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The preparation of a new succinimidyl ester agarose derivative (SEPE-Agarose) is 
described. This agarose derivative can be used for covalently linking proteins and other 
ligands containing amino groups to agarose via phenyl ester linkages that can later be 
broken under mild conditions which should not alter other groups which may be present 
in proteins such as cystinyl residues and glycosyl residues. SEPE-Agarose is prepared 
by the reaction of bis[4-1%(N-succinimidoxycarbonyl)ethyl]phenyl] succinate with an 
aminoethylcarbamylmethyl derivative of agarose. Studies of the covalent binding and 
release of trypsin and myoglobin to SEPE-Agarose indicate that gels containing 0.1 to 
0.6 pmol protein/ml of gel are obtained by reacting protein (0.5-5 mg/ml) with the N-suc- 
cinimidyl ester groups in SEPE-Agarose. Protein-linked gel is reasonably stable in dilute 
phosphate buffers (pH 5 7.4, c 25°C). Protein is released from the gel, however, by treat- 

ment at 25°C with solutions containing nucleophiles such as 1 M imidazole-glycine, pH 7.4, 
for 4 h, or 1 M hydroxylamlne, pH 7, for 10 min. Protein is also released from the gel 
by treatment with 1 M Tris pH 8.2 for 24 h. SEPE-Agarose should prove useful in affmity 
chromatography and immunoabsorption when it is difficult or impractical to elute material 
bound to conventional affinity supports. 

Elution of absorbed material usually is 
a problem in affinity chromatography and 
immunoabsorption when the absorbed 
material interacts very strongly with the 
immobilized ligand. This problem often 
arises because material absorbed on a sup- 
port is in an environment containing a high 
local concentration of immobilized ligand. 
Thus, it is more difficult to dissociate a com- 
plex between absorbed material and im- 
mobilized ligand than it is to break an analo- 

gous complex in solution. One way to remove 
strongly absorbed material from the sup- 
port would be to break the linkage between 
the immobilized ligand and the support, 
and thereby remove the entire complex 
from the gel. Well-established methods 
(e.g., dialysis, ion-exchange chromatog- 
raphy, etc.) could then be used to disso- 
ciate the complex. In this work, we describe 
the preparation of an N-succinimidyl ester- 
activated agarose support (SEPE-Agarose)3 
for covalently linking proteins and other 

SEPE-Agarose 
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ligands containing amino groups to agarose mass solidified after lo-30 min). Solvent was removed 

via phenyl ester linkages which later can from a CH,Cl, extract of the reaction product, and 

be broken. The phenyl ester linkage has the resulting residue was extracted with 25 ml of hot 

an advantage over other cleavable linkages ethyl acetate. The material insoluble in ethyl acetate 

commonly used in crosslinking agents such was recrystallized by adding ether to a CH,Cl, solution 

as the disulfide [e.g., Cl)], the diazo, and 
of the residue until the solution became distinctly 

vicinal hydroxyl linkages [e.g., (2)] in that 
cloudy. The solution was allowed to crystallize at room 

it can be cleaved under conditions that don’t 
temperature. Three such crystallizations gave 0.41 g 

result in reduction of disulfide bonds or 
of crystalline material, mp 185-88°C (corr). This 
material showed a single yellow spot on tic (R, 0.18) 

the oxidation of glycosyl residues which in benzene-ethyl acetate (6:4), 15-20 min after spray- 
are present in many proteins. ing the plate with 1% KMnO, in 10% Na&O, (SHP 

gave a yellow spot, R,0.29, immediately after spraying 

MATERIAL AND METHODS with the KMnO, reagent). 

Myoglobin (horse heart) was obtained from Sigma 
An additional 1.2 g of equally pure BSPS can be 

Chemical Company. Diphenyl succinate was prepared 
obtained by chromatography on silica gel of the ma- 

according to the procedure of Daub and Johnson (3). 
terial dissolved in the ethyl acetate and CH,Cl,-ether 

Dioxane (Fisher, reagent grade) was dried by pas- 
solutions. BSPS obtained by the above procedures was 

sage through a column of WN-3 activity grade 1 neutral 
used for reactions with the gel. An analytically pure 

alumina from Sigma (4). Redistilled solvents and 
sample of BSPS was obtained by adding 5 ml of ether 

silica gel-coated plastic sheets (Polygram SILG/UV,,, 
to 5 ml of CH,Cl, containing approximately 90 mg 

from Brinkmann Instruments) were used for tic unless 
of BSPS. After about 1 h at 4”C, 40 mg of BSPS (mp 

otherwise specified. 3-(4-Hydroxyphenyl)propionic 
194-96”C, corr) crystallized from the solution. The 

acid (HPPA) and N-hydroxysuccinimide (NHS) were 
melting point of this material did not change upon 

obtained from Aldrich Chemical Company. Before 
further recrystallization from CH&l,-ether (1:I). 

use, HPPA and NHS were recrystallized from ethyl 
Infrared spectrum (KBr, 1820, 1788,1738, 1509 cm-‘). 

