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Abstract

Abstract Protein-bound calcium (prCa) constitutes about 40% of serum total calcium, in which albumin is the most domi-
nant protein. Given the chemical interaction between calcium and phosphate (Pi), the increased serum Pi in chronic kidney
disease may cause changes in the composition and structure of the prCa fraction. Here, we report the phosphate binding on
the protein-bound calcium in uremic rat serum. Using adenine-fed rats as a uremic model, we separated the calcium and
phosphate fractions in rat serum by ultrafiltration, and found that the level of protein-bound phosphate (prPi) in the uremic
serum was markedly higher than in control. The elevated prPi level was comparable to the prCa level, consistent with the
presence of protein-bound calcium phosphate pr(Ca);_,(CaPi),,. We then confirmed its presence by ex vivo X-ray absorp-
tion near-edge structure spectroscopy, revealing the discrete state of the calcium phosphate clusters associated with protein.
Finally, in a quantitative investigation using Ca- and Pi-boosted serum, we discovered the threshold concentration for the Pi
binding on prCa, and determined the binding constant. The threshold, while preventing Pi from binding to prCa in normal
condition, allows the reaction to take place in hyperphosphatemia conditions. The protein-bound calcium phosphate could
act as a link between the metabolism of serum proteins and the homeostasis of phosphate and calcium, and it deserves further
investigation whether the molar ratio of (prPi/prCa)-100% may serve as a serum index of the vascular calcification status in
chronic kidney disease.
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FTIR Fourier transform infrared spectroscopy
fCa Free calcium

HAP Hydroxyapatite

prCa Protein-bound calcium

prPi Protein-bound phosphate

SAXS Small-angle X-ray scattering

tCa Total calcium

TEM Transmission electron microscopy

uCa Ultrafilterable calcium

XANES X-ray absorption near-edge structure

Introduction

Albumin, as the dominant constituent of human serum pro-
teins, markedly affects the distribution of serum calcium.
Protein-bound calcium (prCa) makes up about 40% of serum
total calcium (tCa), in which albumin accounts for 81% of
the bound calcium ions [1]. Because the formation of prCa
causes a drop in the level of physiologically active free cal-
cium (fCa), various formulas have been derived to “correct”
the clinically determined tCa for changes in albumin [2]. The
calcium complexed by small anions (cCa) has a relatively
minor effect on fCa, owing to its small proportion (5%—15%)
[3]. Equation 1 shows the mass balance of the calcium frac-
tions in serum, where fCa and cCa, together, are frequently
referred to as ultrafilterable calcium (uCa):

tCa — prCa = uCa = fCa + cCa. (1)

The prCa fraction, in addition to mediating serum cal-
cium, is likely involved in phosphate-associated physiology
and pathology. Calcium and phosphate (Pi) can form ionic
clusters [4], amorphous solid (amorphous calcium phos-
phate, ACP) [5], and several crystalline phases in aque-
ous media at near neutral pH, of which the most stable is
hydroxyapatite (HAP) [6]. Given the chemical interaction
between Ca** and Pi, the hyperphosphatemia with chronic
kidney disease (CKD) may cause phosphate binding on the
protein-bound calcium in serum, leading to the formation of
protein-bound calcium phosphate. This kind of substance,
such as fetuin—mineral complex (FMC) [7] or calciprotein
particles (CPPs) [8], has been detected in the serum of CKD
patients [9, 10] and uremic model rats [11]. As the major
protein in FMC or CPPs, fetuin-A binds to calcium phos-
phate particles rather than sequestrates individual calcium
ions like albumin [8]. Note that albumin, while mainly bind-
ing calcium ions in normal conditions [12], can also bind
calcium phosphate mineral, though less potently [13]. In
these cases, both calcium and phosphate contents should be
determined to characterize the prCa fraction in serum.

Various techniques have been applied to the characteriza-
tion of the protein-bound calcium phosphate in blood serum.
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As a commonly used uremic animal model, adenine-fed
rats recapitulate some features of human CKD, including
hyperphosphatemia [14—16]. In 2009, Matsui et al. detected
a kind of FMC with the Ca/Pi molar ratio of 1.05 in the
pellet of adenine-fed rat serum after centrifugation [11]. In
2017, Smith et al. detected amorphous type-1 and crystal-
line type-2 CPPs in CKD patients and uremic model rats,
using a fluorescent probe-based flow cytometric assay [10].
In 2018, Viegas et al. observed type-1 CPPs (spheroid parti-
cles) and type-2 CPPs (needle-like structures) in the control
and CKD stage 5 patients, respectively, by transmission elec-
tron microscopy (TEM) and micro-Fourier transform infra-
red spectroscopy (FTIR) [17]. In 2019, Chen et al. assessed
the transformation of type-1 to type-2 CPPs in the serum of
CKD patients and healthy volunteers using a dynamic light
scattering (DLS) assay [18]. And most recently, Akiyama
et al. determined the hydrodynamic radii of CPPs in cell
culture by small-angle X-ray scattering (SAXS), from which
they derived the size and shape of CPPs [19]. However, it
remains a challenging task to acquire direct structural infor-
mation of the protein-bound calcium phosphate, owing to
the crystallizing propensity of the calcium phosphate clus-
ters and amorphous phase. Ideally, ex vivo techniques should
be used in the structural investigation of the prCa fraction,
i.e., without any additives and with the least sample-prepara-
tion procedure. Among these techniques is X-ray absorption
near-edge structure (XANES) spectroscopy. Such a spec-
trum is sensitive to the short-range order of the target atom,
providing information on coordination geometry and bond
angles [20]. Additionally, with the application of synchro-
tron radiation, the signal-to-noise ratio in data collection
has been high enough for the ex vivo detection of serum
calcium [12, 21].

