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ABSTRACT 

PstI has been immobilized in agarose. A solution of low melting 
agarose containing 1,6-hexamethylenediamine and PstI formed a gel 
that was effective in the linearization of pBR322 DNA. The gel con- 
taining PstI could be treated with 1,5-bis(N-acetylamino-N- 
succinimidoxy carbonyl)pentane, a crosslinking agent, without affect- 
ing the enzyme activity. Polymerization of acrylamide in presence of 
PstI led to conisderably reduced enzyme activity, although EcoRI under 
identical conditions showed high activity. 

It was found that acetylation of amino groups in PstI, by reaction 
with hydroxysuccinimide acetate, led to total inactivation of the en- 
zyme activity. This reaction showed the presence of reactive amino 
groups that were essential for the enzyme activity of PstI. Involvement 
of these amino groups in binding to activated Sepharose 4B, during 
covalent immobilization, was responsible for inactive enzyme 
preparations. 
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INTRODUCTION 

The unique ability of type II restriction endonucleases to recognize 
and cleave DNAs at a limited number of specific sites (1) has found very 
broad applications in molecular biology. Most of these enzymes have 
been utilized in partially purified preparations and, except for EcoRI (2, 
3), very little information is available about their physical or catalytic 
properties. 

Besides their applications in analytical and commercial processes, 
the immobilization of enzymes has been utilized for structure-function 
studies (4,5) and also in mimicking the behavior of these enzymes when 
membrane-bound in their natural environment. It has been found re- 
cently that subunits of EcoRI participate (3) in the binding and cleavage 
of substrate DNAs and also that the rate of cleaveage of DNA by PstI (6) 
and other endonucleases (7) is dependent on the specific nucleotide se- 
quence present near the site of cleavage. These phenomena can be better 
understood by immobilization of the enzymes (8), in addition to the 
operational advantages offered by such an immobilization. Although a 
few endonucleases have been immobilized by reaction with CNBr- 
activated Sepharose (9) or adsorption on Tritylagarose (10), there is no 
information available on the immobilization of PstI. This report describes 
the results of efforts to immobilize PstI on different solid supports. 

Covalent immobilization of PstI, involving the reaction of its amino 
groups with the activated Sepharose, led to inactive enzyme prepara- 
tions. Presence of reactive amino groups at or near the active site of en- 
zyme was found to be responsible for such inactive preparations. Immo- 
bilization of PstI in low melting agarose gave rise to a gel that showed the 
same pattern of cleavage for pBR322 DNA as that expected from reaction 
of the enzyme in homogenous solution. 

MATERIALS AND METHODS 

All organic chemicals were obtained from Aldrich Chemical Com- 
pany. Agarose (type I), low melting agarose (type VII; low gelling 
temperature with "first melt" at < 30~ bovine serum albumin (BSA) 
and bromophenol blue were obtained from Sigma. Acrylamide, 
N,N'-methylenebisacrylamide (BIS), N,N,N',N'-tetramethylenediamine 
(TEMED) and ammonium persulfate were obtained from Biorad. Glyc- 
erol was obtained from BRL. TLC was carried out on silica gel plates with 
fluorescent indicator (Brinkman Instruments). 

Enzymes 
EcoRI and PstI were obtained from BRL and Biotech. One unit of en- 

zyme activity hydrolyzed 1 ~g of DNA solution after 2 h at 25~ 
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Buffers 
50 mM Tris (pH 7.5), 5 mM MgC12, 2 mM mercaptoethanol, 50 mM 

NaC1, 100 ~g/mL BSA (Buffer A); Buffer A with 10% glycerol (Buffer 
A-glycerol); 20 mM Tris (pH 7.5), 10 mM MgC12, 1 mM DTT, 50 mM 
NaC1, 100 ~g/mL BSA (Buffer B); Buffer B containing 10% glycerol (Buffer 
B-glycerol). 

Dt~4 

pBR322 DNA isolated from E. coli strain HB101 was kindly provided 
by Dr. V. B. Reddy. An aqueous solution containing 100 ~g/mL was used 
for digestion studies. Gel electrophoresis of this solution gave at least 
four bands representing different forms of DNA, namely form I, form II, 
and polymers derived from these two forms. Complete digestion of this 
DNA with PstI or EcoRI gave rise to a single band in gel electrophoresis 
representing the linear form III. This linear form moved faster than either 
of the four bands present prior to digestion with the endonuclease. 

