
Journal o[' Chromatography, 566 ( 199 I) 309 326 
Biomedical Applications 
Elsevier Science Publishers B.V., Amsterdam 

CHROMBIO.  5805 

Review 

Construction of kinetic models to understand metabolism in 
vivo 

BARBARA E. W R I G H T  

Division qf Biological Sciences, University o[' Montana, Missoula, M T  59812 (U.S.A.) 

ABSTRACT 

This review describes increasingly complex kinetic models that simulate carbohydrate metabolism in a 

simple eucaryotic system which undergoes difl'erentiation. Dynamic models of  complex metabolic net- 
works serve to organize and analyze the many interdependent variables involves and to define the rate- 
limiting events controlling metabolism in vivo. Since the ultimate justification for and test of  any model are 
its predictive values, a series of  predictions and related experiments will be described. 

ABBREVIATIONS 

UDPG, uridine diphosphoglucose; G6P, glucose-6-phosphate; GIP, glu- 
cose-l-phosphate; 6PG, 6-phosphoglucanate; R5P, ribose-5-phosphate; muco 
poly, mucopolysaccharide; F6P, fructose-6-phosphate; UTP, uridine triphos- 
phate; GLY, glycogen; TRE, trehalose; GLU, glucose; MAL, malate; CIT, ci- 
trate; ACE, acetate; OAA, oxaloacetate; ST, stalk cells; EXT, external pool; 
PYR, pyruvate; DHAP, dihydoxyacetone phosphate; M6P, mannose-6-phos- 
phate; GA3P, glyceraldehyde-3-phosphate; E4P, erythrose-4-phosphate; S7P, se- 
doheptulose-7-phosphate; Ru5P, ribulose-5-phosphate; SUC, succinate; F I6DP, 
fructose 1,6-diphosphate; EXGLU, exogenous glucose; AMP, adenosine mono- 
phosphate; ADP, adenosine diphosphate; UMP, uridine monophosphate; FUM, 
fumante; 2KG, 2 ketoglutanate; ACO, acetyl Co A; PROT, protein; ASP, aspar- 
tate; ALA, alanine. 

I N T R O D U C T I O N  

I believe that many biochemists think that models incorporating enzyme data 
are not realistic: that not much has been learned from them, they are too theoret- 
ical, and that we do not really know enough as yet to make useful models of this 
kind. I hope to convince you that we do have the data and expertise to construct 
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and profit from such models, but only if we follow certain rules and only if our 
models have predictive value. Certainly it is very important to attempt to deter- 
mine the extent to which the enormous amount of enzyme data we have collected 
from dead cells applies to living cells. The point, of course, is not to play games 
with mathematics and models but to use them as tools for understanding the 
dynamics of metabolism in living cells. Too often a model is made to fit a partic- 
ular data-set but never challenged by further experiments to test the assumptions 
involved; too often a model is made to work by the arbitrary selection of input 
data or by making unjustified changes in model configuration. The reductionistic 
approach must get the credit for bringing biochemistry where it is today, but, as 
we all know. the living cell is an extremely complex system of inter-dependent 
sub-systems. A dynamic systems analysis will eventually be essential to under- 
stand the complexity involved. We must ask the extent to which our i, ~,itro 
reaction rates, enzyme activities, kinetic mechanisms, and metabolite concentra- 
tions actually apply to circumstances existing in vivo. The ultimate test of our 
understanding is to use such data in dynamic models which demonstrate pre- 
dictive value. 

One of the most important kinds of information required for the construction 
of kinetic models is metabolite flux, obtained from tracer studies and the specific 
radioactivities of isolated metabolites. As will become evident, high-performance 
liquid chromatography (HPLC) is an indispensable technique in the purification 
of these metabolities to homogeneity. 

