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A B S T R A C T   

ATPases belonging to the AAA+ superfamily are associated with diverse cellular activities and are mainly 
characterized by a nucleotide-binding domain (NBD) containing the Walker A and Walker B motifs. AAA+
proteins have a range of functions, from DNA replication to protein degradation. Rvbs, also known as RUVBLs, 
are AAA+ ATPases with one NBD domain and were described from human to yeast as participants of the R2TP 
(Rvb1-Rvb2-Tah1-Pih1) complex. Although essential for the assembly of multiprotein complexes-containing 
DNA and RNA, the protozoa Rvb orthologs are less studied. For the first time, this work describes the Rvbs 
from Leishmania major, one of the causative agents of Tegumentar leishmaniasis in human. Recombinant 
LmRUVBL1 and LmRUVBL2 his-tagged proteins were successfully purified and investigated using biophysical 
tools. LmRUVBL1 was able to form a well-folded elongated hexamer in solution, while LmRUVBL2 formed a large 
aggregate. However, the co-expression of LmRUVBL1 and LmRUVBL2 assembled the proteins into an elongated 
heterodimer in solution. Thermo-stability and fluorescence experiments indicated that the LmRUVBL1/2 het
erodimer had ATPase activity in vitro. This is an interesting result because hexameric LmRUVBL1 alone had low 
ATPase activity. Additionally, using independent SL-RNAseq libraries, it was possible to show that both proteins 
are expressed in all L. major life stages. Specific antibodies obtained against LmRUVBLs identified the proteins in 
promastigotes and metacyclics cell extracts. Together, the results here presented are the first step towards the 
characterization of Leishmania Rvbs, and may contribute to the development of possible strategies to intervene 
against leishmaniasis, a neglected tropical disease of great medical importance.   

1. Introduction 

Several cellular functional processes involve protein complexes co
ordinated by energy-dependent conformational changes such as protein 
folding, proteolysis, transcription, and translation [1]. Among these 
protein complexes are those belonging to the AAA+ superfamily [2–4]. 
AAA+ proteins are adapted in a particular way to integrate a diverse 
number of functions [5]. These proteins are mainly characterized by the 
presence of a nucleotide-binding domain (NBD), which contains 
conserved motifs named Walker A (GX4GK [S/T]) and Walker B 
(hhhhDE), where X is any amino acid residue, and h is a hydrophobic 

residue [1,5]. These motifs are located in a region that covers about 
200–250 amino acids and is named the AAA+ module [1,5]. 

Rvbs are AAA+ helicases and are classified as Rvb1 and Rvb2 also 
known as RUVBL1, Tip 49 or Pontin and RUVBL2, Tip 48 or Reptin, 
respectively [6]. However, other RUVBs have been also identified [6]. 
RUVBs play distinct roles in cell cycle progression, assembly of the 
telomerase complex, and the ribosomal RNA maturation complex 
(snoRNPs). They use the energy from ATP binding and hydrolysis to 
unwind DNA and RNA and assemble protein complexes [6–12]. 

Though RUVBL have been identified in many organisms [13–16], 
their paralogs in protozoa parasites that cause disease in humans and 
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animals need to have their structure-function relationship established. 
This work describes the identification of putative RUVBL1 and RUVBL2 
genes from the Leishmania major, one of the causative agents of Teg
umentar leishmaniasis. This neglected tropical disease affects humans 
around the world. Recombinant LmRUVBL1 and LmRUVBL2, were 
expressed and purified alone using a bacterial system. LmRUVBL2 was 
produced as a large aggregate, but when co-expressed with LmRUVBL1 
it generated a soluble heterodimer. LmRUVBL1/2 complexes were 
characterized using biophysical tools, and the results showed that they 
are non-globular and had ATPase activity. Additionally, it was also 
possible to show that both proteins are expressed in Leishmania pro
mastigotes and metacyclics. Here we present a comprehensive descrip
tion and characterization of RUVBLs from a protozoa parasite with great 
medical importance and discuss how RUVBLs can be potential targets to 
treat leishmaniasis. 

