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ABSTRACT Nephrocalin (NC) is a calcium-binding gly-
coprotein of 14,000 molecular weight. It inhibits the growth of
calcium oxalate monohydrate crystalsin renal tubules. The NC
used in this study was isolated from bovine kidney tissue and
purified with the use of DEAE-cellulose chromatography Into
four isoforms, deignated s fractious A-D. They differ pri-
marily according to the content of phosphate and 'carboxy-
glutamic acid. Fractions A and B are strong inhibitors of the
growth of calcium oxalate monohydrate crysal, whereas frac-
tions C and D inhibit crystal growth weakly. Fraction A, with
the highest Ca2+-binding affnit, was characterized with
respect to its metal-bding sites by using the vanadyl ion
(VO+) as a paramagnetic probe in electron paramagnetic
resonance (EPR) and electron nuclear double resonance (EN-
DOR) spectroscopic studies. By EPR spectrometric titration, it
was shown that fraction A of NC bound VO2+ with a stoichi-
ometry of metabl:protein binding of 4:1. Also, the binding of
V02+ to NC was shown to be competitive with Ca2+. Only
protein residues were deteted by proton ENDOR as ligands,
and these ligands bound with complete exclusion of solvent
from the inner coordination sphere of the metal ion. This type
of metal-binding environment, as derived from VO2+-
reconstituted NC, differs sigfcantly from the binding sites in
other Ca2+-binding proteins.

Nephrocalcin (NC), a calcium-binding glycoprotein of 14,000
molecular weight, is known to inhibit growth of calcium
oxalate monohydrate (COM) crystals in renal tubules (1).
This inhibitor protein has been isolated in four isoforms from
urine of normal subjects (1) and kidney stone patients (2),
from surgically removed calcium oxalate kidney stones (3),
and from kidney tissue of nine species of vertebrates (4).
Among these nine species, the dissociation constant of these
inhibitor proteins for binding COM crystals varies from 6 x
10-6 to 4 x 10-8 M. Purification of NC from bovine kidney
tissue by DEAE-cellulose chromatography showed that it
also consists offour isoforms, which have been designated as
fractions A-D (4-6). Fractions A-D of NC were also ob-
tained similarly from other species, as described earlier (1-4).
Fractions A and B, the "strong" inhibitors, are abundant in
normal subjects (1), whereas stone formers excrete less of
fractions A and B and more of C and D, which are "weak"
inhibitors (2). NC is an acidic glycoprotein containing 33%
acidic amino acid residues (Asp and Glu) and about 5%
aromatic and basic amino acid residues (5). Fractions A-D
differ according to the content of carbohydrate and phos-
phate. Also, the strong inhibitors contain three or four
y-tcarboxyglutamic acid residues per molecule, which are not
present in NC of stone-forming patients (5).

We have previously shown that, on the basis of 31P NMR
studies of Ca2+-NC complexes and by equilibrium dialysis
with 45Ca, a total of 4 mol of Ca2+ are bound per mol ofNC
(6). In this study we characterized the metal-binding prop-
erties of normal NCt (fraction A) by EPR and electron
nuclear double resonance (ENDOR) using the vanadyl ion
(VO2+) as a paramagnetic probe. The VO2+ ion has been
shown to be an effective paramagnetic substitute for many
divalent metal ions in metalloproteins and metalloenzymes
(7-10) and is, in particular, an effective substitute for Ca2+
and Mg2+ (11, 12). VO2+ is an ideal substitute for Ca2+
because VO2+, like Ca2+, has a high affinity for binding to
oxygen-donor ligands (7). ByEPR spectrometric titration, we
have shown that VO2+ binds to NC-A with a stoichiometry
of 4 mol/mol of protein. Furthermore, we have also demon-
strated that VO2+ competes with Ca2+ in binding to NC. An
unusual result of this preliminary study of VO2+-NC com-
plexes obtained by ENDOR spectroscopy showed that the
coordinating ligands to the metal ions are from protein
residues with complete exclusion of solvent water from the
inner coordination sphere.