Gel Electrophoresis 
Analysis of DNA was carried out by horizontal gel, 20 x 20 x 0.3 

cm, containing 0.7% agarose (type I). Gel preparation and electrophore- 
sis was performed in the standard (E) buffer containing 0.04M Tris- 
acetate, 0.02M sodium acetate and 2 mM EDTA (pH 7.9). DNA solutions, 
for analysis, were combined with 10 ~L of 0.02% bromophenol blue in 
50% glycerol and 40 p,L of this solution was placed in the gel slot. After 
electrophoresis for 4 h, the gel was stained with ethidium bromide and 
photographed as described earlier (11). 

Synthesis of 1,5,-Bis(N-acetylamino-N-succinimidoxycarbonyl) 
pentane (BASP) 
A mixture containing 1 g of 1,5-diaminopimelic acid, dioxan (5 mL), 

and acetic anhydride (5 mL) was stirred for 16 h at 25~ This solution, 
obtained after stirring for an additional 2 h with 3 mL of 1.0N NaOH, was 
adjusted to pH 4.0. It was evaporated to dryness under reduced pres- 
sure, the semisolid residue so obtained gave a negative TNBS test for free 
amino groups. The semisolid was dissolved in 20 mL dioxan containing 
1.15 g N-hydroxysuccinimide (NHS, 0.5M) and 2.06 g N,N'-dicyclohexyl- 
carbodiimide (DCC, 0.5M) and mixture stirred at 25~ for 16 h. The clear 
dioxan solution obtained on filtration was evaporated to dryness and res- 
idue crystallized three times from ethyl acetate-hexane and twice from 
isopropanol to give 1.0 g of white needles (yield 41%). TLC showed Rf of 
0.5 and 0.9 for BASP using ethyl acetate-hexane and ethyl acetate-acetic 
acid (9 : 1), respectively, whereas NHS showed R~ values of 0.1 and 
0.5, respectively, in the same solvent systems. Purity of the 
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sample was confirmed from the fact that two moles of NHS were gener- 
ated from each mole of BASP (in dioxan solution) when added to 0.1M 
phosphate--0.1M ethylenediamine, pH 7.4. The amount of NHS liberated 
was estimated from the absorbance of the conjugate base of NHS at 260 
nm (r 10,000 m-lcm-1). BASP obtained was found to be at least 98% 
pure from these measurements. 

Synthesis of N-Hydroxysuccinimide Acetate (NHA) 

NHA prepared from NHS and acetic anhydride (12) was crystallized 
three times from ethyl acetate-hexane and twice from isopropanol. Pu- 
rity of the sample was checked as in the case of BASP; for each mole of 
NHA 1 mol of NHS was liberated as measured by absorption at 260 nm. 

Reaction of Pstl with NHA 

A solution of PstI (10 U/p~L) was diluted with equal volumes of 0.1M 
phosphate, pH 7.4, and 10 mM phosphate, 20 ~M EDTA, 0.15% Triton 
X-100, 50% glycerol (pH 7.4). Total reaction mixture of 20 ~L contained 5 
~L (16.5 U) of diluted PstI, 2-10 p~L of a solution of 75 mM NHA in 50% 
glycerol (so as to give final concentrations of 7.5, 18.75, and 37.5 raM) 
and the remaining volumes compensated with 50% glycerol. Reaction 
mixture was incubated for 2 h at 25~ Assay of enzyme activity was 
carried out by further incubation of this reaction mixture, for I h at 25~ 
with 5 vLL of DNA solution and 20 mM Tris, 10 mM MgCI2, 50 mM am- 
monium sulfate, 100 p~g/mL BSA (pH 7.4) to a total volume of 50 ~L. A 
solution of 0.02% bromophenol blue in 50% glycerol (10 ~L) was added 
to the assay mixture and this solution subjected to gel electrophoresis. 

In control experiments, the reaction mixture of 20 ILL contained 5 laL 
of diluted PstI solution, 5 ~L of 100 mM NHS in 50% glycerol (to give a 
final concentration of 25 mM), and 10 ~L of 50% glycerol. 

