GERONIMO AND BEEVERS—RESPIRATION OF GREEN LEAVES 793

10. Lunp, H. A, A. E. VaTTER, AND J. B. HaNSsON.
1958. Biochemical and cytological changes ac-
companying growth and differentiation in the roots
of Zea mays. J]. Biophys. Biochem. Cytol. 4: 87—
98.

11. MAckLER, B. ANp D. E. GreeN. 1956. Studies on
the electron transport system. II. On the open-
ing phenomenon. Biochim. Biophys. Acta 21: 1-6.

12. MacLeNNAN, D. H., H. Beevers, aAnD J. L. HArLEY.
1963. ‘Compartmentation’ of Acids in Plant Tis-
sues. Biochem. J, 89: 316-27.

13. NADAKAVUKAREN, M. J. 1963. Fine structure of
microsclerotia of Verticillium albo-atrum Reinke
and Berth. Can. J. Microbiology 9: 411-13.

14. Oora, Y., R. Fucr, anp Y. Sunose. 1956, Studies
on the connexion between sucrose formation and
respiration in germinating bean cotyledons.
Physiol. Plantarum 9: 38-50.

15. Simon, E. W. 1959. Respiration rate and mito-
chondrial oxidase activity in Arum spadix. J.
Exptl. Botany 10: 125-33,

16. SimoN, E. W. anp J. A. Cuapman. 1961. The
development of mitochondria in Arum spadix. J.
Exptl. Botany 12: 414-20.

17. SissakiaN, N. M. 1958. Enzymology of the plas-
tids. In: Advances in Enzymol. Interscience
Publishers. 20: 201-36.

18. SmMirLig, R. M. 1955. Enzymic activity of particles
isolated from various tissues of the pea plant.
Australian J. Biol. Sci. 8: 186-95.

19. SwmitLig, R. M. 1956. Enzymic activities of sub-
cellular particles from leaves. I. The occurrence
of mitochondria in green leaves of the pea plant.
Australian J. Biol. Sci. 9: 81-91.

20. SmirLie, R, M. 1956. Enzymic activities of sub-
cellular particles from leaves. III. Centrifugal
fractionation and characterization of particles in
homogenates of green leaves. Australian J. Biol.
Sci. 9: 347-54.

21. Swmirnig, R. M. anp G. Krorkov. 1959. RNA as
an index of the metabolic activity of pea leaves.
Biochim, Biophys. Acta 35: 550-51.

22. Smiiig, R. M. 1962. Photosynthetic and respira-

tory activities of growing pea leaves. Plant
Physiol. 37: 716-21.
23. WirHrow, R. B. aND A. P. WitHrow. 1948. Nu-

triculture. Purdue Univ. Agric. Expt. Sta. Bul-
letin S. C. 328.

Steric Specificity in Synthesis of Heptuloses by Plants * * *
V. V. Rendig and E. A. McComb

Department of Soils and Plant Nutrition, University of California, Davis

Of the possible stereoisomers of heptuloses, only
one, D-altro-heptulose (sedoheptulose), has been as-
signed a specific role in plant metabolism (1,3). En-
zymic studies have revealed that phosphate esters of
D-altro-heptulose can be produced in vitro in the
presence of enzymes which are known to occur in
plant tissues (5). That the heptulose can be metab-
olized in plant leaves also has been shown (2, 26).

Heptuloses other than p-altro-heptulose have been
found in plants. D-manno-heptulose has been identi-
fied in a variety of species (11,15,17,22), and talo-
heptulose tentatively has been identified in avocado
fruits (6). Heptuloses have been induced to accum-
ulate in plant tissues by introducing into the tissues
sugars which presumably serve as precursors. When
the pentose p-ribose was fed to plant tissues p-altro-

1 Received Feb. 4, 1964.

2 Presented in part at the meetings of the Western
Section of the American Society of Plant Physiologists,
Stanford Univ., June 18, 1963.

