UDP-GLUCOSE SYNTHASE

Uridine Diphosphate Glucose Synthase from Calf Liver:
Determinants of Enzyme Activity in Vitrof

Peter J. Roach,! Kenneth R. Warren,$ and Daniel E. Atkinson*

ABSTRACT: The reaction catalyzed by calf liver uridine di-
phosphate glucose synthase (pyrophosphorylase) (EC
2.7.7.9; UTP + glucose 1-phosphate = UDP-glucose + PP;)
is an example of an enzymic reaction in which a nucleoside
triphosphate other than ATP is the immediate source of
metabolic energy. Kinetic properties of the enzyme, acting
in the direction of UDP-glucose formation, were investi-
gated in vitro. The reaction was inhibited by UDP-glucose
(0.072), P; (11), UDP (1.6), UDP-xylose (0.87), UDP-glu-
curonate (1.3), and UDP-galacturonate (0.95). The num-
bers in parentheses indicate the concentration (mM) re-
quired for half-maximal inhibition under the conditions

The adenine nucleotides ATP, ADP, and AMP provide
the stoichiometric coupling between metabolic sequences of
energy utilization and energy production. In most instances
this coupling is direct: ATP is the product of such processes
as oxidative phosphorylation, photophosphorylation, and
glycolysis, and it is consumed directly in many biosynthetic
reactions as well as a variety of energy transducing systems
such as muscle contraction, transport across membranes,
and bioluminescence. This special metabolic role for the ad-
enylates has influenced the evolutionary design of the kinet-
ic properties of enzymes interacting with the adenylate sys-
tem (Atkinson, 1970). Kinetic studies of several such en-
zymes in vitro (Atkinson, 1969; Bigler and Atkinson, 1969;
Brenner et al.,, 1970; Shen and Atkinson, 1970; Liao and
Atkinson, 1971; Miller and Atkinson, 1972; Chulavatnatol
and Atkinson, 1973; Shargool, 1973) have suggested the
importance of the relative concentrations of the three aden-
ylates, ATP, ADP, and AMP, in determining enzyme activ-
ity. This is exemplified by kinetic behavior in response to
variation of the adenylate energy charge, defined as ([ATP]
+ 1/2[ADP])/([ATP] + [ADP] + [AMP]) (Atkinson,
1968).

In contrast to this direct coupling to ATP, many biosyn-
thetic reactions are coupled to ATP indirectly through the
mediation of a different nucleoside triphosphate. UDP-glu-
cose synthase (pyrophosphorylase) (EC 2.7.7.9; UTP +
glucose-1-P = UDP-glucose + PP;) catalyzes such a reac-
tion. This enzyme has been isolated from a variety of
sources (for a review, see Turnquist and Hansen, 1973) and
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used. Other compounds tested, including ATP, ADP, and
AMP, had no effect. Over a range of concentrations of UTP
(0.04-0.8 mAM) and UDP-glucose (0.05~0.3 mM), the reac-
tion rate was more dependent on the concentration ratio
[UDP-glucose] /[UTP] than on the absolute concentration
of either compound. Comparison of the kinetic properties in
vitro with estimates of metabolite levels in vivo suggests
that (1) the enzyme operates in a range far from its maxi-
mal rate, and (2) the concentrations of glucose 1-phosphate
and P; and the ratio [UDP-glucose]/[UTP] may be the
most important determinants of UDP-glucose synthase ac-
tivity.

is responsible for the formation of UDP-glucose, an impor-
tant intermediate in hexose interconversions and the biosyn-
thesis of glycogen and other polysaccharides. This paper re-
ports that the activity of UDP-glucose synthase from calf
liver is altered by relatively few of the metabolites tested.
The most important determinants of activity appear to be
the concentrations of glucose-1-P and P; and the concentra-
tion ratio [UDP-glucose] /[UTP].