The experimental system we have been using is DicO, osleliurn discoideum, 
which, under starvation conditions, differentiates from an amoeba into a fruiting 
body with stalk and spore cells. The fascinating life cycle of this cellular slime 
mold is depicted along the time axis of Fig. 1. In the presence of external nutri- 
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ents, the organism grows and multiplies as free-living single amoebae. Under 
starvation conditions, growth ceases and the amoebae aggregate to form a multi- 
cellular colony which differentiates through several distinctive stages to form a 
sorocarp composed of stalk cells, which die, and spore cells, which will give rise to 
amoebae under appropriate conditions. During differentiation there is no net loss 
of carbohydrate. At aggregation most of the carbohydrate material is present as 
glycogen and RNA-pentose. In the middle of differentiation there occurs a tran- 
sient accumulation of metabolites such as glucose-6-phosphate (G6P), 6-phos- 
phogluconate (6PG), and UDP-glucose (UDPG). UDPG is the precursor for 
soluble glycogen and for all the end-product saccharides. At the end of devel- 
opment there is a decrease in glycogen and RNA and a comparable increase in 
new polysaccharide end products (trehalose, cellulose-glycogen cell wall com- 
plex, and mucopolysaccharide). Endogenous protein serves as the energy source 
in this system [1-4]. 

In the early 1960s we tried to make sense out of changes in the activities of 
various enzymes in extracts prepared at successive times over the course of differ- 
entiation in Dictyostelium. We ran into a number of artifacts, such as enzyme 
instability in these extracts, due to proteolysis, the presence or absence of inhib- 
itors, activators, or stabilizing substrates. Moreover, these artifacts were often 
present early in differentiation but not later; thus, an enzyme could be inactivated 
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Fig. 2. Stability of  UDP-glucosc pyrophosphorylase as a function of time and temperature in extracts 
prepared at the amoeba and preculmination stages of  differentiation [5]. 
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quickly in extracts of amoebae and be quite stable in extracts prepared later in 
development. This was observed for a number of enzymes, including UDPG 
pyrophosphorylase. In Fig. 2 we see that the enzyme in amoebae extracts loses 
activity rapidly at 35 or 25°C. The enzyme is stable at 35°C in extracts prepared at 
preculmination; however, if the enzyme in preculmination extracts is mixed with 
amoeba extracts, it is inactivated by the proteolytic activity present in amoeba 
extracts [5]. Based on enzyme assays in crude extracts, it would apear as though 
the amount of enzyme increased more than twenty times during differentiation. 
Actually, no significant increase occurs in the amount of this enzyme [6]. In 
another case, enzyme activity was stable and constant in extracts prepared at all 
stages of development, but tracer studies showed that the rate of the reaction in 
vivo increased seven times; this turned out to be due simply to the accumulation of 
the substrate in vivo during development [7]. In another case, an end-product 
inhibitor accumulated to peak concentration at the end of differentiation, result- 
ing in minimum enzyme activity in vivo when activity in vitro was maximum, as 
the inhibitor had been diluted [8]. Thus, enzyme activities ht vitro were less than 
helpful in understanding the biochemical basis of differentiation in this system. 

It soon became clear that in order to understand metabolism in vivo it was 
essential to know more about the behavior of metabolites and to know the rates 
of critical reactions #~ vivo. As shown in Fig. 3, we determined the rate of UDPG 
synthesis under steady state conditions, by exposing cells to [~4C]uracil and iso- 
lating UTP and U DPG to determine their specific radioactivities (S. R.). Thus, we 
could determine the rate of UDPG turnover, expressed in terms of cell volume [9]. 
It increased three-fold, from 0.08 to 0.24 raM/rain between aggregation and cul- 

o 

6 0 , 0 0 0  o 

UTP ..o ~ • 

/ o  UDPG 
-~ 4o,ooo 9' 

/ /  • 

K \ 
~o,ooo / VUDP6 (raM/rain) 

AGGREGATION = 0 .08  
" It/ ~ /  P, ULMINATION = 0 .24  

Y i I I I _ _ l  li2 ~ J 
0 0 4 8 16 

, minutes 
14-C uracll 

Fig. 3. Determination in vil'o of UDP-glucose turnover tit aggrcgation and culmination. ('ells wcrc exposed 

to [14C]uracil under steady state conditions to determine the S.R. of UTP and UDPG as a function of time 

[9]. 



