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SYNOPSIS

Heme oxygenases (HOs) catalyze the oxidative cleavage of heme to biliverdin, iron and
carbon monoxide. In plants, the product of the reaction is biliverdin IXa, the precursor of the
phytochrome chromophore and is thus essential for proper photomorphogenesis. Arabidopsis
thaliana contains one major biochemically characterized HO (HY1) and three additional
putative HOs (HO2, HO3 and HO4). All four proteins are encoded in the nucleus but contain
chloroplast translocation sequences at their N-termini. The transit peptides of all four proteins
are sufficient for chloroplast translocalisation as shown by GFP reporter gene fusions.
Overall, all four proteins can be divided into two subfamilies: HO1 and HO2. Here we show
that all members of the HO1 subfamily (HY 1, HO3, and HO4) are active monomeric HOs and
convert heme to biliverdin [Xa using spinach ferredoxin as an electron donor. Addition of a
second electron donor like ascorbate led to ten time faster heme conversion. Furthermore,
heme turnover is also promoted by light when spinach thylakoids are present. All HO1 family
members displayed similar kinetic parameters indicating a possible involvement in
phytochrome chromophore biosynthesis by all of them. HO2 did not yield sufficient amounts
of soluble protein and therefore required the construction of a synthetic gene adapted to the
codon usage of E. coli. HO2 is unable to bind or degrade heme and therefore it is not a heme
oxygenase. However, HO2 shows strong binding of protoporphyrin IX, a precursor of both,
heme and chlorophyll biosynthesis. A possible function of HO2 in the regulation of
tetrapyrrole metabolism is discussed.
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INTRODUCTION

Light is one of the most essential factors for plant growth and development. In order to sense
light a variety of photoreceptors, spanning nearly the entire visible and UV region of the
spectrum have evolved. Sensing of red/ far-red light is mediated via phytochromes which are
able to photoisomerize between two stable conformations, the red-light absorbing Pr-form and
the far-red-light absorbing Pfr-form. This photoconversion between the two spectrally distinct
forms is mediated by a covalently bound open-chain tetrapyrrole (bilin), which is
phytochromobilin (P®B) in plants. In Arabidopsis thaliana the phytochrome superfamily
consists of five members (PHYA-E) which have different functions in growth and
development [1].

While the biosynthesis of the apo-phytochrome occurs in the cytosol, the biosynthesis of POB
takes place in the chloroplast [1]. An early precursor of POB is protoporphyrin IX (proto IX)
which is located at the branch point of heme- and chlorophyll biosynthesis [2]. At this point
Mg®" is inserted by magnesium chelatase to ultimately ‘yield  chlorophyll, whereas
ferrochelatase inserts Fe*™ to generate heme which is the direct precursor of all bilins.
Cleavage of heme by heme oxygenase (HO; E.C. 1.14.99.3) subsequently yields the first
open-chain product biliverdin (BV) IXa. Heme degradation requires three molecules of
molecular oxygen and seven electrons and results in formation of BV [Xa, carbon monoxide,
and Fe”" via the intermediates o-meso-hydroxyheme, ¢-verdoheme, and the iron(III)-BV IXo
complex (Figure 1) [3]. BV IXa is subsequently reduced by P®B synthase (HY2), a member
of the ferredoxin-dependent bilin reductases, to yield 3Z-P®B [4, 5]. Next, P®B is
transported out of the plastid and assembles with the apo-phytochrome in an autocatalytic
reaction to form functional holo-phytochrome. 3Z-P®B is most likely isomerized to the 3E-
isomer prior to the assembly with apo-phytochrome in the cytosol. Whether the 3Z- or the 3E-
isomer (or both) is transported out of the chloroplast is currently unknown. While there is a
single gene encoding P®B synthase in A. thaliana [4], four putative HO genes have been
identified [6].

The four HOs of A. thaliana cluster into two subfamilies: the HO1 subfamily and the HO2
subfamily. While HY'1 (HO1), HO3, and HO4 belong to the HO1 subfamily solely HO2 is a
member of the HO2 subfamily. Both HO subfamilies are also present in other plant species
like soybean, tomato, sorghum, rice and pine [6, 7]. The main difference between these two
subfamilies is an inserted spacer sequence in the HO2 subfamily of ~ 34-55 amino acid
residues which is rich in glutamate, aspartate and glycine residues. Furthermore, all members
of the HO2 family lack the conserved histidine residue in the active site that is involved in
heme-iron coordination in the HO1 family [6]. However, phenotypic analysis of the ho2-1
mutant in Arabidopsis suggested that HO2 also contributes to proper photomorphogenesis [6].
Some of the observed phenotypes resemble that of the hyl-100 mutant but to a lesser extent.
Phenotypes observed include hypocotyl elongation under red and far-red light, smaller rosette
leaves and chlorosis. Moreover, a slower degradation rate after red light irradiation of PHYA
was observed indicating a mixed (apo- and holo-) PHYA pool in the ho2-1 mutant [6].
Therefore, loss of HO2 might limit the availability of POB.

