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ARTICLE INFO ABSTRACT

Handling Editor: Glaucius Oliva The temporary or permanent chemical modification of biomolecules is a crucial aspect in the physiology of all

living species. However, while some modules are well characterised also in insects, others did not receive the

Keywords: same attention. This holds true for sulfo-conjugation that is catalysed by cytosolic sulfotransferases (SULT), a

Cytosolic sulfotransferase central component of the metabolism of endogenous low molecular weight molecules and xenobiotics. In

;}JLT it particular, limited information is available about the functional roles of the mosquito predicted enzymes anno-
osquito

tated as SULTs in genomic databases. The herein described research is the first example of a biochemical and
structural study of a SULT of a mosquito species, in general, and of the malaria vector Anopheles gambiae in
particular. We confirmed that the AGAP001425 transcript displays a peculiar expression pattern that is suggestive
of a possible involvement in modulating the mosquito reproductive tissues physiology, a fact that could raise
attention on the enzyme as a potential target for insect-containment strategies. The crystal structures of the
enzyme in alternative ligand-bound states revealed elements distinguishing AgSULT-001425 from other charac-
terized SULTs, including a peculiar conformational plasticity of a discrete region that shields the catalytic cleft
and that could play a main role in the dynamics of the reaction and in the substrate selectivity of the enzyme.
Along with further in vitro biochemical studies, our structural investigations could provide a framework for the
discovery of small-molecule inhibitors to assess the effect of interfering with AgSULT-001425-mediated catalysis
at the organismal level.
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1. Introduction

Sulfo-conjugation is an enzyme-catalysed modification that takes part
to the chemical metabolism of a wide array of endogenous compounds,
including macromolecules and low molecular weight metabolites (Strott,
2002; Gamage et al., 2006), thus directly or indirectly playing many roles
in the biology of most living species. Sulfation is also required for the
detoxification or, less frequently, for the bio-activation of numerous xe-
nobiotics, and represents a crucial aspect of the tight connection between
the organism and the environment (Glatt, 2000). The reaction is carried
out by members of the sulfotransferases protein superfamily, that catalyse
the stoichiometric transfer of the -SO3 group from the 3’-phosphoade-
nosine 5’-phosphosulfate (PAPS) sulfate-donor, to a hydroxyl- or a

primary amine-group of the acceptor substrate. The reaction releases the
inactive co-substrate (i.e. PAP) and the sulfate- or sulfamate-conjugated
form of the acceptor molecule (Leyh et al.,, 2013). Sulfotransferases
have been assigned to two broad groups: i) the Golgi-resident enzymes,
which typically act on large biomolecules (e.g. peptides, lipids and gly-
cosaminoglycans) and ii) the cytosolic sulfotransferases (hereon collec-
tively referred to as “SULTs”), which are responsible for transforming
numerous small molecules, including hormones, neurotransmitters and
drugs (Allali-Hassani et al., 2007; Giinal et al., 2019). By increasing water
solubility and excretion from the body, SULTs play a major role in the
inactivation and detoxification of endogenous compounds and xenobi-
otics, thereby representing an important component of phase II meta-
bolism. In a more limited number of cases, on the contrary, the reaction
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leads to a change of the parent compound that results in the potentiation
of the molecule activity or in the generation of conjugates displaying
mutagenic and/or carcinogenic potential. Alternatively, sulfo-conjugation
can regulate the biosynthesis of a given compound per se, and the efficient
addressing of the resulting product to target sites, in a temporary inactive
form, as it has been shown for several steroids (Glatt, 2000). The reaction
can even subvert the physiological activity of a given molecule, as in the
case of xanthurenic acid (XA), an end-product of the kynurenine pathway
of tryptophan degradation that participates in the control of the central
nervous system function (Sathyasaikumar et al., 2017), and that, upon
transformation in XA 8-O-sulfate by specific SULTSs, behaves as natriuretic
factor in mammals (Cain et al., 2007; Senggunprai et al., 2008). Consid-
ering the multifarious roles of SULTs in humans -and in experimental
models of mammalian physiology-, it is not surprising that their charac-
terisation is quite advanced. This also allowed for their clustering on the
basis of acceptor substrates specificity, primary sequence conservation,
structural similarity, and catalytic activity profiles (as admirably reviewed
in (Tibbs et al., 2015)). Conversely, although many insect species produce
an indisputable impact on global economy and health, the functional
involvement of SULT-catalysed modification in insect biology is less
documented. Seminal works proposed the existence of sulfation pathways
in insect species that transmit diseases to humans (Yang and Wilkinson,
1973; Slade and Wilkinson, 1974), including the African malaria mos-
quito Anopheles gambiae, which is one of the most efficient vectors of the
Plasmodium falciparum parasite in sub-Saharan Africa. Although somehow
fragmentary, these studies provided support to the role of
sulfo-conjugation in the homeostasis and/or disposal of central modula-
tors of the insect endocrine function. More recently, genomics and tran-
scriptomics analyses on Anopheles (Bonizzoni et al., 2015) and Aedes
(Faucon et al.,, 2015; Marcombe et al.,, 2013; Cattel et al., 2019)
mosquitoes suggested a possible contribution of specific SULTs to mos-
quito resistance to insecticides. Nonetheless, systematic studies on the
expression and biochemical properties of mosquito SULTs are missing
and, to the best of our knowledge, only a few insect SULTs have been
subjected to extensive in vitro studies. This is the case, among Diptera
species, for DmST1, DmST3 and DmST4 of the fruit fly Drosophila mela-
nogaster (Hattori et al., 2008; Fahmy and Baumgartner, 2013) and, among
Lepidoptera, for SULT101A1 of the fall armyworm Spodoptera frugiperda
(hereon indicated as SfDHR, since it is also endowed with a unique retinol
dehydratase activity) (Griin et al., 1996; Vakiani et al., 1998) and for
BmST1 and BmSULT of the silkworm Bombyx mori (Hattori et al., 2007;
Yamamoto and Liu, 2015). Notably, the preferred acceptor-substrate of
BmST1 is the above mentioned XA (Kushida et al., 2011), a compound
that exerts crucial roles in insect species (Han et al., 2007; Rossi et al.,
2005, 2006; Lima et al., 2012) and that is known to trigger Plasmodium
gametogenesis in the midgut of Anopheles females, soon after their feeding
on parasite-infected blood (Qian et al., 2020). Structural information on
insect SULTSs is even more scarce, being restricted to the crystal structures
of SfDHR in different substrate-bound forms (Pakhomova et al., 2001,
2005).

