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A B S T R A C T   

Histidinol-phosphate aminotransferase is the sixth protein (hence HISN6) in the histidine biosynthetic pathway 
in plants. HISN6 is a pyridoxal 5′-phosphate (PLP)-dependent enzyme that catalyzes the reversible conversion of 
imidazole acetol phosphate into L-histidinol phosphate (HOLP). Here, we show that plant HISN6 enzymes are 
closely related to the orthologs from Chloroflexota. The studied example, HISN6 from Medicago truncatula 
(MtHISN6), exhibits a surprisingly high affinity for HOLP, which is much higher than reported for bacterial 
homologs. Moreover, unlike the latter, MtHISN6 does not transaminate phenylalanine. High-resolution crystal 
structures of MtHISN6 in the open and closed states, as well as the complex with HOLP and the apo structure 
without PLP, bring new insights into the enzyme dynamics, pointing at a particular role of a string-like fragment 
that oscillates near the active site and participates in the HOLP binding. When MtHISN6 is compared to bacterial 
orthologs with known structures, significant differences arise in or near the string region. The high affinity of 
MtHISN6 appears linked to the particularly tight active site cavity. Finally, a virtual screening against a library of 
over 1.3 mln compounds revealed three sites in the MtHISN6 structure with the potential to bind small mole
cules. Such compounds could be developed into herbicides inhibiting plant HISN6 enzymes absent in animals, 
which makes them a potential target for weed control agents.   

1. Introduction 

The cultivation of plant species important to agriculture depends on 
protection from weeds and pests. Humans have developed many ways to 
stop weeds from overgrowing crop fields. A modern example is herbi
cides, which are biologically-active chemical compounds that disturb 
weed growth and development through various modes of action. How
ever, widespread herbicide usage has led to herbicide resistance (HR) in 
many weed species. The past six decades have brought more than 260 
weed species resistant to over 160 herbicides due to their repeated use 
(Gould et al., 2018; Beckie et al., 2021; Gaines et al., 2021). Hence, we 
desperately need new herbicides to secure efficient agriculture and feed 
nearly eight billion people sustainably. 

The most commonly used herbicide, glyphosate, inhibits 5-enol- 
pyruvyl-shikimate-3-phosphate synthase (EPSPS, EC 2.5.1.19) (Duke, 
2018). EPSPS catalyzes the sixth step of the shikimate pathway that 
yields aromatic amino acids, i.e., L-tryptophan (Trp), L-phenylalanine 

(Phe), and L-tyrosine (Tyr) (Maeda and Dudareva, 2012). For a long 
time, glyphosate was considered environmentally friendly because soil 
microflora can degrade it to CO2, ammonia, and inorganic phosphate 
(Pi) (Forlani et al., 1999). Unfortunately, more and more weed species 
have developed resistance to glyphosate. Moreover, in 2015 the World 
Health Organization (WHO) announced that glyphosate might be 
carcinogenic according to the assessment by the International Agency 
for Research on Cancer (IARC) (Guyton et al., 2015). Despite the WHO 
declaration, in 2018, eighteen countries of the European Union renewed 
licenses for glyphosate use for the next five years. Recent findings have 
also demonstrated that glyphosate negatively affects pollinators, 
harming their cognitive and sensory abilities, thermoregulation, and gut 
microbiome (Motta et al., 2018; Farina et al., 2019; Vazquez et al., 2020; 
Weidenmuller et al., 2022). Therefore, searching for new herbicides and 
targets is now a high priority that should be conducted in parallel to the 
research on herbicide side effects. 

The inhibition of the L-histidine (hereafter histidine) biosynthetic 
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pathway (HBP) in plants is one of the promising solutions. The rationale 
behind targeting the HBP is threefold: (i) it occurs in prokaryotes, fungi, 
and plants but is absent in animals, (ii) loss-of-function mutants are le
thal (Mo et al., 2006; Muralla et al., 2007), and (iii) most enzymes in the 
HBP are encoded by single genes (Stepansky and Leustek, 2006). The 
HBP is also integrated with other metabolic pathways, e.g., biosynthesis 
of nucleotides, other amino acids, and folates. All that suggests that 
inhibition of the HBP will disturb vital cellular processes directly by 
histidine depletion and indirectly by perturbing other metabolic 
pathways. 

The plant HBP consists of eleven reactions catalyzed by eight en
zymes named consecutively HISN1-8 that localize to the chloroplast 
stroma (Stepansky and Leustek, 2006). This article focuses on the HISN6 
enzyme, which functionally is an L-histidinol phosphate aminotrans
ferase (HAT) (EC 2.6.1.9). HISN6 is a pyridoxal 5′-phosphate 
(PLP)-dependent enzyme, classified into the Iβ subfamily (Jensen and 
Gu, 1996). It reversibly catalyzes the seventh step of the HBP; the 
interconversion of imidazole acetol phosphate (IAP) to L-histidinol 
phosphate (HOLP). The reaction is concomitant with the conversion of 
equimolar amounts of L-glutamate into 2-oxoglutarate (2OG) for the 
formation of pyridoxamine 5′-phosphate (PMP) (Haruyama et al., 2001; 
Fernandez et al., 2004) (Fig. 1). 

In Arabidopsis thaliana, the knockout of the AtHPA1 gene (encoding 
the AtHISN6A enzyme) is embryo-lethal (Mo et al., 2006). Interestingly, 
the effect was not due to His starvation, but it made the plants unable to 

sustain primary root growth 2 days after germination. The exact role of 
AtHPA1 in His signaling mechanisms in plants is yet to be understood. 
However, A. thaliana is one of the unique plant species that has the 
second (HISN6B) isoform, possibly able to take over in the HBP. 

This article is a part of a series that provides experimental structures 
of plant HBP enzymes; the structures of HISN1 (Ruszkowski, 2018), 
HISN2 (Witek et al., 2021), HISN7 (Ruszkowski and Dauter, 2016), and 
HISN8 (Ruszkowski and Dauter, 2017) were published by us, and that of 
HISN5 by others (Glynn et al., 2005). Until now, our comprehension of 
plant HISN6 enzymes has been limited to what can be deduced from 
structures of bacterial homologs, as the structures were unavailable for 
any plant species. Here, we report a study of the structure and function 
of HISN6 from the model legume plant Medicago truncatula (MtHISN6). 
We traced the evolution of the plant HISN6 enzymes and showed that 
they have evolved toward higher selectivity than bacterial homologs. 
We also compared MtHISN6 with homologous structures from pro
karyotes. We analyzed the closed and open forms of the MtHISN6 
structure, which vary by the positioning of a dynamic segment that 
either restricts or provides access to the active site. Finally, we deter
mined the potential target regions for designing novel inhibitors of plant 
HISN6 that could be exploited in the herbicide design. 

