Hydrolytic Proteins of Sugarcane: The Q Enzyme

Alex G. Alexandert

INTRODUCTION

It is generally accepted that the two major components of starch are the
straight-chain polysaccharide “amylose”, and the highly branched polysac-
charide “amylopectin”. Early investigators of the starch-forming mecha-
nism were perplexed by the prolific branching of the polysaccharide chains.
The phosphorylase discovered in muscle by Cori and coworkers (6,7)?, and
in higher plants by Hanes (11,12), catalyzes the synthesis of a straight-
chain polymer only, which is linked through e, 1-4 glucosidic bonds. The
starch-phosphorylase reaction thus could not in itself account for the
multitude of e, 1-6 glucosidic linkages characteristic of amylopectin.

More recently, a branching enzyme has been obtained from potato
extracts which acts in conjunction with starch phosphorylase to form a
branched polysaccharide of the amylopectin type (10,17). This catalyst
has been named the “Q enzyme”. The Q enzyme apparently acts as a
transglucosidase by transferring relatively short portions of a long, 1 to 4
linked amylose chain to the number 6 hydroxyl group of glucose units
within the chain. In effect, the 1 to 4 linked amylose chain is shortened and
extensive branching in brought about through 1 to 6 linkages®.

Although the straight-chain amylose of both starch and glycogen gives
a deep blue color with iodine, we have found that the starch phosphorylase
of sugarcane yields a product forming a blue-violet color with iodine.
According to Meyer (16) this blue-violet color is typical for branched poly-
saccharides. A branching factor in sugarcane would serve an essential role
in the process of starch formation, and thus would become a potentially
limiting factor in the diversion of glucose-1-phosphate from sucrose-forming
pathways. A series of experiments was therefore initiated to determine
whether the Q enzyme was present in sugarcane, and, if so, to determine its
characteristic properties. This paper presents a report on a Q-enzyme,
a-amylase complex encountered in sugarcane-leaf extracts.

1 Associate Plant Physiologist, Agricultural Experiment Station, University of
Puerto Rico, Rio Piedras, P.R.

2 Ttalic numbers in parentheses refer to Literature Cited, p. 203.

3 The terms ‘“‘hydrolytic’’ and ‘‘hydrolysis” are employed throughout this paper
in reference to the action of Q enzyme, and are based upon the assumption that the
scission of «, 1-4 linkages takes place by the addition of the elements of water. This
view is contested by Peat (17).
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EXPERIMENTAL PROCEDURE

PREPARATION OF ENZYME

Enzyme preparations were made with distilled-water extracts of Iyoph-
ilized leaf tissue from 4-month-old sugarcane of the variety M.336.
The basal 14 inches of leaves +1 to 44 were frozen in a mixture of Dry
Ice (solid CO:) and acetone. The leaves were then freeze-dried at 2°C. and
ground to pass a 60-mesh screen. The powdered tissues were sealed in
sample jars and stored at —20°C.

The original evidence of Q enzyme was observed while working with a
dialyzed protein precipitate obtained by bringing leaf extracts to 95-percent
saturation with ammonium sulfate. During the present study, we adapted
the Q-enzyme isolation procedures of Barker et al. (4), which had been used
for characterizing the Q enzyme of potato. This procedure involves the
precipitation of protein from the plant extract by lead acetate at pH 7.2,
followed by the elution of the precipitate with bicarbonate in the presence
of CO:, and the subsequent fractionation of the supernatant liquid with
neutral ammonium sulfate. Barker and coworkers obtained several protein
fractions in this manner (Q:, Q., and Qs), which contained Q enzyme (Q:)
and starch phosphorylase (Q.), in the presence of only traces of maltase
and amylase. Fatty acids, which could have interferred with enzyme
studies by forming insoluble complexes with amylose, were not present in
these preparations.

The following procedure was developed for isolating Q enzyme from
freeze-dried leaf tissue of sugarcane: Forty grams of leaf powder were ex-
tracted for 1 hour with 325 ml. of distilled water. The extractions were
carried out at 22°C. and were facilitated with a mechanical shaker operating
at slow speed. Tissue debris was removed by expressing the mixture through
six layers of absorbent gauze (20 x 12 mesh). The suspension was clarified
by centrifuge for 10 minutes at 3,500 r.p.m. Exactly 235 ml. of the super-
natant liquid were adjusted to pH 7.0 by adding 25 ml. of 0.04 N NaOH.
Sixty milliliters of distilled water were added, followed by dropwise incor-
Poration of 60 ml. of neutral lead acetate solution (0.16 molar), with con-
stant stirring over a 10-minute period.

The leaf-protein precipitate was removed by centrifuge at 3,000 r.p.m.
and taken up in 200 ml. of 0.2 N NaHCO; solution. This suspension was
stirred mechanically for 5 minutes, and a stream of CO, was then passed
through for an additional 5 minutes. The precipitate was again removed by
centrifuge and at this time was discarded. To this point, the isolation
Procedure was identical with that of Barker ef al. (4), and the Q enzyme con-
tained in the bicarbonate supernatant liquid could be removed by ammo-
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nium sulfate precipitation. It was now necessary to adapt our own frac-
tionation procedure, and this will be discussed later in detail.

In order to study the Q enzyme, it was essential that several other en-
zymes active in sugarcane be absent from the preparation. Phosphatase
and amylase are particularly abundant in leaf tissues. Their presence was
checked by methods described previously (1), as was the enzyme starch
phosphorylase (2).

ENZYME ASSAYS

Q-enzyme activity was measured by following the loss of blue color when
the substrate, soluble potato starch, was incubated in the presence of
enzyme preparations. A potassium iodide-iodine ratio of 10:1, 0.5 mg. of
potassium iodide and 0.05 mg. of iodine per milliliter, was employed to
develop the color. Since the loss of blue color can also be brought about by
amylase, it was necessary to measure simultaneously the reducing power
of the reaction mixture in order to estimate the fraction of substrate being
converted to maltose. This was accomplished by the dinitrosalicylic acid
technique of Sumner (19).

The standard assay for Q enzyme was conducted as follows: 1 ml. of
0.2 M tris buffer—trishydroxymethylamino methane, pH 7.5—was placed
in test tubes containing 1 ml. of additive or distilled water. One milliliter
of substrate containing 4 mg. of soluble potato starch* was added, and the
reaction was initiated by incorporating 1 ml. of enzyme preparation. At
zero time and at intervals of 5 or 10 minutes thereafter, 0.25 ml. of the
reaction mixture was withdrawn and transferred to a second set of test
tubes containing 3.0 ml. of iodine solution. Simultaneously, 0.25 ml. of the
reaction mixture was transferred to test tubes containing 3 ml. of dinitro
reagent, and the latter was immediately placed in boiling water for color
development. After 5 minutes, the tubes were cooled and reducing sugar
was determined colorimetrically with the aid of a standard curve repre-
senting 0.01 to 0.25 mg. of maltose. The Q-enzyme analysis was usually
continued for 50 minutes. The blue color, which was found to be quite
stable, was measured after completing the assay by recording the optical
density of the solutions at 580 mu. The standard Q-enzyme assay was con-

ducted at room temperature (22°C.).

« Stock solution of soluble starch was prepared as follows: Exactly 1 gm. of A.C.S.-
grade soluble potato starch was placed in a 200-ml. pyrex culture tube. The starch
was wetted with 5 ml. of ethanol and taken up in 50 ml. of 0.5 N NaOH. Complete
solution was accomplished by allowing the tube to stand in boiling water for 3 min-
utes. The starch solution was then adjusted to pH 7.0 with 0.5 N H,S0, , and brought
to 100-ml. volume. One milliliter of stock solution contained 10 mg. of soluble starch,
and dilutions were prepared accordingly as needed. The stock preparation was stable
for about 48 hours.



