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Lelo ir  et al. (1 ) in  1950 reported  the isolation and  identifi- 
_j  cation o f urid ine diphosphoglucose as a coenzym e for the 

enzym ic conversion of glucose-1-phosphate in extracts of galac
tose-adapted yeast (Saccharomyces frngilis). Since then  increasing 
interest has centered around  the urid ine com pounds, and  the 
isolation of a num ber o f o ther urid ine com pounds have already  
been reported  (2), (3), (4), (5), (6), (7 ) as well as the dem onstration  
of enzym ic reactions in  w hich these com pounds partic ipate  (8), (9), 
(10), (11), (12). M ention will be m ade here only of one other 
u rid ine diphosphoglycosyl com pound, w hich is p resent in yeast 
together w ith UDPG an d  was identified by L elo ir  as urid ine 
d iphospho N -acetylglucose-am ine (13).

In  the present article we will describe an  enzym ic reaction 
w hich gives rise to the form ation of urid ine triphosphate  from  
UDPG. The enzyme w hich we have classified as a uridy l tra n s 
ferase m ost likely brings about the following type of reaction :

UDPG +  PP U TP +  G -l-P  (1) 

or, m ore general
— O—  •

U—R—O—P—O—P—O—C——  • • +  O—P—O—P—O
H

glvcosyl _ 0 -----
|

^  U R—O -  P -  O P O P +  O—P—O—C---------
H

glycosyl

The following abbreviations are used: UDPG for uridine diphosphoglucose, 
UTP for uridine triphosphate, UDP for uridine diphosphate, UMP for uridine 
monophosphate, UDPAG for uridine diphospho N-acetylglucosamine, UDPGal 
for uridine diphosphogalactose, ATP for adenosine triphosphate, ADP for adeno
sine diphosphate, TPN for triphosphopyridine nucleotide, DPN for diphospho 
pyridine nucleotide, G-l-P for glucose-l-phosphate, gal-l-P for galactose-1- 
phosphate and PP for pyrophosphate.

1*
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1 his p a rticu la r type of reaction has been observed as an  im 
p o rtan t step reaction in the reversible biosynthesis of diphospho 
pyrid ine nucleotide from  adenosine triphosphate an d  nicotinam ide 
m onoclucleotide (14), and  has been called pyrophosphorolysis
(14). In a sim ilar m an n er 11avine adenine dinucleotide can undergo 
pyrophosphoro ly tic cleavage, p roducing ATP and  flavine m ono
nucleotide (15). These enzym es bring about a tran sfer of the 
adenyl group and m ay consequently  be term ed adenyl tra n s 
ferases (16).

In this p ap e r a detailed account will be given of the uridvl 
transferase reaction, and  evidence will be presented th a t urid ine 
triphosphate  is a p rim ary  p roduct of pyrophosphorolysis of 
UDPG and  correspondingly  th a t U T P incubated w ith «-glucose- 
1-phosphate in the presence of the sam e enzym e can  give rise 
to the form ation of UDPG. M ethods for quantitative and  highly 
specific determ ination  of UDPG will also be presented.

Enzyme preparation.

The UDPG pyrophosphory lase is p resent in extracts from  
fresh b a k e r’s yeast as well as from  d ry  yeast. Assay of the enzym e, 
as described in detail below, is based upon the determ ination  of 
the g lucose-l-phosphate liberated  in reaction (1). If unfractionated 
extracts from  yeast are used, observations are com plicated by the 
fact that such extracts contain large am ounts of hydrolytic en 
zymes such as nucleotide pyrophosphatase and inorganic p y ro 
phosphatase. These extracts are also rich  in  phosphoglucom utase. 
If, how ever, a dialyzed yeast extract is satu rated  w ith carbon  
dioxide w ith or w ithout form ation of gas bubbles (for instance 
by gentle shaking in a Roux flask w ith large surface) a precipitate 
appears, w hich contains the UDPG pyrophosphory lase together 
w ith glucose-6-phosphate dehydrogenase and  6-phosphogluconic 
acid dehydrogenase, bu t is com pletely free of the pyrophosphatase 
as well as the phosphoglucom utase.

