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Abstract

Gaucher Disease (GD) is an autosomal recessive, lysosomal storage disease caused by pathogenic variants in the glucocer-
ebrosidase gene, leading to the loss of β-glucocerebrosidase (GCase) enzymatic activity. Enzyme replacement therapy 
(ERT) with recombinant GCase is the standard of care in GD patients. Our study investigates the combined use of in silico 
molecular evolution, synthetic biology and gene therapy approaches to develop a new synthetic recombinant enzyme. 
We engineered four GCases containing missense mutations in the signal peptide (SP) from four selected mammalian 
species, and compared them with human GCase without missense mutations in the SP. We investigated transcriptional 
regulation with CMV and hEF1a promoters alongside a GFP control construct in 293-FT human cells. One hEF1a-driven 
mutant GCase shows a 5.2-fold higher level of transcription than control GCase. In addition, this mutant exhibits up to a 
sixfold higher activity compared with the mock-control, and the predicted tertiary structure of this mutant GCase aligns 
with human GCase. We also evaluated conserved and coevolved residues mapped to functionally important positions. 

Supplementary Information  The online version contains supplementary material available at https://​doi.​org/​10.​1007/​s42452-​024-​
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Further studies are needed to assess its functionality in a GD animal model. Altogether, our �ndings provide in vitro 
evidence of the potential of this engineered enzyme for improved therapeutic e�ects for GD.
Article highlights.
Conservation and coevolution analysis of amino acid frequencies in GBA1 homologs of pathogenic variants associated 
with Gaucher disease, Parkinson’ disease risk or Dementia with Lewy bodies risk.

Graphic Abstract

Article Highlights

(1)	 A novel synthetic recombinant GCase enzyme engineered with missense mutations in the signal peptide from 
selected mammalian species

(2)	 Correlation between transfection e�ciency and catalytic activity indicates possible intrinsic sequence features 
in�uencing DNA uptake and gene expression

Keywords  Gaucher disease · Glucocerebrosidase · Synthetic biology · In silico molecular evolution · Signal peptide · 
Enzyme coevolution · CMV promoter · hEF1a promoter · 293FT cells
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1  Introduction

Lysosomal storage diseases (LSDs) are a group of over 70 rare inborn errors of metabolism that perturb lysosomal 
homeostasis [1, 2]. At the cellular level, they are characterized by the accumulation of proteins, polysaccharides and 
lipids in the lysosomes due to enzyme deficiencies, primarily lysosomal hydrolases [3]. As they are monogenic dis-
eases, the reintroduction of a functional enzyme into the lysosome is in principle a viable treatment strategy for LSD 
[4]. Enzyme replacement therapy (ERT) has emerged as an effective treatment for nine LSDs, with ongoing clinical 
trials exploring its efficacy in five other LSDs [2].

Human β-glucocerebrosidase (GCase, EC 4.2.1.45), also known as β-glucosylceramidase or lysosomal acid 
β-glucosidase (LBG), is a well-characterized 60 kDa lysosomal enzyme and defective forms of GCase are responsible 
for Gaucher disease (GD) [5, 6]. The GCase enzyme is codified by the GBA1 gene, a 7.6 kb gene localized on chromo-
some 1q.21 [7, 8]. Adjacent to GBA1, approximately 16 kb downstream, there is a highly homologous 5.7 kb pseu-
dogene [7, 9]. The GBA mRNA contains two in-frame ATG translational start sites and both are translated, producing 
two peptides with different size signal peptides [10]. The protein derived from the first ATG exhibits a 39-residue 
leader, while the second ATG results in a 19-residue leader sequence. The mature glycoprotein, derived from the first 
ATG codon, possesses a longer 39-residue leader sequence that directs the nascent polypeptide to the endoplasmic 
reticulum (ER) membrane [10, 11]. This signal sequence interacts with the signal-recognition particle (SRP) and the 
SRP receptor in the ER membrane, initiating translocation into the ER lumen [12, 13]. Like other lysosomal enzymes, 
GCase is synthesized in the rough endoplasmic reticulum (RER) and transported through the Golgi apparatus to the 
lysosome by the lysosomal integral membrane protein type 2 (LIMP-2), independent of the mannose 6-phosphate 
[14]. The interaction between GCase and LIMP-2 occurs in the pH-neutral environment of the ER to form a complex 
that passes through the Golgi and eventually reaches the lysosome [15–17]. Additionally, it has been shown that 
LIMP-2 also has allosteric effects on GCase, which leads to activity increase in vitro, and works as a chaperone, main-
taining the appropriate lysosomal response [18].

GD is classified into three clinical subtypes: type 1 GD (non-neuropathic), type 2 GD (acute neuropathic) and type 
3 (chronic neuropathic) [19]. To date, more than 700 pathogenic variants are associated with Gaucher Disease [20], 
some of which are also linked to Parkinson’s disease (PD) risk [21, 22] and Lewy body dementia risk [23, 24]. There 
are two common pathogenic GBA1 variants found in patients. The mutation p.N409S (N370S), found in patients with 
type 1 GD, and p.L483P (L444P) which is associated with GD type 2 and 3 [25]. Among patients with GD3, mutations 
p.N227S (N188S), p.V433L (V394L), p.G416S (G377S) and p.D448H (D409H) are frequently found [26, 27]. Moreover, 
polymorphisms in GBA1 that do not cause GD, such as p.E365K (E326K) and p.T408M (T369M) have been found in 
patients with PD [20, 26].

Recombinant human GCase (rGCase) has become the standard of care for patients with symptomatic Type 1 GD 
[28]. There are three commercial rGCase which are produced in Chinese hamster ovary (CHO) cell lines (Imiglucerase, 
Cerezyme; Sanofi Corporation, Cambridge, MA, USA; Food and Drug Administration-approval, 1994 [29–32]), human 
fibrosarcoma cell line (Velaglucerase Alfa; VPRIV; Takeda Pharmaceuticals USA, Inc., Lexington, MA, USA; FDA-approval, 
2010 [33, 34]) and carrot cells (Taliglucerase Alfa; Elelyso; Pfizer, Inc., New York, NY, USA; FDA-approval, 2012 [35]).

In addition to three commercially available rGCase [28–36], several alternative strategies have been described for 
the development of recombinant GCase; among them, rGCase using retroviral vector and lentiviral vectors [37, 38], 
rGCase produced in CHO-DXB11 cells followed by methotrexate (MTX) amplification [39], a peptide-linked rGCase 
to the delivery to neural cells [40], a rGCase for production in Nicotiana benthamiana root culture [41, 42], a fused 
rGCase using an exosome-targeting transmembrane protein [43], a rGCase using adeno-associated virus 9 [44], and 
rGCase mutants developed with the use of computer-based algorithms to stabilize the enzyme [45].

