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Abstract Urolithiasis is a common complication in pa-
tients with hypouricemia. Using a microarea x-ray dif-
fractometer and nanoflow liquid chromatography-mass
spectrometry (LC-MS) following SDS-polyacrylamide
gel electrophoresis (PAGE), recurrent urinary calculi
complicating a hypouricemic patient were analyzed.
Analysis with the microarea x-ray diffractometer showed
that one of the calculi was composed of calcium oxalate
monohydrate and hydroxyapatite. The other was found
to be formed from calcium oxalate dihydrate. After
determination with LC-MS, both were found to contain
uromodulin, albumin, osteopontin, protein Z, and de-
fensins. Lysozyme and calgranulin A were also identified
in these calculi. Defensins, which were antimicrobial
peptides, and lysozyme, a mucopeptide glycohydrolase,
were identified as new organic components of urinary
stones. The role of these proteins in the process of
urolithiasis is of particular interest.
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Introduction

Hypouricemia due to an isolated tubular defect of uric
acid transport is a relatively rare disease. Patients with
idiopathic renal hypouricemia show a high uric acid
clearance because of abnormal tubular transport of uric
acid in the kidney. It is known that urinary calculi are
often complications in patients with hypouricemia [1]. It
is important to carefully analyze each patient’s individ-
ual urinary calculus in order to investigate the mecha-
nisms of calculi recurrence.

Several proteins, collectively dubbed ‘‘the matrix’’,
have been reported as organic components of renal
stones [2, 3]. Albumin, Tamm-Horsfall protein, a-glob-
ulins and c-globulins have been reported to be present
within the calculi as matrix proteins. Osteopontin and
prothrombin, which are calcium-binding proteins, have
been reported in the matrix of calcium oxalate stones
[4–7]. Calprotectin was also found both in struvite
stones and calcium oxalate stones [8–10]. Furthermore,
we identified protein Z, which is reported to be a vitamin
K-dependent calcium-binding protein [11–16], in a
urinary calculus composed of calcium oxalate monohy-
drate [17]. This protein has been reported to be a factor
acting in the coagulation process [18, 19].

In other studies, after polyacrylamide gel electro-
phoresis (PAGE) was performed, liquid chromatogra-
phy-mass spectrometry (LC-MS) was applied for the
analysis of various proteins [20–23]. LC-MS is of
importance because of its high sensitivity.

In this study, we employed LC-MS equipped with a
nanoelectrospray interface, and an ion-trap detector, in
order to analyze the matrix protein in recurrent calculi
from a hypouricemic patient. An algorithm with tandem
mass spectrum database matching tools was also em-
ployed for identifying proteins [24]. Furthermore, in
order to determine the inorganic components of the
calculus, a microarea x-ray diffractometer [25, 26] was
used, enabling the fine inorganic components of the
calculus to be analyzed.
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Materials and methods

Urinary calculi

Urinary calculi were obtained from a male patient with
idiopathic hypouricemia [27]. He had suffered from
recurrent urolithiasis and came to the Department of
Internal Medicine at Teikyo University Hospital for
treatment. Calculus 1 (2·3 mm) was discharged in 1994,
and calculus 2 (1.5·3 mm) in 1997. The patient brought
the calculi to the hospital for further clinical examina-
tion. Routine IR analysis showed that they were mainly
composed of calcium oxalate (more than 95%). The
patient was informed that his urinary calculi would be
used in further analysis.

Microarea x-ray diffractometry

The urinary calculi were analyzed with a microbeam of
x-rays at several spots. After the outer surface of the
unbroken calculus was determined, it was divided into
two or three pieces and was analyzed at several points on
its inner face. For this study, a microarea x-ray diffrac-
tometer (JEOL JDX-8030, DX-MAP2, Tokyo, Japan)
with a microscope was used according to previously
reported methods [25]. The analytical conditions were as
follows: target: Cu; filter: Ni; voltage: 40 kV; current:
40 mA; diameter of the collimator: 100 lm. The dif-
fraction pattern obtained was compared with the data
registered in the Joint Committee on Powder Diffraction
Standards (JCPDS) database.

