FEBS
Letters

RESEARCH ARTICLE

W) Check for updates

:Q° FEBSPRESS

® science publishing by scientists

Two phosphoenolpyruvate carboxykinases with differing
biochemical properties in Chlamydomonas reinhardtii

Florencia Torresi'?, Fernanda M. Rodriguez?3, Diego F. Gomez-Casati'?

and Mariana Martin'2

1 Centro de Estudios Fotosintéticos y Bioquimicos (CEFOBI), Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),

Rosario, Santa Fe, Argentina

2 Facultad de Ciencias Bioguimicas y Farmacéuticas, Universidad Nacional de Rosario, Santa Fe, Argentina
3 Instituto de Procesos Biotecnoldgicos y Quimicos (IPROBYQ), Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),

Rosario, Santa Fe, Argentina

Correspondence
M. Martin, CEFOBI-CONICET, Universidad
Nacional de Rosario, Suipacha 531,

S2002LRK Rosario, 2000 Rosario, Santa Fe,

Argentina
Tel: +54 341 4371955
E-mail: martin@cefobi-conicet.gov.ar

(Received 29 November 2022, revised 13
January 2023, accepted 14 January 2023)

doi:10.1002/1873-3468.14590

Phosphoenolpyruvate carboxykinase (PEPCK) catalyses the reversible reac-
tion of decarboxylation and phosphorylation of oxaloacetate (OAA) to gener-
ate phosphoenolpyruvate (PEP) and CO, playing mainly a gluconeogenic role
in green algae. We found two PEPCK isoforms in Chlamydomonas rein-
hardtii and we cloned, purified and characterised both enzymes. Chlire-
PEPCK1 is more active as decarboxylase than ChlrePEPCK2.
ChlrePEPCKI1 is hexameric and its activity is affected by citrate, phenylala-
nine and malate, while ChlrePEPCK2 is monomeric and it is regulated by
citrate, phenylalanine and glutamine. We postulate that the two PEPCK iso-
forms found originate from alternative splicing of the gene or regulated prote-
olysis of the enzyme. The presence of these two isoforms would be part of a
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mechanism to finely regulate the biological activity of PEPCKs.

PEPCK; Chlamydomonas  reinhardtii; ~ PEPCK;

phosphoenolpyruvate carboxykinase

Phosphoenolpyruvate carboxykinase (PEPCK) is an
enzyme distributed in all groups of organisms [1]. It
catalyses the reversible reaction of decarboxylation
and phosphorylation of oxaloacetate (OAA) to gener-
ate phosphoenolpyruvate (PEP) and CO, [2], using a
nucleotide or pyrophosphate (PPi) to transfer a phos-
phoryl group. Phosphoenolpyruvate carboxykinase
requires two metal ions for activity in vivo (generally
Mn?" and Mg®"). Based strictly on the phosphoryl
donor substrate, three groups can be distinguished
within the PEPCKs: the ATP-dependent PEPCKs,
found in most alpha-, gamma- and epsilon proteobac-
teria and approximately half of delta proteobacteria,
yeast, most fungi, algae, plants and trypanosomatids;
the GTP (or ITP)-dependent PEPCKs, present in ani-
mals, insects and half of beta proteobacteria and delta

Abbreviations

proteobacteria and the fungus Neocallimastix frontalis;
and the PPi-dependent PEPCKs found in a limited
number of unicellular eukaryotes and bacteria, but not
in archaea [3-5].

In the green lineage, PEPCK, as well as pyruvate,
phosphate dikinase (PPDK) in some tissues of Angios-
perms, is responsible for initiating gluconeogenesis.
Phosphoenolpyruvate carboxykinase has a crucial role
in plants during seed germination, channelling carbon
released from lipids and proteins reserves to form sug-
ars until the development of the photosynthetic appa-
ratus [6-11]; in some C4 algae [12-16], and some C4
and CAM plants [17,18], it has a role in the photosyn-
thetic assimilation of carbon, providing CO, for the
Calvin cycle through the decarboxylation of the OAA
derived from malate/aspartate and it has also been

CAM, Crassulacean acid metabolism; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; TAP,

Tris-acetate-phosphate; TCA, trichloroacetic acid.
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ChlrePEPCKs with differing biochemical properties

suggested to be involved in nitrogen and amino acid
metabolism [19,20]. The nature of the reaction that
PEPCK catalyses, places this enzyme as an important
link between the metabolism of organic acids, amino
acids, lipids and sugars [20].

In recent years, green algae have been used as valu-
able resources with potential to address urgent indus-
trial and  agricultural demands. Particularly,
Chlamydomonas reinhardtii became a model microalga
of interest for pure and applied research due to the
availability of genetic tools for its manipulation, the
possibility of generating deficient mutants in different
genes and because its genome is completely sequenced.
However, despite the potential biotechnological uses of
green algae and the numerous existing studies of
PEPCK in Angiosperms, little is known about this
enzyme in other photosynthetic organisms.

To better understand the function and biochemical
properties of PEPCK in green algae, we analysed the
presence of this protein in C. reinhardtii cells. Two pos-
sible PEPCK isoforms were identified. We further bio-
chemically characterised the recombinant enzymes
herein named ChlrePEPCK1 and ChlrePEPCK2. Both
enzymes are functional in vitro showing different
decarboxylating parameters, oligomerisation states and
metabolites response.

The obtained results allow us to gain insight into
the biochemical regulation of green algae PEPCK and
to integrate this knowledge with the data available in
the literature, to better understand PEPCK evolution
and its role in central carbon metabolism.

