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ABSTRACT 

Ligands arc bcing dcvclcrped k>r ihc upstream isol:~lion-llurilicarion olsou~ht- for  
proteiilr from i l i lulc <:rlrilr\ hy li:alid-protcin ruprecipitation. m e  liganils ilre 

;llk;~ne-suhstitutcd szunrunialic nnioni; (dyes) with snlionate 1ie:tds. Overall coprr- 
cipitation is compriscil o i  iwo  main rcactioos. Llg:~nrl\ lira1 hind electro\t,ttiually 
and stoichiornctrici~lly Ik, pn,lein molccnle cntionic aide ch;Iios in soiution, :tppmx- 
irnarsly to a point whcrc the pmlein net CIIX~C Z ,  is iurl-pair t i t t-~trd with o~g:lnii. 
aninn ligand lhcnd?. Or,uanic idi l  groups cover a s i~ahlc pcrlirrn ofthe protcin malcc- 
nlar iurlarr. tri.rarrinz the secnc~d cntcnorv o i  rrilctions: lnlatrin fr,nni~li<m a n d  cu- . . .. - .  
prrcipilalion. Organic tail? srach and hydt~ophohically i ~ s s ~ ~ i i l l e .  p~lllill: the colll- 
plenss rogethcr in  a host liillicr or rrralria. enclosing pmtr in lrlulccrlli guests. Prnrcin 
molcculc strocluriil dctenni~mors f<,r coprccipirar>,m o i  u suuyht-Sir protein are pro- . . 
tcin cationic chilrgc density ;lnd lucurion (:<,vented by pH. :lminrr acid co~nposilion. 
:md Sc:~~chioil-Black reactions). Liy;~nd slroclucnl deterniinilnt\ Car iilrcirig coplr- 
cipit;llion tiring 10-' LO IK4 M lii;tnil\ d r p e ~ ~ d  on rhc iun pillring capacity o f  thc 
I~g:~nda (which detemiinch thc stuiul~iu~nerry) 2nd ilic dclililr illlil \i,e of the organic 
~nioicry rrf lhr l igi~nils. Binding ligands 10 thc 1:tlgel j ~ rae i t i  in  anlutiun a~nlrihutea 
the initial p:m o i  lhe overall cop~.ecipitation. Hc,weve~ ligand-ligilnd in1er;lclionr. in 
conjunction wilh lipand placement on pnrt~.ini IO huild thc hout lallicr, cnntrihute a 
1o1.g~ pun of ihc ~1\era11 ~o l~ lec ip i t i l t io~ i ,  '1'hi.y iarr ~harp ly  dcpcndcnt on llir lorePo- 
inp iac1ot.s and oo the lopolugy olrilch licllici: to dctcm~inr lllr relectivily o ln latnx 
ligimd c~~recipirat inn.  An cramplr is pres?ntcd o i  direct coprecipir:aion c ~ i  two 
lec t in  oul of fheil. ~ln>ilc\. Very l rung ly  i$ctillg lignndr Lhal sweep rnl(~st protein\ oncl 
polypcptiilc.: ~ u l  t l i  bulution ;,re :~v:iil:lhlr. Iiclwrvcr. rlse of  thc maxirllal coprecipi- 

'I- Tu who~n cnrrrspo~idence should hr ;iddrcr\cd 
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rating power is not necessarily the bcst strategy. Ralher, Ihere needs he stmck a hal- 
ance between coprecipitating power, sclcctivily, and rcvcrhihilily lilr later release of 
the sought-for pl.otein. 

INTRODUCTION 

Precipitatiou and coprecipitation of proteins are principal means for the 
large-scale processing of crudes: Fermentation and cell cultures, tissue ex- 
tracts, etc. About a dozen practical mclhod~ for protein precipitation are cur- 
rently used in large-scale applicstions. Rolhslein reviewed their molecular ba- 
sis (1 ). Ammonium sulfate salting out is the workhorse, dominant technique 
for protein precipitation using sulfate's HoCrncislcr kosmotropy. The tech- 
nique has been analyzed by Collin> and Washabaugh (2). Inorganic sulfate 
hinds and ion pairs with protein nlolecules. The mechanics or what inorganic 
sulfate docs to protein molecules in bioseparations no longer appears to be ex- 
clusively an "ionic strenglh effect," and probably not exclusively a Hufmeis- 
ter kosmotropic force (3). Inorganic sulfatc cxcrts most of its precipitating 
power as an exclusion-crowding tigcnl and as a kosmotrope, but it requires 
large concentrations (0.3 to 3 M)  to function in this way. 1norg;inic sulfate 
nccd not necessarily bind to discrete sites of proteins to act as a kosmotrope. 
In contrast to inorganic sulfate, large organic sulronate and sulfate anions, 
herein called matrix and entanglement ligands, are fully dependent on binding 
to discrete protein ~nolecule sites lo promote coprecipitation, and do so in far 
lower concentrations. ca. 10 "0 10-' M ligands. 

