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1. Introduction

Bary l..Karger, reviewing the "Third International Symposium on
Column Liquid Chromatography " (held 27 - 30, Sept. 1977, in Salzburg,
Austria), wrotgi "Surprisinely, there “vere no lectures om the separation
of proteins using bonded phases in liquid chromatography ... Iigh
performance separation of proteins ceriainly remains one of the major
challanges " ., To-dey, in 1981, it is possible to cite examples of
how this challenge had been answered within a few years, The aim of
this article is to review contemporary rapi:! chromatographic column
methods which reduce the time required for the separation of enzymes
and their mixtures with nroteins from a number of hours (and sometimes
several days) to n few tens of minutes ( and sometimes even to a few
minutes). The artiele seeks not only to comment on the methods
directly aveilable for the food tcchnolegy, research, mamufacture and
application of technie¢al enzymes. It also seeks to stimulate their
wide use snd to nerfect the methods developed in other fields of
biochemistry for purposes of food anelysis., That is why it tries to
sketch further development rather than review the methods used up to
novw in the enelysis of ioodstuffs.

liigh-performance (high-pressure) liquid chromatography (HPLC)

end medium pressure liquid chrometography (MPLC) were or are being,
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increasinely accepted into a numher of branches of chemical research
end for analytical control of the mrnufaeture, especially where gas
chromatogrephy connot be used. rrequently they even successfully
compete with the latter. Its fundamentel principles have already

been developed satisfactorily and described not only in numerous review

(2-6),

articles, but also in a number of monographs They are also

(7-10)

rapidly introduced into the field of biochemistry The way they

have been used in the field of food-analysis is known not only from

(11,12)

literature data, such as studies , but also from plenary lectures,

papers and posters of the 1lst Kuropean Congress on Food Chemistry (13’1b).
It is understandable that there were endeavours to use these rapid
methods, which were found suitable for substances with low and medium
molecular mass, also for the separation of high-molecular biopolymers,

particularly nolypeptides and proteins(ls-ls).

iiowever, the rapid
separation of peptides is not the subject of this paper.

2, LC and Ii,PLC (MI'LC) of biopolymers

Conventional liquid column chromatography (LC) of proteins was
initially considered to be a difficult problem, since there were no
suyitable chromatogrephic packinegs available, Various inorgsnic
substances showed streng irreversible sorption and organic ion-exchangers
with an aromatic matrix frequently denatured proteins by a strong
hydrophobic interaction. Only the slightly acid acrylate and methe-
crylate cotion exchangers ( of the Amberlite IRC 50-type) could be used

(19);

for these tasks however, these were microporous materials eond,

therefore, only groups on the surface of particles were functional.,

0-
Only leterson and . oher'”" 22)

s, with their ion-exchange derivatives of
cellulose, Porath and tlodin(zs), with crosslinked polydextran, and
Porath and Lindner(2h), vith ion-exchange derivatives of polydextran,
prepered hwydrophilic =nd, at the same time, macroporous packings which

are eminently suiteble for the chromatography of all types of biopolymers.
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‘They were successfulY used i - tens of thousands of stulies and the
writer of this article is of the opinion that this methodological
contribution by the above authors for the development of modern bio-
chemistry, moleculsr biology and fields based on them has not been
apprecicted sufficiently. (uite recently, these packings have also
been supplemented by crosslinked acarose and its ion-exchange
derivatives,

However, anll these materials, so important for the conventional
column chromatogrephy of biopolymers, are very soft and do not permit
the use of higher pressures. Therefore, they are not suitable for
purposes of III’LC and MPLC.. A further disadvantage is that their poly-
sacharide matrices are reactive to certain enzymes and can therefore
be liable to attack by microorganisms. Ion-exchange derivatives of
of polydextran also markedly chonge the volume of the bed as a function
of the ionic strength, Therefore, in line with the developmeﬁt of HPLC,
new materials were sought wvhich would also be suitable for the pressure
chromatogrephy of biopolymers., They must not only be macreporous and
sufficiently hydrophilic, but also hard ao as to resist to pressures in
the column, They must be spheres of uniform size, chemically resistant,
stable in aqueous -olutions in a wide pH range, must have a constant
volume independent of the ionic strength snd resist organic solvents,
They must not be split by enzymes and must be resistant to the action
of microorganisms, It is not easy to ‘ind packings which setisfy all
these recuirements,

3. Packings for HI'.C and MI'LC of proteins

Sehechter'28) was the pioneer in the HPLC of protcins; in 1973,
he chromatographed the carhoxylic scid synthetase and other proteins
on "Porous silica mel 1000" or on "lorasil DX"., lle had previously
deactivated these peckings with Carbowax-{0 } so as to suppress an

undesired irreversible sorption, Coupek et al.(27)

synthesised, in




b
(28)

1972, the macrorcticular hy’rophilic ~lycolmethacrylate gel, Spheron
the structure o" vhich is renresented in l'ig. 1. This material alseo
satisfoctorily resists orrminic solvonts29. In 1975, ..ikes et 81030
prepared, by the molificntion of its hylroxy groups, ion-exchange
derivatives suitable for the !{PLC and HPLC of biopolymersl6; weakly,
medium and stronely acid an’ also weakly and strongly hasic ion
exchangers were prenired and tested [or the rapid chromatography of
proteinsjl-js.

A very sicnificont contribution for the IIPLC of proteins was the
invesgigetion corried out in 1975 in the laboratory of ilegnier et

- -
.17'30 }0. The rlass witl: controlled porosityhl 43 developed by

al
!laller ans microporous -ilica gels, cuch as those of Zorbax, Porasil,
Partisil ans LiChrospherhh, show undesired interactions with proteins
(partially irreversible adsorption, cationic sorption and anionic
exclusion of proteins). Threfore, in the above laboratory, methods for
surface modification wvere devcloped, v wvhich the outer and extensive
inner surface of inorranic particles (spheres) wes enveloped by a hydro-
phobic layer, the so-cnlled ~lycophase. This is essentially glycerol
conveniently bound by =a hydroxy croup through propylsilsne over the
entire surface of the pirticle. The macroporous glass thus modified
(Glycophose~Cl'G) or =ilica gel (e.z. SynChropak GPC) acquire 2 neutral
hy'rophilic surface bin'ing the water and cen be used for steric
separetion chrometography of proteins and other biopolymers under HPLC
con'itions, see studyhj o The LiChrosorb DIOLhG pecking has a similar
structure and use, .ngelhnrdt and Mathesé7 modified chromatographic
packings with N-acetylaminoypropylsilane for the same purpose.