2. Methods 

2.1. Sequence analysis and cloning 

The human RUVBL1 and RUVBL2 amino acid sequences (UNIPROT 
Q9Y265 and Q9Y230, respectively) were used to search Leishmania 
major Friedlin GeneDB (http://www.genedb.org/). Two putative ruvb- 
like ATPases were found, further analyzed using Blastp and named 
LmRUVBL1 (GeneDB ID: LmjF 34.3500) and LmRUVBL2 (GeneDB ID: 
LmjF 34.2610). The LmRUVBLs amino acid sequences were used to 
generate a multiple alignment file (Clustal Omega online tool, https:// 
www.ebi.ac.uk/Tools/msa/clustalo/). The pre-aligned sequences were 
analyzed using ESPript (https://doi.org/10.1093/nar/gku316; http:// 
espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi), and the human RUVBL1 
(PDB 2C9O) was used as the template for secondary structure depiction. 
The encoding sequences were optimized for E. coli expression and syn
thesized by Epoch Life Science. The cDNA corresponding to the 
LmRUVBL1 gene was cloned between NdeI-BamHI restriction sites in 
pET15b vector, which induces resistance to ampicillin. The sequence 
encoding LmRUVBL2 was cloned between BamHI-EcoRI restriction sites 
of the pET28a + vector, which induces resistance to kanamycin, 
generating recombinant proteins with a His-tag at the N-terminus. 

2.2. Protein expression and purification 

Protein expression was performed using E. coli BL21 (DE3) Arctic 
Express transformed by heat-shock with individual plasmids, or with 
both plasmids for co-expression. Cells were grown in LB medium for 3 h 
at 30 ◦C, until reaching absorbance (A600nm) between 0.6 and 0.8. In
duction was carried out by adding 1 mM of IPTG for 24 h at 12 ◦C, and 
then cells were centrifuged at 2496×g, for 15 min, at 4 ◦C. Pellet was 
resuspended in lysis buffer (25 mM Tris-HCl pH 8, 500 mM NaCl, 1 mM 
PMSF, 30 μg/mL lysozyme, and 4U DNAse), incubated on ice for 30 min, 
and sonicated at 30% amplitude for 90 s. 

The soluble protein fraction was injected on a nickel column 
(HisTrap™ HP, GE Healthcare Life Sciences) equilibrated with buffer A 
(25 mM Tris-HCl pH 8, 500 mM NaCl). The elution occurred in two steps 
with increasing imidazole concentrations (buffer A with 150 mM in the 
first step and 500 mM in the second). Then, size exclusion chromatog
raphy (SEC) was conducted using a Superdex 200 resin packed in an 
XK16/60 column (GE Healthcare Life Sciences), and sample purity was 
evaluated by SDS-PAGE and ImageJ (Image Processing and Analysis in 
Java) [17]. 

2.3. RUVBLs identification in L. major cell extracts and SL-seq analyses 

L. major strain (MHOM/IL/1980/FRIEDLIN) was obtained from the 
collection of Oswaldo Cruz Institute (known as a genetically homoge
nous population), previously tested for Mycoplasma contamination 
(MycoFluor™ Mycoplasma Detection Kit; Molecular Probes). 

Promastigote forms were differentiated in vitro from amastigotes 
extracted from mice footpad lesions [18]. Parasites were cultivated at 
26 ◦C in 1X M199 medium, pH 7.3, supplemented with 10% (v/v) 
heat-inactivated fetal calf serum, 25 mM HEPES, and 1% (v/v) anti
biotic/antimycotic solution (all reagents from Cultilab) until the expo
nential phase and the metacyclic stage was selected from stationary 
phase promastigotes cultures using agglutination with peanut lectin 
[19]. 

