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The malaria vector Anopheles stephensi has expanded from Asia into Eastern Africa, posing a growing global
health threat due to its adaptive biology and increasing resistance to conventional control methods. Here, we
characterise 4-hydroxyphenylpyruvate dioxygenase (HPPD), a crucial enzyme in the tyrosine degradation
pathway, and demonstrate its potential as a novel drug target in An. stephensi. Homology modeling combined
with molecular dynamics simulations confirmed that key inhibitor-binding residues are highly conserved across
mosquito HPPDs and predicted potent inhibition by triketone-based compounds. Using cell-based assay with
codon-optimized recombinant expression in Escherichia coli, we screened several triketone and diketonitrile
HPPD inhibitors and identified nitisinone as the most potent inhibitor, displaying nanomolar-range ICsq values.
Membrane feeding assays showed that nitisinone’s insecticidal activity relies on ingestion of a high-protein meal,
with haemoglobin identified as the potent dietary factor driving toxicity. These results highlight HPPD inhibition
as a promising blood-meal-dependent vector control strategy specifically targeting haematophagous mosquitoes.

1. Introduction

Mosquito-borne diseases continue to represent a significant global
public health challenge, with malaria being the most prominent in terms
of morbidity, mortality, and socioeconomic burden. In 2022 alone,
malaria caused an estimated 249 million cases and 608,000 deaths
globally (Venkatesan, 2024). The causative parasite, Plasmodium spp.
are primarily transmitted in sub-Saharan Africa by Anopheles gambiae
(Toure et al., 2004). Anopheles stephensi is an emerging threat and a main
malaria vector in South Asia and the Middle East (Taylor et al., 2024).
Alarmingly, this mosquito has spread to Eastern Africa and is rapidly
expanding westward (Emiru et al., 2023). Vector control, largely via
insecticides, has been the cornerstone of malaria prevention. As malaria
control has continued to rely on a few classes of insecticides, mosquitoes
have evolved multiple resistance mechanisms, jeopardizing the effec-
tiveness of existing tools (Hancock et al., 2024; Churcher et al., 2016).
Current mosquito control interventions predominantly have relied on

insecticides targeting ion channels of insect nervous system
(ffrench-Constant et al., 2016), underscoring a need for novel molecular
targets with alternative modes of action to sustain and advance vector
control efforts. The momentum for identifying novel targets in
disease-vectors is now accelerated by new physiological insights, now
achievable through comprehensive genomic and transcriptomic datasets
(Cerqueira de Araujo et al., 2025; Neafsey et al., 2015; Ribeiro et al.,
2014). Advances in sequencing technologies have illuminated previ-
ously inaccessible aspects of mosquito biology, highlighting vulnera-
bilities such as metabolic pathways and blood meal-activated processes
that can be exploited with precision. Leveraging these detailed molec-
ular insights not only broadens the spectrum of potential insecticidal
targets but also promises greater specificity in mosquito control
strategies.

Insects that feed on vertebrate blood possess unique metabolic and
physiological adaptations to exploit this protein-rich meal. Blood
ingestion triggers digestion, nutrient assimilation, egg maturation, and
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detoxification. These blood-specific pathways are essential for mosquito
survival and reproduction yet are absent in non-haematophagous in-
sects, offering an untapped reservoir of selective insecticide targets
(Sterkel et al., 2017). Targeting such blood-meal-dependent vulnera-
bilities could achieve high specificity for vector species while reducing
non-target effects, addressing both efficacy and environmental safety in
vector control. One such pathway of interest is tyrosine catabolism, a
process essential for safely metabolising the excess amino acids derived
from haemoglobin digestion (Sterkel et al., 2016). Central to this
pathway is 4-hydroxyphenylpyruvate dioxygenase (HPPD), an
iron-dependent enzyme that converts 4-hydroxyphenylpyruvate into
homogentisic acid. HPPD has been extensively studied in the context of
plant herbicides and human metabolic disorders, but the molecular
details of the mode of action are not fully resolved.

Here, we complement previous observations with molecular insights
of HPPD inhibition, supporting blood meal-activated strategy for ma-
laria vector control. We show that HPPD is highly conserved across
mosquito species and validate it as a molecular target in An. stephensi
mosquitoes. Through homology modeling and molecular dynamics, we
confirmed that mosquito HPPD shares some key inhibitor-binding fea-
tures with its human and plant counterparts, explaining the suscepti-
bility of mosquito HPPD to triketone inhibitors. Using heterologous
expression, we screened triketone and diketonitrile HPPD inhibitors and
identified the triketone nitisinone as the most potent inhibitor of mos-
quito HPPD, with nanomolar activity. Our membrane feeding assays
revealed that nitisinone’s insecticidal effect on An. stephensi is strictly
contingent upon blood feeding, emphasising high protein meal as a
critical requirement driving the toxicity. Our work highlights selectivity
of inhibition of mosquitoes HPPD by triketone inhibitors and specificity
for blood-meal activation of the inhibition potential, offering viable
strategy for controlling malaria vectors.
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2. Results

2.1. 4-Hydroxyphenylpyruvate dioxygenase is highly conserved across
mosquito species

