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Abstract Metallocarboxypeptidase D (CPD) functions in
protein and peptide processing. The Drosophila CPD svr
gene undergoes alternative splicing, producing forms
containing 1-3 active or inactive CP domains. To investi-
gate the function of the various CP domains, we created
transgenic flies expressing specific forms of CPD in the
embryonic-lethal sv"%** mutant. All constructs containing
an active CP domain rescued the lethality with varying
degrees, and full viability required inactive CP domain-3.
Transgenic flies overexpressing active CP domain-1 or -2
were similar to each other and to the viable svr mutants,
with pointed wing shape, enhanced ethanol sensitivity, and
decreased cold sensitivity. The transgenes fully compen-
sated for a long-term memory deficit observed in the viable
svr mutants. Overexpression of CP domain-1 or -2 reduced
the levels of Lys/Arg-extended adipokinetic hormone
intermediates. These findings suggest that CPD domains-1
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and -2 have largely redundant functions in the processing
of growth factors, hormones, and neuropeptides.
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Introduction

Peptides perform various functions in living organisms.
Peptide hormones are involved in endocrine regulation and
neuropeptides function as neurotransmitters. Neuropeptides
regulate such essential physiological functions as feeding,
energy balance, learning and memory, circadian rhythms,
and many other behaviors [1, 2]. Peptides are derived from
larger precursors by the action of selective endopeptidases
(prohormone convertases, furin, and others), carboxypep-
tidases (CP), such as CPE and CPD, and for some peptides,
C-terminal amidation [3—7]. CPE and CPD are members of
the metallocarboxypeptidase family, which is further
divided into three subfamilies: the A/B subfamily that
includes the well-studied CPA1 and CPB, which function
in peptide degradation [8], the recently discovered Nnal/
CCP subfamily, which functions within the cytosol [9-12],
and the N/E subfamily that functions either within the
secretory pathway or after secretion [13]. In mammals, the
N/E subfamily consists of eight members, some of them are
active (CPE, CPN, CPZ, CPM), some are inactive as CPs
(CPX1, CPX2, and a protein named AEBP1/ACLP), and
one (CPD) contains both active and inactive CP domains
[8].

Unlike all other members of the CP family, CPD con-
tains multiple CP domains followed by a transmembrane
domain and cytosolic tail [13-17]. In all vertebrates
examined, CPD contains three CP domains, the first two of


http://dx.doi.org/10.1007/s00018-010-0369-8

2992

G. Sidyelyeva et al.

which are enzymatically active while the third domain is
not [18, 19]. In human, rat, mouse, and duck, the third
domain of CPD has high sequence similarity to enzymat-
ically active CPs except for the lack of a small number of
substrate-binding, zinc-binding, or catalytically important
residues. Drosophila CPD undergoes alternative splicing,
giving rise to several different forms (Fig. 1a) [20]. Some
of the forms of Drosophila CPD contain three CP domains,
the first two of which are active and the third which
is inactive (Fig. 1a) [20, 21]. The third CP domain in
Drosophila has less amino acid sequence similarity to the
catalytically active CPs but is predicted to fold into a
CP-like domain [20]. Although the first and second CP
domains are active, they have complementary pH optima
and substrate preferences, with domain 1 active at neutral
pH and showing a preference for C-terminal Arg residues
while domain 2 is maximally active at pH 5-6 and has
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Fig. 1 Exon/intron organization of the CPD gene, alternative splic-
ing, and transgenic CPD forms created for the present study. a The
gene organization and splice forms were previously determined [20]
and consists of two alternative first exons that either encode an active
CP domain (1B) or inactive CP-like domain (1A), alternative splicing
of the intron after exon 4, which produces either short forms
containing a single CP domain or longer forms containing three CP
domains, and alternative splicing of the intron after exon 8, which
affects the cytosolic tail. b Constructs generated for the present study
and the corresponding name of the endogenous form (if such a form
exists). All transgenes are under the control of the UAS promoter
(arrow). 1A, inactive CP domain 1A; 1B, active CP domain 1B; 3,
inactive CP domain 3; TM, transmembrane domain; tail-1 or -2,
cytosolic CPD tail

equal preference for Lys and Arg; this trait is conserved
from Drosophila to mammals [20, 21].

While there are eight mammalian members of the N/E
subfamily of CP, Drosophila has only two members of this
subfamily: CPD and CPM, but alternative splicing of the
Drosophila CPD gene results in six forms of mRNA and
protein [20]. Drosophila CPD has two alternative CP-1
domains, which are presented by a catalytically inactive 1A
form and an active 1B form (Fig. 1a). Differential splicing
of the intron after exon 4 of the CPD gene results in either
short forms containing a single CP domain (i.e., 1 A-short
or 1B-short) or full-length forms containing three CP
domains and a transmembrane domain (Fig. 1a). There are
also two alternative cytosolic tails that result from differ-
ential splicing within exon 8 (Fig. la). Drosophila has
viable CPD mutants called silver mutants after the CPD
gene name [22]. Phenotypically svr’ and sv#” are very
similar, with pointed wings and cuticle coloration pheno-
types, but are a result of distinct mutations [21]. Svr¥”
mutant has a 1.1-kb insertion (which is a duplication within
exon 5-6) that results in the premature introduction of a
stop codon within CP domain 2 that eliminates enzyme
activity as well as the full-length membrane-bound forms
[21]. The svr! mutant has a trinucleotide deletion that
eliminates a leucine residue within CP domain 2. Although
this leucine is not catalytically important, its absence
causes svr’ CP-2 domain misfolding and leads to an
inactive protein [21]. In addition to these viable svr
mutations, several lethal svr mutations have been reported
[22, 23]. One lethal svr mutation that is currently available
was produced by insertion of a P-element (PGawB)
upstream of the initiation ATG [24]. This mutant, named
svrP@*3 | does not express any detectable forms of CPD and
was originally described as embryonic lethal [24], although
some embryos develop into the first instar larvae stage [21].