In the present study, we aimed (1) to determine the phos-
phate contents associated with the calcium fractions in the
serum of adenine-fed rats; (2) to characterize the structure
of protein-bound calcium in rat serum by ex vivo XANES
spectroscopy at Ca K-edge; and (3) to investigate the phos-
phate binding on protein-bound calcium quantitatively, using
Ca- and Pi-boosted serum of normal rats.

Materials and methods
Chemicals

CaCl,-2H,0, Na,HPO,, NaCl, hydroxyapatite nanopowder
[HAP, Ca,,(PO,)s(HO),], and adenine were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Calcium standard
(0.1000 + 0.0005 mol/L, Orion 922,006) was from Thermo
(Beverly, MA, USA). Bovine serum albumin (BSA) was
the product of J&K Scientific (Beijing, China). High purity
HNO; was from Beijing Chemical Works (BV-III Grade,
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Beijing, China). Other reagents were of analytical grade.
Solutions were prepared fresh with deionized and distilled
water.

Animals and diet

Male Sprague-Dawley rats (5 week old, 150 g— 180 g)
were purchased from Beijing Vital River Laboratory Ani-
mal Technology (Beijing, China). The maintaining diet
(Beijing Keao Xieli Feed Co., Ltd., Beijing, China) con-
tains 1.0% — 1.8% calcium and 0.6% — 1.2% phosphorus. All
experiments involving rats were approved by the Animal
Care and Use Committee of Peking University and con-
formed to the international guidelines on the ethical use of
animals.

We used three kinds of rats. (1) Adenine-fed rats: They
were purchased and, after one-day acclimatization, were fed
the diet containing 0.75% adenine (0.75 g adenine in 100 g
of the maintaining diet) for the next 5 weeks. (2) Control
rats: They were purchased and fed the maintaining diet for
the next 5 weeks. (3) Normal rats: They were purchased
and used in the same day, for the preparation of Ca- and
Pi-boosted serum. We used these serum samples in the
investigation of the Ca—protein binding and Pi binding to
the protein-bound calcium.

To make the period shortest between the sample prepara-
tion and the spectral data collection, we typically arranged a
set of experiments like this: Eighteen normal rats were pur-
chased and randomly allocated into two groups. The control
group (n=_8) were given the maintaining diet for the next 5
weeks, whereas the adenine-fed group (n=10) were treated
with the 0.75% adenine diet for the same period. In the day
before the last day of the period, normal rats (n=20) were
purchased and used for serum preparation in the same day.
At the end of the 5-week period, the adenine-fed and control
rats were treated for serum preparation. The spectral data of
all serum samples from the normal, control, and adenine-fed
rats were collected in the same period of beamtime.

Serum, retentate, and pellet samples

After treatment with diethyl ether, the rats were taken blood
from eyes and sacrificed under anesthesia. The typical vol-
umes of the collected blood were 1.0 mL from a normal rat,
1.0 mL from a uremic rat, and 1.4 mL from a control rat,

respectively. The blood was allowed to clot for 30 min at
room temperature (circa 25 °C) under anaerobic conditions,
and then centrifuged at 2000xg for 15 min in capped plastic
tubes. By mixing equal volume of sera from different rats,
we prepared pooled sera to make the amount large enough
for a set of experiments, including the determination of cal-
cium and phosphate contents, the measurement of fCa and
pH, and the preparations of retentate and pellet samples for
XANES spectra. Typically, we needed about 8 mL of serum
for a set of measurements.

After collecting samples (0.2 mL % 2) for the determina-
tion of calcium and phosphate on an AUS800® Chemistry
Analyzer (Beckman Coulter, Inc.), we measured the pH of
the pooled sera aerobically and adjusted it to 7.35-7.38 with
HCI solution on a multi-functional instrument (SevenExcel-
lence™, Mettler Toledo, Switzerland). Then, we measured
serum pH and fCa simultaneously, and recorded the fCa
reading while the pH value approached to 7.40, using an
InLab@MaxPro-ISM electrode with an MT TempSensor for
pH and a perfectlON™ combination electrode for fCa (Met-
tler Toledo, Switzerland). The required sample volume is
2.5 mL to immerse the two electrodes. A three-point calibra-
tion (4.0, 7.0, 9.0) for pH and a four-point calibration (0.5,
1.0, 2.0, 4.0 mmol/L in 0.9% NaCl) for Ca’* were performed
immediately before the measurements.

