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Physical-Chemical Mechanisms
That Affect Regulation of Crystallizetion

M.M. Reddy

.S, Geological Survey, Mail Stop 408, Denver Federal Center,
Lakewood. Colorado 80225

ABSTRACT

Minerals ol biological and geological importance
commonly exist as more than one polymorph or hydrate;
crystallization of these minerals and polymorphs may have
different pathways or mochanisms. Processes by which
organisms form minerals can be complicated by the variety
of mineral polymorphs and hydrates that may form,
teansform, and subsequently dissolve during a mineraliza-
tion reaction and by the presence of the original mineral
phase. Rates and mechanisms of mineral formation and
trans{ormation are regulated by conditions in solution and
atl the solwion-mineral interface. Thermodynanue factors,
such as solution pH, mineral-phase supersaturation, 1onic
strength, temperature, and the extent of ion association,
regulate crystallization. 1n addition, crystatlization processes
also may be regulated by the kinetics of the crystallization
reaction, which indicates an interfacial rate-determining step.
in the example of calcium carbonate, depending on
conditions, precipitation from a supersaturated solution
results in a variety of mineral polymorphs and hydrates
that have varying thermodynamic stabilities and reactivilies.
When a solution is only slightly supersaturated several
common inorganic and simple organic ions decrease the
calcite-seeded-crystallization rate. This rate decrease follows
a Langmuir adsorption isotherm indicating that the
mechanism of this process involves adsorption of these ions
at growth sites on the crvstal surface.

Introduction

In biological (Wheeler and Sikes [984; Bills 1985; Lowenstarn
and Weiner 1985), geological (Spencer e/ al. 1985), environmental
and technical processes (Reddy 1978) mineral crystallization has
important consequences. However, an area of uncertainty in
applying crystal-growth theory to processes occurring in these
disciplines is that the crystallization mechanism may not be well
characterized. Even though the number of possible mineral phases
that will form from a supersaturated solution may be few, several
different polymorphs may form, transform, and subsequently
dissolve during precipitation. The potential for a variety of different
solid phases forming simultancously or consecutively from a
supersaturated solution complicates the interpretation of
precipitation data and the description of crystallization
mechanisms. Nielsen and Chnistofferson (1982) propose that the
most appropriate way to study and understand mineral formation
in solution is by using kinetic techniques. They suggest that insight
into mineral-crystallization mechanisms is best developed by a

comparison of empirical rate laws and ahsalute reacthion raes
with theoretical considerations  derived  Tfrom well-developed
hypotheses.

Nancollis {1982) has reported that mixed mineral phases may
be caused by formation of vne phase on another in metatable,
supersaturated solutions, In other mineral svstema, & sequence
of unstable polymorphs form and subsegquently transform in a
supersaturated sobution (Bills 1985; Lowenstam and Weiner 1985,
Ogino et al. [987) For example, for the precipitation of calcium
phosphate minerals at ambiert empertures, diflerent caleiem
phosphate phases (arranged in order of increusing solubility:
hydroxyapatite. tricalcium phosphate, octacalcium phosphate,
and dicalcium phosphate dihydrate) may form depending on the
degree of supersaturation, ionic medium, and pH (Amgad 1987}
Slow formation rates Tor hydroxyapatite cause the formation of
less stable polymorphs, such as dicalcium phosphate dibydrate,
during spontancous precipitation of calcium phosphate rinerals
under physiological conditions. In the example of calctum
carbonate, calcite is the stable phase at ambicnt temperature and
pressure, but ather less stable polymorphs, such an aragonite,
may remain unaltered for extended intervals, Mineralization in
biological systems alse may involve complex orgamic matrix-
mineral interactions that may affect mineral form and reaction
kinetics (Wheeler and Sikes {984),

Calcium carbonate is a common constituent of hard tssues
of many biofogical organisms, geological matenals and sediments
in freshwater and saltwaier, Because of its presence and importance
in these media, the equilibtia and kinetics of the heterogeneous
reactions of calcium carbonate in aqueous solutions have received
extensive study (see for example Reddy and Wang 1980 and
references therein). However, many kinetic studies have used
solutions of much greater supersaturation than theose typical of
biological or geological environments; therefore resuits from such
investigations may not be directly applicable to natural
mineralization reactions,

This paper presents descriptions of the mechanisms that regulate
mineral crystallization and illustrate these mechanisms using
specific examples from studies of calcium carbonate. The focus
of the experimental results presented will be on mineral-reaction
kinetic data obtained in the author’s laboratory. A brief discussion
of the procedures used to characterize solution composition is
presented based on a thermodynamic-solution model.
Precipitation reactions in moderately supersaturated and
supersaturated solutions, the mechanism of calcium carbonate
(calcite) seeded crystallization from a metastable solution, and
the effect of inhibitor ions on the rates and mechanism of calcite
growth onto seed-crystal surfaces will be reviewed.

Factors Affecting Crystallization Mechanisms

Lattice-ion concentrations in solution substantially affect
crystallization mechanisms. The lattice-ion concentrations
typically are calculated from measured total-solution concentra-
tions taking into accoumt ion-association and acid-dissociation
reactions, and activity-coefficient terms. Typical thermodynamic
data used in the calculation of solution compesition are presented
in Table 1 for the solubility of calcite at 25 degrees Celsius, the
solubility of carbon dioxide in water, the dissociation of carbonic
acid, the dissociation of calcium carbonate and calcium
bicarbonate jon pairs, and the dissociation of water. In the
quantitative analysis of data from crystal growth expecnments
ard calculation of supersaturation values, 1t w important to
consider ion pairs as well as unassociated ions, For example.
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a calcite-seeded-growth cxPcrimcm containing a total calkium
concentration of 2.6 x 107" mole per liter and a total inorganic
carbon concentration of 42 x 107 mole per liter has substantial
concentsations of the calcium carbonate (0.308 x 107 moks per
liter) and the calcium bicarbonate (0122 x 107* moles per liter)
ion pairs (Reddy 1977}

Table 1. Thermodynamic constants at 25° Celcius for the
sytem CaCOjs - CO; - H;0

Reaction log K Souroe
CaCO; (Calcite) = Ca?* + CO»™ 8475 Sacobson and
Langmuir {1974)
COz + HA = HCO* -1.466 Harmned and
Dhavis (1943)
Hi(Oy* = B' + HCOy £.351 Harned and
Thavis {(1943)
HOOy = HY + 007 -10.330 Harned and
Scholes (1941)
CaHCO3 = Ca®' + HUOs LS Jucobson and
Eangmuir {1974)
al0y%: Ca®' « €O 3135 Reardon and
Langmuir {1974}
HaO = H' » OH -14.000 Heigeson {1969}

Solution Supersaturation

Minerut solubility (in convenient ugits of concentration) plotted
as a function of temperature may be divided into sones that
are above and below the saturation-concentration curve. In this

Supersaturated sclution
1} Metastable
[[] tabie

?;;\ [l Subsawratad

\ Unstable phase
Anhydrous
b - Hydrate
N ~=== Amgrphous

Concentration -
/’
s

it e RS
AT

i , - RS
Tamperature -

Figure ¢ Schematic diagram of dissolved mineral concentralion and saturation
conceniraion piotted av @ function of emperature (modified from Nancollas
and Reddy 1974). Mincral subsaturated- and supersaturated-solunan rones in
this diagram are defined by the mineral saturation concentration curve, Steady-
state solubilny saluranon concentration curves are shown for three
thermadynamically unstable phases of the munetal. The supersaturated solution
rone is further divided info subzones of metasiable and labile supersaturated
saluhons, deternined by the induction interval as described in the text,
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type of plot (Figure 1), the equilibrium concentration (i.c., the
solubility), the subsaturated-solution zone and the supersaturated-
solution zone of a thermodynamically stable mineral can be
schematically shown as a function of temperature. The solubility
of other thermodynamically less stable and, hence, more soluble
polymorphic torms of the mineral also can be shown on such
a plot. As shown in Figure [, the polymorphic solubilities Jecrease
as follows: thermodynamically stable phase < unstable anhydrous
phase <C unstable hydrate phase < unstable amorphous phase.

In the example ol calcium carbonate, the thermodynamically
stable phise 1s caliite, and there are two unstable anhydrous
phases — aragonite and vinenite. In addition, there are two unstable
hydrate phases — calcium carbonatle monohydrate and caleium
carhonate hexahydraie — and one reported amorphous phise.

Below the saturationconcentrabion cueve in Figure 1 solutions
are subsaturated solutions; that is, mineral crystals placed
solutions of this composition will dissobve. Solutions that have
a composition on the saturation-concentration curve are in
equilibrium, and mineral crystals placed in this solution remain
unchanged. If the solution composition is above the saturation-
concentration curve shown in Figure 1, the composition is within
the supersaturated-solution zone, and mineral will eventually form
on crystals placed in this solution.

Supersaturation, {2, is defined as the ion-activity product (i.c.
IAP) of the lattice ions of the mineral divided by the
thermodynamic solubility product of the mineral (i.e., Kep):

2 = [AP/Kap. (1
Supersaturation values are of major importance in defining the
pathway or mechanism of precipitation reactions in the absence
of a sohd mineral.

FThe solution-supersaturation zone is divided into two
operational subzones that reflect the time inmterval required to
form a solid phase in solution. These two subzones consist af:
1) metastable supersaturated solutions, and 2) labile supersaturated
solutions (Figure 1). In metustable supersaturated solutions, which
have supersaturation values less than about 10 in the case of
calcium carbonate, nucleation, in the absence of seed crystals,
of the stable phase does not occur for extended tme intervals
(as long as several days in some instances). In labile supersaturated
solutions, which have supersaturation values greater than about
20 in he case of calcium carbonate, nucleation occurs within
a well-defined time interval during solution formation or shortly
thereafter. This well-defined time interval, t,, is called the induction
interval, which can vary from a few seconds 1o a few hours.

Metastable supersaturated solutions of calcium carbonate can
be prepared with small supersaturation values; these solutions
are stable for 24 hours or longer. As illustrated in Figure 2 for
a metastable supersaturated solution, crystal growth will not
commence unless seed crystals are added. In the absence of
inhibiting ions, labile supersaturated solutions of calcium
carbonate with supersaturation values greater than 100 nucleate
within a few seconds, usually during the time of mixing.

Nugcleation

Nucleation processes illustrated in Figure 2 generally ooccur
when supersaturation values are greater than about 20.
Charactenstic values of supersaturation that can be used to
measure induction intervals vary among minerals; for caleium
carbonate, induction infervals can be measured for supersaturation
values that range from about 20 to about 80. A summary of
data for calcium carbonate nucleation experiments is shown in
Figure 3; particle number, the number of particles formed in
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each milliliter of solution (Figure 3A), and induction interval,
in minutes (Figure 3B), are plotted as a function of supersaturation.
Scatter in the particie-number and induction-interval results is
caused by heterogencous nucleation on the walls of the reaction
vessel and on submicrometer size particulates present in solution.
Nucleation rates, expressed as the number of particles produced
per milliliter per minute also can be used to evaluate calciutn
carbonate formation. At less than a critical supersaturation value
(a supersaturation value of about 10 for the data shown in Figure
3) nucleation rates are slow.

Calcium carbonate nucleation experiments may not clearly
identify prooesses (that is a direct path in Figure 2 from the
supersaturated solution to the solution at equilibrium) that regulate
crystal growth. This 15 difficult because there commonly are one
or more unstable phases that form in the initial supersaturated
solutions. For calcium carbonate precipitation scveral investigators
{Reddy and Nancollas 1976; Reddy 1986; Ogino er al. 1987)
have examined the initially formed calcium carbonate precipitate.
Scanning-electron-microscopic examination of the initial
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Figure 3. Cakium carbonate nucleation expressed as. A, the number of panticies
farmed during nuckeation per mililiter of solution plotted as o Toetien of the
supersaturation values of calcite; and B, the induction interval, in minuies, plotted
as a function of supersaturation values of calcite {Reddy 19%6).

precipitate indicates spherical particles with diameters that runpe
from several tenths of a micrometer 10 as much as | micrometer
(Reddy 1986). X-ray diffraction and optical-microscopy
measurements indicate that this material is amorphous calcium
carbonate.

Ogino er al. (1987} recently have published a careful
investigation of calcium carbonate precipilation processes In
supersaturated solutions. They have identified an amorphous
calcium carbonate, that has a solubility product of approximately:
107° (mole per liter)?, which forms during rapid precipitation
from supersaturated solutions and subseguently transforms to
a mixture of crystalline polymorphs within minutes. Specifically,
this amorphous calcium carbonate transforms either to the
unstable polymorphs of vaterite (at low tcmperatures) and
aragonite {at high temperatures) or to calcite; both polymorphs
transform to calcite through a dissolution-eeprecipitation
mechanism, The rate determining step in the dissolution-
reprecipitation process is the growth of calcite crystals.

Crystallization

In contrast to spontancous precipitation experiments, which
investigate nucleation and crystal-growth mechanisms in
combination (Figure 2}, the crystallization mechanism alone can
be studied using a seeded-crystal-growth technique (Rexidy 1983),
Puring a seeded-growth-experiment, seed crystals are placed in
a metastable supersaturated solution. These seed crwtals grow
at & rate defined by the solution composition. Spontaneous
precipitation in solution is avoided; the incorporation of growth
units on a crystal surface and the effect of additive ions on the
reaction rate can be reproducibly measured.



Calite seed crystals used in selected seeded-crystal-growth
experiments are about 10 micrometers on the edge, and are aged
in a seed suspension prior to use (Reddy and Gaillard 1981).
Most calcile soed crystals used in experiments described here have
uniform surfaces, and are free of irregularities. After addition
of the seed crystals to the supersaturated solution, there are changes
in the surface morphology of the sved crystals that correspond
to new crystal growth (Reddy and Gaillard 1981).

Sceded-crystal-growth experiments can be used ta identify
interfaciul-rate-Getermining processes, and the effect of additive
substances on the crystallization mechanisms. Coenditions for a
typical calcite sceded-crystal-growth experiment discussed here
were: temperature, 25 degrees Ceisius, pH, 8.72; total calcium
concentration, about 2.6 x 107" mole per liter; total carbonate
concentration, 42 x 107 mole per Jiter. A relatively small quantity
of total carbonate was present as free carbonate jons at this solution
pH. and the supersaturation vilue was 4.6 with respect to cakite.

In sceded-crystal-growth experiments {in the absence of growth
inhibitors), crystallization of fresh minerat begins immediately after
addition of the seed crystals and is accompanied by a
corresponding decrease in solution concentration. Experimental
results (Figure 4) illustrate that the tatal calcium concentration
in the solution decreases from 2.6 x 107 mole per liter at the
start of the experiment 10 | x 107 mole per liter at the ¢nd
of the expenment. During the crystallization reaction, there is
a carresponding change in pH of the solution that is plotted
as a function of time, in minutes, in Figure 4. The rate of reaction
is equal to the slope of the 1otal calcium concentration as a function
of time curve at any particular time.
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Results of seeded-crystal-growth experiments can indicate the
clfect of additive ions, such as magnesium ions, on the
crystallization process. The change in solution calcium
concentration as i function of time for seeded crystallization in
the presence (upper curves) and absence of magnesium ions (lower
curve) 1 plotted in Figure 4. As magnesium ion concentration
increzses from 107 to 107 mole per liter, there is a concomitant
decrease in the caleite-crystal-growth rate,

A number of rate equations have been proposed for the analysis
of calaite crvstallization kinetics (Reddy 1977, Smallwood 1977,
Reddy ¢t al. 1981 Inskeep and Bloom 1985; Compton and Daly
1987, House and Donatdson 1986; House 1987} In these
mathematical expressions, the rate of crystal formation, which
i5 the change in crystal mass with time, 5 related to a product
of terms; each term in the rate equation correspending Lo a process
or factor that regulates the crystallization reaction. These terms
are: {11 the cryvstallization rate constant k, which is a kinetic factor:
(3) 1he surface arca term, s; and {3) a term for the chemical
driving force, which is related 1o the difference between the actual

f

solution concentration and the equilibrium value for the mineral
being crystatlized. This term for the chemical driving force is
raised 10 a power greater than unity (to the second power in
the example of a parabolic rate law, Nieisen 1981) in crystal-
growth processes that have a surface-reaction-rate determining
step.
]Elielsen (1987) has classified the mechanisms that control the
growth rute of electrolyte crystals in agueous solutions. Linear
kinetics originate when crystal-growth rates are controlled by
transport through the solution or by adsorption at the crystal
surfuce. Conversely, parabolic kinelics originate when the crystal-
growth rates are controlled by the integration of growth units
at kinks on the crystal surface.

For the growth of calcite seed crystals at pH 8.8 and fixed
wonic strength, the change in total calcium ion concentration with
time follows a rate expression of the form:

dN/dt = -k s N 2
where N is the quantity of calcite to be precipitated from solution
to reach eyuilibrium; k is the crystal-growth-rate constant; and
s is the concentration of seed crystal that is proponional to the
surfuce area available for growth.

Mullin (1972) has described a crystallization parameter,
“theoretical crystal vield” that is equivalent 10 N as defined above.
The experimental value of N is determined by calculating the
difference between total calcium concentration in the solution
and the value for that term at equilibrium calculated from the
calcite solubility product, the solution pH, and the total carbonate
concentration. An integrated form of equation 2 is convenient
{or analysis of the expenmental results:

N -Ng = kst (3
where N is the quantity of caleite to be precipitated {rom the
supersaturated solution at the onset of the crystallization reaction,

The rate function (equation 3), which is a linear function of
time, can be plotted so that the slopes of the lines are proportional
to the rate constant k (Figure 5). For calcite growth in presence
of magnesium ions, plots of the rate function are linear with
time, which is in agreement with the proposed rate law. In the
absence of magnesium ions, the rate-function plot has the largest
slope and, correspondingly, the largest rate constant. As the
magriesium ion concentration increases, the best-fit slope values
and the rate constant for crystal growth decrease.
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Figure 5. Plots of the integrated rate function as a function of time los growit
of cakite seed crystals in the presence and absence of magnesium ions. Mola
concentrations of added magnesium ions are indicated at the end of the curve
{Reddy and Wang 1980).



The rate of calcite crystallization in the presence and absence
of magnesium ions is consistent with eguations 2 and 3. and
with an interfacial rate controlling process. This indicates that
the rate determining step in calcite-crystal growth involves the
incorporation and dehydration of an adsorbed, partially hydrated
calcium carbonate species into the crystal at a growth site on
a crystal surface,

Rate constants for calcite-crystal growth for a range of
magnesium ion coacentrations indicate the crystal growth
inhibition eflect (Figure 6). There is a substantial decrease in
the calcite-crystal growth-rate constant as the magnesium ion
concentration increases.

10 T T T T
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Figure 6. Calcite crystallization reduced-rale constanl (ki ko) as a [unction of
the concentration of magnesium jons in solution (Reddy 1986).

Adsorption mechanisms commonly have been used to describe
growth-rate decrease by added substances. A Langmuir adsorption
isotherm model, for example, (Reddy 1977, Reddy and Wang
1980} yields equation 4, which relates the change in the crystal
growth-rate constant 10 the additive ion concentration.

ko (ko- )™ = 1+ { A/O) )

In equation 4, the first rate constant, ke, is that for a pure
supersaturated solution. The second rate constant, k, is the rate
constant in the presence of added ions. The first term, A, is
a constant related to the rates of adsorption and desorption of
the added ions. The second term, C, is the concentration of the
added ions in solution. A plot of the Langmuir rate-function
term as a function of the reciprocal of the magnesium ion
concentration has a linear relation with an intercept of almost
unity that supports the use of the Langmuir model 1o describe
the inhibition effect of magnesium ions (Figure 7). This inhibition
effect indicates that magnesium ions decrease the growth rate
of calcite crystals through an absorption process at growth sites
on the crystal surface,
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Figure 7. Langmuir isotherm plot of Ke/{kek) as a function of the reciprocal
of the added magnesium ion concentration in solation for calcite seeded
crystaliization {Reddy [986).

The surface mechanism for caleite crvstallization im ol
incorporation of hydrated calcium species absorbed vn the crvstal
surface at a growth site. For calcitecryvstal growth in the presence
of magnestur ons, a magnesium ion bevomes adsorbed at the
growth site. Because ionic debydration after adsorption of the
incorporating unit at 4 growth site is considered (0 be the rate
determining step in calcite-crystal growth, the greater hvdration
cnergy of the magnesium ton in comparison to that for the calcium
ion causes slower ion dehydration ar the growsh site. which
decreases the overall calcitecrystal growth rate.

The effect of other wns on the calcite-crystal-growth mechanism
has been studied using the seeded-growth techniyue. For example,
glycerophosphate, a phosphorus containing on in the terrestrial
environment, and orthophosphate have been examined in detail
{Reddy 1975, 1977). Glyceruphosphate and phosphate ions have
caloite-crystal-growth-inhibition characteristics that are consistent
with the Langmuir absorption isotherm model, which indicates
that caicite-crystal-growth inhibition by these ions is caused by
absorption at growth sites on that crystal surface.

One of the requirements of the Langmuir absorption model
1s that the adsorbed ion does not incorporate into the crvstal,
This requirement can be tested, for exumple, by measuring the
phosphate concentration in a supersaturated solution duning a
calcite-crystallization experiment. When these measurements were
made in the experiments described above, the phosphorus
concentration remained unchanged. Phosphorus ions were aot
incorporated into the growing calcite crystals in substaniial
quantities, rather these ions function as a surface inhibitor by
blocking the calcite- erystal growth sites {Reddy 19%0).

SUMMARY

Mechanisms that regulate crystallization processes, for growth
onto seed crystals in a metastabie supersaturated solution, have
been much more clearly defined than those for spontaneous
precipitation. In the instance of calcite crystallization from a seeded
supersaturated solution, the rate limiting step is a surface-
controlled reaction. A Langmuir absorption mechanism describes
the measured calcite-crystallization-rate decrease {or several
additive ions discussed in this paper (magnesium, phosphate, and
glycerophosphate ions). There is an absence of mineral phases
other than calcite during the calcite seeded crystal growth in the
presence of phosphate and magnesium ions when supersaturation
values are small.

Crystallization mechanisms can vary substantially for several
minerals that are involved in biomineralization. Supersaturation
values, when large, cause the formation of complex mineral
polymorph and hydrate mixtures that may transform or dissolve
or both as the solution compositi. 1 approaches equilibrium with
the thermodynamically stable phase. At the present time, there
Is a general outline available for describing the precipitation of
several biominerals {lLe., calcium carbonates and calcium
phosphates). However, much additional reseuarch is needed to
identify the effect of organic substances on mineral transformations
in biomineralization processes.
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ABSTRACT

Recent studies of the proteins of the organic matrix from
the CaCOs shell of bivalve molluscs suggest the following
as working hypotheses as to the correlation between matrix
structure and function: (1) the primary structures of matrix
molecules are critical to understanding their function in
regulating shell mineral growth; (2) the degree of
phosphorylation of matrix proteins may be in part
responsibie for control of mineral structure; (3) much of
shell matrix is made up of similar structures or subunits
and it is the deployment or higher order organization of
these subunits which dictates their function in shell
formation; and {d) the primary mechanism by which matrix
initiates, regulates and limits mineral growth is through
adsorption 1o growing crystals or crystal nuclei.

Introduction

One of the most abundant and conspicuous biominerals is
the CaCQj3; molluscan shell. Because of the ease in obtaining
large quantities of material and the theorstical accessibility of
the mineralizing compartment, these systems are in many ways
ideal for studying extracellular organic matrix-mediated
mineralization. However, because of the natural tendency for
research to develop around veriebrate systems, relatively less is
known about matrix in any such carbonate system when compared
to their mechanistic counterparts from calcium phosphate
structures such as teeth and bone. Cur long term goal is to
understand the relationship between the structure of moiluscan
matrix molecules and their function in regulating
biomineralization, In this contribution we will present a brief
summary of the isclation and some functional analyses of matrix
proteins and then emphasize preliminary structural analyses we
have performed on the proteins.

