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It is known that the West African lungfish (Protopterus annectens) har-

bours multiple myoglobin (Mb) genes that are differentially expressed in

various tissues and that the Mbs differ in their abilities to confer tolerance

towards hypoxia. Here, we show that other lungfish species (Pro-

topterus dolloi, Protopterus aethiopicus and Lepidosiren paradoxa) display a

similar diversity of Mb genes and have orthologous Mb genes. To investi-

gate the functional diversification of these genes, we studied the structures,

O2 binding properties and nitrite reductase enzymatic activities of recombi-

nantly expressed P. annectens Mbs (PanMbs). CD spectroscopy and small-

angle X-ray scattering revealed the typical globin-fold in all investigated

recombinant Mbs, indicating a conserved structure. The highest O2 affinity

was measured for PanMb2 (P50 = 0.88 Torr at 20 °C), which is mainly

expressed in the brain, whereas the muscle-specific PanMb1 has the lowest

O2 affinity (P50 = 3.78 Torr at 20 °C), suggesting that tissue-specific O2

requirements have resulted in the emergence of distinct Mb types. Two of

the mainly neuronally expressed Mbs (PanMb3 and PanMb4b) have the

highest nitrite reductase rates. These data show different O2 binding and

enzymatic properties of lungfish Mbs, reflecting multiple subfunctionalisa-

tion and neofunctionalisation events that occurred early in the evolution of

lungfish. Some Mbs may have also taken over the functions of neuroglobin

and cytoglobin, which are widely expressed in vertebrates but appear to be

missing in lungfish.

Introduction

Lungfish (Dipnoi) are of particular scientific interest

because they are considered as ‘living fossils’ and the

closest living relatives of tetrapods [1–3]. Moreover,

lungfish harbour various specific morphological, physi-

ological and molecular adaptations that allow them to

tolerate hypoxic environments [4]. Recent studies iden-

tified eight distinct myoglobin (Mb) genes in the West

African lungfish (Protopterus annectens) [5]. This

diversity is unusual because most vertebrates harbour

a single Mb in the haploid genomes [6].

Myoglobin is a member of the superfamily of glo-

bins, which is a classic model system for the study of

the evolution and function of proteins and genes [7–

10]. Globins are small, globular proteins that are

mainly responsible for the binding of oxygen (O2), but

also may have other functions. Globins have a Fe2+
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ion in the centre of their porphyrin prosthetic group

and share the unique structure that typically consists

of eight alpha helices. In addition to the well-known

Mb and haemoglobin (Hb), vertebrates harbour six

other globin types, which commenced to diversify even

before the radiation of vertebrates [6]. The globin

types are as follows: neuroglobin (Ngb) [11], cytoglo-

bin (Cygb) [12–14], globin X, globin Y, globin E

(GbE) [15,16] and androglobin [17]. However, the

functions of these recently identified globins are mostly

not well understood [6,18,19].

Myoglobin is a monomeric protein consisting of

~ 150 amino acids (~ 17 kDa). It was the first protein

with a resolved protein structure at an atomic scale

[20,21]. The main function of Mb is the transport and

storage of O2 in striated (skeletal and heart) muscles

[22–24]. For the effective extraction of oxygen from

the blood, the typical Mb has a higher O2 affinity, that

is lower P50 value (partial pressure at which the pro-

tein is 50% saturated with O2), than Hb. Most mam-

malian and avian Mbs have a P50 of ~ 1 Torr at 20 °C
[25–27]. In contrast, Mbs of fish have P50 values

between 1 Torr (e.g. bluefin tuna, blue marlin and

common carp) [28,29] and 4.9 Torr (rainbow trout)

[30,31]. This variation can be related to structural dif-

ferences: fish Mbs are usually shorter (~ 146 aa) than

mammalian Mbs and lack the D-helix [24]. Remark-

ably, Mb O2 affinity, unlike Hb O2 affinity, does not

correlate with the size of the individual [32].

In the past 20 years, it has become evident that Mb

also exhibits enzymatic functions. For example, oxy-

genated Mb rapidly converts the bioactive nitric oxide

(NO) signalling molecule into nitrate (NO�
3 ) under

normoxic conditions [33]. The removal of NO

enhances mitochondrial respiration in normoxia as

NO acts as a reversible inhibitor of cytochrome oxi-

dase [34]. While reducing NO, oxy-Mb is oxidised to

met-Mb that needs to be reduced by the cellular Mb

reductase [35–37]. Furthermore, under hypoxia, Mb

has the opposite effect whereby deoxy-Mb functions as

nitrite reductase producing NO from nitrite (NO�
2 )

[38], thereby limiting O2 consumption rates [24,33,39].