Materials and Methods

Materials. Concentrations of UTP and UDP-glucose
were checked by ultraviolet absorption, assuming a molar
absorbance of 10% at 262 nm and pH 7 (P-L Biochemicals
catalog No. 102, 1970). Glucose-1-P used was estimated to
be 95% pure on the basis of a coupled enzymic assay (phos-
phoglucomutase, EC 2.7.5.1, and glucose-6-P dehydroge-
nase, EC 1.1.1.49). UDP-glucose (Calbiochem) was 94%
pure as estimated from its oxidation by UDP-glucose dehy-
drogenase using a slight modification of assay I below. UTP
displayed one major component after one-dimensional chro-
matography on polyethylenimine-cellulose thin-layer plates
(W. H. Huisman, this laboratory). UDP-xylose, UDP-glu-
curonate, and UDP-galacturonate each showed one compo-
nent after two-dimensional chromatography on poly-
ethylenimine thin-layer plates (R. J. Sedo, this laboratory).
Crystalline UDP-glucose synthase from calf liver was kind-
ly provided by Dr. R. G. Hansen, Department of Chemis-
try, Utah State University, Logan, Utah.

Assays for UDP-glucose Activity. Assay 1. UDP-glucose
formation was coupled to its oxidation by UDP-glucose de-
hydrogenase (EC 1.1.1.22; Type VI from bovine liver,
Sigma) so that NADH production could be followed spec-
trophotometrically at 340 nm (Knop, 1969). The reaction
mixture (1 ml) contained 99 mM Tris-acetate (pH 7.8), 0.8
mM NADY, 0.016 new Sigma units of UDP-glucose dehy-
drogenase, 10 ug of bovine serum albumin, 2 mAM magne-
sium acetate, 20-40 ng of UDP-glucose synthase, and UTP
and glucose-1-P as indicated. After a short lag (less than 20
sec) a linear increase in absorption with time was observed
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FIGURE |: Dependence of kinetic parameters of UDP-glucose syn-
thase on substrate concentrations. Assay I was used with 20-40 ng of
synthase; concentrations of glucose-1-P and UTP as indicated. The
maximal rate scale is normalized to allow comparison of six separate
experiments.

for 5-20 min depending on the conditions. A rate of change
of absorption of less than 0.015/min ensured that the syn-
thase was rate limiting. Reaction temperature was 37°.

Assay II. The measurement of [“CJUDP-glucose forma-
tion from [U-'“Clglucose-1-P was based on adsorption of
the product on DEAE paper after hydrolysis of residual
reactant glucose-1-P (Roberts and Tovey, 1970). The reac-
tion mixture (0.1 ml) contained 99 mAMf Tris-acetate (pH
7.8), bovine serum albumin, 2 mAM magnesium acetate (un-
less otherwise noted), 2-20 ng of enzyme, and UTP and
[U-'4C]glucose-1-P (Amersham-Searle) as indicated. After
incubation for 4 min at 37°, the reaction was terminated by
the addition of 0.05 ml of 20 mM EDTA and placed on ice.
Escherichia coli alkaline phosphatase, 30 ug in 0.01 m]
(EC 3.1.3.1, Type IIls, Sigma), was added followed by in-
cubation at 37° for 90 min. A sample, 0.05 ml, was then
placed on a ’k-in. diameter DEAE paper disc (DE 81,
Whatman) which was washed with three 80-ml volumes of
water on a sintered glass filter. The dried disc was placed in
a scintillation vial with 10 ml of a solution containing 4 g of
Omniflor (New England Nuclear) per liter of toluene, and
the radioactivity retained on the disc was determined with a
liquid scintillation counter. The results of control experi-
ments in which EDTA was added before enzyme varied
with the batch of [U-!'*C]glucose-1-P, but the radioactivity
retained on the disc was never greater than 1% of the total
radioactivity present in the assay. This blank value was re-
producible in a given set of assays, and was always mea-
sured for each glucose-1-P concentration used. Linearity of
UDP-glucose formation with time was established at the
extremes of the conditions used; typically less than 5% con-
version of glucose-1-P was observed.

For both assays, reaction mixtures were incubated for
2-4 min at 37° before starting the reaction by the addition
of enzyme.

