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Extract 

A calcium-precipitable protein (CaPP), previously shown to cause turbidity of sub- 
maxillary saliva (SMS) in patients with cystic fibrosis (CF), was purified from normal 
and CF-SMS by (NH4) 2S04  precipitation, gel filtration, and preparative poly- 
acrylamide gel electrophoresis. This protein has a molecular weight of 12,000. I t  
contains large numbers of serine, glycine, and glutamic acid residues, 0.85y0 phos- 
phorus as phosphate monoester, and small amounts of carbohydrate. Precipitation 
(aggregation) of purified CaPP occurs at basic pH values in the presence of ionic cal- 
cium and is enhanced by increasing calcium concentration, CaPP concentration, or 
pH. Aggregated CaPP binds calcium in molar quantities equal to the number of 
phosphate prosthetic groups. Alkaline phosphatase removes all phosphate from CaPP 
and eliminates calcium-induced precipitation. Studies of CaPP from CF saliva have 
demonstrated no electrophoretic or compositional differences from normal CaPP. 
Higher than normal pH values or elevated CaPP concentrations are not present in 
SMS of patients with CF and do not contribute to the formation of turbid SMS. 

Speculation 

Aggregation and precipitation of CaPP in saliva of patients with CF seems to be 
induced primarily by elevated levels of calcium in saliva. This precipitation may be 
entirely, or in part, responsible for focal obstruction of submaxillary gland ducts in 
patients with CF. However, little or no CaPP is secreted in the lower gastrointestinal 
or tracheobronchial tracts. Therefore, CaPP does not play a more general role in 
the obstructive processes which characterize CF. 

Introduction ies by Gugler et al. [lo] indicate that turbidity is 

Turbidity of reflexly stimulated submaxillary saliva produced precipitation a SMS protein in the 
(SMS) is a well defined manifestation of CF [4, 101, presence of elevated concentrations of salivary cal- 
which can be reversed by intravenous administration cium. Insoluble aggregates are formed by a direct in- 
of guanethidine [3]. The nature of the solid phase in teraction between calcium ions and this protein [2]. 
turbid SMS has not been completely elucidated. Stud- Other recent work suggests that inorganic calcium- 



pl~osphorus complexes are also present in the solid 
phase of turbid SMS [31]. The  relation between these 
complexes and the calcium-precipitable protein 
(CaPP) is unclear. 

A number of important questions deserve further 
attention. What sort of protein is Capp? How does it 
interact with calcium? What additional factors influ- 
ence the physical state of CaPP? Is CaPP secreted by 
other exocrine glands? If so, is CaPP aggregation re- 
sponsible for the obstructive changes which are promi- 
nent in the respiratory and gastrointestinal tracts of 
patients with CF? 

In an attempt to answer these questions we have 
purified CaPP from normal and CF sources, analyzed its 
structure, studied its interaction with calcium, and 
determined its distribution in other secretory fluids. 

Malerials and Methods 

Saliva Collections 

CaPP was purified from a 600-ml pool of stimulated 
SMS, collected over a 30-h period from four normal 
donors, male and female, ages 20-34. Additional 
samples of CaPP were purified from 30-100 ml of 
saliva, collected from six patients with CF (ages 14-26) 
and six normal subjects (ages 18-30). A modified 
Schneyer collecting technique [lo, 241 and stimulation 
with sour lemon drops were used for all collections. 
Two-milliliter samples of unstimulated and stimulated 
SMS were also serially collected under paraffin oil for 
p H  determinations. 

Ch~omatographic  Procedures 

Gel filtration of 4-ml samples containing 5-15 mg of 
crude CaPP was carried out on a column (2.5 x 75 
cm) of Bio-Gel P-10. Samples were eluted by upward 
flow at a constant rate of 10 ml/hr with 50 m;M NaCl 
containing 10 mM Tris-HC1 (pH 7.05). Protein content 
of 5.0-ml fractions was monitored by absorbance at 280 
nm. Molecular weight determinations by gel filtration 
were carried out on a column (2.5 x 38 cm) of Sepha- 
dex G-100 equilibrated with 50 mM NaC1, 10 mM Tris- 
HC1 (pH 7.05), 8 M urea [7] buffer. Samples for these 
molecular weight studies were dialyzed against urea- 
containing buffer before the application. Three-millili- 
ter fractions were dialyzed against 1 mM Tris-HC1 (pH 
7.05), lyophilized, and taken up in 3.0 ml of the NaC1, 
Tris-HC1 buffer before absorbance determinations at 
280 nm. 

