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In order to obtam an efflcacmus and safe lmmunoglobuhn G (IgG) preparatmn for intravenous use, the dlgestmn 
of IgG with an immobilized pepsin (EC 3 4 23 1) preparatmn was studied Thus, pepsin was lmmobdlzed onto 
glutaraldehyde-actlvated AH-Sepharose 4B under acidic conchtlons The enzymatic properties, such as proteolytlc 
actiwty, pH-actlwty profde and heat stabdlty, of the tmmobdlzed pepsin preparatmn were examined The lmmo- 
bdlzed pepsin retained more than 40% of its proteolytlc actlwty toward N-acetyl-L-phenylalanyl-L-3,5-dlmdo- 
tyrosine and more than 30% toward IgG, and also remarkable stability as compared with free pepsin The lmmo- 
bdlzed pepsin thus prepared was efficiently used for the hmlted cleavage of IgG and the gel-filtratmn effect of the 
column made it easdy possible to yield the F(ab')2-nch fractmn for intravenous use 

Introduction 

The ltmlted cleavage of human lmmunoglobuhn 
G (IgG) with pepsin (EC 3 4 23 1) has been stud:ed 
m order to obtain the F(ab')2 fragment, which can 
be intravenously adnumstered for passive tmmuno- 
therapy with less side-effects as compared with a 
commercial IgG The use of an :mmobdlzed enzyme 
preparatmn to obtain the F(ab')2 fragment offers 
some advantages, that :s, the prevention of con- 
tammatlon with pepsin m the final product, or the 
repeated use of pepsin 

One of the most helpful procedures for mamobdl- 
zatlon of enzymes is the CNBr method revolving the 
binding of enzyme onto a matrix at alkalme pH 
However, since pepsm is rapidly and completely 
reactivated m the pH region higher than 6 0, its 
attachment to a matrix must be carried out at acldxc 
pH Therefore, m order to obtain insoluble pepsin 

Abbreviations IgG,  lmmunoglobuhn G, 
N-acetyl-L-phenylalanyl-L-3,5-dnodotyrosme, 
performance hquld chromatography 

AcPhe(12Tyr), 
HPLC, high- 

derlvahves wath high proteolyt:c actlvaty, many 
mvesUgators have used several methods They 
included the fixatxon of pepsin either to a poly- 
dlazomum salt of polyanunostyrene [1,2], to a 
mtrated copolymer of methacryhc acid and metha- 
cryhc acid m-fluoroandlde [3,4], to an armno deriva- 
tive of Sepharose by Ugl reaction [5], to an amlno- 
sdane derlvatwe of porous glass with water-soluble 
carbodurmde [6,7], or to an amino or carboxyl derlv- 
atwe of 2-hydroxyethylmethacrylate gel w:th water- 
soluble carbodnm:de [8] Ryle [9] reported, m addi- 
tion, that the pepsin :mmobdlzed on glutaraldehyde- 
actwated anunoethyl-cellulose (AE-cellulose) had 
higher proterolytlc actwlty than any other lmmo- 
bdlzed pepsin preparations mentioned above How- 
ever, AE-cellulose has low mechamcal strength as a 
matrix 

In the present study, therefore, pepsin was lmmo- 
bdlzed onto glutaraldehyde-actlvated AH-Sepharose 
In order to maprove the mechanical strength of the 
matrix obtained and to gain operational advantages 
The immobilized pepsm thus obtained was character- 
ized m detad and its application to the hmlted 
cleavage of IgG was studied 
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Materials and Methods 