To obtain protein extracts, parasites (~2 × 108 cells of each parasite 
life form) were washed twice with 1X PBS, resuspended in buffer A (20 
mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 15 mM NaCl, 1 mM 
spermidine, 0.3 mM spermine, and 1 mM DTT), frozen in liquid nitrogen 
for 1 min and then thawed on ice. After that, the samples were incubated 
with 0.5% Nonidet p-40 on ice for 30 min, centrifuged at 8000×g and 1X 
protease inhibitor cocktail (Sigma) was added to the supernatant. 
Western blots were developed using the polyclonal sera anti- 
LmRUVBL1, anti-LmRUVBL2, and anti-LmGAPDH used as the loading 
control. Anti-LmRUVBL1 and Anti-LmRUVBL2 sera were produced by 
RheaBiotech Inc. using the recombinant proteins described here. The 
secondary antibody was a goat anti-rabbit HRP-conjugated (Bio-Rad), 
and western blots were revealed using the enhanced chemiluminescence 
(ECL), according to the manufacturer’s instructions (Millipore). 

SL-RNA-Seq libraries (one biological replicate each) obtained from 
the three L. major life stages (amastigote, promastigote, and metacyclic), 
which are available as a public resource at the TriTrypDB (https://tri 
trypdb.org/tritrypdb/app/record/dataset/DS_8bc463a882) [20], were 
provided by Peter Myler’s laboratory and used to analyze LmRUVBLs 
expression. The libraries were aligned against L. major Friedlin genome 
(TriTyrpDB v38*) with bowtie 2 (PMID: 22388286) [21] using the 
following parameters: very-sensitive-local-N1. Bowtie2-generated bam 
files were loaded into the Artemis genome browser (PMID: 22199388) 
[22], which allowed us to compute RPKM values for LmRUVBL1 
(LmjF.34.3500) and LmRUVBL2 (LmjF.34.2610), using as a parameter 
an arbitrary length of 250 nt surrounding the left- or right-most non-CDS 
SL signal positioned 5′ upstream of each gene analyzed [23]. 

2.4. Spectroscopic analysis 

Circular Dichroism (CD) was measured using a spectropolarimeter 
(JASCO J-810) and standard parameters [24]. LmRUVBLs concentra
tions were 5–10 μM in a 2 mm quartz cuvette, with 16 spectra accu
mulations at 20 ◦C. For thermal stability evaluation, a temperature 
gradient was applied to the sample, increasing 1 ◦C per min from 20 to 
90 ◦C, and monitored at 222 nm. 

Fluorescence spectroscopy experiments were carried out in a fluo
rimeter (Varian Cary Eclipse Fluorescence Spectrophotometer), with a 
10 mm × 10 mm quartz cuvette. Excitation wavelength was set at 295 
nm and emission was collected from 300 to 400 nm at 20 ◦C. 

2.5. Characterization of hydrodynamic parameters 

For SEC-MALS (size exclusion chromatography coupled to a 
multiple-angle light scattering) assays, three independent experiments 
were performed with 4 mg/mL of LmRUVBL1 or LmRUVBL1/2 at 20 ◦C 
using a triple-angle static light scattering detector (miniDAWN™ 
TREOS) and a refractive index monitor (Optilab® T-rEX) (Wyatt Tech
nology) coupled to an AKTA FPLC system, with UV/Vis detector (GE 
Healthcare). Proteins were injected onto a Superdex 200 10/300 GL 
column (GE Healthcare) and eluted in buffer A. Raw data were pro
cessed using the ASTRA 6.0 software (Wyatt Technology) to obtain the 
molecular mass. 

LmRUVBL1 (4 mg/mL) or LmRUVBL1/2 (2 mg/mL) samples were 
submitted to chromatography on a Superdex 200 10/300 GL column 
connected to an AKTA FPLC system (GE Life Sciences) in buffer A 
(described above). A calibration curve was obtained using a mix of 
standard monomeric proteins (thyroglobulin, ferritin, aldolase, 
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Fig. 1. LmRUVBL1 and LmRUVBL2 are 
highly similar to their yeast and 
human orthologs. A. Amino acid multi
ple sequence alignment indicates high 
similarity between Leishmania major 
RUVBL1 and RUVBL2 and their orthologs 
in yeast and human. Identical residues 
are shown in red. I, II, and III indicate 
domains I, II, and III, respectively, from 
which I and III indicate the AAA+
domain. The position of Walker A and 
Walker B motifs and the assigned sec
ondary structure obtained using ESPript 
software (using human Rvb1 (PDB 2C9O) 
as the template) are depicted. Sc, 
Saccharomyces cerevisiae; Hs, Human sa
piens; Lm, Leishmania major. B. Schematic 
representation of the positions of do
mains I-III and the Walker A and Walker 
B motifs (in gray) in LmRUVBL1 and 
LmRUVBL2. (For interpretation of the 
references to colour in this figure legend, 
the reader is referred to the Web version 
of this article.)   
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conalbumin and ovalbumin) (Gel Filtration Calibration Kit HMW, GE 
LifeSciences), with known Stokes or hydrodynamic radius (Rs). The Rs of 
each standard protein was plotted against (-log Kav) ½ and adjusted by 
linear fitting analysis. 

