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Chapter I 

Complexation and evolution of cis-prenyltransferases in Cinnamomum 

kanehirae deduced from kinetic and functional characterizations 

中文摘要 

真核生物的去氫多萜二磷酸合成酶（Dehydrodolichyl diphosphate synthases, 

DHDDSs）是一類順式異戊二烯轉移酶（cis-prenyltransferases, cis-PTs），負責合成

多萜類（dolichols）的前驅物，從而調控蛋白質醣基化。這些酶需要合作夥伴，例

如酵母中的 Nus1 和動物中的 NgBR，它們是缺乏催化結構域的 cis-PT 同源蛋白，

但能夠增強 DHDDS 活性。與動物不同，植物擁有多種 cis-PTs，這些蛋白可以配

對或單獨行動，生成具有不同鏈長的產物，但其生理功能尚不清楚。我們選擇研究

台灣牛樟（Cinnamomum kanehirae），基因組分析顯示該物種含有兩個 DHDDS 類

蛋白與三個 NgBR 類蛋白。我們發現，一個 DHDDS 類蛋白作為同源二聚體的 cis-

PT，可生成中鏈長的 C55 產物，而另一個則與兩個 NgBR 類蛋白中的任何一個形

成二聚體複合物，以產生更長鏈的產物。此外，這些複合物在較高溫度下能補充酵

母 rer2 缺失菌株的生長缺陷。基於聚異戊二烯醇和多萜類的生物合成功能以及序

列特徵，我們比較來自多個物種的 cis-PTs 同源蛋白，並揭示植物的 cis-PTs 可能的

演化路徑。 

關鍵詞：順式異戊二烯轉移酶；多萜；蛋白質醣基化；DHDDS；NgBR 
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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 Nus1 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 S1a 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 
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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 α-helices and 6 β-strands, arranged to accommodate the elongated C55 

product, with the bottom sealed by the hydrophobic residue Leu137 [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 NgBR79-293/DHDDS was solved to reveal a 

heterodimeric conformation [15], while a heterotetrameric assembly, formed by the 
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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]. Nus1, 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 Srt1, in S. cerevisiae 

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

role of Nus1 in enhancing the activity of either Rer2 or Srt1 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 Srt1 

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, RWR78, 

RWR97, RWR71, and RWR93, respectively, to investigate their enzymatic activities and 
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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 × 75 mm, 3.5 μm) 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. 
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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 XhoI restriction sites for expressing the recombinant protein with N-

terminal Thioredoxin (TRX), hexa-His tag (His6), and TEV protease cutting site (TEVp). 

The E. coli BL21 competent cells transformed with the TRX-His6-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 OD600 of 0.6–0.8. The 

protein production was induced by adding 0.5 mM isopropyl β-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-HCl, pH 

8.0, 150 mM NaCl, 1mM MgCl2, 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 
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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-His6-tag at 4℃ 

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/sRWR71, RWR78/sRWR93 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 sRWR93 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 His6-tag encoding sequence was 

subcloned into EcoRI/NotI restriction sites, while the PCR product of sRWR71 or 

sRWR93 with N-terminal Strep-tag encoding sequence were respectively subcloned into 

BamHI/SalI sites. Specific primers used in all constructs are listed in Table S1. Yeast 

INVSc1 strain for protein overexpression was transformed with either pESC-RWR78, 

pESC-sRWR71, pESC-sRWR93, pESC-RWR78/sRWR71, pESC-RWR78/sRWR93 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 OD600 = 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, 

His6-tagged RWR89, His6-tagged RWR78 and heteromeric complexes were respectively 

purified by Ni-NTA resin using a 10–250 mM imidazole gradient. His6-tagged RWR89 

was eluted at 30–50 mM imidazole, His6-tagged RWR78 was eluted at 20–40 mM 

imidazole, and complexes were eluted at ~70 mM imidazole. 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 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 KCl, 1 mM MgCl2, 0.1% Triton X-100, 0.2 

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

RWR89, 5.89 μM of RWR78, 2.27 μM of RWR78/sRWR71, or 1.26 μM of 

RWR78/sRWR93. To determine the Km values of GPP, FPP, and GGPP, 50 µM IPP was 

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

rates versus substrate concentrations were used to determined Km and kcat by fitting the 

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

30°C. 

2.6 Yeast complementary assay  

The rer2Δ mutant yeast strain was transformed with the empty vector pYES2, pYES2-

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

OD600 = 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 OD600 = 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 INVsc1, which typically grew at 37°C, was utilized as the positive control, 

and non-transformed rer2Δ mutant strain was used as the negative control. 

2.7 Polyisoprenoids extraction from yeast rer2Δ strain 

Yeast rer2Δ 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 OD600 = 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 rer2Δ 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 × 75 mm, 3.5 μm) 

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 RWR89, 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: 4H8E), and the closest homology of heteromeric complexes is DHDDS/NgBR 

complex (PDB: 6W2L). 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.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 RWR89, 

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 Mg2+ 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, His6-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 RWR89 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 INVSc1 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 

RWR89 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 RWR89 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 RWR89, and the Km values for using GPP, 

FPP, and GGPP were measured to be 3.38 ± 0.45, 2.17 ± 0.20, and 0.80 ± 0.10 µM, and 

the kcat values were 0.11 ± 0.01, 0.33 ± 0.01, and 0.57 ± 0.01 s-1, respectively (Figure 2b 

and Table 1). Indeed, GGPP served as the most effective allylic substrate, displaying a 

smaller Km and a larger kcat, unlike that FPP was the preferred substrate for bacterial UPPS. 

The Km and kcat with respect to IPP while using GGPP were 47.24 ± 4.21 µM and 0.46 ± 

0.02 s-1, respectively, indicating the weaker binding affinity for IPP (Figure 2b and Table 

1). The product was synthesized by incubating FPP and IPP with RWR89, 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, His6-tagged RWR89 was also expressed in S. cerevisiae INVSc1 

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 

Km of 1.36 ± 0.15 μM and kcat of 0.53 ± 0.01 s-1, similar to the results obtained from E. 

coli-expressed RWR89. The product derived from the lipid extract of the pYES2-

RWR89-transformed rer2-deletion (rer2Δ) yeast cells was identical to that of the E. coli-

expressed RWR89 (C55 as shown in Figure 2c bottom two panels).   

