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SUMMARY 

A y-glutamyl cyclotransferase which catalyzes the conversion of y-L-glutamyl- 
L-phenylalanine into free pyrrolidone carboxylic acid and free phenylalanine has 
been isolated from pupae of the housefly, M u s c a  domestica L. The enzyme was 
purified 4Ioo-fold by (NH~)2SO 4 fractionation and chromatography on Sephadex 
G-75 , DEAE-cellulose and hydroxylapatite. The purified enzyme has a pH optimum 
of 7.1-7.3, a K m  of 2.94"IO -a M toward y-L-glutamyl-L-phenylalanine, and an ap- 
parent tool. wt of 3 ° ooo ± 2o00. 

y-Glutamyl cyclotransferase from housefly pupae exhibits a very narrow and 
unique specificity, compared with purified mammalian 7-glutamyl cyclotransferase. 
Thus 7-L-glutamyl-L-phenylalanine is the most active substrate for the housefly 
cyclotransferase, whereas human and sheep brain cyclotransferase attack this sub- 
strate more slowly, by some three orders of magnitude. Other y-glutamyl compounds, 
such as y-L-glutamyl-L-alanine, 7-L-glutamyl-y-L-glutamyl-p-nitroanilide and 7-L- 
glutamyl-y-L-glutamyl-a-naphthylamide which are excellent substrates for the 
mammalian cyclotransferase, are attacked very slowly or not at all by the housefly 
cyclotransferase, y-L-Glutamyl-y-L-glutamyl-L-phenylalanine is not a substrate for 
the housefly enzyme. 

Functionally, the housefly y-glutamyl cyclotransferase participates in tile 
breakdown of a large free pool of 7-L-glutamyl-L-phenylalanine that is present in the 
newly-formed white pupa. This event is reflected in a several-fold increase in the 
activity of 7-glutamyl cyclotransferase following the transition of the larva to a 
white pupa. Free phenylalanine released in the reaction is then available for con- 
version to tyrosine and thence quinones which sclerotize the cuticle of the white pupa. 

m _  

* Based on research conducted at the Research institute, Canada Agriculture, Bellevillc, 
Ontario (Canada). 
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INTRODUCTION 

y-Glutamyl cyclotransferase participates in the overall metabolism of y-glut- 
amylamino acids by catalyzing their conversion into pyrrolidone carboxylic acid 
and free amino acid according to the following reaction: 

~-L-Glutamyl-L-amino acid -+ L-pyrrolidone carboxylic acid + L-amino acid 1 

The enzyme was first described in pig liver extracts by Connel and Hanes in 19562. 
Since then, ~,-glutamyl cyclotransferase has been the subject of several investigations 
and highly purified preparations have been obtained from mammalian sources3, 4. 

In this laboratory ?~-L-glutamyl-I.-phenylalanine has been isolated and identified 
as a major constituent of the larva of the housefly 5. Growing larvae synthesize and 
accumulate a large free pool of this dipeptide, and after the fully-grown larva trans- 
forms into a so-called white pupa, the pool of)~-glutamylphenylalanine is rapidly and 
totally consumed. Its disappearance coincides with the hardening and darkening 
(sclerotization) of the cuticle of the white pupa. Apparently y-glutamylphenylalanine 
serves as a large reservoir of phenylalanine that can be metabolized to quinones which 
mediate selerotization 5. 

The results presented here demonstrate that  y-glutamyl cyclotransferase 
catalyzes the conversion of ?,-glutamylphenylalanine into free pyrrolidone carboxylic 
acid and free phenylalanine, a reaction which is known to occur in vivo in the housefly 
pupa e. The purification and properties of )J-glutamyl cyclotransferase from the 
housefly pupa are described and its properties are compared with those of the 
mammalian enzyme. 

MATERIALS AND METHODS 

Biological 
Larvae of the housefly, Musca domestica L. were reared on CSMA medium at 

25 °C as described previously 5. Pupae 8-24-h old were stored at --20 °C until a 
sufficient weight (usually I kg) for isolation of the enzyme had been accumulated. 

