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Abstract

Hemoglobin digestion in the midgut of hematophagous animals results in the release of its prosthetic
group, heme, which is a pro-oxidant molecule. Heme enzymatic degradation is a protective
mechanism that has been described in several organisms, including plants, bacteria, and mammals.
This reaction is catalyzed by heme oxygenase and results in formation of carbon monoxide, ferrous
ion, and biliverdin IXa. During digestion, a large amount of a green pigment is produced and secreted
into the intestinal lumen of A. aegypti adult females. In the case of another blood-sucking insect, the
kissing-bug Rhodnius prolixus, we have recently shown that heme degradation involves a complex
pathway that generates dicysteinyl-biliverdin IX gamma. The light absorption spectrum of the
Aedes purified pigment was similar to biliverdin, but its mobility on a reverse-phase chromatography
column suggested a compound less hydrophaobic than biliverdin 1Xa. Structural characterization by
ESI-MS revealed that the mosquito pigment is the o isomer of biliverdin bound to two glutamine
residues by an amide bond. This biglutaminyl-biliverdin is formed by oxidative cleavage of the heme
porphyrin ring followed by two subsequent additions of glutamine residues to the biliverdin IXo.
The role of this pathway in the adaptation of this insect vector to a blood-feeding habit is discussed.
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Dengue fever, associated with dengue hemorrhagic fever (DHF), is the most prevalent vector-
borne viral disease affecting humans, transmitted mainly by the mosquito Aedes aegypti (1).
The ability of A. aegypti females to transmit these viruses from one vertebrate host to another
is strictly related to their hematophagous habit. Ingestion of a blood meal triggers intense
protein digestion which takes place in the lumen, providing nutrients required for oogenesis
(2) but also leading to the release of high amounts of free heme due to host hemoglobin
proteolysis.
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Heme is potentially toxic due to its capacity to promote the generation of reactive oxygen
species (ROS) (3). Being an amphiphilic molecule, heme can also insert itself into phospholipid
bilayers, leading to destabilization of membrane structure and cell lysis (4). Blood-sucking
arthropods present a complex array of heme detoxification and antioxidant mechanisms (5)
that allow them to counteract free heme cytotoxicity and adapt to hematophagy. These include
heme-binding proteins in the hemolymph of kissing-bugs (6) and ticks (7), high levels of
antioxidant enzymes in the midgut of Rhodnius prolixus (8), and aggregation of heme in the
midgut of this kissing-bug (9) and ticks (10,11). In A. aegypti, the peritrophic matrix, an
extracellular layer that is secreted by the midgut cells and separates the meal from the midgut
epithelium, acts as a protective mechanism by binding free heme released during digestion
(12). Recently, an Aedes aegypti peritrophin — a protein component of the peritrophic matrix
— has been shown to be a heme-binding protein (13).

From mammals and plants to bacteria and yeast, most organisms deal with heme toxicity by
means of degradation by heme oxygenase (HO) (14). The conversion of heme into biliverdin
IXa, CO and Fe2* by HO proceeds by a multistep mechanism that involves rapid hydroxylation
at the meso-carbon of the porphyrin ring, oxygen-dependent elimination of the hydroxylated
meso-carbon as CO producing a-verdoheme, and oxidative cleavage of a-verdoheme to
biliverdin IXa, in a reaction dependent on reducing equivalents and O,, with concomitant
release of Fe2* (15). In mammals, biliverdin is further reduced, by biliverdin reductase, to
bilirubin (16), which circulates in plasma bound to albumin and is taken up by the hepatocyte
and finally is excreted into the bile mainly as bilirubin glucuronide conjugates (17).

We have recently shown that in the blood-sucking hemipteran insect, Rhodnius prolixus, heme
oxidative degradation is mechanistically distinct from the well characterized reaction catalyzed
by canonical HO. It involves an initial step of modification of heme by addition of two
cysteinylglycine residues prior to cleavage — at the gamma position instead of the usual alpha
meso-carbon — of the porphyrin ring, followed by proteolytic trimming of these dipeptides, to
produce dicysteinyl-BV IX as the main end-product (18). The present work describes the heme
degradation pathway in the mosquito A. aegypti and shows that — in contrast to the R.
prolixus — this involves oxidative cleavage of heme without previous modification, in the o
meso-carbon. However, distinct from all other previously described organisms, the biliverdin
produced by this reaction is further modified by conjugation of two glutamine residues, leading
to the formation of an excretable biglutaminyl-biliverdin IXa.

