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Abstract It is widely believed that proteins rich in Asp,
Glu or Gla (y carboxyglutamic acid) interact strongly with
calcium oxalate surfaces and inhibit calcium oxalate crystal
growth. An alternative hypothesis would be that the
interaction of Asp, Glu and Gla residues with surfaces
could facilitate nucleation and crystal aggregation. Pro-
thrombin fragment 1 and bikunin have been studied
extensively as inhibitors, f-microglobulin, transferrin and
antitrypsin have been found in stone matrix and tubulin has
been observed in the attachment of crystals to cell surfaces.
The aim of this study is to examine how well carboxylate
groups in proteins found either in stone matrix, or proposed
as inhibitors, could fit with the calcium ion sub-lattice of
both calcium oxalate monohydrate and dihydrate surfaces.
The carboxylate groups in the acidic Asp, Glu and Gla
residues were marked in the Protein Data Bank structures
and matched to calcium oxalate surfaces using the Cerius
3D molecular modeling program. A contact was defined if
a carboxylate oxygen atom approached a surface calcium
atom in such a way that the separation was less than 6 A
but greater than 2.4 /a%, the sum of the ionic radii. If the
proteins maintain their 3D structure, the number of contacts
was no more than 3 or 4 for all the proteins studied, irre-
spective of the calcium oxalate surface.
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Introduction

Calcium oxalate is the most significant component of uri-
nary stones, usually in its monohydrate form [1]. The
mechanisms for the formation of calcium oxalate urinary
stones are still not understood, though it is thought that
organic macromolecules, in particular proteins, play a
significant role. It is widely believed that proteins act as
inhibitors of crystal growth and aggregation. Prothrombin
fragment 1 (PFT1) [2], nephrocalcin [3], bikunin [4, 5] and
osteopontin [6] have all been shown to inhibit growth or
aggregation or both in crystallization experiments. More
recently the growth of selected faces of calcium oxalate
monohydrate has been studied at the atomic level by
atomic force microscopy (AFM) and it was shown that
osteopontin mainly affected the (010) surfaces [7]. The
specific mechanism by which these proteins might interact
with calcium oxalate surfaces has never been discussed in
detail, but following work in other areas of biomineral-
ization [8] it has been suggested that acidic amino acid
residues such as Asp and Glu, that are expected to be de-
protonated and negatively charged at urinary pH, are at-
tracted to the positively charged Ca ions. Recent
functionalized AFM measurements give experimental
support to this hypothesis [9]. It would therefore be ex-
pected that proteins rich in y carboxyglutamic acid, Gla,
such as PFT1, with two deprotonated carboxylate groups
would be even better at electrostatically binding to calcium
sites [10, 11].

It could also be argued that organic macromolecules
might instead facilitate heterogeneous nucleation of
crystals by providing a suitable template, as appears to
be the case in some instances of calcium carbonate
biomineralization [8]. They could also help stick small
crystallites together, thus facilitating aggregation. Good
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candidates for such promoter molecules would be those
proteins found in stone matrix, if one believes that ma-
trix components play an active role in stone formation
and their presence is not merely the adventitious result
of growth in urine rich in proteins. Dussol et al. [12]
found human serum albumin, «1 acid glycoprotein, ol-
microglobulin, agolipoprotein, transferrin, ol-antitrypsin,
retinol-binding protein, renal lithostatine and f2-micro-
globulin in stone matrix. Urinary PFT1, also known as
crystal matrix protein [13], and nephrocalcin [14] have
been found in calcium oxalate crystals precipitated from
urine, and bikunin [15] has been reported in both cal-
cium oxalate and calcium phosphate crystals. Warpeho-
ski et al. [16]and Lian et al. [10], found from amino acid
analysis that stone matrix contained up to 50% Asp, Glu
and Gla residues. This seems implausibly large given
that the average protein has about 10-15% of these
residues, though it fits well with the calcium-binding
hypothesis proposed as a way of explaining inhibitor
behavior.

Whether a protein or other macromolecule acts as an
inhibitor of growth and aggregation or a promoter of
nucleation and aggregation implies that there must be some
mechanism to explain the interaction with the mineral
oxalate surfaces. The attraction between calcium and Asp,
Glu and Gla is certainly plausible, but it is equally con-
ceivable that basic residues that are normally protonated at
urinary pH and positively charged might experience an
attraction toward negatively charged oxalate groups. In
either case steric constraints from the 3D conformation of
the molecule might limit the number of these simple
interactions.