All four A. thaliana HO genes are transcribed but with different expression levels. While HY1
shows the highest expression level followed by HOZ2, the expression of HO3 and HO4 is
extremely low but detectable [8, 9]. In addition, gene expression profiling revealed that HO2
expression is slightly induced by light at the onset of greening, whereas HY1, HO3 and HO4
are constitutively expressed [9]. While the main function of plant HOs seems to be the
biosynthesis of the phytochrome chromophore, mammalian HOs are involved in oxidative
stress response, iron utilization and show potent anti-inflammatory effects [10-12]. Here, three
isoforms exist, HO-1, HO-2 and HO-3. HO-3 is an isoform with low catalytic activity and
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unknown physiological function [13]. HO-2 on the other hand is constitutively expressed and
thought to be mostly involved in signaling pathways. HO-1 expression is induced by
oxidative stress as the HO reaction product BV or the subsequent reduction product bilirubin
has antioxidant function [14]. Recent reports on a HO from soybean also suggest a function in
oxidative stress response in plants [15 , 16]. However, mammalian and plant HOs seem to
differ in the use of the required reductant. Mammalian HOs were shown to use NADPH-
cytochrome P450 reductase (NADPH-cytochrome C reductase) [17-19] as ‘the preferred
reductant whereas plant, cyanobacterial and bacterial HOs seem to prefer ferredoxin (Fd) [20-
23]. In addition, plant HOs appear to require a second reductant such as ascorbate for full
activity [21].

The most common open-chain product of the HO reaction is BV IXa resulting from the
oxidative cleavage of heme at the a-meso carbon bridge. Yet, several recent reports prove the
existence of HOs with alternative cleavage sites resulting in the three other BV isomers IX f3,
v and O [24, 25]. The regiospecificity of these HOs cannot be predicted from primary amino
acid sequence or crystal structures but rather seems to be due to a different orientation of the
heme substrate in the active site pocket as shown for the - and 8-specific HO (PigA) from
Pseudomonas aeruginosa [26, 27].

Until now, HY1 is the only biochemically characterized HO from A. thaliana [21]. The
functionality of HO3 and HO4 was only indirectly proven by co-expression of the HOs with
the apo-phytochrome from Deinococcus radiodurans (DrBphP) which resulted in the binding
of the HO reaction product BV to the phytochrome [8]. Whether HO2 is a true HO has not
been biochemically addressed at all due to low expression rates and solubility issues.
However, the phenotype at least points towards a function within tetrapyrrole metabolism.
Here we present biochemical data giving new insights into the function of all four A. thaliana
HOs. For the first time we were able to obtain sutficient amounts of recombinant HO2 by
using a codon optimized synthetic gene. Interestingly, HO2 is not able to bind or convert
heme and is therefore not a heme oxygenase. However, strong binding of proto IX points
towards a role of HO2 in tetrapyrrole metabolism.

EXPERIMENTAL

Chemicals

All chemicals were purchased from Sigma (Munich, Germany) and were ACS grade or better.
HPLC-grade acetone and 80% formic acid were purchased from Mallinckrodt Baker
(Griesheim, Germany).

Subcellular localization experiments with green fluorescent protein fusions

The coding regions for the putative transit peptide for HY'1 (HO1), HO2, HO3, and HO4 were
amplified from Arabidopsis (Columbia) cDNA with the HY'1 primers

(5’- CGGGATCCCACCATGGCGTATTTAGCTCCGA -3,

5’- CCGCTCGAGGCAGTAGTAGCCGCAACCA -3°),

the HO2 primers (5’- CGGGATCCCACCATGGCTTCTCTTCTCAGGC -3°,

5’- CCGCTCGAGTGTGAGGCCTTTTGTTGTGA -3°),

the HO3 primers (5’- CGGGATCCCACCATGGCTACAACAAGACTTAAC -3°,

5’- CCGCTCGAGATAGCCGCCGCAGTCACC -3°),

and the HO4 primers (5’- CGGGATCCCACCATGGCTACATCAAGACTTAATGC -3°, 5°-
CCGCTCGAGGCCACAACATTCACCACCA -3°), respectively. The amplified DNA
fragments were digested with BamHI and Xhol and then cloned into the corresponding sites of
pENTR™I1A (Invitrogen) to have the entry clones. The entry clone for intact green
fluorescent protein (GFP) was prepared by self-ligation of pENTR™1A digested with XmnI-
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EcoRV. After verification of the orientation and the nucleotide sequences, a recombination
reaction was performed between the entry clones and the destination vector pPGWBS [28]
using LR Clonase (Invitrogen) to generate an in-frame fusion with the GFP gene under the
CaMV35S promoter. The plasmid pGWB42-MIRO1TM for the mitochondrial marker YFP-
MIROI1 [29] was obtained from Dr. Yamaoka (University of Tokyo). The transient assays of
fluorescent protein expression in Nicotiana benthamiana were performed according to [30] by
using Agrobacterium tumefaciens C58C1 pGV2260. After 36 hr co-cultivation in the dark, the
signals for GFP and chloroplast autofluorescence were examined under a confocal microscope
(FluoView 1000, Olympus).

Construction of HO2 expression vector

A synthetic gene encoding the mature (without the predicted transit peptide sequence) HO2
was adapted to the codon bias of Escherichia coli genes to provide a successful expression.
The synthetic gene HOZg, of 738 bp was assembled from synthetic oligonucleotides
(GENEART GmbH, Regensburg, Germany) with addition of a5* BamHI and a 3 Xhol
restriction site, respectively. After cleavage with the respective enzymes the artificial gene
was cloned into pGEX-6P-1 to generate pGEX-mHO2. The synthetic DNA sequence has been
deposited in Genbank under the accession number FJ854354.

Expression and purification of recombinant HOs

HY1 was produced and purified using the plasmid pGEX-mHY1 as described before [31]
with minor modifications. The purified HY1 was dialyzed against 100 mM potassium
phosphate buffer pH 7.2. The same protocol was used for the expression and purification of
mHO2,,, except that this GST-fusion has a reeognition sequence for PreScission Protease
instead of Thrombin.