Fig. 1. (A) Simplified scheme of the reaction catalyzed by HISN6. The amino group is transferred from glutamate to imidazole acetol phosphate (IAP), creating 
histidinol phosphate (HOLP) and 2-oxoglutarate products. (B) The catalytic mechanism of the transamination reaction in the direction of the histidine biosynthetic 
pathway. Snapshots captured in this work crystal structures are underlined. The second half-reaction, i.e., recharging PMP by glutamate, is indicated in gray. 
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2. Results 

2.1. Evolution of plant HISN6 enzymes 

Structural similarity network (SSN) analysis was conducted using 
21,142 UniRef90 (Suzek et al., 2015) sequences from the InterPro (Blum 
et al., 2021) family of L-histidinol phosphate aminotransferases 
(IPR005861). The study revealed the scattered origin of bacterial HATs. 
Archaea share little similarity with surrounding groups suggesting that 
their HATs might have evolved independently (Fig. 2). Although Opis
thokonta (in this case, primarily fungi) seems to be separated, it has a few 
connections with the phylum of Bacteroidetes. HAT enzymes from Bac
teroidetes were likely ancestral to orthologs found in Oomycota (water 
molds) and Bacillariophyta (diatoms). Interestingly, phototrophic Vir
idiplantae (land plants) and Chlorophyta (green algae) are closely related 
to the bacterial Chloroflexota phylum (previously referred to as Chloro
flexi) (Oren and Garrity, 2021). Unlike most chloroplast proteins that 
evolved from Cyanobacteria (Raven and Allen, 2003), a gene encoding 
HISN6 in plants seems to have been acquired from Chloroflexota by a 
horizontal gene transfer (HGT) independently from chloroplasts for
mation that occurred by absorbing Cyanobacteria (Yuzawa et al., 2012). 

2.2. Functional assays of MtHISN6 

MtHISN6 orthologs have been studied in other species, but no report 
regarding substrate specificity is available for any eukaryotic source. 
IAP is the HISN6 substrate in the HBP, but it is commercially unavai
lable. Therefore, we assayed MtHISN6 in the reverse direction (with 
HOLP as substrate) in a coupled assay with bovine glutamate dehydro
genase (GDH), which allows measuring NADH formation at 340 nm. 
Others have used a similar approach (Nasir et al., 2016). It was 
astounding to observe that MtHISN6 exhibits a relatively high affinity 
towards HOLP, as reflected by a low KM value of 29 μM (Fig. 3), which is 
nearly 15-fold lower than the KM of Mycobacterium tuberculosis HAT 
(Nasir et al., 2016). 

Moreover, in contrast to M. tuberculosis HAT, MtHISN6 shows no 
measurable activity with Phe (up to 25 mM). We then tested whether the 
external aldimine forms in the presence of 1 mM Phe. The absorbance at 
355 nm increased slowly, with the rate k = 1.6 min− 1 (Supplementary 
Fig. S1). Notably, in the same experimental setup, the external aldimine 
formation with HOLP was too quick to measure, suggesting this step is 
not limiting in our coupled assay. On the other hand, MtHISN6 exhibits a 
low catalytic activity, at least in the HOLP → IAP direction, with a 
turnover rate (kcat) of 4 min− 1. 

Fig. 2. Sequence similarity network of MtHISN6 and its homologs. 21,142 UniRef90 clusters were analyzed. Higher plants (Viridiplantae) and green algae (Chlor
ophyta) are marked in green. Fungal sequences (Opisthokonta) are marked in red. Archaea are purple. Plant HISN6s group together with HATs from anoxygenic 
photoautotrophs, Chloroflexota. 
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2.3. Overall properties of the MtHISN6 structures 

Crystal structures of MtHISN6 were solved in the monoclinic space 
group, P21: (i) as a functional dimer in both open (1.57 Å resolution) and 
(ii) closed (1.40 Å) states and as (iii) a dimeric complex with HOLP 
(1.61 Å). The apoMtHISN6 (without PLP, 1.45 Å) also crystallized in the 
P21 space group but with two dimers in the asymmetric unit (Table 1). 
The high-resolution electron density maps allowed us to trace residues 
from D25 until the C-termini (Fig. 4A). For the open conformation 
structure, the map for the I41-L47 fragment of chain B exhibits certain 
ambiguity, hinting at multiple possible conformations (one conforma
tion was modeled). PLP in the active sites of closed and open forms of 
mature MtHISN6 (with the PLP-prosthetic group) is bound as a Schiff- 
base to K244 (internal aldimine, Fig. 4B). The MtHISN6_open model 
contains 842 water residues and buffer components, such as two surface- 
bound sodium ions (one per chain), fifteen 1,2-ethanediol molecules, 
and six sulfate ions. Two sulfate ions are located in each active site, 

while the remaining ones bind in small clefts (Fig. 4C). MtHISN6_closed 
contains 1041 water residues and two acetate ions. Additionally, the 
map allowed us to model HEPES molecules (with partial occupancy) 
bound close to the dimer interface (Fig. 4D). The structure of the 
MtHISN6-HOLP complex permitted the modeling of external aldimine in 
chain A and geminal diamine intermediate of HOLP in chain B; the side- 
chain conformations (except for K244) in the active sites are nearly 
identical. The model contains 823 water residues, two sodium ions, and 
eight 1,2-ethanediol molecules. Finally, the apoMtHISN6 model was 
solved from crystals grown in ammonium sulfate but without adding an 
excess PLP. It contains 1413 water molecules, four sodium atoms, 12 
sulfate ions, and 23 1,2-ethanediol molecules. 

MtHISN6 comprises the large (P72–N289) and the small domains 
(D25-P71, P290–S384), as per the terminology proposed by Ford et al. 
(1980) with modifications (Fig. 4A). The N-terminal part of the small 
domain is positioned in a shallow cleft on the dimer interface along the 
non-crystallographic 2-fold axis. It exists in two conformations: open 
and closed, which vary primarily by the positioning of the L35-P43 
fragment that oscillates like a guitar string and the fragment F44–I58 
containing two helices (Fig. 4B). The L35-P43 string is further from the 
active site in the open conformation, allowing the substrate to enter. 
Contrary, in the closed conformation, the L35-P43 string is drawn to
wards the active site entrance, restricting access and providing a proper 
environment for the catalysis. In the MtHISN6-HOLP complex, which is 
also in the closed form, Y38 (from the string) H-bonds the substrate’s 
phosphate oxygen and Nδ atoms (see below). Moreover, a minor rota
tion of the small domain in regard to the large domain occurs; the do
mains are closer in the MtHISN6_closed structure (Fig. 4B). 

