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Abstract

Diatoms are responsible for 20% of global carbon dioxide fixation and have significant potential in various biotechnological
and industrial applications. Recently, the pennate diatom Phaeodactylum tricornutum has emerged as a prominent platform
organism for metabolic engineering and synthetic biology. The availability of its genome sequence has facilitated the develop-
ment of new bioengineering tools. In this study, we used in silico analyses to identify sequences potentially encoding throm-
bin-like proteins, which are involved in recognizing and cleaving the thrombin sequence LVPRGS in P. tricornutum. Protein
structure prediction and docking studies indicated a similar active site and ligand positioning compared to characterized
human and bovine thrombin. The evidence and efficiency of the cleavage were determined in vivo using two fusion-protein
constructs that included YFP to measure expression, protein accumulation, and cleavage. Western blot analysis revealed
50-100% cleavage between YFP and N-terminal fusion proteins. Our findings suggest the existence of a novel thrombin-
like protease in P. tricornutum. This study advances the application of diatoms for the synthesis and production of complex
proteins and enhances our understanding of the functional role of these putative thrombin sequences in diatom physiology.

Key points

e Protein structure predictions reveal thrombin-like active sites in P. tricornutum.

e Validated cleavage efficiency of thrombin-like protease on fusion proteins in vivo.

e Study advances bioengineering tools for diatom-based biotechnological applications.

Keywords Cleavage peptide - Bioengineering - Synthetic biology - Microalgae - Thrombin-like protease - YFP (yellow
fluorescent protein)

Introduction

Synthetic biology relies on efficient heterologous protein
production systems, crucial for numerous biotechnology
applications involving engineered proteins. Bioengineer-
ing combines natural sciences and engineering to address
global challenges, such as drug production for disease treat-
ment (Javaid et al. 2023). Current production platforms
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include well-characterized hosts like bacteria, yeast, and
plants (Demain et al. 2009). The pennate diatom Phaeodac-
tylum tricornutum is emerging as a promising chassis for
producing high-value compounds. It has been successfully
utilized to produce heterologous proteins, such as the SARS-
CoV-2 spike receptor-binding domain and plant-specialized
metabolites such as geraniol and cannabinoids (Awwad et al.
2023; Butler et al. 2020; Dhaouadi et al. 2020; Fabris et al.
2020; Fantino et al. 2024; Sharma et al. 2021; Slattery et al.
2022). However, the use of this diatom as a bioengineering
factory is in its infancy and would benefit from new protein
engineering tools.

The production of a metabolite of therapeutical interest
often requires the simultaneous expression of multiple genes
involved in its biosynthetic pathway. Exogenous episomes
delivered to the nucleus via bacterial conjugation have revo-
lutionized metabolic engineering in diatoms (Karas et al.
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2015), enabling the expression of five to six genes from a
single episome. Polycistronic constructs allow the simul-
taneous expression of several genes like a transgene and a
reporter gene. Fusion proteins are invaluable for various
biotechnological applications, protein purification (Kim-
ple et al. 2013), expression level monitoring (Smale 2010a,
2010b), and cellular localization (Belardinelli and Jackson
2017). These fusion proteins have been utilized in vaccine
development and are being evaluated in clinical studies
(Ellis et al. 2013; Wang et al. 2023). For example, the extra-
cellular domains of two surface proteins from Streptococcus
pneumoniae have been tested in a mouse model of pneumo-
nia. Similarly, fusion proteins have been used as antigens in
vaccines against Neisseria meningitidis serogroup B (Dos
Santos et al. 2022; Snape et al. 2010).

However, producing recombinant fusion proteins is chal-
lenging due to potential issues like misfolding, instability,
or poor expression caused by the proximity of fused pro-
teins (Amet et al. 2009; Zhao et al. 2008). Linkers, or spac-
ers, are short amino acid sequences that separate multiple
domains in a single protein, improving structural stability
and enhancing biological activity (Bouabe et al. 2008). Link-
ers are classified into three groups: rigid, flexible, and cleav-
able. Rigid linkers, rich in Proline residues and adopting
o-helical conformations, maintain distance between domains
to preserve protein stability and activity (George and Her-
inga 2002; McCormick et al. 2001). Some other rigid linkers
are (EAAAK)n (Takamatsu et al. 1990). Flexible linkers,
composed of small, non-polar (e.g., G) or polar (e.g., S or
T) amino acids, allow movement or interaction between pro-
teins (Argos 1990). The most widely used flexible linker is
(G-G-G-G-S)n (Huston et al. 1988). Cleavable linkers, such
as those recognized by proteases like thrombin and Factor
Xa, are particularly useful in enzyme characterization and
allow for tag removal after purification (Araujo et al. 2000).
Thrombin, a trypsin-like serine protease, specifically cleaves
peptide bonds on the carboxyl side (P’ 1) of basic amino acid
residues, primarily arginine, making it an essential tool in
synthetic biology. Proteases play a crucial role in various
biological processes, and their application in synthetic biol-
ogy and metabolic engineering has been well documented
in several systems (Rao et al. 1998). The LVPRGS linker,
derived from bovine factor XIII and cleaved by thrombin, is
frequently used in chemical proteomics workflows and for
expressing fusion proteins in E. coli without in vivo cleavage
(Danckwardt et al. 2013; Jenny et al. 2003; Liu et al. 2017,
Lundblad et al. 2004; Takagi and Doolittle 1974).

