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Abstract

Magnesium chelatase chlIDH and cobalt chelatase cobNST enzymes are required for biosynthesis of (bacterio)chlorophyll
and cobalamin (vitamin B12), respectively. Each enzyme consists of large, medium, and small subunits. Structural and
primary sequence similarities indicate common evolutionary origin of the corresponding subunits. It has been reported
earlier that some of vitamin B12 synthesizing organisms utilized unusual cobalt chelatase enzyme consisting of a large
cobalt chelatase subunit (cobN) along with a medium (chID) and a small (chll) subunits of magnesium chelatase. In
attempt to understand the nature of this phenomenon, we analyzed >1,200 diverse genomes of cobalamin and/or
chlorophyll producing prokaryotes. We found that, surprisingly, genomes of many cobalamin producers contained cobN
and chiD genes only; a small subunit gene was absent. Further on, we have discovered a diverse group of chID genes with
functional programed ribosomal frameshifting signals. Given a high similarity between the small subunit and the N-
terminal part of the medium subunit, we proposed that programed translational frameshifting may allow chID mRNA to
produce both subunits. Indeed, in genomes where genes for small subunits were absent, we observed statistically
significant enrichment of programed frameshifting signals in chlD genes. Interestingly, the details of the frameshifting
mechanisms producing small and medium subunits from a single chlD gene could be prokaryotic taxa specific. All over,
this programed frameshifting phenomenon was observed to be highly conserved and present in both bacteria and
archaea.
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Introduction

A number of enzymes from all domains of life require a non-
protein compound known as “cofactors” for their function-
ing. A special group of cofactors, the tetrapyrrole cofactors,
are used to perform very different functions in living cells—
from photosynthesis in plants to oxygen transfer in the hu-
man body. Still, the functional core of these molecules is
formed by the tetrapyrrole structure with a metal ion coor-
dinated in the middle (Dailey 2013). The type of the metal ion
largely defines the function of the corresponding cofactor. For
example, chlorophyll, cobalamin (vitamin B12), heme, and
coenzyme F430 contain the magnesium, cobalt, iron, and
nickel ions, respectively (Guilard et al. 2003). The insertion
of the ion into tetrapyrrole is performed by specialized
enzymes called chelatases. Each chelatase is usually specific
to one metal ion and tetrapyrrole derivative (Willows and
Hansson 2003).

In total, there are seven bacterial phyla which contain chlor-
ophototrophs: Acidobacteria, Chlorobi, Chloroflexi (these three
groups are frequently called green bacteria), Proteobacteria
(commonly called purple bacteria), Gemmatimonadetes,
Cyanobacteria, and Firmicutes (Thiel et al. 2018). There are
several different types of bacteriochlorophylls, including the

Zinc-containing bacteriochlorophylls, that can be found in var-
ious phototrophic bacteria (Wakao et al. 1996; Thweatt et al.
2019). On the other hand, chlorophyll is synthesized by
Cyanobacteria as well as chloroplasts of algae and plants that
are believed to have common evolutionary origin (Keeling
2004). The biosynthesis of Mg’ -containing chlorophylls and
bacteriochlorophylls requires the magnesium chelatase that
performs the insertion of the magnesium ion (Mg?") into
protoporphyrin 1X (Walker and Willows 1997). This enzyme
consists of small (I), medium (D), and large (H) subunits
(Bollivar et al. 1994; Gibson et al. 1995). The corresponding
genes are called chll, chID, and chiH in the genomes of chloro-
phyll-producing organisms and bchl, bchD, and bchH in bac-
teriochlorophyll producers. To reduce the number of different
gene names in this work, we will use the chll, chID, and chiH
terminology for both groups of genes.

Another chelatase, the aerobic cobalt chelatase cobNST, is
highly similar to the magnesium chelatase and these two
enzymes are believed to have common evolutionary origin
(Fodje et al. 2001; Lundqvist et al. 2009). Cobalt chelatase is
involved in de novo cobalamin (vitamin B12) biosynthesis
and performs insertion of cobalt ion (Co?") into hydrogeno-
byrinic acid a,c-diamide (Raux et al. 2000; Martens et al. 2002).
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Like the Mg-chelatase, it also consists of small (S), medium
(T), and large (N) subunits that are encoded by the cobS,
cobT, and cobN genes, respectively (Debussche et al. 1992).
Moreover, some prokaryotic genomes encode the small and
the medium subunits of the Co-chelatase using the corre-
sponding Mg-chelatase genes, so their chimeric Co-chelatases
are encoded by the chll, chID, and cobN genes (Rodionov et al.
2003).