We identified a single-copy HPPD gene in the genomes of multiple
mosquito species (Anopheles, Aedes, Culex spp.), consistent with the
enzyme’s broad conservation from bacteria and plants to animals.
Despite considerable primary sequence divergence (only ~34 % amino
acid identity between Arabidopsis thaliana HPPD and An. stephensi HPPD;
see Fig. 1A), the amino acid residues known to be important for inhibitor
binding are highly conserved in mosquito HPPDs. Sequence alignment
revealed that the catalytic His-His-Glu triad (corresponding to His183,
His266, Glu349 in human HPPD (Lin et al., 2019b) is strictly conserved
(Fig. 1A). Conservation of the triad indicates herbicidal and human
HPPD inhibitors may be broadly effective, acting on HPPD enzymes
from diverse species. Other key residues that determine inhibitor affinity
in mammalian and plant HPPDs are also present in mosquitoes. For
example, Tyr221 and Leu224 (human HPPD numbering) are conserved
in mosquitoes; mutation of these residues to alanine in human HPPD
causes a significant loss of 2-(2-nitro-4-trifluoromethylbenzoyl)-1,
3-cyclohexanedione (nitisinone or NTBC) binding affinity (Liu et al.,
2020). Likewise, positions that interact hydrophobically with the
cyclohexane ring of triketone inhibitors (Vall85, Val228, Pro239,
Phe359 in human) or bind the aromatic trifluoromethyl group of niti-
sinone and related herbicides (Leu323, Phe336, Phe364, Leu367) are
largely invariant in mosquito HPPD (Lin et al., 2019b). Two phenylal-
anine residues (Phe336 and Phe364 in human) form a n-stacking around
the aromatic ring of nitisinone in the enzyme-inhibitor complex, a
feature proposed to contribute to nitisinone’s high affinity for HPPD
(Neidig et al., 2005). The orientation of Phe368 potentially regulates
inhibitor’s access to the active site by modulating binding kinetics (Lin
et al., 2019b). Our sequence and structural analysis thus indicate that
HPPD enzymes in mosquitoes possess a conserved active site architec-
ture, making them amenable to inhibition by the same compounds that

Fig. 1. Sequence alignment and 3D structure of HPPD from Anopheles stephensi. (A) Key regions of HPPD amino acid sequence alignment of HPPD from
multiple species, including six mosquito species, human, and Arabidopsis thaliana, a plant commonly used in herbicide studies. blue: His183, His266,
Glu349 triad, red: Tyr221 and Leu224, magenta: Vall185, Val228, Pro239, Phe359, cyan: Leu323, Leu367, Phe336, Phe364, yellow: Phe368, pink: Ser 226, Asn 241,
GIn 265, The numbering corresponds to human and mosquito HPPD sequences. Accession numbers for the HPPD sequences used in this alignment are as follows:
Homo sapiens (AAC73008.1), Anopheles stephensi (XP_035912472.1), An. gambiae (XP_318007.3), An. albimanus (XP_035789652.1), Aedes aegypti (XP_001649088.2),
Ae. albopictus (XP_019555351.2), Culex pipiens (XP_039429287.1), and A. thaliana (NP_172144.3). For the complete protein alignment, please refer to the Supple-
mentary Fig. S1. (B) The 3D structure of HPPD from An. stephensi, modeled using the SwissModel server with human HPPD complexed with nitisinone as a
template (PDB entry 8IM2). The complexed nitisinone (green) and an Fe ion (orange sphere) are located within the enzyme’s active site. Residues critical for inhibitor
binding are colored according to the alignment in panel B. The model was visualised and colored using UCSF ChimeraX. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)
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target HPPD in other organisms.

A three-dimensional model of An. stephensi HPPD shows these
conserved features (Fig. 1B)as well as the typical HPPD fold: an 8-bladed
p-propeller with the active site deeply buried and coordinated by the
His183-His266-Glu349 triad. Docking known inhibitors into the model
confirmed that mosquito HPPD can accommodate these molecules
similarly to HPPD from plants and mammals. Overall, the conservation
of the inhibitor-binding pocket suggests that existing HPPD-targeting
chemistries (herbicides or drugs) could be repurposed to inhibit An.
stephensi HPPD effectively.

2.2. Structural dynamics supports strong nitisinone binding to mosquito
HPPD

We conducted in-silico inhibitor binding (Supplementary Fig. S2) and
molecular dynamics (MD) simulations to further examine how inhibitors
may interact with mosquito HPPD at the atomic level. We focused on
two inhibitors with divergent efficacies: the triketone nitisinone (potent
herbicide and human drug) and the less potent compound isoxaflutole (a
pro-herbicide that converts to an active diketonitrile). The top inhibitor
binding conformation (Supplementary Fig. S2) in the MD simulations
revealed that nitisinone forms a stable bidentate interaction with the
mosquito HPPD active site ion cofactor via its diketonate moiety, and
remains bound within the pocket for the duration of the simulation
(Fig. 2A and B). The conserved His183, His266, Glu349 triad co-
ordinates the cofactor and indirectly anchors nitisinone in place, while
Phe336 and Phe364 form the expected n-stacking interactions with the
inhibitor’s aromatic rings. In contrast, isoxaflutole exhibits higher
transient interactions. During the MD simulation, isoxaflutole was
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observed to drift and partially exit the binding pocket (“repelled” from
the active site) (Fig. 2C). We reason that nitisinone’s cyclohexane ring
makes robust hydrophobic contacts (e.g., with Val185, Val228, Pro239,
Phe359) and its nitro-trifluoromethylbenzoyl group conforms near
Leu323 and Leu367, whereas isoxaflutole’s smaller core and lack of a
bulky aromatic tail results in weaker van der Waals interactions
(Fig. 2D). The isoxaflutole escape mechanism causes high root mean
square deviation (RMSD) of the alpha-helix 9 (residues Gly358 — Asn
376 in the human HPPD and residues Gly358 — Leu 381 in the An. ste-
phensi HPPD) during the first 150 ns and the last 400 ns of MD
(Supplemental Fig. S3A). Isoxaflutole causes the alpha-helix 9 to fold
towards the open position while the nitisinone-bound HPPD remains
similarly to the closed position (Supplemental Fig. S3B). These MD re-
sults provide a molecular support high affinity interaction of triketones,
like nitisinone, with HPPD homologues of mosquitoes.

