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3,4-Dihydroxyphenylacetaldehyde synthase (DHPAAS) catalyzes oxygen-
dependent conversion of 3,4-dihydroxyphenylalanine (dopa) to 3,4-dihy-
droxyphenylacetaldehyde (DHPAA), a likely cross-linking agent precursor of
the insect cuticle. In the current study, extensive in vivo experiments in Aedes
aegypti show that DHPAAS is essential for abdominal integrity, egg develop-
ment and cuticle structure formation. Solid-state C nuclear magnetic reso-
nance analysis of the Ae. aegypti cuticle molecular structure shows chemical
shifts of 115 to 145 ppm, suggesting the presence of catechols derived from
DHPAA. The crystal structure of insect DHPAAS was then solved, revealing an
active site that is divergent from that of the homologous enzyme dopa dec-
arboxylase. In the DHPAAS crystal structure, stabilization of the flexible
320-350 region accompanies the positioning of the 350-360 loop relatively
close to the catalytic Asn192 residue while the conserved active site residue
Phel03 adopts an open conformation away from the active center; these dis-
tinct features participate in the formation of a specific hydrophobic tunnel
which potentially facilitates delivery of oxygen to pyridoxal 5’-phosphate in the
conversion of dopa to DHPAA.

Insect L-3,4-dihydroxyphenylalanine decarboxylase (DDC) is a pyr-
idoxal 5’-phosphate (PLP)-dependent aromatic amino acid decarbox-
ylase (AAAD) that catalyzes the decarboxylation of L-3,4-
dihydroxyphenylalanine (dopa), 5-hydroxytryptophan, and structu-
rally similar aromatic amino acids'. While mammals often possess a
single copy of AAAD, insect genomes contain multiple copies of AAAD
and related genes. Drosophila melanogaster contains five AAAD-related
genes, including one typical DDC, two tyrosine decarboxylase-related
sequences, and two sequences annotated as o-methyldopa (AMD)-

resistant (NP_476592 isoform A and NP_724162 isoform B), which were
later characterized as 3,4-dihydroxyphenylacetaldehyde synthase
(DHPAAS). Accordingly, AAAD function in insects is diverse with roles
in neurotransmitter biosynthesis>®>, immune responses*’, cuticle
sclerotization®’, and egg-tanning®.

Previous studies suggested that two Ae. aegypti homologs of D.
melanogaster AMD-resistant protein, encoded by AAFL010734 and
AAEL010735, play an essential role in the assembly of the mosquito
cuticle’'®. Although the two Ae. aegypti AMD-resistant proteins share
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high sequence identity (51%) to Ae. aegypti DDC (AeDDC)
(XP_001648264.1), both enzymes were found to convert DOPA to 3,4-
dihydroxyphenylacetaldehyde (DHPAA), rather than producing
dopamine’. Therefore, the Ae. aegypti AMD-resistant proteins were
renamed as DHPAAS. The transcriptional profile of Ae. aegypti DHPAAS
(AeDHPAAS) closely correlates with cuticle development, and the cat-
alytic product of AeDHPAAS is the reactive aryl acetaldehyde DHPAA
that is capable of cross-linking proteins and other components of the
insect cuticle’”. Recent studies demonstrated that AeDHPAAS affects
larval development and adult survival in Ae. aegypti via RNA inter-
ference (RNAi)-mediated gene knock-down™.

The specialized function of D. melanogaster AMD-resistant pro-
teins remained a mystery until the mosquito homologs were char-
acterized with DHPAAS activity’. Early studies reported that the gene
encoding AMD-resistant protein in D. melanogaster, confers resistance
to the toxic DDC inhibitor AMD"". Furthermore, a mutation in the gene
encoding the AMD-resistant protein was also reported to cause
structural defects in the cuticle™*. Subsequent studies finally showed
that both D. melanogaster AMD-resistant proteins exhibit DHPAAS
activity®.

Solid-state nuclear magnetic resonance (NMR) is an ideal method
for determining molecular structures of insect cuticle, as the cuticle is a
complex solid material that cannot be analyzed well in solution or as a
crystal due to heterogeneous assembly of the component molecules” >,
Previous solid-state NMR studies have indicated that catechol-
containing structures are present as cross-links in the cuticles of a few
insects, especially Manduca sexta” . Accordingly, there seems to be a
consensus that the DHPAAS enzymatic product DHPAA is involved in
the assembly of un-melanized cuticle; however, the elucidation of
DHPAA as a direct precursor of cuticle catechols and the solid-state NMR
analysis of mosquito cuticle are both lacking. Therefore, the precise role
of DHPAAS in cuticle formation and the catalytic mechanism of DHPAAS
need to be clarified. Furthermore, while the crystal structure of D. mel-
anogaster DDC (DmDDC) has been reported”, novel loop structures
near the active site of insect DHPAAS cannot be correctly modeled
based on the homologous DmDDC structure template; therefore, it is
necessary to solve the DHPAAS crystal structure in order to understand
the structural basis of its novel reaction.

The current study aims to clarify the precise function of DHPAAS in
insect cuticle formation, by characterizing DHPAAS throughout the
physiological level down to the molecular level. Physiological investi-
gations confirm that AeDHPAAS is essential for the development of
insect cuticle, where AeDHPAAS knockdown impairs blood meal intake,
abdominal integrity, egg hatching, and cuticle structure at the um and
molecular levels. To view the three-dimensional molecular level, the
crystal structure of D. melanogaster DHPAAS (DmDHPAAS) in complex
with PLP was solved, revealing a more ordered 320-350 region in
comparison to that of homologous DmDDC. The relatively ordered
320-350 region appears to influence movement of the Leu353- and
Phel03-containing loops towards and away, respectively, from the cat-
alytic Asn192 residue of the neighboring DmDHPAAS subunit, and leads
to the opening of a hydrophobic tunnel with potential to deliver
oxygen” to the substrate binding side of lysine-linked PLP (LLP).
DmDHPAAS Phel03 and the corresponding Phel06 residue of AeDH-
PAAS remain far enough from LLP that the potential oxygen tunnels can
continue to access the substrate binding face of LLP throughout mole-
cular dynamics simulations. These distinct structural features of insect
DHPAAS provide a structural basis underlying the catalytic production
of the essential cuticle intermediate DHPAA.

