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Urinary proteins have been implicated as inhibitors of
kidney stone formation (urolithiasis). As a proximal fluid,
prefiltered by the kidneys, urine is an attractive biofluid for
proteomic analysis in urologic conditions. However, it is
necessary to correct for variations in urinary concentra-
tion. In our study, individual urine samples were normal-
ized for this variation by using a total protein to creatinine
ratio. Pooled urine samples were compared in two inde-
pendent experiments. Differences between the urinary
proteome of stone formers and nonstone-forming con-
trols were characterized and quantified using label-free
nano-ultraperformance liquid chromatography high/low
collision energy switching analysis. There were 1063 pro-
teins identified, of which 367 were unique to the stone
former groups, 408 proteins were unique to the control
pools, and 288 proteins were identified for comparative
quantification. Proteins found to be unique in stone-form-
ers were involved in carbohydrate metabolism pathways
and associated with disease states. Thirty-four proteins
demonstrated a consistent >twofold change between
stone formers and controls. For ceruloplasmin, one of the
proteins was shown to be more than twofold up-regulated
in the stone-former pools, this observation was validated
in individuals by enzyme-linked immunosorbent assay.
Moreover, in vitro crystallization assays demonstrated ce-
ruloplasmin had a dose-dependent increase on calcium
oxalate crystal formation. Taken together, these results
may suggest a functional role for ceruloplasmin
in urolithiasis. Molecular & Cellular Proteomics 10:
10.1074/mcp.M110.005686, 1–10, 2011.

Kidney stone disease is a major clinical and economic
burden for health care systems around the world. It is esti-
mated that up to 13% of men and 7% of women present with

kidney stones in their lifetime (1). Treatment is costly and often
involves lithotripsy or surgical removal (2). The majority
(�80%) of urinary tract stones are predominantly calcium
oxalate in composition (3). The etiology of kidney stone for-
mation is unknown, but proteins have been implicated in
crystal nucleation, regulation of crystal growth and aggrega-
tion, and regulation of adhesion to the renal tubule and
urothelium (4–6). Thus, it is likely that there may be proteins in
urine that either promote stone formation in stone formers or
inhibit stone formation under normal circumstances. Identifi-
cation and characterization of these proteins would have ob-
vious potential diagnostic and possibly therapeutic benefits.

To date, few studies have been performed to compare the
urinary proteome of stone-formers compared with controls (7,
8). Most research has focused either on proteins extracted from
stones or proteins derived from urine fractions that have been
shown to inhibit crystallization in vitro (9, 10). Using these meth-
ods, several putative inhibitory proteins have been identified (11).

Research into the urinary proteome is advantageous for
urologic diseases for several reasons. First, many urologic
pathologies are “downstream” of the kidney and in contact
with urine. Therefore, urine is a proximal fluid and optimal for
investigating disease etiology or identifying diagnostic mark-
ers. Second, the dynamic range of urine is not as broad as
that of plasma (12), which obviates the need for extensive
depletion processes before analysis. Third, urine is an abun-
dant and readily obtainable biofluid. However, one challenge
of urinary proteomics is normalizing the variation of protein
concentration in urine samples because of fluid intake and
renal function. The normalization process is crucial to obtain-
ing meaningful comparative data. The ratio of urinary total
protein to urinary creatinine in “spot” urine samples has been
used to correct for variation in protein excretion and hydration
status (13).

In this discovery stage study, we have performed two in-
dependent label-free quantitative proteomic comparisons on
pooled urine of kidney stone-formers versus controls. This is
the first study to provide a comprehensive quantitative pro-
teomic comparison of urine from patients with urolithiasis and
controls and to identify a protein which promotes the forma-
tion of calcium oxalate crystals.
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EXPERIMENTAL PROCEDURES

