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As was shown some years ago (2-4) hexose diphosphate is split into triose 
phosphate by the reaction catalyzed by the enzyme zymohexase according 
t,o the following equation, 

dihydroxyacetone phosphate 

(1) 
IL 

Hexose diphosphate = d-3-glyceraldehyde phosphate + dihydroxyacetone 
phosphate 

While in the final state at least 95 per cent of the triose phosphate is di- 
hydroxyacetone phosphate (2), it can be proved, nevertheless, that the 
reaction starts with the cleavage into 1 mole of aldotriose and 1 mole of 
ketotriose, owing to an enzyme which has been called aldolase. Isomeriza- 
tion is brought about by a second enzyme which has been called isomerase 
(5). The most direct proof of this sequence of reactions can be supplied 
by trapping the triose phosphate before isomerization sets in; e.g., by 
hydrazine. In the presence of hydrazine about equal quantities of glycer- 
aldehyde phosphate and dihydroxyacetone phosphate are obtained (6). 
The equilibrium constant of the isomerase reaction is of special interest, 
since in the steady state all sugar breakdown goes by the way of glycer- 
aldehyde phosphate (7). 

Xegelein and Brijmel (8) assumed that the precursor of the 1,3-diphos- 
phoglyceric acid, which they had isolated, was a 1,3-diphosphoglyceralde- 
hyde, formed spontaneously by addition of phosphate to 3-glyceraldehyde 
phosphate. If this is true, then in the presence of phosphat,e the following 
four equilibrium constants must exist. 

I. zc 
[3-glyccraldehyde phosphate]. [dihydroxyacetone phosphate] 

aldolase = ~~~ ---- 
[hexose diphosphate] 

* A preliminary report of part of this paper was given at the Chicago meeting of the 
Federation of American Societies for Experimental Biology, April, 1941 (1). 

Aided by grants from Hoffmann-LaRoche, Inc., Nutley, New Jersey, and from the 
Penrose Fund of the American Philosophical Society. 
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72 EQUILIBRIA OF ISOMERASE AND ALDOLASE 

[dihydroxyacetone phosphate] 
II. .Kimm*r&Be = -~__ 

[3-glyceraldehyde phosphate] 

111. &ymohexase = ~imrnem8e ’ fkdolase = 
[dihydroxyacetone phosphate12 

[hexose diphosphatel 

IV. 
[glyceraldehyde phosphatel.[phosphatel 

Kphosphorylation = ~- [diphosphoglyceraldehydel 

Since part of the 3-glyceraldehyde phosphate would be removed by the 
formation of the hypothetical diester in the presence of inorganic phosphate, 
high concentrations of phosphate should act as an interceptor for the aldo- 
triose. The measurement of the equilibrium of isomerase had been 
attempted previously (9) and no increase of the total aldotriose was found 
in the presence of inorganic phosphate (cf. (1)). Doubts, however, arose 
as to whether the previous value of 90 for Kisomerasa was correct. At 
equilibrium purified samples of triose phosphate, precipitated with barium 
acetate and alcohol, had been shown to contain 1.0 to 1.5 per cent glycer- 
aldehyde phosphate. But owing to the instability of the triose phosphate, 
the purified samples correspond to only about one-fourth of the total triose 
phosphate formed in the enzymatic equilibrium and cannot be taken as 
representative, especially as the barium salt of the aldotriose is less soluble 
than that of the ketotriose (3). 

These doubts were increased by the publication of a paper by Herbert, 
Gordon, Sabrahmanyan, and Green (10) on the purification of zymohexase. 
The authors studied the equilibrium of aldolase freed from isomerase ((I) 
above). Since equilibrium (III)1 had been studied previously for various 
temperatures and concentrations of the reactants (2, 4, 5), Kisomerese 
could now be calculated as Kzymohexase/Kaldolase. Using the aldolase 
values of Herbert et al. together with our own zymohexase values, one 
obtains K. 19olneram of about 25 to 30. Herbert et al. calculated with one 
value for Ksymohexase that Kisomorase = 36.3. Although their presentation 
is confused by some numerical errors, the result as far as we can see is 
correct when their own experimental figures are used. In this way one 
obtains 2.7 to 4.0 per cent as the calculated content of the glyceraldehyde 
phosphate in the triose phosphate at equilibrium. 

We therefore first redetermined the equilibrium constant of the isomerase 
reaction by improving the methods for measuring very small amounts of 
glyceraldehyde phosphate in the presence of large amounts of hexose di- 

1 In studying equilibrium (III) we took the concentration of dihydroxyacetone 
phosphate to be identical with the concentration of the total triose phosphate. The 
difference, owing to neglect of the small amount of glyceraldehyde phosphate, is 
negligible. 
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0. MEYERHOF AND R. JUNO-WICZ-RQCHOLATY 73 

phosphate and dihydroxyacetone phosphate. After this was done, we 
applied the same procedure to equilibrium mixtures in the presence of high 
concentrat,ions of inorganic phosphate, and of phosphate together with the 
purified oxidizing enzyme of Warburg and Christian (11, 12) in the 
presence and absence of cozymase, to find out whether equilibrium (IV) 
does exist and if so under what conditions. 

Finally in the later stage of this work we repeated these measurements 
with purified isomerase which one of us (0. M.) had prepared with Dr. 
Lyle Beck. While the work on purification will be reported separately, 
some equilibrium experiments are included here to show the complete 
agreement with the K values obtained with isomerase in the presence of 
aldolase. 

Preparation of Substrates and Enzymes--Hexose diphosphate, which was 
used for the measurement of equilibria as well as for the preparation of 
triose phosphate, was obtained by fermentation of glucose by dried brewers’ 
yeast (Ballantine) and was purified as acid Ba salt by precipitation with 
alcohol at pH 3.8 according to suggestions of Robison.2 In the prepara- 
tion of a large amount of this salt, we had the kind help of Dr. Duschinsky 
of Messrs. Hoffmann-La Roche. The cont’ent of I’ in our preparation is 
10 to 11 per cent, of Ba 36 per cent. 

CeH1?012P2Ba. Calculated. P 13.05, Ba 28.9 
CaHloO,zP~Bal. “ “ 10.14, “ 45.0 

About a twelfth of the total P is inorganic. 90 to 94 per cent is saponifiable 
by alkali at 100” in 3 minutes (13) ; 84 to 90 per cent is transformable into 
triose phosphate in the presence of zymohexase and KCN and represents, 
therefore, the true content of hexose diphosphate of the preparation (14). 

For d-3-glyceraldehyde phosphate we used triose phosphate prepared 
enzymatically in the presence of hydrazine (6). The principle of this 
method consists in capturing the triose phosphate during enzymatic in- 
cubation by means of an excess of neutralized hydrazine hydrochloride, 
decomposing the hydrazones in the deproteinized solution by means of 
benzaldehyde, and removing the benzaldehyde with ether. Fresh prepara- 
tions of the barium salt contain a little more than 50 per cent d-glyceralde- 
hyde phosphate and a little less than 50 per cent dihydroxyacetone phos- 
phate. The dihydroxyacetone phosphate is less stable and decomposes 
slowly into methylglyoxal and phosphate, while the amount of d-glycer- 
aldehyde phosphate is altered very little. In preparations kept some 
months in the ice box, more than 80 per cent of t’he remaining triose 

2 Herbert, et al. refer to an unpublished method, recommended to them by the late 
Professor R. Robison. Probably this method is very similar to that used here 
(cf. MacLeod, M., and Robison, R., Biochem. J., 27, 286 (1933), foot-note p. 287). 
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74 EQUILIBRIA OF ISOMERASE AND ALDOLASE 

phosphate consists of the latter. A fresh preparation contains 6.5 to 7.5 
per cent triose ph0sphat.e I’, 0.4 to 0.8 per cent inorganic P, and 0.5 to 0.7 
per cent unsaponifiable organic P. When calculated from the organic P, 
it is 90 to 93 per cent pure triose phosphate. From 150 cc. of dialyzed 
muscle extract and 500 mg. of hexose diphosphate P in a total volume of 
400 cc., 2.5 to 3.0 gm. of the purest fraction of the barium salt were pre- 
pared, containing more than 200 mg. of triose phosphate P. 

