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INTRODUCTION

Sucrose inversion is essential for the normal growth and development of
sugarcane. However, from the viewpoint of the sugar producer, inversion
is undesirable whenever it prevents a planting or variety from achieving
maximum sucrose storage, or when sucrose of ripened cane is inverted
before the crop can be milled. Only under conditions of controlled water
supply can the phenomenon be regulated by cultural means. Such require-
ments are seldom met in the sugar-producing world, and at best give only
an indirect approach to the actual mechanisms involved in sucrose in-
version.

There is a need for greater knowledge of sugarcane invertase. Thorough
understanding of the enzyme’s behavior and work potential might permit
its suppression to a point just above the minimum biochemical require-
ment. This would enable producers to control inversion directly, regardless
of the climatic factors and cultural requirements imposed upon a given
area.

Sugarcane invertase has been studied from the standpoint of number
and properties (3,6,20),> physiological roles (4,17,19), and behavior in
plants subjected to various treatments (5,7,14,31). Yet the cumulative
knowledge is small. A further shortcoming has been an almost exclusive
use of sucrose as the substrate most suitable for invertase assay. The act
of sucrose inversion does not in itself tell us much about the enzyme. One
cannot assume, for example, that the vast research effort given yeast in-
vertase over more than a century is applicable to the sugarcane catalyst.3
Conversely, the simple demonstration that cane and yeast invertases are
identical would release a bonanza of knowledge in support of sugarcane
scientists.

Recent findings suggest that cane invertase employs an extremely com-
plex action pattern to hydrolyze a number of sugar substrates (8). A major
objective of the present studies was to identify specific enzyme types re-
sponsible for the action spectrum. A second objective was to compare the

1 Plant Physiologist, Agricultural Experiment Station, Mayagiiez Campus, Uni-
versity of Puerto Rico, Rio Piedras, P.R.

2 Jtalic numbers in parentheses refer to Literature Cited, pp. 55-6.

3 Studies of yeast invertase can be dated from the year 1828, when sucrose fermen-
tation was shown to require water (28). Reviews by Neuberg and Mandl (28) and by
Myrback (27) summarize much of the work relating to this enzyme.
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action patterns of cane and yeast invertases in order to determine whether
the two systems are identical.

EXPERIMENTAL PROCEDURE

Sugarcane invertase was prepared from lyophilized immature storage
tissues of 16-week-old plants of the variety P. R. 980. All plants were grown
in sand culture with a balanced nutrient supply,* and finely ground tissues
were extracted with water at 22° C. Extracts were clarified by passage
through cheesecloth and by subsequent centrifuging for 10 minutes at
3,000 r.p.m. Invertase was precipitated from the supernatant liquid with
solid ammonium sulfate at pH 5.6. The latter step yields about 95 per-
cent of the enzyme between 38- and 52-percent saturation. The invertase-
containing precipitate was taken up in water and clarified with the centri-
fuge. It was then dialyzed against distilled water for 2 hours and reclarified
by centrifuging at 3,500 r.p.m. for 20 minutes.

The next step involved filtration of the invertase preparation through a
2.5 x 40-cm. column of G-200 Sephadex.® This procedure successfully iso-
lates cane invertase from contaminant amylase, phosphatase, and non-
catalytic protein. Composed of highly cross-linked dextrans which act as
a molecular sieve, Sephadex was soaked in water for about 10 minutes and
slowly packed by gravity in an air-free column. Ten to fifteen milliliters of
invertase preparation were absorbed on the gel and eluted with distilled
water. Samples of all effluent fractions were assayed for invertase by a
colorimetrie, reducing-sugar method previously described (3). Peak-activity
fractions were combined and refrigerated at 4° C.

Yeast invertase was obtained from Difco Laboratories, Detroit, Mich.
The preparation was supplied as a desiccated extract of yeast cells, to which
water was added just prior to use. Both yeast and cane invertase gave
identical values for Km and pH optima with sucrose. Their paper electro-
phoresis and gel filtration behavior was virtually indistinguishable when
sucrose was used as substrate.® The aqueous dilution suggested by Difco
Laboratories contained only about one-fifth as much protein as the cane
preparation.