The presence and evolutionary conservation of two
almost identical active CP domains, and the presence of a
third inactive CP domain in CPD from Drosophila to
mammals, suggest a strong evolutionary pressure for these
features of the protein. In order to delineate the functions of
individual Drosophila CPD domains we created several
transgenic lines carrying various CPD forms, with some
constructs corresponding to endogenous forms while others
representing artificial constructs designed to test the func-
tion of specific domains. The PGawB insertion in the
svrPS¥ mutants carries a Gal4 driver [25], so we utilized
the Gal4:UAS system for expressing the transgenes; this
increases the likelihood that the pattern of expression of the
transgene will resemble the endogenous pattern of CPD.
Various CPD constructs were placed after the UAS pro-
moter; Drosophila lines carrying individual transgenic
CPD under the control of PG33-Gal4 driver were created.
After assessing viability of the various constructs, we
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examined a variety of other phenotypes that were suspected
of involving CPD. We also examined the ability of CPD
overexpression to process adipokinetic hormone (AKH),
which was previously shown to be processed by carboxy-
peptidase activity [26], and found to exist in partially
processed forms that contain C-terminal basic residues [27,
28]. Taken together, our results support the predictions that
CPD is involved in the processing of AKH and other
peptides involved in viability, wing shape, cold-sensitivity,
ethanol-sensitivity, and long-term memory. Only small
differences in the functions of CP domains 1 and 2 could be
found, and these two distinct CP activities appear to play
overlapping redundant roles in the processing of most of
the factors required for the various behaviors tested in these
studies.

Materials and methods
Drosophila strains and maintenance

Flies were maintained on standard corn-meal medium at 18
or 25°C unless otherwise indicated. Svr/, svP°" and
svrf O33[FM7 strains are described in [21]. The AKH-GAL4
strain was a kind gift of Jae Park (Knoxville, TN, USA)
and is described in [29]. Shi (shibere ts/Y/C(1)DX, ywf)
flies (a kind gift of Dr. Leslie Griffith) were kept at 29°C
and were used as a testing strain for memory tests. Unless
otherwise mentioned, w'’/® was used as the wild-type
control strain.

Creation of transgenic lines

Cloning of transgenic constructs uas:svr1B-short, uas:svr1A-
short, uas:svr1B-2-3-t1, uas:svr1B-2-3-t2, uas:svr1 A-2-3-t2,
uas:svr2-3-t2, uas:svrlB-2-t2, uas:svr1B-2-1B-t2, and
uas:svr1B-2-1A-t2, using pUAST vector [25] is described in
supplemental files. The P-element mediated transformation
was used to transform w’’/® flies, performed by BestGene Inc
Company, CA, USA.

Behavioral and physiological assays

Wing-shape quantification was performed as described in
[21]. Briefly, wings of 5-day-old males were cut and
mounted in DPX medium (Fluka BioChemika). A Nikon
SMZ-U microscope was used for image collection with 6 x
optical magnification. Images were processed using ImagelJ
1.40g software (NIH). For the behavioral assays described
below, transgenic and control w’/’® strains were adapted at
18°C for 5 days to lower the transgene expression levels.
Ethanol sensitivity was measured as described in [30], with
small modifications. Briefly, groups of 20-25 flies were

placed in 250-ml glass flasks with folded tissue paper
soaked in 1 ml of 42% ethanol. After transferring flies into
the flask, the top of the flask was covered with parafilm.
Flies immobilized on the bottom were counted at 5-min
intervals until all flies were immobilized.

The cold resistance assay was performed as described
[31], with slight modifications: vials containing 20-25 flies
were placed at 5-6°C for 4-6 h at which time all of the
flies were immobilized. Vials were then placed at 23-25°C
and the number of flies walking on the walls were counted
at 2 min intervals until all flies were active.

To measure learning and memory, aged-matched males
were collected as virgins and maintained in individual
small food tubes before and after the training. As a wild-
type control for memory assays, w’’’®: uas:svrl A-short
flies were used to control for eye color because the trans-
gene contains w+. Male flies were trained at 5 days of age
with Shi females mated the preceding night. The courtship
index (CI) is defined as the percentage of time a male
spends courting a female target during a 10-min pairing
with a virgin female in blinded experiments. The CI is
calculated as the time spent in courtship activity, divided
by the time of the testing period (10 min) and multiplied by
100 [32-34]. The CIs of tested males were subjected to
arcsin square root transformations to approximate normal
distributions. ANOVAs and Student’s ¢ test were per-
formed on arcsin-transformed data to get critical p values.

For short-term memory test (STM) flies were prepared
as described above. After the training period males were
isolated in individual courtship chambers for 60 min. The
trained male was then placed with a naive female for
10 min and the CI was recorded. For immediate recall,
0 min memory, the male fly was trained with a recently
mated female for 1 h and then immediately placed in a
courtship chamber with a naive female for 10 min, and
then the CI was recorded.

To measure long-term memory (LTM), the LTM-trained
and naive-trained, age-matched males were tested by
determining the CI. LTM protocol for training and testing
of the CIs of flies was established in [33]. Five days after
eclosion, half the virgin males were placed with a previ-
ously mated female in a small food tube. The control males
(naive trained) were placed in a test tube containing food
but no female. Trained males were removed after 7 h and
left in isolation until testing for 4 days later.

