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ABSTRACT The larger of two diuretic hormones of the
tobacco hornworm, Manduca sexta, (Mas-DH) is a peptide of
41 residues. It is one of a family of seven currently known
insect diuretic hormones that are similar to the corticotropin-
releasing factor–urotensin–sauvagine family of peptides. We
investigated the possible inactivation of Mas-DH by incubat-
ing it in vitro with larval Malpighian tubules (Mt), the target
organ of the hormone. The medium was analyzed, and deg-
radation products were identified, using on-line microbore
reversed-phase liquid chromatography coupled to electros-
pray ionization mass spectrometry (RPLC-ESI-MS). This
sensitive technique allows identification of metabolites of
Mas-DH (present at an initial level of '1 mM). An accurate
Mr value for a metabolite is usually sufficient for unambiguous
identification. Mas-DH is cleaved by Mt proteases initially at
L29–R30 and R30–A31 under our assay conditions; some
Mas-DH is also oxidized, apparently at M2 and M11. The
proteolysis can be inhibited by 5 mM EDTA, suggesting that
divalent metals are needed for peptide cleavage. The oxidation
of the hormone can be inhibited by catalase or 1 mM methi-
onine, indicating that H2O2 or related reactive oxygen species
are responsible for the oxidative degradation observed. RPLC-
ESI-MS is shown here to be an elegant and efficient method
for studying peptide hormone metabolism resulting from
unknown proteases and pathways.

Water balance and ion balance in insects are regulated by the
actions of diuretic hormones and antidiuretic hormones. The
larger of two diuretic hormones (DH) of the tobacco horn-
worm Manduca sexta (Mas-DH), RMPSLSIDLPMSVL-
RQKLSLEKERKVHALRAAANRNFLNDI-NH2, is an ami-
dated peptide with 41 residues (1). It was the first peptide
identified of a family of insect diuretic peptides related to
corticotropin-releasing factor (CRF), sauvagine, and urotensin
I (2, 3). Subsequently, a 30-amino acid DH homologous to
Mas-DH was identified from the same species (4). Mas-DH
activates urine production in M. sexta Malpighian tubules (Mt)
by stimulating cAMP production and, eventually, KCl and
NaCl cotransport, causing osmotically driven fluid excretion
from hemolymph into the lumen of Mt (5, 6). A G-protein-
coupled Mas-DH receptor with seven putative transmembrane
domains has been cloned from M. sexta Mt and functionally
expressed (7, 8). Termination of Mas-DH-activated diuresis is
believed to be accomplished by the cessation of Mas-DH
production coupled with its rapid removal from hemolymph by
unknown mechanisms.

Here we report on the metabolism of Mas-DH by M. sexta
Mt after incubation in vitro. Mt were chosen because they are

the putative target organ of Mas-DH, and they have been
found to decrease diuretic activities of crude tissue extracts in
four insect species (9). In addition, Mt have been shown to
degrade some other insect neuropeptides (10–13). Peptide
hormone degradation products have been routinely analyzed
by using separation by reversed-phase liquid chromatography
(RPLC) and identified by comparing retention properties of
the products to those of a number of synthetic peptide
standards representing possible metabolites. The products
have been detected by UV absorbance (14), by ELISA or RIA
(15), by radioactivity (12, 16), from fluorescently labeled or
chromogen-modified peptides (15), by amino acid analysis
(AAA) of fractions (17), or by Edman degradation (18). We
used RPLC coupled to electrospray ionization (ESI)-MS to
identify metabolites of Mas-DH, a technique that can detect
unlabeled, nonmodified peptide and its metabolites at low
concentrations. RPLC-ESI-MS has become a powerful
method for studying peptide metabolism, owing to the high
sensitivity offered by soft ionization techniques and capillary
RPLC systems (19–21). Mas-DH was incubated with Mt in
vitro at initial levels of 40 or 1 mM. Metabolite identification
was based on agreement of the Mr of metabolites with the
calculated Mr. We found that Mas-DH can be metabolized via
two overlapping pathways, proteolysis and oxidation.

