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D. Perl-- and L. Addadi 
slxudwal  chemistry Dl3pt., weimann Institute of 
Science, Rebvo t ,  Israel. 

Abslzact: Pathological cxystallizatim enocnpass a 
raqe of diseases caused by the formtion of unwanted 

relati- between these cxystals and prateins pmsent 
in the biological eanriramernt, a b h q  at a basic 
understanding of their intxxacticns a t  a molecular 
level. We focused on the crystallizatim of 
mOClDSOdim mate -ate (MSU), related to the 
disease of gout. Human Samm albrnrin (HSA), WNCh is 
found associated with the crystals in garty patients, 
acts i n  vim as a cxystal nucleatar of W .  
~ i G o g i E i i i X n d  imnunolabeling studies shmeti a 
selective interaction of HSA w i t h  the (110) face3 of 
Msu CIyStdLs. These faces are fonmed of hcxmhq@ 
layers of sodim catials m? mate eniolls. The 

crystals in the body fluids. we illwstigate the 

nucleating effect is pH depenaent, w i t h  the mid-point 
of the CUNB arolpd physiological pH. Blocking 
reacticns indicate that carboxylate grwps a m   active^ 
in  the nucleation of MSU. We prcpose a nucleation 
mechanisn whereby structured a n i d c  &nain!3 m the 
pratein surface interact with c a t i d c  layers on the 
(110) cxystal surface. This type of inizeracticn may 
be general far induction of crystallization under 
pathlogical axditials. 

The lmpcntance of the role played by crystals in  OUT body 
and i n  the life of nrost organism is in geplerdl not fully 
appreciated. organism f r a  all  five k i x q c b ~  are kmwn 
to build solid @ases tbt fulfi l l  a large variety of 
functions, ranging fmn skeletal suppart to food grindirg 
and protective structures, fmn navigatimal and balance 

are able to ayhl the mineralization process a t  the 
mlecularlevel . 
puposes to starage sites. In many cases, the mganisns 
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2/[262] D. PEE-TREVES, L. ADDADI 

In m t r a s t  to bianineralizatim, patblogical 
crystallization refers to the fomaticn of unwanted 
crystals inside the mganisn. anllKn exarlples are kidney 
sbanes, farmed mainly of calciun axdlate, uric acid and 

calcified *posits of chlasterol. certain types of joint 
diseases are also associated w i t h  the deposition of 
crystals, namely sodim mate QystdLs in gout, calcim 
PlP@=@=b s in pudcgout, or apatite czystals 

however be classified acxmang to cunpo6ition 
a i l y .  'Ihe crystalline deposits display a variety of 
pollJnmphic farms, different tzqstal habits and 
aggregation states, each pmbably reflecting a different 
etiology. 

brushih CIyStdlS, gall m, ocmpoeed Gf 

chemical 

In a l l  these diseases crystals grow in amplex 
biological envkfcm~&~ and interact with their molecular 
a d  macnmolecular cu-stituents. often -10 arrays of 
ccmpOundS are f and  associated w i t h  the pathological 
crystals, and it is practically impossible to distingUish 
ctnpuds that may have triggered CIyStdL farmation f r a  
those that adhered to the crystals a t  a latar stage. It 
is thus a very difficult task to determine the 
lTe&animn(s) of nucleation and growth of these czystals 
a t  the mlecular level. 

In a l l  these diseases the body f lu ids  are 
supersaturated wia respect to the mineral farmed a t  the 

but not site of depositim: This kw8ve.r is a 
sufficient crrdition for the disease to indicating 
that, as always in crystallizatim, the eanrirament has 
an essential role in the trigger* and/or modulatim of 
crystal growth. Additives have laq been kmmn to exert 
an inhibitory effect on crystal growth, as they are 
adsarbed onb the crystals or nuclei, and t3lUs interfere 

7 

w i t h  their regular grawth3. m the ather hand, 
nucleation is rarely l - - g y  process:6~anized 
s u r f a s o f m r O l a y e d g f l p 1 ~  armins -been 
shown to operate, under appmpriate d t i - ,  as 
nucleators of various czystalline materials a t  different 
levels of specificity. 