3.3 Expression, purification, and characterization of recombinant RWR78, sRWR71, 

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 sRWR71, 

while sRWR93 lacked the TM residues 1 to 73. The full-length RWR78 along with 

sRWR71 or sRWR93 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 His6-tagged 

RWR78 and the gene of N-terminal Strep-tagged sRWR71 or sRWR93 were individually 

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

INVSc1 cells under galactose induction. The Strep-tagged sRWR71 or sRWR93 was co-

purified with the His6-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 His6-tagged RWR78 (40.7 

kDa) and one Strep-tagged sRWR71 (24.2 kDa) or sRWR93 (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). His6-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 sRWR71 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 Nus1 [18], 

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

purified homodimeric RWR78 with homodimeric sRWR71 or sRWR93, 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 His6-tagged RWR78 and its 

heterodimeric complex with sRWR71 or sRWR93 were subsequently characterized using 

pyrophosphate assay kit. The Km value for FPP were determined with 50 μM IPP, while 

the Km value for IPP were measured with 10 μM FPP. The Michaelis–Menten plots are 

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

the activities of His6-tagged RWR78 and the complexes, the Km values of FPP and IPP 

were similar to those of the complexes, but the kcat values of the complexes were 14–50-

fold higher than that of RWR78, indicating a significant stimulation of RWR78 activity 

by sRWR71 or sRWR93, with a higher stimulating effect by sRWR93. 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 sRWR71 or sRWR93, the yeast-expressed sRWR71 or sRWR93, was added 

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

RWR89 was not changed (data not shown). Additionally, co-expression of His6-tagged 

RWR89 and Strep-tagged sRWR71 or sRWR93 in yeast, similar to the approach used for 

co-expressing His6-tagged RWR78 and Strep-tagged sRWR71 or sRWR93, 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 sRWR71 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 (rer2Δ) S. cerevisiae  

To investigate the function of two complexes, each was co-expressed in a rer2Δ 

mutant yeast strain lacking the Rer2 cis-PT. While the rer2Δ yeast exhibited impaired 

growth at elevated temperatures (37°C), rer2Δ 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 rer2Δ 

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 

rer2Δ yeast co-expressing either complex revealed a comparable composition of long-

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

rer2Δ 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 2c), 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, RWR89 

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 RWR89 is unlikely to synthesize short-prenyl diphosphates, such as neryl 

diphosphate (NPP) or nerylneryl diphosphate (NNPP). In contrast, SlcPT1, a neryl 

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

produces NPP [32]. Structural analysis revealed that Gly144 and Trp322 of RWR89 in 

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

of SlcPT1, respectively, supporting the similarity of RWR89 to EcUPPS in its preference 

for longer trans-prenyl diphosphates, particularly GGPP. Additionally, Leu235 of RWR89 

corresponds to Leu137 of EcUPPS, a residue known to limit chain length extension and 

mediate the product chain length [9]. 

Regarding the inability of RWR89 to form heteromeric complexes with sRWR71 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 sRWR71 or sRWR93 to achieve catalytic 

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

by sRWR71 or sRWR93, 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 

Arg146, 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 RWR93. Specifically, the Asn326 side-chain nitrogen and Gly328 backbone nitrogen 

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

RWR93, interact with the β-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 RWR78, Ile103 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 
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pairs were identified at the interface, including 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. 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/L245, 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 Å) 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 
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hydrogen bonds, including interactions of Arg159 with Trp218, Gln219, 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/I263, R211/E262, S213/R259, D214/R259, S221/L251, S221/G252, S221/K297, 

W218/K297, and L225/D248 in region V. Similarly, at the predicted RWR78 

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, SlCPT1-7 from 

S. lycopersicum excluding SlCPT3 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, MA1831 from 

Methanosarcina acetivorans and MM0014 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 MM0014 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, Nus1 

forms complexes with Rer2 and potentially with Srt1. 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/Nus1-
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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 RWR89, 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 

β-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 
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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 Nus1 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 Km (μM) kcat (s-1) 

E. coli-expressed RWR89   

IPP 47.24 ± 4.21 0.46 ± 0.02 

GPP 3.38 ± 0.45 0.11 ± 0.01 

FPP 2.17 ± 0.2 0.33 ± 0.01 

GGPP 0.80 ± 0.10 0.57 ± 0.01 

S. cerevisiae-expressed RWR89   

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/sRWR71   

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 
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FIGURES 
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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 Nus1. Black triangles indicate the 

key residues involved in the catalytic reactions and substrates binding. 
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Figure 2. Purification and characterization of the E. coli and yeast-expressed 

recombinant RWR89.  

(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 µM IPP to determine the Km and 

kcat values (Km for IPP was measured with 10 µM 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 RWR89 incubated with IPP and FPP at 30oC 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 rer2Δ yeast cells were 

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

C55 in the rer2Δ cells with empty vector. 
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Figure 3. Purification and characterization of the recombinant RWR78, 

RWR78/sRWR71, RWR78/sRWR93, sRWR71, and sRWR93.  

(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 Km and kcat 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/RWR93 to yeast rer2.  

(a) The rer2Δ yeast and that transformed with the empty vector pYES2, but not the wild 

type (WT) yeast strain INVSc1 showed growth defect at higher temperature 37oC. 

Expression of RWR78/RWR71, RWR78/RWR93, or human DHDDS in the rer2Δ yeast 

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

RWR93 did not complement the Rer2 function. (b) Polyisoprenoid products in the rer2Δ 