acetate-petroleum ether and ethyl acetate, respec- 
‘H-mm spectrum (60 MHz, CDCl,-trifluoroace- 

tively. N-Succinimidyl3-(4-hydroxyphenyl)propionate 
tic acid)8 7.2 (8H, q, J = 4.5 Hz, aromatic H), 3.0 (20H, 

(SHP) was prepared by condensing NHS and HPPA 
m, -CH,). 

according to the method of Rudinger and Ruegg (5). 
Anal. calcd for C,,H,,N,O,, (608.57): C, 59.21; H, 

Imidazole obtained from Aldrich Chemical Company 
4.64; N, 4.60. Found: C, 59.47; H, 4.67; N, 452. 

was recrystallized three times from benzene and 
Aminoethylcarbamylmethyl Agarose (AECM- 

sublimed under reduced pressure [mp 88-89°C (corr), 
Agarose). CM-Sepharose CL-6B (100 ml) which had 
been washed with 0.1 M HCl and water was activated 

lit. (6) 90.2-90.6”Cl. 
Imidazole-glycine buffer was prepared by neu- 

with 6.9 g (60 mmol) NHS and 12.4 g (60 mmol) DCC 

tralizing a solution of imidazole and glycine with con- 
in 200 ml of dioxane according to the procedure of 

centrated HCl so that the fmal pH was 7.4 and the 
Cuatrecasas and Parikh (4). The NHS-activated gel 

final total concentrations of imidazole and glycine 
was suspended in 100 ml of dioxane and shaken 90 min 

were each 1 M. Hydroxylamine solutions were pre- 
with 100 ml of 1.0 M ethylenediamine in 0.5 M phos- 

pared just prior to use by neutralizing a solution of 
phate buffer at pH 8.0. The gel was removed by liltra- 
tion and washed on a Biichner funnel with 0.1 M NaCl 

hydroxylamine-HCl with 4 M NaOH so that the 
resulting solution was pH 7.0, 1 M total hydroxyl- 

(ea. 4 liters) until the washings gave a negative TNBS 

amine. 
test for amino groups (7). The gel was then treated 

Bis [4-[2-(N-succinimidoxycarbonyl~ethyl]pheyl I 
with NaOH according to the procedure of Cuatre- 

sue&ate. BSPS was prepared by heating SHP (2.63 g, 
casas and Parikh (4) for removing labile carboxyl 

10 mmol, which had been dried under reduced pressure 
groups. The resulting AECM-Agarose was then washed 

at room temperature) with succinyl chloride (0.57 ml, 
with water. This gel gave an orange TNBS test for 

5 mmol) in an oil bath at 140°C for 2 h (the molten 
amino groups and was stored under water at 4°C. 

SEPE-Agarose. A portion of the aqueous suspen- 
sion ofAECM-Agarose was filtered, washed four times 

cinimidyl ester attached to agarose via phenyl ester with 50 ml Me,SO, and dried on a Biichner funnel 
linkages that is formed when BSPS reacts with AECM- under aspirator vacuum for 2 min, and 3.5 g of the 
Agarose; protein-linked PE-Agarose, the agarose semidry gel was shaken for 4 h with 5 ml Me,SO con- 
derivative formed when SEPE-Agarose reacts with taining 0.3 g (0.49 mmol) BSPS. The gel was then 
protein; SHP, N-succinimidyl 3-(4-hydroxyphenyl)- separated by centrifugation from the BSPS solution 
propionate; tic, thin-layer chromatography; TNBS, and washed six times by shaking for 5 min each time 
2,4,6-trinitrobenzenesulfonic acid; DNP, 2,4-dini- with 20 ml Me,SO in order to remove noncovalently 
trophenyl. bound BSPS and NHS. The gel was then washed with 
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10 ml of 0.02 M HCl and shaken with 30 ml of 0.02 M 

HCI for 40 min in order to convert any unmodified 
amino groups to their unreactive protonated forms. 
The resulting gel was washed with water until the 
washings were neutral and then washed three times 
with 10 ml dioxane. SEPE-Agarose so obtained gave 
a weakly positive TNBS test for amino groups and 
was stored under dioxane. 

Succimmidyl ester linkages in SEPE-Agarose. 
These linkages were determined by reacting the gel 
with glycine and estimating the amount of NHS re- 
leased from the absorbance of the conjugate base 
of NHS at 260 nm (E 10,000 M-’ cm-*). As expected, 
the absorbance at 260 nm disappeared when the NHS 
solution was acidified to pH 3.0. 

The S-(d-hydroxyphenyl)propionyl content of 
SEPE-Agarose. SEPE-Agarose (50 ~1) was hydrolyzed 
for 16 h in a stirred solution of 5 M NaOH in an evac- 
uated sealed tube immersed in an oil bath at 110°C. 
The amount of HPPA released on hydrolysis was 
determined from the absorbance of the HPPA (Earn 
2.35 x 103 M-’ cm-l) in an aliquot of the hydrolysate, 
after the hydrolysate had been diluted into 0.1 M 

NaOH and clarified by centrifugation. Separate experi- 
ments wherein HPPA was added to the gel prior to 
hydrolysis indicated a 98% recovery of the HPPA 
from the hydrolysate. 

