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Abstract

Retinoic acid signalling is generally considered to be of animal origin. Recently, retinoic acid
has been identified in cyanobacteria, yet no mechanism for its production has been identified.
Here, we characterize for the first time a cyanobacterial aldehyde dehydrogenase that
produces retinoic acid in vitro. Our computational studies suggest that the cyanobacterial
aldehyde dehydrogenase resembles an ancestor of both eukaryotic aldehyde dehydrogenase
1 and aldehyde dehydrogenase 2. The Chlorogloeopsis fritschii aldehyde dehydrogenase
described here may find applications in synthetic production of retinoic acid as well as

contributing to our understanding of retinoid synthesis in cyanobacteria.
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Abbreviations

ADH, alcohol dehydrogenase: ALDH, aldehyde dehydrogenase; cfALDH, Chlorogloeopsis
fritschii Aldehyde dehydrogenase; CMO, Carotenoid monooxygenase; CYP, Cytochrome; LC-
MS, Liquid chromatography—mass spectrometry; MW, Molecular weight; NAD, Nicotinamide
adenine dinucleotide; RAR, Retinoic acid Receptor; RXR, Retinoid X Receptor; RALDH,
Retinal dehydrogenase; RDH, Retinol dehydrogenase; SEC, substrate entry channel; SUMO,

Small Ubiquitin-like Modifier.



Introduction

Retinoic acid is a key signalling molecule in healthy development and in differentiation of stem
cells, albeit uncontrolled levels of retinoic acid can lead to mutagenesis [1]. In eukaryotes
retinoic acid is made by oxidation of all-trans-retinal by retinal/aldehyde dehydrogenases
(ALDH1A1, ALDH1A2, ALDH1A3, ALDHS8) [2]. This step is preceded by the production of
retinal from either retinol or beta-carotene (Figure la). As yet, this canonical signalling

pathway has only been characterised in animals.

Retinoic acid has more recently been identified in cyanobacteria both grown in culture and in
blooms isolated in China, where it is thought to be responsible for the mutagenesis of frogs
[3-9] Thus far, no mechanism for cyanobacterial retinoic acid production has been defined,

beyond it being a potential degradation product of retinal [10].

Orthologues of carotenoid dioxygenases, used by humans to produce retinal from beta-
carotene, have previously been characterised from the cyanobacteria Synechocystis PCC
6803 and Nostoc PCC 7107 [11-14]. These orthologues are able to convert beta-carotene
and apo-8-carotenal into all-trans-retinal. An orthologue of a cytochrome P450 enzyme known
as CYP26 in animals and CYP120 in cyanobacteria has also been characterised and found to

oxidise retinoic acid [15-17].

All-trans-retinal and the precursor beta-carotene have been identified in 24 species of
cyanobacteria [18]. Production of all-trans-retinal, beta-carotene or retinoic acid in
cyanobacteria occurs independently of whether the species is grown in culture or isolated from
a bloom [4,18]. Therefore, given the conservation of genes involved in the synthetic pathway,
one hypothesis is that the retinoic acid produced by cyanobacteria could be produced by the
same biosynthetic pathway as in eukaryotes, potentially starting from beta-carotene (Figure

1a). INSERT FIG1 HERE

Attempts have previously been made to identify a cyanobacterial aldehyde dehydrogenase

that is able to convert all-trans-retinal to retinoic acid, bridging the gap between the previous



characterised carotenoid dioxygenase and CYP120 [19]. This Synechocystis PCC 6803
slr0091 protein was able to convert long chain aldehydes into their respective acids but had

no activity against retinal.

We have previously postulated that retinoic acid is not of animal origin as previously thought,
but may be a product of bacterial origin and present in humans through a lateral gene transfer
event of aldehyde dehydrogenase and CYP120 from cyanobacteria to animals [20].
Previously, lateral gene transfers between cyanobacteria and animals, in particular of
cyclooxygenases [21], calpains [22] and WD40 domains have been suggested [23], indicating

that these events are likely to have shaped processes across the animal kingdom.

Our phylogenetic analysis identified orthologues of human ALDH1ALl in cyanobacteria that
have a very high sequence conservation (>60%) and retain the catalytic GQCC motif. Herein
we characterise in vitro a cyanobacterial ALDH and demonstrate that it can convert retinal to

retinoic acid.



