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Summary 

Some propertms of rat hver and uterine glucose-6-phosphate dehydrogenase 
(D-glucose-6-phosphate NADP* oxldoreductase, EC 1.1,1.49) have been deter- 
mmed. A procedure has been used for the punhcat lon  of rat hver glucose-6- 
phosphate dehydrogenase to homogeneity (spec. act. 210--225 umts/mg pro- 
tem) from large amounts of hver (0.5--2 kg) with ymlds of up to 30% Uterme 
glucose-6-phosphate dehydrogenase was obtained by lmmunopreopl ta t lon  
methods and the propertms of radioactively-labeled forms of this enzyme were 
then determined. The ammo acid composition of the hver enzyme was found 
to be similar to that  for the enzyme from other mammahan tissues. The hver 
and uterine enzymes have a subumt molecular weight of 57 000 and a pI of 6.5. 
The NH2-termmal amino acid of both enzymes was found to be pyroglutamate. 

Glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate NADP ÷ om- 
doreductase, EC 1.1.1.49) of rat hver and uterus has been used as a model 
protem for studying the regulation of  enzyme synthesis and degradation m 
mammalian tissues. Hepatm glucose-6-phosphate dehydrogenase levels fluctuate 
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in response to changes in nutritional conditions of  the animal [1,2] and to a 
number  of  hormonal  regulators [3,4].  The level of the enzyme m the rat uterus 
is regulated by the differential secretion of  ovarian steroids durmg the estrus 
cycle [5,6].  Administration of  17~-estradlol to ovarmctomlzed rats causes both 
an 18-fold increase in the rate of  synthesis and a nearly complete  inhibition of  
the degradation of this enzyme [7,8].  

Procedures have been developed for the isolation of large quantities of 
homogeneous rat liver glucose-6-phosphate dehydrogenase. The purified rat 
liver enzyme has been directly analyzed for its subumt molecular weight, its 
amino acid composit ion,  its lsoelectrm point  and its ammo-termmal end group. 
Characterization of rat uterme glucose-6-phosphate dehydrogenase which was 
labeled in vlvo with either [3H]leucme or [3H]glutamm acid revealed that  it 
also has a molecular weight and ammo-termmus which is the same as the rat 
liver enzyme 

Experimental procedures 

Chemicals and bzochemtcals Substrates for the assay of  glucose-6-phosphate 
dehydrogenase activity, 17~-estradlol, Streptomyces grzseus protease (Pronase), 
DEAE-cellulose, CM-cellulose and Sepharose 4B were obtamed from Sigma 
Chemmal Co. L-[U-3H]leucme, L-[methyl-3H]methlonme, L-[U-3H]glutamm 
acid (all with a spec. act. of  50 Ci/mol) were purchased from Amersham, Inc. 
L-[U94C]glutamm acid (14.3 C1/mol) was from New England Nuclear. Com- 
ponents  of  the high carbohydrate  fat-free dmt were from Teklad, Inc. Pyro- 
glutamate ammopeptldase,  isolated from Pseudomonas fluorescens, was 
obtmned from Dr. R F. Dooht t le  (University of  Calfforma, La Jolla). Calf hver 
pyroglutamate ammo peptldase was from Boehrmger-Mannhelm. Pyroglutamyl- 
L-alanme was purchased from Cyclo Chemmal Co. NADP÷-Sepharose con- 
tmnmg 2.65 pmol NADP* per ml Sepharose was prepared as described by 
Lamed et al. [ 9].  [s4C] Pyroglutamm acid was prepared from [ s4C] glutamlc acid 
by the method of  Moav and Harris [10].  

Ammals. Mature female albino rats (Small Animal Supply Co., Omaha) 
weighing 160--180 g were ovarmctomlzed three weeks prior to use. Anunals 
were routinely fed Wayne Lab Blox and water ad hbltum. Estradiol (10 pg per 
rat) was administered m some experunents by taft vein injection in 1.0 ml 5% 
ethanol/0.15 M NaC1. A non-surgmal procedure previously described [11] was 
used for the transcervmal application of  radioactive amino acids. 

Purification and assay of  rat hver and uterine glucose-6-phosphate dehydro- 
genase Crude and fractlonated preparations of  liver and uterine glucose-6-phos- 
phate dehydrogenase were assayed at 25°C as prewously described [12].  1 unit 
enzyme was the amount  capable of reducing 1 pmol NADP÷/mm under the 
condit ions of  the assay. Protein concentrations were determmed by the method 
of  Lowry et al. [13] using bovine serum albumm as standard. Purification of  
glucose-6-phosphate dehydrogenase from reduced rat livers was by a five-step 
procedure adapted from earlier procedures [14--16] .  To induce increased 
amounts  of  glucose-6-phosphate dehydrogenase m the rat livers, groups of  rats 
(usually 60 per group) were fasted for 48 h and then refed a diet composed of  
sucrose (20% w/w),  casein (30% w/w),  corn starch (25% w/w),  non-nutritive 
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fiber (21% w/w), mineral mm (Phflhps Hart-3% w/w) and a vitamin fortification 
mLxture (1% w/w) ad hbl tum for 60--72 h At the end of  the refeedmg pemod, 
the rats were killed by cervical dislocation, the hvers were removed and frozen 
between two blocks of sohd CO2 for storage at --80 ° C. Purification of  glucose- 
6-phosphate dehydrogenase was by a modffmatlon of our previously used pro- 
cedure [7],  to whmh was added an NADP*-Sepharose step similar to that 
described by DeFlora et al. [ 15]. Specifically, the hrst CM-cellulose eluate [7] 
was precipitated at 50% satn. (NH4)2SO4, dialyzed overmght against buffer 
(0.0125 M sodmm phosphate,  pH 7.0/0.025 M NaCl/0.025 mM EDTA/7 mM 
2-mercaptoethanol) and apphed to an NADP*-Sepharose column. The NADP ÷- 
Sepharose column was washed sequentially with the buffer contammg 0.25 M 
NaCl, 0.5 M NaC1 and then buffer without  added NaC1 and the enzyme was 
then eluted with buffer contammg 0.1 M NADP ÷. The enzyme was then 
dialyzed against storage buffer (0.05 M sodmm phosphate, pH 7.0/0.1 M NaC1/ 
0.1 mM EDTA/7 mM 2-mercaptoethanol/0.1 mM NADP) and 10% glycerol and 
stored at --20 ° C. 

