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INTRODUCTION 

A. Statement of the Problem 

y-Glutamyl transferase, first described in 1950 by 

Hanes, Hird and. Isherwood (1), catalyzes the transfer of 

a y-glutamyl residue from the substrate to an acceptor 

amino acid or peptide with the ultimate fo.rmation of a 

new y_-glutamyl peptide according to the following scheme: 

y-glutamyl-R1 + R2 (Donor) (Acteptor) 
y-glutamyl-R2 + R1 

Hanes, et al.· (2) established that various y

glutamyi compounds could serve as the donor in the reaction. 

Glutathione (y-L-glutamylcysteinylglycine) was the substrate 

of choice, but ·y-1_-glutamylphenylalanine, y-L-glutamyl 

. glutamic acid, y-1.- glutamyl tyrosine and y-1~ glutamylglycine 

could serve as donors as well. In the reaction, the y-

. glutamyl residue of the donor peptide is transferred to 

new linkage with .the free amino group of the acceptor. 

Since the reaction involves only the y-glutamyl carboxyl 

residue and not the a-carboxyl group of the conventional 

"peptide" bond, the author prefers to refer to the enzyme 

as a-transferase rather than transpeptidase as some in-

vestigators do. 

When chrom~genic substrates were developed in the late 

1950's, many investigators began to use the y-glutamyl de

rivatives to assay for enzyme activity. y-L-glutamyl-(3- · 

naphthylamide is one chromogenic substrate which has been 
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commonly used. .The methods for assay were greatly simpli-· 

fied~ but certain differences in the reaction were noted. 

These substrates served as donor as well as the ·acceptor 

of the y-glutamyl residue. Hydrolysis as well as trans

peptidation takes place simultaneously during the incuba

tion of the enzyme with substrate. 

In 1964, Leibach and Binkley (3) purified and charac-

terized ~ y-glutamyl transferase, from h~g kidney. This 

enzyme carrfed out the transfer reaction with_ glutathione, 

but did not react with the chrom~genic substrate. An enzyme 

preparation was subsequently isolated which hydrolyzed the 

chrom~genic substrate,· but did not react with_ glutathione. 

Initially, the purpose of the work described here was to 

further purify and characterize the "hydrolase enzyme". A 
t-. 

substrate obtained from Cyclo Chemicals Lot No .M 103·0'"', .. ~,)?.-~;}- . 

ported to be y-L-glutamyl-S ... naphthylamide, was used to assay 

for enzyme _activity. During the work it was established that 

the compound was actually- ·-C(·-L-glutamyl- S-naphthylamide. When 

.the compound was compared with y-L-glutamyl-S-napht~ylamide 

and ~{~;-1_-glutamyl-S-naphthylamide ·obtained from ICN .Co. by 

means of ,paper chromatography, the compound migrated the 

s arne as ·;.-z~~- L- glutamyl- (3 -naph thylamide, ICN. Su~sequent 

. studies· revealed that the "hydrolase enzyme" also catalyzed

the transfer reaction with y-1_-glutamyl-S-naphthylamide and 

. glutathione. This enzyme has been referred to as Transferase 

II, distinguishing it from Transferase I as described by 
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Leibach and Binkley. Subsequent studies revealed that two 

transferase activities were associated with the Transferase 

II preparation. These activities were designated as Trans

ferase IIA and IIB. Thus, the purpose of this investigation 

has been to further purify the transferas~ activities ·associa-

ted with this preparation and compare their properties with 

Transferas~·r. 

The three forms of y_-g1utamyl transferase have been 

compared with regard to pH optimum, substrate ·specificity, 

acceptor specificity, carbohydrate ·content, electrophoretic 
,f 

mobility and molecular we~ght. 

In these s_tudies, y-1.-glutamyl- (3-naphthylamide has been 

generally used as the substrate of choice. While it is clear 

that both glutathione and y-L-glutamyl-(3-naphthylamide do 

serve as substrates for the transfer reaction, it-seems 

likely that they interact with the enzyme in a somewhat 

different manner. For this·reason a closer examination of 

the. transpeptidation reaction has been made, using both sub-· 

strates; 

NOTE: 

With the afore~mentioned reservations, the author 

contend·s that the names glutathionase' y_-glutamyl trans

peptidase and y_-glutamyl transferase apply to similar enzymes 

and the reaction which is catalyzed is one of transpeptidation. 

3 



B. Historical and Related Literature 

It is quite interesting to note some historical back-

ground which ultimately led to the discovery of y-glutamyl 

transpeptidase. Historically glutathione (y-glutamyl

cysteinylglycine) was proposed to be an obvious model for 

the study of enzymatic synthesis of the peptide bond, there-

·fore there was widespread interest in glutathione metabolism 

during the 1930's and 1940's. 

Waelsch and Rittenberg (4) began experiments in 

1941 to show in vivo the incorporation of N15 glycine into 

glutathione in rabbit liver. At this time the authors 

suggested that the rapid metab?lism of_ glutathione showed 

that_ glutathione might be an intermediate between free 

amino acids and proteins, transferring amino acids or 

functioni~g as a r~gulating mechanism. 

Bloch and Anker (5) in 1947 demonstrated, in vitro, 

h · . f N15 1 . . 1 h. . t e 1ncorporat1on o . g yc1ne 1nto_ g utat 1one 1n rat 

liver slices. The system was offered as a suitable model 

reaction for the study of peptide bond formation. Johnston 

and Bloch (6) showed that in pigeon liver extracts, glu

tathione synthesis was dependent upon the presence of 

adenosine triphosphate. They also discounted glutamine 

as an intermediate in glutathione synthesis. Bloch (7) 

presented a detailed report on the conditions associated 

with the synthesis of glutathione in broken cell preparations 

of liver. Free ·amino acid but not N-acetyl glycine was 
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incorporated into glutathione. 

During this same period, other investigators were 

studying the hydrolysis of glutathione. In 1937 Schroeder 

and Woodward (8) showed that both reduced and oxidized 

glutathione were enzymatically hydrolyzed in rat kidney. 

The production of cysteinylglycine and cysteine was 

followed as an indication· of hydrolysis. Woodward and 

Reinhart (9) showed that the production of glutamic acid 

during the hydrolysis was dependent upon pH. Neubeck and 

Smythe (10) in 1944 reported that quantitative amounts· of 

. glutamic acid were not recovered during hydrolysis of. glu

tathione by_ guinei pig liver extracts. These authors 

suggested that apparently some other re·action was affecting 

the content of g·lutamic acid duri~g the incubation. 

Binkley and Nakamura (11) supported the concept that 

the hydrolysis of glutathione was a two step process in

volving the intermediary formation of cysteinylglycine and 

mediated by t~o enzymes. These authors showed that in the 

rat the enzyme responsible for the cleavage of gillutathione 

to cysteiny:lglycine was limited to the kidney. The enzyme 

responsible for the cleavage of cysteinylglycine to cysteine 

was of much wider distribution. 

Binkley and Olson (12) usi~g pig kidneys, separated the 

enzyme responsible for the hydrolysis of cysteinylgiycine 

5 



from the enzyme responsible for the hydrolysis of the 

y-glutamyl linkage of glutathione. These enzymes were 

designated cysteinylglycinase and. glutathionase, respec

tively. 

It was at this time that Hanes., Hird and Isherwood (1) 

in 1950 first described the transpeptidation reaction in

volved with the breakd·0wri of glutathione. Using paper 

'chromatography, these authors were able to show that when 

glutathione was incubated with sheep kidney extracts, new 

peptides containi~g. glutamic acid were formed. Further 

studies in 1952, confirmed that Y.-glutamyl peptides were 

formed during the incubation of the enzyme with glutathione 

(2). Furthermore other Y.-glutamyl peptides could serve as 

donors and various amino acids served as acceptors for the 

Y.-glutamyl residue. 

Kinoshita and Ball (13) described a y-glutamyl trans

peptidation reaction in beef kidney involving glutathione 

and arginine. They also showed that only y-glutamyl peptides 

could serve as donors. Neither ~.-glutamyl p~ptides nor 

. glutamine were donors. 

