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Cellular proteostasis is maintained by a system consisting of molecular chaperones, heat shock proteins (Hsps)
and proteins involved with degradation. Among the proteins that play important roles in the function of this sys-
tem is Hsp90, which acts as a node of this network, interacting with at least 10% of the proteome. Hsp90 is ATP-
dependent, participates in critical cell events and protein maturation and interacts with large numbers of co-
chaperones. The study of Hsp90 orthologs is justified by their differences in ATPase activity levels and conforma-
Keywords: tional changes caused by Hsp90 interaction with nucleotides. This study reports the characterization of Hsp90
Hsp90 from Aedes aegypti, a vector of several diseases in many regions of the planet. Aedes aegypti Hsp90, AaHsp90,
Aedes was cloned, purified and characterized for its ATPase and chaperone activities and structural conformation.
Protein folding These parameters indicate that it has the characteristics of eukaryotic Hsp90s and resembles orthologs from
Protein structure and function yeast rather than from human. Finally, constitutive and increased stress expression in Aedes cells was confirmed.
Taken together, the results presented here help to understand the relationship between structure and function in
the Hsp90 family and have strong potential to form the basis for studies on the network of chaperone and Hsps in

Aedes.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Hsp90 is a molecular chaperone involved in the important protein
quality control (PQC) system, acting in client-protein folding and regu-
lation, and in the assembly of protein complexes [1-4]. Additionally,
Hsp90 is essential for eukaryotic cell growth; it is a hub protein, since
it interacts with over 10% of the proteome [5] and thus is a very abun-
dant protein, representing 1 to 3% of cytoplasmatic soluble proteins, in
physiological conditions in mammalian cells [6].

Hsp90 is a dimeric protein, with each protomer being composed of
three domains that have characteristic features. The nucleotide-
binding N-terminal domain, the client-protein interaction Middle
(M) domain, and the dimerization C-terminal domain. N and M do-
mains are connected by a flexible charged linker, which is very impor-
tant for protein dynamics and ATPase activity [7]. Two residues that

Abbreviations: CD, circular dichroism; Hsp, heat shock protein; SAXS, small-angle X-
ray scattering; SEC-MALS, size exclusion chromatography coupled to multi-angle light
scattering.
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participates in ATP hydrolysis, R380 and Q384 (yeast Hsp82 number-
ing) are located at the M domain [8]. The C-terminal contains the
MEEVD motif responsible for the interaction with TPR co-chaperones
[9]. Finally, all hydrophobic exposed surfaces, which are important for
client-protein interaction, are present in all three domains of Hsp90s
[10].

The ATPase activity of Hsp90 is essential for the protein in vivo activ-
ity [11,12]. Moreover, its ATPase cycle involves conformational changes
whereby locally the N-terminal lid closes upon ATP binding, and glob-
ally the N-terminal domain transiently dimerizes [13,14]. Due to these
conformational changes, Hsp90s have low ATPase activity, which is
modulated by co-chaperones [15] that are also involved in the
chaperone's specificity to client proteins [16]. However, these confor-
mational changes are not the same in all species, since the global
changes are not observed for all Hsp90s [17]. Thus, the study of Hsp90
orthologs is justified to increase the general knowledge regarding this
protein. With that in mind, in this work, we aimed to characterize the
Hsp90 from Aedes aegypti, since this mosquito is very important in trop-
ical countries as it transmits many arboviruses including Dengue, Zika
and Chikungunya [18]. The characterization of this protein is crucial
for the understanding of the proteostasis maintenance mechanisms in
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this organism, and hopefully can be translated into intervention strate-
gies against the mosquito.

2. Material and methods
2.1. Sequence identification and analysis

The amino acid sequence for AaHsp90 was found with the NCBI
BLASTD tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi), using the human
Hsp90« amino acid sequence as a template, against the Aedes aegypti
protein databank. The global alignment of the full-length AaHsp90
(NCBI RefSeq: XP_001649752.1) amino acid sequence with its orthologs
was performed using Clustal Omega software (https://www.ebi.ac.uk/
Tools/msa/clustalo/). The sequences used were as follows: DmHsp90
(Drosophila melanogaster Hsp90, NCBI RefSeq: NP_523899.1), LbHsp90
(Leishmania braziliensis Hsp90, NCBI RefSeq: XP_001567804.1),
yHsp82 (Saccharomyces cerevisiae Hsp90, NCBI RefSeq: NP_015084.1),
hHsp90a (human Hsp90 « isoform, NCBI RefSeq: NP_005339.3),
hHsp90R (human Hsp90 p isoform, NCBI RefSeq: NP_031381.2) and
SsHsp90 (Saccharum sp. Hsp90, NCBI RefSeq: AGC60019.1). The identity
and similarity between the sequences were determined using the NCBI
BLAST Global Alignment tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.2. Cloning, expression and purification

The AaHsp90 DNA coding sequence was optimized for expression in
Escherichia coli and cloned into a pET28a vector between Ndel and Xhol
restriction sites, introducing a TEV cleavage site and adding a His tag.
Protein expression was carried out using E. coli strain BL21 (DE3) trans-
formed with the constructed plasmid. Cells were grown in LB media
with 30 ug mL™! kanamycin, at 37 °C until an ODggq of about 0.8 was
reached. Expression was induced by adding 0.5 mM IPTG, at 18 °C.
After 18 h cells were harvested by centrifugation at 2450g for 15 min
at 4 °C. Pellet was resuspended in 25 mM Tris-HCl, 200 mM Nadl,
pH 8.0 (buffer A) and incubated with 1 mM PMSF, 30 ug mL™ ' lysozyme
and 5 U of DNAse for 30 min on ice. Cells were lysed using sonication
and then centrifuged at 20,000g for 30 min at 4 °C.

