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Abstract Osteopontin (OPN) is one of a group of pro-

teins found in urine that are believed to limit the formation

of kidney stones. In the present study, we investigate the

roles of phosphate and carboxylate groups in the OPN-

mediated modulation of calcium oxalate (CaOx), the

principal mineral phase found in kidney stones. To this

end, crystallization was induced by addition of CaOx

solution to ultrafiltered human urine containing either

human kidney OPN (kOPN; 7 consecutive carboxylates, 8

phosphates) or synthesized peptides corresponding to res-

idues 65–80 (pSHDHMDDDDDDDDDGD; pOPAR) or

220–235 (pSHEpSTEQSDAIDpSAEK; P3) of rat bone

OPN. Sequence 65–80 was also synthesized without the

phosphate group (OPAR). Effects on calcium oxalate

monohydrate (COM) and dihydrate (COD) formation were

studied by scanning electron microscopy. We found that

controls form large, partly intergrown COM platelets; COD

was never observed. Adding any of the polyelectrolytes

was sufficient to prevent intergrowth of COM platelets

entirely, inhibiting formation of these platelets strongly,

and inducing formation of the COD phase. Strongest

effects on COM formation were found for pOPAR and

OPAR followed by kOPN and then P3, showing that

acidity and hydrophilicity are crucial in polyelectrolyte-

affected COM crystallization. At higher concentrations,

OPAR also inhibited COD formation, while P3, kOPN and,

in particular, pOPAR promoted COD, a difference

explainable by the variations of carboxylate and phosphate

groups present in the molecules. Thus, we conclude that

carboxylate groups play a primary role in inhibiting COM

formation, but phosphate and carboxylate groups are both

important in initiating and promoting COD formation.

Keywords Calcium oxalate formation � Morphology �
Polyanions � Peptides � Osteopontin � Citrate

Introduction

Urine is the primary medium for removing water, salts and

metabolic end-products from the body. It is often highly

supersaturated with respect to a variety of mineral phases,

in particular calcium phosphates and oxalates [1]. The

presence of crystals in urine is quite common and usually

asymptomatic. However, agglomeration of organic and

inorganic compounds can result in aggregates too large to

be flushed out by urinary flow. Such composites are mostly

generated in the upper urinary tract and can, with time,

form even larger stone-like objects. These stones lead to

severe pain and disability for approximately 10% of the

population of Western nations [2].

The majority of kidney stones (*70%) contain calcium

oxalate (CaOx) as their primary mineral phase, often in
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combination with calcium phosphates, such as brushite or

hydroxyapatite. The remainder of stones contains uric acid,

struvite (magnesium ammonium phosphate) or cystine [3].

Although both the monohydrate and the dihydrate phase of

calcium oxalate can form under the conditions present in

urine, calcium oxalate monohydrate (COM) is much more

common in kidney stones [4].

Besides crystal-forming ions, the tubular fluid contains

compounds that modulate the nucleation, growth and

aggregation of crystals as well as their attachment to renal

epithelial cells. These compounds may either inhibit cal-

cification or promote plaque and/or stone formation. It is

believed that the initial steps for forming a stone are related

to defects in the epithelial cell surface and/or lack of pro-

teins or other compounds in urine that would, under healthy

conditions, prevent stone formation [4, 5].

Various low-molecular-weight components of urine,

notably citrate, act as inhibitors of crystallization [6].

However, it has recently become clear that most of the

inhibitory activity in preventing stone formation resides in

proteins [7]. These proteins include osteopontin (OPN),

Tamm-Horsfall protein, bikunin (inter-a-trypsin inhibitor)

and prothrombin fragment 1, all of which have been shown

to inhibit CaOx crystal formation and/or aggregation in

vitro [5].

An important protein in oxalate stone formation is OPN

[8]. The protein contains about 300 amino acids and

undergoes extensive post-translational modification (gly-

cosylation, phosphorylation and sulfation) in a species- and

tissue-specific fashion [9]. In vitro studies have shown that

OPN is a potent inhibitor of COM growth [10] and

aggregation [11] and promotes the formation of the cal-

cium oxalate dihydrate (COD) phase rather than the

monohydrate phase [12]. However, in contrast to studies in

inorganic solutions [12], Ryall and co-workers [13]

recently showed that COD grown in urine has cell-binding

affinities similar to that of COM.

It has been demonstrated that OPN inhibits the forma-

tion of COM in a phosphorylation-dependent manner [14].

Likewise, synthetic phosphopeptides based on OPN

sequences were found to be much more potent inhibitors

than the corresponding non-phosphorylated peptides [15,

16]. However, using molecular dynamic simulations,

Grohe et al. [16] observed that aspartic and glutamic acid,

not phosphoserine, are the amino acids in closest contact

with the crystal surface. This indicates that carboxylate

groups might play a primary role in mediating growth-

inhibition processes [16]. Evidence for such a scenario is

(1) the presence of an aspartic acid-rich region within the

phosphoprotein [17], and (2) the recent findings showing

that OPN and poly-L-aspartic acid (poly-asp) are similar in

their COM-inhibiting potencies [18]. The fact that poly-

asp, like OPN, strongly affects nucleation [14], growth [18]

and agglomeration processes [11] and shifts the predomi-

nant COM phase to COD [18] supports such a scenario.