Fodor et a1.· (14) showed that Y.-glutamyl transpeptidase 

was also· present in liver, brain, pancreas and mammary gland. 

These authors also showed that synthesis of. glutathione as 

well as cleav~ge could occur by the action of .the enzyme 

(15) . 
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Purification of y-glutamyl transferase was hindered 

principally because of difficulty in solubilization. Binkley 

(16) reported that_glutathionase was a lipoprotein, contain

ed within the microsomal fraction of the cell. The activity 

was solubilized by detergent treatment with deoxycholate-:(. 

Also, activity could be released by digestion with proteo

lytic enzymes such as ficin or chymotrypsin. 

Another problem of somewhat less significance concerned 

the·methods for quantitative ~ssay. With glutathione as 

substrate~ the release of cysteiny~glycine was measured by 

a modification of the Sullivan and Hess method (17). While 

_generally accepted and reliable, the method was quite tedious 

and time consuming. With the advent of chromogenic substrates 

in the late 1950's, many investigators dev~loped colorimetric 

assays using these substrates. 

Goldberg et al. (18) used y -L-glutamyl- S-naphthylamide 

as substrate to assay for transpeptidase activity. Szewczuk 

and Orlowski (19) developed an assay using y-1-glutamyl

aminonitrile, while Meister (20) determined enzyme activity 

using y-L-glutamyl~p-nitroanilide. The methods £or assay 

were greatly simplified, but certain differences in the 

reaction were noted. L These substrates served as the donor 

as well as the acceptor of the y-glutamyl residue. 

Binkley (21) in 1961 described a 200 fold purification 

of renal_ glutathionase from hog kidney. He established by 
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subcellular fractionation that the enzyme was ·particulate, 

bound to the microsomal fraction and could be released by 

treatment with deoxycholate or digestion with chymotrypsin 

or ficin. 

described. 

The acceptor specificity of the enzyme was first 

Glycylglycine was shown to be an absolute re-

quirement for the transpeptidation reaction with glutathione 

as substrate. 

Leibach and Binkley (22) achieved one of the first 

purifications of Y.-glutamyl transferase from hog kidney 

using column chromatographic techniques. The enzyme was 

solubilized by digestion with ficin. Transferase I wa~ 

purified and extensively characterized. 

Orlowski and Meister (23) purified a Y.-glutamyl trans

peptidase from hog kidney. Using column chromatography, the 

enzyme eluted as one fraction. However, the investigators 

noted that the preparation was not homogeneous, but rather 

polydispers_e. The enzyme was purified in close association 

with a peptidase hydrolyzing glycine-s-naphthylamide. 

Szewczuk and Baranowski (24) achieved a 1000 fold 

purification of Y.-glutamyl transpeptidase from beef kidney. 

Two enzyme fractions were obtained through column chromate-

. graphy techniques. The carbohydrate content, electrophoretic 

mobility, sedimentation coef.ficients, and other physical 

characteristics were described. The effect of neuraminidase 
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on the two fractions ~as also described (25). 

In recent years the clinical significance of y-glutamyl 

transpeptidase has been studied. Orlowski and Szewczuk (26) 

have shown the occurrence of transpeptidase in human serum. 

· Kakot and Kuska (27) s,howed that the heterogeini ty of serum 

y-gll,ltamyl transpeptidase was due not only to their differ

ences in electric charge but also to their different size 

and molecular we_ight. Szewc.zuk (28) proved that human serum 

y_-glutamyl trans.peptidase possesses nearly identical physico

chemical properties as a soluble form of liver y-glutamyl 

transpeptidase. Evidence supporti!lg the signific(lnce of 

y_-glutamyl transpeptidase in clinical diagnosis is in

conclusive. Generally h~gh serum activities accompany 

only liver diseases (29,30). 

The physiolp.gical function of y_-glutamyl transpeptidase 

remains obscure. Histochemical studies indicate that the 

enzyme is localized in the brush border of the proximal 

tubules and in the loops of Henle (31, 32). This would 

seem to indicate, as Binkley (33) has proposed, that the 

enzyme may function in absorptive processes within the 

kidney. Greenberg et al. (34) have demonstrated trans

peptidase activity in human jejunal mucosa. The enzyme 

activity has also described in guinea pig small intestine 

(3 5) . 



MATERIALS AND METHODS 

1. Source 

Y.-glutamyl transferase activity wq.s obtained from 

frozen hog kidneys by the method of Leibach and Binkley (22) 

as an 80% ammonium sulfate powder, 80 AS. The lyophilized 

powder was stable indefinitely when stored in the cold. This 

fraction served as the:starting material for the purification 

of three forms of y-glutamyl transferase. This fraction also 

contained hydrolytic activity toward the amino-acyl-S-naphthy-

lamides of alanine, leucine, glycine and g-glutamic acid. 

2. Principle Reagents 

A solution of y-1.-glutamyl- s-naphthylamide was pr~

pared by dissolving 6.8 mg in 25 ml distilled water to which 

had been added 0.05 ml 2N NaOH to give a solution with final 

concentration of O.OOlM. This substrate was obtained from 

ICN Corp. 

A solution of 1-Leucine-s-naphthylamide was pre

pared by dissolving 7.3 mg in 25 ml distilled water. 1-

* alanine SNA , L-glycine- SNA and y-1.-glutamic acid- SNA were 

prepared in a similar way to give a final concentration· of 

O.OOlM. These substrates were obtained from Fox Chemical Co. 

Tris-HCl buffer O.lM, pH 8.0 was prepared by dissolving 

24.4. gm Tris in 1800 ml distilled water. The solution was ,...\ 

*$NA-s-naphthylamine 
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titrated to pH 8.0 with concentrated HCl and brought to a 

final volume of 2 liters. Upon dilution with distilled 

water, O.OlM Tris-HCl buffer, pH 8.0, was prepared and used 

in column chromatography techniques. O.lM Tris-HCl buffer, 

pH 9.0, was prepared in a similar manner . 

. Naphthanil Diazo Blue B, obtained from Dajac 

Laboratories, was prepared by dissolving the dry powder 

in 15% acetic acid/ethanol to a final concentration of 

0.5 mg/ml. This solution was freshly prepared for each 

assay. 

3. Column Chromat~graphy 

DEAE-cellulose, obtained from Carl Schleicher 

& Schuell Co. with a capacity of 1 meq/gm, was prepared by 

a modification of the method of Peterson and Sober (36). 

so. gm DEAE-cellulose was allowed to settle into 4 liters 

of O.SN NaOH. The suspension was stirred with a magnetic 

stirrer for about 30 minutes or until all clumps had been 

dispersed. The suspension was then allowed to settle, the· 

fines were poured off and the fibers resuspended in distilled 

water. This washing procedure was repeated several times 

until an appreciable amount of base had been removed. Then 

the suspensiqn was filtered on a large Buchner funnel and 

resuspended in 4 liters 0.25M HCl. The fibers were washed 

with distilled water and filtered as before .. The "filter 

'cake" was quite. gummy, but broke up by stirring several 
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hours in O.OlM Tris-HCl buffer, pH 8.0. Equilibration in 

O.OlM Tris-HCl buffer, pH 8.0 continued for several days 

with buffer cha~ges. 

DEAE-cellulose columns were packed by. gravity flow 

from a reservoir mounted on a magnetic stirrer. The columns 

were packed to the desired height, removed from the reservoir 

and hooked up to ~ LKB Ultro~ac Fraction Collector Type 7000. 

Eluant from the column was directed through a Uvicord, Type 

4701A monitor, which had a photocell set at 253 m~. A record

er, Type 6520A, was used to monitor the elution of protein from 

the column. O.OlM Tris-HCl buffer, pH 8.0, was passed through 

the column overnight to equilibrate the column bed before the 

sample was applied. Elution was performed at room temperature, 

usually maintained at 22°C. 

Sephadex G-200, obtained from Pharmacia. Fine Chemicals 

Inc., was allowed to swell in 0. OlM Tris -·Hcl buffer,. pH 8. 0, 

at least three days before use·. Columns equipped-.with flow 

adaptors were obtained from Pharmacia Pirie Chemicals Inc. 

