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ABSTRACT

The dominant vector of dengue and Zika diseases is a female Aedes aegypti mosquito. Its reproduction is con-
trolled by the formation of an active heterodimer complex of the 20-hydroxyecdysone receptor (EcR) and
Ultraspiracle protein (Usp). Although EcR exhibits a structural and functional organization typical of nuclear
receptors (NRs), the EcR C-terminus has an additional F domain (AaFEcR) that is rarely present in the NRs
superfamily. The presence of F domains is evolutionarily not well conserved in the NRs. The structure-function
relationship of EcR F domains in arthropods is unclear and enigmatic. To date, there have been no data con-
cerning the structure and function of AaFEcR.

Our results showed that AaFEcR belongs to a family of intrinsically disordered proteins (IDPs) and possesses
putative pre-molten globule (PMG) characteristics. Unexpectedly, additional amino acid composition in silico
analyses revealed the presence of short unique repeated Pro-His clusters forming an HGPHPHPHG motif, which
is similar to those responsible for Zn®>* and Cu®* binding in histidine-proline-rich glycoproteins (HPRGs). Using
SEC, SV-AUC and ESI-TOF MS, we showed that the intrinsically disordered AaFEcR is able to bind metal ions and
form complexes with these ions. Our studies provide new insight into the structural organization and activities of
the F domains of NRs. This unique for the F domains of NRs ion-binding propensity demonstrated by the AaFEcR
domain may be a part of the ecdysteroid receptor’s mechanism for regulating the expression of genes encoding

oxidative stress-protecting proteins.

1. Introduction

Nuclear receptors (NRs) are the ligand-activated transcription fac-
tors playing an essential role in modulating the expression of genes
involved in development, reproduction, metabolism, stem cell plur-
ipotency and maintaining homeostasis in animals through binding to
appropriate DNA response elements [1-5]. Ecdysteroids are the prin-
cipal arthropod steroid hormones, responsible for reproduction,
molting, metamorphosis and development [6-8]. The 20-hydro-
xyecdysone (20E) hormone acts through a functional receptor formed
from the 20E receptor (EcR) [9,10] and Ultraspiracle (Usp), the
homologue of the retinoid X receptor (RXR) present in verterbrates
[11,12]. Aedes aegypti mosquitoes are the main vectors of the world’s

most devastating human diseases: dengue, chikungunya, Zika and
yellow fever [13-16]. Blood is a required nutrient source in order to
promote vitellogenesis by these mosquitoes [17,18]. In female hema-
tophagous mosquito species, the blood meal-triggered vitellogenesis is
being controlled by 20E and EcR [18,19].

Most NRs share a general structural organization consisting of at
least four distinct domains [1]. Structurally, the EcR from A. aegypti is
similar to other NRs composed of an N-terminal domain (NTD), fol-
lowed by an evolutionarily conserved DNA-binding domain (DBD), an
interdomain linker (hinge), a ligand-binding domain (LBD) and an
additional F domain at its C-terminus (Fig. 1.) [10]. The presence of F
domains is not conserved in the NR superfamily, and the sequences of F
domains are highly variable in both length and sequence. The structure-
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Fig. 1. Schematic outline of the overall structural organization of AaEcR.
AaEcR is composed of NTD (or A/B domain), DBD, the interdomain linker
(hinge), LBD and the unique additional F domain (indicated in red) [10]. The
lengths of each of the domains in the outline are approximated. Residue
numbering corresponds to the sequence of EcR isoform B from Aedes aegypti
[10] (UniProt ID: P49880/GeneBank: AAA87394.1). Isoform B differs from
isoform A (UniProt ID: P49880-1) only in its NTD. (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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function relationship of the EcR F domains in arthropods is unclear and
enigmatic and remains to be explored.

Intrinsically disordered proteins (IDPs), under physiological condi-
tions do not possess a stable and unique three-dimensional (3D)
structure and are likely to take part in intermolecular interactions [20].
The lack of a folded rigid structure in IDPs is encoded in their amino
acid sequence. Interestingly, for some IDPs, the phenomenon of metal
ion binding occurs either as part of their function or in the pathogenesis
of diseases. In particular, in the case of Starmaker (Stm) protein, Ca®*
binding is important in biomineralization [21], whereas in Alzheimer’s
disease, Zn>* or Cu?* binding by B-amyloids causes the creation of
metal-enriched amyloid plaques [22].

The current knowledge about the role the F domain plays in NR
functions is rather residual. It was suggested that the residual F domains
of mammalian NRs might be involved in the receptor activity by af-
fecting transcriptional activation, the stabilization of ligand binding by
LBDs and dimerization [23].

Importantly, the presence of F domains is not well conserved evo-
lutionarily in all members of the NR superfamily. In the present study,
we characterized the biophysical and biochemical properties of the
isolated F domain of the EcR from A. aegypti (AaFEcR). The extensive
experimental data, supported by in silico analyses, indicate that AaFEcR
exhibits the common characteristics of IDRs and IDPs possessing a pu-
tative pre-molten globule (PMG) shape. Importantly, we found that
AaFEcR exhibits metal ion-binding ability by forming diverse com-
plexes with Zn?*, Cu®* and Ca®" ions. Thus, another important region
of NRs, apart from the DBD, is able to specifically bind metal ions. Our
studies provide new insight into the structural organization and activ-
ities of the F domains of NRs. The ion-binding propensity demonstrated
by AaFEcR may be a physiologically significant part of the EcR reg-
ulatory mechanism. The importance of these findings is discussed.