Ultrafiltration was performed by centrifugation at 5000xg
for 50 min (HC-3018, Zhongjia Co., Anhui, China), using
Amicon® Ultra 30 K devices with the membrane of 30 kDa
cut-off molecular weight (Merck Millipore Ltd., Ireland).
Samples were taken from the serum and the ultrafiltrate for
the determination of calcium and phosphate (AU5800®
Chemistry Analyzer, Beckman Coulter, Inc.). The retentate
was kept anaerobically in the device at room temperature for
the collection of XANES spectral data within 4 h.

Pellet samples were prepared on a Centrifuge 5810R
(Eppendorf AG, Hamburg, Germany) at 16 000xg for 2 h
at 25 °C. The supernatant was taken for the determination
of calcium and phosphate (AU5800® Chemistry Analyzer,
Beckman Coulter, Inc.). The pellet was kept anaerobically
in the tube at room temperature for the collection of XANES
spectral data within 2 h.

Ca- and Pi-boosted serum: Predetermined volume of
CaCl, (10 mmol/L in NaCl 0.9%, pH 6.0-7.0) or Na,HPO,
(10 mmol/L in NaCl 0.9%, pH 7.0-7.4) solution was added
to a portion of the pooled sera from normal rats (3 mL/

Table 1 Calcium and phosphate

X . Specimen  Pi-boosted serum Serum Ca-boosted serum
contents in Ca- and Pi-boosted
serum Symbol S3Pi S2Pi S1Pi SO S1Ca S2Ca S3Ca
tPi 5.16+0.02 4.60+0.08 4.08+0.06 3.54+0.01 3.54%* 3.54% 3.54%*
tCa 3.08* 3.08%* 3.08* 3.08+0.03 3.77+0.06 4.44+0.04 5.24+0.03

Mean + standard deviation (unit: mmol/L). *Values taken from that for the sample SO
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portion, n=28). Additional 0.9% NaCl solution was com-
plemented to make the total volume of 3.6 mL/portion. The
concentrations of Ca and Pi of these specimens are listed
in Table 1.

We filled the space above the liquid in the plastic tubes
with CO,/air mixture, to inhibit the pH rise caused by CO,
releasing. We then kept these tubes in a water bath at 39 °C
(near rat body temperature) for 2 h, and vortexed them at a
15-min interval. At the end of the incubation, we checked
and brought the pH of these specimens to 7.35-7.38, fol-
lowed by the measurement of fCa and ultrafiltration (Ami-
con® Ultra 30 K devices, Merck Millipore Ltd., Ireland).
Samples were taken from the serum specimens and their
ultrafiltrates for the determination of calcium and phosphate.

Spectral references

Amorphous calcium phosphate mixed with serum (ACP@
serum): This reference was prepared on site by mixing
0.80 mL of solution X (CaCl, in 0.9% NaCl, 20 mmol/L,
pH 6.0-7.0) and 1.0 mL of solution Y [(8.0 mL of Na,HPO,
in 0.9% NaCl, 20 mmol/L, pH 8.87) + (0.60 mL of NaOH
0.1 N)]. The mixture was immediately centrifuged at 5000xg
for 2 min. After decanting the supernatant, we mixed the pel-
let with 4.0 mL of serum and then divided the mixture into
two portions. One of them was immediately centrifuged at
10,000xg for 5 min, and the other was centrifuged after 2 h.
We removed 1.5 mL of the supernatant with a pipette, stirred
the residue with the pipette tip, and, finally, placed the slurry
into a sample cell to collect the spectral data.

Hydroxyapatite mixed with serum (HAP@serum): We
mixed hydroxyapatite nanopowder with serum (2.0 mg/mL),
kept the mixture at room temperature for about 2 h, and
vortexed it at a 15-min interval. The HAP precipitate was
separated with a mini centrifuge, and placed into a sample
cell for the collection of the spectral data.

Retentate of albCa: To 4.0 mL of CaCl, (3 mmol/L in
0.9% NacCl, pH 6.0-7.0) was added 0.1603 g of bovine
serum albumin, producing a mixture with the albumin con-
centration of 0.606 mmol/L. The mixture was then kept in a
water bath at 39 °C for 4 h, and vortexed at a 15-min inter-
val. At the end of the incubation, we performed ultrafiltra-
tion (Amicon® Ultra 30 K devices, Merck Millipore Ltd.,
Ireland) at 6000xg for 60 min. The retentate was pale yellow
in color, and the filtrate was a colorless, clear solution (pH
6.80, fCa=2.39 mmol/L).

Calcium K-edge XANES spectroscopy
The experiments were conducted on Beamline 4B7A at
Beijing Synchrotron Radiation Facility (BSRF), China [21].