2.3. Nitisinone is a highly potent inhibitor of An. stephensi HPPD

To experimentally validate mosquito HPPD as a druggable target, we
expressed An. stephensi and An. gambiae HPPD in Escherichia coli and
tested a panel of six HPPD inhibitors representing major chemical
classes (triketones, pyrazolones, isoxazoles) in the cell-based assay
(Neuckermans et al., 2019) (Fig. 3A). The bacterial colorimetric assay
provided a clear readout of HPPD inhibition: active soluble HPPD pro-
duced brown pigment (pyomelanin) secreted in the culture medium,
whereas successful inhibition kept the medium pale (Fig. 3A and B).
Dose-response curves were obtained for each compound for HPPD of An.
stephensi and An. gambiae (Fig. 3C, Supplementary Fig. S4). Nitisinone
and sulcotrione (both triketone inhibitors) outperformed all others by
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Fig. 2. MD simulations of An. stephensi HPPD predicted structure with inhibitors. (A) The root mean square deviation (RMSD; y-axis) of the resolved, x-ray data
on nitisinone bound to the human HPPD (grey), or simulated data on An. stephensi HPPD potential inhibitor (cyan = nitisinone (predicred, positive control); tan =
isoxaflutole), during the 500 ns MD (x-axis) with (B) respective images at specific time points of inhibitor conformations. (C) The active site escape mechanism of
isoxaflutole caused a higher root mean square fluctuation (RMSF) in An. stephensi HPPD. The RMSF (y-axis) of the conserved active binding site residues (x-axis)
during the 500 ns MD. (D) The images depict the An. stephensi HPPD residues (with respective colored labels) and the proximity of inhibitor conformations compared
to the human HPPD conserved residues (grey labels). As a standard for the images, the final MD conformation (i.e., at 500 ns) was used to represent the human HPPD-
nitisinone. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Screening for mosquito HPPD inhibitors among selected commercially available HPPD inhibitors using a E. coli cellular assay. (A) Schematic
representation of the bacterial assay used for screening HPPD inhibitors. Escherichia coli can convert tyrosine (Tyr) by its enzyme transaminases (TAT) into 4-
hydroxyphenylpyruvate (HPP). HPP is then converted by mosquito HPPD, expressed from a pET SUMO expression vector with the inserted mosquito HPPD coding
sequence, into homogentisic acid (HGA), which polymerizes to form characteristic brown pigment, pyomelanin, leading to dark coloration of LB medium (left part).
In the presence of an HPPD inhibitor, this conversion is blocked, resulting in a lack of pigmentation and normal medium color (right part). (B) Photograph of a 96-
well plate used in the screening assay of supernatant from E. coli culture expressing HPPD of An. stephensi. Each column represents a different inhibitor, and
each row represents a different inhibitor concentration, ranging from 1 nM to 1 mM. Lighter wells indicate inhibition of HPPD. Last row represents the negative
(solvent) control. (C) Dose-response curves of each tested compound, based on the 96-well plate shown in panel B. Absorbance of individual wells was measured
at a wavelength of 405 nm. All wells were prepared in triplicates. The error bars represent the SEM. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

roughly an order of magnitude, yielding ICso values in the low nano- midgut (Samish et al., 1995). The results show that mosquitoes offered a
molar range (approximately 10 nM and 13 nM for nitisinone of An. lethal concentration of nitisinone (2.5 pM, as defined by the
stephensi and An. gambiae, respectively). In contrast, the other tested dose-response curve, Fig. 4B) in a protein-free diet showed no significant
herbicides (tembotrione, topramezone, pyrasulfotole, isoxaflutole) mortality even at five days post-treatment (Fig. 4C, Supplementary
exhibited ICs¢ values in the high nanomolar to micromolar range. The Fig. S5). Our data further show that nitisinone has no effect on feeding
success of nitisinone and sulcotrione reinforces that the triketone che- rates of mosquitoes served protein-rich or protein-free diets
motype is particularly well-suited to engaging the mosquito HPPD active (Supplementary Fig. $6). This pronounced differences demonstrate that
site. This insight can guide future structure-activity relationship explo- nitisinone’s lethality is strictly blood-meal dependent, requiring hours
rations to optimize HPPD inhibitors for insecticidal use. These data post-feeding to liberate an internal build-up of digested tyrosine to toxic
validate our in silico prediction that mosquito HPPD’s active site can be levels.

effectively bound by known HPPD inhibitors, and they underscore tri-

ketones as the most potent inhibitor in our test set.
2.5. High protein content sensitises mosquitoes to nitisinone toxicity