Immobilization of EcoRl in Polyacrylamide 

A solution containing EcoRI (20 U in 20 ~L), 50% acrylamide (24 ILL), 
2.5% BIS (120 or 240 o~L), 1% ammonium persulfate (13 ~L), 10 mM Tris, 
50 mM NaC1, 0.2 mM EDTA, 0.15% Triton X-100, 50% glycerol, pH 7. 5 
(110 or 0 ~L) was flushed with nitrogen for 2 min by bubbling a slow 
stream of gas through the solution. This solution was cooled in an ice 
bath, 1% TEMED (13 ~L) added and mixture was allowed to warm to 
25~ After 30 min, the gel so formed was passed through a 23 gage nee- 
dle and the gel particles were washed six times with I mL of Buffer A by 
shaking the gel suspension for 5 min each time on a vortex mixer and 
removing the supernatant solution after centrifugation. For reaction with 
DNA, one-fourth portion of the gel suspension in 70 o~L of Buffer A con- 
taining 7 v~L of DNA was shaken at 37~ for 3 h and the supernatant solu- 
tion analyzed by gel electrophoresis. 
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Immobilization of EcoRl in Agarose 

A solution of low melting agarose (1%) was prepared by heating a 
suspension of agarose (10 mg) in 1 mL of Buffer A-glycerol. This solution 
(0.2 mL) containing 47 mM 1,6-hexamethylenediamine (HMD) was incu- 
bated at 37~ for 15 rain. A solution of EcoRI (10 U/~]) was added and the 
mixture placed in an ice bath immediately. After 15 rain, the gel formed 
was passed through a 23 gage needle and then washed six times with 1 
mL of Buffer A-glycerol as described above. For reaction with DNA, the 
gel particles were mixed with 70 ~L of the washing buffer containing 7 
ILL of DNA and then shaken gently on a vortex mixer for 2 h at 25~ The 
supernatant solution was analyzed by gel electrophoresis. 

Immobilization of Pstl in Agarose 

A mixture containing 1% agarose solution (0.2 mL in Buffer 
B-glycerol), HMD (25-120 raM) and PstI (5 U/10 ~L) was cooled in an ice 
bath and gel particles were washed six times with 1 mL of Buffer 
B-glycerol. The gel was reacted with DNA by shaking gently on a vortex 
mixer, at 25~ for 2 h, with 100 ~L of the washing buffer containing 10 ~L 
of DNA and the supernatant solution analyzed by gel electrophoresis. 

For reaction with BASP, the gel particles were suspended in 0.2 mL 
of Buffer B-glycerol and 5-10 ~L of a dioxan solution (2.5-5.0 mM) or 10 
~L of 50% glycerol solution (2.0 raM) of BASP was added and the sus- 
pension shaken on a vortex mixer for 5 rain. The gel was washed and 
reacted with 20 ~L of the DNA solution as described above. 

Treatment with Glutaraldehyde 

A solution (5 ~L) of 10% glutaraldehyde was added to the gel sus- 
pension in 0.2 mL of Buffer B and this mixture was shaken for 5 min at 
25~ This gel was washed as described above and then utilized for cleav- 
age of the DNA solution. 

RESULTS 

Reaction of PstI with Sepharose 4B preactivated with a variety of 
methods (13), all involving reaction of the active groups on solid support 
with amino groups of the protein, did not show any detectable enzyme 
activity on Sepharose as judged by ability of the immobilized enzyme for 
its cleavage of DNA (data not shown). These results indicated the pres- 
ence of reactive amino groups that appeared to be essential for the en- 
zyme activity of PstI. In order to confirm this finding a homogenous mix- 
ture of PstI and NHA was incubated for 2 h at 25~ A stock solution of 
NHA in 50% glycerol, rather than in dioxan, was utilized for this reaction 
as it was found that presence of 5-10% dioxan in the reaction mixture 
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was detrimental  for the enzyme activity of PstI. Figure I shows that treat- 
ment  of PstI solution with either an 18.75 or 37.5 mM solution of NHA 
caused total loss of enzyme activity for the cleavage of DNA, whereas 
there was only partial loss of the activity at the lower concentration (7.5 
mM) of NHA. Control experiments, in which PstI was incubated either 
in the presence of 50% glycerol or a solution of NHS in 50% glycerol (25 
raM), showed no effect on the enzyme activity. It was found that during 
the incubation conditions only 28% of the added NHA had decomposed 
by hydrolysis; this was calculated from an increase in absorption at 260 
nm due to formation of NHS (see Methods). 

