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Abstract 

Out of the 34 globins in Caenorhabditis elegans, GLB-33 is a putative globin-coupled 

transmembrane receptor with a yet unknown function. The globin domain (GD) contains a 

particularly hydrophobic haem pocket, that rapidly oxidizes to a low-spin hydroxide ligated haem 

state at physiological pH. Moreover, the GD has one of the fastest nitrite reductase activity ever 

reported for globins. Here, we use a combination of electronic circular dichroism, resonance 

Raman and electron paramagnetic resonance (EPR) spectroscopy with mass spectrometry to study 

the pH dependence of the ferric form of the recombinantly over-expressed GD in the presence and 

absence of nitrite. The competitive binding of nitrite and hydroxide is examined as well as nitrite-

induced haem modifications at acidic pH. Comparison of the spectroscopic results with data from 

other haem proteins allows to deduce the important effect of Arg at position E10 in stabilization 

of exogenous ligands. Furthermore, continuous-wave and pulsed EPR indicate that ligation of 

nitrite occurs in a nitrito mode at pH 5.0 and above. At pH 4.0, an additional formation of a nitro-

bound haem form is observed along with fast formation of a nitri-globin. 
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reactive nitrogen species; ROS: reactive oxygen species; rRaman: resonance Raman; SD: single 

domain;  
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1. Introduction 
 

Globins are small haem-containing -helical globular proteins widespread throughout the 

kingdoms of life [1,2]. Besides the well-known role of globins in the O2 transport and storage in 

vertebrates, globins are shown or hypothesized to be involved in a large variety of biochemical 

processes, including scavenging of ROS (reactive oxygen species) and RNS (reactive nitrogen 

species), redox reactions and ligand (e.g. O2) sensing [1]. Based on their lineage, globins are 

classified into three families: myoglobin-like (M), sensor (S) and truncated globin (T) family 

[1,2,4,5]. Next to single-domain (SD) proteins, consisting of a globin protein only, chimeric 

proteins consisting of a globin domain (GD) coupled to other domains, such as a transmitter 

domain, have been identified [1,2]. The classical globin fold, with myoglobin as archetypical 

example, consists of eight -helices, labelled A to H from N- to C-terminus, that are organized in 

a 3-over-3 (3/3) sandwich, with the haem group situated in the hydrophobic centre and the haem 

iron coordinated at the proximal side to the conserved His at position 8 of the F helix (F8His). This 

fold is found in the M and S families, with variation in this structure mainly occurring by N- and 

C-terminal extension and variation in length of the inter-helical segments [3]. Furthermore, globins 

from the T family are shorter, exhibiting the 2-over-2 globin fold (2/2), i.e. an -helical sandwich 

of the B-E and G-H helices. They are normally shorter than the 3/3 globins and therefore indicated 

as truncated haemoglobins (Hbs) [6].  

Caenorhabditis elegans is found to be exceptionally rich in globins and thus offers an ideal system 

to unravel the diversity of globin functions and globin structures. In distinct cell types of this 

species, 34 globin-like proteins are transcribed and expressed [7,8]. Some of these globins have 

been partially characterized and putative functions have been ascribed to them [9-16]. GLB-33 is 

the largest of the C. elegans globins and consists of a GD and a 7 -helical transmembrane domain, 

typical for G-protein-coupled receptors. Homology modelling predicts that the GD has the 

classical globin fold with eight -helices in a canonical 3/3 sandwich [16]. Similar to myoglobin 

(Mb), the haem iron of GLB-33GD has no distal ligand in its reduced ferrous form (so-called 

pentacoordination of the haem iron). However, this form oxidizes fast, resulting in a ferric haem 

iron that is ligated to hydroxide in a broad range of slightly acidic to basic conditions [16]. This is 

in contrast with the majority of other globins in which distal OH- ligation only sets in at alkaline 

pH. To our knowledge, only the truncated haemoglobins of Thermobifida fusca (Tf-TrHbs) show 
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a similar pH-dependent behaviour [17]. Hydrogen-bonding networks with distal haem-pocket 

amino-acid residues are thought to stabilize the ligation of hydroxide at physiological pH [17,18]. 

Whereas the in vivo function of GLB-33 is unclear, in vitro experiments show that the GD reduces 

nitrite to NO 10x faster than Mb [16]. NO2
- is a precursor of RNS and has been linked to cellular 

signalling, intestinal relaxation, vasodilation, neurotransmission, and neuromodulation in a broad 

range of species [19,20]. Many globins have been indicated to play a role as NO scavengers or 

nitrite reductases (NiRs) [19-25]. Moreover, many other haem proteins are involved in nitric-oxide 

pathways in different organisms and function as NO generators or deliverers, or convert nitrite to 

other reactive nitrogen species [21,26], suggesting the involvement of the full-length GLB-33 

protein in the NO metabolism of C. elegans. 

