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ABSTRACT 

 

Structural Analysis of Arabidopsis thaliana CDC48A ATPase using Single 
Particle Cryo-Electron Microscopy 

 
Lila Ali Aldakheel 

 
      Cdc48A and its human homologue P97 are from ATPase family, which play a variety of roles 

in cellular activates and it has a crucial involvement in protein quality control pathways. It is 

best known for its involvement in endoplasmic reticulum associated protein degradation 

(ERAD), where it mediates the degradation of the aggerated or misfolded proteins by the 

proteasome. Considering the multiple functions of Cdc48A in many protein regulatory 

processes, it is a potential therapeutic target for neurogenerative diseases and cancer. 

Cdc48A polypeptide comprises N domain, followed by D1 and D2 domains respectively that 

are joined by linkers, whereas functionally it forms a homo hexameric complex. Since 

Cdc48A is from the ATPase family, it uses the ATP hydrolysis to generate a mechanical force 

with its co-factors to perform its functions. There are many cofactors that interact with 

Cdc48A and two of them are Ufd1-NpI4 which in turn interact with ubiquitinated proteins 

from the ER membrane. The mechanism linking the conversion of the energy of ATP 

hydrolysis into mechanical force and unfolding the substrate is vague. My aim is to 

reconstruct a first 3D- model of plant Cdc48A using single particle cryo-EM, which serves the 

basis to conduct more detailed mechanistic studies towards substrate unfolding and 

threading/unfolding in the future. In general, results showed one defined structure of 

cdc48A at ~ 9.8 Å, which is the ADP-ATP conformation. Although another other structure 
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was also resolved at ~ 8.9 Å, it was hard to characterize due to its dissimilarity with known 

structures of Cdc48A homologues and thus requires further characterization. 
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1. INTRODUCTION 

1.1 Introduction to Cdc48/P97 ATPase  

The AAA+ proteins (ATPases associated with diverse cellular activities) superfamily proteins 

are typically involved in translocation of nucleic acids or polypeptides using the energy of ATP 

hydrolysis [1,2]. CDC48A (Cell division control protein 48) belongs to this family and is involved 

in many cellular activities in eukaryotic cells; in mammals, CDC48A is known as P97 or VCP 

(valosin-containing protein) with a molecular weight of about 97kDa [3,4]. The P97 is 

conserved throughout the evolution, and due to its role in cell viability, it has been used as a 

target for cancer therapies and neurogenerative disorders.  Amongst others, the best 

understood cellular functions of CDC48 is its involvement in ER-associated protein 

degradation (ERAD) [5]. CDC48A forms a homohexameric ring-shaped complex with a double 

ring of ATPase domains, where the protomer of Cdc48 consists of N-terminal domain, D1 and 

D2 domains, and a flexible domain C-terminal domain [6,7]. The N-domain is mostly used to 

recognize the various interacting partners of CDC48A and the tandem D1 and D2 domains 

hydrolyze ATP. Cellular protein quality control plays a significant role in the cell to ensure that 

the proteins are correctly folded. Misfolded proteins are specifically targeted and 

translocated out of the ER for degradation by the CDC48A machinery [5]. CDC48A complex 

works together with two cofactors Ufd1 (ubiquitin fusion degradation 1) and NpI4 (nuclear 

protein localization 4) that recognize the ubiquitinated proteins and extract them from the 

membrane Figure 2  [7]. CDC48A ATPase complex and its cofactors Ufd1/NpI4 (UN) segregate 

the polyubiquitinated protein from the membrane and use a force that is generated from ATP 

hydrolysis tentatively by pulling the ubiquitinated substrate through the central pore and 

unfold the substrate to facilitate their degradation by the proteasome . Another mechanistic 

model proposed is substrate not threaded from central pore but rather entering and exiting 
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from the same side [5]. The mechanism of CDC48A pulling the substrate through the central 

pore and its subsequent release for degradation by the proteasome is still disputed. Amongst 

several tentative models, the biochemically most corroborated is presented by Bodnar and 

colleagues. Accordingly, the polyubiquitinated substrate binds to the cofactors UN when D1 

is occupied with ATP, and subsequently, the substrate enters from the D1 side of the ring into 

the central pore [8][9]. ATPase hydrolysis cycle in the D2 domain causes continuous 

conformational changes that unfold and disassemble the substrate while passing through the 

central pore. Finally, the substrate is released on the D2 side of the pore [1]. However, the 

model has not been corroborated with any structural studies that rather show no ATP/ADP 

dependent structural changes in the central pore that could explain substrate threading, 

unfolding or translocation [9] 

 

1.2 CDC48A in the Arabidopsis thaliana  

In this thesis work, work, an E. coli expressed recombinant protein CDC48A (CDC48A from the 

plant A. thalina) was used. The functional role of CDC48A in plants is assumed to be very 

similar to P97 and Cdc48 in the yeast, but this has not been conclusively shown. CDC48A has 

been associated with diverse cellular activates such as cell division, membrane fusion and it 

is mostly known for its function in the ER-associated degradation (ERAD) of proteins [10]. 