3 Supported in part by a grant (GM07714) from the
National Institutes of Health, Bethesda, Maryland.

heptulose accumulated, L-arabinose on feeding gave
L-gluco-heptulose, p-xylose gave D-ido-heptulose, and
L-lyxose gave L-galacto-heptulose (fig 1) (21). The
hexulose L-sorbose also gave rise to L-galacto-heptu-
lose (13). The 4 pentoses have the common feature
that the -OH group on C-2 is in the b position (on the
right hand side of the chain when shown in Fischer
planar projection). This configuration is preserved
in the derived heptuloses which exhibit p-threo con-
figurations at C-3 and C-4. The 4 enantiomeric pen-
toses, with the -OH group on C-2 in the L position,
do not cause heptuloses to accumulate.

The purpose of the present study was to determine
whether any of the four tetroses, or hexuloses other
than L-sorbose, would cause heptulose accumulation
when introduced into plant tissue. If accumulation
takes place, would the heptuloses produced likewise
have the p-threo configuration at C-3 and C-4? If
the tetroses are incorporated with their carbon chains
intact into heptuloses and if p-threo configurations
are produced then (fig 1) p-erythrose would give
p-altro-heptulose, L-erythrose would give L-gluco-
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heptulose, p-threose would give p-ido-heptulose and
L-threose would give L-galacto-heptulose.

Any hypothesis regarding steric requirements in
the hexulose-heptulose interconversion must take into
account reactions in which C-C bonds are split, and
an intermediate compound thereby formed, as well as
those reactions in which carbons become linked. The
p-fructose-p-erythrose-p-altro-heptulose  relationship
exemplifies this type of reaction. If proper configura-
tion were of concern only for the linkage reaction,
p-tagatose should serve as well as L-sorbose, and D-
allulose as well as D-fructose, for inducing heptulose
biosynthesis. That p-fructose is not the only hexulose
which can be converted to a tetrose is indicated by
the recent finding in chromatographic studies that
threose is present in plant tissue into which L-sorbose
has been introduced (V. V. Rendig and E. A. Mc-
Comb, unpublished).

Materials and Methods

Preparation of Sugars. Both L- and p-threose
were prepared by the Wohl degradation of L- and p-
xylose, respectively, according to methods described
by Maquenne (12) and Hockett (8). The chroma-
tographic behavior of the products was compared
with a sample of L-threose obtained from Dr. A. S.
Perlin. In our systems, and as consistently observed
with other sugars, the L and p forms have identical
chromatographic properties.

L-erythrose and p-erythrose were prepared from
L- and Dp-arabinose, respectively, by the modification
of the Wohl degradation referred to above. Another
sample of p-erythrose was prepared by hydrolyzing
(23) a sample of 2,4-O-ethylidene-p-erythrose ob-
tained from Dr. H. S. Isbell. The resulting prouct
was tested and found to be chromatographically pure.

One sample of p-tagatose was obtained from L.
Light and Co., Ltd., Colnbrook, Bucks, England.
Another sample was prepared by isomerization of
- p-galactose, and was purified by chromatographic

Table I.

techniques. D-sorbose and L-tagatose also were pre-
pared by this procedure from p-galactose and L-sor-
bose, respectively.

Chromatography. Descending chromatography
was used with Whatman No. 1 paper and with the
following irrigants: A, ethyl acetate-pyridine-water
(8:2:1 v/v) and B, phenol-water (10: 2 v/v).
When 2-dimensional chromatography was used, irri-
gant A preceded irrigant B. For developing chroma-
tograms, orcinol, aniline, or silver nitrate reagents
were used (22). Under the conditions of this study
the orcinol-trichloroacetic acid reagent produced a
typical blue color (blue-green for manno-heptulose).

Since manno-heptulose occurs naturally in alfalfa
(22) and since this sugar is available in crystalline
form, it was used as a chromatographic reference
standard. To determine the distance which it
traveled, a sample of a 2% solution of manno-
heptulose was superimposed on the same spot on the
paper where a sample of plant extract had been ap-
plied previously and allowed to dry. The paper then
was irrigated in the usual way.