The pET24a-mHO3 and pET24a-mHO4 plasmids for recombinant C-terminal hexahistidine-
tagged mature (without the predicted transit peptide) HO3 and HO4 production were kindly
provided by Dr. R. D.Vierstra (University of Wisconsin, Madison, USA). An overview of the
employed constructs is given in Figure 3A.

For production of recombinant HO3 and HO4, 2 liters of LB media containing 50 mg/ml
kanamycin were inoculated 1:100 from an overnight culture of E. coli BL21 (DE3) carrying
the respective plasmid constructs and grown at 37 °C to ODssgum ~0.6-0.8. After a
temperature shift to 17 °C, protein production was induced by the addition of 125 uM
isopropyl-B-D-thioglactopyranoside, and cells were cultured for additional 15 h at 180 rpm.
Afterwards cells were harvested by centrifugation and stored at -20 °C. Cell lysis and
disruption was the same as described before [31]. The supernatant was loaded on a Talon®
cobalt affinity chromatography column. Washing and elution steps were done according to
instructions supplied by the manufacturer (Clontech-Takara Bio Europe, Saint-Germain-en-
Laye, France). Proteins were eluted with a buffer containing 75 mM imidazole. The protein
solutions were pooled and dialyzed against reaction buffer (100 mM potassium phosphate, pH
7.2).

Analysis of the quaternary structure using gel permeation chromatography

The oligomerization state of the four enzymes was investigated using analytical gel
permeation chromatography. A Superdex'™ 75 HR10/30 column (GE Healthcare, Munich,
Germany) equilibrated with 100 mM potassium phosphate, pH 7.2, at a flow rate of 0.5
ml/min, was employed. Protein was monitored at 280 nm using the UV-900 detector of an
AEKTA-explorer system (GE Healthcare). Standard proteins with known molecular weight
were used to generate a calibration curve (apoferritin 443.000; B-amylase 200.000; alcohol
dehydrogenase 150.000; albumin 66.000; carboanhydrase 29.000 und cytochrome ¢ 12.400)
from which the quaternary structure was calculated.
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Reconstitution and titration of heme oxygenases with heme

15 mg of crystalline hemin was dissolved in 5 mL dimethylsulfoxid (DMSO) to generate a 4.6
mM hemin solution. Hemin was added to the purified HOs to give a final 2:1 heme:protein
ratio. The sample was subsequently applied to a hydroxylapatite column (1.0 x 2.0 cm) which
was equilibrated with 10 mM potassium phosphate buffer (pH 7.2). The column was then
washed with the same buffer until no more free heme could be detected
spectrophotometrically, and the protein eluted with 100 mM potassium phosphate buffer (pH
7.2). The fractions containing detectable heme-HO complex (ODzgonm + ODagsnm) Were pooled
and concentrated using a VIVASPIN® (Vivascience, Goettingen, Germany) concentrator at
40,000xg. The concentration of recombinantly produced HOs was determined using the molar
extinction coefficient (€,80nm) calculated from the deduced amino acid composition [32].
Titration of HOs with heme was monitored by absorption spectroscopy. Aliquots of heme
(0.58-10.0 uM) were added to the cuvette containing 5 uM HO at 25 °C. Spectra were
recorded 5 min after heme addition. The same heme concentrations were added to a sample
cuvette containing only buffer. The Kp value was obtained from the difference spectra of free
heme and protein bound heme at 405 nm.

Determination of the extinction coefficient for the heme-HO complexes

The millimolar extinction coefficient at 405 nm for the heme-HO complex was determined
using the pyridine hemochrome method [33]. The isolated heme-HO complex (10 uM) was
converted to a pyridine-hemochrome in a 500 pl sample volume by addition of 62.5 pl
pyridine and 62.5 pl of 0.5 M NaOH solution. The spectrum of the oxidized pyridine
hemochrome was recorded. After addition of an exeess of dithionite the spectrum of the
reduced ferrous pyridine hemochrome was recorded. The difference spectrum of the reduced
and oxidized form was calculated at 557 nm. The concentration of heme was determined from
the extinction coefficient using an €49spm = 34.530 mM™" cm™.

Heme oxygenase assay

Heme oxygenase activity was measured in 500 pl final volume containing 10 uM HO, 10 uM
heme, 0.15 mg/ml bovine serum albumin, 4.6 uM Fd (spinach), 0.025 unit/ml spinach Fd-
NADP" oxidoreductase and 10 uM catalase from Aspergillus niger in 100 mM potassium
phosphate buffer (pH 7.2).

