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ABSTRACT: The popular genetic model organism Caenorhabditis elegans (C. elegans) 

encodes 34 globins, whereby the few that are well-characterized show divergent properties 

besides the typical oxygen carrier function. Here, we present a biophysical characterization and 

expression analysis of C. elegans globin-3 (GLB-3). GLB-3 is predicted to exist in two isoforms 

and is expressed in the reproductive and nervous system. Knockout of this globin causes a 99 % 

reduction in fertility and reduced motility. Spectroscopic analysis reveals that GLB-3 exists as a 

bis-histidyl-ligated low-spin form in both the ferrous and ferric heme form. A function in binding 

of diatomic gases is excluded on the basis of the slow CO-binding kinetics. Unlike other globins, 

GLB-3 is also not capable of reacting with H2O2, H2S, and nitrite. Intriguingly, not only does 

GLB-3 contain a high number of cysteine residues, it is also highly stable under harsh conditions 

(pH = 2 and high concentrations of H2O2). The resilience diminishes when the N- and C-terminal 

extensions are removed.  Redox potentiometric measurements reveal a slightly positive redox 

potential (+8 ± 19 mV vs. SHE), suggesting that the heme iron may be able to oxidize cysteines. 

Electron paramagnetic resonance shows that formation of an intramolecular disulphide bridge, 

involving Cys70, affects the heme-pocket region. The results suggest an involvement of the 

globin in (cysteine) redox chemistry. 
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INTRODUCTION 

Globins are -helical heme-containing proteins that occur as three families: the myoglobin-like 

(M), the sensor (S), and the truncated (T) family. The heme iron in vertebrate hemoglobin (Hb) 

and myoglobin (Mb) is coordinated to the conserved His at position 8 of the F helix (F8His), while 

the opposite coordination site allows the binding of exogenous (diatomic) ligands [1]. In other 

globins, such as neuroglobin (Ngb), the endogenous E7His is bound to the heme iron (bis-histidine 

coordination). Exogenous ligands, such as O2, CO and NO, can then still bind to the heme iron but 

compete with the distal histidine residue.  

For a long time, O2 binding was thought to be the hallmark feature of globins [2,3]. However, 

knowledge about the globin superfamily has expanded enormously over the years, revealing 

globins in all kingdoms of life with a diverse functional repertoire, including O2 transport and 

storage function, involvement in NO metabolism, sulfide transport, detoxification of reactive 

oxygen (ROS) and nitrogen (RNS) species, sensing, and signalling functions [4]. Mb, for instance, 

not only acts as an NO scavenger, converting NO to NO3
-, but also as a nitrite reductase to convert 

NO2
- to NO in response to NO homeostasis. Peroxidase activity is observed both in Mb and Hb, 

which could serve to neutralize the ROS-generating H2O2 during oxidative stress [5]. Moreover, 

Hb and Mb also show H2S oxidizing activity to remove toxic H2S in blood and heart, respectively 

[6]. Although it is by now clear that globins are involved in various cellular processes, the exact 

functions of many globins are still unknown. 

In silico analysis of the genome of the small nematode Caenorhabditis elegans (C. elegans) 

revealed the presence of 34 globin-like genes with a diversity in sequence, length and intron 

position [6-10]. The 34 globin genes, encoded as glb-1 to glb-34, are all transcribed and 

predominantly expressed in specific subsets of neurons, indicative of a signalling function. 

Currently, only seven C. elegans globins are characterized to some extent (Table 1), exhibiting a 
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variety of functions with several participating in redox reactions [11]. The role of the remaining 

27 globins is still completely unknown. A few C. elegans globins are proposed to be membrane 

bound since they are myristoylated and/or palmitoylated (Table 1). One such example, GLB-12, 

was shown to be anchored to the plasma membrane in the neurons and somatic gonad [11]. 

Although membrane association of globins has been reported in other species [12-15], it is still a 

poorly defined attribute of globins. 

Here, we characterize C. elegans globin GLB-3 using a multitude of techniques. GLB-3 is 

predicted to exist in two isoforms: GLB-3a and GLB-3b, whereby the a-isoform is an N-terminal 

truncation of the complete b-isoform. In vivo localization shows that GLB-3 is expressed in a set 

of neurons as well as the somatic gonad. We studied the expression pattern and the mutant 

phenotypes to characterize GLB-3 function in vivo.  

In addition, different biochemical and spectroscopic methods were used to gain in vitro 

information on the stability, multimerization, heme iron ligation and spin state, binding kinetics 

and redox potential of the protein. GLB-3 contains a remarkably high number of cysteine residues 

(9 in GLB-3a and 12 in GLB-3b). To study the impact of the cysteine residues on the GLB-3 globin 

structure and function in vitro, we analyzed the protein in the absence and presence of the reducing 

agent DTT. The data indicate that both GLB-3 isoforms are most likely participating in redox 

reactions rather than exhibiting ligand-binding functions. 
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Table 1. Summary of the currently known C. elegans globin characteristics. The heme 

coordination is given in the ferric form of the C. elegans globins.a) 

a) N-terminal myristoylation is also predicted for the C. elegans GLB-11, GLB-17 and GLB-20 

with a high confidence level. S-palmitoylation is also anticipated in C. elegans GLB-17, GLB-21 

and GLB-29; b) only predicted for GLB-3b isoform. 

 

 Localisation Heme 

coord. + 

Axial  

ligands 

Function Myristoy- 

lation site 

Palmitoy- 

lation site 

Ref. 

GLB-1 Muscle and 

neuronal 

6C/HS 

His–H2O 

Mb-like, high 

O2 affinity 

 …ISDLCVKS

L… 

[16] 

GLB-3 Neuronal, 

somatic 

gonad 

6C/LS 

His–His 

Redox sensor/e- 

transfer 

MGNDHSV…b) 

 

…MNEKCC

GVVF… 

 

This 

work 

GLB-5 Neuronal 6C/LS 

His–His 

O2 sensor; 

modulates 

feeding 

response 

  [17, 

18] 

GLB-6 Neuronal 6C/LS 

His–His 

Redox sensor/e- 

transfer; 

response to 

oxidative stress 

MGNQSTK…  [19] 

GLB-12 Neuronal, 

vulva cells 

and somatic 

gonad 

6C/LS 

His–His 

Production of 

O2
-; influence 

reproductive 

system 

MGATLCAPK

K… 

MGATLCAP

… 

[11] 

GLB-13 Neuronal 6C Ngb-like 

neuroprotective 

function 

MGQENSKCP

… 

MGQENSKC

PH… 

 

[20] 

GLB-26 Muscle, head 

mesodermal 

cells 

6C/LS 

His–His 

e- transfer; 

regulation of 

defecation cycle 

MGSSTSTP…  [21, 

22] 

GLB-33 Neuronal 6C/LS 

His–OH 

 

Neuropeptide 

receptor (GD-

7TM) with high 

O2 affinity and 

nitrite reductase 

activity 

 …YVSLCAL

LF… 

 

[23] 
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1. MATERIALS AND METHODS 

1.1. General methods and strains 

The C. elegans strains used for the phenotyping experiments were obtained from the CGC: N2 

Bristol WT and VC2879 [glb-3(ok3630) V/nT1 [qIs51] (IV;V)]. Since glb-3 knockout causes 

sterility, the VC2879 strain is balanced for the deletion by GFP-marked translocation. 

Heterozygotes are marked with a pharyngeal GFP signal, while homozygous nT1[qIs51] are 

inviable. glb-3 homozygotes are mostly sterile and possess no GFP signal. These were manually 

picked from the population for all phenotyping experiments. For strain maintenance, GFP 

heterozygotes were picked and checked for correct segregation. Worms were, in general, 

maintained according to standard procedures [24], but cultured at 16 °C on nutrient agar seeded 

with a lawn of Escherichia coli K12 [25]. For experiments, worms were synchronized according 

to standard bleaching procedures [26]. Eggs were allowed to hatch overnight in S buffer (0.1 M 

NaCl, 50 mM potassium phosphate buffer at pH 6) and subsequently plated on nutrient agar plates 

containing Escherichia coli OP50. Experimental plates were kept at 20 °C. 

2.2. glb-3 imaging 

The glb-3 translational reporter was made using fusion PCR [27]. The reporter contains both 

isoforms of the glb-3 gene and includes the endogenous promoter and 3′UTR elements. 

The gfp gene was amplified from the vector pPD95.75 (Fire Lab) and fused at the 3′ side of the glb-

3 coding gene and preceding the glb-3 3′UTR region. The primers that were used are 5’-CAT-

CGC-GCG-CAC-CGT-ACG-TCG-AAC-TGT-CTA-TTT-GGC-TGA-C-3’ and 5’-CCA-GCG-

CCT-GCA-CCA-GCT-CCT-GCA-TAT-GGA-CCT-GAA-AAC-3’ to amplify the glb-3 promoter 

and gene region, and 5’-CTC-ATC-ACC-ATC-ACC-ATC-ACT-AAA-ATC-AGG-TCA-TCT-

ATC-ATC-A-3’ and 5’-ACG-TAA-TAC-GAC-TCA-CTT-AAA-TCG-CCG-CTT-TTT-ATT-
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TTA-G-3’ to amplify the 3’UTR region. A PCR product coding for the unc-119(+) gene was used 

as a co-injection marker. The unc-119 gene, including a 2.189 kb upstream region and a 1.228 kb 

downstream region of the unc-119a isoform, was amplified with the forward primer 5′–

TCAGTAAAAGAAGTAGAAT–3′ and reverse primer 5′–GAATTTTAACAATACTTC–3′. 