In bianinerdlizaticn, specific mamamlecules are 
secreted by many organisrrs 5 onder to ini t ia te  and 

crystallizations, m the other hard, epitaxial nucleation 
control crystal formation. In pathological 
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MOLECULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATION [263]/3 

on specific biological substrates is expect&, s h  
the biological awirummt is not px-edetemined to 

substrates is rather expect& to follow rules of 
induction a t  sane 1- level of specificity, Wch may 

that a basic understanding of the ways of interactim 

cOTlpOnentS in the biological envirorment IRlst f i r s t  be 

mechanisn(s) involved in pathological crystall izatim. 

interact with the crystals. Nucleation on these 

wel l  pmsent sane genf3ral oamrxl characteristics. we feel 

between forming crystdls and the macramlecular 

achieved befare addressing the question of the molecular 

crucial to the treatment to follow is tbe cmcept 
that crystal surfaces, a l w  determined by the 
arranggnent of the molecules  within the crystdl lattice, 
display surface structures w h i c h  are different from each 
other and from that of the crystdl bulk. Interactim, a t  
any level of specificity, must be therefare influenoed by 
the structure of the syfaces of the crystdl and of the 
interactirq m t e r p a r t .  We shall hereforth describe 
the approach m have develaped in the study of systenrs 
relevant to pathological crystallizatims, w h e m  
crystal-protein interact im are analyzed a t  the level of 
remgnition between strudured surfaces. 

For an analysis of recOgnition patbxns between 
rllaaumlecules and crystals, ianic molecu la r  crystals 
have marry advantages over inarganic ones; they are 
stereochgnically more articulated and the density of 
charge on thek surfaces is lawer. Specific interactiax~ 
are thus easier to distinguish from rm-specific 
electrostatic adsorption. These are sme of the reasocls 
why we cbee to study sodium urate -ate (M) 
crystals, wbse precipitation in joint23 causes the 

kry3wn , and possible factors influencing M 
crystallization have been investigated in a m4nunber 

di!seage kmwn as gout. The CIystal structure of mu is 

factors p m d i p i n g  certain hypnlricemic patients p of clinical, as wel l  as laboratmy studies . T h e  

nat others to develop gaut are, huwever, still mkrnilm. 

Sodium mate rmohydrate crystals, farmed i n  vim 
and i n  the joint fluid (synovial flyif), appear as 
elongated plates of 1 to 50 m in length . The crystals 
gruwn -- in v i m  display we l l  defined larye {OlO} plate 
faces, narrow {lOo}, (110) and occasionally &lo} side 
faces, and mall {Ool} top faces (Fig.1) . This 

-~ 
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4/[264] D .  PEU-TREVIES, L. ADDADI 

marphologv indicates faster grpwth in the direction 
relative to the directicns perpeardicular to 2. This can 
be easily r a t imized ,  as the is CharacbAzed 
by strorrg stackhg interactions of the v i n e  rings along 

sodim ions arraqed i n  the in- Spc0 (Fig.2a). 
Significantly, pobssiun mate is isamqbus to Mrm, 
while the salts of lithiun, cesim or 
Iubidim couldn't be obtained under analopus ccnditions. 
This is pxxsmably due to the match be- the spacing 
alaq c as deterrmined by the staddng interactions and by 
the &m, or potassim ion. A similar match Cannot be 
achi€Fmd w i t h  the sllall lithiun ions or with the larg0 
cesim ones. 

- c, rejnforced by 0 l e C t r a s t a t i C  interactions with the 

'Ihe snall {Ool} faces (Fig.%) have the Strongest 
hydmpbbic charactsr, Wle {OlO} (Fig.2a) and {lOo} 
(Fig.2b) have an intermediate iadc character w i t h  purine 
rirrgs alternating alaq the face w i t h  sodim ia7s and 
water molecules. The (110) faces have a unique char-; 

mlecules (Fig.2d) that run parallel t0 the face, 
alternating with layers capos& exclusively of mate 
mlecules (Fig.20). Each mlecule of mate emezges 
eage-on to the layer, thus endowing it with an aniadc 
character. 