2.4. Nitisinone causes swift lethality in blood-fed mosquitoes To pinpoint the blood component(s) enabling nitisinone toxicity, we
supplemented midgut-sorted diets with individual blood constituents
To evaluate the insecticidal activity of nitisinone on An. stephensi, we plus 2.5 pM nitisinone, a dose lethal in whole-blood meals, and moni-
have subjected the mosquitoes to membrane feeding assay with nitisi- tored mosquito post-feeding survival (Fig. 5A). Mosquitoes fed on whole
none supplemented in the blood meal (Fig. 4A). The data revealed that blood supplemented with a lethal concentration of nitisinone (2.5 pM)
the LCsg values at 24, 48, and 72 h (658 + 96 nM, 557 + 91 nM, and 693 exhibited swift mortality (71 % within 24 h, 91-94 % within 48-72 h
+ 91 nM, respectively) were comparable, with overlapping confidence after feeding), while those fed on serum showed similar survival rate to
intervals indicating a relatively fast mode of action (Fig. 4B). In order to the control group within first 24 h and only 26-37 % mortality within
test the action of nitisinone in a protein-free diet, we used a feeding 48-72 h after feeding. This suggests that an abundant protein present in
solution with buffer composition that leads to sorting of the meal to the red blood cells, such as haemoglobin, could be responsible for the
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Fig. 4. (A) Membrane feeder assay used for mosquito feeding with bloodmeal and protein-free diet containing nitisinone (NTBC). (B) Dose-response
curves show the nitisinone-induced post-feeding mortality of mosquitoes fed via membrane feeding on blood at 24, 48, and 72 h. Triplicates were conducted,
with n > 20 per group. Means and SEMs are shown. The curve was generated in GraphPad Prism using the “log(inhibitor) vs. response - variable slope (four pa-
rameters)" model. (C) Comparison to protein-free diet feeding shows that nitisinone toxicity is dependent on protein presence in the diet. Mosquitoes fed on blood
with a lethal concentration of nitisinone (2.5 pM) experienced almost 100 % mortality within 24 h and total mortality by 48 h, while those fed a protein-free diet
showed survival rates close to 100 % up to 120 h. Survival curves were generated using Kaplan-Meier analysis with pooled data from three replicates containing a
total of at least 34 fed mosquitoes, the P values were determined by the log-rank (Mantel-Cox), and error bars represent the standard error of survival probability
estimates based on the binomial distribution. Detailed bar graphs from data shown in panel C are available in Supplemental Fig. S5.
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Fig. 5. Nitisinone-induced mosquito mortality under varying dietary conditions. Mosquitoes were fed via membrane feeding on varying diets. In all survival
graphs, survival curves were generated using Kaplan-Meier analysis with pooled data from different replicates, the P-values were determined by the log-rank (Mantel-
Cox), and error bars represent the standard error of survival probability estimates based on the binomial distribution. (A) An overview of dietary components
tested in mosquito survival experiments. Each diet was tested with a lethal (2.5 pM) concentration of nitisinone (nitisinone™) or 0.25 % DMSO as a solvent control
(nitisinone ™). (B) Nitisinone quickly kills mosquitoes fed on whole blood, whereas serum-fed mosquitoes were killed by nitisinone with a delay. Each group
consisted of at least 27 fed mosquitoes. (C) Survival comparison of mosquitoes fed on intact versus lysed red blood cells with nitisinone. Each group consisted
of at least 34 fed mosquitoes. Both panels B and C present pooled data from experiments using two different blood sources: human and bovine. For data from in-
dividual repetitions, see Supplementary Fig. S7. (D) Nitisinone causes faster mortality when served with haemoglobin than with albumin. Mosquitoes were fed
on a protein-free diet supplemented with haemoglobin or albumin at high or low concentrations, each supplemented with nitisinone (2.5 pM). Each group consisted
of 30-44 mosquitoes in total across three replicates. Detailed bar graphs from data shown in panels C and D including individual statistics are available in Sup-
plemental Fig. S5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

nitisinone-induced mortality (Fig. 5B). Mosquitoes fed on either intact with a slightly higher toxicity in the presence of haemoglobin. Alto-
or lysed red blood cells (RBCs) supplemented with nitisinone exhibited gether, our results show that nitisinone’s toxicity is mediated by blood
high mortality, comparable to that observed with whole blood, with no proteins and thus acts specifically against blood-feeding insects.

significant difference between the intact and lysed RBC treatments
(Fig. 5C). We further tested, whether the protein type, and not only the

protein quantity, determines the extent of HPPD inhibition phenotype. 2.6. Nitisinone’s toxicity is not due to absence of downstream products of
We thus fed mosquitoes nitisinone suspended in solution with haemo- tyrosine catabolism

globin and albumin, representing the main proteins in red blood cells

and serum, respectively, each at two concentrations: high (16 %, w/vol) To assess whether the lethality of nitisinone results from a deficiency
and low (3.6 %, w/vol), reflecting their approximate physiological levels of downstream metabolites or from the toxic accumulation of upstream
of haemoglobin in blood (160 g/L) and albumin in serum (36 g/L). The intermediates or tyrosine itself, we supplemented the bloodmeal with
results showed comparable killing rates between diets with high con- homogentisic acid (HGA), the direct product of HPPD. However, HGA
centrations of either haemoglobin or albumin, with slightly faster killing addition at concentrations ranging from 6.25 to 50 mM failed to rescue
on the haemoglobin diet (Fig. 5D, left part, Supplementary Fig. S5). At normal survival and none of the HGA-supplemented groups approached
low protein concentrations, nitisinone resulted in 50 % mortality within the survival observed in non-treated controls (Fig. 6A, Supplementary
3 days in the presence of haemoglobin, whereas low concentration of Table S1). These results indicate that HGA supplementation does not
albumin had survival rates similar to the control group without nitisi- counteract nitisinone-induced lethality, indicating that mortality is
none (Fig. 5D, right part). These experiments indicate that the killing likely the result of accumulation of upstream metabolites rather than a
effect of nitisinone depends on a high protein content in the bloodmeal, lack of homogentisic acid.