Materials Porcine pepsin (twice crystallized, Grade 
1 60 000 from Sigma Chem. Co ) was used without 
further purification AH-Sepharose 4B containing 
8 /.tmol amInohexyl groups/ml swollen gel was 
purchased from Pharmacla Fine Chem Co N-Acetyl- 
L-phenylalanyl-L-3,5-duodotyrosme (AcPhe(I~Tyr)), 
used for the assay of peptic activity, was purchased 
from Sigma Human IgG was industrially prepared 
from pooled human plasma by the method of Cohn 
et al [10] m the Japanese Red Cross Central Blood 
Center Glutaraldehyde (25% aqueous solution) and 
the other reagents of analytical reagent quality were 
obtained from Wako Pure Chem Ind,  Ltd The con- 
centratlons of proteins used were spectrophoto- 
metrically determined using values of 13 8 (IgG) [I 1] 

~-1% The molecular and 149 (Pepsin) [12] as '~280nm 
weight of pepsin was esttrnated at 35 400 [13] 

Preparatton of  tmmobthzed pepsin The AH- 
Sepharose was first washed with 0 5 M NaC1 and then 
with water to remove remaining NaC1 The washed 
AH-Sepharose was suspended m 5 vol 0 1 M phos- 
phate buffer (pH 6 90) To the suspension was added 
glutaraldehyde (25% aqueous solution) in the ratm of 
032 ml/ml AH-Sepharose gel (the mol ratio of 
glutaraldehyde to arninohexyl groups was t00 1), 
and the mixture was stirred at room temperature for 
4 h to couple all amino groups to aldehyde groups 
The glutaraldehyde-actxvated matrix washed with the 
same buffer was then resuspended in 5 vol 0 1 M 
phosphate buffer (pH 5 90) and the pepsin solution 
was added to th/s The amount of pepsin added 
ranged from 5 to 100 mg/ml glutaraldehyde-activated 
gel The reaction was carried out for 20 h at 5°C with 
continued st/rrmg The mLxture was f'dtered and 
washed with the same buffer to remove the un- 
reacted pepsin Then, 0 5  M ethanol of pH 5 90, 
adjusted with dilute HCI, was added and allowed 
to stand for 2 h at room temperature m order to 
mact/vate the remaining aldehyde groups Finally, 
the tmmobflazed pepsin gel thus prepared was alter- 
nately washed three tLmes with 0 1 M acetate buffer 
(pH 4 0)/0 5 M NaC1 and with 0 01 M HC1 

Determmatton of  amount of  pepsin bound on 
the matrix 50 mg dned tmmobfllzed pepsin gel were 
suspended m 5 ml of 6 M HCI The suspensmn was 
then kept at l l0°C for 24 h ylelchng dark-colored 
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hydrolysates The acid was removed by the flash 
evaporator The residue was dissolved in the 
appropriate amount of 0 2 M citrate buffer (pH 2 2) 
and analyzed on a Hitachi liqmd chromatograph 
amino acid analyzer Model 034 The amount of 
pepsin bound on the matrix was estimated from the 
contents of eight amino acids, that is, Asx, GI×, Gly, 
Ala, Val, lle, Leu and Phe, m the matrix as compared 

contents of those amino acids in pepsin with the 
[131 

Assay 
substrate 
free and 
substrate 
described 

of pepnc actwtty using AcPhe(I2Tyr) as 
The assay of proteolytic activities of both 

unmobfllzed pepsin using AcPhe(I2Tyr) as 
was carried out according to the method 
by Jackson et al [14], revolving the 

determination of the amount of L-3,5-dndodtyrosine 
released from AcPhe(I:Tyr) at 37°C within 10 mm by 
nxnhydrln color-reaction 

A substrate solution was prepared by dissolving 
99 4 mg AcPhe(I2Tyr) in 10 ml 0 1 M NaOH, fol- 
lowed by diluting to a proper concentration with 
distilled water and adjusting to a proper pH value 
with dilute HC1 To prepare mnhydnn solution, 20 g 
nlnhydrln and 0 38 g stannoas chloride were dis- 
solved in 750 ml ethyleneglycol monomethyl ether 
and to this 250 ml 4 M acetate buffer (pH 5 5) was 
added 

