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1. Aims of the work

. A review of known data related to Physcomitrella patens and aldehyde

dehydrogenase superfamily.

. Cloning of PpALDH10, PpALDH12 and PpALDH21 followed by the expression and

purification steps.

. Biochemical characterization of produced enzymes (thermal stability, pH optimum)

and determination of substrate specificity and kinetic parameters.

. Crystallization of produced ALDHSs.



2. Introduction

Aldehyde dehydrogenase (ALDH) superfamily is composed of wide variety of
enzymes catalyzing conversion of various aldehydes in NAD*/NADP* dependent manner. In
recent years, the main aim of research concerning the plant ALDHs at our Department in
Olomouc were enzymes belonging to ALDH10 family — aminoaldehyde dehydrogenases or
betaine aldehyde dehydrogenases due to their involvement in glycine betaine (GB) and y-
aminobutyric acid (GABA) formation. This work is focused on three ALDHs, namely
ALDH10, ALDH12 and ALDH21 from moss Physcomitrella patens, which has been used as
a plant evolution model, more specifically, for uncovering the conguest of land by plants.
The non-vascular plants including moss contain up to date uncharacterized family ALDH21.
There is no information about substrate preferences or physiological role. Other studied
ALDHs include those from family 10 and 12 because there are no kinetic data for non-
vascular plant ALDH10 and ALDHZ12 proteins. Obtained data were compared to those from
higher plants including ALDH10 members from P. sativum, Z. mays and Solanum
lycopersicum with known crystal structures (Tylichova et al., 2010; Kope¢ny et al., 2011,
Kopeény et al., 2013).



Theoretical background

2.1. Physcomitrella patens

Physcomitrella patens is a small green moss (bryophyte) used widely as model for
plant evolutionary studies. Its genome has been published in 2008 (Rensing et al., 2008). P.
patens also stands at the beginning of reverse genetics era, because of the discovery of
highly efficient homologous recombination (Kammerer and Cove, 1996). With the
development of reliable transformation methods, the possibilities of genetic engineering and
with the mosses being the intermediate between primitive unicellular photosynthetic
organisms and terrestrial plants, evolutionary studies became focused on P. patens. With
many techniques to analyze gene function, these things together gave rise to the new
versatile model plant (Strobek et al., 2013).

2.1.1. Life cycle

The P. patens life cycle is like of the other mosses different from seed plants. The life
cycle composes of two alternating heteromorphic and heterophasic generations (Figure 1A),
with the gametophyte representing the predominant generation. Haploid spore germination
starts the gametophytic generation (Figure 1B). The spore forms a branched filamentous
protonema tissue (Figure 1C). Two different cell types are present in protonema: chloronema
— the chloroplast enriched cells with perpendicular cross walls and caulonema — cells
containing few chloroplasts and oblique cross-walls. Transition from protonema to
gametphore is initiated by formation of meristematic buds with three-faced apical cells.
Gametophores develop from these buds (Figure 1D) and consist of shoot-like stem with leaf
shaped phylloids and rhizoids (Figure 1E). P. patens is a monoecious species, so the sexual
reproduction is initiated when both a male (antheridia) and female (archegonia) sex organs at
the tip of the gametophore are developed (Figure 1F). Spermatozoids formed in antheridia
are able to move in the presence of water and their aim is to fertilize single egg cell inside
the archegonium. The diploid sporophyte develops from the zygote formed after the
fertilization. It builds up a short seta with spore capsule where haploid spores are produced
by meiosis (Figure 1G) (Strobek et al., 2013).
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Figure 1. Life cycle of P. patens and its phases. (A) Scheme of P. patens life cycle. (B) Tetrades of
haploid spores originated from meiotic cell division of mother spores released by the spore capsule of
sporophyte. (C) Branched protonema cells grown in liquid culture. (D) Gametophore in development.
(E) Gametophores at late (left) and early (right) development stages. (F) Top view of gametangia by
scanning electron microscopy, antheridia is indicated by red and archegonia by blue arrow. (G) Fully
developed sporophyte with calyptra (black arrow) and unfertilized archegonia (red arrow) (Modified

from Strobek et al., 2013).



2.1.2. Model for evolutionary studies

Mosses occupy key position on evolutionary track from aquatic plants to terrestrial
plants associated with acquiring the special body features separating vascular and primitive
single cell photosynthetic organisms. 500 million years ago (MYA), within the Charophyta
evolved the first feature of higher plants body: a three-dimensional and multicellular
gametophyte consisting of cell wall lined cells interconnected with plasmodesmata (Figure
2). Embryophyta (the first land plants) evolved multicellular diploid sporophyte 470 MYA
and later on, 440 MYA, the Tracheophyta gained special water conducting cells giving base
to extended longitudinal growth. First seeds evolved approximately 400 MYA, followed by
first flowers (Magnoliophyta) 100 MYA later. It is understandable that models representing
key evolutionary steps in plant development were chosen for genome sequencing (Floyd and
Bowman, 2007).
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Figure 2. Plant evolution. Phylogenetic tree representing evolutionary relationships from red algae
(Rhodobionta) to angiosperms (Magnobiontha). Listed model organisms represent key stages in plant
evolution (Strobek et al., 2013).