Results

Abdominal integrity varies between male and female adult
mosquitoes

Before selecting adult mosquitoes for AeDHPAAS knock-down experi-
ments, male and female adult mosquitoes were initially compared for

their ability to handle abdominal injections. The abdomens of both
male and female adult mosquitoes were flat before the injection of
Ringer’s solution, an isotonic salt solution® (Supplementary Fig. 1a, d).
After injection with Ringer’s solution, the abdomens of both male and
female adults swelled (Supplementary Fig. 1b, c, e, f). These initial
results showed that female adults could survive after injection of
3-5 uL solution, but male adults could only survive after being injected
with 0.3-0.4 uL solution at most (Supplementary Fig. 2). Based on the
abdominal injection results, female adult mosquitoes were selected for
subsequent RNAi experiments.

DHPAAS knock-down increases mortality and reduces blood
meal intake

Adult female mosquitoes were collected 12 h after RNAi microinjection
to analyze gene expression. Real-time PCR (qPCR) showed no sig-
nificant difference between gus-dsRNA injected and DEPC-injected
controls, while the relative expression of AeDHPAAS in the RNAi group
was significantly lower (75% lower, P<0.001) than that in the control
groups (Fig. 1a). Meanwhile, very few female adults in the control
groups died after 4uL of Ringer’s solution injection, but approxi-
mately 50% (P<0.0001) of the adults with AeDHPAAS knock-down
failed to survive (Fig. 1b). The weight of adult mosquitoes before and
after blood meal was measured, as shown in Fig. 1c, and no significant
weight differences were observed between control and experimental
groups. The average weight of each female adult was 1.7-1.8 mg
(Fig. 1c). Figure 1d illustrates blood meal intake weight, where the
blood meal weight of adults in the control groups ranged from 3.7 to
4 mg, while the blood meal weight of adults with AeDHPAAS knock-
down was only around 2 mg (P< 0.0001).

DHPAAS knock-down disrupts the abdominal cuticle

After RNAi knock-down of AeDHPAAS, followed by oviposition,
40 +3.3% of the adult female mosquitoes died within 3 days (Supple-
mentary Fig. 3). In contrast, only 5% failed to survive in the DEPC-
treated and gus-dsRNA treated control groups under matching con-
ditions. Furthermore, 25+ 5% of the mosquitoes that survived after
AeDHPAAS knock-down showed lowered tolerance to the abdominal
injection of Ringer’s solution, with a relatively high frequency of
abdominal rupturing (Fig. 2).

DHPAAS knock-down reduces egg hatching

RNAi knock-down of AeDHPAAS had no significant effect on the
number of eggs, where each mosquito produced 100+20 eggs
(Fig. 3a). However, hatching of eggs was significantly inhibited by
AeDHPAAS knock-down. The egg hatching rates of the control groups
and the AeDHPAAS-dsRNA treated group were 90 +5% and 53 +28%,
respectively (Fig. 3b). Approximately 60% of the non-hatching eggs of
the AeDHPAAS-dsRNA treated group contained no larvae, but all eggs
of the control groups contained developed larvae. These non-hatching
eggs without larvae in the AeDHPAAS-dsRNA treated group rapidly
dehydrated after reducing humidity from 20 to 10%; control group
eggs did not dehydrate with decreased humidity (Fig. 3c). The
remaining (-40%) non-hatching eggs of the AeDHPAAS-dsRNA treated
group contained formed larvae and did not dehydrate; however, none
of these eggs could hatch.

DHPAAS knock-down alters cuticular structure

During mosquito cuticle formation, the epithelium first secretes cuti-
culin and then the lamellate endocuticle. Finally, the exocuticle is
derived by quinone tanning of the outer lamellae of the endocuticle®.
To observe the effect of AeDHPAAS knock-down on cuticle formation,
transmission electron microscopy (TEM) was used to observe
abdominal cuticular structures 12 h after microinjection. The resulting
TEM images showed that the endocuticle was thicker than the exo-
cuticle in the control groups (Fig. 4a, b). In contrast, the AeDHPAAS

Nature Communications | (2025)16:4486


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59723-0

a
k%%
1.59 ns
c
)
7
0
2 1 o- rw Wy .
s
X
Q
S
= 0.51
s .
< -
-
0.0 T T T
(¢] 9 9
& ® 9
(o]
2.51
A
)
€ 2.0 (W W Ala
< ¢ T ala
- ¢
=
% ° |
1.5+ —— A A
S oo
1-0 Ll Ll L
éo 009 09
Q

Fig. 1| Knock-down of AeDHPAAS in female adult mosquitoes. a AeDHPAAS
transcript abundance after RNAi was detected by qPCR. Twelve mosquitoes were
analyzed per group, and the experiment was replicated three times. DEPC 95% con-
fidence interval (CI) = 1.00-1.00; GUS 95% CI = 0.93-1.18; DS 95% Cl = 0.26-0.33. DEPC
vs GUS, Q=3.04, degrees of freedom (df) =6, P=0.14; DEPC vs DS, Q=40.30, df=6,
P<0.001. b Female mosquito survival, 12 h after injection with Ringer’s solution fol-
lowing RNAi. 100 mosquitoes were analyzed from each group, and the experiment
was replicated three times. DEPC 95% Cl =92.93-104.40; GUS 95% Cl =89.08-104.26;
DS 95% Cl=27.09-56.90. DEPC vs GUS, Q=0.84, df =6, P=0.42; DEPC vs DS,
Q=23.88, df=6, P< 0.0001. ¢ Mosquito weight after RNAi and before blood meal. 15
mosquitoes were analyzed from each group, and the experiment was replicated ten
times. DEPC 95% Cl =1.57-1.91; GUS 95% Cl =1.56-1.90; DS 95% Cl =1.65-2.07. DEPC vs

b
150- *kk%k
ns
S
< 100 o= — gl —
s
2
£ s0-
7 —
o L L L
(4 CJ CJ
Q N Q
& ¢
*hkkk
d
ns
5-
° °
3 4
£ ° A
- 3-
£ . z
o 21 7y 7y
; A
1-
c L) L] L]
() o"o o"o
Q
& ¢