Isolation of Matrix

We have focused largely on the matrix extracted from one
organism, the common oyster Crassostrea virginica, The shell
of this bivalve is composed of two principal microstructurally
distinct mineral layers, an outer prismatic and an inner foliated
(caleitostracum; pseudonacre). Both layers are calcitic, with the

mner layer constituting the majority of the shell structure, In
addmgm to these microstructures, the shell contains varying
quar?ut:es of slructurg]ly less well defined chalky caleite and
relatively small quantity of aragonitic myostracum which forms
under the adductor muscle. The ofgame outer covering of
moliusc.:an_ shells, the periostracum, appears to be absent from
the majority of the surface of the shells we use (Galstofl (964),
especially following cleaning of the shells. Although generaliv we
do not separate shell layers before isolation of the mateix from
the oyster shell, it is very likely that the principat protein classes
would be present in and largely derived from the foliated layer,

EDTA is used to dissolve powdered shell and the resulting
extract is framonated into soluble and insoluble matrix upon
centrifugation. Specifically. shell [rom freshly-shucked animals i
scrubbed free of adhening organisms and debris. crushed in a
press and the centimeter pieces powdered in a harmnmer mill.
Approximately 100 g of mineral is dissolved by rotating the powdet
contained in a 10-12 kDa dialysis bag at 68 cpm in 8 [ of
10% EDTA, pH 8.0. The mineral dissolves relatively rapidly (2-
3 days), albeit siower than if the powder were in the bulk sofution.
However, the resulting volume of the extract using the dialysis
method s only 100-200 ml, which facilitates processing in the
remaming steps.

The contents of the dialysis bap are fractionated according
to the scheme in Fig. 1. The centnfugation step (27000 xg, 30
min.) separates a biphasic insoluble matrix (1M) pellet from the
soluble matrix (SM) in the supermatunt. The upper. viscous,
translucent layer of the pellet (light TM) can be separated by
repeated centrifugation steps from the dark, nearly particulate
lower pellet {dark 1M).

The supernatant s dialyzed by a tangentiad flow system
(Millipore, Minitan) using 10 kDa nominal pore size membranes.
This method seems to be more effective for ebminating EIYTA

EDTA Extract
Centrifugation
Pellet Supernatant
Insoluble Matrix Soluble Matrix

Sephacryl

Lower Upper Gel Chrematography

Dark Light

SEI SEl
High MW Low MW

Reverse phase HPPLU

Hydrophilic Hydrophilic
RP-1 RP-2 RP-3

Fig. 1. Abbreviated flow diagram for fractionation of oysier matnx. Whole
demineralized extract is centrifuged at 27 000xg for W min resulting in a hiphasic
inscluble matrin peliet and the soluble matrix in the supematant The solubk
matrix is chromatographed on Sephacryd §-300 which climinites any resdual
EDTA and fractionates the SM into high (SEL and low {SEI maolecular \atlghl
¢classes. Upon further chromatography with gradient reverse phuse HPLC. SEN
is subfractionated into three classes of protein, These lractions are cankd accarding
to the order in which they chite from the column as: RE-1 tmost hydrophalic).
RP-2, and RP-3 {most hydrophobic). Most of RP-2 will resolve into RP-1 and
1 upon rechromatography, indicating that this intermediate class Tesuits from
an interaction hetween the other 1wo classes.



tional dialysis. In fact, the evidence suggests (Whee_]er
%?;S\g]nthm associations between EDTA and matrix proteins
can occur, making complete removal of the chelator difficult.
All EDTA can be removed by this systeny; however, chroma-
tography can be used to effect removal of any final residue as

“'lthc SM has been fractionated by numerous chromatographic
methods including gel permeation, ion exchange and reverse phgse
(Whecler and Sikes 1989), giving repeatable fractions of increasing
hotmogeneity and incrcasin‘g activity in crystal gomh assays. Upon
gel permeation, two mam Classes of proten appear, a high
molecular weight (> 500 kDa) identified as SEI and a lower
molecular weight class identified as SEIl (M. range of entire
peak 15-500 kDa). SEIl is considerably more active than SEI
in mineralization assays (Whecler e¢ ai . 1988) and this fraction
has been studied in some detail and subjected to further
fractionation by ion exchange and reverse phase. Reverse phase
HPLC subfractionates SEII into two definitive classes of proteins,
one highly hydrophilic (RP-1) and one relatively hydrophobic
(RP-Y), and & third class which appears to result from an
interaction between the other two (Fig. 1). The highly hydrophilic
{RP-1) class is also the most active in mineralization assays and
has been studied in some more detail than the more hydrophobic
material,

Function of Matrix

A partial Ist of generally recognized matrix function in
hiomineralization would include nucieation (initiation) of crystal
growth, limitation {inhibition) of crystal growth and control of
crystal microstructure and mineralogy, Relevant to those
functions, we have examined SM isolated from oyster in a number
of ways. For exampie, the efficacy of test molecules as inhibitors
of crysial growth are evaluated in a variety of in vitro assays
{sec also Sikes and Wheeler, this volume). One such in vitro
assay 5 a simple pH-stat method (Fig. 2) in which the rate of
buse titration is auto-adjusted to keep pH constant as crystals
grow according to the overall equation:

Ca* +HCO™3 = CaCO ™3 + H',

After an initial control growth period, a test molecule is added
to the solution of growing crystals. As can be seen in Fig. 2B,
as the dose of SM is increased, the rate of growth declines.
Replotting the results as the ratio of inhibited to control growth
rale versus concentration of inhibitor (Fig. 2C), one can
characterize any inhibitor by the extrapolated concentration
required to give 507 inhibition (Iso).

A number of matrix fractions and synthetic analogs have been
tompared using this and related techniques with the assumption
that the eﬁil:acy in this assay reflects the propensity of test
H}lﬁeg:ulcs_ 0 interact with crystals or crystal nuclei in
:;‘:ar;lniiriuatl;):& In fact, radio-labeled matrix molecules in these

} (5 adsorbed to (and possibly incorporated within) growin:

';:f}‘lals (Sikes and Wheeler 1986; W‘l’-lpae]er and Sik)mgrl989f
urther, the morphology of crystals grown in the presence of
:r;atn;o 15 aitered dramatically compared to the regular
m‘;%ikx?;;ifrystals which form in comtrol assays (Wheeler
e o o
of the spicule of y‘ mining the rate of mineralization
sup [icdsp "% ol sea urchins in the presence of exogenously
Thepresulgysfler {and other) matrix (Sikes and Wheeler 1986).
culture meg' these studies show that matrix present in the embryo
um can reduce the rate of spicule mineralization
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Eig. 2. Inhibition of CaCOs crystal growth in vitro. A. Representative pH-
stat inhibition experiment. To initiate crystal growth, 125 pi of 2 M CaClz was
added to 25 ml of medium containing 10 mM inorganic carbon and 500 mM
NaCl, pH 845 - 85). After the initial decrease, the pH was held constamt at
.30 £ 0.02 by auto-titration of 0.5N NaOH. In cach case inhibitors were added
at the level of crystal growth equivalent to 25 gmel of NaDH titrant. In this
case the inhibitar was SEIl at a final concentration of 0.75 pg ml”' on the
basis of Lowry protein weight. B. Series of pH-stat inhibition experimenis for
vanous concentrations of an SEII fraction. Note, no inhibition of growth ocoured
at 0.25 pg m!" bui inhibition was complete at £.0 gg mi”. C. Example of
method for determining conocentration of inhibitor required for 509 inhibition
{Iso) of crystal growth in pH-stat experiments. For each concentration in (B),
the raie of erystal growth immediately following addition of the inhibitor was
divided by the rate immediately preceding addition of inhibitor. These ratios
were plotted as a function of the inhibitor concentrations and the extrapolated
concentration for a ratio of 0.5 is 1aken as the Iso (Wheeler ef af . [988).



through access to and adsorption on the biominerul. In fact,
the matrix quantities per unit weight of biomineral which result
in significant inhibition in vivo are remarkably similar to those
quantities adsorbed per unit weight of calcite required for
inhibition in vitro.

Soluble Matrix Primary Structure

We have attempied to determine structural features of the oyster
matrix molecules that ultimately may give some clue as 1o their
functional properties. In this approach, we have first attempted
to partially determine the primary structure of the most active
fractions of soluble matrix with respect to nhibition of
crystallization.

As has been reported for many other molluscan soluble matrix
molecules, the amino acid composition of RP-1 is made up larpely
of three amino acids: serine, aspartic acid and giycine. What
has not been generally recognized for carbonate matrix is that
the serine is mostly phosphoserine, much like the phosphoproteins
extracted from bone and dentin, {e.g., see Butler 1987).

One prominent current hypothesis suggests that these
polyanionic proteins have the aspartic acids deployed in such
a way as 1o provide some kind of template onto which crystals
may initiate and grow (Weiner and Hood 1975; Weiner and Traub
1984, Mann 1988). The purported preferred spacing is -Asp-X-
Asp- with X being largely serine or glycine. The data supporting
this conclusion comes from single time point hydrolyses of matrix
molecules in dilute acid {e.g., Weiner and Hood 1975; Weiner
1983), a treatment which theoretically can be relatively specific
for peptide bonds on both sides of aspartic acid residues.

Using this approach, we have hydrolysed RP-1 using formic
acid at pH 2.0 (Inglis 1983). The results showed that the rate
of release of aspartic acid far exceeds the release of senine and
glycine together {Fig. 3; Rusenko et af in prep.). Therefore, it
would appear that -Asp-X-Asp- is not a prominent arrangement
otherwise the release of X (serine and glycine) would more nearly
match the release of aspartate. Rather, it can be hypothesized
that much of the aspartic acid is deployed in runs of polyaspartic
acid.
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Fig. 3. Release of amino acids from an oyster soluble matrix fraction (RP-1}
by treatment with formic acid. This fraction was incubated for various ume
intervals in formic acid (pH 2.0, approx. 29¢) at 108%C. This treatment is relatively
specific for peptide bonds on either side of aspartic acid residues. The iberated
amino acids were dabsylated and identified by reverse phase chromatography.
Valuey are plotied as means of hydrolysates [rom different matrix preparations
with standard deviations shown for aspartic acid values only (n = J 10 4).

The idea that most of the aspartate exists as polyAsp in the
natural material is supported by studies in which matrix analogs,
such as those containing repeating sequences of-Asp-Gly-Ser-,
were hydrolyzed (Rusenko ¢7 af., in prep.). In this case, in addition
to release of the Gly-Ser dipeptide, significant Gly and Ser were
aiso reicascd. This finding indicates that the Gly and Ser released
{from natural matrix may be due in large measure to hydrolysis
of peptide bonds other than those involving aspartate. Further,
the absence of Gly-Ser (or Ser-Gly) dipeptides i matrix
hydrolysates reduces the possibility that scquences such as -Asp-
X-Y-, with X or Y being either serine or glycine, dominate matrix
molecules such as RP-1,

Finaily, in both inhibitor studies (see also Sikes and Wheeler,
this volume) and studies involving direct measurement of
adsorption of peptides to crystals (Wheeler ef @/, in progress),
polyaspartate interacts better with calcite crystals than peptides
with other sequences. For example. a typical 1so value in the
pH-stat assay for polyaspartatc or RP-1 would be less than |
HE ml~" whereas for peptides containing -Asp-X- it would be
approximately 1 pg ml™" or greater and for those containing
-Asp-X-Y-, in many cascs, it would be several times higher.

Interestingly enough, the residues resulting from the dilute acid
hydrolyses contain both hydrophilic and hydrophobic fragments
as determined by reverse phase HPLC (Rusenko ef af . in prep.).
These fragments persist even after the maximum release of
aspartate has occurred, In addition, the fragments remain highly
phosphorylated. These findings taken collectively suggest that
phosphoserine may be deployed in separate domains from aspartic
acid.

The persistence of hydrophobic fragments in the hydrolysates
suggests that domains including mostly hydrophobic amino acids
are present in RP-1, an interesting observation given the low
percentage of these amino acids in the overall composition of
the protein. Using a vanety of carboxypeptidases to hydrolyze
RP-1, we have determined that one of these domains may well
be at the carboxy terminus of the protein (Rusenko ef a@f. in
prep.). The significance of such a domain for the activity of a
matrix protein is discussed in the following paper.

To summarnize, the following hypotheses regarding the primary
structure of RP-1 from oyster matnx can be proposed:

1) Aspartic acid is deployed more as polyAsp than as -Asp-X-
or -Asp-X-Y-.

2) Phosphoserine may exist in discrete domains.

3) Hydrophobic domains exist, with one possibly located at the
carboxy terminus,

Phosphorylated and Non-phosphorylated Matrix

Our identification of phosphoprotein soluble matrix from a
calcium carbonate structure such as oyster shell bears {urther
examination, Although as mentioned above, matrix phospho-
proteins ar¢ common in phosphate mineral and have been
identified in at least one other carbonate system {Veis er af. 1986),
they do not appear to be ubiguitous in calcified biomineral.
Specifically, a survey of shells and shell layers having different
mineral microstructure reveals that only the SM (SEID from
foliated calcite was highly phosphorylated (Borbas ez al. in prep.).
The matrix from the more primitive aragonitic layers and calcitic
prismatic layers contained little or no phosphate.

The general correlation between shell structure and degree of
matrix phosphorylation suggests that the matrix-phosphate may
be significant for regulating the morphology of carbonate by an
as yet undetermined mechanism. This general conjecture i3
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supported by the fact that low phosphate matrices and
dephosphorylated oyster matrix are much less effective
guantitative regulators of calcite growth in vitro (higher lso
in the pH stat assay) than phosphorylated matrix from oyster
or scallop.

Perhaps even more interesting than the quantitative results are
some more ¢ualitative observations on in virre crystal growth
behavior in the presence of phosphorylated and non-
phosphorylated matrix, For example, pH stat assays were
compared in which the initiaj level of inhibition of crystal growth
for various matrices was nearly identical (Fig, 4). If the crystal
growth was allowed to continue, it was clear that dephosphorylated
oyster SEI} loses inhibitory activity very quickly. however,
phosphorylated matrix retains inhibitory activity even as carbonate
continues to accumulate. The mechamsm underlying this
phenomenon s unknown.
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Fig. 4. Comparison of the effect of phosphorylated and dephosphorylaled matrix
on crystal growth in the pH-stat assay. Conditions for the assay are as described
in Fig. 2. In this figure, the time scale indicates mimutes after crystal growth
initation. Again, matrix was added a1 25 pmol of hase titrated {CaCQs
precipitated). The matrices represented are the low molecular weight fractions
{rom Sephacryl chromatography (SEIL Fig. 1. Appropriate doses of untreated
and alkaline phosphatase dephosphorylated oyster matrix were chosen to provide
an equivalent level of initial inhibition. It is clear that the untreated oyster matrix
retains inhibitory activity at a quantity of calcium carbonate accumulation for
which the oyster matrix without phosphate stants to lose activity (Borbas et
af . m prep).

In general, our observations to date regarding bivalve matrix
phosphate can be summarized as: 1) High matrix phosphate s
correlated with specific calcitic microstructures. 2} A correlation
exists between matrix phosphate content and enhanced inhibition
of calcite crystal growth in vitro.

Insoluble Matrix

The general notion about the function of TM is that it is a
structural framework 10 which the soluble matrix attaches {e.g.,
Degens 1976; Weiner ef al. 1983). We have made a number
of observations un 1M that bear on this general hypothesis.

Upon amino acid analysis of crude matrix fractions (sec Fig.
b, we find that much of matrix, including low molecular weight
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SM (SEIl), high molecular weight SM (SEI) and Light IM are
similar both in composition and in the ratio of charged to non-
polar amino acids (Table 1). However, dark 1M is dramatically
different m composition from the rest of matrix and overall is
a much more hydrophobic protein. In addition, the dark M
contains DOPA residues which are absent from the rest of matnx.
Possibly these latter residues are involved in cross-links (Wheeler
er al. 1988) which, working together with the general
hydrophabicity of this form of matrix, would make dark M
an excellent candidate for the structural framework.

Table 1. Selected Amino Acid Composition of Oyster
Matrix Fractions!

Amino Acid Soluble Matrix  Insoluble Matrix
SEI SENl  Light Dark
(HMW) (1L.MW)

ASP 288 302 258 8Y

SER 216 221 201 102

GLY 285 292 334 228

ALA 18 16 14 246

DOPA 0 0 0 4

TOTAL CHARGEID» 366 N 343 167
TOTAL NON-POLAR! 89 75 2 A4

Ratio of Charged to Non-polar Residues
4.1 49 42 04]

iResidues per thousand

ZSum of aspartate, glutamate, histidine, lysine and arginine
residues.

3Sum of proline, alanine, valine, methionine, iscleucine, eucine
and phenylalanine residues.

The similarity among the other fractions of matrx extends
beyond the amino acid composition. For example, if light 1M
or SEI are treated with dilute base, concomitant with reduction
in the molecular weight of these fractions, the lso of the various
treated fractions in the pH stat assays approaches that of SEII
(Wheeler er ¢f. 1988). This finding sugpests that there are functional
components of similar primary structure in all thesc matnx
materials. The possibility of such a structural homogeneity is
further supported by the fact that dilute acid hydrolysis ol SEI
or Yight IM results in a pattern of amino acid release nearly
identical to that described above for RP-1 (Rusenko ef af. in
press).

If the majority of the components of matrix are similar in
primary structure, differing largely on the basis of molecular size.
then it may be that subunits of matrix are incorporated into
larger entities, and as they do so, their function in regulation
of mineral growth may change. The idea that similar matrix
molecules can express different functions in a cycle of
mineralization has been offered repeatedly (e.g., see Crenshaw
and Ristedt 1976; Wheeler and Sikes 1984). An hypothesis as
to how our findings would fit with such an idea is outlined in
Fig. 5.
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Fig. 5. An hypothetical scheme for the cycle of muneralization in matrix-mediated
maolluscan shell layer formation. In this diagram, the dashed lines represent the
negative changes on maltrix proteins such as found in SM and light iM. Initiation
of a new crystal layer: Nucleation sites exist as part of the [M structure. Here
nucleation 15 shown as the result of matrix stabilizing crystal nuclei rather than
through calcium binding (Wheeler er of . 1987). Control of crystal growth: Crystals
grow under the influence of anionic matrix, here depicled as regulating lateral
growth. Limitation of crystal growth: Because anionic matrix malecules are
excellent inhibitors of crystal growth, it is not difficult to appreciate that their
adsorption to crystal surfaces could terminate the growth of the mineral. Matrix
maturation: Here incorporation of subunits of dark 1M {structural) precursors
and additional anionic SM-like components into higher molecular weight entities
(SEI, light IM) results in the finai form of interlamellar matnx including sites
for initiation of the next cycle of crystal growth,

Conclusion

In summary, our studies support the general working hypothesis
that matrix function in the regulation of mineralization in situ
depends on the primary structure of the protein subunits, the
deployment of the subunits, and their organization into higher
order structures. In any case, it appears that the fundamental
process by which matrix controls crystal growth is through
adsorption 1o growing crystal surfaces.
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ABSTRACT

Oyster shell matrix and other protein inhibitors of crystal
formation have polyanionic and hydrophobic domains,
often at separate ends of the molecules, The polyanion-
hydrophobe (PAH) hypothesis states that the polyanionic
region adsorbs to the mineral surface, stopping mineral
formation there, and the hydrophobic region extends from
the surface, disrupting diffusion of lattice ions to the surface.
Evaluation of the PAH hypothesis using synthetic peptides
composed of polyaspartate and polyalanine regions
demonstrated that an hydrophobic terminus did in fact
enhance inhibition of CaCQj crystallization by the peptides.
The primary effect was on crystal nucleation rather than
crystal growth. A polyaspartate molecule of 40 residues
appeared to be the optimal size for inhibition of crystal
nucleation. Ordered copolymers of Gly-Asp, Ser-Asp, and
Gly-Ser-Asp were not very cffective inhibitors of
crystallization.

Introduction

Our recent studics have focused in part on understanding the
chemical and structural requirements for inhibition of
crystallization by polypeptides and other polymers. A number
of natural proteinaceous inhibitors of caicium carbonate and
phosphate formation have been studied, including the oyster shell
matrix (Wheeler and Sikes 1984, 1989; Sikes and Wheeler 1983,
1986: Wheeler et af. 1981, 1987, 1988), salivary proteins
{Schlesinger and Hay 1979, 1986, Wong ¢/ al. 1979, Wong and
Bennick 1980), acidic bone and dentin proteins (Poser ef al. 1980;
Butler e al. 1983; Wasi et al. 1985; Oldberg et al. 1986; Prince
et al. 1987), some fossil proteins from foraminiferans (Robbins
1987, Sikes and Robbins, unpubl), and a spicule protein from
sea urchins (Benson et al. 1987; Sikes and Benson, unpubl.).
Each of these proteins has distinct polyanionic and hydrophobic
domains. For example, both the salivary protein statherin (Hay
et al. 1979) and the most active inhibitory component of the
oyster shell matrix (Wheeler e af. 1988, Rusenko 1988) have
polyanionic N-termini, including both aspartatc and phospho-
serine residues, and hydrophobic C-terminal regions.

In the case of statherin, there are 43 residues, with the first
five at the N-terminus anionic (H-Asp{PSer)z«{Glu)z-) and the
last two-thirds of the molecule hydrophobic {Schlesinger and Hay

1979). Interestingly, while the anionic region alone gave maximal
inhibition of calcium phosphate crystal growth, both the amonic
and the hydrophobic regions were necessary for complete
inhibition of crystal nucleation (Hay er af. 1979). This led to
the hypothesis that statherin disrupts crystallization in two ways:
1) the negatively-charged pant of the molecule adsorbs ontao crystal
surfaces, blocking further growth and 2) the non-polar,
hydrophobic portion creates a region around crystal nucle through
which lattice ions can not readily diffuse. The purpose of this
paper is to report a partial evaluation of this hypothesis about
the action of polyanionic-hvdrophobic proteins.

Methods

Synthesis of peptides. An automated, solid-phase peptide
svnthesizer ( Applied Biosystems, Model 430A) was used to prepare
peptides. A family of polyaspartate molecules ranging i size from
Asps (0 Aspeo was synthesized by repetitive couphngs of ¢-Boc-
L-aspartic acid residues with S-carboxyl protection by O-benzyl
linkage. A C-terminal residue of 0.5 mmole was preloaded on
a resin of a polymer of styrene cross-linked with 1% of
divinylbenzene, The C-terminal amino acid was linked to the
resin via a phenylacetamidomethyl (PAM) group. Peptide bond
formation was promoted by use of dicyclohexyl carbodiimide
and formation of symmetric anhydrides of the incoming amino
acid. At the appropriate times during a synthesis, a subsample
of the peptide-resin was taken to provide the desired size of the
polyaspartate, then the synthesis was allowed 10 continue to
produce the next larger size, and so forth until all desired sizes
had been synthesized and collected.

The same procedure was followed in synthesizing a family
of aspariatess alanine, molecules ranging from AspisAlaz to
AspisAlase. In this case, t-Boc-L-alanine residues were used. For
peptides containing serine or glycine residues, t-Boc-L-serine-0-
benzyl and t-Boc-L-glycine were used.

In all cases. coupling efficiency of cach residue was checked
by automated sampling of peptide resin for measurement of
unreacted free amine by the ninhydrin method (Sanin er al. 1981).
Coupling efficiencies routinely were greater than 99% per cycle
of synthesis.

Following synthesis, peptide-resin was repeatedly washed with
methanol then dried and weighed. Then peptides were cleaved
from the resin using a modification of the trifluoromethyl sulfonic
acid (TFMSA) procedure, with precautions taken to prevent
aspartimide formation. (Bergot e /. 1986). For [00 mg samples,
peptide-resing in a scintillation vial were treated for 10 minutes
with 150 14 of anisole to swell the resin, making it more accessible
for reaction. Then 1.0 ml of neat trifluoroacetic acid (TFA) was
added with magnetic stirring and allowed to react for 10 minutes.
Next, 100 g1 of concentrated TEFMSA (Aldrich Chemical Co.)
were added with cooling using an ice bath, followed by cleavage
of the peptide from the resin at room temperature for 30 minutes.
For cleavage of other amounts of peptide-resin, the amounts
of reagents used were changed proportionally.