Despite the advances in using P. tricornutum for het-
erologous protein production, there is limited knowledge
regarding the diversity and functionality of endogenous
proteases in this diatom. The potential of P. tricornutum to
harness specific proteolytic activities, such as those resem-
bling thrombin-like serine proteases, remains unexplored
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in the literature. Whether the thrombin cleavage sequence
can be used in bioengineering strategies of P. tricornutum
has never been verified. Understanding and leveraging such
protease activities could open new avenues for the diatom’s
application in producing recombinant proteins and associ-
ated metabolites.

In this study, we identified candidates of thrombin-like
proteases in P. tricornutum in silico. We constructed two
fusion proteins: mFruits monomeric red fluorescent proteins
(mCherry) fused to yellow fluorescent protein (YFP) and
cannabidiolic acid synthase (CBDAS) fused to YFP, both
separated by the LVPRGS sequence. Both cassettes were
expressed under the Highly Abundant Secreted Proteinl
promoter (HASP1) and Fucoxanthin chlorophyll a binding
protein terminator (FcpA). We introduced the cassettes into
P. tricornutum by bacterial transkingdom conjugation for
extrachromosomal expression. We present evidence of rec-
ognition and cleavage of the LVPRGS sequence, confirmed
in a bicistronic construct encoding an enzyme fused to the
yellow fluorescent protein with the same thrombin cleavage
sequence. This study provides a proof of concept that P. tri-
cornutum possesses thrombin-like proteases, which could be
valuable for projects involving heterologous gene expression
in this model diatom.

Materials and methods
Plasmid construction

Plasmids were constructed by Gibson assembly using
the NEBuilder® HiFi DNA Assembly Bundle for Large
Fragments (New England Biolabs, Canada). Fragments
to assemble were amplified by PCR with PrimeSTAR
GXL DNA Polymerase (Takara Bio, Japan) following the
manufacturer’s protocol. Plasmid pPtGE30 was used as
a template to construct the expression vectors (Slattery
et al. 2018). Genes encoding mCherry, YFP, and canna-
bidiol acid synthase (CBDAS) were codon optimized for
P. tricornutum and synthesized by Bio Basic (Markham,
Ontario, Canada). To enhance protein production, a mini-
mal Kozak sequence (ACC) was placed directly before
each ATG initial codon. Reporter gene YFP was tagged
with 3 X HA. DNA fragments were expressed under an
endogenous promoter Highly abundant secreted protein 1
(HASP1) and fucoxanthin chlorophyll a/c-binding protein A
(FcpA) terminator (Erdene-Ochir et al. 2019) or under the
40S ribosomal protein S8 promoter (40SRPS8) and fucox-
anthin chlorophyll a/c-binding protein A (FcpA) termina-
tor. N-acetyl transferase gene (NAT) conferring resistance
to nourseothricin (NTC) was included as a selection marker
under fucoxanthin chlorophyll a/c-binding protein C pro-
moter and terminator (FcpC) sequences in all constructs.
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Construct named here C-T-YFP includes HASPIpro and
CBDAS is fused to YFP with a thrombin cleavage sequence
(LVPRGS). Construct mCherry-T-YFP includes HASP-
Ipro and mCherry is fused to the reporter YFP gene with a
thrombin cleavage sequence. Constructs mCherry and YFP
includes 40SRPS8pro and mCherry with a stop codon and
a separated expression cassette with HASPIpro controlling
the expression of YFP. A modified version of pPtGE30
vector, harboring NAT gene cassette instead of Sk ble gene,
conferring zeocin resistance, was used as negative control
(EV). All DNA sequences, oligonucleotides, and plasmids
used to generate these constructs are listed in supplemen-
tary data (Tables S1, S2, and S3).

Microbial strains, growth conditions,
and transformation

Escherichia coli (NEB® 10-beta, New England Biolabs,
Canada) was grown in Luria Broth (LB, ThermoFisher,
Canada) supplemented with appropriate antibiotics (chlo-
ramphenicol, 30 mg.L ™!, ThermoFisher, Canada). Plasmid
DNA constructs were extracted using a miniprep kit allow-
ing the extraction of large vectors (Biobasic EZ10 miniprep
kit, NY, USA), and the integrity of these plasmids DNA was
verified by next-generation sequencing in CCIB DNA Core
(Massachusetts General Hospital, United States of America).
Plasmid constructs were transformed to E. coli Epi 300 strain
containing pTA-MOB plasmid to allow conjugation with
diatoms, as described previously (Karas et al. 2015). Epi 300
strain was grown in LB supplemented with chloramphenicol
(30 mg. L™!) and gentamicin (40 mg. L™, ThermoFisher,
Canada). Microalgae P. tricornutum (Culture Collection of
Algae and Protozoa CCAP 1055/1) was grown in L1 media,
as described previously (Karas et al. 2015) at 18 °C under
white fluorescent lights (75 puE m~2 s~!) and a photoperiod
of 16 h light:8 h dark with an agitation of 130 rpm for lig-
uid cultures. P. tricornutum conjugation was performed as
in Awwad et al. (2023). Transconjugant colonies appeared
after 2 weeks of incubation where 36 colonies per construct
were plated on new selective media supplemented with
nourseothricin (200 pg mL™1). After 7 days, transconjugants
were transferred from the agar plates to 96-well plates with
to 200 uL of L1 supplemented with 200 pg mL~" in each
well and incubated at 18 °C under gentle agitation. After
14 days of liquid growth, putative transconjugants were
screened for fluorescence (YFP, [ /A, =513/527 nm and
mCherry, l.,/A.,, =587/610 nm) using a plate reader (Syn-
ergy H1 BioTek microplate reader (Agilent, Santa Clara, CA,
USA)). The selected nourseothricin-resistant colonies were
transferred to a 25-mL L1 liquid medium containing nour-
seothricin in 125-mL flasks for kinetic growth, measurement
of the OD at 680 nm, and analysis.

