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Abstract 

The crystal structures of  six biologically active con- 
jugates of  the plant  growth hormone,  indole-3- 
acetic acid ( IAA = auxin), with the amino acids 
L-alanine (1), a-amino-L-butyr ic  acid (2), L-norvaline 
(3), DL-aspartic acid (4), L-isoleucine (5), and 
6-aminovaleric  acid (6) were determined. (1) 
CI3HI4N203, M r = 2 4 6 - 2 6 ,  monoclinic, P21, a = 
6.777 (2), b = 9.611 (2), c = 10-003 (1) A, /3 = 
106"24 (1) °, V = 625-1 (2) A 3, Z = 2, Dx = 
1.308 g cm -3, Mo  Ka  radiation,  A = 0-71073/k,/1. = 
0-88 cm-~,  F(000) = 260, T = 293 (1) K, R = 0-048, 
wR = 0-053 for 1313 reflections with I _  3o-(/). (2) 
CI4HI6N203, M r = 2 6 0 " 3 0 ,  monoclinic, P21, a =  

* To whom correspondence should be addressed. 

7-380 (1), b = 9.727 (1), c = 9.741 (1) A, / 3 =  
105.08 (1) °, V = 675.2 (1)/~3, Z = 2, Dx = 
1.280 g cm -3, Mo  Ka radiation,  ,~ = 0-71073 A, IZ = 
0-85 c m -  ~, F(000) = 276, T = 293 (1) K, R = 0.045, 
w R = 0 . 0 4 3  for 1281 reflections with I__ 30"(/). (3) 
CIsH18N203, M r = 2 7 4 " 3 2 ,  monoclinic, P2~, a = 
8"165 (4), b = 9"635 (4), c = 9"792 (3) A, /3 = 
106.33 (3) °, V = 739"3 (2) A 3, Z = 2, Dx = 
1.232 g cm -3, Mo  K a  radiation,  A = 0-71073 A , / x  -- 
0"81 c m - l ,  F(000) = 292, T = 293 (1) K, R = 0"065, 
wR = 0"053 for 1502 reflections with I__ 3o-(/). (4) 
CI4HI4N2Os, Mr -- 290.28, monoclinic, P21/n 
(nonstandard,  No. 14), a = 7.577 (1), b = 18.939 (3), 
c = 9.442 (4) A, /3 = 97-30 (1) °, V = 1343.9 (6) A 3, Z 
=4, Dx=1"434gcm-3,  C u K a  radiation,  A =  
1.5418 A, /1. = 8-88 c m - l ,  F(000) = 608, T = 

0108-7681/91/010107-09503.00 © 1991 International Union of Crystallography 
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293 (1) K, R = 0.078, wR = 0.089 for 1988 reflections 
with I _  3o-(/). (5) C I 6 H 2 o N 2 0 3 ,  M r = 288-35, ortho- 
rhombic, P212~21, a =  8.859 (1), b = 11"679 (1), c = 
14"889 (2) A, V=  1540.5 (3) A 3, Z =  4, Dx = 
1-243 g cm -3, Mo Ka radiation, A = 0-71073 A,/1, = 
0-81 cm-1, F(000) = 616, T = 293 (1) K, R = 0.077, 
wR = 0.065 for 1866 reflections with I_> 1-5o-(/). (6) 
CIsHIsN203, Mr = 274.32, monoclinic, P21/a 
(nonstandard, No. 14), a = 10.066 (3), b = 4.892 (1), 
c = 28.250 (9) A,/3 = 99-47 (2) °, v = 1372-2 (3) A 3, z 
--4, Dx = l ' 3 2 8 g c m  -3, M o K a  radiation, h = 
0.71073 A,, /x = 0"87 cm-1, F(000) = 584, T = 
293 (1) K, R = 0-054, wR = 0.050 for 1235 reflections 
with I __ 3o-(/). In these conjugates the conformations 
of the indol-3-ylacetyl moieties are very similar to 
that observed in free IAA, as are the values of bond 
lengths and intramolecular contact distances within 
the IAA moiety. The indole ring system and the C 
atom of the adjacent methylene group are coplanar, 
whereas the - - C O O H  o r - - - C O N R  residues, respec- 
tively, adopt a folded conformation. The carbonyl 
group of the free hormone points towards the indole 
ring; however, in the amino-acid conjugates it points 
away from the ring system. The orientation of the 
amino-acid side chains with respect to the aromatic 
ring varies in compounds (1)-(6). Consistently, how- 
ever, only the region of the IAA moiety in immediate 
proximity to the - - C O  group is sterically blocked by 
the conjugant. The rest of the indole nucleus, which 
appears to include the - - N H  group, remains 
potentially available for binding competively (with 
free IAA) to proteins such as auxin receptors and 
enzymes regulating intracellular levels of growth hor- 
mones. 

Introduction 

lndole-3-acetic acid (IAA) is a long-known plant 
hormone: an 'auxin' which regulates physiological 
functions such as cell division and enlargement, 
developmental differentiation, and the synthesis of 
specific proteins (Thimann, 1977; Davies, 1987). A 
master mechanism underlying the various aspects of 
auxin action has so far not been agreed upon, nor is 
it fully understood how the hormone level in a 
growing tissue is optimized. A special regulatory 
function has been attributed to the bound auxins, or 
auxin conjugates (Cohen & Bandurski, 1982; 
Magnus, 1987). They appear to be involved in 
hormone transport and as long- and short-term 
storage forms, and are frequently more abundant in 
plants than the free hormone. Although not all 
naturally occurring bound auxins have been 
characterized chemically, a number of IAA esters, 
such as those containing monosaccharide, inositol, 
inositol glycoside, or glucan residues, and of IAA 
amides involving amino acids and peptides have been 

identified. We focus here on the N-(indol-3-yl-acetyl) 
L-amino acids. The glutamic (Epstein, Baldi 
& Cohen, 1985; Percival, 1986; Sonner & Purves, 
1985) and, in particular, the aspartic acid conjugate 
(Cohen, 1982; Andersson & Sandberg, 1982) appear 
to be fairly common in plants (Sembdner, Gross, 
Liebisch & Schneider, 1980). In addition to these 
compounds, crown gall callus of Parthenocissus 
tricuspidata cultured in the presence of IAA accumu- 
lation has been reported in the glycine, alanine and 
valine conjugates (Feung, Hamilton & Mumma, 
1976). N,-(lndol-3-ylacetyl)-L-lysine (Hutzinger & 
Kosuge, 1968) and its N,-acetyl derivative (Evidente, 
Surico, Iacobellis & Randazzo, 1986) are formed by 
the pathogen Pseudomonas syringae pv. savastanoi. 
Other N-(indol-3-ylacetyl) amino acids which so far 
have not been found to occur naturally, have been 
synthesized and used as sources of auxin in plant 
tissue culture (e.g. Hangarter, Peterson & Good, 
1980; Feung, Hamilton & Mumma, 1977). Their 
widely varying activities and morphogenetic effects 
in in vitro systems have been difficult to rationalize. 
One of the reasons is lack of knowledge concerning 
the physico-chemical and structural properties of 
IAA conjugates which could be used as a basis as 
from which their biological effects could be corre- 
lated. Therefore we have, for a number of 
representative examples, performed NOE measure- 
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Fig. 1. Structural formulae for compounds (1)-(6) and abbre- 
viations used in the paper. 
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Table 1. Details of data collection and refinement 