Use of this preparation in experiments with d-glyceraldehyde phosphate 
has several advantages over the use of racemic glyceraldehyde phosphate 
(Fischer-Baer ester (15)). The barium salt is more stable, apparently 
being somewhat protected by the dihydroxyacetone phosphate, so that it 
can be used for several months with little decomposition of the glyceralde- 
hyde ester. Since the dihydroxyacetone phosphate is optically inactive, 
the polarimetric molybdate method (16, 6) can be applied to measure the 
content of glyceraldehyde phosphate in the preparation itself as well as 
after enzymatic incubation. This method of high sensitivity is not ap- 
plicable to racemic aldotriose. If isomerase is present, the total triose 
phosphate will be metabolized. Absence of isomerase in the enzyme frac- 
tions is tested by determining whether the percentage of glyceraldehyde 
phosphate in the total triose phosphate undergoes any change if incubated 
with the enzyme in question. 

Coozymase, which was used for studying equilibrium (IV) in the presence 
of the oxidizing enzyme as well as for checking the activity of this enzyme, 
was prepared according to Ohlmeyer (17, 18), with some modifications 
introduced by Schlenk (19) and Jandorf (20).3 In this way we prepared 
about 2 gm. of cozymase of 74 per cent purity. Smaller samples were 
purified with AgN03 + alcohol to a final purity of 85 per cent. The purest 
fractions were tested by hydrogen uptake in the presence of hydrosulfite 
(formation of dihydrocozymase (21)). 

The following enzymes were prepared in various states of purity: zymo- 
hexase, aldolase, isomerasc, and the “oxidizing enzyme” of Warburg and 
Christian. As zymohexase we used at first the dialyzed extract of an ace- 
tone powder of a fresh muscle extract. Since this extract contains im- 
purities which impair the action of the oxidizing enzyme, we later employed 
a fraction obtained by partial saturation with (NH4)$04, using a procedure 
similar to the first steps in the purification of the aldolase of Herbert et al. 
The fraction precipitating between 21. and 30 per cent ammonium sulfate 
was dissolved in 3 times its volume of distilled water, reprecipitated by 0.85 
volume of a saturated ammonium sulfate solution containing one-twentieth 

3 We are much obliged to Messrs. Hoffmann-LaRoche, Inc., for supplying US with 
5 gm. of a crude fraction of coeymase (36 per cent pure). 
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0. MEYERHOF AND R. JUNOWICZ-KOCHOLATY f5 

of its volume of a 13 hi NH3 solution, and finally dialyzed for 20 hours 
against distilled water. 

For obtaining isomerase free from aldolase we made use of the observation 
that it is more soluble in ammonium sulfate solution. The further purifi- 
cation will be described with Dr. L. Beck. 

Aldolase free from isomerase was prepared according to Herbert et al., 
but the last purification steps were omitted after it was observed that 
zymohexase B could be freed from isomerase by precipitation with 0.67 
volume of a saturated ammonium sulfate solution, dissolving the precipi- 
tate in distilled water, and precipitating anew by ammonium sulfate 
brought to pH 5 with citrate. By this reagent aldolase is precipitated at 
a final ammonium sulfate concentration of 24.0 per cent (0.45 saturated), 
while isomerase remains in solution. The redissolved aldolase is adjusted 
to pH 8, since otherwise it is rapidly inactivated. 

The oxidizing enzyme was prepared according to Warburg and Christian 
with some modification. In order to obtain a stable and nearly pure 
enzyme, of the same activity as that described by the German authors 
(1 y of protein per cc., bringing the reduction of 0.5 mg. of cosymase to 80 
per cent completion in 3 minutes at optimal pH and phosphate concentra- 
tion), several changes have to be introduced in their procedure when 
maceration juice of American bakers’ yeast is used as a source of the 
enzyme. The extract of the acetone powder is not heated to 55”, but 
immediately precipitated by acetic acid. The fraction obtained by neu- 
tralizing to pH 5.0 or 4.9 is discarded, and the fraction from pH 4.9 to 4.6 
is kept. (Warburg and Christian discard the fract,ion until pH 4.75 is 
reached; but with our yeast most of the active enzyme would be lost.) 
The nucleoprotein, precipitated by acet’ic acid and redissolved at pH 6.0 
with NaOH, is decomposed by salmine sulfate.4 A solution of salmine 
sulfate containing 26 mg. per cc., warmed to 37”, is added to the solution 
of the enzyme until no further precipitation occurs. After treatment with 
Al(OH), the solution is heated twice for 15 minutes at 58” to destroy aldo- 
lase and isomerase. If traces of the latter remain, the heating is repeated 
at 60”, with a negligible loss of activity. An essential modification of the 
method of Warburg and Christian consists in the addition of glutathione in 
neutral solution to a final concentration of ~/40. Only in the presence of 
glutathione could the enzyme be kept in solution for weeks with little loss 
of activity. Glutathione apparently fulfils a double function: as complex 
former for traces of heavy metal salts and as reductant for the sulfhydryl 
groups of the enzyme (22). For all tests of the enzyme, glutathione was 

4 We are much obliged to Messrs. Sharp and Dohme, Inc., for their courtesy in 
supplying us with pure samples of salmine sulfate. 
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7G EQUILIBRIA OF ISOMERASE .4ND ALDOLASE 

added to the dilutions so that its final concentration was at least 2.5 x lo-3 
M. The activity of the oxidizing enz,yme is tested manometrically with 
cozymase in the presence of arsenate, with NaHC&-NH,HC03 mixture 
in an atmosphere of Na with 5 per cent COZ. Two acid groups are gen- 
erated by the following reaction, 

(2) d-3-Glyceraldehyde phosphate + cozymase (f arsenate) = d+phosphoglyceric 
acid + dihydrocozymase ( + arsenate) 

Determination of Glyceraldehyde Phosphate-The outcome of the present 
work depends wholly on a reliable method of determining quantitatively 
very small amounts of glyceraldehyde phosphate. The principle of our 
former method consisted in the oxidation of the triose phosphate by iodine 
in weakly alkaline solution: the d-3-phosphoglyceric acid which is formed 
by oxidation is measured by its optical rotation in the presence of molyb- 
date. Since [a], for d-3-phosphoglyceric acid is -740” (16) the method 
is sensitive enough to be immediately applied to as little as 10 y of P of 
glyceraldehyde phosphate per cc. of the original solution. But in the 
presence of interfering substances and with still greater dilutions it becomes 
necessary to concentrate the solutions and to remove or render harmless 
the interfering substances without destroying the glyceraldehyde phos- 
phate. The interfering substances are phosphate, oxidized glutathione, 
and ammonium sulfate. 