To test whether oxidative stress resulting from tyrosine or
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Fig. 6. (A) Exogenous homogentisic acid (HGA) does not rescue mosquito survival following nitisinone-spiked blood meal. Mosquitoes were fed via
membrane feeding on blood supplemented with a lethal concentration of nitisinone (NTBC, 2.5 pM), with and without homogentisic acid (HGA) at various con-
centrations (6.25-50 mM). Survival was monitored at 24 h, 48 h, 72 h, and 96 h post feeding. While HGA alone had no toxic effect, its co-administration with
nitisinone failed to restore survival to control levels. Survival curves were generated using Kaplan-Meier analysis. Each group consisted of 17-25 fed mosquitoes.
Error bars represent the standard error of survival probability estimates based on the binomial distribution. Log-rank testing showed no difference between non-NTBC
control groups (p = 0.9468) and a significant difference (p < 0.0001) between all NTBC-containing groups and the HGA-only control. (B) N-acetylcystein (NAC)
does not protect mosquitoes from nitisinone-induced lethality. Mosquitoes were fed via membrane feeding on blood supplemented with a lethal concentration of
nitisinone (2.5 pM) and NAC (10 mM and 1 mM). Mosquito survival was monitored at 24 h and 48 h after feeding. Controls included NAC alone (10 mM and 1 mM)
and nitisinone alone (2.5 pM). None of the tested NAC concentrations restored normal survival. Survival curves were generated using Kaplan-Meier analysis. Each
group consisted of more than 50 mosquitoes in total across two replicates. Error bars represent the standard error of survival probability estimates based on the
binomial distribution. Log-rank testing showed no significant difference between any NTBC + NAC groups and the NTBC-only control, while all NTBC-treated groups
differed significantly (p < 0.0001) from NAC-only controls. C) A schematic overview of the proposed mechanism of nitisinone toxicity in mosquito females.
Haemoglobin and albumin are the two dominant blood proteins, comprising around 90-95 % of total blood protein by mass. In albumin, tyrosine and phenylalanine

account for 8.9 % of amino acid residues, while in haemoglobin, they represent 7.1 %.

intermediate accumulation contributes to nitisinone-induced lethality,
we supplemented the bloodmeal with N-acetylcysteine (NAC), an anti-
oxidant that replenishes glutathione levels. Even when tested at 10 mM
and 1 mM, NAC co-administration with 2.5 pM nitisinone did not
improve mosquito survival, compared to nitisinone alone
(Fig. 6B-Supplementary Table S1).

We next examined how blood-derived amino acids contribute to
nitisinone toxicityby analysing the tyrosine and phenylalanine content
of haemoglobin and albumin, the two major blood proteins used in
mosquito feeding. Despite its slightly lower content of these amino acids,
haemoglobin consistently led to greater nitisinone toxicity when fed to
mosquitoes. Human haemoglobin (tetrameric structure, MW = 64 kDa)
contains 12 tyrosines and 30 phenylalanines per molecule (7.1 % of
amino acids), while human albumin (MW = 66.5 kDa) contains 19 ty-
rosines and 35 phenylalanines per molecule (8.9 %). Despite the higher
total tyrosine and phenylalanine content in albumin, nitisinone toxicity
is greater when mosquitoes are fed haemoglobin than albumin.
Together, these findings highlight that nitisinone toxicity in An. stephensi
is conditioned by the presence of blood proteins, with haemoglobin
playing a particularly significant role in mediating this effect (Fig. 6C).

3. Discussion

The enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD), integral

to tyrosine catabolism across aerobic organisms, has emerged as a
pivotal target in both agronomic and medical domains, owing to its
central role in plant pigment biosynthesis (Chen et al., 2024; Shaner,
2003) and its implications in human metabolic disorders (Lindstedt,
1992). Recent studies brought up the idea that disrupting tyrosine
catabolism can specifically kill blood-feeding arthropods (Sterkel et al.,
2016). In particular, Sterkel et al. showed that inhibition of tyrosine
degradation (via silencing of HPPD or the upstream enzyme TAT) is
lethal to blood-fed insects, as excess tyrosine accumulates to toxic levels
fluxed in from digesting of large protein-rich blood meals (Sterkel et al.,
2016). Moreover, the repurposing of nitisinone, an FDA-approved HPPD
inhibitor, has demonstrated environmentally friendly insecticidal effects
in other disease vectors. For example, RNAi-based target validation as
well as toxicological profiles of several triketone HPPDs inhibitors
demonstrated high vulnerability of Aedes aegypti mosquitoes and
Amblyomma americanum ticks to downregulation HPPD levels or
inhibited activity, leading to post blood-feeding mortality in both spe-
cies (McComic et al., 2023). Feeding or topically applying nitisinone to
tsetse flies (vectors of African trypanosomiasis) also caused high mor-
tality, whereas the same treatment had no adverse effect on non-target
insects like bumblebees (Besansky et al., 2021). This approach of
exploiting blood-meal-induced toxicity was proposed as an eco-friendly
alternative to conventional neurotoxic insecticides (Sterkel et al., 2016).
Notably, nitisinone is a clinical drug with established human safety
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(used to treat hereditary tyrosinemia type I), which could facilitate its
adoption in public health settings. An immediate advantage of nitisi-
none is that it can be deployed in combination with existing malaria
interventions in novel ways. For example, mosquitocide approaches,
administering drugs to humans or animals to make their blood lethal to
mosquitoes, have gained attention as a complementary malaria control
strategy (Haines et al., 2025). The classic human-administered mos-
quitocide often proposed is ivermectin, but ivermectin has a very limited
half-life in vivo. Nitisinone offers a promising alternative: it has a much
longer half-life in human blood than ivermectin, meaning its mosqui-
tocidal effect endures for days to weeks after a single dose (Haines et al.,
2025). A recent study showed that a single human-equivalent dose of
nitisinone can render blood meals lethal to Anopheles mosquitoes for up
to 16 days (Haines et al., 2025), far outlasting the effect of ivermectin.
This could streamline the pathway toward evaluating it in field trials as a
vector control measure. Importantly, this strategy exploits an ecological
vulnerability of malaria vectors: their reliance on human blood meals.
Urban-adapted, anthropophilic species such as An. stephensi, now
invading African cities and breeding in man-made containers (Emiru
et al., 2023) could be especially impacted, since high human population
density and limited alternative hosts in urban environments mean more
mosquitoes would ingest the drug. Consequently, community-wide
coverage is crucial to knock down disease-transmitting mosquito pop-
ulations to the point that it disrupts the life cycle of Plasmodium parasites
and thus breaks the chain of infection. This being said, it needs to be
stressed that nitisinone provides no direct protective benefit to the in-
dividual, only to the community, which poses challenges for compliance
and ethical deployment. Chemical and biological safety profiles also
warrant scrutiny as nitisinone’s mechanism inevitably raises blood
tyrosine levels in humans, carrying a risk of reversible tyrosinemia and
associated side effects like eye irritation (keratopathy) (Emiru et al.,
2023), although lower vector-control doses are expected to minimise
these effects. While existing studies on nitisinone robustly demonstrate
proof-of-principle efficacy, we propose that substantial opportunities
remain for targeted organic chemistry research. Specifically, develop-
ment of novel HPPD inhibitors with increased selectivity for arthropod
HPPD enzymes could significantly enhance the therapeutic index,
thereby optimising safety and effectiveness of future vector control
interventions.