(1) (2) (3) (4) (5) (6) 
Size of  crystals (mm) 0.35 x 0-15 × 0.50 0.20 × 0-15 x 0.40 0.25 x 0.15 x 0.30 0.30 × 0.20 x 0.25 0.35 × 0.15 × 0.90 0.30 × 0.20 x 0.50 
to/20 (:), d w  1.2 + 0.35tan0 I.I + 0.35tan0 1.0 ~- 0.35tan0 1.2 + 0.35tan0 l .I  + 0.35tan0 1.0 + 0.35tan0 
0 . . . .  0 r ~  (") 3"0, 28"0 2"1, 30"0 2"1, 32"5 2"0, 60"0 3"0, 28"0 1'5, 27'5 
NO. of  reflections for unit- 25 25 25 25 25 16 

cell parameters  
0re, n, 0 r ~ ( ' )  12'1, 20"4 10"1, 17"6 13"0, 17"4 19"9, 29"6 9"8, 18"4 11"4, 13"6 

NO. of  measured reflections 1677 2087 2818 2750 2141 3535 
No. of  symmetry- independent  1313 1281 1502 1988 1866 1235 

reflections 1 > 3o-(/) I > 3o'(/) I > 3o-(/) I > 3o-(/) I > 1.5o-(/) 1 > 3o-(/) 
Minimized function ~.w~ F,,I - !F,') 2, w = k/[o-2(F,,) + gFo 2] 
R, wR,  S 0.048, 0.053, 0.045, 0.043, 0.065, 0.053, 0.078, 0.089, 0.077, 0.065, 0.054, 0.050, 

0.29 0.30 0.34 0.77 0.70 1-00 
(A/o-)~,  0.085 (C9, y) 0.048 (NI ,  z) 0.172 (C5, z) 0.729 (C31, y) 0.103 (C7, x) 0.038 (C22, z) 
(dp) ,~, ,  (Ap)m,, (e A 3) 0.28, - 0.42 0.18, - 0.17 0.36, - 0.29 0.35, - 0.37 0.29, - 0.33 0.20, - 0.23 

ments in order to evaluate their conformations in 
solution (Duddeck, Hiegemann, Simeonov, 
Koji6-Prodi6, Nigovi6 & Magnus, 1989). Here we 
present the crystal structures of six N-(indol-3-yl- 
acetyl) amino acids (see Fig. 1) and compare our 
data with those obtained previously for free IAA 
(Karle, Britts & Gum, 1964; Chandrasekhar & Rag- 
hunathan, 1982). The results should help in under- 
standing the structure-activity relationships for 
N-(indol-3-yl-acetyl) amino acids in vitro. More 
importantly, comparing structural parameters and 
the experimental effects on growth and differenti- 
ation for the naturally occurring conjugates and a 
series of synthetic analogues should eventually 
permit insight into the function of IAA conjugation 
in vivo. Also, IAA binds reversibly to certain plant 
proteins, some of which have been proposed to be 
receptors mediating the auxin effect (Davies, 1987). 
IAA conjugates may be used as preliminary models 
to gain an understanding of the interaction of the 
hormone with the amino acids at the active sites of 
such binding proteins, which are not available thus 
far in sufficient quantity and purity for direct struc- 
tural studies. 

Experimental 
Crystals of (1), (3), (4) and (5) were obtained from a 
mixture of 2-propanol (30%) and water (70% vol.) 
after 1 to 2 days at 275 (2)K. Crystals of (2) were 
grown from the same solvent mixture, but in a ratio 
of 2:3, over 12 days at 275 (2) K. Crystals of (6) were 
prepared from a mixture of ethyl acetate and ben- 
zene (l : l)  over 3 days. Crystal data are given in the 
Abstract. 

The molecules N-(IAA)-L-Ala(1), N-(IAA)-a- 
L-Abu (2), and N-(IAA)-L-Nva (3) are chiral; 
space group P2~ was confirmed during refine- 
ment. The L-amino acids were used for the syn- 
theses and enantiomers with S configuration were 
selected for structure determination; the signs of 
torsion angles are in accord with this assignment. 
The same argument applies to N-(IAA)-L-IIe(5). The 
synthesis of the aspartic acid conjugate, N-(IAA)-DL- 

Asp (4), employed the DL-amino acid and the prod- 
uct is racemic; both enantiomers are required in a l:l 
ratio by the centrosymmetric space group (P21/n). 
Final atomic coordinates of the S enantiomer are 
given (Table 5) to simplify comparison with the other 
L-amino-acid conjugates examined. The N-(IAA)- 
t%Ava (6) molecule is achiral and its crystals appear 
in monoclinic holohedry (P21/a). 

Intensity data were collected on Enraf-Nonius 
CAD-4F [for (1), (4) and (5)] and Nicolet P3F [for 
(2), (3) and (6)] diffractometers with Mo Ka radia- 
tion [(1), (2), (3), (5) and (6)] and Cu Ka radiation 
(4) at 293 (1) K. Details of data collection are given 
in Table 1. No significant intensity variation for 
standard reflections was observed. Data were correc- 
ted for Lorentz and polarization effects, but not for 
absorption. Structures were solved by SHELX86 
(Sheldrick, 1985) and refinements performed using 
the SHELX77 system of programs (Sheldrick, 1983). 
The H-atom coordinates of the indole moiety (with 
the exception of the pyrrole N--H)  were introduced 
at calculated positions. Others were located from the 
difference Fourier syntheses. The positions of the H 
atoms for indole N- -H [in compounds (1), (2), (4) 
and (6)], the peptide N- -H [in (2), (3), (4) and (6)], 
and the carboxylic O- -H [in (2), (3), (4) and (6)] were 
normalized to the values obtained by neutron dif- 
fraction (N--H 1.009, O--H 0.983/k) using the 
program GSTAT~9 included in the Cambridge 
Structural Database (Motherwell, Murray-Rust, 
Raftery, Allen & Doyle, 1989). The non-H atoms 
were refined anisotropically; details of the refinement 
procedure are listed in Table 1. Scattering factors are 
those included in SHELX77 (Sheldrick, 1983). Inter- 
atomic distances, bond and torsion angles were cal- 
culated using a program for analysis of molecular 
geometry (Nardelli, 1983). 

