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t 

Abstract %re organisms are ca@le of exerting exquisite 
control cwer the crystals they form. Key carponents in this 
process are unusually acidic proteins (aspartic acid-rich) . 
In this study w use a series of calciun dicarboxylic acid 
salts to investigate in vitro how these proeins are 
capable of interacting specifically w i t h  certain crystal 
faces. "k property that characterizes the affected faces 
is the orientation of sets of carbxyl groups which are 
perpendicular to the plane of the face in well defined 
motifs. Calcite crystals grown urder the sare conditions 
were ohserved to nucleate off a stereochgnically equivalent 
face ard to be oriented with their c axes perpendicular to 
the substrate. We show that this isa result of the acidic 
proteins adsorbing onto the substrate a d  then inducing 
oriented nucleation. This study underscores the inportance 
of these proteins in biological crystal growth ard 
damnstrates sare of the basic mhanisns involved. 

-- 

m y  characteristics of crystals aeperrl on the interactions of 
the different structured crystal surfaces with their enviromnt 
during mcleation ard growth. Tnus crystal shape, size ard 
orientation are determined not only by the forces within the 
crystal lattice, lxlt also by surfaceenvirmnt interactions. 
Even crystal structure itself, at least with regard to the 
stabilization of one or another polyrorph, m y  deperd on the 
milieux in which the crystal graws. Thc influence of the 
enviromt on the crystal m y  manifest itself at very different 
levels, fram the fairly non-specific, such as in solvent 

I m t s  of the Charles H. k w n +  and Graham ard Rhotm Becko 
Career kvelopnent Chairs 
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306 L. ADDADI and S. WEINER 

polarity or solubility effects, to the mst highly specific as 
in epitaxial growth. 

In controlled biological crystal growth one of the major 
strategies used by organism to regulate crystal growth is also 
13y means of surfac+enviromt interactions. Phny organism 
are able to control crystal shape, size and orientation in order 
to construct carplex structures such as bones, teeth or shells. 

It is the primary aim of this study to urderstand m of 
the principles used by organisms in these processes, and in 
particular the mechanism by which f 3 ~  biological mrwlecules 
involved interact with the crystalline phase. Here w briefly 
anmarise the relevant literature on 'StereOchBTlical' crystal 
growth and bianineralization and t k n  present the results of a 
novel apuroach to studying biological crystal growtl-y Part of 
this material was the subject of a recent plblication. 

"Tailor rack inhibitors": In the last few years the growth of 
o a  crystals has been systemtically studied by the solid 
state group at the WeiaMnn Institute, with a prticular 
eqhasis cn the stereochemical correlation bebeen growing 
crystal surfaces ard crystal growth inhibitors ("tailor m d e "  
additives). ?hese are organic molecules, slightly rrcdified 
with respect to the tulk caTponent of the molecular crystal, 
&ich can selectively adsorb onto specific crystal surfaces. 
pdsorption of the foreign mlecule causes drastic dmnges in the 
growth rate of the affected faces relative to the unaffected 
ones. Since crystal shape is determined by the relative rates 
of growth of the different faces, this eventually results in a 
d.ange in crystal morghlogy &/or habit. By analysing the 
morphological cfianges, the affected and mffected crystal faces 
can be differentiated. 'Ihe structure of the affected faces can 
then be forrelated with the molecular structure of the 
inhibitor. 

In this way, it was fcut-d that adsorption and subsequent 
growth inhibition occurred selectively on those faces at which 
the inhibitor occupies the site of a substrate molecule, such 
that the portion of the inhibitor hi& has a different 
molecular structure than the substrate molecules, points away 
fran the crystal. It therefore does rnt substantially interfere 
with the regular crystal bod  pattern. rrcdified moiety 
does, haever, interfere with the depxition of the next 
molecular layer and as a result growth in that particular 
direction is dramtically red& (Lkhare 1). 
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STEREOCHEMISTRY AND BIOMINERALIZATION 307 

