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SUMMARY 

Extracts of Escherichia coli grown on succinate salts medium contain at least two 
phosphoramidases which can be largely separated by ammonium sulfate fractionation. 
Phosphoramidase-I has been purified about IIO-fold and shows maximal activity at 
pH 5.I. This enzyme shows no metal or other cofactor requirements. Phosphoramidase- 
II shows maximal activity at pH 7.5 and also requires Mg ~+ ions and a sutfhydryl 
compound for maximal activity. In addition to the hydrolytic activities, an enzymic 
phosphoryl transfer from phosphoramidate to glucose was .shown. 

INTRODUCTION 

Since the demonstration by MEYERHOF AND LOHMANN 1 of an enzymic hydrolysis of 
N-phosphoryl compounds, a number of reports have appeared describing phosphor- 
amidases from various sources 2-e. While it is clear that a wide variety of P-N com- 
pounds are enzymically hydrolyzed, information concerning the possible identity of O- 
phosphomonoesterases and phosphoramidases is somewhat less conclusive. SINGER 

AND FRUTON 5 suggested that a phosphoramidase preparation purified from beef 
spleen, which catalyzed the cleavage of several phosphoramidates as well as phospho- 
proteins and aryl phosphates, was probably distinct from simple non-specific phospho- 
monoesterase. 

In addition to the hydrolysis of phosphoramidates, enzymic alcoholysis of phos- 
phoramidates has been observed with either glucose or glycerol serving as phosphoryl 
acceptor molecule. GREEN AND MEYERHOF 7 and more recently MORTON 8 have in- 
vestigated such transfer activities using either acid or alkaline phosphatase prep- 
arations and creatine phosphate as phosphoryl donor. MOLLER t has also demonstrated 
phosphoryl transfer from PNH~ to glycerol catalyzed by the seminal fluid phosphor- 
amidase. 

The enzymic hydrolysis of PNH 2 observed using extracts of Escherichia coli 
was the subject of an earlier report from this laboratory e. The presence of two easily 
separable phosphoramidases has been shown in extracts of succinate grown E. coll. 
One of these enzymes, phosphoramidase-I, has a pH optimum of 5.1 and shows,no 

Abbreviations: PNH s, potassium phosphoramidate; P-Ngly, potassium N-phosphoryl- 
glycine; PPi, inorganic pyrophosphate. 
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other requirements. Phosphoramidase-II has a pH optimum of 7.5 and requires the 
addition of both magnesium ions and a mercaptan for maximal activity. In addition to 
these hydrolytic activities, phosphoryl transfer from PNH 2 to glucose has also been 
demonstrated with E. coli extracts 9. The partial purification and properties of the 
hydrolytic enzymes and the enzymic assay of phosphoryl transfer from PNH 2 are 
reported in this paper. 

MATERIALS AND METHODS 

Bacteriological 

E. coli, Crookes strain, was grown at 3 °o in a medium containing in grams per 
liter: sodium succinate, 5.0; KH2PO4, 1.5; Na?HP04, 13.5; FeSO4-7H2 O, 0.005; 
MgSO4"7H20, 0.2; and yeast extract (Difco) o.I. Fifteen liters of medium was auto- 
claved in a 5-gallon Pyrex carboy, cooled, and inoculated with i 1 of a culture grown 
overnight in the same medium on a shaker. The 15-1 culture, when grown in a laboratory 
fermentor with continuous aeration and agitation, reached maximal growth in about 
6 h. The cells were harvested with a Sharples centrifuge and stored frozen until 
needed; yield: 6-7 g of wet cells per liter. 

Extracts  of the frozen cell paste were prepared by crushing 2o-g batches in a 
modified Hughes Press followed by suspension of the extract in IOO ml of 0.02 M 
potassium phosphate buffer, pH 7.2, containing 0. 5 mg of GSH/ml. Treatment  of the 
suspended extract in a 9 kc Raytheon oscillator for 5 min was found necessary to 
reduce the viscosity of the preparation. Cellular debris was removed from the extract 
by centrifugation at 32 ooo × g for 40 min at 5 °. All subsequent enzyme fractionations 
of the supernatant fluid were performed at o to 5 ° and are described in the text. 