Calculations were carried out at the University 
Computing Centre in Zagreb on an IBM 4341 com- 
puter. Illustrations of molecular structure were by 
the BALL & STICK program (Mueller & Falk, 1986) 
and packing diagrams by MOL (Horvati6, 1986) 
using an Apple Macintosh computer. Final atomic 
coordinates of the non-H atoms with equivalent 
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Table 2. Final atomic coordinates and equivalent iso- 
tropic thermal parameters ( × 104) for compound (1) 

Ueq = (1/3)~., ~-2 U, ia,*aj*a, .a~. 

x y 
N I 0.2397 (4) 0-0550 (4) 
C2 0.3686 (5) 0.0977 (4) 
C3 0.2687 (5) 0.1879 (4) 
C31 0.0635 (4) 0.2010 (3) 
C4 -0.1091 (5) 0.2794 (4) 
C5 -0.2856 (5) 0.2694 (4) 
C6 -0.2931 (5) 0.1815 (4) 
C7 -0.1269 (5) 0.1046 (4) 
C71 0.0519 (5) 0.1164 (4) 
C8 0.3533 (4) 0.2611 (4) 
N22 0.1455 (3) 0.1046 (3) 
C9 0.2705 (4) 0.2150 (3) 
09  0.3155 (3) 0.2785 (0) 
C23 -0 '1194 (4) -0.0400 (4) 
C22 0.0742 (4) 0.0469 (4) 
C21 0.2401 (4) - 0.0389 (4) 
O211 0.4155 (4) - 0.0442 (4) 
O212 0.2075 (4) -0.0946 (4) 

Table 4. Final atomic coordinates and 
tropic thermal parameters (× 104) for 

equivalent iso- 
compound (3) 

U~q = (1/3)Y, ~.j U,j a,* aj*a,.aj. 

z Ueq(A z) x y z U ~ ( A  2) 
0-3525 (3) 595 (5) NI 0.6905 (5) 0.3479 (4) 0.3362 (3) 634 (14) 
0"4774 (3) 561 (5) C2 0.8090 (5) 0.3949 (5) 0.4558 (4) 608 (16) 
0.5422 (3) 456 (5) C3 0.7352 (4) 0.4789 (5) 0.5332 (3) 479 (12) 
0.4509 (3) 429 (4) C31 0.5576 (4) 0.4837 (5) 0.4563 (3) 432 (I 1) 
0.4577 (3) 534 (5) C4 0.4169 (4) 0.5525 (5) 0.4793 (4) 580 (14) 
0-3473 (4) 634 (5) C5 0.2594 (5) 0.5359 (5) 0.3809 (5) 766 (18) 
0.2334 (4) 645 (5) C6 0.2385 (7) 0.4524 (6) 0.2613 (5) 820 (19) 
0.2249 (3) 589 (5) C7 0.3762 (7) 0.3836 (5) 0.2370 (4) 728 (18) 
0.3344 (3) 501 (5) C71 0.5346 (5) 0.4017 (5) 0.3347 (3) 512 (15) 
0.6784 (3) 501 (5) C8 0.8214 (4) 0.5541 (5) 0.6698 (3) 534 (15) 
0.7783 (2) 390 (4) C9 0.7810 (4) 0.5040 (4) 0.8022 (3) 423 (12) 
0.7976 (3) 394 (5) 09  0.8279 (3) 0.5673 (4) 0.9154 (2) 636 (10) 
0.9091 (2) 495 (4) N22 0.6897 (3) 0.3877 (0) 0.7944 (3) 412 (10) 
0.8321 (3) 524 (5) C25 0.1796 (5) 0.2243 (7) 0.7480 (5) 895 (20) 
0.8896 (3) 379 (5) C24 0.3293 (4) 0.3183 (6) 0.8001 (5) 772 (18) 
0.9922 (3) 403 (4) C23 0-4925 (4) 0.2350 (5) 0.8690 (3) 475 (I 1) 
0-9628 (3) 489 (5) C22 0-6505 (4) 0.3267 (5) 0.9168 (3) 407 (11) 
1.0918 (2) 657 (5) C21 0.8000 (4) 0.2465 (4) 1.0116 (3) 412 (1 I) 

O211 0.9281 (3) 0.2305 (4) 0.9603 (2) 609 (9) 
O212 0.7947 (3) 0-1993 (4) 1.1251 (2) 707 (11) 

Table 3. Final atomic coordinates and equivalent iso- 
tropic thermal parameters ( × 104) for compound (2) 

U~q = ( I / 3 ) Z ,  Y'.j U, ja,*aj*a, .aj. 

x y z Ucq(A 2) 
NI 0.2940 (6) 0.1873 (5) 1.1594 (4) 631 (15) 
C2 0.1698 (6) 0.2335 (6) 1.0383 (4) 555 (15) 
C3 0.2558 (5) 0.3185 (5) 0.9666 (3) 431 (12) 
C31 0.4476 (5) 0.3281 (5) 1.0470 (3) 423 (I 1) 
C4 0.6042 (5) 0.4001 (5) 1.0303 (4) 543 (14) 
C5 0.7727 (6) 0.3870 (6) 1.1338 (5) 695 (17) 
C6 0.7883 (7) 0.3008 (6) 1.2516 (5) 729 (19) 
C7 0.6364 (8) 0.2291 (6) 1.2704 (4) 692 (18) 
C71 0.4672 (6) 0.2439 (5) 1.1680 (3) 509 (16) 
C8 0.1706 (5) 0.3916 (5) 0.8274 (3) 463 (14) 
C9 0.2275 (4) 0-3401 (4) 0.6983 (3) 370 (10) 
09  0.1861 (4) 0.4027 (0) 0.5847 (3) 525 (9) 
N22 0.3266 (4) 0.2242 (4) 0.7119 (3) 382 (9) 
C24 0.7259 (6) 0.1530 (7) 0.7236 (6) 826 (20) 
C23 0.5536 (5) 0.0717 (5) 0.6450 (4) 490 (13) 
C22 0.3799 (5) 0.1612 (4) 0.5928 (3) 373 (1 I) 
C21 0.2213 (5) 0.0793 (5) 0-4975 (3) 402 (I 1) 
O211 0.0691 (4) 0.0723 (4) 0.5415 (3) 513 (9) 
O212 0.2381 (4) 0.0262 (4) 0.3889 (2) 632 (1 I) 

isotropic thermal parameters are listed in Tables 2-7 
[for (1) to (6)1.* 

Resul t s  and d iscuss ion  

Interatomic distances, bond and selected torsion 
angles for (1)-(6) are listed in Tables 8, 9 and 10. The 
molecular structures of (1)-(6) are shown in Figs. 
2-7. Diagrams illustrating the packing of molecules 
in the crystal lattices via hydrogen bonds are given in 
Figs. 8-11; hydrogen-bonding geometry is displayed 
in Table 11. Comparative illustrations of the overall 
molecular conformations as space-filling models are 
presented in Fig. 12. 