Very little information is available (14) on the structure of PstI. Fur- 
thermore, the presence of reactive amino groups at or near the active site 
of PstI prompted  me to look at alternative methods  of immobilization, 
especially the ones that did not involve chemical reaction of the enzyme 
with the activated solid support. Initial screening of various methods  (15) 
was carried out by using EcoRI. Most promising results were obtained 
when  a solution of acrylamide containing the enzyme was polymerized 
and w h e n  a solution of low melting agarose containing the enzyme and 
HMD was cooled to form a gel; these two methods  were evaluated fur- 
ther for the immobilization of PstI. 

A mixture containing 4% acrylamide, 1 or 2% BIS, and 6.5% of a so- 
lution of EcoRI was polymerized to form a gel. This gel, when  treated 
with DNA solution at 37~ for 3 h, showed the same cleavage pattern for 
DNA as that expected from reaction of the enzyme in solution (Fig. 2). 
These gels could be used at least twice without loss of enzyme activity. 
To immobilize PstI, several combinations of acrylamide and BIS were 
utilized, including the ones found successful for EcoRI. The acrylamide 
gel containing PstI showed barely detectable enzyme activity, as evi- 

Fig. 1. Effects of different concentrations of NHA on the enzyme activity 
of PstI. Agarose gel electrophoresis of pBR322 DNA solution was carried out 
after its reaction with PstI, that had been preincubated for 2 h at 25~ with a 
solution of 7.5 mM NHA (lane 3), 18.75 mM (lane 1), 37.5 mM NHA (lane 4), 25 
mM NHS (lane 6), and 50% glycerol (lanes 2 and 5). Untreated DNA was in lane 
7. 
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Fig. 2. Cleavage pattern of DNA with EcoRI immobilized in poly- 
acrylamide gel. Immobilization was carried out by polymerizatin of a 4% solu- 
tion of acrylamide containing 1% BIS (lane 1) and 2% Bis (lane 2); the superna- 
tant solutions were analyzed by gel electrophoresis. These gels were washed 
and treatment with DNA solutions repeated (lanes 4 and 5, respectively). Lane 3 
contained untreated DNA solution. 

denced by incomplete DNA cleavage, even after treatment of the DNA 
solution for 48 h at 37~ 

Low melting agarose solution (1%) containting EcoRI and HMD 
formed a gel when cooled to 4~ This gel was washed six times to re- 
move any enzyme loosely bound on the gel surface and showed high ac- 
tivity for the linearization of DNA when reactions were carried out at 
25--30~ About 90% of the enzyme activity used for the preparation of 
this gel appeared to be maintained in the gel. Presence of HMD was 
found to be essential for high enzyme activity (see Discussion). 

Crosslinking agents such as glutaraldehyde have been utilized to in- 
crease gel strength and also to prevent leaching of the immobilized en- 
zyme because of formation of a large network around the enzyme. In ex- 
periments where agarose or polyacrylamide gels containing the enzyme 
was treated with low concentrations of glutaraldehyde, it appeared that 
most of the DNA from solution was bound to the gel as the supernatant 
solution, when analyzed by electrophoresis showed highly reduced in- 
tensity of the bands for DNA after staining with ethidium bromide. 

PstI was also immobilized in 1% agarose solution containing HMD. 
The gel containing PstI, after washing six times with the reaction buffer, 
retained about 85% of the enzyme activity toward DNA cleavage (2 h, 
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25~ giving rise to a single band on electrophoresis as was obtained from 
reaction of PstI and DNA in the homogenous  solution. Prior to gel forma- 
tion, varying the concentration of HMD between 25 and 120 mM in 
agarose solution had very little effect on the cleavage of DNA by the im- 
mobilized enzyme. The gel containing PstI could be treated with low 
concentrations of BASP, a newly synthesized crosslinking agent, without  
affecting enzyme activity towards its cleavage of DNA (Fig. 3). These 
preparations could be used at least twice, with about 20% loss of activity 
w h e n  used second time. Control experiments, in which the immobilized 
enzyme was incubated with buffer for 2 h at 25~ showed undetectable 
enzyme activity in the supernatant buffer as no effect was evident  on 
DNA w h e n  it was incubated with the supernatant buffer. 

