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Abstract

Glycerol-3-phosphate acyltransferases (GPAT) catalyze the initial and rate-limiting step for the de
novo synthesis of triacylglycerol (TAG). Four mammalian GPAT isoforms have been identified:
the mitochondria-associated GPAT1 and 2, and the endoplasmic reticulum(ER)-associated GPAT3
and 4. In the insect Rhodnius prolixus, a vector of Chagas’ disease, we previously predicted

a mitochondrial-like isoform (RhoprGPAT1) from genomic data. In the current study, we clone
the RhoprGPAT1 coding sequence and identify an ER-associated GPAT (RhoprGPAT4) as the
second isoform in the insect. RhoprGPAT1 contributes 15% of the total GPAT activity in anterior
midgut, 50% in posterior midgut and fat body, and 70% in the ovary. The RhoprGpatl gene is

the predominant transcript in the midgut and fat body. To evaluate the physiological relevance of
RhoprGPAT1, we generate RhoprGPAT 1-deficient insects. The knockdown of RhoprGpatl results
in 50% and 65% decrease in TAG content in the posterior midgut and fat body, respectively.
RhoprGpat1-deficient insects also exhibits impaired lipid droplet expansion and a 2-fold increase
in fatty acid p-oxidation rates in the fat body. We propose that the RhoprGPAT1 mitochondrial-
like isoform is required to channel fatty acyl chains towards TAG synthesis and away from
[B-oxidation. Such a process is crucial for the insect lipid homeostasis.
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1. Introduction

The synthesis of triacylglycerol (TAG) is initiated by the acylation of glycerol-3-phosphate
(G3P) with a long-chain acyl-CoA in a rate-limiting step catalyzed by glycerol-3-phosphate
acyltransferase (GPAT). Four GPAT isoforms have been identified in mammals: GPAT1

and 2 are mitochondria-associated proteins, whereas GPAT3 and 4 are located on the
endoplasmic reticulum (ER). The contribution of each isoform to lipid metabolism varies

in a tissue- and nutritionally-dependent manner. GPAT1 activity constitutes about 10% of
total GPAT activity in most of tissues except for liver, where it corresponds to 30-50% of
the total activity [1]. GpatZ~~ mice have reduced body weight, lower hepatic TAG content
and increased hepatic B-oxidation [2]. When fed a high-fat diet, GpatZ~'~ mice resist hepatic
steatosis and maintain enhanced insulin sensitivity [3]. The abundance of GpatZ mRNA is
50-fold greater in testis than in lipogenic tissues [4]; in testis GPAT2 acts to incorporate
arachidonoyl-CoA (20:4) into TAG, thereby regulating the availability of polyunsaturated
acyl-chains within spermatogenic cells [5]. GPAT3 contributes nearly 80% of total GPAT
activity in murine white adipose tissue [6]. GPAT3-deficient animals have reduced fat mass
and increased hepatic TAG and cholesteryl ester content [7]. GPAT4 contributes 40-50% of
total hepatic GPAT activity and is required for the incorporation of exogenous fatty acids
into TAG [2]. GPAT4 is also the major GPAT isoform in brown adipose tissue (BAT), where
it is important in the partitioning of exogenous acyl-CoAs into lipid droplet TAG and away
from mitochondrial g-oxidation [8].

Information about GPAT enzymes is scarce among non-mammalian animals, such as
arthropods. GPAT activity was detected in the Mediterranean fruit fly Ceratitis capitata[9]
and inferred in the tobacco hornworm Manduca sexta based on lipid synthesis measurements
[10]. In the silkworm Bombyx mori, the knockdown of a putative GPAT protein results

in decreased TAG content in pheromone glands [11]. A mitochondrial GPAT activity

was characterized in the shrimp Macrobrachium borelii [12], but the presence of multiple
isoforms remains unknown. The overexpression of Drosophila melanogaster mitochondrial-
like GPAT increases lipid accumulation in larvae salivary glands [13]. Additionally, two
microsomal-like isoforms (dmGPAT3 and 4) were identified in the fruit fly [14], and the
migration of dMGPAT4 from ER to lipid droplets (LDs) is required for LD expansion [15].

In Rhodnius prolixus, a hematophagous insect and vector of Chagas’ disease in Central and
South America, lipids are required not only for basic cellular functions, but also for survival
during prolonged starvation and for reproduction [16,17].

A mitochondrial-like GPAT (RhoprGpatl) gene, predicted from genomic data, was
suggested to initiate the glycerolipid synthesis in the gut and in the fat body — an organ
functionally analogous to both mammalian liver and adipose tissue — after a blood meal
[18]. Here we show that an additional microsomal-like GPAT (RhoprGPAT4) is also present
in this insect. Because RhoprGPAT1 comprised about 50% of total GPAT activity in the
posterior midgut and fat body, was the predominant transcript in both organs, and was
up-regulated after feeding, we hypothesized that RhoprGPAT1 must play a critical role in
TAG synthesis in fed animals. To test this hypothesis, we evaluated lipid metabolism in
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insects after knocking down RhoprGPAT1. Our studies show that the lack of RhoprGPAT1
prevented fatty acid incorporation into TAG and increased fatty acid f-oxidation.

2. Material and methods

2.1. Insects

Insects were taken from a colony of Rhodnius prolixus maintained at 28 °C and 70-75%
relative humidity, and were fed with live-rabbit blood at 3-week intervals [17]. All animal
care and experimental protocols were conducted following the guidelines of the Committee
for Evaluation of Animal Use for Research from the Federal University of Rio de Janeiro
(CAUAP-UFRJ) and the NIH Guide for the Care and Use of Laboratory Animals (ISBN
0-309-05377-3). The protocols were approved by CAUAP-UFRJ. Technicians dedicated to
the animal facility at the Institute of Medical Biochemistry (UFRJ) conducted all aspects
related to rabbit husbandry under strict guidelines to ensure careful and consistent animal
handling.