One of the g¢lycerol hydroxy croups of the ~lycophase layer can be
iogen substituted nnd so ririd microporous ion excheangers can be
prepered with a hy'ropiilic matrix suitable for ion-exchange cliromato-
craphy of biopolymers by the HPLC mothod337-bo. In this way were

prepared weakly basie A5, weakly recid CM, stronnly acid &P and

?
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stronnly basic QAE Glycophases, Ion exchanger derivatives for the
HPLC nf proteins vwere hovever also prepnred by enveloping the surface

of micromorticulate spheres with a continuous layer of polyethylene-

imine which was not covalently bound to their surface; in this way
was prepered SymChrom AX which has the properties of o weakly basic
anion exchanger with hicher nominal e¢opacitye.

An independent chapter in the development of the HI'LC of proteins

2 oA MR TS SV ORIV OO & Wy AT

and peptides is provided by reversed phase chromatography, RPC7, based
on hydrophobic intoractionshg. Cert:in hydrophilic packings show a
certosin degree of hy ‘rophobicity an’ can be used cdirectly for hydrophobic
chromatography of protcins; such is e,«q. Spheronso. In other cases, it
was necessary to make hy’'rophilic macroporous nolysecharide packings
artificially hydrophobic by the introduction of hydrocarbon chainssl'52.
For purposes of the II-NPIC of peptides and proteins, inorcanic packings
were develbped: porous silieca gels with their whole surface molified
with these hylrocarbon cieins: (C2), (Cg) and (Cig), i.e. the so-cnlled
"ethyl, octyl, and octadecyl-bonded phases " . The cheins are bonded
most easily vin monochloroﬂimothylalkylsilane353. So were modified

e,oc, pelliculate Coresil or the entirely porous l.iChrosorb. I'rom
aqueous solutions, proteins or peptides become sorbed on to hydrocarbon
chains by hydrophobic interactions and, at higher ionic strength,

beecome "salted" on to the hydrophobic surface, DBy the addition of less
polar solvents (e.r~. nlcohols or acrylonitrile) to the mobile phase,
they nre groduslly eluted. l'or the seneration of proteins anc peptides
with hirher M, value Cg ~ bonded phaseSk was found suitable with
n-propanol es o remulator o: the polarity of the mobile phase, or

35 vith isopropnnoel or 2-methoxyethanel as a reculator. '

Cig~bonded phese
There peckings are 2lso suitable for ionic periring acents. Recently,

Lewis et a].56 developed Cg RIPC packings with sufficicntly hich porosity :
which they prenered from 'i. Lichrosphere Si 500 (pores 50 nm) or from )

Vydac (pores 33 nm); besides packings with bonded octyl groups, packings

~annn---nh-un-jllIiJ
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with bonded cvanopropyl or ‘diphenyl oroups were nlso prepared. The
higher porority of supports improves the chromnatography of proteins
by My 250 000 .

Besides size exclu-ion, ion-exchange, hydrophobic and reverse
phase chromntogr:phy, lurther rapid chromatocraphic methods were
developed for the separation of proteins based on principles which are
not identical with the sbove. Rubinsteinsk describes the so-called
"normal pheose chronmitography ", using a support which h:s been made

hyc‘rophilic, i.e, LiChrosorb DIOL, where he atlains separation using a

57,58

e =ymepr———reegue e e R s R aina

decreasine concentration of n-propanol. Hashimote, lukano et al.

mention mew Japsnese puackings, the so-cnlled TSK-Gely SW, destined for
the gel MPLC in mqueous media; these are packings besed on silica gel
modified by a hitherto undescribed method by oracnic substances also

non-specified which may obviously affect17

the course of chromatography,
On the other hand, [ituzani and Nituzani59 showed that anionic silane
sroups on the inner surface of non-modified gleass with controlled
porosity (CPG) can sorb proteins similarly to cntion exchanger and

thus make chromatographic separation possible, Affinitive chromato-
graphy60 was slso developed into the HPLC form., Ohlson et al.b1 used

as packings adenosine-~monophosphate bonded on silica gel for the rapid
separation of proteins and immobilised anti~bodies from albumin anti-
serum for the ranid separation of serumalbumin from other components

of the serum. Turkova et 81.62 used as pocking high performance liquid h
affinitive chromatorraphy (HPLAC) Separon-I- € —aninocyproyl~l~Phe-D-
~"heOliet, FLssentirlly, Seperron . is Spheron surface-mo’'ified by the

introduction of enoxide rroups by the reaction with epichlorohydrin.

Tahle I lists a survey of various types of commerciclly available

Py

chrom: tographic packings for HPLC which were used for the rapid
chronntogr:phy of cnzymes and other proteins i#nd their frarmments. In
study63 is given a charucterisation of certnin commercial packings for

8iC (Size exclusion chrom:tography),
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L, Examples for the ehrom:tographic separation of proteins, their
fragments an? _enzymes

4,1. tiel permeation an¢ steric (size) exclusion chronma tography

One of the most cormiion nrinciples of the separation of biopolymers
is fractionation Jdcpending on the size of the molecules, On xerogels
(ice. supporﬁs wvith a crosslinked metrix, the size of macropores of
which creatly choanges vith the degree of swelline, e.g.polydextrans),
this principle is designated as gel-permeation chromatogrsphy (6rc).
Tor aerogels (i.e. nackings with constant size of macropores even after
drying, e.g. in the case of glass with controlled porosity), it is
more appropriate for this principle to use the designetion of sterie
(size) exclu:ion c¢"roma»tonraphy (SEC). 1owever, these differences in
terminology are being consistently /i:pensed with.