Sample Collection and Patients—This study analyzed urine sam-
ples from 57 patients with radiologically confirmed urinary tract
stones and 57 patients with unrelated benign urological conditions.
All samples were obtained from patients attending the Urology De-
partment, The Churchill Hospital, Oxford, UK for surgical pre-assess-
ment as part of an ongoing bio-banking program. Samples were
collected under ethics approval (Oxfordshire REC 09/H0606/5) and all
patients gave informed consent. The stone-formers had a mean age
of 54.9 years (range 19–91) and the controls had a mean age of 52
(range 29–82). Of the stone-formers, 38 were male and 19 female and
in the control group 51 were male and 6 female. Twenty-four of the
stone formers had a solitary stone and 33 had multiple stones at the
time of sample collection. Subgrouping by stone analysis was not
possible because patients were treated with ureteroscopy and laser
fragmentation or extracorporeal shock wave lithotripsy and conse-
quently stones were not routinely available for analysis. Control pa-
tients were attending for surgery for benign urological conditions
(Table I). All patients in the study had a normal serum creatinine level.
Spot urine samples from stone forming patients and nonstone form-
ers were collected in 30-ml containers (Sterilin, Newport, UK) before
any intervention. Samples were frozen at �80 °C within 2 h of col-
lection. Samples were thawed and centrifuged for 5 min at 500 � g to
remove any cellular material and aliquoted into 2-ml aliquots and
stored at �80 °C before further processing. Each aliquot was used
only once.

Urinary Protein Normalization and Quantification—Urinary total pro-
tein and creatinine levels were assayed on 1-ml aliquots from each
sample using a clinical analyzer (Bayer Advia 2400, Siemens Medical
Solutions, Deerfield, IL, USA). Total protein to creatinine ratios were
calculated and used to determine the volume each sample contrib-
uted to the pool in each experiment. The pooled urine samples were
concentrated to �500 �l by centrifugation at 3500 rpm in 5 kDa
molecular weight cut-off concentration columns (Vivaspin 20, Sarto-
rius, Goettingen, Germany) and proteins isolated by methanol-chlo-
roform precipitation (14). Precipitated protein pellets were resus-
pended in isoelectric focusing buffer (6.3 M urea, 2.4 M thiourea, 45
mM dithiothreitol, 6% glycerol, and pH 4–7 carrier ampholytes (Agilent
Technologies, Santa Clara, CA). The protein concentration was mea-
sured from 5-�l aliquots of these solutions using EZQ® protein quan-
titation kit (Invitrogen) according to the manufacturer’s instructions.

Off-Gel Isoelectric Point Fractionation and SDS-Page analysis—
Isoelectric point-based fractionation on precipitated urinary proteins
was performed with the 3100 Off-gel fractionator (Agilent Technolo-
gies) using the manufacturer’s protocol. Twelve protein fractions were

generated over a pH gradient of 4–7. After a 5-�l aliquot had been
taken for SDS-PAGE analysis, the fractions were methanol-chloro-
form precipitated. Five microliters from each fraction was mixed with
15 �l Laemmli sample buffer and run on a 4–12% precast gel (Bio-
Rad) at 120 V for 2 h. Gels were fixed in 40% methanol 10% acetic
acid stain using Sypro Ruby according to the manufacturer’s instruc-
tions. Gels were destained in 10% methanol and 7% acetic acid and
visualized using a UV Transilluminator (AutoChemi System, UVP bio-
imaging systems) at 570–640 nm and images were acquired using
LabWorks 4.6.

In-solution Digestion and Peptide Purification—Precipitated protein
pellets from each of the fractions were resuspended in 100 �l of
denaturing buffer (6 M Urea, 100 mM Tris pH 7.8). The samples were
reduced for 60 min with 30 mM dithiothreitol, 10 mM Tris p7.8, then
alkylated for 60 min with 30 mM iodoacetamide. Excess reducing
agent was added to consume unreacted iodoacetamide. The urea
concentration was reduced by adding 775 �l water and the samples
were digested with (1.5 �g) trypsin at 37 °C to completion. Peptide
digests were purified using Sep-Pak C18 columns (Waters, Milford,
MA). Columns were equilibrated before sample loading. Samples
were washed with 10 ml of 3% acetonitrile, 0.1% formic acid (FA)1

and eluted with 2 � 750 �l of solution 80% acetonitrile, 0.1% FA.
Purified peptides were lyophilized in a vacuum centrifuge and stored
at �80 °C. Before mass spectrometry analysis, samples were resus-
pended in 50 �l of 3% acetonitrile, 0.1% FA.

