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Abstract

Auxin/IAA (Indole-3-acetic acid) plays critical roles in many aspects of plant growth
and development. Gretchen Hagen 3.1 (GH3.1) enzyme from grapevine (Vitis vinifera)
catalyzes the ATP-dependent conjugation of aspartate to IAA suggested a significant
way to modulate levels of cellular auxins/[AA. It is reported that VVGH3.1 prefers
IAA as substrate than 1-naphthaleneacetic acid (NAA) and benzothiazole-2-oxyacetic
acid (BTOA), whereas the detailed interaction mechanism of these substrates remains
unclear. In this study, based on the recently reported crystal structure of VVGH3.1 and
AtGH3.12, the open form of VvGH3.1 was built. Then combined computational
techniques including molecular docking, molecular dynamics (MD) simulations,
Molecular Mechanics Generalized Born Surface Area and Poisson—Boltzmann
Surface Area (MM-GB/PBSA) methods and active site access channel analysis were
utilized to investigate binding mechanism of three substrates, IAA, NAA and BTOA,
and dynamic behaviors of GH3.1 induced by substrate binding. The predicted binding
free energy is in agreement with the experimental work with an order of [AA < NAA
< BTOA. Key residues interacting with three substrates and residues specifically
binding to one of them were identified. The strong hydrogen bond interaction formed
between TAA and Ser108, Ser339, GIn560 makes it the best substrate over NAA and
BTOA. The dynamic behaviors, especially in the dominant access channels of IAA
and NAA bound GH3.1 were found to be different from those in BTOA-GH3.1
system with larger bottleneck radius and shorter length. This study provided novel
insight to understand the substrate selectivity mechanism of GH3.1 and also for the

rational design novel auxin-based herbicides and growth regulators.
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Introduction

Auxins, such as indole-3-acetic acid (IAA), are a class of essential plant hormones
which modulate diverse growth and development processes, including elongation and
division of cells, tropic responses, vascular development, response to biotic and
abiotic stimuli, lateral branching of shoots and roots and fruit development'>. Cellular
auxin/IAA levels and their activity can be altered by various ways. The increasing
evidence suggests that conjugation reactions play an important role in these regulatory
processes”®. Members of Gretchen Hagen 3 (GH3) family can catalyze amino acid
conjugating to excess IAA to maintain auxin homeostasis’. GH3 enzymes belong to
adenylating firefly luciferase (ANL) enzyme superfamily®, terms as acyl acid-amido
synthetases enzyme found in many plants species. Based the sequence similarities and
substrate specificities, GH3 family is classified into 3 groups, group I adenylates
jasmonic acid (JA), group II adenylates IAA and salicylic acid (SA) and group III
adenylates benzoates, respectively™’. Several GH3 enzymes can join IAA to different
amino acids to conduct further reaction. For example, IAA-Asp and [AA-Glu
conjugates can be oxidative decomposed. IAA-Ala and TAA-Leu conjugates tend to
be converted into hydrolyzed metabolic to release free IAA'"'%. The catalytic reaction
includes two steps: adenylation and transferase reaction”® '*"'7 in which ATP binds
first followed by IAA and generation of an adenylated IAA intermediate,
subsequently reacting with an amino acid to yield the IAA-Amino acids
conjugates'*'%.

Gretchen Hagen 3.1 (GH3.1) enzyme from grapevine (Vitis vinifera) catalyzes the
ATP-dependent conjugation of aspartate to [TAA suggested a significant way to
modulate levels of cellular auxins/[AA, thus modulating the initiation of grape berry
ripening® °. Tt is reported that VVGH3.1 prefers IAA as substrate over the synthetic
auxin analogues NAA and BTOA', whereas the detailed interaction mechanism
between these substrates with the GH3.1 enzyme is still not clear”. The crystal
structures of two Arabidopsis proteins (AtGH3.12/PBS3 and AtGH3.11/JAR1)