Character~zatton and tmmunopreczpttatton of  glucose-6-phosphate dehydro- 
genase. The ammo acid content  of punhed  rat hver glucose-6-phosphate 
dehydrogenase was determined using a Beckman-Spmco Model 120B amino 
acid analyzer with rapid pomt  recorder and high senmtlvlty cuvette modffma- 
trans. Beckman-Spmco custom resms PA-35 and PA-28 were used for the short 
and long columns, respectively. Every third analyms was Sigma AA-S-18 amino 
acid standards (0.05 pmol each amino acid). Enzyme {0.24 mg) with a specffm 
actlwty of 225 umts/mg was hydrolyzed m mdlwdually evacuated and sealed 
ampules m 6 M HC1 at l l 0 ° C  for 20, 40, 70 and 140 h. The samples were 
evaporated to dryness and ahquots m 0.2 M sodmm citrate, pH 2 2 were 
apphed to the analyzer columns. Threonme and serme were estimated by cor- 
recting to initial hydrolysis time, assuming first-order kmetms of thetr destruc- 
tmn durmg hydrolysis. Vahne and lsoleucme were estimated as the averages of  
samples hydrolyzed for 40, 70 and 140 h, and the other ammo acid estimates 
were the averages of samples hydrolyzed for 20, 40, 70 and 140 h. Aspartm 
acid and glutamlc acid values represent the estimates of these amino acids plus 
their amlde derivatives, asparagme and glutamme. Tryptophan was estimated 
by the N-bromosuccmlmlde procedure of Patchornmk et al [17] and the 
p-toluenesulfomc acid hydrolysis method of  Lm [18] and the average result of  
these two methods whmh varmd from each other  by less than 2% are given. 
One-half cystme content  was estimated using the performm acid omdatmn 
method of Moore [19].  The amino acid values whmh are reported represent 
averages of three to five mdependent  analyses made at each time of  hydrolysis. 

Amino-terminal analysis of glucose-6-phosphate dehydrogenase and other 
proteins were performed with the phenyhsothmcyanate  reagent of  Edman 
[20] using the paper s tnp procedure descmbed by Schroeder [21].  Enzymatm 
hydrolysis of carboxymethyla ted  [22] glucose-6-phosphate dehydrogenase was 
performed using S grzseus pronase m a buffer of 0.01 M Trls-HCI, pH 7 0 at a 
substrate to pronase ratm of either 50 : 1 or 25 • 1. Acldm peptldes or amino 
acid derivatives with blocked amino groups were isolated from the pronase 
hydrolysate by adjusting the pH of the hydrolysate to pH 3.0 with formm acid 
and applying the muxture to a catmn exchange column (Bm-Rad AG 50W-X2, 
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H ÷ form) at 4°C The acldm peptldes and/or amino acid derivatives, mcludmg 
pyroglutamate, were eluted from the column with 3--4 bed vol water and were 
then frozen, lyophfllzed and analyzed for composition by either ammo acid 
analysis after hydrolysis in 6 M HC1 at l l0°C for 20 h, or by direct chromatog- 
raphy on Whatman 3MM paper strips in a n-butanol/acetm acid/water 
{2 : 1 • 1)solvent system. 

Immunopreclpltation of radioactively-labeled uterme or liver glucose-6-phos- 
phate dehydrogenase was performed as described by Smith and Barker [7], 
except that the lmmunopreclpltatlon reaction was m enzyme storage buffer to 
which was added 0.5% each of Triton X-100 and sodium deoxycholate. 
Sodium dodecyl sulphate(SDS)-polyacrylamlde gel electrophoresls of purified 
glucose-6-phosphate dehydrogenase or lmmunopreclpitates of radioactively- 
labeled uterine glucose-6-phosphate dehydrogenase was performed as described 
by Weber and Osborn [23], except that samples were applied to the gels after 
denaturation m 0.1 ml of 0.1 M Tins-base/0.1 M dlthlothreltol/l% SDS/6 M 
urea at 90°C for 15 mm and 20 ° for 18 h. Isoelectmc focusmg of purified liver 
glucose-6-phosphate dehydrogenase or lmmunopreclpltated [3H]methionme 
labeled uterine glucose-6-phosphate dehydrogenase was performed by the 
method of O'Farrell [24], using pH 3--10 and pH 5--7 amphohnes in a ratio of 
4 to 1, and with subshtutmn of Triton X-100 for NP-40 

Results 

Purtflcatton 
The purffmahon procedure described above gave relatively high yields of 

purified liver glucose-6-phosphate dehydrogenase (up to 30% yield) from large 
amounts (0.5--2 0 kg) of fresh or frozen rat livers. Speclfm activities of 210 to 
225 umts/mg protein are obtained from starting crude rat liver supernatants 
having a specific activity of about 0.2 umts/mg. When analyzed for homoge- 
neity by SDS-polyacrylamlde gel electrophoresls, the highly purified enzyme 
from this procedure migrated as a single protein band, which contained more 
than 99.8% of the total stamed material on the gel and no significant mdlvldual 
impurities were detected on gels whmh had been overloaded by addltmn of up 
to 20 pg protein (four activity units) per gel. 

