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ABSTRACT

The amounts and rates of metabolic turnover of the indolylic compounds
in germinating kernels of sweet corn were determined. Knowledge of pool
size and rate of pool turnover has permitted: (a) identification of indole-3-
acetyl-myo-inositol as the major chemical form for transport of indole-3-
acetic acid (IAA) from endosperm to shoot; (») demonstration that the free
IAA of the endosperm is turning over rapidly with a half-life of 3.2 hours;
(c) identification of esters of IAA as the immediate precursors of IAA in
the endosperm and shoot; (d) demonstration that neither tryptophan nor
tryptamine is a major precursor of IAA for the seed or shoot; (¢) identifi-
cation of IAA-myo-inositol glycosides as precursors of IAA-myo-inositol.

It is concluded that seedlings of Zea mays utilize esters of IAA, and not
tryptophan or its derivatives, for the IAA requirements of the germinating

seedling.

The endosperm of kernels of Zea mays contains small amounts
of indole-3-acetic acid and large amounts of esterified IAA (5, 15,
26, 27, 35, 38). The esterified IAA has been chemically character-
ized (1, 21, 26, 36) and assayed quantitatively in the dry seed (35)
and during ripening (9 and unpublished data) and during germi-
nation of the kernels (ref. 35 and unpublished data). It remained
necessary to measure the rate of metabolic turnover of the indolylic
compounds to permit determining which are being exported from
the kernel to the shoot and to search for metabolic functions.

We previously demonstrated that: (@) the esters play a role in
hormonal homeostasis in the seedling vegetative shoot (4); and (b)
that esterification plays a protective role in preventing peroxida-
tive attack upon IAA (8). Now, with knowledge of turnover in the
endosperm, we can add additional functions for the esters; they
are: (c) transport of IAA-myo-inositol from the kernel to the shoot
in amounts sufficient to provide the seedlings needs (24); and (d)
providing the kernel with a large and renewable amount of free
IAA during germination. The resultant free IAA is, in small part,
transported to the shoot, with the bulk decarboxylated or otherwise
metabolized in the endosperm. The rates of destruction and
formation of IAA are equal so that the amount of free IAA in the
endosperm remains steady-state. Neither tryptophan nor trypt-
amine serves as a major source of IAA in Zea kernels.

We also demonstrate that the IAA-myo-inositol esters turnover
at a rate too great to be accounted for by transport into the shoot
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or deacylation or irreversible hydrolysis of the glycosidic moiety
of IAA-myo-inositol glycosides (36). A glycosylation function for
IAA-myo-inositol arabinose and IAA-myo-inositol galactose (1) is
suggested.

Prior studies (28, 30, 31, 34) have dealt with the conversion of
tryptophan, tryptamine, and indole-3-ethanol to IAA; to our
knowledge this is the first study of both the amounts and the
kinetics of turnover of tryptophan, IAA, and IAA esters in plant
tissue. Inasmuch as this is an initial attempt, imperfect knowledge
of possible pool multiplicity and short term kinetic perturbations
cause us to believe that only “order of magnitude” conclusions
are, as yet, possible.

MATERIALS AND METHODS

Plant Tissue. Corn kernels (Z. mays, var. Stowell’s Evergreen
Sweet Corn) were surface-sterilized in 1% NaOCI for 10-20 min,
soaked in running water at 25 C for 16 h, then placed in rows
across paper towels. The towels were rolled, secured with tape,
placed in a beaker containing water and incubated in the dark for
an additional 80 h. About 30% of the endosperm was cut from the
end of the kernels leaving the embryo and scutellum intact, so
that an endosperm surface was exposed for isotope application.
All manipulations were at 25 C, 90% RH, and with use of a
phototropically inactive green safelight.

Application of Labeled Compounds—Recovery Corrections.
Ten pl of the radioactive compound in glass-distilled H,O was
applied to the cut endosperm surface. Each 10-pl aliquot contained
0.6 ng and 209,000 dpm in the case of L-[5(n)-"H]tryptophan (27.5
Ci/mmol, Amersham), or 1.6 ng and 1,233 dpm [2-“C]IAA
(57.2 mCi/mmol, New England Nuclear) or 28 ng containing
20,317 dpm (57.2 mCi/mmol, Amersham) [1-"“C]IAA or 12.9 ng
and 730 dpm [2-'“CJindole-3-acetyl-myo-inositol (4.5 mCi/mmol),
a gift from Dr. Janusz Nowacki (25). The amount of isotopically
labeled compound applied was 0.003, 3.0, and 1.0% of that already
present in the endosperm for tryptophan, IAA, and IAA-myo-
inositol, respectively, so perturbation of metabolic pools was min-
imized. For zero time determinations of pool size, the kernels,
following removal of shoot and root, were immediately dropped
into acetone in Waring Blendor jars at —70 C. For experiments
measuring turnover, the kernels were pinned to styrofoam sheets
and incubated for 4-8 h in a moist chamber. Shoots and roots
were removed and the kernels dropped into acetone at —70 C as
above. The amount of acetone was adjusted so that the final
acetone concentration, after allowance for water in the kernels,
was 70% (v/v).

