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The synthesis of an activated, expanded poly(acryloyl morpholine) gel network suitable for enzyme
immobilization is described. Carbonic anhydrase conjugates were prepared by covalent coupling via
an acid azide method. The enzyme activity of the conjugates and the native enzyme was studied in

water, dimethylformamide—water, ethanediol—water, tetrahydrofuran—water and methanol—water.
The bound enzyme exhibited enhanced activity relative to the native enzyme in all the solvents used

and the bound enzyme showed a high resistance to denaturation on storage.

INTRODUCTION

To date there has been sporadic interest in the utilization

of enzymes in aqueous—organic solvent systems. Cremonesi
et al. b and Lugaro et al.® studied enzyme reactions in a two-
phase system. The aim was to carry out the enzyme catalysed
reaction at the aqueous—organic interface of droplets in an
emulsion. This facilitated the study of enzyme reactions on
substrates which were sparingly soluble in water. Work on
enzymic reactions.in aqueous—organic solvent systems at sub-
zero temperatures has been employed by various workers in
the detection of enzyme—substrate complexes*'*, especially
the intermediates formed by chymotrypsin®%"'2, horseradish
peroxidase®!! and more recently elastase”®.

A major problem in investigating an enzyme in non-
aqueous media is its solubility. Often, it is difficult to en-
sure adequate dissolution of a given enzyme and to prevent
precipitation or oligomerization of enzyme molecules’2.

In the present study, we have approached the solubility
problem by attaching the enzyme molecule to a purpose syn-
thesized polymer network which will undergo gelation in
both water and organic solvents. The enzyme was coupled
to the aqueous gel network and the solvent was then changed
to an aqueous—organic mixture which was under study, with-
out any risk of precipitation.

EXPERIMENTAL

Synthesis of the copolymer of acryloyl morpholine/N-
acryloyl-N'-t-butoxycarbony! hydrazine (molar ratio 10/1)
in bead form

The apparatus used for bead polymerization has previously
been described by Epton et al.'®. Acryloyl morpholine (4.6 g,
0.033 mol) (Koch-Light Ltd, UK) and N-acryloyl-NV'-t
butoxycarbonylhydrazine!* (0.6 g, 0.0033 mol) were dissolv-
ed in water to form a 50% w/v solution. An aliquot (0.1 cm3)
of 2.5% (w/v) ammonium persulphate solution was added to
the deoxygenated monomer solution which was then dispersed

as droplets in oxygen-free liquid paraffin, (150 cm3, n20 =
3.5-4.0 N sec/m?2), containing 3% Span 85 (Koch-Light Ltd,
UK). The reaction mixture was stirred gently, under a N
atmosphere for 24 h to allow complete polymerization, after
which the gel beads were equilibrated with light petroleum
(b.p- 60°—80°C), ethanol and water.

Activation of copolymer beads

Aliquots (2 cm3) of the centrifuged polymer suspension
were mixed with 2 M HCI (5 cm3) and stirred at 25°C.
Samples were removed after 1 h and 2.5 h and assayed for
acid hydrazide, by the method of Inman and Dintzis'S.

Estimation of solvent regain in the gel

The gravimetric method of Holding!® was used to estimate
the solvent regain of the gel prior to, and after acid hydrolysis.
Estimations were achieved after the incubation times of 1,

2.5 and 48 h. Air was sucked through a bed of the gel to re-
move external solvent and a sample of beads from below the
surface was transferred to a preweighed microscope slide.
The gel was dried to constant weight and the solvent regain
(Sr) determined by the equation:

wp—w
Sg= 1T W2

w2

where w; is the weight of swollen gel, after removal of ex-
ternal solvent and w is the weight of dry gel.

Preparation of enzyme conjugates

An aliquot of the acid incubated suspension was treated
directly with precooled 1 M NaNO; solution (1 ¢cm3) at 0°C.
After 5 min magnetic stirring, the gel was neutralized with
(C2Hs)3N, equilibrated with the 0.2 M phosphate buffer
(pH 7.2), to be used for enzyme coupling, and centrifuged,
discarding excess buffer. A 3% w/v solution (2 cm3) of car-
bonic anhydrase (E.C. 4.2.1.1.) (Sigma, Cat. No. C7500) was
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added and the mixture stirred magnetically at 0°—2°C for 18 h.
The enzyme conjugate was washed exhaustively with more
coupling buffer, until the discarded washings showed zero
carbonic anhydrase activity. The conjugate was stored in the
same buffer at 0°—2°C.