Using a relatively ropid method, !laller et a1.64 chromatographed
immunoclobulin concentrate from human serum on non-substituted glass
with controlled porosity (CPG) as far back as 1969, but did not call
their method HPLC., I'ltekov et 81.65, in 1972,similerly investigated
the chronatocraphy of proteins on Silichrom C-80 which they modified
with )yP-aminopropyltriethoxysilane. Schechter2 in a pinoneering
study on the HPLC of proteins, using S!}C, separated, on deactivated
"Porous silica gel 1000 ", catalase, thyroglobulin and Bluc dextran
in 20 min and, in another experiment on an identical packing, in a
similarly short period, he isqlated an active microbial fatty acid
synthetase (M = 2.5 - 3 x 106) from contaminating proteins. On
deactivated Forasil I'X, he also isolated other proteins (e.g.
As-Myﬂroxydocanoylthioesterdehydrase). ‘legnier an¢ Noel36 studied
extracts of various proteins from nlyceropropylsilane-bonded phases
(Glycophase G/CPG:) nnd, besides protcins (e.c.sera), they also
chrome tographed nucleiec scids an! dextrrns. On non-substituted
Spheron 1000 { a hybrid aerogel/xerogel, 80028), in 1975, Vondruske et

a166 were the first to senarste protcins; at thet time, the incomplete

fractionation wes ettributed to GIC, but luter HStrop et al,
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demonstrated, in more complete separations of proteins, that the main

separating principle on this non-modified packing was hydrophobic
38

interactions. Chang et ©1, separated on microparticulate~bonded
hydrophilic phases (Glycophase G/CrG, tlycophase ii/1iChrospher Si-100
and tilycophase «/1artisil PXS ) proteins from notural mixtures (e.g.
from liver homogenates ) and tried to carry out a very rapid SUC of
albumin and cytochrome ¢ in 2 min. Tersiani et al.hﬁ, using the GPC
me thod, chrom:tographed, on nlycerol-Cl'G, industrial protcin glues
(both pure an’ 2fter infection by bacteria; and also checked the linear
dependence of log liy of proteins on the elution volume on GPC for
these materinls. Fischer et 81.67 separated, using the 51C metheod,
on "Glycophase G/CPG ",in=sulin, ¢lucrccon and somastotin, Niemann et
91.68 a nartislly purified complement 0. loumeliotis and Ungerb9
chromz tographed, on liChrosorb JIOL, a number of proteins from
cytochrome ¢ (Hr = 1209 } to ferritin (li, = 540000) and found that

this prcking s suitable for M, 10000-100000. Gruber et a1.70

nroved
the possibility of determining the M of polypeptides and proteins
with the aid of SEC on SynChropak 1'C-100 beginning with vasopressin
and ending vith crttle serumalbumin and also separated several extricts
of biological oririn., For comments on GI’C (SBC) of proteins on
SynChropak GPC and on other packings see17. lapid SEC on "single
protein " and "dual protein columns I 125" as an alternative to the
conventional GPC and rel electrophoresis are given by Rittinghaus and
rranzen71; they separated ferritin (Mr - S&bOOO;, cittle serumslbumin
(t:p = 67000 ), egg albumin (My = 45000), myoslobin (M, = 17000), ribo-
nuclease A (!, = 13700) nn® cytochrome ¢ (iip, = 12500) during 25 min.

A lerge rcroun ol studies on GPC and SUC of proteins with the aid
of new Jepanese packings of TSK-SY aels has slready been published by

57,58,72-77 78

Japanese and also by other authors’ , 1In study57, the uI’C

of 14 peptides and proteins was tested, brainning with human fibrinogen
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8
(My = 340000, an¢ ending with diglycin (Mr = 132). wehr and Abbot7

give a Table o{ dut: suitable for the study of SEC ( review of M. and

of the length of the main gyration axis for selected proteins and

viruses as well as an evaluation of various packings); they separated

5 proteins from cytochrome ¢ to ‘-—gzlobulin and also nucleic acids in the

range of M, 13500 -340000 with the aid of TSK-2000 and 3000 SW columns
73

‘ and MicroPack MAX 500, In study
74

were separated plasma proteins,

study is devoted to the investigation of the separating renge and

separating effectiveness on verious TSK-SY gels and study75 describes

the purification of enzymes (ff-galaetosidase from bacterisl cells

and commercial urease ); =& single GPC resulted in a 15-fold purification,

For the purpose of studying how to make the determination of m, more
70

accurate, in study’ , the chromstography was investigated of proteins

between 50000 and 300000 on various TSK-SW gels in
72077 h 6 M

in a range of M,

solutions of sodium dodecylsulphate and in studies

quanidinehydrochloride; Nobuo Ui72 describes a rapid and relatively

accurate determination of Mr of proteins after fission of disulphide

bridges by reduction and substitution of SH groups.

4.2. (Ionex) Ion-emcl:anger chromatography

Ion-exchange chromstography is one of the most significant

processes for the separation of proteins, Compared with GPC and SEC,

its adventage is the much higher separation-capacity of ion exchangers

for proteins; compered with the former mentioned principles, it

permits a higher loading of the columns for the seme sized bed.

Further, the possibility of using gradients (ionic strength and pH)

i provides separation facilities. In our laboratory, as far back as 1975,

we tried to use ion-exchange derivatives of Sphéron for the rapid

30

chrom “ograph- ,f bionolymers, including a number of proteins” ;

we carr’'-d out comparative chromatography of egg proteins on CM-cellulose

and CM~Spheron, on phospho-Spheron, we carried out frectionation of

humen serumelbumin, of Wpvine ochymotripsin end chicken lysosyme, of
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A and B chains of insulin and also of human plesma which was also
chronatoeraphed on DEAl~Spheron. Umn S-Spheron was carried out the
rapid chrometography of comnercial slucose-oxidase (on a 0.8 x 25 cm
column, 6 ml fractions at intervals of 90 sec). High-molecular deoxy-
ribonuclric acids from calf-thymus were also separated, as were oligo-
nucleotides from the prrtial DNA hydrolysate of Bacillus subtilis.

