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Chapter I
Complexation and evolution of cis-prenyltransferases in Cinnamomum
kanehirae deduced from Kkinetic and functional characterizations
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ABSTRACT

Eukaryotic dehydrodolichyl diphosphate synthases (DHDDSs) are cis-

prenyltransferases (cis-PTs) that synthesize dolichol precursors essential for protein

glycosylation. These enzymes require non-catalytic partners, such as Nusl in yeast and

NgBR in animals, which are cis-PT homologues devoid of the catalytic domain but

enhancing DHDDS activity. In contrast to animals, plants possess multiple cis-PT

homologues that can function independently or in pairs to produce products of varying

chain lengths, with their physiological roles remaining largely unexplored. In this study,

we investigated cis-PTs from Cinnamomum kanehirae, a tree identified through genomic

analysis to express two DHDDS-like and three NgBR-like proteins. One DHDDS-like

protein functioned as a homodimeric cis-PT, producing medium-chain C55 products,

whereas the other formed heterodimeric complexes with either of two NgBR homologues

to synthesize longer-chain products. Both complexes effectively complemented the

growth defect of a yeast rer2 deletion strain at elevated temperatures. By examining the

roles of these cis-PTs in polyprenol and dolichol biosynthesis and comparing their

sequence motifs across species, we inferred the potential evolutionary paths for these cis-

PTs.

KEYWORDS: cis-prenyltransferase; dolichol; protein glycosylation; DHDDS; NgBR
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1. INTRODUCTION

1.1 Cis-Prenyltransferases

Prenyltransferases catalyze the synthesis of linear polyprenyl diphosphates through

consecutive condensation reactions of the homoallylic substrate isopentenyl diphosphate

(IPP, C5) with an allylic oligoprenyl diphosphate, such as dimethylallyl diphosphate

(DMAPP, C5), geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), or

geranylgeranyl diphosphate (GGPP, C20), producing varying chain-length products [1-

3]. Based on the stereochemistry of the double bonds formed during the IPP condensation

reactions, prenyltransferases are categorized as trans-prenyltransferases (trans-PTs) or

cis-prenyltransferases (cis-PTs) [4]. Trans-PTs typically synthesize products with chain

lengths up to C50, whereas cis-PTs, despite sharing the ability to catalyze IPP

condensation, possess distinct three-dimensional structures and generate significantly

longer products that function as lipid carriers (see Figure Sla for the cis-PTs catalyzed

reactions) [5]. For instance, a bacterial cis-PT undecaprenyl diphosphate synthase (UPPS)

synthesizes a C55 product via eight IPP condensations with FPP, serving as a lipid carrier

for mediating peptidoglycan biosynthesis [6]. On the other hand, the longer C70-C120

polyprenyl diphosphates, also known as dehydrodolichyl diphosphates (DHDDs), are

synthesized by the eukaryotic cis-PTs named DHDD synthases (DHDDSs) in animals.

These intermediates are subsequently dephosphorylated and reduced to dolichols, which

1
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are further converted into dolichyl phosphate (Dol-P), serving as glycosyl carriers across
the endoplasmic reticulum (ER) membrane for glycoprotein biosynthesis (see Figure S1b
for dolichol biosynthesis) [7]. Despite their distinct biological functions, these cis-PTs
that catalyze identical IPP condensation reactions but produce polyprenyl products of
varying chain lengths exhibit significant sequence homology.
1.2 The structures of cis-PTs

The earliest solved crystal structures of cis-PTs are from the bacterial UPPS, which
has a homodimeric conformation with each subunit features an active-site cleft
encompassed by 7 a-helices and 6 B-strands, arranged to accommodate the elongated C55
product, with the bottom sealed by the hydrophobic residue Leul37 [8, 9]. Based on the
apo and ligand-bound structures of E. coli UPPS, it was determined that Asp26 interacts
with FPP to facilitate its dephosphorylation, while deprotonated IPP attacks the partial
carbocation intermediate of FPP, resulting in a concerted mechanism [10-12]. In human,
there is a membrane protein called Nogo-B receptor (NgBR), which shares amino acid
sequence homology with DHDDS but lacks essential catalytic residues (Figure 1),
enhances DHDDS protein stability and promotes Dol-P production through forming a
complex with DHDDS to provide the C-terminal RXG motif [13, 14]. The crystal
structure of the recombinant human NgBR7’?*/DHDDS was solved to reveal a

heterodimeric conformation [15], while a heterotetrameric assembly, formed by the

2
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dimerization of the heterodimer through the extended DHDDS C-terminus, was observed

in solution, significantly enhancing the DHDDS activity by 400-fold [16, 17]. Nusl, a

homologue of NgBR from Saccharomyces cerevisiae that has been structurally

characterized as a homodimer, was also computationally modeled to form a heterodimeric

complex with Rer2, one of the two DHDDS homologues, Rer2 and Srtl, in S. cerevisiae

[18, 19]. However, the structural details of the heterodimeric complex and the potential

role of Nusl in enhancing the activity of either Rer2 or Srt]l remain unexplored.

1.3 Specific aim of this study

Protein glycosylation is a critical post-translational modification that plays essential

roles in protein folding, oligomerization, quality control, sorting, and transportation [20].

Mutations in DHDDS or NgBR have been implicated in human diseases resulting from

disruptions in glycosylation pathways [21]. Unlike animals that have a single pair of

DHDDS/NgBR complex, and yeast possesses two DHDDS-like enzymes Rer2 and Srtl

along with one NgBR-like protein Nus1, plants have multiple DHDDS-like and NgBR-

like proteins with sequence homology. In this study, we selected C. kanehirae, a tree that

contains two DHDDS-like proteins (RWR89830.1 and RWR78504.1) and three NgBR-

like proteins (RWR97124.1, RWR71884.1, and RWR93565.1) based on genomic

sequences [22] as a model system, which are hereafter shorten as RWR89, RWR7S,

RWR97, RWR71, and RWR93, respectively, to investigate their enzymatic activities and

3
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quaternary compositions. We aimed to characterize these cis-PT homologues in C.
kanehirae to understand the mechanisms underlying dolichol and polyprenol
biosyntheses in plants. Additionally, the comparative analysis of their motif sequences
and phylogenetic tree analysis offer insights into the evolutionary pathways of these cis-
PTs.
2. MATERIALS AND METHODS
2.1 Materials

IPP, FPP, and potato acid phosphatase were procured from Sigma (St. Louis, MO,
USA). PrimeSTAR® GXL DNA polymerase, utilized for polymerase chain reaction
(PCR), In-Fusion® HD Cloning Kit for molecular cloning, and TALON® Metal Affinity
Resin for protein purification were obtained from Takara Bio (Shiga, Japan). The plasmid
mini-prep and DNA gel extraction kits were purchased from Qiagen (Hilden, Germany).
Nickel nitrilotriacetic acid (Ni-NTA) resin was purchased from EBL (Taipei, Taiwan),
and StrepTrap XT column and Superdex 200 Increase 10/300 GL column were obtained
from Cytiva (Marlborough, USA). Polyprenol mixture standard (comprising 13-21
prenyl units) was acquired from Avanti Polar Lipids (Alabama, USA). ZORBAX XDB-
C18 (4.6 x 75 mm, 3.5 pum) reversed-phase column for high-performance liquid
chromatography (HPLC) analysis was purchased from Agilent (Santa Clara, CA, USA).

All commercial buffers and reagents were of the highest quality.

4
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2.2 Expression and purification of the recombinant RWR89

The gene encoding the full-length of RWR89 synthesized by MORREBIO (Taiwan)
with optimized codons for E. coli expression was ligated with the pET32a vector between
the EcoRI and Xhol restriction sites for expressing the recombinant protein with N-
terminal Thioredoxin (TRX), hexa-His tag (Hiss), and TEV protease cutting site (TEVp).
The E. coli BL21 competent cells transformed with the TRX-Hiss-TEVp-RWR89
construct were plated on LB-agar under 100 mg/L ampicillin selection. The selected
colonies were inoculated into 20 mL of LB medium with constant shaking at 200-250
rpm overnight. The culture was used to inoculate 2L of 2xYT medium (16 g/L tryptone,
10 g/L yeast extract, and 5 g/L NaCl) containing 100 mg/L ampicillin with constant
shaking at 200-250 rpm at 37°C until the cell density reached ODegoo of 0.6-0.8. The
protein production was induced by adding 0.5 mM isopropyl B-d-1-thiogalactopyranoside
(IPTG) with constant shaking at 180 rpm at 16°C for 1620 h. The cells were harvested
by centrifugation (6500 rpm for 20 min), resuspended in buffer A (50 mM Tris-HCI, pH
8.0, 150 mM NaCl, 1mM MgCl,, 0.1% Triton X-100, and 2 mM TCEP), and disrupted
by a French-press instrument (Constant Cell Disruption System) at 20,000 psi. Cell lysate
was centrifuged at 40,000xg for 45 min at 4°C to remove debris, and the supernatant was
loaded onto an open column with 5 mL TALON® Metal Affinity Resin. After washing

with 100 mL of buffer A with 10 mM imidazole, the target protein was eluted with 25 mL

5
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of buffer A containing 250 mM imidazole, followed by dialysis against 5 L buffer A to
remove imidazole and subjected to TEV protease to cleavage the TRX-His¢-tag at 4°C
overnight. The mixture was subjected to another open column of 5 mL TALON® Metal
Affinity Resin, and the untagged RWR89 was eluted in the imidazole-free buffer A.
2.3 Expression and purification of the recombinant RWR78, SRWR71, SRWR93,

RWR78/sSRWR71, RWR78/sSRWR93 and RWR89 using yeast

Genes of RWR78, SRWR71 (aa 115-329), and SRWR93 (aa 61-275) (s preceding
RWR indicates a shorter form without the membrane-binding fragment) were codon-
optimized and synthesized by Genomics Co. (Taiwan). Genes of full-length RWR78 and
SRWR71 or sSRWR93 were amplified by PCR and constructed into pESC-URA yeast
bicistronic vector by using In-Fusion® HD Cloning Kit (Takara Bio, Japan). The PCR
product of RWR78 or RWR89 with N-terminal Hise-tag encoding sequence was
subcloned into EcoRI/Notl restriction sites, while the PCR product of SRWR71 or
SRWR93 with N-terminal Strep-tag encoding sequence were respectively subcloned into
BamHI/Sall sites. Specific primers used in all constructs are listed in Table S1. Yeast
INVScl strain for protein overexpression was transformed with either pESC-RWR7S,
pESC-sRWR71, pESC-sRWR93, pESC-RWR78/sSRWR71, pESC-RWR78/sSRWR93 or
pESC-RWR89 plasmid, and the cells were plated on solid SC minimal medium without

uracil and grown at 30°C for two days. Colonies were grown in 20 mL SC minimal
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medium containing 2% glucose at 30°C overnight, followed by inoculation into fresh 2 L

SC minimal medium with 2% glucose until ODeoo = 0.4. Cultures were centrifuged at

1500xg for 5 min, resuspended in fresh SC minimal medium containing 2% galactose,

and incubated at 30°C for 1-4 days for induction of protein expression. Stationary-phase

of yeast cells were harvested by centrifuged at 3300xg for 5 min, followed by washing

with sterile water once, and dissolved in buffer A. The cells were disrupted by a French-

press instrument (Constant Cell Disruption System) at 22,000 psi, and then the cell lysate

was centrifuged at ~40,000xg for 45 min at 4°C to remove debris. From the supernatant,

Hises-tagged RWR89, Hisg-tagged RWR78 and heteromeric complexes were respectively

purified by Ni-NTA resin using a 10-250 mM imidazole gradient. Hise-tagged RWR89

was eluted at 30-50 mM imidazole, Hise-tagged RWR78 was eluted at 20-40 mM

imidazole, and complexes were eluted at ~70 mM imidazole. For purifying the Strep-

tagged SRWR71 or sSRWR93, StrepTrap XT column (Cytiva, Marlborough, USA) was

used. The supernatant was applied onto a StrepTrap XT column, washed with 50 mL of

buffer A to remove unbound proteins, and the Strep-tagged SRWR71 or SRWR93 was

eluted with 50 mM biotin in buffer A. The affinity-purified protein was further purified

using a size-exclusion chromatography and the purity was judged by SDS-PAGE.

2.4 Size-exclusion chromatography analysis

Superdex 200 Increase 10/300 GL column (Cytiva) was used to estimate the protein
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molecular weights. Proteins were centrifuged at 21000xg for 10 min, loaded onto the

column and analyzed at a flow rate of 0.75 mL/min by using buffer A. The

chromatography profiles were compared with that of the standard markers containing 1

mg/mL ribonuclease A (13.7 kDa), conalbumin (75 kDa), aldolase (158 kDa) and

thyroglobulin (669 kDa) to determine protein molecular weights.

2.5 Cis-PTs activity assay

EnzChek Pyrophosphate assay kit (Thermofisher, MA, USA) was used to detect the

continuously PPi release by the enzymatic reactions. The activity was assayed in buffer

containing 100 mM Hepes, pH 7.5, 50 mM KCI, 1 mM MgCl», 0.1% Triton X-100, 0.2

mM MESG, 1 U/mL PNP, and 0.03 U/mL pyrophosphatase, with either 1.95 uM of

RWRS&9, 5.89 uM of RWR78, 2.27 pyM of RWR78/sSRWR71, or 1.26 uM of

RWR78/sSRWR93. To determine the Km values of GPP, FPP, and GGPP, 50 uM IPP was

utilized, and Ky, of IPP was measured in the presence of 10 uM FPP. The plots of initial

rates versus substrate concentrations were used to determined K and Keat by fitting the

data with Michaelis-Menten equation. All measurements were performed in triplicate at

30°C.

2.6 Yeast complementary assay

The rer2A mutant yeast strain was transformed with the empty vector pYES2, pYES2-

DHDDS, pYES2-RWR89, the empty vector pPESC-URA, pESC-RWR78, pESC-RWR71,

8

doi:10.6342/NTU202502385



PESC-RWR93, pESC-RWR78/RWR71, and pESC-RWR78/RWR93, respectively. The

transformants were grown at 30°C in SC minimal medium containing 2% glucose until

ODsoo = 0.4, followed by centrifugation at 1500xg for 5 min and resuspension in fresh

SC minimal medium containing 2% galactose. After growing at 30°C for 1-4 days to

induce protein expression, yeast cultures were diluted to ODsoo = 0.4 and streaked onto

solid YP-2% galactose medium and incubated at 23 or 37°C for 5 days. The S. cerevisiae

wild type strain INVscl, which typically grew at 37°C, was utilized as the positive control,

and non-transformed rer2A mutant strain was used as the negative control.

2.7 Polyisoprenoids extraction from yeast rer2A strain

Yeast rer2A cells were transformed with the empty vector pESC-URA, pYES2-

RWR89, pESC-RWR78, pESC-RWR78/RWR71, and pESC-RWR78/RWR93,

respectively. Cells were plated on solid SC minimal medium without uracil and grown at

30°C for two days. Colonies were grown in 20 mL SC minimal medium at 30°C overnight,

followed by inoculation into fresh 1 L SC minimal medium until ODsgo = 0.4. Cells were

centrifuged at 1500xg for 5 min and resuspended in fresh SC minimal medium containing

2% galactose. Cultures were grown at 30°C for 1-4 days to induce protein expression.

Stationary-phase of yeast cells were harvested by centrifuged at 3300xg for 5 min,

followed by washing with sterile water once. Cell pellets were dissolved in 10 mL

hydrolytic solution (2.5 g KOH was dissolved in 3.5 mL sterile distilled water, and
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brought to 10 mL with 99.8% ethanol), vortexed for 1 min, and incubated at 95°C for 1

h. Non-saponifiable lipids were extracted with hexane three times. The pooled extracts

were further purified on a silica gel 60 column using isocratic elution with 10% diethyl

ether in hexane, evaporated to dryness, and dissolved in isopropanol. Purified

polyisoprenoids were examined by HPLC/UV using standards of different chain-length

polyprenols for comparison by following the procedure [15].

2.8 HPLC product analysis

For HPLC analysis of the products extracted from rer2A yeast expressing RWR89,

RWR78/RWR71 or RWR78/RWR93, an established protocol was used [15]. A dual-

pump HPLC device (Jasco, Japan) with a ZORBAX XDB-C18 (4.6 x 75 mm, 3.5 pum)

reversed-phase column (Agilent, Santa Clara, CA, USA), a Detector (spectrum range:

210—400 nm), methanol/water at 9:1 (v/v) as solvent A, methanol/isopropanol/hexane at

2:1:1 (v/v) as solvent B, and a flow rate of 1.5 mL/min controlled by a gradient

programmer were used. The chain lengths of the extracted polyisoprenoids were

confirmed by comparison with a polyprenols-containing mixture (13—21 prenyl groups)

standard (Avanti Polar Lipids, USA).

2.9 Protein multiple sequence alignment, phylogenetic analysis, and motif elicitation

of cis-PTs

The amino acid sequences of cis-PTs from microbes, yeast, plants, and animals were
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obtained from GenBank and aligned by using Clustal Omega and Jalview program, and

the phylogenetic tree was constructed by using iTOL (Interactive Tree Of Life) website

(https://itol.embl.de/). The MEME online tool (https://meme-suite.org/meme/tools/meme,

Version 5.5.2), with the motif number set to 30 and the width of each motif ranging from

3 to 50 amino acids, was used to identify the motifs of cis-PTs.

2.10 Homology Modeling of homodimeric RWRS89, DHDDS, RWR78 and

heteromeric RWR78/RWR71 and RWR78/RWR93

The SWISS-MODEL web service (https://swissmodel.expasy.org) was utilized to

perform homology modelling. The closest homology to RWR89 was S. aureus UPPS

(PDB: 4HS8E), and the closest homology of heteromeric complexes is DHDDS/NgBR

complex (PDB: 6W2L). Therefore, 4HS8E and 6W2L were used as templates to generate

structural models. To generate the structural model of homodimeric DHDDS or RWR7S,

ColabFold v1.5.2 online software using AlphaFold2 algorithm

(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.i

pynb) was used. For multiple sequence alignment and template detection, MMseqs2

method and pdb70 template_mode were selected. After structural prediction finished, the

rank 1 model was chosen for further comparison.

2.11 RNA-seq analysis of five C. kanehirae cis-PTs

The transcriptome dataset of C. kanehirae from various tissues, including buds, buds
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of flowers, flowers, buds of leaves, young leaves, old leaves, and fruits, was obtained
from previous study [22]. The fastq files were downloaded and aligned against the
genome of C. kanehirae (GCA_003546025.1) using HISAT2 program [23]. The read
counts were calculated with FeatureCounts and normalized using upper quantile
normalization with edgeR [24, 25].
3. RESULTS
3.1 Multiple sequence alignment of cis-PT homologues

The amino acid sequences of five C. kanehirae cis-PT homologues, including RWRS9,
RWR78, RWR97, RWR71, and RWR93, were retrieved from GenBank. From their
phylogenic tree and domain analysis as shown in Figure S2, RWR89 and RWR78 are
bacterial UPPS-like protein and human DHDDS-like protein, respectively, while RWR97,
RWR71 and RWR93 are homologous to NgBR. Alignment with other homomeric and
heteromeric cis-PT homologues from bacteria, yeast, and humans (Figure 1) reveals that
these proteins possess highly conserved amino acid sequences among the five key regions.
However, crucial residues essential for catalysis and substrate binding in region I and III
are notably absent in NgBR homologues. Furthermore, the RXG motif at the C-terminus
of human NgBR, which is also conserved in homomeric bacterial cis-PTs and plays a
critical role in enzymatic activity by interacting with the pyrophosphates of IPP and FPP

via Mg?" ion [14], is replaced by NXG in yeast Nus1 and the two NgBR-like proteins in
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C. kanehirae, RWR71 and RWR93. On the other hand, RWR97 thoroughly lacks region
IV and V, which have been characterized as the dimeric interface of homomeric and
heteromeric cis-PT homologues, indicating its incapacity to interact with DHDDS
homologues, and therefore, it was excluded from this study.
3.2 Expression, purification, and characterization of recombinant RWR89

To characterize two C. kanehirae cis-PTs, their expression was initially attempted in
E. coli. Despite the human DHDDS was successfully expressed and purified using E. coli
in previous studies [26, 27], only RWR89 was soluble when expressed in E. coli. The
recombinant RWR89 protein, featuring N-terminal Thioredoxin, His¢-tag and a TEV
protease cutting site, was purified using TALON® Metal Affinity Resin, followed by TEV
protease cleavage to remove the tags and size-exclusion chromatography to yield purified,
untagged RWR89. From 2-L culture, the protein yields of RWRS89 after the affinity
chromatography and the size-exclusion chromatography were 16.9 and 2.4 mg,
respectively. RWR89 remained stable without precipitation, and its activity was
maintained under experimental conditions conducted at 4°C and room temperature, as
described below. In contrast, other proteins expressed in E. coli exhibited visible
precipitation. Therefore, yeast INVScl strain was chosen as the expression system for
these proteins, as detailed in section 2.3. The SDS-PAGE analysis of the E. coli-expressed

RWRS9 after size-exclusion chromatography is presented in the left panel of Figure 2a
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and it was characterized as a homodimer (75.4 kDa) consisting of two 41.4 kDa
monomers, based on the elution volume in comparison with those of molecular weight
standards (Figure S3).

The purified RWR89 was subjected to kinetic characterization by using different
allylic substrate, including DMAPP, GPP, FPP, or GGPP, with the homoallylic substrate
IPP. A coupling assay kit was employed to convert the inorganic diphosphate (PPi)
generated by RWRS89 catalysis into a product that absorbs light at 360 nm, as described
in the MATERIALS AND METHODS section. Through monitoring the absorbance
changes at 360 nm using a microplate reader, we found that only GPP, FPP, and GGPP
were identified as active allylic substrates for RWRS&9, and the K., values for using GPP,
FPP, and GGPP were measured to be 3.38 = 0.45, 2.17 £ 0.20, and 0.80 = 0.10 uM, and
the keat values were 0.11 £ 0.01, 0.33 £ 0.01, and 0.57 + 0.01 s™!, respectively (Figure 2b
and Table 1). Indeed, GGPP served as the most effective allylic substrate, displaying a
smaller Ky, and a larger kca, unlike that FPP was the preferred substrate for bacterial UPPS.
The K and kcar with respect to IPP while using GGPP were 47.24 +4.21 uM and 0.46 £+
0.02 s™!, respectively, indicating the weaker binding affinity for IPP (Figure 2b and Table
1). The product was synthesized by incubating FPP and IPP with RWRS9, followed by
removal of its inorganic pyrophosphate (PPi) group using phosphatase, and the

dephosphorylated product was then subjected to HPLC analysis. By spiking the HPLC
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analysis with the C55 product generated by S. aureus UPPS (SaUPPS), the chain length
of the product was confirmed to be C55, eluted at the same position as that of SaUPPS
(Figure 2c top two panels).

For comparison, Hiss-tagged RWR89 was also expressed in S. cerevisiae INVScl
cells and purified by Ni-NTA resin. The elution volume of the purified RWR89 from the
size-exclusion chromatography was 24.45 mL, corresponding to the molecular weight of
75.1 kDa, consistent with a homodimer (Figure 2a, right panel). The Michaelis-Menten
plot using the best substrate GGPP is also presented in Figure 2b (the right panel) to yield
K of 1.36 £ 0.15 pM and ket of 0.53 £ 0.01 57!, similar to the results obtained from E.
coli-expressed RWR89. The product derived from the lipid extract of the pYES2-
RWRE&9-transformed rer2-deletion (rer2A) yeast cells was identical to that of the E. coli-
expressed RWRS89 (C55 as shown in Figure 2¢ bottom two panels).

3.3 Expression, purification, and characterization of recombinant RWR78, sSRWR71,

SRWR93 and their heteromeric complexes

Both NgBR homologues, RWR71 and RWR93, were predicted to possess a
transmembrane domain (TM) at the N-terminus (Figure S2b). To obtain soluble proteins,
RWR71 was expressed without its TM region (residues 1-127), resulting in sSRWR71,
while sSRWR93 lacked the TM residues 1 to 73. The full-length RWR78 along with

sRWR71 or sSRWR93 were initially respectively co-expressed in E. coli. However, the
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purified complexes did not exhibit enzymatic activity and were readily precipitated. To

obtain the functional complexes, the codon-optimized gene of N-terminal Hiss-tagged

RWR78 and the gene of N-terminal Strep-tagged SRWR71 or sSRWR93 were individually

constructed into pESC-URA bicistronic vector and co-overexpressed in S. cerevisiae

INVScl cells under galactose induction. The Strep-tagged sSRWR71 or sRWR93 was co-

purified with the Hiss-tagged RWR78 by Ni-NTA resin, suggesting their interactions and

the formation of complexes. From the subsequent size-exclusion chromatography, both

RWR78/sRWR71 and RWR78/sRWR93 complexes were eluted as monodisperse peaks,

with the corresponding molecular weights of 75.4 and 74.8 kDa, respectively. These

complexes were identified as heterodimers composed of one Hiss-tagged RWR78 (40.7

kDa) and one Strep-tagged SRWR71 (24.2 kDa) or sSRWR93 (24.3 kDa), in contrast with

the E. coli co-expressed and co-purified complex of human DHDDS and the cytosolic

part of NgBR (residues 73-293, named sNgBR) forming a heterotetrameric complex in

solution, as indicated by the elution volume from the size-exclusion column (Figure S4a).

SDS-PAGE analysis of the complexes demonstrated a near 1:1 ratio of the two subunit

components (Figure 3a). Hiss-tagged RWR78, alone expressed in S. cerevisiae and

purified via Ni-NTA resin and size-exclusion chromatography, was characterized as a

homodimer (83.6 kDa) (Figure 3a), consistent with the reported conformation of human

DHDDS [28] (we also confirmed that E. coli-expressed human DHDDS formed a
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homodimer as shown in Figure S4b). Besides, Strep-tagged sSRWR71 and SRWR93 that

expressed in S. cerevisiae were purified using StrepTrap XT column and size-exclusion

chromatography, and both were identified as homodimers with molecular weights of 67.3

kDa and 61.4 kDa, respectively. These conformations were similar to yeast Nusl [18],

but distinct from the monomeric human sNgBR [29]. Notably, when combining the

purified homodimeric RWR78 with homodimeric SRWR71 or sSRWR93, they were unable

to form a complex, indicating that co-expression was necessary for complexation, and it

appears that the individual homodimeric conformations cannot be dissociated and

reformed into a heterodimer.

The enzymatic activities of purified homodimeric Hiss-tagged RWR78 and its

heterodimeric complex with SRWR71 or sSRWR93 were subsequently characterized using

pyrophosphate assay kit. The Ky, value for FPP were determined with 50 uM IPP, while

the K value for IPP were measured with 10 uM FPP. The Michaelis—Menten plots are

shown in Figure 3b, and the kinetic constants are summarized in Table 1. Compared to

the activities of His¢-tagged RWR78 and the complexes, the K, values of FPP and IPP

were similar to those of the complexes, but the kc.: values of the complexes were 14—50-

fold higher than that of RWR?7S, indicating a significant stimulation of RWR78 activity

by sSRWR71 or sSRWR93, with a higher stimulating effect by sSRWR93. The Michaelis—

Menten plots for using GPP and GGPP as the alternative trans-prenyl substrates for
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RWR78, RWR78/sRWR71, and RWR78/sRWR93 were also measured (Figure 3b and

Table 1), but the enzyme and its complexes preferred FPP as the predominant trans-prenyl

substrate.

To investigate whether the bacterial UPPS-like RWR89 could also form a heteromeric

complex with sSRWR71 or sSRWR93, the yeast-expressed SRWR71 or sSRWR93, was added

to the above E. coli-expressed RWRS89 or the yeast-expressed RWR89, but the activity of

RWRE&9 was not changed (data not shown). Additionally, co-expression of Hiss-tagged

RWRS9 and Strep-tagged sSRWR71 or sSRWR93 in yeast, similar to the approach used for

co-expressing Hiss-tagged RWR78 and Strep-tagged sSRWR71 or sSRWR93, did not result

in co-purification from the Ni-NTA column (Figure not shown), indicating the absence of

complex formation, consistent with no activity enhancement of RWR89 by sSRWR71 or

sRWR93. Collectively, RWR89 consistently formed a homodimer, regardless of the

expression system (E. coli or yeast).

3.4 Functional analysis of two complexes in rer2-deletion (rer2A) S. cerevisiae

To investigate the function of two complexes, each was co-expressed in a rer2A

mutant yeast strain lacking the Rer2 cis-PT. While the rer2A yeast exhibited impaired

growth at elevated temperatures (37°C), rer2A yeast expressing either complex

(RWR78/RWR71 or RWR78/RWR93) or human DHDDS restored growth at 37°C

(Figure 4a). As previously reported, using human DHDDS alone was successfully
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complement Rer2 function [30, 31]. In contrast, individually transformation of rer2A

yeast with RWR78, RWR71, or RWR93 failed to rescue growth at 37°C, indicating that

neither subunit functioned independently, and the complex formation was strictly

required for dolichol biosynthesis. Furthermore, HPLC analysis of lipid extracts from

rer2A yeast co-expressing either complex revealed a comparable composition of long-

chain lipids. Conversely, no long-chain products were detected in lipid extracts from

rer2A yeast expressing only RWR78 (Figure 4b).

3.5 Homology modeling of RWR89

To investigate the catalytic mechanism of RWR89, which is the UPPS-like cis-PT that

produced C55 product (Figure 2¢), the homology-based structural modeling of RWR89

was generated by using the apo structure of S. aureus UPPS (PDB: 4H8E), the closest

homologue based on the conservation of amino acid sequences, as the template.

Consistent with the experimental data confirming RWR89 as a homodimer (Figure 2a),

the 3D structure was constructed to reveal the canonical catalytic domain (Figure 5a). To

further interpret the roles of active-site residues, the modeled structure of RWR89 was

superimposed with the crystal structure of E. coli UPPS (EcUPPS), which has been

extensively characterized in our previous studies.

With IPP serving as the building blocks for consecutive cis-condensations, RWR8&9

utilized all three trans-prenyl diphosphates including GPP, FPP, and GGPP as substrates
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but did not accept DMAPP as either a primary allylic substrate or as condensational units,

indicating RWRS89 is unlikely to synthesize short-prenyl diphosphates, such as neryl

diphosphate (NPP) or nerylneryl diphosphate (NNPP). In contrast, SIcPT1, a neryl

diphosphate synthase in S. lycopersicum, prefers DMAPP as the allylic substrate and

produces NPP [32]. Structural analysis revealed that Glyl144 and Trp322 of RWRS&9 in

Figure 5a are aligned with Gly46 and Trp221 of EcUPPS, but not with Ile106 and Phe276

of SIcPT1, respectively, supporting the similarity of RWR89 to ECUPPS in its preference

for longer trans-prenyl diphosphates, particularly GGPP. Additionally, Leu235 of RWR8&9

corresponds to Leul37 of EcUPPS, a residue known to limit chain length extension and

mediate the product chain length [9].

Regarding the inability of RWRE&9 to form heteromeric complexes with sSRWR71 or

sRWR93, as demonstrated above, it can be attributed to its inherent structural features.

Specifically, RWR89 contains essential catalytic residues, including the C-terminal RXG

(RFG) motif, which are sufficient to establish an independent active site. Consequently,

it does not require additional amino acids from sSRWR71 or sSRWR93 to achieve catalytic

functionality. In contrast, RWR78 depends on the supplementary amino acids provided

by SRWR71 or sSRWR93, as described below.

3.6 Homology modeling of RWR78/RWR71 and RWR78/RWR93 heterodimeric

complexes
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To elucidate the catalytic roles of key amino acids in the complexes, homology

models of the RWR78/RWR71 and RWR78/RWR93 complexes were generated using the

crystal structure of the human DHDDS/NgBR complex (PDB: 6W2L) as the template.

Both complexes were constructed as heterodimers (Figure 5b) based on the experimental

observations (Figure 3a). The expanded view of the active sites on the right-hand side

reveals a high degree of conservation among residues involved in canonical cis-PT

catalysis. The S1 substrate-binding site in RWR78 encompasses Arg98, Arg99, and

Argl46, while the S2 site comprises Arg289 and Arg295. The missing catalytic residues

necessary for activity are contributed by the C-terminal NXG motif (NYG) from RWR71

or RWRO93. Specifically, the Asn326 side-chain nitrogen and Gly328 backbone nitrogen

from RWR71, or the Asn272 side-chain nitrogen and Gly274 backbone nitrogen from

RWRO93, interact with the B-phosphate of IPP at the S2 site, in contrast to the RXG motif

(RLG) of NgBR, which facilitates substrate binding and enhances DHDDS catalytic

activity. On the other hand, the homodimeric RWR89 contains the complete active site,

including the C-terminal RXG (RFG) motif, rendering it self-sufficient and obviating the

need for a partner to complete the catalytic machinery.

Several distinctions exist between the human DHDDS/NgBR complex and the two

complexes. In NgBR, the conserved C-terminal RLG motif, particularly Arg290, plays a

pivotal role in enhancing the catalytic activity of the heteromeric DHDDS/NgBR
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complex [14]. Notably, the R290H mutation of NgBR has been implicated in congenital

glycosylation disorder [33]. The surface loop location of Arg290 provides structural

flexibility, enabling interactions with the catalytic pocket and facilitating allosteric

activation of DHDDS. In contrast, the NYG motif of RWR71 and RWR93 features a

shorter Asn side chain, which is necessary to maintain the close contact with the

diphosphate moiety of IPP. Furthermore, a comparison of Figures 5b and 5c highlights

that Arg98, Ile103, and Arg295 of RWR78 align with Arg37, Lys42, and Arg211 of human

DHDDS, respectively. These residues are critical for activity, as the R37H, K42E, and

R211Q mutations in DHDDS disrupt the substrate binding and thereby significantly

reduce cis-PT activity [15, 16]. Arg37 and Arg211, which are positively charged and

located near the active site of human DHDDS, are associated with developmental

epileptic encephalopathies [34]. Lys42 in DHDDS forms a salt bridge with Glu234, but

in the disease-associated K42E mutant linked to retinitis pigmentosa [35, 36], it interacts

with Arg38 instead, destabilizing the active site [16]. However, in RWR7S, 1le103 could

not form a salt bridge with any residue and thus does not contribute to the active-site

stabilization.

To further elucidate the mechanism of forming RWR78/RWR71 and RWR78/RWR93

heterodimers, as opposed to the heterotetramer of DHDDS/NgBR in solution, their

interfaces were analyzed. In the RWR78/RWR71 complex (Figure 6a), hydrogen-bond

22

doi:10.6342/NTU202502385



pairs were identified at the interface, including T220/E257, Q228/E252, Q228/F255,
Y231/A233, T294/1.299, R295/E298, S297/R295, N298/R295, W302/Y226, T305/L287,
T305/G288, and L309/R284. Similarly, polar interactions at the interface of the
RWR78/RWR93 complex (Figure 6b) included T220/E203, Q228/F201, Y231/A179,
K234/C183, Q235/N197, E264/S180, T294/L.245, R295/E244, S297/R241, N298/R241,
T305/L233, T305/G234, and L309/R230. The high sequence identity (87%) between
RWR71 (residues 141-329) and RWR93 (residues 92-275) and the structural similarity
of their models (RMSD = 0.282 A) further support that either RWR71 or RWR93 can
form a complex with RWR78. In contrast, the heterotetrameric assembly of
DHDDS/NgBR (PDB: 6Z1N) features an extended C-terminal helix-turn-helix motif in
DHDDS (highlighted in orange in Figure S5), which facilitates additional interactions
between the two DHDDS, promoting heterotetramerization with NgBR [16]. The absence
of this additional C-terminal motif in RWR78 prevents the formation of a heterotetramer
with RWR71 or RWR93, consistent with observations shown in Figure 3a.

To elucidate why a DHDDS-like protein forms a heteromeric complex with a NgBR-
like protein rather than existing as a homodimer, the homodimeric structures of DHDDS
and RWR78 were predicted using the AlphaFold2 algorithm (Figure S6), and their
homodimeric interfaces were compared to their respective heterodimeric interfaces. In

the predicted DHDDS homodimer, the interface in region VI and V exhibits only a few

23

doi:10.6342/NTU202502385



hydrogen bonds, including interactions of Argl59 with Trp218, GIn219, and Ser221 of

the opposite subunit in region VI, as well as hydrogen bonds between V210/L225,

S213/S221, and D214/S221 in region V. In contrast, the heterodimeric interface of the

DHDDS/NgBR complex features a greater number of hydrogen bonds, including Arg159

of DHDDS with Trp256 and Asp237 of NgBR in region VI, as well as interactions such

as V210/1263, R211/E262, S213/R259, D214/R259, S221/1.251, S221/G252, S221/K297,

W218/K297, and L225/D248 in region V. Similarly, at the predicted RWRT78

homodimeric interface, region IV lacks hydrogen bonds entirely, while region V has only

a few hydrogen-bond pairs, including T294/L309, S297/T305, and N298/T305. In

comparison, the heterodimeric interfaces of RWR78/RWR71 and RWR78/RWR93

exhibit more extensive interactions, such as Arg295/Glu298 and Arg295/Glu244,

respectively, than the RWR78 homodimeric interface. These findings suggest that NgBR -

like proteins act as the regulatory partners for the catalytic activity of DHDDS-like

proteins by forming more stable and extensive heterodimeric interactions. However,

unlike monomeric NgBR, RWR71 and RWR93 are dimeric and thus cannot dissociate

into monomers to form a heterotetramer with the homodimeric RWR78 in solution.

3.7 Possible evolutionary paths for C. kanehirae cis-PTs and homologues

Prokaryotes exclusively possess homodimeric cis-PTs, whereas eukaryotes and

archaea feature heteromeric cis-PTs, with plants displaying a notable abundance of
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multiple DHDDS-like and NgBR-like proteins. By characterizing the functions of C.

kanehirae cis-PT homologues and leveraging their amino acid sequences for comparative

analyses with other known cis-PT homologues, we have traced the potential evolutionary

paths of these enzymes. According to the phylogenetic tree analysis of cis-PT homologues

from archaea, bacteria, and eukaryotes (Figure S2), we identified their conserved motifs,

which were analyzed to illustrate their distribution and diversity as shown by color-coded

boxes (Figure 7). Based on these analyses, cis-PT homologues were classified into three

subgroups, including homomeric UPPS orthologs, heteromeric DHDDS orthologs, and

heteromeric NgBR orthologs. For clarity, we refer to these as UPPS (homodimeric cis-

PTs), DHDDS (the active cis-PTs in heteromeric complexes), and NgBR (the inactive cis-

PTs in heteromeric complexes). Remarkably, the plantae, including green algae,

hornworts, ferns, pines, monocots and dicots, harbor all three types of orthologs. The

plant-specific homomeric UPPS orthologs likely evolved from prokaryotic homomeric

UPPS orthologs due to their shared motif architectures (UPPS orthologs in Figure 7), with

the addition of N-terminal sequences serving as signal peptides for transporting toward

specific organelles such as chloroplasts and mitochondria. For instance, SICPT1-7 from

S. lycopersicum excluding SICPT3 have been experimentally identified to be localized in

plastids [37], while ChrUPPS from Chlamydomonas reinhardtii, a well-studied
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unicellular green alga, was predicted to locate in mitochondria due to the presence of

these directed signal peptides.

In contrast to plants and fungi, animals possess a single DHDDS and a single NgBR

for dolichol biosynthesis. DHDDS orthologs in animals specifically exhibit the extended

C-terminal motif compared to those in plants. On the other hand, animal NgBR orthologs

preferentially contain the C-terminal RXG motif, a feature also observed in homomeric

prokaryotic UPPS orthologs and plant UPPS-like cis-PTs. However, DHDDS orthologs

in both animal and plant lack RXG or NXG motif (Figure 7). On the contrary, plant NgBR

orthologs consistently exhibit an NXG motif, but not RXG, at the C-termini (Figure 7).

The presence of NXG and RXG motifs might originate from distinct evolutionary

trajectories. For instance, Candidatus megaira, a bacterium regarded as an endosymbiont

of Mesostigma viride, a single-celled charophyte algae considered one of the earliest

diverging members of green plant lineages, exhibits a homomeric UPPS gene (GenBank:

UCM94414.1) featuring the C-terminal NXG (NFG) motif instead of RXG motif.

Additionally, some NgBR orthologs in fungi also possess the NXG motif, with fungi often

engaging in symbiotic relationships with plants. These suggest that the NXG motif in

plant NgBR orthologs may have been acquired from certain bacteria or fungi through

symbiosis and horizontal gene transfer, whereas the RXG motif in animal NgBR

orthologs might be derived from typical prokaryotic homomeric UPPS orthologs.
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In archaea, cis-PTs could be categorized into UPPS, DHDDS, and NgBR orthologs

as well, despite archaea lack organelles such as the ER and chloroplast. Among the three

subgroups in the phylogenetic tree, archaeal cis-PT homologues occupy the basal clades,

representing some of the earliest diverging branches with distinct phylogenetic separation

from the sequences of other cis-PT homologues. These archaeal cis-PT homologues may

exhibit unique structural or functional features. For instance, MAI1831 from

Methanosarcina acetivorans and MMO0014 from Methanosarcina mazei are sequentially

belonged to UPPS orthologs, yet they differ from typical UPPS functions and lack the

common C-terminal RXG motif (Figure 7). MA1831 catalyzes non-canonical head-to-

middle condensations to produce C35-C50 products, while MMO0014 exhibits O-

prenyltransferase activity, yielding C25-C40 products [38, 39]. Furthermore, the

heteromeric cis-PT homologues from Archaeoglobus fulgidus, a thermophilic archaeon,

have recently been biochemically characterized [40]. Unlike eukaryotic NgBR orthologs,

Af0707, the NgBR ortholog from Archaeoglobus fulgidus, lacks the transmembrane

domain, and its DHDDS ortholog Af1219 does not contain the extended C-terminal motif.

Despite this, the complex still forms a heterotetrameric assembly, which contrasts with

their structurally predicted heterodimeric configuration. To explore the potential origins

of heteromeric cis-PTs from archaea, cis-PT homologues from Candidatus Lokiarchaeota

archaeon, one of the closest relatives of eukaryotes, were investigated as well. We
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identified CLaUPPS3 (GenBank: JAGXOB010000163.1) belonging to DHDDS

subgroup, while no NgBR ortholog was detected. Interestingly, a UPPS-like cis-PT from

Candidatus Lokiarchaeota archaeon, named CLaUPPS4 (GenBank:

JAGXNS010000099.1), possesses the RXG motif but lacks the conserved catalytic

residues, suggesting that NgBR orthologs might be originated from these archaeal UPPS-

like cis-PTs with altered catalytic functions. However, the functions of archaeal cis-PTs

remain largely unexplored, and further studies are essential to elucidate their evolutionary

relationships.

4. DISCUSSION

In eukaryotes, dolichols with chain lengths of C70—C120 play essential roles as

glycosyl carrier lipids for the biosynthesis of glycoproteins in ER. In human cells, NgBR

is crucial for forming a complex that enhances DHDDS activity, while in yeast, Nusl

forms complexes with Rer2 and potentially with Srtl. In plants, the complexation of

DHDDS-like and NgBR-like cis-PT homologues is also critical for natural rubber

biosynthesis in lettuce and dandelion, as well as dolichol biosynthesis in tomato [41-44].

Conversely, bacteria exclusively possess homomeric cis-PTs, demonstrating a significant

difference in the composition of active cis-PTs between prokaryotes and eukaryotes.

However, heteromeric cis-PTs have also been identified in methanogenic archae. For

example, Methanosarcina acetivorans contains a UPPS (MA3723) and a NgBR/Nusl1-
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like protein (MA4402) [14, 38], while Methanosarcina mazei employs a heteromeric cis-

PT for the biosynthesis of glycosyl carrier lipids [45]. Here, we present an example of

multiple unpaired and paired cis-PT homologues in the plant C. kanehirae, elucidating

their kinetics and functional roles.

Two NgBR homologues RWR71 and RWR93 in C. kanehirae utilize a C-terminal

NYG motif to compensate for the absence of this motif in the DHDDS homologue

RWR78, enabling complex formation for dolichol biosynthesis. On the contrary, a C-

terminal RFG motif is present in the homodimeric RWRS89, bacterial SaUPPS and

EcUPPS, and the plant AtcPT1, one of the cis-PTs in Arabidopsis thaliana [46], which

catalyzes the synthesis of medium-chain polyisoprenoids without requiring pairing with

an NgBR homologue. The crystal structure of ECUPPS have demonstrated that Arg242

of the RFG motif plays a critical role in binding the diphosphate group of IPP [14].

Additionally, structural evidence from the decaprenyl diphosphate synthase of

Mycobacterium tuberculosis [47] and the short-chain FPP synthase (cis-FPPS) of

Solanum habrochaites [48] further supports the significance of the C-terminal motif in

IPP binding and catalysis. NgBR, on the other hand, contains the RLG motif as its C-

terminal RXG sequence (Figure 1). Arg290 of the RLG motif in NgBR is likely involved

in IPP binding, and its mutation to His has been implicated in disease [33]. In RWR71

(Asn272) and RWR93 (Asn326), the NYG motif features an Asn with a shorter side chain
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than Arg, allowing an optimal distance between the Asn side-chain nitrogen and the IPP

B-phosphate for hydrogen bond formation (see the modeled structures of RWR78/RWR71

and RWR78/RWR93 in Figure 5a and 5b). Furthermore, while Arg290 in the RLG motif

of NgBR forms a salt bridge with Glu288, the equivalent position in RWR71 or RWR93

is occupied by Arg270 or Arg324, respectively. If Asn272 or Asn326 were replaced by

Arg, the proximity of two positively charged Arg residues would result in electrostatic

repulsion. Therefore, the presence of Asn in the NYG motif of RWR71 and RWR93 is

functionally advantageous and structurally ideal.

Another notable difference between human DHDDS/NgBR complex and the

RWR78/RWR71 and RWR78/RWR93 complexes is their oligomeric states in solution.

While the human DHDDS/NgBR complex forms a heterotetramer, the RWR78/RWR71

and RWR78/RWR93 complexes are heterodimers. This structural divergence is likely

attributed to the extended C-terminal motif of DHDDS, which facilitates additional

interactions between two DHDDS protomers, promoting the dimer-of-heterodimers

arrangement.

Moreover, compared to bacterial UPPS, RWR89 possesses an N-terminal putative

chloroplast transit peptide (TP), likely serving as a chloroplast-targeting signal to direct

this cis-PT to a compartment (chloroplast) where its C55 product is required. According

to the RNA-seq analysis [22] as shown in Figure S7, RWR89 had a significantly higher

30

doi:10.6342/NTU202502385



expression level in old leaves compared to other tissues, suggesting its involvement in

plant secondary metabolism within chloroplasts. Similarly, a homodimeric cis-PT from

Lilium longiflorum anthers producing C40/C45 polyisoprenoids was previously

characterized by our lab [31]. Contrarily, the NgBR homologues RWR71 and RWR93

contain a TM domain that anchor them onto the cell membrane, akin to NgBR, a known

membrane protein. The role of NgBR or Nusl as either an accessory subunit facilitating

ER membrane docking or as a structural component contributing to catalysis and substrate

binding remains unresolved. Experiments indicates that the loss of NgBR does not alter

the association of DHDDS with ER membrane fractions [13], and mutations in the C-

terminal region of NgBR result in a congenital disorder of glycosylation syndrome due

to defective dolichol synthesis [33], underscoring the critical role of NgBR in

complementing DHDDS activity. Besides, the expression profiles of C. kanehirae cis-

PTs highlight their functional distinctions: RWR78 was highly expressed in flower and

leaf buds, RWR93 exhibited pronounced expression in fruits, and the expression of

RWR71 was slightly elevated in fruits, flower buds, and leaf buds. Flowers and fruits are

distinctive organs exclusive to angiosperms, with proper protein glycosylation being

fundamental to their developmental processes [49]. Aberrant glycosylation of specific

proteins has been implicated in growth deficiencies [50], underscoring the pivotal role of
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protein glycosylation in ensuring the normal development and functionality of these

organs.