Determination of carbonic anhydrase activity

The method of Armstrong et al.'” was adapted. A 0.025%
solution of p-nitrophenyl acetate, prepared immediately prior
to each determination, was used as substrate. Standard ali-
quots of native enzyme solution (100 mm?3) or enzyme con-
jugate suspension (33.5 mm3) were mixed with 50 mM Tris-
HC1 buffer (pH 7.2) to make a total volume of 2 cm3. The
substrate solution (1 cm3) was added and the resultant mix-
ture was incubated at 25°C and the change in extinction
(348 nm) observed. Whenever the enzyme conjugate was
used it was stirred magnetically at constant speed. Prior to
extinction measurements the polymer network was removed
from the assay mixture by centrifugation and measurements
made on the supernatant digest. Immediately after extinc-
tion measurements, the digest was reunited with the enzyme
conjugate.

Determination of immobilized protein

Each enzyme conjugate was hydrolysed by treatment with
6 M HC1 at 110°C for 18 h. The amino-acids produced were
separated into groups by paper chromatography and estimat-
ed by quantitative ninhydrin assay'®. The amount of protein
present in the conjugates was estimated by reference to a stan-
dard graph obtained on chromatographic assay of a hydroly-
sate of native carbonic anhydrase.

Confirmation of covalent binding of immobilized carbonic
anhydrase

Partial enzyme digests were performed, after which the
gel matrix was removed from the incubation mixture by cen-
trifugation. Incubation of the centrifuged supernatants was
continued to confirm that further enzyme digestion, which
would have indicated ‘leakage’ of enzyme from the conjugate
into solution, did not occur.

Organic solvent activity retention

Enzyme activities of the enzyme conjugates and native
enzyme were measured in water, dimethylformamide—water,
tetrahydrofuran—water, ethanediol-water and methanol—
water systems. The organic solvent was introduced into the
assay scheme by preparation of the substrate solution in an
appropriate aqueous—organic solvent. When organic solvent
concentrations were above 33%, a suitable adjustment in the
volume and strength of the buffer were performed to main-
tain the buffer concentration, pH and keep the assay volume
constant.

Determination of Ky, and V
The activities of the enzyme conjugates and native car-
bonic anhydrase were determined at a series of p-nitrophenyl

acetate concentrations between 0.75 mM and 6.12 mM at 25°C.

Determinations with the enzyme conjugates were performed

in various ethanediol—water solvent systems, as well as water.
The Lineweaver—Burk'® graphical method was used to calcu-
late Ky, and V.

Stability of the polymer—enzyme conjugates
Thermal stability was determined by incubating samples
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Table 1 Acid hydrazide content and enzyme bound by
poly {acryloyl morpholine) copolymer

Incubation
time with

Solvent regain

after acid Acid hydrazide Protein content of

acid treatment content* derived conjugate
{h) {mi/g) {mmol/g) (mg/a)
1 184 0.16 7.3 (Conjugate A)
25 223 0.35 47.4 (Conjugate B)
48 8.8 Not coupled?  Not coupled

Estimated by the method of Inman and Dintzis!5.
Coupling was not attempted owing to diminution of the solvent
regain. The solvent regain prior to hydrolysis was 13.0 ml/g

— CH— CHy—CH—CHy—CH—CHy—

cI:o ?o
N N
ST S
NHNHCOOCMe,
¥ aq HCl

— CH—CHy—CH—CHy—CH—CHy—

cO (IZO
N N
cO
D P
NHNH,
0°C t NaNO,
—CH—CHpy~—CH—CHy—CH—CH,—
CIO CcO
N N
S I S o
N3
NH,
t
NH,
—CH—CH;—CH—CH,—CH—CH,—
cO (l.‘,O
N N
() P )
NH
NH,

