
J. Membrane Biol. 87, 13-26(1985) The Journal of 

Membrane Biology 
�9 Springer-Verlag 1985 

Identification of High Molecular Weight Antigens 
Structurally Related to Gamma-Glutamyl Transferase in Epithelial Tissues 

J. David Castle, Richard S. Cameron, Patricia L. Patterson, and Anne K. Ma 
Department of Cell Biology, Yale School of Medicine, New Haven, Connecticut 06510 

Summary. Heterologous antibodies to gamma-glutamyl trans- 
ferase (yGT), an ectoenzyme associated with the apical surface 
of many types of epithelial cells involved in secretion and trans- 
port, have been used to identify and partially characterize the 
spectrum of antigens in a series of epithelial tissues that exhibit a 
range of enzyme activities�9 In addition to antigens corresponding 
to the subunits of the active enzyme (tool wt 55K, 30K), antigens 
of tool wt -85-->95K have been detected using an antibody 
raised against the enzyme purified in nonionic detergent. The 
latter species are shown to share antigenic determinants with and 
to be structurally related to the enzyme subunits; however, they 
do not bind significantly to antibodies raised to protease-solubi- 
lized yGT. Further, they constitute the major antigens in tissues 
that exhibit relatively low levels of enzyme activity. These poly- 
peptides are apparently larger than a recently characterized bio- 
synthetic precursor of the TGT subunits. Although they do not 
have TGT activity themselves and their function is undefined, the 
possibility that they may represent highly glycosylated polypep- 
tides related either to TGT precursors (that persist without pro- 
cessing) or to the large enzyme subunit merits consideration. 
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Introduction 

Gamma-glutamyl transferase (yGT; EC 2.3.2.2,) is 
an enzyme that catalyzes the cleavage of the y-glu- 
tamyl residue of glutathione (GSH) and effects its 
transfer to water or under appropriate conditions to 
an acceptor amino acid or dipeptide [reviewed in 
10, 33]. Although vGT is present at low levels as a 
plasma membrane-associated ectoenzyme in a wide 
variety of cell types [33], the early cytochemical 
studies of Glenner et al. [16] have shown that it is 
highly concentrated on the apical surface of epithe- 
lial cells, notably some of those that mediate ex- 
changes between external compartments and the in- 
ternal milieu through secretory and resorptive 
processes (e.g., cells forming the kidney proximal 
tubule, the intestinal villar surface, the exocrine 
pancreas, the proximal portion of the epididymis, 

the choroid plexus, and the ciliary epithelium of the 
retina). 

The purified active enzyme is a heterodimeric 
glycoprotein in which the large subunit (55-58K) I 
provides a plasmalemmal anchor presumably by a 
membrane-spanning segment located near the 
amino terminus [31] and the small subunit (30K) J 
apparently contains the active site [21, 51], proba- 
bly near to the region of intersubunit contact [14]. 
Antibodies to -yGT have been raised primarily to 
enzyme purified following solubilization from the 
membrane by proteolysis using papain or bromelain 
([22, 34]; referred to as PvGT). These antibodies 
have been used to show that the enzyme is synthe- 
sized as a monomeric precursor that is processed to 
subunits by endoproteolytic cleavage [3, 7, 25, 32, 
36, 37]. Further, immunocytochemical studies con- 
ducted principally in kidney have indicated that an- 
tigens are localized primarily on apical membranes 
of proximal tubule cells where active enzyme is 
known to be concentrated [28, 44]. 

The studies reported in this paper have resulted 
from a general interest in probing the movement of 
membrane polypeptides into and out of the surfaces 
of polarized epithelial ceils and by the specific ob- 
servation that yGT activity marks in common secre- 
tion granule membranes and plasma membranes in 
acinar cells of the parotid gland [1, 2, 6]. In order to 
investigate this compositional overlap using an im- 
munochemical approach, we have raised separate 
heterologous antibodies to vGT purified from renal 
cortex (the richest known source of active enzyme) 

Apparent tool wt reported in the literature for yGT sub- 
units characterized in rat tissues vary from 46-55K for the large 
subunit and 22-30K for the small subunit. Extensive glycosyla- 
tion is likely to contribute to the variability of reported values as 
well as to the diffuse appearance of polypeptide bands on gel 
electrophoretograms. Values cited in the text are taken from the 
present study. 
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in both its detergent (Triton X-100)-soluble ([20]; 
referred to as TTGT) and protease-solubilized 
forms. Although both types of antibodies bind to the 
subunits of the active enzyme, only anti-TyGT anti- 
bodies recognize additional polypeptides of tool wt 
-85->-95K that in kidney are shown to be antigeni- 
cally and structurally related to the enzyme sub- 
units. These polypeptides are minor components of 
the surface membranes of epithelial cells (e.g., kid- 
ney proximal tubule and pancreatic acinar cells) 
that contain substantial enzyme activity. However, 
they are the prevailing antigens in cell types (e.g., 
parotid acinar cell and hepatocyte) where enzyme 
activity is greatly reduced. At present the function 
of these high tool wt antigens is not defined. 

Materials and Methods 

GENERAL ASSAYS 

yGT activity was determined at 25~ and pH 7.5 by following 
enzyme-catalyzed transpeptidation using 2 mM L-y-glutamyl-p- 
nitroanilide and 20 mM glycylglycine, respectively, as donor and 
acceptor substrates [49]. 

Total protein was assayed according to Markwell et al. [30] 
using bovine plasma albumin as standard. 

PURIFICATION OF 7GT FROM RAT KIDNEY 

The membrane form of yGT solubilized in Triton X-100 (TTGT) 
was purified from rat kidney according to the procedure of 
Hughey and Curthoys [20]. Protease-solubilized forms of yGT 
(PTGT) were purified by a procedure involving bromelain diges- 
tion [50]. 

ANTIBODY PREPARATIONS 

Rabbit antibodies have been prepared against purified TTGT and 
PyGT, the latter reacted with 17 mM glutaraldehyde [29]. Anti- 
gens were each emulsified in Freund's adjuvant and injection and 
bleeding of rabbits were carried out using a protocol modified 
from Papermaster et al. [39]. 

For some experiments anti-TyGT antiserum was subfrac- 
tionated by passage over an affinity column containing PTGT 
covalently bound to Sepharose 4B (prepared by reacting purified 
PyGT with cyanogen bromide-activated Sepharose as specified 
by Pharmacia, Inc,). Serum containing antibodies not bound to 
P3,GT was collected as a "flow through" fraction. The column 
was washed with pH 8 until ODz80 was <0.02, and affinity puri- 
fied antibody was eluted with 200 mM glycine at pH 2.2 [38] 
immediately neutralized with 2 M Tris base and stored in the 
presence of 1 mg/ml albumin and 0.02% sodium azide. 

IMMUNOFLUORESCENT LOCALIZATION OF y G T  

ANTIGENS AND CYTOCHEMICAL DETECTION OF 

TGT ACTIVITY 

Rat tissues used for localization of 7GT by indirect immuno- 
fluorescence were fixed by in situ perfusion with phosphate- 
buffered (0. I M, pH 7.3) 3% formaldehyde with or without 0.25%. 
glutaraldehyde. Fixation was continued on small pieces of ex- 
cised tissue for 3 hr at 4~ and subsequently the pieces were 
washed with phosphate buffer and infiltrated with sucrose (up to 
18% wt/vol) in phosphate buffer. 6-8/zm thick sections were cut 
on a cryomicrotome from blocks of tissue frozen by immersion in 
2-methylbutane cooled by liquid nitrogen. 