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 Mg2+ 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 Mg2+ 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 seuqneces, 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 Sequence (5’-3’) 

pESC-RWR78-F TTTTGAAAATTCGAATTCATGCAAAAGAAG 

pESC-RWR78-R CGATACTAGTGCGGCCGCTCATAA 

His6-RWR78-F CATCATGGTTCTGGTATGCAAAAGAAGTCCTG

GAAC 

His6-RWR78-R ATGATGATGATGAGACATGAATTCGAATTTTC

AAAAATTCTT 

Strep-RWR93-F CCACAATTTGAAAAAGGTGCTGGTATGGGTG

CCAATAGAAATGGT 

Strep-RWR93/RWR71-R ATGAGACCAAGAAGCAGACATGGATCCGGGG

TTTTTTCTCCT 

Strep-RWR71-F CCACAATTTGAAAAAGGTGCTGGTATGAGAG

GTGAAGAATGGGTAAC 

sRWR93-F GGTTTGTTGGATGAATACAAAGAT 

sRWR71-F GGTTTATTGGATAAGTACAAAGATTTGC 

sRWR93/sRWR71-R ACCAGCACCTTTTTCAAATTG 

pYES2-RWR89-F ATAGGGAATATTAAGCTTAACACAATGCCGTG

CTCTTCTTCTCTG 

pYES2-RWR89-R TCTAGATGCATGCTCGAGTTAAACGCGGCCAC

CGAA 

pESC-RWR89-F TTTTGAAAATTCGAATTCATGCCGTGCTCTTC

TTCTCTGCAACTGCTG 

pESC-RWR89-R TACTAGTGCGGCCGCTTAAACGCGGCCACCG

AA 

His6-RWR89-F GGTTCTGGTATGCCGTGCTCTTCTTCT 

His6-RWR89-R 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-PT 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, RWR89 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; Xl, 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 RWR89 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 (Kav) 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 Mr). 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-His6-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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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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(a) 

 

(b) 

 

Figure S6. Homology modeling of homodimeric DHDDS and RWR78.  

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 II 

Identification of a structural mechanism for substrates discrimination 

and prediction of multifunctional GH5 cellulases/hemicellulases 

中文摘要 

 具有降解纖維素與半纖維素活性的多功能且耐高溫之酵素，對於將植物性生

物質轉化為生物燃料的過程具有重要應用價值。過去的研究中，我們已鑑定來自

Clostridium thermocellum 的雙功能纖維素酶/木聚糖酶 Cel5E（CtCel5E）以及來自

Thermotoga maritima 的雙功能纖維素酶/甘露聚糖酶 Cel5A（TmCel5A）。儘管這兩

種酶在胺基酸序列與三維結構上高度保守，卻展現出明顯不同的半纖維素受質特

異性。在本研究中，我們進一步分析另一種 GH5家族的酶 CtCel5T，其被註釋為三

功能纖維素酶/木聚糖酶/甘露聚糖酶。透過結構比較並結合點突變實驗，我們鑑定

出 CtCel5T 的 Met277 及 Glu360 分別佔據與 TmCel5A 的 His205 和 Trp210 相似的

空間位置，並對辨識半纖維素受質發揮關鍵作用。因此，透過親緣關係樹與多重胺

基酸序列比對，可以鑑定具結構功能一致性的纖維素酶/半纖維素酶或預測未知酵

素之功能。本研究深化了對多功能纖維素酶/半纖維素酶受質特異性機制的理解，

並為其在工業應用中的蛋白質工程設計提供了理論支持。 

 

關鍵詞: 生物燃料；纖維素酶；半纖維素酶；受質特異性；點突變 
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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 Cel5E from Clostridium 

thermocellum (CtCel5E) 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 GH5 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 CtCel5T occupying 

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

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

analysis and multiple sequence alignment are useful 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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CMC, carboxymethyl cellulose 
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Tris, tris(hydroxymethyl)aminomethane 
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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 CO2 

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 β-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-β-D-glucans, hetero-1,4-β-D-xylanes, and hetero-1,4-

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

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

β-glucosidases, β-xylosidases, and β-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 (GH5) family [14, 15], the largest among 131 GH families from CAZy 

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

1.4 Substrate specificities of CtCel5E, CtCel5T and TmCel5A 

We have biochemically and structurally characterized a GH5 bifunctional 

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

named CtCel5E [17]. The rest of celH gene encodes Lic26A, a GH26 hydrolase 

containing β-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 GH5 enzyme, was 
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characterized as a bifunctional cellulase/mannanase [21, 22, 23]. Although TmCel5A and 

CtCel5E share significant sequence homology (41% identity and over 55% similarity) 

and structural homology (RMSD of 1.4Å of 248 Cα atoms), two enzymes display 

different hemicellulose specificities. Bioinformatics in combination with mutagenesis 

analyses have shown that the conserved NEPHE motif in TmCel5A is critical for its 

mannanase activity [24]. We further identified a loop in TmCel5A (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 

CtCel5E, 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 CtCel5E 

and TmCel5A. 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, CtCE2, 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 GH5s 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 (G1), cellobiose (G2), 

cellotriose (G3), cellotetraose (G4), cellopentaose (G5), 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, CtCel5E-Tmloop/F267A/F323I, 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 CtCel5T was synthesized by Bio Basic Inc. (Markham Ontario, Canada) 

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

to express the protein with an N-terminal His6 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 DpnI 

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

were transformed into E. coli DH5α 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 µg/mL kanamycin. Cultures were incubated at 37°C 

until reaching OD600 = 0.6, followed by induction with 0.5 mM isopropyl β-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-HCl, 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-HCl, pH 7.5, 

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

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

Fractions containing the target protein were collected, treated with thrombin for His₆-tag 

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

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

column to remove the cleaved His₆ 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 µM 

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 µmole 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 μM 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 (kcat) 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 μM CtCel5T with 1% CMC, 

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

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

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

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

insoluble materials. 2 μL 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, xylobiose, 

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% HCl, 2 mL of aniline, 10 

mL of 85% H3PO4, 100 mL of ethyl acetate, and 2g of diphenylamine). After spraying, 

the TLC plate was heated at 50 to 60 ℃ until the dye became light green, followed by 

additional heating at 150 ℃ for 30 sec to complete visualization. 