Chromatographic purification was conducted first on a nickel
affinity column (HisTrap™ HP, GE Healthcare Lifesciences) equili-
brated with buffer A, and elution was carried out using a linear gra-
dient of 0 to 500 mM imidazole. Eluted AaHsp90 was dialyzed
against buffer A, and then incubated with CIP (Calf Intestinal Alka-
line Phosphatase, New England Biolabs) overnight at 4 °C for
nucleotide hydrolysis. Then, size exclusion chromatography was
conducted using a Superdex 200 XK 26/60 column (GE Healthcare
Lifesciences) equilibrated with buffer A. Eluted fractions were in-
cubated with TEV protease overnight at 4 °C and then submitted
to an affinity chromatography for TEV removal. Proteins were ana-
lyzed using SDS-PAGE and His-tag cleavage was confirmed by
western blot analysis using a monoclonal anti-His antibody (GE
Healthcare Lifesciences). Protein concentration was determined
spectrophotometrically using the Edelhoch method [19]. Purity
percentage was calculated using Image] software [20].

2.3. Secondary structure determination

Circular dichroism (CD) measurements were conducted using a
Jasco J-810 spectropolarimeter with a Peltier-type temperature control-
ler (Jasco Inc., Easton, MD, USA). CD spectra were acquired from 260 to
201 nm, using 2 pM AaHsp90 in a 2 mm quartz path length cuvette at
20 °C. Spectra were normalized to the mean residual molar ellipticity
([6]) and the a-helix content was calculated as previously described
[21].

24. Hydrodynamic parameters characterization

For analytical size exclusion chromatography (aSEC) experiments,
AaHsp90 (apo, ATPyS-, ADP- and AMP-bound) was loaded onto a
Superdex 200 GL 10/300 column (GE Lifesciences) equilibrated with
25 mM Tris-HCl, 200 mM NacCl pH 8.0, with elution monitored at
280 nm in an AKTA FPLC system (GE Lifesciences). The concentration
of AaHsp90 was 15 uM and the nucleotides were 1.5 mM. Standard pro-
teins with known Stokes radius (Rs) were used for calibration, at a con-
centration of approximately 2 mg mL~". Blue dextran at 0.8 mg mL™"
was used for column void determination. Protein retention volumes
were transformed into partition coefficients (Kav) and a calibration
curve was constructed using the R of the standard proteins as a func-
tion of —(log Kav)'/2, Linear fitting analysis was used to obtain the R,
of AaHsp90.

Size exclusion chromatography and multi-angle light scattering
(SEC-MALS) experiments were conducted using an AKTA FPLC instru-
ment (GE Healthcare Lifesciences) coupled to a miniDAWN TREOS
light scattering detector and to an Optilab T-rEX refractive index detec-
tor (Wyatt Technology ). Experiments were carried out at room temper-
ature, using a Superdex 200 GL 10/300 column (GE Healthcare
Lifesciences) and the protein concentration was 10 M. Data analysis
was conducted with the Astra 6 software (Wyatt Technology).

Dynamic light scattering (DLS) measurements were performed in a
Malvern Zetasizer Nano ZS 90 (Model 3690) instrument equipped
with a 633 nm laser, in a polystyrene cell, at 20 °C. AaHsp90 was used
at concentrations of 10, 50 and 100 pM. Nucleotide-bound forms
(ATP+yS, ADP and AMP-bound) were at 10 uM and the nucleotides at
1 mM.

2.5. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) data were acquired at the D11A-
SAXS1 beamline in the Brazilian National Laboratory of Synchrotron
Light (LNLS - CNPEM, Campinas, Brazil, proposal 20190061). Measure-
ments were performed using AaHsp90 (apo, ATPyS-, ADP- and AMP-
bound) at 2.5 mg mL~! (30 uM) with nucleotides at 3 mM, in buffer
25 mM Tris-HCl, 200 mM NaCl, pH 8.0 at 25 °C, inside a 1 mm mica
cell positioned at a ~1000 mm distance from the detector (scattering
vector range of 0.15 < q < 3.3 nm~ ') and exposed to a monochromatic
X-ray beam (\ = 1.488 A). Frames of 100 s were measured and aver-
aged to increase the signal-to-noise ratio, improving the scattering
curve quality.

SAXS curves were corrected by incident X-ray intensity, sample's at-
tenuation and buffer contribution. Guinier analysis [22,23] was per-
formed using PRIMUS software [24,25], and calculating both radius of
gyration, Rg, and the forward intensity at zero angle, I(0), which are re-
lated to the protein molecular mass [26]. Moreover, a Fourier Transform
connects the pair distance distribution function, p(r), to the scattering
intensity, I(q). The p(r) function is related to the protein form factor,
in the absence of interference functions. These functions were calcu-
lated using GNOM software [27]. Primary assessment for low resolution
protein envelope reconstruction was performed with the AMBIMETER
software, which is able to evaluate protein envelope ambiguity on 3D
reconstructions [28]. Ab initio analysis was performed by simulated an-
nealing using beads as dummy atoms with the program DAMMIF [29],
generating twenty different structures with P2 symmetry which were
then averaged using DAMAVER [30,31], generating a final averaged
model. Finally, DAMMIN [32] was used to refine the protein envelope.
Additional modelling was performed using a hybrid rigid body method
and the PDB entries 1BYQ [11] and 3H]C (DOI: https://doi.org/10.2210/
pdb3H]C/pdb) as templates for the N-terminal domain and M and C-
terminal domains, respectively. SwissModel was employed to use
these templates to model the two regions according to the AaHsp90 se-
quence. These modelled structures were used as rigid bodies in the pro-
gram BUNCH [33] to search for relative domain orientations, with non-
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resolved residues modelled ab initio as beads. Noteworthy, BUNCH se-
lects the structure that minimizes the discrepancy (x2) with the exper-
imental data by rearranging the PDB structures' orientation within the
distance constraint and modelling linkers as beads. P2 symmetry was
applied (AaHsp90 dimers) and constraints were applied using previ-
ously published contact information as reference [34]. Fits were evalu-
ated by the ¥ and p-value quantities [35].

2.6. Chaperone activity

Porcine mitochondrial citrate synthase (CS), 1 uM, was pre-
incubated with AaHsp90 for 5 min in a 1:1 proportion (monomeric con-
centration) in the absence and in the presence of 100 uM nucleotides
(ATP~S, ADP and AMP). After preincubation, light scattering (turbidity)
was monitored at 320 nm for 2000 s in an Aminco Bowman Series 2
(SLM-Aminco) fluorometer with controlled temperature at 42 °C. Con-
trols were: CS alone, AaHsp90 alone and CS in the presence of Bovine
serum albumin (control for a protein without chaperone activity). Re-
sults are the average of at least three independent experiments.