Precipitation ant1 coprecipitation are not near-synonyms. They do not mean 
approximately the same thing in implementalion, function; nor lnolecular 
mechanism. Coprecipitation hel-e mainly rcfers to the use of organic anions as 
ligands to drive il. Inorganic sulfatc on occasion plays u hybrid role as both a 
precipitaling (kosmotropic) agent and coprecipitating (restricted hinding) 
agcnt, as in cosolvent partitioning for prolein isolation (3). However SO:-s 
lack of hydrophobic character makes it very unlike the organic sulfc)natc lig- 
ands described helow in precipitating power requiring site binding and in con- 
centration ranges over which it [unctions. Inorganic sulf:tte in 1;trgc concen- 
trations, especially whcn acting as a FTofmeister kosmotropc, raises the 
chemical potentials of protein molcculcb in solution in il positive direction (4). 
'This is called "pushing" because prolein5 (or any other solute) react undcr 
such a stress to relieve chemical potential increases by precipitating ("salting 
oul") kosmotropy. Hofmeister kosmotropy and osrnophobic exclusion-crowd- 
ing agent-based techniques ;Ire foremost exanlples of pushing. Pulling prolein 
~nolecules out of solution is achieved by the use of ligands which are described 
Ilext. 
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ENERGETICS BASIS FOR LIGAND-PROTEIN 
COPREClPlTATlON 

Coverage or prolein niolecules with organic l ipnds  by ligand' large tail 
groups indicated in Fig. I convert protein hydrophilic ~urfaccs to hydropho- 
bic nonpolar burraces i f  scvcral ligands becollie attached. 'I'hertdtcr, pro- 
Lcin-ligand complexes substantially coated with alkanc-azoaromatic tails at- 
tract one another and coprecipitate. Ligantl heads and sulfonate anions are 
ion paired with protein cationic side chains. Ligands equipped for this we 
capable of coprecipitating even very water-soluble proteins from 0.01 to 
0.2% pn~lcins in solution (S), although, as stated ahovc, oplirnal ligands in 
best practical use are not necessarily ihc rnn t  s t ro~~gly coprecipitating lig- 
ands. After coprecipitation ;md removal of solvent and unw'ulted proteins, 
esch ligand needs he removed to release the sough~bfor protein hack into 
solution. 

Attraction bclwccn lails to draw protein-ligand coinplcxcs logether and 
rorm a matrix which coprecipitates is refenetl to as "pulling." Pushing and 
pulling c~ury  both a mechanical and a thcr~nodynarnic meaning. Pusliing is a 
result of hombilrdment or exclusion of protein m(~lcculcs hy a large concell- 
tration of Hofineister kusomtropes, especially sulfate which has a very large 
hydration shell (6). Pushing is expressed no1 only by precipitation of proteins. 
which such co~npou~ids cannot enler, hut also by contraction of the macro- 
~nolecule hydrotlynam~c volume if the macromolcculc had heen conforma- 
tionally cxpanded and penetrated by water beforehand (5). 

FIG. I Orpt~nic  mion slructuccs of o mafri~ st:~cking li.zand. ao nzouromatic snlf~~,n:~lc. 2 n d  

an cnnmglinp l i p t n r l  alkane sulfate: dndecyl s111~~ile. Alkiine ruhslill~ents, ihutyl ;,nil clhyl. 
on ;voi~n,rnillic moirtics reinforce rail-tail sl:lckinf and displace vwter of prutcin snrkccr 

lhydmtion. 
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Pulling follows from the action o r  ligand rrrganic tails drawing together lo 
fol-~n complexes as in Fig. 2. This involves ;I kind of inlcrmolecular hy- 
drophobic glue from which some porrion of l l ~ c  hydrate water bas heen 
iqucc7,cd out to make a host lattice of ligand tails in a matrix. Pushing and 
pulling arc both capable of protecting prolein rnolcculcs fro111 cliemici~l and 
thermal stresses, sometimes severe slrerscs. A recent paper described the pro- 
tective capabilities of matrix ligands for enzymes stressed by ;icid ;mtl heat dc- 
~iaturing conditions (7). 

Organic anion ligands that first hind to ~nacromolcculcr in solution and then 
into a 1;rttice runction in two scqucntial reactions prcscn1cd here i n  nhhreviated 
forrn by Reactions ( I )  and (2). The notation i h  P = protein. L = ligand. v = 
total moles ligand a~lrledlprotein, and I J L ~ , , , , ~  moles ligdnd houndlprotein 
molecule. I.,.,.P and L,,,.P are complexes hetwccn lig;~nds and tarxeted pro- 
teins in solution and in matrix coprecipitatcs. respectively. ZH+ = net charse 
on protein molecules (pH dependent) and : = tot;~l cationic charge horn on a 
protein rnnlecule from lys H . his Hi, and nrg' side chains. 

Binding reaction in homogeneous solution: 

?lL,,,l,,. + P,<>I,> + L.l.P,"l" (1) 

Bound complex precursor to coprecipitation: 

?.2Lao1,,. + PIlll,>. + LII2.PS"l". + L,,2.Pc,>"1,! (2) 