GUS, Q=0.12, df=27, P=0.93; DEPC vs DS, Q=149, df=27, P=0.32. d Blood meal
weight after RNAI. 15 mosquitoes were analyzed from each group, and the experiment
was replicated 10 times. DEPC 95% CI = 3.50-4.42; GUS 95% CI =3.23-4.00; DS 95%
Cl=1.88-2.67. DEPC vs GUS, Q=2.02, df =27, P=0.21; DEPC vs DS, Q=10.67, df=27,
P<0.0001. X-axes represent different treatment groups, and y-axes represent relative
AeDHPAAS expression (a), survival rate (b), mosquito weight (c), and blood meal
weight (d). Data were presented as mean values + standard deviation (SD). Ordinary
one-way analysis of variance (ANOVA) with two-sided Tukey’s multiple comparisons
test was used. ** indicates P< 0.00L *** indicates P < 0.000L; ns indicates no sig-
nificance. Source data are provided as a Source Data file. DEPC mosquitoes treated
with diethylpyrocarbonate (DEPC)-treated water, GUS mosquitoes treated with
gus-dsRNA, DS mosquitoes treated with AeDHPAAS-dsRNA.

RNAi group showed a thinner endocuticle layer relative to the exocu-
ticle (Fig. 4c).

Catechol ring containing compounds are observed in mosquito
cuticle

To observe the molecular structure of the cuticle, solid-state *C
NMR analyses were performed. Chemical shifts of 115 to 145 ppm,
corresponding to catechol ring carbons, could be observed in
the BC cross-polarization/magic angle spinning (CP/MAS) NMR
spectrum?® of the Ae. aegypti cuticle sample (Fig. 5 and Supple-
mentary Figs. 4, 5). In particular, the broad peak observed at 145
ppm can be attributed only to the carbon nuclei at positions 3
and 4 of the catechol ring. This result supports the hypothesis
that the catechol ring of DHPAA is present in mosquito cuticle,
but the precise catechol structures in the observed spectra
should be confirmed in future studies.

Changes in peak intensity corresponding to changes in CP time
can provide insight into site-specific dynamics”*°. CP contact time-
dependent *C CP/MAS NMR spectra of the cuticle sample (Supple-
mentary Fig. 6) showed interesting differences in CP time-dependent
changes in peak intensity for NMR peaks corresponding to the chitin,
protein and lipid components, in comparison to the peaks corre-
sponding to the catechol ring. However, CP-transfer rates also vary

significantly depending on the functional group of the signal-
producing carbon®®?’. On the other hand, ®C spin-lattice relaxation
time (7;°) measurements (Supplementary Table 1) show relatively long
T, values for a major component of the catechol ring peaks, sug-
gesting that catechol rings are present in a rigid state***. Together, the
provided solid-state NMR results are consistent with the hypothesis
that DHPAA is a cross-linking precursor that may stabilize cuticle
structures.

DHPAAS knock-down alters gene expression

Knock-down of AeDHPAAS in Ae. aegypti larvae (Supplementary Fig. 7)
resulted in obvious abnormal exfoliation and delayed larval develop-
ment. To further explore the functional role of AeDHPAAS in larval
development and molting, gene expressions of AeDHPAAS RNAi and
control groups were focally analyzed using RNA-seq. Genes that were
significantly differentially expressed between the experimental group
and both gus-dsRNA-injected and DEPC-injected control groups could
then be analyzed. The differentially expressed genes involved in
development were analyzed according to predefined pathways anno-
tated by the Kyoto Encyclopedia of Genes and Genomes (KEGG)** . As
aresult, 59 development-related genes were found to be differentially
expressed after AeDHPAAS knock-down, of which only five genes were
upregulated while the rest were downregulated (Fig. 6a).
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Fig. 2 | Abdominal condition of adult female mosquitoes injected with Ringer’s
solution. a-c Treated mosquitoes that survive 72 h after laying eggs were then
injected with 5pL Ringer’s solution. a Surviving mosquito first treated with DEPC
water, and then injected with Ringer's solution. b Surviving mosquito treated with
gus-dsRNA, and then injected with Ringer's solution. ¢ Surviving mosquito treated
with AeDHPAAS-dsRNA, and then injected with Ringer's solution. d The percentage
of mosquitoes from each group with abdominal rupturing. Thirty female adults
were analyzed from each group, and the experiment was replicated three times.

Data were presented as mean values + SD. Ordinary one-way ANOVA with two-sided
Tukey’s multiple comparisons test was used for statistical analysis. DEPC 95% Cl = -
7.42-17.42; GUS 95% Cl =-2.45-12.45; DS 95% Cl =12.58-37.42. DEPC vs GUS,
Q=0.00,df=6, P>0.99; DEPC vs DS, Q=7.81, df =6, P< 0.01. * indicates P < 0.01;
ns indicates no significant difference. Source data are provided as a Source Data file.
DEPC mosquitoes treated with DEPC water, GUS mosquitoes treated with
gus-dsRNA, DS mosquitoes treated with AeDHPAAS-dsRNA.

Our previous research has shown that knock-down of AeDHPAAS
can cause abnormal larval molting'?, and our current solid-state NMR
results show chitin, protein, and lipid as major components of the Ae.
aegypti cuticle. Accordingly, the expression of genes related to cuticle
proteins, chitin metabolism, and lipid metabolism were altered after
knock-down of AeDHPAAS. Compared with the control groups, 117,
106, and 109 genes related to cuticle proteins, chitin metabolism, and
lipid metabolism, respectively, were differentially expressed (NCBI
BioProject database, accession PRJNA1130691) (Fig. 6b-d). Most of
these differentially expressed genes showed trends of upregulated
expression. Nine out of 117 differentially expressed cuticle genes
related to cuticle proteins were downregulated (Fig. 6b), 24 out of 106
genes involved in chitin metabolism were downregulated (Fig. 6¢), and
27 out of 109 genes involved in lipid metabolism were downregulated
(Fig. 6d). In addition, interesting changes in the expression of sterol
carrier protein 2 (SCP-2) and lipophorin receptor (LpR) genes were
observed in Ae. aegypti. Five out of eight SCP-2 genes were significantly
upregulated, and a single LpR gene was significantly down-
regulated (Fig. 6e).