Dilution of Enzyme. Stock enzyme (1.8 mg/ml) was di-
luted immediately before use into Tris-acetate buffer (pH
7.8) containing bovine serum albumin which stabilized the
enzyme activity. With 90 mM Tris-acetate (pH 7.8) and

! Abbreviations used are: (S)os, the concentration of substrate re-
quired under specified conditions for a velocity half of the maximal
value under the same conditions; (M)g s, the concentration of modifier
required for half-maximal effect under specified conditions.
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Table I: Inhibitors of UDP-glucose Synthase Reaction.¢

Relative Rate

No 0.2 mM
UDP- UDP-
Addition glucose glucose
None 100 35
UDP-glucose (0.2 mM) 35
PP; (1 mM) 61
P; (5 mM) 64 12
UDP (1 mM) 70 29
UDP-xylose (1 mM) 48 18
UDP-glucuronate (2 mM) 45 23
UDP-galacturonate (1 mM) 39 22
UDP-N-acetylglucosamine (1 mM) 78 32
UDP-mannose (1 mM) 76 35
UDP-galactose (1 mM) 78 36
GDP-mannose (1 mM) 66 33
(NH,),SO, (4 mM) 20
NH,C1 (8 mM) 35

4 Assay 1l was used with 0.5 mM {U-'*C]glucose-1-P (10 Ci/mol).
0.2 mM UTP, 2 ug/ml of bovine serum albumin, and either no
UDP-glucose and 4—10 ng of enzyme, or 0.2 mM UDP-glucose and
20 ng of enzyme.

200 pg/ml of albumin (20 ug/ml in the assay) and with
0.18 ug/ml of enzyme, the enzyme activity decreased slowly
in the bulk solution stored on ice, but could be recovered
simply by shaking the enzyme solution. All activity could be
removed from bulk solution by low-speed centrifugation
with a bench centrifuge and could be restored by agitating
the solution, suggesting the formation of very large aggre-
gates. This phenomenon was not observed when (1) 9 mM
Tris-acetate (pH 7.8) and 20 ug/ml of albumin was the di-
luting buffer, (2) the temperature of the diluting buffer was
37°, or (3) the enzyme was diluted further to 9 ng/ml.
These last two conditions are those of most assays, indicat-
ing that the enzyme was never present in the putative ag-
gregated form during the measurement of its activity. How-
ever, following this finding the enzyme was routinely dilut-
ed into 9 mM Tris-acetate (pH 7.8) and 20 pg/ml of bovine
serum albumin (giving 2 ug/ml in the assay).

Computational Methods. Calculation of (S)gs' and
maximal velocity from initial rate measurements was based
on the method of Wilkinson (1961). With inhibition data,
the fractional inhibition compared to the uninhibited con-
trol was substituted for initial velocity, leading to the com-
putation of (M)gs and maximal inhibition. The statistical
formulation of Wilkinson is not rigorously applicable in this
latter case but the trend of the error variation is similar to
that of a substrate saturation curve, and this method was
considered to give a useful objective estimate of inhibition
parameters. For both (S)os and (M)o.s estimations, the
above computational treatment was used only after a Hill
slope (for inhibitors, the slope of log [(v = vsat)/(Vmax —
v)] against log [inhibitor concentration]) close to unity had
been observed.

Results

Enzymic Activity as a Function of Substrate Concentra-
tions. (S)o.s values, at saturating levels of the other sub-
strate, were in the range 0.1-0.4 mM for UTP and 0.05-0.1
mM for glucose-1-P, compared with reported Michaelis
constants of 0.2 and 0.055 mM, respectively (Albrecht et
al., 1966). Hill slopes with respect to UTP and glucose-1-P
were never significantly different from unity. (S)o.s values
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Table II: Kinetic Parameters for Inhibitors of UDP-glucose Synthase Activity.2

No UDP-glucose

0.2 mM UDP-glucose UDP-glucose Inhibition

Maximum Maximum Maximum

M), ¢ Inhibition M), Inhibition (UDPG), @ Inhibition
Compound? (mM) (%) (mM) %) (uM) (%)
UDP-glucose 0.072 100 72 100