The abundance of carboxylic acid residues in these poly-

electrolytes provides a potential basis for interactions with

crystal surfaces, in particular with high-surface-energy

crystal edges and the Ca2?-rich {100} face of COM

[14, 19, 20].

To understand the roles of aspartic acid and phosphate

groups in nucleation and growth processes, it is necessary

to quantify rates of crystallization. Very recently, we have

determined volumes of COM and COD precipitated in the

presence of various polypeptides [18]. It was found that

poly-asp with a molecular mass of *35.7 kDa is only

slightly more potent in inhibiting COM crystallization than

rat OPN [18], which contains 43 asp residues (nine con-

secutive) [17]. However, both are, in turn, much stronger

inhibitors of COM formation than non-phosphorylated

recombinant OPN [18]. Therefore, the number of phos-

phate groups (approximately 11 in rat OPN [21]) and their

location is critical in the protein’s ability to inhibit COM

crystallization. Grohe et al. [18] explain these differences

in COM-inhibiting potencies in terms of hydrophilicities

and net negative charges. However, their studies could not

uncover the processes which resulted in COD promotion,

effected by some OPN isoforms.

In the present study, we have investigated the roles of

phosphate and carboxylate groups in the modulation of

CaOx crystal formation using synthetic peptides corre-

sponding to two sequences in rat OPN: amino acids 65–80

and 220–235. The former contains the consecutive-asp

sequence found in rat OPN and was synthesized in both a

phosphorylated (pSHDHMDDDDDDDDDGD, referred to

below as pOPAR) and a non-phosphorylated version

(SHDHMDDDDDDDDDGD, OPAR). The second peptide

contains 3 of the 29 phosphorylation sites (serine 220, 223,

and 232) identified in OPN from rat bone

(pSHEpSTEQSDAIDpSAEK; P3) [21]. In addition, human

kidney OPN (kOPN) was used as a positive control.

The effects of these peptides on the formation of COM

and COD have been studied using ultrafiltered urine as the

crystallization medium. This solution still contains low-

molecular-weight components, in particular citrate, that

compete with the peptides for crystal interaction. To

characterize the effects of polyelectrolytes on crystallizing

CaOx, we investigated the growth habit (crystal size and

shape), number and volume of COM and COD. We found

that COM formation was affected most strongly in the

presence of acidic and highly hydrophilic polyelectrolytes

containing consecutive-asp sequences. The effects on

COD formation, however, were controlled by variations in

carboxylates and phosphates present in the molecules,

such that phosphorylation promotes the formation of

COD.
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Materials and methods

Urine collection and analysis

For urine collection and treatment, a modification of the

protocol by Doyle et al. [22] was followed. Briefly, 24-h

urine samples were collected from eight healthy male

volunteers with no history of kidney disease. Prior to (24 h)

and during collection, no drugs, alcoholic drinks or caffe-

inated products were consumed. Immediately after collec-

tion, each sample was checked for microscopic hematuria

(Chemstrip 5L; Roche Diagnostics Corp., Indianapolis, IN,

USA; none showed any evidence of blood) and the urine

centrifuged at 10,000 rpm (*9,6309g; Beckman J2-HS;

Beckman Fullerton, CA, USA) for 10 min at room tem-

perature (*22�C). Vacuum filtration through pre-sterilized

filters (pore size: 0.2-lm; Nalgene, Nalge Nunc Interna-

tional, Rochester, NY, USA) into sterile collection bottles

(Nalgene) was used for sterilization. There were no pre-

servatives added. To monitor precipitation and sample

contamination, the samples were kept at 4�C for a 14-day

observation period. After 14 days, approximately two-

thirds of the collected urine showed no precipitation.

Contamination by bacteria, etc., was never detected (by

eye). These samples were pooled, filtered again into sterile

bottles and stored at 4�C until experimentation. All filtra-

tion procedures were performed in a laminar-flow hood

(Microzone H5-MW-99-035; Microzone, Nepean, Canada)

to prevent sample contamination.

Chemical analysis of the pooled urine was performed at

London Health Sciences Centre (University Hospital

London, ON, Canada) using inductively coupled plasma

mass spectrometry (ICP-MS; Finnigan Mat, Waltham, MA,

USA) and potentiometry for detecting elements as well as

spectroscopic methods, such as oxalate-oxidase spectro-

photometry, for the determination of molecules.

The University of Western Ontario Research Ethics

Board for the Review of Health Sciences Research

involving Human Subjects approved the studies. All vol-

unteers gave their informed consent prior to their inclusion

in the study.

Chemicals and reagents

Analytical grade calcium nitrate tetra-hydrate (Ca(NO3)2�
4H2O; Sigma-Aldrich, Steinheim, Germany) and sodium

oxalate (Na2C2O4; EM Science, Gibbstown, NJ, USA)

were used as obtained.

Three 16-mer peptides were manually synthesized with

free amino and carboxy termini using Fmoc chemistry by a

batch method as previously described [16]. Purification of

the peptides was achieved by high-performance liquid

chromatography on a C18 column and their masses were

obtained from electrospray ionization mass spectrometry

(ESI-MS; theoretical values in parentheses): P3, 1,972.29

(1,972.64) g/mol; OPAR, 1,833.29 (1,833.60) g/mol; and

pOPAR, 1,913.13 (1,913.58) g/mol. Kidney OPN (kOPN)

was purified from human urine as described by Christensen

et al. [23] and a MW of 37,700 g/mol was determined by

MALDI-TOF mass spectrometry (MALDI-TOF MS;

Applied Biosystems). Dephosphorylation of kOPN by

alkaline phosphatase revealed a mass loss of 600 g/mol,

corresponding to approximately eight phosphate groups

distributed over the 30 potential phosphorylation sites [23].