2.6 Multiple sequence alignment and phylogenetic tree analysis 

The amino acid sequences of CtCel5T, CtCel5E, 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: 4U5I) [17], TmCel5A-mannotriose (PDB 

ID: 3AZS) [23], and structures of other GH5 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 CtCel5T, CtCel5E 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 CtCel5T with CtCel5E and TmCel5A (Figure 

1a) as well as superimposition of the apo-form structure of CtCel5T (PDB: 4IM4) with 

the xylobiose-bound CtCel5E (PDB: 4U5I) and the mannotriose-bound TmCel5A (PDB: 

3AZS) were performed (Figure 1b). Based on the structural comparison, CtCel5T, like 

CtCel5E and TmCel5A, possesses a typical (β/α)8 TIM-barrel fold structure, which is the 

characteristic of GH5 enzymes [36, 37]. In general, CtCel5T exhibits high structural 

similarities with CtCel5E and TmCel5A (RMSD = 0.869 Å of 213 Cα atoms and 1.126 Å 

of 199 Cα atoms, respectively). The amino acid residues involved in catalysis and 

substrate binding of CtCel5T, CtCel5E, and TmCel5A are highly conserved. Glu193 and 

Glu316 (indicated by red triangles in Figure 1a), the predicted general acid/base and 

nucleophile of CtCel5T, are conserved with Glu209 and Glu314 in CtCel5E as well as 

Glu136 and Glu253 in TmCel5A, respectively. The residues including Asn72, Trp82, 

His148, His149, Asn192, Tyr270, and Trp349 in CtCel5T as indicated by black triangles 

in Figure 1a 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]. CtCel5T contains Tyr270 and Met277, which correspond to Tyr198 

and His205 in TmCel5A, but lacks a residue conserved with Trp210 in TmCel5A (Figure 
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1a). However, the superimposed structures of CtCel5T, TmCel5A-mannotriose, and 

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

positions similar to that of Trp210 and His205 in TmCel5A, 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 CtCel5T to interact with 

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

three multifunctional enzymes, CtCel5T needed to be expressed, purified, and 

characterized to compare with our previously characterized CtCel5E and TmCel5A.  

3.2 Expression, purification, and characterization of CtCel5T (performed by the 

previous master student Yung-Yeh Chen in our laboratory) 

CtCel5T was expressed using E. coli, as we previously expressed CtCel5E 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, Km and kcat values 

of CtCel5T were measured to be 20.4 ± 2.8 mg/mL and 8733 ± 574 min-1 for CMC, 9.5 ± 

0.7 mg/mL and 832.6 ± 31.6 min-1 for BWX, and 5.4 ± 1.6 mg/mL and 47.5 ± 5.7 min-1 

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 GH5 family members previously studied in our laboratory, 

including TmCel5A (a cellulase/mannanase), CtCel5E (cellulase/xylanase) and CtCel5E-

Tmloop/F267A/F323A (a CtCel5E mutant gaining mannanase activity by incorporating 

the Tmloop), the cellulase activity of CtCel5T was the highest (Figure 3a), while still 

maintaining a level of xylanase activity similar to that of CtCel5E (Figure 3b), but its 

mannanase activity was significantly lower than that of TmCel5A (Figure 3c). 

3.3 Functional characterization of the crucial residues in CtCel5T 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 CtCel5T 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 Km 

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

summarized in Table 1. As expected, the mutations of Glu193 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 TmCel5A, 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 kcat and 2-fold 

decreased Km 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 CtCel5E and TmCel5A exhibit hydrogen bonds with three ligands 

(cellobiose and xylobiose or mannotriose) (Figure 1c). However, H148A mutant of 
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CtCel5T displayed a more significant reduction of cellulase activity in kcat (15-fold), along 

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

increase in Km and a similar kcat 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 1c, so that N192A showed 15-fold decreased kcat. The W82A 

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

kcat and similar Km 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 kcat 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 CtCel5T 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 TmCel5A, 

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 TmCel5A, 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 TmCel5A [25]. We then mutated Met277 to His and the M277H 

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

whereas mannanase activity remained detectable.  

Moreover, Glu360 of CtCel5T also occupies the position of Trp210 in TmCel5A 

(Figure 1b), so that we generated E360A. E360A exhibited decreased kcat 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 kcat against BWX, E360W indeed abolished the 

xylanase activity (Table 2), suggesting that Trp at this position of the CtCel5T 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 



doi:10.6342/NTU202502385

85 
 

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 TmCel5A, M277H/E360W and M277H/E360H, 

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

compared to that of the wild-type CtCel5T (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 TmCel5A 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 kcat and 

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

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

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

kcat 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 GH5 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 TmCel5A likely because of Glu360 in loop 8 and Met277 in loop 6 at the 

positions of Trp210 and His205 in loop 6 of TmCel5A. Glu360 may not be essential for 

xylanase activity as E360A still retained most of the BWX degradation kcat and CtCel5E 

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

CtCel5E has no mannanase activity at all, indicating that Glu360 and Met277 together 

keep both of xylanase and a lower level of mannanase activities in CtCel5T. The xylanase 

activity of CtCel5E and CtCel5T could still largely depended on the residues of Asn72, 

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

To validate our hypothesis that Met277/Glu360 make CtCel5T a trifunctional 

cellulase/xylanase/mannanase, His205/Trp210 endow TmCel5A 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 GH5 subfamilies, GH5_4, which includes 

CtCel5T, forms the closest clade to GH5_25, the subfamily containing CtCel5E and 

TmCel5A. When 124 GH5_4 enzymes and 17 GH5_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 CtCel5T 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 

GH5_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 TmCel5A are highly conserved within the GH5_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 TmCel5A and Met277/Glu360 in CtCel5T were highlighted for 

comparative analysis (Figure 5c). In previous studies, various GH5_4 multifunctional 

hemicellulases with xylanase activity, including ClCelA from Clostridium longisporum 

(PDB: 6Q1I), RUM_05520 from Ruminococcus champanellensis (PDB: 6WQP), 

RfGH5_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 CtCel5T 

characterized here. Through superimposition of these GH5_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 GH5_4 xylanases.  

On the contrary, characterized mannanases including CpMan5B from Caldanaerobius 

polysaccharolyticus (PDB: 3W0K), TmCel5B from Thermotoga maritima (PDB: 7EC9), 

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 TmCel5A (Figure 5c). 