Results

A good model in for the study of retinoic acid production in cyanobacteria would have
orthologues of all the proteins in the putative pathway. Therefore, we searched the NCBI

database of non-redundant protein sequences for a cyanobacterium that contains orthologues

of human ALDH1A2 (BAA34785.1), beta-carotene monooxygenase (AAI26211.1) and

cytochrome P450 CYP26A1 (AAB88881.1). One of 65 cyanobacteria identified that possess

all three orthologues (Tables | and S1), was Chlorogloeopsis fritschii PCC 6912.

To confirm that the C. fritschii ALDH orthologue also appears to have been involved in lateral
gene transfer from cyanobacteria to animals we undertook phylogenetic analysis. Sequences
were chosen from [20] and [24], alongside the sequence of the previously studied
Synechocystis sp. PCC 6803 ALDH (SIr0091) and ALDH from Bacillus subtilis which is the
first bacterial aldehyde dehydrogenase to be identified that can convert retinal to retinoic acid
[25]. Phylogenetic analysis indicated that the C. fritschii ALDH orthologue (henceforth
cfALDH), which has 64% sequence identity with human ALDH1Al, groups with other
previously identified cyanobacterial proteins (Figure 1b and Supplementary Figure 1). When
the sIr0091 protein from Synechocystis PCC 6803 is included in the phylogenetic analysis
(Figure 1b), this protein does not group with any of the other cyanobacterial proteins but rather
groups with human ALDHS8. This is consistent with the lack of function seen with the purified
slr0091 [19]. The Bacillus cereus ALDH in our phylogenetic analysis shows a closer
relationship with yeast ALDH and mammalian ALDH8 then it does with the cyanobacterial

ALDH [25]

Sequence alignment of cfALDH with the human ALDHL1 indicates that the cyanobacterial
protein contains the same GQCC motif as the human ALDH1 and ALDH2 proteins [24] (Figure
1d, highlighted in red and Supplementary Figure 2). This motif is present in ALDH1/2
orthologues and these residues reside at the bottom of the substrate entry channel (SEC).
The second cysteine is involved in the nucleophilic attack of the carbonyl carbon in the

aldehyde (Figure 1c).


https://www.ncbi.nlm.nih.gov/protein/AAI26211?report=genbank&log$=protalign&blast_rank=2&RID=FAR52BF3015

To ascertain the activity of the protein, cfALDH was cloned from genomic DNA and over-
expressed in E. coli. SDS-PAGE analysis showed the purified protein has a MW ~50 kDa
(Figure 2a), with analysis by accurate mass spectrometry giving a mass of 53613.60 Da whilst
the calculated mass is 53614.19 Da (Supplementary Figure 3). The protein purified as a homo-
tetramer on size-exclusion chromatography (calculated mass of ~239 kDa, Figure 2b and

calibration in Supplementary Figure 4). INSERT FIG2 HERE

To establish whether retinoic acid is produced by this putative retinal dehydrogenase, an LC-
MS based method was used. The purified protein was incubated in the presence of NAD and
all-trans-retinal to determine the conversion to retinoic acid. Samples were extracted into
hexane and analysed by LC-MS. After incubation at 37C for 90 minutes retinoic acid was
clearly produced when all components were present, but not without inclusion of the cofactor

NAD (Figure 4c and d, standards shown in supplementary figure 5).

A fluorescence based assay was then used to measure NADH production and therefore
calculate the levels of retinoic acid production. The concentration of all-trans-retinal was varied
between 0.1-10 uM whilst NAD* remained at a high concentration of 1mM, whilst cfALDH was
kept low at 200 nM (Figure 3a). The concentration of cfALDH was varied and a relationship
between activity and enzyme concentration is seen as expected (Figure 3b). This process was
optimal at a basic pH of 8.5 - 9.5 (Figure 3c) and enhanced by the presence of Mg?* in the
assay buffer (Figure 3d), as seen with other ALDH1 [26—30]. (Supplementary figure 6). This
is the first time a cyanobacterial ALDH has been seen to produce retinoic acid from all-trans-

retinal. INSERT FIG3 HERE

Previous work identified signature residues found in either ALDH1 or ALDH2 that potentially
enable the prediction of whether an ALDH is able to process large or small aldehydes [24].
When we compare the cfALDH sequence to these signatures, we find that the protein contains
8/34 signature residues of the sheep ALDH1A1 with which it has a 64% sequence identity
(NP_001009778.1), 17/34 of human ALDH2 with which it has a 68% sequence identity