The former method of precipitation of the triose phosphate by barium 
acetate from the enzymatic mixture had to be abandoned because of the 
losses referred to above, especially since the fractionation in the presence 
of large amounts of inorganic phosphate leads to further losses. While 
inorganic phosphate up to 1.0 mg. of P per cc. (0.03 M) does not interfere 
with the polarimetric measurements, only slightly decreasing the value of 
the specific rotation, higher concentrations cause trouble in various ways 
and the phosphate must be removed. 

Our new method consists in oxidizing the d-glyceraldehyde phosphate 
in the original trichloroacetic acid filtrate by iodine to d-3-phosphoglyceric 
acid, concentrating the solution in vacua, removing the inorganic phosphate 
by magnesia mixture, and precipitating the phosphoglyceric acid together 
with the unchanged hexose diphosphate by barium acetate + alcohol. 
The advantage of this procedure is the immediate oxidation of the unstable 
glyceraldehyde phosphate to the very stable phosphoglyceric acid which 
withstands all manipulations without alteration. The main points in- 
volved may be described briefly. 

Oxidation by Iodine-The glutathione in the enzymatic mixture inter- 
feres considerably with the oxidation of glyceraldehyde phosphate. Only 
by using a great excess of iodine, 1.5 to 2.0 cc. of M iodine -I- KI for 0.8 
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0. MKYERHOF AXD R. JUNOWICZ-KOCHOLATY 77 

to 1 cc. of 0.1 N glutathione, and warming the solution during oxidation 
for half an hour at 37” does one succeed in destroying the oxidized gluta- 
thione and in bringing the oxidation of the glyceraldehyde ester to com- 
pletion. This excess of iodine is also necessary to replace the iodine 
precipitated by ammonium sulfate in weakly alkaline solution. After 
completion of the oxidation the iodine is reduced by 30 per cent KHSO, 
in acid solution, and the iodoform which is formed by side reactions from 
methylglyoxal is removed by rapid centrifugation. The oxidized solution, 
neutralized to Congo red, is concentrated from an initial volume of 50 to 
10 cc. in a Corning vacuum distillation apparatus at an outside tempera- 
ture of 52”. This avoids the formation of decomposition products of hexose 
diphosphate, which can react with molybdate. 

Inorganic phosphate is removed by ammoniacal magnesia mixture. 
The loss of phosphoglyceric acid by adsorption on the precipitate is small 
if a little less magnesia mixture is used than is sufficient for removing all of 
the inorganic phosphate. 

After centrifuging, the cooled solution is neutralized to pH 6. Enough 
barium acetate is added to precipitate all sulfate and organic phosphate 
and the precipitation is completed by 2 volumes of alcohol. Such an 
amount of alcohol is necessary since the solubility of the acid barium salt 
of phosphoglyceric acid is increased in the presence of ammonium salts 
(23). The precipit,ate is centrifuged off, washed with 10 per cent alcohol, 
the alcohol removed by a current of air, and the precipitate vigorously 
shaken for 2 hours with 2 cc. of 2 N II$O.+ The solution after centrifuging 
plus the wash water of the precipitate is placed in a small measuring 
cylinder, neutralized, and cleared by rapid centrifugation. It amounts to 
5 to 7 cc. 

The polarimetric measurements are made in a Lippich-Landolt half shade 
polarimeter of 4 dm. length with monochromator. An 8 volt Mazda lamp 
with condenser served as the source of light. For t,he concentrated solu- 
tions semimicro tubes of 2 cc. capacity for 2 dm. or 4 cc. for 4 dm. were 
used. 

The solutions were saturated with oxygen before the tubes were filled, 
in order to avoid a slow development of blue color with molybdate by the 
presence of traces of reducing substances. Generally 0.7 to 0.8 cc. of 30 
per cent ammonium molybdate (Merck) was added to 2.0 cc. of the solu- 
tion. The difference in rotation recalculated for this dilution before and 
after addition of molybdate is referred to in the headings of the tables as Aa. 

General Remarks-In many instances some of the steps of this procedure 
could be omitted; e.g., the treatment with magnesia mixture if no phos- 
phate was used in any sample of the experiment in question. The possible 
loss in the experiments of Tables I and V was checked by determining the 

 by guest on A
pril 10, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


i8 EQUILIBRIA OF ISOMERASE ,4ND ALDOLASE 

organic phosphate recovered in the solutions used in the polarimetric meas- 
urements. This content should be equal to the hexose diphosphate not 
transformed plus the phosphoglyceric acid generated by oxidation. The 
dihydroxyacetone phosphate is decomposed by the magnesia mixture and 
is determined as inorganic phosphate. Since the barium salt of phospho- 
glyceric acid is less soluble than that of hexosediphosphoric acid, the ob- 
served loss of organic phosphate, between 0 and 30 per cent, is somewhat 
higher than the loss of phosphoglyceric acid. Since it was necessary to 
have solutions concentrated enough for finding ALU values of at least 0.15” 
t.o 0.20”, losses as high as 30 per cent in unfavorable cases could not be 
avoided. On the other hand, blanks were run with the same enzyme 
mixture at zero time, and after incubation, but without oxidation. The 
latter is necessary in some cases, e.g. with addition of cozymase, to measure 
preformed phosphoglyceric acid in distinction to that formed by iodine. 
For the evaluation of the measurements without concentration, corrections 
for these blanks had to be applied. In the measurements of the concen- 
trated barium precipitates the corrections were negligible and were not 
used in the final calculation of the results. 

Determination of Phosphate-The various phosphate fractions are deter- 
mined as in the preceding paper (18), by the Fiske-Subbarow method 
adapted to this purpose. The value found by the polarimetric method for 
glyceraldehyde phosphate is calculated as a percentage of the “alkali- 
saponifiable” phosphate; i.e., the phosphate split off by NaOH in 15 min- 
utes at room temperature. The amount of glyceraldehyde phosphate can 
also be measured by the decrease of this alkali-saponifiable phosphate 
produced by oxidation with iodine, whereby phosphoglyceric acid is formed. 
However, this method for the determination of glyceraldehyde phosphate 
by the difference of alkali-saponifiable P before and after iodine treatment, 
taken by Herbert et al. and Iri (24) from our older publications, is less 
accurate than the present method and has been used in the present work 
only for some preliminary experiments. 

Equilibria in Absence of Inorganic Phosphate 

While Keymohexnse has been determined previously and Kamaee had been 
measured by Herbert et al., Kisomerase is determined directly in the present 
paper. This was done in some cases with preparations of zymohexase, in 
ot,hers with purified isomerase. Since with the latter none of the triose 
phosphate is converted to hexose diphosphate regardless of temperature, 
larger readings can be obtained than with zymohexase provided that high 
concentrations of triose phosphate are used. Barium precipitation, there- 
fore, is unnecessary. 

We shall first describe the measurements with zymohexase. A series 
of preliminary experiments was run without concentrating; a 4 dm. tube 
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of 30 cc. capacity was used. The mean of ten such measurements between 
60-20” was 4.2 per cent glyceraldehyde phosphate, with variations from 
2.2 to 8 per cent. Since the rotations were about -0.10” and corrections 
for impurities had to be applied, the results did not prove to be accurate 
enough. In Table I all experiments carried out according to the procedure 
described in the foregoing section are reproduced. Since they were per- 
formed in the absence of inorganic phosphate, Mg precipitation was omit- 
ted. The twenty-five experiments at 60-30” give an average value of 4.4 
per cent glyceraldehyde phosphate in the total triose phosphate, inde- 
pendent of temperature; the means of 4.05, 4.8, and 4.2 for 60”, 40-38”, 
and 30” respectively agree within the limits of accuracy of the method. 
The losses by incomplete oxidation and incomplete recovery of the barium 
precipitate may amount to 10 per cent or somewhat more. The experi- 
ment’s of Table I are evaluated for the equilibrium constants in Table II. 