Amino acid analysis (Advanced Protein Technology Cen-

tre, Hospital for Sick Children, Toronto, Canada) of the

peptides and OPN was carried out using CMC (5-carb-

oxymethylcysteine) as an internal standard to determine the

yields.

Solution preparation

For crystallization experiments, inorganic stock solutions

of 21.6 mM calcium nitrate and 4.81 mM sodium oxalate

were prepared. Deionized water purified with a Milli-Q

water system (Millipore Systems, Billerica, MA, USA) and

filtration through a 0.2-lm pore-size membrane was used

for the preparation of solutions. The pH values of the

calcium and the oxalate stocks were 6.04 and 7.39,

respectively.

Prior to experimentation, urine from pooled samples was

ultrafiltered through Amicon Ultracel filter tubes (Millipore

Systems) with a 3,000 molecular weight cut-off by cen-

trifugation at 4,000 rpm (*3,2209g) for 60 min at 4�C

(Eppendorf Centrifuge 5810R; Eppendorf, Hamburg,

Germany). If necessary, the pH was adjusted to 5.85 using

5 M hydrochloric acid (analytical grade, Sigma-Aldrich).

Stock solutions of 50 lg/ml peptide or protein (OPAR,

pOPAR, P3, kOPN) in ultrafiltered urine were prepared and

used for the experiments described below.

Crystallization experiments

Crystallization of CaOxs was carried out by a modification of

the method previously described [20]. In brief, crystalliza-

tion was initiated by adding 1-ml aliquots of preheated

(37 ± 0.2�C) urine (800 ll), oxalate (50 ll) and calcium

(150 ll) stock solutions to preheated (37 ± 0.2�C) wells of

tissue-culture plates (24-well, FALCON, Becton-Dickinson;

Franklin Lakes, NJ) containing freshly cleaved mica disks

(diameter: 9.5 mm, V-1 grade, SPI� Supplies, Toronto,

Canada). The order of addition was oxalate, followed by

urine and calcium solutions. If urinary stock solution of

OPAR, pOPAR, P3 or kOPN (also preheated) was added to

the wells, the volume of urine was correspondingly reduced.

Final calcium and oxalate concentrations were 4.7 and
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0.45 mM, respectively. These concentrations are in the

ranges of those found in urine of healthy and stone-forming

individuals (male or female) [24]. After incubation at

37 ± 0.2�C for 180 min, the mica disks were rinsed with

deionized water, air-dried and stored for further investiga-

tion. Three replicates were performed for each concentration

of each peptide or protein used.

For some representative reactions, pH measurements

were carried out immediately after mixing the reaction

solutions. The pH was always between 5.8 and 5.9, and

well within physiological ranges of healthy and stone-

forming individuals [24, 25]. Even high polyelectrolyte

concentrations (up to 200 lg/ml) did not significantly

affect the pH.

Microscopy and data processing

Scanning electron microscopy (SEM; A LEO 1540XB,

Carl Zeiss, Germany) was employed to investigate the

precipitates on mica substrates without metal coating, using

an acceleration voltage of 1 kV and a working distance of

3.5 mm.

Imaged crystal phases, morphologies and shapes (habits)

were evaluated as previously described [18, 26], using

crystallographic data (morphologies, crystal symmetry,

angles between crystal faces, etc.) available from literature

[19, 27–31] and a calculation routine [32]. X-ray diffrac-

tion analyses were not performed.

To calculate precipitate volumes, COM and COD

crystals were identified, counted and dimensions measured

from SEM micrographs as previously described [18]. The

individual mean values (±standard deviation) were deter-

mined from 6 to 9 microscopic fields (2–3 from each

sample) per calculated volume, with between 50 and 350

crystals per microscopic field. One-way ANOVA and

Dunnett multiple comparison tests were carried out to test

if sample values were significantly different from corre-

sponding controls.

Results

Urine analysis

The more abundant elements and molecules found in the

pooled urine samples are listed in Table 1. All concentrations

are well within the concentration ranges found in urine of

healthy individuals. Besides the compounds indicated in the

table, ICP-MS detected the trace elements zinc (*4.6 lM),

strontium (*1 lM), selenium (*1 lM), molybdenum

(*0.5 lM), iron (*0.2 lM), copper (*0.1 lM), manga-

nese (*4.4 nM), tin (*3.6 nM), cobalt (*2.8 nM), chro-

mium (*2.4 nM) and vanadium (*1.1 nM).

Crystallization under control conditions

Crystallization was initiated by addition of oxalate (50 ll)

and calcium (150 ll) solutions to ultrafiltered urine

(800 ll). Thus, concentrations of ions and molecules

present in urine decreased by a factor of 1.25, except for

calcium and oxalate, whose concentrations were increased

to 4.7 and 0.45 mM, respectively. However, concentrations

of all compounds remained within physiological ranges

[24, 33]. The supersaturation r of CaOxs precipitating in

these mixtures is defined as

r ¼ 1=2 ln½ðaCaaOxÞ=KSP� ð1Þ

where KSP is the solubility product for COM

(KSP;COM = 2.24 9 10-9 M2) or COD (KSP;COD = 6.76 9

10-9 M2) at 37�C [34]. Calculating the activities a by

Table 1 Compounds found in urine and corresponding analytical techniques used

Element/molecule Analysis technique Concentration measured (mM) Concentration literature (mM)a

Calcium ICP-MS 1.820 ± 0.066 2.686 ± 1.325

Oxalate Spectrophotometry(a) 0.264 ± 0.006 0.323 ± 0.132

Citrate Spectrophotometry(b) 1.266 ± 0.103 1.396 ± 1.132

Phosphorus Spectrophotometry(c) 19.266 ± 0.398 17.305 ± 6.748

Sulfur ICP-MS 16.283 ± 0.581 n.a.