2.7. ATPase activity measurement

For measurements of ATPase activity, the ATP/NADH coupled
method was conducted [36]. Briefly, reactions were comprised of
3 mM PEP (phosphoenolpyruvate), 0.3 mM NADH, 40 U mL™! PK,
58 U mL™! LDH in a buffer containing 25 mM Tris-HCI, 200 mM Nacl,
8 mM MgCl,, pH 8.0. ATPase activity was assayed by addition of ATP
(pH 7.0) in the concentrations of 1, 2, 3, 4 and 5 mM. Rate of NADH ox-
idation, which is proportional to ATPase activity, was monitored
through loss of absorbance at 340 nm. Readings were taken at 37 °C
every 1 min for 1.5 h in a plate reader (BioTek Instruments Inc.).
AaHsp90 concentration in the reaction was 10 UM (monomer).

2.8. In cell experiments

Aedes albopictus C6/36 cells were cultivated in 6-well plates with
Eagle's Minimum Essential Medium supplemented with 10% fetal bo-
vine serum, at 28 °C and 5% CO,, until confluence. For the heat treat-
ment, cells were incubated at 37 °C for 90 min [37], washed with ice-
cold PBS and detached from the plate using trypsin. For trypsin removal,
cells were washed three times with ice-cold PBS by centrifugation at
1200g for 5 min at 4 °C. Then, cells were lysed in RSB-NP40 buffer
(1.5 mM MgCl,, 10 mM Tris-HCl, 10 mM NaCl and 1% Igepal CA 630)
in the presence of protease inhibitor cocktail (500 puM AEBSF/mL,
150 nM aprotinin/mL, 1 pM E-64 protease inhibitor/mL, 0.5 mM EDTA/
mL, 1 uM leupeptin/mL, Calbiochem). After incubation for 2 min on
ice, cells were centrifuged at 12,000g for 15 min at 4 °C. Soluble proteins
were mixed with sample buffer, boiled for 5 min and then loaded onto
SDS-PAGE. Western blot analysis was conducted using a nitrocellulose
0.45 um membrane and transferring was carried out in a semi-dry appa-
ratus. Human Hsp90a (1:2000) (StressMarq Biosciences Inc., SMC-147)
and p-actin (1:5000) (Abcam, ab184220) monoclonal antibodies were
primary and goat-produced polyclonal anti-mouse IgG (1:5000) conju-
gated to HRP (Abcam, ab6789) was secondary. Membranes were devel-
oped using the ECL kit (Ge Healthcare) and observed using the Imager
600 instrument (Ge Healthcare). Bands were quantified using Image]
software. Statistical analysis was conducted in the GraphPad Prism 5
software and the Student's t-test was applied to the data.

3. Results and discussion
3.1. The Hsp90 from Aedes aegypti
Hsp90 is one of the major chaperones in the cell, it is ubiquitous and

is a hub protein that interacts with about 10% of the proteome in yeast
[38-40]. Characteristically, Hsp90s contain three domains: N (at the

N-terminus), M (Middle, locate in the central part) and C (at the C-
terminus and containing the MEEVD motif). All these domains were
identified in AaHsp90 by alignment (Fig. 1A and B). AaHsp90 shares
63 to 85% identity and 78 to 92% similarity with the sequence of its
orthologs (Table 1). The alignment shows that the residues reported
to be important for ATP binding [14,41] are conserved in AaHsp90
(Fig. 1B). Likewise, the residues that compose the lid region [14] are
also conserved and are formed by residues 99 to 130 in AaHsp90, as
shown in Fig. 1B (in bold). Additionally, the residues involved in the cat-
alytic center for ATP hydrolysis [14], Q385 (yeast Hsp82 numbering) [8]
and the exposed hydrophobic regions important for client-protein in-
teraction [10] are also conserved (Fig. 1B). Finally, AaHsp90 has the con-
served MEEVD motif, which is important for interaction with TPR co-
chaperones [42], in the C-terminal domain (Fig. 1B).

3.2. AaHsp90 is a folded elongated homodimer in solution and nucleotides
have no significant effect on its global conformation

AaHsp90 was produced with high purity (>95%) (Fig. S1) and ap-
pears as a band of about 82 kDa on SDS-PAGE gel (Fig. 2A). The His-
tag was efficiently cleaved by TEV protease, as shown by western blot
analysis (Fig. 2B). The secondary structure was evaluated by CD show-
ing the presence of two minima at 208 and 222 nm in the spectrum,
characteristic of an a-helical protein (Fig. 2C). The percentage of a-
helix was calculated as of about 35%, which is in good agreement with
results of Hsp90s from other organisms [43-50].

The hydrodynamic parameters of AaHsp90 were then investigated.
SEC-MALS showed that AaHsp90 eluted as a single peak with molecular
mass of 160.1 4 2.2 kDa (Fig. 3A), a value compatible with that of a
dimer (predicted value equals to 163 kDa). As a matter of fact, the di-
merization of Hsp90s by their C-termini is well established [34]. Stokes
radius (Rs) (Fig. 3B) and diffusion coefficient (D) were calculated as
65.6 + 0.2 Aand 2.7 + 0.3 x 1077 cm? s, respectively. These values
are in agreement with those reported for Hsp90 orthologous
[43,47,48]. The obtained Rs and D values suggest that AaHsp90 is an
elongated protein, because these values differ substantially from those
predicted for a non-hydrated sphere with the same molecular mass
(Table 2) [51]. This is in agreement with what is known for other
Hsp90 proteins [45,46,50] and with the SAXS investigation of AaHsp90
(see below). However, it is important to mention that the addition of ei-
ther ATPS, ADP or AMP had no effect on Rs or D (Table 2; see also dis-
cussion below).

The effect of nucleotides on the conformation of AaHsp90 was also
evaluated by small angle X-ray scattering (SAXS). SAXS was used to
measure the radius of gyration (Rg), maximum dimension (Dp,yx) and
also to obtain low-resolution structural conformations of AaHsp90-
apo, AaHsp90-ATP+yS, AaHsp90-ADP and AaHsp90-AMP in solution.
However, the presence of the nucleotides did not result in any signifi-
cant change in the general SAXS profile (Figs. S2 and S3 and Table S1).