BASP was synthesized by acetylation of 1,5-diaminopimelic acid and 
then reacting with NHS in presence of DCC. Purity of the sample was 
checked on TLC and from the amount  of NHS liberated when  treated 
with a nucleophile. 

Fig. 3. Effect of treatment with BASP on the enzyme activity of PstI im- 
mobilized in low melting agarose, containing 35 mM HMD, was studied by the 
reaction of DNA solution with the gel that had not been treated with BASP (lane 
1) and the gels that were treated with 2.5 mM solution of BASP in dioxan for 5 
min (lane 2), with 5.0 mM BASP in dioxan (lane 5), and 2.0 mM BASP in 50% 
glycerol (lane 6). Lane 3 contained DNA solution that had been treated with PstI 
in solution. Untreated DNA was placed in lane 4. 
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DISCUSSION 

A wide variety of methods is available for the covalent immobiliza- 
tion of a protein on solid supports. Most commonly employed such 
methods involve reaction of amino groups of the protein with the acti- 
vated solid support. In such reactions, nucleophilic attack of the free 
amino groups of ]ysine residues in the protein plays a very important role 
(16). Covalent immobilization of PstI, involving reaction of its amino 
groups with active groups on Sepharose (13), led to inactive 
preparations. 

Selective acetylation of amino groups in insulin (17) and 
phenylalanyl-tRNA (18) has been carried out by reaction with NHA. 
Modification of amino groups in these cases had no effect on the biolog- 
ical activity because of the small size of the protective group. On the 
other hand, acetylation of the amino groups in PstI with NHA caused 
total loss of the enzyme activity towards its linearization of pBR322 DNA 
(Fig. 1), and thereby showed the presence of reactive amino groups at or 
near the active site of this enzyme. Reaction of an activated solid support 
with the enzyme would involve interaction with the reactive and easily 
accessible amino groups on the protein. On the other hand, a low molec- 
ular weight substrate, such as NHA, would indiscriminately react with 
amino groups that are readily accessible on the enzyme molecule as well 
as those groups that are embedded deep into the three-dimensional 
structure of the protein. Loss of activity in both cases suggested the pres- 
ence of reactive amino groups that appeared to be essential for the en- 
zyme activity of PstI. Although this reaction with NHA did not preclude 
the possibility of presence of other highly reactive groups, such as thiol, 
it has been shown (14) that disulfide linkages rather than free thiol 
groups are involved in the catalytic site of PstI and thus indicated that the 
presence of free amino groups was essential for the enzyme activity of 
PstI. Not surprisingly, involvement of amino groups in the immobiliza- 
tion reaction would give rise to inactive preparations as was the case 
when efforts were made to immobilize PstI on activated Sepharose. 

Polymerization of a solution containing acrylamide, BIS and PstI 
gave rise to a gel that showed poor activity towards its cleavage of DNA. 
This loss of activity on immobilization could not be caused by failure of 
the substrate DNA to interact with the enzyme entrapped in 
polyacrylamide network, since EcoRI when immobilized under identical 
conditions could cleave DNA in the same way as expected from reaction 
of the enzyme in solution. Presence of free radicals, inadvertent rise in 
temperature, or reaction of the enzyme with monomers present during 
the polymerization reaction may have contributed to the partial 
inactivation of PstI. Heat lability of this enzyme has been documented 
(19). 
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Both EcoRI and PstI were immobilized successfully in low melting 
agarose containing HMD. Prior to gel formation, HMD was added to 
agarose for protection of the enzyme activity both during immobilization 
and a subsequent reaction of the immobilized enzyme with BASP. HMD 
was expected to neutralize anionic groups such as sulfate and also 
polyanionic enzyme inhibitors, agaropectins, present in commercial 
agarose and thereby helping in protection of the enzyme activity during 
immobilization. Presence of such inhibitors in DNA, isolated from 
agarose gels, has been shown by Bouche (20) who demonstrated that 
preincubation of the isolated DNA with a polyamine, like spermidine, 
was necessary for uninhibited digestion of DNA with an endonuclease. 
Reaction of a crosslinking agent, BASP, and the gel containing PstI did 
not affect enzyme activity of the gel (Fig. 3). Enzyme activity was pro- 
tected during this reaction since, because of the presence of a relatively 
large proportion of HMD, its amino groups reacted with BASP in prefer- 
ence to the reaction of amino groups of PstI, which were found to be es- 
sential for the enzyme activity. 

