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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. 
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INTRODUCTION 

RuvBL1 and RuvBL2, also known as Rvb1/Rvb2, 

Pontin/Reptin, TIP49/TIP48, ECP54/ECP51, INO80H/INO80J 

and TIH1/TIH2, respectively, are two ATP-binding proteins 

that belong to the family of AAA+ ATPases (ATPases 

associated with diverse cellular activities) [1] [2]. This class of 

ATPases includes nucleic acid processing enzymes, 

chaperones and proteases that contain conserved motifs 

needed for ATP binding and hydrolysis such as Walker A and 

B, sensors 1 and 2 and arginine finger [3]. 

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) [4]. Subsequently, RuvBL1 and RuvBL2 were 

identified in diverse organisms by different authors [5]. In 

addition, these two highly conserved proteins have been 

implicated in several pathways interacting with many different 

cellular protein complexes such as INO80, SWR1, p400, 

TIP60 and R2TP, suggesting that it could act as a scaffolding 

complex [3] [6]. 

Human RuvBL1 (50 kDa) and RuvBL2 (51 kDa), containing 

456 and 463 amino acids, respectively, are 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 [7] [8]. RuvBLs share 43% 

of sequence identity and 65% of sequence similarity to each 

other and are homologs of the bacterial DNA-dependent 

ATPase and helicase RuvB, however, the purified wild-type 

proteins RuvBL1 and RuvBL2 did not exhibit helicase 

activities [2] [3] [9]. Their genes are essential for viability in all 

examined model organisms such as Saccharomyces 

cerevisiae, Drosophila melanogaster and Caenorhabditis 

elegans [5]. 

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 [3] [10] 

[11]. 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 [3] [12]. In addition, 

recently, Zhou, C. et al. (2017) observed that the ATPase 

activity of yeast Rvb1/Rvb2 complex is enhanced by 

dodecamerisation [13]. 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 [3] [5].  

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 [3]. In addition, 

the helicase activity results from a mechanical motion derived 

from ATP hydrolysis [10]. 

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 (oncogenic transcription 

factor), β-catenin (oncogenic transcription factor), E2F 

(transcription factor) and ATF2 (transcription factor) regulating 

their oncogenic function [14] [15]. 
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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 [15] [16]. 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 [14]. 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 [17].  

The R2TP complex 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 [18]. 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 [19]. However, structural insights on the 

mammalian cells complex such as protein-protein interaction 

details and stoichiometry are still lacking. 

In yeast, 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 Tah1/Pih1 binding site on Rvb1/Rvb2 is provided by the 

domains II. In addition, the Tah1/Pih1 binding enhances the 

ATPase activity of the hetero-hexamer complex [20] 

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.  

MATERIALS AND EXPERIMENTAL PROCEDURES 

Expression and purification of the human 

RuvBL1/RuvBL2 complex 

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. 

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 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 SDS-
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PAGE (200 V for 50 minutes with NuPAGETM MOPS SDS 

Running Buffer (InvitrogenTM)) and the Bradford method. 

Expression and purification of the human R2TP sub-

complex RuvBL1/RuvBL2/RPAP3501-631
 

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. 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 15 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. 

In accordance with the small-scale expression trials 

(EnPresso® B Animal-free), 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. 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, 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. 

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.    

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 assays were 

carried out in duplicates and the results were analysed in the 

Protein Thermal ShiftTM Software V1.3. 

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.    

𝑅𝑎𝑡𝑒 𝐴𝑇𝑃 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝛥[𝐴𝐷𝑃]

𝛥𝑡
=

−𝛥𝐴𝑏𝑠340 𝑛𝑚

𝑏 ∗ 𝜀𝑁𝐴𝐷𝐻 ∗ 𝛥𝑡
     (2.1. ) 

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 
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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 RuvBL1/RuvBL2 complex 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.  

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.  