Extraction of Free IAA. The kernels (800-1,000) were extracted
by grinding in 70% acetone for 2 min in a 4 liter (CB-6) Waring
Blendor. Ten ml of acetone, containing 1 mg indole-3-butyric
acid, as carrier for the IAA, was added to each homogenate. The
homogenate was kept at 4 C for 16 h, then filtered and the residue
resuspended in 70% acetone twice for 12 h. The filtrates were
combined and the volume reduced to 100 ml on a flash evaporator
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(12 mm Hg, bath temperature, 50 C). The concentrate (pH 4.0)
was adjusted to pH 2.5 with 12 N H,SO, and extracted three times
with 200 ml of CHCIl;. The combined chloroform phases were
dried over anhydrous granular Na,SO,, filtered, and evaporated
in vacuo. The residue was dissolved in 4 ml CHCI; for column
chromatography.

Isolation and Quantitative Estimation of IAA. Chromatography
on DEAE-cellulose, Sephadex LH-20, and TLC were as described
(2, 3). The amount of IAA isolated was determined by the Ehmann
assay (12, 24) and radioactivity by scintillation counting in ACS
solution (Amersham). Then the amount of IAA in the tissue was
determined by the isotope dilution equation (29) discussed below.

Assay of Conversion of [*H|Tryptophan to [*H]IAA. The pro-
cedure of extraction described above was employed except that
[PH]tryptophan was applied to the endosperm and any [PHJIAA
formed was isolated from the endosperm following the addition
of carrier IAA as described by Hall and Bandurski (17).

Extraction and Quantitative Estimation of Tryptophan in Ker-
nels. The water remaining after CHCl; extraction of acidic com-
pounds was evaporated in vacuo to 50 ml and applied to a Dowex
50 W-X2 H* form (200400 mesh) column (1 X 25 cm) using a
flow rate of 0.3 ml min™' (13). The column was washed with 150
ml water and eluted with aqueous 2 M NH,OH. Tryptophan was
eluted between 10 and 30 ml as monitored by its radioactivity.
The tryptophan-containing tubes were combined and evaporated
to dryness; the residue was dissolved in 1 ml 50% 2-propanol,
applied to Sephadex LH-20 column (1.8 X 18 cm), and eluted
with 50% 2-propanol using a flow rate of 0.3 ml min~". Tryptophan
was eluted between 30 and 60 ml. The tryptophan-containing
tubes were pooled, reduced in volume to 0.5 ml, and chromato-
graphed on Whatman 3MM paper using water as solvent. Tryp-
tophan was extracted from the paper with water and rechroma-
tographed on silica gel 60 plates (E. Merck, Darmstat-Brinkmann)
with methyl ethyl ketone-ethyl acetate-absolute ethanol-water (3:
5:1:1) as solvent (21). Tryptophan was eluted from the silica gel
with 3 ml 50% 2-propanol. The specific activity of [*H]tryptophan
was determined by means of the Ehmann reagent (12, 24) and by
scintillation counting. No significant tritium exchange occurred
during the above described isolation procedure.

Quantitative Estimation of Tryptophan in Shoots. Four-day-old
corn shoots (84 g) were ground in 80% acetone; 1 uCi methylene-
[“*Cltryptophan (57 mCi/mmol, Amersham) was added, and the
insoluble residue removed by filtration. The filtrate was adjusted
to pH 2.5, extracted with chloroform, and the resultant water
phase was reduced in volume to 3 ml. Following chromatography
on a column (1 X 50 cm) of Sephadex LH-20 with 50% 2-propanol,
the tryptophan-containing tubes were pooled, reduced in volume,
and chromatographed on a Dowex 50 W-X2 H* form column as
above. The tryptophan-containing tubes were pooled, reduced in
volume, and then column chromatographed on silica gel 60 with
elution with methyl ethyl ketone-ethyl acetate-absolute ethanol-
water (3:5:1:1) followed by 50% 2-propanol. The sample was
applied to a silica gel 60 thin layer plate and developed as
described above for tryptophan. The specific radioactivity of the
[**Cltryptophan was determined by means of the Ehmann reagent
(12, 24) and by scintillation counting.