Mass Spectrometry and Data Analysis—Tryptic digests of fraction-
ated urinary proteins were subjected to nano-ultraperformance liquid
chromatography-tandem mass spectrometry analysis (nano-UPLC-
MS/MS) using a 75 �m I.D. 25 cm C18 column, 1.7 �m particle size
and a 90 min gradient: 2% to 45% solvent B (solvent A: 99.9% H2O,
0.1% FA; solvent B: 99.9% acetonitrile, 0.1% FA) on a Waters Nano-
AcquityTM UPLC system coupled to a Waters QTOFpremierTM tan-
dem mass spectrometer (Waters), as described previously (15). Data
was acquired in high-definition high/low collision energy switching
(MSE) mode (high and low collision energy switching every 1.5 s) and
processed with ProteinLynx Global Server (PLGS version 2.3, Waters)
to reconstruct MS/MS spectra by combining all masses with a similar
retention time. MS/MS spectra (peaklists) were searched against the
SwissProt (version 56.9, 41,104 human protein entries) databases
using PLGS (version 2.3) with the following parameters: peptide tol-
erance, 10 ppm (allowing for variation based on mass peak resolu-
tion); fragment tolerance 0.015 Da (allowing for variation based mass
peak resolution); trypsin missed cleavages, 3; fixed modification,
carbamidomethylation and variable modifications, Deamidation on
NQ and Met oxidation, Acetyl N terminus and a false positive rate of
4%. Included were all protein hits that were identified with a confi-
dence of �95%.

Quantitative analysis of MS data was performed using the Waters
Expression Profiling System (WEPSTM). Where quantitative data was
obtained for the same protein in multiple fractions, the median value
of available ratio measurements from all fractions was calculated.
Ingenuity Pathway Analysis software (Ingenuity Systems®) was used
to research protein functions and associated networks.

Enzyme-Linked Immunosorbent Assay—Levels of urinary cerulo-
plasmin were measured by quantitative competitive sandwich ELISA
(AssayPro, St Charles, USA) according to the manufacturer’s guide-
lines. Urine volumes were normalized according to total protein: cre-
atinine ratios with water and diluted 1:10 for the assay. Absorbance

1 The abbreviations used are: FA, formic acid; MSE, high/low colli-
sion energy switching; NSF, nonstone former; SF, stone former;
UPLC, ultra-performance liquid chromatography; MS/MS, tandem
MS; LC-MS, liquid chromatography-MS.

TABLE I
Patient demographics

Stone
formers Controls

Number:
Total 57 57
Male 38 51
Female 19 6

Mean age 54.9 52
Stone burden:

Single stone 24
Multiple stones 33

Non-malignant urological problem:
Simple penile/scrotal surgery 29
TURPa/optical urethrotomy/urethral dilatation 18
Other 10

a TURP, transurethral resection of prostate.
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was measured at 450 nm using a monochromator microplate reader
(Safire2, Tecan).

Crystallization Assay—Changes in calcium oxalate crystallization
kinetics were investigated by monitoring the increase in absorbance
after mixing solutions of calcium chloride and sodium oxalate to
generate a supersaturated calcium oxalate solution as described (16).
Stock solutions were prepared: stock solution A contained 8 mM

calcium chloride (Sigma), 200 mM sodium chloride (Sigma), and 10
mM sodium acetate (Sigma) and stock solution B contained 1 mM

sodium oxalate (Sigma), 200 mM sodium chloride (Sigma), and 10 mM

sodium acetate (Sigma). These solutions were adjusted to pH 6 to
represent physiologic urinary conditions. For crystallization experi-
ments 100 �l of the stock solution A was transferred into each well of
the 96-well plate. To this 100 �l of the stock solution B was added
resulting in final assay concentrations of 4 mM calcium chloride, 0.5
mM sodium oxalate, 200 mM sodium chloride, and 10 mM sodium
acetate, pH 6. Concentrated solutions of bovine serum albumin
(Sigma, St Louis, MO, USA) or ceruloplasmin (Cell sciences, Canton,
MA) were added to stock solution A before the addition of the stock
solution B. In each experimental run, parallel conditions were run
using a solution B lacking sodium oxalate. The plate was transferred
to a monochromator microplate reader (Safire2, Tecan) preheated
and maintained at 37 °C. Absorbance at 620 nm was measured every
2 min for 30 min with automated gentle agitation before each reading.
Eight replicates of each condition were performed in each experi-
ment. Graphs were generated by subtracting the results from the
parallel conditions lacking sodium oxalate. Results presented are
from three independent experiments.