Stndy79 wa

8 devoted to the analysis and to the preparative reversible
sorption of commercial enzymes (protease from Aspergillus sojae on CM

and DLCAL-Spheron, clucose-oxidase and pectolytic enzyme on DFAL-

32

Spheron); see also Fig, 2. In the fremework of studies on DIUAE-Spheron

33

and on CMH-Spheron - were separated lysozyme, chymotripsin, serumalbumin
and ege proteins., Tesnlts obtained by the rapid chromatography of
proteins ans? of their frroments (e.g. bromocysnated fragments of serum-
albumin on CM-Spheron) on Spheron ion exchangers are the subject of a
review reportlb. The detniled chromatogrephic separation of pectolytic
enzymes Rohament ' and Petinex Ultra on all available types of Spheron
ion exchangers is described in studyso.

A different series of reports on the rapid ion-exchange-chromatography
of proteins was also independently developed in American loboratories
from 1975 onwerds. Il.udirka et 81.81 investigated the separation of
isoenzymes of creatinekinase on "Vydac pellicular anion-exchanger",

Chang et al.37

chronatographed humon serum on a supnort with bonded
nolyethyleneiniine phase and proteolytic enzymes and the homogenste of
rat liver on prcking with bonded DiAT-phase (CPG and Porasil C).

Chang et nl.38

describe the separotion of humen serous proteins, of
various hremorlobins, alkaline phosphatase, isoenzymes of creatino -
phosphokinase and lactotedehydrogenase (LDH) on DEAE-Glycophase/CPG,
sudirka et al.82 nlso investigated t-e chromatography of LDH-isoenzymes

on DUAT-Glycophese/CPG. In study’’

s Chang et 81, describe the
chronatogrophy on all types of (ilycophcse/CPG ion exchengers of

commercial trypsin-inhibitor from soya beans on CM, comnerecial

A

T . P,
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chymotrypsinoren on & an? comiiercicl trypsin and cre:tinephospho-
kinnse isoenzymes on DA, as well cs & mivture of proteins on NAL

. . . R .
derivatives., Bissett n=ed chrom~toaraphy to sepasrate o cellulolytice
complex from Trichoderma resei on DHAH—Glycophase/CPG which he pre-

. 38 L , uh -
pared accor'ing to ~. Goo’'ing ei 1, separated on SvnChropak AX 300
. . . . . . 85

haemoslobin variant  of humPn bleood. Alpert and “egnier developed
porous nicroparticulete #nion exehionger nacking ¥, particularly SynChropak
AX and uced themn for theropid anion-exchonge chronatography of humen
serun, LDli-isoenzymes fro rat kidneys i¢nd hexol'inase from rat livers
as well 2s the chrom torrophy of nucleotides,

4.5, 'ydrophohic _rcverced nhnge chronctosraphy

A "pure" hydrophobic interaction chroiwtography on non-substituted
Snheron is described hy Sirop et al.go « .t a hirher ionic =trencth, a
nurther of proteins "heeores srlted” on to the Spheron matrix end is
freed at lower ionic strencth, The elution is mrde eazsier by the
addition of < lcohols (e.~. tert.-hutanol) which reduce the polarity
of the mobile phase. Authors investicated these processes for the
senaration of human rerun»lbunin, chymotrypsinoren and lysozyme, human
serous proteins, rav pia nrnereatic o —amylnse and for peptides from
a tvyptic hy’relysate of lyvcozyrme. Uubsecuently, Strop an” Cechova86
used these methods for the separation of difficultly separable &, V4,
and Y -trynsins. The hy'rophobic interaction property of Sphcron
i+ eoreatly suvpnressed by innogenic suhstitutionBQ. O'llare and Nice87,
usine hy.'rophobic interaction methods in a {[PLC arrangement, separsted
2 nurther of pvsiolo~ically active peptides an’' 2lso certein nroteins
(inculin, evtochrome ¢, lyrozyme, myo~lobin) on silica gel vith alkyl-
silnne-bonded phuses (. vpersil 0DS, I'artisil ODS, Spherisorb ODS,
ucleosil 5-Cyq, liClrosorb NP-18 (and NF-8), Zorhax-Cg). By sigilar

3

methods, wice et =1, icolated proteins from endocrinic and nare -

endocrinic tissues and cells,

* Yurine cditing, we received a reprint of & study by Vanecek and
llernier (113) dealing ~ith a2 similar subject

M
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HI'LC on reverse phase packings is often ured for the rapid
ceparation of peptides ant it is only now being introduced for the
separation of proteins, The problems rre associated with the fact
that oreinic solvents used for it tend to denature the proteins
(enzymes). The desirnation "revcersed phase chrom: tography" (1C)
is essentially the result of the original idea from the early years
of the development of separation chrom:tography, when the polar
agqueous nhnse was cormonly considered to be fixed and the non-polar
organic phase to bc mobile. Now, on hydrophilic macroporous supports
(mostly norous silica gel), hy’'rocarbon chains are covalcntly-bonded.
From polar aqueous solutions, by hydrophobic interactions, molccules
of biopolymers are bonded reversibly by their hydrophobic portions on
to these., By the i»ddition of org: nic non-polar solvents (e.g.acetonitrile),
they are gradvally liber: ted into the riobile phase. Research aims
primarily at finding an eflective compnsition of the mobile phases
for a selective desorption wvhic would, a2t the samegime, prevent

55

dennturetion of biopolymers., Thus :lonch an? Dehnen investigated the
chromatography of 8 proteins (from insulin to ferritin) on Nucleosil
10 C-18 in an acid phosphste buffer, using & mixture of isopropanol
and 2-methoxyethanol as a regulator of polarity; they found that, up
to high M. of 450000, the WPC i< effective and highly reproducible,

9 separated by rapid RPC human elobule chains on Dondapak

Concote ct al.8
Cigs ith the use of ncctonitrile and trifluoroacetic acid., idinner and
Lorenz90 separated vorious insulins on LiChrosorb IIP-8 by isocratic
clution (acetonitrile-0.7 M ammonium sulphate). DPetrides et a1,91
separated matetion variants of hoemoglobin chains on octadecasilyl
stoble phrses, with the use of propanol and pyricine [ormate, lewis
et 31.56, “uring the development of new supports for RPC (see Chapter