Extraction and Quantitative Estimation of Tryptamine. To de-
termine the amount of tryptamine, 4.76 pg [G-*H]tryptamine
(41,158,000 dpm, 1.65 Ci/mmol, Amersham) were added to a 70%
acetone homogenate of whole kernels (1.9 kg) and the tryptamine
reisolated for measurement of isotope dilution. The extract was
reduced in volume to 100 ml and adjusted to pH 11.0 with solid
NaOH. The solution was extracted three times with equal volumes
of CHCl;, and the pooled CHCl; extracts evaporated to dryness.
The residue was taken up in the minimal volume of 0.1 M Na-
citrate-acetic acid buffer (pH 4.0) in 50% ethanol and put on a
Dowex 50 W-X2 H* form (200-400 mesh) column (1 X 25 cm) in
0.2 M citrate buffer (pH 4.0). The column was washed with 100 ml
of the same buffer followed by 100 ml of 50% ethanol.
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Tryptamine was eluted with a 50% aqueous ethanol-ammonia
gradient. Tryptamine was eluted when the buffer contained be-
tween 0.4-0.45 N ammonia. Tubes containing tryptamine (45-155
ml) were pooled and evaporated to 1 ml. A sample was chromat-
ographed on a silica gel plate with 2-propanol-acetic acid-water
(90:5:5) as solvent. The tryptamine-containing band was scraped
off and eluted with 5 ml 50% 2-propanol. [*H]Tryptamine
was counted and the amount measured by the Ehmann reagent
(12, 24) and thus, its specific radioactivity determined.

Extraction and Quantitative Estimation of IAA-myo-Inositol.
Ten pl of [“Clindole-acetyl-myo-inositol were applied to the cut
endosperm surface of 500 kernels, as described above. At zero
time, or after 8 h of incubation, the kernels were ground, extracted
three times with 200 ml 70% acetone, the extracts were filtered,
reduced in volume in vacuo to 40 ml, and stored 18 h at 4 C. The
solution was filtered through Whatman No. 1 paper, then through
No. 42 paper and reduced in volume to 3 ml. The syrupy solution
plus 2 ml of water wash were applied to a Dowex 50 W-X2 H*
form (200400 mesh) column (30 X 1 cm) (13). Prior to use, the
column was washed with 200 ml of 100 mm Na-citrate (pH 5.6)
followed by 0.5 liter distilled H;O. The column was eluted with 1
mMm Na-citrate (pH 6.2), with a flow rate of 4 ml h™" and collecting
3 ml per tube. The IAA-inositol esters were eluted between 60
and 200 ml. This fraction was evaporated to dryness, dissolved in
0.5 ml 50% 2-propanol, and applied to a column (17 X 0.9 cm) of
Beckman PA 28 resin for high pressure liquid chromatography
(7). The column was eluted with 50% 2-propanol at 8.2 atm
pressure with a flow rate of 0.25 ml min™" and collecting 1
ml tube™". Under these conditions IAA-inositols were eluted be-
tween 18 and 80 ml. The IAA-inositol-containing fractions were
pooled, reduced in volume, and applied to silica gel 60 plates.
Methyl ethyl ketone-ethyl acetate-absolute ethanol-water (3:5:1:1)
was used as solvent (21) and the IAA-inositols visualized on a
guide strip with the Ehmann reagent (12, 24). The unsprayed band
in the R, region of the IAA-myo-inositols (13) was eluted with 5
ml 50% 2-propanol. After reduction in volume, the specific radio-
activity was determined using the Ehmann reagent (12, 24) and
scintillation counting.

Decarboxylation of [1-1*C]IAA. To determine the rate at which
IAA was decarboxylated by corn endosperm, 10 pl [1-“C]IAA
containing 28 ng and 20,750 dpm was applied to the cut endosperm
surface of corn seedlings. Two such seedlings were inserted into
each of eight vials (14) together with a small vial containing 1 N
NaOH. The vials were stoppered and incubated at 25 C in
darkness for 8 h. The NaOH was transferred to scintillation vials
and the radioactivity measured.

Determination of Concentration of IAA in Kernels as a Function
of Germination Time. The purification procedure used was slightly
modified from that previously described (17). Dry, ungerminated
kernels (500 g) were first ground in a hammer mill then treated as
the germinated kernels. For germinated kernels (800-1,000 ker-
nels), the emerging shoot and root tissue was first removed and
the kernels ground in a Waring Blendor in 50% acetone. The
tissue was extracted three times with 600 ml 50% acetone-water
during a 24-h period. The combined extracts were filtered, pooled,
reduced in volume to 150 ml, and chromatographed on Dowex 50
as described for ester purification. Fractions containing IAA were
pooled, acidified to pH 2.5, and extracted three times with CHCls.
After removal of the CHCls, the residue was suspended in 100 ul
50% 2-propanol and chromatographed on a silica gel plate using
chloroform-methanol-water (85:14:1). The area containing IAA
was eluted and assayed with Ehmann’s reagent and radioactivity
determined by scintillation counting.