In order to improve the catalytic activity of engineered enzymes, we have used directed evolution, as in the case of the 
O6-alkylguanine-DNA alkyltransferase (AGT) repair protein for cancer gene therapy [46–48]. These engineered enzymes 
have also been used as a drug-resistance gene to optimize lentiviral vectors for HIV and sickle disease gene therapy [49, 
50]. Additionally, engineered enzymes such as iduronate-2-sulfatase (IDS) have been developed for the treatment of 
Hunter syndrome-α lysosomal storage disease [51], and α-galactosidase (GLA) for the treatment of Fabry disease [52]. 
Furthermore, researchers have used synthetic biology technologies for programming, controlling transgene expression 
[53, 54] and for synthesizing codon-optimized DNA constructs for gene therapy for several genetic diseases [55–57].

Based on these considerations, in the present study, we evaluated the potential of integrating in silico molecular 
evolution, synthetic biology, and gene therapy approaches to develop a novel synthetic and recombinant GCase 
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for enzyme replacement therapy for GD. We engineered and assembled a total of 10 lentiviral vector plasmids, each 
designed to express a unique GCase variant under the control of either the hEF1a or CMV promoter in 293FT cells. 
Additionally, we constructed GFP-labeled lentiviral vector plasmids to evaluate transfection efficiencies. After trans-
fection, we analyzed the mRNA expression levels and the catalytic activity of these GCase variants. This novel GCase 
variant was characterized through 3D structural analysis. We also evaluated conserved and coevolved patterns in 
the protein family to identify potential mutagenesis targets comparing them to known mutations at specific sites 
within the mature protein.

2 � Materials and methods

2.1 � Construction of two recombinant and synthetic lentiviral vector plasmids that encode optimized human 
GCase with R534H missense mutation under the control of two different promoters

First, we generated the optimized cDNA (GBA-Opt). This cDNA is transcribed to mRNA of GCase from Homo sapiens 
(NM_000157.3), which is 2,324 bp in length. We included the Kozak sequence after 5’UTR (GCC​ACC​), therefore the �nal 
cDNA that encodes Homo sapiens GCase has 2330 bp and includes: 5’UTR (1–166 bp); Kozak sequence (167–172); cod-
ing sequence (173 – 1,783 bp); and 3’UTR (1784—2330). Also, at codon 534, we included the R534H mutation, Genzyme 
Patent: US 5,549,892A [58] (see Table S1). The cDNA sequence of the GCase enzyme was synthesized by Integrated DNA 
Technologies (IDT). All mRNA molecules were optimized using the online tool IDT Codon Optimization (https://​www.​
idtdna.​com/​Codon​Opt).

We obtained two synthetically derived double-stranded DNA fragments of ~ 1,000 bp and used a PCR-based overlap 
strategy, gBlock 1 (1–1078) and gBlock 2 (1047–2330), to generate the full-length GBA1 cDNA (2,230 bp). The PCR prod-
uct was extracted from agarose gel according to the manufacturer’s instructions (QIAGEN). The gel-eluted PCR product 
(2330 bp) was analyzed by electrophoresis, and the sample concentration was estimated spectrophotometrically with 
NanoDrop 1,000 (Thermo Scienti�c, Inc). Gibson assembly was used to obtain a 5’entry vector (pENTRY) with human-
optimized GBA1 (GBA-Opt) cDNA. The pENTRY-GBA-Opt was sequenced bi-directionally using standard M13 forward 
and reverse primers. Next, two lentiviral vector plasmids were generated based on the strategy of a multisite gateway 
system as previously described [59]: (1) pLV-hEF1a-GBA-Opt_UbC-puromycin resistance gene (BP reaction with pENTRY-
hEF1a + pENTRY_GBA-Opt in a pLV-Destination_UbC-puromycin) and (2) pLV-CMV-GBA-Opt_UbC-puromycin (BP reaction 
with pENTRY-CMV + pENTRY_GBA-Opt in a pLV-Destination_UbC-puromycin). Geneious Prime 2023.2.1 software was 
used to generate these synthetic lentiviral DNA constructs in silico.

2.2 � Construction of eight recombinant and synthetic lentiviral vector plasmids that encode human GCase 
variants under the control of two different promoters

We implemented an evolutionary process to generate new GCase variants, and incorporated speci�c mutations at signal 
peptides from four selected mammalian species described in Fig. 1 (see Table S1). The sequences were retrieved from 
EMBL-EBI: (1) Callithrix jacchus—ENSCJAG00000008613, (2) Otolemur garnetti—ENSOGAG00000031511, (3) Ailuropoda 

melanoleuca—ENSAMEG00000000077 and (4) Ovis aires—ENSOARG00000003937. Geneious Prime 2023.2.1 was used 
to generate these synthetic lentiviral DNA constructs. We obtained four di�erent gBlock 1 DNA fragments, overlapping 
with the same gBlock 2 DNA fragment described earlier. Each full-length GBA1 variant obtained by PCR-based overlap 
strategy was puri�ed by gel agarose. The gel-eluted PCR product (2230 bp) was analyzed by electrophoresis, and the 
sample concentration was estimated spectrophotometrically using NanoDrop 1000 (Thermo Scienti�c, Inc). Gibson 
assembly was used to obtain 5’entry vectors with the cDNA of each GBA1 variant. The pENTRY-GBA-7 (Callithrix jacchus 
variant), pENTRY-GBA-8 (Ailuropoda melanoleuca variant), pENTRY-GBA-9 (Otolemur garnetti variant), and pENTRY-GBA-12 
(Ovis aires variant) were sequenced bi-directionally using standard M13 forward and reverse primers. Next, in addition 
to the two lentiviral vector plasmids just described we generated eight lentiviral destination vectors based on the same 
multisite gateway system strategy: (3) pLV_hEF1a-GBA-7_UbC-puromycin, (4) pLV_CMV-GBA-7_UbC-puromycin, (5) 
pLV_hEF1a-GBA-8_UbC-puromycin, (6) pLV_CMV-GBA-8_UbC-puromycin, (7) pLV_hEF1a-GBA-9_UbC-puromycin, (8) 
pLV_CMV-GBA-9_UbC-puromycin, (9) pLV_hEF1a-GBA-12_UbC-puromycin, and (10) pLV_CMV-GBA-12_UbC-puromycin.

https://www.idtdna.com/CodonOpt
https://www.idtdna.com/CodonOpt
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We also generated two synthetic lentiviral vector plasmids with the green fluorescent protein (GFP) gene under 
hEF1a and CMV promoters in order to investigate the cell transfection efficiencies in 293FT cells. These lentiviral vec-
tor plasmids are named: (11) pLV_hEF1a-GFP_UbC-puromycin and (12) pLV_CMV-GFP_UbC-puromycin.

2.3 � Plasmid preparation and cell culture

DH5a Escherichia coli K12 strain was used to generate the recombinant bacteria with the respective lentiviral vector 
plasmid, and the Stbl-3 Escherichia coli HB101 strain was used to generate the recombinant bacteria with mock-
DNA plasmid. Recombinant colonies were cultured at 37 °C in Luria–Bertani (LB) broth medium supplemented with 
100–150 μg/mL of ampicillin. The DNA plasmids were isolated and purified using the QIAPrep Spin Mini kit (Qiagen, 
USA). The quality of DNA plasmids was assessed through a Nanodrop spectrophotometer based on the A260/A280 
ratio and agarose gel electrophoresis.