Viability assay

The crosses between y w svrPO3-CYEM7 females and
males of w,uas:svr variable lines were performed and the
progeny were scored. The ratio of y w svi9>*/Y uas:svr
wt males to FM7/Y males was used to determine each
individual strain viability.
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To assess the survival from embryo to adult, flies were
allowed to lay eggs on the apple juice-agar plates with
yeast paste for 4 h, embryos were transferred to vials with
standard corn-meal medium and allowed to develop until
the adult stage, and then the numbers of adults were
counted. To assess the survival from pupa to adults, equal
numbers of breeding pairs were placed in vials and allowed
to lay eggs for 24 h, and then the pupa and the resulting
adults were counted daily for 5 days.

Quantitative RT-PCR

Total RNA was extracted from the adult flies with RNA-
easy mini-kit (Qiagen), the cDNA was prepared with an
Invitrogen First Strand kit. For qRT-PCR a Power SYBR
green PCR master mix kit by Applied Biosystems was
used. The amount of silver transcript was assessed using
the svr-specific primers detecting second and third exons,
which are common between all CPD forms and transgenic
CPD forms except uas:svr2-3-t3, this form required spe-
cific primers to be used. As a loading control, Drosophila
actin gene was used [35].

Quantitative MALDI-TOF mass spectrometric profiling

To minimize the population-density effects, ten male and
ten female flies per fly cross/line measured were kept in a
medium-sized bottle and transferred onto fresh food every
2 days. Newly eclosed flies were transferred to new bottles
and dissected 7-8 days after the eclosion. For the indi-
vidual experiments, control and test flies had eclosed on the
same day and had been kept at the same location.
Corpora cardiaca (CC)/hypocerebral ganglion were
dissected out in standard Drosophila saline together with
the proventriculus and the part of the oesophagus that is
directly attached to the CC/hypocerebral ganglion. This
portion of the esophagus and the proventriculus were left
attached in order to minimize handling-induced tissue
damage and peptide release from the CC. Profiling of this
extra-tissue does not result in additional AKH signals.
Tissue was transferred with a glass capillary to a MALDI
target, saline was aspirated off, and 200 nl of matrix
(saturated solution of recrystallized o«-cyano-4-hydroxy-
cinnamic acid in MeOH/EtOH/Aq.bidest 30/30/40%) was
added as described [36]. For peptide quantification,
312 nM of heavy isotope-labeled AKH* (pGlu-Leu['>C6,
>N]-Thr-Phe-Ser-Pro-Asp-Trp-amide, ~ M,, = 982.5 Da,
Iris Biotech, Marktredwitz, Germany) were added to the
matrix. MALDI-TOF mass spectra were acquired in posi-
tive-ion reflectron mode and delayed extraction on an
Applied Biosystems Voyager 4800+ MALDI TOF/TOF
mass spectrometer. To suppress matrix ions, the low mass
gate was set to 850 Da, with a focus mass of 1,100 Da.

Laser power was first adjusted with one sample to provide
optimal signal-to-noise ratios, and then kept constant for all
samples on the MALDI target. Each spectrum consisted of
20 subspectra with 50 shots each and was internally cali-
brated. Data were analyzed with Data Explorer 4.3
software (Applied Biosystems). Mass spectra were base-
line corrected and de-isotoped, and the relative intensities
for the different adducts ((M+H]", [M+Na]t, [M+K]™)
were summed. Then, the ratio of the resulting relative peak
intensities of AKH/AKH* and AKH-Gly-Lys/AKH* and
AKH-Gly-Lys-Arg/AKH* was calculated. Statistics were
performed using GraphStat Prism 4.0 (GraphStat Software,
San Diego, CA, USA).

Results

To assess the role of individual domains within Drosophila
CPD, we created a series of transgenic fly lines that express
specific forms of the protein (Fig. 1b). In order to drive
expression in cells normally expressing CPD, the trans-
genes were placed under a UAS promoter, which is
activated by Gal4 [25]. After creating the transgenes, they
were crossed into the svr¥ %3 line, which contains a
P-element inserted within exon 1. This P-element expresses
Gal4 under the endogenous svr gene promoter. Expression
of GFP reporter under PG33-Gal4 promoter shows a broad
distribution of the signal in Drosophila central nervous
system (see Supplemental figure S1).

Some of the transgenes correspond to endogenous forms
of CPD expressed in wild-type flies. For example, the
transgene form 1A-2-3-t2 (Fig. 1b) corresponds to the
endogenous form expressed with exon 1A, and the full-
length CPD protein containing CP domains 2 and 3, a
transmembrane domain, and the splice form that generates
the cytosolic sequence previously referred to as “tail-2”
[20]. The transgene 1B-2-3-t2 construct is similar to the
above-mentioned construct except for the presence of exon
1B, which changes CP domain 1 from the inactive 1A form
into the catalytically active 1B form [20, 21]. Similarly, the
1B-2-3-t1 construct uses the splice variant that changes the
C-terminal cytosolic tail into the form named “tail-1"" [20].
Transgenic lines that express the two endogenous short
forms were also created; these correspond to exons 1A or B
through exon 4, and produce only the first carboxypepti-
dase domain, named CPD-1A or CPD-1B [20, 21]. These
short forms were previously shown to be soluble whereas
the longer forms containing the transmembrane domain are
membrane bound [20, 21]. In addition to these transgenes
representing the major endogenous CPD forms, four
additional constructs were created (Fig. 1b). Three of these
were generated in order to examine the role of the cata-
lytically inactive carboxypeptidase-like domain 3. One has
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Table 1 519 lethality rescue by CPD transgenes