Enzyme assays 

Phosphoramidases were assayed by estimating the difference in rates at which 
NH a was released from PNH~ in the presence and absence of enzyme. In the case of 
phosphoramidase-I the assay tube contained 5/*moles of PNH 2, IOO/*moles of EDTA 
buffer, pH 5.5, and enzyme in a total volume of 0.5 ml. For phosphoramidase-II  
the assay tubes contained IOO/*moles of Tris buffer, pH 7.5, 5/*moles of MgC12, 
IO/,moles of GSH or cysteine, IO/*moles of PNH 2, and enzyme in a total volume of 
I ml. In both assays the reaction components were preincubated at 37 ° for 5 min. 
The reaction was started by the addition of enzyme, and after IO rain incubation was 
stopped by the addition of an equal volume of absolute alcohol. The reaction mixture 
was well mixed and a o.2-ml or o.5-ml sample was placed in a Conway microdiffusion 
dish containing I ml of 4 M K~CO 3 in the outer chamber and I ml of 0.05 M H~SO 4 
in the center well. After the lid was sealed in place, the K2CO 3 and reaction sample 
were mixed and incubated at 47 ° for i h. In control runs complete recovery of 5 ~moles 
of NHa was obtained after 45 min by this procedure. After the Conway dishes were 
removed from the incubator, o.5 ml of the acid solution was removed from the center 
well and the NH a content was estimated by Nesslerization 1°. The proportionality of 
the phosphoramidase-I assay with respect to time and protein is shown in Fig. I. 

Phosphatase activity of several protein fractions was tested by using the above 
protocols and substituting the appropriate phosphate compound for phosphoramidate. 
In this case reactions were stopped by the addition of 0.2 ml of 25 % trichloroacetic 
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acid, and the inorganic phosphate present in a sample of the supernatant fluid was 
determined n after removal of precipitated protein by centrifugation. 
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Fig. IA, Phosphoramida te  cleavage as a funct ion of t ime. The react ion mix ture  is as described 
in the  t ex t  for phosphoramidase-I .  O - - O ,  in the  presence of enzyme (60/tg protein,  specific 
ac t iv i ty  = 50). 0 - - 0 ,  the  non-enzymic  hydrolysis  of P N H  z at  p H  5.5. IB, Phosphoramida te  

cleavage as a funct ion of enzyme concentrat ion.  Condit ions as in Fig. IA. 

Since we were unable to differentiate between Pi and either PNH 2 or P-Ngly by even 
the mildest methods, such as those of either LOWRY AND LOPEX 1~ or BERENBLUM AND 
CHAIN 13, another procedure was followed. [32PIPNH 2 and [3zP 1P-Ngly were synthesized 
(see below) and used as substrates. At the end of the incubation period io/zmoles of 
Pi, 50/zmoles of MgCI,, and 250 ~moles of NH4Cl were added. The reaction mixture 
was made slightly alkaline with NH40H (pH 8. 5 to 9.0) and the precipitate formed 
after 3 ° min at o ° was packed by centrifugation and washed three times with very 
dilute ammonium hydroxide. The precipitate was finally dissolved in 2 ml of o.I N HC1 
and the radioactivity present determined. Comparisons of this assay method, using 
is, p] PNH,,  with the ammonia release method outlined above, indicated its validity 
(see Table II). 

One unit of phosphoramidase or phosphatase activity is defined as the amount 
of enzyme required to form I/zmole of NH 3 or inorganic phosphate in IO rain in the 
assay procedures outlined above. Protein measurements were made by either the 
trichloroacetic acid method of STADTMAN 15 or spectrophotometrically le. 