HYDROLYTIC PROTEINS OF SUGARCANE 179

DEFINITION OF TERMS

It is essential that certain concepts and terms be defined before proceed-
ing with problems of starch transformation. First, the reader should note
that the substrate for these studies was soluble potato starch rather than
pure amylose. The g-amylase conversion limit for soluble starch is 57 per-
cent (18), or in other words, the straight-chain amylose fraction represents
97 percent, and the branched amylopectin 43 percent of the substrate in
each reaction mixture. The amylose fraction accounts for the deep blue
color of the starch-iodine complex. This color, under carefully prescribed
conditions, is specific for the polysaccharide used as substrate, and has been
defined as “blue value” (B.V.) by Bourne et al. (6). The B.V. employed
throughout this paper diverges from that of Bourne and coworkers in that:
1, A different wavelength was employed (580 my rather than 6,800,); 2,
a different optical instrument was employed, a Beckman Model B Spec-
trophotometer rather than a Spekker Photoelectric Adsorptionmeter; and
3, we chose a more concentrated standard substrate solution (0.25 mg./ml.
rather than 1 mg./100 ml.), which gave us a standard B.V. optical density
reading of 0.690, as compared with 0.189 (18).

In addition to B.V., another term often used is “absorption value”, or
A.V. This term has been defined by Bourne et al. (5), and refers to the
reading on the logarithmic scale of a Spekker Photoelectric Adsorption-
meter. when measuring light adsorption by a polysaccharide-iodine solution
contained in 4-cm. cells. Neither the substrate concentration nor the
wavelength is rigidly defined for A.V., and the usual procedure is to state
the wavelength along with the reading for a given solution, 7.e., A.V. =
0.53 (6,800,4). Previous workers often used the terms B.V. and A.V. to
describe the branching action of Q enzyme on amylose, which causes &
decrease in blue color, by adopting the expression “A.V. as percentage of
original B.V.”. This is a direct expression of the rate of color decline caused
by enzyme action, since B.V., is itself g standardized A.V. which has not
come under the influence of enzyme. The same expression is employed
herein to describe the action of Q enzyme,

Finally, the expression “percentage converted to maltose” will also
appear consistently wherever a series of Q-enzyme values has been re-
corded. The expression is concerned only with the action of contaminating
amylase, and refers to the percentage of the total starch which has been

converted to maltose.
ELECTROPHORESIS ANALYSES

Enzyme preparations were examined electrophoretically with the aid of &
Beckman Model R paper electrophoresis system. Components of the system
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include a Durrum-type cell equipped with platinum-wire electrodes, a
duostat to regulate power supply to the cell, and an analytrol used to scan,
record, and integrate the optical density of developed paper strips. The
general principle of the Durrum system is to separate by zone electro-
phoresis the components of a test solution along nonhorizontal paper strips
suspended in an inverted-V position within the saturated atmosphere
of an enclosed cell.

Enzyme preparations were dialyzed for 10 hours prior to analysis by
electrophoresis. In order to concentrate the protein sufficiently, the enzyme
preparation (4 ml.) was frozen, lyophilized, and the dried powder redis-
solved in 0.2 ml. of distilled water. Approximately 2.0 mg. of protein were
spotted per strip. Buffer solution of pH 8.6 and ionic strength of 0.075 was
employed for the electrophoresis analyses of the present study. Each
separation was run for 8 or 16 hours at 22°C. with a constant current supply
of 15 ma. ;

At the completion of each run, the strips were oven-dried, prerinsgd m
ethanol, dyed with bromphenol blue, and rinsed in 5-percent acetic acid to
remove dye not absorbed by protein. The strips were again dried and color
was developed by exposure to ammonia vapors. Each strip was scanned
with the Model RB Analytrol, equipped with 500-mu interference filters
and a B-5 cam designed to correct for scanner light-energy distribution and
inhomogenity of filter papers.

It soon became apparent that the Q enzyme was highly unstable in
solution, with activity declining markedly after 24 hours, even while under
refrigeration. Barker et al. (4) encountered the same difficulty with the
potato enzyme. They solved the problem by freeze-drying a stock of the
enzyme solution, and utilizing the dried powder to prepare fresh solutions
when needed. We elected to prepare the enzyme fresh daily.

RESULTS AND DISCUSSION

EXISTENCE OF A Q-ENZYME, ACID-AMYLASE COMPLEX IN CANE-LEAF EXTRACTS

Barker et al. (4) added neutral ammonium sulfate solution to the bicar-
bonate supernatant liquor deseribed above, and precipitated the Q enzyme
in the fraction containing an cquivalent of 19 gm. of ammonium sulfate
in 100 ml. of solution (Q)). Further increase of ammonium sulfate to an
equivalent of 35.0 gm. in 100 ml. yielded the P enzyme (starch phosphoryl-
ase) in fraction Q.. However, the same procedure with sugarcane-leaf
extracts gave a Q, fraction with little activity of any kind, and a Q- frac-
tion containing powerful amylase and phosphatase, as well as starch phos-
phorylase.

We considered that, if a branching enzyme were present in sugarcane,
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with properties similar to those of the potato enzyme, then this system
should also be precipitated by lead acetate and removed through bicar-
bonate elution. It follows that during the salt-fractionation procedures, a
preponderance of phosphatase and amylase would alter the point at which
the specific protein-protein interaction exceeds the protein-water interac-
tion (i.e., the saturation point at which Q enzyme begins to precipitate).
With this in mind we proceeded to salt out the predominate bulk of protein
from the bicarbonate solution, between 0 and 95-percent saturation, and to
test this preparation for Q-enzyme activity.

A standard digest, assayed according to procedures outlined above,
revealed a strong, multiple-amylase action, or in other words, more of the
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F1a. 1.—8tarch hydrolysis by cane-leaf enzymes precipitated from bicarbonate
extracts by 95-pereent saturation with ammonium sulfate.

substrate was converted to maltose than could be attributed to g-amylase
activity upon the amylose fraction (fig. 1). While certainly suggesting that
amylase systems were hydrolyzing both branched and unbranched polysac-
charide, the experiment did not disprove the presence of Q enzyme, v.e.,

that new branches were being formed in the face of amylase activity.

Furthermore, the initially blue starch-iodine color remained a blue-violet
at the end of the experiment, indicating that a net increase of branches had
taken place during the reaction.

In order more conclusively to demonstrate the presence of Q enzyme, the
bicarbonate preparation was fractionated into increments of 5-percent
saturation with ammonium sulfate. Each increment was tested for enzyme
activity with the objective of isolating a strong starch-hydrolyzing power
which was distinet from the action of amylase, phosphatase, and starch
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phosphorylase. The results of these tests are illustrated in figures 2, 3, and
4. Phosphatase was precipitated over a broad range of 45- to 75-percent
saturation (fig. 2). Starch phosphorylase was precipitated between 35- and
40-percent saturation, and again between 80- and 90-percent saturation
(fig. 3), suggesting that at least two phosphorylases were being measured.

120

100 |-

80

60 -

FHOSPHATASE
SPECIFIC ACTIVITY

20§

o P‘ ﬂ

Oto35 40 45 50 65 60 65 70 76 80 g5 90 96
PERCENT SATURATION

F1e. 2.—Acid phosphatase activity among protein fractions precipitated from
bicarbonate extracts at 5-percent increments of ammonium sulfate saturation.
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Fic. 3.—Starch-phosphorylase activity among protein fractions precipits:ted
from bicarbonate extracts at 5-percent increments of ammonium sulfate saturation.

Of most concern to us was the enzyme g-amylase, which was determined
according to the amount of maltose formed from a 1-percent solution of
soluble starch. Amylase was removed primarily between 50- and 60-percent
saturation (fig. 4). Tests for the enzymatic suppression of the blue starch-
iodine color (B.V.) also showed strong activity in the area of 50- to 60-
percent saturation, but in addition, the color was readily dissipated by
protein of the 0 to 35-percent fraction. This was an area in which phospha-
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tase, starch phosphorylase, and amylase had appeared in trace amounts
only.