Fig. 4A shows the SAXS curves and the Guinier analysis (inset) for
the apo form of AaHsp90. Ry and 1(0) values were validated by Guinier
Peak Analysis (Fig. S2), which is a tool to assess protein flexibility and
to validate the chosen Guinier region [58]. As showed by other experi-
ments (see above), the addition of either ATP-yS, ADP or AMP had no sig-
nificant effect on SAXS curves. Thus, since the SAXS curves of all studied
systems are quite similar, only the SAXS analysis of the AaHsp90-apo
form is further discussed (however, see tables and figures for informa-
tion on the evaluation of nucleotide addition). Guinier plot showed a
linear behavior in the small-q range indicating that the protein was a
monodisperse system at these conditions and allowed for the calcula-
tion of the radius of gyration (Rg), which was 6.36 + 0.11 nm for
AaHsp90-apo (see also Table S1 and note that this value was indistin-
guishable from those in the presence of nucleotides), being slightly lon-
ger when compared to the R reported for either Leishmania braziliensis
Hsp90 (5.56 + 0.30 nm [59]) or porcine Hsp90 (5.46 4 0.20 nm [60]). In
addition, Kratky analysis indicates that AaHsp90-apo is folded and
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AaHSp90 NIKLYVRRVEIMDNCEELIPDYLNEIKGVVDSEDLPLNISREMLQONKILKVIRKNLVKK 400

