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Proteomic analysis of a matrix stone: a case report
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Abstract Matrix stones are radiolucent bodies that pres-
ent as soft muco-proteinaceous material within the renal
collecting system. Following wide-angle X-ray diffraction
(XRD) and scanning electron microscopy (SEM), we
homogenized a surgically removed matrix stone, extracted
and purified protein, and analyzed samples using tandem
mass spectrometry for proteomic composition. Resulting
spectra were searched using ProteinPilot 2.0, and identified
proteins were reported with >95% confidence. Primary
XRD mineral analysis was a biological apatite, and SEM
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revealed fibrous, net-like laminations containing bacterial,
cellular, and crystalline material. Of the 33 unique proteins
identified, 90% have not been previously reported within
matrix stones and over 70% may be considered inflamma-
tory or defensive in nature. Characterization of other matrix
stone proteomes, in particular from non-infectious popula-
tions, may yield insights into the pathogenesis of this rare
stone as well as the mineralogical process that occurs
within crystalline calculi.
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Introduction

In the early 1950’s, Boyce and Sulkin [1] were the first to
extract organic substances from calcium salts that had pre-
cipitated within the human urinary tract. They postulated
that, although found in quantities of <3% of total stone
weight, this organic “matrix” directed the biomineralization
process in an orderly manner. Matrix stones, originally
described in 1908 [2], are rare calculi that present not as
crystalline solids but as soft, proteinaceous material within
the kidney collecting system. Almost the converse of stone
matrix, matrix stones have little mineral and are primarily
composed of organic material that could be ideal for protein
extraction. They have been identified in patients with recur-
rent urinary tract infections and in proteinuric patients with
glomerulonephritis and end-stage kidney disease on
hemodialysis [3]. In an attempt to understand the factors
responsible for matrix stone formation, our group deter-
mined the mineral, topographical, and proteomic composi-
tion of a surgically extracted matrix stone using modern
identification technology.
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Materials and methods
Stone collection

A 44-year-old diabetic female presented to our stone clinic
with recurrent Proteus mirabilis urinary tract infections
and left flank pain. Abdominal imaging demonstrated a
1.2 cm renal stone with a hypodense center located in the
left renal pelvis (Fig. 1). The patient was enrolled in an
IRB-approved, prospective stone bank study, and uretero-
scopic extraction revealed a mucus-like, gritty stone con-
sistent with matrix stone (Fig.1). The specimen was
washed in saline and immediately frozen at —80°C in a
standard protease inhibitor (Sigma-Aldrich, Oakville, ON,
Canada).

X-ray diffraction

Epoxy-embedded matrix stone mineral composition was
confirmed by wide-angle X-ray diffraction using a Bruker-
AXS General Area Detector Diffraction System (GADDS,
Karlsruhe, Germany) with Cu radiation generated at 45 kV
and 40 mA. Two frames of diffraction data (10-40° and
40-70°) were collected with a Hi-Star multi-wire 2-D area
detector each for 10,000 s. Each frame was collected by
placing the detector at the center of the 20 range using pre-
cise-beam positioning with a video-microscope and laser
pointer. Data were integrated to display a typical 20 plot
versus intensity. Spectral data were analyzed using JADE®
7.0 software (Material Data Incorporated, Livermore, CA)
and reconstructed using Mercury® Version 1.4.2 software
(Cambridge Crystallographic Data Centre, United Kingdom).
A representative example of stone matrix mineral content
(Fig. 2) was compared to known pure crystal samples of

Fig. 1 Non-contrast,abdominal
computed tomography of left
renal pelvis matrix stone (arrow,
left inset). Photograph of matrix
stone extracted ureteroscopical-
ly from a diabetic female (right
inset), ruler in centimeter
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biological apatite [4] and synthetic apatite, prepared
according to a known protocol [5]. All diffraction patterns
were plotted using Origin® Version 6.0 (OriginLab,
Northampton, MA).

Scanning electron microscopy

Five separate 4 x 4 mm samples were placed in a 2.5%
glutaraldehyde/0.1 M sodium cacodylate buffer and sec-
ondarily fixed in 1% osmium tetroxide. Samples were then
dehydrated by graded ethanol series (50, 70, 80%, 95 x 2,
100% x 2) on a slow rotator. One sample was dried in lig-
uid CO, using the critical-point method and freeze-cracked
in the 95% ethanol step to reveal its inner aspects. One
sample was thin sectioned (6 nm) and sputter coated with
60—40% gold—palladium for secondary electron imaging.
Three remaining specimens were embedded in an epoxy
resin, Poly/Bed® 812 (Polysciences, Inc.m Warrington, PA)
for mineral analysis.