The standard test for Q enzyme was conducted with 1 ml. of undialyzed
enzyme prepared from the 0 to 35-percent precipitate®, and the results are
illustrated by figure 5. It is clear that the 0 to 35-percent preparation pos-
sessed a strong capability to hydrolyze starch under the prescribed condi-
tions of the assay. Q enzyme appeared to be totally dominant. Phosphatase
activity was nil, and starch phosphorylase was too weak to be of conse-
quence. The 0 to 35-percent fraction was therefore employed for the
characterization experiments during the remainder of the study.
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Fi1gc. 4.—Amylase activity among protein fractions precipitated from bicarbonate
extracts at 5-percent increments of ammonium sulfate saturation.

For the reader unfamiliar with enzymatic transformations of starch, the
above reactions can be clarified by reference to figure 6. The loss of the
blue starch-iodine color can be accounted for 1, by the hydrolysis of amylose
via g-amylase, or 2, by the formation of occasional side-branches along the
previously straight chain. The latter transformation is catalyzed by Q
enzyme, and is also hydrolytic in the sense that elements of water are added
during the breaking of «, 1-4 linkages, 4.e., during the hydrolysis of amylose
into segments for transfer to number 6 hydroxyl groups. The color of the

5 The protein of this fraction was removed by centrifuge immediately after the
added salt had dissolved. The residue was taken up in 4 ml. of distilled water and re-
centrifuged to remove traces of lead precipitate which had been retained by the
original bicarbonate supernatant. This solution was employed only for the remainder
of that day, and was kept under refrigeration at all times,
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F16. 5.—Hydrolysis of starch by leaf protein precipitated from bicarbonate ex-
tracts at between 0 and 35-percent saturation with ammonium sulfate.
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polysaccharide-iodine complex passes from blue to blue-violet, to violet,
and finally to brown, as the degree of branching increases (16)°.

Figure 5 illustrates that the amylose fraction was transformed within 45
minutes, and that a maximum of only 35 percent of this fraction was con-
verted to maltose. Theoretically, sufficient side-branches were formed via
Q enzyme to block B-amylase while adsorption values continued to de-
cline.

One point continued to plague us. The amylase activity of the 0 to 35-
percent preparation seemed far too high. Furthermore, the amylase which
we had assayed among the different increments, and which we had been
diligently measuring in numerous past experiments, was virtually non-
existent in the 0 to 35-percent fraction. During the course of this study it
became apparent that a totally different and hitherto unsuspected amylase
was present in the Q-enzyme preparation. This fact was most vividly
pointed up during the variable pH experiments.

RESPONSE OF Q-ENZYME PREPARATION TO VARIABLE PH

Activity of the branching enzyme was measured with a series of buffers
ranging from pH 4 to 9 (table 1). The activity curves illustrated by ﬁgurP: 7
indicate that the substrate was most readily hydrolyzed at pH 4, while
enzyme activity was more restricted at pH 9, However, an examination of
A.V. and maltose values presented in table 1 shows that less than 8 percent
of the substrate was acted upon by amylase at pH 9, while over 60 percent
was converted to maltose by amylase at pH 4. The contaminating amylase
was also highly active at pH 5, but declined sharply as pH values ap-
proached 7. In effect, the branching enzyme was the least sensitive of the
two systems to decreasing acidity. Q enzyme was totally dominant at pH 9.

The discovery of an acid amylase in the Q-enzyme preparation came as 2
definite surprise. We had recognized earlier (1) that g powerful amylase
was active in sugarcane leaves, and, in fact, the voracious nature of this
system had prompted us to begin a series of starch-transforming experi-
ments which led to the present study. But this amylase possessed a pH
optimum of 6.5, and, as pointed out above, was almost totally absent from
the 0 to 35-percent fraction containing Q enzyme. Again, the Q-enzyme

¢ Another type of enzyme plays a hypothetical role in the starch transformations
discussed above, namely, an enzyme specific for the hydrolysis of @, 1-6 glucosidic
bonds. Such catalysts are known in the intestinal tracts of higher animals (14,15),
and by acting as ‘‘debranching agents”, they effectively complete a series of enzy-
matic reactions needed for the degradation of ingested amylopectins and glycogens
to free glucose. Similar enzymes have been identified in extracts of beans and pota-
toes (18,18), and have been named “R enzymes”. We have no evidence now that
they occur in sugarcane.
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TasLe 1.—Effects of variable pH upon rale of starch hydrolysis by Q-enzyme

preparationt
Results for indicated reaction time (minutes)
pH Starch transformation?
) 5 10 | 20 | 30 | 40 | s0
4.0 A.V. as percentage of B.V. 100 | 59.2 17.5 3.7 1.2 0.8 0.8
Percentage conversion to maltose 0| 6.5 25.0| 31.0] 37.4] 51.3| 62.6
5.0 | A.V. as percentage of B.V, 100 | 71.0{ 18.5( 3.5 2.5 2.0] 2.0
Percentage conversion to maltose 0| 10.5] 21.6| 32.1| 43.4] 50.5| 54.7
6.5 A.V. as percentage of B.V. 100 | 74.0| 41.5] 21.5| 10.0f 4.5 3.0
Percentage conversion to maltose 0| 6.5/ 15.8 18.4] 22.9| 25.0( 31.1
7.0 | A.V. as percentage of B.V. 100 | 79.0| 40.0] 23.0] 10.5| 5.0( 3.5
Percentage conversion to maltose o 3.90 9.2| 14.5 23.7| 23.9{ 30.3
7.5 | A.V. as percentage of B.V. 100 | 70.9| 45.4] 26.4| 12.7| 6.8 4.5
Percentage conversion to maltose 0 3.9' 8.9 14.5| 17.4] 25.0] 26.3
8.0 | A.V. as percentage of B.V. 100 | 80.0] 58.0{ 40.0| 27.0| 15.5| 11.5
Percentage conversion to maltose 0| 2.6/ 5.8 10.5| 13.2| 15.8| 16.1
9.0 | A.V. as percentage of B.V. 100 | 76.4| 72.7| 68.2| 50.9] 41.8| 33.6
Percentage conversion to maltose 0] 0 1.6/ 3.2] 8.9 9.5 8.9

1 The reaction mixture was composed of 2 ml. of buffer, 1 ml. of starch solution
containing 6 mg. of soluble starch, and 1 ml. of enzyme preparation. All assays were
run at 22°C.

2 Refer to Experimental Procedure section pp. 177ff. for discussion of the terms
A.V., B.V,, and percentage conversion to maltose.
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extraction procedures we had employed were developed by workers who
had for several years been trying to isolate the Q enzyme free of amylase
contamination. It is a curious phenomenon that starch-hydrolyzing mech-
anisms are at least as thoroughly entrenched in sugarcane, where starch
is seldom encountered, as they are in the potato.

The pH experiments also revealed that the acid amylase was depend.ent
upon a degree of branching by Q enzyme before initiating its own action,
or before its activity could be expressed through free maltose. For example,
at pH 9 only a trace of reducing sugar had appeared by 10 minutes, when
the blue value had already declined by almost 27 percent (table 1). Con-
versely, at pH 4 the amylose transformation was virtually complete by 20
minutes, the blue value having declined by 96.3 percent. At this time, 31
percent of the substrate had been converted to maltose, but the dlsa(f-
charide continued to be formed during the subsequent 30 minutes unt.ll
62.6 percent of the original substrate had been converted to maltose. This
means that during the latter half of the experiment, amylase was acting upon
the starch fraction which had already been branched by Q enzyme, as well
a8 that which was branched prior to initiating the reaction. This unques-
tionably classifies the amylase as one of the a types: 7.e., capable of act-
ing upon «, 1-4 linkages in the presence of side branches.