* Lists of structure factors, anisotropic thermal parameters and 
H-atom parameters have been deposited with the British Library 
Document Supply Centre as Supplementary Publication No. SUP 
53481 (56 pp.). Copies may be obtained through The Technical 
Editor, International Union of Crystallography, 5 Abbey Square, 
Chester CHI 2HU, England. 

Table 5. Final atomic coordinates and equivalent iso- 
tropic thermal parameters ( × 104) for compound (4) 

U~q = ( 1 / 3 ) ~ ,  Y.j U~ja,*a~*a, .aj. 

x y z uoq(A 2) 
NI 0-2018 (5) 0.5111 (2) 0.4508 (4) 619 (13) 
C2 0.2797 (6) 0.4460 (3) 0.4562 (4) 591 (14) 
C3 0.3662 (5) 0.4334 (2) 0.5897 (4) 459 (10) 
C31 0.3384 (5) 0.4953 (2) 0.6728 (4) 437 (10) 
C4 0-3941 (6) 0.5154 (2) 0.8143 (4) 554 (13) 
C5 0.3401 (7) 0.5795 (2) 0.8609 (5) 626 (15) 
C6 0-2352 (6) 0.6258 (2) 0.7705 (5) 626 (15) 
C7 0.1794 (6) 0.6085 (2) 0.6297 (5) 574 (14) 
C71 0.2332 (5) 0.5432 (2) 0.5825 (4) 484 (13) 
C8 0.4748 (5) 0.3704 (2) 0.6403 (4) 534 (14) 
C9 0.3981 (5) 0-3246 (2) 0.7498 (4) 446 (10) 
09  0.4910 (3) 0.2831 (I) 0.8289 (3) 614 (11) 
N22 0.2247 (4) 0-3300 (2) 0.7551 (3) 480 (10) 
C22 0.1298 (5) 0.2951 (2) 0.8597 (4) 432 (1 I) 
C21 -0.0643 (5) 0.2904 (2) 0.7997 (4) 465 (11) 
O211 -0.1657 (4) 0.2694 (2) 0.8952 (3) 591 (10) 
O212 -0.1199 (4) 0.3037 (2) 0.6770 (3) 658 ( l l )  
C23 0.1605 (5) 0.3328 (2) 1.0048 (4) 462 (1 I) 
C24 0.0916 (5) 0.4061 (2) 0.9979 (3) 464 (I I) 
O241 0.1480 (4) 0.4443 (2) I- 1103 (3) 626 (I I) 
0242 -0.0105 (4) 0.4289 (I) 0.8964 (3) 561 (8) 

Table 6. Final atomic coordinates and equivalent iso- 
tropic thermal parameters ( × 104) for compound (5) 

U.q = (1/3)Y., Zj U,ja,* aj*a, .aj . 
x y 

NI -0.2503 (3) 0-1620 (3) 
C2 - 0.1300 (4) 0.0949 (3) 
C3 - 0-0028 (4) 0.1284 (3) 
C4 0.0312 (4) 0-2919 (4) 
C5 -0.0467 (6) 0-3736 (4) 
C6 -0.2012 (5) 0.3903 (4) 
C7 - 0.2806 (4) 0.3248 (4) 
C31 - 0.0448 (4) 0.2231 (3) 
C71 -0.2018 (4) 0-2411 (3) 
c8  o. 1480 (4) 0.0708 (3) 
c9  0.2736 (4) 0-1340 (3) 
09  0.4083 (3) 0.1070 (2) 
N22 0.2344 (3) 0.2157 (2) 
C22 0.3461 (3) 0.2850 (3) 
C21 0.4079 (3) 0.3760 (3) 
O211 0.5154 (3) 0.4367 (2) 
O212 0.3640 (3) 0.3906 (2) 
C23 0.2831 (4) 0-3350 (3) 
C24 0-1579 (4) 0.4226 (3) 
C25 0.1130 (5) 0.4926 (4) 
C26 0.2344 (5) 0.2383 (3) 

z u,~(A 2) 
0'2650 (2) 542 (8) 
0.2390 (3) 480 (8) 
0"2831 (2) 374 (7) 
0.4011 (3) 543 (8) 
0.4482 (3) 687 (9) 
0-4339 (3) 683 (8) 
0.3731 (3) 615 (8) 
0.3400 (2) 373 (7) 
0-3273 (3) 431 (8) 
0.2805 (3) 432 (8) 
0.2323 (2) 332 (7) 
0.2447 (2) 476 (7) 
0.1759 (2) 323 (6) 
0-1290 (2) 288 (6) 
0.1919 (2) 319 (7) 
0.1527 (2) 497 (6) 
0.2675 (2) 482 (6) 
0.0415 (2) 314 (7) 
0.0583 (2) 45o (8) 

-0.0225 (3) 569 (8) 
-0 .0220  (2) 490 (7) 
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Table 7. Final atomic coordinates and equivalent iso- 
tropic thermal parameters (× 10 4) for compound (6) 

U~ = (i/3)Z, Zj U,/ai*a/*a, .a/ 
x y z Ueq(A 2) 

NI 0.9978 (4) 0.3068 (10) 0.3778 (2) 480 (16) 
C2 0.9874 (5) 0.2615 (I I) 0.3292 (2) 445 (18) 
C3 0.8968 (4) 0.0569 (10) 0.3159 (2) 382 (15) 
C31 0.8481 (4) - 0.0276 (9) 0.3586 (2) 356 (15) 
C4 0.7585 (5) -0 .2300 (I I) 0-3686 (2) 479 (19) 
C5 0-7373 (5) -0-2627 (12) 0.4153 (2) 615 (22) 
C6 0.8019 (6) - 0.0975 (13) 0.4521 (2) 594 (22) 
C7 0.8907 (6) 0-1015 (13) 0.4434 (2) 550 (21) 
C71 0-9137 (5) 0-1343 (10) 0.3967 (2) 417 (19) 
C8 0.8587 (5) -0 .0567 (12) 0.2666 (2) 440 (20) 
C9 0.7355 (5) 0-0763 (10) 0.2377 (2) 386 (15) 
0 9  0-7205 (4) 0.3250 (7) 0.2348 (I) 632 (16) 
N22 0.6449 (4) - 0-0923 ( I 0) 0-2132 (2) 449 (16) 
C25 0.5258 (6) 0.0138 (12) 0.1828 (2) 524 (21) 
C24 0.4606 (5) -0 .1867 (12) 0.1461 (2) 444 (19) 
(_'23 0.3400 (5) -0"0622 (13) 0'1136 (2) 457 (18) 
C22 0.2765 (6) - 0.2494 (13) 0.0743 (2) 503 (21) 
C21 0.1563 (5) -0 .1346 (11) 0.0423 (2) 398 (17) 
O211 0.1147 (4) - 0.2847 (8) 0.0046 ( 1 ) 585 (14) 
O212 0.1008 (3) 0.0775 (8) 0-0512 (1) 533 (13) 