2.2. Gene identification

Genes were searched in the R. prolixus genome assembly (VectorBase, http://
www.vectorbase.org, R. prolixus CDC annotation, RproC1) by similarity to the
acyltransferase family consensus sequence (Pfam number PF01553) using FAT software
[19]. Identified supercontigs were compared by tBlastn to GPAT protein sequences from
different organisms available in GenBank. Coding region prediction, protein primary
sequence and phylogenetic analyses were performed as described [17]. Subcellular
localization was predicted by PSORT 11 Server [20].

2.3. Rapid amplification of cDNA 5’-end (5’-RACE)

The 5’ end of the RhoprGpat1 was amplified using GeneRacer kit for full-length, RNA
ligase-mediated rapid amplification of 5" and 3" cDNA ends (RLM-RACE, Invitrogen).
Amplification of the full-length cDNA was performed using primers designed for specific
amplification of target genes based on /n sifico predictions and the information obtained
using RACE (Supplementary Table 1). PCR reactions were carried out as described [21].
The full length CDS sequences obtained for RhoprGpat1 or RhoprGpat4 were registered
in the NCBI GenBank database under accession numbers KT328599 and KT328600,
respectively.

2.4. Quantitative PCR (qPCR)

Organs were obtained as described [18], and total RNA was isolated from samples (pools
from 3 to 5 organs), treated with RNase-free DNase | and used to synthesize cDNA. qPCR
was performed using specific primers for the target genes (Supplementary Table 1) [21].
Rhopr18S gene amplification was used for normalization [22]. Primer efficiencies and gPCR
inhibition were determined [23]. Amplification specificity analysis and qPCR controls to
detect contaminations were conducted following the MIQE guidelines [24].
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2.5. GPAT assay

Organs (obtained from 16 to 25 insects) were homogenized in a Potter-Elvehjem tube

(30 strokes) in cold Medium I buffer (250 mM sucrose, 10 mM Tris, pH 7.4, 1 mM

EDTA, 1 mM dithiothreitol). Samples were centrifuged at 3000 g for 15 min at 4 °C, and
total membranes were isolated from the supernatant by centrifuging at 150,000 g for 1

h at 4 °C. sr-[2-3H]glycerol 3-phosphate was synthesized enzymatically [25]. Efficiency
of synthesis reaction was checked by paper chromatography, and obtained [3H]glycerol
3-phosphate was purified by anion exchange chromatography, as described [25]. GPAT
activity was assayed for 10 min at room temperature in a 200 uL mixture containing 3

UCi [3H]glycerol 3-phosphate (specific activity 19 mCi/mmol), supplemented with 800 pM
glycerol 3-phosphate, 80 uM palmitoyl-CoA, 75 mM Tris-HCI, pH 7.5, 4 mM MgCl,,

1 mg/mL fatty acid-free albumin, 1 mM DTT, and 8 mM NaF [26]. After incubating
samples on ice for 15 min in the presence or absence of 2 MM A-ethylmaleimide

(NEM), the reaction was initiated by adding 4-8 g of membrane protein to the assay
mixture. The reaction products were extracted into CHCI3 and 1% perchloric acid as
described [27], and the radioactivity present in the organic phase, was determined by
scintillation counting. >98% of the products extracted in this way were lysophosphatidic
acid and also phosphatidic acid, rapidly synthesized from the former. NEM-resistant activity
(RhoprGPAT1) was calculated by subtracting NEM-sensitive activity (RhoprGPAT4) from
total activity.

2.6. Gene knockdown and insect treatment

dsRNA was synthesized by MEGAScript RNAI Kit (Ambion Inc., Austin, USA) using
primers for RhoprGpat1 specific gene amplification (Supplementary Table 1) [17]. RNAi
specificity was confirmed by off-target search using dsCheck software [28]. Unfed adult
females were injected with 0.5 ug dsRNA [17] and fed 3 days later. Knockdown efficiency
was confirmed in each experiment by qPCR, and knockdown persistence was also
determined (Suppl. Fig. 1). The bacterial MalE gene was used as a control dsRNA [29].

2.7. Phenotypic analyses

Adult females injected with dsSRNA were fed with live-rabbit blood and immediately
transferred to individual vials. The mortality rates and the number of laid eggs were recorded
daily. Protein digestion analysis, enzymatic TAG determination, de novo lipid synthesis
assay, and fatty acid oxidation assay were performed as described [21]. Briefly, for fatty
acid oxidation assay, ten days after blood meal the insects were dissected and five fat bodies
were obtained from each experimental group. Organs were washed in 0.15 M NaCl and
homogenized in a Potter-Elvehjem tube (15 strokes) in 200 uL of cold buffer H (10 mM
Hepes-KOH, pH 7.4, 0.25 M sucrose, 1 mM EDTA, 1 mM DTT) containing 0.002% v/v
protease inhibitor cocktail (Sigma-Aldrich Co., St. Louis, USA). The homogenate (150 ug
protein) was incubated with 8 uCi 3H-palmitate (0.1 pCi/pL; Perkin-Elmer) in 75 mM Tris—
HCI, pH 7.4, 2 mM MgCl,, 2 mg/mL fatty acid free aloumin, 5 mM ATP, 5 mM DTT, 0.2
mM CoASH, 10 mM L-carnitine, 20 mM palmitate (200 pL final volume) at 28 °C for 30
min. Reactions were stopped with 200 pL cold perchloric acid (24%) and incubated at 4 °C
overnight to precipitate palmitate-bound albumin. Supernatants (300 pL) were centrifuged at
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14,000 rpm and 4 °C for 5 min and lipids were extracted into CHCI3 [30]. Radioactivity of
the oxidized products in the aqueous phase was measured using a liquid scintillation counter.