The crystal structure of insect DHPAAS reveals distinct features
After purification and crystallization of DmDHPAAS, the crystal struc-
ture of DMDHPAAS was solved using molecular replacement based on
the DmDDC structure (PDB ID 3K40)?. The crystal structure was
refined to 2.2 A resolution with crystallographic statistics shown in
Supplementary Table 2, and the structure was deposited and released

(PDB ID 6JRL). According to analysis of the protein interfaces, surfaces,
and assemblies service”, the DmMDHPAAS crystal structure is a dimer
(Supplementary Fig. 8). The overall DMDHPAAS structural architecture
resembles other type Il PLP-containing enzyme structures.

The DmDHPAAS active site is located at the monomer-monomer
interface of the homodimer and is mainly composed of residues from a
single subunit; however, the Phel03- and Leu353-containing loops
support the formation of the active site of the neighboring subunit.
The active site Lys303 is observed to form a Schiff base with the PLP
cofactor, and this internal aldimine is referred to as LLP (Fig. 7).

Like most PLP-dependent enzymes, the LLP protonated pyridine
nitrogen forms a salt bridge with the Asp271 carboxylate®. Further-
more, the LLP pyridine ring is anchored by the Ala273 methyl group as
well as the catalytic Asn192 amide group. The LLP pyridine ring
hydroxy group is adjacent to the Thr246 side chain and two water
molecules. The LLP phosphate moiety is further stabilized by multiple
interactions with Ser149, Asn300, and His302 from within the same
subunit, and is 5.0 A from Leu353 of the neighboring subunit (Fig. 7a).

In the DmDHPAAS structure, the loop containing Phel03 is much
further away from LLP and the catalytic 192 residue in the active site
center, in comparison to the active site of the closest related enzyme
DmDDC (Fig. 7b, c). Here, Asn192 and His192 are critical for deter-
mining DmDHPAAS and DmDDC catalytic activity, respectively
(Fig. 7g)°%".

The DmDHPAAS region spanning residues 320-350 forms more
defined structures as compared to that of DmDDC (Fig. 7b). The
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Fig. 3 | AeDHPAAS impacts egg hatching. a Number of eggs per mosquito. The
x-axis represents the number of eggs from adult mosquitoes in each group. Fifteen
female adults were analyzed from each group, and the experiment was replicated
ten times. Ordinary one-way ANOVA was used for statistical analysis. DEPC 95%
C1=106.25-123.96; GUS 95% CI =104.23-121.77; DS 95% CI = 83.33-115.27. DEPC vs
GUS, Q=0.41, df=27, P=0.71; DEPC vs DS, Q=3.06, df=27, P=0.07. b Egg
hatching rate. The x-axis represents DEPC, GUS, and DS groups. 50 independent
samples were analyzed from each group, and the experiment was replicated three
times. DEPC 95% CI = 86.33-88.95; GUS 95% CI = 85.15-88.07; DS 95%
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Cl=50.92-55.24. DEPC vs GUS, Q=2.36, df =6, P=0.23; DEPC vs DS, Q=88.16,
df=6, P<0.0001. Data were presented as mean values + SD. An ordinary one-way
ANOVA with two-sided Tukey’s multiple comparisons test was used for statistical
analysis. ***indicates P < 0.0001; ns indicates no significant difference. Source data
are provided as a Source Data file. c-e Images of eggs stored under 20% humidity. f-
h, Images of corresponding eggs after humidity was reduced to 10%. ¢ and f show
eggs from the DS group; d and g show eggs from the DEPC group; e and h show
eggs from the GUS group. DEPC mosquitoes treated with DEPC water, GUS mos-
quitoes treated with gus-dsRNA, DS mosquitoes treated with AeDHPAAS-dsRNA.

disordered region of DMDHPAAS only includes residues 328-341 (14
residues of Fig. 7f) whereas the disordered region of DmDDC includes
residues 322-348 (27 residues of Fig. 7f). The relatively stabilized
323-327 and 342-351 regions of DMDHPAAS are observed to influence
the Leu353-containing loop adjacent to the active site; DmDHPAAS
Leu353 residue is positioned just 3.4 A away from the catalytic Asn192
residue, whereas the corresponding Leu350 residue in DmDDC is
oriented much further away from the active site (Fig. 7b). In this
DmDHPAAS active site conformation, Trp71, Tyr79, Tyr80 and Asn192
from one subunit, and lle101, Phel03, Leu353 and Gly354 (important
for dopa specificity®®) from the neighboring subunit form the end of a
hydrophobic tunnel leading to the substrate binding side of LLP
(Fig. 7d). This DmDHPAAS hydrophobic tunnel leads to both LLP
molecules across each subunit, contains an additional branch opening

up to the surface of the protein near Ser193 in both subunits, and does
not exist in the DmDDC crystal structure (Fig. 7e).

AeDHPAAS and DmDHPAAS show similar molecular dynamics

To construct a valid full-length AeDHPAAS model, the crystal structure
of DmDHPAAS (PDB ID 6JRL, chain A) was selected as the most satis-
factory template, with sufficient homology to AeDHPAAS (61% identify
and 92% coverage). The MODELLER program was used to build a
homology model of AeDHPAAS. The plotted discrete optimized pro-
tein energy (DOPE) score profile shows regions of relatively high
energy for the disordered region spanning from residues 330 to 345
(corresponding to residues 327-342 of DmDHPAAS), and the long loop
at the C-terminal (Supplementary Fig. 9). PROCHECK showed that
91.4% of residues are in most favored regions, 7.5% of residues are in
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Fig. 4 | TEM analysis of adult cuticular structure after RNAi knock-down of
AeDHPAAS. a Natural cuticular structure after DEPC water injection. b Negative
control cuticular structure after gus-dsRNA injection. ¢ Experimental cuticular
structure after AeDHPAAS-dsRNA injection. The scale bar in each image represents
1um. d, e Analysis of endocuticular layer and exocuticular layer thickness, based on
the scale of three TEM samples per group. Three mosquito cuticles were analyzed
from each group. Data were presented as mean values + SD. An ordinary one-way
ANOVA with two-sided Tukey’s multiple comparisons test was used for statistical
analysis. d DEPC 95% Cl =1.04-1.75; GUS 95% CI =1.15-1.63; DS 95% CI = 0.04-1.15.