3), separated by chromatography tyrosinase (li, = 128000), o, wchiins

of collagen (M, = 95000) and also other subunits of collagen, bovine

serumalbumin (ii = 63000) and cytoehrome c¢ (i, =12500) .
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One of the now-developinag branches of NPC is ion-pair reversed
phase HIPLC, 1In fact, the elution of hy'rophobic “issolved substances
from the bed of the reversed phrse depends not only on the reduction
of the polarity of the mobile phase, which is the usual working method
for RPC; it can also be attrined by increasing the polarity of the
dissolved subsztance which is hydrophobically-bonded on the support.
This can be achieved by ion-pairing, with the use of a counter-ion or
haeteron in the mohile phase, i'or instince, the dissolved substance
forms an ion complex with the haeteron which is easily soluble in water.
During chromatography, this complex hehaves as a single substance :
the heaeteron "entrains" the dissolved substance vwith it into the mobile
vhase. Conversely, with hydrophobic ion-pairing acents, the dissolved
substance can be more stronzly bound to the bed. DBy a suitable choice

of such complexes an? by using vorious haeterons according to the nature

of the dissolved substance, their retention or elution can be largely

influenced. tor thet »nurpose, one con use a number of complex-—forming
substances ans wettinr arents including inorerenic ions. ‘These methods
are developed for the contemporary repid chron:tography of peptides

and are now also being investigated for the separation of proteins. A

aroup of New Zealamd re:earchers has been lnrreely responsible for their
15,92

successful development, see review by !learn and tiancock
siesides a number of peptides, various insulins and their chains, proinsulin,
bromocysnated frooments of haemoclobins and enzymatic hydrolysates of

proteins were sepernted. lPackings hknown from 1 C were found suitable,

such as :ondapack Cy5 or Cjg-iep-Pak, EiviergJ

showed that triethyl-
armmonium. phosphate is 8 very suitcble agent for the elution of peptides

and lover nrotcins (insulin, cytochrome ¢} by ion-pairs.

5. instrumentation for the I'LC (i.)I.C) of proteins and nost-column
enzyme detection

Althouch exncerience i+ nveilahle lor the technicrl reclisation

for the IIPIC of lover molecular substancech ani even though there are
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on the market the first c¢(fective commecrcial analysers of proteins
(e.g. Yaters l'rotcin “erarntion System YHS)71, an entirely satisfactory
universal instrumentotion Tor the LI'LC of protcins is still outstanding.
Table II{which does not claim to he complcte), arranged in the order of

references, informs the reader of the commercial devices used in the

studies quoted., In o numher of cases, the authors themselves sssemhled
or molified the chromitographic device from accessible components, As
long as the reseercher is satisfied with medium-pressure chromatography
(i1°PLC), components .or this ean be used from the analyser of emino acids
or sugars an’ through-flow recor’ing speetronhotomcters, e.g.33’50’86.
The instrumentstion of the hylrophobic reverse phase chrometography of
proteins docs not nresent fundemental problems since, in most cases ,
non~corrosive linuids rre used., PIroblems arise when full automation
of ion-exchange chrom:toaraphy is atiempted: incluling regeneration,
cycling an® the equilibr:tion of ion exchingers in the column. For
instance, Spheron ion exchangers are very stable an? permit cycling on

2M NaOH and 2M HC1 frits ', The non-rusting purmps use , and also

the columns for IIPJC in orzenic solvents, regretfully liberated traces
of ions of heavy metals even into a 0,IM ammonium formate buffer of
pll 3.5 . fThis is a drawback during the chromatographing of certain
enzymes, The need to rcmove, at least occasionally, the packing from
the column for extended cycling an: equilibration on the frit, reduces
the grin from the significant reduction in time for the chronatofraphy
it=elf, made possiblc by the development of the new ion exchzngers.
Therefore, a universally usable protein-anclyser is still waiting for
its development,

A significant problem facine food enalysis is the specific detection
of enzymes after 1U'].C of analyred snccimens. It can be solved by the

. 79-82,

rovtine analysis of rcmoved frictions (e.-~.

97

sy Or possibly by using
98

or sorme other suitable ar-anacment’ . A

,

the Technicon~-Antocnalyser

sirnificent chapter in this complex of problems was opened up by Ching
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et al.38

by their post—column enzyme detector. This makes possible

the through-flow specific detection of a sinele type of enzyme in which
the e.fluent from the fractionation rolumn is mixed with a suitable
substrate, the mixture is nassed through a heat-treated reaction

column (packed with non-norous microspheres, and the product is detected
by LV-detection at » wavelength st which the absorption by nroteins is
not observed (an exammle is eiven in Fir, 3, or a fluorescence-detection
is carried out. .'rom that time, post-column enzymc detectors underwent
intensive development and found use especially in clinical diagnostics

99,101,107

for the specific dctection of isoenzymes The system with the

reactive nacked column"’3 wves [urther decveloped in the studies of Schlabach

99,101,102 100 104

et al, , viiilst Schroeder et al. , 'nlton et al. and

105

Sehwabach ct al, developed the principle of the through~flow of
effluent vith the cubstrate throurh s heat-trested reaction capillary.
The effect o' the backrround was solved by deducting the absorbency of

)
103’10’. For the realisation

the non-reacted mixture from the reccted
of certain detection reactions, it i: necessery to pump-in certain
further (frequently expcnsive ) enzymes, together with the substrate,
esnecially in the cuse of rmulti-stoge reactions (see biochemical
principles in Table ITI). This is a disadvantage. Therefore, detectors
were developed with immobilised auxiliary enzymeleI. The s»ecifie
"on~line" enzyme detection primarily dcveloped for clinical diagnostics
ha3106’107 hovever a very promising future for the further development

of [ood chemistry.