Feeding of Sugars. Fully developed leaves from
2 to 3 week old alfalfa plants were used for all of the
tests. The sugars were introduced into the tissue
by immersing the petioles, with blades attached, into
a 0.05 or 0.1 M solution of the sugar being tested.
Preliminary tests had revealed that there was no
significant difference in the results obtained using
these 2 concentrations. Similar leaves with petioles
immersed in distilled water were used as controls.
All leaves were left in a lighted (250-350 ft-c) labora-
tory hood at a temperature of about 25° for 5-6 hours,
after which the blades were excised and the juice
expressed as previously described (21).

Results

Table T shows the results obtained by 1-dimen-
sional chromatography of extracts from leaves into

Chromatogrophic Characteristics of Compounds Formed in Leaves Fed Various Sugars

Mature alfalfa leaves were fed 0.05 or 0.1 M solutions through the petioles for 5-6 hours while being kept in light

(250-350 ft-c) and at about 25°.
raphic paper.
orcinol-trichloroacetic reagent.

at . Expressed juice from the blades was spotted directly on Whatman No. 1 chromatog-
The irrigant used was ethyl acetate-pyridine-water (8: 2: 1 v/v) and the heptuloses were detected with

Known sugar used R

Rmanno-hentulose* manno-heptulose
Sugar fed of unknown for co- of known sugar-
orcinol complex chromatography orcinol complex
L-threose 0.81 L-galacto-heptulose** 0.80
L-sorbose 0.80 L-galacto-heptulose** 0.80
L-erythrose 0.95 L-gluco-heptulose** 0.94
p-erythrose 1.38 p-altro-heptulose*** 1.38
p-threose 1.63 p-ido-heptuloset 1.62
distance of unknown or known sugar from origin.
* Rmanno-hentulose =

**  Authentic samples.
#*x  Preparation from Sedum confusum.
+ Present in extract from leaves fed p-xylose.

distance of manno-heptulose from origin.
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which the various sugars had been introduced. The
Ropgnno-neptuose  values for the heptuloses whose
chromatographic behavior indicated a similarity to
the unknown are also tabulated.

Feeding p-erythrose. The Ryguno-neptutose Of the
only orcinol-reactive compound which was present in
leaves fed p-erythrose and not in those kept in water,
was identical to that of p-altro-heptulose (table I).
The heptulose from the p-erythrose fed tissue also
cochromatographed with Dp-altro-heptulose from
Sedum confusum. Judging from the intensity of the
color formed in the orcinol reaction, the amount of
D-altro-heptulose accumulating in the tissue was the
least of all the heptuloses found by feeding the
various sugars.

Feeding L-erythrose. The Ryguno-neptutose Of the
orcinol-reactive compound present in leaves fed L-
erythrose was almost identical to that of L-gluco-hep-
tulose (table I). In tests using 2-dimensional chro-
matography L-galacto-heptulose was superimposed
on the extract from leaves fed L-erythrose. Clear
separation of the 2 areas which formed orcinol-reac-
tive blue products was obtained. The compound pres-
ent in the leaves fed L-erythrose traveled further than
did L-galacto-heptulose in irrigant A, but not as far
in irrigant B as the latter heptulose This is in accord
with the expected behavior of L-gluco-heptulose.

Feeding p-threose. Characterization by 1-dimen-
sional chromatography of an orcinol-reactive com-
pound present in alfalfa leaves into which p-threose
had been introduced indicated the compound to be p-
ido-heptulose. The Rygnno-neptulose values of this
heptulose and of the unknown were 1.62 and 1.63,
respectively (table I). Further evidence was ob-
tained by 2-dimensional chromatography. On one
chromatogram an extract from leaves fed p-threose,
and a p-altro-heptulose preparation from Sedum con-
fusum, were superimposed at the origin; on another,
these two, plus an extract from leaves into which p-
xylose had been introduced, were superimposed.
After irrigation and orcinol treatment 2 blue areas
appeared on both chromatograms. The intensity of
the color of the p-altro-heptulose area was the same
on both; the color intensity of the other area was
increased on the chromatogram on which the extract
from the tissue fed p-xylose had been included. In
earlier studies the product formed in tissue fed b-
xylose had been identified by means of x-ray diffrac-
tion pattern and rotation as Dp-ido-heptulose (21).

