460

Translated from Uspekhi Khimii, 49, 879-902 (1980}

Russian Chemical Reviews, 49 (5), 1980

U.D.C. 543.544.8

Chemospecific (Covalent) Chromatography of Biopolymers
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The literature on the applications of one of the modern methods for the isolation and thorough purification of biopolymers
—chemospecific (covalent) chromatography based on the chemical interaction of substances in solution and the chromato-

graphic carrier—is reviewed.
The bibliography includes 164 references.
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I. INTRODUCTION

Modern biochemical methods make it possible to isolate in a
pure state from a wide variety of sources and to investigate
the structure, properties, and the mechanism of action of
virtually all classes of biopolymers present in the tissue and
liquids of organisms even in extremely low amounts. However,
the schemes developed for the isolation and purification of the
required substance are sometimes too cumbersome and
laborious. The success of new not unduly laborious but much
more effective methods such as biospecific (affinity) chroma-
tography, affinity electrophoresis, etc. is not therefore
surprising. They have significantly simplified and reduced
the cost (which is also important) of the processes involving
the isolation and purification of peptides, proteins, enzymes,
nucleic acids, ete.

As will be shown below, there exist at the same time a
number of problems which are difficult and sometimes simply
impossible to solve on the basis of the physical properties of
the substances alone or the principles of biological activity,
since they require the "chemical involvement" of particular
functional groups of the biomolecules. The processes in the
isolation and purification of natural products, based on
reversible chemical reactions between an insoluble carrier
and the substances to be isolated, have come to be referred
to as "covalent chromatography".

This review describes the main achievements of this method
for the separation of substances and its applications and
discusses some of its specific problems.

I1. GENERAL SCHEME FOR THE PROCESS. TERMINOLOGY

"Covalent chromatography" is a comparatively new method
for the isolation and purification of biopolymers. The first
publication in this field refers to 1963 ! and in the subsequent
ten years only a few studies appeared®™®; subsequently,
starting from 1973, interest in this method increased appre-
ciably and the main bulk of the publications took place in the
last five years. It is noteworthy that there are virtually no
reviews of the method in the literature.

The general scheme for covalent chromatography includes
the following sequence of operationst:

@ |—~—x+[ T —— l—~—P,
P—B %5
R—Y
®) |—~—P —|—~—R + P-y
)xegenqation
of carrier o —~—X.

A mixture of biopolymers, one or several components of which
are the required products of the separation (indicated by
P-Y in the scheme above), is brought into contact with an
insoluble carrier having a chemically active "anchor” group X
capable of reacting selectively solely with group Y; this
results in the immobilisaton of material carrying accessible Y
residues and the products which have not been bound
covalently (P—B) are washed off. The carrier—biomolecule
covalent bond (hence the name of the method—-covalent chro-
matography) is stable in the absence of a specific reagent
(R—-Y), but readily decomposes when such a reagent is intro-
duced into the system in the next, deimmobilisation stage (b),
as a result of which the required product of the separation
passes to the solution. The carrier is regenerated as far as
possible and is used again.

Several names have been proposed for the scheme given
above: "covalent affinity chromatography"’®, "covalent
chromatography"®, and "reversible immobilisation"°, A more
exact name for the method would probably be "chemospecific
chromatography", which reflects the main ideas of the pro-
cess—specific reversible chemical interaction of substances
with an insoluble carrier. In the description below we shall
therefore adhere to the terminology proposed here.

+ Here and henceforth the symbol | denotes the matrix of
the chemospecific carrier and the symbol~ denotes an inter-
mediate group ("spacer").
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{11. CHEMICAL PRINCIPLES OF THE METHOD

Since the main bulk of the publications in this field refer
to studies on proteins and peptides, it is necessary to
examine at the beginning the problem of which functional
groups of protein molecules and which reversible chemical
reactions involving them are used in the chemospecific
chromatography (CSC) of proteins.

In the first place such groups must include the sulphydryl
groups of the cysteine residues which form part of the com-
position of particular proteins. Whereas other groups (amino-,
hydroxy-, phenoxy-, carboxy-, etc.) are present in other
biopolymers (nucleic acids, polysaccharides) as well as pro-
teins, the mercapto- and disulphide groups are almost exclu-
sively a specific chemical feature of proteins as a class of
biological macromolecules®!. Numerous proteins with acces-
sible SH groups are now known and the involvement of
cysteine residues in enzyme catalysis by many enzymes (for
example thiol proteases, creatine kinases, 3-phosphoglyceral-
dehyde dehydrogenases, etc.l?) has been demonstrated.
Reversible modifying agents for the mercapto-groups of pro-
teins have also been thoroughly investigated!®. It is not
therefore surprising that reversible immobilisation via the SH
groups of proteins was first used! for CSC and the majority
of the publications on this method are in fact devoted to the
isolation and purification of thiol-containing proteins and pep-
tides on various carriers.

However, reactions other than those with SH groups can be
used in the CSC of biopolymers. This has been demonstrated
in a number of instances which will be discussed in detail
below. Here one must emphasise that, in principle, it is
possible to use the reversible reactions of any accessible
groups in biomolecules subject to the only stipulation that the
reactions must be highly specific and must occur under fairly
mild conditions which do not decompose the biomolecules
themselves or the carriers. Preliminary information concern-
ing the effect of the low-molecular-weight reagent, whose
insoluble analogue is to be employed, is therefore always
necessary, i.e. CSC is based on data obtained in studies on
the chemical modification of biopolymers. Thus this type of
chromatography can also be regarded as the reversible
modification of the functional groups of biological macromole-
cules by insoluble reagents.

As regards chemical processes involving SH groups, the
formation reactions of either mercaptide (Hg—S), or disulphide
(S—8), or thioester (CO—S) bonds have been used for CSC.
The covalent bond between the mercury atom of the insoluble
carrier and the mercapto-group of the protein or the peptide
can be ruptured under mild conditions by low-molecular~
weight thiols, soluble mercury salts, or complexones such as
ethylenediaminetetra-acetic acid (EDTA):?

P—SH
(a) |—~—Hg—Z + { ——p—5; ~ |—~—Heg—S—P (2=Cl or OAc);
[t))
(b) |—~—Hg—S—P -+ R—SH (HgCl;; EDTA)- |—~—Hg—S—R - P—SH .