MATERIALS AND METHODS

Insects. The M. sexta colony was reared essentially as
described by Yamamoto (22). The Mt were dissected from day
2 or 3 fifth-instar larvae. The insects were chilled on ice for 15
min before dissection.

Chemicals. Synthetic Mas-DH was donated by Sandoz Agro.
EDTA, malic acid, salts, and amino acids were from Sigma.
Sucrose, glucose, and trif luoroacetic acid (TFA) were pur-
chased from Fisher. HPLC grade CH3CN was from EM
Science. Water was purified with a Milli-Q apparatus from
Millipore. Human erythrocyte catalase (160,000 unitsymg)
was from ICN.

In Vitro Incubation. The ascending portions of Mt were
carefully dissected from M. sexta larvae bathed in M. sexta
saline (5). Mt were separated from the fat body, tracheae,
muscle, and attached gut tissue. After preincubation in saline
at 30°C for 1 h, a Mt fragment ('1 cm) was transferred into
a 0.5-ml microcentrifuge tube containing 100 ml of saline with
1 mM Mas-DH (100 pmol). The incubations were performed
at 30°C with the tubes capped and were terminated by remov-
ing the Mt and then adding 100 ml of TFAyCH3CN (2:98,
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volyvol) to the medium. The samples were frozen in liquid N2
and stored at 220°C until assayed by RPLC-ESI-MS. In
separate experiments, 5 mM EDTA, 25 units of catalase, or 1
mM methionine was also included. Incubations were for 1 h
except as specified. Two controls were used for each experi-
ment: Mas-DH in saline without Mt, and Mt in saline without
Mas-DH. When the Mt luminal f luid was used as metabolizing
agent, it was collected by cutting one end of a tubule, lifting the
other end, and removing the murky yellowish-white fluid
[containing crystals presumed to be uric acid (23)]. Only 2 ml
of the fluid diluted in saline was used for each in vitro
incubation. When a cleansed ascending Mt fragment ('1 cm)
was used as protease source, the luminal f luid was removed as
described, and the Mt were rinsed five times in saline prior to
preincubation. In an experiment studying Mas-DH degrada-
tion at 40 mM, a single Mt ('10 cm, cut at the junction with
the ampulla and the entry to the ileac plexus) was used; great
care was taken not to damage the Mt during dissection. After
a 1-h preincubation, the Mt were incubated in 50 ml of saline
containing 40 mM Mas-DH for 2 h.

The half-life value (t1/2) for Mas-DH at 1 mM was derived
from peak area values for Mas-DH determined in chromato-
graphic analyses at 1-, 55-, 60-, 90-, and 120-min incubation
times (three replicates per time point), analyzed with EZ
CHROM 6.0 software (Scientific Software, Pleasanton, CA). The
t1/2 calculated is based on the assumption that Mas-DH dis-
appears from the medium as a first-order process.

Liquid Chromatography. A Model UMA chromatograph
with built-in UV detector set at 220 nm, the liquid chroma-
tography columns, and the peptide trap cartridge were from
Michrom BioResources (Auburn, CA). The solvents were 2%
CH3CN in water with 0.1% TFA (A) and 90% CH3CN in water
with 0.085% TFA (B) (all volyvol measurements). A 0.5 3 150
mm (5 mm, 300 Å) Reliasil C18 column was eluted at 20 mlymin,
with column temperature set at 50°C. Samples were diluted
with 5 vol of solvent A, loaded onto a 1 3 10 mm peptide trap
cartridge (Michrom), and rinsed with 1 ml of solvent A before
beginning the gradient. The 30-min gradient was composed of
three linear segments from 20% to 40% B in 7 min, 40–45%
B in 15 min, and 45–65% B in 8 min. The chromatograph was
controlled with EZ CHROM 6.0 software.

