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Abstract 
Hyoscyamine, anisodamine and scopolamine are tropane alkaloids present in 
some Solanaceae species and used in modern medicine. L-Hyoscyamine is 
hydroxylated to 6β-hydroxyhyoscyamine (anisodamine) and then epoxidated 
to scopolamine by the dual action of hyoscyamine 6β-hydroxylase (H6H), a 
2-oxoglutarate dependent dioxygenase. A natural mutation in the Gly-220 re-
sidue to Cys was previously shown to be associated with the loss of function of 
H6H in Mandragora officinarum, preventing the accumulation of anisodamine 
and scopolamine in these plants. We show here that a deliberate Gly220Cys 
mutation in the Datura innoxia DiH6H protein caused a loss of both its en-
zymatic abilities and rendered it unable to hydroxylate L-hyoscyamine into 
anisodamine and to epoxidate anisodamine into scopolamine. By using pro-
tein modeling based on an available crystal structure of H6H from Datura 
metel, we show how the Cys220 residue causes a steric interference in the ac-
tive site cavity impairing the interaction of both substrates, hyoscyamine and 
anisodamine with the active site of the protein. We also address the enanti-
omeric preference of DiH6H based on molecular modeling. 
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Scopolamine, Hyoscyamine 

 

1. Introduction 
1.1. Hyoscyamine and Scopolamine Are Medicinally Important 

Tropane Alkaloids Present in the Solanaceae 

Hyoscyamine and scopolamine are commercially important tropane alkaloids 
found in several Solanaceae genera, including Hyoscyamus, Duboisia, Scopolia, 
Mandragora, Anisodus and Datura. Scopolamine differs from hyoscyamine by 
the presence of an epoxide bridge in the tropane ring of scopolamine (Figure 1). 
Both hyoscyamine and scopolamine affect the central and peripheral nervous 
system as competitive, non-selective muscarinic acetylcholine receptor (mAChR) 
antagonists, which prevent binding of the physiological neurotransmitter ace-
tylcholine. The agonist properties of hyoscyamine and scopolamine give rise to 
several important pharmacological effects, such as antispasmodic actions on the 
gastrointestinal tract and antisecretory effects controlling salivary secretions dur-
ing surgical operations [1] [2]. Atropine, (a mixture of both L-(2’S) and D-(2’R) 
enantiomers of hyoscyamine) is used as an antidote against cholinesterase inhi-
bitors poisoning and also for dilating the pupil of the eye during eye examina-
tions. The market demand for hyoscyamine and scopolamine is increasing and 
the chemical synthesis of these alkaloids has proved to be difficult and commer-
cially infeasible. In addition, the commercial demand for scopolamine is esti-
mated to be tenfold higher than for hyoscyamine due to its fewer adverse effects 
and higher physiological activity [3].  