EXPERIMENTAL PROCEDURES

Chemicals

Hemin (Fe(l11) protoporphyrin IX chloride), Fe(111)-mesoporphyrin IX and biliverdin 1Xo were
purchased from Frontier Scientific (Logan, UT). Biliverdin IXy was kindly provided by Dr.
Boris Dunkov (University of Arizona, Tucson, AZ).

Mosquitoes and pigment extraction

Aedes aegypti (RED strain) were from a colony kept at the Universidade Federal do Rio de
Janeiro, Instituto de Biofisica Carlos Chagas Filho. They were maintained at 28 °C + 1 °C and
75 to 80% relative humidity, with a 12 h light/dark photoperiod. Larvae were fed with dog
chow pellets (Purina) and adults were offered 10% sucrose ad libitum. Three to five days after
emergence females were used in the experiments.

For pigment identification and purification, females were fed with rabbit blood. In artificial
feeding, meals were offered through a Parafilm membrane stretched across the bottom of a
water-jacketed glass feeder apparatus kept at 37 °C adapted from (19). Stock 5 mM hemin (Fe
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(111) protoporphyrin IX chloride), Fe(l11)-mesoporphyrin 1X or biliverdin 1Xa solutions were
freshly prepared in 0.1 N NaOH. These solutions were neutralized by adding four volumes of
0.1 M sodium phosphate, 0.15 M NacCl, pH 7.4. In order to feed insects, these porphyrin
solutions were then mixed with blood or plasma to achieve the desired concentration. Biliverdin
IXy was a gift from Dr. Boris Dunkov.

Female midguts were dissected under 50% ethanol, transferred to 10 mM sodium phosphate,
0.15 M NacCl, pH 7.4 (PBS), homogenized and centrifuged for 15 min at 12,000 X g.
Supernatants were dried under vacuum using a speed-vac system (model SC 110, Savant-NY,
USA), kept protected from light, and stored at -20 °C until use.

HPLC fractionation and light absorption spectra

HPLC was performed on a Shimadzu CLC-ODS C18 column (15mm x 22cm) using a
Shimadzu LC-10AT device (Tokyo, Japan), equipped with a diode array detector (SPD-
M10A). Chromatography analysis was performed using 5% acetonitrile with 0.05%
trifluoroacetic acid (TFA) as solvent, at a flow rate of 0.4 ml/min. Before injection, dried
midguts homogenates were diluted in 20% acetonitrile with 0.05% TFA and centrifuged for
15 min at 12,000 X g. Ten minutes after sample injection a 40 min linear acetonitrile gradient
(5-80%) was applied, followed by 20 min of 80% acetonitrile. Light absorption spectra were
recorded during the chromatography by the HPLC diode array detector.

Electrospray ionization mass spectrometry (ESI-MS)

Mass spectra were obtained in the positive-ion mode using a Finnigan LCQ-Duo ion trap mass
spectrometer (Thermo Electron Co., San Jose, CA). HPLC fractions were prepared in 50%
acetonitrile, 0.1% formic acid. Heme stock solutions were made in 100% DMSO and diluted
in 50% methanol immediately before use. Samples were introduced into the electrospray source
by injection through a 50-Xm internal diameter fused silica capillary at a 5 pl/min flow rate.
ESI source and capillary voltages were set at 36-46 V and 4.5 kV, respectively; the capillary
temperature was 250 °C. Spectra were acquired at 3 s/scan. Collision-induced fragmentation
(tandem ESI-MS) of parent ions was carried out using a relative collision energy of 30-50%
(1.5-2.5eV). Source-induced dissociation (SID) (cone fragmentation) was achieved by
applying a cone fragmentation voltage of 92 V.