2.0- o
E * %
3 1.5
;’ ns |
b -
9 1.09
X am
lg 05-
2 o
=
0.0 ' ' -
3 ° o
< K 9
& J
exo

DEPCvs GUS, Q=0.04,df=6,P=0.97; GUS vs DS, Q=8.48,df =6, P<0.0L;, DEPCvs
DS, Q=8.51,df =6, P<0.01. e DEPC 95% CI = 0.29-1.05; GUS 95% Cl = 0.60-0.89; DS
95% Cl=0.86-1.67. DEPC vs GUS, Q=0.93, df=6, P=0.49; GUS vs DS, Q=6.80,
df=6, P<0.01; DEPC vs DS, Q=7.74, df =6, P< 0.01. ** indicates P< 0.01; ns indi-
cates no significant difference. Source data are provided as a Source Data file. exo
exocuticular layer, endo endocuticular layer, DEPC mosquitoes treated with DEPC
water, GUS mosquitoes treated with gus-dsRNA, DS mosquitoes treated with
AeDHPAAS-dsRNA.

additional allowed regions, and 0.4% of residues are found in outlier
regions (Supplementary Fig. 10). Verify3D indicated that 80.8% of
amino acids show an averaged 3D-1D score >0.2. The above statistics
indicate a reliable structure model***.

To reveal possible ligand-enzyme interactions, molecular docking
experiments were carried out. AutoDock Vina docked dopa, DHPAA
and dopamine into the active site cavity (Fig. 8). The results show that
dopa is a good ligand with the highest relative binding affinity among
the 3 studied ligands (-5.6 kcal/mol) and the docking solutions of
DHPAA and dopamine resulted in binding affinities of -5.0 and
-4.9 kcal/mol, respectively. The substrate-binding pocket of AeDH-
PAAS is composed of a set of conserved residues, as well as three
variable residues (Phe82, Tyr83, and Asnl95, corresponding to
DmDHPAAS Tyr79, Tyr80, and Asn192) that have diverged from the
AeDDC sequence. Phe82-Tyr83 is of particular interest as this motif is
conserved as Phe-Tyr in AeDHPAAS but is substituted to Tyr-Phe in
AeDDC. Asn195 is conserved in AeDHPAAS but is substituted for his-
tidine in AeDDC. Substitution of these three variable residues is
reported to tune bifunctional switching between DHPAAS and DDC
activities®*%,

Considering the dimeric conformations in a physiological envir-
onment, molecular dynamics was used to calculate the atomic
dynamic movements and conformational variations of AeDHPAAS,
DmDHPAAS, and DmDDC dimeric structures (Fig. 9, Supplementary
Table 3 and Supplementary Fig. 11). AeDHPAAS and DmDHPAAS
showed similar active site features throughout the molecular dynamics
simulations. Notably, Phel03 of DmDHPAAS and the corresponding

residue Phel06 of AeDHPAAS remained far from LLP (-4-9 A), while
Phel03 of DmDDC remained close to LLP (-2-3 A) throughout the
500 ns simulations (Fig. 9b).

Discussion

DHPAAS has been proposed to be involved in insect cuticle formation
since the discovery that the encoding gene confers AMD-resistance’. In
the current study, DHPAAS was comprehensively characterized
throughout the physiological to the molecular levels, providing a more
complete view of the role that DHPAAS plays in cuticle formation.

The physiological results revealed an abdominal phenotype after
knock-down of AeDHPAAS followed by injection with Ringer’s solution
(Fig. 2). This could indicate a weakened abdominal cuticle due to
defects in cuticular cross-linking and a decrease in cuticle elasticity as
suggested by decreased endocuticle size* following AeDHPAAS
knockdown; however more precise measurements of insect cuticle
flexibility should be carried out in future studies. In addition, cuticle
defects were also observed in male mosquitoes (Fig. 1), and this is
consistent with our previous finding that AeDHPAAS is expressed at
lower levels in males.

The RNA-seq data of this current study shows that AeDHPAAS
silencing altered the expression of 117 genes encoding cuticle proteins,
106 genes involved in chitin metabolism and 109 genes involved in
lipid metabolism. Surface lipids play a fundamental role in insect
growth and development and significantly affect the structure and
physical properties of insect cuticle***. These results suggest that
AeDHPAAS plays direct or indirect roles in regulating the expression of
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Fig. 5| ®C CP/MAS NMR spectrum of Ae. aegypti pupal cuticles. Peaks corresponding to chitin, protein, lipid and catechol carbons are observed.

diverse genes that are responsible for producing the major cuticle
components in Ae. aegypti.

To understand the molecular basis for DHPAAS function, the
insect DHPAAS crystal structure was solved at a resolution of 2.2 A,
providing direct structural evidence to confirm that Asn192
(DmDHPAAS numbering) is indeed the key catalytic residue as pre-
viously proposed®”*% More importantly, an additional mechanism for
oxygen delivery to the PLP cofactor can finally be proposed based on
the observed hydrophobic tunnel®*¢ leading into the DmDHPAAS
active center.

Comparison of the DHPAAS structure to the structure of mono-
amine oxidase (MAO)*"*%, which catalyzes a similar reaction, supports
additional roles for active site aromatic residues. MAOs A and B con-
tain an aromatic “sandwich” of two tyrosine residues that are believed
to be involved in the oxidation of the substrate amine. The MAO-
related enzyme L-amino acid oxidase (LAAO) also contains a similar
aromatic “sandwich” composed of two tryptophan residues*. This
further suggests a role for the mentioned aromatic amino acid resi-
dues, Trp71, Tyr79, Tyr80, and Phel03, in the DHPAAS catalytic
mechanism.