they are cxnpsed of layers of sodim cations and water D
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MOLECULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATION [265]/5 

cL A 

‘ ch 
A 

Fig.& Packing amaqmmt of mamaodiull urate 
monohydrate: (a) on the (010) face; for clarity, 
cnly one mlecular layer is sbm. (b) Ch the 
(100) face; far ClariW only ane mlecular layer 
is Skwn. (c) an the (110) face; the layer of 
ur$te icns. (d) on the (110) face; the layer of 
Na ians and wa- mlecules. (e) on the (001) 
face, delineated by t b  e%pmssd side faces. 
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6/[ 2661 D. PEE-TREVES, L.  ADDADI 

interacticns, we chase to f i r s t  investigate in  vim the 
systsn MU-altXlmin. Mman GBzun albunin is the main 
protein -t Of s81un and synnrial fluid (CUE. 6-20 
ny/ml). It is a globular pwtein of W=66 Kdaltms that 
is involved i n  a wide range of kanspo& in 
blood. It has 80118 polyelectrolyte charader, due to the 
preseme of a relative1 1 nunber of acidic and basic 
residuesat itssurface . Ya - 

We found that albumin accelerates up to tenfold the 
aplpearence of q t a l s  of IvSU -- i n  vim relative to  the^ 

process is exclusively kinetic . Ek3at-denatlm3d altamlin 
loses most of its nucleating power, thus highlighting the 
impartance of the pratein surface structure in the 
nucleatim process. In additim, albunin has rm effect 
on the nucleation of uric acid crystallized llnder the 
~ a m e  -ti- (@=7-8, IDC~ tgoperature) but in the 
absence of scdium. It does, however, accelerate the 
crystallizatim of patassiun mate, which is isanarphous 
to EN. These results indicate a high &gcee of 
specificity of the nucleatim effect in relatim to both 
the prwtein and to the crystdl surf- structure. studies 
were then undartaken to further define the specificity of 
the glxwbin-crystal contads. 

same soluticns i n  the ”b”””#f albmin, and that the 

CRYSTAL SPIEIFICITY 

Three indepeltkmt techniques lmze used to determine 

interact w i t h  the morphology, hmrmfluarescence 
which, i f  any, of the crystdl faces, preferentially 

and -1d label 

~ l o g y :  The crystal habit appears to be mchaqed 
whf3n crystallizatim is perfarmed in the pmsema of 
albumin in soluticn. The relative area of the side faces 
does, however, increase, indicating that admxptial of 
protein takes place preferantially m the (110) and/or 
{loo} faces. 
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MOLECULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATION [267]/7 

ljTnlumf1uarescen=e: crystals grown in the pmselxx of 
protein were incubated with antibody raised against €nnnan 
senml al-, and Eubsqmntly with fluarescently 
labeled Protein A. The latter p r d e h  selectively binds 
to antibodies. Fluarescence was detected Specifically 
frun the side faces of the crystals gram with albunin dn 
solution, indicating the selective presenx of albunin on 
.ulose faces (Fig.3). No fluarescePlce was obemed fmn 
the ccnlm3l crystals grown wii3nlt albunin. Denatured 
albcpnFn appears by this test to induce a nu& maker 
mspcnse, and fluorescence s8ems to be equally 
distributed on all crystal faces. 

Fig.3: Imnumflmmsceme labeled crystals of -urn 
mate mmhydrate (a) viewed in Wte light, (b) 

X800. 
viewed in the fluorescen=e mode: Enlargement 

Imwmgold labeling: Crystals incubated with antibodtes 

colloidal gold labeled Pratein A. The crystal faces wre 
identified in the scanning electron miamscope, and the 
mmber of gold particles adher- to each of them was 
cumted. the basis of observations perfamed on a 
large MLpnber of crystals, one face type, {IIO}, in- 

as described above wxe txheqwntly incubated with 
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8/[268] D. PERL-TREVES, L. ADDADI 

preferentially w i t h  albnin. As mted above, this face 
has the unique characteristic of being formed of 
bmchixged layers alternating parallel to the face. The 
pmtein dmain interacting w i t h  such a face mst also be 
charged. we describe belm the infoxmation obtainsd on 
the nature of the graq?s cxlnp36ing these cbnains. 

PRUIEIN SPJXIFICITY 

The nucleating effect of al t O W E K d S ~ ~ S W a S  

be- pH 7 and 8. Albmin is barely nucleating at pH 7 
and displays almost maximal acceleration of nucleatim 
above pH=8 (Fig.4). This effect hints at the 
participation of grcups W b S e  state is changed around pH 
7.4. such mdificatials in proteins m3y be due either to 
direct titratim of the actiw gmups, resulting in a net 
change of charge, or to ccnfomatimal changes. 