Immunolocalization procedures were carried out at room 
temperature except for incubation with the primary anti-TGT 
antibody which was done at 37~ Sections were quenched ini- 
tially with 0.1 M Tris (40 min) followed by 0.5% NaBH4 (10 vain), 
washed with PBS (10 mM Na phosphate, 0.15 M NaCI, 40 rain) 
and then high salt PBS (20 mM Na phosphate, 0.5 M NaCI, 15 
rain). Primary antibody staining (1 : 50 dilution of immune serum 
diluted with 15% goat serum in high salt PBS) was performed for 
3 hr in a humidified chamber. Specimens were then washed with 
high salt PBS and reacted with secondary antibody (Rhodamine- 
conjugated goat anti-rabbit IgG initially freed of highly charged 
IgG [4] and diluted with goat serum in high salt PBS ( -1  x 10 -2 
mg/ml) for 1 hr in a dark, humidified chamber. Finally the sec- 
tions were washed in succession with high salt PBS and PBS and 
mounted in glycerol-PBS (9: I (wt/wt)). Controls in which anti- 
3,GT was replaced by preimmune serum were processed in paral- 
lel. A Zeiss photomicroscope equipped with epifluorescence illu- 
mination was used to view the results. 

Enzyme cytochemical studies were conducted on cryostat 
sections of epithelial tissues that had been fixed by perfusion 
with 3% formaldehyde with or without 0.05% picric acid in 0.1 M 
phosphate buffer at pH 7.4 and cut after eryoprotecting and 
freezing in phosphate-buffered 18% sucrose. The specimens 
mounted on gelatin-coated slides were processed using either the 
procedure of Glenner et al. [16] for pancreas, parotid, and liver 
or the procedure of Seligman et al. [42] for kidney. Reaction 
times at room temperature were: 3 min for kidney and pancreas, 
15 rain for liver, and 25 min for parotid. Following incubation the 
slides were washed with physiologic saline, coated with glycerol- 
PBS, and immediately examined in a Zeiss photomicroscope. 
Parallel samples of fixed and unfixed pancreatic tissue were 
weighed, homogenized at the same concentration in phosphate- 
buffered sucrose, and assayed for yGT biochemically. Fixed tis- 
sue was found to retain - 6 0 %  of the activity of unfixed tissue. 

ISOLATION OF PLASMALEMMAL FRACTIONS 

USED FOR IMMUNOPREC1PITATION 

Plasma membrane-containing fractions have been prepared from 
each of the rat epithelial tissues studied. Brush border mem- 
branes from kidneys perfused in situ with PBS containing 1/~g/ 
ml antipain, 1 /xg/ml pepstatin, 0.5% vol/vol Trasylol | and 0.4 
mM phenylmethylsulfonyl fluoride (PMSF), were obtained using 
the calcium precipitation procedure of Malathi et al. [27] in 
which mannitol solutions were supplemented with the same 
spectrum of proteolytic inhibitors. Hepatocyte plasma mem- 
branes were prepared according to the procedure of Hubbard et 
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al. [19] from livers of rats perfused as above. Plasmalemmal 
fractions of exocrine pancreatic and parotid glands were pre- 
pared as previously described [2], modified in the case of the 
pancreas by addition of 1 m g  benzamidine. 

RADIOIODINATION OF PURIFIED T T G T  

AND PLASMALEMMAL FRACTIONS 

In all cases purified TTGT and isolated membrane fractions (0.1- 
I mg protein) were radiolabeled using I mCi Na~:51 by the chlor- 
amine T procedure [17] conducted for 4 rain at 0~ After 
quenching with Na2S205, 125I-TyGT was separated from free io- 
dide by get filtration on Biogel P6 in 50 mM NH4HCO3. Labeled 
membrane fractions were either washed by centrifugation in 20 
mM sodium phosphate + 50 mM potassium iodide (pH 7.4) or 
subjected to gel filtration on agarose 0.5-M in the same phos- 
phate-iodide buffer. Membranes were finally resuspended and 
stored at -20~ in 20 mM sodium phosphate. 

IMMUNOCHEMICAL ANALYSES 

Antibody specificity and titer were judged based on the selectiv- 
ity and extent to which TGT enzymatic activity could be re- 
moved from detergent-solubilized membrane preparations in a 
two-step complexation and sedimentation procedure. Kidney 
brush border membranes dissolved in either 1% NP-40, 50 mM 
phosphate (pH 7.2), 1 mM EDTA (TGT activity 100% retained) or 
the radioimmunoprecipitation (R1PA) buffer of Brugge and 
Erikson ([5]; 80% retention of enzyme activity) were mixed with 
a series of antibody dilutions; following adequate time for anti- 
gen-antibody interaction to occur (>-90% in >20 hr), an excess of 
Staphylococcus  aureus Cowan I strain (10% wt/vol in the same 
buffer) was added to complex IgG [231. After 60 min with occa- 
sional mixing, S. aureus- immune complexes were removed by 
centrifugation and supernatant solutions were assayed for en- 
zyme activity. Controls containing comparable dilutions of pre- 
immune serum or no antibody were processed and assayed in 
parallel. 

Immunoprecipitation of radioiodinated membranes for elec- 
trophoretic analyses were carried out on samples solubilized ini- 
tially in 1% SDS, immersed immediately thereafter for 5 min in a 
boiling water bath (as a precaution against latent protease activ- 
ity intrinsic to yGT-containing fractions [13]) and diluted to re- 
constitute RIPA buffer [5] supplemented with 0.5 M NaCI, 1 /*g/ 
ml antipain, 1 /xg/ml pepstatin, 1% (vol/vol) Trasylol | The 
samples were centrifuged ~ 4 x 106 gay X min, and supernates 
were adjusted to a final volume of 1.0-1.4 ml, mixed with anti- 
body, and incubated 20 hr at 4 ~ with constant gentle agitation. 
Antigen-antibody complexes were bound to an excess of S. au- 
reus added in RIPA buffer containing 2 mg/ml bovine plasma 
albumin (BPA) and sedimented by centrifugation 5 min at 10,000 
x g. The bacterial cell-immune complexes were washed four 
times in RIPA buffer (initially containing 2 mg/ml BPA) and re- 
suspended in 4% SDS, 0.06 M Tris, 20% glycerol at pH 6.8. 
Following addition of 20-25 mM dithiothreitol, incubation 5 min 
at 100~ and centrifugation (5 rain, 10,000 x g), the supernatant 
fraction produced was prepared for SDS polyacrylamide gel 
electrophoresis. 

Immunoblotting and lectin (~25I-concanavalin A) blotting on 
nitrocellulose replicas of SDS-polyacrylamide gel electrophore- 
tograms was carried out essentially according to Gershoni and 
Palade [15]. 15 mg/ml hemoglobin in PBS was used to reduce 
nonspecific adsorption to the nitrocellulose transfers during 
washing steps as well as during incubation with immune re- 
agents. Specifically adsorbed primary antibody was detected us- 
ing ~25I-labeled goat-anti-rabbit IgG. 

In cases where primary antibodies bound to selected anti- 
gen bands on the nitrocellulose transfers were to be recovered 
for reblotting onto other transfers, small segments of transfers 
processed through ~25I-goat-anti-rabbit IgG as described above 
provided templates. Desorption of antibody was achieved using 
200 mM glycine buffer, pH 2.8 [38] and was immediately followed 
by neutralization using 0.5 M Tris, pH 9. 