Experimental settings and conditions were as previously
described [12]. We collected the spectral data in the mode

@ Springer

of partial fluorescence yield. The shape of the light spot was
an ellipse (circa 8 mm X 6 mm) on the window of a sample
cell that contained 0.18-0.20 mL of liquid sample. To ensure
the required level of signal-to-noise ratio and to reduce the
effect of fCa on the retentate and pellet samples, we enriched
the prCa fraction from 3.0 mL of blood serum each by ultra-
filtration and high-speed centrifugation. The data collection
of the pellet and retentate samples commenced within 2 h
and 4 h, respectively, from the completion of centrifugation.

Results and discussion

We determined the phosphate contents associated with the
respective calcium fractions and, thus, found the comparable
levels of prPi and prCa in adenine-fed rat serum. We then
discovered the discrete state of protein-bound calcium phos-
phate clusters by ex vivo XANES spectroscopy. And finally,
with Ca- and Pi-boosted serum of normal rats, we studied
the formation of the protein-bound calcium phosphate quan-
titatively, revealing the presence of a threshold concentration
for the phosphate binding on protein-bound calcium.

Calcium and phosphate fractions in rat serum

The 0.75% adenine diet caused uremia in the Sprague—Daw-
ley rats, as evidenced by the dramatic difference between the
kidneys of an adenine-fed rat and those of a control rat. The
normal kidneys are smaller and dark red in color (Fig. 1,
left), whereas those of the adenine-fed rat are larger, gray-
ish white (Fig. 1, right), consistent with the observation by
Yokozawa et al. [22]

Listed in Table 2 are the calcium and phosphate contents
in rat serum. To our knowledge, this is the first report on the
phosphate fractions in blood serum. The markedly elevated
level of total phosphate (tPi) is in line with the report by
Matsui et al. [11], confirming the presence of hyperphos-
phatemia in the uremic model rats. Furthermore, the pro-
tein-bound phosphate (prPi) is significantly higher in the
serum of adenine-fed rats than that in control rats. Along

Fig. 1 Kidneys of control (left) and adenine-fed (right) rats
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Fig.2 Ca K-edge X-ray absorption spectra of the protein-bound cal-
cium in rat serum and references. a Pellet samples separated from
the serum of adenine-fed (AF-pel, n=3) and control (Ctrl-pel, n=4)
rats by centrifugation; (b) pellet samples of references: Nanocrystal-
line hydroxyapatite (HAP@serum) and as-made amorphous calcium
phosphate (ACP@serum) mixed with serum and separated by cen-
trifugation; (c) protein-bound calcium (AF-prCa, n=10; Ctrl-prCa,

The spectrum of the pellet sample from adenine-fed
rat serum (AF-pel, Fig. 2a) bares close resemblance to
the spectrum of ACP mixed with serum (ACP@serum,
Fig. 2b). Both of them exhibit intensified and slightly left-
shifted main peaks, as compared with the basic reference
fCa. Additionally, both of them exhibit the shoulders on
the left side of their main peaks. These spectral features are
much less prominent in the spectrum of the control sample
(Ctrl-pel, Fig. 2a). The shoulder and the main peak have
been attributed to the electron transitions of 1s —4s and
Is —4p, respectively [30]. The left shift of the main peak
indicates a reduced effective charge on the Ca atom due to
anion-binding, assuming that the sample (AF-pel or ACP@
serum) and its reference (fCa) are similar in the coordination
geometry of their Ca atoms [31]. And the emergence of the
shoulder may result from the bidentate-binding mode [12],
in addition to the sixfold coordination geometry [32]. In the
presence of the hyperphosphatemia with adenine-fed rats,
HPO,>" was the most abundant bidentate ligand. Its binding
on a hydrated Ca*" ion led to the formation of Ca(nz—HPO4)
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n=7T) as retentate samples separated by ultrafiltration; (d) retentate
sample separated from of albumin—CaCl, solution (albCa) by ultra-
filtration. In the upper parts of (c) and (d), difference spectra are pre-
sented to facilitate the analyses. The spectrum fCa, included in all
panels as a basic reference, is an average of 22 traces of the CaCl,
solutions (4 of 50 mmol/L, 12 of 12 mmol/L, and 6 of 6.0 mmol/L)
from four beamtimes

(H,0), (where n2 indicates the bidentate-binding mode) with
the association constant K =390 at 37 °C [33], accounting
for the shoulder at 4047.5 eV [5, 12]. Because AF-pel and
ACP@serum share these common spectral features, the
short-range structures around the Ca atoms should be same
in the two samples. Hence, the calcium species in the pel-
let from the adenine-fed rats was ACP, and the structure of
ACP has been described previously [5]. Crystalline HAP,
with the highly reduced intensity and the greater left-shift of
the main peak (HAP@serum, Fig. 2b), was unlikely present
in the sample AF-pel, though it has been detected in CKD
patients by other investigators [10]. By the way, calcium
hydrogen carbonate, a constituent of cCa [12, 34], could not
exist in the pellet in any appreciable amount, owing to the
lower stability of its solution cluster (CaHCO3+, with the
association constant K=10"1"=14.8 at 35 °C [35]) and the
inhibitive effect of phosphate on the formation of amorphous
calcium carbonate [36, 37].