Following cleavage. 20 ml of methyl butyl ether (MBE)
{Aldrich) were added to the vial to insure precipitation of the
peptide, which already was relatively insoluble in the acidic reaction
medium due to the acidic nature of the peptides. After stirring
for 1-2 minutes, the entire slurry was passed through a 4.25 cm
glass fiber filter (Fisher G4) using a filter funnel and vacuum
pump at 13 psi, This removed the TFA, TFMSA, anisole, and
any soluble reaction products, leaving the cleaved peptide and
resin on the filter. After washing on the filter with 100 ml of
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peptide was extracted into a clean, dry flask with
?;Bmﬁl. ;lftNazCOS ©.02 M, pH 10.2), using 5 successive rinses
of 2 ml, with at least 1 minute extraction on the filter prior
to applying the vacuum each time. Using this procedure, the
filtrate con i the SOI“bﬂm wpudes h?j pH‘ yalum .>5-
mrmmtewasﬂwndialyzndtmmgmngagamtzmem

water for 2 hours using dialysis t_ubmg (Spectrapor,
nominal MW cutoff of 1000 daltons). The dialysate was frozen
and Iyophilized, yielling white flakes or powders, The average
yield of the peptides was 40%. .

Following isolation, punty of the peptides was checked by
high performance ki uid chl_-omatography (Varian 5500 LC) using
gel permeation columns designed for separations of peptides (Toya
SodaZ(Il)SWandMPWXL). Single, sharp peaks at the
appropriate MW were obtained. Because the peptides were
isolated partially as sodium sals, the sodiwm content was
determined by atomic absorption (Perkin Elmer model 360).
Sodium levels typically were less than 5% by weight. Arounts
of peptides reporied were corrected for sodium content.
Concentrations of pepides in agueous stock solution were based
on lyophitized dry weight but were also checked by comparison

f UV spectra

Oga(: C ization Assa .'Ihmctyp&sofassaysweg_used:
1) screening assay for comparison of the general activity of
a set of peptides using 15 simultancously ranning eXperuments,
2) & nucleation assay for determining effects on crystal nucleation,
and 3) a sceded-crystal assay for determining cﬁem on (irystal
growth. Each of the assays relics on the production of H' 1ons
according to: Ca* + HCOy = CaCOs + H”. The crystallization
was monitored by the dnift in pH or by the amount of titrant
added to maintain pH (pH-stat).

Screening Assay. Solutions supersaturated with respect 10
CaCO; were prepared by separately pipetting 0.3 ml of 1.0 M
CaClz dihydrate and 0.6 m! of 04 M NaHCOQs into 29.1 ml
of artificial seawater (0.5 M NaCl, ¢.011 M KCI). This resulted
in initial concentrations of 10 mM Ca and 8.0 mM dissolved
inorganic carbon (DIC). Actual concentrations of Ca were
confirmed by atomic absarption and of DIC by Gran titration
(Stumm and Morgan 1981). The reaction vessels were 50 ml
bottles with screwtops, These were partially immersed in a |-
gallon, plastic aquarium fitted for flow-through to a thermostateu
recirculating water bath (VWR model 1115) at 20°C containing
a submessible magnetic stirplate with 15 stirring locations (Cole
Parmer). Crystallization was initiated by adjusting pH upward
to 8.3 by titration of g1 amounts of 1 N NaQH. Fnal pH was
read after 24 hours. Following addition of Ca but before addition
of DIC, peptides were added 10 reaction vessels by manual digital
pipetting from stock solutions of 1.0 or 0.1 mg peptide/ml. After
experiments, reaction glassware was washed with 0.1 N HCI for
3t least 10 minutes followed by a treatment of at least 10 minutes
with a solution of sodium hypochlorite (5.25 g NaOCl/ml, a
171000 dilution of commercial bieach). These treatments were
necessary to dissolve crystals that formed on the surface of the
glassware and to destroy and remove peptides that may adhere
to the glass. Faiiure to perform cither treatment led to abnormal
results in control experiments. Following HCl and NaOCl
treatments, reaction glassware was rinsed with several volumes
of distilled water and dried for use in subsequent experiments.
Resutts in control experiments demonstrated the importance of
using the same reaction vessels for a set of measurements.

Nucieation Assay, The reaction conditions were the same as
described for the screening assay. However, the reaction vessel
was a 50 ml, round-botiom flask fitted with a pH electrode and
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closed to the atmosphere to minimize exchange of CO2 after
experiments began. The reaction was monitored continucusly by
strip chart. The vessels were partially submersed in a water bath
at 20°C. After an induction period characterized by a stable pH
for about 6 minutes during which crystal nuclei form, the pH
began to drift downward until the reaction ceased due to depietion
of reactants and the lowering of pH. Inhibition of nucleation
was indicated by increased induction periods.

Seeded crystal growth assay. The reaction conditions consisted
in S0 ml of artificial seawater as above at 2 mM each of CaClz
and DIC at pH 8.5. The reaction vessel was a 100 mi, water-
jacketed, glass cylinder with a stoppered top fitted with a pH
electrode and 2 burette delivery tips. The reaction was
thermostated at 20°C. The solution was stable until iniliation
of the reaction by addition of 2.5 mg of CaCOs seeds (Baker
Analytical) which began to grow immediately. Seeds were aged
prior to use by stirring as a slurry of 100g CaCOs in I hiter
of distilled water for 3 weeks in a closed vessel. This aging of
seeds was necessary to provide reproducible control curves. In
some cases, | mi batches of aged seeds were sealed in ampules
until opening for use. It also was acceptable to pipetic seeds
directly from the 1 Liter slurry. However, frequent opening of
the slurry to the atmosphere may lead to changes in the solution
with resultant changes in the seeds, probably due to exchange
of atmospheric CO2. Peptides were added to the reaction vessel
prior to the addition of the seeds. Reaction conditions during
growth of seeds were held constant by autolitration of stocks
of 0.1 M each of CaCl, and Naz2COs (pH 11.1) from separate
burettes controiled by a computer-assisted titrimeter (Fisher CAT).
This replenished the lattice ions to the solution as they were
removed due to crystallization and kept the pH at 8.50 1 0.02,

Results

Example chromatograms of polyaspariate molecules of
different molecular sizes are shown in Figure 1. The homogeneity
of the peptides was evident from the fact that they each elute
as single weil-defined peaks, and the relative molecular weight
of the peptides is confirmed by the order of elution of the peaks.
The effect of molecular size of polyaspartate molecuies on
inhibition of crystal nucleation is shown in Figure 2,

[Blue Dextran} [ ASPL ASPy | ] asPs |
5.20 minutes £.12 minutes .25 minules 6.46 minutes

0.050 - ||

0025+

ABSORBANCE at 220 nm

e ———

I |
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Figure |. Gel permeation liquid chromatography of polyaspanate moleculces.
The moleculcs were injected as 100 ul of 0.1 mg/ ml stock solutions. The mobwe
phase was 0.05 M tis, pH 8.0, a1 L0 ml/min, 25°C, 2 aam. The column wis
a TSK 3000 PWXL (Toyo Soda), 30 cm, 7.8 mem 1D. Biue dextrun, M.W.
2,000,000 daltons, was used to mark the void volume.
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These results indicated that the Asp+s molecules had significant
activity and would serve as acoeptable model polyanions for use
in attaching hydrophobic polyalanine domains.

Results from the screening assay comparing the general
inhibitory activity of some polyaspartate molecules and a
polyaspartate-alanine molecule s seen in Figure 3. These results
indicated a general enhancement of activity of the alanine-
containing polyaspartate. However, whether the enhancement was
due to effects on crystal nucleation, crystal growth, or both was
not determined in this approach. Accordingly, the effects of
polyaspartate and polyaspartate-alanine molecules on both crystal
nucleation using the nucleation assay (Figure 4} and crystal growth
using the seeded-crystal assay (Figure 5) were measured. Analysis
of vanance (Zar 1974) of differences in mean values of induction
periods indicated a significant enhancement of inhibition of
nucleation by AspisAlas relative to the 3 smallest alanine-
containing peptides and to Aspis and Aspas (p <<0.01). A similar
analysis for rates of crystallization (Figure 5) did not reveal
significant differences between the alanine-containing polyaspar-
tate and Aspys at p << 0.05, although the data were suggestive
of some level of enhancement of inhibition of crystal growth
by the alanime-containing peptides. Overall, the results indicated
an increased inhibition of crystal nucleation by the polyaspdndlc-
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alanine molecules, but little effect on inhibition of crystal growth
itself due to the presence of the alanine domains.

The effects on CaCOj crystallization of a variety of model
peptides that are potential analogs to components of natural
organic matrix proteins are summarized in Table [. The aspartate-
glycine copolymers and aspartate-serine-glycine terpolymers were
not particularly effective inhibitors of CaCOj3 formation. Only
the polyaspartate molecules exhibited levels of activity that are
similar to those of the natural protein inhibitors from oyster shell.

Discussion

The general purpose of this study was to cvaluate the idea
that an hydrophobic domain added to a polyanionic protein might
enhance the inhibitory activity of the protein with respect to
mineral formation. Before this could be addressed, however, some
questions about the nature of the effects of simple polyanionic
peptides on mineral formation needed to be answered.

Polyaspartate, for example, had been studied as a simple model
of protein matrix from both caleium carbonate and calcium
phosphate biomunerals, including observations of its general
activity as an inhibitor of crystallization (e.g., Hay er al 1979;
Sikes and Wheeler 1983). Sikes and Wheeler (1985) reported that
the activity of polyaspartate on a weight basis as an inhibitor
of CaCO; formation increased as molecular weight decreased
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izati i ides

. inhibition of CaCO; crystallization by synthetic pepti
L.:l;:sumd using a pH-drift nucleation assay- Rt:latmzi rates
of crystal growth are given as the slope of Lhc cu;vz uhn;;g
crystallization. The oyster matrix protein is the highly hy 11;013 ic
feaction oblained from reverse phase chromalpgrag aged (see
Whoeler et al., this volume) with a molecular weight rg;il

globular protein standards of approx, 50 kDa. Values are rcpo

as means + standard deviations,n = 3 to 9.

Peyicke Concentration  [nduction Crystal Grow?h
pgimi Period, Min. Rate, pH: Min
CONTRON, — 2040- 196 0.048 +/-0.0041
HA{ASPize-{H 0.0% Yig+ - 164 00205+ 0.000%
HAAL At ASP ) -OH 005 125 +- 201 0.0047 +/-0.0013
HAAE Ao AS Py OH 610 120+-104 0042 +-0.00%9
H4G] Y- ANt IR 10 W0+ -5H) 047+ 00057
Hed Al Al GLY -ASPy-01H {13 1) 7.2+/-083  0.048 +/-0.0042
Has R-ASP)a-OH 0.1 294 +-499 G048 +,- 0.000
HaOd Y51 R-ASP~OH ALl 180 +;-424 0047 +:- 0.0034
HAL YN R-ASPLo-0OH 10 9le¢j- 116 0.048 +i- 0006
e Shell Matns (RP-1) .05 S0+ 200 0035+ -00088
Pulyaspariate { MW X3,000) 008 29 +-920 0038+ 00027

over the range 20,000 10 8,500 daltons. Similar results were
obtained for polyacrylate, used as an inhibitor of mineral scale
{ormation industrially, with highest inhibitory activity on a weight
basis &t around 2000 daltens (Rohm and Haas 1985).

In view of these observations, we undertook a study of the
inhibitory activity of a set of low molecular weight polyaspartate
mukxules 1o determine the optimum molecular size for inhibition
of CaC’Os formation, expressed on a weight basis of polyaspartate.
The wea was that knowing the relationship between molecular
size and activity of polyaspartate would allow selection of an
appropriate polysspartate molecule for attaching hydrophobic
domains. The effect of this modification on inhibitory activity,
could then be evaluated with consideration given to possible effects
ol maddifying molecular size itself, independent of the hydrophobic
or pelyanioniv nature of the added domain,

Rm_;lts were presented on a weight basis, as is often the case
I studies in polymer scicnce, rather than a molar basis not only
because commercial uses are on a weight basis but also because
several smaldler molecules of a homogeneous polymer may be
tunctionally equivalent to one larger molecule of the same polymer
Therefore, the total mass of polymer rather than the 1ota number.
of /I']\“ nlcculq; can be the functionally important parameter
_ /wseen i bigure 2, the inhibitory activity of .partm
increased with molecutar size over thrg range zf 5 tgo‘?{;asresidu;
il doses of 0.02 and 0.05 g of peptide/ml, The effect was clearer
4t the higher dose, possibly due to removal of proportionall
fess of peptides by adsorption onto surfaces of the reaction vesse);
and electrode when compared to lower doses. There was significant
“Sfl“‘ﬂk' " polvaspartate molecules of 15 residues, and gth_m size
\;0& sckected for attachment of hydrophobic dofnains of 2 to

alanine residues at the N-terminus, The re hy
polyaspanate molecules of i e
iohib tles of 5 residues or less are not effective
t?‘r" tors of erystallization is not known, although it seems likely
4l at some level lower numbers of negativcly.charged residues

per molecule would resuit in lower affinity for CTystals

ix

It is equally unclear as to why a polyaspartate of 40 residues
would be such an effective molecular size for inhibition of crystal
nucleation. It is possible that this molecular size matches in some
fashion the size of CaCOjy crystal nuclei that form during the
nucleation assay. Crystal nuclei are theoretical entities and
therefore to date have not been directly observable. Although
thermodynamic considerations suggest a possible size of a stable
crystal nucleus as small as 8 ion pairs (Stumm and Morgan
1981), the fact that polyaspartate-<40 molecules seem to interact
with the crystal nuclel most effectively sugpests that the nuclei
may be much larger than this.

The addition of an hydrophobic domain onto Aspis molecules
clearly enhanced inhibitory activity as compared to comparable
pelyaspartate molecules, This was seen in screening assays (Fig.
3) and confirmed in both nucleation assays (Fig 4) and to a
lesser extent, in seeded-crystal growth assays (Fig. 5). The primary
effect seemed to be on crystal nucleation.

There is some theoretical basis for this differential effect of
polyanionic-hydrophobic peptides on erystal nucleation reiative
to crystal growth, That is, the growth of seed crystals in the
ahsence of inhibitory molecules generally is thought to be limited
not by diffusion but rather by the rate of surface reactions in
which adsorbed lattice ions become incorporated into crystal
growth sites (Nancollas and Reddy 1971; Nancoilas 1979). This
conclusion is based on calculated energies of activation of
crystallization of about 11.0 keal/ mole (e.g., Howard et al. 1960},
which is too high for a diffusioncontroiled mechanism, and on
the reported lack of effect of the rate of stirring on rates of
seeded crystat growth.

On the other hand, diffusion often may be the rate-limiting
factor for crystal nucleation. For example, the raie of stirring
is critical to the reproducibility of the nucleation assays, with
decreased stirming leading to greatly increased induction periods.
In additien, the surface reactions that are thought to be rate-
limiting during crystal growth are not especially relevant to crystal
mucleation (Reddy 1988). Therefore, the hypothesized action of
the polyanionic-hydrophobic peptides and proteins as diffusion
barriers would result in more pronounced effects on crystal
nucieation than crystal growth, as was observed.

The enhancement of activity of polyanionic industrial polymers
as crystallization inhibitors and dispersants by inclusion of
hydrophobic and nonpolar monomers also has been reported,
For example, when acrylamide was polymerized with acrylate,
a copolymer containing 309 acrylamide showed improved
performance relative to that of polvacrylate (Pierce and Hoots
1988). Although sequence data for the copolymer was not available
and the distribution of the acrylamide and acrvlate monomers
was thought to be random, it is possible that predominantly
polyanionic and nonpolar domains occurred in the copolymer.
For example, in thermaily polymerized peptides, anionic and
hydrophobic residues spontaneously clustered together during
synthesis, probably due to the mutual affinity of like residues
(Melius 1979). Thus, it seems possible that the industrial
polyanionic-hydrophobic polymers have structures and a
mechanism of action analogous to that of the PAH peptides.

The tole of the hydrophobic zone as a diffusion barrier seems
straightforward, provided it is present in sufficient coverage and
effects a sufficient separation of surface from bulk phase. The
nevessary dimensions of an hydrophobic barrier can be calculated
from the dimensions of the residues, given the estimated distance
of hydrophobic interactions of 0.5 nm compared to the roughly
3 nm: over which electrostatic interactions occur (Norde 1983).



Thus an hydrophobic zone of about 3 nm would be required to
prevent attraction between iong in the bulk phase and surface charges
of nuclei. Accepting that the bond length in peptides measured
along the backbone is about 0.35 nm per residue (Corey and Pauling
1953), it is evident that only about 10 or so hydrophobic residues
would be needed to interrupt the electrostatic interaction of lattice
ions in solution and forming crystal nuclei.

This i1s particularly interesting in view of the finding (Figure
4, Table i) that an hydrophobic domain larger than 8 alanine
residues did not seem to further enhance inhibitory activity. In
fact, as seen in Table 1, activity of polyaspartate-15-alamine-10 as
a micleation inhibitor was less than that of the other polyaspartate-
alanine molecules, suggesting that increasing the size of the
hydrophobic domain beyond a certain level is not useful in inhibition
of crystallization. It is also possible that the molecules may begin
to {orm hydrophobic interactions among themselves at a certain
size of hydrophobic domain, This might modify their function as
well.

In this regard, the hydrophobic domains of polyanionic matrix
proteins from biominerals are quite extensive, suggesting that they
fulfilt roles beyond inhibition of crystallization. Some possibilities
for these roles have been reviewed elsewhere {Wheeler and Sikes
1989) and include promotion of interactions with more hydrophobic
matrix proteins, provision of cell recognition sites, and enhancement
of mobility of the matrix proteins within cells and tissues en route
to the mineralization front.

The pnmary function of the polyaniomic regions of matnx
proteins, on the other hand, may well be limited to regulation
of mineralization through direct matrix-crystal interactions.
Although possible inhibition of crystallization by typical globular
proteins like serum albumin (Hay and Moreno 1979) and
polycationic peptides like poiylysine (Hay et al. 1979, Sikes and
Wheeler 1983, 1985) has been studied, only the polyanionic matrix
molecules and polyamino acids like polyaspartate inhibited
erystallization. Interestingly, this was true even though each of the
malecules bind to the crystals (Wheeler and Sikes 1989), indicating
that only certain binding sites on crystal surfaces are involved in
crystal formation,

For effective inhibition of CaCOs crystallization, evidently the
anionic residues must be clustered together. As shown in Table
1, only the polyaspartatecontaining peptides had inhibitory activity
on the level of that observed for the most potent matrix protein
from oyster shell, Interruption of polyaspartate regions of molecules
by the neutral residues glycine and serine significantly diminished
the inhibitory activity of the peptides. This supports the observations
of Wheeler ¢ af. (1988) and Rusenko (1988) that the matrix from
oyster shell contains domains of polyaspartate separate from other
regions that may be ennched in phosphosenne, glycine, and some
hydrophobic residues, If this matrix had significant portions of
ordered copoiymers of aspartate-glycine, aspariate-serine, as
suggested in earlier studies (e.g., Weiner and Hood 1975; Weiner
[983), or aspartate-serine-glycine then it would not have the levels
of inhibitory activity that have been observed. This is not to say
that ordered copolymers do not exist in the matrix from ovster
shell, but that they may be present in relatively small amounts,
perhaps at highly localized initiation sites (Weiner and Traub [984).

ln view of the fact that most of the serme residues of the matrix
protein from oyster shell are phosphorylated (Wheeler and Sikes
1989%; Borbas er af. unpubl.), it will be interesting to evaluate the
influence of phosphoserine residues on inhibitory activity of peptides
and matrix proteins. The importance of phosphorylation or
phosphonation of crystallization inhibitors has been the subject of

some excellent studies involving both small organic compounds
(eg., Reddy and Nancollas 1973; Williams and Sallis 1982} and
proteins {Lee and Veis [980; Veis 1985; Aoba er al. 1984; Schlesinger
et al. 1988). In fact, the effect on regulation of crystallization by
anionic derivatives of proteins in general, including sulfated residues,
would be of interest as well and promises to be a [ruitful area
of research (Sikes ¢f. al. 1989},
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ABSTRACT

Prior to molting (ecdysis), crabs deposit the two
outermost layers of the new cuticle beneath the old
exoskeleton, while at the same time they resorb the mineral
and organic components of the old cuticle. These new (pre-
exuvial) layers of the cuticle remain uncalcified until
immediately after ecdysis, whereupon calcite deposition is
evident within a few hours. At least partial control of calcite
nucleation resides in the structure of the cuticle itself, since
preexuvial cuticle removed from the animal and stripped
of underlying hypodermal tissue is incapable of calcifying
in vitro, while cuticle removed {rom crabs just after ecdysis
does calcify under the same circumstances. Electrophoretic
analysis of EDTA digests of pre- and postecdysial cuticle
reveal differences in protein composition which may account
for the onset of nucleation.

Introduction

The integument of crustaceans is composed of an exoskeleton
or cuticle underlain by a cellular hypodermis. The exoskeleton
is heterogeneous, having four discrete layers (Richards 1951; Traviy
1963). The outermost layer of the cuticle is the thin epicuticle,
which consists of tanned lipoprotein impregnated with calcite.
The exocuticle and the endocuticle are proximal to the epicuticle.
Both layers contain fibrils of chitin and protein arranged in parallel
lamellac stacked with a continuously changing ornentation. The
exocuticle is hardened, in part, by quinone tanning, and both
layers are impregnated with calcite crystals situated between the
fibers of the organic matrix. The innermost layer is the
membranous layer, which is in contact with the cellular
hypodermis and is composed of chitin and protein, but which
lacks mineral (see Roer and Dillaman 1984 for review).

It is now clear that the chemical nature of the organic matnx
of the crustacean cuticle plays a significant role in the determination
of the crystal habit of the rmineral. As shown by Roer and Dillaman
(1984), the decalcified cuticles of all crabs studied display a regular
array of chitin-protein fibrils, In the family of xanthid crabs,
however, the calcite crystals do not simply {ili in the spaces between
the organic fibrils as they do in the family Cancridae. Instead,
there are domains of calcitic spherulites arranged in a lamellar
pattern in certain areas, and nonlamellar domains comprised of
randomly arranged, larger spherules in other areas. There is no
corresponding morphological difference in the organic matrix
between these two domains.

The rigid nature of the crustacean integument necessitates that
animals undergo a molt (ecdysis, exuviation) in order to grow.
The cyclic shedding of the exoskeleton and its replacement with
a new and larger cuticle is referred to as the molt cycle. In
preparation for the molt (a stage referred to as premolt or stage
D, Drrach 1939; Drach and Tchernigovtzeff 1967), the hypodermis
separates from the old cuticle, organic and inorganic elements
of the old cuticle are resorbed through the hypodermis, and the
outermost two layers of the new cuticle (the pre-exuvial epi- and
exocuticles) are deposited. As the molt approaches these two
pre-exuvial layers are structurally complete, but do not become
sclerotized or calcified until just after the animal molts {Paul
and Sharpe 1916, Drach 1939; Travis 1963, 1965; Trawvis and
Friberg 1963). The fact that the preexuvial layers do not
mineralize, despite the fact that Ca®* and COs™ are being resorbed
through these layers and are present in metastable concentrations
(Travis and Friberg 1963) provides a valuable model system for
the control of the onset of nucleation. We have a system which
displays a discrete chronology in which the ability to mineralize
is turned on at the time of the molt, and from which tissue
may be acquired for analysis both before and after this critical
event.

We have been studying the changes which occur in the pre-
exuvial cuticle at the time of the molt to try to ascertain what
is responsible for the prevention of mineral nucleation in the
cuticle before ecdysis, and the onset of nucleation immediately
following the molt.

Methods

Two species of brachyuran crabs were employed in the present
studies: the blue crab, Callinecres sapidus, and the sand fiddler
crab, Uca pugilator. Premolt blue crabs were obtaned from
a local shedding operation, and fiddler crabs were collected from
tidal flats in Wrightsville Beach, NC by hand. All animals were
held in aquaria in local sea water, and were fed Purina trout
chow,

For both the in vitro recalcification and biochemical studies
detailed below, pieces of dorsobranchial carapace were removed
from both sides of crabs, and stripped of underlying hypodermat
tissue by placing the cuticles in Petri dishes of crustacean ringer
solution (Roer 1980) or isotonic NaCl solution (270 mM), and
rubbing them free of soft tissue with a cotton swab.