KINETIC MODELS FOR IN VIVO METABOLISM 313 

x ~  
150 VGLYCOGEN (raM/m/n) /'-']600 

/ I  
/ I 

IO0 / 4 O 0  

.,,F--- GLYCOGEN "-'-~'J 
( TOTAL C P O /  

50 ~ 200 

I I 0 I0 20 30 
'~ re~flutes 

[14C]-GLUCOSE 

Fig. 4. Determination of the rate of glycogen synthesis h~ vivo under steady state conditions at aggregation 
and at culmination. Cells were exposed to [~4C]glucose to determine the S.R. of UDPG and the rate of 
increase in total counts in glycogen [10]. 

mination. Another in vivo flux study was to expose cells to [L4C]glucose and relate 
the increase in total counts in glycogen to the S.R. of the precursor, UDPG [10]. 
In Fig. 4 the rate was again 0.08 mM/min at aggregation and 0.24 mM/min at 
culmination. Similar analyses were done for cellulose [9] and trehalose [11] syn- 
thesis; the latter one is shown in Fig. 5. Again, we related the increase in counts in 
the trehalose pool to UDPG S.R. Over the approximate 7-h period of trehalose 
accumulation the rate of synthesis averaged about 0.02 mM/min. This value was 
also calculated based on actual measurements of trehalose accumulation, in- 
dicating that trehalose does not turn over and that the UDPG isolated in the 
tracer studies was the actual physiological precursor pool. This was directly dem- 
onstrated years later [12]. 

Metabolite perturbation studies have been very important in testing predic- 
tions of our models. Fig. 6 shows a steady state model of carbohydrate metabo- 
lism, with the lower portion representing stalk cells and the upper portion spore 
cells [13]. As I have just explained, the fluxes of many of these reactions were 
determined independently: trehalose and cellulose synthesis, and the turnover of 
glycogen and UDPG. We knew flux through the citric acid cycle (CAC) based on 
02 consumption, and have separated very detailed models of the CAC based on 
tracer studies using radioactive amino acids [2,3]. The box at the top of the figure 
describes a 90-min perturbation experiment using 50.0 mM glucose or ribose-5- 
phosphate (RIB-5-P). Glucose stimulates both G6P and glycogen levels, while 
RIB-5-P affects only G6P levels. This observation and many others led us to 
conclude that there were three glycogen pools: one in spore cells that is only 
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degraded, one in stalk cells that is only degraded, and one in spore cells which is 
both synthesized and degraded. There is a limited, vestigial kind of metabolism in 
the stalk cells, which are dying and highly permeable. Thus RIB-5-P permeated 
only the stalk cells and enhanced G6P levels. Glucose entered both cell types; as 
glycogen is synthesized only in spore cells, both G6P and glycogen levels in- 
creased. 

Using a computer program called TFLUX, we could obtain a "flux map" of 
all the pathways indicated here [14]. Input for the TFLUX program consists of 
compartmented metabolite concentrations, the rate of each reaction and the S.R. 
of the tracer [14C]glucose The output is the S.R. of each metabolite as a function 
of time, which should match the experimental data. Simulation of our data re- 
quired the existence of two pools of G6P, G1P, and glucose. Experimentally, we 
exposed the organisms to [14C]glucose and, at 20-min intervals, isolated all these 
metabolites to determine their S.R.s [13]. It is of course critical that they be 
purified to homogeneity to obtain correct S.R.s on which to base our flux map. 
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Fig. 6. Steady. state model of carbohydrate metabolism in spore and stalk cells of Dictyoslelium discoi&,um 
[13]. The insert (box) summarizes a perturbation experiment in which G6P and glycogen levels were 
enhanced by exogenous glucose or ribose-5-phosphatc. 

