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Anal. Caled for C,qHsNO,: C, 69.66, H, 11.28; N, 5.80. Found:
C, 69.83; H, 11.22; N, 5.77.

Preparation of 110 with MgBr,~Et,0. Procedure C: 974 mg (5.31
mmol) of 104, 5.85 mmol of sec-BuLi, 8.82 uL (5.85 mmol) of TMEDA,
150 mL of THF, 5 min, 1.51 g (5.85 mmol) of MgBr,-Et,0 was added
with stirring at =60 °C for 15 min and then 712 yL (9.7 mmol) of
acetone was added and with stirring for 20 min prior to workup. Re-
crystallization from dichloromethane/pentane afforded 724 mg (57%)
of 110: mp 77-79 °C, mixture mp 78-79 °C.

Metalation and Equilibration of 19. A solution of 201 mg (1.45 mmol)
of 19 in 7 mL of THF was cooled to =78 °C and treated with 2.0 mL
(2.8 mmol) of n-BuLi. The resulting solution was allowed to warm to
ambient temperature for 15 min, after which 0.05 mL (0.3 mmol) of
2,2,6,6-tetramethylpiperidine was added. After 36 h, the mixture was
cooled to 0 °C and treated with 0.1 mL (5 mmol) of D,0. Extractive
workup in the manner described for procedure A left a brown oil, which
was distilled (Kugelrohr, 90-95 °C (0.2 mm)) to give 122 mg (60%) of
a colorless liquid. Analysis of the 'H NMR spectrum indicated a ca.
60:40 mixture of 117:118 respectively. The presence of 118 was indicated
by the following resonances: § 2.81 (d, J = 5 Hz, 3 H, NCH,;), 5.66 (br
d, /=10 Hz, 1 H, 8-H), 5.95 (dt, J; = 10 Hz, J, = 4 Hz, y-H); mass
spectrum (70 eV), isotope ratio m/e (relative intensity) 141 (8.3), 140
(68.4), 139 (42.1), 83 (49.8), 82 (90.1), 81 (60.0); caled % d = 68% (for
the mixture 117, 118).%

(37) Abramovitch, R. A.; Struble, D. L. Tetrahedron Lett. 1966, 289,
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(38) The amount of deuterium incorporation in a sample was determined
by solving the following set of simultaneous equations: d(I.;) + (1 —d)I, =
a(l.y); d(lp) + (1 — )1, = a(ly), where d = fraction of deuterated material
in the sample, /, = relative intensity of the molecular ion peak in the starting
material, I; = relative intensity of the M - 1 peak in the starting material,
I, = relative intensity of the M + 1 peak in the starting material, I
relative intensity of the molecular ion peak in the deuterated sample, 7",
relative intensity of the M - 1 peak in the deuterated sample, and a
normalization coefficient. The process was repeated for another major peak
in the spectrum, usually the acylium ion (M - NR;). The results generally
agreed within 1-2% with both peaks.

(39) Rekker, R. F.; Nauta, W. T. Recl. Trav. Chim. Pays.-Bas 1964, 83,
1039-1046.

(40) For a detailed description of the NOE experiment used see: Hall, L.
D ; Sanders, J. K. M. J. Am. Chem. Soc. 1980, 102, 5703. Alsosee: Noggle,
J. H.; Schirmer, R. A. “The Nuclear Overhauser Effect; Chemical
Applications”; Academic Press: New York, 1971.
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Abstract: A convenient and inexpensive synthesis of an insoluble protein carrier is described. Hexadecyl silica, prepared by
simple heating of hexadecanol and silica gel, has been shown to be a suitable matrix for protein immobilization with total
retention of biochemical activity and the possible use of the adsorbed proteins in continuous catalytic operations. Gels with
various degrees of substitution were prepared, and the maximum ligand density attainable was found to be ca. 90 mg of lipid
per g of adsorbent. The degree of substitution has been observed to be an important factor in the adsorptive properties of
the carrier. The extent of adsorption of three arbitrarily chosen proteins was found to increase with increasing ligand density,
reaching maximum values with gels of higher hydrophobicities. Protein adsorption was also found to be a function of matrix/protein
ratio in a similar manner. The pH stability of the matrix was also investigated. Although the extent of cleavage of the ligand
increased with increasing pH, no deleterious effect on the adsorptive properties of the support was observed.

