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Hanes (6, 7) first identified the enzyme phospho-
rylase in preparations of pea seeds and potatoes. The
enzyme catalyzes the reaction glucose-1-phosphate
(G-1-P) = starch + phosphate, and Hanes predicted
that the location of this enzyme would be the plastid
of the plant. Yin and Sun (15) presented a histo-
logical mehod for identifying phosphorylase activity
by the end product starch, and Yin and Sun (17) pre-
sented evidence for the location of phosphorylase in
the plastids of several species of plants.

Using the above histological method on wheat,
bean, and sunflower, Shaw (10) also found phospho-
rylase activity to be within the chloroplast, or associ-
ated with it, and he reviewed the many sources of
error which leave the method open to eriticism. A
principal criticism is that plasmolysis could not be
demonstrated in cells exhibiting polysaccharide for-
mation. There is no certainty then that in these
injured cells the enzyme is to be found in its “ nor-
mal ” location.

Dyar (5) used the histological method on root tips
of pea seedlings, and she found activity in the nucleus
and unspecified areas of the cytoplasm.3 Stocking
(11) used the histological method and a method based
on the differential centrifugation of a leaf brei and
could find no evidence that phosphorylase was within
the plastid rather than the eytoplasm. The investi-
gation reported here was made in part to find if the

1 Revised manuseript received May 23, 1956.

2 Part of this work has been done in partial fulfill-
ment of the requirements for the degree of Doctor of
Philosophy, Cornell University.

3 Cytoplasm is used in this paper to denote proto-
plasm other than the nucleus or plastids.

problem of phosphorylase in the plant cell could be
resolved by the application of other methods.

Investigations by the author, based on quantita-
tive methods, have shown daily and seasonal varia-
tions in the level of activity of phosphorylase, and
have shown a considerable reduction in the level of
activity when tobacco plants were starved by placing
them in the dark. Since the principal test for ac-
tivity used has been the qualitative formation of
starch, previous workers have generally thought it
advisable to use materials in which starch was not
initially present. The low level of activity in such
tissues may yield results which do not reflect condi-
tions in a healthy plant. Hence some of the tech-
niques here reported were designed to obtain data
about the intracellular location of phosphorylase in
tissues in which starch was present and being actively
metabolized.

MATERIALS AND PREPARATIONS

Leaves of tobacco (Nicotiana Tabacum L.),
stripped of heavy veins, were used as the plant mate-
rial. G-1-P was obtained from Nutritional Biochemi-
cals Company and its solutions were prepared using
the method of Sumner et al (13). A 29 solution
was made and diluted with an equal volume of 0.01 M
maleic acid buffer pH 6.2 to give a 19 solution.
Buffers were prepared using the acid and sodium salt.
As sodium may increase permeability this is of con-
cern in interpreting the results.

Some preparations were made by grinding fresh
leaf tissue in a mortar with a small amount of phos-
phate free quartz sand and with 1 ml of solution as
indicated per gm of tissue. The preparation was
washed down with an additional 2 ml of solution per
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gm of tissue. Other preparations were made by grind-
ing leaf tissue in a Waring blendor with 3 ml per gm
of either 12 ¢, sucrose solution in pH 6.2 maleic
buffer, or 60 9% saturated neutral ammonium sulfate
solution. The crude preparations were filtered through
a facial tissue supported on cheesecloth.

METHODS AND RESULTS

In these experiments phosphorylase activity was
measured in terms of the free inorganic phosphate re-
leased when the plant preparations were incubated
with G-1-P under the conditions stated. One ml of
preparation was placed in a test tube with 1 ml of
0.01 M maleic acid buffer, pH 6.2; 1 ml of a 1 9% solu-
ble starch solution as a primer (6) and 1 ml of 0.02 M
NaF as an inhibitor of possible phosphatase activity.
These were brought to temperature (35°C) in a
water bath and the reaction was started by adding
1mlof 19 G-1-P. At the end of the experiment the
reaction was stopped by adding 1 ml of 109 tri-
chloroacetic acid (TCA). In the controls the order of
adding the TCA and G-1-P was reversed. The 6 ml
of preparation resulting were filtered and 3 ml were
tested for phosphate by the use of Sumner’s (12)
modification of the phospho-molybdate test. The
amount of phosphate was determined colorimetrically
by reading percent transmission in a Coleman Jr.
Model 6A spectrophotometer, at 680 myu. Either den-
sity or micrograms of phosphorus was then deter-
mined from tables. Since Beer’s Law holds in the
range of values obtained, the statistical comparisons
were calculated on the basis of the optical density.