RESULTS

Ratios of Total Protein to Creatinine Normalize for Variation
in Protein Concentration because of Differences in Urine Di-
lution Between Individuals—To characterize and quantify the
variation in urinary proteins from patients with kidney stones
compared with nonstone forming controls, we performed two
independent experiments using label-free nano-UPLC-MSE

analysis on fractionated urinary proteins from a total of 57
patients and 57 controls. The first experiment was comprised
of 22 stone-formers and 22 controls. The second cohort
included 35 stone formers and 35 controls. A work-flow of the
proteomic analysis is shown in Fig. 1. Total urinary protein
concentrations varied from 5 to 771 mg/L in the stone-formers
and 24 to 1332 mg/L in the nonstone formers because of
variation in fluid intake between individuals. Consequently, we
reasoned that proteomic comparison of equal volumes of
urine would be erroneous.

The ratio of total protein to creatinine in “spot” urine sam-
ples has been used clinically as a marker of renal impairment,
correlates well with total protein excretion in a set timeframe
and has been shown to correct for variations in urinary con-
centration due to hydration (13). Urinary total protein and
creatinine levels were measured using a clinical analyzer for
each sample. Total protein:creatinine ratios were calculated to
determine the volume of urine each individual patient sample
contributed to the pool of stone-former or nonstone former
urine for both experiments.

The pools for the first proteomic profiling experiment con-
tained samples from 22 individuals in both the stone-forming
and control groups. In the second experiment, the stone-
forming and control pools both contained samples from 35
individuals. The pool volumes ranged from 16.28 to 22.90 ml
and were concentrated by centrifugation using 5 kDa molec-
ular weight cutoff filters to a volume of �0.5 ml. Proteins were
precipitated using methanol and chloroform from the concen-
trates and resuspended in fractionation buffer. Total protein
concentration from each of the four pooled samples was
assayed. Fig. 2A shows that the normalization using protein:
creatinine ratios resulted in comparable total protein content
in the stone-former and control pools at 283 �g and 304 �g in
the first experiment and 439 �g and 436 �g in the second
experiment, respectively.

Isoelectric-point Fractionation Followed by Label-free Na-
no-UPLC MSE Mass Spectrometry Identifies Over 1000 Uri-
nary Proteins—To increase the number of urinary proteins
identified, off-gel fractionation based on isoelectric point fo-
cusing over a pH gradient of 4–7 was performed. Fig. 2B
demonstrates the reproducibility of the fractionation by SDS-
PAGE separation of the 12 fractions from the stone-formers
and nonstone formers in the first experiment. Fractions were
collected; proteins were precipitated using methanol and
chloroform and subjected to in-solution tryptic digestion. Re-
sulting peptide digests were purified over a C18 column be-
fore label-free nano-UPLC MSE analysis.

Following isoelectric focusing, tryptic digestion and peptide
purification, all fractions from both experiments were ana-
lyzed in triplicate by mass spectrometry. Data from corre-
sponding fractions from stone-former and control pools was
acquired contemporaneously. The representative chromato-
grams shown in Fig. 2C demonstrate comparable amounts of
peptide loading from the stone-former and control pools fol-

FIG. 1. Workflow for urine sample preparation, fractionation,
and analysis by mass spectrometry used in this study.
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lowing fractionation and sample processing. In total, 1063
proteins were identified in urine from the two experiments.

Comparative Quantitative Abundance Analysis Shows 34
Proteins with Over Twofold Median Change—Of these 1063
proteins identified by the label-free nano-UPLC MSE analysis,
367 proteins were found only in the stone former pools, 408
proteins were uniquely identified to the control pools, and 288
proteins were identified in both the stone-formers and non-
stone formers. Comparative pathway analysis was conducted
on proteins unique to both the stone formers and controls, to
assess and compare their functions. Fig. 3A shows that sig-
nificant pathways (p � 0.05) comprised of proteins unique to
the stone-formers involve metabolic processes, specifically
carbohydrate metabolism, whereas significant pathways com-
prised of proteins unique to the controls are involved in
growth and development signaling processes. The most sig-
nificant functions assigned to the unique control proteins
identified normal cellular processes, whereas the most signif-
icant functions associated with proteins unique to the stone