The reaction was started by addition of an NADPH-regenerating system containing 6.5 mM
glucose 6-phosphate, 0.82 mM NADP", and 1.1 unit/ml glucose-6-phosphate dehydrogenase.
Spectral changes between 300 and 900 nm were monitored for 30 min at 25 °C using an
Agilent Technologies 8453 UV-visible Spectroscopy system. Sodium ascorbate and/ or
desferrioxamine were added to a final concentration of 5 mM unless otherwise noted. The rate
of BV IXa formation at 25°C was calculated using the absorbance change at 670 nm. The
concentration of BV 1Xa was estimated using an extinction coefficient at 670 nm of 6.25
mM™ em™ in 100 mM potassium phosphate buffer (pH 7.2) determined from published values
of other solvents [34]. K,, values were calculated for the HOs using Eadie Hofstee and
Lineweaver Burk plots. Therefore, the standard assay with 10 uM HO and varied heme
concentrations between 1 uM and 100 uM were used. Temperature dependence of the HO
reaction was measured between 10 °C and 45 °C. The activation energy (E5) was calculated
based on an Arrhenius plot. The pH dependence of the reaction was monitored between pH
5.0 and 9.0 in 100 mM potassium phosphate buffer. For all assays the standard conditions as
described above were used.
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Isolation of thylakoid membrane and heme oxygenase assay

Fresh spinach leafs (25 g) were added to 35 ml digestion buffer (0.4 M sucrose, 20 mM KCl,
0.5 mM KH,POy4, 50 mM Tris, pH 7.6) and homogenized for 5 min. The homogenized leafs
were then filtered through a fleece cloth and the filtrate centrifuged for 5 min at 40,000xg.
The pellet was resuspended in 10 ml digestion buffer. After a second centrifugation step at
40,000 xg for 5 min the pellet was resuspended in 5 ml buffer (0.66 M sucrose, 40 mM KCl,
3 mM KH,PO4, 4 mM MgCl,, 100 mM HEPES, pH 8.0) and 5 ml H,O. The chlorophyll
content of these crude membranes was calculated as described before [35]. For the HO assay
10 uM HO-heme complex was incubated with 0.15 mg/ml bovine serum albumin, 4.6 uM Fd
(spinach), 5 mM sodium ascorbate, 5 mM tiron, and isolated thylakoid membranes (10 pg of
chlorophyll) in 100 mM potassium phosphate buffer (pH 7.2) either in the dark or for 100 s in
the dark followed by irradiation for 200 s with 460 W m™ of actinic white light. Absorbance
was measured at 680 nm and HO activity was calculated by the rate of absorbance change at
this wavelength. The reaction was inhibited with 50 pM dichlorophenyldimethylurea
(DCMU) or 50 uM DCMU and 200 puM reduced dichloroindophenol (DCIP). DCIP was
reduced using 0.1 mM HCl and 5 mM ascorbate prior to use.

HPLC analysis of heme oxygenase reaction products

HOs assay mixtures were acidified with tenfold 0.1% trifluoroacetic acid (TFA) and loaded
onto a Waters (Milford, MA, USA) C18- Sep-Pak Light cartridge preconditioned as follows:
3 ml acetonitrile to wet the Sep-Pak, 3 ml MilliQ water, 3 ml 0.1% TFA, 3 ml 10% methanol
in 0.1% TFA, 3 ml acetonitrile, 3 ml MilliQ water, 3 ml 10% methanol in TFA. After the
sample was loaded onto the Sep-Pak, it was washed with 6 ml 0.1% TFA, and 6 ml 20%
methanol / 80 % TFA (0.1%). The tetrapyrroles were then eluted from the Sep-Pak using 1 ml
of 100% acetonitrile. The eluate was dried using a Speed-Vac lyophilizer, and dried samples
were analyzed by HPLC. Samples were first dissolved in 10 ul DMSO and then diluted in 150
ul of the HPLC mobile phase. Following brief centrifugation and filtration through a 0.45 pm
polytetrafluoroethylene syringe filter, tetrapyrroles were analyzed with reversed phase
chromatography using an Agilent Technologies 1100 liquid chromatograph. The HPLC
column used for all analyses was a 4.6 x 250 mm Phenomenex Ultracarb 5 pm OD20
analytical column with a 4.6 x 30 mm guard column of the same material. The mobile phase
consisted of acetone:20 mM formic acid (50:50 by volume), and the flow rate was 0.6 ml/min.
Eluates were monitored at 650 nm and 380 nm using an Agilent Technologies 1100 series
diode array detector. As needed, complete spectra were obtained for the peaks desired. Peak
areas were quantified using Agilent Technologies Chemstation software.

RESULTS

HO2, HO3 and HO4 are localized to the plastid

The HY1 protein contained a functional transit peptide for plastid localization and is
processed to the mature plastid heme oxygenase [21, 31]. The amino termini of HO2, HO3
and HO4 deduced from cDNA sequences also showed features of a transit peptide by the
ChloroP program [36]; http://www.cbs.dtu.dk/services/ChloroP/). The conservation of
primary sequences in this region is much lower than in the heme oxygenase region, indicating
that the stretches in the amino termini are transit peptides. To show the function of the
putative transit peptides experimentally, we fused the potential transit peptide regions of all
four Arabidopsis HO genes to a gene encoding green fluorescent protein (GFP) from jellyfish
under the control of the cauliflower mosaic virus 35S promoter. The constructs were
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introduced to Nicotiana benthamiana by Agroinfection [30]. The GFP fluorescence in oval
structures was observed in the samples in which HY'1 (HO1), HO2, HO3 and HO4 constructs
were introduced (Figure 2 a, d, g and j). These signals matched the chloroplast
autofluorescence (chlorophyll channel; Figure 2 b, e, h, and k; merge in Figure 2 c, f, 1, 1),
demonstrating that the fusion protein is efficiently targeted to chloroplasts. A control
construct without the putative transit peptide showed GFP fluorescence throughout the
cytoplasm (Figure 2 m) that is clearly different from the red autofluoréscence from
chlorophyll in chloroplasts (Figure 2 n and o). The findings of functional transit peptides in
the deduced HY 1, HO2, HO3 and HO4 sequences imply that the proteins encoded by HY1,
HO2, HO3 and HO4 are present as the processed mature protein in the plastid compartment.
As heme is also present in mitochondria, mitochondrial localization was observed by the
mitochondrial marker MIRO1 [29]. The yellow fluorescent protein (YFP) signals for MIRO1
are different from those of HY1 to HO4 (Figure 2 p). There is no indication for a
mitochondrial localization of HO1 to HO4 in this analysis.