2.8. Lipid analysis

Three days after dSRNA injection, adult females were fed with rabbit blood supplemented
with 32Pi (0.1 UCi/uL of blood; IPEN/CNEM, S&o Paulo, Brazil) and 10 mM EDTA.
Lipophorin was purified from hemolymph collected on the 4th day after feeding and its
density was determined as described [31]. For lipid composition analysis, hemolymph was
collected from dsRNA-injected insects, also on the 4th day after feeding. Samples were
centrifuged at 13,000 g for 5 min to remove cells, and lipids were extracted from the
supernatant as described [30]. Anterior and posterior midguts were dissected on the 2nd day,
when the midgut shows high rates of lipid synthesis and transfer to lipophorin [32]. The laid
eggs were obtained on the 5th day after feeding, from females which were also dissected
for fat body separation. This day was chosen because females have just started to lay eggs,
and the fat body shows increased RhoprGpatl mRNA levels [18]. Organs were washed in
cold 0.15 M NaCl, homogenized with a Potter-Elvehjem tube (25 strokes) in 250 uL of the
same solution, and lipids were extracted. Neutral lipid or phospholipids (PL) were separated
by TLC [33,34]. The plates were stained with copper reagent [35] and the lipid composition
was determined by densitometric analysis using the software TotalLab Quant v11 (TotalLab
Ltd., Newcastle, United Kingdom).

2.9. Nile Red staining of the lipid droplets

Fat bodies were obtained from dsRNA injected insects on the 10th day after feeding (at least
three females from each condition), and stained with Nile Red, as previously described for
R. prolixus lipid droplets analysis [36]. The fat bodies were incubated for 15 min in 0.001%
Nile Red (Sigma-Aldrich) and 40 pg/mL DAPI (Sigma-Aldrich) made up in 75% glycerol.
Tissues were mounted in 100% glycerol and immediately imaged in a Leica TCS-SPE laser
scanning confocal microscope, in two independent experiments. The excitation wavelengths
used were 543 nm for Nile Red and 280 nm for DAPI. Z-stacks were obtained from 20 to
25 optical sections (1.5 pm each) using a 20x objective, and the peripheral regions of the
fat bodies were analyzed. The average diameters of the lipid droplets were obtained from a
representative image of each insect group, using the DAIME image analysis software after
edge detection automatic segmentation [37].

2.10. Statistical analyses

AAC; mean values obtained from gPCR experiments were submitted to Grubb’s test to
detect outliers [38], and the comparison among different conditions was made using One-
way ANOVA followed by Tukey’s multiple comparison test. Differences were considered
significant at £< 0.05. The relative expression values (2724C were used only for graph
construction.

Differences in survival curves were analyzed using the Log-Rank test and considered
significant at £< 0.05. Other results were analyzed by Student’s #test for the comparison of
two different conditions, One-way ANOVA followed by Tukey’s test or Two-way ANOVA
followed by Bonferroni correction for the comparison among more than two conditions.
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Differences were considered significant at £< 0.05. All statistical analyses were performed
using the Prism 5.0 software (GraphPad Software, San Diego, USA).

3. Results

3.1. Gene identification and sequence analyses

Based on the initial sequence predicted for a R. prolixus mitochondrial-like GPAT [18],

we cloned the full-length coding sequence of this gene. The obtained sequence (NCBI
accession number KT328599), renamed as RhoprGPAT 1, differs from a previous report [18]
at the 3"-end (data not shown) and encodes an 818-amino acid protein (Fig. 1A). A second
GPAT isoform, RhoprGPAT4 (NCBI accession number KT328600), was also cloned (Fig.
1). Both proteins contain the four conserved motifs (I-1V) found in the GPAT enzymes

(Fig. 1A and Table 1) [39]. Phylogenetic analysis showed that RhoprGPAT1 is similar to the
mitochondrial GPAT isoforms, whereas RhoprGPAT4 clustered with microsomal isoforms
(Fig. 1B). Although we were unable to identify additional GPAT-encoding genes in R.
prolixus genome, it remains unclear whether other GPAT isoforms could be generated by
alternative mRNA processing. Alternatively, additional GPAT activity could be a result of
unanticipated enzymatic function of other acyltransferase family members.

3.2. RhoprGpatl and 4 genes were differentially regulated

Mammalian GPAT isoforms exhibit tissue-specific transcriptional patterns and are affected
by nutritional status [1]. In R. prolixus, fatty acids derived from dietary lipids are absorbed
by the enterocytes and used for the synthesis of complex lipids, including DAG and

TAG [18, 42]. In the second day after feeding, intestinal biosynthetic activity reaches

its maximal activity and the newly synthesized lipids are transported via hemolymph to
other tissues by lipophorin [32,42,43]. The fat body stores lipids mainly as TAG [18],

with a maximal TAG storage capacity being reached around the 5th day after feeding

[16]. RhoprGpat1 transcription was previously shown to be up-regulated in the anterior
midgut and posterior midgut after the blood meal [18]. To determine whether RhoprGpat4 is
similarly regulated, mRNA abundance was determined in different organs under varying
physiological conditions. Transcripts were measured in the anterior midgut (stomach),
posterior midgut (intestine) and fat body at different days after feeding, including initial

and later stages of digestion and lipid accumulation. On the 4th day after a blood meal, when
most of organs are highly metabolically active, the RhoprGpat4 transcript was less abundant
than that of RhoprGpatI in the posterior midgut and in the fat body (Fig. 2A). However,

the MRNA levels were similar for both genes in the anterior midgut and ovary (Fig. 2A).