POLYACRYLAMIDE G E L  ELECTROPHORESIS; 

FURTHER PROCESSING OF INDIVIDUAL 

POLYPEPTIDE BANDS AND PEPTIDE MAPPING 

Polyacrylamide gel electrophoresis in the presence of SDS was 
carried out on reduced (20-25 mM dithiothreitol, 5 min, 100~ 
and alkylated (80-100 mM iodoacetamide, 30 rain, room temper- 
ature) samples using the Laemmli procedure [26]. Gels fixed in 
isopropanol-acetic acid [46] were stained either in 0.08% 
Coomassie blue R250 or with the silver staining procedure of 
Merril and coworkers 135]. P-51-1abeled polypeptides were de- 
tected by autoradiography of dried gels performed at -70~ us- 
ing a duPont Lightning Plus | image-intensifying screen. 

In cases where individual antigenic bands were to be exam- 
ined further by peptide mapping, the gels of iodinated immuno- 
precipitates were soaked in 10% isopropanol prior to drying. 
Following autoradiography, individual bands were cut from 
dried gels using the autoradiogram as a template and were swol- 
len in 0.75 ml 50 mM ammonium bicarbonate containing 50/*g/ml 
proteolytic enzyme (most frequently, a-chymotrypsin). Diges- 
tion was carried out for 24 hr at 37~ Subsequently, the pieces of 
acrylamide were removed and the digests were lyophilized, spot- 
ted on cellulose thin-layer plates and subjected in series to first- 
dimension electrophoresis in acetic acid/formic acid/water and 
second dimension chromatography in butanol/pyridine/acetic 
acid/water supplemented with 7% (wt/vot) 2,5-diphenyloxazole 
[11]. Fluorograms were exposed at -70~ in the presence of an 
image-intensifying screen. 

MATERIALS 

Male Sprague-Dawley rats used in all experiments were obtained 
from Charles River Suppliers, Wilmington, MA. Protease inhibi- 
tors were obtained as follows: Trasylol | (FBA Pharmaceuticals); 
antipain, pepstatin, phenylmethytsulfonyl fluoride (Sigma); ben- 
zamidine (Calbiochem). Rhodamine-conjugated goat-antirabbit 
F(ab)~ was obtained from Cooper Biomedical. Nitrocellulose 
used for immunoblotting was obtained from Schleicher and 
Schuell. Cyanogen bromide-activated sepharose and concana- 
valin A were from Pharmacia. Staphylococcus  aureus Cowan I 
strain was grown and processed according to Kessler [23]. Na~251 
used for radioiodination was obtained from Amersham. All other 
reagents were obtained from general suppliers. 
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Fig. 1. Characterization of TGT antigen and heterologous rabbit anti-yGT sera. (A, B) Silver-stained SDS polyacrylamide gel elec- 
trophoretogram showing the polypeptide bands comprising TTGT and PTGT, respectively. The large (55-58K) and small ( -30K) 
subunits of the enzyme are marked L and S, respectively; high tool wt polypeptides barely visible are indicated by asterisks. (C) 
Autoradiograph of a [1251] concanavalin A overlay on purified TTGT electrotransferred from a polyacrylamide gel to nitrocellulose. The 
85-95K species are intensely labeled, suggesting extensive glycosylation. Timecourse of the binding of TGT solubilized from kidney 
brush borders in the presence of immune and preimmune sera. The fraction ofyGT activity remaining in solution after incubation in the 
presence of limiting amounts of antibody and subsequent sedimentation of immune complexes bound to S. aureus is shown. (E) 
Comparison of the titers of comparable antiTyGT and antiPyGT sera. Fractional yGT activity remaining in solution (determined as in 
D) is plotted as a function of serum dilution. (F-H) Autoradiogram of antigens precipitated from detergent-solubilized ~251-1abeled 
kidney brush border membranes by antiTTGT, antiPTGT, and preimmune serum, respectively. Note that antigens of tool wt -95K are 
prevalent in relation to L, S with antiTyGT but are barely detected, if at all, with antiPyGT 

Results 

INITIAL CHARACTERIZATION OF TGT ANTIGEN 

AND ANTITGT ANTIBODIES 

Preparations of TGT purified from rat kidney as a 
part of this study exhibit enzyme-specific activities 
that compare favorably to values reported in the 
original procedures (TyGT, 508 units/rag protein; 
PTGT, >-790 units/rag protein). When these pro- 
spective antigens were examined on silver-stained 
SDS polyacrylamide gel electrophoretograms (Fig. 
1A, B), the principal bands observed ( -55K and 
-30K) corresponded to the large and small subunits 
of the enzyme [20, 51]; however, additional minor 
species were detected ( -25K and 85-95K). The mi- 

nor bands were not stained by Coomassie blue; 
however, they have a substantial binding capacity 
for concanavalin A (Fig. 1C), a lectin known to bind 
to both subunits of TGT [36]. Both features suggest 
prominent glycosylation. Because of the presence 
of these minor bands (and the consequent possibil- 
ity of contamination) we chose initially to prepare 
immune sera to the denatured large subunit excised 
from unfixed SDS polyacrylamide gels. However, 
these antibodies exhibited low avidity when tested 
for their ability to complex TGT from detergent- 
solubilized kidney brush border membranes. Fur- 
ther, they were localized successfully by immuno- 
cytochemical techniques only in kidney where 
antigen concentrations are highest. Consequently, 
we raised heterologous antibodies directly to the 
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purified TTGT and PTGT preparations with the in- 
tention of evaluating the contributions of the minor 
polypeptides as antigens. 

The initial characterization of the antisera was 
performed using purified kidney brush border mem- 
branes (the direct source of antigen) as well as the 
purified antigen. Figure 1D-H presents a character- 
ization of early bleed antisera obtained three weeks 
after initiating injections of TTGT and PTGT. TGT 
activity can be complexed by IgG of immune serum 
and removed from solution by subsequent binding 
to excess S. aureus [23]. At activity levels typically 
encountered in many of the preparations studied, 
antigen-antibody interaction can be demonstrated 
readily; complete reaction of limiting amounts of 
antibody requires 24 hr (Fig. 1D). Further, as 
shown in Fig. 1E, the titer of antiTyGT (-930 units 
soluble yGT bound/ml serum) is substantially higher 
than that of antiPyGT (-160 units soluble TGT 
bound/ml serum) when a series of dilutions of each 
antiserum is compared. Neither antibody, however, 
caused detectable inhibition of enzyme activity, 
when tested following incubation of antiserum with 
limiting quantities of antigen for 24 hr at 4~ Fi- 
nally, the results of immunoprecipitations from so- 
lubilized 125I-labeled brush border membranes using 
antiTyGT, antiPyGT and preimmune sera are 
shown in Fig. 1F-H.  Enzyme subunits account for 
> - 9 5 %  of the total radiolabeled antigen specifically 
complexed by antibodies in the immune sera. The 
most notable difference between the two immuno- 
precipitates is the presence with antiTyGT of two 
bands at apparent mol wt -85,  95K, constituting 
about 5% of the labeled polypeptides recovered and 
corresponding in mobility to the faint silver-stained 
species observed in Fig. 1A. 