In recent years, wide attention has been directed toward the
application of enzymes in organic synthesis.! In fact, laboratory
scale stereospecific preparation of a number of compounds has
been realized with enzymes as chiral catalysts.? This will clearly
provide a new dimension to the use of immobilized enzyme sys-
tems, the importance of which for industrial purposes has already
been recognized.?

During the course of our studies on immobilized enzyme sys-
tems,*” it became evident that hydrophobic matrices may be used
for adsorption of a variety of proteins, including enzymes. More
importantly, adsorption conditions with such hydrophobic gels did
not appear to have an adverse effect on the native properties of
the proteins examined. For example, adsorbed glutamate de-
hydrogenase, used as a model allosteric enzyme, underwent its
normal heterotropic allosteric conformational transitions in re-
sponse to its effectors (inhibitors and activators) to a similar extent
as its free form.*¢

On the other hand, application of such gels to large-scale en-
zymatic transformations is hampered by (a) the number of re-

*Laboratory of Bicorganic Chemistry.
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actions required for the preparation of the hydrophobic ligand
(i.e., hexadecyl glycidyl ether), (b) the requirement of large

(1) (a) Takemura, T.; Jones, J. B. J. Org. Chem. 1983, 48, 791 and ref-
erences therein. (b) Whitesides, G. M.; Wong, C.-H. Aldrichimi. Acta 1983,
16, 27.

(2) (a) Wong, C.-H.; Whitesides, G. M. J. Am. Chem. Soc. 1983, 105,
5012. (b) Hirschbein, B. L.; Whitesides, G. M., Ibid. 1982, 104, 4458. (c)
Haslegrave, J. A.; Jones, J. B. Ibid. 1982, /04, 4666. (d) Jakova, L. J;
Goodbrand, H. B.; Lok, K. P.; Jones, J. B. Ibid. 1982, 104, 4659. (e) Gross,
A.: Abril, O.; Lewis, J. M.; Geresh, S.; Whitesides, G. M. Ibid. 1983, /05,
7428. (f) Walt, D. R.; Findeis, M. A.; Rios-Mercadillo, V. M.; Augé, J.;
Whitesides, G. M. Ibid. 1984, 106, 234. (g) Patterson, M. K.; Szajewki, R.
P.; Whitesides, G. M. J. Org. Chem. 1981, 46, 4682. (h) Rozzel, J. D, Jr,;
Benner, S. A. Ibid. 1983, 48, 1190. (i) Wong, C.-H.; Whitesides, G. M. Ibid.
1983, 48, 3199. (j) Abril, O,; Crans, D. C.; Whitesides, G. M. Ibid. 1984,
49, 1360. (k) Wilson, K. W.; Baca, S. P.; Barber, Y. J; Scallen, T. J;
Marrow, C. J. Ibid. 1983, 48, 3960. (1) Stockigt, J.; Pfitzner, A.; Keller, P.
J. Tetrahedron Lett. 1983, 24, 2485, (m) Wang, Y.-F.; Sih, C. J. Ibid. 1984,
25,4999. (n) Ooi, Y.; Hashimoto, T.; Mitsuo, N.; Satoh, T. Ibid. 1984, 25,
2241. (o) Augé, C.; David, S.; Gautheron, C. Ibid. 1984, 25, 4663. (p)
Petkov, D. D.; Stoineva, 1. B, Ibid. 1984, 25, 3751. (q) Kobuyashi, S,
Kamiyama, K.; limori, T.; Ohno, M. Ibid. 1984, 25, 2557, (r) Contributing
Authors, Section IX D: Methods Enzymol. 1976, 44, 831.
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Synthesis of Hexadecyl Silica

volumes of dioxane for the subsequent attachment of the ligand
to Sepharose which serves as the insoluble support, (c) the com-
mercial price of Sepharose, and (d) the susceptibility of the ad-
sorbent to microbial attack.