Reaction ( I  ) can he pushed from the left hy himply increasing the con- 
centrations of the reactants L,,,l,,. and P,,,I,. However. within Rcaclion ( 1 )  
thcrc ic no perceptible interaction hrtween rhp I ..:P,,,,,, i.~irnplt:xcs remaining 
in solution. Reaction (2) on the olhcr hand. may derive n large par1 of its 
overall Cibbs negative fi-ee enerzy frorn the overt coprecipitation phuhe 
change. It is polled by the stability of L,,2~P,,l,,,, . a product of lattice and ag- 
gregative k~rccs between these co~iiplexes aficr the initial binding reaction in 
the solulion denoted by Eq. (1). In Reacli<~n ( I ) ,  which concerns the prolcin 
i n  rolutioti before coprecipitation, the stoic1iiomet1-y or bincling level denoted 
v ,  is set pri~narily by ion p;~iring hctween ligand anio~iic head groups and (he 
net protein cationic charge. ZH , . Building up cnverage of the SUI-fiice 01' pro- 
tein molecules to level vz suhstanti;~lly covers the protein s u ~ l i c c  will1 or- 
ganic tail groups. Then previously hydrophilic surfaces, such as those on 
pmlcin like very water-soluble scrunl albumin. become cc~nvcrrcd to hy- 
drophobic surlaces (5). Rcaction (2)  is promolcd ihrouglr tail-tail stacking or 
entanglemcnl and the hydrophobic stacking interactiol~ between rails to Soml 
the coprccipitating matrix. Prolein rr~olecules are goests insillc ihc hy- 
drophobic matrix host. Thus 01-panic ;~nion ligands of these kinds bind lo 
each othef. throusli their lails hcsidef hinding to chal-ged protein molrcule% 
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FIG. 1 Matrix lignnrlr ausoi'ialc wilh one anolllsr lh r i ru~h  their 1;lil gnrup. rsintblrcd by 
illkimr-alkane attraclion between sub~l i t~~rnls .  Placcinrnl of ion~pairing lirand lie;ids (ri~llunate 
ili,ioos) and nomhrr suull ligands depends on thc numher and Lup<,lne). of prulcin cationic 

sn,ups. Tail t;iil inlcraclions pull ligand-protein curnplexes logethcr itr l i l  coprecipi1;~tc. 

through thcir heads. The slror~g pulling nillure of Reiiclion ( 2 )  due to lat- 
t i ~ e l a g p r e ~ ~ ~ l i v e  forces l i ~nns  coprecipitates of cunstant composilion ilnd 
binding isotherms for such coprecipitates. (hec 1)elnw). 

The coprecipitative pruceis lrezds tc1 he selectivc. reversible, high yieldi~lg 
and scavenging. concentrative, ant1 protective with sutable lipands. The thcr- 
~llodynali~ic naturc of protein coprecipitativc reactiuns nrld ligand s l r t~ct~~ral  
design are tnutual determinants. Sulfate salting oul partly achieves those 
goa1,s in some cases. altliough inorganic sulfate does ilsjoh largely hy push- 
ing (crowding. excluiion). By attaching an organic group to sulfate. anotlicr 
opportunity and anolhcr ther~i~odyna~nic meiins can he added to arnplil'y 
what sulfale can partially do as a protein conformalion tightener (5) i111d pro- 
tein separation!, agent. Organic groups, large hydrocarbons, and azoarolriat- 
ics displace some water ncnr ca t io~~ic  sites to which 111ril. -0SO; (sulfate) 
and -SO; (sulfonalc) eniou head s o u p  binds. The organic groups lrlwer 
the dielectric conslarrl in the vicinity (probably unsymmetrically) and in- 
crease the electrostatic attracliorl i n  the ion pair. Ll'lhc organic tails are l a y e  
et~ougli :lnd of the right kind, they will associate i~tnong thern~elves to pitll 
the ligand-protein conlplexes topcther. as signilicd in Reliclion ( 2 )  hy 
L"2' P,,,,,,,. 
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ORGANIC ANION STACKING AND ENTANGLEMENT 
LIGAND MOLECULAR STRUCTURE 

Figure 1 shows two kinds of  organic anion liganda. These two kinds of Lig- 
ands are capable of being coprccipitaling agcnls for many proteins when used 
in optimal conccnlr:itiuns. Such ligands pull proteins out of solution by ag- 
gregation in a mechanical sense. ah indicated in Fig. 2. They also pull in a tlier- 
inodynamic sense by stahilizing each coprecipilale. The formation of very sta- 
hlc, insoluble coprecipitates, protein-ligand complexes, yields products of 
constant cumpubition within a suitable ranges of added ligand. rlcnolcdv. l'hc 
achievetnent of constant corr~positio~~ is equivalenl to purification and is a 
leading criteria of purification. Foreign coinpolients unable to fit inside stahlc 
coprecipitate latliccs arc excluded. 

Formation of ion pairs between ligand anion heads and protein catioriic 
sidechains require his 'I+, lys H+,  and Argt groups for initial binding in so- 
lulinn (Reaction l). Accordingly. the a~nillo acid co~npositio~l together with 
the pH controlled Ht titration propcrtics ol' thc sidcchain\ (which deternine 
protein ovel-;-all charge Zl l  , ) are the basis for much of the pH dependency of 
binding followed by coprecipit;ition (Reactions I and 2) for each protein. The 
topology of where his H I .  lys H', and nrg' arc localccl on protein molecules 
direct where incoming ligands take up t11ei1- positions around protein 
molecules by acting as anchor points. Each protein's cationic yroup lopology, 
which proscrihe the docking points for ligand anion beads, followed by 
tail-tail mutual adhesion. determines how the lattice ol' ligands is conslructcd 
around the target prolcin molecule (as in Fig. 2 ) .  These primal-y formative 
steps frequently also involve and even trigger large conformation changes hy 
thc tnacro~nolecule as seen by hydrodynanlic measurements. ~~iacromolecular 
shrinkage. and displacement of sorne hydrate water. 