Reaction of SEPE-Agarose with proteins. Packed 
SEPE-Agarose (0.3 ml) was washed three times with 
3 ml of ice-cold 0.1 M phosphate buffer (pH 7.0) and 
then stirred with 4 ml of a protein solution in 0.1 M 

phosphate buffer (pH 7.4) at 25°C. After 2 to 4 h, 
the gel was washed with 1 M phosphate buffer (pH 
7.4) until washings showed no protein absorption 
at 280 nm (4-10 washings of 3 ml). When trypsin 
was the protein, noncovalently linked protein was 
removed by additional washing of the gel twice with 
4 ml of 2 M guanidinium hydrochloride and twice with 
3 ml of 1 M phosphate buffer (pH 7.4). Unreacted suc- 
cinimidyl ester linkages on the gel were removed by 
reacting the gel with 4 ml of 1 M glycine (pH 7.4) for 
30 min. The resulting protein-linked phenyl ester 
agarose (protein-linked PE-Agarose) was washed 
twice with 3 ml of 1 M phosphate buffer (pH 7.4) and 
stored under water at 4°C. 

The binding of protein to SEPE-Agarose. Protein 
binding was monitored by determining the decrease 
in protein concentration of the protein solution upon 
its reaction with the gel. The concentration of trypsin 
in solutions was determined from measurements of 
catalytic activity (see below) and/or absorbance at 
280 nm of an acidified (pH 3) sample of the solution. 
(The trypsin solution was acidified to eliminate the 
contribution of NHS to the absorbance.) The concen- 
tration of myoglobin in solution was determined 
from the absorbance at 410 nm. Gel-bound protein 
was also determined directly from the amino acid 
content [amino acid analysis (8) of the washed gel 
after acid hydrolysis]. 

Tryptic activity. Enzymatic activity of dissolved 
trypsin was determined by the procedure of Erlanger 
et al. (9) except that a-N-benzoyl-targinine p-nitro- 
anilide hydrochloride was used as substrate instead 
of the L&derivative, and the assay buffer was pre- 
pared by diluting 9.6 mg substrate in 0.5 ml Me,SO 
with 110 ml 0.1 M phosphate buffer (pH 7.4) and 
19.8 ml water. In order to determine the catalytic 
activity of trypsin linked to gels, 20 to 50 ~1 of the 
gel was combined with 0.1 ml Sepharose CL-6B. (Small 
volumes of gel were transferred from a buffer-diluted 
suspension of the gel.) After washing the combined 
gel with 1 ml 0.1 M phosphate buffer (pH 7.4), the 
gel was centrifuged and the gel pellet suspended in 
5 ml of assay buffer at 25°C. The gel suspension was 
stirred (magnetic stirrer) in a water bath (25°C) con- 
sisting of a jacketed beaker through which water from 
a constant-temperature bath (+-0. l°C) was circulated. 
At the end of appropriate time intervals (l-5 min), 
the assay mixture was centrifuged in order to stop 
the reaction, and the absorbance (410 nm) of the 
supernatant solution measured. The supernatant 
solution was returned to the tube containing the gel 
and stirring continued. Enzymatic activities were 
determined from slopes of the linear plots of absorb- 
ance versus time of stirring. 

The release of protein from protein-linked PE- 
Agarose. Release of protein was monitored by deter- 
mination of the increase in soluble protein and/or 
the decrease in gel-bound protein upon stirring 0.1 
to 0.3 ml gel with 1 to 5 ml of buffer. Gel-bound pro- 
tein was determined from the amino acid content 
(after acid hydrolysis) of the gel. Dissolved protein 
was determined from the absorbance, enzymatic 
activity (after correction for inactivation, <20%, 
of the trypsin upon standing in the buffer used in the 
release reaction), and/or the amino acid content (after 
acid hydrolysis) of aliquots of solutions which had 
been stirred with the gel. HPPA (A,,,275 nm, E 1.4 
x lo3 M-* cm-‘) andN-3-(4-hydroxyphenyl)propionyl- 
glycine also were released from the gel along with the 
protein, which itself is released with 3-(4-hydroxy- 
phenyl)propionyl groups linked to some of its amino 
groups. In order to calculate from the uv spectrum 
the amount of trypsin present in the supernatant 
solution, simultaneous equations were solved utilizing 
absorbance measurements at 2.80 and 290 nm, assum- 
ing the absorptivities at 280 and 290 nm for the hy- 
droxyphenylpropionyl derivatives were equal to that 
observed for HPPA. The amount of myoglobin in the 
supernatant imidazole-glycine buffer was deter- 
mined from the absorbance of the solution at 410 nm 
(where the absorbance of HPPA is negligible) using 
the separately determined molar absorptivity of 
myoglobin (1.55 x lo5 M-’ cm-‘) in the imidazole- 
glycine buffer. 