Lastly, the phylogenetic analysis and motif structure of cis-PTs provide insights into

the potential evolutionary paths of DHDDS and NgBR orthologs. Plant NgBR orthologs

containing the NXG motif may have originated from certain fungi or bacteria through

processes such as symbiosis and horizontal gene transfer, while animal NgBR orthologs

likely evolved directly from UPPS-like bacterial cis-PTs with the RXG motif. In

conclusion, this study presents the kinetic and functional characterizations of both

homomeric and heteromeric cis-PT homologues in C. kanehirae. These findings may be

broadly applicable to other plant species with multiple cis-PT homologues, including

those with either catalytic activity or roles in supporting enzymatic function.
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TABLE

Table 1. Kinetic parameters of the purified RWR89, RWR78, RWR78/sRWR71 and

RWR78/sRWR93 with respect to GPP, FPP, or GGPP and IPP substrates.

Enzymes and substrates
E. coli-expressed RWR89

IPP

GPP

FPP

GGPP
8. cerevisiae-expressed RWR89

GGPP
RWR78

IPP

GPP

FPP

GGPP
RWR78/sRWR71

IPP

GPP

FPP

GGPP
RWR78/sRWR93

IPP

GPP

FPP

GGPP

Km (M)

4724 £421
3.38+0.45
2.17+0.2

0.80+0.10

1.36 £0.15

10.64 £ 4.73
485+131
0.50+0.21
2.06 £ 0.62

9.52+1.29
1.25+0.23
0.66 +0.12
0.74 +£0.18

16.78 £3.72
1.78£0.17
0.36 £ 0.10
0.74 +£0.15

33

keat (S_l)

0.46 = 0.02
0.11 £ 0.01
0.33 +£0.01
0.57+0.01

0.53 +£0.01

0.004 + 0.0005
0.0005 £ 0.00005
0.002 + 0.0002
0.0007 + 0.00006

0.0628 +0.0021
0.0206 = 0.0008
0.0562 +0.0018
0.0496 + 0.0025

0.1112 £ 0.0072
0.0383 + 0.0009
0.1083 + 0.004

0.1004 + 0.0039
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Figure 1. Multiple sequence alignment of five C. kanehirae cis-PT homologues.

Amino acid sequence alignment of five C. kanehirae cis-PT homologues against the

conserved cis-PTs from bacteria, yeast, and human. Proteins involved in this figure are

prokaryotic cis-PTs: E. coli UPPS (EcUPPS) and S. aureus UPPS (SaUPPS), orthologs

of heteromeric DHDDS subunit: human DHDDS and yeast Rer2, and orthologs of

heteromeric NgBR subunit: human NgBR and yeast Nusl. Black triangles indicate the

key residues involved in the catalytic reactions and substrates binding.

35

doi:10.6342/NTU202502385



(a)

E. coli-expressed RWR89830.1
& 75

8. cerevisiae-expressed RWR89830.1

500+ =
500- 14.44 -
= * 60 5 14.45 @ Zg
2 400 -
< 400 “ 45
: g i
g -
< 3004 35 S 3004 “35
g g
I .25 g
s 200 5 200, *)5
Q 15 2
S 1004 > 1001 “15
o . 2
0 - r . . 0 y 7 ; .
0 10 20 30 40 0 10 20 30 40
Elution volume (mL) Elution volume (mL)
E. coli-expressed RWR89830.1 S. cerevisiae-expressed RWR8983(.1
T 08 T 08 =06
[7] o _
‘g 0.6 g 0.6 g o
o o U
g oa E 04 ]
8 g g
£ 2 Z o2 £02
z z . =
e 0.0 o U T T 1 0.0 . . .
é I 10 20 S ]' 10 20 30 s 10 20 30
> 02 [GGPP] (uM) > 02 [FPP] (uM) S .2 [GGPP] (uM)
= 025 T 08
[] @
g o g o8
o 015 a
% 010 5™
2 oo 02
g 0.00 G 0.0 T T T 1
s I 10 20 0 L ] 50 100 150 200
> -0.05 [GPP] (uM) > .02 [IPP] (uM)
(c)
z
‘E 1000000 Cs

Intensity [1iv]

Intensity (V]

Intensity (1]

R I G

b T T T T
5.0 10.0 15.0 200 25.0
Retention Time [min]

CSS

1900000

1500000 -]

RWRS89830.1

1000000
500000 'J—J\
0] L. ~ J k__—r——/

T
15.0 2.0 25.0

T
5.0 10.0 . 0.0
B Retention Time [min]
100000
C rer2A /RWR89830.1
55

50000 ]
o4
-50000 ]

r T T T T 1

5.0 10.0 15.0 200 25.0 30.0

Retention Time [min]
200000 -

100000

rer2A /empty vector

T T T
5.0 10.0 15.0 20,0 25.0
Retention Time [min]

30.0

36

doi:10.6342/NTU202502385



Figure 2. Purification and characterization of the E. coli and yeast-expressed

recombinant RWRS§9.

(a) SDS-PAGE analysis of the E. coli and yeast-expressed RWR89, purified from size-

exclusion chromatography as a homodimer (75.4 kDa and 75.1 kDa, respectively, based

on the elution volume). (b) Michaelis-Menten plots of E. coli-expressed RWR89 with

different concentrations of FPP, GGPP, or GPP and 50 uM IPP to determine the K and

keat values (Km for IPP was measured with 10 uM GGPP). For comparison, the Michaelis-

Menten plot of yeast-expressed RWR89 using GGPP is also shown in the right bottom

panel. All measurements were performed in triplicate at 30°C. (c) Polyisoprenoid product

analysis of RWR&9 incubated with IPP and FPP at 30°C overnight. From top to bottom,

the product of the purified SaUPPS, the purified E. coli-expressed RWRS89, and the

polyisoprenoid products in the pYES-RWRS89-transformed rer2A yeast cells were

extracted and analyzed by HPLC to be C55, respectively, as compared to the absence of

C55 in the rer2A cells with empty vector.

37

doi:10.6342/NTU202502385



~
o
N

RWR78504.1 RWR78504.1/sRWR71884.1 RWR78504.1/ sSRWR93565.1
N
= 14.44 bt o 500- 7%
5001 14.11 W75 %09 75 = §
E) =60 ) 60 2 100/ 14.46 60
Z 4001 - Z 4001 8 s g ® 45
S 300 N5 £ 300 w35 § 3001 . EH
= = ‘s
§ 2004 -5 £ 200 .5 & 2001 25
(7] 73 Qo
E 100 15 E 100- 15 > 1004 § 15
3 .- 3 >, .
0 0 y - _ . 1 - - - .
0 10 20 30 40 0 10 20 30 40 0 0 20 30 40
Elution volume (mL) Elution volume (mL) Elution volume (mL)
sRWR71884.1 sRWR93565.1
- T 1
. 60 X !
14.70 14.91 45

300 * 35

200
15

20 ) 4

100

UV absorption (mAU)
. 3 8 & §
W
wn
UV absorption (mAU)
>
} > 2 {
-
[

0 10 6 1‘0 2‘0 3‘0 4I0

Elution volume (mL) Elution volume (mL)
RWR78504.1
£ oo  0.0020 £ 00020 £ 00025
% 0.003 £ 00015 B oot £ 0.0020.
& g 5 14 i
o 0002 = - o 0.0015.
£ E 0.0010 E 00010 E
g om < 2 £ oooro
3 o000 3 0.0005 5 00005 = 0.0005.
z 50 100 150 200 40000 2 00000 £ oo
3 -uun1] [IPP] (uM) § ] 10 20 30 '_5 o } 10 20 30 é ] 10 20 30
2 o002 > .0.0005 [GPP] (uM) > .0.0005 [FPP] (uM) = 0.0005. [GGPP] (uM)
RWR78504.1/sRWR71884.1
= 020 T 0.06 = 015 T 0.15
el = ] 2
§. 015 g 0.04 E 0.10 ¥ ?; 0.10.
2o 4 H H g
@ g oo £ oo 3 0.05
% oo £ : 3
> 2 0.00 2 000 20,00
T 000 - o Py zuu§ 10 20 30 g 10 0 30 8 J 10 20 30
3 -o.nsJ PP () 2 o0 [GPP] (uM) 5 oo [FPP] (uM) S os [GGPP] (uM)
RWR78504.1/sRWR93565.1

T 015 < 006 = 020 £ 015
5 L 2 2 ]
& 010 5 o004 g o5 € 00
o - -3

E 010 g
§ 0.05 £ o g & 005
5 H £ 0 :
Z 000 . . . & o y Z 400 Z o0
3 J 50 100 150 0 8 10 PP M’“ 8" ] 0 = 0 3 10 20 30
2 o0 PP fuM) = ooz (GPP L) = o0s FPP] (uM) 2008 [RGRF] {ub)

38

doi:10.6342/NTU202502385



Figure 3. Purification and characterization of the recombinant RWRT7S,

RWR78/sRWR71, RWR78/sRWR93, sSRWR71, and sSRWR93.

(a) SDS-PAGE analysis of RWR78, RWR78/sRWR71, RWR78/sRWR93, sRWR71, and

sRWR93, purified from the size-exclusion chromatography as homodimer (83.6 kDa),

heterodimer (75.4 kDa), heterodimer (74.8 kDa), homodimer (67.3 kDa), and homodimer

(61.4 kDa), respectively, based on their elution volumes. (b) Michaelis-Menten plots of

RWR78, RWR78/sRWR71 and RWR78/sRWR93 using IPP and GPP, FPP, or GGPP as

substrates (from left to right panels) to determine the Ky, and ke values as listed in Table

1. All measurements were performed in triplicate at 30°C.
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Figure 4. Analysis of complementation of RWR89, RWR78/RWR71 and

RWR78/RWR9I3 to yeast rer2.

(a) The rer2A yeast and that transformed with the empty vector pYES2, but not the wild

type (WT) yeast strain INVScl showed growth defect at higher temperature 37°C.

Expression of RWR78/RWR71, RWR78/RWR93, or human DHDDS in the rer2A yeast

rescued the growth defect at 37°C, while expression of individual RWR78, RWR71 or

RWR93 did not complement the Rer2 function. (b) Polyisoprenoid products in the rer2 A

yeast cells transformed with empty vector, pESC-RWR78, pESC-RWR78/RWR71 and

pESC-RWR78/RWR93, respectively, analyzed by HPLC, indicating that only

RWR78/RWR71 and RWR78/RWR93 produced longer C80—-C100 products.
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Figure 5. Homology modeling of RWR89, RWR78/RWR71 and RWR78/RWR93
structures.

(a) The structural model and the detailed active-site architectures of RWR89. The ligand
and the metal ion Mg?" are originated from the superimposed crystal structure of E. coli
UPPS. (b) The structural models and the active-site architectures of RWR78/RWR71 and
RWR78/RWR93 using human DHDDS/NgBR complex (PDB: 6W2L) as template.
RWR78 is colored in green, while RWR71 and RWR93 are colored in cyan. The ligands
2 IPP and the metal ion Mg?" are originated from the superimposed crystal structure of
human DHDDS/NgBR. (c¢) For comparison, the DHDDS structure and the active-site
architecture are shown. NgBR is colored in cyan, DHDDS is colored in green, and the C-

terminal helix-turn-helix motif of DHDDS is colored in gray.
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Figure 6. The subunit interfaces of heterodimeric RWR78/RWR71 and

RWR78/RWR93 in comparison with that of heterotetrameric human

DHDDS/NgBR.

(a) Key residues located at the interface of RWR78 and RWR71. (b) Key residues located

at the interface of RWR78 and RWR93. Residues from RWR78 are colored in green,

while residues from RWR71 and RWR93 are colored in cyan.
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Figure 7. Motif analysis of cis-PTs and homologues.

Among UPPS orthologs, DHDDS orthologs, and NgBR orthologs, thirty motifs

expressed in various colored boxes in five conserved regions (I to V) were identified

based on the conserved amino acid seuqgneces, analyzed by using the MEME online tool

(https://meme-suite.org/meme/tools/meme, Version 5.5.2). RXG motif was found at the

C-termini of prokaryotic cis-PTs, plant UPPS-like cis-PTs, archaeal NgBR orthologs and

Homo sapien NgBR (HsNgBR), but not in DHDDS orthologs. On the other hand, NXG

motif was found in plant NgBR orthologs. The abbreviations for the species followed that

in Figure S2A.
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SUPPLEMENTARY INFORMATION

Table S1. Synthetic oligonucleotides as PCR primers for constructing the expression

plasmids.

Primer name
pESC-RWR78-F
pESC-RWR78-R
Hise-RWR78-F
Hiss-RWR78-R
Strep-RWR93-F
Strep-RWR93/RWR71-R
Strep-RWR71-F
SRWR93-F
SRWRT71-F
SRWR93/sSRWR71-R
pYES2-RWR89-F
pYES2-RWR89-R
pESC-RWR89-F

pESC-RWRS89-R

Hise-RWR89-F
Hise-RWR89-R

Sequence (5°-3°)
TTTTGAAAATTCGAATTCATGCAAAAGAAG
CGATACTAGTGCGGCCGCTCATAA
CATCATGGTTCTGGTATGCAAAAGAAGTCCTG
GAAC
ATGATGATGATGAGACATGAATTCGAATTTTC
AAAAATTCTT
CCACAATTTGAAAAAGGTGCTGGTATGGGTG
CCAATAGAAATGGT
ATGAGACCAAGAAGCAGACATGGATCCGGGG
TTTTTTCTCCT
CCACAATTTGAAAAAGGTGCTGGTATGAGAG
GTGAAGAATGGGTAAC
GGTTTGTTGGATGAATACAAAGAT
GGTTTATTGGATAAGTACAAAGATTTGC
ACCAGCACCTTTTTCAAATTG
ATAGGGAATATTAAGCTTAACACAATGCCGTG
CTCTTCTTCTCTG
TCTAGATGCATGCTCGAGTTAAACGCGGCCAC
CGAA
TTTTGAAAATTCGAATTCATGCCGTGCTCTTC
TTCTCTGCAACTGCTG
TACTAGTGCGGCCGCTTAAACGCGGCCACCG
AA

GGTTCTGGTATGCCGTGCTCTTCTTCT
ATGATGATGATGATGATGAGACATGAATTCGA
ATTTTCAAAAATTCTT
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Figure S1. The general reactions catalyzed by cis-prenyltransferases and the

reactions leading to dolichol phosphate.

(a) Multiple IPP condensation reactions with a trans-oligoprenyl diphsophate form cis,

trans-polprenyl diphsopahte with cis-double bonds catalyzed by cis-PTs. (b) The

biosynthesis pathway of dolichol phosphate, the lipidic carrier of glycosyl moieties

utilized for protein glycosylation in ER.
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Figure S2. Phylogenetic analysis and domain architectures of five identified

Cinnamomum kanehirae cis-P'T homologues.

(a) Neighbor-joining phylogenetic tree of cis-PT homologues from archaea, bacteria,

fungi, green algae, plants and animals. The cis-PT homologues are divided into three

groups, the homomeric cis-PTs (red), the eukaryotic DHDDS orthologs (green) that are

involved in dolichol biosynthesis, and NgBR orthologs (purple) that lack several

conserved cis-PTs catalytic residues and form complexes with DHDDS orthologs. From

the analysis, RWR®&9 is a plant-specific cis-PT, while RWR78 is a DHDDS ortholog, and

the others are NgBR orthologs. Species abbreviations: Af, Archaeoglobus fulgidus; At,

Arabidopsis thaliana; Ca, Candida albicans; Ce, Caenorhabditis elegans; Cla,

Candidatus Lokiarchaeota archaeon; Chr, Chlamydomonas reinhardtii; Cr, Ceratopteris

richardii; Dm, Drosophila melanogaster; Dr, Danio rerio; Ec, Escherichia coli; Gg,

Gallus gallus; Hb, Hevea brasiliensis; Ma, Methanosarcina acetivorans; MM,

Methanosarcina mazei; Mm, Mus musculus; Mp, Marchantia polymorpha subsp.

Ruderalis; Oh, Ophiophagus hannah; Os, Oryza sativa subsp. japonica; Po, Pleurotus

ostreatus; Pp, Physcomitrella patens; Ps, Picea sitchensis; Sa, Staphylococcus aureus; Sc,

Saccharomyces cerevisiae; Sl, Solanum lycopersicum; Sp, Schizosaccharomyces pombe;

Spn, Streptococcus pneumoniae; X1, Xenopus laevis; Zm, Zea mays. (b) Compositions of

five Cinnamomum kanehirae cis-PT homologues with conserved core domains and dimer
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interfaces highlighted in orange and green, respectively, except RWR97 that lacks dimer

interface. Bacterial UPPS-like RWRS89 cotains a putative chloroplast transit peptide (TP)

and NgBR-like RWR71 and RWR93 have a transmembrane domain (TM).
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Figure S3. Size-exclusion chromatography of the molecular weight (MW) standards.
The quaternary compositions of C. kanehirae cis-PT homologues and complexes were
determined from their elution volumes from a size-exclusion chromatogarphy using the
linear calibration curve that correlated the distribution coefficient (Kay) calculated from
the elution volumes (Kav = Ve-Vo/Vt-Vo, where Ve = the elution volume of target protein,
Vo = void volume of the column, and Vt = total volume of the column) and the logarithm
of molecular weights (Log M;). The standard markers include Thyroglobulin (669 kDa),

Aldolase (158 kDa), Conalbumin (75 kDa) and Ribonuclease A (13.7 kDa).
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Figure S4. Purification of the E. coli co-expressed DHDDS/sNgBR and singly

expressed DHDDS and determination of their quaternary compositions.

(a) DHDDS and TRX-Strep-TEVp-sNgBR were co-purified using StrepTrap XT column,

followed by TEV protease treatment overnight, and the mixure was loaded onto

StrepTrap XT and Ni-NTA column to remove the tag and TEV protease. After the size-

exclusion chromatography (the elution volume was 12.51 mL corresponding to 176.1

kDa), the heterotetrameric DHDDS/sNgBR complex contained 1:1 DHDDS and sNgBR

as revealed by SDS-PAGE analysis. (b) TRX-Hise-TEVp-DHDDS was purified using the

same protocol as the purification of RWR89. After the size-exclusion chromatography

(the elution volume was 14.49 mL corresponding to 73.8 kDa), the homodimer contained

DHDDS as revealed by SDS-PAGE analysis.
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DHDDS/NgBR

Figure S5. For comparison, key residues in the interfaces of heterotetrameric

DHDDS/NgBR complex (PDB: 6Z1N) are shown.

The interface between DHDDS and NgBR is colored in magenta, while the interface

between the C-terminal motifs of two DHDDS is colored in orange.
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(b)

RWR78504.1

Figure S6. Homology modeling of homodimeric DHDDS and RWRT78.

The homodimeric structural models of DHDDS (a) and RWR78 (b) were generated by

Alphafold2 algorithm.
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Figure S7. RNA expression levels of five C. kanehirae cis-PTs in various tissues,

including buds, buds of flowers, flowers, buds of leaves, young leaves, old leaves, and

fruits.
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Chapter |1
Identification of a structural mechanism for substrates discrimination

and prediction of multifunctional GH5 cellulases/hemicellulases
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ABSTRACT

Multifunctional and heat-resistant enzymes with both cellulose and hemicellulose

degrading activities are particularly useful to convert plant biomass into biofuel. In the

past, we have characterized the bifunctional cellulase/xylanase CelSE from Clostridium

thermocellum (CtCelSE) and the bifunctional cellulase/mannanase Cel5A from

Thermotoga maritima (TmCel5A). Despite highly conserved amino acid sequences and

structures, they exhibit distinct hemicellulase substrate specificities. In the current study,

we further characterized another GHS5 enzyme, CtCel5T, annotated as a trifunctional

cellulase/xylanase/mannanase. Through structural comparison coupled with site-directed

mutagenesis, we identified Glu360 in loop 8 and Met277 in loop 6 of CtCelST occupying

the overlapped spatial positions with that of Trp210 and His205 in loop 6 of 7TmCel5A,

respectively, play critical roles in substrate recognition. Therefore, phylogenetic tree

analysis and multiple sequence alignment are wuseful to find -characterized

cellulases/hemicellulases with functions consistent with the structural features or

uncharacterized enzymes for predicting their functions. This study thus enhances our

understanding on the mechanisms for substrate specificities and engineering of

multifunctional cellulases/hemicellulases for industrial applications.

KEYWORDS: biofuel; cellulase; hemicellulase; substrate specificity; site-directed

mutagenesis
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1. INTRODUCTION

1.1 Sustainable energy production from agriculture biomass

Fossil has been utilized as the primary energy source in our contemporary society.

According to the International Energy Agency (https://www.iea.org/), the global CO>

emissions from fuel combustion increased by 1.3% in 2022, and the fossil fuels remained

the dominant contributors to the global total energy supply, accounting for 81% of the

total, with oil constituted nearly 30%, followed by coal at 28% and natural gas at 23%.

Besides, global emissions from fuel combustion were primarily driven by coal, which

accounted for 45%, with oil and natural gas contributing 33% and 22%, respectively.

However, fossil fuel reserves are neither infinite nor environmentally sustainable.

Consequently, the exploration of alternative and sustainable energy resources is crucial,

not only to address the limitation of finite fossil fuel supplies but also to promote

environmentally responsible substitutes. Converting agriculture waste into the renewable

energy production is one of the feasible processes. Agriculture biomass represents a

versatile energy resource, with the potential to be transformed into combustible fuels,

biogas, bioethanol, and electrical energy [1]. Compared to the direct combustion of

agricultural waste for thermal energy, manufacturing bioethanol or biodiesel from

biomass through enzymatic hydrolysis and microbial fermentation presents a more

environmentally sustainable approach by significantly reducing greenhouse gas
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emissions and mitigating global warming. Therefore, the effective utilization of

agricultural biomass not only provides an alternative energy source but also minimizes

the negative environmental impact on our planet.

1.2 Composition of agriculture biomass

The primary agricultural wastes globally are wheat and rice straw, with agriculture

biomass predominantly consisting of lignocellulosic materials, including polysaccharides

(30-40% celluloses and 30-50% hemicelluloses) and 8-21% lignin [2, 3, 4]. Celluloses

are glucose polymers linked via -1,4-glycosidic bonds, whereas hemicelluloses consist

of other monosaccharides such as arabinose, xylose, galactose, mannose etc. For

conversion of lignocellulosic feedstock into biofuel, polysaccharides need to be

hydrolyzed to monosaccharides prior to fermentation to bioethanol by yeast or engineered

microbes. However, the structural diversity of polysaccharides in plant cell wall is a major

challenge for cellulosic biofuel production due to rate-limiting and high-cost enzymatic

hydrolysis to release fermentable monosaccharides [5, 6]. For example, the

polysaccharides such as homo-1,4-B-D-glucans, hetero-1,4-3-D-xylanes, and hetero-1,4-

B-D-mannans need to be hydrolyzed by the endo/exo cellulases, xylanases, and

mannanases into cellobiose, xylobiose, and mannobiose, respectively [7]. Subsequently,

B-glucosidases, P-xylosidases, and P-mannosidases convert the disaccharides into

monosaccharides glucose, xylose, and mannose, respectively. We demonstrated that these
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enzymes could be combined to display synergistic activities on biomass degradation in

vitro or in yeast system [8, 9].

1.3 Clostridium thermocellum cellulosome for plant biomass degradation

In nature, Clostridium thermocellum, a thermophilic, anaerobic, chemo-

organotrophic and efficient plant cell wall-degrading bacterium, has a comprehensive

enzymatic system “cellulosome” on the cell surface, containing cellulases, xylanases,

mannanases, chitosanases, and so on to synergistically degrade plant cell wall

heterogeneous polysaccharides [10, 11, 12]. A cellulosome is built of a scaffoldin

backbone that contains several cohesion domains and each cohesion binds with a dockerin

domain-carrying enzyme [13]. Most of these enzymes are classified as the glycoside

hydrolases 5 (GHS) family [14, 15], the largest among 131 GH families from CAZy

database(http://www.cazy.org) [16].

1.4 Substrate specificities of CtCelSE, CtCel5T and TmCel5A

We have biochemically and structurally characterized a GHS bifunctional

cellulase/xylanase within the cellulosomal celH gene of Clostridium thermocellum,

named CtCelS5E [17]. The rest of celH gene encodes Lic26A, a GH26 hydrolase

containing B-1,3-1,4-mixed linked endoglucanase activity, a family-11 carbohydrate

binding module (CBM11), and two C-terminal type I dockerin domain [18, 19, 20]. On

the other hand, Cel5A from Thermotoga maritima (TmCel5A), another GHS enzyme, was

71

doi:10.6342/NTU202502385



characterized as a bifunctional cellulase/mannanase [21, 22, 23]. Although 7mCel5A and
CtCel5E share significant sequence homology (41% identity and over 55% similarity)
and structural homology (RMSD of 1.4A of 248 Co atoms), two enzymes display
different hemicellulose specificities. Bioinformatics in combination with mutagenesis
analyses have shown that the conserved NEPHE motif in 7TmCel5A 1is critical for its
mannanase activity [24]. We further identified a loop in 7mCel5SA (Tmloop) that
represents the most different region when comparing with the sequence and structure of
CtCel5E, in which particularly Tyr198, His205, and Trp210, are involved in mannan
binding [25]. By incorporating this mannan-recognizing loop, we were able to engineer
CrCel5E, a mannanase-free enzyme to gain mannanase activity, although compromising
some xylanase activity [25].
1.5 Specific aim of this study

CtCel5E and TmCel5A share cellulase activity but differ in hemicellulase activities
(xylanase vs. mannanase), although both enzymes share significant sequence similarity
and structural homology. These previous results seem to indicate that both mannanase
and xylanase activities could not coexist in multifunctional cellulases/hemicellulases.
Therefore, in the study reported herein, we chose another GH5 enzyme from
Hungateiclostridium thermocellum [26], named CtCel5T, which was annotated as a

trifunctional cellulase/xylanase/mannanase with apo-form crystal structure available
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(PDB: 4IM4) [27] to perform structure-based site-directed mutagenesis for understanding

the roles of key residues in discriminating different substrates as compared to CtCelSE

and 7mCel5A. This enzyme is encoded by the N-terminal module of another cellulosomal

gene celE. CtCel5T was followed by a central type I dockerin module for integrating the

enzyme into cellulosome, and a C-terminal esterase, C+CE2, which has dual functions to

enhance cellulase catalytic module activity and deacetylate plant polysaccharides. We aim

to examine the functions of loops and key residues important to dictate the substrate

specificity toward xylan or mannan, while sharing the common substrate cellulose. As

cellulose and xylan are two of the most abundant polysaccharides which account for >

47-67% of sugar content in rice straw with hemicelluloses such as arabinan and mannan

accounting for ~10% [28], understanding the mechanisms for determining the substrate

specificities may pave the way to engineer multifunctional GHS5s for biofuel production.

Our results thus enhance understanding of how these enzymes discriminate their

hemicellulose substrates and the information helps to predict/engineer the functions of

multifunctional cellulases/hemicellulases.

2. MATERIALS AND METHODS

2.1 Materials

Carboxymethyl cellulose (CMC), xylose (X1), glucose (Gl), cellobiose (G2),

cellotriose (G3), cellotetraose (G4), cellopentaose (GS5), cellohexaose (G6), Mannose
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(M1), Mannobiose (M2), Mannotriose (M3), 3,5-dinitrosalicylic acid (DNS) were

obtained from Sigma-Aldrich (St. Louis, USA). Xylobiose (X2), xylotriose (X3), mannan

and beechwood xylan (BWX) were purchased from Megazyme (Wicklow, Ireland).

CtCel5E, CtCelSE-Tmloop/F267A/F3231, and TmCel5A were previously expressed and

purified [17, 25]. For protein purification, nickel nitrilotriacetic acid (Ni-NTA) resin was

obtained from EBL (Taipei, Taiwan), and Thrombin protease was retrieved from Cytiva

(Marlborough, MA, USA).

2.2 Construction of expression plasmids

The gene of CtCelST was synthesized by Bio Basic Inc. (Markham Ontario, Canada)

and constructed into pHTTP13 expression vector using EcoRI and Xhol restriction sites

to express the protein with an N-terminal Hiss tag [29]. Site-directed mutants of CtCel5T

were generated using the QuikChange site-directed mutagenesis kit (Agilent, USA). All

the synthetic oligonucleotides used for mutagenesis are listed in Table 4 and 5.

Mutagenesis was performed by polymerase chain reaction (PCR) amplification of the

gene using the designed primers, followed by digestion of the PCR products with Dpnl

for 3 h at 37°C to cleave the methylated template DNA. The resulting mutated constructs

were transformed into E. coli DHSa and cultured in Luria-Bertani (LB) medium, and the

correct clones were confirmed by DNA sequencing.

2.3 Expression and purification of recombinant proteins
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Each verified gene construct was transformed into E. coli BL21 (DE3) for protein

expression. An overnight culture (20 mL) from a single colony was used to inoculate 1 L

of LB broth supplemented with 50 pug/mL kanamycin. Cultures were incubated at 37°C

until reaching ODesgo = 0.6, followed by induction with 0.5 mM isopropyl B-D-1-

thiogalactopyranoside (IPTG) for 20 h at 16 °C. Cells were harvested by centrifugation

at 6000 rpm for 20 min, and the resulting pellets were resuspended in 50 mL lysis buffer

(25 mM Tris-HCI, pH 7.5, 10 mM imidazole, and 500 mM NaCl). Cell disruption was

performed using a French press (Constant Cell Disruption System) at 22,000 psi. The

lysate was then centrifuged at 40,000xg for 45 min to remove debris. The supernatant was

loaded onto a 10 mL Ni-NTA affinity column pre-equilibrated with lysis buffer. The

column was washed with 20 column volumes of wash buffer (25 mM Tris-HCI, pH 7.5,

20 mM imidazole, and 500 mM NacCl) and the recombinant protein was eluted with 20

mL elution buffer (25 mM Tris-HCI, pH 7.5, 250 mM imidazole, and 500 mM NaCl).

Fractions containing the target protein were collected, treated with thrombin for Hise-tag

cleavage, and dialyzed overnight in dialysis buffer (25 mM Tris-HCI, pH 7.5, and 150

mM NacCl). Following dialysis, the protein solution was passed through a second Ni-NTA

column to remove the cleaved Hiss tag, and the flow-through containing the tag-free target

protein was collected and concentrated. Protein purity was assessed by sodium dodecyl
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sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), as shown in Figure S1, and

protein concentrations were determined using the Bradford assay [30].

2.4 Enzyme activity assays

Reducing sugars produced by enzymatic hydrolysis were quantified using DNS

reagent, with D-glucose, D-xylose, and D-mannose serving as standards [31]. The

corresponding standard curves are shown in Figure S2. CMC, BWX, and mannan were

used as substrates for measuring cellulase, xylanase, and mannanase activities,

respectively. To determine the optimal pH, enzyme activities were assayed using 1 pM

enzyme and 1% substrate in CGH buffer (10 mM citric acid, 10 mM glycine, and 10 mM

HEPES) across a pH range of 2 to 11 at 50°C for 10 min. Optimal temperature was

subsequently determined by measuring enzyme activity at temperatures ranging from

30°C to 90°C under the previously determined optimal pH using the same enzyme and

substrate concentrations. Following enzymatic reactions, DNS reagent was added to each

reaction mixture, which was then heated at 100°C for 5 min. Absorbance was measured

at 540 nm by the microplate reader (BioTeK Synergy H1). Activity unit (IU) is

determined as the amount of products released by 1 umole of the enzyme per minute

under the optimal assay conditions.

Kinetic parameters were determined by measuring the initial rates of reducing sugars

formation at varying substrate concentrations using a fixed enzyme concentration.
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Substrate concentrations (CMC, BWX, and mannan) ranged from 2 to 30 mg/mL, and

enzyme concentrations between 0.2 and 1 uM were used under the optimal conditions.

Reactions were carried out under optimal pH and temperature conditions for each enzyme

activity. The kinetic parameters Km and Vmax were calculated by fitting the data to the

Michaelis—Menten equation using GraphPad Prism. The turnover number (kca) was

calculated by dividing Vmax by the concentration of the enzyme used in the assay. All

experiments were performed in triplicate.

2.5 End-product analysis

End-product analysis was performed by incubating 1 uM CtCel5T with 1% CMC,

BWX, or mannan in 10 mM CGH buffer to a final volume of 500 pL under optimal

conditions. Reactions were examined at various time periods (2, 10, 30, and 60 minutes),

and at each time point, 20 pL of the reaction mixture was withdrawn and mixed with 20

pL of 99% ethanol, followed by centrifugation at 13,000 rpm for 1 min to precipitate

insoluble materials. 2 uL of supernatant in each sample was spotted onto a thin-layer

chromatography (TLC) silica gel 60 plate (Merck, Germany) for analysis. Glucose,

cellobiose, cellotriose, cellotetraose, cellopentaose (G1 to G5), xylose, Xxylobiose,

xylotriose (X1 to X3), mannose, mannobiose, and mannotriose (M1 to M3) were used as

standards. Separation of products was performed using TLC with a mobile phase

consisting of acetic acid, 1-butanol, and distilled deionized water in a 1:2:1 (v/v/v) ratio
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at room temperature. Sugars were detected by spraying the TLC plate with
diphenylamine-aniline-phosphoric acid reagent (1 mL of 37.5% HCI, 2 mL of aniline, 10
mL of 85% H3zPO4, 100 mL of ethyl acetate, and 2g of diphenylamine). After spraying,
the TLC plate was heated at 50 to 60 °C until the dye became light green, followed by
additional heating at 150 °C for 30 sec to complete visualization.
2.6 Multiple sequence alignment and phylogenetic tree analysis

The amino acid sequences of CtCelST, CtCelSE, and TmCel5A were aligned and
analyzed using Clustal Omega website (https://www.ebi.ac.uk/jdispatcher/msa/clustalo)
[32] and Jalview program [33]. The phylogenetic tree was generated using iTOL
(Interactive Tree Of Life) website (https://itol.embl.de/) [34], and analysis of the active
site architecture for the GH5 4 and GH5 25 subfamilies was conducted using WebLogo
website (https://weblogo.berkeley.edu/logo.cgi) [35]. The structures of CtCel5T (PDB
code 4IM4) [27], CtCel5E-xylobiose (PDB ID: 4US5I) [17], TmCel5A-mannotriose (PDB
ID: 3AZS) [23], and structures of other GHS enzymes were downloaded from Protein
Data Bank (https://www.rcsb.org/) and compared using the PyMOL program
(https://pymol.org/).
3. RESULTS
3.1 Structural and sequence comparison of CfCel5T, CtCel5SE and TmCel5A

To identify the crucial residues that might interact with substrates in the active site of
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CtCel5T, multiple sequence alignment of CtCelST with CtCelSE and TmCel5SA (Figure
la) as well as superimposition of the apo-form structure of CrCelST (PDB: 4IM4) with
the xylobiose-bound CtCel5SE (PDB: 4U51) and the mannotriose-bound 7mCel5A (PDB:
3AZS) were performed (Figure 1b). Based on the structural comparison, CtCel5T, like
CtCel5E and TmCel5A, possesses a typical (B/a)s TIM-barrel fold structure, which is the
characteristic of GH5 enzymes [36, 37]. In general, C¢CelS5T exhibits high structural
similarities with CtCelSE and TmCel5A (RMSD = 0.869 A of 213 Ca atoms and 1.126 A
of 199 Ca atoms, respectively). The amino acid residues involved in catalysis and
substrate binding of CtCelS5T, CtCelSE, and TmCel5A are highly conserved. Glul93 and
Glu316 (indicated by red triangles in Figure la), the predicted general acid/base and
nucleophile of CrCel5T, are conserved with Glu209 and Glu314 in CrCelSE as well as
Glul36 and Glu253 in 7mCel5A, respectively. The residues including Asn72, Trp82,
His148, His149, Asn192, Tyr270, and Trp349 in CtCelST as indicated by black triangles
in Figure la are strictly conserved as well. However, there are major differences among
the three sequences: loop 8 in CtCel5T contains additional residues, while loop 6 in
TmCel5A exhibits excessive amino acids. Within the loop 6 of TmCel5A (Tmloop),
Tyr198, His205, and Trp210 have been shown to be critical for mannanase activity in our
previous study [25]. CtCelST contains Tyr270 and Met277, which correspond to Tyr198

and His205 in TmCelSA, but lacks a residue conserved with Trp210 in 7mCel5A (Figure
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la). However, the superimposed structures of CtCel5T, TmCelSA-mannotriose, and

CtCel5E-xylobiose (Figure 1b) show that Glu360 and Met277 in CtCel5T occupy

positions similar to that of Trp210 and His205 in 7mCel5A, which may be critical for

discriminating xylan and mannan substrates. As shown in Figure 1c, Trp210 and His205

of TmCel5A form H-bonds with the bound mannotriose (right panel), but there is no

amino acid in CtCel5E corresponding to Glu360 and Met277 in CtCelST to interact with

the bound xylobiose (left panel). To explain the different substrate specificities of these

three multifunctional enzymes, CrCel5T needed to be expressed, purified, and

characterized to compare with our previously characterized CtCelSE and TmCel5A.

3.2 Expression, purification, and characterization of CrCelST (performed by the

previous master student Yung-Yeh Chen in our laboratory)

CtCel5T was expressed using E. coli, as we previously expressed CtCelSE and

TmCel5T. CtCel5T-encoding DNA was synthesized and cloned into a vector that

expressed a protein with hexa-his tag for purification using Ni-NTA. As annotated, the

purified CtCel5T showed activities toward carboxyl cellulose (CMC), beechwood xylan

(BWX), and mannan, the substrates for cellulase, xylanase, and mannanase, respectively.

The optimal reaction temperatures for its cellulase, xylanase, and mannanase activities

were determined to be 60, 70, and 50° C, respectively (Figure 2a—c). Besides, at pH 4, the

enzyme displayed the highest cellulase and mannanase activities, whereas the highest
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xylanase activity was observed at pH 5. Under the optimal conditions, K and kcar values

of CtCel5T were measured to be 20.4 = 2.8 mg/mL and 8733 + 574 min'! for CMC, 9.5 +

0.7 mg/mL and 832.6 + 31.6 min™! for BWX, and 5.4 = 1.6 mg/mL and 47.5 £ 5.7 min!

for mannan, respectively (Table 1). TLC analysis also confirmed that CtCel5T produced

the expected di- and tri-saccharide major products from CMC, BWX, and mannan (Figure
2d).

Compared to other GHS5 family members previously studied in our laboratory,
including TmCel5A (a cellulase/mannanase), CtCel5E (cellulase/xylanase) and CtCelSE-
Tmloop/F267A/F323A (a CtCelSE mutant gaining mannanase activity by incorporating
the Tmloop), the cellulase activity of CtCel5ST was the highest (Figure 3a), while still
maintaining a level of xylanase activity similar to that of CtCelSE (Figure 3b), but its
mannanase activity was significantly lower than that of 7TmCel5A (Figure 3c).

3.3 Functional characterization of the crucial residues in CtCelST by site-directed
mutagenesis (performed by the previous master student Yung-Yeh Chen in our
laboratory)

To investigate the roles of the identified key residues of CtCelST in three enzymatic
activities, we first generated twelve CtCel5T mutants, including N72A, W82A, H148A,
H149A, N192A, E193A, Y270A, M277A, E316A, W349A, N351A, and E360A. The kcat

values of these mutants toward CMC, BWX, and mannan under the optimal conditions
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measured by 3,5-dinitrosalicylic acid (DNS) assay are shown in Figure 4, and their Ky,

and ke parameters on three different substrates (CMC, BWX, and mannan) are

summarized in Table 1. As expected, the mutations of Glul93 and Glu316, which are

supposed to be the general acid/base and the nucleophile for glycosidic bond cleavage,

respectively, to alanine resulted in complete loss of activities on all three substrates.

Y270A and W349A also caused loss of three activities, demonstrating that these two

amino acids are essential for catalysis. In 7mCel5SA, Tyr198 forms a hydrogen-bonding

interaction with (-1) mannose of the bound mannotriose (Figure 1c right panel). Therefore,

the corresponding Tyr270 in CtCel5T might be responsible for binding with (-1) sugar

moiety of the substrates, thus explaining the loss of three activities for Y270A.

Furthermore, W349A was inactive against all three substrates, suggesting that this residue

is essential for catalysis, likely due to its involvement in providing the hydrophobic

interaction with the (-1) sugar ring, as shown in Figure 1b.

Next, N72A exhibited a 9-fold decreased activity, 16-fold decreased kca: and 2-fold

decreased Ky on CMC, and lack of both xylanase and mannanase activities. These

changes may be attributed to the disruption of hydrogen bonds on (-2) sugar for ligand

stabilization (see Figure 1c). Moreover, the corresponding residues of CtCel5T His148

and His149 in CtCel5SE and TmCel5A exhibit hydrogen bonds with three ligands

(cellobiose and xylobiose or mannotriose) (Figure 1c). However, HI48A mutant of
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CtCel5T displayed a more significant reduction of cellulase activity in ket (15-fold), along

with a 4-fold decreased Ky, of CMC, in comparison with H149A, which showed a slightly

increase in Ki and a similar kca value, but both mutants showed abolished xylanase and

mannanase activities. Moreover, Asn192 might form H-bonds with C2-OH of the (-1)

sugar as revealed by Figure Ic, so that N192A showed 15-fold decreased kca.. The W82A

mutation had a relatively minor impact, resulting in approximately a 3-fold decrease in

kear and similar K values for cellulase activity, while completely abolished xylanase and

mannanase activity. Trp82 might also contribute the stacking force with (-3) sugar moiety

to stabilize the ligand binding (Figure 1b), but not as important as Trp349 that extremely

lost all three catalytic activities upon mutation to Ala. On the other hand, for the mutation

on the non-conserved residue, N351A exhibited decreased kcar on BWX, the xylanase

substrate, by 7-fold, but less affected cellulase and mannanase activities (Table 1).

Asn351 likely forms one and two hydrogen bonds with (-2) xylose of xylobiose,

respectively (Figure 1c left panel).

3.4 Pivotal roles of Met277 and Glu360 in CfCel5T on substrate discrimination

From the superimposed structures (Figure 1b), we found that Glu360 and Met277 in

CtCel5T occupied the overlapped spatial positions of Trp210 and His205 in 7mCel5A,

respectively, but mannanase-free CtCel5E did not have amino acids at the positions, while

all three enzymes shared conserved residues in other positions. We suspected that the
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amino acids at these two positions determine their different hemicellulase substrate

specificities. M277A mutation caused mild decrease in both cellulase and xylanase

activities, but led to the loss of mannanase (Table 2) activity, indicating that Met277 is

solely essential for mannanase activity. In fact, the corresponding residue of Met277 is

His205 in 7mCelSA, which forms a hydrogen bond and stacking interaction with C6-OH

of (-1) mannose (Figure 1c right panel) and was demonstrated to be indispensable for

mannanase activity of 7mCel5A [25]. We then mutated Met277 to His and the M277H

mutant showed a significant decrease in the ke values of both cellulase and xylanase,

whereas mannanase activity remained detectable.

Moreover, Glu360 of CtCel5T also occupies the position of Trp210 in 7mCel5A

(Figure 1b), so that we generated E360A. E360A exhibited decreased kca on BWX, the

xylanase substrate, by 1.9-fold and less affected cellulase and mannanase activities.

Mutating Glu360 to Trp, E360W CtCel5T completely lost the xylanase activity, but the

mannanase activity was still maintained, although not enhanced (Table 2). Although

E360A did not significantly affected the kca: against BWX, E360W indeed abolished the

xylanase activity (Table 2), suggesting that Trp at this position of the CrCel5T mutant

posed a steric hindrance on binding of BWX. We then mutated Glu360 in CtCel5T to His,

Gln, Lys, Tyr, or Arg to explore the effect of substituting different amino acids at this

residue. Nevertheless, only E360H mutant preserved mannanase activity, better than that
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of E360W, but its xylanase activity was lost, while the other mutants failed to degrade

mannan, and all these mutants displayed no or mere cellulase and xylanase activities

(Table 2).

Furthermore, mutating both Met277 and Glu360 of CtCel5T simultaneously to the

corresponding His and Trp or His in 7mCel5A, M277H/E360W and M277H/E360H,

indeed increased the mannanase kcat by 5-fold, while reducing xylanase kca by 5-fold as

compared to that of the wild-type CrCel5T (Table 2 and Figure 3). We thus demonstrated

conversion of CtCel5T’s xylanase activity toward mannan substrate by mutating both

Met277 and Glu360, confirming that both amino acids play significant roles in

mannanase activity. On the other hand, we also constructed 7mCel5A mutants H205M,

W210E and H205M/W210E to investigate whether the substrate specificities would be

interchanged. As demonstrated in Table 3, the W210E mutant completely lost all three

activities, while the H205M mutant displayed a 36-fold decrease in the cellulase kcac and

a 5-fold decrease in the mannanase kca. Similarly, the H205M/W210E mutant entirely

abolished cellulase activity and reduced mannanase kc.: by 5-fold. However, both H205M

and H205M/W210E mutants demonstrated a modest (~1.5-fold) increase in the xylanase

keat compared to the wild-type TmCel5A. These results indicate that, while significantly

diminishing cellulase and mannanase activities, H205M and H205M/W210E mutants not

only restore but also slightly enhance the xylanase activity.
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3.5 Phylogenetic tree analysis of GHS families and prediction of substrate binding

modes of hemicellulases with substrate preference to xylan or mannan

As suggested by the above structural analysis and site-directed mutagenesis studies,

TmCel5A has strong mannanase activity because of His205 and Trp210 in loop 6

(Tmloop). CtCel5T had strong xylanase activity but significantly lower mannanase

activity than 7mCel5A likely because of Glu360 in loop 8 and Met277 in loop 6 at the

positions of Trp210 and His205 in loop 6 of 7mCel5A. Glu360 may not be essential for

xylanase activity as E360A still retained most of the BWX degradation kcat and CtCelSE

that has strong xylanase activity did not contain an amino acid at the position. However,

CrCel5E has no mannanase activity at all, indicating that Glu360 and Met277 together

keep both of xylanase and a lower level of mannanase activities in C#Cel5T. The xylanase

activity of CtCel5E and CrCel5T could still largely depended on the residues of Asn72,

Trp82, His148, His149, Asn192, Trp349, and Tyr270 as shown in Figure 1b left panel.

To wvalidate our hypothesis that Met277/Glu360 make CrCel5T a trifunctional

cellulase/xylanase/mannanase, His205/Trp210 endow 7mCelSA a bifunctional

cellulase/mannanase, while no amino acid at these position leads CtCel5E a bifunctional

cellulase/xylanase, we analyzed the amino acid sequences and crystal structures of several

other cellulases/hemicellulases with or without known substrate preferences to xylan or

mannan, to yield the phylogenetic tree for these enzymes (Figure 5a). Despite the
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substantial sequence diversity among the GHS5 subfamilies, GH5 4, which includes

CtCel5T, forms the closest clade to GHS 25, the subfamily containing CtCelSE and

TmCel5A. When 124 GHS 4 enzymes and 17 GHS_25 enzymes from the CAZy database

were aligned, the relative appearing frequency of each amino acid surrounding the

substrates is represented by the size of its alphabetic symbol (Figure 5b). In GH5 4

subfamily, CtCel5T’s Asn72, Trp82, His148, His149, Asn192, Glu193, Tyr270, Glu316,

and Trp349 are extremely conserved, whereas the aligned positions of Met277, Asn351,

and Glu360 exhibit sequence variabilities. Specifically, Met residue at the position of

Met277 is conserved in only 10.5% of the sequences, with Leu being the predominant

residue, appearing in 36.3% of the sequences. Totally, 80.8% of the sequences have

nonpolar amino acids at this site, for providing hydrophobic interactions with substrates.

Besides, Asn at the position of Asn351 in CrCelST is the predominant residue in 70.2%

of the sequences, assuming its role in forming hydrogen bonds with the (-2) sugar of

xylobiose. Although the residues at the position of Glu360 show variability within the

GHS5_4 subfamily, Glu still appears in 41.1% of the sequences, with the second most

common residue being Asp (4.8%), suggesting that negatively charged residues are

important at this position. In contrast, key residues His205 and Trp210 involved in

substrate binding and catalysis in 7mCel5A are highly conserved within the GHS5 25

subfamily, in 94% and 71% of the sequences, respectively, underscoring their essential
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roles.

