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Biosynthesis of Uridine Diphosphate D-Xylose. 111. Uridine 
Diphosphate D-Glucose Dehydrogenase of Cryptococcus laurentii" 

Helmut Anke1,t Else Ankel,t and David Sidney Feingoldz 

ABSTRACT: Uridine diphosphate D-glucose dehydro- 
genase (EC 1.1.1.22) from Cryptococcus luurentii has 
been partially purified and its properties have been 
investigated. Uridine diphosphate o-glucose is a sub- 
strate; the diphosphoglucose derivatives of adenosine, 
cytidine, guanosine, and thymidine are not substrates. 
Nicotinamide-adenine dinucleotide (NAD), 3-acetyl- 
pyridine-AD, or thionicotinamide-AD are active as 
hydrogen acceptors; a-NAD, deamino-NAD, 3- 

I n Cryptococcus luurentii UDPXyl1 is formed by 
decarboxylation of UDPGA (Ankel and Feingold, 
1966). UDPG and UDPXyl, but not UDPGA, have 
been isolated from Cr. luurentii (Ankel et ul., 1964), 
leaving unsettled the question of whether UDPGA is 
formed by the organism. This has now been resolved 
by the demonstration and partial purification of UDPG 
dehydrogenase of Cr. luurentii. 

Experimental Section 

Muteriuls. The sources of the following materials 
have been described previously (Ankel and Feingold, 
1965): enzyme grade ammonium sulfate, Sephadex, 
NAD,NADHs, NADP, and UDPGA (uniformly labeled 
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1 The following abbreviations are used : uridine 5 ' - (a-~-xylo-  
pyranosyl pyrophosphate), UDPXyl; uridine 5'-(P-~-arabino- 
pyranosyl pyrophosphate), UDPAra; uridine 5'-(a-~-gluco- 
pyranosyluronic acid pyrophosphate), UDPGA; guanosine 
5'-(a-~-mannopyranosyl pyrophosphate), GDPM; adenosine, 
cytidine, guanosine, thymidine, and uridine 5'-(a-D-glUCO- 
pyranosyl pyrophosphate), ADPG, CDPG, GDPG, TDPG, 
and UDPG, respectively; nicotinamide-adenine dinucleotide, 
NAD; reduced NAD, NADH?; NAD phosphate, NADP; 
p-mercuriobenzoate, PCMB; uridine monophosphate, UMP. 
The following trivial names are used for enzymes which have 
been assigned systematic names by the Commission on Enzymes 
of the International Union of Biochemistry, 1961 ; orthophos- 
phoric diester phosphohydrolase (EC 3.1.4.1). phosphodiesterase; 
orthophosphoric moiioester phosphohydrolase (EC 3.1.3.2), 
acid phosphatase; UDP glucose: NAD oxidoreductase (EC 

1864 l.l.1.22), UDPG dehydrogenase. 

formylpyridine-AD, 3-propionylpyridine-AD, and 
ethylnicotinate-AD are inactive. The pH optimum is 
in the range 7.3-7.8; K,, is 0.6 mM for both uridine 
diphosphate D-glucose and NAD. The enzyme is 
strongly and specifically inhibited by uridine diphos- 
phate D-xylose; the inhibition can be reversed by in- 
creased concentrations of either uridine diphosphate 
D-glucose or NAD. These observations as well as 
kinetic studies show that the inhibition is allosteric. 

with I F  in the glycosyl moiety, specific activity 50 
pc/pmole). UDPXyl was purchased from Calbiochem, 
and UDPG from Sigma. Analogs of NAD were donated 
by Dr. N. 0. Kaplan, Brandeis University. ADPG, 
CDPG, and TDPG were gifts from Dr. E. F. Neufeld, 
National Institutes of Health; GDPG was a gift from 
Dr. Susana Passeron, Instituto De Investigaciones 
Bioquimicas, Buenos Aires. 

Cr. luurentii (NRRL Y-1401) was obtained from the 
Northern Regional Research Laboratories, U. S. De- 
partment of Agriculture, Peoria, Ill. UDPGA car- 
boxy-lyase from wheat germ was obtained as described 
previously (Ankel and Feingold, 1965). 

Methods. Paper chromatographic and electrophoretic 
methods as well as analytical techniques used have 
been described in detail elsewhere (Feingold et ul., 
1964; Ankel et ul., 1964; Ankel and Feingold, 1965, 
1966). UDPG dehydrogenase was assayed essentially 
as described by Strominger et ul. (1957) (see Feingold 
et al., 1964). Assay mixtures contained 2 pmoles of 
UDPG, 5 pmoles of NAD, and enzyme in a total vol- 
ume of 1 ml of 0.1 M sodium and potassium phosphate 
buffer, pH 7.5. Since the enzyme is rapidly inactivated 
under assay conditions, it was added last. Absorbancy 
increase was measured in an automatic recording spec- 
trophotometer equipped with a device to keep the tem- 
perature of the reaction mixture at 30". A unit of en- 
zyme activity is defined as the amount of enzyme re- 
quired to produce 2 pmoles of NADHs/min at 30". 

