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Abstract. N-(Indol-3-ylacetyl) derivatives (1AA
conjugates) of aliphatic amino acids with a two- to
six-carbon backbone including a-L-amino acids,
w-amino acids, and the a,w-diamino acids ornithine
and lysine were prepared, chemically character-
ized, and tested as sources of auxin in plant tissue
culture. Stimulation of unorganized growth in Sola-
num nigrum L. callus and callus induction and de-
velopmental effects in tomato (Lycopersicon escu-
lentum Mill. cv. Marglobe) hypocotyl explants were
studied systematically. Relative auxin activities
were estimated by comparing physiologically equiv-
alent concentrations, in the optimal and suboptimal
range, of the individual IAA conjugates. While the
growth-promoting properties of some of the conju-
gates were species-dependent, those containing
straight-chain two- to four-carbon a-L-amino acid
moieties were generally up to 100 times more active
than those of their five- to six-carbon homologues.
Branching of the amino acid backbone at C-B (nor-
valine vs. valine and norleucine vs. isoleucine) and
C-v (norleucine vs. leucine) had a minor effect, but
substitution of H-a by a methyl group (a-amino-L-
butyric vs. a-aminoisobutyric acids) almost com-
pletely blocked growth-promoting activity. IAA
conjugates of w-amino acids were, in most cases,
nearly as active as those of their a-amino-L-
isomers. Among the conjugates of o,w-diamino ac-
ids Nz-(IAA) ornithine was less active than N-
(IAA)lysine. The activity of N -(I1AA)lysine was
less than for the e-(IAA) isomer, and that of N ,N-
(IAA),-lysine was different in tomato and Solanum
nigrum. The L-alanine and e-lysine conjugates were
also found to be useful for induction and develop-

Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; IAA, in-
dol-3-ylacetic acid; the abbreviations for N-(indol-3-
ylacetyl)amino acids are listed in Table 1.

ment of Oenothera leaf callus and in tomato cell-
suspension culture, two systems which require
highly active sources of auxin.

N-(Indol-3-ylacetyl)amino acids, in particular those
containing aspartic and glutamic acid moieties, oc-
cur naturally in plants (Andersson and Sandberg
1982, Cohen 1982, Epstein et al. 1986, Percival
1986, Sembdner et al. 1980, Sonner and Purves
1985), and have been proposed to function as auxin
storage pools which are converted to free IAA as
required during plant growth and development. The
plant parasite Pseudomonas savastanoi (Smith)
Stevens produces elAA-Lys' and its N_-(acetyl) de-
rivative which may play a role in pathogenesis (Ev-
idente et al. 1986, Hutzinger and Kosuge 1968). A
number of N-(IAA) amino acids have already been
tested as sources of auxin in plant tissue culture
(e.g., Feung et al. 1977, Hangarter et al. 1980).
Their overall growth-sustaining activities varied
within wide limits and specific developmental ef-
fects were noticed in some cases (Hangarter et al.
1980). Generally, interest has been focused on IAA
conjugates of the protein amino acids, which cover
a heterogeneous array of structural features. Series
of systematically modified conjugates are, how-
ever, needed to establish structure-activity correla-
tions which can help to design more active com-
pounds, or more selective ones in terms of devel-
opmental effects. Here we describe the preparation
of additional IAA conjugates with homologous
mono- and diamino acids and compare their biolog-
ical activities in several tissue culture systems. The
molecular structures of the respective compounds
have been studied independently (Duddeck et al.
1989, Koji¢-Prodi¢ et al. 1991). elAA-Lys is intro-
duced as one of the most active promoters of callus
growth.
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Materials and Methods

General

Commercial chemicals of the highest available purity were em-
ployed unless indicated otherwise. The use of peroxide-free sol-
vents in the syntheses of N-(IAA)amino acids is essential. The
conjugates and intermediates in their syntheses were stored in
the dark, at refrigerator temperature.

Optical rotations were measured with an automatic polarime-
ter (Anglia Instruments Ltd., model AA-10). Melting points (un-
corrected) were determined in open capillaries (Culatti appara-
tus) or in thin layers inserted between microcover glasses
(Fisher-Johns apparatus); the two methods gave identical re-
sults. NMR spectra were taken on JEOL FX 100 or FX 90 spec-
trometers operating at 100 or, respectively, 90 MHz for 'H, and
25 or 22.5 MHz for *C.

Thin-layer chromatography was performed on silica gel GF
(Merck) coated on glass plates using the following solvents: A,
dichloromethane:methanol:acetic acid (90:10:1, vol/vol/vol); B,
2-propanol:ethyl acetate:aqueous ammonia (35:45:20,
vol/vol/vol); C, 1-butanol:acetic acid:water (80:3:17,
vol/vol/vol). Detection was by UV fluorescence, Ehmann’s re-
agent (for indoles; Ehmann 1977), and Ninhydrin (0.2% solution
in 95% ethanol; for free amino groups). IAA-p-ala and its L-iso-
mer were separated on a column (5 X 0.46 ¢cm i.d.) of Chiralpak
WH (Daicel Chemical Industries, Ltd., Japan) operated at a tem-
perature of 50°C and eluted with 1 ml/min of 0.5 mM CuSO,. The
effluent was monitored with a fluorescence detector (Shimadzu
RF-535, Xe lamp) using excitation at 280 nm and measuring at
360 nm.