Materials and methods
Database searches, sequence analysis and
homology modelling

The primary structure of ChlrePEPCK1 was obtained from
the Phytozome database [21] while the NCBI database
(https://www.ncbi.nlm.nih.gov/protein/) was used to find

Table 1. Oligonucleotide primers.
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ChlrePEPCK2 aminoacidic sequence. Subcellular localisa-
tion predictions were performed using PREDALGO program
[22]. Multiple sequence alignment was carried out using
CLUSTALW program [23]. Protein sequences included in the
alignments were Escherichia coli PEPCK (p|A8ASLI1.1),
Trypanosoma cruzi PEPCK (1112_A) and Arabidopsis thali-
ana PEPCKs (NP_195500.1 and NP_680468.1).

Culture conditions

Chlamydomonas reinhardtii cc1690 cells were grown either
in liquid or on solid (supplemented with 1.5% (w/v) agar)
Tris-acetate-phosphate (TAP) media [24] under cool fluo-
rescent light at 150 pmol photons-m~2s~' (12-h light/12-h
dark cycles) at 24 °C. Liquid cultures were incubated on a
rotary shaker.

Quantitative RT-PCR

Total RNA was extracted from C. reinhardtii cells using
TRI reagent (Molecular Research Center, Inc, Cincinnati,
OH, USA) according to the manufacturer’s instructions.
Quality of purified RNA was determined on 1.2% (w/v)
agarose gel electrophoresis, and quantity determination on
an EPOCH 2 Microplate Spectrophotometer (BioTek
Instruments, Inc., Agilent Technologies, Inc, Santa Clara,
CA, USA). The first-strand cDNAs were synthesised by M-
MLV reverse transcriptase (Promega, Fitchburg, WI, USA)
and an oligo-dT 18 primer. Primers used for qRT-PCR are
listed in Table 1. EEF1 (eukaryotic translation elongation
factor 1 alpha 2; CHLREDRAFT 132905) was used as an
internal control, and the relative expression ratio was calcu-
lated as previously described [25]. The entire process of
qRT-PCR was carried out with The StepOnePlus Real-
Time PCR System (Applied Biosystems, Foster City, CA,
USA) under the following conditions: 2-min denaturation
at 94 °C; 40 cycles at 94 °C for 10 s, 60 °C for 15 s and
72 °C for 20 s, followed by 10 min extension at 72 °C.
Three replicates were performed for each sample. Melt
curve analysis was conducted to confirm the specificity of
cach assay.

Primer Sequence (5= 3) Use

CrPEPCK UP AAACATATGGCTCCCGTCGTCAAG Cloning ChlrePEPCK1 from C. reinhardtii cDNA
CrPEPCK DW ATTCTCGAGTTACTGCGTCTTGAAG Cloning ChlrePEPCKs from C. reinhardtii cDNA
CrPEPCK2 UP AAACATATGATGCAGTTCGTCCTG Cloning ChlrePEPCK2 from C. reinhardtii cDNA
gPCK1 UP CGCCATGCGGTTCACCAACA gRT-PCR ChilrePEPCK1

gPCK1 DW GCCATCTCGTACAGCTGGGGG gRT-PCR ChirePEPCK1

gPCK2 UP CTGTCGGCGGATCCCAAGC gRT-PCR ChilrePEPCKs

gPCK2 DW CACGTTCTCCAGAACCGTG gRT-PCR ChlrePEPCKs

EEF1 UP CTAGGATGCTAACCGCGCAAGAG gRT-PCR internal control EEF1

EEF1 DW AACAGCGAAGCTCCACGCAC gRT-PCR internal control EEFT
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Statistical differences among the data were determined
using GRAPHPAD PRISM (GraphPad Software Inc, San Diego,
CA, USA).

Immunoblot analysis

For immunoblot analysis, proteins were extracted from
C. reinhardtii cells using two different protocols. One of
them includes a step of cells lysis with TRI reagent (Molec-
ular Research Center, Inc) which combines phenol and
guanidine thiocyanate in a mono-phase solution; a protein
precipitation step with acetone; three wash steps with 0.3 m
guanidine hydrochloride in 95% (v/v) ethanol + 2.5% (v/v)
glycerol and the final protein solubilisation step with 10 m
urea. This extraction protocol has been adopted in our lab-
oratory as an efficient method for obtaining protein
extracts from algae [26,27]. The second extraction method
includes a extraction, precipitation and denaturation step
with 100% (v/v) cold trichloroacetic acid (TCA); three con-
secutive rinsing steps with 5% (v/v) TCA, ethanol and 90%
(v/v) acetone and the solubilisation step in SDS/PAGE
loading buffer [28,29].

SDS/PAGE was performed on 10% (w/v) bis-acrylamide
gels. The gels were subsequently blotted to a 0.45 um nitro-
cellulose membrane (Amersham Biosciences, Amersham,
UK) at a constant current of 100 mA for 1 h at 4 °C. The
membranes were first blocked with 5% (w/v) low-fat milk
in TBS at room temperature for 2 h, washed three times
with TBS for 10 min and then probed with the antibody of
interest (i.e. an a-6-His antibody (Santa Cruz Biotechnol-
ogy Inc, Dallas, TX, USA)) or polyclonal antibodies raised
against recombinant Ananas comosus PEPCK [30] affinity-
purified against ChlrePEPCK as described by Plaxton [31].
After three 10-min washes with TBST (Tris-buffered saline
with 0.1% Tween® 20 (v/v) detergent), the membranes
were incubated with a Goat a-rabbit IgG, Horseradish
Peroxidase (HRP) conjugated for 1 h at room temperature,
followed by three 10-min washes with TBST. Chemilumi-
nescent detection was performed with Biolumina detection
reagent (Kalium Technologies, Bernal, Argentina).