Several putative SULT family members are encoded in the A. gambiae
genome and in the present work we focused on the product of the Vec-
torBase AGAP001425 gene. In particular, a targeted analysis of
AGAP001425 expression profile during development and in selected
adult tissues, confirms previous observations obtained by high
throughput transcriptomics studies, strengthening the idea of a possible
contribution of the corresponding enzyme to the physiology of the
mosquito reproductive organs. We, therefore, performed a biochemical
characterisation of a recombinant form of the protein (AgSULT-001425),
revealing that it is indeed a genuine SULT that is capable of catalysing the
sulfation of standard phenolic substrates. The analysis of the crystal
structure of AgSULT-001425, in its substrate-free form and in two
different ligand-bound states, points to the conformational plasticity of
discrete regions of the protein as the main modulators of the enzyme
substrate selectivity and catalysis.
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2. RESULTS and DISCUSSION

The AGAP001425 expression profile suggests an involvement of the
enzyme in the mosquito reproductive system physiology - Preliminary
analyses allowed us to identifying 11 potential members of the SULT
family in the A. gambiae genome (Supplementary Material, Section 1;
Supplementary Figure SF1), including AGAP001425, a gene that, ac-
cording to existing literature, exhibits a quite peculiar expression pattern,
mainly restricted to reproductive organs in both A. gambiae adult females
and males (Supplementary Material, Section 2; Supplementary Table 1)
(Baker et al., 2011; Papa et al., 2017). By adopting a quantitative Real
Time PCR (RTqPCR)-based approach, we assessed AGAP001425 tran-
script abundance in key tissues involved in metabolic modifications
(midgut and malpighian tubules) and reproductive organs (ovaries and
testis), which were dissected from both male and female mosquitoes.
Pre-adult stages, namely 1st-2nd and 3rd-4th instar larvae (L1-L2 and
L3-L4 in Fig. 1) and pupae, as well as whole adults of both sexes were also
collected. Our analysis revealed that the expression of AGAP001425 was
significantly higher in male testes than in any other tissue or stage ana-
lysed (p < 0.05) (Fig. 1). These results are in good agreement both with
microarray data obtained by Baker and colleagues (Baker et al., 2011),
who also found the highest expression levels in A. gambiae ovaries and
testes (Supplementary Table 1), and with the RNA-seq analysis of male
reproductive organ in different species of the A. gambiae complex, where
AGAP001425 transcripts appeared typically more abundant in testes
rather than in male accessory glands (Izquierdo et al., 2019). As far as
pre-adult stages are concerned, the AGAP001425 mRNA was enriched in
the early larval stages (L1-L2 in Fig. 1), while a drop in late larvae (L3-L4)
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Fig. 1. - AGAP001425 expression analysis. Transcript abundance was eval-
uated by RTqPCR in pre-adult stages and in dissected tissues from adult male
and female mosquitoes, as indicated below the x-axis. Relative standard curve
method was applied for quantification, using rpS7 transcript as endogenous
reference. Fold change of transcript abundance is calculated setting the average
value of whole-body female sample (“Female”) as calibrator. Two independent
biological replicates were performed and analysed: the average (and the stan-
dard deviation) of relative fold change values from both replicates is reported in
the graph, and One-way ANOVA followed by “Holm-Sidak's multiple compari-
sons test” was applied to loglO transformed values to statistically analyse
transcript fold changes (*: p < 0.05).
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was observed. This expression profile is different from the one previously
observed by Papa and colleagues (Papa et al., 2017), who found an in-
crease rather than decrease in transcript abundance during the late larval
stages; finally, we also detected the AGAP001425 transcript during the
pupal stage. Interestingly, the expression of AGAP001425 was recently
found modulated during spermatogenesis (Taxiarchi et al., 2019);
indeed, transcript abundance appeared to significantly increase from
early dividing germline stem cells to meiotic primary spermatocytes,
reached a peak in secondary spermatocytes and, finally decreased in
post-meiotic spermatids. This expression pattern is outlined in a cluster
that includes meiotic genes such as Spol1l (AGAP010898) and could be
associated to similar clusters associated with microtubule-based move-
ment, which is essential for sperm motility (Taxiarchi et al., 2019).
Overall, our RT-qPCR data are in line with previous microarray- and
transcriptomics-based evidence and point to the mosquito reproductive
system as a preferential target of this A. gambiae SULT. Our hypothesis is
consistent, and even strengthened, by the observation that AGAP001425
mRNA levels increase by 4.2-fold in the atrium of A. gambiae virgin fe-
male mosquitoes upon thoracic injection of 20-hydroxyecdysone, a
fundamental hormone in insect physiology, that recently also surfaced as
a key regulator of post-mating responses in A. gambiae (Gabrieli et al.,
2014). The contribution of specific SULTs to the development and
functioning of the reproductive system is quite well documented in
mammals. In particular, the targeted disruption of the gene encoding the
oestrogen sulfotransferase SULT1E1 has been shown to induce structural
lesions in adult mice testis, accompanied by reduced sperm production
and spermatozoa motility (Qian et al., 2001).

