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ABSTRACT. Nephrocalcin (NC), a calcium-binding glycoprotein of 14 000 molecular weight as a monomer,
is known to inhibit the growth of calcium oxalate monohydrate (COM) crystals in renal tubules. We
have isolated NC from bovine kidney tissue and purified into four isoforms, fractieri3. ANC-A and

NC-B strongly inhibit the growth of COM crystals, and NC-C and NC-D inhibit crystal growth weakly.
The strong inhibitor proteins are abundant in normal subjects, whereas stone formers excrete less of NC-A
and NC-B and more of NC-C and NC-D. NC-C was characterized with respect to its metal binding sites
by using vanadyl ion (V&) as a paramagnetic probe in electron paramagnetic resonance (EPR) and
electron nuclear double resonance (ENDOR) spectroscopic studies. We demonstrated?thbind©

to NC-C with a stoichiometry of metal:protein binding of 4:1 and that?V@ompetes with Cd in

binding to NC-C. In NC-C, the metal ion is exposed to solvent water molecules and two water molecules
are detected in the inner coordination sphere of the metal ion by ENDOR. In the metal binding environment
of NC-A, as reported previously (Mustafi, D., & Nakagawa, Y. (1994dc. Natl. Acad. Sci. U.S.A. 91
11323-11327), inner sphere coordinated water is completely excluded. Based on the results of the metal
binding properties in both strong and weak inhibitor proteins, a probable mechanism of inhibition of
COM crystal growth by NC has been outlined.

Nephrocalcin (N€) is a calcium-binding glycoprotein of  basic amino acid residues (Nakagawa et al., 1985b). Frac-
14 000 molecular weight as a monomer. It inhibits growth tions A—D differ according to the content of carbohydrate
of calcium oxalate monohydrate (COMcrystals in renal and phosphate. Also, the “strong” inhibitor proteins contain
tubules (Nakagawa et al., 1983). NC has been isolated in3 equiv of y-carboxyglutamic acid (Gla) residues per NC
four isoforms from urine of normal subjects (Nakagawa et molecule. Gla residues are not found in NC of stone-forming
al., 1983) and kidney stone patients (Nakagawa et al., 1985a) patients (Nakagawa et al., 1985b).
from surgically removed calcium oxalate kidney stones It has been shown that normal urine is supersaturated with
(Nakagawa et al., 1987), and from kidney tissue of nine respect to calcium oxalate (Nancollas, 1979). Robertson et
species of vertebrates (Nakagawa et al., 1991). Purificational. (1969) made an important observation concerning the
of NC from bovine kidney tissue by DEAE-cellulose growth of calcium oxalate crystals. By examining COM
chromatography showed that it also consists of four isoforms crystals in fresh warm urine at 3T, they found that only
which have been designated as fractionsDA\(Nakagawa  stone formers have large and aggregated crystals, while
et al., 1984, 1985b, 1987). NC fractions-® were also  normal subjects have very small COM crystals (Robertson
obtained similarly from other species as described earlier et al., 1969). Therefore, the strong inhibitor proteins must
(Nakagawa et al., 1983, 1985a). Fractions A and B of NC, have unique properties that prevent growth, aggregation, and
the “strong” inhibitor proteins, are abundant in normal secondary nucleation of COM crystals. The dissociation
subjects (Nakagawa et al., 1983) while stone formers excreteconstant for weak inhibitor proteins for binding@a@r COM
less of NC-A and NC-B and more of “weak” inhibitor crystals is about 2 orders of magnitude higher than that of
proteins NC-C and NC-D (Nakagawa et al., 1985a). NC is the strong inhibitor proteins (Nakagawa et al., 1983, 1985a).
an acidic glycoprotein containing 33% acidic amino acid The metal binding properties of different fractions of NC
residues (Asp and Glu) and about 5% each of aromatic andcharacterized as strong and weak inhibitor proteins may be

responsible for differences in the extent of their ability to
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Foundation (MCB-9513538). o . .
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L Abbreviations: CD, circular dichroism; COM, calcium oxalate SOng and weak inhibitor proteins. We have previously
monohydrate; EPR, electron paramagnetic resonance; ENDOR, electrorcharacterized the metal binding properties of NC-A by
nuclear double resonance; Gjacarboxyglutamic acid; hf, hyperfine;  electron paramagnetic resonance (EPR) and electron nuclear