Translational or programed ribosomal frameshifting (PRF)
is a special type of recoding utilized for expression of some
genes and can be found in all domains of life (Baranov et al.
2002a). On PRF, a ribosome changes the initial reading frame
at a specific location in mRNA known as frameshifting signal.
It usually consists of a “slippery site” (i.e, the point where the
translating ribosomes actually change the reading frame) and
the stimulatory element(s) around it that increase the frame-
shifting efficiency (Atkins et al. 2016). It should be noted that
such signals are most frequently present in viral genes and
their derivatives (such as mobile elements), but very rarely
observed in the cellular genes (Sharma et al. 2011). In fact,
there are only a handful of native prokaryotic genes (including
prfB [Craigen and Caskey 1986], dnaX [Blinkova et al. 1997]
and copA [Meydan et al. 2017]) that utilize this mechanism
for their expression. In all these cases, there are specific bio-
logical functions associated with these signals. For example,
the frameshifting signal in some genes (e.g, dnaX, copA, gag-
pol) allows the synthesis of two different proteins (a short one
and a long one) from the same mRNA. In such genes, the
frameshifting efficiency (i.e, the fraction of the ribosomes that
change the reading frame at the PRF signal) defines the ratio
between the two products. In other cases (e.g, the prfB gene
in Escherichia coli or the OAZ1 gene [Ivanov and Atkins 2007]
in the human genome), the PRF signal can function as a
biosensor and provide the autoregulation of the gene expres-
sion at the translational level. These important biological
functions impose evolutionary constraints on the compo-
nents of the frameshifting signal (i.e, the slippery site and
the stimulatory elements). Particularly, the conservation of
the slippery site where the actual frameshifting occurs can
be observed for all the known PRF signals. Thus, the ab initio
frameshift prediction algorithm (Antonov and Borodovsky
2010) combined with the comparative genomics approaches
have allowed us to identify several new gene families with
functional PRF signals (Antonov, Baranov, et al. 2013).

Genes from one of these families were annotated as
“magnesium chelatase.” They contained putative PRF signals
located near the predicted frameshift positions. The signals
from one bacterial (Delftia acidovorans SPH-1) and two ar-
chaeal  (Methanocaldococcus  fervens  AG86  and
Methanocaldococcus sp. FS406-22) genes have been experi-
mentally validated in the E coli model system and have
shown the ability to efficiently (up to 60%) divert translation
into the —1 alternative reading frame (Antonov, Coakley,
et al. 2013). This suggested that the functioning of the frame-
shifting signals may allow the correction of the frameshift
mutations and the generation of the full-length products
from the corresponding genes. Thus, the goal of the present
study was to determine the possible biological function of the
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conserved and highly efficient PRF signal in the “magnesium
chelatase” genes.

Here, we showed that the identified genes with the vali-
dated PRF signals were more similar to the chID genes that
encoded the medium Mg-chelatase subunit. Importantly, it
has been shown that the small chelatase subunit has similarity
to the N-terminal part of the medium subunit. Consequently,
it has been suggested that the chID and chll are paralogous
genes and chll originated via partial duplication of the chiD
(Xiong et al. 1998). The frameshifting signals in the chID genes
were located at the end of the chID region with putative
homology to the chll gene. Given the similarity between these
two genes, we hypothesized that the translational frameshift-
ing may allow the chID mRNA to produce two functional
proteins—the small and the medium chelatase subunits. The
results obtained in the present study supported this theory.
Various genotypes and molecular mechanisms that can be
used by different prokaryotes to encode the Mg-/Co-chela-
tases were also considered in this work.

Results

The chID Genes with the Validated Frameshfiting
Signals May Encode Subunits of the Aerobic Cobalt
Chelatase

Our first goal was to determine which Mg-chelatase subunit
was encoded by the three frameshifted genes (from D. acid-
ovorans SPH-1, M. fervens AG86, and Methanocaldococcus sp.
FS406-22) containing the experimentally validated PRF signals
(supplementary table 1, Supplementary Material online). The
lengths of the full-length proteins (610 aa, 681 aa, and 679 aa,
respectively) corresponded to the medium chelatase subunits
(supplementary fig. 1, Supplementary Material online). To
determine their relationship to the chID, bchD, and cobT
genes, we prepared a reference phylogenetic tree where the
annotated genes formed three distinct branches (supplemen-
tary fig. 2A, Supplementary Material online). The products of
the three genes with the validated frameshifting signals were
more similar to the cyanobacterial ChID proteins (supple-
mentary fig. 2B, Supplementary Material online). Thus, in
this work, we will refer to these frameshifted genes as “fs-
chiD.”

The product of the chID gene is usually involved in bio-
synthesis of (bacterio)chlorophyll as a part of the Mg-chela-
tase. However, the living conditions of the three organisms
containing the fs-chID genes with validated frameshifting sig-
nals suggested that they were unable to obtain energy from
photosynthesis. Indeed, D. acidovorans SPH-1 is a soil bacteria
(and a rare human pathogen; Bilgin et al. 2015) and
Methanocaldococcus are deep-sea archaea living in hydrother-
mal vents (Mehta and Baross 2006).