Dynamic light scattering experiments were carried out using a Mal
vern Zetasizer Nano ZS 90 (Model 3690) instrument equipped with a 
633 nm laser, in a polystyrene cell. Samples of LmRUVBL1 (10–300 μM) 
and LmRUVBL1/2 (70 μM) in buffer A had their light scattering intensity 
monitored at 20 ◦C, 20 repetitions each measurement. 

2.6. ATPase activity assessment 

LmRUVBLs ATPase activity was assessed using the ATP/NADH 
coupled assay [25]. The reactions were carried out in 96-well plates in a 
buffer containing 25 mM Tris-HCl, 500 mM NaCl, 8 mM MgCl2, pH 8.0 
mixed with 3 mM phosphoenolpyruvate, 0.3 mM NADH, 40 U/mL py
ruvate kinase and 58 U/mL lactate dehydrogenase. ATPase reaction was 
started by the addition of ATP (pH 7.0) at a final concentration of 5 mM. 
Readings were taken at 340 nm in a Biotek Synergy HTⓇ plate reader at 
37 ◦C for 90 min. LmRUVBLs concentration was 5 μM. 

3. Results and discussion 

3.1. Leishmania RUVBLs have a high identity with their yeast and human 
orthologs 

To identify and characterize two important AAA+ ATPases in 
L. major, GeneDB was searched using BLASTp to identify RUVB-like 
ATPases using the human RUVBL1 (TIP48 or Pontin) and RUVBL2 
(TIP49 or Reptin) as queries. Two putative RUVBL genes were identified 
in L. major genome with IDs: LmjF 34.3500 and LmjF 34.2610. Orthologs 
of RUVBL1 and RUVBL2 have been identified in different protozoa, such 
as Plasmodium falciparum and L. donavani, as helicases that interact with 
DNA/RNA and proteins complexes [26–29]. Despite the functional 

information generated by these studies, there is a lack of structural in
formation about the protozoa’s RUVBLs. On the other hand, yeast and 
human RUVBLs [11,12,30,31] are much better studied and share about 
60–70% sequence identity with L. major RUVBLs (Fig. 1A), named here 
as LmRUVBL1 and LmRUVBL2. LmRUVBL1 is 458 residues long (50.1 
kDa), while LmRUVBL2 is 483 residues long (53.6 KDa), which are 
identical to the RUVBLs described in L. donovani [29]. The secondary 
structure assigned by ESPript software, using the crystallographic 
structure of human RUVBL1 (PDB 2C9O) was used as the template, 
showing that the L. major RUVBL proteins have the same domain or
ganization as the human and yeast Rvbs (Fig. 1A), including the essen
tial motifs, Walker A and Walker B motifs involved in ATPase activity 
(Fig. 1B). 

3.2. Purification and folded states of LmRUVBLs 

The cDNA from the putative genes were cloned, and the recombinant 
proteins were expressed. LmRUVBL1 and LmRUVBL2 were obtained 
alone or co-expressed and purified using nickel affinity chromatography 
(Supplementary Figure S1) followed by SEC (Fig. 2A). Protein purity 
was determined as >95% by ImageJ software. Initially, we investigated 
the oligomeric state of the purified proteins by SEC (Fig. 2A). 