Concerning the evolutionary studies, P. patens with other used models such as
aquatic green algae representative Chlamydomonas reindhartii, early tracheophyte
representative Selaginella moellendorfii and high seed plants model Arabidopsis thaliana
cover plant evolutionary route (Figure 2), thus allowing study of features necessary to adapt
to the terrestrial life and of course abiotic stresses associated with limited water supply on
land, strong sun light irradiation and varying temperatures (Floyd and Bowman, 2007).
Comparative analysis of gene function in species representing different evolutionary steps
allows to differentiate gene families with highly conserved function through the evolution

and novel gene families that occurred as adaptation process.

2.1.3. Biotechnological potential

P. patens is a very versatile plant. Apart from being the model for evolutionary
studies, it can be also utilized as a model in biotechnological research, particularly in
therapeutic and diagnostic protein expression (Koprivova et al.; 2004, Parsons et al., 2012).
The group of recombinant protein produced in plants is increasing in numbers and some
plant-made pharmaceuticals have already reached the clinical trials stage (Faye and Gomord,
2010). P. patens being multicellular eukaryote has advantage over unicellular expression
system such as bacteria and yeast in ability to perform extensive posttranslational
modifications including glycosylation, disulfide bridge formation and multimeric assembly
(Raskin et al., 2002; Gomord and Faye, 2004). Other positive sides of using moss expression
system can be reduction of processing cost and exclusion of possible contamination by
human pathogens (Raskin et al., 2002; Fischer et al., 2004). Important disadvantage of
recombinant proteins expressed in plants is a possible allergic reaction after application due
to the presence of different N-glycans (Foetisch et al., 2003). However, P. patens knockout
strain without the plant specific N-glycosyl transferases was generated and expressed
proteins lack immunogenicity (Koprivova et al., 2005). Furthermore, improved moss strain
with incorporated 1,4-galactosyl transferase instead of plant specific transferases was
obtained. The result was a proper human-type protein lacking immunogenic residues
(Huether et al., 2005). Possibility of low-cost production of non-allergenic therapeutic
proteins makes P. patens highly attractive not only to researches but also to pharmaceutical

industry.



2.2. Aldehyde dehydrogenases (ALDHSs)
Aldehyde dehydrogenase (ALDH) superfamily is a wide group of eukaryotic and

prokaryotic enzymes catalyzing conversion of aldehydes to their respective carboxylic acids
in NAD*/NADP* dependent manner. Up to date, 26 distinct families have been reported and
half of them are present in plants: ALDH2, ALDH3, ALDH5, ALDH6, ALDH7, ALDH10,
ALDH11, ALDH12, ALDH18, ALDH21, ALDH22, ALDH23 and ALDH24. ALDH
enzymes are present in every plant species, the number of genes and the family spectrum
indeed differ from species to species. As a fact demonstrating huge diversity in plant ALDH
superfamily is that families ALDH21, ALDH23 and ALDH24 appear to be restricted to the
primitive terrestrial plants and that the Volvox carteri algae contains only 7 ALDH genes and
families (Brocker et al., 2013).

2.2.1. Nomenclature of ALDHSs

The ALDH superfamily nomenclature was established in 1999 by Vassiliou et al. It
was developed following the Human Gene Nomenclature Comitee recommendations. The
nomenclature is used for all species across prokaryotes and eukaryotes. The base for every
gene name are letters ,,ALDH®, followed by family number written in arabic numeral, then,
the capital letter stating respective subfamily and finally the number identifying the gene in
subfamily. Prefix is formed from the first letters of the source organism name. Families are
numbered chronologically according to the identification. Genes are written in cursive and
capital letters are used, whereas proteins are written in capital letters only — e.g. ALDH10
gene from corn (Zea mays) - ZmALDH10A9. Classification is determined according to
amino acid sequence similarity. Proteins sharing 40% of their amino acid sequence are
placed into same family and proteins sharing 60% of the sequence are placed into same
subfamily. Number of identified ALDH genes in whole plant genomes is growing, up to date
there were characterized ALDH genes from corn (Zea mays) (Jimenez-Lopez et al., 2010),
rice (Oryza sativa) (Gao and Han, 2009), thale cress (Arabidopsis thaliana) (Kirch et al.,
2004), soybean (Glycine max) (Kotochoni et al., 2012), cotton (Gossypium raymondii) (He
et al., 2014), foxtail millet (Setaria italica L.) (Zhu et al., 2014), grape (Vitis vinifera)
(Zhang et al., 2012), Physcomitrella patens, Chlamydomonas reinhardtii, Ostrococcus tauri
(Wood and Duff, 2009) and some others. Non-respecting of homenclature and inaccurately
identified genes bring confusion. Therefore genomes for some of the listed species were re-
examined and renamed accordingly in comprehensive plant ALDH study by Brocker et al.
(2013).