MS. A Finnigan MAT SSQ 710 mass spectrometer inter-
faced with an ESI ion source (needle 60 mm inside diameter,
from Analytica, Branford, CT) was used to determine the Mr
of Mas-DH and its metabolites. Samples were introduced into
the ESI source after splitting the column effluent with a 60 mm
inside diameter polyaryletherketone (PEEK) tube coupled to
a homemade PEEK splitter with '50:1 (wasteyMS) split ratio.
Other ESI conditions were as described previously (2), except
that the cation (myz) scan range was from 400 to 1,400 Da.
Spectra were acquired every 1.5 sec. The optimal ESI needle
voltage was 22 to 23 kV.

Metabolite Identification. The Mr values of all possible
metabolites of Mas-DH resulting from cleavage of a single
peptide bond were calculated by using MACVECTOR (Interna-
tional Biotechnologies); the measured Mr of Mas-DH and its
metabolites was derived with the BioDeconvolution and Bio-
Mass Calculation algorithm (Finnigan). We also used our own
software (written by H.W.) to visualize and align the envelope
ion peaks of all metabolites eluted from liquid chromatogra-
phy. The identification of a Mas-DH metabolite is based on
matching the observed and calculated Mr. Each peak in the UV
chromatogram was characterized both by its retention time and
from the corresponding relative ion chromatogram (RIC).

AAA and Edman Sequencing. Some purified Mas-DH me-
tabolites were further identified by AAA. Metabolites were
hydrolyzed to amino acids using 5.7 M HCl (Pierce) plus 1%
phenol at 110°C for 20 h. Amino acids were analyzed as
6-aminoquinoline carbamate derivatives (24) by using a

Hewlett–Packard 1090 chromatograph with a Hewlett–
Packard 1046A fluorescence detector. When quantities suf-
ficed, some purified metabolites were sequenced with a Porton
Instruments (Tarzana, CA) PI 2090 gas-phase sequencer with
an integral phenylthiohydantoin amino acid analyzer.

RESULTS

Degradation of 40 mM Mas-DH. In an initial study, we
investigated metabolism of Mas-DH by uncleansed Mt at the
nonphysiological concentration of 40 mM. A very complex
metabolic profile was seen (summarized in Fig. 1). Mas-DH
was cleaved at several different peptide bonds and oxidized.
Four major proteolytic metabolites were seen; they were
identified by ESI-MS as Mas-DH-(1–29), -(30–41), -(1–30),
and -(31–41). These suggest that the initial endoproteolytic
sites are at L29–R30 and R30–A31. We also saw evidence at this
concentration for another major endoproteolytic site at S6–I7

and eight minor endopeptidase sites, each with the corre-
sponding fragments of the opposite portion of the peptide (Fig.
1). Such observation of both possible fragments from a single
peptide bond is strongly supportive of the existence of specific
endopeptidase activity. For other fragments detected, the
corresponding piece was not found. The latter type of frag-
ments occurred as a series of products having successively one
less residue at their N or C terminus. They are most likely
generated by the actions of nonspecific amino- or carboxypep-
tidases. Only the N terminus of intact Mas-DH and of certain
endoproteolytic metabolites appeared to be susceptible to
aminopeptidase activity. No fragments corresponding to car-
boxypeptidase-type enzyme activity on the blocked C terminus
of Mas-DH were observed, but carboxypeptidase-like activity
seemed to affect the C terminus of several endoproteolytic
metabolites (Fig. 1). Some of these cleavages at this high
Mas-DH concentration (40 mM) are likely due to proteases
with low specificity for Mas-DH.