Electroplzoretic Procedures 

Polyacrylamide gel electrophoresis was carried out 
at pH 8.4 by the method of Pallavicini and Gugler 
[Zl], at pH 4.5 by the method of Reisfeld [23], and at 
pH 7.1 in sodium dodecyl sulfate (SDS) by the method 
of Weber and Osborn [30]. Preparative electrophoresis 
was performed in slabs of 7.5% polyacrylamide as de- 
scribed previously [21]. Bands were identified in these 
slabs by superimposing dry cellulose acetate strips on 
the slab. When completely soaked with buffer, the 
strips were stained with amido black, dried, and repro- 
sitioned on the slab. Appropriate bands were then 
dissected from the unstained slab and the protein re- 
covered from the gel by electrophoresis into a dialysis 
bag. 

CaPP has no defined unique properties which can 
be used for quantitation. I t  cross-reacts immunologi- 
cally with several other SMS proteins [I I], is one of 
several phosphoproteins in SMS [17], and is not the 
only calcium-binding protein of SMS, for amylase 
clearly binds calcium [8]. Therefore, quantitation of 
CaPP was accomplished by eluting amido black stain 
from a gel section containing the CaPP band in a 
known volume of 0.25 M NaOH, then determining the 
absorbance of the dye solution at 618 nm. The  rela- 
tion between absorbance of eluted dye and the quan- 
tity of CaPP applied to acrylamide gels was shown to 
be linear in separate experiments. 

Isoelectric Focusing 

Isoelectric focusing in a 3-6 p H  gradient was per- 
formed in columns (5 X 70 mm) of polyacrylamide gel 
at 4" by the method of Wrigley [33]. After focusing, 
serial 1-mm gel slices were cut and each slice was eluted 
in 1.0 ml of boiled distilled water for 30 min. The  p H  of 
each eluate was then read with a small combination 
pH electrode. 

Anzino Acid Analysis 

Water-dialyzed CaPP was hydrolyzed for 21, 48, and 
68 11r at 110" with 6 N HC1 in evacuated, sealed tubes. 
Aliquots containing 50 pg hydrolyzed protein were 
analyzed on a Beckman model 119 amino acid analy- 
zer. 

F~ecipitation Studies 

Turbidity of solutions containing aggregated CaPP 
was assessed by absorbance measurements at 300 nm. A 
nonturbid CaPP solution containing 0.4 mg per ml of 
protein had no absorbance at this wavelength. CaPP 
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solutions with and without divalent cation, and con
taining 1 mM Tris-HCl (pH 7.05) to prevent turbidity 
at low ionic strengths were titrated with 1-,ul aliquots 
of either 1.0 M NH40H or 1.0 M acetic acid. Each 
change in pH was measured with a small combination 
pH electrode, followed by an absorbance determina
tion. 

Other Procedures 

Calcium was determined on an atomic absorption 
spectrophotometer (Perkin-Elmer) using lanthanum 
chloride diluent. Protein determinations were per
formed by the Lowry procedure [14] using human 
serum albumin as a standard. Organic phosphorus was 
determined by the method of Fiske and SubbaRow [9]. 
Sulfate determinations were performed by a modified 
benzidine method [1]. Hexoses and fucose were deter
mined by the method of Dische and Shettles [5] and 
sialic acid by the resorcinol method [27]. Hexosamines 
were determined with the amino acid analyzer after 
hydrolysis of samples in 4 N HCl for 4 hr at 100°. 
Amylase activity was assayed by the starch-iodine reac
tion [28]. Lysozyme activity was measured by the 
method of Osserman and Lawlor [20] and RNase ac
tivity by the method of Kunitz [13]. 