To 5 ml of the AcPhe(I2Tvr) solution ot appro- 
priate concentration 0 5 ml pepsin solution was 
added or immoblhzed pepsin suspension which con- 
tamed the corresponding amount of pepsin, and the 
mixture incubated at 37°C After 10 min, 2 5 ml 
mnhydrln solution were added to the reaction vessel 
and then it was placed in a boiling water for 15 mln 
After coohng the mixture, 5 ml 50% ethanol were 
added, and it was subjected to colorunetry at 578 nm 
using a Cary 219 spectrophotometer The absolute 
hydrolysis rate (mM/mtn) of AcPhe(I2Tyr) was 
calculated from a standard absorbance curve made 
with L-3,5-dnodotyrostne The specific actlwtles 
(rain -1) of both free and Immobilized pepsin were 
calculated as the hydrolysis rates of AcPhe(I2Tyr) per 
molar solutmn of pepsin 

Assay of  peptte acttwty usmg IgG as substrate In 
order to assay the proteolytic activity of both free 
and unmoblllzed pepsin using IgG as substrate, a pH- 
stat instrument Model PS-11 (I-hranuma Sangyo Co,  
Ltd ) was used 
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9 ml 0 1 M potassium chloride solutmn contmnmg 
IgG, which was adjusted to pH 4 05 by adding ddute 
HC1, were placed in the titration vessel It was 
allowed to stand for 5 mm at 37°C The end point 
was set at pH 4 0 and the t~trator started A small 
amount of  acxd uptake of  0 02 M HC1 was observed 
and then a fiat base hne was recorded 1 ml pepsin 
solution or tmmoblhzed pepsin suspension was added 
into the vessel and acid uptake was recorded for 15 
mln The final concentratmn of  IgG was 20 mg/ml, 
and pepsin was about 1 wt % of IgG The absolute 
hydrolysis rates (mM/mm) of  pept]de bonds were 
calculated by assuming that the apparent PKa of  
a-carboxyl and a-amino groups produced by the 
cleavage of  peptlde bond were 4 0  and 80 ,  
respectively The specific activity (mm -1) was 
calculated as the absolute hydrolysis rate of  IgG per 
molar solution of  pepsin 

lltgh-performance hqutd chromatography (HPLC) 
The aqueous gel permeation chromatographic 
analys]s of  peptic digestion of  IgG was achieved using 
a high-performance hqmd chromatograph Model 
HLC-802 (Toyo Soda Manufacturmg Co ,  L td) ,  
equipped ruth two TSK-G3000SW columns m 
tandem Sample volume was 100 ~1 Elutmn buffer 
was 0 05 M sodmm acetate (pH 5 0)/0 1 M sochum 
sulfate Flow rate was 1 ml/mm Proteins eluted were 
detected spectrophotometncally at 280 nm 

Pepttc cleavage of  IgG usmg batch method Diges- 
tions of  IgG wxth free and nnmobdlzed pepsin were 
carried out at 37°C m 0 1 M acetate buffer (pH 4 0)/ 
0 15 M NaC1 Digests were adjusted to pH 8 5 by 
adding 0 1 M Tns buffer (pH 8 5) and 1 M NaOH m 
order to mactwate pepsin 

Ltmtted cleavage of  IgG through an tmmobthzed 
pepsin column The mamobd]zed pepsin gel 0 5  ml) 
was placed into a glass column (10 mm daameter) 
The column was eqmhbrated w~th 0 1 M acetate 
buffer (pH 4 0 ) / 0  15 M NaCI, and then into thxs 
column the 20 mg/ml of  IgG solution was continually 
introduced at a flow rate of  6 5 ml/h at 37°C The 
eluate was analyzed by HPLC 