Chemical preparations 

PNH 2 and P(NH,)~ were prepared by the methods of STOKES17,1., adenylic 
5'-phosphoramidate by the method of CHAMBERS AND MOFFATT 19, and P-Ngly by the 
method of ZERVAS AND KATSOYANNIS 2°. All other compounds used in these experiments 
were commerc!al preparations. [s2PIPNH 2 and [s2PlP-Ngly were prepared by the 
above methods'after conversion of H33~PO4 to 3zPOC13 by the method of MURRAY AND 
SPINKS 21 followed by its conversion to [3sP]diphenylphosphorchloridate by the method 
of BAER z2. Trimetaphosphimate and diimidotriphosphate were generously supplied 
by Dr. O. T. QUIMBY. 
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RESULTS 

A rapid liberation of NH s from PNH~ is catalyzed by extracts of E. coli grown on 
succinate as sole carbon source. Paper chromatography (Whatman No. I paper; 
solvent, methanol-formic acid-H~0 (80: 15:5, v/v)) of a sample of a reaction mixture 
after enzymic deamination of E~PJ PNH2 at pH 7.5 with Mg "+ ions present revealed 32Pi 
as the only radioactive reaction product. This result does not exclude the possibility, 
in analogy with the known non-enzymic cleavage 2t, of intermediate PPi formation 
during the enzymic breakdown of PNH 2. In an additional experiment both E~2P] PNH 2 
and PPi (5 .~moles each) were incubated with the extract at pH 7.5. After analysis 
by paper chromatography no radioactivity was found in the remaining PPi. 

The phosphoramidase system of the crude E. coli extracts is partially inhibited 
by fluoride (IO -~ M), EDTA (lO -3 M), and by p-chloromercuribenzoate (2. IO -~ M). 
Only 60 to 7 ° 0/o inhibition was observed with these reagents even at markedly higher 
concentrations. Since these results could be interpreted in seve~tl ways, further 
purification of the phosphoramidase activity was undertaken. 

Enzyme fractionation 

All fractionations of the succinate grown E. coli extracts were carried out at o to 5 ° 
and all fractions were dissolved in potassium phosphate cysteine buffer pH 7.4 
(0.02 M potassium phosphate and o.ooi M cysteine) and dialyzed against 2 changes 
of this buffer prior to assay. 

The first ammonium sulfate fractionation was carried out in the following manner : 
for each IOO ml of extract 16 g of solid ammonium sulfate was added slowly with 
stirring. Fifteen minutes after the final addition of ammonium sulfate, the precipitated 
protein was removed by centrifugation at 25 ooo × g for 15 rain, and discarded. An 
additional 46 g of solid ammonium sulfate for each IOO ml of original extract was 
added to the supernatant solution in the same manner and the precipitate was col- 
lected by similar ceiltrifugation and dissolved in phosphate buffer. 

The solution was carefully adjusted to pH 6.0 by the dropwise addition of I N 
acetic acid and about o.I volume of a protamine sulfate solution (2o mg/ml) was added 
slowly with rapid stirring. The whole mixture was dialyzed overnight against the 
usual phosphate buffer and the protamine nucleate precipitate removed by cenV;-i- 
fngation. The supernatant fraction was normally prepared in large quanti ty and stored 
at - -  15 °, with small portions being used for further fractionation. 

The second ammonium sulfate fractions were prepared as follows: usually about 
3o0 ml of the protamine treated extract was further fractionated with solid ammonium 
sulfate into four subfractions. These fractions were obtained as outlined above, after 
the successive addition of 63 g (fraction A), 33 g (fraction B), 3o g (fraction C), 
and 63 g (fraction D) of solid ammonium sulfate. Both fraction B and fraction D 
showed considerable phosphoramidase activity. Fraction D was used for further 
purification of the phosphoramidase activity. However, fracldon B was normally used 
at this level of purification, since further attempts at fractionation markedly decreased 
the stability of the activity present. 

Fraction D was dialyzed overnight against 0.02 M Tris buffer, pH 7.7, at 4 ° and 
applied to a column of DEAE-cellulose (2.5 cm by 40 cm) which had been previously 