An additional experiment was conducted at pH 9 to clarify the Q-enzyme-
amylase relationship during a prolonged reaction period. It was theorized
that an extended reaction period should favor the branching enzyme, if, in
fact, the amylase were dependent upon an acid medium toapproach its maxi-
mum produect. The results are illustrated by figure 8. The Q-enzyme prepa-
ration remained moderately active over a 220-minute period, dissipating
94 percent of the original blue valuye. Amylase reached a peak of only
6-percent conversion to maltose at 80 minutes, and maltose had actually
declined in the reaction mixture by 220 minutes. It is clear that the most
favorable means of distinguishing between the two enzymes, short of
physical separation, is by considering their extreme pH preferences. The
Q enzyme tolerates a pH of 9.0, but its optimum value lies in the area pH
7.5 t0 8.0 (table 1).

At pH 9 (fig. 8) the Q enzyme followed a typical first-order response.
The basic principle of the first-order plot is that for every equal interval
of time, a certain constant fraction of the substrate undergoes reaction.

In theory, infinite time would be required to complete such a reaction. The
general form of the first-order equation is

dz/dt = k' (@ — z)

where @ is the initial substrate concentration, x is the concentration of
substrate converted, and %! is the first-order reaction rate constant.
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The purified enzyme of Gilbert and Swallow (9) obeyed a first-order
equation in which the velocity constant was proportional to the slope of the
reaction line. Within limits, the slope of the reaction line is proportional
to the concentration of enzyme. The purified enzyme could therefore be
measured in terms of the velocity constant, which can be caleculated under
standardized conditions from the time required to achieve a specific light
absorption value. At pH 4 (fig. 7), the Q-enzyme-amylase complex deviates
to a curve bearing a definite zero-order phase which, in turn, is a function
of the contamination by a-amylase.
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Fig. 8.—Prolonged hydrolysis of starch by Q-enzyme preparation at pH 9.

EFFECTS OF VARIABLE SUBSTRATE CONCENTRATIONS

The Q-enzyme preparation was tested with a series of substrate concen-
trations ranging from 0.5 to 2.5 mg./ml. of digest (table 2). The optimum
substrate concentration appeared to lie in the range of 2.0 to 2.5 mg./ml.
where the substrate was not limiting at any time during the 50-minute
reaction period. At 2.5 mg./ml. the reaction could be plotted as a straight
line (fig. 9), as contrasted with the typical first-order curves recorded with
substrate values below 2.0 mg./ml.

The measurements recorded in table 2 suggest that the hydrolytic reac-
tion was most rapid against 0.5 mg. of substrate, and declined as the starch
supply approached 2.5 mg. It should be pointed out that the activity
figures are percentages rather than absolute turnover values, and that with
a substrate supply of 2.5 mg./ml. the Q enzyme was transforming 2 to 3
times the quantity converted while acting upon 0.5 mg. The acid-amylase
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system remained more nearly constant as the substrate was in(.:reased,
being suppressed slightly during the first 10 minutes of the rgactlon and
stimulated slightly during the final 20 minutes. In effect, the higher starch
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F1G. 9.—Activity of Q-enzyme preparation upon a substrate supply of 2.5 mg./ml.
of digest.
TaBLE 2.—Effects of variable substrate concentrations upon rale of starch
hydrolysis by Q-enzyme preparation!
Results for indicated tion time (minutes)
(Smug?/tnr:!lu): Starch transformation cstTs for Indicated react!
0 5 10 | 20 | 30 | 40 | 50
0.5 | A.V. as percentage of B.V. 100 | 85.7| 57.1| 41.7| 17.5/ 11.1} 7.9
Percentage conversion to maltose 01 11.2 14.4( 22.2| 23.0] 24.6| 27.2
1.0 | A.V. as percentage of B.V. 100 | 83.6 68.5| 42.5| 30.1| 19.9| 14.4
Percentage conversion to maltose 0 .4l 2.0l 8.0l 11.6] 12.8 13.6
1.5 | A.V. as percentage of B.V. 100 | 90.9] 78.2| 56.4| 45.4] 29.1| 21.8
Percentage conversion to maltose 0| 1.6 2.6/ 7.6 10.5 11.1] 11.1
2.0 | A.V. as percentage of B.V. 100 | 94.6| 78.4| 48.6| 44.9| 31.9| 25.4
Percentage conversion to maltose 0| 1.2 2.0/ 3.6| 6.8 10.0/ 8.4
2.5 | A.V. as percentage of B.V, 100 | 94.3 83.0| 67.9| 50.4| 41.5| 32.1
Percentage conversion to maltose 0| o 0 2.9| 5.0| 8.0 8.5

! The reaction mixture was composed of 2 ml. of buffer
solution, and 1 ml. of enzyme preparation. All assays were

concentrations tended to intensify the timelag between

amylase. For example, at the 0.5-mg./ml. level, amylase

11.5 percent of the substrate to maltose within 5 minutes,

(PH 7.5), 1 ml. of starch
run at 22°C,

Q enzyme and

had converted

whereas no

maltose had appeared at the 2.5-mg. level prior to the 20-minute sampling
period (table 2).
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EFFECTS OF DIALYSIS AND ADDITIVES UPON Q-ENZYME ACTIVITY

Samples of the 0 to 35-percent fraction were dialyzed against distilled
water for periods ranging from 0 to 22 hours, and then tested for enzyme
activity (table 3). Relatively little effect upon the enzyme was evident for
any of the treatments. Following 6- and 10-hour treatments, blue-value
decline was suppressed to from 65 to 70 percent of control values (table 3),
but this was largely because of a reduction of amylase activity (fig. 10).

TaBLE 3.—Effects of varying periods of dialysis upon the rate of starch
hydrolysis by Q-enzyme preparation!

Dialysis Results for indicated reaction time (minutes)
time Starch transformation
(hours) 0 [ 10 | 20 | 30 | 40 | 50
0 | A.V. as percentage of B.V. 100 | 92.2| 84.4| 62.2| 57.3 51.9( 54.1
Percentage conversion to maltose ol o |10.8 13.6] 12.8 12.8( 16.0
J$ | A.V. as percentage of B.V. 100 | 96.2| 85.9| 74.3| 65.4] 59.0] 44.9
Percentage conversion to maltose 0] O 2.4| 6.4, 4.0{ 10.0{ 11.2
1 A.V. as percentage of B.V. 100 | 96.2| 87.2] 69.2] 66.2| 59.0| 48.1
Percentage conversion to maltose 0 8 4.0 11.2{ 6.4 11.2| 13.6
2 A.V. as percentage of B.V. 100 | 93.8| 85.2| 76.5] 69.1| 54.3| 45.7
Percentage conversion to maltose 0 8 2.4 4.0 5.5 6.4 4.8
6 A.V. as percentage of B.V. 100 | 98.2| 85.7| 76.8| 66.1| 60.7| 55.6
Percentage conversion to maltose o O 0 0 0 | 4.00 4.0
10 A.V. as percentage of B.V. 100 | 97.4| 89.7| 82.7| 75.6| 62.8] 57.7
Percentage conversion to maltose 0| O 8 2.4 4.0 4.0/ 10.0
22 | A.V. as percentage of B.V. 100 | 94.3| 85.7| 78.9| 71.4| 58.6 53.6
Percentage conversion to maltose o 0 0 .8l 4.0] 5.6 13.6

! The reaction mixture was composed of 2 ml. of tris buffer (pH 7.:‘..')), 1 ml. of sub-
strate solution containing 4.0 mg. of soluble starch, and 1 ml. of dialyzed enzyme
preparation.