EXPERIMENTAL PROCEDURES
Materials. NC was isolated from fresh bovine kidney tissue

and separated into four fractions by DEAE-cellulose chro-
matography (Whatman DE-52), as described (1). These frac-
tions were eluted by varying the ionic strength: NC-A at
10-15 inS, NC-B at 16-23 mS, NC-C at 24-27 mS, and NC-D
at 32-38 inS, using a linear gradient ofNaCl from 0.1M to 0.5
M in 0.05 M Tris HCl at pH 7.3. Fraction A (NC-At), which
exhibits the highest affinity for Ca2+ binding, was used in this
study. This fraction of protein has been found in normal
(non-kidney stone) subjects and can be used as a model
system for a strong inhibitor protein. Fraction A of NC was
first eluted at a conductivity between 10 and 12 mS and then
further purified by Sephacryl S-200 gel filtration chromatog-
raphy (Pharmacia LKB, 2 x 100 cm) with 0.05 M Tris'HCl
buffer at pH 7.3 containing 0.2 M NaCl and 0.02% sodium
azide. Chromatographically purified NC-A was dialyzed and
lyophilized and then dissolved in 0.03 M Pipes at pH 5.8 to
a concentration of 12-14 mg/ml for spectroscopic studies.
This solution was then treated with Chelex-100 by dialysis to
ensure removal of metal ions. Metal ion removal (mostly
Ca2+) was confirmed by atomic absorption (1).

Abbreviations: COM, calcium oxalate monohydrate; ENDOR, elec-
tron nuclear double resonance; hf, hyperfine; NC, nephrocalcin;
NC-A, fraction A of NC.
*To whom reprint requests should be addressed.
tSince this study is primarily with use ofnormal NC, the abbreviation
NC is often used for normal NC (fraction A). The three other
fractions B-D, if used, are always abbreviated as NC-B, NC-C, and
NC-D, respectively.
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Methods. Chemical Analyses. Protein concentration was
determined by alkaline hydrolysis followed by the ninhydrin
color reaction at 570 nm (1) using bovine serum albumin as a
standard. Phosphate content was determined by the modified
Fiske-Subbarow method after ashing and hydrolysis (13).
Carbohydrate analysis was accomplished by gas chromatog-
raphy after hydrolysis in 1 M HCI/methanol at 800C for 24 hr
followed by neutralization and trimethylsilylation as de-
scribed by Clamp et al. (14).
Molecular weight was estimated from the elution profile of

Sephacryl S-200 column chromatography calibrated with
bovine serum albumin (68,000), carbonic anhydrase (29,000),
soybean trypsin inhibitor (21,000), and lysozyme (14,000).
Properties of NC-A are summarized in Table 1.
CD. CD spectra ofNC in the absence or presence of VO2+

and Ca2+ ions were recorded with a JASCO J-600 CD
spectropolarimeter. NC-A was diluted to 0.20 mg/ml of
protein with 0.03 M Pipes at pH 5.8. The protein solution was
then titrated with freshly prepared VOS04 solution to the
desired ratio of (VO2+]:[NC]. CD spectra in the far-
ultraviolet region were measured for samples using a 1-mm
light pathlength and were the average ofthree spectral scans.
For the calculation of molar ellipticity [0], a mean residue
weight of 110 was used. The CD intensities were calibrated
by using an aqueous solution containing 0.06% (1S)-(+)-10-
camphorsulfonic acid.
EPR andENDOR. Vanadyl-NC complexes were prepared

by mixing together the desired quantity ofNC in 0.03M Pipes
buffer at pH 5.8 with VOS04 in a small quantity of H20 or
2H2O. VO2+ was added under a nitrogen atmosphere. For
EPR and ENDOR studies, the final concentration ofNC was
1 mM, while the metal ion concentration varied from 0 to 12
mM. All solutions were purged with nitrogen gas and stored
frozen in EPR -sample tubes to prevent oxidation.
EPR and ENDOR spectrawere recorded with use ofX-band