CDC48A was shown to colocalize in the endoplasmic reticulum (ER) which indicates its 

involvement in ubiquitin-proteasome-mediated protein degradation. CDC48A is 77% identical 

with P97; the ATP-dependent dynamics of P97 have been studied by both Cryo-EM and 

crystallography [11]. The structure of CDC48A has not been structurally or mechanistically 

studied like the homologous P97 or yeast Cdc48 [5,11].  
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Figure 1. P97 cofactors diversity. Structural organization of CDC8, which comprises N-Terminal 
domain and two ATPase domains D1 and D2, and a flexible C-terminal domain. P97 associated with a 
variety of broad cofactors that facilitated P97 cellular processes. P97 binds almost to 30 cofactors, in 
this figure is only shown some of them such as UBA, UBX, UFD1 and NPL44, the majority of these 
cofactors interact with the N- terminal domain. (Guem Hee Baek et al.2013) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A cartoon description of the four functional states. A cartoon figure that shows a suggestion 
mechanism of how CDC48A unfolds its substrate client, where CDC48A pulls the polyubiquitinated 
substrate and translocate it through the central pore to unfold the substrate and finally release it for 
degradation. (Bodnar & Rapoport, 2017, Cell 160) 
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1.3 Cryo- electron microscopy (EM) structure of P97 - a CDC48 homologue  

Cryo-EM structure of plant Cdc48 remains elusive. However, there were many cryo-EM 

structures and X-ray studies of its mammalian orthologue P97 that help us understand the 

conformational states in the presence or absence of ATP. Banerjee and his collogues studied 

the cryo-EM structures of P97 and observed three conformations states in the presence or 

absence of adenosine 5'-O-(3-thiotriphosphate) (ATPγS) at a resolution of ~3.3 angstroms.  

They observed three different ATP-dependent conformations upon the addition of ATP S to 

the P97 sample. Let us define the ADP bound conformation as ground or basal state with ADP 

bound to D1 and D2 and N domains observed in down-conformation. Subsequent binding of 

ATP (ATP S) to the D2 domain induces a rotational twist of the D2 domain, D1 and N-terminal 

remain unchanged.  Next, when ATP (ATPγS) binds to D1 domain, the N domains are induced 

into the up-conformation, co-planar with D1 ring with a slight change in the D2 domain Figure 

3.  
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Figure 3. Cryo-EM structures of the three conformational changes in presence or absence of the 
ATPγS at ~3.3 Å, ~3.2 Å, and ~3.3 Å resolution.  
Upon ATP- binding and hydrolysis CDC48A undergoes conformational changes. (A to C) are the side 
views of the three different conformations showing the rotation of the D2 domain upon ATP binding 
during the transition from conformation I to conformation II in (C) is the up-conformation of the N 
domain upon ATP binding to D1 and D2 domains as shown in conformation III. (D to E) is the top views 
of the polypeptide backbones of conformation I and II, where the D1 and N domains have similar 
conformations, but different D2 domain structure as indicated by the green arrows. (G to I) 
superposition of the polypeptide backbones of conformations II and II that show the similarity of the 
D2 domain and the difference in D1 and N domain upon ATP binding to the D1 domain, in (I) the N up 
conformation is indicated by the green arrow. (S.Bangerjee, et.al). 

 

     1.4 Electron Microscopy 

Broadly there are two techniques employed while performing electron microscopy, the 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In SEM 

technique 3D images of the surface of the sample are obtained, while in TEM 2D 

projections of the sample are obtained. For structural biology, only TEM is a suitable 
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technique as it contains internal structural information of the specimen. The state of art 

microscope in the field of structural biology is a 300 kV TEM known as Titan Krios. The Titan 

Krios is a fully automated electron microscope that is used for stable, rapid, high-resolution 

electron microscope for 2D and 3D characterization of biological samples [12]. It has high 

tension range of 80-300 kV that remains stable over the ~week with a variation of just 

about one volt and up to 12 grids with specimen can be loaded and screened 

simultaneously [13]. Once a good quality specimen is identified, it can be recorded with 

modern direct electron detectors such as Falcon or K2 summit camera [14].  K2 Summit 

direct detection camera Figure 4 (C) is a new type of camera for TEM, which can acquire 

rapidly multiple frames of the same exposure and can be operated in super-resolution 

mode to give subpixel resolution and practically it allows achieving atomic resolution (e.g., 

~ 1.8 A and lower) structures of biological macromolecules or virus particles [15] [14]. The 

advantages of acquiring multiple frames are to enable correction of beam-induced motion 

and specimen movement, thus providing a means for recovery of high-resolution details 

that were poorly transmitted in single images [16,17]. However, it is a pre-requisite that 

the specimen comprising the biological molecules is prepared in a thin vitrified layer. 

Having the layer in vitreous ice maintains the biological structure, minimizes the beam 

damage and prevents dehydration inside the high vacuum of an electron microscope. The 

specimen typically comprises several biological macromolecules in different orientations, 

and the beam exposure allows capturing of their 2D projections on a detector.   
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Figure 4. Titan Krios and TEM. (A) Titan. Krios transmission electron microscope (TEM) (Thermo Fisher 
Scientific), (B) a simplified structure of the important parts of TEM microscope. (C) K2 summit camera 
by Gatan Inc. 

 

 

1.5 Cryo-EM single particle analysis  

The state-of-art cryo-EM is a highly powerful method that has recently revolutionized the field 

of structural biology and allows scientists to gain near atomic resolution of biological 

macromolecular structures. There are three main cryo-EM techniques: electron 

crystallography, single particle cryo-EM, and cryo-electron tomography.  

The principal aim of cryo-EM single particle analysis is to reconstruct a 3D EM map of a 

macromolecule by aligning 2D projection of the target molecule in different orientations. A 

fundamental requirement for the analysis is to have all (or most) 2D projections from the 

same homogenous macromolecular sample, i.e., mathematically one assumes that all 2D 

projections arise from a single particle (hence the name: single particle analysis). After 

collecting many (typically thousands to millions) 2D projections of particles, a 3D model can 

be reconstructed computationally by back-projecting the 2D particle images. The 

fundamental challenge of single particle analysis is to assign the orientations of various 2D 

A B C 
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projections (termed Euler orientations) during the process of back projection or image 

processing. Some software packages (e.g., Relion [18]) directly reconstruct 3D structures by 

back-projecting 2D images of particles, others, e.g., EMAN2[19]) reconstruct by back-

projecting 2D class averages first (initial model) and later use the 2D projections of single 

particles during refinement Figure 6. 