DHPAAS homologs have also been shown to convert aromatic
amino acids to aryl acetaldehydes in several model plants***°, While
DHPAAS:-like enzymes are predicted to be present in numerous other
plant species, their functions remain speculative. Recently, DHPAAS
from Bombyx mori has been applied to the biosynthesis of benzyliso-
quinoline alkaloids in Escherichia coli*>*°, raising an intriguing spec-
ulation about the possible involvement of DHPAAS or related enzymes
in alkaloid pathways.

The current study provides a comprehensive view of DHPAAS
function throughout the physiological level down to the mole-
cular level, with solid-state NMR evidence for the presence of
catechol-containing compounds, possibly derived from DHPAA,
in the mosquito cuticle. The physiological studies further support
the role of DHPAAS in cuticle formation, which is essential for

abdominal integrity, blood meal intake, and survival. These
molecular views of the distinct DHPAAS crystal structure and the
mosquito cuticle contribute toward a more complete under-
standing of PLP-dependent oxidation mechanisms and their bio-
logical relevance.

Methods

Inclusion and ethics

This research study was conducted in a manner that is consistent with
the inclusion and ethics principles promoted by Nature Communica-
tions. The authors have complied with all relevant ethical regulations
throughout the course of this study.

Statistical analyses

Data were presented as mean values+standard deviation (SD).
GraphPad Prism 6.02 was used to calculate SD, ordinary one-way
ANOVA with two-sided Tukey’s multiple comparisons test, two-way
ANOVA, and the threshold level of significance as P< 0.05.

Abdominal injection of adult mosquitoes

Ringer’s solution (150 mM NaCl, 3 mM CaCl,, 3 mM KCI, 10 mM N-tris-
methyl-2-aminoethanesulfonic acid, and 25 mM sucrose, pH 6.9) was
injected into the abdomen through the thorax of adult Ae. aegypti
mosquitoes*. Male adults were injected with up to 0.4 uL of Ringer’s
solution; female adults were injected with up to 6 uL of Ringer’s solu-
tion (Supplementary Figs. 1, 2).

RNAi knock-down of AeDHPAAS in adult mosquitoes

Purified dsRNA (2-3 uL) was injected into the thorax of adult mosqui-
toes 3-5 days after emergence, to knock-down transcriptional abun-
dance according to a previous report>. dsRNA was injected into male
and female adults. Each female adult was injected with about 2-3 uL of
dsRNA. For negative and blank control groups, respectively, E. coli
-glucuronidase (gus)-dsRNA and diethylpyrocarbonate (DEPC)-treated
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Fig. 6 | Hierarchical clustering of differentially expressed genes between con-
trol groups and the AeDHPAAS RNAi group. a Hierarchical clustering of differ-
entially expressed development-related genes. b Hierarchical clustering of
differentially expressed cuticle protein-related genes. ¢ Hierarchical clustering of
differentially expressed genes involved in chitin metabolism. d Hierarchical clus-
tering of differentially expressed genes involved in lipid metabolism pathways.

e Hierarchical clustering of rhythmic lipid transport-related genes. Red indicates
higher expression, while blue and green indicate lower expression relative to the
mean value for each gene. Source data are provided as a Source Data file. DEPC
treatment of adult mosquitoes with DEPC water, GUS treatment of adult mosqui-
toes with gus-dsRNA, DS treatment of adult mosquitoes with AeDHPAAS-dsRNA.

water were injected. Then, the relative expression of AeDHPAAS was
detected by qPCR.

Twelve hours after RNAI injection, surviving female mosquitoes
(100 mosquitoes from each treatment and control group) were
selected, injected with about 4 L of Ringer’s solution, and mortalities
were accounted for (Fig. 1b). In a second series of experiments, RNAi
surviving female mosquitoes (50 mosquitoes from each treatment and
control group) were weighed before and after blood meal, and blood
meal intake weight was measured (Fig. 1c, d). Over the next 3 days after
the blood meal, sugar water was given ad libitum. After oviposition
occurred on the 3rd day after blood meal, the number of oviposited
eggs, and their survival and hatching rate, for each mosquito, were
determined (Fig. 3). Then, on the 3rd day after oviposition, the
remaining surviving female adults (30 mosquitoes from each treat-
ment and two control groups) were injected with 5 uL Ringer’s solution
and abdominal rupturing was accounted for. All of these experiments
were replicated at least three times.

Transmission electron microscopy

Abdominal cuticles of adult mosquitoes were harvested after RNAi and
before a blood meal. The harvested cuticles were fixed in 2.5 % glu-
taraldehyde at 4 °C overnight. The samples were washed three times
for 5min with phosphate buffer. Specimens were further fixed in 1%
osmium tetroxide buffer in phosphate buffer (0.1 M, pH 7.0) at 4 °C for
1-3 h. After fixation, specimens were washed three times with phos-
phate buffer (0.LM, pH 7.0) for 5min. The samples were gradually
dehydrated with 30, 50, 70, 90, 95, and 100% ethanol for 5 to 10 min at
each step; the 100% ethanol step was repeated three times to ensure
complete dehydration.

After dehydration, the samples were embedded in epoxy resin
(Sigma-Aldrich, St. Louis, USA). The specimens were sliced with an
ultramicrotome (Leica UC6; Leica, Vienna, Austria). The sections were
stained with uranyl acetate (Syntechem, Changzhou, China) and lead
citrate (Acros, Shanghai, China) and observed using an electron
microscope (JEMI200EX; Jeol, Tokyo, Japan). TEM images were ana-
lyzed by Image]J software.

Solid-state NMR analysis

Ae. aegypti pupal cuticles were collected into a clear paper cup after
pupae emergence. The fresh cuticles were gently washed, dried, and
weighed in 1.5mL centrifuge tubes. The total weight of the dried
cuticles was 65 mg.

All solid-state *C NMR measurements were performed at room
temperature using two-pulse phase modulation (TPPM) decoupling,
with a spinning rate of 8.5kHz and a 4 mm ZrO, rotor. 2C NMR che-
mical shifts were referenced to the methine carbon signal of ada-
mantane at 28.8 ppm, relative to tetramethylsilane (TMS) at O ppm.