Degradation of 1 mM Mas-DH. Physiological concentrations
of peptide hormones are usually in the order of nanomolar; we
therefore lowered the MasDH concentration in the incubation.
Because of the high sensitivity of RPLC-ESI-MS, we were able
to study peptide metabolism at 1 mM initial concentration of
unlabeled material, but only upon changing from a 1.0-mm
diameter column to a 0.5-mm diameter column. The degra-
dation of Mas-DH by Mt is relatively fast. When 100 pmol of
Mas-DH in 100 ml of medium was incubated with a 1-cm piece

FIG. 1. Scheme illustrating the sequences of the metabolites of
Mas-DH identified from incubation with uncleansed Mt at 40 mM.
Chromatographic conditions and methods of identification are de-
scribed in the text. Major cleavage sites are indicated by a and minor
cleavage sites are indicated by 1.
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of a freshly dissected Mt, the level of intact Mas-DH dropped
to less than 30% in 60 min and to '5% in 90 min (Fig. 2). The
t1/2 calculated for intact Mas-DH in this system is '22 min. As
determined by comparing the calculated and measured Mr, the
major metabolites observed were Mas-DH-(1–29) and -(1–30),
Mas-DH plus two O atoms, and two different isomers of
Mas-DH plus one O atom (Figs. 2 and 3).

Two different Mas-DH 1 16 atomic mass unit (amu) peaks
and one Mas-DH132 amu peak were identified (Figs. 2 and 3);
we believe they represent mono- and bissulfoxides of the two
Met (M2 and M11) residues. Small amounts of the sulfoxides
were present in the saline control incubation without added
Mt, due to the presence of traces of these as impurities in the
stock of Mas-DH. We were unable to completely remove
oxidized Mas-DH by RPLC purification, likely because of the
notorious sensitivity of Met to oxidation in low-pH mobile
phases from RPLC. However, incubation with Mt clearly
increases the amount of oxidized Mas-DH. The amount of
oxidized Mas-DH more than doubled between 1 and 5 min
after the incubation was started (Fig. 2).

The first proteolytic product detected was Mas-DH-(1–30),
which appeared 5 min after the beginning of the incubation,
increased in abundance up to 60 min, then disappeared (Fig.
2). A second fragment, Mas-DH-(1–29), was detected after 1 h
and was the main metabolite remaining after 2 h of incubation
(Fig. 2). After a second RPLC purification of fractions con-
taining each metabolite, they were analyzed by Edman se-
quencing; the results confirmed the MS identification (data
not shown). None of the Mas-DH proteolytic products were
detected in the control incubation of Mt, and only trace

amounts of oxidation products were found in a control incu-
bation of Mas-DH in saline. Fragments Mas-DH-(30–41) and
Mas-DH-(31–41) were not detected, nor were any smaller
fragments from the C-terminal portion of the peptide.

In the experiments described above, uncleansed Mt were
used. The proteolytic or oxidative activities could be intrinsic
to the tubules or could be components of the luminal f luid
(urine) contained within the tubules. To further understand
our findings, we studied metabolism of Mas-DH by Mt re-
moved of their contents. Mt cleansed of the luminal f luid
seemed to retain high proteolytic but low oxidative activity, as
evidenced by the presence of a high yield of Mas-DH-(1–29)
and a relatively low yield of other metabolites (Fig. 4). The
luminal f luid from Mt seemed to contain all the factors needed
to cleave and oxidize Mas-DH (Fig. 5). After incubating
Mas-DH for 1 h with 2 ml of Mt luminal f luid diluted in 98 ml
of saline, we detected the two C-terminal fragments of Mas-
DH, Mas-DH-(31–41) and -(30–41) (identified by ESI-MS
and AAA), along with all proteolytic and oxidative metabo-
lites found with uncleansed Mt (Fig. 5). The discovery of these
intact C-terminal fragments (and no others) verifies that the
L29–R30 and R30–A31 sites are the primary Mas-DH sites
cleaved by Mt and confirm that Mas-DH-(1–29) is not pro-
duced by degradation of Mas-DH-(1–30). In the same exper-
iment, we also identified the previously undetected metabo-
lites Mas-DH-(1–29)1O, -(1–30)1O, -(1–35), -(1–35)1O, and
-(2–41). The discovery of oxidized proteolytic metabolites
suggests that the oxidation and proteolysis are parallel pro-
cesses. Oxidation occurs actively in luminal f luid even at this
50:1 dilution, but not in cleansed tubules.

