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This work reports for the first time, the analysis of intermolecular interactions in crystal 
structures of auxin (Indole-3-acetic acid) crystallized as pure sample (Aux-A) or co-
crystallized with transport inhibitor response 1 (Aux-B). Using crystal packing of pure auxin 
and a cluster of residues in a radius of 6 Å around this ligand in the transport inhibitor 
response 1 binding domain, various properties were calculated and mapped on the Hirshfeld 
surface (HS). The HSs of the two molecules are characterized by close parameters of volume, 
area, globularity, and asphericity revealing the efficiency of the considered cluster. The HS 
mapped over descriptors like de, di and dnorm showed red spots corresponding to hydrogen 
bonds contacts. In addition to the shape index and curvedness descriptors, the results 
highlight weak interactions stabilizing the auxin structures. The analyses of electrostatic 
potential, electron density, and deformation density maps confirm the slightly change in the 
electron donor and acceptor groups localization. Furthermore, the molecular fingerprint 
analyses revealed a notable discrepancy in the shape and percentage value of the various 
contacts. Decomposition of the fingerprint shows that the contributions of important 
contacts (H···H, H···O, and O···O) are higher in Aux-B than in Aux-A. Finally, the quantitative 
approach by the determination of the molecular interaction energies of the two structures 
in their respective crystallographic environment revealed that Aux-A is slightly more 
stabilized than Aux-B. 
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1. Introduction 
 

The vitro plants’ production has emerged as an alternative 
way to counterbalance the low germination and multiplication 
observed in some vegetables [1]. It was shown that phytohor-
mones are important molecules implicated in different 
physiological mechanisms in plants [2]. Phytohormones are 
therefore highly essential since they play an important role in 
plants’ growth, development, stress, and defense responses [3]. 
Phytohormones are represented by various families of chemical 
compounds like auxin, abscisic acid, cytokinin, gibberellin, 
ethylene, brassinosteroid, jasmonate, and strigolactone [4-6]. 
Auxin derivatives received special attention thanks to their 
importance in plant grow and development [7-9]. In addition to 
the natural auxin (Indole-3-acetic acid), a variety of synthetic 
derivatives based on the indole backbone are described 
showing the ability to bind to the transport inhibitor response 
1 (TIR1) receptor [10,11]. 

Auxin is recognized to interact with various transporters 
implicated in plants’ physiological processes [12,13]. 
Therefore, the perception, the mechanism, and the role of auxin 
in plants growth and development were explored [14,15]. In 
this line, Tan and coworkers reported the crystal structure of 

the Arabidopsis TIR1-ASK1 complexed with auxin [16]. The 
interactions of auxin with the residues of TIR1 binding domain 
is explored thanks to crystallographic parameters and the 
proximity of functional groups [16]. To get more insight about 
the structural features of that phytohormone, its molecular 
structure was determined thanks to X-ray diffraction analysis 
[17,18]. Recently, Nigovic and coworkers have resolved and 
deposited a novel structure of auxin and performed its DFT 
calculation [19]. Although the chemical structure of auxin is 
described, studies describing the intermolecular interactions 
using contacts, shape, and surface property descriptors are not 
reported at all. In addition, the crystal structure of this ligand 
enclosed in various receptors is reported without using these 
descriptors [16,20]. Indeed, describing contact interactions 
using the Hirshfeld surface has emerged as a powerful way to 
depict close contacts like hydrogen bonds, π-π stabilization, 
acceptor, and donor group localization [21]. In addition, for a 
selected molecule, the contribution of all contacts atom pairs-
wise can be combined to form two-dimensional molecular 
fingerprints that are highly sensitive to the chemical 
environment [22].  
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Figure 1. Molecular structure of the auxin (a) and the cartoon representation of the cluster surrounding the auxin (in magenta) in TIR1 receptor (b). 

 
Analyzing the results provided by these techniques could 

give more information about the interaction features that could 
be helped to correlate contacts, stability, and activity. 

The present work aims therefore to describe the 
interactions observed in the auxin crystal structure and to 
expose its molecular fingerprint. To get more insight about the 
interactions of auxin with transport inhibitor response 1 
(TIR1), this work will also describe and compare the 
intermolecular interactions thanks to contact regions, the 
surface shape, and molecular fingerprint of isolated and co-
crystallized auxin in TIR1. These interactions will be correlated 
to the electron density modification. Finally, the quantification 
of intermolecular energies will be used to complete the charac-
terization of the two structures. 
 