Table 8. Bond lengths (,~) for conjugates (1)-(6) 

( I )  
N I - -C2  1.372 (4) 
N 1---C71 1.367 (5) 
C2---C3 1-369 (5) 
C3---C31 1.439 (4) 
C3---C8 1.498 (4) 
C31---C4 1.408 (5) 
C3 I---C71 1.405 (5) 
C4---C5 1.385 (4) 
C5---<26 1.408 (6) 
C6---C7 1.369 (5) 
C7---C71 1.392 (4) 
C8- -C9  1.519 (5) 
C9- -O9  1.233 (3) 
C9- -N22  1.337 (4) 
N22--C22 1.443 (4) 
N22--C25 
C21--O211 1.302 (4) 
C21---O212 1.205 (4) 
C21---~22 1.533 (4) 
C22--C23 1.525 (4) 
C23--C24 
C24--C25 
C24--O241 
C24--43242 
C23--C26 

(2) (3) (4) (5) (6) 
1.368 (5) 1.370 (5) 1-365 (7) 1.378 (5) 1.378 (8) 
1.374 (6) 1.371 (6) 1.377 (5) 1.378 (5) 1.365 (7) 
1.343 (7) 1.360 (6) 1-366 (5) 1.362 (5) 1.365 (7) 
1.431 (5) 1-434 (4) 1-441 (5) 1.442 (5) 1.436 (8) 
1.515 (5) 1.510 (5) 1.493 (5) 1.496 (5) 1.490 (8) 
1.397 (6) 1-398 (6) 1.402 (5) 1.388 (6) 1.399 (7) 
1.411 (5) 1-397 (5) 1.419 (5) 1-419 (5) 1.410 (7) 
1.388 (5) 1.382 (5) 1.371 (6) 1.371 (7) 1.380 (8) 
1.401 (7) 1.391 (7) 1-399 (6) 1.399 (7) 1.391 (8) 
1.372 (8) 1.382 (8) 1.382 (6) 1.378 (6) 1.371 (9) 
1.388 (6) 1.387 (6) 1.393 (6) 1.381 (6) 1.386 (8) 
1-511 (5) 1.504 (5) 1.521 (6) 1-516 (5) 1.515 (7) 
1.230 (4) 1.228 (4) 1.240 (4) 1.248 (4) 1.227 (6) 
1-332 (5) 1.336 (4) 1.325 (5) 1.318 (4) 1.335 (7) 
1.454 (5) 1.449 (5) 1.453 (5) 1.457 (4) 

1.451 (7) 
1.304 (5) 1.291 (4) 1.318 (5) 1.323 (4) 1.305 (6) 
1-212 (4) 1.213 (4) 1.208 (5) 1.203 (4) 1.224 (7) 
1.517 (5) 1-520 (5) 1.510 (5) 1.519 (5) 1.495 (7) 
1.523 (5) 1.525 (5) 1.536 (5) 1-533 (4) 1.499 (8) 
1.524 (6) 1.539 (5) 1.482 (5) 1.530 (5) 1.523 (7) 

1.491 (7) 1.508 (6) 1.498 (8) 
1.310 (4) 
1.231 (4) 

1.535 (5) 

Molecular structure 

The molecular geometry of the indol-3-ylacetyl 
moiety of the free hormone (Karle et al., 1964; 
Chandrasekhar & Raghunathan, 1982) has been 
compared with the analogous moiety in the six con- 
jugates examined (Fig. 12). Bond lengths and angles 
do not reveal any anomalies (Tables 8 and 9). In the 
conjugates, lengthening of the C9---4)9 bond to a 
mean value of 1-234 (4) A in contrast to the value of 
1.210(4)A in the free auxin (Chandrasekhar & 
Raghunathan, 1982) was observed. This is a normal 
consequence of peptide bond formation. 

The flexibility of the side chain and its orientation 
with respect to the indole ring might play a role in 
relation to biological or biochemical function 
(Davies, 1987; Schneider & Wightmann, 1978). 
~H NOE measurements in solution (Duddeck et al., 

Table 9. Bond angles (°)for conjugates (1)-(6) 