We used difference spectra in the analysis of retentate
samples. The spectrum of the prCa fraction of adenine-fed
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rats (AF-prCa, Fig. 2c¢) is different with albCa (Fig. 2d) in
that the latter lacks the shoulder around 4047.5 eV, con-
firming the presence of the bidentate-binding mode between
Ca** and HPO,* in AF-prCa. On the other hand, the spec-
trum AF-prCa is similar to AF-pel (Fig. 2a), in view of the
left shift of the main peak (green shade) and the presence of
the shoulder (arrow) on its left side. These common spec-
tral features indicate the similar structure of AF-prCa and
AF-pel. However, the intensity of the main peak is remark-
ably lower in AF-prCa than that in AF-pel. This spectral
difference may reflect the structural difference in the outer
sphere of the Ca atoms. Previously, we observed the drop
and rebound of the main peak upon mixing calcium and
phosphate solutions, and attributed the two spectral features
to the formation of the solution clusters Ca(n?-HPO,)(H,0),
and their aggregates, respectively [5]. The hydration degree
of CaHPO, is higher in solution (sucCa4P6a in Fig. 1a, ref
[5].) than in aggregates (sucCa4P6b in Fig. 1a, ref [5].).
Judged by the similar spectral features of the aggregates
(sucCa4P6b) and the retentate (AF-prCa, Fig. 2c), the cal-
cium phosphate clusters exhibit similar hydration degree in
the two cases. However, their stabilities are quite different:
The aggregates rapidly developed into ACP, whereas the
calcium—phosphate clusters were stable in the serum reten-
tate. Therefore, the calcium—phosphate clusters in the latter
case must be in a discrete state predetermined by the discrete
Ca”* cations bound on the protein. The interaction between
the protein and calcium phosphate clusters, while reducing
the hydration degree of both sides, retarded the aggregation
of calcium phosphate clusters in pr(Ca);_,,(CaPi),,. Taking
into consideration both the hydration extent and the stability,
we conclude that the spectrum of the retentate (AF-prCa,
Fig. 2¢) represents the discrete calcium phosphate clusters
associated with albumin. Again, these spectral features are
less significant in Ctrl-prCa than those in AF-prCa (Fig. 2c),
demonstrating the effect of the elevated phosphate level
on the prCa fraction of adenine-fed rats. To check if ACP
passed through the ultrafilter membrane, we took the ultra-
filtrate for centrifugation and did not find ACP in the pellet.

Here, we note the use of bovine albCa as a substitute of
rat albCa (Fig. 2d). Serum albumins from different species
may be different in structure and binding properties [38—40].
According to a recent report, BSA and RSA exist as mono-
mers and multimers, respectively [41]. The two proteins are
considerably different in binding some organic ligands [42,
43]. Likewise, their calcium-binding capacity may be differ-
ent. However, the unspecific binding mode, as revealed in
the following discussion, would be same in the two cases. It
is the binding mode, rather than the binding capacity, that
determines the spectral features of albCa. In this regard,
there may not be any significant difference between the
spectra of bovine albCa and rat albCa.

The discrete state of the CaPi clusters in pr(Ca);_,(CaPi),,
may be of significance in the homeostasis of calcium and
phosphate. For example, serum albumin sequesters Ca*" cat-
ions in normal conditions, and the generated pr(Ca);/pr cou-
ple plays a role in maintaining the fCa level in serum, much
like a weak acid/base couple as a pH buffer [44]. Whereas
in pathological conditions with elevated Pi levels, Pi anions
bind on the albumin-bound Ca®* cations, thus reducing the
Pi excess. As to the ACP detected in the pellet sample, it
could be a consequence of centrifugation that caused the
discrete clusters to aggregate and develop into ACP (AF-
pel, Fig. 2a).

Calcium binds to serum protein

Using a series of Ca- and Pi-boosted serum of normal
rats, we studied the formation of protein-bound calcium
and protein-bound calcium phosphate. Equation 2 shows
the reaction between a Ca’* cation and one of the protein-
binding sites (prBS). Equation 3 is the relevant equilib-
rium equation. Since we use ¢ and j to represent the total
number and the occupied number of binding sites per pro-
tein molecule, respectively, the equilibrium concentration
of prCa is j:[pr] that corresponds to the compositional
formula of pr(Ca)j:

prBS + Ca’" = prCa )

_ [prCa] _ [prCa]
7 [ptBS] - [Ca®*] (- [pr] — [prCa]) - fCa

3

We transform Eq. 3 into Eq. 4, where fCa and [prCa]
were determined experimentally, whereas ¢ and the pro-
tein content [pr] are invariants under the experimental
condition:

[ BN NS O
[prCa] B kj-t- [pr] fCa ¢ [pr] )

Shown in Fig. 3a is the 1/[prCa] versus 1/fCa plot
according to Eq. 4. The values of 7 and Kj can be deter-
mined from the intercept and slope by Eqgs. 5 and 6,
respectively:

t = (1/intercept)/ [pr]

-3 &)
= (1/103)/(0.636107°0.83) = 18.4 =~ 18

K; = intercept/slope =103/0.696 = 1438 (6)

where the number 0.83 (=3.0 mL serum/3.6 mL Ca- or Pi-
boosted serum) accounts for the dilution effect resulted from
the addition of calcium or phosphate solutions to serum,
and the protein concentration [pr] (=0.636x 10~ mol/L)
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Fig.3 Correlation of protein-bound fractions with free calcium and
phosphate in serum. Pooled sera from normal rats, n=28. a For-
mation of prCa. A plot according to Eq. 4. Derived from the linear
fitting: Intercept=103+33.5, slope=0.696+0.063, R>=0.9681.

is calculated using the reported values of the molecular
weight (64.6 kDa) [45] and the albumin content in control
rats (41.1 g/L) [11].

Both specific [46, 47] and non-specific [48] binding
modes have been reported between albumin and calcium
ions. The specific mode is associated with the fewer bind-
ing sites (e.g., t=3 [46]), whereas the number of the non-
specific binding sites is usually larger. The values of ¢
and Kj determined in this work (¢ ~ 18 and Kj =148 for
rat serum albumin) are comparable to those reported by
Pedersen (r=13 and K=77 for bovine serum albumin,
t=12 and K =100 for human serum albumin) [49], in line
with the non-specific binding. It is worth mentioning that
we used complete serum in the determination of ¢ and
K, rather than the aqueous solution of purified albumin.
Therefore, the higher # and K values are relevant to the
higher viscosity of the biological medium. In the serum
of control rats, the average number of occupied sites per
protein molecule j (=2.8) is about 1/6 of the total bind-
ing number ¢. Here, the value of j is estimated from prCa
(=1.76, control rats, Table 2) and the protein concentra-
tion [pr] (=0.636 x 107). The number of the binding sites
would be higher in a hypercalcemia condition.

Phosphate binds on protein-bound calcium

Equation 7 represents the reaction between serum phosphate
and protein-bound calcium, where Pi refers to HPO42’. We
use m to represent the average number of phosphate bound
to the Ca®* ions on a protein molecule, such that the com-
positional formula of prCaPi is pr(Ca)j_m(CaPi)m. The rel-
evant equilibrium equation is Eq. 8a that turns to Eq. 8b after
rearrangement, where [prCa] — [prPi] (=j:[pr] —m-[pr]) rep-
resents the protein-bound calcium ions without phosphate.
The produced protein-bound calcium phosphate accounts

@ Springer
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b Formation of prCaHPO,. A plot according to Eq. 8b, in which
prCa and prPi stand for protein-bound Ca®* and protein-bound
CaHPO,, respectively. Derived from the linear fitting: Inter-
cept=—0.361+0.057, slope =209 + 24, and R?>=0.9618

for the comparable contents of prPi and prCa in the serum
of adenine-fed rats (prPi/prCa=0.8, Table 2):

prCa + HPOi_ = prCaPi @)
K = [prCaPi]
" ([prCa] — [prCaPi]) - [HPOi_]
[prPi] (8a)

" ([prCa] — [prPi]) - [HPO>]

prPi]  _ [HPO2].

([prCa] — [prPi]) (8b)

On the left side of Eq. 8b, prCa and prPi were experimen-
tally determined. On the right side, the value of [HPO42_]
was determined according to Eq. 9, where
K,,=107?'=6.17x 107 [50] and [H*]=10""* mol/L as
controlled in the experiment. Assuming that the phosphate
content in the cPi fraction is equal to the cCa content
(Eq. 10), we obtain Eq. 11, where the quantities on the right
side (uPi, uCa, and fCa) were directly measured. Now, we

could plot % against [HPO,>"] according to

Eq. 8b (Fig. 3b):

[HPO;"| + [H,PO,| = uPi - cPi (9a)

k. (uPi — cPi)

HPO>] =
(HPO; ) [H" + K]
3 -
_ (6.17 X 10~°)(uPi — cPi) — 0.608 (uPi — cPi)
(3.98 +6.17) - 108
(9b)
cPi ~ cCa = uCa - fCa (10)
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Fig.4 Two-dimensional schematic of the formation of protein-
bound calcium phosphate. Pi=HPO42‘. The average numbers of
Ca®* and Pi on a protein molecule are designated as j and m, respec-

[HPO}™] = 0.608(uPi — uCa + fCa). (11)