In Vitro Mineralization

Pieces of pre-exuvial cuticle were moved from premolt (stage
D2-Da4) and newly molted cuticle from postmolt (stage A) Uca,
and stripped of hypodermis. All cuticular pieces were then fixed
for at least 24 hr in 4% paraformaldehyde (pH 8.0-8.3). Both
pre- and postmolt cuticles were immersed n 0.IM EDTA in
407 paraformaldehyde (pH 8.0-8.3) for at least 24 hr, and until
no calcite induced birefningence was observed when the cuticular
pieces viewed through crossed polarizers in a Zelss microscope.

Following the decalcification procedure, cuticles were washed
in 4% paraformaldehyde for 4 days, with daily changes of fixative,
to remove the EDTA, as contamination might cause heterogene-
ous nucleation (Weiner 1979, 1983). The mineralization procedure
consisted of alternately placing cuticular pieces in 200 ml of 0.5M
CaClz and 20¢ ml of 0.5M NaHCOs, with a 30 sec. rinse in
distilled water interspersed. All solutions were adjusted to a pH
of 8.0-8.3, and were agitated on a magnetic stir plate. The
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mineralization cycle was repeated either 2 or 4 times. Pieces of
cuticle were mounted in glycerin on glass slides, and observed
through crossed polarizers to assess the degree of calcite accretion.

Gel Electrophoresis

Pieces of cuticle were removed and stripped of hypodermis
as described above, and were minced into test tubes containing
ten volumes of ice cold 0.1M EDTA (pH 8.0). The tissues were
then homogenized with a Tekmar Tissumizer for 5 min. with
the sample kept in an ice bath. The homogenate was transferred
to 4 125 ml Ehrlenmeyer flask and agitated on a Vibrax rotary
shaker in the refrigerator for 40 hrs, The tissue slurry was re-
homogenized and centrifuged at 20,000g in a Sorvall RC-2B
refrigerated centrifuge, Supernatants were frozen in aliquots until
immediately before being used for electrophoresis.

Tissue extracts were assayed for protein concentration using
a Bio-Rad protein assay. From 50 to 200 pi of sample (vielding
S0-80 pg of protein) was applied to a 3mm thick polyacrylamide
slab gel (Elcam, CAMAG) consisting of a 2.5% stacking gel (25%
crosslinking) on top of a 7% resolving gel {2.69 crosslinking).
A TRIS-glycine buffer (1.2g/1 TRIS, 58p/1 glycine, pH 8.3)

. g - .
PLATE 1. Untreated pieees of dorsobranchial carapace of Liva pugilacor viewed
through crossed polarizers. X31.
A. Cuticle removed from animal within 24 hrs. of the molt.
B. Cuticle from anunal 1 day postmoit, showing lines (L} of denser
mincralization.
1, & E. Cunicles removed from animals 2, 3, and 4 days postmolt,
respectively.
F. Preexuvial cuticle removed from bencath the old carapace of
a premolt (stage [a) crab.
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was used, and the apparatus was run at 500V at 25°C (i75-
116 mA). Gels were stained overnight in Coomassic blue, and
destained 1n 1095 tnchlorcacetic acid.

Results

Observation of undecalcified pre-exuvial premolt cuticles
removed from Uea just prior to the molt revealed no evidence
of calcite crystal formation, and only displayed form birefringence
due to folds in the cuticle, setae and tegumental ducts {Plate
LF). Within only a few hours after the molt, mineral nucleation
was present, and was evident as birefringent crystals {Plate 1,A).
As the animals progressed through days | to 4 postmolt, the
degree of mincralization of the cuticle increased markedly, and
the individual crystals fused into large birefringent areas (Plate
I.B-E). Following fixation and treatment with EDTA, only form
birefringence was apparent in the pre- and postmolt cuticles and
all were indistinguishable from the untreated pre-exuvial cuticle.

PLATE 2: Pieces ol Ucg dorsobranchial carapace lollowing in vitre
mineralization procedure and viewed through crossed polanizers,

A, Pre-exuvial cuticle {stage D} after 2 eyeles {4 hr.) in mineralization
media. Note the form birefringence associated with cuticular hairs
{H) and cuticular sutures {C%). X31.

B. As in A, hul following R hr. mineralization procedure., Nate
occasional ectopic crystals. X31.

. Cuticle removed from crab within 24 hrs. of molting and subjected
o 4 hr. mineralization procedure. Note individual crystals and
crystals in rosette-like clusters (arrows). X125

. As in C, but following 8 hr. mineralization procedure. Note

increased densitics of rosettes {arrow). X31,

. Asin [ X125

E Asin [> X3i3.
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Following 4 or 8 hrs. of in viiro mineralization, the pre-exuvial
cuticles generally showed only form birefringence, although
occasionally a few scattered crystals were present on the cuticular
surface (Plate 2,A-B). Cuticular pieces removed from animals
within 24 hrs. of its molt, however, displayed a substantial accretion
of birefringent crystals which were acid labile and which possessed
the typical 90° birefringence extinction and rhombohedral shape
of calcite. The crystals appeared individually and in rosette shaped
clusters (Plate 2, C-F). The extent of crystal accretion induced
by the mineralization procedure increased in cuticies removed
from animals 1 10 4 days postmolt (Plate 3, A-F). The crystal
growth observed in the postmolt cuticles was not simply ectopic
since crystals were observed at various focal planes within the
sections.

PLATE 1. Pieces of I/ca dorsobranchial carapace following im vitro
mineralization procedure and viewed through crossed polanzers.
X3l

A. Cuticle removed from animal 1 day postmoll and subjected 4
hr. mineralization procedure. Dark area ([3) in upper right
represents the edge of the section. Both rosettes and individual
crystals are apparent (armows}),

. Asin A, but foliowing 8 hr. minerahization procedure.

. Cuticle removed from animal 2 days postmolt and subjected to

4 hr, mineralization procedure.

As in C, but following B hr. mineralization procedure.

Cuticle removed from animal 3 days postmolt and subjected to

4 hr. mineralization procedure.

. Asin E, but following 8 hr. mineralization procedure. Note heavier
deposition along lizves {L).

m mP Nw

The electrophoretic patierns of the cuticular proteins revealed
marked differences in tissues removed from Calfinecies at
dﬂemt molt stages. The pre-exuvial cuticles possessed {hree
prominent bands which were less evident in cuticles removed
from crabs in the process of molting (stage E), and virtually
absent in newly molted cuticle (Plate 4).
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PLATE 4 Polyacrylamide slab gel of protein extracts derived from stage D.
E, and A carapace of Callirectes, stained with Coomassie blue.
Note several protein bands disappear at the tme of the molt {arrows).

Discussion

Travis (1963, 1965) and Travis and Frberg (1963} have
suggested that the prevention of mineral deposition in the pre-
exuvial layers of crab cuticle was due to action of the underlying
hypodermal layer via control of ion concentrations and pH in
the mineralizing microenvironment. An alternative hypothesis,
that mineral nucleation is under the control of the cuticular organic
matrix, was suggested by Yano (1972) and Roer (1979). Yano
(1972} suggested that an acid mucopolysaccharide complexed to
the protein of the pre-exuvial matrix inhibits precocious
calcification.

The present study supports the contention that mineral
nucleation is at least in part under the coatrel of the organic
matrix of the crab cuticle. Remnoval of the hypodermus and fixation
of the tissue precludes any active hypodermal involvement in
the prevention of in vitro mineral nucleation in the pre-exuvial
cuticle and accretion of crystals in the postmolt cuticle.

That changes in fact take place in the organic matrix is apparent
in the abrupt and pronounced differences in the protein
electrophoretic pattern evident at the time of the molt and ensuing
2 1o 8 howrs. At least three protein bands begin 1o disappear
just as the crab enters the molt, and disuppear completely
concomitant with the onset of calcite deposition. The role of
these proteins in the prevention of precocious calcification of
the pre-exuvial cuticle of crabs is circumstantial at present. but
they present themselves as likely candidates for further study.

The crustacean cuticle is particularly well suited for the study
of the control of nucleation, due to the discrete nature o[ the
onset of mincralization. The change in the ability of the tissue
to mineralize is total; the cuticle shows no evidence of crystal
deposition prior to the molk, nor can it be induced to mineralize
in vitro. The temporal change is also discrete and very predictable;
the ability of the cuticle to mineralize changes completely within
a period of approximately 2 hrs. at the time of the molt. Using
this system it should, therefore, be possible to Jearn a great deal
both about the nature of nucleation inhibitory proteins and about
their control.
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ABSTRACT

The micromere-mesenchyme lineage in sea urchin embryos
produces an elaborate calcarcous spicule or skeleton.
Antibodies against the protein organe matrix of the spicule
were used to screen a Agtl] cDDNA expression library. A
cDNA was isolated which encodes a promnent 50-kDa
spicule matrix protein (SM-50). RNA blot analysis indicates
a 2.3 kb transcript is detected hours before overt spicule
formation and increases over 100 fold dunng development.
In siru hydrdization demonstrates that this gene is
transcribed only in cells of the primary mesenchyme lincage.
The gene is over 9 kb in length, occurs once per haploid
genome and contains a single intron. The putative protein
contains a profine rich domain, a very basic C~term region
and a tandemly repetitive domain composed of 13 amino
acids which comprises 45% of the length of the protein.
The consensus sequence of the repetitive domain is:

Trp-Val-G ]y-Asp—Asn—GIn-Ala-:’:—Val—::-Asn-(::]- :i:

Introduction

During early development Lhe sea urchin embryo forms a tier
of four cells at the fourth cell division. These micromeres, which
are located at the vegetal pole, are the founder cells that give
rise to the primary mesenchyme, which in turn construct the
calcite-containing endoskelet : spicules of the pluteus larva. Our
approach is to apply the tools of embryology, biochemistry.
cellular and molecular biology to learn how these cells progress
through the complex series of epigenetic steps that result in skeleton
formation, and to understand better how differential gene
expression is regulated as the celis of the lineage progress toward
their final fate.

The sea urchin embrvo forms a distinctive quartet of small
cells, the micromeres, at the fourth cell division. The cells undergo
a limited number of divisions, and their progeny leave the epithelial

wall of the blastula just prior to gastrulation to form primary
mesenchyme. As gastrulation progresses, the primary mesenchyme
cells congregate in groups in the blastocoel near the prospective
oral side of the pluteus larvae, and the cells fus into an elaborate
syncytial array. Within the cytoplasmic cables that form the
syneytial connections between cells, vacuoles appear, and within
these vacuoles caleite 18 deposited to form the spicules that
constitute the endoskeleton of the pluteus {(Reviewed in Decker
and Lennarz 1988; Wiit and Benson 1988).

The Spicule Matrix:

The endoskeletal spicules of the embryo are caleite composed
primarily of CaCOs Since most biomineralized tissues also
contain an organic matnx, we thought it was hikely that spicules
possessed one, and that components of this matrix would provide
a convenient marker for following the overt terminal differen-
tiation of the micromere lineage which culminates in a
biomineralized skeleton,

Spicules have been purified from larvae by a novel techmique
that involves extensive washing with detergent mixtures followed
by sodiuvm hypochlorite. The purified spicules mayv be
demineralized, and the remaining matrix visualized by electron
microscopy as concentric lamellag of reticular matenal forming
a putative armature for the biomineralization process (Benson
et al. 1983). The organic matrix is soluble, and is comprised
of at least 9 acidic proteins, 7 of which are glycoproteins. This
collection of proteins is very rich in glycine, alaning, serine, aspartic
acid and glutamic acid. The predominant proteins have apparent
molecular weights of 47, 50, 57, and 64 kDa, Treatment of the
proteins with FEndo F, an endoglycosidase, which 1s capable of
hydrolyzing N-linked complex carbohydrate side chains, decreases
the apparent molecular weight of each of the different
electrophoretically resolved bands by about 4000 daltons (Benson
et al. 1986). These matrix glycoproteins have many of the
properties expected from studies on the biochemistry of proteins
found in other tissues active in biomineralization (Mann 1983,
Weiner 1984, 1986). Namely they are acidic, glyeosylated and
have calcium binding properties. Equilibrium dialysis experiments
indicate that the total soluble malrix binds calcium with a Kd
of about 107*M. We are not yet certain which of the several
proteins in the matrix binds calcium. These properties are
summarized in Table 1.

Table 1. Characteristics of Spicule Matrix Proteins

Amount 0.017% of total protein of plur.cus
0.2% of weight of spicule
Components  Multiple components, at least 10, with molecu-

lar weight ranging from 20 to 117 kd. Principle
components of 47, 50, 57, 64 and 117 kd

Carbohydrate  Reducing carbohydrate content of 47
Major components of 117, 57, 50 and 47 kd are
endo F but not endo H sensitive; no 0-linked
oligosaccharides
Ca binding Mixture binds 2.4 mole Ca per 54 kd of protein
with Kgof 1.5 x 107'M
Amino acids Al components very acidic. Mixture of proteins
15 630 glx, asx, gly, ser, ala. No hyvdroxyproline
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nal antibodics to total spicule matrix were raised in
rabbits. The polyclonal 18G preparation shows high specificity
for spicule matrix (Wilt et al. 1987). Immunoblots of the spicule

] the same protein constituents visualized by silver
staining. In addition, immunobiots after Endo F treatment
indicates that the antigenic entity is the protein rather than the
carbohydrate moiety (Benson ez al. 1986).

Use of this antisera in immunocytochemical analysis has shown
that the proteins aré localized in the forming spicule and arc
not present in other regions of the embryo. The matrix proteins
accumulate primarily dunng the period between gastrulation and
the pluteus larva S1age, concornitant with calcite deposition.

The antibodies against the spicule matrix proteins have been
used 1o isolate a cioned cDNA that encodes the most prominent
spicule matrix protein, one that has an apparent molecular weight
of 50 kDa, and which we term SM 50. Dr. Henry Sucov used
the polyclonal antibody to screen a lambda expression vector
library made {rom ¢DNA of pluteus stage larva in Dr. Eric
Davidson's laboratory at the California Institute of Technology.
The cognate gene that encodes the mRNA has also been isolated
and partially sequenced by Sucov. The gene encodes a protein
of 449 amino acids, and is interrupted by one intron near the
amino terminus of the protein (Fig. 1). The amino terminal
contains a probine rich domain, and the carboxy terminal half
of the protein contains an imperfectly repeated motif of 13 amino
acids:

Trp-Val-GIy-Asp-Asn-Gln-Ala-‘“:r:-Val-::p-Asn-G:O-‘;TL:

which, to the best of our krowledge, has not been found in
other types of proteins (Sucev et al. 1987).

Glycosylation

Signal Proline . .
(- Peptida Rich Repeatfd Maotif Site
N = " ~ N c
’\Splice Site
L /] I 1 i
0 [{o1¢} 200 300 400

Amino Acid Number

Figure |. Disgram of the SM 50 protein. The amino acid sequencs was deduced
from Ilhc c<DNA clone (Sucov et ol 1987) has a signal peptide, 2 7 kb intron,
a proline rich region, an unusual repeated 13 amino acid motif, and a giycosylation
site near the carboxyl terminus.

The Accumulation of SM 50 Transcripts During Development

The cloned cDNA has been used to probe RNA blots to
determine the time when transcripts from this gene begin to
accumulate (Benson ef al. 1987). RNA was isolated from embryos
of various stages, separated by electrophoresis in agarose gels,
and blotted to nitrocellulose. These blots were probed with single
stranded antisense RNA probes synthesized from the SM 50
¢DNA in the transcription vector, pGEM 1. A 2.2 kb transcript
is first detected at 2 very low level in the late cleavage stage
of development. The transcript concentration increases over
twenty fokd when the mesenchyme cells ingress into the blastocoel.
;\" 3d_dm°"al two 1o four-fold increase occurs by gastrula
ormation, and this jevel persists during subsequent development.
, 2‘;%?;"“‘10@ RNA probes obtained from cDNA subcloned
locatio ;n'“smptlon vectors were used to examine the cellular
{Benson of the gene products by in situ hybridation technigues
s nh et al. 1987). Embryos at stages before the primary
hvd ri::llfzaf'me has ingressed into the blastocoel show no
cells iont above background. As soon as primary mesenchyme

are present within the blastocoe] cavity, localized silver grains,
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indicating the presence of mRNA, can be detected in the
mesenchyme cells (Fig, 2). The hybridization signal becomes more
prominent as gastrulation and spicule formation proceeds. The
transcripts remain exclusively localized in primary mesenchyme
cells and their descendants. Thus the expression of the SM 50
gene is regulated in a temporal and spatial manner.

Figure 2. it 5itu hyvridization of single stranded SM 50 RNA probe to scetioned
mesenchyme blastuls embryo. The dark field photo shows the silver grains as
bright dots on the dark background. Localization is exclusively over the
mesenchyme cells.

One presumes that the accumulating transcript is presiding
over synthesis of spicule matrix protein, and an investigation of
the intracellular distribution of the transcript confirms this (Killian
and Wiit 1988). Embryos at the mesenchyme blastula stage, when
rapid accumulation of SM 50 transcripts is under way, were
used as a source of polysomes, which were resolved on sucrose
gradients. RNA was isolated from the different size polysomes
that had been fractionated on a sucrose gradient, and this RNA
was subjected to electrophoresis, blotted and probed with the
SM 50 cDNA. The transcript was almost exclusively located
in large polysomes (>>350 S). Hence, the SM 50 gene product
is apparently utilized for protein synthesis at all times when it
is present. Thus at least one of the proteins involved in
biomineralization, SM 50, is synthesized at least 24 hours before
overt skeleton formation.

This apparently precocious synthesis of SM 50 presumably
reflects the time required for adequate processing, transport,
deposition and accumulation of this spicule matnx protein. We
are currently attempting to determine if other matrix proteins
follow a similar ontogeny.

We have utilized RNA blotting analysis to examine adult tissues
for the presence of the SM 50 gene transcript (Richardson et
al.,in preparation). The 2.2 kb SM 50 transcript is easily detectable
in extracts from spines of the aduit, but not in RNA from the
gut, ovary, or coelomocytes. Thus, it appears that the gene active
in spicule formation in mesenchyme cells of the embryo is also
active in mineralizing cells of the adult spine. We also examined
the RNA extracted from tube feet of the adult, and were surprised
to see that the 2.2 kb transcript is present in this tissue also.
The tube feet do, however, contain calcite, in the form of rosette
like structures at the distal end, as well as supporting structures
embedded in the walls of the tube foot. The correlation of caleite
deposition with SM 50 transcript accumulation is consistent with
the idea that the SM 50 gene is involved in some aspect of
biomineralization.



Finally, we are confident that studies of the spicule matnx
proteins and the genes that encode them will help in understanding
how the spicule, and other hard calcarcous structures, are formed,
and how their architecture arises. Since the individual matrix
proteins are either present as part of a heterogeneous mixwure
or present in small quantities, nucleic acid cloning procedures
should be very uwseful in learning more about the proteins
themselves, We are attempting to produce additional monospecific
and monoclonal antibodies that recognize individual spicule
matrix proteins. These antibodies could be used to rescreen ¢cDNA
expression libraries and hopefully isolate ¢ DN As that encode other
spicule matrix proteins, The structural features of these proteins
may be deduced from the nucleic acid sequence of some of these
cloned probes. These structural features may in turn suggest how
the proteins function in biomineralization. Likewise one could
use full length ¢<DNA clones in expression vectors such as
baculovirus system developed by Summers (Luckow and Summer
1988) to produce matrix proteins of various sorts to use in
funictional assays of biominerahization. Though the spicule matrix
is complex, it s not overwhelming, and powerful methods of
molecular biology may enable us to analyze the roles of matnix
in biomineralization.

References

Benson, 5., H. Sucov, 1. Stephens, E. Dawvidson and F. Wilt.
1987. A lincage specific gene encoding a major matrix protein
of the sea urchin embryo spicule I. Authentication of the cloned
gene and its developmental expression. Dev. Biol. 12(:499-
506.

Benson, S., N. Benson, and F. Will. 1986. The organic matrix
of skeletal spicule of sea urchin embryos. J. Cell Bioi. 102:1878-
1886,

Benson, S., F. Jones, N. Crise-Benson, and F. Wilt, 1983
Morphology of organic matrix of the spicule of the sea urchin
larvae, Exp. Cell Res. 148:249-253.

Decker, G. and W, Lennarz. 1988. Skeletogenesis in the sea urchin
embryo, Development 103:231-247.

Killian, C. and F. Wilt. 1988. Expression of a spicule matrix
gene during sea urchin development. Submitted for publication.

Luckow. V. and M. Summer. 1988. Trends in the development
of baculovirus expression vectors. Biotechnology 6:47-55.

Mann, S. 1983. Mineralization in biological systems. Struct.
Bonding 54:125-142.

Sucov, H., S8. Benson, J. Robinson, R. Britten, . Wilt and E.
Davidson. 1987, A lincage specific gene encoding a major
matrix protein of the sea urchin spicule [1. Structure of the
gene and derived sequence of the protein. Dev. Biol. 120:507-
519.

Weiner, 8. 1986. Organization of extracellular mineralized tissues:
A comparative study of biological erystal growth. CRC Critical
Reviews in Biochemistry 20:365-408.

Weiner, 5. 1984, Organization of organic matrix components
in mineralized tissues. Amer. Zooj, 24:945-952.

Wilt, F. and S. Benson. 198%. The development of the endoskeletal
spicule of the sea urchin embryo. In: J. Varner {ed.) Self
Asserubly in Biological Systerns. 46th Symposium Society for
Developmental Biology. Alan Liss Pub. in press.

Wilt, F.. S. Benson, and N. Benson. 1987, Spicule formation
in sea urchin embryos. In: Molecular Approaches to
Developmental Biology. Alan Liss, p. 223-230.

Steve Benson received the B.A. (1968), M.A. (1972), and Ph.D.
(1973) at the University of California, Santa Barbara. He joined
the faculty at California State University, Hayward, in 1974,
assuming his current position there as a Professor in 1983, He
has held research positions at the Bruce Lyon Memonial Research
Laboratory of the Children’s Hospital Medical Center in Oakland
and in the Department of Zoology at the University of California,
Berkeley, including 4 continuing appointment at Berkeley as a
research associate since 1981, Steve has worked on biochemical
aspects of atherosclerosis, hypertension, and pulmonary fibrosis.
His current work emphasizes the regulation of protein synthesis
and gene expression dunng development.

27






Chemical Aspects of Regulatiocn of Mineralization. C.S. Sikes and
A.P. Whesler, editors, University of South Alabama Publication Ser-
vices, Mobile, Alabama, 1988.

Osteopontin:
A Bone Derived Cell Attachment Factor

William T. Butler', Charles W. Prince?, Manuel P. Mark®
and Martha J. Somerman®

"Dental Branch,
University of Texas Health Science Center at Houston,
Houston, Texas.

University of Alabama at Birmingham,
Birmingham, Alabama,

®Universite Louis Pasteur,
Strasbourg, France.

*University of Maryland Dental School,
Baltimore, Maryland

ABSTRACT

Osteopontin (also called 44 kDa bone phosphoprotein,
bone sialoprotein 1, and 2ar) is a phosphorylated
glycoprotein isolated from bone. With a molecular weight
of about 41,500, this protein of 301 amino acid residues
is rich in aspartic acid, serine and glutamic acid, and contains
12 phosphoserines and 1 phosphothreonine. It aiso contains
about 33 carbohydrate residues present as 1 N-glycoside
and 56 O-glycosides; ten of these residues are sialic acid.

Osteopontin is synthesized by osteoblasts, osteocytes and
preosteoblasts, is secreted into osteoid and is incorporated
into the calcified bone matrix. Immunalocalization and in
situ hybridization experiments, as well as Northern blots,
have shown that the protein is synthesized by several cell
types other than bone cells, eg. by certain neural and
neurosensory cells of inner ear and brain, The biosynthesis
by osteoblasts is stimulated at the transcriptional level by
1.25-dihydroxyvitamin D3 and by transforming growth
factor-£.