Protein extraction

Bioengineered 10-day-old P. tricornutum liquid cultures of
25 mL were centrifuged at 3500 g for 15 min at 4 °C. Pellets
were weighed and resuspended in lysis buffer (50 mM Tris
pH 7.4, 500 mM NaCl, 0.1% Tween20, 1 X protease inhibitor
cocktail) and kept for 20 min on ice. Sonication was performed
6 times at 35% amplitude, 30 s on, 30 s off (3 min total). Cell
debris was removed by centrifugation at 12,000 X g for 60 min
at 4 °C. Total protein samples were quantified using RC DC™
Protein Assay Kit I (Bio-Rad, Hercules, CA, USA). Protein
extracts were stored at— 80 °C until further use.

Western blot

For each clone, a quantity of 60 ug of total protein extract was
loaded in a 10% SDS-PAGE. Protein separation was performed
at 80 V until passage through to the stacking gel, followed by
120V for the rest of the run. Wet electroblotting was performed
at 120 V and was performed for 2 h to transfer the separated
proteins to a 0.2-um PVDF membrane using the Bio-Rad Mini-
PROTEAN Trans-Blot Turbo Transfer System. The blot was
equilibrated in 1 X TBS solution and blocked with 5% milk in
1 X TBS for 1 h at room temperature followed by three washes.
Primary antibodies were added for an overnight incubation at
4 °C. Primary anti-YFP (cat no# CLH106AP), anti-HA (cat
no# A01244-100), and anti-mCherry (cat no# MA5-32977)
were purchased from Cedarlane (Canada) and ThermoFisher
Scientific (USA), respectively, and used at a 1:1000 dilution in
3% BSA. After three washes with TBST solution, the blots were
incubated for 1 h with a secondary antibody at a 1:20,000 dilu-
tion of Immun-Star Goat Anti-Mouse (GAM)-HRP conjugate
from Bio-Rad (Canada), in 5% milk. A quantity of 10 ng of
multiple Tag (GenScript, USA) and 10 ng of purified recombi-
nant GFP protein (10 ng) from E. coli were used as a positive
control for HA Tag and YFP detection, respectively (Diamond
et al. 2023). Two confirmed clones were used as extra controls
for the detection of CBDAS, one of them expressing YFP-
tagged with a single HA-tag (YFP-1 x HAtag) and the other one
expressing YFP-tagged with three HA-tag (YFP-3 X HAtag).
After three washes with TBST solution, protein detection was
performed by using Clarity Max Western ECL Substrate-Lumi-
nol solution from Bio-Rad. Chemiluminescence detection and
Ponceau red staining (Glacial acetic acid 5% v/v, Ponceau red
dye 0.1% m/v) of the blots were visualized using the ChemiDoc
Imaging System with Image Lab Touch Software (Bio-Rad)
and Image Lab™ Software (Bio-Rad).

Flow cytometry (FC)
At least 10,000 events per transconjugant strain were ana-

lyzed on a CytoFLEX S flow cytometer (Beckman) equipped
with violet (405 nm), blue (488 nm), yellow/green (561 nm),
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and red (638 nm) lasers. A volume of 200 puL from each
culture was filtered and transferred to a clear 96-well plate
as described in Awwad et al. (2023). Autofluorescence was
detected and gated using the PerCP channel (690/50 nm).
Cells with high non-specific autofluorescence were excluded
based on emission in the PB450 channel (450/45 nm). The
fluorescence of YFP and mCherry was analyzed in the
FITC channel (525/40 nm) and the ECD/mCherry channel
(610/20 nm), respectively. Empty vector (with NAT) was
used as a negative control to set the gates.

Bioinformatics analysis and phylogenetic tree

To identify P. tricornutum thrombin-like proteins, the
amino acid sequences of bovine (OX=9913), human
(OX'=9606), mouse (OX =10,090), pig (OX =9823), oran-
gutan (OX=9601), and rat (OX=10,116) prothrombins
from UniProtKB/Swiss-Prot were blast searched in the P.
tricornutum protein database version 3. The selected amino
acid coding sequences were analyzed using different web-
site applications: PROSITE (Sigrist et al. 2013), PEST-
find (Rechsteiner and Rogers 1996), UniProt, ClustalO,
and Unipro UGENE (Okonechnikov et al. 2012). Solvent
accessibility and secondary structure analysis of putative
P. tricornutum thrombin-like candidates were performed
using Predict protein (https://www.predictprotein.org/).
Phylogenetic analyses were carried out after multiple
amino acid sequence alignments of 55 prothrombin can-
didates (Table S4) and 100 non-thrombin serine proteases
sequences (Fig. S2) using MEGAI11 software (Tamura
et al. 2021). Phylogeny was inferred using the neighbor-
joining method, and the evolutionary distances were com-
puted using the maximum composite likelihood method for
both trees in this study.