Final PCR products were injected into the strain EG6699, at a concentration of 50 ng/µL for the 

reporter and 20 ng/µL for the unc-119 gene. Microinjection was carried out by injecting DNA into 

the gonads of young adult hermaphrodites using an Axio-Vert 135 (Zeiss) microscope and 

FemtoJet microinjection system (Eppendorf). GFP expression was visualized using a Nikon TiE-

C2 confocal microscope with epifluorescence (excitation 488 nm, emission 510 nm) and NIS 

Elements imaging software. 

2.3. Fecundity assay 

Twenty synchronized L4 worms per condition were transferred to individual NGM plates 

containing a 15-µL spot of E. coli OP50 and kept at 20 °C. Worms were transferred to fresh plates 

every day until they stopped laying eggs and the eggs were allowed to hatch for one day. One day 

after the adult was transferred, juveniles and unhatched eggs were counted. The total brood size 

per condition was calculated as the sum of unhatched eggs and larvae. Fecundity percentages are 

comparisons of brood size of the mutant to that of WT. Fecundity assays were repeated 

independently over three biological replicates. Statistical analysis was performed using a Kruskal-

Wallis rank sum test. 

2.4. Swim Assay 

Fifteen synchronized worms (second day of adulthood) per condition were picked into a 20-µL 

drop of S buffer on a glass slide. Worms were allowed to recover from the transfer for 30 seconds. 

Subsequently, swimming behavior was recorded for one minute (using a Nikon SMZ745T G-AL 
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stereo microscope with Nikon digital video camera) and individual body bends (i.e. changes in 

curvature direction of the mid-body) were counted. The swimming assay was repeated 

independently over three biological replicates. Statistical analysis was performed using a One-way 

Anova and Tukey post-hoc test after sqrt-transformation. 

2.5. Pharyngeal pumping rate assay 

The pharyngeal pumping rate protocol was based on Raizen et al. [28]. At least 10 synchronized 

worms (second day of adulthood) per condition were transferred to small NGM plates containing 

a 15-µL drop of fresh E. coli OP50. Nematodes were allowed to recover for at least two hours. 

Grinder pumps in the terminal bulb were counted for 20 seconds every minute for five minutes 

after which the mean was used to calculate grinder pumps per minute. Pumping rate of worms that 

were not in the bacterial spot was not counted. An Olympus SZX12 stereo microscope was used 

to perform the experiment. The pumping rate assay was repeated independently over three 

biological replicates. Statistical analysis was performed using a Kruskal-Wallis rank sum test. 

2.6. Construction of expression plasmids 

For the expression of GLB-3a and GLB-3b, complementary DNA (cDNA) of the glb-3a and glb-

3b genes from C. elegans strain was used. The C. elegans worms were grown as formerly described 

[8]. After collecting young adult worms, total RNA was produced applying the TriZol method 

(Invitrogen) followed by LiCl precipitation (Ambion). The OneStep RT-PCR kit (Qiagen) was 

used for the preparation of the cDNA of the C. elegans globins. Cycling conditions were as 

follows: 30 minutes at 50 °C for the RT reaction, followed by 15 minutes at 95 °C for the activation 

of the HotStar Taq DNA polymerase, followed by 35 cycles of 60 seconds at 94 °C, 60 seconds at 

54 °C and 90 seconds at 72 °C. Afterwards, the cDNA was cloned into the pET23a vector 
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(Stratagene) using NdeI and XhoI restriction enzymes (Biolabs, Westburg) and T4 Ligase 

(Novagen).  

2.7. Mutagenesis of recombinant GLB-3 

Mutations were introduced by using the Quick-changeTM site-directed mutagenesis kit 

(Stratagene). The truncated GLB-3 has the first 31 amino-terminal residues and the last 13 

carboxyl-terminal residues of GLB-3a removed, leaving 3 amino-acid residues before and after 

the globin domain (GD). This truncated form, hereafter called GLB-3 GD, lacks the N- and C-

terminal extensions and is therefore the same for both isoforms. The mutation primers 5’-GGA-

ATT-CCA-TAT-GAT-TCA-TTT-ATC-TCC-3’ and 5’-GGA-GAT-AAA-TGA-ATC-ATA-

TGG-AAT-TCC-3’ for the N-terminal extension (including the NdeI site) and primers 5’-G-TGG-

GCA-AAA-CTC-GAG-CGG-3’ and 5’-CCG-CTC-GAG-TTT-TGC-CCA-C-3’ for the C-

terminal extension (including the XhoI site) were used. To confirm the formation of intramolecular 

disulphide bonding, the cysteine residue on position 70 in GLB-3a was mutated to serine, hereafter 

called the C70S mutant, using mutation primers 5’-CGT-TCC-CCA-GTT-TCT-CGA-GAA-ATG-

TTC-C-3’ and 5’-GGA-ACA-TTT-CTC-GAG-AAA-CTG-GGG-AAC-G-3’. In addition, to study 

the kinetic properties of GLB-3, the histidine residue on position 7 of the E helix (position 94 and 

165 in the protein sequences of GLB-3a and GLB-3b, respectively) was mutated to alanine, 

hereafter called the HE7A mutant, using mutation primers 5’-TGT-GAT-CTC-AAT-TCG-GCT-

ACG-AAA-TTG-CTC-TGC-3’ and 5’-GCA-GAG-CAA-TTT-CGT-AGC-CGA-ATT-GAG-

ATC-ACA-3’. The cDNAs were subsequently cloned, expressed and purified as described above 

and further. 
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2.8. Over-expression, purification and sequence analysis 

All details for overexpression and purification of the GLB-3a and GLB-3b isoforms, as well as the 

GLB-3 HE7A, GLB-3 C70S and truncated GLB-3 GD variants are given in the supplementary 

material (section S1.1). Details on buffer compositions are given in Table S1. Section S1.2 

(supplementary material) details the sequence analysis of both isoforms. 

2.9. Gel-filtration analysis 

Gel-filtration experiments were performed on a Superdex 75 10/300 (GE Healthcare). Both GLB-

3 isoforms (~100 μM) and GLB-3 GD (~30 μM) were eluted in buffer C with or without the 

presence of DTT in the protein solution (see buffer description, Table S1). Due to technical 

limitations of the detector, absorbance at 370 nm instead of 412 nm was used for the detection of 

heme proteins. 

2.10. UV-Vis absorption and ECD spectroscopy 

UV-Vis absorption spectra were taken from the ferric (as-purified) and ferrous (deoxy) form of 

the GLB-3 isoforms and the different variants in the absence and presence of different potential 

ligands and redox partners. A detailed description of the experiments is given in the supplementary 

material, section S1.3. 

The electronic CD spectra in combination with UV-Vis absorption spectra of ferric GLB-3 in the 

presence or absence of DTT were recorded on a ChirascanTM-Plus spectrometer equipped with 

LAAPD solid-state detector (Applied Photophysics). The instrument was continuously flushed 

with nitrogen (4 L min-1 flow rate), and the measurements were carried out at 20 ⁰C. For all the 

recorded spectra, 0.2 cm path length SUPRASIL® quartz sample cells (Hellma BeNeLux) were 

used. The GLB-3 samples were measured in buffer C in the presence or absence of DTT, in the 
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spectral ranges 260 – 700 nm and 195 – 260 nm (1 nm bandwidth, 3 seconds nm-1, respectively). 

The spectra were subtracted by the corresponding buffer. 

 

2.11. Resonance Raman spectroscopy 

Resonance Raman (RR) measurements were acquired at room temperature via backscattering 

using a Dilor XY-800 spectrometer (DILOR) in low-dispersion mode with a liquid nitrogen-cooled 

CCD detector. A single-frequency Ti:sapphire laser (SolsTis from M-Squared), which is pumped 

by an 18 W Sprout-G diode-pumped solid-state laser (532 nm) from Lighthouse Photonics, was 

operated at 830 nm, and subsequently frequency-doubled with an external cavity frequency 

doubler (ECD-X from M-squared) to obtain 415 nm laser excitation. The spectra were recorded 

via backscattering with a slit width of 200 m. Samples were constantly stirred at 500 rpm to avoid 

local heating and photochemical decomposition. Prior to the measurements, the samples were 

centrifuged at 10000 rpm for 10 minutes and then loaded into quartz cuvettes with a path length 

of 1 cm. The power of the laser was set on 12 mW for the as-purified ferric proteins and 1 – 50 

mW for the measurements on the CO-bound ferrous proteins. Per protein, 10 spectra were recorded 

with an integration time of 180 – 240 seconds each to allow removal of the cosmic spikes.  This 

was achieved by removing the highest and lowest data points for each frequency value and 

averaging the remaining values. The ferrous deoxy and CO-bound ferrous form were prepared as 

described for the optical absorption spectroscopy measurements. CO-ligated ferrous globins were 

prepared in parallel with 12CO and 13CO (Cortecnet 99 % 13CO) to assure the same overall 

conditions. All protein samples had a final protein concentration of ~50 M in buffer C. The as-

purified (ferric) and deoxy (ferrous) form of GLB-3a and GLB-3b were measured in the presence 

and absence of DTT. 
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2.12. Electron paramagnetic resonance 

X-band continuous-wave EPR measurements were conducted on a Bruker ESP300E spectrometer 

with a microwave frequency of ~9.44 GHz. The spectrometer is equipped with a liquid helium 

cryostat (Oxford Inc.), allowing operation from room temperature down to 2.5 K. All EPR spectra 

were recorded at 10 K with a modulation amplitude of 0.5 mT, modulation frequency of 100 kHz 

and microwave power of 3 mW. Furthermore, all samples were deoxygenated via a sequential 

freeze-pump-thaw cycle prior to the EPR measurements and were continuously pumped during 

the experiment to avoid a background signal of paramagnetic dioxygen (3O2). Both GLB-3 

isoforms were measured in buffer C (Table S1) with or without DTT. All EPR spectra are 

simulated using EasySpin version 5.2.28, a MATLAB (MathWorks)-based simulation toolbox 

[29]. 

