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STRUCTURAL FEATURES OF CARROT a-TUBULIN PREDETERMINING
THE NATURAL RESISTANCE TO DINITROANILINE HERBICIDES

Aim. To explain the natural resistance of Dau-
cus carota L. to dinitroaniline herbicides. To clarify
features of the carrot a-tubulin that may affect for-
mation of the ligand-protein complex based on the
structural and electrostatic analysis of the ligand-
binding site. Methods. Reconstruction of the spatial
structure of a-tubulin from D. carota and Toxo-
plasma gondii using profile (Swiss-Model) and de-
novo (AlphaFold2) modeling. Molecular dynamics
(MD) simulations of the built 3D-models in
Gromacs. Analysis of the molecular electrostatics
with PDB2PQR/APBStools. Visualization and anal-
ysis of molecular structures in PyMOL. Results. It
has been shown that along with the typical positive
charge of the dinitroaniline-binding pocket, al iso-
types of carrot a-tubulin demonstrate negatively
charged regions that may cause conflicts with the ni-
tro-groups of the ligands. Also, the MD-stable nega-
tively charged "bridge" between Cys316 and the
aryl-fragment of Phe255 was observed in all a-tubu-
lin isotypes. In our opinion, it not only competes
with the cyclic fragment of dinitroanilines, but over-
al prevent the opening of the site pocket in carrot a-
tubulin. Conclusions. It was clarified that natural re-
sistance of D. carota to dinitroaniline herbicides
may be associated with steric and electrostatic con-
flicts observed in in all a-tubulin isotypes. In our
opinion, it prevents interaction with dinitroaniline
compounds at the stage of primary site recognition
on the early stages of protein-ligand complex for-
mation.

Key words: a-tubulin, dinitroanilines, herbi-
cides, resistance, trifluralin, microtubules.

Dinitroaniline herbicides (DH) belong to
compounds whose primary mechanism of action is
associated with depolymerization of microtubules
(MT), and commonly known as root or mitotic dis-
rupter herbicides [1, 2]. In general, they used as pre-

emergence, surface-applied herbicides that block the
anisotropic growth of plant cells [2]. DH are widely
used as pre-planting and pre-emergence herbicides
to control annual grasses and broadleaf weeds in a
variety of crops, orchards, vineyards, lawns and
around ornamental plants by selectively influencing
the physiological growth processes [2]. 2,6-Di-
nitroanilines compounds can also be used as an al-
ternative to colchicine to induce polyploidy in plants
[3, 4]. Despite being identified as pollutants, deriva-
tives of 2,6-dinitroanilines (e.g., trifluralin, ethalflu-
ralin, pendimethalin, oryzalin, etc.) have low aque-
ous solubility, are not volatile and these compounds
have low mammalian toxicity and carcinogenic po-
tential [5].

2,6-Dinitroaniline compounds are known in-
hibitors of MT organization in protists and higher
plants. Based on this, carrot (Daucus carotal.) isa
notable example of natural resistance to DH. Immu-
nofluorescence and electron microscopy showed
that carrot root microtubules are unaffected by di-
nitroaniline treatment [6]. Dinitroaniline herbicide
pendimethalin was mentioned as one of the herbi-
cides used on carrot, however, this herbicide has ac-
tually been tested as for seed treatment at the
dormant stage, and these tests confirmed that in the
case of combination of pendimethalin with ox-
yfluorfen (diphenyl-ether herbicide) there were no
visual effects on carrot seedlings [7]. At the same
time, oxyfluorfen, used for broad-spectrum pre- and
post-emergence control of annual broadleaf and
grass weeds, caused necrotic spots on carrot leaves
that were visible at 6 and 28 days after application
but were no longer visible 42 days after applica-
tion [7]. Differences in mechanisms of action ex-
plain the observed effect of oxyfluorfen and the lack
of it in the case of pendimethalin [7]. Therefore, to
date, there is no reliable information that any of the
2,6-dinitroanilines have a herbicidal effect on carrot.
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The fact that dinitroanilines interact specifi-
cally with a-tubulin was demonstrated more than 20
years ago [8]. However, in the case of dinitroaniline
compounds, the specification of binding site has
been a subject of in-depth studies for a long time [1,
8-12]. It suggests that the resistance of carrot to DH
is most likely associated with the structure and
amino acid composition of the binding site, which
demonstrate the ligand-induced nature of the pocket
and exist in active and apo-form [12]. As a result of
previous studies, certain variations in the residues
forming the site pocket (a. a. within 6 A from the
ligand cluster) were revealed. At the same time, we
did not find significant steric deviations between the
structures of a-tubulin isotypes, when comparing the
coordinates of Ca-atoms (RMSD<1) [13]. However,
it should be noted that the el ectrostatic component of
the protein-ligand interaction can also have a signif-
icant impact on primary site recognition and com-
plex formation [12]. Therefore, the objective of cur-
rent research wasthe analysis of electrostatic state of
D. carota a-tubulin, and clarification of possible dif-
ferences in the electrostatics and structure of the tar-
get site. We hope that the results of this study will
contribute to clarification of cell molecular mech-
fnisms of the natural resistance of D. carota to 2,6-
dinitroanilines.