Results 

Purification of CaPP 

CaPP was initially purified from pooled SMS from 
normal donors as outlined in Table I. This protein 
was separated from other SMS proteins by twofold 
precipitation of pooled SMS with 0.8 M, then 0.6 M 
(NH)2S0 4 at 4°. R esidual amylase and high molecular 
weight glycoprotein were removed by Bio-Gel P-10 fil
tration which excluded these two components and re
tained CaPP. In the final step, a small quantity of an 
unidentified protein with a slower anodal electropho-

Table I . Purification of calcium-precipitable protein (CaPP) 

Fraction Volume 

Pooled submaxill ary saliva 600 
(NH,) zSO,, 0.8 M 100 
(NH ,) zSO 4, 0.6 M 20 
Gel filtration (Bio-Gel P-10) 10 
Preparative acrylamide gel electrophoresis 10 

retic migration at pH 8.4 was removed by preparative 
polyacrylamide gel electrophoresis, yielding a CaPP 
preparation which was homogeneous by the following 
criteria. 

A single band was demonstrated by polyacrylamide 
gel electrophoresis of purified CaPP at pH 8.4, with 
and without 8 M urea in the buffer system, and at pH 
7. 1 in an SDS system (Fig. I). No protein migrated 
toward the cathode on polyacrylamide gel electropho
resis of purified CaPP at pH 4.5. Isoelectric focusing of 
purified CaPP in a pH 3-6 gradient produced three 
closely spaced bands between pH 4 and pH 5. How
ever, after dialysis against 50 mM EDTA at pH 7.0 for 
48 hr, CaPP focused as a single sharp band at pH 4.4. 
The CaPP prepara tion appeared homogeneous by sed
imentation velocity ultracentrifugation (Fig. 2). A sin
gle precipitation band was observed when purified 
CaPP was reacted with rabbit antihuman SMS using a 
double diffusion microtechnique [29]. No amylase, ly
sozyme, or RNase enzyme activity was detected in the 
purified CaPP preparation. This preparation was used 
for all molecular weight, compositional, precipitation, 
and calcium-binding studies. 

M olecular JiV eight of CaPP 

A molecular weight of 11 ,200 was determined from 
the relative RF values of CaPP and the reference pro
teins, pepsin, trypsin, myoglobin, lysozyme, cyto
chrome c, and a-chymotrypsin [34], all of which had 
been subjected to electrophoresis simultaneously in 
SDS-polyacrylamide gels (Fig. 3). Similarly, filtration of 
CaPP through a Sephadex G-100 column, equilibrated 
with 8 M urea eluant and calibrated with pepsin, a

chymotrypsin, lysozyme, and RNase A, gave a molecu
lar weight of 12,750. An average of the two estimated 
molecular weights, 12,000, was used for calculation of 
data subsequently reported in this paper. 

Protein CaPP Fold concentration, concentration, Sp Act Yield,% purification mg/ml units/mil 

1. 20 1.06 0.88 100 1.0 
1.20 4.40 3.67 69 2 4. 2 
4.80 21.15 4.41 67 5.0 
5 .24 30.00 5. 71 48 6.5 
4.10 24.17 5. 90 38 6.7 

' CaPP unit = ad a t 618 nm X 10-1 of amido black dye eluted from acrylamid e gels as described in the tex t. 
2 The low yield of CaPP after 0.8 M precipitation is caused by another SMS protein which migrates at pH 8.4 with the same.RF as 
CaPP. This pro tein is measured as CaPP in the original submaxillary saliva pool , but does not precipitate at 0.8 M (NH ,) zSO, con
cen trations. 



I I 

Fit. I, B ~ l y a c r y l ~ l ~ r i d r  grl ~ E ~ C ~ T + I ~ Q I ~ I B  of pablcd ~ r ~ b m l h ~ i l l ~ r y  loliva (A), and cnlcku1n-prmi~tab3c gmtcrn pr~r i tcd frtsm h i s  saliva P W ~  
(8-D}. R: ctcctmph-is at pH 8.4; C: cclcctmphorrsis in R w nrra !pH R.4); D: t l c c u q h m i $  in a d ~ w m  d d q l  ~~Ilate~azrylarn~cIr 
(pH 7,:1, 

Fiz. 2. Schlieren pattern of a sedimentation velocity experiment, using a synthetic boundary cell. Calcium-precipitable protein concentra- 
tion = 0.5%; temperature = 24'; buffer is 0.1 M NaCl, 0.02 M Tris-HC1 (pH 7.05); exposures at 20 ( A ) ,  28 (B), and 36 (C) min after a 
speed of 56,000 rpm was reached. 