The SEC profile for LmRUVBL1 (Fig. 2A) demonstrated two peaks, a 
minor one that eluted in the void and likely represented large aggre
gates, and a major one (marked by an arrow) that consisted of a soluble 
hexamer and was more than 95% pure (Fig. 2B). On the other hand, the 
LmRUVBL2 SEC profile (Fig. 2A) exhibited only one peak that eluted in 
the void and was aggregated (marked by an arrow; see below) but with 
more than 95% purity (Fig. 2B). Additionally, the co-expression of both 
LmRUVBL1 and LmRUVBL2, here designated as LmRUVBL1/2, had a 
SEC profile with three peaks (Fig. 2A). One at the void corresponding to 
large aggregates, a second overlapping peak that was too diluted to 
allow further experimentation and a major one (marked by an arrow) 
that consisted of a soluble heterodimer and was more than 95% pure 

Fig. 2. LmRUVBLs purification and secondary 
structure analysis. A. SEC overlap of LmRUVBLs. 
LmRUVBL1 chromatogram (gray line) showed a high 
peak, characterized as a hexamer in solution; 
LmRUVBL2 eluted in the void (black line); and, after 
co-expression, the LmRUVBL1/2 protein was distrib
uted in three peaks (dashed line). The third peak was 
used for characterization because it seemed to contain 
equal amounts of LmRUVBL1 and LmRUVBL2. Arrows 
indicate the fractions submitted to SDS-PAGE (shown 
in B) and further characterized (see text). B. SDS- 
PAGE 12% showed the purified proteins and their 
apparent molecular mass when purified individually 
and after co-expression (predicted mass for 
LmRUVBL1 = 52.35 kDa and LmRUVBL2 = 57.18 
kDa). C. Overlap of CD spectra obtained to evaluate 
the secondary structure of the purified proteins, 
showing two minima at 208 and 222 nm, mainly 
indicating α-helical structure of all proteins studied. 
D. Fluorescence emission spectrum of LmRUVBL2 
(gray circles) showed a maximum wavelength of 341 
nm. In contrast, the spectrum of LmRUVBL1/2 (black 
circles) had a shift to 349 nm LmRUVBL1 (black 
squares) does not have Trp residues.   
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(Fig. 2B). Due to these characteristics, the study started only with the 
peaks identified by an arrow in Fig. 2A (see Table 1) and only the soluble 
hexameric LmRUVBL1 and heterodimeric LmRUVBL1/2, were further 
characterized (see below). Additionally, the samples identified by the 
arrows behaved as single species (see below). Indeed, the solubilization 
of RUVBLs from parasites is challenging. For instance, both RUVBL1 
[25] and RUVBL3, an analog of RUVBL2, [27] from P. falciparum 
required the assistance of chaperones to increase their solubility. 

The secondary structure of each protein was evaluated by CD, and all 
three spectra showed two minima at 208 and 222 nm (Fig. 2C), indi
cating that the proteins were mainly α-helical. The percentage of α-helix 
in LmRUVBL1 was calculated as ~27% and in LmRUVBL2 as ~22%. The 
crystallographic structure of human RUVBL1 demonstrated that the 
monomer has 14 α-helices and 16-β sheets [12] which is in good 
agreement with the secondary structure prediction shown in Fig. 1A. 
Additionally, the CD spectrum of LmRUVBL1/2 had more signal than 
expected for the sum of LmRUVBL1 and LmRUVBL2 spectra, which was 
intermediate of those of the proteins alone (Fig. 2C). These results 
indicate that LmRUVBL2 had an increase in secondary structure in the 
presence of LmRUVBL1 and also increased its solubility as confirmed by 
further investigation (see below). The secondary structure of the com
plex was more stable when exposed to increasing temperatures as shown 
by CD. LmRUVBL1 maintained the CD signal at 222 nm up to 45 ◦C, 
LmRUVBL2 up to 55 ◦C and LmRUVBL1/2 up to 70 ◦C (Table 1). 

It is important to note that while LmRUVBL1 does not have Trp 
residues in its sequence, LmRUVBL2 has two Trp residues (see Fig. 1A). 
When purified alone, the Trp of LmRUVBL2 emitted with maximum 
wavelength at 341 nm, but shifted the emission to 349 nm when co- 
expressed with LmRUVBL1 (Fig. 2D and Table 1). This result indicates 
that the co-expression with LmRUVBL1 changed the conformation of 
LmRUVBL2 because tryptophan (Trp) fluorescence is sensitive to the 
polarity of its environment as the wavelength of maximum emission has 
a red-shift in a polar environment [32]. 