DmHsp90 NIKLYVRRVFIMDNCEDLIPEYLNFMKGVVDSEDLPLNISREMLQONKVLKVIRKNLVKK 404
= H I H L H LbHsp90 NIKLYVRRVFIMDNCEDLCPDWLGFVKGVVDSEDLPLNISRENLQONKILKVIRKNIVKK 394
N termlnal CL M domaln C termlnal yHsp90 NIKLYVRRVFITDEAEDLIPEWLSFVKGVVDSEDLPLNLSREMLQONKIMKVIRKNIVKK 399
1 213 266 542 715 hHsp90a NIKLYVRRVFIMDNCEELIPEYLNFIRGVVDSEDLPLNISREMLQQOSKILKVIRKNLVKK 419
hHsp90b NIKLYVRRVFIMDSCDELIPEYLNFIRGVVDSEDLPLNISREMLQQSKILKVIRKNIVKK 411
SsHsp90 NIKLYVRRVFIMDNCEELIPEWLSFVKGIVDSEDLPLNISRETLQONKILKVIRKNLVKK 391
KEKKAKKARKR K11k K11k kiR KKKAKKKKA KKK KKk Ky RRAKKK KKK
B AaHsp90 -------- 51 AaHsp90 ELFEELAEDKETYKKF F LGIHEDT E 460
DmHsp90 = —-MPEEAETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNASDALDKIR 48 DmHsp90 TMELIEELTEDKENYKKFYDQFSKNLKLGVHEDSNNRAKLADFLRFHTSASGDDFCSLAD 464
LbHsp90 b —-MTETFAFQAEINQLMSLIINTFYSNKEIFLRELISNASDACDKIR 45 LbH5p90 CLELFEEIAENKEDYKQFYEQFGKNIKLGIHEDTANRKKLMELLRFYSTESGEEMTTLKD 454
yHsp90 MASETFEFQAEITQLMSLIINTVYSNKEIFLRELISNASDALDKIR 46 yHsp90 LIEAFNEIAEDSEQFEKFYSAFSKNIKLGVHEDTQNRAALAKLLRYNSTKSVDELTSLTD 459
hHsp90a MPEETQTQDQPMEEEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSDALDKIR 60 hHsp90a CLELFTELAEDKENYKKFYEQFSKNIKLGIHEDSQNRKKLSELLRYYTSASGDEMVSLKD 479
hHsp90b MPEE----- VHHGEEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNASDALDKIR 55 hHsp90b CLELFSELAEDKENYKKFYEAFSKNLKLGIHEDSTNRRRLSELLRYHTSQSGDEMTSLSE 471
SsHsp90 = ——————-————-] MASETETFAFQAEINQLLSLIINTFYSNKEIFLRELISNSSDALDKIR 48 SsHsp90 CIELFFEIAENKEDYNKFYEAFSKNLKLGIHEDSTNRTKIAELLRYHSTKSGDELTSLKD 451
Ak AAKKR KK RAKKRK KKRAAKKRAKKRRA s hhK KAKK Sk oz Kiihr K siikk| K _kkokkkikkky Kk 3 _ikkp 1: K 1:i 1k
RaHsp90 111 AaHsp90 YVGRMKENQKHIYFITGESVEQVKNSAFVERVKKRGFEVIYHTEAIDEYVIOOLKEYOGK 520
DmHsp90 YESLTDPSKLDSGKELYIKLIPNKTAGTLTIIDTGIGMTKSDLVNNLGTIAKSGTKAFME 108 DmHsp90 YVSRMKDNQKHVYFITGESKDQVSNSAFVERVKARGFEVVYMTEPIDEYVIQHLKEYKGK 524
LbHsp90 YQSLTDPSVLGEETHLRVRVVPDKANKTLTVEDNGIGMTKADLVNNLGTIARSGTKAFME 105 LbHsp90 YVTRMKPEQKSIYYITGDSKKKLESSPFIEKARRCGLEVLFMTEPIDEYVMQQVKDFEDK 514
yHsp90 YKSLSDPKQLETEPDLFIRITPKPEQKVLEIRDSGIGMTKAELINNLGTIAKSGTKAFME 106 yHsp90 YVTRMPEHQKNIYYITGESLKAVEKSPFLDALKAKNFEVLFLTDPIDEYAFTQLKEFEGK 519
hHsp90a YESLTDPSKLDSGKELHINLIPNKQDRTLTIVDTGIGMTKADLINNLGTIAKSGTKAFME 120 hHsp90a YCTRMKENQKHIYYITGETKDQVANSAFVERLRKHGLEVIYMIEPIDEYCVQQOLKEFEGK 539
hHsp90b YESLTDPSKLDSGKELKIDIIPNPQERTLTLVDTGIGMTKADLINNLGTIAKSGTKAFME 115 hHsp90b YVSRMKETQKSIYYITGESKEQVANSAFVERVRKRGFEVVYMTEPIDEYCVQQLKEFDGK 531
SsHsp90 FESLTDKSKLDAQPELFIHIVPDKANNTLTIIDSGIGMTKSDLVNNLGTIARSGTKEFME 108 SsHsp90 YVTRMKEGQNDIYYITGESKKAVENSPFLEKLKKKGYEVLYMVDAIDEYAIGQLKEFEGK 511
sikkrk | K S K K KAKKKK; ki RAKKRRA KARA KRR * ok Kposhikkkr:o 1k Krio 1 Kk o kKKK raki: K
RaHsp90 170 RaHspo0 [QLVSVTKEGLELPEDEEEKKKREEDKAKFENLCKVMKSVLDNKVEKVVVSNRLVDSECCT 580
DmHsp90 ALQAGADISMIGQFGVGFYSAYLVADKVTVTSKNNDDEQYVWESSAGGSFTVRAD-NSEP 167 DmHsp90 QLVSVTKEGLELPEDESEKKKREEDKAKFESLCKLMKSILDNKVEKVVVSNRLVDSPCCI 584
LbHsp90 ALEAGGDMSMIGQFGVGFYSAYLVADRVTVVSKNNSDEAYVWESSAGGTFTITSV-PESD 164 LbHsp90 KFACLTKEGVHF KQREEKKAACEKLCKTMKEVLGDKVEKVTVSERLSTSPCIL 574
yHsp90 ALSAGADVSMIGQFGVGFYSLFLVADRVQVISKSNDDEQYTIWESNAGGSFTVTLDEVNER 166 yHsp90 TLVDITKD-FELEETDEEKAEREKEIKEYEPLTKALKEILGDQVEKVVVSYKLLDAPAAI 578
hHsp90a ALQAGADISMIGQFGVGFYSAYLVAEKVTVITKHNDDEQYAWESSAGGSFTVRTD-TGEP 179 hHsp90a TLVSVTKEGLELPEDEEEKKKQEEKKTKFENLCKIMKDILEKKVEKVVVSNRLVTSPCCI 599
hHsp90b ALQAGADISMIGQFGVGFYSAYLVAEKVVVITKHNDDEQYAWESSAGGSFTVRAD-HGEP 174 hHsp90b SLVSVTKEGLELPEDEEEKKKMEESKAKFENLCKLMKEILDKKVEKVTISNRLVSSPCCI 591
SsHsp90 ALARGADVSMIGQFGVGFYSAYLVAERVVVTTKHNDDEQYVWESQAGGSFTVTRDTSGEQ 168 SsHsp90 KLVSATKEGLKLDESEDEKKKKEELKEKFEGLCKVIKEVLGDKVEKVVVSDRVVDSPCCL 571
KE KRk AKKRRAKRAAAK cRAKiih K 1k K XK K KKK KAAikk: R Kok Kk ok sk kkkk sk t: ik
AaHsp90 230 RaHsp90 VTSQYGWSANMERIMKAQALRDS SAMGYMAGKKHMEINPDHSI IETLRORAE~ADKNDKA 639
DmHsp90 LGRGTKIVLYIKEDQTDYLEESKIKEIVNKHSQFIGYPIKLLVEKEREKEVSDDEADDEK 227 DmHsp90 VTSQFGWSANMERIMKAQALRDTATMGYMAGKKQLEINPDHPIVETLRQKAD-ADKNDKA 643
LbHsp90 MKRGTRITLHLKEDQQEYLEERRVKELIKKHSEFIGYDIELMVEKTAEKEVTDEDEEEDE 224 LbHsp90 VTSEFGWSAHMEQIMRNQALRDS SMAQYMVSKKTMEVNPDHPIIKELRRRVE-ADENDKA 633
yHsp90 IGRGTILRLFLKDDQLEYLEEKRIKEVIKRHSEFVAYPIQLVVTKEVEKEVPIPEEEKKD 226 yHsp90 RTGQFGWSANMERIMKAQALRDSSMSSYMSSKKTFEISPKSPIIKELKKRVDEGGAQDKT 638
hHsp90a MGRGTKVILHLKEDQTEYLEERRIKEIVKKHSQFIGYPITLFVEKERDKEVSDDEAEEKE 239 hHsp90a VTSTYGWTANMERIMKAQALRDNSTMGYMAAKKHLEINPDHSIIETLRQKAE-ADKNDKS 658
hHsp90b IGRGTKVILHLKEDQTEYLEERRVKEVVKKHSQFIGYPITLYLEKEREKEISDDEAEEEK 234 hHsp90b VTSTYGWTANMERIMKAQALRDNSTMGYMMAKKHLEINPDHPIVETLRQKAE-ADKNDKA 650
SsHsp90 LGRGTKVTLYLKDDQLEYLEERRLKDLIKKHSEFISYPISLWTEKTTEKEISDDEDEEDK 228 SsHsp90 VTGEYGWTANMERIMKAQALRDSSMSGYMSSKKTMEINPENAIMEELRKRAE-ADKNDKS 630
DoKRK o K thikk AKKK ik paiihkaik: K K K S TS K ihkckihkikk: KKKAK Kk KK sky k| ki Kpi:io: L. ikk
Aalsp90 280 AaHsp90 VKDLVILLFETALLSSGESLDEEGYHASRTYRMVKL,GLGTDEDEAMSTEESAPARGGDAR 699
DmHsp90 KEGDE---KKEMETDEPKIEDVGEDEDADKKDKDAKKKKT IKEKYTEDEELNKTKPIWTR 284 DmHsp90 VKDLVILLFETSLLSSGFSLDSPQVHASRIYRMIKLGLGIDEDEPMTTDDA--QSAGDAP 701
LbHsp90 SK————~ KKSCGDEGEPKVEEVTEGG—---~ EDKKKKTKKVKEVTKTYEVQNKHKPLWTR 274 LbHsp90 VKDLVFLLFDTSLLTSGFQLDDPTGYAERINRMIKLGLSLDEEDEEVAEAP-~~~~ PAEA 688
yHsp90 EEK-KDEEKKDEDDKKPKLEEVDEEE-————~ KKPKTKKVKEEVQEIEELNKTKPLWTR 279 yHsp90 VKDLTKLLYETALLTSGFSLDEPTSFASRINRLISLGLNIDEDEETETAPEASTA-~~—-~ 693
hHsp90a DKEEEKEKEEKESEDKPETEDVGSDEEEEKKDGDKKKKKKIKEKYIDQEELNKTKPIWTR 299 hHsp90a VKDLVILLYETALLSSGFSLEDPQTHANRIYRMIKLGLGIDEDDPTADDTSAA-V-TEEM 716
hHsp90b G---EKEEEDKDDEEKPKIEDVGSDEEDDSGKDKKKKTKKIKEKY IDQEELNKTKPIWTR 291 hHsp90b VKDLVVLLFETALLSSGFSLEDPQTHSNRIYRMIKLGLGIDEDEVAAEEPNAA-V-PDEI 708
SsHsp90 KDEE---========— GKVEDVDEEK---~-~ EEKEKKKKKIKEVSHEWQLVDKQKPIWMR 271 SsHsp90 VKDLVMLLFETALLTSGFSLDDPNTFGSPIHRMLKLGLSIDEDEAPEA-———~--— DTDM 682
sikix Lk sah KRk K Kkkk | Kkkokokkokkk ko kK ki Kk skk:
AaHsp90 340 AaHsp90 BEVDPAEDASHUEEVS 715
DmHsp90 NPDDISQEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPRRTPFDLFENQKKRN 344 DmHsp90 SLVEDTEDASHMEEVD 717
LbHsp90 DPKDVTKEEYAAFYKATSNDWEDPAATKHFSVEGQLEFRATAFVPKRAPFDMFEPNKKRN 334 LbHsp90 APAEVTAGTSSMEQVD 704
yHsp90 NPSDITQEEYNAFYKSISNDWEDPLYVKHFSVEGQLEFRAILFIPKRAPFDLFESKKKKN 339 yHsp90 APVEEVPADTEMEEVD 709
hHsp90a NPDDITNEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFVPRRAPFDLFENRKKKN 359 hHsp90a PPLEGDDDTSRMEEVD 732
hHsp90b NPDDITQEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPRRAPFDLFENKKKKN 351 hHsp90b PPLEGDEDASRMEEVD 724
SsHsp90 KPEEITKEEYAAFYKSLTNDWEEHLAVKHFSVEGQLEFKAVLFVPKRAPFDLFDTRKKLN 331 SsHsp90 PPLEDDAGESKMEEVD 698
Liiiihkk kkkggikkkk: LKRAAKKRAR sk h: kikik Kkkik: Kk K Lokkrak
C AaHsp90 214 EKEREKEVSDDEAEEKDEE--K---KEEDKKDEPKIEDVEDDEE--—---— KKDKKKKTVKVKYT 266