Figure 1 Activation of poly(acryloyl morpholine/N-acryloyi-N'-t-
butoxycarbonyl hydrazine) and subsequent enzyme coupling

of the enzyme conjugate and native enzyme in the assay
buffer at 60°C. Enzyme activity was determined at intervals
for the native enzyme assayed in water and the enzyme con-
jugate assayed in water and 33% v/v ethanediol—water.
Storage stability for the enzyme conjugate, prepared after
2.5 h acid incubation of the polymer, using the assay proce-
dure previously described was found, after 2 months, to re-
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Table 2 Enzyme activity of Conjugates A and B and soluble carbonic anhydrase in various aqueous/organic mixtures

Activity (%)"

Organic solvent Soluble Enzyme Enzyme
Solvent in water (%) enzyme Conjugate A Conjugate B
H, O (pure} 0 100 120.0 141.8
Dimethylformamide—H, O 1.0 107.6 - 1779
Dimethylformamide—H, 0O 25 91.0 - 166.4
Dimethylformamide—H, 0 5.0 85.6 - 145.6
Dimethylformamide—H, 0 7.5 69.3 — 95.1
Dimethylformamide—H, 0 10.0 34.8 1235 88.2
Dimethylformamide—H, O 20.0 20.2 - 285
Dimethylformamide—H; O 26.6 - 48.9 -
Dimethylformamide—H, O 33.0 Inactive 34.8 16.0
Tetrahydrofuran—H, 0 1.0 106.9 - 123.1
Tetrahydrofuran—H, 0 2.5 79.3 - 113.8
Tetrahydrofuran—H, 0 3.3 .- 94.0 -
Tetrahydrofuran—H, 0 5.0 72.8 - 97.8
Tetrahydrofuran—H, O 7.5 69.2 - 80.5
Tetrahydrofuran—H, 0 10.0 47.7 91.1 73.2
Tetrahydrofuran—H, O 20.0 Inactive - 24.4
Tetrahydrofuran—H, O 26.6 Inactive 774 =
Tetrahydrofuran—H, 0 333 {nactive 274 10.3
Methanol—H,0 1.0 92.2 - 108.6
Methanol—H,0 25 67.1 - 869
Methanol—H, O 3.3 - 102.9 -
Methanol—H, O 5.0 50.1 - 68.1
Methanol—H,0 7.5 35.6 - 54.3
Methanol—H, O 10.0 19.5 - 471
Methanol—H, O 13.3 - 824 -
Methanol—~H,0 20.0 134 - 39.9
Methanol—H, O 266 - 45.7 -
Methano!—H,0 33.0 Inactive 17.0 19.9
Ethanediol—H,0 1.0 103.8 - 155.3
Ethanediol—H;0 25 110.3 - "179.6
Ethanediol—H,0 5.0 116.5 - 145.6
Ethanediol—H; 0O 7.5 105.0 - 116.5
Ethanediol—H, 0 10.0 105.7 160.3 129.3
Ethanediol—H,0 20.0 57.8 - 88.9
Ethanediol—H, O 26.6 - 121.9 -
Ethanediol—H, O 33.0 43.7 824 53.8
Ethanediol—H,0 66.0 Inactive 55.0 Inactive
Ethanediol—H,0 90.0 54.9 -

Activity expressed as a percentage of the native enzyme assayed in pure aqueous buffer under the conditions of the standard assay

tain 96% of its original activity. The native enzyme in solu-
tion retained 94% of its original activity after a similar storage
period.

RESULTS AND DISCUSSION

The study of immobilized enzymes in aqueous—organic sol-
vent systems at room temperatures has received little atten-
tion. In the present study we have synthesized a covalent,
reactive poly(acryloyl morpholine) polymer matrix for use
in enzyme conjugate preparation. It was anticipated, from
previous work on poly(acryloyl morpholines) that this net-
work would undergo swelling in both water and organic sol-
vents*3. Traditional enzyme supports, for example cellulose,
crosslinked dextrans and crosslinked polyacrylamides swell in
water but do not in organic solvents?.