AgSULT-001425 is a bona fide SULT - In light of the evidences re-
ported above, we then shifted our research focus to the predicted
AGAP001425-encoded protein. The primary sequence identity to DmST4
(52%), SfDHR (34%), and BmST1 (33%), and their clustering together in
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our phylogenetic analysis (Supplementary Figure SF1), suggest that the
mosquito enzyme could have biochemical properties in common with
these other insect SULTs. To verify this hypothesis, we over-expressed, in
E. coli, a variant of the enzyme bearing a 10xHis-tag at its N-terminus,
that allows the purification of the recombinant protein (AgSULT-001425)
in a single immobilized metal affinity chromatography step; moreover, a
size exclusion chromatography-based (SEC) analysis suggested that, in
our conditions, AgSULT-001425 is monomeric in solution (Supplemen-
tary Figure SF2), similarly to SfDHR but differently from the majority of
mammalian SULTs, which assemble into functional dimers. Upon the
optimization of in vitro assays and analytical procedures to study the
enzyme activity (Supplementary Material, section 3; Supplementary
Figure SF3), we showed that AgSULT-001425 efficiently catalyses the
sulfation of 4-nitrophenol (4-NP) and vanillin (VAN), using PAPS as the
co-substrate (Fig. 2). The Ky, value of the transformation of 4-NP (K“l\,fNP
= 207.50 pM) falls within the average range of the ones reported for
other insect SULTSs (240 pM, 1.3 mM, and 37 uM for DmST1, DmST3 and
DmST4 respectively), while the mosquito enzyme shows a higher Ky
value for the sulfate-donor PAPS (Kll\)/[APS = 49.33 pM) compared to the
Drosophila isoforms (2.1 pM, 24 pM and 1.2 pM for DmST1, DmST3 and
DmST4, respectively) (Hattori et al., 2008) and to SfDHR (0.95 pM)
(Vakiani et al., 1998). Moreover, AgSULT-001425 displays a higher af-
finity for VAN over 4-NP (Ky/*N = 6.69 pM), differently from DmST4, the
insect SULT isoform that, based on primary sequence alignments, should
represent the closest functionally equivalent enzyme of a non-mosquito
dipteran species. The catalytic efficiency (kcai/Km) of the enzyme to-
wards the tested substrates (Fig. 2) confirms that AGSULT-001425 shows
a ~50-fold higher preference for VAN compared to 4-NP, highlighting
the 3-methoxy group of vanillin as a potential molecular determinant of
the high affinity of the enzyme towards this compound.

Notably, preliminary experiments indicated that AgSULT-001425 is
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Fig. 2. — AgSULT-001425 activity characterisation. Michaelis-Menten kinetics of the reaction catalysed by AgSULT-001425 in the presence of a, 4-NP (12.5, 25, 50,
100, 200, 400, 1000, 1500, 2000 pM), b, VAN (0.0125, 0.125, 0.625, 12.5, 25, 50, 100, 200, 400 upM) and c) PAPS (1, 5, 10, 25, 50, 100, 125, 250, 500 uM). For each

point, the analytical standard deviation is reported.
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not active towards XA, which is among the preferred acceptor-substrates
of the lepidopteran BmST1 that, in turn, is inactive towards VAN and 4-
NP (Kushida et al., 2011). A systematic analysis aimed at the identifi-
cation of the potential endogenous and exogenous sulfate-acceptor sub-
strates of AgSULT-001425 has been undertaken.

The overall structure of AgSULT-001425 - We extensively explored
AgSULT-001425 crystallisation conditions to obtain crystals suitable for
soaking trials in the presence of different potential ligands, followed by
X-ray diffraction experiments, that allowed us to solve the high-
resolution crystal structure of the enzyme in three states: in the
absence of substrates (AgSULT, PDB ID:7R00), in complex with the
sulfate-acceptor vanillin only (AgSULT:VAN, PDB ID:7R0S), and in
complex with both vanillin and the inactive co-substrate PAP
(AgSULT:VAN/PAP, PDB ID:7R0U) (Table 1 and Supplementary
Figure SF4). Similar to what has been reported for other SULTS, the
mosquito enzyme adopts a roughly globular fold (Fig. 3 a). The small
domain consists of a 3-stranded antiparallel p-sheet, four a-helices and
connecting loops. Interestingly, when compared to other SULTSs, the very

Table 1
Data collection and refinement statistics.
Dataset AgSULT AgSULT::VAN AgSULT::VAN/
PAP
Data collection
Wavelength (;\) 0.9677 0.9763 0.9159
Resolution range A) 42.74-2.0 51.74-2.1 59.55-2.5
(2.072-2.0) (2.175-2.1) (2.59-2.5)
Unit cell constants
a(A) 78.773 78.933 78.24
b (A) 92.147 92.135 91.82
c ) 101.761 102.462 103.45
o, B, v () 90 90 90
Space group P212121 P212121 P212121
N° of molecules in asu 2 2 2

N° of reflections
N° of unique

99487 (9858)
50299 (4977)

289828 (26028)
44293 (4361)