Alter preparing cell-free extracts, the first purification step is to use a borate 
column, shown in Fig. 7; an ammonium borate gradient is followed by one of 
sodium chloride. After this initial separation, a variety of paper chromatographic 
steps are employed, depending upon which metabolites are to be separated. Alka- 
line phosphatase is used to convert the sugar phosphates to free sugars, followed 
by their separation by HPLC. At each step metabolites are counted and assayed 
enzymatically until constant S.R. is achieved. A charcoal step is included for the 
isolation of UDPG. in Fig. 8 is shown the separation of some of the sugars by 
HPLC. In Fig. 9 is shown the match between computer output curves and data 
points for the model in Fig. 6 [13]. The word MIX refers to the average S.R. of the 
spore and stalk cell pools, which mix on cell rupture. Of course, all these metabo- 
lite S.R.s are interdependent, and must be compatible, putting severe constraints 
on the model. For example, we know that UDPG is a single pool in spore cells, 
and that GIP is its immediate precursor. Since the S.R. of UDPG is higher than 
that of G1P there must be two pools of G1 P, one of which parallels the S.R. of 



316 B. E. WRIGHT 

z 
O 
p- 

rf- 

Z 
UJ 
0 
Z 
0 
0 

n- 

O 

0.7 

0.6 

0.5 

0 4 -  

0.3" 

0.2" 

0.1 

DOWEX AG 1-X4 I 
I POTASSIUM TETRABORATE 

MOLAR AMMONIUM B O ~ , , ~  

SUC 
MAL 

Ru5P 
G6P 

S7P 

F6P E4mlE~ 
GA3P ~ 

DHAP 
G1P 

GLC 

PYR 
I I I I 

2O 

6PG 

FI6OP 
tJOFG 

0 . 0  ! I I 

0 40 60 80 100 120 140 160 

F R A C T I O N  N U M B E R  
Fig. 7. Separation of metaboliles on a borate column using an  an l l l~on iun l  borate gradient followed by one 

of sodium chloride. 

E 

-0 

' ] 

8 ~ T R E H A L O S E  

- ~ G L U C O S E  
-12 ~ i  MANNOSE, GALACTOSE 

FRUCTOSE, GLUCONATE, XYLULOSE 

16 ~ERYTHROSE 

- 2 0  R I B O S E ,  

" I 
DIHYDROXYACETONE 

RIBULOSE 

Fig. 8. Separation by HPLC of somc free sugars obtained from sugar phosphates by' h'eatment with 

alkaline phosphatase. Column: Re7ex RHM-monosaccharide, H ~ form. Solvent: 0.01 M (NH,,)2SO~t at 
0.6 n]l,min. Temperalure: 23°C. UV detector: 193 mm. Amount of sugars: 50 100 mmol. 



KINETIC MODELS FOR IN VIVO METABOLISM 317 

16- 

o 
E 
~ .  14- 

w 
(3_ 

12- 

o 
x 

~ ~o- 
(3- L~ 

~_ 8J 
F- 

5 
F- 
~ 6- 
_o 
Q 
n~ 
£) 
ft. 
~ 2" I.d 
11_ 

0 

°t 

x x E XGLU 

UDPG • o ' /  
D - -  ~ B ~  MIX G6P 

MIX GIP 

CIT MIX 

MAL MIX 

 'oI ,,'of 
MINUTES 

Fig. 9. Match between computer output (curves) and data points for one of  the steady state models [13]. 

4 .0  

R A T E  G L Y C O G E N  T U R N O V E R  

0.05 m M / m  in 

=L 

l.u 

'o 
x 
=i 

(J 

3 .0  

2.0 

1.0 

0 .14  mM 

0.5 raM/rain 

0 10  2 0  3 0  4 0  

t ime in minutes 

Fig.  10, S i m u l a t i o n s  i n d i c a t i n g  the  s h a p e  o f  the  U D P G  S .R,  c u r v e ,  a s s u m i n g  th ree  d i f fe ren t  ra tes  o f  

g l y c o g e n  t u r n o v e r  [15]. See text  fo r  f u t h e r  de ta i l s .  