2.2.2. Role in metabolism

Compounds with the aldehyde moiety are generated in various metabolic pathways
acting either as intermediates or emerging due to various stressful conditions. The aldehydes
are very reactive and can be a source of great damage to organism; therefore cytoprotective
action of ALDHs is very important. Aldehydes produced in oxidation of lipid membranes,
otherwise known as lipid peroxidation (LPO), such as 4-hydroxynoneal, 4-oxononenal and
malondialdehyde readily form adducts with nucleophiles (proteins, nucleic acids), and thus
altering or disabling their normal function. In case of nucleic acids aldehydes cause
mutations and disturb the homeostasis. The significant role of ALDHs in coping with
stressing conditions has been proven many times, mostly using knock-out lines,

overexpressing key proteins or by monitoring upregulation of gene expression during stress.

2.2.3. ALDHs in P. patens

21 ALDH genes were identified in genome of P. patens (Table 1) (Brocker et al.,
2013). That is one more than was identified by Wood (Figure 3) (Wood and Duff, 2009) due
to newly added gene belonging to ALDH18 family. PpALDHSs are divided into eleven
families with four of them consisting of multiple members — ALDH2, ALDH3, ALDH5 and
ALDH11. P. patens contains two families that were identified only in primitive terrestrial
plants. ALDH21 family was identified in P. patens (Wood and Duff, 2009), S. moellendorffii
(Brocker et al., 2013), Syntrichia caninervis (Yang et al., 2012) and Tortura ruralis (Chen et
al., 2002). ALDH23 gene was identified only in P. patens in one copy and in S.
moellendorffii in two copies (Brocker et al., 2013).



Table 1. ALDH genes in P. patens. List of ALDH genes in P. patens and putative function of
encoded proteins. ALDH — aldehyde dehydrogenase; SSDH — succinic semialdehyde dehydrogenase;
MMSDH — methylmalonyl semialdehyde dehydrogenase; AMADH — aminoaldehyde dehydrogenase;
GANDH — non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase; PSCDH - A'-pyrroline-
5-carboxylate dehydrogenase; P5CS - A'-pyrroline-5-carboxylate synthase (modified from Brocker et

al., 2013).

ALDH family Gene name NCBI Gene ID NCBI Protein ID Putative function Number of AA
Family 2 PpALDH2B1 5930606 XP_001767457 ALDH [NAD(P)+] 553
PpALDH2B2 5948865 XP_001785650 ALDH [NAD(P)+] 535
Family 3 PpALDH3H1 5928120 XP_001764841 ALDH [NAD(P)+] 492
PpALDH3H2 5943334 XP_001780129 ALDH [NAD(P)+] 583
PpALDH3K1 5920386 XP_001757163 ALDH [NAD(P)+] 497
PPALDH3K2 5930362 XP_001767194 ALDH [NAD(P)+] 485
PpALDH3K3 5933556 XP_001770374 ALDH [NAD(P)+] 467
Family 5 PpALDH5F1 5916037 XP_001752876 SSDH 492
PpALDH5F2 5943671 XP_001780466 SSDH 498
Family 6 PpALDH6B1 5920495 XP_001757403 MMSDH 574
Family 7 PpALDH7B4 5941578 XP_001778351 Antiquitin 511
Family 10 PpALDH10A1 5919866 XP_001756623 AMADH 559
Family 11 PpALDH11A5 5935487 XP_001772261 GANDH 504
PpALDH11A1 5928282 XP_001765101 GANDH 503
PpALDH11A2 5918399 XP_001755163 GANDH 496
PpALDH11A3 5916920 XP_001753784 GANDH 496
PpALDH11A4 5923860 XP_001760657 GANDH 496
Family 12 PpALDH12A1 5923366 XP_001760169 P5CDH 571
Family 18 PpALDH18B1 5919578 XP_001756289 P5CS 757
Family 21 PpALDH21A1 5932362 XP_001769187 GANDH 497
Family 23 PpALDH23A1 5918738 XP_001755511 ALDH [NAD(P)+] 494
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Figure 3. Phylogenetic relations in the ALDH superfamily of P. patens (Wood et al., 2009).
Numbers at nodes are bootstrap support percentages from 500 bootstrap replicates using maximum
parsimony (upper) and neighbor-joining methods (lower). Dashes represent support of less than 50%.
GAPN - glyceraldehyde-3-phosphate  dehydrogenase, SSADH — succinic semialdehyde
dehydrogenase, BADH - betaine aldehyde dehydrogenase., MM-ALDH - methylmalonyl
dehydrogenase, Mt ALDH — mitochondrial aldehyde dehydrogenase.