Here, we report the validation of 4-hydroxyphenylpyruvate dioxy-
genase as a new emerging insecticidal target in mosquitoes, and
demonstrate that inhibiting this enzyme with triketones suc has nitisi-
none can specifically kill female An. stephensi after they ingest a blood
meal. Our findings build upon earlier work of HPPD in other blood-
sucking insects (Besansky et al., 2021; Haines et al., 2025; Sterkel
et al., 2016) and complement them with novel mechanistic insights. To
the best of our knowledge, our data provide the first evidence that HPPD
is a relevant target in An. stephensi mosquitoes, a malaria vector origi-
nating from Asia and rapidly spreading in Africa. We demonstrate
distinct inhibitor profiles of An. stephensi HPPD, highlighting the notable
preference for inhibition by triketone-based inhibitors, such as
nitisinone.

Our findings also indicate that haemoglobin enhances the lethality
mediated by nitisinone inhibition of mosquito HPPD, despite containing
fewer trypsin cleavage sites and lower abundance of the aromatic sub-
strates tyrosine and phenylalanine compared to albumin. This counter-
intuitive observation may reflect subtle differences in proteolytic
kinetics, enzyme-inhibitor complex stability, and associated metabolic
fluxes. One possibility is that mosquito’s proteolytical digestion is a
critical determinant in bringing about the nitisinone-mediated pheno-
type. Early studies identified a two-phase proteolytic response, with
initial secretion of early trypsin activating transcription of later protease
genes, critical for optimal digestion of haemoglobin (Isoe et al., 2009;
Noriega et al., 1996). Proteomic analyses reveal that mosquito blood-fed
midguts are enriched in several endoproteases that may efficiently
process haemoglobin (O’Donoghue et al., 2025; Ramirez et al., 2025).
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This would assume that the turn-around time of proteolytic system of
blood-fed mosquitoes may generate more free tyrosine molecules from
haemoglobin, compared to albumin, ultimately fuelling, at enhanced
rate, to the toxic build-up of non-catabolised tyrosine molecules.
Another possibility is that HPPD, as a non-heme iron(II)-dependent
dioxygenase, is catalytically functional strictly upon a conserved Fe
(ID-coordinating 2-His-1-Glu triad in its active site, facilitating sub-
strate turnover (Huang et al., 2016). Inhibition of HPPD by nitisinone
could then occur primarily through tight binding and stabilisation of a
catalytically inactive enzyme-inhibitor complex, mediated by iron che-
lation (Lin et al., 2019a). Consequently, enhanced iron availability, as
from hemoglobin-derived heme degradation (Zhou et al., 2007), might
potentiate the formation and stabilisation of this inhibited
enzyme-substrate-iron complex, effectively sequestering the enzyme in a
conformation conducive to prolonged inhibitor occupancy. This tight,
stable interaction (enzyme-inhibitor-iron-substrate complex) strongly
prevents alternative metabolic shunts, keeping the substrate trapped,
leading to a rapid and pronounced accumulation of toxic intermediates
and unprocessed tyrosine.

Taken together, our findings support a model in which blood feeding
leads to a terminal metabolic overload in the mosquito, ultimately
transforming a blood meal into a metabolic internal trap for mosquitoes
vector (Kopacek and Perner, 2016). Here, we have collected molecular
details of inhibition of mosquito HPPD, a promising and emerging target
for malaria vectors, emphasising the triketonic chemotype inhibitors as
the most potent. Inhibition of this enzyme with the nitisinone, the
repurposed drug, kills specifically blood-fed female mosquitoes, effec-
tively turning their essential blood meal into a toxic overdose. We
discovered that haemoglobin digestion is the key trigger of this
vulnerability, highlighting a unique aspect of mosquito biology that can
be exploited for selective control. This work not only deepens our un-
derstanding of mosquito metabolic physiology but also suggests a
complementary options for novel strategies of vector controls.