N-acetylation of free amino groups of A. aegypti biliverdin

Authentic biliverdin IXa and purified A. aegypti biliverdin (AaBV) were resuspended in pre-
cooled 100 uL. 1 M NH4OH. After addition of 2.5 ul acetic anhydride, samples were incubated
for 10 minat4 °C. This step was repeated 2 times. After incubation at 25 °C for 30 min, samples
were dried under vacuum and resuspended in 5% acetonitrile, 0.1% formic acid for ESI-MS
analysis.

Methylation of carboxyl groups of biliverdin

Biliverdin 1Xao and purified AaBV were resuspended in 100 ul NH4OH. After addition of 100
ul 100% methanol, samples were incubated for 1 h at 37 °C. Samples were dried under vacuum
and washed two times with 100 ul 100% methanol. The precipitates were resuspended in 100
ul of methanol and incubated for 1 h at 75 °C. After addition of tert-butanol (20 pl), samples
were dried under vacuum and resuspended in 50% acetonitrile, 0.1% formic acid for ESI-MS
analysis.
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RESULTS

Purification and identification of green pigment

Digestion in the mosquito midgut lumen shows maximum proteolysis of host blood proteins
by 24 h following feeding (20). Interestingly, the water-soluble fraction of the midgut contents
shows an intense modification in color during the course of digestion; changing from bright

red, typical of hemoglobin, to a green color, suggesting degradation of heme to a bilin pigment
(Figures 1A and B).

In order to characterize the A. aegypti green pigment, we analyzed the midgut homogenates
by reverse-phase HPLC (Figure 1C). One of the major peaks displayed a light-absorption
spectrum similar to that of biliverdin IXa, with two Amax at 379 nm and 690 nm (Figure 1D).
However, this component was eluted with a lower retention time than BV 1Xa, suggesting a
compound more hydrophilic than BV IXa (Figure 1C), the product of heme degradation
catalyzed by most HO enzymes (14).

Feeding mosquitoes with plasma drastically reduced the amount of green pigment in the midgut
when compared to insect fed on blood (Figures 2B and A, respectively). Addition of heme to
plasma, in a concentration twenty-fold lower than that found in host blood, partially reversed
this effect (Figure 2C). This result strongly suggests that the green component present in the
insect midgut is a degradation product of heme from the blood meal.

Structural characterization of A. aegypti biliverdin

Purified AaBV was analyzed by ESI-MS. This molecule showed a molecular mass (M) of
838.3 Da ([AaBV + H]* at m/z 839.3) (Figure 3B), higher than that of biliverdin 1Xa ([BV
IXo + H]* at m/z 583.2) (Figure 3A). Analysis of AaBV sequential fragmentation by tandem
ESI-MS produced an ion species at m/z 711, by removal of a 128 Da residue (Figure 3C). The
subsequent fragmentation of this species produced a daughter-ion species with the same
molecular mass as BV 1Xa (m/z 583.2), again by the loss of a 128 Da fragment (Figure 3D).
These results demonstrated that AaBV consists of a BV 1X coupled to two residues of 128 Da.

In order to definitively prove that the green pigment produced by the mosquito during blood
digestion was a BV 1Xa, we compare the tandem ESI-MS profile of BV IXa with that of the
ion species at m/z 583 produced by AaBV sequential fragmentation (Figure 4). A daughter-ion
species at m/z 297 was produced by AaBV fragmentation (Figure 4A). This ion species is
typically produced by the fragmentation of the a isomer of BV 1X (21,18) (Figure 4B). In
contrast, the y isomer of BV 1X, produced by some insects (22), generates a different spectrum,
with a characteristic daughter-ion species at m/z 402 (18) (Figure 4C). The structure of both
BV isomers and the assumed fragmentation pattern are shown as insets (Figures 4B and C).