Preparation of N-(IAA)Amino Acids:
General Procedure

IAA-Gly was prepared by dicyclohexylcarbodiimide-mediated
condensation of IAA and glycine benzyl ester, followed by re-
moval of the protective group by short alkaline hydrolysis (Good
1956; N. E. Good, unpublished). elAA-Lys was synthesized ac-
cording to Hutzinger and Kosuge (1968). The same method was
used to prepare 3IAA-Orn. Conjugates of the w-amino acids
were obtained by aminolysis of N-(indol-3-ylacetoxy)succinim-
ide, a method originally devised for the synthesis of IAA-eAhx
(Fuchs et al. 1971). The remaining amino acid conjugates, if not
stated otherwise below, were prepared by the mixed-anhydride
method as described in detail by Wieland and Hérlein (1955) and
by Hangarter et al. (1980). Briefly, ethyl (indol-3-
ylacetoxy)formate was prepared from equimolar quantities of
IAA, ethyl chloroformate, and redistilled dry triethylamine in
dry tetrahydrofurane, at —10°C. As soon as the reaction was
complete, an equimolar amount of the amino acid, converted
immediately before use to its potassium salt by treatment with
the stoichiometric quantity of KOH, was added as an aqueous
solution, at —S5°C. The mixture was kept at this temperature for
10 min and then left to warm up to room temperature.

The neutral to slightly alkaline reaction mixtures obtained in
the succinimide ester and mixed-anhydride methods were parti-
tioned against ether to remove byproducts. In most cases, the
amino acid conjugates were then crystallized on acidification of
the aqueous phase, after removing organic solvent residues by a
stream of nitrogen. Otherwise, the conjugates were extracted
into ethyl acetate. Compounds which did not crystallize on evap-
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oration of the dried (Na,SO, sicc.) extracts were passed through
a column (60 x 2.5 cm) of Sephadex L.H-20 eluted with 2-pro-
panol:water (1:1, vol/vol). The same column was used for puri-
fication of elAA-Lys and 3JAA-Orn in their hydrochloride
forms. These conjugates precipitated on neutralization of the
concentrated effluents. Final purification was, in all cases, by
repeated crystallization (see Table 1 for solvents).

N,-(IAA)-L-Lysine

N,-(Phthalimido)-L-lysine (Nefkens et al. 1960) was condensed
with IAA by the mixed-anhydride method as above. The crude
product was extracted with chioroform (removes contaminant
IAA) and recrystallized from ethyl acetate to yield white crystals
with a melting point (mp) of 173-174°C and homogeneous by
TLC (Rg = 0.17; solvent A). The e-phthaloyl group was re-
moved by boiling (4 h) with hydrazine acetate in methanol solu-
tion (Schwyzer et al. 1963) and the deprotected product was
passed through a column of Bio-Rex 70 (H " -form) eluting with
water adjusted to pH 6.5 with ammonia. The fractions containing
alAA-Lys were evaporated to dryness, redissolved in a minimal
amount of warm (50°C) water, and cooled to 0°C. The precipitate
(impurities) was removed. Concentration of the aqueous solution
and addition of a 10-fold amount of acetone afforded the IAA
conjugate, mp 173-175°C, Rg = 0.13 (solvent C). The product
did not contain indolic contaminants detectable by TLC. Unfa-
vorable solubility properties prevented rigorous purification and
characterization.

N,,N-Bis-(IAA)-L-Lysine

L-Lysine monohydrochloride (1.83 g, 10 mmol) suspended in a
buffer containing K,CO; (1 M) and KHCO; to pH 9.9 (overall
volume: 30 ml) was condensed with a threefold excess of IAA by
the mixed-anhydride method. Additional buffer (together ap-
proximately 30 ml) was added as the reaction proceeded to keep
the pH constant. The crude product mixture (5.9 g) was ex-
tracted with ether at pH 2.5 and aliquots (together 2.5 g) were
purified by preparative TLC in two steps using solvent B and
dichloromethane:methanol:acetic acid (75:20:5, vol/vol/vol) for
development. The zone containing the conjugate was eluted with
methanol which was treated with charcoal and filtered. The fil-
trate was evaporated and recrystallized from water to yield the
pure title compound (282 mg, 14%).

N-(IAA) a-Aminoisobutyric Acid

While the title compound may be prepared by the mixed-
anhydride method in about 2% yield, attempts to proceed via
N-(indol-3-ylacetoxy)succinimide were unsuccessful. The fol-
lowing procedure was finally adopted (Wang et al. 1981): to a
mixture of a-aminoisobutyric acid methyl ester hydrochloride
(1.84 g, 12 mmol) prepared according to Klieger and Gibian
(1961), redistilled dry triethylamine (1.64 ml, 11.8 mmol), IAA
(2.10 g, 12 mmol), and 4-dimethylaminopyridine (0.24 g, 2 mmol)
in dry tetrahydrofurane (200 ml), and dicyclohexylcarbodiimide
(2.47 g, 12 mmol) were added at — 10°C. After stirring at — 10°C
for 1 h and at room temperature for 24 h, dicyclohexylurea was
removed by filtration. The filtrate was diluted with ethyl acetate
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Table 1. Physical constants of the N-(indol-3-ylacetyl)amino acids used in this study.
Compound