DmHsp90 211 EKEREKEVSDDEADDEKKEGDE---KKEMETDEPKIEDVGEDEDADKKDKDAKKKKTIKEKYT 270

LbHsp90 208 EKTAEKEVIDEDEEEDESK---—

KKSCGDEGEPKVEEVTEGG———-— EDKKKKTKKVKEVTK 260

yHsp90 210 TKEVEKEVPIPEEEKKDEEK-KDEEKKDEDDKKPKLEEVDEEE-—-—--— EKKPKTKKVKEEVQ 265

hHsp90a 223 EKERDKEVSDDEAEEKEDKEEEKEKEEKESEDKPEIEDVGSDEEEEKKDGDKKKKKKIKEKYI 285
hHsp90b 218 EKEREKEISDDEAEEEKG---EKEEEDKDDEEKPKIEDVGSDEEDDSGKDKKKKTKKIKEKYI 277
SsHsp90 212 EKTTEKEISDDEDEEDKKDEE-—-—-—-——-—--— GKVEDVDEEK--—-—-— EEKEKKKKKIKEVSH 257

: 3 2 * % 43 .

HER s B R

Fig. 1. AaHsp90. A) Schematic representation of AaHsp90 domains (N, M and C) organization. CL: charged linker. B) Sequence alignment of AaHsp90, DmHsp90 (Drosophila melanogaster),
LbHsp90 (Leishmania braziliensis), yHsp90 (yeast, Saccharomyces cerevisiae), hHsp90a (human, Homo sapiens), hHsp90b (human, Homo sapiens) and SsHsp90 (sugarcane, Saccharum sp.).
Blue: N-terminal domain, CL: charged linker region, orange: Middle domain, green: C-terminal domain. red stars: residues involved in directly binding to adenosine nucleotides. Purple
stars: residues involved in binding to adenosine nucleotides through a water molecule. Bold residues: lid region. Underlined residues: MEEVD motif. C) Partial sequence alignment (as in
B) highlighting the charged linker region.

composed mainly of globular domains with the presence of flexible re-
gions, most likely interdomain linkers, as indicated by the bell-shaped
profile of the curves, but still deviating from an ideal globular profile
(Guinier law, represented as dashed lines) (Fig. 4B, inset). This result
agrees nicely with the conformation of Hsp90s, since all three domains

are well-folded.

Table 1
Percentage of sequence identity and similarity of AaHsp90 with its orthologs.
Protein Organism Identity (%) Similarity (%)
DmHsp90 Drosophila melanogaster 85 92
hHsp90a Homo sapiens 79 88
hHps90p Homo sapiens 79 88
SsHsp90 Saccharum sp. 69 83
LbHsp90 Leishmania braziliensis 64 79
yHsp82 Saccharomyces cerevisiae 63 78

The molecular mass of AaHsp90-apo can also be estimated by SAXS
using two different approaches. The first uses water as standard scatter-
ing curve [61] and gives a molecular mass of 130.4 kDa. The second uses
the concentration independent method, recently developed [62], which
also uses ATSAS package and is further processed by Bayesian assess-
ment, to determine the molecular mass of 169.6 kDa. Such values are
in reasonable agreement with each other since SAXS is not a highly pre-
cise tool for molecular mass determination. Nevertheless, both of these
values indicate that AaHsp90 is dimeric, a result in agreement with the
SEC-MALS data.