A m i n o  Acid Content of CaPP Prosthetic Groz~p  Analysis of CaPP 

An amino acid analysis of CaPP is reported in Ta- CaPP contains 5.3% hexose, but only negligible 
ble 11. Serine, glycine, and glutamic acid are the most amounts of fucose, hexosamine, and sialic acid. Of 
prevalent amino acids. Ultraviolet spectroscopic anal- particulai- interest is the finding of 0.85% phosphorus, 
ysis [6] of CaPP solutions with and without added 6 31 or 3.3 mol phosphoi-us/mol CaPP. No sulfate was de- 
guanidine l~ydrocl~loride [35], demonstrated an ab- tected. 
sence of tryptophan. A minimum molecular weight for Additional information concerning the nature of 
CaPP of 12,658 was calculated lrom these results. the phosphorus bound to CaPP is recorded in Table 
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111. Inorganic phosphorus can be completely removed 
from CaPP by incubation with alkaline phosphatase 
(pH 9.0) or acid phosphatase (pH 5.8) for 4 hr, or by 
incubation with 0.25 N NaOH for 15 hr. Treatment 
with 0.25 N HC1 for 15 hr released no inorganic phos- 

M O B I L I T Y  

Fig. 3. Molecular weight determination with sodium dodecyl sul- 
fate-acrylamide gel electrophoresis (pH 7.1). Mobility of calcium- 
precipitable protein and reference proteins is compared with that 
of RNase in the same gel. Relative mobility is plotted against log 
molecular weight. Calcium-precipitable protein has a relative mo- 
bility of 1.17, giving a molecular weight of 11,200. 

T a b l e  II .  Amino acid composition of calcium-precipitable pro- 
tein' 

Amino acid nmoljg Residuesjmolez 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 

1 Values are averages of 21 -, 48-, and 68-hr hydrolysates with 
the exception of values for threonine and serine which were 
extrapolated to zero time. 
2 Calculations are based on the assumption that calcium-pre- 
cipitable protein contains 1 histidine residue. 

T a b l e  III. Dephosphorylation of calcium-precipitable protein 
(CaPP) 

Treatment 
~n'organic Phos- 

Time, Te~~,":"- phosphorus phorus/ 
hr released, CaPP, 

OC pg/mg CaPP mol/mol 

None 4 37 0 0 
Ashed 8.5  3.3 
Alkaline phospha ta~e ,~  1 4 37 8 .5  3.3 

unit/2 mg CaPP, pH 9.0 
Acid phospha ta~e ,~  1 unit/2 4 37 7.8 3.0 

mg CaPP, pH 5.8 
NaOH, 0.250 N 3  15 25 8.4  3.3 
HCI, 0.250 N 15 25 0 0 

CaPP, 0.4 mg, used for each assay. 
Boiled enzyme blanks were run a t  acid and alkaline pH values. 
Removal of phosphorus with 0.250 N NaOH was complete 

only at 15 hr. 

phorus. These findings indicate that phosphorus is 
bound to CaPP as a phosphate monoester [22]. 

P1-ecipitation of CaPP 

Purified CaPP is only sparingly soluble in distilled 
water. In 1 mM buffer or salt solutions which contain 
no divalent cation, insolubility is observed only in the 
acidic pH range. The  p H  of maximum insolubility for 
CaPP in water or dilute buffer is 4.4. This p H  value 
corresponds to the isoelectric point determined by isoe- 
lectric focusing. 

In the presence of CaCI,, purified CaPP also precipi- 
tates at pH values above 7.0. The  effect of calcium 
concentration, CaPP concentration, and p H  on precip- 
itation of this protein at basic pH values is illustrated 
in Figure 4. It  is apparent from this graph that an 
increase of CaPP concentration, calcium concentra- 
tion, or pH favors the precipitation of CaPP. Substitu- 
tion of strontium and magnesium for calcium ions also 
led to precipitation of CaPP, but only at higher con- 
centrations of the divalent cation or at higher pH 
values. Precipitate formed by the interaction of CaPP 
and calcium was readily dissolved by decreasing the 
p H  to a 6.0-7.0 range, or by the addition of small 
amounts of EDTA. Precipitation of alkaline phospha- 
tase-treated CaPP (0.5 mg/ml) could not be induced 
by addition of large amounts of calcium chloride at all 
p H  values above 7.0. 