Bruker ER200D or ESP 300E spectrometers with ENDOR
accessories, as described (15-18). The ESP 300E spectrometer
is equipped with a complete computer interface (ESP 3220
data system) for spectrometer control, data acquisition and
processing, and communications. A cylindrical TM110 cavity
with a 17-turn bronze wire helix mounted on the quartz dewar
insert of the Oxford Instruments liquid helium cryostat
(ESR910) was used for both EPR and ENDOR. A Wavetek
signal generator (model 3000) was used to produce a frequen-
cy-modulated, amplitude-controlled radio frequency (rif), and
an Electronic Navigation Industries rfpower amplifier (model
A500) was used in the final amplification, stage. The sample
temperature was controlled by an Oxford Instruments tem-
perature controller (model ITC4). Typical experimental con-
ditions for EPR measurements were as follows: sample tem-
perature, 20 K; microwave frequency, 9.45 GHz; incident
microwave power, 64 ,uW (full power, 640 mW at 0 dB);
modulation frequency, 12.5 kHz; modulation amplitude, 0.8
G; and for ENDOR measurements: microwave power, 6.4
mW; rf power, 50-70 W; rf modulation frequency, 12.5 kHz;
and rf modulation depth, s30 kHz. The static laboratory
magnetic field was not modulated for ENDOR.

RESULTS
Properties of NC. For the characterization of metal-binding

properties, we have employed the VO2+ ion as a paramag-
netic substitute for Ca2+ in binding to the native protein. It

Table 1. Properties of bovine NC-A

Molecular weight 14 x 103 (as a monomer)

0Ez-10 X.- '--

210 230 250

A, nm

FIG. 1. CD spectra of metal-free NC-A and NC-A complexed to
VO2+ and CA2+ ions. The spectra are shown for the following
samples: A, metal-free NC ( );B, [VO2t+]:[NC) molar ratio of 1:1
(-- -); C, [VO2+]:[NC] molar ratio of 4:1 (-. .); and D,
[Ca2+]:[NC] molar ratio of 4:1 (-).

was necessary, therefore, to determine whether substitution
of Ca2+ by VO2+ in NC induces structural or conformational
alterations different from those induced by Ca2+ binding. Fig.
1 illustrates the CD spectra of metal-free NC, normal (a2+
bound NC, and V02+-reconstituted NC at different molar
ratios of VO2+:NC. No further change was observed in the
CD spectra at [VO2+]:[NCJ or [Ca2+]:[NCJ molar ratios
greater than 4:1. Ifone assumes a value ofthe molar ellipticity
[0I of -33.6 x 103 deg-cm2-dmol-I at 220 nm for 100%
a-helical structure of the polypeptide backbone (19), then

3300 3

Mapetic field, G

FIG. 2. First-derivative EPR spectra of VO2+-NC-complexes in
frozen aqueous solution. The solutions were buffered to pH 5.8 with
0.03 M Pipes. The spectra were recorded under identical spectrom-
eter settings with different NC:VO2+ molar ratios as indicated. The
final NC concentration was 1 mM. Only a part of the EPR spectra is
shown here. (The EPR features at the extreme left and right are from
the -5/2 and +3/2 parallel components, respectively; see ref. 15.)
The -3/2 perpendicular EPR feature is indicated by an arrow.

Dissociation constant toward COM 7.7 x 10-7 M
Carbohydrate content 11.5 wt%
Phosphate content 11.7 mol/mol of protein
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FIG. 3. EPR spectrometric titration of the VO2+ ion complexed
to NC. The EPR signal intensities of the -3/2 perpendicular line (see
Fig. 2) of VO2+ are plotted as a function of VO2+:NC ratio. Dashed
lines are drawn through the experimentally measured points.

metal-free NC is composed of 30% a-helical structure. Cor-
respondingly, the helical content ofNC saturated with VO2+
is about 16% and it is about 12% with Ca2+. The small
difference in CD of VO2+-saturated NC and Ca2+-saturated
NC can be seen in spectra C and D, respectively, in Fig. 1.
This difference is probably due to the presence of ligand-to-
metal charge transfer transitions that are expected to occur
for VO2+ as an open shell metal cation, particularly with
oxygen-donor ligands (20), in contrast to the closed shell
character of Ca2+. This prevents further quantitative analysis
ofCD spectra. However, the change in CD for different molar
ratios of VO2+:NC was parallel to that for Ca2+:NC. The
similarity in spectra C and D indicates that a similar confor-
mational change is induced in NC upon binding 4 equivalents
of VO2+ as for Ca2+. Evidence for competitive binding of
VO2+ with Ca2+ is given below.
EPR of VO2+-NC: Stoichiometry of Vanadyl-NC Binding.