PP; 0.75 100

P; (5) 11 53 1.7 88 37 100
UDP (1) 1.6 82 2.8 63 120 91
UDP-xylose (1) 0.87 100 1.2 98 100 87
UDP-glucuronate (1) 1.3 100 1.1 70 72 83
UDP-galacturonate (1) 0.95 82 1. 53 210 100

a Assay 11 was used with 0.5 mM [U-'*C] glucose-1-P (10 Ci/mol), 0.2 mM UTP, and 2 ug/ml of bovine serum albumin. » Numbers in paren-
theses indicate the concentration (mM) of inhibitor present in the measurement of UDP-glucose inhibition parameters (last two columns).
These numbers do not apply to the first four columns. ¢ (M), , is the inhibitor concentration required for half-maximal effect and maximum
inhibition is the percentage inhibition extrapolated to infinite inhibitor concentration. Values for these parameters are calculated on the
basis of a hyperbolic variation of percentage inhibition with inhibitor concentration (see Materials and Methods). d(UDPG)D.5 is the concen-
tration of UDP-glucose required for half-maximal effect in the presence of the indicated concentrations of the other inhibitors.

for both UTP and glucose-1-P were relatively insensitive to
changes in the level of the other substrate but each in-
creased slightly as the concentration of the other substrate
was decreased (Figure 1). The maximal rates observed at
saturating levels of either substrate varied hyperbolically
with the concentration of the other (Figure 1).

Screening for Effectors of UDP-glucose Synthase. UDP
and P; have been reported to inhibit calf liver UDP-glucose
synthase acting in the direction of UTP formation (Al-
brecht et al., 1966). The products of the physiological reac-
tion, PP; and UDP-glucose, were inhibitors of the enzyme
from other sources (Tsuboi et al., 1969; Franke and Suss-
man, 1971; Knop and Hansen, 1970). In addition to these
compounds, several nucleoside diphospho sugars inhibit
UDP-glucose formation by the calf liver enzyme (Table I)
as has been observed for the enzyme from Lilium longifio-
rum pollen (Hopper and Dickinson, 1972). At a concentra-
tion of 1 mM, however, only UDP-xylose, UDP-glucuro-
nate, and UDP-galacturonate caused significant additional
inhibition in the presence of 0.2 mM UDP-glucose, which is
near the physiological level {Guynn et al., 1974; Burch et
al., 1969; Bucher and Swaffield, 1966; Keppler et al., 1974;
Keppler and Smith, 1974). Sulfate ion was also inhibitory
(Table I).

A number of other compounds caused no significant acti-
vation or inhibition. Using assay I with 0.05 mM glucose-
1-P and 0.1 mM UTP: GDP-glucose, N-acetylneuraminate,
N-acetylmuramate, N-acetylglucosamine, N-acetylgalacto-
samine, glucose-6-P, fructose-6-P, glucose, a-ketoglutarate,
6-P-gluconate, aspartate, glutamate, and glutamine, all at 1
mM concentration. Using assay II with 0.5 mAf glucose-1-
P, 0.2 mM UTP, 4 mM magnesium acetate, 2 ug/ml of bo-
vine serum albumin, and both with and without 0.2 mAM
UDP-glucose: 2 mM ATP and ADP, AMP, UMP, CTP,
CDP, CMP, GTP, GDP, GMP, ITP, IMP, and galactose-
1-P, all at 1 mM concentration. Using assay II with 0.5
mM glucose-1-P, 0.2 mM UTP, 2 ug/ml of bovine serum
albumin, and 0.2 mM UDP-glucose: galactose, mannose,
fructose, pyruvate, L-lactate, glucosamine, ribose, and gly-
cogen (with respect to monomer), all at 10 mM concentra-
tion, and NAD*, NADH, NADP*, NADPH, fructose-1-P,
and fructose-1,6-P3, all at 1 mM concentration. Also, 1
mM fructose-1,6-P, preincubated with rabbit muscle aldo-
lase gave no effect suggesting that dihydroxyacetone-P and
glyceraldehyde-3-P were ineffective. Using assay II with
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0.05 mM glucose-1-P, 0.2 mM UTP, 2 pg/ml of bovine
serum albumin: 0.1 mM cAMP, and fructose-1,6-P5, phos-
phoenolpyruvate, galactose-1-P, fructose-1-P, fructose-1-P,
acetyl-CoA, CoA, DL-a-glycero-P, 2-P-glycerate, and 3-P-
glycerate, all at 1 mM concentration.