2. Experimental 
 

The Hirshfeld surfaces (HSs) mapped over different 
properties like di, de, dnorm, shape-index, electron, and defor-
mation density, and the 2D fingerprint plots were generated 
using CrystalExplorer 17.5 [23] and the data were obtained 
according to the procedure previously described [24]. The co-
crystal structure of auxin with TIR1 (PDB code 2P1Q, resolution 
of 1.91 Å) retrieved from the protein data bank (PDB) was used 
in the study [16]. The PyMOL software was used for the 
molecular cluster preparation [25]. Briefly, a cluster formed by 
the residues surrounding the auxin ligand was selected and 
saved in pdb format. Hydrogen atoms were added to the 
molecules as well as to oxygen atoms of water molecules using 
the “Add Hydrogen” utility tool in PyMOL. The presence of 
water molecules is maintained to generate different shape and 
contact surfaces. The final pdb file is then converted in a cif file 
to allow analyses with the CrystalExplorer program. The cif file 
containing the crystal structure of pure auxin was retrieved 
from CCDC with the ID:141657 [19]. Electron density, defor-
mation density, and electrostatic potentials map are calculated 
at the B3LYP/6-31G(d,p) level of theory. The interaction energy 
calculation was achieved using the CrystalExplorer software 
within 3.8 Å molecular cluster centering on the selected auxin 
molecule. 
 
3. Results and discussion 
 

The interaction between auxin and TIR1 receptor was 
explored thanks to the co-crystal studies reported by Tan and 
coworkers [16], where the analyses were achieved by 
considering crystallographic parameters and short distances to 
highlight interacting residues. Overall consideration made, the 
hydrogen bonds, noncovalent, Van der Walls contacts and π-π 
stacking are conditioned by a distance shorter than 4 Å [26,27]. 
Hence, in this study, we considered a cluster formed by residues 
and water molecules around the auxin with a radius of 6 Å. In 
that condition, all three space directions are occupied. That 
condition is mandatory to generate a well-defined and concise 

HS [28,29]. The molecular structure of the auxin and the 
cartoon representation of the cluster surrounding the auxin in 
TIR1 are shown in Figure 1. 

Contact descriptors are used in crystallography, DFT, and 
drug discovery analyses to identify the more important 
contacts, interactions, and noncovalent interactions that are at 
the origin of structure stabilization [28]. In this line, short 
contact descriptors like di, de, and dnorm are combined to the 
shape descriptors and surface properties such as the Shape 
index and the electrostatic potential mapped on the Hirshfeld 
surface (HS) to describe the molecular environment of various 
structures [21,22]. HS analysis is therefore a very good way to 
visualize interactions in the solid-state. Molecular HS in the 
crystal structure was built based on the electron distribution 
calculated as the sum of spherical atom electron densities [30]. 

The HS of auxin in TIR1 binding domain by considering the 
cluster was calculated and presented in Figure 2a. The HS is 
characterized by parameters of volume, area, globularity, and 
asphericity of 216.64 A3, 212.52 A2, 0.821, 0.100. The HS 
mapped over the normalized contact descriptor dnorm (Figure 
2b) highlight a red spot on the surface corresponding to 
hydrogen bonds between residues Arg403, Ser438, and Leu439 
and the auxin. These interactions confirm those reported by 
Tan and coworkers [16]. The white and blue regions on the 
surface mapped over dnorm indicate interactions at the distance 
equal and longer than Van der Wall radii, respectively [31]. The 
electron-rich (red) and deficient (blue) domains are identified 
on the HS mapped over electrostatic potential as shown in 
Figure 2c.  

For better visualization and comparison of the different 
surfaces, the residues will be removed from the further 
representtations. The distance from the surface to the nearest 
nucleus external to the surface (de), the distance to the nearest 
nucleus internal to the surface (di), as well as the normalized 
contact distance (dnorm) were calculated to reveal the regions of 
intermolecular interactions on the HS. The surfaces are 
obtained for the isolated pure crystal of auxin (Aux-A) and 
compared to those generated by considering the auxin in TIR1 
(Aux-B). The HSs properties of Aux-A and Aux-B are 
characterized by close values. The values of volume, area, 
globularity, and asphericity are 216.64 Å3, 212.52 Å2, 0.821, and 
0.100, respectively, for Aux-A. These close values reveal that the 
cluster considered for the analyses of Aux-B is efficient to mimic 
the crystallographic environment of the pure form of auxin. The 
results show that the red spots observed around the carbonyl 
oxygen atoms on the surface mapped over di, de, and dnorm, are 
similar for the two compounds. On contrary, the other contacts 
are quite different. These observations could be predicted since, 
in the ligand-binding domain, auxin interactions are governed 
by the residues surrounding the functional groups. The lack of 
red spot localized in the center of the phenyl ring of the HS 
mapped over dnorm of Aux-B reveals that no X···π interaction is 
present.  
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Figure 2. Hirshfeld surface (a) mapped over dnorm (b) and electrostatic potential (c) of the auxin generated by considering a cluster of 6 Å radius in the co-
crystallized auxin-TIR1. 

