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ABSTRACT
Kidney stone disease is a major health burden with a complex and poorly understood
pathophysiology. Drosophila Malpighian tubules have been shown to resemble human renal
tubules in their physiological function. Herein, we have used Drosophila as a model to study the
proteomic response to crystal formation induced by dietary manipulation in Malpighian tubules.
Wild-type male flies were reared in parallel groups on standard medium supplemented with
lithogenic agents: control, Sodium Oxalate (NaOx) and Ethylene Glycol (EG). Malpighian tubules
were dissected after 2 weeks to visualize crystals with polarized light microscopy. The parallel group
was dissected for protein extraction. A new method of Gel Assisted Sample Preparation (GASP) was
used for protein extraction. Differentially abundant proteins (p<0.05) were identified by label-free
quantitative proteomic analysis in flies fed with NaOx and EG diet compared with control. Their
molecular functions were further screened for transmembrane ion transporter, calcium or zinc ion
binder. Among these, 11 candidate proteins were shortlisted in NaOx diet and 16 proteins in EG
diet. We concluded that GASP is a proteomic sample preparation method that can be applied to
individual Drosophila Malpighian tubules. Our results may further increase the understanding of the
pathophysiology of human kidney stone disease.

KEYWORDS
Drosophila; gel assisted
sample preparation; mass
spectrometry; Malpighian
tubules; proteome; stone

Introduction

Over the last century, with the increase in prosperity
and availability of nutritious food, the incidence of
renal stones has progressively increased worldwide.1

The lifetime prevalence of nephrolithiasis is between
5% and 12% in developed countries such as United
States and most European states.2 In developing coun-
tries, the incidence of stone disease is also increasing
in particular as a consequence of hot climate in some
geographical regions.3 The incidence of stone disease
leads to increased financial burden in the diagnosis
and treatment. Despite the advances in minimally
invasive surgery in recent decades, little is known as to
the fundamental molecular pathophysiology of kidney
stone disease. The quest for effective medical treat-
ment and prevention is ongoing.

Previous pilot studies have suggested that Drosoph-
ila could be used as a cost-effective model for kidney
stone disease.4 The advantages of Drosophila over

other animal models include similar anatomical struc-
ture and philological function of Malpighian tubule to
human renal tubules, brief life cycle and the ease and
low cost of rearing.5-8 Drosophila has also been
reported to reliably develop calcium oxalate (CaOx)
crystals with dietary supplements of stone-forming
agents.4 The simplicity and transparent nature of Mal-
pighian tubules allows for direct observation and
quantification of crystals, which is not possible in
other animal models.

To better understand the underlying biological pro-
cess of human kidney stone disease, it would be help-
ful to know how drosophila proteomic profiles are
regulated secondary to crystal formation. The objec-
tive of this study is to assess the proteomic changes in
response to crystal formation in Drosophila Malpigh-
ian tubules, using gel-aided sample preparation
(GASP)9 combined with nano-liquid chromatography
tandem mass spectrometry (nLC-MS/MS) analysis.
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Results

Inducing crystallization in Malpighian tubules

Crystal formation in the Malpighian tubule of male
Canton S flies was observed as early as one week of
ingestion of lithogenic diets, including either sodium
oxalate (NaOx) or ethylene glycol (EG). The control
group had a basal incidence of crystal formation
around 20%. The overall rate of crystal formation was
significantly higher in flies fed with NaOx and EG
diets, 73% and 84% respectively (Table 1).

The birefringent crystals were most often observed
in the distal segment of the Malpighian tubules. No
crystals were observed in the hindgut. Figure 1 shows
the different morphology of crystals in 3 experimental
conditions. The crystal composition has been shown
to be predominantly CaOx monohydrate or CaOx
dihydrate by energy-disperse X-ray spectroscopy and
scanning electron microscopy in previous studies.4,10

Qualitative analysis of detected proteins in 3
biological replicates in Mascot analysis

Initially, the MASCOT (v2.5.1, Matrix Science)
search engine was used to interrogate the Malpigh-
ian tubule proteome in order to generate a compre-
hensive list of all detected proteins in 3
experimental conditions. Only proteins common in
the 3 biological replicates were further analyzed in
sub-categories. We then used LC-Progenesis IQ
software as an individual analysis to identify differ-
entially abundant (p<0.05) proteins in control as
compared to treated flies and to quantify their fold
changes. These proteins identified from MASCOT
and Progenesis were screened against Flybase for
their molecular functions. We further narrowed
down the functionally significant proteins by
choosing those functioning as transmembrane ion
transporters, calcium or zinc ion binders, which
might be relevant in crystal formation.