In contrast to the RhoprGpatl gene [18], RhoprGpat4 transcription varied neither in tissues
after feeding (Fig. 2B-D) nor during follicle grow and maturation (Fig. 2E), in spite of a
trend of increased RhoprGpat4 transcription observed in the anterior midgut on the day 10
after feeding (Fig. 2B, £=0.09 when compared to unfed insects).

3.3. RhoprGPAT1 and 4 activities exhibited tissue-specific variation

To compare the contributions of RhoprGPAT1 and RhoprGPAT4 to total GPAT activity, we
measured GPAT specific activity in the presence and absence of NEM (A-ethylmaleimide).
NEM inhibits the mammalian GPAT2, 3 and 4 isoforms, but neither mammalian GPAT1 [1]
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nor arthropod mitochondrial GPAT activity [12] is affected. On the 4th day after feeding,
when the analyzed organs are metabolically very active, the NEM-resistant RhoprGPAT1
activity contributed 15% of the total GPAT activity in anterior midgut, approximately 50% in
posterior midgut and fat body, and 70% in the ovary (Fig. 3).

3.4. RhoprGpatl-deficient insects retained NEM-sensitive GPAT activity

Because RhoprGpatl exhibited a nutritionally-regulated expression pattern [18] and
contributed substantially to total GPAT activity in the posterior midgut and fat body,
which are highly committed to lipid biosynthesis (Fig. 3), we predicted that this enzyme
would have a major role in the TAG metabolism. To test this hypothesis, we performed

a dsRNA-mediated knockdown of RhoprGpat1. When compared to control insects, total
GPAT specific activity in the midgut of RhgprGpati-deficient animals on the 2nd day
after feeding was 30% lower, NEM-resistant GPAT activity was reduced by 85%, but
NEM-sensitive GPAT activity remained nearly unchanged (Fig. 4A). In the fat body of
knocked down insects on the 5th day after feeding, total GPAT specific activity was 60%
lower, residual NEM-resistant GPAT activity was present (<10%), and the NEM-sensitive
activity was reduced by 40% (Fig. 4B). These time points were chosen for this comparison
as RhoprGpatl expression is highest at these days in each organ, as previously described
[18].

3.5. RhoprGpatl knockdown affects the expression of lipid-related genes

To determine whether RhoprGpat4 isoform was affected by the absence of RhoprGPAT1,
we measured its mMRNA expression after gene silencing. In the anterior midgut and ovary
of RhoprGpatI-deficient animals, the transcript abundance of RhoprGpat4 was 20% higher
than in control insects (Fig. 5A and D). Significant variations in RhgprGpat4 mRNA levels
were not detected in the posterior midgut and fat body (Fig. 5B and C).

Fatty acids, acyl-CoAs, and their derivatives are endogenous ligands for several transcription
factors that control cellular energy metabolism [44-46]. Because reduced GPAT activity
affects the intracellular content of lipid intermediates, we hypothesized that the RhoprGpat1
knockdown would affect the transcription of genes related to lipid metabolism. Compared to
control animals, in the anterior midgut of RhoprGpati-silenced animals on the 2nd day after
feeding, transcription of the long-chain acyl-CoA synthetase 1 (RhoprAcsli) gene was 50%
higher (Fig. 5A). In the posterior midgut, the acyl-CoA-binding protein 1 (RhoprAcbpl)
mRNA abundance was 40% lower (Fig. 5B). The carnitine palmitoyltransferase 1
(RhoprCptI) gene was affected both in fat body and ovary (2.3-fold increase and 20%
decrease, respectively) on the 5th day after feeding (Fig. 5C-D).

3.6. Inthe absence of RhoprGPAT1, longevity, circulating lipids and oviposition were not
affected
To ascertain the impact of RhgprGpatl knockdown on some physiological parameters of
the kissing bug, we measured the lifespan during a 6-week starvation and the digestive rate
of dsRNA treated animals. Compared to controls, RhoprGPAT 1-deficient animals did not
exhibit any significant changes (Fig. 6A and B).
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Because lipophorin is a major lipoprotein present in the hemolymph of insects [47], we
determined whether its lipid loading would be affected. On the 4th day after feeding the
absence of RhoprGPAT1 changed neither lipophorin density (1.131 + 0.004 and 1.135
+ 0.001 g/mL in control and knocked down insects, respectively) nor hemolymphatic
lipid composition (Fig. 6C and D). Moreover, RhoprGPAT 1-deficiency affected neither
ovipaosition nor the rate of viable nymphs hatching from eggs (Fig. 6E and F).

3.7. RhoprGPAT1-deficiency reduces TAG content

The monthly blood meal drives enterocyte lipogenesis in R. prolixus, in the early days after
feeding, as well as fat body TAG storage and ovarian follicle maturation during subsequent
days [16,18,42,48]. Because our data suggested that RhoprGPAT1 contributes substantially
to lipid synthesis (Fig. 3), we asked whether the knockdown of this protein would alter

the lipid composition of insect organs. In anterior midgut compared to control animals,
phosphatidic acid (PA) content was reduced by 30% (Fig. 7A). Posterior midgut and fat
body exhibited 50% and 65% reductions in TAG content, respectively (Fig. 7B and C). Eggs
laid by knocked down females had a 15% reduction in TAG content (Fig. 7D).