It has also been suggested that Mb functions in oxida-

tive defence by removing reactive oxygen species

(ROS) [35–37]. Additional functions of Mb may

involve an interaction with fatty acids [40].

Most vertebrates harbour a single Mb gene in their

haploid genomes [6]. Known exceptions are some

cyprinid fish, which harbour two distinct Mb genes

[41,42]. While Mb1 is widely expressed in various tis-

sues, the expression of Mb2 is restricted to the brain

[41,43]. These two Mbs apparently have distinct pri-

mary functions: in vitro studies have suggested that

Mb1 mainly supplies O2 and produces NO, whereas

Mb2 efficiently eliminates H2 O2 in the brain [28].

Some vertebrate species lack an Mb gene, such as

frogs, some ice-fishes, the stickleback and the opossum

Monodelphis domestica [44–47]. These species must

have specific mechanisms to compensate for the lack

of Mb. Especially, in teleost fish the loss of cardiac

Mb evolved repeatedly during their evolution. The Mb

deficit is in connection with a pale heart colour and

affects water- and air-breathing fish species from all

salinities and habitats [48].

Using quantitative real-time reverse transcription

PCR and RNA sequencing (RNA-Seq), we found

that the multiple Mb genes of the West African

lungfish (PanMbs) are differentially expressed in tis-

sues [5]. Surprisingly, most of the PanMbs have the

highest expression levels in the brain. Further, we

found that striated muscles express different sets of

PanMbs: PanMb1 was highest in the skeletal muscle

and PanMb4a in the heart. The unexpected diversity

of the Mbs in the West African lungfish hinted to a

functional diversification by subfunctionalisation and/

or neofunctionalisation. Some PanMbs may have

taken over the functions of Ngb and Cygb, which

could not be detected in the lungfish transcriptomes.

To better understand the evolution of Mb genes, we

have studied their diversification in four lungfish spe-

cies. Further, the functional differentiation was

accessed by oxygen-binding, enzymatic and structural

studies.

Material and methods

Identification and analyses of lungfish Mb cDNA

sequences

The transcriptomes of the West African lungfish P. an-

nectens, the slender lungfish Protopterus dolloi, the marbled

lungfish Protopterus aethiopicus and the South American

lungfish Lepidosiren paradoxa were retrieved from the pub-

lic SRA database at GenBank (for accession numbers, see

Table S1). The transcriptomes of each lungfish species were

assembled using the CLC Genomics Workbench, version

11.0.1 (Qiagen, Hilden, Germany) using default parameters.

Mb cDNA sequences were identified employing BLAST

searches, using the Mb cDNA sequences from P. annectens

[5] as queries. When required, the putative Mb sequences

were re-assembled from the Illumina reads. RNA-Seq anal-

yses were performed with the CLC Genomics Workbench

(mismatch cost: 2, insertion cost: 3, deletion cost: 3, length

fraction: 0.95, similarity fraction: 0.95). The mRNA levels

of the Mbs were then calculated as reads per kilobase mil-

lion (RPKM).
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The Mb amino acid sequences were included in an align-

ment of vertebrate Mbs used before [5] (Table S2). A multi-

ple sequence alignment was obtained with MAFFT using

the L-INS-i method [49,50]. Phylogenetic analysis was per-

formed with MRBAYES 3.2.3 [51,52] using the JTT model

[53], which was selected by a PROTTEST analysis [50,54].

MRBAYES was run for 5 000 000 generations with two inde-

pendent runs and four simultaneous chains. The trees were

sampled every 1000th generation, and the posterior proba-

bilities were estimated after discarding the initial 25% of

the trees as burn-in. The maximum likelihood analysis was

carried out using the IQ-TREE web server with the JTT

substitution model [55–57]. One thousand bootstrap align-

ments were run with a maximum of 1000 iterations and a

minimum correlation coefficient of 0.99. The perturbation

strength was 0.5 and the IQ-TREE stopping rule 100. The

values written on the branches show the ultrafast bootstrap

support (Fig. 1).