Determination of the number of connector arm 
linkages to trypsin. Trypsin was released from the 
gel with 1 M hydroxylamine (pH 7, 10 min). The re- 
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sulting solution was adjusted to pH 3 and dialyzed 
against 1 mM HCl in order to remove hydroxylamine 
and other low molecular weight components. The 
resulting protein solution was dinitrophenylated 
using a method similar to that described by Fraenkel- 
Conrat et al. (10). The acid-hydrolyzed dinitrophenylated 
protein was extracted with ether. The ether-insol- 
uble fraction (mainly unmodified amino acids) was 
subjected to amino acid analysis for determination 
of the recovery of protein and the lysine content. The 
yield of free lysine gave the number of lysyl e-amino 
groups which were bonded to the connector arm and 
therefore not dinitrophenylated. The content of 
a-DNP amino acids in the hydrolysate was deter- 
mined by treating the ether extract by a method 
similar to that of Stevens (11) to remove DNP-OH, 
DNP-NH, and other artifacts, except that a thin- 
layer plate (Prekotes Silica Gel G from Applied Science 
Laboratories) was used in place of the silicic acid 
column. The a-DNP amino acids which remained at 
the origin were eluted from the silica gel plate with 
4% acetic acid in chloroform. After removal of the 
eluant under reduced pressure, a-DNP amino acids 
were taken up in 1% NaHCO, and quantified from 
the uv spectrum of the solution (IO). 

Zdent@cation of NHS. NHS was identified as a 
product of hydroxylamine treatment of ligand-linked 
gels from its characteristic uv spectrum which dis- 
appears upon acidification (pH 3-4) and from its 
behavior on tic. In a typical experiment 0.3 ml glycine- 
linked PE-Agarose was washed with pH 7.4 0.1 M 
phosphate buffer. The observation that the washings 
were free of 260 nm-absorbing material demonstrated 
the absence of NHS. The glycine-linked PE-Agarose 
was then treated with 4 ml of 1 M hydroxylamine 
at pH 7.0 for 10 min. The uv spectrum of a sample 
of the hydroxylamine solution showed a maximum 
at 260 nm. Upon acidification (pH 3) of the sample, 
there was a marked decrease in the uv spectrum. 
The amount of NHS in the sample was calculated 
from the absorbance change (260 nm) observed upon 
acidification and a value of 10,000 M-' cm-l for the 
corresponding change in molar absorptivity observed 
for NHS. The amount of NHS so calculated was in- 
creased by 14% in an attempt to correct for decomposi- 
tion (1.4 % per min) of NHS in the 1 M hydroxylamine 
solution. In the acidified sample, an absorption band 
with a maximum at 275 nm was distinguishable. This 
absorbance band which prior to acidification was 
masked by the NHS spectrum is attributed to the 
presence of HPPA and derivatives thereof that were 
liberated from the gel by hydroxylamine. After a 
lo-min treatment with 1 M hydroxylamine, another 
0.3-ml sample of glycine-linked PE-Agarose was 
acidified to pH 4 and extracted three times with 5 ml 
of ethyl acetate. The combined ethyl acetate ex- 
tracts were dried over anhydrous sodium sulfate. 
The residue obtained after evaporation of the ethyl 
acetate under reduced pressure, exhibited the same 

R, on tic as that of authentic NHS (benzene:dioxane: 
acetic acid, 20:6:2, and chloroformethanol, 91). 

RESULTS AND DISCUSSION 

As expected from previous studies of an 
NHS derivative of agarose (4), amines 
rapidly displace NHS from SEPE-Agarose 
and become covalently linked to the solid 
support via amide bonds. Figure 1 illus- 
trates the time course of the reaction of 
SEPE-Agarose with 0.1 M glycine at pH 
7.4. This reaction is essentially complete 
within 30 to 60 min as indicated by the cessa- 
tion of release of NHS. Although water 
also attacks gel-bound succinimidyl ester, 
at pH 7.4 hydrolysis of the succinimidyl 
ester is much slower than reaction with 
glycine, and release of NHS is not complete 
even after 6 h at pH 7.4 in the absence of 
glycine (Fig. 1). 

The time course of the binding of a protein 
(myoglobin) to SEPE-Agarose is depicted 
in Fig. 2. The decrease in incorporation 
of myoglobin accompanying the decrease 
in myoglobin concentration shown in Fig. 2 
probably is due in part to the decreased 
ability of the myoglobin reaction to com- 
pete favorably with hydrolysis of the suc- 
cinimidyl ester. Control experiments (Table 
I> wherein the gel-bound succinimidyl ester 
was decomposed by treatment with glycine 
prior to reaction with myoglobin showed 
little myoglobin binding (~7% of the experi- 
mental gel, Table I). Furthermore, the 
protein content of myoglobin-linked PE- 

L 1 1 1 1 ’ 
1 ? 3 4 5 5 

TIME(h) 

FIG. 1. Glycine-mediated release of NHS from 
SEPE-Agarose (25°C). The amount of NHS released 
(NHS Rl.) in the presence (0) and absence (W) of 
0.1 M glycine in 0.1 M phosphate buffer at pH 7.4 
was determined from the absorbance (260 nm) of 
samples of the centrifuged reaction mixture. 
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1 2 3 4 

TIME(h) 

FIG. 2. Time dependence of the binding of myo- 
globin to SEPE-Agarose upon its reaction in a 0.1 M 
phosphate-buffered (pH 7.4, 25°C) solution at the 
following concentrations of myoglobin: 0.5 (M) and 
2 (A) mg/ml. The amount of myoglobin bound to the 
gel (M. Bd.) was determined from the decreased 
absorbance (410 nm) of samples of the centrifuged 
reaction mixture. 