For both sugarcane and yeast invertase the standard reaction digest was

4+ Nutrient concentrations, expressed as milliequivalents per liter, were provided
as follows: Nitrate, 10; phosphate, 6; potassium, 5; caleium, 3; magnesium, 2; and
sulfate, 2. Micronutrients, expressed as parts per million, were supplied as follows:
Boron, 0.05; copper, 0.02; manganese, 0.50; molybdenum, 0.01; and iron, 1.0.

s Farmacia of Fine Chemicals, Rochester, Minn,

6 An excellent study of yeasi-invertase purification and properties was recently
published by Neuman and Lampen (29). Principal results were reported from a mu-
tant obtained by ultraviolet irradiation of strain saccharomyces 303-67. The enzyme
was produced with a 0.3-percent yeast extract from Difco Laboratories.
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composed as follows: 1.0 ml. of acetate buffer (pH 5.5); 1.0 ml. of 5-per-
cent substrate solution; 0.5 ml. of silicon (Si) solution or water, and 0.5
ml. of enzyme. All reactions were run at approximately 37° C. Experiments
of more than 12 hours duration were conducted under toluene. Samples of
cane- and yeast-invertase digests were withdrawn immediately after mixing
of the enzyme and substrate, and were inactivated by a 10-minute sub-
mersion in boiling water. Other samples were withdrawn and inactivated at
intervals ranging from 30 minutes to 72 hours. The Si source was sodium
metasilicate, Na.SiO;- 9H,0.

Samples of inactivated digests were chromatographed on Whatman No. 1
filter paper, using the solvent mixture butanol-pyridine-water (6:4:3, v/v)
in one dimension. Spots representing substrates and products were de-
veloped by the silver nitrate “dip’’ method of Dube and Nordin (74). Dried
chromatograms were first submerged in acetone saturated with silver ni-
trate. After drying they were immersed in a 0.4-percent solution of NaOH
in methanol and allowed to remain until spots were clearly defined. Chro-
matograms were dried after washing and stabilization in aqueous 10 percent
sodium thiosulfate.

RESULTS AND DISCUSSION

VARIABLE ACTION BY YEAST AND SUGARCANE PREPARATIONS

Earlier studies with cane invertase suggested that linkages other than
the fructosidic linkage of sucrose can be hydrolyzed (6). This was verified
by the present experiments. However, broad discrepancies were found in
the relative action capabilities of cane and yeast invertases.

The chromatogram shown in figure 1 summarizes much of our invertase
knowledge at the beginning of this study. This includes the appearance of
four products from raffinose, and an abrupt inhibition by Si of both sucrose
and raffinose hydrolysis. Raffinose is a nonreducing trisaccharide’ whose
structure includes the configurations for melibiose and sucrose (18):

Raffinose
——CH,
o1 HOCH: H
1
JH H H H 0 11 H,OH
H H

(Melibiose) (Sucrose)
It was suggested earlier that the 1 — 6 galactose-glucose linkage must be

7 Raffinose is technically a 0-a-D-galactopyranosyl-(1 — 6)-0-a-D-glucopyranosyl-
1- 2)-8-D-fructofuranoside.
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broken, in addition to the 1 — 2 glucose-fructose linkage, in order to ac-
count for all four products (6). One would anticipate only two products,
fructose and melibiose, if the fructosidic linkage alone were attacked. Two
products did, in fact, appear with yeast invertase (fig. 2), confirming that
the latter is a 8-fructofuranosidase.

S ‘Si(u_molu/ml) LI
; 0 1 3 5 01 3 s

F1c. 1.—Silicon inhibition of sugarcane invertase acting upon sucrose and raffi-

nose. Details of enzyme and chromatography methodology are described under
Experimental Procedure (pp. 42-3).

In other experiments the disaccharide melibiose was employed directly
as substrate (fig. 3):

Melibiose
H.OH HH
H 0 H
1 IL
H 1 i

H H H

Appearance of the products glucose and galactose is supporting evidence
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for breakage of the 1 — 6 linkage by the sugarcane preparation. Yeast in-
vertase was tested concurrently and yielded no products. This again sug-
gests that the yeast enzyme cannot act in the absence of a terminal fruc-
tosidic linkage.

The actual performance of melibiose hydrolysis must be credited to an
a-galactosidase, technically a true melibiase. This enzyme is present.
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Fic. 2—Comparative action of sugarcane and yeast invertase against the trisac-
charide raffinose. Fructose and melibiose are the 2 yeast-invertase products. Cane
invertase yielded fructose, melibiose, galactose and glucose. See Ilxperimental Pro-
cedure (pp. 42-3) for technical details.

in brewers’ yeasts (2) but not bakers’ or ale yeasts (12,16). It is interesting
that such an enzyme is a constituent of the cane invertase complex. Botan-
ically speaking it must have been carried among countless generations, yet
no major biochemical function can be discerned.

