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ARSTRACT

Thealky] agaroses were synthesiced by the tresyl chloride method. Aclivation of beaded agarose
{Sepharose 4B) with trasyl chleride is a nos linear function of the Tresyl ehlorice conceniration in the
activation mixture. The coupling of alkanethiols to tresyl chloride-activated Sephaross was successful in an
alkaline mediupy containing 0.0 AF sodiym hydroxide. For the synthesss of thivalkyl agaroses (alky!-S-
Sepharnse) with difftrent surface concentrations of immohilized resicdnes the activation time ard not the
tresyl chiorde comcentration show.d primarily be varied At high tresyl chloride concentrations and long,
dctivation limes the agarose mainx s desiroyed. 1L was found that oplimen concenlrations of tresyl
chloride 1o hetween 0.035 and D13 A4 it activation fimes af A min are nal exceeded. Alkyl-S-Sepharoses
differ significantly in their prowcin adsorpijon propertics from alkyl-N-Sepharoses prepared by the cyann-
ren bromide or carbonyl diinidazole (CD methods. Linkage of the alkvl residue via a thicether bridge
grthances the adsorpiion al proleing by af cust an order of macmiode. The results indweale a much sironger
influenca of the hase (sulphar atom) af an immaobilized alkyl residue in comparison with ils tip (methyl
group) than has hitherio hezn realized. The higher affimily of binding may be duc Lo an interaclion of the
a-elzctrons of the selphur atom with m-electrons in en arcmalic amino acid of tie protein ineddition w the
uxpeetod hydraphobie inleraction helwoen atky! residue and pratein.

INTRODUCTION

Alkyl agarose derivatives bave been employed for the chromatographic
separation of macromolecules (For reviews, sce refs. 1 and 2) and for quantitative
protein adsorption studies {for a review, see tef. 3). For the analysis of protein
adsorplion the interpretation of results is greally facilitated if the residues are directly
coupled to the inert hydrophilic agarose matrix as the interference ol spacers with
protein binding can never be fully ruled out. As cross-linked agarosc gels posc a similar
problem as spacer-containing gels only non-cross-linked agarose (Sepharcse 4B) was
cmployed.

As an alternative to the cyanogen bromide method of activation of agaroses
{which may also inlroduce some charges [4,3]), the p-woluenesulphonyl chloride (wosyl
chloride) method of activation [6,7] was introduccd. Owing to the relatively law
reactivity of tosyl chloride Mosbhach and Nilsson [8] later introduced 2,2, 2-irifluaro-
ethanesulphonyl chlorde (tresyl chloride) as a more patent activalor of agarose [or
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subsequent coupling reactions. Tresvlates of aparose {iresy! aparosc) can reagct with
primary amino groups or with thiol groups [8]. In the latter instance uncharged
agarosc derivatives are oblained. Except for preliminary reports [9 -11], nomethod fov
the preparztion of thioalkyl agaroses {(alkvl-S-Sepharosey by the tresyl chlonde
method has been reported. probahly owing to the difficulty of bringing alkanethiols
into optimum solution for coupling (o Lresyl agurose. Since our initial report [9],
thiogther-bonded atky! derivatives ol agarose have been reported by Porath’s group
[12}. Tnn their work thioalkyl derivatives (Ce—C4) were coupled Lo Sepharose 68 by the
bis-epoxide method via a spacer backbone consisting of ten carbon and three oxygen
aloms.

In this paper we report the coupling of homuologous thicalkyl residues (C,--Cy)
withiout a spacer directly 1o the agarose malns leading to alkyl-5-Sepharoses which
can be employed for protein adsorption experiments and hvdrophohic chromato-
gruphy. These alkyl-$ vguroses have proloundly different protein-binding propertics
than the cerresponding alkyl-N-agaroscs produced by cither the cyanogen bromide
[13] or the carbonyl diimidazole [14] methods.

EXPFPERIMENTAL

Preparaiion of calmodidin

Bovine testis calmadulin was isolated according to ref. 15 in conjunction with
affinity chromatography [18]. The biologcal uctivity of purilied calmodulin was tested
with phosphorylase kinasc [17] v the AutoAnalyzer test [18]. The calmodulin
concentration necessary or half-maximum activiation of phosphorylase kinase was
30 50 nM.

Preparation of ofk y-8-Sepharose
Svrthesis of u-f 1-14C flutanethiol The method is lased on the synthesis of thiols
via S-alkyl thiuronium salts from thiourca [19].

+
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[**Clbuty] thiuronivm salt |M*C jhutancthinl

In g 100-ml spherical Nusk, 15.5 2 (0.2 mol) of thiourea and 10.2 ml of 95%
cthanol were mixed with 25,5 g (0.18 mol} of butyl bromide wo which ca. 2.5 mCiof
#-[1-4CIbutyl bromide were added and beiled for 6 hin a reflux colwmn. Aller
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cooling. the butyl thiuroninm salt crvstallized. The liquid was remaved by suction and

the thiuronium salt was hydrolysed to butanethiol by the addition of 56 ml of

5 M sodium hydroxide solution under nitrogen and heating at 100°C for 2 h under
reflux. After covling, the solulion was neutralized with 2 A4 hvdrochloric acid. The
thiol phase wasisalated. dried with magnesium sulphate and [ractionaled ona Vigreau
calumn. Finally 6.3 ml (5.48 g) of pure butanethiol was obtained, corresponding Lo
a total yicld of co. 33%. The boiling point of the end product was 96 98°C.
Acrivation of ugarose malrix with tresyl chiovide, The method of activation of
agarose (Sepharose 4B; Pharmacia. Uppsala, Sweden) with tresyl chloride is
essentially derived from rel. 8 and cun be described by the following reaction:

-L".'!j__-O‘I + L'ZHOEC'.IIEF.T,‘ Ve -L"H?—L'U-SO}CFIQLF}
)

b
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Accordingly, 40 g “wet weight™ [4] of Sepharose 4B (Sepharose from which the
exteriar waler had been removed by suction [4]) were washad at very low vacuum on

a Biichner funnel with 20 volumes each of water, water—dioxane (3:1), waler dioxane -

(1:3) und Mnally water-free (drv) dioxane, which was then removed by suction (suclion
ot air through the gel was avoided), vielding a cake of water-free Sepharose. To 13 g ol
waler-free Sepharase. (.3 vol. of dioxanc and pyridine (2 ml/ml tresyl chloride) were
added. Tresyl chloride in an amaunt of 10 40 gl/g watcr-free gel was added in the first
nunute n 3 vol. of dicxane with stivring, The gel was activated for 120 min with the
temperature being hield conslant at 20°C (water-bath). Activation was stapped by
washing the gel on a Biichner funuel with 20 volumes cach of water-free (dry) dioxane,
walcr—dioxane (1:3), water dioxane (3:1) and finally watcr. The activation product,
tresyl-Sepharose, can be stored in water at 4°C for several days without loss of
reactivity [¥].

Cor the measurement of time curves, 40 g “wel weight™ of Sephaross 41 were
activaled by 0.052, 0.104, 0.156 and 0.208 M wesyl chlaride respectively. AL Lhe
indicated times samples o 1/4 10 1/8 volume of the incubation mixture with the
activated gel were taken from the mixture, washed (see above) and incubated for
1t with the alkaline alkanethiol solution as described below.

Cupling of alkanerhiol [ Cy—Cy) to tresyl-Sepharose. First experiments showed
that tresyl-Sepharose could not be derivatized with butanethiol according to the
general procedure described by Mosbach and Nilsson [8]. Towever, as will be shown
(scc Results). this problem was overcome by using another medium, The [ollowing
reaction scheme describes the coupling reaction:

“

-CHZO‘EQCECHECF3 + CHJCHECsz_HE-SH ﬁ‘ {H?fé--(.‘HzCIIECHECH) + HOSOQCH

-
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In a typical preparation, 10 g {wet weight) of tresyl-Sepharose were added ta
18 ml of a solution containing 0.43 M alkuncthiol in | M sodium hvdroxide solution in
a closed flask at room temperature, The lnal concenirations in the mixture alier
adding the Sepharase were 0.28 M alkanethicl and 0.64 M sodium hydroxide. The
preparalions can be scaled up by a factor of 25 without substantial changes in the
coupling yield.

For the synthesis of 2 homologous scries, eg., of three dilferent thicalkyl
agarases of identical degree ol substitulion, a 3-fold amount (wet weight) of Sepharose
4B was activaled with tresyl chloride as described above. After activation and washing
(see abave), three equal portions of the gel were added al room emperature 1o the
corresponding alkaline alkanethiol solution, one of which was butanethiol solution
containing 1he trucer a-[l-'*Clbuanethiol. As the depree of substilution with
bulancthiol corresponded quantitatively to the degree of activation with tresyl
chlaride (see Results), an identical degree ol substitution of the Lresyl-S8epharosein the
non-tracer-labelled alkancthiol solutions could he coneluded trom the #=|1-'*(C]-
butanethinl experimeni.

Alter coupling, the gel was washed on a Dichner funnal with ce. 20 volumes each
of water, acctonc—water (13, v/v), acetone—walter (3:1, v/v) and Inally pure acetene
until the thiol smell had disappeared. 'I'his acctone wash is cssential for the removal of
disulphides (as will be shown). By a subsequeni reversal of the just described washing
procedure, the gel was transterred back into an agueous medium,

As has been discussed [7.20], the S—C bond is very resistant to acidic and atkaloe
conditions so that stable gel dertvatives are obrained. In aur expericnes, butyl-5-
Sepharose gels can be stored in nendral agueous solutioms for up Lo 7 years withoul
4 significant loss of immobilized residues,

Micropraphs of washed Sepharase 4B and Sepharose 4B derivatives uspended
in water containing bovine scrum albumin, 1 mg/ml) were made with a Leitz
microscope and a magnification of 140-fold [we thank 1. F. Mehner! (TIniversity of
Bochum) lor laking the micrographs ol Sepharosc.

Synthesis of alkvi-n-Sepharoses

TIncharged alkvl-N-Sepharose was prepared according ta ihe carbonyl di-
unidazole (CD1) method ol Bethell e af. |14 MO Butviaminge and |"*Clethylamings
{New Fngland Nuclear) were emplayed as tracers. vielding identical substitution
results with the CDI method (sce also rels. 4 and 21 Tor resulls with Lhe cyanogen
bromide method).

Solurions and reagents

Dhioxane was distilled and subsequently stored in the presence of sodiun wire.
Highly pure commercial dioxane stored in the presence of sodium wire guve similar
results. Water was first deionized and then distilled belore usc. All other reagents wers
of analytical-reagent prace Tresyl chloride was olained from Fluka.

Aralvsin of teesyl- and buianethiol-Sepharase

Sulphur determinarion. Tresyl- and bulyl-Sephurose were dried under vacuum al
40°C far ca. 2 Javs (see below). About 20 mg of the dried gel were transterred to @ heat
stable vial and solid sodium wis melied and dripped into the gel. The vial was heated 10
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ared glow and then transferred into 5 ml of waler, where it burst. The aqueous solutian
of sodium salts was fillered and emploved for sulphur determination hy iodimerric
titration according to Kimball er «f. |22]. The analvses were done in triplicate.

Radiaactive tracer analyysiy. The degree of substitution was monitored by adding
n-[1-"*Clhutanethiol ta the coupling mixture in an amount of 0,05-0.25 uCi/ml |4].
The amount coupled was determined aller acid hydrolysis |4] of the a-[1-"*Clbutane-
thiol-labelled agarose (colourlcss hydrolysate) followed by liquid scintillation count-
ing [4]. The analyses wera done in triplicate.

