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l  I N T R O D U C T I O N

Aff inity chrontatography is a separation technique in which a substance is
selectivi ty adsorbed frorn solut ion onto an insoluble adsorbent through inter-
act ions wi th  a  par t icu lar  group or  molecu le  immobi l ized on the adsorbcr r t .  The
selectivi ty that characterizes a well-designed aff ini ty colurnn is such that. in
pract ice,  i ts  operat ion more c lose ly  resembles ext ract ion than i t  does t rad i t iona l
organic sol id- l iquid part i t ion chrotnatography. Aft ini ty chrontatography iras
proved a va luable  iso la t ion and pur i f ica t ion technique in  b iochern is t ry  I l - l i ] .
In  th is  appl icat ion,  i ts  se lect iv i ty  depends on the ab i l i ty  o f  b io log ica l  po lynrers .
espec ia l ly  prote ins,  to  recogniz .e  and b ind par t icu lar  s t ructures wi th  great  spec i -
f ic i ty .

High specif ici ty in binding seerns to require a high rnolecular weight in at leasr
one of  the assoc ia t ing molecu les.  Most  o f  the cornpounds wi th  which organic
chemists work have molecular weight less than 1000 daltons, and i t  nra1, bc
unrea l is t ic  to  expect  that  methods used lbr  separat ing b iopolynters  cou ld  bc
appl icab le  to  prob lents  invo lv ing srna l l  organic  r lo lecu les.  Nonethc les: .  thc
rat iona l i ty  and s impl ic i ty  poss ib le  in  a f f in i ty  pur i l i ca t ion rner l t t rds  r rL .  nr -
s t r uc t i ve .  and  t he i r  u t i l i t y  f o r  ce r t a i n  t ypes  o f  sepa ra t i ons  i s  v r ' t \  s l ca r  .  I  h i s
chapter  out l ines the af f in i ty  method and i tscurrent  work ing tencrs .  I {osr  o1 rhc
i l lus t ra t ive exarnp les concern enzymes.  An efTor t  is .  however .  rnade to  c 'xp lo lc
the appl icat ion o f  the a f f in i ty  concept  to  the srna l ler  nro lecu les t 'anr i l i r r  r t ,
organic chemists.

2  T H E  A F F I N I T Y  C O N C E P T

fhe character is t ic  ab i l i ty  o1-b iopolyrners  to  rccognize and b inr l  spc.e  i f ' rc  n)o l r , r - -
u lar  s t ructures is  descr ibed as a l . f in i t . r '  b ind ing:  o t l tc r  ad ject ives sr rc l r  as  " l r l , , -

a f f in i ty"  or  "b iose lect ive"  have a lso been used [ -4 ]  .  The inso iub le  nro ie ty  thc
" l igand"- is  chosen to  resenrb le  a  subst ra te .  inh ib i tor .  or  cofactor  for  the target
protein the " l igate". l l t  an ideal separation, only this protein in a mixture of
prote ins assoc ia tes s t rongly  wi th  the l igand,  and i ts  separat ion f rom the nr ix ture
can  be  ach ieved  by  a  s t ra i gh t f o rwa rd  t h ree -s tage  p rocess  (F ig .8 .1 ) :  ( a )  app l i ca -
t ion o f  the prote in  mix ture io  a  sorbent  bear ing the l igand.  and spec i f ic  b ind ing
of  the l igate .  (b)  washing of  the sorbent  to  remove nonbind ing prote ins;and (c)
desorpt ion o f  the adsorbed l igate  by adding a so lub le  agent  capable  o f  d isp lac ing
the l igand from the adsorbed l igate specit ical ly. Under appropriate circurn-
s tances ,  t he  l i ga te  may  a l so  be  deso rbed  bv  c l r ang rng  t he  p l {  o r  o t l i e r  p fop r . r r \
o f  t he  so l ven t  [ 13 ,  14 ]  .

Par t  o f  the enonnous appeal  o f  a f f in i ty  chrornatography is  i ts  conceprua l
chern ica l  s impl ic i ty .  A substance known to  b ind s t rongly  to  a  target  pr r ) re ln  is
chosen to  be the l igand.  Th is  substance is  imrnobi l ized on an iner t  car r ier .  The
result ing sorbent is then used to adsorb the l igate or target protein selectively
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Fig. 8.1. Schematic <-rut l ine of the course of an aff ini t l '  chromatography'.

f rom so lu t ion.  In  pr inc ip le ,  th is  technique makes i t  poss ib le  to  separate  prote in

mixtures into their components str ict ly on the basis of their abi l i ty to recognize

and bind specif ic structures. This basis for separation is markedly dif ferent fronr

the conventional rnethods used with proteins, which rely on dif ferences in gross

physrcal propert ies such as molecular weight, solubi l i ty, and isoelectr ic point.

3  THE SELECTION OF  L IGAND

In the affinity purif ication of biopolymers, the selection of the l igand is the
first item of business. For enzymes the choice is usually an inhibitor or cofactor,
although the substrate or a substrate analog is occasionally used. The selection
process is made easier if a fair amount is known about kinetic parameters char-
acterrzing the reaction(s) catalyzed by the enzyme being sought. For a substance
to be useful as an affinity l igand three conditions must be met:

1. It should have a dissociation constant from the l ieate of less than l0-3 M
(or a binding constant greater than 1000).
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2. tt should be bifunctional; that is, it should offer a site that binds to the
en'4lme and a separate site through which immobilization may be possible.

3.  I t  must be stable.

I  mpor tance o f  D issoc ia t ion  Constan t

To assess properly the importance of the dissociation constant, Ka (or the
inhibit ion constant, K;) of a l igand in affinity adsorption, it is useful to analyze a
very simple model for this process. Consider the behavior of a dilute, ideal solu-
tion of two proteins on being applied to an affinity column to whose ligands
the one protein binds with dissociation constant Ko while the second binds not
at all. After the sample solution, having concentration p,'s] in the protein that
binds significantly, is applied, solvent is passed through the column. We will
assume that the unbound protein migrates through the column at the same fate.

%,ut the solvent passes through i t .  How rapidly does the protein wi th dissocia-
tion const ant K o migrate?

) )
\ K d 5

@qq

K = [ l ' ]  U.l"n,r  d 
[Ef, l

To sirnpl i fy the discussion. make several  fur ther assuntpt ions.  The concentra-
t ion of  the proteins is suf f ic ient ly low that t l ie avai lable binding si tes on the gel
are never saturated. equi l ibrat ion of  enzyme between bound and unbound fornts
is very rapid; the l igands are present in an "ef fect ive" concentrat ion (see below)

[ f  ] .n in the gel :  the protein does not interact  in any way with the matr ix:di f -
fusional effects can be ignored. With these assumptions, the fraction /-. '1 l| lr l
of-  the protein of  interest  that  is  not bound on the column at  any t inte is grven
by (8.2).  Since bound enzyme does not migrate.  s ince free enzyme nt igrates wi th
veloci ty V, and since bound and unbound enzynre are in rapid equi l ibr iunt .  the
average rate,  Vr.  of  rn igrat ion of  protein equi l ibrat ing between bound an un-
bound states is given by (8.3):

l L  L l  =  [ t l " n
tl l  K6

( 8 . t  I

( s  l )

( 8 . - - l  )

t'l = tEl = Kd
lL . l+ [E L l  [ ro l  Kd+ E]e f r

t /  KaV,
'p roTll j  

" ' '

V^
= -

I r l
r  ,  [ r - J e f f
| . r -- K 6



A plot of VrlV, versus lLl *lKa
that must be understood to design
(Fig. 8.2). Affinity purification is
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emphasizes a feature of affinity purif ication

and operate any affinity column successfully
an "on-off '  phenomenon: If [r] enlK6 is less
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Fig. 8.2. Relationship betrveen the VrlV, and lLleflKa; Zo is the velocity of rnigration

of  protein down the column under g iven condi t ions.  t r / "  is  the veloci ty '  o1 ' the solvent  f tont ,

K6 is  the dissociat ion constant  of  the l igand, L,  t rorn the protein,  and IZ]ef  is  the ef tect ive

concentrat ion of  l igand in the gel .

than 0.1.  the rate of  migrat ion of  the binding protein along the colurnn is retard-

ed by less than t0%;i f  [1- ]  . r i  /Ka h greater than 10, i t  is  retarded by ntore than

90%. Since the objective of affinity adsorption is to achieve an easy separation

of the desired from undesired proteins, it is preferable not to work with columns

in which lL lxr lKa <0.1,  s ince no separat ion in th is region wi l l  be "easy."

Simi lar ly.  there is l i t t le to be gained (and possibly something to be lost)  by

designing [L]  
"nlKa 

)  100; the extent to which the l igate 's rate of  migrat ion is

retarded on increasing the strength of its binding is not significant, and dissocia-

tion of very tightly bound protein frorn the column may prove diff icult (see

below).  Where lL l  xr lKa 
= 0.5 -  2.0,  d i f ferent ia l  migrat ion of  proteins should

occur;  that  is .  "chrotnatography" should be observed [15] .

The range of values of Ko that wil l result in useful binding of l igate to l igand

is l imi ted, in pract ice,  by the values of  [Z]"r ,  that  can be obtained exper iment-

ally. Upper l imits in this parameter are determined by two factors. First. the

chemical modification of the gel that is required to introduce the l igand changes

its properties: in particular, extensive modificatiott introduces additional cross-

linking into the gel, and may seriously decrease its porosity. Second, for reasons

o

n
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that are not entirely understood, only a small  fract ion (about 1%') of the l igands
phys ica l ly  present  in  the ge l  are  ava i lab le  for  b ind ing [151.  For  cyanogen bro-
mide-activated agarose, measured l igand concentrat ions for typicai gels are
g iven in  Table  8 .1  [15]  Thus,  the usefu l  access ib le  range of  lL l . i1  is  0 .05-0.5

Table 8.1 Maximum Ligand Concentrat ions Accessible in Cyanogen Bromide-
Ac t i va ted  Aga rose  [ l 5 ]

Agoro se
Density (%)a

MW Exclusion
I . imi rs  ( t06 da l rons l

Ligand conc.