Prolonging dialysis from 10 to 22 hours had no additional effect upon either
enzyme. o

A series of 12 reagents was tested as possible activators or inhibitors of
the Q-enzyme-amylase complex (table 4). The only additivg to effectively
inhibit Q enzyme was lead (0.25 mg. Pb/ml. of digest). This supports the
findings of Barker et al. (4). Amylase was severely curtailed by copper
(0.025 mg, Cu/ml.), and citrate (0.25 mg./ml.). Glucose, at the rate of 0.5
mg./ml., also inhibited amylase. Fluoride (0.25 mg./ml.) removed all traces
of amylase activity with no apparent effects upon Q enzyme. Both K.CN
and DPN interferred in some manner with the starch-iodine color reagt}on.
Since free iodine must react with starch to form the blue color, the additives
might have brought about the reduction of iodine to iodide, or possibly
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blocked the sites at which iodine reacts with starch. In any event, an
unusually strong reducing power appeared in the reaction mixture follow-
ing the addition of KCN (table 4), suggesting an activator effect of KCN
upon amylase. However, in the presence of so much cyanide it is question-
able whether the increased reducing power represented enzymatic or chem-
ical reactions.

The Pb and F ions were tested further at variable concentrations and at
different pH levels (table 5). Fluoride (0.25 mg./ml.) had completely
inhibited amylase at pH 7.5, and we wished to know whether the same ef-
fects could be achieved at pH 4.0, where amylase was far more active. It
was also desirable to learn whether F could serve as an inhibitor at pH 7.5 in
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Fic. 10.—Changes in rate of blue-value decline following dialysis of Q-enzyme
preparations against distilled water.

lesser concentrations than that initially tested. Lead had been only partly
effective as an inhibitor at 0.25 mg./ml., and therefore the ion received
additional tests at concentrations of 0.5 and 1.0 mg. /ml.

None of the F concentrations tested was effective against amylase at pH
4.0 (table 5, expt. 1). On the other hand, an F supply as low as 0.005 mg./ml
severely suppressed the enzyme at pH 7.5 (table 5, expt. 2). Inhibitory
effects of I' were most pronounced during the early phase of the reaction,
and traces of maltose invariably appeared by the 40- and 50-minute sam-
pling periods. Lead, at 0.5 mg./ml., reduced blue-value decline from 80 to 28
percent in 50 minutes, while 1.0 mg./ml. of Pb further reduced the decline
to 18 percent during an equivalent interval of time (table 5, expt. 3).

The question arose as to whether or not Pb was acting as a competitive
inhibitor, or as a noncompetitive inhibitor of the Q enzyme. A series of tests
was run in which the Pb-inhibited reaction was measured against substrates
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TABLE 4.—Effects of additives upon the rate of starch hydrolysis by
Q-enzyme preparationt

Results in indicated reaction time (minutes)

Additive? Starch transformation
0 5 10 | 20 | 30 | 40 | 50
Standard digest | A.V. as percentage of | 100 | 92.4| 80.3| 64.4| 50.0] 34.8] 28.3
+ H.0 B.V.
Percentage conversion to 0; 0 8| 2.4] 2.4/ 12.0| 13.6
maltose
Standard digest [ A.V. as percentage of | 100 [100 [100 [100 (100 [100 {100
+ KCN B.V.
Percentage conversion to 0| 31.1{ 57.9] 71.6| 82.9| 81.6| 75.3
maltose
Standard digest | A.V. as percentage of | 100 | 98.6| 95.8| 87.3] 78.9 66.9| 68.0
+ Pb B.V.
Percentage conversion to ol o | o | 2.4 2.4 56| 6.4
maltose
Standard digest | A.V. as percentage of | 100 | 95.6| 84.0| 65.9| 58.0| 45.6 38.4
+ F B.V.
Percentage conversion to 0| 0 0 0 0 0 0
maltose
Standard digest | A.V. as percentage of | 100 | 92.9] 81.7| 68.3| 56.3 42.2 33.8
4 glucose B.V.
Percentage conversion to o| 0.8 1.9] 3.0] 2.2 2.6 2.3
maltose
Standard digest | A.V. as percentage of | 100 | 95.0| 80.6| 65.5| 56.1] 46.0| 33.8
+ Mo B.V.
Percentage conversion to o 0 0 .8 4.0 2.6/ 5.6
maltose
Standard digest | A.V. as percentage of | 100 | 95.9( 80.8| 65.6| 60.3 48.6| 41.8
4+ Cu B.V.
Percentage conversion to 0| O .8 8l 1.2 4.0 1.2
maltose
Standard digest | A.V. as percentage of | 100 | 87.5| 79.8| 63.3| 46.8| 33.8 24.5
+ S B.V.
Percentage conversion to o o |16.8] .8 2.4 5.6|10.0
maltose
Standard digest | A.V. as percentage of | 100 | 89.3| 77.1| 62.8| 48.6| 35.7| 27.1
+ acetate B.V.
Percentage conversion to o o 0 2.4| 5.6/ 8.0 10.0
maltose
Standard digest | A.V. as percentage of | 100 | 80.1| 83.7| 59.6| 48.1| 41.1| 28.4
<+ citrate B.V.
Percentage conversion to 0] 0 8.00 0 2.4 1.2 .8
maltose
Standard digest | A.V. as percentage of | 100 | 92.9| 79.4| 62.4| 47.5| 34.7| 29.1
+ B-glycero- B.V.
phosphoric Percentage conversion to 0| 0 |28.00 2.4 3.2 12.8] 13.6

acid

maltose
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TaBLE 4—Cond.

Results in indicated reaction time (minutes)
Additive? Starch transformation

0 5 10 20 30 40 S0

Standard digest | A.V. as percentage of | 100 | 92.8 77.9| 60.0( 41.4{ 30.7| 24.3
+ ATP B.V.

Percentage conversion to 0| O [16.8 O 4.0 8.0 13.6
maltose
Standard digest | A.V. as percentage of | 100 [100 [160 [100 (100 (100 [100
+ DPN B.V.

Percentage conversion to 0| 0 |20.00 O 0 0 4.0
maltose

1 Each reaction mixture was composed of 1 ml. of tris buffer (pH 7.5), 1 ml. of
additive or water, 1 ml. of substrate solution containing 4 mg. of soluble starch,
and 1 ml. of enzyme preparation. Additives were supplied in the following concen-
trations: KCN, Pb, F, S, acetate, citrate, g-glycerophosphoric acid, and ATP at
0.25 mg./ml. of digest; Mo and Cu at 0.025 mg./ml. of digest; glucose at 0.5 and
DPN at 0.35 mg./ml. of digest. Each test was run at 22°C.

2 The following reagents were used as additive sources: Lead acetate, sodium
fluoride, sodium molybdate, cupric sulfate, sodium sulfate, sodium acetate, sodium
citrate, sodium B-glycerophosphate, and disodium adenosine triphosphate.

ranging from 0.25 to 2.5 mg./ml. The inhibitory action was partly removed
by increased substrate concentrations (table 6), which is characteristic of
competitive (reversible) inhibition. However, final confirmation must await
further purification of the sugarcane enzyme. Attempts to suppress the
action of amylase by fluoride were negative. A precipitate formed imme-
diately when F and Pb were added to the same reaction mixture.

EFFECTS OF VARIABLE TEMPERATURE

Temperature studies covered a broad range from 7°C. to 30°C. (table
7). Of the temperature levels tested, 30°C. was optimum for the Q enzyme
(fig. 11). Amylase was inactive at 7°C. and achieved an activity maximum
at 26°C. Most of the Q-enzyme experiments described in this paper were
conducted at room temperature (22°C.) as a matter of convenience.