provide new insights to understand how these enzymes modify plant hormones and
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reflect two major conformations of these enzymes during the reaction process, open
and close form?'. Another crystal structure of GH3.1 from grapevine reveals a
different hydrophobic site to accommodate the auxins®’. But this structure was
determined with an inhibitor (adenosine-5’-[2-(1H-indol-3-yl)ethyl]phosphate [ AIEP])
that mimics the adenylated intermediate of the IAA conjugation reaction, thus in a
close form. Zubieta et al. subsequently reported another crystal structure of AtGH3.12
in the close form in complex with the ATP analogue AMPCPP and salicylate, which
indicated the flexibility of these enzymes during the reaction®. To sum up, the open
conformation is crucial for the initial ATP and hormones binding. After that, the ATP
and hormones are positioned in a properly productive binding model. Subsequently,
the adenylation reaction is performed and the enzyme adopts a close conformation for
the second half-reaction®' . To better understand the substrate binding mechanism,
the open form was built based on the structure of VVGH3.1 and AtGH3.12. The
GH3.1 structure contains two domains (Fig. 1): a large N-terminal domain includes a
barrel and two sheets flanked by helices and a small C-terminal domain consists of a
single four-stranded sheet sandwiched by two helices on each side. The active site is
located at the interface of the two domains, linked by a flexible hinge loop between
16 and al16, which is supposed to pivot the C-terminal domain during the two-step
catalytic reaction.

Davies et al. also performed molecular docking to explain the substrate selectivity
mechanism of VvGH3.1 based on the close form™, which provide limited information
for substrate binding and reacting. In view of the two-step reaction mechanism and
the flexibility of GH3 enzymes, investigation of the structural and dynamic basis of
the open form of VvVGH3.1 and binding modes with substrates would provide more
interesting information to understand the function of this enzyme. In the present study,
the open state conformation of VvGH3.1 was constructed based on the crystal
structure of VVGH3.1 and AtGH3.12. The detailed binding interaction mechanism
between three substrates: IAA, NAA, BTOA and GH3.1 were investigated by
molecular docking, molecular dynamics (MD) simulations and Molecular Mechanics

Generalized Born/Poisson—Boltzmann Surface Area (MM-GB/PBSA) methods.
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Moreover, active site access channel analysis was performed to identify the possible
pathways that are considered to be essential for substrate ingress and egress from the
active site to the surface of the enzyme. Our results clearly identified critical residues
responsible for substrate binding and the major access channels for substrate access.
We expect that our study can be useful to understand the selectivity mechanism of
GH3.1 and also for the rational design novel auxin-based herbicides and growth

regulators.
Materials and Methods
Construction of simulation systems

The crystal structure of an inhibitor (AIEP) bound to the VVGH3.1 (PDB ID: 4B2G)

was obtained from the RCSB Protein Data Bank** %

. Since the open state of
VvGH3.1 was not available, we used the crystal structure of AMP-CPP (ATP analog)
in the AtGH3.12 from the Protein Data Bank (PDB ID: 4EWYV) as a reference
structure to build the open state of VVGH3.1. The chain A of 4EWYV was chosen as
the template (protein sequence identity = 49.37%). The SWISS MODEL server’®?
was used for building of the C-terminal domain of VVGH3.1 (residue 435-586), which
was incorporated to the N-terminal domain of 4B2G (residue 16-434). Then the

structure was refined to eliminate the bad contact.
Molecular docking

To investigate the binding interaction between substrates and the open state
conformation of the GH3.1 enzyme, molecular docking was carried out using
Autodock vina program™. The 3D structures of IAA, NAA and BTOA were sketched
and geometry optimization was performed by Discovery Studio®’. AutoDock tools
(ADT) was then used to prepare the ligand and protein (deleting all water molecules,
adding polar hydrogens and assign atoms charges). The grid center was defined by the
position of AIEP in the crystal structure of 4B2G. The searching space size was set to
10 A. The exhaustiveness of the global search was set to 1000. The maximum energy

difference between the best binding mode and the worst one was set to 5 kcal/mol.
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The poses were selected according to the position of AIEP in 4B2G. Three
complexes, GH3.1-IAA, GH3.1-NAA and GH3.1-BTOA were obtained.