Analysis showed that no significant breakdown of
G-1-P occurred in 4 hours at room temperature after
the addition of TCA. After the addition of H,SO4
in the phosphomolybdate test, however, acid hydroly-
sis of G-1-P began at once and so all readings were
made between 1.5 to 2 minutes after adding the sul-
furic acid.

The time of incubation was from 1/2 hour with
preparations of high activity up to 1 hour when the

I 1 1
sof- E
a -
360 ~
=
©
a0l b
20} ~
1 1 1
0 30 60 90
TIME-MINUTES
Fic. 1. Hydrolysis of G-1-P by phosphorylase.

About 1190 ugm of P were supplied as G-1-P. The hy-
drolysis is a straight line reaction for the range of
values used (up to 100 ugm hydrolyzed).
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TaBLE 1

RELATIVE PHOSPHORYLASE AcTIviTY OF RESIDUE (R)
AND SUPERNATANT (S) oF CENTRIFUGED
ToBacco LEar BRrEr

ML OF RESIDUE AcTIvITY */ML

Resibue Rartio oF
Ix REsus- SUPER-  ACTIVITY,
NITIAL PENDED RESUS- In .\'A?TANT, (R/S)
PENDED NITIAL INITIAL
2 12 26.3 157 37 4/1
1 10 10 120 17 71
0.5 10 74 148 5 30/1

35°*CAS ugm of P hydrolyzed from G-1-P in 30 min at

tobacco leaves showed low phosphorylase activity.
As comparisons were made within the experiments,
such variation between experiments was considered
allowable.

One ml of 1 % G-1-P contains 1.19 mg of inorganic
phosphorus. The greatest amount hydrolvzed in any
single experiment was less than 100 pgm. The reac-
tion was found to be a straight line for these values
(fig 1).

Other experiments showed no deterioration in the
phosphorylase activity of the preparation during the
first 4 hours at room temperature. For this reason
low temperatures were not used in making the prep-
arations; however, the experiments were executed
with promptness.

The first group of experiments was run with the
following hypothesis as a basis. The enzyme phos-
phorylase is water soluble. When ground prepara-
tions are centrifuged the phosphorylase will be found
in the supernatant in any case, since a large percent-
age of the plastids are ruptured in grinding. If the
phosphorylase is normally located in the cytoplasm,
then that portion of the centrifuge tube containing
the residue should have less phosphorylase per unit
volume, as phosphorylase would be displaced by the
solid residue. On the other hand, if the Dhosphorylase
is normally located within the plastid, then the resi-
due should have the higher concentration of phos-
phorylase, its value being proportional to the number
of uninjured chloroplasts.

Preparations were made by grinding leaf tissue in
a mortar with pH 6.2, 0.01 M maleic buffer and fine
sand, as described, and the filtered brei was centri-
fuged. The results in all cases showed a higher con-
centration of phosphorylase activity in the green pellet
of the residue. The greatest total amount of activity
was invariably in the supernatant, but the highest
concentration was in the residue. Examples of data
are given from three such experiments in table I.

In the first of the experiments which are described,
ground and filtered leaf material was centrifuged
lightly (250 x g for 3 min) and the residue which was
prineipally starch was discarded. The supernatant
was centrifuged for 20 minutes at 800 x ¢ and 2 ml of
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chloroplastic residue was obtained. The 2 ml of resi-
due was brought to 12 ml by adding 10 ml of buffer
and was then re-ground in a Potter-Elvehjem type
homogenizer. One ml of the first supernatant hydro-
lvzed 37 ugm of phosphorus in 30 minutes. One ml
of the second supernatant (derived from 1/6 ml of
chloroplastic residue) hydrolyzed 26.3 ugm of phos-
phorus in the same time. On a ml for ml basis then
the ratio of the activity of the supernatant and of the
chloroplastie residues was 37/157 or about 1/4.