To demonstrate how we identified metabolites, we plotted
reconstructed selected single-ion chromatograms for the most
abundant ion of each metabolite produced by incubation with
luminal f luid (Fig. 5 B–H); we have aligned the UV trace and

FIG. 2. RPLC separation of degradation products of Mas-DH at
initial concentration of 1 mM incubated with 1-cm pieces of Mt for 1,
5, 60, 90, or 120 min. Chromatographic conditions and identification
of peaks are described in the text. Peak identities: 1, Mas-DH 1 2O;
2 and 4, Mas-DH 1 O; 3, Mas-DH-(1–30); 5, Mas-DH-(1–29); and 6,
Mas-DH. We observed a run-to-run variation in retention times, likely
because of the 20 mlymin flow rate used with the 0.5-mm column. The
Michrom UMA is designed for accurate delivery at f low rates of 50
mlymin and higher.

FIG. 3. ESI mass spectra of major Mas-DH metabolites. Mass
spectral conditions are described in the text. Insets show the decon-
voluted spectra of the metabolites. (A) Mas-DH-(1–30). (B) Mas-DH-
(1–29). (C) Mas-DH 1 O. (D) Mas-DH 1 2O.

FIG. 4. UV trace of RPLC analysis of 1 mM Mas-DH incubated
with a cleansed Mt for 1 h. Peak identities: 1, unknown; 2, Mas-DH-
(1–30); 3, Mas-DH-(1–29); and 4, Mas-DH.
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the RIC traces (Fig. 5). These single-ion chromatograms allow
measurement of subtle differences in the retention times of
incompletely resolved peaks shown on the UV trace, thus
enabling us to detect peptides that coelute or elute close
together (e.g., peaks 1, 7, and 8 in Fig. 5A).

Inhibition of Proteolysis. Because metalloproteases that
require divalent cations for activity have been implicated in the
degradation of other insect peptide hormones by Mt (10–12,
25), we studied the effect of a chelating agent, EDTA, on
Mas-DH degradation. In a 2-h incubation with uncleansed Mt,
5 mM EDTA significantly inhibited proteolysis of Mas-DH, as
evidenced by only a small quantity of the metabolite Mas-DH-
(1–30) and complete absence of Mas-DH-(1–29) (Fig. 6). This
result suggests that at least one of the Mt enzymes that
degrades Mas-DH is a metalloprotease. Increased oxidation of
Mas-DH occurred in the presence of EDTA (Fig. 6).

Inhibition of Oxidation. Mas-DH oxidation by uncleansed
Mt was inhibited by the inclusion of 25 units of catalase in the
incubation (Fig. 7A), suggesting the involvement of H2O2.
Addition of 1 mM methionine also prevented the oxidation of
Mas-DH, because of the ability of methionine (present at
1,000-fold higher concentration than Mas-DH) to scavenge
oxidant. This suggests that M2 and M11 were the targets of
oxidation (Fig. 7B), because the peptide contains no Cys or
Trp, only Met, as a readily oxidized residue. In both instances,
the inhibition of Mas-DH oxidation favored the production of

the proteolytic metabolite Mas-DH-(1–29) over -(1–30) (Fig.
7), although the latter is usually produced more rapidly (Fig.
2). This was also observed in the incubation with cleansed Mt
(Fig. 4).

