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Abstract 

 

Resistance UV B-Like 1 (RuvBL1) and Resistance UV B-Like 2 (RuvBL2) are two highly conserved 

proteins, closely related to the bacterial DNA-dependent ATPase and helicase RuvB, that belong to the 

family of AAA+ ATPases. They play an important role in many cellular activities including chromatin 

remodeling, transcription, DNA repair and apoptosis and are part of several critical multiprotein 

complexes such as INO80, TIP60 and R2TP. In addition, recently, a link between RuvBLs and cancer 

was made as a variety of cancer cells were shown to overexpress RuvBL1 and RuvBL2 proteins. More 

specifically, the human R2TP complex is a Hsp90 co-chaperone that contains four different proteins: 

RuvBL1, RuvBL2, RPAP3 and PIH1D1. It is involved in the assembly of large protein or protein-RNA 

complexes including small nucleolar ribonucleotide proteins (snoRNPs), phosphatidylinositol-3-kinase-

like kinases (PIKKs) and RNA polymerase II.  

In this work, the downstream process of the human RuvBL1/RuvBL2 complex and the expression 

conditions and downstream process of the human R2TP sub-complex RuvBL1/RuvBL2/RPAP3501-631 

were optimised, in order to obtain the atomic 3D model of these two complexes. Despite the attempts, 

the obtained and optimised crystals that were tested under an X-ray diffractometer did not diffract. 

Additionally, initial ATPase activity assays were performed to test the activity of RuvBL1/RuvBL2 and 

RuvBL1/RuvBL2/RPAP3501-631. 

Keywords: RuvBL1; RuvBL2; RPAP3; R2TP complex; Cancer; X-ray crystallography 
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Resumo 

 

Resistance UV B-Like 1 (RuvBL1) e Resistance UV B-Like 2 (RuvBL2) são duas proteínas conservadas, 

idênticas à proteína bacteriana RuvB que possui funções de ATPase ADN-dependente e helicase, e 

pertencem à família de AAA+ ATPases. Estas desempenham um papel importante em diversas 

atividades celulares, incluindo a remodelação da cromatina, a transcrição, a reparação de ADN e a 

apoptose, fazendo parte de vários complexos multi-proteicos, tais como INO80, TIP60 e R2TP. Além 

disso, recentemente, foi estabelecida uma ligação entre as RuvBLs e cancro, uma vez que certas 

células cancerígenas demonstraram sobreexpressar as proteínas RuvBL1 e RuvBL2. Especificamente, 

o complexo R2TP humano é uma co-chaperona da proteína Hsp90 que contém quatro proteínas 

diferentes: RuvBL1, RuvBL2, RPAP3 e PIH1D1. Está envolvido na formação de complexos proteicos 

ou de proteínas com ARN, incluindo pequenas proteínas nucleares ribonucleicas (snoRNPs), 

fosfatidilinositol-3-cinase tipo cinases (PIKKs) e ARN polimerase II. 

Neste trabalho, o processo de purificação do complexo humano RuvBL1/RuvBL2 e as condições de 

expressão e processo de purificação do sub-complexo R2TP humano RuvBL1/RuvBL2/RPAP3501-631 

foram otimizados, de forma a obter o modelo atómico tridimensional destes dois complexos. Apesar 

das diversas tentativas, os cristais obtidos e otimizados que foram testados num difratómetro de raios-

X não difrataram. Adicionalmente, foram realizados ensaios iniciais de atividade de ATPase, de forma 

a testar a atividade de RuvBL1/RuvBL2 e RuvBL1/RuvBL2/RPAP3501-631. 

Palavras-chave: RuvBL1; RuvBL2; RPAP3; Complexo R2TP; Cancro; Cristalografia de raio-X 
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1. Introduction 

 

RuvB-Like 1 (RuvBL1) and RuvB-Like 2 (RuvBL2), also known as Rvb1/Rvb2, Pontin/Reptin, 

TIP49/TIP48, ECP54/ECP51, INO80H/INO80J and TIH1/TIH2, respectively, are ATP-binding proteins 

that belong to the family of AAA+ ATPases (ATPases associated with diverse cellular activities) [1] [2]. 

These two proteins were discovered in diverse organisms, by different authors, and are involved in 

multiple cellular processes, such as transcription, DNA damage response, apoptosis, mitosis, cancer 

metastasis, cellular transformation and small nucleolar ribonucleotide proteins (snoRNPs) assembly [1]. 

The RuvBL1/RuvBL2 complex has been implicated in several pathways interacting with many different 

cellular protein complexes, suggesting that it could act as a scaffolding complex [3]. 

 

1.1. AAA+ ATPases family  

The AAA+ family is a large and functionally diverse group of ATPases found in most subcellular 

compartments of eukaryotic cells, as well as in archaea, bacteria and viruses [4]. They are enzymes 

involved in processes as varied as protein unfolding and degradation, peroxisome biogenesis, 

bacteriochlorophyll biosynthesis and DNA recombination, replication and repair, due to their ATPase 

activity of P-loop NTPase domain (Walker A and B motifs) [5]. Typically, these proteins assemble into 

hexameric ring complexes with a central pore involved in the energy-dependent remodelling of 

macromolecules such as DNA, since conformational changes during cycles of ATP binding and 

hydrolysis generate mechanical forces [5]. It should be noted that a subset of proteins is not active as 

ATPases, forming complexes with other family members which do serve as ATPases [6].  

The AAA+ domain, typically spanning 200–250 residues and defined by sequence and structural 

properties, consists in two subdomains, a N-terminal α/β/α Rossmann-like fold (an α/β/α fold 

characteristic of nucleotide-binding domains) and a C-terminal α-helical domain – Figure 1.1. [7]. 

 

Figure 1.1. AAA+ domains. (A) The secondary structure and the key elements of the AAA+ domain. The α-helices 

are shown as rectangles and the β-strands as arrows. (B) A generalised topology diagram for the AAA+ domain. It 

should be noted that the colouring of the secondary structural elements is consistent with the upper part of (A) and 
the colouring of the loops between the helices and the strands is consistent with the lower part of (A). (Extracted 

from [7]) 
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The Walker A motif, typically conserved in the form of GXXGXGK[ST], being G glycine, K lysine, S 

serine, T threonine and X any amino acid, lies between the first strand of the core β-sheet (β1) and the 

following helix (α1) [5] [8]. It has an important role in nucleotide binding, interacting directly with the 

phosphate of ATP, and in metal-ion coordination such as with Mg2+ [5]. According to Hanson, P. I and 

Whiteheart, S. W. (2005), a lysine residue in the conserved sequence is critical, since its mutation 

inhibits nucleotide binding, inactivating the AAA+ protein [7]. The Walker B motif, generally conserved 

in the form of hhhhDE, where D is aspartic acid, E is glutamic acid and h is a hydrophobic amino acid, 

lies between β3 and α3 and plays also an important role in nucleotide binding [7] [8]. Here, the aspartate 

residue can coordinate the Mg2+ necessary for ATP hydrolysis and the glutamate residue is thought to 

activate a water molecule for a nucleophilic attack on the γ-phosphate group of ATP. The mutation in 

the glutamate residue allows nucleotide binding but blocks its hydrolysis, functioning as a substrate trap 

(Figure 1.2.) [7].  

Besides the conserved sequence motifs of P-loop NTPases, the AAA+ domain contains another motif 

not strictly conserved, denominated Second Region of Homology (SRH). The SRH lies between β4 and 

β5 and has two structural elements: sensor 1 and arginine finger [7]. The sensor 1 is found on the N-

terminal of the SRH in the loop linking β4 to α4 and interacts with Walker B elements due to its physical 

localization between P-loop NTPases motifs and ATP γ-phosphate [5]. A conserved polar residue at the 

end of β4 mediates important interactions for ATP hydrolysis rather than ATP binding, thus its mutation 

impairs only ATP hydrolysis [8]. Once the stabilizing interactions for ATP hydrolysis are set, the arginine 

finger, situated in the C-terminal region of the SRH in a loop between α4 and β5, promotes nucleotide 

hydrolysis. The mutation in this residue affects not only ATP hydrolysis but also the propagation of 

hydrolysis-dependent conformational changes [7]. Sensor 2 is in the C-terminal α-helical subdomain, 

between α6 and α7. It should be noted that this motif, with conserved arginine residues, has divergent 

functions, playing several roles in ATP binding and hydrolysis, inter-subunit interaction and nucleotide-

sensing [5] [8]. According to Ogura, T. et al. (2004), a pair of conserved arginine residues close to the 

ATP-binding pocket may be involved in ATP hydrolysis by stabilizing the catalytic transition state [9]. 

Finally, a conserved motif that lies between N-terminal and α0 termed N-linker, is partly responsible for 

the connection between AAA+ domain with other domains, and contributes to the adenine ring binding 

pocket. Its flexibility may propagate nucleotide-dependent changes to other regions of the protein 

(Figure 1.2.) [7].  

As described previously, the AAA+ proteins have a central pore which is believed to be involved in DNA 

or RNA binding. The mutation in three conserved amino acids – aromatic, hydrophobic and aliphatic – 

in the loop between β2 and α2, which covers most of the pore surface, impairs substrate binding and 

processing, without affecting oligomerization or, in most cases, ATPase activity [7].  

AAA+ proteins are related directly or indirectly with many human diseases, which highlights the 

importance of studying these enzymes [7]. One example is the mutation in the PEX1 and PEX6 genes, 

involved in the import of proteins into the matrix of the peroxisome during peroxisome biogenesis, which 

causes an autosomal recessive disease called Zellweger syndrome [10]. This disease presents itself in 

the infancy or childhood with severe dysfunctions in many organ systems such as hypotonia, 
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development delay, sensorineural hearing loss, retinal dystrophy and liver dysfunction; it was the first 

identified disorder associated to AAA+ proteins [6] [11]. It should be noted that the similarities in 

mechanisms between AAA+ ATPases and the determination of common features between diseases 

may allow a standard therapeutic approach.  

 

Figure 1.2. ATP binding sites of two AAA+ proteins. (A) CDC6 (Cell division control 6) protein from Pyrobaculum 
aerophilum. The ADP molecule and the important active site features are shown in stick, the water molecules as 
light blue spheres and the magnesium ion as a magenta sphere. The dashed lines indicate the molecular 
interactions. (B) MCM (Minichromosome maintenance) protein from Pyrococcus furiosus. The scheme is the same 
as in (A). (Extracted from [12])  

 

 

1.2. RuvBL1, RuvBL2 and RuvBL1/RuvBL2 complex 

RuvBL1 was originally isolated from rat liver nuclear extracts and designated as TBP-Interacting Protein 

49 (TIP49), due to its interaction with TATA-binding protein (TBP), by Kanemaki, M. et al. (1997). The 

authors also observed that TIP49 shared high homology with RuvB proteins from several bacteria 

including Thermus aquaticus thermophilus, Thermotoga maritima, Mycobacterium leprae and Borrelia 

burgdorferi [13] [14]. The bacterial DNA-dependent ATPase and helicase RuvB functions as a motor 

for branch migration of Holliday junctions in the presence of RuvA and RuvC during homologous 

recombination and assembles into functional homo-hexameric rings [15]. However, although the two 

homologous regions between the human protein RuvBL1 (amino acids 26-88 and 277-425) and the T. 

thermophilus protein RuvB (amino acids 1-226) are 25 and 38% identical and 46 and 54% similar, 

respectively, the purified wild-type proteins RuvBL1 and RuvBL2 did not exhibit helicase activities [2] 

[16] [17]. 

Human RuvBL1 (50 kDa) and RuvBL2 (51 kDa), containing 456 and 463 amino acids, respectively, are 

two highly conserved AAA+ proteins mainly localised in the nucleus, associated with the nuclear matrix 

or in the nuclear cytosol, but also present in the cytoplasm and associated with the cell membrane [18] 

[19]. RuvBL1 and RuvBL2 are 43% identical and 65% similar to each other and their genes are essential 

for viability in all examined model organisms such as Saccharomyces cerevisiae, Drosophila 

melanogaster and Caenorhabditis elegans [13].  

1.2.1. Structure of human RuvBL1 

The crystal structure of human RuvBL1, solved and refined by Pedro Matias et al. (2006) with data at 

2.2 Å of resolution, shows the formation of a hexameric molecule where each monomer appears 
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complexed with one ADP molecule. The RuvBL1 monomer contains fourteen α-helices, sixteen β-

strands and two 310-helices into three domains: domain I (DI), domain II (DII) and domain III (DIII), as 

shown in Figure 1.3. (A). The domain I, consisting of amino acids 1-200 and 296-365 with the domain II 

inserted in between, contains six α-helices, nine β-strands and two 310-helices and is a triangle-shaped 

nucleotide-binding domain with an α/β/α Rossmann-like fold composed of five parallel β-strands with 

two α-helices on each side. The previously mentioned conserved motifs needed for ATP binding and 

hydrolysis such as Walker A and B, sensor 1 and arginine finger are present in this domain. The smaller 

third domain of RuvBL1 is composed of five α-helices which form a bundle located near the Walker A 

motif, important for ATP binding. These two domains, DI and DIII, are similar to the domain I and domain 

II of bacterial ATPase and helicase RuvB, respectively. The DII inserted between the Walker A and B 

motifs appears to be unique to RuvBL1, since it is not present in RuvB or in other AAA+ proteins. This 

domain contains seven β-strands and its spatial arrangement resembles that of the DNA-binding 

domains of different proteins involved in DNA metabolism [15].  

As described before, the RuvBL1 assembles into a hexameric structure with a central channel, as shown 

in Figure 1.3. (B) and (C). Observed from the top, the hexameric ring has an external diameter ranged 

between 94 and 117 Å and an internal diameter of 18 Å. The hexamer bottom entrance is positively 

charged and its inner surface and top entrance are negatively charged, which probably indicates a 

function in binding and translocating single-stranded DNA, since the diameter is too small for double-

stranded DNA to pass through. The DII protrudes out of the hexameric ring and the connection between 

the DNA-binding region of DII and the bulk of DI is achieved by two-stranded extended β-region, which 

allows an increase in the degree of conformational flexibility of the domain II in relation to DI and DIII 

[15]. 