T~e·column with an attached packi~g reservoir was filled 

to 2/3 volume with buffer. The. gel slurry was poured into 

the reservoir and the bed allowed to pack by. gravity~ When 

the gel had settled, the outlet tube was opened and flow 

maintained under low positive pressure. When the ·bed was 

packed to the desired height, the flow adaptor was inserted 

over the bed and the column hooked into the LKB·Fraction 
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Collector for ascendi!J.g flow. When not in use, buffer was 

passed through the column to prolong its usefulhe-ss , 

4. Paper Chromat~graphy 

Paper chromat~graphy was perfo"rmed on sheets of 

Whatman No. 3 paper 10 x 25 inches, with a butanol:acetic 

acid:water (60: 15': 25) solvent sys~em. Aliquots. of enzymatic 

d~gests were applied to the paper. Ghromat_ography was per-

formed in a descendi~g manner. The chromatograms were 

developed by dippi!J.g them in 0.2% ninhydrin in acet~ne 
. \ 

(w/v). The chromat~grams were heated at 60°C for five 

minutes to localize the reaction products. The resulti!J.g 
': ' 

spots were fixed by dippi!J.g the chromat~grams in a c$pper 

nitrate reagent, prepared by mixi~g 1 ml saturated aqueous 

Cu(N0 3) 2 in 100 ml ethanol plu~ 0.2· ml 10% HNO~. 

5. Electrophoresis 

Electrophoresis was performed in an E-G Vertical 

Gel Electrophoresis Cell, Type EC4 70. A polyacrylamide_ g_el 

media composed of- 7% Cyan_ogum-41, obtained from the E-C 

Apparatus Corporation, was_ generally used. The gel was 

chemically polymerized with ammonium persulfate (AP) and 

- N ;N ,N' , · N'- t·etramethylethylenediamine (TMED). An E- C 

power Supply was· used to_ generate the desired current across 

the_ gel~ The_ gels were either stained for protein with· 

Amide Black and destained electrophoretically in a E-C 

Destaini!J.g Apparatus, or the enzyme activity was localized 
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by incubating the_ gel in substrate solution and staining 

with Naphthanil Diazo Blue B. 

6. Neuraminidase Treatment 

Neuraminidase (Vibrio cholerae) was obtained from 

General Biochemical Co. as a solution containing 500 units 

per ml. An acetate buffer cocktail was prepared by dis

solvi~g 1 gm NaCl. and 100 mg CaC1 2 in 50 ml distilled 

water and diluting to 100 ml with O.lM acetate buffer, 

pH 5. 5, prepared accordi!lg to· M"etho·d·s· ·in "Enzymology (37). 

7. Determination of Enzymatic Activity 

Several methods· were used to assay for y_-glutamyl 

transferase activity. 

With_ glutathione as substrate, the release of 

cysteinylglycine was quantitated by the method of Sullivan 

and Hess (17). The reaction mixture contained 3 micromoles 

reduced_ glutathione, 12 micromoles_ glycylglycine,_ 10 micro

moles ~gC1 2 , and 45 micromoles Tris-HCl buffer, pH 9.0 in 

a total volume of 0.9 ml. 0.1 ml of enzyme, of ·the proper 

dilution, was add·ed and the reaction incubated 30 minutes 

at 37°C. The reaction was stopped by the addition of 

trichloroacetic acid to a final concentration of 5%. 

Cjsteinylglycine was determined after coupling with sodium

s-naphthoquinone. The resultant yellow color was proportional 

to the amount of cysteinylglycine when read in a Bausch and 
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Lomb·Spectronic 20 at 540 m~. Protein was estimated by 

absorbancy at 280m~. One unit of activity is defined 

as that amount of enzym·e which will release 1 micromole 

cysteinylglycine, under the prescribed conditions, in 

30 minutes. 

With y-L-glutamyl-(3-naphthylamide as substrate, 

the release of s-naphthylamine was quantitated by a 

modification of the method of Goldberg· and Rutenburg (18). 

The reaction mixture contained 1 micromole y-L-glutamyl

(3-naphthylamide and 45 mic!omoles Tris-HCl buffer, pH 9.0 

in a total volume of 1.9 ml .. 0.1 ml enzyme was added and 

the reaction mixture incubated for 10 minutes at 37°C. The 

reaction was stopped· and free (3-naphthylamine diazotized 

upon the addition of 2 ml Naphthanil Diazo Blue B dissolved 

in acetic acid:ethanol (15:85). The resultant color was 

proportional to free (3-naphthylami'ne. when read at 540 ·m~. 

One unit of activity is defined,as that amount of enyzme 

which will release 1 micromole (3-naphthylamine, under the 

prescribed conditions in 10 minutes. Specific activity is 

expres·sed as units per milligram protein. 
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RESULTS 

1. Purification of y-Glutamyl Trans.ferase 

Step 1 - One gram lyophilized so· AS was dissolved· 

in 50 ml. O.OlM Tris~HCl buffer pH 8.0 and applied by gravity 

flow to a DEAE-cellulose column (2 x 40 em), equilibrated 

with the same buffer (Fig. 1). After the sample had been 

applied, elution was begun with O.OlM Tris-HCl buffer pH 

8.0. The flow rate was maintained at 30 ml. per hour by 

hydrostatic pressure from the reservoir .. seven milliliter 

fractions were collected. Protein elution was monitored on 

a Uvicord Recorder. After three inactfve protein peaks had 

eluted from the column~ elution was begun with O.OSM Tris-

HCl buffer pH 8. 0. · y-Glutamyl trans-ferase· activity, d.esignated 

Transferase I, was eluted with o~osM Tris-HCi pa 8.0 as one 

peak. When the Uvicord monitor retu,rned to base line, elu

tion was begun with O.OSM Tris-HCl pltis O.lSM NaCl buffer at 

pH 8. 0. ·Protein containing y_-glutamyl transferase activity, 

designated Transferase II, as well as hydrolytic activities 

toward the other amino-acyl naphthylamides was eluted with 

this buffer. Transferase II overlapped the hydrolytic 

activity and was not separated at this step. Those fractions 

containi~g the highest specific activity in Transferase I and· 

Transferase II peaks, respectively, were pooled, dialyzed in 

the cold against serveral changes of distilled water until free 

of salt and lyophilized. 

Step 2 - Transferase II was obtained free of the hydrolytic 
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Figure 1 

-o-o-o-

Stepwise Elution of ·~ AS Fraction 

on DEAE-cellulose 

Specific Activity of y-Glutamyl Transferase 

Transferase I Peak Tube 48 

Transferase II - Peak Tube 69 
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activity by elution from a DEAE-cellulose column 

(2 x 30 em) with a sodium chloride gradient (Fig. 2). 

-The lyophilized protein, elu!:bed in the previous step with 

0.08M Tris-HCl plus O.~SM NaCl, was dissolved in O.OlM 

Tris-HCl buffer pH 8.0 to a final concentration of 30 mg 

per ml. and applied to the column which had been equili

brated in the same buffer. Elution was begun with a 

sodium chloride. gradient by means of a multi-chambered 

gradient apparatus. The first chamber contained 200 ml. 

O.OlM Tris-HCl buffer, pH 8.0. The second chamber con

tained 200 ml O.OlM Tris-HCl plus 0.3M NaCl buffer, pH 

8.0. Flow rate was·maintained at 25 ~1. per hour. T~o 

milliliter fractions were collected. Transferase II 

elut.ed from the column as two peaks, designated IIA and 

liB, which were not distinctly separated. Transferase 

IIA eluted ahead of and was well separated from the 

hydrolytic activities. 