Chemicals

Reagent grade chemicals were purchased from Sigma-
Aldrich (Oakville, ON, Canada) or Fisher Scientific
(Nepean, ON, Canada). Protein denaturant (0.2% sodium
dodecyl sulphate [SDS]), reducing reagent (50 mM Tris-2-
carboxyethyl-phosphine  [TCEP]), cysteine blocking

reagent (200 mM methyl methane-thiosulfonate [MMTS]),
dissolution buffer (0.5 M triethylammonium bicarbonate
[TEAB], pH 8.5) for trypsin digestion, and trypsin were
obtained from Applied Biosystems (Foster City, CA). For
LC-MS, acetonitrile (ACN) was purchased from Burdick
and Jackson (Muskegon, MI), and formic acid was acquired
from Acros (Geel, Belgium).
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Fig. 2 Stacked plot of four X-ray diffraction patterns. (Top) Matrix
stone peaks (*) correspond to biological apatite mineral with intense
peak at 19° corresponding to embedded epoxy resin (bottom)

Protein extraction

Using a tissue morcellator, matrix stone was homogenized
and 2 ml of solution was mixed with 400 pl SDS reducing
buffer (2% SDS, 0.06 M Tris HCI, 10% glycerol, 5% beta-
mercaptoethanol) and heated to 100°C in a water bath
(30 min). Samples were centrifuged (700x g, 15 min, 4°C),
and the supernatant retained. This process was repeated for
the pellet two more times. All three supernatants were then
pooled and centrifuged (14,000xg, 2 min) in a 0.45 pm
ProteomeLab™ spin filter (Beckman Coulter Inc, Fullerton,
CA) to remove particulates.

Removal of SDS buffer

Supernatants containing SDS were diluted with one volume
of isopropanol. Protein supernatants were separated using
kit-based buffers (ProteoSpin™ microcentrifugation deter-
gent clean-up kit, Norgen Biotek Corporation, Ontario,
Canada) into basic (pH 8) or acidic (pH 4.5) fractions. Sam-
ples were then centrifuged (14,000x g, 2 min) on an acti-
vated spin column, and proteins were eluted using 50 mM
sodium phosphate elution buffer (pH 12.5, 50 pl) into 5 pl

of neutralizer solution. Filtrates were maintained at —80°C
to prevent protein degradation.

Protein concentration, reduction and cleavage procedures

Total protein content of stone supernatants was determined
using a commercial Bradford assay reagent (Bio-Rad Labo-
ratories, Hercules, CA) on a Spectronic 601 spectrophotom-
eter (Milton Roy Company, University Park, PA). Standard
curves were constructed using bovine serum albumin. Two
to 20 pg of each sample were denatured and reduced, and
aliquots of each sample were dried in a speed vacuum. Sam-
ples were re-suspended in 20 pl of 0.5 M TEAB (pH 8.5),
and proteins denatured with SDS (0.05%) and reduced with
TCEP (5 mM) for 1 h at 60°C for basic and acidic proteins.
Cysteines were alkylated using 10 mM MMTS at room tem-
perature for 10 min Each sample was then digested with
10 pl of a 1 pg/ul trypsin (Applied Biosystems, Foster City,
CA) solution at 37°C overnight. Solutions were then poured
into Oasis®MCX extraction cartridges (Waters Corporation,
Milford, MA) and gravity filtered through the cartridge to
remove trypsin, salts and buffers.

Protein identification by LC-MS/MS

Tryptic peptides (20mcg of solution) were analyzed by
reversed phase, high performance liquid chromatography
(RP-HPLC) online with a QSTAR Pulsar i quadrapole time of
flight (TOF) mass spectrometer as described previously [6].
The peptide elution pattern was assessed upon inspection of
total ion chromatogram (TIC) traces. Protein extraction
efficiency was presumed efficient and trypsin digest sample
was presumed compatible with LC-MS if the TIC elution pat-
tern showed a normal increase in MS signal intensity during
gradient elution followed by a drop in signal back to baseline.
Tandem mass spectra were searched using Protein Pilot™ 2.0
software, and parameters have been previously described [6].
Protein identifications with confidence limits >95% were con-
sidered significant. Proteins with <95% confidence or with
only one peptide are not reported in this study. All peptide MS/
MS spectra from reported proteins were manually inspected.

Results
Stone topographical and mineral composition

X-ray diffraction pattern of matrix stone is shown in the top
portion of Fig. 2. The first rounded intensity peak (19°) cor-
relates to the epoxy resin in which the matrix stone was
embedded (bottom portion). Peaks marked with an asterisk
correlate to biological apatite, identifying the crystalline
material contained within the stone as calcium phosphate.
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Scanning electron microscopy of matrix stone (Fig. 3)
revealed scattered amorphous crystalline material (Fig. 3c).
This material is buried within thick, tangential fibrous bands
(Fig. 3a, b, e) of protein matrix. At the time of freeze-crack-
ing, portions of these bands were individually identified,
measuring 5 pm in width and 40-60 um in length (Fig. 3e).
At higher magnification, bands contained round calcium
phosphate deposits (Fig. 3c) and rod-shaped bacteria
(Fig. 3d). Laminated, net-like projections can be seen adja-
cent to two different forms of crystalline material in Fig. 3f.