The adenylates notably had no significant effect, either
when tested singly as above, or when present together at 2
mA total concentration and energy charge values of 0.65 or
0.95, with or without 0.2 mM UDP-glucose. We found no
inhibition with galactose-1-P at a concentration 20 times
that of glucose-1-P. Oliver (1961) reported inhibition of
UDP-glucose synthase preparations from brain and liver by
galactose-1-P but the K; values quoted (about 15 mM and
about 9 mM, respectively) are high compared with the con-
centrations used here.

Concentrations of Reaction Products and the Value of
the [UDP-glucose]/[UTP] Ratio as Determinants of Reac-
tion Rate. Inorganic pyrophosphate at 2 mM caused a 75%
decrease in Vax when either substrate was varied and ap-
proximately doubled both (UTP)os and (glucose-1-P)g:s.
The value for (PPj)os was 0.75 mM (Table II). This is
probably much higher than the physiological concentration
of pyrophosphate (Guynn et al., 1974; Flodgaard, 1969).

Inhibition by UDP-glucose was studied in some detail. At
0.2 mM UTP, (UDP-glucose)os was 72 uM (Table II).
When glucose-1-P was constant at 0.5 mM UDP-glucose
caused an increase in (UTP)g s with a slight decrease in the
maximal rate (Figure 2). This dependence of (UTP)gs on
UDP-glucose concentration was approximately linear, and
the same data revealed a similar relationship between
(UDP-glucose)g s and UTP concentration (not shown). Hill
plots for both UTP and UDP-glucose had slopes of one. The
initial rate data for the UDP-glucose inhibition experiments
are shown in Figure 3, in which reaction rate is also plotted
as a function of the concentration ratio [UDP-glucose]/
[UTP]. It is apparent from this representation of the data
that the rate is more directly related to the concentration
ratio than to the absolute concentrations of UDP-glucose
and UTP.

The results in Figure 2, except for the slight Viax effect,
are what would be predicted if UTP and UDP-glucose com-
peted for the same noninteracting sites. Thus we use a sim-
ple competition model in simulations for the sake of sim-
plicity and generality since the Vi.x effect is too small to
affect the results materially. The model consists simply of
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FIGURE 2: Dependence of (UTP)os and maximal rate for the UDP-
glucose synthase reaction on UDP-glucose concentration. Assay II
used with 0.5 mM [U-'*C]glucose-1-P (10 Ci/mol), 20 pg/ml of bo-
vine serum albumin, 2-4 ng of enzyme, 0.04-0.8 mM UTP, UDP-glu-
cose as indicated. Rates are normalized so that the uninhibited maxi-
mal rate is unity to allow comparison of three separate experiments. If
a model of simple competitive inhibition is assumed, then (UTP)g s at
zero UDP-glucose is the dissociation constant for UTP and the slope of
(UTP)o.s as a function of UDPglucose concentration is the dissociation
constant for UTP devided by that for UDPglucose.