Solvent for Melting {}y
Full name Abbreviation crystalization® point (°C) (¢ = 2 g/100 mi)
N-(Indol-3-ylacetyl)glycine® IAA-Gly 1 86-87 —
N-(Indol-3-ylacetyl)-L-alanine® 1AA-Ala v 134-135 ~14.4¢
N-(Indol-3-ylacetyl)-D-alanine® IAA-D-Ala 1 135~136 +13.8¢
N-(Indol-3-ylacetyl)-a-amino-L-butyric acid IAA-aAbu i1 189 —1.4%
N-(Indol-3-ylacetyl)-a-aminoisobutyric acid TAA-aAib 1 188 —
N-(Indol-3-ylacetyl)-L-norvaline IAA-Nva 11 181-183 —6.6¢
N-(Indol-3-ylacetyl)-L-valine? {AA-Val 181 185-187 +10.3¢
N-{Indol-3-ylacetyl)-L-norleucine IAA-Nle i1 138-139 +0.0°d+
N-(Indol-3-ylacetyl)-L-leucine® JAA-Leu 1 183-184 ~19.2°¢
N-(Indol-3-ylacetyl)-L-isoleucine 1AA-lle jats 180182 +15.9¢
N-(Indol-3-ylacetyl)-B-alanine IAA-pAla It 204-205 -—
N-(Indol-3-ylacetyl)-y-aminobutyric acid IAA-yAbu Vi 89-90 —_
N-(Indol-3-ylacetyl)-8-aminovaleric acid JAA-8Ava A\’ 120-122 —_
N-(Indol-3-ylacetyl)-e-aminohexanoic acid IAA-eAhx Vi 103-105 —_
N (Indol-3-ylacetyl)-L-lysine elAA-Lys 1 240-245° +18.4°°
N -(Indol-3-ylacetyl)-p-lysine elAA-D-Lys vii 234-235 ND#
N, -(Indol-3-ylacetyl)-L-lysine olAA-Lys Vil 173-175 NDé#
N,,N_Bis(Indol-3-ylacetyl)-L-lysine (IAA),-Lys I 155-160 ~3.8f
Ni-(Indol-3-ylacetyl)-L-ornithine 3IAA-Orn 1 234235 +21.2°¢

R values: solvent A: 0.00 (conjugates containing free amino groups), 0.10 [IAA-Gly, (IAA),-Lysl, 0.35 (IAA-BAla, IAA-yAbu), 0.40
(IAA-5Ava), 0.47 (1AA-eAhx), 0.25 = 0.05 (other conjugates), 0.60 (free IAA); solvent B: 0.34 (BLAA-Orn, elAA-Lys), 0.50 [(JAA),-
Lys], 0.40 £ 0.05 (other conjugates and free IAA; aIAA-Lys not examined); solvent C: 0.13 (eIAA-Lys), 0.25 (31AA-Orn, elAA-Lys),
0.50 (IAA-Gly), 0.53 [(IAA),-Lys], 0.61 (IAA<jAla), 0.77 (IAA-eAhx), 0.70 = 0.05 (other conjugates), 0.82 (free IAA).

2 Solvents for crystallization: I, water; 11, 40% (vol/vol) aqueous 2-propanol; I11, 30% (vol/vol) aqueous 2-propanol; IV, 10% (vol/vol)
aqueous 2-propanol; V, ethyl acetate:benzene (3:1, vol/vol); VI, ethyl acetate:benzene (1:1, vol/vol); VII, precipitated from aqueous
solution with acetone. In the final recrystallization 2-propanol and benzene shouid be replaced by ethanol and cyclohexane which are
more readily released from the crystals by drying.

® Melting points reported by Wieland and Horlein (1955): 1AA-Gly, 86-87°C; IAA-DL-Ala, 162-163°C; 1AA-D-Ala, 136~-137°C; JAA-DL-
Val, 176-177°C; 1AA-pL-Leu, 173-174°C,

< Refers to sample used in tissue culture experiments. Extensive drying (7 X 10~ Pa, 100°C, 5 days) increased the melting point to

256-257°C which is close to the value given by Hutzinger and Kosuge (1968) (i.e., 259-261°C).

9 In 95% ethanol.

¢In 2 N HCL.

" In dimethylformamide.

& ND, not determined.

i Refer to text for comments.

(200 ml) and partitioned against 4% H,PO, saturated with NaCl
4 x 50 ml), 5% NaHCO; (4 x 50 ml), and a saturated NaCl
solution (2 X 10 ml), in this order. The residue obtained on
evaporation of the dried (Na,SO, sicc.) organic phase was dis-
solved in boiling tetrahydrofurane (30 mi). Precipitation with di-
ethylether (60 ml) afforded 2.34 g (71%, mp 156~158°C) of crys-
talline IAA-aAib methyl ester sufficiently pure (TLC, solvent A,
Rf = 0.5) for preparation of the titie compound. The mother
liquors were passed through a column (56 x 2.5 cm) of silica gel
H (56 g) mixed with celite (40 g), eluted with dichlo-
romethane:methanol (9:1, vol/vol) to yield a further 158 mg of the
ester which was used for preparation of the analytical sample, as
it was less contaminated by dicyclohexylurea. Further purifica-
tion was by crystallization from tetrahydrofurane:diethylether,
preparative TLC (silica gel PF, dichloromethane:methanol, 9:1,
vol/vol), and further crystallization from dichloromethane:petrol
and from methanol, to yield white needles, mp 160-162°C. Anal-
ysis: Calculated for C,sH,sN,05: C, 65.68; H, 6.61; N, 10.21 %.
Found: C, 65.91; H, 6.75; N, 10.23 %. 'H NMR [(CD,),SO}: 8;

10.93 (broad s, 1 H, indole NH); 7.69-7.00 (m, 5 H, indole ring);
3.62 (s, 2 H, ArCH,); 8.48 (s, 1 H, amide NH); 1.47 (s, 6 H,
C-CH,); 3.64 (s, 3 H, OCH,) ppm. *C NMR [(CD,),SO}: 5;
136.23, 127.32, 123.59, 121.00, 118.74, 118.29, 111.34, 108.92 (in-
dole ring); 174.55 (amide CQ); 170.37 (ester CO); 55.02 (C-
NHCO), 51.75 (OCH,), 32.34 (ArCH,); 25.00 (C-CH,) ppm.