Crosslinking with bis- or multifunctional reagents has been a 
standard practice for increasing gel strength and preventing leaching of 
the enzyme when it is entrapped in large molecular weight matrices. 
There was no indication that enzyme activity of PstI, immobilized in 
agarose and treated with BASP, was a result of the leaching of the en- 
zyme since no tendency towards linearization of DNA could be detected 
in the control experiments (see Results). Retention of total enzyme activ- 
ity after treatment with BASP showed that the enzyme was not adsorbed 
on the gel surface as the enzyme should have been inactivated by such a 
treatment as was shown by reaction of the enzyme with NHA in solution 
(Fig. 1). Furthermore, the fact that the immobilized enzyme could be 
treated with BASP in dioxan solution (Fig. 3), whereas treatment of the 
enzyme solution with dioxan or NHA in dioxan caused total loss of the 
enzyme activity (see Results), also indicated that the enzyme was 
entrapped in the matrix and not adsorbed on the surface. 

Immobilized heparin has been utilized for the purification of many 
nucleic acid binding proteins including PstI and EcoRI (21). It has been 
suggested (22) that strong interaction of these proteins with heparin, a 
polysaccharide, results from the recognition of heparin by these enzymes 
as a nucleic acid analog, rather than being caused by ion exchange. It is 
reasonable to expect similar strong interaction between agarose, a poly- 
saccharide that was utilized in the present study for immobilizations, and 
the endonucleases PstI and EcoRI. This strong interaction with a polysac- 
charide backbone and treatment with the crosslinking agent, BASP, 
would prevent leaching of the enzyme during its reaction with the sub- 
strate DNA under normal experimental conditions utilized for such reac- 
tions. Treatment with the crosslinking agent, obviously, did not affect re- 
action of different forms of DNA in solution (present in the mixture used 
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for the digestion studies) and the immobilized enzyme. Molecular 
weight of the substrate DNA had no effect on the cleavage reaction as 
shown by reaction of both the monomeric (containing 4362 nucleofides) 
and polymeric forms of pBR322 DNA. In addition, DNA that had been 
pretreated with EcoRI also underwent cleavage with immobilized PstI 
generating the same fragment as expected from reaction with PstI in so- 
lution (result not shown). 

Almost 85% of the enzyme activity was retained on immobilization 
and a loss of about 20% of this activity was observed when immobilized 
PstI was used for second time. This loss might have been caused by the 
slow denaturation of the enzyme during use, although some loss on 
washings can not be completely ruled out. Control experiments, how- 
ever, suggest that any activity that may have been washed out in buffer 
represented only a very small fraction of the total activity present in the 
immobilized form. In principle, a loss on washings can be avoided if 
crosslinking was carried out with reagents that react rather slowly with 
amino groups (in cases where an enzyme like PstI is to be immobilized) 
such as a bis-maleiimide in the presence of added dithiol. 

Immobilized restriction endonuclease offers a distinct operational 
advantage in simplifying the separation of cleaved DNA from the 
contaminating enzyme by eliminating the phenol extraction step when 
cleavage is carried out in solution. It has been recognized recently (6,7) 
that identical recognition sites in DNA, for a specific endonuclease, are 
cleaved at markedly different rates because of the presence of specific 
neighboring nucleotide sequences. By immobilization of these 
endonucleases, it should be possible to carry out only partial cleavage be- 
cause of the very easy separation of the product from the immobilized 
enzyme. Additionally, immobilization of endonucleases over different 
solid supports so as to mimic the effects of a specific nucleotide sequence, 
some sites may be cleaved in preference to others. Such studies should 
be helpful in a better understanding of the mechanism of action of the 
endonuclease and also of the structure of DNA. The approach described 
here may also be useful in the immobilization of other labile enzymes 
and thereby leading to better understanding of these enzymes and their 
substrates. 
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