Agarose, as determined by amino acid 
analysis of the acid-hydrolyzed gel, was 
not changed significantly (~10%) by exten- 
sive washing of the gel. These data are 

consistent with the view that there is little 
noncovalent binding of myoglobin to the gel. 

The data in Table I for trypsin, however, 
indicate a greater noncovalent binding of 
trypsin to glycine-inactivated gel than that 
seen for myoglobin. Additionally, as shown 
in Table I, the amount of trypsin which 
appears to bind to SEPE-Agarose as judged 
by the decrease in absorbance of the reac- 
tion mixture (730 nmol/ml gel with 5 mg/ml 
trypsin and 350 nmol/ml gel with 1 mg/ml 
trypsin) is larger than the amount of tryp- 
sin on the gel after extensive washing as 
judged by amino acid content of the gel 
after acid hydrolysis (440 nmol/ml gel and 
220 nmoVml gel for gels that had been reacted 
with 5 mg/ml and 1 mg/ml trypsin, respec- 
tively). The data in Table I indicate that 
trypsin-linked PE-agarose noncovalently 
absorbs more soluble trypsin than glycine- 
linked PE-Agarose. The reason for the dif- 
ference was not explored. Separate experi- 
ments, however, indicate that such non- 
covalently bound protein is easily removed 

TABLE I 

BINDING AND RELEASE REACTIONS OF MYOGLOBIN AND TRYPSIN WITH SEPE-AGAROSE 

Protein 
concentration 

(mg/mU 

Amount Amount Amount 
incorporated released* remainingc 

(nmollml gel) (nmopml gel) (nmolknl gel) 

Expt Control Expt Control Expt Control 

Release (96) of 
covalently 

bound protein 

Myoglobin 
2 
0.5 

Trypsin 
5 
1 

210 14 180(210) <2(<4) 10 86-load 
130 9 80 5 62d 

730 85 400(350) (24 91 12 ‘79-81” 
350 35 (1’76) 16 4.8 79e 

0 Determined from the decreased absorbance of the protein solution after reaction with the gel. The control 
gel was SEPE-Agarose which had been inactivated by reaction with 0.1 M glycine in 0.1 M phosphate buffer, 
pH 7.4, for 16 h prior to reaction with protein. 

b After reaction with the protein solutions, the gels were washed and reacted with 1 M imidazole-glycine 
buffer (pH 7.4) until release of protein essentially ceased (4-6 h). Amounts were determined either from 
absorbance measurements of the supernatant solution or the amino acid content after acid hydrolysis, in 
parentheses. 

c Subsequent to treatment with imidaaole-glycine buffer the gels were washed and acid hydrolyzed. 
Amounts were determined from the amino acid content of the gels after acid hydrolysis. 

d Calculated (neglecting noncovalent absorption) from the ratio of the amount released (expt) and the amount 
incorporated (expt). 

e Calculated from the ratio of the amount released (expt) to the sum of the amount released (expt) and the 
amount remaining (expt). Separate hydrolysis of the gel prior to treatment with imidasole yielded values for 
trypsin content which were within 5% of the sum of the amount released and amount remaining. 
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by washing the gel with 2 M guanidinium 
hydrochloride. 

In the protein-linked gels, derived from 
SEPE-Agarose, the connector arm by which 
the protein is linked to the agarose matrix 
contains two phenyl ester linkages. Phenyl 
esters are much more susceptible than alkyl 
esters and amides to catalysis of their hy- 
drolysis by nucleophilic reagents with pK’s 
in the range 5 to 10. For example, imidaz- 
ale is about 70,000 times- more effective 
as a catalyst for the hydrolysis of phenyl 
acetate than for ethyl acetate (12). Although 
phenyl esters are generally more susceptible 
than alkyl esters to hydroxide ion-catalyzed 
hydrolysis, this increased susceptibility 
toward hydroxide ion is much less pro- 
nounced and varies with the aromatic sub- 
stituents. Interestingly, hydroxide ion- 
catalyzed hydrolysis of phenyl acetate is 
only 11 times faster than that of ethyl ace- 
tate (12). The reactivity of the phenyl ester 
linkages present in the protein-linked PE- 
Agarose should not be very different from 
that of p-methylphenyl acetate, which in 
turn is not very different from phenyl ace- 
tate in its reactivity (12). A buffer 1 M in 
both imidazole and glycine (at pH 7.4) was 
used in this work to cleave phenyl ester 

linkages and release covalently bound pro- 
tein from the agarose. Glycine was added 
to the imidazole buffer to ensure that acyl 
imidazoles formed as a result of nucleophilic 
attack on the phenyl ester would not react 
with amino groups in the protein. 