Derermination of gel parameters (packed gel, dry gel, surfuce aree)

The velume ol packed gel was determined as previously deseribed [4], giving the
degree of substitution in pmoel/ml packed gel [4]. The drv weight af the agarose was
either determined as described previously [23] or after drying in vacuum for ca. 2 days
al 40°C (see ubove). The degree of substitution can then alse be cxpressed in gmol/p
dry weight, correcting for crrors duc to shrninking of the gel during activation or
coupling [24]. Allanalvses were done in triplicate. Tngeneral, | ml of packed Sepharose
leads to ca. 30 mg {29 32 mg) of agarose mass after drying [23]. Wilh substituled gels
the weight of the dry agurose waus normalieed /e, corrected ta net drey weight { = total
weight of dried alkyl gel minus the weight of incarporated thioalkyl residues) [24].
Finally, the degree of substitution can either be expressed as a molecular substitution
ratio in mol alkv! residue/mol anhydrodisaccharide [24] bascd on a4 molccular weight
of 306 for an anhydrodisaccharide unit, or as a surface concentration in nmol/m?
[25.26]. T'he values for the surface concentration in nmol;m? are based on a concentra-
tion of anhydrodisaccharide units of co. 100 gmol per 30 mg of dry agarese (see also
ref. 233 and a mcan surbace arca of ca. 1.3 nm? per anhydrodisaccharide unil (with the
assumption that this corresponds o the water-aceessible surface arga) in the final
quaternary structure of agarosc [27]. From these values a specific surface area of the
agarose strands of 2610 m?/g dry agarose can be calculated. Accordingly, for
alkvl-substituted agarose 1 pmolml packed gel corresponds Lo 12,8 nmolim? for
non-shrunken aparose [26].

Protein was determined according to Lowry er @/, [28] on an AutoAnalyzer.

Anafyitical iydrophobic affinity chramarography of calmodulin | 16§

The chromatographic analysis of alkyl agaroses with calmodulin was parformed
oncolumns (12 x 0.9cm [.D.) containing 2 m! of packed gel at room temperature, The
el was washed and squilibrated with buffer A (20 mM Tris—TICI, 1 mAf CaCl,.
pH 7.0). A sample of 1 mp of purified calmodulin was appled i a volume o 1 ml
(buffer A). 1nless stated otherwise, fractions of 1.5 m] were collected. The calumn was
then washed with @ mi ol bufler A and subscquently with 9 ml of buffer B (= buffer
A+ 0.3 M NaCl). Adsorbed calmoedulin was eluted with buller C (20 maf Tris-TICl,
0.3 M NaCl, 10 mM EGTA, pH 7.0). Flow was achieved by gravity. Ouly fresh,
unrcgencraled gel was used.

RESULTS

Svathesis of burvl S -Sepharoses
Coupling mixture. Table 1 demonstrales that cven at high tresyl chloride
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[ABLE |

DEPENDENCE OF THE COUPLING OF ['*CIBUTANETHIOL TO TRESYL-3EPHAROSE 4B ON
THE COUPLING MEDTUM

Sepharose was selvaled with cresyl chlonide (0.208 A7) Tor 24 hoat room cemperalure as deseribed and then
coupled s fellows. ) In the first coupling experiment. 10 g (wel weighty of tresy]-Sephurose were washed
with water—diosan—eevtene L1260 v/vivhand then added W 14.4 ml of selution A (4 ml of | |butare:hiol
plus 1004 il of aceteue). To the washed gel in solution A were audded 3.6 ] ol solution B (L2 ml ol G5 A
Nu»CO; plus 2.4 ml of dioxanc) and this mixture was incubated for [3 b at room temperazure. (b) In the
second 2xperiment, (0 g twet weight of tresyl-Sepiarose were added te L8 ml of selution € (1 A7 NatdH,
(142 M ["*Cbutazethiol) and incubated (o7 75 loal roem empermtuce, 1o both experiments siter 13 T the
coupled gel was washed with acetone and analysed for incerporation of ['“Clhutanethiel as deseribed

Caupling [*C [ Butanethiol  iJegree ol substitetion
medium inzoli1) (;imol butyl residues/ml packed go')
Curhongie—acetone—dinxane 1.3 2

64 M NaOH 028 6

concentrations (0208 A7) in the incubation mixture, coby very little (2 gmolyml packed
pcl) butanethiol can be coupled to wesvl-Sepharose in a carbonate- acetone dioxane
medium, a solution which is capahble of selubilizing high concentrations (1.3 M) of
butanethiol. In contrast, solubilizing bulangthiol lor couphng in pure .64 M sodium
hydraxide ( = alkaline alkancthiol} leads ta a nearly 30-fold increase in the degree of
suhstitution ['lable 1).

Wasinng procedure. The “coupling values™ obtained can, however, sull be
misleading as they depend sirongly on the washing procedure. as 13 shown in Table 11
Fuillure to wash with an orsanic solvant {c.p., acetone) leads to highly erroncous
degrees of substiturion, This is most easily demonstrated by incubaling non-uctivated,

TABLE I

INFLUENCE OF THE WASHING PROCEDURE ON TIC RETEMTION O [*C]JBUTANETHIOL.
ON NON-ACTIVATED SEPHAROSE 4B AND OM 'HE DEGREL O} SUNSTITUTION OF
TRESYL-SEFHAROQSE WITIH [*CIBUTANETHIOL

S u {wet weight) of non-activated Sepharase 2B was added fa 1 B v of | M NaQH 043 W P*C huwakciliol
{20107 M H0y) and incubated at room temperature far 7 b Tresyl-Sepharase tactivated with 00156 37
Lresy] ehloride tor | 1) was coupled by the same method thut without 1,000 fer 20 hal room temperature.
After coupling the ge's were washed either with 20voi of 1M NaOT o 20 vel, ol waler, water acetonc 1301,
water acetone [ L:31and acetone {fallowed by o wagh in the reverse order 1o return b he aquecus meciom).