To investigate whether the D. acidovorans SPH-1, M. fer-
vens AG86, and Methanocaldococcus sp. FS406-22 were able to
synthesize (bacterio)chlorophyll, we compared the sets of the
genes present in their genomes with the gene sets that can be
found in the genomes of known bacterial phototrophs (pro-
teobacteria Rhodobacter sphaeroides and cyanobacteria
Nostoc punctiforme). This analysis revealed that the three
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Fic. 1. Identification of the genes encoding magnesium and cobalt chelatase subunits as well as the other genes from the chlorophyll and
cobalamin (vitamin B12) biosynthesis pathways. The color of the cells corresponds to the tBLASTn —log10(E-value) produced by a set reference
proteins that were used as queries (see supplementary data, Supplementary Material online). White colors indicate the gene absence. The top
three genomes contain frameshifted chiD genes. The bottom three organisms possess cobalamin biosynthesis pathway genes. Additionally,
Rhodobacter sphaeroides 2.4.1 and Nostoc punctiforme PCC 73102 are able to synthesize (bacterio)chlorophyll as well.

genomes containing the frameshifted genes lacked the genes
encoding the small Mg-chelatase subunit (chll or bchl) as well
as the other key genes required for de novo (bacterio)chlo-
rophyll biosynthesis (fig. 1, left). Additionally, the D. acidovor-
ans SPH-1 genome did not have the chl/H gene encoding the
large subunit of the Mg-chelatase. This indicated that these
three species were not able to synthesize (bacterio)chloro-
phyll. Thus, we concluded that the function of the frame-
shifted “magnesium chelatase” genes may currently be
misannotated, because this enzyme may not even be pro-
duced by these prokaryotes.

It has been suggested earlier that the ChID and Chll pro-
teins can function as subunits of the cobalt chelatase from the
aerobic cobalamin (vitamin B12) biosynthesis pathway
(Rodionov et al. 2003). It should be noted that in addition
to chlorophyll, R. sphaeroides and N. punctiforme are able to
synthesize vitamin B12 as well (Warren and Deery 2009).
Additionally, it has been reported that Mycobacterium tuber-
culosis has the ability for de novo cobalamin biosynthesis
(Gopinath et al. 2013). Thus, we compared the genes from
Methanocaldococcus and D. acidovorans SPH-1 with the genes
present in these three cobalamin producers. Indeed, many
genes from the vitamin B12 biosynthesis pathway were pre-
sent in the three genomes including the cobN gene encoding
the large Co-chelatase subunit (fig. 1, right). Moreover, in all
three genomes, the frameshifted chID genes were colocalized
with the cobN genes that additionally supported their possi-
ble functional connection (supplementary fig. 3,
Supplementary Material online). Additionally, the cobS and
cobT genes encoding the small and the medium Co-chelatase
subunits were absent in the two archaeal genomes (fig. 1).

These observations indicated that the products of the frame-
shifted chID genes were likely to function in the vitamin B12
biosynthesis pathway as subunits of cobalt chelatase.

The Hypothesis: The Small and the Medium Chelatase
Subunits May Be Generated from the Same chID Gene
via Frameshifting

It has been known for a long time that the small (Chll or
CobS) chelatese subunit is highly similar to the N-terminal
part of the medium (ChID or CobT) chelatase subunit
(Walker and Willows 1997). At the same time, all the three
validated frameshifting signals in the chID genes were located
at the end of the region with similarity to the small subunit
and in between the gene parts encoding protein domains.
Thus, given the stochastic way of PRF functioning, the two
different proteins can be produced from the chID gene with a
frameshifting signal (fig. 2 and supplementary table 2,
Supplementary Material online). On one hand, the conven-
tional translation (i.e, without frameshifting) generates the
short protein (due to the premature stop codon) that is
similar to the small Mg-chelatase subunit Chll. On the other
hand, translation with —1 frameshifting results in the long
product with similarity to the medium Mg-chelatase subunit
ChID. Therefore, we hypothesized that the function of the
PRF signal in the chID gene is to provide synthesis of the two
chelatase subunits from the same gene. Consequently, one
can expect that a genome with a frameshifted chID gene
would lack a separate gene encoding small chelatase subu-
nit—that is, something similar to what was observed in the
two Methanocaldococcus genomes (fig. 1). To investigate this
hypothesis further, our next goals were to identify all the
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FiG. 2. The domain structures of the annotated ChID and Chll proteins (produced from two different genes) and the two putative products of the

fs-chID gene with validated frameshifting signal.

prokaryotic genomes with the chID genes (frameshifted or
not) and to analyze the presence/absence of the other genes
encoding the Mg-/Co-chelatase subunits.