Recombinant expression and purification of

P. annectens Mbs

Tissue preparation, RNA extraction and cDNA cloning of

P. annectens Mbs were performed as described before [5].

The cDNAs were cloned into pET16b using the restriction

sites for correct sequence orientation (Novagen-Merck

Biosciences, Darmstadt, Germany). The vectors were then

transfected into Escherichia coli BL21(DE3) pLysS for

recombinant expression. Escherichia coli were grown over-

night at 37 °C in a 5 mL L-medium (1% bactotryptone,

0.5% yeast extract, 0.5% NaCl, pH 7.5), supplemented

with 10 µg�mL�1 ampicillin and 34 µg�mL�1 chloram-

phenicol. Subsequently, the culture was transferred to 1 L

L-medium supplemented with 1 mL of 1 M 5-aminole-

vulinic acid and cells were grown at 37 °C until an

OD600 between 0.4 and 0.8 was reached. The expression

was then induced by 0.4 mM isopropyl-1-thio-b-D-galac-
topyranoside, and the culture was incubated for an addi-

tional 3 h at 37 °C. The cell suspension was centrifuged at

4000 g and 4 °C for 45 min, and the pellet with the bacte-

rial cells was dissolved in protease inhibitor buffer [50 mM

Tris/HCl, 1 mM dithiothreitol, 1 mM Pefabloc, 1 mM

MgCl2, 19 CompleteTM protease inhibitor mix (Roche

Applied Science, Penzberg, Germany), 80 µg DNase,

RNase, pH 8.0]. After exposing the cells to three freeze–
thaw steps in liquid nitrogen and disruption by sonifica-

tion (10 9 30 s), the cells were incubated at 37 °C for 2 h

to digest the DNA and RNA and centrifuged for 1 h at

4500 g and 4 °C. The Mb proteins were purified from the

supernatant on a His60-Ni-column (Qiagen) according to

the manufacturer’s instructions. The histidine-tag was

removed by incubation with the Factor Xa protease

(20 µg�mL�1) for 6 h at 37 °C. After inactivation of the

protease with 2 µM dansyl-Glu-Gly-Arg-chloromethyl-ke-

tone, the recombinant Mb proteins were transferred to

10 mM HEPES, pH 7.8, 0.5 mM EDTA and stored at

4 °C until further analysis.

O2 equilibrium measurements

A modified diffusion chamber technique was used to deter-

mine the O2 equilibrium curves as described earlier [29,58–

60]. Samples of 5 µL (~ 0.2 mM haem) in 0.1 M HEPES,

0.5 mM EDTA, pH 7.2 at 20 °C were measured in at least

duplicates. Before measuring, the ferric lungfish Mbs were

reduced to the ferrous form under N2 for 10 min at room

temperature using a met-Hb reductase system [61,62] con-

sisting of glucose 6-phosphate (677 lM), glucose 6-phos-

phate dehydrogenase (0.33 lg�mL�1), NADP (45 lM),
ferredoxin (0.17 lM), ferredoxin-NADP reductase (0.77 lM)
and catalase (7 nM). All chemicals were supplied by Sigma-

Aldrich (Brøndbyvester, Denmark).

The GMS 500 gas mixing system (Loligo System, Viborg,

Denmark) generated a water-saturated gas mixture of ultra-

pure (> 99.998%) N2 and O2, which was further used to equili-

brate the thin smear of Mb solution by stepwise increasing of

the O2 tension (PO2). A photomultiplier (model RCA 931-A)

and an Eppendorf model 1100 M photometer recorded the

absorbance changes continuously at 436 nm to derive satura-

tion at each PO2 step. The absorption signal was recorded and

analysed using the in-house developed software (Specktrosam-

pler, K. Beedholm, Aarhus Univ. Denmark) [63]. At the

beginning and the end of each experiment, 0% and 100% O2

saturation levels were obtained as reference. P50 and coopera-

tivity values were calculated from the zero intercept (log(Y/

(1 � Y)) = 0) and slope of Hill plots, respectively: log(Y/

(1 � Y)) versus logPO2, where Y is the fractional saturation.

Four to six saturation steps were taken for each curve.

Gel filtration experiments

The apparent molecular weight of PanMbs was determined

by gel filtration using an €Akta Pure chromatographic system

(GE Healthcare, Freiburg, Germany) together with a Super-

dex 75 10/300 (GE Healthcare) column. A flow rate of

1 mL�min�1 and an elution buffer containing 50 mM potas-

sium phosphate, 0.5 mM EDTA, pH 7.0, 0.15 M NaCl were

applied. The absorbance was measured at 280 nm (proteins)

and 415 nm (haem-group). Sample solutions (100 µL each)

with a concentration of 0.2 mM haem were loaded on the sys-

tem; human Hb and horse Mb were used as standard at the

same concentration and volume as the samples.