Molecular weight 
The molecular weight of the monomerlc form of purffmd rat liver glucose-6- 

phosphate dehydrogenase was assessed by SDS-polyacrylamlde gel electropho- 
resls using bovine serum albumin (Mr 68 000), catalase (Mr 60 000), 7-globulin 
(heavy cham, Mr 50 000, light chain, Mr 23 500), ovalbumm (Mr 43 000) and 
myoglobm (Mr 17200) as.internal marker protems whmh were coelectro- 
phoresed on the same gel with the purified liver glucose-6-phosphate dehydro- 
genase. A density scan of an electrophoretm gel contmnmg the enzyme and all 
marker proteins mdmates that the enzyme has a subumt molecular weight of 
57 000 by this method Published values for the molecular weight of glucose-6- 
phosphate dehydrogenase subumts vary from rat tissues from 58 000 to 64 000 
[25--27], with the predominant active enzyme from rats being dlmers with a 
molecular weight of 130000 [28--30]. In our hands, glucose-6-phosphate 
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dehydrogenase prepared as described, clearly migrated further into the gel than 
the catalase marker and the 57 000 molecular weight estimate was determined 
from a plot of the log of Mr vs electrophoretlc mobility of the density centers 
of both the marker proteins and glucose-6-phosphate dehydrogenase We have 
also observed that electrophoresls of dissocmted antibody glucose-6-phosphate 
dehydrogenase complexes prepared wlth uterine cytosols, using specffm rabblt 
antlserum prepared against rat liver glucose-6-phosphate dehydrogenase, ymlds 
only three stainable bands corresponding to the enzyme and the two subunlts 
of rabbit 7-globuhn, respectwely. The glucose-6-phosphate dehydrogenase band 
from these preparations also had a molecular weight of 57 000 based on the 
relatwe poslhon of the three proteins on the electrophoresls gels. These obser- 
vahons suggest that the molecular weight of 57 000 which we observed for the 
hver enzyme was not an artifact of the 'harsh' treatments used during routine 
enzyme punhcatmn and further mdmated that the molecular weights of the 
hver and uterine enzymes were identmal. Identmal molecular weights of uterine 
and liver glucose-6-phosphate dehydrogenase were also suggested by the Identl- 
cal electrophoretic migration of the stained, punhed hver enzyme with the 
major peak of [ 3H]glucose-6-phosphate dehydrogenase which had been purffmd 
to a specffm achwty of 132 units per mg from [3H]leucine labeled uterine 
cytosol proteins 

Amino acid composition 
The a m i n o  acid c o m p o s i t i o n  and  an e s t ima te  of  the  n u m b e r  of  a m i n o  acid 

TABLE I 

AMINO ACID COMPOSITION OF RAT LIVER GLUCOSE-6-PHOSPHATE DEHYDROGENASE 

A m i n o  ac id  ana ly s t s  was  p e r f o r m e d  as d e s c r i b e d  in  E x p e r i m e n t a l  p r o c e d u r e s  

Ammo acld Composition n Residues per subunlt 

(%) (M r 57 0 0 0 )  

Aspartlc acld c 10 9 ± 0 4 (17) 54 

Threonme a 4 9 ± 0 2 (16) 24 

Senne a 4 7 ± 0 3 (13) 23 

G l u t a m l c  ac id  c 11 7 ± 0 3 ( 1 6 )  58  

P r o h n e  c 4 9 ± 0 3 ( 1 5 )  24  

G l y c m e  c 7 5 ± 0 4 ( 1 4 )  37  

A l a n m e  c 5 9 ± 0 3 ( 1 4 )  3 0  

V a h n e  b 6 7 ± 0 2 ( 1 0 )  33  

M e t h l o n m e  e 2 7 ± 0 1 ( 1 2 )  13 

I s o l e u e m e  b 5 4 ± 0 2 ( 1 0 )  27 
L e u c m e C  8 1 ± 0  2 ( 1 4 )  4 0  

T y r o s m e  c 4 2 ± 0 2 ( 1 6 )  21 

P h e n y l a l a n m e  c 5 1 ± 0 1 ( 1 7 )  26  

L y s m e  c 5 7 ± 0 3 ( 1 6 )  28  

H t s t l d m e  c 2 5 ± 0 1 ( 1 6 )  13 

A r g m m e  e 6 3 ± 0 3 ( 1 4 )  3 2  
T r y p t o p h a n  d 1 5 7 

C y s h n e  e 1 5 7 

a By e x t r a p o l a h o n  a s s u m i n g  a h r s t - o r d e r  rate  o f  d e s t r u c t i o n  
b M e a n  ± S E o f  v a l u e s  o f  s a m p l e s  h y d r o l y z e d  40 ,  7 0  a n d  1 4 0  h 
e Mean  ± S E o f  v a l u e s  o f  s a m p l e s  h y d r o l y z e d  20 ,  40 ,  70  a n d  1 4 0  h 

d B r o m o s u c c m u n g d e  a n d  p - t o l u e n e s u l f o m c  ac ld  m e t h o d s  [ 1 7 , 1 8 ]  

e P e r f o r m l c  a c i d  o x i d a t i o n  m e t h o d  [ 1 9 ]  
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residues per mol of the 57 000 molecular weight subumt of  hver glucose-6- 
phosphate dehydrogenase is given m Table I. The composl tmn of the rat hver 
enzyme we observed was very similar to that  reported by others for the 
glucose-6-phosphate dehydrogenase from bovine adrenal, human erythrocyte  
and mouse hver [15,25,26,31--33] .  

