanism forDNA
translocation, which is expected to be common to all SF,
helicases, where ATP is sequentially hydrolyzed around the
ring to drive ps-"h movement one staircase increment at a
time.

Clade $: HCLRClade. Clade ! is themost basicmember of the
ps-"h superclade because the associated "-hairpin insertion
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in this chapter. Both the LonP1 and ClpXP AAA+ proteolytic machineries belong 
to clade 5 (HCLR clade) and with its characteristic Pre-Sensor 1 b-Hairpin motif, 
included in the ps1bh superclade. 
 
 
 
1.4 Lon Protease 
 
 Lon protease is a member of S16 peptidase family, that was conserved 
from prokaryotes to eukaryotes. Lon was first discovered in E. coli mutants 
lacking the gene, showing no filamentous structures during cell division upon 
UV irradiation. Lon proteases are divided into two subfamilies, namely LonA and 
LonB. Both LonA and LonB belong to ‘one component AAA+ protease’ family 
with differences resulting from the N-terminal region. LonB has a 
transmembrane part that enables the protein to assembled into the membranes, 
mainly found in archaea and other prokaryotic bacteria. The N-terminal 
transmembrane domain of LonB is present between the Walker-A and Walker-B 
motifs, making it as an anchor and substrate binding site very close to the P-loop 
of the AAA+ domain. Human mitochondrial LonP1 protease is a member of LonA 
subfamily and act as the main AAA+ protease member in maintaining the 
mitochondrial protein quality control.  
 
 Human LonP1 homologue is a 100 KDa polypeptide that assembles into a 
hexameric protein complex with the exception of yeast (where it forms 
heptamers). It is highly expressed in brain, heart, liver, muscle and placental 
tissues and to a lower amount in kidneys, lungs and pancreas. LonP1 is 
synthesized in the cytosol and targeted to mitochondria for maturation, where it 
is initially processed by MPP peptidases and then later by autocatalysis. Lon in 
humans have shown to have many diverse activities, and hence can be associated 
with three main functions, namely (a) DNA and RNA binding, (b) chaperone 
activity and (c) proteolytic regulation. LonP1 binds single stranded RNA, 
specifically at the guanine-uracil rich sequences. It is also able to bind tightly 
with the single and double stranded DNA at the heavy strand promotor (HSP) 
sequences of the mito-nucleoid. This binding to mtDNA was destabilized in 
presence of ATP and a stimulated substrate. As a chaperone, LonP1 binds directly 
with heat shock protein 60 (HSP60) and heat shock protein 70 (HSP70) forming 
a stable complex under stress conditions. Stability of this association between 
HSP60 and HSP70 depends on the presence of Lon protease, as it is crucial for 
de-novo folding of the aggregated proteins in matrix. LonP1 regulates the 
binding of HSP60 to p53 protein which inhibit the process of apoptosis. In yeast, 
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Lon has shown to participate in the assembly of complex I subunits.   
 

Human LonP1 is the most dominant protease responsible for the PQC in 
mitochondrial matrix. It selectively eliminates the oxidatively damage proteins, 
abnormal mutant proteins and a whole variety of accumulated unfolded proteins 
from the matrix. Some of the recent data suggested that it solely acts to degrade 
the misfolded proteins and not the aggregated species. As a DNA-binding 
protein, it is involved in maintenance and regulation of mtDNA expression via 
the action on transcription factor A (TFAM) of the nucleoid. In-vitro studies with 
TFAM and Lon protease indicated that the phosphorylated form of TFAM which 
is not bound to DNA is more accessible for degradation. LonP1 effectively 
degrades misfolded proteins like glutaminase C and the oxidatively damaged 
proteins like aconitase and cystathionine beta-synthase of the mitochondrial 
matrix. The regulatory functions of Lon include the proteolysis of ALAS, StAR 
and the COX4 subunit of complex IV. In response to the mtUFR, there has been 
an increase level of expression of Lon and CLPP proteins in the mitochondrial 
matrix. During the mtUPR, Lon effectively degrades MRPP3 (mitochondrial 
ribonuclease P catalytic subunit, a pre-tRNA processing enzyme) to repress the 
mitochondrial transcription.  
  

Upregulation of Lon expression contributes to many genetically inherited 
diseases, commonly called CODAS syndrome (cerebral, ocular, dental, auricular, 
skeletal). Patients with CODAS syndrome have specific point mutations either 
on a single allele or on both the alleles. CODAS was found to be associated in 
remodeling the OXPHOS building proteins, that resulted in disturbing the 
metabolic pathways of respiration and glycolysis. This lonP-assisted disturbance 
of OXPHOS was well characterized, for example in colon, breast and bladder 
cancers. 
 
1.4.1  Structural and functional characteristics of Lon 
protease 
 
 Like bacterial homologues, human LonP1 exists as homohexamers in 
solution. Based on sequence alignment and available homologue structures, the 
primary sequence of LonP1 can be categorized into three basic domains: (1) A 
large N-terminal domain, LAN (about 300 amino acids), (2) a central AAA+ 
ATPase domain (250 amino acids) and (3) a protease chamber (220 amino 
acids). The LAN domain of Lon shows similar structural folds as some of the 
RING (Really Interesting New Gene) finger proteins, that were traditionally 
associated with recognition of substrates. Thus, LAN in Lon protease represents 
the product of convergent evolution where some of the diverse motifs from other 
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protein families were incorporated during selection. The N-terminal domain in 
Lon is involved in substrate recognition and binding of mostly damaged proteins 
and other specific regulatory molecules like TFAM of the mitochondrial nucleoid. 
The canonical AAA+ domain of Lon is called A-domain which is a helically 
arranged chamber that contains ATPase sites located between the subunit 
interfaces. This central A-domain extends into another sequestered chamber 
called the protease domain. Both the A- and protease domain have 
compartmentalized features which exclusively prevents any entry of the soluble 
protein substrate. 
 
1.4.1(a) ATP-dependent substrate binding, unfolding and 
translocation in Lon 
 
 As mentioned earlier in the introduction that ATP-dependent protein 
degradation by AAA+ proteins like LonP1 is an irreversible process. So, how Lon 
protease recognizes and discriminates the potential substrate protein from other 
no-targeted proteins is not well understood. In case of TFAM, in-vitro studies 
have demonstrated that the phosphorylated and DNA-unbound form is prone to 
degradation by purified Lon protein. No specific recognition sequences within 
the TFAM have yet been identified, which can act as the “degrading signals” or 
the “degrons” to be recognized by the Lon-protease. Normally, eukaryotic 26S 
proteasomes recognizes a small stretch of protein sequence (Ubiquitylated) on 
the targeted proteins, which act as degrons and thereby preventing non-specific 
binding. On the other hand, bacterial Lon recognizes and bind several proteins 
through specific targeting degrons that exists inherently within the primary 
sequence. For example, bacterial Lon recognizes the targets via the N-terminal 
degron tags like: 28-49 amino acid sequence with in the misfolded b-
galactosidase, 15-29 residues in UmuD (DNA repair protein) and first 20 N-
amino acids in SoxS (transcription factor). In other instances, like in Yersinia 
pestis, Lon is stabilized with other adaptor protein molecule called small heat 
shock protein Q (HSPQ) that recognizes a wide range of substrates for 
destruction. 
Majority of the substrate targets for human Lon-protease fall under the damaged 
or unfolded protein category. Because of limited available data on potential 
LonP1 degrons, it was presumed that the damaged proteins have exposed 
hydrophobic residues, which could act as targeting signals or degrons. Whereas 
in normal folded state, they are buried within the protein and thus preventing 
from the potential destruction. Studies from He et al., confirmed that human 
LonP1 fail to recognize the bacterial-Lon targets, although they share a 36% 
sequence identity. 
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 After the substrate was bound to the N-terminal domain, it has to be 
unfolded and translocated through the axial pore formed by the six asymmetric 
AAA+ A-domains. The A-domain in human Lon can be subdivided into a large 
a/b-subdomain and a small a-subdomain. ATP binds at the nucleotide binding 
pocket formed between the subunit- interfaces and in the cleft created between 
the a/b- and a-subdomains of one subunit. This pocket is surrounded by the 
conserved motifs like Walker-A (523-GPPGVGKTS-531), Walker-B (588-
LIDEVDKI-595), sensor-1 (638-TANVT-642), trans-acting arginine finger 
(R652) and cis-acting arginine as sensor-2(R710). The conserved pore-loop1 (-
YVG-) residue lie along the axis towards the central cavity of the A-domain and 
forms a staggered asymmetric arrangement. These aromatic pore loops help in 
guiding the polypeptide substrate through the axial pore. It is believed that inter-
subunit communications occur via the arginine finger motif, as it is protruded 
from one subunit into the adjacent subunit to stabilize the g-phosphate of the 
ATP. Finally, any conformational changes associated with the ATP-coupled 
substrate movement along the axial pore are propagated to the neighboring 
subunits via the arginine finger motifs. 
 
1.4.1(b) Proteolysis of the translocated substrate protein 
  

The extended and translocated polypeptide from the A-domain has to 
enter the C-terminal sequestered cavity for the subsequent proteolytic cleavage. 
This protease chamber has relatively higher percentage of acidic amino acids. 
The in-vitro mutational studies of both the bacterial and human Lon proteases 
suggested a conserved Serine-Lysine catalytic dyad as the potential protease 
sites. Structural data of the protease subdomains from E. coli, B. subtilis, M. 
taiwanensis and human Lon have corroborated it to be a serine protease. The X-
ray structures of the protease domain shows the catalytic sites facing towards the 
solvent cavity. Protease assays have demonstrated that Lon protein cleaves the 
peptide bond of the incoming polypeptide in sequence independent manner. 
However, some of the bacterial Lon have shown to preferentially cleave between 
the hydrophobic amino acids. In general, hydrolysis of the peptide bond occurs 
very spontaneously when compared to the ATP hydrolysis. Although, there are 
substructures of Lon from different species like E. coli, B. subtilis, M. 
taiwanensis, etc., none of them are consistent in showing the complete 
oligomeric assembly of the protein complex. The A- and protease domains of B. 
subtilis Lon crystallized in an open helical arrangement with six bound ADP 
molecules and strongly support the recent AAA+ structural proteases. The full-
length structures of human LonP1 at 15-21 A from Sami, K. et al proves the crucial 
role of N-terminal domain in maintaining the structural integrity of the 
oligomeric complex.     
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1.5 ClpXP assembly 
 

The ClpXP multimeric assembly was found localized in the matrix and 
closely associated with the inner mitochondrial membrane (IMM) 2 40. On its 
own, the ClpX component of the ClpXP system may function as a chaperone. Like 
the bacterial counterparts (ClpAP, HslUV), the mito-ClpX forms an hexameric 
AAA+ ring with six identical subunits, whereas the ClpP assembles into a double-
ring structure with each containing 7 subunits 41 (Figure-4). Each ClpX unfoldase 
contains a typical N-terminal domain with C4-type zinc finger motif and a 
canonical AAA domain 42. The N-terminal zinc binding motif forms stable dimers 
that act as one functional unit as revealed from NMR studies 43. In bacteria, this 
N-terminal motif is essential for the cleavage of some specific target proteins, 
like MuA, Mu repressor and UmuD. Deletion of this N-terminal motif results in 
no binding with the ClpP protease ring 43. The AAA domain is further divided 
into large- and small-AAA subdomains. Crystal structure of six covalently linked 
�N mutants of E.coli shows an asymmetric ring architecture as revealed in the 
positioning of the small-AAA subdomain in relation to the large-AAA hexagonal 
ring 42. This X-ray structure showed a maximum occupancy of four nucleotides 
(4L) within the nucleotide binding pocket and other two were described as 
unloadable states (UL), making a total of 4L+2UL 44. These structures provide 
evidence for the anticipated action in which the conformations of the large and 
small AAA+ domains are conserved. Also, the identity of the nucleotide binding 
on four subunits in the ring establish a mechanistic link between the ATPase 
cycle and the conformational changes. The possible ATPase cycle event starts 
with four ATPs bound to the ring, followed by a hydrolysis event with three ATPs 
and one ADP, and finally returns to the starting state via the ADP dissociation 
and ATP binding. A very large rotation between the large and small AAA+ 
domains prevent the binding of nucleotides in the other two subunits, in which 
an alpha-helix occupy the ATP/ADP binding pocket. This asymmetry of the 
bound nucleotides drives the conformational changes around the ring. These 
rigid body motions are imparted on the substrate via the conserved pore loops 
that consists of an aromatic side chain followed by a hydrophobic residue. 
Further functional studies with the covalently linked hexamers of ClpX shows 
that the ATP hydrolysis on a single subunit is sufficient for the subsequent 
processes of unfolding and translocation 45. When the aromatic residues of the 
pore loop are replaced by the small side chain amino acids, ATP hydrolysis was 
not prevented but it completely abolished the degradation of the substrate 46 47.       
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1.6 Conclusion and Rationale for the thesis. 
 
Human LonP1 belongs to HCLR clade that have retained some specific functions 
with respect to substrate protein. One of the intriguing facets of protein 
degradation in mitochondria is the presence of both LonP1 and ClpXP. However, 
S. cerevisiae are devoid of ClpP machinery and hence only depend on Lon for the 
clearing of the damaged protein. Over the years, mechanisms of Lon-mediated 
proteolysis have been studied with different substrate proteins like with 
oxidatively damaged or well-defined structures. Although there are structures of 
individual sub domains of the complex, they are incomplete in explaining the 
structural role of N terminal domain in protein degradation. LonP1 is a 
compartmentalized AAA+ protease, where certain specific events are localized, 
yet manages to coordinate by unknown mean of operation. 
 
This part of the thesis focusses to unravel the structural information of human 
LonP1 in catalytic cycle. Although different AAA+ proteins share a common 
functionality with LonP1, it’s specificity to certain substrate proteins (oxidatively 
damaged) and its economical or even no use of ATP, makes this enzyme an 
interesting case study. The goal of this thesis to trap the catalytic Lon protease in 
different structural conformations, to better understand the biochemistry. So, 
chapter 2 deals with the structural characterization of LonP1 in action. Here, we 
approached the structure solution by optimizing the cryo-conditions of human 
LonP1 freezing and solving the structure by single particle analysis, by employing 
cryo-electron microscopy as the fundamental structural tool. 
 
Chapter 3 focusses on the preliminary studies and approaches and methods 
towards structure determination of human prefoldin and its interacting 
chaperone partners. And finally, thesis is concluded with a summary and outlook 
in chapter 4. 
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CHAPTER 2 
 
 
 
The functional structures of human mitochondrial 

LonP1 reveal its full catalytic cycle, including 
threefold conformational interconversion 
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Abstract 
 

The human mitochondrial Lon protease (LonP1) is an essential 600 kD 
homo-hexameric protein complex that recognizes, binds, unfolds and cleaves 
mitochondrial proteins that are damaged or to be down regulated. Here we show 
the molecular structure of intact, wild type LonP1 as obtained by cryo-EM. Based 
on seven different conformations with resolutions up to 4 Å, we propose a 
molecular mechanism of LonP1 activity. In the absence of substrate protein, a 
single cleft between two subunits disrupts the asymmetric hexamer of LonP1’s 
AAA+ unfoldase and protease domains. When the N-terminal domains recognize 
a substrate protein that is to be degraded, the cleft closes, creating an axial tunnel 
for the unfolded chain of the substrate protein. ATP exchange and hydrolysis 
causes the pore loops within this tunnel to interchangeably grip and pull the 
substrate protein chain into a large cavity formed by the proteolytic domains, 
where it is digested. We propose that processive catalysis of the substrate protein 
requires sequential threefold rotational interchange of the conformations of its 
subunits. This implies a drastic reorientation of the N-terminal domains which, 
together with the gripping and pulling of the loops within the axial tunnel, 
creates the power stroke that unfolds the substrate protein. 
 
 
2.0 Introduction 
 

The proton potential gradient that drives mitochondrial ATP synthesis, is 
established by electron transport chains that generate reactive oxygen species 
(ROS) as a side product. ROS indiscriminately damages proteins, thus 
compromising the functional integrity of the mitochondrion. Most of the 
damaged proteins that reside in the mitochondrial matrix are removed by LonP1 
12, a soluble, homo-hexameric multidomain AAA+ serine protease. LonP1 is also 
involved in mitochondrial DNA maintenance and assists in folding of 
cytochrome oxidase subunits with other protein complexes 3,4,5. Regulation of 
Lon expression is associated with epilepsy, myopathy, paraplegia, cancer, 
apoptosis and cell death 67,8.  
 

The target proteins must be unfolded before LonP1 can cleave them into 
small peptides 910,1112,13. This indicates that the protease sites of LonP1 are 
inaccessible to folded proteins. Like most of the ATP-dependent proteases, 
protein unfolding is catalyzed by LonP1 and requires ATP hydrolysis. If LonP1 
exclusively binds ADP, it is in an inactive state. Biochemical studies 
demonstrated that LonP1 becomes activated upon substrate protein binding 13. 
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It was proposed that the ATPase and proteolytic activities of bacterial LonP1 are 
allosterically coupled, conditional on the presence of bound substrate protein 14. 
ADP-bound M. taiwanensis Lon lacking the N-domain and substrate protein, 
assembled into a hexamer with trimeric symmetry, as was demonstrated by X-
Ray crystallography 15. Only three protomers of the assembly bound ADP in an 
alternating fashion; their neighboring protomers were nucleotide-free. The 
functional relevance of this conformation still needs to be established.  
Substructures of LonP1 from different species like B. subtilis, E. coli and M. 
taiwanensis provide essential atomic details of individual domains. The ATPase 
& Protease domains of B. subtilis Lon crystallized in an open helical arrangement 
with six bound ADP molecules indicating a staggered orientation, as also found 
in other AAA+ proteins 16. Sami, K. et al presented the cryo-EM structure of 
mutant human LonP1 to about 21 Å and showed the crucial role of N-terminal 
domain in maintaining the structural integrity of the oligomeric complex 17,18. 
The remaining challenge is to understand these observations in the context of 
the allosteric, dynamic characteristics of the intact, functional LonP1 hexamer. 
 

Each LonP1 monomer has a large N-terminal N-domain, an ATPase A-
domain and a C-terminal protease domain. The structure of the large N-terminal 
domain has a RING finger-like motif, known for recognizing proteins for 
targeted degradation 1. The A-domain consists of two subdomains: a large 
nucleotide binding domain (ab-subdomain) and a smaller helical domain (a-
subdomain). The ab-subdomain contains the typical AAA+ motifs required for 
ATP binding and hydrolysis: Walker-A and B, sensor-1, ‘Arginine finger’, pore 
loop1 and PS1b hairpin. The Aa-subdomain contains a conserved sensor-2 motif 
(that is absent in the classical AAA+ clade) with a cis-acting Arginine that in 
related proteins facilitates ATP hydrolysis 19–26. Binding and hydrolysis of ATP 
are known to induce conformational changes in this protein family, which are 
characterized by relative movements of the ab and Aa-subdomain. These local 
conformational changes are accompanied with substantial overall 
conformational changes. Following the A-domain, a 200 amino acid long 
protease domain harbors the proteolytic sites. 
 

Up until now, the high-resolution structure of the complete and functional 
human LonP1 remained elusive. Here, we present the complete structure in three 
states and seven conformations as determined by single particle cryo-EM. The 
resolution of some of the cryo-EM maps extended to 4.0 Å for the well-ordered 
A- and protease domains allowing atomic interpretation. The density of the more 
poorly ordered N-domains allowed docking of homology models based on high 
resolution X-ray data. Our results indicate how LonP1 is stimulated by binding 
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of substrate protein and how this activates the ATPase cycle that induces 
substrate unfolding, translocation and proteolysis.  
 
 
2.1 Overall architecture of human Lon protease 
 

Human LonP1 is a roughly ellipsoidal hexamer (subunits A, B, C, D, E and 
F) with a diameter of about 120 Å and a length of about 200 Å (Figure 1). The 
quaternary structure of LonP1 can be divided into two components: (i) a base 
consisting of a flexible assembly of six N-terminal N-domains arranged in 
pseudo-threefold symmetry, (ii) topped by a relatively rigid ring hexamer 
containing the AAA+ A-domains and protease domains with pseudo six-fold 
symmetry. Since the pseudo-threefold axis of the former component was always 
tilted relative to the pseudo six-fold axis of the latter component, the complex 
did not have an overall pseudo-threefold symmetry. The N-domains are 
arranged in a unique topology and were more poorly resolved than the A- and 
protease domains, indicative of their high conformational flexibility (Figure 1, 2).  
 

Although the six subunits of LonP1 have the same amino acid sequence, 
their topology within the quaternary structure is different. We distinguish these 
protomers as odd (chains A, C and E) and even (B, D and F) subunits, where the 
N-domain of each odd subunit is sandwiched between the N- and A-domains of 
the opposing even subunit, resulting in a trimer of stacked dimers that surround 
a large cavity (the N-cavity). Thus, the distal trimer of even-subunit N-domains 
forms an entry gate for the incoming substrate into the N-cavity. The a-helix 
linking the N- and A-domains of each even subunit kinks round the equivalent, 
straight linker helix of the opposing odd subunit (Figure 1, 2). The a-helices of 
the three odd subunits form a crossed tripod that defines a central triangular 10-
15 Å wide N-passage. This triangular N-passage links the N-cavity to an axial 
tunnel within the hexameric assembly of A-domains (the A-tunnel). This A-
tunnel has a diameter of 8-10 Å and can accommodate an unfolded polypeptide 
of substrate protein. A highly conserved triple-helix bundle domain (3-HB) is 
located at the base of the A-domain and forms the entry point of the A-tunnel. 
The relative positioning of 3-HB is an important feature of the A-domain in 
determining the overall helical symmetry of the quaternary structure. The A-
tunnel leads towards the highly conserved proteolytic S855 and K898 residues 
that are located in the 50-60 Å wide protease cavity. This cavity is surrounded by 
the protease domains and has an exit tunnel at its apex.  
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Figure 1: Overall architecture and topology of human LonP1. 
(A) represents one of the typical LonP1 structure solved so far. The space filled model 
is made up of six identical subunits, named A, C and E as odd (royal blue) and B, D and 
F as even (pink color). The N-domain at the base has a unique topology, with swapping 
of odd subunits (to roughly 120 degrees) forming the second trimer of the so-called 
dimer of trimers (B). N-domain forms a large cavity called N-cavity (C). The (D) image 
shows a tripod like structure called N-passage, through which the substrate protein 
enters the A-domain. Please refer the text for details.    
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Figure 2: the left image shows the clipped version of LonP1 along the longitudinal axis, 
that contains the A-tunnel along the axial direction. An extra density (green) can be 
seen in the A-tunnel. The right image represents the odd-even assembly, which is very 
much a functional unit. All the canonical domains of the LonP1 subunit has been 
located. Refer to text for details. 