It is noteworthy that an increase in stability was also observed for the 
RUVBLs from the fungus Chaetomium thermophilum, whereby the indi
vidual proteins had lower stability than the dodecameric complex [33]. 
Unfortunately, subsequent experiments using LmRUVBL2 alone were 
not possible since only aggregated protein species were detected 
(Fig. 2A). Nevertheless, our results reinforced the hypothesis that the 
presence of LmRUVBL1 stabilizes LmRUVBL2 in the conditions studied 
here. 

3.3. RUVBLs were identified in L. major cell extracts 

The next step involved verifying the endogenous expression of the 
RUVBLs coding genes by L. major cells. For that, independent Splice 
Leader (SL) RNA-Seq (SL-RNA-Seq) libraries analyses were used, and it 
was possible to confirm that both LmRUVBL1 and LmRUVBL2 were 
expressed in all parasite’s developmental stages (Supplementary 
Table S1). In Leishmania sp., as in other trypanosomatids, mRNAs are 
processed by trans-splicing, by the addition of a 39 nt long SL (splice 
leader) sequence containing a 5′capped tri-methyl guanosine, coupled 
with the addition of a poly-A tail at the 3′ end of the upstream gene in the 
polycistron [34]. SL is a conserved marker of RNA maturation in 

trypanosomatids and the SL-RNA-seq libraries are sequenced based on 
the presence of the SL sequence at the 5′ end of each transcript [19]. The 
RPKM (Supplementary Table S1) represents the average analyses of two 
biological replicates of each library. 

The difference in mRNA measurements between developmental 
stages is probably due to unknown regulatory elements at the 
LmRUVBLs 3′UTR [35–37]. As a matter of fact, regulatory elements 
would positively control mRNA expression and stabilization only in 
promastigotes, justifying the results obtained in the SL-seq libraries. 
Genetic reprogramming during parasite development induces differ
ences in promastigotes and balanced amastigotes and metacyclics in 
respect to gene expression profiles [38]. Additionally, mRNA abundance 
differences during parasite development were widely described for 
Leishmania sp. [see, for instance: [39,40]]. 

Extracts from L. major were further used in Western blot experiments 
(Fig. 3) using polyclonal antibodies produced from the recombinant 
proteins (see Supplementary Figure S2). In these experiments, anti- 
LmGAPDH was used as the loading control. The analysis of Fig. 3 clearly 
shows the presence of proteins with molecular masses (MM) similar to 
promastigote and metacyclic LmRUVBL1 and LmRUVBL2. It was 
possible to identify few differences in protein abundance among parasite 
life stages, compared to the proteins used as the loading controls. In this 
context, it is important to point that the regulation of both mRNA and 
protein levels dynamically alters in Leishmania because they depend on 
both the protein function and the environmental circumstances that the 
parasite encounters during adaptation to live and survive in different 
hosts [41]. 

3.4. Oligomeric state and conformation of LmRUVBLs 

First, SEC-MALS was used to measure the molecular masses (MM) of 
the LmRUVBLs, which were 333.0 ± 12.0 kDa for LmRUVBL1 and 120.1 
± 3.2 kDa for LmRUVBL1/2 (Fig. 4A). Since the theoretical MM of 
LmRUVBL1 monomer is 52.35 kDa, the protein was a hexamer in so
lution. As a matter of fact, several helicases oligomerize as they are 
usually composed of more than one subunit [12,13,42–45]. The crys
tallographic structure of the human RUVBL1 protein showed a 

Table 1 
LmRUVBLs characteristics.  