Enzyme PuriJicution. The following buffers were used : 
buffer A, 0.1 M sodium phosphate, pH 7.0, containing 
0.5 g of EDTA and 0.3 g of glutathione/l.; buffer B, 
which had the same composition except that the 
sodium phosphate concentration was 0.01 M. Unless 
otherwise noted, all procedures were carried out at 
0-4". A cell-free extract of Cr. luurentii was prepared as 
previously described (Ankel and Feingold, 1966); it 
was centrifuged at 28,OOOg for 20 min and the precipitate 
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FIGURE 2: Dependence of reaction rate on protein con- 
centration. Assay conditions are as described in the text. FIGURE 1 : Dependence of Activity on PH. The COnditions 

of assay are those described except that pH and buffer 
were varied as indicated in the text. 

was discarded. The turbid supernatant fluid was centri- 
fuged at 105,000g for 1 hr; the resultant clear super- 
natant solution (crude supernatant) contained all the 
dehydrogenase activity. Solid (NH4)*S04 (57.5 g) was 
added to the crude supernatant (345 ml) to 0.3 satura- 
tion. The precipitate was discarded and the supernatant 
fluid was brought to 0.8 saturation by addition of 117 
g of solid (NH4)2S04. The precipitate was collected by 
centrifugation and dissolved in sufficient buffer A to 
yield 25 ml of solution [(NH&S04 I]. This solution was 
chromatographed on a column 3.6 cm in diameter con- 
taining 700 ml of Sephadex G-100 equilibrated with the 
same buffer, which was also used as eluent; fractions of 

TABLE I :  Summary of Purification of UDPG Dehydro- 
genase. 

Sp Act. Re- 

Fraction (rnl) Units X lo2) (%)a 

Volume Total,[ (Unitslrng. covery 

Crude ext 345 21.4 2 . 0  100 
("&SO4 I 25 (10.3) (1.9) (48) 
Sephadex-100 62 13.7 4 .5  64 
(NH,)YSO, I1 15 (6.7) (3.0) (31) 
Sephadex-200 100 8 . 7  11 .0  41 
(NHa)sSO, 111 4 .8  (5.3) (10.0) (25) 
Sephadex-25 20 5 . 9  14.0 27 

2-3 ml were collected. Enzyme-containing fractions 
(total volume 62 ml) were pooled (Sephadex-100) and 
the protein was precipitated from them by the addition 
of 33.1 g of solid (NH4)rS04 to 0.8 saturation [(NH4)?- 
SO4 111. The precipitate was taken to a volume of 15 ml 

1' Figures in parentheses are activities measured in 
the presence of inhibitory ( " 4 ) 2 ~ ~ 4 .  

with buffer A and chromatographed in the same way on 
a column containing 700 ml of Sephadex G-200. Active 
fractions (total volume 100 ml) were pooled (Sephadex- 
200) and 37.1 g of solid (NH4)S04 was added to 0.6 
saturation. The precipitate was taken to a volume of 
4.8 ml with buffer A [(NH4)2S04 1111 and chromato- 
graphed on a column 2 cm in diameter containing 200 
ml of Sephadex G-25 equilibrated with buffer B, whichal- 
so was used as eluent. Enzyme-containing fractions were 
pooled (Sephadex-25). Chromatography on Sephadex 
G-25 in buffer B extensively inactivates contaminating 
UDPGA carboxy-lyase, which is unstable in low ionic 
strength phosphate buffer (Ankel and Feingold, 1966). 
In crude supernatant the ratio of carboxy-lyase :de- 
hydrogenase activity is ca. l : l ,  while in Sephadex-25 
it is ca. 1 :lo. In addition, Sephadex G-25 chromatog- 
raphy removes (NH4)2S04, which inhibits the dehydro- 
genase. The activity of the purified enzyme was 0.4 
unit/mg of protein. As can be noted from Table I, 
sevenfold purification was accomplished, with recovery 
of 27 

Stability. The enzyme was stable for at least 2 months 
of the initial activity. 

when stored frozen at - 10". It was markedly unstable 
at higher temperatures, losing 95 of its initial activity 
after 3 min at 30". Forty per cent of the initial activity 
was retained under the same conditions in the presence 
of 2 mM UDPG, and 20 was retained in the presence 
of 1 mM NAD. Neither NADP nor EDTA had any effect 
on stability. 