Protein structure prediction and docking study

The models of the 7 putative thrombins of P. tricornutum
were predicted using ColabFold v1.5.3 (AlphaFold2 using
MMseqs2) (Mirdita et al. 2022). Structures were visualized
and overlaid using Pymol (Shrodinger). MOE2022.09 soft-
ware (Chemical Computing Group) was used to analyze the
conformation of resulting models and prepare the receptors
for docking, as described in Majhi et al. (2023). The pocket
residues detected by Site Finder were superimposed on the
crystal structure of H. sapiens a-thrombin (PDB:1PPB and
INRS Bode et al. 1989; Mathews et al. 1994) in MOE and
the active site was predicted based on residues interacting
with ligands from orthologous crystal structures. Receptors
were then prepared using structure preparation, correcting
issues, capping, charging termini, selecting appropriate
alternatives, and calculating optimal hydrogen positions
and charges using Protonate 3D. Structures were energy
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minimized with 1PPB ligand (D-Phe-Pro-Arg chlorometh-
ylketone) inside the pocket.

The folding of the thrombin cleavage sequence LVPRGS
was predicted using ColabFold v1.5.3 (AlphaFold2 using
MMseqs2) and further prepared in MOE. Two predicted
protomers, at pH="7, were included as possible ligands.
The MMFF9%4 x force field was applied. Triangle Matcher
was used as the placement method for 200 poses and teth-
ered induced fit as the refinement to perform flexible dock-
ing, yielding 10 best poses. Docking poses were analyzed
by comparison with crystallized human o-thrombin ligand
complex (1PPB with ,FPR chloromethylketone, INRS with
hirugen), and the first coherent pose (with the best docking
score) consistent with the catalysis of cleavage of LVPR | GS
was selected for each ligand. H-bonds were predicted, and
images were further processed using PyMOL (Shrodinger).

Results

Serine protease prothrombin candidates in P.
tricornutum proteome and phylogenetic analysis

A comprehensive analysis of the P. tricornutum proteome
using characterized sequences as baits identified seven
potential amino acid sequences with features of prothrom-
bin and thrombin-like proteins (Table S4). Interestingly,
over the Bacillariophyta phylum (taxid:2836), 113 hits were
obtained using these sequences as baits (Table S5), includ-
ing 35 in the order Bacillariales, 31 in Thallassiosirales, 14
in Chaetocerotales, 24 in Naviculales, and 9 in Fragilariales
(Schoch et al. 2020), suggesting that orthologs of thrombin-
like serine proteases are present in diverse diatom species.
The seven P. tricornutum candidate sequences were aligned
with prothrombin and thrombin-like sequences from human,
cow, mouse, pig, orangutan, rat, salmon, and snake species.
Phylogenetic analysis revealed that the selected P. tricor-
nutum sequences formed a distinct cluster (Fig. S1), with
only one of the P. tricornutum sequences (Phatr3 J45961)
clustering closely with the complete and partial prothrombin
sequences of human, cow, pig, orangutan, mouse, rat, and
salmon. Further phylogenetic analysis, which included the
candidates, thrombin baits, and non-thrombin serine pro-
teases, revealed that even though P. tricornutum sequences
cluster with mammalian prothrombins, the node bootstrap
values were low and insufficient to support their characteri-
zation as thrombin serine proteases (Fig. S2). Homo sapi-
ens and Bos taurus sequences were selected for a detailed
comparison with the P. tricornutum thrombin candidates
as they are well characterized due to their pharmacologi-
cal interest (Bhandari et al. 2011; Cheng et al. 2009). The
identity and similarity between P. tricornutum candidates
and human thrombin ranged from 25 to 32% and 39 to 47%,
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respectively. Phatr3 J49772 and J54319 exhibited the high-
est identity (32% and 30%) and similarity (47% and 43%)
to the human sequence. Protein domain predictions using
the PROSITE database confirmed that all P. tricornutum
candidates contained a trypsin domain with the catalytic
triad (Histidine (H), aspartate (D), and serine (S)), similar
to human and bovine thrombin sequences (Fig. 1).

Lengths, domains, and percentages of identity (% id) and
similarity (% sim) to the Human Thrombin sequence (amino
acids) are shown. Potential Thrombin-like sequences contain
a Trypsin domain (TRYPSIN_DOM) shown in green like the
Human and Bovine thrombin sequence. Active sites are rep-
resented in red arrow and disulfide bonds in gray. Gamma-
carboxyglutamic acid-rich (Gla) and Kringle domains are
represented in blue.

An alignment of the trypsin domains showed further
similarity, with 26 strictly conserved residues including the
catalytic triad (Fig. 2). The gamma-carboxyglutamic acid-
rich (Gla) domain and the two Kringle domains of human
and bovine sequences were absent in P. tricornutum candi-
dates. The Gla domain is known to be a membrane-binding
motif that interacts with phospholipid membranes in the
presence of calcium ions (Freedman et al. 1996). Kring-
les are disulfide cross-linked domains found in some serine
proteases (Castellino and McCance 1997). They play a role
in the regulation of proteolytic activity, but also in binding
to membranes and other proteins (Wei et al. 1997). Their
absence in P. tricornutum may be due to their function in
blood coagulation by platelet activation, which are not rel-
evant to diatom.