Calcizim Binding by CaPP 

When 4 mEq/liter calcium was added to 0.5 ml of a 
4.0 mg/ml CaPP solution at pH 7.8, 67% of the CaPP 
and 38% of the added calcium was recovered in the 



Fig. 4. Turbidity of calcium-precipitable protcin solutio~ls as a 
function of protein concentrations, calcium concentrations, and 
pH. Concentration of purifietl calcium-precipitable protein is 
indicated above each curve. All calcium-containing solutions bc- 
came visibly turbid during titration. The  solutioll without cal- 
cium remained grossly clear dcspite elevated absorbance at  p H  
10.0. 

washed precipitate. Under these conditions each mole 
of precipitated protein bound 3.4 mol calcium. 

band at p H  4.4. A molecular weight of 12,500 was 
determined for CF-CaPP by chromatographic analysis 
on the same column of Sephadex G-100 used for mo- 
lecular weight determination of N-CaPP. No substan- 
tial difference of amino acid composition was found in 
the 6 N HC1 hydrolysis product of CaPP from one CF 
donor. Six N-CaPP preparations contained 0.85 t 
0.10% phosphorus, whereas six samples of CF-CaPP 
contained 0.82 1 0.12% phosphorus. As in the case of 
N-CaPP, the phosphorus bound to CF-CaPP could be 
completely removed by incubation with acid and alka- 
line phosphatase, or with 0.25 N NaOH. Calcium pre- 
cipitability of CF-CaPP was also lost after alkaline phos- 
phatase treatment. CF-CaPP from one donor contained 
4.6% hexose and negligible amounts of fucose, hexosa- 
mine, and sialic acid. Precipitation of CF-CaPP oc- 
curred at alkaline pH values in the presence of ionic 
calcium, but the precipitation curves for N-CaPP (Fig. 
4) could not be reproduced using either CF-CaPP or 
N-CaPP which had been precipitated previously with 
calcium, dissolved with 10 miv EDTA, and dialyzed 
against dilute Tris-HC1 (pH 7.05) buffer to remove 
EDTA. 

Binding of CaPP to Hydroxylapatite 
SMS pH i n  CF and Normal Sz~bjects 

Purified CaPP was adsorbed to a column (1 x 10 
cm) of hydroxylapatite which had been equilibrated 
with 0.001 M potassium phosphate (pH 6.8). Subse- 
quently, no CaPP could be washed from the column 
by stepwise elution with concentrations of potassium 
phosphate up to a 1.0 concentration. 

Comparison of CaPP fi-om Normal (N-CaPP) and C F  
(CF-CaPP) Sources 

CaPP was also purified from individual submaxil- 
lary secretions of six normal subjects and six patients 
with CF. Turbidity of SMS from CF patients was first 
cleared by dialysis of the saliva against 10 miv EDTA. 

Coelectrophoresis of purified CaPP from a normai 
and a CF source showed identical electrophoretic migra- 
tion in polyacrylamide gels at pH 8.4. Similarly, isoe- 
lectric focusing of a mixture of EDTA-treated N-CaPP 
and CF-CaPP in a p H  3-6 gradient produced one sharp 

The  observed effect of pH on precipitation of CaPP 
prompted a comparison of p H  in SMS of six CF sub- 
jects and six normal subjects (Table IV). At low flow 
rates, the mean pH of SMS from both groups was 
usually less than 7.0 and no significant difference was 
found. The  mean SMS pH after stimulation increased 
to values greater than 7.0 in both groups, but a signifi- 
cantly higher pH was attained in SMS from control 
subjects (P  < 0.01). 