Protein Major oligomeric 
state 
(investigated by 
SEC) 

Secondary 
structure stable up 
to (investigated by 
CD) 

Tryptophan maximum 
wavelength 
(investigated by 
emission 
fluorescence) 

LmRUVBL1 Hexamer 45 ◦C – 
LmRUVBL2 Large aggregate 55 ◦C 341 nm 
LmRUVBL1/ 

2 
Heterodimer 70 ◦C 349 nm  

Fig. 3. RUVBLs were identified in L. major promastigotes and metacyclics 
cell extracts of. Total extracts (60 μg/well) obtained from promastigote (P) or 
metacyclic (M) forms were fractionated in 12% SDS-PAGE, transferred to 
nitrocellulose membranes and revealed using ECL after WB with specific 
polyclonal antibodies against LmRUVBL1 (1:3000), LmRUVBL2 (1:5000), and 
LmGAPDH (1:2000) used as the loading control. 
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hexameric ring conformation [12], corroborating the L. major ortholog 
results. The human RUVBL2 is also capable of oligomerization to form a 
homohexamer in solution [46]. However, we could not get this 
conformation in the conditions used in this work as LmRUVBL2 was 
purified as a large aggregate. 

Nonetheless, the theoretical MM for a heterodimer is 109.53 kDa 
(combined LmRUVBL1 and LmRUVBL2 monomers), confirming that the 
molecular mass obtained by SEC-MALS for LmRUVBL1/2, 120.1 ± 3.2 
kDa, corresponds to a heterodimer in solution. It has been reported [47] 
that yeast Rvbs form a heterodimer in solution when the His-tag is 
present, as observed here, but form heterohexamers in the absence of 
His-tag. Unfortunately, several strategies were tried (data not shown) to 
remove the His-tag from LmRUVBLs but were unsuccessful. Other 
studies observed differences in oligomerization when only RUVBL1, or 
RUVBL2, or both proteins had the His-tag. When only one protein had 
the tag, hexamers, and dodecamers were found in solution. However, 
when both RUVBLs are tag-less, they formed dodecamers [42,43,47] 
predominantly. Additionally, an assembly pathway to form dodecamer 
may involve the formation of monomers, dimers, trimers, and hexamers 
as intermediates [48], showing that RUVBLs can have more than one 
oligomerization state in solution. In the conditions studied here, the 
hexameric state of LmRUVBL1 and the heterodimeric state of 
LmRUVBL1/2 predominated. 

Then, hydrodynamic parameters of the LmRUVBLs were determined 
to get information on the global conformation of these proteins. Analysis 
by SEC required standard proteins to be used to generate a calibration 
curve by plotting Kav values (-logKav)1/2, which is the distribution co
efficient obtained from the elution volume of each protein, as a function 
of Rs (Stokes or hydrodynamic radius; Table 2 and Fig. 4B and C). 
Calibration curve analysis indicated that LmRUVBL1 had an Rs of 59.0 
± 1.0 Å and LmRUVBL1/2 had an Rs of 41.0 ± 1.0 Å (Table 2 and 
Fig. 4B). 

Following that, samples were prepared, and 20 independent mea
surements were made using the DLS equipment. The measured diffusion 
coefficient (D) was 2.4 ± 0.5 × 10− 7 cm2/s for LmRUVBL1 and 2.4 ± 0.3 
× 10− 7 cm2/s for LmRUVBL1/2 (Table 2). Because it is possible to 
predict the Rs and D values for non-hydrated spheres of known MM (see 
Ref. [49] for review), one can compare the predicted values with those 
measured experimentally and evaluate whether or not the protein 
conformation is globular. The predicted and measured Rs and D values 
are shown in Table 2, and they differ, for both complexes, much more 
than expected considering only hydration. Therefore, both the hex
americ LmRUVBL1 and the heterodimeric LmRUVBL1/2 had 
non-globular conformations, being likely elongated. These results are in 
good agreement with what is currently known about the structure of 
RUVBLs showing that the monomeric unit is elongated, and that oligo
mers tend to be single or double-ring-shaped (for structural compari
sons, see [44,50]). 