The globin-nitrite interaction is complex with many intermediates identified in vitro depending on 

the initial haem-iron state (Fe(III), Fe(II), Fe(II)-O2, ...). Under specific conditions, haem 

modifications and partial haem loss have been observed [27-30]. After entering the haem pocket, 

NO2
- can coordinate the iron ion in either the favoured N-linked nitro (NOO) and the less 

favoured O-linked nitrito (ONO) ligation mode (see Figure S1A,B for representation), which 

has implications for the subsequent NiR mechanism [30-34]. In the nitro mode, a formal double 

protonation of one of the nitrite O-atoms precedes the release of a water molecule and generation 

of an Fe(III)-NO species, which then dissociates. In the O-linked nitrito mode, NO is released 

through an ON-O bond homolysis after protonation of the iron-bonded nitrite oxygen atom, 

resulting in NO and an Fe(III)-hydroxo complex [31].  

In this work, optical and magnetic-resonance methods are combined with native mass spectrometry 

(MS) to study the pH-dependent distal haem ligation, haem modifications and overall stability of 

the ferric form of the GLB-33GDΔCys variant in the absence and presence of nitrite. More 

specifically, continuous-wave (CW) and pulsed electron paramagnetic resonance (EPR) 

techniques, resonance Raman (rRaman), UV/Vis absorption (Abs) and electronic circular 

dichroism (ECD) spectroscopy are used, since they are excellent complementary tools to probe the 

interaction of haem proteins with various ligands [35-37]. EPR is also used to study the 

nitrosylated ferrous form of the protein that appears during NiR activity in the presence of a 

reducing agent. The GLB-33GDΔCys variant was taken such as to prevent unspecific in vitro 

multimerization of the protein at the higher protein concentrations needed for EPR.  
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2. Materials and Methods 
 

2.1. Expression and purification 

 
The cDNA coding for GLB-33GD and double mutant C40S/C55S (GLB-33GDΔCys) (glb-33 gd, 

bp 1120 to 1629) was cloned into a pET23a vector with a C-terminal His-tag (Novagen) using 

NdeI and XhoI restriction enzymes (Biolabs) as described elsewhere [16]. After growing 

BL21(DE3)PlysS with coding cDNA, cells were resuspended (50 mM Tris at pH 7.5, 300 mM 

NaCl) followed by repeated freeze-thaw cycles and sonication to lyse the cells. After 

centrifugation (10 min., 10000 g, 4oC), the supernatant was loaded onto a Ni Sepharose High 

Performance column (GE Healthcare), pre-equilibrated with equilibration buffer (50 mM Tris-HCl 

at pH 7.5, 300 mM NaCl, 20 mM imidazole) and eluted (50 mM Tris at pH 7.5, 250 mM 

imidazole). The eluate was dialyzed with a solution of 50 mM Tris at pH 7.5, 0.5 mM 

Ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, and then concentrated and loaded onto 

a G75 gelfiltration self-packed column as a final purification step. The validity of using the variant 

was tested by comparing the UV-Vis and some EPR spectra of GLB-33GD and GLB-33GDΔCys 

at neutral pH. The GLB-33GDΔCys variant is preferred to prevent formation of intermolecular 

disulphide bridges at the higher protein concentrations used in EPR.  

Horse skeletal muscle Mb (hsMb) was purchased from Merck KGaA (Darmstadt, Germany) and 

dissolved in the same buffers as GLB-33GDΔCys or explicitly stated otherwise. 

 

2.2. UV-Vis absorption and electronic circular dichroism spectroscopy 
 

UV-visible Abs/ECD spectra of GLB-33GDΔCys were recorded on a Chirascan-Plus 

spectrophotometer (Applied Photophysics, Leatherhead, Surrey, UK). The instrument was 

continuously flushed with nitrogen gas (4 L/min flow rate), and the measurements were carried 

out at 20oC. For all the recorded spectra, 0.2 cm path length SUPRASIL quartz sample cells 

(Hellma BeNeLux, Kruibeke, BE) were used. The final spectra were subtracted by the 

corresponding spectrum of the solvent used for the respective measurement (Tris-HCl for pH 7.5 

and 6, or sodium acetate buffer for pH 5.0 and 4.0, in presence of 100 mM NaCl). The globin 

concentration was estimated using the absorption at the Soret peak (412 nm), and the extinction 

coefficient value of human neuroglobin 412nm = 130 000 M-1cm-1 [38]. 2.5 M GLB-33GDΔCys 
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was measured in the spectral range between 260 and 800 nm and between 195 and 260 nm (3 s 

nm-1, 1 nm bandwidth). All buffer exchanges were obtained via Micro Bio-Spin chromatography 

columns (BioRad, Hercules, California, US). Nitrite solutions were freshly prepared prior to each 

measurement.  