In a second example the ratio of activities was
about 1/7. These two examples represent the range
of differences obtained in experiments of this sort. It
was found that regrinding the residue was not neces-
sary and that shaking the residue in buffer to resus-
pend it gave the same values as regrinding. An effort
was made to improve these first figures by using gen-
tler techniques. Since the sodium ion affects permea-
bility, no buffer was used. A 10 9% sucrose solution
was deionized by passing over amberlite resins. The
resulting neutral solution was chilled in an ice bath.
Cell contents were released by gently tearing tobacco
leaves under the surface of the solution. One-half ml
of green residue was obtained by centrifugation, and
this was re-suspended in 10 ml of buffer. Total ac-
tivity was still greater in the supernatant. Two and
one half times the activity was contained in the 40
ml of supernatant as in the 0.5 ml of residue. In this
instance the ratio was widened and the concentration
of phosphorylase activity was, however, thirty times
as great in the residue.

These results suggesting a concentration of phos-
phoryvlase in the chloroplast are at variance with the
conclusions of Stocking (11). At this point in his
work the author had the opportunity of comparing his
data with that of Dr. Stocking and of discussing it
with him. A comparison showed that the principal
discrepancy between the works lay in Stocking’s use
of the plastid fraction of leaves which had been dark-
starved to remove starch. In preliminary experi-
ments the author had found that dark starvation re-
duced phosphorylase activity to low levels, and had so
designed his experiments as to use leaf material gorged
with stored starch. This difference in material was
examined as a possible source of the differences of
result. Typical and comparable leaves were taken at
10:00 A.M. from a tobaceco plant which had its starch
depleted by seven days of dark starvation and one

TaBLE II

RELATIVE PHOSPHORYLASE ACTIVITY OF SUPERNATANT ()
axDp ReEsoveE (R) oF CENTRIFUGED ToBacco LEAF BREI
FROM FULL Sux AND DArK STARVED LEAVES

. ~ CORRECTED ) . Rartio,
TREATMENT scTIviTY */ML R AcTIvITY */ML S (R/S)
Sun 290 23 13/1
Dark, starved nil 12 0

* As pugm of P hydrolyzed from G-1-P in 55 min at
35°C.

OF PHOSPHORYLASE 389

TasLeE III

RaTios oF PHOSPHORYLASE AcTIVITIES * 1N Prastip Cox-

TAINING RESIDUES (R) AND SUPERNATANTS (S) DERIVED

FROM CENTRIFUGED ToBAcco LeavEs GROUND BY VARIOUS
MEeTHODS

TREATMENT

Rartio, (R/S)

Cut into 12 9% deionized sucrose with

razor blade 37/1
Bruised with pestle in 12 9% deionized

sucrose 9/1
Ground in mortar with sand and 12 %

sucrose in maleic buffer 6/1
Blendorized 5 sec in 12 9% deionized

suerose 8/1
Blendorized 45 sec in maleic buffer 5/1

* Activities based on wgm of P hydrolyzed from
G-1-P/ml of preparation.

growing in the greenhouse in the summer sun. Leaf
(1.5 gm) tissue was ground in 5 ml of buffer and
washed with 10 ml, filtered and centrifuged. The 0.2-
ml pellet was suspended in 4 ml and activity was
determined over a 55-minute period at 35° C. The
results of a typical experiment are given in table II.
These results indicate that at least some phosphorylase
activity is primarily in the chloroplast in a plant
containing starch and actively svnthesizing it, but that
it appears in the eytoplasm of a plant which does not
contain starch. In addition it may be noted that the
total activity is much greater in the plant kept under
normal conditions.

Dark starved vs full sun plants were also com-
pared using more and less drastic methods of “grind-
ing.” The activity of dark starved leaves was in the
supernatant. In the leaves from the full sun plants,
the phosphorus hydrolyzed per unit volume of pellet
was always greater than that per unit of supernatant.
Data from full sun leaves is presented in table III.
The method of “grinding” is given, with the ratio of
the concentration of phosphorylase in the pellet to
that in the supernatant.