Molecular cloning, expression and purification of
ChirePEPCKs

Using cDNA as template, the open reading frame (ORF)
coding for the mature ChlrePEPCKI1 (lacking the first 24
amino acid residues of the predicted chloroplast transit
peptide) was amplified using oligonucleotides CrPEPCK-
UP and CrPEPCK-DW (Table 1, restriction sites under-
lined) and cloned into pGEM-T Easy vector system (Pro-
mega) for subsequent subclonation into the Ndel and Xhol
sites of pET28-a expression vector. ChlrePEPCK1 sequence
was confirmed by DNA sequencing (Macrogen Inc., Seoul,
Republic of Korea). The resulting plasmid pFtorl
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(pET28a/ChlrePEPCK1) was used as a template to obtain
the ORF coding for ChlrePEPCK2 with the primers
CrPEPCK2 UP and CrPEPCK-DW (Table 1, restriction
sites underlined) and it was also cloned into the Ndel and
Xhol sites of pET28-a to obtain the plasmid pFtor2
(pET28a/ChlrePEPCK2). We transformed E. coli BL21
(DE3) pLysS cells with pFtorl or pFtor2. Cells expressing
the His-tagged recombinant proteins were grown overnight
at 37 °C with shaking in Luria-Bertani (LB) medium sup-
plemented with 50 pg-mL~! chloramphenicol and
30 pg-mL~! kanamycin. The overnight cultures were inocu-
lated (1 : 100) into 400 mL of fresh LB medium until the
optical density at 600 nm reached 0.4-0.6 and protein
expression was induced by the addition of 0.5 mMm iso-
propyl B-p-1-thiogalactopyranoside (IPTG). After 3 h at
37 °C for cells expressing ChlrePEPCK1 and 4 h at 28 °C
for those expressing ChlrePEPCK2, cells were harvested
and resuspended in lysis buffer (100 mm Tris—=HCI pH 8.5,
SmMm MgCl,, 2 mm EDTA, 20% (v/v) glycerol, 1 mm
phenylmethylsulfonyl fluoride (PMSF) and 1 mm dithio-
threitol (DTT)) and disrupted by sonication. Cell debris
was separated by centrifugation at 12 000 g for 20 min at
4 °C, and the supernatant was recovered. Protein purifica-
tion was performed with standard Ni*? affinity chromatog-
raphy using Ni-NTA agarose resin (MCLAB). Amicon®
Ultra 15 mL filters were used for protein desalting and
concentration. To determine protein concentration, purified
samples were loaded into 10% (w/v) polyacrylamide gels
together with bovine serum albumin (BSA) standards rang-
ing in quantities of 0.1-2 pg. Gels were stained with Coo-
massie Brilliant Blue and densitometry of protein bands
was measured with Gel-Pro Analyzer (v. 4.0, Media Cyber-
netics Inc., Bethesda, MD, USA). The concentrated protein
was stored at —80 °C with the addition of 15% (v/v) glyc-
erol until use.

Gel filtration

The apparent molecular mass of the ChlrePEPCKI1 and
ChlrePEPCK2 proteins was investigated by size exclusion
column chromatography (Superdex 200 10/300 GL; GE
Healthcare, Uppsala, Sweden). The column was equili-
brated and performed at 0.2 mL-min~' with buffer:
100 mm Tris pH 8.5, 2 mm EDTA, 5 mm MgCl,, 10% v/v
glycerol, 1 mm PMSF, and 1 mm DTT. The column was
calibrated with the following standards: ferritin (443 kDa),
catalase (240 kDa), human serum albumin (67 kDa), ovoal-
bumin (45 kDa) and chymotrypsin (25 kDa). The partition
coefficient (K,,) was determined by the formula
Koy = (Vo—V,)/(Vi—V,), where V. is the elution volume, V,
the void volume and V, is the total volume of the column.
The apparent molecular mass was determined from plot of
partition coefficient as function of the logarithm of molecu-
lar mass.
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Assays of activity and kinetic studies

ChilrePEPCKs activities were determined spectrophotomet-
rically by following NADH oxidation at 340 nm. One unit
of enzyme activity (U) is defined as the amount of enzyme
resulting in the consumption of 1 pumol of NADH per min-
ute. Assay conditions described previously in the literature
[8,30] were optimised to ensure that maximum PEPCK
activity was measured. The ChlrePEPCK carboxylation
reaction mixture contained 100 mm Bis-Tris, pH 6.0,
50 mm NaHCO;, 4 mm PEP, 0.15 mm NADH, 0.2 mm
ADP, 2 mm MgCl,, 1 mm MnCl, and 10 units malate
dehydrogenase. The PEPCK decarboxylation reaction was
assayed in a medium containing 100 mm Hepes-NaOH, pH
7.0, 0.5 mm OAA, 2 mm MgCl,, 1 mm MnCl,, 2 mm ATP,
0.4 mm ADP, 0.15 mm NADH, 5 units lactate dehydroge-
nase (LDH) and 2 units pyruvate kinase (PK). The OAA
was prepared just before use and PEPCK activities were
corrected for nonenzymatic OAA breakdown. The assays
were performed in 200 pL at 25 °C. For the pH- and
temperature-dependence studies, substrate and cofactor
concentrations were saturating in the entire pH (5.5-8.5)
and temperature (10-35 °C) range tested. Changes in
absorbance were linear during the assayed time, and the
activity was proportional to the amount of enzyme used.
Activity values informed are the average of at least three
independent measurements.