To assess the residues in determining substrate specificities, the structures of several

known mannanases and xylanases were superimposed, and residues corresponding to

His205/Trp210 in 7mCel5A and Met277/Glu360 in CrCel5T were highlighted for

comparative analysis (Figure 5c). In previous studies, various GH5_ 4 multifunctional

hemicellulases with xylanase activity, including CICelA from Clostridium longisporum

(PDB: 6QI1I), RUM 05520 from Ruminococcus champanellensis (PDB: 6WQP),

RfGHS5 4 from Ruminococcus flavefaciens FD-1 (PDB: 6XSU), CAC0826 from

Clostridium acetobutylicum (PDB: 6PZ7), CcEngD from Clostridium cellulovorans

(PDB: 3NDY), and PrEglA from Piromyces rhizinflata (PDB: 3AYR), were also

characterized to possess limited mannanase activity [27, 38, 39], just like CtCelST

characterized here. Through superimposition of these GHS_ 4 enzymes, we observed that

they either have Met or Leu at the equivalent position of Met277 in CtCel5T, and most

exhibit Glu at the corresponding position of Glu360 in CtCel5T, except for CAC286,

which has Asp (also with a side-chain COOH) at this site. This suggests that these two

residues are highly conserved among the identified CtCel5T-like enzymes. Met/Leu could

possibly provide hydrophobic interactions with the (-1) sugar moiety, and Glu/Asp could

form hydrogen bonds with hydroxyl group on (-2) sugar ring. Additionally, another

characterized xylanase, CrCel5A from Cellulosilyticum ruminicola [40], lacks a solved
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structure but also contains the conserved Met602/Asp686 residue pair. These two residues
at the specified positions are highly conserved among GHS 4 xylanases.

On the contrary, characterized mannanases including CpMan5B from Caldanaerobius
polysaccharolyticus (PDB: 3WO0K), TmCel5B from Thermotoga maritima (PDB: 7TEC9),
and BsAmn5A from Bacillus sp. strain JAMB-602 (PDB: 1WKY) possess conserved Trp
and His residues at the same positions of His205 and Trp210 in 7mCel5A (Figure 5c).
Although CpMan5B and 7mCel5B are classified within the GHS_36 subfamily [41, 42],
phylogenetically distant from GHS5 25 subfamily, they display significant structural
homology to TmCel5A (RMSD = 1.189 A of 181 Ca atoms and 1.166 A of 202 Ca. atoms,
respectively), and the His/Trp pair in these enzymes appears to form hydrogen bonds with
the 6-hydroxyl group of the (-1) sugar moiety, while Trp likely engages in stacking
interactions with the sugar at the (—2) subsite. Besides, BsAmn5A, a mannanase from the
GHS5_8 subfamily [43], sequentially distinct from both GH5 4 and GH5_ 25 subfamilies,
exhibits less sequence and structural similarity to TmCel5A (RMSD =2.37 A of 151 Ca
atoms), but still has a conserved His258/Trp291 pair, occupying the same positions as
His205/Trp210 in TmCelSA. Interestingly, while His205 and Trp210 are located in the
loop 6 (Tmloop) in TmCel5A, His258 in BsAmn5A resides in loop 7, and Trp291 in loop
8 with a structural arrangement akin to Glu360 in loop 8 of CtCelST. In addition, other

GHS5_8 mannanases including MANPNI11 from Niallia nealsonii PN-11, BsMan5A from
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Bacillus sp. N16-5 (PDB: 3JUG), and BaMan5A from Salipaludibacillus agaradhaerens
(PDB: 2WH]J) [44-46], share the same His/Trp feature as well. Furthermore, several
identified cellulases, including BeelFp from Fervidobacterium pennivorans DSM9078
(PDB: 6KDD), MtGlu5 from Meiothermus taiwanensis WR-220 (PDB: 7VT4), and
CtCelC from Clostridium thermocellum (PDB: 1CEC) [47-49], also exhibit the His/Trp
feature, suggesting their potential mannanase activity.

On the other hand, the cellulases/xylanases possessing neither the His/Trp nor the
Met/Glu pairs at the corresponding positions were identified, including CtCelSE and
CelCCD from Clostridium cellulolyticum [58]. CelCCD shares high sequence similarity
with CrCel5E (69.74%), and its AlphaFold3-predicted structure was superimposed well
with the CtCel5E-xylobiose crystal structure (PDB: 4U5I) with an RMSD of 0.381 A
over 233 Ca atoms, preserving the active-site architecture (Figure S3). The absence of
the critical pair correlates with an inability to hydrolyze mannan and reinforces their
specialization toward cellulose and xylan as cellulase and xylanase.

3.6 Confirmation of the prediction of MrGluS as a multifunctional
cellulase/mannanase

Previously, MtGlu5 from Meiothermus taiwanensis WR-220 were characterized as a
GHS5 endoglucanase, but no mannanase or xylanase activity was reported [48]. Since

MtGlu5 also exhibits the His/Trp feature as 7mCel5A, we hypothesized that it may
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possess mannanase activity. To validate our prediction, the recombinant MtGluS was
expressed and purified following the protocol described in the previous study [48]. We
found it indeed possessed cellulase/mannanase activities but lacked xylanase activity. The
optimal pH and temperature conditions for M¢Glu5 in the hydrolysis of CMC and mannan
were determined as shown in Figure S4. Under the optimal condition of pH 5 and 80°C,
its kcat values of cellulase and mannanase were measured to be 1818 + 246.3 and 832.3 +
69.1 min! and the K values with respect to CMC and mannan were 20.5 = 5.9 and 9.8
+ 1.6 mg/mL, respectively (Table S1). This supports the notion that the His/Trp structural
feature predicts the cellulase/mannanase activities.
4. DISCUSSION

GHS represents a large and functionally diverse enzyme family characterized by
broad substrate specificities and multifunctional catalytic activities. These attributes
render GHS enzymes particularly valuable for applications such as plant cell wall
degradation in biofuel production and other industrial applications. Within this family,
CtCel5E, TmCel5A, and CrCel5T and others are of significant interest due to their distinct
enzymatic activities and substrate specificities, as demonstrated in previous studies [14,
17, 23, 27, 50-57]. These enzymes exhibit activity against xylan and/or mannan, as well
as other polysaccharides, including lichenan and xyloglucan (XG) [37]. As demonstrated

in this study, we focus on studying the three representative enzymes CtCelSE, TmCel5SA,
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and CrCel5T, which were reported to have cellulase/xylanase, cellulase/mannanase

(although we also identified a very weak xylanase activity), and

cellulase/xylanase/mannanase activities against the different linear oligosaccharides

CMC, BWX, and mannan, respectively. Notably, CtCel5T was confirmed in this study as

a trifunctional enzyme capable of degrading CMC, BWX, and mannan, although its

mannanase activity is lower than that of 7mCel5A. Based on our measurements, the

optimal reaction conditions for polysaccharides depolymerization were identified as

follows: 60°C, pH 4 for cellulase activity; 70°C, pH 5 for xylanase activity; and 50°C,

pH 4 for mannanase activity. The primary hydrolytic products under these conditions

were cellobiose and cellotriose from CMC, xylotriose from BWX, and mannobiose,

mannotriose, and mannotetraose from mannan.

At molecular scale, CtCel5T adopts the canonical (B/a)s TIM-barrel fold [27], a

common structural feature of the GHS family. Sequence and structural alignments of

CtCel5T with CtCel5E and TmCel5A identified Glul93 and Glu316 as the general

acid/base and nucleophile, respectively. Consistent with this prediction, alanine

substitution mutants of these residues resulted in a complete loss of enzymatic activity

(Table 1 and Figure 4). Additionally, several residues highly conserved across CtCelSE,

TmCel5A, and CtCelST, including Asn72, Trp82, His148, His149, Asn192, Tyr270, and

Trp349, were confirmed as catalytically essential through site-directed mutagenesis
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(Table 1 and Figure 4). In contrast, the substrate specificities of these enzymes appear to

be dictated by less conserved residues, such as Met277/Glu360 of CtCel5T and

His205/Trp210 of TmCel5A. Met277 and Glu360 are provided by loop 6 and 8 of CrCel5T,

respectively, while both His205 and Trp210 are from loop 6 (7mloop) of 7mCel5A. These

two positions occupied by the residues apparently determine the substrate preferences,

mediating a trade-off behavior between xylanase and mannanase activities (when one

activity is high, the other activity is low).

From our previous study [17], which elucidated the crystal structures of CtCelSE (a

cellulase/xylanase) and 7mCel5A (a cellulase/mannanase) and their differing substrate

specificities, we successfully engineered a trifunctional enzyme, CtCelSE-Tmloop, by

incorporating the Tmloop into CtCelSE, and further optimization led to the mutant

CtCel5E-Tmloop/F267A/F3231 [25]. In this study, we investigated another structural

homologue, CtCelST, to expand our understanding of substrate specificity and activity

modulation in GHSs. Based on the biochemical characterization of wild-type and mutant

CtCel5T, we propose a mechanism wherein two key amino acids from the non-conserved

loops 8 and 6 are essential for determining whether the GHS5 multifunctional

cellulases/hemicellulases exhibit higher xylanase or mannanase activity, while

maintaining cellulase activity. Unlike CrCelSE, which exhibits only cellulase and

xylanase activities, CtCel5T contains Met277 and Glu360, enabling it to retain a low level
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of mannanase activity. While CtCel5E also possesses His277, corresponding to His205

of TmCel5A and Met277 of CtCel5T, this residue is positioned away from the active site,

even in the cellobiose- and xylobiose-bound structures. Therefore, CtCelSE is absolutely

without mannanase activity. Additionally, although TmCel5A lacks loop 8, it retains

Trp286, corresponding to Trp349 in CtCel5T, enabling very weak xylanase activity (see

Figure 3b).

Structural superimposition of cellulases/hemicellulases with known substrate

specificities as shown in Figure 5c reveals distinct patterns of residue conservation in

loops 6 and 8, correlating with substrate preferences. Hemicellulases that preferentially

degrade xylan while retaining some mannanase activity feature a conserved negatively

charged residue (Glu or Asp) in loop 8 and a nonpolar residue (Met or Leu) in loop 6. In

contrast, hemicellulases with specificity toward mannan possess conserved Trp and His

residues in loop 6, while those with the substrate specificity solely toward xylan lack

amino acids at these positions. Key residues at these positions of Glu360/Trp210 and

Met277/His205 appear to play a critical role in determining the substrate specificities for

the hemicellulases which are functioned predominantly as xylanases or mannanases. This

analysis provides a framework for predicting the substrate specificity of GHS5 enzymes

with previously unannotated functions, offering valuable predictions for functional

annotation and enzyme engineering.
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Our findings elucidate the structure-activity relationships of GHS5 multifunctional

cellulases/hemicellulases, which enhance our understanding on the substrate-recognition

mechanisms of these useful enzymes. Considering the importance of GHS5 enzymes in

biomass conversion and other applications, our findings are interesting from the

viewpoint of fundamental research, engineering, and development.
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TABLES

Table 1. Kinetic parameters of wild-type (WT) and mutant CtCel5T.

(performed by the previous master student Yung-Yeh Chen in our laboratory)

CMC BWX Mannan
K k K k K k
m cat m cat m cat
CtCel5T pH/Temp . pH/Temp . pH/Temp .
(mg/mL) (min ) (mg/mL) (min ) (mg/mL) (min )
204 £ 8733.0 832.6 + 475+
WT 4/60 5/70 95+0.7 4/50 54+16
2.8 574.0 316 5.7
E193A 4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D.
E316A 4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D.
110+ 537.6 =
N72A 4/60 5/70 N.D. N.D. 4/50 N.D. N.D.
2.3 63.6
133+ 2602.0 =
W82A 4/60 5/70 N.D. N.D. 4/50 N.D. N.D.
4.9 387.7
581.5 +
H148A 4/60 45+12 5/70 N.D. N.D. 4/50 N.D. N.D.
60.2
372+ 6576.0 =
H149A 4/60 5/70 N.D. N.D. 4/50 N.D. N.D.
7.2 768.3
563.6 =
N192A 4/60 8.9+26 5/70 N.D. N.D. 4/50 N.D. N.D.
86.8
Y270A 4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D.
W349A 4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D.
3151 73230 109+ 1187 ¢ 119+ 65.7 £
N351A 4/60 5/70 4/50
8.9 746.0 2.0 126 24 7.1

N.D. means non-detectable (activity was below the detection limit).
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Table 2. Kinetic parameters of CtCel5T Met277 and Glu360 mutants.

CMC BWX Mannan
K k K k K k
m cat m cat m cat
CtCel5T pH/Temp pH/Temp pH/Temp
-1 -1 -1
(mg/mL) (min ) (mg/mL) (min ) (mg/mL) (min )
8733.0 % 832.6 £ 475+
WT 4/60 20428 5/70 95+0.7 4/50 54+16
574.0 31.6 5.7
4650.0 + 775.7 £
M277A 4/60 8.9+32 5/70 186 +3.0 4/50 N.D. N.D.
546.0 79.1
4/60 222+39 1054.0 + 5/70 11.01 + 134.7 + 4/50 3.36 % 20.75 +
M277H
99.4 2.332 13.68 0.64 1.76
1966.0 + 4480 £ 66.5 +
E360A 4/60 9.1+22 5/70 276+8.0 4/50 83+18
160.8 98.3 6.8
3153.0 % 6.7+
E360W 4/60 31.6+5.6 5/70 N.D. N.D. 4/50 6.3+25
340.5 1.4
4/60 20.1+3.9 1076.0 + 5/70 N.D. N.D. 4/50 148+4.3 411+
E360H
115.3 71
4/60 24%05 3223+ 5/70 49+06 4+0.2 5/50 N.D. N.D.
E360Q
165
4/60 189+25 879.0 + 5/70 N.D. N.D. 4/50 N.D. N.D.
E360K
63.0
4/60 6.0+15 2226+ 5/70 N.D. N.D. 4/50 N.D. N.D.
E360Y
195
4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D.
E360R
4/60 252+4.6 316.4 + 5/70 50+1.1 50.0 + 4/50 145+39 216.7 %
M277H/E360W
333 4.3 323
4/60 7.7+09 362.1 5/70 32+04 739+ 4/50 188+45 227.9+
M277H/E360H
16.4 25 346

N.D. means non-detectable (activity was below the detection limit).
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Table 3. Kinetic parameters of wild-type (WT) and mutant TmCel5A.

CMC BWX Mannan
K k K k K k
m cat m cat m cat
TmCel5A pH/Temp . pH/Temp ) pH/Temp .
(mg/mL) (min’) (mg/mL) (min ) (mg/mL) (min ")
264 + 10609 + 7.85+ 27.88 + 2.86 £ 1280 +
WT 4/80 5/80 5/80
8.37 1674 2.85 4.88 0.56 84.49
78.76 + 857.0 + 9.704 + 39.20 + 9.778 + 267.4 +
H205M 4/80 5/80 5/80
57.63 514.7 4.269 8.828 3.651 47.20
W210E 4/80 N.D. N.D. 5/80 N.D. N.D. 5/80 N.D. N.D.
7.355 4424 + 12.24 + 252.2 +
H205M/W210E 4/80 N.D. N.D. 5/80 5/80
1.786 4.654 3.924 4141

N.D. means non-detectable (activity was below the detection limit).
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Table 4. Forward (F) and reverse (R) primers used in generating mutant CtCel5T.

Primer Nucleotide sequence (5'-3")

E193A-F CTACTTCGCGCGGCGCATTCATGGTTTCAAATAACAGG
E193A-R CCTGTTATTTGAAACCATGAATGCGCCGCGCGAAGTAG
E316A-F TATCGATGGTACCGAACGCACCAATGATAACCGCA
E316A-R TGCGGTTATCATTGGTGCGTTCGGTACCATCGATA

N72A-F GAGCGTCCAGGGTAGCGCCCAGGTTCCAGC

N72A-R GCTGGAACCTGGGCGCTACCCTGGACGCTC

W82A-F GCGCGGGTTACCCGCCGCAGTTTCGGTC

W82A-R GACCGAAACTGCGGCGGGTAACCCGCGC

H148A-F CCACGTGTTGTCGTGGGCCAGGTTGATGATCGCA
H148A-R TGCGATCATCAACCTGGCCCACGACAACACGTGG
H149A-F TGATCCACGTGTTGTCGGCGTGCAGGTTGATGATCG
H149A-R CGATCATCAACCTGCACGCCGACAACACGTGGATCA
N192A-F TACTTCGCGCGGCTCAGCCATGGTTTCAAATAACAGGTGG
N192A-R CCACCTGTTATTTGAAACCATGGCTGAGCCGCGCGAAGTA
Y270A-F GCGAAGAAGTACGGGGAGGCAGCGTGGATAGAAACGAT
Y270A-R ATCGTTTCTATCCACGCTGCCTCCCCGTACTTCTTCGC
M277A-F GTACCGTTAACGTCCGCAGCGAAGAAGTACGGGGAGTAA
M277A-R TTACTCCCCGTACTTCTTCGCTGCGGACGTTAACGGTAC
W349A-F GTTGTAGTAACCGTTATCCGCCCAGAAAACCGCGATACCA
W349A-R TGGTATCGCGGTTTTCTGGGCGGATAACGGTTACTACAAC
N351A-F TCGCGGTTTTCTGGTGGGATGCCGGTTACTACAACCC
N351A-R GGGTTGTAGTAACCGGCATCCCACCAGAAAACCGCGA
E360A-F CAGAGCGTAGGTTGCCGCGTCACCTGG

E360A-R CCAGGTGACGCGGCAACCTACGCTCTG

M277H-F CATGACGTTAACGGTACCTCT

M277H-R AGCGAAGAAGTACGGGGAGTA

E360W-F TGGACCTACGCTCTGCTGAACCGT

E360H-F CATACCTACGCTCTGCTGAACCGT

E360Q-F CAGACCTACGCTCTGCTGAACCGT

E360K-F AAAACCTACGCTCTGCTGAACCGT

E360Y-F TACACCTACGCTCTGCTGAACCGT

E360R-F CGTACCTACGCTCTGCTGAACCGT

E360-R CGCGTCACCTGGGTTGTAGTAACC
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Table 5. Forward (F) and reverse (R) primers used in generating mutant TmCel5A.

Primer

Nucleotide sequence (5'-3")

H205M-F
H205M-R
W210E-F
W210E-R

GAATTTACCATGCAAGGAGCTGAG
GAAAGGATTGTAGTAGTGAATTGTAACTAT

CCCATCAAGGAGCTGAGGAGGTGGAAGGATCTGAGA
TCTCAGATCCTTCCACCTCCTCAGCTCCTTGATGGG
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Figure 1. Structural comparison and sequence alignment of key residues in C¢CelST,

CtCelSE, and TmCel5SA.

(a) Multiple sequence alignment of CtCelST, CtCel5SE, and 7TmCel5A. Red triangles

indicate the Glu as the general bases and the nucleophiles and black triangles indicate the

key residues involved in the catalytic reactions and the substrate binding, which were

mutated in the study. Trp210 in loop 6 of 7mCel5A and GIu360 in loop 8 of CrCelST are

indicated in purple and yellow triangle, respectively, while the Loops are highlighted in

red hollow rectangles. (b) Superimposition of the active-site residues of CtCel5T

(PDB:41M4), TmCel5A-mannotriose (PDB: 3AZS), and CtCel5E-xylobiose (PDB: 4U5I)

structures, colored in green, cyan, and yellow, respectively. Xylobiose is colored in gray

and mannotriose in orange. (c¢) Separation of the above superimposed three structures into

two, superimposition of CtCel5ST and CtCel5SE-xylobiose structures (left panel) and

superimposition of CrCel5T and TmCel5A-mannotriose structures (right panel). The

yellow dash lines indicate hydrogen bonds.
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Figure 2. Optimal conditions and product analysis for CtCelST reactions.

(performed by the previous master student Yung-Yeh Chen in our laboratory)

Temperature- and pH-dependent profiles of CtCel5T for cellulase (a), xylanase (b), and

mannanase (c) activities, respectively, and digested products from 1% CMC, BWX and

mannan treated with 1 pM CrCel5T under optimal conditions (d), are shown. All

experiments were performed in three replicates.
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Figure 3. The kcat values of CtCelST, TmCelSA, CtCelSE, and their engineered

enzymes toward different substrates.
The kcat values under the optimal conditions toward CMC (a), BWX (b), and mannan (c)

were measured by DNS assay. Reactions were performed in triplicate.
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Figure 4. The kcat values of CtCelST mutants toward different substrates.

The ket values of the mutant CtCelST toward CMC (a), BWX (b), and mannan (¢) under

the optimal conditions measured by DNS assay are shown. Black bar represents the

CrCel5T wild type, dark gray bars represent CrCel5T with mutation in the highly

conserved residues (E193A, E316A, N72A, W82A, H148A, H149A, N192A, Y270A,

and W349A), and light gray bars represent CfCel5T mutated in the non-conserved

residues (M277A, N351A, and E360A). Each reaction was performed in triplicate and

standard deviations are indicated.
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Figure 5. Phylogenetic analysis of GHS families.

(a) Neighbor-joining phylogenetic tree of structural characterized GHS families.

Sequences of total 106 GHS enzymes were obtained from CAZy database

(http://www.cazy.org). GH5 subfamilies are labeled in different colors, and CtCel5ST

(PDB: 4IM4), CtCelSE (PDB: 4U3A) and TmCel5A (PDB: 3AMC) are highlighted in red

hollow rectangles. (b) Sequence analysis of the active-site architecture in GH5 4 and

GHS5_25 enzymes. Residues surrounding the substrates were selected for sequence

analyses. The size of each letter reflects the conservation level of the residue across all
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sequences within the subfamilies. (c) The classification of multifunctional

cellulases/xylanases, cellulases/mannanases, and cellulases/xylanases/mannanases based

on their structural features in loop 6 and 8. TmCel5A (PDB: 3AMC; colored green) was

superimposed with CpMan5B from Caldanaerobius polysaccharolyticus (PDB: 3WOK;

colored yellow), 7TmCel5B from Thermotoga maritima (PDB: 7TEC9; colored magneta),

BsAmn5A from Bacillus sp. strain JAMB-602 (PDB: 1WKY; colored gray), BeelFp from

Fervidobacterium pennivorans DSM9078 (PDB: 6KDD; colored cyan), MtGlu5 from

Meiothermus taiwanensis WR-220 (PDB: 7VT4; colored lime), CtCelC from Clostridium

thermocellum (PDB: 1CEC; colored deepteal), CtCelST from Clostridium thermocellum

(PDB: 4IM4; colored limegreen), CICelA from Clostridium longisporum (PDB: 6Q1I;

colored yelloworange), RUM_05520 from Ruminococcus champanellensis (PDB: 6 WQP;

colored lightpink), RfGHS 4 from Ruminococcus flavefaciens FD-1 (PDB: 6XSU;

colored marine), CcEngD from Clostridium cellulovorans (PDB: 3NDY, colored teal),

PrEglA from Piromyces rhizinflata (PDB: 3AYR; colored aquamarine), and CAC0826

from Clostridium acetobutylicum (PDB: 6PZ7; colored deepblue). Mannotriose from

TmCel5A and xylobiose, which is extracted from CtCelSE (PDB: 4US5I), are colored in

orange and white, respectively.
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SUPPLEMENTARY INFORMATION

Table S1. Kinetic parameters of wild-type (WT) MtGIu5.

CMC BWX Mannan
Km kcal Km kcal Km k it
MtGlu5 pH/Temp . pH/Temp . pH/Temp .
(mg/ml) (min ) (mg/ml) (min ) (mg/ml) (min ")

205+59 1818 +
WT 270 N.D. N.D. N.D. 4/80
246.3

9816 8323+

N.D. means non-detectable (activity was below the detection limit).
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Figure S1. SDS-PAGE analysis of purified wild-type (WT) and mutant CtCelST (42.5

kDa) and TmCel5A (41.0 kDa).

M, marker; 1, CtCel5ST-WT; 2, CtCel5ST-M277H; 3, CtCel5ST-E360W; 4, CtCel5ST-E360H,;

5, CtCel5T-E360Q; 6, CrCelST-E360K; 7, CtCel5ST-E360Y; 8, CtCel5ST-E360R; 9,

CtCel5T-M277H-E360W; 10, CtCel5ST-M277H-E60H; 11, TmCelSA-WT; 12, TmCel5A-

H205M; 13, TmCel5A-W210E; 14, TmCel5A-H205M-W210E

112

doi:10.6342/NTU202502385



(a) (b)
3 2.5-
3 8 20
c c
8 2 3
5 5 151
3 2
< < 1.0
g S 05
o T T T 1 U-U T T T 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
[Glucose] (umole) [Xylose] (umole)
Equation: Y = 1.835*X + 0.05684 Equation: Y = 1.404*X + 0.05737
R?=10.998 R?=10.999
(©)
1.5+
3
g 1.0
- g
3
<
2 05
a
o
0.0 . . .
0.0 0.5 1.0 1.5

[Mannose] (umole)

Equation: Y = 0.9091*X + 0.06799
R%*=0.996

Figure S2. The linear standard curves of DNS assay using glucose (a), xylose (b) and
mannose (c¢) as the products.
The absorbances at 540 nm of all reactions were converted into the amount of product

generated by GHs according to the standard equations.
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Figure S3. Superimposition of the Alphafold3-predicted CelCCD structure with the
CtCel5E-xylobiose crystal structure (PDB: 4U5I).
Residues from CelCCD and CtCelSE are labeled in green and cyan, respectively, with

xylobiose depicted in gray.
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Figure S4. Optimal conditions for MtGlu5 enzymatic activities.
Temperature- and pH-dependent profiles of MtGlu5 cellulase (a) and mannanase (b)
activities (IU is defined as the amount of product generated by 1 pmole of the enzyme

per minute), respectively, are presented. All experiments were performed in triplicate.

115

doi:10.6342/NTU202502385



REFERENCES

1. Saleem M. Possibility of utilizing agriculture biomass as a renewable and sustainable
future energy source. Heliyon. 2022; 8:e€08905. doi: 10.1016/j.heliyon.2022.e08905.

2. Ho DP, Ngo HH, Guo W. A mini review on renewable sources for biofuel. Bioresour
Technol. 2014; 169: 742—749. doi: 10.1016/j.biortech.2014.07.022.

3.  Zhu JY, Agarwal UP, Ciesielski PN, Himmel ME, Gao R, Deng Y, Morits M,
Osterberg M. Towards sustainable production and utilization of plant-biomass-based
nanomaterials: a review and analysis of recent developments. Biotechnol Biofuels.
2021; 14: 114. doi: 10.1186/s13068-021-01963-5.

4. Babu S, Singh Rathore S, Singh R, Kumar S, Singh VK, Yadav SK, Yadav V, Raj R,
Yadav D, Shekhawat K, Ali Wani O. Exploring agricultural waste biomass for energy,
food and feed production and pollution mitigation: A review. Bioresour Technol.
2022; 360: 127566. doi: 10.1016/j.biortech.2022.127566.

5. Chandel AK, Garlapati VK, Singh AK, Antunes FAF, da Silva SS. The path forward
for lignocellulose biorefineries: bottlenecks, solutions, and perspective on
commercialization.  Bioresource  Technol. 2018; 264: 370-381. doi:

10.1016/j.biortech.2018.06.004.

116

doi:10.6342/NTU202502385



10.

11.

Igwebuike CM, Awad S, Andres Y. Renewable energy potential: Second-generation
biomass as feedstock for bioethanol production. Molecules. 2024; 29: 1619. doi:
10.3390/molecules29071619.

Alvarez G, Reyes-Sosa FM, Diez B, Enzymatic hydrolysis of biomass from wood.
Microb Biotechnol. 2016; 9: 149-56. doi: 10.1111/1751-7915.12346.

Lee HL, Chang CK, Teng KH, Liang PH. Construction and characterization of
different fusion proteins between cellulases and B-glucosidase to improve glucose
production and thermal stability. Bioresource Technol. 2011; 102: 3973-3976. doi:
10.1016/j.biortech.2010.11.114.

Chen CH, Yao Y, Yang B, Lee HL, Yuan SF, Hsieh HY, Liang PH. Engineer multi-
functional cellulase/xylanase/p-glucosidase with improved efficacy to degrade rice
straw. Bioresource Technol Rep. 2019; 5: 170-177. doi:
10.1016/.biteb.2019.01.008.

Bayer EA, Setter E, Lamed R. Organization and distribution of the cellulosome in
Clostridium  thermocellum. J Bacteriol. 1985; 163: 552-559. doi:
10.1128/jb.163.2.552-559.

Felix CR, Ljungdahl LG. Annu Rev Microbiol. The cellulosome: the exocellular
organelle of Clostridium. 1993; 47: 791-819. doi:

10.1146/annurev.mi.47.100193.004043.

117

doi:10.6342/NTU202502385



12.

13.

14.

15.

16.

17.

Hirano K, Kurosaki M, Nihei S, Hasegawa H, Shinoda S, Haruki M, Hirano N.
Enzymatic diversity of the Clostridium thermocellum cellulosome is crucial for the
degradation of crystalline cellulose and plant biomass. Sci Rep. 2016; 6: 35709. doi:
10.1038/srep35709.

Garvey M, Klose H, Fischer R, Lambertz C, Commandeur U. Cellulases for biomass
degradation: comparing recombinant cellulase expression platforms. Trends
Biotechnol. 2013; 31: 581-593. doi: 10.1016/j.tibtech.2013.06.006.

Lo Leggio L, Larsen S. The 1.62 A structure of Thermoascus aurantiacus
endoglucanase: completing the structural picture of subfamilies in glycoside
hydrolase family 5. FEBS Lett. 2002; 523: 103—-108. doi: 10.1016/s0014-
5793(02)02954-x.

Aspeborg H, Coutinho PM, Wang Y, Brumer 3rd H, Henrissat B. Evolution, substrate
specificity and subfamily classification of glycoside hydrolase family 5 (GHS). BMC
Evol Biol. 2012; 12: 186. doi: 10.1186/1471-2148-12-186.

Henrissat B, Davies G. Structural and sequence-based classification of glycoside
hydrolases. Curr Opin Struct Biol. 1997; 7: 637-644. doi: 10.1016/s0959-
440x(97)80072-3.

Yuan SF, Wu TH, Lee HL, Hsieh HY, Lin WL, Yang B, Chang CK, Li Q, Gao J,

Huang CH, Ho MC, Guo RT, Liang PH. Biochemical characterization and structural

118

doi:10.6342/NTU202502385



18.

19.

20.

21.

analysis of a bifunctional cellulase/xylanase from Clostridium thermocellum. J Biol

Chem. 2015; 290: 5739-5748. doi: 10.1074/jbc.M114.604454.

Yague E, Beguin P, Aubert JP. Nucleotide sequence and deletion analysis of the

cellulase-encoding gene celH of Clostridium thermocellum. Gene 1990; 89: 61-67.

doi: 10.1016/0378-1119(90)90206-7.

Carvalho AL, Goyal A, Prates JA, Bolam DN, Gilbert HJ, Pires VM, Ferreira LM,

Planas A, Romao MJ, Fontes CM. The family 11 carbohydrate-binding module of

Clostridium thermocellum Lic26A-CelSE accommodates beta-1,4- and beta-1,3-

1,4-mixed linked glucans at a single binding site. J Biol Chem. 2004; 279: 34785—

34793. doi: 10.1074/jb¢.M405867200.

Taylor EJ, Goyal A, Guerreiro CI, Prates JA, Money VA, Ferry N, Morland C, Planas

A, Macdonald JA, Stick RV, Gilbert HJ, Fontes CM, Davies GJ. How family 26

glycoside hydrolases orchestrate catalysis on different polysaccharides: structure

and activity of a Clostridium thermocellum lichenase, CtLic26A. J Biol Chem. 2005;

280: 32761-32767. doi: 10.1074/jbc.M506580200.

Chhabra SR, Shockley KR, Ward DE, Kelly RM. Regulation of endo-acting

glycosyl hydrolases in the hyperthermophilic bacterium Thermotoga maritima

grown on glucan- and mannan-based polysaccharides. Appl Environ Microbiol.

2002; 68: 545-554. doi: 10.1128/AEM.68.2.545-554.2002.

119

doi:10.6342/NTU202502385



22.

23.

24,

25.

26.

Pereira JH, Chen Z, McAndrew RP, Sapra R, Chhabra SR, Sale KL, Simmons BA,

Adams PD. Biochemical characterization and crystal structure of endoglucanase

Cel5A from the hyperthermophilic Thermotoga maritima. J Struct Biol. 2010; 172:

372-379. doi: 10.1016/j.jsb.2010.06.018.

Wu TH, Huang CH, Ko TP, Lai HL, Ma Y, Chen CC, Cheng YS, Liu JR, Guo RT.

Diverse substrate recognition mechanism revealed by Thermotoga maritima CelSA

structures in complex with cellotetraose, cellobiose and mannotriose. Biochim

Biophys Acta. 2011; 1814: 1832-1840. doi: 10.1016/j.bbapap.2011.07.020.

Chen Z, Friedland GD, Pereira JH, Reveco SA, Chan R, Park JI, Thelen MP,

Adams PD, Arkin AP, Keasling JD, Blanch HW, Simmons BA, Sale KL, Chivian

D, Chhabra SR. Tracing determinants of dual substrate specificity in glycoside

hydrolase family 5. J Biol Chem. 2012; 287: 25335-25343. doi:

10.1074/jbc.M112.362640.

Liang PH, Lin WL, Hsieh HY, Lin TY, Chen CH, Tewary SK, Lee HL, Yuan SF,

Yang B, Yao JY, Ho MC. A flexible loop for mannan recognition and activity

enhancement in a bifunctional glycoside hydrolase family 5. Biochim Biophys Acta

Gen Subj. 2018; 1862: 513-521. doi: 10.1016/j.bbagen.2017.11.004.

Freier D, Mothershed CP, Wiegel J. Characterization of Clostridium thermocellum

JW20. App! Environ Microbiol. 1988; 54: 204-211. doi: 10.1128/aem.54.1.204-

120

doi:10.6342/NTU202502385



27.

28.

29.

30.

31.

32.

211.1988.

Glasgow EM, Kemna EI, Bingman CA, Ing N, Deng K, Bianchetti CM, Takasuka

TE, Northen TR, Fox BG. A structural and kinetic survey of GH5 4

endoglucanases reveals determinants of broad substrate specificity and

opportunities for biomass hydrolysis. J Biol Chem. 2020; 295: 17752—-17769. doi:

10.1074/jbc.RA120.015328.

Roberto IC, Mussatto SI, Rodrigues RCLB. Dilute-acid hydrolysis for optimization

of xylose recovery from rice straw in a semi-pilot reactor. /ndustrial Crops and

Products. 2003; 17: 171-176.

Wang HM, Shih YP, Hu SM, Lo WT, Lin HM, Ding SS, Liao HC, Liang PH.

Parallel gene cloning and protein production in multiple expression systems.

Biotechnol Prog. 2009; 25: 1582—1586. doi: 10.1002/btpr.274.

Bradford MM. A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem.

1976; 72: 248-254. doi: 10.1006/abi0.1976.9999.

Miller GL. Use of dinitrosalicylic acid reagent for determination of reducing sugar.

Anal Chem. 1959; 31: 426-428.

Madeira F, Madhusoodanan N, Lee J, Eusebi A, Niewielska A, Tivey ARN, Lopez

R, Butcher S. The EMBL-EBI Job Dispatcher sequence analysis tools framework in

121

doi:10.6342/NTU202502385



33.

34.

35.

36.

37.

38.

2024. Nucleic Acids Res. 2024; 52: W521-W525. doi: 10.1093/nar/gkae241.

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2-a

multiple sequence alignment editor and analysis workbench. Bioinformatics. 2009;

25:1189-1191. doi: 10.1093/bioinformatics/btp033.

Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic

tree display and annotation. Nucleic Acids Res. 2021; 49: W293-W296. doi:

10.1093/nar/gkab301.

Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo

generator. Genome Res. 2004; 14: 1188—1190. doi: 10.1101/gr.849004.

Goldman AD, Beatty JT, Landweber LF. The TIM barrel architecture facilitated the

early evolution of protein-mediated metabolism. J Mol Evol. 2016; 82: 17-26. doi:

10.1007/s00239-015-9722-8.

Glasgow EM, Vander Meulen KA, Takasuka TE, Bianchetti CM, Bergeman LF,

Deutsch S, Fox BG. Extent and origins of functional diversity in a subfamily of

glycoside hydrolases. J Mol Biol. 2019; 431: 1217-1233. doi:

10.1016/.jmb.2019.01.024.

Bianchetti CM, Brum, P, Smith RW, Dyer K, Hura GL, Rutkoski TJ, Phillips Jr GN.

Structure, dynamics, and specificity of endoglucanase D from Clostridium

cellulovorans. J Mol Biol. 2013; 425: 4267—4285. doi: 10.1016/j.jmb.2013.05.030.

122

doi:10.6342/NTU202502385



39.

40.

41.

42.

43.

Liu J, Tsai C, Liu J, Cheng K, Cheng C. The catalytic domain of a Piromyces

rhizinflata cellulase expressed in Escherichia coli was stabilized by the linker

peptide of the enzyme. Enzyme Microb Technol. 2001; 28: 582-589. doi:

10.1016/50141-0229(00)00349-5. PMID: 11339938.

Cai S, Li J, Hu FZ, Zhang K, Luo Y, Janto B, Boissy R, Ehrlich G, Dong X.

Cellulosilyticum ruminicola, a newly described rumen bacterium that possesses

redundant fibrolytic-protein-encoding genes and degrades lignocellulose with

multiple carbohydrate-borne fibrolytic enzymes. App! Environ Microbiol. 2010; 76:

3818-3824. doi: 10.1128/AEM.03124-09.

Oyama T, Schmitz GE, Dodd D, Han Y, Burnett A, Nagasawa N, Mackie RI,

Nakamura H, Morikawa K, Cann 1. Mutational and structural analyses of

Caldanaerobius polysaccharolyticus Man5B reveal novel active site residues for

family 5 glycoside hydrolases. PLoS One. 2013; 8: €80448. doi:

10.1371/journal.pone.0080448.

Garg P, Manoj N. Structure of an iminosugar complex of a glycoside hydrolase

family 5 lichenase provides insights into the active site. Biochimie. 2023; 204: 69-

77. doi: 10.1016/j.biochi.2022.09.001.

Takeda N, Hirasawa K, Uchimura K, Nogi Y, Hatada Y, Akita M, Usami R,

Yoshida Y, Grant WD, Ito S, Horikoshi K. Alkaline mannanase from a novel

123

doi:10.6342/NTU202502385



44,

45,

46.

47.

48.

species of alkaliphilic Bacillus. J Appl Glycosci. 2004; 51: 229-236. doi:

10.5458/jag.51.229.

Chauhan, PS, Sharma P, Puri N, Gupta N. (2014). Purification and characterization

of an alkali-thermostable B-mannanase from Bacillus nealsonii PN-11 and its

application in mannooligosaccharides preparation having prebiotic potential. Eur

Food Res Technol., 2014; 238: 927-936. doi: 10.1007/s00217-014-2170-7.

May, Xue Y, Dou Y, Xu Z, Tao W, Zhou P. Characterization and gene cloning of a

novel beta-mannanase from alkaliphilic Bacillus sp. N16-5. Extremophiles. 2004; 8:

447-454. doi: 10.1007/s00792-004-0405-4.

Tailford LE, Ducros VM, Flint JE, Roberts SM, Morland C, Zechel DL, Smith N,

Bjernvad ME, Borchert TV, Wilson KS, Davies GJ, Gilbert HJ. Understanding how

diverse beta-mannanases recognize heterogeneous substrates. Biochemistry. 2009;

48: 7009-7018. doi: 10.1021/b1900515d.

Zheng F, Zhao H, Wang N, Zhong P, Zhou K, Yu S. Cloning and characterization

of thermophilic endoglucanase and its application in the transformation of

ginsenosides. AMB Express. 2022; 12: 136. doi: 10.1186/s13568-022-01473-z.

Ye TJ, Huang KF, Ko TP, Wu SH. Synergic action of an inserted carbohydrate-

binding module in a glycoside hydrolase family 5 endoglucanase. Acta Crystallogr

D Struct Biol. 2022; 78: 633—-646. doi: 10.1107/S2059798322002601.

124

doi:10.6342/NTU202502385



49.

50.

51.

52.

53.

Dominguez R, Souchon H, Lascombe M, Alzari PM. The crystal structure of a

family 5 endoglucanase mutant in complexed and uncomplexed forms reveals an

induced fit activation mechanism. J Mol Biol. 1996; 257: 1042—-1051. doi:

10.1006/jmbi.1996.0222.

Gloster TM, Ibatullin FM, Macauley K, Ekl6f JM, Roberts S, Turkenburg JP,

Bjernvad ME, Jergensen PL, Danielsen S, Johansen KS, Borchert TV, Wilson KS,

Brumer H, Davies GJ. Characterization and three-dimensional structures of two

distinct bacterial xyloglucanases from families GH5 and GH12. J Biol Chem.

2007; 282: 19177-19189. doi: 10.1074/jbc.M700224200.

Tseng CW, Ko TP, Guo RT, Huang JW, Wang HC, Huang CH, Cheng Y'S, Wang AHJ,

Liu JR. Substrate binding of a GHS5 endoglucanase from the ruminal fungus

Piromyces rhizinflata. Acta Crystallogr.. Sect. F Struct.. Biol. Cryst. Commun. 2011;

67: 1189-1194. doi: 10.1107/S1744309111032428.

Badieyan S, Bevan DR, Zhang C. Study and design of stability in GHS5 cellulases.

Biotechnol Bioeng. 2012; 109: 31-34. doi: 10.1002/bit.23280.

Dos Santos CR, Cordeiro RL, Wong DW, Murakami MT. Structural basis for

xyloglucan specificity and B-d-Xylp(1—6)-D-Glcp recognition at the -1 subsite

within the GHS family. Biochemistry 2015; 54: 1930-1942. doi:

10.1021/acs.biochem.5b00011.

125

doi:10.6342/NTU202502385



54,

55.

56.

S7.

58.

Venditto I, Najmudin S, Luis AS, Ferreira LM, Sakka K, Knox JP, Gilbert HJ,

Fontes CM. Family 46 carbohydrate-binding modules contribute to the enzymatic

hydrolysis of xyloglucan and -1,3-1,4-glucans through distinct mechanisms. J

Biol Chem. 2015; 290: 10572—-10586. doi: 10.1074/jbc.M115.637827.

McGregor N, Morar M, Fenger TH, Stogios P, Lenfant N, Yin V, Xu X,

Evdokimova E, Cui H, Henrissat B, Savchenko A, Brumer H. Structure-function

analysis of a mixed-linkage B-glucanase/xyloglucanase from the key ruminal

Bacteroidetes Prevotella bryantii B14. J Biol Chem. 2016; 291: 1175-1197. doi:

10.1074/jbc.M115.691659.

Meng DD, Liu X, Dong S, Wang YF, Ma XQ, Zhou H, Wang X, Yao LS, Feng Y,

Li FL. Structural insights into the substrate specificity of a glycoside hydrolase

family 5 lichenase from Caldicellulosiruptorsp. F32. Biochem J. 2017; 474: 3373—

338. doi: 10.1042/BCJ20170328.

Attia MA, Nelson CE, Offen WA, Jain N, Davies GJ, Gardner JG, Brumer H. In vitro

and in vivo characterization of three Cellvibrio japonicus glycoside hydrolase family

5 members reveals potent xyloglucan backbone-cleaving functions. Biotechnol

Biofuels 2018; 11: 45. doi: 10.1186/s13068-018-1039-6.

Shima S, Igarashi Y & Kodama T (1993) Purification and properties of two truncated

endoglucanases produced in Escherichia coli harbouring Clostridium cellulolyticum

126

doi:10.6342/NTU202502385



endoglucanase gene celCCD. Appl Microbiol Biotechnol 38, 750-754.

127

doi:10.6342/NTU202502385



Chapter 111
Other studies for identification of inhibitors as potent antiviral or

antibacterial agents
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Abstract

The coronavirus disease 2019 (COVID-19), initially identified in December 2019,

has evolved into a global pandemic, resulting in over 7 million deaths with approximately

1% mortality rate. We identified and characterized two classes of compounds, 1-(4-

(arylethylenylcarbonyl)phenyl)-4-carboxy-2-pyrrolidinones and tetrahydropyrazino[2,1-

a:5,4-a'ldiisoquinolines, as inhibitors against severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), the etiological agent of COVID-19. | have engaged in the

studies for providing computer modeling and pharmacokinetic prediction technology to

rationalize the binding mechanisms and assess the drug-likeness properties of the most

potent candidates within these series. Furthermore, the emergence of antibiotic-resistant

bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), largely attributed

to the prolonged misuse and excessive reliance on antibiotics, has become a critical

challenge in contemporary healthcare. We designed, synthesized, and evaluated a class of

MRSA inhibitors. As a preliminary study, I assayed the inhibitory activities of the active

compounds against the possible target, undecaprenyl diphosphate synthase (UPPS) that

catalyzes C55 UPP as a lipid carrier for biosynthesis of the cell wall peptidoglycan, and

rationalize the binding mode using computer modeling. Moreover, virtual screening of

chalcone derivatives against UPPSs provides valuable insights into developing potential

anti-bacterial agents.
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1. INTRODUCTION

1.1 Entry of SARS-CoV-2 into host cells

The coronavirus disease 2019 (COVID-19), initially reported in December 2019 [1,

2, 3], has been declared a global pandemic by the World Health Organization in March

2020 and remains ongoing, with an estimated case mortality rate of approximately 1%.

The causative agent, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

shares significant genomic similarity (79.6%) with SARS-CoV, which emerged in 2002—

2003 [4, 5]. For infection, both viruses utilize human angiotensin-converting enzyme 2

(ACE2) as the receptor for virus entry through recognizing the receptor-binding domain

(RBD) located in the S1 domain of the viral Spike glycoprotein [6]. After ACE2 binding,

the human protease Furin cleaves the Spike protein at the S1/S2 site (PRRARes]S),

separating it into S1 and S2 subunits. Subsequently, the human transmembrane protease

serine 2 (TMPRSS2) cleaves the S2 at KPSKRgsi5|S, exposing the membrane fusion

peptide and facilitating the fusion of virus membrane with the host cell membrane for

endocytosis, enabling intracellular viral replication [7, 8]. Alternatively, SARS-CoV-2

could enter cells via ACE2-mediated endocytosis, wherein the Spike protein could be

cleaved by an endosomal protease Cathepsin L to release the viral RNA into cytosol [9].

Thus, the RBD:ACE2 interaction, as well as the proteases TMPRSS2, Furin, and

Cathepsin L, represent critical targets for therapeutic strategies for inhibiting SARS-CoV-
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2 entry and infection.

1.2 Discovery of 1-(4-(arylethylenylcarbonyl)phenyl)-4-carboxy-2-pyrrolidinones as

SARS-CoV-2 entry inhibitors

A series of 1-(4-(arylethylenylcarbonyl)phenyl)-4-carboxy-2-pyrrolidinones was

rationally designed and synthesized using Michael addition, cyclization, aldol

condensation, and deprotonation to target and inhibit TMPRSS2 and Furin, both of which

are important in priming the SARS-CoV-2 Spike protein for virus entry. The most potent

compound, 2f, demonstrated efficient inhibition of SARS-CoV-2 Delta and Omicron

variants replication in VeroE6 and Calu-3 cells, with ECso values ranging from 0.001 to

0.026 uM when pre-incubated with the virus to block the entry. Further investigation

revealed that the antiviral activities of the synthesized compounds exceeded their

proteases inhibitory activities, identifying the primary mechanism as inhibition of the

Spike RBD interaction with ACE2, with their antiviral efficacy synergistically enhanced

by concurrent inhibition of TMPRSS2 and/or Furin. In a pseudovirus entry assay,

compound 2f effectively blocked SARS-CoV-2 Spike pseudovirus entry in an ACE2-

dependent manner, primarily through interrupting RBD:ACE?2 interaction and inhibiting

TMPRSS?2 in Calu-3 cells. Lastly, in the in vivo hamster model of SARS-CoV-2 infection,

the oral administration of 25 mg/kg of compound 2f significantly reduced body weight

loss and achieved a 5-fold reduction in viral RNA levels in nasal turbinate three days post-
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infection. These findings demonstrated the potential of 2f as a lead compound for further

preclinical development as a therapeutic agent against SARS-CoV-2.

