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Abstract 

The crystal structures of the naturally occurring bio- 
logically active conjugate N-(indol-3-ylacetyl)-L- 
valine [N-(IAA)-L-Val] and the synthetic inactive 
N-(indol-3-ylacetyl)-a-aminoisobutyric acid [N- 
(IAA)-a-Aib] have been determined. The growth- 
promoting activity of these compounds is discussed 
on the basis of their stereochemical properties. Con- 
formational analysis of the amino-acid side chains 
has been performed by molecular mechanics and 
dynamics, and a comparison has been made with the 
conformations detected in the solid state. N-(IAA)-L- 
Val, C~sHIsN203, Mr = 274.32, monoclinic, P2~, a = 
7.185(2), b=10.850(6),  c=9.600(4)  A, /3= 
105.80 (4) °, V = 720 (1) ./k 3, Z = 2, Dx = 
1.265 g cm -3, Cu K a  radiation, a = 1.5418 A, /z = 
6.902 cm- ~, F(000) = 292, T = 297 K, R = 0.052, wR 
-0.059 for 1452 reflections with I >_ 3tr(1). N-(IAA)- 
a-Aib, ClaH16N203, Mr = 260.30, monoclinic, P2Jc ,  
a =  11.134(7), b =  7.689 (2), c = 15.548 (10) A, /3= 
95.62 (3) °, v =  1324 (1) A 3, z = 4, Dx = 
1.311 g cm -3, Mo K a  radiation, A = 0.71073 ,/k,/z = 
0.995 cm- l, F(000) = 552, T = 297 K, R = 0.042, wR 
=0.036 for 1442 reflections with I-_-3tr(l). The 
indole ring system and the C atom of the adjacent 
methylene group are coplanar whereas the CONR 
residue adopts a folded conformation. In the struc- 
ture of N-(IAA)-L-Val the peptide H faces the indole 
ring. In the structure of N-(IAA)-a-Aib the peptide 
group lies astride the ring plane and is involved in an 
intramolecular hydrogen bond to the carboxylic 
group. In both crystal structures packing is via 
N--H---O of the indole N atom and the carboxylic 
group, and O---H.-.O of the carboxylic group and 
peptide O atom. 

Introduction 

The plant hormone (auxin), indole-3-acetic acid 
(IAA), regulates physicological functions such as cell 
division and enlargement, development differenti- 
ation, and the synthesis of special proteins (Davies, 
1987). The mechanism of auxin action is still the 
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subject of debate and it is not fully understood how 
the hormone level in growing tissues is optimized. An 
important regulatory function has been ascribed to 
bound auxins, or auxin conjugates (Cohen & Ban- 
durski, 1982; Magnus, 1987). These can be involved 
in IAA transport and can also serve as long- and 
short-term storage forms of the hormone, but a full 
elucidation of their physiology requires further 
research. Among the conjugates, several N-(indol-3- 
ylacetyl)amino acids have been isolated from plants 
and plant pathogens (e.g. tDstin et al., 1990; Epstein, 
Baldi & Cohen, 1986; Cohen, 1982; Hutzinger & 
Kosuge, 1968); others have been synthesized for 
comparative purposes (Wieland & H6rlein, 1955; 
Good, 1956; Mollan, Donelly & Harmey, 1972; 
Feung, Hamilton & Mumma, 1975; Hangarter, 
Peterson & Good, 1980;  Magnus, Nigovi6, 
Hangarter & Good, 1992). In some cases, experimen- 
tal evidence indicates that the auxin activity of these 
compounds depends on their conversion to the free 
growth hormone (Bialek, Meudt & Cohen, 1983; 
Hangarter & Good, 1981). However, direct oxidation 
of N-(IAA)-amino acids to biologically inactive me- 
tabolites has also been demonstrated (Park & Park, 
1987; Tsurumi & Wada, 1986), while results of the 
interaction of free IAA and N-(IAA)-L-Ala in plant 
tissue culture (Hangarter, Peterson & Good, 1980; 
Magnus, Hangarter & Good, 1992) suggest that the 
conjugate per se may affect growth and development. 

Molecular recognition of auxin and its biologically 
active conjugates has been studied (Koji6-Prodi6, 
Nigovi6, Horvati6 et al., 1991; Koji~-Prodi~, Nigovi6, 
Tomi6 et al., 1991; Nigovi6, Koji6-Prodi6 & Pun- 
tarec, 1992; Nigovi6, Kojic-Prodi6, Puntarec & 
Schagen, 1992). The significant difference in the 
growth-promoting property of N-(IAA)-L-AIa and 
N-(IAA)-D-Ala (Hangarter, Peterson & Good, 1980) 
provided the motive for a comparative structural 
analysis. This was extended to two further conju- 
gates for which no crystallographic data were avail- 
able: N-(IAA)-L-Val and N-(IAA)-a-Aib. N- 
(IAA)-L-Ala has been convincingly identified as an 
endogenous constituent in elongating shoots of Picea 
abies (Ostin et al., 1990); the L-valine conjugate has 
been found, by somewhat less conclusive methods, as 
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a metabolite of exogenous IAA in Parthenocissus 
crown gall tissues cultured in vitro (Feung, Hamilton 
& Mumma, 1976). In a set of ten a-amino-acid 
conjugates (see scheme below) tested as sources of 
auxin in plant tissue culture (Magnus, Nigovir, 
Hangarter & Good, 1992) N-(IAA)-L-Ala was most 
active, N-(IAA)-L-Val moderately active, whereas the 
achiral N-(IAA)-a-Aib showed barely any activity. 