RESULTS
RATIONALE FOR EXPERIMENTS

The isotope dilution technique was used to measure the amounts
of each indolylic compound present in the kernel at zero time.
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Continued dilution of the applied labeled compound, as a function
of incubation time, was then used to estimate turnover. Once pool
size and turnover were known it became possible to translate
radioactivity transported from endosperm to shoot into amounts
of compound transported from endosperm to shoot. A theoretical
and experimental basis for such calculation has been detailed
earlier (6, 23, 32).

As in the accompanying paper (24) the following data and
approximations are used:

a. There is an average of 4,348 kernels kg™' dry weight of
kernels so that each kernel weighs 0.23 g.

b. Excision of a portion of the endosperm to permit isotope
application removes 31% of the endosperm. Thus, cut seed data
are multiplied by 1.45 to convert to whole plant data.

c. The experiments were of 8-h duration. Since specific radioac-
tivities of the compound applied were determined at 0 and 8 h,
the specific radioactivity at 4 h was either measured or calculated
to be used as the “average” specific radioactivity of the compound
as it moved out of the endosperm and into the scuteller absorbing
surface. Since dilution of specific radioactivity is a first order
reaction, the mean specific radioactivities would have occurred at
3.3, 3.6, and 3.8 h for IAA, tryptophan and IAA-myo-inositol,
respectively. However, we deal with orders of magnitude, so
correction to the arithmetic mean was adequate for our purposes.

d. The pool size of total IAA ester, A + B fraction, after 4 days
of germination would be about 27,000 pmol kernel ™" and the rate
of ester “disappearance” is known to be 1% h™ (35).

e. As determined in this paper, the pool size of free IAA was
308 pmol kernel ™" and the specific radioactivity of IAA 4 h after
application to the endosperm was calculated to be 43% of that at
zero time.

f. As determined in this paper, the pool size of tryptophan at
zero time is 87,000 pmol kernel™* and at ¢ = 4 h the specific
radioactivity was calculated to be 58% of that at zero time.

g. As determined in this paper, the pool size of IAA-myo-
inositol at zero time is 6800 pmol kernel™ and at ¢+ = 4 h the
specific radioactivity was calculated to be 80% of that at zero time.

CALCULATIONS

The amount of IAA, IAA-inositol, tryptophan, or tryptamine
at zero time was determined by isotope dilution analysis of kernels
immersed in dry ice-acetone and ground immediately after appli-
cation of one of the above labeled compounds. Then the amount
of the compound in the kernels, Y, was:

Ci
y=(=-1
(co )X

where C; was the initial specific radioactivity of the labeled
compound, C, its specific radioactivity upon reisolation at zero
time, and X, the amount of labeled compound applied (3, 29).

In experiments measuring metabolic turnover, the decrease in
C., as a function of time, was measured. Following incubation the
shoots and roots were removed and the kernels dropped into dry
ice-acetone as for the zero time samples. About 800-1,000 kernels
were used for each measurement and the specific radioactivity of
the applied compound was determined 4 or 8 h after application
of the labeled compound. Any compound being made would show
decreased specific radioactivity as a function of time of incubation.
The first order rate constant, k, was then calculated from the
equation (6, 32, 39):

o C.,_ kt
8.~ 2303

where C, was the specific radioactivity of the labeled compound
when reisolated at zero time after application to the endosperm;
C,, the specific radioactivity at time f; k, the first order rate
constant; and 7, time in h. The half-time, or turnover time (¢,,2) for
a 50% reduction in specific radioactivity (the time required for the
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seed to make an amount of the constituent equal to the amount
present initially) could then be calculated from the relationship:

In2

tis2 =T

The assumptions involved in calculating k and ¢/, are discussed
elsewhere (6, 32, 39; and see under “Discussion”). The purpose of
this work was to determine whether turnover did or did not occur,
and at approximately what rate. For these answers it is immaterial
whether the reduction in specific radioactivity was zero, first, or,
even second order since the estimation of turnover time would not
change by more than 10-25%. Our data showed apparent first
order kinetics so, when necessary, Cqs, the arithmetic mean point
of our experiments, was calculated using k as a first order rate
constant.