Numerous cell attachment experiments, along with the
presence of an Arg-Gly-Asp cell binding sequence indicate
that osteopontin promotes the aitachment and spreading
of certain cells (e.g. osteoblasts). These data taken together
strongly suggest that this phosphorylated glycoprotein serves
an important functional role in the early stages of
osteogenesis,

Introduction

For a number of years it has been believed that phosphorylated
proteins are primary components involved in, and responsible
for, initiation and growth of crystals in muneralizing tissues (Veis
1985). Phosphoproteins of bone have been isolated and
characterized by several groups of researchers (Cohen-Solal e
al. 1978; Lee and Glimcher 1981; Franzén and Heinegard 198%5a:
Veis 1985, Uchiyama et af. 1986; Fisher er af. 1987 Prince et
al. 1987). The data presented prior to 1986 indicated that bone
phosphoproteins are rich in glutamic and aspartic acids, contain
both phosphoserine and phosphothreonine and are glycoproteins.

Within the last few years information has emerged that shows
that one of the bone phosphoproteins, osteopontin (Franzén and
Heinegérd 1985a; Prince et al. 1987), is a cell attachment and
spreading factor (Oldberg et al. 1986, Somerman er al. 1987}
and possesses an Arg-Gly-Asp cell binding sequence (Oldberg
et al. 1986), common to many such attachment proteins that
are in the same family as fibronectin, This protein has also been
referred to as bone sialoprotein [ (Franzén and Heinegdrd [985a;
Fisher et al. 1987), 44 kDa bone phosphoprotein (Prince et al.
1987, Somerman et ai. 1987) and 2ar (Smith and Denhardt 1987
Nomura ez al. 1988). Herein we review the known chemical and
biological properties of osteopontin.

Methods

The methods for isolation and characterization of osteopontin
and for determination of its biosynthesis by ROS 17/2.8 cells
are published (Prince et ¢/. 1987). The methods for studying
the cell and matrix association of the protein by immunolocal-
ization are published (Mark er al. 1987a, 1987b, 1988a, 1988b).
‘The approaches for determining cell attachment and spreading
are also documented elsewhere (Somerman ef al. 1987).

Results and Discussion

The first clear experiments relating to osteopontin as a
phosphorylated glycoprotein from bone were reported by Franzén
and Heinegdrd (1985b). In our initial publication concerning
osteopontin (Prince er al 1987), we reported the isolation and
characterization, along with some biosynthetic data. Our
purification of the protein involved extraction from rat long bones,
initial gel filtration on Sephacryl $-200, ion-exchange chroma-
tography on DEAE- Sephacel and rechromatography on DEAE-
Sephacel. The extraction and chromatography were in the
continual presence of guanidine or urea (plus a cocktail of protease
inhibitors) to prevent losses due to artifactual proteolysis. Using
this procedurc we obtained a product of high purity as shown
by sedimentation equilibrium experiments, gel electrophoresis and
Edman degradations (Prince et al. 1987).

The molecular weight was shown to be about 44,000 by
sedimentation equilibrium; however, electrophoresis in 5% to 15%
SDS gradient polyacrylamide gels gave an M, of 75,000 while
in 15% SDS polyacrylamide gels the M, was 45,000. The
anomalous behavior on gel electrophoresis can be used as a means
of identification, for example when studying a biosynthetic product
(Prince et al. 1987),

The first ten residues at the NHa-terminus, Leu-Pro-Val-Lys-
Val-Ala-Glu-Phe-Gly-Ser, are predominantly hydrophobic. Our
compositional analyses predicted a protein with slightly over 300
amino acids and with 16.6% carbohydrate, representing about
33 residues. The carbohydrate includes about 10 residues of sialic
acid. The mannose content suggested the presence of | N-linked
oligosaccharide, while B-elimination experiments and the N-
acetylgalactosamine levels indicated 5-6 O-linked oligosaccharides.
In order to quantitate the phosphoserine and phosphothreonine,
we utilized a B-elimination procedure with mild alkali and
subsequent reduction of the resultant unsaturated amino acid
sidechains with borohydride. Quantitation of the phosphate
liberated, the scrine and threonine losses and the alanine gained
showed that the protein contained about 12 phosphoserines and
I phosphothreonine.

29



The amino acid sequence predicted from a ¢cDNA sequence
(Oldberg er al. 1986) was entirely consistent with our
compositional and structural data (Prince e a/. 1987). The NHx
terminal sequence we reported aligned with residues of 17-26
of the predicted sequence, Assigning the Leu-17 of the cBNA
deduced sequence as residue | in the protein, one obtains a
structure with 301 amino acid residues. The Asn-Glu-Ser sequence
at positions 63-65 is the only site for N-linked oligosaccharide
attachment. Several Ser-X-Glu sequences would be sites for (-
linked oligosaccharide attachment. Adding the amino acids, the
phosphate and the carbohydrate, one can then compute a
molecular weight of about 41,500, again consistent with our
previous molecular weight determinations (Prince e/ ol 1987).
The finding of Oldberg er ai. (1986) of a Gly-Arg-Gly-Asp-Ser
sequence identical to the cell attachment sequence in fibronectin,
and their demonstration of cell adhesion activity by the protein,
was independently established by us (Somerman er af. 1987) using
a completely different approach (see later),

That osteopontin is synthesized and secreted by osteoblasts
was established in biosynthetic experiments (Prince er af. 1987)
with rat osteoblast-like osteosarcoma cells (ROS 17/2.8 cells),
a clonal cell line established in Dr. Gideon Rodan’s laboratory
(Majeska er al. 1980). Pulsing with '*C-serine yielded a variety
of secreted, labeled proteins, One of these radiolabeled proteins
clned from DEAE-Sephace! in a position similar to that of
osteopontin and afier gel electrophoresis, it migrated to M, 75,000
on 5% to 15% polyacrylamide gradient gels, When the cells were
incubated with **PO., a product was immunoabsorbed (using
polyclonal antibodies to the protein) from the media; this product
co-migrated with authentic osteopontin on 5% to 15%
polyacrylamide gradient gefs as well as on 15% polyacrylamide
gels.

Extensive immunolocalization experiments (Mark e al. 19872,
1987b, 1988a, 1988b) have also established that the phosphoprotein
ts synthesized and secreted by bone cefls. Using tissues from fetal
and neonatal rats, we have shown that osteoblasts, osteocytes
and preosteoblasts are immunopositive. The appearance of
osteopontin in preosteoblasts several hours befare the formation
of osteoid and bone (Mark er a/. 1988b) indicates the importance
of osteopontin at an early stage of osteogencsis, The protein was
also found within the matrix of osteoid and bone (Mark er af,
F987a, [988a, 1988b), indicating that it is secreted by the cells
and retained in the extracellular matrix. This conclusion is also
consistent with its detection in the Golgi apparatus (Mark er
af. 1987a, 1988b). A surprising finding was the immunodetection
in certatin neural and neurosensory ceils of the inner ear and
brain (Mark er 4i. 1988a). Thus osteopontin is not totally “bone
specific”, although it must be considered to be an important
component in osteogenesis. Our finding of the protein in tissues
other than bone was confirmed by other investigators (Yoon et
al. 1987, Nomura er @/ 1988) using cDNA probes in Northern
blotting and in situ hybridization experiments to detect
osteopontin in mMRNA,

The synthesis of osteopontin can be modulated by several
factors added to cell cultures. For example, the levels of
osteopontin and of osteopontin mRNA production by ROS 17/

2.8 cells are significantly increased by incubating the cells with
1.25-dihydroxyvitamin D (Prince and Butler 1987; Yoon et al.
1987, Noda ef al. 1988) and by transforming growth factor-8
{Noda er af 1988). Several growth factors also appear to be
effective in clevating the transcriptional fevel of osteopontin
mRNA in other cell types (Nomura er al, 1988). The biological
meaning of these results is currentty unknown. TGF-8 may act

30

as an autocrine factor during the development of bone and
differentiation of bone cells, Thus, it would be synthesized and
secreted by osteoblasts which also have receptors and respond
to the stimulus. Among the responses would be the synthesis
of an increased level of osteopontin.

The finding that the phosphorylated protein has the property
of promoting the attachment and spreading of fibroblasts
{(Somerman er al. 1987) and osteoblasts (Oldberg et al. 1986)
to plastic substratum, in a manner that involves the Arg'G]){‘
Asp sequence has proven to be an exiremely exciting clue. This
activity is concentration dependent at low levels of protein and
is longer lived than that of fibronectin (Somerman et al. [987).
In general, the attachment activity is effective with ﬁbrob]a_sts
and osteoblasts but not with epithelial celis. One surprising finding
i the inability of osteopontin to promote attachment of cells
to type I collagen above that enhancement of collagen alone
(Somerman er al. 1987). These data may suggest that the protein
does not have a collagen attachment domain as does fibronectin.
However, as stated above, the protein appears to be secreted
by bone cells before bone is formed and to be localized within
osteoid, a tissue consisting mostly of type | coliagen. Therefore,
an unresolved question is the mechanism whereby osteopontin
is attached to osteoid. Is it associated with another macromolecule
that provides the ligand for collagen binding? Or is the collagen
binding domain of our preparation denatured during our
preparation in guanidine and urea solutions? We are presently
exploting these guestions,

In summary, during the formation of bone, osteopontin is
synthesized by preosteoblasts and osteoblasts, is secreted and
found in osieoid and, after mineralization, is found within the
mineralized matrix. Since osteopontin stimulates the attachment
and spreading of cells to substratum in vifro via an Arg-Gly-
Asp cell binding sequence, it is logical to assume that this property
represents its biological function. Thus, preosteoblasts and
osteoblasts would secrete this factor prior to, and;/or during the
time period that they are synihesizing other comnective tissue
macromolecules that give rise to osteoid. When this extracellular
uncalcified matrix becomes organized, the cell attachment (o
nascent osteoid would be promoted by osteopontin.
Mineralization ensues and the osteopontin along with type 1
collagen, proteoglycans and other components become a part
of the mineralized matrix. This predicted function does not take
into account the earlier speculations (Veis 1985) that bone
phosphoproteins in general are in some way involved in
mineralization of the tissue. However, the evidence for cell
attachment activity is more convincing: no conclusive evidence
has been presented that clearly establishes a role for osteopontin
in the nucleation and/or growth of bone crystals.
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ABSTRACT

Human salivary secretions are supersaturated with respect
to basic calcium phosphates but spontaneous precipitation
of these salts from saliva, or surface-induced precipitation
of calcium phosphates onto dental enamel, does not
normally occur. This unexpected stability has been
attributed to the inhibitory activities of two kinds of salivary
phosphoproteins-statherin and the acidic, proline-rich
phosphoproteins (PRP),

Investigation of the structure-function relationships of
statherin, the most potent inhibitor of primary (spontane-
ous) and secondary (seeded) precipitation of calcium
phosphaig salts in human saliva has been limited to studies
of peptide segments obtained from the native peptide by
specific proteoiysis. Solid phase peptide synthesis (SPPS)
is a useful and potentiaily more flexible altemative.
Phosphoserine residues (positions 2 & 3) play critically
important roles in the precipitation-inhibition activities of
statherin, but SPP synthesis of these phosphorylated
peptides is precluded because of the instability of
phosphoserine residues in the presence of HF. Thus, this
peptide was synthesized by solution-phase methods starting
with carbobenzoxy-serine and seryl-o-benzyl ester and the
dipeptide formed with carbodiimide. The dipeptide was
phosphorylated with diphenyiphosphoryl chloride and the
diphenyl protecting groups removed by hydrogenation with
Pt0z as catalyst. The deprotected phosphoserine dipeptide
was purified on sephadex QAE-25 and on DEAE agarose
arnd assayed for inhibition of primary and secondary
precipitation of calcium phosphate salts, The dipeptide
possessed substantial inhibitory activity In both systems,
but was not as active as either N-terminad tryptic hexapeptide
of statherin or intact statherin. Synthesis of other model
phosphorylated peptides are underway to expand the
structure-function relationships.

Introduction

Human salivary secretions are supersaturated with respect to
basic calcium phosphates (Folsch 195%; Aoba er al. 1984) but
spontancous precipitation of these salts {rom saliva and crystal
growth of calcium phosphates onto dental enamel do not normally
occur. This unexpected stability has been atiributed (Gron 1973a;
1973b; Hay 1973) to the inhibitory activities of two kinds of
salivary phosphoproteins, statherin (Hay ef af. 1979, 1982) and
the acidic protine-rich phosphoproteins (PRP) (Lagerlof 1983;
Hay er af. 1984). Statherin inhibits primary (spontaneous) and
secondary precipitation {crystal growih} of calcium phosphates
under salivary conditions (Merrifield 1963; Hay 1973), a highly
specific property not possessed by any of the other 40
macromolecules in saliva {Merrifield 1964; Moreno et al. 1979),
while the PRP, although less effective as inhibitors of primary
precipitation, are highly potent inhibitors of crystal growth of
calciuma phosphate salts under these conditions {Hay 1973;
Moreno et al. 1982). These activities are of biological significance
in that they act to provide a supersaturated, but stable and
protective environment for the dental enamel, which is important
for the integrity of the teeth (Hay 1973},

Investigation of the structure-function relationshups of these
proteing has been limited to studies of peptide segments obwained
from the native proteins by specific proteolysis (Hay er al. 1982,
1984, Lagerlof 1983), but it is often difficult to obtain desired
molecular segments by these methods. Synthesis of such segments
is a useful alternative approach, and convenient synthetic methods
are available (Mernifield 1963, 1964). Phosphoryiated residues such
as phosphoserine, however, play critically important roles in the
inhibition of calctum phosphate precipitation (Moreno et al, 1979,
1982), but incorporation of these residues into a conventional
synthetic protocol is not straightforward {personal observation).
The amino-terminal region of statherin represents a particularly
difficult problem, since it contains the dipeptide sequence
phosphaseryl-phosphoserine, at residues two and three, The
purpose of the present work was o synthesize this dipeptide
as a first step towards synthesizing more complex meodel
phosphopeptides of interest in these investigations.

Methods

Synthesis of Z-seryl-serine-O-benzyl ester (Folsch 1959).

Twenty mmol of seryl-d-benzy] ester-p-toluenesulfonate in 30
ml dimethyt formamide (DMF) which contained 20 mmol
triethylamine was coupled at 0° with 20 mmol N-
carbobenzoxyserine in 50 ml DMPF after the addition of 20 mmot
dicyclohexyl-carbodiimide. The reaction was allowed te continue
overnight at room temperature. The formed urea was filtered
off, and the solvents evaporated. The oily residue was dissolved

"in ethyl acetate (X)0ml) and washed consecutively with 106 (w;

v} KHSQO4 (25mi), three times, H20, 100 (w;v) NaHCO; (25ml),
three times, and H2), and dried aver MgS8Q4 in vacuo. The
product was crystallized from ethy] acetate/ petroleun ether. Yield
65.4%, M.P. 152-154°, previously reported (Folsch 1959) 138-
139°. Analysis, ClaaHzdPNz, M W, 416.2, calculated, C 60.60,
H 581, N 6.73; found, 59.84, 585 6.63. Previously reported
(Folsch 1959), calculated, N 6.7; found, 6.5. Proton NMR in
CDCla/(CD3).S0O gave the following values; d (PPM) 7.32
(s,10H,ArH), 5.18(s,2H,bzICH,). 5.09(s2H.bzICH2), 3.93-
4.10(m,4H Ser S-CHz), 4.20- 4.55(m 2H Ser a-CH).

33



Racemization test.

The Z-seryl-seryl benzyl ester was deprotected by cata!ytic
hydrogenolysis (Pd;/ C). About Img of the free peptide so obtained
was hydrolyzed with leucine aminopeptidase M in 0.1M tris-
HCl buffer, pH=8. After 24 hr the hydrolyzate was analyzed
using a Beckman 6300 high perfosmance amino-acid analyzer.
A single peak of serine was obtained (retention lime 16.7 tnin}
which was well resolved from seryl-serine (retention time 29.8
min) analyzed under the same conditions. This enzymatic
hydrolysis demonstrates that racemization of the L-seryl residues
had not Laken place during synthesis.

Phosphorylation

Ten mmol of Z-seryl-serine-0-benzyl ester in 10 ml anhydrous
pyridine and 20 mmol of diphenylphosphoryl chioride (Aldrich
Chemical Co.) were kept at 0° for two hours and overnight
at room temperature. Fxcess acid chlonde was destroyed with
water. The product was taken up in ethyl acetate and water,
und the ethyl scetate phase washed with SN Ha804, 109: NaHCQa
and Hz0, and dried over MgSOa in vacuo, A pale yellow oil
wis ublained, yield 90%. optical rotation [a]¥ = +124 (c 2.2
methanol). Analysis CaaHaz013NzP2 MW, 879.94, calculated:
C 6112, H 481, N 318, P 6.39. Found: 61.10, 5.28, 3.70, 6.73.
Proton NMR in CDDCly gave the following vaiues; d(ppm) 7.58-
7.11 (m,30H,ArH), 5.19%s,2H.bzlCH_), 5.16 (5.2H.bzICH3), 4.25-
490{m6H Ser a-CH, 8-CHa).

Hydrogenolysis

The fully protected phosphorylaled peptide ester was dissolved
in sopropanol-H20-HOAC (50:5:0.5, V/ V) and hydrogenated with
Pd/C (1062) in un atmosphere of hydrogen. After 4 hr the catalyst
was removed by filtration through a Celite filler and the filtrate
evaporated in vacwo, NMR data and paper electrophoresis still
showed the presence of some unremoved O-monophenyl
phosphorylated protecting groups, Consequently, a second
hydrogenution was performed in acetic acid, using Pi02 as a
catalyst ut a pressure of 20 psi overnight. The catalyst was removed
and the solvent evaporated to dryness. The residue was dissolved
in water and the solution extracted twice with ethyl acetate. The
aquecus phase was evaporated to dryness, and the residue
tnturated with ether.

Purification of the phosphoseryl-phosphosenne dipeptide, NHo-
PSer- PSer-COOR (PSer = O-phosphosenne) (Strid 1959).

Following the second hydrogenation the presence of aromatic
{csiducs from the phenyl protecting groups was still detected by
H NMR analysis. Separation of the totally deprotected peptide
from the mono-phosphorylated peptide(s) and traces of the
hydrolyzed peptide {NHz-Ser-Ser-COOH) was accomplished on
Sephadex QAE 25, a strong basic anion exchange resin with
a pynidine-formate buffer gradient from 0.25-1.0 M, pH 45,
This product was purified further by ion exchange chroma-
tography and gel filtration, prmarnly to remove residual salts
which could aflect subsequent assays. Deprotected phosphosery)-
phosphoserine, 10mg, was dissolved in 5ml of 0.IM pH &
ammonium bicarbonate and chromatographed on a column (1.6
x tdcmy of DEAE-agarose (BioRad Laboratores, Richmond,
CA) using a gradient of 0.0I1M to 0.IM pH 8 ammonium
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bicarbonate over 24 hr, at a fiow rate of 14ml;hr and collecting
7ml fractions. All solutions contained (.5% chloroform to prevent
microbial growth. The column eluant was monitored at 220nm
and the results obtained are shown in Fig. 1A, Aliquots of the
fractions wete lyophilized to remove ammonium bicarbonate and
assayed for their ability to inhibit secondary precipitation of
calcium phosphate salts, as descnibed below, to detect the presence
of phosphoseryl-phosphoserine. Significant activity was found
only in fractions 40-60, associated with the main peak. These
fractions were pooled, lyophilized and the material purified further
by gel filtration chromatography on a column (1.6 x 53cm) of
Trisacryl GFO5 (LKB, Inc., Rockville, MDD). The eluant used
was 0.1M pH 8 ammonium bicarbonate, at a flow rate of 14ml;
hr and 4.8ml fractions were collected. The eluant was monitored
al 220nm and the results are shown in Fig. IB. Aliquots of the
fractions were lyophilized and assayed for inhibitory activity. This
was found only in fractions 11-14 which were pooled and
lyophilized.

Fraction Number
Figure 1a. Chromatography of phosphoseryl-phosphoserine on DEAE-agarose
using an ammenium bicarbonate gradient (0.01-0.1M, pH &). [nhibitory activity
was found only in fractions 40-60 {cross-hatched bar) which were Iyophilized
for gel filtration.

0.D. 220 nm

WY
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Fraction Number
Figurr 1b. Chromatography of the adive material from la on Trisacryl GFO3
using . 1M pH B ammonium bicarbonate as eluant. Inhibitory activity was found
only in fractions 11-14 which were lyophilized to give the final purified product.
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or inhibition of secondary precipitation of calcium

phosphate salts

This assay i based on imﬁbit_iqn of precipitation during
hydrolysis ol dicaleium phosphate c!lh}_'dra_te (DCP]_)) to more
pasic calcium phosphate sal_ts‘ The pl_*mmpie involved is that when
NCPD partially dissolves Into a suitable buffer (pH > 6.2), to
saturate the solution with respect to gtself, yhe resulting solution
is supersaturated with respect to basic calcum phosphate salts.
These salts precipitate by seeding onto the remaining solid DCPD.
Under appropriate conditions, dissplution of DCPD and
precipitation of basic salts continues until hydrolysis of the DCPD
is complete. Inhibitors of calcium phosphate precipitation, at the
concentrations used, do not affect the dissolution of DCPD, but
adsorb to the solid phase and inhibit secondary precipitation of
the basic saits. Consequently, hydrolysis of the DCPD is delayed
1o an extent which is related to the adsorption properties of
a given inhibitor and proportional 1o its concentration, The
experimental details for this assay have been reported previously
{Gron 1973b; Hay et al. 1979). Briefly, samples of the serially
difuted inhibitor are assayed using this method and inhibitory
activity at 24hr is plotted versus concentration. The concentration
of the inhibitor giving 50% inhibition at 24hr is obtained by
interpolation. Standard solutions of polyaspartic acid, molecular
weight 20,000 (Sigma Chemical Co., St. Louis, MQ), were used
to standardize the assay system.

The value of this method lies in its relative simplicity and high
sensitivity; only microgram amounts of the inhibitor are required.
These features are valuable for initial identification of inhibitory
compounds, monitoring of inhibitory activity during purification
procedures, and for preliminary studies of the type described here.
Precise determinations of the inhibitory activity, in fundamental
werms, invalves determination of the relationship between the
adsorption coverage of calcium phosphate seed crystals by an
inhibitor, and the corresponding reduction in rate of crystal growth
on the inhibitor-treated seed material when this is suspended in
solutions with a defined degree of supersaturation with respect
1o itself, Such studies have been done (Moreno ef al. 1979; Aoba
¢t al, 1984) for selected salivary proteins which possess inhibitory
activity, and will be done for the synthetic inhibitors obtained
in these studies, but these determinations reguire considerably
larger amounts of material.

a@ for inhibition of primary precipitation of calcium phosphate
salts,

This assay was essentially identical to that used in previous
studies (Hay er al. 1979, 1934). Briefly, stock solutions of calcium
chloride and sodium phosphate are prepared. These are mixed
to give a solution which resembles stimulated human saliva in
its degree of supersaturation with respect to calcium phosphate
salts (Hay et al. 1984). The sample for assay is sequentially diluted
and included in the phosphate solution. Precipitation from this
system ocours within | to 2 hr in the absence of inhibitors. In
their presence, precipitation is delayed to an extent proportional
to their concentration. A 24hr assay period is used at the end
of which inhibitory activity is determined by analysis for calcium.

amount of calcium remaining in solution above the control
‘ﬁ“;“f is used to calculate the degree of inhibition of precipitation.
andulls from the sequentially diluted inhibitor samples are plotted
and the concentration of inhibitor giving 50% inhibition at 24hr
5 oblained by interpolation. The systern is standardized using
Polyaspartate as a standard inhibitor, as described above.

Results and Discussion

gg&l)hl;?m of the phosphoserine dipeptide, NHxPSer-PSer-

The yield of Z-serylserine-0-benzyl ester in crystalline form
from the condensation of seryl-0-benzyl ester and carbobenzoxy-
bserine was 63%. The subsequent phosphorylation of this product
wn}_l dlphenylphosp}!oryl chlonide was 860%. This product gave
a single spot on thinlayer chromatography with no evidence
of starting material.

Purification of the deprotected phospheserine dipeptide

Following the two hydrogenation procedures described in the
methods, some aromatic signals were detected by NMR.
Foliowing anion exchange chromatography on Sephadex QAE
25, however, the NHxPSer-PSer-COOH was isolated
homogeneous form with no aromatic signals on NMR in D20.
Residual salts from this purification precluded elementat analysis
and mass spectrometry. Paper electrophoresis at pH 1.9 and 6.5
g{wwed only one ninhydrin-positive spot migrating to the anode.