Expression and purification of recombinant heme oxygenases

The A. thaliana HO genes HY1, HO2, HO3, and HO4 were expressed without their predicted
chloroplast transit peptides either using a tac promoter-driven N-terminal GST fusion
expression system (HY1, HO2) [21] or the pET vector system (HO3, HO4) using a T7-
promoter and a His-tag fusion (Figure 3A) [8]. After induction with isopropyl-B-D-
thiogalactopyranoside and expression over night at 17 °C the Escherichia coli BL21 (DE3)
cells had a brownish color (except cells expressing HOZ2; data not shown). This is in contrast
to the expression of bacterial or mammalian HOs in E. coli which most often show a green
color, because of BV accumulation in the cells {23, 37-39]. Therefore, the lack of green color
implies that the plant HOs might not be fully active in E. coli.

HY'1 was expressed and purified as described before and yielded a major band migrating at ~
27 kDa on SDS-PAGE [21]. Recombinant HO3 and HO4 contained a C-terminal
hexahistidine-tag and were purified by cobalt affinity chromatography. This purification
strategy led to over 90% purity (Figure 3B). The final yield of recombinant HY'1, HO3, and
HO4 from 1L bacterial culture was ~ 60 mg each. The proteins were stored on ice and stayed
fully active for up to 4 days in 100 mM potassium phosphate buffer (pH 7.2). Unfortunately,
the expression and purification of recombinant HO2 yielded only low amounts of soluble
protein (Figure 3B, lane 2). Therefore, a synthetic gene (without the transit peptide coding
region) adapted to the codon usage of E. coli K12 was generated and cloned into pGEX-6-P1.
The yield from this synthetic construct was significantly higher than using the native gene
(Figure 3B, lane 5) and resulted in ~ 24 mg recombinant HO2 from 1L bacterial culture. Since
the recombinant protein migrated slightly slower than predicted in SDS-PAGE, the integrity
of the recombinant protein was verified by tryptic digest followed by MALDI-TOF/TOF
analysis (data not shown).

Arabidopsis heme oxygenases are monomeric enzymes

While the majority of HOs are monomeric enzymes, others like HO-2 from Synechocystis sp.
PCC 6803 or HO-2 from human where shown to be dimeric [40-42]. To probe the
oligomerisation state of A. thaliana HOs, gel permeation chromatography on a Superdex'" 75
HR10/30 column was performed.

All four HO proteins eluted at ~ 11.5 ml as a major symmetric peak. However, while HY']
and HO3 showed no aggregation after purification, HO4 also displayed a minor peak at ~ 8.5
ml which was shown to be aggregated protein by SDS-PAGE (data not shown). HO2 on the
other hand displayed two minor peaks at ~15 ml and 18 ml which are most likely degradation
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products. Under our experimental conditions and in comparison to the elution profile of
standard proteins all four investigated recombinant HOs are monomeric.

HO2 from Arabidopsis does not bind and convert heme

A. thaliana possesses four annotated HOs with only hyl and ho2 mutants showing strong
defects in photomorphogenesis, raising the question whether the HOs differ with regard to
enzyme activity. Thus, in a first attempted we analyzed the heme binding properties of the
four HOs.

The formation of the heme-HO complex was determined by absorption spectroscopy.
Interestingly, only the three HOs belonging to the HO1 subfamily displayed a strong Soret
band at 405 nm indicating enzyme bound heme (Figure 4A, C, D). This Soret band is identical
to that reported for HOs from other sources [21, 43-45]. Incubation of HO2 with heme did not
result in a significant absorbance change or in the formation of a distinct Soret band (Figure
4B). Even after extended incubation time, no heme binding was observed. The addition of
reductant (Fd) also had no influence on the heme binding behavior (data not shown). As HO2
is not able to bind heme, no heme binding constant (Kp) and no activity could be determined.
For the heme-binding HOs from the HO1 subfamily the Kjp-values were calculated from
titration data determined by difference absorption spectroscopy (data not shown). All three
HOI1 subfamily members have Kp-values in the micromolar range. While HY 1 displayed the
highest affinity with approximately 1.6 uM (in agreement with [21]), HO3 and HO4 had
slightly weaker affinities with 2.3 uM and 2.8 uM, respectively (Table 1). All three HOs
appeared to be saturated at a ratio of 1:1 heme to protein.

Extinction coefficients of the recombinant HOs were determined using the method of Berry
and Trumpower [33]. For HY1 a value of 203 mM em” was determined, for HO3 271 mM™!
cm” and of HO4 175 mM™ cm™, respectively (Table 1).

HO2 binds the heme precursor protoporphyrin IX with high affinity

Since no heme binding of HO2 was observed we tested whether it will bind the structurally
related heme precursor protoporphyrin IX (proto IX). Interestingly, not only HO2 but all HOs
were able to bind proto IX (Figure 5A). But in contrast to the HOs of the HO1 subfamily,
HO2 forms a stable complex with proto IX even during gel permeation chromatography
(Figure 5B). Addition of reductant had no influence on the spectroscopic characteristics of the
protoIX-HO2 complex.