disturbed growth 
4 

fd i stur bed growth 

Cke the basic mxhanism of the effect was unjerstood it clas 
rampized that such mq-hological rrcdifications are a very 
convenient tool for stlrlying selective interactions a t  crystal 
surfaces. This approach was used to  solve m y  pfferent 
problem i n  t k  fields of enantimer resolutjon, dire! 
assi-nt of absolute confilplration of chiral p lecules ,  
crystal morphology pineer ing,  crystal dissolution ard growth 
of p l a r  crystals. The knowledge acquired in these studies 
enables us ~ r ) w  to investigate mre carplex poblgns sud7 as 
solvent effect, cqystal nucleation, epitaxial growth a t  
structured surfaces ard, i n  the present study, biological 
crystallization. 

Biogenic crystals are cxnmnly formed by invertebrates ard 
vertebrates e r e  they are used predaninantly for reinforcing 
skeletal structures. The crystals fontled are usually of uniform 
size a d  shap, have constant wll defined orientations ard are 
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308 L. ADDADI and S. WEINER 

often quite different morphologically fran their non-biological 
counterparts. crystal polprphisn, crlhen present, is 
genetically controlled. In m cases two p l p r p b s  coexist 
within the same skelpl structure, ht they are almst always 
spatially separated. 

A armyln rrode of biolagical crystal growth involves the 
initial fomtion of a structural fr-rk (the organic matrix) 
within which the crystals sukquently grow. Pbllusk shells are 
particularly oonvenient systers for the study of matrix 
controlled Crystallizati~@fi have been the subject of many of 
our am investigations. In s ~ n e  bivalves the shell is 
carposed of an external layer of calcite (the primtic layer) 
and an internal layer of aragonite (the nacreous layer). Both 
have a well defined microstructure, rrnposed of arrays of 
kxagonal prim in the calcitic layefs and a %rick wall" like 
structure in the aragonitic layer. Th2 crystals are each 
enveloped by the orqTic matrix crrnposed primarily of proteins 
and polysaccharides. In both layers the crystals are oriented 
with their c axes prpdicular to the shell. The axes of the 
aragonite l'n the MCKEOUS layers of a variety of mollusks 
studied by us are aligned with the mean directionsly the mtrix 
proteins hich adopt the &sheet amformtion. Amng the 
macramlecules that constitute the matrix in mllusk sklls are 
a set of acidic, aspartic acid-rich proteins (representative 
anino y&d carposition Psp 30%, Glu 17%, Ser lo%, Gly 7%, 
lhr 7%). 'Ihese proteins are found predaninantly on the matrix 
surfaces.17 FS tt-ey are, therefore, in close proximity to the 
crystal surface, they are generally thought to fulfill inprtant 
functions in crystal growth regulation. A second class of 
acidic macramlecules present in the mtrix are protein 
plysaccharides (proteoglycans?) . Both c l y  bird calciun and 
in doing so unkrgo cnnfomtional dmges 'Ihe asplrtic acid- 
rich proteins adopt the B-sheet conformation. In this 
andomtion the carboxylate side group of the asprtic acid 
moieties all mrge in a planar array. (xlr wxking hypthesis is 
that crystal regulation is at least in part mdiated by calciun 
ions shard be- the carboxylate group of the &sheet 
proteins a d  the crystal surfaces. 

In this study we have used the aspartic acid-rich proteins 
obtained fran either the calcit& or the aragonitic layer of the 
bivalve Pptilus californianus. We &cse first to exdne the 
manner in which these acidic mtrix macramlecules interact with 
different structured surfaces of various calciun salts of 
organic dicarbxylic acids. (xlr ojective was to initally 
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309 STEREOCHEMISTRY AND BIOMINERALIZATION 

urderstard the g e r a l  stereochanical rules that govern these 
interactions. k then applied the derived rules t o  understand 
how these sare proteins influence the growth of calcite 
in vitro. 