hfc, hyperfine coupling; NC, nephrocalcin; NC-A, NC-B, NC-C, and ; ; ;
NC.D’ correspond to isoforms A, B, C. and D of nephrocalcin, double resonance (ENDOR) spectroscopic studies using the

respectively: PIPES, piperaziMéN-bis(2-ethanesulfonic acid); rf, ~ vanadyl ion (VG*) as a par_amagnetic probe (Mustafi &
radiofrequency. Nakagawa, 1994). The VA ion has been shown to be an
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effective paramagnetic substitute for many divalent metal 25
ions in metalloproteins and metalloenzymes (DeKoch et al., L2 l
1974; Chasteen, 1981, 1983; Chasteen et al., 1973) and is, v
in particular, an effective substitute for €aand Mg*"
(Ahmed et al., 1987; Mustafi et al., 1992; Mustafi &
Nakagawa, 1994). VO is an ideal substitute for Ca
because its electrostatic energy te@r) is similar to that

of C&* (Williams, 1985) and, like Cd, VO?* has a high
affinity for binding to oxygen-donor ligands (Chasteen,
1981). In this study we characterized the metal binding
properties of NC-C using circular dichroism (CD), EPR, and
ENDOR methods using VO ions. We have shown that
VO?* binds to NC-C with a stoichiometry of metal:protein
binding of 4:1. Furthermore, we have also demonstrated that
VO?" competes with CA in binding to NC-C, similar to
that of NC-A (Mustafi & Nakagawa, 1994). CD studies 0.0
revealed that conformational properties of the protein
secondary structure are different in NC-A and NC-C upon Elution Volume (mL)

introduction of the native G4 or VO?* ions. Furthermore, ~ FIGURE 1. Rechromatography of NC-A and NC-C (in the inset)
the resultsof EPR and ENDOR studies of V@omplexed 45,2 Sephaciyl 200 colimn 210 e and tang 0,09
to NC-A and NC-C clearly indicate that the metal binding For NC-A, the inhibitory activity, measured by!4CJoxalate
environments in strong and weak inhibitor proteins are incorporation method using COM as seed crystals (Nakagawa et
different. In NC-C, the metal ion is exposed to solvent water al., 1983, 1987), is also shown in the figure. First four isoforms

were separated using a linear NaCl gradient (Nakagawa et al., 1983),
molecules and two water molecules are detected by ENDORand then fractions A and C of NC were rechromatographed. As

in the inner coordination sphere of the metal ion. On the indicated by arrows, the molecular weight of the peak in both NC-A
other hand, in the metal binding environment of NC-A, the and NC-C was estimated to be 14 000 by gel filtration chroma-

coordinating ligands to the metal ions were only from the tography and SDS PAGE (Nakagawa et al., 1983).
protein residues with complete exclusion of solvent water
from the inner coordination sphere (Mustafi & Nakagawa,
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removal (mostly C&) was confirmed by atomic absorption
(Nakagawa et al., 1983).

1994).
Methods
EXPERIMENTAL PROCEDURES . ) . )
Chemical AnalysesProtein concentration was determined
Materials by alkaline hydrolysis followed by the ninhydrin color

reaction at 570 nm (Nakagawa et al., 1983) using bovine

NC was isolated from fresh bovine kidney tissue (Brown serum albumin as a calibration standard. Phosphate content
Packing Co., S. Holland, IL) and separated into four fractions was determined by the modified Fisk8ubbarow method
by DEAE-cellulose chromatography (Whatman DE-52), as after ashing and hydrolysis (Ames, 1966). Carbohydrate
described previously (Nakagawa et al., 1983). These frac-analysis was accomplished by gas chromatography after
tions were eluted by using a linear gradient of NaCl from hydrolysis in 1 N HCt-methanol at 80C for 24 h followed
0.1t0 0.5 M in 0.05 M Tris-HCl at pH 7.3 and collected at DY neutralization and trimethylsilylation (Clamp et al., 1971).
the following ionic strengths: NC-A at 1015 mS, NC-B Molecular weight, 14 000 as a monomer, was estimated
at 16-23 mS, NC-C at 2427 mS, and NC-D at 3238 from the elution profile of Sephacryl S-200 column chro-
mS. Fraction C of NC (NC-C) which exhibits much lower Matography calibrated with bovine serum albumin (68 kDa),
affinity for Ca2* binding compared to NC-A, was used in carbonic anhydrase (29 kDa), soybean trypsin inhibitor (21