Recently more so than before, the powerful method allows in silico sorting of different 

conformations of the target molecule from the same dataset, which has also been also 

termed as 4D analysis [20] or multi-particle analysis [21]. 

.  

Figure 5. Illustration of 3D reconstruction by combining 2D projection of the molecules. 
 (A) the electron beam hits the particles that are embedded in the vitreous ice. (B) 2D image of 
particles indifferent orientations. (C) computational back projecting 2D projections for reconstruction 
of 3D EM map. 
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Figure 6. Schematic of single-particle reconstruction. The first step, the protein sample has to be 
purified, the negative stain step is recommended to clearly view the sample and check its 
homogeneity. The particles are picked from the micrographs, and after the alignment step, the images 
must be classified and averaged in 2D to reconstruct the initial model at low resolution in 3D by 
computational back projection. In cryo-EM, the first step t is to obtain the subframe images using 
direct electron detector, then the particles are aligned and averaged to generate a single frame, after 
that the defocus value has to be determined which allows the correction of the contrast-transfer 
function (CTF), then the particles are aligned and classified, then the orientation of particle projections 
is determined iteratively to obtain the final 3D-model by back projecting the 2D images. (Carroni,M, 
Saibil.H.R.) 
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2. PROJECT OBJECTIVES, RATIONALE AND SIGNIFICANCE 

Cryo-EM is referred to as the “resolution revolution” because of the development of direct 

electron detector technology in combination with advanced image processing procedures 

that dramatically improve the resolution of cryo-EM and cryo-electron 

tomography[22,23]. Using such technique to solve many proteins structures near their 

atomic resolution is one approach to understand the working of biological molecules. Since 

Cdc48A associated with various cellular activities, and plays a major role in protein quality 

control pathways, it has been linked to various physiopathology states such as 

neurodegeneration and cancer[10,24–26]. Thus, it is important to know its structure at 

atomic resolution which can provide an insight to therapeutic potentials for these diseases. 

P97, the Cdc48A homologue shows  conformational dynamics  upon ATP and ADP binding 

to it, the conformations  are solved via variety of techniques such as cryo-EM and x-ray 

crystallography, however, the mechanism of substrate unfolding/threading, which is likely 

linked to those conformational changes, remains disputed[27][28] .My aim is to 

reconstruct a 3D-model of plant Cdc48A, as unlike the mammalian or yeast homologues, 

it has not been structurally characterized. Moreover, the aim is to establish the first 

Cdc48A structure in order to conduct more detailed studies to understand the substrate 

unfolding/threading mechanism in future studies. 
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3. MATERIAL AND METHODS 

Cryo-EM is referred to as the “resolution revolution” because of the development of direct 

electron detector technology in combination with advanced image processing procedures 

that dramatically improve the resolution of cryo-EM and cryo-electron tomography [22,23]. 

Using such a technique to solve many proteins structures near their atomic resolution is one 

approach to understand the working of biological molecules. Since CDC48A associated 

with various cellular activities, and plays a major role in protein quality control pathways, 

it has been linked to various physiopathology states such as neurodegeneration and cancer 

[10,24–26]. Thus, it is important to know its structure at an atomic resolution which can 

provide insights to therapeutic potentials for these diseases. P97, the CDC48A homologue 

has a dynamic structure upon ATP and ADP binding to it, the conformation structures are 

solved via a variety of techniques such as cryo-EM and x-ray crystallography. However, the 

mechanism of substrate unfolding/threading remains disputed [27,28]. My aim is to 

reconstruct a 3D-model of plant CDC48A, as unlike the mammalian or yeast homologues, 

it has not been structurally characterized. Moreover, the objective is to establish the first 

CDC48A structure to conduct more detailed studies to understand the substrate 

unfolding/threading mechanism in future studies. 

 

3.1 Sample preparation 

The homogenous recombinant CDC48A protein complex (~ 550 kDa) was provided by my 

colleagues Umar Farooq, Bilal Qureshi and Alois Brauer. The protein sample was purified 

over gel filtration and subsequently concentrated typically to ~ 4 or 10 mg/ml and snap 

frozen in 30 μl aliquots in liquid nitrogen before storage at -80°C. The sample was thawed 

on ice and diluted to 1 mg/ml for cryo-EM specimen/grid preparation. 
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3.2 Grid preparation and electron microscopy 

The CDC48A sample (3 ul at 1mg/ml) was applied to glow-discharged 300-gold mesh 

Quantifoil R2/2 holey carbon supported grid (Quantifloil Micro Tools, Germany) pre-

coated with thin layer of carbon and was vitrified by plunge-freezing in liquid ethane using 

aFEI Mark IV Vitrobot operated at 22°C and 100% humidity.  Subsequently, the vitrified 

sample were transferred to a FEI Titan Krios electron microscope operated at voltage 300 

kV with a K2 direct electron detector and GIF energy filter. Each stack was exposed to a 

total dose of 60 electrons and comprises 12-24 frames. The camera was operated in super-

resolution mode and the pixel size was set at 0.53 Å/pixel. 

 

3.3 Pre-processing of raw data 

 After having the images, we started the pre-processing of the data. The goal of pre-

processing is to determine the quality of the images and whether there is a sufficient 

number of particles that can be picked that contain sufficient high-resolution information. 

I used Gatan Microscopy Suite Software (GMS) to visualize the acquired data. In GMS 

software one can have a clear view of the image using low pass filter option. The low pass 

filtering improves contrast within an image by only retaining low-frequency information. 