 
 
 
Three major conformational states could be distinguished that showed 

striking structural differences: (i) a resting R-state without substrate protein, (ii) 
a less common, poorly ordered docking D-state with clear indications of a bound 
substrate protein at its N-domain assembly, and (iii) a processing P-state, in 
which unfolded substrate protein was observed that was threaded through the 
N-passage and A-tunnel towards the protease cavity. Within the resting state, 
two distinct conformations could be identified that were sufficiently well ordered 
for atomic interpretation: R1 and R2. The docking state (D1) could only be 
observed at low resolution, as it represented a relatively small fraction of 
observed particles and presumably also because it was less well ordered. The 
processing state showed four conformations (P1 to P4). The mid-resolution P1 
state allowed docking of an atomic model based on the P2 to P4 conformations, 
that each were sufficiently well resolved to build atomic models for the A- and 
Protease domains.  
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The structural flexibility of LonP1 implied a conformational variability of 
the individual subunits that could be explained to a large extent by considering 
each subunit as four rigid bodies connected by flexible linkers. The N-domains 
(aa123-403) of the odd and even subunits (which either had a straight or kinked 
C-terminal a-helix) could each be treated as rigid bodies and also the ab-
subdomain (aa414-659), the a-subdomain (aa663-749) and the protease domain 
(aa754-948) showed little internal conformational flexibility. With seven 
different asymmetric hexameric states, there are potentially 42 different subunit 
conformations.  
 
2.1.1 The resting conformations 
 

The R1-state was observed after incubation with AMPPCP, (dataset 3) a 
non-hydrolysable analog of ATP, whereas the R2-state was observed after 
incubation with ATP & ADP (dataset 1). Nevertheless, both the R1- and R2-states 
showed densities corresponding to ADP at five of the nucleotide binding sites 
(the sixth site was poorly ordered).  Presumably, endogenous ADP that was 
bound during purification did not exchange with either ATP or AMPPCP. The A- 
and protease domains in the R-states showed a left-handed pseudo-helical 
arrangement with a rise of nearly 5-7Å. A discontinuity breaking the helical 
symmetry manifested itself in both R-states as a large gap between the A- and 
protease domains of two adjacent subunits. When viewed from the protease (top) 
side of LonP1, the R-state gap was always located between an even subunit and 
its neighboring odd subunit in counterclockwise direction. Based on the location 
of this large cleft, we propose that the fundamental functional unit of the lonP1 
hexamer is a dimer, that is arranged as odd-even pair and follows the left-handed 
helical axis. This is also supported from the SDS-PAGE analysis (Figure 11), 
where a dimer band was consistently present in non-boiled samples. The A-
domain of the even subunit bordering the cleft, was poorly ordered in both R-
states and its nucleotide content was unclear.  In the R1-state the gap is about 
10-14 Å wide, whereas in R2 it was only about 6-8 Å wide. Also, in the R1-state 
the left-handed helical rise is more prominent than in R2. In the R1-state, the 
protease domain of the first gap-subunit was highly disordered. The A-tunnel in 
both the R-states is not fully closed in the axial direction along the gap. Neither 
of the R-states had density in the A-tunnel (Figure 3). However, we did observe 
additional density in the N-cavity of R2, which was associated with a radially 
outward displacement of the outermost N-domain trimer by 20-30 Å. Assuming 
the extra density in the N-cavity is explained by low-specificity substrate protein 
binding and that some substrate protein had co-purified, we propose the R2-
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state to represent the first step of substrate protein recognition by LonP1, that 
must involve initial probing of a potential substrate for damage or misfolding.  

 
 
 
 

 
 

 
Figure 3: The resting states of human LonP1 protease. The large longitudinal gap in 
R1 was more prominent at the A-domain interface, whereas in R2, the two neighboring 
subunits were coming closer to reduce the gap distance. Both the R states show left-
handed helical arrangement at the A-domain.   
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2.1.2 The docking conformation 
 
We could observe two gap-less states of LonP1 in the presence of a specific 
substrate protein (TFAM), and the slowly hydrolyzing ATPgS. One of the states 
(D1) was present in low abundance and therefore could only be resolved to ~9 Å. 
Like the R-states, it was characterized by a lack of density in the A-tunnel. The 
arrangement of the N-domains was similar to the R2-state and poorly ordered 
density could be observed in the N-cavity. We assume that this additional density 
in the N-cavity corresponds to non-specific, misfolded or damaged protein that 
was co-purified with LonP1, but that had not entered the catalytic cycle.  
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Figure 4: The D state represent a small proportion of the dynamically active LonP1. In 
this state, the enzyme can probe the substrate protein to progress the forward reaction 
of catalysis. The two representations from the opposing views show local left- and 
right-handed subunit arrangement. The low-resolution map of the N-domain (B) has 
extra density within the N-cavity, that was rising towards the N-passage. 

 
 
However, unlike in the R-states, the interfacial gap between two adjacent A- and 
protease domains had closed as a result of major conformational 
rearrangements. Closing of the gap implied that the overall left-handed helical 
arrangement of the A- and Protease domains could not be maintained. Indeed, 
it was observed that three subsequent subunits adopted a local right-handed 
helical rise, whilst the other three subunits compensated this rise by retaining 
their left-handed helical arrangement (Figure 4). 
 
2.1.3 The processing conformations 
 
In order to probe its catalytic states, we incubated LonP1 with a 1:1 mixture of 
ATP and ADP, or with the slowly hydrolyzing ATPgS and included or excluded 
the specific substrate protein TFAM. This resulted in four different states in 
which the gap had closed around the A-tunnel: P1, P2, P3 and P4 (Table 1 and 
Figure 14). In all P-states an unfolded poly-Ala b-strand with a slight right-
handed helical twist could be modelled within the A-tunnel. Surprisingly, this 
extra density could also be observed in the P2 and P4 states, even though we here 
had omitted substrate protein (Figure 6). This extra density most likely 
corresponded to non-specific substrate protein that had co-purified, or to an 
autocatalytic processing of LonP1 subunits that had separated and unfolded 
during purification or storage. Poorly ordered, extended density could also be 
identified within the N-cavity, most prominent in P3 and P4 (Figure 6). This 
density most likely corresponded to unfolded substrate protein being fed into the 
A-tunnel via the triangular N-passage. Substrate protein binding in the A-tunnel 
apparently requires ATP hydrolysis, because it did not occur upon incubation 
with non-hydrolysable AMPPCP, which resulted in the R2 state instead. 
 
The four processing states (P1 to P4) had a right-handed helical arrangement of 
the A-domains for the majority of the subunits and ATP was present at the 
majority of the nucleotide binding sites. Unlike in the R-states, where an inter-
subunit gap broke the left-handed helical symmetry of the A-domains, the 
absence of this gap in the P-states required two subunits to deviate from a right-
handed helical arrangement. These two subunits are referred to as ‘seam 
subunits’ and are characteristic of the HCLR subfamily of AAA+ unfoldases. 
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Classical AAA+ ATPases only have a single seam subunit, which binds ADP. 
Viewing the LonP1 structure from the top and assuming counterclockwise 
ordering, the helically arranged subunits were labelled A to D and the seam 
subunits were labelled E and F (Figure 11).  All subunits bound ATP (or ATPgS in 
the P3-state), with the exception of subunit D in the P4-state, subunit E in the 
P3-state and subunit F in the P2-state, which all bound ADP. The P1-state 
occurred sporadically which limited its observable resolution to 6.5 Å, which was 
insufficient to reveal the nature of its nucleotides.  
 
The quaternary structure of protease domains did not substantially vary as a 
function of the processing state and the quaternary structure of the helically 
arranged subunits A to D was also similar in the P2-, P3 and P4-states. 
Superimposition of these states based on their a/b-subdomains resulted an 
average deviation between Ca positions of less than 1.5 Å for these subdomains. 
However, the A-domains of the seam subunits E and F showed relatively large 
variations in their quaternary structure as a function of their P-state. The N-
domains were flexible and hence had a lower resolution, so for these domains the 
differences between the P2-, P3 and P4-states, though apparently substantial, 
were more difficult to quantify. Despite the relatively poor resolution of the P1 
state, it was clear that the quaternary structure of its helically arranged B, C and 
D subunits corresponded well to that of the corresponding subunits in the P2-, 
P3 and P4-states. However, the arrangement of the E, F and A subunits of the P1 
state was unique. 
 
The right-handed helical arrangement of the a/b-subdomains caused the 
conserved pore-loop1 residues Y565 and V566 to point into the A-tunnel along 
regular spaced helical intervals. These conserved residues gripped the backbone 
of the unfolded substrate protein chain along a length of about 10 residues (about 
30 Å; Fig.). In the P2 and P3 conformations, there were interactions between the 
unfolded substrate and the pore-loop1 YV-residues of the A to E subunits. In the 
P4 conformation the pore-loop1 of the E subunit had detached from the substrate 
protein strand, whilst the interactions with the A to D subunits remained.  
 
 
2.2 Intra and inter-subunit communication in an AAA+ 
ring 
 
LonP1’s AAA+ ring lies at the heart of substrate protein translocation. Its 
ATPase-driven conformational changes result in the allosteric generation of 
force required for unfolding and translocating the substrate protein. The AAA+ 
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family of proteins have maintained well conserved structural motifs that function 
as allosteric elements directed by the nucleotide binding site states. Together, 
these motifs determine the order of ATP binding and hydrolysis by the subunits 
of the AAA+ ring assembly. Below, we discuss the cis- and trans-acting structural 
elements that coordinate the ATP hydrolysis cycle, resulting in concerted force 
generation through the pore loop-1 motifs that grip and pull the incoming 
polypeptide. 
 
2.2.1 The motor A-domain and direction of cyclic ATP hydrolysis 
 
LonP1’s nucleotide binding pockets are located at the subunit interfaces. The 
LonP1 nucleotide binding pocket is predominantly formed by cis-motifs all 
located within the same subunit (Walker-A:523-GPPGVGKTS-531, Walker-
B:588-LIDEVDKI-595, sensor-S1:638-TANVT-642 and sensor-S2:R710) and 
some trans-acting elements (arginine finger R652 and the Glu612/614 loop) 
from the neighboring subunit that is located anti-clockwise viewed from the 
protease side. Structural elements that surround the binding pockets, modulate 
and control sequential ATP hydrolysis (Figure 5). 
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Figure 5: This picture shows the differential nucleotide densities corresponding to 
either ATP or ADP in the P3 state. The trans motifs surrounding the ADP in chain E 
shows the retracting Arginine fingers away from the P-loop. We could model either of 
the ADP or ATP nucleotides confidently in the P3 state. 
 
 
Discriminating between ADP and ATP nucleotides was sometimes challenging, 
as data processing could result in averaging of different nucleotides at any given 
nucleotide-pocket. For the well-ordered and high-resolution nucleotide binding 
pockets (where the local resolution was 3.2-3.4Å), identification as ATP or ADP 
was straightforward. When flexibility was evident, a mixed ATP/Apo or ADP/apo 
nucleotide state was assigned, according to the following criteria: (i) openness of 
the ATPase site and (ii) the distance between the nucleotide density and the 
hydrolysis-relevant motifs, especially the trans-acting Arg-fingers and the trans-
acting Glu612/614 loop. When ATP was bound, the binding pocket was in close 
proximity to the Arg-finger and Glu612/614 loop that stabilizes and assists the 
hydrolysis of the γ-phosphate. Following hydrolysis and as the γ-phosphate is 
released, the Arg-finger and other conserved motifs retract from the nucleotide 
binding pocket, in which case the assigned state was either ADP-bound or apo. 
Based on these criteria, we observed that the corresponding inter-subunit 
contact area was smaller for ADP and apo states. 
 
2.2.2  Substrate engagement and translocation by the triple helix (3-
HB) domain and pore-1 loop residues  
 
Previous studies proposed the 3-HB region to be a flexible structure at the N-
terminus of the A-domain, connected via a loop to the ATPase region of the 
motor domain 16. But all our structures indicate it is a rigid body located at the 
base of the A-domain and connected via a loop and small alpha helix a0 to the 
AAA+ module. We propose that the relative positions of the six 3-HB domains 
follow the order of ATP binding and hydrolysis, whilst guiding the unfolded 
protein into the A-tunnel. Our data indicate that during the ATP hydrolysis cycle, 
the seam subunits cyclically alternate between odd-even and even-odd subunits 
in a clockwise direction (viewed from the top). These seam subunits move 
outwards, away from the pseudo-helical axis. The first, leading subunit of the 
seam pair in all cases had released the unfolded chain of the substrate protein. 
The second, lagging subunit of the seam is the first to be involved in binding the 
unfolded chain into the A-tunnel.  
 
The processing states confirm the involvement of the conserved pore loops-1 and 
-2 in substrate engagement and translocation (refs). Y565 and V566 of pore-
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loop1 (IKGHRRTYVGAMPG) and Y599 of pore-loop2 (IGRGYQGDP) bind and 
guide the substrate along the axial tunnel in a sequence-independent manner via 
the backbone interactions. The conserved Y565 and V566 amino acids of four 
pore-loop1 motifs firmly grip the extended polypeptide by each pincering its 
backbone.  
 
Our data strongly indicate that the subunit preceding the first seam subunit is 
the next to hydrolyze ATP. We observed that the P2-state F-chain, which is a first 
seam subunit, has an ADP/apo like nucleotide binding site. We propose this 
eventually triggers ATP hydrolysis at the preceding E-chain nucleotide binding 
site, which must be closely coupled to exchange of ADP for ATP on the F-chain 
and subsequent hydrolysis of ATP at the E-chain binding site, which results in 
the observed P3-state. And this cycle continues to the next ATP hydrolysis event 
on the next clockwise D-subunit. The P4-state captured this hydrolysis step, 
since here ADP and Pi are observed in the nucleotide binding pocket. From these 
observations, we infer that the ATP-hydrolysis cycle progresses in a cyclical, 
clockwise fashion (viewed from the top protease domain). This is coupled to an 
allosteric rearrangement of subunits, resulting in a new seam subunit pair 
involving the subunit that exchanged ADP for ATP. The seam subunit 
conformation is therefore trailing the ATP hydrolysis cycle. These allosteric shifts 
are coupled to concomitant subunit-substrate release, reattachment and an axial 
power stroke along the N-passage by all six lonP1 subunits, respectively. Thus, 
the unfolded polypeptide that is translocated by the pore-loop residues through 
the N-passage. 
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Figure 6: (1) to (3) represents the respective P2, P3 and P4 sates of LonP1 indicating 
the importance of certain conserved domains in substrate engagement and 
translocation. The 3-Helix bundle, PS1bH and pore-loop1 aromatic residues are in very 
close proximity. The PS1bH sits between the 3-HB and the pore-loop1, and it is 
important in conveying the information from the bound substrate protein to the 
nucleotide binding pocket.  
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2.2.3 The bipartite function of PS1bH motif that couples ATP 
hydrolysis and substrate engagement 
  
PS1bH is a characteristic motif of the HCLR clade of AAA+ proteases. In LonP1, 
it is located between the helix-a3 and beta-b4 of the AAA+ ATPase module. The 
hairpin-turn of the PS1bH motif is situated at the inter-subunit interface and is 
roughly normal to the pseudo-C6 axis. It is snugly positioned between the 3-helix 
bundle and pore-loop1 region. In all the ATP-bound subunits, except for the first 
seam protomer, there are stabilizing hydrophobic interactions involving the 
conserved tyrosine (Y623) of the PS1bH motif and tryptophan (W464) and 
tyrosine (Y461) residues of the 3-helix bundle domain (Figure 7). These 
interactions are disturbed in the ADP-bound subunit and in the first seam 
protomer (either in an ADP or ATP/apo state). This motif is in close proximity to 
the pore-loop 1 region and contains a conserved Asp625 that is located at its C-
terminal end. We propose the PS1bH is positioning and stabilizing the substrate-
gripping pore-loop1 through interaction of Asp625 with the tandem arginine 
(R562, R563) residues adjacent to the pore-loop1 YV residues. The conserved 
trans-acting glutamate E614 is located at the beginning of the PS1bH motif that 
extends towards the nucleotide binding pocket of the preceding subunit. 
Together with aspartate D612, this motif interacts with a patch of basic amino 
acids, arginine R562 of same a/b subdomain and with the R710 residue of the 
neighboring small a-subdomain. These interactions bring the conserved sensor-
1 asparagine (N640) in close proximity to the nucleotide binding pocket of the 
preceding subunit, where it can interact with the gamma phosphate of the 
nucleotide. Our processing states show that these bridging/stabilization 
reactions are disturbed between the ADP-bound subunit and the succeeding 
subunit. For example, in the P4-state the inter-subunit interactions between 
chain-D (ADP-bound) and chain-E (ATP-bound) are destabilized, resulting the 
chain-E sliding down the helical axis.  A similar displacement and rotation were 
observed in the P3-state between chain-E (ADP-bound) and chain-F 
(ATPgS/apo-bound). Thus, this conserved PS1bH motif is at the center of both 
the cis-acting (R710) and trans-acting elements (R652 & N640) that coordinate 
the ATP hydrolysis reaction. 
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Figure 7: represents the Ps1bH motif function at the interface between subunits and its 
coordinating role to relay information from the substrate to the nucleotide binding 
pocket. The top pictures show the A-domain and its intricacies among six subunits. 
Here six subunits are depicted in six different colors and the Ps1bH motif in green. 
Bottom one is the zoomed elucidation of the same. Refer to text for details. 
 
2.2.4 Nucleotide-dependent rigid-body motions of the A-domain 
drive substrate translocation 
 
LonP1’s AAA+ domain has conserved a/b and a- subdomains (Ref). Previous 
studies of other AAA+ proteases indicated that the effects of ATP hydrolysis are 
propagated to the neighboring subunit via local structural rearrangements 
around the P-loop of the nucleotide binding pocket (Ref). However, our lonP1 P-
state models do not support this model. As shown in figure, the ATPase regions 
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of all P-state subunits can be superimposed with a Ca-RMSD of 1.2 Å to 1.5 Å, so 
there is no indication of substantial local conformational changes around the P-
loop. Instead, structural communication between neighboring subunits seems to 
be largely mediated by rigid body motions. When structure alignment is 
restricted to the a/b subdomains (amino acids 660 to 745), their relative 
orientation towards the a-subdomains only differs by an angle of 2 to 3.5 Deg, 
except for the seam subunit that binds ATP/ATPgS (Figure 8). Another 
significant rigid body motion is found in ADP-binding subunits, in which the 3H-
bundle domain is displaced towards the helical axis of the oligomeric assembly, 
compared to subunits that bind ATP. This resulting compaction of the A-domain 
causes the loop (750-VFTVERMYDVTPPG-763) that connects the a-subdomain 
to the protease domain, to tilt by 30 to 40 Deg, which brings the protease domain 
loop Thr770-Gly775 to within 6 Å of the P-loop in the ATPase domain (Fig).  
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Figure 8: Nucleotide dependent rigid body motions between the ab and a subdomain 
drives the substrate protein translocation. Among the different P states and among 
different subunits of the same P state, there is negligible Ca deviation between subunits 
A, B and C. This was represented in (A) and there were clear displacements of the 3-
HB domains, when compared between D, E and F subunits. The (C) panel shows the 
superposition based on a subdomain of ABC and DEF subunits, wherein the latter 
showed greater movements and rotations as they coincided with the nucleotide 
hydrolysis and exchange.   

 
 
The nucleotide binding site is located at the interface between the a/b and a-
subdomains. Hydrolysis of ATP and subsequent exchange of ADP to ATP is 
associated with rotation and displacement of the a subdomain relative to a/b 
subdomain (Figure 7 and 8). These motions occur as the P-states interchange 
and may have several functions.  The may be required (i) to  exert force on the 
unfolded polypeptide of the substrate protein, or to break any potential 
interaction with residues of the a/b subdomains that line the P-cavity, (ii) to 
transduce structural rearrangements cause by ATP hydrolysis and exchange 
towards the protease domain via the a-subdomain and (iii) to allow rigid body 
motions of the A-domains, as it is likely to be essential for such motions that the 
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connections between the relatively rigid P-domains and the mobile A-domains 
are flexible.  

 
 
 
2.2.5 Possible allosteric coordination between A- and protease 
domain 
 
In all the subunits of the R-states, a long beta-hairpin of the protease domain 
protrudes into the nucleotide binding pocket of the ATPase region. Its turn motif 
(772-AMGG-775) is in close contact with the P-loop region of the Walker-A motif 
(5523-GPPG-526). In the processing states, the same feature was exclusively 
observed in the E-subunits (which in the P-3 state also binds ADP). In the other 
P-state subunits, the loop connecting the a- and protease domains, is displaced 
away from the long beta hairpin of the protease domain. This interdomain 
contact between the protease domain and the P-loop may mediate allosteric 
interactions based on the presence of ADP in the nucleotide binding site. We 
speculate that this is interaction might reduce or even inhibit protease activity of 
the protease domain, in response to ADP binding. The purpose of such an 
inhibition by ADP would be to prevent rogue protease activity of lonP1 in the all-
ADP R-states of peptides and small proteins that might diffuse into the protease 
cavity through the R-state specific gap. 
 
In the P-states, there is a sizable gap between the protease domains of the A- and 
B-subunits due to rigid body motions of the protease domains.  The protease 
domain of the B-subunit is translated and rotated away from the protease 
domain of the A-subunit. We speculate that the opening of an additional exit of 
the protease cavity might speed up release of processed peptides by lonP1, thus 
enhancing its catalytic rate. 
 