Cicl Dearee of substitution
(ool byl resicues/—l packed pcl)
Wash with Waush with
I A NuOH or KOII acelone

Sepharase 4R fmon-activated:
Incubation with ["*Clbutancthiol + NaOH [ w7
Icubation with "4 butanethiol — NaOll + 11,0, ad (64

Tresyl-Seplurase: coupting with [ butanethusl + NaOTE 37 222
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control Scpharose 4B in alkaline [ *Clbutancthiol fallowed by a wash with 1 Af sodium
hydroxide or potassiumn hydroxide ( I'able 11). Apparently 10 pmol butyl residues/ml
packed gel are coupled. In a second experiment, non-activated Sepharase was
incubated in alkaline [**C]butanethiol together with hydrogen peroxide as oxidant of
the thiol. The apparent degree of substitution of the gel with butanethiol increases 1o
over 60 pmol/ml packed gel. The non-covalent nature of thiol retention on the gel i3
easilv demonstrated by washing it with acetone, which reduces the amount retained
{probably insoluble disulphide) by a factor of 100. Acctone-stable radicactivity was
therefore taken as evidence for covalent coupling of the thiol to the tresyl-activated
Sepharcse. In the present case with tresyl-Sepharase (Table IT) a true coupling yield of
e, 22 umol butyl residues/ml packed ge! is abtained.

Yime dependence of coupling. Fig. 1 shows (he ume dependence of the coupling of
n-[1-11C]butanethiol to tresyl-Sepharose (activated with 0.208 Af tresyv] chlaride) for
153 h. Maximum coupling is achieved after 1 h. As the amount of butanethiol is in ca.
10-Fold exgess over the amount of immobilized tresyl leaving groups on the activated
eel, a quantitative substitution of these groups and not a linitation of availuble
butanethicl seems likely to be the reason for termination of the reaction. As
a consequence of these resulls, all Murther coupling mixtures (Tables IT V, Figs. 2 5)
were incubated for 60 min at room temperature anly.

aDp+4

ao-(._.——k .

aoH

Il

p mol /g dry gel

20+

BUTYL--8 SEFPHAROSE

4 a 2 19
COUPLING TIME, hours

Tig. L Nime dependence ol e coupling of [**Clbuianciniol to iresyl-Sepharose at reom temperature. 40 g

(wet weight) of tresyl-Sepharose (activaled by .208 M tresyl chlorde) was added (0 72 wl of 1 M

NaOl1-0.43 M [“*Cloutanethiol. At the indicated limes co. one fifih of the coupling mixture was taken as

a sample and the reaction was stupped by washing with sectonz on a Biichner funnel as described. The
depree of substitution was determined by measuring the '*C incorporation (0028 uCiml) as deseribed.

Dependence of activation on tresvi chiovide convcentration. Table I1T shows the
non-linear dependence of the degree of substitution with tresyl and butyl residues on
the initial concentration of tresyl chleride in the activation mixture. The immobiliced
tresyl chleride and butanethiol were determines in parallel by a determination of
sulphur in the activated gel belore und afler coupling (Table 111, series 1) and hy
radroactivity measurements of the coupled gel {Table 111, series I and I1). The amount
of tresyl chloride covalently incorporated into the gel from the incubation mixture was
between 3 und 8% . Therefore, the initial concentrations of tresyl chloride emly change
insignificantly as a result of the activation procedure itself. Table [1I demonsiraics that
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TABLL 111

DEPENDENCE OF THE DEGREE OF SUBSTITUTION OF SEFHAROSE 4B (0N 1THE TRESY I
CHLORIDE CONCENTRATION IN THE INCUBATION MIXTURE

Sepharose 4B was activated with (resyl chloride at the given concentration Tor 60 min. The degree of
subsututgon was measurad by determination of clemental sulphur in tresyl-Sepharose and butyl-S-
Sepharose (series 1) and by tracer analysis of butyl-5-Sepharose with |'*C |butaaethiol (scies [and 1) Tu
saries | activation was performed o divaune distilled and stored over sodium wire; in series [T 00 was
pertormed in commercial dicxane stered over sodium wire.

Tresyl Sulphur determinatien | tracer analysis
chloride  (emol/ml packed pel) (prmalyml packed gel)
(malll)

Tresyi- Butyl-

Scpharose  Sepharose

Series 12
0.052 - . 2.6
0.104 9.6 9.1 12.6
0156 21.% 26.4 225
0208 590 AE 54.7
Series 1
0.040 33
0.060 3.0
0.050 1.9
0.090 19.2
0.100 320
0.150 1.0

the sulphur and the butyl residuc determinations yield almost identical results within
the experimental error. T'rom this experiment, coupling yields of ¢v. 100% can be
caleulated.

Progress curves af tresylation. As the coupling yield is ca. 100%,, tresylation can
be measured via '*C incorporation of alkanethiol into tresyl-Sepharose. The time
dependence of tresylation as measured in this manner is shown in Fig. 2. At low Lresyl
chlorde cancentrations (Fig, 2A) there 1s a primary incorparation phase whicl reaches
a plateau region after 40- 120 min. However, as the concentration of tresyl chioride is
increased (Fig. 2B). a secondary incorporation phase can be seen lo occur [rom the
previous plateau phase after co. 80 min, leading to a 2-3-fold additional ingrease in
immabihzed butanethiol residues over the platean region. Finally. at very high tresyl
chloride concentrations (0.208 M) u lrug platcau phasc is absenl and the degree ol
substitution increases continuously from the onser (Fig. 2B). Tresyl chloride
concentrilions above ca. 0.21 M lcad Lo a deslrucltion ol the agarose beads (nol
shawn).