DISCUSSION

Water and ion balance is crucial for insect survival. The
function of Mt in insects is similar to that of the kidney in
vertebrates. However, the mechanism of fluid transport is
fundamentally different in Mt. The Mt actively transport salts
and metabolites from hemolymph into the lumen, creating an
osmotic gradient that drives primary urine excretion. For M.
sexta and other terrestrial insects, diuresis provides a means to
eliminate wastes, toxic metabolites, and water via the urine.
Insects regulate fluid homeostasis with diuretic and antidi-
uretic hormones (9, 26). These chemical messengers should be
relatively short-lived, so that hormonal stimulation of diuresis
(or antidiuresis) occurs only to restore homeostasis. This is
believed to be accomplished by the cessation of hormone
production coupled with rapid hormone degradation. Early
investigators showed evidence of DH-degrading activities
present in hemolymph (27, 28) and in Mt of a few insect species
(13, 29–31). In hemolymph diluted 1 to 50 with saline, we saw
no significant degradation of Mas-DH at 1 mM after 2 h (data
not shown). This is intuitively satisfying, because if hemolymph
were to play a major role in degradation of DH, the hormone
released from the neurohemal regions might have difficulty
reaching its target receptors intact and biologically active.
Another possibility for a degradation process is the internal-
ization of Mas-DH bound to its receptor. This has not been
investigated yet, in part because of the lack of radiolabeled
Mas-DH. Mt, the target organ of DH, would seem a logical site
for DH-degrading enzymes. Here we report a mechanism of
DH degradation by Mt.

FIG. 5. UV trace of RPLC analysis of 1 mM Mas-DH incubated
with Mt luminal f luid for 1 h. Peak identities: 1, Mas-DH-(31–41) and
Mas-DH-(30–41); 2, Mas-DH-(1–35) 1 O; 3, Mas-DH 1 2O; 4,
Mas-DH-(1–30) 1 O; 5, Mas-DH-(1–29) 1 O, Mas-DH 1 O, and
Mas-DH-(1–35); 6, Mas-DH-(1–30); 7, Mas-DH 1 O; 8, Mas-DH-
(1–29); 9, Mas-DH; and 10, Mas-DH-(2–41). (B–I) RIC. Single ions
are plotted for the most abundant envelope ion of Mas-DH and its
metabolites. The numbers of protons attached are indicated in the
parentheses in the following: (B) Mas-DH-(31–41) (2H1). (C) Mas-
DH-(30–41) (2H1). (D) Mas-DH-(1–29) (4H1). (E) Mas-DH-(1–30)
(4H1). (F) Mas-DH (5H1). (G) Mas-DH 1 O (5H1). (H) Mas-DH
1 2O (5H1). (I) Total RIC.

FIG. 6. RPLC separation of metabolites from 2-h incubation of 1
mM Mas-DH with uncleansed Mt in the presence of 5 mM EDTA.
Peak identities: 1, Mas-DH 1 2O; 2 and 4, Mas-DH 1 O; 3,
Mas-DH-(1–30); and 5, Mas-DH.

FIG. 7. RPLC separation of metabolites from 1-h incubation of 1
mM Mas-DH with uncleansed Mt in the presence of 25 units of catalase
(A) or 1 mM methionine (B). Peak identities: 1, Mas-DH-(1–29); and
2, Mas-DH.
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The proteolysis we observed of Mas-DH generates major
peptide fragments Mas-DH-(1–29), -(1–30), -(30–41), and
-(31–41) and their M2 or M11 oxidized derivatives. These
metabolites are unlikely to be active for diuresis because they
lack those structural components that other data (6, 8, 32)
suggest are needed for the coordinated effects of receptor
binding and activation. A previous study suggests that the
N-terminal portion of Locusta migratoria DH (a molecule
highly homologous to Mas-DH) is pivotal for receptor activa-
tion and the C-terminal portion for receptor binding (3). A
receptor binding assay showed that Mas-DH-(13–41) had only
10-fold lower affinity for the receptor compared with Mas-DH,
whereas Mas-DH-(31–41) even at 1 mM could not compete
with [3H]propionyl-Mas-DH for the Mt plasma membrane
receptor (32). In contrast, when Sf9 cells transfected with the
Mas-DH receptor were treated with Mas-DH-(3–41), this
analogue stimulated cAMP production with the same potency
as Mas-DH. However, Mas-DH-(13–41) did not elicit cAMP
production even at 1 mM (8). These results demonstrate that
some portion of the N-terminal 12 residues of Mas-DH are
required for receptor activation and that probably more than
2⁄3 of the C-terminal portion of Mas-DH contains the deter-
minants for receptor binding. Although no systematic struc-
ture–activity study on Mas-DH or its truncated fragments is
available, it is known that Mas-DH with a free C terminus is
1y1000 as active as the native amidated peptide (1, 6). Because
the fragments were formed only in the presence of Mt, our
results indicate that Mt play an important role in inactivating
Mas-DH.