Chemicals 
),-L-Glutamyl-L-phenylalanine and y-L-[G-~Hlglutamyl-L-phenylalanine (41.7 

Ci/mole) were prepared as described previously6, 7. Radioactivity in the latter was: 
[G-aHJglutamate, 19.6%; IG-aHlphenylalanine, 80.40/0 . ?~-L-Glutamyl-y-L-glutamyl- 
L-phenylalanine was supplied by Fox Chemical (Los Angeles). 

y-L-Glutamyl-a-naphythylamide and ~,-L-glutamyl-y-L-glutamyl-a-naphthyl- 
amide were synthesized by the method of Orlowski and Szewczuk s. 7-L-Glutamyl-p- 
nitroanilide was synthesized according to Orlowski and Meister 9. y-L-Glutamyl-p- 
nitroanilide, ),-D-glutamyl-y-L-glutamyl-p-nitroanilide, ;~-L-glutamyl-L-glutamine and 
y-L-glutamyl-a-L-aminobutyric acid were a generous gift from Dr M. Orlowski. Other 
y-glutamyl compounds were from Cyclo Chemical (Los Angeles). 

)J-Glutamyl cyclotransferase assay using )J-[G-aH]glutamylphenylalanine 
Enzyme activity was determined by measuring the amount of EG-aH3pyrroli - 
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done carboxylic acid formed from 7-EG-~Hlglutamylphenylalanine ~. The incubation 
mixture contained: 2.5 /~moles of 7-glutamylphenylalanine; 360 ooo dpm (approx. 
4 nmoles) of 7-EG-3Hlglutamylphenylalanine, of which 7 ° 500 dpm existed as 7- 
EG-3HJglutamyl-; 50 #moles of Tris-HC1 buffer, pH 7.2; and enzyme in a final volume 
of 0.5 ml. After incubation at 37 °C for IO min, the reaction mixture was held at 
Ioo °C for 3 rain, cooled to 25 °C and passed through a column of Dowex 50 resin 
(X4, 200-400 mesh, H + form, I cm × 2 cm). The column was washed with 5 ml of 
water and the effluent was collected in two scintillation vials. IO ml of scintillator 
(5 g of 2,5-diphenyloxazole and Ioo g of naphthalene per 1 of dioxane) were added 
and 3H radioactivity counted and corrected for quenching in a Beckman LS-233 
scintillation counter. Blanks were prepared in the same way, but omitting the enzyme. 
A unit of enzyme is defined as that  amount which catalyzes the formation of I/~mole 
of pyrrolidone carboxylic acid/rain, under the conditions given above. Specific 
activity is expressed in terms of units per mg of protein, determined according to 
Lowry et al. 1°. 

To determine 7-glutamyl cyclotransferase activity at various stages in the 
insect's life cycle, the insects (larvae or pupae of known age) were homogenized in 
IO times their weight of o.oi M Tris-HC1 buffer, pH 7.2, containing 0.75% NaC1 
(w/v) and 0.02 °/o I-phenyl-2-thiourea (w/v). The extract was centrifuged at 27 ooo × g 
for I h at 0-  4 °C. Aliquots of the supernatant liquid were assayed as above ; activity 
was expressed as units per insect. The supernatant liquid was also assayed for 7- 
glutamyl transpeptidase activity using y-L-glutamyl-p-nitroanilide as substrate as 
described previously 1~, except that  the assays were done at pH 7.2. For reasons that  
will become apparent below, the presence of trace amounts of 7-glutamyl trans- 
peptidase activity remaining in the centrifuged extracts does not interfere with the 
formation of pyrrolidone carboxylic acid from glutamylphenylalanine catalyzed by 
7-glutamyl cyclotransferase (see Results and Discussion). 