1.2. Hyoscyamine 6β-Hydroxylase Is a 2-Oxoglutarate-Dependent 
Dioxygenase (2OGD) 

The conversion of hyoscyamine into scopolamine is catalyzed by hyoscyamine 
6β-hydroxylase (EC 1.14.11.11, H6H), a key enzyme catalyzing the hydroxyla-
tion of L-hyoscyamine to 6β-hydroxyhyoscyamine (anisodamine) and its subse-
quent epoxidation to scopolamine (Figure 1) [4]. H6H is considered an impor-
tant key enzyme in the biosynthetic pathway for scopolamine and its gene has 
been isolated from various scopolamine-producing species [5]. Several studies 
were performed in attempts to enhance scopolamine accumulation in plants by 
the overexpressing H6H gene [6] [7] [8] [9]. Hashimoto and Yamada (1986) [10] 
showed that the hyoscyamine 6β-hydroxylase from Hyoscyamus niger preferen-
tially accepted the L-(2’S) isomer of hyoscyamine as a substrate and that the 
D-(2’R) isomer of hyoscyamine was nearly inactive. This was further corrobo-
rated in the recombinant MaH6H from Mandragora autumnalis [11] that en-
codes an active H6H enzyme. Still, a possible mechanism for this enantiomeric 
preference was not explained. Moreover, Schlesinger et al. (2019) [11] showed 
that a substitution of the Gly-220 residue for a cysteine was linked to the lack of 
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scopolamine and anisodamine phenotypes in M. officinarum accessions. Al-
though M. officinarum accessions displayed a functionally inactive H6H, and 
this amino acid substitution was strongly linked with the alkaloid composition 
phenotype as determined by cleaved amplified polymorphic sequences (CAPS) 
analysis, the direct influence on the functionality of the specific Gly-220 substi-
tution as related to other amino acid changes in the H6H protein was not tested. 
Recently Kluza et al. (2020) [12] published a high-resolution crystal structure of 
the D. metel H6H and shed light on the molecular basis of H6H specificity to-
wards hyoscyamine. The authors mentioned the possibility that a Gly220Cys 
substitution may disturb hyoscyamine binding through re-arrangement of the 
hydrophobic cavity of the protein, but the exact mechanism of this interference 
remained to be shown. Because of the proximity of Gly-220 to the phenyl ring of 
hyoscyamine during catalysis and the high level of sequence conservation in 
H6H proteins, we hypothesized that a deliberate substitution of the Gly-220 to a 
Cys residue could render an enzymatically inactive protein. Using protein mod-
eling, we delineate here the apparent role of Gly-220 in the binding capacity of 
the H6H protein and the disruption caused when it was replaced with cysteine. 
In addition, our model provides a biochemical rationale for the enantiomeric 
preference of DiH6H for the L-(2'S)-isomer of hyoscyamine. 

 

 
Figure 1. The sequential conversion of hyoscyamine into anisodamine and scopolamine by the action of hyoscyamine 6β-hydroxylase 
(H6H). Atropine is a racemic mixture of L-(2’S) and D-(2’R) hyoscyamine, but only L-(2’S) hyoscyamine is present in plants and 
is hydroxylated to anisodamine (6β-hydroxyhyoscyamine) that in turn is epoxidated to (2’S)-scopolamine. Red X designate ineffi-
cient biochemical processes. The carbon numbering system for each compound is according to [11]. 
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2. Material and Methods 

2.1. Plant Material 

Seeds of D. innoxia were collected in the Beit She’arim area, Jezre’el Valley, Israel. 
After germination, the plants were grown in pots in a net-house located at Newe 
Yaar Research Center in Israel and were irrigated daily during the morning. 

2.2. RNA Extraction, Sequencing and Transcriptome Assembly 

Leaves and roots of D. innoxia were sampled from a mature, 2-months old, flo-
wering plant. The tissues were frozen in liquid N2 and ground into a uniform 
powder using a chilled mortar and pestle. RNA was extracted using the SIGMA 
Plant total RNA kit following the manufacturer’s protocol. Total RNA was used 
for Mrna seq library construction and Illumina sequencing. RNA sequencing 
was performed according to Schlesinger et al. (2019) [11]. 

2.3 Assembly and Candidates Search 

Reads were assembled de novo using Trinity software (version: v2.3.2; [13] with 
the trimmomatic option to remove adaptors [14] and 25 mer k-mer size. A 
tBLASTn search using the Hyoscyamus niger HnH6H (AAA33387.1) [4] was 
performed on the newly acquired transcriptome of D. innoxia. The candidate 
gene identified was identical to the previously reported D. innoxia DiH6H 
(MH392211) [15]. 