Fig. 1 A phylogenetic tree of

seven potential serine protease

thrombin-like sequences in P.

tricornutum

@ Phatr3 J49602.p1
@ Phatr3 J54319.p1
@ Phatr3 J7679.p1
@ Phatr3 J40462.p1
@ Phatr3 J37254.p1
@ Phatr3 J45961.p1

@ Phatr3 J49772.p1

THRB BOVIN Prothrombin
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In silico evidence for thrombin-like function

The folding of the seven putative thrombins with trypsin
domain was predicted using ColabFold v1.5.3 (AlphaFold2
using MMseqs2) (Mirdita et al. 2022) and compared with
crystallized human and bovine thrombin (Fig. S3a and S3b).
All predicted models displayed a trypsin-like domain with
two interacting six-stranded p-sheet barrel domains sur-
rounded by helical and loop regions (Fig. S3). The active site
residues were predicted and are shown in Table S6. Super-
position of the predicted P. tricornutum trypsin domains
with human f-thrombin showed similar overall folding and
orientation of the active site residues (Fig. S4). The con-
served catalytic triad (H, D, and S) is located at the rims of
the two interacting barrels, as expected. The oxyanion hole,
composed of the catalytic serine and a near-adjacent glycine,
which stabilizes the oxyanion intermediate by hydrogen
bonding to the oxygen of the P1 residue, was also observed
in all structures (Schechter and Berger 2012). Additionally,
equivalent structures to the sodium binding site loop, the
180 loop, the autolysis y-loop, and a covalent disulfide bond
between two cysteines connecting the catalytic serine with
the oxyanion hole were identified in the diatom candidates,
as seen in human thrombin structures, but not in other serine
proteases. However, the exosites and the 60-loop of human
B-thrombin were not detected (Johnson et al. 2005). Outside
of the trypsin domain, P. tricornutum predicted structures
contained p-barrels (Fig. S3f, g, h, i) or a-helices (Fig. S3c,
d, g, h, 1), suggesting that they might be transmembrane
proteins with additional functions.
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Fig.2 Amino acid sequence alignment of predicted Trypsin domains
from P. tricornutum with two known Human (Accession number:
P00734) and Bovin (Accession number: PO0735) structures. Identical

As the diatom’s candidate displayed a predicted trypsin
domain that closely matched with the human’s, the throm-
bin cleavage peptide was docked into their active site and
the interactions were analyzed (Table S6). LVPRGS docked
with a score of — 10.87 kcal/mol in human B-thrombin active
site. In the case of Phatr3_J7679 and Phatr3_J49602 candi-
dates, the ligand docked further from the catalytic residues
than 1PPB and 1NRS crystallized ligands. Therefore, the
docking poses of these structures were rejected. In five of the
putative predicted structures, the ligand docked in a position
consistent with a cleavage between R and G (Fig. 3), with
scores ranging from —8.92 to — 10.6 kcal/mol (Table S6).
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FVUMKS P FNNRWY

FVMKSPYNNRWY
AIREL--DGIPY
IT1I1PGKNSEQDLL
IISRGATAAADV
LMLA----NTNI
LINA----NGV-
IMDS- - - - DGV -
VNTS----DGTLV

residues are highlighted in blue, and strictly conserved residues are
highlighted in blue with red characters. Red triangles represent the
active sites

Overall, LVPRGS docked very similarly into human and
trypsin domains of selected putative P. tricornutum throm-
bin, with the cleavage site positioned in between the cata-
lytic serine and histidine. Several H-bonds were detected
between the docked peptide and the active site, including
with catalytic residues in the case of 1PPB, J49772, J45961,
J37254, and J40462. J54319 showed the highest docking
score with a position most similar to the docking configura-
tion in the human protein (Fig. 3a—f, and Table S6). These
results suggest that P. tricornutum produces endogenous
proteins containing a trypsin domain that could efficiently
cleave the thrombin cleavage sequence in vivo.
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Fig.3 Cartoon representation
of docked thrombin-cleavage
peptide in the active site of
human (a 1PPB in purple) and
5 putative thrombins from P.
tricornutum (b Phatr49772, ¢
Phatr45961, d Phatr37254, e
Phatr40462, and f Phat54319

in green). The cleavage peptide
(LVPRGS) is shown as light
blue sticks with pink arginine
and violet glycine. The active
site is shown in yellow, and
catalytic residues (His, Asp, and
Ser) are displayed as red sticks.
Only the trypsin domain of each
protein is shown. H-bonds are
shown as dashed blue lines

P. tricornutum transformation and screening
of transconjugant strains

To analyze potential thrombin activity in P. tricornutum
cells, we constructed and introduced four expression cas-
settes into P. tricornutum wild type (Fig. 4). An empty vector
(EV) encoding antibiotic resistance and a plasmid harboring
two genes (mCherry and YFP) expressed under two distinct
promoters (40SRPS8 and HASPI, respectively) were used
as controls (Fig. 4b). Additionally, two other plasmids were
constructed containing bicistronic cassettes encoding two
recombinant proteins (CBDAS or mCherry) fused to YFP
by a thrombin cleavable sequence hereafter referred to as
C-T-YFP and mCherry-T-YFP (Fig. 4a, b). Highly Abundant
Secreted Proteinl (HASP1p) promoter drove the expression
of mCherry-T-YFP and C-T-YFP recombinant proteins. P.
tricornutum wild type cells grown to stationary phase were
transformed by conjugation (Karas et al. 2015). Transcon-
jugants were selected with the appropriate antibiotic and
screened for mCherry and YFP fluorescence using a micro-
plate reader and flow cytometer. A total of 108 colonies
were screened, with 36 transconjugants per construct. The
percentage of positive clones was higher in the mCherry and
YFP lines (69% of clones were mCherry*) compared to the