Q ENZYME FROM VARIOUS TISSUE SOURCES

Possibly the two most important decisions confronting a physiologist
dealing with enzymes of sugarcane are 1, determining which of the many
tissues bear the catalysts in sufficient quantities for study, and 2, deter-
mining in which tissues the enzymes are represented while carrying out their
most critical physiological roles. We chose to study the Q enzyme in leaves
4-1 to +4, because, from an enzymatic standpoint, our previous work had



TaBLE 5.—Effects of variable fluoride and lead concenlrations upon the rale
of starch hydrolysis by Q-enzyme preparation at pH 4.0 and 7.51

:§ Treatment Resultsinindicated reaction time (minutes)
‘é‘_ (mg./ml, of digest) Starch transformation
& 0| s|10]2]3]40)]s0
Fluoride at pH 4.0
Standard digest | A.V. as percentage of B.V.| 100{84.8/71.2/31.8/12.9] 5.3( 3.0
+ H.O Percentage conversion to 0| 8.0[10.0[24.0)28.0}35.2/36.0
maltose
Standard digest | A.V. as percentage of B.V.| 100(83.0/64.4{35.6{10.6| 5.0 2.8
<+ 0.005 mg. F| Percentage conversion to 0| 2.4/10.0[20.0{24.8/42.9(35.2
maltose
Standard digest | A.V. as percentage of B.V.| 100|94.1/69.1/34.5(11.0f 5.1| 3.7
+ 0.025 mg. F| Percentage conversionto [ 0 0 | 5.5(13.6/{17.2(30.0/30.0
maltose
Standard digest | A.V. as percentage of B.V.| 100/80.6/62.6/35.2|11.5| 3.6| 2.1
+ 0.125 mg. F| Percentage conversion to o| 2.4/ 8.8/17.2/18.8|31.2(32.8
maltose
Standard digest | A.V. as percentage of B.V.| 100(95.5/74.6 50.0|25.4/10.4] 4.4
<+ 0.50 mg. F | Percentage conversion to 00 .8|11.6/15.2(20.0|25.6
maltose
Standard digest | A.V. as percentage of B.V.| 100{83.0{71.4 48.1/26.0{10.4| 4.5
+ 2.50 mg. F | Percentage conversion to o| 2.4| 6.8[11.2(25.6{30.0{30.0
maltose
Fluoride at pH 7.5
Standard digest | A.V. as percentage of B.V.| 100(84.9]76.3|65.8)51.3/35.5/28.9
+ H.0 Percentage conversionto [ 0[ 0 | 0.6] 2.4 4.8 12.0/14.6
maltose
Standard digest | A.V. as percentage of B.V.| 100/81.8/72.9(67.9|52.2(34.6/25.8
+ 0.005 mg. F| Percentage conversion to 0l0 [0 |4.0] 4.4 4.4/ 5.6
maltose
Standard digest | A.V. as percentage of B.V.| 100(85.3|83.9|75.5 53.8/39.9/33.6
+ 0.025 mg. F| Percentage conversionto| 0{0 [0 |0 |0 [4.0{ 6.8
maltose
Standard digest [ A.V. as percentage of B.V.| 100(01.8(79.8(71.6(56. 7142.5(32.1
+ 0.125 mg. F| Percentage conversion to 0] 0 0 |0 [2.2 4.0
maltose
Lead at pH 7.5
Standard digest | A.V. as percentage of B.V.| 100/81.4 70.7/65.7/36.4{26.4/20.0
+ H:0 Percentage conversion to [ 0/ 0 | 4.0/ 5.6 6.8 8.0( 8.0
maltose
Standard digest | A.V. as percentage of B.V.| 100/95.894.488.7(73.972.5/72.5
+ 0.5 mg. Pb | Percentage conversion to 0 .4/ 4.0 4.4 4.4 4.0/ 0
maltose
Standard digest | A.V. as percentage of B.V.[ 100/96.4/94.8/91.5/87.2/83.8|82.4
+ 1.0 mg. Pb | Percentage conversion to 0 .4/ .4/ 2.4[ 2.4 4.0/ 4.4
maltose

1 The reaction mixture for each of the assays was composed of 1 ml. of buffer (pH

104

4.0 or 7.5), 1 ml. of inhibitor solution, 1 ml. of substrate solution containing 4.0 mg.
of soluble starch, and 1 ml. of enzyme preparation. Control treatments received
distilled water in place of inhibitor. All tests were conducted at 22°C.



TaBLE G.—Eflects of increasing subsirale concentralion upon the lead-inhibited
action of Q-enzyme preparation?

Results in indicated reaction time (minutes)

(mg./s:llﬁsz?é?gest) Starch transformation
0 5 10 | 20 | 30 | 40 [ s0
0.25 mg. -+ | A.V.aspercentageof B.V. | 100 | 70.0] 43.3| 21.3{ 10.0| 3.3j 0
H.0 Percentage conversion to 0] o0 3.1 9.2] 15.4] 26.2| 38.5
maltose
0.25 mg. + 0.5 | A.V. as percentageof B.V. | 100 | 98.2| 97.1] 88.2] 85.3| 73.5| 71.6
mg. Ph Percentage conversion to 0] O 0 0 3.1 3.2| 12.3
maltose
0.50 mg. + 0.5 | A.V.aspercentageof B.V, | 100 | 91.7| 87.5| 81.9| 79.9| 68.0] 61.1
mg. Pb Percentage conversion to 0| 7.2 10.0| 17.2| 21.4| 19.2| 24.6
maltose
1.0 mg. + 0.5 | A.V.as percentageof B.V. | 100 | 89.8| 88.4| 77.5| 73.6| 61.1| 58.5
mg. Pb Percentage conversion to 0 8l 2.4 1.8 1.8 2.5 5.6
maltose
1.5 mg. 4 0.5 | A.V.as percentage of B.V. | 100 | 79.1| 77.4/ 69.6] 66.1| 61.7{ 55.6
mg. Pb Percentage conversion to 0| o .5 6 0 .8 2.1
maltose
2.0 mg. + 0.5 | A.V.as percentage of B.V. | 1060 | 81.2| 75.0{ 72.0{ 64.5| 56.5/ 51.2
mg. Pb Percentage conversion to 0| O 4 .4 2.8] 3.4 7.0
maltose
2.5 mg. + 0.5 | A.V. as percentage of B.V. | 100 | 82.7| 82.0| 75.0{ 70.4{ 57.1| 47.2
mg. Pb Percentage conversion to 0 9 1.3 2.2 3.2 4.5 5.6

maltose

1 The reaction mixture for each assay was composed of 1 ml. of tris buffer (pH
7.5), 1 ml. of inhibitor solution containing 2.0 mg. of Pb, 1 ml. of soluble-starch solu-
tion representing 1.0 to 10.0 mg. of substrate, and 1 ml. of enzyme preparation. Each
test was conducted at 22°C.

TaBLE 7.—Effecis of varying lemperature upon the rale of starch hydrolysis

by Q-enzyme preparation!

Results in indicated reaction time (minutes)

Tempera- .
ture Starch transformation
°C.) 0 5 10 | 20 | 30 | 40 | 50
7 A.V. as percentage of B.V. 100 | 99.2[ 91.4| 82.0| 72.6| 64.1f 61.5
Percentage conversion to maltose ol O 0 0 .8 0 .8
14 A.V. as percentage of B.V. 100 | 92.3| 80.8| 72.3| 61.5| 51.5( 43.8
Percentage conversion to maltose 0 .8l 2.4 3.2 5.6 2.4 3.2
22 A.V. as percentage of B.V. 100 | 84.8] 69.7| 54.5| 41.7| 26.5| 22.0
Percentage conversion to maltose | 0 | .9 2.4/ 4.0 8.8 11.2| 14.0
26 A.V. as percentage of B.V. 100 | 78.7| 59.5| 32.3| 19.8) 11.8| 6.6
Percentage conversion to maltose 0| 3.2 4.0/ 8.0[ 16.0| 15.2| 19.2
30 | A.V. as percentage of B.V. 100 | 72.1( 49.2) 28.7| 13.9| 5.7| 4.9
Percentage conversiontomaltose | 0| 0 | 2.4 8.8 6.8 10.0| 16.0

1 The reaction mixture for each assay was composed of 2 ml. of trig huffer (pH
7.5), 1 ml. of substrate solution containing 4 mg. of soluble starch, and 1 ml. of en.

zyme preparation.