1.3 Discovery of tetrahydropyrazino[2,1-a:5,4-a'|diisoquinolines as SARS-CoV-2

inhibitors

A class of tetrahydropyrazino[2,1-a:5,4-a"ldiisoquinoline derivatives was synthesized

under an environmentally friendly condition using water as the reaction solvent. The

three-dimensional (3D) structures of several synthesized compounds were elucidated via

X-ray diffraction analysis. Inspired by the significant antiviral activities of naturally

occurring isoquinoline alkaloids against a broad range of viruses, including coronaviruses,

the synthesized derivatives were evaluated for their inhibitory activity against SARS-

CoV-2. Our results demonstrated that compounds 50 exhibited potent inhibition of the

Delta SARS-CoV-2 entry into VeroE6 cells, with ECso values 0 26.5 + 6.9 uM, and CCso

values exceeding 100 uM. The antiviral mechanism involved disrupting the interaction

between the SARS-CoV-2 Spike RBD and the human ACE2. This study introduces a

sustainable synthesis approach for tetrahydropyrazinodiisoquinoline derivatives,

highlighting their potential for antiviral and other biomedical applications.

1.4 Threats of multiple drug-resistant pathogens

Mortality resulting from the failure of treatment for infectious diseases caused by

drug-resistant bacterial strains has been escalating [10, 11]. Prominent multidrug-resistant
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pathogens include methicillin-resistant Staphylococcus aureus (MRSA), penicillin-

resistant Streptococcus pneumoniae (PRSP), and vancomycin-resistant Enterococci

(VRE), among others. The dearth of novel and effective antibiotics has exacerbated

mortality rates associated with these pathogens, presenting a significant global public

health crisis [12]. Despite intensive research efforts, no new major classes of antibiotics

were discovered between 1962 and 2000, underscoring the stagnation in antimicrobial

innovation during this period [13]. Since 2017, 12 novel antibacterial agents have

received approval globally, yet vaborbactam is the sole representative of a novel

antibacterial class [14]. This highlights the urgent necessity for the development of

effective antibiotics targeting drug-resistant bacteria. MRSA has emerged as a particularly

critical threat due to its resistance to key therapeutic antibiotics, including methicillin and

vancomycin, which are traditionally used in clinical treatments [15]. As an opportunistic

pathogen, MRSA is frequently associated with nosocomial infections and can precipitate

severe complications such as septicemias. Reflecting its public health significance, the

World Health Organization (WHO) classified MRSA as one of the high-priority

pathogens in 2017, categorizing it among the most critical bacterial threats to human

health [16].

1.5 Role of UPPS for bacterial cell wall biosynthesis

In bacteria, undecaprenyl diphosphate synthase (UPPS) is a cis-prenyltransferase (cis-
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PTs) that catalyzes the consecutive condensation of eight C5 isopentenyl diphosphate

(IPP) units with one C15 farnesyl diphosphate (FPP) to synthesize C55 undecaprenyl

diphosphate (UPP), a polyisoprenoid lipid that plays an essential role as a glycosyl carrier

in the biosynthesis of peptidoglycan [17], a fundamental component of bacterial cell wall

structure and integrity. Therefore, the inhibition of UPPS disrupts cell wall biosynthesis,

effectively impeding the growth of both Gram-positive and Gram-negative bacteria,

highlighting its potential as a broad-spectrum antibacterial strategy. Notably, several

UPPS inhibitors have been previously identified as effective agents for inhibiting

bacterial growth [18-23].

1.6 Specific aims of this study

We previously identified a class of 1-(4-(arylethylenylcarbonyl)phenyl)-4-carboxy-2-

pyrrolidinones as multi-targeting inhibitors of the RBD:ACE2 interaction for anchoring

the virus, as well as the human proteases Furin and TMPRSS2, which play crucial roles

in priming the Spike protein of SARS-CoV-2 for viral entry, thereby demonstrating

antiviral activity [24]. In addition, we previously identified a class of

tetrahydropyrazino[2,1-a:5,4-a"|diisoquinolines as inhibitors of the RBD:ACE2

interaction to block the virus entry [25]. We aimed to provide plausible binding modes

and pharmacokinetics of the most potent inhibitors to support them as drug candidates.

As reported in this thesis, I conducted computer modeling to rationalize the binding
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modes of the most potent inhibitors as well as analyze their pharmacokinetics properties.
Furthermore, a class of anti-MRSA compounds have been synthesized and evaluated. We
aimed to understand the mechanism for their antibacterial activity and identify more
antibacterial compounds by virtual screening. I therefore performed assays to evaluate
the inhibitory activities of the potent compounds against a possible target UPPS and
rationalized the binding mode of the most potent inhibitor by using computer modeling.
Furthermore, I virtually screened out chalcone derivatives as potential UPPS inhibitors.
2. MATERIALS AND METHODS
2.1 Molecular docking for 1-(4-(3-(1H-indol-4-yl)acryloyl)phenyl)-4-carboxy-2-
pyrrolidinone (2f) and a tetrahydropyrazino[2,1-a:5,4-a']diisoquinoline (50)
The molecular docking was performed using the iGEMDOCK software [26] to
predict how compound 2f binds with TMPRSS2, Furin, and RBD of SARS-CoV-2 delta
variant Spike protein. The 3D structures of TMPRSS2 (PDB: 7TMEQ) [27], Furin (PDB:
5JXG) [28], and RBD (PDB: 7W92) [29] were retrieved from the RCSB protein data
bank (PDB, https://www.rcsb.org/). All water molecules and bound ligands were removed
from these structures prior to docking. The binding cavity of TMPRSS2 were extracted
by selecting the 12 A residues around the catalytic triad (Serd441-His296-Asp345), and
the binding cavity of Furin was extracted by selecting the 12 A residues around the

catalytic residues, Asp153, His194, Asn295, and Ser368. RBD domain (residues 319 to
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541) was extracted from the open state of SARS-CoV-2 delta variant Spike protein. The

cavities were then prepared by defining the residue atom types and charges assignment

via iIGEMDOCK method. The 3D structures of compounds 2f and 50 were generated from

Molview website (https://molview.org/), and the structural information was transformed

into mol2 format by using Open Babel GUI software [30].

For molecular docking process, docking accuracy settings (GA parameters including

population size: 800, generations: 80, and number of solutions: 10) were chosen, and

iGEMDOCK software was used to generate protein-ligand interaction profiles of

Electrostatic (E), Hydrogen-Bonding (H), and Van der Waals interaction (V). Once

docking was finished, iGEMDOCK was used to analyze and rank all docked poses based

on the estimated binding energy. The scores of the docked poses were estimated as the

total energy of Electrostatic (E) + Hydrogen-Bonding (H) + Van der Waals (V) in the

docking site. Each docked pose with the lowest energy was considered as the best pose

for compound 2f or 50 against the target cavity.

2.2 Drug-likeness analysis

The 3D structures of the potent inhibitors including compounds 2f, 50, 87, and 94

were converted into SMILES format using Open Babel GUI software [30]. To evaluate

the drug-likeness of these compounds, the Lipinski Rule of Five parameters were assessed

using the SCFBio website (http://www.sctbio-iitd.res.in/software/drugdesign/lipinski.jsp)
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[31, 32]. Additionally, the ADMET profile of these compounds was predicted using the

pkCSM platform (http://biosig.unimelb.edu.au/pkcsm/) [33].

2.3 Expression and purification of recombinant EcUPPS and SaUPPS

The genes encoding the full-length of SaUPPS and EcUPPS were synthesized by Bio

Basic Inc. (Canada), and subsequently respectively subcloned into pET32a vector for

expressing the recombinant protein. pET-32a-SaUPPS features N-terminal Thioredoxin

(TRX), hexa-His tag (Hiss), and TEV protease cutting site (TEVp), while pET-32a-

EcUPPS contains N-terminal TRX, Hise, and Factor Xa (FXa) cutting site. The E. coli

BL21 competent cells were transformed with either TRX-Hise-FXa-EcUPPS or TRX-

Hise-TEVp-SaUPPS construct and plated on Luria-Bertani (LB)-agar containing 100

mg/L ampicillin for selection. A single colony was selected and inoculated into 20 mL of

LB medium with constant shaking at 200-250 rpm overnight. The overnight culture was

used to inoculate 1 liter of LB medium supplemented with 100 mg/L ampicillin with

constant shaking at 200-250 rpm at 37°C until the cell density reached ODgoo of 0.6—0.8,

followed by adding 0.5 mM isopropyl B-d-1-thiogalactopyranoside (IPTG) with constant

shaking at 180 rpm at 16°C for 16-20 h to induce the protein expression. The cells were

harvested by centrifugation (6500 rpm for 20 min), resuspended in buffer A (10 mM Tris-

HCI, pH 7.5, 500 mM NaCl, and 2 mM 2-mercaptoethanol), and disrupted by a French-

press instrument (Constant Cell Disruption System) at 20,000 psi. Cell lysate was
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centrifuged at 16000 rpm for 30 min at 4°C to remove debris, and the supernatant was
loaded onto an open column with 5 mL Ni-NTA resin. After washing with 100 mL of
buffer A with 25 mM imidazole, the target protein was eluted with 25 mL of buffer A
containg 250 mM imidazole, followed by dialysis against 5 L buffer A to remove
imidazole, and the TRX-Hise-tag was cleaved by TEV protease or Factor Xa at 4°C
overnight. The overnight mixture was subsequently applied into another open column
containing 5 mL Ni-NTA resin, and the untagged SaUPPS or ECUPPS was eluted in the
buffer A without imidazole.
2.4 Inhibition Assay against ECUPPS and SaUPPS

The dose-dependent inhibition against ECUPPS or SaUPPS was assayed using
EnzChek™ Pyrophosphate assay kit (Thermofisher, MA, USA). The enzymatic activities
were assayed in buffer containing 100 mM Hepes, pH 7.5, 50 mM KCIl, 1 mM MgCl,,
0.1% Triton X-100, 0.2 mM 2-amino-6-mercapto-7-methylpurine ribonucleoside, 1
U/mL purine ribonucleoside phosphorylase, 0.03 U/mL inorganic pyrophosphatase, 0.1
uM of purified EcUPPS or 0.037 uM of purified SaUPPS, 0.5 uM FPP, 10 uM IPP, and
various concentrations of inhibitors at 25 °C. ICso value was determined by fitting the
concentration-dependent SaUPPS inhibition curves with the equation A(I) = A(0) x {1-
[I/(T + ICs0)]} using GraphPad Prism software (v.9.4.0). In this equation, A(I) represents

the enzyme activity with inhibitor concentration I, I is the concentration of the inhibitor,
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and A(0) is the enzyme activity in the absence of the inhibitor. All measurements were
performed in triplicate to generate an averaged ICso and a standard deviation for each
inhibitor.
2.5 Molecular docking of the UPPS inhibitors

To predict the binding interactions of chalcone derivatives against UPPSs, molecular
docking analysis was carried out using iGEMDOCK [26] and Discovery Studio software
[34]. The 3D structures of EcUPPS (PDB: 1V7U) [35] and SaUPPS (PDB: 4HSE) [36]
were obtained from the RCSB Protein Data Bank (PDB, https://www.rcsb.org/). Prior to
docking, water molecules and bound ligands were removed from the structure. The
binding cavity was defined as residues within an 8 A radius around the FPP binding site,
followed by specifying residue atom types and assigning charges using the iIGEMDOCK
methods. The 3D structures of 1130 chalcone-like compounds retrieved from PubChem
database (https://pubchem.ncbi.nlm.nih.gov/), along with in-house synthesized chalcones
were generated using the Molview website (https://molview.org/), and the structural data
were subsequently converted into mol2 format utilizing the Open Babel GUI software
[30].

For the molecular docking process using iGEMDOCK, docking accuracy settings
were selected with generic evolutionary method (GA) parameters set to a population size

of 800, 80 generations, and 10 solutions. The iIGEMDOCK software was employed to
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generate protein-ligand interaction profiles, including Electrostatic (E), Hydrogen-

Bonding (H), and Van der Waals (V) interactions. Following docking, the software

analyzed and ranked all docked poses based on estimated binding energies. The docking

scores were calculated as the sum of the total energy contributions from Electrostatic (E),

Hydrogen-Bonding (H), and Van der Waals (V) interactions within the binding site. The

pose with the lowest energy was identified as the optimal binding conformation for the

compound against ECUPPS or SaUPPS.

2.6 Virtual screening of chalcones against UPPSs

To identify potential chalcone inhibitors of UPPSs, Discovery Studio, which employs

an alternative algorithm for molecular docking and virtual screening, was utilized. The

binding cavities of EcCUPPS and SaUPPS, along with the structures of 1,130 chalcone

compounds, were energy-minimized and prepared using the standard protocols of

Discovery Studio. The LibDock program was initially used to screen for potential

compounds, selecting the top 10% (113 compounds) based on the LibDock scores. These

selected compounds were subsequently subjected to a second round of docking using the

CDOCKER program to generate more precise binding poses. Finally, the top 10

chalcones with the highest CDOCKER scores were identified as the most promising

candidates.

2.7 Pharmacophore anchors generation

138

doi:10.6342/NTU202502385



After molecular docking with the iGEMDOCK program, all docked poses were

analyzed to elucidate the interactions between protein residues and compounds. To

generate site-moiety maps, the SiMMap platform (http://simfam.life.nctu.edu.tw/) was

employed [37]. Site-moiety mapping identified several pharmacophore anchors,

representing key physical-chemical properties of the binding environment elements

critical for biological functions. These anchors reflect specific geometric and chemical

features of the binding pocket that facilitate interactions with preferred moieties. Site-

moiety maps of 1,130 chalcones derived from docking poses were constructed, and

pharmacophore anchors were analyzed to characterize patterns of protein-ligand

interactions.

3. RESULTS

3.1 Binding modes of 2f with TMPRSS2, Furin, and RBD

To rationalize the structure-activity relationship of the antivirals on inhibiting

TMPRSS2, a docking study was conducted with the clues that the carboxylate on the

pyrrolidinone ring and the indole ring on the other side are important for 2f-mediated

inhibition. As shown in Figure la, the best inhibitor 2f was docked into the active site of

TMPRSS2. There are three major binding interactions contributed by the carboxylate of

pyrrolidinone, the carbonyl group, and the indole ring, respectively. The carboxylate on

the pyrrolidinone ring forms two hydrogen bonds with the hydroxyl group of Thr393.
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This explains why the compound showed a significantly weaker inhibitory activity

against TMPRSS2 after removing the carboxylate. The carbonyl group forms a hydrogen

bond with the side-chain N atom of His296. Moreover, the indole ring forms two

hydrogen bonds with the backbone carbonyl oxygen of Gly462 and side-chain oxygen of

Ser436.

Docking of 2f into Furin also revealed importance of the carboxylate on inhibition.

As shown in Figure 1b, 2f was docked against the Furin protease (PDB: 5JXG).

According to the docking result, the terminal carboxyl group of 2f has strong interactions

with Furin, including an electrostatic interaction with the guanidine group of Argl97 and

a hydrogen bonding with Arg193 and His364. Besides, the nitrogen of the indole ring also

forms a hydrogen bond with Pro256, and the oxygen of the ketone group forms a

hydrogen bond with the nitrogen of the main chain of Ser368.

Since our thermal shift experiments showed RBD as the target, computer docking was

performed to understand the binding mode of compound 2f in RBD. As shown in Figure

Ic, 2f was docked against the RBD of SARS-CoV-2 delta variant Spike protein (PDB:

7W92). Compound 2f has both hydrogen bonding and van der Waal’s interaction with

GIn493 of RBD, which plays an important role on contacting with Lys31 of ACE2.

Besides, the oxygen on the pyrrolidinone group also interacts with Gly496 of RBD

through hydrogen bonding. In the delta RBD:ACE2 complex, Lys353 of ACE2 forms a
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hydrogen bond with Gly496 of RBD. Therefore, by forming interactions with the key

residues of RBD, compound 2f might disrupt the contact between ACE2 and RBD.

3.2 Drug-likeness analysis of 2f as judged from Lipinski rule of five and ADMET

properties

Lipinski’s rule was developed to determine the drug-ability of compounds for

pharmaceutical development. For preparation of compound 2f’s 3D structure, Molview

website (https://molview.org/) was utilized, and the structure information was converted

into a SMILES format by Open Babel GUI software [30]. To assess the drug likeness of

compound 2f, the online tool (http://www.scfbio-

iitd.res.in/software/drugdesign/lipinski.jsp) was used for Lipinski rule of five estimation

[31, 32]. As shown in Table 1, compound 2f was accepted based on Lipinski rule of five

in parameters including molecular weight (less than 500 Da), logP (less than 5), hydrogen

bond acceptors (less than 10) and donors (less than 5), and molar refractivity (between 40

to 130), indicating that compound 2f is likely to be a candidate for drug development.

ADMET properties predicted in silico could be used to estimate the possibility of

compounds to be used as therapeutic agents. There are 5 parameters involved in the

ADMET prediction, including absorption, distribution, metabolism, excretion and

toxicity. The ADMET profile of compound 2f was estimated by pkcsm website

(http://biosig.unimelb.edu.au/pkcsm/) [33] and listed in Table 2. Its absorption was
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portrayed by human colorectal adenocarcinoma cell line (Caco2) permeability and human

intestinal absorption (HIA). The Caco2 permeability and the HIA scores are relatively

high, indicating compound 2f could be absorbed into the human intestine. Analysis of

distribution progress, the blood brain barrier (BBB) and central nervous system (CNS)

permeability of compound 2f indicates that it is unable to penetrate BBB and CNS, and

the volume of distribution at steady-state (VDss) implicates that compound 2f has a higher

possibility to distribute in plasma rather than in tissue. In human body, Cytochrome P450

(CYP) enzymes are responsible for the metabolism of drugs, and inhibitors of these CYP

enzymes can significantly influence the effect of pharmaceuticals. The predicted results

show that compound 2f might be a substrate of CYP3A4 (an inhibitor of CYP3A4 might

be co-administrated with 2f to increase its half-life), but not other CYP enzymes. For

excretion prediction, compound 2f is not likely to be a renal organic cation transporter-2

(OCT2) substrate, showing there is no potential contraindication. In the toxicity

estimation, compound 2f is not a mutagenic drug and a hERG U/II inhibitor, and it does

not have acute toxicity and skin sensitization. However, compound 2f is predicted to

possess hepatotoxicity.

3.3 Binding Mode of the tetrahydropyrazino[2,1-a:5,4-a'|diisoquinoline Inhibitor 50

with RBD
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To elucidate the inhibition mechanism of compound 50 in virus entry, a docking study

was conducted. 50 was docked into RBD of the SARS-CoV-2 delta variant Spike protein

(PDB: 7W92), as shown in Figure 2. The binding energy of compound 50 with RBD of

the delta-strain Spike protein was estimated to be -93.3 kcal/mol. The analysis revealed

that compound 50 forms van der Waals interactions with Tyr448, Tyr453, GIn493 and

Tyr505 of the RBD. In the delta RBD:ACE2 complex, Tyr453, GIn493 and Tyr505 of

RBD form hydrogen bonds with His34, Lys31, and Glu37 of ACEZ2, respectively.

Additionally, an oxygen atom in one of the acetophenone groups forms a hydrogen bond

with Gly496 of the RBD, which also forms a hydrogen bond with Lys353 of ACE2 in the

delta RBD:ACE2 complex. Consequently, through interactions with these pivotal

residues on the RBD, compound 50 potentially disrupt the RBD:ACE2.

3.4 Drug-likeness analysis of compound 50 as judged from Lipinski rule of five and

ADMET properties

According to the Lipinski rule of five, compound 50 fits several key criteria: its log P

value is 5, the number of hydrogen bond acceptors is 4, fewer than 10, and the number of

hydrogen bond donors is 0, fewer than 5. The molecular weight of compound 50 is 494

Da, which is smaller than the ideal limit of 500 Da. However, its molar refractivity is

146.607559, which is relatively surpassing the standard (between 40 and 130). These
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parameters suggested that compound 50 could be a promising candidate for drug

development (Table 3).

Moreover, the ADMET properties predicted in silico provided valuable insights into

the potential of compounds for therapeutic use. These properties encompass absorption,

distribution, metabolism, excretion, and toxicity, as summarized in Table 4 for compound

50. For absorption, the Caco-2 permeability and human intestinal absorption (HIA) scores

for compound 50 are relatively high, suggesting effective absorption in the human

intestine. Regarding distribution, the ability of compound 50 to cross the blood-brain

barrier (BBB) and penetrate the central nervous system (CNS), was supported by the

predicted permeability values. Additionally, the volume of distribution at steady state

(VDss) indicated a higher likelihood of tissue distribution. Metabolism prediction

revealed that compound 50 may act as a substrate for CYP2D6 or CYP3A4. However, it

was not predicted to inhibit CYP1A2, CYP2C19, CYP2C9, CYP2D6, or CYP3A4. In

terms of excretion, compound 50 was unlikely to be a substrate for renal organic cation

transporter-2 (OCT2), suggesting minimal risk of contraindications related to renal

transport. Toxicity predictions indicated that compound 50 is not mutagenic, does not

inhibit the hERG I channel, and lacks a skin sensitization potential. Furthermore, the

predicted maximum recommended tolerated dose (MRTD) of compound 50 exceeds the

standard values, suggesting a favorable safety profile with no unacceptable side effects.
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Nonetheless, there was a potential concern for hepatotoxicity associated with compound
50.
3.5 Evaluations of the inhibitors against UPPSs

Several compounds were synthesized by Hu-Jia Chang in our laboratory for anti-
bacterial drug development. To investigate the potential inhibition of these compounds
against UPPSs, EcUPPS and SaUPPS were expressed and purified, evaluating these
chalcone-like compounds against UPPSs utilizing EnzChek™ Pyrophosphate assay kit.
The standard curve for the enzymatic assay is presented in Figure 3a, while SDS-PAGE
analysis of UPPSs along with their respective Michaelis-Menten plots are demonstrated
in Figure 3b-d. The kinetic parameters of ECUPPS and SaUPPS, summarized in Table 5,
demonstrate comparable enzymatic activities to those reported in the literature [38].

The compounds are classified into three groups according to the number of aromatic
moieties they contain. As demonstrated in Table 6 and Figure 4, compounds featuring
three aromatic rings in the first category including 34 with a bromobenzene, 35 with a
chlorobenzene, 48 with a tert-butyl benzene, and 58 containing a benzene ring exhibited
no inhibition activity against both ECUPPS and SaUPPS, while 72 with a isopropyl
benzene demonstrated weak inhibition against both SaUPPS (ICso = 15.34 + 1.026 uM)
and EcUPPS (ICsp =37.92 + 0.737 uM), and 98 featuring a di-bromo benzene displayed

no inhibition against ECUPPS but had minor inhibition against SaUPPS (ICso = 20.79 +
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1.380 uM). In the second category with four aromatic rings, compounds 65 incorporating

a 1,3-benzothiazole and 83 featuring a 2-naphthalene demonstrated no inhibition activity

against UPPSs. On the contrary, compounds including 52 featuring a diphenyl structure

and 84 containing a 1-naphthalene showed slight inhibition against SaUPPS (ICso=21.99

+ 1.821 and 19.24 + 2.730 uM, respectively) and EcUPPS (ICso = 17.68 = 0.982 and

23.89 + 2.464 pM, respectively), whereas compound 79 featuring a di-chloro phenyl

benzene structure demonstrated an excellent inhibition against SaUPPS (ICso = 3.18 +

0.182 pM) and a weak activity against ECUPPS (ICso = 13.94 + 1.426 uM). Specifically,

compound 97 with a benzyl phenyl ether group features great MIC values did not inhibit

UPPSs, indicating it might target other proteins in vivo. Compounds in the third category

overall exhibited great inhibitions against UPPSs. Compound 85 with an anthracene

showed inhibition activities against SaUPPS (ICso = 12.77 = 1.773 uM) and EcUPPS

(ICs0 = 29.33 = 1.107 uM), while compounds including 87 with a benzyl carbazole, 88

containing a benzyl indole group, 94 featuring di-benzyl phenyl ether groups, and 96 with

a different benzyl carbazole, exhibited potent inhibitions against SaUPPS (ICso = 5.43 +

0.521, 8.89 + 1.466, 6.10 + 0.652, and 4.92 £ 0.278 uM, respectively) and EcUPPS (ICso

=524 +0.706, 17.25 + 0.878, 10.43 + 0.911, 9.48 + 0.578 uM, respectively).

To predict the inhibition mechanism of these compounds against UPPSs, molecular

docking analysis was performed. 3D structures of these compounds were generated via
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Molview website (https://molview.org/), and the structural data were subsequently
converted into mol2 format by the Open Babel GUI software [30]. The 3D structures of
EcUPPS (PDB: 1V7U) [35] and SaUPPS (PDB: 4HSE) [36] were obtained from the
RCSB Protein Data Bank (PDB, https://www.rcsb.org/), and the binding pockets were
extracted from 8 A of FPP binding site. Molecular docking was performed using
iGEMDOCK software under accurate docking parameters. As shown in Table 7, the
binding energies of these compounds in SaUPPS are lower than those in EcUPPS,
reflecting a stronger binding preference for SaUPPS, consistent with the results of the
inhibition assay. Among these derivatives, the most potent compounds 87 and 94 exhibit
great binding affinities to the FPP binding site of SaUPPS (binding energy = -184.46 and
-230.743 kcal/mol, respectively), aligning well with their excellent ICso values.
3.6 Drug-Likeness of 87 and 94 as Judged from Lipinski Rule of Five and ADMET

Properties

Lipinski Rule of Five provides a framework for evaluating the potential of a
compound as an orally bioavailable drug candidate. The 3D structures of compound 87
and 94, identified as the most potent anti-MRSA candidates, were prepared using the
MolView platform (https://molview.org/). Structural data were converted into SMILES
format using Open Babel GUI software [30]. The drug-likeness of compounds 87 and 94

was assessed using an online application (http://www.scfbio-
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titd.res.in/software/drugdesign/lipinski.jsp), in accordance with the Lipinski Rule of Five

criteria, which include molecular weight (<500 Da), logP (<5), hydrogen bond acceptors

(<10), hydrogen bond donors (<5), and molar refractivity (40-130) [31, 32]. As

summarized in Table 8, compound 87 slightly exceeded standard values for molecular

weight and molar refractivity, while compound 94 marginally surpassed thresholds for

molecular weight, LogP, and molar refractivity. These deviations, however, remain within

acceptable limits, supporting their potential as drug development candidates.

The therapeutic potential of chemicals can be evaluated through five key parameters:

absorption, distribution, metabolism, excretion, and toxicity (ADMET), predicted in

silico. The ADMET profiles of compounds 87 and 94 were estimated using the pkCSM

platform (http://biosig.unimelb.edu.au/pkcsm/) [33], and the results are summarized in

Table 9. Absorption was assessed through human epithelial colorectal adenocarcinoma

cell line (Caco-2) permeability, human intestinal absorption (HIA), skin permeability, and

the likelihood of being a substrate or inhibitor of P-glycoprotein. Both compounds

showed relatively low skin permeability values, indicating their possibilities of skin

absorption, and high HIA scores, suggesting potential intestinal absorption. Besides, P-

glycoprotein, an ATP-binding cassette transporter, plays a crucial role in recognizing a

broad spectrum of xenobiotics and facilitating their efflux from cells. Compound 94 is

neither a substrate nor an inhibitor of P-glycoprotein, implying it would not be effluxed
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by this transporter. On the contrary, compound 87 might be the substrate of P-glycoprotein.

For distribution, both compounds were predicted to penetrate the blood-brain barrier

(BBB) and central nervous system (CNS), and the steady-state volume of distribution

(VDss) values indicate that both compounds are more likely to distribute in tissue than in

plasma. Furthermore, metabolism predictions indicate that both compounds may act as

substrates for CYP3A4 and inhibitors of CYP2C9, suggesting potential interactions with

co-administered CYP inhibitors to enhance stability. Moreover, pharmaceuticals are

metabolized in human body by Cytochrome P450 (CYP) enzymes, with inhibitors of

these enzymes potentially altering drug efficacy significantly. Predictions indicate that

compounds 87 and 94 may act as substrates for CYP3A4, suggesting that co-

administration with a CYP3A4 inhibitor could enhance their stability, and they are

unlikely to be metabolized by other CYP enzymes. Additionally, compound 94 is a

potential inhibitor of CYP2C9. Excretion predictions indicate that both 87 and 94 are

unlikely to act as a substrate for renal organic cation transporter-2 (OCT2), minimizing

potential contraindications. Lastly, toxicity assessments reveal that neither compound 87

nor 94 is mutagenic, a hERG I/Il inhibitor, or associated with skin sensitization. However,

compound 94 might possess hepatotoxicity, but both compounds exhibit relatively high

maximum tolerated doses.

3.7 Virtual screening of chalcone-like compounds against ECUPPS and SaUPPS
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Chalcones (IUPAC name: (E)-1,3-diphenylprop-2-en-1-one) are a class of a, -

unsaturated ketones involved in plant flavonoids and isoflavonoids biosynthesis [39, 40].

Due to their characteristics of convenient synthesis and diverse bioactivities, chalcone

and its analogs were historically deemed excellent candidates for the pharmaceutical

developments [41]. Numerous synthetic chalcone derivatives have been developed in

chemical laboratories, exhibiting diverse biological activities [42]. These chalcones,

particularly those with specific functional groups, demonstrate a broad spectrum of

activities, including anti-microbial, [43-47] anti-malarial [48-50], anti-cancer [51-53],

anti-inflammatory [54, 55], anti-protozoal [56, 57], anti-HIV [58], anti-oxidant [59], and

anti-ulcer [60] properties.

To further explore the potential of chalcone-like compounds against ECUPPS and

SaUPPS, 3D structures of 1,130 chalcone derivatives were retrieved from the PubChem

database (https://pubchem.ncbi.nlm.nih.gov/). These structures were converted into the

mol2 format using the Open Babel GUI software [30] and subsequently docked into the

binding cavities of ECUPPS and SaUPPS. The workflow of the virtual screening process

is illustrated in Figure 5a. Molecular docking was performed using iGEMDOCK software,

and binding preferences were statistically analyzed using SiMMap website

(http://simfam.life.nctu.edu.tw/) [37]. Pharmacophore anchor models were constructed
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based on electrostatic (E), hydrogen-bonding (H), and van der Waals (V) interactions

between binding site residues and the ligands.

The pharmacophore anchor model of EcUPPS identifies two H anchors and four V

anchors near the FPP binding site. As shown in Figure 5b, H1 anchor is composed of

Gly27 and Asn28, while H2 anchor is formed by Asn74. The V anchors are distributed

throughout the binding pocket, with V1 involving Met65, Tyr68, and Ala69; V2

associated with Asp25, Asn28, and Arg39; V3 comprising Ala69 and Phe89; and V4

including Asn28, Val50, and Leu88. In the ECUPPS structure, key residues such as Asp26,

Gly27, Asn28, Arg30, and Arg39 form critical hydrogen bonds with FPP at the S1 binding

site. At the S2 binding site, Arg194, Glu198, and Arg200 establish hydrogen bonds with

the pyrophosphate moiety of IPP. Docking analyses indicate that chalcone derivatives

predominantly occupy the S1 site, interacting with residues including Gly27, Asn28,

Arg30, and Arg39 through hydrogen bonding and hydrophobic interactions. Furthermore,

the analysis of functional moieties preferred by these anchors provides valuable insights

for designing improved inhibitors. In the H anchors, the HI anchor favors ketone groups

attached to benzyl rings of the chalcone scaffold, while the H2 anchor exhibits a

preference for hydroxyl group. Across all V anchors, aromatic moieties are strongly

preferred, suggesting that chalcone derivatives engage these spatially diverse positions,

often interacting with two out of the four V anchors through two benzene rings. To
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enhance binding affinity against EcCUPPS, structural modifications to the chalcone

scaffold, such as adding benzyl functional groups capable of engaging all four V anchors,

are proposed. These modifications could optimize interactions within the binding pocket,

thereby improving the inhibitory potency of the compounds.

In contrast, the model of SaUPPS reveals the presence of one E anchor, one H anchor,

and two V anchors, as illustrated in Figure 5c. The E1 anchor is formed by Asp33 and

Arg84, while the HI anchor comprises Asn35 and His50. The V anchors are distributed

as follows: V1 includes Asn35, His50, and Ala76, while V2 consists of Pro96, Phe99, and

Phe148. Within the SaUPPS structure, residues such as Asp33, Gly34, Gly36, Arg37,

Argd6, and Arg84 play crucial roles in forming hydrogen bonds with FPP at the SI

binding site. At the S2 binding site, Arg201, Arg207, and Ser229 establish hydrogen

bonds with the pyrophosphate moiety of IPP. Docking analyses predict that chalcone

derivatives primarily occupy the S1 site, engaging in electrostatic interactions with Asp33

and Arg84, hydrogen bonding with Asn35 and His50, and hydrophobic interactions with

residues involved in FPP binding. Specific moiety preferences within the binding site

anchors were also identified. The carboxyl group of chalcone derivatives is favored in the

El anchor, the ketone group on one of the benzyl rings of the chalcone scaffold is

preferred in the H1 anchor, and the two aromatic moieties are highly favorable for

hydrophobic interactions in both V1 and V2 anchors.
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Based on binding affinities and SiMMap analyses, a subset of chalcone derivatives

has been identified with specific inhibitory potential (Figure 5d). Nine chalcones were

predicted to selectively inhibit SaUPPS, while seven were proposed as potential inhibitors

for EcUPPS. Additionally, five chalcones were predicted to exhibit potential dual

inhibitory activity against both SaUPPS and EcUPPS. These findings provide an insight

for further optimization and development of chalcone derivatives as inhibitors against

UPPSs.

4. DISCUSSION

We originally designed (4-(arylethylenylcarbonyl)phenyl)-4-carboxy-2-

pyrrolidinones as TMPRSS2/Furin dual reversible inhibitors, and as expected the

compounds were active antivirals only if pretreating SARS-CoV-2 to block the virus entry,

but not added after infection. Because some analogues that did not inhibit TMPRSS2 and

Furin still inhibited the virus entry and production [24], we then identified them as also

RBD:ACE2 inhibitors. Our results thus indicate that the compounds exert their antiviral

activities by inhibiting RBD:ACE2 interaction as a major factor, and inhibiting

TMPRSS2 and/or Furin enhances their antiviral activities. The best inhibitor 2f displays

great inhibition against TMPRSS2, Furin, and RBD:ACE2 interaction, respectively, with

ICso values of 1.27, 3.31, and 3.76 uM. I performed computer modeling to provide the

binding modes for the best inhibitor 2f on its targets, TMPRSS2, Furin, and RBD. It
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achieves ECso values of 0.023 and 0.002 uM against SARS-CoV-2 delta and omicron

variants, respectively, while infecting VeroE6 cells and CCso >100 uM, giving the largest

therapeutic index of >50000. By using lung Calu-3 cells, the ECso were measured to be

0.026 and 0.001 uM, respectively, against SARS-CoV-2 delta and omicron variants. The

preliminary animal study also demonstrates the effectiveness in reducing the viral load

by 5—5.5-fold in nasal turbinate and safety without causing the animal weight loss while

orally given a dose of 25 mg/kg into hamsters. Pharmacokinetics study shows higher

concentrations of 2f in serum samples by IV injection than oral treatment, and both gave

the concentrations above the antiviral ECso. Further animal studies through different

doses and ways of administration, and even in the presence of cytochrome P-450 inhibitor

Ritonavir can be conducted to optimize the treatment effect in vivo.

To understand how the compound 50 in the series of tetrahydropyrazino[2,1-a:5,4-

a'ldiisoquinolines binds RBD:ACE2 interface, computational modeling that plays a

pivotal role in investigating the interactions between potential drug candidates and target

proteins was utilized. Understanding these interactions is crucial as it expedites the drug

discovery process by identifying promising candidates with higher efficacy and lower

side effects. Using compound 50 as an example, Figure 2 reveals the interactions between

the compound with Spike’s RBD of SARS-CoV-2 delta strain. Based on X-ray analysis,

all our synthesized compounds have a shape with a central tetrahydropyrazino ring and 4
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extended edges containing different groups. The extended shape helps to block the

interface of RBD and ACE2 as modeled.

Computational drug discovery, through methods such as molecular docking, is vital

for investigating how molecules interact with protein targets. In this study, we employ

IGEMDOCK software to facilitate steps such as design of inhibitors and post-screening

analysis. iIGEMDOCK is especially useful for post-screening analysis and inferring

pharmacological interactions from the active inhibitors [26]. Moreover, by examining the

computation-based study of drug-likeliness and pharmacokinetics, compound 50 obeys

the Lipinski rule of five and shows favorable ADMET profiles. However, further in vitro

and in vivo studies are needed to validate its effectiveness and safety.

Furthermore, we designed, synthesized, and evaluated a series of MRSA inhibitors.

Generally, the compounds with highly hydrophobic groups at phenyl ring display better

antibacterial activities. The two lead compounds 87 and 94 showed the respective MIC

of 3.68 and 3.21 ug/mL towards MRSA without apparent toxicity. We first predicted

UPPS as their target. Inhibition assay against UPPSs indicates compound 87 and 94

exhibit potent activity against SaUPPS, featuring ICso = 5.43 £ 0.521 and 6.10 + 0.652,

respectively. Although the actual target in vivo of this series of compounds remains

unidentified, their strong inhibitory activity combined with straightforward synthesis

presents significant potential for further derivatization. Given the critical challenge posed

155

doi:10.6342/NTU202502385



by antibiotic resistance, the development of novel antibiotics is an urgent priority. These

chalcone derivatives represent a noteworthy advancement in addressing this pressing

issue. Besides, virtual screening of chalcones against UPPSs and pharmacophore anchor

analysis of UPPSs identified chalones potentially inhibit ECUPPS and SaUPPS for future

investment and developing anti-bacteria agents. Consequently, we have successfully

identified promising anti-MRSA lead compounds that warrant further investigation in

pre-clinical studies, alongside efforts to confirm their actual molecular target in future

study.
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Tables

Table 1. The properties of 2f analyzed using Lipinski rule of five.

Properties

Predicted value

Molecular weight 374 Da
Hydrogen bond donors 2
Hydrogen bond acceptors | 5

LogP 3.501499
Molar refractivity 106.200974
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Table 2. The ADMET profile of compound 2f.

Properties Predicted value
Absorption

Water solubility (log mol/L) -4.836
Caco2 permeability (log Papp in 10 cm/s) 1.029
Intestinal absorption (human) (% Absorbed) 97.014
Skin Permeability (log Kp) -2.722
P-glycoprotein substrate Yes
P-glycoprotein I inhibitor No
P-glycoprotein II inhibitor No
Distribution

VDss (human) (log L/kg) -0.674
Fraction unbound (human) (Fu) 0

BBB permeability (log BB) -0.395
CNS permeability (log PS) -2.301
Metabolism

CYP2D6 substrate No
CYP3 A4 substrate Yes
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CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3 A4 inhibitor No
Excretion

Total Clearance (log ml/min/kg) 0.477
Renal OCT?2 substrate No
Toxicity

AMES toxicity No
Max. tolerated dose (human) (log mg/kg/day) 0.703
hERG I inhibitor No
hERG II inhibitor No
Oral Rat Acute Toxicity (LDso) (mol/kg) 3.186
Oral Rat Chronic Toxicity (LOAEL) (log 1.879
mg/kg bw/day)

Hepatotoxicity Yes
Skin Sensitization No
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T. Pyriformis toxicity (log ug/L)

0.415

Minnow toxicity (log mM)

0.443
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Table 3. The properties of compound 50 analyzed using Lipinski rule of five.

Properties

Predicted value

Molecular weight 494 Da

Hydrogen bond donors 0

Hydrogen bond acceptors 2

LogP 4.946290

Molar refractivity 153.388077
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Table 4. The ADMET parameters of compound 50.

Properties Predicted value
Absorption

Water solubility (log mol/L) -3.176
Caco?2 permeability (log Papp in 10 cm/s) 1.051
Intestinal absorption (human) (% Absorbed) 95.817
Skin Permeability (log Kp) -2.735
P-glycoprotein substrate Yes
P-glycoprotein I inhibitor Yes
P-glycoprotein II inhibitor Yes
Distribution

VDss (human) (log L/kg) 0.475
Fraction unbound (human) (Fu) 0.198
BBB permeability (log BB) 0.099
CNS permeability (log PS) 1.074
Metabolism

CYP2D6 substrate Yes
CYP3A4 substrate Yes

162

doi:10.6342/NTU202502385



CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3 A4 inhibitor No
Excretion

Total Clearance (log ml/min/kg) 0.305
Renal OCT2 substrate No
Toxicity

AMES toxicity No
Max. tolerated dose (human) (log mg/kg/day) 0.787
hERG I inhibitor No
hERG II inhibitor Yes
Oral Rat Acute Toxicity (LDso) (mol/kg) 2.474
Oral Rat Chronic Toxicity (LOAEL) (log mg/kg bw/day) | 1.81
Hepatotoxicity Yes
Skin Sensitization No

T’ Pyriformis toxicity (log ug/L) 0.285
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Minnow toxicity (log mM)

-1.532
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Table 5. Kinetic parameters of the purified ECUPPS and SaUPPS

Enzymes and substrates
EcUPPS

IPP

FPP
SaUPPS

IPP

FPP

Kn (1M)

11.3+1.69
1.67+0.23

9.39+£2.11
0.62+£0.16

165

keat (S-l)

1.71 £0.01
1.36 £ 0.01

2.52+£0.26
2.08 £0.22
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Table 6. The ICso values of compounds against SaUPPS and EcUPPS.

Compounds ICso against ICso against
SaUPPS (uM) EcUPPS (uM)
34 > 50 >50
35 > 50 > 50
48* > 50 > 50
52° 21.99 + 1.821 17.68 +0.982
58? > 50 37.54+0.778
65° > 50 > 50
72° 15.34 +£1.026 37.92 +£0.737
79" 3.18+£0.182 13.94 +1.426
83b > 50 > 50
84° 19.24 +£2.730 23.89 +2.464
85¢ 12.77 +£1.773 29.33 £ 1.107
87¢ 5.43 +£0.521 5.24 +£0.706
88°¢ 8.89 + 1.466 17.25+0.878
94¢ 6.10 £ 0.652 10.43 +£0.911
96°¢ 4.92+0.278 9.48 £0.578
97" > 50 > 50
98? 20.79 £ 1.380 > 50

Compounds with three aromatic rings

*Compounds with four aromatic moieties

“Compounds containing over four aromatic moieties
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Compounds Binding Energy
(kcal/mol)

SaUPPS EcUPPS
52° -154.759 -118.329
58 -132.019 -105.069
72° -143.672 -120.847
79" -157.662 -122.035
84> -140.016 -125.462
85°¢ -188.309 -161.115
87¢ -184.46 -159.804
88¢ -149.724 -142.198
94¢ -230.743 -186.794
96°¢ -126.943 -133.768
98 -143.03 -109.131

Table 7. The binding energies of compounds against SaUPPS or EcUPPS.

iCompounds with three aromatic rings
®Compounds with four aromatic moieties

“Compounds containing over four aromatic moieties
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Table 8. The properties of compound 87 and 94 analyzed by Lipinski’s Rule of Five.

87 94
Properties Predicted values
Molecular weight (Da) 504 547
Hydrogen bond donors 1 1
Hydrogen bond acceptors 4 6
LogP 4.574 5.140
Molar refractivity 138.167 144.288
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Table 9. The ADMET Profile of Compound 87 and 94.

Properties 87 94
Predicted values
Absorption
Water solubility (log mol/L) -4.913 -4.438
Caco?2 permeability (log Papp in 10 cm/s) 0.779 0.829
Intestinal absorption (human) (% Absorbed) 98.49 87.21
Skin Permeability (log Kp) -2.735 -2.735
P-glycoprotein substrate Yes No
P-glycoprotein I inhibitor No No
P-glycoprotein II inhibitor No No
Distribution
VDss (human) (log L/kg) -0.341 -1.677
Fraction unbound (human) (Fu) 0 0.144
BBB permeability (log BB) -0.349 -0.841
CNS permeability (log PS) -1.914 -2.718
Metabolism
CYP2D6 substrate No No
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CYP3 A4 substrate Yes Yes
CYP1A2 inhibitor No No
CYP2C19 inhibitor No No
CYP2C9 inhibitor No Yes
CYP2D6 inhibitor No No
CYP3 A4 inhibitor No No
Excretion
Total Clearance (log ml/min/kg) 0.354 0.32
Renal OCT?2 substrate No No
Toxicity
AMES toxicity No No
Max. tolerated dose (human) (log mg/kg/day) 0.793 0.498
hERG I inhibitor No No
hERG II inhibitor No No
Oral Rat Acute Toxicity (LDso) (mol/kg) 2.981 3.079
Oral Rat Chronic Toxicity (LOAEL) (log mg/kg bw/day) 2.33 0.615
Hepatotoxicity No Yes
Skin Sensitization No No
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T Pyriformis toxicity (log ug/L)

0.292

0.285

Minnow toxicity (log mM)

-2.323

-3.982
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FIGURES
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Figure 1. Compound 2f was docked into (a) the TMPRSS2 ectodomain (PDB:
7TMEQ), (b) Furin (PDB: 5JXG), and (c) RBD of the delta-strain Spike protein (PDB:
7W92).

The estimated binding energies of 2f with TMPRSS2, Furin, and RBD are -115.8, -118.9,
and -115.1 kcal/mol, respectively. Compound 2f is colored in magenta, and the residues
colored in cyan, orange, and yellow are involved in hydrogen-bonding, van der Waals,
and electrostatic interactions, respectively. In (c), colored in yellow is trimeric Spike
protein and in green is RBD. 2f binds with the residues of RBD in the interface to interfere

with the RBD binding with ACE2.
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Figure 2. Binding mode of an active antiviral compound 50 with RBD.

Compound 50 was docked into the RBD of the delta-strain Spike protein (PDB: 7W92).
Compound 50 is colored in purple, and the residues involved in hydrogen bonding are
highlighted in cyan, while those involved in van der Waals interactions are in orange. The
trimeric Spike protein is depicted in yellow and the RBD is in green. In this model,
compound 50 interacts with residues at the RBD:ACE2 interface, potentially interfering

with the binding of RBD to ACE2.

174

doi:10.6342/NTU202502385



+CH35 o
PPA A PNP Oy S HOCH, 0P o~
PPi — 3 2P+ oo, | M e N + ©
o By
- T
MESG ODggg Absorbance
041 y=10.007300*x + 0.01693
4] 2 —
S s R2=10.9953
[}
£
(=]
(2]
£
<
a
(o]
0.0 . r . ' .
0 10 20 30 40 50
Na,P,0; (uM)
(b)
M 12
lé
60 -
45
35 .
p— M: Marker
25 1: SaUPPS
15 (30.4 kDa)
- 2: EcUPPS
(28.3 kDa)
(©)
EcUPPS
0.20-
0.154
@ 0.15 _
= «
= . E_ 0.10
0.104 =
2 0.05- S 0.5
>
0.00 T T T T 1
0 20 40 60 80 100 0.00 T T T T 1
[IPP] (uM) 0 5 10 15 20 25
[FPP] (M)
175

doi:10.6342/NTU202502385



(d)

SaUPPS

0.08+

Velocity (uM/s)
o o =
o (=] [=]
F e @
Velocity (WM/s)
e o
g 8

o
o
R
1
=
o
R
L

0.00 ¢ r T r r ' : ' ' . '
0 5 10 15 20 25 00 05 10 15 20 25
[IPP] (uM) [FPP] (uM)

o
o
S

Figure 3. In vitro enzymatic activity assay of EcUPPS and SaUPPS.

(a) Schematic representation of the enzymatic activity measurement using the EnzChek™
Pyrophosphate Assay Kit, along with the standard curve generated using disodium
diphosphate (Na2P-0-) as the inorganic pyrophosphate standard. (b) SDS-PAGE analysis
of the purified ECUPPS and SaUPPS. (c-d) Michaelis-Menten plots of EcUPPS (c) and
SaUPPS (d) with different concentrations of FPP and 50 uM IPP to determine the K, and
kear values. For K, determination with respect to IPP, 10 pM FPP was used. All

measurements were conducted in triplicate at 30°C.
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Figure 4. Dose-dependent inhibition curves of the active compound against EcUPPS

(a-j) and SaUPPS (k-t).

The plots of decreasing ECUPPS or SaUPPS reaction initial rates in the presence of

increasing concentrations of the compounds were fitted with an equation to yield the ICso

values.
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Figure 5. Virtual Screening of chalcone derivatives targeting EcUPPS and SaUPPS.