Results and D~scussmn 

Preparatzon of  tmmobthzed pepsin The treatment 
of  AH-Sepharose with glutaraldehyde resulted m 
coloring to browmsh yellow of  the matrix and gave an 
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Immobdlzatlon of pepsin onto the glutaraldehyde- 
actwated matrix The amount of pepsm fixed was determined 
by amino acid analysis of the lmmobdlzed pepsin gel 

absorption band at 1 720 cm -1 m the infrared absorp- 
tion spectrum, due to the carbonyl groups This 
indicated the mtroductxon of  aldehyde groups onto 
the matrix Fig 1 shows the relat]onshlp between the 
amount of  pepsin added to glutaraldehyde-actlvated 
matrix and the amount of  pepsin bound on the 
matrix The addmon of  pepsm up to 50 mg/ml 
matrix resulted m increase of  pepsin bound The max- 
1mum amount of  pepsin bound was about 4 mg/ml 
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Fig 2 Effect of the amount of pepsin bound to the matrtx 
on the proteolyt~c activities The relative peptic actwlty was 
the ratio of specific activity of tmmobfl.tzed pepsin to that 
of free pepsin The specific actwltles toward 0 145 mM 
AcPhe(12Tyr) at pH 2 0 and 37°(2 (o), or toward 20 mg/ml 
IgG at pH 4 0 and 37°(2 (e) were determined as described m 
the experimental section 
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matrix,  which indicated that only about 1 mol 
percent of  all amlnohexyl groups was used in the 
binding of  pepsin molecules The result suggested 
that  the modification of  AH-Sepharose with glutaral- 
dehyde stencally prevented the penetrat ion of  pepsin 
molecules into the glutaraldehyde-actIvated matrix,  
because glutaraldehyde polymerlzed itself [15] and 
covered the matr ix surface 

Effect of  amount of  tmmobtltzed pepsm on the 
pepttc acttvtty Fig 2 shows the effects of  amount 
of  xmmobdlzed pepsin on the relatwe peptic actlvatIes 
toward AcPhe(I2Tyr) and IgG The relative activity of  
lmmoblhzed pepsin was from 40 to 60% for 
AcPhe(I2Tyr), and from 30 to 40% for IgG The 

relatively high peptic activities of  tmmobfllzed 
pepsin preparations might be due to the fact that 
pepsin molecules had only two aldehyde-reactive 
sites, 1 e ,  an e.armno group of  lyslne and an a-amino 
group of  N-terminal, that were located far from the 
proteolyt lc  active center of  the molecule That is, 

pepsin was lmmoblhzed on the matr ix so that  it  could 
retain ~ts native conformation to some extent  

Fig 2 also shows that the relative peptic activities 
of ammoblhzed pepsins decreased with the increase of  
pepsin contents in both cases These results suggested 
that pepsin molecules interfered with each other in 
the proteolyt lc  reactions of  AcPhe(I2Tyr) and IgG 
with the increase of  pepsin contents on the matrices 

Kmettc parameters of  hydrolysts of  AcPhe(I: Tyrj 
In order to characterize the ]mmobdlzed pepsin, the 
kinetic parameters of  the peptic hydrolysis  of  
AcPhe(12Tyr) were determined according to the 
Hanes-Woolf plots as shown m Fig 3 The Mlchaehs 

constant,  K m, for the tmmobihzed pepsin was identi- 
cal with that for free pepsin, 1 45 10 -4 M, while the 