Protein extraction from urinary calculi

Extraction was performed mainly according to previ-
ously reported methods [17]. Calculus 1 was powdered
and extracted with 4 M guanidine hydrochloride in
50 mM Tris/HCl buffer (pH 7.4) containing 1 mM
phenyl methyl sulfonyl fluoride (PMSF), and 0.5 M
EDTA in 50 mM Tris/HCl buffer (pH 7.4). Calculus 2
was powdered in the same way, and then extracted
separately with 0.6 M KCl, 10% formic acid, 4 M
guanidine hydrochloride in 50 mM Tris/HCl buffer
(pH 7.4) containing 1 mM phenyl methyl sulfonyl fluo-
ride (PMSF), and 0.5 M EDTA in 50 mM Tris/HCl
buffer (pH 7.4). After every extraction, the sediment was
washed three times and the supernatant dialyzed and
concentrated by lyophilization. The dialyzed samples
were kept at �80�C until electrophoresis.

SDS-PAGE

Proteins were analyzed by sodium dodecyl sulfated-
polyacrylamide gel electrophoresis (SDS-PAGE) or
two-dimensional polyacrylamide gel electrophoresis

(2D-PAGE) [20]. The sample was dissolved in 125 ll of
buffer containing 8 M urea, 2% CHAPS, IPG buffer
and bromophenol blue. The gel was stained with Coo-
massie brilliant blue (CBB).

In gel digestion with trypsin

Protein spots were excised from the gel and digested with
trypsin according to published procedures [28].

Liquid chromatography-mass spectrometry

A portion of the tryptic peptide solution was analyzed
by LC-MS. The HPLC system used was the Magic 2002
from Michrom BioResources (USA). The analytical
conditions were as follows: column: Magic C18, 0.2 mm
ID·50 mm; solvent: 0.1 M formic acid with CH3CN
gradient (5–65% in 20 min); flow rate: 2 ll/min.

The mass spectrometer employed was a Thermo-
Quest LCQDACA (USA) equipped with an ion trap, and
a nano ESI interface from Michrom BioResources. The
electrospray voltage was 1.5 kV and the temperature of
the heated capillary was 170�C. During the chromato-
graphic separation, the LCQDACA performed the ‘‘dy-
namic exclusion’’ experiment. The experiment produced
a full-scan MS spectrum and full-scan MS/MS spectrum
based on a maximum intensity threshold. Using ion-trap
detection, the mass fragmentation from the selected ions
was easily collected. The MS/MS spectra were subjected
to a database search using SEQUEST (X calibur 1.3,
Bioworks 3.0) [29]. SEQUEST correlates uninterpreted
tandem mass spectra on peptides with amino acid se-
quences in a protein and nucleotide database.

Chemicals

All chemicals were of the highest commercial quality
available. Chemicals were purchased from Wako Pure
Chemicals (Japan) or Sigma (USA).

Results

Analysis using a microarea x-ray diffractometer

Figure 1 indicates the x-ray diffraction pattern of a spot
on the outer surface of the unbroken calculus 1. The
brown portion on the surface of this calculus was com-
posed mainly of calcium oxalate monohydrate (whew-
ellite). The intensity of the diffracted x-rays was strong,
and the diffraction angles agreed well with those of
calcium oxalate monohydrate as listed in the JCPDS
database. Calculus 1 also contained a white colored
internal area. When this portion was determined, the
intensity of the diffracted x-ray was not very strong
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when compared with the outer surface. However, the
data indicated a high degree of similarity to hydroxy-
apatite as listed in the JCPDS database (Fig. 1).
Therefore, we determined this portion to be hydroxy-
apatite, an inorganic component.

Figure 2 shows the x-ray diffraction pattern of cal-
culus 2. Both the brown-colored outer surface and the
white-colored inner portion were considered to be cal-
cium oxalate dihydrate (weddellite).

SDS-PAGE of urinary stones

In Fig. 3a, the polyacrylamide gel electrophoresis of
guanidine and EDTA extracted proteins from calculus 1
is shown. From calculus 1, several protein bands were
stained with CBB. Most of the proteins migrated to
40–75 kDa and <25 kDa. Figure 3b shows SDS-PAGE
of extracted proteins from calculus 2 with four different
solvents: 0.6 M KCl, 10% formic acid, 4 M guanidine

Fig. 1 X-ray diffraction pattern
of: a a spot on the outer surface
and b a spot in the inner area of
calculus 1. Several points of
calculus 1 were analyzed using
microbeam x-rays. The x-ray
diffraction pattern was recorded
with an x-ray goniometer and is
represented in intensity as a
function of twice the diffraction
angle (2h) curve. The vertical
line shows the intensity of x-ray
diffraction. The retrieved
standard substance in the
JCPDS database is indicated by
(A) at the bottom

Fig. 2 X-ray diffraction pattern
of: a a spot on the outer surface
and b a spot in the inner area of
calculus 2. Refer to the legend
in Fig. 1 for details
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hydrochloride, and 0.5 M EDTA. Stained bands were
seen in both the formic acid and EDTA fractions.