The second group of experiments was based on the
following hypothesis. If the phosphorvlase can be
kept in situ by precipitation and if differential cen-
trifugation can produce a series of pellets having dif-
ferent proportions of various cell fractions, then an
analysis of chlorophyll content (chloroplasts), DNA
(nucleus) or total protein (cytoplasm) can be com-
pared to an analysis of phosphoryvlase activity and a
correlation sought.

The final procedure which was developed did not
include the analysis for DNA as the amount present in
leaf tissues is low and insufficient for the methods of
analysis that were available. The leaf tissue was
taken either from dark starved plants or those grow-
ing in the greenhouse and was ground in the blendor
with either 12 9, sucrose or neutral 60 9 saturated
(NH,)oSO4. The filtered brei was placed in centri-
fuge tubes and the centrifuge was run at varying
speeds for varving lengths of time to obtain various
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degrees of sedimentation. Ten such tubes were cen-
trifuged for each experiment. The tubes contained
12 ml initially and after centrifugation the green pellet
was resuspended in 4 ml of its own supernatant.
Some of the supernatants were included as prepara-
tions. One ml of preparation was used to test phos-
phorylase activity by the method described, the incu-
bation period being 1 hour at 35°C. To a second
1-ml aliquot was added 10 ml of alcohol. The tubes
were brought up to the boiling point of the alcohol
mixture in a hot water bath to facilitate coagulation
of the protein and extraction of the chlorophyll. The
coagulum was centrifuged down and the optical den-
sity of the supernatant was obtained spectrophoto-
metrically at 664 mp, to compare the relative amounts
of chlorophyll. When the residue was from one of the
groups where the leaves had been ground in ammo-
nium sulfate solution, the pellet was given an addi-
tional washing in 3 to 4 ml of 59 TCA solution to
remove excess salts. After centrifugation the pellet
was treated the same as the alcohol precipitated pellet
from the groups where the leaves were ground in
sucrose. The pellets were suspended in 10 ml of 3.3 N
NaOH solution and heated at 80° C for 2 to 3 hours
to dissolve the pellet. The volume of the tubes was
brought back to 10 ml if evaporation had occurred
and 0.4 ml of 20 9 copper sulfate pentahydrate solu-
tion was added to each tube and the tube shaken.
The tubes were centrifuged and the optical density of
the supernatant was obtained at 530 mu to give rela-
tive amounts of protein. For each group of ten tubes
the coefficient of correlation was calculated between
hydrolyzed P and chlorophyll content, between hydro-
lyzed P and protein, and between protein and chloro-
phyll content. The results in table IV present the
one poorest correlation from each group. From 2 to
5 groups were run for each condition. Further repeti-
tions were not made because of the great consistency
of the results, and because these results contributed
little to the problem under consideration.

In the preparations made with ammonium sulfate,
all three factors, protein, chlorophyll content, and
phosphorylase activity were highly correlated. This
indicates that the three are distributed homogeneously

PLANT PHYSIOLOGY

TaBLE V

COEFFICIENT OF CORRELATION BETWEEN PHOSPHORYLASE
AND PROTEIN AND BETWEEN CHLOROPHYLL AND PROTEIN IN
1 ML oF A Torar ToBacco LEAF Brel AND IN THE RESIDUE
AND SUPERNATANT FROM 1 ML OF THE CENTRIFUGED BREI

COEFFICIENT OF CORRELATION , T

Fracrion

PHospPHO- CHLORO-
RYLASE/PROTEIN PHYLL/PROTEIN
Protein of uncentri-
fuged brei 0.905 0.963
Protein of residue 0.895 0.943
Protein of supernatant -0.598 -0.680

in the same particles of the solid phase so that an
aliquot samples all three uniformly.

In the preparations made with sucrose the high
correlation between chlorophyll content and protein
indicates again that in an aliquot the solid matter
contains a homogeneous mixture of these two. The
relatively poor correlations between phosphorylase
and the other two factors indicates its distribution
largely in the soluble fraction of these preparations.
The positive correlation of P to C in sun grown plants
and the negative correlation in dark starved plants
was consistent and may be interpreted as bearing out
the data from the other methods; i.e., the negative
value of r for dark starved plants may again be ex-
plained by the displacement of the solution, having
uniform phosphorylase content, by the solid fraction
containing the chlorophyll, water insoluble protein
and no phosphorylase. The value of r would be posi-
tive for sun plants due to some of the phosphorylase
being associated with the solid (plastid) fraction.