Stacking ligands are synthesized to cany structoral features to promote ef- 
ficient coprecipitating and protecting capacity for proteins. Slacking is the 
ability of conjugated aromatic and azoaromatic ring ~nolecules to associate 
face-to-face using their pi electron assays hy 71-71 stacking hetwccn tails and 
dispersion rorccb. .ir lace stacking is routinely ubctl to stabilize many meso-. 
supramolecular. and container complexes (8, 9). Alkane suhstituents around 
the peripheries of aromatic rings add to their van der Waal and no~~polar  at- 
tractive forces, reinforcing thc 71-71 stacking illustratrd in Fig. 2 with /-hutyl 
groups. Methyl, ethyl. propyl alkanes, and extra benzene lings are also rein- 
forcing substituents for 71-71 stacking if they can be marteuvered into place 
when ligand tails come together in Reaction (2) to build the host matrix. Hy- 
droxyl groups ortho to the azo linkage contribute to stacking because 11-atom 
tautorncrisnl and internal hyh-azone formation in conjugated azoxomatics re- 
inforce ~lieir conjugative coplanarity (10). Ring rystem rigidification and 
sraclcing plus llydropllubic alkar~r rcil~lurciug \ubsLilurr~l\ d l  r~trtc~ion I?, pull 
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ligand tails together and provide Lhc lail-tail stacking indicated in Fig. 2. The 
ligand tail5 are lethered to protein ~nolecules through their -SO3 ion pairing 
hcad groups. 

The sheer bulk and water dibplaccrnent capacity of liga~ld tail oryanic 
groups, especially those hearing alkane substituents, lowers the average di- 
electric constant in the critical region of ion-pair hrmalion between ligand 
head aliiolls and protein cationic sites. This enhancement of attractive electro- 
static forces coupled with the Ht titration properties and alni~io acid colllpo- 
silion of larget proteins determine ligand-protein stoichiomelry by thc num- 
ber of ligands houndlprotein molecule, v , .  in Reaction (I) .  Bul the slacking of 
hydrophohic tails of the ligands determines the tail-tail interactive forces and 
most of the st~-uctural detail of the host matrix enclosing the proteins in Reac- 
tiou (2). Ion-pair Iormalion between polarizable organic anions, dyes of these 
kinds, and protcin cationic sidechains is generally exothermic. Such ion pairs 
generate - 5  to 1 0  kcal enth;ilpylmol or anion upon co~nplex formation in 
solution up to the near-coprecipitation endpoint ( 1  1). 

Accordingly the overall ( i n l e ~ ~ a l )  calorirnetric enthalpies are also expres- 
sions of the number orlysinc, hislidinc, and arginine sidechains i~vailahle Lu ion 
pair wilh such ligands. A strong dependency of v~~~~~~ marks a range or inter- 
val where v approxi~mates ZFI+ (v -- Z" ) ill ihc coprecipitative endpoint. Fif- 
teen proteins; proteases such as papain, hi-omelain, trypsin, and chymotrypsin; 
and other classes of enzymes such as lysozyme and ribo~luclease exhibit this 
simple relationship (1 2). The v values of successfi~l ligands thal bring down 
lhcsc proteins as coprecipitates are closely in register with cach protein's Zl1< 
parameters within the optimal pH range for each protein's coprecipitation. 

PRACTICAL USES 

The overall concentri~tions of ligands necessary for the capture of target 
proteins from crude mixtures, as in the isolation of lectins from raw crudes 
(13), often arc required to be comparatively large ( I K 4  to 10 M )  if foreign 
proteins bind many ligands and coprecipilalc out first. Dpti~llization of isoln- 
tion procedures for a target protcin out of a ctude ("toning") is usually carried 
out by hrackeling ca. I O - ~ M  overall liga~ld concentrations and varying the p1-I 
in a range 2 to 4 units below ihc isoclectric point (if known). The aimis lo cap- 
hlre the maximal bioaclivity of the target prolein after redissolving cop]-ecipi- 
tatcs and trapping the ligand. This is generally performed by treatin8 the c(1- 
precipitate with a huffcr 1 to 5 pH units above the coprccipitative p1-l and 
scavengillg out Lhc ligand with a11 anion-exchange resin (Dowex-l in C1- 
rorm, 6-8% crosslinked) (13). Approximately a 20-fold excess of exchanger 
equivalents (moles) relative to the amount of lignnd to be trapped (moles) suf- 
fices to remove the ligands ti-(im coprecipitnted proteins quantitatively. A 
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lower degree ol'rcsin crosslinking is not ;~dvisahle because oligopeptidcz and 
very bmall protcir~s may enter the I-esin bwds. 

The amounts of ligand bound. rcScrred to as v,,,,,,,,., for azoaromatic (dye) 
ligands as in Fig. 1 al-e simple to analyze. They lhavc intense absorption spec- 
train the visihle range (450-600 urn) with molar absorption coefl'icicnts of 
20,000 to 40.000 ~ ' . c r n ' .  A sample of the cnprecipitate is dissolved in al- 
kali, and the matrix or stacking ligands arc easily q~ia~ititated by conventional 
spectrophotometry ( 1  2). 

Specific activities of proteins released under nondestructive conditions arc 
obtained fi-om iippropriate bioassays ( 5 .  7. 13). PI-otein molecul;u- wci~hts  in 
coprecipitates are measured (from tiny qui~nlilics of coprecipirateq) hy 
MALDI-electraspray tnass spectrornclry. often within 1 dallon. as further 
idcntificatio~l and confir~~ation. Such ligands are nonccivalcntly hound to thei- 
coprecipitated proteins, and therefore the complexes fly apart in the mass 
spectrometer. IIe~ice lignnd ~nolccular weights do not add lo thc parellt protein 
rnolecular weight in MA1 . I l l  spectromet~y. 