191611 (17191)
26123 (2462)

reflections
Rypim (%) 5.2(39.4) 4.86 (16.5) 3.07 (14.92)
Rumerge (%) 5.2(39.4) 11.47 (36.65) 7.74 (37.12)
Rumeas (%) 7.3 (55.7) 12.48 (40.26) 8.35 (40.1)
/6 8.4 (1.95) 9.11 (4.79) 14.21 (4.45)
Completeness (%) 99.03 (99.4) 99.81 (99.61) 98.69 (94.90)
Multiplicity 2.0 (2.0) 6.5 (6.0) 7.3(7.0)
Refinement
R-factor (%) 19.22 (31.55) 18.54 (23.31) 21.16 (26.50)
R-free (%) 22.60 (37.75) 21.81 (26.53) 24.68 (33.51)
N° of water molecules 306 177 84
N° of non-water ligands
Glycerol 6 2 3
inorganic ion 2 chlorides 2 chlorides -
Vanillin - 2 2
PAP - - 2
Average B-factor (A% 28.05 28.85 48.30
macromolecules 27.80 28.77 48.34
Ligands 53.35 44.67 54.06
Solvent 29.65 28.14 39.53
Average RMSD
bond (A) 0.014 0.014 0.015
angle (°) 1.78 1.87 1.90
Ramachandran statistics
Residues (%)
in most favoured 98.79 98.20 97.46
regions
in additional 1.21 1.80 2.54
allowed regions
in disallowed 0.00 0.00 0.00
regions
Rotamer outliers (%) 0.82 1.14 2.77
Clashscore 2.52 2.16 4.29

Values in parentheses refer to the highest-resolution shell.

@ asu, asymmetric unit.

b R-free (%), calculated from 5% of the data (Briinger, 1992).
¢ RMSD, Root Mean Square Deviation (from ideal).

249

Current Research in Structural Biology 4 (2022) 246-255

N-terminal region of AgSULT-001425 (region 2-26) contain additional
secondary structure elements that have been observed only in the crystal
structure of SfDHR (Supplementary Figure SF5) and that have been
correctly predicted in the currently available in silico models of the
DmST1, DmST2 and DmST4 (Supplementary Figure SF6) (Jumper et al.,
2021). The large domain is organized around a 4-stranded parallel
B-sheet sandwiched between a-helices, which is highly conserved among
SULTs, with the notable exception of the enzymes of Schistosoma species
(for a recent structural analysis of Schistosoma SULTs see (Taylor et al.,
2017)). The juxtaposition of the two domains creates an elongated cleft
that hosts the contiguous acceptor substrate- and PAPS-binding pockets,
with the catalytic centre in the middle, and that represents a hallmark of
the molecular architecture of SULTs. Such a deep, elongated crevice is
shielded from the bulk solvent by the region encompassing residues
274-312. A sharp bending within this active site cap ideally splits it in a
first segment, closely facing the large domain (in orange in Fig. 3), fol-
lowed by a mostly random coiled moiety (in green) that resembles an
adjustable molecular seat belt for securing the substrates at their corre-
sponding binding sites, as it will be further discussed. AgSULT-001425
and SfDHR have another structural element in common: an “U"-shaped
a-helical lid that is instead absent - or much more limited in size - in all
other SULTs whose experimental structures have been solved thus far.
The lid protrudes out the external surface of the large domain to
approach the distal end of the acceptor substrate-binding pocket, where
it also establishes contacts to the N-side of the molecular seat belt (Fig. 3
b and Supplementary Figure SF7). This observation corroborates the
hypothesis of a participation of the lid to regulate the entry and/or fixing
of the acceptor substrate molecule into the corresponding pocket of the
enzyme (Pakhomova et al., 2005), by possibly modulating the phenom-
enon more strictly than the structurally equivalent, shorter and flexible
regulatory loop of prototypical mammalian SULTs could do. Primary
sequence alignments (Supplementary Figure SF8) and, when available,
the comparative analysis of in silico predicted 3D models (Supplementary
Figure SF6), reveals that the few biochemically characterized SULTSs of
different insect species could possess a shorter or less structured lid, with
the exception of DmST4, thus, again validating the phylogenetic
co-clustering of AGAP001425 with DmST4 (Supplementary Figure SF1).

It is important to point out that the lid has been proposed to have a
main role in the exquisitely unique PAPS-dependent retinol dehydratase
activity carried out by SfDHR, a reaction that proceeds through the for-
mation of a short-living retinyl-sulfate intermediate (Vakiani et al., 1998;
Pakhomova et al., 2001, 2005). However, at present, the relative
contribution of the amino acid composition, the size and the structural
flexibility of the lid to the two reactions that co-exist in SfDHR is not fully
understood. For this reason, an analogous retinol dehydratase activity of
AgSULT-001425 cannot be postulated on the simple basis of our struc-
tural comparison analysis, and still awaits a direct in vitro demonstration.