(AAP36614.1) and 9/34 that match neither ALDH1A1/2 (Figure 4a and S7). These residues



were then mapped onto the predicted model of cfALDH, generated using Phyre2 v.2.0 [31],
where they are present across the surface and core of cfALDH (Figure 4c). INSERT FIG4

HERE

We then measured the estimated size of the substrate entry channel (SEC) using CastP 3.0
[32]. This enabled us to assess whether the cyanobacterial ALDH was likely to be more
characteristic of an ALDH1 or ALDH2 considering it appears to be equally related to these
proteins from our phylogenetic analysis (Figure 1b). The size of the SEC in an ALDH has

previously been suggested as a way of predicting the substrate [24,33].

The SEC in cfALDH is predicted to have a volume between that seen in the sheep ALDH1A1
(Volume 670.2 A% and the human ALDH2 (Volume 558.07 A%) with a calculated volume of
635.05 A3when the sheep ALDH1A1 1BXS is used as the template (Figure 4b). The GQCC
motif is at the bottom of the SEC in cfALDH as expected. This suggests that the cyanobacterial
(and planctomyces) ALDH could resemble the evolutionary branching point ahead of the

evolution of animal ALDH1/2 that were selective for large or small aldehydes, respectively.



Discussion

We have identified and characterised for the first time a cyanobacterial ALDH that can convert
all-trans-retinal to retinoic acid. Blooms producing retinoic acid are proving toxic to local flora
and fauna, so any further insight into the mechanism of this production is crucial. This is a
potentially important step in elucidation of the biosynthesis of retinoic acid in cyanobacteria,
though further experimentation is required to determine if this enzyme is in fact employed for

this purpose in this cyanobacterium.

We then undertook computational studies that suggest the cyanobacterial ALDH (and
planctomyces ALDH) represent the evolutionary ancestor of human and other eukaryotic
ALDH1/2 given that it contains signature residues matching both proteins throughout the
surface of the protein and the core, along cfALDH being predicted to have an intermediate
sized substrate entry channel, which allows in all-trans-retinal. Our work also suggests that
indeed the size of the SEC is useful in predicting whether an ALDH is able to function on large

or small aldehydes [24].

Future work should focus on establishing whether this aldehyde dehydrogenase is responsible

for retinoic acid production in vivo and defining the role of retinoic acid in cyanobacteria.

Finally, we note that improved methods for the laboratory synthesis of retinoic acid are in
demand, since this molecule is needed for treatment of skin cancers and acne [34]. Bacterial
enzymes have been proposed as important in this field, with work underway to produce a
metabolically engineered E. coli that can convert glycerol all the way through to retinoic acid
[35,36]. The identification of a cyanobacterial enzyme able to catalyse the ultimate step in this

biosynthesis may contribute to these developments.



Materials and Methods
Phylogenetic analyses

Aldehyde dehydrogenase sequences were chosen from [20] and [24], along with the Bacillus
subtillis ALDH from [25] and sIr0091 from Synechocystis PCC 6803 [19]. Amino acid
sequences were aligned using MUSCLE [37] in MEGA7Y [38]. Phylogeny was inferred by
Maximum Likelihood using the LG model [39] in MEGA7 with 1000 bootstrap replicates. Full

details of sequences are in Supplementary Information Table 2.
Cloning, expression and purification cfALDH