Prothrombin fragment 1 and bikunin, which have been
postulated as inhibitors, S-microglobulin, antitrypsin and
transferrin which have been found in stone matrix, all have
structures available from the Protein Data Bank (PDB)
[17]. Tubulin was examined because there is some evi-
dence that it facilitated crystallization on cell surfaces [18],
and osteocalcin since it had been found in human urine
[19]. Tubulin and transferrin might be products of the stone
disease from cellular injury but they may still play a role in
facilitating further aggregation. All the structures had been
determined by X-ray diffraction of the protein crystallized
in water.

To investigate how well these proteins might interact
with the most prominent calcium oxalate monohydrate and
dihydrate surfaces we used the Cerius 3D molecular visu-
alization software to match proteins with surfaces by
maximizing the number of contacts between surface cal-
cium atoms and carboxylate oxygen atoms. This is very
similar to the approach Hoang et al. [20] used to demon-
strate the affinity of porcine osteocalcin to calcium
hydroxyapatite.
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Materials and methods

Calcium oxalate dihydrate (COD) usually appears as bi-
pyramids with (101) being the dominant face. Calcium
oxalate monohydrate (COM) can show many different
morphologies but in single crystal growth experiments the
most prominent facets are (100), (001), (10I), (021). The
Cerius molecular visualization and modeling program was
used to prepare (100), (001), (021), (101), (010) surfaces for
COM using Tazzoli and Domeneghetti’s [21] low tem-
perature monoclinic structure, space group P2,/c. For COD
(001), (010), (011), (110) faces were prepared from Tazzoli
and Domeneghetti’s tetragonal structure [21], space group
I 4/m. Figures 1 and 2 show representative surfaces for
COM and COD respectively. The fundamental repeating
unit on a crystal surface, analogous to the unit cell in the
3D crystal, is the unit mesh. It is defined by the two vec-
tors, a and b, and the angle between them. Unit mesh
dimensions, areas and the number of Ca or oxalate ions per
unit area are summarized in Table 1.

Even though the exact termination of the surfaces is not
known, electrostatic energy considerations would suggest
that surfaces are non-polar with equal numbers of positive
and negative ions. The exception might be the COM (100)
surface which would appear to be positively charged as it
seems that there are twice as many Ca ions as oxalate ions
within 4 A of the surface. The unit cell as a whole is
neutral so there will be a net surface dipole. In fact there
are two distinct groups of Ca atoms near the surface, and it
is possible that the small separation between these groups
might well increase due to surface relaxation. There is also
the possibility of surface reconstruction, though there has
been very little work on ionic surfaces in vacuo let alone
solution. As a starting point we shall assume that the sur-
faces are as shown in Figs. 1 and 2, and that they are both
non-polar and unreconstructed.

Structures of osteocalcin, PFT1, bikunin, f-microglob-
ulin, antitrypsin, tubulin and transferrin were downloaded
from PDB [17]. The carboxylate oxygen atoms in the Asp,
Glu and Gla residues were marked as fluorine so that they
would show up as a distinct color. The protein molecules
were then manually aligned with respect to the calcium
oxalate surfaces in such as way as to bring about the
maximum number of close contacts between surface cal-
cium atoms and the carboxylate oxygen atoms, defined as
approaching within 6 A, while ensuring that that the cal-
cium oxygen distance was never less than 2.45 A. This
distance, which corresponds to the sum of the ionic radii, is
also, not surprisingly, the spacing between oxygen and
calcium atoms in both the COM and COD structures.

Ideally the electrostatic forces between the protein and
the calcium oxalate surfaces would be calculated from an
exact charge distribution, including any possible charge
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Fig. 1 Calcium oxalate
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on the surface of a crystal

transfers. This would require a full quantum mechanical
treatment of both the crystal and the protein, which is not a
practical proposition for systems of this size. Our results are
not really dependent on the exact value of the charge, only
that electrostatic interactions are the dominant attractive
force between the protein and the calcium oxalate surfaces.

The VMD program [22] was also used to visualize the
combination of protein and calcium oxalate surface and to
prepare the figures.

Results

For all the proteins we considered except transferrin the
same residues gave the best contact irrespective of which

of the four COM surfaces or four COD surfaces we
examined. To illustrate how the proteins make contact we
have, for convenience, selected only COM (001), the
atomic arrangements being shown as Figs. 3, 4, 5, 6,
7, 8, and 9. A summary of the residues that make the best
contact, as defined in the materials and methods section, as
well as the distances between the carboxylate oxygen
atoms, O1 and O2, and the closest surface Ca atom in the
(001) surface are listed in Table 2 for antitrypsin, bikunin,
f-microglobulin and tubulin.