The structures of AgSULT-001425 in alternative states: a contri-
bution to the description of the molecular choreography accompanying
the catalysis - The analysis of optimally superposed AgSULT and
AgSULT:VAN structures shows that the binding of a small sulfate-
acceptor molecule at the corresponding active site pocket, is not
accompanied by any drastic repositioning of the side chains of residues
projecting into the catalytic cleft, nor of the protein backbone (Fig. 4).
This is probably due to the fact that vanillin is a simple phenolic com-
pound that could easily permeate the acceptor substrate-binding site,
without requiring any substantial conformational rearrangement of the
protein. Interestingly, in the AgSULT structure, the highly-conserved
lysine and histidine residues that play a key role in catalysis (ie.
Lys150 and His152 of the mosquito enzyme), participate to the coordi-
nation of a water molecule that is also at hydrogen bond distance to the
glycerol molecule that we modelled inside the acceptor-substrate binding
pocket (Fig. 4 a; Supplementary figure SF4). Consequently, these two
crucial residues appear to be already properly oriented to assist the
transfer of the -SO3 group to the incoming acceptor substrate, even in the
absence of PAPS. Our hypothesis finds support in the analysis of the
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(PDB ID:7R0S)
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Fig. 3. - Overall structure of AgSULT-001425 - a. Representation of the molecular architecture of AgSULT-001425, as observed in the crystal structure of the enzyme
in complex with vanillin (VAN). The catalytic cleft is illustrated by a dotted line, with the red dot labelling the catalytic centre that stands between the adjacent
acceptor substrate- and PAPS-binding pockets (1 and 2); the N-terminal region encompassing residues 2-26 appears in cyan. b. Primary sequence alignment of the
region of the lid of AgSULT-001425 (UniProt: Q7PXJ0) and SfDHR (UniProt: Q26490); the tyrosine residues characterising the S. frugiperda enzyme are shown in red;
the cartoons illustrate the conformation adopted by the lid in the indicated structures (only the lid residues are shown as sticks); the region corresponding to the active
site cap has been omitted and the VAN and retinol (RET) molecules are rendered as sticks. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

AgSULT:VAN structure (Fig. 4 b) that reveals that the vanillin 4-hydroxyl
group (ie. the one which can undergo sulfation) is indeed at hydrogen
bond distance to both His152 and Lys150, without requiring the repo-
sitioning of their side chain. In turn, Lys150 engages the vanillin 3-
methoxy group, overall keeping the molecule in the observed orienta-
tion, that probably explains why vanillin is a much more preferred sub-
strate of the enzyme compared to 4-NP, which lacks a bioisostere
substituting group on its phenolic moiety.

Other residues, lining the inner surface of the acceptor substrate-
binding pocket, fix vanillin in place, including Thr192, that establishes
a hydrogen bond to the substrate aldehyde group, and a number of ar-
omatic residues that, together with Leul86, create a sort of hydrophobic
cage fitting the substrate benzyl ring.

A striking difference among the acceptor-substrate binding pocket of
AgSULT-001425 and SfRHD, is represented by the absence, in the mos-
quito enzyme, of several tyrosine residues that, instead, characterise
SfRHD (Fig. 3 b) and that have been proposed to allow proton removal
from the retinol cyclohexenyl moiety during the dehydration reaction
(Pakhomova et al., 2001, 2005). At present, we cannot demonstrate if
other residues of AgSULT-001425 could compensate for this function, nor
if the residues projecting into the catalytic site could undergo reposi-
tioning only upon bulky molecules binding. However, the size, the
conformation and the chemical environment of the AgSULT-001425
sulfate-acceptor substrate-binding pocket, together with the local simi-
larity to the equivalent site of other SULTs, suggest that more structurally
complex compounds could in principle behave as ligands of the mosquito
enzyme.

The crystal structure of AGSULT-001425 in ternary complex with both
substrates, shows that the enzyme undergoes conformational rear-
rangements upon PAP binding, affecting solvent-exposed regions of the

protein, mainly at the level of discrete segments of the molecular seat
belt. The PAP molecule is held in place through a series of interactions
that are strongly conserved in other structurally characterized SULTs
(Fig. 4 c). In detail, the nitrogen atom at position 3 and the NH; group of
the adenine moiety of PAP are at close bond distance to the phenolic
group of Tyr237 and the carbonyl oxygen of Leu271, respectively.
Interestingly, the side chain of Trp72, which belongs to a conserved
nucleotide-binding a-helix, results approximately 90° rotated compared
to the conformation displayed by the same residue in the AgSULT and
AgSULT:VAN structures, resulting in a perfect n-stacking to the PAP
nitrogenous base (Fig. 4 d). Thr70 and Thr71 engage the 5'-phosphate-
moiety of PAP through their side chain hydroxyl- and backbone amide
groups, in a highly-coordinated network that also includes Arg67. On the
opposite side, the PAP 3'-phosphate group interacts with the side chain of
conserved residues Arg174, Ser182 and Arg302, with the participation of
the Asn303 backbone amide group. It is worth of mentioning that these
latter two residues belong to a short a-helix (residues 298-303) that is
observed in the middle of the molecular seat belt in the AgSULT and
AgSULT:VAN structures (Fig. 5 a), but that is absent in the AGSULT:VAN/
PAP one (Fig. 5 b). We could figure out that the binding of PAPS to a not
yet catalytically competent binding site induces the unfolding of the
a-helix, to promote the repositioning of some residues that allows proper
co-substrate fixing and effective catalysis. Such a strictly required
induced-fit event translates into the reshaping of the catalytic cleft as a
whole. In particular, in the AGSULT:VAN/PAP structure, the reposition-
ing of the Phe300 residue creates a bottleneck that acts like a gate be-
tween the two substrate-binding pockets (Fig. 5). Conversely, when
present (i.e. in the absence of PAPS or PAP), the rigid a-helix could limit
an unrestrained flexibility of the molecular seat belt, thus contributing to
hold it in the conformation observed in both the AgSULT and
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Fig. 4. - AgSULT-001425 substrate-binding sites - Close up of the main molecular contacts that fix one molecule of glycerol (a), or vanillin (VAN) (b), or the inactive
form of the PAPS co-substrate (PAP) (c) inside the corresponding binding sites; in ¢ part of the acceptor substrate binding pocket is also shown. In a and b, the active
site cap has been omitted. Images shown in d illustrate the flipping of the Tyr72 side chain upon PAP-binding. In all panels, the ligand molecules (yellow) and relevant
protein residues are rendered as ball-and-stick, and the protein backbone appears as a cartoon. The colours used to depict the main structural domains and elements
are the same than those used in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