2.2.4. ALDH10

Aminoaldehyde dehydrogenase (EC 1.2.1.19), ALDH10 family members, were in past
years also known as 4-aminobutyryl dehydrogenase (ABALDH, EC 1.2.1.19), 4-
guanidinebutyraldehyde dehydrogenase (GBALDH, EC 1.2.1.54), 4-
trimethylaminobutyraldehyde dehydrogenase (TMABALDH, EC 1.2.1.47) and betaine
aldehyde dehydrogenase (BADH, EC 1.2.1.8). All of AMADHSs metabolize various

aminoaldehydes emerging from several key metabolic pathways (Figure 4).
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The ALDH10 family can be divided into two groups regarding the substrate
specificity. First group preferentially oxidizes reactive w-aminoaldehydes originating from
polyamine catabolism — AMADHSs from pea, maize or tomato (Tylichova et al., 2010;
Kopec¢ny et al., 2011 and 2013) — degradation of polyamines by polyamine oxidases (PAO)
(Sebela et al., 2000). The second group exhibits apart from ®-aminoaldehyde activity also
high activity with betaine aldehyde (BAL), a precursor of the versatile osmo-protectant
glycine betaine — AMADHSs from mangrove, spinach or amaranth (Hibino et al., 2001;
Incharoensakdi et al., 2000; Valenzuela-Soto a Munoz-Clares, 1993), and are therefore
referred to as betaine aldehyde dehydrogenases (BADHSs). Although ALDH10 proteins are
plant specific, AMADHSs are not. Their function in mammals belongs to the ALDH9 family,
which preferentially oxidizes TMABAL. This determines the role of non-plant AMADHES,

which mainly participate in the carnitine metabolism (Vaz et al., 2000).

‘ Polyamines | ‘ Arginine | ‘ Lysine | ‘ Cholinel ‘Methioninel

Jl\,

\ﬁm\\

APAL AcPAL ABAL GBAL TMABAL DMSPAL
H,0 NAD*
H* NADH
o}
Y HaN* \f N7 /
Hy'N N N —
H H __‘\\M/
o 0 o o~ o kx(o / o
S 0 0 ol 0 o 0
B-alanine 3-acetamidopropionate GABA 4-guanidinobutyrate y-butyrobetain glycin betaine DMSP
Figure 4. AMADH native substrates reaction and their metabolic origin. APAL — 3-
aminopropionaldehyde, = AcAPAL —  N-acetyl-3-aminopropionaldehyde, =~ ABAL - 4-
aminobutyraldehyde, GBAL - guanidinobutyraldehyde, TMABAL - N,N,N-trimethyl-3-

aminobutyraldehyde, BAL - betaine aldehyde, DMSPAL - S,S-dimethylsulfopropionaldehyde,
GABA — y-aminobutyric acid, DMSP — S,S-dimethylsulfopropionic acid (modified from Kope¢ny et
al., 2013).
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Substrate specificity and active site residues

The interest in GB oxidation gave rise to the need to unravel the molecular basis of the
substrate specificity. Up to date, several plant AMADH structures have been solved using X-
ray crystallography — two AMADHs from pea (PSAMDH1, PDB number - 3IWJ and
PsAMADH?2, 3IWK, both Tylichova et al., 2010), from spinach (SoBADH, 4A0M, Diaz-
Sanchez et al., 2012) and from maize and tomato (ZmAMADH1a, 418P, SIAMADH]1, 419B,
both Kopeény et al., 2013). These crystal structures allowed for the identification of active
site residues responsible for substrate binding.

Almost all so far characterized members of ALDH10 family have the highest
activity with APAL, except for AMADH1 from tomato (SIAMADHL1), which preferentially
oxidizes 4-aminobutyryl aldehyde (ABAL). That is due to wider substrate channel caused
by mutation of conserved cysteine residue in active site (C453—T, PsSAMDHs numbering),
which reacts with oligomerization domain of neighboring subunit thus leading to wider and
less polar channel interior (Figure 5) (Kope¢ny et al., 2013). The high activity rate with
aminoaldehydes is caused by carboxylate amino acid residues at entrance to substrate
channel and binding the protonated nitrogen. Mechanism was proven by site-directed
mutagenesis, mutation of all three residues to alanine (E106—A, D110—A and D113—A)
completely eradicated high activity and low K, values for w-aldehydes. Aromatic residues
placed in substrate channel of AMADH active site anchor the carbon chain of the substrate
via van der Waal’s interactions - residues Y163 and Y170 (Kopec¢ny et al., 2011). Affinity to
BAL lies apparently in amino acid residue on position 444 (in PSAMADHS). Residue on this
position in AMADHSs with low BAL affinity is isoleucine. In those AMADHS, which are
able to oxidize BAL, 1444 residue is mutated to alanine or cysteine enabling widening the
substrate channel for bulky trimethylammonium moiety of BAL. Such widening of substrate
channel is possible due to shift of T459 residue by 1.6 A away from T163. The shift is not
possible with 1444 due to the steric hindrance (Kope¢ny et al, 2013). However, this mutation
has undergone long evolutionary route. Originally, the 1444 was in place and ability to utilize
BAL was acquired by plants after ALDH10 gene duplication occurred (Munoz-Clares et al.,
2014).
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Figure 5. Substrate channels of SIAMADH1 and PSAMADH2. (A) Comparison of SIAMADH1
(red) and PSAMADH2 (blue) substrate channel cavities. (B) SIAMADH substrate channel with
docked ABAL. (C) Substrate channel of PSAMADH?2 with docked ABAL (Kope¢ny et al., 2013).