The absence of the C-terminal metabolites Mas-DH-(31–
41) and -(30–41) in incubations with Mt, but their presence in
incubations with Mt luminal f luid, suggests that these shorter
metabolites are further degraded more quickly than their
longer N-terminal counterparts after initial endoproteolytic
cleavage. At least one of the initial Mas-DH-cleaving enzymes
is EDTA sensitive, and it is probably present in both secreted
(in urine) and plasma membrane-associated forms (in cleansed
Mt).

Ectoenzymes (i.e., plasma membrane-bound and positioned
extracellularly), especially metalloproteases, have long been
implicated in regulating peptide hormone action (33). In
vertebrates, a relatively few proteases are thought to be
involved in the inactivation of a broad range of peptide
hormones (34). However, such information in insect systems is
quite limited. Adipokinetic hormones are degraded by metal-
lopeptidases from tissue and membrane preparations of var-
ious species (10, 11, 35–37). Proctolin (14, 25) and pheromone
biosynthesis-activating neuropeptide (38) are degraded by
metalloproteases in different insect tissues. In vivo degradation
studies have been reported for proctolin (16, 39), periplanetin
CC-2 (12, 25), and adipokinetic hormones (40) after injection
of labeled peptides into insects. Our study reveals unusual
cleavage sites for M. sexta Mt endopeptidases at the bonds
L29–R30 and R30–A31. This specificity is dissimilar to that
observed in insect systems mentioned above. The major cleav-
age between L29–R30 cannot be attributed simply to the
primary peptide sequence, as another L–R bond (L14–R15) in
Mas-DH was not cleaved at 1 mM. The three-dimensional
structure of Mas-DH may account for the observed major
Mas-DH cleavage sites. A molecular modeling study of
Mas-DH suggests that this hormone assumes a helix–loop–
helix structure; L29–R30 is located in the putative loop region
and L14–R15 is a constituent of the first helix (41).

Mas-DH oxidation by Mt at M2 and M11 was unexpected.
However, the oxidation of Met residues in peptide hormones
is well documented (42). The effects of Met oxidation on
conformation and activity of those hormones is unknown (42).
Although a low level of Mas-DH oxidation occurs spontane-
ously, Mt increased the relative level of oxidized forms (Fig. 2).
A Mas-DH analogue with M2 and M11 replaced by norleucine

was found to be more effective at stimulating fluid secretion
by Acheta domesticus Mt than was Mas-DH (43). The authors
attributed this difference to the prevention of oxidation by the
amino acid substitution, but no data on the activity of oxidized
Mas-DH are available.

Methionine is one of the most readily oxidized amino acid
constituents of proteins; the most common oxidants present in
biological systems are O2

. (superoxide), H2O2, HO• (hydroxyl),
hypochlorite, chloramine, and peroxynitrite (44). Of these, O2

.

normally does not oxidize methionine (42). Because catalase
inhibits Mas-DH oxidation (Fig. 7A), H2O2 likely plays a role in
the oxidation. Addition of EDTA significantly enhances oxida-
tion in addition to inhibiting proteolysis (Fig. 6). This may be due
to the production of the highly reactive HO• radical by means of
the Fenton reaction (Fe21EDTA 1 H2O23 Fe31EDTA 1 HO•
1 HO2). However, we were unable to detect an appreciable
quantity of H2O2 in Mt luminal fluid or in medium from Mas-DH
and Mt incubation, using a recent assay for H2O2 sensitive to
submicromolar levels (44). This could be due to the presence of
high levels of a known antioxidant, urate, in the Mt (23, 45).
Phytophagous insects are known to employ superoxide dismutase
(SOD), which rapidly converts O2

. into H2O2, as a major defense
mechanism for oxidative stress (46). A study of the related
lepidopteran Trichoplusia ni showed that catalase activity is
completely absent from some tissues, including hemolymph and
Mt, whereas SOD activity is relatively high in the same tissues
(47). This evidence could explain the presence of oxidation
products typical of H2O2 in the Mt. The inclusion of 20–1000
units of SOD did not affect the production of oxidized Mas-DH
metabolites in the incubation (data not shown).