The 293FT human cell line was purchased from Thermo, USA (R700-07). Cells were maintained in DMEM (Dul-
becco modified Eagle’s medium) supplemented with 10% fetal bovine serum (FBS) (HyClone, USA), 1% Penicillin/
Streptomycin/L-glutamine (Sigma-Aldrich), and 1% non-essential amino acids (HyClone). Cell culture was maintained 
at 37 °C in a humidified incubator with a 5% CO2 atmosphere. Cell growth was monitored in a monolayer every two 
days by microscopy (phase contrast or fluorescence), and the cell culture medium was refreshed. This study was 
approved by the Ethics Research Committee of the Clinical Hospital of Ribeirao Preto and Ribeirao Preto Medical 
School of the University of Sao Paulo under protocol number 1036/2022.

2.4 � Folding of synthetic and recombinant mRNAs

The mRNA secondary structure prediction of synthetic and recombinant RNAs was obtained using ViennaRNA Web 
Services [61].

Fig. 1   The phylogeny tree of 5 mammalian GBA proteins is based on the signal peptide (SP) sequences. The phylogeny tree represents the 
evolutionary distances, measured as the number of substitutions per amino acid residue at the SP region of each GBA protein. The sche-
matic drawing of each lentiviral expression vector that encodes GBA under the control of two di�erent promoters (P1 = cytomegalovirus 
promoter [CMV]) and P2 (Human translation elongation Factor 1-alpha promoter [HeF1a]) is described. Each DNA plasmid also encodes the 
puromycin-resistant gene (PUR) driven by the Ubiquitin C (UBC) promoter (P3). The phylogeny tree was constructed using the COBALT mul-
tiple sequence alignment tool [60]
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2.5 � 293FT cell transfection

For transfection experiments, 293FT cells were seeded at a density of 7 × 104 cells per well in a 24-well tissue culture plate, 
containing 1 mL of complete medium 24 h before the experiment. Transfections were carried out using a �nal concentra-
tion of 400 ng of DNA lentiviral vector plasmid per well and Lipofectamine 3,000 reagent (ThermoFisher Scienti�c, USA) 
in a �nal volume of 500 μL of complete medium, following the manufacturer’s instructions. After 24 h post-transfection, 
an additional 500 μL of media was added to the cells. Cells were harvested for qRT-PCR and speci�c enzyme activity 
analysis after 48 h. For negative control experiments, both non-transfected 293FT cells and 293FT cells transfected with 
mock-DNA lentiviral vector plasmids were used for qRT-PCR and enzymatic assays, respectively. For each analysis, �ve 
technical replicates were performed.

In order to maintain the �nal amount of 400 ng of DNA plasmid in the experiments with double transfections (GFP 
and GBA1 lentiviral vector plasmids), 200 ng of each DNA plasmid was used. For the negative control experiments, 293FT 
cells were transfected with GFP and mock-DNA lentiviral vector plasmids. For �ow cytometry, four individual experiments 
were performed. Similarly transfected 293FT cells were analyzed 48 h post-transfection by �uorescence microscopy 
and �ow cytometry. The EVOS Automated Cell Imaging System (ThermoScienti�c) was used to obtain the �uorescence 
microscopy images. For �ow cytometry, cells were washed with PBS, trypsinized, centrifuged at 800 × g for 5 min at 4 °C, 
and resuspended in PBS with 2% FBS. The percentage of GFP-positive cells was assessed using a BD FACS Canto �ow 
cytometer (BD Biosciences, San Jose, CA, USA) with FL1 channel (excitation laser: 488 nm; emission �lter: 525 nm), and 
the data was analyzed with FlowJo software (FlowJo, LLC, USA).

2.6 � Characterization of transgenic 293FT cells with transient expression of recombinant and synthetic GBA

The GBA mRNA expression levels in 293FT transgenic cell lines with transient production of GCase were investigated 
by qRT-PCR. Total RNA was isolated using the E.Z.N.A. Total RNA Kit I (Omega, Bio-Tek) according to the manufacturer’s 
instructions. Based on the 260 and 280 nm absorbance ratios, the RNA purities were con�rmed with a NanoDrop 2,000 
spectrophotometer (Thermo Fisher, Germany). For cDNA synthesis, 500 ng of total RNA was utilized with the PrimeScript 
RT-PCR Kit (Takara Bio). Following the manufacturer’s instructions, total RNA was incubated with gDNA Eraser for 2 min 
at 42 °C and 5 min at room temperature (RT). Subsequently, cDNA was synthesized by incubation for 15 min at 37 °C, 
and the reaction was stopped after 5 min at 85 °C. To quantify the relative abundance of GBA mRNA levels, qRT-PCR was 
performed with 1:10 diluted cDNA and speci�c primers obtained from Sigma, designed using the Primer-Blast from NCBI 
[62]. The primer sequences are GBA-F1297 5’-CTT​CGC​TTC​TGA​GGC​TTG​CG-3’ and GBA-R1376 5’-ACT​GCA​TCC​CCG​ATC​CCT​
G-3’. Quantitative real-time PCR was carried out with SYBR green Master Mix (Thermo Fisher Scienti�c), and samples were 
loaded in a MicroAmp Fast Optical 96-Well Reaction Plate (0.1 ml) with the QuantStudio 3 Real-Time PCR Machine (Thermo 
Fisher Scienti�c). Brie�y, the reaction mixture (10 μl) consisted of 5 μl SYBR Green Master Mix 2X, 2 μL ddH2O, 1 μl of each 
primer, and 1 μl of template. A control reaction without a template (blank) was set. The PCR reaction was started at 95 °C 
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The reactions were run in duplicate. Transcription levels 
of the GBA transcripts were normalized by 18S ribosomal RNA (rRNA) levels. The forward primer was 5’-TGT​GCC​GCT​AGA​
GGT​GAA​ATT-3’, and the reverse primer was 5’-TGG​CAA​ATG​CTT​TGC​TTT​CGTTT-3’. A melting curve analysis con�rmed the 
ampli�cation of only one product in qRT-PCR. The relative expression levels were calculated using the 2−ΔΔCt method 
[63] and compared with the wild-type 293FT cell line.