Sodium ICP-MS 99.166 ± 0.983 102.0 ± 44.0

Potassium Potentiometry 39.000 ± 0.000 29.6 ± 12.8

Chloride Potentiometry 91.333 ± 0.516 n.a.

Magnesium ICP-MS 2.220 ± 0.084 2.341 ± 0.999

Boron ICP-MS 0.088 ± 0.004 n.a.

Values given are mean ± standard deviation (from 6 replicates each): Spectrophotometry of (a) oxalate oxidase, (b) citrate lyase, (c) ammonium

molybdate
a 133 individuals evaluated: non-pooled urine [33], n.a. not available

330 Urol Res (2011) 39:327–338

123



successive approximation of the ionic strength (see Table 1

except for [Ca2?] = 4.7 mM and [C2O4
2-] = 0.45 mM)

via the Debye Hückel theory [35] (modified by Davis [36]),

supersaturations of 3.33 for COM and 2.78 for COD were

determined.

All crystals formed under these conditions appear to be

COM. Other crystalline or amorphous phases were not

detected. As shown in Fig. 1a and b, COM crystals grown

on mica disks are thin and plate-like with well-facetted

{100} and {010} crystal planes but rounded faces at both

ends of the crystal, a result most likely due to the presence

of citrate in urine [28]. In contrast, penetration twins

formed in inorganic solutions (controls) grow wider in

{100} direction and exhibit well-facetted {121} planes at

both crystal ends [18]. We suggests, therefore, that citrate

is affecting growth of {100} and {121} faces in ultrafil-

tered urine. It is, however, not clear in which direction

inhibition is strongest and if {010} faces are affected by

citrate as well. Some of these crystals are intergrown into

each other (Fig. 1d), whereas a few of them grew to

aggregates of ‘‘interwoven’’ crystals (Fig. 1c). These

aggregates look similar to those found in kidney stones of

patients with primary hyperoxaluria [37].

Crystallization in the presence of polyelectrolytes:

competition reactions

Effects on crystal habit and morphology

Among the four effectors tested, the phosphopeptide P3

showed the weakest effects on CaOx crystallization.

Addition of P3 (B10 lg/ml) results in COM shapes dif-

ferent from those formed under control conditions (com-

pare Fig. 2a, b with 1a, b). The crystals found are smaller

in their h001i and h010i dimensions, show rougher surfaces

and are rarely observed at higher P3 concentrations

(C30 lg/ml). The surface roughness appears to be a result

of secondary {100} nucleation and growth of COM, a

phenomenon, however, not distinctive at P3 concentrations

C20 lg/ml (Fig. 2c, d). Nucleation of COM occurs from

different faces (preferably from {100}) and, besides the

{100} faces, all edges are rounded, making indexing the

faces difficult. The tendency of COM to intergrowth is

strongly decreased in the presence of P3 and abolished at

concentrations C10 lg/ml (not shown). Addition of P3 also

initiates COD formation. The bipyramidal crystals exhibit

slightly uneven surfaces (Fig. 2a, d), probably resulting

from material deposition or zonal crystal growth, and their

dimensions do not significantly change at high effector

concentrations (C10 lg/ml; Fig. 3a). The number of COD

crystals nucleating from {100} or {110} crystal planes

increases with increasing P3 addition (not shown), a phe-

nomenon probably related to P3 adsorbed to mica acting as

receptor for COD nucleation. Some crystals are shown in

Fig. 2d.

In the presence of 1–2 lg/ml kOPN, crystallization of

COM is strongly decreased and crystal platelets are

formed that have some similarities to those induced by

P3 (Fig. 2g). Like P3-generated COM, nucleation occurs

from all crystal faces (not shown). However, kOPN-

formed COM platelets are smaller (*1/3 of P3-affected

h001i-direction growth), exhibit edges even more rounded

than those formed by P3 and have circular shapes rather

than oval shapes (compare Fig. 2g with b, c). Although

these shapes allow accurate indexing only for {100}

faces, the crystal habits show that growth parallel to

h001i is more affected than it is by P3. Moreover,

intergrowth of COM and secondary processes are entirely

suppressed by the protein, even at concentrations as low

as 1 lg/ml (not shown). An example is given in Fig. 2g.

At kOPN concentrations C2 lg/ml, crystallization of

COM is strongly decreased and COD formation domi-

nates the precipitation (Fig. 2e, h). The crystals exhibit

bipyramidal shapes, exhibit slightly uneven surfaces

(Fig. 2f, i) and become, in contrast to P3-induced COD,

smaller at elevated kOPN concentration ([20 lg/ml,

Fig. 3b). Higher concentrations (C30 lg/ml) additionally

induce the formation of {100} faces (Fig. 2i). Like

crystallization in the presence of P3, increased kOPN

concentrations promote COD nucleation from {100} or

{110} crystal planes (compare Fig. 2e and h; black

arrows). Magnifications of {100}-nucleated COD crystals

are shown in Fig. 2i. An example of {110} nucleation is

given in Fig. 2d.