It is in general m ore advisable to use W arburg-C hristian ’s 
Zw ischenferm ent (17) (18), dried  over phosphorus pentoxide 
and stored as a pow der. This p repara tion  is not only devoid of 
pyrophosphatase and  phosphoglucom utase, but also o f the 6-
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phosphogluconate dehydrogenase. The pyrophosphory lase as 
well as the clucose-6-phosphate dehydrogenase are insoluble in 
w ater, bu t soluble in  dilute salt solutions. Precipitation at 45 °/0 
saturation  w ith am m onium  su lphate rem oves large am ounts of 
nucleoprotein and  pigm ents, and  fu rther addition of am m onium  
sulphate to 60 °/0 saturation  accom plishes a precipitation of the 
active fraction. This fraction is dissolved in  0.05 M T ris-hydro- 
xvm ethyl-am inom ethane, pH  7.8; 10 mg. p ro tein  p er ml. yields 
a clear solution w hich  is stable w ith respect to the p y rophospho
rylase for a couple of days w hen stored at 0=.

As will be described in  ano ther article by one of us (A. M-P) 
it is possible not only to obtain glucose-6-phosphate dehydrogenase 
w hich is free of uridy l transferase , bu t also to obtain highly 
active UDPG pyrophosphory lase w ithout glucose-6-phosphate 
dehydrogenase and  w ith very high specific activity. This was 
accom plished through ethanol fractionation (see (19)).

UDPGlucose assay.

The assay, as perfo rm ed  routinely, is an  estim ation of «-glu
cose-1-phosphate liberated  from  UDPGlucose upon addition of 
the UDPG pyrophosphory lase and  inorganic pyrophosphate . 
The ind icato r system  consists of TPN, phosphoglucom utase and 
glucose-6-phosphate dehydrogenase; the equ im olar reduction of 
TPN is m easured as an  increase in density at 340 m /u

From  Table I it appears that the release of «-glucose-1-phos
phate in the system is an enzym atic reaction w hich requires

T able  I.

A E310/30 min.

complete system. . 0.080

mutase omitted.. . 0.003

UDPG omitted . . . 0.009

PP om itted.......... 0.000

Participation of UDPG and PP in the uridyl transferase reaction. 
Complete svstem: 1 ml 0.05 ml tris-hydroxymethyl aminomethane HC1, pH 7.5, 

0.02 fi mol UDPG, 0.5 ¿¿mol PP. 0.5 //mol P, 0.5 /¿mol TPN, 
10 n\ mutase (0.5 mg/ml), 100 fi\ Zwischenferment (0.5 mg/ml).
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UDPGlucose as an  «-glucose-1 -phosphate donor an d  inorganic 
pyrophosphate  as an  uridy l acceptor. Hence the reaction is 
decidedly a pyrophosphorolysis and  not a phosphorolysis. For 
each 0.1 m icrom ole/m l of UDPGlucose undergoing fission an 
increase of 0.622 (20) in density at 340 mju should be observed 
if glucose-6-phosphate is oxidized only one step, i.e . to 6-phos- 
phogluconic acid. This is the case in  m ost Zw ischenferm ent 
p repara tions as well as in  assays perfo rm ed  w ith the m ore purified 
UDPGlucose pvrophosphory lase and  glucose-6-phosphate dehy
drogenase.

However, in unfractionated  extracts from  dry  yeast such as 
are used in m any experim ents w ith S. fragilis, a m ore than  one 
step oxidation of glucose-6-phosphate is en co u n te red ; this is * 
also the case in the active C 0 2-precipitate ob tained  by shaking 
as described above. Therefore, if a know n am ount of «-glucose- 
1-phosphate is added  to the reaction m ixture, it tu rns out that 
the m olar increase in extinction at 340 mju reaches a higher 
value th an  expected, bu t is not quite doubled. In o rder to get 
reproducib le  values un d er the latter circum stances it is advisable 
to add  excess phosphogluconate dehydrogenase to bring about an 
alm ost com plete oxidation of 6-phosphogluconic acid. In this 
case the average value of the factor is 1.75, i. e. for each m icro
mole glucose-1-phosphate m etabolized 1.75 m icrom oles o f TPN 
is reduced  (cf. (21)). The sam e applies if this ind icato r system  is 
used in connection with the pyrophosphorolysis of UDPGlucose 
as seen in Table II.