P—B

However, one should bear in mind that mercury-containing
carriers must be used with a fair amount of caution, since
the slow elution of the metal (partial decomposition of the
carrier during manipulations and gradual hydrolysis of the
carrier—ligand bonds), which always occurs, contaminates the
protein, which is particularly undesirable if the biopolymer
being isolated is to be introduced into some kind of organism.
Furthermore, mercury carriers can retain also non-thiol pro-
teins if the latter have intensely complex-forming groups cap-
able of being incorporated in the coordination sphere around
the mercury atom, which interferes with the isolation of the
SH-products.
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For CSC based on thiol—disulphide exchange reactions,
insoluble analogues of reagents for SH groups have been
used as the anchor groups of the carriers: di-(2-pyridyl)-
disulphide (II) * and 5,5'-dithiobis~(2-nitrobenzoic acid)
(I11): %3

N—
|- ~—8—5—¢

N 55~ ¢  \—NO,
o S 7 3 S—S )

Ne—""

N
Ol
am COOH

The disulphide linkages of such carriers are activated by the
electron-accepting effect of the aromatic system and readily
enter into thiol-disulphide exchange reactions with the
sulphydryl groups of the proteins. It has been noted'® that,
for carriers of type (III), the main reaction (A) via the CSC
mechanism may be accompanied by other processes—(B), (C),
and (D):

f~=$—5—_ >-N0, +P—$® = |—~—5—5—P+°5-{__>-N0, (A)

Ncoo® — \coo?
|—~—s—s—<_ N0, +P—s© |—~—s@’+p—s—5~< \_No, (B)
Ncoo® <coo@
s s /TN TN o,
l~—$—5—{ >N+ P—5—5-¢_S-No,
N\coo® Ncoo®
o | S—§— s N\
l-~—5—5—P+ (=S > No,)’, (©)
“coo®
|=~—52 +P—5—5—" 3—NO,~|—~-5—5—P+ 5~ »-NO, (D)
Ncoo® N\coo®

Such multiplicity of thiol—disulphide exchange reactions is
missing in studies with carriers of type (II) containing
dipyridyl disulphide active groups, since the 2-mercapto-
pyridine isolated immediately isomerises to 2-thiopyridone,
which no longer takes part in the exchange processes and the
reaction equilibrium is almost wholly displaced to the right %1518,

H

N
I+ P—SH - |—~—S—S—P - <—" D=5 .

The deimmobilisation of the SH-protein occurs in the pres-
ence of an excess of a low-molecular-weight thiol (cysteine,
2-mercaptoethanol, and dithiothreitol).

An interesting version of CSC has been achieved in the
study of the penicillin-binding components of the membranes
of B.subtilis%*%2%, As shown previously?!, these protein
components are acylated by penicillin via the SH groups of
the cysteine residues and the resulting thioester linkages
can be ruptured either by hydroxylamine, or thiols, or
hydrogen peroxide. A chromatographic process, carried out
on carrier (IV) with immobilised 6-aminopennicillanic acid
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(6-APA), has been developed on the basis of these data:

{—~~COOH+H,N ——/ SO vater soluble s
l l 1\CH3 carbodiimide |~ ~—CONH Vaa V'

L - ety -
N [1 ews;
0 COOH L N—

o/ N \coon
av)

— S CHs  nm,0H

uv)+{ -~ | ~~—CONH 7 —NHOH

p—p ] \cH,

oc N—
CH  cooH
s
|
P
S. ,CH
— |]~~—CONH——/ \< ®  LP-sH
i | | CH,
N—
% N “coon
HN

ub

The above scheme is to some extent tentative, since the
conditions governing the condensation of 6-APA with the
COOH-carrier, quoted by the authors®, do not exclude the
formation in succession of several 6-APA molecules, linked by
amide bonds, on the insoluble phase. It is therefore difficult
to say which particular type of carrier is truly involved in
the process—with monomeric or oligomeric penicillin. Another
factor is important—this type of chemochromatographic
approach can apparently prove useful in the study of the
mechanism of the interaction of various medicinal drugs with
cell components, since the formation of stable covalent ligand—
protein bonds makes it possible to wash off thoroughly all the
remaining substances and then to isolate the ligand receptors
alone and to investigate them separately.

As already mentioned above, the CSC scheme need not be
applied solely to SH-proteins. The reversible phosphoryla-
tion of the OH group of the serine residues has been used”’??
in the isolation of enzymes containing this aminoacid at the
active centre (acetylcholinesterase, a-chymotrypsin):

o) R'NH—CH—COR’
i —_ |
77 N\ _
|—~—o—"—o—\= SN0, + . CH,OH o =y
CH, — =
- V)
NHR' o
Il | RH ] ”
—|= ~—0—P—0—CHy—CH ¥|~~—0—P—R+ R'NH—CH—COR" .
)
CH, COR” H, CH;0H

Here RH = 2-(hydroxyiminomethyl)-1-methylpyridinium iodide,
1,1’-trimethylenebis- (4-hydroxyiminomethyl) pyridinium
dibromide, or hydroxylamine and R’ and R" are polypeptide
chains. The presence of serine in an activated form is appa-
rently an essential condition for reaction with a carrier of
type (V), since a protein not belonging to the class of serine
enzymes but containing serine in its composition (serum
albumin) is not retained by the carrier.

The formation of sulphonium derivatives on interaction of
the thioester group of the methionine residue with o-halogeno-
acids in an acid medium and their subsequent decomposition
with low-molecular-weight thiols has been used recently?®® in
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CSC involving methionine residues:
R'NH—CH—COR”

CH,CH,SCH, Nal; pH 3,3;37°C; 12 h

|—~—~NHCOCH,CI +

-

—(P—B)

v P—B

CH,
- ~—NHCOCH,—§® .1° e

|

CH,CH,~—CH—COR’

NHR'
- |—~~NHCOCH;—S—R - RNH—CH—COR’
CH,CH,SCH,

It is necessary that the methionine residue is not a C~ter-
minal aminoacid, since otherwise it is converted into a homo-
serine residue and the protein or peptide is not fixed on the
carrier. One should note that the fairly severe conditions
required for the immobilisation of methionine-containing
substances probably limit the applicability of this scheme to
relatively stable proteins. For peptides, it is apparently not
so significant if they do not contain labile linkages of the
type Asp—pro.?* There are also some doubts about the sta-
bility of the material of the carrier under the fixation condi-
tions. Furthermore, the above scheme does not provide for
the regeneration of the carrier.