Materials and methods

Due to the absence of experimental structures
of carrot a-tubulin in the RCSB Protein Data Bank
(www.rcsb.org), the objects of structural research
were sequences and structural models of D. carota
a-tubulin isotypes specified based on our prelimi-
nary revision of genomic and proteomic infor-
mation [13]: UniProtKB (www.uniport.org), Gen-
Bank (www.ncbi.nlm.nih.gov/genbank/), as well as
specialized genomic projects USDA ARS Carrot Ge-
nome Project and European Nucleotide Archive
(https://plants.ensembl.org). Based on gene loci in-
formation (chromosome, nucleotide coordinates and
direction), 8 a-tubulins were identified: TBA1 (Uni-
ProtKB: AO0A162B2L38), TBA2/TBA
(Q9FT36/A0A3G2K878); TBA3 (A0OA162AKEG);
TBA4 (AO0A165YBU4), TBAS5 (A0A164Y0E4),
TBA6 (AOA161XEE0), TBA7 (A0A164VQB6),
TBAS8 (A0OA164U182) [13].

Visudization, analysis, alignment of struc-
tures and Site specification were processed in
PyMOL  V.2.54  (Schrodinger, LLC -
www.pymol.org). The contribution of electrostatics
was analyzed using the PDB2PQR/APBS server
(https://server.poissonboltzmann.org/pdb2pgr) and

PyMOL plugin APBS Tool2.1 [14] with pKa param-
eters: pH=7.0 and CHARMM ff parameterization of
report file. Additional analysis of interaction was
performed with BIOVIA Discovery Studio 2021 Cli-
ent (https://biovia-discovery-studio-2021-cli-
ent.software.informer.com/).

The analysis of the dinitroaniline-binding site
region was based on the binding model, proposed for
Toxoplasma gondii Nicolle & Manceaux [12]. Due
to the ligand-induced mechanism of site formation,
it was necessary to study all T. gondii and carrot a-
tubulin isotypes in open and closed conformations.
The closed (inactive) forms were constructed with
AlphaFold2 (https://alphafold.ebi.ac.uk), while open
conformations were constructed with Swiss-Model
server (https://swissmodel .expasy.org) based on pre-
viously model ed homologous complexes as the tem-
plates. Open conformations of a-tubulins were also
compared with the RCSB Protein Data Bank struc-
ture 5fnv (DOI: 10.2210/pdb5FNV/pdb) of Gallus
gallus Linnaeus (a-tubulin-pironetin complex),
which was used for prediction of the dinitroaniline
sitein T. gondii [12].

Docking of ligandswas processed with CCDC
GOLD Suite (CSD-Discovery Suite 2023.2 CSD
Release, License Agreement N. 021554/2023/1)
[28]. Intotal, 10 control complexes with each ligand
were sampled from the stabile regions of the MD tra-
jectory (Gromacs, >50 ns) [15]. Due to the existence
of closed and open conformations of target site, the
template modelling protocols varied. In order to
minimize loca tensions in the 3D-models and for
more natural conformational states, all carrot o-tu-
bulin models were optimized in Gromacs (MD set-
tings. Charmm36ff, Berendsen barostat, solvent
model tip3p and temperature of 310 K) [16].

Results and discussion

Earlier, based on model of T. gondii a-tubulin,
it was revealed that the key factor in the primary
recognition of the target site by dinitroanilinesisthe
electrostatic interaction of their negatively charged
nitro groups with positively charged regions of the
primary protosite [12]. The presence of a similar
positively charged region on the surface of plant a-
tubulin site affected by dinitroanilines was con-
firmed by the analysis of Van der Waalsinteractions
and the charges of the site pocket surface determined
using the APBS service. However, as mentioned ear-
lier, carrot is one of the unique plants that exhibits
natural resistance to DH compounds [6]. To deter-
mine molecular mechanisms that may prevent their
mol ecul es to be placed in binding site, we performed
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asimilar analysis of al carrot a-tubulins. This study
was performed by structural modelling and electro-
static analysis. The electrostatic profiles of the com-
plex of trifluralin with T. gondii a-tubulin were used
asacontrol.