Feeding L-threose. Chromatography of leaf ex-
tracts indicated that L-threose, like L-sorbose, induced
an accumulation of rL-galacto-heptulose. The heptu-
lose which, because of similar chromatographic be-
havior, could be most easily confused with L-galacto-
heptulose is L-gluco-heptulose. That this latter hep-
tulose was not the one in the tissue into which L-
threose was introduced was shown by 2-dimensional
chromatography. While in irrigant A the unknown
heptulose in the leaves fed L-threose traveled further
than did L-gluco-heptulose, in irrigant B, the relative
rates were reversed. This is in accord with our pre-

vious observations and the report of Noggle (16).
Two-dimensional chromatography also indicated the
presence of sorbose in extracts from leaves fed L-
threose. The Rpguno-neptulose Values of sorbose and
fructose in irrigant A are identical, but in irrigant
B fructose separates from sorbose. Treatment with
silver nitrate reagent of the chromatograms on which
had been applied extracts from leaves into which
L-threose had been introduced revealed the presence
of a compound whose Ryguno-neptulose Value was iden-
tical to that of threitol. L-threitol has been isolated
and identified in the leaves of alfalfa into which L-
sorbose has been introduced (14).

Feeding Hexuloses. The chromatographic evi-
dence for the presence of L-galacto-heptulose in leaves
fed L-sorbose is shown in table I. The identity of
this heptulose was established previously (13) by its
x-ray powder diffraction pattern and its rotation.
Unlike L-sorbose, p-sorbose did not cause any heptu-
lose to accumulate to a chromatographically detectable
level.

No chromatographically detectable amounts of any
heptulose accumulated in plant tissue into which b-
or L-tagatose or D-fructose was introduced. All of
these hexuloses were taken into leaves readily as
evidence by positive chromatographic tests for these
hexuloses in extracts from leaves fed the respective
sugar. No difference in behavior of the p-tagatose
obtained from the 2 sources was indicated by the
results.

Discussion

Figure 1 shows the molecular configuration of
the heptuloses which were found in alfalfa leaves into
which one or another of the 4 tetroses had been intro-
duced. The 4 pentoses which in previous studies (21)
had been found to induce these 4 heptuloses to ac-
cumulate are shown also. L-xylose, p-lyxose, and p-
arabinose did not cause any heptulose to accumulate
to chromatographically detectable levels.

That plants do contain enzymes which are able to
catalyze the conversion of tetroses directly to heptu-
loses has been demonstrated in other studies. One
possibility is an aldolase-catalyzed condensation of
the tetrose with dihydroxyacetone phosphate. The
same tetrose-heptulose conversions indicated in the
present study have been demonstrated in vitro by
Jones and co-workers (7,10). Aldolase used in their
studies was prepared from peas and fructose 1,6-di-
phosphate was provided as a donor of triose phos-
phate. The tetrose was added to the incubation
mixture as the free sugar not as the phosphate. In
the present studies direct evidence was not obtained
for a likely source of a triose to attach to the tetrose
by the reactions postulated in these enzymic studies.
Certainly there was not sufficient endogenous dihy-
droxyacetone phosphate or hexose diphosphate present -
in the leaves at the start of the test but more could
be produced at the expense of ATP initially present
or formed during the time the sugars were being fed.
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Another possibility is a linkage of carbon 1 of the
tetrose to transaldolase-activated dihydroxyacetone
(9,27). The only compound which was detected in
the leaves used in the present studies and which is
known to serve as a dihydroxyacetone donor (4) is
p-fructose. Other compounds which have been
shown to serve in vitro as donors are p-altro-heptu-
lose-7-P (9), erythrulose (27), L-sorbose-6-P (27)
and octulose-8-P (19). Of these, p-altro-heptulose-
7-P would most likely be present but octuloses also
have been identified in alfalfa leaves (22). If the
conversion of tetrose to heptulose is via a transaldo-
lase-mediated reaction the tetrose would likely first
have to be phosphorylated. The reason that tetrose
phosphate was not observed in the alfalfa leaves could
be that it had a transitory existence and never accum-
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Heptuloses formed in leaf tissue into which the indicated tetrose or pentose was introduced.

ulated sufficiently to be detected chromatographically.