Isoelectrlc point 
The lsoelectnc pomt  of glucose-6-phosphate dehydrogenase subumts from 

both purffmd hver glucose-6-phosphate dehydrogenase and lmmunopreclpltated 
[3H]methmnme labeled uterine glucose-6-phosphate dehydrogenase was deter- 
mined by polyacrylamlde gel-lsoelectnc focusmg under denaturmg condltmns 
by co-focusing 2 umts of  the hver enzyme with 0.1 umts  of  the 3H-labeled 
uterme enzyme (Fig. 1). The positron of the stained hver glucose-6-phosphate 
dehydrogenase subumt,  mdmated by the arrow, was coincident with the major 
peak of  radmact lwty m shces prepared from the same gel and both proteins 
focused at a pI  of 6.52. The pI of  rat adipose and mammary glucose-6-phos- 
phate dehydrogenase is reported to be 5.8 [29,34] and the pI  of  the two major 
forms of  human erythrocyte  glucose-6-phosphate dehydrogenase is reported to 
be 6.6 and 6 8 [35].  The differences between our value and those reported by 
others may be due to specms or tissue differences as well as the fact that our 
value was for a urea<lenatured, presumably subumt form, of  the enzyme while 
other  reported values were for catalytmally active forms of the enzyme which 
were hkely to be m a natwe dlmer or tetramer form. 
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Fig 1 I soe l ec tnc  focus ing  of [ 3 H ] m e t h l o m n e  c o n t m n m g  u te r ine  g lucose -6-phospha te  d e h y d r o g e n a s e  
p r e p a r e d  by  l m m u n o p r e c l p l t a t l o n  of  the  u t e r ine  cy toso l  e n z y m e  [ 3 H ] M e t h l o m n e  labeled u te r ine  cy to -  
sols were  p r epa red  f r o m  a group  of 60  ra ts  which  had  been  given 5 #g es t radlol  12 h be fo re  the  a d m l m s -  
t r a t lon  of  100  #Cl [ 3 H ] m e t h l o n m e  Animals  were  lolled 3 h a f t e r  m e t h l o m n e  a d m l m s t z a t i o n  Prior to lso- 
e lectr ic  focusing,  the  L, n m u n o p r e c l p l t a t e  c o n t m n m g  a b o u t  0 1 u m t s  of  the  labeled u te r ine  e n z y m e  was  
i n c u b a t e d  m the  lysts b u f f e r  of  O 'Fa r re l l  [ 24 ]  (9 5 M u rea /2% Tr i ton  X-100/1  6% pH 5--7 a m p h o h n e s /  
0 4% pH 3- -10  a m p h o l m e s / 5 %  ~ - m e r e a p t o e t h a n o l )  m the  p resence  of  an add lUona l  2 u m t s  of  p u n f l e d  r a t  
hver  g lueose-6-phospha te  d e h y d r o g e n a s e  Af te r  e l ec t ro focus lng ,  the  gel was  s tmned ,  d e s t a m e d  and  then  
shced m 2 m m  gel shces The  ahce c o n t m m n g  the  dense ly  s ta ined  h v e r  g lucose-6-phospha te  d e h y d r o -  
genase  p e a k  was  n o t e d  ( a r row)  a n d  r ad ioac t iv i ty  was d e t e r m i n e d  for  each  gel shce The  p H  grad ien t  of  the  
gel was  e s t i m a t e d  by  ex t r ac t i ng  gel slices p r e p a r e d  in ident ica l  gels m dlstKled wa t e r  and  measu r in g  the  p H  
of  the  so lu t ion  
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A m too - t e rm  m u s  

Amino-terminal analysis of hver glucose-6-phosphate dehydrogenase using 
the phenyhsothmcyanate  reagent of Edman mdmated that  this enzyme does 
not contain an ammo-termmus capable of reacting with the reagent. Protems 
with known amino-termini (phenylalanme and glycme for msuhn and aspartm 
acid for bowne serum albumin) were simultaneously reacted with the reagent 
to serve as procedural controls and gave the expected phenyl th lohydantom 
derivatives. We conclude that  the amino-terminus of hver glucose-6-phosphate 
dehydrogenase is blocked or otherwise unreactlve with the phenyhsothm- 
cyanate reagent. Structural studms of glucose-6-phosphate dehydrogenase from 
bowne adrenal, human leucocytes and human erythrocytes also mdmated the 
presence of blocked amino-terminal groups [15,31--33, 36,37]. The ammo- 
terminus of the erythrocyte enzyme was found to be L-pyrrohdone-5-car- 
boxyhc acid (pyroglutamate) by Yoshlda [37]. The following experiments 
were thus designed to determine whether the rat hver and u tenne  enzymes 
might also contain pyroglutamate at their amino-termini. 