The sodium cations are coordinated by the backbone carbonyls of 
K312, V314, and L317 (Fig. 4E). Furthermore, P315 imposes structural 
rigidity on the fragment, enforcing the positioning of the carbonyls to 
create the metal coordination sphere. Na+ is bound to the same site in all 
ten subunits in this work structures, implying a specific binding relevant 
in vivo. This is a novelty, as previous structures of HATs from other 
sources did not contain metal cations except a magnesium ion bound to 
the Geobacter metallireducens HAT (Protein Data Bank, PDB, htt 
ps://www.rcsb.org/; PDB ID: 3hdo, unpublished). However, in that 
case, the metal was bound at the crystal contact only in one of the two 
subunits. We cannot unambiguously state whether Na+ binding is 
common in plant HISN6 enzymes with current data. However, the 
312KAVPFL317 fragment is similar in Arabidopsis thaliana HISN6A 

Fig. 3. Determination of kinetic parameters for the conversion of HOLP into 
IAP. The reaction was followed in a coupled assay as detailed in the text by 
monitoring the increase of NADH at 340 nm. Nonlinear least square analysis 
was used to fit the experimental data with the Michaelis-Menten equation, 
obtaining estimates of KM and kcat. Error bars on the average experimental 
points are standard deviations calculated from two independent replications. 

Table 1 
Data reduction and refinement statistics of MtHISN6 crystal structures. Values in parentheses are for the high resolution shell.   

MtHISN6_open PDB ID: 8bj1 MtHISN6_closed PDB ID: 8bj2 MtHISN6_HOLP 
PDB ID: 8bj3 

apoMtHISN6 PDB ID: 8bj4 

Diffraction source APS 22-ID, APS 22-ID, APS 22-ID, P13 PETRA, Hamburg, Germany 
Argonne, USA Argonne, USA Argonne, USA 

Wavelength (Å) 1.0000 1.0000 1.0000 0.9763 
Temperature (K) 100 K 100 K 100 K 100 K 
Rotation range per image (◦) 0.25 0.5 0.5 0.1 
Total rotation range (◦) 200 200 200 360 
Space group P21 P21 P21 P21 

a, b, c (Å) 66.7, 87.4, 74.2 56.9, 105.8, 66.5 56.7, 66.3, 109.1 73.9, 93.0, 110.5 
α, β, γ (◦) 90, 95, 90 90, 108.9, 90 90, 106.5, 90 90, 73.5, 90 
Mosaicity (◦) 0.087 0.164 0.181 0.118 
Resolution range (Å) 56.4–1.6 (1.66–1.57) 53.9–1.4 (1.48–1.40) 54.3–1.6 (1.71–1.61) 999.0–1.5 (1.54–1.45) 
No. of unique reflections 116,740 145,641 97,979 252,775 
Completeness (%) 98.6 (98.6) 99.2 (95.5) 99.5 (97.7) 99.6 (99.0) 
Redundancy 3.9 (3.8) 4.0 (3.7) 4.1 (3.9) 6.77 (6.59) 
I/σ(I) 18.02 (1.86) 13.89 (1.89) 18.61 (2.06) 13.71 (1.3) 
Rmeas (%) 5.2 (77.7) 5.8 (77.0) 5.8 (78.8) 8.6 (146.5) 
CC1/2 99.9 (65.6) 99.9 (73.2) 99.9 (77.3) 99.9 (62.8) 
Overall B factor: Wilson plot/all atoms (Å2) 20.8/28.3 16.8/21.3 19.2/22.1 18.5/26.5 
No. of reflections: working/test set 116,740/1168 145,641/1164 97,979/1177 252,664/2527 
R/ Rfree 0.127/0.170 0.134/0.164 0.153/0.189 0.148/0.181 
No. of non-H atoms: Protein/Ligand/Water 5936/92/887 5971/40/1087 5841/30/823 11,601/186/1630 
R.m.s. deviations: Bonds (Å)/Angles (◦) 0.008/1.011 0.008/0.930 0.008/0.920 0.008/0.944 
Ramachandran plot: Most favored/allowed (%) 98.9/1.1 98.0/2.0 98.7/1.3 98.1/1.9  
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Fig. 4. Crystal structures of MtHISN6 were deter
mined in open and closed conformations. The most 
striking differences can be observed in the small 
domain, especially in the L35-P43 string. The subunit 
A of the open conformation structure is shown as a 
color-coded ribbon, where the small domain is blue 
and the large one is pink (A). (B) The dimer, where 
the subunit B is presented as a surface. MtHISN6_
closed is superimposed and shown as white ribbons, 
with the L35-P43 string colored green for easier 
identification. The stick representation of PLP bound 
in the form of internal aldimine marks the active site 
(B). The sulfate ions bind in the open conformation 
structure, mimicking the phosphate group of HOLP. 
Furthermore, two sulfate ions bind in small clefts 
between large and small domains (C). The buffer 
molecule, HEPES (EPE), binds on the dimer interface 
creating a steric hindrance to the string’s opening (D). 
Panel E illustrates the Na+ binding site; the 2Fo-Fc 
electron density map (blue mesh) is contoured at 1σ 
level.   

Fig. 5. The active site of MtHISN6. PLP is bound in 
the form of internal aldimine creating a Schiff base. 
The side chains of residues constituting the active site 
are presented as sticks (A). (B) The movement of the 
string reduces the active site volume. The super
position of open (blue) and liganded (yellow) form 
structures shows how the closing of the loop restricts 
access to the active site. Binding of the ligand, HOLP, 
induces a conformational change of PLP, whose ring 
rotates by ~20◦ to attain position almost parallel to 
the phenyl ring of F141 (C). Panel D shows the Polder 
map (green mesh), contoured at 3σ level around PLP- 
HOLP. The protein surface is clipped to visualize the 
binding pocket.   
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(UniProt: B9DHD3; 345KEVPFL350 sequence). Notwithstanding, the 
active site is > 20 Å away from Na+, suggesting that the metal stabilizes 
the protein structure rather than directly participates in substrate 
binding or catalysis. 

2.4. The active site of MtHISN6 

The active site of MtHISN6 contains a prosthetic group, PLP 
(Fig. 5A). PLP formed internal aldimines in our open and closed state 
structures, well defined by the electron density. The functional dimer 
has two active-site cavities located at the domain interface around the 
non-crystallographic 2-fold axis. Customarily, the residues forming the 
active site pocket are divided into bottom-forming and wall-forming 
ones (Haruyama et al., 2001). MtHISN6 active site bottom consists of 
D117, F141, M143, N190, D214, A216, R240, Q271*, Y273* (asterisk 
denotes a residue from the dimer mate) whereas Y217, T241, S243, 

R252, and Y87* build the wall (Fig. 5A). Residues of the small domain, 
in particular P37, Y38, Q39, P40, and I41 (part of the movable string), 
make up a lid covering the active site (Fig. 5B). 

PLP binds to the active site by forming an internal aldimine with 
K244 and an extensive net of non-covalent interactions. The PLP phos
phate acts as an anchor by interacting with Y87*, S243, R252, and T241 
side chains and A116-D117 main-chain amides. The methyl group of 
A216 and the phenyl ring of F141 sandwich the pyridine ring. The PLP 
N1 interacts with D214, whereas the hydroxy group, O3, is stabilized by 
Y217 (Oη) and N190 (Nδ, Fig. 5A). Two additional water-mediated H- 
bonds further stabilize PLP with respect to the residues at the bottom 
and side of the active center cavity: R364, D117, and Y87*. 