An aliquot of the above ester (1.37 g, 5 mmo!) was hydrolyzed
overnight with KOH (5 g) in 95% ethanol (100 ml) at room tem-
perature (Findlay and Dougherty 1948). Water (100 ml) was
added to the hydrolyzate, and the alcohol and unreacted ester
were extracted with diethylether (5 x 100 ml). The aqueous
phase was acidified to pH 2.2 and residues of organic solvents
were removed by a stream of nitrogen. The title compound crys-
tallized on seeding at 3°C. (Seed crystals were from a previous
preparation in which the conjugate was extracted with ethy! ac-
etate and the extract evaporated.) A further crop of crystals was
obtained from the concentrated (40 ml) mother liquors. Further
purification by two crystallizations from 5% (vol/vol) aqueous
ethanol afforded 823 mg (63%) of the pure title compound as long
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Table 2. Analytical data for N-(indol-3-ylacetyl)amino acids.

Calculated % Found %

Compound?® C H N C H N

IAA-aAbu 64.60 6.20 10.76 64.81 6.34 10.86
IAA-aAib 64.60 6.20 10.76 64.85 6.23 10.79
IAA-Nva 65.68 6.61 10.21 65.66 6.88 10.30
TAA-Val 65.68 6.61 10.21 65.42 6.66 10.18
TAA-Nle 65.65 6.99 9.72 66.43 6.71 9.89
TAA-Leu 66.65 6.99 9.72 66.48 6.98 10.00
1AA-Ile 66.65 6.99 9.72 66.89 7.12 9.70
IAA-BAla 63.40 5.73 11.38 63.23 5.88 11.52

2 Abbreviations are defined in Table 1.

pink needles. Physicochemical and analytical data are presented
in Tables 1-3.

Nutrient Media

Tomato hypocotyl sections, Oenothera leaf explants, and Sola-
num nigrum callus were grown on a medium containing the min-
eral salts of Murashige and Skoog (1962) and the foliowing ad-
ditives (mg/l): thiamine - HCI (1), pyridoxine - HCI (0.5), nico-
tinic acid (0.5), myo-inositol (100), sucrose (30,000), agar (9000),
as well as 2-(N-morpholino)ethanesulfonic acid (976) and suffi-
cient KOH solution to adjust the pH to 6.0 (before the addition
of agar). Benzyladenine was added for tomato (10 uM) and
Oenothera (S uM), and kinetin (1.2 uM) for Solanum nigrum.
The sources of auxin specified below were generally tested at
concentrations from 0.01-1000 uM. The liquid medium for to-
mato cell-suspension culture contained (mg/l): Ca(NO;), - 4 H,0
(242), KNO; (85), KCl (61), MgSO, + 7 H,0 (42), KH,PO, (20),
FeCl; - 6 H,0 (25), sucrose (20,000), 70%-ethanol-soluble yeast
extract (12.5 mV1 of medium), benzyladenine and/or a source of
auxin as specified below, and NaOH solution to adjust the pH to
6.0. Seventy percent ethanol-soluble yeast extract was prepared
by dissolving 100 g of Bacto yeast extract (Difco) in water (300
ml), adding ethanol (700 mi), cooling (3°C), and filtering. The
filtrate was evaporated in vacuo and the residue dissolved in
water (1 1). The solution was frozen and stored at —20°C.

Media were sterilized at 120°C for 15 (100 ml batches) to 20
(250 and 500 mi batches) minutes. Agar-containing media were
then dispensed into 9 cm (30 ml) or 4.5 ¢cm (15 ml) disposable
polystyrene Petri dishes.

Solanum nigrum Callus

The callus was grown in the dark at 27°C. Stock cultures were
maintained in the presence of 100 uM IAA and transferred to
fresh medium every 4 weeks. The experiments with IAA conju-
gates were performed in 9 ¢m Petri dishes (sealed with parafilm
after inoculation), using four explants per dish and five replicates
per treatment. Relatively large (0.3-0.5 g) inocula were neces-
sary to obtain uniform callus growth. Callus weights, recorded 6
weeks after planting, were directly used to compare the growth-
promoting activities of the IAA conjugates tested.

Tomato Hypocotyl Explants

Seeds of Lycopersicon esculentum Mill. cv. Marglobe were ster-
ilized (20 min) in 0.5% sodium hypochlorite solution, containing
0.01% of sodium dodecyl sulfate, rinsed with sterile water, and
planted on water agar (0.8%) containing sucrose (0.5%). After
germination in the dark at 27°C for 6 days, the hypocotyls were
cut into sections about S mm in length (weight: 2-3 mg), exclud-
ing the apical and basal 5 mm. Test media were prepared in 4.5
cm Petri dishes, using four explants per dish and five replicates
per treatment. The Petri dishes were sealed with Parafilm and
kept at 22°C under continuous illumination (GE Deluxe ‘‘cool-
white”” fluorescent tubes), applying 40-60 umol m =2 s ™! of pho-
tosynthetically active radiation (400-700 nm) at the level of the
cultures. The relative growth-promoting activity of an IAA con-
jugate was assessed visually 6 weeks after planting. Explants of
the same age and lot planted on media containing a series of
dilutions of 1A A-alanine were used as the reference. In the same
fashion, the growth-promoting activity of 2,4-D was compared to
that of the more active [AA conjugates.