The same software also allows visualizing thon rings via Fast Fourier Transform (FFT) 

option, which provides information about the image quality factors such as astigmatism, 

drift and resolution limit. Especially images with enough particles and round shape of the 

Thon rings and the presence of ice rings at ~ 2 and 2.3 Å in raw data were selected for 

further processing Figure 7. 
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Figure 7. Illustration of examine the quality of the raw data (A) the image without applying any 
filter with particles hardly visible. (B) Image of frozen hydrated CDC48A particles recorded with K2 
camera with low pass filter applied to improve the contrast of the image and provide a clear view 
of the particles. (C) Fast Fourier Transform of the image   

 

     3.4 Motion Correction and CTF correction 

To acquire a structure of the molecule of interest, a large dataset of EM images must be 

obtained.  Advanced analytic techniques are used for image processing like computer 

software EMAN2 and Relion. In this thesis work, I used Relion2 and Relion3; this software 

enables the researchers to analyze the data and reconstruct 3D models from 2D 

micrographs. The raw data for cryo samples typically comprises frames or movies. For 

CDC48A dataset we typically obtained between 12 to 24 frames at super-resolution mode 

of the K2 camera. Once good micrographs were selected, the first step in the cryo-EM 

image processing in software packages like Relion /motioncor2 is to align the frames after 

correcting for any motion-induced misalignments [29]. This allows us to get final electron 

micrographs from the frames. Next step is to estimate and correct for the contract transfer 

function (CTF) for each of the final micrographs using ctffind4 [30]. CTF is the Fourier 

transform of the point spread function (PSF) in real space, and this step basically estimates 

and mathematically corrects for the distortions arising from PSF as micrographs at 

different defocus values are used in the image processing. Most of the micrographs were 

obtained with defocus values from about -0.5 to -5.0 μm. 
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     3.5 Particle-picking 

Next step is particle picking (manually), the total number of picked particles were 3192 

from 397 micrographs, and the pixel size of the extracted particles are 1.06 Å/pixel, as 

binning was applied during the motioncorr step. The manual picking served as training for 

the software, which then auto-picked a total of 12520 particles. 

 

     3.6 2D class averages 

in 2D classification particles that share the same shape and orientation were grouped in 

the same class. 100 2D classes are generated, and except 19 out of 100 classes, all were 

trashed as they attracted junk particles. The 19 selected classes comprise all various 

orientations of CDC48A. The total number of particles selected in the 19 class averages 

were 8593 particles. 2D classification in Relion is used only to clean the data, 2D class 

images are not directly used to generate 3D classes, but Relion algorithm uses particles 

images directly from all classes that ensure that all different orientations of the particles 

are represented in the 3D reconstruction. 

 

     3.7 Generating initial models 

Relion reconstructs ab initio initial 3D model from a partial subset of the selected 19 

classes, typically using a similar number of particles, e.g., ~ 100 from all 2D classes and 

limits the resolution of the 3D model to 15 Å. We chose not to apply symmetry for ab initio 

model. Moreover, it is an iterative process, and the user typically inspects the different 

initial models to decide which one to pick, based on resemblance to known structures, 

here the resemblance to the published Cdc48/P97 structures. 
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     3.8 3D Classification 

From ab initio models the most suitable model was selected as a template to initiate the 

3D classification (25 iterations) to achieve four classes, and C6 symmetry was also applied., 

Two classes were trashed, while two classes containing 2225 particles and 3066 particles 

were selected for scientific analysis. 

 

     3.9 3D Refinement, post-processing and mask creation  

During the 3D auto refinement, two independent  3D reconstructions are generated, each 

one represents half of the data set[31]. Relion calculates the Fourier Shell Correlation (FSC) 

to estimate the resolution from independently refined half-reconstructions. Additionally, 

post-processing step has to be performed which will sharpen the map, and by creating a 

mask to the structure to define the protein structure and reweight the 3D information by 

applying negative B-factor[32]. At the end by calculating masked FSC curve will provide the 

actual resolution of the structure [33].  
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Figure 8. Overview of single particle analysis by cryo-EM. First step is protein purification, then 
the specimen preparation step, subsequently the data collection step, followed by image 
processing and finally reconstruction 3-D model. 
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3 RESULTS 

 

4.1 Particle-picking 

From 397 cryo-EM images (electron micrographs) 3192 particles were manually picked 

using Relion 3, and 12520 particles were auto-picked. Auto-picked particles were also 

manually cleaned.  

 

 

Figure 9. Particle Picking  
An area of a cryo-EM image of vitrified sample with selected particles in the green circles, these 
particles represent the different orientations of CDC48A (box size 220 Å). 

 

4.2 Particle extraction 

Particles then were extracted using Relion 3 to proceed with next step, which is the 2D-

classification. The number of the extracted particles is 12,520.  

 

4.3 2D Class averages  

2D classification of particles images resulted in 19-2D- class averages with different 

orientations of Cdc48A, which showed crisp protein images of good quality and considered 

“good”. They comprised 12,520 particles from 479 images. The classes that showed fine 
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internal structures of Cdc48A were selected as good classes. 

 
 
 
 
 
 

Figure 10. 2D- class averages. The resulting 19 2D class averages with 12,520 particles show 
different orientations of CDC48A. 
 

4.4 Building initial model and 3D classification   

Initial models were generated using no symmetry as shown in Figure 11 (A) and another 

one with C6 symmetry as shown in Figure 11(B). The initial model without symmetry gave 

models that look similar to CDC48A, therefore, I proceed the image processing using it.  

 

 

 

 

 

 

 

 

 

 

 

The initial model with no symmetry was used as reference, all the particles were subjected 

to 3D classification with C6 symmetry applied during classification step into four classes. 

One of the classes showed the most features with six folds symmetry structure, and it 

contains 3066 particles. There is another class that also showed Cdc48A structure 

containing 2225 particles. 