2.4. Isolation and Synthesis of DiH6H and DiH6H_G220C 

For the isolation of the DiH6H candidate gene, cDNA was synthesized from 0.2 
μg of total RNA using the Verso cDNA synthesis kit (Thermo Fisher scientific, 
Kiryat Shmona, Israel). The amplification was done with specific primers de-
signed for cloning into pET-28a according to the transcriptomic sequence re-
sults of the BLAST search. The primers employed were as follows: 5’-AAGCTA 
GCATGGCTACTCTTGTCTCAAATTGGT-3’ and 5’-TTCTCGAGTTAATTAG 
GGAATTGATTGATTTTATATGGTTTAACACC-3’. The amplification of the 
DiH6H gene was done using 120 ng of the cDNA and the Phusion high-fidelity 
PCR master mix (Thermo Fisher scientific, Kiryat Shmona, Israel). The condi-
tions of the PCR were according to the Tm of the primers and to the Phusion 
high-fidelity PCR master mix protocol. DiH6H_G220C was synthesized and ob-
tained from Twist Bioscience (South San Francisco, CA). Both DiH6H and 
DiH6H_G220C genes were ligated into pET-28a plasmid using XhoI and NheI 
(New England Biolabs) restriction enzymes and transformed into Escherichia 
coli (E. coli) DH5α for plasmid purification and sequencing. For sequencing, the 
DiH6H and DiH6H_G220C were amplified using the T7 terminator and T7 pro-
motor primers and sequenced (Sanger) with an Applied Biosystems 3130xl Ge-
netic Analyzer (Applied Biosystems, http://www.appliedbiosystems.com) ac-
cording to the manufacturer’s instructions. 
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2.5. Functional Expression Analyses 

The procedure was essentially as described in [11]. In brief, the plasmids con-
taining each gene were introduced to the expression strain E. coli BL21 (DE3). A 
fresh bacterial culture harboring the recombinant plasmid was grown in 5 ml of 
Luria-Bertani (LB) liquid medium until it reached an OD600 between 0.6 and 0.8. 
IPTG (1mM final concentration) was added for induction of the ectopically ex-
pressed gene. Atropine or anisodamine were added to the medium as substrates 
to a final concentration of 0.35 mM. 

2.6. LC-Q-TOF-MS/MS Analysis 

For functional expression analysis experiments, 1 ml of the bacterial cultures 
were centrifuged in an Eppendorf tube at 14,000 g for 5 min and filtered through 
a 13 mm Syringe filter with 0.2 μm GH Polypro membrane (Acrodisc) into a 2 
ml vial for further analysis in LC-Q-TOF-MS/MS. The analyses were carried out 
on an Agilent 1290 Infinity series liquid chromatograph coupled with an Agilent 
6530 Accurate Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS equipped with 
the Agilent Jet Stream interphase (Agilent Technologies, Santa Clara, USA). The 
analytical column was a Zorbax Extend-C18 Rapid Resolution HT column (2.1 × 
50.0 mm, 1.8 μm, Agilent Technologies, Waldbronn, Germany). The conditions 
were as in Schlesinger et al. (2019) [11]. 

2.7. Modeling 

Structure models of the two DiH6H variants (Gly-220 and Gly220Cys) were 
constructed using SWISS-MODEL [16]. The model processing was performed 
based on the tH6H 1.12A crystal structure of D. metel (PDB code: 6ttn) (98% 
identity), which includes hyoscyamine and N-oxalylglycine as substrates and 
Ni(II) as a cofactor. The substrates, hyoscyamine and oxalylglycine (an inactive 
co-substrate analog to 2-oxoglutarate, 2OG) were utilized for the modeling 
process of the intact DiH6H. Regarding the DiH6H_G220C structure, a hyoscya-
mine molecule was docked into the protein using AutoDock Vina [17]. The po-
sition of the docked hyoscyamine molecule was identical to the crystal structure 
(PDB code. 6ttm). Schematic diagram of protein-ligand interaction was assem-
bled using the LIGPLOT program [18]. Structural analysis and visualization 
were performed using the PyMOL software package [19]. The role of the hy-
droxyl group on carbon 3’ was found in the DmH6H structure (PDB: 6ttn), ana-
lyzed in the protein data bank (PDB) site. 

3. Results 
3.1. Identification of DiH6H, a Hyoscyamine 6β Hydroxylase from 

Datura innoxia 

The nucleotide sequence of DiH6H (MH392211) [15] was not available, there-
fore we searched our root and leaf transcriptome using the functionally active H. 
niger H6H (HnH6H) (AAA33387.1) gene [4] as a template. A tBLASTn search 

https://doi.org/10.4236/ajps.2021.121005


D. Schlesinger et al. 
 

 

DOI: 10.4236/ajps.2021.121005 58 American Journal of Plant Sciences 
 

revealed a highly similar sequence (1044 bp) encoding a protein (347 a.a) dis-
playing 100% nucleotide sequence identity to the DiH6H (MH392211) [15] leaf. 
Transcript abundance analysis, as measured by fragments per kilobase of tran-
script per million fragments in our Illumina database, indicated that DiH6H is 
preferentially expressed in root tissues (155 fpkm), with undetectable expression 
levels in the leaf. 

