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Metabolism of dihydroxyacteone (DHA) were found to inhibit DHA metabolism. 
has been studied with rate liver extract. Formation of DHA phosphate and lac- 
Requirements for ATP, NAD and mag- tate was demonstrated by paper chroma- 
nesium have been quantitated. Calcium, tography and autoradiography. Evidence 
lithium and phosphate ions as well as of a new DHA kinase is presented. 
several well known metabolic inhibitors 

E ARLIER LITERATURE on the utilization of dihydroxyacetone (DHA) 
by the intact animal has been well d0cumented.l Recent work with C14- 

labeled DHA shows that this triose is oxidized by the intact rat.2 In contrast 
to the large number of studies on utilization of DHA by man and animal, 
little has been reported on work with tissue preparations. Contradiction re- 
sulted from the first attempts to determine the metabolic fate of DHA in tis- 
sue preparations.“-” Conversion of DHA to hexose in the liver slice of the rat 
has been reported. R More recently, oxidati\re phosphorylation of DHA has 
been demonstrated along with a number of carbohydrates and intermediates.? 
Phosphorylating enzymes with activity for trioses have also been described.s-10 
However, in none of these studies was the specific measurement of the disap- 
pearance of DHA or the identification of the product(s) of the reaction made. 
Therefore, we have undertaken a direct approach to elucidate the metabolic 
fate of DHA in the liver homogenate of the rat. 

In order to establish the metabolic fate of DHA, methods for the analysis 
of DHA were devised.‘*zl” C14-labeled DHA was prepared and the over-all 
effect of DHA administration to intact normal and diabetic rats was ob- 
served.2J3 This paper describes our study on the influence of the other metab- 
elites and inhibitors, identification and stochiometry of the metabolic prod- 
ucts of DHA. From these studies, a metabolic pathway for DHA has been 
established. 

MATERIAL AND METHODS 

Chemicals: The chemicals used are listed below with their source; they were not fur- 
ther purified except the lithium and calcium salts of organic acids which were freed of 
cations by passing through a Dowex-50 ( H+ ) column. Dihydroxyacetone (Aldrich Chem- 

ical Co., Inc.), dihydroxyacetone phosphate (California Corporation for Biochemical Re- 
search), NAD (Nutritional Biochemical Co.), glucose and inorganic chemicals ( Mallinc- 
krodt Chemical Works), iodoacetic acid and sodium EDTA (Distillation Products), lithium 
hydroxypyruvate (K & K Laboratories), sodium lactate-l-Cl4 (Nuclear Chicago Corp.). 
Those chemicals not listed here were obtained from Sigma Chemical Co. DHA-1, 3-Cl4 
was synthesized as described previously.2 
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Procedfrws 

‘/%su~ ~Jr~?~uratiorl: Male S1)r~~g:“‘-l)awley rats weighing 250 to 400 Gm. were killed 
by decapitation. The liver was removed, immrdiately weighed and rinsed in cold buffer of 

pH 7.4 which contained 0.01 31 sodium phosphate and 0.00 1 ?~i sodium EDTA. The tis- 

sue homogenatc~ was prepared by mincing and homogrntiing the tissue in 1.5 times its 

weight of this lx&r in a Potter-Elvehjcm homogenizer. Liver extracts were prepared by 

centrifuging the homogenate at 1.05 s IV Y g for 1 hour in the cold and collecting tht 

cltsar supcrnatant. For the fractionation of liver cr,ll components a standard proctYlllr~, 

was used.l” 

Mcasrtretn~cnt of UIIA lrtilizution rc~te: The general procedure for the study of DHA util- 

iz;ition by the liver homogenate or extract was based on the disappearance of DHA upon 

incllhntion with the tissue preparation and is described as follows. A cold incubation mix- 

ture containing 0.05 ml. of NAD solution (0.03 AI), 0.05 ml. of ATP (0.02 Al), 5 ~1. of 

rnagnrsium sulfate (0.154 Jf ), 0.65 ml. of tissue preparation, and 0.25 ml. of phosphatt 

buffer (0.01 i\i, pH 6.9) was warmtxd to 37 C. At Z~YO time 50 ,.J. of a DHA solution 

(0.2 JI 1 was atlded and immediately after quick mixing, a sample was removed and its 

proteins were precipitated. Thereafter, additional snmplrs were remov(d at 5, 10 or 20 

minutes. All procedures were done in duplicate. The DHA contmt of samples was 

mcsa\lmxl l)y il Inodific;~tion of .I Incthorl developxl in this lahr story:‘” In~t~lpho~!,)lcrric 

acid (0.2 JI) u‘as used for the precipitation of proteins instead of barium hydroxide am\ 

zinc sulfate. 