Although CpMan5B and TmCel5B are classified within the GH5_36 subfamily [41, 42], 

phylogenetically distant from GH5_25 subfamily, they display significant structural 

homology to TmCel5A (RMSD = 1.189 Å of 181 Cα atoms and 1.166 Å of 202 Cα 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 

GH5_8 subfamily [43], sequentially distinct from both GH5_4 and GH5_25 subfamilies, 

exhibits less sequence and structural similarity to TmCel5A (RMSD = 2.37 Å of 151 Cα 

atoms), but still has a conserved His258/Trp291 pair, occupying the same positions as 

His205/Trp210 in TmCel5A. 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 CtCel5T. In addition, other 

GH5_8 mannanases including MANPN11 from Niallia nealsonii PN-11, BsMan5A from 
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Bacillus sp. N16-5 (PDB: 3JUG), and BaMan5A from Salipaludibacillus agaradhaerens 

(PDB: 2WHJ) [44-46], share the same His/Trp feature as well. Furthermore, several 

identified cellulases, including BcelFp 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 CtCel5E and 

CelCCD from Clostridium cellulolyticum [58]. CelCCD shares high sequence similarity 

with CtCel5E (69.74%), and its AlphaFold3-predicted structure was superimposed well 

with the CtCel5E-xylobiose crystal structure (PDB: 4U5I) with an RMSD of 0.381 Å 

over 233 Cα 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 MtGlu5 as a multifunctional 

cellulase/mannanase 

Previously, MtGlu5 from Meiothermus taiwanensis WR-220 were characterized as a 

GH5 endoglucanase, but no mannanase or xylanase activity was reported [48]. Since 

MtGlu5 also exhibits the His/Trp feature as TmCel5A, we hypothesized that it may 
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possess mannanase activity. To validate our prediction, the recombinant MtGlu5 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 MtGlu5 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-1 and the Km 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 

GH5 represents a large and functionally diverse enzyme family characterized by 

broad substrate specificities and multifunctional catalytic activities. These attributes 

render GH5 enzymes particularly valuable for applications such as plant cell wall 

degradation in biofuel production and other industrial applications. Within this family, 

CtCel5E, TmCel5A, and CtCel5T 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 CtCel5E, TmCel5A, 
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and CtCel5T, 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 TmCel5A. 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 (β/α)₈ TIM-barrel fold [27], a 

common structural feature of the GH5 family. Sequence and structural alignments of 

CtCel5T with CtCel5E and TmCel5A identified Glu193 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 CtCel5E, 

TmCel5A, and CtCel5T, 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 CtCel5T, 

respectively, while both His205 and Trp210 are from loop 6 (Tmloop) of TmCel5A. 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 CtCel5E (a 

cellulase/xylanase) and TmCel5A (a cellulase/mannanase) and their differing substrate 

specificities, we successfully engineered a trifunctional enzyme, CtCel5E-Tmloop, by 

incorporating the Tmloop into CtCel5E, and further optimization led to the mutant 

CtCel5E-Tmloop/F267A/F323I [25]. In this study, we investigated another structural 

homologue, CtCel5T, to expand our understanding of substrate specificity and activity 

modulation in GH5s. 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 GH5 multifunctional 

cellulases/hemicellulases exhibit higher xylanase or mannanase activity, while 

maintaining cellulase activity. Unlike CtCel5E, 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, CtCel5E 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 GH5 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 GH5 multifunctional 

cellulases/hemicellulases, which enhance our understanding on the substrate-recognition 

mechanisms of these useful enzymes. Considering the importance of GH5 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 

CtCel5T pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

WT 4/60 

20.4 ± 

2.8  

8733.0 ± 

574.0  

5/70 9.5 ± 0.7  

832.6 ± 

31.6  

4/50 5.4 ± 1.6 

47.5 ± 

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. 

N72A 4/60 

11.0 ± 

2.3 

537.6 ± 

63.6  

5/70 N.D. N.D. 4/50 N.D. N.D. 

W82A 4/60 

13.3 ± 

4.9 

2602.0 ± 

387.7  

5/70 N.D. N.D. 4/50 N.D. N.D. 

H148A 4/60 4.5 ± 1.2 

581.5 ± 

60.2  

5/70 N.D. N.D. 4/50 N.D. N.D. 

H149A 4/60 

37.2 ± 

7.2 

6576.0 ± 

768.3  

5/70 N.D. N.D. 4/50 N.D. N.D. 

N192A 4/60 8.9 ± 2.6 

563.6 ± 

86.8  

5/70 N.D. N.D. 4/50 N.D. N.D. 

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. 

N351A 4/60 

31.5 ± 

8.9  

7323.0 ± 

746.0  

5/70 

10.9 ± 

2.0  

118.7 ± 

12.6  

4/50 

11.9 ± 

2.4 

65.7 ± 

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 

CtCel5T pH/Temp 

K
m 

(mg/mL) 

k
cat 

 
(min

-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

WT 4/60 20.4 ± 2.8  

8733.0 ± 

574.0  

5/70 9.5 ± 0.7  

832.6 ± 

31.6  

4/50 5.4 ± 1.6 

47.5 ± 

5.7 

M277A 4/60 8.9 ± 3.2 

4650.0 ± 

546.0  

5/70 18.6 ± 3.0  

775.7 ± 

79.1  

4/50 N.D. N.D. 

M277H 

4/60 22.2 ± 3.9 1054.0 ± 

99.4 

5/70 11.01 ± 

2.332 

134.7 ± 

13.68 

4/50 3.36 ± 

0.64 

20.75 ± 

1.76 

E360A 4/60 9.1 ± 2.2 

1966.0 ± 

160.8  

5/70 27.6 ± 8.0  

448.0 ± 

98.3 

4/50 8.3 ± 1.8 

66.5 ± 

6.8 

E360W 4/60 31.6 ± 5.6 

3153.0 ± 

340.5 

5/70 N.D. N.D. 4/50 6.3 ± 2.5 

6.7 ± 

1.4 

E360H 

4/60 20.1 ± 3.9 1076.0 ± 

115.3 

5/70 N.D. N.D. 4/50 14.8 ± 4.3 41.1 ± 

7.1 

E360Q 

4/60 2.4 ± 0.5 322.3 ± 

16.5 

5/70 4.9 ± 0.6 4 ± 0.2 5/50 N.D. N.D. 

E360K 

4/60 18.9 ± 2.5 879.0 ± 

63.0 

5/70 N.D. N.D. 4/50 N.D. N.D. 

E360Y 

4/60 6.0 ± 1.5 222.6 ± 

19.5 

5/70 N.D. N.D. 4/50 N.D. N.D. 

E360R 
4/60 N.D. N.D. 5/70 N.D. N.D. 4/50 N.D. N.D. 