Reaction Products. Enzyme reaction mixtures con- 
tained 2 pmoles of UDPG, 5 pmoles of NAD, and 0.5 
mg of enzyme in buffer B in a total volume of 0.35 ml. 
After 2 hr at 25" the reaction products were separated 
by paper electrophoresis at pH 5.8. In addition to a 
little residual NAD and UDPG, two major products 
were present: one had the mobility of authentic NADH, 
and fluoresced under ultraviolet illumination ; the other 
had the mobility of UDPGA and was ultraviolet ab- 
sorbing. This compound was eluted from the paper and 
further characterized. Its absorption spectrum at pH 
7.0 was identical with that of authentic UDPGA and 
it had the mobility of authentic 14C-labeled UDPGA 
upon coelectrophoresis at pH 3.6 and 5.8. A portion of 1865 
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FIGURE 3: Dependence of reaction rate on UDPG con- 
centration. Assay conditions are those described in the 
text, except that the concentration of UDPG was 
varied. 

30 - 

FIGURE 4: Dependence of reaction rate on NAD con- 
centration. Assay conditions are those described in the 
text, except that the concentration of NAD was varied. 

the reaction product was mixed with authentic 14C- 
labeled UDPGA and hydrolyzed with phosphodies- 
terase. Electrophqresis at pH 5.8 gave a single ultra- 
violet-absorbing spot with the electrophoretic mo- 
bility of UMP and an organic phosphate (revealed with 
the molybdic acid spray of Bandurski and Axelrod, 
1951) that coincided with the radioactive D-glucosyl- 
uronic acid phosphate. In a separate set of experiments 
treatment with phosphodiesterase was followed by 
treatment with acid phosphatase and the products were 
separated by electrophoresis as before. The spot ob- 
tained with p-anisidine phosphate spray (Feingold 1866 
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FIGURE 5 : Inhibition of UDPG dehydrogenase activity 
by UDPGA. Reciprocal plot of reaction rate cs. UDPG 
cmcentration at the following concentrations of 
UDPGA: -e-, no UDPGA added; -v-, 0.35 mM; 
---, 0.7 mM; -9-, 1.4 mM; --A-, 3.5 mM. The 
assay conditions are those described in the text except 
that the concentration of UDPG was varied. UDPGA 
was added to complete reaction mixtures prior to the 
addition of enzyme. 

et a/., 1958) coincided exactly with radioactive D- 
glucuronic acid. Another portion of the reaction prod- 
uct was incubated with 0.2 mg of purified UDPGA 
carboxy-lyase from wheat germ (Ankel and Feingold, 
1965) at pH 7.0 in buffer B. There was complete con- 
version to an ultraviolet-absorbing compound with the 
electrophoretic mobility of UDPXyl at pH 5.8. 
This compound was treated successively with phos- 
phodiesterase and acid phosphatase ; carbohydrates 
released were separated by two-dimensional chroma- 
tography in H20-saturated phenol followed by 1- 
propanokthyl acetate-water (7: 1 :2, v/v) and revealed 
with p-anisidine. Only one sugar, with the mobility and 
characteristic red reaction of xylose, was present in the 
hydrolysate. These data establish the identity of the 
initial reaction product as uridine 5 '-(D-glucopyranosyl- 
uronic acid pyrophosphate). 

Optimum pH. The optimum pH was determined using 
0.1 M phosphate buffer between 6 and 7.7, and 0.1 M 
glycine-sodium hydroxide buffer between 8.2 and 9.6. 
As shown in Figure 1, the pH optimum is in the range of 

Effect of Enzyme Concentration. Under the conditions 
of assay the reaction is linear for at most 1 min. A 
linear relation exists between activity and amount of 
protein (Figure 2). 
Effect ojsubstrate Concentration. The effect of UDPG 

concentration on reaction rate is shown in Figure 3 and 
that of NAD concentration in Figure 4. The apparent 
K, values at 30", determined according to  Lineweaver 
and Burk (1934) are 0.6 mM for both UDPG and NAD. 