Substrate-specificify studies 
The ability of purified 7-glutamyl cyclotransferase to form pyrrolidone car- 

boxylic acid from several types of 7-glutamyl compound was assayed according to 
Orlowski et al. 3. The incubation mixtures contained: y-glutamyl compound, 2.5 
/,moles; Tris-HC1 buffer, pH 7.2, 50 #moles; and purified enzyme in a final volume 
of 0.5 ml. After 0-60 rain of incubation at 37 °C, the reaction mixture was held at 
IOO °C for 3 rain and passed through a short column of Dowex 5 o, as described 
above, until a total volume of 3.0 ml of effluent was collected. The absorbance at 
205 nm (due to the internal peptide bond of pyrrolidone carboxylic acid) was read 
against a blank prepared in the same way, except that  the enzyme was added 
immediately prior to heating at IOO °C. The amount of pyrrolidone carboxylic acid 
was determined from a standard curve of authentic pyrrolidone carboxylic acid 
processed in the same manner. 

I t  is worthwhile  not ing tha t  cyclization of the 7-[G-SH]glutamyl residue of 7-[G-3H~glu - 
tamylphenyla lanine  to EG-3H~pyrrolidone carboxylic acid does not  result  in loss of radioactivity,  
a l though in fact a hydrogen is lost during cyclization. This is readily unders tood when it is remem- 
bered tha t  3H in labile posit ions such as the free amino and carboxyl  groups is exchanged (re- 
moved) during purification of the dipeptide ~. 
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RESULTS 

Changes in the activity of 7-glutamyl cyclotransferase during the transition of the larvae 
of M. domestica to a pupa 

7-Glutamyl cyclotransferase activity, expressed as units/insect in Fig. I, was 
relatively low and constant during the 5-day period of larval growth. Upon formation 
of the so-called white pupa on the 5th-6th day, activity began to increase dra- 
matically and reached a maximum some 12-14 h later. Thereafter activity declined 
quickly at first, and then more slowly. After 3-4 days a base-line level comparable 
to that found in the larval stages was reached. Accordingly, pupae 8-24-h old were 
used in the purification of cyclotransferase as described below. 
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Fig. I. Changes  in t he  ac t iv i ty  of  7 - g l u t a m y l  cyc lo t rans fe rase  du r ing  the  t r ans i t i on  o f  t he  ful ly-  
grown,  5-day-old  l a rva  of  M. domestica to t he  immobi le ,  non-feeding,  qu iescen t  whi te  pupa .  
A lmos t  i m m e d i a t e l y  a f te r  t he  whi te  p u p a  forms,  h a r d e n i n g  and  da rken ing  of  i ts  cut icle  (called a 
p u p a r i u m )  begins.  H a r d e n i n g  and  da rken ing  are  v i r tua l ly  comple te  wi th in  12 h. E n z y m e  ac t iv i ty  
in cen t r i fuged  insect  ex t r ac t s  was de t e rmi ned  by  m e a s u r i n g  t he  a m o u n t  of  [G-SH]pyrrol idone 
carboxyl ic  acid fo rmed  f rom y - [G-3Hl g l u t amy l pheny l a l an ine  as descr ibed in t he  tex t .  L, l a rva ;  
~,VP, whi te  pupa ,  on graph .  

Purification of 7-glutamyl cyclotransferase 
All steps were done at 0- 4 °C unless otherwise stated. A summary of the 

purification of 7-glutamyl cyclotransferase from pupae of M. domestica is given in 
Table I. 

T A B L E  I 

P U R I F I C A T I O N  O F  ~ - G L U T A M Y L  C Y C L O T R A N S F E R A S E  F R O M  P U P A E  O F  M. domestica 

Step Volume Protein Total activity Spec. act. Yield Purification 
(ml) (rag) (units) (units/rag) (%)  factor 

I. H o m o g e n a t e *  3600 i io ooo 1883 o.o172 ioo  I 
2. (NHa)2SO 4 (4o-6o%) 76o 33 o6o 141o o.o426 75 3 
3- F i r s t  Sephadex  G-75 600 i 199 1471 1.23 78 71 
4 DEAE-ce l lu lose  206 80.7 847 IO.5 45 61o 
5. Second S e p h a d e x  G-75 37 25.6 44 ° 17.2 23 IOOO 
6. H y d r o x y l a p a t i t e  15 5.8 41o 70.7 17 41oo 

* P u p a e  of  M. domestica 8-24-h  old, i kg. 
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Step _~. Homogenization. I kg of pupae  8-24-h old s tored at  - - 2o  °C were thawed  
and homogen ized  in 4 1 of o.oI  M Tris-HC1 buffer, p H  8.0, conta in ing 0.75 % of 
NaC1 (w/v) and  0.02% of i -pheny l -2 - th iou rea  (w/v) in a War ing - type  blender.  The 
homogena te  was centr i fuged at  12 ooo × g for 60 rain. 