In the V4+ ion with a 3dl configuration, the unpaired electron
is strongly coupled to the (I = 7/2) 51V nucleus. In frozen
solution, the VO2+ ion is characterized by an axially sym-
metric g matrix and exhibits eight parallel and eight perpen-
dicular absorption lines (21, 22). Fig. 2 illustrates the EPR
spectra of VO2+-NC complexes. Since at neutral pH free
VO2+ forms an EPR-silent, polymeric VO(OH)2 species (23),
the peak-to-peak amplitude is proportional only to the
amount of NC-bound VO2+. An increase in signal amplitude
was observed up to a VO2+:NC molar ratio of 4:1. Moreover,
when VO2+ was added to Ca2+-saturated NC-A, as seen in
the bottom-most trace of the complex with a VO2+:NC ratio
of 2:1, the trace was similar to that of VO2+ in buffer alone,
indicating that VO2+ is bound only at the same sites as Ca2+.

Fig. 3 illustrates a plot ofthe peak-to-peak amplitude ofthe
-3/2 perpendicular EPR feature as a function of the
VO2+:NC-A ratio. The -3/2 perpendicular resonance fea-
ture was selected to monitor the stoichiometry of VO2+
binding since it has virtually no overlap with nearby parallel
EPR transitions. Fig. 3 shows an increase in signal intensity
up to a VO2+:NC ratio of 4:1, after which the signal intensity
remains constant, indicating that the stoichiometry of VO2+
binding to NC-A is 4:1. A similar conclusion concerning the
stoichiometry of Ca2+ binding to NC was drawn on the basis
of 31P NMR studies of Ca2+-NC complexes and on the basis
of equilibrium dialysis of the native NC with 45Ca (6).

Coordination Environment of VO2+ Ion in NC. To identify
the origin of the ligands directly coordinated to the VO2+
when bound to NC, we have carried out both EPR and
ENDOR studies. The principal hypertine (hf) values A11 and
A± for the vanadium nucleus and the values of g1I and g±
reflect the environment of the metal ion in the vanadyl
complexes (7). In Table 2 we compare EPR parameters of
VO2+-NC complexes to those of other VO2+ complexes
containing oxygen, nitrogen, and sulfur ligands in the equa-
torial plane. Since g1l depends primarily on the donor-ligand
atoms in the equatorial plane (7), the values ofgII are the most
useful guide for comparing different environments. The re-
sults show that the EPR parameters of VO2+-NC complexes
are most similar to those of VO2+ complexes with oxygen-
donor ligands in the equatorial plane.
Changes in EPR linewidths can also be analyzed to yield

information about the symmetry and coordination environ-
ment of a VO2+ ion (22). For the solvated vanadyl ion, the
EPR linewidth decreases upon introduction of perdeuterated
solvents, showing an approximate 6 G decrease in the line-
width of the -3/2 perpendicular resonance feature with four
equatorially located, inner-sphere coordinated water mole-
cules (15, 22). In Fig. 4, we illustrate the -3/2 perpendicular
EPR feature of VO2+ ion complexed to NC. In the natural-
abundance solvent, the linewidth changed only from 14.10 ±
0.32 G to 14.30 ± 0.30 G when the VO2+:NC molar ratio was
changed from 1:1 to 4:1. In the perdeuterated solvent, the
linewidth is found to be identical, as seen in the bottom-most
spectrum and as listed in Table 2. These results suggest that
in the VO2+:NC-A complex no solvent molecule is directly
coordinated to the VO2+ ion as an equatorial ligand. Defin-
itive proofofthe absence ofinner-sphere coordinated solvent
molecules relies on the ENDOR studies, which are discussed
below.
ENDOR can detect superhyperfine couplings of nearby

nuclei with a greater sensitivity than EPR. For a system of
low g anisotropy, as in the case ofthe VO2+ ion, 1H ENDOR
features appear symmetrically about the proton Larmor
frequency. Moreover, the axial character of the vanadyl ion
allows one to assign by ENDOR the spatial disposition of
coordinating ligands as equatorial or axial (12, 15, 24).

Table 2. Comparison of EPR parameters of VO2+ complexes

Source
Complex 911 g All* Al* AHppt or ref.