Fig. 1 Scanning electron micrographs (SEM) of COM formed in

ultrafiltered urine. a Plate-like COM crystals viewed perpendicular

(left) and parallel (right) to a h100i direction. b COM crystal viewed

from an h010i direction. c Interwoven COM platelets. d Overview of

precipitated calcium oxalate, showing individual and intergrown

COM nucleated from all crystal faces developed. Scale bars in a, b, c:

3 lm
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Addition of the aspartic acid-rich peptide OPAR showed

effects on COM crystallization very similar to those med-

iated by kOPN. Precipitation of COM is strongly decreased

in the concentration range 0.5–2 lg/ml (at[2 lg/ml, COM

is rarely detected) and results in the formation of individual

crystal platelets nucleated from different faces (not shown);

intergrowth or secondary nucleation and growth of these

platelets are not observed (Fig. 4a, b). However, in contrast

to kOPN, crystal platelets formed by OPAR are oval-

shaped (compare Figs. 4b and 2g) and approximately *1/2

the size of P3-crystallized COM (compare Figs. 4b and 2a,

b). Compared to P3 and kOPN, lower concentrations are

needed to decrease the dimensions of COM platelets

drastically (Fig. 5a). The presence of OPAR strongly pro-

motes the precipitation of COD but decreases its formation

at higher concentrations (see below). As the mean volume

of individual crystals is nearly constant at concentration

C2 lg/ml (Fig. 5a), nucleation must be inhibited at higher

concentration ranges. The crystals exhibit slightly uneven

surfaces (similar to the one depicted in Fig. 4a) and

show nucleation from {100} or {110} faces (the latter less

frequent) when OPAR concentrations are increased

(C30 lg/ml, Fig. 4c, d). Figure 4c shows a close-up of a

Fig. 2 SEM of COM and COD grown in ultrafiltered urine and in the

presence of P3 or kOPN: a–d P3, e–i kOPN. Low P3 additions (5 lg/

ml P3): oval COM platelets (with a secondary nucleation or b spiral

growth) and COD (bipyramids). c, d Higher P3 additions (30 lg/ml

P3): oval COM platelets (reduced secondary nucleation) and COD

nucleated from different crystal planes. Low kOPN additions (2 lg/

ml kOPN)—e overview: moderate COD formation (black arrows:

{100} and {110} nucleation), f close-up: COD formed with no face

specificity (�: h001i axis), g circular COM platelet. Higher kOPN

additions (30 lg/ml kOPN)—h overview: abundant COD (black
arrows: some crystals showing {100} and {110} nucleation), i close-

up: COD with developed {100} faces (top) and with slight effects on

growth of edges (bottom, white arrows). The scale bars in b, c, f,
g and i are 1.82, 2.39, 3.5, 0.76 and 4.45 lm, respectively

Fig. 3 Mean crystal volume of COM and COD grown in the presence

of a the phosphopeptide P3 and b human kidney OPN

332 Urol Res (2011) 39:327–338
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{100}-nucleated COD. Higher OPAR additions also

showed slight effects on edge growth (onset of growth

inhibition parallel to h100i; Fig. 4c).

Among the four effectors studied, pOPAR, the phos-

phorylated version of OPAR, showed the strongest

effects on COM crystallization. At concentrations as low

as 0.5 lg/ml, the peptide abolished COM formation

nearly totally and induced COD formation strongly

(Fig. 4e). Additions B2 lg/ml form COD of bipyramidal

shape with smooth surfaces (Fig. 4f), whereas higher

concentrations (C5 lg/ml) promote COD formation

(compare Fig. 4e and h), inhibit COD growth in h100i
directions (Fig. 4g, i; crystals exhibit smooth or slightly

uneven surfaces), and favor COD nucleation from {100}

or {110} crystal planes (Fig. 4h, i; black arrows),

although {110} nucleation was observed less frequently.

Some {100}-nucleated crystals are shown in Fig. 4i.

These effects are initiated at concentrations lower than

those used for kOPN or OPAR, suggesting that pOPAR

is highly potent in acting as a receptor for COD nucle-

ation on mica substrates. On the other hand, high pOPAR

concentrations ([20 lg/ml) are necessary to cause effects

on COD dimensions (Fig. 5b).

Fig. 4 SEM of COM and COD grown in ultrafiltered urine and in the

presence of OPAR or pOPAR: a–d OPAR, e–i pOPAR. a, b Low

OPAR additions (2 lg/ml OPAR): individual COM platelets (oval

shapes) and fragments are formed, COD formation. Higher OPAR

additions (30 lg/ml OPAR)—c close-up: slightly affected growth of

COD edges (white arrow), d overview: moderate COD formation

from different crystal faces (black arrows: {100} and {110}

nucleation). Low pOPAR additions (2 lg/ml pOPAR)—e overview:

COD formation (black arrows: {100} and {110} nucleation), f close-

up: COD nucleated with no distinct face specificity besides some

debris (�: h001i axis). g Moderate pOPAR additions (5 lg/ml

pOPAR): slight effects on COD edges (white arrows). Higher pOPAR

additions (20 lg/ml pOPAR)—i close-up: COD with developed

{100} faces, h overview: abundant COD (black arrows: some crystals

showing {100} and {110} nucleation). The scale bars in b, c, f, g and

i are 1.77, 4.05, 2.28, 3.16 and 4.78 lm, respectively

Fig. 5 Mean crystal volume of COM and COD grown in the presence

of a OPAR and b pOPAR
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Effects on precipitation

Using P3, the total crystal volume (TCV; COM plus COD)

was smallest at 10 lg/ml, with *1,400 lm3/mm2 of COM

(1.71% of COM of controls) and *5,000 lm3/mm2 of

COD crystallized (Fig. 6a). However, 45 lg/ml P3 was

needed to decrease the COM precipitation rate (nucleation

plus growth) to the very low level of *100 lm3/mm2.