0. Possibility of apnlying the 1I'1LC (;11C) of enzymnes and other proteins
in foor chemistry and wienuflacture

Post-column enzymne detectors ore chle "to see" in complex mixtures
of nrotecins (e.r, serum) only the desired type of enzyme. This is very
important vrine the anelysis of isoenzymes for medicel Wiagnostic%06’107,

since changes in mutual proportions of isoenzymes (which can be rapidly

separated iTron cacl other by the H"LC irres cctive of the presence of
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other proteins) in icote a disensed state., A relatively perfect and
rapid sepnration of ivoenzymes wns developed for lactatedchydronenase

35,19,100-102, 104,105 38,99,101,102

, creatinephosphokin~se » alkaline

phosphatase anq hexokinaaelnl and arylsulphatlse106. Other isoenzymes,
e.g. human smylases, were separated as vell as by electrophoretic methods,
by affinative chroni tography alsolos. ifowever, principles were proposed
for "on-line"” detection for ilPLC and other important enzymes, e.g.
certain proteases and also proteins containing SH groupsgg. All these
findings developed for nurnoses of clinicel iochemistry are valuable
for food chemi-try, since not only isoenzymes, but verious multiple
forms of enzyme? of other types ~fre encountered in food products and
cormercizl enzymes, I'or instance Aoshiua109 demonstrated by the HPLC
method the rultiple lorms of livoxy<cnase-~l of soya beans and, in our
laboratories, “"uring the stu'y of cormercisl preparations, ve found
rmiltiple forms of cortain pectolyticao and cellulolyticllo eniyme.
(fiogs. & &n1 5 ) ,

The possibility of the rapid specific detection of maltiple forms
of enzymes i of gre~t importance for the control of the quality of

rn-nufacturing processes ean for stornge, It is well-known thet, on

the initinl limited nrotcolysis, many enzymes do not lose their activity

but change their elcctrophoretic or chrom-togrrphic mobility. And so
a2 careful control of the products with respect to the mutuel relation

of rmultiple forms of enzymes opcns the way to the "biochemierl diagnostics"

|
]
%

of latce areas of food tecchnology. It mekes it possible to observe

rapidly, specificelly and sensitively mutual transitions between various

forms of enzymes as ¢ fuiuction of the method of processing and storage
and thus to indicate eventuelly crriein undesired processes, as happens
in clinicrl ciammostics (patholowical chenges). Similarly, differences

in quolity during fermentntion in the monufacture of commerciel enzymes,

they cen be very rapidly noticed hy an "on-line" detector.
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liovever, the HFI.C of proteins on it: own, without the post-column
enzyne d- tection, has great significience for food control and manufocture.
rirst of all, it permits the ropid analytical ‘ifferentiation of the
quality of viarious proteins., Just as the chronatographic profiles
for serous proteins cau differ in patients with virious illnesses, so
conclurions can be drawn ior various food products and processes
involvinea proteins, It becomes possible c,c. to differentiate between
raw moteriels, intermediate products and products accor.iing to origin,
to estimate their ace an’ to detect various contominations, etc., The
great advantage is the speed of 211 these analyses which is one to two

orders higher than the conventional LC which tokes several hours and

even days. This sneed permits the continuons observation of the most
varied fermentation processes Aduring the manufacture of foodstuffs and
their immediate reculation on the besis of rapidly obtained data,
This was not possible before, since only finished products were analysed.
An examnle of the rapid observation of the kinetics of laboratory
fermentation of deoxyribonuclcic acid by deoxyribonuclease is given
in study38. Similarly, the manufacturc of commercial cnzymes and other
bioproducts during the cultivation of microhes in large fermentors can
now be controlled with the aid of UPIC vhen, "once and for all", they
are identified in advernce and individual peaks are celibrated,

The apnlication of /IPLC is also tested on a preparative scalelll.
In certain cases, it is nlready in technical use durine the manufacture J
of polypeptide and protein prepirations for medical purposes. The
future application of !II'.C of biopolymers in the biochcmiecal and

fermentation indurtries was discussed at the Conference in Bratislava112.

The nim of thius nrticle is to draw the attention of readers to
these repi‘'ly developinn disciplines and to offer an introductory

essentinl brse for furiher study and rlso for indeprndent investigations.

Insrtitute of Oreenic Chemistry and Biochemistry of the Czechoslovak
Academy of Scicnces
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Theses of ths lesture were presented at the Ist European Congress of Food Chemistry EURO
FOOD CHEM 1 Vienna, kebe 17 1981; of. Ernfhrung'Nutritioa 5 (1981) $9—98. The
review presents fundamental data and a susvey of references 10 1he lecture on chromatographic
column hods foc rapid ion of enty and other proteins. These methods were nthd
out in other ticlds yet they offer many sy lications in food istry. The d
deats with the rapid orientation of the de\clomnl of HPLC toward biochemitry and outlines
the prodlems of the LC of biopolymers. Next follows a survey of collumn packings for the HPLC
of proteins and of rapid scparations of enzymes and other proteins by gel-permeation (or size/
/steric “exclusion), 1on-cxchange, hydrophobic, reversed-phase, and ion-pair reversed phase
chromatography; thor principies are briefly described. The present state of instrumentation of
the HPLC (MPLC) of protens is given and the principles of specific post-column enzyme detectors
are expl. d. The review 1s luded by a d of the p lities of the appli of the
HPLC (MPLCY of enzymes and other proteins in food chemistry.
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Chromateg, Inc.

Waters Associates, Mitford, Mass., LSA
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(Perce Chem Co. Rockford, 1. USA)
Flectronucleonics, Inc , Farfield. N, J |
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Commercial packings for the HPLC (MPLC) of enzymes and other

nroteins (con be used as such or after modification)
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Chicinatagead pro stiedai thakhs.
sestaveny 7 proporciondbnihao

progs nnoveha mikeoderpadl.: 6% 005,
holon (0% 28 cm) a pahradnich
soudasu b anunekyeltnovému

\ yeobee idodavatels

Vyvogore diloy CSAN
Laboratorn{ ptistrepe n p,
Ceskoslovensko

analy zitory, tandemového systému dvou

pratokovich UV-analyzdiord (Ayys.
Azay) o imade frakei spojeného se
dvéma hinearnimi zapisovadi

Liquid Cheomatograph LC 2200

Gradicnt marker deviwe (modifikovany)