AgSULT:VAN structures, finally allowing the substrates to more easily
access the catalytic cleft. Interestingly, in the seat belt of the available
AlphaFold-based models of DmST1, DmST2 and DmST4 (Supplementary
Figure SF6), an equivalent short a-helix is absent, probably indicating
that these models better depict the co-evolutionarily relevant PAPS/PAP-
bound forms of the enzymes than the ligand-free ones. Among published
SULT structures, only human dehydroepiandrosterone (DHEA) sulfo-
transferase displays an equivalent o-helix, although, in that case, the
presence of this secondary structure element was proposed to be asso-
ciated to an inhibition mechanism (Rehse et al., 2002). Overall, we
consider the conformational plasticity of the cap as a whole, and of the
molecular seat belt in particular, as the main choreographer of
AgSULT-001425 dynamics during catalysis.
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3. Conclusions

The RTqPCR-based targeted analysis of tissue- and developmental
expression of AGAP001425 confirms a significant enrichment of the
corresponding transcript in the Anopheles reproductive system, especially
in males. This observation is of particular interest and, if corroborated by
in vivo studies, would highlight AGAP001425 as a potentially interesting
target for the development of new insect-control strategies. Sequence
comparison and phylogenetic analyses revealed that the AGAP001425-
encoded protein is the A. gambiae SULT most closely related to DmST4,
BmST1 and SfDHR. However, the variability of residues building up the
SULTs acceptor-substrate binding site somehow hampers the a priori
identification of those responsible for substrate specificity, by merely
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Fig. 5. - The re-shaping of the catalytic cleft upon PAP binding - Upper panels: surface representations of optimally superposed AgSULT:VAN (a) and
AgSULT:VAN/PAP (b) structures, as observed from the co-substrate binding-site entrance; the images framed by a dotted line are cross-sectional views of the region of
the protein that is indicated by a dotted frame. Lower panels: cartoons depicting the conformation adopted by the molecular seat belt in AgSULT:VAN (a) and
AgSULT:VAN/PAP (b), which highlight the structural plasticity of this protein segment; the red asterisk tags the Phe300 residue of the molecular seat belt o-helix,
which undergoes unfolding at PAP binding. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

basing on primary sequence comparison analyses; and, in facts, in many
instances, sequence similarity does not strictly correlate with similar
substrate selectivity (Tibbs et al., 2015). The reasons behind those dis-
crepancies could be manifold. First, primary sequence identity between
any couple of insect SULTs is relatively low (30-35%), and values up to
50% can be recorded only by comparing enzymes of insects belonging to
the same order (e.g Diptera, such as D. melanogaster and A. gambiae, or
Lepidoptera, as in the case of S. frugiperda and B. mori) (Supplementary
Figure SF8). Secondly, induced-fit phenomena, documented in almost
every study on SULTSs, including our one on AgSULT-001425, could occur
to a different extent when considering different isozymes. Our analyses
suggest that the conformational transitions involving the molecular seat
belt could play a primary role in tuning the series of events that controls
the trafficking of substrates and reaction products in to and out from the
active sites during catalysis. Obviously, we cannot exclude that the
binding of bulkier ligands (either alternative physiological
sulfate-acceptor substrates or enzyme inhibitors) could promote much
more extensive structural rearrangements, or could simultaneously affect
the repositioning or the remodelling of additional structural elements,
the U-shaped helical lid among them. However, taken as a whole, our
results build up an experimental framework to start a methodical
investigation of SULT-mediated modification of endogenous low mo-
lecular weight molecules and xenobiotics in Anopheles, a largely uncov-
ered aspect of the mosquito ecology.
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4. Materials and methods

4.1. Reagents - all chemicals were from Sigma-Aldrich, unless otherwise
specified

Mosquito Rearing and tissues collection. Anopheles coluzzii
mosquitoes (GA-CAM strain, Anopheles gambiae “M” form, originally
collected in Cameroon) were reared in the insectary of the Department of
Public Health and Infectious Diseases at Sapienza University of Rome
under standard conditions (28 °C, 80% relative humidity, 12:12 h
light:dark photoperiod). Mosquito cycle maintenance was achieved by
sugar feeding on cotton swabs with a 10% sucrose solution placed at the
top of the cage and by means of membrane feeding using defibrinated
mutton blood. Adult female (not yet blood-fed) and male mosquitoes 2—4
days post-emergence (dpe), were used for tissue dissections. Two inde-
pendent biological replicates (mosquitoes from different generations)
were performed. The following samples were collected for each replicate:
L1-L2 instar larvae (N = 125); L3-L4 instar larvae (N = 40); early and late
pupae (N = 30); heads (N = 20), midguts (N = 25), malpighian tubules
(N = 25), ovaries (N = 25) and whole bodies (N = 10) from adult fe-
males; heads (N = 20), midguts (N = 25), malpighian tubules (N = 25),
testis (N = 25) and whole bodies (N = 10) from adult males. Samples
were collected in PBS (Phosphate-Buffered Saline) and stored at —80 °C
until use.