M277H/E360W 

4/60 25.2 ± 4.6 316.4 ± 

33.3 

5/70 5.0 ± 1.1 50.0 ± 

4.3 

4/50 14.5 ± 3.9 216.7 ± 

32.3 

M277H/E360H 

4/60 7.7 ± 0.9 362.1 ± 

16.4 

5/70 3.2 ± 0.4 73.9 ± 

2.5 

4/50 18.8 ± 4.5 227.9 ± 

34.6 

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 

TmCel5A pH/Temp 

K
m 

(mg/mL) 

k
cat 

 
(min

-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat 

 
(min

-1

) 

pH/Temp 

K
m 

(mg/mL) 

k
cat  

(min
-1

) 

WT 4/80 

26.4 ± 

8.37 

10609 ± 

1674 

5/80 

7.85 ± 

2.85 

27.88 ± 

4.88 

5/80 

2.86 ± 

0.56 

1280 ± 

84.49 

H205M 4/80 

78.76 ± 

57.63 

857.0 ± 

514.7 

5/80 

9.704 ± 

4.269 

39.20 ± 

8.828 

5/80 

9.778 ± 

3.651 

267.4 ± 

47.20 

W210E 4/80 N.D. N.D. 5/80 N.D. N.D. 5/80 N.D. N.D. 

H205M/W210E 4/80 N.D. N.D. 5/80 

7.355 ± 

1.786 

44.24 ± 

4.654 

5/80 

12.24 ± 

3.924 

252.2 ± 

41.41 

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 

E193A-R 

E316A-F 

E316A-R 

N72A-F 

N72A-R 

W82A-F 

W82A-R 

H148A-F 

H148A-R 

H149A-F 

H149A-R 

N192A-F 

N192A-R 

Y270A-F 

Y270A-R 

M277A-F 

M277A-R 

W349A-F 

W349A-R 

N351A-F 

N351A-R 

E360A-F 

E360A-R 

CTACTTCGCGCGGCGCATTCATGGTTTCAAATAACAGG 

CCTGTTATTTGAAACCATGAATGCGCCGCGCGAAGTAG 

TATCGATGGTACCGAACGCACCAATGATAACCGCA 

TGCGGTTATCATTGGTGCGTTCGGTACCATCGATA 

GAGCGTCCAGGGTAGCGCCCAGGTTCCAGC 

GCTGGAACCTGGGCGCTACCCTGGACGCTC 

GCGCGGGTTACCCGCCGCAGTTTCGGTC 

GACCGAAACTGCGGCGGGTAACCCGCGC 

CCACGTGTTGTCGTGGGCCAGGTTGATGATCGCA 

TGCGATCATCAACCTGGCCCACGACAACACGTGG 

TGATCCACGTGTTGTCGGCGTGCAGGTTGATGATCG 

CGATCATCAACCTGCACGCCGACAACACGTGGATCA 

TACTTCGCGCGGCTCAGCCATGGTTTCAAATAACAGGTGG 

CCACCTGTTATTTGAAACCATGGCTGAGCCGCGCGAAGTA 

GCGAAGAAGTACGGGGAGGCAGCGTGGATAGAAACGAT 

ATCGTTTCTATCCACGCTGCCTCCCCGTACTTCTTCGC 

GTACCGTTAACGTCCGCAGCGAAGAAGTACGGGGAGTAA 

TTACTCCCCGTACTTCTTCGCTGCGGACGTTAACGGTAC 

GTTGTAGTAACCGTTATCCGCCCAGAAAACCGCGATACCA 

TGGTATCGCGGTTTTCTGGGCGGATAACGGTTACTACAAC 

TCGCGGTTTTCTGGTGGGATGCCGGTTACTACAACCC 

GGGTTGTAGTAACCGGCATCCCACCAGAAAACCGCGA 

CAGAGCGTAGGTTGCCGCGTCACCTGG 

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 GAATTTACCATGCAAGGAGCTGAG 

H205M-R GAAAGGATTGTAGTAGTGAATTGTAACTAT 

W210E-F CCCATCAAGGAGCTGAGGAGGTGGAAGGATCTGAGA 

W210E-R TCTCAGATCCTTCCACCTCCTCAGCTCCTTGATGGG 
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FIGURES 
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Figure 1. Structural comparison and sequence alignment of key residues in CtCel5T, 

CtCel5E, and TmCel5A.  

(a) Multiple sequence alignment of CtCel5T, CtCel5E, and TmCel5A. 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 TmCel5A and Glu360 in loop 8 of CtCel5T 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:4IM4), 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 CtCel5T and CtCel5E-xylobiose structures (left panel) and 

superimposition of CtCel5T 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 CtCel5T 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 μM CtCel5T under optimal conditions (d), are shown. All 

experiments were performed in three replicates. 
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(a)                                   (b) 

 

 

 

 

 

 

(c) 

 

Figure 3. The kcat values of CtCel5T, TmCel5A, CtCel5E, 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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(a)                                 (b) 
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Figure 4. The kcat values of CtCel5T mutants toward different substrates.  

The kcat values of the mutant CtCel5T toward CMC (a), BWX (b), and mannan (c) under 

the optimal conditions measured by DNS assay are shown. Black bar represents the 

CtCel5T wild type, dark gray bars represent CtCel5T with mutation in the highly 

conserved residues (E193A, E316A, N72A, W82A, H148A, H149A, N192A, Y270A, 

and W349A), and light gray bars represent CtCel5T 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 GH5 families.  

(a) Neighbor-joining phylogenetic tree of structural characterized GH5 families. 

Sequences of total 106 GH5 enzymes were obtained from CAZy database 

(http://www.cazy.org). GH5 subfamilies are labeled in different colors, and CtCel5T 

(PDB: 4IM4), CtCel5E (PDB: 4U3A) and TmCel5A (PDB: 3AMC) are highlighted in red 

hollow rectangles. (b) Sequence analysis of the active-site architecture in GH5_4 and 

GH5_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: 3W0K; 

colored yellow), TmCel5B from Thermotoga maritima (PDB: 7EC9; colored magneta), 

BsAmn5A from Bacillus sp. strain JAMB-602 (PDB: 1WKY; colored gray), BcelFp 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), CtCel5T from Clostridium thermocellum 

(PDB: 4IM4; colored limegreen), ClCelA from Clostridium longisporum (PDB: 6Q1I; 

colored yelloworange), RUM_05520 from Ruminococcus champanellensis (PDB: 6WQP; 

colored lightpink), RfGH5_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 CtCel5E (PDB: 4U5I), are colored in 

orange and white, respectively. 
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SUPPLEMENTARY INFORMATION 

Table S1. Kinetic parameters of wild-type (WT) MtGlu5. 