318 B . E .  W R I G I t T  

UDPG in spore ceils. By difference, we can deduce the S.R. curve for the stalk celt 
G1P. Another criterion for judging the fit of the model to the data is the shape of 
the UDPG curve {15]. in Fig. 10 we have assumed different rates of turnover for 
the spore glycogen pool. At 40 mira all curves have the same value, but only the 
middle curve also closely simulates the correct shape of the UDPG curve. We 
therefore concluded that the rate of glycogen turnover was approximately 0.14 
mM/min. 

R E S U L T S  A N D  D I S C U S S I O N  

Now 1 shall turn to a discussion of our transition models, using a computer 
program called METASIM [16]. These models simulate changes in metabolism as 
a function of time. They incorporate the results of the steady state TFLUX 
analyses and also have enzyme mechanisms in them. Fig. 11 shows our first 
simple transition model, depicting the glycogen cycle [17]. We had determined 

d ['GLY'] = K I rUDPG] - K2 rGLY] 
dt 
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VUDPG (Fig. 3), the concentrations of UTP, GIP,  UDPG and glycogen, and the 
Km values for these substrates. Using the following simple kinetic expression 

( 1 
VUDPG 

Vmax\ KUTP + 1 + 1 
[UTP] [GIP] 

(whe re  ](UTP a n d  KG1P are KI values tbr UTP and GIP  and [UTP] and [GIP] are 
concentrations of UTP and G IP, respectively) Vmax w a s  calculated as the only 
unknown because, as 1 explained earlier, we did not believe that in ~,itro enzyme 
activities were very relevant to reaction rates in ~,ivo. We now call this calculated 
value Vv~vo [18]. I shall say more about it later. 

This first simple model was very exciting because it revealed so much and made 
so many testable predictions. We had to express all metabolite pools in glucose 
equivalents to make the model  and thereby we discovered that the decrease in 
glycogen at the end of differentiation could almost account for the increase in the 
amount of new end products! That is one outcome of making models: in their 
logic and consistency they often force us to see relationships we had previously 
ignored. Knowing VUDPC and the concentration of all metabolite pools, K~ and 
K2 could be calculated, assuming that a steady state exists and assuming that, 
initially, UDPG is used only for glycogen synthesis. To make the model simulate 
the data, only two changes had to be made: First, UDPG was used only for 
glycogen synthesis in the glycogen cycle until the middle of development: then/(1 
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Vig. 12. Simulations based o=1 the model {Fig. I l) which match the data [171. 
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went to zero and K3 took its value, as indicated in the lower figure. Second, K2 
(representing glycogen phosphorylase) increased three times from the beginning 
to the middle of differentiation. Only seven simple equations describe this model; 
two are shown above the model. Fig. 12 shows the mode[ output which matches 
the observed changes in metabolite concentrations. Although it is not shown 
here, the model also simulates the fact that the rate of UDPG synthesis increases 
three-fold, due to increased G1P levels, which are due to the three-fold increase in 
glycogen phosphorylase activity. Here are the predictions made by this model; all 
of them have been substantiated [1]. 

(1) The rates of glycogen, cellulose, and trchalose synthesis are directly pro- 
portional to the concentration of UDPG. All of these enzymes have since been 
characterized hi vitro, and their Km values for UDPG are much higher than the 
physiological concentration of UDPG. 

(2) The rates of glycogen and GIP synthesis equal the rate of UDPG synthesis 
at aggregation and increase three-fold by culmination. After this prediction was 
made, the rate of glycogen turnover in vivo was examined (Fig. 4). At aggrega- 
tion, it was found to be the same as UDPG synthesis (Fig. 3), and to increase 
three-fold by the culmination stage of development. 

(3) Glycogen phosphorylase is rate-limiting to G1P (and therefore also 
UDPG) synthesis; it must increase in activity during differentiation. This enzyme 
was later purified to homogeneity, and immunological studies demonstrated that 
it did increase significantly in concentration during differentiation [19,20]. 