2. Materials and methods
2.1. Buffer composition

Buffer L (lysis buffer; 50 mM Na,HPO, (ROTH), 150 mM NaCl
(Merck), and 1 mM dithiothreitol (DTT, Sigma-Aldrich), pH 7.5); buffer
A (fusion protein wash buffer; 50 mM Na,HPO,4, 600 mM NaCl, 10%
glycerol (ROTH), and 1 mM p-mercaptoethanol (ROTH), pH 7.5); buffer
B (fusion protein elution buffer; 50 mM Na,HPO,, 150 mM NaCl,
250 mM imidazole (Merck), 10% glycerol, and 1mM p-mercap-
toethanol, pH 7.5); buffer C (fusion protein gel filtration buffer; 50 mM
Na,HPO,, 150 mM NacCl, 10% glycerol, and 1 mM [-mercaptoethanol,
pH 7.5); buffer D (gel filtration buffer; 10 mM Tris-HCl (ROTH) and
150 mM NaCl, pH 7.0); buffer E (10 mM Tris-HCl, 150 mM NacCl, and
1mM ZnCl, (Sigma-Aldrich), pH 7.0); buffer F (10 mM Tris-HCI,
150 mM NaCl, and 0.5mM CuCl, (ROTH), pH 7.0); buffer G (10 mM
Tris-HCl, 150 mM NaCl, and 1 mM CacCl, (Merck), pH 7.0).
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2.2. DNA construct

The plasmid pAc5-Aa-EcR-B with ¢cDNA encoding the full-length
EcR isoform B from Aedes aegypti [24] (UniProt ID: P49880/GeneBank:
AAA87394.1), kindly provided by Professor Alexander Raikhel (De-
partment of Entomology, Institute for Integrative Genome Biology,
Center for Disease Vector Research), was used as the template for PCR.
The cDNA encoding the F domain of the EcR from the Aedes aegypti
(AaFEcR) sequence from amino acid residue 564 (L564) was amplified
using the forward primer (5-gccgccCATATGCTGGAGGAGATCTGGGA
CGTC-3") and the reverse primer (5’-gccgcgGTCGACCTATACCTGGTC
GAGCATGCCGAG-3") in a pCold TF DNA vector (Takara/Clontech).
The plasmid is a cold inducible vector that allows the trigger factor (TF)
chaperonin to fuse to the N-terminus of a protein of interest, increasing
its quantity and solubility. The forward primer sequence introduced the
restriction site for Ndel, and the reverse primer sequence introduced the
restriction site for Sall. The introduced restrictions sites are marked in
italics. The introduced sequence corresponding to the STOP codon is
underlined. The uppercase letters in the primer sequences denote a
sequence derived from the cDNA of the EcR, while the lowercase letters
represent nucleotides added for cloning purposes. The correctness of
the performed cloning was confirmed by DNA sequencing.

2.3. Protein expression and purification

The recombinant fusion protein TF-AaFEcR was expressed in the E.
coli BL21(DE3)pLysS strain (Novagen). Overexpression of AaFEcR fused
with TF in the pCold™ TF DNA vector provided the stable, full-length
product. Our previous attempts to overexpress AaFEcR in many other
vectors were not satisfactory because the protein tended to degrade
during overexpression (data not shown). The cells were grown in 0.51
of Terrific Broth medium (TB; Invitrogen) supplemented with 100 pg/
ml carbenicillin (ROTH) and 35 pg/ml chloramphenicol (Calbiochem)
at 37 °C. When ODg of the culture reached 0.5, the culture was cooled
at 16 °C for 30 min. Subsequently, expression of the protein was in-
duced by isopropyl-p-p-thiogalactopyranoside (IPTG, ROTH) at a final
concentration of 0.25mM. After 12h of incubation, the culture was
centrifuged (4500 X g, 4 °C, 25 min), and the obtained cell pellet was
washed in buffer L (10ml of buffer for every 1g of cell pellet).
Subsequently, the washed cell pellet was centrifuged (4000 x g, 4 °C,
12min), and the cell pellet was resuspended again and frozen at
—80 °C. The cells were lysed by quick thawing in a water bath at 25 °C.
Immediately, the cell lysate was supplemented with PMSF (final con-
centration of 0.4 mg/ml; Sigma-Aldrich), DNAse I (10 pg/ml, Sigma-
Aldrich) and RNase A (15 ug/ml, Sigma-Aldrich). The suspension was
incubated at 4°C until its viscosity decreased and then centrifuged
(17,500 x g, 4°C, 45 min). The supernatant was subsequently supple-
mented with PMSF again (0.4 mg/ml) and incubated for 1 h at 4 °C with
1ml of TALON™ Metal Affinity Resin (Clontech) equilibrated with
buffer L. The incubation time of TF-AaFEcR with TALON™ Metal
Affinity Resin was optimized to 60 min. No significant differences in the
obtained amount of TF-AaFEcR were observed with a longer incubation
time. After the incubation, a gravity flow column (20 ml) was packed
with the resin. The resin was then washed with 20 ml of buffer A and
packed into a 5/50 Tricorn™ column (GE Healthcare). The column was
subsequently attached to an AKTAexplorer system (GE Healthcare). The
resin was washed first with buffer A until the value of A,go was stable in
order to remove proteins that bound to TALON" Metal Affinity Resin
nonspecifically and then with buffer C until the conductivity stabilized.
TF-AaFEcR was eluted with buffer B at a flow rate of 0.25ml/min.
Collected fractions were pooled and concentrated to 0.25 ml using the
Amicon Ultra-4 Centrifugal Filter Unit (Merck/Millipore; molecular
weight cut-off (MWCO) 30.0 kDa). To obtain homogeneous TF-AaFEcR,
the sample was further purified by gel filtration on a Superdex 75 10/
300 G L (GE Healthcare) column in buffer C at 0.5 ml/min. The elution
of the fusion protein was monitored at 280 nm. The purity of the
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samples was analyzed by SDS-PAGE. After the gel filtration, the ob-
tained amount of TF-AaFEcR was no less than 10 mg from 0.5 L of the
bacterial culture. Fractions containing purified TF-AaFEcR were pooled,
concentrated to 500 pl and digested with 2.5 U of HRV3C protease (Sino
Biological Inc.) per 1 mg of fusion protein for 18 h at room temperature.
Subsequently, the mixture of TF-free AaFEcR, TF and HRV3C protease
was subjected to gel filtration chromatography on a Superdex 75 10/
300 GL column equilibrated with buffer D or L. The gel filtration was
performed at flow rate 0.5ml/min on the AKTAexplorer system. The
elution profile was monitored at 280 nm, and fractions of 0.5 ml were
collected. After cleavage and gel filtration, the obtained amount of
AaFEcR was reproducible and was no less than 2 mg from 0.5 L of the
bacterial culture. The samples showed the homogeneity in terms of
quality and purity, and appropriate experiments were conducted using
AaFEcR from different preparations. SDS-PAGE analysis of samples
from different stages of AaFEcR purification is presented in Suppl.
Fig. 1. The identity of the recombinant AaFEcR was confirmed by
Western blot analyses using anti-His monoclonal mouse antibodies
(data not shown). The molecular mass of AaFEcR was confirmed by ESI-
TOF mass spectrometry. The molecular mass calculated for the minor
peak (13,294.09 Da) was confirmed by the theoretical mass estimated
with the ProtParam tool (https://web.expasy.org/protparam/).