(1teq lnt l  )

2
+̂
6

5 0
1 5
5

v $

l 5 - 1 0
50-60

oThe "dens i ty"  o f  the ge l  is  the concent ra t ion o f  agarose in  the ge l  in  un i ts  o f
grams of  dry  agarose per  100 ml  o f  ge l .  The h igher  the dens i ty  o f  the agarose ,
the lower  the poros i ty  o f  the ge l .

mM. For affinity binding, a useful Ko in 2% agarose would theretore be I X
10-s M; in 6% agarose, Ko would be about I  X l0-4 M.

B  i f u n c t i o n a l i t y

To be  usefu l ,  the  po ten t izL l  l igand must  have two func t iona l  g r , ru l )s .  onr ' .  r l
"b inding si te."  which is recognized by the l igate,  and a second "coupl ing s i r . . . "
which penni ts the l igand to be chemical ly bonded to the rnarr i . r .  e i ther wirh or
without an intermediary leash or tether group (see below).  Thc. coupl inu s i re
must be located in such a way that i t  does not i rnpair  recogni t ion l t r  .  and
binding to,  the l igate.  Informat ion concerning the "bulk to lerance" I lb]  ( ) t  ar . l
enzyme, that  is,  i ts  sensi t iv i ty to changes in the structure oi  a potent ia l  l igand.
may be available from studies of inhibit ion kinetics. lf data are not available.
candidates for l igands should be tested before irnnrobil izing theni in gels.

S t a b i l i t y

The chemical labil i ty of the l igand is occasionally a problem, especially with
ligands involved in oxidation-reduction reactions. A more common problenr is
the stabil ity of the coupling site on the l igand: for instance, phosphodiester
linkages can be attacked by the nonspecil ic phosphodiesterases often found in
crude tissue extracts. The functional group orientation at the coupling site rnay'
be important in stabil ity. For example. in developing an affinity l igand tbr
trypsin,  i t  was observed that i f  p-amidinobenzoic acid (1) was used as a l igand
it could be cleaved fiom the sorbent by the enzynte [14] By contrast,p-amino-
benzamide (2) y ie lded a stable sorbent [14]
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Sources of  L igands

Inhibitors and cofactors are the most frequent candidates as l igands for

enzymes. Since l igands ntust have low dissociation constants from the enzyme

to be effective, it is possible that "transition-state analogs" might also be useful.

These substances, which are designed to resemble the transition state of the

enzyme-catalyzed reaction, have been shown in certain instances to bind at the

enzyme act ive s i tes more strongly than ei ther substrates or products I l7 l . in
addition, they are usually not transformed chemically by the enzyme, and are

thus more stable than either substrates or products.
Having successfully chosen. modified, and immobilized a known inhibitor,

cofactor, or binding factor for the target protein, it may sti l l  be diff icult to

establish whether or not the modified, immobilized material binds to this pro-

tein. It is sometimes possible to test soluble analogs for their abil ity to complex

in solution, but usually it is simpler to determine directly the abil ity of the gel to

effect the desired separation than to study the behavior of soluble models. For
quantitative work, it may be desirable to determine the binding constant
between ligand and ligate in the gel: several strategies have been proposed for
th is  purpose [15 ,  18 ]  .

4  S E L E C T I O N  O F  C A R R I E R  O R  M A T R I X

The insoluble polymer that provides the support for an affinity column should
have a number of  propert ies.  First ,  i t  should not i tsel f  interact  wi th proteins,
that is, it should be hydrophil ic and have no intrinsic charged groups [19] . The
lnore hydrophobic the rnatr ix,  the more probable would be protein adsorpt ion
by interactions between the gel and hydrophobic regions of the protein (see

below). Charged groups would certainly interact with the charged amino acid
side chains. The extent to which either hydrophobic or ion-exchange inter-
actions would determine the adsorption of a protein on the gel would obviously
depend upon the composition of the protein and of the solvent, equally ob-
viously, a support that minimized the interactions would be more generally
useful than one that did not. Second, the gel should have good porosity [20] .
It appears that efficient equil ibration and reasonable capacity require gels wliose
molecular weight exclusion l imit is approximately 100 times that of the target
protein. Third, the gel should have good mechanical properties. Efficient opera-

4  S E  L E C T I O N  O F  C A R  R I E R  O R  M A T R  I X  9 3 5
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t ion of an affinity chromatography column, as any chromatography column.
requires that it be possible to pack the support into the column easily in such
a way that the l iquid phase flows through the column bed evenly, without
channeling, and as rapidly as possible. Columns with good flow oharacteristics
are most easily prepared if the column material has the physical form of uni-
formly sized, mechanically strong, resil ient spheres. Delivery of the protein
molecuies to the interior of the bead is achieved by a combination of two types
of f low: movement of bulk l iquid through the voids between the beads carries
protein to the individual beads, and diffusive motion through the (approximate-
ly) stationary l iquid in the pores of the beads distributes the protein to the
immobilized l igands in the bead interior. A uniform, narrow distribution of bead
sizes is necessary to achieve uniform flow through the void space of the column
(Fig. 8 .3a); a distribution of beads having many that are small results in parti-
cularly poor flow characteristics, because the small beads tend to plug the
channels between their  larger partners (Fig.  8.3b) Pl ] .  The admixture of  non-

F ig .8 .3 .  Schemat i c  rep rcsen ta t i ons  o f  (A )  a  co lu rnn  packed  w i th  un i l ' on r  sphc re ' s .  (B ) r r

column contain ing a mixture of  sphcres of  d i f ferent  s ize-s.  and (C) a eolunrn in u 'h ich thc

spheres have been fused by '  pressure.

porous. s i l iconized glass beads with porous Sephader to resist  conrpression and
fusing is reported to be a useful  technique [ ] l l :  th is technique should also' ,vork
with other column mater ia ls.  Strong, resi l ient  beads are required to resist  (and
recover f rom) deformat ion under pressure.  When a column composed of  weak
beads is compressed (ei ther intent ional ly in t ry ing to increase the f low rate
through the coluntn,  or  accidental ly) ,  the beads are squeezed together and
deform (Fig.  8.3c).  This deformat ion,  i f  carr ied lar  enough, el iminates the
column void volume and fuses the beads. A column subjected to this type ot'
pressure becomes, essent ia l ly .  a sol id gel  b lock.  and i t  is  impossible in prret iee
to achieve a useful f low rate through it. Mechanically strong beads resist defirr-
rnat ion.  and resi l ience helps the bead recover i ts spher ical  shape af ter  a t ransient
deforrnation. Fourth, the gel should be amenable to the chemical functit-rnaliza-
t ion and modi l icat ion required in covaient ly l inking l igand to gel  (see below).

Four types of  hydrophi l ic  polymers have been used for matr ix mater ia ls:
agarose. Sephadex. polyacrylamide, and cellulose. Agarose is a polygalactan

&m
W

( B )
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Fig.  8.4.  The structure of  agarose.

(Fig. 8.4) obtained from seaweed 123,241. It is commercially available in bead-
ed form (Sepharose, Bio-Gel A), which is obtained by dispersing a hot aqueous
solution of the polymer into a cold immiscible solvent [25].The relatively firm
gel structure arises from intra- and interchain hydrogen bonding: no covalent
cross l inks are present.

Sephadex is a proprietary gel material available in bead forrn. made by cross
l inking dextran, a 1,6-glucose polymer made by certain microorganisms, wi th
epichlorohydrin (Fig. 8.5) [26] The gel is available in various molecular pore

sizes, but at high porosity it is mechanically inferior to agarose.
Polyacrylamide is commercial ly avai lable in beaded form (Bio-Gel P) wi th

covalent cross l inks der ived from.A/,4/-methylene bisacrylamide L2l l  I t  a lso is
avai lable in a var iety of  molecular pore s izes,  and l ike Sephadex. the higher-
porosi ty gels are sornewhat sof t  and mechanical ly unstable.  Of al l  the rnatr ices i t
is  the most resistant tct  b iodegradat ion.

Cel lu lose is commercial ly avai lable in f lbrous or granular powders.  The lat ter
(e.g. .  Whatman CC-31) is cornposed ot-  rn icroscopic c igar-shaped part ic les of
uniform size (about 35 p). Cellulose is microcrystall ine because of interchain
hydrogen bonding of  the 1.4-glucose polyrner.  and. as a rc 'sul t .  is  insoluble in
water. It has been used frequently by immunochemists in preparing affinity
sorbents [28,291. Enzyrnologists have used i t  less of ten,  because i t  has a rela-
tively low capacity for derivatization and because the derivatizing reactions are
s low [29 ,  30 ]  .

While none of these rnaterials suff 'ers l iom incompatibil i ty with proteins, some
of the other functional requirements of affinitv purif ication set l imits on their

I
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C R O S S - L I N K

DEXTRAN
C H A I N

Fig.  8.5.  The structure ol '  Scphadex. pos i t i on  o t ' t h r -  c ross  l i nks  i s  no t  un iquc .

use '  At  present ,  every th ing cons idered,  agarose appears  to  be the prat r rx  l ra tc . r ia l
o f  cho ice for  a f f in i ty  suppor ls :  To i r rprove i ts  thernra l  anc l  so lvenr  srab i l i r r , .
Porath  and co-workers  have developed procedures tbr  chenr ica l l i . ,  c ross l rpkrpc
t h e  g e l  [ 3  l J  .

