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Heme biosynthesis is essential for almost all living organisms. Despite its conserved function, the pathway’s

enzymes can be located in a remarkable diversity of cellular compartments in different organisms. This location

does not always reflect their evolutionary origins, as might be expected from the history of their acquisition through

endosymbiosis. Instead, the final subcellular localization of the enzyme reflects multiple factors, including

evolutionary origin, demand for the product, availability of the substrate, and mechanism of pathway

regulation. Chromera velia is a coral-associated alga bearing complex rhodophyte-derived plastid with a peculiar

tetrapyrrole pathway. It synthesizes ALA using heterotrophic C4 path (same as apicomplexan parasites), which

additionally supplies chlorophyll for photosystems. Using a combination of bioinformatics and experimental

approaches, we investigated localizations of heme pathway enzymes in C. velia. Our data show that the pathway

very likely starts in the mitochondrion, with the remaining enzymes located in the plastid. We demonstrate that the

proteins are targeted to various cellular compartments by stringent translocon mechanisms that are not universal

even for evolutionarily related organisms.

tetrapyrrole biosynthesis  heterologous expression  Chromera velia  predictions

1. Introduction

Life as we know it would not be possible without tetrapyrroles, namely chlorophyll and heme. While chlorophyll is

used exclusively in photosynthesis, heme can be involved in various electron transport chains and redox reactions

. Heme appears essential for almost all life on Earth, with only a few exceptions among pathogenic and

anaerobic bacteria and a single exception in aerobic eukaryotes, the kinetoplastid Phytomonas serpens . All

other organisms either synthesize their own heme or obtain it from external sources . Both heme and chlorophyll

share a common synthetic pathway (up to protoporphyrinogen IX), which is well conserved among all three

domains of life  (outlined in Figure 1). The first precursor of this pathway, 5-aminolevulinic acid (ALA), can be

synthesized in two fundamentally different ways: primary heterotrophic eukaryotes and Alphaproteobacteria use

the C4 (or Shemin) pathway, the condensation of succinyl-CoA and glycine, while Eubacteria, Archaea, and

eukaryotic phototrophs form ALA from glutamate via a set of reactions termed the C5 pathway . Eight molecules

of ALA are assembled in three consecutive steps to uroporphyrinogen III, the first macrocyclic tetrapyrrole, which

can convert to siroheme. Alternatively, the next three steps of the synthesis lead to protoporphyrinogen IX. In the

chlorophyll synthesis branch, magnesium-chelatase inserts an Mg  ion into the center of the porphyrin ring. In the

heme synthesis branch, insertion of a Fe  ion into the ring by ferrochelatase (FECH) finally completes the heme

.
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Figure 1. Tetrapyrrole synthesis. Enzymes working in particular synthesis steps are denoted by acronyms in boxes

with their full names explained in the grey panel. Enzymatic steps (arrows) present in C. velia are in the grey oval.

Changes in product structure are highlighted in red.

Tetrapyrrole biosynthesis in eukaryotes is largely influenced by past endosymbiotic events, in which mitochondria

and plastids were acquired. This is reflected in the phylogenetic affinities of the associated genes, which often

demonstrate similarity to homologous genes in Alphaproteobacteria or cyanobacteria, for mitochondrial or a plastid

origin, respectively . While the tetrapyrrole pathway is almost universally present, the subcellular distribution of

the enzymes differs widely across the eukaryotic biodiversity. The location corresponds to the trophic strategy of

the organism, cellular demand for the final products of the pathway, the evolutionary origin of the enzyme, and the

need for tight regulation of the pathway .

In primary eukaryotic heterotrophs, both the initial and terminal steps of the synthesis take place in the

mitochondria, which is not surprising considering the availability of the precursor, succinyl-CoA, and the demand for

heme in the cytochromes of the respiratory chain . The common location for the start and completion of

heme synthesis is also important for the regulation of the pathway, which is mainly achieved by the heme-mediated
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inhibition of ALA formation . The middle part of the pathway in heterotrophs takes place in the cytosol,

which necessitates the transport of ALA and a porphyrin intermediate across the mitochondrial membranes .