195
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shown this area to be of paramount importance, both in number of systems
present and in magnitude of reactions catalyzed.

To gain a clearer picture of the Q-enzyme distribution in sugareane, a
series of samples representing the meristem, leaves, sheaths, and cane
tissues of 10-month-old plants were frozen and prepared for assay by meth-
ods identical with those already described for leaves. Results of the tests
are summarized in table 8. Q-enzyme activity was maximum in leaves +6
and +7 (fig. 12). Amylase was highly active in meristem, accounting for
virtually all of the starch-transforming properties of that tissue preparation.
Very little Q-enzyme activity, and no amylase, could be detected in the 8

100f o s o,
o S~
o \\' ‘oo
d e ~.§ e
80 \ ™ ~ .
5 N 9 Seen ,
ﬁ \ ) .\ ~~~§0~\ & o —
@ 60 ‘-, S~
13 -~ -0
ﬁ \o .~'\ ~§§
e \ .N.\. ~
2 40 — ,’.c. \ \.\ ~.
. ~e
>. _---14°c- .\ e eamime
< 20F - 22°C ..
—— —-30"0. —— \.- —— O
o 1 2 % $ 3 & i
0 & 10 20 30 40 50

REACTION TIME (MINUTES)

Fie. 11.—Effects of varying temperature upon the rate of blue-value suppression
by Q-enzyme preparation.

to 10 internodes. Leaves +1 and +2, sheaths 41 and 42, and 8 to 10
nodes were roughly comparable with regard to Q-enzyme activity.

The relative predominance of Q enzyme in aged leaf tissue is a type of
phenomenon we have not previously encountered with other sugarcane
enzymes. An obvious implication is that the starch-forming sequence of
cane may involve the translocation of amylose from sites of active phos-
phorylase in younger leaves and meristem (3), to older leaf tissues for the
partial conversion to amylopectin. Since the Q-enzyme reaction is a more
or less final step in starch formation, the most rapid degradation of the
branched polysaccharide would appear to require translocation to meristem
for the aid of a-amylase, or to both meristem and younger leaves for g-
amylase.
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TaBLE 8.—Effects of different sample sources upon the rate of starch hydrolysis

by Q-enzyme preparation!

Results in indicated reaction time (minutes)
Enzyme source Starch transformation
0 5 10 [ 20 | 30 | 40 | s0
Meristem A.V.aspercentage of B.V. | 100 | 96.8| 96.3| 94.4} 85.6| 80.0{ 75.2
Percentage conversion to 0| 2.6 3.7 4.9| 10.0| 12.8| 20.0
maltose
Leaves +1and | A.V. as percentage of B.V. | 100 | 96.9]| 94.6| 87.0| 82.4| 76.3| 67.2
+2 Percentage conversion to 0| 2.4 4.8 12.8] 10.9| 8.0{ 8.0
maltose
Leaves +6and | A.V. as percentage of B.V. | 100 | 75.4| 59.6] 35.1] 21.9| 14.9] 9.6
+7 Percentage conversion to 0] 3.2| 8.0] 11.2] 12.8! 15.2| 15.2
maltose
Sheaths +1 | A.V.as percentage of B.V. | 100 | 92.4] 90.1| 78.6| 76.3| 71.0| 67.2
and +2 Percentage conversion to 0 O 3.2| 8.0/ .8 .8 2.4
maltose
8 to 10 nodes | A.V.as percentageof B.V. | 100 | 96.2| 91.7| 81.8 76.5| 72.7| 66.7
Percentage conversion to 0| 0 2.4 3.2 6.8 4.0f 8.0
maltose
8 to 10 inter- | A.V. as percentage of B.V. | 100 100 | 99.2| 98.5( 95.4/ 92.2) 90.0
nodes Percentage conversion to 0| O 0 0 0 0 0
maltose

! The reaction mixture for each assay was composed of 2 ml. of tris buffer (pH
7.5), 1 ml. of substrate solution containing 4 mg. of soluble starch, and 1 ml. of en-
zyme preparation. All tests were conducted at 22°C.
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Fig. 12.—Rate of blue-value suppression by Q-enzyme preparations derived from
various sugarcane tissues.
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ELECTROPHORESIS EXAMINATION OF 0 TO 95- AND 0 TO 35-PERCENT
FRACTIONS

As was mentioned earlier, the 0 to 95-percent fraction precipitated from
bicarbonate extracts contained several highly active contaminating en-
zymes, including B-amylase, acid phosphatase, and starch phosphorylase.
We do not know how many more enzymes of other types were also present.
The transcendence of S-amylase, phosphatase, and part of the starch phos-
phorylase by salting only to 35-percent saturation, had yielded & fraction
in which Q enzyme predominated over a-amylase and traces of phosphoryl-
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Fie. 13.—Tracings of protein migration patterns obtained by electrophoresis of
enzyme fractions precipitated from bicarbonate extracts. Row A, Protein precipi-
tated between 0 and 95-percent saturation with ammonjum sulfate; Row B, protein
precipitated between 0 and 35-percent saturation.

ase. Again, enzyme tests alone gave us only a limited picture of the protein
content. Electrophoresis studies were therefore applied to both the 0 to
95- and the O to 35-percent fractions in an effort to separate the major
protein components. Typical results are illustrated in figure 13.

After a 16-hour migration period, the 0 to 95-percent sample had sepa-
rated into three distinct groups, figure 13, row A, including one fraction re-
maining immobile at the point of application, 4, another, b, which had
migrated toward the cathode, and a third fraction, representing the bulk of
the sample, which migrated as a single mass toward the anode. Groups 4
and a are characteristic of a protein sample containing too much material to
be well separated without previous fractionation. The b group, apparently
representing a body of positively charged protein, was not anticipated with
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a system buffered at pH 8.6. Under these conditions, the predominant
protein charges should have been negative, which would insure migration
towards the anode. The possibility was envisaged that dialysis had been
insufficient to remove some contaminant cation, such as Pb, which then
migrated with a protein otherwise immobilized at its isoelectric point.
Yet repeated experiments after prolonged hydrolysis failed to remove this
component. The best explanation we can put forward at the moment is that
among the sugarcane-leaf proteins there is a fraction possessing an iso-
electric point at pH 8.6, and that during the present study this must have
migrated freely to either side of the application point, independent of either
electrode. In figure 13, A, the counterpart of b would have been masked by
component a.

The 0 to 35-per cent fraction, row B, was separated into four distinct
components including an immobile ares at the point of application, 4, &
barely mobile component, ¢, representing less than 8 percent of the sample,
and two relatively distinet components, a and b, which together made up
61 percent of the sample. Component b of the 0 to 95-percent fraction did
not reappear. It is possible that this protein represents the g-amylase or
phosphatase, or both, which had heen present in the 0 to 95-percent frac-
tion. The protein groups a, b, and ¢, figure 13, row B, have not been tested
for enzyme activity, but it is suspected that they represent Q enzyme,
a-amylase, and phosphorylase, respectively.

SIGNIFICANCE OF Q ENZYME IN SUGARCANE

With the possible exception of the variety Uba (20), growers and proces-
sors have felt little concern over the phenomenon of starch formation in
sugarcane. Nevertheless, a broad survey of cane-leaf enzymes revealed that
amylase is a most voracious catalyst in cane, and that its suppression could
be correlated with increased sucrose content (1). Further studies have
shown that starch phosphorylase, amylase, hexokinase, and acid phos-
phatase are intimately active in determining the fate of glucose-1-phos-
phate, and therefore in determining the capacity of the plant to form sucrose
(8). The more thoroughly we understand the properties, behavior patterns,
and personal idiosyncrasies of such systems, the greater will be our capacity
to slant their reactions toward a maximum production of sugar. The Q-
enzyme, a-amylase complex encountered during the present study confirms
a critical link in the scheme by which starch is synthesized and degraded in
sugarcane.