Precision Sampling Model 420 inlet
Isco Mudel 384 Pumping system

Micromeritics Model 7000 Liguid
chromatograph; 254-nm detector;
Model 708 column packer
Perkin-Eimer LC-55 detector, nebo
Model NFC 234 UV detector
Disc. model sample injection vaive

Waters Associates Mode! 202 Liquid
Chromatograph
Constametric { a I G system

Rhydone 7120 sample Injecotr
Perkin-Elmer LC-55 variable-wave
length detector

Aminco Fluoro-Monitor

Micromeritics Column Packer,
Model 708

Knauer 2050 RI detector
Spektrilni UV analyzdtor

(typ UVM-4); proporciondini
mikroderpadlo-68 008; pratokova
fotocela (typ DUV, 254 nm)
Waters Associates liquid
chromategraph; M 6000 solvent
delivery system; Model 660 solvent
programer

USK Septumiess universal injectos
system

Rheovdvne injeclor

USGi 10-4000psi) pressure gauge

Chrontrol unit
Milion Roy Simplex Minipumps

Liquid cheomatugraph 11L.C-802 UR
nebo Model HLC-803

Modcl UA-$ absorbance monitor
Model 6000A pumps, Model 660
solvent programer, USK injcctor
Chromatograph Du Pont Modet 830
instrument

7000psi Injector valve

Protein Separation System (PSS)
Waters Model 204

Liquid Chromatograph

Hitachi 635 high-pressure liquid
chromatograph, Hitachi 034 double
beam effluent monitor (pritokovd
kyveta s 1 cm svitelnou stopou)
Varian Model 5020 gradient HPLC
system s Variachrom variable
wavelengrh absorbance detector
Mode! 820 liquid chromatograph

16-Port valve (No ASCN-16-HPa-C20)

Reciprocing piston pump, Model
No 721-33 Solvent Delivery System,
16— 320 mi

Model 204 390 six-port sample-locp
valve

Autoanalyree 11 single channel
colorimeter

Varian Variscan, Model 633, UV-VIS
spectrophatometer

Chromateg, Inc.

Chromatec, Inc.

Precision Sampling, Baton Rouge. La.,
USA

Instrument speciatities, Lincoln, Neb.,
USA

Micromeritics, Norcross, Ga . USA

Perkin-Eimer, Norwalk, Coan., USA

Disc. Instrument Inc., Costa Mesa,
Calif., USA

Waters Associates, Milford, Mass., USA

Laboratory Data Coatrol,
Riviera Beach, Fla., USA
Anspec Co, Aan-Arbor, Mich., USA
Perkin-Eimer, Norwalk, Conn., USA

Amecican Instrument Co, Silver, Md.,
USA
Micromeritics, Norcross, Ga., USA

Kpauer, GFR
Vyvojovt dilny CSAV

Waters Aasociates, Milford, Mass., USA
nebo
Konigstein, GFR.

Waters Assotiates, Milford, Mass., USA

Rhecdyne, Berkeley, Calif., USA
Navtec Industries, Hickswille, N. Y.,
USA

Lindburg Enterpnises, San Diego. Calif.,
USA

Laboratory Data Control,

Riviera Beach, Fla., USA

Toyo Soda Manufact. Co., Ld., Tonda,
Shinnanyo City, Yamaguchi Prefect.,
Japan

lsco, Lincoln, Neb., USA

Waters Associatcs, Milford, Mass., USA

Du Pont de Nemours, Bad Naubsim,
GFR

Yalveo Instrument Co., Houston, Texas,
USA

Waters Associates, Milford, Mass., USA
Waters Associates, Milford, Mass., USA

Hitachi Perkin-Elmer, Hitachi Lud.,
Tokyo, Japan

Varian, Palo Alto, Calif., USA

Du Poat de Nemours et Co., Inc.,
Tostrument Product Division,
Wilmington, Del. 19 898, USA
Valvco Instrument Co., Houston, Tex.
77024, USA

Laboratory Deta Control, Divisica of
Milton Roy Co., Riviera Beach, Fla.,
33 404 USA

Du Pont d¢ Nemours et Co,, Inc.,
Instrument Product Division,
Wilmington, Del. 19 898 USA
Technicon Instraments Corp.,
Tarrytown, N. Y. 10 391, USA
Varisn, Palo Alto, Calif., USA

Reference
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26
26
b2
37,38

18, 83

38, 39

39

55,68
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36
56

36
36, 70

57,58
3-8

67
67,90

69,87, 88
70
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n

74, %0
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Oznacom Vaieber Glndavaied) Refereoce
Madel K37 sanable savelength Du Pont. Hitchin, Gt Rinan 47, 88
aeiephotomete
SchoetTel Model 970 uonimeter ¥?
838 Programadle Gradient Module Spoctia Physics, Santa Clara, Calif., USA  B%
. a Microprocessor Controled Spectra
Phyvsics ST 800
Rheodyae sampling valve Riveodyne. Berhcley, Calif., USA w
Mode! 110 A pumps & Microprocessor  Altex, Berbeley, Calif., USA N

gradiest control unit

Instrumentation for the IIPLC (!T'LC) of proteins

Identical with those in Table I

a) Curomatograph for medium pressures, assembled from
rroportional proerarmed micropump 68 005,
column (0.8 x 25 cm ) and spare components for the
aminoacid analyser, tandem system of two through-
flow analysers (Aggs , Aggy) and fraction collector

coupled with two linear recorders
b) modifikoviny = modified
c) nebo = or

d) Spectral UV enalyser (type LVil=4); proportional
micropump 08 005; through-{low photocell
\type DUV, 254 nm)

e} Throuch-flow cell with 1 cm licht track
f) and
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III.