Results and discussion

PEPCK expression analysis in C. reinhardtii cells

Chlamydomonas  reinhardtii genome has a locus
(Cre02.g141400) coding for a putative PEPCK protein
(ChirePEPCK) [21]. The ChirePEPCK polypeptide
sequence was aligned with the sequences of PEPCKs
from Escherichia coli (EcPEPCK), Trypanosoma cuzi
(TerPEPCK) and  Arabidopsis thaliana (AthPEPCK1
and AthPEPCK2; Fig. 1). A high degree of conserva-
tion can be observed in the different domains
described as essential for PEPCK activity and sub-
strate binding: PEPCK domain, kinase la and kinase
2 domains and ATP binding motif (yellow, blue, light
blue and orange boxes, Fig. 1) [32,33]. Apart from
those domains, all proteins share residues that are part
of the active site: G110, R111, H263, L300, Y329,
A330, K331, E340, 1343, N375, R377, T431, F456 and
R503 (ChlrePEPCK numbering; green boxes, Fig. 1).
A marked difference can be noticed in the N-terminus:
AthPEPCKs have a regulatory region of 12-15 kDa
that is absent in ChlrePEPCK. This region, present in
all vascular PEPCKs, contains phosphorylation sites
and is affected by proteolysis during the biochemical
extraction of plant tissues [34-39].

F. Torresi et al.

Thus, the ChlrePEPCK can be classified as an ATP-
dependent PEPCK and its amino acid sequence con-
tains all catalytic and substrate binding domains
required for PEPCK activity but lacks the regulatory
N-terminal sequence characteristic of plant PEPCKs.

The presence of PEPCK protein was analysed on
C. reinhardtii extracts in the exponential growth phase
(OD750 close to 2) by western blot using a-PEPCK
antibodies. Two immunoreactive bands of PEPCK
were found: one of 68 and the other of 62 kDa
(Fig. 2A). The possibility of unspecific proteolysis dur-
ing the preparation of extracts was discarded because
the isolation of proteins was performed under highly
denaturing conditions with TRI reagent or TCA (see
Materials and methods section) so that the proteases
are inactive during both procedures. Thus, while we
only found a single gene that codes for PEPCK in
Chlamydomonas (Cre02.g141400), these experiments
show the presence of two isoforms of the enzyme in
the green alga. PEPCK isoforms of different molecular
mass has been previously reported for A. comosus [30],
Zea mays [36] and A. thaliana leaves [40].

These two isoforms could be the product of post-
translational modification in vivo by specific proteases
or alternative splicing of PEPCK transcript. Ath-
PEPCKI1 has been identified as a substrate of
A. thaliana metacaspase-9 [41]. Metacaspases are pre-
sent in Chlamydomonas [42] and the position of the
recognition sequence in ChlrePEPCK primary struc-
ture (Fig. 1, pink line) would give a protein with an
apparent molecular mass similar to that of the lower
protein band observed in the a-PEPCK immunoblot.

Concerning the second possibility, it is reported
that around 20% of Chlamydomonas genes show alter-
native splicing [43] and according to the NCBI data-
base, the presence of a splice variant of PEPCK
(XP_001694963.1) of 557 amino acidic residues was
affirmed until August 2021 when that record was
removed as a result of standard genome annotation
processing. This variant lacks 55 amino acids at the N
terminus which might include a chloroplast transit
peptide of 24 residues according to PredAlgo program.
Thus, according to in silico predictions, the heaviest
ChilrePEPCK (herein called ChlrePEPCK1) would be a
chloroplastic protein while the lightest (ChlrePEPCK?2)
would be located in the cytosol.

The transcriptional expression was studied perform-
ing RT-qPCR with specific primers (Table 1). Two
pairs of primers were used: a pair that hybridises in
the middle of the transcript PEPCK and a pair that
hybridises only in the 5 region of PEPCK (Fig. 2B,
Table 1). The first pair would detect both transcripts:
ChlrePEPCKI and ChlrePEPCK2, while the second

FEBS Letters (2023) © 2023 Federation of European Biochemical Societies.

85U80]7 SUOWILIOD BAERI 3(qedtjdde au3 Aq peuob e ajole YO ‘88N JO Sa|nI Joj AIq1T8UlUO A8]IM UO (SUOTHPUD-PUE-SWLBIW0D A8 |IM A RIq U1 UO//:SANY) SUORIPUOD PUe SWLB | 84} 88S *[£202/20/80] Uo ARIqiTaulluO A3|1M ‘seuoioebnsau| ap [euoioeN 0ksuod 13DINOD Aq 065HT 89VE-E28T/200T 0T/I0p/W0d A8 im AreIq Ul |UO'SGRY//SANY Woiy papeojumod ‘0 ‘89rEE/ST



F. Torresi et al. ChlrePEPCKs with differing biochemical properties
E.coli 0
T.cruzi 0
C.reinhardtii M1
A.thalianal MSAGNGNATNGDGGFSFPKG---PVMPKITT---GAAKRGSGVCHDDSGPTVNATTIDEL 54
A.thaliana2 -MAGNGNEST-GGDFSFSAAAARDALPRITTEKGGKSPGPADVCQDDIAPRVNFQTIDEL 58
E.coli MRVN 4
T.cruzi 0
C.reinhardtii ALLS-SRSS-------=--- ANCTGRSVRRATVA-—————---—— PAPVVKPHSSVAMRFT 39
A.thalianal HSLQKKRSAPTTPINQNAAAAFAAVSE---EERQKIQLQSISASLASHERBSGPKVVRGD 111
A.thaliana2 HSLQKKRSAPTTPLRDGSASGVSGTSGPTTPVSSETMLOSVSASLASLTRETGPKLIRGD 118
E.coli NGLTP QELEAYGIS----DVHDIVYNPSYDLLYQEELDPSLTG 43
T.cruzi PPTIHRNLLSPELVQW----ALKI 20
C.reinhardtii ~NNTKQDAAVP-A-~--PCDMQFVLDSKFTRESGLQPRVVFRNLTTPQLYEM--~-ALAH 89
A.thalianal 167
A.thaliana2 166