formers consisted of disease states (Fig. 3B). When analyzed
together in this way, proteins found uniquely in either the
stone forming or nonstone-forming groups suggests a differ-
ence in biology between the groups. To determine if these
proteins are a cause or result of stone disease would require
a longitudinal study. Although individual proteins found
uniquely in one group may be of clinical interest, the quanti-
tative liquid chromatography-MS (LC-MS) approach can only
provide relative quantification for proteins found in both
groups. Consequently, we focused on those proteins identi-
fied in both groups for further analysis. From the comparative
quantitative data obtained on the 288 proteins identified in
both the stone-formers and controls, median fold changes
ranged from 6.25-fold lower expression to 5.9-fold higher
expression in stone formers. For the majority of these pro-
teins, the difference in abundance was under twofold (Fig.
3C). The 34 proteins that demonstrated over a twofold change
are listed in Table II. A twofold change was chosen as a
threshold to be well above observed technical variations in

FIG. 2. Comparable protein content in urine from stone formers and controls. A, Protein concentrations in urine from nonstone formers
(NSF) and stone formers (SF) after normalization using total protein to creatinine ratios. B, SDS-PAGE following fractionation using off-gel
iso-electric focusing of control and stone former pools. The lanes (1–12) represent the fractions. C, Representative chromatogram showing total
base peak intensity (BPI) of fraction 5 of stone formers (left panel) and non-stone formers (right panel) in experiment 2.
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FIG. 3. (A and B) Pathway analysis of proteins identified in urine from nonstone formers (light blue bars) and stone formers (dark blue
bars). Proteins uniquely found in stone formers are involved in metabolic processes (A) and disease states (B). C, Relative abundance ratios
of proteins found in stone versus control urine samples. D, Reconstituted MS/MS spectrum from MSE raw data corresponding to the tryptic
peptide fragment 188–201 derived from human ceruloplasmin (UniProt KB P00450).
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MSE experiments (15). Several of these proteins with an in-
creased abundance in the stone forming group are derived
from blood (e.g. hemoglobin � and �-chains, haptoglobin
related protein, haptoglobin), which is consistent with the
clinical finding that the majority of patients with kidney stones
have detectable hematuria. Recent work has suggested that
red blood cell fragments can promote stone growth and ag-
gregation (17). Other urinary proteins with greater relative
abundance in the stone formers are serum derived (e.g. �-2-
macroglobulin, fibrinogen, and ceruloplasmin), which may
suggest a loss of renal integrity. Animal studies have demon-
strated that nephrotoxicity can induce kidney stones and that
mitigation of this renal damage can reduce crystal formation
(18, 19). However, in this study, it is not possible to determine

whether these proteins contribute to stone formation (second-
ary to renal damage) or whether they are present as a result of
local trauma to the urinary tract. A longitudinal study would be
required to address this question.

Several differentially abundant proteins were found to be
consistent with previous findings, including uromodulin, os-
teopontin, and �-1-microglobulin that were detected at lower
levels in the stone forming group and superoxide dismutase
and ceruloplasmin that were found at higher levels (20–24).
Ceruloplasmin, which showed a median fold-change of 3.1,
has been observed to be up-regulated in gene expression
microarray studies using rodent models of urolithiasis (21, 25).
A MS/MS fragmentation spectrum of one of the ceruloplasmin
peptides identified is shown in Fig. 3D.

TABLE II
Urinary proteins showing a median change of over 2 fold in stone-formers

IDa
Stone formers

to Control
ratiob

Entrez Gene Name Representative
PLGS score

Fraction
number

observedc

Seq
cov
%

# of
distinct

peptides
Subcellular location Function

Q86V85 0.16 G protein-coupled receptor 180 141.37 5, control 9.5 3 unknown Receptor

Q86SR0 0.29 Ly6/neurotoxin 1 230.11 12, control 46.4 6 Plasma Membrane Ion channel inhibitor

P19652 0.33 orosomucoid 2 160.5 1, control 32.8 6 Extracellular Space Acute phase plasma
protein

P14780 0.35 matrix metallopeptidase 9 688.54 3, control 36.2 18 Extracellular Space Protease

Q9Y646 0.365 plasma glutamate carboxypeptidase 326.22 7, control 25.6 8 Extracellular Space Protease