Nitrite reductase activity

After complete deoxygenation of the PanMbs (10 µM haem

in deoxygenated 50 mM HEPES, pH 7.13) by anaerobically

titrating with 1 mM of sodium dithionite in a 1 cm sealed

cuvette, sodium nitrite (0.1 mM�cuvette�1) of freshly made

stock solutions was added anaerobically with a Hamilton
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Fig. 1. Bayesian phylogenetic tree of vertebrate Mbs. Tree reconstruction was carried out with the amino sequences assuming the JTT

model of protein evolution [60]. The bar represents 0.2 substitutions per site. The numbers at the nodes are the Bayesian posterior

probabilities (black) and the ultrafast bootstrap support (red). For the abbreviations and accession numbers, see Table S1. For the PanMbs,

the P50 values (in Torr) and the main expression sites are given. (blue: Protopterus annectens Mbs; pink: Protopterus aethiopicus Mbs; light

red: Protopterus dolloi Mbs; yellow: Lepidosiren paradoxa Mbs).
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gastight syringe (Bonaduz, Switzerland) [64]. The reaction

was carried out at 20 °C and under pseudo-first-order con-

ditions, that is with substrate nitrite in excess of protein.

The measurement of the reaction kinetics was started

immediately, and absorbance was recorded at different time

intervals at 435 nm and 20 °C.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were per-

formed to verify the oligomeric state and solution homogene-

ity of the PanMbs. Sample solutions (15 µL) were exposed to

a 660 nm diode laser in a quartz glass cuvette inside a Spec-

trolight 300 instrument (XtalConcepts, Hamburg, Germany)

at 20 °C for 100 s. The autocorrelation function of scattered

light was evaluated using the CONTIN algorithm to deter-

mine diffusion constants and finally the hydrodynamic

radius (Rh) distribution of the protein solutions.

CD spectroscopy

The secondary structure was investigated by comparing the

far-UV CD spectra of the respective PanMbs. Protein samples

were prepared in 10 mM Tris/HCl inside a 1 mm path length

glass cuvette, which was positioned inside a Jasco J-815 spec-

tropolarimeter (Jasco, Easton, MD, USA). For each sample,

10 spectra were recorded and averaged with the subsequent

subtraction of the averaged ellipticity of the buffer solution.

Experiments were performed at 19 °C with an increment of

0.1 nm per data point and a scanning speed of 100 nm�min�1.

A far-UV CD spectrum of horse Mb (ID: CD0000047000)

was obtained from the Protein CD Data Bank [65].

Small-angle X-ray scattering

Homogeneous monodisperse solutions of histidine-tagged

PanMbs were applied to small-angle X-ray scattering

(SAXS) experiments to analyse the tertiary structure envel-

ope of selected PanMbs in solution. The experiments were

performed at the EMBL beamline P12 [66] of the PETRA

III synchrotron radiation source (DESY, Hamburg, Ger-

many) applying a wavelength of 0.124 nm at a sample to

detector distance of 3.1 m. The data were recorded in a

momentum transfer range of 0.03–4.80 nm�1 with 20 expo-

sures for 0.05 s per sample and at a temperature of 14 °C.
The protein concentration range was 0.4–3.5 mg�mL�1.

The SASFLOW data processing pipeline [67], as well as

PRIMUS[68], was applied for primary data quality verifica-

tion and reduction, to exclude radiation damage as well as

averaging of the scattering amplitudes of the individual X-

ray exposures. Subsequently, the averaged scattering inten-

sity of the buffer solution, which was exposed before and

after each protein, was subtracted, and samples were scaled

relative to the protein concentration. Radii of gyration

(Rg) were derived from both the Guinier plot and the pair-

distance distribution function using the PRIMUS user

interface including AUTOGNOM. The pair-distance distri-

bution function was used as an input for further ab initio

modelling. Herein GASBOR [69] was applied to calculate

chain-like assemblies of dummy amino acid residues with

P1 symmetry to visualise the protein shape.

Results

Identification of myoglobin cDNA in four lungfish

species

Assemblies of the transcriptomes of P. dolloi,

P. aethiopicus, P. annectens and L. paradoxa (Table S1)

revealed multiple Mb copies in all four lungfish species

(Table S2). Eight Mb cDNA sequences had been identi-

fied before in P. annectens [5], and a ninth PanMb

cDNA sequence was found in the transcriptomes that

have recently become available (Table S1). The Mb

genes were named according to their orthology and phy-

logenetic position in the tree (Fig. 1), which required

renumbering of two previously described P. annectens

Mb genes (PanMb4 ⇒ PanMb4a and PanMb7 ⇒
PanMb4b). The newly identified PanMb cDNA sequence
was named PanMb7. The main expression site of the Mbs
in P. annectens was the brain, which agrees with the previ-
ous results [5] (Fig. 2A; Table S3).

