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1. Introduction

D-Tagatose, the ketose related to D-galactose, has
been shown recently to be a good substrate for beef-
liver fructokinase [1]. We have investigated whether
tagatose is further metabolized by the liver, and have
found that it is a rather good gluconeogenic substrate
in rat and hamster liver cells.

2. Methods

Isolated rat or hamster liver cells were prepared
from 24-hr fasted animals by the procedure of Berry
and Friend [2] with minor modifications (omission
of hyaluronidase and use of Krebs-Henseleit [3]
buffer). Incubations were run in 25 ml Erlenmeyer
flasks in 2 ml of Krebs-Henseleit buffer with 5%
C0,/95% 0, in the gas phase. Previously described
methods were used for determination of tritium
yields in glucose [4] and water [5]. Enzymic analysis
of glucose was carried out according to Slein 6],
with the substitution of NAD* for NADP", and with
the use of glucose 6P dehydrogenase from Leuconostoc
mesenteroides. Hexokinase (Sigma Type C-302) free
of glucose 6P isomerase was used. After the reaction
had gone to completion, glucose 6P isomerase was
added to analyze for fructose. These methods were
also used to test for possible glucose or fructose
impurities in tagatose. Glycerol was determined
according to Wieland [7].

D-Tagatose was obtained from Sigma Chemical
Co. (St. Louis, Mo. USA). An earlier study {8] of
liver fructokinase had stated that apparent activity
towards tagatose as substrate was in actuality due to
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a 25% impurity of fructose in the commercial (from a
different source) tagatose used. The tagatose obtained
from Sigma contained no glucose or fructose by
enzymic assay. The more recent study on beef-liver
fructokinase by Raushel and Cleland [1] which
reports activity towards tagatose, used tagatose also
obtained from Sigma.

D-[IR,S-T] tagatose was synthesized by reduction
of D-galactosone (200 umol) with NaB[T]H, (about
10 umol) in 1 ml of water at pH 7. The aldehyde
group is reduced much faster than the ketone group
[9]. D-Galactosone was made by scaled-down versions
of standard procedures involving the preparation of
D-galactose phenylosazone [10], followed by nitrous
acid treatment to form the osone [11]. The D-[IR,
S-T]tagatose was purified on a 1 X 20 cm column of
Dowex 1 X 8 (borate), being eluted with 0.035 M
(NH,4); B40+, and further purified by paper chromato-
graphy using phenol/water (80/20, by vol.) as solvent.

3. Results and discussion

Hamster liver cells were incubated with D-tagatose
in concentrations from 2 mM to 20 mM (table 1). At
2 mM, over half of the substrate was converted into
glucose in 2 hr. The rates of gluconeogenesis were
nearly the same during the first and second hours.
The rate of gluconeogenesis from 20 mM D-tagatose
was about twice that from 20 mM D-galactose. This
suggested that an isomerization of tagatose or a taga-
tose phosphate to galactose or a galactose phosphate,
was not involved in the gluconeogenic pathway. Since
tagatose has been shown to be a substrate for fructo-
kinase, with a K, only slightly higher, and a V' .,

North-Holland Publishing Company — Amsterdam



Volume 52, number 2

Table 1
Gluconeogenesis from D-tagatose or D-galactose
by isolated hamster liver cells.

Gluconeogenic Glucose formation
substrate (umol)
(Concentration) 1hr 2 hr
Endogenous 0.4 0.7
D-Tagatose (2 mM) 1.9 3.1
D-Tagatose (5 mM) 2.7 5.0
D-Tagatose (10 mM) 3.1 5.6
D-Tagatose (20 mM) 3.1 5.7
D-Galactose (20 mM) 1.5 3.1

Isolated hamster liver cells (about 20 mg dry weight) were
incubated in 2 ml Krebs-Henseleit buffer with the substrates
shown.

about the same as that of fructose [1], it seemed
likely that this might be the initial step in the pathway.
Lardy [12] has noted that tagatose 1,6-diP is stowly
cleaved by rabbit-muscle aldolase to D-glyceraldehyde
3P and dihydroxyacetone P. By analogy alone (no
direct tests of this have yet been made), it is possible
that aldolase B of the liver may be able to cleave
D-tagatose IP to D-glyceraldehyde and dihydroxy-
acetone P. If the gluconeogenic pathway proceeded
through the triose phosphate stage, extensive isotopic
equilibration of the triose phosphates would cause
labelling of C-6 of glucose from a tagatose originally
labelled on C-1. Unfortunately no D-[1-'4 C] tagatose
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was available for this purpose, but we were able to
prepare D-[1R,S-T] tagatose from a precursor on hand.
It should be noted that in the reduction of the aldehyde
group of galactosone with tritiated borohydride,
approximately equal labelling is expected of the two
hydrogens on C-1 of the tagatose formed.