The marked variation of the equilibrium of zymohexase with tempera- 
ture, which obeys closely the van? Hoff law of isochores (2, 4), is wholly 
due to the aldolase, as had been deduced previously from the thermody- 
namics of the reaction. There is a dependence on pH too, to which less 
attention was paid in former work. The K values are maximal in the 
neighborhood of pH 7.5 and generally lower at pH 8.5 and 7.0. Since most 
of the experiments of Table I were performed in the absence of buffers, but 
near to neutrality, differences of Kzymohex&se for the same temperature are 
mainly due to slight variations of the pH. This influence is due to the 
aldolase, since the isomerase is not affected by the pH. 

The results obtained for the different equilibrium constants can be 
checked by two independent sets of experiments: determination of the 
equilibrium with aldolase preparations free from isomerase and with 
isomerase free from aldolase. The first has already been done in part by 
Herbert et al. But since they had made no measurements at 60”, at which 
our values are the most accurate, we carried out such a series of experi- 
ments, reproduced in Table III. For thirteen different preparations of 
aldolase ma,de by various methods of fractionation of zymohexase, all free 
of isomerase, the K aldolase at 60’ was determined according to the equation 
K sldolese = $ X [triose phosphate]2/[hexose diphosphate]. The absence of 
isomerase is assumed, if by iodine oxidation 50 per cent or more of the 
alkali-saponifiable P has disappeared. (The disappearance is a little 
greater than 50 per cent, because in addition to the glyceraldehyde phos- 
phate some of the dihydroxyacetone phosphate is destroyed by the alka- 
linity during oxidation.) The mean value for Kald,,lese at 60” in Table III 
amounts to 4.0 X low4 instead of 4.5 X 1O-4 shown in Table II. For 38” 
Herbert et al. found with purified aldolase 1.19 x lo-“, which corresponds 
closely to the value 1.33 X 10h4 found in Table II for the same temperature. 

A similar agreement results from the experiments with isomerase freed 
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“C. 

60 

40 

38 

30 

TABLE I 

Per Cent of Glyceraldehyde Phosphate in Zymohexase Equilibrium 

El- 
peri- 
nent 
No. 

Pro- Enzyme 
tocol prepara- 
NO. tion 

-- 

1 55 
2 55 
3 59 
4 65 
5 166 
6 167 
7 167 
8 167 
9 169 

10 169 
11 175 
12 217 

13 206 
14 222 
15 222 
16 226 
17 169 
18 175 
19 175 
20 175 
21 175 

22 
23 
24 
25 

54 
217 
227 
227 

- 

AC. 
‘I 

“ 

“ 

“ 

I‘ 

‘i 

I‘ 

Z. B. 
I< 

I< 

Z. di. 

Z. B. 
Z. di. 
5 Z. di 
Z. di. 
z. B. 

‘I 
‘I 

AC. 
‘I 

I‘ 

Z. di. 
“ 
‘I 

-- 

rime Vol- 
Lime* 

Hexose 
iiPhOS- 
phatet 

I&se 
phos- 
phate 
‘ormed 

cc. mg. P 

40 65 40.4 
80 65 40.4 
60 71 28.3 
50 63 30 
55 55.5 11.5 
50 56.5 10.5 
80 56.5 10.5 

120 56.5 10.5 
45 56.5 11.0 
80 56.5 11.0 
90 56.5 10.2 
75 34.2 14.0 

w 
cent 

40 
35 
52 
47 
57 
60 
58.5 
59.5 
57 
63 
64.5 
44.5 

180 64 24.7 27 
300 44 15.3 26 
300 44 15.3 23.4 
180 46.6 15.1 36.7 
300 58 11.0 36.4 
480 56.5 10.2 38.5 
180 56.5 10.2 39 
360 56.5 10.2 41 
720 56.5 10.2 42 

600 34 20.2 18.3 
780 34.2 14.1 18.6 
900 37.6 14.0 25.5 
900 37.6 14.0 22 

- 

-_. 

G&J- 

-An% hyde 
phos- 
phate 

‘egP2lU mg. P 

0.915 0.66 
0.56 0.39 
0.804 0.51 
0.654 0.53i 
0.306 0.17 
0.503 0.34 
0.402 0.25: 
0.417 0.27: 
0.475 0.30 
0.465 0.291 
0.462 0.31 
0.43 0.35 

0.365 0.44 
0.193 0.17: 
0.198 0.16: 
0.175 0.17: 
0.245 0.14: 
0.27 0.16; 
0.43 0.25 
0.29 0.18 
0.39 0.24 

0.264 0.18: 
0.17 0.11 
0.095 0.10 
0.13 0.15 

:1 cer 
a de- i 
hyde 
phos- 
P+$ 

triose 
phos- 
phate 

w 
Gent 

4.1 
2.8 
3.45 
3.75 
2.9 
5.4 
4.15 
4.4 
4.8 
4.2 
4.7 
4.0 

7.4 
4.2 
4.5 
3.15 
3.6 
4.25 
6.3 
4.3 
5.6 

5.0 
4.2 
2.8 
4.9 

1\ 

_- 

dean 

4.0: 

4.8 

4.2 

R 
e 

-- 

5 

per 
cent 

95 
loo 

90 
98 
83 

94 
97 
96 
90 

100 
100 
92 

100 

Experiments with the same protocol number were carried out with the same 
enzyme preparation but with different amounts or at different time intervals. 

AC. = dialyzed extract of acetone powder; Z. B. = preparation of zymohexase B. 
Z. di. = the same, dialyzed to remove the ammonium sulfate. 

* Volume includes 3 to 5 cc. of 40 per cent trichloroacetic acid; this amount is de- 
ducted in Table II for calculation of the molar concentrations. 

t Only the amount transformable into triose phosphate = 84 to 92 per cent of the 
organic phosphate of the preparation is accounted for. 

$ Rotation difference with and without molybdate, measured in a 2 dm. tube 
for concentrated samples of 4 to 7 cc., corresponding to 80 to 90 per cent of the initial 
volume (sixth column). 

8 The initial hexose diphosphate minus the dihydroxyacetone phosphate formed is 
taken as 100 per cent. 
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0. MEYERHOF AND R. JUNOWICZ-KOCHOLATY 81 

from aldolase. In order to have polarimetric readings, after establishment 
of the equilibrium, of as much as -0.15” to -0.20” with molybdate in 2 
dm. tubes, nearly 1 mg. of P of triose phosphate per cc. is required in the 
original solution. To such solutions, buffered with borate at pH 7.6, 
various dilutions of isomerase were added. In Table IV only those ex- 
periments are reproduced in which it was ascertained, by incubation during 

TABLE II 

Equilibrium Constants Calculated from Experiments of Table I 

T=3ll 
pers 
ture 

- 
“C. 

60 

40 

38 

30 

EX- 
peri- 
llent 
No. 

HeXOX 
diphosphate 

Initial Final 
____ 
f x 10-x M x 10. 