Fr~ctions containing Transferase IIA, Trans

ferase iiB and the hydrolase activity, respectively, 

wer~ pooled ·and dialyzed against distilled water in the 

cold. The dialyzed fractions were either lyophilized or 

concentrated by means of a Diaflo ultrafiltration cell 

under nitrogen pressure. 
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Figure 2 Gradient Elution of Transferase II on 

DEAE-cellulose 

M NaCl 

Absorbance 280 m~ 

-o-o-o- Specific Activity y-Glutamyl Transferase 

-x-x-x- Specific Activity Leu-SNA Hydrolase 

Transferase IIA Peak Tube 37 

Transferase liB Peak Tube 49 
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Step 3 - Transferase I, IIA and IIB were further 

purified by_ gel filtration through a Sephadex G-200 column 

(2.5 x 100 em) equilibrated with O.OlM Tris-HCl buffer, pH 

8.0 (Fig. 3 & 4). Ascending flow was maintained at. 30 ml. 

per hour by hydrostatic pressure from a reservoir. Three 

mil1ili ter fractions were collected. Samples with a pro:-_ 

tein concentration not exceeding 50 mg. per ml. in a vol

ume not exceeding 4 ml. were flown onto the bottom of the 

column by means of a sample applicator. In each case 

those fractions exhibiting the highest specific activity 

were pooled. The three forms of the en~yme could be 

dialyzed and lyophilized without appreciable loss of 

activity. The enzyme could be frozen or stored in solu

tion of O.OlM Tris-HCl buffer, pH 8.0 in a refrigerator 

for many months. 

Examination of the purified Transferase IIA on 

disc electrophoresis according to the method of Ornstein 

and Davis (38) showed the presence of two slight contami-· 

nants; similarly charged which could not be separated by 

gel filtration (Fig. 5). However Transferase IIA is very 

specific for the transpeptidation reaction. The e~zyme will 

not hydrolyze the amino-acyl- s-naphthylamides of ~-~glutamic 

acid,_ glycine~ leucine and alanine. Subsequent studies 
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Figure 3 Gel Filtration of Transferase IIA ·on· 

Sephadex G-200 

Absorbance 280 m~ 

-o-o-o- Specific Activity 

IIIII Void Volume - Dextran Blue 2,000 
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Figure 4 Gel Filtration of Transferase IIB on 

Sephadex G-200 

Absorbance 280 m~ 

-o-o-o- Specific Activity 

·.: ... ·. 
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F~gure 5 Disc Electrophore·sis· ·of Tr·a·ns"ferase IIA 

E - Enzyme Stain 

P - Protein Stain 
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TABLE 1 

Purification of y-Glutamyl Transferase 
- ~ ·-

ITA from 80% Ammonium Sulfate Fraction 

Step 

80% Ammonium
Sulfate 

DEAE - Stepwise 

DEAE - Gradient 

Sephadex G- 200 · 

mg 
protein 

1,477 

178 

25.6 

1.7 

Total 
Activity 
1-1mole/lO min 

663.65 

222.14 

58.11 

40.46 

Specific 
Activity 
1-lmOle/10 
min/mg 

0.45 

1.19 

3.78. 

24.54 
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by paper chromatography have shown that this preparation 

does contain a hydrolytic activity toward glycylglycine. 

However this activity appears minimal with respect to 

transferase activity. 

2. Properties of y-Glutamyl Transferase I, IIA and liB 

Under the conditions of the standard assay, the 

release of S-naphthylamine from y-1.-glutamyl- S-naphthylamide 

was directly proportional to the amount of enzyme used, as 

shown in Figure 6. Therefore whe.n studying other k:lneti c 

parameters, an amount of enzyme which would release 3 to 

4 x 10- 2 micromoles S-naphthylamine in 10 minutes was 

. generally used. 

The release of S-naphthylamine is also proportional 
\ 

to substrate concentration. The release of S-naphthylamine 

is linear with respect to y -1.-glutamyl- s-naphthylamide con

centration up to 1.5 K 10- 3M. The plateau observed in 

JFigure 7 does not represent the Vmax of the enzyme; rather 

at concentrations above 2 x 10- 3M the substrate becomes 

insolubl·e under assay conditions and precipitation occurs. 

A substrate concentration of 0.5 x 10- 3M was routinely used 

for assay. 

The Michaelis constant, Km, was determined for each 

form of the enzyme from the Lineweaver-Burk (39) plot shown 

in Figure 8. The assay was performed under standard condi

tions, except that y-1.-glutamyl- S-naphthylamide substrate 

25 



Figure 6 . Rate Response to Enzyme Concent~ation 

Figure 7 
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Figure 8 Lineweaver-Burk Plot for Transferase I 

and Transferase IIA 
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concentrations were varied, while the enzyme concentration 

was held constant. The Km for y-L-glutamyl-s-naphthylam"ide 

for Transferase I was calculated as 7.4 x 10- 4M. The Km 

for Transferase IIA was 2.5 x 10- 3M. In studies to deter-

mine the acceptor specificity of the enzymes, the standard 

assay procedure was used with y-1-glutamyl-s-naphthylamide 

as substrate at a final concentration of 5 x 10- 4M. Amino 

acids and certain peptides were incl~ded in the reaction at 

a final concentration of 2 x 10- 3M. Reactions were buffer-

ed with Tris-HCl buffer, pH 8.0. 

As shown in Table 2, the release of free s-naph

thylamine from ·y-1-glutamyl-s-naphthylamide was stimulated 

two to three fold in the presence of the acceptor. glycyl-

:. glycine. Neither glycine nor glycylglycylglycine served 

as a. good acceptor for the reaction. Of the other amino 

acids tested, arginine,_ glutamine and methionine also 

served as good acceptors. There appeared to be no acceptor 

specificity among the three forms of y-glutamyl transferase 

(Table 3). 

To-determine the pH·optimum for the reaction, the 

standard assay procedure was used with various borate 

buffers, prepared according to Methods in Enzymology (37), 

within the range of pH 7.6 to 10.1. y-1-Glutamyl-s-naph

thylamide, 5 x 10- 4M, was used as substrate. The reaction 

was run in the presence and absence of the acceptor, 

28 
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TABLE 2 

Acceptor Specificity of y-Glutamyl Transferase IIA 

Acceptor Specific Activity % Stimulation 

None. 11.8 

Glycine 13.4 .13 
Glycylglycine 45.5 286 
Glycylglycylglycine 15.8 34 

Alanine 12.0 2 
Leucine 12.3 4 
Valine 11.7 0 

Arginine 13.6 17 
Lysine 13.1 11 

Aspartic acid 11.1 0 
Glutamic acid 12.0 2 
Glutamine 18". 8 59 

Methionine 17.8 51 
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TABLE 3 

* Stimulation of y-G1utamyl Transferase Activity 

Acceptor 

None 

Glycyl-Glycine 

Arginine 

Glutamine 

M.ethionine 

with Various Acceptors 

Transferase I 

26.7 

53.9 (100) 

33 .·o (24) 

33.3 (25) 

39.6 (48) 

Transferase IIA Transferase IIB 

5.8 

10.9 (88) 

7.3 (26) 

7.0 (21) 

9.7 (67) 

5.0 

10.0 (100) 

7.0 (40) 

6.6 (32) 

7.9 (58) 

*Activity is expressed as micromoles S-naphthylamine formed 

per ~g protein per 10 minutes. Figures in parentheses represent 

per cent stimulation. 



glycylglycine, at a final concentration of 2 x 10- 3M. As 

shown in Figure 9, the pH optimum of the reaction in the 

presence and absence of glycylglycine was pH 8.8 to 9.0. 

At pH 8.0 there existed a somewhat greater stimulation of 

the release of s-naphthylamine in the presence of glycyl-· 

glycine than at pH 9.0. Transferase I, IIA and IIB appear-· 

ed to have the same pH optimum under the given conditions. 

Since y-L-glutamyl-S-naphthylamide was insoluble 

in the presence of certain metals, y-1-glutamyl-S-nitroani

lide was used as substrate when studying metal effects on 

the reaction. The assay was performed according to the 

method of Orlowski and Meister (20), by observing the 

liberation of p-nitroaniline by its abso~bancy at 410 m . 

·, 

EDTA had no effect on the transferase activity. 

When :t:!j.e.enzyme was extensively dialyzed against EDTA or 

when EDTA was included in the reaction mixture no change 

in activity was ·observed. ++ The presence of Mg produced 

1 . h . 1 . f . . ++ ++ d ++ on y a sl1g t st1mu at1on o act1v1ty, Co , Cu , an. Hg 

inhibited transferase activity as .shown in Table 4. Neither 

chloromercuribenzoate nor N~ethylmaleimide had any appreciable 

effect on transferase activity. There appeared to be no 

significant differences in the three transferase forms with 

respect to m·etal ion requirements. 