This large movement on subunit B is associated with disorder of the loop-helix 
region of the catalytic serine855 of the adjacent subunits A and C, as suggested 
by a relatively poor in resolution of these features. The D, E and F subunits show 
clear density around the Ser-Lys catalytic dyad, wherein Lys898 is H-bonded 
with Thr808. The structural heterogeneity of the catalytic residues may be 
relevant to optimize a-specific proteolysis by allowing a wider spectrum of 
proteolytic cleavage sites to be recognized. 
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2.3 Functional interpretation of the observed 
conformations 
 
In the absence of substrate protein that is recognized by its N-domains, LonP1 
adopts the R1 conformation. In this conformation it binds ADP, which 
apparently does not exchange for ATP since neither ATP nor AMPPcP could be 
located in the nucleotide binding sites, despite their abundant presence during 
incubation. This apparent inhibition of ADP/ATP exchange in the R-states in the 
absence of substrate protein, is energetically favorable as it would prevent non-
functional ATPase activity that is uncoupled from protein unfolding. The 
exclusively left-handed helical arrangement of the A-domains in the R-states, 
may be essential to prevent this ADP/ATP exchange. Such a left-handed helical 
conformation with relatively small rise must lead to a unique boundary between 
the first and the last subunit of the helix, which explains the wide cleft that 
characterizes the R-states. The presence of ADP, rather than ATP in the 
nucleotide binding sites may inhibit protease activity due to interactions of the 
P-loop with the 772-775 loop of the protease domain. 
 
When an unfolded substrate protein strand is inserted into the N-cavity, the N-
domains re-orient, leading to a rearrangement of the A- and protease domains 
and resulting in the R2-state. In this state the cleft slightly closes, but the A-
domains retain their left-handed helical conformation. As the R2-state was 
exclusively found upon incubation with the non-hydrolysable AMPPcP (a non-
hydrolysable analog of ATP), we assume this state to reflect the conformational 
transition towards the docking D-state, and that the R- to D-state transition 
requires ATP hydrolysis. Since all the A-domains in the R2-state still bound ADP, 
with the possible exception of the poorly ordered A-domain of the even subunit 
next to the cleft, we propose that this subunit binds and subsequently hydrolyses 
ATP in the transition towards the D-state (Figure 9).  
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Figure 9: depicts the structural transition from R- to P-state via a least occurred D-
state. The A-domain of even subunit along the gap moves towards the A-tunnel and 
the even subunit preceding this odd subunit moves out. The other subunits display 
minor rearrangements. 
 
 
 
The D-state was one of the conformational states encountered in the absence of 
a specific substrate protein, but in the presence of ADP and ATP. The cleft had 
closed, which established the A-tunnel. The D-state is clearly transitionary, in 
view of its low abundance and the apparent absence of unfolded protein in the 
A-tunnel. Due to its low abundance, its resolution is insufficient to identify its 
nucleotide content. However, three of its subunits had adopted a left-handed 
helical arrangement and some or all of these three subunits might have bound 

Structural transition from R- to P-state

“Moving IN of even and OUT of odd subunits”

IN IN

ININ

OUT

OUT

R-state

P-state

IN
OUT

1

3

2

5 4



Structural characterization of human LonP1 
 

 62 

ATP. We base this conjecture on the observation that in the R-states virtually all 
subunits that had adopted a left-handed helical arrangement bound ADP. Based 
on the available states, and the available poor resolution of the D-state, we 
propose that after hydrolysis of ATP at the even cleft-subunit in the R2-state, at 
least two and possibly three subunits can now release ADP and bind ATP, 
resulting in the D-state. The next rate limiting steps from the D-state towards the 
P-states are (i) the further unfolding of the substrate protein and (ii) 
reorientation of the A-domains, presumably associated with the full exchange of 
ADP for ATP. It is unclear to which extent these events are coupled or whether 
one occurs before the other (Figure 9). 
 
The four P-states all show density in the N-passage and A-tunnel that 
corresponds to the unfolded chain of the substrate protein. Processive 
proteolysis necessitates the unfolded protein chain to be pulled into the protease 
cavity. This is not a spontaneous process, as unfolding of the substrate protein 
requires energy. We propose that this processive catalysis involves a power 
stroke that results from a sequential threefold rotational interchange of the P-
state subunit conformations, which is driven by ATP hydrolysis. Our conjecture 
is based on (i) the equivalence in sequence, but non-equivalence in conformation 
of the subunits of LonP1 and (ii) on a careful analysis of the conformations 
encountered in its P-states. The former implies that there is no difference in free 
energy between an asymmetric P-state and the same P-state in which the 
subunits have rotationally interchanged their conformation. Though not 
constituting proof, this is a strong indication that such an interchange could well 
be functional. Careful analysis of the P-states shows how such an interchange 
would lead to a (i) gripping of the unfolded substrate protein chain by a 
conserved pore-loop1 residues Y565 and V566 at the entrance of the A-tunnel, 
(ii) subsequent upwards pulling of the substrate protein chain along the A-tunnel 
towards the protease cavity upon threefold rotational interchange, and (iii) 
release of the substrate protein chain by the pore-loop1 YV residues at the top of 
the A-tunnel, close to the protease cavity, after the second rotational interchange 
of conformation. The pulling action would require a clockwise threefold 
conformational interchange (viewed from the top). 
 
The differences between the P2- and P3-states are relatively minor, and the most 
significant catalytic difference is that in the P2-state, the E- and F-subunits 
bound ATP and ADP respectively, whereas in the P3-state the E and F subunits 
this was reversed. The difference between the P2/P3-states and the P4-state was 
more marked and in the P4 state, subunit D bound ADP, whilst subunits E and 
F bound ATP. Based on the assumption that the rotational inter-convergence of 
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states occurred clockwise we therefore propose that the P2-state precedes the 
P3-state, which is succeeded by the P4 state.  
 
Because of the pseudo-threefold axis of the N-terminal domains is tilted relative 
to the pseudo six-fold axis of the A- and protease domains, any rotational 
interconversion would be associated with a relative precessive motion of the N-
terminal domains. We propose that this reorientation of the N-terminal domains 
that recognize and capture the folded part of the substrate protein, contributes 
to the power stroke required for protein unfolding and translocation through the 
A-tunnel. Because of the limited resolution of these domains and the lack of 
molecular detail of the folded part of the substrate protein, it is unclear how 
exactly this would occur. However, we consider it likely that in the threefold  
 

 
 
Figure 10: Cartoon schematic depicting the precessive motion, which follows the three-
fold interconversion along the N-domains. It seems this movement might be essential 
to generate a power stroke and to relax the geometric constrains. 
 
 
transition, the N-terminal domains relax to allow pulling the unfolded strand of 
the substrate protein into the A-tunnel without necessarily requiring the folded 
part of the substrate protein to change its conformation. This would reduce the 
transition state free energy of this threefold conformational interconversion. 
When the complex then settles into its new conformation, subsequent 
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readjustment of the N-domains and unfolding of the substrate protein in 
response to the increased tension due to the pulling action of the pore-loop1 
residues in the A-tunnel could occur adiabatically, lowering any free energy 
barriers in unfolding. 
 
The proposed pulling action of the pore-loop1 YV residues is supported by a 
careful comparison of the P2/P3-states with the P4-state. In the P2/3 
conformation, the five subunits A to E gripped the unfolded substrate strand, 
whereas in the latter conformation, the E-subunit pore-loop-1 YV residues that 
were closest to exit of the A-tunnel leading towards the protease cavity, had 
released the strand and had moved downwards towards the entrance of the A-
tunnel. A molecular morphing sequence calculated using Chimera and based on 
threefold conformational interchange of the P3-state only and without 
considering the other P-states, predicts this release and downward displacement 
of the E-subunit pore-loop1 with good accuracy. Indeed, in a comparison with a 
morphing sequence that also includes the P4-state, the differences are hard to 
spot. This would confirm the ordering of states, in which the P4-state succeeds 
the P2/3-states. The P1-state is insufficiently resolved to identify its bound 
nucleotides, but based on the orientation of its domains, we assume it 
corresponds to a transition between the P4- and P1 states, as would occur after a 
threefold conformational interchange (This transition of ATPase cycle is 
depicted in Figure 10 in cartoon schematic). 
 
The structure and conformations of LonP1 form the basis of further 
investigations into the functional aspects of LonP1. The conformations of LonP1 
as revealed by our analysis by cryo-EM indicates a catalytic mechanism for 
substrate protein unfolding that is consistent with the proposed mode of action 
of another AAA+ unfoldases. Its threefold conformational interchange is 
strikingly similar to the rotational catalysis of the F1 ATPase, in which the non-
equivalence between the even and odd subunits is manifested by a different 
amino acid sequence, rather than by a swap of the N-domains as in LonP1. 
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Figure 11: Cartoon representation of the observed pre and post ATP hydrolysis events. 
Because of the right-handed topology of the A-domains, the ATP hydrolysis occurs 
clockwise (when viewed from the proteas domain) and the substrate protein was 
guided through the pore-loop1 via gripping and pulling. This is managed by the inter-
subunit communication through N-domain, 3-HB, ab subdomain and a subdomain. 
Here, the models indicated that ATP was being hydrolsed sequentially from chain F to 
chain D via chain E. 
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2.5 Commentary on mechanical force generation 
 
The central question about the function of motor proteins is how chemical energy 
is used to generate unidirectional force. This mechanical force is vital for the 
directional degradation of the energy-dependent proteases to maintain 
proteostasis. The primary molecule used as an energy source is ATP. 
Conventionally, it has been proposed that the motor proteins harness the energy 
of ATP combustion to perform specialized tasks. Now, it becomes imperative to 
introduce some principles from the literature in describing the mechanics of 
force generation. 
 
Firstly, the post-hydrolysis energy released from ATP is not utilized directly, as 
the thermal dissipation of ATP combustion is very fast (from picoseconds to 
nanoseconds). The step size of unfolding and translocation in AAA+ proteins are 
in the timescales of micro to milli seconds. Therefore, the thermalization of 
localized ATP hydrolysis (with few angstroms and picoseconds) falls short in 
explaining the mechanical motion of few nanometers that spans at least 
microseconds. There are two mechanistic approaches that describe the 
harnessing of the localized ATP-hydrolysis events to generate unidirectional 
motion in motor proteins. They are Power stroke and Brownian ratchet 
mechanisms. Power stroke can be defined as ‘generation of motion against a 
large free-energy gradient’. This process is a nearly irreversible event, wherein 
the magnitude of the transition to the forward position is a few nanometers. 
Whereas, in Brownian ratchet mechanism, the forward position occurs via the 
conformational changes that were triggered through thermal motions. Previous 
single molecule experiments have demonstrated that the AAA+ proteases might 
follow the power stroke mechanism. Here, we try to explain the events of force 
generation from a combination of both the models, strictly from the static 
pictures of different states. From the different structures of LonP1, one could 
argue that the transition between these states fluctuates via an average or 
consensus conformation, so that the power stroke has to vary about a mean 
position to generate a considerable step size. In the power-stroke model, the 
chemical changes precede the structural change, wherein the chemical bonds of 
the bound ligand generate highly constrained conformation. In Brownian ratchet 
model, because of the thermal forces, structural changes occur before the ligand-
constrains on the overall structure, such that the overall reaction is trapped in a 
final state. This model can explain the cyclical behavior of the ATP hydrolysis 
cycle but not the overall step size that is required for both the unfolding and 
translocation processes. So, the connecting glue to combine these models 
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effectively is to understand them in terms of entropy difference, which is 
discussed below. 
 
Thermodynamic description of force generation in LonP1.  
 
The thermodynamic explanation for the molecular process of unfolding and 
translocation can be defined and is governed by the Gibbs free energy formula, 
ΔG = ΔH−TΔS. The term DH determines the enthalpy change contributing to the 
overall free energy difference for the reaction to move forward. As we suggested 
before that the thermal dissipation contributes to a very tiny amount to the 
process of force generation, and hence can be neglected from the above equation. 
It means that the ATP combustion itself does not contribute much to the overall 
work force. So, the net contribution is entirely from the second term in the 
equation (DS) and is driven by the entropy. Therefore, DG =-TDS at any given 
temperature. Also, DG represents the work done by the system. From elementary 
physics, we can then define that the force acted on over a distance (DX), 
contributes to the work done to achieve the overall reaction. Hence this can be 
rewritten as follows: 
 

ΔG = ΔH−TΔS = −TΔS 
DG =-TDS = work = -F(DX) 

F = T(DS)/ (DX) 
 

The above equation represents motional degree of freedom gained by the system, 
and therefore will generate a force, which is proportional to the first derivative 
of the free energy change over an increment in distance. The free energy change 
here can be equated to the free energy change in entropy. Hence, from the above 
conceptualization, the thermodynamic description of the force generation is 
entirely from the entropic pulling. Does this description make the ATP hydrolysis 
and its utilization completely obsolete? The answer is NO, because the 
differential binding of ATP, and its hydrolysis products ADP and Pi leads to the 
slow conformational transitions in making of a step. This is integral to the 
principle of power-stroke model. In other words, power stroke is a transient 
generation of large free energy gradient that drives the forward motion, here in 
LonP1 to generate a unidirectional force. We try to deduce theoretically to 
explain the entropic pulling via a power-stroke model that can explain the 
process of unfolding and translocation in LonP1. 
 
Firstly, the resting states in LonP1 represent the molecule at its low energy state. 
Not only the molecule is ADP bound, it also has a different topological 
arrangement of the A-domains. The left-handed helical arrangement of R-states 
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might be in a relaxed state, when bound to ADP with relatively few geometrical 
constrains (LonP1-ADP). This is evident from the structures with no seam 
subunits in R-states. Also, for the fact that the X-ray structures of bacterial 
homologues of A-domains of Lon crystallized in an open helical pattern. The N-
domains in LonP1 restrict the continuation of this helix, so that it is always a 
hexamer. The R-states are always probing the substrate protein, either 
recognizing a specific degron signal within the sequence or exposed hydrophobic 
residues. Once the kinetics favor association with the substrate, it is docked at 
the N-domain triggering conformational and rigid body motions on the molecule 
to close the large inter-subunit gap. This substrate bound D state lowers the 
energy barrier for ATP binding.  
 
Biochemical and structural data has shown that this ATP binding is stabilized by 
the trans-acting Arg-fingers protruding from the neighboring subunits. The 
closed D-state shows local right-handed and left-handed arrangement of the A-
domain. The neighboring subunit contributing the trans-acting Arg for ATP 
stabilization, and rotates and translates along the pseudo-C6 axis. At least four 
or five subunits in the hexameric assembly of the processing states contain ATP, 
therefore the subsequent trans-acting stabilization from the arginine’s 
contribute to overall switching to the right-handed staggered arrangement. 
These conformations that can be manifested in P-states have a unique topology 
that determines the preferred order of ATP hydrolysis. Thus, one could argue 
that the left-handed topology represents the ground state of the molecule, and 
binding of substrate lowers the energy barrier for successful ATP binding. But 
the ATP-bound subunits in the hexameric assembly are always in geometric 
constrains due to the inherent nature of the right-handed topology. This leads to 
either one or two subunits in the ring-assembly to translate and rotate away from 
the central axis. This can only happen if at least one subunit is ADP-bound, which 
is the case in all the P-states. This differential binding of ATP and ADP + Pi on 
the A-ring contributes to different geometric constrains on each subunit.  
 
The P-states show that five subunits bind to the substrate polypeptide in the A-
tunnel. The consensus structure from these transition P-states suggests that the 
post-hydrolyzed subunit, which is ADP bound, occupies the highest position in 
the assembly, as viewed from the protease-side. The next anticlockwise subunit 
is a seam subunit that represents the lowest position of the assembly and is 
disengaged from the substrate. Considering the above-mentioned differences 
and similarities among the subunits in an assembly, we could explain the power-
stroke model based on thermodynamic principles. Till now, we have established 
the fact that ADP-bound subunit in an assembly is the ground state that has 
highest freedom of motion with the least geometrical constrains. This subunit 
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represents the high-entropic state in the assembly. Subunits that are bound to 
the substrate are localized and have a restricted motion against the polypeptide. 
This relative decrease in entropy could be only possible in the ATP-bound 
subunits. When the top most substrate-bound subunit undergoes ATP 
hydrolysis, the resultant ADP-substrate-subunit transient state is highly 
unstable, there by driving the overall reaction to a high entropy state. The net 
result is large displacement of the top most subunit in the helix to disengage from 
the substrate and occupy a new position in the topological arrangement of the 
ring. Simultaneously, the next anti-clockwise subunit exchanges ADP for ATP to 
move and engage the incoming polypeptide from the N-passage. This whole 
process of inter-subunit rearrangements against a hindering substrate generates 
a net force which drives the polypeptide by few nanometers towards the protease 
chamber.                               
 
To conclude, the topology of the substrate bound P-states determines the order 
of preferred ATP hydrolysis that results in local structural arrangements of 
subunits in the ring hexamer to generate a mechanical force, as directed by the 
gradient free energy of entropy. Here we try to represent the mode of action in 
context with the LonP1 states (Figure 12).      
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Figure 12: The R state represents the ground state of the hLonP1 molecule that has lots 
of degree of motion. When substrate protein was recognized, the R-state would slowly 
up the transition state and kinetically binds with affinity to represent D state. 
Substrate stimulation exchanges ADP for ATP to proceed into low entropy state as a 
result of the hindering polypeptide in the A-tunnel. Once the ATP was hydrolyzed, the 
ADP bound subunit association with the polypeptide is no longer favorable, and thus 
the hydrolsed subunit disengages with the substrate, so as to fall back to its ground 
state.   
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2.6 Catalytic cycling of human mitochondrial Lon 
protease 
 
This section of the chapter has been adopted from the extended version of the 
article and is available as a preprint on bioRxiv and currently is under peer 
review (Cell Structure). 
Contribution: Designed, initiated and planned the experiments that led to the 
biochemical and structural characterization of human LonP1 with novel protease 
sites. 
 
bioRxiv 2021.07.28.454137; doi: https://doi.org/10.1101/2021.07.28.454137 
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Abstract 

The mitochondrial Lon protease homolog (LonP1) hexamer controls 
mitochondrial health by digesting proteins from the mitochondrial matrix that 
are damaged or must be removed. Understanding how it is regulated requires 
characterizing its mechanism. Here, we show how human LonP1 functions, 
based on eight different conformational states that we determined by cryo-EM 
with a resolution locally extending to 3.6 Å for the best ordered states. LonP1 
has a poorly ordered N-terminal part with apparent threefold symmetry, 
which apparently binds substrate protein and feeds it into its AAA+ unfoldase 
core. This translocates the extended substrate protein into a proteolytic cavity, 
in which we report an additional, previously unidentified Thr-type proteolytic 
center. Threefold rocking movements of the flexible N-terminal assembly likely 
assist thermal unfolding of the substrate protein. Our data suggest LonP1 may 
function as a sixfold cyclical Brownian ratchet controlled by ATP hydrolysis. 

 

Keywords 

Proteolysis; chaperone; AAA+ protein; molecular motor 

 

Abbreviations 

AMPCPP: adenosine-5'-[(a,β)-methyleno]triphosphate 

ATPgS: adenosine-5′-[γ-thio]triphosphate 

 

Introduction 

The proton potential gradient that drives mitochondrial ATP synthesis is 
established by electron transport chains that generate reactive oxygen species 
(ROS) as a side product (1). ROS compromises mitochondrial functionality by 
damaging proteins in the mitochondrial matrix. These are removed by the 
nuclear encoded unfoldase/protease LonP1, which is an important 
mitochondrial regulatory hub (2–4). LonP1 also binds mitochondrial DNA in a 
sequence specific manner (5), plays a vital role in mitochondrial DNA 
maintenance (6, 7), and regulates non-damaged proteins like ‘Transcription 
Factor A from Mitochondrial nucleoid’ (TFAM) (8). Even mild LonP1 
(expression) deficiencies are linked to apoptosis and cell death (9) and several 
diseases are associated with dysfunctional LonP1, such as epilepsy, myopathy, 
paraplegia, cancer, and the CODAS (cerebral, ocular, dental, auricular and 
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skeletal anomalies) syndrome (10, 11). Lon proteases are conserved over all 
kingdoms of life and belong to the HCLR clade of AAA+ unfoldases (12, 13). 
A previous 21 Å resolution cryo-EM study of full-length human mutant LonP1 
showed it has two globular parts. One part contains the N-terminal domains, and 
the other part contains the AAA+ and protease domains (14). Substructures of 
bacterial Lon protease from Bacillus subtilis (15), Escherichia coli (16) 
and Meiothermus taiwanensis (17) have been described in atomic detail. The 
substructure of the hexameric assembly of AAA+ and protease domains 
from Yersinia pestis indicated it is activated by inversion of the helical 
arrangement of its AAA+ domains (18). This and a similar study of human LonP1 
(19) showed that protease activation closes a lateral gap between two subunits 
around an unfolded, extended chain of the substrate protein. As a result, 
tyrosine-valine motifs located on the loops of the AAA+- domain bind to the 
extended substrate protein strand in an axial tunnel. Previous studies indicated 
that the Lon proteases, including LonP1 contain a serine-lysine catalytic dyad 
(20–22), and histidine residues could potentially contribute to catalytic activity 
in E. coli LonP (23). 
So far, no high-resolution structure of any full-length Lon protease or homolog 
was available. Hence it was unclear what the quaternary arrangement or role of 
the N-terminal domains is, or how the AAA+ domains unfold the protein 
substrate to feed it into the protease sites, or how unfolding is coupled to ATP 
hydrolysis and exchange. Here we present a comprehensive structure-function 
analysis of this human AAA+ protease, that was caught in action. 