Step 2. (NH4)2SO 4 fractionation. The supe rna t an t  from Step I was brought  to 
40% (NH4)2SO 4 sa tu ra t ion  at  o °C. Af ter  s t and ing  for i h, the  resul t ing prec ip i ta te  
was r emoved  b y  centr i fuging at  12 ooo x g for 30 rain, and  discarded.  The super-  
n a t a n t  was ad jus t ed  to 60% (NH4)2SO 4 sa tu ra t ion  at  o °C and  the prec ip i ta te  t ha t  
formed af ter  I h was col lected by  centr ifuging,  dissolved in a m in imum volume of 
o .o i  M Tris-HC1 buffer, p H  8.0, and  d ia lyzed  overnight  agains t  dis t i l led water .  

Step 3. Ist Sephadex G-75 chromatography. The enzyme solut ion from Step 2 
was concen t ra t ed  b y  u l t ra f i l t ra t ion  (Diaflo UM IO membrane ,  Amicon  Corp.) and  
d iv ided  into five equal  port ions.  Each  por t ion  was ch roma tog raphed  separa te ly  on 
a column of Sephadex  G-75 (5 cm × 9 ° cm) equi l ib ra ted  with  o.o1 M Tris-HC1 
buffer, p H  8.0. E lu t ion  was carr ied  out  using the same buffer at  a flow ra te  of 5 ° ml/h  
and  fract ions of 20 ml each were collected. As shown in Fig. 2, cyclo t ransferase  
ac t i v i t y  emerged as a single sharply-def ined peak  af ter  most  of  the  h igh-molecular-  
weight  prote ins  had  emerged in the void volume (approx.  60o ml). 
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Fig. 2. Chromatography of 7-glutamyl cyclotransferase from (NH4)2SO ~ fractionation (Step 2) on 
Sephadex G-75. Approx. 6 g of protein contained in ioo ml of o.oi M Tris-HCI buffer, pH 8.0, 
was chromatographed on a Sephadex G-75 column (5.o cm × 90 cm) eluted with o.oi M Tris HC1 
buffer, pH 8.0, at a flow rate of 5 ° ml/h. Fractions of 20 ml were collected. Protein (O Q) was 
monitored at 280 nm and enzyme activity ( A - - - - A )  was assayed by measuring the amount of 
[G-SH]pyrrolidone carboxylic acid formed from 7-IG-3H]glutamylphenylalanine as described in the 
text. 

Step 4. DEAE-cellulose chromatography. Act ive  fract ions from the previous 
s tep  were pooled and  appl ied  to a column of  DEAE-ce l lu lose  (2. 5 cm × 45 cln) equi- 
l i b ra t ed  wi th  o .o i  M Tris-HC1 buffer, p H  8.0. E lu t ion  was carr ied out  wi th  a l inear  
g rad ien t  of o.15 M NaC1 (25 ° m l )  and  0.30 M NaC1 (250 ml) in o .o i  M Tris-HC1 buffer, 
p H  8.0, followed b y  a fur ther  200 ml of  0.30 M NaC1 in the  same buffer. Most of  the  
inac t ive  p ro te in  r emained  bound  to the  column while the  enzyme emerged as a single 
peak  at  the  end of the  grad ien ts  (Fig. 3). As the  enzyme was found to be re la t ive ly  
uns tab le  in s t rong sal t  solutions, it  was sub jec ted  to u l t ra f i l t ra t ion  immed ia t e ly  af ter  
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Fig. 3- Chromatography  of 7-glutamyl  cyclotransferase f rom the first Sephadex G-75 fractiona- 
t ion (Step 3) on DEAE-cellulose. Approx.  1.2 g of protein  contained in 60o ml of o.oi  M Tr is -HCl  
buffer, p H  8.0, was flown onto  a DEAE-cellulose column (2, 5 cm × 4 ° cm). A linear gradient  of  
o.15 M NaC1 (25 ° ml) and 0.30 M NaC1 (250 ml) bo th  in o.oi M Tris-HC1 buffer, p H  8.0, was 
applied to the column, followed by a fur ther  200 ml of  0.30 M NaC1 in the same buffer. Fract ions  
of  8.6 ml were collected and assayed for enzyme activity (A A) as described in {he text .  
Protein  (O---- -O)  was moni tored at  280 nm. 