FORMATION OF IAA IN ENDOSPERM

The amount of free IAA, as calculated from the initial specific
radioactivity, and the rate of change of specific radioactivity as a
function of time after application of the isotope to the endosperm
are shown in Table I. As can be seen the specific radioactivity

Table 1. Concentration and Metabolic Turnover of Some Indolylic
Compounds in Zea Kernels

Incuba-  Recovered
Compound tion Specific Ra- k ty2
Time  dioactivity
h dpm/ug A h
0 31,000
IAA® 4 8,900 0.22 32
8 5,400
Tryptophan” ] 15,200
8 5,060 0.14 5.0
IAA-myo-inositol* 0 935
8 590 0.06 12.0

*1.6 X 107° pg of 7.26 x 10° dpm/ug IAA was applied to each cut
kernel. The average specific radioactivity of the IAA upon reisolation at
t = 0 was found to be 3.2 x 10* dpm/pg so the amount of IAA in each
intact kernel was:

7.26 x 10°
312 x 10

1) (1.6 X 107%)(1.45) = 5.2 X 1072 pg/kernel

Under identical conditions, the specific radioactivity at 4 and 8 h was 8.9
% 10° dpm/pg and 5.4 x 10° dpm/pg. Thus,

3.1 x10* ket
sothatk =0.22 and t,» = ﬁ =32h

log o =
BSax10° 23 022

" A total of 0.6 ug tryptophan (1.79 x 10° dpm) was applied to each
endosperm and the specific radioactivities upon reisolation were as shown.

¢ A total of 6.44 ug [“C]IAA-myo-inositol containing 6.07 X 10* dpm/
ug IAA were applied to a batch of 500 kernels. Upon reisolation at r = 0
the average specific radioactivity was found to be 9.35 x 10 dpm/ug.
Thus,

6.07 x 10‘_ 1) 6.44
9.35 x 10° ©449

Y= A5 = 1. i
300 X 1.45 = 1.19 pg/intact kernel

= 6,800 pmol kernel™'

Under identical conditions, the specific radioactivity at 1 = 8 h was 590
dpm/pg so that:

kt 935 o In2
3303 log—andk=0.058 h™'and t1s =—— =

590 0.058 12h
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decreases from 31,000 dpm pg~' in seeds killed immediately after
application of [“C]IAA to 5,400 dpm pg™' in seeds killed 8 h after
application of [“C]IAA, thus proving that new IAA is being
produced. A plot of the log of specific radioactivity as a function
of time of incubation is shown in Fig. | and is approximately
linear. Without regard as to the source, or sources, of IAA or the
pathway(s) of IAA loss, the decrease in specific radioactivity
behaves as a first order reaction. Table I also shows a first order
rate constant for IAA loss and that in 3.2 h all of the free IAA in
the endosperm is “lost” and replaced by new IAA. Since the pool
size is 308 pmol kernel ™', new IAA, from all sources, is:

308 pmol

= 9 -1 -1
39h 6 pmol endosperm™ h

LOSS OF IAA FROM ENDOSPERM

The amount, or pool, of IAA in the endosperm remains rela-
tively constant as shown in Figure 2 and in reference 35. We have
observed in many experiments that fresh seeds increase in IAA
for 2 days and then stay constant whereas old seeds decrease (to
the same value) and then stay constant. Thus, a loss of some 96
pmol h™' of IAA must occur since that is the amount being made.
We previously observed that transport of free IAA out of the
endosperm and into the shoot amounted to only 0.015 pmol
seedling™' (17, 24). The rate at which IAA is being decarboxylated
was studied by the application of IAA labeled in the carboxyl
carbon with "“C. These results are presented in Table II and show

14C-1AA, DPM
-
[-]
g
[ ]

104 T
o 4
TIME (Hours)

00+

F1G. 1. Change of specific radioactivity (dpm pg ") of IAA as a function
of time of incubation. ['“C]IAA was applied to the endosperm at ¢ = 0 and
reisolated at t = 0, 4, or 8 h.

180
3
-3 1007
L]
g ]
S t
s 1
850
0 2 4
DAYS

F1G. 2. Amount of free IAA in corn kernel tissues as a function of days
of germination. Values are expressed xsp for six replicate experiments.
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Table 1. Decarboxylation of [I-'*C]IAA by Zea Kernels

A total of 28 ng [1-'“C]IAA (20,750 dpm) was applied to each seedling.
The efficiency of combustion, trapping, and counting was 69% owing
mainly to quenching by the base used for trapping. The length of the
experiment was 8 h and the apparent pool size of IAA at 4 h was 175 ug
so the specific radioactivity of the applied IAA was 20,750/175 + 28 ng
= 102 dpm/pg. Thus, 1800 dpm in 8 h was 225 dpm shoot ™' h™'/102 dpm
ng~' = 12 pmol plant™ h™".

No. D
£ Ex- ecar-
o X CO, Tissue Total boxyla-
peri- .
tion
ments
dpm %
9 1800 + 700 11,400 + 3200 13,200 + 3500 14 +4

that only 12 pmol of IAA h™' endosperm™" are decarboxylated.
Thus, 83 pmol h™' (80 pmol of IAA from IAA esters + 15 pmol
of IAA from tryptophan —12 pmol h™' decarboxylated) are con-
verted to non-Ehmann reagent-reactive products without loss of
the carboxyl carbon. We have previously described some of the
chromatographic properties of these products (20).