Analysis and identification of the two 128 Da fragments

Based on these results, we concluded that the AaBV is the o isomer of BV modified by two
fragments of 128 Da. According to the solubility of the pigment and to molecular mass of the
residues, it was plausible that these fragments were amino acids, since they have charged groups
and compatible molecular mass. Among them, two amino acids presented molecular mass of
128 Da (or 146 Da for the hydrated molecule, m/z 147): glutamine and lysine. The glutamic
acid, with molecular mass of 129 Da (or 147 Da for the hydrated molecule, m/z 148), would
be a less feasible candidate since the addition of two glutamic acids to BV 1Xa would result
in a compound with molecular mass of 840 Da, higher than that of AaBV.

Cone fragmentation of AaBV produced ion species with m/z at 147 (data not shown). When
fragmented and analyzed by tandem ESI-MS, this ion species produced, among other
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fragments, a daughter-ion at m/z 101 (Figure 5A). The same species was produced by glutamine
fragmentation but not from lysine (Figure 5B and C, respectively). In fact, the fragment at m/
z 101 is considered a signature of glutamine when analyzed by ESI-MS fragmentation (23).
Lysine fragmentation did not share any common major ion with the species at m/z 147 produced
from AaBV (Figure 5C). None of the ion species produced by fragmentation of glutamic acid
were found in AaBV fragmentation profile (data not shown). This result indicated that AaBV
was likely to be produced by the attachment of two glutamine residues, resulting in a
biglutaminyl-biliverdin.

Identification of the chemical groups involved in the covalent attachment of glutamine to

biliverdin

To confirm this unusual biliverdin modification and to better investigate the nature of AaBV,
females were fed with plasma supplemented with a heme analog, Fe(l11)mesoporphyrin IX,
whose vinyls are substituted by ethyl groups. The resulting product showed an elution time in
the reverse-phase HPLC and light absorption spectrum (Figure 6B) close, but not identical, to
AaBV, the molecule produced by feeding insects with blood or plasma plus heme (Figure 6A).
ESI-MS analysis of mesoheme derived molecule showed ions species at m/z 843.3 (M = 842.3
Da) that corresponds to mesoAaBV (Figure 6D). The differences observed in the molecular
mass between mesoAaBV and AaBV were due to the four extra hydrogens from the ethane
residues present in the former molecule (Figure 6D and C, respectively). These results
demonstrated that this insect is able to catalyze the oxidative cleavage of the mesoheme
porphyrin ring generating mesoBV, and further modify this molecule by addition of the two
glutamines. Furthermore, they showed that glutamine linkages in AaBV do not involve the
vinyl groups of BV IX tetrapyrrol. Based on the previous results, we hypothesized that BV IX
carboxyl propionates were involved in glutamine linkage.

In order to definitely characterize residues of BV IXa involved in the binding of glutamine
residues, methylation and acetylation reactions were carried out to identify free carboxyl and
amine groups, respectively (Figure 7). Methylation of glutamine increased its molecular mass
by addition of two methyl groups, resulting in m/z at 175.9 (Figure 7A). This was expected,
since under the methylation assay conditions — high temperature in acid medium — the amide
groups can be converted into carboxyl groups (24). When submitted to methylation, only two
methyl groups were added to BV 1Xa, corresponding to the modification of the two propionate
carboxyl free groups (data not shown). In contrast, methylation of AaBV produced four methyl
additions (m/z at 897.3): two bound to the glutamine carboxyl groups and two bound to the
amide-derived carboxyls of both glutamines (Figure 7B). If propionate carboxyl groups were
also free in AaBV, as they are in BV 1Xa, this reaction would result into addition of six methyl
groups. These data supported the involvement of biliverdin propionate groups in glutamine
attachment. No modification of AaBV molecular mass after acetylation reaction was observed,
indicating absence of free amine groups (Figure 7C). This result confirmed that amine groups
of glutamine were involved in the binding of BV to these aminoacid residues through an amide
bond, and discards definitively the participation of lysine in AaBV structure. A positive control
of the reaction was performed by acetylation of the aminoacid lysine (Figure 7D). The proposed
structure for AaBV is shown in Figure 9.