From a linear fitting displayed in Fig. 3b, we obtain the
binding constant K, =slope =209 +24. To our knowledge, the
constant of HPO,>~ binding on protein-bound Ca>* (Eq. 7)
has never been reported before. The value determined in this
work is much lower than those (390 [33], 548 [51], and 681
[52]) determined in aqueous solution without protein, consist-
ent with the reduced positive charge on a protein-bound Ca>*
ion. Using the data in Table 2 (prCa=1.62 mmol/L, adenine-
fed) and the protein content in the serum of adenine-fed rats
(32.4 g/L [11], i.e., 0.502 mmol/L), we obtain j = 3.2 and
m =2.6, corresponding to a mixture of pr(CaPi); and pr(Ca)
(CaP1),. In addition to the elevated tCa/albumin ratio, the alter-
ation in the post-translational modifications of the protein in
CKD [53, 54] may also be a course for the increased number
of protein-bound calcium in the serum of adenine-fed rats.
Based on above discussion, the stepwise formations of pr(Ca);
and pr(Ca);_, (CaPi),, are depicted in Fig. 4. It is worth not-
ing that, in worsening conditions, CaPi clusters could form
out of protein and get aggregated, leading to the formation of
amorphous solid (Right, Fig. 4). It is such calcium—phosphate
entities that could contribute directly to the vascular calcifica-
tion in CKD. In this circumstance, serum fetuin-A is more
efficient in binding mineral particles, in the form of FMC [11]
or CPP-I [9, 10]. In such a colloidal particle, a fetuin-A mol-
ecule sequesters 90-120 Ca’* cations and 54—72 Pi anions [8],
retarding the crystal growth and regulating mineral trafficking
[10, 55]. Thus, the formation of FMC facilitates the clearance
and metabolism of insoluble calcium phosphates [9]. In this
regard, pr(Ca)j_m(CaPi)m and FMCs act as two adjacent links in
the chain of events resisting vascular calcification with CKD.

Also derived from the linear fitting in Fig. 3b is the
intercept (=-0.361+0.057), according to which we rewrite
Eq. 8b as Eq. 12. To reveal the physical meaning of the
intercept, we express Eq. 12 as Eq. 13a, where [HPO42‘]0
is defined in Eq. 14. Judged on Eq. 13a, the prerequisite
for [prPi] >0 is defined by Eq. 15, where the subscript in
[HPO,>"], represents the “threshold concentration” for

tively. Note that the value of j, expressed as an integer, is higher in
pr(Ca)j_m(CaPi)m than in pr(Ca)j. The protein shape is based on the
11 nm X 8.5 nm oblate ellipsoid of human serum albumin [56]

HPO,”> binding on the protein-bound Ca" ions, i.e., no
HPO,” would bind to pr(Ca); if [HPO,*] <[HPO,*],. To
make the use of the threshold concept more convenient, we
express [HPO,> ], in terms of the ultrafiltrate fraction (uPi)
that can be experimentally determined. From [HPO42‘]/
[H,PO, 1=K,,/[H]1=10721/10"74=1.55, we obtain
[H,PO,],=[HPO,*/1.55=1.73/1.55=1.12 mmol/L. Thus,
the threshold of phosphate is: (uPi),=[HPO,*],+ [H,PO,
Jo+cPi=1.734+1.12+cPi = 3.0 mmol/L, assuming cPi =
0.15 mmol/L:

[prPi]

. ke S 2-1 4

([prCal — [prPi]) K,,[HPO;™] + intercept (12)

& = 2-1_ 2—

([prCa] — [prPi]) - Km([HPO4 ] [HPO4 ]0) (13a)

[prPi] _x

([orCa] = [orei]) - (FPOT | - [P0 ]~ " (%)

[HPOi_] o = —Intercept/K,, "
= 0.361/209 = 1.7310"’mol /L (14)

[HPO; |- [HPO;"], > ;0 (for [prPi] > :0). (15)

High serum phosphate levels have been linked to higher
risks of mortality in CKD [57], and the formation of
pr(Ca)j_m(CaPi)m could correlate the metabolism of serum
proteins with the homeostasis of phosphate and calcium.
For example, the Pi-to-pr(Ca); binding would be minor if the
serum phosphate level is not too high. However, the binding
reaction (Eq. 7) would take place if the level of serum phos-
phate exceeds the threshold value. Judged by the binding
capacity for Pi (prPi=1.29 mmol/L, adenine-fed, Table 2),
this mechanism could account for the diurnal variation of tPi
after dietary intake [58, 59]. While serum albumin is cleared
from circulation via endocytosis by endothelial cells [60, 61],
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5 - —O— QK —E=[CalPi] K= [Calx(Pil prBS + Ca’* + HPO?™ = prCaPi (16)
4 -
] O
\
g 3 O— a2 [prCa] [prPi]
> ~— / K= I(ij = : -
2 5 = . ([t - pr] — [prCa]) ([prCa] — [prPi])
) * 1
\
= 1 ﬁ\ﬁ [Ca] - (IHPO? "] — [HPO? )
04 BN K—K 4 4 (17a)
1
, Pl—bloostedI , Ca—bf)ostedI . [Ca2+] [Hpoi—]effz Q/K. (17b)
0 1 2 3 4 5 6 7
sample [HPO; | = [HPO; "] — [HPO; ], (18)
Fig.5 Variations of [Ca]x[Pi] and [Ca]x[Pil,; as compared [prCal] [prPi]
with Q/K in the phosphate- and calcium-boosted serum. Pi repre- 0= (19)