SOURCE OF ENDOSPERM IAA

IAA Esters. Since all indolylic compounds—those reacting with
Salkowski, Ehrlich or the Ehmann reagent—of the kernels of Z.
mays have been identified (1, 21, 26, 36, 37) and their concentra-
tions determined (ref. 32 and unpublished data), it should be
possible to determine which, if any, indolylic endosperm constit-
uent is disappearing at a rate of about 100 pmol h™', a rate
sufficient to supply the newly formed IAA. Previous studies from
this laboratory (35) and a recent reexamination (unpublished data)
established that all of the esterified IAA of the endosperm, both
the A fraction (IAA-glucan) and the B fraction (IAA-inositols)
were converted into non-Ehmann-reactive substances at a rate of
approximately 1% h™' so that IAA ester concentration in the
endosperm declined by 90% in 96 h of germination. The total
amount of IAA esters in 4-day-germinated kernels is about four
times the IAA-myo-inositol content of 6,800 pmol kernel™'. A 1%
decrease h™' would amount to (0.01 X 6,800 X 4), or 270 pmol
h™'. We surmise that it is the nontransportable, high mol wt IAA-
glucan which is hydrolyzed in the endosperm. It constitutes ap-
proximately one-half of the ester pool. Thus, 135 pmol IAA-
glucan is disappearing from each endosperm in 1 h and this would
provide 1.4 times as much IAA as is being formed in each
endosperm. We conclude that IAA esters are the source of endo-
sperm JIAA. Inasmuch as only one of the many different esters of
the endosperm is available as a labeled compound (24), it is at
present impossible to study hydrolysis of each ester separately.

Tryptophan, Tryptamine, and Tryptamine Conjugates Are Not
Major Sources of Endosperm IAA. The specific radioactivity of
[PH]tryptophan immediately and 8 h after application to the
endosperm is shown in Table I. As can be seen the specific
radioactivity decreases from an initial 15,200 dpm pg™' to 5,060
dpm pg™'. The pool size at zero time was 87,000 pmol kernel .
We did not determine whether the pool size remained constant
but on the assumption that it did, the first order rate constant for
tryptophan turnover would be 0.14 h™' and #,,» would be 5.0 h.

Table III shows that the pool size of tryptamine was determined
to be 160 pmol kernel™'. Since the pool size was only one-half
that of IAA (sufficient for only a 1.5-h IAA turnover period), and
since we had previously found only traces of tryptamine conju-
gates (11), neither tryptamine nor its conjugates could be the
source of the newly formed IAA.

Nonenzymic Conversion of Labeled Tryptophan to IAA. Triti-
ated tryptophan (27.5 Ci/mmol) was chromatographed by TLC
using the A solvent of Labarca et al. (21). Migration of tryptophan
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Table III. Amount of Tryptamine in 4-day-germinated Kernels of Z. mays

Specific Radioac-

meeP;::- No. of Kernels tivity of Reiso- Amou:ltn(i)ltl'eTrypt-
lated Tryptamine
dpm/pg pmol-kernel ™
1 3620 929,000 128 160
2 4140 555,000 192

? In both experiments, 4.76 ug of tryptamine-HCl with an initial specific
radioactivity of 1.86 X 10" dpm was added to the acetone-water seed
homogenate. Then, for example in experiment 1;

(l.86 x 107

929 % 10° l) “76)

— = -2 -1
Y= 3620 2.5 X 107* pug kernel ' or Y

= 128 pmol kernel™'

is 20% of that of IAA in this solvent so the resultant tryptophan
after elution with 50% 2-propanol was free of IAA. The eluted
tryptophan was then dried in a glass, round bottom flask at 12
mm Hg and a bath temperature of 50 C. Rechromatography of an
aliquot of the eluate in the same solvent and under identical
conditions now showed that 4,480/13,860 cpm or 32% were at the
R: of IAA. Thus, simply drying high specific radioactivity tryp-
tophan in vacuo is sufficient to convert it in 30% yield to putative
IAA. This large radiological decomposition of tryptophan to IAA
is usually not taken into account. In our studies we are multiplying
small amounts of radioactivity converted from tryptophan to IAA
and thus nonenzymic conversion could account for some of the
conversion of [*H]tryptophan to *H-IAA.