The chID Genes Are Present in Diverse Prokaryotic
Genomes

In order to identify all organisms containing the chiD gene,
the TBlastN tool was applied to the prokaryotic genomes
from the Reference and Representative NCBI sets. Pairs of
TBlastN searches using the three chiD genes with validated
frameshifting signals as queries allowed us to find the frame-
shifted as well as the normal chID genes (see Materials and
Methods). In total, among the 5,616 analyzed complete pro-
karyotic genomes, there were 1,207 genomes (22%) with the
medium chelatase subunit genes (supplementary table 3 and
fig. 4, Supplementary Material online). Among them, there
were 167 genomes containing 169 frameshifted genes. All the
identified frameshifted genes were more similar to the me-
dium subunit of the Mg-chelatase (chID and bchD genes)
rather than to the cobT gene of the Co-chelatase (supple-
mentary fig. 2C, Supplementary Material online). Most fre-
quently, they were present in the genomes of proteobacteria,
actinobacteria, chloroflexi, and euryarchaeota.
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To determine whether the identified fs-chiD genes func-
tion as subunits of magnesium or cobalt chelatase, we pre-
dicted possible phenotypes of the corresponding species, that
is, whether they were able to synthesize (bacterio)chlorophyll
or cobalamin (or both). Search for the representative genes
from these pathways revealed that only ~18% of the chID-
containing genomes may be able to synthesize (bacterio)chlo-
rophyll, whereas >62% of organisms contained many genes
from the cobalamin biosynthesis pathway (fig. 3). Thus, the
majority of the fs-chID genes may encode cobalt chelatase
subunits.

Overview of Different Chelatase Genotypes

The results obtained in this and other studies suggested that
the Mg- and Co-chelatases can be synthesized from several
different gene sets (“chelatase genotypes”). Namely, the three
component magnesium chelatase can be encoded by a full
set of three separate genes (the “chlH, chiD, chll” genotype—
fig. 4A). Similarly, the cobalt chelatase cobNST can be pro-
duced from the “cobN, cobT, cobS” genotype (fig. 4B).
Additionally, the small and the medium Mg-chelatase sub-
units can also function as parts of the chimeric Co-chelatase
(Rodionov et al. 2003) (fig. 4C and D). Finally, the translational
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Fic. 3. Identification of the possible phenotypes of the organisms containing chiD genes. The heatmap was built in the same way as the heatmap in
figure 1. The species from each taxonomic group were ordered according to the 16S rRNA phylogenetic tree. *Only genomes with annotated 16S

rRNAs were included.

frameshifting may allow chelatase synthesis from a reduced
two-gene genotype (fig. 4E).

To find out the frequencies of different genotypes among
the 1,207 species, we analyzed the presence/absence of the
genes encoding chelatase subunits. A number of genomes
had the complete three-gene genotypes as well as the re-
duced two-gene genotypes (supplementary fig. 5,
Supplementary Material online). Notably, there were 78
genomes with the “cobN, fs-chID” genotype, that is, they
contained one cobN (the large subunit of the cobalt chela-
tase) and one fs-chID gene, whereas the gene(s) encoding the
small chelatase subunit (chll, bchl, or cobS) was absent.
Overall, the small chelatase subunit gene was absent in 113
out of the 139 (81%) genomes that had the fs-chID gene and
at least one large chelatase subunit gene (supplementary fig,
6, Supplementary Material online). This observation sup-
ported the proposed hypothesis.

Unexpectedly, the “cobN, chID” genotype was one of the
most frequent genotypes. Taking into account that the ch/D
gene did not have a frameshift, it was unclear how the small
chelatase subunit can be generated from these reduced gene
sets. Moreover, this genotype demonstrated evolutionary

conservation as it was common for actinobacteria, proteo-
bacteria, and euarchaeota. Based on the analysis of the fra-
meshifted chID genes, we additionally hypothesized that
some of the normal (i.e, not frameshifted) chiD genes may
also contain embedded signals that may provide the synthesis
of the small chelatase subunit (fig. 4F). Thus, for each of the
phylogenetic group, we also searched for the possible “in-
frame” signals inside the chID genes. Possible molecular mech-
anisms that can be used to generate all chelatase subunits
from different gene sets are considered below.