Molecular Dynamics Simulation

On the basis of the molecular docking, five systems, including the GH3.1-Apo,
GH3.1-ATP, GH3.1-ATP-IAA, GH3.1-ATP-NAA and GH3.1-ATP-BTOA were
subjected to MD simulations. The force field parameters for the three substrates were
generated with the use of Antechamber program from Amberl0 package, using
General Amber Force Field (GAFF)* and restrained electrostatic potential (RESP)
partial charges™. Geometric optimization and the electrostatic potential calculations
were performed at the HF/6-31G* level of Gaussian09 program®*. Standard AMBER
ff03 force field® *® was assigned to the protein and General Amber Force Field
(GAFF) was assigned to the ligands. The force field parameters for Mg2+ ion and ATP

were download from Amber parameter database®” *®

. The protonation state of
ionizable residues was set at the default value for PH 7. Na" ions were added to
neutralize the overall system. Each system was embedded in a rectangular box of the
TIP3P water molecules™, keeping 10 A distance away from any solute atom to the
boundary.

Before the MD simulations, molecular mechanics optimizations were employed to
relax the system using the sander module in AMBER10 by three steps: first, the water
molecules and ions were relaxed by restraining the protein with a harmonic restraints
of 5 kcal/mol/A® (5000 cycles of steepest descent and 5000 cycles of conjugate
gradient minimizations); second, the side chains of the protein were relaxed by
restraining the backbone of the protein (5000 cycles of steepest descent and 5000
cycles of conjugate gradient minimizations); third, the whole system was relaxed
without any restraint (5000 cycles of steepest descent and 5000 cycles of conjugate
gradient minimizations). After the minimization, each system was gradually heated
from 0 to 300 K within 100 ps with the backbone of proteins restrained (5 kcal/mol/A?)
in the NVT ensemble. Then, the systems were relaxed within 1.05 ns from 5 to 0

kcal/mol-A? in the NPT ensemble. Finally, a total of 60 ns were simulated to produce
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trajectories. The covalent bonds to hydrogen atoms were constrained using SHAKE
algorithm®” and the Particle Mesh Ewald (PME) method*' was employed to calculate
long-range electrostatic interactions. The real space cutoff was set at 10.0 A, the same
as for van der Waals interactions. The grid-spacing and convergence criteria of PME
calculation was set to 1 A and 0.100E-04 respectively. The time step used for the
simulations was set to 2 fs. The atom coordinates were saved every 10 ps for

subsequent analysis.
Binding free energy Calculation

The binding free energies between substrates (IAA, NAA and BTOA) and GH3.1
enzyme were analyzed by the MM-GB/PBSA methods integrated in the AmberlO
package. For each system, 1000 snapshots were collected from the last 10 ns of
trajectory, equally spaced at 10 ps intervals. The binding free energy between the

receptor and ligand was calculated as follows:

AGyinding = Geompiex ~ Oreceptor ~ Oligana = AGs + A g1, (M

AG,, =AH, —TAS =~ AE, —TAS (2)

AG g ® AEyy +AG,, —TAS 3)

AE\\, =AE,  +AE , +AE,, 4)

AG,, = AGppp + AGs, ®)

AGg, =y *AA+ f (6)

where G, i > Grecepior » Gligana - @1€ the free energies of complex, receptor, and ligand,

respectively. According to MM-PBSA and MM-GBSA theory, AG, the binding

inding °
free energy is composed of two parts, the gas phase molecular mechanical (MM)

energy (AG,, ) and the solvation free energy (AG,

aas o). AG, can be decomposed

inding
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into three terms: molecular mechanical energy term (AE,,,, ), solvation energy term

(AG

sol

), and vibrational entropy term (TAS). AE,,, is given as a sum of the changes

of AE.

int 2

AE

5, and AE which are internal energy contribution from bonds,

vdw 2

angels and torsions, electrostatic, and van der Waals interaction terms, respectively.

By using a single trajectory strategy, AE, is canceled between ligand, receptor, and

complex, which can significantly reduce the noise in most cases. The change of

solvation energy (AG,,), contains the polar part (AGy,) and the nonpolar part of

ol
the desolvation energy (AGs, ). The polar solvation contribution (AG,s) can be

calculated by Poisson—Boltzmann (PB) and Generalized Born (GB) equation.