Crystals of calciun mlonate dihydrate, calciun f m a t e  
trihydrate, calciun ta r t ra te  tetrahydrate and calciun mlea te  
monohydrate (cell d h n s i o n s  in Table  1) were grown in the 
absence and in the presence of =ry s ~ l l  m u n t s  of mtrix 
m c r m l d e s  in solution (0.5-!jp proteinJml - 50-500 nM). 
Figs.la, 2a, 3a ard 4a show the rreasured morphologies of typical 
crystals of mlonate, -rate, mlea te  ard tar t ra te ,  and 
Figs.lb, 2b, 3b and 4b shm the morphologies of these crystals 
gram &r the saw a d i t i o n s  lxlt in the presence of the 
proteins. 

TABLE I: C e l l  dimensions of the calciun salts referred t o  in 
this  study. 

%== C e l l  dinensions 
Qnpourd group 2 (8) b (8) 5 (8) (O)  Ref .  

Ca-Ma1onate.W 0 c2/m_ 13.87 6.81 6.80 p106 19 

Ca-Ma1eate.H 0 
Ca-l"artrate.k20 9.27 10.63 9.66 - 22 

.-' R3c 4.99 4.99 17.06 rl20 23 Calcite 

~ a - ~ a t e . 3 < 0  - ~2~ 6.62 17.63 6.97 - 20 
8.67 11.0 6.89 - 21 - 

-- 

changes in crystal morphola~~ are clearly cbserved in 
Figs.1,2,3. 'Ik faces that have selectively adsorbed protein 
can be identified by their relative increase in morphological 
importance. ?hese are { lo l}  in the case of mlonate, {ON} for 
h r a t e  an3 {llo} in the case of mleate. In the fourth 
systen, Q-tartrate, 110 specific morphological change can be 
detected (Figs.4a,b). cx?ly a t  higher protein commtrations, a 
non-sFi f ic  binding effect  was m i f e s t e d  by a general loss of 
wel l  defined crystal edges ard shape, accarpanied by the 
f o m t i o n  of holes and mcroscopic steps in a l l  crystal  faces. 
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310 L. ADDADI and S. WEINER 

Figs.lc, k, ad k shcw the structures of the affected 
salts of mlomte (in a stereo view on the affected plane) 
fumrate ad mleate ( in  a view perperdicular to the affected 
planes). Inspection of these structures clearly reveals a 
property c~mrm to a l l  the systars, nanely that a t  least one set 
of carboxylates m g e s  perpendicular to the plane of the face 
an3 carplexes calciun in either or both of the min  m t i f s  shown 
in ,%hem 2. In both m t i f s  the carboxylates a t  the crystal 
surface are separated by a repeating distance of 6.6-6.98, h i c h  

a b 
1 I01 I 

I c  0 0 0  0 0 0  I 0 0 0  0 0 0  

Fig.1 (a),  (b) kasured mr@mlogy of typical crystals of 
mlonate as seen along the b axis: (a) plre; (b) grown 
i n  the presence of proteins-(o.5pg,hd); (c) sterascqic 
projection of the structure of calciun mlonate dihydrate 
on the affected (101) face. ‘Ihe large circles are Ca 
ions. The carboxylates pqe f i i cu la r  to the surf- are 
blackened an3 the calciun atars shadad. 
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STEREOCHEMISTRY AND BIOMINERALIZATION 311 

ideally rratches the distance be- side chains along the 
backbone of a 8-sheet p r o t e i n .  The s e l e c t i v i t y  is  n o t  
governed, hawever, by the repeating C a a  aismces alone. In 
this case any plane of the type, for exanple, (E) in -rate 
or (hO1) in K E I ~ O M ~ ~  would be an equally good candidate for 
adsorption. Q-I the contrary, the inportance of the orientation 
of the carboxylate group, i.e. perpendicular to the face, is 
highlighted by the fact that in all the other faces of the 
crystals, umffected by the protein, the carboxylates always 
mrge in a different orientation to the plane of the face. In 
particular, in the C a - ~ i l o ~ t e  systan, the faces {201}, which 
are developd in the pure crystals, disapr in the affected 
ones in favour of the affected {lOl} faces (Figs.la ard b) .  ?he 
two lanes are very similar in character, apart from an o f f s e t  of 
<30 in the orientation of the carboxylates relative to the 
face. Furthemre, Q-  tartrate &ich is not specifically 
affected by the protein, da?s not possess any crystal planes 
with the required carboxylate orientation (Fig.&). 