Oenothera Leaf Explants

Seeds of Oenothera johansen L. (kindly supplied by Dr. B.
Sears) were planted, seedlings were grown, and leaf explants
were maintained under essentially the same conditions as de-
scribed for tomato hypocotyl explants. Germination was in the
light, however, and seed sterilization required presoaking in wa-
ter and treatment with hypochlorite-dodecyl sulfate for 40 min.
Several subtransfers were necessary after planting to remove
contaminated seedlings. When the leaves of the young plants
were several centimeters long, they were divided into sections,
about 5 mm in length, which were used as the explants. Callus
induction and development were assessed visually, during a pe-
riod of 2 months after planting the leaf explants.

Tomato Cell Suspension Culture

The tomato cell line used was obtained through the courtesy of
Dr. D. T. A. Lamport. It had been maintained in the medium
specified above, supplemented with 9 uM 2,4-D, and transferred
to fresh medium in about 10-day intervals. Experiments were
performed in 100~500 ml batches, to which 10-20% by volume of
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Table 3. >*C-NMR chemical shift values® (3; ppm) for N-(indol-3-ylacetyl) amino acids [in (CD;),SO; ¢ = 0.4 mmol/ml] used in

this study.
Chemical shift (3, ppm)
Amino acid moiety IAA moiety
Compound® COOH C, Cs C, Cs C, CH, CONH
IAA-Gly 171.4 41.1 32.6 171.3
IAA-Ala 174.2 47.8 17.5 32.5 170.5
IAA-aAbu 173.6 53.4 24.7 10.6 32.5 171.0
IAA-aAib 175.8 55.0 25.12C) 32.6 170.3
[AA-Nva 173.8 51.7 334 18.9 13.7 32.5 170.8
IAA-Val 173.1 57.3 30.1 19.4 324 171.0
18.2
IAA-Nle 174.0 52.0 31.0 27.7 21.8 13.9 32.5 170.9
IAA-Leu 174.2 50.5 40.2 24.5 23.1 32.5 170.7
21.5
IAA-1le 173.1 56.4 36.7 249 11.5 32.4 170.9
15.8

IAA-BAla 173.1 34.1 35.2 32.8 171.1
IAA-yAbu 174.5 31.3 249 37.8 33.0 171.2
IAA-3Ava 174.4 33.5 22.1 28.9 38.5 32.9 170.6
1AA-eAhx 174.5 339 24.5 26.2 339 38.8 33.0 170.6
elAA-Lys®9 175.2 56.2 29.8 23.7 31.8 40.4 34.2 174.7

T ued . 32.5(x) 170.5
(IAA),-Lys 1738 52.1 29.0 23.1 31.0 NO 32.9(¢) 170.8
SIAA-Orn®d 175.2 55.9 29.6 26.2 40.3 342 175.0

For most compounds the indole ring-carbon resonances appeared at the following 8-values (in ppm) *+ 0.2: 123.7 (C-2); 108.9 (C-3); 127.2
(C-3a); 118.7 (C-4); 118.3 (C-5); 121.0 (C-6); 111.3 (C-7); 136.1 (C-7a). Exceptions: elAA-Lys and 3IAA-Orn; 119.7, 120.2, 122.7, 125.7
(C-2, C-4, C-5, C-6); 109.3 (C-3); 128.3 (C-3a); 112.9 (C-7); 137.5 (C-Ta; under solvent signal for elAA-Lys).

2 The central peak of the (CD,),SO resonance (8 = 39.6 ppm) was used as the reference.

b Abbreviations are listed in Table 1.

¢ In pyridine-d;:D,0 (1:1, vol/vol) containing (CD,),SO as a reference,

4 ¢ = 0.2 mmol/ml.
¢ NO, Not observed (under solvent signal).

a 10-day-old culture were added. The larger inoculum gave more
uniform growth, but only slightly increased cell yields. The so-
lutions were incubated, in Erlenmeyer flasks of about fourfold
volume, on a gyratory shaker (about 100 rpm) at 27°C. Ten to 12
days after inoculation, samples were withdrawn (in duplicate)
with a wide-mouth pipette and centrifuged in graduated test
tubes, in a low-speed table top centrifuge. The volume of the
sediment was taken as the ‘‘packed cell volume.”