For PFT1 the same Gla residues, Gla 33, Gla 26 and Gla
30 made the best contact with the COM and COD surfaces.
Since it is conceivable that oxygen atoms from both car-
boxylate groups could be in close contact with surface Ca
ions the distances between all four oxygen atoms on the
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Fig. 3 Transferrin on COM
(001). COM oxygen represented
by red spheres, carboxylate
oxygen represented by green
spheres, COM carbon
represented by small blue
spheres, COM calcium
represented by large blue
spheres, protein nitrogen
represented by purple spheres.
The ‘‘bonds’” between COM
calcium (shown as larger
opaque spheres) and
carboxylate oxygen are shown
as dark lines

Fig. 4 Prothrombin fragment 1
on COM (001). Color scheme
same as in Fig. 3

Fig. 5 Antitrypsin on COM
(001). Color scheme same as
in Fig. 3

carboxylate groups and the nearest Ca ion are listed in
Table 3 for the COM (001) surface.

It is interesting to note that in all cases only three or four
amino acid residues made good contact, since steric con-
siderations hindered close approach of other Asp, Glu or
Gla residues. The only exceptions were antitrypsin, where
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Transferrin

Prothombin F1

Antitrypsin

the Asp 19 residue did not come close to some of the COM
surfaces, and transferrin. In all cases for transferrin Asp
240 and Glu 237 were involved in contact with both COM
and COD surfaces, while Asp 221 was more important for
the COD surfaces except (011) and Asp 229 for the COM
surfaces except (001). Glu 224 and Asp 236 also were
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Fig. 6 Bikunin on COM (001).
Color scheme same as in Fig. 3

Bikunin
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¥

Fig. 7 f-Microglobulin on
COM (001). Color scheme same
as in Fig. 3

Fig. 8 Tubulin on COM (001).
Color scheme same as in Fig. 3

significant for COD (010). The separation of the carbox-
ylate oxygens from the nearest surface Ca ions for trans-
ferrin are summarized as Table 4.

We also considered the possible contact between the Lys
and Arg amide groups and oxalate ions in the surface in
addition to the contacts between Asp and Glu and surface
calcium atoms. The results are summarized as Table 5.

A summary comparing the numbers of contacts for all
the proteins is given as Table 6.

2158
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Discussion

If protein molecules retain their 3D shape then the number
of points of contact with calcium oxalate mineral surfaces
is limited. Small molecules like bikunin (Fig. 6) and f-
microglobulin (Fig. 7) appear to be better than larger
molecules like transferrin (Fig. 3) or tubulin (Fig. 8). The
shape of the molecule is significant, the carboxylate oxygen
atoms in the relevant residues for bikunin (Fig. 6) can get
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Fig. 9 a Bovine osteocalcin a
and b Porcine osteocalcin on
COM (001). Color scheme same
as in Fig. 3

»
N

b

Porcine Osteocalcin

Table 2 Summary of separation in A between the two carboxylate
oxygen atoms, labeled O1 and O2, and the closest surface Ca ion for
residues making the best contact on COM (001)

Protein Residue Distance . Distance .
Ca-0O1 (A) Ca-02 (A)

Antitrypsin Glu 317 5.1 5.1

Glu 89 52 5.6

Glu 323 4.5 53

Glu 324 4.1 2.5

Asp 19 33 4.3
Bikunin Glu 71 2.9 4.4

Glu 130 24 33

Glu 127 6.6 6.8

Glu 125 4.2 2.7
p-Microglobulin Glu 68 3.1 24

Glu 49 2.5 2.4

Glu 52 24 2.5
Tubulin Glu 420 3.7 24

Glu 423 3.8 4

Glu 434 3.1 4

Glu 438 2.7 4.6
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closer to the surface calcium atoms because they are on a
relatively flat side of the molecule. On the other hand not
all the Gla carboxylate oxygen atoms in the PFT1 Gla
domain can come close to surface Ca since the Gla domain
is wrapped around a cone on one side of the molecule (see
Fig. 4) which allows only a few of the groups to come
close to the oxalate surface. Simple steric considerations
alone would suggest that there is no particular advantage to
Gla over Glu, since it would not be possible to bond be-
tween both carboxylate groups and surface Ca spaced at
approximately 6.3 or 7.3 A.