*
E.coli YERGVLTNLGAVAVDTGIFTGRSPKDKY IVRDDTTRDTFWWADKGKGKNDNKPLSPETHQ 103
T.cruzi EKDSRLTARGALAVMSYAKTIGRS PLDKRIVDTDDVRENVDWGKV--N----MKLSEESFA 74
C.reinhardtii EPGTHITSSGALATLSGEKTGRS PKDKRVVRDPETEKDLWWGPYSPN-——-YVMDDRTFL 145
A.thalianal EKGSFITSNGALATLSGAK PRDKRVVRDATTEDELWWGKGSPN----IEMDEHTFM 223
A.thaliana2 EKGSFVTSTGALATLSGAK sPKDKRWKDDTTEAELWWGKGSPN—W—IEMDEKTFL 222
sk xkik, JR
E.coli HLKGL-VTRQLSGKRLFVVDAFCGANPDTRLSVRFITEVAWQAHFVKNMFTRPSDEELAG 162
T.cruzi RVRKIAKEFLDTREHLFVVDCFAGHDERYRLKVRVFTTRPYHALFMRDMLIVPTPEELAT 134
C.reinhardtii TNRERAIDYLNTLDRVYVVDAFVNWDPESRLKVRVVTSRAYHALFMSNMLIKPTEEELKT 205
A.thalianal VNRERAVDYLNSLEKVFVNDQYLNWDPENRIKVRIVSARAYHSLFMHNMCIRPTQEELES 283
A.thaliana2 VNRERAVDYLNSLDKVFVNDQYLNWDPENKIKVRIVSARAYHSLFMHNMCIRPTPEELEN 282
Siik K s i riokkL i osa: o kr ik K k: kkk

E.coli FK-PDFIVMNGAKCTNPOWKEQGLNSENFVAFNLTERMQLTGGTWYGGEMKKGMFSMMNY 221
T.cruzi FGEPDYVIYNAGECKADPS-IPGLTSTTCVALNFKTREQVILGTEYAGEMKKGILTVMEFE 193
C.reinhardtii FGEPDFVIYNAGAFPANKY-TQFMTSQTSTDLSLKHKEMVILGTMYAGEMKKGVETLMEY 264
A.thalianal FGTPDETIYNAGQFPCNRY-THYMTSSTSVDLNLARREMVILGTQYAGEMKKGLESVMEY 342
A.thaliana2 FGTPDETIYNAGKFPCNRE- THYMTSSTSVDINLGRREMVILGTQYAGEMKKGLFG Y 341

P Sk L s oaLs s ik KRk wkkkks
E.coli LLPLKGIASMHCSANVGEKGDVAVF' TDPKR HGWDDDGVENF 281
T.cruzi LMPQMNHLCMHASANVGKQGDVTVE' ADPHR] HVWTDRGVENI 253
C.reinhardtii LMPMQGKLSLHSGCNVGADDDVTMF' ADPKR! HVWSDKGVENI 324
A.thalianal LMPKRRILSLHSGCNMGKDGDVALF' TDHNR HCWTETGVSNI 402
A.thaliana2 LMPKRKILSLHSGCNMGKDGDVALF' TDHNR HCWSEAGVSNI 401

P Cik L kik L Ak R Kok Rk ks
E.coli EGGC TKLSKEAEPEI YNATRRDALLENVTVRE-DGTIDFDDGSKTE SYPIYH 340
T.cruzi EGGC IGLNPKTEKDI YDAVRFGAVAENCVLDKRTGEIDFYDESICK] AYPLSH 313
C.reinhardtii EGGC IGLKATTEPEIWNAIKFGTVLENVDYNPVTREVDYESERLTE SYPIEF 384
A.thalianal EGGC VDLSREKEPDIWNATKFGTVLENVVEDEHTREVDYSDKSVTE YPIEF 462
A.thaliana2 EGGC IDLARDKEP WNAIKFGTVLENWFDEHTREVDYTDKSVTE YPIEY 461

i . E EREE RIS H i FERAS
E.coli IDNIVKPVSKAGHATKVIFLTADAFGVLPPVSRLTADQTQYHFLSGHEAKLAGTERGI-T 399
T.cruzi IEGALSKA-IAGHPKNVIFLTNDAFGVMPPVARLTSAQAMFWEVMGYEANVPGVEAGGTR 372
C.reinhardtii MNNARIPC-VGPHPKNVVLLACDAFGALPPVSRLTLEQAMYHFISGYZAKVAGTEMGV-T 442
A.thalianal IPNAKIPC-VGPHPTNVILLACDAFGVLPPVSKLNLAQTMYHFISGY@ALVAGTEDGI-K 520
A.thaliana2 IPNSKIPC-VGPHPKNVILLACDAFGVLPPISKLNLAQTMYHFISGY@ALVAGTEEGV-K 519