2.13. Native mass spectrometry 

Both GLB-3a and GLB-3b were buffer-exchanged to an aqueous, volatile ammonium acetate (100 

mM NH4OAc, pH 6.8) solution using P-6 micro Bio-Spin columns (Bio-Rad). Protein 

concentrations were adjusted to 5-10 µM. The samples were infused via in-house produced gold-

coated borosilicate glass capillaries using nano-electrospray ionization (nanoESI) into a Synapt 

G2 HDMS (Waters, Wilmslow, UK) mass spectrometer where native ion mobility-mass 

spectrometry (IM-MS) experiments were performed. The instrument was operated in mobility 

mode and the following crucial parameter settings were applied to retain the native, solution-phase 

structure of the protein: 1.2 kV capillary voltage, 15 V sampling cone, 1 V extractor cone, 10 V 

and 2 V collision energy in the trap and transfer collision cell respectively, and 45 V trap DC bias. 

Pressures throughout the instrument were maintained at 5.0 mbar (backing) and 0.03 mbar (Ar) in 
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the trap and transfer collision cell. Deconvolution of all spectra was performed manually using 

MassLynx software (Waters, Wilmslow, UK). 

2.14. Flash photolysis and stopped-flow experiments 

Attempts were undertaken to measure the CO-binding kinetics of ferrous GLB-3 and GLB-3 

HE7A. Full experimental details are given in the supplementary material (section S1.4). 

2.15. Redox potentiometry 

Redox titrations were performed inside a glovebox which was deoxygenated with N2. GLB-3a 

samples were added to a mediator mix solution in a 2.5 mL polystyrene macrocuvette (BRAND) 

to achieve a final ~10 μM protein concentration. The following redox mediators were used: 

phenazine methyl sulfate (Em = 80 mV), 2-methyl-1,4-naphthoquinone (Em = 10 mV), potassium 

indigotetrasulfonate (Em = −46 mV), 2-hydroxy-1,4-naphthoquinone (Em = −137 mV), and 

disodium anthraquinone 2,6-disulfonate (Em = −184 mV) at concentrations between 1 and 5 μM 

following the procedure in [30]. The mediators act as a redox buffer and equilibrate the potential 

between the protein and the electrodes. Stock solutions of the mediators were prepared in 100 mM 

sodium phosphate buffer pH 7. Titrations were conducted at room temperature by stepwise 

addition of a 0.1 M sodium dithionite solution via a 1 mm I.D. Teflon tube (Bola) using a NE-

1000 Programmable Single Syringe Pump (KF Technology). The sample was stirred continuously 

using a magnetic stirrer built into the cuvette holder. After each injection the system was allowed 

to equilibrate for several minutes, and a UV-Vis absorption spectrum was taken using a Spectronic 

Genesys 6 UV-vis spectrophotometer (Thermo Fisher Scientific).  Simultaneously, the open circuit 

potential between a Leak-Free Ag/AgCl 3M Reference Electrode (Innovative Instruments, Inc) 

and a 4×25 mm Pt plate (Goodfellow, 99.95 % pure and 1 mm thick) submerged in the solution 

was monitored using a VersaSTAT 3 potentiostat (Princeton Applied Research). The potentials 
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were converted to a value versus standard hydrogen electrode (SHE) by a correction factor of +210 

mV.  The change in the heme oxidation state was monitored by the change in the Q bands at 530 

and 560 nm. The total absorbance at each wavelength is given by the sum of the fraction oxidized 

(Fe3+) and the fraction reduced (Fe2+). Both fractions were determined by calculating their molar 

extinction coefficients at 530 and 560 nm according to Lambert–Beer's law. The titration curves 

were fit to the Nernst equation: E = Em + 2.303 
RT

nF
 log

[oxidized]

[reduced]
, where E is the measured 

equilibrium potential at each titration point, Em is the redox potential of the Fe3+/Fe2+ couple, R is 

the gas constant (8.314 J mol-1 K-1), T is the experimental temperature in Kelvin, n is the number 

of electrons in the half-reaction, F is the Faraday constant (96485 C mol-1), and 

[oxidized]/[reduced] is the ratio of oxidized to reduced species. MATLAB (MathWorks) was used 

to analyze the data and the Em value is expressed as the mean ± the standard deviation of the mean. 

 

3. RESULTS 

3.1. Sequence analysis 

Figure 1 shows a comparison between the protein sequence of the globin domain (GD) of GLB-3 

and those of the previously characterized C. elegans globins GLB-1, 5, 6, 12, 13, 26 and 33 [11,16-

23]. Full-length GLB-3b consists of 282 amino-acid residues whereas GLB-3a is the shorter 

isoform and contains 210 amino-acid residues (Figure S1). GLB-3 features all characteristics of a 

standard globin since all globin-typical amino-acid residues for genuine globins are conserved. 

Both GLB-3 isoforms are found to possess a single GD and exhibit the canonical 3/3 α-helical Hb 

fold formed by the A-G-H and B-E-F helices, including a new member to the M family [1,2]. 

Intriguingly, GLB-3b and GLB-3a possess 12 and 9 cysteine residues, respectively, of which 8 are 

localized in the GD (Figure 1 and S1). A search in the globin database resulted in the discovery 
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that ~52 %, ~53 % and ~55 % of the globins in the M, S and T family, respectively, are found to 

have at least one cysteine residue in their GD. Only ~0.04 % globins with at least 8 cysteine 

residues in the GD are found in the M family, in contrast to the S and T family where no such 

globins were found. More specifically, these particular globins in the M family are predominantly 

found in the Wormbase nematode database [31]. ~97 % of the globins found in the Wormbase 

contain at least one cysteine residue in the GD, with ~3 % possessing at least 8 cysteine residues 

in their GD, including GLB-3 (Figure S2). 

Furthermore, GLB-3b is predicted to be both myristoylated and palmitoylated (Figure S1B). Both 

post-translational modifications promote stable membrane anchoring and are also found in other 

C. elegans globins (Table 1). The N-terminal myristoylation site in GLB-3b is predicted with very 

high confidence (96 %), found at the second Gly residue. Palmitoylation was found for GLB-3b 

at the cysteine residues on positions 206 or 207 (denoted as Cys206 and Cys207) (Figure S1). 

GLB-3a, on the other hand, is predicted to be non-myristoylated due to the absence of the first two 

N-terminal exons and partly the third exon. However, like GLB-3b, GLB-3a is also predicted to 

have a palmitoylation site (Cys134 or Cys135) and interestingly, GLB-3a reveals an additional N-

terminal mitochondrial targeting site (MTS) with a probability of 80 %. 
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Figure 1. Protein alignment of C. elegans globins. GLB-3 (accession number CAR81336) is 

aligned with the C. elegans globins that are previously characterized: GLB-1 (accession number 

CAA77458), GLB-5 (A3RMS5), GLB-6 (CCD65109), GLB-12 (CAA86764), GLB-13 

(CAA92164), GLB-26 (CAA99921) and GLB-33 GD (CTQ86984). The amino-acid residues 

preceding and following the protein sequence are shown as numbers in brackets. The globin 

domain of GLB-3a is shown, which is identical for GLB-3b (103 preceding and 15 amino-acid 

residues following). Sperm whale myoglobin (swMb with accession number BAF03579) with the 

corresponding helices and topological positions are shown above the protein sequences. Conserved 

residues at buried sites in the helices are indicated with a capital letter according to [32]. The 

cysteine residues in the globin domain of GLB-3 are shown in red. The key residues at position 

CD1 and F8 are highlighted in blue and green respectively and the E7 position is marked in purple. 

 
3.2. In-vivo localization of GLB-3 and functional implications 

By using a GLB-3 translational reporter strain we revealed that GLB-3 is expressed in the 

reproductive and the nervous system. Within the reproductive system, GLB-3 could be localized 

in vulval muscle cells (Figure 2c) and the proximal part of the gonadal sheet (Figure 2d). This 

expression pattern links well to the observation that mutation of glb-3 leads to a 99 % reduction in 

fertility which points at a crucial role for GLB-3 in wild-type (WT) reproduction (Figure 2e). 