Results and Discussion

Chemical Characterization of
N-(IAA)Amino Acids

The IAA amino acid conjugates studied in this work
are listed in Table 1. All were purified to chromato-
graphic homogeneity—in particular, to complete
absence of free IAA (checked by TLC; detection
limit approximately 0.1%). For compounds which
have previously been prepared and fully character-

ized (Hutzinger and Kosuge 1968, Wieland and
Hérlein 1955), our melting points corresponded
closely to the literature values. There were, how-
ever, discrepancies for conjugates which have been
reported as the DL-racemates (Wieland and Hérlein
1955) or without complete analytical data (e.g., Fe-
ung et al. 1975). Therefore, we characterized those
and most new conjugates by elemental analysis
and/or '*C NMR spectra, as far as possible with the
quantities obtained. The results are presented in Ta-
bles 2 and 3. The NMR data are in accord with
chemical shift rules and with published values for
the corresponding amino acids, with plausible N-ac-
ylation shifts (Pretsch et al. 1981, Wiithrich 1976).
The structures of IAA-yAbu, IAA-3Ava, and IAA-
eAhx were confirmed by x-ray diffraction analysis
(Kojié-Prodi¢ et al. 1991 and unpublished data).
Except for IAA-Nle, the conjugates of chiral
amino acids listed in Table 1 showed optical rota-
tion when measurements were performed using
light of a wavelength of 546 nm (sodium D line). In
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Table 4. Growth-promoting activity of N-(indol-3-ylacetyl)amino acids in Solanum nigrum callus (explants from stock cultures on 100

uM IAA).

Optimal

Callus Concentration Optimal range® of Half-optimal
Compound? weight (g) (uM) concentrations (pM) concentration (uM)
2,4-D 39+ 04 1-10f 0.07-20 0.02
IAA-Gly 4.5x0.3 100¢ 10...8 0.8
IAA-Ala 4.0 £ 0.3 10 0.2-400 0.03
IAA-aAbu 4.4 0.3 100 0.9-300 0.2
IAA-aAib 39+0.2 1000° 300.. .8 304
IAA-Nva 4.0 x 0.2 100 10-300 0.9
IAA-Val 4.4x04 100 20.. .8 4
IAA-Nle 3.5+04 100 20-300 3
IAA-Leu 3.6 0.2 100 20-200 2
IAA-Ile 4.6 £ 0.3 1000° 20.. .8 2
IAA-yAbu 4.1%03 100 1-500 0.3
IAA-3Ava 5.1+03 100 5-500 0.8
IAA-eAhx 4.8 0.3 100 4.. 8 0.7
elAA-Lys 3.7+02 1-10f 0.2-200 0.01
e[AA-D-Lys 43*04 10 0.8-200 0.03
alAA-Lys 4.0 0.3 100 3...8 0.5
(IAA),-Lys 3803 10 0.3-1000 0.03
8IAA-Orn 43 x0.5 100 5400 2

2 Abbreviations are defined in footnote 1 and Table 1.
b Callus weight 75% of maximum value or above.

¢ Highest concentration tested. The dose-response curve did not level off, although callus weights were in the range observed with
optimal concentrations of the other amino acid conjugates tested in this system.

4 Tentative estimate because of the reasons explained in footnote c.

¢ Highest concentration tested; no steep increase of the dose-response curve between 100 and 1000 pM.
f Almost equal callus weights at these concentrations, as shown in Fig. 1.

& Upper limiting concentration not reached.

a more quantitative manner, the IAA conjugates
synthesized from D- and L-alanine were analyzed
for enantiomeric purity by HPLC on a chiral col-
umn. As the mixed-anhydride method used for their
preparation has never been observed to cause com-
plete inversion at the reaction center, only partial
racemization may be suspected. However, the
products obtained from either isomer of alanine
showed a single peak in the above HPLC system.
Retention times were 5.0 min for IAA-D-Ala and 6.2
min for the L-isomer; a mixture of the two clearly
separated. X-ray diffraction patterns in monocrys-
tals (Koji¢-Prodié et al. 1991 and unpublished data)
confirmed enantiomeric purity for all the conjugates
of chiral a-amino acids listed in Table 1, including
TIAA-Nle (optical rotation of chiral compounds is
wavelength-dependent and may be zero at 546 nm).
Such structural data are not yet available for SIAA-
Orn and elAA-Lys. These amino acids were sub-
jected to alkali during protection of their a-amino
groups by complexation with Cu*; and, after cou-
pling with IAA, they were exposed to strong acid
for deprotection (Hutzinger and Kosuge 1968). This
and the fact (Table 4) that the N_-(IAA) conjugates

prepared from either p- or rL-lysine showed about
the same biological activity, while IAA conjugates
of other p-amino acids are practically inactive (Bi-
alek et al. 1983, Hangarter et al. 1980), would in-
deed be good reasons to suspect major racemiza-
tion. Unfortunately, the small quantities of the ‘‘D-
lysine’’ conjugate were completely spent in
biological tests, and thus were not available for ex-
amination on the above chiral column. Two samples
independently prepared from L-lysine did, how-
ever, give a single peak, under conditions which
clearly separated IAA-D-Ala from its L-isomer.

Solanum nigrum Callus

This callus line was chosen as a test system which
responds to N-(IAA) amino acids by unorganized
growth. Representative dose-response curves are
shown in Figure 1 for elAA-Lys, as an example.
The results of two independent experiments are
presented to illustrate the degree of reproducibility
obtained, and the approach adopted to construct an
“‘average’’ dose-response curve. This was then
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Fig. 1. Growth of Solanum nigrum callus on media containing
various amounts of N _-(IAA)lysine. The original data obtained in
two experiments (X ---x and [J——-1) are shown; bars represent
standard errors of the mean (N = 20). The average response
(O—0) calculated from mean callus weights (arithmetic means)
at fixed substrate concentrations was used to estimate the half-
optimal concentration and the ‘“‘optimal range’ of concentra-
tions (response at least 75% of the maximal).

used to estimate the parameters employed to com-
pare the growth-promoting activity of elAA-Lys to
that of other amino acid conjugates: the optimal
concentration and callus weight, the ‘‘optimal
range’’ of concentrations, and the half-optimal con-
centration.