it had emerged from the column and dialyzed overnight against o.oi M Tris-HC1 
buffer, pH 8.0. 

Step 5, 2nd Sephadex G-75 chromatography. The concentrated enzyme solution 
from Step 4 (about 80 mg) was applied to the top of a column of Sephadex G-75 
(2.5 cm × 45 cm) equilibrated with o.oi M Tris-HC1 buffer, pH 8.0, and chromato- 
graphed as described in Step 3. Active fractions were pooled and concentrated by 
ultrafiltration. 

Step 6. Hydroxylapatite chromatography. The enzyme solution (about 5 ml) 
from Step 5 was applied to a column of hydroxylapatite (I cm x 6 cm) equilibrated 
with o.oi M potassium phosphate buffer, pH 8.0. Elution was carried out with a 
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Fig. 4. Chromatography  of 7-glu tamyl  cyclotransferase from the second Sephadex G-75 fractiona- 
t ion (Step 5) on hydroxylapat i te .  Approx.  25 mg of protein contained in 5 ml of o.oi M potass ium 
phospha te  buffer, p H  8.0, were chromatographed  on an hydroxylapa t i te  column (I cm × 6 cm) 
eluted wi th  a linear gradient  of o.oI M potass ium phospha te  buffer, p H  8.0, (IOO ml) and o . io  M 
potass ium phospha te  buffer, p H  8.0, (ioo ml). The flow rate  was about  4 ml/h  and 2-ml fractions 
were collected. Protein (Q---S) was moni tored at  280 n m  and enzyme act ivi ty ( / k - - A )  was assay- 
ed as described in the text .  



3 5 8  R . P .  BODNARYK, L. MCGIRR 

linear gradient of o.oi M potassium phosphate buffer, pH 8.o, (IOO ml) and o.I M 
potassium phosphate buffer, pH 8.0, (IOO ml). The flow rate was 4 ml/h and 2-ml 
fractions were collected until the enzyme emerged from the column as a single peak 
(Fig. 4). Most of the inactive protein remained bound to the column. 

An overall purification (summarized in Table I) of 4Ioo-fold was achieved. 
The purified enzyme could be stored at --20 °C in o.oi M Tris-HC1 buffer, pH 8.0, 
for at least one month without significant loss of activity. At o 4 °C, however, more 
than 80% of the activity was lost within io days. 

Properties of purified ),-glutamyl cyclotransferase 
The reaction of purified v-glutamyl cyclotransferase with 7-L-glutamyl-L- 

phenylalanine yielded free pyrrolidone carboxylic acid and flee phenylalanine, as 
determined by separating the reaction products by high voltage paper electro- 
phoresis at pH 1. 9 and 6. 4. Pyrrolidone carboxylic acid was detected with the starch 
KI reagent 1~, and its identity was confirmed by co-migration with authentic stan- 
dards of pyrrolidone carboxylic acid and also by its absorption at 205 nm. No free 
glutamic acid was produced in the reaction, demonstrating that the purified enzyme 
preparation was devoid of any dipeptidase activity capable of hydrolyzing 7-glut- 
amylphenylalanine. The preparation also contained no 7-glutamyl transpeptidase 
activity, as determined by incubating it with 7-L-glutamyl-p-nitroanilide for pro- 
longed periods (4 h) under reaction conditions described previouslyg, n. 7-L-Glutamyl- 
p-nitroanilide is known to be an excellent substrate for housefly 7-glutamyl trans- 
peptidase n. 