: . kDa), and lysozyme (14 kDa).
this study. NC-C serves as a model for NC from patients ; ; . .
with stone-forming tendencies (Nakagawa et al., 1983, 19853, Circular Dichroism CD specira of NC-C in the absence

-+ ;
1991) and can be used as a model system for a weak inhibitor2" Presence of V& and Ca" ions were recorded with a

4 - JASCO J-600 CD spectropolarimeter. NC-C was diluted to
protein. NC-C was eluted at a conductivity between 24 and . .
27 mS and then further purified by Sephacryl S-200 gel 0.20 mg/mL of protein using 0.03 M PIPES at pH 5.8. The

N : protein solution was then titrated with CaGdr freshly
filtration chromatography (Pharmacia-LKB, 2 100 cm) — henareq vOS@solution to the desired ratio of [VO;

using 0.05 M Tris-HCI buffer at pH 7.3 containing 0.2 M Nc_c] or [C&*]:[NC-C]. CD spectra in the far-ultraviolet
NaCl and 0.02% sodium azide. Flgqre 1 illustrates chro- region were measured for samples using a 1 mm light path
matograms of homogen_eous preparations of_NC-A and NC-jength and were the average of three spectral scans. For
C. In this procedure, using 738 g of bovine kidney we have the calculation of molar ellipticityq], a mean residue weight
typically isolated 99 mg of purified NC-A and 27 mg of of 110 was used. The CD spectra were calibrated using an
purified NC-C. Chromatographically purified NC-C was aqueous solution containing 0.06%S{4+)-10-camphor-
dialyzed and lyophilized and then dissolved in 0.03 M PIPES sulfonic acid.

at pH 5.8 to a concentration of £24 mg/mL for spectro- EPR and ENDOR Vanadyknephrocalcin complexes
scopic studies. This solution was then treated with Chelex- were prepared by mixing together the desired quantity of
100 by dialysis to ensure removal of metal ions. Metal ion NC-C (or NC-A) in 0.03 M PIPES buffer at pH 5.8 with
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Ficure 2: CD spectra of metal-free NC-C and NC-C complexed
to VO?t and C&* ions. The spectra are shown for the following
samples: metal-free NC-C, indicated by the dotted line; {YJO
[NC-C] molar ratio of 4:1, indicated by the solid line; and ECh
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Ficure 3: First-derivative EPR spectra of the ¥Ocomplexes in

[NC-C] molar ratio of 4:1, indicated by the dashed line. NC-C was frozen aqueous solution: (a) [VO:[NC-C] molar ratio of 4:1;

diluted to 0.20 mg/mL of protein in 0.03 M PIPES buffer at pH
5.8. The protein was then titrated with Ca@F freshly prepared
VOSQ, solutions to the desired ratio of metal:NC-C.

VOSQ, in a small quantity of HO or D,O. VO?" was added
under a nitrogen atmosphere. For EPR and ENDOR studies,
the final concentration of NC was about 1 mM while the
metal ion concentration varied from 0 to 10 mM. All
solutions were purged with nitrogen gas and stored frozen
in EPR sample tubes to prevent oxidation.

EPR and ENDOR spectra were recorded with use of an
X-band Bruker ESP 300E spectrometer equipped with an
Oxford Instruments ESR 910 liquid helium cryostat and
Bruker digital ENDOR accessories, as previously described
(Mustafi & Nakagawa, 1994; Mustafi & Makinen, 1995).
The ESP 300E spectrometer is equipped with a complete
computer interface (ESP 3220 data system) for spectrometer

control, data acquisition and processing, and communica-

tions. Typical experimental conditions for EPR measure-

ments: sample temperature, 20 K; microwave frequency,

9.45 GHz; incident microwave power, AV (full power,
640 mW at O dB); modulation frequency, 12.5 kHz; and
modulation amplitude, 0.8 G. Typical experimental condi-
tions for ENDOR measurements: microwave power, 6.4
mW; rf power, 56-70 W; rf modulation frequency, 12.5
kHz; and rf modulation depth, ¥P0 kHz. The static
laboratory magnetic field was not modulated for ENDOR.