The transcriptomes of the slender lungfish P. dolloi

harbour six Mbs (PdoMbs), which were named by

orthology to the PanMbs PdoMb1, PdoMb2a,

PdoMb2b PdoMb3a, PdoMb3b and PdoMb7. The

PdoMbs share between 54.6% and 94% sequence iden-

tity on nucleotide level and 36.9–93.3% identity on the

protein level. The available P. dolloi transcriptomes

derive from pelvic and pectoral fins, and nasal lym-

phoid aggregates. The two fin tissues, which presum-

ably mainly consist of bones and muscles, have very

similar patterns and show that PdoMb7 is the strongly

expressed Mb in these samples (Fig. 2B; Table S4). In

the marbled lungfish P. aethiopicus, five Mbs were

identified (PaeMb1–5) that share 44.9–61% of the

nucleotides and 29.7–66.7% of the amino acids. The

expression of the PaeMbs was evaluated by RNA-Seq,

which showed the highest mRNA levels for PaeMb2 in

the developing jaw (Fig. 2C; Table S5). The transcrip-

tomes of L. paradoxa revealed five distinct Mb

sequences, named LpaMb2, LpaMb3, LpaMb4,

LpaMb5 and LpaMb7, respectively. They have a

sequence identity of 46.2–74.2% on the nucleotide and

28.2–72.7% on the amino acid level. Like in P. an-

nectens, the highest Mb expression levels were

observed in the brain. Also, like PanMb2, LpaMb2
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had the highest mRNA level (Fig. 2D; Table S6). In

none of the lungfish transcriptomes, cDNA sequences

that represent Ngb or Cygb were detected. Compar-

isons between orthologs showed mostly high conserva-

tion (e.g. 80–88% identity between P. annectens and

L. paradoxa Mb orthologs), with the exception of the

Mb7 proteins (28% identity of PanMb7 and LpaMb7).

Phylogenetic analysis shows that all lungfish Mbs form

a single clade, which is in sister group position to the

tetrapod Mbs [supported with 1.00 Bayesian posterior

probability (BPP); Fig. 1]. This clade is the sister

group of the coelacanth Mb, and the monophyly of

the sarcopterygian Mbs is supported with 1.0 BPP.

Within the lungfish, distinct Mbs from different species

form common clades, giving rise to orthologous Mb

genes in the different species. Some Mbs are appar-

ently absent in certain species (such as Mb1 in

L. paradoxa), others as far as the transcriptome data

indicate are in-paralog that have duplicated within a

species (thus named, e.g. PanMb6a and 6b, or

PdoMb3a and 3b). PanMb4b may be an out-paralog

that has been lost in other lungfish species, but the

support values within this clade are comparably low.

O2 binding equilibria of P. annectens myoglobins

The Mbs of P. annectens, PanMb1, 2, 3, 4a, 4b, 5 and

6b, were successfully recombinantly expressed applying

the pET vector system. PanMb6a could not be cloned,

possibly due to a low expression level and/or high sim-

ilarity to PanMb6b. PanMb7 could also not be cloned.

The O2 equilibrium curves of all seven PanMbs were

hyperbolic and showed that all PanMbs reversibly

bind oxygen (Fig. 3). However, the O2 affinities (P50)

and cooperativity values (n) were quite distinct (Table 1).

Within the given parameters, PanMb2 had the highest

O2 affinity (P50 = 0.88 � 0.13 Torr), followed by

PanMb3 (P50 = 1.37 � 0.04 Torr), PanMb4a (P50 =
1.52 � 0.10 Torr), PanMb6b (P50 = 1.83 � 0.07 Torr),
PanMb4b (P50 = 1.94 � 0.30 Torr), PanMb5 (P50 =
2.29 � 0.08 Torr) and PanMb1 (P50 = 3.78 � 0.01 Torr)
with the lowest affinity (Fig. 3). Hill plots show slight
cooperativity (n > 1) for all PanMbs, suggesting an oligo-
meric assembly (Fig. 3B): PanMb1 (n = 1.63 � 0.15),
PanMb2 (n = 1.35 � 0.18), PanMb3 (n = 1.57 � 0.27),
PanMb4a (n = 1.59 � 0.12), PanMb4b (n = 1.64 �
0.07), PanMb5 (n = 1.63 � 0.06) and PanMb6
(n = 1.33 � 0.17).