The pH-act iv i ty  relationship was examined in o.I M Tris-HC1 buffer and o.I M 
potassium phosphate buffer. The enzyme was most active at pH 7.I-7.3 (Fig. 5). 

The Km value toward 7-L-glutamyl-L-phenylalanine obtained from a Line- 
weaver-Burk is plot (least squares method) was 2.94.IO ~ M (Fig. 6). All of the 
components in the incubation mixture were the same as described in the assay 
procedure in Materials and Methods except for variation in the concentration of 
y-glutamylphenylalanine and 7-EG-3H]glutamylphenylalanine; the ratio of these was 
kept constant. 
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Fig. 5. p H - a c t i v i t y  curve  of  purif ied 7 - g l u t a m y l  cyc lo t rans fe rase  f rom pupae  of d14. domestica in 
o . io  M Tris-HC1 buffer  (circles) a n d  o . io  M p o t a s s i u m  p h o s p h a t e  buffer.  The  ionic s t r e n g t h  of  t he  
buffers  was no t  cons tan t ,  
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Fig. 6. Lineweaver-Burk plot of 7-L-glutamyl-L-phenylalanine concentration against the act ivi ty 
of purified y-glutamyl cyclotransferase from pupae of M. domestica. 

The apparent molecular weight of 7-glutamyl cyclotransferase was estimated 
by gel filtration on Sephadex G-75 in o.oi M Tris-HC1 buffer, pH 7.2. The elution 
volumes of several well characterized proteins were plotted as a function of the 
logarithms of their molecular weights, and as shown in Fig. 7, the elution volume of 
7-glutamyl cyclotransferase corresponds to a tool. wt of 30 ooo i 2000. 
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Fig. 7. Est imat ion of the molecular weight of purified 7-glutamyl cyclotransferase from pupae of 
M. domestica by Sephadex G-75 gel filtration. 

Substrate specificity of the purified enzyme 
7-Glutamyl cyclotransferase from housefly pupae exhibited a very narrow 

specificity, as evident from Table II .  Of all the 7-L-glutamyl-L-amino acids and 
7-L-glutamyl compounds that  were tested, 7-L-glutamyl-L-phenylalanine was at- 
tacked most readily. 7-L-Glutamyl-L-methionine was almost as effective a substrate, 
while the remaining 7-L-glutamyl compounds were at tacked very slowly or not at all. 
a-L-Glutamyl compounds were not substrates. Of the 7-L-glutamyl-~-L-glutamyl 
compounds, only ;~-L-glutamyl-~-L-glutamyl-p-nitroanilide had appreciable activity 
as a substrate (about 4-fold less active than 7-L-glutamyl-L-phenylalanine). V-o- 
Glutamyl-7-L-glutamyl-p-nitroanilide was inactive. 
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T A B L E  I I  

S P E C I F I C I T Y  OF ~ 2 - G L U T A M Y L  C Y C L O T R A N S F E R A S E  F R O M  P U P A E  OF M. domestica 

The reaction mixtures  contained:  2. 5/ ,nloles of subs t ra te ;  5 ° / , mo le s  of Tr is-HCl  buffer, p H  7.2; 
and 0.02-0.05 units  of y-glutanlyl  cyclotransferase (spec. act. 19.5 units/rag) in a final volume of 
o. 5 ml. The mixtures  were incubated at  37 °C for lO-6O min, after which the format ion of pyrroli- 
done carboxylic acid was determined as described in the text.  

Subslrate 2Dyrrolidone carboxylic 
acid formed 
(l~moles/min per rag) 