ANTIGENIC AND PRIMARY STRUCTURAL 
RELATIONSHIPS BETWEEN THE HIGH MOL WT 
( - 8 5 ,  9 5 K )  SPECIES AND ENZYME SUBUNITS 

Two approaches were used to evaluate whether the 
polypeptides of high apparent tool wt recognized in 
the antiTyGT immunoprecipitate constitute species 
antigenically related to the TGT subunits or inde- 
pendent contaminants of the original purified en- 
zyme preparation. First, samples of purified TTGT 
and solubilized kidney brush border fractions were 
subjected to SDS polyacrylamide gel electrophore- 
sis, electro-transferred to nitrocellulose, and re- 
acted with antiTTGT serum. Bound antibodies were 
located and desorbed at low pH from individual an- 
tigen bands on the nitrocellulose blot as specified 
under Materials and Methods and incubated with a 
second strip of nitrocellulose which contained all of 
the resolved antigens but had not been exposed pre- 

BLOT REBLOT TTGT 

95- 
85- 

L 

S 

A B C D 

Fig. 2. Blot---> reblot experiment in which antibodies specifically 
bound to individual bands comprising purified TTGT on nitrocel- 
lulose have been desorbed individually and rebound to nitrocel- 
lulose strips containing the original antigen. In all cases bound 
antibody has been detected by 2nd step interaction with J25[-goat 
antirabbit F(ab)~. (A) The original spectrum of antigenic bands 
characterized by antibody binding without subsequent desorp- 
tion and rebloning prior to detection with the second-step anti- 
body. (B) autoradiogram showing pattern for antibody desorbed 
from S of the original blot and reblotted back onto total antigen; 
(C and D) Comparable autoradiograms for antibodies desorbed, 
respectively, from L and 85-95K bands of the original blots and 
reblotted back onto total antigen 

viously to primary antibody. Cross-reactivities 
were visualized by subsequent treatment with ~25I- 
goat-antirabbit IgG and autoradiography. Results 
obtained using this blot --+ reblot procedure [38] are 
shown in Fig. 2. Strip A is an autoradiogram of the 
original blot of purified TTGT reacted directly with 
~25I-secondary antibody and identifies three major 
bands corresponding to the small subunit (S), the 
large subunit (L) and 85-95K polypeptides 2. Anti- 
bodies desorbed individually fiom S, L, and 85-95K 
species and reblotted on resolved antigens yield the 
autoradiograms shown on strips B, C, and D, re- 
spectively. Antis rebinds preferentially to S (and to 
a minor band of higher electrophoretic mobility) but 
binding is also detected to L and, to a lesser extent, 
on the higher mobility portion of the 85-95K region. 
AntiL rebinds preferentially to L but also to S and 

~- Comparison of Fig. IA and Strip A of Fig. 2 indicates that 
the 95K antigen band is considerably more prevalent in the latter 
preparation. This apparently reflects its selective retention rela- 
tive to the enzyme subunits during electrotransfer to nitrocellu- 
lose. 
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Fig. 3. Fluorograms of chymotryptic maps of radioiodinated polypeptides constituting T-/GT (A-C) and antigens immunoprecipitated 
from 12-~l-labeled kidney brush border membranes (D-G). Resolution in two dimensions by electrophoresis (horizontal) and chromatog- 
raphy (vertical) is shown for polypeptides comprising 85-95K species (A), large subunit (B), small subunit (C), and antigens corre- 
sponding to 95K (D), 85K (E), large subunit (F), and small subunit (G) species. Labeled peptides present in maps of the large and small 
subunits that do not have an obvious equivalent in other maps are designated L- and S-specific by the letters L and S, respectively. 
When the antigens mapped in D-G are compared, D and E exhibit overlap that includes only a few of the labeled peptides in D. 
However, D and E considered together exhibit extensive resemblance to F and G considered together, although differences in mobility 
and especially quantity of individual peptides are apparent. *: origin of maps 

to the 85-95K antigens, especially at the level of 
95K. Interestingly, anti85-95K rebinds preferen- 
tially to L and to both S and polypeptides through- 
out the 85-95K region. Thus, antigenic cross-reac- 
tivities exist between all polypeptides detected in 
purified TyGT (Fig. IA). It should be emphasized, 
however, based on the amount of 85-95K antigen 
identified in strip A and the relative amount de- 
tected in the rebiots with antis (strip B) and antiL 
(strip C), that cross-reaction does not occur to the 
extent that antigen is present and may indicate only 
partial structural similarity. Identical results have 
been obtained using purified kidney brush border 
preparations as antigen (not shown). 

A second approach involving peptide mapping 
of individual radioiodinated polypeptide bands 
comprising either TyGT or antiTTGT immunopreci- 
pitates was used to evaluate whether the antigenic 
cross-reactivities observed above are likely to result 
from homologies in primary sequence. Chymotry- 
ptic hydrolysates of labeled bands excised from 
dried gels were resolved on cellulose thin layers by 
electrophoresis followed by chromatography. Fig- 

ure 3A-C shows maps prepared from purified TTGT 
where individual polypeptides are expected to be 
heavily iodinated. Figure 3D-G shows maps ob- 
tained from individual bands comprising immuno- 
precipitates from radioiodinated kidney brush bor- 
der membranes. In this case iodination of 
~/GT-related polypeptides is anticipated to be less 
extensive; however, the entire spectrum of antigens 
should be represented in each molecular weight 
range rather than a possible subset constituting the 
purified enzyme (obtained in low yield [20]). For 
purified TyGT comparative examination indicates 
that there is extensive similarity in pattern but not 
complete overlap of iodinated peptides between the 
85-95K species (Fig. 3A) and the large subunit (Fig. 
3B). Further, several but not all of the peptides ob- 
served in the pattern for the small subunit (Fig. 3C) 
co-migrate with peptides present in the digest from 
the 85-95K region and, to a more limited extent, 
with those derived from the large subunit. Exten- 
sive, but not complete, overlap has also been ob- 
tained for polypeptides comprising TyGT following 
hydrolysis with either S. aureus protease or chymo- 
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trypsin and subsequent resolution on one-dimen- 
sional polyacrylamide gels according to the proce- 
dure of Cleveland et al. ([9]; not shown). 

The maps in Fig. 3D-G show fewer iodinated 
peptides, as expected, especially for S (Fig. 3G). 
Interestingly, the pattern obtained for L (Fig. 3F) is 
similar to the summed patterns of the individual 
85K (Fig. 3E) and -95K (Fig. 3D) polypeptides. 
Again, however, the comparison emphasizes simi- 
larity but not identity between L and the high mol 
wt antigens. 

COMPARATIVE LOCALIZATION OF 3/GT-RELATED 
ANTIGENS AND ENZYME ACTIVITY 

IN EPITHELIAL TISSUES 

BY INDIRECT IMMUNOFLUORESCENCE 

AND CYTOCHEMICAL STAINING 

The Table presents the yGT enzyme activities (nor- 
realized to total protein) measured for four different 
epithelial tissues from a 150-g rat and identifies a 
range of values that extends over more than three 
orders of magnitude from kidney to liver. We de- 
cided to compare the cellular distribution of anti- 
TyGT antigens, antiPyGT antigens, and enzyme ac- 
tivity in these same tissues by both indirect 
immunofluorescence and cytochemistry since no 
contaminating polypeptides structurally unrelated 
to yGT were identified in characterizing kidney an- 
tigens. The results obtained using 6/xm thick cryos- 
tat sections are shown in Figs. 4 and 5. In Fig. 4b, d, 
f, h (antiTyGT) the rhodamine-conjugated second- 
ary antibody identifies a high antigen concentration 
on apical epithelial surfaces. Staining is particularly 
apparent on kidney proximal tubules (Fig. 4b) 
where enzyme is known to be associated with the 
highly amplified microvillar surface (Fig. 4a). For 
exocrine pancreas, both antigen (Fig. 4d) and en- 
zyme reaction product (Fig. 4c) are prominent along 
the border of the apical secretory surface, but they 
also mark the apical cytoplasm diffusely where ac- 
cumulated zymogen granules are located. In addi- 
tion, discrete accumulations of antigen (and possi- 
bly reaction product) along the basolateral surface 
of pancreatic acinar cells are more prominent than 
in any of the other epithelial cell types examined. 
For parotid acinar cells antigenic staining is unusu- 
ally prominent (Fig. 4f) when considered in relation 
to the modest level of enzyme reaction product 
(Fig. 4e) obtained only after extended incubation. 
Both markers are concentrated along the highly 
branched apical secretory surface. 