2.7 � Lysosomal recombinant and synthetic GCase activity assay

Lysosomal glucocerebrosidase activities were assayed using the synthetic �uorescent substrate 4-Methylumbellif-
eryl-beta-D-glucopyranoside (4-MU-β-glc) in the presence of sodium taurocholate according to the method described 
by [64] and adapted from [65]. The enzymatic reaction was initiated by mixing 30 μl of cell lysate (40–60 μg total protein 
from transfected or control 293FT cells) with 50 μL of 20 mM 4-MU-β-glc (Sigma, M3633), and 20 μL of 1% sodium tauro-
deoxycholate hydrate (Sigma, T0875) in a bu�er with 0.5 M citrate–phosphate at pH 5.0. The reactions were incubated 
for 2 h at 37 °C in an orbital shaker and terminated by adding 2.0 mL of 0.25 M glycine–NaOH bu�er, pH 10.3, at room 
temperature, followed by incubation on ice for 5 min. The same protocol was used for the blank mixture. The relative 
�uorescence from 200 μl of the reaction product was measured in a black 96-well microplate. The excitation and emission 
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wavelengths of 360 and 450 nm were employed using the Cary Eclipse Fluorescence Spectrophotometer. The results were 
compared with a 4-MU standard curve. The enzymatic activity, as described in the literature [64], was expressed as nmol 
of hydrolyzed substrate per mg of protein per 1 h. As a reference, the measurement of leukocyte lysate was performed, 
and the values between 8.68 and 11.57 nmol/ mg/ h were used following the suggestions established in [64].

2.8 � Cell transfection efficiencies versus GCase‑specific activity

To understand the di�erences between the speci�c values of activity of GCase variants, we measured transfection e�-
ciency based on the �uorescence of cells after double transfection with GFP plasmid plus GBA1 variant plasmid. Quanti-
�cation of the GFP �uorescence after double transfection (GBA1 variant + GFP under the same promoter) was normalized 
by GFP �uorescence after control double transfection (mock plasmid + GFP), and plotted on the X-axis. Additionally, we 
calculated the speci�c activity for each GCase variant in transgenic 293FT cells after transfection with the GBA1 variant 
and obtained the ratio normalized by 293FT cells transfected with mock-DNA lentiviral vector plasmid. Then, we plotted 
the ratio of speci�c enzyme activity versus the transfection ratio for each GCase variant. For 293FT cells transfected with 
mock-DNA plasmid, the slope of the line was about 1.0. This slope indicates little di�erence compared with the mock 
plasmid. Conversely, a slope larger than 1.0 suggests an increased catalytic activity compared with the mock.

2.9 � Conservation, coevolution, and structural analysis on GBA1 and its homologs

We sought to conduct in silico screening to evaluate conserved and coevolutionary patterns between residues in the 
GCase protein sequences. We obtained 1569 GBA1 homologous sequences from The Hierarchical Catalog of Orthologs, 
OrthoDB [66] (Group 3473901at2759 – Glucosylceramidase at Eukaryota level) and 242 sequences from EMBL-EBI, which 
were aligned using Muscle [67]. The multiple sequence alignment (MSA) was manually curated to remove fragments and 
poorly aligned sequences, and processed to remove redundancy (utilizing an 80% identity cuto�). This process resulted 
in a �nal set of 494 sequences, which were then used to assess conservation and coevolution using PFstats [68]. Because 
signal peptides are poorly alignable over large number of sequences in di�erent taxa, the analysis focused on the mature 
protein sequences, which could suggest how conservation and coevolution patterns could give information on previ-
ously described mutations [5, 27, 69–71].

Coevolution analysis was based on the criteria that pairs of residues were considered coevolved if both were present 
in at least 20% of the sequences, as determined by the minimal sub-alignment determined using the Dima-Thirumalai 
test [72]. Additionally, a residue pair was considered coevolved if the presence of one residue increased the frequency 
of the other to 80%, with an associated probability for this frequency shift being smaller than 10–10 [72].

For visualization purposes, we utilized the crystal structure of human GCase (PDB: 2F61) to illustrate some residues 
throughout the protein. Three-dimensional structural analysis was performed using the PyMOL Molecular Graphics 
System, Version 2.0 Schrodinger, LLC.

2.10 � Synthetic and recombinant GCase three‑dimensional structure prediction

We predicted and studied the molecular structures of GCase-Opt and GCase-7 enzymes using ChimeraX [73]. ChimeraX 
o�ers a convenient notebook feature that integrates with AlphaFold2, facilitating the prediction of the three-dimensional 
structures [74].

As a �rst step in prediction, we performed a BLAST search for GCase-Opt and identi�ed the closest aligned protein, 
PDB: 2F61—the crystal structure of partially deglycosylated acid beta-glucosidase [75]. Next, we utilized ChimeraX in 
conjuction with AlphaFold2 to predict the three-dimensional structures of GCase-Opt and GCase-7 enzymes.

2.11 � Statistical analysis

The statistical analyses were done using the GraphPad Prism version 10.0.0 (Dotmatics, LLC). All experimental values are 
presented as the mean ± standard error of the mean (SEM) and derived from 3 to 5 independent experiments. Signi�cance 
values were indicated as follows: * for P < 0.05, ** for P < 0.01, and *** for P < 0.001 by two-tailed tests.
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3 � Results

3.1 � Secondary structure analysis of codon‑optimized mRNA GBA1 variants

In this study, four lysosomal β-glucocerebrosidase (GCase) variants were generated, each with di�erent amino acid sub-
stitutions in the signal peptide. The respective GBA1 names assigned to these variants denote the number of amino acid 
substitutions (Table 1). Speci�cally, GBA-Opt encodes the signal peptide from human GBA (NM_000157.3/ NP_000148.2) 
and contains the missense mutation R495H (p.R534H), as documented in a Sano� Corporation patent (Table 1).

The predicted lowest free energy secondary structures of these mRNA GBA1 variants and the secondary structure 
of the mRNA that encodes the wild-type GBA1 (with natural codons), were determined (Fig. 2a–f). Different regions 
including the 5’UTR, coding sequence, signal peptide, and 3’UTR are highlighted with different colors, allowing the 
visualization of the stem-loops and hairpin structures formed.

Table 1   Missense mutations 
from the synthetic and 
recombinant enzyme variants 
at the signal peptide and 
position 534

The two missense mutations, S16G and G23A, indicated in bold, are shared among the four GCase variants 
with missense mutation at the signal peptide. For all synthetic and recombinant GBAs in this study, we 
included the R534H missense mutation present at the Sano� Corporation patent

GCase variants Missense mutations at signal peptide and position 534

GCase-Opt Signal peptide as NP_000148 + R534H

GCase-7 F3S, P6L, P12S, P14S, L15S, S16G, G23A + R534H

GCase-8 S7P, E10A, K13R, P14L, S16G, S19G, I20T, G23A + R534H

GCase-9 E2M, P14H, S16G, V18E, S19G, I20V, G23A, L25F, G27A + R534H

GCase-12 F3L, E10D, C11Y, K13V, L15R, S16G, S19E, G23A, T26M, Q32H, 
A33T, A37V + R534H

Fig. 2   mRNA secondary structures of human GBA variants. a–f Predicted lowest free energy secondary structures of mRNA from GBAs gen-
erated in this study with optimized codons (GBA-Opt, GBA-7, GBA-8, GBA-9, and GBA-12) (a–e) and mRNA from wild-type GBA (f). The nucle-
otides are colored according to their regions in the mRNA molecules: 5’UTR (green), signal peptide (blue), coding sequence (yellow), and 
3’UTR (red)
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Moreover, the ΔG values for the GBA-Opt, GBA-7, GBA-8, GBA-9, GBA-12, and GBA-wild-type mRNAs were −829.400, 
−840.300, −835.500, −830.900, −822.200, and −826.100 kcal/mol, respectively. These data suggest that the GBA1 variants 
(GBA-OPT, GBA-7, GBA-8 and GBA-9) exhibit lower Gibbs free energy values, indicating relatively greater structural stabil-
ity. Interestingly, GBA-7 mRNA showed the lowest Gibbs free energy value among the mRNAs with optimized codons.