Protein concentration, RP-HPLC elution, and MS/MS
sequencing

Following SDS removal, 1.2 gm of protein was extracted
from matrix stone. Two MS-MS samples showed normal
elution patterns for peptides separated by RP-HPLC based
on individual LC-MS total ion chromatograms (not shown),
confirming sample compatibility with C18 chromatography.

Fig. 3 Scanning electron
microscopy of matrix stone.
Crystalline material (b, ¢, f) and
rod-shaped bacteria (d) are seen
buried within tangential fibrous
bands (a, e)

@ Springer

A total of 33 unique proteins were identified with >95%
confidence (Table 1). Proteins were then grouped by
function by the Gene Ontology Consortium classification
system (http://www.geneontology.org).

Of the 33 identified proteins, 24 (73%) are considered
inflammatory or involved in inflammatory response. Many,
like immunoglobulins, are non-specific humoral responses
to foreign bodies. Others, such as elastase, myeloperoxi-
dase, and lysozyme, are more specific to neutrophil
response. Plasminogen, hemoglobin, protein C, comple-
ment C3, and prothrombin are large plasma proteins that
are not typically seen within human urine. They are likely
present from bleeding and localized stone trauma.

Discussion

Matrix stones have been described more commonly in
female populations [7, 8] and in patients with stone
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:;:inlaidf;l;iﬁidsggéeins in Category/protein % coverage GI accession pl kDa
Cell biogenesis/membrane/structure
Histone 1 8 9863664 11.4 11.4
Tamm-Horsfall protein 12 137116 5.1 69.8
Coagulation
Protein C 763120 59 52.1
Prothrombin 6 67624831 5.7 70.0
Defense/immune response
ol anti-trypsin 28966 54 46.7
Anti-TNF « antibody 8 13774112 8.9 234
Azurocidin 1 14 62739619 9.8 26.9
Calgranulin A 45 30583595 6.5 10.8
Calgranulin B 57 56205191 5.7 13.1
Cathepsin G 10 179915 11.2 28.8
Complement C3 6 40786791 6.0 187
Defensin alpha-1 10 85567619 6.5 10.2
Eosinophilic cationic protein 9 11139050 10.3 18.4
Ig light chain 38 90109489 8.6 232
1gG2 35 2414498 4.6 7.2
IgG heavy chain 20 59809002 8.6 51.6
IgG protein 26 229601 8.8 48.2
Ig kappa chain 36 33604108 8.6 25.7
Ig kappa light chain 14 8918520 7.8 233
Lactoferrin 41 186833 8.5 78.2
Lysozyme C 11 48428997 8.4 16.4
Myeloblastin 5 188984 8.5 23.6
Myeloperoxidase 16 88180 9.3 92.4
Neutrophil elastase 14 119292 9.7 28.5
Neutrophil lipocalin 33 4261868 9.0 20.5
Orosomucoid (1A glycoprotein) 12 998943 4.9 23.5
Radixin 4 4506467 6.0 68.6
Thioredoxin peroxidase o chain 22 9955007 5.7 21.8
Plasma
Albumin 23243418 6.1 66.9

) ) Histidine-rich glycoprotein 47479594 7.1 59.6

GI GenBank Identifier number is .

associated with NCBI protein Plasminogen 8 56203917 7.0 90.5

database, http://www.nc- Transport

bi.nlm.nih.gov/entrez, p! iso- Hemoglobin alpha chain 46 999565 8.7 15.1

electric point, kDa kilodalton Hemoglobin beta chain 2 999567 8.0 15.9

weight

histories [9]. Dialysis patients with persistent proteinuria
are also thought to be at risk of matrix stone development
[3, 9], although one series reported associated urinary tract
infections in all three of their dialysis patients with matrix
stones [9]. In 1956, Boyce and Garvey analyzed pooled
crystalline and matrix calculi and subjected them to amide
hydrolysis, converting organic peptides into amino acids
[10]. In their analysis, threonine and leucine were the prin-
cipal amino acid components across all stone types, with
serine, tyrosine, arginine, and lysine found in smaller quan-

tities. They concluded that the matrix substances from crys-
talline stones were almost identical to the organic
substances found within matrix stones, but they were uncer-
tain why matrix calculi did not calcify [10]. Despite over
40 years of research in this area, the question of whether
protein contained within kidney stones is essential in calcu-
logenesis [11] or just an innocent bystander in a largely
mineral process [12] has not been answered. Proponents of
the latter would have difficulty explaining matrix stones on
a purely mineralogic basis, as matrix stones are composed
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primarily of mucoproteins and carbohydrates, with crystal
deposited as the inclusion material. In addition, the risk fac-
tors associated with matrix stone formation (infection with
urease splitting organisms, urinary stasis, and proteinuria)
also seem to predispose patients to calcium or struvite kid-
ney stones [13].