A major discrepancy in the localization of anti- 
TyGT antibodies and enzyme activity is observed in 
liver. Although activity is restricted principally to 

Table. Specific activities of ~GT in selected rat tissues 

Tissue /xmol/min/mg/protein 

Kidney 1.87 
Pancreas 0.12 
Parotid 0.024 
Liver 0.0007 

cells lining the bile ducts (Fig. 4g), the bulk of the 
antigen staining was concentrated along the apical, 
bile canalicular surface of hepatocytes (Fig. 4h). 
Overall, antigen staining was less prominent than in 
the other epithelial tissues examined. 

When kidney and liver tissue (which respec- 
tively exhibit the highest and lowest enzyme spe- 
cific activities of the tissues studied) were examined 
by immunocytochemicat staining using antiPyGT 
the results shown in Fig. 5 were obtained. In kidney 
(Fig. 5a) the immunofluorescent pattern paralleled 
the distribution of enzyme activity (Fig. 4a); it coin- 
cided with the apical surfaces of proximal tubule 
profiles shown in the paired phase contrast image 
(Fig. 5b) and did not extend detectably to the distal 
tubule or capillary network. In liver, antiPyGT 
stains bile duct profiles at the level of portal triads 
(Fig. 5d and e) where enzyme activity is located 
(Fig. 4g) and exhibited only highly restricted stain- 
ing of the hepatocyte bile canalicular surface in the 
near vicinity (Fig. 5c). 

In the case of pancreas, the immunofluorescent 
patterns obtained using antiPyGT and antiTyGT 
closely resembled one another (not shown), 
whereas in parotid very little staining was detected 
using antiPyGT. These results clearly suggest that 
-/GT antigens and enzyme activity co-localize quali- 
tatively and quantitatively only in tissues that con- 
tain high levels of enzyme activity. Prominent im- 
munostaining in epithelial tissue with low activities 
indicates the presence of structurally related anti- 
gens that are probably enzymatically inactive. 

IMMUNOCHEMICAL CHARACTERIZATION 
OF PLASMALEMMAL ANTIGENS 
IN DIFFERENT EPITHELIA 

In order to estimate the relative contributions of 
enzyme subunits and yGT-related antigens to the 
observed immunofluorescent staining, plasma 
membrane fractions isolated from each of the four 
epithelial tissues were radioiodinated, solubilized 
and immunoprecipitated with antiTyGT or anti- 
PyGT. The immunoprecipitates were subjected to 
SDS polyacrylamide gel electrophoresis followed 
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Fig. 4. ( fac ing page).  Comparative localization of yGT activity (by enzyme cytochemistry; a, c, e, and g) and antigens (by indirect 
immunofluorescence; b, d, f, and h) in cryostat sections of epithelial tissues. (a, b) Kidney cortex showing very heavy staining of the 
brush border of proximal tubule cells with almost no staining at other levels of the nephron, a, b x 240, (c, d) Exocrine pancreas 
showing activity and antigen highly concentrated on the apical secretory surface of acinar cells with lower levels observed over 
accumulated zymogen granules. The inset in c shows the absence of cytochemical staining when glycylglycine is omitted from the 
reaction mixture, c x 290; d x 280. (e. f )  Parotid gland showing the intensely stained secretory canaliculi on acinar cells and fainter 
staining occasionally observed on the apical surface of secretory ducts (white -k). Insets in e andfshow, respectively, a cytochemical 
control analogous to that shown in c (inset) and the absence of immunostaining (characteristic of all tissues) when antiTyGT is replaced 
by preimmune serum, e x 450;f x 350. (g, h) Liver, showing enzyme activity only over bile duct profiles located in a portal triad but 
general immunostaining of the bile canalicular surface of hepatocytes, g x 450; h x 440. In all four epithelial tissues faint immunostain- 
ing is observed along the basal plasmalemma of parenchymal cells. It is most prominent in pancreas where punctate accumulations can 
be seen 

Fig. 5. Indirect immunofluorescent staining of cryostat sections of kidney and liver using antiPyGT. The immunofluorescent (a) and 
paired phase contrast (b) images of kidney cortex indicate clearly that staining is restricted to the apical surface of the proximal tubule 
and is absent over profiles of distal tubule (arrow in b) and blood vessels (arrowheads in b). a, b x 260. c shows that antiPyGT stains the 
bile canalicular surface of hepatocytes only in regions near the transition to bile ductules near the portal triad. Most of the parenchyma 
is unstained. The reactivity of bile ductules is emphasized in the paired immunofluorescent and phase images shown in d and e, 
respectively, c x 190; d, e x 370 

by  au to rad iog raphy  and  the resul ts  ob ta ined  with 
a n t i T y G T  are s h o w n  in Fig. 6. Ev iden t l y  p l a sma  
m e m b r a n e  f rac t ions  der ived  f rom t issues  exhibi t ing 
high specific act ivi t ies  of  y G T  (Table)  are genera l ly  
en r i ched  in e n z y m e  subun i t s  in re la t ion  to high mol 
wt yGT- re l a t ed  an t igens .  By cont ras t ,  po lypep t ides  

->95K cons t i tu te  the pr incipal  an t igens  in t issues  
such as parot id  and  l iver  which  have low e n z y m e  
activi t ies .  This  obse r va t i on  expla ins  both  the quan-  
t i tat ive d i s c r e p a n c y  b e t w e e n  p r o m i n e n t  f luorescent  
s ta in ing yet  low e n z y m e  act iv i ty  no ted  above  for 
parot id  (Fig. 4e and  f )  and  the qual i ta t ive  discrep- 
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Fig. 6. lmmunoprecipitates of ~ZSl-labeled plasma membrane 
fractions subjected to polyacrylamide gel electrophoresis and au- 
toradiography, Purified fractions were iodinated, solubilized, 
and subjected to immunoprecipitation with either preimmune se- 
rum (A and F)  or antiTTGT (B-EL The samples--kidney brush 
border membranes (A and B), pancreatic plasma membranes (C), 
parotid plasma membranes (D) and liver plasma membranes 
(E)--are displayed in decreasing order of TGT specific activity. 
The progressive decrease in relative prevalence of antigens cor- 
responding to the large (55-58K) and small (25-30K) subunits 
and increase in prevalence (as well as apparent tool wt) of the 
85-->95K antigens from B to E is evident 

ancy between immuno- and enzymatically-reactive 
cell types identified in liver (Fig. 4g and h). 

Immunopreeipitation of isolated parotid or liver 
plasma membranes with antiPyGT (the same serum 
used to obtain Fig. 1A) did not yield bands distinct 
from the faint species detected using preimmune 
serum. Apparently either the degree of antigen ra- 
diolabeling is not high enough or the avidity of anti- 
PTGT is insufficient to complex the low concentra- 
tion of antigen (active enzyme) present in these 
solubilized membrane preparations. 