 

Figure 1.3. Structure of RuvBL1. (A) Domain structure of monomer RuvBL1. The DI, DII and DIII are represented 
in yellow, blue and red, respectively. The ADP molecule is illustrated in a space-filling mode, where carbon, nitrogen, 
oxygen and phosphorus atoms are represented in gray, blue, red and green, respectively. (B) Side view of hexamer 
RuvBL1. The colouring scheme is the same as in (A). (C) Top view of hexamer RuvBL1. The colouring scheme is 
the same as in (A). (Extracted from [15]) 

 

1.2.2. Structure of human RuvBL1/RuvBL2 complex with truncated domains II 

The crystal structure of the human RuvBL1/RuvBL2 complex with truncated domains II (RuvBL1ΔDII/ 

RuvBL2ΔDII complex), solved and refined by Gorynia et al. (2011) with data at 3 Å of resolution, shows 

the formation of a dodecameric molecule with a central channel (17-21 Å) where each monomer appears 
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complexed with one ADP molecule, as shown in Figure 1.4. The dodecameric molecule is formed by 

two hetero-hexamers stacked on top of each other and each hexamer is composed of alternating 

RuvBL1ΔDII and RuvBL2ΔDII monomers [17].      

The nucleotide-binding pockets in each hetero-hexamer are close to the top and bottom faces of the 

dodecamer, whereas the interactions between the hexameric rings occur through the retained parts of 

domain II (internal region of DII, Figure 1.5.).  As a result, the DII internal region may be essential for 

the formation of the complex and the external region for other functions, such as interacting with DNA 

or other proteins [17].  

As shown in Figure 1.5., many residues from the internal region of DII in the RuvBL1 hexameric structure 

were missing, due to poor or no electron density. The association of two hexamers into the dodecameric 

structure stabilised this region, allowing the modelling of additional residues that represent the main 

interaction site between the two hetero-hexamers as described before. In addition, it is also observed 

that RuvBL1ΔDII and RuvBL2ΔDII monomers are very similar to RuvBL1 monomer [17]. 

 

Figure 1.4. Structure of RuvBL1ΔDII/RuvBL2ΔDII complex. (A) Side view of dodecamer RuvBL1ΔDII/ 
RuvBL2ΔDII complex. The RuvBL1ΔDII and RuvBL2ΔDII monomers are represented in gold and cyan, 
respectively. The ADP molecule is illustrated in a space-filling mode, where carbon, nitrogen, oxygen and 
phosphorus atoms are represented in gray, blue, red and green, respectively.  (B) Top view of dodecamer 
RuvBL1ΔDII/ RuvBL2ΔDII complex. The colouring scheme is the same as in (A). (Extracted from [17]) 

 

 

Figure 1.5. Comparison of RuvBL1, RuvBL1ΔDII and RuvBL2ΔDII monomers. RuvBL1ΔDII and RuvBL2ΔDII 
monomers were obtained by truncating the external region of DII in their wild-type protein chains (amino acids 127-
233 and 134-237, respectively). The ADP molecule is illustrated in a space-filling mode, where carbon, nitrogen, 
oxygen and phosphorus atoms are represented in gray, blue, red and green, respectively. The dashed lines 
represent unmodeled regions for lack of electron density. (Extracted from [17]) 
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1.2.3. Biochemical characterisation  

Despite containing all the important structural motifs for ATPase activity, the homo-hexamers RuvBL1 

and RuvBL2 exhibit very weak ATPase activity in vitro compared to other AAA+ proteins, which might 

be explained by the low accessibility area in the nucleotide-binding pocket [15] [17] [20]. The activity 

increases when the single proteins have truncated domains II and even more when RuvBL1 and RuvBL2 

form a hetero-dodecameric complex, showing that this is the enzymatically active form [17] [21]. In 

addition, recently, Zhou, C. et al. (2017) observed that the ATPase activity of yeast Rvb1/Rvb2 complex 

is enhanced by dodecamerisation [22]. The highest ATPase activity is observed when the hetero-

dodecameric complex contains truncated domains II, suggesting that the domain II functions as a 

regulator of the complex activity [13] [17].  

The wild-type proteins RuvBL1 and RuvBL2, as homo-hexamers or hetero-dodecamers, do not exhibit 

helicase activity, while all proteins with truncated domains II (RuvBL1ΔDII, RuvBL2ΔDII, 

RuvBL1/RuvBL2ΔDII and RuvBL1ΔDII/RuvBL2ΔDII) exhibit helicase activity in vitro, suggesting that, as 

observed for ATPase activity, DNA unwinding can be autoinhibited by domain II [17]. In addition, the 

helicase activity results from a mechanical motion derived from ATP hydrolysis [15]. 

The diameter and the electrostatic potential of the central channels of RuvBL1 and RuvBL1/RuvBL2 

complex indicate a possible function in binding and translocating single-stranded DNA. According to 

Matias, P. et al. (2006) and Gorynia, S. et al. (2011), RuvBL1, RuvBL1ΔDII and DII of RuvBL1 bind to 

nucleic acids such as dsDNA and ssDNA, implying that the domain II and central channel of the 

hexameric ring are important for DNA binding. In addition, the hetero-dodecameric complexes 

(RuvBL1/RuvBL2, RuvBL1/RuvBL2ΔDII and RuvBL1ΔDII/RuvBL2ΔDII) exhibit weak binding activity, 

while RuvBL2 did not bind to nucleic acids [15] [17]. 

1.2.4. Function and interaction with other complexes 

RuvBL1 and RuvBL2 are implicated in several cellular complexes and processes in different organisms. 

Additionally, they exhibit different roles and functions in accordance with the process in which they are 

involved [13]. The two highly conserved AAA+ proteins function predominantly as part of various 

chromatin-remodeling complexes such as INO80, SWR1, p400 and TIP60 [17]. The chromatin-

remodeling complexes regulate the accessibility of DNA to the proteins involved in transcription, DNA 

damage repair, telomere regulation and chromosome segregation by regulating the position or 

modification of nucleosomes. They are also implicated in cellular transformation by c-Myc and β-catenin 

(oncogenic transcription factors) through their chromatin-remodeling function, in mitosis by regulating 

assembly of microtubules, in apoptosis through TIP60, in cancer metastasis by regulating expression of 

KAI1 (tumour metastasis suppressor gene) through TIP60 and β-catenin and in the assembly and 

maturation of snoRNPs as components in R2TP complex [1] [13].  
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1.2.5. RuvBL1 and RuvBL2 in cancer 

As described before, RuvBL1 and RuvBL2 are associated with diverse chromatin-remodeling 

complexes and have several functions that are highly relevant for carcinogenesis including 

transcriptional regulation, DNA damage repair and apoptosis. In addition, due to their functions, they 

interact with a number of mediators with a strong involvement in carcinogenesis such as Hint1 (tumour 

suppressor protein), c-Myc, β-catenin, E2F (transcription factor) and ATF2 (another transcription factor) 

regulating their oncogenic function [23] [24]. 

Diverse studies have reported the overexpression of RuvBL1 and RuvBL2 in a variety of human solid 

tumours including colorectal, gastric, bladder, mesothelioma and non-small cell lung cancer, as well as 

in different types of acute or chronic leukemias, in multiple myeloma, high-grade lymphoma and Burkitt 

lymphoma  [24] [25]. According to Huber, O. et al. (2008), decreased expression of RuvBL1 and RuvBL2 

results in reduced tumour cell growth and increased apoptosis in vitro. In addition, they observed that 

decreasing expression of RuvBL1 results in growth arrest of established tumours in xenograft 

experiments in mice [23]. Therefore, these highly conserved AAA+ proteins might represent an effective 

therapeutic drug target and are known to be explored as a drug target by some pharmaceutical 

companies [26]. 

 

1.3. R2TP Complex 

R2TP was primarily identified in yeast S. cerevisiae and, subsequently, in mammalian cells as a Hsp90-

associated multiprotein complex, comprising four proteins: Rvb1, Rvb2, Pih1 and Tah1 in yeast and 

RuvBL1, RuvBL2, PIH1D1 and RPAP3 in human, respectively [27]. The complex is required for the 

assembly and maturation of several multi-subunit complexes such as snoRNPs, RNA polymerase II and 

phosphatidylinositol-3-kinase-like kinases (PIKKs) and is also associated with prefoldin and prefoldin-

like proteins, which form the so called Prefoldin-like complex, implied in protein-complex assembly [28].  

1.3.1. PIH1D1 and RPAP3 proteins 

The yeast PIH1D1 homolog Pih1, stabilised in the presence of Hsp90 and Tah1, contains a N-terminal 

PIH (PIH-N) domain, which binds to proteins containing a CK2-phosphorylated motif found for example 

in Tel2, a component of the Tel2/Tti1/Tti2 (TTT) complex (TEL2/TTI1/TTI2 complex in human) that acts 

as critical regulator of PIKK abundance and DNA damage response signalling, and a C-terminal CS 

domain, which binds to the extended C-terminal tail of Tah1 [29] [30]. Although the region between the 

two domains does not have recognisable structural features it is required to couple Pih1 to Rvb1/Rvb2 

[29]. Human PIH1D1, which is also stabilised in the presence of Hsp90 and RPAP3, contains the PIH-

N domain that identifies and recruits specific substrates to the R2TP complex during assembly of 

snoRNPs, RNA polymerase II, PIKKs and possibly other complexes [31]. However, the middle domain 

described above is not present and the interaction with the rest of the complex is mediated by the C-

terminal part ranging from amino acid 250 to 290, although it is not clear which component of R2TP 
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binds to the C-terminal part [28]. In the human genome, there is a PIH1D2 protein that is 21% identical 

and 38% similar to PIH1D1, but it has not been shown to be part of the R2TP complex [27].  

In yeast, Tah1 interacts with Pih1 via its C-terminal region and contains a short tetratricopeptide repeat 

(TPR) domain that itself binds to the C-terminal conserved MEEVD motif of Hsp90, where M is 

methionine and V is valine [32]. RPAP3 was identified as the human homologous of Tah1 in the R2TP 

complex, however, while the yeast protein has 111 residues and one TPR domain with two TPR motifs, 

the human protein has 665 residues and two domains with six predicted motifs [27]. Although there are 

two mRNA splicing isoforms of RPAP3, only isoform 1, the larger splicing variant, interacts with PIH1D1 

and is required for its stabilization. The isoform 2 lacks an in-frame exon coding for 34 amino acids, 

present in the other isoform, and does not interact with PIH1D1 and, therefore, it may antagonise the 

R2TP complex activity [28] [33]. According to Itsuki, Y. et al. (2008) and von Morgen, P. et al. (2015), 

the C-terminal part of RPAP3 is suggested to interact with PIH1D1, RuvBL1/RuvBL2 and prefoldin-like 

complex components and therefore mediate the interaction between R2TP and Prefoldin-like complex 

[28] [34]. 

Recently, Rivera-Calzada, A. et al. (2017) determined the structure of yeast Rvb1/Rvb2 at 6,5 Å and 

yeast R2TP at 8.37 Å resolution by cryo-EM and single-particle reconstruction. The R2TP complex forms 

an open cage where Pih1 and Tah1 occupy most of the available space between the domains II of 

Rvb1/Rvb2, in a stoichiometry of one Tah1/Pih1 complex bound to one Rvb1/Rvb2 hetero-hexamer 

complex. The authors confirmed that the Tah1/Pih1 binding site on Rvb1/Rvb2 is provided by the 

domains II; the docked orientation of PIH-N domain allows full access by a CK2-phosphorylated motif 

and the positioning of TPR from Tah1 domain allows its C-terminal region to bind to the CS domain of 

Pih1 and exposes the peptide binding groove at the surface, permitting access by the C-terminal 

conserved MEEVD motif of Hsp90, as shown in Figure 1.6. They also observed that the Tah1/Pih1 

binding enhances the ATPase activity of the hetero-hexamer complex [29]. 

 

 

Figure 1.6. Inter-molecular cross-links identified by mass spectrometry (MS) and cartoon model of R2TP 
complex in the presence of Hsp90 and Tel2, respectively. (A) The cross-link patterns emphasise the role of the 
domains II of Rvb1 and Rvb2 and the middle segment of Pih1 in coupling Tah1/Pih1 and Rvb1/Rvb2. It should be 
noted that the intra-molecular e inter-molecular cross-links between Rvb1 and Rvb2 are omitted. (B) The Tah1/Pih1 
binding site on Rv1/Rv2 is provided by domains II, which forms an open basket in which the sub-complex sits, 
ensuring that only a single Hsp90 dimer would be recruited. The Hsp90-binding TPR domain and the Tel2-binding 
PIH-N domain face the same side, bringing these two proteins into close proximity. (Extracted from [29]) 
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1.3.2. Assembly of snoRNP 

snoRNPs are ribonucleoprotein complexes containing small nucleolar RNAs (snoRNAs) complexed with 

proteins. Their assembly is essential for cell growth and proliferation in eukaryotic cells, since snoRNPs 

are involved in pre-rRNA modification, which in turn regulates ribosome biogenesis [1] [25]. The two 

major groups of snoRNPs are the box C/D and H/ACA snoRNAs, which function as RNA guides, 

targeting snoRNPs to specific nucleotides on pre-rRNA for enzymatic modifications such as 2’-O-

methylation and pseudouridylation, respectively [25].  

The box C/D snoRNP is composed by a box C/D snoRNA and four core proteins: Nop56, Nop58, Nop1 

and Snu13 in yeast and NOP56, NOP58, Fibrillarin and 15.5K in human, respectively [35]. The snoRNA 

functions as a RNA guide and forms base pairs with pre-rRNA, allowing the pre-rRNA to be methylated 

by Fibrillarin. This enzymatic modification is vital for the subsequent endonucleotic cleavage and 

processing of the pre-rRNA to produce mature rRNAs [25]. According to Bizarro, J. et al. (2014), PIH1D1 

and RPAP3 may load RuvBL1 and RuvBL2 to the first RNA-free stage of snoRNP formation and do not 

take part in the latter stages of the assembly, since RuvBL1 and RuvBL2 were detected throughout the 

entire assembly of box C/D snoRNPs and PIH1D1 and RPAP3 were not found in any pre-snoRNP 

complexes. In addition, PIH1D1 interacts with NOP58 and NUFIP (snoRNP assembly factor) and NUFIP 

can itself form a ternary complex with 15.5K and ZNHIT3 (another snoRNP assembly factor), therefore, 

PIH1D1 might connect NOP58 to the ternary complex and transfer RuvBL1 and RuvBL2 from the R2TP 

complex to pre-snoRNPs [36]. 

The box H/ACA snoRNP is composed of box H/ACA snoRNA and four core proteins: Nhp2, Nop10, 

Gar1 and Cbf5 in yeast and NHP2, NOP10, GAR1 and NAP57/Dyskerin/DKC1 in human, respectively 

[25] [35]. As the box C/D snoRNP, the box H/ACA snoRNP is involved in modification of pre-rRNA 

required for downstream processing. NAP57 functions as a pseudouridine synthase and promotes the 

pseudouridylation of the target uridines on the pre-rRNA [25]. According to Machado-Pinilla, R. et al. 