2.4. SDS-PAGE analysis

All protein samples obtained during the purification procedure were
analyzed according to [25]. Protein samples were boiled for 10 min at
95°C in SDS sample buffer containing (-mercaptoethanol and then
centrifuged at 20,000 X g at room temperature for 10 min. Proteins
were separated using 12% gels with a constant current of 20 mA for
1 gel. After electrophoresis, the gels were stained with Coomassie
Brilliant Blue R-250 [26] and analyzed using Image Lab~ Software (Bio-
Rad).

2.5. Determination of the molecular weight of AaFEcR and the formed
Zn?* -, Cu?* - or Ca®* -AaFEcR complexes with ESI-TOF mass spectrometry

A volume corresponding to 100 ng of AaFEcR was injected into a
PepRPC HR 5/5 column (GE Healthcare) in order to perform reversed-
phase liquid chromatography. The mobile phase at a flow rate of 1 ml/
min was composed of solvent A (0.05% trifluoroacetic acid (TFA),
Fluka) in H,0) and solvent B (0.04% TFA in 70% acetonitrile (Fluka)).
The protein was eluted using a linear gradient of buffer B (0-100%) for
30 min, and each fraction of 0.3 ml was collected. A microOTOF-Q2
spectrometer (Bruker Daltonics) calibrated with ESI-TOF Tuning Mix
(Sigma-Aldrich) with the Apollo II12 ion funnel electrospray ionization
source was used to record the mass spectrum in the range 600-2000 m/
z. The AaFEcR sample was released at a flow rate of 3 pul/min at 200 °C.
Data analysis was performed with the DataAnalysis program (Bruker
Daltonics). High-resolution mass spectra for AaFEcR complexes with
metal ions were obtained on a Bruker micrOTOF-Q spectrometer
(Bruker Daltonik, Bremen, Germany) equipped with an Apollo II elec-
trospray ionization source with an ion funnel. The mass spectrometer
was operated in the positive ion mode. The instrumental parameters
were as follows: scan range m/z 300-4000, dry gas-nitrogen, tem-
perature 170 °C, ion energy 5 eV. The capillary voltage was optimized
to the highest S/N ratio and was 4500 V. The small changes in voltage
( £ 500 V) did not significantly affect the optimized spectra. The sam-
ples (metal:AaFEcR in 1:1 and 1:2 stoichiometries, [AaFEcR]o; = 10~°
M) were prepared in a 1:1 acetonitrile-water mixture at pH 7.2. Zn(Il),
Cu(Il) and Ca(ll) perchlorate salts were used (Sigma-Aldrich).
Variations in the solvent composition down to 5% acetonitrile did not
change the species composition. The sample was infused at a flow rate
of 3pl/min. The instrument was calibrated externally with the
Tunemix™ mixture (Bruker Daltonics, Germany) in quadratic regression
mode. Data were processed by using the Bruker Compass Data Analysis
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4.2 program. The mass accuracy for the calibration was better than
5ppm; along with the true isotopic pattern (using SigmaFit (Bruker
Daltonics)), this accuracy enabled an unambiguous confirmation of the
elemental composition of the obtained complex.

2.6. In silico analysis

All in silico analyses were conducted similarly to those described in
[27]. The structural disorder within AaFEcR was analyzed using pre-
dictors such as IUPred at http://iupred.enzim.hu/ [28], PONDR VLXT
at http://www.pondr.com/ [29-31], PONDR-FIT at http://www.
disprot.org/pondr-fit.php [32] and DISOPRED at http://bioinf.cs.ucl.
ac.uk/introduction/ [33]. The amino acid composition of AaFEcR was
analyzed by Composition Profiler at http://www.cprofiler.org/ [34].
The analysis of the distribution of disordered and ordered regions in
AaFEcR was made by FoldIndex® at http://bip.weizmann.ac.il/fldbin/
findex/ [35]. Presence of a disordered region in AaFEcR is considered to
occur with a FoldIndex value below 0.0. The charge versus hydropathy
plot was created using the algorithm available at http://www.pondr.
com/ [29,36].

2.7. Analytical size exclusion chromatography

The initial procedure for size exclusion chromatography (SEC) was
similar to the protocol described recently [27]. SEC was performed
using Superdex 75 10/300GL and the AKTAexplorer system. The
column was equilibrated initially with buffer D, and the chromato-
graphy was performed at a flow rate of 0.5 ml/min at room tempera-
ture. The elution profile was monitored at 280 nm. To establish the gel
phase distribution coefficient (K,,), the calibration of the column was
carried out. Samples of standard proteins samples (0.25ml with a
concentration of 0.15 mg/ml): bovine serum albumin (3.55 nm), oval-
bumin (3.05 nm), chymotrypsinogen (2.09 nm), RNase A (1.75 nm) and
cytochrome C (1.70nm) and 0.25ml samples of AaFEcR with con-
centrations of 0.5, 1.0 and 2.0 mg/ml were injected into the column.
The elution volume of every sample (V) was used to calculate K, ac-
cording to the equation: K, = (V.—V)/(V.—Vyp) [37]. The column
void volume (V) was established by blue dextran with a value equal to
8.39ml, and the column volume (V.) was 24 ml. The K,, values of
standard proteins were subsequently plotted against their Stokes radius
(Rs) values and fitted to a standard curve. The elution peaks for 0.5 mg/
ml, 1.0 mg/ml and 2.0 mg/ml correspond to the following K,, values:
0.202, 0.198, and 0.196, respectively. The Rs value of AaFEcR was
calculated according to obtained standard curve equation. SEC of Aa-
FEcR in the presence of guanidinium chloride (GdmCl, Sigma) was
carried using Superdex 75 10/300 G L. Samples of 0.2 ml with a protein
concentration of 0.5mg/ml were incubated with the appropriate
amount of GdmCl for 1h at room temperature. The column was equi-
librated with buffer D containing the appropriate concentration of
GdmCl. After the incubation, the samples were loaded onto the column.
The obtained elution volumes enabled calculation of K,, and Rg in the
same way as described above. SEC experiments in the presence of metal
ions were carried out on the Superdex 75 10/300 G L. The column was
equilibrated with buffer D with the appropriate amount of buffer E (for
SEC in the presence of Zn2™), buffer F (for SEC in the presence of cu®™)
or buffer G (for SEC in the presence of Ca%™). Samples of 0.25 ml of
AaFEcR at a concentration of 0.5 mg/ml were incubated with the ap-
propriate amount of metal ion at room temperature for 1 h and then
loaded onto the column. The elution volume of every sample was
subsequently used to calculate each K,, and Rs as described above.