Inasmuch as material in solution is evenly distrib-
uted, correlation should arise out of the differences in
the solid fraction. This was checked in one experi-
ment by centrifuging an extra aliquot from each sam-
ple and determining protein separately for the super-
natant and the residue. The data are given in table
V. They were obtained from a run using full sun
plants ground in sucrose. The data effectively sup-
port the deduction. The negative correlations arise

TasLE IV

COEFFICIENT OF CORRELATION BETWEEN PHOSPHORYLASE AcTIVITY AND CHLOROPHYLL CONTENT,
PHOSPHORYLASE ACTIVITY AND PROTEIN CONTENT, AND BETWEEN CHLOROPHYLL AND
ProTteIN CoNTENTS IN ToBacco LEaves GrOUND IN Varlous MEbIA
FROM PraxTs IN Furr SuN or DARK STARVED

COEFFICIENT OF CORRELATION, T ¥

Tre . GRINDING
REATMENT
MEDIUM PHOSPHORYLASE/CHLOROPHYLL PHOSPHORYLASE/PROTEIN CHLOROPHYLL/PROTEIN
Full sun 12 % Sucrose 0.339 0.337 0.910
Full sun 60 % (NH,):S0. 0.964 0.967 0.883
Dark starved 12 % Sucrose -0.389 —-0.155 0.948
Dark starved 60 % (NH,):S0, 0915 0.989 0.983

* At 1% level of significance, r =0.765.
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because as there is more residue, there is less super-
natant in one ml.

DiscussioN

The experimental evidence presented here indi-
cates that both the plastid and the eytoplasm may be
normal sites of the enzyme phosphorylase. Although
the evidence for phosphorylase in the plastid is based
on normal plants and that for phosphorylase in the
cytoplasm on dark starved plants, the data do not
preclude the possibility that phosphorylase may occur
at both sites under either condition.

The data showing phosphorylase distribution may
be subject to the following interpretation. In cen-
trifuging, a starch pellet is thrown down beneath the
plastid material. Even though this is not used, the
remaining material is heavily contaminated with free
starch. The association of an enzyme with its sub-
strate is well known and Baum and Gilbert (2) have
used this relation to purify phosphorylase by adsorb-
ing it on amylose. The concentration of phosphory-
lase in the pellet may, therefore, be due to adsorbtion
on the starch.

When the phosphorylase content of the plastid
fraction is increased by the use of gentle techniques,
the increase may result because more starch is re-
tained in the green pellet within the unruptured
plastids.

The attraction between starch and phosphorylase
provides then an adequate explanation of the data
presented here. It fails however to explain why—if
phosphorylase is of general distribution—starch is
found almost exclusively in the plastids.

Stocking (11) has set forth the 4 requirements for
amylose formation.

pH about 6

Active phosphorylase

a-D-glucose-1-phosphate as substrate
Starter—an «,1-4 glucoside chain to prime the
reaction.

0 10

1) The range of pH over which phosphorylase is
active is wide enough so that a difference of pH be-
tween the plastid and eytoplasm would not account
for activity at only one site.

2) An inhibition system can be postulated. Known
clements are available, as B-amylose inhibits phos-
phorylase (9) and is itself inhibited by sucrose (4).
Stocking has considered inhibition however and shows
that it is an unlikely mechanism.

3) The plastid may well be the principal site of
starch formation because it is the exclusive site of
the formation of the substrate G-1-P. In Calvin's
(3) experiments he found G-1-P to be labeled with
C-14 after 5 seconds of photosynthesis in C40,
medium. G-1-P is not reported as participating in
reactions in higher plants other than in its equilibrium
reactions with G-6-P, and with amylose and phos-
phate.