In the initial experiment using gel-aided sample
preparation (GASP), we identified a total of 748 pro-
teins from the Malpighian tubules and hindgut of one
fly compared to 859 proteins from 5 flies (Supplemen-
tary Fig. 1) from a nLC-MS/MS one hour gradient. In
addition, we used a pool of 5 flies and nLC-MS/MS
analysis with an optimized two hour gradient, in
which more proteins (1217 proteins present in all bio-
logical replicates of the control group, 1142 in sodium
oxalate group and 983 in ethylene glycol group) were
detected in all samples (MASCOT) (Fig. 2A-C). The
biological triplicates showed close clustering as shown
in the Principal Component Analysis (Supplementary
Fig. 2). We then compared the common proteins
found in the biological triplicates of the 3 dietary con-
ditions (Fig. 2D).

All proteins identified by Mascot analysis were
searched in Flybase database for their molecular
functions. Candidate proteins which function as trans-
membrane ion transporters, calcium, zinc or magne-
sium ion binders that may play a role in crystal
formation were shortlisted. Among the 57 proteins
which were common to the NaOx and EG groups,
only Vha100-1 fulfills this criteria whereas the other
56 proteins do not. Vha100-1(protein accession num-
ber: Q6NLA3; Flybase ID: FBgn0028671) functions as
proton transporting ATPase which might be of inter-
est in CaOx crystal formation (Fig. 2D).

Label-free quantitation of proteins identified in
Malpighian tubules of Drosophila

In total 1982 proteins were identified by nLC-MS/MS
and Mascot/Progenesis analysis. Using a cutoff of
p<0.05, 211 proteins were differentially synthesized
betweenNaOx and control groups (Fig. 3A, Supplemen-
tary Table 1), and 314 proteins between EG and control
groups (Fig. 3B, Supplementary Table 2). Molecular
functions were analyzed and categorized by PANTHER
Classification System (Protein ANalysis THrough Evo-
lutionary Relationships, version 10.0) (Fig. 4A and B).
Among those differentially abundant proteins, their
molecular functions were screened for transmembrane
ion transporter, calcium, zinc or magnesium binders
that could be relevant in crystal pathogenesis. 11 candi-
date proteins were selected in NaOx group and 16 in EG
group (Table 2A and B). Positive fold changes indicated
up regulation compared with control and negative fold
changes indicated down regulation.

Table 1. Incidence of stone formation in Drosophila Malpighian
tubules in 3 experimental conditions.

Drosophila diet
Overall incidence of
crystal formation (%)

control 20 § 2.2
NaOx (0.05% sodium oxalate) 73 § 3.6
EG (0.5% ethylene glycol) 84 § 2.2

Note. Values were expressed as means§ standard error of mean.
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Figure 1. Crystal formation in Malpighian tubules 10-40x magnification. The control diet showed the normal structure of a pair of Mal-
pighian tubules joining into a single ureter, which further secretes into hindgut. The crystal morphology was small and extensive in the
NaOx (sodium oxalate) treatment group. In contrast EG (ethylene glycol) enriched diet induced crystals which were bigger, poly-angular
with a jewel-like gloss.

Figure 2A–D. Number of Malpighian tubule proteins identified by mass spectrometry using a two hour LC gradient and MASCOT analysis.
We identified 1217 proteins present in all biological replicates in the control group (A), 1142 in NaOx (sodium oxalate) group (B) and
983 in EG (ethylene glycol) group (C), respectively. Venn diagram comparing the proteins identified by MASCOT analysis in 3 experimen-
tal conditions (D). Comparing 1142 proteins in NaOx group, 984 in EG group and 1217 in control groups, the majority of proteins identi-
fied (792) were common to the 3 dietary conditions. Among the 57 proteins common to both experimental conditions (NaOx and EG),
Vha100-1 was one interesting candidate proteins probably related to CaOx crystal formation.
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Figure 3A–B. Volcano plot of differentially abundant proteins in Malpighian tubules after treatment. Volcano plots of protein fold changes
for control vs. NaOx (A) and vs. EG group (B). The magnitude of the change is plotted on the x-axis (log2 of diet vs. control) against the
significance of the change (-log10 of Progenesis P-values, which are equivalent to a 2-tailed Student’s t-test of arcsinh-transformed nor-
malized protein abundances) on the y-axis. Proteins were p< D 0.05 are highlighted in dark circles.