(2012), H/ACA snoRNP assembly requires the release of SHQ1 (snoRNP assembly factor) from NAP57, 

therefore, R2TP complex is recruited to the stable complex SHQ1/NAP57 by PIH1D1 and unlocks SHQ1 

from NAP57, which allows access to the box H/ACA snoRNA and the other core proteins [37]. 

1.3.3. Assembly of RNA polymerase II  

Eukaryotic RNA polymerases are a family of multimeric enzymes, RNA polymerase I, II and III, 

responsible for the synthesis of different RNAs – RNA polymerase I produces rRNAs, RNA polymerase 

II synthesises all mRNAs and many non-coding ones and RNA polymerase III transcribes mostly tRNAs 

and 5S rRNAs [38]. Although the mechanism by which RNA polymerase II is assembled from its 12 

subunits is not completely clear, the Hsp90/R2TP/Prefoldin-like complex has been identified as RNA 

polymerase II interacting complex and has been shown to be involved in RNA polymerase II assembly 

in the cytoplasm and in its translocation to the nucleus [27] [39].  
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According to Boulon, S. et al. (2010), the Hsp90/R2TP/Prefoldin-like complex preferentially interacts 

with unassembled Rpb1 (subunit of RNA polymerase II) and RPAP3 binds to Rpb5 independently of the 

Rpb1-containg subcomplex, which is required for its incorporation within the RNA polymerase II complex 

– Figure 1.7. In addition, depletion of RPAP3 and inhibition of Hsp90 led to the destabilization of Rpb1 

in the cytoplasm [27] [28] [39]. More recently, it was shown that Rpb5 also binds to URI (component of 

Prefoldin-like complex) and PIH-N domain interacts with phosphorylated Rpb1 [28].  

 

Figure 1.7. Cartoon model of Hsp90/R2TP/Prefoldin-like complex in RNA polymerase II assembly. The 
complex promotes the cytoplasmic assembly of RNA polymerase II and its translocation to the nucleus. The 
numbers refer to RNA polymerase II subunits Rpb1 to Rpb12. (Extracted from [27]) 

 

1.3.4. Assembly of PIKK  

The PIKK family contains six structurally-related proteins: ATM, ATR, DNA-PKcs, mTOR, SMG1 and 

TRRAP. ATM, ATR and DNA-PKcs are involved in DNA damage and repair, mTOR controls cell 

metabolism and growth, autophagy, transcription and actin organization in response to growth factor 

signalling and nutrient availability, SMG1 regulates nonsense-mediated mRNA decay by the mRNA 

surveillance complex that removes mRNAs with premature stop codons and TRRAP is part of multiple 

acetyltransferase complexes and facilitates transcription by binding transcription factors [28] [40].  

Hořejší, Z., et al. (2010) determined that TEL2 acts as scaffold to coordinate the activities of 

Hsp90/R2TP/Prefoldin-like complex during the assembly of PIKKs, since TEL2 binds to all six PIKKs 

and depletion of TEL2 or another component of Hsp90/R2TP/Prefoldin-like complex has a negative 

impact on the stability of ATM, ATR, DNA-PKcs, mTOR, SMG1 and TRRAP [41]. More recently, it was 

shown that the interaction between TEL2 and mTOR is dependent on the ATPase activity of RuvBL1 

and RuvBL2 and is destabilised in the absence of ATP [28].  

 

1.4. Crystallisation of proteins 

The main goal of this work was to determine the atomic 3D model of the human hetero-dodecameric 

RuvBL1/RuvBL2 complex by X-ray crystallography, which is a technique that uses X-ray diffraction 

patterns to determine high-resolution, three-dimensional structures of molecules such as proteins and 

small organic molecules and requires the growth of suitable crystals [42]. However, this is the major 

obstacle in protein X-ray crystallography, since there is no comprehensive theory, or even a good base 

of fundamental data, to determine optimal conditions for crystal growth [43] [44]. 
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In a saturated solution, there are two different states in equilibrium, the solid phase and the one 

containing the free molecules in solution, and no increase in the proportion of solid phase can occur 

since it would be counterbalanced by equivalent dissolution. Therefore, protein crystals do not grow 

from a saturated solution, but from a supersaturated solution, a non-equilibrium state that provides the 

thermodynamic driving force for crystallisation [45]. If, from a saturated solution, the solvent is gradually 

withdrawn by evaporation, the solubility limit will be exceeded and the solution will become 

supersaturated. If a solid phase is present or introduced, the saturation will be restored as molecules 

leave the solvent to join the solid phase. However, if no crystals or other solid are present, the solute 

will not be divided immediately into two phases and the solution will remain in the supersaturated state. 

It should be noted that the solid state does not necessarily develop spontaneously, since energy, 

analogous to the activation energy of a chemical reaction, is required to create the second phase, the 

stable nucleus of a crystal or a precipitate. Once a stable nucleus has formed, the crystals will grow until 

the system returns to equilibrium [44] [45].  

As shown in Figure 1.8., the region of supersaturation is divided into three different zones: metastable, 

nucleation and precipitation zone. In metastable zone, by definition, a stable nucleus can only be formed 

in the presence of stable nucleus or solids, whereas, in the labile or nucleation zone, it is formed 

spontaneously. Therefore, the first region can support crystal growth but not formation of stable nuclei 

and the second region can yield nuclei as well as support growth. The rate of the crystal growth depends 

on the distance of the solution from the equilibrium position at saturation, i.e., a nucleus that forms far 

from equilibrium and well into the labile zone will grow very quickly at first and, as the system returns to 

the metastable state, it will grow slower and slower. The ideal crystal growth, in terms of the phase 

diagram, would begin with nuclei formed in the labile zone but just beyond the metastable zone, to avoid 

uncontrolled nucleation. There, growth would occur slowly, the system would return to the metastable 

region, where no more stable nuclei could form, and the nuclei that settled would continue to grow to 

maturity [45]. 

 

Figure 1.8. Phase diagram for protein crystallisation. The diagram is divided into a region of undersaturation 
and a region of supersaturation by the line denoting maximum solubility. The last region is composed of three 
different zones: metastable, nucleation and precipitation zone. The adjustable parameter can be precipitant or 
additive concentration, pH and temperature. (Extracted from [46]) 
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Different devices, procedures and techniques have been developed, in order to promote the state of 

supersaturation, which is necessary for crystals grown as described before, however, the vapour 

diffusion method is the most widely used. In this approach, a hanging or sitting drop composed of a 

mixture of protein solution and crystallisation solution is placed in vapour equilibration with a liquid 

reservoir of crystallisation solution. To achieve equilibrium, water vapour leaves the drop and eventually 

ends up in the reservoir, which promotes the state of supersaturation, since the protein and the 

precipitant or the additive concentrations increase (Figure 1.9.) [47].  

 

Figure 1.9. Vapour diffusion method. Hanging (left) and sitting (right) drop vapour diffusion method. (Extracted 
from [48]) 

 

.  
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2. Materials and experimental procedures 

 

2.1. E. coli expression strains transformation  

Transformation is a procedure that allows foreign DNA to be introduced into a host cell. The DNA 

constructs His-hsRuvBL1/hsRuvBL2-Fh8 (synthesised by GenScript®) and His-hsRPAP3501-631 and 

hsRPAP3501-631 (kindly provided by French collaborators) were transformed in E. coli BL21 Star (DE3) 

and BL21 (DE3) pRARE2 for heterologous protein expression. When needed, amplification of plasmid 

DNA was performed using E. coli DH5α strain.  

Bacterial cells were mixed with 50 to 100 ng of plasmid and incubated on ice, for 30 minutes. Thereafter, 

the mix was submitted to a heat shock step for 45 seconds at 42 °C in a water bath and immediately 

placed on ice to rest for 2 minutes. After the heat shock, 1 mL of Luria-Bertani (LB) media (Lab M), 

without antibiotic, was added and the cells were grown in a shaking incubator 37 °C with a cooling 

system (New BrunswickTM Innova® 44 Incubator Shakers) for 1 hour, at 180 rpm. The cell suspension 

was centrifuged (PerfctSpin 24R Refrigerated Microcentrifuge, PEQLAB) at 2351 g, for 2 minutes, and 

850 µL of supernatant was removed. The pellet was resuspended with the remaining medium and plated 

onto a LB agar (InvivoGen) plate supplemented with appropriate antibiotics, to select the E. coli cells 

containing the constructs. To allow colony formation, the plated cells were incubated at 37 °C overnight 

and stored at 4 °C. No colonies were used with a storage time over 3 weeks. 

 

2.2. Expression and purification of the human RuvBL1/RuvBL2 

complex  

2.2.1. Large-scale expression  

In accordance with the small-scale expression trials already performed, freshly grown colonies of E. coli 

BL21 Star (DE3) were inoculated in 200 mL of Power Broth (PB) media (Molecular Dimensions), 

supplemented with ampicillin (100 µg/mL), in a 1 L Erlenmeyer. The culture was grown overnight at 37 

°C in a shaking incubator, at 180 rpm. This culture was used to inoculate 4.5 L of PB media, divided in 

6 TUNAIRTM Shake Flasks 2.5 L each containing 750 mL supplemented with ampicillin (100 µg/mL), at 

a starting cell optical density (OD) of 0.1. The culture was grown at 37 °C in a shaking incubator, at 180 

rpm, until OD reached values between 1.6 and 2. At this point the grown culture was induced with 100 

µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubated overnight at 18 °C in a shaking 

incubator, at 180 rpm. Finally, the cells were harvested by centrifugation (Avanti® J-26 XP, Beckman 

Coulter) at 4424 g, for 20 minutes, at 4 °C, and then frozen and stored at -80 °C. 
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2.2.2. Purification  

The frozen cells (~ 20 g) were resuspended in 100 mL of buffer A (20 mM Tris-HCl pH 8.0, 250 mM 

NaCl, 5% (v/v) glycerol, 2 mM MgCl2, 20 mM imidazole, 0.5 mM TCEP and 200 µM ADP) supplemented 

with 500 U of Benzonase® Nuclease (Novagen®) and one tablet of cOmpleteTM, EDTA-free Protease 

Inhibitor Cocktail (PIC) (Roche), for 30 minutes, at 4 °C. Thereafter, the cells were disrupted in a high-

pressure homogeniser (EmulsiFlex-C5, AVESTIN, Inc.) at 900 bar. In order to isolate the soluble 

proteins, the cell lysate was ultracentrifuged (Optima XL-100 K, Beckman Coulter) at 186010 g for 1 

hour, at 4 °C, and the supernatant filtered (membrane with a pore of 0.22 µm), at the same temperature.  

The clarified lysate was injected into a 5 mL HisTrapTM HP column (GE Healthcare) at room temperature 

(RT), previously equilibrated with buffer A, using an ÄKTA purifier UPC 10 system (GE Healthcare) and 

the bound proteins were eluted with buffer A supplemented with 800 mM imidazole (buffer B). Unspecific 

bound proteins were eluted with two steps of 2% and 5% buffer B, followed by a linear gradient from 5 

to 50% in 10 column volumes (CV) and finally two steps of 75% and 100% to remove tightly bound 

proteins. The fractions containing the RuvBL1 protein and the RuvBL1/RuvBL2 complex were pooled 

and incubated with 5 mM CaCl2 for 1 hour. This calcium incubation allows the Fh8-tag to bind to a 

HiPrepTM Octyl FF 16/60 column (GE Healthcare), previously equilibrated with buffer C (20 mM Tris-HCl 

pH 8.0, 200 mM NaCl, 10% (v/v) glycerol, 2 mM MgCl2, 5 mM CaCl2, 0.5 mM TCEP and 300 µM ADP). 

The column was washed with buffer D (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 10% (v/v) glycerol, 2 mM 

MgCl2, 2.5 mM CaCl2, 0.5 mM TCEP and 300 µM ADP) and the complex was eluted with 75% of buffer 

E (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10% (v/v) glycerol, 2 mM MgCl2, 5 mM EDTA, 0.5 mM TCEP 

and 300 µM ADP). The fractions containing the RuvBL1/RuvBL2 complex were pooled, supplemented 

with 0.5 mM TCEP and incubated overnight at 4 ºC in the presence of 1% (w/w) Human Rhinovirus 

(HRV) 3C protease (Thermo Fisher Scientific) to remove the Fh8-tag. To separate the protease and the 

cleaved tag from RuvBL1/RuvBL2 complex, the digested pool was injected in a size exclusion 

chromatography (HiLoadTM 26/600 or 16/600 Superdex 200 PG or Superdex 200 Increase 10/300 GL, 

GE Healthcare) equilibrated in buffer F (20 mM Tris-HCl pH 8.0, 250 mM NaCl, 10% (v/v) glycerol, 2 

mM MgCl2, 0.5 mM TCEP and 400 µM ADP) and two overlapping peaks were eluted – a smaller peak 

corresponding to higher oligomeric forms and a major dodecamer peak. To further purify the 

dodecameric RuvBL1/RuvBL2 complex from other oligomeric forms, the two peaks were fractionated in 

three different pools, as shown in Figure 3.5., and the first two fractions were reinjected in a SuperoseTM 

6 10/300 GL (GE Healthcare) column previously equilibrated in buffer F. Finally, the dodecameric 

complex RuvBL1/RuvBL2 was concentrated, supplemented with 4 mM ADP, frozen and stored at -80 

°C. All purification steps were monitored by sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) (200 V for 50 minutes with NuPAGETM MOPS SDS Running Buffer (InvitrogenTM)) and the 

Bradford method. 
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2.3. Co-expression and purification of the human R2TP sub-

complex RuvBL1/RuvBL2/RPAP3501-631 

2.3.1. Small-scale co-expression 

To determine the optimal expression conditions of His-hsRuvBL1/hsRuvBL2-Fh8 with untagged 

hsRPAP3501-631 (p15A as origin of replication and kanamycin as selection marker) and His-hsRPAP3501-

631, in BL21 (DE3) pRARE2, different culture media (LB, PB and EnPresso® B Animal-free (Sigma 

Aldrich®)), induction agent concentrations (50, 100 and 200 µM and 1 mM IPTG) and induction times 

(1, 2 and 3 hours, at 37 °C, and overnight, at 18 °C) were tested. The co-expression of His-

hsRuvBL1/hsRuvBL2-Fh8 with tagged His-hsRPAP3501-631 is unfeasible, since their origin of replication 

(pBR322) and selection marker (ampicillin) are the same, however, this last construct was designed to 

detect the expression of RPAP3 C-terminal domain by Western blotting.  