2.8. Circular dichroism spectroscopy
All CD spectra were recorded using a JASCO J-715 CD-spectro-

polarimeter (Japan) at 20 °C. The Peltier Type Temperature Control
System (JASCO, Japan) was responsible for maintaining a constant
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Fig. 2. In silico analyses of AaFEcR amino acid sequence indicate disorder occurrence. A) Structural disorder probability predicted for AaFEcR with the IUPred (bold,
solid line), PONDR VLXT (dashed line), PONDR-FIT (dotted line) and DISOPRED (solid line) algorithms. B) Potential disorder occurrence in AaFEcR was marked with
grey area. C) Absolute mean net charge plotted against mean scaled hydropathy for disordered proteins (black dots) and ordered proteins (triangles) [29,36].
AaFEcR, marked with an asterisk, belongs to the group of disordered proteins. D) AaFEcR amino acid composition analysis performed with Composition Profiler.
Amino acid residues were ranked on the basis of side chain stiffness for from the rigid residues to the most flexible residues.

temperature of 20 °C in the cell. Data were collected in triplicate at a
scanning speed of 20 nm/min. Using a 1 mm path length cell, far-UV
spectra of native AaFEcR were recorded from 260 to 197 nm. For every
sample, a corresponding baseline with buffer solutions in which the
protein was incubated (for structure-inducing and unfolding experi-
ments - buffer L (without DTT) and derivatives containing tri-
fluoroethanol (TFE, Sigma-Aldrich) or GdmCl, respectively; for protein-
metal ion interactions - buffer D and derivatives containing the ap-
propriate amount of buffers E, F or G) were recorded. Every sample
contained AaFEcR at a concentration equal to 10 uM. A corresponding
average baseline spectrum was subtracted from the average sample
spectrum. All collected spectra were smoothed with a Savitzky-Golay
filter [38] and subsequently converted to molar residual ellipticity units
according to [39]. CDPro software (CDSSTR and CONTIN/LL algo-
rithms) and IBasis 7 [40] were used to estimate the secondary structure
composition of AaFEcR. To conduct structure-inducing experiments,
AaFEcR was incubated with the appropriate concentration of TFE for
30 min at room temperature before CD spectra were recorded. For the
10% concentration of TFE, spectra were recorded from 260 to 196 nm,
while samples with other concentrations of TFE were recorded from
260 to 195 nm. The unfolding experiment was conducted as follows:
AaFEcR was incubated for 1 h in the presence of the appropriate con-
centration of GdmCl before CD spectra were recorded. All spectra in the
presence of GdmCl were recorded from 260 to 202nm, 205nm,
206 nm, 210 nm, 209 nm, and 212 nm for 0.1 M, 0.3M, 0.5M, 1M, 3M
and 6 M concentrations of GAmCI, respectively. The spectra are termi-
nated at the wavelength where the voltage value is lower than 600 mV.
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Therefore, it is impossible to observe the standard decrease in molar
residual ellipticity at ~200 nm (6200) with increasing concentration of
denaturant (GdmCl) [41]. Spectra concerning metal ions that would
influence the secondary structure composition of AaFEcR were re-
corded from 260 to 195nm. The other parameters remained as de-
scribed above. AaFEcR was incubated for 30 min at room temperature
with a proper amount of buffer E (for CD in the presence of Zn**), F
(for CD in the presence of Cu?™) or G (for CD in the presence of Ca2™h).

2.9. Analytical ultracentrifugation experiments

The sedimentation velocity (SV) analytical ultracentrifugation ex-
periment was conducted in a Beckman Coulter ProteomeLab XL-I ul-
tracentrifuge (Software version 6.0, Beckman Coulter Inc., Brea, CA,
USA). An An-60Ti rotor and cells with charcoal-filled Epon” cen-
terpieces and sapphire windows were used. The sample sector con-
tained 400 ul of AaFEcR in buffer D, whereas the reference sector
contained only 400l of buffer D. The experiment was conducted
overnight at 50,000 rpm and 20 °C. Sedimentation was monitored by
laser interferometry and absorbance at 280 nm. Both sets of results
were highly consistent; therefore, only the analysis of interferometric
data is presented. Time-corrected data [42] were analyzed using
SEDFIT software (http://www.analyticalultracentrifugation.com). The
density (1.005 g/ml) and dynamic viscosity of a buffer (1.018 cP), as
well as the partial specific volume of AaFEcR (0.689ml/g) at 20 °C,
were calculated using SEDNTERP (http://sednterp.unh.edu/). The se-
dimentation coefficient (s), frictional ratio (f/f,) and apparent
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molecular weight (MW,;,,) were calculated using the continuous c(s)
distribution model with at least 10 points per 1 S. Maximum entropy
regularization with p = 0.68 was applied [43]. The quality of the fits
was assessed using root mean square deviation (RMSD) values and re-
sidual distributions.