Purffmd hver enzyme (135 nmol) was carboxymethylated and exhaustively 
digested with S g n s e u s  pronase for 19 h at 37 ° C. The resulting hydrolysate was 
apphed to a catmn-exchange column (1.5 × 10 cm column of AG50W-X2) 
whmh retains ammo acids or amino acid derlvahves whmh contain free amino 
groups. The water eluate from this column, whmh contamed amino acids or 
peptldes whmh were devoid of free amino groups, was dlwded into two equal 
fractmns (A and B) and lyophfllzed Fraction A was hydrolyzed m 6 M HCI at 
110°C for 20 h Fractmn B was incubated for 20 h with 75 pg calf hver pyro- 
glutamate ammopephdase,  whmh is specifm for cleavage of peptlde bonds 
adjacent to pyroglutamate, and the hydrolysate was apphed to a second catmn- 
exchange column. Agmn the water eluate was lyophfllzed and hydrolyzed m 
acid whmh quantitatively converts pyroglutamate to glutamm acid. The hydrol- 
yzed products from these two treatments (A and B) were then analyzed for 
their ammo acid composltmns. The results given m Table II mdmate that  frac- 

T A B L E  II 

AMINO  ACID A N A L Y S I S  OF AM INO G R O U P - F R E E  PEPTIDES D E R I V E D  F R O M  R A T  L I V E R  
G L U C O S E - 6 - P H O S P H A T E  D E H Y D R O G E N A S E  BY E X H A U S T I V E  D I G E S T I O N  W I T H  P R O N A S E  

R e d u c e d  and  c a r b o x y m e t h y l a t e d  ra t  hver  g lucose-6-phospha te  d eh y d ro g en ase  ( G 6 P D )  was digested wi th  
4% ( w / w )  pronase  The  chgest was f r ac t lona ted  by ca t ion -exchange  c h r o m a t o g r a p h y  (Blo-Rad AG 50W- 
22. H+-form) and  the wa t e r  e luate  was lyophf l lzed One-hal f  of thts f rac t ion  was h y d z o l y z e d  m 6 M HCI 
for 20 h at  110°C (F rac t ion  A)  The  remain ing  f rac t ion  was i n cu b a t ed  fo~ 20 h at  30°C wi th  75 #g calf  
hver  p y r o g l u t a m a t e  arnmopeptxdase  (PGA pept ldase) ,  c h r o m a t o g r a p h e d  on a n o t h e r  ca t ion -exchange  
c o l u m n ,  and  then  the  wa t e r  e lua te  was h y d r o l y z e d  (F ra c t i o n  B) Fract4ons A and B w e r e  s u b j e c t e d  to a 
c o m p l e t e  a m i n o  acid analys~s and only g lu t a mm acid and  g l y c l n e  w e r e  presen t  m signif icant  a /noun t s  

C>0 5 tool / tool  of  57 000  M r e n z y m e )  

A m i n o  acid Pronase F r a c b o n  A after  B/A 
digest ion PGA Pept ldase  d lgeshon  
(A)  (B) 
( m o l / m o l  G6PD)  ( m o l / m o l  G6PD)  

G l u t a m m  acid 0 68  0 52 0 77 
G l y c m e  0 76 0 19 0 25 
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tlon A contamed nearly equal amounts  of glutamm acid and glyclne. Fraction 
B contained nearly the same amount  of glutamlc acid as fraction A but  the 
amount  of glycme in fraction B was reduced. Since the product  obtained from 
the initial Pronase t reatment  could be enzymatlcally hydrolyzed to a product  
which contamed glyclne, which could now bind to the catmn exchange column 
following treatment  with pyroglutamate ammopeptldase,  and since this peptl- 
dase is speclfm for peptlde bonds between pyroglutamate and the penultimate 
ammo acid of  a peptlde, these results suggest that  the Pronase digestion of  purl- 
bed  rat liver glucose-6-phosphate dehydrogenase yielded a product  which con- 
mined pyroglutamate and glycme. Since the amino group m pyroglutamate is 
not  available to form a peptlde bond with another ammo acid, these results 
place the pyroglutamate at the amino-terminus of  liver glucose-6-phosphate 
dehydrogenase. 

A more dtrect approach to determining the amlno-termmus of  hver glucose- 
6-phosphate dehydrogenase was also employed.  Punfmd hver glucose-6-phos- 
phate dehydrogenase (175 nmol) was dtrectly mcubated at 30 ° C, for 24 h, with 
Ps fluorescens pyroglutamate ammopeptldase (an amount  which could hydrol- 
yze 25 nmol pyroglutamyl-L-alanme per h). After hydrolysis, the proteins 
were precipitated by addition of  ethanol, the ethanol extract was lyophfllzed 
and subjected to cat lon~xchange chromatography as above. One-half of  the 
water eluate from this column (Sample A) was hydrolyzed in 6 M HC1 at 100°C 
for 2 h to quantitatively convert pyroglutamate,  if it were present, to glutamlc 
acid The second half (Sample B) was not  acid hydrolyzed.  A third fraction 
(Sample C) which was ldentmal to fraction A, except  that  glucose-6-phosphate 
dehydrogenase was deleted, served as a reagent control. The acld-hydrolyzed 
and the unhydrolysed fractions were individually subjected to amino acid anal- 
ysis (Table III). Sample B contained less than 2 nmol glutamm acid and Sample 
A contamed 79 nmol glutamlc acid. These results indicated that  pyroglutamate 