Before induction and after the induction time, one sample of each grown culture, corresponding to an 

OD value of 2, was centrifuged at 13200 g, for 5 minutes at 4 °C. The pellets from the samples not 

induced were resuspended in 200 µL 1X Loading buffer (50 mM Tris-HCl pH 7.0, 10% (v/v) glycerol, 

125 mM 2-mercaptoethanol, 0.02% (w/v) bromophenol blue and 2% (w/v) SDS) while the remaining 

pellets were resuspended in 150 µL BugBuster® Protein Extraction Reagent (Novagen®) supplemented 

with 2.5 U Benzonase® Nuclease (Novagen®) and 0.3 µL Lysozyme (Thermo Fisher Scientific) at 50 

mg/mL, incubated for 20 minutes on ice and centrifuged at 13200 g, for 25 minutes at 4 °C. After 

centrifugation, the supernatants were transferred into a new tube and supplemented with 50 µL 4X 

Loading buffer (soluble fractions) while the pellets were resuspended in 200 µL 1X Loading buffer 

(insoluble fractions). All samples were monitored by SDS-PAGE (200 V for 35 minutes with BoltTM MES 

SDS Running Buffer (InvitrogenTM)) and Western blotting. 

2.3.2. Large-scale co-expression  

In accordance with the small-scale expression trials, freshly grown colonies were inoculated with 14 mL 

of LB media, supplemented with ampicillin (100 µg/mL), kanamycin (50 µg/mL) and chloramphenicol 

(30 µg/mL), in a 50 mL FalconTM Conical Centrifuge Tube. The culture was grown for 8 hours at 37 °C, 

225 rpm. EnPresso® B Animal-free is a pre-sterilised growth system designed to provide optimal 

conditions for growth, metabolism and protein expression in microbial cultures. It maintains pH and uses 

proprietary EnBase® technology to ensure a constant, slow release of glucose from a polysaccharide 

substrate [49]. The pre-culture inoculum was added to 7 Ultra YieldTM Flasks of 500 mL, each containing 

one white bag (two tablets) dissolved in 50 mL of sterile water, supplemented with ampicillin (100 

µg/mL), kanamycin (50 µg/mL) and chloramphenicol (30 µg/mL), 5 µL AntiFoam 204 and 25 µL Reagent 

A (glucose-releasing agent). The cells were grown overnight in 30 °C shaking incubator, at 225 rpm. 

The next day an addition tablet, from the black bag (one booster tablet as induction agent), along with 

75 µL Reagent A were added to each Ultra YieldTM Flask. The grown culture was incubated at 30 °C, 
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225 rpm for another 24 hours. Finally, to harvest the cells, the culture was centrifuged (Avanti® J-26 XP, 

Beckman Coulter) at 4424 g, for 20 minutes at 4 °C, and then frozen and stored at -80 °C. 

2.3.3. Purification  

The RuvBL1/RuvBL2/RPAP3501-631 complex was purified in a similar manner as described above for the 

RuvBL1/RuvBL2 complex. However, it should be noted that the complex bound to the hydrophobic 

matrix was eluted with Milli-Q® water, and the collected fraction supplemented with 2X buffer E without 

EDTA, and the Pool B, after Fh8-tag cleavage, was injected in a SuperoseTM 6 PG XK 16/70 (GE 

Healthcare) column, where a major hetero-hexameric of RuvBL1/RuvBL2 with RPAP3501-631 peak was 

eluted.  All purification steps were monitored by SDS-PAGE (200 V for 35 minutes with MES buffer) and 

the Bradford method. 

 

2.4. Bradford method 

The Bradford method was performed in a Spark® 10M (Tecan) multimode microplate reader using 

Coomassie PlusTM Assay reagent (Thermo Fisher Scientific) to quickly measure total protein 

concentration by comparing it to a protein standard with known concentration (Bovine serum albumin 

(BSA) at 2 mg/mL, Thermo Fisher Scientific). Initially, different BSA dilutions, with the same diluent as 

the sample under study, were prepared to determine the calibration curve (0, 100, 200, 400, 600, 800 

and 1000 µg/mL). The standard solutions and the sample under study, containing less than 1000 µg/mL 

of protein, were pipetted (5 µL) into a NuncTM MicroWellTM 96-Well microplate (Thermo Fisher Scientific), 

mixed with Coomassie PlusTM Assay reagent (150 µL) and incubated at RT, for 15 minutes. The 

absorbance was measured at 595 nm. All assays were carried out in duplicates. 

 

2.5. Western blotting 

Following electrophoresis, the proteins from the SDS-PAGE were transferred to a nitrocellulose 

membrane using an iBlotTM 2 Gel Transfer device (Thermo Fisher Scientific) at 25 V, for 7 minutes. The 

membrane was blocked with 3% (w/v) Skim Milk Powder in Phosphate Buffered Saline with Tween 20 

(PBS-T), for at least 45 minutes, and washed three times, for 5 minutes, with PBS-T. For 1 hour, the 

membrane was incubated with 0.16 µL/mL Monoclonal Anti-polyHistidine antibody produced in mouse 

(Sigma Aldrich®) in PBS-T containing 3% (w/v) Skim Milk Powder. After a new washing step, the 

membrane was incubated, for 1 hour, with 0.125 µL/mL Anti-Mouse IgG-Alkaline Phosphatase (Sigma 

Aldrich®) in PBS-T containing 3% (w/v) Skim Milk Powder and washed again. To reveal the result, one 

tablet of SigmaFastTM BCIP®/NBT (Sigma Aldrich®) was dissolved in water (10 mL) and added to the 

membrane, until bands were visible to the naked eye. Finally, to stop the reaction, the membrane was 

washed with water and stored in the dark.   
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2.6. Thermal shift assay 

The thermal shift assays (TSA) were performed in a QuantStudio 7 Flex Real-Time PCR System 

(Thermo Fisher Scientific), with excitation and emission wavelengths of 580 and 623 nm, respectively, 

using a MicroAmpTM EnduraPlateTM Optical 96-Well Fast Clear Reaction Plate with Barcode (Thermo 

Fisher Scientific). The 96-well plate was sealed with MicroAmpTM Optical Adhesive Film (Thermo Fisher 

Scientific), centrifuged at 2500 g for 2 minutes to remove possible air bubbles and placed in the Real-

Time PCR machine, where it was heated from 25 to 90 ºC with stepwise increments of 0.016 ºC per 

second, followed by the fluorescence read out. For each well, 20 µL final volume with 3 µg of protein 

and 5-fold of ROX™ Passive Reference Dye (Thermo Fisher Scientific), prepared with protein 

purification buffer, was determined as the optimal combination. The RUBIC Buffer Screen (Molecular 

Dimensions) was performed with 2 µL RuvBL1/RuvBL2 at 1.5 mg/mL and 2 µL ROX™ Passive 

Reference Dye at 50-fold and 16 µL RUBIC Buffer Screen. The RUBIC additive screen was performed 

with the same amount of protein and dye as the RUBIC Buffer screen, but only 12 µL RUBIC Additives 

per well were used and final volume achieved using 4 µL 5X buffer F. To study the effect of 100 mM 

Succinic acid, Sodium phosphate monobasic monohydrate and Glycine (SPG) at pH 6.5 and 7.0 and 

250, 200, 150 and 100 mM Sodium phosphate monobasic at pH 7.0 and 7.5, RuvBL1/RuvBL2 was 

dialyzed overnight, using a Slide-A-LyzerTM MINI Dialysis device with a molecular weight cut-off 

membrane of 10 kDa (Thermo Fisher Scientific), at 4 °C. The amino acids L-Arginine and L-Glutamic 

acid were tested at 47, 147, 247, 347, 447 and 469 mM. The pure RPAP3501-631 (3 µg), expressed and 

purified by French collaborators, and the ROX™ Passive Reference Dye (5-fold) were prepared with 

buffer F. The assays were carried out in duplicates and the results were analysed in the Protein Thermal 

ShiftTM Software V1.3. 

 

2.7. ATPase assay 

The ATPase assays were performed using a NuncTM MicroWellTM 96-Well Microplate (Thermo Fisher 

Scientific) and the absorption at 340 nm was continually monitored with a Spark® 10M (Tecan) device, 

at 37 °C for 2 hours. Per well, given the reaction volume of 100 µL, the assay was prepared by mixing 

Tris-HCl pH 7.6 (90 mM), MgSO4 (4.2 mM), KCl (31 mM), the pyruvate kinase/L-lactate dehydrogenase 

(PK/LDH) pair (16 and 23 U, respectively, Sigma Aldrich®), RuvBL1/RuvBL2 or RuvBL1/RuvBL2/ 

RPAP3501-631 (1 µM) and water to make up the volume. The reaction was measured until the curves 

were stabilised and then the phosphoenolpyruvate (PEP) (1.6 mM) and the ATP (25 µM to 1.5 mM) 

were added. For steady-state kinetics the rate of ATP hydrolysis was calculated using the equation (2.1.) 

with an extinction coefficient (ε) value of 6.22 mM-1cm-1 for NADH and a cuvette path length (b) value of 

0.30 cm-1. The steady-state constants Michaelis constant (KM) and maximum rate (Vmáx) were obtained 

by fitting the progress curves to Michaelis-Menten equation, using Solver (Microsoft Excel). The assays 

were carried out in triplicates.   
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𝑅𝑎𝑡𝑒 𝐴𝑇𝑃 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝛥[𝐴𝐷𝑃]

𝛥𝑡
=

−𝛥𝐴𝑏𝑠340 𝑛𝑚

𝑏 ∗ 𝜀𝑁𝐴𝐷𝐻 ∗ 𝛥𝑡
     (2.1. ) 

 

2.8. Crystallisation and data collection 

Initially, several commercial screens (JCSG-plusTM, Pact premierTM, ProplexTM, Structure Screen 1 and 

2, Morpheus® I and II, ShotGunTM, The Basic Chemical Space Screen and The LMB Crystallisation 

ScreenTM, Molecular Dimensions, and Index, Hampton Research), each with 96 crystallisation solutions, 

were tested at two different temperatures, 4 and 20 °C, using a mosquito® Crystal robot (TTP Labtech). 

Crystallisation drops, with 200 nL final volume, were mixed from equal volumes of protein solution (12 

mg/mL of RuvBL1/RuvBL2 or RuvBL1/RuvBL2/RPAP3501-631, 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 

10% (v/v) glycerol, 2 mM MgCl2, 0.5 mM TCEP and 4 mM ADP) and crystallisation solutions. Crystals 

of the RuvBL1/RuvBL2 complex were obtained at 20 °C, after 1 day, by sitting drop vapour diffusion 

technique, in one crystallisation condition of Morpheus® I screen – 60 mM Divalents (300 mM 

MgCl2•6H2O; 300 mM CaCl2•2H2O), 100 mM Buffer System 3 pH 8.5 (1 M Tris base; 1 M Bicine) and 

50% (v/v) Precipitant Mix 3 (40% (v/v) glycerol; 20% (w/v) PEG 4000). To improve crystal quality and 

dimensions, the crystallisation condition was optimised to 80 mM Divalents, 100 mM Buffer System 3 

pH 8.5 and 52% (v/v) Precipitant Mix 3 and the drop size to 1 µL final volume. Furthermore, the protein 

solution was co-crystallised with 469 mM L-Arginine and 469 mM L-Glutamic acid (0.5 µL protein 

solution, 0.4 µL reservoir solution and 0.1 µL additive) and crystals also appeared after 1 day. The 

Morpheus® Additive Screen (Molecular Dimensions) was performed at 20 °C with this optimised 

condition (150 nL of RuvBL1/RuvBL2, 30 nL of Morpheus® Additive Screen and 120 nL of crystallisation 

solution) and three different crystals appear, after 1 day, with 40 mM Sodium oxamate, 40 mM DL-

Serine and 60 mM Sodium sulphate, the first two were optimised to 9 and 32 mM, respectively.  

Some crystals of homo-hexamer RuvBL2 were used to produce a crystal seed stock which in 

combination with the commercial screens described above were again tested for the two complexes 

(150 nL of protein, 30 nL of microseeds and 120 nL of crystallisation solution), to find other crystallisation 

conditions using the microseeding approach. However, there was only one crystallisation condition from 

Morpheus® I screen where crystals of RuvBL1/RuvBL2 complex appeared – 40 mM Polyamides (100 

mM Spermine tetrahydrochloride; 100 mM Spermidine trihydrochloride; 100 mM 1,4-Diaminobutane 

dihydrochloride; 100 mM Ornithine monohydrochloride), 100 mM Buffer System 6 pH 8.5 (1 M Gly-Gly; 

1 M AMPD) and 50% (v/v) Precipitant Mix 5 (30% (w/v) PEG 3000; 40% (v/v) 1,2,4-Butanetriol; 2%(w/v) 

NDSB 256). This condition was then optimised to 80 mM Spermine tetrahydrochloride, 100 mM Buffer 

System 3 pH 8.5 and 16% (w/v) PEG 3000.  

In a more conservative approach, the central peak fractions with higher absorbance from SuperoseTM 

6, containing the RuvBL1/RuvBL2 complex, were dialysed overnight, at 4 °C, to replace the 20 mM Tris-

HCl pH 8.0 buffer to either 100 mM SPG pH 6.5, 100 mM SPG pH 7.0 or 100 mM Sodium phosphate 

monobasic pH 7.5, keeping all the other components from the buffer. The dialysed samples were 

screened with the same commercial screens described above.  
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The crystals tested were flash-frozen under a stream of nitrogen at 100 K using 80 mM Spermine 

tetrahydrochloride, 100 mM Buffer System 3 pH 8.5, 16% (w/v) PEG 3000 and 30% (v/v) glycerol or 

30% (w/v) PEG 400 as cryoprotecting buffers in optimised crystals with 80 mM Spermine 

tetrahydrochloride, 100 mM Buffer System 3 pH 8.5 and 16% (w/v) PEG 3000 as crystallisation 

condition. Diffraction data were collected at Diamond Light Source (DLS) beamline I03, with remote 

access, using a Pilatus3 6M detector. I03 is a tuneable beamline with working wavelength range of 0.6-

2.48 Å. The standard working wavelength is 0.976 Å (12.7 keV) with a focused beam size of 80 x 20 µm 

(Full width at half maximum (FWHM)) [50]. 

No crystals of the RuvBL1/RuvBL2/RPAP3501-631 complex were obtained so far. 
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3. Results and discussion 

 

3.1. Purification of the human RuvBL1/RuvBL2 complex   

X-ray crystallography depends on ordered, well diffracting crystals, to generate an atomic 3D model, 

which represents the structure of a protein of interest. Well diffracting crystals are successfully achieved 

with a pure, homogenous and stable protein sample, therefore, the expression conditions and the 

purification process are crucial [51]. 