Heterozygotes also show a decreased brood size compared to WT, but the large number of 
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unhatched eggs is at least partially caused by the non-viability of the homozygous nT1 balancer 

[33]. In the nervous system, GLB-3 is expressed in a selection of head and tail neurons and the 

nerve cords along the body (Figure 2a and 2b). Our observations with the GLB-3::GFP 

translational reporter agree with expression data available from RNA-seq based single-cell 

expression analysis (CeNGEN project) [34]. Based on the neuronal expression pattern and the 

previously described roles of these neurons, we screened for two behavioral phenotypes: motility 

– quantified as body bend rate during swimming – and pharyngeal pumping rate. The absence of 

a functioning glb-3 gene causes a strong reduction of the rates of both behaviors. glb-3 mutants 

show a 52 % reduction in swimming rate compared to the WT (Figure 2f), while pharyngeal 

pumping rate is decreased by 49 % (Figure 2g). Heterozygous glb-3 mutants show no significant 

decrease in pumping rate or body bends compared to the WT, suggesting that one functional copy 

of glb-3 is sufficient for normal neuronal functioning. 
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Figure 2. GLB-3 expression pattern and mutant phenotypes. a) Whole worm overview (scale 

bar = 100 µm). GLB-3 is expressed in neurons, the vulva and the gonadal sheath. Enlargements 

in (b-d). b) GLB-3 expression in head neurons (asterisk) (scale bar = 20 µm). c) GLB-3 

expression in vulval muscles (arrow) and ventral cord neurons (asterisk) (scale bar = 20 µm). d) 

GLB-3 expression in the proximal part of the gonadal sheet (arrowhead). Oviduct (dashed line) 

and spermatheca (full line) are also indicated (scale bar = 20 µm). e-g) glb-3 knockout leads to a 

severely reduced fecundity (e), swimming rate (f) and pharyngeal pumping rate (g). ***P < 

0.001. Data are represented as mean ± SEM. 
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3.3. In vitro protein stability and protein folding 

 

Figure 3. CD spectra of ferric GLB-3a and GLB-3b. A) Far-UV spectra of ferric GLB-3a 

without (a) and with (b) DTT. The time difference between the first and last spectrum is 8 hours. 

B) Far-UV spectra of ferric GLB-3b without (a) and with (b) DTT. The time difference between 

the first and last spectrum is 18 hours. The black trace corresponds to the measurement after 8 

hours. 

In line with what is expected for globins, the circular dichroism (CD) spectra of both GLB-3 

isoforms display double minima around 208 and 222 nm, typical for protein structures that are 

mainly α-helical (Figure 3). Comparison of the far-UV CD spectra of the full-length GLB-3 

isoforms with that of the truncated GLB-3 GD variant, indicates the presence of loop regions in 
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the extensions (Figure S3). While the far-UV CD spectra of GLB-3a change only slightly over the 

course of 8 hours (Figure 3Aa), a strong time-dependent change is observed for GLB-3b, 

indicating protein denaturation and aggregation (Figure 3Ba). In both cases, addition of DTT to 

avoid formation of intermolecular disulphide bridges, leads to increased protein stability (Figure 

3A,Bb). Interestingly, the GLB-3b HE7A variant could not be stabilized over longer time with 

DTT, implying also a role of the E7 ligand in protein stabilization (Figure S4B). 

The visible CD region reveals no significant heme loss over time for the two GLB-3 isoforms 

(Figure S5). Interestingly, GLB-3b and GLB-3a exhibit negative ellipticity in the Soret-Q spectral 

regions (Figure S5), in contrast to what has been reported for ferric Mb [35]. This reveals an altered 

interaction of the heme group with its surrounding (see later). This negative ellipticity is also 

observed in the GLB-3 HE7A and GLB-3 GD variants (Figure S3, S4).  

3.4 Protein multimerization 

Both GLB-3a and GLB-3b were subjected to native mass spectrometry (MS) analysis in order to 

determine the oligomerization state with and without DTT. No differences are observed between 

the MS spectra with and without DTT for GLB-3a (Figure 4A). As clearly visible, both spectra 

display the same charge state distribution that represents monomeric GLB-3a in both folded (low 

charge states; high m/z) and partially unfolded state (high charge states; low m/z). Additional to 

these monomers, GLB-3a shows the presence of a very minor fraction of dimers (~3400 m/z), 

with a slightly higher contribution of dimers in the absence of DTT. This indicates that the 

dimerization is stabilized by disulphide bonds, which also follows from the gel-filtration 

experiment (Figure 5). We must mention that during centrifugation, in the absence of DTT, we 

observed pellet formation due to protein aggregation. Thus, it is conceivable that the disulphide 

bonded dimer aggregates and is removed prior to the experiment, explaining its negligible 
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fraction in the mass spectrum. The obtained experimental molecular weight (MW) of the 

monomer GLB-3a (25047.05 ± 0.67 Da) is in good agreement with the theoretical MW (25003 

Da).  

 
Figure 4. Native MS of ferric GLB-3a and GLB-3b. The spectra were acquired after 

purification of A) GLB-3a and B) GLB-3b with (top) and without (bottom) the addition of DTT. 

A) Both spectra of GLB-3a are similar and display a multimodal charge state distribution 

whereby the native monomers (+10, +9, +8) and the (partly) unfolded structures are indicated. 

Additional to the monomeric species, the spectra also show minor peaks (> 3500 m/z; 1-2 % 

intensity) of dimers. B) The spectrum of GLB-3b at the top (+DTT) shows a monomeric peak 

series (+13, +12, +11, +10) and a reasonable fraction of the protein (partially) unfolded. Without 

the addition of DTT (bottom), the spectrum again displays monomers and a high fraction of 

(partially) unfolded protein. The dimer fraction (> 3500 m/z) compared to the native monomer 

fraction is ~1-2 % in intensity in absence of DTT, whereas the addition of DTT reduces the 

intensity to less than 1 % (see peaks marked with double circles). 

 

The MS spectra acquired for GLB-3b with and without DTT also show mostly monomers 

(Figure 4B), with a very small contribution of dimers. The latter fraction is again underestimated 
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due to the prior centrifugation step. However, in contrast to GLB-3a, a reasonable fraction of 

(partially) unfolded species is observed for GLB-3b below m/z 2500, and in particular below m/z 

1700, indicating the presence of a disordered region, likely the flexible N-terminal extension. 

These unfolded species were still observed when other types of buffer (with different detergents 

and varying NaCl concentrations) were used (data not shown). The addition of DTT results in a 

slightly higher intensity of the native monomer peaks. The experimental MW of the monomer 

GLB-3b is found to be 32949.93 ± 0.25 Da, which is in agreement with the theoretical MW 

(32902 Da). 

 

Figure 5. Gel-filtration chromatography of ferric GLB-3a, GLB-3b and GLB-3 GD. 
Normalized elution profile from gel-filtration of ferric GLB-3a, GLB-3b and GLB-3 GD with 

(light blue) and without (dark blue) DTT. Absorbances were measured at 370 nm (heme) and 280 

nm (aromatic amino-acids, not shown). As standards, myoglobin (monomer), cytoglobin (dimer) 

and hemoglobin (tetramer) are also loaded into the column and the positions of the elution peaks 

are indicated by the arrows. DTT clearly decreases the presence of formed aggregates in the GLB-

3a and GLB-3b protein batch, resulting in a more (visually) stable protein solution. 
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The reduction of protein aggregation after the addition of DTT is confirmed via gel-filtration 

(Figure 5). GLB-3a (25 kDa) has a retention time consistent with a monomer confirming the MS 

data. Surprisingly, GLB-3b (33 kDa) shows a much earlier retention time (close to Hb), while 

native mass spectrometry shows it to be a monomer in solution. A similar effect has been observed 

for human cytoglobin, where the flexible N- and C-terminal extensions of the monomeric protein 

are responsible for a large increase in hydrodynamic volume relative to a globular protein, resulting 

in the apparent elution as a dimeric globin [36]. This suggests that GLB-3b is not a globular protein 

with the flexible long N-terminal extension tightly packed to the globin core. The gel-filtration 

experiment of the truncated GLB-3 GD variant (19 kDa), lacking the extensions, reveals indeed a 

hydrodynamic diameter similar to a classical monomer. Note that the absence of significant 

amounts of oligomers in the elution profile of the GLB-3 GD batch is likely caused by the timing 

of the experiment, i.e. immediate gel-filtration after protein purification leaving not enough time 

for protein aggregation. 

3.5 Spectroscopic analysis of the heme pocket of ferric and ferrous GLB-3 

In order to evaluate the heme pocket in both ferrous and ferric form of the GLB-3 isoforms, 

different spectroscopic analyses were performed. The UV-Vis absorption spectra of ferric (as-

purified) and ferrous (deoxy) GLB-3a are shown in Figure 6A. For the ferric form, direct 

comparisons with the CD spectra are given in Figure S5. The UV-Vis absorption spectra are similar 

for GLB-3b with or without DTT (Figure S5 for ferric form). Both ferric and ferrous deoxy form 

exhibit an optical absorption spectrum typical of low-spin (LS) heme iron that is hexacoordinated 

(6c/LS), with the Soret and the Q and Q bands, respectively, at 413 nm, 567 nm and 533 nm for 

the ferric form, and at 426 nm, 560 nm and 530 nm for the ferrous deoxy form. Based on the 

sequence alignment the distal ligand is most likely the endogenous E7His (Figure 1, Figure 8B for 
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structure visualization). A similar conclusion is drawn from the high-frequency region of the 

resonance Raman (RR) spectra (Figure 6C), in which marker bands are observed at ν4 = 1376 cm-

1, ν3 = 1505 cm-1, ν2 = 1580 cm-1 and ν10 = 1635 cm-1 for the ferric form, typical of a 6c/LS ferric 

form, and at ν4 = 1362 cm-1, ν3 = 1494 cm-1, ν2 = 1584 cm-1 and ν10 = 1621 cm-1, typical of a 6c/LS 

ferrous form. 