Apart from main natural substrates, AMADH are able to oxidize wide spectrum of
other aldehydes. SIAMADHL1 shows broad substrate specificity thanks to previously
mentioned wider substrate channel and oxidizes 3- and 4-pyridine carboxaldehydes at high
rate (Kopecny et al., 2013). Aldehydes derived from pyridine, purine, 7-deazapurine and
pyrimidine are oxidized by AMADHSs from pea and tomato. Their K, values suggest that
they probably are not in vivo substrates, but could be used when detoxifying exogenous
aldehydes (Frommel et al., 2011). Moreover, AMADHSs are able to oxidize APAL and
ABAL derivatives including AcCAPAL being in vivo substrate (Kope¢ny et al., 2013,
Frommel et al., 2015).

Coenzyme binding and preference

AMADH preferentially functions with NAD" than with NADP" (Tylichova et al.,
2010; Kopeény et al., 2011 and 2013). In general, the coenzyme is bound in coenzyme
cavity located on the opposite side to substrate channel (Figure 6A). Preferential binding of
NAD" by various ALDH superfamily members is determined by the presence of conserved
glutamate residue (E188 in PSAMADHS) sterically and electrostatically repelling the 2°-
phosphate group of ribose in NADP™ (Perozich et al., 2000). However, there are also other
residues involved because ALDH members with glutamate can also use the NADP®
(Perozich et al., 2000, Velasco-Garcia et al., 2000). Different residues at respective position
may shift the preference towards NADP" (Figure 6B) (Gonzalez-Segura et al., 2015). Also
NAD" analogs can serve as coenzymes and for example the hypoxanthine derivative of
NAD" (deaminoNAD") shows 1.5 fold higher reaction rate compared to NAD" with both
PsAMADHs (Tylichova et al., 2010).
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Figure 6. Coenzyme binding. (A) NAD" bound to subunit of PSAMADH. Oligomerization unit is
depicted in black ribbon, catalytic domain in brown and coenzyme domain in beige, respectively.
Sodium ion (green) and NAD" (atoms in respective element‘s color) are shown in balls (Tylichova et
al., 2010) (B) Schematic representation of possible coenzyme preference based on AA residues on
positions 188 and 217 (PsAMADH numbering) (modified from Gonzalez-Segura et al., 2015).

AMADH in biotechnology

AMADHSs have been in recent years extensively studied for their role in elimination of
reactive m-aminoaldehydes. The source compounds, polyamines, belong to the key
molecules taking part in cell-division, embryogenesis, flowering, fruit-ripening and others
(Buchanan et al., 2000). On the contrary, m-aminoaldehydes are cytotoxic (Agnostelli et al.,
2004; Wood et al., 2007), which makes the ability of AMADHSs to detoxify them almost
essential. This is well documented on down-regulation of OSAMADH1 gene in rice. These
transgenic lines exhibit significantly reduced tolerance to drought, salinity and osmotic stress
and also a lower crop yield (Tang et al., 2014). Slower oxidation of substrates such as APAL
and ABAL leads to the reduced formation of osmoprotectants (Trossat et al., 1997) and it is
likely the reason for the reduced stress tolerance.

Osmoprotectant glycine betaine (GB) is synthesized from BAL, product of choline
oxidation. Choline can by synthesized in two ways, either from phosphoethanol amine
methylated to phosphocholine and subsequently hydrolyzed to choline (spinach, sugar beet)
or from membrane lipid phosphatidylcholine (barley) (Buchannan et al., 2000). BAL is
formed from choline by choline monoxygenase, which is a monomeric, ferredoxin dependent
enzyme (Rathinasabapathi et al., 1997).

GB can be utilized by all plants, but is not produced by all. Therefore, plants can be
divided into GB accumulating and GB non-accumulating. Examples of accumulating plant

species are spinach (Spinacea oleracea) or amaranth (Amaranthus hypochondricanus) and to
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the non-accumulating group belong maize (Zea mays), but some maize cultivars accumulate
the GB. GB non-accumulating plants include also rice (Oryza sativa) or tomato (Solanum
lycopersicum) (Rhodes and Hanson, 1993). It is evident that the introduction of the GB
synthetic pathway to the non-accumulators can be effective way to improve stress tolerance.
This has been successfully performed with many different plant species, tobacco
(Holmstrom et al., 2000, Shen et al., 2002, maize (Quan et al., 2004) rice (Sakamoto et al.,
1998; Su et al., 2006) and potato (Ahmad et al., 2008). Also the introduction of AMADH
with ability to oxidize BAL can significantly improve stress tolerance. Sweet potato
expressing BADH from spinach was able to withstand harsher conditions than non-transgenic
line (Fan et al., 2012).