3. Results
3.1. Insilico prediction of the intrinsically disordered content in AaFEcR

The presence and extent of IDRs in AaFEcR were predicted using
IUPred [28] and PONDR-FIT [32]. The results obtained with these al-
gorithms indicated that the whole structure of AaFEcR should be dis-
ordered (Fig. 2A). The results obtained from PONDR VLXT [30] in-
dicated the presence of a disordered region between amino acids 1 and
123 (Fig. 2A). In contrast, the DISOPRED algorithm [33] indicated the
occurrence of ordered regions between amino acids 16 and 36 and from
amino acids 125 to 131 (Fig. 2A). Additional in silico analysis using
FoldIndex revealed that the region between amino acids 31 and 114 in
AaFEcR may be classified as disordered (Fig. 2B). IDPs are likely to
possess an unusual amino acid composition, because the protein
structure disorder is driven by a high net charge and a low mean hy-
drophobicity [44]. For further verification of the hypothesis concerning
AaFEcR as an IDP, we also used a charge-hydropathy plot. The mean
scaled hydropathy and absolute mean net charge were calculated [44]
for isolated AaFEcR, and above values placed AaFEcR among the IDPs
(Fig. 2C). In Fig. 2D, the amino acid composition analysis of AaFEcR
indicates considerable (A~1) enrichment of the H, G, Q, S, and N
amino acids and depletion of the C, F, Y, and K amino acids compared
to the average content in the Swiss-Prot database. Similar tendencies for
a change in amino acid content were observed by comparing the in-
formation in the DisProt and Swiss-Prot databases, and the result is
consistent with the disorder predictions for AaFEcR. In conclusion,
amino acid sequence in silico analyses clearly demonstrated that this
domain may belong to a family of IDRs.

3.2. AaFEcR exhibits characteristics of IDPs

Far-UV circular dichorism (CD) spectroscopy was used to determine
the secondary structure content in AaFEcR. Typical for IDPs features
were observed for the native spectrum (Fig. 3A), such as: the presence
of a minimum at ~200 nm and the lack of a distinct minima at 208 nm
and 222nm [45]. The unfolding of residual secondary structures in
AaFEcR was examined with far-UV CD in the presence of GdmCl
(Fig. 3A). Increasing the concentration of GdmCI enabled us to observe
an increase in the molar residual ellipticity value at ~222nm (025)
values. Up to the 0.5 M GdmCI concentration, there were no significant
changes in the 0,5, values for samples containing native AaFEcR and
AaFEcR with denaturant. However, for higher (1M, 3M and 6 M)
concentrations of GAmCIl, we observed an increase in the 0,5, value,
indicating the loss of the residual ordered secondary structures. The
structure-forming potential of AaFEcR was investigated by recording
the spectra of AaFEcR with trifluoroethanol (TFE) (Fig. 3B). The spec-
trum recorded in 10% TFE possesses almost the same shape as the
native spectrum. The spectrum of AaFEcR in 20% TFE was an inter-
mediate between the features typical of IDPs and globular proteins.
Two negative minima at 203 nm and 224 nm occurred, indicating an
increase in the ordered secondary structure content of AaFEcR. The
spectra of samples with 40%, 60% and 80% TFE have a similar shape
but different values of 6 at ~208 nm and ~ 222 nm. The shape of the
two spectra recorded in the presence of 60% and 80% TFE is almost
identical; thus, in the presence of 60% TFE, AaFEcR can be considered
fully structured. The deconvolution of the native AaFEcR spectrum
presented in Fig. 3C reveals that the amount of unordered regions was
55.45% = 13.08%. With AaFEcR having approximately 30% ordered
secondary structures, it is interesting how little GdmCl at
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concentrations up to 3M influenced the secondary structure content
(Fig. 3A). Two subclasses of IDPs are known: coil-like (with no sig-
nificant secondary structure content) and PMG-like (more compact with
residual secondary structure) [44]. The results obtained for AaFEcR,
compared with data for coil-like and PMG-like IDPs, placed AaFEcR
among PMG-like IDPs (Fig. 3D). Such IDPs are characterized by the lack
of a stiff 3D structure, even in the presence of ~50% secondary
structure content. This analysis is compatible with the deconvolution
results depicted for AaFEcR in Fig. 3C.

3.3. Hydrodynamic properties of AaFECR

Sedimentation velocity analytical ultracentrifugation (SV-AUC) and
a series of size exclusion chromatography (SEC) were conducted in
order to determine hydrodynamic properties of AaFEcR. The value of
the Stokes radius (Rg) for the native AaFEcR is 2.67 nm * 0.1 nm
(Figs. 4A and 5 ). Using equations derived from [46], theoretical values
of Rg for AaFEcR considered as a native globular protein, a natively
unfolded (NU) coil and a NU-PMG were calculated, plotted together
with the value obtained experimentally and presented in Fig. 5. The
most similar to determined by SEC Rg value was the one calculated for
NU-PMG, what confirms the results obtained from CD spectroscopy
analysis (Fig. 3D). Transforming the standard curve equation enabled
us to determine the theoretical mass of a molecule with an Rg value of
2.67nm (Meor = 38,800 g/mol). The ratio of Meor/Mexp €quals
2.918, and the presence of only one elution peak initially suggested that
AaFEcR might exist as a trimer. However, further experiments, such as
SEC in the presence of GdmCl and SV-AUC, refute this supposition. The
SEC experiment for AaFEcR was conducted in the presence of GdmCl,
and the change in AaFEcR Rg is presented in Fig. 4B. For every sample,
only one elution peak was observed (data not shown), indicating that
dissociation of the protein subunits does not occur. Notably, the stan-
dard deviation tended to decrease with increasing GdmCl concentration
(up to 2M). This finding indicates that at lower denaturant con-
centrations, AaFEcR molecules remain dynamic and can change their
conformation. The SV-AUC experiment was conducted to verify whe-
ther the high Rg of AaFEcR observed in SEC experiments is a result of
oligomerization or possibly of structural disorder. The results are
summarized in Fig. 4C and Table 1. The sedimentation coefficient dis-
tributions (Fig. 4C) calculated from the SV-AUC data indicate that one
major species with a sedimentation coefficient of approximately 1.2 S
and a hydrodynamic radius (Ry,) slightly greater than 2.9 nm is present
in all samples of AaFEcR at different concentrations ranging from
0.15mg/ml to 1.0 mg/ml range (Table 1). The R}, value calculated from
the SV data is higher than that R, calculated from the SEC elution
profiles. This finding was observed in our laboratory previously for
highly anionic IDPs and may be caused by nonideal sedimentation of
the protein or co-sedimentation with bound counterions [47]. No sig-
nificant dependence of the sedimentation coefficient on the protein
concentration was observed (Table 1), as the c(s) distributions obtained
for different protein concentrations nearly overlapped (data not
shown). The frictional ratio (f/fp) of 1.9-2.0, higher than the approx-
imate value of 1.3 expected for a typical globular protein such as bovine
serum albumin (BSA), indicates that the protein has an extended con-
formation. The relation between the frictional ratio and the molecular
weight of a protein is an indicative of protein disorder [48]. Fitting the
apparent molecular weight (MW,;;) of AaFEcR calculated using the SV
data for all three tested concentrations indicated existence of AaFEcR as
a monomer.