As illustrated  in  a later section, the assay system here described 
has served as a specific and  quantitative m icrom ethod for deter-

T able  II.

substrate added d K340 
calculated

d E340 
found factor

//mol true UDPG 
/ d E340 .
\ 0.622 x 1.76 ’

0.1 //mol G -l-P___ 0.622 1.085 1.75
0.04 n mol G-l-P . . . 0.249 0.443 1.77
0.04 / /mol UDPG . . 0.405 (1.76) 36.8
0.02//mol UDPG .. 0.203 (1.76) 18.4

Analysis of UDPG with crude enzyme solutions.
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m ination of UDPGlucose. W ith the recent isolation of UDPG- 
dehydrogenase (22) an independen t an d  highly sensitive a lter
native specific m ethod has becom e available.

Identification of UTP.

The fact that inorganic pyrophosphate is requ ired  in stoichio
m etric am ounts points strongly tow ards the possibility of a pyro- 
phosphorolvsis (T ab le I). This is fu rther supported  by the fact 
that radioactive pyrophosphate could be show n to be incorporated  
g radually  into a new  com pound w hich is adsorbab le on norite. 
If the norite is eluted w ith 50 °/0 ethanol, containing 0.1 °/0 
concentrated am m onia, and this eluate is subjected to p ap e r

UTP

UDP

U M P

UDPG

U D P A G

Fig. 1. Chromatogram, showing the formation of UTP from UDPG and PP. 
(Photographed in ultraviolet light).

J 2 3
U D P G +  U D P G  + P 32P32 UDPG  
Enzyme + En zyme
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Fig. 2. Paper chromatogram of norite eluate from UDPG-pyrophosphorylase digest. 
Reaction mixture: 0 .2//mol UDPG, 2 //mol inorganic pyrophosphate (8 x 104 

cts./min.), 50 //I Zwischenferment (3 mg/ml), 3 ml tris-hydro- 
xymethyl aminomethane HC1, pH 8.0, M/10, MgCl2 M/100. 

Control mixture: Same without pyrophosphate.
After 45 min. incubation the digest were acidified, adsorbed 
on norite and eluted writh 50 % ethanol. Chromatographed 
44 hours in neutral solvent (23). Chromatogram scanned in 
the Beckman spectrophotometer at 260 m// and in the Geiger 
counter.

ch rom atography  (e thano l/am m onium  acetate, pH 7.5 (23); a 40 
hours ru n  is to he recom m ended), a chrom atogram  is obtained 
as show n in Fig. 1. It is seen that in the sam ple in  w hich all the 
com ponents w ere present during  the incubation a m arked  spot 
ap p ears w hich m igrates slower than  u rid ine d iphosphate. At 
the sam e tim e the UDPGlucose spot has decreased in intensity 
w hereas the UDPAG spot has essentially rem ained unaltered . 
This is also borne out by the results obtained by scanning the 
p ap e r chrom atogram  with respect to ultraviolet absorption (Fig. 
2). M oreover, scanning for radioactiv ity  shows (cf. sam e Fig.) 
that all the radioactiv ity  is confined to the new spot. The new 
spot w as eluted w ith distilled w ater and subjected to analyses. 
The results are show n in Table III. The U T P-concentration of

T able  III.

UTP-content
/zmol/ml counts/min//z mol P- // g/ml

(calculated from E260) UTP p32_P32 added found calculated 
from E280

0.133 42 x 103 40 X 103 8.95 8.23
Analysis of UTP-solution, obtained from paper chromatogram (Fig. 1).



Nr. 7 9

the solution was derived from  the absorp tion  value at 260 m fi, 
and  it is seen th a t w ith respect to both radioactiv ity  an d  7 m in .’s 
hydrolysable phosphate the values found agree with those ca l
culated  for UTP.

W hen larger am ounts of UTP were p repared , the incubation 
m ixture w as adsorbed  on an anion exchange colum n (Dowex

Fig. 3. Elution of UTP from a Dowex 2 Cl column.