 

A B 

Figure 11. initial 3D- models. (A) the initial models (no symmetry) at iterations 10 and 150. (B) 
the initial models (with C6 symmetry) at iterations 10 and 150. 
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Figure 12. Image processing of CDC48A. The initial 3D-model was used as a reference for the 

3D- classification using Relion 3 that yielded density maps at resolution ~12 Å for class3 and ~10.5 

Å for class 4 (with C6 symmetry imposed). 

 

 

Figure 13. The two 3-D classes that were obtained with different angular view 
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4.5 3D- refinement  

In this step, each class that was generated was further processed for refinement to acquire a 

higher resolution and to improve the quality of the map. In this procedure the Fourier Shell 

Correlation (FSC) (gold standard) will be automatically calculated to estimate the final 

resolution [34]. The final resolution for class 3 is 9.8 Å, while the final resolution for class 4 

is 8.9 Å.  

 

Figure 14. the Fourier Shell Correlation (FSC) curve that show resolution achieved for class3 with 
2225 projections of CDC48A, and class4 with 3066 projections that also taken from 3D volume of 

CDC48A. The final resolution achieved forclass3 is 9.8 Å and forclass4 is 8.9 Å  
 
 

     4.6 Masked creation and post-processing 

In order to sharpen the maps a post-processing procedure has to be done after the 

refinement. Before launching the post-processing procedure, a mask has to be created for 

each class, this will define where the protein ends and the solvent region starts and in 

principle reduces the signal from areas out of protein to zero. Moreover, it also uses the 
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Modulation Transfer Function  (MTF), which is microscope and detector specific to perform 

the postprocessing and essentially results in a sharpened map [33] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. the two classes after the refinement has been done. 

Figure 16.class3 and class 4 within the mask. 
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Figure 17. class 3 and class 4 post-process structures, that showed more defined details.   

 

4.7 Rigid body fit of P97 models into the CDC48A EM maps 

To analyze the EM maps of CDC48A, rigid-body fitting of atomic models of the homologous 

P97 from Protein Data Bank (PDB) with different conformations were carried out, using 

chimera “fit in the map” option. Three PDB models were downloaded to fit them into cryo-

EM density map. ADP-ADP bound conformation (PDB entry: 5FTK), ATP-ATP bound 

conformation (PDB entry:5FTN) and ADP-ATP bound conformation (PDB entry: 5FTM) 
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A                                                        B                                               C 

A                                                    B                                            C 

Figure 18. rigid body fit. The 3D-density map fromclass3 was fitted into P97 structure the human 
homologous of CDC48A. Different structures were superimposed into the density map. (A) P97 ADP-
ADP crystal structure is superimposed into CDC48A, (B) the P97 ADP-ATP crystal structure is 
superimposed into CDC48A, (C) the P97 ATP-ATP crystal structure is superimposed into CDC48A. 
 

 

Figure 19. rigid body fit. The 3D-density map fromclass3 was fitted into P97 structure the human 
homologous of CDC48A. Different structures were superimposed into the density map. (A) P97 ADP-ADP 
crystal structure is superimposed into CDC48A,(B) the P97 ADP-ATP crystal structure is superimposed into 
CDC48A, (C) the P97 ATP-ATP crystal structure is superimposed into CDC48A. 
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4 DISCUSSION  

the p97 the human homologues of Cdc48A structure that has been studied by X-ray 

crystallography, Electron microscopy(EM), Nuclear magnetic resonance(NMR), and small 

angle X-ray scattering( SAXS)[26]. These studied were added to biochemical and biophysical 

studies to reveal P97’s mechanism of function[26]. Despite many research works that have 

been carried out on the conformational dynamics of P97, a conclusive mechanism of p97 

working that links the known conformational changes to substrate threading/unfolding is still 

disputed [35]. Therefore, the aim of this thesis is to lay the foundation work for studying plant 

Cdc48A and getting mechanistic insights in progressive studies planned for the future.  

ATP binding and hydrolysis leads to conformational changes in CDC48A complex, which 

generate a mechanical force that can act on the client substrate and unfold it [8,36].  In the 

case of CCD48A and P97, the mechanism of this action is unclear. Multiple models have been 

proposed and one of them is by Bodnar and Rapoport, which states that when the client 

substrate interacts with the cofactors Ufd1 and Npl4, the D2 rings change its conformation 

upon ATP hydrolysis and generate a mechanical force that can pull the substrate through the 

axis of the double rings and this force causes the unfolding of the substrate. Subsequently, 

the ATP hydrolysis by the D1 ring plays a significant role in the releasing of the substrate from 

the CDC48A complex. The releasing process CDC48A has to cooperate with a deubiquitinase, 

which can trim the polyubiquitin to an oligoubiquitin[1]. 
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Figure 20. Stages of substrate processing by the Cdc48 complex. 

 The first stage is when D1 ATPase in the ADP bound conformation, and the N domain is in co-planar 
with the D1 ring. Stage 2 when the ATP binds to D1 ring and the N domain change to the up -
conformation. Then the cofactors UN bind to the bind to the N domain. In stage 3 the substrate binds 
to Cdc48, substrate binding can trigger ATP hydrolysis in the D2 domain, this action allows pore loops 
in the D2 ring to move and drag the substrate through the axis pore. In stage 5 shown the unfolding 
of the substrate as a result of the pulling force exerted by the D2 ATPase.in stage 6 is shown the 
involvement of Out1 a deubiquitinating enzyme that trims the polypeptide into smaller peptide and 
then release the substrate as shown in stage 7 [1]. 

 

On the other hand, Banerjee et al. measure the diameters of the central pore of CDC48A 

during the conformational changes. They report that upon ATP binding to the D2 hexamer 

the diminutions of the pore are modified and contracts in respect of the ADP-ADP pore 

diameter, from  61.3 Å to 54.5 Å. The changes in diameters are considered to be a minor 

change which cannot prove that the substrate is threaded through the central pore [9]. 