molecular activities, ko, for free and immobilized 
pepsin were 14 3 and 4 85 mIn -1, respectively These 
results indicated that the lower proteolyt lc  activity of  
lmmobdized pepsin was mainly due to the low 
molecular activity of  pepsin molecules fixed, but  not  
due to the restriction of  diffusion of  substrate This 
might be explained by the fact that  pepsin molecules 
were fixed mainly on the surtace of  the matr ix  gel, 
as prewously described in Fig 1 That is, the penetra- 
tion of  substrate into the matr ix was not an impor- 
tant  rate-determining factor in the proteolyt lc  reac- 
t ion The molecular activity of  each pepsin molecule 
fixed was more important  as an actwlty-controlllng 
factor as compared with its Michaehs constant,  which 
was under the influence of  diffusion of  the substrate 
Therefore, the effect of  the amount  of  pepsin on the 
proteolytic  activity, as shown in F~g 2, was 
presumably due to the differences of  molecular 
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Fig 3 Hanes-Woolf plots for free and lmmoblhzed pepsin 
The hydrolysis of AcPhe(I2Tyr) with 0 36 ~tM free pepsin 
(o) and 0 66 ~zM trnmobfllzed pepsin fixed at the ratio of 
3 39 mg/ml gel (.) were carried out at pH 2 0 and 37°C as 
described m the experimental section Hanes-Woolf equation 
S/V = Km/k o + S/ko, where S]s AcPhe(I2Tyr) concentration 
(M), V, hydrolys]s rate of AcPhe(12Tyr) per molar solution 
of pepsin (mm-t), K m Mlchaehs constant (M), ko, molecular 
activity (mm -l) 
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pH 
Fig 4 The pH dependence of peptic actlvRy for free and 
immobilized pepsin The hydrolysis of AcPhe(I2Tyr ) (0 145 
mM) with 0 45 /~M free pepsin (o) and 0 99 gM tmmoblllzed 
pepsin fixed on the matrix m the ratio of 3 70 mg/ml gel (*) 
were carried out at the approprmte pH and 37°C The specific 
activities were plotted as the percentage of the actwlty at pH 
2 0, wh]ch was set at 100% 
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activities of pepsin molecules fixed, Involving the 
conformatlonal differences of pepsin molecules on 
the matrix 

Effect o¢ pit on the pepttc aettvtty Fig 4 shows 
the relationships between pH and the peptic actlvttles 
of both free and lmmoblhzed pepsin toward 
AcPhe(12Tyr) The pH-actlvlty curve of immobilized 
pepsin was constricted without any significant 
displacement of the pH optimum (2 0) as compared 
with that of free pepsin Similar effects also observed 
in the case of pepsin fixed on the amino-derivative 
of a hydroxyalkyl methacrylate gel with water- 
soluble carbodumxde [8], or 13-fructofuranosldase 
fixed on a dlazonlum salt of polyamlnostyrene [16] 

Although immobilization with glutaraldehyde has 
frequently resulted in an acid shift of optimal pH, as 
observed in the typical case of glucoamylase [17], or 
aldolase [18], because of the cationic properties of 
the glutaraldehyde-treated matrix, the same was not 
true in the present experiment This result was 
presumably due to the fact that the optimal pH of 
pepsin was in a very acidic pH region, where the 
proton concentration of water molecule itself as a 
solvent was so high that the proton concentration 
was not remarkably influenced by the presence of the 
matrix 

StabtllO' o) mmzoblhzed pepsin Fig 5 shows the 
Ume dependence of peptic activity of free and 
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klg 5 Stability of peptic activities ot tree and immobilized 
pepsin at various temperature  An lmmobflhzed pepsin fixed 
at the  ratm of  3 39 mg/ml  gel on the matr ix  was incubated at 
6°C (D), 37°C (<x) and 60°C (e) at pH 4 0 Free pepsin was 
incubated at 37°C (A) and 60°C (o) at pH 4 0 Peptic activ- 
ities were assayed using IgG as substrate at pH 4 0 

Immobtllzed pepsin at pH 4 0 and various tempera- 
tures The trnmoblllzed pepsin preparation had high 

stablhty at pH 4 0 and 6°C Only 7% loss of activity 
was observed after 50 days storage Even at pH 4 0 
and 37°C, a proper condition for digestion of IgG, 
the lmmobihzed pepsin was comparatively stable 
Although rapid inactivation of the immobilized 
pepsin was observed at 60°C, the half-hfe of the 
preparation was still about twice as long as that of 
free pepsin under the same conditions The lmmo- 
bthzatlon of pepsin on the matrix was, therefore, 
considered to provide the pepsin molecule with 
stablhty against heat-denaturation, autolysis and 
leakage from the matrix 