4 

H 

O H O ~ O  

H R 

(1) N- ( IAA) -G ly  R =  H R ' =  H 
(2) N-( IAA)-L-Ala R = CH3 R ' =  H 
(3) N - ( IAA) -a -A ib  R = CH3 R' = CHz 

(4) N- ( IAA) -a -L -Abu  R = CH2CH 3 R' = H 
(5) N- ( IAA)-L-Nva R = CH2CH2CHz R' = H 

(6) N- ( IAA)-L-Nle  R = CH2CH2CH2CHz R' = H 

(7) N-( IAA)-L-Val  R = CH(CHz)2 R' = H 
(8) N-( IAA)-L-Leu R = CH2CH(CHz)2 R' = H 
(9) N-( IAA)-L- I le  R = CH(CHa)CH2CHz R' = H 

(10) N-( IAA)-DL-Asp R = CH2COOH R' = H 

Table 1. Crystal data and summary of  experimental 
details 

N - ( I A A ) - L - V a l  N - ( I A A ) - a - A i b  
Molecular formula C~sH~sN203 CIaHIrN203 
M, 274.32 260.30 
Crystal size (mm) 0.30 x 0.150 x 0.20 0.36 x 0.25 × 0.14 
a (A) 7.185 (2) 11.134 (7) 
b (A) 10.850 (6) 7.689 (2) 
c (A) 9.600 (4) 15.548 (10) 
fl (~) 105.80 (4) 95.62 (3) 
V (A 3) 720 (1) 1324 (1) 
Crystal system Monoclinic Monoclinic 
Space group P2~ P2:/c 
D., (g cm - 3) 1.265 1.305 
Z 2 4 
/z (cm- ~) 6.902 (Cu Ka) 0.868 (Mo Ka) 
F(000) 292 552 
T (K) 297 297 
No. of  reflections used for cell 25 25 

parameters and O range (o) 6-17 9-14 
O range for intensity measurement (°) 2-25 2.5-25 
hkl range -8 ,8;  - 13,0; 0,I 1 0,13; 0,9; - 18,18 
to/2# scan 0.8 + 0.35tan0 0.8 + 0.35tan8 
No. of  measured reflections 1715 2649 
No. of  unique reflections 1452 1442 
R,,t 0.0242 0.0131 

I > 3~r(l) I > 3tr(l) 
No. of  variables 218 231 
R 0.052 0.042 
wR, w J = k(CrFo 2 + gF) 0.059 0.036 
S 0.26 0.67 
k, g 1.00, 0.007 0.45, 0.016 
Final shift/e.s.d 0.724 (C25, z) 0.156 (N22, x) 
Residual electron density 0.29, - 0.28 0.16, - 0.23 

(zip) . . . .  (zip),,,, (e A 3) 

Experimental 
N-(IAA)-L-Val was prepared by the mixed-anhydride 
method as described by Wieland & H6rlein (1955) 
and Hangarter, Peterson & Good (1980). N-(IAA)- 
a-Aib may be prepared by the mixed-anhydride 
method with about 2% yield but the procedure 
described by Wang, Tam, Wang & Merrifield (1981) 
was used here (Magnus, Nigovi6, Hangarter & 
Good, 1992). Crystals of N-(IAA)-L-Val were 
obtained from 2-propanol and water ( l : l  v/v) after 
13 days at 275 (2)K. Crystals of N-(IAA)-a-Aib 
were grown from 2-propanol over 12 days at room 
temperature. Details of data collection and 
refinement are listed in Table 1. The molecule of 
N-(IAA)-L-Val is chiral (space group P21), and chi- 
rality was confirmed during refinement. The L-amino 
acid was used for the synthesis and the enantiomer 
with S configuration was selected for structure deter- 
mination; the signs of the torsion angles are in 
accordance with this assignment. 