Figure 4A–B. 211 proteins were differentially synthesized between NaOx and control groups (A); 314 proteins between EG and control
groups (B). Molecular function were analyzed and categorized by PANTHER Classification System (Protein ANalysis THrough Evolutionary
Relationships, version 10.0). The functional categories were similar between NaOx and EG group, with proteins with catalytic activity
being predominant.
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Discussion

Kidney stone disease is a major health problem world-
wide but the underlying pathophysiology remain
largely unknown and effective medical treatment is
scarce. Using the Drosophila as a model for kidney
stone disease, we have revealed a comprehensive pro-
file of altered proteome in response to induced crystal
formation in Malpighian tubules. To our knowledge,
this is the first study to identify the possible candidate
proteins that may play an important role in tubular
crystal formation.

The recently described Gel-aided sample prepa-
ration (GASP) method9 has been applied for the
first time on Drosophila Malpighian tubules. The
GASP method is very reliable especially with low
protein amounts compared to the known in-gel, in-
solution digestion methods in mass spectrometry.

In our hands the GASP protocol, shows more con-
sistency with biological replicates due to lesser sam-
ples loss during preparation. Using the GASP
method, we were able to identify similar number of
proteins from 5 drosophila Malpighian tubules and
10 tubules (859 compared to 867, respectively, on a
one hour gradient). The sensitivity of the GASP
method for 1, 5 and 10 tubules are shown in Sup-
plementary Figure 1.

GASP shows high reproducibility of biological rep-
licates and gave more protein identifications in our
hands than the in-solution method (data not shown).
As GASP has been previously optimized for scalabil-
ity, ease of use and sensitivity, it appears to be well
suited for low abundant samples that require a flexible
application to other body parts and/or fluids of flies
and will have a significant impact of future applica-
tions in fly research.

Table 2. Lists of candidate proteins differentially expressed in NaOx and EG groups as compared to control. The candidate proteins were
shortlisted by screening their molecular function. The log2 fold change values of treated groups to control were shown in the last col-
umn respectively.

Protein
Protein accession

number Peptide counts Gene name FlyBase ID Protein function p-Value log2 fold change

A. Sodium oxalate diet
A1Z876 3(3) Ndg FBgn0026403 Zinc ion binding 0.032 0.453
Q9V3J1-2 6(6) VhaSFD FBgn0027779 Vacuolar H[C]-ATPase

SFD subunit
0.017 0.449

Q07171-2 5(5) Gel FBgn0010225 Calcium ion binding 0.041 0.427
A4V0N4 42(19) Vha68-2 FBgn0263598 Vacuolar H[C] ATPase

68 kDa subunit 2
0.042 0.328

Q9VLI1 7(6) CG9465 FBgn0032067 Zinc ion binding 0.035 ¡1.425
Q0E9G4 1(1) Drat FBgn0033188 Zinc ion binding 0.012 ¡1.408
Q8SXQ8 1(1) CG32335 FBgn0063667 Zinc ion binding 0.045 ¡1.057
A8QI34 2(1) Jyalpha FBgn0267363 sodium: potassium-

exchanging ATPase
0.036 ¡0.563

M9PJN5 9(8) HDAC6 FBgn0026428 Zinc ion binding 0.008 ¡0.500
Q8IPZ3 1(1) CG17221 FBgn0031500 Zinc ion binding 0.026 ¡0.496
Q95T12 1(1) flower FBgn0261722 Calcium channel

activity
0.049 ¡0.474

B. Ethylene glycol diet
Q9VUB5 1(1) Upset FBgn0036398 Zinc ion binding 8.82E-08 infinity
B5RIR1 1(1) nrv1 FBgn0015776 Na: potassium

transporting ATPase
0.003 1.254

Q9W141-2 3(2) CG4692 FBgn0035032 Hydrogen-exporting
ATPase activity

0.013 1.238

Q9VNF8 5(5) sec23 FBgn0262125 Zinc ion binding 0.044 1.167
Q8SXQ8 1(1) CG32335 FBgn0063667 Zinc ion binding 0.011 0.935
Q9VKM3 3(3) ATPsynG FBgn0010612 Hydrogen-exporting