RESULTS
Conformational Properties of Nephrocalcin-C

Since we have employed the ¥Oion as a paramagnetic
substitute for C& in binding to the native protein, it was
necessary to determine whether substitution ¢f @g VO?*
in NC-C induces structural or conformational alterations
different from those induced by €abinding. Figure 2
illustrates the CD spectra of metal-free NC-C and of'Ca
and VO *-saturated NC-C. As illustrated in Figure 2, CD
spectra of metal-free NC-C and NC-C bound to eithePVO
or C&" ions are nearly identical, indicating no conforma-

Tgpr

(b) [VO?*]:[ Ca?*-saturated NC-C] molar ratio of 4:1; and (c) ¥O
in buffer. The final concentration of NC-C of 7.46 104 M in
PIPES buffer at pH 5.8 was used.

_e —

—e—

[VO*/[NC-C]

FiIcURE 4: EPR spectrometric titration of the \#Oion complexed

to NC-C. The EPR signal intensities of thé/, perpendicular line

of VO?* are plotted as a function of [VA)]:[NC-C] ratio. The final
concentration of NC-C of 6.1% 104 M in PIPES buffer at pH

5.8 was used. Dashed lines are drawn through the experimental
points.

EPR of VG*—NC-C: Stoichiometry of
VanadyNephrocalcin Binding

In the V¥ ion with a 3I* configuration, the unpaired
electron is strongly coupled to the £ 7/,) 5V nucleus. In
frozen solution, the V& ion is characterized by an axially
symmetricg matrix and exhibits eight parallel and eight
perpendicular absorption lines (Kivelson & Lee, 1964;
Albanese & Chasteen, 1978). Figure 3 illustrates the EPR
spectra of V@"—NC-C complexes. Since in the pH-3.1
region VG forms an EPR-silent, polymeric VO(OH)
species (Francavilla & Chasteen, 1975), the peak-to-peak
amplitude is proportional only to the amount of NC-C-bound
VO?*. An increase in signal amplitude was observed up to
a [VO?*]:[NC-C] molar ratio of 4:1. Moreover, when VO
was added to Ga-saturated NC-C, the trace was similar to
that of V&' in buffer alone, indicating that VO is bound
only at the same sites as €a This is illustrated in Figure

tional change of the protein secondary structure induced by 3.

either metal ion. These results are different from those of

Figure 4 illustrates a plot of the peak-to-peak amplitude

NC-A where changes in the secondary structure are observedf the —%/, perpendicular EPR feature as a function of the

upon binding with either V& or C&" ions (Mustafi &
Nakagawa, 1994).

[VOZ]:[NC-C] ratio. The —%, perpendicular resonance
feature was selected to monitor the stoichiometry of?VO
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Table 1: Comparison of EPR Parametast VO?" Complexes

comple® (o] oo Al Ao refc
[VO2*—NC-C] 1.937 1.982 539.0 205.9 thiswork
[VO2r—NC-A] 1.940 1.989 5354 1935 1
[VO(H,0)s]2 1.933 1978 5474 2119 2
[VO(acac)l in THF  1.945 1981 506.7 183.3 3
[VO(TPP)]in THF ~ 1.964 1.989 477.0 162.4 3
[VO(S,0,)] 1.969 1.979 4435 1846 4

aHyperfine values are given in units of MHzacac, acetylacetonate;
THF, tetrahydrofuran; TPP, tetraphenylporphyfilReferences: 1,
Mustafi & Nakagawa, 1994; 2, Albanese & Chasteen, 1978; 3, Kivelson
& Lee, 1964; 4, Chasteen, 19811Extracted from ref 4 (Chasteen, 1981)
for VO?* complexes with two oxygen-donor and two sulfur-donor
ligands in the equatorial plane.

binding since it has virtually no overlap with nearby parallel
EPR transitions. Figure 4 shows an increase in signal
intensity up to a [V@']:[NC-C] ratio of 4:1, after which
the signal intensity remains virtually constant, indicating that
the stoichiometry of V@ binding to NC-C is 4:1. A similar
conclusion concerning the stoichiometry of ¥Qoinding

to NC-A was drawn on the basis of CD and EPR studies of
VO?*-reconstituted NC-A (Mustafi & Nakagawa, 1994).
Also, the stoichiometry of Ca binding to NC-A was drawn

on the basis of'P NMR studies of Ci—NC-A complexes
and on the basis of equilibrium dialysis of the native NC-A
with 45Ca (Nakagawa et al., 1985b).