The change from the open to the closed state reduces the size of the 
active site cavity, e.g., the distance between I41 Cα and H353 Cα de
creases from 13.9 Å to 10.1 Å. This change is attained by moving the 
L35-P43 string, which restricts access to the active site cavity 

Fig. 6. Sequence conservation in MtHISN6. The vi
sual presentation of conservation scores (according to 
the color-key) obtained by analysis of 500 homolo
gous sequences by Consurf is shown in (A). The active 
site region is marked by the yellow circle. The khaki 
surface region in the top-left panel marks the position 
of PLP; pale yellow highlight of S384 in the sequence 
indicates “insufficient data” for comparisons. Panel 
(B) shows sequence conservation in the N-terminus 
and the L35-P43 string among 349 HISN6 homologs 
in plants.   
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(Fig. 5B–D). The small domain (especially the fragment R352-K360) also 
moves towards the active site upon HOLP binding. We also observed 
adaptations in the residue conformations triggered by HOLP binding 
(Fig. 5C). Namely, the side chains of Y354 and R352 twist outward from 
the active site. This creates the environment for a firm locking of the 
negatively charged phosphate group of HOLP within the active site 
(Fig. 5B–D). Furthermore, the pyridine ring of PLP turns ~20◦ to attain a 
position almost parallel to the phenyl ring of F141. 

Our apoMtHISN6 structure allows us to infer rearrangements that 
accompany the binding of PLP. The electron density of the fragment 
K34–S48 (that contains the string region) is partial; the map does not 
cover most side chains, whereas I41 and L42 lack the density even for 
the backbone. The apoMtHISN6 structure is most similar to the open 
form, as indicated by the reciprocal position between small and large 
domains and the residual electron density of the fragment K34–S48 
corresponding with the open conformation of the string. This region 
becomes structured upon the PLP binding thanks to an extended net of 
water-mediated contacts. 

2.5. Sequence conservation of HATs 

We analyzed 500 sequences (261 of which contained the N-terminal 
part) that sampled 2247 homologous entries from the Uniref90 database 
using Consurf (Suzek et al., 2015; Ashkenazy et al., 2016) to gain more 
insights into residue conservation in HAT enzymes. The visual inspec
tion of color-coded results mapped on the structure of HAT revealed that 
the core of the enzyme, the active site, and the dimerization interface are 
highly conserved (Fig. 6A). Interestingly, only Y38 (H-bonding the 

phosphate and imidazole of HOLP) is conserved among almost all 
analyzed sequences that contain the N-terminal part, with two excep
tions where Phe substitutes it. Other solvent-exposed side chains vary 
among HATs of different origins. 

Using 349 sequences of plant HISN6 homologs retrieved from the 
InterPro database, we analyzed the conservation of the L35-P43 string 
and the preceding N-terminal sequence (Fig. 6B). Interestingly, despite 
its flexible nature, the sequence of the L35-P43 string is conserved 
among plant homologs, except for A36, which is substituted by Ser or 
Lys. Moreover, the string in plants contains three Pro residues (P37, P40, 
and P43 in MtHISN6) that make the string more rigid. While some 
variability is noted, the sequence of MtHISN6 is dominant among plants. 
Also, the N-terminus in MtHISN6 (residues 25–34) contains the highest- 
consensus sequence in plants except for a rarely occurring Q30 (Fig. 6B). 
Altogether, apparent differences between MtHISN6 and bacterial ho
mologs as well as high sequence conservation of HISN6 enzymes in 
plants make MtHISN6 an excellent model for the research on the plant 
HBP. 

2.6. Structural comparison with homologs of bacterial origin 

Escherichia coli HAT (eHspAT) and MtHISN6 share 31% sequence 
identity. The open states superpose with the RMSD 1.61 Å calculated for 
Cα atoms (PDB ID: 1gew (Haruyama et al., 2001)). However, due to the 
lack of convincing electron density, the string was not modeled in open 
eHspAT. The string was also absent in the electron density in the com
plex of eHspAT with PLP-Glu external aldimine (PDB ID: 1gey (Har
uyama et al., 2001),). For this reason, we compared the closed states of 

Fig. 7. Comparison of MtHISN6 (green) with HAT from E. coli (eHspAT) (violet). Panel A shows the superposition of both structures with bound HOLP (PDB ID: 1fg3 
for eHspAT). Cross-sections of the HOLP binding sites are presented in panel B; both surfaces were clipped at the same plane. 
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both enzymes in complexes with HOLP (RMSD 1.65 Å), using the 
structure by Sivaraman and coworkers (2001), who modeled the whole 
length of the chains starting from T3 (PDB ID: 1fg3). While the overall 
folds of MtHISN6 and eHspAT are analogous, significant variations are 
evident in their secondary structure elements (Fig. 7A). The most 
striking differences occur in the small domains. The two enzymes differ 
significantly in how their N-terminal parts are affixed to the small 
domain. In MtHISN6, the string is followed by an α-helix (F44-L51), a 
sharp turn, a β-strand (V59-L61), a linker, and an α-helix (P72–S80) that 
starts the large domain (Fig. 7A). The discussed range spans 40 residues 
in MtHISN6 (I41–S80). The equivalent fragment in eHspAT is only 25 
residues long (A23-L47) and contains a short loop (T18-D31) followed 
by a β-strand and a loop (W33-T38). Since the range encompasses the 
end of the string, its structure may play a role in maintaining the “ten
sion” of the string so that its oscillation “stays in tune” with the reaction. 
In MtHISN6, the fragment also fills in the indent between the subunits, 
thereby providing rigidity to the functional dimer. Comparing open 
(PDB IDs: 1fg7, 1iji) and closed (PDB IDs: 1fg3) states of available fully 
modeled eHspAT, the string region (L17-G27) in eHspAT adopts the 
same conformation with no hint of movement accompanying the change 
from the open to the closed state. The N-terminal fragment of the string 
(L17-S22) positions analogically to the MtHISN6 string in the closed 
state, while A23-G27 point away from the active site entrance. Hence, in 
bacterial eHspAT the open/closed conformational change is based on 
the hinge-like movement of the small domain towards the active site 

rather than the movement of the string. 
The sequence of the catalytic site is, unsurprisingly, one of the most 

conserved regions of HATs (Fig. 6A). The single difference we observe in 
E. coli is the presence of Y110 residue instead of F141 in MtHISN6; these 
residues stack with the pyridine ring of PLP (Fig. 7B). The angle between 
the PLP and F/Y rings varies from 12◦ (PDB ID: 1gew) to 20◦ among 
different species and counts 17◦ for MtHISN6. However, a comparison of 
the external aldimine complexes with HOLP shows that the HOLP 
binding site of MtHISN6 is tighter (Fig. 7B). The narrow section of the 
active site measures 7.1 Å in MtHISN6 compared to 8.1 Å in eHspAT. In 
effect, there is significantly less space near the HOLP imidazole moiety. 
It should be more difficult to accommodate an even bulkier phenyl of 
Phe to fit in the MtHISN6 active site, which explains why MtHISN6 did 
not transaminate Phe. 