Moreover, according to the pair-distance distribution function, p
(r) (Fig. 4B), AaHsp90-apo has a non-spherical, quite elongated shape
with a Dyax 0f 21.0 4 1.0 nm and maximum of frequencies (peak posi-
tion) at approximately 3.5 nm. It is worth mentioning that these values
are longer than those reported for yeast Hsp82, Homo sapiens Hsp90a
and Leishmania braziliensis Hsp90 [59,63]. The calculated structural pa-
rameters for all samples are present in Table S1, showing very similar
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Fig. 2. AaHsp90 was produced with high purity and folded. A) SDS-PAGE. MM: molecular marker. 1: Non-induced, 2: total fraction obtained after E. coli lysis, 3: soluble fraction of lysis,
obtained after centrifugation, 4: fraction obtained from affinity chromatography, 5: fraction obtained from gel filtration chromatography, 6: his-tag cleaved AaHsp90, after the second
affinity chromatography. For details see Fig. S2. B) Western-blot analysis, confirming his-tag cleavage. 1: fraction obtained from affinity chromatography, 2: fraction obtained from size
exclusion chromatography, 3: his-tag cleaved AaHsp90, after the second affinity chromatography. C) Circular dichroism spectrum of AaHsp90, showing a well-folded and mainly o-

helical protein. The a-helix content was of about 35%.

values. Guinier Peak Analysis, p(r) functions and dimensionless Kratky
plots for all samples are also presented in the supplemental material
(Fig. S3) and also yield similar results. Thus, combined with the hydro-
dynamic analyses, it seems that nucleotide binding does not alter the
protein conformation in a magnitude detectable by low resolution
methods, like SAXS.

To further investigate AaHsp90 conformation, the AMBIMETER soft-
ware was used and generated a value of 2.68 for the low resolution
structure, indicating an elevated degree of ambiguity score suggesting
that it is necessary to use a constrain to calculate a reliable protein enve-
lope [28]. Thus, according to several SAXS data reported in the literature
for different Hsp90 orthologs, a P2 symmetry was imposed for the cal-
culation of the AaHsp90 envelope. Fig. 4D displays the final ab initio en-
velope, revealing an open conformation in agreement with reported
data for the apo forms of yeast Hsp82, human Hsp90«, LbHsp90, por-
cine Hsp90 and HtpG [59,60,63]. As a further demonstration of the reli-
ability of the model, the structure obtained by hybrid rigid body
modelling (using BUNCH) (Fig. 4D) fits the experimental scattering
curve (Fig. 4C) for AaHsp90-apo and follows the same general structural
features as the envelope. It is known that Hsp90s shows different
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amplitudes of aperture [50,60] as well as an equilibrium between
opened and closed conformations in the apo state [17,59]. However, nu-
cleotides had no significant effect on the protein conformation, indicat-
ing that all studied systems have an open conformation, since the SAXS
curves are alike (Fig. S2).

The results in the presence of nucleotides may come as a surprise
since the ATPase cycle of Hsp90s usually involves global conformational
changes of Hsp90 [13,14,64]. However, the magnitude of the conforma-
tional changes differs between species and, in some cases, global
changes are not observed at all [17,65], as for instance for canine
GRP94 [45] and human Hsp90. As a matter of fact, only a small fraction
of human Hsp90s presented global conformational changes in response
to nucleotide binding, as previously reported by negative-stain electron
microscopy [17]. Graf and co-workers [66] used a hydrogen exchange
approach to evaluate the conformational cycles of Hsp90s from a variety
of organisms and concluded that eukaryotic Hsp90s are much more
flexible than its E. coli counterpart and that nucleotides induce only
minor changes in conformation. They showed that eukaryotic Hsp90s
are as dynamic in the absence of nucleotides as in the presence of it, in-
dicating that those proteins have many conformational states separated
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Fig. 3. Hydrodynamic characterization of AaHsp90. A) SEC-MALS. Molecular mass in solution was 160.1 4 2.2 kDa, corresponding to a dimer. B) Analytical size exclusion chromatography
(aSEC). Stokes radius (R,) was 65.6 + 0.2 A. Inset: chromatogram of AaHsp90 and standard proteins, which elution volumes were converted to (—logKav)'/? and used to construct the

calibration curve showed in B.



N.G. Quel et al. / International Journal of Biological Macromolecules 156 (2020) 522-530 527

Table 2

Measured versus predicted® hydrodynamic parameters.
Parameter AaHsp90 Predicted®
R, (A) 65.6 + 0.2° 36.1°
D (cm?s™") 27 +£03x 1077 6.8 x 1077

@ For a non-hydrated sphere with the same molecular mass of AaHsp90 dimer (see
Borges and Ramos [51] for equations).

b For the apo form, for AMP and ATPYS forms are 65.8 and for ADP is 65.9.

¢ For all forms.

by small energy barriers. This conclusion is supported by the findings of
this work. Additionally, it is worth noting that a closed conformation is
obtained when Hsp90 is stabilized by co-chaperones, as p23 [44].

Also interesting is the fact that analyses of the disordered region be-
tween the N- and middle- domains, also known as charged linker (CL),
support the results of this work. The sequence identity among Hsp90s
when considering just the CL is lower among species (see Fig. 1C).
Hainzl and co-workers [7] showed that increased deletions of the CL
from yeast Hsp90 decreased the dimerization of the N-terminal domain.
Tsutsumi and co-workers [67] changed the residue composition and
length of this domain and found variation in both function and confor-
mation. The authors showed that replacement of the CL from human
Hsp90a with that from yeast Hsp90 increased trypsin sensitivity. Jahn
et al. [68] showed that CL needs to be in contact with the N-domain to
be structured and modulates the dimerization of this domain.

We found that the CL region of AaHsp90 is more similar to yeast
Hsp90 (yHsp90) than to human (hHsp90). The negative net charge of
the linker is —8 for yeast (residues 210-265) and —12 for human
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Hsp90a (residues 223-285), while it has an intermediate value of
—10 in Drosophila (residues 211-270). In Aedes (residues 214-266), it
is similar to yeast, —8. Additionally, Tsutsumi and co-workers [69]
showed that a beta-sheet region adjacent to CL is important for the con-
formation, as mutants in the hydrophobic positions IXL in both yeast
(residues 205-207) and human (residues 218-220) Hsp90s abolished
the N-terminal dimerization in the presence of ATP. They showed that
the interaction of this region with the CL is responsible for function. It
is interesting to notice that, although I and L are conserved, the x posi-
tion is Q in yeast and T in human, but K in Aedes. Q and K have almost
the same size and side-chain conformational entropy, being usually re-
placed by each other to improve protein crystallization [70].