3.2. The Biochemical Functionality of DiH6H 

In order to verify the biochemical functionality of DiH6H and DiH6H_G220C, 
enzyme assays using atropine (a racemic mixture of hyoscyamine enantiomers) 
and anisodamine (a mixture of 2 enantiomeric pair isomers) as substrates were 
conducted. Each of the substrates was added to E. coli cultures, ectopically ex-
pressing DiH6H or DiH6H_G220C. The presence of anisodamine and scopola-
mine in the growth medium was tested using LC-Q-TOF-MS/MS. When atro-
pine was added as a substrate, the media, supporting E. coli expressing DiH6H, 
contained scopolamine eluting at 2.43 min and exhibiting m/z [M + H] of 
304.1548 (Figure 2(a1)). Additionally, two peaks with m/z [M + H] of 306.1700, 
corresponding to stereoisomers of anisodamine, were noted (Figure 2(a1)). The 
first peak, eluting at 1.87 min, was assigned as 6R, 2’S anisodamine and the 
second peak, eluting at 3.4 min, assigned as 6S, 2’S anisodamine. Our assignment 
of the two enantiomeric pairs of anisodamine was based on Wu et al. (2019) [20] 
that separated the diastereomeric and enantiomeric anisodamine isomers using 
high-performance liquid chromatography (HPLC). When anisodamine was 
added as a substrate to the growth medium harboring DiH6H, scopolamine was 
produced (Figure 2(b1)). The retention time of the  anisodamine isomers  and 
scopolamine products corresponded to the authentic standards, respectively 
(Figure 2(c)). To attain a more rigorous identification of the products released 
to the bacterial media, we used tandem mass spectrometry for each compound. 
The fragmentation of each compound indicated the presence of scopolamine 
and anisodamine (Figure 3). The two anisodamine isomers show the same 
fragmentation pattern but displayed only minor different ratios between them 
that did not allow for their specific stereoisomeric identification based on mass 
spectroscopy. 

3.3. The Influence of Gly220Cys Substitution on the Biochemical 
Functionality of DiH6H 

In order to assess the influence of the Gly220Cys substitution on the protein en-
zymatic functionality, an enzyme assay using the recombinant DiH6H_G220C 
was performed. In contrast to DiH6H, the media supporting E. coli cultures ex-
pressing the DiH6H_G220C to which atropine was added were devoid of either 
scopolamine and anisodamine (Figure 2(a2)). In addition, when synthetic 
anisodamine, which includes four isomers of anisodamine (Figure 1), was ad-
ministered as a substrate to the cultures, scopolamine was absent in the media 
(Figure 2(b2)). 

https://doi.org/10.4236/ajps.2021.121005


D. Schlesinger et al. 
 

 

DOI: 10.4236/ajps.2021.121005 59 American Journal of Plant Sciences 
 

 
Figure 2. Functional expression of DiH6H and DiH6H_G220C in E. coli. Extracted ion 
chromatograms of scopolamine (m/z [M + H] 304.1548) and anisodamine isomers (m/z 
[M + H) 306.17) in the culture medium of E. coli expressing the respective H6H gene and 
supplemented with atropine (a) or anisodamine isomers (b) as substrates. The products 
were identified by comparison of their Rt with authentic standards (c) and by their mass 
spectra (Figure 3). The recombinant DiH6H causes a release of scopolamine to the bac-
terial medium when atropine (a1) or anisodamine (b1) are added as substrates, while the 
addition of anisodamine isomers results in the accumulation of scopolamine (b1). DiH6H 
losses both its hydroxylating functionality (a2) and epoxidating functionality (b2) when 
the Gly-220 residue is replaced with a Cys-220.  
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Figure 3. The identification of scopolamine and anisodamine isomers generated by DiH6H by tandem mass – spectrometry. Top 
panels indicate biosynthetic products and bottom panels indicate the mass spectra of authentic standards. 