UAS:svr construct Number of transgenic

18°C: low Gal4 expression

25°C: medium Gal4 expression

lines per each transgene
FM7 males

1A-2-3-t2
1B-2-3-t1
1B-2-3-t2
1A-short
1B-2-t2
2-3-t2
1B-short
I1B-2-1A-t2
1B-2-1B-t2

O O O 3 O 0 N oo
e =

ywsvrt 33 uas:svr males FM7 males ywsvirt %3 uas:svr males
0.85 1 1.33

0.98 1 0.97

0.95 1 1.04

0 1 0

0.23 1 0.44

0.45 1 0.72

0.10 1 0.61

0.10 1 0.48

0.16 1 0.63

The survival ratio of male flies carrying svi”“* and uas:svr transgene to FM7 males is shown. The ratio is presented as decimal from FM7 males
for each cross. The data for each transgene are combined from data obtained for each corresponding transgene lines

a deletion of this domain (1B-2-t2) while two others
replaced the inactive domain 3 with either inactive domain
1 (1B-2-1A-t2) or active domain 1 (1B-2-1B-t2). Another
artificial construct was created to test whether CPD domain
1A or 1B was necessary, or if the protein was functional
without either of these domains (Fig. 1b, construct 2-3-t2).

Because the levels of Gal4 expression differ with tem-
perature [37], which in turn influences the activity of the
UAS promoter controlling the CPD transgenes, we used
real-time quantitative PCR to measure mRNA from wild-
type and transgene-containing flies to test the level of
transgene-produced mRNA. The CPD transgene mRNA
level for full-length construct 1B-2-3-t2 differs at three
different temperatures (18, 25, and 30°C) (Supplemental
Table S1). At 18°C, the full-length CPD construct 1B-2-3-
t2 mRNA was 22-fold higher than the level of CPD mRNA
in wild-type flies (Supplemental Table S1). Higher tem-
peratures led to increased levels of transgene mRNA, with
levels 72-fold higher than wild type at 25°C and 101-fold
higher than wild type at 30°C (Supplemental Table S1).
Wild-type flies showed little variation in CPD mRNA
levels at the various temperatures examined. A comparison
of the various transgenic lines at 25°C showed levels of
mRNA ranging from 17- to 72-fold above that of the wild-
type level (Supplemental Table S2).

With the exception of 1A-short, flies expressing all
transgenes were viable in the svr*“* background (Table 1;
Supplemental Table S3). Because the 1A-short form is
catalytically inactive, whereas all other constructs contain
at least one catalytically active domain, this result implies
that the enzyme activity is essential for viability. Although
all transgenes with catalytically active domains conferred
survival, there was a large difference in the viability among
lines. In order to test the ability of various CPD transgenes
to rescue svrPG”, we crossed svrF93? females with males
carrying respective w-;uas:svr transgene, using multiple

insertion lines per each transgene. In case of full rescue we
expect to have a 1:1 ratio of males in the two phenotypic
classes FM7/Y ;uas:svr/+ and svit G33/Y; uas:svr/+. Lines
1A-2-3-t2, 1B-2-3-t1, and 1B-2-3-t2 showed a full rescue
of svr*9? lethality (Table 1; Supplemental Table S3). As
mentioned above, the 1A-short transgene failed to rescue
the lethality, and the 1B-short survival rate was 30% lower
than FM7/Y;uas:svr1B-short littermates. Flies lacking the
first CP domain (line 2-3-t2) survived at three quarters of
expected numbers at 25°C. Flies with alterations in CP
domain 3 also showed significantly reduced survival ratios
(1B-2-t2, 1B-2-1A-t2, and 1B-2-1B-t2; Table 1). Because
the levels of transgenic CPD mRNA differ with tempera-
ture (Supplemental Table S1), we also tested viability when
flies were incubated at 18 and 30°C. In general, survival
rates at 30°C were similar to those at 25°C (data not
shown). At 18°C, survival rates for many of the constructs
were lower than at 25°C, except for three constructs (1A-2-
3-t2, 1B-2-3-tl, and 1B-2-3-t2) which showed high sur-
vival rates at both 18 and 25°C (Table 1). This experiment
demonstrated that full-length CPD forms can fully rescue
the lethality phenotype caused by the absence of any CPD
form in the sv/*>* mutant. In contrast to the rescue pro-
vided by full-length forms of CPD containing all three CP
domains, constructs missing one or more of the CP
domains (including constructs missing the inactive third
domain) showed reduced viability, demonstrating the
importance of the three domains in the overall function of
CPD.