P NMR (D20) gave two peaks (<) 4.10 and 3.10, reflecting
the different environments of the two phosphate groups.

The deprotected phosphoseryl-phosphoserine was purified
further by anion exchange chromatography on DEAFE-agarose
{Fig. 1a). Omly fractions 40-60 were inhibitory in the secondary
precipitation-inhibition assay, and these were pocled and
Iyophilized. The product was applied to a Trisacryl GFO5 column.
Only fractions 11-14 from this column (Fig. B} possessed
inhibitory activity and these were pooled and lyophilized. The
yield of the dipeptide was 769, based on starting material used
for these two purifications.

Inhibitory activity of purified phosphoseryl-phosphoserine.

The inhibitory activity of purified phesphoseryl-phosphoserine,
comprising residues 2 and 3 in statherin, was compared with
the inhibitory activities of intact statherin and its amino-terminal
tryptic peptide, which has the structure NHzAsp-PSer-PSer-Glu-
Glu-Lys-COOH (Schiesinger and Hay 1977). Inhibitory activities
were determined using both the primary and secondary
precipitation-inhibition assay systems described above, and are
expressed as the concentration of inhibitor recuired to give 0%
inhibition of precipitation in the assay at 24 hr. For the primary
precipitalion-in}dbition assay, relative activitics were as {ollows.
Statherin, | 8M; the amino-terminal tryptic hexapeptide, 21pM.
and phosphoseryl-phosphoserine, 60uM (Table 1).

Table 1 Inhibitory activities of phosphoseryl-
phosphoserine, human salivary statherin and
the amino-terminal hexapeptide of statherin

Interpolated concentrations (M)
for 509 inhibition
Inhibitor o o
Precipitation Inhibition Assay
Primary Secondary
Statherin 18 0.3
Asps-Lyse* 21 0.0%
PSer-PSer 0 a5

*N Hz-AspPScr—PScr-Gln-Glu-Lys-C OOH
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This is an interesting result considering that covalently bound
phosphiate groups are gopsulerad to glay cntically important rql&s
in the activities of inhibitors of c_al_cmm phosphate precipitation
of the type considered here (Williams and Sallis 1979, 1982).
The threefold higher activity of the amino-terminal hexapeptide,
compared with the synthetic dipeptide, can probably be explained
in terms of the additional carboxyl groups present in the
hexapeptide, a structural arrangement known to increase the
effectiveness of this type of inhibitor (Williams and Sallis [979,
1982). The rest of the statherin molecule (37 resxd_ugs), however,
consists of one negatively charged and three positively charged
residues (Schlesinger and Hay 1977), with the remainder of the
molecule being formed from neutral and hydrophebic residues
which are not normally considered to contribute significantly to
the kind of inhibitory activity considered here. Consequently, the
far higher activity of statherin in inhibiting primary precipitation,
compared with the synthetic dipeptide and the hexapepude, is
an unexpected level of activity, which would not have been readily
predicted from existing knowledge. A possible explanation for
this finding, however, is indicated by previous studies of inhibition
of secondary precipitation (Moreno et al. 1982, 1984), discussed
helow.

The results from the secondary precipitation-inhibition assays
are relatively more easily understood. Inhibition of secondary
precipitation is usually explained in terms of adsorption of
inhibitors onto crystal growth sites (Meyver and Nancollas 1973;
Moreno et al. 1979), and adsorption 18 usually enhanced by
increased numbers of negatively charged groups (Williams and
Sallis 1979, 1982) (but see below). The higher activity of the
hexapeptide compared with the synthetic dipeptide can be
understood in these terms. Also, although the hexapeptide and
intact statherin are identical in the first six residues, the lower
activity of statherin in inhibiting secondary precipitation,
vompared with the hexapeptide, can probably be explained in
terms of a decreased efficiency of adsorption of the larger statherin
molecule compared with the hexapeptide, particularly as residues
7 to 43 of stathern contain only one further negatively charged
group in addition to the C-terminal carboxyl group.

These differences in the behaviors of the peptides investigated
in the primary and secondary precipitation-inhibition systems are
nol easy Lo reconcile. An important pessible factor, however,
is that recent studies (Moreno er g/, 1982, 1984) of mechanisms
underlyig adsorption of acidic polypeptides onto hydroxyapatite
showed that these adsorptions are endothermic, and are driven
by 4n increase in entropy. Part of this entropy increase comes
from displacement of ordered water from the surface of the
adsorbent, but the major portion comes from loss of ordered
water from, and disruption of secondary structure of the adsorbate.
1t seems possible that such structural changes may also underlie
the relatively much higher activity of statherin, compared to its
component segments, in inhibiting primary precipitation of
calcium phosphare saits. It is curious, however, that this behavior
s not also seen in inhibition of secondary precipitation, suggesting
1ha1_ significantly different mechanisms operate in the two
precipitation-inhibition systemns. These findings and considerations
¢mphasize the need 1o determine the adsorption properties of
thc_ molecules of interest as a necessary step in understanding
their mechanism of action and biological activities.

These studies represent the first steps towards obtaining specific
molecular segments by a synthetic route for defining the molecular
mechanisms underlying the inhibition of precipitation of calcium
phosphate gajg by statherin and the PRP from human saliva,
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The success with the synthetic strategy provides a basis for future
studics for obtaining highly purified phosphoserine<containing
analogs and vanants of molecular segments of these unusual
moiecules, to begin to resolve the questions noted above.
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ABSTRACT

Biominerals result from the regulation and organization
of the inorganic solid state by biological systems. In this
article we shall consider (1) crystai chemistry, (2) organic
matrices, (3) the ionic environment and (4) external stresses
as controlling factors in the regulation of the biormineral-
isation process.

Introduction

Biominerals result from the regulation and organization of the
inorganic solid state by biological systems. Biominerals are
complex matenals, generally comprising both organic and
inorganic phases with properties characteristic of the composite
as a whole (Williams 1984). A widc range of biomingrals are
known in extant organisms (Lowenstarn [981). The major
biominerals are caicium carbonates and phosphates which oceur
in many polymorphic forms, and are extensively used as skeletal
supports. A wide range of iron oxides are known with diverse
functions of magnetoreception and as a hardening agent in the
cutting edge of teeth. Amorphous silica structures are widely
known and functional roles include skeletal suppert and defence
against physical and biochemical predawors. Group ITA sulphates
and transition metal sulphides are observed less extensively and
appear to function as specific gravity devices or as deposits of
wasle material,

The formation of bivinorganic solids can occur within cellular
space (intracellular), at the cell surface {epicellular) or within the
extracellular matnx {(Mann [983). Many studies of biominer-
alisation in lower organisms have concentrated on defining the
level of control organisms exercise over both the mineral species
deposited and the growth of the mineral phase. At two ends
of an integrated scale we have *biologically induced’ and ‘matrix-
mediated’ biomineralisation (Lowenstam and Weiner [983). In
biologically induced mineralisation, membrane morphology and
element pumps or diffusion limitations are proposed to ultimately
determine the composition of the deposited solids (Mann 1983;
Williams 1984). In matrix-mediated muneralisation, the ngid solid-
state conformation of macromolecular assemblages decides the
‘epitaxial’ pattern of mineral growth in vitro and is thought to
operate in vivo (Addadi and Weiner 1986). Researchers have
concentrated on the control of nucleation and the promotion
of growth but have proposed that ‘lattice modifiers and crystal
inhibitors' are an essential component of a mineralising system
in order to obtain specific control of mineral morphology (Simkiss

1986). The control of mineralisation results in the adoption of
well defined muneralogical properties such as particle size,
structure, morphology, crystal growth direction and crystal
orentation. It is thought that the utilization of amorphous
inorganic polymers such as hydrated silica in the production of
skeletal materals may involve different design and construction
processes in the generation of functional structures {Mann 1987).

Characterisation of composite materials at the molecular level
presents many problems and a combination of technigues must
be utilised. The inorganic phase can be defined by a combined
structural and analytical physicochemical experimental approach.
Structural techniques include ¢lectron microscopy (scanning,
(SEM), transmission, (TEM) and ultra high transmission,
(HRTEM)), sold statc nmr, FT infrared and Raman spectros-
copy. Analytical techniques include energy dispersive X-ray
analysis (EDXA) and proton induced X-ray emission (PIXF)
coupled to the scanning proton microprobe (SPM). In the
following section of this article we will detail the mformation
which may be obtained from these techniques.

The definition of the inorganic phase is the initial (easy) part
of any study of biomineralisation. In order to understand, or
at Jeast start 1o understand, the biological mechanisms involved
in the regulation and control of biomineral production we must
consider the following factors: (1) crystallochemical control over
morphogenic form, (2) the organic matrix and the extent of
matrix/mineral interactions during both nmucleation and
subsequent mineral growth, {3) the local chemical/biochemical
environment as biomineralisation takes place and the importance
of the ionic environment as a morphology regulator, and (4)
external physical stresses including the role of cell membrane
and filament structures in the control of biomineral morphology.

In order to illustrate some of the above points we will consider
two distinct rmneralising systems: (A} Intraceliular Group ITA
sulphate depositions in unicellular organisms, and (B) Extracellular
silica deposition in plants. In this article we shall present structural
and analytical information obtained using electron microscopy,
X-ray analysis and solid statc nmr and show how studies of
morphological structure and chemical analysis can aid us in our
understanding of the biomineraligation process.

Materials and Methods

Sample Preparation: Full details of sample preparation for
biogenic silica and group 11A sulphate samples may be found
in papers by Perry ef al. (1984a, 1984b, 1987) and Wilcock et
al. (1988),

Electron Microscopy: HRTEM, TEM, and SEM and clectron
diffraction wield structural information at the molecular,
microscopic and macroscopic structural levels, SEM and TEM
provide information relating to the way in which a biological
structure is butlt up from fundamental microscopie structural units,
The techniques have shown that structural complexity is possible
for amorphous materials and have, therefore, implied that
significant chemical controls over mineral deposition must take
place. HRTEM is an established method for investigating the
local structure of crystalline and amorphous materials at the
nanometre level. The structure and properties of materials are
investigated by direct imaging of the crystal lattice under optimum
defocus conditions in the electron microscope. Yor crystalline
materials, defects in the crystal lattice may lead to information
on mineral growth patterns, For amorphous minerals we may
determine whether the structure is based upon a random nctwork
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of structural units connected via bonds of variable angle as opposed
to a microcrystalline/cluster structure comprised of a random
array of microcrystalline polyhedra. This will again give us
information relating to the pattern of mineral growth as it is
known that the presence of extraneous cations dispersed
throughout & structure would tend to favor the latter type of
structure (Mamn and Perry 1987).
Solid State NMR: For suitable nuclei, solid state nmr
py is an excelient technique for studying the local
environment of atoms in condensed phases. For “gSi nmr the
chemical shift position is highly sensitive to the coordination
of the Si atoms, such that, for example, the replacement
of OH groups by -0- bridges can be readily detected, This technigue
is equally applicable 1o crystalline and amorphous materials and
for the latter, peaks are expected to be broad in the absence
of well-defined single sites for Si atoms (it is 2 reflection of the
variations in bond length and bond angle which can be
accommodated around the Si atoms). The proportions of the
various resonances gives information on the chetnical nature of
the silica phase. Information on the nature of the silica surface
can be obtained by pretreatment of surface silanol groups with
a silylating agent (often trimethyichlorosilane) prior to
spectroscopic accumulation (Mann er af. 1983), The spectra
presented in this article were obtained from magic angie spinning
experiments pedformed on a Bruker CXP 200 solid state
spectrometer operating at 39.73 K Hz for *SL

Chemical X-ray Analysis: The techniques of energy dispersive
X-ray analysis (EDXA) and scanning proton microprobe (SPM)
analysis provide information on the inorganic elemental
composition of a material but no information on the chemical
identity, coordination chermistry and oxidation state of a particular
element can be directly obtained. Both techniques rely upon the
interaction of an incident beam of energetic particles {electrons
for EDXA, >2MeV protons for SPM) with the sample to excite
X-ray production. The X-rays are detected and analysed using
a lithium drifted silicon detector. Elemental detection limits are
100ppm for EDXA and Ippm for SPM anatysis in bulk samples.
An advantage of the proton microprobe analytical technigue is
that the problems of a high continuum background due to
deceleration of electrons in the sample material is significantly
reduced. Also, for thick samples, eg. whole cells etc., the high
energy proton beam does not deviate significantly from its originai
tragjectory on passing through the sample, so loss of resolution
S not a problem, Both techniques can be utilised for point analyses
and 1o provide spatial information via two dimensional mapping,

EDXA datain our studies were obtained using a JEOL 2000FX
electron microscope operating at 200 KeV with a lithiurn drified
silicon detector and analysed using Tracor Northern software.
SPM analyses were performed on the Oxford microprobe housed
in the nuclear physics laboratory. Full details of the experimental
setup can be obtained from the book by Watt and Grime (1987).
Point analytical data give the most accurate quantitative elemental
information but 21> mapping provides a means of studying the
telationships between elemental distribution and biomineral
composition or cellular organization.

Radiolabelling Experiments: Synthesis of eell wall components
during silicification of grass hairs was investigated by in vivo
radioactive labelling of plant inflorescences with [*Hjarabinose
and [“C]g]ucose at various stages of development,
Polysaccharides synthesised were analysed by graded acid
hydrolysis and by enzymatic digestion followed by chromato-
gtaphy. ‘Full experimental details can be found in the paper by

n

Perry et al. (1987). Labelling of macromolecules synthesised over
specific time intervals provided information on the changing nature
of the macromolecular assemblage in which deposition of the
mineral phase occurs.

Results and Discussion

We will now show how physico-chemical studies of
morphological structure and chemical analysis can aid in our
understanding of the regulation and control of the biominer-
alisation process. We will consider each of the four factors detailed
in the introduction in turn and dlustrate our argument with
examples from our studies on intracellular group IIA sulphate
depaosition and extracellular silica deposition,

{1} Crystallochemical control over Morphogenic Form

Studies of the crystallography and morphology of the celestite
skeleton of the acanthanan species Phyllostaurus siculus H.
have provided much information relating to the competition
between the desire of a biological organism to achieve structural
functionality and crystallographic limitations imposed on growth
patterns. Full experimental details and discussion can be found
in the paper by Wilcock et al (1988). We wiil also include a
brief description of siliceous structures where although
“crystallochemical” control cannot exist (the structures are always
amorphous), structural variation exists at both the molecular and
microscopic level,

Acantharia

Acanthania are manne protozoa with internal strontium
sulphate skeletons which for the species Phyllostaurus siculis
H. are composed of 20 spicules radiating from a central point,
Figure 1. The spicules connect via lateral wing structures which
are part of the base formations at the innermost end of cach
spicule, Figures 2a and 2b.

Spicule

endoplasm

actoplasm

Figure 1. Schematic diagram of a typical acantharian species of the onder
Arcanthida, showing twenty spicules radiating from a central point. The crystals
are single crystals of strontium sulphate enclosed by a vesicular membrane, The
skeieton has a typical diameter of 0.2-1.00 mm.



Figure 2. Morphological details of the skeleton of the acantharian specics
Phyllostaurus siculus H. [A] SEM of intact spicules, note arrow shaped bases.
Bar represents 50 um. [B] SEM of a pair of spicule bases connected by lateral
wings lying in one plane, Bar represents ! gm. [C} SEM of part of the skeleton
showing the pattern of spicule connectivity, Three different types of spicule base
connect 1o form the complele skeleton, The three types are labelled A, B and
. Bar represents 3 gm. {D] SEM of the virtually intact skeleton with the three
spicule types labelled. The relative rolation of the type C spicule shafts is clearly
shown. Bar represents 3 gm.

Morphological informnation has been obtained from SEM and
TEM studies. The twenty spicules can be divided into 3 groups,
type A, type B, and type C, according to the morphology of
the basts and the number and orientation of the lateral wings,
Figure 3. Electron diffraction and HRTEM imaging showed that
the spicules were single crystals of strontium sulphate with long
range perfect crystallinity, Figure da. All spicules were oriented
along the crystallographic a axis. We must point ouf that spicule
morphology is unlike that of geological or synthetic crystals which
most commonly display a tabular form with growth parallel to
the (001) plane. Electron diffraction was also used to determine
the precise crystallographic orientation of the spicule lateral wings.
The lateral wing attachments lie in low index preferred planes
of strontium sulphate, Figure 3. The three dimensional spicule
arrangement was characterised using SEM, electron diffraction
and optical microscopy. Spicule bases were observed to join at
the centre of the cell, by the connection of 2 lateral wings in
one plane. The pattern of spicule connectivity is as follows: Four
A type spicules lie in an equatorial plane and are attached to
8 type B spicules, 4 in a layer above and 4 in a layer below.
The B type spicules are rotated around a central pole,
perpendicular io the equatorial plane, by 45° relative to the A
type spicules. In addition to the attachment 1o A type spicules,
the B type spicules are also attached to C type spicules, 4 in
each of two layers further out from the equater. These C type
spicules lie directly over the A type spicules, Figures 2c and 2d.

We have seen that the acantharia adopts a spicule arrangement
governed by lateral wing attachments lying in low index preferred
planes of strontium sulphate, Figure 3. An examination of the
efficiency of spicule packing indicates that the spicule arrangement
observed is governed by a compromise between the drive for
an efficient use of space at the cell centre and crystallographic
limitations on lateral wing orientation. The most efficient use
of space at the cell centre would require all spicules to be identical
and 1 have three lateral wings inclined at 120° to one another.

Figure 3. Schematic representation of the three spicule types A, B and €, showing
the relation between spicule morphology and crystallographic criention, The
planes of all the lateral wings arc labelked; 2, b and ¢ refer 16 the orentation
of the crystal axes of strontium sulphate.

Figure 4. {A] HRTEM image of a spicuke shaft edge with the major axis of

the rounded thombohedral spicule cross section and the Jong spicule axis lying

in the [010] zone. The (100) and (001) pianar separations are labelied. Notc

the long range perfect crystallinity. Bar represents 10 nem. Inset [010] clectron

diffraction rocorded from this spicule, with coresponding theoretical diffraction

pattern (right) showing the pasition of the double diffraction ss)r.s( %4 [B]
10

HRTEM image of amorphous plant sifica No order above is visible. Bar

represcnts Sran.

However, this is not compatible with the crystal chemistry of
strontivm sulphate and is not observed (Wilcock er al. 1988).

If we consider the symmetry of the organism, the spicule
distribution obeys the general form of Miillers law, which describes
a patiern of 20 spicules in simple Dan symmetry. Now, although
the pattern is closely related to this simple description, it actually
has a different form from any simple pattern in several ways
and the structural form of the skeleton would not appear to
result merely from obedience to simple physical principles. The
specific and unusual morphology and the well defined refative
spicular orientation are indicative of the influence pf celiular
activity as well as crystallographic considerations in skeletal
morphology.

Desmids

In direct contrast to the species specific strontium sulphate
skeleton found in acantharia we tum now to banum sulphate
deposition in unicellular organisms, desmids, Figure _5. Both
barium and strontium sulphates are isostructural and it could,
therefore, be expected that we might observe similar compeutive
effects between crystallographic requirements and b}olpglcal
contrel in the development of crystal merphology. This 5 not
the case. There appears to be limited biological contsol aver crystal
development and the barium sulphate crystals found in these
organisms lie in the same crystallographic plane as their synthetic
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counterparts and both rhombic and hexagonal crystal forms are
observed, Figure 6. The crystal chemistry of these organisms can
be manipulated to produce either of the two major crystal
morphologies as we shall see in section 3.

Figure 5. Optical micrograph of the desmid Closterium moniliferum showing
vacuoles which contain barium sulphate crystals {arrowed) at either end. Bar
represents 25 i, Micrograph and desmids were provided by Prol. A.J. Brook,
University of Buckingham.

Figure 6. TEM of barium sulphate crysials obtained from the desmid Closterium
funuta The crystals all lie in the (001) plane. [A] rhombic crystals, bar represents
| pem. M?":80.5 <, 1:I. [B] an intermediate stage in the development of C,
bar represents 500 nm. [C] hexagonal crystal M504 10:1. Rar represents
500 nm,

Plant Silica

If we now consider siliceous structures, “crystallochemical™
control takes on a different meaning and we must consider both
molecular and microscopic structures before we can realistically
seek for controls over the mineralisation of such materials.

At the molecular level, in the electron microscope all biogenic
silicas currently studied appear similar in that no lattice fringes
are observed, Figure 4b, and no local order above 104 (3 Si-
0 repeat units) is visible. The images indicate a structure based
ort a random network of Si04 units connected through Si-0-Si
bonds of variable bond angle rather than a microcrystalline/ cluster
structure composed of a random array of microcrystalline
polyhedra (Mann and Perry 1987). However, if we turn to solid
state **Si NMR we observe that plant silica is markedly different
from other silicas, e.g. limpet and sponge in the proportion of
SI(OSi=)30H units found within the structure, Figure 7 (Mann
and Perry 1987). A significant proportion of the hydroxylated
units are in the interior of the structure (Mann er al 1983).

Although biogenic silica exhibits no long-range crystallographic
order we have recently shown that morphological order exists
at the microscopic level, The study of specialised grass and stinging
hairs has shown that biogenic silica can exhibit various structural
motifs at the microscopic level, {(Perry et @/, 1984a; Mann and
Perry 1987). Examples are shown in Figure 8. Each motif
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Figure 7. %% solid state magic angle spinning {MAS) spectra for 4) plant silica,
b} limpet silica and ¢) sponge sifica. Qa = SHOSI=, Qa = SHOSI=E0H, Q2
= S8 OSi=)2{ OH)z. TMS, tetramcthylsilane.

comprises primary silica particles of characteristic size, stability
in the electron beam (i.e. degree of hydration) and orentation.
Detailed studies on grass hairs showed that substructures were
formed at different stages of development. The sequence of events
appears to be linked to changes in the ionic environment (Perry
el al. [987). These factors will be discussed in the following
sections.

(2} Organic matrix control (over amorphous silica deposition)

Tnvolvement of an organic matrix in mineralisation has been
proposed to occur at different levels including, the simple provision
of nucleation sites (Lowenstam 1981}, the delimitation of a
“reactive volume” (Mann 1983; Williams 1984), and action as
a template for selection of defined inorganic microarchitectural
features (L.owenstam 1981). Biogenic silica, because of its intrinsic
amorphous nature requires chemical/ biological/ stress controls at



Figure § Fxamples of sinctural motifs exhibited by plant silicas. Phalaris
canariensis L. hairs A)sheet-like, Bigiobular, CYfibrillar. In addition for netile
sairs D) and E) globularfibrillar. For A}, B). C), E} bar represents 0.4 m.
Dy bar represents 0.2 am.

all levels of structural organisation in order to produce a functional
morphology. We will now consider information obtained from
an in vivo tadiolabelling study of silicifying plant hairs and indicate
the possible extent of control over biomineral morphology. Full
e}aperimental details may be found in the article by Perry et
al. (1987,

Biochemical studies performed on hairs from the lemma of
the grass Phalaris canariensis L. have shown that silicification
commences after cell growth is complete and primary cell wall
s)rnthlcsis has ceased. Radiochemical labelling studies of the organic
matrix associated with the silica has provided chemical
ifermation on the changing compositional nature of the
secondary cell wall material which may be correlated with different
rru{n:mi deposits observed. Detailed results may be found in the
article by Perry et al. (1987). Figure 9 shows graphically the
changes occurring as the cell wall matures and as silicification
lakc§ place. Important points to note include (a) ceil wall synthesis
continues for at least S weeks after emergence of the inflorescence
and that the process of silicification is not complete for at ieast
Six weeks after erergence of the inflorescence, and (b) cell wall
biosynthesis appears to change from the synthesis of predom-
nantly cellulose and arabinoxylans during the early stages of
cell wall development to the synthesis of a 8(1-3X 1 4)ghucan during
the latter stages of cell wail development,

Although there is nio information at present concerning the
ﬁ stereochemistry of the organic polymers detailed above,
Slmcturv:.l shown that during silicification changes in mifieral
with 1o orgamization at the microscopic scale are associated
eh relative changes in the synthesis of organic matrix
Ek_ﬂ_}l’ﬂrlm'n& The sheet-like silicified material deposited at the
umg :lsﬂgm of macrohair development is laid down at the same
o cellulo_sc and a heavily substituted arabinoxylan. The
of cella material is then laid down along with declining amounts
Dfﬂ(}_3;=‘;¢4a.nd arabinoxylan and rapidly increasing amounts
isdeposited 4)glucan and mannan. The fibrillar siticified material
of pot into the mature organic phase, when further deposition

Polysaccharide has virtually ceased

Within the y ocased. . ..
organic ma atixtemal boundapes of the mineralising volume
for siicif nal may play a role in determining spatial availabiiity

lcation at the nanometre level. In the plant system

VARIATHONS IN POLYSACCHARIDE SYNTHESIS IN GRASS KAIRS
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Figure 9. A graphical representation of the temparal variations in polysaccharide
synthesis in grass hairs. Siliceous structural motifs are also indicated. Analvsis
of the polysaccharides was performed by in vivo radiochemical labelling followed
by acid hydrolyses and paper and thin layer chromatography. The iabelied
monosaccharides were detected by sintillation counting,

discussed above, we have clear evidence that spatal availabilty
for mineralisation will be dependent upon constraints imposed
by secondary cell wall synthesis which proceeds in advance of
silica deposition (Hodson et al. 1984). Generally, the three
dimensional nature of carbohydrate polymers is affected by
glycosidic linkage, monosaccharide sequence, whether periodic
or interrupted, and on the presence, absence and chemical identify
of any side chains present. As an example, the effect of glycosidic
linkage on the shapes adopted by polymers of glucose is shown
in Table 1. Side chain modifications have a significant eftect on
the three dimensional shapes adopted by polymers, on their mutual
interactions and on the provision of ionic or hydrogen bonding
centres for interaction with the developing mineral phase. The
changing nature of the polysaccharides synthesised, for example.
cellulose at the early stages, a mixed linkage glucan at the later
stages, etc. will have clear consequences for both the ‘shape” of
the volume available for mineralisation and for the interactions
possible between the organic and inorganic polymers. The siliceous

Table 1. glycosidic linkage polymer shape adopted B(1-4)
cellulose ribbon a (14) amylose hollow helical tube B(1-3) callose

3 intertwined chains

glycosidic linkage polymer shape adopted
B4 cellulase ribbon

a{l4) amylose hollow helical tube
B(1-3) callose 3 intertwined chains




structures observed for the plant systems (shect-like, globular,
fibrillar and variations) may resuit from a patterning of underlying
organic pol .