FORMATION OF IAA-MYO-INOSITOL IN ENDOSPERM

The pool size and turnover time of IAA-myo-inositol are shown
in Table I. As can be seen the amount of IAA in the endosperm
of a 4-day-germinated seedling is 6,800 pmol and this pool of
IAA-myo-inositol is replaced every 12 h. The flux is 6,800/12 =
566 pmol h™'. This is in excess of the flux required to provide
IAA for the endosperm—even ignoring the formation of IAA by
hydrolysis of IAA-glucan. We conclude that IAA-myo-inositol in
the endosperm is being “diluted” in some unknown way. There
are two obvious possibilities: (a) transacylation of IAA from IAA-
glucan to myo-inositol; or (b) IAA-myo-inositol glycosides may be
hydrolyzed to IAA-myo-inositol and then converted back to the
glycoside. This would imply a glycosylation function for the IAA-
myo-inositol glycosides (1, 19).

DISCUSSION

These studies were initiated with the objective of determining
pool size and turnover of the indolylic compounds of the seed so
that the rate at which indolylic compounds are transported from
seed to shoot might be determined. This objective was accom-
plished and we conclude that IAA-myo-inositol and not IAA or
tryptophan-derived IAA serves as the source of IAA for the
seedling (17, 24). In addition, however, we found: (@) that the IAA
of the seed is turning over rapidly; (b) that most of the metabolized
IAA goes to unidentified products; (c) that the endosperm IAA is
formed by ester hydrolysis—and not from tryptophan or trypt-
amine; and (d) that IAA-myo-inositol of the endosperm is being
diluted at a rate that suggests it is in metabolic equilibrium with
the IAA-myo-inositol glycosides (Fig. 3).

Free IAA in the endosperm of kernels of Z. mays is subjected
to metabolic turnover, being made and destroyed at a rate of 96
pmol seed™' h™' (Fig. 3). The pool size of IAA remains relatively
constant at 308 pmol seed ™ during 4 days of germination (ref. 36
and Fig. 2). We previously demonstrated (ref. 17 and this paper)
that free IAA is being transported out of the seed and into the
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shoot at only 0.015 pmol h™' and we now show that only 12 pmol
h™! are being decarboxylated. Davies (10) has previously observed
a small loss of IAA by decarboxylation. Thus, the free IAA in the
seed is being converted into, as yet, unidentified metabolites at a
rate of 83 pmol h™'. There have been reports (18) of effects of
IAA on seed germination but this is the first demonstration of a
turnover of IAA in the seed and it is reasonable that this rapid
turnover indicates a metabolic function for IAA in the germinating
seed.

In three experiments tryptophan was found to be converted to
IAA at rates of 22, 25, and 100 pmol endosperm™" h™'. These
values are probably high since the tryptophan pool is large and
the small amounts of [’H]JIAA must be multiplied by large factors
to account for dilution of the isotope. Further, we found that
simply drying [*H]tryptophan in vacuo is sufficient to convert it in
30% yield to IAA by radiological decomposition so that nonen-
zymic production of [PHJIAA from [*H]tryptophan is difficult to
prevent. For these reasons we regard our value for conversion of
tryptophan to IAA of 15 pmol seedling™ h™" to be an overestimate.
The pool size of tryptamine is 160 pmol seed™" and thus could
only supply new IAA to the seed for 1.5 h. N-Ferulyl tryptamine
and N-(p-coumaryl)-tryptamine have been found in Zea kernels
but they are present in only minute amounts (11). Thus, conversion
of tryptophan to IAA cannot account for more than 10-25% of
the IAA being produced in the endosperm. Our studies apply only
to seedling Zea still dependent upon endosperm reserves, and are
not relevant to prior studies of conversion of tryptophan to IAA
in autotrophic plants (30).

IAA esters of the endosperm, unlike IAA, do not remain
constant in amount but decline at a rate of 270 pmol endosperm™’
h™'. If only the IAA-glucan (28) is being hydrolyzed this would
supply 135 pmol endosperm™ h™' of free IAA and this is more
than sufficient to supply the 96 pmol h™' of new IAA appearing.
We feel that this approximate agreement of rate of ester disap-
pearance and rate of IAA appearance, together with the inade-
quate rate of tryptophan conversion to IAA, establishes that
hydrolysis of IAA esters accounts for most of the endosperm IAA.
There is evidence for the occurrence of enzymes that hydrolyze
IAA esters to IAA in the seedlings of Z. mays (1) and thus a

INDOLE METABOLISM N
ZEA MAYS SEEDLINGS
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F1G. 3. Pool sizes and rates of turnover of the indolylic compounds in
the kernels of Z. mays after 4 days of germination. Pool sizes are shown in
boxes; the rate at which one compound is converted to another is shown
beside the appropriate arrow. Rates of transport are shown alongside the
arrows leading from endosperm to shoot or root. Details are described in
the text and data, not original to this paper, are from references 2, 17, 24,
27, and 35.
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pathway for IAA ester metabolism in endosperm is: IAA ester —
IAA — unknown IAA metabolites. Hydrolysis of IAA esters to
IAA in the endosperm would be in addition to the transport of
unhydrolyzed IAA-myo-inositol from endosperm to shoot at a
rate of 6 pmol h™" and transport to the root at a rate of 3 pmol h™*
(17, 24).