Solid-state C cross-polarization/magic angle spinning (CP/MAS)
NMR spectra of pupal cuticles and standard compounds were recor-
ded with a fixed contact time of 2 ms. For CP/MAS experiments, the
Hartmann-Hahn condition was optimized by matching radio fre-
quency (RF) field strengths (76.9 kHz) of 'H and 13C. In addition,
variable CP contact time-dependent *C CP/MAS spectra were acquired
using contact times ranging from 0.1 to 5ms. Measurements were
performed on a Bruker DSX-400 AVANCE spectrometer equipped with
a 4mm MAS double-resonance probe (PH MAS DVT 400 WB BL4,
Bruker Co, USA), and data were acquired using Bruker TopSpin
2.1 software. The spectrometer was operated at 100.4 MHz for *C
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d Tunnels (blue sequential spheres) with a 1A minimum radius observed leading to
DmDHPAAS LLP and Asn192; the yellow crosshair shows the target of the tunnel
analysis. e No tunnels with a 0.9 A minimum radius are observed leading to DmDDC
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acid sequence alignment of DMDHPAAS and DmDDC disordered regions. Dis-
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gray for DMDDC). g Comparison of enzymatic reactions catalyzed by DHPAAS
and DDC.

nuclei,””" with a decoupling power of 76 kHz, a spectral width of
60 kHz, and a recycle delay of 5s. The 'H 90° pulse length was 3.25 ps.
For fixed contact-time CP/MAS spectra, 11,000 scans were collected.
For variable-contact-time spectra, each spectrum included 8192 scans.

Longitudinal relaxation time measurements of ®C nuclei (7;°)
were conducted on a JEOL ECX400 spectrometer with a 400 MHz
4 mm MAS probe and Delta V5.0.6 software. The contact time was set
to 2 ms, with arecycle delay of 3 s. Relaxation delay times (f) were set at
0.01,0.05,0.2,0.5,1,2,4.5,10, and 15 s, for a total of nine spectra. Each
spectrum included 8192 scans. The signal intensity ratio M(t)/M(0) was
plotted against the delay time ¢ and fit to the exponential function
shown in Eq. (1) to calculate 7;¢ values.

M@ _, it
W =Ae 1)

Curve fitting was performed using Origin Pro 2024, using the following
equation, two-component Eq. (2).

Y=YotAe 1+ A7V, 2)

RNA-seq and analysis

To determine genes that are differentially expressed in AeDHPAAS
knock-down mosquitoes, relative to control mosquitoes, dsRNA was
fed to mosquito larvae according to our methods described in a pre-
vious report”?, and RNA-seq analysis was performed as described in a
second previous report™. The total RNA of fourth instar larvae was
extracted by tissue homogenization in TRIzol reagent (Invitrogen,
Shanghai, China). cDNA was prepared and then sequenced in BGlI,
China. Transcript abundance was determined using RNA-seq by
expectation maximization (RSEM)*, where expression level read
counts were normalized using fragments per kilobase of transcript per
million mapped reads (FPKM).

Preparation of recombinant DmMDHPAAS

Cloning and expression of DmDHPAAS from D. melanogaster
c¢DNA were conducted according to previous reports™’. A
DmDHPAAS (NP_476592, isoform A) cDNA sequence was amplified
from D. melanogaster using a forward primer with an Ndel
restriction site (5- AAAACATATGATGGATGCCAAGGAGTTTCGGG
AAT-3’) and a reverse primer (5-AAAACTCGAGTCACTGAGATT
TCTCGTGCGTTG-3’) with an Xho I site. The amplified full-length
NP_476592 sequence was cloned into an Impact™-CN plasmid
(New England Biolabs). E. coli ER2566 competent cells were
transformed with the recombinant plasmid and cultured at 37 °C.
After induction of a 2L culture with 0.3 mM isopropyl-1-thio-B-p-
galactopyranoside, the cells were cultured at 15°C for 24 h to
produce the target protein with a fused chitin-binding domain. To
inactivate serine and cysteine proteases, 1mM phe-
nylmethylsulfonyl fluoride was included in the lysis buffer.
Recombinant protein was extracted from cells and applied to a
column packed with chitin beads. Target protein, bound to the
chitin beads via the fused chitin-binding domain, was subse-
quently cleaved by incubation under reducing conditions at 23 °C
for 24 h. Cleaved protein was eluted from the column and con-
centrated in a Centricon YM-50 centrifuge concentrator (Milli-
pore). The affinity purification resulted in the isolation of 80%
pure DmDHPAAS. Increased protein purity was achieved after
Source Q ion-exchange and gel-filtration chromatographies. Pur-
ified DMDHPAAS was concentrated to 8 mgml™ in 50 mM phos-
phate buffer (pH 7.5) in a Centricon YM-50 concentrator
(Millipore). Protein purity was analyzed by SDS-PAGE, and protein
concentration was determined with a Bio-Rad protein assay kit
(Hercules, CA).

Protein crystallization and structure determination
Protein crystals were grown in 2 pL hanging drops, containing
1pL of protein sample (8 mg/mL) and 1pL of reservoir solution,
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Fig. 8 | Docking of substrates and products into the AeDHPAAS active site.
DOPA (-5.6 kcal/mol) (a), DHPAA (-5.0 kcal/mol) (b), dopamine (-4.9 kcal/mol)
(c), active site site amino acid residues, and lysine-pyridoxal 5-phosphate (LLP) are

shown in stick representation. Gray dashed lines indicate hydrophobic or
carbon-carbon interactions, and blue solid lines represent hydrogen bonds.
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Fig. 9 | Comparison of molecular dynamics simulations of AeDHPAAS,
DmDHPAAS, and DmDDC over 500 ns. a Backbone root mean square deviation
(RMSD) values for each simulation. b Comparison of distances between Phel03/
Phel06 and lysine-pyridoxal 5’-phosphate (LLP) in each simulation. c-f Backbone

root mean square fluctuation values for each simulation. Data from simulations of
the AeDHPAAS model with LLP, the AeDHPAAS model with LLP and dopa, the
DmDHPAAS crystal structure with LLP, and the DmDDC crystal structure with LLP
are distinguished by peach, orange, dark green, and gray lines, respectively.

suspended above reservoirs with 500 pl buffer. Optimal crystal-
lization buffer consisted of 0.16 M MgCl,, 0.085M NaCl, pH 6.5,
25.5% w/v PEG 8000, and 15% glycerol. Individual crystals were
cryogenized in crystallization buffer supplemented with glycerol
to a final concentration of 20% for cryo-protection. The crystal
structure of DmMDHPAAS was determined using molecular repla-
cement based on the reported structure of insect DDC (PDB ID
3K40)*. MOLREP** was used to calculate cross-rotation and
translation of the model. Iterative cycles of crystallographic
refinement were performed with Refmac 5.2, and model building
was performed with Coot®. PLP cofactor was added after the R
factor dropped to approximately 0.25 at full resolution, based
upon 2Fo-Fc and Fo-Fc electron density. Solvent was auto-
matically added and refined using ARP/WARP*® and Refmac 5.2.