The m of nucleation and initial particle growth in the
presence of organic molecules will be considered in conjunction
with the effects of inorganic/ionic specics on the development
of morphology in the following section.

(3) The ionic environment as a rorphology regulator

Amorphous Silica

The importance of the ionic environment as a motphology
regulator for the deposition of silica is well documented (lier
1979).

El)nctron microscopical studies of macrohairs from the grass
Phalaris canariensis L. have shown that morphologically distinct
silica structures are deposited at precise times and in well defined
locations within these unicellular hairs (Perry er al. 1984a). In
paralicl with structural studies, EDXA and SPM analysis have
been used to study changes in clemental distributions and
concentrations in the developing hairs. These analytical
investigations are of utmost importance in elucidating the chemical
factors which modify the structural forms of biologically deposited
silica. Although changes in the quantities of Si and K, C1 within
the hairs could be observed using EDXA, SPM analysis of both
immature and mature hairs provided greater detail concerning
the changes in Si, P, S, Cl and K levels with time. In particular,
the mapping of P and S provided an effective means of following
cellular activity within the macrohairs during biomineralisation.

Both EDXA and SPM analysis on immature hairs have shown
that silicification commences at the tip of the hair, Figure 10.
SPM data showed that K and Cl (not shown) are concentrated
behind the initial deposit of silica and are also present at fower
levels throughout the entire macrohair, Figures 10 and 11. Low

Figure 10. Ekemental SPM maps of a ir i

grass hair ip 4 days afier TReTE
ol the inflorscence. Total area analysed was 6(]y1pn X ﬁ}['lsmn Si;;tfwahon
commences in the tip of the hair (arrowed). Localised manrrm {arrowed) in
tiw K and Clinat shawn) maps accur immediately behind the initial $1 maximum,
P an:‘f S are h:mfnm]y distribuied al low levels throughout the hair. An exact
worrelation between colour and concentrati i .
iy Taior: can be found in the paper by
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levels of P and S remained virtually constant along the entire
lenigth of the hair. At maturity, X-ray analysis showed that thers
was no specific localisation of inorganic elements. Levels of §;
were high along the entire length of the hair, Figure 11. Levels
of K and Cl were much lower than those found in the immatupe
hairs and low levels of P were only detected at the base of the
hairs. Levels of S were only slightly reduced (2X) and were present
throughout the entire length of the hair,

SPM ANALYSIS OF GRASS HAIR
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Figure 11. SPM clemental analysis of immature and mature grass hairs. Levels
of silicon, potassium, phosphorous amd sulphur are compared with distance of
analysis point from the tip of the macrohair. At maturity levels of potassium,
chiorine and phosphorous are barcly above background and are nol shown

The presence of considerable quantities of K, Cl, P and §
within the immature hairs indicated that cellular contents were
present during the early stages of silicification. SPM studies on
mature hairs and studies of sectioned material (Hodson et df
1984) indicated that withdrawal of cellular contents occurs during
silicification. The continued presenice of S in the hairs at maturity
suggests involvernent with membranous structures within the
organic component of the silicified cell wall. Similar analynca]
results have been found in a study of biomineral formation in
stinging hairs from the common stinging nettle Urfica dioica
L. {(Hughes et al. 1988). ]

The terporal and spatial localisation of specific inorganic ionic)
elements during mineral deposition suggests that silicification i
closely connected with underiying cellular processes which may
ultimately control the aggregation of microscopic silica partickes
from supersaturated silicic acid solution. The presence of trace
levels of ions throughout the mature hairs suggests ?o‘ﬁ.lbk
involvement with neutralisation of surface charges on initially
formed silica particles, thus aiding aggregation.

1t is known that the growth of silica phases is governed bY
interfacial properties. Organic and inorganic (ionic) componcats
may moderate the mineralisation process (Iler 1979). High levels
of jonic activity 02-03M Na’, K) may promotc P2
aggregation due 1o surface charge reduction between primary
silica niuclei but do not (on their own) regulate the dt:velo]?ﬂ‘lﬂll
of morphological features. Hydrogen bonding ‘flocculants’ SuC
as alcohols, proteins, lipids and polysaccharides may act n 3
similar manner but only when ionic concentrations are low. It



can be suggested, therefore, that the changes n the relative
importance of both the ionic and organic (see section previous)
local environment may ultimately determine the distinctive
morphological form of amorphous silica (Perrv and Mann 1988).

Crystalline Barium Sulphate

The importance of the ionic environment as a morphology
regulator in the deposition of group [1A sulphates has been probed
by chemical and structural studies on desttuds. We must note
again that although strontium and barium sulphates are
isostructural, we do not observe simitar competitive effects between
crystallographic requirements and biological control in the
development of barium sulphate crystal morphology. There
appears to be limited biological control over crystal form. The
barum sulphate crystals found in these organisms lie in the same
arystallographic plane as those produced by svnthetic methods
and may exhibit vanations on rhombic or hexagonal crystal
morphology. Desmids may be grown easily m culture and we
have been able to investigate the extent of biological control on
ion selective uptake and mineral formation. Full experimental
details and results will be published elsewhere (Wilcock er al.
in preparation). Here, we notc some of the findings which are
pertinent to our line of argument.

Changes in the cationzanion ratios, Ba®":S0.4% in the external
culture medium resuit in a change in morphology of crystals
found in the desmid, Figure 6. If cation:anion, MZ*:80.% ratios
are <1:1, rhombic crystals are deposited. If M2 S04 ratios
are - 10:1, hexagonal crystals are formed. If strontium is added
to the culture medium the crystals are found to ncorporate
strontium. The morphology of the crystals, whether rhombic or
hexagonal is independent of cation identity whether strontium
or barium but is dependent upon the cation:anion, M2*:80,%
ratio in the external medium. This is well illustrated in Figure
12 where FDXA maps show the spatial location of the elements
mmvolved. In this expenment crystals were allowed to develop
under conventional growth conditions, M280,% = 1:1, and
then Sr** added such that M**:504% = 10:1. Barium sulphate
of rhombic morphology is found at the centre of the crystal
from which is developing an hexagonal crystal containing
significant levels of Sr in the outermost regions,

Quantitative experiments using EDXA have shown that the
ratios of Sr:Ba incorporated into both biologically produced
desmid crystals and synthetic crystals grown from similar media
under identical conditions are virtually identical (Wilcock et al.
in preparation). The desmid cells appear largely incapable of
selecting for barum in the presence of significant levels of

—_— B a1 tu

Figun: 12. EDXA maps of desmid crystals initially prown in 4 culture conlaimng
M?":50.% < 11 to which Sr%* was added giving a M?-504" ratio of .10:1.
The initial crystal was rhombic in appearance but on addition of Sr™ to the
culture medium is now developing an hexagonal form. Black represents high
concentrations. The centre of the crystal contains largely Ba®™ and 807, the
ovlermest regions contain significant levels of Sr%*. Scale har represents 0.25
pm.

strontium and also of discriminating against changes in the
cation:anion M2*:S0,*" concentrations in the external growth
medium. The morphology of the resultant crystals is dependent,
to a large extent upon the external environment and can be
understood from inorganic chemical principles. The extent of
biological control over crystal form appears minimal,

This we believe to be in direct contrast to mineralisation in
many other species where the regulation of the ionic environment
is of fundamental importance in determining the precise
morphology of the crystals formed, It is interesting to note that
in acanthana, low levels of non-localised barium are present
throughout the structure. SPM data indicates a level of 107

(4) External stresses as morphology regulators - the role of
membrane and filaments in the development of morphological
form.

Acantharia

In acantharia, mineralisation of strontium sulphate occurs
intracellularly within membrane bounded vesicles which are
themselves subject to external stresses from cell membranes and
filaments which are spatially organised with respect to the
developing spicules, Figure 1. An idealised drawing showing the
development of a single spicule is shown in Figure 13, The
chemistry of the mineral phase is totally prescribed (there is only
one crystalline allotrope of strontium sulphate) and the supp;)*
of material is largely a matter of transport e.g. Sr°” and SO4~
and not of metabolism. We note again that the crystal habit
is not that observed in vitro and the spicule morphology is species
specific (Schewiakoff 1926). In trying to understand how such
a morphology (20 ‘apparently’ equivalent spicules radiating from
a central point with Dan symmetry) might arise, we have considered
the competition between crystallochemical and biological controls
on morphology (section 1) and will now consider the possible
éffects of membranes and filaments on the development of
morphological features. The argument 15 presented in great detail
in an article by Perry et af. (1988). A consideration of early
growth stages in acantharia (Schewiakoff 1926) showed that single
cell morphology, for these organisms may be decided quite early
in growth if the spicule or filament growth rate is more rapid
than the growth rate of the whole cell. The growth of crystals
inside vesicles can only continue i the vesicle also continues to
grow, If the growth rate of the vesicle and the developing spicular
crystal is more rapid than general cell growth then at an early
stape in development the vesicle will hit the cell membrane.
Interestingly, the crystal continues growth with the same habit
and it appears that (a) a shape is forced upen the cell, and (b)
all further growth is of the systern as a whole, “equilibrium growth™
of all components. There must be an interactive balance between
all components if ‘shape” 15 to be maintained (Williams 1988)
as growth of one component wouid result in the development
of stress fields for the others, e.g. mineral growth could produce
stresses on membrane and filament components or, membrane
and filament positions may have an effect on crystal morphology.
When cell growth, incliding membranes and filaments, terminates,
the shape of the cell could remain fixed- as during the “etiuilibrium
growth” stage. If the supply of jons, Sr°* and SO+, to the
mineralising site continues, then crystal growth would take place
in regions of least resistance resulting in (a) curved mineral
structures under the restraining cortica! membrane and muscular
myoneme structures Figure [da, or (b) a rectilinear grid of mineral
deposited under apparent “inorganic/crystallochemical™ control
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Figure 13. Schemati diagram showing the effects of cell filamenits and membranes
on spicule growth. S = spicule enclosed within a vesick membrane. A = cytopiasmic
membrane, D = conex membrane, ¥ = cortex filaments, X = tubulin filaments
and M = myoneme {muscular structure).

=
@

=

Figure 14. a) Pant of an acanthanian species with skeletal growth erthogonal
to the spicule axes and curving under the restraining cortical membranes and
miscular myoneme structure, which are not shown. Bar represents 50 gmn.
Reproduced with permission from Schewiakofl (1926). b} acantharian species
with skeletal growth on a rectilinear grid just outside the muscular MyOnemes
and external 10 the cortical membrane. M = myonee, C = capsular membrane,
P = pseudopodia, I = conex membrane, O = axoneme, § = spicule, Z =
zooxanthellae, N = nucleus. Adapted fram Schewiakoff (1926). Bar represents
100 gren.
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external to the muscular myoneme and cortical membrane system,
Figure 14b,

The proposed argument is that the driving forces in the
determination of cell morpholagy are chemical production and
pumping (genetic control} — crystal growth in membrane
bounded vesicle “— membrane (filament) restraints on growth
— molecule rearrangements {giving rise 1o lateral anisotropy)
in membranes ~— new stress field ~— morphology.

It may then be that an initial action (the formation of a vesicle
with a growing crystal inside it) can generate a morphology without
further complex genetic instruction except in the supply of
materials. We may suppose that as well as cell shape this
morpholegy includes (a) filament lengths, (b) membrane curvature,
and {¢) disposition of proteins and other chemicals in the
membrane. OQur statement is then that biogenic crystal morphology
can be used to follow the force fields in a cell,

Desmids

The relative contributions of physical (including crystallogra-
phic) and biological control over crystalline mineralisation
processes can vary widely. An interesting comparison with the
strontium sulphate acantharian skeleton are the crystals of
isostructural barium sulphate found in the vacucles of desmids.
In desmids, filaments and microtubules are absent from the site
of mineralisation (Pickett-Heaps 1983) and the crystal morphology
is similar to that observed in vitro. The level of biological control
is minimal and the crystal form appears to be principally controlled
by inorganic;physical crystallochernical stresses. The barium
sulphate crystals so formed bear no morphological relationship
to the cell in which they grow. This substantiates the idea that
filaments and microtubules must play a major role in determining
mineral morphology in species such as acantharia.

General Conclusions

In this article we have attempted to show that in general, the
development of morphological features at both the molecular
and microscopic levels do not arise from genetic factors alone
or indeed simply as a result of ‘apparently’ simple chemical (organic
matrix or inorganic) interactions. In order to understand how
the inorganic solid state, (including both crystalline and
amorphous mineral forms) is regulated and organised by biology
we must consider the relative importance of (1) inorganic crystal/
structural chemistry, (2) organic matrices, (3) ionic emvironment
and (4) membrane and filament effects at all stages of developrment
of the mineral phase. The relative importance of each of the
factors (1) through (4} at any specific point in mineral formation
may be of vital importance in determining the mineral morphology
which results.
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ABSTRACT

Calcification of bioprosthetic heart valves {BPV)
fabricated from either glutaraldehyde pretreated bovine
pericardium cr porcine aortic valves is the most frequent
cause of their clinical failure. Aortic homografts have also
been noted to undergo calcific degeneration after clinical
implantation. Implant calcification occurs more rapidly in
young children and adolescents. The pathophysiology of
this disease process in BPVY% involves calcium phosphate
crystal growth within devitalized cells and collagen fibrils,
and is accentuated by mechanical stress. In addition, aertic
homograft calcification is also associated with elastin present
in the aortic wall as well as collagen. Investigations in our
laboratory have focused on methods of biomaterial
pretreatment for preventing pathologic calcification. For
this purpose, the use of the compound aminopropanehy-
droxydiphosphonate (APDP), which covalently binds to
residual aldehyde groups, has shown promising results in
preventing calcification in both pericardial bioprosthetic
tissue and aortic homograft tissue.

Introduction

The general problem of cardiovascular calcification both of
native and bioprosthetic heart vaives, as well as vascular tissue
and components of artificial hearis presents a major challenge
for current research, Glutaraldehyde pretreated bioprosthetic heart
valves (BPV) fabricated from either bovine pericardium or porcine
aottic valves are in widespread use today. An estimated 500,000
have been implanted worldwide to date and an additional 100,000
will be implanted in the next year (Schoen 1987). Characteristics
such as their non-thrombogemicity and central orifice flow
dynamics make bioprosthetic valves prefcrable in these respects
when compared to mechanical valves (Schoen 1987). However,
the problem of calcification has limited the widespread use of
bioprostheses to date.

Figures 1a and 1b illustrate unimplanied bioprosthetic heart
valves fabricated from a glutaraldehyde pretreated porcine aortic
valve which is sewn onto a stent and then mounted on a sewing
ring which is covered with Dacron cloth. After surgical implant,
stiffening of the valve cusps due to calcific deposits may cause
valvular stenosis, while uiceration and tearing of the cusps leads
10 valvular regurgitation. In Figures lc and 1d, calcium nodules
can be seen in areas of maximal leaflet stress along with tissue
tears which caused clinical failure of the explanted valve as
ustrated.

Figure ta. Unimplanted, stent mounted porcine aonic valve prosthesis (reprintad
with permission from Schoen and Levy [984).

Figure b, Unimplanted, stent mounted porcine aortic valve prosthesis,
View of the inflow side.

Figure tc. Cakafied explanted bioprosthesis with cuspal Lear.
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Figure id. Radiograph of valve specimen illustrated in Figure Ic. Calcium appears
bright white. {Figures lc and 1d reprinted with permission from Schoen and
Hobson 1985).

Calcium deposition has been shown to occur more rapidiy
in BPV's implanted in young children and adolescents.
Approximately 50% of BPV's implanted in young children
required replacement for clinical degeneration within § years of
implant, whereas less than half of BPV's implanted in adults
required replacement after 10 years (Schoen 1987).

The flow diagram shown in Figure 2 depicts the pathophy-
siologic processes which lead to clinical valve failure.
Glutaraldchyde pretreatment is necessary for tissue sterilization
and in vivo stabilization as a result of structural protein
crosslinking, however, glutaraldehyde is also an important
prerequisite for the beginning of pathologic calcification in BPV.
As Figure 2 illustrates, host factors such as young age, and implant
factors - - the most important of which are glutaraldehyde
pretreatment and mechanical stress - - interact to cause formation
of calcium phosphate microcrystals in individual cells and on
collagen fibrils. With time, these crystals grow in size and number,
eventually coalescing into nodules which can cause stiffening of
the valve and/ar tears in the valvular tissue leading to valvular
stenosis, regurgitation and eventual chnical failure.

HOST PROLIFERATION
FACTORS, OF CALCIFIED SITES
“u,
MICROCRYBTALS
oR NOOULE CLIMICAL
-CELLS CONFLUENCE ™™ FAILURE
~COLLAGEN
“w /
IMPLANT

CRYSTAL AUGMENTATION
FACTORS

Figure 2. Schematic representation of the pathophtysiology of bioprosthetic heart
valve calcification (Reprinted with permission from Schoen et al. 1985).

Aminopropanchydroxydiphosphonate (APDP) (Figure 3),
which is an analogue of pyrophosphoric acid, has been shown
to be effective in inhibiting calcium deposition in BPV tissues
(Levy er al. 1985, Webb er al. 1987). Its mechanism of action
is refated 1o glutaraldehyde induced structural protein crosslinks
in the BPV tissue. Figure 3 shows a schematic drawing of a
bioprosthetic beart valve illustrating our hypothesis of the method
of APDP binding to residual aldehyde groups in glutaraldehyde
pretreateq tissue. Initially, the valve is treated with glutaraldehyde

50

which covalently binds primarily to lysine and hydroxylysine
residues of collagen, forming crosstinks which provide tissue
stability and leaving residual aldehyde groups which are then
available for binding to the APDP. The amino group of the
aminodiphosphonate covalently binds to the residual aldehyde
groups via a Schiff base type reaction ilustrated in step 2.
Deposition of calecium phosphate may then be sterically inhibited
by the bulky, negatively charged tail of the bound APDP molecule.
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Figure 3. Schematic drawing illustrating the method of APDP binding to residual
aldehyde groups in glutaraldehyde pretreated tissue. NaBH. subsequently stabilizes
the APDP-glutaraldehyde bond. See text for details (modified from Webb er
al. 1987).

Because of the tendency for the Schiff base to undergo
hydrolysis to the aldehyde and primary amine, we (urther
hypothesized that stabilization of this bond would occur with
reduction by sodium borohydride, where the borohydnide is the
hydrogen donor. This is shown in step 3 of the sequence.

Using C-14 radiclabeled APDP, we explored the mechanism
of APDP binding, its tissue stability and the effectiveness of BPV
calcification prevention using the in vivo rat subdermal implant
model. The ability of NaBH4 to stabilize tissue bound APDP
was studied in an in virro system.

Survey of Methodology

Rat subdermal implantation of bioprosthetic tissue has provided
a useful model to assess BPV calcification and the effect of APDP
in the prevention of this pathologic process. This in vivo animal
model has beert shown to mimic the pathologic caicification found
in failed circulatory implants. It also provides an accelerated
example of calcification. BPV tissues implanted for twenty-one
days in rats show approximately 100 ug/mg calcium which is
comparable to the mean BPV tissue calcium levels found in
explanted bioprosthetic valves removed for clinical failure (Schoen
et gl 1987). When calcification characteristics of bovine
pericardium and porcine aertic valve leaflets were compared, no
difference in calcification between the two tissues was observed
(Levy et al. 1983; Schoen er al. 1986). Therefore, we cwrrently
use bovine pericardium in our studies. In addition, due to a
renewed interest in the clinical use of valved aortic homograft
tissue, we have very recently begun to use the rat subdermal
maodel to explore the calcification characteristics of rat aortic
homograft tissue.

Specimens of bovine pericardium were initially incubated in
0.2% glataraldehyde for 7 days at 25°C, then washed and
incubated at 25°C at varied pH and incubation durations in



0.14 M C-14 APDP or 0.05M HEPES buffer for controls. Rat
aortic homografl tissue was incubated only in 0.004M APDP
for 30 minutes at 37°C. The methodology of the rat subdermal
implantation has been previously described (Levy et al. 1985).
Explanted tissue was analyzed for calcium by atomic absorption
sprectroscopy {Schoen et al. 1986) and for C-14 APDP by liquid
scintillation counting (Webb et al. 1987). To study homograft
calcification, thoracic aortas were removed from large (300-400
gm) male CD rats, pretreated with APDP or control sotution
and implanted subdermally in weanling rats as previously
described.

Studies exploring the stabilizing effect of NaBH.4 on the APDP-
ghnaraldehyde bond were carried out in vitro (Webb e! al. 1988).
Glutaraldehyde pretreated bovine pericardial tissue was incubated
in C-14 APDP or control buffer and then placed in .05 M HEPES
buffer at 25°C. Tissue was removed at various time points up
10 6 months, and counted for C-14 radioactivity in a liquid
scintillation counter (Webb et af. 1988).

Results and Discussion

In general, APDP pretreatment of both rat aortic homograft
tissue and glutaraldehyde preserved bovine pericardium resulted
in profound inhibition of tissue calcification (Tabie 1). In addition,
NaBH, reduction stabilized the APDP-glutaraldehyde bond
(Figure 4). Finally, no adverse effects on rat growth or bone
morphology could be detected after subdermal implantation of
tissue preincubated in APDP.

Table 1 Explanted Tissue Levels of Calcivm (Cat++) and

Aminodiphosphonate (APDP)

TISSUE N APDP(nM/mg)  Car(ug/mg)
Rat Aonic Homograft
unimplanted 5 — 077 001
control 10 - 76.7 £ 26.5
APDP pretreatment
(0.004M) 10 248 + 0.37 18+03
Bioprosthetic Leaflet
{Bovine Pericardium)
unimplanted* 5 — 1.2 +01
control 10 — 9364 +11.63
APDP pretreatment
{0.14M) 10 1533 1 069 554 + 208

*Diata from Schoen et al. (1986).