A N D  L E A S H  S E L E C T I O N
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l igand.
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simplest and by far the most commonly used, is to treat the gel with a reagent
(or sequence of reagents) that generates active sites, and then to allow the l igand
(or leash) to react with this activated gel. A second, which is more diff icult
syntiretically but which is potentially capable of reducing some of the unwanted
functionality introduced into the gel by the first, is to functionalize and activate
the l igand, and then to allow the activated l igand to react with the gel. A third,
which is only really applicable to polyacrylamide gels, is to include the l igand or
the activating group in the form of a reactive monomer in the polymerization
that forms the gel. In view of the need to have uniform spherical beads, this
strategy suffers from serious technical diff icult ies.

The first of these procedures has been widely exploited, and the model pro-
vided by Cuatrecasas and Parikh [32] has been modified to permit the immo-
bil ization of a number of l igands to agarose using a variety of leashes. The pro-
cedure for coupl ing amines to the act ivated agarose has been examined in some
detail, and empirically optimized [33, 34] . A representative procedure for

immobilizing an amine-contining l igand via a leash structure is shown in Scheme
2 .

A-OH
( l )  t s r C N

( 2 )  H r N ( C H r ) s ( ' O O H

4

Scheme 2.  A representat ive der ivat izat ion procedure for  agarose (= A-OII) .

Affinity chromatography has been developed as a procedure for purifying
biochernicals. It was developed by individuals who were concerned with avoiding
organic synthesis whenever possible. Consequently, the procedure most widely
used in init ial activation of agarose and Sephadex, that is, treatment with cyan-
ogen bromide, is versati le and extremely simple, but not particularly clean from

*NH,

l l -
Aoc i l ( cHz)scooH

l '
l ( l )  c a r n o U i i m i d e

l ( 2 )  l V  h v d r t ' r v s t t c e  i t t i

I  m i d e

I
*NH, 

O \-
ll 

- 
| r-1

A-O-C-N-(CH2 )s-C-O-N I
r H  \  |

l r , r*  , ,* , , , '  n 1{-
I-iln' 

?
A-O-C-N-(C FI2 )s -C-N- Ligan d
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a chemical viewpoint. Init ial reaction with a gel bearing proximate hydroxyl
groups is believed to generate an imidocarbonate group [35]. Reaction of
this functionality with the nucleophil ic moiety (:B) of a leash or l igand appears

h,oYNH
f'l-'-- o

F"t"'
sb

Fron o r-  Vt 'Yn
!1.-o I B t\--i,

YoY*5-- Fron NH
l.>----o l-\--o c B

NII
t l

n ' \\-, NI-I -R

6a

ot{

(agarose)

OH

ot{
(Sephadex)

BrCN
--------------_-

BrCN--_------------

5a

5d 5e

OH
NHr-

a ' r \\-/ NH R

6b

+ uo+"m
5f

to generate several  groups: the predominant one when ( :B) is an al iphat ic lnr ine
is bel ieved to be the isourea l inkage 6.  This group is a strong base: the p(. ,  ot
6b  is  approx i t t ta te ly  10 .4  [36 ,37 ]  .  A t  so lu t ion  pH va lues  typ ica l  o1- thosc  t rsc t l

OFI
LI' -

<rr--

in  manipu la t ing prote ins,  i t  w i l l  ex is t  predorn inant ly  in  the cat ion ic .  pro tonated

form. Thus the functional groups generated during coupling to cy,anogen bro-

mide-activated agarose are usually cationic, and they introduce elenrents of
ion-exchange adsorpt ion in to  subsequent  in teract ions wi th  prote ins [15.  19.
31-391. Aithough these charged centers may either strengthen or weaken the
adsorption of the target protein, and are not necessari ly undesirable from t irat
perspective, they can encourage unwanted unselective adsorption of anionic
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proteins.
Several modifications of the standard coupling procedure have been proposed

that eliminate the cationic isourea group generated by reaction of an amine with

5a. One is to effect the l inkage with the cyanogen bromide-activated agarose

using an acid hydrazide l3l -401. The resulting isourea analog (7 ) is sufficiently

less basic than 6b that it is not protonated at pH 1. Approaches based on

entirely dilferent functionalization approaches also appear useful. Porath and

T ) .  - N  H N  H ,\ \ /
I

1 c . t { ,  ) o
I

NI  INF{ .

N I I

co-workers  have repor ted the use of  b is -d ig lycy l

v ia  s tab le ,  noncharged leash s t ructures (8)  [411 .

7

ethers that  i rnnrobi l ize l igands

( ) - -  
- a  

( )

l/\-/ u.---r'^--l

A o/),^o^-.-411

ol'l I
I t - ' N t t .
I
I

to-fom
b H  l l t l  l l

8b

Trvo o l l tc f  potc l t l i l l  p rob lcnrs  rv i t l t  cv  anogel t  bromide-act ivated agarose deserve

r lent ion.  F i rs i .  the s tab i l i ty  o f  the isc lurea l inkage toward hvdro lys is  has not

been carefu l ly  exp loret i .  A l though th is  group has appeared to  be s tab le  a t  neut ra l

pH in  water  lor  ex tended per i r rds  o i  t in re .  reoent  wc l rk  by Schwyzer  and co-

workers  l42 l  ind icates that  apprec iab le  breakdown can t )ccur  for  p l t  )  8 .

Second.  i t  appears  that  the funct iona l ized ge l  i tse l f  may s lorv l ,v  hydro lyze [43]

Both fac turs  rn ight  resu l t  in  shor t  operat ing l i fe t imes for  a t ' f in i t -v  sorbents  under

ce r ta in  c i rcumstances.

Whi le  shar ing the sante coupl ing chemist r ies  as agarose.  Sephader  has rece ived

tnuch less a t tent ion as an af l in i ty  suppor t  because i ts  lower  t t techanica l  s tab i l i ty

a t  h i gh  ge l  po ros i t y  and  i t s  l o r ve r  ovc ra l l  n ro lecu la r  po los i t l ' .  co t r t pa red  t o

A O I I

8a
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agarose, make i t  a less attract ive support.  The aff ini ty adsorption process seems
to requi re  ra ther  porous ge l  s t ructures for  opt imum ef f ic iency [20)  .Po lyacry l -
amide has also been used much less frequently even though a systematic ap-
p roach  t o  i t s  de r i va t i za t i on  l t as  been  repo r ted  [ 21 ]  .Wh i l e  a  w ide r  r anse  o1 '
der ivat iz ing approaches is  poss ib le  wi th  th is  po lynrer ,  i ts  in fer ior  rnechanica l
s tab i l i ty  and l t tw poros i ty  present ly  nrake i t  less a t t rac t ive than agarose.

In summary. cyanogen bromide-activated agarose is presently the gel that
provides the best general start ing material for aff ini ty chromatography. I ts
drawbacks-a propens i ty  to  inc lude the pos i t ive ly  charged isourea groups ip
coupl ing wi th  amines,  good but  not  outs tanding mechanica l  proper t ies ,  suscept -
ib i l i ty  to  tn ic rob ia l  a t tack.  and re la t ive ly  h ig l i  cost -are o f fset  by  the converr i -
ence wi th  which i t  can be generated and ut i l i zed.  and by the procedures anc l
exper ience accumulated in  i ts  prev ious use.

Leash Structure

Aff in i ty  adsorpt ion requi res the assoc ia t ion o f  two po lyrners :  the l igare and r
por t ion o f  the ge l  po lyrner  bear ing the at tached l igand nro ie ty .  Th is  rypt - -  e l -
assoc ia t ion might  be expected to  be subject  to  impor tant  s ter ic  co l rs t ra inrs .  . . \s
suggested in  F ig .8 .6 ,  the b ind ing s i te  o f  the enzyme might  be suf f lc rent lv  burrcd

M
A
T
R

I

X

Fig.  8.6.  Schemat ic i l lustrat ion of  possib le interact ions ot  a protein having i ts  b inci ins r i tc
in a deep crevice ' ,v i th l igands on shorr  ( lef t )  and long (r ight)  leashes.

in  a  c le f t  that  i t  would  not  be access ib le  to  a  l igand on a shor t  leash.  Fur thcr -
more,  the fac t  that  on ly  about  l% of  the l igand groups present  in  a  ge l  arc  ava i l -
ab le  for  b ind ing can be ra t iona l ized as re f lec t ing s ter ic  const ra in ts  on the l iea ld-
l igate interaction. While these considerations suggest that a t lexible ieash (or
"spaoer-arm,"  as or ig ina l ly  ca l led)  separat ing thc  l iganc l  f rorn  the.  ge l  b lekbt rnc
would lead to  improved b ind ing.  and a l though the s t ructure o i ' the leash c /pcs
in f luence the s t rength o f  the b ind ing in  an impor tant  way (see be lorv) ,  there is
no so l id  ev idence estab l ish ing that  Ihe length o f  the lcash is  an i rnpor tant  paran i -
e ter .  A number  o f  enzyrnes have been adsorbed to  l igands nrounted v i r tua l l r ,
d i rec t ly  to  the car r ier  [44,45]  .  Perhaps more s t r ik ing ly .  recent  s tud ies suggesr
that the leash structures and coupling condit ions reported in the early work by

M
A

T
R
I
X
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Cua t recasas  e t  a l .  [ 1 ]  can  g i ve  r i se  t o  nonspec i f i c  b i nd ing  [ 19 ,46 ,47 ] .
Clear ly  the min imum funct ion o f  a  leash moiety  is  that  o f  a  connector .  Or ig in-

al ly the apparently improved binding of enzymes to l igands that were immo-

b i l ized through leash s t ructures was in terpreted as resu l t ing f rom increased

t rans la t iona l  f reedom of  the l igand.  Examinat ion o f  the b ind ing of  B-ga lactos i -
dase to a variety of gel derivatives sheds l ight on functional ut i l i ty of leash

structures. This enzynre was original ly puri f ied t-rortt  extracts t t f  l : 'sc' l rcr ic ' l t io col i

by  Stcers  c t  a l . ,  by  a f t in i ty  chronratograp l iy .  Table  8 .2  l is ts  a  nunrber  o f  sorbet t ts

subsequent ly  tes ted wi th  th is  enzyrne.  Where poss ib le .  the l igand concent ra t ion

in the gel l ' ras been indicated so that useful comparisons of binding could be

made.  Perhaps the most  s t r ik ing feature o f  these data is  the b ind ing of  the

enzyme  to  a  w ide  va r i e t y ' o f  s t r uc tu r cs (Ge l -1 .  - 3 .  - 5 ,  - 8 ,  - 9 ,  - l  l .  - i 2 ) .  Ge l -8  was  t he

one repor ted by Steers  e t  a l .  [48]  ,  but  the resu l ts  show that  the enzyrne b inds

whe the r  t he  co r rec t  l i gand  ( - t h i o -ga lac tos ide ) i sp resen t  o rno t  (Ge l s -3 , - l  l . - 12 ) .