4. Material and methods
4.1. Predicted structure preparation and in-silico HPPD inhibitor binding

First, the three-dimensional structure of An. stephensi HPPD was
modeled using homology modeling (SWISS-MODEL) (Waterhouse et al.,
2018). The primary amino acid sequence of mosquito HPPD was pro-
vided as the target, and the structure of human HPPD complexed with
nitisinone was uploaded as a template in PDB format (PDB entry 8IM2).
The model was built using the ProMod3 pipeline (Schneidman-Duhovny
et al., 2021), which aligns the target sequence to the template, transfers
conserved coordinates, and reconstructs insertions and deletions using a
fragment library. Side chains were optimized, and the geometry of the
model was refined with a force field. Model quality was evaluated using
QMEANDisCo (Studer et al., 2020), and the final model was prepared as
amonomer. Ligands present in the template structure were excluded due
to insufficient conservation of binding sites. Resulting PDB file was
visualised and labeled using the UCSF ChimeraX molecular modeling
package (Meng et al., 2023). The HPPD structure from An. stephensi was
also predicted with Alphafold (Jumper et al., 2021). To select which
predicted An. stephensi HPPD structure for further analyses, all five
Alphafold predicted structures were submitted to the SwissDock server
(Grosdidier et al., 2011) using default parameters with an adjustment on
inhibitor coordination according to nitisinone of human HPPD, PDB:
8IM2. Nitisinone was initially used for the SwissDock server. The second
Alphafold structure (Predicted Aligned Error: 0.76) produced the best fit
nitisinone and was therefore this Alphafold structure was also used to
bind isoxaflutole in-silico. The SwissParam score (SP-dG), an approxi-
mation of the binding free energy of a ligand to a target generated by
SwissDock, was used to plot the RMSD inhibitor conformations. After a
structural alignment with the human HPPD, the inhibitor approximating
the position of the resolved, x-ray nitisinone (~4.5 A RMSD) was
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selected for preparation and optimisation using the Maestro software
package. Firstly, the hydrogen atoms were substituted, and local mini-
mizations were performed to remove steric clashes. Secondly, the Pro-
tein Preparation Wizard (Madhavi Sastry et al., 2013) was then used to
optimize the hydrogen-bond networks. As a final preparation step, each
system was built for MD, using the Desmond software (Bowers et al.,
2006), by solvating the optimized structures in a 10 A> orthorhombic
box with a TIP3P water model (Jorgensen et al., 1983; Mahoney and
Jorgensen, 2000), neutralized, and salted with 0.15 M NaCl.

4.2. Classical molecular dynamics

The CHARMMS36 force field (Huang and MacKerell, 2013) was used
to parameterize the protein-inhibitor complexes and ions. The Swiss-
Param server (Zoete et al., 2011) built the topology and force field pa-
rameters for nitisinone (x-ray), nitisinone (predicted), and isoxaflutole.
All MD simulations were performed with a GPU-accelerated workstation
employing the Desmond software (Bowers et al., 2006). The Desmond
protocol involves several steps for initial equilibration and a final MD
production step conducted under isotropic conditions using an NPT
ensemble coupled with a Nose-Hoover thermostat (Evans and Holian,
1985) and a Martyna-Tobias-Klein barostat (Martyna et al., 1994). The
temperature was set at 300 K with a RESPA (Tuckerman et al., 1992)
integrator at an inner time step of 2-fs. As a positive control, all MD
simulations were compared with simulations from the experimentally
determined human HPPD-nitisinone structure (PDB: 8IM2). Images
were captured and MD simulations were analysed using the Chimera
and Maestro software package (Schrodinger, 2024-2).

4.3. Heterologous expression of mosquito HPPD

Anopheles gambiae and An. stephensi HPPD (accession numbers
XP_318007.3 and XP_035912472.1) were synthesised with codon usage
optimized for expression in E. coli (Eurofins Genomics) and supplied in
the pGEX-4T-1 vector. The genes were amplified (using the same set of
primers for both species: forward 5-ATGACCACCTACACCGATAAGG-3’'
and reverse 5-TTACAGGTTGCCACGCTTCTCT-3") and subcloned into
the Champion™ pET SUMO Expression System (Thermo Fisher Scien-
tific, USA), and transformed into One Shot® Mach 1™-T1R Competent
Cells (Thermo Fisher Scientific, USA). The sequence-verified construct
was then transformed into E. coli OverExpress™ C43(DE3) Chemically
Competent Cells (catalogue number CMCO0019, Sigma-Aldrich, USA)
and used for HPPD inhibitors cellular screens. Bacterial Bioassay was
slightly modified from (Neuckermans et al., 2019). Three mL of
LB-kanamycin-glucose medium (1 % tryptone, 0.5 % yeast extract, 1 %
NaCl, 1 % glucose, kanamycin 50 ng/mL) was inoculated with E. coli
OverExpress™ C43(DE3) Chemically Competent Cells (catalog number
CMCO0019, Sigma-Aldrich, USA) containing the Champion™ pET SUMO
Expression vector with the inserted mosquito HPPD sequence. The cul-
ture was grown overnight at 30 °C. On the second day, the overnight
culture was centrifuged at 500xg for 10 min, and the supernatants were
discarded. The pellets were resuspended in 3 mL of fresh LB-kanamycin
medium without glucose, and the ODgoy was measured. Approximately
100 pL of the resuspended culture was added to 10 mL of fresh
LB-kanamycin medium without glucose to achieve an ODggy of
approximately 0.1. The culture was grown to the ODggg of 0.6 at 30 °C,
while shaking at 250 rpm, and then centrifuged at 500xg for 10 min.
The resulting pellet was resuspended in 10 mL of an expression medium
(LB-kanamycin +10 mg/mL tyrosine, 1 mM IPTG). The inhibitors used
were: nitisinone (Career Henan Chemical Co., CAS 104206-65-7; Pyr-
asulfotole (Merck, Supelco, 32973); Topramezone (Merck, Supelco,
34225); Isoxaflutole (Merck, Supelco, 46437); Tembotrione (Merck,
Supelco, 32766); Sulcotrione (Merck, Supelco, 46318). These were
solubilised in DMSO as 1 nM-100 mM stock solutions, which were
further diluted 100 x (1 pL of the inhibitor was added into 99 pL of the
cell suspension in expression medium was added) in the flat-bottom
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96-well plate. The plate was covered with a lid, sealed using parafilm,
and incubated overnight at 37 °C while shaking at 250 rpm. The next
day, the plate was centrifuged at 500 xg for 15 min, and the supernatants
were transferred to new empty plates. The absorbance at 405 nm was
measured using a plate reader Infinite® 200 PRO (Tecan, Switzerland).
All data were acquired in independent triplicates. GraphPad Prism
software was used to calculate means and standard errors of the means
(SEMs), and generate dose-response curves using the “log(inhibitor) vs.
response - variable slope (four parameters)* model.