AaBV formation pathway

In order to observe the addition of the two glutamine residues to the BV in the mosquito midgut,
adult females were fed on plasma supplemented with BV 1Xa. Reverse phase-HPLC
fractionation of insect midgut homogenates revealed the presence of a molecule with the same
elution time as AaBV (Figure 8A). Both molecules have the same light absorption (data not
shown) and ESI-MS spectra (Figures 3B and 8B). Moreover, ESI-MS analysis of a minor peak
that was eluted between AaBV and BV 1Xa revealed a compound with m/z at 711 (M =710
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Da) (Figure 8C), which corresponds to the precise molecular mass of a biliverdin 1X linked to
one residue of glutamine (monoglutaminyl-BV). Its tandem ESI-MS profile revealed a
daughter-ion species at m/z 583 (identical to the singly-charged BV 1Xa species; Figure 3A),
generated by the loss of a 128 Da fragment that corresponds to a glutamine residue (Figure
8D). The ion species at m/z 583 was identified as the o isomer of BVIX by subsequent
fragmentation (MS?®) (Figure 8E). These data demonstrated that BV 1Xa is modified by two
sequential additions of glutamine residues. The proposed AaBV biosynthesis pathway is
represented schematically in Figure 9. The posibility that the two glutamine residues are
tandemly linked to one of the propionate of the biliverdin IX can not be excluded. However,
this structure seems to be less plausible due to the fact that we could not found any of the
specific fragments that would be generated by fragmentation of this molecule by ESI-MS (data
not shown).

DISCUSSION

Here, we have characterized a unique heme degradation pathway found in the mosquito A.
aegypti, one of the major vectors of dengue virus. We show that, in this mosquito, heme
detoxification initiates by the HO reaction, followed by sequential addition of two glutamines
to the biliverdin IX o produced by HO. This pathway is clearly distinct from the one identified
by our group in another hematophagous insect, the hemipteran R. prolixus (18), as well as it
is different from the mammalian mechanism of disposal of excess bilin. The end product of
heme degradation in R. prolixus is a y-biliverdin with two cysteine residues attached to the
vinyl groups and the heme molecule is initially modified prior oxidative cleavage of the
porphyrin. In mammals, biliverdin is eventually converted to the hydrophaobic bilirubin that,
when found in high concentrations, can be extremely toxic. The insoluble bilirubin, is modified
by mono- and bi-glucuronidation in the liver, to make a soluble compound that can be excreted
along with the feces and the bile. Deleterious consequences of accumulation of these pigments
are illustrated by diseases such as the Crigler-Najar Syndrome, where failure in bilirubin
conjugation to glucuronic acid causes jaundice and severe neurological disorders (3,25). The
common trend between biliverdin modifications produced by A. aegypti and R. prolixus — and
mammals as well — is the necessity to turn these molecules more soluble and easier to be
excreted. Considering that the habit of blood feeding evolved independently several times in
different groups of hematophagous arthropods (26), these modifications could represent an
evolutive convergence to avoid membrane disturbance and cytotoxicity caused by hydrophaobic
bile pigments. Taken all together, these results point out that the toxicity of high amounts of
bilin pigments may be seen as a selective pressure that ultimately led to the development of
mechanisms to allow efficient disposal of these compounds as part of the adaptation of these
animals to a blood feeding way of life.

Although we were not able to find BV 1Xa in the midgut of Aedes, the fact that feeding A.
aegypti female with plasma and BV 1Xa led to a monoglutaminyl-BV accumulation — besides
biglutaminyl-BV - suggests that BV 1Xa is an intermediate in the mosquito pathway. This
result supported the conclusion that this pathway has a regular heme oxygenase activity as its
initial step, implying an enzyme similar to that found in most organisms. This is consistent
with the finding of a gene with high degree of similarity with a heme oxygenase in the recently
released Aedes genome (GenBank accession number: AY433250). Feeding with plasma and
Fe(lI)mesoporphyrin IX demonstrated that the enzyme responsible for the heme degradation
in A. aegypti was able to catalyze this reaction in the absence of vinyl groups. Crystal structure
of mammalian heme oxygenase-1 shows that charge interactions of propionate groups are very
important in the correct orientation of the heme, placing the a-meso carbon in the position for
hydroxylation. In contrast, vinyl and methyl heme substituents appeared not to be important
in the alignment of heme in the enzyme catalytic site (27). These data reinforce the conclusion
that a typical HO activity is responsible for the enzymatic degradation of heme in the mosquito
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midgut. In fact, most of the human HO residues (Lys 18, Lys 22, Tyr 134, Lys 179, Arg 183)
known to surround the propionates of heme seem to be conserved in the insect enzyme (Arg
8, Arg 12, Lys 114, Lys 163, Arg 167 respectively) (data not shown).