In insects, the fat body is the main organ for lipid storage [49]. To understand how the TAG
content of the fat body changes over time, we measured TAG on different days after feeding.
We found that RhoprGPAT1-deficient fat bodies contained less TAG from day 7 to day 10
after feeding (Fig. 8A), although the protein content was not affected (Fig. 8B). Drosophila
S2 cells contain two populations of TAG-containing LDs, smaller LDs and large, expanding
LDs. Since the density of the large LDs increases under lipogenic stimuli [15,50], we
examined the average size of Nile Red stained LDs to determine whether the knockdown of
RhoprGpat1 affected LD expansion. Compared to unfed animals, fat bodies from fed control
animals had a higher density of large LDs whose average diameter was 7.0 + 4.8 um (Fig.
8C and D, Suppl. Fig. 2). In contrast, on the 10th day after feeding, RhoprGPAT1-deficient
fat bodies had a prevalence of smaller LDs whose average diameter was 4.0 £ 2.0 pm (Fig.
8C and D, Suppl. Movies 1 and 2).

3.8. RhoprGpatl knockdown reduced the incorporation of de novo synthesized fatty acid
into lipids and increased fatty acid oxidation

GPAT1 is linked to de novo lipogenesis in mice hepatocytes by the incorporation of newly
synthesized fatty acids into TAG and PL [2]. Using [®H]acetate, we measured the ability
of RhoprGpatl knocked down insects to synthesize fatty acids de novo and incorporate
them into glycerolipids. In the fat body of RhoprGPAT1-deficient animals, the amount of
[3H]acetate incorporated into lipids was 30% lower than in controls (Fig. 9A).

Previous studies have suggested that GPAT1 competes with CPT1 for acyl-CoA at the outer
mitochondrial membrane [2,51,52]. To examine this effect in the kissing bug, we measured
the oxidation of [3H]palmitate by the fat body. Compared to control animals, the knockdown
of RhoprGpat1 resulted in a 2-fold increase in fatty acid oxidation (Fig. 9B).
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4. Discussion

GPAT isoenzymes catalyze the rate-limiting step in the synthesis of TAG and are important
regulators of lipid homeostasis. Based on their subcellular localization, these proteins are
classified into two distinct groups: the mitochondria- and the microsome-associated GPATS.
In R. prolixus, we found two isoforms of GPAT (RhoprGPAT1 and RhoprGPAT4), encoded
by independent genes (Fig. 1A and Table 1) [18]. Although the presence of another GPAT
gene in R. prolixus cannot be totally discarded, only two genes were found in the insect
genome [53]. Part of the primary sequence of RhoprGPAT1 was previously described and
a phylogenetic analysis revealed that it is closely related to the mammalian mitochondrial
GPAT isoforms [18]. RhoprGPAT4 was grouped among the microsomal isoforms (Fig. 1B
and Table 1). All the other Arthropoda species analyzed also had two GPAT isoforms

and exhibited the same phylogenetic pattern that was observed in R. prolixus (Fig. 1B).
The single exception was D. melanogaster, for which one mitochondrial-like isoform
(DromeGPAT1) and two microsomal-like isoforms (DromeGPAT3 and 4) were reported
[14].

Because S. cerevisiae does not follow this pattern, our data suggest that the divergence
between mitochondrial and microsomal GPATs occurred in the Animalia phylum (Fig. 1B).
Moreover, the presence of two mitochondrial and two microsomal isoforms could be a
result of gene duplication events that occurred after the emergence of chordates (Fig. 1B).
The presence of distinct GPAT isoforms suggests a gain of specialized functions, and this
hypothesis is strongly supported. For example, the absence of GPAT1, but not GPAT4,
results in reduced incorporation of de novo synthesized fatty acids into TAG and increased
B-oxidation in the liver [2]. In 3T3-L1 adipocytes, the knockdown of GPAT3, which is
induced during differentiation, reduces lipid accumulation and downregulates the expression
of adipogenic markers (PPAR~y and SREBP1c). However, a knockdown of the second
microsomal isoform, GPAT4, results in a different phenotype [54].

In R. prolixus, RhoprGpat! is modulated transcriptionally in lipogenic organs [18]. After a
blood meal, the dietary lipids are hydrolyzed in the midgut lumen and released fatty acids
are absorbed by the enterocytes. In these cells, the lipid substrates are channeled for the
synthesis of a variety of glycerolipids via the G3P pathway [18,42] and the biosynthetic
activity seems to be maximal until the second day after feeding [32]. Newly synthesized
lipids are transferred to lipophorin and transported to other tissues, primarily as DAG
[32,42,43]. In the fat body, lipids derived from lipophorin are directed into TAG synthesis
[18], and the maximal TAG level in this organ is observed around the 5th day after feeding
[16]. Since RhoprGpatl transcription in the midgut increases during the first and second
days after feeding [18], concomitant with the use of dietary fatty acids for lipogenesis [42],
and induced later in the fat body [18] at a time of maximal TAG accumulation by the insect
[16], it was suggested that RhoprGPAT1 is important for R. prolixus lipogenesis [18].