y-L-Glutamyl-L-phenylalanine 19. 5 
y-L-Glutamyl-L-methionine 13.o 
y-L-Glutamyl-L-valine 2.o 
y-L-Glutamyl-L-alanine o.o 
y-L-Glutamyl-/~-naphthylamide o.o 
7-L-Glutamyl-L-leucine o.o 
),-L-Glutamyl-L-glutamic acid o.o 
y-L-Glutamyl-L-glutamine o.o 
y-L-Glutamyl-a-L-aminobutyric  acid o.o 
y-L-Glutamylglycine o.o 
y-L-Glutamyl-p-nitroanil ide o.o 
y-L-Glutamyl-4-methoxy-2-naphthylamide  o.o 
7-L-Glutamyl-L-lysine o.o 
L-Glutamine o.o 
a-L-Glutamylglycine o.o 
a-L-Glutamyl-L-alanine o.o 
~l-L-Glutamyl-L-tyrosine o.o 
a-g-G lutamyl-/~-naphthylamide o.o 
7-L-Glutamyl-y-L-glutamyl-L-phenylalanine o.o 
;~-L-Glutamyl-y-L-glutamyl-p-nitroanilide 5.o 
y-D-GlutamyI-y-L-glutamyl-p-nitroanil ide o.o 
7-L-Glutamyl-y-L-glutamyl-a-naphthylamide o.o 
)J-L-Glutamyi-L-cysteinylglycine (reduced glutathione) o.o 

In a final series of experiments, y-glutamylphenylalanine or 7-[G-3Hlglutamyl - 
phenylalanine was incubated with y-glutamyl cyclotransferase (o.oi unit) together 
with varying amounts of y-glutamyl transpeptidase partly purified n from housefly 
pupae (o.oi-o.I unit) at pH 7.2 and pH 8.0. There was no significant increase in the 
amount of pyrrolidone carboxylic acid formed, compared with reaction mixtures 
containing 7-glutamyl cyclotransferase alone. 

DISCUSSION 

The occurrence of highly active 7-glutamyl cyclotransferase in the early pupal 
stage of the housefly is not surprising. As mentioned in the Introduction, growing 
housefly larvae synthesize and accumulate a large pool of y-glutamylphenylalanine, 
amounting to about 12/~moles/g of wet weight 5. After the fully grown larva trans- 
forms into a white pupa, the dipeptide is totally consumed within a few hours 5. 
Previous radioisotope experiments 6 involving 7-EG-3Hlglutamylphenylalanine have 
established that free pyrrolidone carboxylic acid and free phenylalanine are formed 
in vivo from this dipeptide by the housefly white pupa. The data in the present study 
have demonstrated that y-glutamyl cyclotransferase participates in the breakdown 
of y-glutamylphenylalanine, and this event is reflected in a several-fold increase in 
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the activity of cyclotransferase following the transition of the larva to a white pupa. 
Available evidenceS,6,14,15 suggests that free phenylalanine released from the dipep- 
tide would be converted to tyrosine and thence quinones. The latter cause scleroti- 
zation of the cuticle of the white pupa. 

A comparison of the properties of purified housefly y-glutamyl cyclotransferase 
with those of purified y-glutamyl cyclotransferase from human and sheep brain a or 
pig liver 4 reveals that the enzymes have similar molecular weights, slightly different 
pH optima, and strikingly different specificities. Thus, the molecular weights of the 
separate forms of 7-glutamyl cyclotransferase isolated from pig liver by Adamson 
el al .4  are 22 200 (15oo S.E.) and 21 300 (500 S.E.) compared to 30 ooo ~ 2000 for 
the housefly cyclotransferase. The pH optimum of the pig liver enzyme is 8.0, and 
7.8-8.2 for human and sheep brain cyclotransferase isolated by Orlowski et al. 3. The 
housefly cyclotransferase has a pH optimum nearer neutrality of 7.1-7.3 

y-Glutamyl cyclotransferase from housefly pupae exhibited a very narrow and 
unique specificity comlc ared with the mammalian cyclotransferases. Thus 7-glutamyl- 
phenylalanine was the most active substrate for housefly cyclotransferase, whereas 
7-L-glutamyl-y-L-glutamyl-p-nitroanilide was attacked some four times more slowly. 
On the other hand, human brain cyclotransferase attacks 7-L-glutamyl-y-L-glutamyl- 
p-nitroanilide about 200 times more readily than y-glutamylphenylalanine, and sheep 
brain enzyme at least iooo times more readily 3. Evidently the housefly and brain 
cyclotransferases differ in their specificities towards 7-glutamylphenylalanine by at 
least three orders of magnitude. Another compound, 7-L-glutamyl-y-L-glutamyl-g- 
naphthylamide, which is an excellent substrate for pig liver cyclotransferase 4, is 
at tacked extremely slowly or not at all by housefly cyclotransferase. Generally 
speaking, y-glutamyl-y-glutamyl compounds appear to be preferred substrates for 
the purified mammalian cyclotransferases mentioned above, whereas they are 
relatively poor substrates for housefly cyclotransferase. The converse--that  7- 
glutamyl compounds are preferred substrates for housefly cyclotransferase--is not 
entirely true: of all the 7-glutamyl compounds tested in the present study, only 
7-glutamylphenylalanine and y-glutamylmethionine were very active substrates. 