A l l  s t ructures except  one (Gel  5)  that  b ind the enzyme bear  cat ion ic  isourea

l inkages.  and a l l  conta in  some hydrophobic  s t ructures.  These observat ions sug-

gest that the enzynle could be purif ied on the basis of relat ively nonspecif ic

hydrophobic  adsorpt ions,  and th is  type of  pur i f ica t ion has in  l -ac t  been demon-

strated by Rirnerrr ian and Hatf ield [491.
The i rnpof tance of  thesc and re la ted s tud ies to  the pract ice o f  a t f rn i ty  chro-

matography is clear. The central objective of aff ini ty chronratography is to

const ruct  ge ls  whose b ind ing character is t ics  arc  deter rn i r ted so lc ly 'by  the spe-

c i f ic  in teract ions between the imrnobi l ized l igands and prote in  b ind ing s i tes .

These s tud ies make i t  ev ident  that  s t rength o f  nonspec i f ic  ion ic  and hydrophobic

b ind ing of  pro te ins to  the leash and l igand may be as s t rong or  s t ronger  than the

specif ic aff ini ty adsorption. Since the selectivi ty of binding by these nonspecif ic

in teract ions would not  be expected to  show a cor re la t ion wi th  that  shown by

af f in i ty  b ind ing.  they prov ide a mechanism for  a  potent ia l ly  ser ious l i rn i ta t ion

to  the se lect iv i ty  o f  the technique.

Two approaches have been taken to  reduce the prob lem of  nonspec i f ic

adsorpt ion.  One has been to  use nuc leophi les  that  generate  funct iona l  groups

I rav ing  l o ' , ' u ' p l \ a ' s  ( c ' . 9 . .  hyd raz ines .  ( l e l - 10 )  i n  coup l i ng  w i t h  t l i e  c t ' anogcn  b ro -
rnide-activated agarose I31-401. While the epoxide coupling reagents described

by Porath and co-workers [41] have not been specif ical ly tested in this con-
nect ion.  t l tev  a lso s l tou ld  generate  innocuous l -unct iona l  g ioL lps in  appropr ia te

couplings. The second is to construct leashes that are designed to be as hydro-
ph i l ic  as  poss ib le  [51]

Many of the present problerns in preparing aff ini ty gels are intr insic to the
strategy used in the immobil izat ion: procedures that bui ld outward from a
prefomred gel, using amines and carboxyl ic acid derivatives as reagents, are
fast and convenient, but do not permit removal of incompletely or incorrectly
reacted immoblized materials from the gel (Scheme 1). Three possibi l i t ies to



vsv.f,

I-
r l
':-a
= ' {

c
1)

J

!

E = ^  =  6 =
Z Z  d  i ? .

E

-)

cO

./,

-

- -

7

7

(

)
--\-

7_

j

.
Y

r l

t t l

I

.a,

,L

J
z
I

j
-

Z

z a ,  Z
-

j

2

7.

(

)
{ - l

Z

a-\
t i l

Y
:E
z

(

=
Z

)(

(

)(
=
z

-
I

P/-- \
\//

\: '  \ _ -
t- \)

. 2 ,. \  Z
) )

1 /\ \
) \/ /

( (
\ \
) )/ /( (

- s  =  s=  s
. z - 1  ' z J  

ZA _- \ + \ +

- -
v v

q)
il

\
q)

\
A A
? ) N
q)

\
^- a\

x ^ 4gs  s
N !

\  6 0 ' ;
l '

\
e

-': 
t\

*l er
\\ ql:.\

AJ

i

\
q

CJ

\
1

q

U: \

b

(,

6
-,.1

a). I

a

E

c

O

C

|.
!

a\

cd

s

944



st
oo
$<.

-)
z i

co
v

-
E-

P -

z - 6

a)
a

.J

2\
t i l
\./

I

T
z

r
\ )

=
Z

(
\
I
-s

. 2

\

1
. r Z

E /

F=, -

a

I

t i l
I

T
z

)

r
:i
z

z

(

\

rJ-1\+i

z

,Z2<
-

l/

F

H
l v

v ( )v ( )

/*J
t v l

+\.y, J

Ix
t l l>-

:
Z

)

r"
=
Z

\

(

)
(
=

. r Z

+ z a

i

T *
- H- ^

/::I
l v l

, !  l =
c \ - c

|  " ,  A
cn 

:-h \J
t -

!
t i l ;
l l l  -

\-/ 3
I

'o2
/ \

- - .  - J
\ /
/ \

( )
\ /
f  \r  v1

i t E
zz
t

+ r / (
Z , \

L A  !
/ - v  // /( \\
\  

t . l

t 4/ -
(  * Z

\ /- ) (
/ \c+)
Z 1
j t *

' _ Z i 2
/ - /

z 1  - 2 1
-( )

l l



-j

r/)
d

th

d

bo

l:

$

;

=

a J ! -)

" c

L

0)
> -

6 1 )

c ) e

-
X
-  r i

7  r ^ ,
a - Q

r/)

F G

'o

-

* !-)
.r cA

6 a )
v -> -  4  

j t

4 a - . -  I  =
l v l \ J a H

F l t
l * l  ,

(r--\ - -
\ 4 "

I

-

2

(

)
(
)

(

I
z

-
I

c

z

c..l

.\
d \

M\ \
qJ

\-
N

EJ

- c

o o ( J y

*nt
: x-^ 

':'
\ . i " ?

A . g\

- \ :
\ . :
'\ 

Q)
--l

=

iJ

U

q

a\
q

ai
a \

a

a)
r i

6--)
!

a

an

( - t
t

f

g

Q

c.i
oO
q)

946



5  G E L  F U N C T I O N A L I Z A T I O N  A N D  L E A S H  S E L E C T I O N  9 4 1

correct the deficiencies of this procedure exist.  One would maintain the same

synthetic strategy, but would place less rel iance on l inking groups by formation

of  amides f ront  ar l ines and carboxy l ic  ac id  act ive esters- react ions that  are

certain to generate ionic residues in the gel-and develop instead alternative

coupling procedures that would st i l l  generate hydrophil ic groups but which

would produce on ly  nonion ic  products  and byproducts .  Poss ib le  procedures for

this purpose might include appropriate combinations from these nucleophil ic

and e lect rophi l ic  groups :

llqelrepbileNucleophile

ROH

RSH

o
t l

RCtNHNH2

/o\  *
O:C:N R

o
l l

tcH2ctR

o
tl

CHr:9116'P

A second would modi fy  the ex is t ing procedure by prepar ing pure l igand wi th

leash at tached,  and l ink ing the prefor rned un i t  to  the ge l  (b  o f  Scheme l ) .A

th i rd ,  and chern ica l ly  best -def ined procedure (c  o f  Scheme 1) .  would  prepare a

l igand-leash combination functional ized in such a way that i t  could be copoly-

mer ized wi t l - r  an appropr ia te  nrononrer  (acy lamide,  2-hydroxvethy l  t t te thacry la tc)

to form a porous gel.

These approaches to the preparation of aff ini ty gels that contain 1-ew unplan-

ned hydrophobic  or  ion ic  s i tes  are more complex synthet ica l ly  than preserr t ly

used procedures.  Before beginn ing one.  i t  is  i rnpor tant  to  dec ide wl ia t  character -

is t ics  are requi red of  the product .  E l iminat ing ion ic  e f fec ts  is  s t ra ight torward

in  pr inc ip le :  the product  ge l  should  conta in  no groups that  are charged at  the

pH at  which the ge l  is  to  be used.  E l i rn inat ing hydrophobic  s i tes  is  less obv ious:

how does one best  measure the hydrophobic i ty  or  hydrophi l ic i ty  o f 'a  par t icu lar

leash s t ructure ' l  Stud ics  o f  the or ig in  o f  hydrophobic  e f fec ts  [5 ] - -541 ,  or  thc i r

impo r tance  i n  de te rn r i n i ng  p ro te in  s t ruc tu re  [ 55 ]  ,  and  o f  t he i r  app l i ca t i on  i n

var ious fornts  o1 'chrornatography [56]  have been extcns ivc .  These s tud ies have

establ ished that the hydrophobic effect originates in major part in an increase in

structure (and decrease in entropy) of water in the vicinity of the hydrophobic

group, and correlated t l ie magnitude of this effect with the surface area of

the hydrophobic moiety [57. 581 . These studies are not, however, practical ly very

usefu l  in  the task o f  des ign ing leashes hav ing des i rab le  hydrophi l ic  (u ,

l-rydrophobic) character. Perhaps the most useful numbers for this purpose are
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two sets of group hydrophobicity parameters, one assembled empirically by
Hansch and co-workers through examination of the partit ioning of a variety of
substances between water and 1-octanol  [59]  ,  and the second the so-cal led
HLB (hydrophi l ic  l ipophi l ic  balance) nurnbers [59,60.61]-gathered to corre-
late structure wi th surface act iv i ty.  A more elaborate t reatment of  group solu-
bil i ty parameters is also available 1621 , and a variety of useful solubil ity data are
available from Hildebrand's cohesive energy density compliations [63] . The
former t rcat tnent is,  l towever,  concerned pr inrar i ly  wi th hydrophobic moiet ies.
and the latter is not sensitive to srnall diff 'erences in hydrophil icit ies.