In view of these shortcomings, a hydrophobic inorganic support
would provide an attractive alternative. The present paper de-
scribes the use of hexadecyl-substituted silica gel, prepared by
simple heating of hexadecanol and silica gel, as a hydrophobic
carrier for protein immobilization. Our results indicate that the
matrix provides an inexpensive method for immobilization of
enzymes with full retention of their catalytic activities.

Experimental Section

Materials. Silica gels (Art 7731 for TLC and Art 7729 for column
chromatography) and Florisil (Art 12518) were purchased from Merck
(Darmstadt, FRG). RNase A (5 X crystallized) and DNase I, both from
bovine pancreas and protease from Bacillus amyloliguefacieus, were
obtained from Sigma (St. Louis, MO). Alcohol dehydrogenase from
Baker’s yeast and pronase from Streptomyces griseus were supplied by
Boehringer (Mannheim, FRG). All other chemicals and biochemicals
were obtained from previously described sources.* [U-'*C|Palmitic acid
(250 xCi/mmol) was purchased from The Radiochemical Centre, Am-
ersham, England.

Synthesis of Hexadecyl Silicas. Hexadecanol® (8.0 g, 33 mmol) and
80.0 g of TLC silica gel in 500 ml. of toluene were refluxed in a Dean-
Stark apparatus for 18 h. The resulting white mass was then filtered and
washed with refluxing toluene for 18 h in a Soxhlet in order to remove
the noncovalently adsorbed alcohol. The derivatized gel was subsequently
dried under vacuum to a constant weight. This adsorbent was used for
immobilization of proteins reported here (vide infra). For carriers of
different degrees of substitution, 3.0 g of silica was used in 19 mL of
toluene and the amount of alcohol was varied from 30 mg to 1.2 g (see
Figure 1). In the case of column chromatography silica gel or Florisil,
32.0 g (0.132 mol) of hexadecanol was used for 80.0 g of the support in
500 mL of toluene and the reflux time was increased to 48 h.

Determination of the Degree of Substitution. This was carried out by
the use of [U-'*Clhexadecanol. Four grams of the radioactive adsorbent,
prepared by the above procedure, was suspended in 25 mL of concen-
trated HCl and kept at 70 °C for 48 h. After repeated extractions with
chloroform, the organic layer was dried over sodium sulfate and decol-
orized with a small amount of active charcoal, and the white solid ob-
tained after evaporation of the solvent was assayed for '*C content in a
toluene-based scintillation liquid.’

Determination of the Stability of Hexadecyl Silica at Various pH
Values. This was performed by suspending 1.0 g of the radioactive
adsorbent (21 mg of lipid/g of adsorbent) in 20 mL of a buffer containing
glycine, succinate, and Mes, each at 5 mM concentration, and adjusted
to different pH values (2-10). After stirring for 24 h, the suspension was
filtered and washed twice with 10-mL portions of acetone and then 5 X
10 mL portions of ether. After the usual workup, each sample was
assayed for 4C content.

In a separate experiment, the adsorbent was suspended in 10 mM of
Tris and 30 mM of calcium chloride, pH 8.0. This buffer was also used
for studying continuous catalytic operation with immobilized trypsin (vide
infra). After stirring for 24 h, the adsorbent was exhaustively washed
with the buffer and the filtrate was repeatedly extracted with ether. The
organic layer was then assayed for !*C content as described above.

In a different set of experiments, samples of the adsorbent which had
been treated with the above buffers (pH 2-10) for 24 h were subsequently
tested for their adsorptive capacity toward pepsin and glutamate de-
hydrogenase.

Adsorption of Proteins to Hexadecyl Silica. One milligram of protein
and 0.5 g of the adsorbent, in a final volume of 3.2 mL, were mixed for
15 min and the amount of the adsorbed protein was determined by