ATPase activity
0.005 0.737

Q7JYV3 1(1) CG12374 FBgn0033774 Zinc ion binding 0.027 ¡2.262
Q9VLI0 7(6) CG9466 FBgn0032068 Zinc ion binding 0.015 ¡2.176
Q9VS66 3(3) CG8562 FBgn0035779 Zinc ion binding 0.002 ¡2.042
Q9VBP9-2 2(2) NpL4 FBgn0039348 Zinc ion binding 0.004 ¡1.555
Q9VLI1 7(6) CG9465 FBgn0032067 Zinc ion binding 0.025 ¡1.434
Q9VLI2 7(7) CG9463 FBgn0032066 Zinc ion binding 0.027 ¡1.368
Q961J8 2(2) CG8560 FBgn0035781 Zinc ion binding 0.028 ¡1.166
Q9VNF9 3(3) elm FBgn0037358 Calcium ion binding 0.001 ¡0.867
Q9W197 2(2) CG3362 FBgn0034988 Magnesium ion binding 0.04 ¡0.721
Q8IPI3 2(2) Ndae1 FBgn0259111 Na: bicarbonate symporter activity 0.043 ¡0.510
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The chosen label-free method for Mass Spectrome-
try relies on a good alignment of the chromatograms
for quantitation but is more time and cost effective
compared to a SILAC approach.11

Among the 57 proteins present in both NaOx and
EG group but not in control group in MASCOT anal-
ysis, Vha100-1 should be pointed out as an interesting
candidate protein. Vha100-1 which is known to be
involved in the pathogenesis of renal tubular acidosis
and calcium homeostasis, both being recognized path-
ways of calcium crystal formation. None of the other
56 candidate proteins identified have previously been
shown to have a role in recognized pathways of cal-
cium crystal formation.

Vha100-1 stands for vacuolar HC ATPase 100 kD
subunit 1, which is one of the many isoforms of V-
type proton transporting ATPase, mainly involved
in reduction of intracellular pH and ATP hydrolysis
coupled proton transport.12 The human ortholog of
Vha100-1 is Hsap\ATP6V0A4. Located on chromo-
some 7q33-34, Hsap\ATP6V0A4 is known to play a
key role in the pathogenesis of renal tubular acido-
sis. The homozygous mutation of ATP6V0A4 results
in distal renal tubular acidosis, which is a hereditary
disorder of renal stone disease.13 The kidney fails to
produce an appropriately acid urine in the presence
of systemic metabolic acidosis, due to failure of
hydrogen ion secretion or bicarbonate reabsorption
in the distal nephron. This results in hyperchloremic
metabolic acidosis and is usually accompanied by
nephrocalcinosis or nephrolithiasis.14 Heterozygous
mutation of V-ATPase B1 subunit in human has
been shown to cause incomplete distal renal tubular
acidosis.15 Vha100-1 is also involved in the process
of calmodulin binding, a calcium-binding proteins
with many roles, indicating Vha100-1 may have a
modulating effect in calcium metabolism and cal-
cium related metabolic pathways. It has been
reported that insect calcitonin-like diuretic peptides
stimulated V-ATPase activity in Drosophila Mal-
pighian tubules resulting urine acidification hence
crystallization.16

V-ATPase plays a central role in many aspects of
cellular function in the kidney as well in other
organs.17,18 These range from proton secretion in
order to acidify the extracellular milieu, to intracellu-
lar acidification of vesicles and regulation of a variety
of processes that range from lysosomal degradation,
ligand receptor dissociation and intracellular

trafficking.19 The holoenzyme is comprised of many
different subunits, each having different functions
that are involved not only in the activity of the
enzyme but also to its intracellular regulation and tar-
geting. It might be an important agent in the com-
mon pathways in kidney crystal pathogenesis as
several other V-ATPase subunits has been identified
in the Progenesis analysis as well. We have observed
both Vha68-2 (Vacuolar HC ATPase 68 kDa subunit
2) and VhaSFD (Vacuolar HC ATPase SFD subunit)
were up-regulated in NaOx group.