2 

(c 1 
non interacting face 

SCheTle 2 -- 
Protein selectivity is also not governed by the calciun 

density or cationic character of the face. This is particularly 
wll damnstrated by the fact that in Ca-mlomte the {loo} face 
(Fig.5) has a high concentration of calciun ions and is indeed 
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312 L. ADDADI and S. WEINER 

the mst developed face in  the we crystals. Haever, th i s  face 
carpletely disa-s in  the affected crystals in favour of the 
less dense {loll  faoes. 

Fig.2 (a), (b) Wasured morphology of typical crystals of 
fumrate as seen along the c and b axes: (a) pre; (b) 
grown i n  the presence of proc ins  T+g/ml); (c) structure 
of calciun m a t e  trihydrate vi& along the c axis. 
'ke affected (010) face is viewed edge-on. Tne Calcim- 
carboxylate motifs are shadowed. 
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STEREOCHEMISTRY AND BIOMINERALIZATION 313 

a 

I 

6 

Fig.3 (a),  (b) Wasured morphology of typical crystals of 
mleate as seen along the c axis: (a) pure; (b) grawn in 
the presence of proteins (0.5p/ml). { } represent a l l  
the sym~try  related faces; (c) structure of calciun 
mleate momhydrate v i d  along line (-a tb). 
?he affected ( i i o )  fa= is v i d  me n.- PE c a l c i m  
carbxylate m t i f s  are mrked. 

In order to assess the irrportance of a q e r a t i v i t y  betwen 
binding ligards, as ell as  mcranolecular mnfonnation, w 
udertook sari? further rrcdel studies using synthetic 
polyaqartic ard polyglutamic acids as inhibitors of the saw 
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314 L. ADDADI and S. WEINER 

crystalline substrates. A first hint that the interactions 
between protein and crystal *re cooperative in nature, was 
based on the wry lw arrxlnts of inhibimrs required to  induce 

Fig.4 (a), (b) masurd  m@lcgy of typical crystals of 
tartrate. (a) plre; (b) yawn in  tbe p r m  of proteins 
(0.5-wm); (c) stereoscopic projection of the 
structure of calciun tartrate tetrahydrate on the (011)- 
face. Qrboxylate oxygens are blackened and calciun 
a t m  shadaid. 
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STEREOCHEMISTRY A N D  BIOMINERALIZATION 315 

specific mrpholqical changes. Aspartate and glutamate 
nonaners do mt affect crystal growth i n  i$e present systers, 
even a t  m m t r a t i o n s  of a@roxhte ly  10 h igk r  than those 
required in the case of their polymerisd munterparts. Note 
that the best law mlecular wight tailormade inhibitors are 
effective in  the range of 1% wt/wt of substrate. Polyasprtate 
(m 150) i n  solution@opts mainly the B-sheet conformtion in  
the presence of Ca , as indicatd by circular dichoisn 
measurermts. I t  indeed affects the growth of calciun mleate 
ard h r a t e  in  the sme way as the aspartic acid-rich proteins. 

0 obbo CBB O @ O  O 

O O @ O  CFB o e o  0 

Fig.5 Stereoscopic projection of the calciun malonate dihydrate 
structure cn the (100) face. Qlciun atans are shadowed 
ard carhxylate oxygens are blackened. 

In  contrast, pl>glutanate p r h r i l y  dqts the r a n d m i l  
m f o m t i o n  in  the saw solutions a d  has only a weak, mn 
specific effect on crystal growth. I t  appears, therefore, that 
tkre  is a cannon stereochanical effect i n  a l l  systens, whereby 
partially rigid calciun loaded asgartic acid-rich m a t r i x  
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316 L. ADDADI and S. WEINER 

proteins, bhich adopt the I3 -sheet conformtion, can 
cooperatively bird only to those crystal faces characterised by 
motifs illustrated in Schme 2A or B. I t  is only in this 
prticular orientation that the sick-chin carboxylates and 
calciun ions of the protein can occupl' the lat t ice sites of the 
substrate ions over extend& damins on the crystal surface. 