Fig. 2. Expression of the Mb genes in selected Protopterus annectens (A), Protopterus dolloi (B), Protopterus aethiopicus (C) and

Lepidosiren paradoxa (D) tissues. The mRNA levels were estimated by RNA-Seq and are displayed as RPKM values. Transcriptome

accession numbers are given in Table S1. The copy numbers are given in Tables S3–S6.
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Enzymatic activities of P. annectens myoglobins

The nitrite reductase activity of the deoxy PanMbs was

measured after addition of 0.1 mM nitrite. The reactions

took place at different observed rates (Fig. 4, Table 1,

Table S7), with different derived second-order rate con-

stants (expressed as M
�1�s�1). For PanMb3 (42.13 �

0.0002 M
�1�s�1) and PanMb4b (33.63 � 0.0025 M

�1�s�1),

the nitrite reductase activity was high, and the nitrite

reductase rates of the other Mbs were lower:

PanMb1 (26.95 � 0.005 M
�1�s�1), PanMb2 (13.78 �

0.0007 M
�1�s�1), PanMb4a (22.91 � 0.0018 M

�1�s�1) and
PanMb5 (10.26 � 0.0032 M

�1�s�1). PanMb6b showed no
apparent nitrite reductase activity.

Structural analyses of P. annectens myoglobins

Gel filtration of the oxy-PanMbs showed approxi-

mately the same molecular mass for all PanMbs

(Fig. 5). These results were confirmed by SDS/PAGE

(Fig. 5). The absorbance peaks of the respective chro-

matograms also indicate that all PanMbs elute mainly

as monomers. An additional small peak in PanMb1,

PanMb2 and PanMb6b suggests minor dimeric frac-

tions in these recombinant proteins.

Dynamic light scattering experiments showed that

all seven analysed PanMbs have approximately the

same Rh (Table 2), which is comparable to Rh of

human Mb [70]. SAXS measurements revealed very

similar Rg and the typical rigid and compact Mb fold

for the investigated Mbs with only minor deviation.

Ab initio models of the PanMbs based on solution

scattering are well superimposable with the respective

in silico models calculated via SWISS-MODEL [71,72]

using default modelling parameters (Fig. 6). Further,

the respective CD spectra were highly similar and

indicated a conserved secondary structure composition

compared to each other and to an Mb reference spec-

trum (around 70% of a-helical structure; Fig. 7). The
secondary structure composition was also not signifi-

cantly affected by the purification tag.

Discussion

Emergence of multiple myoglobins as a possible

adaptation of lungfish

Lungfish (Dipnoi) share with the land-living verte-

brates (tetrapods) the ability to breathe air. They first

appear in the fossil record in the Devonian ~ 400 mil-

lion years ago [73]. There are only six extant lungfish

species that live in rivers and (seasonal) freshwater

lakes in the tropics [4]. Four species of the genus Pro-

topterus live in Africa (P. aethiopicus, P. amphibius,

P. annectens and P. dolloi), L. paradoxa in South

America and Neoceratodus forsteri in Australia.

Although lungfish are often considered to be ‘living

fossils’ [74], they also show some specific adaptations.

For example, lungfish can withstand hypoxia and can

survive certain periods outside the water. African lung-

fishes may also aestivate during the dry season in a

mud cocoon [75]. During this period, lungfishes reduce

their energy metabolism, increase urea production to

reduce ammonia toxicity and turn on the expression of

cytoprotective genes [76,77]. Lungfish also have the

largest animal genomes, with C-values up to 132 pg

per haploid genome [78].

As none of the other globins (with the exception of

GbE; see [79]) or, to the best of our knowledge, any other

gene family show signs of gene amplification, it is unlikely

that the multiplication of the Mb genes is caused by

hypothetic whole-genome amplifications putatively

Fig. 3. Oxygen equilibrium curves of recombinant PanMbs, measured at pH 7.2, 20 °C. The sigmoidal curves (A) and linear form of the Hill

plot (B) are depicted. Slight cooperativity is evidenced by the slope (n > 1) of the Hill plot.
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linked to the large lungfish genomes. Duplicated and even

triplicated Mb genes have been known from some teleost

species [41–43,48,80]. Lungfish are the current record

holders with up to nine distinct Mbs. While the dupli-

cated and triplicated Mb genes of teleosts are relatively

recent innovations in evolution, the amplification of Mb

genes in lungfish must have occurred before the genera

Lepidosiren and Protopterus split more than 100 million

years ago [81]. In the future, the availability of genomic

sequences of the Australian lungfish N. forsteri may push

this date further back to the divergence time of Lepi-

dosireniformes and Ceratodontiformes > 200 million

years ago. In general, genomic data would help to con-

firm some of our assumptions. With the help of genomic

analyses, we could explicitly attest the losses of Cygb and

Ngb in lungfish.