The ability of sulphenyl chloride?® and sulphur monochlo-
ride?® to modify the tryptophan residues at the 2-position
of the indole ring has been used®’ for the chemospecific isola-
tion of tryptophan-containing compounds:

NO,
|f~fNHCO~< > or |~~—c0NH—< /\—SH €l
—( —
SH
NO,
N
o [ 77N e _ 77 N\ __
(~—NHCO—¢ % or |—~—CONH—{ " B—(s), I
(5),Cl
i)
R'NH‘(‘:H~—COR" NO,
CH——— N >—\ NHR'
| “ )_—-(pwm—’|~~—NHCO~\= > -
\N/\ \(S)x\ CH,—(I:H
vy + | H e COR"
HN
N
N
N/
P-B
NO,
N
B (o), l-~~NHCO—-( > +RNH—CH—COR’
NsH CH,-“——H/ \l
Hs” NN
H
x=2—3.

Ultimately the tryptophan residue is modified—an SH group
appears in the indole ring. The introduction of this group,
which is convenient for further modification, will apparently
prove useful also in the study of the role of Trp residues in
enzyme molecules. Since carriers of type (VII) bind coval-
ently also mercapto-groups, it follows that, when it is
necessary to carry out the process via the tryptophan resi-
dues alone, one must block appropriately the SH groups of
the cysteine.
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Table 1. Carriers for the chemospecific chromatography of biopolymers.
No. Matrix Chemospecific group with spacer Capacitﬂ)"nvizvi;h ;::l;“ to Refs.
Type ()
OCH,
1 | Sephadex G-25 | — OCH,CH,;NHCOCHCH,CH;SHgCH,CH CHCH,;—HgOAc 0,15 mmole g1 1
NHCOCH,{ NCHO
2* | Maleic anhydride- . _ 7 N\
ethylene copolymer | — CONH N /—HKCI 1.62 umole g'1 3
cross-linked by hexa-
methylenediamine
CH,0
/RN
3 | Cellulose |- OCH,CH{ ocH CHa 0.2—0.7 mmole g1 5
|
CH,—HgOAc
77N\
4 | Sepharose 4B 1 =N~ >—HgOAc 02—0.5 mmole mi-1 6
) 7N\
5 | Ditto |—NHCH,CH,NHCO—\= o~ Hecl 0.2—1,2 umole mi-l 36, 82
6 — NH(CH,)sNHSO; N—HgCl
» ! (CHa)s RN gC 1,2 umole mt-1 110
7a | Hydroxyalkyl methacrylate _ _ 77T N\
gel (Spheron) | — CONH N HeOAe 0.03—0,10 mmole mi-1 72
: VRN
7o | Ditt — COOCH,CH,— _NHCOCH,
Htto I L \_—=< 2 0,02—0,20 mmole mi-1 72
HgOAc
Type (I
8 | Sepharose 4B | — NHCHCH,CH;CONHCHCH,—S5—¢ =\
| N7 0.6—1.0 umole mi-1 N
COOH CONHCH,COCK
A=
9 | pitto |~ OCH\CHCH—ss— — > 20 pmote mi-1 4
i _
OH
10 | Sepharose CL 4B 1— NHCHCH,CH,CONHCHCH,—SS—< => 3.9 umole m-1 a
a | —
CooH CONHCH,COOH
" N
1| Macroporous siica | — CH,CH,CHNHCOCH,—$S—( > 40 pmote g1 ®s
12 | pitto 1— CH,CH,CH,NH(COCH,NH),,cocm—ss—< =>(n =1—4) 10—20 pmole g1 st
130 CH,CH,CH, CHCH,— 55— =N
» ] — CH,CH,CH, el S 7 up to 160 umole mi-1 50,145
O Ongr M
| | | |
...—R—CH——CH—R—CH——CH—R—...
A=
14 | Sepharose 4B |— NHCHCH,CHgCONH?HCH,—SS—\\\ ) 310 wmole mt'1 -
COOH CONHCH,COOH ~ “NO,
Type (III)
ss
15 | Sepharose 4B |— NH(CH,),NHoo-<==> " >—coon 0.14 mmole 1% y
oN" \NO,
16**++| Ditto I—I‘prote,inI—SS—<;>—N0n 0.2—0.3 pmole mi1 8
\COOH
17| s |—NHQHCH,CH,CONHCHCH,—SS—/\_ >—No, 0.95 umole mr1 o
| —
CooH CONHCH,COOH  NCOOH
s | > |—»OCH,(ISHCH,~SS < >—No, 5.1 umole mr1 3
OH N\ cooH
19| , |—NHCHCH,—SS—< >~NO, 0.048 umole mr-1 "
00H \COOH
20 | |——NHCHCH,—SS—< >—NO, 0,063 umote mi-l s
5 NcooH
CH,
21 > 0.033 umole mi-1 a3

| —
—NHCH—C—S5— NN
| HCHf: Z < 0,
HOOC  CH, COOH
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Table 1 (con'd).
No. Matrix Chemospecific group with spacer C“"“‘jg,»v‘,j‘;',‘;:;?“ | Refs. s
22 | Sepharose 4B |-—NHC|HCH,CH,—SS—<_>—N0, 0.19 wmole mr-l -
COOH \COoH
23 | pitto l—NH(CH,),,NHCOCHCH,CH,—SS—< 2\—1\10, (n=2—6, 8, 10) - 50
HCOCH,
% | » |—NHCH,CH,—ss—<___>—No, 0.045 umole mi-l 8
N\COOH
25 | Cellulose ) —O(CHy),ON=CH(CH,);—S5—¢’ >_No2 _ e
\cooH
Tyee (V) S._CH
| —NH(CHj),NH(CH,) ;NHCOCH,CH,CONH~———1" N\ °
26 | Sepharose 4B 3/3 273 ke | I\CH —_ 8
N 3
o/ \COoH
| — NHCH,CH,NHCOCH,CHyCONH———"> N\
27 | Ditto 1= . e ' ‘\CHS - 8
a \COOH
/CH
| ——OCH,CONHCH,CH,NHCOCH,CHgCONHCHCONH :
28 » IJ I\CH, — 113
c,H, JN—1
COOH
CH,
| —O(CH,);sNHCOCH,CH;CONHCHCONH 7 \<
29 | Cellulose [ b‘ [ CH, — 114
Cotle - \cooH
Type (V)
0
I — .
30 | Sepharose 4B | —NH(CH,).NHCOCH,CH,O—IT—O-—<__>—-NO, 0.2-1.0 ymole mI-! 7
CH,
Type (V)
31 | Crosslinked polyacrylamide | —CONHCH;CH,NHCOCH,CI 0.77 mmole g-1*** 2
Type (VID)
32 | Crosslinked polyacrylamide | —CONH—</___.>—(S)‘,CI (x=2—3) 0.8 mmole g 1*** p
33 | Dpitto |—CONHCH,CH,NHCO—< (x =2—3) - 2
\(S>