No. 1) and  eluted w ith solvents of increasing ionic strength. 
The results are show n in Fig. 3. In general it can  be stated th a t 
UTP requires 0.2 M sodium  chloride or potassium  chloride for 
elution, while ATP is eluted at lower salt concentrations. The 
urid ine po lyphosphate p resen t in the eluate w as adsorbed  on 
charcoal w hich was w ashed w ith w ater, and the charcoal was 
eluted w ith 50 °/o ethanol, containing 0.1 0/0 N H 3. After eva
poration of the ethanol the concentrated solution was analyzed 
for uracil and  for total and  labile phosphorus. Table IV shows

T able  IV.

uracil/PP uracil/P total % P liberated per hour at 
100° C., 0.01 M HC1

1.18 2.7

Oto

Analysis of uridine polyphosphate, eluted from Dowex 2 Cl with 0.01 M HC1,
0.2 M NaCl (Fig. 3).
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that the new  com pound contains close to three phosphorus atom s 
per uracil m olecule, and  that the two phosphate groups are acid 
labile, although less so than  those of ATP. It is know n th a t UDP 
possesses an organic pyrophosphate linkage w hich likewise is 
m ore acid stable than  the corresponding  linkage in ADP (cf. 
L elo ir  et nl. ( 1 ) ) .

UTP as a phosphoryl donor.

U TP can serve as a phosphoryl donor in a number of reac
tions with nucleoside di- or monophosphates as acceptors. Berg 
and Joklik (24) found an enzyme, nucleoside diphosphokinase 
( ‘nudiki’), which catalyzes the following reaction:

U T P +  ADP ^  ATP +  UDP

For detailed account of the properties of this enzyme system the 
reader is referred to the article by Berg and Joklik (24).

M oreover, it has been show n (25), (26), (27), that UTP 
partic ipa tes in the following type of reactions, catalyzed by en 
zymes p resen t in yeast and liver extracts.

U TP +  5-AMP ^  ADP +  UDP 

ATP +  UMP ^  ADP +  UDP

1 hese enzym es were nam ed 5-nucleotide kinases (28).
In those reactions, i. e. the ‘n u d ik i’ and  the 5-nucleotide kinases, 

U TP serves as a p rim ary  phosphory l donor. However, in a 
num ber o f o ther transphosphory la ting  reactions U TP seem s to 
p lay  a secondary  role only as show n by B erg and Joklik (28). 
In the creatine k inase U TP is totally inactive w ithout the ADP- 
nud ik i system  as partic ipan ts , i.e . ATP is the p rim ary  phosphory l 

donor. I he sam e seems to be the case w ith yeast hexokinase 
although a very slow direct reaction seem s not to be excluded.

UTP can be form ed from  UDP by phosphory lation  with 
phosphopyruvate  (K o r n b e r g  (29)). It is not yet quite certain  
w hether this phosphory lation  is d irect or goes through the ATP- 
ADP system.
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Enzymic assay of UTP.

Assay of U TP can he carried  out by the m ethod of B er g  and 
J oklik  (24) using nucleoside d iphosphokinase and catalytic 
am ounts of ADP. The ATP form ed is estim ated by the hexo- 
kinase m ethod of K o r n b e r g  and  P r ic er  (30). This m ethod of 
determ ining U TP presents a w ay of following spectrophoto- 
m etrically  the pyrophosphorolysis of UDPGlycosyls o ther than 
UDPG.

A new  sensitive and  specific m ethod for U TP estim ation is 
being developed ( A n d e r s o n  et al. (31)) by com bining two en
zymes, UDPG pyrophosphory lase and  UDPG dehydrogenase. In 
the presence of DPN and these enzym es u rid ine triphosphate  
plus glucose-1-phosphate form  urid ine  d iphospho glucuronic 
acid, inorganic pyrophosphate and reduced pyrid ine nucleotide.

Dephosphorylation of UTP.

It has been show n (32), th a t crystalline m yosin and  the ‘heavy’ 
fraction of trypsine-digested m yosin ( ‘heavy’ m erom yosin) bring 
about a dephosphory la tion  of U TP w hich is 3 to 5 tim es faster 
than  that of ATP. The m echanism  of this dephosphory la tion  
m ust be m ore com plex than  one would anticipate, and  will be 
the subject of d iscussion in a separate  p ap e r (33). Strominger 
et al. (34) have found recently that extract from  acetone pow der 
of pigeon liver brings about a dephosphory la tion  of U TP and 
UDP w hich is about 20 tim es faster than  th a t of ATP to ADP. 
The m echanism  of this reaction is definitely com plex; it seems 
that UDP and  not U TP serves as a phosphorv l donor in this 
system.