The pH often shifts upward apprecit~hly as lipands bind. 0.1 lo as much as 
I pH unit depending on solvenl buffering cap;lcity, when a l~eutral ;mine 
sidechain is forced to thc arnmonium forni by ligands. This is lhc 
Scatchard-Black effect (14). often observcd with relaled orga~lic sulfonate 
ligands (15). It is easily monitored with n pH meter. It is indicativc of the 
strength and number of the ass(~cii~tion-ion pairing rcaclions. When an or- 
ganic sulfonalc ligand has the potential to form a particularly slahlc inn pair it 
may d o n  with the help of ;I water molccule. starting Srom a neutral a n ~ i o  side 
chain. The Scatcha~ri-Black reaction may he represented as 

Protein-NH? + ligand-SO; + H 2 0  + 
Protein-NH: -0,s-Ligand (ion pair) + OH-, ApH (3) 

TTion pairing pulls this equilibrium fal- to the right, it derives a proton from 
a water molecule to convert an nmine sidccl~ain ro the a~nmoniu~n form. The 
remnant O t l  fro111 the water molecule shifts rhc pH upward. producing LL 

~neasitrable ApH, as n~uch as 0.5 to 1 pH unit. The co~iipoun~l l-anilino-8- 
naphthalene sulfonate (ANS). ;I flullrigenic p1-011r ;inion, likewise is ;to able 
matrix coprecipitant for proteins, an ion-pair forminy agent, and a pH shift 
agent hy virtue of ihc Scatchard-Black cfrect ( 1 I ). Another laclor governs the 
ion pairing, the Scalchard-Black hydrolytic reaclions, and the ApH protluc- 
tion: suliimatc g r o ~ ~ p s  are rather "hard" a~iions. in Ihe Pcarso~~ sense (16). If an 
amine group is converted to an a n u n o n i ~ ~ ~ r ~  group. a rather hiwd cation ilu~ne- 
diately heco~ncs available. Mutu;tlly hard ions are besl ahle to associate rcla- 
live to mis~natched silualions in which hanl ions interact with soft counterio~ls 
(17). Water molecules are also of compi~rahle "hardness" and of co1npar:iblc 
polarizability. These basic factors underlying chemical reactivity operate lo 
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promote Kcaction (1), ion pairing by the ligand, and the ticco~npanying mati-ix 
fol-mation and coprecipitation. 

Entanglement ligands arc closely related lo matrix ligands in thcir head 
groups, sulralc. or sulfonate anions. Howevel-. entanglement ligands have 
tlexihlc alk'me chains, unlikc ihc rather rigid slacking ligands. Figure 3 illus- 
trates protein molect~le su~fiice coverage with tlodccyl sulfate (DDS-): ion- 
pair formation and oryanic Lail coverage or urur coverage. The t~lkane tails 
cover hydrophilic prolein molecules with vrry hydmphohic coats thal muhi- 
ally associate, bring cornplexes together. displacing water. and thcncc copre- 
cipitating analogous to Fig. 2  and as illustrated in a previous paper ( 5 ) .  Dode- 
cyl sulfate is an efficient entangling and protein coprecipilaling lipand for 
Inany otherwise very water soluhlc hydrophilic prcrlcins, including serum al- 
hurnin ( 18). 'Illis may seem surprising inasmuch as D D S  is a delcrgent nor- 
mally used lo mluhilize and u~ifold proleins rather than coprccipitating and 
protecting. It is therelalive concentratiolls o l ' D I l S  and proteins and the over- 
all concentration of D l ) S  which defines this slriking dichotoillous behavior. 
Thc delergent is an entanglinglcoprecipitating ligdnd (and conformation tight- 
ening agent) in rclalively low concentrations. 10 ' to M. whcre ?I,,,s- 
and v l l u s  are lchs than or equal to ZH . The D D S  Ligand is also a protein 
cocryslallizing agent. e.g., fbr p-lactoglobulin (19) and lysozy~ne (20) .  when 
it is co~rcclly deployed. 

In concentrations ca. lo 10 ' M DDS-. where the hulk oldctcrgent- 
protein resetuch is centered and D D S  tipproaches the c.m.c. (critical ~llicelle 

FIG. 3 Alknnc a n i o n \  hrln lhydrophohic pi~lcllrs on protcin rnolrcolei, and ihcy zllro inleract 
and cnt;~nple with unc ilncrll~er thlanpli thrir hyrlnrcarhon fail gmops 10 priunote ngglunlcrarinn 

ilnd aqxecipitalion ot ;L I1~1nd IIOEL a~ld  a prulcin n~olrculc Foest. 
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concentration), it hehaves as conventionally expected: Solubilizing, udold- 
ing, denaturing. This remxkahle low versus high concentration hehavior hy 
DDS- toward proleills will he reviewed elsewhere. Here, it clearly expresses 
its cntanglcnient-coprecipitation ahilities, e.g., with insulin (21). by virtue of 
ion pairing through its sulfate anion up lo thc endpoint for coprecipitation, 
VD,, = Z, . Flexible CL2  alkane chains entwine themselves to form a ma- 
trix host with protein molecules as guests. Thcrc exists a chain length depen- 
dency for such alkane sulfates. Prolein molecule conforlllation tightening, 
protection, and coprecipitation are all optimal in the C,,) to C,, range, centered 
on a C,, detergent, dodecyl sulfate (22). Significantly. strong anion detergents 
are used in suh~nicellar concentrations in all such examples to coprecipitate 
Largel protein5 and Lo prolecl them. "Entanglement" ligands like dodecyl sul- 
fate arc ol'low toxicity at low lcvcls as reviewed hy Potokar (23).  Azoaromatic 
ligands likely are toxic hut are thoroughly removed hy the ahove described 
rcsin cxchangc mcthod. 