Dielectric constants for solute and solvent were set to 1 and 80, respectively. The

nonpolar part of the desolvation energy (AG;, ) can be estimated as eqn (6), where AA

represents the change of the solvent accessible surface area (SASA) of the system
calculated by the LCPO algorithm42, and the fitting coefficients y and f were set to
0.005 kcal/mol-A and 0, respectively. The term (7AS) of eqn (2) is the change in the
conformational entropy upon ligand binding. Here, normal-mode analysis (NMA) was
used for the calculation of the conformational entropy, and as the high computational
demand, only 100 snapshots extracted from the last 10 ns of the conventional MD
trajectories were used.

The calculation error bars are standard errors (SE) that calculated using eqn (7), the
STD is standard deviation and N is the number of trajectory snapshots used in the

calculation.

JN )

Analysis of Access Tunnels

The program CAVER (version 3.0)** was employed to identify the possible tunnels

that are considered to be essential for substrate ingress and egress from the active site
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to the surface of the protein. The location of the substrate was chosen to be the
starting point for tunnel searching. 100 snapshots of each MD simulation trajectory
were extracted from the last 10 ns at an interval 100 ps. The probe radius and the
clustering threshold were set to 1.0 and 3.5, respectively. Other parameters were set as

default throughout the calculations. The tunnels were then visualized using PyMOL44.
Results and Discussion
Dynamics of GH3.1 Complex with and without ATP and substrates

It is suggested that the C-terminal domain of GH3 enzymes is flexible and its motion
makes the enzyme shift from close to open state’’. In addition, the open form is
essential for the first half-reaction— adenylation, while the binding of ATP and
substrates simultaneously can lock this conformation®’. To better understand the
substrate binding mechanism, the open form was built based on the structure of
VvGH3.1 and AtGH3.12. The root mean squared deviation (RMSD) values of the
backbone atoms between the open and close state for the N-terminal domain, the
C-terminal domain and the whole protein are 0.06A, 26.50A and 13.64A, respectively,
which indicates that the open state can be characterized by C-terminal domain rotation.
In order to investigate the structural and dynamics of this enzyme with and without
ATP and substrates, we performed MD simulations for five systems for 60 ns
(GH3.1-Apo, GH3.1-ATP, GH3.1-ATP-TIAA, GH3.1-ATP-NAA and
GH3.1-ATP-BTOA). The time dependence of RMSD of the backbone atoms is shown
in Fig. 2. It can be seen that all systems seem to reach equilibrium after 25 ns of
simulation. The RMSD of the backbone atoms stabilized around 1.85 to 2.20 A in
four systems, except the BTOA binding system with the largest value of 2.70 A. The
heavy atoms of ligand and the GH3.1 protein residues around 5 A of ligand relative to
the initial structure coordinates are also plotted in panel B to E in Fig. 2. We can see
that the ATP and its binding pocket reach equilibration after 25 ns in GH3.1-ATP
system. IAA, NAA and their binding pocket reach equilibration after 35 ns while 40
ns in BTOA binding system. Compare three substrates binding systems, BTOA

induced larger variation of ATP, the binding pocket and the whole protein than IAA
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and NAA in respective to the initial structure.

To examine the mobility of protein residues, the root-mean-square fluctuation
(RMSF) versus the residue number for the five systems was investigated, as shown in
Fig. 3. It can be seen that the fluctuations mostly occur in the loop regions of the
protein and other residues are stable with less fluctuation, some of them may be
caused by the intrinsic flexibility of this protein, such as loops in a3-04, $17-$18 and
B18-al17. B1-p2 loop (residue 108 to 115) shows reduced flexibility in substrate
binding system (mean RMSF in IAA, NAA and BTOA binding system: 1.66 A, 1.28

A and 1.45 A, respectively) compared with those in apo system (mean RMSF: 2.44 A).

o8-09 loop (residue 183 to 189) also exhibits reduced flexibility in substrate binding
system (mean RMSF in IAA, NAA and BTOA binding system: 1.31 A, 1.77 A and
1.53 A respectively) compared with those in apo system (mean RMSF: 2.03 A). It is
indicated that substrate binding can stabilize B1-f2 loop and o8-09 loop. While
B16-a16 (residue 439 to 446) and $17-B18 loop (residue 478 to 484) exhibit increased
flexibility upon IAA binding (mean RMSF: 1.71 A and 2.62 A) compared with apo
system (mean RMSF: 1.22 A and 1.76 A). The fluctuation of a19-0.20 loop (residue
549 to 574) in BTOA system (mean RMSF: 2.13 A) is higher compared with apo
system (mean RMSF: 1.24 A).