In the presence of kOPN, the minimum TCV is reached

at 2 lg/ml, with *3,700 lm3/mm2 COM (4.45% of con-

trol) and 6,700 lm3/mm2 COD (Fig. 6b). Addition of 5 lg/

ml kOPN is sufficient to decrease the level of precipitated

COM under 100 lm3/mm2 and raise COD formation to

*22,000 lm3/mm2. The latter finding shows that kOPN

has a much stronger dose–response relationship with COD

formation than P3 does, abolishing COM formation totally

at concentrations C5 lg/ml while COD formation is pro-

moted. P3 shows this effect at concentrations C45 lg/ml.

Addition of 1 lg/ml OPAR is sufficient to reach a

minimum TCV at a level of *50 lm3/mm2 COM (0.06%

of control) and *4,700 lm3/mm2 COD (Fig. 7a). This

shows that OPAR is more effective than P3 and kOPN in

modulating COM and COD formation. However, in con-

trast to P3 and kOPN, a biphasic dose–response

relationship is noted for COD formation. Increasing OPAR

concentrations (0–5.0 lg/ml) significantly increase the

volume of COD (COM formation is inhibited and, finally,

abolished), whereas higher additions ([5.0 lg/ml)

increasingly inhibited COD formation.

Effects of pOPAR on CaOx precipitation are shown in

Fig. 7b. Obviously, the phosphorylated version of OPAR

affects CaOx precipitation most strongly. Addition of 0.5 lg/

ml pOPAR results in the smallest TCV found in this work,

with *50 lm3/mm2 of COM and 4,600 lm3/mm2 of COD

crystallized. However, pOPAR is not much more potent than

its non-phosphorylated counterpart. Both effectors produce

similar minimum TCVs at only slightly different concentra-

tions (0.5 vs. 1.0 lg/ml). Unlike OPAR, however, increasing

pOPAR concentrations (C0.5 lg/ml) result in a promotion of

COD formation similar to P3 (C45 lg/ml) and kOPN

(C5 lg/ml), although COM is totally abolished.

Discussion

The objective of this study was to investigate the effect of

OPN and its peptides on the formation of COM and COD

Fig. 6 Crystallization of COM and COD in the presence of a the

phosphopeptide P3 and b human kidney OPN. *P \ 0.01, signif-

icantly different from corresponding control (calculated by Dunnett’s

multiple comparison test; uP [ 0.05, not significant)

Fig. 7 Crystallization of COM and COD in the presence of different

a OPAR and b pOPAR. #P \ 0.05, *P \ 0.01, significantly different

from corresponding control (calculated by Dunnett’s multiple com-

parison test; uP [ 0.05, not significant)

334 Urol Res (2011) 39:327–338

123



in ultrafiltered urine (pH 5.85). Under the conditions used,

CaOx crystals are positively charged [38], whereas the

polypeptides tested (kOPN, P3, OPAR, pOPAR) exhibit a

net negative charge [18].

Crystallization was performed under non-turbulent and

diffusion-controlled conditions (unstirred solutions), in

which precipitation (nucleation, growth, phase transfor-

mation) is affected by surfaces, effectors, supersaturation,

etc. These conditions were chosen as they are more phys-

iological than stirred conditions [39, 40]. Indeed, previous

investigations have shown that agitation induces non-

physiological aggregation [41, 42] and crystal morpholo-

gies [40, 43].

The peptide and protein concentration range chosen

(0.5–90 lg/ml) extends well beyond the physiological

range (1.9–4.3 lg/ml OPN, with *4 mg excreted per day

[44]). These super-physiological concentrations were

studied because of the potential of using OPN peptides as a

possible means of treating stone disease in the future.

CaOx crystallization in urine

After ultrafiltration, urine still contains protein fragments

(\3 kDa) and low-molecular-weight compounds such as

citrate (see Table 1) that compete in modulating CaOx

crystallization processes. In the presence of these effectors,

COM forms plate-shaped crystals with rounded end faces

(Fig. 1a, b), a process reported to be indicative of citrate–

COM interactions in aqueous environments [28]. Con-

firming these results, Qiu et al. [45] observed much

stronger interactions of citrate with steps on the most

growth-inhibited {100} face than with steps on the weakest

affected {010} face and found an explanation for this

behavior in electrostatic repulsion. Adsorption to the oxa-

late-rich {010} face is much less favorable than to the

calcium-rich {100} face [19]. However, in contrast to

COM platelets found in urine [29], pure aqueous solution–

citrate systems form platelets with less rounded and more

facetted end faces (in h001i directions), also exhibiting

secondary growth processes on {100} faces [28]. As these

features are missing in COM of the current study (see

Fig. 1a, b), protein fragments are believed to ‘‘assist’’ cit-

rate in modulating step growth on {100} faces. Such a

‘‘cooperation’’ might have promoted the formation of more

rounded end faces and smooth {100} crystal planes, lack-

ing any secondary crystallization or spiral growth.