Coprccipitalion hy anionic ligands can be modulated and optiniized by the 
addition of small quantities of divalent cations, cspeciillly Zn2+. Thc ZnZ+ 
cation coordinates with prolcin cal-hoxylate anions to ~~eutralize some of the 
prolcin's ncgative charge, i n  effect increasing the protein's overall cationic 
charge, ZIT-. This reinforces matrix ligand anion binding in neutral pH rangcs. 
Zinc cations are not nearly so prooxidativc as most transition mctal cations, 
e.g.. Cu2+, Ni2+, and Fen, Loward scnsilive disulfide-sulfhydryl side chains. 

Zn'- facilitated the isolation of peanut lectin via matrix ligands (1.1) and 
saw similar use in coprecipitntion-cocrystalliralion or  hemoglobin (24) and 

i insulin. Because Zu2+ has a negative specific volume, V -- 0 . 3 3  cm~lg ,  il 
helps densify coprecipitates, thus aiding in centrifugation-filtration unit 
operations. 

CONSTANT COMPOSITION CRITERIA AND 
PERFORMANCE 

The puriricalion powcrs of coprecipitative isolatioll of a sought-for prolcin 
from crudes are tellingly expressed by the extent to which lhc composition of 
such coprecipitates iremains constant. That is, the con~positiou remains con- 
stant over varialions in lhc amount of ligandlprotein added, which wc call yli- 
,,,,, (moleslmole). The constant composition 01" ligand-protein coprecipitate 
corriplcxcs is expressed by the II~~,,,,~ quantity in thc coprccipitate. Figure 4 
shows an cxaniplc of a coprecipitate coniposition plot: I,~~,~,,,I in a binding 
isotherm for coprecipitating a prolein with its ligand versus widely varying?. 
values. The composition of thc coprecipitate. chymotrypsin coprecipitatcd by 
Rari~rback Red ligand, is nearly invariant as shown by the nearly flat plot. 

Considel- the point in Fig. 4 wherc y = 2. Analysis of the coprecipitate (by 
dissolvi~ig in alkali and measuring thc ligand spectrophotometrically shows 
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y, mol ligand added I mirl pinrein 

I 4 Rinilinei.rrmnusiriona1 isothc~n~? for a lnatrix lie;~nd<nzviiie svsteoi. Itazorback Red . . 
and u-chymot~ypsi~i i n  0.002 N FTCI, 25°C Ahscisri~: Lcvcl uiailil i l ir~n u l  l i ~ a n d  10 prolcin. Lcft 
urdinatc: Compositioli of coprecipitate. moles lizandq Ihoundimole ~~roieio.  Right ~rrdinalr (per- 
lains only to the intercept): ZIT- -- I I .  t he  fol.mal FTi titration charge on the e117yme. Plateau of 
the plot. near tlatness. indicales nuarly conslim1 ccnnpuailion of ihu  copre~ipi~ille over relalively 

wide variation of  the l i ~ a n d  addition. \. 

that at ); = 2. v,,,,,. = 11 to 12 moles ligand bou~ldlmole protein in the co- 
precipitate. A large portion of prntcin is lcft in the supemalc, hut practically 
no ligand. As ihc ); level is increased (y = 4. 8, 10, etc.). successively more 
target protein is coprecipitated as a hrighlly colored complex wilh ncar con- 
stant compositiol~ and a virtually flat plot as shown. The endpoint is sharply. 
clearly seen by the inlcnsc color ofcxccss ligand left in ihc supcmalc d tc r  all 
target protein is brought down. A pictorial rcprcsentation oP such a coprccipi- 
tative titration is shown in Ref. 5. 

Such titrations and analyses are quite simple to pe~foml. They are analo- 
gous t11 coprccipitative titration of an inorfanic cation with a suitable ligand 
(25) or the coprecipitative titration of an antibody with a suitable antigen (im- 
munoprecipitatio11, which produces a specific lattice). Nu~ l~be r s  of 
protein-matrix ligand coprecipiLalcs hchsvc hirnilarly wilh strongly acting lig- 
ands (5.22). 

The intercept on the right ordinate of Fig. 4 shows ihr stoichiometric natore 
of ligzu~d-protein in the coprecipitated lattice in an ion pairing between strong 
anions donated hy the ligand (a  disulfonate dye) and the cationic charge on the 
protein molecule, chyinotrypsin. At the pH used. 3.2. chymot~ypsin has Z H ' ~  
= +2S (26). Because Lhe disullonatc ligand bears two negative charges. in- 
terception of Lhc plol on %"I2 = I2 is in g < ~ t ~ d  rcgislcr will? simplc clccni- 
static ion pairing equivalency that determines ligand-protein stoichiometry. 
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v,,,~,,. in the coprecipitatc. Strong organic ;inions like sulfonatc dye lifands. 
;~nd ;11io other types ol' iulfonated anion\ ahle to coprccipitate cotionic pro- 
teins (I I), do the same thing; intercept at i+,,,,,. = Zl l+  at optimurn p1-l. 