Most phototrophs use the C5 pathway to begin the tetrapyrrole synthesis. The whole process is located inside the

plastid, the place with the highest demand for the final products, chlorophyll, and heme . The euglenid alga

Euglena gracilis  and the chlorarachniophyte Bigelowiella natans  possess both the plastid located (C5

based) pathway and the mitochondrially-cytosolic (C4 based) pathway. Apicomplexan parasites  such as

Plasmodium or Toxoplasma harbor a non-photosynthetic relic plastid (the apicoplast) and possess a rather peculiar

heme synthesis. The pathway starts via the C4 route in the mitochondrion; the next four steps are apicoplast

localized, consecutively, coproporphyrinogen oxidase (CPOX) is active in the cytosol, and the synthesis is

completed by protoporphyrinogen oxidase (PPOX) and FECH in the mitochondrion again . Such

complicated intracellular distribution of heme pathway enzymes most likely arose because of the transition from a

photosynthetic to a parasitic lifestyle .

All tetrapyrrole pathway enzymes from the organisms mentioned above are encoded in the nucleus and hence

must be targeted to a relevant compartment after translation in the cytosol. For that purpose, cells evolved various

targeting signals that can be N-terminal or C-terminal extensions or lie internally within the protein . For the

transport through the ER, proteins are equipped with an N-terminal “signal peptide” (SP). Proteins targeted to

plastids of primary phototrophs bear a “transit peptide” (TP) that is identified by translocons of outer and inner

chloroplast membrane (TOC and TIC), respectively . Complex plastids are coated with additional

membranes; to pass them, proteins need a “bipartite targeting sequence” (BTS) consisting of an SP that is cleaved

immediately after crossing the outermost membrane and a TP that escorts the protein to plastid stroma, where the

TP is also excised to expose the mature protein .

Chromera velia is an alveolate alga belonging to the group Apicomonada , isolated from stony corals from

Sydney Harbor in Australia . Together with Vitrella brassicaformis, it represents the closest known phototrophic

relative to apicomplexan parasites . Like other Apicomplexa and algae with complex plastids, chromerids host

rhodophyte-derived plastids surrounded by four membranes . Although C. velia is a phototroph,

it uses mitochondrially-located ALA synthase (ALAS) to synthesize ALA in the C4 route. All the C5 pathway

enzymes found in other phototrophs are missing from chromerids . The remaining enzymes of the pathway

(from ALA to heme) display mosaic evolutionary origins (cyanobacterial, eukaryotic, and proteobacterial). Most of

the enzymes involved in the pathway possess predicted bipartite targeting sequences (BTS) known to mediate the

import of nuclear-encoded proteins into complex plastids .

To see how the pathway is organized in the photosynthetic chromerids and to better understand what evolutionary

forces shaped the unusual pathway in Apicomplexa, we experimentally tested the locations of heme pathway

enzymes in the C. velia. As there is no transfection system for C. velia yet, we decided to use the heterologous

expression in a photosynthetic diatom and in an apicomplexan parasite. This also allowed insight into the

compatibility of targeting mechanisms between diatoms and apicomplexans, including chromerids. The best-

established transfection systems in organisms related to C. velia are those for the apicomplexans Toxoplasma

gondii and Plasmodium falciparum and for the diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum
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. Both groups of organisms, apicomplexans, and diatoms contain secondary plastids surrounded by

four membranes, and their plastid targeting mechanisms have been extensively studied .

The apicomplexan parasites are more closely related to C. velia; however, the plastids in C. velia were

hypothesized to originate from a tertiary endosymbiotic event with a stramenopile . Moreover,

diatoms and C. velia share a phototrophic lifestyle, which requires more complex regulation of the tetrapyrrole

synthesis due to the presence of the chlorophyll branch .