(1) (2) (3) (4) (5) (6) 
C2- -N1--C71 108.8 (3) 109.0 (4) 108.4 (3) 109-9 (3) 109.2 (3) 109.9 (5) 
NI---C2--C3 110-4(3) 1 1 0 . 4 ( 4 ) 1 1 0 . 9 ( 4 ) 1 1 0 . 3 ( 4 ) 1 0 9 . 9 ( 3 ) 1 0 9 . 3 ( 5 )  
C2---C3---C8 127-9 (3) 127.7 (4) 127.6 (3) 128-0 (4) 126-7 (3) 126.1 (4) 
C2---C3---C31 105.8 (3) 106-8 (3) 105.5 (3) 105.9 (4) 106.9 (3) 106.6 (4) 
C31---C3---C8 126.3 (3) 125.5 (3) 126.9 (3) 126.1 (3) 126.2 (3) 127.4 (4) 
C3---C31---C71 107.2 (3) 106.9 (3) 107.6 (3) 107.6 (3) 106.8 (3) 107-3 (4) 
C3--C31---C4 133-1 (3) 134.4 (3) 133.3 (3) 133.9 (4) 134.7 (3) 133.9 (5) 
C4--C31--C71 119.7(3) 1 1 8 . 7 ( 3 ) 1 1 9 . 1 ( 3 ) 1 1 8 . 5 ( 3 ) 1 1 8 . 5 ( 3 ) 1 1 8 . 7 ( 5 )  
C31---C4--C5 117.9(3) 1 1 8 - 8 ( 4 ) 1 1 8 . 6 ( 4 ) 1 1 8 . 7 ( 4 ) 1 1 9 . 6 ( 4 ) 1 1 8 . 8 ( 5 )  
C 4 - - C 5 - - C 6  121.0 (3) 121.1 (4) 121.6 (4) 121-9 (4) 120.8 (4) 121.4 (5) 
C5--C6---427 122.0(3) 1 2 1 . 1 ( 4 ) 1 2 0 . 6 ( 4 ) 1 2 1 . 3 ( 4 ) 1 2 1 . 5 ( 4 ) 1 2 1 . 1 ( 5 )  
C6--C7--4271 117.2 (3) 117.7 (4) 117.8 (4) 116.9 (4) 117.3 (4) 118.0 (6) 
C31- -C71--C7 122.3 (3) 122-5 (4) 122.3 (4) 122.7 (4) 122.3 (3) 122.1 (5) 
NI--C71---C7 129-9 (3) 130.6 (4) 130.0 (4) 131.1 (4) 130.5 (3) 131.0 (5) 
NI - -C71- -C31  107.8 (3) 106.9 (4) 107.6 (3) 106-2 (3) 107-2 (3) 106.9 (5) 
C3---C8--4S9 116-5(3) 1 1 6 . 7 ( 3 ) 1 1 6 . 7 ( 3 ) 1 1 5 . 5 ( 3 ) 1 1 6 . 7 ( 3 ) 1 1 3 . 9 ( 4 )  
C 8 - - C 9 - - O 9  120.9 (3) 121.8 (3) 122.0 (3) 122.3 (3) 120-6 (3) 122.9 (5) 
C8- -C9- -N22  118.4(3) 1 1 7 - 5 ( 3 ) 1 1 8 . 3 ( 3 ) 1 1 6 . 6 ( 3 ) 1 1 7 . 4 ( 3 ) 1 1 6 . 3 ( 5 )  
O9- -C9- -N22  120.6(3) 1 2 0 . 7 ( 3 ) 1 1 9 . 7 ( 3 ) 1 2 1 . 1 ( 3 ) 1 2 2 . 0 ( 3 ) 1 2 0 . 8 ( 5 )  
C9--N22---C22 121.9 (2) 122.2 (3) 122.8 (2) 124.7 (3) 121.9 (3) 
C9- -N22- -C25  120.9 (5) 
O211--C21--O212 124.0 (3) 123.9 (4) 123-6 (3) 123.8 (4) 124.7 (3) 123.3 (5) 
C22--C21--O211 114-4(3) 1 1 4 - 8 ( 3 ) 1 1 5 . 0 ( 3 ) 1 1 2 . 7 ( 3 ) 1 1 1 . 3 ( 3 ) 1 1 3 . 6 ( 5 )  
C22--C21--O212 121.6 (3) 121-3 (3) 121.4 (3) 123.5 (4) 124.0 (3) 123.1 (5) 
N22--C22--C21 112-5(2) 1 1 2 . 6 ( 3 ) 1 1 2 . 6 ( 2 ) 1 0 8 - 3 ( 3 ) 1 0 9 . 8 ( 2 )  
N22--C22--C23 110.9 (2) 110-7 (3) 110-2 (2) 111.3 (3) 111.8 (3) 
N22--C25--C24 II 3.6 (5) 
C23--C22--C21 110.5(3) 1 1 0 - 6 ( 3 ) 1 1 1 . 0 ( 3 ) 1 1 3 - 1 ( 3 ) 1 1 2 - 9 ( 3 ) 1 1 5 . 0 ( 5 )  
C24--C23---C22 113.0(4) 1 1 2 . 7 ( 4 ) 1 1 2 . 6 ( 3 ) 1 1 2 . 3 ( 3 ) 1 1 3 . 7 ( 5 )  
C25--C24--C23 111.0 (4) 115.1 (3) 111.7 (5) 
O241--C24--O242 123.0 (3) 
C23--C24--O241 II 3.9 (3) 
C23--C24--O242 123.1 (3) 
C26--C23--C22 
C26--C23--C24 

110.2 (3) 
1 1 2 . 9  ( 3 )  

Table 10. Torsion angles (°) for conjugates (1)-(6) 

C2--C3---C8---C9 
C 3 1 - - C 3 - - C 8 - - C 9  70.3 (4) 71.4 (5) 70.3 (5) 69.6 
C 3 - - C 8 - - C 9 - - O 9  - 172.7 (3)-170.5 (3) -171.4 (3)-160-0 
C 3 - - C 8 - - C 9 - - N 2 2  6.6 (4) 8.9 (5) 7.9 (5) 21.3 
C8- -C9- -N22- -C22  174.7 (3) 176.5 (3) 177.0 (3)-174.8 
O9- -C9- -N22- -C22  -6 .1  (4) -4 .1 (5) - 3 .7  (5) 6-6 
C9- -N22- -C22- -C21  -76 .2  (4) -79 .9  (4) -78 .3  (4)-158.4  
C9--N22---C22--C23 159-6 (3) 155.7 (3) 157.1 (3) 76.7 
N22--C22---C21--O211 0.6 (4) - 3 . 7  (5) -8-3  (4)-170.2 
N22--C22---C21--O212 179.9 (3) 175.9 (3) 173-3 (3) 10.6 
C23--C22--C21--O211 125.2 (3) 120-8 (4) 115.8 (3) -46 .4  
C23--(222---C21---O212 -55.6  (4) -59 .7  (5) -62 .6  (4) 134.4 
N22---C22---C23---C24 - 62.8 (5) - 66.7 (4) 62.8 
C21--C22---C23--C24 171.7 (4) 167.8 (3) -59-4  
C22- -C23- -C24- -C25  177.0 (4) 
C22--C23--C24--O241 - 166.3 
C22- -C23- -C24-4 )242  14.3 
N22----C22--C23--C26 
C21--C22---C23--C26 
C26- -C23- -C24- -C25  
C8---C9---N22---C25 
O9---C9--N22---C25 
C9--N22---C25---C24 
N22--C25-----C24--C23 

(1) (2) (3) (4) (5) (6) 
- 111. I (4) - 108.6 (5) - 1 I1-0 (5) - 113.4 (5) 110.5 (4) - 93.5 (6) 

(5) -76 .3  (5) 87.5 (6) 
(3) 162.9 (3) 47.6 (7) 
(5) -18.7 (5) -135.5 (3) 
(3) 177.3 (3) 
(6) -4-3  (5) 
(3) - 78.4 (4) 
(4) 155.5 (3) 
(3) 176.7 (3) 
(5) - 3 . 4  (4) 
(4) - 57.8 (4) 170.8 (5) 
(4) 122.1 (3) - 10.5 (8) 
(4) 66.6 (3) 
(4) -57 .7  (3) 179.0 (5) 

168-0 (3) 176.4 (5) 
(3) 
(5) 

- 60.2 (3) 
175.5 (3) 

- 66.6 (4) 
- 177.5 (5) 

- 0 . 5  ( 8 )  

160.6 (5) 
- 177.4 (5) 

1989) and X-ray structure determinations (Koji6- 
Prodi6, Nigovi6, Ru~.i6-Toro~ & Magnus, 1988; 
Koji6-Prodi6, Magnus, Nigovi6 & Ru~i6-Torog, 
1989) revealed that the C8--C9 bond is nearly per- 
pendicular to the indole-ring plane with a slight tilt 
towards the benzene ring (Table 10). The NMR 
measurements (1H NOE) (Duddeck et al., 1989) for 
(1), (2), (4) and (5) show two conformers in equilib- 
rium about the C8--C9 bond with torsion angles, 
C3--C8--C9--N22,  of 0 and 180 °. In the crystalline 
state the torsion angles range from -18 .7  (5) to 
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21.3 (5) ° (Table 10). In the crystalline state and in 
solution (1), (2) and (5) have nearly the same confor- 
mation along the N22---C22 bond but in solution the 
terminal groups of the side chain are the most flexi- 
ble part of the molecules. 