 

2.3. Resonance Raman spectroscopy 

rRaman spectroscopy was carried out at room temperature using a ChiralRaman-2X spectrometer 

(BioTools, Inc., Jupiter, Florida, USA). Unpolarised rRaman spectra were recorded in 

backscattering geometry, using a green laser beam from a frequency-doubled Nd:YVO4 laser (532 

nm). The instrument was running at a spectral resolution of 7 cm-1. 60 L sample was centrifuged 

at 14000 rpm for 5 min, at 4oC prior to each measurement, and then loaded into 3x4x10 mm quartz 

cuvette (Starna Scientific Ltd, Ilford, London, UK). The laser power was set at 0.3 W at the source, 

and the samples were illuminated in stretches of 2 s to prevent them from heating up. The total 

acquisition time varied depending on the sample stability. The protein sample, prepared in sodium 

acetate or Trizma hydrochloride buffer in presence of 100 mM NaCl and having final molar 

concentration of 25 M, was measured in the as-purified form and upon incubation with nitrite in 

one to fifty molar ratio, at pH 5.0 or 7.5, respectively. Raman spectra of the samples were 

subtracted by the corresponding spectrum of the solvent and subsequently baseline corrected 

according to the Eilers-Boelens procedure [39]. For experiments with the isotopically labelled 

ligand, Na15NO2 (95 atom %) as well as Na14NO2 were purchased from Merck KGaA (Darmstadt, 

Germany). 

 

2.4. Electron paramagnetic resonance 
 

Globin solutions were diluted in glycerol until a final concentration of 10-25 % (v/v) glycerol. The 

X-band continuous wave (CW) EPR measurements were performed on an ESP300E (Bruker) 

spectrometer with a microwave frequency of 9.45 GHz equipped with a gas-flow cryogenic system 

(Oxford Instruments), allowing for operation from room temperature down to 2.5 K. The magnetic 

field was measured with a Bruker ER035M NMR Gauss meter. Paramagnetic O2 was removed 

from the sample via several freeze-pump-thaw cycles. The spectra were measured with a 
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modulation frequency of 100 kHz and a modulation amplitude of 0.5 mT unless stated otherwise. 

The microwave power is mentioned in the corresponding figure captions.  

X-band pulsed EPR measurements were conducted on a Bruker E580 Elexsys spectrometer 

(microwave frequency ≈ 9.74 GHz) equipped with an Oxford Instruments gas-flow cryogenic 

system to obtain an operating temperature of 6.5 K. A shot repetition time of 1 ms was used in all 

experiments. X-band electron-spin-echo (ESE)-detected EPR experiments [40] were recorded 

using the 2-pulse sequence /2----echo, with pulse lengths tπ/2 = 16 ns and tπ = 32 ns and the 

inter-pulse distance  varied from 96 to 4184 ns in steps of 8 ns. The X-band three-pulse ESEEM 

(electron spin echo envelope modulation) experiments [40] were done using a /2--/2-T-/2--

echo microwave pulse sequence with pulse lengths of tπ/2 = 16 ns and are the sum of spectra 

recorded at 10 -values in the range of 96-240 ns in steps of 16 ns with T varied from 96 ns to 4880 

ns in steps of 16 ns. HYSCORE (hyperfine sublevel correlation) spectra [41] were recorded using 

the microwave pulse sequence /2--/2-t1--t2-/2--echo with tπ/2 = 16 ns and tπ = 32 ns and t1 

and t2 were varied from 96 ns to 4480 ns in steps of 16 ns. HYSCORE measurements were recorded 

with different -values and added together as indicated in the figure captions.  

All spectral treatment and analysis were done using MATLAB (R2020a, MathWorks, USA). The 

three-pulse ESEEM and HYSCORE spectra were baseline-corrected using a third-order 

polynomial, apodized with a Hamming window and zero-filled. After Fourier transformation, the 

absolute-value spectra were calculated. All EPR spectra were computer simulated using EasySpin 

package (v.5.2.28) [42], a toolbox for MATLAB. 