2. Prediction of Localization of Heme Synthesis Enzymes in
C. velia

Various bioinformatics tools can be used to predict N-terminal targeting presequences typically associated with

targeting to specific subcellular compartments. We analyzed the predicted targeting of the C. velia heme pathway

enzymes using the following algorithms: SignalP 4.1  in combination with TargetP 1.1 , to determine the

presence of bipartite targeting sequences (BTS). As C. velia hosts complex plastid surrounded by four membranes

, we also took advantage of the ASAFind predictor, designed to predict protein targeting to rhodophyte-

derived complex plastids . We ran ASAFind combined with different versions of SignalP and also used the C.

velia optimized predictor ASAFind+  in conjunction with SignalP 4.1. For mitochondrial transit peptides, we also

used the prediction method MitoFates .

According to SignalP 4.1 and TargetP 1.1, ALAS has no detectable ER signal peptide (ER-SP) or TP. This also

applies to ALAD2 and UROS. Complete BTSs composed of SPs and TPs were found in ALAD1, porphobilinogen

deaminase (PBGD), uroporphyrinogen decarboxylase 1 (UROD1), UROD2, both coproporphyrinogen oxidases

(CPOX1, CPOX2), protoporphyrinogen oxidase 1 (PPOX1), and FECH1. ER-SPs without subsequent TP were

found in UROD3 and FECH2. Mitochondrial TPs were detected in ALAD3 and PPOX2 by TargetP, while MitoFates

predicted mitochondrial TPs for UROD1 and PPOX2. Due to the good prediction performance of SignalP- and

TargetP- based methods in diatoms  and C. velia , we decided to weigh the results of SignalP/TargetP in

conjunction with ASAFind or ASAFind+ higher than the MitoFates results.

All ASAFind predictions consistently suggested plastid localization for ALAD1, PBGD, UROD1, UROD2, UROD3,

CPOX1, CPOX2, PPOX1, and FECH1. The remaining enzymes of the pathway appear to lack the ER-SP. The

output of ASAFind and ASAFind+ combined with TargetP 2.0 agreed with the results mentioned above, except for

FECH2, which according to TargetP 2.0, also has an ER-SP but no predicted plastid targeting by either ASAFind or

ASAFind+. All above-mentioned predictors agreed on ALAS, ALAD2, and UROS lacking N-terminal targeting signal

(Figure 2).
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Figure 2. In silico targeting predictions for heme biosynthesis pathway enzymes in C. velia. (a) The Euler diagram

displays the interpretation of targeting signals by various predictors. (b) Scheme showing different possibilities of

N-terminal targeting signals.

We interpret the results as follows: ALAS, ALAD2 and UROS have no detectable targeting signal. ALAD3 and

PPOX2 have TP (detected by TargetP 1.1). The remaining enzymes (ALAD1, PBGD, UROD1, UROD2, UROD3,

CPOX1, CPOX2, PPOX1, and FECH1) were predicted to be plastid-targeted proteins by most of the used

predictors.

3. Analyses of C. velia Heme Pathway Enzymes N-termini
Sequence

We analyzed the N-terminus sequence of C. velia heme pathway enzymes with predicted BTS. We compared the

aa distribution and overall net charge of these proteins with works already published on the set of plastid targeted

proteins from diatoms  and C. velia . We found that C. velia has about 50% lower frequency of serine and an

overall higher proportion of positively charged residues within the first 20 aa of the TPs than diatoms (Figure 3).

Seven of the nine predicted BTS of the C. velia enzymes of interest contain negatively charged residues that are

almost absent in diatoms .
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Figure 3. (a) ER-SP and TP domains of C. velia heme pathway enzymes. Coordinates are relative to the predicted

SP cleavage site (arrow). Only enzymes that were positive for BTS are shown, amino acids in one-letter code,

color code is identical for all panels. (b–d) Sequence logos (upper panels) and frequency plots (lower panels) of

plastid targeting BTS cleavage site motifs and TPs from (b) C. velia (n = 146 data from ), (c) diatoms (n = 166,

reproduced from ), and (d) the C. veliaheme pathway enzymes shown in A (n = 9).
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Figure 4. Heterologous expression of Phaeodactylum tricornutum with genes from Chromera velia heme pathway

enzymes. Selected enzymes were tagged on their C-terminus by eYFP (green), magenta indicates plastid

autofluorescence, MitoTracker  Orange CM-H2TMRos (ALAS, red) indicates mitochondrion. The Green eYFP

signal of C. velia ALA synthase colocalizes with the red signal of P. tricornutum mitochondrion (row ALAS). Typical

“blob-like” structures are found in heterologous expression of ALA dehydratases (ALAD1, ALAD2),

uroporphyrinogen synthase (UROS), and both ferrochelatases (FECH1, FECH2).