Since eHspAT lacks a biochemical description, we also compared 
MtHISN6 to HAT from Mycobacterium tuberculosis (mHspAT) (Nasir 
et al., 2016). Superposition of the structures reveals higher RMSD 
values: (i) open onto open (PDB ID: 4rae, RMSD 2.7 Å, Fig. 8A) and (ii) 
closed onto closed (PDB 4r8d, 1.9 Å, Fig. 8B). In general, the differences 
between MtHISN6 and mHspAT are similar to those noted in comparison 
with eHspAT. Moreover, in open mHspAT, the dimer mate slips into the 
active site of a subunit, displacing the whole N-terminal part, including 
the anchoring region (D25-R33). A long loop (S128-T137) within the 
large domain becomes an α-helix in the closed state. For MtHISN6, the 
conformational changes are limited to the string open/closed transition 

Fig. 8. Superposition of open (A) and close (B) structures of MtHISN6 (white) and mHspAT (blue; PDB IDs: 4rae (A) and 4r8d (B)). The open-form structures differ 
significantly, especially in the small domain region, while the backbone of the closed forms superposes quite well, with most striking differences noticeable in the N- 
terminal regions. The approximate border between the small and large domains is marked by the black lines. 
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and a minor rotation of the small domain (Fig. 4B). This conformational 
flexibility provides a viable explanation why mHspAT has a significantly 
higher turnover rate (426 s− 1) but lower substrate affinity (KM 420 μM). 
In the case of MtHISN6, upon the substrate binding, the string moves 
further into the active site (by 3.7 Å), reducing its volume significantly. 
Notably, the high KM values are a universal feature among studied 
bacterial homologs. 

2.7. Dynamics of MtHISN6 

To investigate the dynamics of MtHISN6, we superposed our crystal 
structures in the open and closed states at their large domains (Fig. 4B; 
RMSD 0.79 Å). The rotational closing movement of the small domain 
displaces T291-F316, K348-D336, and K369–S384 helices and the 
linking fragments. Nonetheless, this movement is less pronounced than 
in mHspAT or eHspAT. As stated above, the most striking changes occur 
in the N-terminal part, including the P35-L43 string. The average 
displacement of the string is ~6.5 Å, reaching as far as 8.9 Å at P40 Cα. 
The following α-helical fragment, F44-D57, bends toward the active site, 
with an average displacement of 2 Å at Cα during structure closing. The 
open/close movement of the string is also accompanied by the side- 
chain movement of T265, R268, and a slight displacement of the main 
chain on the I263*-N274* and R352-R364 fragments. At the same time, 
the fragment D25-K34 stays anchored to the dimer mate’s large domain, 
and the relative positions of two chains forming the dimer remain almost 
unaffected. 

To evaluate the effect of HOLP binding on MtHISN6, we performed 
100-ns molecular dynamics (MD) simulations. The simulations were 
performed with two MtHISN6 complexes with free K244, i.e., complexes 
with PMP (modeled) and PLP-HOLP external aldimine to minimize bias 
and limit restrictions to the protein atoms. The results of MD simulations 
are consistent with the L35-P43 string participating in the active site 
formation upon the substrate binding (Fig. 9A and B). It is also clear that 
the binding of HOLP stabilizes the string, as the root-mean-square 
fluctuations (RMSFs) for Cα atoms decrease by half (Fig. 9C). On the 
other hand, we observe both open and close states in the absence of 
HOLP. Our crystal structures and the MD simulations are consistent with 
this regard. Uncoupling the dynamics of the MtHISN6 string from ligand 
binding is a novelty. Such behavior may apply to other HATs, or at least 
be a universal feature of plant HISN6 enzymes, given the high sequence 
conservation of the string (Fig. 6B). 

2.8. Virtual screening of soluble lead-like molecules 

The HBP is absent in animals but is critical for plant growth. Thus, 
targeting plant HAT enzymes is a promising approach to the design of 
novel herbicides. The dynamics of MtHISN6, especially the movement of 
the L35-P43 string, prompted us to exploit this region in the search for 
HISN6 inhibitors. Such molecules could lock the L35-P43 string in the 
open conformation, thus preventing it from closing, which is indis
pensable for providing proper reaction conditions. 

We performed in silico docking of more than 1.35 mln soluble lead- 
like molecules downloaded from the ZINC database (Sterling and 
Irwin, 2015). The search box covered the area around the L35-P43 string 
of the MtHISN6_open crystal structure. This way, we mapped druggable 
sites near the string while screening a vast chemical space. The chemical 
formulas and binding energies of the most potent 95 binders are pro
vided in Supplementary Fig. S2. 

The group of top hits are expected to bind in three distinct regions 
(Fig. 10A), with estimated binding energies up to − 10.8 kcal/mol. They 
all have the potential to prevent the string from closing. Region 1 is 
located near the intersubunit interface between the small domains. 
ZINC9009723 (Fig. 10B) tightly fills the void between the outer ridge of 
the string and the small domain, while ZINC5013760 hints at the pos
sibilities of linking Region 1 bound molecules with Region 2 bound 
molecules. 

Region 2 starts “behind” P43 and stretches towards the active site. 
The top-scoring molecules have a tetrazolopyridazine ring, locked in the 
site recognizing the phosphate group of HOLP, and interacting with 
R364 and PLP (ZINC95393759 (Fig. 10C), ZINC11085217, 
ZINC95350149). Interestingly, the substitution of the 1,2,4-triazole 
ring, situated in the middle of the molecule (ZINC95393759), by the 

Fig. 9. Molecular dynamics simulations on MtHISN6. Modeled complexes with 
PMP and PLP-HOLP (both external aldimines) are presented in panels A and B; 
one subunit is depicted as a white surface for clarity. The illustrations were 
created in UCSF Chimera (Pettersen et al., 2004) by presenting the B-factors 
calculated in Gromacs (Abraham et al., 2015) as widths of the “worms”. The per 
residue root-mean-square-fluctuation (RMSF) of Cα atoms is shown in panel C. 
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1,2,4-oxydiazole ring (ZINC95350149) decreases the estimated binding 
energy by 0.3 kcal/mol. The phenyl group on the other end of the 
molecule binds in a small tunnel between the top of the string and the 
small domain (ZINC95393759, ZINC12323188, ZINC95350149). 

Region 3 starts at the heart of the active site, near PLP, and stretches 
along the large domain edge (T142-F146) towards A36 in the string. The 
top scoring molecules bind at the phosphate-binding site either using 
tetrazolopyridazine ring (ZINC14139069 (Fig. 10D)) or tetrazole group 
(ZINC65566055, ZINC33238693, ZINC5673503, ZINC72140159). The 
presence of negatively charged groups within the center of the binder 
has a beneficial effect on the binding energy (ZINC65566055 vs. 
ZINC5673503). Obtained results suggest that the best binders to Region 
3 consist of the bicyclic aromatic moiety at the other end of the molecule 
(ZINC14139069, ZINC65566055, ZINC5673503, ZINC67674282). 