 

2.5. Mass spectrometry 
 

GLB-33GDΔCys (20 M) was incubated with 50-fold molar excess of NaNO2 (1 mM) at pH 4.0 

(50 mM sodium acetate) and pH 7.5 (50 mM Tris-HCl) for 24 hours at room temperature. After 

NaNO2 treatment, the samples were buffer exchanged to a volatile ammonium acetate solution 

(100 mM, pH 6.8) using P-6 Micro Bio-Spin columns (Bio-Rad). Each sample was loaded into 

homemade gold-coated borosilicate glass capillaries and mounted onto a Synapt G2 HDMS mass 

spectrometer (Waters, Wilmslow, UK), where native nano-electrospray (ESI) ionization mass 

spectrometry experiments were performed. The following instrument parameters were carefully 

optimized to avoid ion activation and protein unfolding (Ion mobility mode): capillary voltage: 1.2 
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kV, sampling cone: 25 V, extractor cone: 3V, trap collision energy: 10 V, trap DC bias: 45 V, and 

transfer collision energy: 2 V. Pressures were set to 3.8 mbar in the source region (backing), 2.7 x 

10-2 mbar in both trap and transfer collision cells (collision gas: Ar), and 3.0 mbar in the IMS cell. 

Spectra were also acquired under elevated trap collision energies (50V) to cause protein unfolding 

and the release of the prosthetic haem group. 

 

3. Results 

 

Some of the key amino-acid residues in the haem pocket of globins are, besides the conserved His 

at position 8 of the F-helix, the residues at positions B10, E7, and E11 (Figure S1). In a large 

amount of the globins, a His residue is found at position E7 (Figure S1), but this is an Ile residue 

in GLB-33GD [16]. Moreover, homology modelling of GLB-33GD places two Ile residues (E7, 

E11), Leu (CD3) and Ala(B10) near the haem on the distal side, leading to an unusually 

hydrophobic distal haem pocket [16]. Furthermore, on position E10 an Arg residue is found, while 

this is Val in horse heart myoglobin (hhMb). Research on the double mutant H64V/V67R hhMb 

(mutating the residues at positions E7 and E10) has shown that Arg plays an important role in 

directing the ligation of nitrite in the haem pocket [43]. In view of the high NiR activity of GLB-

33GD and the alkaline transition at unusual low pH, we here investigate spectroscopically the pH 

dependence of ferric GLB-33GD and its nitrite ligation in relation to its haem-pocket structure. 

Also the EPR spectrum of the NO-ligated ferrous form (the final product from the NiR reaction) 

is considered. In the discussion section, all data will be compared to that of other haem proteins in 

order to understand the important role of Arg(E10).  

 

3.1. pH dependence of ferric GLB33GD 
 

Figure 1A (top) depicts the UV/Vis Abs spectra of ferric GLB-33GDΔCys at pH values 4.0, 5.0, 

6.2 and 7.5. These spectra show that ferric GLB-33GDΔCys changes from a high-spin (S=5/2) 

ferric haem form (potentially with distal water ligation to the haem iron) at low pH to a hydroxo-

ligated ferric haem form at neutral pH, in agreement with earlier findings on GLB-33GD as 

reported by some of us [16]. This transition can be deduced from the red shift of the Soret band 
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from 406 to 413 nm upon pH increase and the concomitant drastic change of the spectrum in the 

green-to-red range (Q bands). At low pH, a Q band appears at 502 nm with a charge-transfer band 

at 636 nm, which is characteristic of a 6-coordinated high-spin haem iron (6c/HS), while at neutral 

pH, the Q and Q bands are situated at 544 and 577 nm, respectively, with a small shoulder at 

~595 nm. The latter spectrum agrees with a hexacoordination of haem iron in a low-spin state 

(6c/LS), such as found for the distal hydroxo-ligation of the ferric haem.  

The simultaneously collected ECD spectra (Fig. 1A, bottom) exhibit positive and negative Soret 

ellipticity with the maxima corresponding to the respective Soret absorption bands and with 

minima at 362 nm and 439 nm. Under the acidic buffer conditions, the ECD spectra are reduced 

in Soret ellipticity, with only positive features remaining in the 300-700 nm range. The two broad 

CD bands, observed at 584 and 611 nm in the spectrum of ferric GLB-33GDΔCys at pH 7.5, are 

absent at low pH in agreement with the changes observed in the Q-bands of the UV-vis Abs 

spectra. The haem optical activity has been ascribed to the interaction of the haem with aromatic 

amino-acid residues of the globin [44]. However, the sign of the Soret ECD band of haem proteins 

has also been shown to be influenced by the haem insertion [44-46] and the interaction of the haem 

side chains, particularly the propionate side chains, with the protein matrix [44] and by the in-

plane and out-of-plane deformations of the haem group [47]. 1H NMR studies have revealed haem 

rotational disorder in both reconstituted globins and globins produced in E. coli [48] with a related 

strong change of the Soret ECD band [46]. The positive sign of the Soret ECD peak of ferric 