The Hansch n^ values are del lned fbr a part icular subst i tuent Xby the changc
in the part i t ion coeff ic ient  P of  sonre test  substance H-R between water ancl  l -
octanol  when a hydrogen atom of H-R is replaced by r l ie subst i tuent X.

x-R =+ x-R px
( I I 2O)  (  I  - oc tano l )

ru-R -j- rr-n PH
( t l rO )  (  l  - oc tano l )

trx = log P, l L r g  P , ,
L n

The  va lues  have  bee t r  success fu l l y  co r re l a ted  w i t h  t he  b ind ing  o l ' s rna l l  n to l t l , , L r l t :
to  bov ine serut r t  a lbumin [64] .  F ILB nunrbers  are rneasurec l  in  a  var rc . t \  o l  u3\ : .
and  a re  sub jec t  t o  a  nun rbe r  o f  i n te rp re ta t i ons  [ 60 .  61 ]  .  t 3 r i u ' f l r .  r h . .  n raun r ruJe
o f  t he  g roup  HLB  nu rnbe rs .  (HLB)x .  can  be  re i a tec l  l pp ro r rn t l r e l r  l r r  r l t . ,
in t luence of  the group concerned on the par t i t ion i r - ls  o f  soptc  tc ' - r t  :Lr l - r : ta1ec '
between water  and a hydrocarbon us ing t l ie  equat ion

Cu
t o g  

. , , ,  
=  1 . 2 0  ( 7  I ( i I L B ) y  )

where Ct  and Cr"  are.  respect ive ly .  concent ra t ions o f  the tes t  rnater ia l  r r r  thc
hyd roca rbon  and  wa te r  phases .  and  ) (F ILB)x  i s  t hc  HLB  nu rnbe r  o f  t h i s  r l a te r -
i a l ,  ob ta ined  by  summing  con t r i bu t i ons  t ' r o rn  i t s  cons t i t uen t  pa r t s .  C lea r l r  ; ,
and  ( t l LB ) *  canno t  be  d i r ec t l y  con rpa red .  bu t  each  sepa ra te l y  g i ves  a  usc t i r l
s ca le  o f  hyd rop l i i l i c i t i es .  Va lues  o f  n "  and  o f - ( l l LB )x  a re  l i s t ed  i n  Tab l c  \  - t  l r r r
severa l  groups.  Where these ser ies  over lap.  there is  genera l  agreente l t r  l l t  t l tc .
o rde r i ng  o f  g roups  acco rd ing  t o  hyd roph i l i c  cha rac te r .  w i t h  t he  excep i i on  o t ' r hc
HLB nurnber  for  N(CH.r )2 .  Th is  va iue is  suf l lc ient ly  h igh that  i t  suggesrs  thar  rhc
spec ies actua l ly  cont r ibut ing to  the par t i t ion ing is  [N(CI I : ) r t l ]  

. .

Ut i l i z ing these va lues to  des ign opt imal ly  hydrophi l ic  po lynrer - leash- l igand
co t t l b i r l a t i t l ns  t b r  a f f i n i t y  c l t r on ta tog raphy  w i l l .  i n  gcne ra l .  f r . c l L r i r c  n ro rc  i n l i r r -
t na t i on  aboL t t  t he  de t l i l s  o f  i n te rac t i ons  o f  pa r t i cu la r  p ro te i ns  unc l  hvd rop l i ob i c
groups than is  present ly  ava i lab le .  One e lementary  quest ion that  can,  however .
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?noble 8.J Vulrr .s  of  , r*  und (HLB)* fo,  R"t ' r r "s"ntut iv .  ot tut l i .  Moi t t i . t  
a

TrxX ( H L B ) x

So+-
CO2-K*
CO2-Na*
SO3-Na*
coNH2
O H  ( t e r t )

OH ( sec )

c:o
NHz
OH (p r im)

O  (e the r )

Noz
CN
COCHl
NHCH3
co2 H
o c l { 3
N(CFl3 )z
co2 [ ]H r .  ococH l
ocH l
c H 2  N H C I  1 2

F

cH3N(C t { : )CHz
cH2  cH2  o
CI
scH3
Br
cH3 ,  c lH2
C H .  C
I
o c 6 H s
( c H  j ) 2  c l  I

C o H s
( c F I 3 ) 3 C

Cyclohexy l

3 8 . 7
l l . l
I  9 . 1
1  1 . 0

1  a 1
t .  |  |

L-  |  .49' , '
h-  1  . 39 "

1  t 1-  
I  . ,  l .

- 1 . 1 9
-  l . l 6
- 0 . 9 8
- 0 . 8 5
-  0 . 8 4
-  0 . 7 1,.-  o . 6 1 "
-  0 . 6 1
-  0 . 4 1
-  0 . 3 0
-  0 . ) 1
-  0 . 2 6 "
-  0 . 1 7 "
-  0 . 1 7
0 . 1 8
0 . 3 4
0 . 3  9
0 . 4  5
0 . 6 0
o .66'1 0.5 01'

1 . 0 0
1  . 6  I  - 1 . 0 8 '

I  . 8 1 '
l . l "
r  r  z C '
L .  O

3 . 1  8 "

1 . 9
r a
l . J

t . l

( 8 . 4 5  )
) , 4
: . 4

0 . 8 3

0 . 3  3

- 0  4 7 5
- 0..+7 - i

- 1 . 6 6

oVa lues  o f  n1  a re  t aken  t ' r on r  o r  de r i ved  f r om Re fs .60  and  65 .  and  t hose  l t . , r

,  (HLB)x  f r om Re f .  59 ,  un less  i nc l i ca ted  o the rw i i e .
'  R e f  .  6 6 .
'Ref .  59.  Th is  re ference conta ins n  va lues for  severa l  o ther  a lky l  groups.
d R . f .  6 7 .

be approached using avai lable data is that  of  the relat ive hydrophi l ic i t ies of

groups that might be used as leashes. Several representative structural types are
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summarized in Table 8.4 in terms of  n group values calculated from Table 8.3.

Table 8 .1  Approx imate Relat ive Hydrophi l ic i tes  (n)  Der ived f rom Table  8 .3  o f
Representat ive St ructures That  Might  be Incorporated In to  Leash Moiet ies

Group 100 X n le .w.

HOCI{ ,  O
t - i l-CF I .  CNH

o
ll- c H 2 c N H

CHOHCHOH

o .
\cnn,

I-  c H 2 c H -
C H ? O H
t -

cH2  cHCH2O
O H
I

cH2 cH -

cHz cH2 o-
o.
\cocn,c 'H,oH

I-  cHzcH(cr r3) -
C=N
I

cl{2 cH -

-  1 . s 5

-  1 . 0 5
-  1 . 0

- 0 . 3 9

+ 0 . 1 5
+ 0 . 3 4

+ 1 . 2 1

+ 0 . 4 8

-  1 . 8

- ] . 8
t

- 1 . 1

0 .5  . i

+ 0 . i 6

+ 0 . - -

+ 0  \ 5

+ 0 . , )  I

For  compar ison,  these va lues are normal ized to  a  contmon r i , r ' ig l r t  bas is  b i  drnd-
ing by the group equiva lent  weight  and mul t ip ly ing by '  100 ( r00x t r i  e . \ \  ) .  Thc

CHOHCHOH moiety  is  assumed to  approx imate agarose and Sephadex: rnore
deta i led est imates are probably  not  wor thwhi le ,  s ince in terna l  hydrogen bonding
of  unknown magni tude wi l l  s ign i l icant ly  in f luence the actua l  va lue.  Wi th  t i r is
assumpt ion,  i t  would  appear  that  po lvser inc '  or  po lyg lyc ine shoulc l  be the ntost
hydrophi l ic  neut ra l  leash s t ructure that  would  be convenient ly  ava i lab le .  Ol - the
leashes lack ing amide moiet ies .  po lysacchar ides of  one or  another  type wouid
seem most  su i tab le .  Po lyv iny l  a lcohol ,  po lyethy lene ox ide.  and po ly(hydnrx1, -
ethyl methacrylate) (HEMA) leashes would appear signif icantly more hydropho-
b ic .

6  S O M  E  O P E  R A T I O N A L  C O N S I D E  R A T I O N S

Assuming now that one has at hand an affinity sorbent prepared in accordance
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with the guidel ines outl ined in preceding sections, some general procedures for

i ts use can be considered.

Adsorp t ion

To prevent mechanical fbuling of the packed affinity column, it is necessary
to remove cellular debris or other insolubles from cell extracts by fi l tration or
centrifugation before introduction to the column. Often a prefiactionation of
the extract is also in o,der to diminish nonspecific binding or interference with
the affinity adsorption process. Many proteins and high-molecular-weight nucleic
acids can interfere wi th colunrn operat ion.  These problems may be part icular ly
significant if the target enzyme is present only at low concentrations in the
crude extract. The binding of a dilute enzynle solution may be inefficient if
the binding constant to the l igand is only moderate.  I t  may be helpful  in th is
case to concentrate the enzyme solut ion before introducing i t  into the af f in i ty
column.

I f  poss ib le ,  n rodera te  concent ra t ions  o l -  sod iunr  o r  po tass ium ch lu r ide  s l roLr lc l
be i r rc luded in the loading buff 'er :  0.5 X( KCI can help suppress nonspeci f  ic
adsorpt ion due to ionic groups in the leash and/or l igand or lef t  over f rom
incomplete react ions in the immobi l izat ion process [14. 15].

Wash ing

Nonbind ing conrponents  in  a  crude mix ture are best  renroved by rvash ing wi th

t l - re  load ing buf fer .  Unless there are o ther  ind icat ions.  usual ly  an e luant  vo lunre

equiva lent  to  2-3 bed vo lumes is  suf f ic ient .