CaPP Concentration i n  SIMS of CF and Normal Sub- 
jects 

The observed effect of CaPP concentration on CaPP 
aggregation likewise prompted a comparison of CaPP 
concentrations in SMS of CF and normal subjects. The  
quantity of CaPP recovered during the purification pro- 
cedure from known volumes of stimulated SMS, pro- 

Table IV.  pH of submaxillary saliva from cystic fibrosis (CF) and control subjects 

Unstimulated secretions Maximally stimulated secretions 

PIX Flow rate, ml/min PI% Flow rate, ml/min 

Normal 6.57 f 0.43 0.18 f 0.13 7.65 f 0.10 1.64 f 1.04 
CF 6.75 f 0.22 0.21 f 0.14 7.40 i 0.11 1.95 f 1.11 
P value 0.1 <0.01 
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duced by six normal and six CF donors, was used to 
estimate original CaPP concentrations. Normal SNIS 
contained 0.15 -C 0.14 mg/ml CaPP and EDTA-treated 
SMS from CF patients contained 0.09 + 0.05 mg/ml 
CaPP. No statistical difference was found. 

Distribution of CaPP in  Other Exocrine Secretions 

Other exocrine secretions were surveyed for the pres- 
ence of a protein with the same electrophoretic mobil- 
ity in polyacrylamide gels (pH 8.4) as CaPP. Reflexly 
stimulated parotid saliva, collected with a Lashley cup 
from both normal and CF subjects, was found to con- 
tain a protein with an identical electrophoretic mobil- 
ity. This protein further resembled CaPP in that it 
formed a white precipitate within the polyacrylamide 
gel after immersion of the gel in 60 mM CaCI, [lo]. A 
similar protein band could not be demonstrated in 
duodenal aspirates from three normal and three CF 
fasting young adult subjects, or from tracheobronchial 
secretions of three tracheotomized control subjects 
with neuromuscular disease and two CF patients who 
had been bronchoscoped. 

Discussion 

CaPP, which interacts with ionic calcium to form large 
aggregates [2] and create turbidity in SMS of patients 
with CF [lo], is a low molecular weight phosphoprotein 
containing small amounts of carbohydrate. These stud- 
ies indicate that phosphorus is covalently bound to 
CaPP as three or four phosphate monoesters [22], but 
additional studies are required to establish firmly the 
nature of phosphate linkages. These studies further 
indicate that calcium interacts directly with phosphate 
prosthetic groups of CaPP in a 111 molar ratio to 
effect precipitation. 

CaPP differs in several respects from other previ- 
ously described human secretory proteins. For example, 
a-casein and p-casein can also be precipitated with 
calcium but they contain 1.0% and 0.6% phosphorus, 
respectively. The  caseins also are larger proteins [19]. 
Although by definition a glycoprotein, CaPP is very 
different from the epithelial mucins, which have a very 
high molecular weight, contain many carbohydrate 
side chains composed of hexosamine, sialic acid, and 
fucose, as well as galactose (hexose) residues, and give 
the mucus secretions their characteristic viscous prop- 
erties [26]. 

The  mechanism of interaction between this small 
phosphoprotein and calcium is, as yet, not completely 
understood. Previous investigators [4, 101 have sug- 

gested that CaPP aggregates when divalent cation 
bridges are formed between adjacent CaPP molecules. 
However, we favor an alternate hypothesis, namely, 
that calcium binding neutralizes the electrostatic 
charges of phosphate sites, thereby reducing repulsive 
forces between adjacent molecules and allowing aggre- 
gation due to hydrophobic bonding. Neutralization of 
electrostatic charges at the phosphate sites may also 
induce conformational changes of the peptide core, 
exposing additional hydrophobic surfaces for intermo- 
lecular binding [2]. A similar mechanism has been 
proposed for calcium-induced precipitation of p-casein 

~191. 
The  precise conditions required for aggregation of 

CaPP have not been previously ascertained. Gugler et 
ul. [lo] demonstrated that CaPP, present as a band 
within the matrix of acrylamide gels, will aggregate 
after immersion of the gel in 60 mEq/liter calcium 
[lo]. The  present study further demonstrates that not 
only CaPP and calcium ions, but also the proper pH, 
are required for aggregation. Figure 4 illustrates that a 
calcium concentration within the normal range for 
SIMS (3.5 mEq/liter) [lo], purified CaPP will not pre- 
cipitate unless the pH exceeds the physiologic range, 
i.e., is higher than 8.0. On the other hand, at a calcium 
concentration within the usual range for CF-SMS (6.0 
mEq/liter) [lo], precipitation will occur in the physio- 
logic p H  range if sufficient CaPP is present. Because 
pH and CaPP concentrations are not higher in CF than 
in normal SMS, it appears that an elevation of the 
calcium concentration in CF-SMS is the major factor 
contributing to aggregation of this protein and forma- 
tion of turbid SMS in patients with CF. 