\Vhcn the amount of liver extract in the incrlbntion mixture was varied with simultanrolls 

,itljustment of the volume of the buffer lo maintain thr total vohunc, a linear relationship 

was found brtwcen the rate of DHA disappearance nntl th(s amolult of extract. 
Other proccdrrrcs: The lactate levels were determined by a calorimetric procedure.” 

IntcArfcrellce from known amounts of DHA, although small, was corrected by calculation. 

For two-dimensional paper chromatography. \Vhatman 3 hlM filter paper 20 Y 20 cm. 

wxs ustd. The solvent systems were ( 1) phenol, 450 Gnl.: water, 150 ml.; and formic 

xcitl, 12 ml.: ( 2) mix immediately before using the following 2 solutions, (a) butanol, 623 

ml.: and water, 42 ml.; and (b) propionic acid, 310 1111.: and water, 395 ml.‘” For on+ 

dimensional chromatography, the solvent systems cmploycd were as follows: ( 1) butanol, 

acetic acid and water; (2) ethanol, ammonia and water.17 Two s-ray films (8 Y IO in.. 

E;lstman No Screen Medical) were placecl against the developed and dried paper chn- 

tll.xtogr:um for 7 days in order to tlctcct tlrr, radionctivr spots. To visualize the loci of r(‘- 

chxing substance,s on the paper chromatograms, a mixture containing 9 Gm. phthalic acid. 

375 ml. butanol. 50 ml. water, 25 ml. 9.5 per cent ethanol and 5 ml. anilirx?” was sprayed 

01) the p#lper and followed by 10 minutes heating at 100 C. The acid production dlxing 

incllbntion wu measured by titration with 0.200 N sodilml hydroxide through a micro 

hurct to maintain a constant pH as monitored with a micro glass clectrodr and a Beckman 

&Aromatic pH meter. The production of CO, by an incllbation miuturcl was dctermincd 

with Conway diffusion cells.‘” 

RESULTS 

E#ed of the presence of mefnbolites nnrl intcrmetlintes: To incubation mix- 
tllres containing all the components described under Procedwe were added 
concentrations of the following substances equimolar to that of DHA: glu- 

cose, fructose, glucose-l-phosphate, glucose-6-phosphate, fructose-6-phosphate. 
fructose -1, 6&phosphate, 3-phosphaglycerate, hydroxypyruvate, glycerate and 
glycerol. Excepting a moderate inhibition of DHA metabolism by fructose-6- 
phosphate, their presence had no significant effect. The concentrations of all 
of these substances were then increased tenfold in order to intensify whatever 
effect they might have on DHA metabolism. Again there was no effect except 
an 88 per cent inhibition by the fructose-6-phosphate. 
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Table l.-lnhibitors of DHA Metabolism 
_ 

Relative DHA Disappearance Rate during 10 Minutes 
Incubation Time with Control as 100 

10-w lo-,‘M 1W'M 
~ ~.. ~_ ~ ~~ ~ 

Arsenate 0 55 116 
Chloromercuribenzoate 0 43 100 
Fluoride 0 42 103 
Iodacetate 0 78 86 

.-~ 

Inhibitors: The effects of several well known inhibitors on DHA metabolism 
were determined when they were added in various concentrations to the in- 
cubation mixture. The results are summarized in table 1. In addition, phos- 
phate at 0.1 hl exerted 100 per cent inhibition; at 0.05 hl 87 per cent inhibi- 
tion; at 0.005 M no inhibition. Calcium ions at 0.005 M caused 100 per cent 
inhibition; at 0.002 M 23 per cent inhibition; and at 0.001 M no inhibition. 
Lithium ions at 0.008 M showed a 61 per cent inhibition, Tris buffer at 0.02 
M effected a SO per cent inhibition. 

Distributiofa of activity among cell components: Liver cell components were 
prepared and kept frozen in 0.25 M sucrose solution at -20 C. The freshly 
thawed and resuspended material was used without further disruption of the 
particles. The distribution of the activity for DHA metabolism was measured 
by substituting a suspension of cell components for homogenate and de- 
termining the DHA disappearance rate. The activity of each component in 
terms of per cent of the total was as follows: supernatant, 87 per cent; micro- 
somes, 7 per cent; mitochondria, 0 per cent, and nuclei (plus debris), 6 per 
cent. 