 

Results 

Structure determination 

We studied wild-type, E. coli-expressed human LonP1 by cryo-EM (see Materials 
and Methods for experimental details). Structures were determined in the 
presence of either an ATP/ADP mix, AMPCPP (a nonhydrolyzable ATP analog), 
or ATPgS (a slowly hydrolyzing ATP analog). In the latter case, we also included 
the substrate protein TFAM. These incubation conditions induced structurally 
distinct LonP1 species. Even on the same grid, multiple states were discerned. In 
total, we determined nine structures in eight conformational states (table 1, fig. 
S1-S3). The AAA+ domains (A-domains) and the protease domains were well 
ordered in many of these states, with resolutions up to 3.7 Å, but for the N-
domains, only the overall domain shapes were apparent. Three states were more 
poorly resolved and here we fitted domains or subunits from other states as rigid 
bodies. Below, we explain how we interpreted the scattering potential maps that 
we obtained. We improved resolution by focused refinement of the A- and 
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protease domains and map-sharpening. However, focused refinement reduced 
the resolution of the N-domains. Separate focused refinement of the N-domains 
did not result in an improvement of their resolution. This indicated that the 
quaternary structure of the N-domains was more variable, even within the same 
state. 

 

Tables 
 

Dataset I Dataset II Dataset III 
Included 
substrates 

ADP + ATP AMPCPP ATPgS + TFAM 

Nominal 
magnification 

165,000x 130,000x 130,000x 

Camera mode K2 (counting mode) 
Super resolution 
(8kx8k) 

K2 (counting mode) 
Super resolution 
(8kx8k) 

K2 (counting mode) 

Pixel size  0.831 Å 1.058 Å 1.058 Å 
Exposure per 
movie  

8 s 10 s 10 s 

# Movies 4100 3200 2520 
Total 
exposure  

80 e-/Å2 80 e-/Å2 60 e-/Å2 

# Particles 
(initial)  

280,000 320,000 198,000 

# Particles per 
observed state 

R-state: 82651  
P1b-state: 31607  
P1c-state: 47634  
P2c-state: 30708  

R-state: 79850  D1-state: 15000  
D2-state: 11000  
P1a-state: 62200  
P2a-state: 26800  

Resolution 
masked maps 
(d99 / FSC at 
0.143 of half 
maps) 

R-state: 4.4 Å / 3.8 Å 
P1b-state: 5.0 Å / 4.4 Å 
P1c-state: 4.2 Å / 3.8 Å 
P2c-state: 5.8 Å / 5.8 Å 

R-state: 4.2 Å / 3.9 Å D1-state: 12.6 Å / 14 Å 
D2-state: 12.1 Å / 10 Å 
P1a-state: 4.3 Å / 3.8 Å 
P2a-state: 7.6 Å / 7.5 Å 

Table 1. Data collection and image processing of the respective datasets in 
different incubating conditions. In all cases, data were collected in movie-mode 
(40 frames/movie) at 300 keV on a Titan Krios TEM with a K2-camera in counting mode 
in a defocus range of -1.0 to 2.5 mm, using a GIF energy filter and an energy dispersion 
of 20 eV.  

 

Model building 

For the A- and protease domains, well-resolved atomic models of homologous 
domains were used for initial atomic interpretation of the reconstructed 
scattering potential maps: 4ypl.pdb and 4fw9.pdb (the A- and protease domains 
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of M. taiwanensis LonP). Subdomains of these structures were fitted as rigid 
bodies and mutated into the human mitochondrial LonP1 sequences. First the 
high resolution LonP1 domains were built. These were then used for interpreting 
more poorly ordered density. Missing sequences were built interactively. Where 
the local resolution was ambivalent, interactive model building was guided by 
density of other subunits or domains that showed clearer density. Torsion angles 
were restrained using non-crystallographic symmetry in Phenix (24) and 
significant deviations were investigated. Where appropriate, these were 
corrected interactively by considering all other subunits in all states. Great care 
was taken that the models of the different states were consistent with each other, 
down to main chain geometry. Real-space refinement included hydrogen atoms 
to improve geometry by better treating potential clashes. 
 
The resolution of the A-domain nucleotide binding sites was insufficient to 
observe nucleotide phosphates as separate densities within the any of the 
scattering potential maps. To prevent refinement from unreasonably distorting 
the phosphate moieties into density, regardless of whether ATP or ADP was 
being fitted, we imposed four additional, strict distance restraints between main 
chain amides and phosphate oxides. These restraints were taken from a highly 
resolved adenosine nucleotide binding P-loop structure with good local sequence 
homology to LonP1: 2cbz.pdb, the human Multidrug Resistance Protein 1 
Nucleotide Binding Domain 1 at 1.5 Å resolution. The following additional 
restraints were introduced in real-space refinement by Phenix: distance 
restraints of 2.64, 2.97, 3.33 and 2.66 Å between the main chain amides of G526, 
V527, G528 and T530 and phosphate oxygens O2β, O2β, O2α and O2α, 
respectively. In the case of ATP or ATPγS, additional distance restraints were 
introduced: 2.08 Å between the Mg++-ion and the Oγ1 oxygen of T530, and the 
phosphate oxygens Oγ1 and Oβ1; angular restraints secured orthogonal 
coordination of the Mg++-ion. These restraints ensured that all nucleotides were 
modelled consistently, with the same geometry as a 1.5 Å homologous structure. 
Where the local resolution did not warrant atomic refinement, we identified the 
parts that behaved as rigid bodies, based on their domain topology and by 
scrutinizing superpositions with better resolved models from other, related 
states, and only refined their orientations. The hinge regions (e.g., fig. 2, S5, S6) 
connecting the rigid bodies were refined using torsion angle restraints derived 
from high resolution models, or equivalent regions from better resolved parts of 
the map. Where maps had a poor (local) resolution, this was reflected by high 
temperature values, which were refined per amino acid residue. 
 
The globular parts of the N-domains (residues 123-353) had a poor local 
resolution of 8 to 12 Å in all observed states. Although this did not allow atomic 
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interpretation, the overall quaternary arrangement of these N-domains and their 
orientation relative to the A- and protease domains could unequivocally be 
observed in all experimental maps (fig. S4B). These orientations differed 
between states. To characterize these quaternary rearrangements, homology 
models of the N-domains were fitted into their low-resolution density as rigid 
bodies. A humanized homology model of the E. coli N-domain (3ljc.pdb) that 
was calculated using SWISS-MODEL (25). The well-structured parts of the 
homology model had reasonable statistics (22.4 % sequence identity, a QMEAN 
of -2.53 and a GQME of 0.59; see Materials & Methods, table 2 and fig. S4B). 
Independently, and without imposing the E. coli N-domain template, I-TASSER 
(26) identified this structure as the closest equivalent and generated a very 
similar model with a C-score of -1.35 and a TM-score of 0.55. The model of the 
N-domain of human LonP1 that was generated independently of any homology 
models by AlphaFold (27; https://alphafold.ebi.ac.uk) also had the same fold 
(fig. S4C). All three models indicated residues 355-407 to form a long α-helix 
extending away from the globular domain and residues 1-123 and 221-272 to 
form unstructured loops. The structured cores of the I-TASSER and AlphaFold 
models deviated by 2.2 and 3.9 Å root mean squared difference (RMSD), 
respectively, from the model produced by SWISS-MODEL. The structured cores 
of all three models had the same overall shape, which fitted well within the low-
resolution contours of all observed maps. We proceeded with the N-domain 
model that was produced by SWISS-MODEL. 
 
Table 2 Refinement statistics. Each complete model contained 75x103 atoms, of 
which 38x103 were hydrogen. The refined models did not contain cis-Pro residues or 
twisted peptide planes. Model statistics of the well-ordered A- and protease domains are 
tabulated, *except for the D-states, for which we give the statistics of the full model, as 
all domains are approximately equally poorly ordered. The N-domain assemblies in the 
various states were significantly less well ordered and were therefore fitted as rigid 
bodies with close-to-ideal geometry. Statistics are shown for the N-terminal assembly 
with perfect threefold symmetry and optimized rotamers, prior to fitting in the maps of 
the various states and subsequent rigid body tweaking, which did not substantially alter 
the model statistics. 
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The α-helix (residues 355-407) that connected the globular part of the N-domain 
to the A-domain was straight for even numbered subunits. It could be fitted into 
the tube-like density that surrounded the N-passage (see fig. 1 and fig. S11). 
However, in the odd-numbered subunits, this α-helix had to be kinked at residue 
His391 to make the N-domain fit the observed contours. We assembled these N-
domains into a hexamer with perfect threefold symmetry, which fitted the low-
resolution maps. Since SWISS-MODEL had selected rotamers without 
considering the quaternary structure of the N-domains, we had to re-optimize 
the rotamers in order to minimize inter-domain clashes using Phenix. The 
orientations of the individual N-domains were separately refined as rigid bodies 
in each of the nine maps, resulting in small deviations from threefold symmetry. 
Finally, the loops connecting the N-domains to the A-domains (residues 407-
412) were built into density. In all subsequent real-space refinements, each N-
domain was treated as a single rigid body. 
The refinement statistics of the real-space refined A- and protease domains of R- 
and P-states are listed separately from the statistics of the rigid body N-domain 
homology models (table 2). Some examples of secondary structural elements 
fitting into density are shown in fig. S4. All reported states differed significantly 
from each other in the well-ordered A-domain regions, with subunit shifts in the 
multi-Å range. 
The D1- and D2-states had a poor overall map resolution of 14 and 10 Å, 
respectively (Table 1). We therefore took the R-state subunits and fitted these 
as rigid bodies into the D-state maps. We fitted the N-domains independently 
from the combined A- and protease domains, including bound nucleotides. We 
ensured the N-domains remained connected to the A-domains by modelling the 
loops 405 to 415 into density. 

Overall architecture 

Our structures confirmed LonP1 has two globular parts (fig.1). Its poorly 
ordered bottom assembly of N-domains (residues 123-355) was similar in 
appearance to that of the 21 Å LonP1 structure reported earlier (14). The top had 
a local resolution up to 3.6 Å, allowing atomic model building of the ATP-binding 
A-domains (residues 414-749) and protease domains (residues 750-959). The 
nucleotide binding pockets were located at the subunit interfaces between 
adjacent A-domains, in the cleft between the α/β− and α-subdomains. The 
threefold axis of the N-domain assembly was tilted by up to 30° relative to the 
helical axis of the A-domains. A long linker-helix (residues 355-408), either 
straight or kinked, connected each N-domain to its corresponding A-domain. 
The subunits (numbered 1 to 6) adopted cyclically alternating configurations. 
The linker-helix of each odd-numbered subunit was straight, and its  



Structural characterization of human LonP1 
 

 80 

 

protease cavity

A-tunnel with 
substrate protein

N-cavity

Linker helix

pr
ot

ea
se

 
do

m
ai

n
A-

do
m

ai
n

N-
do

m
ai

n

odd sandwiched 
N-domain

even entry-gate
N-domain

S3 S6

A

1800

AAA+ assembly

B

N-domain

N-passage entry-gate

end-on view from 
the protease side

end-on view from 
the N-terminus

210 Å 

exit-gate
S3 S6

900

900

exit-gate

C

D

E

Cryo-EM map with model

LonP1 density map

A- and protease domain

odd and even model

Figure 1. Structure of LonP1 in the P1a-state and nomenclature of its essential features

Lateral  
tunnel 



Structural characterization of human LonP1 
 

 81 

Figure 1. Structure of LonP1 in the P1a-state and nomenclature of its 
essential features. The odd- and even-numbered subunits are in red and yellow, 
respectively; the unfolded substrate protein strand is in green. (A) Lateral view of the 
scattering potential map (left), and of the atomic model with front and back subunits 
removed to show its internal structure and alternating arrangement of the odd- and even 
numbered N-domains (right). (B) Side view of the A- and protease domain scattering 
potential map, contoured at a higher level than in panel A, to illustrate the quality of the 
density, revealing the main chain fold, secondary structure, and side chain density of 
larger amino acids. (C) Top view of the scattering potential map, with the main chain 
indicated. (D) Top and bottom views of the trimeric N-domain assembly model (surface 
rendered). (E) Top view of the main chain trace of the A-domain assembly with a-helices 
and nucleotides indicated. 

 
corresponding N-domain was sandwiched between the N- and A-domains of the 
opposite even-numbered subunit. The N-domain assembly therefore was a 
trimer of stacked dimers. The linker-helix of each even-numbered subunit 
kinked round the linker-helix of the opposite odd subunit. The assembly of N-
domains surrounded a 3×104 Å3 N-cavity, accessible through three 40 Å lateral 
portals and an entry gate, formed by the bottom trimer of the even-subunit N-
domains. The straight linker helices of the odd subunits formed a 10-15 Å wide 
N-passage, allowing access to an axial A-tunnel formed by the α/β-subdomains 
that is 8-10 Å wide. In the enzymatically active states that could be determined 
at sufficiently high resolution, we observed extended density in the A-tunnel, 
corresponding to a substrate protein that was being unfolded and digested. The 
A-tunnel led towards a 50 Å wide and 25 Å high protease cavity harboring the 
proteolytic sites, with a large exit gate at its apex and six smaller lateral tunnels. 
The A-domains were held together by the α-subdomains, which contained a 
conserved sensor-2 motif that facilitates ATP hydrolysis in related proteins 
(28, 29). 

 

Subunit conformations 

Subunit conformations could differ significantly, mainly due to rigid body 
motions of their (sub-)domains. The A-domains were present in three different 
conformations. Based on their dominant nucleotide occupancy (see below), we 
refer to these conformations as the ATP-binding T-conformation, the ADP-
binding D-conformation and unique S-conformation of the second seam subunit 
(see also fig. 2 and fig. S5, S6). Compared to the T-conformation, the α-
subdomain of the D-conformation had tilted towards the helical axis by 9° to 13°. 
In the S-conformation, it had tilted downwards by a similar angle towards the 
α/β-subdomain. We quantified these angles by calculating the angular difference 
between the rotation operators that superimposed α/β-subdomains and the α-
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subdomains, respectively. The three-helical bundle of the α/β-subdomains 
showed small rigid body motions. Glycine-containing flexible loops attached the 
α- and α/β-subdomains to the protease and N-domains, respectively (fig. 2A). 
The orientation and packing of the protease domains and the poorly ordered 
stack of N-domains adapted to the conformation of the A-domains. 

 
Figure 2. Hinge positions and the three major conformations of the A-
domains. (A) Even subunit fold showing the individual subdomains in different colors, 
each linked with flexible glycine-containing loop, allowing rigid body movements. (B) 
Left panel: superimposition of a/b-subdomains from the P1a-state in the three major 
conformations encountered: the T-conformation (subunit 1; yellow), the D-
conformation (subunit 5; blue) and the S-conformation (subunit 6; green). Right panel: 
superimposition of all A-domains from the P1a-state in the T-conformation (subunit 1 
in yellow, subunits 2, 3 and 4 in white).  
 

Compared to the D- and T-conformations, the S-conformation showed a small 
distortion of the central β-sheet of the α/β-subdomain. This sheet harbors two 
cysteines in parallel β-strands close to the P-loop (C520 on β1 and C637 on β4), 
that are conserved amongst mitochondrial proteases. In the D- and T-
conformations, the distance between the Cβ-atoms of these cysteines was about 
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3.8 Å, which might allow disulfide linkage under oxidizing conditions. In the S-
conformation, shearing of the central β-sheet increased this distance to about 5 
Å, which would severely strain the geometry of a disulfide linkage (fig. 3A,B). 
Although disulfide formation has so far not been reported in the mitochondrial 
matrix, this observation may indicate a potential regulatory link between 
mitochondrial pathways that remove oxidizing species (30, 31), and LonP1 
activity. 

 
Figure 3. Map and model details. (A) Potential C520-C637 disulfide formation in 
the P1a-state in last helical subunit (S4) of the P1a-state. (B) In the second seam subunit, 

Figure 7. Map and model details
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shearing of the b-sheet in which C520 and C637 are located, increases the distance 
between the Cb-atoms of the cysteines to about 5 Å. (C) Binding of the extended 
substrate protein in the A-tunnel by YV-pincers may involve a hydrogen bond between 
the main chain oxygen of the substrate protein and the main chain amide between the 
Y- and V-residues of LonP1. (D, E) Nucleotide binding site and scattering potential map 
of subunit 4, showing ATPgS binding in the P1a-state (D) and ADP binding in the P1c-
state (E). 
 

Enzymatic states 

LonP1 occurred in eight different hexameric (sub)states, depending on the 
incubation conditions (see above). These states depended on the nucleotides that 
were added (AMPPCP, an ATP/ADP mixture, or ATPγS), but even within a single 
incubation condition, cryo-EM data processing separated multiple (sub)states. 
We distinguished a resting R-state, two infrequent docking D-states and five 
processing P-states with extended density in the A-tunnel. The A- and protease 
assemblies of the R- and P-states roughly corresponded to the LONOFF and 
LONENZ states observed in a bacterial Lon protease (18). 
 
The R-state was observed in the presence of ATP/ADP or AMPPCP (fig. 
4 and table 1). Each A-domain adopted the D-conformation, which induced a 
left-handed pseudo-helical arrangement of the A- and protease domains with a 
twist and rise of about 55° and 5 Å per subunit. This caused a 30 Å axial 
displacement and a 23° wide gap, located towards the left of a subunit with a 
kinked linker helix, and which exposing an empty, 18 Å wide A-tunnel. Even 
when LonP1 was incubated in a buffer that exclusively contained AMPPCP, we 
only observed bound ADP, which suggests that LonP1 does not bind AMPPCP. 
The subunit that exposed its nucleotide binding site to the gap was less well-
ordered than the other subunits. In the presence of AMPPCP, its main chains 
could still be traced, and its nucleotide density corresponded to ADP. However, 
in the presence of an ATP/ADP mixture, the contours of the α-subdomain and 
protease domain of the poorly ordered gap subunit were only visible at 1.8 and 
2.8 RMSD, respectively, whereas for the other subunits, density of the main 
chain was visible at 6 RMSD. These poorly ordered domains were therefore 
docked as rigid bodies. We propose that in the R-state, this gap subunit may 
exchange ADP for ATP, but not for AMPPCP. This would result in multiple 
conformations for these domains in the presence of both ADP and ATP, 
explaining why under these conditions poor density for this subunit was 
observed. 
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The D1- and D2-states were observed after incubation with the slowly 
hydrolyzing ATPγS and the specific substrate protein TFAM. These states were 
uncommon and due to the low number of observed particles could only be 
resolved to 14 and 10 Å, respectively. In the D1-state, the R-state gap was not 
closed completely, and the A- and protease domains of the subunit left of the gap 
were particularly poorly ordered: their contours were only visible at 2.5 RMSD, 
whereas the contours of the other domains were clearly visible at 7.5 RMSD. In 
this respect, the D1-state resembled the R-state in the presence of ATP and ADP. 
In the D2-state, the gap had closed further, and the gap subunit was better  

 

Figure 4. The resting and processing states of LonP1. The R-state has a 
lefthanded helical  arrangement of the A- and protease-domains (indicated by curved 
arrows) and a gap to the left of an even-numbered subunit with a kinked linker helix 
(top left panel; even subunits in yellow, odd subunits in red). In the processing P-states 
the gap is closed, and four A-domains adopt a righthanded helical arrangement 
(indicated by curved arrows). Closing of the gap forces the two seam subunits (in blue 
and green) to compensate the righthanded helical rise by a left-handed arrangement 
(indicated by a straight arrow). In the P2-state, the N-terminal assembly appears to be 
rotated by 60 Deg. Relative to the seam subunits.  
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Figure 5. Extended substrate protein density in the N-cavity. The D2-state map 
(A) and P1- and P2-state maps that were not subjected to focused refinement on the A- 
and protease domains of the P1- and P2-states (B and C, respectively) show extended 
extra density within the N-cavity (highlighted in yellow), that rises from the entry gate 
to the N-passage towards better-ordered density within the A-tunnel. No non-
crystallographic symmetry averaging of the N-domain assembly was imposed.  
 
ordered, with density at a contour of 4.5 RMSD, while the other subunits 
contoured at 7.5 RMSD. The D2-state showed density traversing the N-cavity 
(fig. 5), presumably corresponding to substrate protein. Although the resolution 
of the D-states did not allow identifying whether nucleotides were bound, we 
assumed this to be the case, because the highest scattering potential (>12.5 
RMSD) was located at the nucleotide binding sites. We modelled all bound 
nucleotides as ADP, but some were most likely ATPγS since the D-states were 
only observed in the presence of this nucleotide analog. 
 
In the P-states, the R-state gap had closed. We observed two major P-states, each 
with sub-states. The P1-states were more abundant than the P2-states and 
differed by a major re-orientation of the AAA+ region relative to the N-terminal 
domain assembly. When the A- and protease densities of the P1-state were 
optimally superimposed on the corresponding densities of the P2-states, the N-
domain densities of the two states were rotated by 60° with respect to each other 
(fig. 4). In the well-ordered P-states, extended density within the A-tunnel could 
be modeled as a poly-Ala chain with a slight right-handed helical twist (fig. 3C). 
The direction of the extended substrate protein chain was unclear. 
Maps that were not subjected to focused refinement on the A- and protease 
domains had a lower resolution, as they were not dominated by the alignment of 
the well-ordered A- and P-domains. However, presumably because in these maps 
the more poorly ordered N-domains contributed stronger to the averaged 
scattering potential, the intermediate maps showed more clear density for the N-
domain assembly. Like in the D2-state map, extended substrate protein density 
was visible in the unfocussed P-state maps, that emerged from the N-domain 
entry tunnel and traversed the N-cavity and the N-passage into the A-tunnel (fig. 
5). We therefore propose that the substrate protein traverses the N-cavity. 
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In the P-states, four adjacent A-domains were present in the T-conformation. 
These subunits adopted a right-handed helical arrangement of the A-domains 
with an average helical twist and rise per subunit of about 60° and 7 Å, 
respectively (fig. 4 and fig. S5). To distinguish these four subunits from the 
seam subunits, we refer to them as the helical subunits. The A-domains of the 
two seam subunits were translated downwards to compensate for the rise of the 
helical subunits. The first seam subunit adopted the D-conformation that is also 
present in the R-state, and the second seam subunit adopted the S-conformation. 
In the P1-states, subunits 5 and 6 were the seam subunits, while in the P2-states, 
subunits 4 and 5 were the seam subunits. In the P2-state, the N-domain assembly 
therefore appeared to be rotated by 60° relative to the helical subunits, compared 
to the P1-state (fig. 4). 
Based on significant domain movements, we distinguished substates P1a, P1b 
and P1c within the P1-state and substates P2a and P2c within the P2-state (we 
did not observe a P2b-state). The P1a- and P2a-states were observed after 
incubation with ATPγS and TFAM, while ATP/ADP induced the P1b-, P1c- and 
P2c-states. A comparison between the P-substates indicated that, to a large 
extent, the A-domains of the four helical subunits behaved as a single rigid group, 
with the seam subunit A-domains roughly acting as a second rigid group. 
Compared to the P1a-state, the seam subunits were displaced roughly 
downwards by about 3 and 6 Å in the P1b- and P1c-state, respectively. Similarly, 
the seam subunits had descended by about 6 Å in going from the P2a- to the P2c-
state (fig. S6). 
 