Proteobacteria: —1 Translational Frameshifting

More than half of all the identified fs-chID genes (87 out of the
169) were found in proteobacteria and all of them were of the
—1 type. This included the frameshifted gene from D. acid-
ovorans SPH-1 containing the — 1 frameshifting signal that has
been experimentally validated in our previous work (Antonov,
Coakley, et al. 2013). Importantly, we observed a statistically
significant enrichment of the fs-chID genes in the genomes
with the reduced genotypes (Fisher’s exact test P value =
1 X 10 — 6—see supplementary fig. 7, Supplementary
Material online). This indicated that the presence of a
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Cyanobacteria

Mg-chelatase: (Gibson et al. 1995)
Co-chelatase: (Rodionov et al. 2003)
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D
Co-chelatase: (Rodionov et al. 2003)
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E Proteobacteria, Actinobacteria, Archaea
Co-chelatase: (this study)
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D:> - chID gene with a frameshifting signal

[I:> - fs-chID gene with a frameshifting signal and a frameshift mutation

Fic. 4. The proposed mechanisms of the Mg-/Co-chelatase synthesis from different genotypes. For visualization purposes, a chelatase is depicted as

a sausage (small subunit) and a hot dog (medium subunit) on a plate (large subunit). This representation highlights that facts that each of the
chelatases consists of three different subunits and that the small subunit is similar to a part of the medium subunit (in other words, “a sausage is a

part of a hot dog”).
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Fic. 5. Predicted —1 frameshifting signals in the chID genes from (A) Delftia acidovorans SPH-1, (B) Burkholderia pseudomallei K96243, and (C)
Marinomonas posidonica IVIA-Po-181. The first nucleotide in each sequence corresponds to the first codon position in the original reading frame.
The putative poly-A slippery sites and in-frame stop codons are marked by colors. Importantly, the D. acidovorans SPH-1 and Pseudomonas
aeruginosa PAOT sequences contain a frameshift, so that the normal translation (without frameshifting) encounters a premature stop codon and
produces a truncated protein (a putative small chelatase subunit). In contrast, the Marinomonas posidonica IVIA-Po-181 gene does not have a
frameshift at the DNA level and its normal translation produces a full-length medium chelatase subunit. A —1 frameshifting at the slippery site
would lead to the premature translation termination due to the out-of-frame stop codon and the production of the putative small chelatase

subunit.

frameshift mutation in the chID gene can compensate for the
absence of a separate gene encoding the small subunit. Indeed,
the translational frameshifting can provide the production of
two chelatase subunits from fs-chiD genes.

The validated frameshifting signal from D. acidovorans
SPH-1 chID gene contained the well-known —1 slippery site
A_AAA_AAA immediately upstream of the premature stop
codon (fig. 5A and supplementary table 1, Supplementary
Material online). In total, this slippery site was present in 84
out of the 87 proteobacterial fs-chID genes (supplementary
fig. 8 Supplementary Material online). Additionally, many
genes had strong secondary structures downstream of the
predicted slippery sequences. This included the chiD genes
from the important human pathogens Pseudomonas aerugi-
nosa PAOT and Burkholderia pseudomallei K96243 that were
also missing the small chelatase subunit genes (fig. 5B).
Together, these observations suggested strong conservation
of the —1 frameshifting signal in the proteobacterial fs-chID
genes.

It should be noted that there were 47 proteobacterial
genomes with the “cobN, chID” genotype and many of these
species were cobalamin producers. It was unclear how the
small subunit of the aerobic cobalt chelatase can be generated
from this reduced genotype. We hypothesized that its func-
tioning can be similar to the “cobN, fs-chID” genotype. The
main difference between them is that upon frameshifting the
fs-chID gene produces the medium subunit, whereas the

frameshifting in the normal chID gene leads to premature
termination of translation and generation of the small sub-
unit. Such a mechanism would require the presence of the
frameshifting signal in the chID genes from the “cobN, chID”
genomes. Our search for such “in-frame” signals revealed pu-
tative slippery sites in 9 (19%) out of the 47 chID genes (sup-
plementary table 4, Supplementary Material online).
Moreover, the strong secondary structure and the stop codon
in the —1 alternative frame were also present downstream of
the putative slippery site (see fig. 5C for a representative case).
Thus, these regions were likely to function as —1 frameshift-
ing signals as well.

The frameshifting signal can allow a chID gene (frame-
shifted or not) to encode both the small and the medium
chelatase subunits. However, such “dual coding” was not
needed if a small chelatase subunit gene was present in the
genome. Consequently, we expected that the chID genes
from the genomes with the full set of the chelatase genes
(such as “cobN, chiD, chll,” “chlH, chID, chll,” “cobN, cobT, cobs,
chiH, chID, chll”) did not have such signals. Indeed, only 2 out
of the 112 chID genes from the genomes with the complete
genotypes contained the putative slippery sites. Thus, we
observed a statistically significant enrichment of the putative
slippery sites in the chID genes from the reduced genotypes
(Fisher's exact test P value = 1.1 X 10~ % —see supplemen-
tary fig. 9, Supplementary Material online). This supported
the hypothesis that two chelatase subunits can be generated
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were generated from the gap-free codon alignments.

from the chID genes (with or without a frameshift mutation)
due to the presence of the frameshifting signal.