 

Figure 6. UV-Vis absorption and RR spectra of GLB-3a. A) Normalized UV-Vis absorption 

spectra of GLB-3a (full lines) and GLB-3a HEA7 (dotted lines) in the as-purified ferric form, the 

ferrous deoxy form and the ferrous CO-ligated form at pH 7.5 with DTT (similar spectra without 

DTT and for GLB-3b). The Q bands are magnified by a factor of 3. B) Low-frequency region 

and C) high-frequency region of the RR spectra of GLB-3a in the as-purified ferric form 

recorded at 12 mW laser power, the ferrous deoxy form recorded at 12 mW laser power and the 

ferrous CO-ligated recorded at 1 mW laser power. The protein solution is measured in 50 mM 

Tris-HCl pH 7.5, 500 mM NaCl and DTT. The results are similar without the addition of DTT, 

and for GLB-3b. The CO measurements are only performed with DTT. 
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The low-frequency region (Figure 6B) of the RR spectra displays several bending modes from the 

vinyl δ(CβCaCb) and propionate δ(CβCcCd) substituents of the heme [37]. The frequency of these 

modes is related to the strength of the hydrogen bonds between the propionate and vinyl groups 

with nearby amino-acid residues in the heme pocket. The propionate bending mode is situated 

around 379 – 381 cm-1 in the ferric and ferrous deoxy form, indicating a strong hydrogen bond 

interaction between the propionate side chains and nearby amino-acids [37]. The broad band 

around 416 cm-1 consists of signals around 409 cm-1 and 427 cm-1 (Figure S6), which are assigned 

to the vinyl bending modes. The deoxy form display a slightly higher propionate bending mode at 

383 cm-1, pointing to a higher stabilization in the heme compared with the ferric form. Note that 

there is no detectable out-of-plane-mode γ7 observed (288 – 312 cm-1), indicating a lack of out-of-

plane distortions of the heme [37]. This is characteristic for LS complexes, where the iron is in the 

heme plane due to the axial ligation to two ligands. Moreover, because of the hexacoordination no 

νFe–His mode is observed (200 – 250 cm-1) in the ferric and deoxy form [38].  

Figure 7a-d displays the continuous-wave electron paramagnetic resonance (CW EPR) spectra of 

ferric GLB-3a with and without DTT and GLB-3b with DTT. Due to protein instability, GLB-3b 

was not measured without DTT.  DTT is added in two ways to GLB-3a: no DTT is added right 

after the purification process but added ~1 hour prior to the EPR measurements and the sample is 

then stored at 4 °C (Figure 7b), or DTT is added immediately after purification and thus the sample 

is stored for a longer time in a reducing environment (Figure 7c). The EPR spectra show the 

expected feature of a 6c/LS (S = ½) ferric heme with the principal g-values determined by spectral 

simulations shown in Table 2. The high-field feature gx (gmin) is not observable because of large g-

strain effects and therefore estimated using the assumption that gz
2 + gy

2 + gx
2 ≈ 16 [39].  

Intriguingly, three 6c/LS forms are detected, denoted as LS1, LS2 and LS3. These three forms can 
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be ascribed to the F8His – Fe3+ – E7His conformation with a different relative arrangement of the 

imidazole planes of the axial histidine ligands [40,41].  

The LS3 form shifts (to LS3’) and diminishes immediately after addition of DTT (Figure 7b) and 

almost disappears after long storage in DTT (Figure 7c), suggesting that the three observed LS 

complexes correspond to forms without (LS1 and LS2) and with (LS3) disulphide bridges. Since 

EPR experiments of heme proteins demand a high concentration (~1 mM) in which the surface 

cysteine residues may come close to each other, intermolecular disulphide bonds are likely to be 

formed. This is confirmed by MS (Figure S11). Because the monomers are more closely packed, 

the heme pocket (and thus its EPR parameters) can be affected by such intermolecular bridges. 

Intramolecular disulphide bridges may also play a role, since at lower GLB-3a concentration (~450 

µM) LS3 is still present in the absence of DTT (Figure S9a and b).  

The principal g-values of the LS ferric heme centres found for GLB-3 are typical for (dxy)
2(dxz,dyz)

3 

configurations. The LS1 and LS2 complexes of GLB-3 are referred to as normal rhombic or type-

II EPR signals [39]. In contrast, the LS3 (and LS3’) complex of GLB-3 shows a very high gmax > 

3.2 value, resulting in a large g-anisotropy, making it difficult to observe gx (gmin). This complex 

is referred to as type-I EPR signals [39]. In line with the UV-Vis data (Figure 6A), no signal due 

to a HS ferric heme center is observed in the EPR spectra of the GLB-3 protein samples (Figure 

S9). 
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Figure 7. X-band EPR spectra of ferric GLB-3a and GLB-3b. Normalized X-band CW-EPR 

spectra of a frozen solution at pH 7.5 of a) ferric GLB-3a without DTT, b) ferric GLB-3a with 

DTT added ~1 hour prior to the EPR measurement, c) ferric GLB-3a with DTT added 

immediately after the purification process, d) ferric GLB-3b with DTT, e) ferric GLB-3a C70S 

without DTT and f) ferric GLB-3a HE7A without DTT measured at 10 K. The corresponding 

simulations are shown shifted down from the experimental spectra in red dashed lines with the 

individual LS components shown as dotted lines. An additional signal, indicated by the arrow, is 

observed at g = 2.46, most probably originating from an exogenous ligand from the buffer 

solution that has coordinated with the heme cofactor. *indicates the contribution of a non-heme 

iron Fe3+ and # a Cu2+ background signal. 
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Table 2. The principal g-values of GLB-3 and other ferric proteins. EPR parameters of GLB-

3 with and without DTT compared to heme proteins, with a histidine or thiolate as an axial 

ligand, reported to participate in redox reactions, more specific electron transfer. The 

contribution of each simulated LS form is given. n.d. = not determined, *DTT added prior to 

EPR measurement, **DTT added right after protein purification, #estimated based on ∑gi
2 ≈ 16. 

Species gz 

±0.02 

gy 

±0.03 

gx 

±0.04 

Contribution 

±3 % 

Axial ligands Ref. 

GLB-3a     His/His  

   LS1 3.18 2.01 1.37# 30 %  This work 

   LS2 3.07 2.18 1.36# 40 %  This work 

   LS3 3.36 1.93 1.01# 30 %   

GLB-3a + DTT*     His/His  

   LS1 3.17 2.01 1.36 # 32 %  This work 

   LS2 3.07 2.18 1.35# 48 %  This work 

   LS3’ 3.54 1.93 n.d. 20 %   

GLB-3a + DTT**     His/His  

   LS1 3.17 2.01 1.38# 41 %  This work 

   LS2 3.07 2.17 1.36# 59 %  This work 

GLB-3b + DTT**     His/His  

   LS1 3.16 2.01 1.41# 51 %  This work 

   LS2 3.07 2.17 1.37# 49 %  This work 

GLB-3a C70S     His/His  

  LS1 3.15 1.99 1.43# 65 %  This work 

  LS2 3.07 2.14 1.35# 35 %   

GLB-3a C70S + DTT*     His/His  

  LS1 3.14 1.97 1.50# 63 %  This work 

  LS2 3.07 2.18 1.35# 37 %   

GLB-3a C70S + DTT**     His/His  

  LS1 3.15 1.97 1.48# 59 %  This work 

  LS2 3.08 2.17 1.32# 41 %   

NGB     His/His  

  LS SH 3.10 2.17 1.30   [40,41] 

  LS S-S 3.26 2.06 1.05   [40,41] 

mNGB 3.12 2.15 1.29  His/His [41] 

CYGB 3.20 2.08 1.20  His/His [41] 

GLB-26 3.25 n.d. n.d.  His/His [21] 

Cytochrome b5 3.03 2.23 1.43  His/His [42] 

Barley Hb 3.02 2.22 1.48  His/His [43] 

PpcA cytochrome heme I 3.24 1.98 1.22  His/His [44] 

GLB-3a HE7A     Cys-/His?  

  LS4 2.49 2.27 1.88 63 %  This work 

  LS5 2.41 2.26 1.91 34 %  This work 

NGB HE7A + H2S 2.48 2.29 1.85  H2S/His [45] 

R. sulfidophilum SoxAX        Cys-/His  

  LS 2.52  2.23 1.84   [46] 

  LS 2.58 2.30 1.87   [46] 

Cyt c M80C 2.56 2.27 1.85  Cys-/His [47] 
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3.6. Evaluating potential intramolecular disulphide-bridge formation 

In order to identify candidate Cys residues for intramolecular disulphide-bridge formation, 

homology modelling of the tertiary structure of the globin domain (GD) of GLB-3 was performed 

by means of SWISS-MODEL [48-52]. Figure S1C and Figure S12 (supplementary material) 

indicate the modeled region. Note that the model does not include the N- and C-terminal extensions 

and hence only a homology model of GLB-3a is presented since GLB-3b is identical in that region. 