A series of studies were mdertaken to idmtify the 
grcups involved. Blocking of l y s h  residues With dansyl 
chloride had a weak erratic effect on the nucleating 

of the resulting blocked proteins, althxgh as nu& 
as 30 grcups cut of a total of 52 were blocked (Table 1). 
Blocking of carboxylic gruups performed at pH=6 w i t h  
glycine e m 1  ester, under nm-dmaturing ccxditicns, 
resulted in 48 groups being blocked. The blocked protein 
had its nucleating potential reduced by 508. The reagent 
acts m neutral carboxyls and has an Opunapn aperating pH 
at 6. Reactim at higher pH resulted in fewer groups 
being blocked and in a arxxq&nt decrease in the effect 
of the blocking on nucleation . 

Blocking of carbcmylate graq?s by woodward's reagent 
K reduced the nucleating effect of the readed albumin by 
up to 95% when performed at pH=7.6. The influence of 
blocking was also &pertlent on the rnnnber of groups 
blocked (Table 1). Interestingly, when the reaction was 
per€ormed at w=7, the nucleating effect was reduced by 
cnly 8 %, even thcugh the nucleatim experiment was 
performed at pH=8. Since the reaction was not 
acccmpanied by denaturation in either case, the 
difference must be attributed again to the nature of the 
titratable grcups. There are-93 amim acids w i t h  
carbccylate side chains in albnin, most of which are 

reacted, block.ing m t  take place statistically on the 
thcught to be exposed to water. With 16-28 g r a u p ~  
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L I  1 1 1 1  1 1 1 1  1 1 1 1  1 1 1 1  I 

1 100 

Fig.4: pH profile of the effect of albcncin m sodim 
mate nucleatim. The nucleating power is 

tbei&uctl 'on times for nucleatlm in the 
pcesence and in the absence of albrnnin 
r e s p e c t i v e l Y  

expmssd as 100 (1 - ti/t0) w tj. and to are 

- 

expo6ed groups. we can infer that deactivation of t b  
protein w i t h  IESpect to nucleatim OOCUrS when a l e  or 
mare cartxmylate grcx~ps of tbe nucleating danain is 
blocked. These grcups are susoeptible to blockiq a t  
pH=7.6, but mt at pH=7.0. The results are thus in 

effect. It bas been suggested that woodlward's reagent 
K reacts w i t h  CarbQXyls only l b y  are i n  the charged 
fo rm OOo-. If this is true, the pKa of the grclups active 
in nucleatim would be set arumd 7.4, as ocmpared to the 

biological mvimments~m surfaces , -, pKa 
values of carboxylic groups rang- fran 3 to 11 have 
been reported. In view of this, a pKa of 7.4 is nrt 

agmemrlt w i t h  the pH depqE!me of the nucleating 

pKa of an isolated 1 which i y m u r X l 4 .  In D
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10/[270] D. PERL-TREVES, L.  ADDADI 

Table 1 -- 

GEE2 
GEE 
GEE 

DNS-H 

WRK 
WRK 

I W R K  
WRK 

DNS-Cl 

DNS-C1 

6.0 
7.0 
8.0 

7.0 

7.6 
7.6 
7.6 
7.0 

8.0 

8.0 

48 
20 
16 

2 

16 
20 
28 
20 

18 

30 

0.52 
0.89 
1.00 

0.72 

0.85 
0.50 
0.05 
0.92 

0.97 

1.00 

appearance of the 

b: suggested. 

particularly suprising. I t  would imply closely spaced 
domains of negative charges influencing each other. 

pH 6 and 8 human albumin ilndergoes the so called 
'neutral transition' , and an active participation of 

prupoed . The nucleating -late gxuup6 in this 
scenario may t h s  be exposed at pH=8 and ' h i e '  at 
pH=7. 

Alternatively, the observed pH depenaence may be 
mtplained by ca7formational transitiolls. Indeed, between 

"t""yljg groups in this tzmnsitim has been 
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MOLECULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATION [27 1111 I 

It has been suggested that Woodwad's I?eagent K may 
react at higher pH with2g"L" or imidazole gruups, in 
additim to cartwcylates . This possibility gives rise 
to a different -lanation of the pH dqmdmce of the 
nucleating effect, involving histidines &/or lysines in 
their neufsdl basic form. The results obtained by 
blocking w i t h  damyl chloride and glycine ethyl ester, do 
bwever show involw3nent of carboql, and not amiK, 
grulps. In additim, as established above, the 
intemcthg crystal faces are charged, inplying that the 
ocxmterpart shaiLd be charged as well. Involvement of 
basic residues would thus be expcted to result in an 
cpposite pH depe&mx of the nucleating effect. 