Binding free energy analysis

To get the quantitative estimation of the binding affinity of substrates with GH3.1
enzyme, we performed MM-GB/PBSA calculations of three substrate binding systems
by extracting 1000 snapshots from the last 10 ns of the trajectories. The results were
summarized in Table 1. Both the MM-GBSA and MM-PBSA values suggested that
IAA bound to GH3.1 tighter than NAA and BTOA and ranked these substrates with
an order of JAA < NAA < BTOA. The predicted rank is in agreement with the
experimental work'®, in which GH3.1 shows higher affinity with IAA (lower Ky
value) than NAA, while the formation of the BTOA—Asp conjugate is not detected.

As a reference, the K, value is listed in Table 1, which is sometimes but not always
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equal to the K4, depending on the enzyme and substrates. In this reaction, Ky, value
can reflect the affinity of substrates'® '°. MM-GBSA method performs better than
MM-PBSA method, while both methods predict that NAA is a non-binder. This result
is inconsistent with the previous work showing that NAA is a weak binder. Both
methods were able to provide a reasonably ranking of binding affinity of the three
substrates, but can’t predict the absolute binding free energy. It has been approved
that these methods can give good rank with higher efficiency than the rigorous
methods, free energy perturbation (FEP) and thermodynamic integration (TI)
methods, while they may fail in reproducing the absolute binding free energy45. The
performance of MM-PBSA and MM-GBSA may be improved by solving the
following problems, such as the inaccurate molecular mechanical force field, the
solvation free energy error, the entropy error and the inadequate sampling method*.

Further analysis suggests that in both methods, the calculated van der Waals
contribution to the binding free energies for all of the complexes, are different for
each other, ranging from -17.17 to -22.83 kcal/mol. The calculated electrostatic
contributions to the binding free energies for the three systems are quite different,
with values of -37.17, 18.69 and 12.54 kcal/mol, respectively. Nonpolar solvation

terms, which correspond to the burial of SASA upon binding, contribute slightly

favorably. Polar solvation terms (AGg;) has unfavorable contribution to the IAA

binding, while slightly favorable for NAA and BTOA binding. The corresponding
entropy contributions for the three systems are different to each other, with the values

ranging from 13.58 to 17.92 kcal/mol.

Analysis of the binding mode between the substrates and GH3.1

The initial binding mode of the three substrates obtained from molecular docking was
shown in supporting information (Fig. S1). It can be seen form that the three
substrates exhibit highly similar binding mode with GH3.1. The hydrogen bond
interactions between substrates and Ser339 and GIn560 exist in all three systems.

BTOA forms hydrogen bond interaction with Ser108, while IAA and NAA fail to
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form that interaction, which caused by the short carboxylate group. Davies et al.
suggested that those substrates bound GH3.1 in a similar mode with the carboxylate
group oriented toward Ser107, Ser108 and Ser339?'. They concluded that the stable
conformation of NAA may collide with the binding of ATP, while BTOA bound quite
strongly with residues that are necessary of positioning ATP for catalysis. The bind
mode in close form may be difficult to reflect the actual binding site and position of
ATP. For example, the C-terminal rotation made the a19/020 loop move away from
the binding site, corresponding to a18/a19 loop in GH3.12, while Lys550 in at18/c19
is confirmed to be important for the activity of AtGH3.12 in the first half-reaction”.
Consistently, Lys562 is found to interact with the phosphate group of ATP and
GIn560 forms hydrogen bond interaction with all the substrates in our docking study.
The interaction with Ser108, Ser339 and GIn560 hold the substrates in a properly
mode, which facilitates the catalytic reaction.