3.2 � Expression profile of codon‑optimized synthetic and recombinant GBA1 variants reveals 
promoter‑dependent transcription levels in 293FT cells

Next, we investigated mRNA expression levels of GBA-Opt, GBA-7, GBA-8, GBA-9, and GBA-12 in the same backbone 
expression vector and cell line. 293FT cells were transiently transfected to produce these GBA1 variants. Quantitative 
real-time PCR analysis revealed signi�cant di�erences in expression levels between the hEF1a and CMV promoters 
(Fig. 3). It should be noted that 293FT virgin cells do not express the speci�c GBA mRNA molecules we are studying 
because our GBA mRNA is synthetic and contains optimized codons. Four GBA1 transcripts (GBA-Opt, GBA-7, GBA-9, 
and GBA-12) under the control of hEF1a promoter showed higher expression levels in 293FT cells compared to those 
under the CMV promoter (p < 0,05). However, the CMV promoter yielded the highest expression for the GBA-8 mRNA 
molecule (p = 0.0046). Among the GBA1 variants, we observed that 293FT_hEF1a_GBA-7 and 293FT_hEF1a_GBA-9 cells 
express 5.2-fold and 3.8-fold higher transcription levels of mRNA compared to 293FT_hEF1a_GBA-Opt (p = 0.0003 and 
p = 0.0004, respectively) (Fig. 3). For 293FT_CMV_GBA-7 and 293FT_CMV_GBA-9 cells, these values are 3.7-fold and 2.4-
fold higher than transcription levels of mRNAs compared to 293FT_CMV_GBA-Opt (p = 0.0012 and p = 0.013, respectively). 
Additionally, GBA-7 mRNA under the control of the hEF1a promoter showed higher expression compared to the other 
GBA1 variants with missense mutations at the signal peptide (p < 0.05). These data demonstrate that the GBA1 variant 
with seven missense mutations at the signal peptide under the hEF1a promoter exhibits the highest expression levels 
in 293FT cells. Our �ndings demonstrate that the CMV promoter drives signi�cantly higher mRNA expression levels for 
the GBA-8 variant compared to the hEF1a promoter, contrasting with other GBA variants where the hEF1a promoter is 
stronger. This suggests that the unique sequence and structural features of the �rst half of the GBA-8 cDNA, including 

Fig. 3   mRNA expression levels of human GBA variants in transfected 293FT cell lines. Quantitative real-time PCR analysis of mRNA GBA vari-
ants in 293FT cells, 48 h post-transfection with the respective DNA lentiviral plasmid. Five cell cultures of each cell line transiently expressing 
the GBA variant were used (N = 5). The lines on the top of the bars represent a signi�cant di�erence between hEF1a and CMV promoters and 
between GBA-Opt and GBA variants. The same color bars for transgenic cells as that in Fig. 6 are used. Error bars are the mean ± SD. Signi�-
cant di�erences were determined by unpaired t-test with Welch’s correction. Asterisks *, **, *** and ns (non-signi�cant) represent p ≤ 0.05, 
p ≤ 0.01, p ≤ 0.001, and p > 0.05 respectively)
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codon optimization and the signal peptide coding region, may in�uence the promoter’s e�ectiveness. To further com-
pare the interactions between unique sequence and structural features of GBA-8 cDNA and promoter activity, additional 
promoters should be tested.

3.3 � Differences in transfection efficiency of GBA1 variants in 293FT cells

In order to investigate whether or not these di�erences in mRNA levels among GBA1 variants are associated with the 
GBA1 sequence itself rather than transient transfection e�ciencies, we conducted co-transfections of 293FT cells with 
both GFP and GBA1 lentiviral vector plasmids. GFP-expressing 293FT cells were visualized using �uorescence microscopy 
48 h post-transfection (Fig. 4). Flow cytometry analysis revealed that the transfection e�ciencies ranging from 43.5% to 
64.4% in 293FT cells (Fig. 5).

Interestingly, both GBA-Opt and GBA-7 constructs, independent of the hEF1a and CMV promoters, demonstrated 
similar transfection e�ciencies (p > 0.05) (Fig. 5g–j). However, for GBA-8, GBA-9, and GBA-12 constructs under the hEF1a 
promoter, �ow cytometry analysis indicated improved GFP delivery e�ciencies into 293FT cells compared with CMV 
promoter (p < 0.05) (Fig. 5 k–p). These results suggest that the observed di�erences in mRNA levels among GBA1 variants.

3.4 � Development of human GCase with higher activity and the impact of residues from the signal peptide 
of GCase in the catalytic activity

Next, we sought to assess the catalytic function of these GCase variants produced by 293FT cells 48 h post-transfection. 
Using 4-MU-β-glc as a substrate, we observed that 293FT_hEF1a_GCase-7 and 293FT_hEF1a_GCase-Opt cells produce 
507.6 (± 38.17) and 426.6 (± 25.26) nmol hydrolyzed substrate/mg-protein/h, respectively (p = 0.0056). As a control, we 
analyzed 293FT transfected with mock DNA plasmid, and the biological activity of GCase was 82.92 (± 5.83) nmol sub-
strate/mg/h (Fig. 6).

Furthermore, we found that the levels of GCase are promoter-dependent; the 293FT cells transfected with GBA-7 and 
GBA-Opt under CMV promoter produced similar levels of GCase, approximately 278.2 (± 17.86) and 277.5 (± 17.16) nmol 
substrate/mg/h, respectively (p = 0.95). For the other GCase variants produced by 293FT_hEF1a-GBA-8, 293FT_CMV-
GBA-8, 293FT_hEF1a-GBA-9, 293FT_CMV-GBA-9, 293FT_hEF1a-GBA-12, and 293FT_CMV-GBA-12 cells, speci�c enzymatic 
activities are: 101.1 (± 12.78), and 76.53 (± 7.88), 86.9 (± 11.69), 89.27 (± 23.77), 75.28 (± 6.09) and 52.35 (± 5.96) nmol 

Fig. 4   Live-cell �uorescence of GFP protein in transgenic 293FT human cell lines transiently expressing GFP and GBA variants. A single rep-
resentative image of 293FT_GFP.+ cells 48 h post transfection with indicated constructs: GFP lentiviral vector plasmids (GFP under hEF1a or 
CMV promoter) (a, b) or two DNA lentiviral vector plasmids (GFP and GBA variant) (c–l) is shown. Four cell cultures of each transgenic 293FT 
cell lines were performed (N = 4). Untransfected 293FT cells or 293FT cells transfected with GFP + empty vector was used (not shown)
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substrate/mg/h, respectively. Except for 293FT_hEF1a-GBA-8 and 293FT_CMV-GBA-12 cells, in the other transfected cell 
lines, the levels of GCase variants are similar than those observed in 293FT cells transfected with mock-DNA plasmid, 
which produces 86.92 (± 5.83) (Fig. 6). Altogether, these data demonstrate that GCase-7 under the hEF1a promoter is 
produced at higher levels than GCase-Opt, and missense mutations in some amino acid residues of the signal peptide 
of GCase impair the catalytic activity.