Although RhoprGpat1 transcripts showed highest abundance (Fig. 2A), the NEM-sensitive
GPAT specific activity, which probably reflects RhoprGPAT4 activity (Fig. 4), contributed
85% of total GPAT activity in the anterior midgut and nearly 50% in the posterior midgut

and fat body (Fig. 3). A similar discrepancy between mRNA levels and enzymatic activity
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was previously reported for mammalian GPAT isoforms [55], and post-transcriptional
control mechanisms for GPAT activity have been described. Rodent GPATL1 is potentially
activated by phosphorylation by casein kinase 2 [56], whereas AMPK inhibits GPAT1
activity and reduces lipogenesis in rat liver and skeletal muscle [57]. The microsomal GPAT
activity of rat adipose tissue was reported to be inhibited by treatment with PKA and
reactivated by alkaline phosphatase [58]. In D. melanogaster, the intracellular dynamics of
DromeGPAT4 limits its contribution to TAG synthesis. Upon lipogenic stimulus, this protein
relocalizes from the E.R. to LDs and is believed to be required for LDs expansion [15].

The intermediate products in the pathway of TAG synthesis are intracellular signals. GPAT1
overexpression in mouse hepatocytes increases the intracellular content of lysophosphatidic
acid (LPA), PA and DAG, and leads to reduced insulin-stimulated Akt phosphorylation

as well as inhibition of MTORC2 [59]. Moreover, GPAT4-deficient mice have improved
insulin responsiveness because of enhanced association of mTOR/rictor and an increase in
MTORC2 activity [60].

LPA is a ligand for peroxisome proliferator-activated receptor (PPAR) y [61]. Increased
LPA content in GPAT1-overexpressing CHO cells results in PPARy activation, suggesting

a role for LPA in regulating gene expression [44]. In R. prolixus, RhoprGpat1 disruption
resulted in altered expression of Acs/1, Acbpl, and Cptl (Fig. 5). Although the mechanism
underlying this effect remains unclear, it is possible that changes in lipid intermediates in
insects affects the activity of transcriptional factors that regulate lipid-related genes. The
physiological function of RhoprACSL1 remains unknown, however a second ACSL isoform,
RhoprACSL2, is required for the activation of a long chain fatty acid pool directed to
[B-oxidation in the fat body of R. prolixus [21]. The acyl-CoA-binding protein RhoprACBP1
contributes to the incorporation of fatty acid chain into TAG in the fat body [62]. Together
with RhoprCPT1, likely to act as a regulator of fatty acid oxidation, the transcriptional
modulation of these genes may affect the lipid homeostasis in the insect.

GPAT1 and its orthologues among different species have emerged as the main contributors
for the production of the LPA pool used in TAG synthesis in liver and also in analogous
organs, such as the crustacean hepatopancreas. In mice, GPAT1-deficiency reduces

hepatic and plasma TAG levels and decreases VLDL secretion [51]. Conversely, GPAT1
overexpression increases the intracellular content of TAG [63,64]. In the shrimp M. borellii,
a GPAT1-like isoform was identified in the hepatopancreas and was correlated with lipid
synthesis in this organ [12]. The knockdown of RhoprGpatl in R. prolixusresulted in 65%
decrease in TAG content in the fat body, 30% in posterior midgut, and 15% in eggs (Fig.

7). Additionally, RhoprGPAT1 deficiency impaired the ability of insects to accumulate TAG
stores after feeding (Fig. 8A). Defective TAG accumulation was also evident in fluorescent
microscopy experiments, in which the average diameter of LDs in the fat body of fed
animals was greatly diminished in the absence of RhoprGPAT1 (Fig. 8C and D). Both

the TAG content and the average LDs diameter of fed RhoprGpati-deficient insects are
comparable to those found in unfed animals (Fig. 8A, C, and D, Suppl. Fig. 2). Thus,
RhoprGPAT1 is required in the fat body for de novo glycerolipid synthesis triggered by
feeding.
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GPAT1 localizes to the outer mitochondrial membrane where it can compete directly with
CPT1 for long-chain acyl-CoA substrates. Therefore, GPAT1 might channel fatty-acid
derivatives preferentially toward glycerolipid synthesis, counteracting their partitioning

into the B-oxidation pathway [51,64]. In agreement with this hypothesis, GPAT1-deficient
mice show reduced TAG content and increased fatty acid oxidation [2,3], and GPAT1
overexpression in rat hepatocytes doubles exogenous incorporation of fatty acids into TAG
and causes a 40% decrease in B-oxidation [63]. Overexpression of GPAT1 also results in
10-fold increase in liver TAG and DAG content and a 25% decrease in lipid oxidation [65].
It is noteworthy that similar results were not found in GPAT4~/~ mice [2], suggesting that the
location of GPAT isoforms is a determinant for their roles in partitioning substrates between
TAG synthesis and mitochondrial p-oxidation. In the fat body of R. prolixus, the knockdown
of RhoprGpat1 resulted in 30% decrease in de novo lipid synthesis and 2-fold increase in
fatty acid oxidation (Fig. 9).

Our data demonstrate that the mitochondrial-like RhoprGPAT1 isoform regulates lipid
metabolism in the fat body of R. prolixus after feeding by controlling fatty acid partitioning
towards TAG synthesis and away from oxidation. As a novel finding among invertebrate
species, this work provides key insights to understand the evolution and functions of GPAT
enzymes in animals.
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Fig. 1.