We observed that Aedes aegypti is able to modify a a-biliverdin isomer by two glutamine
covalent additions. This amino acid can be supplied by proteolysis of blood meal proteins, or,
alternatively, by synthesis from glutamate and ammonia. Increased glutamine synthetase
mRNA expression by A. aegypti midgut post blood feeding has been reported (28). It was
proposed that this reaction provides the glutamine needed for the initial steps of biosynthesis
of chitin, the main component of peritrophic matrix, which is synthesized in response to a blood
meal (29). Likewise, glutamine hemolymphatic levels increase after protein feeding and remain
high during ovary development (30).

A situation that resembles the production of AaBV concerning the type of chemical linkages
that are formed is the synthesis of plant volatiles formation elicitors in the midgut of plant-
feeding lepidoteran. Plant volatiles are compounds synthesized by plants in response to
herbivorism. Formation of plant volatiles can be triggered by N-linolenoyl-L-glutaming,
formed by a microsomal fraction of digestive apparatus from the moth Manduca sexta (31).
The type of linkage between glutamine and linolenate, a hydrophobic molecule such as
biliverdin, is an amide bond between the a-amino group of the glutamine and the carboxyl
group of the fatty acid, the same linkage observed in AaBV. In the midgut of Spodoptera
exigua the linolenic acid portion is derived from larval food while the glutamine is provided
by the caterpillar (32). A similar situation may be occurring in the production of AaBV.

Free heme has been shown to have harmful effects on cell physiology either by acute effects
that lead to immediate lysis of certain cell types upon exposure to this molecule or, alternatively,
heme toxicity can be exerted by inducing alterations of cell metabolism that eventually led to
cell death (3). Heme oxygenase has been attributed an important role in cellular protection as
a consequence of its capacity to ameliorate toxic effects of heme (33). We have proposed that
blood-feeding organisms face a special situation regarding heme toxicity, as a consequence of
digestion of their blood meal (5). Therefore, heme degradation in A. aegypti by the pathway
described here is certainly an adaptation to a blood feeding way of life. In addition to lowering
heme concentration in midgut cells, HO can be protective also due to the fact that BV, one of
the products of the enzyme, is a powerful antioxidant (34,35). Moreover, recent reports have
shown that both heme and its degradation products (biliverdin and CO) are capable of
interfering in gene expression and cell signaling, especially in the modulation of immunity
(36-40). A question for future research is whether or not these regulatory roles of CO and
biliverdin — described for mammalian immune cells — are also valid for heme degradation in
insects, especially in the case of the AaBV.

Besides its role in heme detoxification, this heme degradation pathway may be crucial in the
acquisition of free iron - an essential micronutrient required as a cofactor of a variety of proteins
and in hemeproteins biosynthesis - as it has been shown for some pathogenic bacterias
(41-43). In fact, it has already been shown that, in A. aegypti, the blood meal induces the
expression of ferritin (44-45), the main protein involved in storage and transport of iron in
insects (reviewed in 46).