T A B L E  II I  

R E M O V A L  OF A M I N O - T E R M I N A L  P Y R O G L U T A M I C  A C I D  F R O M  R A T  L I V E R  GLUCOSE-6 -  
P H O S P H A T E  D E H Y D R O G E N A S E  BY P Y R O G L U T A M A T E  AMINO P E P T I D A S E  

P u n h e d  hver  g lucose-6-phospha te  d e h y d r o g e n a s e  ( G 6 P D )  (175  n m o l )  was i n cu b a t ed  wi th  Ps f luorescens  
p y r o g l u t a m a t e  a m m o p e p u d a s e  (PGA pep t ldase ) ,  25 n m o l  u mt s ,  m 2 ml  0 05  M p o t a s s m m  phospha t e ,  
p H  7 3/1 m M  E D T A / 1 0  m M  2 - m e r e a p t o e t h a n o l  at  30°C for  24 h Af t e r  e thano l  p rec ip i t a t ion  of  p ro te in  
and  the  s u p e r n a t a n t  was dr ied and s u b j e c t e d  to  ca t ion -exchange  c h r o m a t o g r a p h y  as descr ibed  m Table  II 
One-half  o f  the  w a t e r  e luate  f r o m  this c o l u m n  (Sample  A)  was h y d r o l y z e d  m 6 M HCI at  100°C for  2 h 
while the  second-ha l f  (Sample  B) was no t  acid h y d r o l y z e d  Sample  C is a r eagen t  con t ro l  and was lden tmal  
to  Sample  A e x c e p t  t ha t  g lucose-6-phospha te  d e h y d r o g e n a s e  was de le ted  A p y r o g l u t a m a t e d  s t anda rd  
(156  n m o l )  s u b | e c t e d  to  the  s a m e  p r o c e d u r e s  yie lded  141 n m o l  g l u t a m a t e  (90  3% r e c o v e r y )  The  ne t  yield 
of  p y r o g l u t a m a t e - d e n v e d  g lu t a ma te  ob t a ined  f r o m  g lucose-6-phospha te  d e h y d r o g e n a s e  LS the  a m o u n t  
p resen t  m Sample  A m inus  the  s um of the a m o u n t  m samples  B and  C 

Sample  T r e a t m e n t  G l u t a m m  acid R e c o v e r y  c o r r e c t e d  

( n m o l )  glu tannin acid 
( n m o l )  

A G 6 P D  + PGA pep t ldase  (acid h y d r o l y z e d )  79 0 87 4 
B G 6 P D  + PGA pepUdase  ( n o t  acid h y d r o l y z e d )  1 9 2 1 
C PG A  pep t ldase  (acid h y d r o l y z e d )  8 0 8 8 

69  1 (ne t )  76 5 (ne t )  
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amlnopeptldase actmn on 175 nmol glucose-6-phosphate dehydrogenase pro- 
duced a total of  77 nmol pyroglutamate, of  whmh 8 nmol were present as a 
contaminant of  the peptldase {Sample C) When the 69 nmol derived from glu- 
cose-6-phosphate dehydrogenase were corrected for the 90.3% yield for the 
recovery and conversmn of a pyroglutamate standard to glutamlc acid, the 
amount  of  pyroglutamate produced from hver glucose-6-phosphate dehydro- 
genase by the peptldase was found to be 43.6% of  the molar amount  of  glu- 
cose-6-phosphate dehydrogenase subumts added to the initial reactmn. This 
relatively low yield of  amino-terminal pyroglutamate was expected since pyro- 
glutamate ammopeptldase is known to exhibit a low efhcmncy,  but high degree 
of  specfflc]ty for removal of  pyroglutamate from large proteins [39 ,40] .  These 
two independent experiments clearly mdmate that the majority, ff not  all, of  
the blocked amino-terminal residues in purified rat liver glucose-6-phosphate 
dehydrogenase are pyroglutamate. 