The model is constructed based on the known crystal structure of human neuroglobin (PDB ID: 

1OJ6 [53]). Despite that C. elegans GLB-6 (PDB ID: 3MVC [19]) gives the highest sequence 

identity (25.5 %) with GLB-3 according to SWISS-MODEL and other programs like Phyre2 [54] 

and ModBase [55], it was not possible to position the heme co-factor correctly in the predicted 

GLB-3 model based on the GLB-6 template. Therefore, human Ngb is chosen based on the 

spectroscopic similarities and because the bis-histidyl ligated heme structure of GLB-6 is reported 

to be closely related to the crystal structure of human Ngb [19]. The QMEAN-Z score, which is 

an estimation of the degree of nativeness, is -2.55 indicating a good agreement between the model 

structure and experimental structures of similar size [51]. Verify3D showed that 80.27 % of the 

amino-acid residues have a score higher than 0.2 [56,57]. ProSa-Web analysis confirms these 

results through a negative Z-score of -4.34 for the global molecule [58,59]. Further checks about 

the stereochemical quality are evaluated by Procheck that reveals the Ramachandran plot, showing 

99.2 % of all amino-acid side chain angles are in the allowed regions and 0.7 % in disallowed 

region [60,61]. All these data confirm that this predicted model is reliable.  

The homology model is visualized in Figure 8A, showing the characteristic -helical three-over-

three globin fold. The heme iron is ligated by the distal His94(E7) on the E helix and the proximal 

His127(F8) on the F helix (Figure 8B,C), with the heme being further surrounded by hydrophobic 
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and aromatic residues (Phe74, Phe139, Phe146, Leu63, Leu97, Leu98, Leu101, Leu142, Met73, 

Met130, Val123, Val138, Ile177) and a number of polar residues located at a somewhat greater 

distance (Gln75, Asp90, Asn131, Lys76, Glu132, Lys133, Asn129, Ser93). The homology model 

provides a better insight into the location of the Cys residues in the globin domain. The surface 

Cys residues at positions 89, 134, 135, 155, 168 are solvent-exposed. Disulphide-bridge formation 

with nearby proteins is possible at high protein concentrations since their thiol side chains are 

directed to the solvent. The buried Cys residues are found at positions 70, 99, 120. Since the N- 

and C-terminal extensions are not included in the model, Cys207 from GLB-3a and Cys30, Cys62, 

Cys70 and Cys279 from GLB-3b are not considered in the model.  

According to the predicted GD model, the only Cys residues that can possibly form an 

intramolecular disulphide bond are Cys134 or Cys135, positioned on the solvent-exposed flexible 

FG loop with Cys70 on the C-helix. This finding remains if several other templates (CYGB, GLB-

12 and GLB-6) are used to construct a GLB-3a model (data not shown), meaning that it is not 

solely an artefact of the NGB template. To accurately predict the secondary structure of the N- and 

C-terminal extensions, the popular JPred4 protein secondary structure prediction server [62] was 

used  (Figure S13). The N- and C-terminal extensions of both isoforms are predicted as disordered 

regions with a high confidence level. This is confirmed by the AlphaFold structure prediction 

[63,64] of the GLB-3a and GLB-3b apoproteins (Figure S14).  

In order to check whether Cys70 could be involved in an intramolecular disulphide bridge the 

GLB-3 C70S variant was constructed, revealing the absence of the LS3 complex in the 

corresponding EPR spectrum (Figure 7e and S10). The same effect was induced by addition of 

DTT, and Cys70 is thus confirmed to play a role in the disulphide-bridge formation. The 

contribution of LS1 dominates the EPR spectrum of the C70S variant of GLB-3a (Table 2). 
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Figure 8. The three-dimensional model of GLB-3a. A) Superimposition of GLB-3a (yellow) 

and NGB (PDB 1OJ6) (pink) with the heme cofactor. The cysteine residues of GLB-3a are 

highlighted in black and the helixes are illustrated with the corresponding letter (from A to H). 

Note that the 1OJ6 NGB crystal structure is the Cys46Gly/Cys55Ser/Cys120Ser mutant and thus 

is an example of NGB in a very reducing environment. B-C) Zoom-in on the heme pocket. B) 

Illustrates all amino-acid residues of GLB-3a less than 0.5 nm from the heme and C) reveals the 

presence of the polar amino-acid residues less than 0.6 nm from the heme (Visualization and 

analysis using UCSF Chimera [65]) 

 

3.7 Exogenous and endogenous distal ligand binding to heme iron 

All spectroscopic evidence points to a distal endogenous E7His (His94) ligation to the heme iron 

in both the ferric and ferrous form (Figure 8B). In order to further explore the effect of the distal 

ligation, the GLB-3 HE7A mutant was constructed. Since the Ala residue cannot ligate iron, this 
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point mutation was expected to induce a high-spin (HS) pentacoordinated heme form (5c/HS). 

Surprisingly, the UV-Vis absorption spectra indicated the observation of a 6c/LS form with the 

Soret band at 420 nm and the Q and Q bands at 571 and 539 nm (ferric form), and a Soret band 

at 426 nm with the Q and Q bands appearing at 560 and 530 nm (ferrous deoxy form), 

respectively (Figures S4C, Figure S22C). In all cases, a band is found around 660 nm, potentially 

being a charge-transfer (CT) band. The absorption spectrum resembles that of the cytochrome c 

mutant in which the axial heme ligand Met80 is replaced by Cys giving rise to a CT band around 

660 nm [66]. The possible distal ligation of a Cys residue is corroborated by the EPR data of ferric 

GLB-3a HE7A (Figure 7f). The earlier observed contributions of LS1-3 are replaced by two 

overlapping EPR contributions, LS4 and LS5. A minor feature points out the presence of a small 

amount of a HS form of the globin (Figure S9). The principal g-values of LS4-5 are in fair 

agreement with the sulfide-treated NGB HE7A mutant and heme proteins with a cysteinate or 

similar thiolate axial ligand ([45,46], Table 2). This indicates a strong rearrangement of the heme 

pocket, and this may be linked to the earlier observation that this point mutation considerably 

decreased the time-dependent protein stability in the presence of DTT for GLB-3b (Figure S4A,B). 

Since some of the known functions of globins involve the binding of small diatomic ligands, the 

interaction of ferrous GLB-3 with O2 and CO was probed. Unfortunately, due to the extremely fast 

auto-oxidation of GLB-3, the oxy form could not be studied. In contrast, stable CO-ligated 

complexes could be obtained as confirmed by UV-Vis spectroscopy (Figure 6A, Soret band at 420 

nm, Q and Q bands at 565 and 540 nm, respectively). A similar spectrum is found for GLB-3b 

(not shown). CO ligation to the ferrous form is found to occur very slowly (Figure S15A-B, S16). 

The RR spectra of the CO-ligated form of ferrous GLB-3a were recorded at 1 mW (Figure 6B,C), 

and at 50 mW laser power (Figure S7). Already at 1 mW laser power photolysis occurs as is evident 
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by the observation of two ν4 marker bands at 1373 cm-1 and ν4 = 1362 cm-1, agreeing with the CO-

ligated and photolyzed ferrous form. At 50 mW laser power, full photolysis occurs (Figure S7B). 

Once the CO is photodissociated from the heme iron, the distal histidine will compete with the CO 

ligand to coordinate to the heme iron. The absence of a ν3 contribution from a HS pentacoordinated 

(5c/HS) ferrous heme iron (around 1470 cm-1) indicates fast recombination of the distal His.  

The νFe–CO stretching mode is dependent on the strength of the interaction of the CO ligand and the 

surrounding amino-acid residues. However, due to the very high fraction of photolysis at low laser 

power, accurate determination of this stretching mode is challenging even when studying the 

isotopic shift in the 13CO adduct (Figure S8). The relative decrease of the 490 cm-1 signal when 

comparing the RR spectra with low and high laser power and the very weak signal at 487 cm-1 in 

the difference RR spectrum comparing 12CO and 13CO-ligated ferrous GLB-3a suggest that this is 

the νFe–CO stretching mode. It can be ascribed to an open conformation of the heme pocket, with a 

weak interaction between CO and nearby amino acids [67]. However, it is important to note that 

this νFe–CO signal is very weak and that the assignment remains ambiguous.  

The strong competition with the distal His also follows from the CO-binding kinetics study (for 

details see Section S8, supplementary material). Flash photolysis of CO-ligated GLB-3a and GLB-

3b (Figure S17) showed that the CO rebinding phase after the flash is very slow, since after 100 

ms the difference in absorbance is still not zero. The stopped-flow measurements show that it takes 

around 300 seconds at the lowest CO concentration to replace the distal His (Figure S15A and B), 

which only requires 1 second for human Ngb [68]. To probe the role of the distal His, the CO-

binding of the HE7A GLB-3 mutants were also measured with stopped flow. In contrast to the WT 

protein, only a few seconds are needed for the complete replacement of the distal ligand with CO 

(Figure S15C and D). While CO rebinding processes in globins can often be well modeled with a 
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biphasic model [23], the maximum entropy method (MEM) analysis shows for GLB-3 a much 

more complex CO recombination behavior (Figure S18). The very slow CO-binding due to the 

competition of the distal His and the high auto-oxidation rate seems to exclude a ‘classic’ gas 

binding function for GLB-3. 