Coordination Enironment of VG lon in
Nephrocalcin-C

To identify the origin of the metal coordinating ligands
in the VO**—NC-C complex, we have carried out both EPR
and ENDOR studies. The principal hyperfine valdégsind
Ag for the vanadium nucleus and the valuesgpfand g
reflect the environment of the metal ion in the vanadyl
complexes (Chasteen, 1981). Singe and A, depend
primarily on the donor-ligand atoms in the equatorial plane
of the VO ion, the values ofy, andA, are the most useful

Mustafi and Nakagawa
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FicUrRe 5: Comparison of the line width of the3/, perpendicular
EPR feature for V@" ion complexed to NC-C: (a), in #0 and
(b), in D,O. The solutions were buffered to pH 5.8 with 0.03 M
PIPES. In both complexes [V&]:[NC-C] molar ratios of 4:1 were
used. The peak-to-peak line width for the %G-NC-C complex
in H,O is indicated by solid lines, and the line width for the ¥©
NC-C complex in BO is indicated by dashed lines.

Table 2: EPR Line Widths of V& Complexes

AHp, (G)*
in protonated in deuterated
complex solvent solvent ref
VO2?t—pentaaquo 11.40 5.65 1
VO?+—pentamethanol 9.78 6.16 1
VO?*—NC-A 14.30 14.32 2
VO?"—NC-C 13.70 11.33 this work

2The line width of—%/, perpendicular EPR absorption feature was
measured for each complex in natural abundance and perdeuterated
solvents? References: 1, Mustafi & Makinen, 1988; 2, Mustafi &
Nakagawa, 1994.

[VO(CH3OH)s]>" complexes in natural abundance and deu-
terated solvents provides an important aspect concerning

guide for comparing different environments (Chasteen, 1981). whether the equatorial ligands are water molecules or

In Table 1, we compare EPR parameters oPY€mplexes
of NC-C and NC-A to those of other VA complexes
containing oxygen, nitrogen, and sulfur ligands in the

hydroxyl groups. Figure 5 illustrates the¥/, perpendicular
EPR feature of V& ion complexed to NC-C in O and
D,0O. As illustrated in Figure 5, the decrease in line width

equatorial plane. The results show that the EPR parametersf the —3/, perpendicular EPR feature upon introduction of

of VO2*—NC-C complexes are similar to those of ¥O

complexes with oxygen-donor ligands in the equatorial plane.

D,0 is approximately 2.4 G. In Table 2 we compare the
line width of the —%/, perpendicular EPR feature of [VO-

Changes in EPR line widths can also be analyzed to yield (H,O)s]?" and [VO(CHOH)s]?" complexes and V& com-

information about the symmetry and coordination environ-
ment of a VG ion (Albanese & Chasteen, 1978). For the
[VO(H,0)s]?* complex, the EPR line width decreases upon
introduction of DO, showing an approximate 5.8 G decrease
in the line width of the—?%/, perpendicular resonance feature

plexes of NC-A and NC-C in b0 and BO. As seen in
Table 2, the EPR results of VV\O—-NC-C complexes are
clearly different from that of V& —NC-A complexes where
no changes in line width were observed upon introduction
of D,O. Following the line width analysis of VO

with four equatorially located, inner-sphere-coordinated water complexes in natural abundance and deuterated solvents as
molecules, i.e., 1.4 G decrease per water molecule (Mustafiin Table 2, these results indicate that, in the &7/&NC-C