Since the transgenic lines with reduced viability had
relatively high levels of CPD mRNA expression (Supple-
mental Table S2), it is unlikely that the reduced viability of
these lines was caused by low CPD levels. As determined
in Table 1, viability was defined as the decimal of adult
male flies carrying svr" 9> mutation and uas:svr transgene
from FM7 males, where flies derived from each mating of
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svrP@/FM7 females mated with w-; uas:svr males car-
rying various transgenes. Defects in egg production or
embryonic development could account for the reduced
viability. To further explore the viability, first the transgene
lines were crossed into the y w svr” % background and
stable lines y w svrPG33;uas:svr were made, where uas:svr
means any of eight CPD viable transgenic forms. This
allowed us to use homozygous CPD transgenic lines for all
further experiments. To assess the viability of the transgene
lines from specific stages, adult pairs were allowed to lay
eggs for 4 h on apple juice-agar plates. Embryos were
collected from matings of the homozygous transgenic lines
and followed until the adult stage. Whereas comparable
numbers of wild-type, sv’, and sv”* eggs developed into
adults, only the full length transgenic line 1A-2-3-t2 came
close, with viability ~60% that of wild-type (Fig. 2a).
Some of the other lines such as, 1B-2-3-t1, 1B-2-3-t2, 1B-
short, and 2-3-t2 had viability levels 20-30% of the wild-
type level (Fig. 2a). The transgenic lines lacking the third
CP domain (1B-2-t2, 1B-2-1A-t2, and 1B-2-1B-t2) had
viability rates less than 6% (Fig. 2a). This result implies
that the third CP domain is important for development from
embryo to adult.

To investigate if the constructs with low viability pro-
duced protein that was abnormally routed in cells, we
transfected D.Mel-2 cells with uas:svr constructs 1B-2-1A-
t2, 1B-2-1B-t2, and 1B-2-t2 containing HA tag and a
plasmid constitutively expressing Gal4. Transfected cells
were stained with anti-HA and anti-GM130 (Drosophila
cis-Golgi) antiserum to visualize the artificial CPD forms
distribution. Because there was no commercially available
Drosophila trans-Golgi marker, we used anti-GM130
antiserum, a marker of Drosophila cis-Golgi. The results
suggest that 1B-2-1A-t2, 1B-2-1B-t2, and 1B-2-t2 proteins
are localized in a perinuclear structure that resembles the
trans-Golgi network (see supplemental Figure S2), the
expected distribution of CPD [38]. Furthermore, this result
implies that the expressed proteins are correctly folded
because incorrectly folded proteins are typically retained in
the endoplasmic reticulum and then degraded by protea-
somes [39].

Further studies examined the development of pupae to
adults. For this, the number of pupae were counted for
each group of transgenic flies and then followed until
adults. Approximately 80-90% of wild-type pupae
developed into adult flies (Fig. 2b). Many of the trans-
genic lines also showed similar viability (Fig. 2b).
However, the three lines lacking CPD domain 3 all
showed a slightly reduced viability in this assay (Fig. 2b).
Thus, although the major problem with reduced viability
of the lines lacking CP domain 3 is in the development
from egg to pupae, even the last stage from pupae to adult
depends on this domain.
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Fig. 2 Effect of the various CPD forms on Drosophila survival.
a Percentage of the Drosophila embryo surviving to the adult stage,
normalized to wild type. b Percentage of Drosophila pupa surviving
to the adult stage, normalized to wild type. The error bars show
standard error of the mean (n = 3). *p < 0.05, relative to wild-type
pupa survival, using Student’s ¢ test

CPD likely plays a role in the production of growth
factors [13, 40, 41], which may explain the reduced via-
bility of some of the transgenic lines. Many previous
studies have noted an altered wing shape in the naturally
occurring svr mutants, and this was recently quantified by
image analysis [21]. Since wing shape is also controlled by
growth factors [42], the effect of the CPD forms on these
properties likely reflects a contribution from one or more
factors produced by CPD. In our previous study we showed
that the major change in wing shape of the natural muta-
tions was a ~10-20% decrease in the posterior and
anterior cross veins segment and in proximal segments L3,
L4, and L5 with no change or a slight increase in several of
the distal wing segments [21]. In the present study, several
of the key transgenic lines were examined for wing shape.
The wings of the 1B-short construct flies were expected to
resemble those of the naturally occurring svr mutation
svP? described in [21], because both of these flies only
express the short soluble form of CPD. This prediction was
confirmed upon analysis of the wing of 1B-short transgenic
mutants (Fig. 3). Interestingly, the transgenic lines
expressing the full-length forms as well as those lacking
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domain 1 also showed a generally similar pointed-wing
phenotype, with significant changes in the posterior lon-
gitudinal veins (pL2, pL3, pL4, pL5) and the posterior
cross-vein (Fig. 3).

In addition to its presumed role in growth factor pro-
duction, Drosophila CPD is likely to play a role in
neuropeptide production because flies lack the CPE gene;
CPE is the key carboxypeptidase involved in neuropeptide
production in vertebrates and other species [43]. To
investigate the contribution of CPD forms towards the
production of neuropeptides and/or peptide hormones, we
tested various behaviors that are known to be controlled by
peptides in Drosophila. For all of the following behavioral
assays involving transgene-expressing lines, to avoid
complications from very high levels of CPD expression,
flies were allowed to develop at 25°C and then placed at
18°C for 5 days prior to assay.