Deso rp t i o  n

Desorbing the specif ical ly bound l igate is best accomplished by rvashing with

a so lu t ion o f  a  spec i f ic  desorb ing agent  in  the load ing buf fer .  A representat ive

e lu t ion d iagram is  g iven in  F ig .  8 .7 .  Th is  agent  can be a so lub le  form of  the

l igand.  a  compet i t ive  inh ib i tor ,  a  subst ra te .  or  a  subst ra te  analog.  The concent ra-

t ion necessary for effect ive desorption wil l  depend on the binding constant of

the l igand,  i ts  concent ra t ion in  the ge l ,  and the b ind ing constant  o f  the desorb ing

agent  i tse l f .  Sa l t  ur  pH sh i f ts  or  grad ients  to  desorb l igates usual ly  desorb non-

spec i f ica l ly  bound contanr inants  and lower  the se lect iv i ty  o f  the a f f in i ty  process.

If ,  however. an aff ini ty sorbent has been r igorously proved to be very specif ic

for  the des i red target  prote in ,  then a pH sh i f t  may be s impler  and more economi-

cal than desorption using a specif ic desorbing agent. There is l i t t le known about

the effects of ionic strength on enzyme-l igand binding. ln the few reported
s tud ies ,  t he re  i s  no  e f f ec t  [ 68 ,69 ] .  Thus ,  i f  a  sa l t  g rad ien t  ( e .g . , be tween  0 .01
and I M) causes a l igate to desorb from an aff ini ty sorbent, one has prima
facie indication that the binding involves ion-exchange interactions and is
probably nonselective.
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It is useful to appreciate several potential practical problems in desorption
procedures. First, a number of qualitative observations suggest that, for reasons
that have not been explored, adsorption of a protein on a gel may not be entire-
ly reversible: the longer the protein is allowed to remain adsorbed. the more
diff icult it may be to desorb it. Second, even when adsorption is fully reversible.
desorption may be a very slow process. Desorption of the l igand from the pro-
tein binding site requires an init ial f irst-order dissociation of the complex.
followed by trapping of the free protein by some species capable of occupying

2 0
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i ts binding site. Even assuming that the rate of formation of a protein-l igand
complex is very fast (-1 Os Mr sec-t ), the half-l i fe for dissociation of a complex
with^Ko = 10{s+x) M is r*-  10-(s-x)  min.  Thus, for  a strong complex(r(d =

l0-'" M), the half-l i fe for dissociation becomes significant G v, 
- 1 min). Since

the rate constant for  format ion of  the l igand-protein complex may in fact  be
orders of magnitude slower than I08 M t sec-t, and since many dissociation
events may be required before the protein is trapped in soluble form, the overall
process of eluting adsorbed protein from gel may take hours. Third, elutionby
displacement requires quant i t ies of  the cornpet i t ive l igand that r r iay not be avai l -
able. Finally, and in some instances most seriously, it leaves unresolved the
problem of generating protein that does not have its binding site occupied.
Replacement of an insoluble binding group (the insoluble l igand) with a soluble
one may complicate the problem of separating protein and ligand: it is, in
many ways, ideal to have the l igand insoluble when attempting to free protein
from ligand. Fortunately. although these considerations are of real importance.
in practice it is usually possible to find conditions that result in release of
adsorbed protein fronr the gel, or dissociation of a soluble l igand-protein com-
plex. In particular, with very strongly bound agents. a shift in pH often signifi-
cant ly decreases the strength of  the binding and increases both the extent and
rate of  d issociat ion.

The preceding points are largely directed toward enzyme purif ication. With
aff in i ty sorbents for  other biopolymers,  other desorpt ion niethods have been
used. For example,  wi th ant ibodies bound to i rnmunosorbents,  pH shi f ts or
chaotropic sal t  solut ions [71] are rout inely used. These condi t ions are requircd
because a ntore specific desorbing agent is usually not available and because the
binding constants for  these systerns are qui te large (about 108).

BIOPOLYMERS OTHER THAN ENZYMES

Except  for  occas ional  re f 'e rences to  i r .nmunosorbents .  our  de l iberat ions here on

Fig.  8.7.  At ' f in i ty '  pur i t icat ion o1'  D-er1 ' throdih l 'droneoptcr in t r iosphosphatc synthetasc.  A
par t i a l l l ' pu r i f i ed  cnzynre  p repara t ion  (13 .2  n r l )  r vas  app l i ed  to  thc  gc l  co lumn (1  X  8 .5
cm),  contai r r ing thc l 'o l lowing sorbent:

The f lorv ratc \ \ 'as about 0.5 rn l /min and 2-nr l  f ract ions were col lectcd.  l 'he column was
washed rv i th 0.05 , { /  phosphate buf fer  (pH 6.8)  contain ing 5 nM I IDTA. The large peak of
nonadsorbing rnater ia l  contained no enzyme act iv i ty .  The lorv level  ot '33O-nm absorbancc
seen here is  due to t l te largc amount of  protein being elutcd.  Dcsorpt ion of  the enzyme was
accompl ished iv i th 4 r -n l  o l 'a  solut ion of  guanosine-S'- t r iphosphatc ( ( iTP.0.5 mg/rnl )  in the
bul ler  tb l lo 'uved bl 'addi t ional  rvashing rv i th buf fer .  The 330-nm absorbance in f iact ions
32-35  i s  due  to  the  cnzvme p roduc t .  D -e rv t l t rod ihyd roneop te r in  t r i p i t ospha tc ,  r vh i ch  i s
used to detect  the prcsence o1'enzyrne.  Protein rnoni tor ing at  280 nnt  in these f ract ions is
precludcd because of  h igh background absorbance by ( lTP. IReproduced by,  permission
fronr R.  J.  Jackson, R.  M. Wolcot t .  and l ' .  Shiota,  Biochent.  Bioph1,s.  Res.  Conunun.,  51.
428 (1913)1 .
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the affinity approach to purifying biological molecules have centered on
enzymes. We note, however, that this rnethodolgy is potentially applicable to
the purif ication of practically all types of biopolymers and biopolymeric aggre-
gates, including materials that may consist of very large numbers of molecules,
namely, microsornes, membrane fragments, viruses, whole bacterial cells. and so
on. Antibodies (immunoglobulin G), lectins (previously called hemagglutinins).
t ransport  proteins (serum albumin),  nucleic acids.  l ipo-proteins,  and glycopro-
teins have also been purif ied by affinity chromatography. Examples are reviewed
elsewhere [2-5] .  Furthermore, very s imi lar  considerat ions apply.  in pr inciple.  to
the immobilization of a wide variety of other types of biologically active mater-
ia ls,  and to the study of  their  interact ions wi th other soluble or surf-ace-bound
species.  Subjects to whose examinat ion these techniques are pert inent include
biocompat ib le and part icular ly nonthrombogenic mater ia ls 1731 ,  cel lu lar  adhe-
sion and recogni t ion [1 ] ,  and mechanism of act ion of  cel lu lar  mernbrane hor-
r n o n e  r e c e p t o r s  [ 5 ,  1 0 , 4 3 ] .

8  E X T E N S I O N S  O F  T H E  A F F I N I T Y  C O N C E P T  T O  S M A L L
M O  L E C U  L E S

Outside of  synt l tet ic polyrner chemistrv.  organic chernistr l , '  ordinar i lv  deals
with molecules that  are less than 1000 dal tons in molecular rveisht .  Thus rhe
organic chernist  seldom resorts to the physical  methods for chaLacter izat iorr
commonly employed by biochemists and polymer chernists.  v iscontetr l . .  sedr-
mentat ion (ul t racentr i fugat ion).  l ight-scatter ing,  osmornetrr , ' .  gr . l  perntear ion
chromatography, and so on. Aff in i ty adsorpt ion methods of f -er  to the biocl ienr-
ist  yet  another technique that takes advantage of  the macronrolecular nature of
biopolymers.  The extension of  af f in i ty adsorpt ion to krrv-nrolecular-rvcight
substances is not t r iv ia l .  The concept under ly ing af f in i ty adsorpt ion can. horv-
ever,  have heur ist ic value to organic chemists because i t  exploi ts structural
specificity in a singularly effective way. It may be possible that sonre of the pro-
cedures used in the affinity purif ication of biopolynrers wil l suggest solutions tcr
organic problems involving small molecules.

Hapten-Ant ibody  Sys tems

Immunochemists early discovered that relatively small molecular structures
(cal led haptens) were recognized by ant ibodies L75) Appl icat ion of  th is
phenomenon has progressed to the point  that  today dozens of  conrmercial iy
available clinical tests use a specific antibody reagent to recognize and nteasure a
clrug or compound. These imrnunoassay (radioimmunoassy, RIA, if the reagent
uses a radioactive isotope as tracer) tests are used, for example. in forensic
si tuat ions to detect  heroin.  barbi tuates,  and other substances in serum or ur ine

1161. Thus it is possible for organic chemists to use macromolecules to deter-
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mine the structure of a small rnolecule. It is fairly easy to prepare immunore-
agents that  d ist inguish between morphinans and barbi turates.  nrore ref ined
methods ale now avai lable that  can dist inguish niorphine (9) f ronr codeine
( r0)  [77]  .

Morph ine ,  9 Code ine .  l 0

The ear ly  work  o f  Landste iner  conta ins scores o f  exarnp les o f  h igh s t ructure
spec i f ic i ty  exh ib i ted by ant ibod ies [78]  .  Th is  type of  spec i l ic i ty  cou ld .  in
pr inc ip le ,  be used by organic  chemists  in  o ther  types of  s t ructure determinat ion.