The precise breakage point of the 1 — 6 linkage is not clear. Nor is it
known whether the reaction takes place against intact raffinose or only
against the melibiose produced by fructosidase action. In any event the
fructosidase reaction seems sufficiently strong so as not to be rate-limiting.

Cane and yeast invertase action was also compared against the substrate
stachyose (fig. 4). Stachyose is a tetrasaccharide composed of a trisaccha-
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Fic. 3.—Action of sugarcane and yeast invertase against the disaccharide meli-
biose. Glucose and galactose are produced by cane invertase; whereas no products are
obtained with yeast invertase. See Experimental Procedure for technical details.

ride, manninotriose, and a terminal d-fructose (pp. 42-3):

Stachyase
CH,0OH HH

H,
. 0.y HOCH,0
H H i HOH )i 1 H H
H I H H H 1
H HO\_o’H H 0 YY¢n,0n
H HO O——CH, H OH H H

Terminal galactose and fructose residues are present as they are in raffinose.
Thus the action of yeast invertase should have yielded two products,
fructose and manninotriose. Examination of figure 4 shows that this oc-
curred. A trace of contaminant sugar similar to melibiose in mobility was
present in all digests regardless of reaction time.?

8 No attempt was made to further purify the substrates prior to use. Kach substrate
was usually found to be chromatographically pure.
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On the other hand, cane invertase was confronted with an opportunity
for secondary galactosidase action in addition to the a-galactosidase and
B-fructosidase activity already demonstrated. With raffinose, glucose
appears as a consequence of fructosidase plus galactosidase action. With
stachyose, however, specific hydrolysis of the interior «-d-galactopy-

HOURS |
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Fic. 4.—Comparative action of sugarcane and yeast invertase against the tetra-
saccharide, stachyose. Fructose is the lone identified product of yeast invertase, while
fructose, galactose, and melibiose are produced by cane-invertase action.

ranosyl-(1 — 6)-a-D-glucopyranosyl linkage must occur for free glucose
to appear as a product. Again a review of figure 4 shows that four products
were yielded by the cane-invertase preparation. These include fructose,
galactose, manninotriose, and an unidentified sugar similar to melibiose in
mobility. No d-glucose was produced. Thus it is concluded that the interior
1 — 6 linkage between galactose and glucose was impervious to action by
the cane preparation. The unidentified product must therefore have been
the dissacharide a-d-galactopyranosyl-(1 — 6)-d-glucose:
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HH H.
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- S HOP Won
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Why this dissacharide was not attacked, while melibiose was, is not
easily explained on the basis of available structural formulas. The cane

[
i
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Fi1G. 5.—Action of sugarcane and yeast invertase against soluble potato starch.
The disaccharide maltose, produced by cane invertase, is the only major product.

enzyme apparently distinguished a structural difference of considerable
magnitude. Structural reports by Onuki (30,31) and by Laidlaw and Wylam
(23) have not been in complete agreement with respect to the d-galactosyl
— d-glucose linkage.

It was now reasonably certain that the yeast invertase was capable only
of B-fructosidase activity, yet a major question remained as to whether
cane invertase would attack a-(1 — 6)-glucosidic linkages. Both enzyme
preparations were therefore employed in prolonged digestions of soluble
potato starch. As illustrated by figure 5, maltose was the lone product of
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cane invertase, while yeast invertase was totally inactive. It was therefore
concluded that the sugarcane invertase complex has the ability to hydro-
lyze B-fructosidie, a-galactosidic, and a-glucosidic linkages.

It remained to test the fructosidase potential of both preparations against
a polysaccharide composed solely of fructose residues. For this purpose
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Fic. 6.—Sugarcane and yeast-invertase action against the fructoside inulin,
Fructose is liberated only by prolonged yeast-invertase action, and may indicate the
presence of a contaminant inulase.

inulin was employed as substrate in a series of prolonged digestion experi-
ments (fig. 6).