In this thesis work, I aim to have multiple conformations of CDC48A; however, the data wasn’t 

diverse and large enough to produced different conformations. I obtained one structure that 

holds the characteristic features of both ADP-ADP conformation and ADP-ATP conformation. 

However, looking closely to the model (class3) that was fitted into atomic structure of P97 in 

Figure 21  And comparing the ADP-ADP conformation with ADP-ATP conformation, the 

density model is fitted better in ADP-ATP conformation than ADP-ADP structure as shown in 

Figure 21, which might indicate that most of the 2D-projections represent the ADP-ATP 

confirmation rather than the ADP-ADP conformation.  
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Figure 21. The cryo-EM density map fitted into two different P97 structures.   
(A) Zoom in figure of the cryo-EM density map that was fitted into ADP-ADP crystal structures of P79, 
showing that some of the helix structures are not inside the contour (B) Zoom in of the cryo-EM 
density map that was fitted into ADP-ATP crystal structures of P79. 
 

I wanted to compare the resulting conformation with published conformation of P97 that was 

taken from Rouiller et al. looking at the four conformation Figure 22. It is clear that the 

resulted conformation acquires similar structure as the structure number 3 in Figure 22 which 

represent the of ADP-ATP conformation in B. Observing both of the structures, the N- domain 

is clearly shown which represented by the additional densities (N), furthermore, both of the 

structures have a clear side protrusion that acquire the same orientation [36]. The similarity 

of the obtained structure with the published ADP-ATP structure might indicate that the 

obtained structure from our data is ADP-ATP conformation.  
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Figure 22. comparison betweenclass3 and EM density from Rouiller. In (A) 3 is the ADP-ATP 
conformation which shares similar characteristics of the obtained conformation in (B).  

 

 

 

Figure 23. comparison between the obtained class4 and the nucleotide-free conformation from 
Rouiller et.al. (A) the EM structure of the nucleotide-free conformation from Rouiller. (B) density 
map ofclass4. (C) the 2D projection of the nucleotide- free conformation taken from Rouiller. 
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 This data showed not only one conformation but also a second conformation, as shown in 

Figure 12. In Figure 19, I tried to superimpose the structures into the map, but none of the 

structures fitted nicely within the contour. Since there is no crystal structure for the 

nucleotide-free conformation I had to compare with the density map, hence, I used 2D 

projection and the density map from Roullier et al. that contains the nucleotide-free 

conformation to compareclass4 with it and observe if they are similar. As shown Figure 23, the 

two of the conformation are very distinctive from each other, the only similarities are the 

overall shape of the two rings  D1, D2 and the N terminal the central axis, and in addition to 

that, they have similar side view[36]. Having a close look at both of the conformations, the 

top ring structure (B) with the structure (A), (B) has more sharped N terminals than (A), and 

the side protrusions are pointing a different direction from each other. However, the bottom 

rings of both structures look similar, except for the peak pointing direction. Preliminary 3D 

structure of class 4 showed that it could not be the nucleotide-free conformation due to the 

difference, however, this has to be confirmed by having more particles since the number of 

particles is only 3066 particles. Moreover, we should consider that there were different 

conformations in this dataset, therefore, there is a high possibility of an error during the 

alignment of particles. Other factors that might lead to misleading structure are the specimen 

movement and the imperfections of the electron lens e.g., astigmatism, aberrations and 

aperture function[37]. Furthermore, due to the low dose of electrons a low signal-to-noise 

ratio is a common event [37]. In addition, looking at the Fourier Shell Correlation curves Figure 

14  they have different frequency values which is due to different pixel sizes in the 

reconstructions. As a result, this may also affect the final resolution of the structure [38]. All 

these factors affect the quality of the final structure of the protein.  Another possibility is the 
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handedness incorrect for example, when -helices turn the wrong way around. Furthermore, 

it is important to highlight that without tilting the microscopy stage, it is impracticable to 

deliberate the absolute handedness from the data set [33,18]. To optimize the structure, I 

corrected the handedness using “flip map” option in USCF chimera Figure 24 the resulting 

flipped structure looks similar to class 3; this might suggest that both structures are the same 

but handedness are different. To confirm that the flipped structure is ADP-ATP conformation 

I superimposed the ADP-ATP conformation into it as shown in the fitting was not matching. 

Hence, we need more particles to improve that the structure is genially the ADP-ATP 

conformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. class 4 structure in blue is before the "map flip" the structure in purple is 
after the "map flip" which give a mirror structure of the original structure. 
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Figure 25.The 3D-density map fromclass4 after correcting the handedness was fitted into the crystal 
structure of P97 the human homologous of CDC48A. Different structures were superimposed into the 
density map. (A) P97 ADP-ADP structure is superimposed into CDC48A, (B) the P97 ADP-ATP crystal 
structure is superimposed into CDC48A, (C) the P97 ATP-ATP crystal structure is superimposed into 
CDC48A.  

 

 

In summary, I had 379 micrographs to do the image processing using Relion 3, from theses 

micrographs, I obtained two main conformations. One of the conformations has similar 

features to ADP-ATP conformation of CDC48A, on the other hand, the other conformation 

was not defined, but after the correcting the handedness it showed very similar structure to 

the ADP-ATP conformation.  

 

 

 

 

     A                                                  B                                          C 
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5 Conclusion 

In this thesis work, I aimed to have at least two defined conformations of CDC48A; however, 

from the dataset I had, I could only obtain two conformations. One of the conformations was 

very similar to the ADP-ATP conformation; therefore, I conclude that it could be the ADP-ATP 

conformation. The other conformation has a unique structure that did not match any with 

the existing conformations, hence, it might be an artificial structure or a mix of conformations 

that cannot be easily further resolved without adding more particles, i.e. more raw data. 