Comparison of the high tool wt antigens (Fig. 6) 
among the tissues examined indicates differences in 
electrophoretic mobility such that the least mobile 
species derive from tissues that exhibit the lowest 
levels of active enzyme. One further study was con- 
ducted using kidney and liver membranes to 
judge further the enzymatic inactivity of these poly- 
peptides. First, an affinity column of immobilized 
PyGT was used to resolve antiTyGT into bound 
(affinity purified) and unbound (flow through) anti- 
body fractions. When titered for ability to complex 
active enzymes from solubilized brush border 
membranes, the affinity purified fraction bound 960 
units/ml, whereas the flow through fraction bound 

0.06 units/ml. Each fraction was used for immune 
overlay on kidney brush border membranes and 
liver plasma membranes that had been blotted onto 
nitrocellulose following SDS polyacrylamide gel 
electrophoresis. The results are shown in Fig. 7. 
Striking differences are observed in the antigen 
spectrum recognized by each antibody fraction. Af- 
finity purified antibody binds strongly to both en- 
zyme subunits and to a much more limited extent to 
85-95K antigens in kidney membranes (Fig. 7A). In 
each case binding is diffuse and covers the whole 
range of antigen sizes. Binding to liver membranes 
(only at >95K) is detected after prolonged exposure 
of the autoradiogram (Fig. 7C). By contrast, flow- 
through antibody binds prominently to subsets of 
kidney antigens (Fig. 7B). Almost nothing is seen at 
S; for L and 85-95K antigens, binding favors spe- 
cies having higher apparent mol wt. Figure 7D 
shows that the flow-through fraction readily binds 
to high tool wt liver plasmalemmal antigens and 
even detects a band at the level of L. These results 
argue strongly for the enzymatic inactivity of the 
bulk of high tool wt antigens and even suggest that a 
fraction of L antigens are not part of active enzyme 
(since the titers of affinity and flow through frac- 
tions were measured without denaturation). Al- 
though separate experiments indicate that antibod- 
ies desorbed from either liver or kidney high tool wt 
antigens bind interchangeably to the high mol wt 
antigens in the other type of membrane (not shown), 
further detailed analysis will be required to define 
the degree to which electrophoretic mobility differ- 
ences reflect distinct polypeptide primary structure 
or extents and patterns of glycosylation. 

Discussion 

We have developed antibodies to TGT for two prin- 
cipal reasons: (1) to evaluate structural relation- 
ships between forms of a membrane polypeptide 
known to be associated with both the cell surface 
and internal membranes and (2) to evaluate dy- 
namic relationships between such forms, especially 
in exocrine secretory systems where exocytosis 
brings antigen-containing compartments (granule- 
and plasma membranes) into transient continuity. 
Antigen (enzyme) purification and initial antibody 
characterization have been carried out using the 
membranes of renal cortical tissue. The important 
findings reported in this paper stern from the pres- 
ence of minor polypeptides of apparent tool wt 
-85----95K present in purified TTGT but apparently 
not PTGT. These polypeptides are prominent anti- 
gens and blot --+ reblot and peptide mapping studies 
have shown that they are, in part, structurally re- 
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lated to yGT and thus are not merely unrelated con- 
taminants. Further, using an immunochemical ap- 
proach these or analogous polypeptides of similar 
apparent tool wt have been found to constitute the 
principal antigens in tissues exhibiting prominent 
immunofluorescent staining but only low levels of 
active enzyme. 

The apparent absence of TGT activity associ- 
ated with the high tool wt species is supported by 
the different locations of antigen recognized by anti- 
TyGT and cytochemical activity (as well as antigen 
recognized by antiPyGT) observed in liver tissue. 
Even though only -60% of the total enzyme activ- 
ity of the tissue is detected by the cytochemical 
procedure, we are confident that the principal liver 
antigen found on hepatocytes is enzymatically inac- 
tive because it selectively binds antibodies having a 

negligible titer for active enzyme (Fig. 7). These 
observations coupled with the inability of antiPyGT 
to detect high tool wt antigens (especially in kidney 
membranes) and the clear lack of complete overlap 
observed in comparing antigens by peptide mapping 
(Fig. 3) suggest that there are structural as well as 
possible functional distinctions between the high 
tool wt antigens and the enzyme subunits. Thus, the 
possibility that high tool wt antigens represent ag- 
gregates of subunits arising as an artifact during 
preparation of samples for electrophoretic analysis 
[12, 41] can be discounted. However, the extent of 
structural and functional interrelationships remain 
to be defined. 

Several recent studies of yGT in rat kidney 
have identified a monomeric kinetic precursor of 
the subunits of the active enzyme [3, 7, 25, 32, 36, 
37]. Proteolytic processing of this transient species 
to subunits apparently can occur both preceding [3, 
7, 37] and following [25, 32, 36] its appearance in 
cellular compartments involved in complex glyco- 
sylation. Although the structural basis (if any) for 
these options has not been defined, the apparent 
tool wts of the polypeptides involved (-<78K) are 
lower than the range characterized in the present 
study for the kinetically stable high tool wt antigens. 
Detailed studies of the carbohydrate composition of 
PTGT purified from several rat tissues and related 
transformed cells have indicated not only that oligo- 
saccharide chains are exclusively asparagine-linked 
and structurally very heterogeneous [52-55] but 
also that the total number of chains per enzyme 
molecule may vary considerably either between dif- 
ferent tissues [53, 54] or within the same tissue in 
normal, neonatal, and neoplastic states [48, 53, 55]. 
Although we cannot attribute enzyme activity to the 
high tool wt antigens characterized in this study, 
their size is comparable to that reported for com- 
bined subunits of the forms of yGT found to be 

9 5 k  - 

8 5 k  - 

L -  

_ 

A B C D 
Fig. 7. Immunoblots of affinity purified and flow-through frac- 
tions of antiTyGT (separated on immunobilize PyGT) on kidney 
brush border membranes and liver plasma membranes. Bound 
antibodies were detected by autoradiography after incubation 
with ~zsI-labeled goat anti-rabbit IgG. (A and B) Kidney mem- 
branes exposed, respectively, to affinity purified and flow- 
through fractions. (C and D) Liver membranes exposed, respec- 
tively, to affinity purified and flow-through antibody fractions. 
85-95K polypeptides and enzyme large (L) and small (S) sub- 
units are identified 

glycosylated to uncharacteristically high levels [55]. 
Thus, in view of their avid lectin binding, it is possi- 
ble that they represent yGT precursors that are gly- 
cosylated to a proportionately much greater extent 
than the principal precursor characterized in bio- 
synthetic studies of kidney tissue [37] and cultured 
HTC cells [3]. Alternatively, since the flow-through 
fraction of antiTyGT recognizes L-sized, and not S- 
sized, polypeptides selectively, additional glycosy- 
lation could involve L stripped of S (in a manner not 
yet defined) following early cleavage of the primary 
translation product. In either case the possibility 
that O-linked oligosaccharides may be present can- 
not be discounted since previous characterizations 
of the carbohydrate structure of yGT have focused 
exclusively on the protease-soluble portion of the 
enzyme molecule. Additional oligosaccharides may 
preclude normal processing, thereby endowing the 
high tool wt antigen with stability. Interestingly, 
and potentially relevant to these considerations, the 
same yGT biosynthetic studies cited above [3, 37] 
provide evidence for 95-I00K antigens which in 
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one case [3] have been shown to have an extended 
half-life relative to the direct enzyme precursor 3. 
Coupled with the following observations: (1) selec- 
tive binding of antis to - 8 5 K  polypeptides and 
antiL to >-95K polypeptides in blot -+ reblot experi- 
ments (Fig. 2); (2) progressively decreased electro- 
phoretic mobilities of high tool wt antigens in tis- 
sues exhibiting lower TGT activity (Fig. 5, Table); 
and (3) recent demonstrations of inducible changes 
in the level of protein glycosylation [8, 24], these 
findings provide a basis for testing in future studies 
whether the extent of glycosylation and the level of 
yGT activity are modulatable in situ and can lead to 
selective activation (or refractoriness to activation) 
among multiple forms of yGT-related polypeptides 
(or precursors). Such regulation may introduce a 
new variable for consideration in studies of changes 
in antiPyGT immunocytochemical reactivity and 
TGT activity in neoplastic transformation [45, 47, 
55]. 