Previous studies have shown that Drosophila insulin-
like peptides affect the recovery of flies from cold-induced
sleep [31]. To test this, we placed vials of flies at 5-6°C
until the animals were immobile, then brought the vials to
room temperature and recorded the time required for the
flies to begin locomotion and hold themselves on the walls.
The sv’” and svr’ flies recovered more quickly than
control flies (Fig. 4a). When tested in this paradigm, the
1B-short transgenic line resembled the sv/#*" mutant and
showed resistance to cold, relative to control flies (Fig. 4b).
However, the two other transgenic lines tested were also
resistant to cold (Fig. 4b), suggesting that there is no
functional difference between CPD domains 1 and 2 for
this behavior.
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Fig. 4 Effect of the cold exposure (5-6°C) on viable svr and
transgenic CPD mutants. a Recovery from cold-induced sleep of svr!
and sv/”°" mutants. b Recovery from cold-induced sleep of transgenic
CPD mutants 2-3-t2, 1B-short, and 1B-2-3-t2 treated for 5-7 days at
18°C to decrease the svr transgene expression. Percentage of animals
awake at each time point after cold exposure (5—6°C for 4 h for viable
svr mutants and 6 h for transgenic mutants) was determined using
20-25 animals of each group. The error bars represent standard error
of the mean for three groups of animals of each genotype. *p < 0.05,
relative to wild-type flies, using Student’s ¢ test
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Fig. 3 Wing-shape rescue summary with transgenic CPD forms 2-3-
t2, 1B-short, and 1B-2-3-t2. The relative length of each wing segment
was normalized to the length of the corresponding segment of wild-
type wing. The error bars represent standard error of the mean
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and the alula, m/ middle segment of longitudinal vein, pcv posterior
cross-vein, pL proximal segment of longitudinal vein
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Another Drosophila behavior under the control of
neuropeptides is the response to ethanol intoxication, with
flies lacking amnesiac showing enhanced sensitivity to the
sedative effects of ethanol vapor [44]. When tested for
their response to ethanol, the natural svr mutants showed
a tendency for greater sensitivity although the differences
were not statistically significant (Fig. 5a). The transgenic
lines did show a significant difference with the wild-type
flies (Fig. 5b). While some differences were noted
between the various transgenic lines tested, these differ-
ences were not statistically significant between full-length
1B-2-3-t2 and 2-3-t2 forms; there were some statistically
significant differences between 1B-short and two other
transgenes.

Peptides are also known to be involved in learning and
memory in Drosophila. An assay for short- and long-term
memory based on courtship behavior was used to compare
the natural svr mutants and wild-type flies. The sv/¥*' and
the svr’ mutant flies demonstrated normal naive courtship
behavior when paired with a virgin female (Fig. 6a). These
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Fig. 5 Effect of the ethanol vapor exposure on Drosophila viable and
transgenic CPD mutants. a Ethanol intoxication of svr’ and svi¥”
viable mutants, backcrossed to wild-type flies. b Ethanol intoxication
of transgenic CPD mutants 2-3-t2, 1B-short, and 1B-2-3-t2 reared at
18°C to decrease the svr transgene expression for 5-7 days after
collection at 25°C. Percentage of animals knocked down by ethanol
intoxication at each time point. The error bars represent standard
error of the mean for three groups of animals (20-25 flies/group) of
each genotype. *p < 0.05, relative to wild-type flies, using Student’s ¢
test

behaviors include orienting, following, tapping, wing
extension, genital licking and attempted or successful
copulation. Immediate recall memory was assayed begin-
ning immediately after the 1 h training session. Wild-type
flies displayed a reduction in courtship at O min after
training, as did both svr mutants, indicating that the mutant
flies had intact immediate recall memory (Fig. 6a). Svr
viable mutants were then examined for short-term memory
deficits. For this, male flies were paired with a recently
mated female for 1 h, as above, but then kept in isolation
for 60 min before being paired with a virgin female. Both
mutants and wild-type lines showed significantly sup-
pressed courtship activity after 60 min, which indicated
intact short-term memory in all genotypes (Fig. 6a).

We next examined viable svr’ and sv/”* mutants and
two transgenic lines (1B-short and 2-3-t2) for possible
long-term memory deficits. For the long-term memory
assay, male flies were isolated in individual tubes and half
of the males of each genotype were trained with a previ-
ously mated female for 7 h (copulation was prevented
during the training period) and the remaining males were
sham (naive) trained without a mated female [33]. After
isolation for 4 days post-training, the males were paired
with a virgin female and their CI was scored. Wild-type
flies had intact long-term memory and showed a small but
significant difference in courtship behavior (Fig. 6b). This
suppression of courtship indicates that the male fly has an
associative memory of his experience with the previously
mated female [34, 45]. In contrast, both mutants failed to
suppress courtship indicating deficits in long-term memory
(Fig. 6b). Both of the transgenic lines tested showed
reduced courtship activity (Fig. 6b), indicating that long-
term memory was intact. This result suggests that over-
expression of either CP domain 1B or CP domain 2 is
sufficient for intact long-term memory.

To test whether the various transgene lines could pro-
cess endogenous peptides, and to explore if there was a
functional difference between lines expressing carboxy-
peptidase domains 1 or 2, we examined the relative levels
of adipokinetic hormone (AKH, pGlu-Leu-Thr-Phe-Ser-
Pro-Asp-Trp-NH,) and its processing intermediates con-
taining C-terminal basic residues; these represent potential
substrates of CPD. AKH-Gly-Lys-Arg is first processed
from the AKH propeptide by the Drosophila prohormone
convertase-2 amontillado (J.M. Rhea, C. Wegener, M.
Bender, unpublished), then C-terminally trimmed by a
carboxypeptidase and amidated at the Gly-site by amidat-
ing enzymes [26]. Previous studies have detected both
AKH and AKH-Gly-Lys by direct MALDI-TOF mass
spectrometric profiling in the larval and adult corpora
cardiaca (CC), neurohemal organs that also accommodate
the AKH-producing cells [27, 28]. In the present study, we
detected these peptides, as well as a mass peak at
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Fig. 6 Analysis of short- and long-term memory in svr and
transgenic CPD mutants, using an assay based on courtship behavior.
The percentage of time a male spends engaged in courtship during a
test period of 10 min is referred to as the courtship index (CI) [34].
a Wild-type, sv#*, and svr’ mutants O-min courtship levels and
60-min courtship levels are significantly suppressed (**p < 0.001,
*#%p < 0.0005) compared to naive courtship levels. Courtship levels
are compared within genotype; the similar changes indicate that
immediate recall memory and short-term memory at 0 and 60 min
remain intact in the mutant flies. For naive courtship, wild-type flies
n =16, sv’ n =19, svr' n = 18; 0-min memory wild-type flies
n =19, sy’ n =19, svr' n = 20; for 60-min memory wild-type
flies n = 19, sv”” n = 20, svr’ n = 20. b Comparison of long-term