10.5 6.3 
10.5 6.55 
6.9 3.35 
8.1 4.3 
3.34 1.56 
3.16 1.25 
3.16 1.30! 
3.16 1.28! 
3.31 1.40 
3.31 1.20 
3.06 1.06 
7.0 3.86 

z= 
phate 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

-3 * rx to- 

8.4 
7.85 
7.1 
7.6 
3.56 
3.82 
3.71 
3.78 
3.82 
4.22 
4.00 
6.28 

G,’ ;E- Dihy- 
f droxy- 

hyde acetone 
phos- 
phate 

phos- 
phate 

____ 
vx1o-~Mxto- 

0.345 8.06 
0.22 7.63 
0.245 6.85 
0.285 7.31 
0.104 3.45 
0.202 3.61 
0.154 3.55 
0.165 3.58 
0.163 3.56 
0.178 4.04 
0.188 3.81 
0.25 6.03 

13 6.65 5’.06 
14 5.87 4.30 
15 5.87 4.47 
16 5.74 3.66 
17 3.31 2.15 
18 3.06 1.88 
19 3.06 1.80 
20 3.06 1.80 
21 3.06 1.72 

3.18 0.235 2.95 1.71 12.5 1.37 
3.15 0.132 3.02 2.15 , 23 0.93 
2.8 0.126 2.67 1.61 21.5 0.75 
4.17 0.131 4.04 3.95 , 31 1.27 
2.32 0.083 2.24 2.4 27.4 0.87 
2.37 0.103 2.27 2.75 , 22.0 1.25 
3.08 0.158 2.35 3.08 15.0 2.05 
2.53 0.109 2.42 

0.144’ 2.43 
3.26 , 22.2 1.47 

3.35 3.35 1 17.0 1.98 

22 10.5 8.6 3.84 0.192’ 3.65 
23 7.05 5.73 2.63 0.11 2.52 
24 6.53 3.21 3.32 0.093 3.23 
25 6.53 3.53 3.0 0.1471 2.85 

_- 
a 

different intervals or with different dill 

I - 

It 

1.41 19.0 0.74 
1.12 , 23 0.485 
3.20 I’ 34.5 0.93 
2.07 19.5 1.06 0.80 (Kw) 

ions of the enzyme, that the final 
end-point was practically reached. The mean value of twelve such 
experiments, given in Table IV, is 4.3 per cent glyceraldehyde phosphate 
in the total triose phosphate. The measurements could not be made at 
60”, because too much triose phosphate was decomposed during the 
heating time. 

- 
P 
i2 2 
P 

9 
10-a 

10.3 
8.7 

14.0 
12.4 

7.55 , 

10.4 
9.6 

10.2 
9.0 

13.2 
13.5 

9.4 

23.4 
34.2 
28 
25.7 
32.8 
17.4 
23.0 
23.2 
21.8 
22.8 
20.2 
24 

10' 

4.4 
2.55 
5.0 
4.8 
2.3 
6.0 
4.18 
4.6 
4.15 
6.0 
6.7 
3.9 

i 

Kalcio~ree, mean 

IO-' 

4.5 WEO~) 

1.33 ww-40”) 
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82 EQUILIBRIA OF ISOMERASE AND ALDOLASE 

Equilibria in Presence of Phosphate 

The considerable effort spent in ascertaining the numerical values of the 
aldolase and isomerase equilibria was in large part intended as a preliminary 
for settling the question whether phosphate has any influence on these 
equilibria. 

Negelein and Bromel (8), announcing their discovery of the 1,3-diphos- 
phoglyceric acid, write, “If one adds inorganic phosphate to glyceraldehyde- 
3-phosphoric acid (Fischer ester), 1 mole of phosphate is taken up in the 
reversible reaction : phosphate + glyceraldehyde phosphate ;“, diphos- 

TABLE III 

Aldolase Equilibrium at 60” 

Pr~t:? 

22 

23 

24 

34 

35 

36 

Ammonium 
sulfate fraction 

of aldolase 

B 

Bz 
‘I 

B dialyzed 
“ 

B, 

Be3 I‘ 

B 
B, 

Cl3 

::: 

Ga 
‘I 

G6 
I‘ 

Time 
H&XX! 

iphosphate, 
initial 

Triose 
phosphate 

1 

n 

‘rime phos- 
phate re- 

owed by 11 
hdolsae 

- -- 
sec. M x 10-z per cent M x 10-a $er cent lo-’ 

80 12.9 17.8 4.6 55 4.95 
30 12.9 16.5 4.26 60 4.2 
80 12.9 18.2 4.7 57 5.0 
80 12.9 17.8 4.6 55 4.95 
90 13.05 17.5 4.53 64 4.35 
60 13.05 19.0 4.8 50.5 5.4 
30 13.05 15.5 4.0 66 3.6 
90 13.05 16.4 4.25 69 4.1 
30 13.2 16.0 4.23 67 4.05 
30 13.2 16.6 4.40 50 4.4 
60 11.85 15.2 3.62 50 3.3 
30 11.85 14.0 3.32 56 2.7 
30 11.85 13.3 3.17 51 2.45 
40 11.85 13.5 3.21 55 2.55 
90 11.85 14.4 3.43 50 2.9 
30 11.1 17.6 3.93 58.5 4.2 
90 11.1 17.9 4.0 50 4,4 

Mean................................................................ I- - 4.0 

phoglyceraldehyde.” This is only a hypothesis for interpreting the 
reversible formation and reduction of diphosphoglyceric acid in the pres- 
ence of t,he oxidizing enzyme, cozymase, phosphate, and glyceraldehyde 
phosphate. How may such an issue be decided experimentally? We 
must distinguish between two possibilities. The formation could be a mere 
physicochemical equilibrium, as Negelein and Bromel believe, or an 
enzymatic reaction. In the latter case, since only the crystallized enzyme 
of Warburg and Christian is present, this would be at the same time an 
oxidizing and phosphorylating enzyme. In either case the possibility of 
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0. MEYERHOF AND R. JUNOWICZ-KOCHOLATY 83 

demonstrating such an intermediary would depend on the equilibrium 
concentration; that is, of the value of Kphosphoryration in equilibrium (IV). 
Warburg and Christian published three curves showing the dependence of 
the reduction of cozymase upon phosphate concentration. 33 X 10M3 
M phosphate had about the maximal effect, while 16 X 1O-3 M gave 84 
per cent and 0.87 X 1O-3 M 25 per cent of this value. With Dr. Drabkin, 
we made many more determinations with different concentrations of 
phosphate and triose phosphate. If a simple diphosphoglyceraldehyde 
should exist, the reduction of cozymase must obey the equation 

TABLE IV 

Equilibrium with PuriJied Isomerase in Absence of Phosphate 

Protocol 
No. 

232 

244 

246 

247 

261 

- 

Diluti 
of 

enzyn 

1:30 
1:90 
1:90 

1:50( 
1:50( 

1:40 
1:40 
1:40 
1:40 

I:60 

1:22t 
1:45 

on I 

1e 

-- 

3 

3 

30 

“C. 

37 
37 
37 

38 
38 

21 
21 
21 
31 

25 

22 
22 

-- 

Time 
T&se Polar- 

phosphate imeter 
per cc. tube 

-AtI 
neasured I 

- 

Pl 

~__ 
Glyceral- 
dehyde 

phosphate 
:r cc., initia 

solution 

min. nag. P dnz. degrees nzg. P 

12 0.48 4 0.268 0.024 
12 0.48 4 0.250 0.021 
21 0.49 4 0.22 0.018 

0 1.215 2 5.62 0.79 
8 1.19 2 0.36 0.059 

15 1.16 2 0.343 0.055 
0 0.90 2 3.87 0.472 

15 0.84 2 0.167 0.027 
30 0.84 2 0.187 0.033 
60 0.64 2 0.15 0.027 
15 0.74 2 0.181 0.031 
0 0.82 2 3.54 0.562 

16 0.794 2 0.206 0.032 
0 0.560 2 2.24 0.408 

40 0.540 2 0.131 0.0241 
40 0.570 2 0.125 0.0234 

Mean of final equilibrium.. 