Both continuous and discontinuous systems were 

used to study the electrophoretic mobility of the three 
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Figure 9 

I 

1. Reaction with 0.0005M y-1-

glutamyl-s-naphthylamide 

2. Reaction with O.OOOSM y-1-

. glutamyl- S:-naphthyl·amide plus 

0.002M_ glycy~glycine 
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TABLE 4 

Effects ·of Metals on y-Glutamyl Transferase Activity* 

Transferase Transferase· ·Transferase 
I IIA <~~lB 

None· 75.5 17.3 15.9 

.M ++ 
. g ' 1 X 10·- 2M 80.7· ( + 7) 20.7 ( + 2) 19.7 ( + 2) 

M ++ 
n ' 2 X 10- 3M 30.7 (-59) 11.0 (- 36) . 11.1 (- 30) 

Co ++ 2 10- 3¥ 24.0 (- 6 8) 12.1 (- 29) 7.4 (-54) 
' 

X 

Cu ++ 2 10- 3M 54.6 (- 2·8) 11.3 (- 3 5) 7.5 (-53) 
' 

X 

H ++ 
. g ' 2 X 10- 3M 10.7 (- 86) 5.0 ( -71) 5.6 ( ~ 65) 

*EDTA has no ef~~ct on activity. ActiVity is expressed as 

micromoles p -ni tr.o-Fnild.:~B:e-~ f0rmed per mg. protein per 10 minutes. 

Figures in parentheses show per cent effect (+ indicates stimu

lation~·-~:- indicates inhibition). 
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forms of-the enzyme. The discontinuous system was used 

particularly when the gel was stained for protein. The 

enzyme was also localized by sUbstrate staining in this 

system. To show the effect of pH on the mobility of the 

enzyme, a continuous system was used. 

The discontinuous polyacrylamide_ gel was prepared 

according to the manufacturer's Technical Bulletin (40). 

The gel plug and running_ gel consisted of 7% Cyanogum-41 

prepared in 0.38M Tris-HCl, pH 8.9. The spacer gel con

sisted of 4% Cyanogum-41 prepared in 0.062M Tris-HCl 

buffer, pH 6.7. Protein samples were prepared in a poly

merized sample mix consisting of 2% acrylamide in 0.062M 

Tris-HCl buffer, pH 6.7. A Tris~glycine electrode buffer 

containing 1.2 g Tris and 5.8 g_ glycine dissolved in 2 

liters distilled water and adjusted to pH 8.3 with either 

Tris or glycine was used. Protein samples of about 200 ~g 

were applied to each_ gel slot. Electrophoresis was 

begun with a current of 200 volts until the sample was 

completely stacked in the spacer_ gel. The current was 

then increased to 400 volts and electrophoresis continued 

until the tracker dye, bromophenol blue, had migrated 7 

em into the running_ gel. 

The continuous polyacrylamide_ gels wer~ prepared 

usi~g two buffer systems. One system employed a Tris-EDTA

Boric acid buffer, pH 9.2. The buffer contained 40.0 gm Tris, 
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4. 0 gms .. Na 2 EDTA and 1. 52 gm boric acid dissolved in 

4 liters distilled water. The other system used a 

succinate buffer pH 5.3, prepared by dissolving 1.5 

gm succinic acid and 6.8 gm sodium succinate in 4 liters 

distilled water. The gels were composed of 7% Cyanogum 

prepared in the desired buffer and chemically poly~

merized with ammonium persulfate and TMED. Electro

phoresis was performed at a constant current of 300 

val ts until the tracker dye had migrated about 20 ·.em 

into the gel. 

The enzymatic activity was localized in the· 

. gel by substrate staining. The gel was removed from 

the electrophoresis cell, rinsed in distilled water 

and placed in a solution containing 20 mg y-1-glutamyl

s-naphthylamide and 35 mg glycylglycine dissolved in 

25 ml distilled water and buffered with O.lM Tris-

HCl buffer, pH 9.0 to a total volume of 50 ml. Heating .. · 

was·neces~ary to dissolve the substrate solution. The 

. g~l was incubated 90 minutes at 37°C·in the reaction 

solution.· The gel was then removed from the substrate, 

rinsed in distilled water and placed in an aqueous 

solution of Naphthanil Diazo Blue B to develop the 

color bands. Th~ color was fixed by immersing the gel 

in 7% acetic acid for at least one hour. 

The three forms of y_-glutamyl transf~rase differed 
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l , 

distinctly in their electrophoretic mobility in poly

acrylamide gel. In a continuous gel buffered at pH 

9.2 (Fig. 10), all three forms migrate to the anode, 

giving a "stair-step" pattern. 

slowest mobility of the three. 

. \ 
Transferase I has the 

Transferase-liB migrated 

the fastest with·Transferase IIA migrating in the middle. 

Under the same running conditions; but with the gel 

buffered at pH 5.3 (Fig. 11), the three forms migrated 

in the same relative position toward the anode but at 

a much slowet rate.- Transferase I moved just slightly 

into'-the_ gel, suggesti~g that the isoelectric point 

of the protein must be somewhat lower than pH 5.3. 

When the three forms were incubatedwith 

Neuraminidase (Vibrio cholerae) according to the 

method of Szewczuk and Baranowski (25) in 0.05M Acetate· 

buffer, pH 5.5, containing 1% NaCl and 0.1% CaC1 2 at 

37°C for 40 hours, the electrophoretic pattern was 

altered. All three forms had the same mobility as· 

that observed for the untreated Transferase I) whether 

electrophoresis was performed at pH 5.3 or pH 9.2. 

These results support·the conclusion that carbo

hydrate.content, particularly sialic acid, must play an 

important role in distinguishing the three forms of the 
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Figure 10 Polyacrylamide Gel Electrophoresis at 

E.!! 9.2 

1. Transferase I 

2 . Transferase IIA 

3. Transferase IIB 

4. Neuraminidase Treated Transferase 

5. Neuraminidase-Treated Transferase 

6 . Neuraminidase Treated Transferase 

En-_zyme was localized .by .substrate staining method. 

I 

IIA 

IIB 
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Figure 11 

Enzyme was 

Polyacrylamide Gel Electrophoresis at 

E!! 5.3 

1. Transferase I 

2. Transferase IIA 

3. Transferase liB 

4. Neu.raminidas e Treated Transferase 

5. Neuraminidase Treated Transferase 

6 .. Neuraminidase Treated Transferase 

localized by substrate staining method. 

I 

IIA 

liB 
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transferase. Analysis. for sialic' acid showed that Trans-

£erase I had only negligible amounts, 0.5%, sialic acid, 

while Trans:£ erase IIA had· 2. 5% sialic acid.- (Ta.ble S). 

The molecular weight of the three forms was . 

. determined by gel filtration through a Sephadex G-200 

colUmn (2.5 x 40 em) calibrated with proteins of known 

molecular weight according to the method of Andrews (41, 42 

43). The column was packed and set up for ascending flow 

with a flow rate of· 30 ml/hour. Three milliliter fractions 

were collected~ The elution pattern of the untreated Tra~s

ferase forms showed distinct differences (Fig. 12)~- From 

the determination of the Ve/Vo ratio for each form, the 

·molecular weight for Transferase I was 75,800; Transferase 
l ' 

IIA, 109,000; Transferase IIB, 120,000 (Fig. 13). 

3. Certain Aspects of Transpeptidation Reaction 

The sequence of events leading to the formation 

of transpeptidation pr~ducts has been studied by paper 

chromatography. Routinely the reaction mixtures consis"ted 

of y-1.-glutamyl- S--napathyl:amide, 2. 5 mM; Borate Buffer, pH 

8. 8, 30 mM; and when added glycylglycine, 10- xnM in a tota-l 

volume of 0.9 ml. The reaction mixtures were-incubated at 

37°C with an appropriate amount of enzyme for the desired 

time period. Under these conditions y-1-glutamyl-s-naph

thylamide was sl~ghtly insoluble and a white precipitate

formed. As the reaction proceeded there was a noticable 
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TABLE 5 

Carbohydrate Content of y-Glutamyl Transferase 

Transferase I Transferase II 

Total Carbohydrate % % 

Anthrone 6.6 11.2 

Orcinol 6.8 10.0 

Sialic Acid 0.5 2 •. 5 



Figure 12 Molecular Weight Determination of Three 

Forms of y-Glutamyl Transferase £l Gel 

Filtration on Sephadex G-200 

BD Void Volume - Dextran Blue 2000 

I Transferase I Molecular Weight 75,800 

IIA Transferase IIA Molecular Weight, 

109,000 

IIB Transferase IIB Molecular Weight, 

120,000 
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Figure 13 Calibration Curve for Molecular Weight 

Determination 
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disappearance of th~s precipitate. The disappearance of the 
' . -

precipitate was ·rfot:i:c.e:a·b'1y. ~faster 'in the presence of glycyl-

glycine. 