(4) UDPG pyrophosphorylase is not rate-limiting for UDPG synthesis; if it 
increases in activity during differentiation it must also be inhibited, or G 1P would 
not accumulate. It was later found that pyrophosphorylase mutants with a frac- 
tion of the normal level of this enzyme develop quite normally [21,22]. It was also 
found that UDPG inhibits the enzyme at physiological levels [23]. Moreover, 
simulations indicated that, because of the "kinetic position" of this enzyme, in- 
creasing its activity results in a compensatory decrease in the steady state level of 
GIP, rather than an increase in the rate of the reaction [17]. Thus, UDPG py- 
rophosphorylase is not rate-controlling under steady stae conditions in vivo. 

Fig. 13 indicates the areas of metabolism for which we now have transition 
models, which simulate changes in flux and metabolite concentrations during 
differentiation. Actually, these were analyzed as four different models: carbo- 
hydrate metabolism in spore cells and in stalk cells (double boxes), pentose me- 
tabolism and the citric acid cycle. Ninety percent of he approximately 300 param- 
eters composing these models are experimental data, The rates of" the reactions 
have been determined #~ vivo, for the most part with radioactive tracers: enzymes 
have been purified and kinetic mechanisms and constants determined for all the 
reactions which are encircled. The double boxes represent stalk cell metabolites 
and the broken boxes exogenous metabolites which have been used at high levels 
to perturb the organism and the model to test various assumptions and to make 
predictions. These models integrate and simulate approximately 55 established 
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Fig. 13, Metabolic pathways in Dictyostelium for which there are transition models. See text for details. 

reactions and flux patterns, 100 metabolite accumulation profiles for normal and 
perturbed metabolism, 25 enzyme mechanisms and 75 kinetic constants. The 
differential equations describing each reaction are solved simultaneously and out- 
put from the models consist of reaction rates and metabolite concentrations as a 
function of time. Thus we have identified over 180 substrates, products, effectors, 
and enzymes controlling these reactions, all of  which are essential to biochemical 
differentiation in this organism. We also know which enzymes are rate-control- 
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ling. We believe the models reflect many aspects of metabolism in vi~,o because 
predictive value frequently has been demonstrated. Thus far 36 of 40 predictions 
tested have been substantiated. I have described four, and will briefly describe 
three more, two of which were substantiated unknowingly in other laboratories. 

In 1975 we published a paper in which we made "computer mutants". That is, 
we varied the activities of five of these enzymes in the model to predict the effects 
on metabolite levels [24]. A two-fold increase in glycogen phosphorylase resulted 
in specific increases in trehalose (four-fold), G6P (three-fold), UDPG (two-fold), 
and very little increase in cellulose. While this manuscript was in press a paper 
from England appeared describing a variant of Dict3,ostelium which actually had 
this pattern of increase in metabolite levels [25]. The authors could not under- 
stand the metabolic basis for these changes, especially as trehalose levels in- 
creased the most, four-fold, yet no increase in trehalose-6-phosphate (T6P) syn- 
thase activity was detected. Although they noted that glycogen phosphorylasc 
happened to be twice as active in their variant, they did not relate this fact to the 
change in pattern of metabolite levels. We knew, of course, that it could fully 
account for their observations. Had an increase in T6P synthase activity been 
detected, we would have predicted that it could not occur in rive, as that would be 
incompatible with the accumulation of the two precursors, G6P and UDPG. 