On the basis that y-glutamyl-y-glutamyl compounds appear to be preferred 
substrates for mammalian 7-glutamyl cyclotransferase, Orlowski et al. 3 have sug- 
gested that 7-glutamylamino acids might be metabolized in a two step reaction as 
follows : 

7-Glutamyl 
y-Glutamylamino acid . y-glutamyl-y-glutamylamino acid + amino acid 

transpeptidase 
y-Glutamvl 

y-Glutamyl-y-glutamvlamino acid "- ~ pyrrolidone carboxylic acid + 
- cyclotransferase 

+ y-glutamylamino acid 

There is very little evidence to support such a two-step reaction for the metabolism 
of y-glutamylphenylalanine in the housefly pupa. First, y-glutamyl-y-glutamyl- 
phenylalanine is not a substrate for y-glutamyl cyclotransferase isolated from housefly 
pupae (Table II). Nor was there any increase in the amount of pyrrolidone carboxylic 
acid formed from y-glutamylphenylalanine when both 7-glutamyl cyclotransferase 
and y-glutamyl transpeptidase were present in the reaction mixture, even when the 
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t ranspep t idase /cyc lo t rans fe rase  ra t io  was IO: i .  F ina l ly ,  radioisotope  exper iments  of 
B o d n a r y k  ~ s t rongly  indica te  t ha t  7 -g lu t amyl -y -g lu t amylpheny la l an ine  is not  formed 
i n  vivo. Of course, i t  can be suggested t ha t  y -g lu tamyl - ) , -g lu tamylphenyla lan ine  
forms i n  vivo, bu t  is t u rned  over  too r ap id ly  for detect ion.  In  the  l ight  of all the  d a t a  
given above,  this  would  seem unl ikely.  The avai lable  evidence to da te  from in  vivo 

and i n  vitro exper iments  is eons is tan t  wi th  a direct  conversion of y -g lu tamylpheny l -  
a lanine  into pyr ro l idone  carboxyl ic  acid and  phenyla lan ine  wi thout  format ion  of a 
t r ipep t ide  in te rmedia te .  However ,  the  poss ib i l i ty  remains  tha t  o ther  7-g lu tamyl  
compounds  in the  housefly, such as g lu ta th ione ,  are me tabo l i zed  to pyrro l idone  
carboxyl ic  acid via  the  two s tep reac t ion  proposed  by  Orlowski et al. 3. In  this  con- 
nect ion,  i t  is no t ewor thy  tha t  the  h u m a n  bra in  and pig l iver cyclot ransferases  can 
be resolved into isoenzymes b y  isoelectric focusinga, 4. Al though the ca ta ly t i c  proper-  
t ies of these separa te  forms of cyclo t ransferase  have not  been inves t iga ted  fully, 
i t  is conceivable  t h a t  t hey  m a y  differ widely  in subs t ra te  specificity. The ?J-glutamyl 
cyclo t ransferase  isola ted here from housefly pupae  m a y  represent  a separa te  form 
of cyclo t ransferase  h ighly  specific towards  7 -g lu tamylpheny la lan ine .  Fu r the r  ex- 
pe r imen ta t ion  will be requi red  to tes t  the  poss ib i l i ty  t ha t  housefly pupae  (or o ther  
an imal  tissues) possess separa te  forms of  ~,-glutamyl cyclot ransferase  showing 
specif ici ty towards  )~-glutamyl and ?~-glutamyl-7-glutamyl compounds.  
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