 
On contrary, the red spots observed around the N-H atom 

confirm the existence of a hydrogen bond with Leu439 [16]. 
The HS can be mapped over other properties color-coded to 

identify weak contacts. The property called shape index is 
sensitive to very subtle changes in surface shape. This property 
is based on the local curvature of the surface due to contacts 
provided by donor and acceptor atoms [32,33]. On the HS 
mapped with shape index of auxin, convex blue regions 
represent donor groups and concave red regions represent 
acceptor groups. The concave red regions localized in the 
middle of the aromatic ring of Aux-A confirm the N-H···π 
interaction with the phenyl group behaving as the acceptor 
group. On the HS of Aux-B, concave red domains are distributed 
on the surface, especially on the indole ring as well as around 
the two oxygen atoms of the acid group. Contrary to Aux-B, only 
one concave red region is observed around the carboxylic acid 
in Aux-A, since in Aux-B the acid group is in carboxylate form. 
This characteristic will be better described by considering other 
properties like electron density, electrostatic potential, and 
electron deformation density. Finally, on HS mapped over the 
shape index of Aux-A and Aux-B, no adjacent blue and red 
colored triangles are observed highlighting the absence of π-π 
ring stacking interaction [34]. This result contrast with that 
reported by Tan and coworkers which suggested that the auxin 
indole ring interacts with the phenyl ring of two TIR1 
phenylalanine residues (Phe79 and Phe82) [16]. 

The existence of various residues surrounding Aux-B are at 
the origin of high curvature domains observed on the HS 
mapped over curvedness. Indeed, curvedness measures ‘‘how 
much shape’’ property could be obtained and mapped on the HS 

as shown in Figure 3 [35]. Curvedness property identify on the 
surface, patches associated to different molecule-molecule 
close contacts as regions in green divided by blue boundaries. 
On HS mapped over curvedness of Aux-B, many curvatures 
domains (high values of curvedness) divide the surface into 
patches that could be associated with low and directional 
interactions with other neighbor molecules. For Aux-A, the 
N−H···π interaction is evidenced by the presence of a flat 
domain with a light blue point in the center of the patches 
localized on the phenyl ring. 

Interactions and reactivity of the inhibitor are generally 
linked to the electronic properties, electron distribution, and 
electrostatic forces. To get more insight about the localization 
of reactive groups in auxin, these properties were calculated at 
the B3LYP/6-31G(d,p) level of theory and mapped on the 
Hirshfeld surfaces (Figure 4). 

Literature data reveals that the electrostatic potential 
property mapped on HS could provide direct insight onto 
intermolecular interactions in crystals with a quantitative 
evaluation of the electron-rich and electron-deficient sites. The 
blue and red colors on the surface indicate the positive and 
negative potentials, respectively [36]. Contrary to Aux-B where 
the negative potential in mainly localized on the carboxylate 
oxygen group, in Aux-A, the negative potential is localized on 
the C=O oxygen atom and partially diffused on the heterocyclic. 
Moreover, electron deficiency is observed on N-H and O-H 
hydrogen atoms in Aux-B and Aux-A respectively (Figure 4). 
These results suggest that the reactivity of the two forms could 
not be efficiently predicted base on the calculation made using 
only data from Aux-A.  
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Figure 3. The Hirshfeld surface of auxin mapped over di in the range 0.6523 to 2.5427 Å, de in the range 0.6510 to 2.4436 Å, dnorm in the range −0.7370 to 1.2144, 
Shape index (−1 to +1) and curvedness (−4 to +4). 
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Figure 4. Hirshfeld surface mapped over electrostatic potential, electron density and deformation density of Aux-A (left) and Aux-B (right) in the range of -0.0866 
to 0.2480 au. 
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Figure 5. Full and decomposed 2-dimentional molecular fingerprint plots of Aux-A and Aux-B. 
 
In addition, the existence of more blue spots in the HS 

mapped over the electron density showed that in Aux-B one can 
predict on these regions short contacts derived by electrostatic 
forces. 