*Carrier exhibits an appreciable non-specific sorption with respect to the main proteins.
**The substituent R =N-vinylpyrrolidinone, ethyl vinyl ether, styrene, or ethylene.
***The capacity is quoted with respect to the dry weight of the carrier.
**#*¥The protein consists of the light k-type immunoglobulin chain.

There have also been studies where a modified version of
CSC, in which the anchor groups X were introduced into the
biopolymer while the Y groups were contained in the carrier,
has been used. For example, an SH-protein was treated with
dipyridy! disulphide, the excess reagent was removed by gel
filtration, the protein was hydrolysed by a proteolytic
enzyme, and the solution of the resulting peptides was passed
through a column with a carrier containing mercapto-groups®®
In studies with polynucleotides both isolation of the mercapto-
derivatives of nucleic acids on an Hg-carrier®® and, con-
versely, the isolation of mercurated RNA and DNA on an SH-
carrier have been used3°7%2,

The choice of a chemical pathway for a chromatographic
process is largely dictated by the specific conditions of each
concrete problem. It is of course impossible to reach an
unambiguous conclusion as to which version is best (with the
anchor group on the carrier or on the biopolymer). One can
only note that, from the standpoint of the stability of the

carrier (in the case of insoluble thiol phases), preference
should be given to chemosorbents with a protected SH group—
in this form it is subject to much less risk of oxidation. The
lower effectiveness of the fixation of the dithio-2-nitro-
benzoate derivative of the protein on an SH~carrier compared
with the reaction of an SH-protein and a type (III) carrier

has also been demonstrated?®®.

IV. CARRIERS FOR THE CHROMATOGRAPHIC PROCESS

Like any chromatographic process, chemospecific chro-
matography imposes requirements on the carrier: (1) chemi-
cal, physical, mechanical, and biological stabilities; (2) suffi-
cient permeability to macromolecules ensuring their free
approach to the active groups of the carrier; (3) hydrophilic
properties of the carrier, permitting experiments in an aque-
ous medium; (4) homogeneity of shape—preferred use of
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carriers in the form of spherical beads of identical size;
(5) commercial availability of the material of the carrier
matrix and as far as possible its low cost.

Apart from these properties of the matrices, which are
generally speaking the same for all chromatographic processes
involving biopolymers and which have been discussed in fair
detail in specialist literature (see, for example, Klyashchitskii
and Shapot®* and Berezin et al.?"), carriers with functional
groups capable of undergoing readily reactions for the addi-
tion of anchor groups are necessary in CSC.

Table 1, which summarises the literature data for the
carriers used in CSC, shows that chemosorbents based on
agarose gels, which have proved useful for affinity chroma-
tography and the immobilisation of biopolymers, have been
used in most cases. Agarose matrices are available commer-
cially, exhibit a non-specific sorption, and methods for the
introeduction of various groups into such carriers have been
thoroughly developed®*~%®, However, such carriers are not
free from a number of disadvantages either: namely their
mechanical strength is low, the structure of the polysac-
charide matrix breaks down under the influence of organic
solvents and temperatures above 50—60 °C, and the rate of
flow of the liquids through the column containing the gel is
rather low even when a small excess pressure is applied, the
carrier is subject to microbial infection, and, finally, it is
fairly expensive. Cross-linked agarose gels of the type of
Sepharose-CL,3*"*® which have improved physicomechanical
properties, will probably prove very useful in this process,
as shown"! by the application of a chemosorbent based on
this Sepharose derivative (No.10, Table 1). A similar cross-
linked agarose carrier (Nos.9 and 18, Table 1) has been
obtained*? by treating a polysaccharide matrix with epichloro-
hydrin (for the introduction of epoxy-groups). However,
since the degree of cross-linking was not controlled and the
formation of cross-links in the gel was a concomitant process
in the formation of the active groups on the carrier, it is not
clear to what extent such cross linking took place.

Carriers based on cross-linked polyacrylamide gels have
also been used in CSC (Nos.31-33, Table 1). They have been
employed in studies' with proteins of low molecular weight and
peptides. Here the very matrix imposes limitations—biopoly~
mers with high molecular weights (in excess of 100 000 for
Bio-Gel P-100 and above 300 000 for Bio-Gel P-200, on the
basis of which chemosorbents have been prepared?®?’) cannot
penetrate"® into the particles of the swollen gel. Furthermore,
the mechanical strength of weakly cross-linked polyacryl-
amide matrices is likewise low.

In recent years carriers on an inorganic base have been
used increasingly in the immobilisation of various biologically
active compounds**:*° and also for the specific isolation of
enzymes"“® and gene fragments"*’ with the aid of affinity
chromatography. Materials such as porous glass, macro-
porous silicas, metals, metal oxides, ceramics, etc. have a
high mechanical strength and standardised characteristics,
are resistant to microbial infection, and are readily available;
any chaotropic agents, high salt concentrations, and organic
solvents can be used in experiments with them.

We obtained*®*”*! a number of carriers for the CSC of pro-
teins and peptides (Nos.11-13, Table 1) on the basis of a
macroporous silica—silochrome®2. Carriers containing a poly-
mer grafted to an inorganic surface (No.13, Table 1)

(R = ethyl vinyl ether, N-vinylpyrrolidinone, etc.) are char-
acterised by a non-specific sorption of proteins and an
improved stability of the matrix in alkaline media, in addition
to an ehanced capacity with respect to dipyridyl disulphide
groups. We believe that inorganic carriers whose surface is
coated by a hydrophilic polymer are promising for studies on
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biopolymeric phases, since they combine the useful physico-
mechanical properties of inorganic matrices with adsorption
passivity (when a collect choice is made) of the polymer coat-
ing. The preparation and use of combined carriers of this
type have been described in a number of publications on the
immobilisation®% %% and affinity chromatography®°757 of
enzymes.