CTC GTC CCC CGT GGC TCC

Leu Val Pro Arg * Gly Ser

C-T-YFP

— o e @ —
MCHERRY-T-YFP  — HASP1p Yip s @_ Nk —
mCHERRY & YFP ——40SRPS8p m@— HASP1p YFP  3xHA @— Ntct —

EV — it —

Fig.4 Expression cassette of recombinant constructs with a throm-
bin cleavable sequence. a Thrombin cleavable sequence (LVPRGS)
derived from the sequence in bovine factor XIII, cleavage occurs
between Arginine (Arg) and Glycine (Gly). b Scheme of the expres-
sion cassettes, mCherry-Thrombin-YFP-3 x HAtag (mCherry-T-YFP)
and CBDAS-Thrombin-YFP-3 x HAtag (C-T-YFP). The expression of
mCherry and CBDAS genes is driven by the endogenous highly abun-
dant secreted protein 1 promoter (HASP1), fused to YFP reporter
gene with a thrombin cleavable sequence in between. Construct
mCherry and YFP containing mCherry and YFP genes are driven by
two different promoters, HASP1 and 40SRPSS, respectively. EV con-
taining only Nourseothricin resistance gene (Ntc®) mCherry and YFP
were cloned in two different vectors and used as controls

@ Springer



481 Page80f13

Applied Microbiology and Biotechnology (2024) 108:481

mCherry-T-YFP lines (39%) (Table 1). Additionally, 25%
of the C-T-YFP clones were YFP™. Three to six independ-
ent transgenic lines from each construct were selected for
further analysis (Table 1).

n.a. not applicable, n.t. not tested. Percentage of
mCherry* and YFP*clones, n=36; fluorescence was
detected with a microplate reader (PR) or with a flow cytom-
eter (FC).

Different levels of transgene fluorescence in P.
tricornutum transconjugants

Transconjugant growth was monitored for 10 days, and all
selected transgenic lines exhibited similar results with no sig-
nificant differences compared to the negative control (EV)
(*p>0.05, one-way ANOVA, Fig. 5a, upper panel), indicat-
ing that transgenes did not affect the growth of P. tricornutum
cells. The percentages of mCherry* and YFP™ cells and rela-
tive fluorescence were measured on day 10 by flow cytom-
etry and microplate reader, respectively, and normalized to
the autofluorescence of the negative control (EV) (Fig. 5a,
middle and lower panels). The percentage of mCherry™* cells
varied significantly between constructs (*p <0.05, Student’s
t-test), with a mean of 55% for mCherry and YFP transcon-
jugants compared to 7.5% for mCherry-T-YFP (Fig. 5a, mid-
dle panel). However, since mCherry was expressed under
different promoters in these constructs, the differences in
fluorescence may be due to changes in the expression lev-
els of the 40SRPS8 and HASP1 promoters rather than the
construction design. Nonetheless, the percentage of YFP*
cells was also significantly higher with mCherry and YFP
(*p<0.05, t-test), although the difference was smaller, with
amean of 3.4% for mCherry and YFP transconjugants com-
pared to 1.2% for mCherry-T-YFP transconjugants. C-T-YFP
transconjugants did not show a significant difference in YFP*
percentages compared to mCherry and YFP (1.8% of YFP*,
*p>0.05, t-test). A similar trend was observed for relative
fluorescence measured with the microplate reader (Fig. Sa,
lower panel). Comparison of mCherry and YFP clones
with mCherry-T-YFP clones revealed a significantly higher

Table 1 Transconjugant positive strains screened for mCherry or
YFP fluorescence

Transconjugants mCherry* (FC)  YFP' (PR) No. of
selected
strains

mCherry and YFP  69% (n=36) n.t 6

mCherry-T-YFP 39% (n=36) n.t

C-T-YFP n.a 25% (n=36) 3

n.a. not applicable, n.t. not tested. Percentage of mCherry" and
YFP*clones, n=36; fluorescence was detected with a microplate
reader (PR) or with a flow cytometer (FC)
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relative mCherry fluorescence in mCherry and YFP clones
(mean of 830 RFU) (*p <0.05, Student’s ¢-test). In contrast,
mCherry-T-YFP clones exhibited a mean relative fluores-
cence unit (RFU) of 11. Moreover, the relative fluorescence
emitted by YFP in mCherry and YFP clones (152 RFU)
was significantly higher than in mCherry-T-YFP (29 RFU)
(*p <0.05, Student’s #-test), while C-T-YFP clones showed
no significant changes (mean of 75 RFU). Taken together,
these results demonstrate that the fluorescence levels of the
transgenes varied, with higher mCherry emission under the
40SRPS8 promoter than the HASP1 promoter. Furthermore,
YFP expression, driven by the HASP1 promoter, slightly
decreased when fused to the C-terminal of another protein.