08

v/ Vimax
g

[ 'S o 1 1 1

o
o
n
o
ry
o
o
o
®

1 . ‘ yl i .
% | 2 3 4

[UDP- glucose] / [UTP]

FIGURE 3: Inhibition of the UDP-glucose synthase reaction by UDP-
glucose: reaction rate as a function of the ratio [UDP-glucose] /[UTP].
The data are from the same experiments as those in Figure 2. Each set
of symbols corresponds to a constant UTP concentration as indicated
in the inset. The shaded area is that defined by allowing UTP to vary
only in the range 0.04-0.8 mM and UDP-glucose in the range 0.05-0.3
mAM and calculating the expected range of velocities, using a model for
simple competition between UTP and UDP-glucose (see text). Values
for dissociation constants were estimated from Figure 2: UTP, 0.36
mM and UDP-glucose, 0.070 mM.

an enzyme site that binds substrate A and product B with
dissociation constants K4 and Kp. Figure 4 shows the frac-
tion of sites occupied by A as a function of the concentra-
tion ratio [B]/[A] on the basis of such a model. The reac-
tion rate is presumably proportional to the concentration of
the enzyme-A complex. Each shaded area or “window” is
defined by placing limits on the concentration ranges al-
lowed A and B, which are both constrained to the range
0.25 KA to 2 K . The vertical width of the window is an in-
dication of the relative importance of the absolute concen-
trations in determining reaction rate, since vertical dis-
placement on the graph corresponds to changes in the con-
centrations of both ligands with the ratio of their concentra-
tions held constant. Each window corresponds to a different
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FIGURE 4: Model system with competition between substrate A and
product B for an enzyme catalytic site. Concentrations of both A and B
are allowed to vary between 0.25 and 2K s. Each shaded area, or *“win-
dow™, represents the range of values of [EA]/[E]T, and thus of relative
velocity /¥ max, that is possible for any value of [B] /[A] when the indi-
vidual concentrations are varied within the indicated limits. The equa-
tion used is [EA]/[E]r = [A]/(Ka(1 + [B]/Kg) + [A]). Each win-
dow corresponds to a different ratio of affinities for A and B, as indi-
cated by the ratios of dissociation constants shown on the figure.

ratio of affinities for A and B, as shown by the ratios of dis-
sociation constants. It is evident from the changes in shape
of the window that as this affinity ratio decreases, that is, as
the product B becomes a more effective inhibitor, the ratio
of the concentrations becomes a more important determi-
nant of enzyme reaction rate. The narrower the window in
the vertical dimension, the more nearly the rate of the reac-
tion is independent of actual concentrations, and the more it
depends on the product/substrate concentration ratio. An
affinity ratio of about 0.2, corresponding to the bottom win-
dow in Figure 4, is close to the situation for UDP-glucose
synthase, and a similar window, calculated from the experi-
mental parameters, is shown superimposed on the experi-
mental results in Figure 3. It is clear that, over a rather
wide range of concentrations of UTP and UDP-glucose, the
enzyme responds primarily to the ratio of these concentra-
tions. Similar “windows” have been used in a general dis-
cussion of the importance of concentration ratios in enzyme
regulation (Atkinson et al., 1975).

When the concentration of UTP was held at | mM, the
value of (glucose-1-P)g s was not greatly changed by UDP-
glucose in the range 0.1-0.3 mM, but the maximal rate was
decreased (60% decrease at 0.2 mM UDP-glucose). The
value of (UDP-glucose)o s decreased by 40% as the level of
glucose-1-P was reduced by a factor of ten from 0.5 to 0.05
mM. This might be predicted, on the basis of competition
between UTP and UDP-glucose, from the increase in
(UTP)o.s at low sugar phosphate levels (Figure 1). It thus
appears that the parameters (UTP)os and (UDP-glu-
cose)p.s are strongly interdependent but neither is strongly
influenced by the level of glucose-1-P, nor is (glucose-1-
P)o.s greatly influenced by the concentration of either uri-
dylate. The primary effect of variation in concentration of
glucose-1-P in these experiments is to alter the maximal
rate attainable when the catalytic site is saturated by UTP.
Thus when an experiment analogous to that of Figures 2
and 3 was performed with 0.05 mM glucose-1-P, the results
obtained were similar to those with 0.5 mM glucose-1-P if
both experiments were normalized to the same uninhibited
maximal rate. It thus seems that extrapolation from the ex-
perimentally more accessible levels of glucose-1-P (0.5-0.05
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FIGURE 5: Effect of P; on UDP-glucose inhibition. Assay Il was used
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appropriate concentration ratios. The inset shows (UDP-glucose)g s,
calculated from these results, as a function of P; concentration.

mAM) to the lower levels thought to occur in the cell (Woods
and Krebs, 1973; Gunn and Taylor, 1973; Guynn et al.,
1974) may not be unreasonable.