SELECTIVITY 

Constant composition of ligand-protein coprccipitates and tlie sharp cc~op- 
erativity or  their formation spanning the ratngc of lipand addition hetween the 
beeinriing and the entlpoint of coprecipitation are exprcwions or  selectivity of 
the process. Thc basis for these aspccl:, of selectivity nlay be visu;~lized by the 
struclural nature of coprccipitate  lattice^. 'l'he dete~~llinanls of selectivity in 
coprecipitation are also determinants in cocry.\talliriltio~i of ligi~nd-protein 
complexes (1 2) .  A foreign or t1;lwcd protein in the presence o f a  coprecipitate 
(111. coc~ystal of a sought-for protein) should fail to fit the lattice of the dehii-cd 
host. Ently of il;~wed/foreig~i protcin proteins upsc15 cooperativity md  drvi- 
ates the coprccipitate from constant composition. Hence thc flawedforeiyn 
protein shall be rejected if it cannot ti(, nor genel-ate thc negative free encrgy 
(pulling) comparable to that generated by tlie native protein tiioleculc which 
does fit. The rather large. space-rilling 01-ynic tails. with tlilTcring topologies 
of distrihuticin on surfaces of the various proteins. plus any stcrcocliemical tlc- 
1n;ind of tail-tail inremction in case ol'qlacking ligand:,. decisively narrnw the 
clioiceb or mac~~onioleculc accommodntiun in host lattices. Sizes of ligand 
tail5 and their detailed st~uctural fealurcs (Fig. I) enable them to stackor to en- 
tangle, amplil'ying the selectivity represented in Fig. 2. For exilmple. if two 
different proteili molecules havc differelit Ltl4 charge v;~lucs. protein molecu- 
lar sharpes, and differelit ltipc~lngies of caLiorlic clliugc around their >urfaccs, it 
is quite unlikely that both would lit well into (he s ane  lattice. One of them will 
become rcjccted even if it hind:, (in solution) sonie of the Tame ligands g ~ o d  
at selecting thc other protein. However. if one dniwns the mixtul-c with a l x f e  
excess ul'lieand. thcy may all cnmc dnwn tc~ferlier in an amorphous. nnosvl'~~l 
111ixtu1-e. Practical wol-k with crude protein mixtures requires restrain! from 
adding large amounts of ligmd, such as 10 ' M. in one step. especially with 
quite strongly itcling lignnds. 

Selectivity is also fostcrcd hy using r;~lhcr dilute crudcs, 0.01 to 0.20'8: to- 
tal protein ( 5 ) .  Accordingly. the general method is also quite "volume reduc- 
ing." Water, ibreign compounds, and impur-itic irrr removed as supernates hy 
osing low speed cenlrifugation 01- "low tecluiology" filtration. 

Matrix Coprecipitation of Lectins from Crudes 

An example cir rnatrix l i pnd  coprecipitativc purification of lcctin proteins 
direclly liom their c rudc  is summarized in Fig. 5. Four heparate lecrins were 
captured in good yields and specilic activities liorr~ i l~r i r  parent rdw material 
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Phaseolus vulgaris Lectin (PHA) 
Little Rock Orange Coprecipitates From Crude 

M.W. Sigma C m d ~  Y=25 
Markers LRO 

Specific Activity 64,000 1,738 6<000 
uimg dr) wt. 

Pmfeio Load in pg 39 10 SO LO 

Wheat Germ Agglutinin (WGA) 
Little Rock Orange Coprecipitates From Crude 

M.W. S i a a  Crude Y=ZJ 
spcifie nctivity 3300 17 lzuu 

l l l m ~  nmtrin 

FIG. 5 SDS-PAGE clrctro~~horctngr;~rni d1 lv,o li.c~#llr iml: i tc~l trum l l l r i r  crr~dss h) Litllc 
Rock Omngu. LRO. lignnd copl-ccipii:ltion. Siwnil l a ~ ~ e  IS  aff~inily chn~rrt;lhl~l.al?I~ed lecrin: I.RO 
I:lncs ;arc rcsullr 1rom use ofthe techniqnc in onc slcp li.om paniculatc~frcc cxlrocl. Specific st-  
li\iliea 1131 are based on stnndanl hlirniln rrylhiocyte aeelr~linillion assays. Proteill lo;alr hpcc- 

i f? :lrnoLmlr irl lolal proteill i~ji.i.lril in rail1 lalle. 
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extracts in one or two short steps by using the stacking ligand Little Rock Or- 
ange, LRO. It is I-(2-hydroxy-6-f-b~1tyl-l-naphtliylazo)-4-benzeue sulfonate, 
guanidine salt, synthesized by Timothy Rich;utlson (27). LRO is an a7,oaro- 
lnatic sulfonate anion substituted with a t-butyl alkane on the naphthyl moi- 
ety. In Fig. 5 an SDS-PAGE gel reports human red cell agglutinative specific 
activities for two of the four lectins, Kidney Bean (PHA) and Wheat Germ Ag- 
glutinin (WGA), together with the protein loads in each electrophoretic lane, 
from LRO coprecipitation from crudes. Comparison is made with standard 
molecular weight markers and with commercially available (Sigma Co.) affin- 
ity chromatogaphed PHA and WGA lectins. The SDS-PAGE electrophoreses 
display one strong hand for the PHA lectin via LRO coprecipitation and re- 
versal, and elimination of large a~nounts of foreign proteins on comparison 
with the crudes before the LRO coprecipitation stcp. There appears to be ap- 
parent heterogeneity for the WGA lectin out of LRO coprecipitation, showing 
five bands with good specific activities in hemagglutination. The multihand 
state of WGA occurs from this protein's isolectin character (28). 

Use of LRO ligand (as with other classes of proteins) required i-mdin Lhc 
best pH ranges for coprecipitation from each crude, which usually are about 
half of a pH unit (13). Coprecipitating conditions with respect to v,,<,, opti- 
mization and amounts of LRO added (moles) per nominal mole of protein in 
crudes (average MW assumed equal to that of purified lectins) wcre found 
close to ~ L R ~  2 25 for both lectins. In general, coprecipitation of the lectin 
class of proteins (which are diverse). and also many proteases and nucleases 
like rihonuclease, a-e  high yielding practical techniques for coprecipitative 
isolation using matrix stacking ligands such as LRO. 