OF THE NUCLEATION SITE 

It has been tacitly assLpned in the discussion .bo this 
Point that specific StKuCtural pratein/crystal 
interactions occurring durirg nucleatim follaw the same 
remgnition rules as tbse occuxring during grawth. This 
implies that the nuclei have the same t&xctum as the 
mature crystals, a generally accepted 
-by sane indirect mqer imenta l  evi&3Xs 

If this assmptim is corred, t k m  ccmbined with 
the data m crystal specificity and pmtein blocking 
reactions, certain conclusions can be drawn about the 
nucleatim site, and a tentative nucleatim mechanisn can 
be oonsequently pmposed. The nucleaticn site is 
ccmposed of a s t r u m  domain of carhcylate groups on 
the protein surface, whose relative geunetty is 
debmined by the seoondary and possibly tertiary 
structure of altmlh. This structured anicnic nUcleaW 
domain interacb w i t h  a layer of sodim ions and water 
molecules fran solutim, akin to the caticnic layer of 
r*lsv crystals on the (110) face. whether this first layer 
is assembled on the protein or is part of a metastable 
mlecular -ate preexisting in the supersaturated 
solutim is open to speculation. Given the very high 
level of supersaturation of soluticns of sodim =ate 
that can maintained in a metastable state withcut 
nucleatim , we persanlly prefer the latter 
explanatim. The function of the prwtein mi ld  then be .bo 
stabilize tbe nucleus, allowing it to eventually grow 
into a crystal. 
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I 2/r2721 D. PERL-TREVES, L .  ADDADI 

The three dimensional structure of allalnh has cgy 
very recently been debmined a t  a rwolution of 6 . 
It is caposed of a series of a-helical daMins assembled 
i n  tight packing to yield an extended fairly planar 
ellipsoidal surface of 140 by d. unfortunately the 
side chains of the a m i m  acids m t  be identified a t  
this resolution. The k m w n  sequen=e of albumin however 
includes series of aspartate and glutamate residues 
located such that they muld be very close to each other 
i f  arrarqed i n  an a-helical structure. 

The p3qosed nucleation llxdxmisn is reasonable i n  
ternrs of pathological cxystallizaticns, insofar as it 
involves the interaction of a d d c  on the 
protein w i t h  c a t i d c  layers on the crystal. This type 
of interaction does rot require epitaxial matching of 
a M c  positions and can be quite general for nucleation 
of icmic crystals on charged substrates. The same 
essential features were deduced 0 nucleating daMins on 

mineral is calcite and the crystals nucleate within a 
preformed solid matrix. Analogous to sodim urate, the 
f i r s t  layer of calciun caticns of the crystals intaract 
w i t h  structured carbaxylate danains of aspartic and 
glutamic acid residues. Nucleation of calcite ensues, 
w i t h  a specific orientation c o m e q c d i q  i n  the CIyStal 
lat t ice to layers of calcium caticns and cartxnate anicns 
perpendicular to tlp c axis. SiqjJ,prly oriented crystals 
of sod ium chloride a;-d vaterite were observed to form 
urder mrmolayers of stearate. Such strikhq similarities 
in systems that are so different testifies to the 
generality of the praposed nucleation mechanism. 

mollusk shell acidic proteins %. 5 . In this case the 

W e  note in M s  c m M  that the acidic nucleating 
proteins extracted fnm mollusk shell matrix, nucleate 
calcite ai ly  when adsorbed on a substrate. These are 
mall proteins that assum an extended 4-sheet 
cmfomtion. The substrate, be it their natural matrix 
frmework or an artificial one, provides the protein w i t h  
the rigidity required for nucleation to cccur. The same 
requirement is apparently not necessary for a large 
globular protein as it is sufficiently rigidized by 
intramlecular interacticns. In fact allnnnin is kmwn on 
the cmtrary, to underyo a degma of denaturation 
uponadsorptiontosubstrates . 
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we found that a l M  cdsorbd m glass pmsemes 
its ability to nucleate mu nystdls. In cmtrast, 
aliamin adsorbd m plasma-treated polystyrene Qes not 
induce crystallizatim of P6U any fastar than polystyrene 
alone. The diffe-mnt behaviour of the protein can clearly 
be a t t r ib t ed  to the chemical M- of the surface. 
Alhmin must  be denatured to a greater extent w b n  
adsarbed on the hydmph&ic polySQrmf3 surface, than m 
the more h@rqhilic glass. we are prresently 
-gating the machanislls of 
9 m - d e n a t u r a t i m - n u c l e a t i m  relati- in greater 
detail . These studies are also relevant to the 
patblogical ccdition, where crystallizatim takes place 