What might be more significant is that with the excep-
tion of transferrin, and possibly antitrypsin, the number of
contacts is the same irrespective of the surface. Recent
work on the association of different urinary proteins with
both COM and COD crystals grown in artificial urine [23]
found that there was no specific interaction with any par-
ticular face as would be expected from our results, though
they did report a slight preference for association with
COD rather than COM. Ryall et al. [24] showed that PTF1
associated with COM at low Ca concentrations while os-
teopontin associated with COD at high Ca concentrations.
They hypothesized that higher Ca concentrations blocked



Urol Res (2007) 35:63-71

69

Table 3 Summary of the separation in A between the four y carb-
oxyglutamate carboxylate oxygen atoms labeled O1-O4 and the
closest surface Ca ion for PFT1 residues making the best contact on
COM (001)

Residue Distance . Distance . Distance . Distance .
Ca-0O1 (A) Ca-02(A) Ca-03(A) Ca-04(A)

GLA 33 4.6 2.4 3 5.2

GLA26 5 54 5.2 4.5

GLA 30 3.8 3.6 6.6 4

Table 4 Summary of residues and contact lengths in A for transferrin
on COM and COD surfaces

Surface Asp Glu Asp Asp Asp Glu Asp

240 237 104 221 229 224 236

COD (001) 35 3.4 3.6 3.8
55 2.4 32 34

COD (010) 2.9 2.4 3.3 4.6 3.6 5.8
3.4 33 5.6 5.8 5.8 73
COD (011) 4.2 4.1 29 3.8
35 4.1 24 42

COD (110) 39 35 24 4.2
54 4.2 3.4 5.5
COM (001) 3.4 43 49 3.8

3 2.5 3.8 39
COM (010) 4.1 3.1 2.9 4.7
4.2 39 3.1 6.2
COM (021) 29 2.4 2.5
29 3.2 4.6
COM (101) 3.6 32 33 32
55 2.8 24 35

For each surface the shortest distances in A between the two car-
boxylate oxygens (one line for each) and the nearest calcium atom in
the calcium oxalate surface is given

the carboxylate groups in the Gla domain. They did not
investigate whether either of these proteins associated with
a specific face of either COM or COD.

The real issue is whether these 3D structures, mainly
determined from X-ray diffraction, represent protein
molecular structure in close proximity to oxalate surfaces.
It is conceivable that proteins either partially denature by
losing their tertiary structure or completely denature in
proximity to ionic surfaces. The evidence from the litera-
ture is ambiguous as summarized in the recent review by
Gray [25] since there are no techniques that can give
atomic scale surface structure of proteins at a mineral
surface. It could be argued that hydrophilic surfaces would
provide an environment like water while hydrophobic
surfaces would promote denaturation as suggested by
studies on lysozyme [26]. Molecular dynamics (MD)
simulations of crambin and rubredoxin on clay mineral

Table 5 Contact lengths in A between transferrin and COM (001)
including Lys oxalate interactions

Residue Distance amide oxalate
Lys 136 34
Lys 125 3
Lys 129 33
Distance Ca-O1 Distance Ca—02
Glu 132 32 39
Glu 323 2.5 2.5
Glu 324 32 4.2
Asp 128 34 3.1

The shortest distance between a lysine amide group and a surface
oxalate group is given in A. For the Glu and Asp residues the distance
between the two carboxylate oxygens, labeled Ol and O2, and the
closest surface Ca is given in A

surfaces showed considerable changes in secondary and
tertiary structure [27], though limitations in the size of
systems that can be studied by MD make it difficult to
generalize these results to other systems. Work on fibro-
nectin adsorption on different mineral surfaces suggested
that the number of water molecules of crystallization
controlled whether the protein adsorbed or not, and sur-
faces with the fewest water molecules adsorbed the most
protein molecule [28]. Circular dichroism (CD) can be used
to probe changes in o helical structure while fluorescence
resonance energy transfer (FRET) gives information on
large scale structural displacements in a molecule. CD
measurements for fibrinogen absorption on TiO, and
hydroxyapatite showed little change in the fraction of o
helices [29] which implied that secondary structures re-
mained intact, though the authors did suggest that elec-
trostatic interactions and conformational changes were
important. However a recent FRET study came to the
conclusion that more denaturation took place on hydro-
philic surfaces contrary to expectation [30]. Clearly further
studies need to be done on how proteins implicated in
urolithiasis interact with oxalate surfaces.