& Makinen, 1988). For the solvated VYO ion in pure

complex, it is most likely that there are two water molecules,

methanol, on the other hand, the decrease in EPR line widthnot hydroxyl groups, directly coordinated to the %Con

of the —3%/, perpendicular feature is about 3.6 G, i.e., 0.9 G
decrease per methanol molecule.
equatorial positions can be occupied by the hydroxyl group

as equatorial ligands. Definitive proof of the inner-sphere

In pure methanol fourcoordinated water molecules relies on the ENDOR studies

which are discussed below.

of the methanol molecule. The smaller decrease of the EPR ENDOR can detect superhyperfine couplings of nearby

line width for the V&' ion in CD;OD is consistent with
the change in stoichiometry of protons of the equatorially
coordinated hydroxyl groups (Mustafi & Makinen, 1988).
The comparison of EPR line width of [VO@)s]*" and

nuclei with a greater sensitivity than EPR. For a system of
low g anisotropy, as in the case of the ¥Oion, proton
ENDOR features appear symmetrically about the free nuclear
Larmor frequency. Moreover, the axial character of the
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vanadyl ion allows one to assign by ENDOR the spatial

disposition of coordinating ligands as equatorial or axial T
(Mustafi & Makinen, 1988; Mustafi et al., 1992; Makinen
& Mustafi, 1995). For purposes of discussing ENDOR
results, a diagram is illustrated below that designates the
direction of molecular axes with respect to thee® bond.

w g mm

eq U eq
eq

axial

One axial position opposite to the=xO bond and four
equatorial positions, labeled as eq, are also shown in the
diagram. WherH, is applied tog, (molecularz axis) at the
low-field EPR absorption feature-(/, Il), A, of a proton
located along the symmetry axis Ap of a proton located
near or in thex,y plane should be observed. On the other
hand, ifHy is set to an orientation perpendiculargpand,
therefore, parallel to the,y plane (i.e.Ho at —3%, 0), Ag of

a proton located along the symmetry axis and battand 20 0 T 1o 20

Ag of a proton located near or in they plane should be MHz

observed (Mustafi & Makinen, 1988; Makinen & Mustafi, Ficure6: Proton ENDOR spectra of the \¥Ocomplexes in frozen
1995). aqueous solution. The magnetic field was set#y perpendicular

. EPR line at about 3264 G (see Figure 5). The spectra are shown
Figure 6 compares the proton ENDOR spectra ofVO for the following samples in top-to-bottom order: (a) ¥6-NC-C

_complexed to NC-C with a metal:protein molar ratio of 4:1  complex (4:1 molar ratio of [V&]:[NC-C]) in D,O buffer; (b)
in H,O and DO, buffered to pH (or pD, pB= pH + 0.4) VO2*—NC-C complex (4:1 molar ratio of [VO][NC-C]) in
5.8 with 0.03 M PIPES, to that of the pentaaquo oxovana- aqueous buffer; and (c) [VO@@®)s]** complex (VG in H.0/

dium ion. The well-resolved proton ENDOR features from CD30H cosolvent mixture). Other conditions were as in Figure 3.

tei id in the vicinitv of the 2O . The ENDOR line pairs are equally spaced about the free proton
protein resiaues in the vicinity of the VJ1on are Seen In- | 4ymor frequency of 13.9 MHz. The abscissa indicates the ENDOR

spectra a and b. For [VO@)s]?", the proton ENDOR  ghift (measured ENDOR frequency minus the free proton Larmor
features of water molecules in the inner coordination spherefrequency). In spectrum c, proton ENDOR features from inner
of VO?* are indicated in the bottommost spectrum for both coordinated water molecules in the axial and equatorial positions,

: - . - : labeled as aj a2, and el, eZ, respectively, are identified in the
the axial and equatorial positions (Mustafi & Makinen, 1988). stick diagram with solid lines at the bottom. The ENDOR features