3.4. AaFEcR is able to bind metal ions

Additional in silico sequence analysis of AaFEcR indicated the pre-
sence of a specific amino acid motif, HGPHPHPHG (residues 617 to
625), resembling the one present in histidine-proline-rich glycoproteins
(HPRGs) (Fig. 6.) [49], which is responsible for 7Zn?* and Cu?* binding
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Fig. 3. Intrinsically disordered AaFEcR possesses residual secondary structures. A) Far-UV CD spectra of AaFEcR in the presence of different GAmCI concentrations
(samples containing GdmCl are marked with dashed and dotted lines). B) Far-UV CD spectra of AaFEcR (solid line) recorded in the presence of different TFE
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(asterisk) among proteins conforming to a PMG-like shape (empty circle) instead of among coil-like proteins (black dots). Experiments presented in A) and B) were

performed in triplicate and the obtained results were averaged.

(see 4. Discussion). To investigate in detail whether AaFEcR is capable
of binding Zn®>* and Cu?* and whether this interaction is exclusive to
d-block metal ions (parallel experiments using Ca?* were conducted to
examine the exclusivity), we first investigated the influence of ions on
the hydrodynamic properties of AaFEcR (Fig. 4D). Injected samples
were prepared to determine the specific molar ratio between metal ions
and AaFEcR (nM2*/nAaFEcR). For all samples with nM2*/nAaFEcR
equal to 0.05, the AaFEcR Rg slightly increased. A difference in the ion-
AaFEcR interaction was observed for samples with higher metal ion/
protein ratios. For the samples of AaFEcR containing Ca®* (up to a 2.5-
fold excess) the overall range of observed changes in the Rg values was
much smaller than in the presence of Zn?* or Cu®>*. Namely, in up to a
2.5-fold excess of Ca®>* ions, the hydrodynamic volume of AaFEcR
molecules became only slightly greater than the hydrodynamic volume
determined for the native protein. It is probably related to only a small
change in the shape of the domain caused by interaction with Ca™. In
contrast to this, the Rg of AaFEcR in the presence of 2.5-fold excess of
Zn?" and Cu®* clearly decreased from the 2.67nm * 0.1nm to
2.44nm * 0.04nm and 2.47 nm = 0.02nm, respectively. When the
metal ion excess was greater than 2.5-fold, the Rg of AaFEcR did not
change (data not shown), indicating metal ion saturation of the protein
molecule. The effect of the presence of metal ions on the possible sec-
ondary structure formation in AaFEcR was examined with CD spec-
troscopy. The obtained CD spectra for samples containing AaFEcR with
the appropriate metal ion concentration (data not shown) did not
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indicate significant secondary structure formation. In the presence of
increasing concentration of Zn®*, with AaFEcR:Zn** molar ratios of 1
and 2.5, the 0,9 value slightly increased, but the 0,55 value remained
unchanged. The opposite tendency was observed for samples with
Cu®*, where the 8,9 value was stable and the 8,5, values slightly
decreased for all samples. The CD spectra for AaFEcR in the presence of
Ca®* overlapped with each other (data not shown). Further deconvo-
lution of the obtained data did not indicate any statistically relevant
changes in the secondary structure content of AaFEcR. Therefore, we
suggest that the AaFEcR interactions with Zn?* and Cu®* do not gen-
erate significant secondary structure but result in protein compaction.

Electrospray mass spectrometry (ESI-TOF MS) confirmed the find-
ings discussed above and showed the stoichiometry of metal-AaFEcR
complexes. Calculated, experimental m/z values and their isotopic
patterns were compared enabling precise peak assignments. Species
with z = 8+ to 20+ were observed. In the case of all three metal
species, 1:1 complexes dominate in solutions with a 1:1 metal-to-ligand
ratio (Figs. 7-9).

Mononuclear zinc complexes are visible at m/z = 1336.8
[ZnAaFEcR]'°* and 1340.5 [ZnAaFEcRK]'°*. These metal complex
signals prevailed when a 1:1 metal-to-ligand ratio was used, although a
minor signal at m/z = 1346.9 corresponding to a bimetallic complex
[Zn,AaFEcRK]'°" was also observed (Fig. 7). When an excess amount
of Zn(II) was added (Zn(Il) to metal ratio = 2:1), the intensity of the
signals at m/z = 1336.8 [ZnAaFEcR]'°*, 1340.5 [ZnAaFEcRK]'°" and
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Table 1

Parameters derived from SV experiments.
CAaFECR s[S] Ry [nm] Ry svedverg f/fo  MWap, % of RMSD
[mg/ml] [nm] signal
0.15 1.212 3.1 2.92 1.98 14128 96.0 0.004296
0.50 1.21 2.93 2.93 1.91 13309 98.3 0.005406
1.00 1.217 2.89 291 1.89 13207 95.2 0.006270

Caarecr — concentration of AaFEcR, s — sedimentation coefficient, Ry, — hydro-
dynamic radius, Rp/Svedberg — hydrodynamic radius calculated from the
Svedberg equation, f/f0 — frictional ratio, MW,, — apparent molecular weight
[g/mol], RMSD - root mean square deviation.