To better understand the specificity of the substrate recognition under dynamic
condition, the intermolecular hydrogen bond networks between the GH3.1 and 1AA,
NAA and BTOA were also monitored. The hydrogen bonds existing throughout the
simulation are listed in Table 2. It can be seen from that the carboxyl of IAA hold a
stable hydrogen bond with Ser108 with an occupation of 80.51%, which were
demonstrated play a critical role in the catalyze process of adenylation reaction step.
Moreover, the carboxyl of IAA forms stable hydrogen bonds with GIn560 and Ser339,
existing for more than 60% of the duration of the simulation. The carboxylate group
of NAA forms hydrogen bond with Ser108 with an occupation nearly 50%. BTOA
forms hydrogen bond with Ser339 and Ser108 at the beginning of MD simulation (the
former 20 ns), also forms hydrogen bonds with GIn560 at 1-12 and 41- 44 ns of the
MD simulation, but some of these interactions can’t be maintained (Fig. S2). It forms
hydrogen bond with Ser108 during 25-45 ns with low occupation. The hydrogen bond
between BTOA and Ser339 with occupation of 31.66% and 30.41% also indicates
weak interaction between BTOA and GH3.1 (Fig. S2). It forms hydrogen bond with
Ser108 with lower occupation of 35.33% and 35.26%, suggesting an unstable

interacting mode. As seen from Fig. 4, [AA formed hydrogen bond with Ser108,
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Ser339 and GIn560 and hydrophobic interaction with Vall72, Leul73, Val229,
Met335, Ala337, Ser338 and Tyr342, which is found to make a likely contribution to
IAA binding Davies’ work’’. NAA formed hydrogen bond with Ser108 and
hydrophobic interaction with Ser107, Vall72, Val229, Ala337 and Ser338. BTOA
lost the hydrogen bond interaction with Ser108, Ser339 and GIn560 during the last 10
ns of trajectories, moving to a hydrophobic pocket surrounded by Vall72, Leul73,
Val 229, Met335, Ala337 and Ser338. Ser108 and Ser339 were suggested to play key
role in the two-step catalytic reaction””*2. BTOA lost the hydrogen bond interaction

with them, may results in a poor substrate.

Analysis of access tunnels in GH3.1-subtrates complex structures

Due to the high flexibility of GH3.1 in the two-step catalytic process, its structural
change throughout the simulations may be directly relevant to substrate access and
product egress. To explore the possible ingress/egress pathways of ATP and
substrates, Caver 3.0 was employed to analyze the 100 snapshots extracted from the
last 10 ns of MD simulation trajectory for the five systems. All the pathways with the
bottleneck radius equal or larger than 1.0 A were identified. Then they were clustered
into 36 (GH3.1-Apo system), 25 (GH3.1-ATP system), 36 (GH3.1-IAA system), 21
(GH3.1-NAA system) and 26 (GH3.1-BTOA system) pathways.

The pathways were ranked by the priority value, which was calculated by averaging
sum of tunnel throughputs for a given pathway cluster over all snapshots. The top five
ranked pathway clusters were shown in the Fig. 5, and their characteristics were
presented in Table 3. The five tunnels are defined as a, b, c, d, e; al, dl, cl, g, f; a2,
c2, e2, h, i; a3, d3, e3, f3, i3; a4, b4, h4, i4, j, for GH3.1-Apo, GH3.1-ATP,
GH3.1-ATP-IAA, GH3.1-ATP-NAA and GH3.1-ATP-BTOA, respectively. For the
panel A and B in Fig. 5, path a, ¢ and d are common in GH3.1-Apo and GH3.1-ATP
system. But the channels display larger bottleneck radius in the apo system than those
in ATP binding system. ATP may access or egress to the active site mostly by path a

and c. After ATP binding, path a becomes narrower than those in apo system with a
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reduced bottleneck radius of 1.16 A. Substrates may enter mainly though path f and
cl. For the panel C to E in Fig. 5, path a (a2, a3 and a4), located between p1-B2 loop
(P-loop) *' and «19-020 loop, is common in three substrate binding systems. It is the
most potent channel for substrate ingress and egress to the binding pocket. Comparing
these three pathways, a4 shows larger mean bottleneck radius and shorter length than
a2 and a3. In addition, path c2 and f3 are major channels for IAA and NAA, which
locate between a8-09 loop and disappear in BTOA binding system. The motions of
al9 and 020 open another channel h4 in BTOA binding system, with larger
bottleneck radius than other channels in IAA and NAA system, which suggests that
BTOA is easier to escape from the binding pocket than IAA and NAA, thus results in
BTOA a poor substrate for VVGH3.1.