Intensity data were collected on an Enraf-Nonius 
CAD-4F diffractometer with graphite-monochroma- 
tized radiation (Table 1). The measurements were 
carried out at room temperature for both com- 
pounds. No significant intensity variations were 
observed for standard reflections. Data were correc- 
ted for Lorentz and polarization effects using SDP 
(B. A. Frenz & Associates, Inc., 1982). An absorp- 
tion correction was not applied. Structures were 
solved by SHELX86 (Sheldrick, 1985). Refinement 
was by full-matrix least-squares minimizing Y.w(IFol 

- levi)  2 with the SHELX77 system of programs 
(Sheldrick, 1983) using F values. For the N-(IAA)-L- 
Val structure the H-atom coordinates for the pyrrole 
of the indole moiety, peptide and carboxylic groups 
were determined from successive difference Fourier 
syntheses. The H atoms attached to the benzene ring, 
C8, C23, C24 and C25 were calculated on stereoche- 
mical grounds and refined riding on their respective 
C atoms. The same procedure was used for N-(IAA)- 
a-Aib on C8 only. The N22- -H bond distance in 
N-(IAA)-L-Val and N 1 - - H  in N-(IAA)-a-Aib were 
normalized to the value of 1.009 A, (Allen, Kennard 
& Watson, 1987). The O - - H  distance in the N- 
(IAA)-a-Aib structure was also normalized to the 
value of 0.95 A,. The non-H atoms were refined 
anisotropically; details of the refinement procedures 
are listed in Table 1. In the data set of N-(IAA)-L- 
Val the y coordinate of 09  was used to fix the origin 
in P21. Scattering factors are those included in 
SHELX77 (Sheldrick, 1983). Molecular geometry 
was calculated by the program package EUCLID 
(Spek, 1982). Drawings were prepared by PLUTON 
incorporated in EUCLID and ORTEPII (Johnson, 
1976). The final atomic coordinates and equivalent 
isotropic thermal parameters are listed in Tables 2 
and 3.* 

* 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 
55669 (15 pp.). Copies may be obtained through The Technical 
Editor, International Union of Crystallography, 5 Abbey Square, 
Chester CHI 2HU, England. 
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Table 2. Final atomic coordinates and equivalent iso- 
tropic thermal parameters (× 10 4) for N-(IAA)-L- 

valine 

U,q = ( I / 3 ) Z ,  Zj  Uua,*aj*a,.a j. 

x y z uc. (A 2) 
NI -0.1527 (2) 0.2717 (2) 0.6437 (2) 572 (1) 
C2 -0.2933 (2) 0.3131 (2) 0.5265 (2) 524 (I) 
C3 -0.2133 (2) 0.3956 (2) 0.4499 (2) 399 (I) 
C31 -0.0113 (2) 0.4037 (2) 0.5258 (2) 378 (I) 
C4 0.1414 (2) 0.4741 (2) 0.5057 (2) 498 (1) 
C5 0.3211 (2) 0.4661 (2) 0.6055 (2) 660 (1) 
C6 0.3512 (2) 0.3868 (2) 0.7230 (2) 698 (1) 
C7 0.2051 (2) 0.3151 (2) 0.7463 (2) 640 (I) 
C71 0.0209 (2) 0.3251 (2) 0.6470 (2) 453 (I) 
C8 -0.3131 (2) 0.4648 (2) 0.3164 (2) 427 (1) 
C9 -0.2733 (2) 0.4214 (2) 0.1773 (2) 354 (1) 
09  -0.3307 (2) 0.4809 0.0632 (2) 542 (1) 
N22 -0.1746 (2) 0.3177 (2) 0.1814 (1) 352 (1) 
C21 -0.2785 (2) 0.1719 (2) -0.0247 (2) 349 (1) 
C22 -0.1271 (2) 0.2637 (2) 0.0577 (2) 326 (I) 
C23 0.0745 (2) 0.2029 (2) 0.1011 (2) 408 (I) 
C24 0.0873 (2) 0.0982 (2) 0.2083 (2) 659 (I) 
C25 0.2311 (2) 0.2984 (2) 0.1588 (2) 644 (1) 
O211 -0.4114 (2) 0.1445 (2) 0.0405 (2) 505 (1) 
O212 -0.2719 (2) 0.1297 (2) -0.1393 (1) 498 (I) 

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

a-aminoisobutyric acid 
N-(IAA)- 

Ucq = ( 1/3)Y, Zj Uij a,*aj*ai %. 

x y z U~q (A 2) 
NI 1.0087 (2) 0.7914 (3) -0.0339 (2) 485 (10) 
C2 0.8969 (3) 0.7210 (4) -0.0591 (2) 459 (12) 
C3 0.8531 (2) 0.6408 (3) 0.0090 (2) 385 (10) 
C31 0.9416 (2) 0.6630 (3) 0.0808 (2) 403 (10) 
C4 0.9500 (3) 0.6080 (5) 0.1674 (2) 590 (14) 
C5 1.0529 (4) 0.6511 (5) 0.2201 (2) 771 (18) 
C6 1.1462 (4) 0.7466 (5) 0.1900 (3) 681 (16) 
C7 1.1407 (3) 0.8023 (4) 0.1059 (2) 545 (14) 
C71 1.0385 (3) 0.7579 (3) 0.0522 (2) 400 (12) 
C8 0.7355 (2) 0.5473 (4) 0.0115 (2) 466 (13) 
C9 0.6561 (3) 0.6250 (4) 0.0755 (2) 430 (10) 
09  0.5906 (2) 0.5350 (2) 0.1176 (1) 571 (9) 
N22 0.6609 (2) 0.7976 (3) 0.0826 (1) 384 (9) 
C21 0.6380 (3) 1.0933 (3) 0.1201 (2) 359 (10) 
C22 0.6000 (2) 0.9076 (3) 0.1419 (2) 332 (10) 
C23 0.4629 (3) 0.8855 (5) 0.1274 (3) 505 (14) 
C24 0.6481 (4) 0.8720 (5) 0.2355 (2) 522 (13) 
O211 0.5644 (2) 1.2109 (3) 0.1446 (1) 572 (8) 
O212 0.7289 (2) 1.1239 (2) 0.0863 (1) 481 (7) 