3. Discussion 

The evolution of plant HISN6 enzymes towards higher substrate 
selectivity is a phenomenon that was never described. Results obtained 
by SSN indicate that plant HISN6 evolved from a bacterial group, 
Chloroflexota, unlike many other chloroplast proteins that originate from 

Cyanobacteria. Interestingly, both Chloroflexota and Cyanobacteria are 
able to photosynthesize. However, most Chloroflexota conduct anoxy
genic photosynthesis, a more primitive form than oxygenic photosyn
thesis (Shiha et al., 2017; West-Roberts et al., 2021). The origin of plant 
HISN6 enzymes from Chloroflexota is an unusual indication of plant 
evolution via horizontal gene transfer (HGT). A few other examples of 
HGT from bacteria to higher plants include genes essential for survival 
on the land (Yue et al., 2012, 2013). One such example is phenylalanine 
ammonia lyase (PAL) which was transferred from soil bacteria or fungi 
(Emiliani et al., 2009). PAL catalyzes the first step of the phenyl
propanoid pathway that is responsible for the production of compounds 
such as flavonoids and lignin that are essential for the protection against 
UV light and the formation of xylem, respectively. Genes encoding for 
proteins associated with vascular tissue formation were also acquired 
from bacteria, e.g., the vein patterning 1 protein (VAP1) or TAL-type 
transaldolase (TAL) (Jun et al., 2002; Yang et al., 2015). In previous 
works, we found out that another HBP enzyme, MtHISN2, is most similar 
to homologs from the class of Deltaproteobacteria (now referred to as 
Myxococcota (Oren and Garrity, 2021; Witek et al., 2021). Hence, there 
is increasing evidence that many genes associated with cellular meta
bolism and survival on land were likely obtained from bacteria and later 

Fig. 10. The search region for the virtual screening campaign was oriented around the L35-P43 string. The molecules are predicted to bind in three slightly 
overlapping regions around the top part of the string. The three best scoring molecules in each region are presented as sticks with the MtHISN6 surface electrostatic 
potential in the background (A). Detailed views over the three binding Regions (1–3) and their top-scoring binders are shown in panels B–D, respectively. 
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evolved in plants. There is a pending question about the driver of the 
HGT in the case of plant HISN6 enzymes. Perhaps HATs from Cyano
bacteria were not selective enough to ensure optimal metabolism inside 
the chloroplasts? HGT from Chloroflexota might have given plants 
evolutionary benefits, thereby satisfying the selective pressure. Ac
cording to the Brenda database (Chang et al., 2021), Bacillus subtilis HAT 
exhibits the lowest KM with HOLP (150 μM) among the studied homo
logs (Weigent and Nester, 1976). This still is five-fold higher than KM of 
MtHISN6. Currently, no data for any other plant species or Cyanobacteria 
are available. 

The N-terminal part of the small domain has previously been indi
cated as responsible for the substrate specificity of bacterial HATs; it is 
built by hydrophilic residues that allow the binding of HOLP (Nasir 
et al., 2012, 2016). The comparison between the open and closed forms 
(including the HOLP complex) reveals that the binding of HOLP induces 
conformational changes. Given the structural similarity, the binding of 
IAP, which is the substrate in the forward direction of the HBP, is most 
likely similar to that of HOLP. Analysis of the MtHISN6_HOLP structure 
allowed us to determine the Y38, D117, N190, R352, and R364 as the 
critical residues in HOLP recognition. 

For broad-specificity aminotransferases, a certain ambiguity occurs 
in substrate preference (Vernal et al., 1998, 2003; Matsui et al., 2000; 
Fernandez et al., 2004). In such cases, the active site adapts its volume to 
fit smaller and bulkier substrates by modifying the extent of the small 
domain movement and conformational change of the so-called arginine 
switch (Wen et al., 2015; Bujacz et al., 2021). In MtHISN6, Y38 plays a 
similar role, firmly closing the active site and limiting its size. Further
more, the three conserved Pro residues (P37, P40, and P43) likely 
brought about the structural integrity of the closed active site in plant 
HISN6 enzymes. The contribution of the N-terminal part of the small 
domain in the regulation of size and accessibility of the active site has 
been indicated in mHspAT. However, when we compare the substrate 
profile of the two HATs, mHspAT can process both HOLP and Phe, while 
MtHISN6 is HOLP-selective. This is consistent with the higher rigidity of 
the MtHISN6 string, which makes the enzyme unable to accommodate 
other substrates. Furthermore, the P35-L43 string of MtHISN6 moves 
further into the active site upon the substrate binding than the homol
ogous region of mHspAT. 

Our data suggest that the low turnover rate is the cost that MtHISN6 
pays for high substrate affinity. However, the high substrate affinity 
allows efficacy at low substrate concentrations in vivo. Unfortunately, 
we were not able to measure the activity in the HBP forward direction 
(IAP → HOLP) because IAP is not available. It must also be remembered 
that the subsequent reaction in the HBP, i.e., the dephosphorylation of 
HOLP into L-histidinol by HISN7, is irreversible and therefore shifts the 
equilibrium towards His production (Petersen et al., 2010; Ruszkowski 
and Dauter, 2016). 

Some inhibitors of plant aminotransferases are available, but none of 
them is HISN6-selective. For instance, aminoethoxyvinylglycine can 
deregulate histidine homeostasis in plants (Le Deunff et al., 2019). 
However, not only does it impact other aminotransferases in plants, it 
affects other organisms as well. Hence, the closing of the string L35-P43 
has caught our eye, as it is clearly indispensable for catalysis. Targeting 
the string region, which is highly conserved in plant HISN6 enzymes, 
would restrict the string rearrangement to build the active site and could 
be an efficient approach toward HISN6 inhibition. We performed a 
virtual screening to get the first glimpse of specific regions near the 
string and chemical moieties predestined for binding. The results map
ped three hot spots in the string neighborhood and indicated the 
development direction for HISN6 inhibitors that could become herbi
cides. Using the top-scoring molecules within each region, one may 
envision a molecule with a linker between moieties docking to different 
regions. This could anchor the molecule in the interdomain area, 
entwine the string from behind, and occupy vast space at the entrance of 
the catalytic site – preventing its closing. Certain redundancy within the 
group of top binders may provide a starting point for establishing a 

structure-activity relationship (SAR). 
Moreover, despite the high concentration of MES buffer (100 mM) in 

our crystallization trials, we do not observe MES molecules binding to 
MtHISN6. This is in contrast to the case of mHspAT, where MES mole
cules bound in the active site and mimicked HOLP (Nasir et al., 2016). 
The sulfate ions present in our open-state structures could also serve as 
placeholders for negatively charged groups of new HISN6 inhibitors. 
Two sulfates bound in the active sites, while others occupy small clefts 
between the large and small domains, possibly locking the enzyme in the 
open state. Consistently, no sulfates are bound to the protein in our 
MtHISN6_HOLP complex, which is the closest mimic of the MtHISN6 
active state. 