* Obtained f r o m  the  Brown Company,  Berlin, New Hampshi re .  
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converted to the hydroxide phase with I 1 of I M KOH followed by co.ntinued 
washing with water at 4 ° until the eluate was neutral. Fraction D (1.25 mg of protein/ 
ml of DEAE-cellulose) was run onto the column followed by 200 ml of distilled water. 
After the water had run through the column, elution of the enzyme was begun at a 
flow rate of about I ml/min. A linear elution gradient :3 was obtained by the use of a 
mixing flask containing 1. 5 1 of 0.02 M Tris pH 7.7 and a reservoir containing 1.5 1 of 
the same l~uffer ~ontaining o.2 M KC1. Phosphoramidase activity was generally found 
in that part of the elution pattern corresponding to a concentration of KC1 from o.I to 
o.I2 M. At this stage the phosphoramidase preparation was usually about 50 to 75 fold 
purified. An additional 2 to 3 fold purification was frequently but  not routinely 
obtained by passing the enzyme eluate from the DEAE column,over a CM-cellulose 
column (H + phase) using a linear gradient of o.oi to 0.08 M acetate buffer pH 5.1. 
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Fig. 2. Elution pa t te rn  of phosphoramidase-I 
and glucose 6-phosphate phosphatase from 
DEAE-cellulose. Conditions as described in the 
text.  - - - ,  the KC1 gradient used in eluting 

the activities. 
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Fig. 3. Effect of pH on the cleavage of phos- 
phoramidate by  phosphoramidase-I.  Conditions 
are as described in the text,  Q - - O ,  acetate 

buffer, O - = O ,  phosphate buffer. 

A typical elution pattern for phosphoramidase-I from DEAE-ceUulose is shown 
in Fig. 2. Also shown on this curve is the elution pattern for glucose 6-phosphate 
phosphatase. These results in addition to inhibitor studies (see below) suggest that 
phosphoramidase and glucose 6-phosphate phosphatase are different enzymes. Large 
scale separation of the two enzymes was not routinely achieved. However, phosphor- 
amidase-I generally preceded glucose 6-phosphate phosphatase from the CM-cellulose 
column and at least several tubes of eluate containing phosphoramidase-I were 
essentially free of glucose 6-phosphatase. The purification results are summarized 
in Table I. An overall purification of phosphoramidase-I of about IiO fold is shown 
although occasionally enzyme fractions as much as 15o to 200 fold purified over the 
crude material were obtained. 

Phosphoramidase-I was stored either at o ° in acetate buffer, pH 5.5 or Tris 
b u f f e r  p H  7.5, or  in  t h e  s a m e  buf fe r s  a t  - - 1 5 %  a n d  lost 50% of its activity in  14 d a y s  
under all of these conditions. 

Most of the experiments reported in this paper have been carried out either with 
the phosphoramidase obtained by DEAE-cellulose chromatography (phosphor- 
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amidase-I) or with fraction B which had been aged (30 days or more at - -  15 °) and is 
called phosPhoramidase-II. 

pH and co factor dependence 
Phosphoramidase-I has a broad pH range of activity with maximal activity 

at pH 5.1 (Fig. 3) and approx. 5o% of maximal activity at pH 3.5 and pH 7-5. Most 
of our experiments with this enzyme were run in either acetate or EDTA buffer at 
pH 5.5 since PNH 2 is slightly more stable "at this pH than at more acid values. No 
other requirements could be shown. 

T A B L E  I 

F R A C T I O N A T I O N  O F  P H O S P H O R A M I D A S E S  O F  E .  coli  E X T R A C T S  

Fraction Protein 
(rag) 

Phosphoranddase-I Phosphorarnidase-II 

(units × Io ~) Specific* (units × zo -3) Specific** 
activity activity 

I E x t r a c t  3 5 0 0  5 .67  1.62 2. i 0 . 6  
2 A m m o n i u m  s u l f a t e - I  2 6 2 0  5.3 ° 2.1 - -  - -  
3 P r o t a m i n e  t r e a t e d  182o 4 .65  2 .55 - -  - -  
4 A m m o n i u m  s u l f a t e - I I ,  f r a c t i o n  B 512 o . 7 I  1.4o 2 .14  4 .2  
5 A m m o n i u m  s u l f a t e - I I ,  f r a c t i o n  D 360  1.88 5 .20  o o 
6 D E A E - c e l l u l o s e  e l u a t e  f r o m  f r a c t i o n  5 2o 1.25 63 .0  o o 
7 C M - c e l l u l o s e  e l u a t e  f r o m  f r a c t i o n  6 3 0 . 5 2 5  175 .o  o o 

* A c t i v i t y  of  p h o s p h o r a m i d a s e - I  a s s a y e d  a s  i n  t e x t  a t  p H  5.5.  Spec i f i c  a c t i v i t y  = u n i t s / m g  
p r o t e i n .  