In the study of the properties of the carriers used, much
attention has been devoted recently to the investigation of
the influence of the distance of the immobilised affine ligand
from the matrix on the efficiency of the chromatographic pro-
cess and on the possibility of non-specific interactions. Such
interactions (hydrophobic, electrostatic, sorption, etc.)
usually interfere with the main procedure and its is therefore
always desirable to eliminate them as far as possible. Sum-
marising the results of these studies, one may conclude that
the lengthening groups—the so called spacers—should
undoubtedly by hydrophilic, simply because long polymethy-
lene systems interact appreciably with the hydrophobic sec-
tions of protein molecules, as shown clearly, for example, by
O'Carra et al.®® Or, at least under the conditions employed
(ionic strength of the solution, pH of the medium, and tem-
perature), hydrophobic interactions should be minimal, which,
however, must always be demonstrated in preliminary con-
trol experiments. It is also better if the spacer contains no
ionogenic groups. Otherwise, there is, firstly, a superposi-
tion of jon exchange and, secondly, carriers of the gel type,
containing charged groups, undergo an appreciable change
in their volume and hence also there is a change in the size of
the gel pores as the composition of the buffer is altered.

Although ionogenic groups do not in fact enter into the
composition of the proposed spacer, the chosen chain of the
chemical transformations for the immobilisation of the ligand
frequently permits side reactions, which may "unexpectedly"
give rise to an undesirable effect. For example, if the very
popular method involving the attachment of amines to BrCN-
activated agarose®’ is used, reactions via both NH, and SH
groups can occur in the case of aminothiols'’. This entails a
decrease of the capacity of the carrier with respect to the
mercapto-groups and introduces unnecessary ionogenic amino-
groups. As regards the size of the spacer, the literature
data are fairly contradictory. It is most likely that the opti-
mum length is determined by the substance to be isolated and
purified and by its structure and properties. It has been
noted*®* that an unduly long spacer is relatively ineffective
owing to its conformational bending, conversion into ahelix,
etc.

In CSC the influence of the length and structure of the
spacer have so far been studied inadequately, although there
are certain interesting data. Thus investigation of the
kinetics of the deimmobilisation of lipoamide dehydrogenase
with type (III) carriers (No.23, Table 1) established®® that
the enzyme dissolves under the influence of a reducing agent
faster the longer the spacer, i.e. the approach of the cleaving
agent to the covalent carrier—enzyme linkage is sterically
facilitated. The chemical structure of the spacer near the
active group is also important. It has been shown?®® that a
carrier with the dithio-2-nitrobenzoate group at a quaternary
carbon atom (No.21, Table 1) reacts to a very insignificant
extent with SH-proteins—the shielding influence of the sub~
stituents has an effect, whereas branching at the next carbon
atom of the main chain (Nos.17-20, Table 1) virtually no
longer hinders the fixation of the protein. Thus, in the
synthesis of active groups on carriers, it is necessary to take
into account all the factors discussed above.

A number of carriers for CSC are now manufactured by
certain companies. Table 2 presents the characteristics of
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Table 2.
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Commercial carriers for chemospecific chromatography.

No. § Manufacturing company Name of product Matrix

4 |Pharmacia Fine Activated Thiol-Sepharose |Sepharose 4B

Chemicals (Sweden)
2 |Ditto Thiopropyl-Sepharose Sepharose 6B
3 |Serva (Western Servachrom-A-Hg agarose
Germany)
4 ipitto Servachrom-A-SH
5 |Bio-Rad Laboratories Affi-Gel 401 »
(USA)
6 |pitto Affi-Gel 501
7 |Pierce (USA) Thiol/CPG porous glass

(dpore = 550 A)

8 |Koch-Light Ltd.
(England)

Enzacryl-Polythiol cross-linked

polyacrylamide

9 |Sigma (USA)
10 |pitto

Cysteamine-agarose agarose
L-Cysteine-agarose »

these chemosorbents based on the data supplied by the manu-
facturing companies (according to the 1977—-1978 catalogues).
Also included is information about certain commercially avail-
able SH-carriers, since they can be converted into deriva-
tives with activated thiol functions by familiar reactions.
However, one should note that all these carriers are fairly
expensive, so that the development and practical employment
of cheaper chemosorbents is an urgent problem whose solution
will greatly extend the application of the CSC method not only
in the laboratory but possibly also in biotechnology.

V. APPLICATIONS OF CHEMOSPECIFIC CHROMATOGRAPHY

The trends in studies on the CSC of biopolymers and the
applications of this interesting highly selective method for the
thorough purification of substances have now become clearly
established. As already mentioned, most of the published
data refer to studies with proteins or peptides. The use of
CSC for the isolation of polynucleotides®, gene fragments?®:
31,32 and low-molecular-weight cofactors®® has been reported.
Problems involving the isolation and purification of biopoly-
mers, which have been solved with the aid of CSC, can be
classified as follows.

1. Separation into fractions based on the chemical composi-
tion (for example, the separation of proteins with accessible
SH groups from all the remaining mixture components).

Chemispecific group with spacer Ca:):c;ictt);vxzi;lor:;fect
N=
|-NH(I:HCH,CH,00NHCHCH,—S—S—< > 1.0 pmole mi-1
COOH CONHCH,COOH
_ _o_s_/N\ .
| OCH,(':HCH, S—S &) 20 umole mi-1
OH
I-NH(CHa)sNH(CHy);NHCO—¢ ¥—~HgOH -
|—NH(CH,)sNH(CH,);NHCOCHCH,CH,—SH _
|
NHCOCH,
|~ OCH,CONH(CH,)NH(CH,),NHCOCHCH,CH;—SH | 6.0 umole mi-!
NHCOCH;
|—0(CH,)3NHco—<_>—chx 3.0 umole mi-1
|-—CH,CHyCH,;NHCOCHCH,CH,—SH 30 pmole g1
NHCOCH,
|—CONHCHCH,—SH -
COOH
|—NHCH,CH,—SH 0.1 ymole mi-1
| —NHCHCH,—SH 2-10 gmole mi-1
COOH

2. Isolation of individual proteins and enzymes and isolation
of isoenzymes.

3. Separation of chemically non-identical sub-units of
oligomeric proteins.

4. Chemospecific isolation of peptides containing aminoacids
with reactive side chains.

5. Purification of synthetic peptides.

6. Elimination of non-protein substances from proteins.

7. Isolation of modified nucleic acids and gene fragments.

Reversible immobilisation has also been used in the chemical
modification of an enzyme temporarily fixed on an insoluble
carrier followed by its dissolution**®!, This approach** makes
it possible to avoid intermolecular cross-links if it is neces-
sary to modify groups in the protein molecule in an isolated
form by means of a bifunctional reagent.