RNA extraction and Real Time PCR. Total RNA was extracted from
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samples using Trizol Reagent (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer's protocols and finally resuspended in
DNAse-RNAse-free ultrapure HoO (MilliQ purified). RNA quantity and
quality were assessed by both spectrophotometry (Take3 module of the
multi-well plate reader BioTek SynergyHT and GEN5™ software) and
agarose gel electrophoresis. For each sample, 1, 2 or 4 pg of total RNA
were treated with TURBO™ DNase (Ambion TURBO DNA-free™ Kit),
following manufacturer's instruction, to remove genomic DNA contami-
nation. The treatment efficacy was verified through standard PCR,
without Reverse Transcription, designed to amplify the An. coluzzii rpS7
transcript (AGAP010592), which encodes the 40S ribosomal protein S7.
Aliquots of DNase-treated total RNA (200, 400 or 800 ng) were used for
first-strand cDNA synthesis using the SuperScript™ II Reverse Tran-
scriptase (Invitrogen) and Oligo(dT);g.20 primers. The cDNA samples
were diluted to 10 ng/pL and were used as a template for quantitative
real-time PCR. The relative quantification method was applied and
included a standard curve for the target AGAP001425 transcript, and for
the transcripts encoded by the endogenous reference gene, rpS7, in the
amplification reactions. The cDNA samples used for the preparation of
the standard curves were obtained from entire naive female mosquitoes
following the procedure described before. Serial 1:5 cDNA dilutions were
prepared to obtain 5 points for each standard curve at the following
concentrations: [100 ng/pL], [20 ng/pL], [4 ng/pL], [0.8 ng/pL], and
[0.16 ng/pL]. Each gPCR reaction consisted of the following mixture (20
pL total volume): 2 pL of cDNA [10 ng/pL], Cf = [1 ng/pL], 10 pL of 2X
PowerUpTM SYBR® Green Master Mix, and 4 pL of forward and reverse
primers, Ci = [1 pM], Cf = [200 nM]. The PCR thermal cycle included an
initial holding stage of 10 min at 95 °C followed by 40 amplification
cycles (15 s at 95 °C, 1 min at 60 °C). A melt curve stage analysis was
introduced to assess primer pairs efficiency and to confirm the produc-
tion of the specific amplicon for each target gene. Each of the two in-
dependent biological replicates was analysed in technical duplicate on
the same amplification reaction. The relative quantification analysis was
conducted by interpolating the Ct value of each candidate with the
standard curve and then by normalizing it with the relative value of the
rpS7 endogenous reference. The female whole-body sample was set as
calibrator for the calculation of fold-change values. The primers used for
the PCR amplifications are:

ACO_SULT _F: ATCAAGGAAGGTTGGGCTGA.

ACO_SULT R: GTCTTGCGTATTGTGTCCGG.

RPS7_F: GTGCGCGAGTTGGAGAAGA.

RPS7_R: ATCGGTTTGGGCAGAATGC.

Graph of Fig. 1 and statistical analysis were performed using Graph-
Pad Prism software. Statistical analysis: one-way ANOVA followed by
“Holm-Sidak's multiple comparisons test” was applied to logl0 trans-
formed (normalized) values to statistically analyse transcript fold
changes (*: p < 0.05).

Sub-cloning, protein expression and purification - The DNA cor-
responding to the AGAP001425 open reading frame was amplified by
PCR, using the AGAP001425-PA_pMA-T synthetic construct (Invitrogen)
as the template. The PCR product was inserted into the expression
plasmid pET-16b (Novagen), by standard procedures, and the protein-
encoding region in the resulting pET-AgSULT-001425 construct was
verified by sequencing (Eurofins, MWG Operon). Several colonies of
E. coli BL21(DE3) bacteria, freshly transformed with pET-AgSULT-
001425, were dispersed in of 2XYT selective medium to reach an optical
density at 600 nm (O.D.ggp) of 0.15, and grown at 37 °C till an O.D.gp0 =
0.8, under vigorous shaking. The expression of the recombinant protein
was induced by adding 1 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG) to the bacterial culture, followed by a further 5 h incubation, at
30 °C. Induced bacteria were collected by centrifugation, dissolved in
buffer A (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 1 mM DTT)
and disrupted using an ultrasonic processor (Vibra-Cell), on ice. Upon the
addition of an EDTA-free commercial protease inhibitor cocktail, the
bacterial lysate was centrifuged 30 min at 16000xg at 4 °C. The obtained
supernatant was added of 10 mM imidazole and incubated under slight
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rotation in the presence of Ni-NTA agarose resin (Promega), pre-
equilibrated following manufacturer's instructions. At the end of the in-
cubation, the protein-laden resin was packed into a disposable column,
and extensively washed in buffer A containing 40 mM imidazole. The
stepwise elution of the recombinant protein was obtained by fluxing in
the column fixed volumes of buffer A, at increasing imidazole concen-
tration. AgSULT-001425-containing eluted fractions were pooled, dia-
lyzed against stock buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM
DTT) and concentrated using centrifugal ultrafiltration devices (molec-
ular weight cut-off = 30 kDa) (VivaSpin, Vivascience). The procedure
reproducibly yields ~25 mg of 99% pure recombinant AgSULT-001425
per litre of induced bacterial culture. Size exclusion chromatography
(SEC) was performed using an Akta FPLC instrumentation and a Super-
dex® 200 Increase 10/300 GL column (Cytiva), pre-calibrated with
standard proteins (following manufacturer's instructions), in 50 mM Tris-
HCI, pH 8.0 as the mobile phase. During the entire procedure, the re-
combinant protein was monitored by standard SDS-PAGE analysis. The
protein concentration was determined by the Bradford assay, using
bovine serum albumin as the standard.