Our reaction scheme involved bead polymerization of
acryloyl morpholine and N-acryloyl-NV'-t-butoxycarbonyl
hydrazine molar ratio 10/1. Polymerization was effec-
ted at a high enough aqueous concentration of total
monomers to ensure spontaneous crosslinking between
the copolymer chains. The crosslinking reactions are diffi-
cult to define. They may involve initiator mediated a-
hydrogen abstraction to give free radical sites which subse-

quently lead to dimerization of adjacent polymer chains.
Alternatively, loss of a 8-hydrogen atom from a free radical
terminus to give an alkene end-group which may be incor-
porated subsequently in another copolymer chain is a
possibility.

Poly(acryloyl morpholine) beads containing different
amounts of acyl hydrazide groups and of varying water regain
were obtained by treatment with 2 M HC1. (Table 1 and
Figure I). Prolonged acid treatment of the copolymer
beads was harmful insofar as it promoted catastrophic shrin-
king of the gel. This was probably due to a crosslinking
effect:

—CO—-NHNH,*HC1 + —CONHNH; ——
—CO—NHNH-CO—— + NH)NH,-HC1

The copolymer in the azide form was coupled with car-
bonic anhydrase (Figure 1). The conjugate derived from co-
polymers containing 0.16 and 0.35 mmol acid hydrazide/g
of dry polymer were designated Conjugate A and Conjugate
B, respectively.

In water, both enzyme conjugates show an increased acti-
vity as compared to the native enzyme. The practical activity
retentions of the enzyme—polymer conjugates and native
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enzyme in various organic solvents are shown in Table 2 and
Figure 2. Marked rate enhancement was observed in
dimethylformamide—water and ethanediol—water for both
native and bound enzyme. No such effect was observed in
tetrahydrofuran—water and methanol—water. Methanol and
monohydric alcohols in general are reported to be inhibitors
of carbonic anhydrase!??!~23, The difference between
ethanediol and monohydric alcohols has been noted pre-
viously by Douzou'®, who suggested that the additional
hydroxyl group decreased the confirmational denaturing
effect in the case of ethanediol.
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Figure 2 Carbonic anhydrase activity in aqueous/organic solvent
mixtures expressed as a percentage of that of the native enzyme in
pure aqueous buffer: native carbonic anhydrase (®); Conjugate A
{O); Conjugate B (A). (a) ethanediol—water; {b) tetrahydrofuran—
water; (c) methanol—water; (d)} dimethylformamide—water.

* Activity compared to native enzyme in H,0
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Table 3 Kpy and V for copolymer A and B and soluble carbonic
anhydrase in water and ethanediol/water mixtures

Preparation Solvent Km (nM) V (mmol/min mg}
Soluble enzyme H2O 4.2 3.1
Conjugate A H20 5.0 5.1
{ 33% ethanediol 3.7 3.0
90% ethanediol 3.3 1.26
Conjugate B H,O0 5.7 13.3

33% ethanediol 20.0 22.8

Overall, the bound enzyme was more active in pure
aqueous buffer than the native enzyme and this is reflected
in the increased value of ¥ observed for the conjugates
(Table 3). It is significant that Conjugate B, which has a
much higher protein content than Conjugate A, exhibited
the greatest changes in K}, and V both in water and in an
ethanediol/water mixture. The less crowded microenviron-
ment of the enzyme in Conjugate A is probably more akin to
that in free solution. It is evident that the properties of the
bound enzyme are extremely sensitive to the nature of both
the solvent composition and the composition of the support-
ing gel matrix. Investigation of the comparative susceptibility
to heat denaturation of the native enzyme in water and the
conjugates in both water and in 33% v/v ethanediol suspen-
sion (Table 4) revealed that the conjugates initially lost acti-
vity more rapidly than the native enzyme. However, the
conjugates were more stable over an extended time scale.

We have demonstrated that the poly(acryloyl morpholine)
gel network is a useful immobilization matrix for the study of
enzyme reactions in aqueous—organic solvent mixtures. The
matrix confers excellent storage stability on the bound en-
zyme. Currently, we are investigating the application of this
matrix to the study of other enzymes and solvent systems.
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