Nucleotide binding 

By introducing distance and angular restraints, we ensured all nucleotide 
phosphate moieties bound the P-loops as observed in high-resolution structures. 
We assigned the nucleotide based on the scattering potential at the γ-phosphate 
location. It was identified as ATP if a γ-phosphate was inside a contour 
corresponding to 2/3 of the observed scattering potential of either the Pα- or Pβ- 
phosphorus atom of the bound nucleotide (whichever was lower). In most cases 
this gave a reasonable contour for the di- or triphosphate moiety of the 
nucleotide, but at lower resolution this criterion was not always unambiguous 
(fig. S7). The proximity of local positive charges to the position of the γ-
phosphate, especially of the trans-acting Arg652, correlated well with identified 
nucleotides. We exclusively observed ADP in the R-states. We do not exclude the 
possibility of a mixed ADP/ATP occupancy for some of the binding sites of the P-
states. Nucleotide occupancies and subunit conformations are summarized 
in table 3. 



Structural characterization of human LonP1 
 

 88 

 S1 S2 S3 S4 S5 S6 

R-state 
in 
AMPCPP ADP ADP ADP ADP ADP ADP 

R-state 
in 
AD/TP ADP ADP ADP ? ADP ADP 

P1a-state   ATPgS ATPgS ATPgS ATPgS ADP ATPgS 

P1b-
state   ATP ATP ATP AD(T)P  ADP ATP 

P1c-state   ATP ATP ATP ADP ATP ATP 

P2a-
state   ATPgS? ATPgS? ATPgS? ADP? ATPgS? ATPgS? 

P2c-
state   ATP ATP ADP ATP ATP ATP 

Table 3 Nucleotide occupancies and conformational states of LonP1 
subunits. The D-, T- and S-subunit conformations are highlighted in blue, yellow and 
green, respectively, and the identified nucleotide of each subunit is tabulated as a 
function of observed catalytic state (see fig. S6 for nucleotide scattering potentials of the 
P-states). All subunit conformations could be identified with certainty based on rigid 
body fitting and/or domain superimposition, except for subunit 4 in the R-state in the 
presence of ADP and ATP. The resolution of the P2a-state was insufficient for identifying 
the nucleotide occupancy and was assigned based on high structural similarity with the 
P1a-state after a 60o rotation. For subunit 4 of the P1a-state, the map did not exclude 
mixed occupancy. The conformations and nucleotide occupancies of the D-states did not 
allow unequivocal assignment of subunit conformations. 
 
In the P-states, the additional scattering potential of a Mg++-ion coordinating the 
Oγ-atom of T530, the β- and the γ-phosphate when ATP was bound, contributed 
to differentiating between ADP and ATP. Although Mg++ is relatively light, its 
positive charge substantially increases its scattering potential. In the P1a-state, 
differentiating between ADP and ATPγS was further facilitated by the increased 
scattering potential of sulfur of the γ-thiophosphate moiety. In the P1-states, the 
first three helical subunits bound ATP (or ATPγS). The fourth helical subunit 
bound ATPγS in the P1a-state, in the P1b-state ADP fitted better than ATP, and 
the P1c-state ADP was bound. Subunit 5 bound ADP in the P1a- and P1b-states 
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but appeared to bind ATP in the P1c-state. Subunit 6 appeared to bind ATP or 
ATPγS in all P1-states (fig. S7). 
The P2-states were less common and had a lower resolution compared to the P1-
states. The P2a-state required fitting subunit domains of the P1a-state as rigid 
bodies and did not allow unequivocally identifying its nucleotides. Because of the 
high similarity of the orientations of the A- and protease domains observed in 
the P1a- and P2a-states, we assumed that the nucleotide occupancy of these 
states also corresponded. The resolution of the P2c-state was just about enough 
to recognize that the nucleotide biding sites were occupied. In analogy to the P1c-
state, density allowed us to place ATP in all binding sites of the P2c-state, except 
for subunit 3, which might have bound ADP (fig. S7). 
In all P-states, the seam subunits had open sites potentially allowing ADP/ATP 
exchange. The ATP γ-phosphate of the first three helical subunits interacted with 
the trans-acting R652-finger of the next subunit (fig. S8), a motif also found in 
other AAA+ proteins. In the P1a- and P2a-states, the ATP γ-phosphate of the 
fourth helical subunit also interacted with this trans-acting R652-finger of the 
first seam subunit, whilst also the glutamate D612/E614-loop of the first seam 
subunit had approached (fig. S8). In other m-AAA proteases this activates ATP 
hydrolysis (32). 

Binding of substrate protein 

In the high-resolution P-states, substrate protein density within the A-tunnel 
was observed in the presence or absence of the specific substrate protein TFAM. 
Although the main chain density of the substrate protein was reasonably well-
ordered in the A-tunnel, there was no visible side chain density, and the 
resolution was insufficient to unequivocally determine the direction of the 
substrate protein chain. We investigated the peptides that were produced by 
active LonP1 by mass spectrometry. When we excluded TFAM, we found that 
LonP1 peptides were being produced. If we included another substrate protein 
in the reaction, their digested peptides were produced. For more details, see fig. 
7C and supplementary materials (table S1B, table S2, fig. S10). 
In all T-conformations of the P1-states, the conserved pore-loop1 residues Y565 
and V566 of the helical subunits formed YV-pincers, that pointed into the A-
tunnel along regularly spaced right-handed helical intervals and gripped the 
main chain of the stretched substrate protein along a length of 10 residues (fig. 
6). The density and stereochemical considerations suggest a hydrogen bond 
between a main chain oxygen of the substrate protein strand and the main chain 
amide between the Y- and V-residues of the pincer may be involved in gripping 
the substrate protein main chain in a sequence independent manner (fig. 3C). 
In the P1a-state, the YV-pincer of the first seam subunit continued the helical rise 
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and also gripped the substrate protein main chain. In the P1b- and P1c-states, 
the YV-pincer of the first seam subunit had released and together with the YV-
pincer of the second seam subunit, had moved downwards along with the A-
domains. The more poorly resolved P2-states showed less density for the 
substrate protein in the final maps that resulted from focused refinements. By 
analogy to the P1-states, we could partially trace the substrate protein through 
the A-tunnel in the P2c-state, where density for the substrate protein interacting 
with the four YV-pincers was visible at a contour level of 5 RMSD. The low 
resolution of the P2a-state prevented observing the substrate protein bound in 
the A-tunnel. However, also supported by the maps prior to focused refinement 
(cf. fig. 5), we assume the P2a- and P2c-states would interact in a similar fashion 
with the substrate protein as the P1a- and P1c-states. 

 

Figure 6. Interactions between the pore-loop1 YV-pincers and the extended 
substrate protein strand in the A-tunnel. In all P1-states, the YV-pincers of the 
helical subunits (in yellow) grab the mainchain of the substrate protein. In the P1a-state, 
the YV-pincer of the first seam subunit (in blue) grabs the top of the extended substrate 
protein strand below the protease cavity. In the P1b-state, this YV-pincer had released 
and the pore-loops of the seam subunits (in blue and green) had descended by about 3 

 

P1a P1b P1c

substrate protein

900 900

Figure 4. Interactions between the pore-loop1 YV-pincers and the extended substrate protein 
strand in the A-tunnel
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Å. In the P1c-state, the pore-loops of the seam subunits had descended by another 3 Å, 
approximately. In the P2a- and P2c-states, very similar interactions are found. 
 

Enzymatic activity 

Since ATP hydrolysis is activated in trans in AAA+ proteases, we used an 
adenosine triphosphate hydrolase (ATPase) assay as an additional control that 
our LonP1 construct formed functional hexameric complexes. We established 
that the level of ATPase activity of LonP1 was independent of the type of 
substrate protein, by assaying both the specific substrate protein TFAM and non-
specific fluorescein isothiocyanate (FITC)-labeled casein. We confirmed that 
proteolysis requires ATPase activity by generating K529R and E591Q LonP1 
mutants, replacing fully conserved residues of the Walker-A and -B motifs, 
respectively (33). These mutations indeed killed both ATPase and proteolytic 
activity, as determined by a fluorescence assays (fig. 7C, table S1A). 
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Figure 7. Structural arrangement of amino acids surrounding T803 that 
potentially participate in proteolysis. (A) Location of the conserved protease sites 
in the protease cavity is indicated by a black circle (for the sequence alignment, see fig. 
S9). The scattering potential map is colored with odd subunits in red and even subunits 
in yellow. (B) The proteolytic residue S855 is located within a recess of the lateral tunnel 
and the second, proposed proteolytic residue T803 is located at the subunit interface 
lining the apical exit gate. The positions of the S855 and T803 of subunits 1 and 2, 
respectively, are indicated with green spheres. The molecular surface is colored 
according to its surface potential (blue is positive, red is negative). (C) Close-up of the 
two proteolytic sites with a further close-up of the T803 proteolytic site, including H841 
and E801. The S855-K898 catalytic dyad and the potential T803, H841 and H843 
residues are depicted in ball-and-stick representation (cyan). (D) ATP hydrolysis and 
protease activity for LonP1 variants. FITC-casein was added to the ATP hydrolysis 
experiment. The peptide count of the mass spectrometry experiment is given (blue 
background: LonP1 peptides, white background: β-casein peptides). 
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We confirmed the S855/K898 catalytic dyad by generating the S855A mutation, 
which did not show any proteolytic activity, yet had an ATPase activity that was 
very close to that of wild-type LonP1. These six catalytic dyads were located 
within a small recess of the lateral tunnels, which had a surface charge that was 
mostly negative (fig. 7B). 
Protease activity of bacterial Lon protease is activated by structural 
rearrangements around the catalytic S855/K898 dyad that are induced by the 
transition from the R-state to the P-state (18, 19). However, in our LonP1 
structures, all individual R- and P-state proteolytic domains superimposed very 
well with RMS deviations of Cα-positions in the sub-Å range, and we did not 
observe full occlusion of the reactive S855 by other structural elements in any of 
the states, including D852, which has been identified as a regulatory element in 
bacterial Lon protease (21). 
 
Based on a multiple sequence alignment and after scrutinizing the LonP1 
structure in all its states, we identified several other conserved residues within 
the protease domain that might be important for proteolytic activity. We 
considered T803, which is exposed in the proteolytic cavity, to be of special 
interest (fig. 7). This conserved residue is unlikely to be required for structural 
integrity because it does not appear to be involved in a hydrogen bonding 
network that maintains the tertiary or quaternary structure of the protease 
domains. However, its sidechain hydroxyl group can be rotated to within 
hydrogen-bonding distance of the imidazole groups of either H841 or H843, 
potentially forming a catalytic center. Furthermore, both H841 and H843 have 
an abundance of potentially activating acidic residues in their close environment 
and T803, H841 and E801 can form a catalytic triad. In many proteolytic triads, 
either serine or cysteine attacks the scissile peptide bond, but there are also 
examples of catalytic threonine (34–36). Finally, R815 is well positioned for 
moving its guanidinium moiety towards T803 and either act as the oxyanion hole 
or interact with T803’s hydroxyl group like in the S855-K898 catalytic dyad. All 
these residues are fully conserved amongst all mitochondrial proteases – with a 
unique exception for H843, which is a cysteine in platypus (Ornithorhynchus 
anatinus). The six potentially catalytic T803 residues were located on the surface 
of the large apical exit gate. The surface potential of the exit gate is positively 
charged, which may assist abstracting a proton from the γ-O of T830, which may 
enhance its proteolytic activity (fig. 7B). 
The relevance of T803 for proteolysis was confirmed by the T803V mutant. The 
mutant T803V assembled into intact, ATP hydrolyzing hexamers – albeit at 
about 50 % of wild-type ATPase levels. However, changing the sidechain γ-
hydroxyl group of T803 to a methyl group was sufficient to kill all proteolytic 
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activity (fig. 7C). We further tested whether T803 might be the reactive residue 
of one or more catalytic triads, by mutating the potential bases H841 and H843 
to phenylalanine, whilst retaining the wild-type T803. Also, these mutants 
hydrolyzed ATP but were proteolytically inactive, suggesting both residues were 
required and either might function as the base abstracting a proton from the 
T803 γ-OH moiety. We subsequently investigated which residues could 
potentially activate H841 or H843 by generating the E812A and E801A mutants, 
whilst retaining all other residues to wild type. The E812A mutant no longer 
showed proteolytic activity in fluorescence assays, whilst the E801A showed 
residual protease activity (fig. S10). Both mutants retained ATPase activity at 
about 70-75 % relative to the wild-type LonP1. A highly sensitive mass 
spectrometry assay confirmed that E801A was still capable of generating 
peptides in an ATP-dependent manner (fig. 7C, table S1B, table S2 and fig. 
S9). We conclude that LonP1 likely has a second proteolytic site, with T803 as 
the catalytic residue and with H841 or H843 as proton acceptors, which can be 
activated by conserved surrounding glutamates. 
With these mutational studies, together with the possibility of forming a catalytic 
triad, T803 passes the same level of evidence as the S855/K898 catalytic dyad. 
It is not clear why LonP1 would have two different types of catalytic site. Our 
mutational studies showed that abolishing either of the two sites, whilst retaining 
the other, killed protease activity. The sites are too far apart both in trans and 
in cis, to consider them as a single active site (fig. 7B). It is not clear why both 
sites are required for proteolysis. It may be the case that the two sites have 
different specificities and need to act together to cleave the substrate protein into 
sufficiently small fragments to diffuse out of the protease cavity through the exit 
gate and prevent the protease cavity from clogging up. Or both sites have 
different functionalities, specific to either LonP1’s initiation or processing stages. 
Or killing one site might allow the substrate protein to escape the other site by 
diffusing either out of one of the lateral tunnels, or out of the apical exit gate. 
Discussion 

Based on the high-resolution structures of the A- and protease domains, we 
propose a rotational catalytic cycle that accounts for all the observed states and 
even indicates why the N-domain assembly is more poorly resolved. 

As a likely first step in LonP1 activation, the substrate protein binds the N-
domain assembly, presumably in the R-state. As the N-domain density is poorly 
ordered, any speculation on the interactions between N-domains and the 
substrate protein are currently unwarranted and care should be taken that the 
N-domain homology model is not over-interpreted. We propose that either the 
C- or N-terminal sequence of the substrate protein is guided through the entry 
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gate, N-cavity, and N-passage towards the A-tunnel. Rigid body fitting of R-state 
subunits into the D1-state map suggested that the YV-pincer of the left-hand, 
bottom R-state gap-subunit is translated upwards relative to the preceding 
subunit, whilst the R-state gap closes. This would require a trans-interaction of 
the gap-subunit R625-finger with ATP bound by its preceding, left-hand 
neighbor. Similar rigid body fitting into the D2-state map suggested that the next 
left-hand subunit is translated upwards by a similar mechanism (fig. S11). 
Subsequent conformational rearrangements that are required for reaching a P-
state would involve translating the next two subunits downwards and grab the 
substrate protein. All these rearrangements are probably fast and dependent on 
ATP hydrolysis, since the D1- and D2-states were only observed in the presence 
of ATPγS. 
The structures suggest that cyclic interconversions between P1- and P2-states 
drive substrate protein translocation by two amino acids per interconversion. 
This process requires the topmost YV-pincer to release the substrate protein 
strand, move downwards and then reattach at the bottom of the A-tunnel in a 
hand-over-hand mechanism that was proposed for bacterial Lon protease (18) 
and VAT (37) (a T. acidophylum AAA+ unfoldase). The five different P-states we 
present here, indicate an ATPase-dependent allosteric mechanism with cyclic 
threefold interconversions of states and sixfold interconversions of A-domain 
conformations (fig. 8, movies M1 and M2). Below, we discuss how the cyclic 
interconversion of P1- and P2-states may be regulated by ATP exchange and 
hydrolysis. 
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Figure 8. Diagram of the LonP1’s catalytic cycle. The A-domains and their helical 
arrangement are represented by cylindrical wedges with the bound nucleotide as 
indicated; the even-numbered subunits with a straight linker helix are shaded. A-
domains in the left-handed, right-handed and seam subunit conformation are in blue, 
yellow and green, respectively. The tilt of the N-domain assembly is indicated by a grey 
triangular prism. The stretched-out substrate protein in the A-tunnel is represented by 
a solid black line. The upwards translocation of the substrate protein in the P1c-to-P2 
and the P2-to-P1a transitions is indicated with a solid arrow. Domain movements are 
indicated with white arrows. The central cycle indicates the cyclical transitions between 
the P1- and P2-states. The peripheral bottom and left cycles indicate the transitions 
within the P1 and the P2 states, respectively. 
 
Transition of the P1a- to the P1b-state requires the YV-pincer of subunit 5 (the 
first seam subunit) to release the substrate protein at the top of the A-tunnel. 
This transition is induced by ATP hydrolysis at subunit 4. ATP hydrolysis at 
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subunit 4 is likely facilitated by the trans-acting D612/E615-loop of subunit 5 
that in the P1a-state has moved towards subunit 4’s γ-phosphate (fig. S7). ATP 
hydrolysis releases the R652-finger of subunit 5 from the γ-phosphate moiety of 
nucleotide at subunit 4, allowing the downward motion of both seam subunits 
and concomitant release of the protein substrate by the YV-pincer of subunit 5. 
We propose ATP hydrolysis to be the rate limiting step in the P1a-to-P1b 
transition, since the P1a- (and P2a-states) could only be observed upon 
incubation with ATPγS, which hydrolyses 200 times more slowly than ATP. 
Subsequent P1b-to-P1c transition results in a further downward movement of 
both seam subunits. We propose that this transition is facilitated by ADP/ATP 
exchange at subunit 5, because this subunit shows density of ADP in the P1b-
state, ADP or mixed ADP/ATP occupancy in the P1b-state and ATP in the P1c-
state. 

Transition from the P1c- to the P2a-state would require seam subunit 6 to adopt 
the T-conformation, whilst the subunits 4 and 5 switch to the D-conformation 
and the S-conformation, respectively. This rearrangement would allow the γ-
phosphate of subunit 6 to interact with the R652-finger of the subunit 1, 
stabilizing the A-domain of the subunit 6 in the T-conformation. The pore-loop1 
of subunit 6 is located at the bottom of the A-tunnel. Here, its YV-pincer grabs 
the extended substrate protein chain, and its A-domain takes on the T-
conformation and an orientation that is very similar to the A-domain of subunit 
1 in the P1-states. These structural rearrangements result in an upward 
movement of the pore-loop1 motifs of subunits 1 to 4 relative to the N-domain 
assembly, pulling up the extended substrate protein chain grabbed by their YV-
pincers. Since neither ATP hydrolysis nor ADP/ATP exchange appear to occur in 
the P1c-to-P2a transition, we propose that partial unfolding of the substrate 
protein is the rate limiting step. 

A similar set of conversions reverts the P2-state to the P1-state, but now subunits 
3 and 4 are the seam subunits. This transition has a critical implication for the 
orientation of the N-domain assembly. Because the orientation of the N-domain 
assembly relative to the A-domains is linked to the position of seam subunits in 
the P1a-state, the threefold axis of the N-domain assembly must tilt from subunit 
4 towards subunit 2. Thus, the mechanism we propose is characterized by a 
sixfold cyclical transition of A-domain conformations and a threefold cyclical 
interconversion of P1- and P2-states. 

The proposed mechanism may explain the structural variability of the N-domain 
assembly, that is witnessed by its relatively poor resolution (fig. S2 and S4). Our 
data indicate that the N-domain assembly binds the folded part of the substrate 
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protein, and that its extended terminal strand is threaded thought the N-cavity 
and A-tunnel, where it is held (fig. 3C, fig. 5). Thermally driven large-amplitude 
motions of the N-domains would subject the folded part of the substrate protein 
to a wide spectrum of pulling forces. This would increase the probability that 
residues preceding the extended substrate protein strand unfold. Subsequent 
relaxation of the N-domain assembly would reduce the tension on the unfolded 
strand. This would either allow refolding or the A-domains to reel in the slack by 
means of the proposed catalytic cycle. 
We propose that LonP1 functions as a Brownian, or Feynman–Smoluchowski 
ratchet (38, 39). Such a device uses random, thermal fluctuations for generating 
unidirectional motion or force, by impeding the reverse fluctuation, very much 
like a pawl blocks a ratchet from rotating backwards. Feynman showed that 
blocking this reversal requires energy. In LonP1, reversal would be blocked by 
the conformational changes that follow ATP hydrolysis. ATP hydrolysis upon 
substrate protein translocation must be fast compared to other catalytic steps, 
since the P1a- and P2a-states that we propose immediately follow translocation, 
could only be observed in the presence of the slowly hydrolyzing ATPγS. We 
propose that ATP hydrolysis is triggered by substrate protein translocation and 
that other Lon proteases share this mechanism. Our data indicate that ADP/ATP 
exchange by the first seam subunit occurs prior to protein substrate translocation 
in the transit from the P1a- to the P1c-state and from the P2a- to the P2c-state. 
However, our data do not establish whether this ADP/ATP exchange speeds up 
unfolding through a power stroke. We must consider this possibility since a 
ratchet mechanism does not exclude a power stroke. However, a power stroke 
may not be required if the observed flexibility of the N-domains would be 
amplifying the effect of thermal vibrations on unfolding of the substrate protein. 
LonP1’s many active states would allow controlling its activity by effectors like 
specific DNA or RNA sequences, that could act by stabilizing or inducing specific 
states and/or rigidify the N-domains. Such processes may be essential for 
explaining why and how LonP1 can fulfill its role as a central hub in regulating 
mitochondrial health. 