As a result of exploring this area of the model we made another prediction, 
namely, that perturbing the organism or the model with an external source of  
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CONCENTRATION (mM) 
TOTAL GLY TRE CELL 

EXPERIMENT 99 16 8 35 
MODEL 96 t9 8 50 

PLUS GLUCOSE 
EXPERIMENT 206 96 40 37 
MODEL 215 I00 37 38 

~ ' - In  Agar (exogenous) 

In Model / ~  
(from external flux) / J in Cells 

~ , o  ~ /(endegenoL 
BEFORE ' / "  

(~ FLUX = 0.01 mM =0.35 mM 

O( 2 0 0  4 0 0  e o o  BOO 

MINUTES OF DIFFERENTIATION 
GLUCOKINASE KGLLICOSE = 0.1 mM 

Fig. I4. Table: Comparison of  experimental and model values for the effect ot ' inlposmg external glucose on 
the organism or the model. Figure: Comparison of  glucose levels measured experimentally or observed in 
the model before and after a pulse of  external glucose [26]. See text for details. 
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glucose should also increase the trehalose/cellulose ratio by preferentially enhanc- 
ing trehalose levels. In other words, increasing the hexose phosphate levels by 
stimulating the glucokinase reaction should have a similar effect to increasing 
glycogen phosphorylase activity. As shown in Fig. 14, such an effect was then 
demonstrated experimentally [26]: exogenous glucose increased the trehalose/cel- 
lulose ratio four-to five-fold, by selectively increasing trehalose levels from 8 to 40 
raM. Glycogen levels also increased, about six-fold. Clearly, the rate of G6P 
formation was stimulated. However, the measured level of cellular glucose was 
0,35 raM, and the Km of the enzyme for glucose was 0.1 mM [27]. As the enzyme 
was saturated, more glucose could not achieve the observed experimental result. 
We concluded that the substrate/K~ ratio must in fact be lower in vivo, due to 
some form of compartmentation or to other circumstances. The substrate/Km 
ratio was therefore decreased in the model by lowering the glucose level 35-fold, 
to 0.01 mM. Under these conditions, a pulse of external glucose on the model 
could increase the rate of the glucokinase reaction and simulate the data (Fig. 14). 
These results in turn led to another prediction, namely, that the cellular glucose 
pool being affected or expanded by exogenous glucose must be at least twenty 
times smaller than the average cellular level of 0.35 mM. Unaware of our results 
and predictions, Wilson and Rutherford [28] were analyzing glucose and treha- 
lose levels in the spore and stalk cells of Dictyostelium. As shown in Fig. 15, they 
found that spore glucose levels were undetectable (<  0.08 mM), while stalk glu- 
cose levels were extremely high, accounting for virtually all of the glucose mea- 
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, ~o  zm~ 30 

I -  
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Fig. 15. Glucose  and  t rehalose  levels in the spore and s ta lk  cells of  a young  sorocarp  o1 Di~tyostelium 
discoid(~um ( taken from Wilson  and Ru the r fo rd  [28]). 
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sured in culmination extracts. Thus, it was the low-level spore glucose pool that 
was expanded by external glucose! This made sense, because the stalk cells were 
dying, and glycogen was only synthesized in the spore cells. 

I will conclude by making a general prediction about enzyme activities in vivo. 
As you may recall, we calculate enzyme activities for our transition models, rath- 
er than use in vitro data. Appropriate enzyme kinetic mechanisms and constants 
describe each reaction in these models. Most  are very complicated equations,  but 
1 can use the fol lowing simple expression to illustrate what we do: 

rate = Vma~(A/KA + A) 

where A = substrate concentration and KA = Km value for A. We know the rate 
of  each reaction from in vivo tracer studies; we also know the Km and substrate 
concentration.  Thus we can calculate enzyme activity, which we call Vv~vo to 
distinguish it from V, .... which has been determined from in vitro data for all the 
e n z y m e s .  

TABLE I 

COMPARISON OF REACTION RATES D E T E R M I N E D  I N  V I V O  WITH RATES C A L C U L A T E D  
FROM V ~ VALUES M E A S U R E D  WITH THE ISOLATED ENZYMES 

Taken from ref. I8 with permission. 