Calculations were performed on MicroVAX II and 
IRIS-4D25G computers at the X-ray Laboratory, 
Rudjer Bogkovi6 Institute, Zagreb. 

Molecular structures in the crystalline state 

Interatomic distances, bond and selected torsion 
angles for N-(IAA)-L-Val and N-(IAA)-a-Aib are 
listed in Tables 4 and 5. The molecular structures are 
shown in Fig. 1. The data presented permit compari- 
son of the molecular geometry of the naturally 
occurring highly active conjugates N-(IAA)-L-Val 
and N-(IAA)-L-AIa (Koji6-Prodi6, Nigovi6, Horvati6 
et al., 1991) with the inactive N-(IAA)-ce-Aib. The 
geometry of the benzene part of the indole nucleus 
significantly deviates from that of a six-membered 
aromatic ring. Shortening of the C6--C7 bond 
[(1.371 (5))A, mean value for the three structures 

presented in Table 4] and shrinkage of the 
C6--C7--C71 angle [(117.3(3)) °, Table 4] were 
observed. Low- and room-temperature diffraction 
data for IAA (Kojir-Prodir, Puntarec & Nigovir, in 
preparation; Chandrasekhar & Raghunathan, 1982, 
respectively) revealed the same effects. The values 
from low- and room-temperature experiments are 
C6--C7 = 1.378 (3), 1.373 (5) A and C6--C7--C71 
= 117.4 (2), 117.2 (3) °, respectively. Inspection of the 
Cambridge Structural Database (1991) yielded 144 
structures containing an indole moiety, 73 of which 
had R values smaller than 0.07 and were selected for 
statistical analysis by GSTA 789 (Motherwell, 
Murray-Rust, Raftery, Allen & Doyle, 1989). Arith- 
metic means calculated from the data presented are 
1.371 (13)A for the length of the C6--C7 bond and 
117.2 (7) ° for the angle C6---C7--C71. In the amino- 
acid conjugates studied (Koji6-Prodi6, Nigovi6, Hor- 
vati6 et al., 1991; Nigovi6, Koji6-Prodi6 & Puntarec, 
1992; Nigovi6, Koji6-Prodi6, Puntarec & Schagen, 
1992) including those listed in Table 4, lengthening 
of the C9--O9 bond was observed to a mean value 
of 1.236 (4) A, in contrast to a value of 1.210 (4) A in 
the free auxin (Chandrasekhar & Raghunathan, 
1982). This is a normal consequence of peptide bond 
formation. 

In order to elucidate the essential structural 
parameters for biological activity of the bioactive 
conformer it should first be recognizable. For 
example, in the series of auxins the relevant confor- 
mational parameter is the orientation of the side 
chain with respect to the indole ring (Davies, 1987). 
The indole moiety and C atom of the adjacent 
methylene group are coplanar but the CONR residue 
can be either extended or folded. Structural studies 
of N-(IAA)-amino-acid conjugates indicate that the 
folded conformation predominates (Koji6-Prodi6, 
Nigovi6, Horvati6 et al., 1991). The torsion angle 
C2--C3---C8--C9 is - 106.8 (2) ° for the valine con- 
jugate and - 120.5 (3) ° for the a-aminoisobutyric 
acid conjugate, so that the amino-acid aliphatic 
backbone is brought closer to the benzene ring of the 
indole moiety (Fig. 1). In both active conjugates, 
N-(IAA)-L-Ala (Koji6-Prodi6 Nigovi6, Horvati6 et 
al., 1991) and N-(IAA)-Val, the amide nitrogen 
N22--H is orientated towards the indole ring and 
the conformation of the peptide bond is trans. How- 
ever, N-(IAA)-a-Aib differs significantly in the con- 
formation about the C22-C21 bond (Table 5, Fig. 2). 
The rotation about this bond makes possible the 
intramolecular hydrogen bond N22--H...0212 
(Table 6) in the structure of N-(IAA)-a-Aib. The 
earboxylic group is oriented towards the benzene 
ring; the plane of the carboxylic group is almost 
perpendicular to the indole plane [86.2 (3)°]. In the 
structure of N-(IAA)-L-Val the carboxylic group and 
the peptide oxygen protrude from the main body of 
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Table 4. Bond lengths (A,) and bond angles (°)for 
N-(IAA)-L- Val and N-(IAA)-a-Aib 