Materials and Methods 

Cloning, protein isolation and purification 

The human LONP1 gene (wild-type) and LONP1 mutants (K529R, E591Q, 
E801A, T803V, E812A, H841F, H843F and S855A) after the signal sequence 
(amino acids 125 to 959) were codon optimized and cloned into a pET11a 
expression vector with an N-terminal hexa-histidine tag, leaving two extra GS 
residues between the tag and the M125 residue (GenScript). Wild-type and the 
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associated LonP1 mutants were expressed in BL21 (DE3) E. Coli strain that was 
cultured in 2XYT medium at 37°C and was induced overnight with 0.4 – 1.0 mM 
IPTG at 18°C. All the subsequent steps of purification were done in batch mode 
at 4°C. The filtered cellular lysate (in buffer A: 50 mM HEPES, 300 mM NaCl, 10 
mM MgCl2, 20 mM imidazole, 10% (v/v) glycerol, 2 mM β-mercaptoethanol, 
Roche-protease inhibitor cocktail, pH 7.5) after sonication and centrifugation 
was incubated with Ni-NTA slurry for 60 minutes or overnight for binding. 
Sequential washes with high salt buffer (buffer A with 0.5 M NaCl, no imidazole) 
followed by imidazole buffer (50 mM HEPES, 150 mM NaCl, 10 mM MgCl2, 40 
mM imidazole, 10% (v/v) glycerol, 2 mM β-mercaptoethanol) were performed to 
reduce contaminants. The protein was eluted with a step gradient of imidazole 
from 0.2 M to 0.4 M imidazole in buffer A containing 150 mM NaCl. Based on 
the purity from SDS-PAGE, the eluted fractions were subsequently passed 
through a QFF-Anion exchange column, or directly on the size exclusion 
Superose 6 Increase 10/300 GL column (figure S12). The pure fractions were 
pooled, snap-frozen and stored at -80°C for later functional and biochemical 
studies. To limit aggregation during cryo-EM grid preparation, LonP1-grids were 
prepared on the same day without freeze-thaw cycle. 
The specific substrate protein of Lon, TFAM (Addgene plasmid #34705, 
Human_TFAM_NoMTS_pET28 was a gift from David Chan) was expressed and 
purified following a published protocol (8). The protein was stored in 10% (v/v) 
glycerol at -80°C. 

ATPase assay 

The ATPase activity of wild-type LonP1 and its mutants was measured with 
ATPase/GTPase activity assay kit (Sigma-Aldrich, USA, product: MAK113) as per 
the manufacturer’s protocol. The reaction mixture (containing 100 nM 
protease/mutant enzyme; either 2 or 100 nM FITC-casein or 100 nM TFAM 
protein substrate and 1 mM ATP) was incubated in the ATPase buffer (20 mM 
HEPES, 100 mM NaCl, 10 mM MgCl2, 0,1 mM EDTA, 1 mM β-mercaptoethanol, 
10 % glycerol, pH 7.8) for 30 min at room temperature, and then the reaction 
was stopped with the addition of malachite green. Finally, the absorbance at 620 
nm was measured after a waiting time of 30 min with a Tecan Spark® Multimode 
Plate-reader. All the measurements were performed in triplicate (three 
independent measurements) in 96-well plates for the accurate analysis. 

Protease assay 

The proteolytic activity was analyzed with a constant amount of 2 nM of FITC-
casein as protein substrate in the reaction mixture containing wild-type LonP1 
or the corresponding mutants (100 nM) and ATP (1 mM). All the measurements 
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were done in triplicates (from three independent assays) at RT in 96-well 
microplates for fluorescence-based assays (Invitrogen, REF M33089). 

Mass spectrometry 

MS was employed as a sensitive tool to accurately determine the proteolytic 
activity of LonP1 and its mutants in vitro. Essentially, 1 µM of the wild-type and 
protease mutant protein were incubated with 1 µM of FITC-casein for 3 hours at 
room temperature in the reaction buffer (20 mM HEPES, 100 mM NaCl, 10 mM 
MgCl2, 0,1 mM EDTA, 1 mM β-mercaptoethanol, 10 % glycerol, pH 7.8, 5 mM 
ATP or 5 mM ADP). The end-products (peptides) of the reaction were separated 
through a 30 kDa cut-off filter (Amicon® Ultra-0.5 mL Ultracel®) to collect the 
flow-through and were mixed with 1 µL of 5 % TFA. Finally, the peptides were 
subjected to mass spectrometry and analyzed using Mascot (Matrix Science, 
London, UK; version 2.4.1) assuming a non-specific digestive enzyme. Protein 
probabilities were assigned by the Protein Prophet algorithm (40, 41) and were 
annotated with GO terms from NCBI (42). All the subsequent peptide coverage 
(in %) were stated in table S2. CLUSTALW (43) was used for the multiple 
sequence alignment of the human LonP1 and their related homologs. 

Grid preparation and data acquisition for cryo-electron microscopy 

For datasets I and II, 3.5 µL of wild-type LonP1 (∼0.7 mg/ml in 20 mM HEPES, 
100 mM NaCl, 10 mM MgCl2, 1 mM β-mercaptoethanol, pH 7.5) was applied 
onto glow discharged 300 mesh Lacey carbon grids. Prior to freezing, either 1 
mM AMPPCP (dataset II) or 1 mM ADP-ATP mix (dataset I) was added, and the 
protein sample was incubated for 10 minutes on ice. The grids were plunge-
frozen in liquid ethane after blotting away excess sample for 3 s under 100 % 
relative humidity conditions, using a Vitrobot IV (Thermo Fisher Scientific) that 
was maintained at 10°C. For dataset III, LonP1was mixed with TFAM at 1:2 
molar ratio (final concentration ∼ 0.5 mg/ml) in the presence of 1 mM ATPγS for 
5 min prior to Vitrobot freezing on 300 mesh R 2/2 Quantifoil copper grids 
(Electron Microscopy Sciences). All three datasets were collected on a FEI Titan 
Krios TEM with a GATAN post column energy filter (20 eV zero-loss filtering) 
operating at 300 kV. 

For datasets I and II, super-resolution movies of 40 frames were acquired in 
microprobe mode using a Gatan K2 summit detector, whereas for dataset III, it 
was operated in counting mode (table 1). All the movies were acquired using the 
SerialEM software package and were then preprocessed for pruning in FOCUS 
(44) during data acquisition. Briefly, the super-resolution movies were clipped 
and binned 2X with the aid of IMOD and Frealign packages respectively. 
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MotionCor2 (45) was used to align and correct the frames with an approximate 
dose weighting. The contrast transfer function (CTF) was estimated with 
CTFFIND4 (46) on the non-dose weighted aligned movie frames. Micrographs 
with lower CTF estimation (less than 7 Å) values, large beam-induced drifts and 
crystalline ice were excluded from further single particle analysis (47). 

Image processing and map generation 

For dataset I, the CTF defocus parameters of aligned averages from the movies 
were once again estimated with Gctf (Gctf_v1.06 and above). Roughly, 20,000 
reference-free particles (from 400 preselected micrographs) were picked with 
Gautomatch (K. Zhang, MRC LMB; https://www2.mrc-
lmb.cam.ac.uk/research/locally-developed-software/zhang-software) to 
perform three rounds of 2D classification in Relion (48–51). The best and well 
centered 2D averages were then low pass filtered to 20 Å and used as templates 
to pick the particles from the entire aligned averages that resulted in roughly 
400,000 particles. After 4 rounds of 2D classification, ∼280,000 particles were 
subjected to 3 rounds of 3D classification with either K=4 or 6 or 8 respectively. 
Two distinct classes (1, 2) and (3, 4) from the K=6 3D classification were selected 
based on the closing of the gap between the subunits. These were subjected to 
refinement and postprocessing in Relion. Particles belonging to these classes 1 
and 2 were processed again in CryoSPARC (52) with additional selection and 
pruning to exclude the bad particles. A total of 89,000 particles belonging to the 
open class were subjected to a final local-refinement in CryoSparc to yield an R-
sate at 3.7 Å resolution (FSC at 0.143 gold standard). However, the local 
refinement of closed classes (120,000 particles) did not show any improvement 
in the resolution or the map quality. The combined closed class1-2 particles were 
subjected to an additional focused 3D-classification (with Tau=10 and K=4) in 
Relion with a loose mask around the A- and protease domains, excluding the 
flexible N-domain. This resulted in three good classes with subtle differences 
either in the A- or A- and N-domains, and were named as P1b-, P1c- and P2-
states. To improve the resolution and map quality, these states were then 
subjected to non-uniform and local refinements in CryoSPARC to yield maps of 
P1b-, P1c- and P2-states at 3.9, 4.3 and 5.8 Å respectively. 
For Dataset II: 2D classes from dataset I were used as templates to pick particles 
that were subjected two rounds of 2D-classification in Relion, yielding 320,000 
particles. After two rounds of 3D-classification with K=4, particles belonging to 
class2 (∼ 126,000 particles) were selected for refinement and post-processing in 
Relion, resulting in a 4.23 Å R-state map (FSC at 0.143). Particles from this R-
state were once again pruned and selected in CryoSPARC after heterogenous 
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refinement, that resulted in a clean R-state (with 76,000 particles). Local 
refinement of this R-state improved the map to 3.75 Å (FSC at 0.143). 

For Dataset III: Following the same strategy as mentioned above for dataset II, 
a single processing state, P1a (78,000 particles) was obtained after a final 
refinement and postprocessing in Relion. This P1a-state was further subjected to 
focused classification (K=3) with a loose mask around the rigid A- and protease 
domain to yield a better resolved P1a-state (3.8 Å) and a low resolution mixed-
state map. Heterogeneous refinement in CryoSPARC with K=3 classes yielded 
the low-resolution docking states D1 and D2, and the P2a-state. 

The difference between the masked and unmasked FSC curves was mainly 
caused by the large box size we used (FSC curves in fig. S2, S3 & S4). Masking 
out the volume outside the LonP1 density therefore reduces the noise 
significantly, explaining why masking improved the FSC curves. Since LonP1 has 
an elongated structure, a spherical mask still encloses a substantial part of the 
box that does not correspond to LonP1 density, explaining the relatively limited 
improvement of the FSC curves upon imposing a spherical mask. All masks 
included the N-domains, which had a lower local resolution than the C-terminal 
domains. This explains the bimodal drop observed in several FSC curves: the first 
drop reflects the lower resolution of the N-domain density, the second drop 
corresponds to the C-domains. 

Model building, refinement, and analysis 

Models were built and refined using Coot (53), ChimeraX (54), and Phenix-1.18 
(55). Real space refinement included hydrogens to reduce potential clashes. 
Movies were calculated using ChimeraX, by interpolating between states. 
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Figure S1. Data collection and 3D density calculation of LonP1 in ADP/ATP. 
(i) Summary of the results obtained from dataset I, resulting in the R-, P1b-, P1c and 
P2c-states. A total of 4100 movies were resulted in ~370,000 full length LonP1 particles. 
After few rounds of 2D classification and pruning in Relion 2.1, a total of ~270,000 
particles were subjected to 3D classification. A sub-panel of 2D-class averages clearly 
show a threefold N- domain, as indicated with a red arrow. Two distinct classes named 
as ‘closed’ and ‘open’ were refined in Relion 3.0 and CryoSPARC2. The combined ‘closed’ 
particles after re- extraction and a final consensus refined map, yielded further three 
different maps (in yellow, P1b; pale pink, P1c and cyan, P2c colors) after an additional 
3D classification without alignment, with a soft mask around A- and protease domain. 
(The A- and protease soft mask was in pale brown). The map resolutions and the quality 
were further improved after iterative CTF refinements and particle polishing and from 
the average of 2-25 movie frames (~42 e/A2). The final maps from this dataset-1 were 
locally refined in CryoSPARC2 to build models in P1b- (31607 particles), P1c- (47634 
particles), P2c- (30708 particles) and R-states (82651 particles) respectively. (ii and iii) 
The local resolution maps (a) of P1b-, P1c-, P2c- and R-states with their respective 
angular distribution (c) and FSC curves (b). The N-domain in all the states has a 
resolution range from 8-12 Å resulting from the continuous flexibility. (iv) The final soft-
masks applied during the local refinement of R-, P1b- and P1c-states that included the 
N-domain.  
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Figure S1. Data collection and 3D density calculation of LonP1 in ADP/ATP. (i) 
Summary of the results obtained from dataset I, resulting in the R-, P1b-, P1c and P2c-states. 
A total of 4100 movies were resulted in ~370,000 full length LonP1 particles. After few 
rounds of 2D classification and pruning in Relion 2.1, a total of ~270,000 particles were 5 
subjected to 3D classification. A sub-panel of 2D-class averages clearly show a threefold N-
domain, as indicated with a red arrow. Two distinct classes named as ‘closed’ and ‘open’ 
were refined in Relion 3.0 and CryoSPARC2. The combined ‘closed’ particles after re-
extraction and a final consensus refined map, yielded further three different maps (in yellow, 
P1b; pale pink, P1c and cyan, P2c colors) after an additional 3D classification without 10 
alignment, with a soft mask around A- and protease domain. (The A- and protease soft mask 
was in pale brown). The map resolutions and the quality were further improved after iterative 
CTF refinements and particle polishing and from the average of 2-25 movie frames (~42 
e/A2). The final maps from this dataset-1 were locally refined in CryoSPARC2 to build 
models in P1b- (31607 particles), P1c- (47634 particles), P2c- (30708 particles) and R-states 15 
(82651 particles) respectively. (ii and iii) The local resolution maps (a) of P1b-, P1c-, P2c- 
and R-states with their respective angular distribution (c) and FSC curves (b). The N-domain 
in all the states has a resolution range from 8-12 Å resulting from the continuous flexibility. 
(iv) The final soft-masks applied during the local refinement of R-, P1b- and P1c-states that 
included the N-domain.  20 
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Figure S2. Data collection and 3D density calculation of LonP1 in AMPPCP. 
Summary  

of the results obtained from dataset II, resulting exclusively in the R-state after 
incubating 5 with the AMPPCP. A total of 79,850 particles underwent in the final 
refinement of the R-  

state. The local resolution map (c) shows regions with 3.6 Å in the A- and protease 
domains and 10-12 Å at the N-domain. (d) and (e) are the FSC and angular distribution 
plots of this R- state.  
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Figure S2. Data collection and 3D density calculation of LonP1 in AMPPCP. 
Summary of the results obtained from dataset II, resulting exclusively in the R-state 
after incubating 5 with the AMPPCP. A total of 79,850 particles underwent in the final 
refinement of the R-state. The local resolution map (c) shows regions with 3.6 Å in the 
A- and protease domains and 10-12 Å at the N-domain. (d) and (e) are the FSC and 
angular distribution plots of this R- state. 
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Figure S4. Fitting of the subdomain models and secondary structural 
elements into the EM density map. (A) The C-terminal α-helices of the N-domains 
could be recognized in the density, but not their side chains (top left). In better ordered 
parts of the maps, side chains could be localized (other panels). (B) Density of the N-
domains: the P1a-state is shown at two different contour levels. A high contour level 
(left) reveals the well-resolved features, specifically the A- and protease domains. The 
atomic model is also displayed, showing that the N-subunits do not fit into the well-
ordered density. However, when the contour level is reduced (right), also the more 
poorly ordered regions are revealed, and the location and orientation of the N-domain 
assembly becomes obvious. (C) Superimpositions of the structured parts of N-domain 
models generated by SWISSMODEL (orange), ITASSER (pink) and AlphaFold (cyan) 
show all models share the same fold and molecular shape.  
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Figure S5. Rigid body movements of the LonP1 subdomains during the 
structural transition from P1- to P2-state. (A) Superimposition of the first seam 
subunit (in the D- conformation; blue), the second seam subunit (in green) and the first 
subunit (in the T- conformation; yellow). The first seam subunit in the P1a- and P1c sub-
states is an odd (S1) subunit, whereas it is an even (S6) subunit in P2c. During structural 
transition from P1a- to P1c-substate, the protease domain of first seam subunit S5 (in 
blue) tilts by 20o along the pseudo threefold axis. (B) shows the perfect structural 
alignment of the protease and A- domains between the P1c- and P2c-substate, that were 
superimposed on their α-subdomains.The bold color representation depicts the 
subunits from P2c-substate and the light color show the corresponding subunits in P1c-
substate. Except for orientation of the N-domain, the P2c- substate is very close match 
to the P1c-substate. (C) shows the zoomed view of the movement of protease domain 
during the ATP hydrolysis and exchange from P1a- to P1c- substate. The S5 seam subunit 
(in blue) of P1a-state (i.e., ADP bound) is in very close proximity to the P-loop of the 
nucleotide binding pocket. Whereas the S4 subunit (in yellow), which is still ATPγS 
bound in the P1a-state was 10-12 Å away. Upon ATP hydrolysis on the S4 subunit in P1c-
substate, the β-hairpin loop of the protease domain moves close to the p- loop, as 
represented in the right panel (C). The orientations relative to the A-domains of the 
protease domains of seam subunits S5 of P1a-, S4 of P1c- and of the R-state subunits in 
the D-conformation differ less than 1 Å RMSD and are represented here in blue. The P1-
state subunits S1 to S3 are depicted in light yellow color.  
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Figure S6. Interfaces between the A-domains of LonP1 as a function of 
processing state (columns) and subunit number (rows). The helical subunits 
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(1-4) are in yellow and the two seam subunits 5 and 6 in blue and green, respectively. In 
each panel, the α/β-subdomain of the left-hand A-domain is an identical orientation 
towards the viewer, and its bound nucleotide is shown. Since the helical subunit pairs 
all have very similar interfaces, only the subunit 1/2 pair is shown for each of the P-states 
(cf. the first row). The outward tilt of the α- subdomain of the first seam subunit 5 
compared to the interface of the helical subunits is indicated by a curved arrow in the 
P1a-state subunit 4/5 pair (column 1, row 2). The downward tilt in the second seam 
subunit 6 of the subunit 5/6 pair is also indicated by a curved arrow (column 1, row 3). 
The downwards motions of the seam subunits relative to the helical subunits are 
indicated by straight arrows in columns 2 and 3, rows 2 and 4. The release of the first 
seam subunit from the last helical subunit due to ATP hydrolysis and concomitant 
relaxation of the R652-finger in the P1c-state is indicated by a dashed circle (column 3, 
row 2). The interfaces of the helical subunits are commensurate with a right-handed 
helical rise (i.e., the subunit to the left is slightly lower than the righthand subunit). 
Interfaces that involve at least one seam subunit are unique and especially the 5-to-6- 
and 6- to-1 interfaces demonstrate a strong local left-handed helical rise to compensate 
for the righthand helical rise of the non-seam subunits (i.e., the subunit to the left is 
higher than the righthand subunit).  

 
Figure S8. Trans-interactions with nucleotides in the P1a-state. The loop with 
the transacting R652-finger interact with the ATP γ-phosphate of the neighboring 
subunit (in P20 conformation subunits, top-left panel), but when ADP is bound (as in 
seam subunits or in the R-state, lower left panels), this interaction does not occur. Only 
for D-subunit bound ATP in the P1a-state, does the trans-D612/E614 loop of the S5-
subunit approach sufficiently to allow triggering of ATP hydrolysis (top right panel). In 
seam subunits, the trans-D612/E614 loop has fully withdrawn (lower right panels).  
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Figure S12. Purification of LonP1. (A) SEC-MALS profile and the SDS-PAGE gel of 
the peak fraction. The elution volume and the estimated molecular mass of the purified 
and homogenous peak were 13.0 ml and 650 kDa respectively (from Superose 6 10/30 
column,GE healthcare). The bands in (B) shows a single monomer LonP1 near 100 kDa 
marker and the non-boiled sample indicates a faint band between 200 and 250 kDa.  
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its interacting partner CCT 
 
 
A part of the following chapter was reproduced from the Masters Thesis from 
Amanda Santos Kron, University of Basel, 2017 
 
 
 
 
 
 
 
 
 
 
 
 
  



Human Prefoldin 
 

 120 

  



Human Prefoldin 
 

 121 

Abstract  
 
Human Prefoldin (PFD) is an ATP-independent chaperone involved in 
maintaining the eukaryotic proteostasis. Prefoldin rather acts as an holdase to 
assist the exiting translated polypeptide from the ribosome to the chaperonin 
complexes.  PFD recognizes and binds specific signal motifs from the translating 
β-actin and α-/β-tubulin for a guided delivery to the Chaperonin Containing 
TCP-1, CCT (also referred to as TRiC or c-cpn) molecule to complete the folding 
process. In-vivo and in-vitro studies demonstrated that the disruption of PFD-
CCT association leads to the accumulation of amyloidogenic proteins that are 
toxic to the cell. This chapter deals towards the structural characterization of 
human prefoldin and attempts to reconstitute in a complex with either CCT. Here 
we report the purification and successful reconstitution of hetero-hexameric 
prefoldin; isolation of endogenous human CCT complex from Hela cells.  
 
Till now, no high-resolution structure of human PFD is available, and is the main 
focus of this chapter. The six subunits of eukaryotic PFD all have a different 
sequence and can be categorized into two related classes of subunits (α and β), 
derived from their archaeal homolog, which has only one representative of each 
class. Our results show that PFD complex could be reconstituted from an 
equimolar mixture of six different subunits. Additionally, some of the subunits 
of PFD, like PFD1, PFD2, PFD3 and PFD6 can form stable subcomplexes with 
different stoichiometry. Our Cryo-EM structure of human prefoldin at mid-
resolutions (between 6 and 8 Å) display relatively large movements within the 
coiled coil finger like domains, that might explain its substrate specific 
interactions. 
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3.0 Introduction 
 
 
3.1 Prefoldin and its interacting partners 
 
Proteins are the unequivocal molecular machines that perform a plethora of vital 
cellular functions. Most of the times, the functionality of the proteins is 
compromised because of its inability to fold into proper three-dimensional 
structure. Hence, cells were evolved and developed a robust molecular 
machinery to rectify the unfolding nature of the translated polypeptides, and 
termed them as chaperones1234. Chaperones can act directly on the nascent 
polypeptide chains or an aggregated species within the cell to attenuate the 
lethality of a misfolded proteins. Often times, many of these chaperones assist in 
proper folding by harnessing the energy currency of the cell, the ATP. 
 