RESULTS AND DISCUSSION 

Purification of the human RuvBL1/RuvBL2 complex  

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, 40 mM and 69 mM of imidazole. 

The remaining proteins were eluted in a gradient between 69-

510 mM and with 800 and 1000 mM of imidazole.  

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 hydrophobic matrices. It should be noted that the stability 

of RuvBL1/RuvBL2 complex decreases as the concentration 

of imidazole increases (Thermal shift assay), therefore the 

collected fractions with 800 and 1000 mM of imidazole were 

not added to Pool A.   

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 [21]. The composition of purification buffers from 

this procedure and the strategy of elution, with 5 mM of EDTA, 

were adapted from Costa, S. (2013) [22]. As shown in Figure 

1., 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. 

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 
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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 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 [23] [24]. 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 1. 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.  

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, the peaks II and IV, 

from Figure 2., 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).  

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 

[25]. In accordance with the in-house calibration curve of this 

column, the peaks showed in Figure 3. (A) 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. (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 2. 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. 

 

Figure 3. 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). 

Small-scale co-expression of the human R2TP sub-

complex RuvBL1/RuvBL2/RPAP3501-631 

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 
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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 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. 

The results obtained in the small-scale trials shown that 

RPAP3501-631 only expressed with EnPresso® B Animal-free 

growth system, therefore, this was the culture medium used in 

large-scale expression. 

Purification of the human R2TP sub-complex 

RuvBL1/RuvBL2/RPAP3501-631 

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. To confirm the presence of hsRPAP3501-631, after 

the immobilised metal ion affinity chromatography, a band 

from the SDS-PAGE around 15 kDa was carefully excised and 

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. 

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, the amount of 

RuvBL1/RuvBL2/RPAP3501-631
 eluted, followed by UV, was far 

from the expected, taking into consideration the quantity of 

protein injected. Thus, as a last resort, the proteins were 

eluted with Milli-Q® water 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 the human R2TP sub-complex RuvBL1/RuvBL2/RPAP3501-

631 [26].  

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 and the SDS-PAGE, the first peak mentioned in 

Figure 4. 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 4., the final Pool C was also pure, with a yield of 3.9 

mg/g of cells. 

 

Figure 4. 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). 

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 [20]. 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.   

Thermal shift assay 

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 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, 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. 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.  

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 
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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 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.  

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 5., 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 5. 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. 

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] [12]. 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 can stimulate conformational changes in domain II, 

leading to alterations in the active site and allowing a better 

efficiency in the ATP/ADP exchange [10] [3].  

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 6.) [27].  

 

Figure 6. 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 7., 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% [20]. 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 
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complex. This model might explain why, in the absence of the 

entire sub-complex PIH1D1 and RPAP3, the ATPase activity 

of the hetero-hexameric 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. 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 [13].  

 

Figure 7. 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.  

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 [28]. 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 [29] [30].   

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 

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 [31]. 

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 

8. 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 and for these reasons the crystals were not 

tested under an X-ray diffractometer. 

The RuvBL1/RuvBL2 complex was co-crystallised with 469 

mM L-Arginine and 469 mM L-Glutamic acid, which 

contributes to a higher Tm (Thermal shift assay), and cubic 

crystals also appeared after 1 day with the same optimised 

crystallisation condition.  

 

Figure 8. 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). 

Some of the best looking RuvBL1/RuvBL2 crystals 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 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 and 

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 

[3] [10]. 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, 
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the C-terminal domain might lock the flexible domain II and 

improve the order of the crystals [13] [26]. 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 9., but in a flower shape (Figure 10.), with 

dimensions of approximately 150 per 150 µm. These crystals 

are similar to the ones described before, but with more defined 

edges. However, they were not tested yet. 

 

Figure 9. 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 sulfate. 

 

Figure 10. 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. 

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 Thermal shift 

assay, and the commercial screens were 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. 

FUTURE PERSPECTIVES 

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 R2TP complex are still poorly 

understood.      
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