3.4. The Role of Gly-220 in Forming the Hydrophobic Cavity of 
DiH6H 

To better understand the influence of the Gly220Cys substitution on DiH6H ac-
tivity, we checked the role of Gly-220 residue in the protein structure; thus, the 
original protein (exhibiting Gly-220) was modeled using the SWISS-MODEL 
server [16]. The examination of the model clearly demonstrated the high struc-
tural complementary topographies between hyoscyamine and the protein bind-
ing pocket, mainly where the phenyl-ring is anchored (Figure 4(a)). Further-
more, when looking at the area where the Gly-220 resides (Figure 4(b)), is it 
highly noticeable that the Gly-220 surface exactly fits with the hyoscyamine 
phenyl ring surface and directly participates in creating the cavity around the 
phenyl ring of hyoscyamine. It seems that the cavity surrounding the phenyl ring 
acts as an anchor for either hyoscyamine or anisodamine, stabilizing the sub-
strates for both the hydroxylation and epoxidation reactions that occur on the 
other side of the hyoscyamine molecule. The structure model was then analyzed 
using LIGPLOT, a program that generates schematic diagrams of protein-ligand 
interactions [18]. LIGPLOT analysis (Figure 5) indicates that chief interactions 
of hyoscyamine with the surrounding pocket are hydrophobic, especially in the 
area where the phenyl ring is anchored. The surrounding hydrophobic and 
non-polar amino acids are Phe-103, Leu-107, Met-196, Leu-198, Asn-221, 
Leu-290, Tyr-319, Ala-323, Tyr-326, Leu-327, and the Gly-220. 

3.5. The Interference of the Gly220Cys Substitution on the DiH6H 
Structure 

For a deeper understanding of the influence of the Gly220Cys substitution on 
DiH6H structure, the DiH6H_G220C protein was modeled, also using the 
SWISS-MODEL server. The model of the original Gly-220 DiH6H protein in-
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cluded the substrates, hyoscyamine, oxalylglycine and the iron cofactor in the 
crystal structure while the mutant, DiH6H_G220C, displayed only the oxalylgly-
cine and the iron cofactor but hyoscyamine was not displayed (Figure 6). This 
modeling demonstrates the involvement and importance of Gly-220 in the 
binding of L-hyoscyamine. Conversely, when examining the model correspond-
ing to the mutant DiH6H_G220C, we found that the Cys-220 surface clashes and 
interferes in a non-chemical manner with the phenyl surface of hyoscyamine 
(Figure 4(c)).  

3.6. The Role of the Hydroxyl Group on Carbon 3’ 

The enantiomeric preference of the H6H protein for the L-2’S isomer of hyos-
cyamine was noted by Hashimoto and Yamada (1986) [10], but a biochemical 
rationale for this preference was not elaborated. Interestingly, when examining 
the DmH6H crystal structure binding site, we noted that the hydroxyl group on 
carbon 3’ of L-hyoscyamine interacts with Tyr-295 and Leu-290 through two 
crystallographic water molecules (H2O 689 and 843) (Figure 7). Surprisingly 
when docking the two enantiomers of hyoscyamine into the original model of 
DiH6H, the results did not show steric clashes or cavity fitness drawbacks. 
 

 
Figure 4. DiH6H modeling showing the pocket where anisodamine and hyoscyamine re-
side and the effect of Gly220Cys substitution on hyoscyamine electronic surface. (a) Sur-
face presentation emphasizing the shape of the hyoscyamine binding site. The Gly-220 
surface, which participates in creating the binding cavity is shown in blue. (b) Surfaces 
fitness of Gly-220 (Blue) and hyoscyamine phenyl-ring (pink surface). (c) The clash be-
tween the Cys-220 surface (black) to the hyoscyamine phenyl ring surface (pink).  
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Figure 5. LIGPLOT schematic diagram showing the amino acids that are responsible for 
creating the cavity in H6H where hyoscyamine and anisodamine reside. Non-polar and 
hydrophobic amino acids, create hydrophobic interactions (shown as red arches) with 
hyoscyamine. Among them is the Gly-220 (in green circle), indicating its essential role in 
forming the catalytic hydrophobic cavity around the phenyl ring of L-Hyoscyamine. 
Oga-N-oxalylglycine. 
 