Fig. 3 Mustrates that the secondary incorporation phase of wresylation and
coupling is not duc simply {0 a volume deercase (shrinkage) of the subsliluted agarose.
A recalculation of the original data for the degree of substitution (IFig. 3A) on the basis
of the determined dry weight (Tuble IV) of the agarose leads (o lowsr values but does
not abolish the sccondary incorporation phase {Fig, 3B).
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BUTYL- 3~ SEPHARCSE
w mol/ml packed gal
™

20 50 80 120
TRES¥LATION TIME. minuies

1204

A0+

LI

BUTTL- S- SEPHAROSE
g muolimal packed gel

30 8 o 120
TRESYLATIOY TIME, minutes

Fig. 2. Propress curves af the Lresylation of Scpharuse 4B at different concentrations of tresyl chloricc in the
activation mixture. At each cancentration of lresy] chluride (see below) 40 g (wet weight) of Sepharose 41
wag activated. At the indicated dmes ca. 1/4-1/8 vol. of the incubation mixture was faken as a sample,
washed with dioxane and traeslorred Lo aqueous mediuim as described. The obtained gel (ra. 3-10 g, wel
weight) was then added o 1.8 vol of T M NaOQH 0.43 M " |butanetinol and incubated for | h at room
tempetature. The degrec of substitution was determined by measuring the incorporanorn of ['*C]bulane-
thiol. (A} B = D052 AL & — G104 M, (B} <& = 015 M, O = 0208 M.

TABLE IV

SYNTHESIS OF ALKYL-S-SEPHAROQSES OF DIFFLRENT DEGREES OF SUBSTITUTION AND DIF-
FERERT ALKYL CHAIN LENGTH TN PREPARATIVE AMOUNTS

For the butyl-8-Sepharose series, ca. 210 £ (wel weight) of Sepharase 48 were incubated with the given concentration of
Lresyl chloride for the specified tme and then eouplad to [1*Clbutancthiol for Th. For the homologows seties iC, ),
ra. 50 g (wel weight) of Sepharose AR were activaled and coupled as desceibed, For definitton of umoliml packed gel,
wmot/e dry gel, molsmel anhydrodisaccharide and nmotim?, sec Experimental.

Gel Tresyl  Acuvation  Corrected  Degree of substitution
chloride nme dry weighl - —_— _
fmolA}  (min) {mpgml pmol bulunethiolie: wmol/g  mol butanethiclmal  rmolm?
packed gely packed gol dry gel anhvdrodisaccharnde
Sepharnse 4B 2.0
Butyl-5-
Sepharose 0.052 I3 3340 1.7 506 0U1A 9.4
0156 l il 5.2 720 0053 6.2
0.156 2 320 8.9 2IRT OUAI8S [06.6
(.156 35 371 12.0 34 0090 1239
0.150 3 330 MY al6.l 0180 236.1
0,154 200 ] 29.0 7352 0.21% 2893
158 41 36.3 28.4 781 0238 298.1
01508 o0 76 40.7 himwz24 {1331 414.7
0.150 120 424 107.0 17147 0.524 f37.0
Ethyl-S-
Sepharose (1156 210 341 250 7330 0224 282.0
Propyl-S-
Sepharose (L1536 20 306 250 6831 0209 2607
Bulyl-5-

Sepharose 0.156 20 30,5 250 G849 0.210 263.4
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BUTYI~ 5- SEFHAROSE
p mol/ml packed pe
8

30 60 a0 120
TRESYLATION TIME. minutes

BUTYL-S-SEPHARQSE
p mol /g dry gel

TRESYLATION TIME. minules

Fig. 3. Biphasic activation of Sepharose 4B by Lhe tresyl chioride method. The degree ol substitutian with
tresv residues was determined by the quantitative substitution of tresyl leaving groups with [**Clbutunethiol
as described. The concentralion of tresyl chloride in the incubation mixture was 0.156 A, 'Fhe curves are
composed of a primary incorporation phase, a plateau phase and a secondary incorporation phasc. The data
demonsirate that the sccondary incorperation phase is not a resull of the dimensions emplayed for
expressing the data und thus is not a result of gel shrinkage. (A) Degree of substitution expressed in pmal;ml
packed gel. (B) Degree of substitution expressed in umol;/g dry gel.

Microscopic wnalvsis. Fig. 4 demonstrates that macroscopically tresyl- and
butyl-S-Sepharose do not change their morphology significantly in comparison with
the unsubstituted gel. At high degrees of substitution polvgonal beads occur.

Controlled variation of the degree of substitution. The forcgoing data show Lhat
the synthesis of butyl-S-Scpharoscs with different degrees of substitution is complex
and depends non-linearly (Table IT) on the tresyl chloride concentration in the
activation mixture. Therefore, 4 series of gels with different degrees of substitulion
{without disturbance by the secondary incorporation phase) are not easily obtained if
the tresyl chloride concentration is varied. These problems can be circumvented by
varying the acltivalion time at a constant tresyl chloride concentration of, ¢.g., 0.156 A/
(Tahle ) to obtain any degree of substitution above 5 pmol/ml packed gel. If one
adheres 1o the primary incorporation phase only (i.e., times below the second
increment 1-60 min, Fig. 2B), homogeneity of the gels appears to be obtainable.