The His-hsRuvBL1/hsRuvBL2-Fh8 construct was conceived in an effort to enhance the final amount of 

pure RuvBL1/RuvBL2 complex and decrease the costs associated with downstream process, since the 

previous construct had a FLAG-tag in the C-terminal of RuvBL2 and its purification procedure, with 

ANTI-FLAG® M2 Affinity Gel, had a very low yield – 30 mg of protein for the 10 mL of resin, regardless 

of the quantity injected –  and was very expensive – each elution costs 131€, as a result of using FLAG 

peptide as elution buffer.  

As first purification step, the soluble proteins were injected onto a 5 mL HisTrapTM HP column, to retain 

the proteins tagged with 6 residues of histidine – RuvBL1 and RuvBL1/RuvBL2 complex. The 

unspecifically bound proteins were removed with 20 mM (Wash, Figure 3.1.), 40 mM (Peak I) and 69 

mM (Peak II) of imidazole. The remaining proteins were eluted in a gradient between 69-510 mM (Peak 

III) and with 800 and 1000 mM (Peaks IV and V, respectively) of imidazole.  

 

Figure 3.1. Immobilised metal ion affinity chromatography (IMAC) of His-hsRuvBL1/hsRuvBL2-Fh8 
(HisTrapTM HP column). The peaks I and II were eluted with 2% and 5% of buffer B respectively, the peak III with 
10 CV, between 5% and 50% of buffer B, and the peaks IV and V with 75% and 100% of buffer B, respectively. 
Fractions were collected with 1.80 mL. Absorbance (mAU)         Buffer B (%) 

 

According to Figure 3.2., the purest fractions were pooled (Pool A) and incubated with 5 mM of CaCl2 

for 1 hour, since the molecule Fh8 is a calcium sensor protein structurally organised into two helix-loop-

helix EF-hand motifs that, upon calcium binding, switches from a closed to an open conformation due 

to the reorientation of the four α-helices, exposing its hydrophobic residues to interact with a hydrophobic 

matrix, for example. The Fh8 was originally isolated from the parasite Fasciola hepatica as one of the 
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secreted proteins in the early stages of infection and then recombinantly produced in E. coli for 

diagnosis, vaccine and drug development against Fasciola hepatica infections, presenting a molecular 

weight of 8 kDa. In addition, Costa, S. (2013) observed that Fh8 is a novel and unique fusion system for 

simple and inexpensive soluble protein overexpression and purification in E. coli, since the protein 

expression levels and the protein solubility increased and the costs associated with the purification 

decreased, in the presence of this novel system, compared with other fusion systems as MBP, FLAG 

and Protein A [52].  

It should be noted that the stability of RuvBL1/RuvBL2 complex decreases as the concentration of 

imidazole increases (Figure 3.11. in section 3.3. Thermal shift assay), therefore the collected fractions 

from the last two peaks were not added to Pool A.   

 

Figure 3.2. Analysis of IMAC (Figure 3.1.) by SDS-PAGE. Well 1: Molecular marker (Bio-Rad) (8 µL); Well 2: 
Inject (0.5 µL); Well 3: Flow (0.5 µL); Well 4: Wash (1 µL); Well 5: 2% of buffer B (2 µL); Well 6: 2% (1 µL); Well 7: 
5% (1 µL); Well 8: 5-50% (3 µL); Well 9: 5-50% (1 µL); Well 10: 5-50% (1 µL); Well 11: 5-50% (3 µL); Well 12: 5-
50% (3 µL); Well 13: 5-50% (1 µL); Well 14: 5-50% (1 µL); Well 15: 5-50% (2 µL); Well 16: 5-50% (4 µL); Well 17: 
5-50% (4 µL); Well 18: 75% (4 µL); Well 19: 75% (2 µL) and Well 20: 100% (3 µL). 

 

Initially, five hydrophobic interaction chromatography (HIC) media of 1 mL with different hydrophobic 

characteristics were tested to select the one with higher yield and purification efficiency – HiTrapTM 

Phenyl Fast Flow (FF) (High Sub), Phenyl FF (Low Sub), Phenyl High Performance (HP), Butyl FF and 

Octyl FF. The binding capacity depends on the sample composition, chosen starting conditions, such 

as pH, ionic strength, buffer salts and the flow rate at which the adsorption is done, therefore the same 

volume of Pool A was injected in each column [53]. The composition of purification buffers from this 

procedure and the strategy of elution, with 5 mM of EDTA, were adapted from Costa, S. (2013) [52]. As 

shown in Figure 3.3., HiTrapTM Octyl FF and Phenyl FF (Low Sub) were the columns with higher 

absorbance peaks and lower width. However, the HiTrapTM Octyl FF was considered the column with 

the best hydrophobic characteristics for this purification step, due to the purity of the collected fractions 

and the amount of protein, analysed by SDS-PAGE and Bradford method (data not shown). 

After the small-scale hydrophobic tests, a new production of His-hsRuvBL1/hsRuvBL2-Fh8 was initiated 

and Pool A was divided in two and separately injected onto a HiPrepTM Octyl FF 16/60 column, since 

the binding capacity was again unknown. Following the wash step, the complex bound to the 

hydrophobic matrix, from the first injection, was eluted with one step of 5 mM of EDTA, which led to 



 

 

23 

extensive protein precipitation in the fractions with higher absorbance, i.e., with higher protein quantity 

and, therefore, with higher concentration. High protein concentrations enhance protein-protein and 

protein-solvent intermolecular interactions, allowing the formation of a three-dimensional protein 

network, which promoted the formation of irreversible protein aggregation [54] [55]. Thus, in the second 

injection, the complex was eluted in steps of 25%, 50%, 75% and 100% of buffer E, to avoid protein 

precipitation. As a result, the specifically bound proteins were only eluted with 3.75 mM of EDTA (75% 

of buffer E) and the collected fractions did not precipitate. The binding capacity of this column was 

determined through SDS-PAGE and Bradford method, being approximately 470 mg of RuvBL1/RuvBL2 

complex per 20 mL of resin.  

 

Figure 3.3. Small scale tests of HIC with His-hsRuvBL1/hsRuvBL2-Fh8. (A) The peak I was eluted from a 
Phenyl FF (High Sub) column, the peak II from an Octyl FF column and the peak III from a Butyl FF. (B) The peak 
IV was eluted from a Phenyl FF (Low Sub) column and the peak V from a Phenyl HP. All peaks were eluted with 
100% of buffer E. Fractions were collected with 1.80 mL. Absorbance (mAU)         Buffer E (%) 

 

The purest fractions without precipitation events were pooled (Pool B) and quantified for Fh8-tag 

removal. The sample was supplemented with 0.5 mM of TCEP and 1% (w/w) HRV 3C protease, to 

promote the cleavage of Fh8-tag overnight as it contains the 3C cleavage site. Although the His-tag (1 

kDa) should have no effect on the structure and function of the protein, the cleavage of this tag with 

thrombin protease (Novagen®) was tested at small-scale [56]. It should be noted that, since thrombin 

contains disulphide bonds, the reducing agent was removed using a Slide-A-LyzerTM MINI Dialysis 

devices with a molecular weight cut-off membrane of 10 kDa (Thermo Fisher Scientific), at 4 °C. The 
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small-scale tests proved that the His-tag removal is not feasible, and, in addition, part of the 

RuvBL1/RuvBL2 complex shows degradation, as seen in the Western-blot in Figure 3.4. 

 

Figure 3.4. Analysis of His-tag cleavage with thrombin protease, at small-scale, by anti-His Western blotting. 
Well 1: Molecular marker (Bio-Rad) (8 µL); Well 2: 3 µg of RuvBL1/RuvBL2 and 0.02 U/µL of thrombin, after 4 hours 
dialysis; Well 3: 3 µg and 0.01 U/µL, after 4 hours dialysis; Well 4: 3 µg and 0.005 U/µL, after 4 hours dialysis; Well 
5: 3 µg and 0.02 U/µL, after overnight dialysis; Well 6: 3 µg and 0.01 U/µL, after overnight dialysis and Well 7: 3 µg 
and 0.005 U/µL, after overnight dialysis.     

 

Size exclusion chromatography (SEC) separates molecules according to differences in size. 

Consequently, Pool B was concentrated, divided in two and separately injected in a SuperdexTM 200 to 

separate different oligomeric forms of RuvBL1/RuvBL2. According to the in-house calibration curve of 

HiLoadTM 26/600 SuperdexTM 200 PG (Supplementary information, Figure S1.), the peaks II and IV, from 

Figure 3.5., correspond to the dodecameric form of the complex (~ 600 kDa) while the other two peaks 

correspond to higher oligomeric forms. The fractions were joined in three different pools, C (peaks I and 

III), D (depressions between the two peaks) and E (peaks II and IV).  

 

Figure 3.5. SEC of His-hsRuvBL1/hsRuvBL2 (HiLoadTM 26/600 SuperdexTM 200 PG). The fractions were pooled 
according to their oligomeric complex, to select the hetero-dodecameric complex of RuvBL1/RuvBL2 (peaks II and 
IV). The peaks I and III correspond to higher oligomeric complexes and the depressions to a mix between I and II 

and III and IV. Fractions were collected with 1.80 mL. 

 

The first two pools were re-concentrated and re-injected individually in another SEC, SuperoseTM 6 

Increase, to further separate oligomeric forms. Compared to SuperdexTM 200, SuperoseTM 6 has a 

higher resolution power and a wider separation range for big macromolecules, allowing an effective 

separation of protein aggregates from dodecamers [57]. In accordance with the in-house calibration 

curve of this column (Supplementary information, Figure S2.), the peaks showed in Figure 3.6. (A) 
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correspond also to a hetero-dodecamer. Therefore, the collected fractions on the right side of the dashed 

line were added to Pool E. As shown in Figure 3.6. (B), the final Pool E was pure and homogenous in 

terms of oligomeric species, with a yield of 3.0 mg/g of cells. 

 

Figure 3.6. SEC of His-hsRuvBL1/hsRuvBL2 (SuperoseTM 6 Increase 10/300 GL). (A) The peaks I, II, III, IV, V, 
VI, VII and VIII correspond to the hetero-dodecameric complex. Fractions were collected with 1.80 mL. (B) 100 ng 
of final Pool E. Insert Well 1: Molecular marker (Bio-Rad) (8 µL); Well 2: Final Pool E, RuvBL1/RuvBL2 complex (1 
µg); Well 3: Final Pool E, RuvBL1/RuvBL2 complex (2 µg) and Well 4: Final Pool E, RuvBL1/RuvBL2 complex (3 
µg). 

 

3.2. Co-expression and purification of the human R2TP sub-

complex RuvBL1/RuvBL2/RPAP3501-631 

3.2.1. Small-scale co-expression  

The R2TP complex is a specialised Hsp90 co-chaperone essential for the assembly and maturation of 

multi-subunit complexes, as described before, however, structural insights on the mammalian cells 

complex such as protein-protein interaction details and stoichiometry are still lacking. Since previous 

studies with NMR confirmed the interaction between the RuvBL1/RuvBL2 complex and the C-terminal 

domain of RPAP3, the co-expression and purification of this domain with the hetero-dodecameric 

complex would be a great starting point, to, in the end, understand if in the R2TP complex the 

RuvBL1/RuvBL2 maintains the hetero-dodecameric form or changes it to hetero-hexameric form, as 
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observed in yeast, where the small domain of RPAP3 binds and if it binds to both RuvBLs or one in 

particular and what is the stoichiometry in this interaction. 

To determine the optimal co-expression conditions of His-hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-

631 (15 kDa), small-scale tests were performed with different culture media, concentrations of induction 

agent and induction times, as explained in Materials and experimental procedures. 

Initially, the vectors with His-hsRuvBL1/hsRuvBL2-Fh8 (pETDuetTM, pBR322 as origin of replication and 

ampicillin as selection marker) and hsRPAP3501-631 (p15A as origin of replication and kanamycin as 

selection marker) were co-transformed and the vector with His-hsRPAP3501-631 was transformed in E. 

coli BL21 (DE3) pRARE2. The last DNA construct was only used to detect the expression of RPAP3 C-

terminal domain using Western blotting and compare it with SDS-PAGE, since its origin of replication 

and selection marker are the same as His-hsRuvBL1/hsRuvBL2-Fh8 and, therefore, the replication of 

one of the plasmids could be lost during cell division. The results obtained in the small-scale trials shown 

that RPAP3501-631 only expressed with EnPresso® B Animal-free growth system – Figure 3.7. –, and, as 

a result, this was the culture medium used in large-scale expression. 

 

Figure 3.7. Analysis of small-scale expression tests, by anti-His Western blotting. Well 1: Molecular marker 
(Bio-Rad) (8 µL); Well 2: Total fraction (TF) of His-hsRPAP3501-631 not induced; Well 3: Insoluble fraction (IF) of His-
hsRPAP3501-631 after 6 hours of induction; Well 4: Soluble fraction (SF) of His-hsRPAP3501-631 after 6 hours of 
induction; Well 5: IF of His-hsRPAP3501-631 after 24 hours of induction; Well 6: SF of His-hsRPAP3501-631 after 24 
hours of induction; Well 7: TF of His-hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-631 not induced; Well 8: IF of His-
hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-631 after 6 hours of induction; Well 9: SF of His-hsRuvBL1/hsRuvBL2-
Fh8 with hsRPAP3501-631 after 6 hours of induction; Well 10: IF of His-hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-

631 after 24 hours of induction and Well 11: SF of His-hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-631 after 24 hours 
of induction. 

 

3.2.2. Purification   

The downstream processing of the human R2TP sub-complex RuvBL1/RuvBL2/RPAP3501-631 is very 

similar to the one above described for the human RuvBL1/RuvBL2 complex. The purification of this 

complex depends on the stable interaction between the C-terminal domain of RPAP3 and 

RuvBL1/RuvBL2, because the first one does not have an affinity tag. It should be noted that the initial 

approach was to co-express and purify the human R2TP sub-complex with an affinity tag in RPAP3501-

631, however, the DNA constructs (hsRPAP3501-631 and His-hsRPAP3501-631) were provided by French 

collaborators. To confirm the presence of hsRPAP3501-631, after the immobilised metal ion affinity 

chromatography, a band from the SDS-PAGE (Figure 3.8.) around 15 kDa was carefully excised and 
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sent for peptide identification to the Mass Spectrometry (MS) unit in iBET. The peptide sequencing result 

confirms that the 15 kDa band corresponded to hsRPAP3501-631 (Supplementary information). 