 
Figure 6. Protein models of DiH6H (left) and DiH6H_G220Cys (right) generated by the 
SWISS-MODEL server. In DiH6H, where Gly-220 is present (blue), hyoscyamine 
(pink), oxalylglycine (yellow) and Fe2+ (green) are correctly localized. In contrast, in the 
DiH6H_G220Cys model, where Cys-220 (Black) is present, only oxalylglycine and Fe2+ 
were localized, while hyoscyamine could not fit the model under these conditions. 
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Figure 7. The role of hydrogen bonding of the 3’ hydroxyl group of hyoscyamine and 
anisodamine in stabilizing the active pocket of H6H. The DmH6H structure (PDB 6ttn) 
indicates a clear interaction of the 3’ hydroxyl group with Tyr-295 and Leu-290 through 
two crystallographic water molecules (H2O 689 and 843). Green, red, yellow and blue 
represent carbon, oxygen, sulfur and nitrogen atoms, respectively. The dashed blue line 
represents hydrogen bonds. 

4. Discussion 
4.1. The Functionality of DiH6H and the Formation of an  

Additional Anisodamine Isomer 

The ability of H6H protein to generate scopolamine from L-hyoscyamine and 
anisodamine has been demonstrated in several Solanaceae species, including H. 
niger, A. tanguticus, A. acutangulus, A. belladonna, Brugmansia sanguinea, M. 
autumnalis, D. metel [5] [11] [16] [21] [22] [23] [24] [25] and recently also in D. 
innoxia [17]. This gene was previously functionally expressed and the isolated 
protein was shown to accept L-hyoscyamine and anisodamine as substrates [15]. 
Our studies further indicate that E. coli cultures overexpressing DiH6H accept 
atropine, forming anisodamine and scopolamine (Figure 2(a1)), as well as 
anisodamine, forming scopolamine (Figure 2(b1)) and the products are released 
into the bacterial growth medium. Moreover, when atropine (a racemic mixture 
of L-(2’S) and D-(2’R) hyoscyamine) was added to E. coli cultures harboring 
DiH6H, two peaks, at 1.87 and 3.4 min, were detected (Figure 2(a1)). The two 
peaks correspond to the two isomers of anisodamine. The large peak, eluting at 
3.4 min, represents the 6S, 2’S isomer of anisodamine that later is epoxidized in-
to scopolamine. The low abundance peak eluting at 1.87 min represents the 6R, 
2’S isomer of anisodamine that cannot be epoxidated into scopolamine due to 
the hydroxyl group on carbon 6 being in the opposite direction. Our assignment 
for each peak was based on the studies of Wu et al. (2019) [20] that separated the 
four isomers of synthetic anisodamine by HPLC. In addition, using tandem 
mass-spectrometry, we were able to validate the chemical identification of all 
substances by their identical fragmentation pattern as compared to authentic 
standards (Figure 3). Although the 6S, 2’S and 6S, 2’R isomers of anisodamine 
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displayed different fragmentation ratios, the differences were minor and we were 
not able to distinguish between them using tandem mass-spectrometry under our 
conditions (Figure 3). The ability of DiH6H to form an additional anisodamine 
isomer from atropine was not reported by Li et al. (2020) [15]. Our results further 
indicate the production of both the 6’S and 6’R isomers of anisodamine by the H6H 
enzyme and its preference for the 6'S stereoisomeric form of its substrates. Corro-
borating earlier studies by Hashimoto and Yamada, (1986) [10] that indicated that 
the H. niger H6H exclusively accepts L-(2’S)-hyoscyamine as a substrate and hy-
droxylates it in a (6S) position. 