Only HO1 subfamily HOs are true heme oxygenases

For enzymatic turnover heme was added to HY1, HO3, and HO4 at a 2:1 ratio and free heme
was removed by hydroxyl apatite column chromatography. Addition of reduced spinach Fd to
the heme-HO complexes resulted in the immediate formation of the ferrous dioxyheme
complex [heme(Fez+)-Oz], which was accompanied by shift in the Soret band from 405 nm to
410 nm and by the appearance of -/a-bands at 540 nm and 579 nm, respectively (Figure 4A).
Within 30 min the ferrous dioxyheme complex was fully degraded to ferric-BV (Figure 4A),
the latter being poorly detectable spectroscopically. Therefore, all subsequent assays for HO3
and HO4 contained the iron chelator desferrioxamine and a broad peak between 650 nm and
670 nm was observed indicating the formation of free BV (Figure 4C, D). Please note that
under these conditions P-/o-bands are not observed. Release of CO from the HOs was
assayed by the addition of myoglobin to the HO assay which gave a characteristic CO-bound
myoglobin spectrum [37] (data not shown).

Since HOs are regiospecific enzymes the reaction products can be one of the four possible BV
isomers. It has been shown previously that the [Xa isomer is the product of the HY1 reaction
which is subsequently converted to the phytochrome chromophore 3Z-P®B by P®B synthase
[4, 5, 21]. However, HOs with other regiospecificities are known from bacteria and insects
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[24, 25]. Thus, the reaction products of the three Arabidopsis HOs were analyzed by HPLC.
Like HY'1, Arabidopsis HO3 and HO4 produce the BV IXa isomer with a retention time of
about 20 min (Figure 6).

Kinetic parameters of the HO1 subfamily are comparable

The pH optimum for the HO activities was pH 7.0 for HO3 and pH 7.25 for HY1 and HO4
(Figure 7A). All three proteins are more active in the basic pH region then at acid pH values
(Figure 7A). The pH optimum of HY'1 is identical to the one previously determined [21]. The
reaction rate of enzyme activity is increasing between 10 °C and 45 °C (Figure 7B). An
Arrhenius plot was used to calculate the individual activation energies (E») for each reaction.
While the E, for the HY 1 reaction is known to be 35.60 J mol” [21], an activation energy of
14.78 T mol™ and 10.76 J mol™ was calculated for HO3 and HO4, respectively.

Kinetic parameter for purified HO3 and HO4 were estimated from Eadie Hofstee plots
without ascorbate to slower the reaction (see below) (data not shown). Ky, values of 2.7 uM
(HO3) and 5.7 uM (HO4) were determined and are comparable to those of other HOs [46].
For HY1, a Ky value of 1.3 uM was published earlier [21].

Heme turnover is significantly increased by addition of a second reductant

A second reductant is known to increase enzyme activity of ¢yanobacterial and algal HOs as
well as HY1 [21, 22, 47]. We therefore tested the effect of ascorbate on HO3 and HO4
turnover. For both enzymes, turnover of heme is ten-fold faster than without ascorbate (shown
for HO3 in Figure 8). Under fast assay conditions with ascorbate the ferrous dioxyheme
complex is not visible (Figure 8).

Ferredoxin is most likely the in vivo electron donor for the HO1 subfamily

For HY1 it was demonstrated that the primary electron donor in vivo is Fd [21]. Since all
A. thaliana HOs possess a transit peptide sequence and were shown to be localized to the
chloroplast (see Figure 2), Fd receiving electrons from photosystem I (PSI) is likely the
natural electron donor for all of them. Addition of isolated thylakoid membranes to the HO
assay significantly increased heme cleavage to BV after illumination (Figure 9A). In the
presence of the electron transport inhibitor dichlorophenyldimethylurea (DCMU) the BV
formation decreases to a relative activity of about 20 % (Figure 9B). In this scenario cyclic
electron flow does not result in net reduced Fd and subsequently heme turnover. Addition of
reduced 2,6-dichlorophenolindophenol (DCIP) an artificial electron donor to the DCMU
blocked assay resulted in an increased BV formation as reduced DCIP is able to reduce PSI.

DISCUSSION

Although the HO1 and HO2 subfamilies in Arabidopsis have been identified a couple of years
ago direct evidence for the functionality of the individual members was lacking [6, 8, 31, 48].
Here we provide the first biochemical data for all four Arabidopsis annotated HOs using
recombinant enzymes. While HY1 appears to be the key HO responsible for phytochrome
chromophore biosynthesis, HO3 and HO4 are also classical a-hydroxylating HOs. Analysis
of major biochemical parameters established that their activity does not significantly differ
from that of HY1.

The mechanism of heme cleavage is conserved between HOs of the HO1 subfamily from A.
thaliana, mammals and bacteria. Heme degradation results in production auf BV 1Xa, CO and
iron. Interestingly, higher plant HOs form a strong ferric-BV complex and an iron chelator
(e.g. desferrioxamine) is essential to release BV in vitro (Figure 4C, D). This phenomenon has
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also been observed earlier for HY1 from Arabidopsis [21] and HO from Cyandium
caladanium [49]. As ~90 % of cellular iron is located in the chloroplast [50] it seems likely
that the ferric-BV complex is not released spontaneously by HOs. One might hypothesize that
only the interaction between HO and P®B synthase (HY2) releases BV which is in turn
converted by HY2 to POB.