 CDC48A is very dynamic protein and it has four conformational states, consequently, it is very 

hard to capture one define conformation from the same dataset. The purity and homogeneity 

of the sample are the most critical factors in the data processing, to avoid noise from 

unwanted biomolecules in the sample.  

In addition, acquiring multiple datasets so each dataset consists of one conformation would 

work better than having one dataset that might contain two conformations or more. 

Accordingly, we should improve the biochemistry to stabilize the conformational states of 

CDC48A, which could enable us to obtain more particles and eventually get a higher 

resolution structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

41 

 

 

 

 

REFERENCES 

[1] N.O. Bodnar, T.A. Rapoport, Molecular Mechanism of Substrate Processing by the 

Cdc48 ATPase Complex, Cell. 169 (2017) 722–735.e9. doi:10.1016/j.cell.2017.04.020. 

[2] F. Confalonieri, M. Duguet, A 200‐amino acid ATPase module in search of a basic 

function, BioEssays. (1995). doi:10.1002/bies.950170710. 

[3] P. Sheetal, L. Martin, The AAA team: related ATPases with diverse functions, Trends 

Cell Biol. (1998). 

[4] R.D. Vale, AAA proteins: Lords of the ring, J. Cell Biol. (2000). 

[5] A. Stolz, W. Hilt, A. Buchberger, D.H. Wolf, Schematic of single-particle reconstruction 

(Carroni,M, Saibil.H.R.), Trends Biochem. Sci. (2011). doi:10.1016/j.tibs.2011.06.001. 

[6] A.L. Hitchcock, H. Krebber, S. Frietze, A. Lin, M. Latterich, P.A. Silver, The Conserved 

Npl4 Protein Complex Mediates Proteasome-dependent Membrane-bound 

Transcription Factor Activation, Mol. Biol. Cell. (2013). doi:10.1091/mbc.12.10.3226. 

[7] G.H. Baek, H. Cheng, V. Choe, X. Bao, J. Shao, S. Luo, H. Rao, Cdc48: a swiss army 

knife of cell biology, J. Amino Acids. 2013 (2013) 183421. doi:10.1155/2013/183421. 

[8] B. DeLaBarre, A.T. Brunger, Complete structure of P97/valosin-containing protein 

reveals communication between nucleotide domains, Nat. Struct. Biol. 10 (2003) 856. 

https://doi.org/10.1038/nsb972. 

[9] S. Banerjee, A. Bartesaghi, A. Merk, P. Rao, S.L. Bulfer, Y. Yan, N. Green, B. 

Mroczkowski, R.J. Neitz, P. Wipf, V. Falconieri, R.J. Deshaies, J.L.S. Milne, D. Huryn, 

M. Arkin, S. Subramaniam, A novel ATP-dependent conformation in P97 N-D1 

fragment revealed by crystal structures of disease-related mutants., Science (80-. ). 351 

(2016) 871 LP-875. doi:10.1126/science.aad7974. 

[10] Z. Mérai, N. Chumak, M. García-Aguilar, T.-F. Hsieh, T. Nishimura, V.K. Schoft, J. 

Bindics, L. Ślusarz, S. Arnoux, S. Opravil, K. Mechtler, D. Zilberman, R.L. Fischer, H. 

Tamaru, The AAA-ATPase molecular chaperone Cdc48/P97 disassembles sumoylated 

centromeres, decondenses heterochromatin, and activates ribosomal RNA genes, Proc. 

Natl. Acad. Sci. 111 (2014) 16166 LP-16171. doi:10.1073/pnas.1418564111. 

[11] J. Aker, R. Hesselink, R. Engel, R. Karlova, J.W. Borst, A.J.W.G. Visser, S.C. de Vries, 

In vivo hexamerization and characterization of the Arabidopsis AAA ATPase CDC48A 

complex using forster resonance energy transfer-fluorescence lifetime imaging 

microscopy and fluorescence correlation spectroscopy, Plant Physiol. 145 (2007) 339–

350. doi:10.1104/pp.107.103986. 

[12] B. Alewijnse, A.W. Ashton, M.G. Chambers, S. Chen, A. Cheng, M. Ebrahim, E.T. Eng, 

W.J.H. Hagen, A.J. Koster, C.S. López, N. Lukoyanova, J. Ortega, L. Renault, S. 



 

 

 

42 

Reyntjens, W.J. Rice, G. Scapin, R. Schrijver, A. Siebert, S.M. Stagg, V. Grum-Tokars, 

E.R. Wright, S. Wu, Z. Yu, Z.H. Zhou, B. Carragher, C.S. Potter, Best practices for 

managing large CryoEM facilities, J. Struct. Biol. (2017). 

doi:10.1016/j.jsb.2017.07.011. 

[13] H.-W. Wang, J. Lei, Y. Shi, Biological cryo-electron microscopy in China, Protein Sci. 

26 (2017) 16–31. doi:10.1002/pro.3018. 

[14] R. Wagner, M. Harris, M. Storms, U. Luecken, W. Hax, Titan Krios: Automated 3D 

Imaging at Ambient and Cryogenic Conditions, Microsc. Microanal. (2008). 

doi:10.1017/s1431927608083724. 

[15] R.S. Ruskin, Z. Yu, N. Grigorieff, Quantitative characterization of electron detectors for 

transmission electron microscopy, J. Struct. Biol. (2013). 

doi:10.1016/j.jsb.2013.10.016. 

[16] S. Wu, J.-P. Armache, Y. Cheng, Single-particle cryo-EM data acquisition by using 

direct electron detection camera, Reprod. Syst. Sex. Disord. 65 (2016) 35–41. 

doi:10.1093/jmicro/dfv355. 