** A c t i v i t y  of  p h o s p h o r a m i d a s e - I I  a s s a y e d  a s  in  t e x t  w i t h  a d d e d  MgCI~ a n d  G S H  a t  p H  4. 
T h e s e  f i g u r e s  r e p r e s e n t  a n  i n c r e a s e  i n  t h e  a c t i v i t y  of  a g i v e n  f r a c t i o n  w h e n  MgC12 a n d  G S H  w e r e  
a d d e d ,  b u t  p r o b a b l y  d o  n o t  i n d i c a t e  t h e  t o t a l  a c t i v i t y  o f  p h o s p h o r a m i d a s e - I I .  

T A B L E  I I  

S U B S T R A T E  S P E C I F I C I T Y  O F  P H O S P H O R A M I D A S E - I  

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  i n  a t o t a l  v o l u m e  of  I ml ,  E D T A ,  p H  5.5 ,  IOO # m o l e s ;  s u b s t r a t e  a s  
i n d i c a t e d  e i t h e r  5 o r  i o / ~ m o l e s ;  p h o s p h o r a m i d a s e - I ,  35 # g ,  spec i f i c  a c t i v i t y  75. 

Cleavage in 
S*¢bstrale z o rain 

(u,notes) 

P h o s p h o r a m i d a t e *  2 .6  
[3~p~ p h o s p h o r a m i d a t e  * * 2 .65  
N - p h o s p h o r y l g l y c i n e  * * 2 .7  
C r e a t i n e  p h o s p h a t e *  * * o. i 
P h o s p h o r d i a m i d a t e  * o 
T r i m e t a p h o s p h i m a t e  * o. 2 
D i i m i d o t r i p h o s p h a t e  * o 
A d e n y l i c  5 ' - p h o s p h o r a m i d a t e *  o. i 
F r u c t o s e  z - p h o s p h a t e * * *  1.3 
G l u c o s e  I - p h o s p h a t e  * * * I. 2 
G l u c o s e  6 - p h o s p h a t e * * *  1. I 
F r u c t o s e  1 , 6 - d i p h o s p h a t e * * *  1.o 
R i b o s e  5 - p h o s p h a t e *  * * 0 .o7  
p - N i t r o p h e n y l p h o s p h a t e §  o. I 
C a s e i n *  * * o 
G l u t a m i n e  * o 

* M e a s u r e d  a s  N H  3 r e l e a s e d .  
** M e a s u r e d  a s  3~Pi r e l e a s e d .  

* * * M e a s u r e d  a s  P i  r e l e a s e d  lz. 
§ M e a s u r e d  as  p - n i t r o p h e n o l  r e l e a s e d .  
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Substrate speci~city 
Several phosphoramidates, O-phosphomonoesters, phosphate anhydrides, and 

amides were tested as substrates for phosphoramidase-I. As shown in Table II, 
PNHI and P-Ngly were rapidly cleaved while hexose phosphates were cleaved at 
somewhat reduced rate. Some fractions of the eluate from CM-cellulose were virtually 
inactive toward glucose 6-phosphate and completely inactive toward p-nitrophenyl 
phosphate, but contained a very active phosphoramidase. Other substrates tested 
with this preparation but not cleaved at a significant rate (less than o.i izmole of 
substrate cleaved in 3 ° min by 3 units of enzyme) include: phosphopyruvate, acetyl 
phosphate, UMP, AMP, 3' AMP, GMP, ATP, CTP, UTP, PPi, tripolyphosphate, tri- 
metaphosphate, tetrametaphosphate, hexametaphosphate, phosphoserine, fl-glycero- 
phosphate, monothiolphosphate, 3-phosphoglycerate, and sulfamic acid. 

A plot. of the reciprocal of velocity versus the reciprocal of PNH~ concentration 
was linear and extrapolated to a Michaelis constant, Kin, of I.I. lO -3 M. 