Another interesting feature of AMADHSs is their involvement in fragrance in rice.
The source of characteristic aroma of basmati or jasmin rice is called 2-acetyl-1-pyrroline (2-
AP). The main cause of 2-AP accumulation is loss of AMADH activity due to a mutation in
OsBADH2 gene (Bradbury et al., 2005, Bradbury et al., 2008). The connection between
accumulation of 2-AP and loss of AMADH activity was confirmed in soybean (Glycine max)
(Arikit et al., 2010). The inactivity of OSBADH2 gene is widespread in fragrant rice
varieties and probably causes their smaller tolerance to stresses when compared to non-
fragrant varieties (Fitzgerald et al., 2010). Also the transgenic soybean showed lower seed
production when exposed to the salt stress having AMADH2 gene inactivated (Arikit et al.,
2010).

2.2.5. ALDH12 (P5CDH)

ALDH12 gene codes for A'-pyrroline-5-carboxylate dehydrogenase (PSCDH, EC
1.5.1.12), which catalyzes NAD*-dependent oxidation of A'-pyrroline-5-carboxylate (P5C)
to glutamate (Figure 7). However, P5C is not oxidized in its cyclic form, in solution it exists
in equilibrium with the glutamate semialdehyde (GSAL), which is the substrate for
ALDH12. Mammals have also enzymes catalyzing the oxidation of P5C but due to low
similarity with plant enzymes they are classified as ALDH4 family (Yoshida et al, 1998).
P5CDH is a part of proline degradation pathway localized in mitochondria. The localization
has been confirmed for PSCDH from rat liver (Hasslet et al., 2004) and A. thaliana
(Deuschle et al., 2001) and also newly annotated genes are predicted code for mitochondrial
ALDHEs.

Proline metabolism in plants is located in cytosol and in mitochondria (Figure 8). In
cytosol or chloroplast pathway synthesizing proline is located and proline degradation is
localized in mitochondria. Proline synthesis is divided into two steps. First of all, GSAL
(P5C) is synthesized from glutamate by A’-pyrroline-5-carboxylate synthase (P5CS, EC
1.2.1.88). Then the proline is formed via A'-pyrroline-5-carboxylate reductase (P5CR).
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Figure 8. Model of proline metabolism in higher plants. Biosynthetic pathway is represented by
black lines, catabolic pathway in red lines and ornithine pathway in blue lines. Enzymes are depicted
as ellipses with white inside and transporter proteins are in orange. PDH — Proline dehydrogenase,
P5CDH - A'-pyrroline-5-carboxylate dehydrogenase, PSCR - A'-pyrroline-5-carboxylate reductase,
P5CS(1,2) - A'-pyrroline-5-carboxylate synthase, ARG — arginase, YOAT — ornithine
aminotransferase, BAC — Basic amino acid transporter involved in arginine and ornithine exchange, P
— mitochondrial proline transporter, G/P — glutamate-proline antiporter, ? — predicted transporter
(modified from Szabados and Savouré¢, 2010).

Degradation part of proline metabolism is mediated by proline dehydrogenase (PDH,
EC 1.5.5.2) and emerging P5C (GSAL) is then oxidized to glutamate by PSCDH (Stein et
al., 2011). ALDH12 genes show high degree of sequence homology and analyzed plants
usually have only one copy of ALDH12 gene. Such a high degree of conservation between
evolutionary distant species suggests existence of strong selective pressure to maintain gene
function (Brocker et al., 2013).
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Proline role in plants

Proline is a proteinogenic amino acid accumulating in plants during various
environmental stresses (Figure 9). Accumulation during drought (Choudhary et al., 2005),
high salinity (Yoshiba et al., 1995), high light and UV irradiation (Saradhi et al., 1995),
heavy metals presence (Schat et al., 1997), in response to oxidative stress (Yang et al., 2009)
and biotic stresses (Fabro et al., 2004). However, the correlation between proline
accumulation and the stress tolerance is not absolute. High levels of proline can be detected
in cold hypersensitive A. thaliana mutants (Chen et al., 2007) or drought tolerant rice
(Choudhary et al., 2005) but do not occur in salt stressed barley (Widodo et al., 2009).
Nevertheless, the proline metabolism has a complex effect on stress responses and
development, and proline accumulation helps to deal with certain stresses inducing
environmental conditions (Mattioli et al., 2008; Székely et al., 2008). Although the proline
accumulation is one of the stress coping mechanisms, high concentration of proline in non-
stressed plants is toxic (Hare et al., 2002). An exogenous proline application to p5cdh
mutants leads to slow seed maturation and cell death symptoms underlining the importance
of PSCDH (Deuschle et al., 2004).

Redox balance Translation :|~\

Proline rich

/ proteins
NAD*/NADP* | Osmoprotection I | Signaling /
\ ./ / \ Development

(embryo,root
ROS #&——_ _ Photosynthetic Rehydratation growth, flowering)
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(PCD) Mitochondrial
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Figure 9. Scheme of multiple proline role in plants. PDH — Proline dehydrogenase, PSCDH - A'-
pyrroline-5-carboxylate dehydrogenase, ROS — reactive oxygen species, PCD — programmed cell
death (Modified from Szabados and Savouré, 2010).