The following experiments were performed with two 

purp-oses in mind. First, it was desired to examine the 

formation of transpeptidation products as a function of 

time. Secondly, a comparison of reaction products in 

presence and absence of the acceptor, glycylglycine, was 

also desired. 

To observe the formation of transpeptidation pro~ 

ducts as a function of time, four reaction mixtures were 

prepared with y-L-glutamyl-(3-naphthylamide as substrate. 

At one hour intervals the reaction was stopped by boiling 

the mixture in a water bath for 5 minutes. No noticeable 

hydrolysis of the substrate occurred during boiling. Ali

quots of the reaction mixtures were spotted on Whatman No. 

3 paper and chromatography was performed as previously 

described. 

As shown on the chromatogram in Figure 14, there 

wgs ~a ~nQtice-able decrease in the y-1-glutamyl- s-naphthylamide 

concentration with increasing time. At zero time only the 

substrate·was present. With increasing time, the substrate 

concentration decreased as the formation of transpeptida-

tion products increased. The formation of y-1-:-glutamyl-

y-L-glutamyl- S-naphthylamide increased with time. At 
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_Figure· 14 · 

Figure 15 

Examination of transpeptidation products 
as a function of t'ime· ·QY ·means· ·of ·p·aper 
chromatography in: hu·t·a·n:ol :·ace.t:ic· ·acid: 
water (60:15:25) 

O.OOZSM y-1-g1utamy1-S-naphthyiamide 
was incubat~d with Transferase IIA at 
pH 8.8. 

Examination: of trans·peptidation products 
as a ·fun:c·t·ion: ··of ·time· ·:!?.l me·ans ·of pap·er 
chromatogr·a·phy· ·in: ·Butano'1: acetic acid: 
water: (60:15:25) 

0.0025M y-1-g1utamy1-S-naphthy1amide and 
0.01M glyty1g1ycine was incubated with Transferase 
I IA a·t pH 8 ·. 8 . 
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the end of a four hour period, the concentration of y-1-

glutamyl- y-1-glutamyl- s-naphthylam.ide was sufficient to 

cause the formation of the tri-y-1-glutamyl-s.,..naphthyl

amide. The increased appearance of glutamic acid indica

ted hydrolysis of y-glutamyl-~-naphthylamide. 

When this re~ction was run in the presence of 

. glycylglycine under the same conditions of te~perature, 

45 

time and enzyme concentration, a somewhat different pattern 

was observed as shown in Figure 15. The reaction was stimula

ted as indicated by the more rapid disappearance of substrate. 

Glycylglycine is a b~tter acceptor than· y-1-glutamyl-~:.. ~ -"= 

naphthylamide, so the y-glutamyl residue was transferred 

to glycylglycine with increased formation of y-glutamyl

glycylglycine and with very little formation of y-1-glutamyl

y-1-glutamyl-(3-naphthylamide. The rate of the reaction was 

so increased that a new transpeptidation product appeared 

at two hours time. Th~ hydrolytic reaction was greatly 

overcome for free glutamic acid was not observed. 

To show the absolute requirement of the enzyme for 

an acceptor, it was necessary to choose a substrate which 

cannot serve as its own acceptor. Glutathione was the 

substrate of choice. When the enzyme was incubated with 

6 mM Glutathione alone buffered with Borate Buffer at 

pH 8.8, transpeptidation did not occur within 30 minutes. 



Figure 16 

Figure 17 

Examination ·of Re·a·c·tion "Pr.o"du·c;ts· which occur 
in· .t.he· Ahs·e·nce ·of ·an Ac·c·ep·tor· ·:e.t ·p·ap·er 

· ·chrom."a·t·o"g·r·aphy" in· Bu·ta·nol :·a·cetic acid: water 
(6"0:15:"25). - --

0.006M oxidized glutathione incubated with 
Transferase I at pH 8.8. 

Examination of Reaction Products which occur 
in the Presence of an Acce·p·tor Qr. paper 
chromatography 

0.006M oxidized glutathione plus 0.024M 
glycylglycine incubated· with Transferase I 
at pH 8.8. 
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As shown in Figure 16, there was only a small amount of 

glutamic acid detectable after 60 minutes incubation. This 

would indicate that the enzyme catalyzed .only minimal ·hydro

lysis of glutathione in the absence of an acceptor. 

The acceptor requirement of the enzyme was clearly 

evident when the reaction was carried out with glutathione 

in the presence of. glycylglycine, 24 mM. As shown in 

Figure 17, the appearance of the transpeptidation product 

Y.- glutamylglycylglycine was quite strong at 15 minutes and 

increased with increasing time. Although oxidized glu-

. tathione and cystinyldiglycine migrated rather close in this 

system, there was a noticeable decrease in the concentration 

of glutathione with increasing time and a corresponding 

increase in cystinyld.iglycine with increasing time. The 

two compounds were quite distinct at two hours .time. 

The reaction with y-1-glutamyl-S-naphthylamide as 

catalyzed by Transferase I and IIA was also examined by 

paper chromatography. In this study it was apparent that .all 

forms catalyzed the same transpeptidation reaction and the 

transpeptidation products arose in a similar manner with each 

form of the transferase (Fig. 18, 19). After two hours of 

incubation of each form with y-1~gli:t'tamyl- e-naphthylc(~Jt!~:> 

according to the previous conditions, the formation of di

y-1.-glutamyl-S-naphthylamide was evident. Free flutamic acid 
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Figure 18 

Figure 19 

Paper chromato'gr·a.m. of ·t·r·a·n·s·pep.tidation 
r·e~.'ct'iori as· ·c·a·t·al'y'z.ed ·£r: Tr·an·s·fe·r·as e· .!_. 

0.0025M y-1-glutamyl-S~naphthylamide 
buffered at pH 8.8 with O.OSM Borate Buffer. 

Paper chromatogram of tr.an·speptidation 
reaction as catalyzed £y_ Transferase IIA 

0.0025M y-1-glutamyl-S-naphthylainide 
buffered at pH 8.8 with O.OSM Borate Buffer. 
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was- also present. -At the end of 24 hours incubation there 

was a noticeable -increase in the pro-duction of g-lutamic 

acid with a corresponding detrease in the intermediate 

transpeptidation products. 

While all three forms catalyzed the formation of 

similar transpeptidation products when incubated with y-

1_-glutamyl- s-naphthylamide, a somewhat different pattern· 

was observed between the three forms_when glycylglycine 

was added to the reaction mixture. When Transferase IIA 

was incubated in a-reaction mixture containing y-1-glutamyl

s-naphthylamide and glycylglycine, a new product was detect-
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ed which did not ~ppear _in a Transferase I digest (Fig. 20, 21). 

In a butanol:acetic acid:water (60:15:25) system this new 

product migrated just slightly above: glycylglycine, but was 

not distinctly separated. Initially after ninhydrin stain-· 

ing, this product stained blue while glycylglycine stai~ed 

yellow. With time the. glycylglycine spot became blue and 

the two spots merged into one. Paper chromatography of the 

Transferase IIA digest in propanol:water (4:1) led to the 

identification of the .new product as glycine. It was 

therefore concluded that the purified Transferase IIA pre- · 

paration also contained a peptidase which is rather specific 

for_ glycylglycine. As previously mentioned the purified 

Transferase IIA preparation did not hydro1yze glycyl-S

naphthylamide. 