The objects of 3D modelling and structural
and biological studies were the isotypes of carrot a-
tubulin reviled under the previous revision of ge-
nomic and proteomic information [13]. Since no
structures and annotated sequences of D. carota a-
tubulins are currently available, our revision in-
cluded unannotated UniProtKB, related nucleotide
sequences of GenBank, data of genomic projects —
USDA ARS Carrot Genome Resources and Euro-
pean Nucleotide Archive. Based on the locus coor-
dinates (chromosome, nucleotide coordinates and
ORF direction), 8 unique o-tubulin isotypes were
identified: TBA1 (UniProtKB: AOA162B2L38),
TBA2/TBA  (Q9FT36/A0A3G2K878); TBA3

(AOA162AKES6); TBA4 (AOA165YBU4), TBAS
(AOA164Y0E4), TBA6 (AOA161XEEQ), TBA7
(AOA164VQB6), TBA8 (AOA164U182) [19]. In
this study, specified a-tubulin isotypes have become
the subject of an ongoing structural and biological
study.

Today, itisclear that dinitroaniline complexes
with a-tubulin are a very maobile and dynamic sys-
tem, which is abrightly illustrate an example of lig-
and-protein adaptation [12, 13]. Therefore, based on
results of molecular dynamics (GROMACS +
Charmm36ff/TPR3) of solvated trifluralin complex
with a-tubulin of T. gondii, we obtained 100 frames
from the stabilized part of the trajectory. Sampling
complexes from the different MD frames, we tested
surface electrostatics of the site pocket of the stable
Toxoplasma a-tubulin complex formed under the in-
fluence of interaction with trifluralin (Fig. 1).

Fig. 1. Electrostatic state of the dinitroaniline-binding site pocket formed as a result of ligand-induced adaptation.
The model is based on the results [18], using T. gondii a-tubulin as an example. A-F The electrostatic surface of the
pocket of the T. gondii trifluralin a-tubulin control complex site on different frames of the stable molecular dynamics site
of the complex, which was constructed by molecular docking in the CCDC GOLD program.
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In the case of carrot a-tubulin, after 60 ns of
MD, the electrostatic and structura state of the site
pockets of all isotypeswas analyzed (temporal anal-
ysis of MD frames), and the factors that are most
likely to interferewith ligand binding wereidentified
(Fig. 2). Thus, we identified two reasons that, in our
opinion, are the key and make ligand-bind impossi-
ble. Thefirstistheinteraction of amino acid residues
Cys316 and Phe255. According to the results of our
modelling, these amino acidsform akind of "bridge"

that physically prevent entry of the ligand into the
site and pocket formation (Fig. 2 A (1), B). Another
probable factor isthe presence of atypical negatively
charged areasin the site pocket (Fig. 2 A, 2). Webe-
lievethat this causes an electrostatic conflict with the
negatively charged nitro groups of dinitroaniline
(trifluralin). All this is complicated by the impossi-
bility of canonical stacking of cyclic fragments of di-
nitroanilines and Phe255 (Fig. 2 B).

Fig. 2. Electrostatic surface of D. carota a-tubulin models built based on the templ ate with open site and undergo-
ing protein-ligand site pocket deformation provoked by fast MD optimization: A — an example of a site pocket defor-
mation with atransferred control ligand. B — electrostatic interaction between residues Cys316 and Phe255. C-K — elec-
trostatic surface of the site in the case of carrot a-tubulin isotypes 1-8, C-K (TBA1 - TBAS).
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It is important to note that, despite the previ-
ously found variationsin the amino acid composition
of the target DH site in the a-tubulin isotypes of D.
carota, the described structural conflicts areinherent
toall isotypes (Fig. 2 C-K). Most likely, itisthe elec-
trostatic interaction between residues Cys316 and
Phe255 and negatively charged areas in the cavity of
the potential dinitroaniline binding site pocket of a-
tubulin isotypes that are the key reasons of this re-
sistance of D. carota. We believe that this prevents,
if not theinitial recognition of the protosite, then def-
initely complicates the process of ligand-induced
pocket formation, creating obstacles for the deepen-
ing of the ligand, and formation its canonical poses
in the site.