The ascending parts of the dose-response curves
were of a similar, sigmoidal to roughly log-linear
shape for 2,4-D and all the N-(IAA)amino acids
tested in this system. An “‘optimal range’ of con-
centrations, narrower than that for eIAA-Lys (Ta-
ble 4), indicates an increasingly skewed dose-
response curve declining more steeply at supraop-
timal concentrations.

Optimal concentrations for the compounds stud-
ied varied over three orders of magnitude. An ex-
tremely narrow ‘‘optimal range’’ of concentrations
(ratio of limiting concentrations), as observed for
IAA-Nle and IAA-Leu, is probably a more reliable
indicator of toxicity than the respective, low, opti-
mal callus weights, as strictly constant properties of
the inoculum cannot be taken for granted. Among
the IAA conjugates tested in this work, IAA-Ala,
elAA-Lys (D and L), and (IAA),-Lys, for which the
‘““optimal range’’ covers three orders of magnitude,
appear to be the least inhibitory at high concentra-
tions. They were also the most active ones, ap-
proaching the activity of 2,4-D, as judged by com-
parison of the respective optimal and half-optimal
concentrations given in Table 4.
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Before ranking the activities of all the IAA con-
jugates listed in Table 4, we attempted to assess
possible effects of residual auxin from the stock cul-
tures in the relatively large explants which had to be
used to obtain a reproducible growth response. This
was done by comparing the response of explants
derived from stock cultures grown on 100 uM IAA,
100 uM TAA-Ala, or 9 uM 2,4-D. Calli were then
repeatedly subcultured on medium containing vari-
ous concentrations of IAA-Gly (from stock on JAA
and IAA-Ala) and IAA-Ala (from stock on JAA and
2,4-D). Despite the different provenance of the orig-
inal explants, optimal callus weights did not change
in a systematic fashion during the series of subcul-
tures, and optimal concentrations remained the
same as stated in Table 4. Thus, auxin residues in
the explants do not affect the response to optimal
levels of a different source of auxin in the test me-
dia. However, the callus growth in response to sub-
optimal levels of IAA-Gly and IAA-Ala declined for
a number of subcultures (four for stock on 9 pM
2,4-D and two for stock on 100 pM IAA or [AA-
Ala) and then stabilized. Due to the resulting
changes in the initial slopes of the dose-response
curves, half-optimal concentrations shifted by a fac-
tor of 5-10 with respect to the values in Table 4
(i.e., to 4 uM for IAA-Gly and to 0.3 uM for IAA-
Ala). To what extent these changes reflect depletion
of the pool of residual auxin within the explants is a
matter of discussion. Gradual loss of viability of
tissues repeatedly subcultured at low auxin concen-
trations (indicated by accumulation of dark pig-
ments) may also contribute to the observed effects.
Thus, it should be permissible to use half-optimal
concentrations to compare the growth-promoting
properties of the IAA conjugates listed in Table 4,
as long as small differences are not overinterpreted,
and as long as the activity scale obtained is corrob-
orated by differences in optimal concentrations.
According to these criteria, the activity of IAA con-
jugates of aliphatic, straight-chain, a-monoamino
acids decreased as the molecular weight of the
amino acid moiety increased. Branching of the
amino acid backbone at C-8 or C-y had a minor
effect, while substitution of H-a, as in IAA-aAib,
drastically reduced auxin activity. Differences be-
tween the growth-promoting properties of conju-
gates of the w-amino acids examined and of their
a-L-isomers were not very pronounced.

Solanum nigrum callus weakly responded to free
IAA (optimal callus weight, approximately 3 g). Un-
der the experimental conditions routinely used, the
differences in final callus weights obtained with a
series of IAA concentrations were too small with
respect to the sampling variance to define a reliable
dose-response curve. However, when explants
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from stock cultures on 9 pM 2,4-D were dispensed
to a range of IAA concentrations and then repeat-
edly transferred, in 6-week intervals, to fresh media
containing identical 1A A levels, the optimal concen-
tration stabilized at 100 pM, and the half-optimal
concentration at 2 pM.

Tomato Hypocotyl Explants

This system responds to auxin by callus formation
and organogenesis. The effect of IAA-Ala has been
described in detail (including color photographs) by
Hangarter et al. (1980). Within a short time, the
shoot formation occurring to some extent in no-
auxin controls is progressively suppressed with in-
creasing IAA-Ala concentrations. Callus growth
peaks at concentrations around 10 uM, and is pro-
gressively inhibited at conjugate levels above 100
pM. Roots may be formed, in a somewhat irregular
fashion, if the explants are kept longer than 1
month. Essentially, the same pattern of morphoge-
netic effects was observed for the IAA conjugates
studied in this work, except that the entire dose-
response curves could be shifted to higher concen-
trations. Details are presented in Table 5, which
includes several conjugates already tested by Han-
garter et al. (1980) in a more qualitative fashion.
Apart from the fact that the response of the tomato
system is complex, and thus is more difficult to de-
scribe numerically, the relative activities of the JAA
conjugates examined were quite similar to those ob-
served in Solanum nigrum callus. Some of the more
interesting differences will be discussed below.
Free IAA preferentially induces organogenesis in
tomato hypocotyl explants (Hangarter et al. 1980),
so its effect is qualitatively different from that of the
conjugates studied in this work. IAA concentra-
tions optimal for shoot and root growth were, re-
spectively, 10 and 100 pM; callus growth was mod-
est and showed no pronounced concentration de-
pendence.