Actinobacteria: -1 Translational Frameshifting
Among the 38 fs-chID genes from Actinobacteria (see sup-
plementary table 3, Supplementary Material online), 27 were
present in the genomes with the “cobN, fs-chID” genotype
(supplementary fig. 5, Supplementary Material online).
Interestingly, in contrast to proteobacteria, the majority of
the actinobacterial fs-chID genes had the +1 frameshifts, that
is, the ribosome needed to skip a single nucleotide (or move
two nucleotides backward) in order to bypass the premature
stop codon and continue reading the long ORF. Namely,
there were 29 and 9 fs-chID genes with +1 and —1 frame-
shifts, respectively. The majority of the fs-chID genes with +1
frameshift were predicted in Corynebacterium genomes (in-
cluding the human pathogen Corynebacterium diphtheriae).
Our analysis of these genes revealed a putative +1 frameshift-
ing signal located upstream of the premature stop codon. The
signal consisted of two consecutive “slow” codons (encoding
proline and phenylalnine) as well as an internal Shine-
Dalgarno like sequence (fig. 6A). It should be noted that pro-
line codons have been reported to induce +1 programed
frameshifting (O’'Connor 2002; Maehigashi et al. 2014) and
the internal Shine—Dalgarno like site can stimulate the frame-
shifting efficiency (similarly to the well-studied +1 signal in
the prfB gene encoding the release factor 2; Baranov et al.
2002b). Thus, it is likely that actinobacteria from the
Corynebacterium genus use +1 translational frameshifting
to produce two chelatase subunits from the single chiD
mRNA.

Although the majority of the Actinobacterial genomes had
the complete “cobN, chID, chll” genotype, there were 139
“cobN, chID” genomes (supplementary fig. 5, Supplementary
Material online). More than half of the actinobacterial
genomes with this genotype were from the Streptomyces ge-
nus including the well-known cobalamin producer
Streptomyces olivaceus (Hall et al. 1953). We identified a sim-
ilar conserved +1 frameshifting signal in these frameshift-free
chiD genes as well (fig. 6B). We also analyzed the nine actino-
bacterial chID genes with —1 frameshifts and one of them
contained a putative frameshifting signal that resembled the
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signals from some of the proteobacterial fs-chID genes (sup-
plementary fig. 10, Supplementary Material online).
Therefore, a number of actinobacterial chID genes contained
putative frameshifting signals and, similarly to proteobacteria,
may be able to generate two chelatase subunits from the
single chID gene.

Cyanobacteria

The majority of the cyanobacterial genomes contained many
genes from both the chlorophyll and the cobalamin biosyn-
thesis pathways (fig. 3). In 75 out of the 76 analyzed genomes,
the subunits of the magnesium chelatase were encoded by
the complete set of genes (the “cobN, 2xchlH, chID, chll” and
“cobN, chlH, chID, chll” genotypes—see supplementary fig. 5,
Supplementary Material online). Consequently, we did not
observe any fs-chID genes in these genomes.

In addition to the Mg-chelatase genes, most of the cyano-
bacterial genomes also contained the cobN gene (encoding
the large subunit of the Co-chelatase) as well as the other
genes from the cobalamin biosynthesis pathway. Thus, a
number of proteobacteria and cyanobacteria may be able
to synthesize both the cobalamin and the (bacterio)chloro-
phyll. However, the required Co- and Mg-chelatases were
encoded by different sets of genes in these two groups of
bacteria. A number of proteobacteria encoded both chela-
tases with the two complete sets of genes (i.e, the “cobN,
cobT, cobS, chiH, chiD, chil” genotype). On the other hand, the
majority of Cyanobacteria had a complete set of the magne-
sium chelatase genes, whereas the cobalt chelatase was rep-
resented by a single cobN gene only (the “cobN, chiH, chiD,
chll” and “cobN, 2xchiH, chID, chll” genotypes). Thus, the
aerobic cobalt chelatase in cyanobacteria is likely to be as-
sembled from the products of the cobN, chID, and chll genes
(Rodionov et al. 2003).

Archaea: Possible Transcriptional Slippage

All three frameshifting signals that have been tested in our
previous work (Antonov, Coakley, et al. 2013) have shown
high efficiency (up to 63%) to induce —1 frameshifting (sup-
plementary table 1, Supplementary Material online).
However, in that study, we have not investigated the details
of the molecular mechanisms. The presence of the strong

020z Aepy g0 uo npa-yosieb@AouoiueueAl Aq €761 18S/L 80BBSW/ASGIOW/SE0] 0L /I0p/10BISqE-3]0ILB-090UBAPR/aqW/WO02 dNo dIWapeae//:sdiy Woi) papEojUMO(]


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa081#supplementary-data

Two Chelatase Subunits from the Single chID Gene - doi:10.1093/molbev/msaa081

MBE

secondary structure downstream of the poly-A slippery site
suggested that the bacterial signal induced the translational
slippage. On the other hand, the two validated archaeal sig-
nals lacked strong RNA basepairing and had longer poly-A
slippery sites (supplementary fig. 11, Supplementary Material
online). This indicated that in archaea the stochastic correc-
tion of the frameshift mutation in the ch/ID may happen
during transcription in the process known as transcriptional
slippage or programed transcriptional realignment.