Ko ikrik: Kkkkshksiik. ks ;o k: Kok . k_k *
E.coli EPTPTFSACFGAARLSLHPTQYAEVLVKRMOAAGAQAY LVNTGWNGTG-—-~~ 454
T.cruzi TARPIFSSCFGGPELVRHATFYGEQLAEKMQKHNSRVWLLNTGYAGGRADRGA 432
C.reinhardtii EPTATFSACFGSAELMLHPYKYATMLAEKMKAHGTTAWLINTGWTGGKYGVG- 501
A.thalianal EPTATFSACFGAAEIMLHPTKYAAMLAEKMKSQGATGWLVNTGWSGGSYGVG— 579
A.thaliana2 EPRATFSACFGAAEIMLHPTKYAAMLAEKMOAQGATGWLVNTGWSGGSYGTG— 578
N
E.coli IIDAILNGSLDNAETFTLPMFNLAIPTELPGVDTKILDPRNTYASPEQWQEKAETLA 514
T.cruzi IIDAIHDGTLDRTEYEEYPGWGLHIPKYVAKVPEHLLNPRKAWKDVRQFNETSKELY 492
C.reinhardtii IIDAIHSGELDKAEYVTTPIFGLQVPKAISGVPAEILSPENVWPNKDEFAMCLNSLG 561
A.thalianal IIDAIHSGSLLKANYKKTEIFGFEIPTEIEGIPSEILDPVNSWSDKKAHKDTLVKLG 639
A.thaliana2 IIDAIHSGSLLNASYRKTDIFGLEIPNEVEGVPSEILEPINAWPDKMAYEDTLLKLA 638
L R P S *
E.coli KLFIDNFDKYTDTPAG --AALVAAGPKL - 540
T.cruzi AMFQESFSARFAAKA- -SQEMKSAVPRYVEFARL- 524
C.reinhardtii HMFIRNFEHFNDGEQFVGKDTAARILTGGPQPIAKEDVEKKGEGAFKTQ 610
A.thalianal GLFKKNFEVFANHKIGVDGKLTEEILAAGPIF~====-======--—-~ 671
A.thaliana2 GLFKSNFETFTSHKIGDDGKLTEEILAAGPN-============-=--~ 669
Lo

sx *

Fig. 1. Amino acidic sequences alignment of PEPCKs. Amino acidic sequence alignment of C. reinhardtii putative PEPCK with the PEPCK
from E. coli, T. cruzi and A. thaliana. The yellow box highlights the PCK-specific domain which is conserved in all PEPCKs aligned. The blue
box shows the Kinase-1a sequence, or P-loop motif, which interacts with the phosphoryl oxygen atoms of ATP and is perfectly conserved
in these PEPCKs. The light blue box indicates the Kinase 2 sequence, which binds the Mg cation and is also conserved in all PEPCKs. The
ATP-binding motif is shown in the orange box. Other conserved residues for the substrate union or PEPCK catalysis are highlighted in green.
The pink box shows the metacaspase-9 recognition site of A. thaliana PEPCK1.
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Fig. 2. PEPCK protein expression in C. reinhardtii cells. (A) SDS/PAGE of C. reinhardtii cells crude extracts analysed by western blotting. For
SDS/PAGE, C. reinhardtii total protein extract obtained with TRI reagent or TCA were loaded. a-PEPCK: a-PEPCK antibody immunopurified
for ChirePEPCK1 protein. MM, molecular mass. Numbers indicate the molecular masses of markers in kDa. Tri-color Prestained Protein Lad-
der (GenBiotech, Caba, Argentina) was used. (B) Schematic representation of primers hybridisation in the PEPCKs putative transcripts. (C)
Quantitative RT-PCR analysis of PEPCK transcripts levels in cells of C. reinhardtii. EEFTwas used as an internal control. Relative expression
for PEPCKs (272%Y was considered, to normalise and simplify data. The other value was obtained by dividing it to the original value from
PEPCKs. Bars represent the means + SEM of three independent experiments. The asterisk indicates a statistical difference (P < 0.05)
between relative gene expressions (t-test).

pair would only detect the ChlrePEPCKI. The expres-
sion found using the second pair of primers (only
ChlrePEPCKI transcripts detected) was threefold
lower than that found using the first pair (Fig. 2C).
These results indicate that two transcripts PEPCK
exist in C. reinhardtii and that one of them lacks the 5
region, as described in the removed NCBI data.

Recombinant expression and purification of the
ChirePEPCKs

In order to characterise ChlrePEPCK1 and Chlre-
PEPCK?2, the gene molecular cloning, expression
and production of the recombinant proteins were car-
ried out (see Materials and methods section).
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ChlrePEPCK1 and ChirePEPCK2 were expressed in
E. coli BL21 pLysS strain at 37 and 28 °C, respec-
tively, and purified to homogeneity by Ni*" affinity
chromatography. The His6-tagged proteins Chlre-
PEPCK1 and ChlrePEPCK2 showed molecular masses
of about 68 and 62 kDa and produce single bands on
SDS/PAGE (Fig. 3A), which were confirmed by west-
ern blot analysis using a-His antibodies and affinity-
purified a-PEPCK antibodies (Fig. 3B).

Kinetic properties of ChirePEPCKs

As previously described for other PEPCKs, Chlre-
PEPCKs activity is strictly dependent on the presence
of Mn*" in the assay medium. ChlirePEPCKs also
require the presence of a thiol-reducing compound
in the assay medium for maximum activity; 4 mm 2-
Mercaptoethanol increases the activity about 40%.

Both ChirePEPCKs showed the maximal activities
in a range between 15 and 25 °C (data not shown). In
reference to pH dependence, they have also a similar
pattern showing the OAA decarboxylating reaction
the strongest pH dependence in both recombinant
enzymes. The maximum velocity was assayed at pH 7
for decarboxylation and at pH 6 for PEP carboxyla-
tion (Fig. 4A).

Then, the kinetic parameters for the carboxylation
and decarboxylation reactions for the recombinant
enzymes were determined at pH 6 and 7, respectively,
and at 25 °C. The saturation curves obtained when the
rates of the reactions were analysed as a function of
OAA, ATP, PEP and ADP concentrations in the
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ChlrePEPCKs with differing biochemical properties

presence of saturating concentrations of co-substrates
were all hyperbolic (Fig. 4B,C).