To determine the amino-terminal residue of  rat uterine glucose-6-phosphate 
dehydrogenase, 19 ovarmctomlzed mature rats, treated 12 h previously with 
5 pg estradlol, were each given 100 gC] [3H]glutamm acid by the intrauterine 
route 2 h prmr to sacnhce The uterine enzyme was isolated by m~munoprec]p- 
]rattan and the lmmunoprempltate was carboxymethylated Pronase dlgestmn 
was carried out  on the carboxymethylated lmmunopreclpltate for 18 h with 
subsequent fractmnatmn of the hydrolyzed sample by AG 50W-X2 cation- 
exchange chromatography The material which did not bind to the column was 
then digested with pyroglutamate amlnopeptldase, subjected to a second round 
of cation-exchange chromatography and after concentration was subjected to 
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Flg 2. Dls tr lbut lon  o f  rad ioac t lv l ty  a f ter  paper  c h r o m a t o g r a p h y  o f  ac idic  p e p t l d e  f r a g m e n t s  der ived  b y  
Pronase  d i g e s t l o n  and t h e n  p y r o g l u t a m a t e  a m l n o p e p t l d a s e  d i g e s t i o n  o f  t m m u n o p r e c l p t t a t e s  o f  [3H]g lu -  
t a m a t e  labe led  u t e r i n e  g l u c o s e - 6 - p h o s p h a t e  d e h y d x o g e n a s e  2 0  o v a r l e c t o m l z e d  m a t u r e  rats w e r e  g lven  5 ~g 
estradio l  for  12 h prior to  the  m t r a u t e r l n e  a d m l m s t r a t l o n  o f  100 ~C1 [ 3 H ] g l u t a m l c  acld Af ter  2 h, uter l  
w e r e  p o o l e d  and  u t e n n e  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  was  o b t a i n e d  b y  t m m u n o p r e c l p t t a t i o n  The  
I m m u n o p r e c l p l t a t e  was  c a x b o x y m e t h y l a t e d ,  i n c u b a t e d  w l t h  Pronase  and s u b j e c t e d  to  c a t i o n - e x c h a n g e  
c h r o m a t o g r a p h y  to  separate  the  ac id ic  p e p t l d e s  f r o m  the  Pronase  The  ac id ic  p e p t t d e s  presen t  m the  w a t e r  
e luate  w e r e  d i g e s t e d  w l t h  ca l f  l iver p Y r o g l u t a m a t e  a m m o p e p t l d a s e  and  t h e n  e h r o m a t o g r a p h e d  o n  a 
s e c o n d  c a t i o n - e x c h a n g e  c o l u m n  T h e  w a t e r  e lua te  was  l yophLhzed  and  s u b ) e c t e d  to  paper  c h r o m a t o g r a p h y  
on  W h a t m a n  3 MM paper  strips  m a b u t a n o l / a c e t l c  a c l d / w a t e r  (2 1 I .  v /v /v )  so lven t  s y s t e m  A [14C] -  
p y r o g l u t a m a t e  s tandard,  u n l a b e l e d  carrier p y r o g l u t a m a t e  and g l u t a m l c  acld w e r e  c h r o m a t o g r a p h e d  w l t h  
the  s a m p l e  3 H  der ived  f r o m  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  is given as c r o s s h a t c h e d  bars and the  
[ 1 4 C ] p y r o g l u t a m a t e  s tandard  is g iven as o p e n  bars Free  g l u t a m a t e  was  l o c a l i z e d  4----5 c m  i n t o  t h e  chro-  

m a t o g r a m  
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paper chromatography.  The 3H radloactwlty peak migrated comcldentally with 
an internal [14C]pyroglutamate standard which was also added to the sample 
(Fig. 2). This result ldentffms the 3H-labeled compound,  derived from [3H]glu- 
tamate labeled uterme glucose-6-phosphate dehydrogenase, to be pyrogluta- 
mate based both on the chromatographm analysis of  the products  and the specl- 
fruity of  pyroglutamate ammopeptldase We therefore conclude that the ammo- 
terminus of  uterine glucose-6-phosphate dehydrogenase is also pyroglutamm 
acid. A comparison of  the amount  of  [3H]pyroglutamate relatwe to [3H]gluta- 
mate m the nnmunopreclpltable uterme glucose-6-phosphate dehydrogenase 
revealed that  about  1% of the total radmact lwty was in the form of pyrogluta- 
mate. This is consistent with the presence of 58 glutamate residues per mole- 
cule ff one assumes an approximate 60% recovery of  [3H]pyroglutamate fol- 
lowmg two steps of  enzymatm dlgestmn and chromatography.  

The presence of  pyroglutamate at the amino-terminus of  human erythrocyte ,  
rat hver and rat u terme glucose-6-phosphate dehydrogenase indicates that this 
enzyme is mltlally synthesized m a precursor form. Since methmnme is the 
amino acid which is requLred to lmtmte the synthesis of  eukaryotm proteins 
[38],  the presence of  pyroglutamate rather than methlonme lndmates that 
methlonme or a larger peptlde or peptldes is removed from a precursor, as are 
many other cytosol  proteins, to produce the predommant  form whmh is 
present m the cytosols of  these tissues. SDS-polyacrylamlde gel electrophoresls 
of  lmmunopreclpltates of  glucose-6-phosphate dehydrogenase, from cytosols of  
u ten  which had received m wvo [3H]leuclne for very short pulse intervals (1--2 
mm), reveals that  radmact]wty was m]tlally incorporated into a glucose-6-phos- 
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Fig 3 Ef fec t  of  [ 3 H ] l e u c m e  pulse t~me on the  SDS-polyac~ylamlde  gel e l e c t ro p h o re t l c  profi les  of  rad~o- 
a c t w l t y  m u te r ine  g lucose -6 -phospha te  dehyd~ogenase  l m m u n o p r e e l p l t a t e s .  G r o u p s  of  10 o v an ec to mLzed  
rats w h m h  had  rece ived  5 #g  es t radlo l  for  12 h were  given 20 ~Cl [ 3 H ] l e u e m e  by the in t r au te r ine  r o u t e  
for  1, 2, 6 or  8 m m  pr ior  to killing the  a m m a l s  h n m u n o p r e c l p t t a t e s  of  u t e n n e  cy toso l s  were  p r e p a r e d  and  
e l e c t r o p h o r e s e d  as m c h c a t e d  m E x p e r u n e n t a l  p r o c e d u r e s  The a r ro w  md~cates  the  pos i t ion  of  the 57 000  
M r subun l t  of  the  p r e d o m i n a n t  f o r m  of g lucose -6-phospha te  d e h y d r o g e n a s e  wh ich  ts n o r m a l l y  f o u n d  m 
the  u t e n n e  cy toso l  Peaks A, B a nd  C have  been  t en ta t ive ly  ldentafled as a p r ecu r so r - fo rm ,  p roces sed - fo rm 
and  nascent -chsan  of g lucose -6-phospha te  d e h y d r o g e n a s e ,  respec t ive ly  
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phate dehydrogenase-hke protein (Peak A) with a molecular weight of  
60 000--65 000 (Fig 3) and a glucose-6-phosphate dehydrogenase-hke protein 
{Peak C) of a lower molecular weight {about 40 000) Only after longer pulse 
intervals (approx. 4 mm) was the radioactivity converted to and found in an 
lmmunoprecipltable specms (Peak B) with a molecular weight of 57000.  
Immunoprecipltatmn of both Peaks A and B can be inhibited by addition of an 
excess of purified rat liver glucose-6-phosphate dehydrogenase and preliminary 
tryptlc peptlde map comparison studies using [3H]methlonme or [3SS]methlo- 
nme labeled peaks A, B and C mdmate considerable sequence homology 
between all three peaks The kmetms of labeling of peaks A, B and C suggest 
that  they may be a precursor-form, processed-form and nascent-chmn form of 
uterme glucose-6-phosphate dehydrogenase, respectively. Although we have 
found [ 3H] pyroglutamate m lmmunopreclpltates of [ 3H] glutamate labeled 
uterme cytosols (Fig. 2)., we have not  yet  determined whether it is specific for 
any one of the three peaks of radloactiwty ewdent when these very short 
labeling times are employed. 