Other Systems

In a less systematic fashion than above, some of the
more active N-(IAA)-amino acids were tested in
two additional in vitro systems. eIAA-Lys and IAA-
Ala, at concentrations of 100 and 1000 pM, induced
fast-growing callus on Oenothera leaf explants.
IAA-yAbu and IAA-8Ava were less satisfactory.
As a member of the Onagraceae (Oenotheraceae)
family, Oenothera is only remotely related to the
solanaceous species from which the other in vitro
systems studied in this work were derived.
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Table 5. Relative growth-promoting activities of N-(indol-3-
ylacetyl)amino acids in tomato hypocotyl explains cultured in
vitro.

Compound?® Relative activity®
2,4-D ~10
IAA-Gly ~1
1AA-Ala 1
{AA-aAbu 1
[AA-aAib —d
IAA-Nva 0.1
IAA-Val 0.01-0.1
IAA-Nle 0.01-0.1
IAA-Leu 0.01-0.1
IAA-Ile 0.01
JAA-BAla

1AA-yAbu 0.1
IAA-3Ava 0.1
IAA-eAhx 0.1
elAA-Lys 1
alAA-Lys 0.001-0.01
(IAA);-Lys 0.01
3IAA-Orn 0.1-1

2 Abbreviations are explained in Table 1.

® Ratio of biologically equivalent (suboptimal to optimal) con-
centrations of the respective conjugate and that of IAA-Ala.

¢ Quoted for comparison from the work of Hangarter et al.
(1980).

9 No definite activity at concentrations up to 1000 uM.

¢ Activity about the same as for IAA-Val (determined in a dif-
ferent set of experiments under essentially the same conditions
as used in this work).

The performance as sources of auxin in tomato
cell suspension culture was tested for JAA-Ala and
elAA-Lys. The cell line employed was routinely
grown in the presence of 9 uM 2,4-D to yield, within
a culture period of about 10 days, a packed cell
volume of 20-30%. It was suspected that in this
system 2,4-D acts: (1) as a source of auxin; and (2)
as a pharmacon, causing independence of an exter-
nal source of cytokinin, an incompletely understood
effect frequently observed in plant tissue culture. If
50, less than 9 uM 2,4-D might be required for func-
tion (2), function (1) being performed by an 1AA
conjugate. Indeed, when 9 nM 2,4-D was added to
the medium, along with 100 pM IAA-Ala, packed
cell volumes of approximately 20% were consis-
tently obtained. Increasing the concentration of the
TAA conjugate to 1000 pM did not markedly affect
yields, while concentrations lower than 100 pM
were progressively less effective. The same tenden-
cies were observed with elAA-Lys as the source of
auxin, although limited supplies precluded detailed
studies. In a second set of experiments, the level of
the alanine conjugate was kept at 100 uM, and the
2,4-D was replaced with a range of concentrations
of benzyladenine. A benzyladenine level of 3 uM
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resulted in packed-cell volumes of about 25%,
which are within the range normally attained with 9
M 2,4-D as the only plant growth regulator added.

Concluding Remarks

We have tested the growth-promoting properties, in
plant tissue culture, of JAA conjugates of aliphatic
amino acids with a 2- to 6-carbon backbone, includ-
ing all straight-chain a-L- and w-amino acids, a num-
ber of branched a-L-amino acids, and the o,®-
diamino acids, ornithine and lysine. In this array of
compounds, the most active ones were located in
two subsets centered by IAA-Ala and ¢JAA-Lys,
which showed about the same growth-promoting
properties in the different systems studied here.
The activity of closely related conjugates was spe-
cies-dependent: in tomato hypocotyl explants,
IAA-Gly, IAA-Ala, and [AA-aAbu had about the
same effect, while the alanine conjugate was con-
siderably more active in Solanum nigrum callus.
Conversely, (IAA),-Lys was about as active as
elAA-Lys in Solanum nigrum, but about a 100
times less active in tomato. Both 1AA-Ala and
elAA-Lys were about as effective as 2,4-D in Sola-
num nigrum, but about 10 times less active in to-
mato. These interspecific variations are difficult to
explain, as long as the reasons for the different ac-
tivity of individual amino acid conjugates in the
same tissue are incompletely understood. Differ-
ences in susceptibility to degradation by peroxi-
dases (Park and Park 1987) and to hydrolysis by
enzymes liberating free IAA as the physiologically
active component (Hangarter and Good 1981, Bi-
alek et al. 1983) have been shown; however, differ-
ences in uptake, distribution between cell compart-
ments, and toxicity of the amino acid moieties also
deserve consideration.

Further searching for highly active and easy to
prepare N-(IAA)amino acids should probably be fo-
cused on derivatives closely related to IAA-Ala and
elAA-Lys. At present, these two conjugates can
themselves be recommended as sources of auxin in
plant tissue culture, if undifferentiated cell prolifer-
ation is desired. They showed reasonable activity
even in ‘‘difficult’’ systems, such as Oenothera leaf
callus and tomato cell suspension culture. One of
their practical advantages, as compared to 2,4-D, is
the wide ‘‘optimal range’” of concentrations. This
would reduce the number of individual auxin con-
centrations that would have to be tested with new
tissue sources.
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