 

3.8 Potential enzymatic activity 

Since binding of diatomic ligands seems not to be biologically relevant for GLB-3, the catalase 

activity, reaction with hydrogen sulfide and nitrite reductase activity of both WT GLB-3 isoforms, 

GLB-3a C70S and GLB-3 GD have been tested (Figures S20-S22). None of these proteins 

exhibited catalase activity after substrate addition (Figure S20). Moreover, ferric GLB-3a is very 

stable under extremely high H2O2 stress. GLB-3b, GLB-3a C70S and GLB-3 GD resist less to 

higher amounts of H2O2. The lack of extensions in GLB-3 GD leads in particular to a very unstable 

protein at high H2O2 concentrations (Figure S20D).  

Some globins have been shown to be able to reduce H2S to thiosulphate and hydropolysulphides 

[45, 69]. Addition of H2S to the ferric wild-type GLB-3 isoforms and GLB-3a C70S induces no 

spectral change in contrast to the observations for human Ngb for which a slow reaction with H2S 

is reported (Figure S21) [45]. Interestingly, incubation of ferric GLB-3 GD with H2S for 50 

minutes leads to the ferrous state (Figure S21D). This suggests that the protein extensions play an 

active role in hampering the reaction with H2S.  

In a third set of experiments, the nitrite reductase activity of the ferrous deoxy WT GLB-3, GLB-

3a C70S and GLB-3 GD was tested (Figures S22). For this, the ferric globins were reduced with 

dithionite after which sodium nitrite was added. No nitrite reductase activity could be observed. In 

contrast, addition of nitrite to ferrous HE7A GLB-3a induces spectral changes in line with the 
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formation of an NO-ligated ferrous form. The nitrite reductase activity of HE7A GLB-3a shows 

that the E7His residue is key in hampering this activity in WT GLB-3. 

 

3.9 Redox potential 

 

Figure 9. The plot shows the fit of the fraction reduced to the Nernst equation of one data set 

(solid red line). The measured Em value is +8 ± 19 mV vs. SHE, which is an average of three 

experiments. The standard deviation is shown as dashed lines. The titrations were carried out at 

25 °C in a mediator mix solution in 100 mM sodium phosphate buffer pH 7. 

 

The redox potential of WT GLB-3a was measured via potentiometric redox titrations. The change 

in population from the Fe(III) to the Fe(II) state after each titration with dithionite was monitored 

through the spectral differences in the absorbance spectra at 530 and 560 nm, and double-checked 

using the changes in the Soret band (Figure S23). The fraction of reduced protein was normalized, 

plotted against the measured potential vs. SHE, and fitted to the Nernst equation (Figure 9). The 
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obtained redox potential Em is +8 mV ± 19 mV vs. SHE, which falls within the wide range of Em 

values reported for heme proteins (Table 3).  

A peculiar feature was observed during the measurements: when approaching the midpoint 

potential Em, addition of dithionite leads to the appearance of the spectrum of the reduced ferrous 

form, which then returned after several minutes to that of the oxidized species till an equilibrium 

was reached. Past the midpoint potential, the absorption spectra stayed those of the reduced ferrous 

state and did not change in time for a given potential. This observation may be linked to the fact 

that the proteins are cysteine rich. 

 

Table 3. The redox potentials (Fe2+/Fe3+ couple) of various heme proteins. The redox 

potential of GLB-3a compared with various hexa- and pentacoordinated heme proteins 

 

Protein Em (mV) vs. 

SHE 

Axial ligands Ref. 

Human cytochrome b5 -21 His/His [70] 

Cytochrome c3  -400  His/His [71] 

Cytochrome b559 +395 His/His [72] 

Cytochrome c +263 Met/His [73] 

Horseradish peroxidase -250 His [74] 

Arabidopsis thaliana Hb1 and Hb2 -35 His/His [75] 

Arabidopsis thaliana Hb3 +15 His [75] 

Rice nsHb1 -143 His/His [76] 

Lumbricus Hb +311 His [77] 

Human Mb +50 His [78] 

Human Ngb* (mutated surface 

Cys) 

-136 His/His [79] 

Human Ngb -118 His/His [80] 

Human cytoglobin -33 His/His [81] 

Kumaglobin -400 His/His [82] 

C. elegans GLB-3a +8 His/His This work 

C. elegans GLB-6 -193 His/His [19] 

C. elegans GLB-12 0 His/His [11] 

C. elegans GLB-26 +30 His/His [21] 
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3.10 Unusual pH stability 

Ferric GLB-3a exhibits an unusually high ability to bind heme at low pH values (Figure 10). No 

spectral changes are observed in the UV-Vis absorption spectra from pH 2 till 9.5 (with DTT) or 

pH 7.5 (without DTT). At pH 10.5 a small shift and decrease in the Soret band is detected in 

agreement with the alkaline transition to a hydroxide-ligated form. Figure 10 shows the 

comparison with ferric NGB and ferric horse heart myoglobin (hhMb). While the former has a 

6c/LS heme coordination, the latter is in a hexacoordinated aquomet (6c/HS) form. An earlier 

report described the unusual stability of NGB at low pH in comparison to other globins [83]. 

Indeed, while aquomet hhMb has fully lost the heme group at pH 3.5, NGB releases its prosthetic 

group at a considerably slower rate at this pH (Figure 10). However, GLB-3a clearly surpasses this 

with the heme binding remaining intact even at pH 2. Interestingly, Hell’s gate globin I, a globin 

from the acidophilic and thermophilic obligate ethanotroph Methylacidiphilum infernorum could 

be kept overnight at pH 2.8 when bound to acetate [84]. While at higher pH, no alkaline transition 

is found for ferric NGB, this does occur for GLB-3a. The addition of DTT seems to shift this 

transition to higher pH, whereby an effect of DTT on the pH is likely. The alkaline transition of 

ferric hhMb is known to occur at lower pH ~9 [85] as confirmed here (Figure 10). Moreover, the 

N- and C-terminal extensions of GLB-3 seem to have an effect on the heme region (Figure S24). 

Removal of these extensions decreases the heme-binding ability at lower pH and facilitates the 

hydroxide transition at less alkaline pH. 
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Figure 10. pH stability of ferric GLB-3a. UV-Vis absorption spectra of as-purified ferric GLB-

3a, GLB-3a with DTT (similar for GLB-3b), and NGB and hhMb as control experiments, at 

different pH-values measured at different time points. 

 

4. DISCUSSION 

GLB-3a and GLB-3b are two isoforms of GLB-3 that contain a globin domain that is modelled to 

exhibit the classical 3/3 -helical fold (Figure 8). The longest isoform, GLB-3b, is predicted to be 
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palmitoylated and myristoylated, while the smaller isoform is predicted to have a palmitoylation 

site and an additional N-terminal mitochondrial targeting site (MTS) (Figure S1C).  

 

4.1.  Heme pocket region 

The heme iron is found to be bis-histidine coordinated (6c/LS) in both the ferric and ferrous form. 

EPR reveals that three LS forms (LS1-3) are present in ferric WT GLB-3, whereby LS3 disappears 

upon addition of DTT and is thus linked to disulphide-bridge formation. LS3 is not present in ferric 

GLB-3a C70S (Figure 7e), indicating Cys70 as one of the partners in the disulphide bridge. 

Homology modelling shows that Cys70 is buried in the protein matrix and can form an 

intramolecular disulphide bridge with Cys134 or Cys135. For human neuroglobin it has been 

shown that formation of an intramolecular disulphide bridge affects the heme pocket structure and 

influences the affinity to bind E7His [41,86]. Note that Cys134 and Cys135 are predicted as 

palmitoylation site and that the conditions for the formation of the intramolecular disulphide bridge 

may be different in vivo. Although MS shows that intermolecular disulphide bridges can be formed 

at the high protein concentrations used in EPR, this does not seem to be linked to LS3 formation. 

The occurrence of different LS forms indicates a flexibility in the heme region. The EPR 

parameters of bis-histidine coordinated heme centres can be linked to the relative orientation of 

the two imidazole planes of the iron-ligating E7His and F8His [41,87], with increasing gz values 

indicating an increasing dihedral angle between the two imidazole planes and/or tilting of the 

imidazole plane away from the perpendicular position versus the heme plane. The gz values found 

for LS1-3 (Table 2) agree with dihedral angles between the imidazole planes larger than 40o [87]. 

LS3 has the largest gz value revealing that formation of the disulphide bond exercises a strain on 
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the heme pocket. This may point to control of the GLB-3 function through the redox state of the 

disulphide bridge, as suggested for human neuroglobin [88].  

Although the strong changes in the UV-Vis and EPR features of the GLB-3a HE7A variant 

compared to the WT form confirm the distal ligation of E7His to the heme iron in the latter form, 

an unexpected binding of an S-containing ligand, most likely Cys, to the heme iron is observed, 

suggesting that mutation of the distal His is accompanied by heme sliding or movement of the E-

helix (nearest Cys on E2 and E12). This confirms the flexibility of the heme pocket and reveals 

that E7His plays a key stabilizing role in the protein structure, besides its role in the protein’s 

function. 