The reactivity of the phenyl esters at- 
tached to the agarose was determined using 
glycine-linked PE-agarose which was pre- 
pared by reacting SEPE-Agarose with 0.1 M 
glycine in 0.1 M phosphate buffer, pH 7.4. 
The time course of the release of 3-(4-hy- 
droxyphenyl)propionyl-glycine and HPPA 
(derived from succinimidyl esters which 
were hydrolyzed prior to reaction with 
glycine) from glycine-linked PE-Agarose 
was followed by monitoring the appearance 
of absorbance at 275 nm. In separate experi- 
ments, it was determined that the 1 M gly- 
tine in the imidazole-glycine solution con- 
tributed little to the observed rate of phenyl 
ester hydrolysis. The data depicted in Fig. 3 
indicate that the release of phenolic groups 
is not a monophasic process. Analysis of the 
data in Fig. 3 in terms of a biphasic reaction 
yields a rate constant of 0.064 min-’ (inset 
to Fig. 3) for the rapid reaction which ac- 
counts for 78% of the releasable groups. 
The expected pseudo-first-order rate con- 

I I I 

3 

2 

TIME (min) 

FIG. 3. First-order plot for the release of HPPA and derivatives thereof from glycine-linked PE- 
Agarose in 1 M imidasole-glycine buffer (pH 7.4, 26°C) as reflected by the increase in absorbance 
(A) at 275 nm. Af represents the final absorbance of the reaction mixture at 275 nm. The plot in 
the inset was constructed by graphically eliminating the slow process. This operation was accom- 
plished by subtracting from values of (A, - A) at various times, the corresponding values of (A, - A) 
obtained from the line drawn for the slow process. The resulting differences, D, were taken as the 
values of (A, - A) for the rapid process. 
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stant for hydrolysis of p-methylphenyl 
acetate in 1 M imidazole buffer at pH 7.4 
is 0.2 min-’ (13). Considering the difference 
in the structure of the resin-bound phenyl 
esters and p-methylphenyl acetate, the 
approximately 6.3-fold (0.2 x 2/0.064) lower 
rate of release from that expected from the 
stability of p-methylphenyl acetate is not 
unreasonable.4 The failure of the hydrolysis 
of phenyl ester linkages on the gel to be 
cleanly monophasic may be caused by some 
of the phenyl ester linkages being in an 
environment wherein attack by imidazole 
is sterically hindered. 5 

The kinetics of release of protein from 
protein-linked PE-Agarose are complicated 
by the heterogeneous reactivity of the 
phenyl ester linkages on the gel and the 
possibility that protein is linked to the ag- 
arose via more than one connector arm. 
Qualitatively, one would expect the protein 
to be released from the gel at a rate which 
is lower than that of phenyl ester hydroly- 
sis, since a bound protein molecule is not 
released from the gel until all of its link- 
ages to the gel are broken. As shown in 
Fig. 4, this expectation is realized, wherein 
it can be seen that the fraction of releas- 
able protein which appears in solution at a 
given time (fJ is less than the extent of 
hydrolysis of the phenyl ester linkages (x). 

The extent of release of releasable protein 
from the gel at a given time should be re- 
lated by Eq. [l] to the extent of cleavage 
of connector arms. In Eq. [l],fr represents 
the fraction of total releasable 

protein that is released when the fraction 
of gel-attached connector arms that are 

4 In order to estimate this factor, it was assumed 
that both phenyl ester linkages on the connector arm 
are hydrolyzed at equal rates and that when the sub- 
stituted monophenyl succinate derivative is liberated 
from the gel it hydrolyzes to liberate the phenolic 
group of HPPA at a rate which is more rapid than 
hydrolysis of gel-linked phenyl esters. 

5 Deviations of the kinetics from that expected for 
a monophasic reaction might also arise from a failure 
of the assumptions stated in Footnote 4 to hold. 

cleaved equals x. The probability that a 
protein molecule with n connector-arm 
links to the gel will be released is x%. fnO 
represents the amount of releasable protein 
containing n connector arms relative to 
the total amount of releasable protein. If 
the distribution of the number of links to 
the gel were such that properties of the 
protein-linked gel could be approximated 
by a protein containing r7. links to the gel, 
where r7. is an average value for the ntimber 
of crosslinks to the gel, then Eq. [2] should 
hold and a plot of log& vs log x should be 

f*=xfi PI 
linear. Such a plot (Fig. 4, inset) was con- 
structed for trypsin using values of x and 
fr at equivalent times. The slope of the log 
fr vs log x plot in the inset to Fig. 4 yields 
a value of 3.1 for fi. 