As previously described, glutaraldehyde used in 
this experiment consisted of mainly ollgomer and 
polymer The ohgomerlc and polymeric glutaral- 
dehyde species are known to react with amino groups 
of AH-Sepharose and a lyslne residue or the 
N-terminal of pepsin molecules to form non-conju- 
gated Schlff bases (I) or conjugated Scruff bases (II) 
as follows 

I-CliO 
OHC~CH2-} 3CH~4:CH2-}2 C H ~ ?  + R-NH2 

Ohgomerlc md Polymeric glutaraldehyde 
R = AH-Sepharose or pepsin 

The non-conjugated Schlff base linkage, which is 
susceptible to acid hydrolysis, may have been hydro- 
lyzed by washing the matrix with 0 0l M HC1 
Therefore, pepsin molecules might be finally fixed 
by the conjugated Schlff base linkage, which could be 
stable in the acid The stable linkages thus formed 
were considered to prevent pepsin molecule from 
leaking from the matrix 

Ltrmted cleavage of IgG by trnmobthzed pepstn 
Fag 6 shows the time-dependent high-performance 
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F~g 6 H~gh-performance hquld chromatograms of native 
and peptic digested IgG Digestions of IgG (20 mg/ml) with 
free pepsin (1 wt % against lgG) were carried out in 0 1 M 
acetate buffer (pH 4 0)/0 15 M NaC1 at 37°C - - ,  natwe 
IgG, - . . . . .  , digests after 15 mln, - - ,  digests atter 60 
rain 

hquld chromatograms of  IgG digested with pepsin 
The commercial IgG containing aggregates and dm~er 
as well as monomer, was digested to produce the 
F(ab')2 fragment of  molecular weight 102 l0  s, 
pFc'  fragment of  3 8 104, and low molecular weight 
ohgopeptldes (Tomono, Suzuki, and Tokunaga, 
unpubhshed data) The reaction products of the 
peptic dlgestmn were ldentxcal in both free and 
lmmoblhzed pepsin systems 

Further investigation was camed out on the 
hmxted cleavage of  IgG during passage through an 
unmobdized pepsin column, since the column 
method should provide some advantages in the 
industrial apphcatmn of  lmmoblhzed pepsin as com- 
pared with the batch method Fig 7 shows the HPLC 
diagrams of  peptic digests eluted from an ~mmo- 
bdlzed pepsm column (a) and the amounts of  four 
main peptic fragments, F(ab')2, pFc' ,  and two ohgo- 
peptldes (b) It was of  Interest to note that the 
F(ab')2 fragment of higher molecular weight was 
eluted through the munobdlzed pepsin column faster 
than the other low molecular wmght fragments, 1 e ,  
pFc' ,  peptIde A and B The elutlon Ume of  the 
F(ab')2 fragment was about 89% that of  peptlde B 
This result indicated that the peptic fragments 
seemed to be sublected to gel-filtratmn by the lmmo- 
bdlzed pepsin gel Therefore, the pure F(ab')2 frag- 
ment was observed particularly in the initial fractmns 
eluted from the lmmobdlzed pepsin column This 
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Fig 7 High-performance liquid thromatograms of peptic 
digests eluted from an Immobilized pepsin column (a) and 
the elution profiles of major peptic fragments, F(ab')2 , 
pFc', and two ohgopeptIdes, ~I th time (b) The chroma- 
tograms shown in a were that ot IgG betore digestion (1) and 
that ot the tractions at 15 6 (2), 10 9 (3), 18 2 (4), 20 8 (5), 
and 26 0 (6) ml of elutlon from an tmmobdlzed pepsin 
column (pepsin fixed at the ratio of 2 34 mg/ml gel) The 
arrows in b indicated the elutlon ~olume at which the peak 
height of each peptic fragment ,~orresponded to 50% of 
equdibrmm peak height 

effect should be applicable to produce intravenous 
preparations of  F(ab')2 fragment industrially with the 

advantage that the pure F(ab')2 fragment could be 
obtained by a one-step procedure without further 
purlficatxon after digestion 
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