The CD spectra of all GLB-3 isoforms and variants show an unusual negative sign of the Soret 

CD band for the ferric forms, which seems independent of the distal heme ligand. Studies on Mb 

have shown that the sign and magnitude of the Soret CD band are strongly influenced by the 

interactions with the heme distal amino acids and the heme side chains (especially 2,4-vinyls and 

6,7-propionates) [89,90]. The RR spectra of ferric GLB-3a indicate a strong hydrogen bonding of 

the propionate side chains with the protein matrix (Figure 6). Homology modelling reveals 

different hydrophobic and aromatic residues near the heme centre. Interactions of the heme plane 

with the aromatic residues is demonstrated to induce a negative sign of the Soret CD band [91]. 

4.2. C- and N-terminal extensions 

The two isoforms of GLB-3 differ strongly in their N-terminal extension (Figure S1). In vitro, 

higher protein stability is observed for GLB-3a than for GLB-3b (Figure 3), most likely due to the 

smaller N-terminal extension of GLB-3a with less Cys residues and hence less oligomerization 

through intermolecular disulphide bonds. The longer N-terminal extension is likely responsible for 

the observed distribution of higher charge state ions in the MS analysis in GLB-3b (Figure 4B). 
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This extension is more flexible and not tightly packed to the protein core as shown via gel-

filtration, and predicted to be unfolded, attracting more positive charges. 

The presence of the C- and N-terminal extension has a clear influence on the GD. The GLB-3 GD 

variant is observed to be less stable under high excesses of H2O2 than GLB-3a and GLB-3b (Figure 

S20). Similarly, the absence of the C- and N-terminal parts reduces the heme-binding ability at 

very low pH (Figure 10 versus Figure S24). This indicates that the unexpected high stability of the 

heme binding is not merely due to the strong bis-histidine coordination of the heme iron and the 

hydrophobic heme pocket, but also linked to an extra stabilization/protection via the extensions.  

Moreover, the C- and N-terminal extensions prevent the in vitro reaction with H2S. A slow 

chemical reduction of ferric GLB-3 GD is observed in the presence of H2S, while this is not 

occurring for the WT isoforms (Figure S21). Also the alkaline transition is somewhat affected by 

the removal of the extensions (Figure S24). This confirms the flexibility of the heme pocket area 

and the non-innocent effect of the extensions on the globin domain.  

N-terminal extensions are also observed in many non-redundant globins [92], including other C. 

elegans globins [10], vertebrate Cygb [36] and globin X [15]. Although the functional relevance 

of the extensions is in many cases largely unclear, a majority of these globins carry myristoylation 

sites and/or palmitoylation sites, which led Blank and Burmester to the suggestion that respiratory 

globins may have evolved from a membrane-bound ancestor with signalling or lipid protective 

function [92], a hypothesis which has, however, not been substantiated since. The extensions of 

the GLB-3 isoforms may indeed function as signal sequences for subcellular location or membrane 

anchoring as found for C. elegans GLB-12 [11] and GLB-26 [21] (Table 1). Interestingly, Hanai 

et al. reported that the C-terminal extension of human cytoglobin is critical for the structural 

stability [93], in line with the observations for the extensions of GLB-3. 
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4.3. A cysteine-rich globin 

An intriguing question is why the GLB-3 isoforms possess so many Cys residues. A high number 

of Cys residues in globins is found to be most common in nematode globins (Figure S2). Besides 

the well-known structural function of disulphide bonds and the earlier mentioned involvement in 

membrane linkage (palmitoylation sites), Cys residues are known to participate in different redox 

reactions. Redox-active Cys residues can play an important role in the regulation of the protein 

function as they may act as redox-sensing molecular switches which sense cellular oxidizing 

factors such as ROS and cellular reducing factors [94]. Additionally, like the redox-active Tyr and 

Trp residues, also Cys residues can act as intermediate charge carriers in electron transfer reactions 

as observed during the redox titration measurements [95]. A very recent chemoproteomics study 

determined the reactivity of the C. elegans cysteine proteome under physiological conditions [96]. 

Unfortunately, this study only picked up GLB-1 (with a non-redox active Cys), and revealed no 

information on the other 33 globins. Nevertheless, this study revealed wide-ranging redox 

regulation via cysteine redox chemistry in C. elegans, and showed redox-sensitive events in 

translation, growth signalling and stress response pathways. The high resistance of the heme-

pocket region of GLB-3 to H2O2 may indicate that the cysteine-rich GLB-3 protein is designed to 

function in the presence of ROS. As a protecting mechanism, the globin thiols in nematodes can 

have a key role in thiol-mediated redox signalling in response to oxidative stress. 

 

4.4. GLB-3 localization and potential function. 

GLB-3 is expressed in the reproductive and nervous system. Mutation of glb-3 leads to an almost 

complete loss of fertility. The absence of the glb-3 gene also causes strong reduction of motility 

and pharyngeal pumping rate. The expression pattern of GLB-3 shows a strong resemblance to 
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that of GLB-12, which is also expressed in both neurons and the gonadal sheath [11]. However, 

there is no spatial overlap in the gonadal expression pattern of both globins, hinting at functional 

non-redundancy. While GLB-12 is reported to be expressed in the distal gonadal sheath, the 

proximal part of the spermatheca and the uterus, GLB-3 is observed in the proximal pair of gonadal 

sheath cells at the end of the oviduct, close to the spermatheca. Since these sheath cells are rich in 

muscle filaments, which help in the ovulation process, GLB-3 may regulate ovulation rate, 

possibly via redox signalling. Also, GLB-3 seems not to be present in neither HSN nor VC 

motoneurons, two main components in the egg-laying neuronal circuit [97]. Therefore, we can 

presume that knockout of GLB-3 expression in the gonadal sheet and not knockout of neuronal 

GLB-3 must be responsible for the fecundity defect.  

Several in vitro observations, such as the slow binding of CO and the fast auto-oxidation, indicate 

that GLB-3 is not a transport/storage protein and is not involved in binding of diatomic (signalling) 

gases. A fast auto-oxidation hampering in vitro study of the oxy form of the globin was also 

observed in the C. elegans proteins GLB-6 [19], GLB-12 [11], and GLB-26 [21,16]. Even though 

the hydrophobic heme pocket of GLB-3 should prevent heme oxidation, polar amino-acid residues 

are observed at the entrance of the heme pocket (Figure 8). This is also the case for GLB-12, where 

the polar residues allow solvent access to the heme pocket and trigger heme iron oxidation [11].  

A more likely function thus points towards a redox or electron-transfer function. In vitro, the GLB-

3 forms showed no catalase activity nor nitrite reductase activity in contrast to many other globins. 

Oxidation of H2S with concomitant reduction of the heme centre was only observed for the GLB-

3 GD variant, hinting to protective influence of the N- and C-terminal extensions. The measured 

redox potential for GLB-3a is slightly positive (vs. SHE). For bis-histidyl ligated globins, a wide 

range of redox potentials is found presumably determining their function (Table 3). Such broad 
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range is also observed for cytochromes; even though the oxidation and reduction involve a 

seemingly simple reaction of electron transfer from or to the heme iron, their redox potentials span 

a range of several 100s of mV (Table 3). The redox potential is strongly influenced by the nature 

of the axial ligands to the heme iron, porphyrin peripheral substituents, solvent accessibility of the 

metal site, electrostatic interactions with protein side chains and other cofactors, and protonation 

state of neighboring amino-acid residues [98]. The Em value of GLB-3a is higher than the reported 

redox potentials of the disulphide redox couples in human neuroglobin (-194 mV) [99] and human 

cytoglobin (-189 mV) [100], suggesting that the ferric heme iron of GLB-3a can oxidize disulphide 

bonds better than neuroglobin and cytoglobin. 

The resilience of the protein and heme region to high concentrations of H2O2 and low pH indicate 

that the protein may be functional under harsh conditions, such as stress-induced ROS. C. elegans 

nematodes have H2O2 sensing neurons, which allow them to move away from hydrogen peroxide, 

that is produced by a wide variety of microorganisms and forms a lethal treat to the nematodes in 

their search for food [101]. Interestingly, GLB-3 is expressed in many of the neurons that were 

found to be essential in this response. 

Further systematic biochemical studies are needed to identify potential redox partners or even a 

possible involvement in electron-transport or sensory function. 
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ABBREVIATIONS 

C. elegans Caenorhabditis 

elegans 

RR Resonance Raman 

CD Circular dichroism S family Sensor family 

CT band Charge-transfer band SHE Standard hydrogen 

electrode 

CW EPR Continuous-wave 

electron 

paramagnetic 

resonance 

SwMb Sperm whale 

myoglobin 

GD Globin domain T family Truncated family 

Hb Hemoglobin WT Wild type 

hhMb Horse heart 

myoglobin 

  

HS High-spin   

IM-MS Ion mobility-mass 

spectrometry 

  

LS Low-spin   

M family Myoglobin-like 

family 

  

Mb Myoglobin   

MEM Maximum entropy 

method 

  

MS Mass spectrometry   

MTS Mitochondrial 

targeting site 

  

MW Molecular weight   

Ngb Neuroglobin   

RNS Reactive nitrogen 

species 

  

ROS Reactive oxygen 

species 
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