In the HiPrepTM Octyl FF 16/60 column, the proteins bound to the hydrophobic matrix were again eluted 

in steps of 25%, 50%, 75% and 100% of buffer E, however, as shown in Figure 3.9., the amount of 

RuvBL1/RuvBL2/RPAP3501-631
 eluted, followed by UV, was far from the expected, taking into 

consideration the quantity of protein injected (Figure 3.8 and Bradford method). Thus, as a last resort, 

the proteins were eluted with Milli-Q® water (peak I) and collected as 900 µL fractions directly in 900 µL 

of 2X buffer E without ETDA, for the following reason. The hydrophobic ligands on HIC media interact 

with the hydrophobic surfaces of proteins, yet, in pure water any hydrophobic effect is too weak to cause 

the interaction between the ligand and the proteins or between the proteins themselves, since the water 

molecules form a highly ordered shell around the hydrophobic substance, due to their inability to form 

hydrogen bonds in all directions, promoting the elution of RuvBL1/RuvBL2/RPAP3501-631 [58]. The 

collected fractions were pooled (Pool B).  

 

Figure 3.8. Analysis of IMAC by SDS-PAGE. Well 1: Molecular marker (8 µL); Well 2: Inject (0.5 µL); Well 3: Flow 
(0.5 µL); Well 4: Wash (1 µL); Well 5: 2% of buffer B (5 µL); Well 6: 5% (3 µL); Well 7: 5-50% (2 µL); Well 8: 5-50% 
(2 µL); Well 9: 5-50% (2 µL); Well 10: 5-50% (3 µL); Well 11: 5-50% (3 µL) and Well 12: 75% (5 µL). 

 

 

Figure 3.9. HIC of His-hsRuvBL1/hsRuvBL2-Fh8 with hsRPAP3501-631 (HiPrepTM Octyl FF 16/60). The peak I 
was eluted with Milli-Q® water. Fractions were collected with 0.9 mL. 

 

After overnight Fh8-tag cleavage, Pool B was concentrated and injected in a SuperoseTM 6 PG XK 16/70 

column. According to the in-house calibration curve of SuperoseTM 6 PG XK 16/70 (Supplementary 
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information, Figure S3.) and the SDS-PAGE, the first peak mentioned in Figure 3.10. corresponds to 

higher oligomeric forms of RuvBL1/RuvBL2, without RPAP3501-631, and the second peak to pure complex 

of hetero-hexameric RuvBL1/RuvBL2 bound to C-terminal domain of RPAP3. The collected fractions 

from peak II were pooled together (Pool C), since they were homogenous in terms of oligomeric species. 

As shown in Figure 3.10., the final Pool C was also pure, with a yield of 3.9 mg/g of cells. 

As observed in yeast by Rivera-Calzada, A. et al. (2017), in the presence of Tah1 and Pih1p (TP), 

Rvb1/Rvb2 appears also in a hetero-hexameric form, however, it is not bound to Tah1, but to the PIH-

N domain of Pih1, while the rest of TP sub-complex lies closer to the AAA+ core of the ring [29]. To 

answer the remaining questions described above, a sample from RuvBL1/RuvB2/RPAP3501-631 was sent 

to French collaborators in Strasbourg, Laboratory of Bioorganic Mass spectrometry, to reveal by 

crosslinking-MS and native-MS which peptides or amino acids of RPAP3 bind to RuvBLs as well as the 

sub-complex stoichiometry, respectively. However, the results are still unknown.  

 

Figure 3.10. SEC of His-hsRuvBL1/hsRuvBL2 with hsRPAP3501-631 (SuperoseTM 6 PG XK 16/70). The peak I 
corresponds to higher oligomeric forms of RuvBL1/RuvBL2 and the peak II to hetero-hexameric RuvBL1/RuvBL2 
bound to hsRPAP3501-631. Fractions were collected with 1.80 mL. Insert Well 1: Molecular marker (Bio-Rad) (8 µL); 
Well 2: Final Pool C, RuvBL1/RuvB2/RPAP3501-631 sub-complex (10 µg); Well 3: Final Pool C, 
RuvBL1/RuvB2/RPAP3501-631 sub-complex (11 µg) and Well 4: Final Pool C, RuvBL1/RuvB2/RPAP3501-631 sub-

complex (12 µg). 

 

3.3. Thermal shift assay 

The TSA indirectly measures protein thermal stability using a fluorescent protein-binding dye whose 

fluorescence is quenched in aqueous solutions, but which fluoresces in nonpolar environments. When 

the protein solution is heated, the hydrophobic parts of the protein are exposed, as it unfolds at higher 

temperatures, and bind to the dye, resulting in a significant increase in fluorescence emission detected 

by QuantStudio 7 Flex Real-Time PCR System. Since protein thermal stability changes with buffer pH, 

salt content and the presence of diverse cofactors, this method is ideal to screen buffer conditions that 

improve protein stability in purification, storage, crystallisation or small-molecule and ligand libraries for 

drug discovery, for example [59].  

In an attempt to improve the hetero-dodecameric RuvBL1/RuvBL2 complex stability and thus its 

crystallisability, the RUBIC Buffer Screen was performed. This screen contains diverse buffers 
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commonly used in structural biology experiments, analysing different parameters such as pH, salt 

concentration, buffer type and buffer concentration and, therefore, was designed to determine optimum 

conditions for protein buffer formulation. Although no condition has contributed to a significant increase 

in protein stability, compared to the buffer used in the purification (reference), some qualitative 

information was gathered. The complex melting temperature (Tm) decreases as the concentration of 

imidazole, key reagent used for eluting His-tagged proteins from IMAC resins charged with Ni2+, 

increases (Figure 3.11.). The presence of high concentrations of NaCl, between 50 mM and 1 M, and 

low concentrations of Tris-HCl pH 8,0, between 20 and 250 mM also cause the increase of Tm. In 

addition, the complex is stable with high concentrations of Sodium phosphate monobasic monohydrate 

pH 7.0 and 7.5, between 20 and 250 mM, and 100 mM SPG with pH between 5.5 and 6.5. The results 

described above highlight the importance of the thermal shift assay as protein stability is strongly 

influenced by the chemical environment during its purification and, with the information from TSA, it is 

possible to improve the purification conditions or to define new purification strategies. For example, 

some proteins destabilise in the presence of nickel and, since the IMAC resins are usually charged with 

Ni2+, the downstream process may be extremely affected. Therefore, with the information gathered from 

TSA, the IMAC resins can be charged with Co2+, Cu2+ or Zn2+ instead of Ni2+, in order to increase the 

protein stability and improve the purification conditions. 

 

Figure 3.11. Analysis of hetero-dodecameric RuvBL1/RuvBL2 stability in the presence of imidazole by TSA. 

(A) Normalised fluorescence of RuvBL1/RuvBL2 (reference, black), melting temperature of 61.0 °C, and the hetero-

dodecameric complex with 50, 125, 250, 350 and 500 mM imidazole. (B) Variation of melting temperature. 

 

Encouraged by the last two results, a new TSA was carried out, where the RuvBL1/RuvBL2 complex 

was dialyzed overnight in 100 mM SPG pH 6.5 and 7.0 and 250, 200, 150 and 100 mM Sodium 

phosphate monobasic pH 7.0 and 7.5, to replace 20 mM Tris-HCl pH 8.0. The results showed a positive 

variation in every condition, increasing the Tm between 3.2 and 5.3 °C, however, the first two purification 

steps cannot be performed in these buffers, as calcium, added to promote the interaction between Fh8-

tag and the hydrophobic matrix, precipitates in the presence of phosphate. Consequently, in future 

purifications, these buffers can only be used in SEC, after Fh8-tag cleavage. 

The RUBIC Additive Screen was performed to evaluate the effect of additives, such as salts, monovalent 

and multivalent ions, detergents, carboxylic acids, amino acids, polyamines and ligands, and carried out 

in the presence of 4 mM ADP (reference), which increases RuvBL1/RuvBL2 complex Tm in 8.3 °C, from 
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52.7 to 61.0 °C, wherefore some additives might be masked by the presence of ADP. The results 

showed a positive variation in the Tm of 3.1 °C with 469 mM L-Arginine and 469 mM L-Glutamic acid, 

but a negative variation of 2.1 °C with 47 mM L-Arginine and 47 mM L-Glutamic acid. A new TSA, with 

different concentrations of these two amino acids, was performed to understand at which concentration 

the amino acids stabilise the complex. The RuvBL1/RuvBL2 complex Tm increases 1.3 and 2.8 °C in 

the presence of 347 mM L-Arginine and 347 mM L-Glutamic acid and 447 mM L-Arginine and 447 mM 

L-Glutamic acid, respectively, i.e., in the presence of high concentrations of these amino acids.  

To understand if the hetero-hexameric RuvBL1/RuvBL2 complex with C-terminal domain of RPAP3 is 

more stable than hetero-dodecameric RuvBL1/RuvBL2 complex, which could favour the crystallisation, 

a TSA was carried out. As shown in Figure 3.12., the Tm value was the same for the two complexes, 

but RuvBL1/RuvBL2/RPAP3501-631 shows a shoulder right before the steep transition, which can be 

attributed to RPAP3501-631 unfolding, since it occurs at the same temperature as the pure protein (~ 56 

°C). 

 

Figure 3.12. Analysis of RuvBL1/RuvBL2, RPAP3501-631 and RuvBL1/ RuvBL2/RPAP3501-631 stability by TSA. 
(A) Normalised fluorescence of RuvBL1/RuvBL2, RPAP3501-631 (produced by French collaborators) and RuvBL1/ 

RuvBL2/RPAP3501-631. (B) Melting temperature. 

 

3.4. ATPase assay 

According to Matias, P. et al. (2006) and Gorynia, S. et al. (2011), the ATPase activities of individual 

proteins RuvBL1 and RuvBL2 were very low compared to other AAA+ ATPase proteins, such as SV40 

(hexameric helicase essential for viral DNA replication in eukaryotic cells), which agrees with other 

studies [2] [21]. The nucleotide-binding pocket of RuvBL1 was compared to other AAA+ ATPase 

available structures and the results showed that RuvBL1 had the lowest accessible area, which may 

hamper the ATP/ADP exchange and, therefore, be the reason for the weak activity. In addition, it was 

also observed that the RuvBL1/RuvBL2 complex exhibited a 3-fold higher activity than the individual 

proteins, suggesting an improvement in ATP/ADP exchange due to the conformational changes within 

the ATPase core. However, the activity was still low. The highest ATPase activity was observed when 

RuvBL1/RuvBL2 complex had the domain II truncated, exhibiting 70% of SV40 activity that hydrolysed 

85 moles of ATP per mole of SV40 in 30 minutes. These results suggest that truncating the domain II 

impacts the ATPase active site which may mimic in vivo conditions, since cofactors present in the cell 
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can stimulate conformational changes in domain II, leading to alterations in the active site and allowing 

a better efficiency in the ATP/ADP exchange [15] [17].  

The ATPase activity described above was measured by a discontinuous technique monitoring Pi release 

at different time points. Therefore, to continuously monitor the reaction progress and determine kinetic 

parameters (KM and Vmax), a different ATPase assay was designed based on a set of reactions in which 

the regeneration of hydrolysed ATP is coupled to the oxidation of NADH. After each cycle of ATP 

hydrolysis, the regeneration system consisting of PEP and PK converts one PEP molecule to pyruvate 

when the ADP is converted back to the ATP. The LDH reduces the pyruvate to lactate, resulting in the 

oxidation of one NADH molecule. The assay measures the rate of NADH absorbance decrease at 340 

nm, which is proportional to the rate of steady-state ATP hydrolysis, since for each ATP hydrolysed, one 

NADH is oxidised (Figure 3.13.) [60]. 

 

Figure 3.13. ATPase assay with RuvBL1/RuvBL2 and RuvBL1/RuvBL2/RPAP3501-631 as ATPases. Set of 
reactions in which the regeneration of hydrolysed ATP is coupled to the oxidation of NADH. 

 

A global fit of steady-state ATPase activities at different ATP concentrations resulted in a Michaelis 

constant of 81 ± 1 µM and a maximum rate of 5.1 ± 0.1 nmol ATPmin-1mg RuvBL1/RuvBL2-1. Each 

production of RuvBL1/RuvBL2 complex was submitted to an ATPase assay, in order to validate the final 

pool quality (Pool E) by comparing the kinetic parameters. According to the Figure 3.14., the absolute 

value of the slope increases as the ATP concentration increases, which indicates that the 

RuvBL1/RuvBL2 complex exhibits ATPase activity. In addition, the activities are higher than the negative 

controls described below. It should be noted that the ATPase assays are not concluded, since it is 

necessary to perform assays with other AAA+ proteins, such as SV40, as positive controls and with 

RuvBL1ΔDII/RuvBL2ΔDII complex to mimic in vivo conditions. 

As reported by Rivera-Calzada, A. et al. (2017), in the presence of sub-complex TP (5.2 µM), the 

ATPase activity of Rvb1/Rvb2 complex increases more than 50% [29]. Initial ATPase assays with 

RuvBL1/RuvBL2/RPAP3501-631 were performed to clarify whether the C-terminal domain of RPAP3 

stimulates the ATPase activity, however, a decrease was observed, when compared with hetero-

dodecameric complex alone. This result probably suggests that the presence of the entire sub-complex 

PIH1D1 and RPAP3 is required to mimic in vivo conditions and therefore stimulate conformational 

changes in the domain II, allowing a better efficiency in the ATP/ADP exchange. In addition, Zhou, C. 

et al. (2017) proposed a model where the binding of client proteins, such as Ino80INS in INO80 complex, 

to domains II of yeast Rvb1/Rvb2 promotes the formation of a metastable dodecamer, highly competent 

for ATP hydrolysis, that is prone to collapsing into hexamers in the presence of ATP, allowing the client 

proteins to be assembled into a multi-subunit complex. This model might explain why, in the absence of 

the entire sub-complex PIH1D1 and RPAP3, the ATPase activity of the hetero-hexameric 



 

 

32 

RuvBL1/RuvBL2 complex with RPAP3501-631 is lower than the activity of the hetero-dodecameric 

RuvBL1/RuvBL2 complex, since the activity of Rvb1/Rvb2 complex is enhanced by dodecamerization 

[22]. It should be noted that it is necessary to perform additional assays to more accurately determine 

the kinetic constants and therefore conclude the RPAP3501-631 effect.  

 

Figure 3.14. ATPase assay with RuvBL1/RuvBL2 as ATPase. Rate of NADH absorbance at 340 nm for 2 hours 
(7200 seconds) for different ATP concentrations. The arrow indicates the moment of the addition of PEP and ATP. 
Negative controls: no RuvBL1/RuvBL2 (with 1500 µM of ATP), no PEP (with 1500 µM of ATP), no ATP and no 

PK/LDH (with 1500 µM of ATP). The last three negative controls were omitted, but they had a similar behaviour to 

the negative control without the ATPase.  