In order to avoid activation times shorter than 1 min, gels below 5 pmol/ml
packed gel were synthesized at a lower tresyl chloride concentration, e.g.. 0.052 M.
Table 111 alse demonstrates that between 1 and 20 min of activation the mean dry
weight of the agaroses (corrected for the weight of the immehilized alkyl residucs)
increases by 4-6% compared with the control, indicating a negligible gel shrinkage
(30-7755 pmol/g dry agarose). A maximum gel shrinkage to ca. 50% of the initial
agarose volume is indicated by a doubling of the dry weight/ml packed gel for the gel



SPACLER-IREE TINICALKYL AGAROSLES 11

Fig. 4. Micrographs of iresyl- and butyl-5-Sepharose 43. Magnification ca. 140-{old. The diameter of the
spheres is between 40 and 140 gm (Pharmacia). About 100 gt of packed gel of the respective Sepharose wers
suspended in 1 mlof 1% bovine serun albumin Lo eliminate aggrogation of the spheres. The gel suspension
was degassed under vacuum tor ea. 3 min und then spread an a microscope plate for analysis, Photogiaphs
were taken with a Leica camera mounted on u Leitz microscope (Agfa-Ortho 25 fm). The degrees of
substitution were determined by (A) elemental suiphur delerminalion and (B) | Y C [hurancthiol incorpora-
tion. (A) Tresyl-Sepharose 4B (22 ymol/ml packed gel). (B) butyl-S-Sepharcse 48 (23 pmal/ml packed gel);
{C) control Sepharose 4B,
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activated for 120 min {1715 wmol/p dry aparosc), Therefore, except Jor very high
degrees of substitution {over 1000 pmol/g dry weight), data can be expressed cither on
the hasis of umolyml packed gel or umol/g dry gel without introducing large errors.
A maximum of 0.3 mol alky] residuc/anhydrodisaccharide was introduced inte the
aparose, indicating that only about half of the availahle primary OH groups are
derivatized on the most highly substituted gel. In Table TV the data are also expressed
as surface concentralions (range 19-650 nmol/im™). making a comparison with other
synthetic surlaces possible.

PRCTEIN, mg/ml

5 19 15 29 25

FRACTION NUMBER
Fig. 3. Adscrption of calmodulin on butyl-N-Sepharosc s measured by hydraphabic alfimily chromalo-
araply, Calimodulin {1 mg) was applied to 2 mlof packed gel of uncharged buty’-N-Sepharose (32 ymod/ml
packied gely on g column (12 em = (9 om LD T inasample volume of | mlin buffer A (wich - ma CaCly).
Arrow 1. wash with buffer A; arrow 2. wesh with huffer B (wilh 300 mA? NaCl), arraw 3. dulivn with
buffe. € (witz 10 maf DGTAY The fraction valume was |5 ml Flow threugh the column wis doiven by
gruvaly,

Pratein hinding properties of alicyl-S-Sepharoscs

Influcnce of aiky! chain length (29 Alkyl-5-Sepharoses arc very cfficient
adsorbents of proteins, as can be excmplitied by experiments with the Ca**-binding
protein calmodulin. [n a control experiment (Fig. 5), calmodulin is not adsorbed on
a butyl-N-Sepharose containing 33 umolyml packed gel. In the homologous series
(C; Cyg) of alkyl-8-Sephurose in Fig. 6 {constant degree of substitution: 25 pmol/ml
packed gel; Table [V), it can be seen that the adsorption of calmodulin is dependent on
the chain length of the immobilized thicalky! residue. Butyl-S-Sepharose (Fig. 6C) is
a very strong adsorbent of calmodulin and even propyl-5-Sepharose (Fig. B} adsorbs
over 50% of the applied calmodulin {(42% “reversibly™). Only cthyl-S-agurose udsorbs
poorly at the defined surfuce concentration and thus has similar properties to the
bulyl-N-Sepharose control.

Influence of degree of substiturion [4,.26]. Calmodulin binding also depends
strongly on the degree of substitution of Sepharose wilth thiobutyl residues. Below i
I yamoliml packed gel very little binding occurs (not shownd. AL L7 umol/ml packad gel
significant binding can e measured (Table V). The total amount adserbed { -
differcnee between applicd and recovered amount in cluales) increases o 5-fold as the
degree of substitution increases co. 3-fold from 1.7 10 37 pmol/ml packed gel
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Fig. 6. Adsorption of calimud ulin to a hemelogous series of alkvl-5-Sepharose as measured by hydrophobic
wlinity chromatography., Calmodulin (1 mg) was appliedc W0 2wl of pucked pel of unchiurged
butvl-S-Sepharcse on a celemn (12 ¢cm o» 0.9 em LD in a sample volume of 1 mlin buffer A (wityh 1 mAf
CaCly), Arrew 1. wasi with buffer A; arrow 2, wash with buifer B (with 300 mad NaCly; arrow 3, elution
with buller C (with 10 AL EGTA). The [tuction volume was 1.0 ml {A) Ethyl-S5-Sepharose (23 pmaelimld
packed gelk (B} propyl-5-Sepharose (25 ymol/ml packed gel): (] bniyl-5-Sepharese (25 pmol:n:! packed
gell

(Table TV). Al very high degrees of subslilulion ca. 40% of the adsorbed protein
cannot be eluted with EGTA{EGTA-irreversible binding). This fraction of calmodulin
can, however, be eluted with detergents (e.g., sodium dodecyl sulphate) (not <hown).
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TABLE ¥

QUANTITATIVE HYDROPHOBIC AFFINITY CHROMATOGRAPITY O CALMODULIN ON
ALKYL AGAROSER

The data were detived from colwen experunents as described. Calmodulin was applied in buffer A
{1 Ca**), the column was then washed with bulter B {4300 mAM NaCh and finally eluled with bufTer €
(+LGTA). The excluced amount of calmodulin carresponds 1o the amount washed fraom the column in
bubters A and B. The eulad amount correspends o the amaunt eluted with buffer C. The total yicld
corresponds to the amount recovered in butters A—C as s perceniape of the amount applied. The dilference
betwesn ameourt applicd and amount recovered is the nor-EGTA-slutable fraction (“irreversibly™ bound
protein), which can, however, be eluted by defergents,