For the carboxylation reaction, no significant differ-
ences were found in the values of K, or V., between
ChirePEPCK1 and ChirePEPCK?2 (Fig. 4B). K, values
for the ChirePEPCKI1 were 0.56 £ 0.04 mm for PEP
and 0.10 £ 0.0l mm for ADP and for the Chlre-
PEPCK2 0.67 £ 0.08 mm for PEP and
0.17 £ 0.03 mm for ADP. The V. of carboxylation
of PEP was of 6.0 +£ 0.2 Umg' for ChirePEPCKI
and of 6.1 & 0.3 U mg ' for ChlrePEPCK2 (Fig. 4B).

However, for the decarboxylation reaction, the
ChlrePEPCK1 showed a higher value of V.
(9.6 + 0.3 vs. 4.9 + 0.3 Umg ' of the ChlrePEPCK2;
Fig. 4C) and the values of K, were also different: K,
values for the ChlrePEPCKI1 were 67 + 8 um for
OAA and 85+ 9 um for ATP and for the Chlre-
PEPCK2, the K, was of 28 +£ 9 pm for OAA and
37 + 6 um for ATP. These results suggest that the lack
of those 55 amino acid residues in the N-ter Chlre-
PEPCK2 affects the enzyme decarboxylating proper-
ties, improving its affinity for the substrates OAA and
ATP but decreasing the V..

We compared maximal activities of ChlrePEPCKs
with those from C3, C4 and CAM plants PEPCKs
and found that ChlrePEPCKs are less active than the
PEPCKs of the C3 plant Cucumis sativus (41 and
48 U-mg~") [37,44]; the C4 plants Panicum maximum
(41.6 U-mg™") [45], Chloris gayana (36 U-mg™") [46]
and Urochloa panicoides (42 U-mg™") [46] and the
CAM plant A. comosus (17 U-mg~") [30]. However,
ChlrePEPCKs are more active than the C3 A. thaliana
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Fig. 3. Electrophoretic analysis of recombinant ChlrePEPCKs. (A) Coomassie blue staining of an SDS/PAGE of purified ChlrePEPCK1 and
ChirePEPCK2. (B) SDS/PAGE of ChlrePEPCKs analysed by western blotting. a-His, anti-His antibody; a-PEPCK, anti-PEPCK antibody
immunopurified for ChlrePEPCK1 protein. For SDS/PAGE 2.5 ng of ChlrePEPCKs was loaded. MM, molecular mass (Tri-color Pre-stained
Protein Ladder, GenBiotech). Numbers indicate the molecular masses of markers in kDa.
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Fig. 4. Kinetic characterisation of ChirePEPCKs. (A) Effect of pH on the activity of recombinant ChlirePEPCKs. Dependence of ChirePEPCKs
activity on pH was assayed in the carboxylating or decarboxylating direction using 26 mwm imidazole; 4 mm Hepes; 40 mm Tris as buffer.
Buffer pH values were adjusted to the values shown in the graphic and used to assay the enzyme. ChlirePEPCK1 activity is indicated by
squares and continuous line. ChirePEPCK2 activity is indicated by circles and dashed line. (B) PEP and ADP dependence of ChirePEPCKs
carboxylation activity. Each curve was made using the variable substrate concentration described in the figure and a fixed substrate
concentration of 0.5 mm ADP or 4 mm PEP. Each point represents the mean + SEM of three independent data sets. ChlrePEPCK1 activity
is indicated by squares and continuous line. ChirePEPCK2 activity is indicated by circles and dashed line. (C) OAA and ATP dependence of
ChirePEPCKs decarboxylation activity. Each curve was made using the variable substrate concentration described in the figure and a fixed
substrate concentration of 2 mm ATP or 0.5 mm OAA. Each point represents the mean + SEM of three independent data sets.
ChlrePEPCK1 activity is indicated by squares and continuous line. ChlrePEPCK2 activity is indicated by circles and dashed line.
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AthPEPCK1 (2.6 U-mg™") [40] and similar to Ath-
PEPCK2 (5.4 U-mg ") [40].

Modulation of ChirePEPCKs activities by
metabolites

The partitioning of carbon skeletons between PEP and
OAA by the action of PEPCK is potentially important
in the inter-conversion of sugars, organic acids, amino
acids, aromatic compounds and lipids. That is why the
enzyme must be strictly regulated [39].

To survey potential regulatory mechanisms of algae
PEPCKs, the response of the purified enzymes to sev-
eral metabolites, including glycolytic and Krebs cycle
intermediates and amino acids, was tested Chlre-
PEPCKI1 and ChlrePEPCK2 show different suscepti-
bility to some metabolites in vitro. No significant
effects were observed with glucose 1-phosphate,
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fructose 1,6-BP, succinate, alanine, arginine and gly-
cine in the ChlrePEPCKs reactions. However, we
found that carboxylation by ChirePEPCKI1 (Fig. 5A)
and ChirePEPCK?2 (Fig. 5B) was inhibited by citrate
(23% inhibition) and phenylalanine (30% inhibition)
when we used 2 mm of each metabolite in the reaction.
ChlrePEPCK2 carboxylation was also affected by glu-
tamine (42% inhibition; Fig. 5B). Decarboxylation by
ChirePEPCK1 is activated by phenylalanine and
malate (2 mm; about 1.5 and 1.3-fold, respectively;
Fig. 5C). By contrast, ChlrePEPCK2 decarboxylating
activity does not show any effect by these metabolites
and is inhibited around 80% by glutamine (Fig. 5D).
Citrate has been previously informed as a modulator
of PEPCK carboxylating activity in A. comosus [30]
and PEPCK decarboxylating activity in A. thaliana
[40]. In the case of ChlrePEPCKs, the inhibitory effect
of citrate on the carboxylation reaction could
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Fig. 5. Effect of metabolites on ChirePEPCKs activities. Carboxylating (A, B) and decarboxylating (C, D) activities of ChirePEPCK1 (A, C) and
ChirePEPCK2 (B, D) were measured at 2 mm of the metabolites indicated in the figure. The asterisk indicates a statistical difference
(P < 0.05) determined using one-way ANOVA and Tukey’'s multiple comparison test. Data are the mean of three independent data

sets + SEM.
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contribute to maintain a low PEPCK carboxylating
activity to ensure gluconeogenesis (PEPCK decarboxy-
lating activity) when acetil-CoA is available (because
of acetate presence in growth medium or under lipids
degradation condition). In the presence of malate, the
decarboxylating activity of ChlrePEPCKI1 is activated,
stimulating the gluconeogenesis. Malate has also been
described as an activator of AthPEPCKs in the decar-
boxylation direction [40].