Q9NQ84 0.37 RAIG-3 187.34 3, control 19.7 6 Plasma Membrane Receptor

P08246 0.4 elastase, neutrophil expressed 139.6 9, control 27.3 4 Extracellular Space Protease

P56537 0.41 eukaryotic translation initiation
factor 6

309.1 5, control 46.1 8 Cytoplasm translation regulator

P05451 0.41 Lithostathin 112 7, control 43.4 6 Extracellular Space growth factor

P25815 0.43 S100 calcium binding protein P 324.9 5, control 35.8 3 Cytoplasm Calcium/Magnesium
ion binding

P07911 0.44 Uromodulin 2778.14 3, control 55.6 31 Extracellular Space Calcium ion binding

P31025 0.44 lipocalin 1 (tear prealbumin) 180.1 5, control 30.7 4 Extracellular Space Protease inhibitor

P11021 0.45 HSP70–5 313.51 6, control 24.8 11 Cytoplasm Chaperone

Q8WVV5 0.46 butyrophilin, subfamily 2, member
A2

178.11 1, control 13.4 3 unknown Unknown

P02763 0.475 orosomucoid 1 388.88 1, control 42.3 5 Extracellular Space Acute phase plasma
protein

Q9H3G5 0.49 carboxypeptidase, vitellogenic-like 477.35 6, control 20 8 unknown Carboxypeptidase

P12273 0.495 prolactin-induced protein 569.98 6, control 44.5 6 Extracellular Space Unknown

P28066 2.01 PSC5 105.4 5, stone 36.9 6 Cytoplasm Peptidase

P04792 2.015 heat shock 27kDa protein 1 107.2 6, stone 21 3 Cytoplasm Chaperone

P13727 2.12 proteoglycan 2, bone marrow 82 1, stone 28.8 6 Extracellular Space Immune response

P02750 2.14 leucine-rich alpha-2-glycoprotein 1 928.8 3, stone 39.8 13 Extracellular Space Unknown

P00739 2.16 haptoglobin-related protein 659.4 8, stone 39.4 10 Extracellular Space Peptidase

P08185 2.16 serpin peptidase inhibitor 292.6 5, stone 26.2 8 Extracellular Space Protease inhibitor

P07737 2.18 profilin 1 218.6 6, stone 58.6 5 Cytoplasm Actin binding

Q96S96 2.335 phosphatidylethanolamine-binding
protein 4

166.2 11, stone 12.8 3 Cytoplasm Lipid binding

P00738 2.59 Haptoglobin 1582.4 8, stone 48.3 18 Extracellular Space proteolysis & iron
homeostasis

P69891 2.64 hemoglobin, gamma A 142.3 2, stone 36.1 4 Cytoplasm oxygen transport

P69892 3.06 hemoglobin, gamma G 140 2, stone 25.2 3 Cytoplasm oxygen transport

P00450 3.13 ceruloplasmin (ferroxidase) 1846.8 10, stone 54.2 39 Extracellular Space metal ion binding

P00441 3.42 superoxide dismutase 1 278.6 8, stone 34.4 3 Cytoplasm metal ion binding

P02675 3.47 fibrinogen beta chain 318.9 8, stone 37.7 16 Extracellular Space clotting

P02679 3.53 fibrinogen gamma chain 265.5 2, stone 30.7 9 Extracellular Space clotting

Q9BVK6 3.82 transmembrane emp24 protein
transport domain containing 9

74.7 7, stone 25.7 4 Cytoplasm Unknown

P01023 5.87 alpha-2-macroglobulin 827.27 12, stone 33.6 31 Extracellular Space Protease inhibitor/
cytokine transporter

a Accession number from the SwissProt Database.
b Median of quantitative data values obtained from two independent experiments.
c Fraction number with a representative PLGS score for this protein.
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Urinary Ceruloplasmin Levels are Elevated in Stone Form-
ers—Ceruloplasmin, has been demonstrated to be an early
urinary marker of renal tubular dysfunction caused by diabe-
tes and renotoxic chemicals (26–28) and is elevated in the
serum of patients with metabolic syndrome (29). In addition, a
strong association between metabolic syndrome and stone
formation has been reported (30). Using ELISA, we investi-
gated whether ceruloplasmin levels in individuals would corrob-
orate the proteomic data generated from pooled samples. Uri-
nary ceruloplasmin levels were determined in 34 stone-formers
and 30 controls. Ceruloplasmin levels were found to be signif-
icantly higher in the individual stone-forming patients (p �

0.026), (Fig. 4). This data from both pooled and individual
samples using two independent methods suggests that stone-
formers have higher levels of urinary ceruloplasmin. It is evident
that there is a difference in the estimated differences in cerulo-
plasmin between the ELISA and LC-MS methods. This is not
surprising as the relative quantification of abundance deter-
mined by LC-MS is a calculation based on the differences in
isoelectric focusing fractions. Ceruloplasmin was detected in
multiple fractions, probably reflecting an overall high abundance
of this protein, polymorphisms or modifications that prevent

discrete fractionation. Furthermore, The ELISA antibody will
only recognize a single epitope, maybe representing a subset of
ceruloplamin. As both LC-MS and ELISA demonstrated higher
levels of ceruloplasmin in the urine of stone formers we pro-
ceeded to investigate whether it may have a functional role in
calcium oxalate crystal formation using an in vitro assay.

Ceruloplasmin Promotes Calcium Oxalate Crystallization In
Vitro—Around 80% of all urinary stones are predominantly
composed of calcium oxalate (3). In vitro assays of calcium
oxalate crystallization have been developed based on in-
creased light absorbance because of precipitation of micro-
crystals (16, 31). Such assays using artificial urine solutions
at physiologic pH and temperature permit evaluation of the
effects of individual molecules on this crystallization proc-
ess. We employed an assay to compare the effects of
increasing concentrations of ceruloplasmin on calcium ox-
alate crystallization.

Addition of physiologic levels of ceruloplasmin resulted in a
time and dose-dependent increase in absorption whereas
addition of physiological levels of the control protein (bovine
serum albumin) resulted in absorption reduction (Fig. 5). After
30 min, ceruloplasmin concentrations of 1.25 and 2.5 �M

resulted in a 16.0- and 46.8-fold increase in absorption over
the control conditions respectively. Supra-physiologic levels
of bovine serum albumin (100 �M) demonstrated time-inde-
pendent increased absorption.

DISCUSSION

Passing a kidney stone is painful and debilitating. In some
patients kidney stones can result in kidney failure. Kidney
stone disease affects around 10% of the population (1, 32,
33) worldwide and is increasing in prevalence (34). Epide-
miologic studies have suggested that stone disease is
linked to diet, fluid consumption, and obesity (30, 35–37),
which impact both on kidney function and urinary compo-
sition. As a proximal fluid, with a simpler dynamic range
than plasma, urine is particularly amenable to proteomic

FIG. 4. Mean (left) and distribution (right) of urinary ceruloplas-
min levels in 34 stone formers and 30 nonstone formers (student
t test, p � 0. 026) determined by enzyme linked immunosorbant
assay (ELISA).

FIG. 5. In vitro calcium oxalate crys-
tallization assay. Addition of 1.25 and 2.5
�M ceruloplasmin to a supersaturated ar-
tificial urine solution demonstrated a
dose-dependent promotion of crystaliza-
tion as measured by absorbance at 620
nm. All experimental curves and control 1,
were generated by subtracting values ob-
tained in parallel experiments in which so-
dium oxalate was omitted from the solu-
tion B. Control 1, combination of solutions
A and B. In control 2, solution A with ce-
ruloplasmin 2.5 �M was combined with
solution B lacking sodium oxalate. Ab-
sorption values obtained by combining
solution A with solution B lacking sodium
oxalate were subtracted from these val-
ues. All results are from triplicate inde-
pendent experiments.
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analysis for renal and urologic conditions. This is the first
study to employ a comprehensive label-free platform to the
urinary proteome of patients with urolithiasis. Among the
differentially regulated proteins identified, ceruloplasmin, an
acute phase copper binding metalloprotein, was validated
independently in individual samples using ELISA. Cerulo-
plasmin also demonstrated a dose-dependent effect on
calcium oxalate crystallization in vitro.