The effect of molecular environment leads to the 
perturbation of the electrostatic potential that can be described 
thanks to the deformation density surface analysis. Indeed, the 
deformation density that is defined as the difference between 
the total electron density of a molecule and the electron density 
of neutral spherical unperturbed atoms superimposed at the 
same atomic positions of the molecule [37] is calculated at 
B3LYP/6-31G(d,p) level of theory and mapped on the HS. The 
surface displays blue (positive) regions corresponding to local 
increase of electron density whereas red (negative) spots allow 
to depict the decrease of this density. On the COOH hydrogen 
atom of Aux-A and NH hydrogen atom of Aux-B, it appears an 
increasing of the electron density since these hydrogen atoms 
are implicated in hydrogen bonding. In contrary, all oxygen 
atoms of the carboxylate group in Aux-B are subject to electron 
density decrease. 

Whether organic compound crystallized as pure sample or 
crystallized in receptor binding domain, the intermolecular 
contacts induce deformation of electron density, structural 
conformation modification and stabilization. For a best 
description and measure the weight of the different contacts, 
the molecular fingerprint is generally used. Indeed, the de and di 
are combined to generate a 2D histogram named molecular 
fingerprint (FP) plot [38,39]. Due the molecular diversity in the 
immediate environment, the fingerprint of a selected molecule 
is unique. Therefore, the full and decomposed fingerprint plot 
is used to understand short interactions and allow better 
comparison. 

The molecular FP of Aux-A and Aux-B are reported on 
Figure 5. Analysis of these results showed notable discre-
pancies. In addition to the general shape, the domain of the 
fingerprint in the region of de and di higher that 1.4 Å is clearly 
different. To get more insight about these discrepancies, the 

decomposed fingerprints are obtained and analyzed. The 
results show that full and decomposed fingerprints shape and 
contribution percentage are different. The shape of H···H 
contact histogram shows grouped pixels in the region of de and 
di from 1.2 to 2.2 Å with a contribution percentage of 40.8% for 
Aux-A in contrary to a more spread out histogram for the same 
contact in Aux-B. For Aux-B, the H···H contact shows higher 
percentage (49.5%) probably due to the diversity of hydro-
phobic contacts with hydrogen atoms of the residues forming 
the TIR1 ligand binding domain. The H···O contacts FP 
component results confirm the discrepancy observed although 
the plot shape in the region of de and di between 1 to 1.6 Å seems 
to be the same for the two molecules. The slightly higher 
percentage of H···O contacts in Aux-B (21.1%) can be attributed 
to hydrogen bonds in addition to those provided by the two 
oxygen atoms of the carboxylate group and water molecules. 
The increasing of the percentage of H···H and H···O contacts in 
Aux-B reduces that of H···C interactions, giving 30% and 20.2% 
for Aux-A and Aux-B respectively. The contribution of O···O 
contacts obtained for Aux-B is almost the double of that 
observed in Aux-A highlighting the additional contribution of 
co-crystallized water molecules (Figure 2b). Other important 
contacts are shown in Figure 5. Altogether, these results 
suggested that the molecular FP of the isolated drug could be 
notably different from that obtained for the drug co-crystallized 
with a receptor. These observations could be attributed to 
conformational change, diversity of neighboring and the 
presence of water molecules. 

Although the values of the decomposed molecular finger-
print components give a pseudoquantitative weight of the 
various types of contacts, the calculation of the interaction 
energy profile of the two structures could help to get better 
understand about the stabilization features [40-42]. Therefore, 
the intermolecular interaction energies for Aux-A and Aux-B 
are calculated using HF/3-21G level of theory energy model 
available in Crystal-Explorer (CE) functionality [23].  
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Table 1. Color coded interacting molecules with Aux-A [Interaction energies components (E), rotational symmetry operations with respect to the reference 
molecule (Symop), the centroid-to-centroid distance between the reference molecule and interacting molecules (R) as well as the number of pair(s) of interacting 
molecules with respect to the reference molecule (N)]. 

 

Color N Symop R Eele Epol Edis Erep Etot 

 2 x, -y+1/2, z+1/2 5.31 -3.2 -2.9 -27.7 18.2 -15.4 

 1 -x, -y, -z 9.93 -3.0 -0.3 -2.9 0.2 -5.7 

 2 -x, y+1/2, -z+1/2 8.36 -2.0 -1.6 -11.5 3.6 -10.6 

 1 -x, -y, -z 8.62 -128.4 -40.2 -12.6 116.0 -74.3 

 2 x, y, z 5.18 -7.2 -5.2 -25.2 10.5 -25.0 

 2 -x, y+1/2, -z+1/2 10.08 -1.9 -0.3 -8.4 4.2 -6.3 

 1 -x, -y, -z 9.34 -3.0 -0.7 -8.4 2.6 -9.0 

 2 x, -y+1/2, z+1/2 5.55 -33.4 -10.6 -24.8 27.8 -40.7 

 1 -x, -y, -z 10.80 1.3 -0.2 -1.7 0.1 -0.4 

Total   -180.8 -62.0 -123.2 183.2 -187.4 

 
Table 2. Color-coded interacting molecules with Aux-B [Interaction energy components (E), the centroid-to-centroid distance between the reference molecule 
and interacting molecules (R), as well as the number of pair(s) of interacting molecules with respect to the reference molecule (N)]. 