Arnon, Whatley and Allen (1) have recently pre-
sented evidence for a hypothesis that the chloroplast

Fics. 2 and 3. Longitudinal sections of promeristem
of tobacco shoot apex showing results of Yin’s histologi-
cal test for phosphorylase. P—Plastid not forming poly-

saccharide. S—Plastid which has formed starch. A—
Amylose network. Fic. 2 (left) Incubated with G-1-P.
A blue-brown staining polysaccharide has formed within
the plastids of the endodermis or starch sheath. Fic. 3
(right). Incubated with G-1-P and soluble starch solu-
tion. An additional lavender-blue staining network of
polysaccharide has formed in the cytoplasm generally.

is a complete synthesizing unit, using the energy of
sunlight to manufacture its end products without
intermediate cytoplasmic steps. The formation of
G-1-P and hence starch in the plastid would be con-
sistent with such a hypothesis.

This explanation still fails to answer one question.
If amylose production is limited by the location of
G-1-P rather than the location of phosphorylase why
does not amylose appear generally when G-1-P is sup-
plied in Yin’s test? It often does. In an early report
Yin (16) found polysaccharide formation in loci in
the cytoplasm. He concluded in a later paper (17)
that phosphorylase was exclusively in the plastid.

Stocking (11) reports cytoplasmic starch in leaf
sections prepared by using Yin’s histological method.

Shaw (10) reported “the most common result was
the formation of irregular masses of polysaecharide in
the e¢ytoplasmic matrix around the chloroplast.” Shaw
considers this due to diffusion of polysaccharide out
of the plastids.

Paech and Krech (8) find small kernels forming
outside of the plastids in their immediate vicinity.
They consider that the phosphorylase has leaked out
of the plastids.

Dyar (5) reports starch formation in unspecified
areas of the eytoplasm and in the nucleus.

The histological test has then yielded results show-
ing the formation of polysaccharide in the cytoplasm
supplied with G-1-P. The interpretations of the re-
sults have varied. Figures 2 and 8 show some results
of the use of the histological test in this laboratory.
Londitudinal free-hand sections of the same tobacco
stem apex are shown after incubation for 4 hours in
G-1-P. Soluble starch solution was added to the
G-1-P medium of the one section (fig 3). Figure 2
shows the results of incubation in G-1-P alone. A
brownish blue staining (IKI) polysaccharide has
formed in the plastids of the endodermis or starch
sheath. In figure 3 with soluble starch primer present
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the same formation of polysaccharide in the plastids
of the endodermis has taken place, and in addition a
cytoplasmic polysaccharide has formed. A loose net-
work of bright lavender-blue staining polysaccharide
occurs in the eytoplasm of the cells generally.

4) This brings us to a consideration of the require-
ment for primer. Starch may form only in the plastid
in vivo because this is the sole site of primer. This
seems unlikely however. Whelan and Bailey (14)
have found that q,1-4, tri glucoside units are sufficient
to prime the reaction. Polysaccharide of such chain
length is readily diffusible and occurs as a product
of g-amylose hydrolysis along with diffusible chains of
6 glucose units in length.

Of the four possibilities the one which best fits the
experimental evidence is that, that the plastid is the
exclusive side of the formation of G-1-P substrate. In
metabolically active cells the phosphorylase may be-
come concentrated in the plastids because of the ad-
sorbtion (or other chemical binding) of the enzyme on
the starch surface and because of the protective effect
of substrate in reducing catabolic destruction of the
enzyme. When G-1-P is supplied to the whole cell,
polysaccharide may or may not form in the cytoplasm
in the period of observation. If either primer or en-
zyme are in low concentrations in the cytoplasm the
rate of synthesis may be so low that stainable poly-
saccharide is not formed within the duration of the
experiment.

Shaw (10) found that he obtained his results only
during the summer period. This laboratory has found
that seasonal factors affect phosphorylase activity.
The work described here was done on vegetative
plants, for it appears that once the flower is induced,
even prolonged dark starvation will not remove all
the starch from leaves. As we are better able to un-
derstand phosphorylase it should provide a tool for
investigating other plant reactions.

SUMMARY

Evidence is offered that phosphorylase may occur
in both the plastid and in the cytoplasm surrounding
it. The data indicate a concentration of phosphory-
lase with the plastids of leaves actively synthesizing
starch and a concentration in the cytoplasm of leaves
dark starved to remove starch.

The hypothesis is offered that starch is normally
found in the plastids because that is the site of forma-
tion of the G-1-P substrate.

The author is pleased to acknowledge the advice
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of Cornell University.
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