Our experiments using isolated thylakoid membranes strongly support the role of Fd as the
electron donor in vivo [21]. The genome of A. thaliana possesses a total of four Fd genes
coding for three different types of [2Fe-2S] Fd: AtFd1, AtFd2, AtFd3, AtFd4 [51]. These Fds
can be divided into classic leaf type Fds (AtFd1 and AtFd2), a root type Fd (AtFd3) and a high
redox potential Fd (AtFd4). All Fds contain chloroplast transit peptides and are transported to
the plastid. As predicted Arabidopsis HOs were shown to also localize to the chloroplast.
Most likely one of the leaf type Fds is the natural redox partner for the HOs in photosynthetic
cells [51]. However, in non-photosynthetic cells one of the other Fd is likely the natural
electron donor. In this case, the Fd is reduced by NADPH generated by the oxidative pentose
phosphate pathway.

The sole localization of all HOs to the plastid however raises the quéstion how heme turnover
outside the chloroplast is achieved. As mitochondria contain a large number of hemoproteins
one would also postulate the presence of an active HO there. Although our experimental data
did not show mitochondrial localization in Nicotiana benthamiana, we cannot exclude
mitochondrial localization in Arabidopsis. In this regard, dual targeting of plant proteins to
both the chloroplast and the mitochondria has been described [52]. Furthermore, another
enzyme of the tetrapyrrole pathway, protoporphyrinogen oxidase of spinach, was shown to be
localized to both compartments due to the use of two in-frame initiation codons [53].

A general phenomenon of higher plant HOs is that addition of ascorbate as a second reductant
significantly influences heme turnover. Endogenous varying ascorbate levels might be a tool
for modulating HO activity in planta. In this regard, it has been reported that the
chloroplastidic ascorbate concentration can vary from 15-46 mM depending on light intensity
with high light leading to increased ascorbate levels [54]. Therefore, HO activity is indirectly
regulated by light through the levels of ascorbate ensuring sufficient phytochrome
chromophore biosynthesis during the day. Furthermore, our biochemical data suggest a pH
optimum for HO activities which are conform with the pH value of the stroma at night (pH
7.2) [55]. During the day the pH of the chloroplast increases to pH 8.0 which should decrease
the activity of all three HOs. In contrast, HO enzyme activity increases with rising
temperature. So the antagonistic dependency of HO activity on pH and temperature could be
an additional tool to fine-tune HO activity.

Although it has been proposed earlier that HY'1 is unable to use NADPH-cytochrome P450
reductase as a reductant, slow turnover of heme to the oxycomplex by HY 1, HO3 and HO4
could be detected. Only further addition of ascorbate led to a complete turnover (data not
shown). Therefore, it is rather unlikely that NADPH-cytochrome P450 reductase is a natural
electron donor in planta.

Considering the weak mutant phenotype of ho3 and ho4 it appears that the enzymes do not
have a large impact on phytochrome chromophore biosynthesis due to their low expression
rates [8]. However, biochemical data suggest that they could completely substitute for HY1.
Nevertheless, there is still the possibility that they might also function in oxidative stress
response since the product of the reaction BV has reasonable antioxidant properties as shown
for soybean nodules [15, 16]. Yet, there is currently no evidence that any of the HO genes in
A. thaliana is inducible by oxidative- and/ or salt stress.

The most interesting result of this study however is the production and purification of soluble
HO?2 from a synthetic gene. This enabled us for the first time to address the question whether
HO?2 is indeed a HO. Our results clearly demonstrate that HO2 is unable to bind and degrade
heme and raises the question of the function of this protein. Phenotypic analysis of the ho2-1
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mutant plants suggested that HO2 also contributes to proper photomorphogenesis. This
however does not necessarily demand a function in heme turnover. HO2 could have a
different function in tetrapyrrole metabolism. One indication that HO2 is not a true HO is the
absence of the conserved histidine residue in the active site that is usually involved in heme-
iron coordination. This residue is replaced by an arginine in HO2. However, the sequence
similarity (~38 %) suggests the same overall fold of all HOs including HO2 (except the
inserted spacer sequence). It therefore was conceivable for us to test whether HO2 might bind
heme precursors like proto IX. Interestingly, HO2 is able to bind proto IX with high affinity
(stable complex during gel permeation chromatography, see Figure 5B). Although the three
other A. thaliana HOs displayed the same binding behavior, proto IX in these enzymes can
easily be replaced by heme indicating a high affinity to the natural substrate heme (data not
shown). If the proto IX binding to HO2 is of any biological significance rémains to be
determined but we speculate that HO2 could either have a function as a proto IX storage
protein to regulate tetrapyrrole flux through the pathway or that it might function as a carrier
protein towards magnesium- and/ or ferrochelatase. In the future it will be necessary to
analyze tetrapyrrole concentration in the chloroplasts in more detail to understand the role of
the HOs from the HO1 and HO2 subfamily of Arabidopsis. Also the latter hypothesis should
be addressed by protein-protein interaction studies which are currently under investigation.
However, for the first time we could show that all three heme oxygenases of the HOI
subfamily are active HOs in vitro with nearly identical biochemical parameters and they are
able to convert heme to BV [Xa. The member of the HO2 subfamily (HO?2) is at this state of
knowledge no true HO but might be involved in the regulation of the two tetrapyrrole
biosynthetic pathways.
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FIGURE LEGENDS

Figure 1. Heme degradation as catalyzed by heme oxygenase (HO). Most HOs cleave
heme at the a-meso carbon position yielding biliverdin IXo. This reaction requires seven
electrons und three molecules molecular oxygen. Carbon monoxide and iron are released.