 CMC BWX Mannan 

MtGlu5 pH/Temp 

K
m 

(mg/ml) 

k
cat 

 
(min

-1

) 

pH/Temp 

K
m 

(mg/ml) 

k
cat 

(min
-1

) 

pH/Temp 

K
m 

(mg/ml) 

k
cat  

(min
-1

) 

WT 2/70 

20.5 ± 5.9 1818 ± 

246.3 

N.D. N.D. N.D. 4/80 

9.8 ± 1.6 832.3 ± 

69.1 

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 CtCel5T (42.5 

kDa) and TmCel5A (41.0 kDa).  

M, marker; 1, CtCel5T-WT; 2, CtCel5T-M277H; 3, CtCel5T-E360W; 4, CtCel5T-E360H; 

5, CtCel5T-E360Q; 6, CtCel5T-E360K; 7, CtCel5T-E360Y; 8, CtCel5T-E360R; 9, 

CtCel5T-M277H-E360W; 10, CtCel5T-M277H-E60H; 11, TmCel5A-WT; 12, TmCel5A-

H205M; 13, TmCel5A-W210E; 14, TmCel5A-H205M-W210E 

 

  



doi:10.6342/NTU202502385

113 
 

(a) 

 

Equation: Y = 1.835*X + 0.05684 

R2 = 0.998 

(b) 

 

Equation: Y = 1.404*X + 0.05737 

R2 = 0.999 

(c) 

 

Equation: Y = 0.9091*X + 0.06799 

R2 = 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 CtCel5E are labeled in green and cyan, respectively, with 

xylobiose depicted in gray. 
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(a) 

 

(b) 

 

 

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 μmole of the enzyme 

per minute), respectively, are presented. All experiments were performed in triplicate. 
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Chapter III 

Other studies for identification of inhibitors as potent antiviral or 

antibacterial agents 

中文摘要 

2019 年新型冠狀病毒肺炎 （COVID-19）於 2019 年 12 月首次被確認，隨

後演變為全球大流行，已導致超過 700 萬人死亡，致死率約為 1%。我們報導並

鑑定了兩類化合物，1-（4-（芳乙基羰基）苯基）-4-羧基-2-吡咯烷酮和四氫吡嗪[2 ，

1-a：5,4-a']二異喹啉，作為嚴重急性呼吸綜合症冠狀病毒 2 型 （SARS-CoV-2）的

抑制劑，該病毒是 COVID-19 的病原體。我參與的研究包含提供電腦模擬和藥物動

力學預測技術，以合理化該系列中最有效的抑製劑與其目標蛋白之結合模式，並評

估其作為藥物之特徵。此外，具抗生素耐藥性之細菌的出現，如抗甲氧苯青黴素金

黃色葡萄球菌 （MRSA），主要歸因於長期濫用和過度依賴抗生素，已成為當代醫

療保健的一個關鍵挑戰。我們設計、合成和評估了一類 MRSA 抑製劑。作為初步

研究，我分析了這類 MRSA 抑製劑針對潛在的目標蛋白，催化十一異戊基二烯焦

磷酸（UPP）生成以作為細胞壁肽聚糖生合成之脂質載體前驅物的十一異戊基二烯

焦磷酸合成酶 （UPPS）之抑制效果，並利用電腦模擬合理化最佳抑制劑的結合模

式，以及對查耳酮衍生物進行針對 UPPS 的電腦輔助藥物篩選，為開發潛在抗菌劑

提供新的見解。 

關鍵詞：新型冠狀病毒肺炎；抗生素；耐藥性；MRSA；查爾酮 
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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']diisoquinolines, as inhibitors against severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), the etiological agent of COVID-19. I 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 (PRRAR685↓S), 

separating it into S1 and S2 subunits. Subsequently, the human transmembrane protease 

serine 2 (TMPRSS2) cleaves the S2 at KPSKR815↓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 EC50 values ranging from 0.001 to 

0.026 µM 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:ACE2 interaction and inhibiting 

TMPRSS2 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']diisoquinoline 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 EC50 values of 26.5 ± 6.9 µM, and CC50 

values exceeding 100 µM. 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: 7MEQ) [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 Å residues around the catalytic triad (Ser441-His296-Asp345), and 

the binding cavity of Furin was extracted by selecting the 12 Å 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 iGEMDOCK 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.scfbio-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 (His6), and TEV protease cutting site (TEVp), while pET-32a-

EcUPPS contains N-terminal TRX, His6, and Factor Xa (FXa) cutting site. The E. coli 

BL21 competent cells were transformed with either TRX-His6-FXa-EcUPPS or TRX-

His6-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 OD600 of 0.6–0.8, 

followed by adding 0.5 mM isopropyl β-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-

HCl, 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 



doi:10.6342/NTU202502385

136 
 

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-His6-tag was cleaved by TEV protease or Factor Xa at 4℃ 

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 

EnzChekTM Pyrophosphate assay kit (Thermofisher, MA, USA). The enzymatic activities 

were assayed in buffer containing 100 mM Hepes, pH 7.5, 50 mM KCl, 1 mM MgCl2, 

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 

μM of purified EcUPPS or 0.037 μM of purified SaUPPS, 0.5 µM FPP, 10 µM IPP, and 

various concentrations of inhibitors at 25 ℃. IC50 value was determined by fitting the 

concentration-dependent SaUPPS inhibition curves with the equation A(I) = A(0) x {1-

[I/(I + IC50)]} 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 IC50 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: 4H8E) [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 Å radius around the FPP binding site, 

followed by specifying residue atom types and assigning charges using the iGEMDOCK 

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 iGEMDOCK 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 EcUPPS 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 
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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 1a, 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 Arg197 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 

1c, 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 

Gln493 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 



doi:10.6342/NTU202502385

141 
 

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 I/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, Gln493 and 

Tyr505 of the RBD. In the delta RBD:ACE2 complex, Tyr453, Gln493 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 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 EnzChekTM 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 (IC50 = 15.34 ± 1.026 µM) 

and EcUPPS (IC50 = 37.92 ± 0.737 µM), and 98 featuring a di-bromo benzene displayed 

no inhibition against EcUPPS but had minor inhibition against SaUPPS (IC50 = 20.79 ± 
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1.380 µM). 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 (IC50 = 21.99 