E~ect of inhibitors 
Phosphoramidase-I was not inhibited by p-chloromercuribenzoate (lO -5 to 

5" lO-4 M), diisopropylfluorophosphate (1.25" lO -3 M) or by fluoride ion (lO -8 to 
5" IO-Z M). Nor were Pi, ammonia or arsenate effective inhibitors of phosphoramidase-I 
activity. Fluoride ion was partially effective in inhibiting the glucose 6-phosphate 
phosphatase activity present in the DEAE-cellulose eluates used in this study 
(Table, III). However, low~:fluoride ion concentrations stimulated ammonia release 
from PNH~ as much as 30%. Although this effect was observed with all phosphor- 
amidase-I preparations tested, it is not readily explainable. Possible formation of 
monofluorophosphate was considered but neither paper chromatography nor paper 
electrophoresis of a reaction mixture showed the presence of this compound. 

TABLE i i i  

EFFECT~ OF INHIBITORS ON ~'. COli PHOSPHORAMIDASES 

The reaction mixture  for phosphoramidase-I  cor.tained in I ml, acetate  buffer, p H  5.5, IOO #,moles; 
PNH2, 5/~moles or glucose 6-phosphate ,  8 #,moles; phosphoramidase-I ,  35/~g. Incuba t ion  io min 
at 37 °. The reaction mixture  for phosphoramidase - I I  contained in i ml, Tris buffer, p H  7.4, 
IOO/,moles; MgCI~, 3/~moles; GSH, Io / ,mo les ;  PNHI ,  Io/~moles;  enzyme, 1.35 m g  protein,  

fraction B, Table II .  Incubat ion  i o  min at 37 °. 

Cleavage by phosphor- Cleavage by phos- 
amidase- I phoramidase- l l 

Additions 
Glf~cose 

PNH¢ 6-phospMae PNHt 
(l, moles) (l~moles) (limoles) (~¢moles) 

None  2. 7 2.0 5.4 
K F  i 3.i 1.9 4.3 
K F  3 3.5 1.65 I . i  
K F  IO 3.1 i.o o 
K F  2o 2.9 0.65 o 
PCMB* o.~ 2.8 2.o 5 1. 3 
Pi 5 o l  2.7 1.9 2.1 
EDTA io 2.8 2.o 2.o 

* The complete  sy s t em lacked G S H  when  p-chloromercuribenzoate  was  added.  In  the  absence 
of both  PCMB and GSH 3 .5 / ,moles  of P N H z  was  hydro lyzed  b y  phosphoramidase-II .  

Biochim. Biophys.  Acta, 56 (I962) 491-5Ol 
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In an experiment in which 0. 5 unit of phosphoramidase-I was incubate4 wffh both 
PNH= and glucose 1-phosphate (5 I, moles of each) a 3o% inhibition in NH a release 
was observed. Similar experiments in which glucose 6-phosphate or fructose l, 
6-diphosphate were incubated with PNH 2 did not show inhibition of NH a release. 

P hosp hor amidase- I I 

A second P-N bond cleavage system was found during the preliminary, fractiona- 
tion of the E. coli extract with ammonium sulfate. As shown in Table IV, fraction B 
aged 3o days at o ° showed no phosphoramidase-I activity as measured in the absence 
of MgC12 and a mercaptan at either pH 5.5 or 7.5. However, when supplemented with 
MgCI= and a mercaptan, considerable phosphoramidase activity was observed. 

T A B L E  IV 

HYDROLYSIS OF PHOSPHORAMIDAT•S BY PHOSPHORAMIDASE-i] 

The  reac t ion  m i x t u r e  con ta ined  in a to ta l  v o l u m e  of I nil:  Tris  buffer  p H  7-4, IOO/*moles; MgClz, 
3 /*moles ;  GSH, i o / , m o l e s ;  P -N compound ,  Io /*moles ;  enzyme,  1.35 m g  protein,  f rac t ion  4, 

Table  I. I n c u b a t i o n  37 °. 