Table 3 present a compilation of data on specific substances
whose isolation or purification have been achieved with the aid
of CSC. One should bear in mind that the chemospecific
purification stage is hardly ever used in isolation. If there
are simple methods for the preliminary fractionation and con-
centration of the desired product, then it is undoubtedly
desirable to use them; this applies particularly to the
removal of low-molecular-weight components, since they may
contain substances which either interfere with the chemical
fixation of the biopolymer on the carrier or are capable of
cleaving the covalent carrier—biopolymer bond formed.
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Table 3. Isolation and purification of biopolymers with the
aid of CSC.
Substance isolated and Source of biopolymer Carrier Refs.
purified
type No. in
Table 1
1. Separation into fracti ding to chemical composition
SH-Protein fraction rat liver homogenate o 1 1
SH-Containing DNA nucleo- rat liver cell nuclei [4)) 1 2
proteins
F3 histone fraction calf thymus {I) 5 82,86
Separation of SH-proteins from ox adenchypophysis ) 6* 88
acid prolylcarboxypeptidase
Band 3 polypeptide fraction human erythrocyte (I 1* 87
membranes
Penicillin-binding protein fraction B. subtilis membranes aw 26,27 8,19,20
Penicillin-binding proteins Salmonella typhimurium | (IV) 28 113
2. Isolation of individual proteins and enzymes
Haemoglobin albumin, human separation of artificial €8] 1 1
blood sera, glyceraldehyde-3- mixture
phosphate dehydrogenase,
aldolase
Aldolase rat muscle [€9] 1 1
Thiolated bovine y-globulin — m 3 5
Mercaptopapain preparation [(3] 4 6,89
” ” {In 8 9,17,18
” » an 9 115
” dried papain latex an 8 9,17,18
Mercaptoficin Ficus glabrata o 4 96
» » an 8 97
Cathepsin B human liver [4)] 4 90
Ditto ox spleen (3] 4 91,92
Cathepsin By ditto (18] 4 92
Cathepsin H human liver lysosomes [19] 4 102
Cathepsin N ox spleen [4)) 4 116
Streptococcal protease - (I) 4 93
Clostripain Clostridium (3] 4 103
SH-Protease green bean plants (48] 7 72
SH-Protease Phaseolus vulgaris [43) 7 104
SH-Protease of blood-sucking Phodnius prolixus [43) 4 117
insects
Dipeptidylaminopeptidase I ox spleen )] 4 118
L-pyrrolid boxy peptid B. amyloliq [¢8) 5 119
Thiolsubtilisin — (1)) 4 68
Thioltrypsin — () 4 69
Oestradiol 17p-dehydrogenase — (3] 5 94
S-Adenosyl-L-methionine rat liver (03] 5 95
decarboxylase
Ditto sea urchin eggs (8] N 95
Creatine phosphokinase chicken breast muscle [09) 5 98
Ditto human skeletal muscle 6] 5 99
Cysteine-containing histone calf thymus 6] 5 100
ARE-histone ditto [4)] 5 101
Factor XIII of blood clotting human blood plasma @ 6* 67
system
Ditto human thrombocytes a 6* 67
5-Methylthioadenosine human placenta (0 6 120
nucleosidase
Pyridoxamine(pyridoxin)-5- baker’s yeast [49) 6* 121
phosphate oxidase
Choline acetyltransferase Drosophila melanogaster (3] 5 122
” mouse brain [4)] 5 123
Selenoprotein of the glycine Clostridium sticklandii [U)] 6* 124
reductase complex
Metallothionein rat liver SH- - 125
Mercaptoalbumin ox blood serum an 8 105
” ditto i) 15 16
Urease Canavalia ensiformis [459) 8 63,106
» ditto an 9 107
Coltagen of type I human and calf skin {an 1* 108
Phospholipase A) human blood plasma an 1* 62
Omnithine decarboxylase rat liver an 1* 126
~y-Glutamylcyclotransferase ditto [114) 1* 127
Metallothionein rat liver polysomes {an 1* 128
Copper-binding metallothionein human liver an 2% 129
Ferredoxin Lactuca sativa {an 2% 130
a1-Antitrypsin human blood plasma {1 16 83,109
aq-Antitrypsins of types M, S, and Z ditto am 16 131
Blood plasma SH-proteins ditto mn 16-22 33
(separated)
Human prealbumin blood plasma {m 17 84
Ox prealbumin ditto [¢143) 17 132
F1- ATPase pig heart mitochondria am 15 133
D-Alanine carboxypeptidase B. subtilis membranes aow 26,27 8,19,20
DD-Carboxypeptidase Proteus mirabilis awvy 29 114
membranes
Acetylcholinesterase electric organ of the eel W) 30 1,22
a-Chymotrypsin preparation ) 30 7,22