The amplification of the different lungfish Mbs

occurred in the lungfish stem lineage (Fig. 1), which

might have been a response to a lifestyle with low and

changing O2 conditions [5] or other physiological chal-

lenges. It is noteworthy that most Mb orthologs have

been maintained for > 100 million years, suggesting

that the lungfish requires specific Mbs rather than just

multiple copies of the gene. Only in four cases, we

found additional paralogs (PdoMb2a and 2b,

PdoMb3a and 3b, PanMb4a and 4b, and PanMb6a

and 6b). The Mb7 gene may have been lost in

P. aethiopicus, but additional transcriptome or genome

sequencing is required for verification. Our results

strongly hint to subfunctionalisation or neofunctionali-

sation of the Mb genes during lungfish evolution, a

hypothesis that is supported by their tissue-specific

expression patterns [5], as well as the different kinetic

and enzymatic properties of the recombinant proteins

(see below).

Conserved structure of P. annectens myoglobins

Despite notable differences of the amino acid sequences

(up to 71.1% difference), the secondary structures of the

PanMbs are highly similar and show essentially the

same high content of a-helices. The minor differences

most likely result from, for example the N terminally

shortened sequence of PanMb6b or slightly different

surface charge distribution. As seen in the DLS mea-

surements, all PanMbs have almost identical hydrody-

namic radii, which fit a nearly globular shape of

monomeric Mbs in solution (Table 2). This observation

was verified by the SAXS data, which shows similarities

to the tertiary structure of sperm whale Mb originally

determined by Kendrew et al. [82]. Size-exclusion chro-

matography experiments confirmed these results and

found mainly monomeric PanMb proteins, although for

some a minor dimeric fraction was observed, which may

explain the slightly cooperative O2-binding kinetics.

However, the SAXS data did not indicate a significant

concentration-dependent oligomerisation of the applied

monomeric proteins.

Functional differentiation of P. annectens

myoglobins

The O2 affinities of the PanMbs range between P50 val-

ues from 0.88 to 3.8 Torr. PanMb1 has the lowest O2

affinity with P50 = 3.8 Torr, similar to the low affinity

Table 1. Summary of the results of the PanMbs.

Main expression site Coordination P50(Torr) Hill Coeff Nitrite reductase rate(s�1�M�1)

PanMb1 Muscle Penta 3.78 � 0.01 1.63 � 0.15 26.95 � 0.005

PanMb2 Brain/eye Penta 0.88 � 0.13 1.35 � 0.18 13.78 � 0.0007

PanMb3 Brain/eye Penta 1.37 � 0.04 1.57 � 0.27 42.13 � 0.0002

PanMb4a Heart penta 1.52 � 0.10 1.59 � 0.12 22.91 � 0.0018

PanMb4b Brain/eye Penta 1.94 � 0.30 1.64 33.63 � 0.0025

PanMb5 Brain/eye Penta 2.29 � 0.08 1.63 � 0.06 10.26 � 0.0032

PanMb6b Brain/eye Penta 1.83 � 0.07 1.33 � 0.17 0.00

Fig. 4. Nitrite reductase activity of recombinant PanMbs, measured

at pH 7.2, 20 °C, shows the decrease of the absorbance over time

of the deoxy Soret peak.
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of some fish Mb, such as mackerel Mb with

P50 = 3.7 Torr at 25 °C [29] and trout Mb with

P50 = 3.4–4.9 Torr at 25 °C [30,31]. PanMb1 is mainly

expressed in the skeletal muscle and is also by far the

most highly expressed Mb of this tissue [5]. The com-

parably low affinity suggests that PanMb1 is suitable

Fig. 5. FPLC diagrams of recombinant

PanMbs. Protein absorbance was measured

at 280 nm, haem-specific absorbance at

415 nm. SDS/PAGE gel electrophoresis of

recombinantly expressed

Protopterus annectens Mb1–6 proteins.

Table 2. Characteristic size parameters of PanMbs, as obtained by DLS and SAXS, respectively.