 

Color N  R Eele Epol Edis Erep Etot 

 1  5.83 -121.0 -62.3 -42.5 53.9 -158.4 

 1  7.95 -13.6 -4.1 -14.1 9.6 -21.5 

 1  9.13 -9.7 -4.8 -10.4 2.0 -20.8 

 1  5.42 38.3 -6.6 -3.4 10.5 40.2 

 1  7.79 2.0 -1.1 -13.0 4.5 -6.7 

 1  6.56 -2.6 -0.2 -0.9 0.0 -3.7 

Total -106.6 -79.1 -84.3 80.5 -170.9 
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The total intermolecular energy Etot (kJ/mol) relative to the 

reference auxin molecule (in black in Tables 1 and 2) is the sum 
of energies of four main components, comprising electrostatic 
(Eele), polarization (Epol), dispersion (Edis) and exchange-repul-
sion (Erep) [43] with scale factors of 1.019, 0.651, 0.901 and 
0.811, respectively [44]. As shown in Tables 1 and 2, upon 
completion of the energy calculations, the interacting molecules 
are color-coded to uniquely identify them with the energy and 
energy components. 

The results gave total interaction energy of -187.4 and -
170.9 kJ/mol for Aux-A and Aux-B, respectively. It appears that 
the Aux-A is more stabilized in the pure crystal form than in the 
binding domain of TIR1. In the crystal structure of Aux-A, the 
packing around the selected molecule is based on the 
symmetrical arrangement in the three-dimensional direction. 
The stacking derived therefore from a very well organization of 
the molecules leading to high stabilization. In addition, 
Hirshfeld surface analyses reveal N−H···π stabilizing interac-
tions in Aux-A crystal structure that are in contrary absent in 
Aux-B/TIR1 contacts. On the other hand, the environment of 
Aux-B is mainly defined by the binding domain volume, shape, 
and functional groups orientation. The geometrical constraints 
of the residue loop in TIR1 could reduce the stabilization of Aux-
B. Nevertheless, these energies values reveal that the 
interactions of Aux-B with TRI1 residues are much strong to 
stabilize the structure with the energy tending to that of the 
pure form. Whether considered a form of auxin, it appears that 
the main contribution in the total energy (Tables 1 and 2) 
comes from Eele (-180.8 and -106.6 kJ/mol for Aux-A and Aux-B, 
respectively). 
 
4. Conclusion 
 

A novel approach to study and described intermolecular 
interactions in the crystal structure of pure auxin and in the 
auxin-TIR1 co-crystal is present in this work. A cluster 
consisting by residues around the auxin in the radius of 6 Å 
obtained from the auxin-TIR1co-crystal allowed very good 
consideration of all potential interactions. The interactions are 
analyzed using contact descriptors, shape, and electronic 
properties. Results revealed that interactions in the solid-state 
crystal environment are different when comparing the pure or 
co-crystallized auxin structure. Interestingly, although the 
contact descriptors of de, di, dnorm, shape index, and curvedness 
revealed various contacts and confirmed previous studies, the 
results we present does not show the existence of any π-π 
stacking in the auxin co-crystallized in TIR1. The HS mapped 
over the electrostatic potential surface highlights that the 
carboxylate form of auxin provides a localized electron-rich 
domain observed around the oxygen atoms. Using molecular 
fingerprint, the present study suggested that when co-
crystallized in the receptor, the H···H, H···O, and O···O 
interactions contribution in the overall contacts increase due to 
the diversity, the variety of residues and water molecules. 
Quantitative interaction energy calculations showed that the 
Aux-A is slightly more stabilized than Aux-B. The interaction of 
Aux-B with TIR1 is therefore sufficient to stabilize this ligand, 
justifying its ability to bind to the transport inhibitor response 
1. Finally, this work exposes a novel way to understand and 
enhance the comprehension of interactions in the crystal state 
of auxin. Thanks to this information, a comparison between 
other auxin derivatives in receptors should be further 
performed in view to correlate the interaction energy and to 
identify specific contacts that could enhance the activity of 
these phytohormones. 
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