Table 3 (cont'd).
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Substance isolated and purified Carrier
type No. in Refs.
Table 1
3. Separation of identical its of ol ic p
SH-subunit of lombricine kinase [19) 4 64
SH-subunit of yeast phenylalanyl-tRNA synthetase [U)] 4 65
SH-subunit of the calf lens alpha crystallin o 4 134
a-Subunit of factor XIII of the blood clotting system )] 6* 67
x-Casein and ag-casein an 1* 66
$-Chain of ox haemoglobin an 11 49
4. Chemospecific isolation of peptides
Cysteine-containing peptides of the pepsin insulin hydrolysate (] 2 4
Cysteine-containing peptide of the trypsin hydrolysate of the [0)] 4 64
SH-subunit of lombricine kinase
Cysteine-containing peptides of the trypsin hydrolysate of “Tu” (9] 5 71
factor for the elongation of the polypeptide chain
Cysteine-containing peptide of the chymotrypsin hydrolysate [4)] 7 72
of human blood serum albumin
Cysteine-containing peptide of the BrCN-hydrolysate of yeast [¢)] 4 135
3-phosphoglycerate kinase
Cysteine-containing peptides of pepsin hydrolysates: an 1* 74
of hake muscle parvalbumin, ox serum albumin, and
human ceruloplasmin
Cysteine-containing peptides obtained by different types of an 11 49
hydrolysis of the g-chain of ox haemoglobin
Cystei ining peptides of chicken heart cytopl: an 1* 76-78
aspartate aminotransferase
Cysteine-containing peptides of di-2-pyridyl disulphide SH— - 28
derivatives of albumin and ribonuclease
Cysteine-containing peptide of the BrCN-hydrolysate of amy 15 16
ox serum albumin
Methione-containing peptides of the trypsin hydrolysate of D 31 23
lysozyme
Tryptophan-containing peptides of the trypsin hydrolysates (VID) 33 27
of glucagon and human blood serum albumin
5. Purification of synthetic peptides
Synthetic peptides of the 111-124 sequence of ribonuclease [46) s 79
and the 1-37 sequence of histone H4
Synthetic peptide of the 33-48 sequence of allergen M (In) 2* 73,136
Cbz-Trp-Ala (VII) 33 27
6. Elimination of non-protein substances from proteins
Elimination of residual cell components from the overall an 11 80
protein of baker’s yeast
Elimination of non-protein impurities from reduced lysozyne (I 11 48
Elimination of surfactants and lipid-like compounds from [11)) 11 81
proteins
7. Isolation of modified nucleic acids and gene fragments
2-Thiouracil-containing RNA [63) 6* 29
6-Thioguanosine-containing RNA [4)] 3 137
Mercurated RNA from different sources (chemical SH- - 30-32,
mercuration) 138-141
Mercuriuridine-containing RNA SH- -~ 142
Mercurated RNA (chemical mercuration) SH- - 30,138,143
8. Isolation of cofactors
Flavin-adenine dinucleotide m 4 60
Coenzyme A from Sarcina lutea I 4 60

*The number refers to Table 2.

The combination of CSC with other selective methods yields

satisfactory results when it is necessary to obtain, for

example, a particularly pure and active enzyme preparation.
Thus, in the isolation of phospholipase A, from human blood
serum®?, several preliminary purification stages were followed
by the consecutive application of three affinity columns:
chromatography on concanavaline A-Sepharose—for the isola-
tion of glycoproteins, which included also the required phos-

pholipase;

chromatography on a column with immobilised

antiserum and y-immunoglobulin (in the fraction of which
activity was detected) for the separation of immunoglobulin;
and finally CSC on an activated thiol-Sepharose (No.1, Table

2).

This yielded an enzyme with more than a 10 000-fold
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degree of purification. The above example refers to the
isolation of a protein present in the initial material in
extremely low amounts. On the other hand, when the
required product is one of the main components (for example,
papain in dried papain latex®), it can be isolated with the aid
of CSC fairly simply and rapidly using a minimum number of
stages. This is particularly convenient for the thorough
purification of commercial protein preparations. For example,
the isolation of mercaptopapain from a commercial papain®1’
or the isolation of highly active urease from a commercial
preparation of this enzyme®® have been achieved rapidly and
effectively on chemospecific carriers, while the isolation of
the SH-components alone of the above proteins by the usual
methods is laborious and leads to considerable losses of
valuable enzyme material.

It has been shown that it is possible to separate rapidly
non-identical subunits of oligomeric proteins with the aid of
chemospecific sorbents, when some subunits contain and
others do not contain reactive aminoacid residues. The SH-
subunit of lombricine kinase®*, the a-subunit of yeast
phenylalanyl-tRNA synthetase®®, k-casein and ag-casein from
whole casein®®, the B-chain of bovine haemoglobin*®, and the
a-subunit of factor XIII of the blood clotting system®’ have
been isolated in this way. In the last case the SH-a-subunit,
immobilised reversibly on an Hg-carrier (No.6, Table 2), was
used also to investigate its non-covalent interactions with the
b-subunit.

In the study of the properties of "unusual” proteolytic
enzymes—thiolsubtilisin®® and thioltrypsin®®, obtained by the
chemical transformation of the serine residue of the active
centre into a cysteine residue by the method of Photaki and
Bardakos’®>—CSC made it possible to isolate in a single stage
the active modified protein.

The chemospecific isolation of substances in the determina~
tion of the primary sequence in proteins and particularly
high-molecular-weight proteins, where the separation of com-
plex peptide mixtures based on the differences between the
charges, molecular sizes, hydrophobic properties, etec. fre-
quently becomes relatively ineffective, gives rise to interest-
ing prospects. There exist two versions of the chemospecific
extraction of peptides for further structural studies. The
first involves the interaction of the active carrier with the
mixture of peptides obtained enzymatically or by chemical
hydrolysis. Depending on the type of carrier and the amino-
acid composition of the protein fragments, the reaction with
the corresponding side groups of the peptides can proceed:
the mercapto-group of cysteine®1%:$%71773  the thioester
group of methionine??, and the indole ring system of trypto-~
phan?’, After washing away the unreacted material, the pep-
tides fixed covalently on the chemosorbent are dissolved by
treatment with an appropriate cleaving agent.

The second method involves the fragmentation (enzymatic or
chemical) of the reversibly immobilised protein directly on the
carrier*®’*77®, The carriers on an inorganic base (No.11,
Table 1), which we proposed"a, proved useful in this
instance"®, because the matrix consisting of macroporous sili-
con dioxide (silochrome) is stable under the conditions of
different types of treatment of immobilised polypeptide chains
such as pepsinolysis, trypsinolysis, cleavage with bromo-
cyanogen, rupture of aspartyl—proline bonds (pH 2.2, 37 °C,
36 h), as well as the solid-state version of the determination
of the peptide sequence by the Edman method. The frag-
mentation of the reversibly immobilised enzyme simplifies the
isolation and identification of the peptides containing func-
tionally important (essential) chemical groups in the active
centres, provided that it is possible to select conditions
ensuring the covalent fixation of only such groups of the
active centre on the chemosorbent.
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Generally speaking, it is not difficult to envisage the
chemical separation of peptides on a series of carriers which
selectively extract from the mixture the peptide (or peptides)
containing a specific trifunctional aminoacid.