(3) (a) Goldstein, L.; Katchalski-Katriz, E. 4ppl. Biochem. Biceng. 1976,
1, 1. (b) Baker, S. A.; Somers, P. J. Adv. Biochem. Eng. 1978, 10, 27. (c)
Solomon, B. Ibid. 1978, [0, 131. (d) Brodelius, P. Ibid. 1978, 10, 75. (e)
Wandrey, C,; Flaschel, E. Ibid. 1979, 12, 147. (f) Finocchiano. T.; Olson,
N. F.; Richardson, T. /bid. 1980, 15, 71. (g) Bowers, L. D.; Carr, P. W. 7bid.
1980, /5, 89. (h) Contributing Authors, Section IX C: Methods Enzymol.
1976, 44, 717. (i) Varfolomeev, S. D.; Berezin. 1. V. In “Advances in Physical
Chemistry”; Kolotyrkin, Ya. M., Ed.; Mir Publishers: Moscow, 1982; pp 58.
(4) Nemat-Gorgani, M.; Karimian, K. Eur. J. Biochem. 1982, 123, 601.
(5) Nemat-Gorgani, M.; Karimian, K. Biotech. Bioeng. 1983, 25, 2617.
(6) Nemat-Gorgani, M.; Karimian, K. Biotech. Bioeng. 1984, 26, 565.
0 (7) Nemat-Gorgani, M.; Karimian, K.; Massih, A. R. Experientia 1984,
40, 81.
(8) Nystrom, R. F.; Brown, W. G. J. Am. Chem. Soc. 1947, 69, 2548.
(9) Hendee, W. R. “Radioactive Isotopes in Biological Research”; John
Wiley and Sons, Inc., New York, 1973; p 186.
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centrifugation of the original suspension followed by resuspension-re-
centrifugation of the pellets in their respective buffers twice. In order
to obtain a liomogeneous suspension with highly substituted gels (62
mg of hexadecanol/g of adsorbent) which exhibited buoyant properties,
it was found necessary to initially use a 25% ethanol-water solution
followed by centrifugation and resuspension in the appropriate buffer.
Percent adsorption was then determined spectrophotometrically as de-
scribed earlier.* Tris, (5 mM, pH 7.5) was used for DNase and RNase,
5 mM Tris, pH 8.0 for protease, 0.03 M sodium pyrophosphate, pH 8.8
for alcohol dehydrogenase, and 0.001 N HCI for pronase. The buffers
used for other proteins have been described previousty.

Fnzyme Assays. Assays were performed by a 10 min initial binding
of enzyme and the adsorbent and by following previously reported pro-
cednres."*1%  For trypsin and a-chymotrypsin the hydrolytic reaction was
initiated by the addition of their respective substrates. For glutamate
dehydrogenase adsorption to the carrier was performed in the presence
of a-ketoglutarate and ammonium chloride and the reduction process was
initiated by the addition of NADH. In the case of alcohol de-
hydrogenase, NAD™ was the last reactant added to initiate the oxidation
reaction.

Continuous Catalytic Operation with Immobilized Trypsin. This was
carried out by adsorbing 400 ug of the enzyme to 0.2 g of adsorbent and
using a simple fluidized-bed reactor described earlier. N”-Benzoyl-L-
arginine ethyl ester at | mM concentration was used as substrate, and
the esterase reaction was performed at 22 °C.

Results and Discussion

In recent years, much attention has been directed toward the
use of inorganic carriers for enzyme immobilization. In contrast
to organic supports, these adsorbents are inexpensive, immune to
bacterial degradation, and resistant to morphological changes
caused by extreme variations in pH or pressure. In fact, immo-
bilizatiou ot enzymies on a variety of inorganic supports has been
achieved through (a) covalent attachment to derivatized sup-
ports,' 12 (b) adsorption by inorganic bridge formation between
enzyme and carrier,''d and (c) simple adsorption.''®1? In this
regard, an assortment of support materials such as kaolinite,
bentonite, various ceramics, calcium phosphate, carbon, molecular
sieve, porous glass, and silica gel have been utilized as carriers.!!?