Among the differentially abundant proteins, we
have identified 11 proteins in NaOx groups and 16
proteins in EG group that function as transmembrane
ion transporters, calcium, zinc or magnesium ion
binders. We made the hypothesis these groups of pro-
teins are more important in the process of crystal for-
mation based on previous published work.20-23 We
have previously looked into a different cohort of flies
for the corresponding transcriptive changes (data not
shown), but the candidate proteins cannot be corre-
lated at the mRNA level.

A recent study using the Drosophila model sug-
gested that zinc and possibly magnesium had an
essential role in driving heterogeneous nucleation that
eventually results in crystal formation.24 Chi et al. pro-
posed that zinc facilitates calcification given the pres-
ence of non-trace levels of zinc in fly crystals, human
xanthine stones and CaOx plaques. By inhibiting zinc
transporter genes a suppression of Drosophila crystals
formation were observed. In this study, numerous
zinc binding proteins were differentially abundant in
both NaOx and EG diets. Although the particle struc-
ture and mechanism of crystallization reported by Chi
et al. are different from the CaOx crystals induced in
the current experiment, our results also support the
hypothesis that zinc pathways may be important in
crystal formation.

JYalpha, as well as nervana 1, are proteins that
function as sodium: potassium exchanging ATPase.
We found this group of protein of interest because
sodium and potassium transport has been implicated
in calcium ion transport across renal tubules and
hemostasis.25 It was shown in rat and rabbit model
that the basal-lateral plasma membrane contain
sodium/calcium exchange system which mediates
the counter-transport of calcium and sodium
across the basal cell border.26 Decreased NaC/KC
ATPase activity were described in idiopathic
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hypercalciuria.27 This transporter might be differen-
tially synthesized as a result of CaOx crystal
formation.

The altered proteome probably represents changes
at a cellular level rather than in the extracellular envi-
ronment. These differentially abundant proteins could
be directly involved in CaOx formation or could be a
regulated response to the obstructive uropathy, meta-
bolic acidosis and failure to maintain electrolyte or
acid-base balance in Malpighian tubules. A significant
proportion of detected proteomic changes such as
those with binding, catalytic and enzyme regulator
activity could as well be the result of inflammatory
responses or cellular adaptation to the lithogenic
agents or crystal formation.

During the screening of candidate proteins, we
made the hypothesis that those functioning as trans-
membrane ion transporter, calcium or zinc binding
proteins might be more critical in crystal formation
but other proteins might also be relevant. More studies
will be desirable to elucidate the biological process of
how these differentially abundant proteins function as
a whole in the process of CaOx crystal formation.
Though previous researchers 4,10 have shown the crys-
tals inside the Malpighian tubules to be CaOx, there
was the possibility given that the relative elemental
composition was altered during prolonged feeding.
One of the other limitation of the current study is the
lack of functional validation of the candidate proteins.
Further work will be needed to evaluate if changing
the expression of candidate proteins will have any
impact on the crystal formation process. Assisted by
powerful transgenic resources, these proteins could be
targeted to allow manipulation of stone formation and
develop therapeutic agents in human kidney stone dis-
ease in the future.

To conclude, our study has applied a new proteo-
mic sample preparation method GASP on Drosophila
model to narrow down the potential protein targets
involved in human stone pathogenesis. These results
may further increase the understanding of the patho-
physiology of human kidney stone disease.

Material and methods

Drosophila stocks

Wild-type (Canton S) D. melanogaster were used.
Male flies were selected and maintained in plastic vials
containing standard medium (maize 18.6%, yeast

3.8%, soya 2.2%, agar 3.1% and water 72.3%) in a
25�C, 50-60% humidity incubator.

Lithogenic agents

Different concentrations of crystal forming agents at a
physiological dose were added into standard fly
medium. Three conditions were prepared: control
(standard fly medium), 0.05% sodium oxalate and
0.5% Ethylene Glycol. Biological triplicates were raised
in each condition.