Peptide mapping, and perhaps also amino acid se- 
quence studies, are required to completely rule out 
structural alteration of CF-CaPP leading to precipita- 
tion of this protein. However, molecular weight, elec- 
trophoretic, isoelectric focusing, and compositional 
studies of CaPP from the two sources have failed to 
uncover a substantial alteration of CF-CaPP. 

Other observations confirm the in  viuo interaction 
of calcium, CaPP, and p H  to create CaPP aggregates 
and turbid SMS. SMS of patients with CF can be 
cleared by addition of EDTA which lowers the cal- 
cium ion concentration, and normal stimulated saliva 
can be rendered turbid by addition of calcium ions 
[lo]. Precipitation does not often occur in unstimu- 
lated SMS of patients with CF, because the p H  of this 
secretion is usually below 7.0, and perhaps also be- 
cause protein concentrations [25], but not calcium con- 
centrations [15], are significantly decreased at low flow 



rates of saliva. Conversely, we have studied two normal 
subjects who, after maximal stimulation, produced 
turbid SMS. These normal subjects secreted SMS con- 
taining large amounts of CaPP (>0.5 mg/ml), but 
normal calcium concentrations and pH. Failure of 
CaPP to cause turbidity in  parotid saliva of CF or 
control subjects can be explained by lower concentra- 
tions of calcium in this secretion [16]. Guanethidine 
significantly reduces nitrogen, and presumably total 
protein, concentrations in SMS of patients with CF [3], 
and perhaps for this reason prevents CaPP aggregation 
and turbidity. 

Although the present study clearly demonstrates 
that aggregation of CaPP can proceed in the absence 
of inorganic phosphate, an additional interaction of 
CaPP with insoluble calcium-phosphate complexes 
[31] cannot be excluded. Additional studies will hope- 
fully clarify the role, if any, of inorganic phosphate in 
CaPP aggregation. 

Aggregation and precipitation of CaPP may contrib- 
ute to the obstruction of submaxillary gland ducts 
which has been described in patients with CF [7]. How- 
ever, because CaPP is absent in pulmonary and duo- 
denal secretions, the hypothesis that precipitation of 
the CaPP results in generalized obstruction of body 
passageways in patients with CF [lo] is no longer tena- 
ble. Other calcium-macromolecule interactions, as yet, 
have not been excluded as pathogenetic factors in CF. 

A strong interaction between CaPP and hydroxyl- 
apatite suggests that this protein may normally bind to 
the enamel of tooth surfaces. Indeed, a protein with 
electrophoretic migration identical to that displayed 
by CaPP is found in tooth scrapings solubilized with 
EDTA [12]. In  view of the acid resistance afforded 
enamel by dried salivary films [18], it is intriguing to 
speculate that CaPP acts specifically to protect tooth 
surfaces. If so, precipitation of CaPP in the saliva may 
prevent interaction with enamel surfaces and predis- 
pose patients with CF to more dental caries. Controlled 
studies are needed to establish the relative incidence of 
dental caries in patients with CF. The  relationship be- 
tween CaPP, elevated levels of calcium and phospho- 
rus in  SMS, and frequent calculus formation in  pa- 
tients with CF [32] also deserves further study. 

Summary 

A low molecular weight phosphoprotein, purified 
from human submaxillary saliva, can be precipitated 
in uitro by ionic calcium at basic p H  values. Condi- 
tions required for precipitation in vitro parallel those 

conditions which prevail in  stimulated submaxillary 
saliva of patients with CF and which result in  turbidity 
of this secretion. No alteration of saliva pH, CaPP 
concentration or CaPP structure could be found in 
submaxillary saliva of patients with CF to explain pre- 
cipitation of this protein. Increased amounts of cal- 
cium in CF submaxillary saliva appear to be primarily 
responsible for precipitation of CaPP. CaPP is secreted 
by salivary but not intestinal or tracheobronchial 
glands. Precipitation of this protein, therefore, does 
not cause the major obstructive manifestations of CF. 
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