In vivo evidence of recognition and cleavage
of the thrombin cleavable sequence in P.
tricornutum

To verify the possible cleavage of the thrombin sequence in
P. tricornutum transconjugants, we analyzed the transgenes
by western blotting using anti-HA antibody (Fig. 5b). No
bands were detected in the total protein extract of P. tricor-
nutum transconjugants 4, 5 and 6 harboring the mCherry-T-
YFP cassette consistent with the low fluorescence detected
by both flow cytometry and microplate reader. In contrast,
two bands corresponding to the cleaved (32 kDa) and
uncleaved forms (58 kDa) of mCherry-T-YFP protein from
transconjugants 1, 2, and 3 were observed (Fig. 5b). The
presence of the cleaved protein form was confirmed by using
an anti-mCherry antibody (Fig. S5). Cleavage efficiency was
determined by relative quantification of band intensity using
Image Lab software. In transconjugants (mCherry-T-YFP)
1, 2 and 3, the fusion proteins were partially cleaved with a
mean ratio of uncleaved to cleaved forms of approximately
53/47%. Heterogeneity between clones was observed, with
transconjugant 1 showing the highest cleaved form (57%)
compared to transconjugant 2 and 3, which showed 37%
and 46%, respectively. The recognition and cleavage of
the thrombin cleavage site in vivo by P. tricornutum were
further confirmed using another construct C-T-YFP, which
contained the gene of interest (C: CBDAS) linked to the YFP
gene through the thrombin (7)) sequence (Fig. 4b). This con-
struct showed a total cleaved fraction (100%) with a size of
28.9 kDa (Fig. 5c). All C-T-YFP transconjugants displayed
a corresponding size of YFP with a single HA tag instead
of three, explained by the deletion of two HA tags, con-
firmed by DNA sequencing analysis (Table S7). Addition-
ally, several substitutions were detected in the plasmid DNA
sequence introduced into the diatom cells. However, all these
substitutions were outside the coding sequence (CDS) and
were not expected to affect the results. Altogether, these
results confirm the in vivo cleavage of the thrombin cleav-
age site in P. tricornutum.
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Fig.5 Characterization of P. tricornutum clones and production of
protein with specific cleavage of the thrombin cleavable sequence.
a Upper panel, cell growth curves for each P. tricornutum strain of
each construct, the optical density (OD) at 680 nm was monitored
for 10 days. Middle panel, the mean percentage of mCherry and YFP
positive cells were monitored for each construct by flow cytometer.
Lower panel, mean relative fluorescence intensity of mCherry and
YFP for each construct measured by plate reader. All strains were
grown in L1 culture media supplemented with the appropriate anti-
biotic and incubated at 18 °C under gentle agitation of 130 rpm. b

Discussion

Cloning multiple genes to produce multiple proteins from a
single vector has been challenging in the heterologous host
P. tricornutum. Previous applied studies have developed a
multi-gene expression system based on the Thosea asigna
virus 2A self-cleaving peptide (2A), replacing older con-
structs reliant on the presence of internal ribosomal entry
sites (IRES) (Sonenberg et al. 2016; Tang et al. 2016; Wang
et al. 2015). The 2A-based multigene expression method
relies on ribosomal skipping during translation, though
varying cleavage efficiencies among different 2A sequences
remain under investigation for future research (Liu et al.
2017). Hence, alternative methods are being explored.

b mCherry & YFP mCherry-T-YFP b,o*
ladder(kba) 1 2 3 4 5 6 1 2 3 4 5 sé‘}

250-
150-

100-
75- -
— -— < mCherry-T-YFP-3xHA
s0- W '
37-
A —— - <-YFP-3xHA
25-
a-HA

-

RP

l?%
& YFP C-T-YFP
Ladder (kpa) <& & T 2 7 11 18
250-1 I
150-
100-
75-

50- -

37-

<-YFP-3xHA
<-YFP-1xHA
25-

a-HA

RP

Western blot analysis with an anti-HA tag antibody of total pro-
tein extracts from mCherry and YFP clones (32 kDa), mCherry-T-
YFP clones (58 kDa), and Multi-tag (40 kDa). ¢ Western blot with
an anti-HA antibody of total protein extracts from C-T-YFP clones
(28,9 kDa), YFP clones used as controls (1: 28,9 kDa and 2: 32 kDa)
and Multi-tag (40 kDa). a-HA: anti-Hemagglutinin antibody, RP:
Ponceau staining of the membrane is shown as a loading control.
n=6 or n=3 number of biologically independent samples for each
strain was plotted, ¢-test (*p <0.05) was performed

In this study, we used several known thrombin and throm-
bin-like sequences from various species to identify putative
thrombin sequences from P. tricornutum proteome database.
Initially, seven sequences were identified with identities
ranging from 25 to 32% and similarities from 39 to 47%
compared to human thrombin. All sequences exhibited the
characteristic trypsin domain of serine proteases family but
the evidence supporting their classification as thrombin-like
proteins remains insufficient, based on the current phyloge-
netic tree analysis. Structural modeling predicted their fold-
ing similarity to human and bovine thrombin domains, with
conserved catalytic residues (H, D, and S). The predicted
structures exhibited key features typical of serine proteases,
along with specific elements characteristic of thrombin
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proteases, such as a sodium binding site, an autolysis y-loop,
a 180 loop, and a covalent disulfide bond linking the cata-
lytic serine to the oxyanion hole. The sodium binding site
enhances catalytic efficiency, the autolysis y-loop facilitates
substrate, and regulator interactions essential for coagula-
tion, the 180 loop is crucial for substrate recognition and
specificity, and the disulfide bond stabilizes the active site
structure (Johnson et al. 2005; Schechter and Berger 2012).
Docking analysis indicated that the active site conformation
was compatible for interaction with the thrombin-cleavage
peptide and with potential cleavage between R and G of
LVPRGS sequence in five putative P. tricornutum thrombin
candidates.