Inhibitors of UDP-glucose Synthase and Their Interac-
tions. Parameters characterizing the most effective inhibi-
tors of the reaction are listed in Table II. Hill slopes never
varied significantly from one. UDP-glucose and inorganic
phosphate are seen to inhibit synergistically. This interac-
tion between P; and UDP-glucose is demonstrated visually
in Figure 5 where increasing P; concentration causes more
effective UDP-glucose inhibition, which is seen as a sharper
response to the ratio [UDP-glucose]/[UTP] in the region
0-2.

No striking synergism or antagonism was observed when
mixtures of inhibitors were tested, except for the interaction
between P; and UDP-glucose. In another type of multiple
inhibition experiment, an attempt was made to assess the
relative importance of the different inhibitors (Figure 6).
The uppermost curve results from simultaneous variation of
all six inhibitors: the total inhibitor concentration was in-
creased while the concentration ratios were kept constant.
Relative concentration of 1 on the abscissa corresponds to
estimates of physiological levels. Such information for
UDP-xylose and UDP-galacturonate is lacking, and the
values used are probably overestimates, but this does not
materially alter the following argument. The middle curve
is the result of maintaining UDP-glucose constant at 0.2
mM and varying the concentrations of the remaining inhib-
itors as just described. The lowest curve is similar except

that in this case both P; and UDP-glucose concentrations
were fixed (5 and 0.2 mM, respectively). It is evident that

nearly all of the inhibition observed at high inhibitor con-
centrations can be obtained with 0.2 mAf UDP-glucose, and
that addition of 5 mM P; accounts for the remaining effect.
If concentration 1 on the abscissa mimics the effects of
these compounds in vivo, then it would appear that (1) the
enzyme should operate in vivo at a very low fraction of its
uninhibited rate and (2) this inhibition could be largely as-
cribed to the effects of the UDP-glucose/UDP ratio and to
the concentration of orthophosphate.

Discussion

When the concentrations required for inhibition are com-
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FIGURE 6: Multiple inhibition experiment with UDP-glucose syn-
thase. Assay IT was used with 0.2 mM UTP, 2 ug/m! of bovine serum
albumin, 0.05 mM [U-'*C]glucose-1-P (100 Ci/mol), and 1.8 ng of
enzyme. For the upper curve, the concentrations of possible inhibitors
were varied simultaneously at a constant ratio such that at *‘relative
concentration 1” on the abscissa the individual levels were those shown
on the figure. The middle curve arises from a similar design except that
the concentration of UDP-glucose was 0.2 mM throughout. The lowest
curve was also similarly obtained; in this case both 0.2 mM UDP-glu-
cose and 5 mM P; were present throughout.

pared with probable physiological concentrations, only the
product UDP-glucose seems likely, among a rather large
number of metabolites tested, to exert regulatory effects on
UDP-glucose synthase in vivo. It should be noted that UDP
was a much effective inhibitor (K; = 150 uM) in the experi-
ments of Albrecht et al. (1966) than in ours. The discrepan-
cy may result from the fact that the two assays were run in
opposite directions.

The significance to be attached to the pronounced inhibi-
tion of UDP-glucose synthase by orthophosphate is not ob-
vious. It is not clear in general how important a regulatory
parameter the concentration of phosphate may be, or under
what metabolic conditions it varies and by how much.