[VO2+-NC] 1.940 1.989 535.4 193.5 14.30 (14.32) This work
[VO(H2O)s]2+ 1.933 1.978 547.4 211.9 12.30 (6.15) 22
[VO(acac)21 in THF 1.945 1.981 506.7 183.3 - 21
[VO(TPP)] in THF 1.964 1.989 477.0 162.4 21
[VO(S202)]* 1.69 1.979 443.5 184.6 7

acac, Acetylacetonate; THF, tetrahydrofuran; TPP, tetraphenylporphyrin.
*hf values are given in units of MHz.
tThe EPR linewidths of the -3/2 1 feature are given in units of gauss. Values in parentheses are for
complexes in deuterated solvents. For NC, EPR linewidths are given for the complexes with a
VO2+:NC molar ratio of 4:1.
*Extracted from ref. 7 for VO2+ complexes with two oxygen-donor and two sulfur-donor ligands in the
equatorial plane.
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FIG. 4. Comparison of the linewidth of the -3/2 perpendicular
EPR feature for the VO2+ ion complexed to NC at different
NC:VO2+ ratios in frozen solutions of natural and perdeuterated
water. The solutions were buffered to pH 5.8.

Fig. 5 compares the proton ENDOR spectra of VO2+
complexed to NC-A at different molar ratios in natural
abundance and perdeuterated solvents and to that of the free,
solvated VO2+ ion. For the free VO2+ ion, the proton
ENDOR features from the coordinated water molecules are
indicated in the uppermost spectrum for both the axial and
the equatorial positions. These assignments are based on our
previous ENDOR studies of the solvation structure of VO2+
(15). In the ENDOR spectra of the V02+-NC complexes, no
proton resonance feature was observed that corresponded to
either axially or equatorially bound water in the inner coor-
dination sphere. Moreover, identical results are observed for
different metal:protein ratios, indicating that there is no
inner-sphere coordinated water in all four metal-binding
sites. However, in VO2+-NC complexes, other ENDOR
features are observed, as seen in spectra B1 and B2 in Fig. 5.
Since all of these ENDOR features were also observed for
VO2+-NC complexes in perdeuterated solvent, as seen in
spectrum B3, these features must come from nonexchange-
able protons of protein residues. Although spectrum B3
shows a diminution of the ENDOR feature in the matrix
region centered at the proton Larmor frequency, this differ-
ence is due to distant, weakly coupled exchangeable protons
from solvents in the outer coordination sphere or from
protons further removed from the VO2+ ion (15).

DISCUSSION
The Ca2+-binding proteins that have been characterized by
high-resolution x-ray crystal structure analysis fall into two
general categories (25). One group includes many extracel-
lular enzymes and proteins that have enhanced thermal
stability or resistance to proteolytic degradation as a result of
binding Ca2+ (26, 27). The other group is made up of a family
of intracellular proteins that reversibly bind Ca2+. The sec-
ond group is distinguished from the first in that its members

-2.0 -1.0 0 1.0 2.0
MHz

FIG. 5. Proton ENDOR spectra ofthe VO2+ complexes in frozen
aqueous solution. The spectra are shown for the following samples
in top-to-bottom order: A, VO(H20)52+ complex, VO2+ in H20/
C2H30H cosolvent mixture; B1, VO2+-NC complex (1:1 molar ratio
of VO2+:NC) in aqueous buffer; B2, V02+-NC complex (4:1 molar
ratio of VO2+:NC) in aqueous buffer; and B3, VO2+-NC complex
(4:1 molar ratio of VO2+:NC) in perdeuterated aqueous buffer. The
magnetic field was set to -3/2 perpendicular EPR line at about 3265
G (see Figs. 2 and 4). The ENDOR line pairs were equally spaced
about the free proton frequency of13.86MHz. The abscissa indicates
the ENDOR shift (measured ENDOR frequency minus free proton
Larmor frequency). In the top spectrum, proton ENDOR features
from inner coordinated water molecules in the axial and equatorial
positions, labeled as al, a2 and el, e2, respectively, are identified in
the stick diagram. The ENDOR features that are seen in the
uppermost spectrum do not appear in the spectra of B1-B3 for the
VO2+ ion complexed to NC, indicated by dashed lines. The new
resonance features appearing in spectra B1-B3 of VO2+-NC com-
plexes are indicated by solid lines.