To date, few proteomics studies have been conducted to
investigate stone disease. Surface-enhanced laser desorp-
tion/ionization-mass spectrometry has been used to compare
the urinary protein profiles of stone forming men with controls
(8) and a diagnostic algorithm developed from these results
had a sensitivity of 72% and specificity of 100% although the
proposed model was not tested against a blinded validation
group. A study using two-dimensional electrophoresis and
LC-MS/MS demonstrated that uromodulin is down-regulated
in the urine of patients who have developed a renal calculus
for the first time compared with healthy controls (20). How-
ever, recurrent stone formers and healthy controls had similar
levels of urinary uromodulin making it unsuitable for use as a
diagnostic marker in this group.

A potential challenge of using urine for clinical proteomic
investigations is the variability in protein dilution according to
fluid intake and individual physiology. Thus, normalization of
samples is required and a standard protocol has yet to be
established. Total protein to creatinine ratios on spot urine
samples have been demonstrated to correlate with total uri-
nary protein concentration from a 24-hour collection (38), and
have been adopted by physicians in the detection of early
renal impairment. Before normalization, stone formerss dem-
onstrated significantly higher total protein to creatinine ratios
than the nonstone formers (data not shown), because of in-
creased total protein levels in the stone formers. This obser-
vation is consistent with both studies that have suggested
total urinary protein levels are higher in stone formers than
nonstone formers (8, 39) and studies in rats, which have
correlated stone risk with increasing urinary protein concen-
tration (40).

This increase in urinary protein concentration may be due to
renal impairment and may form the basis of a link between
nephrotoxicity and urolithiasis. To correct for this variation, we
calculated the contributing volume of urine from each individ-
ual sample according to its total protein to creatinine ratio.
This resulted in comparable total protein levels in the stone
former and nonstone-former pools in both experiments. This
is the first study to couple isoelectric off-gel fractionation with
label-free nano-UPLC MSE tandem mass spectrometry anal-
ysis in the study of urinary proteomics. This platform allowed
us to identify over 1000 proteins in urine and obtain relative
quantitative data on over 250 proteins. This normalization
protocol and proteomics platform is well suited to analyzing
urine and could be readily applied to other conditions in which
urine is a proximal fluid.

Proteomic analysis of calcium oxalate stones themselves
have identified over 150 proteins including uromodulin, albu-
min, osteopontin, and a significant number of inflammatory
proteins such as immunoglobulins, complement C3a, and
kininogen (10, 41–44). Interestingly, we observed a down-
regulation of osteopontin and �-1-microglobulin in the stone
former pools in both our experiments, which have been
shown to inhibit calcium oxalate crystal formation in vitro (45).
We also observed a down-regulation of uromodulin in the
stone-formers which has been reported previously (20), al-
though this protein has been shown to both inhibit and pro-
mote stone crystallization (46). Among the proteins we ob-
served to be up-regulated in the stone-formers, both
ceruloplasmin and superoxide dismutase have been reported
to be up-regulated in gene microarrays of rodent models of
stone disease (21, 47). Both superoxide dismutase and ceru-
loplasmin have multiple cationic binding sites (48) and it has
been suggested that urinary cationic concentration alters the
solubility of stone crystals (49, 50). Ceruloplasmin has been
best characterized for its role in copper transport and iron
metabolism (9), however, we have not explored the role of
these mechanisms in stone crystallization. Mutations in ceru-
loplasmin, which are associated with aceruloplasminaemia
(51), abrogate copper binding and could be exploited to in-
vestigate whether this mechanism is relevant to stone crys-
tallization.

Ceruloplasmin is also an acute-phase protein but its mech-
anistic role in the inflammatory response remains to be eluci-
dated. It is unclear from our study whether the observed
increase in urinary ceruloplasmin is a primary factor contrib-
uting to the crystallization of the stone or an inflammatory
response to a stone in the urinary tract. Longitudinal studies
to measure urinary ceruloplasmin levels in patients with re-
current stones in the presence and absence of urinary tract
stones are required to address this question.

In conclusion, we have employed a method to control for
natural variation in urine protein concentration, which has
facilitated the qualitative and quantitative comparison of the
urinary proteome between patients with urolithiasis and con-
trols. Our study has confirmed previous findings and is the
first to identify a protein that increases calcium oxalate crys-
tallization formation in vitro. Further investigation of the role of
this protein in vivo may have implications for both disease
diagnosis and treatment.
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