The actual weight average value of the 
number of connector arms attached to re- 
leasable covalently bound trypsin was 
estimated by treating released trypsin 
with 2,4-dinitrofluorobenzene. This reagent 
forms acid-stable DNP derivatives with 
unblocked a-amino and e-amino groups of 
proteins. Since released protein should have 
its (Y- amino and e-amino groups blocked 
in an amide linkage at the residues where 
connector arms were attached, only lysyl 
residues which had been linked to connector 
arms should give rise to free lysine after 
dinitrophenylation and acid hydrolysis. 
Comparison of the amino acid analysis of 
released protein after dinitrophenylation 
and acid hydrolysis (6.2 mol lysine/mol pro- 
tein) to that of native trypsin treated in 
a similar manner (2.8 mol lysine/mol pro- 
teinj6 indicated an average of 3.4 lysyl- 
linked connector arms per molecule of tryp- 
sin. A yield of 0.9 mol/mol protein for a-DNP 
amino acids is obtained with released tryp- 
sin in comparison to the yield of 0.8 mol/mol 
protein obtained for native trypsin. This 
result is consistent with the view that tryp- 
sin was not linked to the gel via a-amino 

g The incomplete dinitrophenylation of a- and e-amino 
groups of trypsin is probably due to our not using 
harsh enough conditions to expose completely all the 
buried amino groups during dinitrophenylation. 
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x 0.25 

TIME (min) 

FIG. 4. Connector arm cleavage and the release of trypsin and myoglobin from trypsin-linked and 
myoglobin-linked PE-Agarose. The degree of connector arm cleavage, z, was obtained from the 
fraction of releasable HPPA and derivatives thereof that are released from glycine-linked PE-Agarose. 
The fraction, fr, of releasable trypsin that had been released from the gel was obtained by dividing 
the amount of protein released at a given time by the amount of protein released after 6 h, after 
which time protein release essentially ceased. (0, L& 0) Values off, for trypsin and myoglobin and 
values of r, respectively. The values of z and fr at equal times that were used to construct the 
log-log plot in the inset were interpolated from the curves in this figure. 

group~.~ The value of 3.4 connector-arm 
links to the gel per molecule of trypsin ob- 
tained from this analysis, is similar to the 
value of ?i = 3.1 determined from the slope 
of the plot in Fig. 4.8 

The trypsin released from trypsin-linked 
PE-Agarose exhibited a specific catalytic 
activity similar to that of native trypsin. 
Interestingly, prior to its release with the 
glycine-imidazole buffer, the gel-bound 
trypsin had a specific catalytic activity which 

’ The failure of the N-terminal e-amino groups 
in trypsin to react with the N-succinimidyl esters 
of the gel is not surprising. The N-terminal amino 
groups in trypsin appear to be buried and they also 
react with acetic anhydride much more slowly than 
lysyl amino groups (14). 

” It should be noted that the difference between 
fi and the weight average value of n should be a func- 
tion of the distribution of crosslinks. If  all the trypsin 
molecules had the same number of crosslinks to the 
gel, ri would of course equal the weight average value 
of n. Hypothetical logf, vs log 2 plots were generated 
assuming various distributions of crosslinks. These 
plots yielded values of fi which like the observed 
value of W were somewhat less than the weight average 
value of the number of crosslinks. 

was 180% that of the soluble trypsin from 
which the trypsin-linked gel was formed. 
The trypsin remaining on the gel after treat- 
ment with imidazole-glycine buffer also 
exhibited a similarly enhanced activity. The 
reason for this increased activity of immobi- 
lized trypsin has not been explored. There 
are many well-documented examples, how- 
ever, of altered kinetic properties of en- 
zymes linked to macromolecules (15). 

In addition to imidazole-glycine, hy- 
droxylamine at pH 7.0 was found to be very 
effective in releasing covalently bound 
trypsin from the gel. The extent of trypsin 
release observed with hydroxylamine as 
judged from the appearance of active tryp- 
sin in the hydroxylamine solution was found 
to be similar to that observed with imidaz- 
ole-glycine. Release of trypsin, however, 
was observed to be much faster (10 min 
vs 4-6 h) with the hydroxylamine than 
with the glycine-imidazole solution. Hy- 
droxylamine-mediated release of myoglobin 
from myoglobin-linked PE-Agarose was not 
studied, because of the complex time-de- 
pendent effects of hydroxylamine on the 
spectrum of myoglobin. 
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Treatment of glycine-linked PE-Agarose 
with hydroxylamine results in the release of 
HPPA and derivatives thereof (8.0 pmolfml 
gel) in an amount similar (within 5%) to that 
observed with imidazole-glycine. Interest- 
ingly, treatment of glycine-linked or tryp- 
sin-linked PE-Agarose with hydroxylamine 
also results in the release of about 23 pmol 
NHSlml gel. Release of NHS is not observed, 
however, when these ligand-linked PE- 
Agarose gels are treated with imidazole- 
glycine buffer prior to treatment with hy- 
droxylamine. Since NHS itself is stable in 
the imidazole-glycine buffer, and since 
NHS ester linkages are destroyed in the 
preparation of ligand-linked PE-Agarose, it 
is unlikely that the NHS liberated in the 
presence of hydroxylamine arises from 
N-succinimidyl esters. This extra NHS 
probably arises from the attack of hydroxyl- 
amine on one phenyl ester linkage of a con- 
nector arm to form a hydroxamate which 
then undergoes cyclization (to form NHS) 
and cleavage of the remaining phenyl ester 
linkage. This thesis is supported by the 
observation that upon reaction with 1 M 
hydroxylamine at pH 7, diphenyl succinate 
rapidly forms NHS in about 50% yield.g 
Surprisingly, however, hydroxylamine 
treatment results in the release of 23 pmol 
NHS/ml of gel instead of the expected 2 
pmol/ml gel (i.e., one-fourth of the 8 pmol/ml 
gel of HPPA and derivatives thereof that 
is released from the gel by hydroxylamine). 
This result can be explained, however, if 
in its reaction with AECM-Agarose, BSPS 
were to crosslink a substantial fraction 
of the aminoethyl groups in AECM-Ag- 
arose. In such crosslinks, both oxyphenyl- 
propionyl groups of BSPS would be linked 
to the gel via amide bonds which are not 
hydrolyzed in the imidazole-glycine or 
hydroxylamine solutions. Consistent with 
the existence of such crosslinks is the ob- 
servation that the amount of HPPA (76 
pmollml gel) released upon hydrolysis of 