Inulin is a polysaccharide comprised of a linear sequence of about 33
fructofuranose units joined together by 8, 2 — 1-glycosidic linkages (15).
d-fructose is liberated upon hydrolysis, and, as is true of sucrose, raffinose
and stachyose, inulin is reportedly hydrolyzed by yeast invertase (13).
During the present studies inulin was not acted upon by cane invertase and
only reluctantly so by the yeast enzyme (fig. 6). It is not certain whether
the product illustrated in figure 6 is in fact d-fructose. A small number of
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d-glucose units may be present in inulin (27,32), and this might have com-
plicated the normal union of fructosidase with substrate. The inulin re-
action might also require a different pH optimum than does sucrose inver-
sion. However, it is more probable that inulin hydrolysis requires another
enzyme, an inulase, as suggested by Baumann and Pigman (73). In this
way the weak yeast invertase action against inulin is explained as the work
of a contaminant inulase, while the fructosidase constituents of both cane
and yeast invertase were inactive in the presence of a relatively long-chain
fructoside. Iailure of cane invertase to act upon inulin, while readily hy-
drolyzing starch, offers food for thought as to its origin and purpose in
sugarcane.

INACTIVATION OF CANE AND YEAST INVERTASE BY SILICON

Earlier work with sugarcane invertase revealed a complete inhibition of
activity by Si (6,8). Some evidence suggested that the enzyme is altered
so that it may perform work other than sucrose hydrolysis (8). Silicon was
therefore included during the present studies to evaluate its effects on
distinet types of invertase.

Figure 7 illustrates a total inhibition of yeast and cane preparations by
Si. The effective concentration lay between 2 and 3 pmoles per milliliter
of digest. Further Si tests with raffinose (fig. 8), stachyose, and melibiose
showed a precise and consistent inhibition between 2 and 3 umoles of Si.
Thus the enzymes are indistinguishable on the basis of Si inactivation.

Physiological roles of Si in sugarcane, and indeed in higher plants, re-
main almost totally obscure. It is the second most abundant element on
earth and more Sj is absorbed by sugarcane than any other mineral element
(9,11). An obvious structural role is indicated by the siliceous skeletons
which remain upon destruction of the organic matter. It was recently
proposed that a biochemical role of Si in sugarcane might be the suppres-
sion of invertase, amylase, acid phosphatase, and ATP-ase (8).

A key to the mechanism of Si action against invertase may lie in the
unusually narrow concentration range at which the element becomes in-
hibitory. Experiments have shown that inactivation occurs between 2.7 and
2.9 umoles of Si per milliliter for both yeast and cane preparations (fig. 9).
While diverse invertase types might all be inhibited by some level of 8j,
it seems unlikely that the distinct cane and yeast systems would have
identical inhibitory concentrations. Rather, a change in Si (silicic acid)
itself might occur with increasing concentration, and this in sufficient
magnitude to block hydrolysis regardless of varying enzyme properties.
Such a change might be caused by increased acidity with subsequently
higher polymerization (34) as the Si level is raised. Yet this is not very
plausible in a buffered enzyme digest. Another possibility is the synthesis



S .

STUDIES OF YEAST AND SUGARCANE INVERTASE

5 (p moles /ml)

o "1 2 3 4 5 6 ? 27 81

CANE INVERTASE A

Si (pmoléé/n';l) | .

gt |

n“(.%

.
YEAST INVERTASE B

Fia. 7.—Invertase inhibition by 8i: A, cane invertase; B, yeast invertase.
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of a crystal structure involving silicic acid within the enzyme digest. The
equation describing its formation should then incorporate factors such as
pH and temperature (26), salt concentration, intermicellar liquid and its
interaction with the gel surface (25), effects of protein-silicate complexes
(10), ion-exchange properties of the crystalline silica (22), porosity of the
structure (1), selectivity of erystal-protein relationships (24), and effective

Si (p moles /ml)

w GO oo

CANE YEAST

Fic. 8.—S8ilicon inhibition of cane and yeast invertase acting upon the substrate
raffinose.

water concentration of the digest. The apparent affinity of Si for cane
hydrolytic enzymes (invertase, amylase, phosphatase, ATP-ase) suggests a
possible relationship between a silicic acid gel and the water involved in
actual hydrolysis.

BOTANICAL SIGNIFICANCE OF CANE INVERTASE: A THEORY OF ORIGIN

To some degree the differences observed between cane and yeast in-
vertase are attributable to differences of purity and of preparation. The
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procedure for cane invertase is not especially elaborate and the entire
process, including dialysis, is completed in less than a day. While removal
of contaminant amylase, phosphatase, and oxidase systems was virtually
complete, specific activity of the cane preparation was seldom more than
about 20 percent of yeast-invertase values. On the other hand, no autolysis
steps were employed to increase cane invertase yield. Commercial invertase

Si (1 moles/ml)

0 24 25 28 27 28 28 30 0 24 25 28 27 28 29 30

&

CANE YEAST

Fic. 9.—Paper chromatogram illustrating the inhibition of cane and yeast in-
vertase by Si between 2.4 and 2.9 umoles per milliliter of digest.

is prepared by allowing yeast to autolyze in the presence of toluene or an-
other suitable antiseptic. Fermentation is avoided by maintaining high
sugar concentrations in the neighborhood of 50 percent. According to the
method of Adams and Hudson (26), autolysis proceeds for several days,
the clarified liquid is dialyzed for several more days, and the preparation
is then allowed to age for 1 or 2 weeks before inert material is removed
by acidification with acetic acid.