(a) Overview of the molecular docking process and pharmacophore anchor generation to

identify natural chalcones as potential inhibitors of UPPSs. (b-c) The pharmacophore

anchor models for EcUPPS (b) and SaUPPS (c). Cyan spheres represent hydrogen-

bonding (H) anchors, while orange spheres indicate van der Waals (V) anchors. Key

interacting residues within each anchor are highlighted: cyan-colored residues are specific

to H interactions, and orange-colored residues are specific to V interactions. The

interacting residues of anchors and the preferred binding moieties of chalcone derivatives

within UPPSs are summarized at the right panel, providing insight into structure-activity

relationships. (d) Potential chalcone derivatives inhibitors against UPPSs. Top-scored

compounds are selected based on the binding scores of compounds against ECUPPS or

SaUPPS analyzed by Discovery Studio and iGEMDOCK molecular docking software.

2D structures of these selected compounds were downloaded from PubChem website

(https://pubchem.ncbi.nlm.nih.gov/).
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1 | INTRODUCTION

Po-Huang Liang '

Abstract
Eukaryotic  dehydrodolichyl (DHDDSs), cis-

prenyltransferases (cis-PTs) synthesizing precursors of dolichols to mediate

diphosphate  synthases
glycoprotein biosynthesis require partners, for eample Nusl in yeast and NgBR
in animals, which are cis-PTs homologues without activity but to boost the
DHDDSs activity. Unlike animals, plants have multiple cis-PT homologues to
pair or stand alone to produce various chain-length products with less known
physiological roles. We chose Cinnamomum kanehirae, a tree that contains
two DHDDS-like and three NgBR-like proteins from genome analysis, and
found that one DHDDS-like protein acted as a homodimeric cis-PT to make a
medium-chain C55 product, while the other formed heterodimeric complexes
with either one of two NgBR homologues to produce longer-chain products.
Both complexes were functional to complement the growth defect of the yeast
rer2 deficient strain at a higher temperature. From the roles for the polyprenol
and dolichol biosynthesis and sequence motifs, their homologues in various
species were compared to reveal their possible evolutionary paths.

KEYWORDS
cis-prenyltransferase, DHDDS, dolichol, NgBR, protein glycosylation

‘While trans-PTs usually synthesize up to C50 products,
cis-PTs with different 3-D structures from those of trans-

A group of prenyltransferases synthesize linear polyprenyl
diphosphates through consecutive condensation reactions
of homoallylic C5 isopentenyl diphosphate (IPP), with an
allylic oligoprenyl diphosphate, C5 methylallyl diphos-
phate (DMAPP), C10 genanyl diphosphate (GPP),
Cl15-farnesyl diphosphate (FPP), or C20-geranylgeranyl
diphosphate (GGPP), to form different chain-length prod-
ucts (Liang et al, 2002; Ogura & Koyama, 1998;
Sacchettini & Poulter, 1997). Based on the stereochemistry
of the double bonds formed from the IPP condensation
reactions, these enzymes are classified as trans- (trans-
PTs) or cis-prenyltransferases (cis-PTs) (Liang, 2009).

PTs, although both catalyze IPP condensation, produce
much longer products as lipid carriers (see Figure Sla for
the cis-PTs catalyzed reactions) (Takahashi &
Koyama, 2006). For example, a bacterial cis-PT undecapre-
nyl diphosphate synthase (UPPS) synthesizes C55 product
via eight IPP condensation reactions with FPP, as a lipid
carrier to mediate biosynthesis of peptidoglycan (Teng &
Liang, 2012). On the other hand, longer C70-120 polypre-
nyl diphosphates, named dehydrodolichyl diphosphate
synthases (DHDDs), catalyzed by the cis-PTs called
DHDDSs in eukaryotes need to be dephosphorylated and
reduced to dolichols and finally dolichyl phosphate

Protein Science. 2023;32:e4828.
https://doi.org/10.1002/pro.4828
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FIGURE 1

Multiple sequence alignment of five C. kanehirae cis-PT homolog

(a) Amino acid sequence alignment of five

C. kanehirae cis-PT homologues against the conserved cis-PTs from bacteria, yeast, and human. Proteins involved in this figure are
prokaryotic cis-PTs: E. coli UPPS (EcUPPS) and S. aureus UPPS (SaUPPS), orthologs of heteromeric DHDDS subunit: human DHDDS and
yeast Rer2, and orthologs of heteromeric NgBR subunit: human NgBR and yeast Nusl. Black triangles indicate the key residues involved in

the catalytic reactions and substrates binding.

(Dol-P) as a glycosyl carrier across the endoplasmic reticu-
lum (ER) membrane for making glycoproteins (Cantagrel
et al., 2010) (see Figure S1b for dolichol biosynthesis).
Although playing different biological functions, these cis-
PTs catalyzing the same IPP condensation reactions but
leading to different long chain-length products share sig-
nificant sequence homology (Figure 1).

The earliest solved crystal structures of cis-PTs came
from the bacterial dimeric UPPS with each subunit con-
taining an active-site crevice surrounded by 7 o-helices
and 6 p-strands, for accommodating elongated C55

product with the bottom sealed by Leul37 (Fujihashi
et al., 2001; Ko et al, 2001). From several apo and
liganded Escherichia coli UPPS structures, we concluded
that FPP is bound with Asp26 to facilitate its dephosphor-
ylation while deprotonated IPP attacks the partial carbo-
cation intermediate of FPP, a concerted mechanism
(Chang et al., 2003; Chen et al., 2002; Guo et al., 2005). In
human, Nogo-B receptor (NgBR) was found to interact
with DHDDS to enhance its protein stability and promote
Dol-P production (Harrison et al., 2011). Catalytically
inactive NgBR having amino acid sequence homology
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with DHDDS (Figure 1), but without the catalytically
essential residues, can form a complex with DHDDS to
complete the active site by providing the C-terminal RXG
motif (Grabinska et al., 2017). Later, the complexed crys-
tal structure of recombinant human NgBR”****/DHDDS
was solved to reveal a heterodimer (Edani et al., 2020),
but a heterotetrameric (dimer of the heterodimer via the
extended DHDDS C-terminus) assembly was found in
solution to enhance the DHDDS activity by 400-fold (Bar-
El et al., 2020; Giladi et al., 2022). Yeast Nusl, a NgBR
homologue, forms a homodimer as revealed by its crystal
structure (Ma et al., 2019). This Nusl protein was mod-
eled for binding with Rer2 to form a heterodimer
(Lisnyansky et al, 2019), which is one of the two
DHDDS-like enzymes Rer2 and Srtl in yeast (Shimizu
et al., 1998), but the complexed structure and whether
Nusl could stimulate Rer2 activity were not investigated.

Protein glycosylation is a critical post-translational
modification, which plays essential roles in protein fold-
ing, oligomerization, quality control, sorting, and trans-
portation (Helenius & Aebi, 2001). Mutations on DHDDS
or NgBR have been found associated with the human dis-
eases resulted from glycosylation disorders (Ng &
Freeze, 2018). Unlike animals that have only one pair of
DHDDS/NgBR, and yeast has two DHDDS-like enzymes
Rer2 and Srt1 as well as a NgBR-like protein Nusl, plants
have multiple DHDDS-like and NgBR-like proteins with
sequence homology. As demonstrated in this study, we
chose Cinnamomum kanehirae, a tree that contains two
cis-PTs and three NgBR-like proteins based on genomic
sequences, to study how they form complexes, the paired
and unpaired enzyme activities, and quaternary composi-
tions. Characterization of these cis-PT homologues in
C. kanehirae reveals the mechanisms for biosynthesis of
dolichol and polyprenol in the plant. Moreover, by com-
paring their motif sequences, we propose the evolution-
ary paths for these cis-PT homologues.

2 | RESULTS

2.1 | Multiple sequence alignment of cis-
PT homologues

The amino acid sequences of five C. kanehirae cis-PT
homologues, including RWR89830.1, RWR78504.1,
RWR97124.1, RWR71884.1, and RWR93565.1, hereafter
shorten as RWRS89, RWR78, RWR97, RWR71, and
RWR93, respectively, were obtained from GenBank.
From their phylogenic tree and domain analysis as
shown in Figure S2, RWR89 and RWR78 are bacterial
UPPS-like protein and human DHDDS-like protein,
respectively, but RWR97, RWR71, and RWR93 are
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homologous to NgBR. While aligning with other homo-
meric and heteromeric cis-PT homologues from bacteria,
yeast, and human (Figure 1), these proteins have well-
conserved amino acid sequences in the five regions. How-
ever, several key residues that are involved in catalysis
and substrate binding in region I and III are absent in
NgBR homologues. Moreover, the RXG motif in the
C-terminus of human NgBR, which is also conserved in
homomeric cis-PTs, important for activity by interacting
with the pyrophosphates of IPP and FPP via Mg®" ion
(Grabinska et al., 2017), is replaced by NXG in yeast
Nusl and the two NgBR-like proteins in C. kanehirae. On
the other hand, RWR97 thoroughly lacks region IV
and V, which had been characterized as dimeric interface
of homomeric and heteromeric cis-PT homologues, indi-
cating its disability to interact with DHDDS homologues,
so that it was ignored in this study.

2.2 | Expression, purification, and
characterization of recombinant RWRS89

To characterize two C. kanehirae cis-PTs, they were ini-
tially tried for expression in E. coli. Although human
DHDDS was previously successfully expressed in E. coli
(Edri et al., 2017; Giladi et al., 2017), only RWR89 was
soluble when expressed in E. coli. Since the recombinant
protein contained N-terminal thioredoxin and His-tag
with a TEV protease site, it was purified by Talon Metal
Affinity Resin, followed by TEV tag cleavage to remove
the tags, and size-exclusion chromatography to yield
untagged purified RWR89. The protein yields for RWR89
from 2-L culture after the affinity chromatography and
the size-exclusion chromatography were 16.9 and 2.4 mg,
respectively. Through the experiments conducted at 4°C
or room temperature as described below, the protein was
stable without precipitation and the activity was not
decreased. On the contrary, other proteins when
expressed in E. coli, showed visible precipitation, so we
decided to use yeast to express these proteins as described
below. The SDS-PAGE analysis of the E. coli-expressed
RWRS89 after size-exclusion chromatography is shown in
Figure 2a left panel and it was judged as a homodimer
(75.4 kDa) composed of two 41.4 kDa monomers, based
on the elution volume compared to those of molecular
weight standards (Figure S3).

The purified RWR89 was subjected to kinetic charac-
terization by trying different allylic substrate DMAPP,
GPP, FPP, or GGPP, with the homoallylic substrate IPP.
A coupling assay kit to convert the RWR89-catalyzed
inorganic diphosphate (PPi) into a product that absorbs
light at 360 nm (see Section 4) was used. We found that
only GPP, FPP, and GGPP served as active allylic
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FIGURE 2

Purification and characterization of the E. coli and yeast-expressed recombinant RWRS9. (a) SDS-PAGE analysis of the

E. coli and yeast-expressed RWR89, purified from size-exclusion chromatography as a homodimer (75.4 and 75.1 kDa, respectively, based on
the elution volume). (b) Michaelis-Menten plots of E. coli-expressed RWR89 with different concentrations of FPP, GGPP, or GPP and 50 pM
IPP to determine the K, and k., values (K, for IPP was measured with 10 pM GGPP). For comparison, the Michaelis—Menten plot of yeast-
expressed RWR89 using GGPP is also shown in the right panel. All measurements were performed in triplicate at 30°C. (c) Polyisoprenoid
product analysis of RWR8Y incubated with IPP and FPP at 30°C overnight. From top to bottom, the product of the purified SaUPPS, the
purified E. coli-expressed RWR89, and the polyisoprenoid products in the pYES-RWR89-transformed rer2A yeast cells were extracted and
analyzed by HPLC to be C55, respectively, as compared to the absence of C55 in the rer2A cells with empty vector.
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TABLE 1 Kinetic parameters of the purified RWR89, RWR78,
RWR78/sRWR71, and RWR78/sRWR93 with respect to GPP, FPP,
or GGPP and IPP substrates.

Enzymes and substrates K, (1M) Kear (571
E. coli-expressed RWR89
IPP 4724 +4.21 0.46 + 0.02
GPP 3.38 +£ 045 0.11 + 0.01
FPP 217+02 0.33 +0.01
GGPP 0.80 + 0.10 0.57 £ 0.01
S. cerevisiae-expressed
RWRS89
GGPP 1.36 +0.15 0.53 +£0.01
RWR78
IPP 10.64 + 4.73 0.004 + 0.0005
GPP 4.85+1.31  0.0005 = 0.00005
FPP: 0.50 + 0.21 0.002 + 0.0002
GGPP 2.06 +0.62  0.0007 + 0.00006
RWR78/sSRWR71
IPP 9.52+1.29 0.0628 + 0.0021
GPP 1.25+0.23  0.0206 + 0.0008
FPP 0.66 +0.12  0.0562 + 0.0018
GGPP 0.74 +£0.18  0.0496 + 0.0025
RWR78/sRWR93
IPP 16.78 £3.72  0.1112 + 0.0072
GPP 1.78 £0.17  0.0383 + 0.0009
FPP 0.36 £0.10  0.1083 + 0.004
GGPP 0.74 +£0.15  0.1004 + 0.0039

Abbreviations: FPP, farnesyl diphosphate; GGPP, geranylgeranyl
diphosphate; GPP, geranyl diphosphate; IPP, i 1 diphospt

substrates. By monitoring the absorbance changes at
360 nm using a microplate reader, the K,, for using
GPP, FPP, and GGPP were measured to be 3.38 + 0.45,
2.17 + 0.2, and 0.80 + 0.10 pM, and the k., 0.11 + 0.01,
0.33 + 0.01, and 0.57 + 0.01 s}, respectively (Figure 2b;
Table 1). Apparently, GGPP was the best allylic sub-
strate with a smaller K,,, and a larger k., unlike that
FPP was the best substrate for bacterial UPPS. The K,
and ke, with respect to IPP while using GGPP were
47.24 + 421 pM and 0.46 + 0.02 s~ ", respectively, indi-
cating a poor binding for IPP (Figure 2b; Table 1). The
product was formed by incubating FPP and IPP with
RWR89 and its PPi group was removed by phosphatase
and then subjected to HPLC analysis. By spiking the
purchased polyprenols with known chain lengths, chain
length of the product was determined to be C55, eluted
at the same position as that of the C55 product
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generated by Staphylococcus aureus UPPS (SaUPPS)
(Figure 2c top two panels).

For comparison, His-tagged RWR89 was also
expressed in Saccharomyces cerevisiae INVScl cells and
purified using Ni-NTA resin. The elution volume of the
purified RWR89 from the size-exclusion chromatography
was 24.45mL, indicating the molecular weight of
75.1 kDa, which was also judged as a homodimer
(Figure 2a, right panel). The Michaelis-Menten plot of
using the best substrate GGPP is also shown in Figure 2b
(the right panel) to yield Ky, of 1.36 + 0.15 uM and k4, of
0.53 + 0.01 s}, similar to that of E. coli-expressed
RWR89. The product obtained from the lipid extract of
the pYES2-RWR89-transformed rer2-deletion (rer2A)
yeast cells was the same as the E. coli-expressed RWR89
(C55 as shown in Figure 2c bottom two panels).

2.3 | Expression, purification, and
characterization of recombinant RWR?78,
sRWR71, sSRWR93 and their heteromeric
complexes

Two NgBR homologues RWR71 and RWR93 were pre-
dicted to have a  transmembrane  domain
(TM) (Figure S2b). To obtain soluble proteins, RWR71 was
expressed without the transmembrane residues 1-127
(named sRWR?71), while sSRWR93 lacked the transmem-
brane residues 1-73. The full-length RWR78 along with
sRWR71 or SRWR93 were first respectively co-expressed in
E. coli. However, the purified complexes failed to show
enzymatic activity and easily precipitated after freezing and
thawing. To obtain the functional complexes, the codon-
optimized gene of N-terminal His-tagged RWR78 and the
gene of N-terminal Strep-tagged SRWR71 or SRWR93 were
respectively constructed into pESC-URA bicistronic vector
and co-overexpressed in S. cerevisiae INVScl cells through
galactose induction. The Strep-tagged SRWR71 or SRWR93
was co-purified with the His-tagged RWR78 by Ni-NTA
resin, indicating that they formed complexes. From the fol-
lowing size-exclusion chromatography, both RWR78/
sRWR71 and RWR78/sRWR93 complexes were eluted in a
monodisperse peak, and the corresponding molecular
weights were 75.4 and 74.8 kDa, respectively, as a heterodi-
mer composed of a His-tagged RWR78 (40.7 kDa) and a
Strep-tagged SRWR71 (24.2 kDa) or sSRWR93 (24.3 kDa),
unlike the E. coli co-expressed and co-purified complex of
human DHDDS and the cytosolic part of NgBR (residues
73-293, named sNgBR) forming a heterotetrameric com-
plex in solution, as judged from the elution volume from
the size-exclusion column (Figure S4a). SDS-PAGE analysis
of the complexes revealed the two protein components in
roughly 1:1 ratio (Figure 3a). His-tagged RWR78 alone
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FIGURE 3  Purification and characterization of the recombinant RWR78, RWR78/sRWR71, RWR78/sRWR93, sSRWR71, and sSRWR93.
(a) SDS-PAGE analysis of RWR78, RWR78/sRWR71, RWR78/sRWR93, sSRWR71, and sSRWRY3, purified from the size-exclusion
chromatography as homodimer (83.6 kDa), heterodimer (75.4 kDa), heterodimer (74.8 kDa), homodimer (67.3 kDa), and homodimer
(61.4 kDa), respectively, based on their elution volumes. (b) Michaelis-Menten plots of RWR78, RWR78/sRWR71, and RWR78/sRWR93
using IPP and GPP, FPP, or GGPP as substrates (from left to right panels) to determine the K, and k_,, values as listed in Table 1. All
measurements were performed in triplicate at 30°C.
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expressed in S. cerevisiage and purified via Ni-NTA resin
and size-exclusion chromatography was a homodimer
(83.6 kDa) (Figure 3a), the same as the reported human
DHDDS conformation (Lisnyansky et al., 2019) (we also
confirmed that E. coli-expressed human DHDDS formed a
homodimer as shown in Figure S4b). Besides, while using
StrepTrap XT column and size-exclusion chromatography
to purify the S. cerevisiae-expressed SRWR71 or sSRWR93,
they formed a homodimer (67.3 and 61.4 kDa, respec-
tively), similar to yeast Nusl (Ma et al., 2019), but unlike
the human sNgBR that forms a monomer (Holcomb
et al., 2018). However, by mixing the purified homodimeric
RWR78 with homodimeric sSRWR71 or sRWR93, they
failed to form a complex.

The enzymatic activities of purified homodimeric
RWR78 and its heterodimeric complex with sSRWR71 or
sRWR93 were subsequently characterized via pyrophos-
phate assay kit. The K, values for FPP were measured
with 50 pM IPP, while the K,,, values for IPP were mea-
sured with 10 pM FPP. The Michaelis-Menten plots are
shown in Figure 3b, and the kinetic constants are sum-
marized in Table 1. Compared to the activities of His-
tagged RWR78 and the complexes, the K,, of FPP and
IPP were similar, but the ke, values of the complexes
were 14-50-fold higher than that of RWR78, indicating
stimulation of RWR78 activity by sSRWR71 or sSRWR93,
with a higher stimulating effect by sRWR93. The
Michaelis-Menten plots for using GPP and GGPP as
alternative substrates for RWR78, RWR78/sRWR71, and
RWR78/sRWR93 were also measured (Figure 3b
and Table 1). We found that the enzyme and its com-
plexes preferred FPP as substrate.

To test whether the bacterial UPPS-like RWR89 could
also form a heteromeric complex with sRWR71 or
sRWR93, we added the yeast-expressed sRWR71
or sSRWR93, to the above E. coli-expressed RWR89 or the
yeast-expressed RWR89, but the activity of RWR89 was
not changed (data not shown). We then co-expressed
His-tagged RWR89 and Strep-tagged sSRWR71 or SRWR93
in yeast, just like what we did for co-expressing His-
tagged RWR78 and Strep-tagged sRWR71 or sSRWR93,
but they were not co-purified from Ni-NTA column (fig-
ure not shown), indicating no complexation, consistent
with no activity stimulation of RWR89 by sSRWR71 or
sRWR93. Taken together, RWR89 only formed a homodi-
mer no matter using E. coli or yeast to express it.

2.4 | Functional analysis of two
complexes in rer2-deletion S. cerevisiae

To determine the function of two complexes, either com-
plex was co-expressed in a rer2A mutant yeast lacking
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the Rer2 cis-PT. Compared to the rer2A yeast that did not
grow well at a higher temperature (37°C), rer2A yeast co-
expressing either complex (RWR78/RWR71 or RWR78/
RWR93) or human DHDDS regained the growth ability
at 37°C (Figure 4a). Using human DHDDS alone was
able to complement Rer2 function as previously observed
(Sabry et al., 2016; Yao et al., 2019). However, when inde-
pendently transforming only RWR78, RWR71, or RWR93
into rer2A strain, cells failed to grow at 37°C, indicating
that either single subunit did not have the function and
complexation was strictly required for producing doli-
chols. By examining the extracted lipid mixtures from the
rer2A yeast co-expressing either complex, the HPLC anal-
ysis revealed a similar composition of long-chain lipids,
while long-chain products were not observed in the lipids
extracted from RWR78-transformed rer2A  yeast
(Figure 4b).

2.5 | Homology modeling of RWR89

To elucidate the catalytic mechanism of RWR89 that pro-
duced C55 product (Figure 2c), the homology-based
structure prediction of RWR89 was generated by using
the S. aureus UPPS structure (PDB: 4HSE), the closest
homologue in term of conserved amino acids, as the tem-
plate. Based on the experimental data showing that
RWR89 was a homodimer (Figure 2a), its 3-D structure
was constructed by modeling to reveal the canonical cata-
lytic domain (Figure 5a). Because E. coli UPPS was well
studied by us, we chose its crystal structure to superim-
pose with the RWR89 modeled structure to interpret the
roles of active-site amino acids.

With IPP as the building blocks in consecutive cis-
condensations, all three trans-prenyl diphosphates
(GPP, FPP, and GGPP) served as substrates for RWR89.
However, RWR89 could not accept DMAPP as either a
primary allylic substrate or condensational units, indi-
cating RWR89 is unlikely to produce short-prenyl
diphosphates such as neryl diphosphate (NPP) or ner-
yineryl diphosphate (NNPP) as SIcPT1, a neryl diphos-
phate synthase in Solanum Iycopersicum, prefers
DMAPP as the allylic substrate and produces NPP
(Kang et al., 2014). Glyl44 and Trp322 of RWRS9 in
Figure 5a are aligned with Gly46 and Trp221 of
EcUPPS, but not Ile106 and Phe276 in SIcPT1, respec-
tively, indicating RWR89 is more similar to EcUPPS to
accept longer trans-prenyl diphosphates as substrates,
with GGPP the most suitable. Leu235 of RWRS9 is at
an identical position of the aligned Leul37 of EcUPPS,
which was characterized to block further chain length
extension and regulate the product chain length (Ko
et al., 2001).

209

doi:10.6342/NTU202502385

Y wog papromaag T 'ET07 X96369¢ 1

7001 01/ 1op o3 day

saaar] sumEHEID) BRI S|qERt] e a1 4 PaLB.AcS are sO[LIE YO AN 3O SSL 163 A1 SETO) STy, TR (SO pure- suey e aiv e qy]ocyee, s i) SuenprOS pur sextio] o) 995 [S707/10/50] W Areiq surjagy Asjuy s m.smy wewte ] [rene 4q 5784



e | WiLEY-§B B
(a)

Intensity [pV] Intensity [uV] Intensity [V] Intensity [uV]

Intensity [pV]

LIU and LIANG

23°C 37°C

WR78504.14}
WR71884.1

RWR78504.14"
RWR93565.1

wT
(INVSc1)

RWR71884.1

RWR93565.1

s of
260000 mixture
200000
100000 -
o1 T T T T T T 1
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
] '
10000
04
-10000
T T T T T T 1
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Retention Time [min]
20000
10000 3
04
-10000
T T T T T T 1
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Retention Time [min]
o
10000
0
-10000
-20000
T T T T T T 1
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Retention Time [min]
20000
0
20000
-40000
-60000
T T T T T T T 1
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Retention Time [min]

FIGURE 4 Legend on next page.
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Regarding why RWRS89 not forming heteromeric
complex with sSRWR71 or sRWR93 as showed above,
RWR89 already has the amino acids such as the
C-terminal RXG (RFG) self-sufficient to form an indepen-
dent active site, without need of the amino acids contrib-
uted by sSRWR71 or sSRWR93, but RWR78 required the
extra amino acids from sRWR71 or sSRWR93 as shown
below.

2.6 | Homology modeling of RWR78/
RWR71 and RWR78/RWR93 heterodimeric
complexes

To understand the catalytic roles of amino acids, homol-
ogy modeling of RWR78/RWR71 and RWR78/RWR93
were built by using the crystal structure of human
DHDDS/NgBR complex (PDB: 6W2L) as the template.
Both RWR78/RWR71 and RWR78/RWR93 were con-
structed as heterodimer (Figure 5b) based on the experi-
mental observation (Figure 3a). According to the
expanded view of the active sites on the right-hand side,
the residues involved in the canonical cis-PT catalysis are
quite conserved. The S1 substrate binding site of RWR78
encompasses Argd8, Arg99, and Argld6, while S2 site
contains Arg289 and Arg295. The missing catalytic resi-
dues are provided by the C-terminal NXG motif (NYG),
that is Asn326 sidechain N and Gly328 backbone N or
Asn272 sidechain N and Gly274 backbone N from
RWR71 or RWR93, to interact with the f-phosphate of
IPP at the S2 site, in contrast to the RXG motif (RLG)
of NgBR for binding substrate and accelerating DHDDS
catalytic activity. On the other hand, the homodimeric
RWRS9 has already the C-terminal RXG (RFG) so that it
does not require a partner to complete the active site.
Some differences can be found between the human
DHDDS/NgBR and the two complexes. In NgBR, Arg290
of the conserved C-terminal RLG motif was previously
shown to play a critical role to enhance the catalytic
activity of the heteromeric DHDDS/NgBR complex
(Grabinska et al., 2017), and a mutation R290H is related
to congenital glycosylation disorder (Park et al., 2014).
Indeed, the location of Arg290 on a surface loop may pro-
vide NgBR with the structural flexibility needed for inter-
acting with the catalytic pocket and, in turn, to
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allosterically activate DHDDS. In comparison with the
RLG motif in NgBR, the shorter side chain of Asn in
NYG motif of RWR71 and RWR93 is needed to maintain
the close contact with diphosphate moiety of IPP. More-
over, as revealed by comparing Figure 5b.c, Arg9s,
1le103, and Arg295 of RWR78 are aligned with Arg37,
Lys42, and Arg211 of DHDDS, respectively, which are all
important because the R37H, K42E, and R211Q muta-
tions cause disruption of substrate binding, thereby sig-
nificantly —decreasing the cis-PT activity (Bar-El
et al., 2020; Edani et al., 2020). Arg37 and Arg211, related
to developmental epileptic encephalopathies (Hamdan
et al., 2017), are all positively charged residues in close
proximity to the active site of human DHDDS. Lys42
forms a salt bridge with Glu234, but in the retinitis pig-
mentosa disease-associated K42E mutant DHDDS
(Zelinger et al., 2011; Ziichner et al., 2011), it was pre-
dicted to interact with Arg38 instead, causing instability
of the active site (Bar-El et al., 2020). However, in
RWR78, 1le103 could not form a salt bridge with any resi-
due, making no contribution on the active-site
stabilization.

To further understand the mechanism of forming
RWR78/RWR71 and RWR78/RWRY93 heterodimers in
contrast to heterotetramer of DHDDS/NgBR in solution,
their interfaces were investigated. As shown in Figure 6a,
hydrogen-bond pairs T220/E257, Q228/E252, Q228/F255,
Y231/A233, T294/L299, R295/E298, S297/R295, N298/
R295, W302/Y226, T305/L287, T305/G288, and L309/
R284 are formed in the interface of RWR78/RWR71;
while in the interface of RWR78/RWR93 complex
(Figure 6b), there are polar interactions including T220/
E203, Q228/F201, Y231/A179, K234/C183, Q235/N197,
E264/S180, T294/L245, R295/E244, S297/R241, N298/
R241, T305/L233, T305/G234, and L309/R230. Not only
sharing high sequence identity of 87% between RWR71
(residues 141-329) and RWR93 (residues 92-275), their
structural models also show high  similarity
(RMSD = 0.282 A), supporting that either RWR71 or
RWR93 could form a complex with RWR78. In contrast,
the extended C-terminal helix-turn-helix motif (shown in
orange in Figure S5) of DHDDS in the heterotetrameric
DHDDS/NgBR complex (PDB: 6Z1N) forms additional
interactions with that of the other DHDDS molecule to
promote heterotetramerization with NgBR (Bar-El

FIGURE 4  Analysis of complementation of RWR89, RWR78/RWR71, and RWR78/RWR93 to yeast rer2. (a) The rer2A yeast and that
transformed with the empty vector pYES2, but not the wild type (WT) yeast strain INVScl showed growth defect at higher temperature
37°C. Expression of RWR78/RWR71, RWR78/RWR93, or human DHDDS in the rer2A yeast rescued the growth defect at 37°C, while
expression of individual RWR78, RWR71, or RWR93 did not complement the Rer2 function. (b) Polyisoprenoid products in the rer2A yeast
cells transformed with empty vector, pESC-RWR78, pESC-RWR78/RWR71, and pESC-RWR78/RWR93, respectively, analyzed by HPLC,
indicating that only RWR78/RWR71 and RWR78/RWR93 produced longer C80-C100 products.
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(a) RWR89830.1 FIGURE 5 Homology modeling of RWR89,
RWR78/RWR71 and RWR78/RWR93 structures.
(a) The structural model and the detailed active-
site architectures of RWR89. The ligand and the
metal ion Mg>" are originated from the
superimposed crystal structure of E. coli UPPS.
(b) The structural models and the active-site
architectures of RWR78/RWR71 and RWR78/
RWR93 using human DHDDS/NgBR complex
(PDB: 6W2L) as template. RWR78 is colored in
green, while RWR71 and RWR93 are colored in
cyan. The ligands 2 IPP and the metal ion Mg*"
are originated from the superimposed crystal
structure of human DHDDS/NgBR. (C) For
comparison, the DHDDS structure and the
active-site architecture are shown. NgBR is
colored in cyan, DHDDS is colored in green, and
the C-terminal helix-turn-helix motif of DHDDS
is colored in gray.

(b) RWR78504.1/RWR71884.1
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et al., 2020). Due to lack of the additional C-terminal Regarding why a DHDDS-like protein rather forming
motif, RWR78 could not form a heterotetramer with  heteromeric complex with a NgBR-like protein than
RWR71 or RWR93 (see Figure 3a). forming a homodimer itself, the homodimeric structures
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of DHDDS and RWR78 were predicted using Alphafold2
algorithm (Figure S6), and the homodimeric interfaces
were compared to the heterodimeric interfaces. In
regions VI and V of the predicted DHDDS homodimer,
there are only few hydrogen bonds at the interface,
including Argl59 with Trp218, GIn219, and Ser221 of the
other subunit in region VI, as well as V210/L225, $213/
5221, and D214/8221 hydrogen bonds in region V. In
comparison, the heterodimeric interface of DHDDS/
NgBR complex has more hydrogen bonds, including
Argl159 of DHDDS with Trp256 and Asp237 of NgBR in
region VI, as well as V210/1263, R211/E262, S213/R259,
D214/R259, S221/L251, $221/G252, S221/K297, W218/
K297, and L225/D248 in region V. At the predicted
RWR78 homodimeric interface, there is no hydrogen
bonding in region IV and only few H-bond pairs in
region V, including T294/L309, S297/T305, and N298/
T305. In comparison, either the heterodimeric interface
of RWR78/RWR71 or RWR78/RWR93 has more interac-
tions such as Arg295/Glu298 or Arg295/Glu244 than
homodimeric RWR78. Therefore, NgBR-like proteins are
regulators of catalytic activity of DHDDS-like proteins.
However, unlike monomeric NgBR, RWR71 and RWR93
were both dimeric, so could not dissociate into mono-
meric to form heterotetramer with homodimeric RWR78
in solution.

2.7 | Possible evolutionary paths for
C. kanehirae cis-PTs and homologues

Prokaryotes only contain homodimeric cis-PTs, while
eukaryotes and archaea have heteromeric cis-PTs, but
plural DHDDS-like and NgBR-like proteins are particu-
larly prevalent in plants. Since we have characterized the
functions of C. kanehirae cis-PT homologues as shown
here and their amino acid sequences are known for com-
parison with other known cis-PT homologues, we could
trace their possible evolutionary paths. Based on the phy-
logenetic tree of the cis-PT homologues from archaea,
bacteria, and eukaryotes (Figure S2), we identified their
common motifs and analyzed the distribution and diver-
sity of these motifs as shown by various colored boxes
(Figure 7). Accordingly, these cis-PT homologues from
archaea, bacteria, human, plant, and yeast could be
divided into three subgroups, including homomeric UPPS
orthologs, heteromeric DHDDS orthologs, and hetero-
meric NgBR orthologs (for convenience, we use here
UPPS, DHDDS, and NgBR to represent the homodimeric
cis-PTs, active cis-PTs of the heteromeric complexes, and
the inactive cis-PT homologues of the heteromeric com-
plexes, respectively). The plantae, including green algae,
hornworts, ferns, pines, monocots, and dicots, contain all

three types of orthologs. The plant-specific homomeric
UPPS orthologs could evolve from prokaryotic homo-
meric UPPS orthologs because they share the same motif
architectures (see UPPS orthologs in Figure 7), but with
additional N-terminal sequences as signal peptides for
transporting toward specific organelles including chloro-
plast and mitochondria. For example, SICPT1-7 except
SICPT3 were examined to be localized in plastids (Akhtar
et al.,, 2013), and ChrUPPS from Chlamydomonas rein-
hardtii, a well-studied unicellular green alga, was pre-
dicted to be localized in mitochondria, because they
possess the directed signal peptides.

In contrast to plants and fungi, animals have one
DHDDS and one NgBR for only dolichol biosynthesis.
DHDDS orthologs from animals specifically have the
extended C-terminal motif compared with DHDDS ortho-
logs from plants. However, NgBR orthologs from animals
prefer to have a C-terminal RXG motif, also observed in
homomeric prokaryotic UPPS orthologs and plant UPPS-
like cis-PTs, but both animal and plant DHDDS orthologs
lack RXG or NXG motif (Figure 7). On the contrary,
plant NgBR orthologs have NXG but not RXG motif at
C-termini (Figure 7). The NXG and RXG motifs might
originate from different evolutionary paths. We found
that Candidatus megaira, a bacterium regarded as an
endosymbiont of Mesostigma viride, a single-celled charo-
phyte algae considered as one of the earliest diverging
members of green plant lineages, contains a homomeric
UPPS gene (GenBank: UCMY94414.1), which has the
C-terminal NXG (NFG) motif instead of RXG motif.
Moreover, some NgBR orthologs from fungi also possess
NXG motif, and fungi usually have symbiotic relation-
ships with plants. Therefore, the NXG motif of plant
NgBR orthologs was probably obtained from certain bac-
teria or fungi through symbiosis and horizontal gene
transfer, while the RXG motif of animal NgBR orthologs
might be derived from those typical prokaryotic homo-
meric UPPS orthologs.

In archaea, their cis-PT homologues could be also
divided into UPPS, DHDDS, and NgBR orthologs,
although archaea cells do not possess organelles such as
ER and chloroplast. Among the three subgroups in the
phylogenetic tree, archaeal cis-PT homologues all belong
to the basal clades, the earliest diverging branches with
their sequences phylogenetically apart from the other cis-
PT homologues. These archaeal cis-PT homologues may
have unique structural or functional characteristics. For
example, MA1831 from Methanosarcina acetivorans and
MMO0014 from Methanosarcina mazei are UPPS ortho-
logs, but their functions differ from UPPS, and both of
them do not possess the common C-terminal RXG motif
(Figure 7). MAI831 could catalyze non-canonical
head-to-middle condensation and produce C35-C50
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FIGURE 7 Motif analysis of cis-PTs (D) (11 (Im (Iv) (V) crxc)
and homologues. Among UPPS EcUPPS xc) [ UPPS orthologs
orthologs, DHDDS orthologs, and NgBR SaUPPS e [X DHDDS orthologs
orthologs, 30 motifs expressed in various SpUPPS ]} [l NgBR orthologs
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DHDDS orthologs. On the other hand,
NXG motif was found in plant NgBR
orthologs. The abbreviations for the SICPTS
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products, while MM0014 could yield C25-C40 products
and have O-prenyltransferase activity (Ogawa et al., 2016;
Okada et al., 2021). Besides, the heteromeric cis-PT
homologues from Archaeoglobus fulgidus, a thermophilic

archaeon, were recently biochemically characterized
(Sompiyachoke et al.,, 2022). Unlike eukaryotic NgBR
orthologs, Af0707, the NgBR ortholog from A. fulgidus,
does not have the transmembrane domain, and the
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DHDDS ortholog Af1219 lacks the C-terminal extended
motif. However, the complex still has a heterotetrameric
assembly, which is contrary to their structural heterodi-
meric complex prediction. To investigate the possible ori-
gin of heteromeric cis-PTs from archaea, cis-PT
homologues from Candidatus Lokiarchaeota archaeon,
an archaeal species from Lokiarchaeota and one of the
nearest relatives of eukaryotes, were also investigated.
We found one cis-PT, called CLaUPPS3 (GenBank: JAG-
XOB010000163.1), belonging to DHDDS subgroup, while
no NgBR ortholog was detected. However, a UPPS-like
cis-PT from C. Lokiarchaeota archaeon, called CLaUPPS4
(GenBank: JAGXNS010000099.1), lacks the conserved
catalytic residues of cis-PTs but owns the RXG motif. We
suspect that NgBR orthologs might be originated from
these UPPS-like cis-PTs that lack the conserved catalytic
residues. However, functions of cis-PTs from archaea
remain large unknown and further studies are needed to
elucidate their evolutionary relationships.

3 | DISCUSSION

In eukaryotes, dolichols of C70-120 chain lengths play
indispensable roles as glycosyl carrier lipids for the bio-
synthesis of glycoproteins in ER. In human cells, NgBR is
required to form a complex and boost the DHDDS activ-
ity, and in yeast Nusl complexes with Rer2 and probably
also Srtl. In plants, complexation between DHDDS-like
and NgBR-like cis-PT homologues is also required for
natural rubber biosynthesis in Lettuce and dandelion,
and dolichol biosynthesis in tomato (Brasher et al., 2015;
Epping et al., 2015; Qu et al., 2015; Surmacz et al., 2014),
but in bacteria only homomeric cis-PTs exist,
demonstrating a major difference in the compositions of
active cis-PTs in prokaryotes and eukaryotes. However,
heteromeric cis-PTs were also found in methanogenic
archaeon, such as M. acetivorans that contains a UPPS
(MA3723) and a NgBR/Nusl-like protein (MA4402)
(Grabinska et al.,, 2017; Ogawa et al., 2016) as well as
M. magzei that utilizes a heteromeric cis-prenyltransferase
for the biosynthesis of glycosyl carrier lipids (Emi
et al.,, 2019). Here, we provide an example of multiple
unpaired and paired cis-PT homologues in a plant
C. kanehirae and demonstrate their kinetics and
functions.

Two NgBR homologues RWR71 and RWR93 in
C. kanehirae utilize a C-terminal NYG motif to compen-
sate the missing motif in the DHDDS homologue RWR78
by complexation for making dolichols. However, a
C-terminal RFG motif was found in homodimeric
RWRS9, bacterial SaUPPS and EcUPPS, and a plant
AtcPT1 (Surowiecki et al., 2019), one of the cis-PTs in

Arabidopsis thaliana, for synthesizing medium-chain
polyisoprenoids without need of pairing with a NgBR
homologue. Based on the crystal structure of E. coli
UPPS, Arg242 of RFG motif is involved in the binding of
the diphosphate group of IPP (Grabiniska et al, 2017).
Furthermore, the role of C-terminus in IPP binding and
catalysis is supported by structural information obtained
from a decaprenyl diphosphate synthase of Mycobacte-
rium tuberculosis (Wang et al., 2008) and even a short
FPP producing enzyme cis-FPPS of Selanum habrochaites
(Chan et al., 2017). On the other hand, NgBR has RLG as
the C-terminal RXG motif (Figure 1). It is likely that
Arg290 of NgBR RLG is involved in IPP binding and its
mutation to His was found in the patients (Park
et al,, 2014). The Asn of NYG in RWR71 (Asn272) or
RWRS83 (Asn326) has a shorter side chain than Arg to
ensure a suitable distance between Asn side-chain N and
IPP p-phosphate for a H-bond (see the modeling struc-
tures of RWR78/RWR71 and RWR78/RWR93 in
Figure 5a,b). Moreover, the Arg290 of RLG in NgBR
forms a salt bridge with Glu288 of NgBR, but at the posi-
tion of Glu288, there is Arg270 in RWR71 or Arg324 in
RWR93, so if the Asn272 or Asn326 was an Arg, there
will be two positively charged Arg residues in close con-
tact, causing electrostatic repulsion. Therefore, an Asn at
NYG of RWR71 or RWRS83 is ideal.

Another difference between human DHDDS/NgBR
complex and RWR78/RWR71 and RWR78/RWR93 com-
plexes is that the former is a heterotetramer but latter are
heterodimers in solution. This is likely due to the
extended C-terminus of DHDDS, which provides addi-
tional interaction between two DHDDS protomers (see
Figure S5).

Furthermore, comparing to DHDDS, RWR89 contains
a TP, a putative chloroplast transit peptide, at the
N-terminus, which may be used to direct this cis-PT into
a compartment (chloroplast) where C55 product is
needed. Based on the RNA-seq analysis as shown in
Figure S7 (Chaw et al., 2019), RWRS89 had a significantly
higher expression level in old leaves than in other tissues,
indicating it might be involved in the plant secondary
metabolism in chloroplasts. We also previously character-
ized a homodimeric C40/C45 producing cis-PT from the
plant Lilium longiflorum Anther (Yao et al., 2019). On the
other hand, two NgBR homologues RWR71 and RWR93
contain a TM domain to anchor them onto a cell mem-
brane, like NgBR, a membrane protein. Whether NgBR
or Nusl serves as an accessory subunit for docking the
complex to the ER membrane or is a structural compo-
nent contributing to catalysis and substrate binding is
still a matter of debate. Experiments show that (1) the
loss of NgBR does not lead to changes in the relative
amount of DHDDS associated with ER membrane
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fractions (Harrison et al., 2011) and (2) a mutation in the
C terminus of NgBR causes a congenital disorder of gly-
cosylation syndrome because of defective dolichol synthe-
sis (Park et al., 2014), supporting the role of NgBR as a
complement to DHDDS catalysis. Moreover, RWR78 had
a highly expression level in buds of flowers and buds,
RWR93 was highly expressed in fruits, and RWR71 was
slightly higher expressed in fruits, buds of flowers, and
buds of leaves. Flowers and fruits are the specific organs
that only exist in angiosperms, and the proper protein
glycosylation is indispensable for developmental pro-
cesses including flowers and fruits, and inappropriate gly-
cosylated regulation of certain proteins resulted in
growth deficiencies (De Coninck et al., 2021).

Finally, the phylogenetic tree and motif structure
analysis of cis-PTs illustrate the possible evolutionary
paths of DHDDS and NgBR orthologs. Plant NgBR ortho-
logs with NXG motif might be derived from that form
certain fungi or bacteria through symbiosis and horizon-
tal gene transfer, and NgBR orthologs from animals
might be directly derived from UPPS-like bacterial cis-
PTs with RXG motif. In summary, we provide here the
information of kinetics and functions of the homomeric
and heteromeric cis-PT homologues in the tree
C. kanehirae, which may apply to other plants with mul-
tiple cis-PT homologues, either active or supporting
activity.

4 | MATERIALS AND METHODS

41 | Materials

IPP, FPP, and potato acid phosphatase were obtained
from Sigma (St. Louis, MO, USA). PrimeSTAR® GXL
DNA polymerase for PCR and TALON® Metal Affinity
Resin were obtained from Takara Bio (Shiga, Japan). The
plasmid mini-prep kit and DNA gel extraction kit were
purchased from Qiagen (Hilden, Germany). Polyprenol
mixture (13-21 prenyl groups) standard was obtained
from Avanti Polar Lipids (Alabama, USA). HPLC ZOR-
BAX XDB-C18 (4.6 x 75 mm, 3.5 ym) reversed-phase col-
umn was purchased from Agilent (Santa Clara, CA,
USA). All commercial buffers and reagents were of the
highest grade.

4.2 | Expression and purification of the
recombinant RWRS89

The gene encoding the full-length of RWR89 synthesized
by MORREBIO (Taiwan) with optimized codons for
E. coli expression was ligated with the pET32a vector

SOCIETY ™

between the EcoRI and Xhol restriction sites for expres-
sing the recombinant protein with N-terminal thiore-
doxin, hexa-His tag, and TEV protease cutting site. The
E. coli BL21 competent cells transformed with the TRX-
Hisg-TEVp-RWR89 construct were plated on LB-agar
under 100 mg/L ampicillin selection. The selected colo-
nies were inoculated into 20 mL of LB medium with con-
stant shaking at 200-250 rpm overnight. The culture was
used to inoculate 2 L of 2xYT medium (16 g/L tryptone,
10 g/L yeast extract, and 5g/L NaCl) containing
100 mg/L ampicillin with constant shaking at 200-
250 rpm at 37°C until the cell density reached ODgpo of
0.6-0.8. The protein production was induced by adding
0.5mM isopropyl p-d-1-thiogalactopyranoside (IPTG)
with constant shaking at 180 rpm at 16°C for 16-20 h.
The cells were harvested by centrifugation (6500 rpm for
20 min), resuspended in buffer A (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1 mM MgCl,, 0.1% Triton X-100,
and 2mM TCEP), and disrupted by a French-press
instrument (Constant Cell Disruption System) at
20,000 psi. Cell lysate was centrifuged at 40,000xg for
45 min at 4°C to remove debris, and the supernatant was
loaded onto an open column with 5 mL TALON Metal
Affinity Resin. After washing with 100 mL of buffer A
with 10 mM imidazole, the target protein was eluted with
25 mL of buffer A containg 250 mM imidazole, followed
by dialysis against 5 L buffer A to remove imidazole and
subjected to TEV protease to cleavage the TRX-Hisg-tag
at 4°C overnight. The mixture was subjected to another
open column of 5 mL TALON Metal Affinity Resin, and
the untagged RWR89 was eluted in the imidazole-free
buffer A.

4.3 | Expression and purification of the
recombinant RWR78, sSRWR71, sRWR93,
RWR78/sRWR71, RWR78/sRWR93, and
RWRS39 using yeast

Genes of RWR78, sSRWR71 (aa 115-329), and sSRWR93
(aa 61-275) were codon-optimized and synthesized by
Genomics Co. (Taiwan). Genes of full-length RWR78 and
sRWR71 or sSRWR93 were amplified by PCR and con-
structed into pESC-URA yeast bicistronic vector by using
In-Fusion® HD Cloning Kit (Takara Bio, Japan). The
PCR product of RWR78 or RWR89 with N-terminal His-
tag encoding sequence was subcloned into EcoRI/Notl
restriction sites, while the PCR product of sSRWR71 or
sRWR93 with N-terminal Strep-tag encoding sequence
were, respectively subcloned into BamHI/Sall sites. Spe-
cific primers used in all constructs are listed in Table S1.
Yeast INVScl strain for protein overexpression was
transformed with either pESC-RWR78, pESC-sRWR71,
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PESC-sRWR93, pESC-RWR78/sRWR71, pESC-RWR78/
sRWR93, or pESC-RWRS89 plasmid, and the cells were
plated on solid SC minimal medium without uracil and
grown at 30°C for 2 days. Colonies were grown in 20 mL
SC minimal medium at 30°C overnight, followed by inoc-
ulation into fresh 2L SC minimal medium until
ODygp = 0.4. Cells were centrifuged at 1500 x g for 5 min
and resuspended in fresh SC minimal medium contain-
ing 2% galactose. Cultures were grown at 30°C for 1-
4 days to induce protein expression. Stationary-phase of
yeast cells were harvested by centrifuged at 3300 x g for
5 min, followed by washing with sterile water once, and
dissolved in buffer A. The cells were disrupted by a
French-press instrument (Constant Cell Disruption Sys-
tem) at 22,000 psi, and then the cell lysate was centri-
fuged at ~40,000 x g for 45 min at 4°C to remove debris.
From the supernatant, His-tagged RWR89, His-tagged
RWR78, and heteromeric complexes were respectively
purified by Ni-NTA resin using a 10-250 mM imidazole
gradient. His-tagged RWR78 was eluted at 30-50 mM
imidazole, His-tagged RWR78 was eluted at 20-40 mM
imidazole, and complexes were eluted at ~70 mM imid-
azole. For purifying the Strep-tagged sRWR71 or
sRWR93, StrepTrap XT column (Cytiva, Marlborough,
USA) was used. The supernatant was applied onto a
StrepTrap XT column, washed with 50 mL of buffer A to
remove unbound proteins, and the Strep-tagged sSRWR71
or sRWR93 was eluted with 50 mM biotin in buffer
A. The affinity-purified protein was further purified using
a size-exclusion chromatography and the purity was
judged by SDS-PAGE.