The fol lowing is but a part ial  l ist of structures dist inguishable by specif ic anti-
bod ies :

Anil ine

o-Aminobenzoic acid

nz-Aminobenzoic acid

4-Methy l -3-amino benzoic  ac id

o-Aminocinnarnic acid
p-Aminocinnamic acid
p-Aminophenylarsenic acid

Although this abi l i ty to dist inguish between similar structures is excit ing. the

conrp lex i ty  o f  the procedures used to  gencrate  and iso la te  spec i f ic  ant ibod ies
l imi ts  the use of  th is  approach in  rout ine s t ructura l  ana lys is .  For  those rvho may
have suf f ic ient  reasons for  pursr - r ing inrnrunolog ica l  assay procedurcs.  Carr rpbel l
e t  a l .  prov ides a good in t roduct ion l29 l  .

C o e n z y m e  A  p u r i f  i c a t i o n

The pur i f icat ion of  coenzyme A (11) by Chibata and co-workers [79]  i l lu-
strates a possible procedure t i rat  rn ight be used for isolat ing other natural  pro-
ducts. A reduced form of coenzyme A (CoA) was immobilized on agarose and
used to screen dialyzed extracts of various bacteria. which were known to
accumulate CoA, for  a protein that  bound i t  speci f ic ia l ly .  The highest concen-
tration of an appropriate binding protein was found in extracts of Sarcina lutea,
and this substance was isolated by affinity chromatograpliy using the inrnrobil ized
CoA. The isolated binding protein was in turn immobi l ized on agarose and used to

,/Me
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oo
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o

i so la te  so lub le  CoA f rom other  sources.  Th is  sorbent  had the capac i ty  to  b ind
85 pg lml  o f  CoA.

The capac i ty  o f  the ge l  incorporat ing th is  b ind ing prote in  po in ts  to  a  prob ler r r
that  is  expected a lso wi th  immobi l ized ant ibod ies for  spec i f ic  organrc  conr-
pounds:  these sorbents  have very  low rno lar  capac i t ies  per  vo lurne t ) t '  :o f  i r r ,111.
This  low capac i ty  cou ld  be pred ic ted f rom the tact  that  nracromolecu lar  l igenc ls
occupy  much  space  i n  t he  ca r r i e r  so t ' bcn t .  Thus  wh i l e  i t  i s  t echn i ca l l i  po : : i l r l r .
to  turn  tab les on the enzymolog is t  and use inrnobi l izec l  n tac l r )n t ( ) lecu lu . :  ro
iso la te  low- tno lecu lar -weight  substances.  the low capac i ty , '  o f 'ge ls  e  onta in ing t l i c
macromolecu lar  l igands makes the product iv i ty  o f  a  g iven , , 'o lurne t i l ' sc ' l  r . r . r r
low.  For  the iso la t ion o f  s rna l l  quant i t ies  o f  natura l  product .  how,- . rc r .  rhe
approach of  f ind ing a spec i f ic  b ind ing prote in  or  develop ing a spec i t ' i c  ar t r r l . ' r , t . i )
may  be  t he  mos t  p rac t i ca l  one  ava i l ab le .  W i th  p l an t -de r i ved  ma te r i a l s  ( c . . c . .
a lka lo ids)  one nr ight  search for  the b ind ing prote in  in  ext racts  o l ' rhe sot i  r lS :Lr t .S
o f  t he  p lan t  i t se l f .

D , L - T r y p t o p h a n  R e s o l u t i o n

An analy t ica l  use of  an af f )n i ty  sorbent  conta in ing a nracronto lecLr lar  l igant l  is
suggested by the work o f  Stervar t  and Doher ty  [80]  Basec l  on rhe tacr  that
serum a lburn in  preferent ia l l i '  b inds L- t ryptophan.  a  sorbent  was preparec l  b1, ,
immobi l iz ing th is  prote in  to  agarose.  F igure E.8 shows a separat ion o f  500 nnro l
o f  o .L - t r yp tophan  i n to  i t s  cn r . r n t i on r r ' f s  o l t  t h i s  so rben t .  As  i n  t he  p reced ipg
exanlp les,  the capac i ty  o f  a  ge l  conta in ing i rnrnobi l ized serurn a lbur l in  l i rL
b ind ing L- t rypt t lphan is  very  low' .  I t  is .  however .  su i tab le  for  analv t ica l  puroos. .s .

9  L I M I T A T I O N S  O F  T H E  M A C R O M O L E C U L A R  L I G A N D

Al though the ideas under ly ing a f f in i ty  chromatography arc  best  i l lus t rared
wi th  exarnp les invo lv ing a macronro lecu le  as one par tner .  macrorno lecu les rnay
not .  i t r  f  ac t .  o f f  er  pro t ' t ic 'a l  b ind ing reagents  for  many prob lenrs  invo lv ing separa-
t ions o f  smal l  molecu les.  Ant ibod ies are expens ive:  natura l ly  occurr ing b inc l ing

HSCH2CHTT-n
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Fig.  8.8.  Scparat ion o1- I ) ,L- t r l ,ptophan on delat ted bovinc serunl  a lburr l in-st tcc inol ' la-

m inoe thy l -agarosc .  I ) . L - t r ) ' p tophan  d i sso lvec l  i n  0 .1  n r l  o f  0 .1  M bora te  b t r l ' t ' c r  (p t l  9 .2 )

contain ing 1, , ' ,1 ( .v lv)  d i rne th1' lsul for ic lc .  u 'as appl ied to a 0.9 X 2-5-crn colunln.  Tl rc col t t tnn

con ta ined  630  nmo l  o t ' i r r t rnob i l i zed  b t i v inc  se run t  a lbu rn in .  I . l u t i on  was  a t  30  r r l l / l i r  u i t l t

borate buf fer  (no dimcthl ' isul for ide) for  20 tubcs l 'o l lorved by 0.1 .V acet ic  acid. ' Ihe void

volume rvas determined f rorn the c lut ion vcl l t tntc of  d imethl ' lsul for ide.  IReproduced b1'

perrrr iss ign,  f ' rom K. K.  Stervart  and R. [ : .  Doherty.  Proc.  iVat .  Acad. Scl .  U.S. ,  70 '  2850

(  i  e 7  3 ) . 1

prote ins tnay not  be ava i lab le  in  usef 'u l  quant i t ies  a t  any pr ice:  the capec i ty  o t .

co luntns cor l ta in i t lg  in t rnobi l ized nracro lno lecu les is  1ow.  Ef for ts  to  i l tc rease

capac i ty  by work ing wi th  smal ler  l igands encounter  a  fami l ia r  prob ler l ] .  b ind ing

of sinal l-rnolecule l igates to small-molecule l igands usually shows much lower

selectivi ty than binding to l 'nacromolecular l igands.

1 O  N E E D S  O F  S M A L L - M O L E C U L E  A F F  I N I T Y  S Y S T E M S

To see lnore c lear ly  the poss ib le  extcns ion of  a f f in i ty  methods to  organic

chemist ry .  the progress ion of  systems shown in  F ig .8 .9  is  usefu l .  System A is

the one preoccupyrng enzymologists. The potential and l inr i tat ions of B lbr

organic  chemist ry  has been sugested in  the preceding sect ion.  Syster t i  C is  one
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A

Fig. 8.9. Three interactions
rveight l igands (L), and snrall

I  i q

C

bctween f iee and immobi l ized macromolecules,  low-molecular-
molecules (S) that  might  be erplo i ted for  af t jn i ty  separat ions.

that  cou ld .  in  pr inc ip le ,  be most  use lu l  to  organic  chemists  and wi l l  be exp lored
in this last port ion of the chapter.

The structural feature that al lows globular proteins to achieve high specif ici t l '
in  b ind ing- the i r  r ig id  s t ructures.  which permi t  the ex is tence of  s tab le .  thr -ec-
d imensional  cav i t ies  conta in ing ar rays o f  ion ic ,  po lar ,  and hydrophobic  groups
is  wel l  unders tood in  pr inc ip le ,  a l though deta i led unders tanding of  the thernro-
dynamics  o f  b i nd ing  t o ,  and  ca ta l ys i s  by .  p ro te i ns  i s  s t i l l  i n co rnp le te  [ - 5J . ,S l l
[ ,ow-molecu lar -weight  l igands norrna l ly  arc  not  large enough to  coptas]  a
s t ructura l ly  def ined cav i ty  o f  suf f ic ient  s ize to  enc lose even sr ra l l  organie  gr r )L lps.
but  ins tead re ly  on a l imi ted nu inber  ( .usual ly  one or  two)  o f 's t rsng.  spec i t ' i c
interactions for their associat ion.

Despite the relat ively nonspecif ic interaction in small-molecule at ' f iniry. s1:-
tems.  usefu l  separat ion methods ut i l i z ing them should  s t i l l  be poss ib le . ln  par t i -
cu lar ,  s ince the l igands are smal l ,  i t  should  be poss ib le  to  in t roduce t l ie rn  in  h igh
concent ra t ion in to  ge l  suppor ts .  In  chromatographic  use.  such suppor ts  i i , i l l
have low va lues for  the HETP (he ight  equiva lent  o f  the theoret ica l  p la te  ) .  apd
thus prov ide more theoret ica l  p la tes per  l inear  un i t  o f  co lumn than wi l l  in rnro-
bi l ized macromolecular supports.