4.2. The Importance of the Gly220 Residue for Catalysis 

Similarly to all active H6H enzymes known in the Solanaceae, DiH6H displays 
an amino acid glycine at residue 220. This Gly-220 is located close to the Asp219 
amino acid that is part of the highly conserved HXDXnH triad motif prevalent 
among members of the 2OGD family. This motif includes three highly invariant 
and conserved residues that are essential for Fe(II) binding [26]. The Gly-220 
appears in all the functional active H6Hs (Figure 8). Accordingly, in the bio-
chemically inactive MoH6H, from M. officinarum, a natural modification of 
Gly-220 for a cysteine was prominent. MoH6H was not functional, and the 
Gly/Cys substitution was related to the inability to produce scopolamine in na-
turally grown accessions of M. officinarum that accumulated significant levels of 
hyoscyamine but contained neither anisodamine nor scopolamine [11]. Interes-
tingly, when the Gly-220 in DiH6H was replaced with Cys-220 (as found in the 
non-functional MoH6H), DiH6H lost its ability to perform the hydroxylation of 
hyoscyamine to anisodamine (Figure 2(a2)) and the epoxidation of anisodamine 
to scopolamine (Figure 2(b2)). Our results provide biochemical evidence for our 
previous hypothesis that the Gly220Cys substitution found in MoH6H could be 
attributed to its loss of function and the alkaloid chemodiversity in Mandragora 
spp. [11].  

4.3. The role of Gly-220 in Hyoscyamine 6β Hydroxylase Activity 
and the Effect of Its Substitution with Cysteine 

The quasi-perfect match between the DiH6H protein and its substrate hyoscya-
mine is highly prominent in our model, especially around the area where the 
phenyl ring of hyoscyamine is present (Figure 4(a)). The role of Gly-220 residue 
in this interaction is also apparent when examining the surfaces of both Gly-220 
and hyoscyamine. The surface of Gly-220 residue wraps the surface of the phenyl 
ring with minimal electronic interaction (Figure 4(b)). It seems plausible that 
the cavity formed by Gly-220 and the residues surrounding it acts as an anchor 
for the phenyl ring of hyoscyamine and anisodamine, allowing the hydroxylation 
and epoxidation to occur on the other side of the molecule. Conversely, in the 
DiH6H_G220C model, the influence of Gly220Cys substitution on the protein 
structure and consequently, on its catalytic activity, is clearly noticeable. When  
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Figure 8. Comparison of amino acid sequences showing the catalytic amino acids in functionally characterized H6H sequences 
from Solanaceae species. Conserved residues found to have key roles in H6H catalytic activity are marked in green. The Gly-220 
marked in red is conserved in all species except for the catalytically inactive MoH6H from M. officinarum that contains Cys-220 
(marked in yellow in a blue square). The surrounding hydrophobic and non-polar amino acids that take part in forming the cata-
lytic cavity are Phe-103, Leu-107, Met-196, Leu-198, Asn-221, Leu-290, Tyr-319, Ala-323, Tyr-326, Leu-327, and the Gly-220. 
Leu-290 and Tyr-295 (marked in a purple square) stabilize the 3’ beta hydroxyl group of the substrate with hydrogen bonding 
through two crystallographic water molecules. 
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cysteine resided in residue 220, its thiol side-chain surface penetrates the phenyl 
ring surface and blocks the cavity where the phenyl ring of hyoscyamine and 
anisodamine are normally docked (Figure 4(c)). In order to have a deeper un-
derstanding of the Gly-220 role in the DiH6H protein pocket, we used the 
LIGPLOT program to find the protein-ligand interactions present in the DiH6H 
protein. In Figure 5, we show 14 residues that exert hydrophobic interactions 
with hyoscyamine and create the cavity where the substrate resides in the pro-
tein. Among these residues, Gly-220 is prominent and constitutes one of several 
hydrophobic, non-polar amino acids that are crucial for the protein hydrophobic 
interactions with the phenyl rings of hyoscyamine and anisodamine (Figure 6). 
When the hydrophobic Gly-220 is replaced with a polar amino acid such as 
cysteine, the hydrophobic interaction with the phenyl ring is prevented and the 
hydrophobic cavity is largely disrupted. 