44 | Size-exclusion chromatography
analysis

Superdex 200 Increase 10/300 GL column (Cytiva) was
used to estimate the protein molecular weights. Proteins
were centrifuged at 21,000 x g for 10 min, loaded onto
the column and analyzed at a flow rate of 0.75 mL/min
by using buffer A. The chromatography profiles were
compared with that of the standard markers containing
1mg/mL ribonuclease A (13.7 kDa), conalbumin
(75 kDa), aldolase (158 kDa), and thyroglobulin
(669 kDa) to determine protein molecular weights.

4.5 | Cis-PTs activity assay

EnzChek Pyrophosphate assay kit (Thermofisher, MA,
USA) was used to detect the continuously PPi release by
the enzymatic reactions. The activity was assayed in
buffer containing 100 mM Hepes, pH 7.5, 50 mM KCl,

1 mM MgCl,, 0.1% Triton X-100, 0.2 mM MESG, 1 U/mL
PNP, and 0.03 U/mL pyrophosphatase, with either
195 )M of RWRSY, 580 yM of RWR7S, 2.27 M of
RWR78/sRWR71, or 1.26 pM of RWR78/sRWR93. To
determine the K,,, values of GPP, FPP, and GGPP, 50 M
IPP was utilized, and K,, of IPP was measured in the
presence of 10 pM FPP. The plots of initial rates versus
substrate concentrations were used to determined K,
and k., by fitting the data with Michaelis-Menten equa-
tion. All measurements were performed in triplicate
at 30°C.

4.6 | Yeast complementary assay

The rer2A mutant yeast strain was transformed with the
empty vector pYES2, pYES2-DHDDS, pYES2-RWRS89,
the empty vector pESC-URA, pESC-RWR78, pESC-
RWR71, pESC-RWR93, pESC-RWR78/RWR71, and
pESC-RWR78/RWR93, respectively. The transformants
were grown at 30°C in SC minimal medium containing
2% glucose until ODggoo = 0.4, followed by centrifugation
at 1500 x g for 5 min and resuspension in fresh SC mini-
mal medium containing 2% galactose. After growing at
30°C for 1-4 days to induce protein expression, yeast cul-
tures were diluted to ODgoo = 0.4 and streaked onto solid
YP-2% galactose medium and incubated at 23 or 37°C for
5 days. The S. cerevisiae wild-type strain INVscl, which
typically grew at 37°C, was utilized as the positive con-
trol, and non-transformed rer2A mutant strain was used
as the negative control.

4.7 | Polyisoprenoids extraction from
yeast rer2A strain

Yeast rer2A cells were transformed with the empty vector
pESC-URA, pYES2-RWR89, pESC-RWR7S8, pESC-
RWR78/RWR71, and pESC-RWR78/RWRY93, respec-
tively. Cells were plated on solid SC minimal medium
without uracil and grown at 30°C for 2 days. Colonies
were grown in 20 mL SC minimal medium at 30°C over-
night, followed by inoculation into fresh 1 L SC minimal
medium until ODgy, = 0.4. Cells were centrifuged at
1500 x g for 5 min and resuspended in fresh SC minimal
medium containing 2% galactose. Cultures were grown at
30°C for 1-4days to induce protein expression.
Stationary-phase of yeast cells were harvested by centri-
fuged at 3300 x g for 5 min, followed by washing with
sterile water once. Cell pellets were dissolved in 10 mL
hydrolytic solution (2.5 g KOH was dissolved in 3.5 mL
sterile distilled water, and brought to 10 mL with 99.8%
ethanol), vortexed for 1 min, and incubated at 95°C for
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1 h. Non-saponifiable lipids were extracted with hexane
three times. The pooled extracts were further purified on
a silica gel 60 column using isocratic elution with 10%
diethyl ether in hexane, evaporated to dryness, and dis-
solved in isopropanol. Purified polyisoprenoids were
examined by HPLC/UV using standards of different
chain-length polyprenols for comparison by following the
procedure (Edani et al., 2020).

4.8 | HPLC product analysis

For HPLC analysis of the products extracted from rer2A
yeast expressing RWR78/RWR71 or RWR78/RWR93, an
established protocol was used (Edani et al, 2020). A
dual-pump HPLC device (Jasco, Japan) with a ZORBAX
XDB-C18 (4.6 x 75 mm, 3.5 pm) reversed-phase column
(Agilent, Santa Clara, CA, USA), a Detector (spectrum
range: 210-400 nm), methanol/water at 9:1 (v/v) as
solvent A, methanol/isopropanol/hexane at 2:1:1 (v/v)
as solvent B, and a flow rate of 1.5 mL/min controlled by
a gradient programmer were used. The chain lengths of
the extracted polyisoprenoids were confirmed by compar-
ison with a polyprenols-containing mixture (13-21 prenyl
groups) standard (Avanti Polar Lipids, USA).

4.9 | Protein multiple sequence
alignment, phylogenetic analysis, and
motif elicitation of cis-PTs

The amino acid sequences of cis-PTs from microbes,
yeast, plants, and animals were downloaded from Gen-
Bank and aligned by using Clustal Omega and Jalview
program, and the phylogenetic tree was constructed by
using iTOL (Interactive Tree Of Life) website (https://
itol.embl.de/). The MEME online tool (https://meme-
suite.org/meme/tools/meme, Version 5.5.2), with the
motif number set to 30 and the width of each motif rang-
ing from 3 to 50 amino acids, was used to identify the
motifs of cis-PTs.

4.10 | Homology modeling of
homodimeric RWR89, DHDDS, RWR78 and
heteromeric RWR78/RWR71, and RWR78/
RWR93

The SWISS-MODEL web service (https://swissmodel.
expasy.org) was utilized to perform homology modeling.
The closest homology to RWR89 was S. aureus UPPS
(PDB: 4HS8E), and the closest homology of heteromeric
complexes is DHDDS/NgBR complex (PDB: 6W2L).
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Therefore, 4H8E and 6W2L were used as templates to
generate structural models. To generate the structural
model of homodimeric DHDDS or RWR78, ColabFold
v1.5.2 online software using AlphaFold2 algorithm
(https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb) was used. For
multiple sequence alignment and template detection,
MMseqs2 method and pdb70 template_mode were
selected. After structural prediction finished, the rank 1
model was chosen for further comparison.

411 | RNA-seq analysis of five
C. kanehirae cis-PTs

The transcriptome dataset of C. kanehirae from various
tissues, including buds, buds of flowers, flowers, buds of
leaves, young leaves, old leaves, and fruits, was obtained
from previous study (Chaw et al., 2019). The fastq files
were downloaded and aligned against the genome of
C. kanehirae (GCA_003546025.1) using HISAT2 program
(Kim et al., 2015). The read counts were calculated with
FeatureCounts and normalized using upper quantile nor-
malization with edgeR (Liao et al, 2014; Robinson
et al., 2010).
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Abbreviations

COVID-19 Coronavirus Disease 2019

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus-2
ACE2 angiotensin converting enzyme 2

RBD receptor binding domain

TMPRSS2 transmembrane protease serine 2

NSp non-structural protein

3CLP®  3C-like protease
PLP*® papain-like protease
RdRp RNA-dependent RNA polymerase

PBS phosphate buffered saline

DMEM  Dulbecco’s Modified Eagle Medium
FBS Fetal Bovine Serum

pfu plaque forming unit

v intravenous

1. Introduction

The coronavirus disease 2019 (COVID-19) first reported in December
of 2019 (Huang et al., 2020; Wu et al., 2020; Zhu et al., 2020) has been
declared a worldwide pandemic by the World Health Organization in
March 2020 and is still ongoing causing an approximately 1% case
mortality rate. The pathogen is the human severe acute respiratory
syndrome-corenavirus-2 (SARS-CoV-2) that is highly similar (79.6%
identity in genome) to the previously (2002-2003) emerged SARS-CoV
(Zhou et al., 2020; Lu et al., 2020). For infection, both SARS-CoV and
SARS-CoV-2 utilize human angiotensin-converting enzyme 2 (ACE2) as
the receptor to bind with the virus surface Spike glycoprotein through its
receptor binding domain (RBD) located in the $1 domain (Jackson et al.,
2022). After binding, the human protease Furin cleaves Spike at $1/52
(PRRARgg5|S) into two fragments S1 and S2. Then the human Type II
transmembrane protease serine 2 (TMPRSS2) further cleaves $2 at
KPSKRy;58, exposing the membrane fusion peptide and allowing the
virus to fuse with the cell membrane for entry into the cell, where the
virus replicates (Bestle et al., 2020; Essalmani et al., 2022). Alterna-
tively, SARS-CoV-2 could enter the cell through the ACE2-mediated
endocytosis and then the Spike protein could be cleaved by an endo-
somal human protease Cathepsin L to release the viral RNA into cytosol
(Mondal et al., 2022). Therefore, RBD:ACE2 interaction, TMPRSS2,
Furin, and Cathepsin L could serve as targets for inhibiting SARS-CoV-2
entry and infection.

Like SARS-CoV, SARS-CoV-2 is an enveloped, positive single-
stranded RNA virus, belonging to p-CoVs. Their relatively large 29.7
kb genomes encode two polyproteins ppla and pplab that can be pro-
cessed into mature non-structural proteins (NSPs) to become functional
by the virus-encoded proteases, 3C-like protease (3CLP") as homologous
to the picornavirus 3C protease (also called main protease, MP*®) and
papain-like protease (PLP™). Both viral proteases are chymotrypsin-like
but utilize Cys as a nucleophile for proteolysis. Mature NSPs, including
NSP7, 8, 10, 12, 13, and 14 then form a replication-transcription com-
plex with RNA-dependent RNA polymerase (RdRp), helicase, exonu-
clease ete. activities for making sub-genomic RNAs of the structural
proteins, Envelop (E), Nucleocapsid (N), Membrane (M), and Spike (S)
proteins, to be assembled with the (+)RNA into new virus particles (I{uo
and Liang, 2015; de Wit et al., 2016). 3CLP* and PLP™ cleave 11 and 3
sites on the polyproteins for maturation of NSP1—-16 (Hsu et al., 2005;
Tuo and Liang, 2022). Therefore, these two virus-encoded proteases are
attractive drug targets and many drug discovery efforts have been made
for developing covalent and non-covalent inhibitors (e.g. Kuo et al.,
2021; Lee et al, 2021). Covalent peptidomimetic inhibitors against
3CLP® contain different warheads such as a-ketoamide (Zhang et al.,
2020), o,p-unsaturated ester (Jin et al, 2020), aldehyde (Dai et al.,
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2020), bisulfite (Kim et al., 2016; Vuong et al., 2020), keto (Hoffman
et al., 2020), and ester (Ghosh et al., 2021) for forming a covalent bond
with the catalytic Cys145, where the P1 residue is strictly a cyclic lactam
mimicking Gln to ensure tight binding. To date, Paxlovid developed by
Pflizer Co., a nitrile-based covalent 3CLP* peptidomimetic inhibitor
combined with ritonavir for inhibiting CYP3A4, was approved for
treatment. After maturation by 3CLP™, the viral RARp essential for gene
replication is the antiviral target of Remdesivir (Gordon et al., 2020;
Wang et al., 2020) developed by Gilead Co., which showed a marginal
efficacy in clinical trials (Grein et al., 2020). Another RdRp inhibitor,
Molnupiravir developed by Merck Co., a prodrug of the nucleoside
analogue N4-hydroxycytidine (Sheahan et al., 2020), has also been
approved.

While using 3CLP*™ and RdRp as targets has yielded three small-
molecule drugs for combating COVID-19, only antibodies such as
Bebtelovimab, which bind Spike to block RBD:ACE2 interaction and
prevent virus entry into cells have been approved for therapy. Never-
theless, these neutralizing antibodies are largely evaded by BA.2 and
BA.4/BA.5 owing to Spike D405N and F486V mutations, and react
weakly to pre-Omicron variants, exhibiting narrow neutralization
breadths (Cao et al., 2022). Targeting human Furin using a covalent
inhibitor decanoyl-RVKR-chloromethylketone at 5 pM effectively
inhibited virus production in SARS-CoV-2-infected VeroE6 cells by
blocking virus entry (Cheng et al., 2020). By irreversibly inhibiting
human TMPRSS2, Camostat and Nafamostat used a common warhead to
block SARS-CoV-2 infection in vitro (Hoffmann et al., 2020a, 2020b;
Yamamoto et al., 2020). Moreover, covalent small-molecule keto-
benzothiazole TMPRSS2 inhibitors (MM3122 as the lead) were shown to
block SARS-CoV-2 viral entry and proteet human epithelial lung cells
(Mahoney et al., 2021). Specific TMPRSS2 ketobenzothiazole covalent
peptidomimetic inhibitor N-0385 was effective against SARS-CoV-2 in
vitro and in vive using human ACE2 transgenic mouse model of severe
COVID-19 (Shapira et al., 2022). However, their keto-reduced hydroxyl
analogues not able to link covalently with the active-site essential Ser
residue could not inhibit TMPRSS2 and the virus. Aiming to develop
potent reversible inhibitors of SARS-CoV-2 entry, but a reversible in-
hibitor of TMPRSS2 or Furin alone was expected not to achieve the
desired potency, we thus designed small molecules which might
reversibly inhibit TMPRSS2 and Furin simultaneously. As reported
herein, guided by computer modeling on a class of chalcones, we syn-
thesized a series of 1-(4-(arylethylenylcarbonyl)phenyl)-4—
carboxy-2-pyrrolidinones inhibiting TMPRSS2 and Furin, but later
found they also inhibited RBD:ACE2 interaction, and studied their
structure-activity relationship. The best inhibitor thus achieved potent
half maximal effective concentrations (ECsq) of 0.023 and 0.002 pM as
well as 0.026 and 0.001 pM against the SARS-CoV-2 delta and omicron
variants infecting VeroE6 and Calu-3 cells, respectively, and CCso > 100
uM, representing a potential lead compound for further preclinical
study.

2. Materials and methods
2.1. General methods

Reactions for synthesizing compounds were monitored by using thin-
layer chromatography (TLC) on silica gel. Flash chromatography was
performed on silica gel of 60-200 pm particle size for compound puri-
fication. Yields were reported for spectroscopically pure compounds.
Melting points were recorded on the Fargo MP-1D Melting Point
Apparatus. NMR spectra were recorded on Bruker AVIIIHD 400 MHz FT-
NMR in the Department of Chemistry, National Taiwan University.
Chemical shifts were given in & values relative to tetramethylsilane
(TMS); coupling constants J were given in Hz. Internal standards were
CDCl5 (6 — 7.24) or DMSO-dg (5 — 2.49) for 'H-NMR spectra, and
CDCl; (8¢ = 77.0) or DMSO-d; (8¢ = 39.5) for '*C-NMR spectra. The
splitting patterns were reported as s (singlet), d (doublet), t (triplet), q
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(quartet), m (multiplet), br (broad) and dd (double of doublets). High
resolution mass spectra were measurement by Bruker UPLC-MS in the
TechComm core facility, College of Life Science, National Taiwan
University.

2.2. Chemicals

All the reagents were of the highest commercially available grade
and used without further purification. 4-aminoacetophenone, itaconic
acid, 3-nitrobenzaldehyde, 4-nitrobenzaldehyde, furan-2-
carboxaldehyde, 5-nitrothiophene-2-carboxaldehyde and indole-4-
carboxaldehyde were purchased from AK Scientific (Union City, CA,
USA). Benzaldehyde and indole-3-carboxaldehyde were purchased from
Acros Organics (NJ, USA).

2.3. Synthesis of compounds

2.3.1. 1-(4-acetylphenyl)-4-carboxy-2-pyrrolidinone (1)

A mixture of 1 g (7.40 mmol) 4-aminoacetophenone and 1.2 g (8.89
mmol) itaconic acid was stirred and heated (110—130 °C) under reflux
for 18 h. After cooling to room temperature, 10 mL methanol was added
to the reaction mixture. The reaction mixture was sonicated and heated
to dissolve the product in methanol, and then cooled to room temper-
ature for recrystallization. Crystallized solid was filtered and washed
with ethyl acetate to yield the pure product. White solid, yield 49.8%,
mp 180-181 °C, 'H NMR (400 MHz, DMSO-dg) 6 12.807 (s, 1H), 7.991
(d, j = 8.8 Hz, 2H), 7.833 (d, j = 8.88 Hz, 2H), 4.138-4.009 (m, 2H),
3.408-3.322 (m, 1H), 2.876—2.723 (m, 2H), 2.556 (s, 3H). '*C NMR
(100 MHz, DMSO-dg) & 196.64, 174.02, 172.57, 143.10, 132.09,
129.15, 118.41, 49.78, 35.32, 35.01, 26.49. MS m/z [M+H]" caled. for
C,3H;3NO, 247.0845, found 248.0929.

2.3.2. 1-(4-styrylcarbonylphenyl)-4-carboxy-2-pyrrolidinone (2a)

A mixture of 2.47 g (0.01 mol) 1-(4-acetylphenyl)-4-carboxy-2-pyr-
rolidinone (compound 1), 0.015 mol benzaldehyde, and 15 mL of 10%
NaOH in 10 mL of ethanol was refluxed for 4 h and cooled. Then, 15 mL
water was added and the mixture was acidified with aq. HCl to pH 1-2.
The precipitate was filtered and then washed with water. Light yellow
solid, yield 70.0%, mp 209—210 °C, "H NMR (400 MHz, DMSO-ds) &
12.866 (s, 1H), 8.219 (d, J = 8.68 Hz, 2H), 7.9840—7.8699 (m, 5H),
7.7642 (d, J = 15.48 Hz, 1H), 7.4806 (t, J = 5.28 Hz, 3H),
4.1723—4.0453 (m, 2H), 3.4300-3.3105 (m, 1H), 2.8883—-2.7406 (m,
2H). '*C NMR (100 MHz, DMSO-dg) 5 188.18, 174.51, 173.11, 144.08,
143.69, 135.22, 133.21, 131.02, 130.08, 129.38, 129.33, 122.44,
199.04, 50.30, 35.85, 35.52. MS m/z [M+H]" caled. for CogH;7NO,
335.1158, found 336.1246.

2.3.3. 1-(4-(4-nitrostyrylcarbonyl)phenyl)-4-carboxy-2-pyrrolidinone
(2b)

Compound 2b was prepared by following the procedure for prepar-
ing 2a, except using 4-nitrobenzaldehyde. Light yellow solid, yield
30.29%, mp 224225 °C, 'H NMR (400 MHz, DMSO-dg) 5 12.903 (s, 1H),
8.302 (q, j = 8.8 Hz, 4H), 8.193 (q, j = 1.9 Hz, 3H), 7.903 (q, j = 8.9 Hz,
3H), 4.174-4.045 (m, 2H), 3.442-3.366 (m, 1H), 2.8922.743 (m,
2H). 13C NMR (100 MHz, DMSO-ds) & 187.95, 174.50, 173.20, 148.51,
143.98, 141.74, 141.20, 132.79, 130.32, 126.47, 124.39, 119.03, 50.31,
35.87, 35.53. MS m/z [M+H]" caled. for CyoH,sN20g 380.1008, found
381.1075.

2.3.4. 1-(4-(3-nitrostyrylcarbonyl)phernyl)-4-carboxy-2-pyrrolidinone
(2c)

Compound 2¢ was prepared by following the procedure for prepar-
ing 2a, except using 3-nitrobenzaldehyde. Light yellow solid, yield
63.9%, mp 234235 °C, 'H NMR (400 MHz, DMSO-dg) 5 8.771 (s, 1H),
8.343 (d, j = 7.64 Hz, 1H), 8.2684—2.2268 (m, 3H), 8.194 (d, j = 15.64
Hz, 1H), 7.883 (t,j = 12.32 Hz, 2H), 7.813 (s, 1H), 7.760 (t, j = 15.8 He,
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1H). 4.1411-4.0285 (m, 2H), 3.3733-3.2973 (m, 1H), 2.8543—2.7233
(m, 2H). '*C NMR (100 MHz, DMSO-ds) & 187.48, 174.15, 172.93,
148.39, 143.49, 140.99, 136.64, 135.04, 132.30, 130.30, 129.80,
124.68, 124.55, 122.98, 118.45, 50.07, 35.60, 35.35. MS m/z [M-H]"
caled. for CyoH;N20, 380.1008, found 379.0902.

2.3.5. 1-(4-(3-(furan-2-yDacryloyl)phenyl)-4-carboxy-2-pyrrolidinone
(2d)

Compound 2d was prepared by following the procedure for prepar-
ing 2a, except using furan-2-carboxaldehyde. Brown solid, yield 49.7%,
mp 205206 °C, 'H NMR (400 MHz, DMSO-ds) 5 12.820 (s, 1H), 8.126
(d, ] = 8.7 He, 2H), 7.924 (t, j = 8.6, Hz, 3H), 7.571 (s, 2H), 7.118 (d, j =
3.3 Hz, 1H), 6.709-6.697 (m, 1H), 4.1641-4.033 (m, 2H),
3.435-3.349 (m, 1H), 2.890-2.735 (m, 2H). '*C NMR (100 MHz,
DMSO-dg) 6 187.10, 174.02, 172.61, 151.17, 146.12, 143.12, 132.64,
130.12, 129.34, 118.58, 116.90, 113.10, 49.79, 35.34, 35.02. MS m/z
[M+H]" caled. for C1gH15NOs 325.0950, found 326.0970.

2.3.6. 1-(4-(3-(5-nitrothiophene-2-yDacryloyl)phenyl)-4-carboxy-2-
pyrrolidinone (2e)

Compound 2e was prepared by following the procedure for prepar-
ing 2a, except using 5-nitrothiophene-2-carboxaldehyde. Light yellow
solid, yield 34.6%, mp 270271 °C, 'H NMR (400 MHz, DMSO-dg) &
12.835 (s, 1H), 9.940 (s, 1H), 8.288 (d, j = 3.16, 1H), 7.986 (d, j = 8.84,
2H), 7.826 (d, j = 8.84, 2H), 7.52-504 (m, 1H), 7.285-7.199 (m, 1H),
4.131-4.008 (m, 2H), 3.410—3.364 (m, 1H), 2.875-2.727 (m, 2H). 1*C
NMR (100 MHz, DMSO-ds) 6 197.10, 185.40, 174.49, 173.04, 143.58,
138.87, 137.51, 129.63, 124.59, 123.91, 12257, 121.28, 118.89,
112.87, 50.26, 35.81, 35.50, 26.95. MS m/z [M+H]® caled. for
C15H14N2068: 386.0573, found 386.0581.

2.3.7. 1-(4-(3-(1H-indol-4-yDacryloyl)phenyl)-4-carboxy-2-pyrrolidinone
@

Compound 2f was prepared by following the procedure for preparing
2a, except using indole-4-carboxaldehyde. Dark brown solid, yield
47 0%, mp 232—233 °C, "H NMR (400 MHz, DMSO-dg) 612.904 (s, 1H),
11.458 (s, 1H), 8.222 (d, j = 8.8 Hz, 2H), 8.137 (d, j = 15.6 Hz, 1H),
7.983(d,j = 15.5 Hz, 1H), 7.902 (d, j = 8.8 Hz, 2H), 7.671 (d, j = 7.4 Hz,
1H), 7.556 (t, j = 4.2 Hz, 2H), 7.220 (¢, j = 7.7 Hz, 1H), 6.886 (s, 1H),
4.175—4.047 (m, 2H), 3.441—3.387 (m, 1H), 2.894—2.743 (m, 2H). °C
NMR (100 MHz, DMSO-ds) 6 188.21, 174.56, 173.11, 143.52, 143.25,
136.93, 133.56, 129.92, 127.71, 127.60, 127.36, 121.54, 121.51,
121.12, 119.10, 114.77, 100.39, 50.34, 35.88, 35.58. MS m/z [M+H]"*
caled. for Cy3H;gN20,4 374.1267, found 375.1326.

2.3.8. 1-(4-(3-(1H-indol-3-yDacryloyl)phenyl)-4-carboxy-2-pyrrolidinone
2g

Compound 2g was prepared by following the procedure for prepar-
ing 2a, except using indole-3-carboxaldehyde. Dark yellow solid, yield
52.2%, mp 230231 °C, "H NMR (400 MHz, DMSO-dg) 6 12.849 (s, 1H),
11.450 (s, 1H), 8.220—8.097 (m, 2H), 7.993—7.971 (m, 2H), 7.902 (d, j
= 8.88 Hz, 1H), 7.835 (d, J = 8.84 Hz, 1H), 7.668 (d, J = 7.74 Hz, 1H)
7.560-7.537 (m, 1H), 7.220 (t, j = 15.44 Hz, 1H) 6.885 (s, 1H), 6.639
(d, j = 8.8 Hz, 1H), 4.177—4.009 (m, 2H), 3.442—3.366 m, 1H),
2.894-2.723 (m, 2H). '*C NMR (100 MHz, DMSO-d;) § 174.55, 173.12,
167.32, 143.62, 143.33, 130.61, 129.93, 121.57, 121.48, 121.01,
119.91, 114.80, 100.40, 100.10, 50.31, 35.80, 35.52. MS m/z [M+H]"
caled. for CpyH;gN20y4 374.1267, found 374.1238.

2.3.9. 1-(4-acetylphenyl)-2-pyrrolidinone (3)

For making compound 3, a reported procedure for Copper/N,N-
Dimethylglycine catalyzed Goldberg reactions was followed (Jiang,
2014). A Schlenk tube was charged with amide (1.2 mmol), aryl halide
(1 mmeol), Cul (0.05 or 0.1 mmol), N,N-dimethylglycine (0.1 or 0.2
mmol), and potassium carbonate (2 mmol). The tube was evacuated and
backfilled with argon at room temperature. DMF (0.5 mL) was added
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under argon via syringe. The Schlenk tube was immersed in a preheated
oil bath and the reaction mixture was stirred for the specified time at the
indicated temperature. The cooled mixture was partitioned between
water and ethyl acetate. The organic layer was separated and the
aqueous layer was extracted with ethyl acetate. The combined organic
layers were washed with brine, dried over Na;SO4, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(eluting with 1:8 to 1:2 ethyl acetate/petroleum ether) to give the
product 3, a non-carboxylate analogue of 1. Brown solid, yield 52.3%,
mp 172-173 °C, "H NMR (400 MHz, DMSO-dg) & 7.988 (d, j = 8.8 Hz,
2H),7.831 (d, j = 8.8 Hz, 2H), 3.906 (t, j = 7.0 Hz, 2H), 3.342(d, = 1.5
Hz, 2H), 2.553 (s, 3H), 2.123—-2.0475 (m, 2H), *C NMR (100 MHz,
DMSO0-dg) § 197.1, 175.1, 144.1, 132.4, 129.6, 118.8, 48.4, 32.9, 27.0,
17.8. MSm/z [M+H] " caled. for C;,H;3NO, 203.0946, found 204.1021.

2.3.10. 1-(4-styrylcarbonylphenyl)-2-pyrrolidinone (4a)

A mixture of 2.47 g (0.01 mol) 1-(4-Acetylphenyl)-2-pyrrolidinone 3,
0.015 mol benzaldehyde, and 15 mL 10% NaOH in 10 mL of ethanol was
refluxed for 4 h and cooled. Then, 15 mL water was added and the
mixture was acidified with aq. HCl to pH 1—2. The precipitate was
filtered and then washed with water. The residue was purified by col-
umn chromatography on silica gel (eluting with 2:8 hexane/ethyl ace-
tate) to give the desired product. Yellow solid, yield 63.7%, mp
280-281 °C, "H NMR (400 MHz, DMSO-d¢) & 7.988 (d, J = 8.84 Hz,
2H), 7.9037-7.8334 (m, 3H), 7.6419 (d, J = 15.56 Hz, 1H),
7.4751-7.4221 (m, 2H), 6.7823 (t, J = 10.76 Hz, 1H), 6.6592 (d, J =
8.92 Hz, 2H), 3.1746—3.1257 (m, 2H), 2.364 (1, J = 14.48 Hz, 2H),
1.8288—1.7568 (m, 2H). '*C NMR (100 MHz, DMSO-d;) 6 186.31,
174.75, 153.60, 141.84, 135.66, 131.51, 129.31, 128.97, 125.70,
122,93, 111.40, 42.03, 31.57, 24.42. MS m/z [M+H]' caled. for
C19Hy,NO, 291.1259, found 292.1346.

2.3.11. 1-(4-(3-(1H-indol-4-yl)acryloyl)phenyl)-2-pyrrolidinone (4b)

Compound 4b was prepared by following the procedure for prepar-
ing 4a, except using indole-4-carboxaldehyde. Dark yellow solid, yield
62.8%, mp 228—-231 °C, "HNMR (400 MHz, DMSO-d;) 6 11.459 (s, 1H),
8.223-8.099 (m, 3H), 7.983-7.881 (m, 3H), 7.672 (d, j = 7.6 Hz 1H),
7.556 (t, j = 7.5 Hz 2H), 7.221 (t, J = 7.2 Hz 1H), 6.886 (s, 1H),
4.175-4.047 (m, 2H), 3.4423.387 (m, 2H), 2.894—2.743 (m, 2H).'*C
NMR (100 MHz, DMSO-dg) 6 193.84, 188.44, 174.64, 173.23, 143.40,
136.90, 133.57, 129.93, 127.75, 127.57, 126.26, 121.64, 121.42,
121.17, 199.22, 144.87, 122.66, 100.39, 50.37, 35.84, 35.53. MS m/z
[M+H]" caled. for Cy;H;gN»0; 330.1368, found 330.1394.

2.4. TMPRSS2 preparation and ICsq measurements

Human TMPRSS2 is composed of an intracellular domain, a single-
pass transmembrane domain, and a biologically active ectodomain
with three subdomains, a low-density lipoprotein receptor type-A
(LDLR-A) domain, a Class A Scavenger Receptor Cysteine-Rich (SRCR)
domain, and a C-terminal typsin-like serine protease (SP) domain with
a canonical Ser441-His296-Asp345 catalytic triad. For expression of the
TMPRSS2 ectodomain (residues 109-492) lacking the N-terminal
transmembrane domain, a published procedure was followed (Fraser
et al., 2022). The gene synthesized by Toolsbiotech Co. (Taiwan) was
constructed into a pFastbac1 vector with a N-terminal honeybee melittin
signal sequence and a C-terminal Hiss-tag. The activation sequence
SSQSR255|IVGGE (arrow indicates the cleavage site) on the target
protein was replaced with an enteropeptidase cleavable DDDDK255
graft by PCR with a forward primer
5-GATGATGACGACAAGATTGTGGGCGGCGAGAGC-3' and a reverse
primer 5-GTTCAAGTTGACCCCGCAGGGC-3' for generating
5251D/R252D/Q253D/5254D/R255K mutations. The plasmid for
TMPRSS2 expression was transformed into E. coli DH10Bac cells (cata-
log no. 10361012, Thermo Fisher Scientific, MA, USA) to generate re-
combinant viral Bacmid DNA. ExpiSf Baculovirus Expression System

Antiviral Research 219 (2023) 105735

(catalog no. A38841, A39111, A39112, Thermo Fisher Scientific) was
used for high-level protein expression in insect host cells. ExpiSf9 cells
were transfected with Bacmid DNA using ExpiFectamine Sf Transfection
Reagent to produce the recombinant baculovirus particles which were
then amplified from PO to P1 viral stocks. Recombinant P1 viruses were
used to generate suspension culture of baculovirus infected ExpiSf9 in-
sect cells in ExpiSf CD Medium to a density of 5 x 10° cells/ml and
infected with the suspension culture of baculovirus infected insect cells
before incubation on an orbital shaker (125 r.p.m., 27 °C).

After 4 days of infection, culture supernatant containing the secreted
TMPRSS2(109-492)-EFVEHHHHHHH with $251D/R252D/Q253D/
$254D/R255K mutations was harvested by eentrifugation at 6,000g for
20 min. The pH of 1L cell-free medium was adjusted to pH 7.4 by
addition of concentrated 10 phosphate buffered saline (PBS) stock, and
loaded onto a HisTrap column (cytiva, MA, USA) to capture the target
protein. The HisTrap column was washed separately with 10-column
volume of PBS buffer (pH 7.4) containing 10 and 25 mM imidazole,
and then eluted with 5-column volume of PBS buffer (pH 7.4) containing
50, 100, and 250 mM imidazole each. The eluted protein solution was
pooled and concentrated to 5 mg/mL with a 30 kDa MWCO Amicon
filter (Merck, Germany). The target protein was activated by adding 13
units of enteropeptidase (New England Biolabs, MA, USA) per mg of
TMPRSS2, and dialyzed against assay buffer (25 mM Tris, pH 8.0, 75
mM NacCl, and 2 mM CacCl,) at room temperature overnight. Activated
TMPRSS2 ectodomain (referred as TMPRSS2 here) solution was
exchanged to the size-exclusion chromatography buffer (50 mM Tris,
PpH 7.4, and 250 mM Nacl), spun down at 21,000g, and then loaded to a
Superdex 75 10/300 GL eolumn (GE Healthcare, Chicago, USA). The
fractions spanning the dominant peak eluted at 9.74 mL was confirmed
to be TMPRSS2 by reducing SDS-PAGE, and were subsequently pooled
and concentrated. Aliquots of concentrated (0.19 mg/mL~4.3 pM) stock
in the buffer (50 mM Tris pH 7.4, 250 mM NaCl, and 25% glycerol) were
flash-frozen by liquid nitrogen and stored at —80 °C.

TMPRSS2 activity was assayed using a fluorogenic substrate Boc-
Gln-Ala-Arg-AMC (catalog no. 4017019.0025, Bachem, Bubendorf,
Switzerland), and the signal was detected by the BioTek Synergy H1
microplate reader (Agilent Technologies, Ine., CA, USA). In the 96-well
plate, the 100-pL reaction mixtures per well containing 1.3 nM
TMPRSS2, 10 uM substrate, and different concentrations of inhibitors in
the buffer of 20 mM Tris-HCl pH 7.4 with 1% DMSO for dissolving the
compounds. The fluorescence was monitored for 5 min at excitation/
emission of 355/460 nm. ICsp values, the concentrations of inhibitors
required to reduce half of the enzymatic activities, were determined by
pre-incubating TMPRSS2 with inhibitors at concentrations ranging from
approximately half to 5-fold IG5y values for 5 min and fitting the
concentration-dependent TMPRSS2 inhibition curves with equation A
(1) = A (0) x {1-[1/(I + ICs0)1} using GraphPad Prism software (v.9.4.0).
In this equation, A(I) is the enzyme activity with inhibitor concentration
1, A (0) is the enzyme activity without inhibitor, and I is the inhibitor
concentration. For each inhibitor, the measurements were repeated
three times to yield the averaged ICso and the standard deviation.

2.5. Furin ICsq measurements

Furin activity was assayed using a commercial Furin Protease Assay
Kit (catalog # 78040, BPS Bioscience, CA, USA). In 20-pL reaction
mixture on a 384-well plate, it contained 0.25 ng/pL Furin, 2 pM fluo-
rogenic substrate, and different concentrations of inhibitors in assay
buffer with 1% DMSO for dissolving compounds. The fluorescence
change was monitored for 30 min at excitation/emission of 380/460
nm. ICsy values were determined by pre-incubating Furin with inhibitors
at concentrations ranging from approximately half to 5-fold IC5, values
for 5 min and the concentration-dependent Furin activity inhibition
curves were fitted with equation A(I) = A (0) x {1-[1/(I + ICsp)]1} using
GraphPad Prism software (v.9.4.0). In this equation, A(I) is the enzyme
activity with inhibitor concentration I, A (0) is the enzyme activity
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without inhibitor, and I is the inhibitor concentration. For each inhibi-
tor, the measurements were repeated three times to yield the averaged
1Csp and the standard deviation.

2.6. Antivirus ECsy and cytotoxicity CCsy measurements

Two methods, the plaque reduction assay and the yield reduction
assay, were used to determine the ECso of compounds against SARS-
CoV-2. All experiments involving the SARS-CoV-2 virus were per-
formed in the Biosafety Level-3 Laboratory of the First Core Laboratory,
National Taiwan University College of Medicine. For the viral plaque
reduction assay, Vero E6 cells were seeded into a 24-well culture plate in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine
Serum (FBS) and antibiotics one day before the infection. VeroE6 cells
were infected by SARS-CoV-2 delta virus (NTU92) or omicron BA.1
(NTU128) at 50100 pfu (plaque forming unit) for 1 h at 37 °C. After
removal of virus inoculum, the cells were washed once with PBS and
overlaid with 1 mL overlay medium containing 1% methylcellulose for 5
days at 37 °C. After 5 days, the cells were fixed with 10% formalin
overnight. After removal of the overlay medium, the cells were stained
with 0.5% crystal violet and the plaques were counted. The percentage
of inhibition was calculated as [1-(Vp/Ve)] = 100%, where Vi, and V¢
refer to the virus titer in the presence and absence of the inhibitors,
respectively. The minimal concentrations of the compounds required to
reduce plaque numbers by 50% (ECso) were calculated by regression
analysis of the dose-response curves.

To characterize the ECsq of the compound against SARS-CoV-2
infecting human Calu-3 cells, yield reduction assays were performed
because the virus could not form plaques on the Calu-3 cells. In brief,
Calu-3 cells were seeded into 24-well culture plates and cultured for 4
days. About 6000 pfu of viruses were pretreated with the compound or
DMSO for 1 h before infection. After 1 h of infection, the virus-
containing medium was removed, and cells were incubated in DMEM
supplemented with 2% FBS and 1% antibiotics for 24 h. Afterward,
culture supernatant was harvested for virus titration. Subsequently, the
infectious virus titer in the culture supernatant was quantified by plaque
assay in Vero E6 cells. The procedures of the plaque assay were
described below. Vero E6 cells (2 x 10° cells/well) were seeded in 24-
well plates in DMEM supplemented with 10% FBS and antibiotics one
day before infection. The supernatant was 10-fold serially diluted and
added to the cell monolayer for 1 h at 37 °C. Subsequently, the virus was
removed, and the cell monolayer was washed once with PBS before
overlay medium containing 1% methylcellulose was added. The cells
were then incubated for 5 days. Afterward, the cells were fixed with 10%
formaldehyde overnight. The overlay medium was removed, and the
cells were stained with 0.5% crystal violet, and the plaques were
counted. The inhibition percentage of compound 81 against viruses was
calculated as [1-(Vp/Vc)] x 100%, where Vp and V¢ refer to the virus
titer in the presence and absence of the compound, respectively. The
ECsg values were calculated by regression analysis of the dose-response
curves.

Cytotoxicity of the inhibitors was determined by using the acid
phosphatase assay. Briefly, Vero E6 or Calu-3 cells were seeded onto a
96-well culture plate at a concentration of 2 x 10* cells per well. Next
day, the medium was removed and each well was washed onee with PBS
before addition of DMEM containing 2% FBS and different concentra-
tions of inhibitors. After 3 days of incubation at 37 °C, medium was
removed and each well was washed once with PBS. Next, a buffer con-
taining 0.1 M sodium acetate (pH = 5.0), 0.1% Triton X-100, and 5 mM
p-nitrophenyl phosphate (P5994, Sigma-Aldrich/Merck, Germany) was
added. After incubating at 37 °C for 30 min, 1 N NaOH was added to stop
the reaction. The absorbance was determined by ELISA reader (VER-
SAmax, Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 405
nm. The percentage of cytotoxicity was calculated using the following
formula: cytotoxicity % = [(At/As) x 100]1%, where At and As refer to
the absorbance of a tested substance and solvent control, respectively.
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The 50% cytotoxicity concentration (CCsg) was defined as the concen-
tration reducing 50% of cell viability. For each data point, the mea-
surements were repeated three times to yield the averaged number and
the standard deviation. The CCs; values were calculated by non-linear
regression analysis of the dose-response curves.

2.7. RBD:ACEZ interaction ICso measurements and pseudovirus assays

Inhibition of RBD:ACE2 binding by the synthesized compounds were
measured by using the commercial kit of NanoBiT technology (Promega,
WI, USA). A stable cell line expressing SmBiT-tagged human ACE2 on
Hela cells was established and the recombinant RBD-LgBIT protein
(amino acid 330-521 of Spike) was produced (Lee et al.. 2022). To
monitor the interaction between RBD and ACE2, SmBiT-ACE2 express-
ing cells were seeded onto a white 96-well plate at a density of 1 x 10*
cells per well. For each binding assay, cells were washed once with PBS
and pretreated with 50 pL of an indicated compound per well for 10 min.
Next, a 50 pL reaction mixture containing 10 ng RBD-LgBiT, 0.5 pL of
Nano-Glo luciferase assay substrate, and 9.5 pL of luciferase assay
diluent (Promega) was added into each well. Luminescence signal was
recorded every 2 min and continuously for 1 h by microplate reader
(BioTek Synergy HTX, VT, USA) at 37 °C with time-lapsed kinetics
program. For caleulating RBD inhibition of all agents, luminescent data
from the time point showing highest signal in negative control sample
was chosen for downstream calculation. Inhibition (%) = [1- (lumi-
nescence signal of test sample)/(luminescence signal of negative control
sample)] x 100%. The compound concentration for inhibiting 50% of
the interaction was defined as ICs,. The measurements were performed
in triplicate.

2.8. Pseudovirus assays

For producing lentivirus-based pseudoviruses (Lee et al., 2022), 5 pg
transfer plasmid (pLAS2w.Nluc-T2A-RFP-C.Ppuro), 4 pg packaging
plasmid (pCMVdeltaR8.91 from the RNAicore, Academia Sinica, Taipei,
Taiwan), and 1 pg of the envelope glycoprotein of vesicular stomatitis
virus (the VSV-G protein) or spike-expressing plasmid (delta derivatives
of peDNA3.1-2019-nCoV-S-d18, from the RNAicore, Academia Sinica,
Taiwan) were co-transfected with Lenti-X 293T cells. Virus-containing
supernatants were collected and quantitated by real-time PCR. For
pseudovirus infection assays, Hela cell line stably expressed
ACE2-SmBiT (Hela-ACE2) or Calu-3 cell line was seeded into the 96-well
white plate at a density of 1 x 10* cells per well in the presence of 100 pL
DMEM. After 16 h, cells were treated with 2 x 10° copies of VSV-G or
spike pseudovirus containing delta Spike and NanoLuc reporter (Lee
et al., 2022) along with a two-fold serial dilution compound 81. After 6 h
of incubation, cells were washed with PBS three times and then changed
with complete DMEM for additional 24 h. To measure the NanoLuc
activity of the pseudovirus particles inside the cells, a mixture of 50 pL
OPTI-MEM containing 8 pM substrate of Nanolue, furimazine (Target-
Mol) was added to each well. The luminescence signal was immediately
recorded using a luminescent microplate reader (BioTek Synergy HTX,
Agilent Technologies) at 37 °C with a time-lapsed kinetics program of
2-min intervals for 30 min. To calculate the percentage of infectivity, the
luminescent data from the time point showing the highest signal in the
wild-type ACE2 infected with indicated pseudoviruses sample was
chosen. The inhibition (%) was calculated as follows: 1-(luminescence
signal of the test sample)/(luminescence signal of DMSO vehicle con-
trol) x 100%. The compound concentration for inhibiting 50% of the
pseudovirus entry was defined as ECso. The measurements were per-
formed in triplicate.

2.9. Expression and purification of the recombinant SARS-CoV-2 delta
variant RBD and human ACE2

Expression of RBD followed a reported procedure (Lan et al., 2020).
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The gene encoding delta strain RBD was PCR amplified with a
ligation-independent cloning-compatible primer pair (forward primer
5-TCTTACATCTATGCGAGAGTCCAACCAACAGAA-3 and  reverse
primer 5-GTGCTCTACGAACTCGAAATTGACACATTTGTTTTT-3). The
PCR product containing sequences encoding an N-terminal melittin
signal sequence for secretion and a C-terminal Hisg-tag for purification,
was cloned into pFastBac-1 vector. The sequencing-verified plasmid was
transformed into DH10Bac competent cells to generate a bacmid
encoding RBD (residues Arg319-Phe541). The ExpiSf Baculovirus
Expression System with a chemically defined medium for suspension
culture of high-density ExpiSf9 cells was used for virus production and
protein overexpression. After 48-72 h of culturing, ExpiSfo cells were
collected by centrifugation and resuspended in HBS buffer (10 mM
HEPES, pH 7.2, and 150 mM NacCl). The recombinant delta SARS-CoV-2
RBD was first captured by Ni-NTA resin (Agarose Bead Technologies,
USA) and eluted with 500 mM imidazole in HBS buffer. Then, it was
purified by gel filtration chromatography using a pre-equilibrated
Superdex 75 10/300 GL column (GE Healthcare) and eluted with HBS
buffer.

Expression of ACE2 was performed by a previously reported pro-
cedure (Lan et al., 2020). The gene was provided by Dr. Shang-Te Danny
Hsu in our institute and PCR amplified with a ligation-independent
cloning-compatible primer pair (foreard primer
5-TCTTACATCTATGCGTCCACCATTGAGGAACAG-3' and  reverse
primer 5-GTGCTCTACGAACTCGTCTGCATATGGACTCCA-3"). The PCR
product containing sequences encoding an N-terminal melittin signal
sequence for secretion and a C-terminal Hisg-tag for purification, was
cloned into pFastBac-1 vector. The sequencing-verified plasmid was
transformed into DH10Bac competent cells to generate a bacmid
encoding the N-terminal peptidase domain of human ACE2 (residues
Ser19-Asp615). The ExpiSf Baculovirus Expression System with a
chemically defined medium for suspension culture of high-density
ExpiSf9 cells was used for virus production and protein over-
expression. After 48-72 h, ExpiSf9 cells were collected by centrifugation
and resuspended in HBS buffer (10 mM HEPES, pH 7.2, 150 mM NaCl).
The N-terminal peptidase domain of human ACE2 was subsequently
purified using the same protocol for RBD purification described above.

2.10. Thermal shift experiments

The experiments were performed as described (Bojadzic et al., 2021)
to determine which of RBD or ACE2 bound 2f (81). A RT-PCR machine
(CFX Real-Time PCR System, Bio-Rad Laboratories, CA, USA) was pro-
grammed to equilibrate each sample at 25 °C for 90 s and then increase
temperature to 95 “C by 0.5 °C every 10 s for taking a fluorescence
reading of the denatured portion of protein stained with SYPRO Orange
dye (Merck KGaA, Darmstadt, Germany). Melting point of each protein
was the lowest point of the first derivative plot, as calculated by the
software (Bio-Rad CFX Manager ver.3.0) included with the RT-PCR
machine. After performing a series of preliminary scans at various
concentrations of proteins, compound, and dye, optimal concentrations
were determined to be 0.05 mg/mL RBD, 0.05 mg/mL ACE2, 50 x
SYPRO Orange, 1x PBS, and 10 pM compound 2f. Using this optimal
condition, the plots of -d (RFU)/dT (RFU is relative fluorescence units)
vs. temperatures for RBD or ACE2 in the absence or presence of 81 were
compared.

2.11. Molecular docking

The molecular docking was performed using the iGEMDOCK soft-
ware to predict how compound 2f binds with TMPRSS2, Furin, and RBD
of SARS-CoV-2 delta variant Spike protein. The three-dimensional (3D)
structures of TMPRSS2 (PDB: 7meq), Furin (PDB: 5jxg), and RBD (PDB:
7w92) were retrieved from the RCSB protein data bank (PDB, htt
ps://www.resb.org/). All water molecules and bound ligands were
removed from these structures prior to docking. The binding cavity of
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TMPRSS2 were extracted by selecting the 12 A residues around the
catalytic triad (Ser441-His296-Asp345), and the binding cavity of Furin
was extracted by selecting the 12 A residues around the catalytic resi-
dues, Asp153, His194, Asn295, and Ser368. RBD domain (residues 319
to 541) was extracted from the open state of SARS-CoV-2 delta variant
Spike protein. The cavities were then prepared by defining the residue
atom types and charges assignment via iGEMDOCK method. Compound
2f's 3D structure was generated from Molview website (https://mol
view.org/), and the structural information was transformed into mol2
format by using Open Babel GUI software.