Given that GCase-7 is the only GCase variant investigated here in which all proline residues from signal peptide (P6, 
P12, and P14) are replaced [P6L, P12S, and P14S] (Table 1), it may be worthwhile to investigate the biochemical charac-
teristics of di�erent missense mutations in GCase-7. Proline is known for its unique properties due to the fusion of its 
R-group to the α-nitrogen, which restricts mobility and causes proline-richer sequences to be more rigid [76]. Therefore, 
further studies are warranted to explore the e�ect of these mutations on chain conformation in this GCase variant.

Fig. 5   Di�erences in transfection e�ciencies among GBA lentiviral vector plasmids in 293FT cells 48 h post-transfection. a representative 
�uorescence-activated cell sorting dot blot light forward scatter/ side scatter pro�le of 293FT cells. b representative histogram of untrans-
fected 293FT cells. c to p. representative histogram plots showing the percentage of GFP+ cells 48 h post-transfection with indicated con-
struct: GFP plasmid (under hEF1a or CMV promoter) (c, d) or two DNA lentiviral vector plasmids: (GFP and mock plasmid or GFP and GBA 
variant) (e–p). The mean of the �ow cytometry analysis of four independent experiments is shown
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3.5 � Analysis of transfection efficiency and catalytic activity correlation on 293FT cells among different GBA1 
variants

To better understand the transfection e�ciency and its correlation with catalytic activity, we generated a graph plot-
ting the catalytic activity ratio versus the transfection ratio (Fig. 7). Considering that the transfection with mock-DNA 
plasmid serves as a reference value, and that the ratio values for hEF1a_GBA-7/DNA-mock, CMV_GBA-Opt/DNA-mock, 

Fig. 6   Catalytic activity of synthetic GCase variants on 293FT cells. The �uorimetry assay determined the GCase catalytic activity using 
4-MU-β-glc as substrate. Five cell cultures of each engineered cell line transiently expressing the GCase variant were used (N = 5). The 
lines on the top of the bars represent a signi�cant di�erence between hEF1a and CMV promoters and between GCase-Opt and GCase-7 
enzymes. Analyses of GCase activity on leukocytes were used as a positive control for activity assay (not shown) and as a negative control 
293FT cells transfected with mock plasmid. The same color bars for transfected cells as that in Fig. 3 are used. Error bars are the mean ± SD. 
Signi�cant di�erences were determined by unpaired t-test with Welch’s correction. Asterisks *, **, *** and ns (non-signi�cant) represent 
p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and p > 0.05 respectively

Fig. 7   Correlation of transfec-
tion e�ciencies of GBA and 
GFP lentiviral plasmids and 
recombinant and synthetic 
GCase catalytic activities on 
293FT cells. The scatterplot 
shows the transfection and 
catalytic activity ratios in 
transfected 293FT cells 48 h 
post-transfection with the 
indicated DNA construct. Blue 
and red indicate hEF1a and 
CMV promoters, respectively. 
The X-axis represents the ratio 
for transfection (GFP + GBA 
variant), and the Y-axis rep-
resents the ratio of catalytic 
activity for each GCase variant
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and CMV_GBA-7/DNA-mock are higher than 1.0, these data indicate an increase in transfection capability associated 
with enhanced GCase variant catalytic activities for these variants.

Interestingly, although the hEF1a_GBA-Opt-DNA plasmid exhibited lower transfection e�ciency, the GCase catalytic 
activity is higher than that of CMV_GBA-Opt and CMV-GBA-7. Based on this, we speculate that an intrinsic feature of 
the hEF_GBA-Opt construct sequence a�ected the DNA uptake andtransfection e�ciency without a�ecting catalytic 
activity. Notably, among all GBA1 constructs, the GBA-7 sequence demonstrated improvements in both DNA release 
and catalytic activity for both promoters (Fig. 7). Therefore, the speci�c missense mutations present in the signal peptide 
might contribute to the higher catalytic activity of this synthetic and recombinant GCase variant.

3.6 � Conservation and coevolution analysis of the GBA‑1

We conducted a conservation analysis using 1569 genes from 793 species retrieved from The Hierarchical Catalog of 
Orthologs, OrthoDB plus sequences obtained from EMBL-EBI (see Table S3). After aligning and �ltering the sequences, it 
was observed that the signal peptide exhibited poor alignment, while the regions corresponding to the mature protein 
could be subjected to further analysis.

Among 26 pathogenic variants either associated with Parkinson’ disease risk or with Dementia with Lewy bodies 
risk, 50% showed high conservation (> 60%), while others ranged from 6 to 53% conservation (see Table S3). Speci�cally, 
p.R159W/Q (R120W/Q) occurs on a site with 99% conservation for arginines, while p.G416S (G377S) is situated within 
a site showing 92.1% conservation for glycines. Additionally, p.N227 (N188S) and p.K237 (K198) occur within sites with 
72.9% conservation for asparagine and 73.7% for positively charged residues (K and R), respectively (see Table S3).

We further analyzed some residues whose mutations are the most common pathogenic variants, for example, p.N409S 
(N370S), and p.L483P (L444P), which occur on sites less conserved. The residue p.N409S (N370S) is located at a position 
that favors asparagine and aspartate, with conservation rates of 32.1% and 46.9%, respectively (see Table S3). Interest-
ingly, it is not only the deviation from the pattern that results in a pathogenic variant. A mutation to aspartate in position 
370, which conforms to the conservation pattern at this site, is predicted to enhance stability and activity [45]. The residue 
p.L483P (L444P) is located on a site with 39.4% conservation for leucine. However, when considering aliphatic residues 
(I, L and V), the site exhibits a high level of conservation (95,7%) (Fig. 8a) (see Table S3). The mutation to a proline not 
only contradicted the conservation pattern at this position, but is also likely to a�ect the structure since prolines are not 
favored in beta-sheets [76]. This mutation could disrupt the hydrogen bonds between neighboring sheets, particularly 
with p.L500 (L461), which is the last residue in the adjacent beta-sheet (Fig. 8a).