Products of DHA metabolism in liver extract: Apparently considerable 
amounts of readily ionizable acid were produced during incubation because 
the pH decreased even when maximum permissible concentration of the phos- 
phate buffer was used. In the measurement of acid production, a preincuba- 
tion period of I5 minutes was allowed for the exhaustion of endogenous sub- 
stances in the liver extract that might yield acid upon their metabolic con- 
version. Thus, the acid production due to DHA metabolism would not be 
masked by this endogenous process. Five times the usual amount of incuba- 
tion mixtures was employed to permit removal of samples at 5 and 10 minutes 
without unduly affecting the experimental conditions. The DHA levels in these 
samples were determined to give the amount of DHA metabolized. The re- 
sults are shown in table 2. 

Since the most likely acid product from DHA metabolism is lactic acid, 
the lactate concentration at the beginning and the end of 10 minutes incuba- 
tion was measured, Preincubated mixtures were again used to minimize the 
error due to endogenous lactate production. The disappearance of DHA was 
also determined, In one experiment ATP was omitted from the incubation 
mixture. A stochiometric relationship between DHA disappeared and lactate 
produced was found. In another experiment in which ATP was added to 
augment the endogenous cofactor, such relationship was not obtained (ta- 
ble 3). 
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Table L-Acid Producfiotz from DHA Metabolism 

5 min. 10 min. 15 min. 

~nwles DHA disappeared 16,13 %3,29 49 

poles acid produced 11.6,1X6 25.1.07.1 39 
_. .._ ~~~ ~~~ ~~~ ~ ~~ 

Table 3.-Lactute Prorluctiw from DHA Metabolism 

No Added ATE’ ATP Added 

p~noles DHh disappeared 5.6 6.7 9.4 10.0 

~molcs lactate formed 5.67 6.88 8.39 9.37 

To establish that the lactate produced in the above experiments WBS actual- 

ly derived from DHA rather than by a possible stimulating effect of DHA 
on the endogenous processes, DHA-1, 3-C’-’ was then used in place of non- 

radioactive DHA. Four times the usual amount incubation mixture was in- 
cubated with 4.4 mg. of DHA-1, 3-ClJ (03 ye.) that was dissolved in 0.1 
ml. of water. ATP was omitted to allow optimum formation of lactate in ac- 
cordance with the results of the above experiments. Metabolic activity in :Z 
separate tubes was stopped at 0, 10 and 90 minutes from the time of addition 
cif DHA bv adding 9 ml. of boiling ethanol. The mixture was chilled and 
centrifuged. The supernatant was combined with the 40 per cent ethanol 
washing of the residue and the solvent was removed under reduced pres- 

sure. Residue from the alcoholic extract was transferred to filter paper fol 
t\~io-dimensional chromatography. A control experiment was carried out with 
lactate-l-C’- iu place of DNA-l: 3-C . I4 The film from the O-minute incubation 
showed a single spot due to DHA; the lo-and go-minute incubations showed 
two spots each, one corresponding to DHA and the other to lactic acid. From 
the chromatogram of the 20-minute incubation the spot assumed to be lactic 
acid was eluted with 70 per cent ethanol. In further one-dimensional chro- 

matography the radioactivity from the extract coincided with the lactic acid 
spot after devcllopment in butanol-acetic acid or ethanol-ammonia. 

On the basis of the lactate-l-G4 formation, experiments were carried out to 
identifv other intermediate(s) of DHA metabolism. The relativelv lowet , 
rate oi conversion of DHA to lactate when ATP was added to the incuba- 
tion mixture suggested a possible accumulation of intermediates under these 
conditions. This possibility was investigated. Incubation was stopped with 
hoiling ethanol at 10 minutes after addition of DHA and the alcoholic c’x- 
tract was concentrated and subjected to two-dimensional chromatography as 
described above. The paper was sprayed with aniline-phthalic acid reagent to 
visualize the intermediates. Two distinct spots were observed--a light brown 
one indentical with pure DHA and a dark brown one corresponding to knowu 
DHA phosphate sample. When this experiment was repeated with and with- 
out the addition of NAD to the incubation mixturr. no visible difference was 
noted. This experiment was again repeated with DHA-1, 3-C’4; the ATP was 

added to the incubation mixture. Samples were removed at 0, 10 and 20 

minutes and the reaction was stopped with boiling ethanol. Spots correspond- 
ing to DH.4. DHA phosphate and lactic acid were observed as predicted on 
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Table 4.-E;Bect of Purification Procedures on Enzymic Activities 
Glycerokinase DHA Kinase 