Fly maintenance

New emergent flies were collected from eclosion under
light anesthesia. Flies were housed at a density of 25 flies
per vial. At day 3 male flies were randomly divided into
3 diet groups (control, NaOx, EG) and kept on these
diets for 2 weeks. Every third day the male flies were
transferred into fresh medium. The proteomic study
contains 5 male flies for each diet group in biological
triplicates ofMalpighian tubules and hindgut (Fig. 5).

Malpighian tubule preparation

After CO2 anesthesia the excretory organs (Malpighian
tubules and hindgut) were dissected in Schneider’s Dro-
sophila medium. Freshly dissected tubules and hindgut
from 15 flies were prepared for polarized light micros-
copy examination. Groups were dissected in parallel
and processed for protein extraction with 5 flies pooled
from each biological triplicate and analyzed separately.

Birefringence microscopy

Malpighian tubules and hindgut were prepared fresh
on SuperFrost slides and observed immediately under
normal and polarized white light with an Olympus
BX60 microscope. The tubules with crystal formation
were photographed and scaled.

Proteomic sample preparation and quality control

For protein extraction, Malpighian tubules and
hindgut samples were homogenized by tissue
grinder (4 minutes) and vortexing (2 minutes)
respectively in 180 ml of cocktail buffer consisting
of 7M Urea, 2M Thiourea, 4% CHAPS and 0.2%
Triton X-100 with freshly added 10 ml of 1M tris
(2-carboxyethyl) phosphine (TCEP) and 10 ml of
1M iodoacetamide (IAA) and incubated for 30 min
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at room temperature. During method development
we compared the Gel-aided sample preparation
(GASP) (6) to an in-solution digestion protocol on
one Malpighian tubules and hindgut. Briefly, the
steps for the GASP protocol includes (i) protein
extraction, (ii) co-polymerization of proteins with
monomeric acrylamide, (iii) shredding of gel, (iv)
depletion of small molecules, (v) proteolysis, and
(vi) peptide recovery. The other steps for Gel-aided
sample preparation (GASP), an in house developed
trypsin digestion and peptide extraction procedure,
were performed according to the protocol described
elsewhere (6). Alternatively, for the in-solution pro-
tocol, samples were subjected to a Methanol/Chlo-
roform extraction.28 The precipitated protein pellet
was resuspended in 6M Urea and diluted to 2M
Urea prior to the addition of trypsin as described
(6). Digested samples were analyzed on a Dionex
Ultimate 3000 UPLC coupled to a hybrid quadru-
pole-orbitrap instrument (Q Exactive, Thermo Sci-
entific).29 Samples were desalted online (PepMAP
C18, 300 mm £ 5 mm, 5 mm particle, Thermo) for
1 minute at a flow rate of 20 ml/min and separated
on a nEASY column (PepMAP C18, 75 mm £
500 mm, 2 mm particle, Thermo) over 120 Minutes
using a gradient of 2%-35% Acetonitrile in 5%
DMSO with 0.1% Formic acid at 250 nl/min. Scans
were acquired at a resolution of 70,000 @ 200 m/z
and the 15 most abundant precursors were selected
for HCD fragmentation.

Mass spectrometry data analysis

Peak list files were generated with MSConvert (Pro-
teowizard v3.0.5211) using the 200 most abundant
peaks/spectrum. The SwissProt D. melanogaster refer-
ence proteome (retrieved 30/03/2015) (21,361 sequen-
ces; 14,358,849 residues) database was used for
searches in Mascot (v2.5.1, Matrix Science), PEAKS
(v7, Bioinformatics Solutions). Searches were per-
formed with fixed modification for Propionamide (C)
and variable modifications for Oxidation (M) and
Deamidated (N). A mass deviation of 10 ppm for MS1
and 0.05 Da for MS2 spectra were applied for all anal-
ysis. A decoy database search was implemented in
order to get a probability score threshold regarding
search engines and a general false discovery rate of 1%
was set. Raw data were individually searched in Mas-
cot or Peaks. All proteins were searched against Fly-
base30 to investigate reported molecular function. Ion
transporters, water channels and calcium dependent
proteins were short listed and compared to the results
from Progenesis (v2.0.5556.29015). For label-free
quantification raw data were submitted to Progenesis.
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