Conclusions

The analysis of the electrostatic and structural
states of the potential dinitroaniline binding site
region allowed us to make assumption on native

resistance of Daucus carota L. to this class of
compounds. First of all, we associate it with
uncommon interaction between a. a. residues of
Cys316 and Phe255, as well as the presence of a
negatively charged arias in the site cavity. We
believe this results in structural conflict obstructing
ligand insertion into the site pocket, and also causes
electrostatic conflict with negatively charged nitro-
groups of dinitroanilines and disrupts canonical n-n
stacking of ligands aryl group and Phe255 in all o-
tubulin isotypes.

The research was performed as the part of the basic
research work of the Institute of Food Biotechnology and
Genomics of Natl. Acad. sci. of Ukraine: # 0120U100937 —
Bioinformatic and molecular-cellular studies of the structure
and functions of plant cytoskeletons.

The molecular docking study was compiled using CCDC
GOLD software, kindly provided by the Cambridge
Crystallographic Data Center (CCDC) as part of a grant from
the Frank H. Allen International Research and Illumination
Program. Allen International Research and Education
Program, FAIRE ) — ID: 21554.

P. 1453-1460.
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CTPYKTYPHI OCOBJIMBOCTI o-TYBYJIHY MOPKBH, 1[0 3YMOBJIIOIOTh HATUBHY CTIMKICTh
A0 IEPBILIAIB AUHITPOAHIJIIHOBOI'O PAY

Mema. TosicHuTu IPUPOAHY CTiKKiCTh MOpkBH (Daucus carota L.) go repOituiB AUHITPOAHITIHOBOTO psiny. 3’ ICyBaTH
0COOIMBOCTI MOJIEKYJ O-TyOyIIiHy MOPKBH, SIKi MOXKYTh BIUIMBATH Ha (OPMYBaHHS JTaHA-OLIKOBOTO KOMILIEKCY, Ha
MIJICTaBl CTPYKTYPHOTO Ta €JIIEKTPOCTATUYHOrO aHAIi3y CalTy 3B’si3yBaHHA. Memoou. PekoHCTpYyKIis MpocTOpoBOi
crpykrypu o-TyOyminy D. carota i Toxoplasma gondii 3a momomororo mpodineHoro (Swiss-Model) i de-novo (Al-
phaFold2) monemoBanns. MonekymsapHa nuHamika (MJ]) moOymoBaHux CTpyKTypHUX Mogmenedt y Gromacs. AHami3
€JIEKTPOCTATUYHOTO CTaHy MOJEKyd 3a npomomoroio iHcTpymeHTiB PDB2PQR / APBS. Bisyamizamis Ta anami3
MOJICKYJISIPHUX CTPYKTYp 3a momoMmororo mporpamud PyMOL. Pesyrbmamu. Tloka3aHo IO MOpsAI i3 XapaKTEPHUM
NO3UTHBHUM 3apsioOM KapMaHy CalTy 3B’S3yBaHHS CIOJYK AMHITPOAHUIIHOBOTO psiAy, Y BCIX paHille BH3HAYEHHX
130TUIIB 0-TyOYJIiHY MOPKBH ICHYIOTh HETaTHBHO 3aps/PKEHI AULTHKH, 31aTHI KOH(IIKTYBaTH 3 OKCU-TPYIIaMH JIITaH/IiB.
Takox, y BCiX i30TuMiB Oyi10 BH3HAa4€HO ()OPMYBaHHS HEraTHBHO 3apsyDKEHOro «Mictky» Mk Cys316 Ta apuibHUM
¢parmentom Phe255, sxuif, Ha Hanly AyMKy, HE JIMIIE KOHKYPY€E 3 HUKIIYHUM (PparMEHTOM JITaHIiB, ale i B LJIOMY
CTBOPIOE TIEPETIOHN ISl PO3KPUTTS KHIIeHi caiity. Bucmnoexu. 3'sicoBano, mo npupoxaHa criiikicte D. carota mo nii
TUHITPOAHUTIHOBUX TepOinumiB Moxke OyTH TOB'sS3aHA 31 CTEPUYHHUMH Ta EIEKTPOCTATHIHUMH KOH(QIIKTAMH, SKi
BHUABIIIOTHCSL Y BCIX i30oTumiB a-TyOymiHy. Ha Hamy noymKy, e Iepemiko/pkae B3aeMOJil i3 CIOIyKaMu
OUHITPOAHUTIHOBOTO DSy Ie Ha eTalli MepBUHHOTO BITi3HABAaHHS CaiTy, TOOTO HalIepIIMX eTamax MOTEHIIIHOTO
YTBOPEHHS KOMIUIEKCY.

Knrouosi crosa: o-TyOymiH, THHITPOAHUTIHOBI CIIOIYKH, TepOINAN, PE3UCTEHTHICTD, TPUQITypaTiH, MIKPOTPyOOUIKH.
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