A cyanobacterial ALDH from Chlorogloeopsis fritschii PCC 6912 was identified by BLASTp
searching for bacterial orthologues of the human ALDH1A2 (Accession number 094788.3).
Genomic DNA was extracted from Chlorogloeopsis fritschii PCC 6912 cells grown in BG11
medium [40] at 30°C with a light intensity of 20 ymol m=2 s [41]. Primers were designed to
amplify the ALDH orthologue (WP_016874813.1) from genomic DNA in preparation for cloning
[42] into pET28a-SUMO expression vector with an N-terminal His-SUMO tag. The cfALDH
construct in pET28a-SUMO was transformed into Rosetta cells (Roche) (sequence shown in
Figure S7). Cultures were grown at 37C until an OD 600 nm of 0.6-0.8, with expression
induced with 0.5 mM IPTG overnight at 18C. Cells were pelleted before resuspension in 0.1
M TRIS pH 7.5, 0.5 M NaCl, 20 mM Imidazole, 250 uM TCEP and EDTA-free protease inhibitor
tablets (Roche). Cells were lysed by sonication for 3 x 1 min at 70% power. Soluble extracts
were retrieved at 24,000 g for 45 minutes. Soluble fraction was incubated with Ni-NTA
equilibrated in 0.1 M Tris-HCI pH 7.5, 0.5 M NacCl, 250 uM TCEP, 20 mM Imidazole. Beads
were washed with 150 mM KCI, 0.1 M Tris-HCI pH 7.5, 250 uM TCEP, 20 mM Imidazole (5
CV) and 1 M NacCl, 100 mM Tris-HCI pH 7.5, 250 uM TCEP, 20 mM Imidazole (5 CV) (adapted
from [43]). Further washes were undertaken with 0.1 M Tris-HCI pH 7.5, 0.5 M NaCl, 80 mM
Imidazole and protein eluted with 0.1 M Tris-HCI pH 7.5, 0.5 M NaCl, 250 uM TCEP, 300 mM

Imidazole. cfALDH was dialysed with Ulp1 (Ubl-specific protease 1) overnight into 50 mM Tris-



HCIl pH 7.5, 0.25 M NaCl, 250 uM TCEP. Uncut material was removed by rebinding to Ni-NTA
and cfALDH was further purified by size exclusion chromatography on Superdex 200 26/60 or
Superdex 200 16/60 into 50 mM Tris-HCI pH 7.5, 0.25 M NaCl, 250 uM TCEP. Protein was

concentrated in a 10 kDa cut-off concentrator and stored in aliquots at -80<C.

cfALDH activity assay

NAD stock was prepared from solid fresh buffer before every assay (Roche). NADH was
purchased from Sigma. All-trans-retinal (Sigma) was prepared in methanol and stored in
amber vials at -20 <C. The assay buffer used for enzyme kinetics was 50 mM HEPES pH 8.5,
150 mM KCI, 2 mM DTT, 20 mM MgCl;, 1 mM EDTA. All buffers and components were pre-
warmed to 37<C before setting up the assay. Assays were undertaken in 96 well black plates
(Greiner). Total assay volumes were 200 pl. Retinal was used at a concentration range of 0.1-
10 puM, with NAD at 1 mM, methanol 5% (v/v) and cfALDH at 200 nM. When the concentration
of cfALDH was altered the concentration of all-trans-retinal was kept at 100 uM, with NAD at
1mM. The assay was carried out using a Perkin Elmer EnVision™ Multilabel Plate Reader to
assess the formation of NADH by monitoring fluorescence measurements with excitation of
the samples at 340 nm and measuring the emission at 460 nm. Measurements were taken
every 2.2 second and the initial rate for each substrate concentration was calculated from the
slope of the reaction kinetics in the linear range of the reaction in the first 200 seconds. The
fluorescence of NADH stocks of known concentration was used to create a calibration curve.

Each concentration was repeated at least 3 times and each experiment was repeated twice.

Effect of pH

A range of pH’s were tested to find the optimum for cfALDH activity. Between pH 6.0 - 7.0
MES buffer at 50 mM was used, with HEPES buffer 50 mM at pH 7.5 - 8.5 and CAPS buffer
50 mM at pH 9.0 - 10.0. Every buffer also contained 150 mM KCI, 2 mM DTT, 20 mM MgCl-

and 1 mM EDTA. cfALDH was kept at 500 nM with 1 mM NAD and 100 uM retinal used.

Effect of magnesium chloride concentration



MgCl, was varied from 0 mM to 20 mM to test the requirement of this cofactor, with the buffer
also containing 50 mM HEPES pH 8.5, 150 mM KCI, 2 mM DTT and 1 mM EDTA. The
concentration of cfALDH was kept at 500 nM, with ImM NAD and 100 pM all-trans-retinal in

each experiment.