N-(IAA)-L-Val N-(IAA)-cr-Aib 
NI--C2 1.367 (2) 1.378 (4) 
NI---C71 1.368 (2) 1.372 (4) 
C2---C3 1.379 (3) 1.357 (4) 
C3--C31 1.439 (2) 1.425 (4) 
C3---C8 1.490 (3) 1.497 (3) 
C31--C4 1.393 (3) 1.406 (4) 
C31--C71 1.410 (3) 1.410 (4) 
C4----C5 1.385 (2) 1.382 (5) 
C5---C6 1.388 (3) 1.390 (6) 
C6---C7 1.373 (3) 1.372 (6) 
C7--C71 1.409 (2) 1.386 (4) 
C8--C9 1.515 (3) 1.517 (4) 
C9--O9 1.241 (2) 1.238 (4) 
C9--N22 1.325 (3) 1.332 (4) 
N22--C22 1.446 (3) 1.465 (3) 
C21--C22 1.527 (3) 1.536 (3) 
C22--C23 1.542 (2) 1.530 (4) 
C22---C24 1.526 (4) 
C23--C24 1.519 (3) 
C23--C25 1.519 (3) 
C21----O211 1.311 (3) 1.302 (4) 
C21---O212 1.204 (2) 1.208 (4) 

C2--N1---C71 110.2 (2) 109.2 (2) 
N1---C2--C3 109.3 (I) 109.9 (3) 
C2--C3--C8 127.8 (1) 128.3 (3) 
C2---C3--C31 106.2 (2) 106.5 (2) 
C31--C3---C8 126.0 (2) 125.2 (3) 
C3---C31--C71 107.3 (1) 107.8 (3) 
C3---C31--C4 133.4 (2) 133.7 (2) 
C4--C31--C71 119.2 (2) 118.5 (3) 
C31---C4---C5 119.4 (2) 118.0 (3) 
C4---C5--C6 120.7 (2) 122.0 (3) 
C5---C6---C7 121.8 (2) 121.4 (4) 
C6---C7--C71 117.7 (2) 117.1 (3) 
C31-----C71--C7 121.2 (2) 123.1 (3) 
N1----C71---C7 131.7 (2) 130.4 (3) 
N1--C71--C31 107.1 (I) 106.6 (3) 
C3--C8---C9 116.1 (2) 113.3 (2) 
C8---C9---N22 117.8 (2) 115.2 (3) 
C8--C9--O9 121.3 (2) 122.6 (3) 
O9---C9--N22 121.0 (I) 122.3 (3) 
C9---N22---C22 124.3 (1) 127.6 (2) 
N22--C22--C21 113.3 (1) 104.1 (2) 
N22----C22--C23 111.5 (1) 111.1 (2) 
N22---C22--C24 110.9 (2) 
C21--C22---C23 110.2 (2) 111.3 (2) 
C21--C22--C24 107.4 (3) 
C23---C22----C24 111.9 (3) 
C22----C23--C24 112.5 (I) 
C22---C23---C25 110.8 (2) 
C24---C23--C25 111.2 (1) 
C22--C21----O211 114.2 (2) 112.7 (2) 
C22--C21---O212 121.4 (2) 122.5 (2) 
O211--C21---O212 124.4 (2) 124.8 (3) 

Table 5. Selected torsion angles (°)for N-(L4A)-L-Val 
and N-(IAA)-a-Aib compared with N-(IAA)-L-Ala 

N-(IAA)-L-Val N- ( IAA)-a -Aib  N-(IAA)-L-Ala 
C2--C3--C8--C9 - 106.8 (2) - 120.5 (3) - 111.1 (4) 
C3--C8--C9--O9 - 171.6 (2) - 144.6 (3) - 172.7 (3) 
C3--C8---C9--N22 8.3 (3) 36.1 (4) 6.6 (4) 
C8--C9--N22--C22 179.3 (2) - 176.4 (2) 174.7 (3) 
CS--N22--C22--C21 -91.2 (2) - 179.5 (3) -76.2 (4) 
C9---N22--C22----C23 143.9 (2) - 59.7 (4) 159.6 (3) 
C9---N22----C22--C24 65.3 (4) 
N22--C22--C23---C24 61.6 (2) 
N22--C22---C23--C25 - 63.5 (2) 
C21---C22--C23--C24 - 65.1 (2) 
C21---C22---C23--C25 169.9 (2) 
N22--C22--C21---O211 -8.9 (2) 158.8 (2) 0.6 (4) 
N22--C22--C-'21---4)212 171.4 (2) -23.4 (4) 179.9 (3) 

the molecule and, together with the exposed indole 
NH, converge relatively well into a hydrophilic pole, 
thus imposing amphipathic character upon the mol- 
ecule. This is less pronounced in the ce-Aib conju- 
gate, as the different orientation of the carboxylic 

group leads to a more diffuse arrangement of hydro- 
philic structural elements. 