In total, we identified 25 archaeal genomes with 27 frame-
shifted chID genes (including the two validated cases).
Stretches of nine or more consecutive T's or A’s immediately
upstream of the premature stop codon were observed in 21
out of the 27 archaeal fs-chID genes indicating the conserva-
tion of the putative slippery sites (supplementary fig. 12,
Supplementary Material online). A characteristic property
of the archaeal genotypes was the presence of several genes
encoding the large chelatase subunits. Still, the frameshifted
chlD genes were mainly present in the genomes, where the
genes encoding the small chelatase subunit were absent.
Thus, the production of two subunits from the single chiD
gene is likely to happen in archaea as well.

Discussion

In this work, we performed a comparative genomics analysis
of the magnesium and cobalt chelatase genes from >1,200
prokaryotic genomes. This analysis was motivated by our
previous work where we identified and experimentally vali-
dated programed frameshifting signals from three frame-
shifted chID genes (Antonov, Coakley, et al. 2013). The chID
gene encodes the medium subunit of the magnesium chela-
tase, whereas the large and the small subunits of this enzyme
are encoded by the chlH and chll genes, respectively. To in-
vestigate the role of the frameshifting signal, we searched for
normal as well as frameshifted chID genes in a representative
set of complete prokaryotic genomes. Surprisingly, the ma-
jority of the identified species were cobalamin producers and
their genomes contained aerobic cobalt chelatase cobNST
that was similar to the Mg-chelatase chlIDH. As the two
chelatases are highly similar to each other, some of their genes
can be interchangeable. Thus, in each chlD-containing ge-
nome, we identified all the genes encoding subunits of the
chlIDH and cobNST enzymes. Next, we analyzed different
gene sets that can be used to encode the magnesium and/
or cobalt chelatases.

The photosynthetic bacteria encoded the Mg-chelatase
using the full set of three genes (fig. 4A-C). Additionally,
many photosynthetic proteobacteria were also cobalamin
producers and they encoded the two chelatases with two
full sets of genes (the “cobN, cobT, cobS, chiH, chID, chll” ge-
notype—fig. 4B). In contrast, in cyanobacteria and some acti-
nobacteria (Rodionov et al. 2003), the products of the chiD
and chll genes were likely to function as subunits of the mag-
nesium as well as the cobalt chelatases (fig. 4C and D).

We noticed that the fs-chID genes were mainly present in
the genomes of the cobalamin, rather than chlorophyll

synthesizing organisms. Additionally, the small chelatase sub-
unit genes were missing from these genomes, that is, many of
them had the “cobN, fs-chID” genotype. Notably, this included
such human pathogens as P. aeruginosa PAO1, B. pseudomallei
K96243, C. diphtheriae, and Nocardia brasiliensis ATCC 700358.
Given the high similarity between the Chll protein and the N-
terminal part of the ChID protein, we hypothesized that trans-
lational frameshifting may allow the chID mRNA to produce
both the small and the medium subunits of the aerobic cobalt
chelatase (fig. 4E). The obtained results from different prokary-
otic phyla supported this theory.

Surprisingly, yet another genotype with missing small che-
latase subunit gene (“cobN, chiD”) was frequently observed in
our analysis. It was common for three different prokaryotic
groups (actinobacteria, proteobacteria, and archaea) indicat-
ing its conservation and functionality. As many of the corre-
sponding species were able to synthesize cobalamin
aerobically, we assumed that the corresponding chiD genes
also contained the frameshifting signals that would allow
them to produce the small subunit as well (fig. 4F). Indeed,
we were able to identify such putative signals in some of the
chID genes from these genomes.

It should be noted that many fs-chID genes are currently
annotated as two separate adjacent genes or as frameshifted
pseudogenes. Based on the obtained results, we argued that
many of them actually constitute functional genes with fra-
meshifting signals. This feature may allow the production of
both the small and the medium cobalt chelatase subunits.
The correction of the current annotations may help to avoid
possible confusions regarding the missing chelatase genes in
some genomes.