amprising collagel and proteoglycans . in contact with the chary& surgfce of cartilage, 

we have shmn here that proteins pre3ent in the body 
f lu ids  can recognize different nystdl surfaces m the 
basis Of their S ' b u h  and chgnicdl M-. R-Um 
can result i n  selective adhesion of the mac=rarrolecule to 
the -1 surface and i n  stabil izatim of CryStdL 
nuclei towards crystallization. In the case of gout, the 
mchanisn suggested here for nucleatim i n  Vitm may be 
relevant to the i n  vim situation as a1.AlbUnin is 
always present in-t&-ynovial fluid, but it is nut 
always i n  a nucleating state. We mte that Physiological 
fluids have pH values clcse to 7.4. This pH is a t  the 
mid-pint of the observed pH de- far 
nucleatim of sodim mate by allxlmin. The Cunbinatim 
of supersaturation with localized pH fluctuatials may 
then transiently induce ccditicns favuurable to 
nucleatim. Fix-bmmE, fm studies perbmed directly 
on symvial fluids extracted fm gou- and m-gou- 
patients, it appears that the behavim of allxncln with 
I-eqpCt to mu nucleatim is the same the 
physiological -t as i n  buffer soluticns . 
we do ryst intend to suggest that this is the a l ly  pathway 
to crzystdllizatim in gout. It may pruvide cnly one, cut 
of many possible scenarios for the OcIsBt of crystal 
formation in the disease. m the cmtrary, WB note that 
the same mechanism suggested for albcpnin may be operative 

this ccntext that the large family of IgG irtmmglobulins 
for other pbins as -11. Interestingly, WB f& in  

also induce - -  in vitro faster crystallizatim of mu, 
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althcugh a amcanlxatim of IgG higher than far albmin 
in solution in order to reach an analogaus 

proteim amprising the antibodies in the body fluids. 
Tky have the task of reoogniz- foreign particles 
irnrading the body. Pathological crystals are also 
included in this definition of foreign particles, and as 
such might be cmceivably recognized by specific 
antibodies. We are presently investigating this 
interesting p o s s i b i l i p .  

eff is r Imrasloglobulins are the hypemariable family of 

RclavJW1edgements: we thank s. weiner f a r  critical 
reading of the marruscript, L. Leiserowitz far useful 
discussicns. This w o r k  was supported by the 
F'urdfarBasicResearch, achinistered by the Israel 
Academy of Science, and by the Minerva Fcnmdatim. 

A. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

FmERmms 
' H.A. and S. We-. In: on 

Bianheralization,Oxford University Press, New Y& 
L a & n  (1989). 
P.A. D i e p p e  and P.D. Calvert. In: Crystals and 
Joint Diseases, Chapnan and H a l l ,  (1983). 
H.E. Buckley. In crystal Gruwth,. Chapnan and H a l l ,  
Lcdm (1951). 
(a) E.M. Landau, R. Popovitz-Biro, M. Levanxl, L. 
Leiserowitz, M. Lahav and J. Sagiv. P b l .  Cryst. 

S. Grayer-Wolf, J. Sagiv, M. Deutsch, K. K j a e r ,  J. 
Als N i e l s e n ,  L. LeiseroWitz and M. Lahav, Pure and 

L. my J,Ftrradian, E. Shai, N.G. Marcudas and 
S. Weiner. Proc. N a b .  Acad. Sci USA 84: 2732-36 
(1987). 
(a) L. Addadi and S. Weiner. ---- Proc. N a b .  Acad. Sci. 
- -  USA 82: 4110-1414 (1985). (b) L. Addadi and S. 
U. Mol. cryst. Liq. cryst - 134: 305-322 (1986). 
L. m- S. W e i n e r . ,  in: BianineralizatiOn, 
chemical and Biochemical -v€S, Ed. s. m, 
M. Webb, R.J.P. W i l l i a m ,  V.C.H. Publ. Weinheim 
Chapter 5, (1989). 
L. m, Z. Barkovitch-Yellin, I. Waissbuch, J. 
van M i l ,  L.W.J. Shimon, M. Lahav and L.LeisercwitZ.  