Protein Rh (nm) Rg (nm)a Dmax (nm) Oligomeric state

PanMb1 2.2 � 0.3 1.99 � 0.04 (1.97 � 0.01) 6.2 Monomer

PanMb2 2.1 � 0.3 1.83 � 0.08 (1.85 � 0.02) 6.4 Monomer

PanMb4a 1.9 � 0.3 2.13 � 0.16 (2.13 � 0.01) 6.7 Monomer

PanMb5 2.0 � 0.3 1.86 � 0.10 (1.85 � 0.02) 5.6 Monomer

PanMb6b 1.9 � 0.2 2.04 � 0.20 (2.03 � 0.01) 6.3 Monomer

a Calculated according to the Guinier approximation; the numbers in parentheses show Rg values according to the pair-distance distribution

function.
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for efficient delivery of O2 to the mitochondria. This

finding correlates with the high efficiency of PanMb1

to enhance the activity of the mitochondrial dehydro-

genases under hypoxia in cell culture [5]. Higher O2

affinities were observed for the other PanMbs, with

the brain-specific PanMb2 having the highest O2 affin-

ity (Table 1). The specific O2 affinities of the different

PanMbs probably reflect the individual requirements

of the respective tissue. For example, the neurons may

require an Mb with higher O2 affinity than the skeletal

muscle.

Deoxygenated globin proteins can reduce nitrite to

NO [39,83]. All PanMbs except PanMb6b display

noticeable nitrite reductase activity (Table 1). It is,

therefore, conceivable that the high expression levels

of Mb help to protect hypoxic tissues by increasing

vasodilation and blood supply. Also, NO may inhibit

mitochondrial respiration and limit the generation of

ROS [24,38].

The lungfish Mbs support the idea that distinct evolu-

tionary mechanisms can control the haem redox and the

Fig. 6. Superimposition of in silico models calculated by SWISS-MODEL and Gasbor ab initio models. (A) Cartoon plot of PanMb1–6 in silico

models in comparison with a Mb high-resolution X-ray structure possessing the conserved Mb fold. The surface representation is coloured

light grey. (B) Ab initio models of C terminally tagged PanMbs calculated by GASBOR based on the respective P(R) function. A chain-like

set of dummy spheres was used to fit the X-ray scattering intensity distribution. The GASBOR chi-square values of the fit function with the

experimental data are 1.11, 1.07, 1.34, 0.99 and 1.03 in the sequence; the models are displayed from left to right. A globular core structure

of the PanMbs in solution is conserved with a slightly more distinct structure of the respective termini. (C) Superimposition of both types of

models displayed above. The scale bar is 2 nm. The Mb of the harbour seal (pdb code: 1mbs) was used as reference.

Fig. 7. CD spectra of recombinant PanMbs compared to a horse

Mb as reference.
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nonredox (O2 binding) activities separately, depending

on the need of the respective tissue or cell [84]. PanMb6a

and PanMb6b are the only Mbs of the lungfish with an

E7 glutamine substitution in the sequence (Table 3). The

elephant Mb has the same substitution [85] and reacts

with NO 500–1000 times faster than Mbs without sub-

stitution. Also, PanMb6b is the only one with no appar-

ent nitrite reductase activity. Taken together, the E7

glutamine substitution is unlikely to be the only reason

to explain these differences, but in case of the lungfish

Mbs, it seems to be responsible for the negligible nitrite

reductase enzymatic activity of deoxy PanMb6b.

Functional differentiation of lungfish myoglobin

in evolution

Our results strongly suggest that the various lungfish

Mbs carry out distinct biological functions. It is note-

worthy that the muscle-specific Mb1 is in a sister group

position to all other lungfish Mbs (Fig. 1). Thus, the

original function of lungfish Mb probably was the sup-

ply of O2 to the muscle tissue, the classic Mb-function

found for most vertebrate Mbs. The other lungfish Mbs

differentiated from that role after multiple gene duplica-

tions. Because the protein sequences of the other lung-

fish Mbs are highly similar to the sequences of the

PanMbs, we suppose them having similar functions in

the same tissues. On the one hand, an adaptation to a

temporarily hypoxic environment may have led to the

broad expression pattern of Mb in various tissues,

thereby enhancing O2 supply or reducing respiration

rates via nitrite reduction to NO. All Mbs, in particular,

PanMb3 and PanMb4, are highly efficient as nitrate

reductases (see Table 1).

In comparison, vertebrate Mbs have a much lower

nitrite reductase activity [24]. In addition, it is conceiv-

able that the derived loss of Ngb and Cygb provided

the impetus for the functional differentiation of lung-

fish Mbs, of which some might have taken over the

yet still unclear roles of Ngb and Cygb. This

hypothesis would also explain the preferential expres-

sion of some lungfish Mbs in the brain, which is also

the main expression site of Ngb and Cygb [6,18]
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