ngain structure and phylogenetic analysis of GPAT proteins. (A) R. prolixus GPAT
proteins. Red, yellow, blue and green boxes, motifs I1-1V, respectively. Numbers indicate
amino acid positions. (B) Amino acid sequences of GPAT from different organisms (38
taxa) were aligned and the dendrogram was constructed using MEGA 4.0 software with
the Maximum Parsimony algorithm and a Bootstrap of 1000 replications. All positions
containing gaps and missing data were eliminated from the dataset (Complete Deletion
option). The final dataset contained 333 informative positions. The numbers at the
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branching points are Bootstrap values. The accession numbers of the protein sequences
used in these analyses are presented in Supplementary Table 2. Acypi, Acyrthosiphon
pisunt, Aedae, Aedes aegyptf, Anoga, Anopheles gambiae; Apime, Apis melifera; Bommo,
Bombyx mori, Camfl, Camponotus floridanus, Danre, Danio rerio, Drome, Drosophila
melanogaster, Homsa, Homo sapiens, Musmu, Mus musculus, Nasvi, Nasonia vitripennis,
Rhopr, Rhodnius prolixus, Sacce, Saccharomyces cerevisiae, Trica, Tribolium castaneur,
Xenla, Xenopus laevis.
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Fig. 2.
RhoprGpatl and RhoprGpat4 are differentially expressed. At the fourth day after blood

meal, anterior midgut (AM), posterior midgut (PM), fat body (FB) and ovary (OV) were
dissected from adult females and RAoprGpatl and RhoprGpat4 mRNA expression levels
were determined by qPCR (A). Alternatively, anterior midgut (B), posterior midgut (C) and
fat body (D) were obtained from adult females before feeding (day 0) or on different days
after blood meal. Follicles of different lengths (E) were isolated from females on day 4 after
a blood meal. Differences between RhoprGpat4 cDNA levels were determined by gPCR
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analysis. mMRNA expression levels are relative to RhoprGpat4 transcripts in the anterior
midgut (A), in unfed insects (B-D) or 0.5 mm follicles (E), set as 1.0. The results represent
the means + S.E.M. of 3-4 independent experiments. Where not seen, error bars are smaller
than the symbols. (***): < 0.001 compared to RhoprGpatl values by one-way ANOVA.
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Fig. 3.

Ri?oprGPATl and RhoprGPAT4 have differential activity among tissues. Anterior and
posterior midgut, fat body and ovary were obtained from adult females four days after
blood feeding. Cellular membranes were isolated and samples (4-8 pg) were assayed for
GPAT activity. Total, A-ethylmaleimide (NEM) resistant, and NEM sensitive GPAT specific
activity were determined. The results represent the means + S.E.M. (n = 4 biological
replicates in 2 assay runs). AM: anterior midgut; PM: posterior midgut; FB: fat body; OV:
ovary.
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Fig. 4.

RhoprGpat1 knockdown reduces NEM resistant GPAT activity. Fasted adult females were
injected with dsRNA for RhoprGpat1 or Mal (control) genes. Insects were fed on the

third day after injection. Midgut (anterior and posterior portions) (A) and fat body (B)
were obtained on the 2nd and 5th day after feeding, respectively. Cellular membranes were
isolated and samples (4-8 ug) were assayed for GPAT activity. Total, A-ethylmaleimide
(NEM) resistant, and NEM sensitive GPAT specific activity were determined. The results
represent the means = S.E.M. (n = 3 biological replicates in 2 assay runs).
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Fig. 5.

Ef%ect of RhoprGpatl knockdown on the expression of lipid-related genes. Fasted adult
females were injected with dsRNA for RhoprGpatl or Mal (control) genes. Insects were

fed on the third day after injection. Anterior (A) and posterior (B) midguts were obtained
on the 2nd day after feeding. Fat body (C) and ovary (D) were obtained on the 5th

day after feeding. Differences between cDNA levels were determined by qPCR analysis.
MRNA expression levels are relative to those from control insects (dashed lines). The
results represent the means + S.E.M. of 4 independent experiments. (*) and (**): P<

0.05 and P b 0.01, respectively, compared to reference values by Student’s #test. GpatI:
glycerol-3-phosphate acyltransferase 1; Gpat4: glycerol-3-phosphate acyltransferase 1; Acc:
acetyl-CoA carboxylase; Acs/Z: long-chain acyl-CoA synthetase 1; Acs/2. long-chain acyl-
CoA synthetase 1; Acbpl: acyl-CoA-binding protein 1; Dgat. diacylglycerol acyltransferase;
Cpt1: carnitine palmitoyltransferase 1.
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Fig. 6.

Li%espan, digestion, circulating lipids, and oviposition are not affected by RhoprGpat1
knockdown. Fasted adult females were injected with dsRNA for RhoprGpatl or Mal
(control) genes. Insects were fedon the third day after injection. (A) Insect mortality was
followed (n= 12 insects, in 2 independent experiments). (B) The amount of total protein
in the midgut was determined at different days after the blood meal. Results are means
+ S.E.M. (n = 8 insects in 3 independent experiments). (C) Hemolymph was collected
on the 4th day after feeding and lipophorin density was determined. Alternatively, lipid
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composition of hemolymph was determined by TLC (D). Results are means + SSEIM.,n=3
independent experiments. HC: hydrocarbon; CE: cholesteryl ester; TG: triacylglycerol; ND:
not determined; FA, fatty acid; DG, diacylglycerol; CH, cholesterol; MG, monoacylglycerol;
PL: phospholipid. (E) Cumulative oviposition was followed. Results are means + S.E.M., n
= 22 insects, in 4 independent experiments. (F) The eggs were collected after oviposition
and the egg hatching percentage was determined (n = 460 eggs, in 2 independent
experiments).
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RhoprGpat knockdown reduces TAG content in the posterior midgut and fat body.
Fasted adult females were injected with dsRNA for RhoprGpat1 or Mal (control) genes.
Insects were fed on the third day after injection. Anterior midgut (A) and posterior
midgut (B) were dissected on the 2nd day after feeding. Fat body (C) and laid eggs