In addition to the suggestion that the high mol 
wt antigens are proportionately more highly glyco- 
sylated than the direct precursor of, /GT or the en- 
zyme subunits, the possibility should be tested that 
these polypeptides represent distinct gene products 
and that primary structure contributes to the differ- 
ential processing. The existence of more than a sin- 
gle 3,GT-related gene seems appropriate for consid- 
eration since even among P3,GT preparations 
purified to comparable levels from different rat tis- 
sues (kidney and pancreas) there are significant dif- 
ferences in amino acid composition [47]. 

Finally, a comment should be made in relation 
to the low levels of specific immunofluorescent 
staining observed on the basolateral surfaces of epi- 
thelial cells, especially pancreatic acinar cells, 
shown in Fig. 4. Such staining has been reported 
previously in kidney using a relatively uncharacter- 
ized antiPyGT antibody [44]. In the present case we 
have not established which antigens are responsible 
for the observed staining or whether its punctate 
quality reflects concentration with some membrane- 
associated structural specialization (plasmalemmal 
tbldings?). However, identification on the basola- 
teral front clearly suggests that yGT-related poly- 
peptides may not represent completely polarized 
markers restricted in location to the epithelial apical 
surface. Further studies are needed to establish if 
antigen present on the basolateral plasmalemma re- 

3 Both biosynthetic studies were conducted using anti- 
P~,GT. If these species and the -95K antigens we have charac- 
terized prove to be identical polypeptides, then antiPTGT may be 
able to detect this class of antigens only under restricted circum- 
stances, for example, when complete glycosylation and process- 
ing to the final conformation does not occur. 

flects membrane traffic between the distinct surface 
domains [18, 40, 43]. 

The authors are grateful to Dr. Peter Aryan for his participation 
in the early stages of this work and for useful discussions 
throughout. We also wish to thank Cindy Davis for typing the 
manuscript and Pam Ossorio for pbotographc work. This re- 
search was supported initially by a grant from the Cystic Fibrosis 
Foundation and subsequently by N1H Grant AM29868. Richard 
Cameron is a postdoctoral fellow of the Cystic Fibrosis Founda- 
tion. 

References 

1. Arvan, P., Cameron, R.S., Castle, J.D. 1983. Secretory 
membranes of the rat parotid gland: Preparation and com- 
parative characterization. Methods Enzymol. 98:75-87 

2. Aryan, P., Castle, J.D. 1982. Plasma membrane of the rat 
parotid gland: Preparation and partial characterization of 
a fraction containing the secretory surface. J. ('ell Biol. 
95:8-19 

3. Barouki, R., Finidori, J., Chobert, M.-N., Aggerbeck, M., 
Laperche, Y., Hanoune, J. 1984. Biosynthesis and process- 
ing of ),-glutamyl transpeptidase in hepatoma tissue culture 
cells. J. Biol. Chem. 259:7970-7974 

4. Brandtzaeg, P. 1973. Conjugates of immunoglobulin G with 
different fluorochromes: I. Characterization by anionic ex- 
change chromatography. Scand. J. lmmunol. 2:273-290 

5. Brugge, J.S., Erikson, R.L. 1977. Identification of a trans- 
formation-specific antigen induced by an avian sarcoma vi- 
rus. Nature (London) 269:346-348 

6. Cameron, R.S., Castle, J.D. 1984. Isolation and composi- 
tional analysis of secretion granules and their membrane 
subfraction from the rat parotid gland. J. Membrane Biol. 
79:127-144 

7. Capraro, M.A., Hughey, R.P. 1983. Processing of the pro- 
peptide form of rat renal y-glutamyltranspeptidase. FEBS 
Lett.  157:139-143 

8. Carson, D.D., Earles, B.J., Lennarz, W.J. 1981. Enhance- 
ment of protein glycosylation in tissue slices by dolichy- 
lphosphate. J. Biol. Chem. 256:11552-11557 

9. Cleveland, D.W., Fischer, S.F., Kirschner, M.W., Laem- 
mli, U.K. 1977. Peptide mapping by limited proteolysis in 
sodium dodecyl sulfate and analysis by gel electrophoresis. 
J. BioL Chem. 252:1102-1106 

10. Curthoys, N.P., Hughey, R.P. 1979. Characterization and 
physiological function of rat renal y-glutamyltranspeptidase. 
Enzyme 24:383-403 

11. Elder, J.A., Pickett, R.A., Hampton, J., Lerner, R.A. 1977. 
Radioiodination of proteins in single polyacrylamide gel 
slices. J. Biol. Chem. 252:6510-6515 

12. Furthmayr, H., Marchesi, V.T. 1976. Subunit structure of 
human erythrocyte glycophorin A. Biochemistry 15:1137- 
1144 

13. Gardell, S.J., Tate, S.S. 1979. Latent proteinase activity of 
y-glutamyl transpeptidase light subunit. J. Biol. Chem. 
254:4942-4945 

14. Gardell, S.J., Tate, S.S. 1982. Modification of the acceptor 
binding site of y-glutamyl transpeptidase by the diazonium 
derivatives of p-aminohippurate and p-aminobenzoate. 
Arch. Biochem. Biophys. 216:719-726 



I.D. Castle et al.: Antigens Related to y-Glutamyl Transferase 25 

15. Gershoni, J.M., Palade, G.E. 1983. Protein blotting: Princi- 
ples and applications. Anal. Biochem. 131:[-15. 

16. Glenner, G.G., Folk, J.E., McMillan, P.J. 1962. Histochemi- 
cal demonstration of a gamma-glutamyl transpeptidase-like 
activity. J. Histochem. Cytochem. 10:481-489 

17. Greenwood, F.C., Hunter, M.M., Glover, J.S. 1963. The 
preparation of ~251-1abelled human growth hormone of high 
specific radioactivity. Biochem. J. 89:114-123 

18. Herzog, V. 1983. Transcytosis in thyroid follicle cells. J. 
Cell Biol. 97:607-617 

19. Hubbard, A.L., Wall, D.A., Ma, A. 1983. Isolation of rat 
heptocyte plasma membranes: I. Presence of the three major 
domains. J. Cell Biol. 96"217-229 

20. Hughey, R.P., Curthoys, N.P. 1976. Comparison of the size 
and physical properties of y-glutamyl transpeptidase purified 
from rat kidney following solubilization with papain or with 
Triton X-100. J. Biol. Chem. 251:7863-7870 

21. Inoue, M., Horiuchi, S., Morino, Y. 1977. Affinity labeling 
of rat kidney y-glutamyl transpeptidase. Eur. J. Biochem. 
73:335-342 

22. Kenny, A.J. 1977. Proteinases associated with cell mem- 
branes. In: Proteinases in Mammalian Cells and Tissues. 
A.J. Barrett, editor, pp. 393-444. North-Holland, New York 

23. Kessler, S. 1975. Rapid isolation of antigen from cells with a 
staphylococcal protein A-antibody adsorbent: Parameters of 
the interaction of antibody-antigen complexes with protein 
A. J. Immunol. 115:1617-1624 

24. Kousevelari, E.E., Grant, S.R., Baum, B.J. 1983. /3-Ad- 
renergic receptor regulation of N-linked protein glycosyla- 
tion in rat parotid acinar cells. Proc. Natl. Acad. Sci. USA 
80:7146-7150 