Prefoldin (PFD) or GimC (Genes involved in microtubule Complex biogenesis 
in yeast) were first identified independently in mammalian and Yeast cells. They 
were found to help in the polymer assembly of the cytoskeletal proteins like actin 
and tubulin 56. Eukaryotic prefoldin functions as nearly a 100 KDa 
heterohexamer of six different subunits, that were grouped into distinct 
subtypes, namely a and b. The primary function of PFD is to assist the folding 
processes of the proteins by delivering them to the group II chaperonins like CCT 
or TRiC (Chaperonin Containing T-complex)4,7–9. The archaeal homolog of PFD 
consists of only two different subunits representing each subtype. The X-ray 
structure of PFD from Methanobacterium thermoautotrophicum was made up 
of two evolutionarily conserved subunits, PFDa and PFDb. The functional 
assembly is composed of two copies of a and four copies of b, in which the N- and 
the C-terminal domains forms a characteristic coiled-coil structures, that 
resembles the tentacles of a jellyfish. The a-subunits form the core of the 
heterohexamer, that is flanked by the b-subunits4,10.   
 
PFDa and PFDb subunits of the eukaryotic prefoldin have divergently evolved 
into six different homologous subunits. For example, PFDa have evolved to PFD3 
and PFD5; whereas PFDb into four subunits, PFD1, PFD2, PFD4 and PFD6. All 
these six subunits are arranged in the same canonical jellyfish-like arrangement 
with a-subunits, PFD3 and PFD5 forming the central core. Each a-subunit 
interacts with two copies of the PFDb subunits.  
In different biochemical milieu, PFD2 and PFD6 forms PFD-like complex in 
association with other proteins. Low-resolution Cryo-EM studies of the 
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eukaryotic prefoldin in association with CCT complex revealed the same jelly-
fish like configuration, that sits at the apex of the CCT4,8,11.  
 
The functional role of PFD was first discovered in yeast S. cerevisiae, where the 
deletion of GIM genes (genes involved in microtubule biogenesis) lead to 
reduced levels of a-tubulin that had serious cytoskeleton malfunctions. 
Simultaneously, other related studies in mammalian PFD has been directly 
related to the efficient folding of actin and tubulin proteins. PFD binds to the 
nascent polypeptides that are exiting from the ribosomes, and assist in delivering 
to the group-II chaperonins, CCT4. Association of PFD with b-actin and a/b-
tubulin seems to increase the solubility of these otherwise disordered-native 
proteins in cytosol. Therefore, in some sense PFD rather act as a ‘holdase’, that 
tries to guide the polypeptide into the CCT chamber for final folding process. The 
holdase activity of PFD on the newly synthesized proteins do not require ATP for 
its function. 
 
The crucial understanding of the role of PFD came from an elegant study by 
Hansen and coworkers, in which the co-translating and growing b-actin can bind 
to PFD after 145 amino acids had been synthesized and exited from the ribosome 
tunnel4,7,8. However, for tubulin this limit is about 250 amino acids. This was a 
substantial evidence for the co-translating protein homeostasis in cells. Actin 
and tubulin proteins are non-homologous in comparison, but the truncation 
experiments suggested that both these cytoskeletal proteins contain inherent 
PFD-specific sequences12. However, the completely folded actin fails to form any 
complex with PFD, indicating that the PFD-binding sequences were buried in the 
functional native actin. Therefore, the interaction of PFD with actin occurs at 
pre-folding steps, that is important in maintaining the solubility in the cytosol. 
The low-resolution structures of PFD-actin complex have demonstrated that the 
substrate remained in the central cavity of the coiled-coil features. Whereas, the 
archaeal cytoskeletal proteins seem to contact the tips of the tentacle-like 
structurers. This demonstrate a different mechanism exist between the archaeal 
and eukaryotic PFD-cytoskeletal interactions.  
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Figure 1: (A) represents the stoichiometric arrangement of archaeal and 
eukaryotic a and b subunits. (B) Crystal structure of prefoldin from 
Methanobacterium thermoautotrophicum (PDB:1FXK). 
 
 
 
The six different subunits of PFD readily form a heterohexamer in-vitro. The in-
vivo studies, to a large extent demonstrate that the PFD acts as a holdase to direct 
the newly synthesized proteins to CCT. This role of PFD is essential as it 
discriminates and selects actin and tubulin proteins from other intrinsically 
disordered and aggregated prone proteins. Otherwise, these aggregated and 
unfolded proteins are the targets of protein degrading machines, which will clear 
the protein from cytoplasm. Nevertheless, actin and tubulin are the two major 
binding partners of PFD, it has been suggested that the PFD might act on other 
amyloidogenic proteins to reduce the rate of aggregation. Additionally, 
overexpression of PFD in proteasome-inhibited Hela cells have diminished the 
aggregation and accumulation of proteins. In other cases, the PFD knock down 
cells show increased amounts of the ubiquitinated proteins, that were lethal to 
cell survival4,13–15. The above-mentioned studies point out the role of PFD as an 
important holdase in the protein quality control network. Apart from the 
cytoskeletal functions, individual subunits of PFD, when they are not associated 
as hexameric complex, may act as transcription factors16. For example, PFD3, 
also known as VBP1 (Von Hippel-Lindau binding protein1) ubiquitinate HIV 
integrase protein for the targeted proteasomal degradation1718. 

Prefoldin (PFD) 
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The high-resolution structure of eukaryotic heterohexamer remained elusive to 
better understand the holdase activity of PFD in the context of cytoskeletal 
protein folding. Here, we try to make attempts to structurally characterize the 
human prefoldin, either alone or in association with CCT or other amyloidogenic 
proteins.       
 
 
3.2 CCT (Chaperonin Containing TCP-1 or TRiC) 
 
CCT or TRiC is one of the major chaperones of an elaborate network of protein 
control systems that assist the folding of endogenous proteins. These are ATP-
dependent molecular assemblies of about 1 Mega-Dalton that are essential to 
maintain the cell viability. CCT, roughly accounts for 10 % of the cellular protein 
folding capacity of either co-translated or post-translated proteins. In 
association with other chaperones like HSP70 (Heat Shock Protein 70) and PFD, 
CCT folds the essential cytoskeletal proteins actin and tubulin11,19–23. The 
mammalian CCT was also involved in preventing the cytotoxic aggregation-
prone amyloid proteins, that were linked to neurodegenerative disorders. 
Remarkably, the CCT substrates are very specific that the other chaperone 
proteins fail to fold to its native structures.  
 
Group II chaperonins like CCT are composed of two rings, each with eight 
different subunits24–29. Each ring created a large internal chamber for the protein 
during folding process. Each of the eight subunits in the ring has an equatorial 
domain that binds ATP, an apical domain that binds the unfolded substrate 
protein and an intermediate domain for allosteric coordination that transmits 
the nucleotide dependent conformational changes20,30–33. Additionally, the 
apical loops (of the apical domain) from all the eight subunits constitute to form 
the lid domain, which is open in the nucleotide-free state. Upon ATP binding and 
subsequent hydrolysis, this lid domain closes to sequestered the unfolded 
protein into the central chamber for the folding process to proceed. These eight 
subunits are evolutionary conserved with 27-39% of sequence identity. Whereas, 
the bacterial and archaeal chaperonins are made up of either one or three 
different but related subunits. Orthologs of the different subunits of the 
eukaryotic CCTs from different species are more similar than the paralogs within 
a single species. This divergent evolution among the eight different subunits can 
be attributed to the diversification in substrate binding. For example, distinct 
subsets of CCT subunits recognize actin, tubulin, Huntington and the von 
Hippel-Lindau tumor suppressor proteins via specific motifs23,30,34–37. This 
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specific substrate promotes direct interaction with proteins to fold effectively. 
Also, the complex architecture of the CCT complex has evolved to unfold some of 
the aggregation-prone eukaryotic proteins with distinct topologies. 
 
Although the CCT complex works alone in the folding of substrates, but the in-
vivo experiments demonstrated the cooperative behavior of HSP70 and PFD for 
the efficient folding of specific protein substrates. PFD, as an holdase passively 
assist in directing and maintaining the solubility of the actin and tubulin before 
delivering it to CCT chaperonin. This part of the thesis is a preliminary approach 
towards the structural understanding of either the PFD or reconstituted CCT and 
PFD in-vitro. Here, we were successful in isolating the endogenous CCT complex 
from the Hela cells and try to optimize the CCT-PFD interactions. 
 
  

 
 
 
Figure 2: Crystal structure of Thermosome, a group II chaperonin 
(PDB:1Q3Q and 3IYF), showing two conformations, open and closed. 
Referred from Yohei et al 2016. 
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3.3 Reconstitution of hetero-hexameric prefoldin 
 
 
3.3.1  Normalized cell lysis suspension of different 
PFD subunits yields non-reproducible results 
 
Earlier studies of prefoldin isolation have demonstrated the readily formation of 
PFD complex when mixed stoichiometrically. Hence initial attempts were made 
to combine the normalized cell suspension of each prefoldin subunit that was 
heterologously and separately expressed in E. Coli. The combined cell 
suspension was purified on Ni-NTA column and polished with size exclusion 
chromatography. The two elution fractions, E1 and E2 from the IMAC column 
shows different stoichiometric arrangement, that was evident from the SEC 
chromatograms with two different elution volumes of 12.7 and 12.1 ml 
respectively. These initial results indicated either partial or sub stoichiometric 
complex formation. To further asses the folding and hexameric assembly 
respectively, the purified PFD complex was subjected to CD spectroscopy and 
cross-linking experiments. The CD data clearly indicated the characteristic 
helical coiled-coil fold, with two negative minima at 222 and 208 nm. The cross-
linking experiments show the increasing presence of the higher molecular bands 
corresponding to the hexamer arrangement. The SEC-MALS studies of two 
separate purification preparations resulted in three different results in 
estimating the molecular weights of the PFD assembly (94, 71 and 106 KDa), 
indicating the inconsistencies in the sample prep. We presume that either the 
individual subunits were not expressed at the same stoichiometric level or the 
subunits were not accessible as single protomers, which is required for a 
successful reconstitution. This was supported from the mass-spec experiment, 
where the amounts of individual subunits vary and not at their equimolar ratios. 
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Figure 3: (A) SDS-PAGE of the purification protocol of the above-mentioned 
preparation. (B) and (C) are the SEC elution chromatograms of the IMAC 
elution’s, elution 1 (100mM imidazole) and elution 2 (200mM imidazole). 

 

 
Figure 4: (A). SDS-PAGE of the cross linked prefoldin, that was tested at 0, 10 
and 20 minutes respectively. (B). CD spectra of the eluted prefoldin with 
characteristic two minima at 222 and 208 nm. (C) and (D) SEC-MALS elution 
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3. Results 
3.1 PFD reconstituted from co-purified subunits yields irreproducible 

heterocomplex formation 

3.1.1 Purification 
 
It has already been shown that PFD can self-assemble from its six individually purified 

subunits, each expressed as a recombinant protein, when provided in stoichiometrically 

equal amounts (Simons et al., 2004). Therefore the question was addressed whether 

combining the cell pastes of heterologously expressed subunits PFD 1 – 6 prior to lysis 

enables spontaneous complex assembly once the proteins are released into the soluble 

fraction. Hence a co-purification of subunits from the combined cell lysate was attempted 

rather then purifying each subunit individually before reconstitution.  

Indeed PFD could be purified with a satisfactory yield using the described two-step 

chromatography protocol of IMAC followed by gel filtration. Protein eluted from a step-

gradient of Imidazole as relatively pure fraction from IMAC (fig. 6A). As the molecular weight 

(MW) of the PFD subunits in the reconstituted complex are quite similar (see table 1), not all 

six subunits are visibly resolved on SDS-PAGE. To assess whether the protein obtained 

from IMAC is in complex form, elution fractions 1 and 2 were loaded on to a Superdex 200 

(GE Healthcare) gel filtration column. Both fractions showed a single peak on the 

chromatogram, with different elution volumes of 12.7 and 12.4 respectively (fig. 6B&C), 

indicating possible complex formation of either full or partial reconstitution.  

   
Figure 6: (A) SDS-PAGE of the IMAC purification step. Impurities were well removed with three washes of 

increasing Imidazole concentration (10 – 40 mM) and the protein was successfully eluted with an Imidazole 

step-gradient (Elution 1 = 100 mM, Elution 2 = 200 mM, Elution 3 = 300 mM). The complex can’t be 
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resolved into six distinct bands for each subunit, as molecular weights are almost equal. The faint band at 

15 kDa corresponds to PFD 1. (B) SEC profile of Elution 1 and (C) Elution 2. The complex formed, elutes 

as a single peak from the Superdex 200 gel filtration column. Peak elution volume, which is different for 

Elution1 & 2, is stated above the graph. Elution 1 was used for further experiments.  
 

3.1.2 Biochemical and biophysical characterisation of PFD complex 
 

To assess if the complex formed from the co-purified subunits is hexameric, crosslinking the 

subunits in close proximity would identify the number of interacting partners. The SDS-PAGE 

gel in fig. 7A indeed clearly showed six bands indicating the complex eluted from the SEC 

column is hexameric. The obtained PFD appears to be in a native and folded state as 

indicated by the measured CD spectrum of the complex, which exhibited two negative 

minima at 222 nm and 208 nm (fig. 7B), characteristic of a protein containing α-helices.  

Further SEC-MALS was performed to assess the oligomeric state and MW of the protein. 

PFD run on two different sized Superdex 200 columns yielded results that were not 

reproducible and the calculated MWs differ in more than 10%, with once a MW of 94.1 kDa 

and second a MW of 71 kDa for the main peak (expected MW of PFD: 105 kDa, fig. 7C&D).  

Although cross-linking data suggested the assembly of a hexamer, the experimentally 

assessed MW of less than 100 kDa by SEC-MALS did not confirm this assumption. 

Somehow PFD reconstitution seems to be inconsistent.  
 

 
Figure 7: (A) SDS-PAGE showing cross-linked protein species. Values at the bottom stand for incubation 

time in minutes with the crosslinking reagent. Six bands can be counted at the time point 20’, with the 

highest band being above 100 kDa. (B) CD spectra of the obtained PFD complex with two minima at 222 

nm and 208 nm. 
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Figure 7: (C) SEC-MALS of PFD on a 3 ml column versus (D) a 24 ml column. Weight-averaged molar 

mass (Mw) across centre of peak at half-height for graph (C) is 94.1 kDa. In (D) some dissociation of the 

complex occurred, giving rise to a later eluting Peak 1 with MW of 71 kDa. Peak 2 has a calculated MW of 

106 kDa. Blue Line = Normalised Differential Refractive Index, Red Line = Normalised Rayleigh Ratio (Light 

Scattering) and Green Line = Molar mass. Expected MW of the PFD complex is 105 kDa.  
 

3.2 All six individually purified PFD subunits self-assemble into a 
hexameric complex 

3.2.1 Expression test 
 

The oligomeric state of the complex generated from co-purified subunits assessed by cross-

linking experiment was not in agreement with the data obtained by SEC-MALS, indicating 

reconstitution deviations. To improve reproducibility, the subunits were purified individually 

and combined in equimolar ratio to ensure complete reconstitution of all six PFD subunits. 

For this purpose all subunits were cloned into a vector harbouring a N-terminal His-tag (see 

table 3) for separate purification.  

PFD 1 & 3 were cloned into a pETtrx_1a vector, which has Thioredoxin (Trx) as a fusion tag 

to enhance solubility, since those two subunits tend to form inclusion bodies during 

expression (Simons et al., 2004).  

An expression test was conducted in order to estimate the amount of soluble protein for 

every subunit. PFD subunits 1 – 6 were all present as overexpressed proteins in the soluble 

fraction (s/n) (fig. 8A). A good part of PFD 1 and 3 still formed inclusion bodies (p) even 

though they harboured the Trx-Carrier (fig. 8A).  
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profiles of PFD on 3 ml and 24 ml columns, showing two different measured 
molecular weights: 71 and 94 KDa respectively. From (Amanda Santos Kron, 
2017 Master Thesis). 
 
3.3.2  Separate expression and purification of 
individual subunits for reconstitution 
 
All the six PFD subunits that were expressed individually in E. Coli contain 
protein in their soluble fractions except for PFD1 and PFD3. Several attempts to 
improve the solubility of PFD1 and PFD3 with modified Trx-enahncer carrier 
could not yield to fruitful expression levels. Only PFD1 with Trx carrier show 
reasonable levels in the soluble fraction, and the PFD3-Trx was still in the 
inclusion bodies. Additionally, the relatively small amount of PFD3 from the 
soluble fraction forms higher homo-oligomeric species, that was eluted at the 
void volume on the SEC column. Interestingly, some of the purified individual 
prefoldin subunits form a mixture of low to high range oligomeric species among 
themselves. Except PFD1, PFD4 and PFD5, all other prefoldin subunits (PFD2, 
PFD3 and PFD6) contain a heterogenous mixture of homo-oligomeric species. 
The SDS-PAGE of the eluted fractions of PFD2, PFD3 and PFD6 show a single 
band, but the SEC chromatograms of these preparations have a range of elution 
volumes. So, in order to bring these different species as monodisperse single 
protomeric constituents, the individually purified proteins were subjected to 
incubation in 2M urea for 2 hours to disrupt the inter-subunit homo-
interactions. This was confirmed with the SEC profiles of six Urea/PFD subunits 
eluting as single monodisperse peaks, with more or less at the same elution 
volume.  
 
Additionally, the chemical cross-linking experiments demonstrated the same 
behavior of the PFD-complex containing six subunits. Also, the question raised  
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Figure 5: Individual protein expression of six different prefoldin. PFD3 cannot 
be recovered in solution, although the Trx-carrier do not help the solubility. 
Nevertheless, all other prefoldin subunits expressed at good amounts and PFD1 
can be seen in the soluble fraction, after Trx-treatment. 
 

 
Figure 6: Gel filtration chromatograms of PFD1-6 (from left to right). The Red 
colored profiles are in absence of urea and the blue ones from 2M urea buffer. 
All the urea incubated PFD subunits eluted at approximately 14 ml. From 
(Amanda Santos Kron, 2017 Master Thesis). 
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Figure 9: Reasonably pure elution fractions of PFD 1 – 6 after IMAC. Negligible amount of protein is lost 

during the loading (flow-through) or the washing steps apart from PFD 2. PFD 1 & 3 run to about ~ 37 kDa 

due to the Trx-Carrier.  

 

 

TEV cleavage of the fusion proteins PFD 1 & 3 rendered tag-free protein at the expected 

molecular weight (fig. 10A). Pure PFD 1 eluted as a monodisperse peak from SEC (fig. 10B). 

The yield of PFD 3 was rather poor and it tended to aggregate as it eluted at the void volume 

(Vo) of the gel filtration column (fig 10B). However, a large fraction of PFD 3 was found to be 

in the inclusion bodies (fig. 10C), wherefrom though purification failed, as struggling with 

aggregation upon refolding for subsequent TEV cleavage (data not shown). Thus the old 

construct of PFD 3 (table 1) without a tag was used to obtain the protein from inclusion 

bodies (I.B.) where one didn’t need to struggle with refolding prior to TEV cleavage and the 

protein could be used directly from a urea-containing buffer for the subsequent 

reconstitution. From the old construct, PFD 3 was purified with satisfactory yield and purity 

(fig. 10D). 
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Figure 11: SEC profiles showing the PFD subunits 1 – 6 (from left to right) once without urea in the buffer 

(red) and once in the presence of urea (blue). Subunits that before eluted as multiple peaks (red) now show 

a monodisperse peak (blue) upon partial unfolding by urea eluting close to Ve ~ 14 ml.  
 

3.2.3 Reconstitution of the PFD complex 
 

Pure PFD subunits 1 – 6 (fig. 12A) combined in equimolar ratio successfully assembled into 

a complex (fig. 12B) when urea was slowly removed by dialysis.  

 

 
Figure 12: Reconstitution of the PFD complex. (A) Pure PFD subunits 1 – 6 in urea. (B) Typical SEC profile 

of the reconstituted complex after combining all subunits in equimolar ratios. Peak fractions contain the 

PFD complex. The complex can’t be resolved into six distinct bands for each subunit, as MWs of PFD 2 – 6 

are so similar.  
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Figure 7: Reconstitution of PFD after urea treatment. (A) are the isolated PFD 
subunits 1 to 6 after Ni-NTA purification, all showing significant amounts of 
protein. (B) SEC profile of the optimized purification with the fractions 
containing all the subunits, as viewed from the SDS-PAGE. 
 
 

 
Figure 8: (A): crosslinking of the Prefoldin. (B) SEC-MALS of the reconstituted 
complex. (C) CD spectra of the folded PFD complex after Urea treatment. The 
above results qualitatively evaluated the folding and complex formation. From 
(Amanda Santos Kron, 2017 Master Thesis).  
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3.2.4 Verification of the PFD complex 
 

Crosslinking should reveal if the complex assembled from its individually purified subunits 

combined in equimolar ratio is hexameric. Six bands are visible on the gel, indicating the 

formation of a hexamer (fig. 13A). A molecular weight of 111.1 kDa calculated by SEC-MALS 

fits well with the theoretical MW of PFD (expected MW of PFD: 109 kDa, fig. 13B). CD 

spectra of the PFD complex showed two negative minima at 208 and 222 nm, typical for a 

mostly α-helical protein (fig. 13C). These data obtained are more in favour of full complex 

reconstitution than the results of the complex assembled from co-purified subunits.  

 
 

 
Figure 13: (A) Crosslinking of the PFD complex with 0.02% Glutaraldehyde. Reaction time in minutes is 

stated below. (B) SE-MALS profile of PFD showing a monodisperse peak. The Calculated MW of 111.1 

kDa accords with the theoretical MW of 109 kDa for the complex. (C) CD spectra of PFD complex showing 

two negative minima at 208 and 222 nm.  