The absence of large proteins ([3 kDa) gives rise to

reaction conditions which allow for crystallization of high

volumes of COM (see Figs. 6, 7), unhindered intergrowth

of COM and the absence of any COD (see Fig. 1). It has

been reported that such conditions would be critical with

regard to stone formation [5]. Moreover, the plate-like

COM crystals formed show substantial similarities to the

COM platelets stacked within kidney-stone matrices [30,

39]. Moreover, some of these platelets form interwoven

aggregates, which resemble those found in stones of indi-

viduals with primary hyperoxaluria [37].

Effects of P3 on CaOx crystallization in urine

Crystallization in the presence of P3 results in growth

inhibition of COM in all principal crystallographic direc-

tions (compare Fig. 1 with 2a–d). Even {010} faces are

affected by P3 interactions with COM. However, the

roughness of {100} faces, which is based on secondary

nucleation and growth (see Fig. 2b), does not completely

disappear, even at higher P3 concentrations (C30 lg/ml,

Fig. 2c). Thus, P3 is a potent growth inhibitor, but it is not

potent enough to completely suppress secondary processes.

The occurrence of such processes indicates a strong but

limited ability of the phosphopeptide to inhibit nucleation

of COM, a finding also observed in inorganic solutions

[16]. This conclusion finds additional support in the rela-

tively high concentrations needed to abolish COM forma-

tion (C45 lg/ml, Fig. 6a).

An interesting property of P3 is its potency in preventing

COM crystals from generating aggregates or from growing

together. This outcome is most likely due to the peptide’s

ability to suppress secondary processes and, therefore, to

avert coalescence of crystals. Like inhibition of growth,

suppression of coalescence is based on the adsorption of P3

to COM {100} faces [16]. Studies have shown that P3

adsorbs quickly and at early stages of crystallization [46].

At these higher adsorptions rates, P3 is believed to form

films that coat the crystals, which, due to electrostatic and/

or steric interactions, help to keep COM disaggregated.

COD formation is linked to the inhibited precipitation of

COM (see Fig. 6a). Hindered COM crystallization results

in a retarded reduction of supersaturation and, therefore, to

a higher probability of inducing precipitation of other

CaOx phases. As COD is less soluble than calcium oxalate

trihydrate [34], the conditions are most favorable for COD

formation. Once formed, these crystals are stable, not

showing any sign of dissolution during the study. This

finding is related to (1) the time needed for dissolving COD

[it was found that COD is stable for up to 300 min in

supersaturated ([Ca2?] = [C2O4
2-] = 2 mM) inorganic

solution; B. Grohe, G. K. Hunter, unpublished data] and (2)

P3 adsorption, which, like other strongly binding com-

pounds [47], hinders crystal dissolution. At higher P3

concentrations (C5 lg/ml), formation of COD is increas-

ingly promoted and a preferred nucleation from {100} or

{110} crystal planes is observed, when concentrations

exceed C20 lg/ml. This behavior is probably related to the

adsorption of P3 to mica substrates promoting COD

nucleation, a phenomenon also observed when COD
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precipitates in the presence of poly-asp in aqueous solution

[26] or at epithelial cell surfaces in urine [31]. These find-

ings also indicate that high polyelectrolyte concentrations

could promote kidney stone formation, as COD becomes

more adhesive to kidney cells [48] or to pre-existing

aggregates [30].

Effects of kidney OPN on CaOx crystallization

CaOx precipitation is much more strongly affected by

kOPN than by P3. At concentrations as low as 1–2 lg/ml,

the protein produces more rounded COM platelets, pre-

vents intergrowth and secondary growth of COM and

induces COD formation strongly (Fig. 2e–i). The forma-

tion of circular habits shows that COM growth parallel to

h001i is more strongly affected than it is by P3. Moreover,

the crystal platelets formed are smaller and thinner (parallel

to h100i) than those induced by the phosphopeptide. These

findings suggest that kOPN preferentially adsorbs to {100}

faces and to step risers of {121} and {021} steps at {100}

faces, a process provoking strong growth inhibition parallel

to h100i and h001i of just-nucleated crystals. Even {010}

faces are more strongly affected by kOPN than by P3. In

inorganic solutions, OPN has been shown to adsorb

selectively to {121}/{100} edges of pregrown COM [20]

and, when present at concentrations C1 lg/ml, also to

{100} faces [49]. The same studies and investigations by

Langdon et al. [14] have reported preferred inhibition of

COM growth parallel to h001i and effects of the protein on

all other crystallographic directions. Moreover, growth

inhibition was observed as soon as crystals formed indi-

cating fast adsorption of the protein to crystallizing COM

[14]. However, these processes all resulted in dumbbell-

like habits. Pancake morphologies like those found in the

present study were not observed. This outcome suggests

that cooperative effects of kOPN, citrate, protein fragments

and other compounds modulate COM crystallization much

more strongly than does kOPN alone. The fact that *5 lg/

ml kOPN is sufficient to nearly extinguish COM (Fig. 6b)

supports such a scenario for ultrafiltered urine.