For molecular docking process, docking accuracy settings (GA pa-
rameters including population size: 800, generations: 80, and number of
solutions: 10) were chosen, and iGEMDOCK software was used to
generate protein-ligand interaction profiles of Electrostatic (E),
Hydrogen-Bonding (H), and van der Waals interaction (V). Once dock-
ing was finished, iGEMDOCK was used to analyze and rank all docked
poses based on the estimated binding energy. The scores of the docked
poses were estimated as the total energy of Electrostatic (E) + Hydrogen-
Bonding (H) + van der Waals (V) in the docking site. Each docked pose
with the lowest energy was considered as the best pose for compound 2f
against the target cavity.

2.12. Drug likeness analysis

The 3D structure of 2f was converted into a SMILES format by Open
Babel GUI software (O 'Boyle et al., 2011). To assess the drug likeness of
compound 2f, the online tool (http://www.scfbio-iitd.res.in/soft
ware/drugdesign/lipinsli.jsp) was used for Lipinski rule of five esti-
mation (Lipinski 2004; Jayaram et al., 2012). The ADMET profile of 2f
was estimated by pkesm website (http://biosig.unimelb.edu.au/pkesm/
) (Pires et al., 2015).

2.13. Animal studies

The prototype SARS-CoV-2 strain CGU4 (Taiwan/CGMH-CGU-01/
2020; GISAID identifier: EPIISL 411915; NCBI accession number:
MT192759) was kindly provided by the Taiwan CDC and propagated in
Vero E6 cells (Tang et al., 2021). All animal procedures complied with
the ARRIVE guidelines (www.arriveguidelines/org/) and were reviewed
and approved by the National Defense Medical Center Animal Care and
Use Committee (approval numbers: AN-111-24). Syrian hamsters were
purchased from the National Laboratory Animal Center (Taipei, Taiwan)
and fed a standard low-fat polysaccharide-rich chow diet (LabDiet 5053;
Purina, St Louis, MO, USA). Intranasal inoculation of SARS-CoV-2
(strain CGU4) was performed under anesthesia (Zoletil® 40 mg/kg
plus xylazine 4 mg/kg). The antiviral activity of compound 81 was
assessed through the following parameters: daily changes in body
weight and virus quantification in the nasal turbinates and lungs.
Compound 81 was dissolved in DMSO and further diluted with sterile
PBS. Syrian hamsters, ranging in age from 5 to 6 weeks, were divided
into two groups. Treatment group (n = 6) received 81 by oral admin-
istration (25 mg/kg once per day) and vehicle group (n = 6) received
PBS. The hamsters were challenged intranasally with SARS-CoV-2 (5.0
% 10* pfu in 50 pL PBS). The body weight of each hamster was recorded
daily. Hamsters were euthanized on day 3 or day 6 post viral challenge
by Zoletil® overdosing, and nasal turbinate and lung samples were
collected for analyses.

For the RNA extraction and gRT-PCR analysis, nasal turbinate and
lung tissues were placed in RNAlater (Thermo Fisher Scientific, MA,
USA) overnight at 4 °C and homogenized by bead-beating technology.
Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific)
and genomic DNA was removed by DNase (Promega, Madison, W1, USA)
according to the manufacturer’s instructions. RNA samples were further
purified by phenol/chloroform method and ethanol precipitation. Equal
amounts of total extracted RNA were subsequently reverse transcribed
with the M-MLV reverse transeriptase system (Thermo Fisher Scientific)
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using random primers. Subsequently, gRT-PCR was performed on a
QuantStudio3 qRT-PCR system (Applied Biosystems, Foster City, CA,
USA) using the following the specific primers targeting E gene (forward
primer 5-ACAGGTACGTTAATAGTTAATAGCGT-3' and reverse primer
5-ATATTGCAGTACGCACACA-3). The hamster p-actin (internal con-
trol) primers were forward primer 5-ACTGCCGCATCCTCTTCCT-3" and
reverse 5-TCGTTGCCAATGGTGATGAC-3". Probe 5'-[6FAM]ACAC-
TAGCCATCCTTACTGCGCTTCG [BHQ11-3' was used for E gene sub-
genomic mRNA quantitation. The relative mRNA expression was
calculated with the 222 method.

For pharmacokinetic studies, a total of eight K18-hACE2 transgenic
mice (n = 4 for oral administration and n = 4 for intravenous injection
via tail vein) at 12 weeks of age and 20.3-24.2 g body weight were used.
Compound 81 was dissolved in DMSO and further diluted with sterile
PBS to 1 mg/mL and then administered orally or intravenously via the
tail vein as a single injection at a volume of 25 mL/kg. Both oral and
intravenous (IV) administration groups were split in half to allow further
repeated blood sampling at 0, 15, 30, 60, 120, and 240 min as follows: n
= 2 were bled at 0, 15, and 30 min post injection from the facial vein,
and at 60 min via cardiac puncture under anesthesia; the other n = 2
were bled at 0, and 120 min post injection from the facial vein, and at
240 min via cardiac puncture under anesthesia. Blood samples were
collected in a collection tube (365992, BD Microtainer BD bioscience,
USA) and centrifuged at 3000 g for 5 min at 4 °C to separate the serum.
The serum samples were stored at —20 °C until LC-MS analysis. Phar-
macokinetic analysis of serum compound 81 was performed by a non-
compartmental analysis using PKSolver 2.0 software (China Pharma-
ceutical University, Nanjing, China).

For LC-MS analysis, serum samples were mixed with 100% MeOH
(1:10, v/v) and scnicated for 30 min. After centrifuging at 20,000 g for
10 min at 4 °C, the supernatant was evaporated to dryness at 35 °C and
then dissolved with 100 pL of MeOH and filtrated. The resulting su-
pernatant was injected into the LC-MS system for analysis. All LC-MS
analyses were carried out using the mass spectrometer Shimadzu
LCMS-2020 with both positive and negative mode electrospray ioniza-
tion using a 10 min linear gradient of 5-95% MeCN-H,O with 0.5 %
formie acid followed by 95% MeCN-H0 for 4 min at a flow rate of 0.5
mL/min (Kinetex® 2.6 pm Polar C18 100 }D\, 100 x 2.1 mm column).
Calibration curves used 7 concentration points prepared in the con-
centration ranges 0.25—30 pM of compound 81. Analyte concentrations
were determined using the internal standard method.

o
HO
+
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3. Results

3.1. Synthesis of 1-(4-(arylethylenylcarbonyDphenyl)-4-carboxy-2-

pyrrolidinones 2a-g

The preliminary product 1-(4-acetylphenyl)-4-carboxy-2-pyrrolidi-
none 1 was synthesized by heating of 4-aminoacetophenone with ita-
conic acid without any solvent (Scheme 1). Then by following a similar
procedure (Voskiene et al., 2007), the compounds 2a-g were synthe-
sized with good yields by base (NaOH)-catalyzed aldol condensation of 1
and the unsubstituted or substituted benzaldehydes or heterocyelic al-
dehydes in ethanel (Scheme 1).

The chemical structures of synthesized compounds were confirmed
by NMR and MS. The NMR assignment was made on the substituents
additivity rules, spectral characteristics of structurally related com-
pounds, signal intensities and multiplicities. '*C NMR spectra were used
to prove the interpretation of the carbon resonances in some cases. The
'H and '3C NMR spectra for structural characterization are presented in
Fig. S1.

3.2. Synthesis of 4a and 4b without the carboxylate

The negatively charged carboxylate on the pyrrolidinone may
impede the passage of compounds across cellular membrane. Therefore,
the carboxylate group was removed from the two selected antiviral
compounds to examine whether it could facilitate their cellular uptake.
For synthesis of compound 3, the non-carboxylate analogue of 1,
Scheme 2 was adopted by using a similar procedure (Jiang, 2014). Then,
by following Scheme 2, compounds 4a and 4b, the analogues of 2a and
2f, respectively, without the carboxylate group on the pyrrolidinone
moiety were synthesized.

3.3. Evaluation of 2a-g and 4a-b against TMPRSS2 and furin

TMPRSS2 and Furin are involved in SARS-CoV-2 entry by processing
of the viral Spike protein. Since they both cleave the Arg-Ser amide
bond, it may be possible to design commeon inhibitors for TMPRSS2 and
Furin. Based on our computer modeling on a group of chalcones, we first
synthesized 2a-g and evaluated their ICs, against the recombinant
human protease TMPRSS2 ectodomain that was expressed using the
baculovirus system and activated by the enteropeptidase. The purity of
recombinant TMPRSS2 was determined by SDS-PAGE as shown in
Fig. S2A. The ICsq values of three representative inhibitors with the Ar
groups, 2b (22) (Ar = 4-nitrobenzene), 2e (143) (Ar = 5-nitro-
thiophene-2-yl), and 2f (81) (Ar = indol-4-yl), were 12.46, 3.52, and
1.27 pM, respectively (Fig. 1A-C). Other compounds exhibited less
potent inhibitory effects against TMPRSS2. The does-dependent curves

NaOH EtOH, rt
ArCHO 4-5h

. jLT ©
Ar= ] P \ f

2a (100) 2d (105)
2b (22)
2c (89)

2e (143)

o OD OO0

26 (81) 2g (321)

Scheme 1. Synthesis of 1-(4-(arylethylenylcarbonyl)phenyl)-4-carboxy-2-pyrrolidinones.
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Scheme 2. Synthesis of 1-(4-(arylethylenylcarbonyl)phenyl)-2-pyrrolidinones.

of 2a (100) (Ar = benzene) and 2¢ (89) are shown in Fig. S2B. 2g (321)
with Ar = indol-3-yl linked via different atom from that of 2f (81), and
2d (105) with Ar = furan-2-yl showed no inhibitory activity against
TMPRSS2. As summarized in Table 1, while 2a (100) (Ar = benzene)
showed a poor 1G5 of 28.35 pM, compounds 2b (22) with a larger 4-NO,
substituent on the benzene ring increased more than 2-fold of potency
against TMPRSS2 (IC5, = 12.46 pM). Nevertheless, the 3-NO; substit-
uent in compound 2¢ (89) did not significantly increase the potency.

The inhibitory activities of the synthesized compounds against Furin
and another human protease Cathepsin L were examined. Based on the
does-dependent curves of 2b (22), 2e (143), and 2f (81) against Furin
(Fig. 1D-F), the ICso values were 10.14, 4.55, and 3.31 pM, respectively.
and other plots are shown in Fig. 53. All the data are summarized in
Table 1. The compounds at 100 pM did not inhibit Cathepsin L (data not
shown). From Table 1, the inhibitors of TMPRSS2 showed a similar trend
on inhibiting Furin, indicating the two proteases may provide similar
environments for binding with the compounds. Therefore, 2d and 2g
which were inactive against TMPRSS2 did not inhibit Furin as well
(Table 1). These indicated similar structure-activity relationship of the
synthesized compounds against TMPRSS2 and Furin, consistent with our
modeling prediction.

To better understand the importance of carboxylate on the inhibition
of TMPRSS2 and Furin, the carboxylate was removed from compound 2a
and 2f to synthesize 4a and 4b, respectively. As shown in Figs. 1G, 4b
(285) inhibited TMPRSS2 with an ICsq of 31.64 pM, which was signif-
icantly higher than that of 2f. Similarly, 4a failed to inhibit TMPRSS2
and Furin (see Table 2). These data indicated that the carboxylate of 2a
and 2f participated the binding with TMPRSS2 and Furin.

3.4. Evaluation of 2a-g and 4a-b against SARS-CoV-2

As mentioned above, the inhibitory activity of compounds on
TMPRSS2 and Furin could endow them with antiviral activity because
these proteases are essential for viral entry by trimming Spike. We then
measured their ECsq against SARS-CoV-2 infection of VeroE6 cells under
two different ways of treatment. Each compound was either pretreated
with the virus and included during the virus infection of the VeroE6 cells
(entry treatment), or added only after virus infection (post-entry treat-
ment) to examine at which stage did these compounds block virus
infection of the target cells. As expectedly, we found that the compounds
suppressed the viral plaque formation by entry treatment, but not by the
post-entry treatment. The ECsy values measured under “entry treat-
ment” were obtained from the dose-dependent virus (SARS-CoV-2 delta
strain) plaque reduction curves by using different concentrations of the
compounds as shown in Fig. 2A—C for 2b (22), 2e (143), and 2f (81),
respectively. Among them, the best inhibitor 81 showed potent antiviral

activities against two different variants, delta and Omicron BA.1 strains,
with ECsq values of 0.023 and 0.002 pM, respectively, and CCso > 100
uM (Fig. 2C and D). The plots for other compounds against delta SARS-
CoV-2 infecting VeroE6 cells are shown in Fig. 54. Furthermore, the
antiviral activity of the most potent inhibitor 2f (81) in human Calu-3
lung cells was determined, and the ECsg values against the delta and
omicron SARS-CoV-2 infection were 0.026 and 0.001 pM, respectively,
based on the dose-dependent SARS-CoV-2 yield reduction and CCsq >
100 pM (Fig. 2E and F). All the measured ECs, and CCsq values were
summarized in Table 1. To our surprise, 2d showing no TMPRSS2 and
Furin inhibitory activity at 50 pM still inhibited the virus with a less
potent ECsp of 1.06 pM. This suggested other target for the active anti-
virals in this series of compounds. We then chose RBD:ACE2 interaction
as a possible target to investigate the inhibitory power of all the active
antivirals.

3.5. ICsq of the compounds against RBD:ACE2 interaction

A cell-based commercial assay kit (NanoLuc® Binary Technology.
NanoBiT), composed of a Large BiT (LgBiT; 18 kDa) subunit conjugated
with delta SARS-CoV-2 RBD and SmBiT-ACE2 stably expressing HeLa
cells (HeLa-ACE2), was used to measure ICs of test compounds on
inhibiting RBD:ACE2 interaction. In the asssy, binding of RBD with
ACE2 would bring Large BiT and small SmBiT together to form an active
enzyme to generate a bright luminescent signal in the presence of sub-
strate. The presence of inhibitor would weaken the signal, and the dose-
dependent inhibition curves against delta virus RBD:ACE2 interaction
by the potent antivirals 2b (22), 2e (143), and 2f (81) are shown in
Fig. 3A, B, and C, respectively. The plots for other compounds are shown
in Fig. S5. As summarized in Table 1, all of the synthesized compounds,
including the two inactive TMPRSS2 and Furin inhibitors 2d (105) and
2g (321), could inhibit RBD:ACE2 interaction with ICs; values between
28.14 and 33.99 pM. The analogues of 2a and 2f, 4a (180) and 4b (285),
also inhibited RBD:ACE2 interaction (shown in Fig. 3D for 4b and Fig. S5
for 4a). From these in vitro inhibition studies, the most potent antiviral
2f actually displayed potent inhibition on enzyme activities of TMPRSS2
and Furin, and RBD:ACE2 interaction, which are concordant with its
most potent antiviral activity against SARS-CoV-2. Inhibition of RBD:
ACE2 interaction provided the basic antiviral activity for 2d, 2g, 4a
(Fig. 55), and 4b (Fig. 3D), which showed none or minimal inhibition on
TMPRSS2 and Furin enzyme activities. For compounds which can inhibit
TMPRSS2 and Furin activities, their antiviral activities could be further
enhanced, such as 2b, 2e, and 2f.
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Fig. 1. Dose-dependent inhibition curves of the representative inhibitors 2b (22), 2e (143), and 2f (81) against TMPRSS2 (A-C) and Furin (D-F). In (A-C), the
increasing inhibition percentages of TMPRSS2 activity in the presence of increasing concentrations of 2b, 2e, and 2f were fitted with the equation to yield the I1Cgq of

12.46 £ 0.95, 3.52 + 0.55, and 1.27 +

0.08 M, respectively. In (D-F), the increasing inhibition percentages of Furin activity in the presence of increasing con-

centrations of 2b, 2e, and 2f were fitted with the equation to yield the IC5p of 10.14 + 1.12, 4.55 + 0.69, and 3.31 + 0.52 pM, respectively. (G) The increasing
inhibition percentages of TMPRSS2 activity in the presence of increasing concentrations of 4b (285) were fitted with the equation to yield the IC5; of 31.64 + 2,93
HM. All the measurements were performed in triplicate to yield the averaged ICs, values and the standard deviations.

3.6. Pseudovirus assays

To clarify the contribution of inhibiting RBD:ACE2, TMPRSS2, and/
or Furin on antiviral activities of our compounds, we examined the 81-
mediated inhibition of SARS-CoV-2 pseudoviral entry by using a pseu-
dovirus containing delta Spike or VSV-G on the surface and NanoLue
reporter inside to infect the chosen cells. As shown in Fig. 3E, 2f (81)
effectively inhibited the pseudovirus entry into Calu-3 lung cells with an
ECsg of 8.3 pM. As a control, entry of VSV-G bearing pseudovirus that is

independent from RBD:ACE2, TMPRSS2, and/or Furin inte Calu-3 cells
was not inhibited by our compound 81 (Fig. 3F). We showed that the
SARS-CoV-2 pseudovirus infected Hela-ACE2 stable cell line with an
ECso of 14.7 pM (Fig. 3G), but not its parental HeLa cells (Fig. not
shown), indicating the requirement of inhibiting RBD:ACE2 for antiviral
activity. We further showed that pseudoviral entry into Calu-3 cells that
express TMPRSS2 could be potently inhibited by the specific TMPRSS2
inhibitor Camostat with an ECso of 0.04 pM (Fig. 3H), but not by the
specific Furin inhibitor decanoyl-RVKR-chloromethylketone (Fig. 31. As
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Table 1
Compounds 2a-g inhibiting TMPRSS2, Furin, RBD:ACE2 and SARS-CoV-2.
Entry Compd Ar ICsp (MM) ECso (M) CCso (WM)
RBD:ACE2 Furin TMPRSS2 SARS-CoV-2 VercE6
1 2a (100) E 16.55 = 3.92 23.12 + 2.35 28.35 + 2.46 0.26 + 0.06 =100
2 2b (22) F 7.15 + 1.52 10.14 + 1.12 12.46 + 0.95 0.15 + 0.10 =100
0N
3 2c (89) 16.97 = 4.92 18.89 + 2.30 18.20 + 1.45 0.70 + 0.18 =100
NO;
4 2d (105) o 28.14 = 817 =50 =50 1.06 + 0.54 =100
W/
5 2e (143) OZN‘(i?j{ 2.81 + 0.49 4.55 + 0.69 3.52 + 0.55 0.087 + 0.010 59.9 + 0.99
"
6 2f (81) 3.76 £ 0.84 3.31 £ 0.52 1.27 £ 0.08 0.023 + 0.005/0.002 £ 0.002" =100
&\\ 0.026 + 0.012/0.001 + 0.0007"
NH
7 2g (321) 33.99 = 11.42 =50 =50 3.78 + 0.60 >100
Y
NH
* The ECzq of 81 for inhibiting delta/omicron BA.1 SARS-CoV-2 infecting VeroE6 cells.
b The ECgp of 81 for inhibiting delta/omicron BA.1 SARS-CoV-2 infecting Calu-3 cells.
Table 2
Compounds 4a and 4b inhibiting TMPRSS2, RBD:ACE2, and SARS-CoV-2.
Entry Compd Ar ICs0 (M) ECso (UM) CCsq (nM)
RBD:ACE2 Furin TMPRSS52 SARS-CoV-2 VeroE6
8 4a (180) F 25.04 = 9.26 =50 =50 2.09 = 0.06 =100
9 4b (285) 51.72 + 51.84 =50 31.64 ~ 2.93 0.67.+ 0.38 =100

expected, Camostat could not inhibit pseudoviral entry into HeLa-ACE2
cells that lack TMPRSS2 (Fig. 3J). Taken together, compound 81
inhibited mainly RBD:ACE2 and additionally by TMPRSS2, but not
necessarily by Furin, for anti-pseudovirus activity on Calu-3 cells.

3.7. Thermal shift experiments to distinguish the target for RBD:ACE2
inhibitors

To determine whether the RBD:ACE2 inhibitors targeted RBD and/or
ACE2, we expressed and purified recombinant RBD and ACE2 proteins
(Fig. S6A). To prove the recombinant RBD and ACE2 were functional,
RDB was coated on the CM5 chip and ACE2 was flown through to
measure the ACE2 concentration-dependent sensograms using Biacore
apparatus (Fig. S6B), which allowed the determination of RBD:ACE2 Kq
of 81.28 nM, a tight binding. Nevertheless, 2f (81) did not influence the
conecentration-dependent binding curves with either ACE2 or RBD
coating on a chip, probably due to not sufficient mass change to be
detected. Thermal shift experiments were conducted instead. When
adding increasing concentrations of 2f, no changes of the melting tem-
perature (Ty) of ACE2 was observed (Fig. 4A), whereas Ty, of RBD was
shifted (Fig. 4B), indicating binding of 2f with RBD only.

3.8. Binding modes of the inhibitor with TMPRSSZ, furin, and RBD

To rationalize the structure-activity relationship of the antivirals on
inhibiting TMPRSS2, a docking study was conducted with the clues that
the carboxylate on the pyrrolidinone ring and the indole ring on the
other side are important for 81-mediated inhibition. As shown in
Fig. 5A, the best inhibitor 2f (81) was docked into the active site of
TMPRSS2. There are three major binding interactions contributed by the
carboxylate of pyrrolidinone, the carbonyl group, and the indole ring,
respectively. The carboxylate on the pyrrolidinone ring forms two
hydrogen bonds with the hydroxyl group of Thr393. This explains why
the compound showed a significantly weaker inhibitory activity against
TMPRSS2 after removing the carboxylate. The carbonyl group forms a
hydrogen bond with the side-chain N atom of His296. Moreover, the
indole ring forms two hydrogen bonds with the backbone carbonyl ox-
ygen of Gly462 and side-chain oxygen of Serd36.

Docking of 2f (81) into Furin also revealed importance of the
carboxylate on inhibition. As shown in Fig. 5B, 2f was docked against
the Furin protease (PDB: 5jxg). According to the docking result, the
terminal carboxyl group of 2f has strong interactions with Furin,
including an electrostatic interaction with the guanidine group of
Arg197 and a hydrogen bonding with Arg193 and His364. Besides, the
nitrogen of the indole ring also forms a hydrogen bond with Pro256, and
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Fig. 2. Dose-dependent inhibition curves of the representative inhibitors 2b (22), 2e (143), and 2f (81) against SARS-CoV-2. In (A-C), the plaque reduction assay
was performed to determine the ECsg of 2b, 2e, and 2f to be 0.15 + 0.10, 0.087 + 0.010, and 0.023 + 0.005 M, respectively, against the delta strain of SARS-CoV-2
(NTU92) infecting VeroE6 cells at 50—100 pfu for 1 h at 37 °C. The X-axis concentrations adopt the log base 10 scale. (D) The ECso of 81 was determined to be 0.002
+ 0.002 pM against the omicron BA.1 strain (NTU128) infecting VeroE6 cells at 50100 pfu for 1 h at 37 °C based on 81-caused virus plaque reduction. (E, F) The
dose-dependent inhibition on the virus yield by pretreating 81 with delta or omicron strain was used to determine the ECso of 81 to be 0.026 + 0.012 and 0.001 =+
0.0007 pM, respectively, against the delta and omicron BA.1 SARS-CoV-2 infecting Calu-3 cells at 50—100 pfu for 1 h at 37 “C based on 81-caused virus plaque

reduction. The drop of Calu-3 cell viability was due to higher concentrations of DMSO at higher concentrations of 81. All the measurements were performed in
triplicate to yield the averaged ECso values and the standard deviations.
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Fig. 3. The dose-dependent inhibition curves of the compounds on delta strain Spike’s RBD:ACE2 interaction and pseudovirus. (A-C) The increasing inhibition
percentages of RBD:ACE2 interaction in the presence of increasing concentrations of 2b (22), 2e (143), and 2f (81) were fitted with the equation to yield the ICsg of
7.15 + 1.52, 2.81 + 0.49, and 3.76 + 0.84 pM, respectively. The X-axis concentrations adopt the log base 2 scale. (D) The inhibition percentages on RBD:ACE2
binding were increased with increased concentrations of 4b (285). The plot gave ECg, of 51.72 + 51.84 pM. In the above measurements, HeLa cells expressing
SmBiT-tagged human ACE2 and the recombinant RBD-LgBiT protein were mixed to form decreasing levels of an active NanoLuc complex, a luciferase, to be assayed
using the provided substrate in the presence of increasing concentrations of synthesized inhibitors to yield ICz,. (E) The does-dependent curve for inhibiting delta
Spike pseudovirus entry into Calu-3 cells by 2f (81) to yield ECs, of 8.3 + 1.2 pM. (F) Infection of Calu-3 cells by VSV-G Pseudovirus was not inhibited by 81. (G)
Infection of Hela-ACE2 cells by pseudovirus was inhibited by compounds 81 with ECgq of 14.7 £ 1.1 pM. (H) Specific TMPRSS2 covalent inhibitor Camostat inhibited
pseudovirus infection on Calu-3 cells with ECsp of 0.04 -+ 0.001 pM. (I) Specific Furin covalent inhibitor decanoyl-RVKR-chloromethylketone (CMK) showed no effect
on pseudovirus infection on Calu-3 cells. (J) Camostat showed no effect on pseudovirus infection on HeLa-ACE2 cells. All the measurements were performed in
triplicate to yield the averaged ICso or ECsp values and the standard deviations.

with Lys31 of ACE2. Besides, the oxygen on the pyrrolidinone group also
interacts with Gly496 of RBD through hydrogen bonding. In the delta
RBD:ACE2 complex, Lys353 of ACE2 forms a hydrogen bond with
Gly496 of RBD. Therefore, by forming interactions with the key residues
of RBD, compound 2f might disrupt the contact between ACE2 and RBD.
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3.9. Drug-likeness of the inhibitor as judged from lipinski rule of five

Lipinski's rule was developed to determine the druggability of
80 9

compounds for pharmaceutical development. For preparation of com-
pound 2f's 3D structure, Molview website (hitps://molview.org/) was
utilized, and the structure information was converted into a SMILES
format by Open Babel (O'Boyle et al., 2011). To assess the drug likeness
of compound 2f (81), the online tool (http://www.sctbio-iitd.res.in/soft
ware/drugdesign/lipinski.jsp) was used for Lipinski rule of five esti-
mation (Lipinski, 2004; Jayaram et al., 2012). Based on Lipinski rule of
five, compound 2f was accepted in parameters including molecular
weight (less than 500 Da), logP (less than 5), hydrogen bond acceptors
(less than 10) and donors (less than 5), and molar refractivity (between
40 and 130), indicating that the compound is likely to be a candidate for
drug development.
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3.10. Druglikeness of the inhibitor as judged from ADMET properties
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ADMET properties predicted in silico could be used to estimate the
possibility of compounds to be used as therapeutic agents. There are 5
parameters involved in the ADMET prediction, including absorption,
distribution, metabolism, excretion and toxicity. The ADMET profile of
compound 2f (81) was estimated by pkesm website (http://biosig.un
imelb.edu.au/pkesm/) (Pires et al., 2015). Its absorption was por-
trayed by human colorectal adenocarcinoma cell line (Caco2) perme-
ability and human intestinal absorption (HIA). The Caco2 permeability
and the HIA scores are relatively high, indicating compound 2f could be
absorbed into the human intestine. Analysis of distribution progress, the
blood brain barrier (BBB) and central nervous system (CNS) perme-
ability of compound 2f indicates that it is unable to penetrate BBB and
CNS, and the volume of distribution at steady-state (VDss) implicates
that compound 2f has a higher possibility to distribute in plasma rather
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Fig. 4. Thermal shift experiments to measure the binding partner of 2f (81).

(A) Melting temperature change was not observed for adding 2f to ACE2 (A),
but obvious to RBD (B), based on the differential scanning fluorimetry assay,
indicating RBD as the binding partner of 2f. In this assay, a fluorescent dye was
bound to the exposed surface on the heat-induced unfolded protein RBD or
ACE2. The temperatures causing the maximal unfolding of the proteins (the
peaks) were defined as melting temperatures. The curves were obtained from a
single run of experiments with repeatable results.

the oxygen of the ketone group forms a hydrogen bond with the nitrogen
of the main chain of Ser368.

Since our thermal shift experiments showed RBD as the target,
computer docking was performed to understand the binding mode of
compound 2f in RBD. As shown in Figs. 5C, 2f (81) was docked against
the RBD of SARS-CoV-2 delta variant Spike protein (PDB: 7w92).
Compound 2f has both hydrogen bonding and van der Waal's interac-
tion with GIn493 of RBD, which plays an important role on contacting

than in tissue. In human body, Cytochrome P450 (CYP) enzymes are
responsible for the metabolism of drugs, and inhibitors of these CYP
enzymes can significantly influence the effect of pharmaceuticals. The
predicted results show that compound 2f might be a subsmate of
CYP3A4 (an inhibitor of CYP3A4 might be co-administrated with 2f to
increase its half-life), but not other CYP enzymes. For excretion pre-
diction, compound 2f is not likely to be a renal organic cation
transporter-2 (OCT2) substrate, showing there is no potential contrain-
dication. In the toxicity estimation, compound 2f is not a mutagenic
drug and a hERG I/1I inhibitor, and it does not have acute toxicity and
skin sensitization. However, compound 2f is predicted to possess
hepatotoxicity.

3.11. Preliminary animal study of 2f

As predicted above, compound 2f (81) could be a drug-like molecule
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Fig. 5. Compound 2f (81) was docked into (A) the TMPRSS2 ectodomain (PDB: 7meq), (B) Furin (PDB: 5jxg), and (C) RBD of the delta-strain Spike protein (PDB:
7w92). The estimated binding energies of 2f with TMPRSS2, Furin, and RBD are —115.8, —118.9, and —115.1 kcal/mol, respectively. Compound 2f is colored in

magenta, and the residues colored in cyan, orange, and yellow are involved in hydrogen-bonding, van der Waals, and el

pectively. In (C),

colored in yellow is trimeric Spike protein and in green is RBD. 2f binds with the residues of RBD in the interface to interfere with the RBD binding with ACE2.
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obeying Lipinski rule of five and with suitable ADMET properties. To
verify in vivo effectiveness and safety of 2f, we used hamster, which has
been shown to be a satisfactory animal model for SARS-CoV-2 infection
(lmai et al., 2020; Sia et al., 2020). Oral administration with 2f or
vehicle began on the same day as infection with 5.0 x 10* pfu
SARS-CoV-2 by intranasal inoculation. Body weights were monitored
daily for each animal. All hamsters lost weight after inoculation with
SARS-CoV-2. However, compared to the vehicle group, hamsters treated
with 25 mg/kg of 2f showed a slightly less weight loss with statistically
significance (P = 0.014; Fig. 6A). Moreover, in 2f treatment group, viral
genomic copy assessment assays of homogenized hamster nasal turbi-
nates revealed a 5.0- and 5.5-fold reduction in RNA copies at 3 and 6
days post-infection, respectively, in comparison with the vehicle group
(Fig. 6B, left panel). However, viral RNA copies detected in lung tissue
showed less reduction by the treatment at 3 and 6 days post-infection
(Fig. 6B, right panel).

The pharmacokinetics of 81 was also accessed by analyzing the
serum samples withdrawn from ACE2 transgenic mice via oral admin-
istration or intravenous injection of 25 mg/kg of compound. The serum
samples before treatment and after 15, 30, 60, 120, and 240 min of
treatment were extracted with methanol and injected into LC-MS system
to analyze the concentrations of 81 in the samples based on a linear
standard curve generated by using purified 81 at the comparable con-
centrations. Following the intravenous injection, the serum
concentration-time profile of compound 81 was depleted in a biphasic
manner (Fig. 6C, left panel for linear and right panel for semi-
logarithmic plots, respectively). The PK parameters are shown in
Table 3. Through IV injection, compound 81 level was rapidly drop from
2.97 uM at 15 min to 0.78 pM at 60 min, then it was eliminated from the
body with the terminal half-life of 1.59 h. Regarding the oral adminis-
tration, compound 81 reached the peak of 1.13 pM at 15 min and
declined to 0.067 pM at 4 h with the terminal half-life of 1.35 h. The oral
bioavailability was determined to be 35.19%. Within the experimental
period of 4 h, the serum concentrations of 81 were above the anti-SARS-
CoV-2 ECgp of 0.001-0.026 pM. This could explain the effectiveness in
reducing the viral load in tested animal nasal turbinates. The methanol
extract of mice lung tissues taken at the end of experiments contained
several overlapped peaks in HPLC profile around the MW of compound
81, making it difficult to determine the real concentration of the com-
pound (data not shown).

4. Discussion

‘While two RdRp inhibitors and a 3CLP* inhibitor which inhibit virus
replication have been approved by FDA for treatment of COVID-19 pa-
tients, no compound targeting other essential components for SARS-
CoV-2 infection has been approved. Although many 3CL¥° and PLP*®
covalent and non-covalent inhibitors have already been identified, the
small-molecule reversible inhibitors targeting virus entry, such as
TMPRSS2, Furin, and RBD:ACE2 interaction, are relatively limited.
Previously, Camostat and Nafamostat, have been identified to irrevers-
ibly inhibit TMPRSS2 and thus SARS-CoV-2 infection by blocking viral
entry into cells (Hoffmann et al., 2020a, 2020b). Some covalent pepti-
domimetic ketobenzothiazole inhibitors, which were developed based
on the substrate specificity of TMPRSS2, showed anti-SARS-CoV-2 ac-
tivity (Mahoney et al.,, 2021; Shapira et al., 2022). Animal study
demonstrated the effectiveness of the TMPRSS2 irreversible inhibitor in
vivo via intranasal treatment (7.2 mg/kg) 1 day before virus inoculation
It remained half-effective when treated (14.4 mg/kg) 12 h after virus
inoculation. These data demonstrated that the covalent TMPRSS2 in-
hibitors can be used for effective anti-SARS-CoV-2 treatment in vitro and
in vivo by blocking the virus entry. However, the covalent inhibitors with
the keto warhead but not the reduced hydroxyl analogue showed inhi-
bition on TMPRSS2 and SARS-CoV-2, indicating the difficulty to develop
reversible TMPRSS2 inhibitors for anti-SARS-CoV-2. Furin peptidomi-
metic covalent inhibitor decanoyl-RVKR-chloromethylketone has also
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been shown to inhibit SARS-CoV-2 entry into VeroE6 cells and thus virus
production (Cheng et al., 2020). Several dyes (Congo red, direct violet 1,
Evans blue) and drug-like compounds (DRI-C23041, DRI-C91005)
inhibited the interaction of ACE2 with the spike proteins of
SARS-CoV-2 with ICs, of 0.2-3.0 pM in the cell-free ELISA-type assays
(Bojadzic et al., 2021). Here, we demonstrate the reversible inhibition of
RBD:ACE2, TMPRSS2, and/or Furin as a novel and workable strategy for
preventing SARS-CoV-2 entry and production.

We originally designed TMPRSS2/Furin dual reversible inhibitors,
and as expected the compounds were active antivirals only if pretreating
SARS-CoV-2 to block the virus entry, but not added after infection.
Because some analogues that did not inhibit TMPRSS2 and Furin still
inhibited the virus entry and production (Table 1), we then identified
them as also RBD:ACE2 inhibitors. Our results thus indicate that the
compounds exert their antiviral activities by inhibiting RBD:ACE2
interaction as a major factor, and inhibiting TMPRSS2 and/or Furin
enhances their antiviral activities. The best inhibitor 2f (81) displays
great inhibition against TMPRSS2, Furin, and RBD:ACE2 interaction,
respectively, with ICsy values of 1.27, 3.31, and 3.76 pM. It achieves
ECsp values of 0.023 and 0.002 pM against SARS-CoV-2 delta and om-
icron variants, respectively, while infecting VeroE6 cells and CCgq >
100 pM, giving the largest therapeutic index of >50000. By using lung
Calu-3 cells, the EC5, were measured to be 0.026 and 0.001 pM,
respectively, against SARS-CoV-2 delta and omicron variants. The pre-
liminary animal study also demonstrates the effectiveness in reducing
the viral load by 5-5.5-fold in nasal turbinate and safety without
causing the animal weight loss while orally given a dose of 25 mg/kg
into hamsters. Pharmacokinetics study shows higher concentrations of
81 in serum samples by IV injection than oral treatment, and both gave
the concentrations above the antiviral ECsy. Further animal studies
through different doses and ways of administration, and even in the
presence of cytochrome P-450 inhibitor Ritonavir can be conducted to
optimize the treatment effect in vivo.

For the antiviral mechanism, we show that compound 81 could
inhibit the entry of SARS-CoV-2 pseudovirus into Calu-3 cells with an
ECsq of 8.3 pM (Fig. 3E), but did not inhibit VSV-G pseudovirus into
Calu-3 cells (Fig. 3F) as a control experiment because VSV-G pseudo-
virus entry is not dependent on RBD:ACE2, TMPRSS2, and Furin. We
then show that the SARS-CoV-2 pseudovirus could only infect the HeLa-
ACE2 stable cell line with enforcedly expressed ACE2 (Fig. 3G), but not
the parental HeLa cells. These indicate that compound 81 only blocks
ACE2-dependent entry of SARS-CoV-2 pseudoviruses by blocking RBD:
ACE2 interaction. Moreover, we confirm that viral entry of Calu-3 could
be inhibited by the specific TMPRSS2 inhibitor Camostat with an ECso of
0.04 pM (Fig. 3H), but not by the Furin inhibitor decanoyl-RVKR-
chloromethylketone (Fig. 3I). This is probably because Calu-3 cells ex-
press TMPRSS2 to replace the funetion of Furin in eleaving Spike for
virus entry. As expected, Camostate did not inhibit pseudovirus entry
into Hela-ACE2 cells that lack TMPRSS2 (Fig. 3J). However, as ACE2
and TMPRSS2 are both required for the viral entry into Calu-3 cells, to
what extent blockade of ACE2 and/or TMPRSS2 by 81 accounted for
inhibition of pseudoviral entry into Calu-3 cells is unclear. On the other
hand, the anti-SARS-CoV-2 enuy effect of decanoyl-RVKR-
chloromethylketone was observed in TMPRSS2-limited VeroE6 cells
where Furin is likely essential for virus entry (Cheng et al., 2020). Taken
together, these data indicate that the entry of SARS-CoV-2 pseudovirus
on Calu-3 cells is dependent on RBD:ACE2 interaction and TMPRSS2,
but probably not Furin protease, although our compound 81 can inhibit
all of these targets. Therefore, besides inhibiting RBD:ACE2 as the main
factor for antiviral activity, the TMPRSS2 inhibitory activity of 81 could
enhance its antiviral activity in Calu-3 cells, but inhibiting RBD:ACE2
and Furin could account for the antiviral activity of 81 in VeroE6 cells.

Our compounds contain a 4-styrylcarbonylphenyl, chaleone basie
skeleton (chemical structure shown in Fig. 7A). Different chalcone de-
rivatives have been shown te have anti-bacterial and anti-cancer activ-
ities by in vitre and in vivo experiments (Xu et al., 2019; Ouyang et al..
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Fig. 6. Body weight changes and viral loads of Syrian hamsters infected intranasally with SARS-CoV-2 with or without 2f (81) oral treatment. (A) Time courses of
body weight percent changes from the averages of three hamsters with treatment of 25 mg/kg shown in red and the averages of three without treatment (only PBS)
shown in black. (B) Corresponding virus genome copy numbers as determined by qRT-PCR in nasal turbinate (left) and lung (right) from the averages of three
hamsters with treatment of 25 mg/kg shown in red and the averages of three without treatment (only PBS) shown in black. (C) Linear (left) and semi-logarithmic
(right) plots of the serum concentration-time profile of comp 1 81 following oral administration or intr: injection (25 mg/kg). The serum samples obtained
from the mice before treatment and 15, 30, 60, 120, and 240 min after oral administration or IV injection of 25 mg/kg compound 81 were subjected to LC-MS to
determine the concentrations shown in red and blue dots for oral and injection treatment, respectively. Data represented are mean + SD. Apparently, IV injection
yielded higher serum concentrations of 81 than oral treatment, but both gave the concentrations above the antiviral ECgq.
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Table 3
Pharmacokinetic parameters of compound 81 in K18-hACE2 transgenic mice
following oral administration or intravenous (IV) injection (25 mg/kg).

Parameters Unit oral administration IV injection
i1 1/h 0.51 0.43
tizn h 1.35 159
AUC pMh 1.58 4.48
MRT h 2,00 179

Note: The pharmacokinetic parameters of compound 81 were determined by a
non-compartmental model. A, terminal rate constant; t,, terminal half-life;
AUC, area under the serum concentration-time curve; MRT, mean residence
time.
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2021). Recently, chalcone derivatives (a chemical structure shown in
Fig. 7B) were shown to inhibit SARS-CoV-2 replication in Vero E6 cells,
and the targets were predicted to be RdRp, 3CL"™, and Spike's RBD by
computer  docking (Duran et al, 2021). A 7-(4-(N-sub-
stituted-carbamoyl-methyl)piperazin-1yl) ciprofloxacin-chalcone
(chemical structure shown in Fig. 7C) was shown to inhibit 3CL?*® and
SARS-CoV-2 (Alaaeldin et al., 2022). Besides chalcone, our best inhibi-
tor 2f also contains an indole moiety. There are few reports of similar
indole chalcones (chemical structures shown in Fig. 7D-F) showing
anti-inflammatory (Ozdemir et al., 2015), anti-tumor (Yan et al., 2016),
and anti-Mycobacterium tuberculosis (Mtb) (Ramesh et al., 2020) activ-
ities, respectively. Some indole chalcones were predicted by docking to

B OCH; o F
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0
0 \
X ®

ciprofloxacin-chalcone (ECso = 3.93 nM, 10 pM<CCso <100 pM)
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Fig. 7. Chemical structures of some biologically active chalcones. These include the chemical structures of (A) chalcone, (B) a chalcone derivative shown to inhibit
SARS-CoV-2 viral growth in Vero E6 cell (effective at 1.6 jig/mL) by targeting RdRp, 3CLP™, and Spike's RBD as predicted by computer docking, (C) 7-(4-(N-
substituted-carbamoyl-methyl)piperazin-1yl) ciprofloxacin-chalcone shown to inhibit 3CL**® and SARS-CoV-2, and (D-F) indole chalcones possessing anti-
inflammatory, anti-tumor, and anti-Mycobacterium tuberculosis activities, respectively.
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target SARS-CoV-2 RdRp, 3CLP™, and/or Spike's RBD (Vijayalkumar
et al., 2020), but further experiments are required to confirm the pre-
diction. Indole seems to increase the compound affinity with the
SARS-CoV-2 3CLF™ and a compound with indole ring was shown to
reversibly bind with the protease (Hattori et al., 2021). Ghosh et al. also
reported indole chloropyridinyl ester-derived SARS-Cov-2 3CLP™ in-
hibitors (Ghosh et al., 2021). On the other hand, indole derivatives were
shown by silicon screening to bind Spike protein of SARS-CoV-2
(Gobinath et al., 2021).

In summary, compound 2f (81) containing chalcone and indole
moieties obeys the Lipinski’s and Veber’s rules and hence displays drug-
like molecular nature. Not only the lung Calu-3 cell-based assay, our
preliminary in vivo animal study also shows the promising effectiveness
and safety of the lead compound. While the therapeutic antibody drugs
used to prevent virus entry into cells are expensive and are prone to
reduce treatment sensitivity once encountering the mutations on Spike,
our small-molecule potent antiviral effective among different variants of
SARS-CoV-2 could be a useful alternative for treatment. In conclusion,
we have successfully identified promising inhibitors of SARS-CoV-2 by
reversibly blocking the essential targets at the virus entry.
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ABSTRACT: A class of tetrahydropyrazino[2,1-a:5,4-a’]diisoquinoline de-
rivatives were synthesized under environmentally friendly conditions using ik Lol
water as the solvent. The 3-D structures of some synthesized compounds were 2R 2
determined by X-ray diffraction. Since naturally occurring isoquinoline TR L
alkaloids have significant antiviral activities against a wide range of viruses,

1. Green synthesis of |
e S

including coronaviruses, the synthesized compounds were assayed for their O

inhibitory activities against SARS-CoV-2. Our results showed that the active
compounds 50 and 96 blocked the delta SARS-CoV-2 entry into VeroE6 cells
to display ECsg of 26.5 + 6.9 and 17.0 + 3.7 uM, respectively, by inhibiting
the interaction between SARS-CoV-2 Spike’s receptor binding domain (RBD)
and human receptor angiotensin-converting enzyme 2 (ACE2), and CCs,

Loy, [40] b1

greater than 100 yM. This study provides a green synthesis method of 4 2

tetrahydropyrazinodiisoquinoline for antiviral or other applications.

1. INTRODUCTION

Since December 2019, coronavirus disease 2019 (COVID-19)
has caused a worldwide pandemic with an approximately 1%
case mortality rate. > The pathogen is human severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2) with a
genome highly similar (79.6% identity) to that of the
previously (2002—-2003) emerged SARS-CoV." > Unlike
another CoV called Middle East Respiratory Syndrome-CoV
(MERS-CoV) that employs dipeptidyl peptidase-4 (DPP4) as
the human receptor to anchor the virus, SARS-CoV and SARS-
CoV-2 utilize human angiotensin-converting enzyme 2
(ACE2) to bind with the virus surface Spike glycoprotein
through the receptor binding domain (RBD).® The virus entry
after RBD:ACE2 interaction is initiated by the cleavage of
Spike at S1/S2 and S2’ sites by two human proteases, Furin
and transmembrane protease serine 2 (TMPRSS2), respec-
tively. The primed Spike exposes the membrane fusion peptide
to fuse with the host cell membrane and the virus’s RNA enters
into the cell.” TMPRSS2 could replace the function of Furin so
that the irreversible serine protease inhibitors Camostat and
Nafamost antagonize SARS-CoV-2 by inhibiting TMPRSS2 as
off-target.”” Alternatively to the above pathway, another
human protease Cathepsin L is involved in the endosomal
virus entry, mainly found in SARS-CoV-2 omicron strain.'’
After entry into host cell, the 29.7-kb SARS-CoV-2 positive-
sense single-strand RNA is translated by human cell machinery
to form two polyproteins ppla and pplab that can be
processed by two virus-encoded proteases, 3C-like protease
(3CLP) as homologous to the picornavirus 3C protease and

© XXXX The Authors. Published by
American Chemical Society
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papain-like protease (PLP™), into 16 functional nonstructural
proteins (NSPs).'' ™" Mature NSPs, including NSP7, 8, 10,
12, and 13 then form a replication-transcription complex with
RNA-dependent RNA polymerase (RdRp), helicase, exonu-
clease, and other activities for making subgenomic RNAs of the
structural proteins, Envelop (E), Nucleocapsid (N), Mem-
brane (M), and Spike (S) proteins. The structural proteins are
assembled with the RNA into new virus particles.'* Therefore,
these two viral proteases and RdRp are attractive drug targets,
and many covalent or noncovalent inhibitors have been
discovered. To date, Pfizer Co. has developed Paxlovid, a
nitrile-based covalent 3CL™ peptidomimetic inhibitor nirma-
trelvir combmed with ritonavir for inhibiting CYP3A4 as a
market drug A noncovalent nonpeptidomimetic 3CLP*
inhibitor ensitrelvir has been approved for use in Japan. o T
China, leritrelvir'” and simnotrelvir'®'? have been condition-
ally approved. Remdesivir, a nucleotide analog prodrug
develo?ed by Gilead Co., was found to inhibit SARS-CoV-2
RdRp.*"?" 1t showed promising efficacy in clinical trials and
thus was approved for COVID-19 treatment.”>** Another
nucleotide analog, molnupiravir, a prodrug of the nucleoside
analog N4-hydroxycytidine developed by Merck Co. has also
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Berbamine

Cepharanthine

Figure 1. Chemical structures of some biologically active isoquinoline derivatives. These include emetine and its OCH; group reduced analogue
cephaline that shows lower toxicity, palmatine, and berberine containing a nitrogen cation, as well as berbamine, and cepharanthine in cyclic forms.

been approved for anti-COVID-19.**** For preventing virus
entry, several antibodies have been developed as approved
drugs.m However, no small-molecule drug to inhibit virus
entry has been approved, although some small-molecule
inhibitors of RBD:ACE2 interaction and/or human proteases
have been identified.””~** However, resistance problems have
occurred on various anti-COVID-19 drugs.““" Therefore,
continuing to search for drug candidates is still necessary.
Isoquinoline alkaloids are a class of naturally occurring
molecules that have significant antiviral activities against a wide
range of viruses, including CoVs. ™ Isoquinoline is a unique
nucleus in chemistry, which structurally is composed of two
rings of benzene and pyridine in such a way that the nitrogen
of pyridine is placed away from the benzene ring. Isoquinoline
alkaloids usually include all alkaloids that have various
isoquinoline analogs, for example, 1,2,3,4-tetrahydroisoquino-
line (containing a saturated pyridine ring with a secondary
amine) such as tylophorine, dicentrine, corydaline, discretine,
Iycorine, emetine, argemonine, etc. (the chemical structures of
emetine and cephaline with the OCHj being reduced to OH to
decrease cytotoxicity, are shown in Figure 1 as examples). In
addition, an important class of isoquinoline alkaloids have
interconnected rings, in which the nitrogen atom has become a
quaternary cation (the chemical structures of palmatine and
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berberine are shown in Figure 1 as examples). The
isoquinoline alkaloids such as emetine, palmatine, and
berberine could inhibit SARS-CoV-2 by multiEle-targeting S
protein, RARp, elF4A, N, and/or orf6 proteins.*” Moreover, a
cyclic bis-benzylisoquinoline alkaloid berbamine (structure
shown in Figure 1) could inhibit SARS-CoV-2 by binding to
the postfusion core of Spike’s S2 subunit.'” From a library
containing 188 natural products, cyclic bis-benzylisoquinoline
alkaloids such as cepharanthine (structure shown in Figure 1)
were identified as SARS-CoV-2 entry inhibitors.*’

Similar to cyclic bis-benzylisoquinoline alkaloids, our in silico
prestudy revealed that the extended structures of diisoquino-
line derivatives may block RBD:ACE2 interaction, thereby
inhibiting SARS-CoV-2 entry. As presented herein, we
developed a green synthesis protocol using water as solvent
for tetrahydropyrazino[2,1-a:5,4-a’]diisoquinoline derivatives
from isoquinoline or bromoisoquinoline and various phenacyl
bromides in water and optimized their yields. Since regulations
are becoming increasingly severe regarding production and use
of organic solvents, forcing chemists to find greener and safer
alternatives, water as the main if not exclusive reaction medium
for organic transformations represents a safe, nontoxic, cheap,
and environmentally friendly alternative (42 for a review of the
reactions using water as solvent). The synthesized compounds
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were characterized for their three-dimensional (3D) structures
by X-ray diffraction and evaluated for antagonizing SARS-CoV-
2 through inhibiting RBD:ACE2 interaction. The green
methodology developed here is useful to synthesize tetrahy-
dropyrazinodiisoquincline for antiviral or other applications.