25. Kuno, T., Matsuda, Y., Katanuma, N. 1983. The conversion 
of the precursor form of y-glutamyltranspeptidase to its sub- 
unit form takes place in brush border membranes. Biochem. 
Biophys. Res. Commun. 114:889-895 

26. Laemmli, U.K. 1970. Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature (Lon- 
don) 227:680-685 

27. Malathi, P., Preiser, H., Fairclough, P., Mallett, P., Crane, 
R.K. 1979. A rapid method for the isolation of kidney brush 
border membranes. Biochim. Biophys. Acta 554:259-263 

28. Marathe, G.V., Nash, B., Haschmeyer, R.H., Tare, S.S. 
1979. Ultrastructural localization of y-glutamyl transpepti- 
dase in rat kidney and jejunum. FEBS Lett. 107:436-440 

29. Margoliash, E., Nisonoff, A., Reichlin, M. 1970. Immuno- 
logical activity of cytochrome, c. J. Biol. Chem. 245:947-954 

30. Markwell, M.A.K., Hass, S.M., Beiber, L.L., Tolbert, N.E. 
1978. A modification of the Lowry procedure to simplify 
protein determination in membrane and lipoprotein samples. 
Anal. Biochem. 87:206-210 

31. Matsuda, Y., Tsuji, A., Katanuma, N. 1983. Membrane 
bound y-glutamyltranspeptidase: Its structure, biosynthesis 
and degradation. Adv. Enzyme Reg. 21:103-119 

32. Matsuda, Y., Tsuji, A., Kuno, T., Katanuma, N. 1983. Bio- 
synthesis and degradation of y-glutamyl transpeptidase of rat 
kidney. J. Biochem. 94:755-765 

33. Meister, A., Tate, S.S., Griffith, O.W. 1976. Membrane- 
bound y-glutamyl transpeptidase. In: The Enzymes of Bio- 
logical Membranes. A. Martinosi, editor Vol. 3, pp. 315- 
347. Plenum, New York 

34. Meister, A., Tare, S.S., Griffith, O.W. 1981. y-Glutamyl 
transpeptidase. Methods Enzymol. 77:237-253 

35. Merril, C.R,, Goldman, D., Sedman, S.A., Ebert, M.H. 
1981. Ultrasensitive stain for proteins in polyacrylamide gels 

shows regional variation in cerebrospinal fluid proteins. Sci- 
ence 211:1437-1438 

36. Nash, B., Tate, S.S. 1982. Biosynthesis of rat renal y-gluta- 
myl transpeptidase. J. Biol. Chem. 257:585-588 

37. Nash, B.. Tate, S.S. 1984. In vitro translation and process- 
ing of rat kidney y-glutamyl transpeptidase. J. Biol. Chem. 
259:678-685 

38. Olmsted, J.B. 1981. Affinity purification of antibodies from 
diazotized paper blots of heterogeneous protein samples. J. 
Biol. Chem. 256:11955-11957 

39. Papermaster, D.S., Converse, C.A., Zorn, M. 1976. Biosyn- 
thetic and immunochemical characterization of a large pro- 
tein in frog and cattle rod outer segment membranes. Exp. 
Eye Res. 23:105-116 

40. Pesonen, M., Simons, K. 1983. Transepithelial transport of a 
viral membrane glycoprotein implanted into the apical 
plasma membrane of Madin-Darby canine kidney cells. J. 
Cell Biol. 97:638-643 

41. Sarras, A.H., Palade, G.E. 1982. Isolation and partial char- 
acterization of the sialoglycoprotein fraction of murine 
erythrocyte ghosts. J. Cell Biol. 93:583-590 

42. Seligman, A.M., Wasserkrug, H.L., Plapinger, R.E., Seito, 
T., Hanka, J.S. 1970. Membraneous ultrastructural demon- 
stration of aminopeptidase and 7-glutamyl transpeptidase ac- 
tivities with a new diazonium salt that yields a lipophobic 
osmiophilic azo dye. J. Histochem. Cytochem. 18:542-551 

43. Solari, R., Kraehenbuhl, J.P. 1984. Biosynthesis of the IgA 
antibody receptor: A model for the transepithelial sorting of 
a membrane glycoprotein. Cell 36:61-71 

44. Spater, H.W., Poruchynsky, M.S., Quintana, N., Inoue, 
M., Novikoff, A. 1982. Immunocytochemical localization of 
7-glutamyltransferffse in rat kidney with protein A-horserad- 
ish peroxidase. Proc. Natl. Acad. Sci. USA 79:3547-3550 

45. Spater, H.W., Quintana, N., Becker, F.F., Novikoff, A.B. 
1983. Immunocytochemical localization of 7-glutamyltrans- 
ferase in induced hyperplastic nodules of rat liver. Proc. 
Natl. Acad. Sci. USA 80:4742-4746 

46. Steck, T.L., Fairbanks, G., Wallach, D.F.H. 1971. Disposi- 
tion of the major proteins in the isolated erythrocyte mem- 
brane: Proteolytic dissection. Biochemistry 10:2617-2624 

47. Takahashi, S., Steinman, H.M., Ball, D. 1982. Purification 
and characterization of 7-glutamyltransferase from rat pan- 
creas. Biochim. Biophys. Acta 707:66-73 

48. Taniguchi, N., Yokosawa, N., Iizuka, S., Tsukada, Y., 
Sako, F., Miyazawa, N. 1983. 7-Glutamyl transpeptidase 
from tumor tissues--chemical, enzymatic, and biological 
properties. GANN Monograph 29:263-272 

49. "Fate, S.S., Meister, A. 1974. Interaction of y-glutamyl 
transpeptidase with amino acids, dipeptides, and derivatives 
and analogs of glutathione. J. Biol. Chem. 249:7593-7602 

50. Tate, S.S., Meister, A. 1975. Identity of maleate-stimulated 
glutaminase with y-glutamyl transpeptidase in rat kidney. J. 
Biol. Chem. 250:4619-4627 

51. Tate, S.S., Meister, A. 1977. Affinity labeling of 7-glutamyl 
transpeptidase and location of the 7-glutamyl binding site on 
the light subunit. Proc. Natl. Acad. Sci. USA 74:931-935 

52. Yamashita, K., Hitoi, A., Matsuda, Y., Tsuji, Y., Ka- 
tanuma, N., Kobata, A. 1983. Structural studies of the car- 
bohydrate moieties of rat kidney 7-glutamyltranspeptidase. 
J. Biol. Chem. 258:1098-1107 

53. Yamashita, K., Hitoi, A., Tateishi, N., Higashi, T., Saka- 
moto, Y., Kobata, A. 1983. Organ-specific difference in the 
sugar chains of y-glutamyltranspeptidase. Arch. Biochem. 
Biophys. 225:993-996 



26 J.D. Castle et al.: Antigens Related to 7-Glutamyl Transferase 

54. Yamashita, K., Tachibana, Y., Hitoi, A., Matsuda, Y., 
Tsuji, A., Katanuma, N., Kobata, A. 1983. Difference in the 
sugar chains of two subunits and isozymic forms of rat kid- 
ney 7-glutamyltranspeptidase. Arch. Biochem. Biophys. 
227:225-232 

55. Yamashita, K., Hitoi, A., Taniguchi, N., Yokosawa, N., 

Tsukada, Y., Kobata, A. 1983. Comparative study of the 
sugar chains of 7-glutamyltranspeptidases purified from rat 
liver and rat AH-66 hepatoma cells. Cancer Res. 43:5059- 
5063 

Received 15 August 1984; revised 13 May 1985 