[17] P.L. Chiu, X. Li, Z. Li, B. Beckett, A.F. Brilot, N. Grigorieff, D.A. Agard, Y. Cheng, T. 

Walz, Evaluation of super-resolution performance of the K2 electron-counting camera 

using 2D crystals of aquaporin-0, J. Struct. Biol. (2015). doi:10.1016/j.jsb.2015.08.015. 

[18] S.H.W. Scheres, RELION: Implementation of a Bayesian approach to cryo-EM 

structure determination, J. Struct. Biol. (2012). doi:10.1016/j.jsb.2012.09.006. 

[19] J.M. Bell, M. Chen, P.R. Baldwin, S.J. Ludtke, High resolution single particle 

refinement in EMAN2.1, Methods. 100 (2016) 25–34. 

doi:10.1016/j.ymeth.2016.02.018. 

[20] J. Loerke, J. Giesebrecht, C.M.T. Spahn, Multiparticle Cryo-EM of Ribosomes, 

Methods Enzymol. (2010). doi:10.1016/S0076-6879(10)83008-3. 

[21] C. Bebeacua, C. Linnemayr, R. Schmidt, A. Rohou, M. van Heel, R. Portugal, M. 

Schatz, T. Grant,  Four-dimensional cryo-electron microscopy at quasi-atomic 

resolution: IMAGIC 4D , in: 2012. doi:10.1107/97809553602060000875. 

[22] J. Hanske, Y. Sadian, C.W. Müller, The cryo-EM resolution revolution and transcription 

complexes, Curr. Opin. Struct. Biol. (2018). doi:10.1016/j.sbi.2018.07.002. 

[23] X. chen Bai, G. McMullan, S.H.W. Scheres, How cryo-EM is revolutionizing structural 

biology, Trends Biochem. Sci. 40 (2015). doi:10.1016/j.tibs.2014.10.005. 

[24] Q. Wang, C. Song, C.C.H. Li, Molecular perspectives on P97-VCP: Progress in 

understanding its structure and diverse biological functions, in: J. Struct. Biol., 2004. 

doi:10.1016/j.jsb.2003.11.014. 

[25] J.M. Davies, A.T. Brunger, W.I. Weis, Improved Structures of Full-Length P97, an 

AAA ATPase: Implications for Mechanisms of Nucleotide-Dependent Conformational 

Change, Structure. (2008). doi:10.1016/j.str.2008.02.010. 



 

 

 

43 

[26] V.E. Pye, I. Dreveny, L.C. Briggs, C. Sands, F. Beuron, X. Zhang, P.S. Freemont, Going 

through the motions: The ATPase cycle of P97, J. Struct. Biol. (2006). 

doi:10.1016/j.jsb.2006.03.003. 

[27] W.K. Tang, D. Li, C.C. Li, L. Esser, R. Dai, L. Guo, D. Xia, A novel ATP-dependent 

conformation in P97 N-D1 fragment revealed by crystal structures of disease-related 

mutants, EMBO J. (2010). doi:10.1038/emboj.2010.104. 

[28] J.M. Davies, H. Tsuruta, A.P. May, W.I. Weis, Conformational changes of P97 during 

nucleotide hydrolysis determined by small-angle X-ray scattering, Structure. (2005). 

doi:10.1016/j.str.2004.11.014. 

[29] S.Q. Zheng, E. Palovcak, J.-P. Armache, K.A. Verba, Y. Cheng, D.A. Agard, 

MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron 

microscopy, Nat. Methods. 14 (2017) 331–332. doi:10.1038/nmeth.4193. 

[30] A. Rohou, N. Grigorieff, CTFFIND4: Fast and accurate defocus estimation from 

electron micrographs, BioRxiv. (2015) 20917. doi:10.1101/020917. 

[31] M. van Heel, M. Schatz, Reassessing the Revolution’s Resolutions, BioRxiv. (2017) 

224402. doi:10.1101/224402. 

[32] P.B. Rosenthal, R. Henderson, Optimal determination of particle orientation, absolute 

hand, and contrast loss in single-particle electron cryomicroscopy, J. Mol. Biol. (2003). 

doi:10.1016/j.jmb.2003.07.013. 

[33] S.H.W. Scheres, Single-particle processing in RELION, Manuals. (2018). 

[34] M. Van Heel, M. Schatz, Fourier shell correlation threshold criteria, J. Struct. Biol. 

(2005). doi:10.1016/j.jsb.2005.05.009. 

[35] P. Hänzelmann, H. Schindelin, The structural and functional basis of the P97/valosin-

containing protein (VCP)-interacting motif (VIM): mutually exclusive binding of 

cofactors to the N-terminal domain of P97, J. Biol. Chem. 286 (2011) 38679–38690. 

doi:10.1074/jbc.M111.274506. 

[36] I. Rouiller, B. DeLaBarre, A.P. May, W.I. Weis, A.T. Brunger, R.A. Milligan, E.M. 

Wilson-Kubalek, Conformational changes of the multifunction P97 AAA ATPase 

during its ATPase cycle, Nat. Struct. Biol. (2002). doi:10.1038/nsb872. 

[37] H.Y. Liao, J. Frank, Definition and Estimation of Resolution in Single-Particle 

Reconstructions, Structure. (2010). doi:10.1016/j.str.2010.05.008. 

[38] J. Guan, S.M. Bywaters, S.A. Brendle, H. Lee, R.E. Ashley, A.M. Makhov, J.F. 

Conway, N.D. Christensen, S. Hafenstein, Structural comparison of four different 

antibodies interacting with human papillomavirus 16 and mechanisms of neutralization, 

Virology. (2015). doi:10.1016/j.virol.2015.04.016. 

 

 