4.4. Mosquitoes

Adult female mosquitoes from a colony of An. stephensi, Nijmegen
Sind-Kasur strain (Feldmann and Ponnudurai, 2008), were maintained
on a filter-sterilised 5 % sugar solution in a controlled environment
(26 °C, 80 % humidity, and a 12 h light/12 h dark cycle) following
standard rearing procedures (Timinao et al., 2021).

4.5. Membrane feeder assays

A day prior to membrane feeding assay, 20-30 mosquitoes (3-5 days
old) were transferred into a paper cup covered with mosquito netting.
Access to their normal sugar solution was denied 4-6 h prior to the
feeding assay. The cups were placed under a row of glass membrane
feeders with a blood meal pre-warmed to 37 °C. The mosquitoes were
allowed to feed for 10-30 min in the dark. After 1 h, unfed individuals
were removed from the cups. Engorged individuals were kept at a
temperature 26 °C with 80 % humidity, and their survival was moni-
tored at least once every 24 h.

4.6. Diets preparation

Blood was sourced from the Sanquin Blood Bank. Serum was ob-
tained by 2500xg centrifugation. Non-protein buffer for testing nitisi-
none effects with a protein-free diet was prepared as follows: 139 mM
NaCl, 10 mM NaHCOs3, pH 7.3, 10 mM ATP (added just before feeding),
and 2 % blue food dye (to recognise fed individuals). For blood-feeding
assays, nitisinone was initially dissolved in DMSO at 10 mM to create a
stock solution. From this, working solutions were prepared by 1:200
dilution in serum, allowing final 1:400 dilution, once red blood cells
were added to serum (50 % vol/vol). This approach resulted in a final
dilution factor of 1:400 for both nitisinone and DMSO. Control diets
contained an equivalent volume of DMSO (0.25 % v/v) without nitisi-
none. The resulting diet was mixed to create a feeding diet. For non-
blood diets, nitisinone was directly diluted 400 x from the stock solu-
tion. Lysed red blood cells were prepared by freezing and thawing the
red blood cells, followed by centrifugation at 13,000xg for 10 min. To
compare mosquito survival following feeding with a lethal concentra-
tion of nitisinone (2.5 pM; shown to be lethal in Fig. 4B) in serum versus
red blood cells, and normal versus lysed red blood cells, the serum was
diluted 1:1 with non-protein buffer, and red blood cells were also diluted
1:1 with the same buffer. The supernatant was collected and diluted 1:1
with the non-protein buffer. As a control, diets without nitisinone were
prepared, with the equivalent volume of DMSO (1 pL per 400 pL of diet).
Haemoglobin (catalog number H2625, Sigma-Aldrich, USA) and albu-
min (catalogue number PM-T1725, Biosera, France) diets were prepared
both at two concentrations, 16 % and 3.6 %, approximating the physi-
ological range of these proteins in human blood. Haemoglobin and al-
bumin were both dissolved in a non-protein buffer containing either a
lethal concentration of nitisinone (2.5 pM) or solvent (0.25 % DMSO) as
a negative control.

4.7. Dose-response curves

Mosquitoes were fed via membrane feeders on nitisinone-containing
blood prepared as described above at the following final concentrations:
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10 pM, 3.16 pM, 1 pM, 316 nM, and 100 nM. The number of dead
mosquitoes in each group was recorded at 24, 48, and 72 h post-feeding.
Survival curves for each timepoint were generated in GraphPad Prism
using the ‘log(inhibitor) vs. response - variable slope (four parameters)’
model. The experiment was performed in three independent replicates.

4.8. Survival experiments

Mosquitoes were fed via membrane feeding on varying diets pre-
pared as described above. The survival rates were observed et least every
24 h over 3-6 days. In all survival graphs, survival curves were gener-
ated using Kaplan-Meier analysis with pooled data from different rep-
licates, the P-values were determined by the log-rank (Mantel-Cox), and
error bars represent the standard error of survival probability estimates
based on the binomial distribution. Group sizes for survival analyses
ranged from 17 to over 50 mosquitoes per condition, depending on
feeding success and experimental setup (see figure legends for full
details).

4.9. Homogentisic acid (HGA) and N-acetylcysteine (NAC) rescue
experiments

Mosquitoes (n = 30 per group) were fed via membrane feeding. Fully
engorged mosquitoes were included in survival analyses. The HGA
experiment was performed without replication, while the NAC rescue
experiment was conducted in duplicate. Survival curves were generated
in GraphPad Prism using Kaplan—Meier analysis.

HGA was added into the blood meal with nitisinone at the following
concentrations: 50 mM, 25 mM, 12.5 mM, and 6.25 mM. Controls
included blood supplemented with DMSO alone, nitisinone alone, and
25 mM HGA alone. Survival was monitored at the following time points:
24 h, 48 h, 72 h, and 96 h.

For NAC, a separate set of blood meals was supplemented with NAC
at concentrations of 10 mM and 1 mM, with nitisinone. Controls
included NAC alone (both concentrations) and nitisinone alone. Survival
was monitored at 24 h and 48 h post-feeding.
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