Preparation units/mg. protein units/mg. protein 

Whole homogenate 1.64 0.71 
pH 5.1 soluble fraction 3.38 0.32 
Precipitate from 47% 

saturation with am- 
monium sulfate 8.06 0.32 

Supernatant after heat 
treatment 11.28 0.30 

~~______ 
1 unit = 0.1 pmole substrate phosphorylatecl/hour/mg. protein at 37 C. 

the x-ray film after a 7-day exposure. Subsequent to the autoradiography, 
spraying of the paper chromatogram with aniline-phthalic acid reagent re- 
vealed the DHA and the DHA phosphate spot. Their locations were identical 
with those of the autoradiography. 

Comparison with previously described preparations: Since preparations of 
rat liver have been reported to phosphorylate DHA as well as glycerol or 
glyceraldehyde, ‘-I0 the eIfect of procedures of preparation on the specific ac- 
tivity for DHA and other substrates was compared. In table 4, the results 
show that activity for the phosphorylation as DHA as measured by our meth- 
od can be separated from the glycerokinase activity.g When the homogenate 
from rat liver was dialyzed under various conditions, including one that has 
been described for a preparation which phosphorylated trioses’” the product 
was entirely inactive for the phosphorylation of DHA. 

Other observations: The effect of DHA on the production of CO, in liver 
homogenate was observed in a Conway diffusion cell which contained 2.5 
times the usual amount of incubation mixture in the outer chamber. The CO2 
produced in 20 minutes was determined titrimetrically. The amounts of CO2 
produced with and without the addition of 20 pmoles of DHA were 3.26 
and 5.43 ymoles, respectively. Thus, in vitro DHA seems to have an inhibitory 
effect on respiration of the homogenate. 

Observation of the absorbance of complete incubation mixtures with liver 
extract at 340 rnp in a spectrophotometer with the cuvette maintained at 37 
C. showed no increase in absorbance due to net NADH formation. When 
NADH was used in the incubation mixture in place of NAD only a slow de- 
crease in absorbance was observed. 

DISCUSSION 

In this study, the identification of DHA phosphate as a principal inter- 
mediate indicates conclusively that the metabolism of DHA in liver starts with 
phosphorylation and thereupon follows the steps of the Embden-Meyerhof 
scheme. In the in vitro experiments with liver extracts, lactic acid is shown to 
be the major product, resolving the contradiction in earlier work3m5 and sup- 
porting more recent data on another tissue.“0 In the intact rat, our previous 
work2 showed divergent metabolic end products that are consistent with the 
known glycolytic pathway. This was indicated by the formation of radio- 
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active respiratory COZ, blood glucose, and the labeling of the carbon atoms 

of the liver glycogen from injected DHA-1, 3-C’4. As necessary corollary to 

the preliminary phosphorylation of DHA, there must be present in the rat 
liver a DHA kinasc. This is consistent with our present data. 

Lindberg, using dialyzed homogenate of rabbit kidney cortex in incubation 

medium containing ATP, Mg, NAD and 174 pmoles of NaF in a total volume 
of 2.3 ml., was able to demonstrate uptake of 0, and inorganic orthophosphate 

due to DHA. He further showed the product not to be alkali-labile, thus sug- 

gesting that it was fructose diphosphate. ’ Our data shows that NaF at that 

concentration would completely inhibit phosphorylation of DHA and that 

without NaF, the product is essentially lactic acid. This discrepancy could 

be explained on the basis of difference in tissue, animal, or the preparation of 

tissue. Hers and Kusaka, working with partially purified homogenate of guinea 

pig liver described a triokinase which phosphorylates D-glyceraldehyde and 

DHA.8 The glycerokinase obtained by Bublitz and Kennedy from rat liver 
however, phosphorylate L-glyceraldehyde and DHA.” Now that we have 

demonstrated the difference between this glycerokinase and a DHA kinase 

of the same tissue, the occurrence of several distinct enzymes with common 

activity for DHA seems likely. Possibly Cardini was reporting yet another 

enzyme from the liver of the fasting rat .I” Unfortunately, none of these prepa- 

rations is purified sufficiently to allow precise characterization. One related 

enzyme that has been highly purified is the glycerokinase of pigeon liver.?’ 

It should be noted that our procedure for the determination of DHA does 

not include DHA phosphate; therefore, the rate of DHA disappearance as 
measured is dlle to DHA conversion alone, 
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