Interactions Between Aspartic kid-Rich Proteins and Calcite 
crystals : 

we ntrw consider the inplications of the stereochanical rule 
derived fran the mdel systarr; to calcite, one of the ccrrmon 
minerals forrned by organism and the mineral that interacts  w i t h  
these yy? proteins in the mllusk  shells. strudure of 
calcite (Fig.6) is characterised by having alternate layers 
of calciun ard carbo~te  ions along the 5 axis. 'Ik planar 

Fig.6 Structure of calcite viewed Ferperdicular to the - c axis. 
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STEREOCHEMISTRY AND BIOMINERALIZATION 317 

carbonate ions lie in the (001) plane. Of the three k m y  
polprphs of calciun Carbonate, two, calcite ard aragonite, 
have the sam relative orientation of calciun carbonate in 
pirallel planes. n7e third polymorph, vaterite? in which the 
carbonates are perpendicular to the calciun planes, is 
etastable and transforms spontaneously into the mre stable 
forms. "his illdicates that for a carbonate, with 3 bindiq 
oxygens, the best approach to a calciun plane is pallel. In 
contrast, for carboxylates with two binding oxygens, w observe3 
that the best approach is perpendicular to the plane. According 
to the stereochemical effect, the opthl plane for interaction 
betwen calciun-loadd aspartic acid-rich proteins and growing 
calcite should be {Ool}. 

Calcite, grown by diffusion of (W ) a3 into CaC12 
solutions, adopts the standard cleavage rd&ron mrphology, 
in which the {log} faces are developed. !RE relative positions 
of the {OOl} faces with respect to the cleavage rhadxhdron is 
shown in Fig.6 ard 8b. Calcite crystals grown in the presence of 
m l l  munts < O.SrS/"l) of acidic proteins often show very 
m l l  (001) faces which, curiously enough, are developed only at 
one vertex of the cleavage rhakohdron. since (001) (001) 
are symnetry related, both faces should develop as a result of 
the action of a kinetic inhibitor in solution, in a manner 
similar to those of the model systars. !RE develwt of one 
{OOl} face is carpatible with a process of nucleation fran the 
(001) plane. With no furtkr interaction after nucleation, the 
crystals wuld then assm their cleavage rbrdmhdron 
mrpholcqy. W irdeed observed that the affected crystals grew 
attachd to the bttan of the glass vial, with the (001) face at 
the contact (Fig.7). 

1 We could in fact unequivocally danonstrate that the acidic 
proteins, adsorbed on the rigid matrix are responsible for 
the nucleation of the calcite crystals fran the (001) plane. 
'"his was achieved by grawing calcite crystals in vials that =re 
previously incubated with a protein solution, prior to the 
intrcduction of the crystallization solution. 'RE effect was 
further confirmed by inmumfluorescent labelling of the proteins 
associapj with the (001) face of the nucleated crystals 
(Fig.8) . 
w attribute the ability of the proteins to induce 

nucleation to their rigidity as a result of being adsorbed onto 
the substrate. Note that the s m ~  proteins when present in 
solution in relatively high c o n c e n t r a t i o n  (5pg/niL), have a non- 
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s p e c i f i c  i n h i b i t i n g  effect on the growth of calcite probably 
due to electroStatic attraction between the highly charged 
mcrmlecule and the crystal surface. This m - e i f i c  effect 
results in the fonmtion of roacrosteps on the crystal surface 
and in the general 1- of wd1 defind crystal morphology. It 
also rrasks any possible specific growth inhibition effect. 

Fig.7 Scanning electron micrograph of calcite crystal 
nucleated on acidic proteins adsorbed on the surface of a 
glass vial, viewed at a tilt of 60'. Tne crystal is 
attached to the bttan through the -11 (001) face. 