Even if the proteins were fully denatured and could be
considered as polypeptide chains the presence of numerous
Asp, Glu or Gla residues is not a sufficient condition for a
strong interaction with the mineral surface. Neighboring
acidic residues are too close to match either the 6.3 or
7.4 A spacing in the dominant COM surfaces (see Fig. 1).
Furthermore electrostatic repulsion would favor a coil
structure for a domain of repeated acidic residues. For
matching to the COM (100) surface the optimum sequence
would appear to be an acidic residue such as Asp alter-
nating with a small spacer such as Gly. It is of interest to
note that the proteins involved in calcium carbonate bio-
mineralization [8] all have a f§ sheet configuration that
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Table 6 Summary of proteins with number of contacts and most significant residues involved

Protein PDB ID Contacts MW (kD) Residue 1 Residue 2 Residue 3 Residue 4 Residue 5
Porcine osteocalcin 1Q8H 5 5 Gla 17 Gla 21 Gla 24 Asp 34 Asp 30
Bovine osteocalcin 1Q3M 3 5 Gla 17 Gla 21 Gla 24

Prothrombin fragment 1 2PF2 3 16 Gla 33 Gla 26 Gla 30

Bikunin 1BIK 4 16 Glu 71 Glu 130 Glu 127 Glu 125
f-Microglobulin 1BMG 3 11 Glu 68 Glu 49 Glu 52

Tubulin 1JFF 4 50 Glu 420 Glu 423 Glu 434 Glu 438

Antitrypsin 1HP7 5 44 Glu 317 Glu 89 Glu 323 Glu 324 Asp 19
Transferrin 1B3E 4 36 Asp 240 Glu 237 Asp 104 Asp 221

allowed maximal regular contact between the acidic resi-
dues and surface ions. If this is typical, then the confor-
mation and the arrangement of acidic residues are just as
significant as the number present.

Another factor that has to be considered is that proteins
are flexible structures, not static arrangements of atoms, and
that natural flexibility of parts of the 3D structure could
bring about more contacts. Modeling using normal mode
analysis [31] and constraint networks [32] would suggest
that these motions make perturbative changes to the struc-
ture and are insufficient to bring about contact from a group
that is more than about 10 A from the surface. It could be
argued that surface steps would change the picture, but as
can be seen from Figs. 3, 4, 5, 6, 7, 8, and 9, steps of even
one or two unit cells up to 15 Ain height might at most
bring one more acidic residue into contact. Qiu et al. [7]
have argued that steps of this size could explain why os-
teopontin changes growth morphology on COM (010), but
not on COM (100) where steps propagated freely without
interference from the osteopontin absorbate. One would
expect that steps of this magnitude would be easy to detect
in AFM imaging. From size considerations alone it would
appear that steps are much less significant for large mole-
cules, such as proteins, than small molecules such as citrate.
The presence of water surrounding the protein molecule
does nothing to change the conclusions. Water is a polar
molecule with a dielectric constant of 81, which effectively
shuts off all long range electrostatic interactions. The only
way to get a strong interaction between a macromolecule
and an ionic surface is a direct electrostatic interaction with
no intervening water molecules.

It could be argued that many of the protein structures do
not come from humans and there could be significant dif-
ferences in conformation. In Fig. 9 we show how porcine
osteocalcin can fit the surface much better than bovine
osteocalcin. This is in agreement with Hoang et al. who
showed a close affinity for the binding of porcine osteo-
calcin with calcium hydroxyapatite [20].

The fundamental structure of osteocalcin, two o helices
linked by a disulfide bridge between cysteine 23 and
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cysteine 29 is well conserved. However the bovine osteo-
calcin does not fit as well since the aromatic ring in tryp-
tophan 5 prevents the aspartate 34 and glutamate 31 from
getting closer to the surface as can be seen in Fig. 9.
Ignoring differences at the C and N termini human osteo-
calcin found in urine has some similarity to both porcine
and bovine osteocalcin. The tryptophan 5 from bovine
osteocalcin is still present but like porcine osteocalcin there
is arginine 18 substituting for lysine 18. How both these
changes would affect the structure is unknown.

Finally there is always the possibility that proteins from
stone formers and non-stone formers are sufficiently dif-
ferent to bring about changes in their interaction with
mineral surfaces. It would be very hard to prove whether
this was indeed the case as it would involve not only iso-
lation of the relevant protein but also its structural deter-
mination.

Unless the protein molecules studied here denature on
contact with oxalate mineral surfaces there are no more
than three or four contacts between acidic Asp, Glu and
Gla residues and surface calcium atoms. Even this weak
attachment might still be sufficient to slow down growth or
inhibit aggregation. The residues that made best contact
were the same for all COM and COD surfaces considered
which reflects the constraints brought about by the protein
structure.
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