There are several possible sources of reactive oxygen species
in Mt. The active transport required for the production of
primary urine in insects demands high mitochondrial metab-
olism to generate '1 ATP per K1 or Na1 transported (48).
Cytochrome oxidase is a well-known ubiquitous generator of
O2

.; the latter is converted to H2O2 by SOD. Uric acid or its
metabolites allantoin and allantoic acid are the major nitrog-
enous wastes found in Mt (49). The synthesis of these com-
pounds requires xanthine oxidase, urate oxidase, and allanto-
inase, all of which lack reducing cofactors and generate H2O2
as a product. The presence of xanthine oxidase in the fat body
is well known (49). On the other hand, assay of a variety of
tissues of several insects showed urate oxidase to be present
only in the Mt of Calliphora, Musca domestica, and Dysdercus
fasciatus and in the Mt and gut of Periplaneta (49). Transition
metal ions, particularly Fe21 and Cu21, are important constit-
uents of metalloproteins; at the same time they can act as
catalysts for the production of reactive oxygen species (50).
Indeed, a high level of the iron storage protein ferritin has been
located in both the gut and the ascending region of larval Mt
of M. sexta (51). Finally, a lipid carrier protein, lipophorin, has
been reported to catalyze the production of O2

. in the hemo-
lymph of Pseudaletia separata (52). The exact mechanism of
Mas-DH oxidation warrants further investigation. The physi-
ological relevance of the oxidation in vivo also warrants study
by alternative methods. With knowledge of the major meta-
bolic processes in hand, analysis of metabolic products of
radiolabeled Mas-DH (when available) at submicromolar con-
centrations could determine if oxidation occurs in hemolymph,
or whether by some process Mas-DH is transported into the
lumen of the Mt and oxidized. Such studies could also allow
addressing the question of internalization of Mas-DH bound to
its receptor.

RPLC-ESI-MS is an elegant, efficient method for studying
metabolism of peptide hormones by unknown pathways. A
particularly powerful advantage is the ability to distinguish
peptides that coelute on RPLC, which is impossible if the
identity of a metabolite were determined only by comparison
of its retention time with synthetic standards. This advantage
is more crucial when the metabolism of a larger peptide such
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as Mas-DH is studied. If more classic approaches were used,
standards of all metabolites from cleavage of each single
peptide bond would have to be synthesized ('80 peptides for
Mas-DH) and a liquid chromatography assay capable of
resolving them all would have to be developed! Variants of
RPLC-ESI-MS have also been used for peptide degradation
studies. For example, size-exclusion (53) and ion-exchange
(54) liquid chromatography have been coupled with ESI
instead of RPLC; and fast atom bombardment (54), matrix-
assisted laser desorption ionization (55), and microdialysis (56)
mass spectrometric techniques have been used instead of
ESI-MS.

The use of capillary columns enhances the sensitivity of
RPLC-ESI-MS because ESI-MS is a concentration-sensitive
method. The sensitivity offered by a 0.5-mm inside diameter
column and RPLC-ESI-MS technique allows detection of
metabolites at an initial Mas-DH concentration of 1 mM. The
main drawback of using such a column is that the low flow rate
(20 mlymin) demands a long sample loading time. This can be
overcome by using a peptide trap cartridge instead of a loop,
which allows larger volumes of sample to be loaded quickly (,1
min).

In conclusion, Mas-DH appears to be degraded by at least
one metalloendopeptidase in Mt of larval M. sexta. It is
oxidized at its two Met residues by reactive oxygen species of
Mt. The combined effect of proteolytic and oxidative metab-
olism may be responsible for inactivating Mas-DH.
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