Strong binding of OPN might also explain the lack of

any crystal aggregates. At concentrations C0.2 lg/ml,

OPN has been shown to adsorb to all faces of COM and

form protein aggregates at crystal surfaces [50]. These

aggregates not only decrease the flux of lattice ions to the

crystal surface, thereby hindering growth of COM, but also

block secondary COM formation at crystal surfaces and

favor a steric repulsion in particle–particle interaction [51].

Characteristics such as the size of the protein (compared to

e.g. P3), its conformation when adsorbed to COM, the

number and distribution of hydrophilic and hydrophobic

residues, etc., may have contributed to the observed effects

on COM formation.

COD crystallization strongly depends upon the presence

and concentration of kOPN. At lower protein concentra-

tions (up to 5 lg/ml), precipitation is characterized by

suppression of COM and promotion of COD. However,

unlike P3, relatively small concentrations (*5 lg/ml) of

kOPN are sufficient for precipitating COD predominantly

(compare Fig. 6a, b). The crystals formed get smaller

(Fig. 3b) and more frequent (Fig. 2e, h) at higher kOPN

concentrations ([20 lg/ml), a process also observed in

inorganic solutions using different OPN isoforms [18]. The

latter finding is evidence for an increased nucleation rate,

probably induced by decreased activation energies for

nucleation during interactions of the crystallizing matter

with concentrated protein bound to mica [52].

At high kOPN concentrations (C20 lg/ml), COD pref-

erentially nucleates from {100} or {110} crystal planes, an

effect that was also observed for P3 (see above) and other

effectors in urinary or inorganic environments [26, 31]. It is

assumed that this effect results from highly concentrated

kOPN bound to the substrate surface [50, 52] and the

calcium richness of the {100} and {110} COD faces [53,

54]. Moreover, {100} faces not in contact with substratum

were also observed, suggesting an effect of kOPN in

solution as well (see Fig. 2i). Similar observations are

reported by Chien et al. [54] who showed that OPN

strongly affects {100} face formation of COD in urine. As

modulation of {100} growth was not observed when using

OPN in inorganic solutions [18], we assume that kOPN and

low molecular compounds cooperatively affect {100} face

formation of COD in urine.

Effects of [p]OPAR on CaOx crystallization

The presence of OPAR or pOPAR ([p]OPAR) strongly

inhibits COM formation. Concentrations as low as

0.5–1.0 lg/ml are sufficient to suppress COM crystalliza-

tion nearly totally, with pOPAR being slightly more potent

(see Fig. 7a, b). At higher concentrations (C2 lg/ml),

COM was rarely observed. Thus, [p]OPAR has a strong

effect on COM nucleation, even stronger than kOPN,

suggesting that [p]OPAR interferes very early in cluster

formation of the crystallizing matter. This finding also

shows that COM inhibition processes are affected strongest

by pOPAR and OPAR followed by kOPN and then P3, an

order indicating that the acidity and hydrophilicity are the

controlling factors in preventing COM crystallization [18].

The COM platelets formed by [p]OPAR show no

aggregation or secondary processes (Fig. 3a, b). This

implies that [p]OPAR, like kOPN, strongly binds to COM

and coats the crystals, which aids COM in staying disag-

gregated. On the other hand, both the phosphorylated and

the non-phosphorylated peptide form oval crystal platelets,

suggesting that the adsorption (not inhibition) pattern of
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[p]OPAR might be similar to that found for poly-asp

(35.7 kDa), which adsorbed non-selectively to all faces of

COM when studied in inorganic solution [18]. Taking these

findings into account, [p]OPAR is proposed to interact

strongly with {100} faces, more weakly with {121} faces

and only marginally with {010} faces (probably via Ca2?-

bridging to oxalate [50]). Such a scenario could be based

on electrostatic peptide–crystal interactions caused by

differences in Ca2? ion densities of these crystal faces [19].

COD formation is affected slightly differently by OPAR

and pOPAR. In contrast to OPAR, which inhibits COD,

there is a continuing increase in COD content with

increasing pOPAR concentrations ([5 lg/ml), an outcome

also observed for the parent protein and, to a lesser extent,

for P3 (compare Figs. 6 and 7). These findings are evidence

for a process in which phosphate groups act as mediators of

COD nucleation, a process similar to that described for the

cooperation of sulfates and carboxylates in calcite crys-

tallization [55]. A combination of phosphate groups

and contiguous carboxylate groups (present in kOPN and

pOPAR) may result in additional nucleation centers for

COD by generating sites at the substrate surface with

higher charge densities. When, however, carboxylates are

underrepresented or not consecutive, like in P3, COD

formation is less promoted. In contrast, the lack of phos-

phate groups, like in OPAR, results in a biphasic effect on

COD formation, a behavior similar to that found for poly-

asp in inorganic solutions [18].

Closing remarks

Recently, weakly acidic, basic and/or hydrophobic peptides

have been shown to only affect crystallization processes

poorly or not at all, even if phosphorylated [15, 16]. Our

present study demonstrates, however, that phosphorylated

aspartic acid-rich regions of OPN are very potent in

inhibiting COM crystal and aggregate formation and pro-

mote the formation of the COD phase. Based on these

findings, polycarboxylated peptides (probably phosphory-

lated to control the formation of COD) are very promising

agents to assist endogenous inhibitors in preventing initial

stone formation and/or reducing recurrence rates.
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