The part of the side chain closer to the indole 
moiety is not much affected by packing forces. For 
five of the six conjugates the torsion angle C 2 - - C 3 - -  
C8--C9 lies in the range -93 .5 (6)  (6) to 
-113-4(5)  ° (4); in (5) it is +110-5 (4) ° (Fig. 12) 
which brings the amino-acid aliphatic backbone 
closer to the pyrrole part of the indole moiety rather 
than to the benzene ring [as in (1) to (4)]. The 
terminal methyl group of (5) is 7-1 ,~ from the closest 
atom of the benzene ring, whereas the closest con- 
tacts between the terminal part of the aliphatic chain 
and the benzene ring are 4.5 in (2), 4.8 in (3), 5.4 in 
(1) and 5-5 A in (4). 

~ C 5  ~ C 2 3  X 

- " ~ , , . 4 ~  c3' ~ ~ F c 2 ,  
cT"~i" - %  c3 ~ - W J  

Fig. 2. Molecular structure of N-(IAA)-L-AIa with atom 
numbering. 

x 

I ,.,¢2-OT c" 

Fig. 3. Molecular structure of N-(IAA)-a-L-Abu with atom 
numbering. 

~ 25 

Fig. 4. Molecular structure of N-(IAA)-L-Nva with atom 
numbering. 

In (6) the aliphatic chain is in the fully extended 
conformation (Table 10). For molecules (1)-(5), the 
amide nitrogen N22- -H is oriented towards the 
indole ring. The conformation of the peptide bond is 
t rans  for all the conjugates, as is common for pep- 
tides (Karle, 1981). In the crystals of (1) and (4) the 
conformation at N22--C22 is stabilized by intra- 
molecular hydrogen bonds, of the O ~ C - -  
OH. . -O~C type in (1) and of the N--H. .-  
O ~ C - - O H  type (involving the peptide nitrogen) 
in (4) (Table 11). 

In (1)-(3), the hydrophilic negative carboxyl groups 
stick out from the main body of the molecules (Fig. 
12). In (4), which has two carboxylic groups, the 
separation of hydrophilic and hydrophobic groups is 
less pronounced than in structures (1)-(3). 
Branching of the aliphatic chain of isoleucine affects 
the overall molecular conformation of (5) in such a 
fashion that the carboxylic group is oriented towards 
C4 of the benzene ring. 

12 0242 g 

N2'2~ ~r " C6 

09 ~ 8  

Fig. 5. Molecular structure of N-(IAA)-DL-Asp with atom 
numbering. 

Fig. 6. 

c2a~ c3 . j ~  c9 ,r, ! 

2 2  

Molecular structure of N-(IAA)-L-Ile with atom 
numbering. 

z 

o2,, ~ ~ _ ~ c,, , ,~c~ ~' 

C22 8 C3 Cl~ 

Fig. 7. Molecular structure of N-(IAA)-8-Ava with atom 
numbering. 
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(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

D ~ H . . - A  (A. )  

N I - - H . . O 2 1 2  2-932 (4) 
O 2 1 1 - - H . . . O 9  2.561 (4) 
N I - - H . . . O 2 1 2  2.847 (5) 
O 2 1 1 - - H . - . O 9  2.564 (4) 
N1--H.. .O212 2.835 (5) 
0211--H.- .O9 2.561 (4) 
N22--H.. .O242 3.011 (4) 
O21 I--H. . .O9 2.610 (4) 
O241--H.. .O242 2.615 (4) 
N I--H..-O9 3.107 (4) 
O21 I--H-.-O9 2.597 (4) 
N22--H.. .O9 2.987 (6) 
O211--H.. .O212 2.663 (5) 

Table 11. Hydrogen bonds 

Symmetry 
D - - H  (A) H-"A (A) D--H..-A C) operations on A 

1.01 (1) 2.037 (8) 146.7 (5) x , y , z -  I 
0.98 (9) 1.605 (8) 162"8 (6) - x  + I , y -  L - z  + 2 
1.01 (5) 1.84 (5) 180 (5) x , y , z  + I 
0"98 (5) 1.60 (5) 166 (5) - x , y -  ~ , - z  + I 
1.06 (4) 1.85 (4) 154 (3) x , y , z -  I 
0"98 (4) 1.61 (4) 162 (4) - x  + 2 , y -  L - z  + 2 
1"01 (6) 2"51 (6) 110 (4) x , y , z  
0'98 (6) 1"65 (6) 165 (5) x -  1,y,z 
1.07 (5) 1-55 (5) 177 (4) - x , - y  + I , - z  + 2 
1.02 (I) 2.14 (I) 157 (2) x -  I , y , z  
1.02 (2) 1"58 (2) 176 (1) - x  + 1,y + ~ , - z  * 
1.01 (5) 1.99 (5) 168 (5) x , y -  1,z 

0.98 (8) 1.69 (8) 172 (8) - x , - y , - z  

..... 

P ""'.... - . . .  

Fig. 8. View along a of N-(IAA)-L-AIa; dotted lines illustrate 
hydrogen bonds. 

,K-.D 
c ~, 0241 , : 

^ a ^  • ~ 0 2 4 2  .... ~ . . . z - ' ~ -  ~ . ~  ~ ,_ 
uuu_ _ ' ~  ~ _ T _ _ _ ?  ~ . z _ _ _ _ ' _  ~ o , o 

0 2 1  ~ ~ I ~ ( ~ " 

Fig. 9. View along c of (IAA)-DL-Asp. 

Ot~2 %r-*0, F--~ 

o / 
"o 

Fig. 10. View along c of N-(IAA)-L-IIe. 

Fig. I I. View along a of N-(IAA)-t%Ava. 

N-( I AA)-L-  Ala N-( ! AA) - (x -L - A~)U 

N-( I AAI-L -Nva N-(IAA)-L-Asp 

N- ( IAA) -L - I l e  
N-( IAA)-  ~ -Ava 

m00]e-3-aceU¢ acid OAA) 

Fig. 12. Space-filling models of conjugates (I)-(6) and of the free 
hormone (IAA) illustrating the overall molecular shape and the 
separation of hydrophilic (polar) and hydrophobic regions at 
the molecular surface. 
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Crystal packing 

The crystal packing of these conjugates is 
predominantly determined by intermolecular hydro- 
gen bonds (Table 11). The molecular conformations 
and crystal packing of (1)--(3), whose amino-acid 
moieties are members of a series of straight-chain 
homologs, exhibit the same pattern of hydrogen 
bonds. [Their chemical formulae differ by (CH2)1.2. 
The space group symmetry is the same and the 
unit-cell volumes are in relation to their chemical 
formulae.] 