Yet regardless of differences in preparation, the cane invertase appears
to be a far more highly developed system. It could perform effectively in
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biochemical sequences involving numerous sugar substrates. The yeast en-
zyme would be equally effective only with substrates having a terminal
d-fructose residue. One might assume that an enzyme comparable to yeast
fructosidase had developed in one-celled plants literally hundreds of millions
of years before sugarcane appeared on earth. Conversely, the physiological
and biochemical transformations of carbohydrate in a higher plant such as
sugarcane require more complex catalysts than those of primitive plant
forms.

In certain respects the sugarcane invertase employed herein is more
nearly identical with cane amylase than with yeast invertase. Their prop-
erties of solubility, pH and temperature optima, activation, and inhibition
are virtually identical. Their differences lie in variable distribution patterns
among cane tissues and inability of amylase to hydrolyze sucrose. It is
possible that cane invertase and amylase are derived from a common en-
zyme ancestor. The latter probably evolved from a progression of more
primitive carbohydrases which may or may not have been related to yeast
types. An increasingly complex sugar chemistry, involving glucosides and
galactosides, would account for their need. In any event no direct relation-
ship between cane invertase and yeast invertase is visualized.

SUMMARY

Comparative studies of sugarcane invertase and a commercial yeast in-
vertase were conducted. There were two objectives: 1, To identify specific
enzyme types on the basis of action patterns against a series of substrates;
and 2, to determine whether cane invertase, derived from a highly developed
plant species, is identical with the invertase of a primitive plant form. Cane
invertase was prepared from lyophilized immature storage tissues, while
yeast invertase was obtained commercially as a desiccated extract of yeast
cells.

Substrates included sucrose, raffinose, stachyose, melibiose, inulin, and
soluble potato starch. The cane-invertase complex gave evidence of three
carbohydrases: B-fructosidase, a-galactosidase, and a-glucosidase. Yeast
invertase gave only g-fructosidase activity. Both types of invertase were
readily inhibited by silicon, and possible modes of silicon action are
discussed.

Similarities were noted between sugarcanc invertase and sugarcane
amylase. The two cane systems appear more nearly identical than cane
and yeast invertase. Cane invertase, a more highly versatile enzyme com-
plex than yeast invertase, apparently reflects the more complicated bio-
chemical requirements of a higher plant species.

RESUMEN

Se realizaron estudios comparativos de la invertasa de la cafia de aztcar
y de la de una levadura comercial. Fueron dos los objetivos: 1, Identificar
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tipos especificos de enzimas a base de los patrones de accién sobre una serie
de substratos; y 2, determinar si la invertasa derivada de la cafia de azticar,
que es una especie de planta superior, es idéntica a la invertasa derivada
de la levadura, que es una especie primitiva de plant. La invertasa de la
caiia de azticar se preparé de un tejido reservante tierno y liofilizado, mien-
tras que la de la levadura se obtuvo de fuentes comerciales en forma de un
extracto desecado de células de levadura.

Los substratos que se incluyeron en este estudio son la sacarosa, la esta-
quiosa, la melibiosa, la inulina y el almidén soluble de papa. El complejo
de la invertasa de la caifia revel6 la presencia de tres carbohidrasas, a saber:
B-fructosidasa, «-galactosidasa y a-glucosidasa. La invertasa de la
levadura sélo revelé la accién de la B-fructosidasa. Ambos tipos de
invertasa se inhibieron rdpidamente por la accién del silicio. Se discuten
posibles formas en que tuvo lugar la accién del silicio.

Se observaron similaridades entre la invertasa y la amilasa de la cafia de
azucar. Los dos sistemas enzimiticos parecen tener més identidad entre
si que la invertasa de la cafia y la de la levadura. La invertasa de la cafia,
un complejo enzimatico de mayor grado de versatilidad que la invertasa de
la levadura, aparentement refleja los mds complicados requisitos bioquimi-
cos de una especie superior de planta.
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