While the domains of the P. tricornutum candidates dis-
played structural similarities to characterized thrombin,
these findings did not preclude the possibility that these
candidates are serine proteases without thrombin-like pep-
tide cleavage activity. To confirm the cleavage capability of
the thrombin sequence in P. tricornutum, we designed three
constructs using two promoters (40SRPS8 and HASP1),
with and without the LVPRGS cleavage site between two
fluorescent proteins (mCherry and YFP), or between an
enzyme (CBDAS) and YFP. Initially, we evaluated fluores-
cence levels associated with transgene expression. Notably,
mCherry fluorescence was brighter under 40SRPS8 pro-
moter (mCherry and YFP) than under HASP1 (mCherry-T-
YFP) at day 10, possibly due to higher 40SRPS8 promoter
activity in this growth phase rather than protein fusion or
cleavage site addition. Although reports suggest detectable
HASP1-dependent expression in the exponential phase, our
findings indicated specificity to the late stationary phase
(Erdene-Ochir et al. 2019). Furthermore, we assessed dif-
ferences in YFP fluorescence (expressed under HASP1 in all
constructs). YFP fluorescence levels were slightly lower in
mCherry-T-YFP transconjugants compared to mCherry and
YFP transconjugants, suggesting that fusion with mCherry
reduced fluorescence intensity. Of note, the sensitivity of
the method to measure YFP fluorescence was suboptimal
due to significant overlap between YFP’s excitation and
emission spectra, limiting precise excitation and emission
measurements at their peak wavelengths. The flow cytometer
is equipped with a 488-nm laser, which excites only 41% of
YFP (Inc. 2024), further constrain YFP emission strength.

Western blot analysis revealed that the constructs with
the thrombin cleavage sequences in between two genes were
cleaved, at a mean ratio of uncleaved/cleaved of ~53/47%
for mCherry-T-YFP P. tricornutum transconjugants. This
finding is consistent with the analysis of YFP fluorescence
emission levels in mCherry-T-YFP clones. The fluorescence
emitted by the uncleaved fraction may be lower than nor-
mal when two fluorescent proteins are fused and separated
by a small distance (Zhuang et al. 2000). Interestingly,
100% of CBDAS-T-YFP clones showed cleaved proteins.
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This homogeneity in CBDAS-T-YFP clones compared to
mCherry-T-YFP clones may be due to lower efficiency in
detecting larger proteins by Western blot. Further investiga-
tions must be done. Further functional studies are required to
confirm the thrombin-like activity of these proteins, also to
elucidate their cleavage efficiency and uncover the elements
that could affect the cleavage in P. tricornutum.

The physiological role of these thrombin candidates in
P. tricornutum is unknown. Intriguingly, candidates were
also observed in various diatom orders. Mammals’ throm-
bin proteases are involved in the blood clotting process.
Aggregation is possible via activation of protease-activated
receptors (PARs) (Coughlin 2000; Di Cera 2008). PARs
are a subfamily of G protein-coupled receptors (GPCRs).
These transmembrane proteins are activated by proteolytic
cleavage such as performed by thrombin (Lindahl et al.
2017). GPCRs are involved in signal transduction pathways
in response to external stimuli in mammalian cells (Tuteja
2009). Interestingly, the availability of complete genome
sequence and comparative genomics studies have revealed
the presence and the conservation of these receptors in four
diatoms, including P. tricornutum (Bowler et al. 2008).
While the function of GPCRs in diatoms has not been elu-
cidated, previous findings suggest a role in intracellular
signaling pathways in response to environmental changes.
For example, gamma-aminobutyric acid (GABA) in plants
plays a role in protecting against abiotic and biotic stress
(Li et al. 2021). In diatoms, it may act in a similar way
protecting against salinity or temperature changes (Allen
et al. 2006). Other GPCRs could also contribute to biofilm
formation and surface colonization in P. tricornutum (Fu
et al. 2020). Interestingly, we observed that several throm-
bin candidates also encode for transmembrane domains.
The presence of transmembrane domains in the predicted
thrombin candidates in P. tricornutum suggests that they
could co-localize with PARs and be involved in intercel-
lular communication.

Future studies should investigate the diatom candidates
and uncover their relative efficiency, as well as their speci-
ficity for the cleavage peptide to confirm the thrombin-like
activity of these proteins. Overall, our results suggest that
thrombin cleavage site linkers can be added to the molecular
toolkit, allowing the expression of multi-gene cassettes in
an episomal system in P. tricornutum. In comparison to 2A
self-cleavage peptides, the use of thrombin strategy is based
on proteolytic activity. Moreover, to enhance thrombin pro-
teolytic activity, kinetic studies must be conducted to deter-
mine the best consensus substrate recognition sequence of
thrombin in P. tricornutum (Gallwitz et al. 2012). This tool
could be adapted to develop a new approach for assessing
simultaneous in vivo functional and subcellular localization
studies of endogenous or heterologous enzymes linked to a
fluorescent protein in P. tricornutum.
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To conclude, our results highlight for the first time in
the microalgae diatom P. tricornutum the outcome and the
potential of adding a thrombin cleavage sequence for the
simultaneous expression of more than one gene under a sin-
gle promoter. In studies, it will be interesting to unravel the
functional role of these putative thrombin sequences in the
diatom P. tricornutum. Our findings may contribute to the
understanding of diatom’s biology, which is important for
both marine ecology and biotechnology. P. tricornutum is
a promising bioengineering platform that will benefit from
further studies of its endogenous processes.
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