3.3. Functional evaluation

A core experiment for molecular chaperones is the evaluation of
their capacity to protect model proteins against aggregation caused by
thermal- or chemical-induced unfolding. Citrate synthase is a model
protein used in such experiments because it aggregates as a function
of temperature and this phenomenon can be followed by the turbidity
of the sample as measured by light scattering. See, for instance results
using Hsp90s from Citrus sinensis, Saccharum spp. and Leishmania
braziliensis [1-3]. Fig. 5 (raw data is shown in Fig. S4) shows that
AaHsp90 was able to protect CS against aggregation: reduction of
about 75%. Furthermore, the addition of nucleotides had no significant
effect on this activity (Figs. 5 and S4). This experiment shows that
AaHsp90 has chaperone activity.
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Fig. 4. SAXS analysis of AaHsp90. A) Collected data for the apo form (filled circles) and GNOM fitting used for calculation of the p(r) function. Guinier plot (inset) linearization resulted in a
Rg 0f 6.36 & 0.11 nm. B) p(r) function, showing a very elongated profile in solution with Dax 0f 21.0 4 0.1 nm. The dimensionless Kratky plot (inset) shows that the protein has well folded
domains with some degree of flexibility explained by the profile (solid line) being intermediate between a rigid globular protein (dashed line) and a random Gaussian chain (short dotted
line) with a pronounced bell-shape. C) DAMMIN (red solid line) and BUNCH (blue dashed line) software fittings to the experimental data (empty circles). D) Aligned 3D models for
AaHsp90, generated by ab initio (red surface) and hybrid rigid-body (blue cartoon) modelling. See text for details.
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Fig. 5. Chaperone activity. Citrate synthase (CS) aggregates as a function of temperature
and the aggregation can be followed by the turbidity measured by light scattering (see
raw data on Fig. S4). CS aggregation was set as 100% (bar 1) and AaHsp90 was able to
protect CS against aggregation by reducting it to about 25% (bar 2). The presence of
nucleotides (ATPYS: bar 3, ADP: bar 4, or AMP: bar 5) had no significant effect on
AaHsp90 activity.

Although the nucleotides tested had no effect neither on the hydro-
dynamic parameters nor on chaperone activity of AaHsp90, this protein
was able to hydrolyze ATP. AaHsp90's ATPase activity was evaluated
and the kinetic parameters fitted using Michaelis-Menten equation
(Fig. 6). The values of Ky; and k¢,; were 2.32 + 0.46 mM and 1.28 +
0.10 min~!, respectively, which gives a catalytic efficiency (Keat/Kim) of
5.51 x 107* min~! pM~". Although Ky, and k., are somehow higher
than those reported for other orthologous, the catalytic efficiency is in
the same range as those previously reported [11,12,43,45,52-57]. For
instance, Richter et al. [55] showed that human and yeast Hsp90 pro-
teins undergo similar ATP-dependent conformational changes, despite
having different ATPase rates. Altogether, these results demonstrate
that AaHsp90 binds nucleotides and is functional.
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Fig. 6. ATPase activity. A34onm Values (from NADH oxidation) were converted to pmol of Pi
per pmol of protein. The obtained values (black squares) were then fitted by Michaelis-
Menten analysis (curve), which gave the kinetics parameters of Ky = 2.32 4= 0.46 mM
and ke = 1.28 + 0.10 min—1, which means a catalytic efficiency (kca/Kym) of
551 x 107* min~! pM~'. Mean and standard deviation of three independent
experiments.

3.4. Hsp90 had increased expression upon heat-shock treatment in Aedes
cells

After investigating the structure and function of the Hsp90 from
Aedes, we asked whether this protein is expressed in Aedes cells and if
that expression increases upon stress. As a matter of fact, AaHsp90
was identified in Aedes albopictus cells and its expression was upregu-
lated upon heat shock stress (Fig. 7A). Fig. 7B shows the mean and stan-
dard deviation of 5 experiments. Statistical analysis was applied to the
data and it was significant (p < 0.005).

Itis, to our knowledge, the first time that the heat shock-induction of
AaHsp90 expression is shown at protein level, although it has been
shown by mRNA after heat shock in larvae, pupae and adult mosquitos
[71-73]. In fact, it was previously shown an increase in the expression of
a 83-kDa protein in Aedes albopictus cells upon heat shock treatment,
however this protein was not identified in the study [37,74] try to
reword.

4. Conclusion

Hsp90 interacts with approximately 10% of the cellular proteome
and plays an important role in signaling. The strategy of studying Hsps
from different organisms is crucial to better understand the characteris-
tics of these proteins and their interaction with components of the
chaperone, an approach that has proven to be successful because impor-
tant differences have been identified between orthologs. Such studies
have helped to advance the general knowledge about the relationship
between structure and function in Hsp90.

In this study, we present the first cloning and characterization of
Hsp90 from Aedes aegypti (AaHsp90). This mosquito is a vector of sev-
eral diseases of global impact because recent studies have shown that
with global warming this vector has expanded to regions that were
not previously infested by it. AaHsp90 was purified folded and with
characteristic features such as homodimer formation and having ATPase
activity. However, no significant alteration in the conformation of the
protein was observed upon nucleotide interaction. Nonetheless, the di-
meric and elongated conformation of the protein was confirmed and a
conformational model was generated from the SAXS experiments. Ad-
ditionally, AaHsp90 has characteristic chaperone activity. Finally, an in-
crease in the cellular expression of the protein has been identified under
heat stress conditions.
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Fig. 7. Identification of AaHsp90 in Aedes albopictus C636 cells and evaluation of heat shock treatment on protein expression. A) Western blot analysis using anti-Hsp90 and anti-actin
specific antibodies, showing that AaHsp90 was expressed in both control (C) and heat shock treatment (HS) cells. MM: molecular marker. B) Expression levels of AaHsp90 in both
control and heat shocked cells, obtained from the quantification of western blot bands. AaHsp90 expression was upregulated upon heat shock stress.
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