Dlscusslon 

Uterine glucose-6-phosphate dehydrogenase is present in relatively small 
amounts m comparison to the amount  of the enzyme which Is present m the 
rat liver. Dtrect purification of the enzyme from the uterus is impractical if one 
needs a large amount  of the enzyme to do analytmal studies Studies of the 
uterine enzyme are, therefore, limited to measurements Involving either par- 
tlally purified enzyme or lmmunoprecipltates of labeled uterme glucose-6- 
phosphate dehydrogenase usmg antlsera prepared against the purified liver 
enzyme. Our approach to characterization of uterme glucose-6-phosphate 
dehydrogenase has relied on making dLrect measurements of the properties of 
the purified hver enzyme and making comparisons of the properties found for 
the hver enzyme to those of the lmmunopreclpltable radioactively-labeled 
uterine enzyme. The present study indicates that glucose-6-phosphate dehydro- 
genase from rat hver and uterus have many properties m common,  and that 
these properties are similar to those reported for this enzyme derived from 
other animal sources [25,26] Although the amino acid compositmn of the 
uterine enzyme could not be measured directly, the fact that  the uterine 
enzyme has the same molecular weight and lsoelectric point as hver glucose-6- 
phosphate dehydrogenase, and the fact that  all amino acid determinations of 
the enzyme from mammalian sources are very similar, suggests that  within the 
same specms, the amino acid composition of uterine glucose-6-phosphate 
dehydrogenase is probably identical to that  of the rat liver enzyme. 

Several reports suggest that  glucose-6-phosphate dehydrogenase obtained from 
a variety of animal sources has a blocked amino-terminus [15,31,36,37] and 
one report by Yoshida [37] ldentifmd this to be pyroglutamate It has been 
suggested that the presence of pyroglutamate at the amino-terminus of  the 
human erythrocyte enzyme may have been an artifact whmh was generated by 
proteolyhc cleavage or other modification reactions such as cychzatmn of glu- 
tamate or glutamlne during the rigorous purifmatlon procedures used by that  
author In our studies, care was taken to use condItmns durmg Pronase diges- 
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tlon and fractlonatlon of  the Pronase digestion products whmh minimize non- 
enzymatic cycllzatlon of glutamlne. Specifically, the pH of the digestion was 
maintained at 7 or lower and cation-exchange chromatography was conducted 
at 4°C [41]. In one experiment, [14C]glutamlne was added during the Pronase 
digestion of the purified liver enzyme. After Pronase hydrolysis, less than 
0.36% of the [14C]glutamlne was found in the water eluate of the cation- 
exchange column, indicating only minimal artifactual cychzatmn of free gluta- 
mine to pyroglutamate had occurred Others found that  as much as 8% of glu- 
tamme added in this manner would be converted to pyroglutamate if the pH 
during dlgestlon was mamtalned at 8 [42]. Additional indications that pyro- 
glutamate at the amino-terminus of glucose-6-phosphate dehydrogenase is not 
an experimental artifact are (1) radloactlvely-labeled pyroglutamate was found 
at the amino-terminus of [3H]glutamate labeled uterine cytosol glucose-6-phos- 
phate dehydrogenase which was isolated by irnmunoprecipltation of the 
enzyme, which minimizes the hkehhood that pyroglutamate was produced by 
the rigorous purlflcation procedure which was used to prepare the rat liver 
enzyme. (2) The direct removal of pyroglutamate from purified liver glucose-6- 
phosphate dehydrogenase by pyroglutamate ammopeptldase wlthout prior 
Inactivation of the enzyme by carboxymethylatlon, Indicates that pyrogluta- 
mate was not an artifact of either the alkylatlon reaction or the actions of 
Pronase. 

The occurrence of a transiently labeled immunopreclpltable form from rat 
uterine cytosol which has a heterogenous molecular weight of 60 000--65 000 
suggests that the predominant form of the enzyme present in the rat uterus 
may be derived in thls tissue by the action of an enzyme capable of processing 
the putative precursor form into a lower molecular weight form. We are 
presently evaluating the possibility that pyroglutamate is uniquely present in 
the 'processes' 57 000 molecular weight form of the enzyme and, If so, we 
propose to use the time course of the Incorporation of [3H]glutamate into 
[3H]pyroglutamate of glucose-6-phosphate dehydrogenase lmmunopreclpltates 
to evaluate the effects of estrogen on this 'processing' event in the rat uterus. 
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