Type of gel Diegree of Calmodulin Tolal

substitution vield
{(pmalym] mg g mg (%)

packed gely  apphicd  excluded eluted
(unbound) (boud)

Canrrol:
Bulyl-IN-Sepharose 28 l 004 0 94

Atk yl-S-Sepharose:
Homalogous serics:

Fithyl-%- 25 1 055 0 h3i)
Propyl-5- 25 1 0.34 042 Th
Bulyl-5- 25 1 0 0.66 B
Degres ol subslilution series:
Bulyl-5- 1.7 i oM 0.3 G4
Butyl-5- 5.2 1 013 0.70 29
Bulyl-5- 4.7 | 0 0.61 61
DISCUSSION

By working in a strongly alkaline medium, alkancthiols can easily be coupled to
iresyl-Sepharose. The method is complicated by the tresylation procedure itscif. which
is a non-lincar funetion of the tresy! chloride caoncentration (Table III). This may be
due to inactivation of tresyl chloride at low concentrations in the incubation mixture
owing to impurilies (waler?) in the dioxane medium, although this is improbable
considering the distillation process employed for the purilication of this solvent. The
behaviour therefore remains unclear.

In comparison with other aclivation pracedures, the resylation of agarose as
perfarmed here warrants other special considerations, A primary incorporation phase
followsd by a platcau region is observed (Figs. 2 and 3). As the amount of butanethiol
is ca. 10-fold in excoss of the number of tresy] residucs on the activaled gel, a limitation
ol butanethiol cannot be the reason for the plateau region. I'rom this plateau it may be
concluded that a single reaction lype is invalved. At high tresyl chloride concentrations
and long activation times a second incremenl ol substilution oceurs (secondary
incorporation phase). This might bean indication of a second reaction type or possibly
of un unfolding of the stacked and double helical ugurose structurs [27] exposing new
reactive hydroxyl groups (possibly also sccondary hydroxyl groups) for activalion
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alter a critical exposure time to tresyl chloride. These changes need not be seen on the
micrographs of Sephurose 4B, which appears intact after activation and coupling
(Fig. 4).

Owing to these ubmormal properties of tresyl chloride, the synthesis of
structucally homopeneous alkyl-S-Sepharoses with different degrees of substitution
poses a special problem. Therefore, a constant. low to intermediate tresyl chloride
concentration should be chosen and the time varied 1o obtain different degrees of
tresviation. One should wark in the primary incorporation phase and platcau region
well helow the secondary incorporation phasc,

Bulvl-5-Scpharose is very ellicient in the adsorptian of proteins. As measured in
hatch experiments, the binding capacity of butyl-8-Sepharose for phosphoryluse & is
over an ordar of magnitude higher than that of butyl-N-Sepharose (synthesized by the
cyanogen bromide method) [9-11] at low degrees of substitution (1-5 pmol/ml packed
gel). Al high degrees ol substitution similar binding capacities for both gel types are
obtained {ca. 20 mg/ml packed gel at an apparent equilibrium concentration of [ree
eneyme of 0.5 mg i) {11].

With calmodulin. Cg-agarese dernvatives (octyl- and aminooctyl-) have been
reporled as slrong adsorbents [30,31]. As shown here (Table V, [Fig. 6), even a C;
derivative, propyl-5-Scpharose, is capable of adsorbing calmeodulin in 4 Ca? ' -depen-
dent manner. The resulis also shaw that the length of the immobilized alk vl residuc on
the Sepharose is not as decisive as cxpecled, as the shorter propyl-S- derivative is
a much betier adsorbent than the langer buryl-N- derivative (Tahle ¥). This strongly
indicates a special function of the sulphur base of the immobilized alkyl residue as
compared with its tip (methyl group) and il also makes it very improbable that the
dependence of calmodulin adsorption on the suwrface concentration of immobilized
residucs is duc ta changes in their availability (Ze.. further extension from the gel of
a certain population of residues).

Recause of these different protein-binding propertics. alkyl-S-Scpharoscs should
prove uselul in hydrophobic chromatography and possibly alse in the preparation of
selective adsorbent surfaces for hiomaterials.

Why do the alkvl-3-Sepharoses bind calmodulin and phosphorylase b [9-11]
more tightly than the alkyl-N-Sepharoses? Theoretically, the sulphur in the thiealkyl
residue could complex ta metals, especially in metal-binding proteins. Tn Tact,
a number of sulphur—metal complexes in proteins, e.g.. Fe*', Cu' and Zn* ', have
heen describad {for a review, see rel. 32). Comparable complexes between Ca® ™ and
sulphur have ¢ our knowledge not been deseribed for proteins. Experimentally the
adsorption of the Ca® T -binding protein fibrinogen 1o alkyl-8-Sepharose cannat be
influenced by Ca?* er EGTA [33]. Tt is therefore very improbable that complexation
between metal and sulphur play an impaortant role in the hinding of proteins,
specifically Ca® " -binding proteins, 1o alkyl-S-agaroses.

However, two other passible explanations for the enhanced protein binding Lo
alkyl-S-agaroses exist. In the first it ceold be reasoned that the sulphor atam displays
properties similar to a carbon atom. as sulphur is also non-polar [34]. As sulphur
increases the [Tee energy of the system as it s transferced, e, from the interior of
a protein to water [34] it may have similar water-structuring properties to carbon.
Based on the free encrgies of transter, neutral oxygen and nitrogen (N/O) belong o
a different (polar) class of atoms than the sulphur atom [34], which might explain the
different properties of butyl-5- and butyl-IN-agaroses.
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On the other hand, a major difference between the sulphur atom, a carbon atom
and the N/O class atoms lies in the 7-electrons of the sulphur atom. A plausible
conclusion 15 thercfore that there might be an arematic amine acid ncar the
hvdrophobic pocket or area of caimodulin binding to the hase of the thinalkyl residue
{this may also hold for other proteins teswed in our sysiem, phosphorylase A and
fibrinopen). Owing to the large differences in the adsorption propertics of the two gel
tvpes, we feel that the latter interpretation warrants careful consideration. Similar
conclusions have heen reached hy Porath [35] for other sulphur-bearing agarose
derivalives.