Action of UTP on various biological systems.

The reported  action of UTP on the superprecip itation  of 
actom yosin and  on biolum inescence seems m ost likely to be in 
direct and  to go through the ATP system  by m eans of ‘n u d ik i’ 
although the m echanism  of action in the case of actom yosin is 
still u n d er discussion.
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UTP as uridyl donor.

The transfer of the uridyl moiety of U TP to acceptors like 
«-glucose-1-phosphate and «-galactose-1-phosphate seems to be 
a specific reaction for UTP.

UTP 4- «-glucose-1-phosphate -> UDPGlucose +  PP

If UTP is incubated w ith «-g lucose-l-phosphate in the p re 
sence of the uridy l transferase  described  above, UDPGlucose is

c260

800 

600 

000 

200<

---- (est
-----c o n tro l

UTP

9 \

UDP6

A
y • 7 •

o 26 30 35 cm

800

600

000

200

C
Fig. 4. Paper chromatogram of norite eluate from UTP-pyrophosphorylase digest.
Reaction mixture: 0.2 fimol UTP, 10/imol a-glucose-l-phosphate, 100 /nl in

organic pyrophosphatase, 50 / /1 Zwischenferment (3 mg/ml), 
1 ml tris-hydroxymethyl aminomethane HC1, pH 8.0, M/10, 
MgCl, M/100.

Control mixture: Same without a-glucose-l-phosphate.
After 50 min. incubation the digests were acidified, adsorbed 
on norite and eluted with 50 °/0 ethanol. Chromatographed 
44 hours in neutral solvent (23). Chromatogram scanned in 
the Beckmann spectrophotometer at 260 m/i.

In the norite filtrates inorganic phosphate was precipitated 
as Mg-NH4 salt, washed with dilute NH3 and dissolved in 
150//I 0.2 M H2S04. Counting of the samples in the Geiger 
counter gave the following results, expressed as counts per 
minute:

Control Test
186 3660

form ed as ap p ears from  the chrom atogram  scanned in U. V. 
(Fig. 4). It can be seen that in the sam ple w hich is incubated 
w ith all com ponents present, the U TP spot has d isappeared , and 
a U.V. absorbing spot located corresponding  to UDPGlucose 
has appeared . The form ation of UDPGlucose can also be d e 
m onstrated  by enzym atic assay of the digest. It is seen from  Table
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T able  V.

% G-l-P
//moles present in norite-eluate

% UDPG
consumed UDPG UV-ab sorbing 

compound
formed

control .............. 0.00 0.200

complete............ 46 0.135 0.315 43

Enzymatic synthesis of UDPG.
Equimolar amounts of UTP and G-l-P were incubated with the UDPG- 

pyrophosphorylase. After 30 min. the digest was acidified, spun and treated with 
norite. In the norite filtrate G-l-P wTas determined by addition of phosphogluco- 
mutase, Zwischenferment and TPN. The norite eluate was analyzed for UDPG 
by means of pyrophosphorylase, phosphoglucomutase, Zwischenferment and TPN.

In the control G-l-P was omitted.

V that the «-glucose-1-phosphate was consum ed to an extent 
w hich corresponds to a reaction in w hich ha lf of the U T P is 
consum ed. The assay of the norite eluate with UDPGlucose 
pyrophosphorylase showed correspondingly  that 43 °/0 of the 
total u rid ine  com pounds appeared  as UDPGlucose in the filtrates 
from  the com plete digest.

The application of a P 32-labeled uridyl acceptor was used as 
a th ird  approach . In this case, illustra ted  in Fig. 5, P32-labeled

Fig. 5. Formation of P32-labeled UDPG.
Paper chromatogram showing the reaction of UTP with G-l-P32. 