4. Conclusions and outlook 

As a result of the functional and structural study of MtHISN6, here we 
provide a detailed insight into the evolution and characteristics of plant 
HISN6 enzymes. The calculated SSN suggests that plant HISN6 enzymes 
had been acquired by an HGT from Chloroflexota to have undergone 
further evolution within plants. The observed high substrate affinity and 
low turnover rate of MtHISN6 can be attributed to the architecture of the 
active site that is tighter than that of bacterial counterparts with known 
structures. The closing of the highly-conserved in plants string region 
(residues L35-P43 in MtHISN6) occurs dynamically – regardless of 
whether the substrate is bound in the active site or not. However, the 
substrate binding stabilizes the string in the closed state. On the other 
hand, the string must be closed to build a fully-functional active site. The 
high sequence conservation emphasizes the importance of the string for 
plant HISN6 activity, making the string dynamics a druggable site for 
HISN6-targeted herbicide development. Many plant species, unlike 
A. thaliana, possess a single HISN6 enzyme. Future research will show 
whether inhibition of HISN6 results in histidine starvation, accumula
tion of toxic levels of IAP, or impact signaling pathways linked to pri
mary root growth (Mo et al., 2006). A phenotypic synergy may, in this 
case, enhance the efficacy of HISN6 inhibitors. Therefore, this work, 
which is a part of the project on deciphering the structures of the plant 
HBP enzymes, not only brings advancement in our understanding of the 
pathway at the molecular level but also provides the groundwork for the 
rationalized discovery of HISN6-targeted herbicides. 

5. Materials and methods 

5.1. Cloning, overexpression and purification of MtHISN6 

The MtHISN6 expression construct was produced using the protocol 
described for MtHISN2 (Witek et al., 2021). In brief, total RNA isolated 
from M. truncatula leaves using the RNeasy Plant Mini Kit (Qiagen), was 
reverse-transcribed into the complementary DNA (cDNA) with Super
Script II reverse transcriptase (Life Technologies). The open reading 
frame coding for MtHISN6 was amplified by polymerase chain reaction 
(PCR). The N-terminal signal peptide was excluded from the construct 
based on the prediction of the mature sequence based on TargetP 1.1 
(Emanuelsson et al., 2000) prediction and by comparison of homologous 
sequences from other plant species. Based on this, the final construct was 
N-terminally truncated at D25 (UniProt ID: A0A072U7F9), whereas the 
C-terminus was not modified. The following primers were used for PCR: 
Forward, TACTTCCAATCCAATGCCGACTCCTTTATCAGACAACATCTC 
AGGA; Reverse: TTATCCACTTCCAATGTTACTACGATAGTCTGCTTA 
TGCAATTCATCA. The pMCSG68 vector (Midwest Center for Structural 
Genomics, USA) served to create the expression plasmids by the 
ligase-independent cloning method (Kim et al., 2011). The plasmids 
were used to transform E. coli BL21 (DE3) Gold competent cells for 
protein expression. The correctness of the coding sequence was verified 
by DNA sequencing. 

Overexpression was conducted in BL21 Gold E. coli cells (Agilent 
Technologies). Lysogeny broth (LB) culture medium was supplemented 
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with 150 μg/mL ampicillin. The cultures were incubated at 37 ◦C and 
shaken at 180 RPM until A600 reached the value of 1.0. The cultures 
were cooled down to 18 ◦C and induced using isopropyl-D- 
thiogalactopyranoside (IPTG) at final concentration of 0.5 mM. The 
cultures were then shaken for another 18 h. After that time, the cultures 
were centrifuged at 4000×g for 15 min at 4 ◦C and resuspended in 30.0 
mL of binding buffer [50 mM Hepes-NaOH, pH 7.5; NaCl 500 mM; 
imidazole 20 mM; 2 mM tris(2-carboxyethyl)phosphine (TCEP)]. The 
resuspended bacterial cell pellet was deep frozen at − 80 ◦C and stored 
for purification. 

The bacterial cell pellet was thawed and disrupted by sonication (5 
min) with intervals for cooling. Cell debris was removed by centrifu
gation at 25,000×g for 30 min at 4 ◦C. The supernatant was mixed with 
3 mL of HisTrap HP resin (GE Healthcare) and incubated for 3 min in a 
column on the VacMan pump (Promega). The resin with bound protein 
was thoroughly washed with 400 mL of binding buffer and eluted with 
15 mL of elution buffer (50 mM Hepes–NaOH pH 7.5; 500 mM NaCl; 
400 mM imidazole; 2 mM TCEP). In order to remove the His6-tag, to
bacco etch virus (TEV) protease was added at a final concentration of 
0.2 mg/mL. Cleavage was conducted overnight at 4 ◦C, simultaneously 
with dialysis (SnakeSkin™ Dialysis Tubing, Thermo Fisher) to lower the 
imidazole concentration down to 20 mM. Except for the apoMtHISN6, 
PLP at 10 μM concentration was added to the external dialysis solution. 
The sample was loaded again onto a column containing HisTrap HP 
resin, and MtHISN6 was eluted from the column. The sample was 
concentrated to ca. 2.0 mL using Amicon Ultra 15 mL centrifugal filters 
(Merck) and loaded onto a HiLoad Superdex 200 16/60 column (GE 
Healthcare). The column was previously equilibrated with size exclusion 
buffer (25 mM Hepes–NaOH pH 7.5; 100 mM KCl; 50 mM NaCl; 1 mM 
TCEP). After elution, the protein was concentrated using Amicon Ultra 
15 mL centrifugal filter. 

5.2. Activity assays 

The aminotransferase activity of MtHISN6 was measured using a 
coupled assay with bovine GDH. HOLP (lithium salt, Merck 41,486) was 
used to measure the activity in the reverse reaction (with respect to the 
HBP) as IAP is not commercially available. Concentrations and amounts 
of the constant components of the reaction mixtures were established in 
our preliminary experiments to be as follows: (i) forty units of bovine 
GDH (sigma G2626, sufficient to prevent the coupled reaction from 
being rate-limiting); (ii) MtHISN6, 2 μM; (iii) NAD+, 1 mM; (iv) 2OG, 2 
mM; (v) PLP, 2 μM and (vi) HOLP (or Phe) at varied concentrations. We 
also tested A. thaliana GDH1 (Grzechowiak et al., 2020), but this isoform 
was not applicable due to the high KM. The reaction buffer was 25 mM 
HEPES-NaOH pH 7.5, 100 mM KCl, 50 mM NaCl. Measurements were 
performed on a Hewlett-Packard 8453 diode-array spectrophotometer 
(Agilent Technologies, Santa Clara, CA) in 800 μL volumes in duplicate. 
The formation of NADH was monitored continuously (2 Hz) through 
absorbance at 340 nm wavelength. Data were fit to the 
Michaelis-Menten equation using the GraphPad Prism 6.07 software. No 
detectable activity was present for Phe up to 25 mM concentration. 