In plant development, proline and hydroxyproline rich proteins are important part of
the cell wall. Inhibited proline synthesis results in the malformation of a leaf parenchyma
and vascular tissues accompanied by decreased proline and hydroxyproline content in the
cell wall (Nanjo et al., 1999). On the other hand, enhanced synthesis leads to delayed

senescence and affects a leaf size and tissue formation (Mattioli et al., 2008). Proline also
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takes part in flower development (Kavi Kishor et al., 1995) after observing that tobacco
plants overexpressing P5CS from moth bean developed more flowers. Overexpression of
AtP5CS1 leads to early flowering phenotype (Mattioli et al., 2008).

P5CDH and substrate preferences

Up to date there are no kinetic and substrate specificity studies devoted to plant
P5CDHs as well as determined protein structures. Only human P5CDH (hALDH4) was
deeply characterized. The reaction mechanism is sequential and not different from other
ALDHs (Inagaki et al., 2006). The enzyme is non-competitively inhibited by the reaction
product (Forte-McRobbie and Pietruszko, 1989). P5CDHs were reported as dimeric in
human, Thermus thermophillus, Bacillus halodurans and Mus musculus (Forte-McRobbie
and Pietruszko, 1989, Inagaki et al., 2006, Luo et al., 2013 and Pemberton and Tanner,
2013). However Luo et al. (2013) also reported that TtP5CDH and DrP5CDH (Deinococcus
radiodurans) form hexamers consisting of three dimers

hALDH4 oxidizes also glutaric semialdehyde, adipic semialdehyde and succinic
semialdehyde apart from GSAL (Forte-McRobbie and Pietruszko, 1986). Rat liver PSCDH
was reported to oxidize the same substrates with kinetic constants similar to those of
hALDH4 (Small and Jones, 1990). Inhibition-kinetic study performed on P5SCDH from Mus
musculus (MmP5CDH) revealed an inhibition by a short dicarboxylate compound malonate
and a single carboxyl-compound glyoxalate (Pemberton and Tanner, 2013). Structural basis
of the coenzyme preference was elucidated by Inagaki et al. (2007). Authors determined
again the importance of glutamate in P5CDH from Thermus thermophilus. Although the K,
values for NAD" and NADP* were very similar to each other, the turnover rate was 4-fold

lower in case of NADP™.

2.2.6. ALDH21

The first ALDH21 family member was found in T. ruralis (TrALDH21), a moss
studied to understand molecular and biochemical mechanisms of desiccation tolerance
(Oliver et al., 2000). The phylogenetic analysis suggests a close relationship of TrALDH21
to ALDH11 family and further to ALDH5, ALDH7 (antiquitin, aminoadipic semialdehyde
dehydrogenase) and ALDH10 (aminoaldehyde dehydrogenase) families (Chen et al., 2002).
So far, ALDH21 family members were identified in four organisms, namely in P. patens, T.
ruralis, S. moelendorffii and S. caninervis. The role of ALDH21 has not yet been well
understood but there are some information available. The expression of TrALDH21 (Chen et
al., 2002) and ScALDH21 (Yang et al., 2012) is up-regulated during water deficit stress.
Yang et al. also reported up-regulation of SCALDH21 expression by the abscisic acid (ABA),

which is used by plants as a mediator of water-stress inducible genes e.g. in P. patens or
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Funaria hygrometica (Ingram and Bartels, 1996). To understand possible roles and
properties of ALDH21, it is necessary to look at two ALDH families closest to ALDH21.
ALDH11 gene family consists of non-phosphorylating glyceraldehyde-3-phosphate
(GAP) dehydrogenases (GAPNs, EC 1.2.1.9). These cytosolic ALDHs catalyze irreversible
oxidation of GAP to 3-phosphoglycerate in NADP*-dependent manner (Figure 10A)
(Valverde et al.,, 1999). There are also phosphorylating glyceraldehyde-3-phosphate
dehydrogenases (GAPDH, EC 1.2.1.12), catalyzing the conversion to 1,3-
bisphosphoglycerate. GAPNs can bypass the reaction catalyzed by GADPHSs (Rius et al.,
2006). The bypass is unique to photosynthetic eukaryotes like plants and microalgae
(Plaxton et al., 1996; Valverde et al., 1999). The NADPH formed in the reaction is utilized
in mannitol biosynthesis by many plant species via the action of mannose-6-phosphate
reductase converting mannose-6-phosphate to mannitol-1-phosphate. Mannitol is after
dephosphorylated and represents the major carbohydrate produced by photosynthesis as
observed for example in celery leaves (Gao and Loescher, 2000). Interesting is a high
number of ALDH11 genes in moss genomes. P. patens (Wood and Duff, 2009) and S.
moelendorffii (Brocker et al., 2013) carry five and six ALDH11 genes, respectively.
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(G3P) NAD(P)* NAD(P

ALDH5 (SSDH) ——0
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Figure 10. Reactions catalyzed by ALDH11 and ALDHS5. (A) ALDH11 - glycerladehyde-3-
phosphate is oxidized to 3-phopshogylecric acid. (B) ALDH5 — succinic semialdehyde is oxidized to
succinate.