1317.6 Da corresponding to AKH-Gly-Lys-Arg (supple-
mental Figure S3). Using a stable isotope-labeled AKH as
internal standard applied together with the MALDI matrix
(J.M. Rhea, C. Wegener, M. Bender, unpublished), we
quantified the relative levels of AKH and processing
intermediates in the adult CC of the 1Bshort, 1B-2-3-t2 and
2-3-t2 CPD transgenic lines by direct peptide profiling of
adult CC. All transgenic CPD lines tested showed a large
and significant reduction in the relative levels of AKH-Gly-
Lys compared to controls in both males and females
(Fig. 7). Also the levels of AKH-Gly-Lys-Arg were largely
reduced, which, however, was only statistically significant
for male CC (Fig. 7). In contrast, the level of bioactive
AKH did not differ between control and CPD transgenic
lines. In both males and female CC, the AKH-Gly-Lys
levels decreased significantly more in flies expressing only
active CP domain 2 (2-3-t2) than in flies expressing only
active domain 1 (1B-short, Fig. 7). This is consistent with
the previous result that domain 1 prefers C-terminal Arg
residues while domain 2 prefers C-terminal Lys residues.
The median level of AKH-Gly-Lys in flies expressing both
active domains 1 and 2 (1B-2-3-t2) was close to the 2-3-t2
construct and much lower than that for 1B-short in both
males and females (Fig. 7), but the difference between the
1B-2-3-t2 and the 1B-short form was not statistically
significant.
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memory (LTM)-trained and naive-trained courtship activity. Wild-
type flies show a reduction in courtship index in the LTM-trained
group, relative to the naive-trained group, indicating long-term
memory. In contrast, the courtship index of the sv/”* and svr’ flies is
comparable between the LTM-trained and naive-trained groups,
indicating no long-term memory. The LTM-trained courtship levels
for the wild-type, 2-3-t2, and 1B-short groups of flies are significantly
suppressed compared to naive-trained courtship levels (*p < 0.05),
indicating that LTM remains intact for 2-3-t2 and 1B-short transgenic
CPD mutants. Wild-type flies n = 37 for naive- and LTM-trained;
svP n =26 and 23; svr’ n =26 and 20; 2-3-2 n = 19 and 16,
respectively, and for 1B-short flies n = 17

To corroborate these results, we specifically overex-
pressed either domain 1 or 2 in the AKH cells in a non-
mutant background via the GAL4-UAS system. Similar to
the previous results, expression of 1B-short or 2-3-t2 in
males or 2-3-t2 in females lead to a significantly decreased
levels of AKH-Gly-Lys and AKH-Gly-Lys-Arg in male
flies (Fig. 8). Moreover, expression of 2-3-t2 decreased the
level of both AKH intermediates significantly stronger then
1B-short in both males and females. In females, however,
expression of 1B-short did not lead to a changed level of
AKH intermediates. We also observed a significantly
increased level of AKH in both sexes. These results show
that both domains 1 and 2 are active when expressed alone
or in combination, although the combination may not be
more effective than each individual domain.

Discussion

CPD has been proposed to process neuropeptides based on
its distribution and enzymatic properties [3, 41]. The
increased processing of AKH intermediates by overex-
pressed CPD domains is the first direct in vivo evidence
supporting this hypothesis. Processing of AKH intermedi-
ates in the transgenic lines is consistent with the proposal
that CP domain 1 of CPD acts earlier in the pathway and
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Fig. 7 Mass spectrometric quantification of AKH and processing
intermediates in the corpora cardiaca of transgenic CPD mutants. Left
side (shaded) adult male flies, right side adult female flies. UAS:svr
was used as control. Levels of AKH-Gly-Lys-Arg (top panel), AKH-
Gly-Lys (middle panel), and AKH (bottom panel), measured as
intensity ratio using heavy isotope-labeled AKH* as internal standard.
n is shown in brackets in ¢. *p < 0.05, **p < 0.01, ***p < 0.001,
n.s. not significant (Mann—Whitney test)

selectively removes Arg while CP domain 2 acts later (i.e.,
at lower pH which occurs later in the maturation of the
secretory vesicles) and can more readily remove C-termi-
nal Lys from peptides than CP domain 1. Thus, while both
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Fig. 8 Mass spectrometric quantification of AKH and processing
intermediates in the corpora cardiaca of flies with AKH-GAL4-driven
overexpression of CPD domains. Left side (shaded) adult male flies,
right side adult female flies. The AKH-GALA4 parental line was used
as control. Levels of AKH-Gly-Lys-Arg (top panel), AKH-Gly-Lys
(middle panel), and AKH (bottom panel) measured as intensity ratio
using heavy isotope-labeled AKH* as internal standard. n is shown in
brackets in ¢. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not signif-
icant (Mann—Whitney test)

active domains 1 and 2 have overlapping specificities and
can act redundantly when overexpressed, there are subtle
functional differences between them and this presumably
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explains why viability is highest for the full-length form
containing both of these domains.