The binding of HOLP and Phe was compared by measuring the for
mation of the external aldimine, monitored by absorbance increase at 
around 355 nm for 4 min. The assay was performed in the mixture 
containing 25 mM HEPES-NaOH pH 7.5, 100 mM KCl, 50 mM NaCl, 20 
μM PLP, and 20 μM MtHISN6. Either Phe or HOLP was added at 1 mM 
final concentration. Results were analyzed in Spectragryph 1.2 (Spec
troscopy Ninja). 

5.3. Crystallization and diffraction data collection 

MtHISN6 was crystallized using the vapor diffusion method in a 
sitting drop setup. The protein was concentrated to 18.8 mg/mL. The 
concentration was determined spectrophotometrically at A280 using the 
molar extinction coefficient of 30,870. MtHISN6_open form crystals 

grew in 90% of the C10 solution from the BCS screen (Molecular Di
mensions), i.e., 0.18 M ammonium sulfate, 0.09 M sodium acetate pH 
4.6, 22.5% v/v PEG Smear Broad. The MtHISN6_closed form crystals 
were obtained from Index Screen G6 conditions (Hampton, USA): 0.2 M 
ammonium acetate; 0.1 M BIS-TRIS pH 5.5; 25% w/v polyethylene 
glycol 3350. The protein sample was supplemented with 1 mM PLP. As a 
cryoprotection, the mixture of the crystallization conditions with 20% 
ethylene glycol was used for both aforementioned forms. The latter 
crystals were used for soaking to obtain the MtHISN6-HOLP complex. 
The cryoprotecting solution was supplemented with 0.2 μL of 200 mM 
HOLP added to 2 μL cryo drop. After a 10 min incubation, the soaked 
crystals were flash frozen. The apoMtHISN6 crystals were obtained 
when no PLP was added to the protein sample before crystallization 
using the ShotGun (SG-1, Molecular Dimensions) in the B4 condition 
that contained the following components: 0.2 M ammonium sulfate; 0.1 
M MES pH 6.5; 30% w/v PEG 5000 MME. The crystals were cry
oprotected using SG-1 condition supplemented with 20% ethylene gly
col. The crystals were vitrified in liquid nitrogen and stored for 
synchrotron data measurements. 

Data were collected at the 22-ID beamline at the Advanced Photon 
Source, Argonne, USA or at the P13 beamline, PETRA, Hamburg, Ger
many. The diffraction images were processed XDS (Kabsch, 2010). The 
statistics of the data collection and processing are summarized in 
Table 1. 

5.4. Determination and refinement of the crystal structures 

The structure of MtHISN6_open was solved by molecular replace
ment in Phaser (McCoy et al., 2007), using coordinates of Cupriavidus 
pinatubonensis JMP134 HAT (PDB ID: 3euc, unpublished) as a model; the 
sequences share 34% identity. The initial model of MtHISN6 was ob
tained by sequence fitting in Phenix.AutoBuild (Afonine et al., 2012). The 
MtHISN6_closed, MtHISN6_HOLP and apoMtHISN6_structures were 
solved by molecular replacement using MtHISN6_open as a model. All 
four structures were refined by iterative cycles of manual rebuilding 
using Coot (Emsley P et al., 2010) and automated refinement in Phenix. 
refine (Liebschner et al., 2019). The geometric parameters and 
model-map correlation were validated in MolProbity (Williams et al., 
2018) and the validation server of the PDB (Berman et al., 2000). The 
refinement statistics are listed in Table 1. 

5.5. Virtual screening 

A subset containing molecules of molecular weight 300–350 Da and 
logP ≤2 was derived from the lead-like library; 1,355,624 docking-ready 
files were downloaded from the ZINC15 database (Sterling and Irwin, 
2015) in March 2022. Docking was performed in AutoDock Vina (Trott 
and Olson, 2010) using custom-made Python scripts, with the exhaus
tiveness = 8. MtHISN6_open was prepared as the receptor for docking 
with the UCSF Chimera DockPrep tool (Pettersen et al., 2004). The 
search box with the dimensions of 33.9 × 28.0 × 33.3 Å was centered at 
78.3, 30.7, 13.65 (x, y, z). The results were scored based on the calcu
lated binding energy. 

5.6. Molecular dynamics simulations 

MD simulations were performed in Gromacs 2021.5 (Abraham et al., 
2015) with the AMBER99SB-ILDN force field applied (Lindorff-Larsen 
et al., 2010). MtHISN6 complexes (created in Coot (Emsley P et al., 
2010)) with either PMP or PLP-HOLP external aldimine were subjected 
to MD simulations independently to minimize bias. The model was 
solvated using TIP3P water model in a cubic box. Sodium cations were 
used to neutralize the system. Energy minimization was followed by 
NVT and NPT equilibrations, each for 50,000 of 2 fs steps. The pro
duction MD was run for a total of 100 ns (50,000,000 of 2-fs steps) at 
300 K. The dynamics of the protein were evaluated based on 
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root-mean-square-fluctuation (RMSF) for Cα atoms, converted to 
B-factors using Gromacs internal tools and presented in UCSF Chimera 
(Pettersen et al., 2004) as worms. 

5.7. Other software used 

Molecular illustrations were created with UCSF Chimera X (Pettersen 
et al., 2021) and UCSF Chimera (Pettersen et al., 2004). RMSD values for 
the whole PDB search were taken from PDB-Fold (Krissinel and Henrick, 
2004). A set of 500 sequences that samples 2247 unique homologs from 
UniProt (The UniProt, 2017) between 35 and 95% sequence identity to 
MtHISN6 was created using Multiple Sequence Alignment using MAFFT 
and HMMER algorithm with an E-value of 0.0001. The conservation was 
analyzed with ConSurf (Ashkenazy et al., 2016). The 349 plant enzyme 
sequences were retrieved from InterPro database (Blum et al., 2021). 
Their MSA was prepared using the Clustal Omega webserver (https:// 
www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). The distri
bution matrix was prepared using WebLogo3 application (Crooks et al., 
2004). The distribution of the surface electrostatic potential was 
calculated using PDB2PQR and APBS servers (Baker et al., 2001; 
Dolinsky et al., 2004). SSN analysis was calculated using the EFI-EST 
webserver (Zallot et al., 2019) from 21,142 UniRef90 (Suzek et al., 
2015) sequences retrieved from the InterPro (Blum et al., 2021) family 
of L-histidinol phosphate aminotransferases (IPR005861). The align
ment score was set to 100, while the sequence lengths were restricted to 
320–440 residues. The graph was created in Cytoscape 3.3 (Shannon 
et al., 2003). 
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