Conditions Substrate Hydrolysis 
(l~moleslzo rain) 

Comple te  P N H t *  5-7 
Minus  MgC12 P:NH2* o.I 
Minus  MgCI= (pH 5.5) PNH=* o.15 
Minus  GSH P N H z *  3-3 
Minus  MgC19. p lus  MnC12 P NHz*  1.6 
Minus  enzyme  PNH~* o 
Comple te  P -Ng ly  * * 2.75 
Complete  Crea t ine-P**  * o 
Complete  A M P - N H  2 §* 0.3 
Comple te  P(NHz) z* 0.2 

* Cleavage wins de t e rmined  as a m m o n i a  by  
* * Dete rmined  as 32Pi released. 

*** De t e rmined  as Pi  (see ref. 12). 
§ Adenyl ie  5 ' - phosphoramida t e .  

micro Conway  dist i l la t ion.  

Although other thiols (cysteine, fl-mercaptoethanol) could be substituted for GSH in 
the phosphoramidase-II assay, no other divalent metals tested (Zn 2+, Co 2+, Mn ~'+, 
Fe 2+) were effective with this enzyme. Phosphoramidase-II  has a fairly broad pH 
activity curve with a slight maximum at pH 7.5. 

Subs/rate specificity 

Both PNH z and P-Ngly were rapidly cleaved by phosphoramidase-II  (Table IV) 
while adenylic 5'-phosphoramidate was only slowly cleaved. As with the previous 
enzyme preparation, neither creatine phosphate nor phosphordiamidate were sub- 
strates. Several other enzymes were present in the phosphoramidase-II  preparation 
but further purification of this activity was not attained since the several t reatments 
tested led to complete inactivation of the enzyme. 

Effect of inhibitors 

Phosphoramidase-II  was inhibited by a variety of compounds including fluoride, 
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Pi, arsenate, and p-chloromercuribenzoate (Table III). In spite of their inhibitory 
effects it was found that either Pi, arsenate, or borate ions were necessary at low 
concentrations to preserve the phospharamidase-II activity on storage. 

Transphosphorylation 

Earlier results 9 demonstrated that an enzyme catalyzed phosphoryl transfer 
from PNH~ to various hexoses could be observed with extracts of E. coli. Further 
investigation of the system revealed that the transfer reaction could easily be measured 
by coupling with purified glucose 6-phosphate dehyflrogenase when glucose served as 
an acceptor. Fig. 4 shows the rate of TPN+ reduction with a coupled system containing 
PNH 2 or P-Ngl v, glucose, glucose 6-phosphate dehydrogenase, and an active protein 
fraction ,~bta,,~: t fr~,., E. coli, (fraction D, Table I). No TPN + reduction was observed 
if any of the components of the system were omitted, and no increase in the rate of 
reaction was observed by the addition of either ADP or ATP to the system. When ATP 
was substituted for PNH,  in the coupled system, no TPN+ reduction was observecl. 

~ [ , A I I I '!. 

0 t 2 3 4 5 6 
minutes 

Fig. 4- Rate of TPNH formation with the E. coli 
phosphoryl transfer, glucose 6-phosphate dehydrogenase 
coupled system. The complete reaction mixture in I ml, 
i cm light pa th  cuvettes contained, in /,moles, the 
following components:  Tris buffer, pH 7-4, IOO; MgCI~, 5 ; 
D-glucose, 3o; TPN +, 0.3; PNH z or P-Ngly, 5 (added at 
i rain); E. coli enzyme, o.3 mg protein (fraction D, 
Table II) ; glucose 6-phosphate dehydrogenase, 2 units ~6. 
Curve A, complete system; 5 /~moles PNHt ;  curve B, 
o.o5#moles PNH2; curve C, complete system plus 
3/zmoles KF;  curve D, no PNH 2 or P-Ngly. No TPNH 
formation was observed in the absence of either glucose 

or either of the two protein fractions. 

Also, when yeast hexokinase was substituted for the E. coli fraction, TPN+ re- 
duction was observed only when ATP replaced PNH, or P-Ngly. Also shown in Fig. 4 
is the sensitivity of the coupled system to fluoride. Nearly complete inhibition of the 
transfer reaction occurred with 3" zo-a M KF, a level which does not significantly 
inhibit glucose 6-phosphate dehydrogenase. 