1 1  S O M E  E X A M P L E S
SYSTE MS

O F  S M A L L  M O L E C U L E  A F F I N I T Y

Ch i ra l  reso lu t ions

Separat ions o f  racemic compounds in to  the i r  s tereo isomers have been t reatec i
more extens ive ly  e lsewhere in  th is  vo lume [82] ,  so our  d iscuss ion here wi l l  be
br-ief.  As i t  happens, most of the examples of small-molecule aff ini ty systenrs
deal with chiral resolut ions, and we are obl iged to i l lustrate the concept with a
few examples selected from this area of chemistry.
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In 1939 Henderson and Rule [83] reported that solid lactose could serve as a

sorbent for the chiral resolution of d,l-phenylenebisiminocamphor. The racemic

compound (50 mg) dissolved in 8 l i ters of  petroleurn/benzene (8:1) was passed

through a column containing about 10 kg of  lactose. Only a low enant iomeric

excess was observed in the best fractions, and the recovery was low. Further, the

dimensional requirements of the column were impractical. Poor solubil ity of the

camphor derivative and its weak interaction with lactose were blamed for the

incomplete resolution. Cellulose fi l ter paper resolves certain D,L-amino acids

[84] Complete separat ion of  isomers was seen with 2,3-dihydroxyphenyl+. t - -

alanine (12) and 2-methyl-3,4-dihydroxyphenyl-D,L-alanine (2-methyl-DOPA)

(13) but not wi th DOPA (14) or 5-methyl-DoPA (15).  Cur iously,  var iat ions in

the solvent composition (butanol-acetic acid-water) were not found to affect

separat ion of  stereoisomers but only the rate of  migrat ion.  These resolut ions

were attributed to the asymmetric surface provided by the microcrystall ine

domains of the cellulose fiber.
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These examples use naturally occurring materials as resolving sorbents and are

limited in application. Synthetic polymeric carriers incorporating optically active
groups broadened the scope of chromatographic resolution. One of the earlier

examples was that of Grubhoffer and Sctrleith [85], who converted polymeth-

acrylate (Arnber l i te XE-64) to the acid c l i lor ide form, then al lowed i t  to react
with quinine to obtain an opt ical ly resolv ing sorbert t  (16).  This tnater ia l  rvas

capable of  retaining d-mandel ic acid whi le al lowing 1-mandel ic acid to pass.

The two enantiomers did not, however. yield well-separated elution bands. A

more recent exarnple of  preparat ion and Llse of  synthet ic resolv ing sorbents

comes from the work of Davankov and co-workers [86] . Chloromethylated
polystyrene was coupled with L-proline (or L-hydroxyproline) to obtain an

optically active sorbent (17). These rnaterials were used with divalent metal

ions (Cu2* or Ni2*) to complex other a-amino acids from racemic mixtures

stereoselectively. The extent of resolution obtained with these resins depends on

the nature and concentraion of the immobilized l igand, of the cornplexed metal

ion,  and of  the rnobi le l igate [87]  .  Using L-prol ine as the l igand, a 30-ml coluntn
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was capable of  resolv ing 0.1{.2 g of  o,L-prol ine completely in a s ingle pass.
Simi lar ly,  complete resolut ion D,L-threonine was observed with a sorbent ule ()r-
porating L -hydroxypyroline.

The resul ts of  these workers emphasize the var iables t l - rat  deternr ine srcrctr-
select iv i ty and reveal  a substant ia l  inrproveluent in the technology of  opt ical
resolut ion of  arnino acids.  Buss and Vermulen have reviewed related resolutrorr
systems for organic compounds [88] .  A review of  resolut ions wi th cycl ic p6l1 ' -
ethers (crown ethers) is presented by Crarn elsewhere in th is volume ts9]

C is -Trans  separa t ions

The separation of cls- and trans-isomers is a classical problem in organic chcrn-
is t ry  (F ig .  8 .10) .  Kundu and Maenza lc )01  observed tha t  the  comnrerc ia l l r  a rar l -
able cross- l inked dextran gel ,  Sephadex G-10. easi ly separates many c, is- t rur ts-
isomer tn ixtures.  Whi le i t  is  not  yet  c lear whether pK or hydrogen-bondinc
differences are responsible fbr these separations, it appears that t i ie trans-
compound is usual ly bound more t ight ly than the cis-compound. The cross-
l inked lat t ice of  Sephadex also presents a molecular s ieving matr ix that  rnay,
contr ibute to the scparat ion.  This scparat ion technique rnay bc r-rscl-ul  for  com-
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Fig.  8.10.  Cis- t rans isomer separat ion on Sephader G-10.  Separat ions were performed

with isorner ic pair  mixtures contain ing 500 pg of  each compound dissolved in 2 ml of  0.5 i i

NH4HCO3 solut ion (pf l  9.0) .  The column bed rvas 1.8 X 120 crn.  F, f f l r . rent  rvas tnoni tored

a t "  250  nm:2 .5  mJ  f rac t i ons  were  taken .  o - . -o  Fumar i c  (1A)  and  ma le i c  (1B)  ac id  m i r tu rc .

O-O-O Crotonic (2A) and iso-crotonic (2A) acid mixture.  O ( ,  o Coumaric (3A) and

coumruinic (38) acid mixture.  IReproduced by permission l iorn H. Kundu and I" .

Maenza, Naturwissensclmt ' ten,  57 ,  544 (1970).1

pounds sensitive to disti l lation.

Stero id  Separa t ions

The precipitation of 3B-hydroxysteroids with digitonin has been long known

and developed over the years as a useful separation method. Recently, Taylor

expanded its use in a thin-layer chromatographic system for group separations of

Aa-3-oxosteroids and As-3p-hydroxysteroids [91]  .  The thin- layer substrate was

composed of  l0%,digi tonin (18) in s i l ica gel  containing I  3% (w lw) CaSO+'7zHzO.

1 2  O T H E R  E X T E N S I O N S  O F  T H E  A F F I N I T Y  C O N C E P T

This survey of the spectrum of affinity systems from high to low nlolecular

weights suggests. as a generalization, that macromolecular systetns are character-

ized by high selectivity and low capacity, and small-molecule systems by low

selectivity and high capacity. Systems incorporating biological t 'nacromolecules

present further disadvantages: they are restricted to predominantly aqueous

systems, and their experimental aspects present significant technical and

emotional hurdles for most organic chemists.
It would be useful to develop an effective compromise between the selectivity

of macromolecular aftinity methods and the convenience of non-biological

macromolecular complexing agents. For rnaximurn versati l i ty. it should

't4030 /,0110 l't6 2L 132
Tube No.

nCI
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be poss ib le  to  const ruct  such nrater ia ls  by us ing a sarnp le  o f  the.  r r ra tcr ia l
that  is  to  be re ta ined in  the chromatography to  make a molecu lar  " inrpress ion"
on some su i tab le  suppor t .

Such an approach was f irst described by Dickey. who showed that si l ica gel
formed in  the presence of  methy l  orange or  sorne of  i ts  horno logs (erh i l .
n-propy l ,  or  rz -buty l  orange)  would  exh ib i t  a  s ign i f icant ly  enhanccd adsorpuv l r \ .
for  that  par t icu lar  dye [92]  Bernhard conf  r r rned the essent ia l  aspect  s  o f
D i ckey ' s  f i nd ings  a  f ew  yea rs  l a te r  [ 93 ]  ; see  F ig .  8 .11 .  I n  t he  mean r i r ne  ( ' u r r i
and Colurnbo repor ted that  the methods could  be used to  make sorbents  rhat
were selective for optical antipodes of camphorsulfonic and mandelic acids. A
single passage of a 200-ml solut ion of 0.0 1M d,l-catnphorsulfonic acid rhroush a
column containing si i ica gel specif ic for c/-camphorsulfonic resulted in a -10f7.
enrichment of /-camphorsulfonic acid [94) Dickey published a more extensive
study in 1955 [94] that revealed ref inements in the preparation of the speci l ic
gels as well  as data indicating the structural select ivi ty. With gels prepared using

cH2oH cH2oH

cH2 oH
cH2oH
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methono l
d r y i n g  w o s h i n g--------------.-----------_-.._

Fig.  8.11.  Out l ine of  the format ion of  a shape-select ive s i l ica gel .

methyl orange, the adsorptivi ty was greatest for the methyl dye and lowest for

the buty l  dye.  The converse was observed for  ge ls  prepared wi th  buty l  orange.

As interesting as these results were, Dickey himself noted severe l imitat ions to

the preparat ion o f  these sorbents .  Chie f  among these was the requi rcr t re t l t  f ' t r r

some degree of  ord inary  adsorpt ion o f  the target  compound onto s i l i ca  ge l

before a specif ic adsorbent could be fornied. He noted that gel forntat ion oould

only be carr ied out in aqueous media, and in the presence of water lnany coln-

pounds such as anl ino acids bind poorly to si l ica gel [96-| .

A more recent attempt to synthesize a specif ic adsorbent for small  molecules

involved synthetic organic polymers. Wulff ,  Sarhan, and Zabrocki [91] ap-

proached sorbent preparation in such a way that the result simulated att "act ive

s i te"  composed of  "d iscont inuate"  words ra ther  than "cont inuate"  words [98] .
(Linear polymers that bear pert inent information in the near-neighbor sequence

of functional groups are described as having atnt inuate words. stuctures that

arise front segments of a l inear polymer that are removed from each other are

described as being composed of discctnt inuate words. The terms are i l lustrated in

F ig .  8 .12) .  To obta in  the des i red s t ructure,  a  v iny l  der ivat ive o f  o-g lycer ic  acrd

was f irst prepared. This monomer was mixed with ethyl vinyl benzene and

CONTINUATE WORDS

Fig.  8.12.  Cont inuate and discont inuate words.

DISCONTINUATE WORDS
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divinylbenzene and polymerized. After grinding and sizing the polyrner
particles, the template (n-glyceric acid) was removed by acid hydrolysis. The
resulting sorbent preferentially adsorbed n-glyceric acid from a D.L-mixture.
The resolving factor a (the ratio of distribution coefficients between the sorbent
and solutions of the D- and L-forms) in these experiments was small (1.034). and
i t  seems probable that  the internal  mobi l i ty  of  groupsin these gels is too high to
retain the retain the rigid arrangements required for high selectivity. This same
sorbent  had an  o  va lue  o f  1 .036 fo r  n ,L -g lycera ldehyde.  and1.0 l l  fo r  D.L-
glycer ic acid methyl  ester.  See Fig.  8.13.

cH2_.t+\.ro @ o
ttt\.'/o
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1 \  , /n\

|  ,B-{UfCH:CH2 
--- .> -+

H - C-O' \---l

I
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N - U  - \ J
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Fig.  8.13.  Preparat ion of  a cavi ty selcct ive for  t ) -g11 ccr ie acid.
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