sents HPO,>" that is determined from Eq. 11.[Pi],; is defined by
Eq. 18. The products [Ca]x[Pi] and [Ca]X[Pi].; have the unit of
(1073 mol/L)%. Q/K is dimensionless

the associated calcium phosphate clusters (CaPi),,, could be
taken away, thus retarding the increase in the level of serum
phosphate in the early stages of CKD (prPi/prCa < 1); after
all, hyperphosphatemia is noted in the late stages of CKD
[62]. When serum albumin molecules are fully loaded, cal-
cium phosphate clusters could emerge out of protein (Right,
Fig. 4). More readily, such clusters develop into amorphous
calcium phosphate via aggregation-facilitated crosslinking
[63] and are cleared from circulation by macrophages [64]
and smooth muscle cells [65] in the form of calciprotein
particles. A mineral buffering system has been suggested
in the blood [66]. Moreover, the relevant tissues (bone, kid-
ney, and intestine) also take actions to maintain the serum
phosphate level. Hence, the formation of pr(Ca);_,(CaPi),,
might be an early, local, event in the “blood mineral buffer-
ing system [66]”. Note that the situation could be different
with human, in which the serum phosphate level is much
lower. According to a recent report, the upper limit of the
serum phosphate associated with the minimum risk of mor-
tality is 5.7 mg/dL (1.84 mmol/L) in post-weekend blood
samples [57]. Therefore, it remains to be examined whether
the threshold concept is applicable to human, especially the
CKD patients with hyperphosphatemia.

Overall reaction: correlation
between protein-bound calcium phosphate
and Ca x Pi

Equation 16 represents the overall reaction that combines the
two stepwise reactions (Eqs. 2 and 7). The relevant equilib-
rium equation (Eq. 17a) is obtained by multiplying Eqs. 3
and 13b. By defining the effective concentration [HPO,* ]
(Eq. 18) and the quotient Q (Eq. 19), we rewrite Eqs. 17a
as 17b:

@ Springer

([2.Pr] — [prCal]) ([prCa] — [prPi])

Equation 17b reveals the correlation between protein-
bound calcium phosphate and the [Ca’*] x [HPO42’]eﬂ~
product. As displayed in Fig. 5, the [Ca®*] x [HPO,* |4
product increases with increasing tPi, consistent with
Q/K in the normal and Pi-boosted serum. However, it is
almost invariant in the tCa range of 3.08-4.44 mmol/L
(Ca-boosted serum, tPi=3.54 mmol/L), because the effect
of tCa increase is minified by multiplying a small value of
[HPO42‘]eff. The product [Ca] X [P1i] is also plotted in Fig. 5
for comparison, which increases with either increasing tPi
(Pi-boosted serum) or increasing tCa (Ca-boosted serum),
reaching a minimum at the “raw serum”. Clinically, the
CaxPi product is used as a relevant tool in the assessment
of the cardiovascular risk [67] associated with the high
serum phosphate level in CKD. A target tCa X tPi level of
55 mg?/dL? has been recommended for evaluating the risks
associated with the elevated phosphorus level in dialy-
sis patients [68]. Besides, some experts have suggested
replacing tCa with other quantities, such as the albumin-
corrected tCa X tPi of 4.0 (mmol/L)? [69] and fCa X tPi of
2.2 (mmol/L)? [67]. Anyway, fCax [HPO,*7], as the basis
of other forms of the Cax Pi product, is correlated with
the protein-bound calcium phosphate. Using the data in
Table 2, the calculated values of fCa x uPi are 5.0 and 5.2
(mmol/L)? for the control and adenine-fed rats, respec-
tively, and their corresponding tCa X tPi values are 14.3
and 17.1 (mmol/L)z. An elevated tCa X tPi level has been
observed in adenine-fed rat serum (140 versus ca 80 mg?/
dL? in control) [15], but no direct comparison can be made
due to the use of different units.
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Conclusions

Protein-bound calcium phosphate, with the formula of
pr(Ca);_,,(CaPi),,, formed in the serum of uremic rats.
Characterized by the threshold concentration of free
phosphate and the discrete state of calcium phosphate
clusters, the formation of pr(Ca)j_m(CaPi)m could act as
a link between the metabolism of serum proteins and the
homeostasis of phosphate and calcium. It deserves further
investigation whether the molar ratio of (prPi/prCa)-100%
may serve as a serum index of the vascular calcification
status in the progression of chronic kidney disease.
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