Steric considerations can also be invoked to ex-
plain in part why no evidence was revealed for prod-
ucts of transketolase activity which had been shown
to be considerable in alfalfa leaves in previous studies
(21). The -OH group on carbon 2 in p-threose and
L-erythrose is not correctly oriented to yield in a
transketolase-catalyzed reaction a hexulose having
the p-xylulose configuration on carbons 3 and 4 (18).
The inertness of the p-tagatose and p-sorbose intro-
duced into leaves in the present studies is consistent
with this line of reasoning. If steric considerations
did not apply these 2 hexuloses would be the predicted
products of a transketolase-catalyzed reaction in
which p-threose served as substrate. L-threose as a
substrate in a transketolase-catalyzed reaction woulkl
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yield a product having the p-xylulose configuration,
namely, L-sorbose. The feeding of this hexulose to
alfalfa leaves results in accumulation of a heptulose
which was identified in previous studies (13) as
L-galacto-heptulose, the same heptulose which the
present studies has shown to result from L-threose
feeding. As previously mentioned, direct evidence
for the formation of L-threose from L-sorbose has been
obtained. D-erythrose would likewise yield a product
in a transketolase-catalyzed reaction which would
have the p-xylulose configuration, namely p-fructose.
Considering the great number of reactions by which
this hexulose can be metabolized it is not too sur-
prising that heptulose could not be detected in leaves
into which it was introduced. This also may explain
why the amount of p-altro-heptulose in leaves fed
p-erythrose appeared to be less than the amount of
heptulose formed from any other tetrose.

The findings of the present study offer no clue
to the route of synthesis of the ubiquitous D-manno-
heptulose which has the L-erythro configuration at
carbons 3 and 4. In none of our studies was the
abundance of this heptulose altered sufficiently to
attribute its presence to the action of an epimerase.

Both the threo and erythro configurations are
represented in the naturally occurring monosaccha-
rides having more than 7 carbon atoms. The b-
erythro-L-gluco-nonulose (24) and the p-glycero-L-
galacto-octulose (25) isolated recently from the
avocado have the p-threo configuration, but the p-
glycero-n-manno-octulose isolated from the same spe-
cies and from Sedum (6) and alfalfa (22) has the
L-erythro configuration.

Summary

All of the 4 tetrose stereoisomers and several
hexuloses were introduced separately into alfalfa
leaves and, after a 5 to 6 hour period, extracts from
the leaves were examined chromatographically for
the presence of heptuloses which were then subjected
to further tests for identification.

Each of the 4 tetroses induced an accumulation of
a specific heptulose, each having the p-threo con-
figuration at C-3,4. D-erythrose gave D-altro-heptu-
lose, L-erythrose gave L-gluco-heptulose, D-threose
gave D-ido-heptulose, and L-threose gave L-galacto-
heptulose. In being converted the tetrose molecule
appears to remain intact since its configuration at
C-2,3 is preserved as C-5,6 in the heptulose molecule
which it induces. Although no direct evidence for
such intermediates was obtained, phosphorylation
of the tetrose or of the group with which it con-
denses probably occurs whether the reaction involved
is aldolase- or transaldolase-catalyzed.

The suitability of hexuloses for heptulose bio-
synthesis in alfalfa leaves appears to be contingent
upon their having the C-3,4 configuration characteris-
tic of transketolase substrates. D- and L-tagatose
and p-sorbose which have the vL-erythro, p-erythro

and L-threo configuration, respectively, on C-3,4 did
not cause any heptulose to accumulate, while L-sor-
bose, which has the p-threo configuration, induced
the accumulation of L-galacto-heptulose. That b-
fructose, which also has the p-threo configuration and
has been shown to be convertible to p-altro-heptulose
in vitro, failed to induce heptulose accumulation is
attributed to its serving as substrate for other com-
peting metabolic reactions. This interpretation
would be consistent with our observation that p-
erythrose, which would be formed from p-fructose by
transketolase, induced much less accumulation of
heptulose than did p- or L-threose. The latter would
be the transketolase-catalyzed reaction products of
the three hexuloses found to be inert in inducing
heptulose synthesis.
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