1346.9 [Zn,AaFECRK]'°" increased (Suppl. Fig. 2). Equimolar Cu(II)
complexes were detected at m/z = 1336.7 [CuAaFEcR]'®* and 1340.5
[CuAaFEcRK]'°*. Even at this metal-to-ligand ratio, bimetallic species
at m/z = 1342.8 [Cu,AaFEcR]'®* and traces of a [CusAaFEcR]'®™"
complex at m/z = 1349.0 were observed (Fig. 8). The intensity of sig-
nals corresponding to multimetal species, as well as the intensity of
their potassium adducts at m/z 1346.6 [Cu,AaFECRK]*°* and 1352.9
[CusAaFECRK]'°*, increased when a 2:1 Cu(Il) to ligand ratio was used
(Suppl. Fig. 3). AaFEcR seemed to bind fewer Ca®>* ions than Zn?* and
Cu®* ions at each metal-to-ligand ratio. Only monomeric complexes
were observed in both the 1:1 and 2:1 Ca(II) to ligand solutions (Fig. 9
and Suppl. Fig. 4, respectively). The intensity of the signals that cor-
respond to the [CaAaFEcRNa]'®* complex at m/z = 1336.5 and the
[CaAaFEcRNa,K]'°™" complex at m/z = 1342.8 increased when an ad-
ditional Ca®* equivalent was added. No traces of bimetallic complexes
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hrgX1_Fc

Fig. 6. AaFEcR possesses characteristic His-Pro-rich-like region of HPRGs.
HPRG amino acid sequence fragments and a putative Zn?"- and Cu®*-binding
motif from the F domain of the EcR from Aedes aegypti were compared in
ClustalQ [94] and imagined in Jalview [95]. Sequences were taken from the
NCBI Server (https://www.ncbi.nlm.nih.gov/). The reference sequence num-
bers are as follows: Mus musculus (NP_444406.2), Rattus norvegicus
(NP_596919.1), Sus scrofa (NP_001231568.1), Bos taurus (NP_776344.1), Canis
lupus familiaris (XP_005639866.1), Felis catus (XP_003991881.1) and Aedes ae-
gypti (AAA87394.1). Sequence numbering is relative to the amino acid residues
in full-length EcR from Aedes aegypti (AAA87394.1) [10].

were observed under the studied conditions. The experimental isotopic
patterns of the discussed complexes are in perfect agreement with the
simulated ones (Fig. 7B and C, Suppl. Fig. 2B, Fig. 8B and C, Suppl.
Fig. 3B and C, Fig. 9B and C and Suppl. Fig. 4B). Signals other than the
mentioned ones correspond to potassium, sodium and perchlorate ad-
ducts of the free ligand and its metal complexes. The mass spectro-
metric observations are in excellent agreement with the dependencies
observed in Fig. 4D, which shows that the Rg of the protein decreased
upon the addition of Zn?>* and Cu®*, while no pronounced changes
were observed in the presence of Ca®*. MS shows that AaFEcR is able to
bind two Zn?>* and Cu®* ions and only one Ca®* ion when the metal-
to-ligand ratio = 2:1. The observed difference in metal binding can be
explained by their appropriate donor atom preferences and their pre-
ferred complex geometries. Usually, Zn>* and Cu®* ions have a high
affinity for so-called intermediate metal-binding groups — most likely
histidine imidazoles [50], and Cu®>* most likely also has affinity for
amide nitrogens. Zn>* prefers tetrahedral geometries, while Cu®* fa-
vors octahedral or square planar and axially distorted octahedral geo-
metries due to Jahn-Teller distortions of its d° electron configuration
[51]. Ca%*, on the other hand, is a so-called hard metal, with a high
affinity for high hard metal-binding groups, e.g., carboxylic or carbonyl
groups [52]; Ca®* has a tendency to form octahedral complexes; and,
Ca®* binding is far more labile than Cu®* or Zn?>* binding [53]. The
stable binding of Cu?* or Zn?>* metal ions causes AaFEcR to become
more compact, most likely via the involvement of multiple histidine
residues, which contributes to a distinct change in structure.

4. Discussion

Essential biological processes, including reproduction, develop-
ment, homeostasis maintaining and metamorphosis, can be regulated
by NRs. NRs are a superfamily of ligand-activated transcription factors
[3]. Members of the NR superfamily share a common modular structure
that generally consists of a C-terminal LBD linked by a flexible hinge
region to the DBD, which is then flanked by an NTD that is hy-
pervariable in sequence and length [1]. Many characterized proteins
possess IDRs in their structures [20]. The lack of the 3D structure and
existing as a set of conformers makes IDRs a challenge to study and
identify [36]. IDPs play an important role in cellular regulation, sig-
naling and control in health and disease. IDRs can perform various
biological functions in proteins, such as DNA binding, protein-protein
interactions, signal transduction and protein-macromolecular ligand or
protein-metal ion interactions [54-59]. The level of structural disorder
in proteins is thought to correlate with the number of interacting
partners as a lack of folded structure might enable binding to multiple
partners [60]. Moreover, the dimerization properties of IDPs or IDRs
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play an important role in their functions [27,61]. NRs possess variable
IDRs, which are flexible linkers connecting globular domains, such as
DBDs and LBDs, and flanking them at the N- and C-terminus, respec-
tively. The structural-functional importance of IDRs in NRs is of great
interest to scientists. The most characterized IDRs of NRs are their
NTDs. It has been demonstrated that the NTDs of some NRs exhibit
characteristics of IDRs and that these NTDs are unstructured in solution
[27,62-66]. At the C-terminus of the LBDs of some NRs, there is also an
additional region called the F domain that is defined as the amino acid
residues after helix 12 of the LBDs. The F domain of NRs is the least
conserved region in terms of length and sequence in the architecture of
NRs (Fig. 10). The functional importance of the F domains of those NRs
that possess them has not been extensively studied. However, it was
suggested that the residual F domains of mammalian NRs might be
involved in modulating NR activities by affecting transcriptional acti-
vation, dimerization, interactions with other proteins and/or stabili-
zation of ligand binding by LBDs [23]. As mentioned above, the
structure-function relationship of the F domains of the arthropod
members of the NR superfamily remains unclear and enigmatic.