Abscissa: Distance from starting line; ordinate: Extinction x 103 at 260 m//. 
Reaction mixture: 0.5 //mol UTP, 8.5 //mol G-l-P32 (65 00 cts./min.), 100 //I 

inorganic pyrophosphatase, 50 //I Zwischenferment (3 mg/ml), 
1 ml tris-hydroxymethyl aminomethane HC1, pH 7.5, M/10. 

Control mixture: Same without UTP.
After 45 min. incubation the digest were treated as described 
in Fig. 2. Chromatographed 22 hours in acid solution (23).
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«-glucose-1 -phosphate w as used as uridyl acceptor and  UTP 
as uridyl donor. It can be seen th a t in  the filtrate from  the com 
plete digest an  intensive U.V. absorb ing  spot carry ing  rad io 
active P32 appears at the location corresponding  to UDPGlucose. 
At the sam e tim e the radioactiv ity  at the location corresponding 
to g lucose-1-phosphate has decreased m arkedly. E xperim ents 
w ith various uridy l acceptors and in w hich the U TP phosphorus 
is P32-labeled show  that larger am ounts of pyrophosphate  were 
liberated  w hen an active uridyl acceptor w as presen t th an  in  a 
control w ithout acceptor. In this w ay it could be show n th a t a 
Zw ischenferm ent from  o rd in ary  b rew er’s yeast w ith U TP as 
uridyl donor could not use only «-glucose-1-phosphate as accep
tor, bu t also, although to a m uch sm aller degree, «-galactose-1- 
phosphate ; /5-glucose-l-phosphate, how ever, w as totally  inactive. 
In S. fragilis the sam e technique can be used.

By m eans of the recently  isolated U D PG -dehydrogenase (22) 
the de novo form ation of UDPG can be followed spectrophoto- 
m etrically .

The fourth  ap p ro ach  was to see w hether U TP could serve as 
p recu rso r for co-galacto-w aldenase in a dialyzed extract of 
galactose-adapted yeast. In such an unfractionated  dialyzed ex
trac t from  S. fragilis a num ber of co-enzvm es are absent, bu t 
p ractically  all the enzym es of the carbohydra te  m etabolism  are 
present. If U T P  and  a-galactose-1 -phosphate are incubated  to 
gether in this extract, the uridy l com ponent is tran sferred  to the 
latter w hereby  co-galacto-w aldenase is form ed, and  the following 
sequence of reactions will p ro ceed :

i. U TP +  «-galactose-1-phosphate ^  UDPGalactose +  py ro 
phosphate. This is the pyrophosphory lase reaction, p resum ably  
specific for galactose-adapted yeast.

ii. Pyrophosphate +  H 20  -> 2 orthophosphate. This is ca ta 
lyzed by inorganic pyrophosphatase w hich is also present in 
crude S. fragilis extracts.

iii. UDPGalactose UDPGlucose. This is catalyzed by an 
inversion enzym e (G alacto-w aldenase), specific for galactose- 
adap ted  yeast (35).

iv. UDPGlucose -f- «-galactose-1-phosphate UDPGalactose
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+  «-glucose-1-phosphate. This is catalyzed by a non-pvrophos- 
phorolytic uridyl transferase p resum ab ly  specific for galactose- 
adapted  yeast (11).

v. «-glucose-1-phosphate glucose-6-phosphate ; catalyzed 
by phosphoglucom utase, w hich is also present in unfractionated 
S. fragilis extracts. G lucose-6-phosphate accum ulates, and  upon 
addition of TPX a very rap id  reduction takes place corresponding 
to step vi.

Fig. 6. Spectrophotometric analysis (TPN reduction) of glucose-6-phosphate formed 
from UTP and «-galactose-1-phosphate in S. fragilis extract.

Reaction mixture: 0.1 /¿mol UTP, 0.6 mol «-galactose-l-phosphate, 50 ,«1 dia
lyzed S. fragilis extract (approx. 2,5 mg protein), 500 /n\ 0.1 
M tris-hydroxymethyl aminomethane HC1, pH 8.0, MgCl2 
M /100.

Control mixture: Same without UTP.
After 30 min. incubation excess of TPN was added (time 
zero on the graph). At 5 min. 0.1 /¿mol UTP was added to 
the control.

vi. G lucose-6-phosphate -f  T P N + +  H 20  -> 6-phosphogluco- 
nic acid +  TPNH -f H + .