4.4. The 2’S Position of the Hydroxyl Group in Hyoscyamine and 
Anisodamine Is Crucial for Proper Protein Binding 

The preference of H6H for the L-(2’S)-isomer of hyoscyamine was demonstrated 
by Hashimoto and Yamada (1986) [10] using a H6H protein from H. niger that 
formed anisodamine only when the 2’S isomer of hyoscyamine was given, and 
essentially did not accept the 2’R isomer of hyoscyamine. A rationale for this 
isomeric preference was not given. The crystallographic structure reported by 
Kluza et al. (2020) [12] enabled us to check the role of the hydroxyl group bound 
to the 3’ carbon (Figure 1). Our results, depicted in Figure 7, show that this hy-
droxyl group creates hydrogen bonds with Tyr-295 and Leu-290 through two 
crystallographic water molecules (689 and 843). Since the alcohol on carbon 3’ 
faces the opposite direction in the D-(2’R)-isomer of hyoscyamine, we assume 
that these hydrogen bonds cannot be formed and the stability of hyoscyamine in 
the active site is compromised. Tyr-295 and Leu-290 are conserved residues in 
all H6H (Figure 8). Therefore these observations likely apply for the rationaliza-
tion of the enantiomeric specificity of H6H enzymes. 

4.5. The Amino Acids Involved in Substrate and Co-Substrate 
Binding, and in Forming the Catalytic Cavity, Are Highly  
Conserved among H6H’s  

Until the recently published crystal structure of DmH6H was available [12], 
the only recognized conserved regions regarding H6H were the conserved 
iron-binding sites and the conserved HXDXnH catalytic site related to the 2OGD 
family [4] [27] [28]. In the present study, we show amino acids sequence align-
ment of functionally tested H6H’s from scopolamine producing Solanaceae 
(Figure 8). The specific amino acids involved in forming the substrate binding 
pocket, exert a direct interaction with hyoscyamine are marked in green. In de-
tail, the conserved amino acids include: 
• The Gly-220 that, according to our results from the LIGPLOT server (Figure 

5), takes part in forming the hydrophobic cavity for hyoscyamine together 
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with Phe-103, Leu-107, Met-196, Leu-198, Asn-221, Leu-290, Tyr-319, 
Ala-323, Tyr-326, Leu-327 [18]. 

• The H217XD219X220-273H274 (“facial triad”) that forms a metal binding motif and 
is highly conserved in the OGD family [27] [29].  

• The hydrophobic residues Leu-226, Leu-233 and Val-276 that line the co- 
substrate binding pocket along with Asn-200, Tyr-202, Arg-284 and Ser-286 
that form hydrogen bonds with 2OG. 

• The Phe-103, Tyr-295, Tyr-319, Phe-322 and Tyr-326 which form the aro-
matic cage, where the phenyl ring of hyoscyamine is bound. 

• The amino acid that stabilizes the tropane ring by hydrophobic interactions 
(Leu-198 and Leu-290), hydrogen bond (Phe-103) and electrostatic interac-
tion between Glu-116 and the tertiary amine group. 

• Lys-129 and Lys-330 that stabilize the arrangement of Glu-116 and hyoscya-
mine. 

All the above-mentioned residues are highly conserved and appear in all 
H6H’s proteins from different Solanaceae species. The only exceptions are 
Leu-107 and Leu-290 that are replaced by phenylalanine and histidine, respec-
tively and the Gly-220 (marked in red) that is replaced by Cys-220 (marked in 
yellow) in the functionally inactive M. officinarum MoH6H.  

5. Conclusion 

The commercial demand for scopolamine is estimated to be tenfold higher than 
for hyoscyamine due to its fewer adverse effects and higher physiological activity 
[3]. Our results shed light on the importance of the Gly220 residue found in all 
H6H proteins present in scopolamine producing species. Using molecular mod-
eling, we indicate a possible mechanism by which the Gly220Cys substitution 
disrupts substrate binding and interferes with catalysis. We also provide a bio-
chemical rationale for the enantiomeric preference of DiH6H for the L-(2’S) 
hyoscyamine. Our observations could be funneled for the industrial efforts to 
produce scopolamine using biotechnological tools. 
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