Figure 2. Subcellular localization of HY1, HO2, HO3 and HO4 by transient expression
of the fused fluorescent proteins.

Microscopic images of GFP (a, d, g, j, m), YFP (p), chloroplast autofluorescence (b, e, h, k, n,
q) and merge (¢, f, i, 1, 0, r) from mesophyll cells of Nicotiana benthamiana infected with
Agrobacteria harboring the GFP constructs. All images were taken at the same magnification.
GFP fused to HY'1 transit peptide (a, b, ¢), HO2 transit peptide (d, e, f), HO3 transit peptide
(g, h, 1), HO4 transit peptide (j, k, 1). Images by intact GFP constructs (m, n, o) and by YFP
fused to the transmembrane stretch of MIRO1 for mitochondria localization (p, g, r) are also
shown. Bar: 20 um. All images were taken with a sensitive black-and-white camera and
subsequently colored using the imaging software. YFP fluorescence was colored green for a
better quality merge figure.

Figure 3. Purification of recombinant proteins. A. Scheme of the employed recombinant
proteins. GST, glutathione-S-transferase; m, mature protein (lacking the predicted transit
peptide sequence); numbers depict the amino acid residues in the full-length protein; syn,
synthetic gene product, Hise, hexa-histidine tag. B. Coomassie-stained SDS-PAGE of
recombinant purified HOs. Lane M: Molecular mass markers; lane 1: Purified HY'1; lane 2:
Purified HO2 (native gene); lane 3: Purified HO3; lane 4: Purified HO4: lane 5: Purified HO2
(synthetic gene adapted to E.coli codon usage) after cleavage with PreScission protease” and
2" chromatography column. HY I and HO2 were purified by GST-affinity chromatography
followed by protease digestion and 2™ chromatography, HO3 and HO4 were purified by
Talon® affinity chromatography.

Figure 4. Spectroscopic characterization of the catalytic activity of the heme-HO
complex in the presence of spinach Fd. After addition of an NADPH-regenerating system
time dependent absorbance changes were monitored every minute over a period of 30
minutes. HY'1 reaction (A) assayed without iron chelator. The ferrous dioxyheme complex
was formed [Heme(Fe?")-O;] (asterisks indicate B-/a-bands of the complex at 540 nm and
579 nm). A product peak at 670 nm cannot be detected. HO2 (B) is not able to bind heme and
after 30 min no spectral changes could be observed. Formation of heme-HO3 complex (C)
and heme-HO4 complex (D) was measured in the presence of an iron chelator
(desferrioxamine). The directions of spectral changes are indicated by arrows.

Figure 5. Binding of protoporphyrin IX (proto 1X) to HO2. Absorption spectra of free
(dashed line) and HO2 bound (solid line) proto IX in potassium phosphate buffer pH 7.2 (A).
The protein peak at 280 nm and the absorption maximum of bound proto IX at 398 nm were
monitored. Gel permeation chromatography was performed with the proto IX-HO2 complex
(B). The protein (solid line) and proto IX (dashed line) absorbance were measured. Both HO2
and proto IX eluted at 11.5 ml. The two minor protein peaks at 15 ml and 18 ml were HO2
degradation products without bound proto IX.
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Figure 6. HPLC elution profiles of HO metabolites and BV references. HO reaction
products were analyzed by reversed-phased HPLC after Sep-Pak preparation. The HY1, HO3,
and HO4 reaction products eluted at 20 min. The mixture of BV isomers (a, B, v, and d)
obtained by chemical oxidative degradation of hemin eluted between 20 and 40 minutes. The
commercial (com) BV IXa eluted at 20 min. Absorbance was monitored at 650 nm.

Figure 7. pH and temperature dependence of the HO reactions. The relative activity of
HO reactions was calculated by BV formation. The pH optima of HY 1, HO3, and HO4 were
about pH 7.2 (A). HO3 and HO4 possess an optimal reaction temperature at more than 45°C

B).

Figure 8. Time-dependent spectroscopic monitoring of the HO3-catalyzed conversion of
heme to BV. The conversion of heme to BV by HO3 (10uM) was followed spectroscopically
in the absence (dashed line) and in the presence (solid line) of 5 mM ascorbate. The assay was
started by addition of NADPH-regenerating system and monitored for 30 min. Conversion of
heme is illustrated by the decrease of the Soret band at 405 nm.

Figure 9. Light dependence of the HO reaction. Light dependence of the HO reaction was
observed using isolated thylakoid membranes as an electron donor. The reaction was
incubated in the dark (dashed line) or irradiated with light after 100 s (solid line, indicated by
arrow) (A). The BV formation was measured at 680 nm. The reaction is shown for HO3. B.
The relative HO activity determined as the rate of BV formation at Aggo was measured for the
complete reaction in the light with all assay components (complete), in darkness (dark) and in
light in the presence of 50 uM DCMU or 50 uM DCMU and reduced 200 uM DCIP (DCIP)
and in the absence of HO (AHO) or Fd (AFd). Error bars indicate +- gg.
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TABLE AND FIGURES

Table 1. Biochemical parameter of HY1, HO3, and HOA4.

Parameter HY1 HO3 HO4
MMt cm™] 203 271 175
Kp [UM] 1,6 2,3 2,8
Km [UM] 1,3 2,7 5,7
Ea [J mol™] 36,60 | 14,78 | 10,76
FIGURE 1

HOOC

HOOC HoOC

heme biliverdin IXo

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20090775
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FIGURE 3
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FIGURE 7
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