The unusual molecular properties observed for AaFEcR during its
overexpression and successful purification led us to suppose that
AaFEcR may be structurally disordered. To investigate whether AaFEcR
belongs to the family of IDPs, a combination of diverse in silico analyses
and wet-lab experiments was used. The CD spectra deconvolution re-
ported approximately 30% ordered secondary structure (o-helix, -
sheet) and over 55% unordered regions in AaFEcR. The presence of
residual ordered secondary structure in AaFEcR was also confirmed by
SEC and CD in the presence of GAmCl. The structure-forming propensity
of AaFEcR was induced by TFE and observed as the coil to helix tran-
sitions. Existing of AaFEcR as an IDR in EcR may take a part in ligand
binding, posttranslational modifications, or interactions with appro-
priate partners. It cannot be ruled out that using this structural disorder
and flexibility, AaFEcR may play a ligand-selective role for the LBD and
through this function, modulate EcR activities via, for example, post-
translational modifications. IDPs likely undergo posttranslational
modifications in order to change their conformational state and/or
perform functions [54]. The enrichment of serine residues in AaFEcR
may not be accidental. The prediction with NetPhos 2.0 Server [67]
(data not shown) indicated that 18 of 32 serine residues may undergo
phosphorylation; thus, the function of this domain can be modulated.
For instance, phosphorylation in the F domain of human estrogen re-
ceptor a (ERa) had a negative impact on transcriptional activity [68];
therefore, the impact of the potential phosphorylation of AaFEcR surely
needs further research.

The DBD of NRs is the most conserved domain of NRs. The char-
acteristic feature of the DBD in particular is two highly conserved zinc-
finger motifs (C2C2), in which a Zn?" is tetrahedrally coordinated by
four highly evolutionally conserved cysteine residues [1,69]. In contrast
to NRs, the classical C2H2 zinc-fingers possess two conserved cysteines
and two conserved histidine residues [70]. However, other combina-
tions of Cys/His as the zinc-chelating residues are possible too [71]. Our
data showed that in addition to the DBD, another NR domain is able to
bind metal ions. The HPRGs are involved in a number of processes,
including blood coagulation, fibrinolysis, the immune response, and the
transport of metal ions [72]. It was shown that the HPRG from rabbit
serum binds Hg?*, Cu®*, Zn?*, Ni®*, Cd®*, and Co®* in descending
order of binding affinity [73,74]. Metalloproteins, including HPRGs,
containing metal ions coordinated by nitrogen, oxygen, or sulfur cen-
ters with different residues can be involved in a wide range of im-
portant biological processes, such as enzyme catalysis, signal trans-
duction, transport, structure stabilization and storage [75-78]. The
imidazole of histidine residues is a well-known coordinating ligand
involved in enzyme-catalyzed reactions [79]; thus, the high content of
histidine residues in AaFEcR may be related to its function involving the
interaction with Zn®>* and Cu®* ions. In cases of Zn®* transporters,
prion proteins, snake venoms, antimicrobial peptides and transcription
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factors, the coordination of metal ions is crucial for either the structure
or function of the protein [80]. Moreover, Zn®>* and Cu®* are im-
portant cofactors in the protective action of superoxide dismutase
against oxidative damage [81]. Interestingly, it was shown that the
antioxidant enzyme Cu/Zn superoxide dismutase (SOD1) can interact
with ERa and enhance its DNA-binding activity [82]. To investigate in
detail whether AaFEcR is capable of binding Zn>* and Cu®*, we
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conducted appropriate experiments using CD, SEC and MS techniques.
The results clearly showed that recombinant AaFEcR is able to form
complexes with Zn** and Cu®", but the interactions result in the
protein shrinking rather than structuring. What is the functional im-
portance of our present findings? Keeping in mind that the relation
between metal ion binding, structure and function is one of the fun-
damental pillars of biology, we may hypothesize that the AaFEcR
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compaction could lead to pronounced changes in the specificity and/or
affinity of the interaction of the AaEcR with DNA or appropriate ligands
or partners. The F domain of the EcR may function as a specific sensor
of the respective ions to select the binding ligand or partner for the LBD,
which may be important in modulating the EcR activities affecting the
gene expression profiles of A. aegypti.

The EcR is a receptor of steroid hormones. In the case of mammalian
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NRs of steroid hormones, it was shown that metalloestrogens can
modulate the function of estrogen receptor [83,84]. One of the vi-
tellogenesis products, vitellogenin (Vg), is expressed in extra ovarian
tissues in a specific manner upon blood meal, which is required to ac-
tivate gene expression [17,19,85]. Analogous to the vertebrate liver, fat
body, in insect females together with adipose tissue and lymph nodes is
engaged in the production of yolk protein precursors (YPP) for
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developing oocytes [17]. A blood meal triggers a 20E cascade that ac-
tivates YPP genes in the A. aegypti fat body [19,86]. It was shown that
the A. aegypti EcR/Usp heterodimer directly binds the Vg gene promoter
[24]. Interestingly, it was shown that Vg may act as a Zn>* carrier that
protects honeybee workers and queens from oxidative stress [87-89].
The blood meal itself leads to metabolic changes and induces a state of
oxidative stress [90]. Therefore, it is possible that the expression of the
Vg gene may depend on Zn?" concentration changes sensed by AaFEcR
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in the EcR/Usp heterodimer. Moreover, it was suggested that anti-
oxidant defense is one of the mechanisms by which mosquito cells
survive dengue 2 viral infection [91]. Detoxification enzymes may play
an important role in modulating host immunity [92]. Thus, a functional
EcR may modulate the metal-responsive transcriptional regulation of
the expression of genes encoding oxidative stress-protective proteins.
However, the physiological role of ion metal binding by AaFEcR in the
context of the full-length EcR activities in A. aegypti is still unknown.
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Fig. 10. C-terminal domains from various nuclear receptors are not conserved in sequence and length. NR amino acid sequences were compared in ClustalQ [94] and
imagined in Jalview [95]. Sequences were taken from the NCBI Server (https://www.ncbi.nlm.nih.gov/). The abbreviations and reference sequence numbers are as
follows: EcR from A. aegypti - EcR_ Aa (AAA87394.1), EcR from H. virescens - ECR_Hv (CAA70212.1), ecdysone receptor, isoform A from D. melanogaster - ECR_Dm
(NP_724456.1), retinoic acid receptor a from B. taurus - RARa_Bt (NP_001014942.2), retinoid X receptor y from M. musculus - RXRy_Mm (EDL39178.1), hepatocyte
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relative to the longest sequence belonging to D. melanogaster - EcCR_Dm (NP_724456.1).
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