®
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Figure 5. Heterologous expression of Toxoplasma gondii with genes from Chromera velia heme pathway

enzymes. Immunofluorescence assays of transfected T. gondii, anti-GFP antibody were used to detect eYFP

tagged C. velia enzymes. Anti-GFP (green) colocalized with mitochondrial anti-TgMys (a-mito, red and yellow)

signal in case of ALAS and UROS. ALAD1 and ALAD2 signal were detected in the cytosol. FECH1 and FECH2

signal was found to overlap with DAPI (blue) signal at the area of parasite apicoplast. The apicoplast is denoted by

“P.” Dashed line indicates T. gondii cell border.
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Figure 7. Immunogold labeling: (a) Western blot with anti-CvALAS on total protein extract from C. velia (b)

Micrograph of C. velia ultrathin section after immunogold labeling with specific anti-CvALAS as a primary antibody.

The majority of gold particles (encircled) were detected in the mitochondria. (c) Distribution of secondary IG

particles (detecting anti-CvALAS) among cell compartments counted from all 35 micrographs. (d) Western blot with

anti-βATP on total protein extract from C. velia (e) Micrograph of C. velia ultrathin section after immunogold

labeling with specific anti-βATP as a primary antibody. The majority of gold particles (encircled) were detected in C.

velia mitochondria. (f) Distribution of secondary IG particles (detecting anti-βATP) among cell compartments

counted from all 35 micrographs. N = nucleus, M = mitochondria, P = plastid.

While the tetrapyrrole pathway starts with the ALAS in the mitochondrion in chromerids, the remaining steps likely

occur in the plastid. This model is further supported by the phylogenetic relationships among the individual

enzymes of the pathway . We summarized our findings in Table 1. The heterologous expression of C. velia

ALAD1 and ALAD2 gave the same inconsistent results, placing the protein in the cytosol of T. gondii and PPC/ER

in P. tricornutum. Despite that, we assume that ALAD1 is more likely a plastid-targeted protein because our

experimental results in P. tricornutum showed that the construct was transferred at least through the two outermost

membranes of the diatom plastid. This, together with the combination of its cyanobacterial evolutionary origin,

leads us to the conclusion that plastid localization is more plausible. The same cogitation was applied for FECH1

where the corresponding enzyme is also of cyanobacterial origin, and when heterologously expressed, it localized

to PPC/ER of P. tricornutum and also to the apicoplast of T. gondii. We decided to conclude with an “uncertain

localization” statement for ALAD3 and PPOX2 due to the absence of the experimental evidence and predictable

ER signal peptides (see Supplementary Table S2 for details), and their proteobacterial and eukaryotic origin,

respectively. Both enzymes possess predicted mitochondrial transit peptides; however, particularly in PPOX, which

makes a complex with FECH, its placement in the mitochondrion without FECH is unlikely. The localization of

ALAD3 in the mitochondrion and a formation of porphobilinogen in this organelle would require additional transport

of porphobilinogen to the plastid over the four membraned envelopes. The remaining enzymes (PBGD, UROD1,

UROD2, UROD3, CPOX1, CPOX2, and PPOX1) were concluded as “plastid” localized due to the congruency of

the prediction result. However, spatial separation of the beginning and the end of the pathway is unprecedented,

and it would require regulatory mechanisms that are not yet known. Therefore, we cannot rule out the possibility of

recent reassignments of intracellular locations or dual targeting of the enzymes. Our work on localization of C. velia

heme pathway enzymes shows that the subcellular localization of biosynthetic pathway within any organism is a

concert of multiple factors rather than a solo for one major element.
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