CONCLUSIONS 

Matrix stacking ligands and "cntanglement" ligands provide an interesting 
meaus for isolating specific proteins from dilute crudes via upstream copre- 
cipilation. Practical concerns and opportunities may be summarized as: Dcn- 
sifying, graininess, hydratc water displacement by large ligands, stabilization 
or protection against a number of stresses during isolation. scalability, volume 
reduction, reversibility, interfacing with downstream processes. scavenging, 
and cost. 

Ligands resembling those reported here havc hccn richly studied in their 
hinding to protein molecules in homogeneous solution in the sense of Reac- 
tion (1) (29). The homogeneous solution slage has its initiation and a stoi- 
chinmetry (ullpond) triggered largely through ion pairing hy strong anion (sul- 
fonate) attraction to cationic counterions on protein molecules. 
Conventionally. the appearance of precipitates or coprecipitates is seen as a 
hindrance. not as an oppo~tunity, in many venues. But production of the 
kinds of coprccipitates discussed ahovc. outlined in Reaction (2), is an ex- 
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pression of tail-tail interaction with a large fi-ee energy drop of its own. This 
second category of reaction is also a ligand hinding event. but the l i ~ands  in 
the Reaction (2) stage mutually bind to one another. Theit. organic tails rorm 
a lattice or host. Some protcin rnolecules have surface patchcs that are hy- 
drophobic (30), promoting protein-protein contacts that should tend to make 
them insoluble, but if no ligands were involved, the process would he pre- 
cipitation, not coprecipitation. The process often centers around the protein 
isorlectric point. Exclusively (nearly exclusively) hydrophilc surkced and 
water penetrated proteins such as serum albumin requirc organic Ligands of 
lhesc kinds to force coprecipitation (1 8), whereas homogeneous precipitatior~ 
fails. The amounts of ligalids necessary to hind. to coprecipitatively litrate 
protein molecules, nearly always fall in the uligomd %FI- range. Reaction 
category (21, tipping the system inlo an overt phase change, is prcdornir~a~itly 
an expression of nonpolar (hydrophobic) forces provided by the tail-tail in- 
teraction. As the bound liga~id levcls, Y~,,,,~ bililds up even when starting 
from the most hydruphilic, water penetrated. and water-snluble proteins. 
serum albumin, many enzymes and lcctins, as water is displaced. Target pro- 
teins become substantially coated with alkanc azoaromatic 01- hydrocarhona- 
ccons tails that displace the water, as in Fig. 2 and Reaction (2). Coprecipi- 
tation becomes quilc dependent on the detailed organic structure of such 
ligands because thc host lattice is sharply dependent on the same thing. 
However, the binding stoichiomelry is largely set by the anion heads. the 
sulfonate, or sulfate ion pairing abilities of the ligands. 

The "practical concerns and opportunities" listed ahovc issue from these 
structural factors and the ilitermolecular rorces they promote. Thc origins of 
selectivity wcrc described above. The scavenging ahility of chosen ligands fur 
the coprecipitntive isolation of solrght-for proteins from 0.01 to 0.20% protein 
in starling cnides (see Refs. 5, 12, and 18 [or exalilples) is the hasir or  scala- 
bility of such systems. When sought-for proteins arc coprecipitatcd. they cen- 
trifuge and/or filter out with "low technology" filtration practically eliminat- 
ing the need for expensive "dewatering" lyophilization or concentration hy 
pressurc membrane filtration. 

The partial specific volulnes of such lirands, ir - 0.6 to 0.7 cm31g, arc fairly 
low. Hence their effective densities (11%) are considerably above that of water 
itself or of most hydrated proteins (12). In addition their water-displacing ca- 
pacities, both because ol' the intrinsic volumes of the lail groups and their 
marked abilitics for tightening the co~~formation of extelisively water-pcnc- 
trated protein molecules as seen by hydrodynamic measurements (22, 311, all 
function to ease centrifugation and/or tiltralion. Such coprecipitates arc grainy 
besides heing dense and are quite convenient to handle in conlrast to protein 
products which are colloidal and gumllly becausc they are quite hydrated. Ac- 
cordingly, when the general process works il. generally interhces well with 
other unit processes, including downstream chmmatography. that may bc re- 
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quircd. The role o f  w a t e r  in penetrating protein molecules ant1 prornot i l lg  un- 
fo ld ing  is well known (32. 33). Such l i y n n d s  do not  exc lu s ive ly  react t o w a r d  

p ro t e in  molecules. They h e l p  with the "walcr  problem" which is the source. or 
pa r t l y  the sou rce ,  o f  s cvc ra l  dena tu ra t i ve  and unit pr-ocess difl'icullic.;. 

Many kinds of  ligands can be syn thes i zed .  a n d  t ha t  e n a b l e s  many kinds of 
cop rec ip i t a t i ve  la t t ices  to be built and n e w  h y d r n p h o h i c  sulfaces to be la id  

down over hydrophilic protein molecules. Variation i n  hydrocarbon sub- 
stituents on matrix ligands a n d  va r i a t i on  in a n i o n i c  va l enc i e s  p rov idc  an en- 
l a r s e d  scope for d e v e l o p m c n l  or prn t e in  i so la t ion  t e c l u ~ i q u e  in the c r u d e ,  d i-  

lute, upstream stage. 
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