Conclusion

In the present study, the interactions between VVGH3.1 and three substrates, [AA,
NAA and BTOA were explored by using an integrated computational protocol,
consisting of molecular docking, MD simulations, binding free energy calculations
and active site access channel analysis. The predicted binding free energy with an
order of IJAA < NAA < BTOA is in agreement with the experimental work. Further
decomposition of the overall binding free energies into individual energy terms
indicates that the electrostatic interaction energy is the dominant force for IAA
binding, while van der Waals energy for NAA and BTOA binding. The H-bonds
between the carboxyl group of the substrates and the residue Ser108, Ser339, and
GIn560 are crucial for [AA binding. Finally, the active site access channel analysis
indicates that the channels vary between GH3.1-Apo, GH3.1-ATP and
GH3.1-ATP-substrates systems, identifies that the dominant channels for ATP and
substrates and reflects the high flexibility of this enzyme. The dominant channels for
BTOA-GH3.1 system include a4 and h4 path. The former is common to those in T[AA
(a2) and NAA (a3) system, which has larger bottleneck radius and shorter length than
them. The latter also shows larger bottleneck radius than other channels in IAA and

NAA system, which suggests that BTOA is easier to escape than IAA and NAA, thus
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results in BTOA a poor substrate for VVGH3.1. This study provides novel insight to
understand the substrate selectivity mechanism of GH3.1 and also for the rational

design novel auxin-based herbicides and growth regulators.
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Supporting Information

Fig. S1. Binding modes of the three substrates to the open form of VvGH3.1 predicted
by molecular docking. The carbon atoms of substrates are colored in green (IAA),

slate (NAA), salmon (BTOA).

Fig. S2. Monitoring for the intermolecular hydrogen bonds between GH3.1 and
substrates during the MD simulation, (A) GH3.1-ATP-IAA system; (B)
GH3.1-ATP-NAA system; (C) GH3.1-ATP-BTOA system.
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Tablel. Binding free energy” for three substrates bound to VVGH3.1 by MM-GB/PBSA methods.

Method MM-GB/SA MM-PB/SA

System AE,, AE,, —-TAS AGSA AGGB AGbinding AGSA AGPB AGbinding Kmb(l’lM)
IAA -37.174£0.63  -21.06+£0.13 17.92+1.02  -2.53+0.01 36.26+0.58 -6.58 -3.50£0.01  30.90+0.54 -12.91 10.4+1.20
NAA 18.69+1.18 -22.83+0.02 13.5840.90 -2.04+0.00 -5.95+1.14 1.45 -3.74£0.00  -1.90£1.06 3.80 190.3+£26.2
BTOA 12.54+0.73 -17.17+034 14.57£1.02 -1.60+0.03 -0.32+0.89 8.02 -3.04+0.04  -2.34+0.78 4.56 n/a‘

All energies are in kcal/mol.

°K,, value is listed as a reference, which is sometimes but not always equal to the Ky, depending on the enzyme and substrates. In this reaction, K, value
can reflect the affinity of substrates'™ °.

“Not determined.



Table2. Analysis of hydrogen bond network between substrates and VvGH3.1.
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Ligand  Acceptor Donor Occupied (%) Distance (A) Angel (°)
TIAA TIAA: O2 GLN560: NE2 81.94 2.83 159.99
TIAA: O2 SER108: HG  80.51 2.63 165.10
TIAA: Ol SER339: HG  75.67 2.64 164.69
TIAA: Ol SER339: H 57.57 2.82 150.53
NAA NAA:0O1 SERI108:HG  48.70 2.64 165.21
NAA:O1 SERI108:H 35.06 2.81 148.88
NAA: 02 SERI08:HG  33.19 2.66 165.20
BTOA BTOA:03 SERI08:H 35.33 2.81 151.71
BTOA: O3 SERI108:HG  35.26 2.68 163.86
BTOA: 02 SER339:HG  31.66 2.68 164.87
BTOA: 02 SER339:H 30.41 2.81 156.09
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Table3. Characteristic of the pathways of five systems.