With the advent of *Si NMR spectroscopy, a new wealth of
information on the surface structure of silica has recently appeared
in the literature.'?  Furthermore, surface-functionalized silica gel
has already found such diverse applications as phase-transfer
catalysts,'® in heterogeneous organic synthesis,'” hydrophaobic

(10) Bergmeyer, H. U. “Methods of Enzymatic Analysis”, Academic Press:
New York, 1974; Vol. 1, p 428,

(11) (a) Weetall, H. H. Methods Enzvmol. 1976, 44. 134. (b) Robinson,
P. I.: Dunnill, P.; Lilly, M. D. Bioclhiim. Biophys. Acia 1971, 242, 659. (c)
Horton, H. R.; Swaisgood, H. E.; Mosbach, K. Biochem. Biophys. Res.
Commun. 1974, 61, 1118. (d) Weetall, H. H,, Ed. “Immobilized Enzymes,
Antigens, Antibodies, and Peptides”; Marcel Dekker: New York, 1975, (e)
Messing. R. A, Merhods Enzymol. 1976, 44, 148,

(12) (a) Goldstein. L..; Manecke, G. Appl. Biochem. Bioeng. 1976, 1, 25.
(b) Solornon, B.; Levin, Y. Biotech Bioeng. 1975, 27, 1323, (c) Klesov, A
A.; Germasimas, V. B. Biokhimia 1974. 44, 1084,

(13) (a) Sindrof, D. W.; Maciel, G. E. J. Am. Chem. Soc. 1983, 105, 1848.
(b) Sindrof, D. W.. Maciel, G. E. Ibid. 1981, 103, 4263. (c) Sindrof, D. W ;
Maciel, G. E. Ibid. 1983, 105, 1487. (d) Waddell, T. G.: Leyden, D. E.;
DeBello, T. N. 7bid. 1981, 103, 5303. (e) Haw. I. F.; Chuang, 1.-S.: Hawkins,
B. L.; Maciel, G. E. 7hid. 1983, 105, 7206.

(14) (a) Fritz, J. S;; King, J. N. Anal. Chem. 1976, 48, 570. (b) Tundo,
P.. Venturelin, P. J. Am. Chem. Soc. 1979, 101, 6606. (c) Waddell, T. G;
I.eyden, D. E. J. Org. Chem. 1981, 45, 2406. (d) Sawicki, R. R. Tetrahedron
Lett. 1982, 23, 2249.

(15) (a) Ohtsuka, E.: Takashima, I{.; Ikehara, M. Tetrahedron Letr. 1982,
23,3081, (b) Caprino, L. A,; Mansour, E. M. E.: Knapczyk, J. J Org. Chem.
1983, 48, 660,
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Figure 1. Dependence of the degree of substitution on the concentration
of hexadecanol. Three grams of silica gel were used, and the amount of
alcohol was varied from 30 mg to 1.2 g. For further details see the
Experimental Section.

chromatography,¢ and resolution of chiral mixtures.!”

Surface derivatization of silica gel may be achieved by the
reaction of X-alkyl or X-aryltrialkoxysilanes,'#® X-trialkyl-
chlorosilane,!3 and X-dialkyldichloro- and X-alkyltrichloro-
silanes!?® with the hydroxyl function of silica (X represents the
desired functional group). Baverez and Bastick!® have also re-
ported that alcohols may react directly with the strained siloxane
function of silica gel. Accordingly, a convenient synthetic scheme
in which direct attachment of hexadecanol to silica gel is ac-
complished by simple heating provides an inorganic carrier with
hydrophobic properties (Scheme I).

The surface hydrophobicity of such an adsorbent would clearly
depend on the degree of substitution. This, in turn, depends on
the concentration of hexadecanol and the reaction time. We found
that at a fixed reaction time of 18 h the ligand density of the TLC
silica gel used in this study increases with increasing concentration
of hexadecanol and reaches a saturation level (0.37 mmol of
hexadecanol/g of adsorbent) as shown in Figure 1. The values
for the degrees of functionalization reported here appear to be
typical of metal oxide derivatization.'*® It is interesting to note
that a high degree of substitution (=62 mg of lipid/g of adsorbent)
results in gels with buoyant properties. Therefore, a homogeneous
suspension of such gels could only be obtained by initially “wetting”
the adsorbent with an organic—aqueous solvent system such as
25% ethanol-water which was used in this study. The adsorbent
with a degree of substitution of 21 mg of lipid/g of adsorbent was
used for all subsequent studies not only because of its ability to
be “wetted” but also due to the fact that it showed near maximum
capacity for protein adsorption (vide infra).