Hyvdrulasy
ALKALICKA FOSFATASA

H0 © ON . H, OPONa,

PROTEASA tTRYPSIN)

;N RHHC
N o

HN.-CgH,

0 (H, NO,

HO CH, NO;

(440!
Oxidoreduktasy
LAKTAT -- DEHYDROGENASA
CHyCHIOHICOOH « NAD®

Transferasy
HEXOKINASA
o-Glukosa & ATP

Glukosa-6-fosfat + NAD®

KREATIN FOSFOKINASA
Kreannfosfdt + ADP

ATP - p-Giuhosa

Glukosa-6-fosfat + NAD®

nebo NAD(P)*

NADH { H*
nebo NAD(PIH
tFaan

-2)-

ar

. WK
G-6-PLIM
- S .

umobibizes andd

CK

HK

Sam -~

tmobilisesand)
G-6-POY

timobihzovand)

GUNCH, OH - HOPO NG

Agna!

HY  NH KO
(8]

HN- CM, -
R

CH,;.CO.COOH NADH - H°

Fye0r Egs)

Glukosa-6-fosfat - ADP

Glukonit-6-foafdst - NADH + H*

(Ega)

Kicatn ATP

ADP Gluhusa-6-Tosfat

Glukonvlakton-b-loslat -

iiiochemical principles of post-column cnzyme deteectors

o e AR, WS

99,101

In spite of (itfcrent spelling, entries appear
to be easily understood, except for the following:

alkalicka = alkaline

imobilisovana = immobilised

nebo =

or
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- Man
}.
CHy CH,
t .
CHy C-CO O CHy (Hy O 10 € CH,
("M: (H.
~0 CH—CH; O CO ¢ UH, (K, C CO O (CHp, OH
CH, it
CH, ¢ CO O-(CHp, OH CHy € €O O (CHy, OH
s ¢ i
CH, CH,
|
CHy €-€0-O-CH, (i O €O C CHy

! |
CHy CH,

rmm‘:-(‘o O (CHy), OH C(H, C CO- O (CHy)y OH

CH, .,

(H, €—CO-0 (CHy1, OH (W) € €O O «(Hy,- OF
(f‘"x CH,;

CH, LI CO O (CHy),-OH  CH; C €O O iCHy),y- OH
én, CH,

CH, ccoo CHo, OH  (H,- L‘-_ CO- O--(CHy),- OH
CHy CH,

. |
CH, ¢ -CO—0--CH,- CHy O €O C CH,

(R, CH,
0 CH, CH, O-CO € CH, CH, C €O O «CHy,OH

1. microstructure an?' mecrostructure of Spheron spheresBO'31

.) Glycolmethacrylate macroreticular very densely crosslinked
(and therefore mechanicrlly strong) gel is separasted using
a srecial suspension by copolymerisation initially in the
form of submicroscopic drops, so-celled microspheres. These
acelomernte already during the polymcrisation into larger
spheres (macrospheres) of about 10 - 100 micron dia. The
developed macropores (the most frequent dia is 250 or 370 A)
form an extensive inner surfrce {about 100 m2/g) with
numerous hydroxy «roups suitcble for ionogenie substitution
or affinant bon/'ing. 7The extremely chemically-stable repeating
structural unit reminiscent of esters of pivalic acid,
{Cll3)3C.C0O0.Et, ensures the chemicol resistance of the matrix

e) Macrosphere; bh) Macropore; c¢) lHicropore; d) kicrosphere

i) On the eclectronic microphotograph of the section through a
Spheron sphere, agglomerrtes of microspheres and the cavities
betveen these,vhich form the macropores, are observable

L Sk e
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2, vhromatosraphy of an old partly-deactivated comiercinl preparation
of 2 microbial «-anylase {e.”. suhbtilis, on a Phospho->pheron
300 column, using a aqueous-alcoholic solution for the clution of
hy' :ophobicrlly-honded contenincnt with strong absorbency.
uffluents: A — 0,05M NigOll + IHCOOH, mi 4.0;

- 0,251 Nig0il + Cli5u00H, pli 0,03

- 050 N0+ CHsCCOH, mi Gof

- C + t=iulii, 2:17(v/v;; E - ioG+t=BuOH, 1:1 (v/vj;

~ linO; G ~ M HaCl

{he peak in- the reridue of the oriqinal active enzyme
is mricd by a broken line

a; u#ll cradients are linear; ) Detector record;

¢} Contvetivity

o a

3 oinitel laborstory thermometer

g, Input; b) Cutput




A)

B)

4.

=
Je Fost—colmmn enzym« detection, Accor'in~ to Lhing et al.

x'mnle of the HPLC of a comicrcial e¢alf intestinal phosphatase
on a 50 x 0, . em column from ':Al-tilyconhase/CVG in Tris-
buffer, nll 8 with ersdient of MNaCl :ith the usual UV detection
at 280 nm

Analorous ¢’ onatoaraphy with sncecific post—column enzyme
detretion of alk:line pheospi'atise vwith punping-in a substrate
of p-nitropl:nylnhosphate to the efflucnt and oV detection
at %410 »n »i.er passine throuch the recction column; there
was no obrerveble widening »f the peak. p-iitrophenol formed
is detected

aj Iﬁmction recorder; bhi of solvent; ¢) Time

wlis . Ay

Jazrmy Setektutli

b d

*

z
- [
i
Z02r0my  Setghions Ay, A
- € [ A—

w2 30 0 so
el troece

Fxamples of the sepsrction of comiiercial {(technical; pectolytic
enzyries on 20 x 0,8 em Spheron ion exchrnger columns, with
the use of ~srrdicnts of ionic strength., According to”

A) Pectinex ultra on Spheron DHAT=1000 in Tris-lIC1 buffer
of plt 7, V. nectinlyase, !! endo-D-rnlecturonansase,
S pectincsterase

1) "ohment ™ on Sphcron~1000 in so’ium "ormate of pli 3.5

a) Vinear rrndicnt; b) No., of fraction;
¢) Netcctor records




Chronatography of @ cormerciol ccllulolytic enzyme system
(after the cultivi tion of Trichecerma viride ) on o 20 x 0.8 ecm
colurnn from DilA=Spheron 5 .0, 20 - 4ﬁ)un. Accor ing to 1

Citroete buffer of pll 5, erzdicnts of ionic sirength. .'roctions
of 2,4 ml taken :t inteorvals of 02 sec. The so-called " ilter-
paper " ecctivity is mrrked by hiroken lines

aj Detector record; V) Con'uvctivity; c¢) Activity; d) i‘raction
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