Finally, microarray mRNA expression analysis of an Anopheles strain refractory to
Plasmodium indicated that these mosquitoes exhibited a chronic state of oxidative stress, which
was exacerbated by blood feeding, resulting in increased steady-state levels of ROS, which
favored melanization of parasites (47). Considering the scenario of the midgut of a
hematophagous insect, the presence of a heme degradation pathway such as the one described
here represents a new important factor that may interfere both with signaling cascades that
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govern innate immunity and with the control of redox balance, two aspects of vector biology
that are starting to be recognized as crucial determinants of vectorial competence.
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Accumulation of a bilin pigment in the midgut of A. aegypti after a blood meal. (A) Midgut
dissected at different times after a blood meal (ABM) were homogenized in PBS and
centrifuged. Tubes containing the supernatants are shown. (B) A. aegypti midgut 38 h ABM.
Midgut epithelium (ME); lumenal content (LC); blood meal (BM); scale bar = 0.2 mm. (C) A.
aegypti pigment was purified by reverse phase HPLC using a C18 column. Chromatograms of
A. aegypti midgut PBS extract (solid lines) and standard biliverdin 1Xo (dashed lines) are
shown. (D) Light-absorption spectra of peaks containing AaBV (solid line) and BV 1Xa

(dashed lines).
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A. aegypti bilin pigment is derived from ingested heme. (A) HPLC profile of midgut
homogenate dissected 24 h after meal from 5 females fed on blood, (B) plasma, and (C) plasma
supplemented with 0.5 mM hemin. Arrow indicates AaBV peak.
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Figure 3.

ESI-MS analysis of A. aegypti biliverdin. (A) Mass spectrum of BV IXo. [M + H]* at m/z 583.2
and (B) AaBV [M + H]* at m/z 839.3, revealed a molecular mass for A. aegypti purified pigment
of 838 Da, higher than BV 1Xa. (C) Fragmentation of AaBV (tandem ESI-MS spectrum)
produced a daughter-ion species at m/z 711, by the loss of a 128 Da fragment. (D) MS3 of the
species at m/z 711 revealed a 582 Da fragment by the loss again of a 128 Da fragment. a.m.u.,
atomic mass unit.
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Figure 4.

AaBYV isomer identification. (A) Fragmentation profiles of AaBV ion species at m/z 583 and
(B) BV IXa showed identical daughter-ion species at m/z 297, in contrast to (C) BV IXy
fragmentation profile that presented its typical daughter-ion species at m/z 402. Structure of
BV IXa and BV Xy and respective assignments of their daughter-ions are shown.
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AaBV hydrophilic residues are glutamines. (A) ESI-MS spectrum of the ion species at m/z 147
(hydrated 128 Da) produced by cone fragmentation from AaBV. Fragmentation of (B)
authentic glutamine and (C) lysine.
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Figure 6.

Degradation of mesoheme and production of mesoAaBV by A. aegypti midgut. (A) HPLC
profile of midgut homogenates dissected 24 h after meal from females fed on plasma
supplemented with 1.0 mM hemin or with (B) 1.0 mM Fe(l111) mesoporphyrin 1X. Light-
absorbance spectra of the bilin peak are shown as insets in panels (A) and (B). ESI-MS spectra
of modified bilin produced by glutamine addition after feeding on plasma supplemented with
(C) hemin or (D) with Fe(111) mesoporphyrin IX.
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Figure 7.

Identification of the chemical groups involved in the covalent attachment of glutamine to BV
IXa in AaBV. AaBV, glutamine and lysine were submitted to methylation or acetylation
reactions to identify free COOH and amino groups, respectively. ESI-MS analysis of (A)
glutamine and (B) AaBYV after methylation or (C) AaBV and (D) lysine after acetylation.
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Figure 8.

Identification of monoglutaminyl-BV as an intermediate of the pathway. (A) HPLC profile of
midgut homogenates dissected 24 h after meal from females fed on plasma supplemented with
0.5mM BV IXo. (B) ESI/MS analysis of AaBV produced upon feeding with BV I Xa. (indicated
by an asterisk in the chromatogram). (C) ESI/MS analysis of a minor peak (arrow in Panel A)
eluted between AaBV and BV IXoa. (D) Fragmentation (tandem ESI-MS) spectrum of
monoglutaminyl-BV IXo (m/z 711) produced a daughter-ion species at m/z 583, which, by
further fragmentation (MS3) (E) gave origin to similar daughter-ion species as BV 1Xa (Figure
4B).
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Figure 9.
Biglutaminyl-biliverdin generation pathway in Aedes aegypti. Heme degradation into BV
IXa is followed by two sequential additions of glutamine residues.
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