Previous results of studies which assessed APDP binding to
bovine pericardial tissue and its subsequent anticalcification effects
showed that profound inhibition of calcification occurred when
> 30 nM APDP/mg was bound to the tissue. APDP binding
was pH and incubation duration dependent, with greater amounts
of APDP bound after longer incubation times and at higher
pH. There was a concomitantly grealer inhibition of calcification
with increasing levels of bound APDP when compared to controls
(Webb ef gl. 1987, 1988).

NaBH. reduction was found to stabilize the APDP-
glutaraldehyde covalent bond in in virro studies (Figure 4). There
was a significantly greater tissue incorporation of APDP at each
time point with NaBH4 reduction. in vitro incubation at acidic

+NaBH4 pH 74
JNaBH4, pH 40

L)

NaBed, pH 7 4
‘NaBH4 pH 40

¢4

nM APDPimg TISSUE {(DFY WT )
&
1

o T u 1
F 2 ¢] 180

TIME (DAYS)

Figure 4. Effect of NaBH, on the sibility of the APDP-glutaraldehyde bond
{reprinted with: perission from Webb o1 al. in press).

pH also favored greater APDP retention. Importantly, in both
the borohydride and non-borohydride treated groups, the
aminodiphosphonate appeared to each out of the tissue with
time, at physiologic pH (Webb er al. 1988).

Rat acrtic homograft tissue preincubation in a very dilute
solution of APDP (0.004M) was also found 10 prevent
calcification, Table | compares the levels of APDP and calcium
in explanted bovine pericardial and rat aoric homograft tissue,
Of note is the profound inhibitory effect of APDP even at very
low levels in explanted tissue as scen in the homograft tissue.

A common structural protein to both bovine pericardium and
porcine aortic valves is collagen, which has few native crossfinks
and requires glutaraldehyde stabilization beforc clinical
implantation. Although the mechanism of APDP binding to
giutaraldehyde crosstinked bovine pericardial tissue is thought
to occur by APDP covalently binding to residual aldehyde groups
bound to collagen, the method of binding to homograft tissue
is not as well worked out. Aortic homograft tissue also contains
collagen, and a unique feature of this tissue is the presence of
the structural protein, elastin, a naturally highly crosslinked
molecule, A preliminary hypothesis for the mechanism of APDP
binding to non-glutaraldehyde treated homograft tissue involves
these natural crosslinks in which semialdehydes may become
available for binding APDP as a result of the intermediary action
of lysyl oxidase (Lehninger 1982). The inherently high number
of elastin crosslinks in aoftic homograft tissue may therefore
provide sufficient binding sites for APDP without glutaraldehyde
stabilization. This concept was suppotted by our data on
homograft tissue included in Table 1. Even though the homograft
tissue was not treated with plutaraldehyde, a sufficient amount
of APDP was bound 1o the tissue to profoundly inhibit
calcification, compared to the severely calcified control group.

The data related 10 NaBH4 stablization of the APDP-
glutaraldehyde bond in bovine pericardium (Figure 4) is thought
provoking in the sense that it showed a loss of tissue bound
APDP with time. This would imply that the onset of calcification
is only delayed by APDP and may not be prevented in the
long term. Therefore, a method of sustained drug delivery may
need to be developed 1o insure freedom from caleificauon in
the long term. Current studies in our laboratory are focused on
the combined approach of BPV tissue pretreatment with APDP
and subsequent tissue implantation of controlled release matrices.

In conclusion, APDP effectively inhibited calcification of
glutaraidehyde pretreated hovine pericardium as well as rat aortic
homograft tissue. NaBH4 stabilized the APDP-glutaraldehvde
tissue bond. No adverse effects were detected on rat growth or
hone morphology after local delivery of APDP. Finallv. because
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APDP was noted to leach out of the BPV with time, a combined
approach of APDP pretreatment and controlled release may be
necessary for effective, long term inhibition of pathologic tissue
calcification.
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Use of Polymers to Control Scale in Industrial
Cooling Water and Boiler Water Systems

Claudia C. Pierce and Jabn E. Hoots

Naico Chemical Company, One Nalco Center
Naperville, IT. 60566

ABSTRACT

Although cooling water and boiler water systems
represent two totally different industrial environments, both
systems use water soluble polymers in their treatment
programs. A better understanding of how the system
components interact chemically and physically is essential
to optimize polymer treatment programs for both
applications. Water soluble polymers should prevent
precipitation of scaling salts and allow the formation of
very thin, protective films on heat sransfer surfaces. Factors
controlling the performance of polymers in these two
different environments are presented and discussed. The
importance of particulate dispersion, polymer complexation
and threshold inhibition on minimizing deposition of scaling
salts is described. The effects of molecular weight, chemical
composition and thermal stability on polymer performance
are examined.

Introduction

Naturally occurring polymers, such as starch and tannins, were
discovered more than a century ago to be effective sludge
conditioners for boiler applications. Other natural products such
as lignosulfonates and humates are still used today as dispersants
and crystal modifiers. In the 1950, synthetic polymers were
introduced in the market and were used to replace the naturally
occurming products. The switch was due in large part to the greater
thermal stability of synthetic polymers and to their higher activity
in conditioning deposit-forming precipitates. In the 197075, the
use of natural and synthetic polymers in cooling water applications
as scale inhibitors and particulate dispersants had paralleled the
boiler applications. However, carly versions of homopolymers
and copotymers were limited in their ability to handie wide-ranging
conditions or a variety of foulants at the same time. Reviews
of cooling and boiler water systems are available (McCoy 1981;
Strauss and Puckorius 1984).

In today’s non-chromate cooling water programs, polymers
usually serve to minimize formation of bulk deposits, while still
aliowing the corrosion inhibitors to form very thin protective
films on metal surfaces (Dubin 1982; Strauss and Puckorius 1984;
Hoots and Crucil 1987; Smyk et al. 1988). Stabilized phosphate
programs, for example, use inorganic phosphate to help prevent
comrosion with a polymer 1o help control calcium phosphate
precipitation. The polymer is a key element in the proper
functioning of this product, because phosphate containing deposits
would form otherwise. In order to choose polymers which provide
this desired performance balance, it is necessary to charactenze

the processes leading to deposit formation and examine the effect
that critical operating conditions have on polymer performance.

In boiler water applications, synthetic polymers are not only
used in conjunction with carbonate, phosphate and chelant
programs, but are also used alone as an all-polymer internal
boiler treatment, The advantage of an all-polymer program is
that it helps provide chelant equivalent clean boilers while having
non-corrosive characteristics normally associated with phosphate
treatments. In addition to preventing precipitation of scaling salts,
an all-polymer treatment enhances the formation of a very thin,
protective oxide film on the internal boiler heat transfer surfaces.
Polymer performance in this program is strongly dependent on
several critical parameters (molecular weight, for example) which
have to be optimized in order for the program to be effective
in boiler operations.

Boiler water systems operate at much higher temperatures and
generally have better water quality than cooling water systems.
Although these environments are very different, polymers are
used in both systems to achieve the common goal of helping
1o maintain heat transfer surfaces clean of deposits and corrosion
products. The objective of this paper is to describe in detail several
factors which strongly affect polymer performance in cooling and
boiler water applications, and to identify which of these factors
are critical to both systems.

Methods

The specific polymer systems examined in this paper are
polyactylic acid (PAc), polyacrylamide (PAm), acrylic acid/
acrylamide copolymers (Ac/ Am) of different monomer ratios and
physical blends of polyacrylic acid and polyacrylamide

homopolymers.

Benchtop Cooling Water Activity Tests

These tests aliow rapid evaluation of the performance of new
materials as compared to known inhibitors. The benchtop activity
tests can be camied out in a matter of hours and several tests
can be conducted concurrently (Hoots and Crucil 1987. Smyk
et al. 1988). ’

Calcium Phosphate Inhibition: Water containing hardness (250
ppm Ca'® and 125 ppm Mg'), inhibitor (10 ppm), and
orthophosphate (10 ppm) is heated to 70°C and stirred
continuously. The pH is raised to 8.5 and maintained for 4 hours.
The test solution is passed through a Millipore cellulose nitrate/
acetate filter (refer to Figures 14 and Table 1 for pore sizs).
The initial and final filtered test solutions are analyzed for
orthophosphate. Performance is expressed as “Percent Inhibition”
or ppm of orthophosphate in the filtered solution. Stress testing
of a polymer’s ability to inhibit formation and agglomeration
of particulates containing phosphate salts is accomplished by
changing the operating parameters (e.g. increasing temperature}.

Experimental Scale Boilers

Polymer testing in boiler conditions is done n experimental
scale boilers (Kelly er al. 1983a). Typical boiler conditions are
the following:
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Feodwater: 1 ppm Ca (as CaCO3)
0.5 ppm Mg (as CaCQy)
0.5 ppm 5103 (as S5i0;)

0.5-10 ppm polymer active
pH 110

10 ppm residual sulfite
1000 pig

110,000 Btu/ft® hr

10 concentratien cycles

Boiler Water:

Boiler Conditions;

Percent Transport of a compenent C is defined as:
GoTransport = {Clec/[Clrw) ® (1/# cycles) » (100}
BD = Blowdown
FW = Feedwater

1004, transpori of a component means that this component
is removed via blowdown, i.e., no deposition occurs on the boiler
heat transfer area.

Results and Discussion

Cooling Water Applications: Polymer Optimization
Studies for Calcium Phosphate Inhibition

Polymer Compaosition

When treating cooling waters, in which the water guality ranges
from 50 to 2000 ppm total hardness expressed as calcium
carbonate, the chemical composition of a polymer has a very
significant effect on its ability to limit growth of particulates
containing calcium and magnesium phosphates (Figure 1).

b
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Figura 1 - % Calciwm Phoaphste Inhibition veraus Polymer Composition

{045 mmcron filter)
Homopolymess of acrylic acid (PAc) and actylamide (PAm} were
not able, to any measurable extent, to limit the growth of those
particulates to less than 0.45 microns. In addition, a physical
blend of polyacrylic acid and polyaciylamide {7.5 ppm and 2.5
ppm actives, respectively) performed as poorly as the individual
homopolymers {PAc and PAm). However, an acrylic acid/
acrylamide copolymer [Ac/Am (25/75 mole %)] shows a high
level of activity for inhibiting the prowth of calcium phesphate
particulates to < 0.45 microns.
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Within the acrylic acid / acrylamide copolymer (Ac/ Am) system,
the mole ratio of the mer units also has a significant effect on
inhibiting the growth of phosphate salt particulates (Figure 2),

m
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Figure 2 - Effect of Ac/Am ratio on Calcum Phosphate Inhibition
{045 micron flter)

A high level of inhibition (=100¢%) is observed with copalymers
containing =30/70 mole % Ac/Am. As the acrylic acid/
acrylamide ratio increases or decreases on either side of that
optimal ratio, polymer performance drops sharply. It is clear
that the chemical combination of organic functional groups within
a molecule, in addition to the overall concentration and ratio
of those functional groups, is essential in determining polymer
performance. It is believed that polymers exhibiting “dual
character™ are essential in limiting particulate growth in certain
scaling salts (e.g. calciurn/magnesium phosphates). The dual
character arises from the necessity of the polymer to adsorb onto
the surface of a growing particulate and for the adsorbed polymer
to help prevent agglomeration of microparticulates by interacting
with the bulk solution and repelling other particulates (Tadros
1983).

Particle Size Control

The particle formation process and ability of certain Ac/ Am
copolymers to limit the growth of phosphate salts is exemplified
in Figure 3. A decrease in percent inhibition indicates that larger
amounts of particulates are being trapped by the filter. Large
amounts of microparticles (<0.1 microns) are formed in the
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presence of all polymers examined to date. The effectiveness of
a palymer is determined by its ability to prevent agglomeration
of those microparticles. The 50/50 mole % Ac/Am copolymer
exhibits no significant inhibition of particulate agglomeration as
> 90% of the phosphate is incorporated into large particulates
(> 8 microns diameter). In contrast, the 30/70 mole % Ac/Am
copolymer limits virtually 100% of the particulates 1o a range
petween 0.1-0.22 microns, The drastic change in the ability of
a polymer to prevent agglomeration of microparticulates is
observed with seemingly minor changes in polymer composition.

Effect of Polymer Molecular Weight

In addition to chemical composition, the molecular weight of
a polymer has a significant role in determining whether a polymer
provides effective inhibition of particulate growth (Table 1). The

Table 1 Effect of Molecular Weight On Calcium Phosphate
Inhibition

[Ac/ Am copolymers (25/75 mole %)]

Polymer Mw 0% Inhibition
(0.45 micron filter*
6,000 4
19,000 91
88,000 95

polymer’s molecular weight typically needs to be within an
optimum range, large enough for the polymer adsorbed on the
particle surface to provide an effective barrier to agglomeration
and below a value which would promote flocculation processes
{Tadros 1983). In the Ac/ Am (25/75 mole %} copolymer system,
a weight average molecular weight (Mw) of 6000 was insufficient
to prevent particle agglomeration. As the Mw increases to 19,000
and 88000 very effective inhibition of particle growth was
observed. Although higher molecular weight samples of Ac/Am
oqpolyrners were not available, it is expected that flocculation
will lead to a decrease in particulate growth inhibition as the
molecular weight of the Ac/ Am copolymer continues to increase.
Polymers having a Mw higher than 50,000 are unsuitable for
boiler applications due to their tendency to form insoluble calcium
polyacrylate salts.

Effect of Temperature

Temperature (bulk recirculating water and heat-exchanger
surface) are critical operating parameters in industrial cooling
water systems. As operating temperatures increase, the ability
of a polymer to inhibit particulate growth eventually decreases
and the decrease in performance can be very sharp. Without
a polymer present, particle formation and growth of phosphate
salts occurs rapidly as tempesature increases above 20°C (Figure
4). The addition of a low performance copolymer (30/50 mole
% Ac/Am) does provide modest control of particle formation
and agglomeration near ambient temperature, but a sharp decrease
in performance is observed as the temperature exceeds 40°C.
The 30,70 mole % Ac/Am copolymer provides a significant
increase in the temperature range over which particle agglomer-
ation is controlled, although performance ultimately starts to

decrease as the temperature increases above 80°C. Due to its
higher temperature and performance limit, the 30:70 mole %
Ac/Am copolymer is viewed as being much more useful than
the corresponding 50/ 50 mole % copolymer in industrial cooling
water systems.
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Boiler Water Applications: Polymer Optimization Studies
for All-polymer Treatment Program

The feasibility and effectiveness of the all-polymer treatment
program for boiler applications have been demonstrated and
documented (Kelly er al. 1983a, 1983b; Kelly 1984; Lorenc et
al. 1984). The following sections describe in detail the parameters
which have to be taken into consideration in erder for an all-
polymer treatment to be effective.

Polymer Thermal Stability

In conirast to cooling water systems where thermal
decomposition of a polymer is usually not a probiem, polymers
used for internal boiler treatment shouid be able to maintain
high performance in the high temperature and high pressure
environments normally associated with boiler operations and
experience a minimum amount of thermal decomposition,
Polymer thermal stability was previously determined by
thermogravimetric analysis in which weight foss is monitored as
a function of temperature (Ketly 1984). Synthetic polymers are
generally more thermally stable than naturally occurring products
(Denman and Salutsky [967) and the superior thermal stability
of polyacrylic and polymethacrylic acid compared to polymaleic
acid has been reported (Masler 1982).

Figure 5 shows the hydrolytic thermal stability of a synthetic
acrylic acid/ acrylamide copolymer as determined in a lahoratory
autoclave, The half-life at 252 and 285°C were found 10 be 8.5
days and 2.7 days, respectively. Tests performed in expenmental
boilers (Kelly er al. 1983a) have demonstrated that this copolymer
has sufficient thermal stability to be practical for use n high
pressure boiler systems.

Poiymer Complexing Ability

Polymers containing carboxylate functionalitics are ot only
able to dispers: particulates arising from boiler contaminants,
but they can also complex hardness and maintain it in a soluble
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Figure 5 - Hydrolytic Thermal Stability of Acrylic Acid/Acrylamide Copolymer

form. These two different mechanisms are graphically illustrated
in Figure 6 where percent calcium and magnesium transport in
a boiler operating at 1000 psig is reported as a function of the
polymer dosage. The hardness transport increases first at a
threshold level at which the polymer acts as a dispersant and
acrystal modifier. At the most preferred dosage (5-15 ppm polymer
active; ppm hardness), all the hardness is complexed, transported
through the boiler and eventually removed via blowdown. In
the all-polymer treatmem program, the polymer dosage is chosen
insuch a way to insure that all the hardness present in the feedwater
is complexed and maintained in a solubie form (Lorenc er al
1984). The complexing ability of a polymer in boiler water systems
is of much greater significance than in cooling water systems
in which, because of the much higher hardness content, polymers
are mosily used as threshold inhibitors.
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Figure & - Hardness Transport with Ac/Am Copolymer (All-Polymer Treaiment)

Polymer Molecular Weight

As in cooling water systemns, polymer performance in boiler
applications can be strongly affected by the polymer molecular
weight distribution (Mw). The Mw affects the polymer complexing
ability and the solubility of the resulting calcium polymer salt.
Increasing the polymer Mw increases the polymer’s calcium
binding ability (Pierce and Grattan 1988). This 15 due to the
fact that higher molecular weight anionic polymers have a higher
negative charge per molecule than lower molecular weight ones.
Those characteristics are common 10 most carboxylate containing
polymers which have been tested to date. Accordingly, one would
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expect that a very high Mw polymer would exhibit the highest
performance because of its enhanced ability to complex hardness
in the boiler. However, high Mw polymers able 1o complex
hardness can also, if not properly dosed, form insoluble caicium
polymer salts which exhibit inverse solubility. Table 2 shows how
polyacrylic acid Mw influences the solubility of the corresponding
calcium saturated polymer salt. Polyacrylate calcium salts, of
respective Mw values of 4,000 and 100,000, were prepared in
the laboratory and the relative solubility of each was measured
at room temperature. Increasing the Mw of the calcium
polyacrylate salt leads (0 a decrease in the salt solubility. Both
salts also exhibit inverse solubility behavior, with their solubility
decreasing as temperature increases.

Table 2 Solubility of Calcium Polyacrylate Salts

Polymer Mw Solubility (22°C)
g/}
4,000 1.84
106,000 0.80

Through extensive testings in our experimental boilers, the
molecular weight of the all-polymer treatment program is
optimized to maximize its calcium complexing ability and
minimize calcium polymer deposition in the event that polymer
underdosing occurs due to severe hardness upset conditions.

Polymer Compaosition

In order for an all-polymer treatment to be effective, the polymer
must provide good hardness control, offer good corresion
protection of the internal boiler surface and help prevent iron
oxide deposition on the heat transfer surface. Although
homopolymers are able 10 complex hardness in boiler conditions,
they are less effective in dispersing iron oxide particies, another
major component in boiler water contaminants,

Iron oxide particles are returned to the boiler as corrosion
products from the condensate system and, if not properly treated,
can cause deposition on the internal boiler surface. For this reason
polymer treatment is necessary to disperse the iron oxide particles.
Dispersion occurs when polymer molecules are adsorbed on the
iron oxide particles, thereby minimizing agglomeration. The level
of polymer adsorption is affected by various operating conditions
such as pH, temperature, hardness and competing amons (c.g.
orthophosphate).

The iron dispersion ability of different polymers was evaluated
using a once-through simulator for high pressure/ high temperature
operations. Figure 7 shows the iron transport abilities of polymers
compared to a blank (no polymer treatment). All polymers are
superior to the blank and polyacrylic acid is superior io
polyacrylamide. However, a 90/ 10 mole % Ac/Am copolymer
is superior to both homopolymers as well as to their physical
blends.

The superior performance of certain Ac/ Am copolymers as
compared to polyacrylic acid, polyacrylamide and physical blends
of these homopolymers is consistent with the results obtained
in cooling water systems. However, as we have demonstrated,
the preferred ratio of acrylic acid to acrylamide in the copolymer
15 dependent on the application.
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Conclusions

Many parameters control polymer performance in cooling and
botler water applications and all of them appear to be temperature
dependent. In the systems tested, the Ac/Am copolymers are
superior to polyacrylic acid, polyacrylamide and physical blends
of these homopolymers. Other parameters which can be crucial
to both applications are temperature, the polymer average
molecular weight and monomer ratio, All these parameters need
to be evaluated and analyzed in detail in order to optimize polymer
performance in either cooling or boiler water applications.
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The following presentations were also made at the symposium.
Published versions of the complete papers are available in other

sources from the authors.

Mechanisms of Diphosphonate Control
of Mineral Formation and Resorption

Marion D. Francis

Woods Corners Laboratories,

Norwich Eaton Pharmaceuticals, Inc.,
P.0. Box 191,

Norwich, NY 13815-0191

ABSTRACT

Endogenous substances such as pyrophosphate and
osteocalcin exert a controlling influence on mineral
{ormation in bone. This is primarily accomplished by their
properties of adsorption on existing bone. Administered
orally or parenterally, the geminal diphosphonates are
hydrolytically stable, have strong adsorption (chemisorp-
tion) on calcium phosphate of bone, and can have profound
effects on mineral resorption and accretion depending on
structure and systemic load administered. To understand
their biological effect on mineral resorption and formation,
we studied their desorption rates from synthetic hydrox-
vapatite (HA) in saline and serum. Using a calculated ratio
of surface adsorption area to volume of surrounding fluid
or osteoid matrix, we designed a model system of HA
and fluid in which both the rate of desorption and
concentration of desorbed diphosphonates in the peripheral
fluid could be determined. These data are presented.
PF"SPGClch is given to the selective effects of various
diphosphonates on bone resorption, heterotopic calcifica-
tion and ossification.

Biological Inhibitors
of Apatitic Crystal Growth

E.C. Mareno

Physical Chemistry Departrnent,
Forsyth Dental Center,
Boston, MA 02115

ABSTRACT

Inhibitors of biomineralization range from very small
and ubiquitous molecules such as pyrophosphate (PPi} to
relatively large and unusual moieties such as the salivary
acidic proline-rich proteins (PR P). The present paper shows
that, in most cases, it is possible to relate parameters denved
from adsorption isotherms onte hydroxyapatite to the
inhibitory activity of a given molecule. In the case ol
pyrophosphate, such a relationship is complicated because
a) a slow hydrolysis of the adsorbate takes place in the
condensed state and b) there are two adsorption sites only
one of which is involved in the crystal growth inhibition.
Coverages, calculated from the adsorption isotherm,
correlate well with the fractional decrease in the inital
precipitation rates. The adsorption of PRP and synthetic
polymers onto apatite is well described by a Langmuir
adsorption isotherm. Inhibitor coverages correlate very weli
with the crystal growth inhibition of apatite by those
macromolecules. It is shown that small inhibitory molecules
are buried during crystal growth whereas the proteins and
polymers display a different behavior. This investigation
was supported by NIDR Grant DE3187.
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Extracellular Matrix and Mineralization
in Developing Enamel and Bone

John D, Termine

Silicification in Siliceous
Organisms and Plants:
An Overview

B.E. Volcani

National Institute of Dental Research,
National Institutes of Health, Scripps Institution of Oceanography,

Bethesda, Maryland 20892 University of California,

ABSTRACT

The enamei layer of developing teeth presents a
hydrophobic environment in which forming hydroxyapatite
crystailites grow and coalesce in a highly co-oriented
manrer. Acidic glycoproteins, enamelins, coat the forming
crystatlite surfaces and are thought to regulate Iateral mineral
growth. A hydrophobic intercrystalline milieu is provided
by the amelogenin proteins, the major secretory product
of enamel-forming cells, ameloblasts, The amelogening
comprise a heterogencous set of molecules, rich in proline
and plutamnine, that arise from a single gene by alternate
splicing mechanisms. The hydroxyapatite mineral of bone
forms on and within collagen protein fibers that also contain
a number of noncollagenous, calcium-binding proteins
thought to mediate bone mineral formation andjor
secondary crystal growth. One such molecule, osteonectin,
1s a phosphorylated glycoprotein that seems to be
polyfunctional in growing body Lissues.

San Diego, LaJolla, California 92093

ABSTRACT

A condensed overview of the biological mineralization
of silicon will be presented: Siliceous structures of diverse
forms and architectural compiexities in chrysophytes, sili-
coflagetlates, diatoms, choanoflagellates, radiolarians,
sponges, and vascular plants will be briefly described. The
systems involved in the origin of the structures, and the
possible mechanisms of silification will be discussed.
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