One of the problems in the solid-phase peptide synthesis is
the elimination from a peptide with a specified sequence of
the so-called "false" peptides, which are formed in the course
of the synthesis mainly in consequence of the failure of the
reactions to reach completion at various stages of the multi-
stage process. A procedure has been proposed’® for the
isolation of the desired peptide by CSC. The essential fea-
ture of the method is that, after the completion of the synthe-
sis of the required sequence, the peptide is augmented by
the Cys—Met fragment (either consecutively, one residue at a
time, or by adding the dipeptide at once) and then all the
peptides obtained are separated from the insoluble support
with simultaneous removal of the protective groups (for
example, by treatment with HF). The treatment of this sum
total of peptides by a sorbent chemospecific in relation to the
SH groups removes the Cys—Met peptides from solution. All
the remaining products are washed off. Peptides are removed
from the chemosorbent by a low-molecular-weight thiol, the
excess reductant being eliminated by gel filtration. Next
follows the cleavage of the N-terminal dipeptide with bromo-
cyanogen and repeated gel filtration. As a result, it is pos-
sible to separate many "false” peptides, particularly those
whose chain growth was arrested during the synthesis for
various reasons (N-acylation, the formation of a pyroglutamic
derivative, the inaccessibility of the growing chain to the
reactants in consequence of steric hindrance, etc.). Synthetic
peptides on an Hg-containing carrier’® and on a dipyridyl
disulphide carrier” have been purified in this way. Clearly
peptides containing methionine residues in the main sequence
cannot be isolated in this way; in this case it is necessary to
employ another selectively cleaved terminal fragment.

It has been shown recently®%®! that CSC can be used for
the elimination of non-protein substances from proteins and
peptides. A carrier on an inorganic base has been used,
which made it possible to use solvents and concentrated urea
solutions to wash surfactants and lipid-like compounds out of
the temporarily immobilised protein®!.

VIi. CERTAIN METHODOLOGICAL PROBLEMS OF THE
CHROMATOGRAPHIC PROCESS

When the two main stages of CSC, namely (a) covalent fixa-
tion of substances from solution on the carrier followed by
(b) their deimmobilisation are carried out, it is necessary to
remember that chemical reactions, at least those on the car-
riers known hitherto, do not take place instantaneously—a
certain amount of time is required to complete the reactions.
The stream of liquid through the material of the packing in
the column must not therefore be very rapid, particularly in
the column version of the process; the use of recirculation
gives rise to satisfactory results in stage (a). There are few
literature data for the gradient supply of the cleaving agent
for the removal of the immobilised biomolecules from carriers.
Nevertheless this deimmobilisation procedure apparently
greatly improves the resolving capacity of the method as a
whole.

Elution with stepwise changes in the strength of the cleav-
ing agent has been used already in the first studies on
CSC.»? A model mixture of SH-proteins (mercaptoalbumin,
glyceraldehyde-3-phosphate dehydrogenase, haemoglobin,
and aldolase) have been separated by this method on a mer-
cury-containing carrier (No.1, Table 1).' In order to
rupture the mercaptide carrier—protein bonds, a reducing



Russian Chemical Reviews, 49 (5), 1980

agent (mercaptoethanol or dithiothreitol) was applied to the
column, ensuring a linear concentration gradient, which made
it possible to separate the required SH compound (factor

XIII in the blood clotting system) from other thiol proteins
linked to the chemosorbent, "by virtue of their different
reactivities with respect to the cleaving agent"®’. Strictly
speaking, this version of the process actually constitutes a
chromatographic separation of the substances and not simply
a sequence of two operations: chemospecific sorption and
desorption. It may be hoped that the separation of biopoly-
mers by CSC using a cleaving agent gradient will be employed
on an increasing scale.

Our data®® show that the presence of a reductant concentra-
tion gradient in experiments with carriers of type (II) makes
it possible to wash the protein off the insoluble phase with
the minimum amount of the low-molecular-weight thiol required
for this purpose, which greatly diminishes the risk of the
intramolecular disulphide bonds of the protein itself being
affected.

One should note a disadvantage which is encountered when
carriers of types (II) and (II) are used. When the SH-
containing product, initially fixed on the insoluble phase, is
removed with a thiol, it is difficult to detect the biopolymer
at the outlet from the column, since the residual "unused"
active groups of the carrier are also cleaved by the reductant
and are washed off together with the required products,
which makes the ultraviolet detection of the eluted protein or
peptide with the aid of the usual flow-type photometers vir-
tually impossible owing to the intense absorption by 2-thio-
pyridone or 2-nitro-5-thiobenzoate. It is therefore neces-
sary to analyse the material by some other method (for
example by the gel electrophoresis of the fractions, by mea-
suring, whenever possible, the enzyme activity, by chro-
matography—for peptides, etc.). It is thought that, at least
for proteins and polypeptides, this disadvantage can be
eliminated by employing a membrane eluate concentrator
(model CEC1, Amicon, Holland) beyond the column, which
cuts off the low-molecular-weight substances in the stream.
The only important factor is that the change in the salt com-
position of the buffer occurring under these conditions does
not cause a sharp impairment of the solubility of the biopoly-
mers.

Finally we come to the last remark concerning experiments
with SH-biopolymers or sulphur-containing carriers; it is
always necessary to use deaerated buffer solutions; Ilikewise
it is extremely undesirable that even traces of heavy metal
ions should be present. In order to bind such ions, EDTA is
therefore usually introduced into the solution. These pre-
cautions guarantee the stability of the mercapto- and disul-
phide groups in the test compounds.

——-000---

In conclusion one should note that chemospecific chroma-
tography has now found an honourable place among other
highly selective methods for the isolation and purification of
biologically active compounds; it is developing vigorously, is
being improved, and is being applied on an increasing scale
to a wide variety of test objects.

During the preparation of the review for publication,
reports have been published, describing the syntheses of
certain chemosorbents**™**® belonging to types (I)—(IV)
described above and the isolation by the CSC method of pep-
tides"?, proteins!**145:1487161 nycleic acids®*”>*¢?, and
fragments of membranes'®?, as well as studies of certain
methodological problems of the process!®7:16%,
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