Enzyme activity characterisation - Assay conditions to test in vitro
the enzyme activity -in terms of optimal pH and temperature, and MgCl,
requirement-, were optimized by adopting a previously reported LC-MS/
MS analytical procedure (Canavesi et al., 2019), with modifications
(Supplemental Material, section 3). The Ky value of the
AgSULT-001425-catalysed reaction towards the sulfate donor has been
determined using a fixed concentration of the sulfate acceptor VAN (100
pM), in the presence of different concentrations of PAPS (1-500 pM).
Similarly, the Ky values towards the two acceptor substrates 4-NP and
VAN, have been determined using a fixed concentration of PAPS (100
pM) in the presence of different concentrations of 4-NP (12.5 pM - 2 mM)
or VAN (12.5 nM - 400 pM). In all cases, the incubation mixture consisted
of 50 mM sodium phosphate buffer pH 6.5, 1 mM DTT, 1 mM MgCl,, 1
mg/mL BSA and 80 ng of the recombinant enzyme. After 20 min at 37 °C,
the reaction was stopped by the addition of ice-cold acetonitrile (meth-
anol in case of VAN), in 1:1 ratio. Samples were centrifuged at 13000x g,
at 4 °C, for 10 min and diluted 1:40 prior to be subjected to
UPLC-HRMS-based analysis. Each assay was performed in duplicate and
three analyses were performed for each sample. The synthesis of the
vanillin-sulfate standard is described in the Supplementary Material,
section 4.

Crystal structure determination - Crystallisation trials were per-
formed by adopting a robot-assisted (Oryx4; Douglas Instruments),
sitting-drop-based spare-matrix strategy, by mixing, in equal proportion,
a 10 mg/mL protein solution (in 50 mM Tris-HCI pH 8.0, 150 mM NaCl,
1 mM DTT) and the crystallisation buffers of several screen kits (Qiagen),
in a final droplet volume of 1 pL. Crystals grew in three conditions,
invariably in the form of small plates clusters, in 4 weeks at 20 °C.
Crystallisation conditions optimization, by means of the vapour diffusion
method in hanging drop and micro-seeding, led to the growth of thin
plate-shaped single crystals, using the protein at 7 mg/mlL, in 1:1 ratio
with the optimized crystallisation buffer, in a final droplet volume of 3
pL. In particular, the crystals that allowed us to solve the AgSULT and
AgSULT:VAN structures, grew in 25% w/v PEG 3350, 0.3 M NaCl and 0.1
M Bis/Tris at pH 5.5 or 6.5, respectively; the crystal used to solve the
AgSULT:VAN/PAP structure grew in 0.1 M KSCN and 30% PEG 2000
MME. Soaking experiments were conducted by incubating crystals into
the corresponding crystallisation buffer, supplemented with 1 mM PAPS
(AgSULT), or 10 mM vanillin (AgSULT:VAN), or 10 mM vanillin and 10
mM PAP (AgSULT:VAN/PAP), at 20 °C for 24 h, prior to be transferred in
the cryogenic-protectant solution (i.e. the soaking buffer containing 20%
V/V glycerol), mounted on cryo-loops and flash frozen under liquid ni-
trogen. The X-ray diffraction dataset of the enzyme in a substrate-free
form (AgSULT, Table 1) was collected at the European Synchrotron Ra-
diation Facility (ESRF, Grenoble, France; detector: Dectris Eiger X 4 M);
the datasets of the enzyme in complex with vanillin alone, and vanillin +
PAP (AgSULT:VAN and AgSULT:VAN/PAP in Table 1, respectively), were
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collected at the Diamond Light Source (Harwell Science and Innovation
Campus, Oxfordshire, UK; detectors: Dectris Eiger XE 16 M and Pilatus
6M-F, respectively). Data were integrated by XDS (Kabsch, 2010), scaled
and truncated using SCALA and TRUNCATE programs of the CCP4 suite
(Winn et al., 2011). The AgSULT structure was solved by molecular
replacement (MR), using the program PHASER of the PHENIX suite
(McCoy et al., 2007; Adams et al., 2010) and one monomer of the crystal
structure of SfDHR in complex with retinol and PAP as the search model
(PDB ID:1FMJ) (Pakhomova et al., 2001), upon excluding ligands and
water molecules, and truncating to alanine all residues differing among
SfDHR and AgSULT-001425 sequences, by using the SCULPTOR function
of PHENIX (Bunkoczi and Read, 2011). Automated crystallographic
refinement with Phenix.refine (Afonine et al., 2012) and Refmac5
(Murshudov et al., 2011) were alternated to manual model building
sessions, using the Coot program (Emsley and Cowtan, 2004). Waters
were automatically added by “ARP/wARP Solvent” (Perrakis et al., 1997)
and inspected by Coot. Interestingly, the inspection of the density map of
the resulting AgSULT structure did not reveal any signal interpretable as
the unreacted substrate PAPS (used in the crystal soaking step), nor as its
inactive form PAP. An analogous procedure allowed us to solve the
structure of AgSULT-001425 in complex with vanillin and in complex
with both vanillin and PAP, by using one monomer the AgSULT structure
as the search model at the MR-based phasing step. The 10xHis N-terminal
tag and the two very C-terminal residues of the recombinant protein are
not defined in any of our structures, and they have been consequently
omitted from the final models, together with residues 284-285 of the
AgSULT structure. Focusing at the enzyme ligand binding pockets, the
visual inspection of the AGSULT:VAN and AgSULT:VAN/PAP structures
revealed electron density univocally attributable to the compounds used
in crystal soaking, while we modelled a glycerol molecule, the
cryo-protectant used for data collection, in the active site of AgSULT.
Data collection and refinement statistics are given in Table 1. All struc-
ture illustrations have been generated using PyMol (DeLano, 2009). The
atomic coordinates and structure factors of AgSULT, AgSULT:VAN and
AgSULT:VAN/PAP have been deposited in the Protein Data Bank under
accession codes 7R00, 7R0S and 7ROU, respectively.
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