ALDHS5 was identified as the second most closely related family to ALDH21 (Wood
and Duff, 2009). ALDH5 orthologues were found in various species, except for Volvox
carteri genome (Brocker et al., 2013). ALDH5 stands for a succinic semialdehyde
dehydrogenase (SSALDH or SSDH, EC 1.2.1.24) catalyzing the conversion of succinic
semialdehyde (SSAL) to succinic acid (Figure 10B). SSADH belongs to enzymes
participating in GABA shunt (Figure 11). The first enzyme glutamate decarboxylase (GAD,
EC 4.1.1.15) catalyzes the a-decarboxylation of glutamate to GABA followed by GABA
transaminase (GABA-T, EC 2.6.1.19) that converts GABA to SSAL using either pyruvate or
2-oxoglutarate as amino acceptors. The final step is mediated by SSALDH (Shelp et al.,
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1999). GABA shunt appears to be interlinked with amino acids metabolism, major and minor
carbohydrate metabolism, glycolysis, oxidative pentose phosphate pathway and lipid
metabolism (Fait et al., 2008). The knock-out of SSALDH gene in Arabidopsis thaliana leads
to necrotic lesions due to higher accumulation of y-hydroxybutyric acid emerging from

SSAL and reactive oxygen species, respectively (Fait et al., 2005).
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Figure 11. Scheme of GABA shunt and its connection to Krebs cycle and glutamate synthesis.
GABA shunt is depicted in red arrows and glutamate synthesis from Krebs cycle intermediate in black
arrows. Enzymes are marked as ellipses with white inside and transport channels as orange ellipses. 1)
glutamate 2) GABA 3) SSAL 4) Succinic acid 5) 2-oxoglutarate. GAD — glutamate decarboxylase,
GABA-T — GABA transaminase, SSDH — succinic semialdehyde dehydrogenase, ALT — alanine
transaminase, G/P — glutamate/proline antiporter, GAB — putative mitochondrial GABA transporter
(Modified from Shelp et al., 1999 and Fait et al., 2008).

The GABA, in mammals mainly posing as neurotransmitter (Varju et al., 2001),
plays important role in the plant development and stress toleration. GABA gradient is
required for guiding pollen tubes to ovaries (Palanivelu et al., 2003), concentration
dependent regulation of pollen tube growth (Ling at al., 2013), cryoprotection (Heber et al.,
1971) including alleviation of cold injuries symptoms when added to bananas (Wang et al.,
2014), or restriction of reactive oxygen species (Bouché et al., 2003). SSALDHSs were found
localized in mitochondria of A. thaliana (Busch and Fromm, 1999; Bouché et al., 2003).
Also either in rice (Gao and Han, 2009) or maize (Jimenez-Lopez et al., 2010) there are

ALDHs with predicted mitochondrial localization.
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6. Conclusion

e The cDNA of P. patens was synthesized and PpALDH10, PpALDH12 and
PpALDH21 were cloned.

e The production of recombinant enzymes was optimized to obtain amounts sufficient

for kinetic and structural studies.

e Substrate specificity, pH optima, thermostability and kinetic parameters were

determined.

e PpALDH21 was successfully crystallized and X-ray data were collected up to 2.8 A

resolution.
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8. Abbreviations

2-AP 2-acetyl-1-pyrroline

AA Aminoacid

AASAL a-aminoadipic semialdehyde
ACAPAL N-acetylaminopropionaldehyde
ABAL 4-aminobutyraldehyde

ALDH Aldehyde dehydrogenase
AMADH Aminoaldehyde dehydrogenase
APAL 3-aminopropionaldehyde

BAL Betaine aldehyde

Benz-Ald Benzaldehyde

bp Basepair

C3 Propionaldehyde

C4 Butyraldehyde

C5 Valeraldehyde

C6 Hexanal

c7 Heptanal

C8 Octanal

C9 Nonanal

CHCA a-cyanohydroxycinnamic acid
Da, kDa Dalton, kilodalton

DMSP S,S-dimethylsulfopropionate
DMSPAL S,S-dimethylsulfopropionaldehyde
G3pP Glyceraldehyde-3-phosphate
GABA y-amonibutyric acid

GAPN Non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase
GB Glycine betaine

GBAL Guanidinobutyraldehyde

GOl Gene of interest

GSAL Glutamate-y-semialdehyde
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LB Lauren-Broth medium

LPO Lipid peroxidation

MASAL Adipic semialdehyde methyl ester
MDA Malondialdehyde

MME Monomethylether
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MYA Millions years ago

P5C A'-pyrroline-5-carboxylate

P5CDH A'-pyrroline-5-carboxylate dehydrogenase
PEG Polyethyleneglycol

PAO Polyamine oxidase

SSAL Succinic semialdehyde

SSDH Succinic semialdehyde dehydrogenase
TFA Trifluoric acid

TMABAL N,N,N-trimethylaminobutyraldehyde
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