In the crystal structure of (4) (Fig. 9) the pattern 
of intermolecular hydrogen bonds is similar to that 
in IAA (Karle et al., 1964; Chandrasekhar & Raghu- 
nathan, 1982) and in (6). In (4) the basic pattern is a 
tetrameric unit formed by hydrogen bonds between 
molecules along a and those around the centers of 
inversion. 

In these structures the hydrophobic regions, which 
are comprised of the benzene ring and the aliphatic 
backbone of the amino acids, appear around the 

(2,2,0) and centers of symmetry at (0,0,0) and ~ 
hydrophilic channels are pronounced in the area 
around the centers of inversion at (0,~,0) and (½,0,0). 
In the crystal structure of (5) (Fig. 10) the indole 
nitrogen acts as as donor to the peptide oxygen 0 9 '  
so as to form an infinite chain along a by means of 
an N1--H-..O9 hydrogen bond. This kind of 
hydrogen-bond network is not found in any of the 
other structures. 

Concluding remarks 

Any physiological interpretation of the above struc- 
tural data must be preliminary, since only selected 
N-(indol-3-ylacetyl) amino acids have been 
examined thus far. 

The ratio of molar concentrations which causes 
the same (half-optimal) growth stimulation in 
Solanum nigrum callus for IAA-Ala:IAA-Abu: 
IAA-6-Ava:IAA-Nva:IAA-Ile is approximately 
1:9:32:37:90 (V. Magnus, R. P. Hangarter & N. E. 
Good, unpublished work). IAA-Asp was not 
examined in this system; its activity in tomato hypo- 
cotyl explants (Hangarter et al., 1980) and soybean 
cotyledon callus (Feung et al., 1977) was roughly 
10-100 times less than that of IAA-L-AIa. The 
growth-promoting activity of IAA conjugates has 
been correlated to the rates of hydrolysis of the free 
hormone (Bialek, Meudt & Cohen, 1983; Hangarter 
& Good, 1981). Enzymatic activity capable of cleav- 
ing IAA-AIa has been detected in buffer extracts of 
Phaseolus vulgaris internodes (Bialek & Cohen, 
1984), but not fully characterized. Known amidases 
such as papain, acylase I, carboxypeptidase Y from 
Baker's yeast, and a protease from Streptomyces 

griseus were unable to hydrolyze IAA-alanine, 
IAA-L-valine, IAA-glycine and IAA-L-phenylalanine 
(Hangarter, 1981). The amide bond in the conjugates 
examined here has the same conformation as in most 
peptides (Mutter & Vuilleumier, 1989) and it is freely 
exposed at the hydrophilic pole of the molecules, so 
there are no obvious structural reasons for general 
resistance to amidases. The notorious sensitivity of 
individual representatives of this group of enzymes 
to inhibition by factors such as the buffer system 
used in assays, metal ions and the products of 
hydrolysis may, however, explain the so far limited 
success in the search for IAA-amino acid hydrolases. 

Discussion of IAA-6-Ava, regarding the growth- 
promoting activity of the conjugates examined here 
in terms of their rates of hydrolysis, should be 
postponed until a more representative sample of 
conjugates of the same structural type has been 
analysed. While the remaining compounds studied 
have roughly the same molecular shape, IAA-Asp 
may (in this context) represent another particular 
case, since amide bonds at aminodicarboxylic acids 
are usually cleaved by special enzymes. For the 
conjugates of the a-amino monocarboxylic acids, 
which may well be hydrolyzed by the same enzyme, 
activity appears to be correlated with the size of the 
molecule, or to the hydrophobic pole, which is 
optimal in magnitude in the case of IAA-Ala (IAA- 
glycine is less active). 

The conformation of the indol-3-ylacetyl moiety 
in the conjugates proved to be highly conservative. 
Only in one case (IAA-L-Ile) was there any signifi- 
cant deviation from the geometry observed in free 
IAA: a 180 ° rotation around the C3----C8 bond with 
no effect on the respective intramolecular contact 
distances, particularly N1--.O9 (5.0 A). However, the 
minimum energy calculations for N-IAA-L-Ile, based 
on the atomic coordinates from X-ray analysis (Fig. 
12), revealed a lower value of the total molecular 
energy than for the molecule rotated by 180 ° about 
C3---C8 (101-7, 215.6kJmo1-1, respectively). The 
total molecular energies for the molecules presented in 
this paper range from 26.8 (N-IAA-Asp) to 
259.2 kJ mol-~ (N-IAA-a-Abu). For the whole 
series, conformations along the C3--C8 bond 
obtained from a molecular-mechanics approach fit 
those observed in the crystals (B. Koji6-Prodi6, S. 
Tomi6 & B. Nigovi6, in preparation). 

In conjugates (1)-(5), the amide group (substi- 
tuting the IAA carboxyl ---OH) assumes the position 
above the indole ring occupied by the carbonyl 
oxygen in crystalline free IAA. Its structure in solu- 
tion still requires detailed study, although it would 
appear that, at physiological pH, both oxygens of 
the dissociated carboxyl group are equivalent owing 
to resonance effects, so the sign of torsion angle 
C3--C8--C9--O9 becomes irrelevant. A change in 
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its numerical value, as observed in the ~-Ava conju- 
• gate (6) may, however, deserve further attention. The 

aliphatic residues of the amino acids approach only 
the part of the indole ring in the immediate prox- 
imity of the CH2---CO--- side chain closely enough 
for steric shielding and, possibly, van der Waals 
interactions. A similar situation should be expected 
at the site of an auxin-binding protein which recog- 
nizes the carboxyl group of IAA (although not 
necessarily by forming a covalent bond). The NH 
group and the neighbouring part of the benzene ring 
remain free for interaction with other recognition 
sites. Indeed, an auxin-binding protein must, in addi- 
tion to the carboxyl group, recognize other topo- 
logical elements of IAA to discriminate against the 
large number of different carboxylic acids present in 
a plant cell. 

These results pose the question: can an IAA amino- 
acid conjugate, which is structurally identical to the 
free hormone except for a restricted area on the 
molecule surface, attach to part of recognition sites 
in an auxin-binding protein, and thus compete with 
free IAA? Although against common dogma, such 
an assumption could help to explain the complex 
interaction of free and conjugated IAA in some in 
vitro systems (Wodzicki, Pharis & Wodzikcki, 1987; 
V. Magnus, R. P. Hangarter & N. E. Good, 
unpublished work). As far as the stereochemistry of 
the amino-acid conjugates examined in this work is 
concerned, there appear to be no reasons against 
competition of free and bound IAA for at least some 
auxin-binding sites (i.e. those not specific for the free 
IAA carboxyl group). 
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