Developmental studies (ref. 9 and unpublished data), in vivo
labeling experiments (20), and in vitro enzyme studies (ref. 20, and
Schulze and Bandurski, unpublished) indicate that the IAA esters
are synthesized when the kernels are maturing and are hydrolyzed
during germination (ref. 36 and this paper).

In this study we find that the turnover of the IAA-myo-inositols
is more rapid than the rate at which IAA is being produced.
Further, the IAA of the endosperm might be coming predomi-
nantly from hydrolysis of the IAA-glucan (27) and not IAA-myo-
inositol. It seems reasonable that the IAA-myo-inositols are being
made by hydrolysis of the sugar moiety from the 5-position of the
inositol of the IAA-myo-inositol arabinoside and galactoside (36,
37). Inasmuch as both the IAA-myo-inositol pool and the IAA-
myo-inositol glycoside pools are decreasing in amount, and at
about the same rate, it must be that the sugar moiety is coming off
and being put back on. This would suggest a role in glycosylation
reactions for the IAA-myo-inositol glycosides. There is precedence
for such a role. Tanner (33) has shown that galactinol is a
glycosylation reagent in raffinose and stachyose biosynthesis. Nac-
carato et al. (23) have shown that 5-O-galactosyl inositol is the
galactosyl donor in lactose biosynthesis, and Kemp (19) has shown
that a glucosyl inositol is the glucosyl donor for callose biosyn-
thesis. We postulate that the IAA-myo-inositol glycosides play a
role in glycosylation reactions. An alternative possibility is that
glycosylation acts as a regulatory system for control of the con-
centration of IAA-myo-inositol so that removal of the sugar would
be simple hydrolysis and not by glycosyl transfer.

This is the first attempt to make a quantitative study of the
dynamics of indole metabolism and turnover in a plant. Each data
point required a lengthy isolation procedure to permit determi-
natinn of the specific activity of the metabolite so that data points
are available for only 0, 4, and 8 h. Further, certain assumptions
were made. They are: (@) that pool sizes remain constant; (b) that
reactions were unidirectional; (c) that reactions obeyed first order
kinetics; and (d) that the pools were uniform and not multicom-
partmented. These assumptions were discussed by Broda (6), by
Sprinson and Rittenberg (32), and by Zilversmit et al. (39) and
are the common assumptions made in whole-organism metabolic
studies. The ester pool size continuously decreases but this would
be at a rate of 1% h™' or only 8% for the 8-h period of this
experiment (36). For IAA, we do show that the pool size remains
constant and that the reaction is exponential so that assumptions
(a) and (c) appear to be correct. With regard to assumption (b)
that of unidirectionality, we are unaware of a case where trypto-
phan is synthesized from IAA in plants and we know that IAA is
not converted back to ester in germinating seeds (20) since IAA
ester synthesis occurs mainly in developing seeds (ref. 9 and
unpublished data) while ester hydrolysis predominates in germi-
nating seeds (35). The last assumption, of pool homogeneity, is
most troublesome since the endosperm liquifies more near the
scutellar surface and in the area proximate to the seed coats. We
studied the rapidity with which dyes colored the endosperm tissue
and observed reasonably uniform coloration within 1 h following
dye application. Further, the 4-h value for the specific radioactivity
of TAA shows that mixing was rapid relative to the length of the
experiment since the reaction showed first order kinetics. Ulti-
mately, studies with totally I*quid endosperms and directed at
single components of the seed indole system must provide more
detailed data.

Substrate level metabolism, as for example, sugar, organic acid,
or amino acid usage and synthesis, is coupled to the rate at which
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the organism utilizes substrate (22). The special case of hormone
metabolism is more complicated in that hormone levels, regulating
growth rate, must be increased, or decreased, to accord with the
rate at which the environment permits the organism to grow.
Hormonal homeostasis must therefore be pitched to high or low
levels depending upon whether the environment permits the or-
ganism to grow at high or low rates. We recently proposed a
mechanism whereby a plant can couple its hormonal homeostatic
mechanism to the environment (4). The mechanism requires that
the growth-regulating hormone exist in a free (active) and conju-
gated (inactive) form and that the enzymes hydrolyzing and
making the conjugate (1, 4, 16, 20) be changed in activity by the
environment. Such control is suggested by our data for photo-
inhibition of growth in Zea shoot tissue (4).

Here, we demonstrate a steady-state system for maintenance of
IAA levels in the endosperm of germinating seeds. The metabolic
implications are significant since, in seeds, as in shoot tissue,
control of germination, and growth, could be accomplished by
controlling the rate at which hormone conjugates are made and
hydrolyzed.
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