Gd;g- 

phosphate 
in triose 

phosphate 

9er cl?122 

5.0 
4.4 
3.7 

65 
4.95 
4.75 

52.5 
3.5 
3.9 
4.25 
4.2 

69 
4.0 

72.8 
4.3 
4.2 

-__- 

4.3 
--___ 

K 
ldiphosphoglyceraldehyde]. [cozymase (oxidized)] 

reduction = [diphosphoglyceric acid].[dihydrocozymase] 

Since in the isolated system [dihydrocozymase] = [diphosphoglyceric acid]. 
the above equation can be written 

K 
[diphosphoglyceraldehyde]. [cozymase (oxidized)] 

reduction c 
[dihydrocozymaselz 

and multiplied by Kphosphorylation 
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84 EQUILIBRIA OF ISOMERASE AND ALDOLASE 

K’ 
[glyceraldehyde monophosphate] - [phosphate]. [cozymase (oxidized)] 

reduction = [dihydrocozymaseP 

Actually t,he value for K:eduction decreases with increasing concentrations 
of phosphate, while it increases with increasing concentrations of glycer- 
aldehyde phosphate and constant high phosphate concentrations. What- 
ever interpretations are offered for these discrepancies, Kphosphorylation 
could not be greater than approximately 10e2, since otherwise the strong 
effect on reduction of cozymase by phosphate concentrations of lo-” to 
IO-3 would be impossible to explain.5 

Let us now assume the first of the above possibilities, that the equilibrium 
of phosphorylation is non-enzymatic. Then with the value of Kphosphorylatioa 
of 1O-2 the amount of diphosphoglyceraldehyde can be calculated for 
all concentrations of phosphate. For 0.1 M inorganic phosphate the 
proportion of diphospho ester to monophospho ester would be 10. In the 
presence of zymohexase or isomerase the equilibrium would be imme- 
diately affected. With a value of Kisomerase = 22, triose phosphate would 
be distributed in the presence of 0.1 M phosphate into 67 per cent 
dihydroxyacetone phosphate, 3 per cent glyceraldehyde monophosphate, 
and 30 per cent diphosphate, instead of 96 per cent dihydroxyacetone 
phosphate and 4 per cent glyceraldehyde phosphate in the absence of 
phosphate. By destroying the zymohexase with trichloroacetic acid, 
dilution and oxidation by iodine of the glyceraldehyde monophosphate, 
the diester would dissociate into its components. This would be quite the 
same if the decomposition were not really brought about by removing the 
monoester, but by the chemical instability of the diester in the absence of 
the zymohexase system, by which it would be continuously regenerated. 

The situation would be somewhat different if the presence of the oxidiz- 
ing enzyme with or without cozymase were necessary for the formation 
of the diester. Since phosphate concentrations higher than 6 X lop2 M 

do not continue to increase the equilibrium concentration of diphospho- 
glyceric acid, this could be true for the phosphate uptake too, and might 
depend on a sensitivity of the enzyme toward the higher concentrations. 
One could expect the formation of the diester in this case only under the 
same conditions in which the formation of dihydrocozymase takes place. 
Moreover, in destroying the enzyme the diester could in principle be pre- 

6 In the presence of 1.5 X 10-a M inorganic phosphate 15 to 20 per cent of the 
maximal reduction of cozymase is obtained; in the presence of 10 X 10-S M 50 per 
cent. With Kphosphary~ation = 1OF in the first case less than 12 per cent and in the 
second case about 50 per cent of the total glyceraldehyde phosphate would exist as 
diest,er. I f  Kpt,aspt,orylation is assumed to be 5 X lo-*, the respective concentrations 
of the diester would be less than 3 and 16 per cent, which would be less compatible 
with the effect on the reduction of cozymase by these concentrations of phosphate. 

 by guest on A
pril 10, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


0. MEYERHOF AND R. JUNOWICZ-KOCHOLATY 85 

served even in the absence of the monoester, although it is not very likely 
that it would withstand the oxidation by iodine and would decompose in 
any other way than via glyceraldehyde monophosphate, 

Because of this, it is necessary before the possible enzymatic formation 
of the diphosphoglyceraldehyde is studied to check the preparations of the 
different enzymes for their ability to reduce cozymase in dependence on the 
phosphate concentration and at similar temperatures, times, etc., as can 
be used for testing the existence of an equilibrium of phosphorylation. 

Generally the oxidizing enzyme was at first tested for reaction (2) above 
in the presence of arsenate, by the manometric technique. Enzyme dilu- 
tions were used which brought this reaction to completion at 20’ in about 
20 minutes with 0.6 to 0.8 mg. of pure cozymase and an excess of glyceralde- 
hyde phosphate. In the same test the absence of aldolase in the oxidizing 
enzyme was established by showing that triose phosphate cannot be re- 
placed by hexose diphosphate. The dilution of zymohexase necessary for 
inducing hexose diphosphate to react with nearly the same speed as triose 
phosphate was also determined in this way. Finally the absence of isom- 
erase in the oxidizing enzyme was tested by the polarimetric molybdate 
method. 

These experiments served as the basis for the incubation of hexose di- 
ph0sphat.e in the presence of zymohexase, phosphate, oxidizing enzyme 
with and without cozymasc, and for the subsequent determination of glycer- 
aldehyde phosphate by oxidation with iodine. 

When cozymase is present, a small amount of diphosphoglyceric acid is 
formed, equivalent to the amount of dihydrocozymase. This amount is 
determined in the same fraction as the glyceraldehyde phosphate in the 
form of 3-phosphoglyceric acid. However, since the amount of cozymase 
used is lower than the concentration of glyceraldehyde phosphate at equili- 
brium, the diphosphoglyceric acid corresponds only to one-tenth of the 
latter, which is within the error of measurement. With impure prepara- 
tions of enzymes the reaction could proceed further by formation of 
3-phosphoglyceric acid. Such a course is easily detected, by the optical 
rotation in molybdate wit.hout oxidation by iodine. Indeed if any phos- 
phoglyceric acid was formed in experiments in the presence of cozymase 
(besides the minute amount of the diester), it was taken as a sign that the 
enzymes were not sufficiently purified and the purification was continued. 

The zymohexase and isomerase equilibria were in no instance changed by 
the presence of inorganic phosphate, either directly or in the presence of the 
oxidizing enzyme alone or with addition of cozymase. The accuracy is slightly 
less than in the absence of phosphate, owing to the cumbersome method 
of isolation of the phosphoglyceric acid. Moreover, the total triose 
phosphate cannot be accurately determined in the presence of high con- 
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F-36 EQUILIRRIA OF ISOMERASE AND ALDOLASE 

centrations of phosphate. Sometimes it was determined by methylglyoxal 
formation after acid hydrolysis (2) instead of by saponification with alkali. 
The results showed that up to 0.1 M phosphate, the amount of total triose 
phosphate was not appreciably altered at equilibrium. In the routine 
experiments, therefore, one sample was incubated with the same additions 
except inorganic phosphate, and the alkali-labile P found here was as- 
sumed to be present also in the other samples. 