 

3.2.5 Evaluating the role of PFD subunits in the reconstituted complex 
 

A hexameric complex could be formed both from co-purified subunits, when the cell paste of 

all six were combined prior to lysis (cPFD), and from combining individually purified subunits 

in equimolar ratio (ePFD) for complex reconstitution (fig. 7&13). Nevertheless, results were 

not reproducible from co-purified subunits, mostly suggested by different molecular weights 

below 100 kDa for the complexes formed (the theoretical MW of PFD is 105 kDa), although 

cross-linking indicated the formation of a hexamer (fig 7). The PFD complex reconstituted 

from individually purified subunits combined in equimolar ratio fits the expected MW of PFD 

with ~ 111 kDa much better (fig. 13B). Anyways both attempts yielded a folded hexameric 

complex. So where does this irreproducibility come from although the protein is present as a 

hexamer? Is it possible that some of the PFD 1 – 6 subunits can take each other’s place and 

therefore are present twice or more in the complex, while another subunit might be missing? 
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Figure 9: Mass finger printing data from the normalized cell suspension 
method (cyan) and the urea reconstitution method (maroon) performed in 
triplicate. The co-purified prep does not always yield reproducible results. 
However, the Urea incubation and dialysis approach was successful in 
producing a heterohexamer. From (Amanda Santos Kron, 2017 Master Thesis). 
 
 
whether they are fully reconstituted hetero-hexameric complex containing all the 
six subunits in respective stoichiometric compositions. The efficacy of this 
stoichiometric constituents was confirmed with SEC-MALS and MS-peptide 
finger printing. The calculated molecular weight of the reconstituted PFD from 
SEC-MALS was 111 KDa (Theoretical mol. Weight = 109KDa), and is in good 
agreement with the expected value. To answer the question of suboptimal 
configuration of the resultant PFD complex, the triplicate Mass spectrometry 
results from the peptide finger-printing shows relatively equal ratios for six 
different subunits. This type of PFD reconstitution is reproducible and do not 
contain any suboptimal PFD complexes when compared to the normalized cell 
suspension protocol.  
 
 
3.3.3  a-subunits of prefoldin are essential for the 
complete stoichiometric assembly 
 
The above Mass spectrometry and SEC results have clearly demonstrated the fact 
that, reconstituted PFD produces suboptimal hexameric complexes. This meant 
some of the individual subunits may occur in many copies in the PFD hexamer, 
thus producing stable homo-subcomplexes (not the true stoichiometric ratio of 
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To assess this question, Mass Spectrometry was performed, where using peptide 

fingerprinting should ultimately verify if all six subunits are present in the complex. 

Interestingly all six subunits were detected by mass spectrometry (fig. 14), regardless 

whether the complex had been reconstituted from co-purified subunits or individually purified 

PFD 1 – 6 combined in equimolar ratio. But differences in the coverage (the percentage of 

the protein sequence covered by identified peptides) could be observed: Specifically for PFD 

1 the coverage was significantly increased when the subunits were available in equal 

amounts during complex reconstitution (fig. 14). Hence not all subunits are equally 

represented in both type of complexes and a mixture of complete (PFD 1 – 6 present) and 

incomplete (one or more subunits missing, instead one or more subunits are excessive) PFD 

complexes might exist.  

 

 
Figure 14: Coverage (the percentage of the protein sequence covered by identified peptides) of the 

individual subunits identified by Mass Spectrometry for the hexameric complexes formed. In both, the PFD 

reconstituted from co-purified subunits and PFD reconstituted by combining equal amounts of each subunit, 

all six subunits can be detected. The coverage’s of the subunits are similar in the ePFD complex. For the 

cPFD the coverage values fluctuate more between the six subunits, with PFD 1 being the least 

represented. When combined in equimolar ratio, coverage of PFD 1 in the complex is as high as for the 

other subunits. Data are shown as mean±S.D. 

 
The assumption that not all six subunits are needed in order to form a hexamer was further 

tested by an experiment, in which each of the six subunits was left out in turn during complex 

reconstitution. This demonstrated that no matter which subunit is omitted, except for PFD 5, 

a hexameric complex is formed with an elution volume of 12.3 – 12.5 ml (fig. 15). This is 
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PFD1:PFD2: PFD3:PFD4: PFD5:PFD6). This led to further investigate the role 
of a- and b-subunit types in the hexamer formation. We know that a-subunits 
(PFD3 and PFD5) form the core of the PFD hexamer. This dimeric interaction is 
stabilized by the b-hairpin linkers that are located at the apex of the jelly-fish like 
structure. The remaining four b-subunits (PFD1, PFD2, PFD4 and PFD6) are 
arranged on either side of the PFD3/PFD5 dimer.  
 
To study the effect of each subunit and its essentiality in the formation of 
hexameric assembly, each time, one subunit of the prefoldin was omitted from 
the dialysis during reconstitution. Based on the cross-linking and SEC studies of 
these six different experiments, we quantify the results as follows. 
The missing reconstitution experiments showed that the PFD can form stable 
sub-optimal hexameric complexes, except when PFD5 subunit was omitted. As 
PFD5 belongs to the a-subunit type, which forms the essential core of the 
complex, we presume it plays a vital role in the correct hetero-hexameric 
assembly. Even though, the PFD3 is an a-subunit, it seems that PFD3 is not 
essential for the recruitment of the ordered stoichiometry. It means that at least 
PFD5 was enough to promote the reconstitution through the formation of a 
homo-dimeric a-core (PFD5-PFD5). This result led to propose that PFD3 fails to 
form a stable dimer in the absence of the other a-subunit, PFD5. Whereas, PFD5 
has the ability to self-associate without the requirement of PFD3 to establish a 
stable dimeric core in the PFD complex. Interestingly, any one of the b-subunit 
can essentially replace the other without compromising the hexamer formation, 
meaning that either PFD1/PFD2/PFD4/ or PFD6 can be in higher stoichiometric  
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Figure 10: (A) The above red chromatograms represent the reconstitution 
approach, as discussed in the above section. The numbers indicate those PFD 
subunits that were excluded from the reconstitution experiments. All the 
reconstitutions finally yielded hexameric sub-complexes, except for PFD5, 
which seems essential for the reconstitution process to proceed. (B) is the 
respective cross-linking experiment. From (Amanda Santos Kron, 2017 Master 
Thesis). 
 
ratios of greater than one (either 2, 3 or 4). Although the eukaryotic PFDs are 
divergently evolved from the archaeal counterparts, it seems they have retained 
this ability of ‘minimal-requirement’ for the PFD formation, where two identical 
a- and four identical b-subunits constitute the complex. Here the human PFD5 
resembles the dimeric a-subunit of the archaea. When the b-subunits of human 
PFD alone are incubated, it failed to form hexamers as evident from the cross-

All six individually purified PFD subunits self-assemble into a hexameric complex 
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close to the actual elution volume of the complete PFD complex, where all subunits are 

present, of 12.3 (±0.2) ml. PFD 5 eluted as two unresolved peaks at a higher elution volume 

than the PFD complex.  

 
Figure 15: (A) SEC profiles of the reconstituted complexes in absence of one subunit. For all variants a 

complex assembled, eluting around 12.3 – 12.5 ml, except when PFD 5 is omitted. Which subunit was left 

out is marked by the number next to the graph (from left to right). Elution volume is stated above the graph. 

(B) Corresponding SDS-PAGE to the profiles of (A) showing the peak fractions that eluted at ~12 ml. CL 

stands for the cross-linked samples, the reaction was stopped after 20 minutes. Upon cross-linking six 

bands appear up to the MW marker of 100 kDa for all combinations, indicating the formation of hexamers. 

Except for PFD 5, cross-linking does not show the topmost band at around 100 kDa, suggesting a lower 

oligomeric state as the one of a hexamer. 
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linking and gel filtration profiles. Thus, we conclude that at least subunit PFD5 
is essential for the formation of an hexameric complex in human prefoldin.  
 

 
Figure 11: SEC and cross linking SDS-PAGE of the only beta subunits of PFD. 
PFD1, 2 4 and 6). This resulted in a sub optimal and non-hexameric complex. 
From (Amanda Santos Kron, 2017 Master Thesis). 
 
 
 
3.3.4  Purification and isolation of endogenous human 
CCT from HeLa cells 
 
 
Suspension adapted HeLa S3 cells were used to isolate the endogenous group II 
CCT chaperonins. Briefly, pellet from the 1-liter cultured cells were harvested to 
separate the nuclear fraction from the cytosolic contents. A high-speed 
centrifugation was additionally added to remove the broken vesicles and 
organelles from the cytoplasm. The resulting pellet was subjected to a series of 
ammonium sulfate saturation to efficiently remove the low to mid-molecular 
weight impurities. Finally, the pellet of 60% ammonium sulfate saturated 
fraction was selected to further polish the CCT containing sample. The 
resuspended pellet was purified in succession over four chromatography 
columns: Superdex-200, anion-exchange (Q sepharose), Superose-6 size 
exclusion and Heparin affinity chromatography. SDS-PAGE showed a range of 
bands around 60 KDa marker band constituting to CCT fractions. Also, CCT 
seems to co-elute with other HSP70 and HSP90 proteins, as we noticed before 
applying it to the heparin column. The isolated protein fraction was pure enough 
to verify with negative staining TEM. The purified CCT mostly adopts the top 
views on the carbon film on the grid, as noticed in the micrographs. Some portion 
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Additionally, only β subunits were incubated in order to observe complex formation 

behaviour without the two α subunits, which are the core of the PFD hexamer. The protein 

mixture, dialyzed against urea-free buffer, was loaded on to a Superdex 200 column 

wherefrom it eluted with a main peak at 15.29 ml (fig x). Cross-linking did not clearly reveal 

the oligomeric state of the peak fraction (fig. 16), as no distinct bands are visible when 

compared to fig. 15. The higher elution volume of around 15 ml indicates that without the α 

subunits (PFD 3 and 5) no hexameric complex is formed, which would elute at ~ 12 ml. 

 

 

 

 

 

 

 

 

 

 

 
Figure 16: SEC profile of mixed β (PFD 1, 2, 4, 6) subunits during complex reconstitution. The Protein 

mixture elutes with a main peak at 15.29 ml. Corresponding gel of main peak fraction (blue line) shows no 

distinct bands when cross-linked (CL). Elution volumes are stated above the graph.  
 

3.3 Towards structure determination of the human PFD complex 
 

Since no high-resolution structure is available of human PFD, the reconstituted protein was 

crystallised in order to obtain an atomic resolution structure by x-ray diffraction. Initial hits 

yielded fragile crystals (fig. 17A), whereupon crystallisation conditions were optimised by 

varying precipitant concentration. High nucleation rate resulted in the formation of many 

small crystals or needles with high mosaicity (fig. 17B). After several rounds of optimization, 

to improve crystal morphology and size, single crystals of decent size grew, of which one 

diffracted up to ~ 7 Å (fig. 17C&D).  

Negative stain imaging revealed that human PFD has the same overall characteristic U-

shape formed by the subunit’s coiled coil regions, when compared to archaeal PFD (fig. 18). 
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of the sample seemed to precipitate or damaged during the purification protocol, 
in addition to the presence of small number of contaminants.  

 
Figure 12: Shows sequence of steps for the isolation of endogenous CCT. The 
void volume fraction from SD 200 was loaded on Q sepharose ion exchange 
column, and then finally verified with SDS-PAGE. Many bands between 50-75 
KDa with co-contaminants could be observed. 

Q sepharose(5 ml)
Montag, 30. November 2015
18:09
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     Total peak width = 67.07 ml
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Figure 13: After two rounds of heparin affinity protocol, the CCT subunits could 
be separated with the higher molecular weight species, mainly HSPs. (C) shows 
the negative stain image of the isolated endogenous CCT complex. Some of the 
species are damaged and partial contaminants with pother ATPases. 
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3.4 Towards structure solution of recombinant 
human prefoldin. 
 
 
3.4.1  Crystallization of prefoldin 
 
Commercially available crystal screens were used to setup the initial 
crystallization of reconstituted prefoldin at 5.0, 7.5 and 10 mg/ml 
concentrations. Initial hits of the crystal conditions were identified and repeated 
in batch mode to reproduce the results. The initial experiments of the pH 
optimized 24 well Xtal plates produced many tiny and fragile crystals. Several 
attempts to produce good quality crystals seemed futile, as the diffraction quality 
of these hits were very poor, initially diffracting to 39.0 Å. After many batches of 
the crystallizing conditions, seeding of few crystallizing conditions provided very 
large 200 micrometer crystals. The very best of these big crystals could only 
diffract to 7.0 Å. Many trials to reproduce the good diffracting crystals from the 
seeding experiments were not successful. 
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Figure 14: (A) initial hits and small needle like crystals were observed (from 
PEG screen, Qiagen). (B) Batch crystallization in 24 well plates with optimized 
pH buffers. (C) Micro seeded crystals that grew to about 200 um, and was 
poorly diffracted. 
 

Towards structure determination of the human PFD complex 
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Figure 17: Gallery of crystallisation optimisation steps from initial hits (A) to final crystals (C). (A) Initial hits, 

with UV fluorescence signal, obtained in a commercial PEG screen (Qiagen). (B) Example of crystals 

obtained after several optimisation steps. (C) One of the final crystal hits with favourable morphology and 

proper size of over 200 μm. Condition: 14% PEG 4K, 0.1 M Tris pH 8.8, 0.01 M L-cysteine. (D) Crystal of 

(C) diffracted to 6.8 Å resolution. Data was collected at the PXIII beamline of the Paul Scherrer Institut.  
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3.4.2  Cryo-EM reconstruction of reconstituted human 
prefoldin. 

Several attempts to produce high quality diffraction crystals from the 
reconstituted prefoldin were not successful. Negative stain micrographs show 
the characteristic ‘cup-shaped’ features in the aligned 2D-class averages. 
Although the size and shape of the prefoldin limits the image alignment during 
reconstruction, we proceeded to optimize the freezing conditions to obtain good 
quality Cryo-EM images. The freshly reconstituted protein complex was 
immediately frozen in the optimized prefoldin-EM buffer (10mM Tris-HCl-pH 
7.5, 50mM NaCl, 2 mM β-MeOH) to improve the SNR (signal-to-noise ratio) that 
would help in distinguish the particles from contamination. The concentration 
(1.0 mg/ml) of the prefoldin complex remained the limit to get the full hetero-
hexamer in amorphous ice, as the reconstituted sample dissociated into a 
subpopulation of varied stoichiometry upon freezing.  

Data collection and processing outline 

protein Human Prefoldin 
Instrument 4k X 4k counting mode 

300 KV, TITAN KRIOS 
Recording parameters Pixel size=0.831 Å 

40 frames 
2420 movies 
Total dose =45 e/Å2 

Single particle processsing Initial number of particles =450,000 
 Number of 3D reconstructions =4 
3D reconstrcutions Conformations 

Class1, Class2, Class3 and Class4 
 

 

 

Preliminary single particle reconstructions and results: 



Human Prefoldin 
 

 141 

 

3D volumes of human prefoldin

 

  

2D class averages represeting views

Class4 with 6 subunits and 
different conformation at 5.6 AoClass3 with 

5 subunits at 5.4 Ao

Class2 with
Complete 6 subunits at 4.8 Ao

Class1 with
4 subunits at 6.5 Ao
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3.5 Experimental 

Purification from the normalized cell suspension and 
individual expressionThe clones with six different human encoding 
subunits were ordered from GenScript in two different types of expression 
vectors (Table 1) with different associated tags. After initial expression trials 
and optimization, all the subunits were expressed in large scale in E. coli 
BL21(DE3) cells. Briefly, the respective subunit cultures were induced with 
0.4mM IPTG and overexpressed for an additional 3 hours. Normalized cell 
suspension cultures were then harvested to proceed with the downstream 
purification protocols.  

Clones and expression tags: 

Subunit Type Plasmid Tag pI MW (kDa) 
 
PFD 1 

 
β 

 
pET-21a(+) 

 
/ 

 
6.32 

 
14.2 

 
PFD 2 

 
β 

 
pET-28a(+) 

 
His 

 
7.11 

 
18.7 

 
PFD 3 

 
α 

 
pET-21a(+) 

 
/ 

 
8.39 

 
18.8 

 
PFD 4 

 
β 

 
pET-21a(+) 

 
Strep 

 
4.57 

 
17.0 

 
PFD 5 

 
α 

 
pET-28a(+) 

 
His 

 
6.75 

 
19.4 

 
PFD 6 

 
β 

 
pET-21a(+) 

 
Flag 

 
6.4 

 
16.6 

For the Individual expression and purification of PFD subunits: 

Optimized clone expression and solubility of the prefoldin subunit  

Subunit Type Plasmid Tag pI MW (kDa) 
 
PFD 1 

 
β 

 
pETtrx_1a 

 
His 

 
6.38 

 
14.2 

 
PFD 2 

 
β 

 
pET-28a(+) 

 
His 

 
7.11 

 
18.7 

 
PFD 3 

 
α 

 
pETtrx_1a 

 
His 

 
8.42 

 
18.8 

 
PFD 4 

 
β 

 
pET-28a(+) 

 
His 

 
5.14 

 
19.2 

 
PFD 5 

 
α 

 
pET-28a(+) 

 
His 

 
6.75 

 
19.4 

 
PFD 6 

 
β 

 
pET-28a(+) 

 
His 

 
7.97 

 
18.7 
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3.6  Conclusion 
 

The described reconstituted procedure of prefoldin isolation was tailored 
towards the structural determination of the complex. As mentioned in the 
chapter, the preliminary results of prefoldin at mid-resolutions was promising. 
The Cryo-EM reconstructions generated either 2 or 3 different conformations, 
and varied greatly at the tips of the tentacle like structures. The resolutions are 
not of the model-building quality, but the docking of the archaeal X-ray 
structures was not sufficient to fill the signal from extra mass of the eukaryotic 
PFD.  

The overall goal of this project was structure solution of CCT, PFD and 
actin/tubulin complex together. We managed to isolate and purify the 
endogenous human CCT from Hela-S3 Cells, that could be optimized to generate 
a functionalized tertiary complex of the cytoskeletal folding machine. 
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Summary and Outlook 
  

Human mitochondrial LonP1 is an essential AAA+ ATPase that performs 
crucial protein surveillance of the oxidatively damaged and misfolded proteins. 
An increasing number of publications of LonP1 support the role in replication, 
repair, transcription and maintenance of mitochondrial genome. Earlier X-ray 
studies of truncated and individual protein domains of bacterial and archaeal 
homologues, and a low resolution (15-21 Å) cryo-EM structure of human LonP1 
could only explain either the molecular details of ATPase mechanism or the 
importance of N-terminal domain for the functional integrity of the enzyme. 
Therefore, it was imperative to solve a full length functionally active human 
LonP1 structure to connect the missing information, that has hampered our 
understanding of the catalytic mechanism. 

 
Following the motivation to determine a three-dimensional structure of 

human LonP1, the cDNA clone was heterologously expressed and purified to 
near homogeneity. The purified protein was optimized for screening the best and 
intact conditions for freezing, which really hampered the progress earlier. In 
order to understand the catalytic cycle of LonP1, three different datasets were 
collected and processed in different incubating conditions, that have resulted in 
seven conformations from mid-resolution to atomic interpretable structures. 
Some of the resolutions of LonP1 conformations, which we named them as 
processing states, have resolutions up to 3.4 -3.6 Å near the nucleotide binding 
pocket. This allowed to understand the intricacies involved in the ATP hydrolysis 
coupled protein degradation. As a result, we have built five atomic models of five 
different conformations of LonP1, either bound or excluding the substrate 
protein.  

 
The full-length structure of human LonP1, for the first time displayed a 

unique topology, in which three of the subunits in the assembly managed to swap  
for about roughly 120 degrees and the other three showed continuation of the 
long helix into the A-domain. This resulted a unique dimer of trimer assembly, 
that was highly flexible and mobile and hampered our resolutions of all the seven 
conformations. First time, as to date, we have uncovered the evidence that N-
domain binds and locks the substrate protein in a cavity within the N-domain, 
that partly assists in unfolding of the substrate. Another novel feature of N-
domain is a triangular N-passage of the swapped three subunits of the hexamer, 
which has a narrow pore for the entry of the unfolded protein into the A-tunnel. 
Hence, the N-domain is exclusively compartmentalized to unfolding and 
recognition of the substrate protein, and in a coordination with the ATPase and 
protease domain. One major striking feature of the LonP1 is the topology of the 
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A- and protease domains. In the absence of substrate protein, LonP1 complex 
adopts exclusively a left-handed helical arrangement at the A- and protease 
domains, whereas, in the presence of substrate protein, it has a right-handed 
twist. We believe, that this topology is vital in directing the preferred order of 
hydrolysis of ATP along the ATPase ring. Hence our data do not support the 
stochastic ATP hydrolysis cycle, at least in the presence of known substrate 
protein (TFAM and damaged). Our structures also validate the earlier proposed 
sequential and hand-over-hand mechanism of substrate translocation. Our low-
resolution structures of the docking mechanism between LonP1 and substrate 
protein allowed us to interpolate the ATP binding and hydrolysis events, from an 
inactive ADP-bound form to ATP/ADP-bound active form. We do not have 
enough data to shed light on the catalytic activity of the protease domain. At least 
from the available structures, we present that the ATP/ADP-bound form is 
catalytically active at the ATPase ring. We yet to unravel the allosteric 
coordination between the A- and protease domain. For these purposes active 
study involving ATPase and protease mutants of LonP1 in different pHs, 
different substrate protein is underway. 

 
Given the importance of LonP1 in the protein quality control and its role 

in cancer dynamics, this has been a potential drug target for years. All 
theproteasome inhibitors of human protein and other protease inhibitors have 
completely failed to inhibit the proteolytic activity of LonP1. This is a good 
example for showing that how a three-dimensional protein structures of the 
same ATPase family and protease family differ not at the catalytic sites but at the 
allosteric modules that regulate the catalytic mechanisms in few different wats 
than their evolutionary counterparts. 
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