Though protein bands were not well isolated as
individual bands, these spots were excised, and digested
with trypsin in gel, then applied to LC-MS.

Protein detection using LC-MS

Analysis of proteins from each excised spot was con-
ducted, and multiple MS/MS spectra obtained. The

computerized protein identification program, SE-
QUEST, a tandem mass spectrum database-matching
tool, was applied.

Proteins identified in these urinary calculi are sum-
marized in Table 1. Protein Z, which is a vitamin
K-dependent protein that we previously identified in a
renal stone [17], was detected in bands 1, 2, 3 and 4 of
the SDS-PAGE of calculus 1, as shown in Fig. 3a. The
molecular weight of protein Z is reported to be 62 kDa,
but in calculus 1, protein Z was detected in four bands
with molecular weights of 40–75 kDa. After LC-MS
analysis, four peptides of protein Z were detected in
calculus 1. The positions of the detected peptides were
204–215, 232–240, 320-327 and 413–418 amino acids,
respectively. The protein coverage rate was 8.3%. The
spectrum obtained from calculus 1 was similar to the
theoretical fragmentation of the corresponding peptide.

Lysozyme, a protease with a molecular weight of
17 kDa, was detected in band 8 of calculus 1. Six pep-
tides were detected and the protein coverage rate was
46.6% (Fig. 4a). The MS/MS spectrum of the peptide,
positions 69–80, is indicated in Fig. 4b.

Neutrophil defensins, which have a molecular weight
of 10 kDa, were identified in band 9. Three peptides
were detected by LC-MS analysis and the protein cov-
erage rate was 26.6% (Fig. 5a). The MS/MS spectrum of
the peptide, positions 70–78, are shown in Fig. 5b.

From calculus 1, three other proteins, uromodulin,
albumin and osteopontin, were determined in several
areas. Uromodulin was identified in bands 1, 3, 4, and 6.
Albumin was detected in bands 2 and 4, and osteopontin
was identified in bands 1, 2, and 3.

In calculus 2, the protein extraction procedure from
the calculi was changed and the elusion pattern of the
proteins studied. Few proteins were stained with CBB in
both 0.6 M KCl and 4 M guanidine hydrochloride ex-
tracts, as indicated in Fig. 3b. Protein candidates could
not be detected in these extracts (Table 1). On the other
hand, several bands were stained with CBB in 10%
formic acid extract and in the 0.5 M EDTA extract. In

Fig. 3 SDS-polyacrylamide gel electrophoresis (PAGE) of calculus
1 (a) and calculus 2 (b). a Extracted protein, together with
guanidine-HCl and EDTA, from calculus 1 were subjected to SDS-
PAGE. Proteins were stained with Coomassie brilliant blue (CBB).
Lane 1: extract 10 ll; lane 2: extract 5 ll; lane 3: marker 10 ll; lane
4: marker 5 lL. b Proteins in calculus 2 were extracted in sequence
with 0.6 M KCl, 10% formic acid, 4 M guanidine-HCl, and 0.5 M
EDTA. Proteins were subjected to SDS-PAGE and stained with
CBB. Lane 1: extract with 0.6 M KCl; lane 2: extract with 10%
formic acid; lane 3: extract with 4 M guanidine-HCl; lane 4: extract
with 0.5 M EDTA; lane 5: marker

Table 1 Proteins identified in
calculus 1 and calculus 2 Identified

protein
Bands

Calculus 1 SDS-PAGE Uromodulin Band 1, 3, 4, 6
Osteopontin Band 1, 2, 3
Protein Z Band 1, 2, 3, 4
Albumin Band 2, 4
Lysozyme Band 8
Defensins Band 9

2D-PAGE Uromodulin
Protein Z

Calculus 2 SDS-PAGE
0.6 M KCl Not detected
10% Formic acid Calgranulin A Band 2, 3, 4, 5

Uromodulin Band 2
Albumin Band 3
Defensins Band 5

4 M Guanidine-HCl Not detected
0.5M EDTA Osteopontin Band 8

Protein Z Band 8
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the extract with 10% formic acid, calgranulin A, uro-
modulin, and albumin were identified. In the EDTA
extract, osteopontin and protein Z, which are both cal-
cium-binding proteins, were detected.