± 1.821 and 19.24 ± 2.730 µM, respectively) and EcUPPS (IC50 = 17.68 ± 0.982 and 

23.89 ± 2.464 µM, respectively), whereas compound 79 featuring a di-chloro phenyl 

benzene structure demonstrated an excellent inhibition against SaUPPS (IC50 = 3.18 ± 

0.182 µM) and a weak activity against EcUPPS (IC50 = 13.94 ± 1.426 µM). 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 (IC50 = 12.77 ± 1.773 µM) and EcUPPS 

(IC50 = 29.33 ± 1.107 µM), 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 (IC50 = 5.43 ± 

0.521, 8.89 ± 1.466, 6.10 ± 0.652, and 4.92 ± 0.278 µM, respectively) and EcUPPS (IC50 

= 5.24 ± 0.706, 17.25 ± 0.878, 10.43 ± 0.911, 9.48 ± 0.578 µM, 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: 4H8E) [36] were obtained from the 

RCSB Protein Data Bank (PDB, https://www.rcsb.org/), and the binding pockets were 

extracted from 8 Å 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 IC50 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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iitd.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/II 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 α, β-

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 H1 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 EcUPPS, 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 H1 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, 

Arg46, and Arg84 play crucial roles in forming hydrogen bonds with FPP at the S1 

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 

E1 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 

IC50 values of 1.27, 3.31, and 3.76 µM. 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 EC50 values of 0.023 and 0.002 µM against SARS-CoV-2 delta and omicron 

variants, respectively, while infecting VeroE6 cells and CC50 >100 µM, giving the largest 

therapeutic index of >50000. By using lung Calu-3 cells, the EC50 were measured to be 

0.026 and 0.001 µM, 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 EC50. 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']diisoquinolines 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 



doi:10.6342/NTU202502385

155 
 

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. iGEMDOCK 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 IC50 = 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 
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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 10-6 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 

CYP3A4 substrate Yes 
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CYP1A2 inhibitor No 

CYP2C19 inhibitor No 

CYP2C9 inhibitor No 

CYP2D6 inhibitor No 

CYP3A4 inhibitor No 

Excretion  

Total Clearance (log ml/min/kg) 0.477 

Renal OCT2 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 (LD50) (mol/kg) 3.186 

Oral Rat Chronic Toxicity (LOAEL) (log 

mg/kg_bw/day) 

1.879 

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 

Caco2 permeability (log Papp in 10-6 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 
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CYP1A2 inhibitor No 

CYP2C19 inhibitor No 

CYP2C9 inhibitor No 

CYP2D6 inhibitor No 

CYP3A4 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 (LD50) (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 Km (μM) kcat (s-1) 

EcUPPS   

IPP 11.3 ± 1.69 1.71 ± 0.01 

FPP 1.67 ± 0.23 1.36 ± 0.01 

SaUPPS   

IPP 9.39 ± 2.11 2.52 ± 0.26 

FPP 0.62 ± 0.16 2.08 ± 0.22 
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Table 6. The IC₅₀ values of compounds against SaUPPS and EcUPPS. 

Compounds IC50 against 

SaUPPS (µM) 

IC50 against 

EcUPPS (µM) 

34a > 50 > 50 

35a > 50 > 50 

48a > 50 > 50 

52b 21.99 ± 1.821 17.68 ± 0.982 

58a > 50 37.54 ± 0.778 

65b > 50 > 50 

72a 15.34 ± 1.026 37.92 ± 0.737 

79b 3.18 ± 0.182 13.94 ± 1.426 

83b > 50 > 50 

84b 19.24 ± 2.730 23.89 ± 2.464 

85c 12.77 ± 1.773 29.33 ± 1.107 

87c 5.43 ± 0.521 5.24 ± 0.706 

88c 8.89 ± 1.466 17.25 ± 0.878 

94c 6.10 ± 0.652 10.43 ± 0.911 

96c 4.92 ± 0.278 9.48 ± 0.578 

97b > 50 > 50 

98a 20.79 ± 1.380 > 50 

aCompounds with three aromatic rings 
bCompounds with four aromatic moieties 
cCompounds containing over four aromatic moieties 
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Table 7. The binding energies of compounds against SaUPPS or EcUPPS. 

Compounds Binding Energy 

(kcal/mol) 

SaUPPS EcUPPS 

52b -154.759 -118.329 

58a -132.019 -105.069 

72a -143.672 -120.847 

79b -157.662 -122.035 

84b -140.016 -125.462 

85c -188.309 -161.115 

87c -184.46 -159.804 

88c -149.724 -142.198 

94c -230.743 -186.794 

96c -126.943 -133.768 

98a -143.03 -109.131 

aCompounds with three aromatic rings 
bCompounds with four aromatic moieties 
cCompounds 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 

Caco2 permeability (log Papp in 10-6 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 



doi:10.6342/NTU202502385

170 
 

CYP3A4 substrate Yes Yes 

CYP1A2 inhibitor No No 

CYP2C19 inhibitor No No 

CYP2C9 inhibitor No Yes 

CYP2D6 inhibitor No No 

CYP3A4 inhibitor No No 

Excretion 

Total Clearance (log ml/min/kg) 0.354 0.32 

Renal OCT2 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 (LD50) (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: 

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 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. 
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Figure 3. In vitro enzymatic activity assay of EcUPPS and SaUPPS.  

(a) Schematic representation of the enzymatic activity measurement using the EnzChekTM 

Pyrophosphate Assay Kit, along with the standard curve generated using disodium 

diphosphate (Na₂P₂O₇) 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 µM IPP to determine the Km and 

kcat values. For Km determination with respect to IPP, 10 µM FPP was used. All 

measurements were conducted in triplicate at 30°C. 

  



doi:10.6342/NTU202502385

177 
 

EcUPPS 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

  



doi:10.6342/NTU202502385

178 
 

(g) 

 

(h) 

 

(i) 

 

(j) 

 

  



doi:10.6342/NTU202502385

179 
 

SaUPPS 

(k) 

 

(l) 

 

(m) 

 

(n) 

 

(o) 

 

(p) 

 

  



doi:10.6342/NTU202502385

180 
 

(q) 
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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 IC50 

values. 
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Potential EcUPPS inhibitors 

 

Compound CID: 102032633 

 

Compound CID: 23724747 
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Potential dual EcUPPS and SaUPPS inhibitors 
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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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