That the first alternative, a non-enzymatic equilibrium of phosphoryla- 
tion, can be excluded was indicated by direct polarimetric readings in 
molybdate after incubation of hexose diphosphate with zymohexase 
in the presence of 0.1 M phosphate. Although this method is not s&i- 
ciently accurate for determining the exact equilibrium concentration of 
glyceraldehyde phosphate, a nearly IO-fold increase, corresponding to 
~~phosphorylation = lOW, would give rotations in the 4 dm. tube of more than 
- 1” for equilibria at 60” and more than -0.5” at 30”. Such rotations were 
completely absent. Instead of this, six such experiments, four at 60”, 
one at 30”, and one at 20”, gave on the average an equilibrium content of 
glyceraldehyde phosphate of about 4 per cent (between 2.4 and 8.1 per 
cent), the same as in the absence of phosphate. 

The more accurate determinations after concentration and barium pre- 
cipitation were, therefore, immediately employed for the study of this 
system in t,he presence and absence of the oxidizing enzyme and cozymase. 
Since such an enzymatic equilibrium is possibly dependent on temperature 
and since our absorption measurements of dihydrocozymase which served 
for reference had to be made at room temperature, it seemed advisable to 
use relatively low temperatures of incubation. Since the zymohexase 
equilibrium is too unfavorable at 20”, these experiments are done at 30” 
and 40”, while with isolated isomerase temperatures of 22” and 25” can be 
used. Table V contains the data of the most reliable experiments. For 
comparison some data (Experiments la and 8a) are included from experi- 
ments in which the enzymatic incubation was made in the absence of 
phosphate (but phosphate was added after deproteinization) and in which 
the treatment with Mg mixture, etc., was identical with that of the other 
sample under the same number. The conditions of the experiments were 
identical with those of Table I except for the addition of phosphate, oxi- 
dizing enzyme, and cozymase and the removal of the inorganic phosphate 
by magnesia mixture. 0.1 to 0.5 cc. of the stock solution of oxidizing 
enzyme (E of Table V), containing 0.2 to 0.5 mg. of protein, was used in a 
total volume of about 40 cc., and in some experiments 7.5 mg. of cozymase 
of a purity of 0.74 were added. The concentration of the protein was 
somewhat higher than in the absorption measurements. 

The last column of Table V shows that in a few cases losses of the total 
organic phosphate of about, 30 per cent occur, but generally they are much 
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0. MEYERHOF AND R. JUNOWICZ-KOCHOLATY 87 

less. The loss of phosphoglyceric acid is smaller than the total loss. On 
the other hand, the slight increase over 5 per cent glyceraldehyde phosphate 
in some cases with oxidizing enzyme cannot be regarded as significant, since 
similar variations occur in Table I in the absence of phosphate. 

Some further experiments were made with purified isomerase at 38”, 25”, 
and 22”. Here any kind of pretreatment can be avoided. As is shown in 
Table VI, the glyceraldehyde phosphate content at equilibrium is the same 
as in the absence of phosphate and the oxidizing enzyme. This is still 

TABLE V 

Per Cent of Glyceraldehyde Phosphate in Presence of Zymohexase, Oxidizing Enzyme, 
and Phosphate 

Tern 
*era. 
ture 

-- 

“C. 

60 

40 

30 

- 

EX- 
pen- 
ment 
NO. 

Pro- 
tocol 
NO. 

Phos- 
phate 

10-z 

1 217 4.7 
la 217 0 
2 206 5.0 
3 206 5.0 
4 222 3.6 
5 222 3.6 
6 222 3.6 
7 217 4.7 
8 217 4.7 
8a 217 0 
9 227 4.6 

10 227 4.6 

11 227 4.6 

E 
“ 

“ +co 
+E+CO 

E + CO 

E 
(‘ +co 

(PH 7.0) 
“ +co 

(PH 8.0) 

T  

min. cc. 
I I 

mg. P 

1.2534.2 14.0 
1.2534.2 14.0 
8 32 12.3i 
8 64 25.7 
0 44 15.6 
0 44 15.6 
0 44 15.6 
3 34.2 14.0 
3 68.4 28.0 
3 34.2 14.0 
5 34.2 14.0 
5 34.2 14.0 

$e;t degrees v&g. P w 
cent 

44.50.362 0.254 4.05 
44.50.337 0.260 (4.15; 
27 0.123 0.109 3.7 
27 0.266 0.406 6.85 
26 0.207 0.182 4.4 
26 0.270 0.26 6.3 
26 0.243 0.30 7.3 
18.60.105 0.073 2.8 
18.60.224 0.208 4.0 
18.60.144 0.108 (4.1) 
21.90.140 0.152 4.95 
25.50.134 0.138 3.9 

w 
cen.t 

88 

100 

73 
66 
95 
84 

100 
86 
92 
96 
75 
85 

5 34.2 14.0 24.90.144 0.150 4.8 94 

1 
I 

..-___ 
“,’ czr’ f 

‘riose -ACI 
G&y- hyde 

phos- (2 dm. h3d.z 
phos- 

Ihate tube) phos- 
p+te 

phate t&e 
phos- 
phate 

lecov- 
xy of 
,rgan- 
ic P 

* E = oxidizing enzyme; CO = cozymase. 

more conclusive evidence, since any interference with the activity of the 
isomerase by the additions would make the concentration of glyceraldehyde 
phosphate too high but never too low. 

Furt’her negative results were obtained with direct polarimetric measure- 
ments of the glyceraldehyde phosphate in the presence of phosphate and the 
oxidizing enzyme. A diphosphoglyceraldehyde must contain 2 asymmetric 
carbon atoms. If the phosphate uptake into the carbonyl group takes place 
by enzymatic action, the formation of only one of the two stereoisomeric 
forms is to be expected. A great difference in optical rotation should 
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88 EQUILIBRIA OF ISOMERASE AND ALDOLASE 

result compared with the glyceraldehyde monophosphate. Glucose-l- 
monophosphate (Cori ester), having such a phosphorylated carbonyl group 
has [a], = + 120”, which corresponds to + 174” for the molecular weight of 
glucose, while cr-glucose has [ar], = + 105” (25). This phosphorylation 
creat,es, therefore, a difference of [cY], = +69” in the specific rotation 
of glucose. 

In our case no difference was found which exceeded the accuracy of the 
measurements. [ollD of d-3-glyceraldehyde phosphate was determined 
some years ago and found to be +20° in slightly acid solution (6). The 
rotation is greatly influenced by the pH. In our present measurements we 
find at pH 5 [a], = $19.5’ to +22”, at pH 6 +17”, and at pH 7 f12”. 

TABLE VI 
Equilibrium of Isomerase in Presence of Phosphate and Oxidizing Enzyme -__ 

232a 

235 

247 

261 

- 

remper- 
aturc 

“C. min. ,X1@ 

38 12 5.0 
38 12 5.0 
38 12 0 
38 12 6.0 
38 12 6.0 
25 16 5.5 
25 16 4.4 
25 16 4.4 
22 40 5.9 
22 40 4.0 
22 40 0 

- 

hosphate Enzyme 

E 

E 

E 
“ + co 

E 

__-- 

Triose 
$osphatc 
per cc. 

mg. P 

0.60 
0.60 
0.60 
0.79 
0.79 
0.794 
0.794 
0.794 
0.560 
0.560 
0.570 

.- 

- 

_- 

- 

(zn?. 
tube) 

degrees mg. P 

0.75 0.0243 
0.16 0.027 
0.19 0.033 
0.29 0.045 
0.306 0.0465 
0.22 0.0335 
0.213 0.0306 
0.266 0.040 
0.097 0.0177 
0.103 0.0197 
0.125 0.0234 

;- 

- 

G&g- 

,hosphate 
per cc. 
mitial 

solution 

#er cent 

4.0 

(E, 
5.7* 
5.9* 
4.2 
3.85 
5.0 
3.15 

* Equilibrium not quite complete. 