It is generally assumed that pyrophosphate is held at very
low concentration by the action of pyrophosphatase, and
that this adds to the thermodynamic favorability of the re-
actions in biosynthetic or energy-storage sequences that
produce pyrophosphate, as proposed by Kornberg (1962).
Analytical values for pyrophosphate in vivo have covered a
wide range, but recent results suggest a low level (Guynn et
al., 1974; Flodgaard, 1969). Accordingly, we do not inter-
pret our finding of pyrophosphate inhibition, with half-
maximal effect at the high level of 750 uM, as being of any
physiological significance. (This interpretation assumes
that pyrophosphate and the enzyme are not strongly con-
centrated in the same intracellular compartment.)

As a product of the reaction, UDP-glucose must compete
to some extent with reactant for the catalytic site. However,
enzymes may be expected generally to avoid a significant
degree of kinetic inhibition by products through evolving
sites with higher affinity for substrate than for product. In
some cases response to the concentration ratio of a product
to a reactant is advantageous, however, and this can be at-
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tained only if the product is bound more tightly than the
reactant, as is shown by the model calculations summarized
in Figure 4. Similar considerations apply to the response of
many enzymes to the ratios of oxidized to reduced pyridine
nucleotides or of ATP to ADP (Atkinson, 1970; Atkinson et
al., 1975), and in those cases also the product is bound more
firmly than the reactant. The resulting substrate inhibition
is necessary for sensitive regulatory control, as is also shown
in Figure 4. In general, any regulatory system must operate
around a rate that is well below the maximal rate; otherwise
there would be no flexibility for regulation.

In regulation of the rate of glycogen synthesis, the prop-
erties of UDP-glucose synthase must interact with those of
glycogen synthase, which is at least partially under hormon-
al control (Larner and Villar-Palasi, 1971); of nucleoside
diphosphate kinase, which regenerates UTP and is regulat-
ed by the adenylate energy charge (Thompson and Atkin-
son, 1971; W. Huisman, unpublished); and of the enzymes
that produce or utilize glucose-1-P. In addition, UDP-glu-
cose is involved in hexose interconversions and in the syn-
thesis of structural macromolecules. Thus a clear picture of
regulation of the production and use of UDP-glucose is not
yet available. Results reported by Burch et al. (1969) are
relevant to the question of regulation of UDP-glucose syn-
thase in vivo. Injection of rats with fructose did not affect
the rate of glycogen synthesis in the liver, but the concen-
trations of both UTP and of UDP-glucose were reduced by
about 50%. In contrast, injection of dihydroxyacetone en-
hanced glycogen synthesis, and in this case only the concen-
tration of UDP-glucose decreased, causing a decline in the
UDP-glucose/UTP ratio. It is clear that the effects were
not exerted directly on UDP-glucose synthase. The fact that
after dihydroxyacetone injection the rate of glycogen syn-
thesis increased even though the concentration of the imme-
diate glucosyl donor UDP-glucose decreased suggests that
the properties of glycogen synthase may have been affected.
However, a major role for UDP-glucose synthase in the reg-
ulation of glucose incorporation into glycogen may be in-
ferred from the observation that when the UDP-glucose/
UTP ratio remained constant (although the actual concen-
trations changed) the flux through the pathway remained
constant, whereas when the UDP-glucose/UTP ratio de-
creased the flux increased. These results are consistent with
our observation that the enzyme in vitro responds to the
UDP-glucose/UTP ratio rather than to the concentrations
individually.

Newsholme and Start (1974), on the basis of relative ac-
tivities of enzymes measured in tissue extracts, considered
UDP-glucose synthase not to be rate limiting for glycogen
synthesis. It is difficult, however, to place much confidence
in conclusions as to whether enzymes are limiting under
physiological conditions that are based on comparisons of
activities obtained under standard, and generally near-opti-
mal, assay conditions in the absence of modifiers. In this
case, for example, our results suggest that the rate of the
UDP-glucose synthase reaction under normal physiological
conditions may be a very small fraction of the maximal ac-
tivity, and that the reaction might very well be rate limiting
under some conditions. More generally, it is probably not
valid to classify enzymes as specifically rate limiting or non-
rate limiting. Where, as in glycogen metabolism, several en-
zZymes appear to have regulatory properties, it seems proba-
ble that each is rate limiting under some conditions and not
under others.
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