@That is, the amount of NHS produced was ob- 
served to be one-fourth instead of one-half the amount 
of phenol released. The low yield of NHS is probably 
due to intermolecular attack by hydroxylamine on the 
remaining phenyl ester group of the intermediate 
before it can cychze. 

SEPE-Agarose with 5 M NaOH also is 
greater than the amount of HPPA deriva- 
tives released from the gel with imidazole- 
glycine or hydroxylamine. Furthermore, 
the observed yield of NHS (23 PmoYml 
gel) is not very different from the yield of 
NHS (one-fourth of ‘76 or 19 pmol/ml gel) 
one would predict by assuming that all of 
the HPPA released by the NaOH contains 
succinate ester linkages which exhibit reac- 
tivity toward hydroxylamine similar to that 
of diphenyl succinate. 

Figure 5 illustrates the stability of myo- 
globin linked PE-Agarose in phosphate 
and Tris buffers at 25” and indicates that 
the stability of the myoglobin-linked PE- 
Agarose decreases with increasing pH. 
Thus stirring the gel for 16 days with 0.1 M 
phosphate buffer at pH 6.4 results in the 
release of 11% of the myoglobin from the 
gel, whereas 21% of the myoglobin is re- 
leased from the gel after 16 days in 0.1 M 
phosphate buffer at pH 7.4, 25°C. As ex- 
pected the stability of the gel could be in- 
creased further by lowering the temperature. 
Storage of the gel at 4°C for 1 month under 
0.1 M phosphate buffer at pH 6.4 results 
in release from the gel of less than 5% of 
the myoglobin. Furthermore, no significant 
change (<lo%) was observed in the amount 
of protein which could be released upon 
treatment with imidazole-glycine buffer 
after storage for 1 month at pH 6.4, 4°C. 
Under similar conditions of storage, 13% 
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FIG. 5. Time-dependent increase in the fraction 
(ft) of the total myoglobin linked to the gel that is 
released into buffers at 25°C. (A) pH 6.4, 0.1 M phos- 
phate (0); pH 7.4, 0.1 M phosphate (0); pH 7.4, 0.1 M 
Tris (A); pH 8.2, 0.1 M Tris (A). (B) pH 8.2, 1.0 M 
‘his (0); pH 8.8, 0.2 M Tris (a). 
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of the phenyl ester linkages were found to 
be cleaved as judged from the quantity of 
HPPA derivatives released from glycine- 
linked PE-Agarose. If prolonged storage 
of a ligand-linked PE-Agarose is necessary, 
increased stability during storage might 
be obtained by storing lyophilized gel or 
storing the gel under an organic solvent or 
an aqueous organic solvent mixture. 

The data depicted in Fig. 5 also show 
that myoglobin is released from the gel at 
pH 7.4 faster in the presence of 0.1 M Tris 
buffer than in the presence of 0.1 M phos- 
phate buffer. Interestingly, the rates of 
release of myoglobin in the Tris buffers 
(pH S-9) are sufficient to warrent use of 
these buffers to release covalently bound 
protein. For example, treatment of myo- 
globin-linked PE-Agarose with 1 M Tris 
buffer at pH 8.2 for 24 h results in release 
of essentially all of the myoglobin from the 
gel (Fig. 5). 

The SEPE-Agarose described in this 
work should extend the usefulness of suc- 
cinimidyl esters of agarose previously de- 
scribed by Cuatrecasas and Parikh (4). 
In addition to its potential usefulness in 
affinity chromatography and immunoabsorp- 
tion, in cases where it is difficult to release 
absorbed material, SEPE-Agarose deriva- 
tives might be useful for screening for the 
presence of compounds in extracts of bio- 
logical material which interact strongly 
with an immobilized physiologically im- 
portant compound. With conventional 
affinity supports, it would be difficult to 
characterize material which interacts with 
the immobilized ligand too strongly to be 
conveniently removed from the support. 
SEPE-Agarose derivatives which are linked 
to active site-directed reagents could prove 
useful in determination of structure-func- 
tion relationships for proteins. Modified 

protein, after being linked to a SEPE- 
Agarose derivative of an active site-di- 
rected reagent, could be digested with a 
protease such as trypsin, leaving only the 
active site peptide attached to the agarose 
support. The active site peptide then could 
be released from the support for further 
study of its properties and its structure. 
Finally, derivatives of SEPE-Agarose which 
react or interact specifically with material 
on cell surfaces should prove useful in the 
purification of cell surface components. 
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