Liq. w. 134: 323-325 (1986). (b) E.M. Landau,  

-1. chem. 61: 673-684 ( 1989). 

- - - --- 

AIXXW. chem. 24: 466-485 (1985). A- 

N.S. Mandel a G.S. d 1 .  J .  &. chsm. Soc. s: 
2319-2323 (1976). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



MOLECULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATION [275]/15 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 
19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

B.T. Emnersoll.A~&. Nz. J. M d .  18: 319-326 (1988). 
H.M. Burt and Y.C. m%.- - % --- R & h  DiS 45: 856-864 
(1986). 
H.K. Tak, S.M. Oooper and W.R. Wiloax. Arthr. 
Rhem. 23: 574-580 (1980). 
K W i F & x  and A.A. Khalaf. - - -  %. Rbm. Dis. 34: 
332-339 ( 1975). 
P.D. Calvert, R.W. Fiddis and N. Vlacbs. Colloids 
Surf. 14: 97-107 (1985). 
K.P.H.xitzker, C. Zahn, S.C. Nyburg, S.C., Luk and 
J.B. Hcupt. J. R~~uT&o~. 5: 7-18 (1978). 
C. Rinaudo aiii R. Boistell6. - J. Cryst. G m w b  - 57: 
432-442 ( 1982). 
P. Hasselbacher. In: Advances - in Inflanmation 
Research, Vol. 4, Ed. G. Weksinann, Raven Press , 
N.Y. 11982). 
U. Kragh- &men. 
D. Per1-Tmve.s and L. AddadiTm-. R. Soc. Led. B 
- 235: 145-159 (1988). 
D. P~l-Treves (Ph.D. Thesis), Feinberg  grad^&^ 

Pharmac. Rev. 33: 17-53 (1981). 
- - - - -  

scbol, Weiz,lnarm Institute of Sciem3, 1990. 
B.M. Durm and C.B. Anfinsen. J. Biol. (xlem. 249: 

A. Fersht. In: Ehzyme S t r u c t u r e  and Mechanisns. 

Francis00 (1977). 

- - - -  
3317-3727 (1974). 

p ~ .  143-154, W.H. Freeman -1.. and San 

S.R. HOlmes-F~ley, R.H. R-, T.J. PMkIAy, J. 
Deutch and G.M. Whitesides. LanCyrarir 1: '725-740 
(1985). 
W.J. Lemard, K.K. Vijai and J.F. Foster. - -  J. Biol. 
chgn. 238: 1984-1988 (1965). 
B.J.M. Harmsen, S.H. De Bruin, J.F. Rodrigues de 
Miranda, L.H.M. Janssen and G.A.J. Van 0s. 

K. Llamas, M . k m s ,  R.L. Blakeley and B Zerner .  J. 

- 

-- 

Biochemistry 10: 3217-3221 ( 1971). 
- 

Am. chem. Soc. 108: 5543-5548 (1986). ---- 
I. Weissbuch, D. Z M d a ,  L. Addadi. L. L8isercxd.t~ 
and M. L&. J. Am.. chem. Sot.. 109: 1869-1871 
(1987). 

- - - - -  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



16/[276] D. PERL-TREVES, L. ADDADI 

28. 

29. 

30. 

31. 

32. 

33. 
34. 

E. Staab, L. Addadi, L. LdzercrWitZ and M. Lahanr. 

H. E'Uredi-Milh0fe.r. V. Babic-Ivancic, 0. Milat, W.E. 
Angew. chem. Adv. Mat., in press. 

Bnxn and T.M. k. - J. CK'j&. (;rcrwth; 83, 
572-580 ( 1987). 

Gernert, M.B. Broan and T.Y. Miller. S c i e  244: 
1195-1198 ( 1989 1. 
S. Mam, B.R. HeywoOa, S. Rajan and J.D. BirchdLl. 

M.E. -&--AX W a l t O n .  - J. Colloid Int. 

D. Haneh-and L. Addadi. ( W x k  in pmgress). 

Proc. R. Soc. hd. A 423: 457-471 (1989). 

Sci- 75: 386-397 (1980). 

M. IQm, D. Perl-Treves and L. Addadi. (wmk in 
prosress). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
21

 1
9 

Fe
br

ua
ry

 2
01

3 