 

 

3.5. Crystallisation  

X-ray crystallography is a technique that uses X-ray diffraction patterns to determine high-resolution, 

three-dimensional structures of molecules such as proteins and small organic molecules and requires 

growth of suitable well-ordered crystals [42]. Finding the combination of buffer and precipitant solutions, 

which promote crystallisation, represents a challenge and they have to be determined empirically for 

each protein, since these macromolecules are extremely complex physical and chemical systems 

whose properties vary as a function of many environmental factors such as temperature and pH. 

Furthermore, they are structurally dynamic, microheterogeneous and change conformation in the 

presence of ligands. As such, to obtain crystals of RuvBL1/RuvBL2 and RuvBL1/RuvBL2/RPAP3501-631 

complexes, several commercial screens were tested at two different temperatures (4 and 20 °C), as 

described in Materials and experimental procedures [44] [45].   

Crystals of RuvBL1/RuvBL2 complex were observed in 60 mM Divalents (300 mM MgCl2•6H2O; 300 

mM CaCl2•2H2O), 100 mM Buffer System 3 pH 8.5 (1 M Tris base; 1 M Bicine) and 50% (v/v) Precipitant 

Mix 3 (40% (v/v) glycerol; 20% (w/v) PEG 4000) from Morpheus® I, at 20 °C, after 1 day – Figure 3.15.  

The 200 nL droplets from 96-well plates normally produce microcrystals and often have unfavourable 

morphologies or yield poor diffraction intensities, therefore it is necessary to improve upon these initial 

crystallisation conditions to obtain better crystals with sufficient quality for X-ray data collection, which 

is correlated with the size and the perfection of the crystalline samples. The optimisation process entails 
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sequential changes in chemical parameters such as pH, ionic strength and precipitant concentration 

and in physical parameters such as temperature and sample volume. It also includes the addition of 

novel components, for example detergents, ligands or other molecules that may enhance nucleation or 

crystal development [61]. 

 

Figure 3.15. Crystals of RuvBL1/RuvBL2 complex. (A) Hit from Morpheus® I, A11 drop, at 20 °C – 60 mM 
Divalents, 100 mM Buffer System 3 pH 8.5 and 50% (v/v) Precipitant Mix 3, at 20 °C. (B) Zoom of (A). 

 

The result was reproduced and optimised at the microliter scale using sitting drop vapour diffusion 

method, with a drop composition of 0.5 µL protein solution and 0.5 µL reservoir solution, equilibrated 

against 490 µL of precipitant solution in the well. The crystallisation condition was optimised to 80 mM 

CaCl2, 100 mM Buffer System 3 pH 8.5 and 52% (v/v) Precipitant Mix 3 and resulted in crystals with 

sharper ends and slightly bigger in size. The cubic crystals appeared after 1 day with dimensions of 

approximately 60 per 60 µm. In the presence of 54% (v/v) Precipitant Mix 3, RuvBL1/RuvBL2 crystals 

did not appear in a cubic shape, but in a flower melted shape, suggesting that they may be multiple 

crystals growing close together, as showed in Figure 3.16., and for these reasons the crystals were not 

tested under an X-ray diffractometer. 

 

Figure 3.16. Crystals of RuvBL1/RuvBL2 complex. 80 mM CaCl2, 100 mM Buffer System 3 pH 8.5 and 54% 
(v/v) Precipitant Mix 3 as crystallisation condition, at 20 °C. 

 

The RuvBL1/RuvBL2 complex was co-crystallised with 469 mM L-Arginine and 469 mM L-Glutamic acid, 

which contributes to a higher Tm (result showed in section 3.3. Thermal shift assay), and cubic crystals 

also appeared after 1 day with the same optimised crystallisation condition.  

Some crystals of the homo-hexamer RuvBL2 were smashed into crystalline particles by seed beads and 

used as microseeds in new crystallisation screens to increase the number of crystallisation hits. Indeed, 

cubic crystals were observed in more crystallisation conditions from Morpheus® I and Morpheus® II 



 

 

34 

screens, however, only one produced crystals in large-scale with 80 mM Spermine tetrahydrochloride, 

100 mM Buffer System 3 pH 8.5 and 16% (w/v) PEG 3000, despite all the attempts. The cubic crystals 

appeared after 1 day with dimensions of approximately 60 per 60 µm. Although all conditions of 

Morpheus® I and Morpheus® II screens are cryo-protectant to avoid the formation of ice crystals, the last 

crystallisation condition was simplified to a non-cryo-protectant version and the crystals were soaked 

into two different cryo-protectants before freezing – crystallisation condition with 30% (v/v) glycerol or 

30% (w/v) PEG 400.  

The optimised crystals were tested at the Diamond Light Source (DLS) in Oxfordshire, however, they 

did not diffract. Previous studies from Matias, P. et al. (2006) and Gorynia, S. et al. (2011) showed a 

high degree of conformational flexibility within the domain II regions, which may disturb the order of the 

crystals and thus explain why these crystals did not diffract [15] [17]. In yeast, the TP sub-complex and 

the subunit of Ino80 chromatin-remodeling complex Ino80INS appeared bound to the domain II of 

Rvb1/Rvb2 and, since the RPAP3501-631 interacts most likely with the domain II from RuvBL1/RuvBL2, 

the C-terminal domain might lock the flexible domain II and improve the order of the crystals [22] [29]. 

Despite the attempts described in Materials and experimental procedures, the 

RuvBL1/RuvBL2/RPAP3501-631 sub-complex did not yield crystals. 

An elegant strategy to challenge the domain II disorder was to combine Morpheus® Additive Screen with 

the condition yielding the best looking cubic crystals. Three different crystals appeared after 1 day with 

40 mM Sodium oxamate, 40 mM DL-Serine and 60 mM Sodium sulphate at 20 ºC and were optimised 

before having certainties if they were salt crystals or not. Upon lowering the ligand concentration in the 

drop, the optimised crystals with 9 mM and 32 mM of Sodium oxamate and DL-Serine respectively, did 

not appear as shown in Figure 3.17., but in a flower shape (Figure 3.18.), with dimensions of 

approximately 150 per 150 µm. These crystals are similar to the ones obtained in Figure 3.16., but with 

more defined edges. However, they were not tested yet. 

 

Figure 3.17. Crystals of RuvBL1/RuvBL2 complex in the presence of additives from Morpheus® Additive 
Screen, at 20 °C. (A) 40 mM Sodium oxamate. (B) 40 mM DL-Serine. (C) 60 mM Sodium sulphate. 

 

In order to obtain a higher degree of order and diffracting crystals, a more pure, homogenous and stable 

protein solution was prepared. For this, only the fractions with higher absorbance in the last purification 

step, SuperoseTM 6, containing the hetero-dodecameric complex was used and dialysed overnight, at 4 

°C, into three different buffers – 100 mM SPG pH 6.5 and 7.0 and 100 mM Sodium phosphate monobasic 

pH 7.5 –, due to the result showed in section 3.3. Thermal shift assay, and the commercial screens were 
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tested again. Although new crystals were observed in a different crystallisation condition of Morpheus® 

I, JCSG-plusTM and ProplexTM screens, at 4 and 20 °C, they were not optimised yet. 

 

Figure 3.18. Optimised Crystals of RuvBL1/RuvBL2 complex in the presence of additives from Morpheus® 

Additive Screen, at 20 °C. (A) 9 mM Sodium oxamate. (B) 32 mM DL-Serine. 
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4. Conclusion and future perspectives 

 

RuvBL1 and RuvBL2 are two highly conserved proteins, closely related to the bacterial DNA-dependent 

ATPase and helicase RuvB, that belong to the family of AAA+ ATPases. They have been implicated in 

several cellular processes such as transcription, cellular transformation and mitosis with different cellular 

protein complexes including the INO80, TIP60 and R2TP. The human R2TP complex contains four 

proteins (RuvBL1, RuvBL2, PIH1D1 and RPAP3) and is required for the assembly and maturation of 

several multi-subunits complexes such as snoRNPs, RNA polymerase II and PIKKs.    

Thus, the aims of this work consisted in expressing and purifying human recombinant RuvBL1 and 

RuvBL2 proteins, characterise its interaction with protein partners from the human R2TP complex and, 

finally, determine the atomic 3D model of RuvBL1/RuvBL2 complex alone and in complex with confirmed 

protein partners.  

Initially, the hetero-dodecameric RuvBL1/RuvBL2 complex was expressed, in accordance with the 

small-scale trials already performed, and the downstream process was optimised by changing FLAG-

tag in the C-terminal of RuvBL2 to Fh8-tag, which enhanced the final amount of pure RuvBL1/RuvBL2 

complex and decreased the costs associated with purification. In addition, different thermal shift assays 

were carried out to increase RuvBL1/RuvBL2 complex stability and therefore improve its crystallisability. 

For the first time, microcrystals of the hetero-dodecameric complex were observed, however, despite 

the attempts previously described, the optimised crystals that were tested under an X-ray diffractometer 

did not diffract, maybe due to the high flexibility of DII, which may cause loss of internal order within the 

crystal.  

Previous NMR studies suggested a potential interaction between the C-terminal part of RPAP3 and the 

DII of RuvBL1/RuvBL2 complex, therefore, the human R2TP sub-complex RuvBL1/RuvBL2/RPAP3501-

631 was co-expressed and purified. The expression conditions and the downstream process were 

optimised and, according to the results, it was possible to conclude that the C-terminal domain of RPAP3 

interacts with the RuvBL1/RuvBL2 complex and that the complex appears in a hetero-hexameric form, 

as observed in yeast by Rivera-Calzada, A. et al. (2017). In addition, to understand if the 

RuvBL1/RuvBL2 complex would be stabilised in the presence of RPAP3501-631, a TSA was performed, 

however, the melting temperature was the same for both complexes. The initial ATPase assays with the 

human R2TP sub-complex showed a decrease in the ATPase activity compared with the single hetero-

dodecameric RuvBL1/RuvBL2 complex. This result probably suggests that the presence of the entire 

sub-complex PIH1D1 and RPAP3 is required to mimic in vivo conditions and therefore stimulate 

conformational changes in domain II, allowing a better efficiency in the ATP/ADP exchange, since in 

yeast, in the presence of Tah1 and Pih1 the ATPase activity of Rvb1/Rvb2 complex increases more 

than 50%. Additionally, Zhou, C. et al. (2017) observed that the ATPase activity of yeast Rvb1/Rvb2 is 

enhanced by dodecamerisation and proposed a model where the binding of client proteins to domains 

II of Rvb1/Rvb2 promotes the formation of a metastable dodecamer, highly competent for ATP 
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hydrolysis, that is prone to collapse into hexamers in the presence of ATP, allowing the assembly of 

client proteins into a multi-subunit complex. Despite the attempts, no crystals of 

RuvBL1/RuvBL2/RPAP3501-631 were obtained so far. 

In the future, it is necessary to test the remaining optimised crystals of RuvBL1/RuvBL2 complex or find 

other crystallisation conditions, in order to achieve the main goal of this work, which is to determine the 

atomic 3D model of this hetero-dodecameric complex. It is also necessary to complete the ATPase 

assays with the human RuvBL1/RuvBL2 complex and the human R2TP sub-complex 

RuvBL1/RuvBL2/RPAP3501-631 as ATPases and obtain crystals of RuvBL1/RuvBL2/RPAP3501-631 sub-

complex. In addition, it would be interesting to express and purify the RuvBL1/RuvBL2 with full-length 

RPAP3 and then with PIH1D1 and RPAP3 together, since the protein-protein interactions existing within 

the human R2TP complex are still poorly understood.      

 

  



 

 

39 

References 

[1] Jha, S., & Dutta, A. (2009). RVB1/RVB2: Running Rings around Molecular Biology. Molecular Cell, 34(5), 521-
533.  

[2] Qiu, X., Lin, Y., Thome, K., Pian, P., Schlegel, B., & Weremowicz, S. et al. (1998). An Eukaryotic RuvB-like 
Protein (RUVBL1) Essential for Growth. Journal Of Biological Chemistry, 273(43), 27786-27793.  

[3] López-Perrote, A., Muñoz-Hernández, H., Gil, D., & Llorca, O. (2012). Conformational transitions regulate the 
exposure of a DNA-binding domain in the RuvBL1–RuvBL2 complex. Nucleic Acids Research, 40(21), 11086-
11099.  

[4] Bar-Nun, S. & Glickman, M. (2012). Proteasomal AAA-ATPases: Structure and function. Biochimica Et 
Biophysica Acta (BBA) - Molecular Cell Research, 1823(1), 67-82. 

[5] Snider, J., Thibault, G., & Houry, W. (2008). The AAA+ superfamily of functionally diverse proteins. Genome 
Biology, 9(4), 216.  

[6] Ogura, T., & Wilkinson, A. (2001). AAA+ superfamily ATPases: common structure-diverse function. Genes To 
Cells, 6(7), 575-597.  

[7] Hanson, P. & Whiteheart, S. (2005). AAA+ proteins: have engine, will work. Nature Reviews Molecular Cell 
Biology, 6(7), 519-529. 

[8] Iyer, L., Leipe, D., Koonin, E., & Aravind, L. (2004). Evolutionary history and higher order classification of AAA+ 
ATPases. Journal Of Structural Biology, 146(1-2), 11-31.  

[12] Miller, J., & Enemark, E. (2016). Fundamental Characteristics of AAA+ Protein Family Structure and 
Function. Archaea, 2016, 1-12.  

[9] Ogura, T., Whiteheart, S., & Wilkinson, A. (2004). Conserved arginine residues implicated in ATP hydrolysis, 
nucleotide-sensing, and inter-subunit interactions in AAA and AAA+ ATPases. Journal Of Structural Biology, 146(1-
2), 106-112.  

[10] White, S., & Lauring, B. (2007). AAA+ ATPases: Achieving Diversity of Function with Conserved 
Machinery. Traffic, 8(12), 1657-1667.  

[11] Zellweger syndrome | Genetic and Rare Diseases Information Center (GARD) – an NCATS Program. 
(2017). Rarediseases.info.nih.gov. Retrieved September 2017, from https://rarediseases.info.nih.gov/diseases/ 
7917/zellweger-syndrome 

[13] Nano, N., & Houry, W. (2013). Chaperone-like activity of the AAA+ proteins Rvb1 and Rvb2 in the assembly 
of various complexes. Phil. Trans. R. Soc. B, 368(1617), 20110399. 

[14] Kanemaki, M., Makino, Y., Yoshida, T., Kishimoto, T., Koga, A., & Yamamoto, K. et al. (1997). Molecular 
Cloning of a Rat 49-kDa TBP-Interacting Protein (TIP49) That Is Highly Homologous to the Bacterial 
RuvB. Biochemical And Biophysical Research Communications, 235(1), 64-68.  