Figure 20 

t 
•,f' 

Figure 21 

· Paper· ·chr-o1na·t·6g·r·am· :of ·tr·a·ns·p·e·p-ti.da·t-ion 
r·e·a·c-t"ion: ·as· :c·a·t-aTy"z"ed ·£t Tr·ans·fe·r·a·s·e I 

0.0025M y-1-glutamyl-s-naphthylamide 
plus O.OlM gly~ylglycine buffered at pH 
8. 8. 

Paper chromatogram of transpe-ptidation 
reaction ·as· catalyz"ed· ·:QY Tr·a·n·s·fer·a·se TIA. 

0.0025M y-1-glmtamyl-S-naphthylamide 
plus O.OlM glycylglycine buffered at pH 
8. 8. 
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The initial rate of the release of S-naphthylamine 
wAs 

was faster when the reaction i-s carried out with y-1-glutamyl-

S-naphthylamide and. glycylglycine as shown in Figure 22. 

The release of s-naphthylamine was continually monitored 

using a Beckman_Ratio Fluor9meter with a Beckman Recorder. 

Generally, the reaction mixtures consisted of 0.5 mM y-1-

. glutamyl-e-naphthylamide buffered at pH 9.0 with O.OSM Tris

HCl in a total volume of four ml. When included in the 

reaction mixture,. glycylglycine was added to a final con

centration of 2.0 mM. The same amount of enzyme was used 

in each case. In either case the release of s-naphthylamine 

was linear within the first four minutes of incubation. The 

initial rate ·for the release of s-naphthylamine during the 

incubation with y-1_-glutamyl- s-naphthylamine alone was cal

culated as 35.2 nanomoles per minute. The initial rate in 

the presence of glycy.lglycine was 69.3 nanomoles/min. It 

is true that the concentration of y-1.~glutamyl- s-naphthyl-

amide decreases faster when this compound serves as its· own 

acceptor, since two moles of y-1.-gl-utamyl-S-naphthylamide 

are consumed during the release of one mole of S-naphthylamine. 

However, the initial linearity of both curves indicated that 

the rate was independent of substrate concentration and zero-

order kinetics prevailed. 

Poly-y_- glut amyl- s·-naphthylamide deri va ti ves may 

arise· by a similar manner. y-1.-glutamyl-y-1.-glutamyl-S

naphthylamide can serve as either a donor or acceptor 
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Figure 22 Continual release of S-naphthyl_amine 

monitored~ Ratio Fluorometer 

The following reactions were studied using 

various substrates and acceptors: 

1. 0. 00 0 SM. y- 1_- glutamyl- S -naphthylamide 

2. 0. OOO.SM y-1_-glutamyl- S-naphthylamide 

plus 0.002M_·glycylglycine 

3. 0. 000-SM y-1.-glutamyl- S.,.naphthylamide 

plus 0. OOOSM y- L- glutamyl-y- 1-glutamyl

s-naphthylamide 

4. 0. 000 SM y-L- g lutamyl-y- L- glutamyl- S

.naphthylamide plus 0.002M glycylglycine 

S": 0 . 0 0 0 SM y -1.- g 1 u t amy 1- y - L .- g 1 u tam y 1- S

naphthyl amide 

..,· ·. 
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of a y-glutamyl residue, but it can not serve as its own 

acceptor. As was shown in Figure 14, tri-y-1-glutamyl-s

naphthylamide was formed during the incubation after the 

concentration of y-L-glutamyl-y-1_-glutamyl- s -naphthyl amide 

had become high enough for it to serve as an effective· 
. '\ 

acceptor. 

Experiments using paper chromat6giaphy and fluoro

metric assays have shown that, like glutathione, y-1-glutamyl

y-1_-glutamyl- s-naphthylamide can not act as its own acceptor. 

As shown in Figu~e 22, y-glutamyl transferase did not catalyze 

the release of s-naphthylamine from y-1-glutamyl-y-1-glutamyl-

s-naphthylamine during the initial four minutes of incubation . 

. Neither was there an appreciable release of s-naphthylamine 

after 30 minutes· time. When the enzyme was incubated with 

y-1_-glutamyl-y-L-glutamyl- s-naphthylamide in the presence 

of glycylglycine, release of s-naphthylamine occured after 

an initial l~g period. Under these conditions, y-1-glutamyl

y-1_-glutamyl- (3-naphthylamide acted as a donor of y-glutamyl 

residues according to the following scheme: 

y-L-glu-y-1-glu- SNA + glygly -+ y-L-gluglygly + y-1-glu- SNA 

then y_-glu--sNA + _ glygly -+ y-1-gluglygly + .. sNA 

This reaction sequence was confirmed by paper chromate-

. graphy. 
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DISCUSSION 

This work represents an extensive study to separate 

and purify three forms of y-glutamyl transferase. Previous 

attempts by other investigators have resulted in enzyme 

preparations which were polydisperse. The possibility that 

the enzyme existed as several,mo.lecul.ar species was suggest

ed, but:· a· .:$~parat~ion; of,· diffe~~Ji-t--forms- wa-s. not- unde:rta)fen. 

Three forms of the enzyme were recovered in an 80% 

ammonium sulfate fraction obtained from hog kidney cortex, 

and· separated by column chromatography on DEAE-cellulose. 

Transferase·r accounted for about 55% of the activity found 

in the 80 AS fraction, while the remaining 45% was attribut

able to the two forms of lransferase II. When Transferase 

II was eluded from a DEAE-cellulose column with a NaCl 

gradient, about 45 to 60% of the activity was recovered as 

Transferase IIA. This observation led to the discovery of 

the third form, Transferase liB. Transferase I always had 

a much higher specific activity than either form of Trans

ferase II, usually two or three times as high. With very 

careful ~anipulation, Transferase IIA could be obtained with 

comparable activity, but the low yield made such a procedure 

impractical. For the studies described here, it seemed justi

fiable to sacrifice purity in favor of somewhat higher yields. 

However, each fraction was very specific for the transpeptidase 

reaction. Transferase I and IIA did not hydrolyze any of the 
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other amino-acyl naphthylamides tested. Transferase liB had 

only very minimal hydrolytic activity. The major peak of 

hydrolytic activity was well separated from ·_this form. Al

though it was found that Transferase IIA also contained a 

peptidase which hydrolyzed_ glycy~glycine, the peptid~se 

activity did not_ interfere with the routine assay using 

y-L-glutamyl-S--np.phthylamide as substrate since_ -glycyl-

. glycine was not included. 

It appears likely that the y_-glutamyl Transferase II 

as elu~ed stepwi~e from DEAE-cellulose with 0.08M Tris-HCl 

+ O.lSM NaCl, _pH 8.0, is quite similar to the hog enzyme 

preparation described by Orlowski and Meister (23). In 

their work, Y._-glutamyl transpeptidase was purified in close 

:· assotiation wi·th a· peptidase activity which hydrolyzed 

. glycyl-P-nitroanilide. The peptidase activity was not separa

ted from y_-glutamyl transpeptidase, but was inactivated by 

treatment with ~-butanol. 

The three forms of y _-glutamyl transferase have several 

characteristics in common. The pH ·optimum for the enzymes 

lies wi·thin the range pH 8. 8 - 9. 0 ·. The pH optimull1 is not 

shifted appreciably when, the reaction is carried out in the 

presence of glycylglycine ,_ however glycy,(_lglycine did exert a 

. greater stimulatory effect at pH values to the_acid side of 

the optimum. A similar effect was noted ~y Revel and Ball (44). 
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There exists an absolute acceptor requirement for the 

transpeptidation reqction. Glutathione serves only as a 

donor of y-glutamyl residues. It can not serve as its own 

acceptor. Cysteinylglycine was not detected when the 

enzymes were incubated with glutathione 30 minutes in the 

absence of glycylglycine. As judged by paper chromatography, 

. glutamic acid appeared only after 2 hours incubation. No 

other products were formed during the incubation. Thus, the 

enzyme has only minimal hydrolytic activity, and. transpeptida

t1on does not occur in the absence of an acceptor. 

There appears to be no acceptor specificity among the 

three forms. As reported py Binkley (21), arginine, methion-

ine and. glutamine were also found to be good acceptors for 

the transpeptidation reaction. The qualities which make a 

compound a. good acceptor can not be easily determined, but 

it is quite possible that the pK value of the free amino 

. group may influence stimulatory effects noted at different 

pH values .. 