Discussion 

Tne inportance of acidic proteins of the kind used in this stUay 
can be inferred fran their widespread distribution in 
mineralized tissues. "tEy appear to be essential carponents in 
biological crystal regulation, as they are const&tuents of all 
organic matrices for which data are available. In the few 
tissues where their locations are knum, they at the 
mtrix surface in contact with the crystals. 
little is known about the rranner in *ich these proteins perform 
their fumtions in vim. "tE present stuay does, hu.ever, raise -- 
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STEREOCHEMISTRY AND BIOMINERALIZATION 319 

the possibility of partially reconstructing mtrix functions 
fran an analysis of the orientation and of the expressed faces 
of the biogenic crystals. For calcite and aragonite (which has 
an a h s t  identical calciun layer in the (001) plane), if the 
- c axis of the mineral is oriented perperdicular to the mtrix, 
this would strongly suggest that @-sheet acidic proteins are 
actively involved in regulating crystal nucleation ard growth. 

a 

Fig. 8 (a) Ccnplter drawn shlation of a calcite crystal in 
which one of the tool} faces is developed at the vertex 
of the cleavage rhdxhdron; (b) imnunofluorescent 
stained calcite crystal dmnstrating the presence of 
aspartic acid-rich protein on the (001) face. 

Calcite and aragonite arc cannon biogenic minerals formed by 
many different organism, and in the ovenhelming mjority of 
cases they are indeed found to develop with their c,gxes 
perpendicular to the organic substrate off hich they grow. 

In tern of the sterecchanical effect damnstrated in this 
stdy, CIR would not necessarily expect the crystals nucleated on 
the psheet protein to have their a a d  axes aligned in a 
specific mnner with the polypptidgcfiains of the protein (as 
wuld be expected for true epitaxial growth). This spatial 
relation kwver, has been dmnstrated at least in one 
mineralized tissue, the aragonite bearing nacreous layer of 
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320 L. ADDADI and S. WEINER 

mllus~,15 suggesting that scme organism are able to exercise 
far more control over crystal nucleation than is explaid fran 
the stereochgnical rules. 

“he relevance of this stereochenical effect to biogenic 
minerals other than carbonates is not yet kncwn. We do note that 
the {loo} face of tydroxyapatite, a ammnly expressed face in 
the crystals of bones and teeth does contain 
mtif. ?his is analogous to the carboxyl structure in the 
plane of the affected faces of the calciun dicarbxylic acid 
salts. 

a chain 

?his stdy also has a nubx of interesting inplications f o r  
materials science. ’Ihe ability of the acidic mtrix proteins to 
recognize certain crystal faces and not others, or to irduce 
oriented crystal growth, raises the possibility of designing 
polyn-ers to perform the saw functions and to use thse polyn-ers 
to fashion crystals with zdvantag~~us proprties. Ihe sa~112 
primiple can be extended to modifying surfaces swh that they 
w i l l  be able to induce controlled crystal nucleation. We have 
initiated a series of experirrents along these lines in which 
polystyrene film are sulfonatedztp varying degrees arid to vhich 
plyaspartic =id is adsorbed. W dxerved that orienkd 
calcite crystals (i.e. nucleated fran the (001) face) can form 
on this substrate ur&r conditions in which the polystyrene film 
alone or the adsorbed polyasplrtic acid alone are not able to 
irduce oriented crystal growth. Ch the o t k r  hand, polyacrylate 
or even polyglutamte when adsorbed cnto the sanre sulphonakd 
film, are not able to induce orientd nucleation. ?his indicates 
that the +XI kinds of groups interading with calciun, i.e. 
sulphoMtes which have a strong axcentrating effect, arid 
carbxylates in the correct organisation, act cooperatively. k 
are presently investigating the nature of the cmprative 
effect, ard its pssible bplications for the mechanism of 
bianineralisation in general and of mllusk shells in 
particular. 

Wi? thank E. Smi for klp throughout this wrk. ?his w r k  m s  
supxted by Minerva FoLlrdation grants to L.A. and S.W.; it was 
IMde possible (in prt) by the furds granted by the Charles 
H. k w n  Ebudation. ‘Ihe statartnts m x k  and views expressd, 
hawever, are solely the responsibility of the authors. D
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