We also found evidence of coevolved amino acids in this enzyme family (see Tables S4 to S12). Of note, the amino acid 
at position p.D448H (D409H) (see Table S10) showed aspartates in half the sequences in the alignments, including human 
GBA1, but they were highly correlated with a serine (p.S136 [S97]) and formed a hydrogen bond (Fig. 8b). We observed 
that in sequences with a serine present in this position, the frequency of aspartates in position 448 increased from 53,54% 
to 81,4%, suggesting a conserved interaction pattern that would be lost upon the mutation p.D448H (D409H).

The residue p.E365K (E326K) is also less conserved (20.2%). Interestingly, p.E365K (E326K) has been identi�ed as a risk 
variant for Parkinson’s disease but does not cause GD [20]. The structure revealed that they are at the protein surface and 
form salt bridges (Fig. 8c). The p.E365K (E326K) is the central residue in the three-residue salt bridge cluster, including 
p.R368 (R329) and p.K332 (K293). Protein surface multi-residue salt bridge clusters may be related to protein stability 
[77], and mutating the central negatively charged residue to a positively charged one in mutation p.E365K (E326K) would 
completely disrupt this cluster.

The mutations p.R535H (R496H) and p.D513 (D474), with prevalences of 11,92% and 73,74%, respectively, interact with 
each other to form a salt bridge (Fig. 8d). Of note, p.R535H (R496H) appears as a compound heterozygous allele in patients 
with GD [20]. In principle, the mutation p.R535H (R496H) could still be possible, but that would depend on the protona-
tion state of the histidine derived from the mutation Interestingly, as mentioned above, the preceding residue p.R534H 
(R495H) has been reported in enzyme replacement therapy, and was included in our recombinant and synthetic GCases.

3.7 � GCase‑Opt and GCase‑7 synthetic and recombinant enzymes: 3D structure predictions

We further predicted and compared GCase-Opt and GCase-7 protein 3D structures against PDB: 2F61 chain A using the 
ChimeraX Matchmaker algorithm. We observed that both GCase-Opt and GCase-7 enzymes exhibit similar 3D structures 
compared with 2F61, with the exception of the signal peptides unique to GCase-Opt and GCase-7 (Fig. 9a-c). Furthermore, 
we observed a strong alignment between GCase-Opt and GCase-7 with 2F61, albeit with a slight deviation towards the 
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signal peptide (root mean square distances [RMSD] of 0.528 and 0.485, respectively) (Fig. 9d-e). Moreover, the alignment 
between GCase-Opt x GCase-7 exhibited a lower RMSD value of 0.178, which can be in�uenced by the shared presence 
of the signal peptide in both GCase 3D structures (see Table S13). Importantly, minimal conformation changes were 
observed in the 3D structures of GCase-Opt and GCase-7, which may support their optimized catalytic activity (Fig. 9f ).

In summary, through multiple lines of evidence obtained by in silico, in vitro, and culture cells experiments, we deter-
mine the structural and functional characteristics of synthetic and recombinant lysosomal β-glucocerebrosidase (GCase) 
variants, particularly GCase-Opt and GCase-7. We demonstrate that codon optimization enhances the structural stabil-
ity of GBA1 variants, while promoter choice signi�cantly in�uences their expression levels in 293FT cells. In particular, 
GCase-7 with seven missense mutations in the signal peptide under the hEF1a promoter, exhibits the highest expression 
levels and catalytic activity among the variants studied. Furthermore, our conservation and coevolution analysis de�ne 
key residues and interactions relevant for GCase function and stability. Importantly, our 3D structural analyses reveal 
minimal conformation changes between GCase-OPT and GCase-7 suggesting that their optimized catalytic activities 
can be attributed to the missense mutations, particularly in the signal peptide.

4 � Discussion

Enzyme replacement therapy (ERT) is a lifesaving therapy for symptomatic GD-type 1 patients. It is not a cure, and 
patients must be treated for life [2]. Although, ERT is currently the standard therapy of GD due to its widespread 
used and established efficacy, it presents challenges such as suboptimal response for some patients and high cost 

Fig. 8   Three-dimensional localization of GBA pathogenic variants in its crystal structure (PDB: 2D61). a three-dimensional con�guration of 
residues p.L483P (L444P) and p.L500 (L461). b three-dimensional con�guration of residues p.D448H (D409H) and p.S136 (S97) (hydrogen 
bonds shown as dashed lines). c A salt bridge network formed by residues p.E365K (E326K), p.R368 (R329) and p.K332 (K293) (salt bridges 
shown as dashed lines). d a salt bridge between residues p.R535H (R496H) and p.D513 (D474). The �gure was prepared using The PyMOL 
Molecular Graphics System, Version 2.4 Schrödinger, LLC)
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(e.g. $115,909 annually with imiglucerase and $80,941 with taliglucerase alfa per patient) [78]. Alternative treat-
ment modalities such as substrate reduction therapy (SRT), hematopoietic stem cell transplantation (HSCT), and 
gene therapy (GT) have not proven to be as effective, since they often fail to address the full spectrum of disease 
manifestations [79–81]. Given these challenges, the development of novel functional synthetic and recombinant 
enzyme combining in silico molecular evolution, synthetic biology and gene therapy approaches provides a promis-
ing strategy to overcome the shortcomings of current therapeutic approaches for Gaucher disease.

To date, only one recombinant therapeutic enzyme produced in human cell line is commercially available [33]. In 
this study, we designed ten lentiviral vector plasmids based on a multisite gateway system for the efficient delivery 
of β-glucocerebrosidase to a human cell line for transient gene expression. These lentiviral vector plasmids were 
engineered to express GBA variants under the control of either the CMV or the hEF1a promoter. Specifically, we 
developed five lentiviral for each promoter. The GBA1 variants, which we denoted by GBA-7, GBA-8, GBA-9 and GBA-
12 and the control GBA-Opt, were selected. Evolutionary criteria were utilized to introduce specific mutations into 
the signal peptides of these variants, derived from four selected mammalian species.

Our results show that the GBA-7 mRNAs transcribed from hEF1a promoter in 293FT cells are 2.62-fold higher 
compared to those from the CMV promoter (p = 0.0003). Furthermore, we observed stronger interactions of the 
transcriptional machinery with the hEF1a promoter for GBA-Opt, GBA-9, and GBA-12 mRNAs, which were expressed 
at 1.89 (p = 0.001), 3.0 (p = 0.0004) and 1.53 (p = 0.017) fold higher, respectively, compared to mRNAs from the CMV 
promoter. The hEF1a promoter, derived from the human EEF1A1 gene is known for its robust activity across various 
mammalian cell lines [82]. Several variants of the hEF1a promoters are available and exhibit differences in activity [83]. 
In our DNA constructs, the hEF1a promoter has the Sp1 binding site (G/TGG​GCG​GG/AG/AC/T) repeated five times and 
a single copy of the Ap-1 binding site (C/GTG​ACT​C/AA) after the “TATA” box, as previously described [84]. Furthermore, 
the hEF1a promoter was also utilized in several clinical trials including X-linked severe combined immunodeficiency 
(SCID-X1) and adenosine deaminase severe combined immunodeficiency (ADA-SCID) as previously reported [85].