Substrate Specijicity. Reaction mixtures in which 
UDPG was replaced by 0.5 pmole of a-D-glucopyrano- 

7.3-7.8. 
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FIGURE 6: Inhibition of UDPG dehydrogenase activity 
by UDPGA. Reciprocal plot of reaction rate ES. NAD 
concentration at the following concentrations of 
UDPGA: -c-, no UDPGA added; -A-, 2 mM; 
-a-, 4 mM. The assay conditions are those described 
in the text except that the concentration of NAD was 
varied. UDPGA was added to complete reaction 
mixtures prior to addition of enzyme. 

syl phosphate, ADPG, CDPG, GDPG, TDPG, or 
GDPM did not yield NADH, when incubated with 
0.4 mg of enzyme under the conditions of assay, nor 
was there inhibition of enzyme activity when an equal 
amount of UDPG was subsequently added. In reaction 
mixtures in which NAD was replaced by 0.2 kmole of 
NADP, a-NAD, deamino-NAD, 3-formylpyridine- 
AD, 3-propionylpyridine-AD, or ethyl nicotinate-AD, 
no reduction was observed. However, reduction oc- 
curred when 0.2 kmole of 3-acetylpyridine-AD or 
thionictotinamide-AD was used instead of NAD. 
Relative reaction rates were: NAD, 100; 3-acetyl- 
pyridine-AD, 30; thionicotinamide-AD, 20. 

Znhibirion. The following have no effect on enzyme 
activity (tested under conditions described for the 
assay): 1 mM MgS04, 1 mM ZnS04, 1 mM MnS04, 10 

pyranosyl phosphate, a-D-xylopyranosyl phosphate, or 
a-D-mannopyranosyl phosphate. Cu. 50 inhibition 
is obtained with 8 mM AMP, 4 mM ADP, and 1 mM 
UDPAra. PCMB (0.5 pmole/mg of protein) inhibits 
70 without preincubation. 

As can be seen from Figure 5 ,  the enzyme is inhibited 
by UDPGA, the product of the reaction; inhibition is 
competitive with UDPG ( K ,  = 0.5 mM) and non- 

mM EDTA, 3 mM UTP, UDP, ATP, 2 mM a-D-glUC0- 
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FIGURE 7 : Inhibition of UDPG dehydrogenase activity 
as a function of U9PXyl concentration. The conditions 
of assay are those described in the text except that the 
following concentrations of UDPG were employed : 

UDPXyl was added to complete reaction mixtures prior 
to the addition of enzyme. Per cent Inhibition = 100 
(activity in absence of UDPXyl - activity in presence of 
UDPXyl)/activity in absence of UDPXyl. 

-A-, 0.14 m ~ ;  -m-, 0.X mM; -Z-, 0.1.3 mM. 

competitive with NAD ( K ,  = 5 mM) (Figure 6). While 
inhibition by UDPGA is marked only at relatively 
high concentrations of inhibitor, much stronger in- 
hibition is obtained with UDPXyl. UDPXyl inhibits 
5 0 x  at a concentration of 0.01 mM when the UDPG 
concentration is 2 mM, and (Figure 7) at a concen- 
tration of 2.8 MM when the UDPG is 280 FM. Reciprocal 
plots of reaction velocity cs. UDPG concentration at 
varying inhibitor concentrations result in a family of 
curves which show an upward inflection with increasing 
l/[S] values (Figure 8). Figure 9 shows a similar family 
of curves for reciprocal plots of reaction velocity cs. 
NAD concentration at varying UDPXyl levels. These 
findings indicate that inhibition by UDPXyl can be 
overcome by increasing concentrations of either sub- 
strate. 

Discussion 

The UDPG dehydrogenase of Cr. luurentii differs 
somewhat in pH optimum and K,, from the pea (Strom- 
inger and Mapson, 1957) and liver (Strominger et al . ,  
1957,1960) dehydrogenases: pH optima are in the range 
of 7.3-7.8, 9.0, and 8.7, respectively; K,,, values for 
UDPG are 0.6, 0.07, and 0.02 mM, respectively; for 
NAD they are 0.6, 0.1, and 0.1 mM, respectively. 
These differences notwithstanding, there is a striking 
similarity of all three dehydrogenases in respect to pat- 
terns of inhibition by sugar nucleotides. Cr. luurenrii 
UDPG dehydrogenase is inhibited by the reaction prod- 
uct, UDPGA; the inhibition is competitive with UDPG, 
K ,  being 0.5 mM for the yeast enzyme (Figure 5 ) ,  and 0.3 
and 0.05 mM for the pea and liver enzymes, respectively 1867 
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FIGURE 8: Dependence of reaction rate on UDPG con- 
centration at different concentrations of UDPXyl. The 
conditions of assay are those described in the text except 
that the concentration of UDPG was varied. UDPXyl 
was added to complete reaction mixtures prior to addi- 
tion of enzyme. UDPXyl concentration: -0-, no 
UDPXyl added; ---, 6.5 MM; -A-, 9.2 p ~ ;  -@-, 
12.0 p M ;  -V-, 17.0 pM. 