The SEM findings of orderly, structured laminated bands
suggest that the stone grew intermittently and slowly in a
solution highly saturated with protein. Calcium phosphate
deposits scattered throughout the entire structure imply that
the fibrous bands formed first, devoid of a significant
mineral phase. The microfibrillar pattern seen in the freeze-
cracked Fig. 3e has been previously demonstrated in non-
infected matrix stones of dialysis patients [3] but not in a
matrix stones associated with Proteus infection. The thin,
microfibrillar elements do not resemble the classic striation
pattern of fibrin, and indeed, our proteomic analysis did not
reveal fibrin or fibrinogen. This finding is supported by
multiple other matrix stone studies with negative immuno-
fluorescence staining and amino acid analysis for fibrin
[3, 13]. If not fibrin, it is possible these bands may represent
precipitated Tamm-Horsfall glycoprotein (THP). This
excretory urinary protein has been demonstrated to be a
constitutive inhibitor of calcium crystallization within urine
in renal fluids as well as a defense modulator against uro-
pathogenic bacteria [14]. It is known for its notorious abil-
ity to self-aggregate and to activate human neutrophils
through a single class of sialic acid-specific cell surface
receptors [15]. Perhaps in this patient, THP precipitated and
was partly responsible for initiating the inflammatory acti-
vation of human polymorphonuclear leukocytes within the
urine.

Neutrophil granulocyte, monocytes, and tissue macro-
phages are cytotoxic cells critical in defense against bacte-
ria. When stimulated, they can secrete primary (azuorphlic)
granules containing proteolytic enzymes such as cathepsin
G, elastase [16], myeloperoxidase [17], and lysozyme [17]
or secondary granules with a variety of components such as
lactoferrin [18], lysozyme, calprotectin, collagenase, and
lipocalins [19]. All of these proteins were identified within
matrix stone (Table 1), an inflammatory fingerprint of neu-
trophil involvement within the collecting system.

Mechanistically, renal tubular epithelial cells can also
react to stimulated macrophages and cytokines by upregu-
lating osteopontin, calprotectin, or other calcium-binding
molecules as a protective mechanism against crystalluria
and stone formation [20]. The common urinary protein
osteopontin was not identified within matrix stone, suggest-
ing that the stone’s origin was the collecting system rather
than the nephron.

To our knowledge, this is the first attempt to identify all
the proteins found within a matrix stone, and, since most
matrix stones are formed in the setting of active urinary
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tract infections, the predominance of inflammatory proteins
is not surprising. Recently, using an MS-based approach,
three different groups out of three different labs have
reported more than 100 identifiable proteins within kidney
stone matrix extracted from powdered calcium oxalate
stones [6, 21, 22]. Interestingly, all three groups report a
predominance of defense and inflammatory proteins, and
more than half of the proteins described in calcium oxalate
stone matrix were also observed within this matrix stone.
This finding suggests that matrix might serve as a template
or precipitant for secondary crystal deposition. Of course,
the presence of these proteins does not prove causality, as
the matrix may have become attached to cell membrane
proteins during passage/surgery or been contaminated with
serum proteins from bleeding within the urinary tract. How-
ever, it does appear that similar inflammatory pathways are
involved in the generation and/or accumulation of matrix
products within both matrix and crystalline calculi.

The largest limitation of this study is the analysis of a
single matrix stone. As this stone was associated with Pro-
teus UTI, it would have been helpful to compare a prote-
ome of Proteus-associated struvite stone, but we have yet to
establish this proteome. In addition, our group evaluated
the presence or absence of a particular protein, not the
quantity of protein identified. It is possible that we underre-
ported proteins, missed important information regarding
protein concentration, or failed to detect proteins of low
molecular weight. We are confident that we limited false
positive proteins by stringent tandem MS methods.

In conclusion, matrix stones are organized by structured,
laminated bands devoid of significant crystal deposits.
Their protein profile includes many of the same inflamma-
tory proteins seen in previous MS studies of calcium oxa-
late stone matrix. In addition to reporting more than 30 new
proteins within matrix stones, our findings indicate a pri-
mary inflammatory mechanism behind matrix stones. More
study is needed on matrix stones from other non-infected
populations to further clarify causality.
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