Crystal packing 

Diagrams illustrating the packing of N-(IAA)-L-Val 
and N-(IAA)-a-Aib in the crystal lattice via inter- 
molecular hydrogen bonds are given in Figs. 3 and 4. 
In both cases tetramers are formed by hydrogen 
bonds between peptide oxygen atoms and carboxylic 
groups [O211--H.-.O9 (Table 6)] and between the 
indole nitrogen and carboxylic ~ O  groups (N1--  
H-..O212). In the structure of N-(IAA)-L-Val, tetra- 
mers are joined into a three-dimensional network by 
a 21 symmetry operation and translation along c 
(Fig. 3). The same crystal-packing pattern has been 
observed for other amino-acid conjugates with P21 
space-group symmetry (Koji~-Prodi~, Nigovi~, Hor- 

O212 

C 2 1  

C 2  ~ 0 9  

(j ,  v .  ( ~ N 1  

N- ( I , ~ ) - L - V a l  

Q 0 2 1 1  ~ c 2 3  

c 2 ~ ' ~ c  22 

N- ( l ~ ) - a - A i b  

Fig. 1. Molecular structures (ORTEP drawings) and atom 
numbering of N-IAA-L-Val and N-(IAA)-a-Aib. The thermal 
ellipsoids are drawn at the 50% probability level .  
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Table 6. Hydrogen bonds 

Symmetry 
D---H-.-A (]~) D--H (/l 0 H..-A (/~,) D---H...A (°) operations on A 

N-(IAA)-L-Val NI--H-. .O212 2.901 (3) 0.98 (3) 1.94 (3) 166 (2) x, y, z+  1 
O211--H..-O9 2.563 (2) 0.96 (3) 1.70 (2) 148 (2) - x -  1, y - t ,  - z  

N-(IAA)-a-Aib NI--H--.O212 3.175 (3) 1.01 (3) 2.31 (3) 143 (2) - x + 2, - y  + 2, - z 
O211--H...O9 2.547 (3) 0.98 (4) 1.59 (4) 163 (3) x, y + 1, z 

vati6 et al., 1991). The achiral molecule of N-(IAA)- 
a-Aib crystallizes in P21/c but the packing pattern is 
completely different from that of other conjugates 
appearing in the same space-group symmetry. The 
IAA molecule (Chandrasekhar & Raghunathan, 
1982) and other achiral conjugates (Kojir-Prodir, 
Nigovir, Horvati6 et al., 1991) crystallize in the space 
group P21/c with hydrogen-bonded dimers via 
carboxylic groups through the centre of inversion. 
However, the different orientation of the carboxylic 
group in the structure of N-(IAA)-a-Aib disables 
O--H...O interaction. Instead, dimers through the 
inversion centre are joined by hydrogen bonds N I ~  
H...O212 (Table 6, Fig. 4). The hydrogen bond 
O211--H'"O9 completes a tetramer which is the 
basic structural unit of a spiral running along b. 

Molecular  mechanics and dynamics calculations 

To recognize the energetically optimized conformers 
of N-(IAA)-L-Val, N-(IAA)-a-Aib and, for compari- 
son, N-(IAA)-L-AIa, molecular mechanics based on 
the consistent valence force-field approach of Lifson 
& Warshel (1969), Hagler, Huler & Lifson (1974) 
and Hagler, Lifson & Dauber (1979) incorporated in 
the program DISCOVER, version 2.7.0 (Biosym 
Technologies, 1991) was used. Molecular-mechanics 
optimizations were accomplished by steepest descent 
and conjugate gradient, and in some cases modified 

! 
" ~ ' ~  ~ .~ s s S 

! I 

Fig. 2. The overlap of crystallographically observed conforma- 
tions of N-IAA-L-AIa (heavy line), N-IAA-L-Val (dashed line) 
and N-(IAA)-a-Aib (light line). 

Newton-Raphson algorithms were used. Energy 
optimization was performed using the atomic coordi- 
nates from X-ray analysis (Tables 2 and 3, Kojir- 
Prodir, Nigovir, Horvati6 et al., 1991) considering: 
(a) the molecule in the crystal lattice, i.e. using 
periodic boundary conditions, and (b) treating it as 
an isolated molecule 'in vacuo' (gas phase). Confor- 
mation analysis of the amino-acid side chain was 
performed for four torsion angles (Table 7) which 
define: (a) the relative orientation of the entire side 
chain towards the indole plane (C2--C3--C8--C9); 
(b) the orientation of the peptide carbonyl (C3-- 
C8--C9--O9); (c) the conformation about the bond 
linking the peptide moiety to the chiral (or prochiral) 
centre (C9--N22--C22--C21); and (d) the orienta- 
tion of the carboxylic group (N22--C22~C21--  
O212). For the above molecules, the folded shape 
observed in the solid state (X-ray analysis) was, in 

^ c1~--- 6 o f ~ - - - - ~ ,  a 

Fig. 3. Molecular packing of N-IAA-L-Val. 