A number of arbitrarily chosen proteins were tested for ad-
sorption onto the carrier in the form of suspension. Pepsin, trypsin,
a-chymotrypsin, papain, protease, peroxidase, glucose oxidase,
aldolase, lysozyme, alkaline phosphatase, DNase I, RNase, a-
amylase, urease, glyceraldehyde-3-phosphate dehydrogenase,
glutamate dehydrogenase, lactate dehydrogenase, alcohol de-
hydrogenase, bovine serum albumin, myoglobin, hemoglobin,
v-globulins, and cytochrome ¢ showed 90-100% adsorption.
Xanthine oxidase provided the only exception in that 40—50% of
the protein was adsorbed.

A comparison of unsubstituted silica gel with the hydrophobic
adsorbent prepared by the above procedure indicated that the latter
has a larger capacity for protein immobilization. A number of

(16) Aue, W. A,; Hasting, C. R. J. Chromatog. 1969, 42, 319.

(17) (a) Pirkle, W. H.; Finn, M. M. J. Org. Chem. 1981, 46, 2935. (b)
Pirkle, W. H.; Hyun,"M. H. /bid. 1984, 49, 3043. (c) Okamoto, Y.; Kawa-
shima, M.; Hatada, K. J. Am. Chem. Soc. 1984, 106, 5357.

(18) Baverez, M.; Bastick, J. Bull. Chim. Soc. Fr. 1965, 3662.
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Table I. Activities of Enzymes Immobilized on Hexadecyl Silica

reaction %

enzyme enzyme:adsorbent vol, mL  activity
glutamate dehydrogenase 25 ug:4 mg 5.27 94
alcohol dehydrogenase 1 pg:10 mg 311 97
trypsin 0.1 mg:50 mg 5.1 100

a-chymotrypsin 100 xg:50 mg 7.25 100

100+

Protein Adsorbed (%/.)

50 100
Degree of Substitution
{mg lipid / g adsorbent)

Figure 2. Dependence of protein adsorption on the degree of substitution.
One milligram of enzyme and 0.5 g of the carrier of various degrees of
substitution were mixed and the amount of the protein adsorbed was
determined in each case. The proteins tested were pepsin (O), glutamte
dehydrogenase (0), and xanthine oxidase (®).

the proteins mentioned above (peroxidase, glucose oxidase, alkaline
phosphatase) showed very weak adsorption (<20%) to unsub-
stituted silica gel, and some (glutamate dehydrogenase, alcohol
dehydrogenase, amyloglucosidase, aldolase, and pepsin) less than
50%. The difference may be ascribed to the presence of hydro-
phobic ligands which introduce a new parameter in addition to
those (e.g., hydrogen bonding and formation of amine silicate
bond!1&!3¢) responsible for protein adsorption to unsubstituted gels.
Adsorption of proteins to the derivatized carrier involves interaction
between hydrophobic side chains occurring on the surface or
crevices of protein molecules and the long hydrophobic arms
present on the exterior of the carrier.*® Therefore, the hydro-
phobic arms stabilize binding by anchoring the protein molecules
on the matrix and thus delaying protein desorption. This and the
highly active immobilized enzyme preparations obtained with
hexadecyl silica (see Table I) provide desirable conditions for
continuous catalytic operation.

A comparison of the results presented in this article with those
reported earlier®’ clearly indicates that hexadecyl silica is a more
effective adsorbent than hexadecyl sepharose. For example, cy-
tochrome ¢ which is totally immobilized on hexadecyl silica ir-
respective of pH could only be adsorbed on hexadecyl sepharose
at low pH, apparently due to conformational changes which lead
to the exposure of its hydrophobic sites.* The enhanced affinity
of hexadecyl silica for protein adsorption may be attributed not
only to a higher ligand density on its surface but also to the
intrinsic differences in hydrophilicity and physical morphology
of the two gels.