A 0.75 per cent solution (calculated for glyceraldehyde phosphoric acid) 
gives at pH 7 in a 2 dm. tube Q = +0.18”, and when dissolved in 0.2 M 

phosphate of pH 7.0, +O.lSS”. When oxidizing enzyme is added, correc- 
tions must be made for glutathione contained in our enzyme solutions. A 
solution of 0.97 per cent glyceraldehyde phosphate in 0.064 M phosphate 
at pH 6 gives (Y = +0.33”, corresponding to [ru], = +17”, while with ox- 
idizing enzyme the rotation of an exactly equivalent sample after correction 
is (Y = +0.31”. 

DISCUSSION 

Since no dissociable diphosphoglyceraldehyde could be detected under 
conditions in which cozymase is reduced and diphosphoglyceric acid is 
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formed, we may briefly discuss what possibilities remain for a precursor 
substance. One such possibility would be that the precursor formed en- 
zymatically would be undissociable in the absence of the enzyme, like the 
dimeric diphosphoglyceraldehyde of Baer and Fischer (26). This sub- 
stance itself proved to be biologically inactive ((18) foot-note 1). But it is 
a single racemic body whose biochemical breakdown was improbable from 
the start. A similar substance formed by two d-glyceraldehyde groups 
could perhaps react. But such a possibility may be practically ruled out by 
the following observation. As was found by us and reported in the paper 
of Baer and Fischer, the racemic diphosphoglyceraldehyde is split by 
5 X 1O-2 HCl at 100” in 8 minutes rather completely into monomeric 
glyceraldehyde monophosphate and inorganic phosphate. The same result 
obtains in the presence of phosphate by addition of HCl until pH 1.5 is 
reached. Such a treatment applied to deproteinized isomerase mixtures in 
the state of equilibrium in the presence of phosphate and oxidizing enzyme, 
like those of Table VI, does not increase the amount of glyceraldehyde 
phosphate. 

The opposite explanation, therefore, seems likely: that the product is too 
labile to be detected. To be sure, the instability has been viewed through- 
out this work as the special feature by which the product could be detected 
provided that it decomposes into glyceraldehyde phosphate and phosphate. 
Aside from the rather remote possibility that it breaks down instantaneously 
in another way, one has to visualize the formation of a physical addition 
product so loose that it would behave towards isomerase not as a compound, 
but like free glyceraldehyde phosphate, and not shift the equilibrium at all. 
In this case dihydroxyacetone phosphate would probably form a similar 
addition product. But this latter assumption would not by itself explain 
the experiments with zymohexase in the presence of phosphate, since an 
equal phosphate uptake by both triose phosphates while neutral to isom- 
erase should affect the aldolase equilibrium by increasing the proportion 
of triose phosphate to hexose diphosphate. This does not happen: the 
methylglyoxal split by acid hydrolysis is not increased in the presence of 
phosphate. The total triose phosphate, therefore, and not only the aldose 
part is unchanged. 

Several known facts can be quoted in favor of the idea that only a 
physical addition product is formed, which, nevertheless, makes the car- 
bony1 group more unstable to oxidizing agents. As was shown by Warburg 
and Yabusoe (27) and Wind (28), ketohexoses (fructose, sorbose) and tri- 
oses (dihydroxyacetone and glyceraldehyde) are oxidized in neutral phos- 
phate solutions by the oxygen of the air. This oxidation, which is catalyzed 
by traces of metal, is dependent on the concentration of phosphate or, in the 
same way, of arsenate (29). It is especially rapid with trioses and with 
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triose phosphates (2). The rate of oxidation increases as the pH is shifted 
from 6.5 to 8.5. Exactly the same is true for the oxidation of glyceralde- 
hyde phosphate by cozymase in the presence of phosphate or arsenate. 

Such a conception of an addition product, which does not possess a second 
asymmetric carbon atom in the aldehyde group, but behaves towards oxi- 
dizing agents like a compound, seems to receive further support from the 
recent interesting model studies of Baer (30) on oxidative cleavage of 
a-keto acids by means of lead tetraacetate in the presence of alcohols and 
other substances possessing hydroxyl groups, including phosphoric acid. 
Here the initial formation of a loose physical or chemical addition product 
(perhaps an “association of molecules held together by weak physical 
forces”) between the keto group and the alcoholic group is indispensable 
for the oxidative splitting. In this way acetylphosphoric acid can be 
formed from pyruvic and phosphoric acids (31) as in the biosynthesis of this 
substance, discovered by Lipmann (32). 

If such a concept applies to our system, the chemical combination o’f 
phosphate with the glyceraldehyde monophosphate would take place only 
as a result of the oxidation of the loose aldehyde phosphate addition 
product. It was assumed in our former publications (14), preceding the 
discovery of the diphosphoglyceric acid of Negelein, that the phosphate 
uptake in this system was brought about by cozymase, which would act 
simultaneously as a phosphorylat,ing and oxidizing coenzyme. The glyc- 
eraldehyde-3-phosphate reacting with cozymase in the presence of phos- 
phate was called the “reaction form of sugar.” We acknowledge fully the 
great progress achieved by Warburg and his coworkers in isolating the 
oxidizing enzyme and its reaction product, the diphosphoglyceric acid, 
whereby an intermediary step of the “coupling reaction” between phos- 
phorylation and oxidation was demonstrated. Nevertheless, their state- 
ment (12), that our ideas had proved to be wrong in view of their alleged 
discovery of a diphosphoglyceraldehyde as the reaction form of sugar in- 
stead of a monophosphoglyceraldehyde, supposed by us, may perhaps turn 
out to be not only unjust but premature. 

SUMMARY 

Methods are described for determining very small amounts of d-3-glyc- 
eraldehyde phosphate in the presence of large amounts of dihydroxyace- 
tone phosphate and hexose diphosphate. In this way the equilibrium 
constant of isomerase [dihydroxyacetone phosphate]/ [glyceraldehyde 
phosphate] is found to be 20 to 25. The same value of 4 to 5 per cent glyc- 
eraldehyde phosphate in the total triose phosphate is obtained with 
preparations of zymohexase (aldolase + isomerase) and of purified isom- 
erase. 
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The values for the equilibrium constant of aldolase, 

[Dihydroxyacetone phosphate]+[glyceraldehyde phosphate] 
[Hexose diphosphate] 

as determined with zymohexase or with purified aldolase, are also in com- 
plete agreement. 

None of the equilibria is influenced by the presence of inorganic phos- 
phate (0.04 to 0.1 M) even if the oxidizing enzyme of Warburg with or with- 
out cozymase is also added. No substance ifi formed which breaks down 
into glyceraldehyde phosphate and phosphate, as has to be assumed for a 
diphosphoglyceraldehyde. 

The r61e of phosphate in the oxidation of glyceraldehyde phosphate by 
cozymase has to be sought, therefore, in the establishment of a loose phys- 
ical addition product of these components, which would enable the forma- 
tion of diphosphoglyceric acid by oxidation, without being in itself a 
definite chemical compound. 

Acknowledgment is due to Miss Mildred Hurst for valuable help. 
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