1 ¢ ', ', ', 

Fig. 4. Molecular packing of N-(IAA)-a-Aib. 
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Table 7. Conformation analysis of an amino-acid side chain 

Tors ion  angles (°) obta ined by X-ray analysis (first entry), molecular-mechanics  energy opt imizat ion o f  the molecule in periodic boundary  condi t ions  
(second entry), in gas phase (third entry), and in solut ion 'H  N M R *  (fourth entry). 

C2- -C3- - -C8- - -C9  C3- - -C8- - -C9- -O9 C9-- -N22-- -C22--C21 N22--C22---C21----O212 
N-(IAA)-L-AIa -111.1 -102 -115 - 8 0 -  + 10i" -172.7 177 -103 0, 180 -76.2 -78  -81 - 8 0  -179.9 180 123 
N-(IAA)-L-Val - 106.8 - 103 - 125 - 171.6 177 - 118 -91.2 -81 - 115 171.4 153 135 
N-(IAA)-a-Aib - 120.5 - 122 - 128 - 144.6 - 131 - 115 - 179.5 176 177 - 23.4 - 37 - 3 

* Values were taken f rom Duddeck  et  al. (1989). 
t Signs are derived f rom the molecular  model .  

global terms, conserved in the optimized conforma- 
tions. Those obtained by the optimization procedure 
with the molecule in the periodic boundary condi- 
tions are close to those established by X-ray struc- 
ture analysis (Table 7). However, the optimization 
procedure with isolated molecules (in the gas phase) 
revealed conformations about the C8--C9 and 
C22--C21 bonds different from those observed by 
X-ray structure analysis. Significant differences 
occurred for the orientation of the peptide and 
carboxylic groups. In the crystalline state the peptide 
oxygen of N-(IAA)-L-Ala and N-(IAA)-L-Val is 
pointing away from the indole plane having a 
(-)antiperiplanar conformation (Klyne & Prelog, 
1960) about the C8--C9 bond (Table 7, Fig. 5). 
However, in the optimized conformer (in the gas 
phase) the peptide group lies astride the indole plane 
as is the case for the inactive N-(IAA)-a-Aib in the 
crystal as well as in the gas phase (Table 7, Fig. 5); 
the conformation about C8--C9 is (-)anticlinal. A 
conformational search on the N-(IAA)-a-Aib mol- 
ecule performed by rotation about the C22--C21 
bond detected three rotamers of nearly equal energy 
(difference < 2.1 kJ mol- i) with torsion angles 0, 179 
and -148 °. Generally, for the compounds studied 
(Table 7) the conformations observed in the solid 
state and those obtained by molecular-mechanics 
optimization are of three categories. The plane of the 
COOH group may be perpendicular to the 
N22---C22 bond [(+)anticlinal conformation about 
the C22--C21 bond] or parallel to it [(-)synperipla- 
nar and (_+)antiperiplanar conformations]. In solu- 
tion, at physiological pH, the carboxylic group is 
deprotonated and a 180 ° rotation does not result in a 
new conformer. The biologically active N-(IAA)-L- 
Ala and N-(IAA)-L-Val showed (--)antiperiplanar 
conformations in the crystalline state, but (+)anticli- 
nal conformation in the optimized conformers (in the 
gas phase). For N-(IAA)-a-Aib the orientations of 
the carboxylic group in the solid state and in the 
optimized molecule in the gas phase were not sig- 
nificantly different. Simulation of the molecular con- 
formation of N-(IAA)-L-AIa on the N-(IAA)-a-Aib 
molecule already optimized by molecular mechanics 
ended with a conformation close to that obtained by 
the minimization of the original N-(IAA)-a-Aib 
X-ray conformer. 

Discussion 

A number of N-(indol-3-ylacetyl)amino acids have 
been tested as sources of auxin in tissue culture 
systems such as tomato hypocotyl explants and 
tobacco and Solanum nigrum callus (Hangarter, 
Peterson & Good, 1980;  Magnus, Nigovi6, 
Hangarter & Good, 1992). The response to those 
conjugates varied widely depending on the amino- 
acid moiety. This has been ascribed to differences in 
uptake, in sensitivity to degradation by peroxidases 
(Park & Park, 1987) and (di)oxindole-forming 
enzymes (Tsurumi & Wada, 1986), in the rates of 
hydrolysis to free IAA (Hangarter & Good, 1981), 