[15] Matias, P., Gorynia, S., Donner, P., & Carrondo, M. (2006). Crystal Structure of the Human AAA+ Protein 
RuvBL1. Journal Of Biological Chemistry, 281(50), 38918-38929.  

[16] Ikura, T., Ogryzko, V., Grigoriev, M., Groisman, R., Wang, J., & Horikoshi, M. et al. (2000). Involvement of the 
TIP60 Histone Acetylase Complex in DNA Repair and Apoptosis. Cell, 102(4), 463-473.  

[17] Gorynia, S., Bandeiras, T., Pinho, F., McVey, C., Vonrhein, C., & Round, A. et al. (2011). Structural and 
functional insights into a dodecameric molecular machine – The RuvBL1/RuvBL2 complex. Journal Of Structural 
Biology, 176(3), 279-291.  

[18] RUVBL1 - RuvB-like 1 - Homo sapiens (Human) - RUVBL1 gene & protein. (2017). Uniprot.org. Retrieved 
September 2017, from http://www.uniprot.org/uniprot/Q9Y265 

[19] RUVBL2 - RuvB-like 2 - Homo sapiens (Human) - RUVBL2 gene & protein. (2017). Uniprot.org. Retrieved 
September 2017, from http://www.uniprot.org/uniprot/Q9Y230 

[20] Sullivan, C., Tremblay, J., Fewell, S., Lewis, J., Brodsky, J., & Pipas, J. (2000). Species-Specific Elements in 
the Large T-Antigen J Domain Are Required for Cellular Transformation and DNA Replication by Simian Virus 
40. Molecular And Cellular Biology, 20(15), 5749-5757.  

[21] Niewiarowski, A., Bradley, A., Gor, J., McKay, A., Perkins, S., & Tsaneva, I. (2010). Oligomeric assembly and 
interactions within the human RuvB-like RuvBL1 and RuvBL2 complexes. Biochemical Journal, 429(1), 113-125. 



 

 

40 

[22] Zhou, C. Y., Stoddard, C. I., Johnston, J. B., Trnka, M. J., Echeverria, I., Palovcak, E., & Narlikar, G. J. (2017). 
Regulation of Rvb1/Rvb2 by a Domain within the INO80 Chromatin Remodeling Complex Implicates the Yeast Rvbs 
as Protein Assembly Chaperones. Cell Reports, 19(10), 2033-2044. 

[23] Huber, O., Menard, L., Haurie, V., Nicou, A., Taras, D., & Rosenbaum, J. (2008). Pontin and Reptin, Two 
Related ATPases with Multiple Roles in Cancer. Cancer Research, 68(17), 6873-6876.  

[24] Grigoletto, A., Lestienne, P., & Rosenbaum, J. (2011). The multifaceted proteins Reptin and Pontin as major 
players in cancer. Biochimica Et Biophysica Acta (BBA) - Reviews On Cancer, 1815(2), 147-157.  

[25] Kakihara, Y., & Saeki, M. (2014). The R2TP chaperone complex: its involvement in snoRNP assembly and 
tumorigenesis. Biomolecular Concepts, 5(6).  

[26] Matias, P., Baek, S., Bandeiras, T., Dutta, A., Houry, W., Llorca, O., & Rosenbaum, J. (2015). The AAA+ 
proteins Pontin and Reptin enter adult age: from understanding their basic biology to the identification of selective 
inhibitors. Frontiers In Molecular Biosciences, 2.  

[27] Kakihara, Y., & Houry, W. (2012). The R2TP complex: Discovery and functions. Biochimica Et Biophysica Acta 
(BBA) - Molecular Cell Research, 1823(1), 101-107.  

[28] von Morgen, P., Horejší, Z., & Macurek, L. (2015). Substrate recognition and function of the R2TP complex in 
response to cellular stress. Frontiers In Genetics, 6.  

[29] Rivera-Calzada, A., Pal, M., Muñoz-Hernández, H., Luque-Ortega, J., Gil-Carton, D., & Degliesposti, G. et al. 
(2017). The Structure of the R2TP Complex Defines a Platform for Recruiting Diverse Client Proteins to the HSP90 
Molecular Chaperone System. Structure, 25(7), 1145-1152.e4.  

[30] Hurov, K., Cotta-Ramusino, C., & Elledge, S. (2010). A genetic screen identifies the Triple T complex required 
for DNA damage signaling and ATM and ATR stability. Genes & Development, 24(17), 1939-1950.  

[31] Hořejší, Z., Stach, L., Flower, T., Joshi, D., Flynn, H., & Skehel, J. et al. (2014). Phosphorylation-Dependent 
PIH1D1 Interactions Define Substrate Specificity of the R2TP Cochaperone Complex. Cell Reports, 7(1), 19-26. 

[32] Back, R., Dominguez, C., Rothé, B., Bobo, C., Beaufils, C., & Moréra, S. et al. (2013). High-Resolution 
Structural Analysis Shows How Tah1 Tethers Hsp90 to the R2TP Complex. Structure, 21(10), 1834-1847.  

[33] Yoshida, M., Saeki, M., Egusa, H., Irie, Y., Kamano, Y., & Uraguchi, S. et al. (2013). RPAP3 splicing variant 
isoform 1 interacts with PIH1D1 to compose R2TP complex for cell survival. Biochemical And Biophysical Research 
Communications, 430(1), 320-324.  

[34] Itsuki, Y., Saeki, M., Nakahara, H., Egusa, H., Irie, Y., & Terao, Y. et al. (2008). Molecular cloning of novel 
Monad binding protein containing tetratricopeptide repeat domains. FEBS Letters, 582(16), 2365-2370.  

[35] Watkins, N., & Bohnsack, M. (2011). The box C/D and H/ACA snoRNPs: key players in the modification, 
processing and the dynamic folding of ribosomal RNA. Wiley Interdisciplinary Reviews: RNA, 3(3), 397-414. 

[36] Bizarro, J., Charron, C., Boulon, S., Westman, B., Pradet-Balade, B., & Vandermoere, F. et al. (2014). 
Proteomic and 3D structure analyses highlight the C/D box snoRNP assembly mechanism and its control. The 
Journal Of Cell Biology, 207(4), 463-480.  

[37] Machado-Pinilla, R., Liger, D., Leulliot, N., & Meier, U. (2012). Mechanism of the AAA+ ATPases pontin and 
reptin in the biogenesis of H/ACA RNPs. RNA, 18(10), 1833-1845.  

[38] Mirón-García, M., Garrido-Godino, A., García-Molinero, V., Hernández-Torres, F., Rodríguez-Navarro, S., & 
Navarro, F. (2013). The Prefoldin Bud27 Mediates the Assembly of the Eukaryotic RNA Polymerases in an Rpb5-
Dependent Manner. Plos Genetics, 9(2), e1003297.  

[39] Boulon, S., Pradet-Balade, B., Verheggen, C., Molle, D., Boireau, S., & Georgieva, M. et al. (2010). HSP90 
and Its R2TP/Prefoldin-like Cochaperone Are Involved in the Cytoplasmic Assembly of RNA Polymerase 
II. Molecular Cell, 39(6), 912-924.  

[40] Boulon, S., Bertrand, E., & Pradet-Balade, B. (2012). HSP90 and the R2TP co-chaperone complex: Building 
multi-protein machineries essential for cell growth and gene expression. RNA Biology, 9(2), 148-154.  

[41] Hořejší, Z., Takai, H., Adelman, C., Collis, S., Flynn, H., & Maslen, S. et al. (2010). CK2 Phospho-Dependent 
Binding of R2TP Complex to TEL2 Is Essential for mTOR and SMG1 Stability. Molecular Cell, 39(6), 839-850. 

[42] X-ray crystallography - Latest research and news | Nature.  (2017).  Nature.com. Retrieved October 2017, from 
https://www.nature.com/ subjects/x-ray-crystallography?WT.ac=search_subjects_x_ray_crystallography 

[43] Nielsen, M. (2007). Expression, Purification and Characterisation of Tryptophan Hydroxylases (Doctoral 
dissertation). Technical University of Denmark, Denmark.  



 

 

41 

[44] McPherson, A., & Gavira, J. A. (2014). Introduction to protein crystallisation. Acta Crystallographica Section F: 
Structural Biology Communications, 70(1), 2-20. 

[45] McPherson, A. (1990). Current approaches to macromolecular crystallisation. European Journal Of 
Biochemistry, 189(1), 1-23.  

[46] Chayen, N. (2004). Turning protein crystallisation from an art into a science. Current Opinion In Structural 
Biology, 14(5), 577-583.  

[47] Hanging Drop Vapor Diffusion Crystallization. (2017). Hampton Research 

[48] Ghosh, E., Kumari, P., Jaiman, D., & Shukla, A. (2015). Methodological advances: the unsung heroes of the 
GPCR structural revolution. Nature Reviews Molecular Cell Biology, 16(2), 69-81. 
http://dx.doi.org/10.1038/nrm3933 

[49] EnPresso® B Protocol with Video. (2017). Sigma-Aldrich. Retrieved September 2017, from 
http://www.sigmaaldrich.com/technical-documents/protocols/biology/enpresso-b.html 

[50] Welcome to I03 - MX - Diamond Light Source. (2017). Diamond.ac.uk. September 2017, from 
http://www.diamond.ac.uk/Beamlines/Mx/I03.html 

[51] Introduction to Protein Crystallisation: Basics ideas. (2017). Proteinstructures.com. Retrieved October 2017, 
from http://www.proteinstructures.com/Experimental/Experimental/protein-crystallisation.html 

[52] Costa, S. (2013). Development of a novel fusion system for recombinant protein production and purification in 
Escherichia coli (Doctoral dissertation). University of Minho, Portugal. 

[53] GE Healthcare Life Sciences "HiTrap HIC Selection Kit". (2017). Gelifesciences.com. Retrieved 21 September 
2017, from http://www.gelifesciences.com/webapp/wcs/stores/servlet/productById/en/GELifeSciences-pt/ 
28411007 

[54] Roberts, C. (2014). Protein aggregation and its impact on product quality. Current Opinion In 
Biotechnology, 30, 211-217.  

[55] Zayas, J. (1997). Functionality protein in food. New York: Springer. 

[56] Carson, M., Johnson, D., McDonald, H., Brouillette, C., & DeLucas, L. (2007). His-tag impact on structure. Acta 
Crystallographica Section D Biological Crystallography, 63(3), 295-301.  

[57] Handbooks Size Exclusion Chromatography. (2017). Gelifesciences.com. Retrieved October 2017, from 
http://www.gelifesciences.com/webapp/wcs/stores/servlet/catalog/en/GELifeSciences-pt/service-and-support 

[58] Handbooks Hydrophobic Interaction and Reversed Phase Chromatography. (2017). Gelifesciences.com. 
Retrieved October 2017, from http://www.gelifesciences.com/webapp/wcs/stores/servlet/catalog/en/ 
GELifeSciences-pt/service-and-support 

[59] Protein Thermal Shift™ | Thermo Fisher Scientific. (2017). Thermofisher.com. Retrieved September 2017, from 
https://www.thermofisher.com/en/home/lifescience/pcr/realtimepcr/realtimepcrapplications/realtimepcrproteinanaly
sis/proteinthermalshift.html 

[60] Lindsley, J. E. (2001). Use of a real-time, coupled assay to measure the ATPase activity of DNA topoisomerase 
II. DNA Topoisomerase Protocols, 57-64. 

[61] McPherson, A., & Cudney, B. (2014). Optimization of crystallisation conditions for biological 
macromolecules. Acta Crystallographica Section F: Structural Biology Communications, 70(11), 1445-1467. 

[62] pETDuet-1 - Addgene Vector Database (Plasmids, Expression Vectors, etc). (2017). Addgene.org. Retrieved 
October 2017, from https://www.addgene.org/vector-database/2659/ 

 

 

 

 

 

 

 



 

 

42 

 

 

 

 

 

 

 

 

 

  



 

 

43 

Supplementary information  

 

Mass spectrometry result 
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Size exclusion chromatography in-house calibration 

 

 

Figure S1. In-house calibration of HiLoadTM 26/600 SuperdexTM 200 PG. Calibration performed with 
Thyroglobulin (669 kDa), Aldolase T (474 kDa), Ferritin (440 kDa), Aldolase D (316 kDa), Alcohol Dehydrogenase 
D (282 kDa), Beta amylase (200 kDa), Aldolase (158 kDa), Albumin (66 kDa), Carbonic Anhydrase D (58 kDa), 
Carbonic Anhydrase (29 kDa) and Cytochrome C (12.9 kDa). Kav=-0.5328*log(MW)+3.0917 and R2=0.9954.  

 

 

Figure S2. In-house calibration of SuperoseTM 6 Increase 10/300 GL. Calibration performed with Thyroglobulin 
(669 kDa), Ferritin (440 kDa), Aldolase (158 kDa), Conalbumin (75 kDa), Ovalbumin (44 kDa), Carbonic Anhydrase 
(29 kDa), Ribonuclease A (13.7 kDa) and Aprotinin (6.5 kDa). Kav=-0.2069*log(MW)+1.5957 and R2=0.9901. 

 

 

Figure S3. In-house calibration of SuperoseTM 6 PG XK 16/70. Calibration performed with Thyroglobulin (669 
kDa), Ferritin (440 kDa), Aldolase (158 kDa), Ovalbumin (44 kDa), Carbonic Anhydrase (29 kDa), Ribonuclease A 
(13.7 kDa) and Aprotinin (6.5 kDa). Kav=-0.2229*log(MW)+1.6711 and R2=0.9903. 
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𝐾𝑎𝑣 =
𝑉𝑒𝑙𝑢𝑡𝑖𝑜𝑛 − 𝑉𝑣𝑜𝑖𝑑,   𝐵𝑙𝑢𝑒 𝐷𝑒𝑥𝑡𝑟𝑎𝑛 (2000 𝑘𝐷𝑎)

𝑉𝑐𝑜𝑙𝑢𝑚𝑛 − 𝑉𝑣𝑜𝑖𝑑,   𝐵𝑙𝑢𝑒 𝐷𝑒𝑥𝑡𝑟𝑎𝑛 (2000 𝑘𝐷𝑎)

     (𝑆1) 

 

Vector map 

 

Figure S4. pETDuetTM vector map. His-hsRuvBL1 was inserted between the restriction enzymes Ncol and HindIII 
and hsRuvBL2-Fh8 was inserted between the restriction enzymes NdeI and XhoI. (Extracted from [62]) 

 