Although many proteins contain multiple domains, there
are only a couple of examples of peptidases that contain
nearly identical catalytically active domains. One multi-
domain peptidase is angiotensin converting enzyme (ACE),
a chloride and metal-dependent dipeptidyl carboxypepti-
dase [46]. However, unlike CPD which is conserved from
Drosophila to mammals as a multidomain protein, ACE is
multidomain in mammals but not in Drosophila, where
ACE is presented by two different genes [47]. The two
domains of mammalian ACE (or its two one-domain sep-
arate Drosophila homologs) have slightly different
substrate preferences and together display broader set of
peptidase activities; this is similar to the two active
domains of CPD which have similar but slightly distinct
activities [41]. The polyserase family of serine proteases
also contain multiple active domains as well as related
domains that are catalytically inactive, much like CPD.
Polyserase-1 is a transmembrane protein with three tandem
repeats of a serine protease domain which is processed to
generate three independent serine protease units, two of
which are active [48]. Polyserase-2 and -3 are secreted
proteins with three polyserase-like domains; the first
domain exhibits full serine protease activity and the 2nd
and 3rd domains are inactive but contribute to the overall
multidomain enzyme activity [49]. CPD is similar to po-
lyserases in that all of these proteins contain catalytically
active and catalytically inactive peptidase-like domains
that are required for the full function of the multidomain
protein. Like polyserases, CPD protein is enzymatically
processed into smaller forms (Supplemental figure S4) and
the CPD gene undergoes alternative splicing to produce
distinct forms [20].

The development of the wing requires morphogens and
receptors like Notch [50], decapentaplegic [51], and glass
bottom boat [52]; for review see [42]. These secreted and
transmembrane proteins are thought to be processed by
furin [50, 53-55], and CPD is therefore likely to be
downstream of the furin cleavage. In the present study, all
of the transgenic lines overexpressing CPD showed
abnormal wing shape that resembled the svr’ and sy’
mutants [21]. This phenotype was expected for the 1B-
short transgenic line because the sv/”” mutants express
only short forms of CPD domain 1 [21]. However, we
predicted that full-length forms of CPD would result in a
normal wing shape, and there are several possibilities to
explain the observed result. First, the levels of CPD
expression may be critical, and the higher levels of CPD
produced in the transgenic lines, relative to wild-type
levels, may have caused problems. Second, it is possible
that the proper formation of wing shape requires the
combination of CPD forms expressed in wild-type flies.

Third, while the expression system we used for the trans-
genic lines should only result in CPD expression in cells
that normally produce this protein, the timing of the CPD
expression in the transgenic lines is likely to be different
from wild-type flies because the svr promoter drives Gal4
expression which then drives the transgene expression from
the UAS promoter. This time lag may result in insufficient
processing of CPD substrates at the critical time point.
During pupa wing development, Drosophila morphogens
determine vein and intervein cell fate. Wing veins are
formed as a cell stripes in the wing imaginal disc right
before and after pupation, with different vein positioning
mechanisms for each vein [56, 57]. Longitudinal vein
precursors appear in larval wing discs and cross veins
appear in the early pupa stages [58]. Thus fine time-tuning
of morphogen signaling as well as its oscillation in
response to cell clock [59] may explain the inability of
transgenic CPD forms driven by the UAS promoter to fully
rescue the pointed wing phenotype.

Another finding in the present study is that viable and
transgenic CPD mutants demonstrated impaired long-term
memory and ethanol vapor response. This suggests that
CPD can participate in the processing of a peptide or
peptides involved in memory and the response to ethanol.
Amnesiac has been proposed to encode a neuropeptide
that functions in ethanol sensitivity and memory.
Cheapdate, an allele of amnesiac, demonstrates increased
ethanol sensitivity [44]. The location of amnesiac neuro-
peptide in dorsal paired medial neurons innervating
mushroom bodies is critical for memory in Drosophila
[60], and the mushroom bodies have been shown to be
required for long-term memory in Drosophila [33]. Other
mutants with impaired long-term memory also show
abnormal ethanol-induced behavior [61, 62]. However,
amnesiac peptide products have not yet been chemically
identified [28, 63, 64]. In addition to amnesiac, another
candidate CPD substrate responsible for syr mutants’
long-term memory impairment is insulin. The impairment
of insulin-producing cells in Drosophila nervous system
leads to increased ethanol intoxication [65]. Neurosecre-
tory cells requiring cAMP signaling are located in the
dorsal/medial region of the Drosophila brain [66], which
overlaps with cells producing insulin-like peptides [67],
thus suggesting the involvement of insulin signaling in
ethanol-induced behavior regulation [65]. Overexpression
of a protein kinase A inhibitor in insulin-producing cells
significantly increased ethanol sensitivity; flies with
reduced function of insulin receptor showed similar
results, indicating that inhibition of insulin signaling in
CNS causes increased ethanol sensitivity [65]. The other
behavioral phenotype which can involve insulin signaling
is increased cold stress tolerance, demonstrated by both
svr viable and transgenic mutants. However, the ablation
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of insulin-producing cells results in flies that show more
sensitivity to cold stress [31].

To summarize our findings, Drosophila CPD active
domains demonstrate redundant functions in terms of
processing peptides involved in viability and in behaviors
like cold and ethanol sensitivity, as well as long-term
memory. The third inactive CPD domain greatly contrib-
utes to survival; elimination of this domain, or substitution
by another CP domain substantially reduces viability.
Taken together, our results are consistent with a broad role
for CPD in the production of growth factors, peptide hor-
mones (such as AKH), and neuropeptides.
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