Analysis of retinoic acid production via LC-MS

The assay buffer used for Liquid Chromatography-Mass Spectrometry analysis was 50 mM
HEPES pH 8.5, 150 mM KCI, 2 mM DTT, 20 mM MgCl;, 1 mM EDTA. cfALDH was used at
20 uM with 1 mM NAD and 100 uM all-trans-retinal in methanol (5% v/v). Samples had a total
volume of 500 pl and were incubated at 37C for 90 mins before the addition of 500 pl
methanol. Products were then extracted twice in 500ul hexane with firstly 10 pl 0.1M NaOH
then 40 pl 5 M HCI. Samples were recorded by HP-LCMS, which was generally carried out on
an Agilent 1200 series LC system comprising a Bruker HCT Ultra ion trap mass spectrometer.
The solvent system used was CH3;CN/H20 + 0.1% (v/v) formic acid with a Phenomenex Luna
C18 50 x 2 mm 5 micron column. Samples were compared to standards of all-trans-retinal

and retinoic acid (Sigma), both at 0.5 mg/ml in methanol (Supplementary Figure 5).

Accurate mass spectrometry

CfALDH (1 ml, 40 uM) was prepared in water for accurate mass analysis (Bruker MicrOTOF),
using mobile phase (acetonitrile/water, 0.1% formic acid), gradient (2 — 95% MeCN over 1

min) and flow rate (1.3 mL/min).

Modelling the structure of the Chlorogloeopsis fritschii ALDH

A model of the structure of cfALDH was generated using Phyre2 [31]. The template chosen
was 1BXS, Sheep ALDH1AL1 [33]. This model was analysed using CastP [32]. Structures for
Human ALDH2 (PDB code 2VLE [44]) and Sheep ALDH1A1 (PDB code 1BXS [33]) were also

analysed using CastP.
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Figure Legends

Figure 1. (a) Retinoic acid production from beta-carotene or retinol. CMO - Carotenoid mono-
oxygenase, RDH — Retinol dehydrogenase. ADH — Alcohol dehydrogenase. RALDH — Retinal
dehydrogenase. RAR — Retinoic acid receptor. RXR — Retinoid X receptor, CYP26 -
cytochrome P450 family 26, CYP120 - cytochrome P450 family 10. (b) Abridged phylogenetic
tree of aldehyde dehydrogenase orthologues. Bootstrap values over 60% are shown. The full
tree is shown in Figure S1. (c) Mechanism of aldehyde dehydrogenase catalysis. (d) Alignment
of Chlorogloeopsis fritschii PCC 6912 ALDH (cfALDH WP_016874813.1) with human
ALDH1A2 (094788.3). The sequence identity is 64%. The GQCC maotif is highlighted in red.

The full alignment is shown in Figure S2.

Figure 2. (a) SDS-PAGE analysis of purified cfALDH. (b) Size-exclusion chromatography of
purified cfALDH on Hiload Superdex 200 16/60. ¢) LC-MS analysis indicating that retinoic acid
is produced when cfALDH is incubated with retinal and NAD. cfALDH incubated with all-trans-
retinal, indicating that no retinoic acid is produced without the cofactor NAD (MW all-trans-
retinal 284.4). d) cfALDH incubated with 1mM NAD and all-trans-retinal, indicating that retinoic

acid (MW 300.4) is produced.

Figure 3. (a) Change in fluorescence seen when the concentration of all-trans-retinal is altered
in the presence of cfALDH and NAD. (b) Change in retinoic acid (RA) production when the
concentration of cfALDH is altered in the presence of all-trans-retinal and NAD. c¢) The effect
of pH on cfALDH activity with the initial rate shown in pmol/mg/min. The activity is higher
between pH 8.5-9.5. d) The effect of Mg?* ion concentration on cfALDH activity with the initial

rate shown in nmol/mg/min, with 20 mM giving the highest activity of the concentrations tested.

Figure 4. a) Identification of signature residues in cfALDH, with Sheep ALDH1A1 signature
residues shown in red, ALDH2 in blue and residues matching neither signature in yellow [24].
b) Measurement of cavity size by CastP [32] in cfALDH compared to human ALDH2 (2VLE)

[44] and Sheep ALDH1A1 (1BXS) [33]. The cfALDH structure was modelled using Phyre2 [31]



with 1BXS as a template [33]. c) Signature residues mapped onto the modelled structure of
cfALDH. ALDH1AL1 signature residues shown in red, ALDH2 in blue. Positions of NAD (grey)
and retinal (yellow) were also modelled in by overlaying with the structure of human ALDH1A3

bound to NAD and all-trans-retinal (PDB code 5FHZ [45]).