Further purification and investigation of the transfer system was undertaken and 
is the subject of a subsequent paper. 

DISCUSSION 

The results reported suggest that at least two separate types of phosphoramidases 
occur in extracts of E. coli grown on succinate. Although PPi formation during the 
chemical hydrolysis of PNH= has been observed*L careful chromatographic and radio- 
isotopic analysis revealed no trace of PPi or phosphate compounds, other than Pi, 
in the enzymic hydrolyzates of PNH 9 or P-Ngly. Since a wide variety of polyphosphate 
compounds was found not to be hydrolyzed by phosphoramidase-I, the conclusion 
that  the reaction catalyzed by this enzyme is a direct hydrolysis of the P-N bond, 
leading to Pi and NH 8, seems justified. PPi is slowly cleaved by fraction B (phosphor- 
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amidase-II) under the conditions of the standard assay for this activity. However, 
no incorporation of radioactivity into PPi occurred when 5 t xmoles each of [32P 1 PNH~ 
and PPi were incubated with this enzyme under standard conditions. While these 
results do not entirely rule out possible PPi formation from PNH 2 by phosphor- 
amidase-II, such a reaction would appear to be very minor in comparison to the overall 
hydrolysis. 

The differences in activities toward glucose 6-phosphate and PNH 2, seen over the 
elution patterns from DEAE and CM-cellulose, and the difference in inhibition of these 
activities by fluoride, suggest that the amidase and phosphatase activities may be 
due to different enzymes. Complete separation of these activities will be required to 
substantiate this statement. 

Enzymic phosphoryl transfer from compounds containing P-N bonds to various 
hydroxylic acceptors has been widely observed and is generally associated with a 
hydrolytic activity. Two characteristics of the transfer reaction reported here differ- 
entiate it from the phosphatase catalyzed phosphoryl transfers. First, only a relatively 
low carbohydrate concentration is required to demonstrate transfer with the E. coli 
preparation, while generally i to 2 M acceptor is required in the phosphatase catalyzed 
transfers 8. Secondly, as shown in Fig. 4, 85 % of the theoretical amount of reduced 
TPN + is observed when limiting PNH 2 is used as phosphoryl donor in the glucose 
6-phosphate dehydrogenase coupled reaction. 

Although PNH2 was suggested by SPECK 25 as an intermediate in the glutamine 
synthetase system, its use in this system led to inconclusive results. In view of the 
widespread occurrence of phosphoramidase activity 1-6, it seems likely that other 
metabolic functions of compounds containing P-N bonds m a y  be revealed only after 
removal of the enzymes which hydrolyze these linkages. 
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SUMMARY 

An enzyme, phosphoramidic hexose transphosphOrylase, which catalyzes a phosphoryl 
transfer from monophosphoramidate, N-phosphorylglycine or monophosphoryl 
histidine to glucose has been purified about i6o-fold from extracts of succinate-grown 
Escherichia coli. Several aldo- and ketohexoses as well as sedoheptulose have been 
shown to be phosphoryl acceptors with this enzyme. Certain preparations of phos- 
phoramidic hexose transphosphorylase have been shown to produce only glucose 
I-phosphate while others produce both glucose I-phosphate and glucose 6-phosphate, 
suggesting the presence in the latter fractions of a second phosphoryl transferring 
system. 

INTRODUCTION 

Evidence for an enzyme catalyzed phosphoryl transfer from PNH, to glucose was 
presented in a previous paperk While several reports of apparently similar phbsphoryl 
transfer reactions from compounds containing a P-N linkage have appeared 2~, these 
have generally involved transfer reactions catalyzed by acid or alkaline phosphatase 
and have required relatively high concentrations of a hydroxylic accepter (1-2 M). 
More recently CORI et aJ. 6 have reported a reversible, apparently non-nucleotide 
mediated, phosphoryl transfer between 1,3-diphosphoglycerate and creatine. 

Abbreviations: PNH v potassium phosphoramidate; P-Ngly, N-phosphorylglycine; P-hist, 
monophosphorylhistidine; PPi, inorganic pyrophosphate. 
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