T hat the reaction, as m easured by the reduction  of TPN, 
proceeds beyond stoichiom etric am ount of U TP added  (see Fig. 6), 
is caused by the non-pyrophosphorolytic uridyl transferase  in 
step iv, w hich in conjunction w ith step iii tends to convert all 
the «-galactose-1-phosphate presen t into glucose-1-phosphate.
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Incubation  of extracts of S. fragilis w ith each com ponent 
separately  does not yield glucose-6-phosphate.

The presence of ‘n u d ik i’ in crude S. fragilis extracts in ad 
dition to the six o ther step enzym es m entioned above should 
account for the fact that A TP +  UDP +  «-galactose-1-phosphate 
also bring about form ation of co-galacto-w aldenase (36).

Pyrophosphorolysis of UDPAG.

So far only the pyrophosphorolysis of UDPG has been d is
cussed. Smith et al. (12), however, by m eans of radioactive

CM.

Fig. 7. Diagram of paper chromatogram, showing the pyrophosphorylation of 
UDPAG in extract of S. fragilis.

Abscissa: Distance from starting line; ordinate: Extinction x 10s at 260 m//. 
Reaction mixture: 0.2//mol UDPAG, 1 //mol PP (54 x 103 cts./min.), 20//mol 

NaF, 150//1 enzyme, 1 ml tris-hydroxymethyl aminomethane 
HG1, pH 7.5, 0.05 M.

After 30 min. incubation the digest was treated as described in Fig. 2.
Legend:-----------------Extinction x 103 at 260 m//

----------counts/min.

pyrophosphate reported  the presence in liver nuclei o f an  enzym e 
w hich catalyzes the pyrophosphory la tion  of u rid ine diphospho 
(-N -acetyl)-glucosam ine. This enzym e has later been isolated 
and  purified, an d  the pyrophosphorolysis was dem onstrated  
spectrophotom etrically  (37).

F u rtherm ore , it is found that yeast extracts catalyze the fo r
m ation of U T P from  UDPAG and  P P ; if UDPAG and  P 32-labeled 
pyrophosphate are incubated w ith extracts of S. fragilis, the 
form ation of radioactive U TP can be dem onstrated  by paper
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chrom atography  and  subsequent scanning of the chrom atogram  
(Fig. 7). F luoride w as added  to the incubation m ixture to su p 
press the activity of inorganic pyrophosphatase w hich is present 
in ab u n d an t am ounts in the crude extracts of S. fragilis.

Also this reaction can be reversed. X -acetyl-glucosam ine-1- 
phosphate w as p rep ared  from  purified UDPAG in the following 
w ay: 0.5 ¡x moles of UDPAG wrere hydrolyzed w ith 0.1 M B a(O H )2 
for 15 m in. and  neutra lized  w ith H 2S 0 4. The centrifuged solution

Fig. 8. Diagram of paper chromatogram, showing the reversibility of the UDPAG 
pyrophosphorylase reaction.

Abscissa: Distance from starting line in cm.; ordinate: Extinction x 103 at 260 m/<. 
Reaction mixture: (full curve) 0.2//mol N-acetylglucose-amine-l-phosphate;

0.5 /¿mol UTP, 20 //mol NaF, 20 //I enzyme, 1ml 0.05 M 
tris-hydroxymethyl aminomethane HCI, pH 7.5.

Control mixture: (dotted curve) 0.1 //mol UDPAG.
After 30 min. incubation the digest was treated as described 
in Fig. 2.

was passed through a colum n of Dowex 50 and evaporated  to a 
sm all volum e. The solution was chrom atographed  on p ap e r for 
20 hours in acid  solvent (23). The X -acetyl-glucosam ine-1-phos
phate was localized by spraying a sim ultaneously ru n  m arker- 
chrom atogram  with HC104-m olybdate m ixture (38) followed by 
heating at 85° for 7 m in. An aqueous eluate of the original 
spot contained no U.V. absorb ing  com pounds. W hen the X- 
acetyl-glucosam ine-1-phosphate w as incubated with U T P in 
the presence of S. fragilis extract and  sodium  fluoride as 
above, form ation  of UDPAG could be dem onstrated  as seen in 
Fig. 8.