Discussion

Urinary calculi obtained from a hypouricemic patient
were analyzed in detail. Microarea x-ray diffractometry
was first carried out with unbroken stones in order to
determine the inorganic components. For the analysis of
matrix proteins, extraction, SDS-PAGE and LC-MS
were performed.

Using SDS-PAGE, proteins in calculi could not be
clearly isolated as individual protein bands because of a
strong tendency to aggregate, as reported previously [3].
Proteins in the calculus seem to interact and associate
with each other, and are not easily isolated.

Calculus 1 was composed of calcium oxalate mono-
hydrate and hydroxyapatite as crystal components.
When this calculus was extracted with guanidine-HCl
and EDTA, it contained uromodulin, osteopontin,
albumin, protein Z, defensins, and lysozyme as the
matrix proteins.

Calculus 2 was mainly composed of calcium oxalate
dihydrate as an inorganic component. When we used
10% formic acid, we were able to obtain calgranulin A,

Fig. 4 Lysozyme identified by
LC-MS of calculus 1. With the
SEQUEST search program
from MS/MS spectra obtained
from the calculus 1 analysis, six
peptides in protein Z were
detected. The results of the
protein search are shown in a,
and the protein coverage rate
was 46.6%. MS/MS spectrum
of a peptide, positions 69–80
(STDYGIFQINSR), is
indicated in b. The theoretical
mass numbers of MS/MS
fragmentation are shown on the
left. The MS/MS spectrum
actually obtained from the
extract of the calculus is shown
in the box to the right. The
theoretical mass numbers,
which were found to be
identical to the actual mass
numbers observed in calculus,
are indicated in bold or colored
print in the theoretical data
table and are marked
accordingly on the spectrum.
Most of the spectra agreed with
the theoretical fragmentation
mass numbers in the calculus
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uromodulin, albumin, and defensins. Furthermore, os-
teopontin and protein Z were detected with 0.5 M
EDTA.

The common proteins in these two calculi were uro-
modulin, osteopontin, albumin, protein Z and defensins.
The three former proteins are widely known to exist in
urinary calculi [2–5, 7, 10]. We previously reported the
presence of protein Z, a vitamin K-dependent calcium-
binding protein, in a calculus [17]. Although the
physiological role of protein Z is little understood, it is
believed to act as a regulator in the coagulation process
[11–16, 18, 19]. Osteopontin and protein Z are considered
to be relevant to the formation of calcium oxalate stones.

Defensins are reported to be antimicrobial peptides in
vertebrates [30, 31]. The present study is the first to
detect defensins in urinary calculi. Defensins contain a
relatively large number of basic amino acids, and
therefore we were able to extract them with formic acid
in calculus 2. The presence of defensins in urinary calculi
is thought to be the result of a preventive reaction to
some type of infection.

In addition to these proteins, calculus 1 contained
lysozyme and calculus 2 calgranulin A. Calgranulin A

has previously been reported in urinary calculi [8–10].
Because it is a calcium binding protein, it probably plays
this role in the matrix of calcium stones. Lysozyme has
not previously been reported as a matrix protein in
urinary calculi. Because lysozyme is a comparatively
small enzyme, it has been used as a marker for renal
dysfunction and abnormal urinalysis [32, 33]. The pa-
tient had idiopathic renal hypouricemia with a defect in
post-secretary reabsorption of uric acid [27]. The pres-
ence of lysozyme in his calculus is probably related to
this renal abnormality.

The differences in protein between the two calculi can
be derived from their crystal components. Calculus 1
contained calcium oxalate monohydrate and hydroxy-
apatite and calculus 2 was composed of calcium dihy-
drate. There have been few reports in which different
calculi from the same individual have been analyzed
minutely using sensitive methods. It is considered
important to carefully analyze each calculus from a
patient with recurrent urolithiasis and to compare the
data obtained.

In this study, urinary calculi obtained from a hyp-
ouricemic patient with recurrent urolithiasis were

Fig. 5 Defensins identified by
LC-MS of calculus 1. a Shows
the results of the protein search.
Three peptides were detected by
LC-MS and the protein
coverage rate was 26.6%. b
Indicates the MS/MS spectrum
of peptide, positions 70–78
(IPACIAGER). Most of the
spectra in the calculus agreed
with the theoretical
fragmentation mass numbers
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analyzed minutely using a microarea x-ray diffractome-
ter and LC-MS. Novel matrix proteins, defensins and
lysozyme, were detected in urinary calculi mainly com-
posed of calcium oxalate. In recurrent urolithiasis, these
organic substances may well play a significant role in the
formation of the calculus. Further investigation is con-
sidered to be important.
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