3.5. The heterodimer has ATPase activity in vitro 

LmRUVBLs are members of the AAA+ protein superfamily and 
probably are active ATPases. Therefore, their function as ATPases was 
tested. The reactions were evaluated as a function of time. The ATP 

Fig. 4. Characterization of LmRUVBLs oligomeric state. A. SEC-MALS of 
LmRUVBL1 (black line) and LmRUVBL1/2 (gray line). Proteins were injected at 
4 and 2 mg/mL, respectively, in 25 mM Tris-HCl/500 mM NaCl (pH 8) buffer. 
All data were analyzed with the ASTRA program (Wyatt Technologies), and the 
molecular mass of LmRUVBL1 was 333 ± 12 kDa, and LmRUVBL1/2 was 120.1 
± 3.2 kDa. B. Chromatogram of standard proteins (dotted line), LmRUVBL1 
(black line) and LmRUVBL1/2 (gray line). C. Calibration curve as a function of 
Rs indicating that LmRUVBL1 (gray triangle) had an Rs of 59.0 ± 1.0 Å and 
LmRUVBL1/2 (gray square) had an Rs of 41.0 ± 1.0 Å. 

Table 2 
Measured versus predicted hydrodynamic parameters.   

Parameter/ 
technique 

Measured Predicted 

LmRUVBL1 
(homohexamer) 

Rs (Å)/aSEC 59.9 ± 1.0 20.8a 

D (cm2/s)/DLS 2.4 ± 0.3 ×
10− 7 

10.4a 

MM (kDa)/SEC- 
MALS 

332.8 ± 12.0 314.1b 

LmRUVBL1/2 
(heterodimer) 

Rs (Å)/aSEC 41.1 ± 1.0 Å 32.1a 

D (cm2/s)/DLS 2.4 ± 0.5 ×
10− 7 

6.6 ×
10− 7a 

MM (kDa)/SEC- 
MALS 

120.1 ± 3.2 109.6b  

a For a non-hydrated sphere with the same molecular mass of the respective 
oligomer. 

b From sequence. 
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hydrolysis rate was calculated as a function of inorganic phosphate (in 
pmol) released per minute for pmol of protein monomer (Fig. 5). The 
ATPase activity of hexameric LmRUVBL1 was very low compared with 
that of LmRUVBL1/2, which was approximately 40 times higher. These 
results add important insights about the RUVBLs from Leishmania as they 
behave similarly to human RUVBLs. Human RUVBL1 has little activity in 
vitro [12] but in the presence of RUVBL2 the complex has high ATPase 
activity [30]. 

On the other hand, yeast Rvbs seem to behave differently, as Rvb2 
has little activity [13]. Nonetheless, the yeast Rvb1/2 complex has high 
ATPase activity [13]. Actually, when other eukaryotic organisms are 
considered, there are isolated AAA+ proteins with low activity, but the 
activity usually increases when heterocomplexes are formed [51]. These 
observations reinforce the claim that the study of orthologs increases the 
general understanding of the relationship between structure and func
tion for these proteins. 

4. Conclusion 

RUVBLs belong to the AAA+ family of ATPases that play essential 
cellular functions such as chromatin remodeling, DNA repair, ribosomal 
RNA processing, and assembly of telomerase complexes. This work de
scribes the cloning and purification of RUVBL1 and RUVBL2 from 
L. major, named LmRUVBL1 and LmRUVBL2, respectively. The proteins 
were found to be expressed in both promastigote and metacyclic 
developmental stages of the parasite, indicating that the study of these 
proteins is important for the biological understanding of this organism, 
hopefully by generating knowledge that can be used in therapeutic 
strategies. 

Protein expression and purification confirmed that the DNA se
quences here investigated were translated into stable polypeptides. 
However, protozoa proteins are sometimes hard to purify in sufficient 
amounts and solubility to allow proper investigation. The hexameric 
form of his-tagged LmRUVBL1 and the heterodimeric estate of 
LmRUVBL1/2 were soluble and were investigated by biophysical tools. 
Both forms were stable at temperatures higher than that of the envi
ronments in which the parasite lives, and had an elongated shape as 
expected for the Rvbs. While LmRUVBL1 showed low ATPase activity in 
the conditions tested, LmRUVBL1/2 had a much higher ATPase activity. 
Nonetheless, because removal of the his-tag was not possible our work 
may represent the characterization of only one of the multiple oligo
merization states that LmRUVBLs are capable to access in solution [42, 

43,47,48]. 
Our work sets the stage for future studies to be carried out to un

derstand the structure and cellular function of these conserved ATPases 
in parasites. 
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