ACKNOWLEDGEMENTS

W thunk Mra. G, Botzel and Mrs. D). Gotschlich for exeelient techmical help.
The careful work of Thr. A, Nanduri Tayasri in the initial phase of the work is gratefully
acknowledged. Parts of this work originated at the Institut fiir Physiologische Chemic
{University of Bochum) and at the Institut fir Physiologie, Physiologische Chemie und
Erndhrungsphysiologic (University of Mumch). ‘Phis work was supported by the
Bundesministertum fir Forschung und Technologie (Férderkennzeichen: 07024610)
and the Fonds der Chemic.

RCTCRENCES

[ S Shaltizl, in R. Eplon (Editor). Chroematography of Svathedic and Bivlvgicol Polvoers, Vol 2.

Hydrophobic, fon Exchunge and Affiicy Medwds, Ellis Horwood, Chichester, 1970, pp. 23 41,

S, Hjerten, Methods Blocheni. Asal., 27 (1987) 8¢ 108,

H. P. Jennissen, Makromol, Chem, Macromol. Symp. 17 (1988) 111 134

H. P. Jenoissen and L. M. G. Heilmever, Jr., Hiochemisory, L4 (1975 454-400).

I Kohn and M., Wilchek, Anal. Biochem., 115 (1981) 375 382,

T. C. 1. Gribnau, Ph.D. Thesis, Uriversity of WNijmegen, 1977

K. Milsson, . Narrléw and K. Maosbach, Acte Chem. Scand.. Ser. B, 35 (1981 19-27

& K. Mosbacl and K, Nilsson, Bivvkers, Blopitvs, Res. Comnpaun., T2 (1981) 249457,

9 A. Demiroglou and H. P. Jennisser. Ahsiacis of Communicarions, 8t fireraational Congress af
Bivphivs, Bristol, England, Juli; Auguse, 1884, p. 49,

10 A, Deouraplon and H. P. Jennissen. fiof. Chem. Hoppe-Sevier. J68 (195871 734,

11 A Derirogiou, W. Kerhin and 11 P lennissen. tn 1. W, Hulchens (Edilor), &CLA Sympusie ori
Moalecutar and Celfular Hialogy, New Sevies, Vol 50, Protein Reeoonition of fmmehilized Lipandy, Alun
R. Liss, Mew York, 19849, pp. 7182

17 F. Matsano. M. Belew anc 1. Porath, 4. Chremeaiogr., 321 (1985) 3053-317,

13 J. Porath, R. Axen ard 8. Ernback, Nawwe ¢ Fondon), 215 (1967) 1491 1492,

14 G, S Bethell, I S, Avess, W. 8. Hanvcock and M. T. W Tlearn. J. Biof. Cher., 254 (19795 2572 2574

13 F. Autriv. C Ferruez, M.-C. Killiofer, J.-C. Cavadere and §. G, Demalle, Biochim. Biophys. Acia, 631
(1980) 139 147,

it . Rochette-Egly, B Boscheud, P. Rasset and L-M. Rely. L Chremasogr.. 241 (1982) 333-344,

17 11. Dochrn and 11 1. lennissen, /. Musede el Res., 6 (1985) 93-04,

1% T7. P Jennissen ard L. M. G. Heilmever, Jr., dnal Biochem., 57 (1974) 118 126

1% 1. Wenig (Chicl Ediler), Orgenicorn, YEB Deutscher Verlag der Wissenschalten, Berlin, 13th ed | 1974,
rp. 234 235

20 R. L. Buzwell, Jr., Cheni. Rev.. 34 ([954) 6F5 685

20 11 P Jeamissen, J. Collold faterface Sei 111 {{Y8A} 370-58A

27 )W, Kimball. R, L. Kramer and T, To Reid, /. Am. Chewr, See., 43 (1921) 11991262,

23 0L P lenmissen, RBinchemisory, 15 (1970 5683 56%2,

24 H. P Jennissen. S Cheomaiogr., 159 (1G78) 71 83,

ter b

o ISR 1Y



SPACER-FREE THICALKYL AGAROSES 17

25 H. P. Jenuissen, Adv. Enzyme Regul., 19 (1981} 377-408,

26 11 P. Jennissen, J. Chramatogr., 215 (19¥1) 7385

27 5 Arnott, A. Fulmer. W. E. Scats, L © M Dea. B Moarhouse and TY. A. Recs, 4. Ml Aiod,, 90 ([274)
269 284,

2% Q. H Lowry, M. J Roschrough, A, b Farr and K. 1 Runilall, J. Biel Chem.. 193 (1951} 265-275,

2 Z. Creel, ¥. Zaidenzaig and 5. Shalticl, Hiochem. Riaphys. Res. Contnun., 49 (1972) 353-300.

M0 R, Gopalakrishna and W. B Anderson, Bachem. Blophvs, Res. Commun., 104 (1982) §30-836.

31T Tamaka, H Lmekawa, T. Ohmura and H. Hiduka, Bwoiin, Biogfo, Acie, 787 (1984 158-104.

32 L. Ryden.in T. W. Hutchens (Fdilor), (€A Svmposia on Moelecular and Cellular Bivivyy, Now Series,
Fal. 80, Praten Recognition of bumobilized Ligends, Alan B, Liss, Now York, 1989, pp. 241 254,

33 AL Demirogleu and Ho P Jencissen, wapublished work.,

34 T Fisenberg and A T2 MeLlachlan, Naire “Londen ), 319 [1986) 199 203,

3% I Porulh, Makromol. Chem, Mucromol, Symp., 17 (1988} 35¢ 372,



	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17