A. Characteristic of the top 5 ranked pathways of GH3.1-Apo

Parameter value
Pathway a b c d e
Occurrence * 97%  78% 100% 95% 89%

Mean bottleneck radius ° [A] 187 187 166 135 139
Max bottleneck radius [A] 238 235 212 189 196
Mean pathway length ° [A] 11.82 9.18 33.04 23.18 22.69

Mean throughput b.e 0.78 0.80 0.55 054 055

Priority ¢ 076 0.62 055 049 047
B. Characteristic of the top 5 ranked pathways of GH3.1-ATP

Parameter value

pathway f cl g al dl

Occurrence * 99% 91% 68% 55% 39%

Mean bottleneck radius "[A] 1.69 135 1.16 1.16 1.16
Max bottleneck radius [A] 235 177 158 1.65 151
Mean pathway length b [A] 13.96 2037 23.64 31.18 2691

Mean throughput b 0.69 053 041 035 038
Priority d 0.69 048 028 0.19 0.14
C. Characteristic of the top 5 ranked pathways of GH3.1-ATP-IAA
Parameter value

pathway c2 a2 h e2 i
Occurrence * 99% 96% 81% T79%  60%

Mean bottleneck radius ° [A] 136 1.18 120 121 120
Max bottleneck radius [A] 1.65 1.50 1.51 1.55 143
Mean pathway length b [A] 1820 2534 2138 2297 33.94

Mean throughput > ¢ 0.58 046 049 044 037
Priority ¢ 058 045 039 035 022
D. Characteristic of the top 5 ranked pathways of GH3.1-ATP-NAA
Parameter value

pathway 3 a3 d3 e3 i3
Occurrence * 99%  95% T76% 89% 72%

Mean bottleneck radius ° [A] 135 138 131 1.11  1.18
Max bottleneck radius [A] 1.73 194 191 137 1.60
Mean pathway length °[A] 2036 28.03 2190 26.18 29.37

Mean throughput b-c 0.53 050 057 040 044

Priority ¢ 052 048 043 036 031
E. Characteristic of the top 5 ranked pathways of GH3.1-ATP-BTOA

Parameter value

pathway a4 h4 b4 i4 J

Occurrence * 100% 93% 97% 96%  80%

Mean bottleneck radius ° [A] 154 170 129 120 1.19
Max bottleneck radius [A] 191 231 20 1.54 1.62
Mean pathway length b [A] 2031 2257 2049 3550 25.65
Mean throughput ¢ 0.64 0.62 059 040 044
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Priority ¢ 0.64 058 057 038 035

* Occupancy of snapshots in which at least one pathway with
bottleneck radius >1.0 A accounted entire snapshots.

® Characteristics averaged over identified pathways.

° The mean throughput of a give pathway. throughput = ¢ **%,

cost = rin, L and r are the length and radius of a pathway, n is a
non-negative real number.

d Priority is calculated as a sum of throughputs of all pathways in a

given cluster, divided by the total number of snapshots that were
analyzed.
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Figure Captions

Fig.1 The overall structure of the build open form of VvGH3-1, colored from
N-terminal (cyan) to C-terminal (gold) and the structure of three substrates. The

binding pocket around ATP and substrate is shown with blue surface.

Fig. 2 RMSD plots of the complex during MD-simulation. (A) GH3.1 Apo system;
(B) GH3.1-ATP system; (C) GH3.1-ATP-IAA system; (D) GH3.1-ATP-NAA system;
(E) GH3.1-ATP-BTOA system.

Fig. 3 RMSF plots of Ca atoms of five systems.

Fig. 4 The represent structures from the last 10 ns of the MD trajectories of the
complexes superimposed on the docked ones. (A) GH3.1-ATP-IAA complex; (B)
GH3.1-ATP-NAA complex; (C) GH3.1-ATP-BTOA complex. For panels A, B and C,
the carbon atoms of substrate are in gray and salmon and the proteins are in gray and

cyan for the docked and MD structures, respectively.

Fig. 5 The five top ranked collective pathways identified throughout the molecular
dynamics simulations are depicted in one frame as pathways surface. (A) GH3.1 Apo
system; (B) GH3.1-ATP system; (C) GH3.1-ATP-IAA system; (D) GH3.1-ATP-NAA
system; (E) GH3.1-ATP-BTOA system. Pathways following the ranked order are

shown as blue, green, red, cyan, yellow.
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Fig. 5