Rat liver cells were incubated with D-[1R,S-T]taga-
tose, again at several concentrations, and D-{IT]
galactose was included for comparison (table 2). Again,
at 20 mM substrate concentration, D-tagatose produced
glucose at more than twice the rate from D-galactose.
Periodate degradation of the glucose formed from
D-[1R,S-T]tagatose showed nearly two-thirds of the
tritium on C-6, the rest undoubtedly largely on C-1.
The results are what would be expected from a pathway
involving partial isotopic equilibration of the triose
phosphates, followed by the loss of most of the
tritium in one of the two stereospecific positions on
C-1 of fructose 6P in the glucose 6P isomerase reaction
[13]. The glucose formed from D-[IT]galactose, on
the other hand, had only 10% of the tritium on C-6.
The accepted gluconeogenic pathway from
D-galactose proceeds through glucose 6P. The limited
amount of labelling on C-6 can be related to F6P 2
FDP futile cycling, evidence for which was previously
presented by Clark et al. [14] when galactose is the
gluconeogenic substrate, with the use of [5T]glucose.

Another conceivable pathway might involve
formation and cleavage of D-tagatose 1,6-diP, but no

Table 2
Gluconeogenesis from D-[1R,S-T| tagatose or D-[1T] galactose by isolated rat liver cells

Glucose Isotopic yields

Total glucose  formation (% of added T) % of T on
Gluconeogenic formation from substrate Residual C-6 of
Substrate (#mol/2 hr) (umol/2 hr) Glucose Water  substrate  glucose
(Concentration)
Endogenous
D-(1R,S-T] Tagatose (2 mM) 5.6 2.6 31 25 40 68
D-[1R,S-T] Tagatose (5 mM) 9.3 6.3 31 21 39 65
D-[1R,S-T] Tagatose (10 mM) 144 114 32 20 45 62
D-[1R,S-T} Tagatose (20 mM) 19.6 16.6 25 13 53 64
D-[1T] Galactose (20 mM) 9.0 6.0 4 12 80 10

Isolated rat-liver cells (about 50 mg dry weight) were incubated for 2 hr in 2 mi of Krebs-Henseleit buffer. Glucose for-
mation from the added substrate assumes that endogenous glucose formation proceeds at the same rate as in the absence

of added substrate.
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Table 3
Effect of ethanol on tagatose metabolism

Glucose Glycerol

Substrate Formation Formation
(Concentration) (umol/2 hr  (umol/2 hr
Endogenous 3.2 0
D-Tagatose (20 mM) 24.4 0.1
D-Tagatose (20 mM)

Plus 16.4 1.2
Ethanol (20 mM)

Rat liver cells (about 50 mg dry weight) were incubated for
2 hours with the substrates shown.

enzyme system in the liver has been reported which
would convert tagatose 1P into tagatose 1,6-diP (or
phosphorylate tagatose to tagatose 6P). Bissett and
Anderson [15,16] have recently shown that certain
bacteria contain enzymes for an alternate pathway of
galactose metabolism, involving isomerization of galac-
tose 6P to tagatose 6P, conversion into tagatose 1,6-
diP, by an enzyme distinct from phosphofructokinase,
and cleavage to the triose phosphates by an aldolase
distinct from fructose 1,6-diP aldolase. In order to
establish whether D-glyceraldehyde is formed in the
metabolism of D-tagatose by the liver, we have incu-
bated D-tagatose in the presence of ethanol (table 3).
It is known that ethanol causes a certain amount of
glycerol production from the D-glyceraldehyde
formed from fructose, when ethanol and fructose are
simultaneously metabolized [17] . Metabolism of
D-tagatose and ethanol also results in a small amount
of glycerol formation. This result is consistent with
the-pathway proposed involving aldolase cleavage of
tagatose 1P, but does not prove that this is the sole
pathway. Further studies on enzyme specificities and
on isolation of intermediates in large-scale incubations
with '#C-labelled tagatose will be required to outline
fully the pathway followed.
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