Analysis of protein tunnels

Tunnels in DmDHPAAS and DmDDC dimeric crystal structures were
determined using CAVER 3.0.3 PyMOL Plugin®’. Surrounding coordi-
nates for LLP and the catalytic 192 residue (As192 or His192) in mole-
cule A were set as the starting point, standard amino acids and LLP
were selected as residues considered for tunnel calculation, minimum
probe radius was set at 1A for DmDHPAAS and 0.9 A for DmDDC (to
demonstrate that the analysis is not biased), and other default settings
were used to search for protein tunnels. The resulting tunnels were
visualized in PyMOL (https://pymol.org).

Building a full-length AeDHPAAS model
The full-length sequence of AeDHPAAS (XM_001661007) was aligned
with DmDHPAAS (PDB ID 6JRL) to build a homology model of
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AeDHPAAS with MODELLER 10.2%%, Models were evaluated for their
quality using various structural parameters and comparative evalua-
tion tools, such as optimized protein energy (DOPE) and molecular
PDF (molpdf), PROCHECK, and the Verify3D program from the SAVES
server (https://saves.mbi.ucla.edu/). Low molpdf and DOPE assess-
ment values were considered to indicate better quality models. PRO-
CHECK was used to check the stereochemical quality of the resulting
model. Verify3D was used to determine the compatibility of an atomic
model (3D) with its own amino acid sequence (1D). The best model was
selected and refined with energy minimization to optimize stereo-
chemistry using the loop model script of MODELLER 10.2. The opti-
mized model was then used for docking and molecular dynamics
simulations.

Molecular docking

AutoDock Vina* produced molecular docking solutions for DOPA,
DHPAA, and dopamine as ligands of AeDHPAAS. Ligands and
receptors were prepared with AutoDock Tools 1.5.6 (http://mgltools.
scripps.edu/). The coordinates of LLP and the AeDHPAAS-LLP com-
plex were obtained by superposing the DmDHPAAS crystal structure
(PDB ID 6JRL) onto the newly built model. Partial charges for protein
atoms were assigned using Kollman charges, while LLP and ligands
were assigned with Gasteiger charges, making sure that presented
integer charges were included for all atoms. A grid box
(34 x20x24 A) with 1.0A spacing covered the entire active-site
cavity around LLP. PLIP®® and PyMOL were used to visualize the
docking results.

Molecular dynamics

AeDHPAAS models were compared to DmDHPAAS and DmDDC
structures using molecular dynamics simulations with GROMACS
(version 2021). DmMDHPAAS and DmDDC crystal structures are missing
residues in the disordered 320-350 regions. As a result, Asn327
becomes attached to GIn342 in DmDHPAAS and Val321 becomes
attached to Pro349 during structure preparation for GROMACS.
Therefore, the structures of the disordered 328-341 residues of
DmDHPAAS and disordered residues 322-353 of DmDDC were pre-
dicted by AlphaFold 2 using ColabFold run in ChimeraX®®%; then the
AlphaFold-modeled disordered regions were merged with the corre-
sponding crystal structures in Coot. Refinement of the combined
structures was carried out using Coot and Refmac 5 in the CCP4
package. The AlphaFold-modeled structures, and combined structures
are included as Supplementary Data 1-4. Matching molecular
dynamics simulations of unmodified DmDDC and DmDHPAAS crystal
structures show similar root mean square deviation (RMSD) values
relative to the simulations of crystal structures with combined
AlphaFold-modeled residues (Supplementary Fig. 12). Topology and
parameter files for each structure were generated using the
CHARMMB36 force field®’, while topology and parameter files for
ligands were generated by the CHARMM General Force Field (CGenFF)
program®’, TIP3P (transferable intermolecular potential 3 point) water
molecules were included with neutralization by Na* ions; additional
system setup information is provided in Supplementary Table 3.
Dodecahedron periodic water boxes were simulated with a margin of
1.0 nm. The solvated structure was minimized by the steepest descent
algorithm until the maximum force reached <1000 kJ/mol/nm at
300 K. Equilibration of the complex was performed for 100 ps at 300 K
using V-rescale (modified Berendsen) thermostat with NVT ensemble
(constant number of atoms, volume, and temperature). The system
was then equilibrated for 100 ps at 1atm using the Berendsen algo-
rithm with NPT ensemble (constant number of atoms, pressure, and
temperature). The LINCS algorithm constrained covalent bonds for the
equilibration steps. Long-range electrostatics was calculated by using
the Particle Mesh Ewald (PME) method with a Fourier grid spacing of
1.4 A. After equilibration at 1 bar and 300 K under NPT ensemble with a

time step of 2 fs, production molecular dynamics simulations were run
for 200-500 ns with the time step defined as 2 fs. Trajectories were
saved and XMGRACE was used to analyze results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The crystal structures of Drosophila melanogaster DHPAAS
(DMDHPAAS) and DDC (DmDDC)* have been deposited in the Protein
Data Bank (PDB) with the PDB IDs 6JRL and 3K40. RNA-seq data has
been deposited in the NCBI BioProject database with an accession
PRJNA1130691. AlphaFold models of DmDHPAAS and DmDDC are
included as Supplementary Data 1, 2, respectively. The crystal struc-
tures of DmDHPAAS and DmDDC with AlphaFold-modeled 320-350
regions are included as Supplementary Data 3, 4, respectively. Source
data are provided with this paper.
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