Enzyme Rate in vk,o Calculated rate Ratio 

lsocitrate dehydrogenasc 2.20 0.04 0.02 
Glutamalc dehydrogenase 0.38 0.98 2.6 
2-Oxoglutaratc dehydrogenasc 2.49 0.0014 0.00056 
Malic enzyme 1.00 1.71 1.8 
Succinate dchydrogenase 2.88 187.8 65.2 

Malatc dchydrogenasc 2.01 12.4 6.2 
Citrate synthase 2.20 145.7 66.2 
Pyruwttc dchydrogenasc 1.64 0.0074 0.0045 

Aspartale lransaminasc 0.18 0.48 2.7 
Alaninc t ransuminase 0. I 0 0.16 1.6 
Glycogen phosphorylasc - 0.20 0.16 0.8 
Glucokinase 0.01 0.08 8.0 
UDP-glucose pyrophosphorylase 0.22 0.37 1.7 
Glycogen synthasc 0.13 0.83 6.4 
Trehalose 6-phosphate synthase 0.009 0.01 I. I 
Glucose 6-phosphate dehydrogenase 0.001 1.0 1000.0 
6-Phosphogluconate dehydrogenase 0.0009 0.009 10.0 
Phosphoglucose isomcrase 0.03 6.2 206.0 
Uridine phosphorylase 0.01 0.35 35.0 
5 ' -AMP nucleotidase 0.02 2.4 120.0 
Glucose 6-phosphatasc 0.01 0.006 6.0 
Phosphofructokinasc 0.01 0.53 53.0 
Cell wall glycogen synthase 0.02 0.006 0.3 
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In Table 1, we compare the experimentally determined rates of 23 reactions in 
our models to the rates calculated using Vm,~ values in each of the appropriate 
enzyme kinetic expressions. As I have stressed, many of these rates were deter- 
mined individually in vivo with radioactive tracers; moreover they are all compat- 
ible within the models and represent very reliable data. Using V~,x values, the 
calculated rates are on average 30-fold higher than the measured in vivo rates. 
Two membrane-bound enzyme complexes, ketoglutarate dehydrogenase and py- 
ruvate dehydrogenase, were not included in this average. They fall apart in the 
preparation of cell extracts and have very low recoveries. These are a number of 
possible explanations for observing excess enzyme #~ v#ro. Protein is used as an 
energy source in this system. Due to the general vulnerability of most proteins to 
proteolytic attack, excessive enzyme protein concentrations may be essential in 
order to ensure adequate catalytic activity in times of starvation or stress. Anoth- 
er explanation may be that a large fraction of enzyme activity assayed in vitro in 
dilute solution is actually inactive i,  viw~, or unavailable to substrate, due to 
enzyme-bound product or inhibitor. For example, in muscle, a substantial part of 
glyceraldehyde-3-posphate dehydrogenase exists bound to 3-phosphoglycerate 
[29]. Enzymes have also been found to serve structural roles [30], bl vitro, of 
course, enzymes are diluted and assayed under optimal conditions of pH, coen- 
zyme concentration, and so on, which probably do not apply in vivo. In any event, 
it is clear from this table that it would have been impossible to make a realistic 
model using V,,~,~ values. 

In conclusion, we believe the construction and analysis of these models has 
been essential to our understanding of the dynamics of metabolism in the living 
organism. Their predictive value demonstrates that in many respects they reflect 
reality. We have shown that in vitro enzyme activities cannot be used in realistic 
kinetic models of metabolism, but enzyme mechanisms and kinetic constants can 
be used. We know which enzymes and their genes are rate-controlling in this 
system; about one third of the enzymes in this network do not limit the rate of the 
reaction they catalyze. In any metabolic system, it is necessary to know which 
enzymes and metabolites are rate-controlling in order, for example, to select an 
inhibitor or a mutant affecting the accumulation of an important metabolite, 
such as cholesterol. 

Every organism must have its own unique model, and all the data in the model 
should be derived from that organism. Moreover, to construct a realistic model 
with predictive value, the model should consist primarily of data, While this is no 
small task, an understanding of the complexities of metabolism in living cells is 
surely the most direct route to the identification of rate-limiting steps and, ulti- 
mately, to influencing the course of metabolism in vivo. 
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