have a common Ca2+-binding helix-loop-helix motif, termed
an "EF-hand" that has been widely applied to describe
Ca2+-binding sites (28, 29). NC is similar to the proteins ofthe
second group because it reversibly binds Ca2+.
Although the primary sequence of NC has not yet been

determined, amino acid analysis shows the presence ofa high
content of Asp and Glu (4). These residues may provide an
ideal electrostatic environment for Ca2+ binding, as observed
in other Ca2+-binding proteins (30). Although, NC contains
two His residues (4), no 14N ENDOR feature is detected even
at 4 K attributable to a vanadyl-coordinated imidazole ring.
Therefore, on the basis of our ENDOR results and the EPR
results shown in Table 2, it is very unlikely that histidine is
involved in metal binding. Also, only two Cys residues are
found in NC and they are cross-linked by a disulfide bond.l

tCysteine residues were determined either by carboxymethylation of
SH- groups using iodoacetamide after mercaptoethanol reduction
and quantitated as S-carboxymethyl cysteine or by oxidation of
cysteine in performic acid and measured as cysteic acid after
hydrolysis in 6 M HCO for 24 hr, with a Beckman model 119C amino
acid analyzer (Y.N., unpublished results).

NC: VO2+

1:1

1:2

1:4

1:4 (2H20)

all

a21L

A HX
BI I

B2
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Moreover, the EPR parameters in Table 2 are not compatible
with a sulfur-donor environment. Since the electrostatic
energy term (Zir) is similar for Ca2+ and V4+ (31) and both
Ca2+ and VO2+ ions exhibit high affinity for binding to
oxygen-donor ligands (7), it is likely that VO2+ binds tightly
to Ca2+ sites in proteins. Competitive binding of VO2+ and
Ca2+ to NC demonstrated by EPR indicates that VO2+
specifically binds to the same sites as does Ca2+. Although in
VO2+, one coordination position is occupied by the vanadyl
oxygen, the vanadium atom can accommodate up to six
ligands beyond the oxo (02-) group (32). As observed in CD
spectra in Fig. 1, both Ca2+ and VO2+ binding induced similar
conformational changes in NC. In the absence of metal ions,
the electrostatic repulsion between the coordinating oxygen
ligands may cause significant structural perturbation.
NC, as described in this report, differs from other known

Ca2+-binding proteins: (i) Water does not appear to be
accommodated into the inner-coordination sphere in its met-
al-binding sites, as is commonly observed for other Ca2+-
binding proteins (30); and (ii) NC exhibits tighter Ca2+-
binding affinity compared to other Ca2+-binding proteins.
The tighter binding of Ca2+ ions in NC (Kd < 10-7 M) may be
responsible for the exclusion of inner-sphere water. In this
respect, NC can be compared with the carp muscle Ca2+-
binding protein parvalbumin (33, 34). Parvalbumin contains
two Ca2+-binding sites, one of which is a high-affinity site
with a dissociation constant of <1o-7 M, similar to that of
NC. In this Ca2+-binding site there are six oxygen-donor
ligands from protein residues, and there is complete exclu-
sion of inner-sphere water (34). The tighter binding site in
parvalbumin, with its highly charged residues located within
a hydrophobic environment, favors metal binding (35). The
strong binding ofCa2+ ions with oxygen-donor ligands in NC,
as in parvalbumin, may provide a similar electrostatic envi-
ronment for metal binding. The highly charged oxygen-donor
ligands may be responsible for the complete exclusion of
water from the inner-coordination sphere.
On the basis of EPR and ENDOR studies of VO2+-NC

complexes, we have also shown that all four metal-binding
sites in NC-A are similar to each other. Preliminary EPR
studies ofNC-C purified from bovine kidney tissue show two
classes of nonequivalent Ca2+-binding sites. This fraction of
NC serves as a model for the human protein from patients
with stone-forming tendencies (3-5). Differences in the af-
finity of Ca2+ binding corresponding to fractions character-
ized as strong and weak inhibitors and differences in its
coordination structures may reflect functional properties.
Further investigations to clarify these relationships are
needed.
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