In the ENDOR spectrum of VO—NC-C complex in HO al; and a2 in spectrum c do not appear in spectra a and b, while
(spectrum b), no proton resonance feature was observed thaghe features labeled aseand e2 only appear in spectrum b, but
corresponded to axially bound water in the inner coordination not in spectrum a. The resonance features in spectrum c that are
sphere. AL his magneti feld setingi(al ; EPR 00, SSct ) et o o e e oo
feature), only perpendicular hfc components fqr axially as A-F, are iFr)wdicatedpby the stick diagrarﬁ with solid lines at the
located protons and both parallel and perpendicular hfc iq,

components for protons in equatorial positions should be

observed. The line pair alwas assigned to an axially in H,O (lower spectrum in Figure 7). These two resonance
located water proton that is located in the first coordination features corresponding to larger hf couplings of 13.6 and
sphere, opposite to the=%O bond. The line pair a2was 15.5 MHz are almost identical to those for the pentaaquo
assigned to another axially located water proton that is oxovanadium ion that were assigned to the parallel hfc
hydrogen-bonded to the vanadyl oxygen. On the other hand,components of the two equatorially bound water molecules
in spectrum b two smaller line splittings, indicated by solid (Mustafi & Makinen, 1988; van Willigen, 1980; van Willigen
stick diagrams between the middle and the bottommostet al., 1982). These two resonance features are seen only in
spectra, correspond very closely with ENDOR splittings of the ENDOR spectra witldo at —%, 0 EPR feature. The
el;and e2. Inthe pentaaquo oxovanadium ion, these line corresponding perpendicular hfc components of these two
splittings, labeled as eland e2, were assigned as the inner sphere, equatorially coordinated water molecules are
perpendicular hfc components of the two classes of equa-seen in Figure 6, labeled asednd e2. As described by
torially bound water molecules in the inner coordination us previously, four equatorially bound water molecules in
sphere (Mustafi & Makinen, 1988). These features are not [VO(H,0)s]?>" were classified into two groups and their
seen in spectrum a for the \¥Oion complexed to NC-C in positions were defined by the following: (i) equatorial
D,0. Furthermore, for the VO—NC-C complex in HO, hydroxyl protons of two water molecules lie exactly in the
two broad ENDOR features at about 20.7 and 21.5 MHz molecularx,y plane; and (ii) the hydroxyl protons for the
are observed, as illustrated in Figure 7. These resonanceother two water molecules lie below the molecugrplane
features are not seen for the ¥Gon complexed to NC-A (Mustafi & Makinen, 1988).
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tight binding in NC-A is best explained by negatively charged
b carboxylate ions binding to metal ions in a hydrophobic
environment. This can be rationalized when we consider
WWWMWW MNW that both C&" and VG exhibit very high affinity for
MWWM M binding to oxygen-donor ligands (Chasteen, 1981). Ad-
ditional support of this hypothesis is provided by the fact
that (i) NC-A exhibits tighter C&-binding affinity compared
Ao ‘ to other C&*-binding proteins (Glusker, 1991; McPhalen et
WWM\% MMWWWVMM al., 1991), as expected if oxygen-donor ligands are involved
in binding to C&"; and (ii) VO?" is coordinated only to
5 " 5 o i s 5 oxygen-donor ligands in VO—NC-A complexes (Mustafi
MHz & Nakagawa, 1994). In this respect, NC-A can be compared
FiGURE 7: Proton ENDOR spectra of the ¥Oion complexed to with the carp muscle Gé—blndln_g protein parvalbumin
NC-C (upper spectrum) and to NC-A (lower spectrum) wiith (COffee & Bradshaw, 1973; KretSlnger & Nockolds, 1973)

setting at the-3/, perpendicular EPR line. In both complexes, metal: Parvalbumin contains two €abinding sites, one of which

protein molar ratios of 4:1 were used in aqueous buffer. A jg g high-affinity site with a dissociation constant €107

modulation depth of 40 kHz of the rf field was employed. Other P } 3 : - hindi
conditions were as in Figure 6. In the top spectrum of theVvVO N.l’ similar to th.at of NC-A (10 M)' In this Ca b}ndlng
ion complexed to NC-C, two broad resonance features are indicatedSite there are six oxygen-donor ligands from protein residues,

by arrows. and there is complete exclusion of inner-sphere water
(Kretsinger & Nockolds, 1973). The tighter binding site in
DISCUSSION parvalbumin, with its highly charged residues located within