Dan. Biol. Medd. 22, no. 7. 2
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Non-pyrophosphorolytic transfer of uridyl groups.

It has been show n (11) that extracts of galactose-adapted 
S. fragilis contain  an enzym e w hich catalyze the following re 
action :

UDPGlucose +  « -g a l-l-P  -> UDPGal -f « -G -l-P

An exam ple of this reaction is given in Fig. 9. It is seen 
(curve 2) th a t upon addition  of gal-1-P to UDPG and  w ith no

Fig. 9. Spectrophotometric demonstration of non-pyrophosphorolytic transfer of
uridyl groups.

Abscissa: Time in min.; ordinate: Extinction x 103 at 340 m//.
Reaction mixture: 1. 0.025 //mol UDPG, 1 //mol PP, 30 //I dialyzed S. fragilis 

extract, 0.5 //mol TPN, 1 ml tris-hydroxymethyl aminome- 
thane HC1, pH 8, 0.05 M.

2. same without PP.
After 28 min. incubation 0.5//mol «-gal-l-P was added to 
each cuvette.

PP presen t a rap id  reduction of TPN occurs, indicating that 
G -l-P  is form ed and  subsequently  converted to G-6-P and 
6-phosphogluconic acid according to the sequence on page 14; 
here also the reaction will proceed beyond the stoichiom etric 
am ount of UDPG, due to the presence of galacto-w aldenase. The 
stoichiom etric am ount of UDPG is derived from  curve 2, w here 
addition of PP  causes pyrophosphorolvsis of the com pound w ith 
subsequent reduction  of TPN. Addition of g a l-l-P  to this sam ple 
caused no appreciab le fu rther reduction of TPN, although a 
reaction between g a l-l-P  and the U TP form ed was expected.
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This m ust m ean  that either the p ro p er uridyl transferase was not 
active in this p articu la r fragilis extract, or, m ore likely, the UTP 
was rap id ly  b roken  down in the crude fragilis extract. Hence, 
at the tim e w hen g a l-l-P  w as added, only sm all am ounts of 
UTP w ere present, insufficient to yield significant am ounts of 
UDPGal (an d  subsequen t form ation of UDPG) w ith gal-l-P .

The physiological role of enzym es catalyzing the transfer of 
uridy l groups of com pounds of the type URPP-X m ay be m any- 
fold. It seem s very likely that m ost living cells use u rid ine  di- 
phosphoglycosvl com pounds as pow erful glycosvl donors. W e 
have the form ation of non-reducing disaccharides in yeast and 
germ inating p lan ts (8) (9) or the form ation of phenol glucu- 
ronides (6) (7) as typical exam ples. This leaves urid ine d iphos
phate as one of the end products according to the following 
general equation :

The ‘d ischarged ’ u rid ine  nucleotide (U -R-P-O-P-O , i.e . UDP) can 
be ‘recharged ’ by the following enzymic m echanism  operating 
in m ost cellu lar system s (24)

U—R—P - O - P —O +  A—R—P—Ü—P—O—P—Ü ^

U—R—P—O—P—O—P—O +  A—R—P—O—P—O

The U T P (U -R-P-O -P-O -P-O ) reacts subsequently  with «-glu
cose-1-phosphate (and  p resum ably  also w ith o ther glycosyl-1- 
phosphates) according to the equation :

U—R—O—P—O—P—O -f- O—P—O-glycosyl ^

Discussion.

U—R—P—O—P—O-glycosyl -f
carbonvl of sugars 

cosyl -f- or
phenol groups

U—R—O—P—O—P-O-glycosyl +  O—P—O—P—O
2 *
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Since the reaction is m ost adequately  described as a tran sfe r of 
the u ridy l groups (U -R -0 -P -) from pyrophosphate  to a glycosyl-1- 
phosphate the class o f enzym es w as called uridyl transferases.

It can be seen that in the presence of ATP, the p ro p e r glyco- 
sylphosphate com pound and  glycosyl acceptor the u rid ine d i
phosphate acts catalvtically, since it is form ed through a cycle 
(the UDP cycle).
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