Further studies of the chID genes and the embedded
recoding signals may also be interesting from the evolutionary
point of view. In fact, the chID gene may have appeared very
early in the evolution—it has recently been short listed
among the genes that can be traced back to the last universal
common ancestor (Weiss et al. 2016). Thus, it seems possible
that the modern chID, bchD and, probably, cobT genes may
have originated from that proto-gene. Consequently, it was
surprising to observe various recoding mechanisms in the
chID genes from different prokaryotic groups. Namely, puta-
tive transcriptional slippage, —1 and +1 translational frame-
shifting may be utilized by archaea, proteobacteria, and
actinobacteria, respectively. Such a diversity of molecular
mechanisms may be a result of a convergent evolution.
Apparently, the ability to encode two proteins in the same
chID gene provided evolutionary advantages such as the pos-
sibility for cotranslational assembly of the chelatase protein
complex. The synthesis of two proteins from the same mRNA
ensures their spacial proximity for immediate interaction.
Indeed, it has been shown that the small and the medium
subunits form a separate protein complex that binds to the
large subunit to make the functional chelatase (Debussche
et al. 1992). At the same time, this mechanism was not ob-
served in the Mg-chelatase genes possibly indicating that
some required mutations in the chID and/or chll genes
made it impossible to encode these two subunits in the
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same gene. Partial duplication of the chID gene early in the
evolution of photosynthesis might have resolved this genetic
conflict (Xiong et al. 1998).

It is important to note that there is an anaerobic biochem-
ical pathway of cobalamin biosynthesis. The two alternative
pathways are used by anaerobic and aerobic prokaryotes.
Although a number of enzymes function in both pathways,
the corresponding cobalt chelatases are different and do not
share the same evolutionary origin. Taken into account that
aerobic cobalt chelatase cobNST is likely to be homologous to
the magnesium chelatase chlIDH, it seems reasonable to as-
sume that aerobic vitamin B12 pathway appeared in the
evolution after the appearance of the oxygenic photosynthe-
sis. On the other hand, the anaerobic pathway may have been
utilized by the ancient prokaryotes for cobalamin biosynthesis
before the accumulation of the oxygen in the atmosphere.
Such a logic may provide useful guidelines for the order in
which different biochemical pathways appeared in the evo-
lutionary history of life. Thus, the future studies of the frame-
shifting signal in the chID genes may shed a new light on the
early evolution of chlorophyll and/or cobalamin biosynthesis
pathways.

Materials and Methods

The TBlastN (Camacho et al. 2009) tool was used to identify
the genomes containing chID gene(s). The translations of the
three chID genes with the validated frameshifting signals were
used as queries (see supplementary table 5, Supplementary
Material online). To allow the identification of the other
frameshifted chID genes, two separate tBASTn searches (E-
value threshold = 107¢) were performed using the N-termi-
nal (i.e, before the frameshift) or the C-terminal (after the
frameshift) part of each query protein. The genomic regions
with adjacent hits (in the correct order) with up to one
frameshift were classified as chID genes.

In order to identify the small and the large chelatase sub-
unit genes as well as the other genes from the chlorophyll and
cobalamin biosynthesis pathways, TBlastN search was per-
formed for a set of reference query proteins. Namely, the
query list included four large (chlH, bchH, and two CobN
proteins) and four small (chll, bchl, and two cobS proteins)
chelatase subunits from diverse phylogenetic groups (see sup-
plementary data, Supplementary Material online).
Additionally, we considered the 461 aa long “magnesium
chelatase” protein (WP_085243324.1) from Mycobacterium
europaeum as a putative small chelatase subunit because it
had similarity to the annotated Chll proteins (TBlastN E-value
< 10™"), contained the “Mg-chelatase subunit Chll” domain
(COG1239) and was frequently present in the actinobacterial
genomes, where the reference small chelatase subunits did
not produce any hits.

Given the similarities between different chelatase subunits,
we imposed additional constraints on their lengths. Namely,
we required that the small chelatase subunits were between
250 aa and 500 aa, medium—between 500 aa and 800 aa and
large—between 1,000 aa and 2,000 aa (these values corre-
sponded to the lengths of the annotated chelatase
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subunits—see supplementary fig. 1, Supplementary Material
online). The identified genes were automatically annotated
(i.e, assigned a gene name like chID, bchD, or cobT) by the
best reciprocal hit approach.

The phylogenetic trees were constructed using RAXML
version 82.12 (Stamatakis 2014). Subsequent phylogenetic
analyses and visualizations were performed by the “ape” R
package (Paradis and Schliep 2019). All the heatmaps were
generated using the ComplexHeatmap R package (Gu et al.
2016).

The RNA secondary structures were predicted using the
RNAfold web server (Lorenz et al. 2011) available at http://
rna.tbi.univieacat/cgi-bin/RNAWebSuite/RNAfold.cgi  (last
accessed November 25, 2019). The sequence logos were gen-
erated using the WebLogo server (Crooks et al. 2004) available
at  https://weblogo.berkeley.edu/logo.cgi (last accessed
October 15, 2019).

Data Availability

The code that was used to generate the images and the
corresponding raw data files are available at https://github.
com/vanya-antonov/article-chelatase.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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