Fig. 9   Comparison of structures among the synthetic and recombinant GCase-Opt, GCase-7 and human GCase. a-c Three three-dimensional 
protein structures. a PDB: 2F61; b GCase-Opt and c. GCase-7. d-e Alignment of the three-dimensional protein structures with Matchmaker. d 
PDB: 2F61 x GCase-Opt; e PDB: 2F61 x GCase-7; f GCase-Opt x GCase-7
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Based on the difference in GBA1 transcription levels, we proceeded to evaluate transfection efficiencies of our vari-
ants by quantifying the percentages of EGFP+ cells 48 h post-delivery of both GFP and GBA1 DNA lentiviral plasmids. 
Interestingly, our results revealed that the hEF1a promoter significantly increased the expression levels of GBA-7 and 
GBA-Opt transcripts compared to the CMV promoter, with no significant difference observed in transfection effi-
ciencies (see Table S2). On the other hand, we observed significant differences in transfection efficiencies for GBA-8, 
GBA-9, and GBA-12, with higher transfection efficiencies under the hEF1a promoter compared to the CMV promoter. 
These findings are consistent with the studies by Xu and colleagues [86] and Dou and colleagues [87], indicating the 
superior transfection efficiency of the hEF1a promoter across different cellular contexts.

Despite the high level of GBA1 expression from the different synthetic and recombinant GBA1 variants, we con-
sistently obtained enzyme production only in four transgenic cells: 293FT_hEF1a_GCase-7, 293FT_CMV_GCase-7, 
293FT_hEF1a_GCase-Opt and 293FT_CMV_GCase-Opt cells. Of note, our investigation showed that 293FT_hEF1a_
GCase-7 cells exhibited the highest production level of the enzyme about 507.6 (± 38.17) nmol hydrolyzed substrate/
mg-protein/h. In our expression system, we were able to produce levels of synthetic and recombinant GCase that 
were 6.1-fold higher than those produced by 293FT_Mock cells and 43.8 to 58.4-fold higher than those of leuko-
cyte lysate [64]. This observed increase in enzymatic activity may have an impact for enzyme replacement therapy. 
Furthermore, structural models generated using the AlphaFold2 program revealed structural similarities between 
GCase-7 with 2F61 in the PDB, in agreement with the fact that it retains catalytic activity. For the other GCase vari-
ants, our results suggest that missense mutations in some amino acid residues of the signal peptide of GCase impair 
the catalytic activity. It is known that GCase differs from other lysosomal hydrolases in the mechanism underlying 
sorting and transport to lysosomes [88]. Following folding, the newly formed GCase molecules in the endoplasmic 
reticulum (ER) bind to the membrane protein LIMP2 (lysosomal membrane protein 2) [17]. This binding is mediated by 
hydrophobic helical interfaces on both proteins [17]. On the other hand, the full-dependence on LIMP-2 for traffick-
ing of GCase to the lysosome was observed in fibroblast, but not in macrophages [20]. Subsequently, together with 
associated proteins, the GCase is transferred through the endosome and Golgi apparatus into the acidic environment 
of lysosome [24]. It is also known that in the lysosome, the activity of GCase depends on Saposin C (SAPC), a 9 kDa 
lysosomal membrane-interacting protein. The activation mechanism of GCase by SAPC has been characterized at 
atomistic-level, identifying the GCase residues that interact with SAPC [89]. Therefore, it remains to be determined, 
whether the missense mutations present at SP of GCase-8, GCas-9 and GCase-12 alter properties of these GCase 
variants that affect folding and trafficking to ER or lysosome.

Our investigation into the frequencies of common pathogenic variants identified a subset of mutations that were 
well conserved, while others showed lower conservation rates. Additionally, our analysis identified coevolved amino 
acids within the GCase enzyme family, highlighting important interaction patterns essential for protein stability and 
function. Collectively, these results suggest that not only mutations observed in Gaucher disease patients are usually 
related to the disruption of conservation, coevolution or structural patterns, but also that the modification of residues 
to those that actually follow these patterns can result in proteins with favorable characteristics, as was recently shown 
in a study by Do and colleagues [45]. For this reason, we have included a supplemental table that delineates amino 
acid frequencies (see Table S3), with a focus on different critical residues: pathogenic variants, mutations associated 
with Parkinson’ disease risk and Dementia with Lewy bodies risk, catalytic site residues, as well as residues that bind 
to LIMP-2 and interact with Saposin C. Supplemental material with tables containing positional conservation and 
coevolution sets are also provided (see Tables S4 to S12).

Human cultured-cell based production is an attractive alternative manufacturing platform for biopharmaceuticals. 
The HEK293 cell line has been widely used for large-scale therapeutic protein production due to its high transfect-
ability, growth to high cell densities, and shows glycosylation patterns compatible with human [90, 91]. Furthermore, 
since 2015, the FDA has approved therapeutic proteins produced in HEK293, and transient gene expression methods 
for producing recombinant proteins from HEK293 cells have been published [92–94]. With the advancement of syn-
thetic biology, many synthetic toolboxes have been created to optimize cellular systems and, eventually, enhance 
the production of recombinant proteins [95–97]. In summary, in this study we combine in silico molecular evolution, 
synthetic biology and gene therapy approaches and engineered a functional synthetic and recombinant enzyme 
with seven missense mutations in the SP, named GCase-7. Further confirmation of GCase-7 activities using either 
patient-derived GBA mutant fibroblast cells and animal models are needed to demonstrate the potential of this 
combined strategy for improving therapeutic properties of lysosomal enzymes for enzyme replacement therapy for 
Gaucher disease.
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5 � Conclusion

To summarize, in our study, we provided a model to generate a new recombinant and synthetic human glucocer-
ebrosidase. This model involved incorporating specific missense mutations at the signal peptide based on in silico 
evolution analysis. We choose signal peptide to reduce immunogenicity, as the signal peptide is cleaved during 
protein maturation. The resulting cDNAs were generated after codon optimization and tested for functionality in 
transient transfected 293FT cells. We demonstrated that GCase-7, which has 7 missense mutations at the signal 
peptide, exhibited higher specific activity under hEF1a promotor compared with GCase-Opt, which retained the 
wild-type signal peptide. This approach has not received much attention in the literature and our results suggest this 
approach is promising and warrants future studies. For example, animal models, should also be carried out to fully 
understand the possibilities and limitations of the approach that we suggest. A further limitation is that we did not 
assess the recombinant enzyme’s functionality in fibroblasts derived from Gaucher patients, which would provide a 
more direct validation of its therapeutic potential in relevant cell models. This will be under consideration for future 
investigation. It is worth mentioning that our approach rests on the potential of the signal peptide to increase activ-
ity without inducing immunogenicity. This aspect has not been widely exploited in existing commercially available 
ERT products.
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