2. EXPERIMENTAL METHODS

2.1. General Methods. Reactions for synthesizing
compounds were monitored by using thin-layer chromatog-
raphy (TLC) on silica gel. Flash chromatography was
performed on silica gel of 60—200 um particle size for
compound purification. Yields were reported for spectroscopi-
cally pure compounds. Melting points were recorded on the
Fargo MP-1D Melting Point Apparatus. NMR spectra were
recorded on a Bruker AVIIIHD 400 MHz FT-NMR
instrument in the Department of Chemistry, National Taiwan
Normal University. Chemical shifts were given in & values
relative to tetramethylsilane (TMS); coupling constants | were
given in Hz. Internal standards were CDCl; (65 = 7.24) or
DMSO-d, (8 = 2.49) for "H NMR spectra, and CDCI, (¢ =
77.0) or DMSO-d, (6c = 39.5) for *C NMR spectra. The
splitting patterns were reported as s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), br (broad), and dd
(double of doublets). High-resolution mass spectra were
measured by a Bruker UPLC-MS instrument in the
TechComm core facility, Department of Chemistry, National
Taiwan Normal University.

2.2. Synthesis of Tetrahydropyrazino[2,1-a:5,4-a']-
diisoquinoline Derivatives. A mixture of isoquinoline 1 (1
mmol}, 2-bromoacetophenone 2 (1 mmol), K,CO; (1 mmol),
and H,0 (0.5 mL) was stirred at 70 °C for 24 h. Upon the
consumption of isoquinoline 1 (monitored by TLC), the
reaction was cooled to room temperature, filtered, concen-
trated, and purified by silica gel flash chromatography (Hex/
EtOAc) to afford compound 3a. Other compounds were
synthesized from isoquinoline or bromoisoquinoline and
various phenacyl bromides under the same condition.

2.2.1. Compound 3a (50). Light yellow solid, 86% yield.
Mp: 178—179 °C. "H NMR (400 MHz, CDCL): 5 7.75 (dd, J
= 6.84 Hz, 4H), 7.47-7.42 (m, 2H), 7.35—7.31 (m, 4H),
7.06—7.01 (m, 2H), 6.90—6.83 (m, 6H), 6.37 (dd, J = 7.56 Hz,
2H), 5.59 (d, ] = 7.28 He, 2H), 5.43 (d, ] = 7.44 Hz, 2H), 5.01
(d, J = 8.9 Hz, 2H), *C NMR (100 MHz, CDCLy): § 194.6,
138.1, 136.2, 1332, 131.9, 131.6, 128.6, 128.4, 128.3, 127.3,
1262, 125.6, 123.2, 1012, 65.1, 50.2. HRMS (ESI): m/z
calculated for CyHyN,0,% [M + HJ*: 495.2067, found
495.2051.

2.2.2. Compound 3b (105). Yellow solid, 53% yield. Mp:
136—137 °C. '"H NMR (400 MHz, CDCL,): §7.29 (d, ] = 6.84
Hz, 2H), 7.25 (s, SH), 7.20~7.16 (m, 2H), 7.13 (dd, ] = 6.24
Hz, 1H), 7.09 (dd, ] = 4.72 Hz, 2H), 6.99 (td, ] = 7.44 Hz,
2H), 6.89 (d, ] = 7.56 Hz, 2H), 6.01 (d, ] = 7.28 Hz, 2H), 5.42
(d, J = 7.44 Hz, 2H), 5.26 (d, ] = 8.88 Hz, 2H), 481 (d, ] =
8.84 Hz, 2H). *C NMR (100 MHz, CDCLy): § 198.1, 152.5,
1382, 137.8, 131.8, 131.6, 130.9, 130.2, 129.3, 128.1, 126.7,
125.7, 123.5, 120.5, 100.9, 68.7, 49.9. HRMS (ESI): m/z
calculated for CHHMCIZDS)N%O{ [M]*: 564.1180, found
564.1101 and for CyH,,CLE N,0," [M]*: 566.1150, found
566.1160.

2.2.3. Compound 3c (110). Light yellow solid, 61% yield.
Mp: 172—173 °C. 'H NMR (400 MHz, CDCL,): 6 7.62 (dd, J
= 596 Hz, 3H), 7.37—7.33 (m, 2H), 7.08—7.04 (m, 2H),
6.96—6.84 (m, 8H), 6.75 (d, ] = 8.36 Hz, 2H), 6.19 (d, ] =
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7.48 Hz, 2H), 544 (d, ] = 7.44 Hz, 2H), 5.30 (d, ] = 9.24 Hz,
2H), 5.16 (d, J = 8.92 Hz, 2H), 3.44 (s, 6H). °C NMR (100
MHz, DMSO-d,) &: 199.0, 158.0, 139.0, 133.5, 132.4, 130.7,
127.5, 127.0, 123.0, 1229, 120.8, 111.3, 99.2, 68.9, 552, 51.1.
HRMS (ESI): m/z calculated for CyH;N,0, [M + H]":
555.2278, found 555.2269.

2.2.4. Compound 3d (103). Light orange solid, 53% yield.
Mp: 177—178 °C. "H NMR (400 MHz, CDCL;): 6 7.23 (d, ] =
1.28 He, 1H), 7.16—7.06 (m, 9H), 6.96—6.89 (m, 6H), 6.12 (t,
J = 7.52 Hz, 2H), 5.45 (d, ] = 7.56 Hz, 2H), 5.43 (d, ] = 7.56
Hz, 2H), 4.79 (d, ] = 9.08 Hz, 2H), 2.38 (s, 6H). *C NMR
(100 MHz, CDCl,): § 198.4, 138.5, 138.1, 137.6, 132.0, 131.7,
131.0, 128.1, 127.7, 127.5, 1266, 125.5, 125.3,123.5, 100.6,
67.4, 49.9, 20.7. HRMS (MALDI-TOF): m/z calculated for
C3HyN,O,* [M]*: 522.2307, found 522.2301.

2.2.5. Compound 3e (74). Whitish yellow solid, 60% yield.
Mp: 140—141 °C. '"H NMR (400 MHz, CDCl,): § = 7.79 (dd,
] = 7.76 Hz, 4H), 7.10-6.86 (m, 12H), 6.37 (d, ] = 7.44 Hz,
2H), 5.62 (d, J = 7.4 Hg, 2H), 540 (d, ] = 8.8 Hz, 2H), 4.96
(d, J = 8.84 Hz, 2H). C NMR (100 MHz, DMSO-dy): & =
194.4, 1669, 164.4, 138.6, 132.5, 132.4, 132.3, 1284, 127.5,
126.3, 125.9, 123.8, 116.3, 116.1, 101.0, 64.3, 50.2. HRMS
(ESI): m/z calculated for C;H,F,N,0," [M + HJ"
531.1879, found 531.1885.

2.2.6. Compound 3f (96). Yellow solid, 54% yield. Mp:
160—161 °C. '"H NMR (400 MHz, CDCl,): § 7.68—7.66 (m,
4H), 7.32—7.28 (m, 4H), 7.09—7.05 (m, 2H), 6.93 (d, ] = 7.48
Hz, 2H), 6.89—6.84 (m, 4H), 6.34 (dd, J = 7.48 Hz, 2H), 5.62
(d, J = 7.48 Hz, 2H), 5.36 (dd, ] = 8.8 Hz, 2H), 4.92 (d, ] = 8.8
Hz, 2H). *C NMR (100 MHz, CDCL): § 193.7, 139.7, 137.7,
134.4, 131.7, 130.9, 130.0, 128.8, 128.1, 127.6, 127.2, 1267,
125.8, 123.7, 101.5, 65.2, 50.2. HRMS (ESI): m/z calculated
for C\;H,;CINO*" [M/2 + H]**: 282.0680, found 282.0686.

2.2.7. Compound 3g (68). Light yellow solid, 30% yield.
Mp: 173—174 °C. '"H NMR (400 MHz, CDCl): 8 = 7.66 (d, |
=7.80 Hz, 4H), 7.14 (d, ] = 7.84 Hz, 4H), 7.05 (t, ] = 6.68 Hz,
2H), 6.91—6.81 (m, 6H), 6.38 (d, J = 7.36 Hz, 2H), 5.58 (d, J
= 7.36 Hz, 2H), 5.44 (d, ] = 8.84 Hz, 2H), 4.99 (d, J = 8.84
Hz, 2H), 2.32 (s, 6H). “C NMR (100 MHz, CDCL): & =
194.3, 144.0 138.1, 133.7, 131.9, 129.1, 128.8, 128.2, 1279,
127.8, 127.6, 126.8, 125.5, 123.4, 100.8, 65.0, 50.2, 21.5.
HRMS (ESI): m/z calculated for CyH, N,0,” [M + H]*:
523.2380, found 523.2383.

2.2.8. Compound 3h (72). Light orange solid, 21% yield.
Mp: 152—153 °C. 'H NMR (400 MHz, CDCLy): 6 7.74 (d, ] =
8.84 Hz, 4H), 7.06—7.02 (m, 2H) 691 (d, ] = 7.4 Hz, 2H),
6.86—6.79 (m, 8H), 6.38 (d, ] = 7.4 Hz, 2H), 5.57 (d, ] = 7.44
Hz, 2H), 5.47 (d, ] = 8.9 Hz, 2H), 4.98 (d, J = 8.9 Hz, 2H),
3.79 (s, 6H). *C (100 MHz, CDCLy): § 193.4, 163.5, 138.1,
132.0, 131.0, 129.2, 127.9, 127.8, 126.8, 125.5, 123.3, 1137,
100.6, 64.9, 60.3, 554, 50.4, 14.1. HRMS (ESI): m/z
calculated for C3HyN,O4F [M + HJ]": 5552278, found
555.2279.

2.2.9. Compound 3i (115). Light yellow solid, 57% yield.
Mp: 163—164 °C. "H NMR (400 MHz, CDCL;): 6 7.88 (d, ] =
8.4 Hz, 3H), 7.60—7.47 (m, 8H), 7.47—7.39 (m, 8H), 7.11 (td,
J=7.16 Hz, 2H), 6.97—6.87 (m, SH), 6.47 (d, ] = 7.5 Hz, 2H),
5.66 (d, ] = 7.44 Hz, 2H), 5.51 (d, ] = 8.9 Hz, 2H), 5.08 (d, ] =
8.9 Hz, 2H). '°C NMR (100 MHz, DMSO-d,) 8: 194.2, 145.9,
139.7, 138.1, 131.9, 130.4, 129.3, 129.0, 128.9, 1282, 128.0,
127.8, 127.6, 127.2, 127.1, 126.8, 126.6, 126.4, 125.7, 123.5,
101.2, 65.2, 50.2. HRMS (ESI): m/z calculated for
CyH3sNyO,* [M + H]™: 647.2693, found 647.2660.
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2.2.10. Compound 3j (106). Light orange solid, 60% yield.
Mp: 167—168 °C. 'H NMR (400 MHz, CDCI;): & 8.10 (s,
2H), 7.87—7.80 (m, 2H), 7.81—7.80 (m, 5H), 7.56—7.51 (m,
2H), 7.49-7.46 (m, 3H), 7.05-6.99 (m, 2H), 6.94 (d, ] = 6.84
Hz, 2H), 6.88 (d, ] = 7.12 Hz, 2H), 6.79 (td, ] = 6.32 Hz, 2H),
6.48 (d, J = 7.52 Hz, 2H), 5.65 (d, ] = 744 Hz, 2H), 5.57 (d, ]
= 8.9 Hz, 2H), 5.22 (d, ] = 8.9 Hz, 2H). *C NMR (100 MHg,
CDCly): 195.1, 152.4, 142.8, 138.0, 135.5, 133.6, 132.2, 132.0,
130.6, 129.6, 127.6, 127.6, 126.9, 126.6, 125.6, 124.2, 123.5,
120.5, 101.0, 65.3, 50.8. HRMS (ESI): m/z calculated for
C, H|(NO** [M/2 + H]*": 298.1226, found 298.1232.

2.2.11. Compound 3k (111). Light orange solid, 70% yield.
Mp: 174175 °C. '"H NMR (400 MHz, CDCl,): 5 8.37 (d, ] =
8.08 Hz, 2H), 7.89 (d, J = 8.08 Hz, 2H), 7.82 (d, ] = 7.4 Hz,
3H), 7.54-7.46 (m, 7H), 7.34—7.28 (m, 4H), 7.10 (td, ] =
6.32 Hz, 2H), 7.01 (t, ] = 6.96 Hz, 2H), 6.91—6.85 (m, 3H),
6.12 (t, ] = 6.68 Hz, 2H), 5.71 (d, ] = 9.4 Hz, 2H), 5.44 (d,] =
7.48 Hz, 2H), 5.04 (d, J = 9.2 Hz, 2H). *C NMR (100 MHz,
CDCL); & 198.8, 138.1, 1354, 133.8, 132.7, 132.1, 130.5,
1284, 1282, 128.0, 127.6, 127.4, 126.8, 126.5, 125.6, 125.6,
124.2, 123.6, 100.7, 67.8, 50.7. HRMS (ESI): m/z calculated
for C,,HyN,0," [M + H]": 595.2380, found $95.2386.

2.2.12. Compound 3! (88). Yellow solid, 22% yield. Mp:
148—149 °C. "H NMR (400 MHz, CDCL,): 5 7.41 (d, ] = 1.92
Hz, 2H), 7.26-7.23 (m, 2H), 7.07-7.03 (m, 2H) 6.92 (d, ] =
7.5 Hz, 2H), 6.85 (d, ] = 440 Hz, 4H), 6.72 (d, ] = 8.48 Hz,
2H), 6.37 (d, ] = 6.92 Hz, 2H), 5.57 (d, ] = 7.44 Hz, 2H), 5.48
(d, J = 8.84 Hz, 2H), 4.99 (d, ] = 8.96 Hz, 2H), 3.86 (s, 12H).
BC (100 MHz, CDCL): & 193.5, 1534, 149.0, 1380, 131.9,
1293, 127.9, 127.8, 126.9, 125.5, 123.4, 1232, 111.0, 109.9,
100.6, 64.9, 56.0, 55.8, 50.7. HRMS (ESI): m/z calculated for
CyeH3sN,0," [M + HJ*: 6152490, found 615.2497.

2.2.13. Compound 3m (98). Yellow solid, 78% yield. Mp:
176—177 °C. 'H NMR (400 MHz, CDCL;): § = 7.27-7.24
(m, 3H), 7.07=7.02 (m, 2H), 6.92 (d, ] = 7.48 Hz, 2H), 6.86—
6.82 (m, SH), 6.69 (d, ] = 8.0 Hz, 2H), 6.34 (d, J = 7.52 Hz,
2H), 5.97-5.96 (m, 4H), 5.57 (d, J = 7.48 Hz, 2H), 5.43 (d, ]
= 8.92 Hz, 2H), 4.92 (d, ] = 8.96 Hz, 2H). 1*C NMR (100
MHz, CDCLy): 6 = 1929, 151.9, 148.1, 137.9, 131.9, 131.0,
1279, 127.7, 126.8, 125.5, 125.0, 123.4, 108.4, 107.7, 1018,
100.8, 64.9, 50.5. HRMS (ESI): m/z calculated for
CasH,N, 04" [M + H]': 583.1864, found 583.1867.

2.2.14. Compound 3n (114). Light orange solid, 30% yield.
Mp: 153—154 °C. 'H NMR (400 MHz, CDCl,): § 7.64—7.61
(m, 4H), 7.51—7.49 (m, 4H), 7.12—7.08 (m, 2H), 6.96 (d, ] =
7.48 Hz, 2H), 6.92—6.87 (m, 3H), 6.37 (d, J = 7.52 Hz, 1H),
5.65 (d, ] = 748 Hz, 2H), 5.37 (t, ] = 8.76 Hz, 2H), 4.94 (4, ]
= 8.84 Hz, 2H). *C NMR (100 MHz, CDCLy); § 193.8, 152.3,
142.6, 137.7, 135.8, 134.8, 132.2, 131.8, 130.1, 129.4, 126.5,
125.8, 123.7, 120.5, 1016, 65.2, 50.1. HRMS (EI): m/z
calculated for Cy,H;,Br,NOK" [M/2 + K]': 441.8833, found
441.0895.

2.2.15. Compound 30 (122). Light orange solid, 74% yield.
Mp: 148—149 °C. '"H NMR (400 MHz, CDCL,): § 7.58—7.57
(m, 2H), 7.54—7.53 (m, 2H), 7.13-7.09 (m, 2H), 7.02—6.91
(m, 8H), 6.38 (d, ] = 7.24 Hz, 2H), 5.66 (d, ] = 7.48 Hz, 2H),
5.40 (d, J = 8.72 Hz, 2H), 4.74 (d, ] = 8.8 Hz, 2H). C NMR
(100 MHz, CDCl;): 5 188.3, 152.4, 142.6, 138.0, 134.3, 132.9,
1317, 1280, 127.1, 1257, 1235, 101.1, 67.6, 50.7, 29.7.
HRMS (ESI): m/z calculated for C3H,3N,0,8," [M + H]":
507.1195, found 507.1201.

2.2.16. Compound 3p (50Br). Light yellow solid, 94% yield.
Mp: 115116 °C. '"H NMR (400 MHz, CDCly): § 7.82 (d, ] =
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7.52 Hz, 4H), 7.55 (t, ] = 7.52 Hz, 2H), 742 (t, ] = 7.64 Hz,
4H), 7.32 (d, ] = 7.88 Hz, 2H), 6.85 (d, ] = 7.36 Hz, 2H), 6.74
(t, J = 7.76 Hz, 2H), 6.55 (d, ] = 7.56 Hz, 2H), 5.95 (d, ] =
7.64 Hz, 2H), 5.44 (d, ] = 9 Hz, 2H), 5.07 (d, J = 8.8 Hz, 2H).
BC NMR (100 MHz, CDCL,): § 193.9, 189.5, 172.1, 139.6,
135.8, 133.5, 132.1, 131.4, 129.1, 128.7, 128.7, 126.6, 126.0,
119.3, 100.0, 64.6, 50.1. HRMS (MALDI-TOF): m/z calcd for
Cy3,H,,Br,N,0, [M]": 650.0205, found 650.0285.

2.2.17. Compound 3q (103Br). Yellow solid, 34% yield.
Mp: 177—178 °C. 'H NMR (400 MHz, CDCl,): § 7.37—-7.29
(m, 4H), 7.21-7.18 (m, 4H), 7.15 (t, ] = 7.2 He, 2H), 6.92 (d,
] = 7.3 Hz, 2H), 6.82—6.77 (m, 2H), 6.29 (d, ] = 8.0 Hz, 2H),
5.81 (d, J = 7.6 Hz, 2H), 5.45 (m, ] = 8.0 Hz, 2H) 4.87 (d, ] =
9 Hg, 2H), 243 (s, 6H). *C NMR (100 MHz, CDCL): §
197.7, 139.8, 138.7, 137.1, 132.2, 131.9, 131.6, 131.4, 128.8,
127.8, 126.5, 125.8, 125.5, 119.3, 99.5, 66.9, 50.1, 20.8. HRMS
(MALDI-TOF): m/z calculated for CisH,gBr,N,0," [M]*:
678.0518, found 678.0512.

2.2.18. Compound 3r (91Br). Yellow solid, 21% yield. Mp:
145—146 °C. "H NMR (400 MHz, CDCly): § 7.38 (s, 2H),
7.32 (t,] = 7.4 Hz, 6H), 7.08—7.05 (m, 2H), 6.84 (d, J = 7.36
Hgz, 2H), 6.75 (t, ] = 7.76 Hz, 2H), 6.53 (d, ] = 7.72 Hg, 2H),
5.94 (d, J = 7.64 Hz, 2H), 5.43 (d, ] = 8.84 Hz, 2H), 5.05 (d, ]
= 8.92 Hz, 2H), 3.83 (s, 6H). °C NMR (100 MHz, CDCl,); &
193.7, 159.9, 139.6, 137.1, 132.1, 129.6, 126.6, 126.0, 121.2,
1202, 112.9, 100.0, 64.7, 58.4, 55.4, 50.2, 30.9,18.4. HRMS
(ESI): m/z calculated for CiyHyoBr,N,0," [M + HI]"
711.0489, found 711.0494.

2.2.19. Compound 3s (68Br). Yellow solid, 60% yield. Mp:
169—170 °C. 'H NMR (400 MHz, CDCL;): § 7.71 (d, ] = 8.16
Hz, 3H), 7.31 (d, J = 8.0 Hz, 3H), 7.20 (d, J = 8.1 Hz, 4H),
6.84 (d, ] =7.44 Hz, 2H), 6.73 (, ] = 7.7 Hz, 2H), 6.54 (d, ] =
7.6 Hz, 2H), 5.92 (d, ] = 7.6 Hz, 2H), 5.44 (d, ] = 8.8 Hz, 2H),
5.04 (d, ] = 8.8 Hz, 2H), 2.36 (s, 6H). *C NMR (100 MHz,
CDCLy): § 193.5, 144.5, 139.7, 1332, 132.0, 1314, 129.3,
129.2, 128.8, 126.5, 126.0, 1192, 99.8, 64.5, 50.1, 21.6. HRMS
(ESI): m/z calculated for CyH,oBr,N,0," [M + H]*"
679.0590, found 679.0596.

2.2.20. Compound 3t (70Br). Pale yellow solid, 44% yield.
Mp: 181182 °C. '"H NMR (400 MHz, CDCL,): §7.79 (d, ] =
8.8 Hz, 4H), 7.31 (d, J = 8 Hz, 2H), 6.87—6.81 (m, 6H) 6.73
(t,J=7.7 Hz, 2H), 6.53 (d, J = 7.68 Hz, 2H), 5.91 (d, ] = 7.56
Hz, 2H), 5.46 (d, ] = 8.92 Hz, 2H), 5.03 (d, J = 8.8 Hg, 2H),
3.83 (s, 6H). *C NMR (100 MHz, CDCly): § 192.5, 163.8,
148.0, 139.8, 132.0, 131.5, 131.1, 129.2, 128.8, 126.5, 126.1,
119.1, 113.8, 99.0, 64.5, 55.5, 504. HRMS (ESI): m/z
calculated for CjgH;sBrNO,> [M/2 + H]**: 356.0275, found
356.0294.

2.2.21. Compound 3u (122Br). Light yellow solid, 44%
yield. Mp: 176—177 °C. 'H NMR (400 MHz, CDCL,): § 7.62
(d, J = 4.8 Hz, 2H), 7.58 (d, ] = 3.8 Hz, 2H), 7.35 (d, ] = 7.9
Hz, 2H) 7.06 (t, ] = 4.4 Hz, 2H), 6.96 (d, ] = 7.4 Hz, 2H), 6.80
(t, ] = 7.7 Hz, 2H), 6.50 (d, ] = 7.6 Hz, 2H), 5.98 (d, ] = 7.6
Hgz, 2H), 5.39 (d, ] = 8.7 Hz, 2H), 4.78 (d, ] = 8.7 Hz, 2H).
13C NMR (100 MHz, CDCLy): § 187.5, 142.2, 139.6, 134.7,
133.2, 1322, 131.3, 129.0, 1282, 126.7, 126.3, 119.3, 100.1,
67.1, 50.7. HRMS (MALDI-TOFE): m/z caled for
CsH,0Br;N, 0,8, [M]*: 661.9333, found 661.9306.

2.2.22. Compound 3v (115Br). Light orange solid, 56%
yield. Mp: 156—157 °C. '"H NMR (400 MHz, CDCL): § 7.91
(d, J = 8.3 Hz, 3H), 7.63 (d, J = 8.4 Hz, 4H), 7.59 (t, ] = 7.1
Hz, 4H), 7.48—7.38 (m, 7H), 7.33 (t, ] = 7.3 Hz, 2H), 6.88 (d,
] = 7.4 Hz, 2H), 6.76 (t, ] = 7.7 Hz, 2H), 6.60 (d, ] = 7.6 Hz,
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2H), 5.98 (d, ] = 7.6 Hz, 2H), 5.48 (d, J = 8.8 Hz, 2H), 5.11
(d, J = 8.8 Hz, 2H). *C NMR (100 MHz, CDCl,): § 1934,
146.3. 139.7, 139.6, 134.4, 132.1, 131.4, 130.5, 129.3, 129.1,
128.9, 1283, 1280, 127.3, 127.2, 127.0, 1267, 126.1, 119.3,
100.1, 64.8, 50.2. HRMS (EI): m/z calculated for
CyeH,Br,N,0," [M + H]*: 803.0898, found 803.0909.

2.3. X-ray Analysis of the Synthesized Compounds.
Single-crystal X-ray data were acquired through a slow
evaporation technique utilizing dichloromethane with ethyl
acetate as the solvent system at room temperature. X-ray
reflections were recorded at 200 K on the single crystals using
Mo Ka X-radiation (A = 071073 A) with a Bruker Kappa
APEX-II diffractometer. The crystal structures were solved and
refined using SHELX-97. Additional information regarding the
data collection and refinement parameters for the crystals can
be found in the Supporting Information Tables $2—S6.

2.4, Antivirus EC5, and Cytotoxicity CCso Measure-
ments. The antiviral ECy, values of the synthesized
compounds against SARS-CoV-2 were determined by using
the plaque reduction assay as previously described.”** For the
assay, VeroE6 cells were seeded into a 24-well culture plate in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and antibiotics 1 day before the infection.
VeroE6 cells were infected by SARS-CoV-2 delta virus
(NTU92) at 50—100 pfu for 1 h at 37 °C. After removal of
virus inoculum, the cells were washed once with phosphate-
buffered saline (PBS) and overlaid with 1 mL overlay medium
containing 1% methylcellulose for 5 days at 37 °C. After §
days, the cells were fixed with 10% formalin overnight. After
removal of the overlay medium, the cells were stained with
0.5% crystal violet, and the plaques were counted. The
percentage of inhibition was calculated as [1 — (Vp/Vc)] x
100%, where Vi, and V refer to the virus titer in the presence
and absence of an inhibitor, respectively. The minimal
concentration of an antiviral required to reduce the plaque
number by 50% (ECy,) was calculated by regression analysis of
the dose—response curve generated from the plaque assay.

Cytotoxicity of the inhibitors was determined by using acid
phosphatase assay. Briefly, VeroE6 cells were seeded onto a 96-
well culture plate at a concentration of 2 x 10* cells per well.
Next day, the medium was removed, and each well was washed
once with PBS before adding DMEM containing 2% FBS and
different concentrations of an inhibitor. Next, DMEM
containing 2 ug/mL TPCK-trypsin was added. After 1 h of
incubation at 37 °C, the medium was removed, and cells were
washed by PBS. Then, DMEM containing 2% FBS and
different concentrations of an antiviral was added. After 3 days
of incubation at 37 °C, the medium was removed, and each
well was washed once with PBS. Next, buffer containing 0.1 M
sodium acetate (pH = 5.0), 0.1% Triton X-100, and S mM p-
nitrophenyl phosphate was added. After the mixture was
incubated at 37 °C for 2 h, 1 N NaOH was added to stop the
reaction. The absorbance was then determined by an ELISA
reader (VERSAmax, Molecular Devices, Sunnyvale, CA) at a
wavelength of 405 nm. The percentage of cytotoxicity was
calculated using the following formula: cytotoxicity % = [1 —
(A/A,) X 100]%, where A, and A, refer to the absorbance of a
tested substance and solvent control, respectively. The 50%
cytotoxicity concentration (CCsp) was defined as the
concentration reducing 50% of cell viability. For each data
point, the measurements were repeated three times to yield the
averaged CCs values and the standard deviation.
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2.5. Test of the Synthesized Compounds on
Inhibiting RBD:ACE2. The active antivirals were tested for
inhibiting RBD:ACE2 interaction using the NanoBiT technol-
ogy commercial kit from Promega (WI, USA) as reported
previously.”® The ICy, values of the synthesized compounds
against the target were determined from the concentration-
dependent inhibition curves fitted with the equation: A(I) =
A(0) x {1 — [I/(I + ICs,)]} using GraphPad Prism software
(v.9.4.0).

2.6. Molecular Docking. Molecular docking studies were
carried out using the iIGEMDOCK software available at http://
gemdock.hfe.nctu.edu.rw/dockfigemduck.pth to predict the
binding interactions of compound 50 with RBD of the SARS-
CoV-2 delta variant Spike protein. The three-dimensional
(3D) structure of RBD (PDB ID: 7w92)" was obtained from
the RCSB Protein Data Bank (PDB, https://www.rcsb.org/).
Before docking, all water molecules were removed from the
structure. The RBD domain (residues 319 to 541) was isolated
from the open state of the SARS-CoV-2 delta variant Spike
protein. This binding site was prepared by assigning residue
atom types and charges using the iGEMDOCK method. The
3D structure of compound 50 was created using the Molview
Web site (https://molview.org/) and its structural data were
converted to mol2 format with the Open Babel GUI
software.*

For the molecular docking process, genetic algorithm (GA)
settings were used with population sizes of 800, 80 generations,
and 10 solutions. iGEMDOCK software was used to create
profiles of protein—ligand interactions based on electrostatic
(E), hydrogen-bonding (H), and van der Waals (V) forces.
After docking, iGEMDOCK analyzed and ranked all poses
based on their estimated binding energies. The binding energy
scores were calculated as the sum of the interaction energies,
and the pose with the lowest energy was considered the best fit
for compound 50 in the target binding site.

2.7. Drug-likeness Analysis. The 3D structure of
compound 50 was converted to an SMILES format using
Open Babel GUI software. To evaluate the drug-likeness of
compound 50, the Lipinski rule of five was assessed using an
online tool (http:/,r“www,scfbio—1itd.res.1n#sofrware/
drugdesign/lipinskijsp)."”** The Absorption, Distribution,
Metabolism, Excretion, and Toxicity (ADMET) profile of 50
was predicted through the pkCSM Web site (http://biosig.
uuimelh.edu,aufpkcsm/).w

3. RESULTS

3.1. Synthesis of Tetrahydropyrazino[2,1-a:5,4-a'l-
diisoquinoline Derivatives from lIsoquinoline and
Various Phenacyl Bromides. To synthesize the target
molecules, in the beginning, a mixture of isoquinoline 1 (1
mmol) and 2-bromoacetophenone 2 (1 mmol) with different
solvents and different bases under different temperatures was
tried. EtOH as solvent and K,COj as base at the temperature
of 40 °C gave the yield of 86% for compound 3a. For further
optimization, we found using K,CO; as base and H,O as
solvent, at 70 °C was sufficient to give the product with a
higher yield of 96% (Table 1). Therefore, our general synthetic
scheme (Scheme 1) became a mixture of isoquinoline 1 (1
mmol) with R substituent H or Br, phenacyl bromide 2 (1
mmol), K,CO; (1 mmol), and H,O (0.5 mL), and stirred at
70 °C for 24 h. Upon the consumption of isoquinoline 1
(monitored by TLC), the reaction mixtures were cooled to
room temperature, filtered, concentrated, and purified by silica
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Table 1. Yields of 3a Using the Reaction Conditions of 1 (1
mmol), 2 (1 mmol), K,CO; (1 mmol), and H,0 (0.5 mL),
at Various Temperatures and Time Periods

entry solvent base TEMP (°C) t (h) yield (%)
1 H,0 K,CO, sonication 2 20
2 H,0 K,CO, rt 12 30
3 H,0 K,CO, 40°C 28 42
4 H,0 K,CO; 50 °C 28 58
5 H,0 K:CO, 70 °C 2 96
6 H.0 K.CO; 90 °C 24 96
7 H,0 K,CO, 100 °C 24 96

gel flash chromatography (Hex/EtOAc) to afford compounds
3a—3v, each as a single diastereomer.

The chemical structures of the synthesized compounds were
confirmed by NMR and MS spectral data. The NMR
assignment was made on the substituent additivity rules,
spectral characteristics of structurally related compounds,
signal intensities, and multiplicities. 13C NMR spectra were
used to prove the interpretation of the carbon resonances. The
'H and “C NMR spectra for structural characterization are
presented in Figure SI. The 3-D structures of five selected
compounds were characterized by Xray diffraction (the
statistics are summarized in Tables $2—S6) and are shown
in Figure 2.

The chemical structures and the yields of the synthesized
compounds are summarized in Tables 2 and 3. The reaction of
unsubstituted phenacyl bromide gave an excellent yield (96%)
of the product (3a). However, ortho- or para-substituted
phenacyl bromide substrates containing a halogen atom or
methyl group produced the desired products in moderate
yields (50—68%). On the other hand, the substrates containing
bulky diphenyl or naphthyl groups afforded the corresponding
tetrahydropyrazino[2,1-a:5,4-a']diisoquinoline derivatives in
lower yields (40—50%). Further, the substrate bearing
methylenedioxy moiety furnished an excellent yield of the
product 3m (98%). The method was efficient, involving the
reaction of the phenacyl bromide possessing thiophene group
to produce the desired product 3o in a good yield (74%).
Next, we explored the methodology by replacing isoquinoline
with bromoisoquinoline and various phenacyl bromides to
obtain the corresponding tetrahydropyrazino[2,1-a:5,4-a']-
diisoquinoline derivatives (3p—3v) in good to moderate
yields. The substrate without a substituent or with a phenyl
group on the benzene ring gave the best yield (94%).

3.2. Antiviral Activities of Some Synthesized Com-
pounds against SARS-CoV-2. The synthesized compounds
were screened for inhibiting infection of delta SARS-CoV-2 on

VeroE6 host cells. Due to their weak anti-SARS-CoV-2
activities, EC5, measurements of some compounds could not
be achieved. However, we found that 50 and 96 were
repeatedly active under the entry treatment (preincubating
with the virus). Their dose-dependent inhibition profiles
shown in Figure 3 gave ECsq of 26.5 + 6.9 and 17.0 + 3.7 uM,
respectively, without cytotoxicity (CCy, > 100 uM). The
compounds were not active when added to the veroE6 cells
after the cells were infected with SARS-CoV-2 (the postentry
treatment) so that the compounds should inhibit the target(s)
outside the cells for virus entry.

3.3. Evaluation of the Active Antivirals against
RBD:ACE2 Involved in Virus Entry. To understand the
target(s) of the active antivirals, assays of the RBD:ACE2
interaction were carried out. The active compounds 50 and 96
displayed ICsy values of 32.7 + 89 and 104 + 2.1 uM,
respectively, based on the dose-dependent inhibition profiles
shown in Figure 4. These two antivirals showed no inhibition
of the human proteases Furin, TMPRSS2, and Cathepsin L,
which are also involved in virus entry (data not shown).

3.4. Binding Mode of the Inhibitor with RBD. To
elucidate the inhibition mechanism of compound 50 in virus
entry, a docking study was conducted. 50 was docked into
RBD of the SARS-CoV-2 delta variant Spike protein (PDB:
7w92), as shown in Figure 5. The binding energy of compound
50 with the RBD of the delta-strain Spike protein was
estimated to be —93.3 kcal/mol. The analysis revealed that
compound 50 forms van der Waals interactions with Tyr448,
Tyr453, GIn493, and TyrS0S of the RBD. In the delta
RBD:ACE2 complex, Tyr453, GIn493, and Tyr505 of RBD
form hydrogen bonds with His34, Lys31, and Glu37 of ACE2,
respectively. Additionally, an oxygen atom in one of the
acetophenone groups forms a hydrogen bond with Gly496 of
the RBD, which also forms a hydrogen bond with Lys353 of
ACE2 in the delta RBD:ACE2 complex. Consequently,
through interactions with these pivotal residues on the RBD,
compound 50 potentially disrupts the RBD:ACE2.

3.5. Drug-likeness of the Inhibitor as Judged from
Lipinski Rule of Five and ADMET Properties. According
to the Lipinski rule of five, compound 50 fits several key
criteria: its log P value is S, the number of hydrogen bond
acceptors is 4, fewer than 10, and the number of hydrogen
bond donors is 0, fewer than 5. The molecular weight of
compound 350 is 494 Da, which is smaller than the ideal limit
of 500 Da. However, its molar refractivity is 146.607559, which
is relatively surpassing the standard (between 40 and 130).
These parameters suggested that compound 30 could be a
promising candidate for drug development.

Scheme 1. Synthesis of Tetrahydropyrazino[2,1-a:5,4-a"]diisoquinoline Derivatives from Isoquinoline or Bromoisoquinoline

and Various Phenacyl Bromides under the Optimized Condition

N o H,0, K,CO3
.
ZN Br\)J\Ar 70°C, 24 h
1 2
R' =H (3a-30) or Br (3p-3v)
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Figure 2. 3-D structures of (A) 98, (B) 103Br, (C) 68Br, (D) 122Br, and (E) 115Br determined from the diffraction data are summarized in
Tables S2—S6. Their chemical structures are shown in Tables 2 and 3.

Moreover, the ADMET properties predicted in silico
provided valuable insights into the potential of compounds
for therapeutic use. These properties encompass absorption,
distribution, metabolism, excretion, and toxicity, as summar-
ized in Table S1 for compound $0. For absorption, the Caco-2
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permeability and human intestinal absorption (HIA) scores for
compound S0 are relatively high, suggesting effective
absorption in the human intestine. Regarding distribution,
the ability of compound 50 to cross the blood-brain barrier
(BBB) and penetrate the central nervous system (CNS), was

https://doi.org/10.1021/acsomega 4c08640
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Table 2. Structures and Yields of Tetrahydropyrazino[2,1-a:5,4-a"]diisoquinoline Derivatives Synthesized from Isoquinoline

and Various Phenacyl Bromides™”

3m (98) (80%) 3n (114) (64%)

3h (70) (42%)

31 (88) (40%)

30 (122) (74%)

“Reactions performed in 1 mmol scale. Plsolated yields.

supported by the predicted permeability values. Additionally,
the volume of distribution at steady state (VDss) indicated a
higher likelihood of tissue distribution. Metabolism prediction
revealed that compound 50 may act as a substrate for CYP2D6
or CYP3A4. However, it was not predicted to inhibit CYP1A2,
CYP2C19, CYP2C9, CYP2D6, or CYP3A4. In terms of
excretion, compound 50 was unlikely to be a substrate for renal

organic cation transporter-2 (OCT2), suggesting minimal risk
of contraindications related to renal transport. Toxicity
predictions indicated that compound 50 is not mutagenic,
does not inhibit the hERG I channel, and lacks a skin
sensitization potential. Furthermore, the predicted maximum
recommended tolerated dose (MRTD) of compound 50
exceeds the standard values, suggesting a favorable safety

https:/doi.org/10.1021/acsomega 4c08640
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Table 3. Structures and Yields of TetrahydmpyrazinoLZ,1—a:5,4—a’]dibromoisoquinoline Derivatives Synthesized from

Bromoisoquinoline and Various Phenacyl Bromides™

OCHs
3t (70Br) (58%)

3u (122Br) (66%)

3v (115Br) (94%)

“Reactions performed in 1 mmol scale. “Isolated yields.
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Figure 3. EC5, measurements of the antiviral activities of active compounds. (A, B) Inhibitor dose-dependent virus inhibition curves for
measurements of EC;, values of the inhibitors, 50 and 96, against the delta variant of SARS-CoV-2 infecting VeroE6 cells, are 26.5 + 6.9 and 17.0
+ 3.7 uM, respectively. These curves were generated according to the plaque reduction assay data. Their CCs, values derived from the plots were
>100 M. All of the measurements were performed in triplicate to yield the averaged ECj, and standard deviations.

profile with no unacceptable side effects. Nonetheless, there
was a potential concern for hepatotoxicity associated with
compound 50.

4. DISCUSSION

Quinoline is an important building block found in biologically
active natural products, pharmaceuticals, and materials science;
hence, considerable efforts have been made to develop
environmentally benign synthetic protocols, workup, and

250

purification procedures for quinoline derivatives. The synthesis
of tetrahydropyrazino[2,1-a:5,4-a']diisoquinoline first ap-
peared in early 1969 when authors observed this compound
as a side product.SO Later, Kutsuma et al. synthesized
tetrahydropyrazino[2,1-a:5,4-a']diisoquinoline by the treat-
ment of isoquinoline and phenacyl bromide in the presence
of trimethylamine, but only a single compound was
synthesized.”' Recently, Cui et al. have reported the synthesis
of the hydrogenated pyrazino[2,1-alisoquinoline derivatives

https://doi.org/10.1021/acsomega 4c08640
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Figure 4. Inhibition of RBD:ACE2 by the compounds. (A, B) Percentages of RBD:ACE2 binding inhibition by increasing compound
concentrations were measured with RBD from delta SARS-CoV-2 to yield ICs, values of 32.7 + 8.9 and 10.4 + 2.1 uM for compounds 50 and 96,
respectively. All of the measurements were performed in triplicate to yield the averaged ICs, values and standard deviations.
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Figure $. Binding mode of active antiviral compound 50 with RBD. Compound 50 was docked into the RBD of the delta-strain Spike protein
(PDB: 7w92). Compound 50 is colored purple, and the residues involved in hydrogen bonding are highlighted in cyan, while those involved in van
der Waals interactions are in orange. The trimeric Spike protein is depicted in yellow and the RBD is in green. In this model, compound 50
interacts with residues at the RBD:ACE2 interface, potentially interfering with the binding of the RBD to ACE2.

from dihydroisoquinolines and various phenacyl bromides in
the presence of base in acetonitrile solvent.’* To the best of
our knowledge, there is no green methodology developed for
accessing these derivatives. Further, the bioactivities of these
derivatives have not been investigated. Hence, we developed a
green synthetic protocol for tetrahydropyrazino[2,1-a:5,4-
a']diisoquinoline derivatives from isoquinoline and phenacyl
bromides in water, as demonstrated here. Water is an
inexpensive, naturally abundant, safe, nontoxic, and environ-
mentally benign solvent; hence, the development of novel
organic reactions in aqueous media has attracted tremendous
attention from the chemical community.42 In addition, since
many organic compounds are not soluble in water, the
resulting products can be precipitated out from the aqueous
reaction medium after the reactions. Consequently, the
products can be easily isolated by simple filtration without
tedious workup and purification procedures. Our initial studies
focused on optimizing the reaction conditions to obtain better
yields of the target molecules. In this regard, we chose
isoquinoline and phenacyl bromides as model substrates and
conducted the reactions at various temperatures in water. After
obtaining the optimized conditions, we synthesized a variety of
tetrahydropyrazino([2,1-a:5,4-a’]diisoquinoline derivatives from
various substituted phenacyl bromides and isoquinoline
substrates. Next, we explored the methodology by replacing
isoquinoline with bromoisoquinoline and various phenacyl
bromides to obtain the corresponding derivatives. In all
reactions, the trans-diastereomer was obtained as a major
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product, and the other isomer was formed in trace amounts.
However, a pure trans-isomer was isolated by column
chromatography. This protocol has several additional advan-
tages such as simple operation, broad substrate scope, good
functional group tolerance, and easy product isolation.

The synthesized compounds were screened against SARS-
CoV-2 targeting the RBD:ACE2 interaction as hinted from
modeling. Our results indicate that the compounds 50 and 96
inhibiting RBD:ACE2 but not the human proteases showed
anti-SARS-CoV-2 activities under the entry treatment (the
compound was preincubated with the virus and included
during virus infecting the host to avoid virus entry), but not
under the postentry treatment (the compound was added after
the host was infected with the virus to prevent viral
replication). Therefore, the active compounds exert their
antiviral activities by targeting RBD:ACE2 to block virus entry.
As compared to berbamine hydrochloride, a cyclic bis-
benzylisoquinoline alkaloid that could bind to the postfusion
core of SARS-CoV-2 S2 subunit, thereby inhibiting SRAS-
CoV-2 entry into VeroE6 host cells with an ECy; of 1.73 uM
and a CCgy of 66.88 uM, respectively,*’ our inhibitors 50 and
96 display lower efficacy (ECs, = 26.5 and 17.0 uM), but
higher safety (CCs, > 100 uM). As isoquinoline and
dihydroisoquinoline derivatives may have different reactivities
and bioactivities, dihydroisoquinolines can be considered in
future studies for the synthesis of natural product-like
compounds, and the synthesized molecules could be further
tested for drug discovery. Several reports on the synthesis of

https://doi.org/10.1021/acsomega 4c08640
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related_hydrogenated products can be considered for future
Study.‘ﬂ_n

To understand how the compounds bind the RBD:ACE2
interface, computational modeling that plays a pivotal role in
investigating the interactions between potential drug candi-
dates and target proteins was utilized. Understanding these
interactions is crucial, as it expedites the drug discovery process
by identifying promising candidates with higher efficacy and
lower side effects. Using compound 50 as an example, Figure 5
reveals the interactions between the compound with Spike’s
RBD of SARS-CoV-2 delta strain. Based on X-ray analysis, all
our synthesized compounds have a shape with a central
tetrahydropyrazino ring and 4 extended edges containing
different groups. The extended shape helps to block the
interface of RBD and ACE2 as modeled.

Computational drug discovery, through methods such as
molecular docking, is vital for investigating how molecules
interact with protein targets. In this study, we employ
iIGEMDOCK software to facilitate steps such as design of
inhibitors and postscreening analysis. iGEMDOCK is
especially useful for postscreening analysis and inferrin§
pharmacological interactions from the active inhibitors."
Moreover, by examining the computation-based study of
drug-likeliness and pharmacokinetics, compound 50 obeys the
Lipinski rule of five and shows favorable ADMET profiles.
However, further in vitro and in vivo studies are needed to
validate its effectiveness and safety.
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