C 3 - - C 8 - -  C 9 ~ 0 9  

X- ray M M 

C 3  C 3  1+ 
0 9  

N- (IAA)-t.-Ala 

C 3  C 3  

o19  
0 9  

N- (IAA)-L-Val 

C 3  C 3  

o:1  
0 9  

N- (IAA)-a-Aib 

Fig .  5. N e w m a n  p r o j e c t i o n s  a b o u t  t h e  C 8 - - - C 9  b o n d  i l l u s t r a t e  

d i s t i n c t  o r i e n t a t i o n s  o f  p e p t i d e  o x y g e n  in t h e  c r y s t a l l i n e  s t a t e  
a n d  o p t i m i z e d  c o n f o r m e r s  in a g a s  p h a s e .  
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and in p e r  se  bioactivity of the conjugates (Han- 
garter, Peterson & Good, 1980; Magnus, Hangarter 
& Good, 1992). The relative significance of these 
factors appears to be tissue dependent and so far can 
not be analyzed in all its complexity. However, at 
least for tomato hypocotyl explants, experimental 
evidence suggests that most of the differences in the 
overall growth-promoting activities of IAA-amino- 
acid conjugates (not necessarily all subtle effects on 
organogenesis) are correlated to their rates of hydro- 
lysis to the free hormone (Hangarter, Peterson & 
Good, 1980; Hangarter & Good, 1981). We focus 
therefore, on this aspect in an attempt to rationalize 
the drastic difference in activity between N-(IAA)-L- 
Ala and N-(IAA)-L-Val on one hand, and N-(IAA)- 
D-AIa and N-(IAA)-a-Aib on the other. 

Hydrolase activity towards the L-alanine conjugate 
has, in fact, been demonstrated in bean internodes, 
but not charcterized in sufficient detail (Bialek & 
Cohen, 1984). Generally, N-acylamino acids "are 
cleaved by some proteases, mostly carboxypeptidases 
and acylases, which have been isolated from a variety 
of microorganisms and from plant and animal tissues 
(Hanson, 1966;  Lorand, 1976; Fersht, 1977; 
McDonald & Barrett, 1986). While the organization 
of the active sites in these enzymes varies in many 
details, the evidence available so far suggests that the 
following structural features are usually important: 
(a) a catalytic centre which cleaves the peptide bond 
and (b) auxiliary sites which interact with other 
topological elements of the peptide thus contributing 
to substrate and chiral specificity. For example, in 
the particularly well studied carboxypeptidase A 
from bovine pancreas (i.e. Fersht, 1977), an arginine 
(Arg145) residue functions as an auxiliary site in the 

COOH COOH 
! ! 

H ..... C ..... NH HN ..... C ..... H 

CH a CH3 
N-IAA- L-AIa N- IAA- D-AIa 

COOH COOH 
! ! 

H ..... C ..... N H  N H  ..... C ..... C H  3 

~ CI-I 3 

N- IAA-L-Val N-IJ~O~-o~-Aib 

Fig. 6. The environments of chiral centres (C22) in the biologically 
active analogues N-(IAA)-L-Val, N-(IAA)-L-AIa, and inactive 
D-Ala conjugate with prochiral centre in the inactive N-(IAA)- 
a-Aib. 

above sense in that it binds the C-terminal carboxyl 
group of the substrate. This is essential (peptides 
lacking that group are not hydrolyzed) for proper 
alignment of the adjacent peptide bond with the 
catalytic centre consisting, in this particular case, of 
(1) complexed Zn 2+ which binds the carbonyl 
oxygen and (2) a glutamine (Glu270) carboxylate ion 
and a tyrosine (Tyr248) hydroxyl group which then 
cleave the peptide bond by concerted acid-base cata- 
lysis. Comparative conformational analysis of m- 
(IAA)-a-Aib and the two biologically active conju- 
gates (Table 7, Fig. 6) revealed obvious differences 
concerning the preferred rotamer of the carboxyl 
group with respect to the C21---C22 bond. This can, 
however, be of little significance for affinity to a 
carboxyl-recognizing auxiliary binding site of a plant 
peptidase, which would be expected to function at a 
pH at which the carboxyl group of IAA-amino-acid 
conjugates are dissociated (deprotonized). The two O 
atoms present would thus be equivalent, and a half- 
turn (approximately) about C 2 1 i C 2 2  would not 
lead to a substantially different conformation. The 
difference between N-(IAA)-a-Aib and the two bio- 
logically active conjugates concerning the dihedral 
angle C9--N22--C22--C21 should, however, influ- 
ence alignment of the peptide bond with the catalytic 
centre and thus the rate of hydrolysis. Inverse con- 
figuration at the chiral centre of N-(IAA)-AIa (Fig. 
6) should have a similar effect. For instance, both 
carboxypeptidase A and acylase I from hog kidneys 
can cleave certain N-acyl-o-alanines, but at a much 
lower rate than their L-isomers (Hanson, 1966). Thus 
it is interesting to note that N-(IAA)-D-Ala is not 
completely devoid of biological activity, but supports 
growth in plant tissue culture to a much lesser extent 
than its L-isomer (Hangarter, Peterson & Good, 
1980). In N-(IAA)-a-Aib substitution of C22 by two 
methyl groups appears to impose steric hindrance on 
the interaction of the neighbouring peptide NH with 
the catalytic centre of the hydrolyzing enzyme. 
Acylase I from hog kidneys cleaves N-acetyl-a-Aib 
and N-acetyl-D-Ala at about the same very slow rate 
(Hanson, 1966). 
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