The modulation of ChlrePEPCKs activity by glu-
tamine and phenylalanine would be another link
between PEPCK and nitrogen metabolism, already
described in previous reports [19,20,30,39,47]. Particu-
larly, in Chlamydomonas cells, it has been previously
shown that PEPCK transcript is upregulated at early
stage of N deprivation but downregulated at later stages
of same treatment [48]. The effect observed might indi-
cate a feedback inhibition signal that modulates the flux
of carbon directed to amino acid synthesis.

Oligomerisation analysis of ChlirePEPCKs

The differences in the decarboxylating parameters and
response to some metabolites of the ChilrePEPCKs
raise the possibility of a different quaternary structure
between them. To further explore this point, both pro-
teins were subjected to size exclusion Superdex 200 col-
umn (Fig. 6). At a first look, it seems that
ChlrePEPCKI1 eluted from the column as two peaks,
the first one with an elution volume of 11.2 mL and
the second of 14.4 mL, while ChlrePEPCK2 eluted as
only one peak. However, a deeper analysis reveals a
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Fig. 6. Determination of the apparent molecular mass of PEPCKs
proteins by size exclusion chromatography (SEC). The elution
pattern of ChlrePEPCK1 and ChirePEPCK2 are shown. Inset: Plot
of partition coefficient as function of the logarithm of molecular
mass, fitted with a linear function where the adjusted R-square
was 0.998.
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small peak, corresponding to an elution volume of
11.3 mL, in the ChlrePEPCK2 chromatogram. Fur-
thermore, in an elution volume of approximately
13 mL, it can be seen a small peak in the Chire-
PEPCK1 chromatogram and a shoulder for the Chlre-
PEPCK2. This result reflects dynamic association/
disassociation equilibrium intrinsic to PEPCK in which
the first 55 residues of ChirePEPCKI1 seem to play a
fundamental role for oligomerisation. While Chlre-
PEPCKI1 behaves mainly as a hexamer of 439 kDa
(peak at 11.2 mL), ChlrePEPCK?2 behaves as a mono-
mer (82.6 kDa). It is worth mentioning that this
14.21 mL peak of ChirePEPCK2 proved to have
PEPCK activity.

In the crystal dimeric structure of 7. cruzi PEPCK
(TcPEPCK) [49], the authors observed that only the
N-terminal domain residues from the two monomers
participate in the noncovalent interactions that main-
tain together the dimer and identified the residues
involved: L;oSPE3, Vis, Qis. Lio, S»sRLTARG;;,
F79 and K599RTGy93. According to the alignment per-
formed with the amino acidic sequences of Chlre-
PEPCKI1 and TcPEPCK (Fig. 1), the alleged residues
involved in the interactions are after the first 55 resi-
dues of ChlrePEPCK1 (T735TPQg;), so they are present
in both ChirePEPCKs. Apparently, other interactions
which have not been described for T¢cPEPCK and in
which these 55 N-terminal residues of ChlrePEPCK1
may participate, stabilises the hexameric form of the
alga protein. A model of the monomericChlrePEPCK 1
was built using ALPHAFOLD2 [50] but the 55 N-terminal
residues could not be ordered. Also the hexameric pro-
tein cannot be modelled with ALPHAFOLD2.

Both quaternary structures found, hexameric or
monomeric, were previously described for ATP-
dependent PEPCK. Hexameric PEPCK was reported
for PEPCK enzymes from A. thaliana, U. panicoides,
C. gayana and P. maximum [34,40,46]. On the con-
trary, EcPEPCK is representative of monomeric ATP-
dependent PEPCK [51] and is also subjected to allos-
teric regulation [52].

Conclusions

As far as we know, this is the first biochemical report
describing a PEPCK enzyme from a green alga. It
seems that two PEPCK isoforms of 68 and 62 kDa
could coexist in crude extracts of C. reinhardtii. Even
though the biochemical basis for the existence of these
two isoforms and their significance in vivo are not yet
known, we could demonstrate the functionality of both
enzymes in vitro. The higher apparent affinity for
OAA and ATP than PEP and ADP and the higher
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Vmax for the decarboxylating reactions are in agree-
ment with the general assumption that ChirePEPCK
primarily operates in the gluconeogenic pathway
in vivo.

The different oligomeric state and susceptibility of
ChlrePEPCKs activity to some metabolites in vitro
could account for the fine control needed in vivo for
an enzyme involved in numerous metabolic pathways.
ChlrePEPCK?2 might be originated as consequence of
proteolytic regulation or alternative splicing being part
of a mechanism to regulate PEPCK oligomerisation,
localisation and/or activity during the adaptation to
changing environmental conditions.

It has been previously described that green lineage
PEPCK enzyme is subjected to regulation by alloster-
ism, proteolysis [53] and post-translational modifica-
tion (phosphorylation) [36-38]. This work suggests
protein oligomerisation as an additional PEPCK con-
trol mechanism and contributes to a better under-
standing of the PEPCK.
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