. - . a hydrophobic environment, favors metal binding (Yamashita
CN:CémeaI'ISOI’l of Metal Binding Properties of NC-A and etal., 1990). The strong binding of &aons with oxygen-
donor ligands in NC-A, as in parvalbumin, may provide a
We have carried out spectroscopic characterization of similar electrostatic environment for metal binding.
metal binding sites in both “strong” (NC-A) (Mustafi & On the other hand, the metal binding environment in NC-C
Nakagawa, 1994) and “weak” (NC-C) inhibitor proteins. We is found to be different than in NC-A, because in NC-C two
have shown that V& is an effective paramagnetic substitute water molecules are detected in the inner coordination sphere
for C&" in both isoforms of NC. We have also demonstrated of the metal ion by EPR and ENDOR studies. This
that VO?" binds to both NC-A and NC-C with a stoichiom-  observation is unexpected because both inhibitor proteins
etry of metal:protein binding of 4:1 and, most importantly, contain a large amount of acidic, negatively charged amino
that VO** competes with C& in binding to both inhibitor acid residues Asp and Glu. One would assume that the metal
proteins. However, CD studies revealed that conformational binding environment in both types of inhibitor proteins is
properties of proteins are different in NC-A and NC-C upon the same. However, NC-C, compared to NC-A, exhibits less
introduction of the native Ca or VO?*. For both VG* affinity for metal binding. Other important distinctions
complexes of NC-A and NC-C, nBN-ENDOR feature is between the strong and weak inhibitor proteins are (i) the
detected even at 4 K that could be attributed to a vanadyl- weak inhibitor proteins are devoid of Gla residues; (i) these
coordinated nitrogen-donor ligand. Furthermore, in both of two inhibitor proteins are different in their protein secondary
these complexes, EPR parameters are compatible with onlystructure of the polypeptide backbone; and (iii) unlike NC-
oxygen-donor ligands. However, the results of EPR and A, NC-C shows no conformational change upon binding with
ENDOR studies of V& complexed to NC-A and NC-C  metal ions. The weaker metal binding affinity in NC-C may
clearly indicate that the metal binding environment in provide an electrostatic environment that favors solvent
“strong” and “weak” inhibitor proteins are different. In NC- molecules to bind with the metal ion, as seen in othefCa
C, the metal ion is exposed to solvent water molecules andbinding proteins that exhibit weaker affinity for metal binding
two water molecules are detected by ENDOR in the inner (McPhalen et al., 1991). For NC-A, which exhibits much
coordination sphere of the metal ion. In the metal binding higher affinity for metal binding, it would be reasonable to
environment of NC-A, on the other hand, inner-sphere- expect considerable disruption of the local protein structure
coordinated water is completely excluded (Mustafi & Na- on removal of C&, as revealed by CD (Mustafi &
kagawa, 1994). Nakagawa, 1994). We believe that these differences, as
On the basis of EPR and ENDOR spectroscopic studies,outlined above, have an important bearing on the mechanism
we have shown that NC-A differs from other known?Ca of inhibition of calcium oxalate monohydrate crystal growth
binding proteins (Glusker, 1991; McPhalen et al., 1991), by NC in renal tubules.
primarily because water is not retained in the inner coordina-
tion sphere of its metal binding sites. This observation is
surprising because amino acid analysis shows a high conten
of Asp and Glu residues in kidney stone inhibitor proteins  The strong inhibitor protein (e.g., NC-A) has unique
(Nakagawa et al., 1983, 1984, 1985a,b, 1987, 1991). properties that prevent growth, aggregation, and secondary
Normally, one would assume that these negatively chargednucleation of COM crystals in renal tubules. NC-A shows
residues are hydrogen bonded to solvent molecules. In ordera strong surface activity as expressed by an extremely high
to account for the exclusion of water molecules from the collapsing pressure of 41.5 dyn/cm, measured by a Lauda
environment containing these ligands, we propose that Asp,film balance, and shows a small limiting area per weight of
Glu, and Gla residues favor oxygen-donor ligamdetal the protein of 509 Amolecule (Nakagawa et al., 1983,
binding over hydrogen bonding to solvent molecules. The 1991). These properties indicate that the strong inhibitor

Possible Mechanism of Inhibition of COM Crystals by
{\lephrocalcin
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protein is very amphiphilic and has a highly organized cannot prevent accumulation of calcium oxalate, allowing
structure at the airwater interface (Nakagawa et al., 1983). crystal growth to continue.

On the basis of kinetic studies using a seeded crystal growth
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