The enzymes do not appear to possess an absolute metal 
-2 ++ 

ion requirement. The presence of 1 x 10 M Mg. gave only a 

slight increase in activity, 2-7%. Ethylenediaminetetraacetic 

acid, 2 x 10- 3M~ did not influence the activity when included 

in the enzyme digest or when the enzyme was extensively dia

lyzed against buffer containing EDTA. On the other hand, 
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Orlowski and Meister (23) reported a 30% increase in the 

activity of the enzyme from hog kidney. They further 

noted that EDTA activated the enzyme 60%. Szewezuk and 

Baranowski (24) reported that the beef enzyme was unaffect-
++ ed by Mg . Further work is needed on this problem. 

The three forms of y-glutamyl transferase differ 

primarily in their electrophoretic mobility, carbohydrate 

content and molecular weight. At .PH ~.3 and pH 9.2 all 

forms migrate to the anode during electrophoresis in poly

acrylamide. gel. Transferase I has the slowest mobility. 

Transferase IIA migrates somewhat faster, and Transferase IIB 

has the fastest mobility. After treatment of the enzymes with 

neuraminidase from V. cholerea, all forms have similar mobility. 

The mobi~ity of the treated forms is comparable to the mobility 

of untreated Transferase I. Similar effects of neuraminidase 

were reported by Szewezuk and Baranowski (25) on the beef 

transpeptidase, however, at pH 8.6 in agar gel, the untreated 

forms migrated to the anode while the treated forms migrated 

to the cathode. Thus it would appear that the difference in 

charge are due primarly to sialic acid content. 

The presence of sialic acid groups is·known to increase 

the electrophoretic mobility 9£fprote~ns. Investigations of 

Robinson and Pierce (45) on the apparent isozymes of alkaline 

phosphatase in human serum have shown that treatment with 

neuraminidase decreases the anodal migration of s.everal of 
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the isozymes. Furthermore, when the four alkaline phospha-

tase isozymes were treated with neuraminidase, the sialic 

acid free :lsozymes migrated identically as the slowest 

migrating component. Butterworth an_d Moss (46) separated 

several proteins from human kidney containing alkaline 

phosphatase by DEAE-Sephadex. They also showed that these 

forms had different electropho-retic mobility and that after 

treatment with neuraminidase, all forms showed similar 

mobility in starch_ gel electrophoresis. 

From the current investigations on the three forms of 

y_-glutamyl transferase and those cited on alkaline phospha

tase, it would appear that sialic acid_ (neuraminic acid~ or 

derivatives thereo~ is bound to the protein in such a way 

tha·t the complex has a free carboxyl_ group. The structural 

formula of sialic acid is shown below: 

As was stated by Butterworth and Moss (45) "The question 

of whether differences in the-amount of sialic acid bound by 

the enzyme exist in the cell, so_ giving rise to several forms 
-

~·o:f the enzyme in~ vivo, or whether they are artifacts produced 
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in the laboratory from a single enzyme species, has still 

to be answered". This statement applies equally well to 

the current studies on y-glutamyl transferase. 

The molecular weights of the three forms as determined 

by gel filtration appear to be different. Transferase I 

has a molecular weight of 75~800; Transferase IIA, 109,000; 

and Transferase IIB, 120,000. These values are within 

. general agreement with those reported by Leibach and 

£ink1ey (22) as determined by Sucrose_ gradient centri~uga

tion. Preliminary studies have shown that such differences 

are not as distinct after the forms have been treated with 

neuraminidase. All forms of the enzyme eluted within the 

same elution volume from a Sephadex G-200 column. It is 

quite possible that sialic acid may not only alter the 

size but also the shape of the molecule and thus influence 

the elution pattern on Sephadex G-200. 

Studies using paper chromatography have confirmed 

the reaction scheme as proposed by Orlowski and Meister 

(23) that is: 

(1) 2 y-1-glu- ~NA -+ y-L-glu-y-1-glu- SNA + SNA 

( 2) y - L- g 1 u- y - L- g i u- f3 NA + y - L- g 1 u- SNA-+ y -1- g 1 u- y -1- g 1 u

y-L-glu SNA + SNA 
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However, the data collected from these and other 

studies may be used to propose a more detailed reaction 

mechanism. 

It is assumed that y_-glutamyl transferase has two 

binding sites. The y_-glutamyl donor is bound to one 

site and the acceptor is bound to the second site. The 

binding sites must lie in close proximity to allow the 

transfer of the y_-glutamyl residue. to the acceptor with 

the ultimate formation of a new .Y_-glutamyl peptide. In 

the reaction of Y,-L-glutamyl-S-naphthylamide and glycyl-

. glycine, functions of the donor and acceptor can be 

distinguished. Therefore in the reaction the release 

of S-naphthylamine is a consequence of y-1-glutamylglycylgly~ 

cine formation or more commonly transpeptidation. 

With these assumptions in mind, the following 

mechanisms can be proposed. 

Mechanism A: 

(1) E + y-1-gluSNA(D )+ E1 :y-1-glu[3NA · onor . 
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(2) E1:y-1_-glusNA + gly-gly + E :y-1-glu-sNA:gly-gly · · (Acceptor) 2 · · 

E:y.-1-glu-sNA:gly-glu-=?E + y-1-glu-gly-gly + SNA 
~ . . . . . 



Mechanism B; 

(1) 

(2) 

(3) 

(4) 

E + y-1-gluSNA(D ) + · onor· E1 : y-L-glu- SNA 

E~y-1-gluSNA + E2 : y-1-glu + SNA i& . 

.E_;y- 1-glu + gly- g ly (A .t+ ) E3 : y- 1-g lu-gly- g ly 
.,~.- · · · ccep or 

E_:~, y - 1.- g_l ~.- g :J_ y .- g 1 y + E + y - 1- g 1 u- g 1 y-g 1 y 

The increased release of.S-naphthylamine in the presence 

of glycylglycine tends to support Mechanism A. It seems 

reasonable, that if S-naphthylamine were released before 

· th·e acceptor was bound to the enzyme, as shown in Mechanism 

B, Step 2, a stimulatory effect would not be observed. There

fore a E1 : · y-L-g1uS.NA complex,- havi!lg an ~affinity for the 

acceptor,. should be formed. Upon formation of the E2 : y-1-

. glu-SNA_:glygly complex, the transfer would occur with the 

subsequent release of s-naphthylamine .. 
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SUMMARY 

1. Three forms of hog kidney y-glutamyl transferase can 

be distinguished by their elution from DEAE-cellulose, 

electrophoretic mobility and carbohydrate content. 

2. In this study, Transferase IIA and IIB have separated 

and their properties have been compared to Transferase I. 

Though not hom~geneous Transferase IIA was highly puri

fied and was found to be very specific for the trans

peptidation reaction involving. glutathione or y-1-

glutamyl-s-naphthylamide. Transferase IIB catalyzed 

the transpeptidation reaction, but was found to have 

minimal hydrolytic activity toward the amino-acyl 

naphthylamides of. glycine, leucine and alanine. 

3. The three forms of Y.-glutamyl transferase have a pH 

optimum within the range pH 8.8-9.0. 

4. The three forms of Y.-glutamyl transferase have similar 

metal ion requirements. Activity was only slightly· 

++ stimulated in the presence of Mg . EDTA had no effect 

on activity~· 

5. There appeared to exist no acceptor specificity among 

the three forms of the transferase. Glycylglycine was 

found to be the most potent acceptor. Arginine, 

. glutamine and methionine were also found to be good 

acceptors. 
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6. The primary differences between the three forms 

of y-glutamyl transferase lie in their electro

phoretic mobility, carbohydrate content and 

molecular weight. After treatment with neuramini

dase all forms of the enzyme had similar electro

phoretic mobility. 

7. As judg_e¢1. by paper chromatography of reaction digests, 

all forms of the enzyme catalyzed the transpeptidation 

reaction in a similar manner. 

8. A possible reaction mechanism for the transpeptidation 

reaction was proposed. 
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