The following sequence was used previously to account for the relation-
ship of free glucose to the processes of sucrose and starch biosynthesis:
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+Fructose
Starch > Glucose-1-phosphate 3 > Sucrose

(amylase)

Maltose

v (hexokinase)
Glucose » Glucose-6-phosphate
/ \ P P

ATP ADP ] L
Glycolysis

The recognition of cane-leaf amylase and hexokinase alone provifled a
basis for bringing forth the above sequence. Our present understanding of

the Q-enzyme, a-amylase complex of sugarcane can now be incorporated
into the scheme as follows:

“‘Starch"’

g -+ Fructose
Amylose 4 Amylopectin M Amylose (P enzyme) Glucose-1-phosphate ———— Sucrose

—_—
(8-amylase) l(a-amylase) (B-amylase)
Oligosaicharides
Mnl|tose Malltose Mal|tnse
l(maltnse)

hexoki
Glucose M Glucose-6-phosphate

ATP ADP 1
Glycolysis

SUMMARY

A polysaccharide branching factor, apparently identical with the Q
enzyme of potatoes, has been extracted from sugarcane leaves and partly
characterized. Procedures used successfully by other workers to isolate the
Q enzyme from potato extracts failed to yield the branching system free
from other catalysts of sugarcane. A preparation satisfactory for char-
acterization studies was obtained by precipitating protein from water
extracts with lead acetate, eluting the precipitate with bicarbonate solu-
tion, and fractionating the bicarbonate extract with ammonium sulfate.
The Q enzyme was precipitated between 0 and 35-percent, saturation, at
pH 7.2 and 22°C.

The 0 to 35-percent fraction was virtually free of acid phosphatase and
g-amylase. Traces of starch phosphorylase (P enzyme) were present but
caused no difficulty in the absence of phosphate buffers. However, an
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amylase of the « type was present, which interferred seriously with Q
enzyme measurements in acid media, particularly in the area of pH 4 to 5.

Q enzyme was moderately active between pH 6.5 and 9.0, with optimum
pH at approximately 7.5. The a-amylase was very weak at pH values
higher than 6.5.

Soluble potato starch was employed as substrate throughout these
studies. Optimum concentration was 2.0 to 2.5 mg. /ml. of digest. a-amylase
was most active against 0.5 mg./ml. of digest.

Q enzyme experienced an 85-percent inhibition by lead ions, 0.5 mg./ml.,
when acting upon a substrate level of 0.25 mg./ml. of digest. Increasing
the starch concentration to 2.5 mg./ml. partly removed the lead effects,
indicating that the inhibition was competitive. Fluoride, 0.025 mg./ml.,
completely eliminated a-amylase activity at pH 7.5, but had little effect at
pH 4.0. a-amylase was also suppressed by copper.

Dialysis against distilled water had little effect upon Q enzyme, but
strongly retarded amylase after 6 and 10 hours. Twenty-two-hour dialysis
caused no further changes in either enzyme,

The most favorable temperature tested with Q enzyme was 30°C.,
although the system was fairly active at temperatures as low as 7°C.
a-amylase was not active at 7°C., but achieved the maximum rate meas-
ured at 26°C.

A series of sugarcane tissues was tested for Q enzyme, including meri-
stem, leaves +1 and +2, leaves +6 and 47, sheaths +1 and -+2, 8 to 10
nodes, and 8 to 10 internodes. Activity wag far greater in leaves -6 and
+7 than any other tissue tested. a-amylase was most active in the meri-
stem preparations.

Electrophoresis studies showed that the 0 to 35-percent fraction was
composed of at least three distinet protein constituents, These were pre-
sumed to represent Q enzyme, a-amylase, and starch phosphorylase.

The significance of Q enzyme in sugarcane is briefly discussed. A diagram
is presented to illustrate the role of the polysaccharide branching factor in
relation to the starch -and sucrose-forming pathways,

RESUMEN

De la hoja de la caiia de azicar se extrajo un fg
aparentemente idéntico a la enzima Q de I, papa,
descrito parcialmente. Los procedimientos usados
vestigadores para aislar la enzima Q de los extractos de papa, no lograron
separar el sistema ramificafor de otros agentes catalizadores ée la cafia de
aziicar. Obtiivose ung preparacién satisfactoria para hacer estudios descrip-
tivos de los caracteres precipitando proteina de extractos acuosos con
acetato de plomo, lixiviando el precipitado con una solucién de bicarbonato

ctor de la polisacarida,
cuyos caracteres se han
con éxito por otros m-
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y fraccionando el extracto de bicarbonato con sulfato aménico. La enzima
Q se precipité a una saturacién entre 0 y 35 por ciento, a un pH de 7.2 y
una temperatura de 22°C.

La fraccién de 0 a 35 por ciento estuvo virtualmente libre de fosfatasa
dcida y p-amilasa. Habia trazas de fosforilasa de almidén (enzima P);
pero ésta no causé dificultad alguna en la ausencia de fosfatos amorti-
guadores. No obstante, estaba presente una amilasa del tipo «, la cual
interfiri6 seriamente con las medidas de la enzima Q en un medio 4cido
particularmente en el rea de un pH de 4 a 5.

La enzima Q estuvo moderadamente activa entre los pH 6.5 y
9.0, llegando a su 6ptimo 2 un pH de 7.5 aproximadamente. La accién de la
amilasa-a fue muy débil en los valores de pH mayores de 6.5.

Se emple6 almidén soluble de papa como substrato en todos estos es-
tudios. La concentracién 6ptima fue de 2.0 a 2.5 mg./ml. de digesto. La
amilasa-o estuvo més activa en presencia de 0.5 mg./ml. de digesto.

En la enzima Q hubo una inhibicién de un 85 por ciento debido a la
acci6én de iones de plomo (0.5 mg./ml.) cuando actuaba sobre un nivel de
substrato de 0.25 mg./ml. de digesto. Aumentando la concentracién de
almidén a 2.5 mg./ml., se eliminaron parcialmente los efectos del plomo,
indicando que la inhibicién fue competitiva. El fluoruro (0.025 mg./ml.)
eliminé completamente la actividad de la «-amilasa a un pH de 7.5,
pero tuvo poco efecto & un pH de 4.0. La a-amilasa fue también suprimida
por la acci6n del cobre.

La diflisis en presencia de agua destilada tuvo poco efecto sobre la
enzima Q, pero retard6 marcadamente la amilasa después de 6 y de 10
horas. Una diglisis de 22 horas no causé cambios adicionales en ninguna de
las enzimas.

La temperatura méds favorable de las que se probaron con la enzima Q,
fue de 30°C., aunque el sistema estuvo bastante activo a temperaturas tan
bajas como de 7°C. La o-amilasa no estuvo activa a los 7°C., pero
alcanz6 el grado més alto de actividad que se ha medido a los 26°C.

Se analizaron varios tejidos de la cafia de azidcar en busca de la enzimsg,
Q, incluyendo el meristemo; las hojas 41 y +2, hojas +6 y +7; yaguas
+1y +2; nudos del 8 al 10 y entrenudos del 8 al 10. La actividad fue
mucho mayor en las hojas +6 y +7 que en ningiin otro tejido analizado,
La amilasa-a estuvo més activa en las preparaciones con tejidos del meri-
stemo.

Estudios de electroféresis demostraron que la fraccién de 0 a 35 por
ciento estaba compuesta de por lo menos tres distintos ingredientes de 1g,
protefna. Se presume que representaban la enzima Q, a-amilasa y fosforilagg,
de almid6n. .

Aquif se discute brevemente la significacion de la enzima, Q en la cafia de
aztcar. Se presenta un diagrama para ilustrar el papel que desempefia e}
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factor ramificador de la polisacarida en relacién con los “caminos” que
toma en la formacién del almidén y la sacarosa.
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