(D) were obtained on the 5th day after feeding. The composition of neutral lipids (left
panels) and phospholipids (right panels) were determined by TLC. Results are means +
S.E.M., n = 3 independent experiments. (*): £< 0.05 compared to control values by
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Student’s #test. CH, cholesterol; DG, diacylglycerol; FA, fatty acid; HC, hydrocarbon; MG,
monoacylglycerol; N.D., not determined; PA, phosphatidic acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; P1, phosphatidylinositol; PS,
phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alves-Bezerra et al. Page 28

>
o1)

g
g

1 dsMal 3 dsMal
300/ @l dsGpatl 500 @@ dsGpatl
© = 250 —
X 3 ]
o O S O
> 2 2004 % S % D =2
2 ¥ 150 B & 3001
g3 & S0
‘= = 100 2
s = =
50+ 100
04 l 0
(i} 5 7 10 ()} 5 7 10
Days after feeding Days after feeding
C .
Nile Red DAPI Merge
‘©
=
)
o
30pm
i
—
]
o
O
2]
o]
30um
D u
12 O dsmal
T Ml dsGpatl
=, 104
e
g 8-
‘; e ok
£ 6
K
T 4
8
2-
0 T T
0 10
Days after feeding
Fig. 8.

TAG accumulation after feeding is dependent on RhoprGPAT1. Fasted adult females were
injected with dsRNA for RhoprGpat1 or Mal (control) genes. Insects were fed on the third
day after injection. Insects were dissected before feeding (day 0) or at different days after
the blood meal. The amount of triacylglycerol (A) and protein (B) was determined in the
fat body. Results are means + S.E.M., n = 9-12 insects, in 3 independent experiments.

(*) and (**): P<0.05 and £< 0.01, respectively, when compared to control values by
two-way ANOVA. Nile Red stained-lipid droplets and DAPI-stained nuclei were imaged
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from optical sections of fat bodies dissected from control and RAoprGpati-silenced females
before feeding (day 0) or on the 10th day after feeding. (C) Representative images from fat
bodies on the 10th day after feeding. Scale bars = 30 pm. (D) The average lipid droplet
diameter was determined from the images shown in panel C (10th day after blood meal) and
in Supplementary Fig. 2 (day 0). Results are means + S.D., from at least 500 lipid droplets.
(***): P<0.001 when compared to control by two-way ANOVA.
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Fig. 9.

RhoprGpat1 knockdown decreases de novo synthesis of lipids and increases fatty acid
oxidation in the fat body. Fasted adult females were injected with dSRNA for RhoprGpat1
or Mal (control) genes. Insects were fed on the third day after injection. Fat bodies obtained
at the 10th day after feeding were incubated with [3H]-acetate to measure its incorporation
into lipids (A). Alternatively, fat bodies were homogenized and incubated in the presence of
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[3H]-palmitate to measure lipid oxidation (B). Results are means + S.E.M., n = 8-9 insects
in 3 independent experiments. (*): A< 0.05 when compared to dsMal by Student’s £test.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 February 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Alves-Bezerra et al.

Table 1

Acyltransferase motifs in GPATS.
Protein Motif | Matif 11 Motif 11 Motif IV
SacceSct1p CAPHANQFIDPA GGIPVPRIQ F PEGGSHDR  VAVVPCGLHY
SacceGpt2p AAPHANQFVDPV  MAIGVVRPQF  PEGGSHDR VKIVPCGMNY
RhoprGPAT1  LPLHRSHIDYIAV  LGAFFIKRRI FFIEGGRTR ALLVPVSVNYE
DromeGPAT1  VPLHRSHLDYIMV LGAFFIKRKIF  FIEGGRTR  ALLVPVSVNYE
HomsaGPAT1  LPVHRSHIDYLLL LGGFFIRRRL I FLEGTRSR  ILIIPVGISYD
MusmuGPAT1 LPVHRSHIDYLLL LGGFFIRRRL I FLEGTRSR  ILVIPVGISYD
HomsaGPAT2  LSTHKTLLDGILL  LGGLFLPPEAI  FLEEPPGA  ALLVPVAVTYD
MusmuGPAT2 LSTHKSLLDGFLL LGGLFLPPEVI  FLEEPPGS  ATLVPVAIAYD
RhoprGPAT4  VANHTSPIDALIL  PQIWFERSEV IFPEGTCIN  GIIYPVAIKYD
DromeGPAT3  VANHTSPIDVLVL  PHIWFERGEA| FPEGTCIN  GVIYPVAIKYD
DromeGPAT4  VANHTSPIDVLVL  PHIWFERGEA| FPEGTCIN  GVIYPVAIKYD
HomsaGPAT3  VANHTSPIDVLIL ~ PHVWFERSEM | FPEGTCIN  GTIHPVAIKYN
MusmuGPAT3 VANHTSPIDVLIL ~ PHVWFERSEII  FPEGTCIN  GTIYPVAIKYN
HomsaGPAT4  VANHTSPIDVIIL PHVWFERSEV | FPEGTCIN  ATVYPVAIKYD
MusmuGPAT4 VANHTSPIDVIIL PHVWFERSEV | FPEGTCIN  ATVYPVAIKYD

Page 32

GPAT sequences were aligned using the ClustalW algorithm. Grey boxes: highly conserved residues function (Based on Refs. [39-41]). Accession
numbers of analyzed sequences are provided in Supplementary Table 2. Sacce, Saccharomyces cerevisiae, Rhopr, Rhodnius prolixus, Drome,
Drosophila melanogaster, Homsa, Homo sapiens, Musmu, Mus musculus.
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