The degree of adsorption of three typical proteins to gels
containing different amounts of the hydrophobic ligand was found
to vary according to Figure 2. Thus, under our experimental
conditions, it is possible to obtain near total adsorption of pepsin
and glutamate dehydrogenase only with gels of high degree of
functionalization (i.e., >21 mg of hexadecanol/g of adsorbent).
The adsorption of xanthine oxidase which showed poor binding
affinity for the carrier (vide supra) was also found to depend on
the degree of substitution (Figure 2). It is interesting to note that
use of silica gel of larger particle size (column chromatography)
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Figure 3. Adsorption of pepsin (O), glutamate dehydrogenase (0), and

bovine serum albumin (@) to hexadecyl silica as a function of the con-
centration of the matrix.

T ™ T T T

80+

*/s Released

4 6 8 10
pH
Figure 4. Stability of hexadecyl silica at different pH values. One gram
of the radioactive adsorbent was suspended in 20 mL of buffer and after
24 h the amount of the ligand releases was assayed. Details are described
under the Experimental Section.

or Florisil, both surface-saturated with the hydrophobic ligand,
resulted in gels that showed only 27% and 38% binding for pepsin,
respectively. This may be ascribed to the fact that the hydrophobic
surface area provided by these derivatized carriers is not sufficient
for adequate interaction to take place.

The effect of variation in matrix/protein ratio on the adsorption
of three proteins which showed good affinity for the hydrophobic
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gel was also investigated. This was carried out by changing the
amount of the adsorbent at a constant protein concentration. It
is clear from Figure 3 that the percent adsorption increases with
increasing amounts of the carrier in each case, with approximately
400 mg of the gel being required for optimal binding.

The pH stability of the adsorbent was investigated in the range
of 2-10. It was found that prolonged treatment (24 h) caused
release of the ligand in a manner depicted in Figure 4. Other
derivatives of silica have also been reported to behave in a similar
manner.'? It should be noted, however, that release of the ligand
could only be observed when the treated adsorbent was repeatedly
washed with organic solvents (see Experimental Section). On the
other hand, no release could be detected on using buffers instead
of organic solvents in the washing step. This may be attributed
to a higher affinity of the cleaved hydrophobic ligand for the
surface of silica gel than for the surrounding aqueous environment.
In this manner, although the ligand is cleaved from the carrier,
it remains tightly associated with the surface of the support. The
cleaved but associated ligand appears to be capable of participating
in hydrophobic interactions with apolar residues of proteins. In
fact, no adverse effect on binding of glutamate dehydrogenase
and pepsin to adsorbents which were pretreated with buffers of
different pH values could be detected.

Percent activities of four immobilized enzymes in the form of
suspension (as compared to their free form) are summarized in
Table I. As indicated, these enzymes retained nearly full catalytic
efficiency upon binding to the matrix. The present results are
similar to those obtained with hexadecyl- and Triton X-100-
substituted Sepharose 4B used as organic hydrophobic adsorbents
for protein immobilization.*®

The ability of immobilized trypsin for hydrolysis of N-
benzoyl-L-arginine ethyl ester in a continuous operation was also
investigated. The adsorbed enzyme was found to convert 277 mL
of the reactant at 1 mM concentration to its products during a
period of 7 h with 100% catalytic efficiency. On the other hand,
no activity could be detected in the case of free enzyme after a
period of 2.5 h.

Considering cost-effectiveness, simplicity of preparation, and
physicochemical properties of the adsorbent, it may be stated that
hexadecyl silica provides an excellent insoluble support for enzyme
immobilization in the form of suspension. Preparations so obtained
may prove useful in large-scale continuous enzymatic transfor-
mations.

Registry No. Glutamate dehydrogenase, 9029-12-3; alcohol de-
hydrogenase, 9031-72-5; trypsin, 9002-07-7; a-chymotrypsin, 9004-07-3;
pepsin, 9001-75-6; papain, 9001-73-4; protease, 9001-92-7; peroxidase,
9003-99-0; glucose oxidase, 9001-37-0; aldolase, 9024-52-6; lysozyme,
9001-63-2; alkaline phosphatase, 9001-78-9; DNase I, 9003-98-9; RNase,
9001-99-4; a-amylase, 9000-90-2; urease, 9002-13-5; glyceraldehyde-3-
phosphate dehydrogenase, 9001-50-7; lactate dehydrogenase, 9001-60-9;
cytochrome ¢, 9007-43-6; hexadecanol, 36653-82-4.