(Neufeld and Hall, 1965). The inhibition is noncompeti- 
tive with NAD in all three cases (Figure 6; Neufeld and 
Hall, 1965). UDPG dehydrogenase from Cr. luurenrii is 
specifically and potently inhibited by UDPXyl (Figure 
7). UDPAra, which differs from UDPXyl only in the 
configuration at C-4 of the glycosyl moiety, is far less 
inhibitory; a concentration of 1.0 mM is required to 
achieve 5 0 z  inhibition under the conditions used for 
enzyme assay, whereas 0.01 mM UDPXyl inhibits 50z 
under the same conditions. 

UDPXyl is not a simple competitive inhibitor of 
UDPG dehydrogenase, since reciprocal plots of velocity 
us. UDPG concentration (Figure 8) or NAD concentra- 
tion (Figure 9) in the presence of UDPXyl depart 
progressively from linearity with increasing UDPXyl 
concentration. These results, which are similar to those 
of Neufeld and Hall (1965), are indicative of an allo- 
steric effect (Monod et ul., 1963) of UDPXyl on UDPG 
dehydrogenase. This is further substantiated by the 
sigmoid nature of the inhibition curve (Figure 7), which 
shows that a cooperative interaction exists between 
several inhibitor-binding sites on the enzyme (Monod 
et al., 1963). The apparent number of such sites, calcu- 
lated from the data of Figure 7 by the graphical estima- 
tion method of Taketa and Pogell (1965), is 1.7, which 
compares with values of 1.5 for the pea and 2.3 for the 
liver dehydrogenase (Neufeld and Hall, 1965). 

The extracellular polysaccharide of Cr. luurenfii 
probably consists of a branched backbone of D-manno- 
syl residues to which D-xylosyl and D-glucuronosyl 
moieties are attached in a terminal position (Aber- 
crombie et ul., 1960). It has been suggested that GDPM, 
UDPXyl, and UDPGA are ultimate precursors of the 
polysaccharide ; however, UDPGA was not isolated 
from Cr. luurenrii, although GDPM, UDPG, and 
UDPXyl were (Ankel er ul., 1964). The ratio of UDPG : 1868 
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FIGURE 9: Dependence of reaction rate on NAD con- 
centration at different concentrations of UDPXyl. 
The conditions of assay are those described in the text 
except that the concentration of NAD was varied. 
UDPXyl was added to complete reaction mixtures prior 
to addition of enzyme. UDPXyl concentration: -A-, 
no UDPXyl added; - 0-, 27 p ~ ;  -D-, 54 p ~ ;  -v-, 
81 p ~ ;  -O-, 135 p ~ .  

UDPXyl was in the order of 1OO:l (H. Ankel and 
D. S. Feingold, unpublished results). This can be ex- 
plained by the observed feed-back inhibition of UDPG 
dehydrogenase by UDPXyl, which would decrease the 
UDPGA concentration to a level too low to be demon- 
strated readily and cause UDPG to pile up. 

UDPXyl formation itself is dependent upon the 
intracellular ratio of NADH2:NAD, which affects the 
activity of UDPGA carboxy-lyase (Ankel and Fein- 
gold, 1966). These separate but interrelated controls, 
acting in concert, probably serve to regulate the relative 
concentrations of the glycosyl donors UDPGA and 
UDPXyl during polysaccharide synthesis. Utilization 
of UDPXyl would lower its concentration and therefore 
permit formation of UDPGA and NADH2; however, 
decarboxylation of UDPGA would be inhibited by the 
increased NADH2 :NAD ratio, which would maintain 
the concentration of UDPGA at a level necessary for 
glycosyl transfer. 

It is noteworthy that UDPXyl has been shown to be 
an allosteric inhibitor of every UDPG dehydrogenase 
investigated to date. In higher plants and Cr. luurentii 
UDPXyl doubtless functions as a feed-back inhibitor of 
an enzymic step which leads to its own synthesis. Neu- 
feld and Hall (1965) have postulated a similar role for 
it in vertebrates. This has been substantiated by recent 
work with enzyme preparations from hen oviduct, in 
which have been demonstrated a soluble UDPXyl- 
inhibitable UDPG dehydrogenase (A. Bdolah and 
D. S. Feingold, unpublished experiments), a particulate 
UDPGA carboxy-lyase (Bdolah and Feingold, 1965), 
and a particulate UDPXyl :acceptor xylosyltransferase 
(Grebner et al., 1966). It seems likely that UDP sugar- 
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linked pathways leading to glycosidically bound D- 

xylose are much more widely distributed in nature than 
was previously thought, and may be ubiquitous. 
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