GLB33-GD at low pH agrees with what has been reported for aquomet myoglobin with a correctly 

inserted haem [44]. The appearance of the minima at 362 nm and 439 nm in the ECD spectra at 

higher pH are therefore not linked to a reversed haem insertion since only a buffer exchange was 

done, but can be related to the change in the spin state (HSLS) and/or small conformational 

changes in the haem pocket and/or haem ruffling and saddling [47]. Finally, the ECD spectra in 

the far UV (Figure S2, supplementary material) show that the appearance of the aquomet form at 

the lowest pH is not accompanied with drastic changes in the secondary structure of the protein. 

In agreement with the UV/Vis Abs data, the spin-state rRaman marker bands indicate the presence 

of a 6c/LS Fe(III) species at pH 7.5 (3 = 1506 cm-1), while a significant contribution of a 6c/HS 

state appears at pH 5.0 (3 = 1470 cm-1) with only a small residual contribution of a 6c/LS state 

(Fig. 1B) [16,50,50]. The oxidation marker (4 = 1376 cm-1) does not change and is in agreement 

with the ferric state. 
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In the absence of any hydrogen bond, the (Fe-OH) stretching mode is typically found around 550 

cm-1 for 6c/LS hydroxo-haem species, while the wavenumber of this mode decreases with 

increasing H-bond strength [17,49,51,52]. This is illustrated by a combined rRaman and molecular 

dynamics study on Tf-TrHb, which revealed that the unusually low (Fe-OH) value found in this 

protein (489 cm-1) is due to presence of strong hydrogen-bonding Trp and Tyr residues in the haem 

pocket [17,52]. No clear signal is observed around 550 cm-1 in the low-wavenumber region of the 

rRaman spectrum of ferric GLB-33GDΔCys at pH 7.5 (Fig. 1C). Instead, a dominant composite 

signal is found around 487 cm-1, indicating a (Fe-OH) mode << 550 cm-1 and hence significant 

hydrogen bonding of the hydroxide ligand. The exact value of (Fe-OH) can, however, not be 

determined without isotope labelling experiments due to the expected overlap with other modes in 

this region [17].  

 

 

Figure 1. (A) UV/Vis Abs (top) and ECD (bottom) spectra of 25 M ferric GLB-33GDΔCys in 

sodium acetate (pH 4.0, 5.0) or Tris-HCl buffer (pH 6.2, 7.5). Inset: The Q-band area of the 

spectrum is shown magnified for facile comparison. B and C: high and mid frequency rRaman 

spectral regions, respectively, of 25 M ferric GLB-33GDΔCys at pH 5.0 and 7.5. 

 

At pH 5.0, the rRaman spectral signature changes completely in this wavenumber region with two 

signals now observed around 485 cm-1 and 520 cm-1 (Fig. 1C). While (Fe-OH)  490 cm-1 is 
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typically reported for 6c/HS species in an aquomet form [51], the observation of a peak at 520 cm-

1 may point to the presence of residual 6c/LS form with weaker hydrogen bonding stabilization 

[49]. This interpretation should, however, be considered with caution, because no isotope labelling 

was performed. 

 

CW-EPR spectra of ferric hydroxo-ligated globins are known to be strongly influenced by the 

degree of hydrogen bonding to the hydroxide ligand. Figure 2A shows the experimental and 

simulated X-band CW-EPR spectra of GLB-33GDΔCys at different pH. At neutral pH, the 

spectrum is dominated by the contribution of two 6c/LS forms, with a negligible fraction of a HS 

haem (Table 1). The two 6c/LS forms, indicated by LS1 and LS2, agree with what was observed 

earlier at pH 8.5 for GLB33GD [16]. The assignment of the different spectral components to LS1 

and LS2 is confirmed by temperature-dependent EPR (Figure S3, supplementary material). 

 

 
 

Figure 2. Experimental and simulated X-band CW-EPR spectra of frozen solutions of ~1 mM 

ferric GLB-33GDΔCys in the absence (A) or presence (B) of 50x molar excess nitrite at pH 4.0, 

5.0 and 7.5. Nitrite-treated samples (B) were immediately frozen after mixing to minimize the 

formation of green pigment (nitri-globin formation). The spectra were recorded at 10 K with a 

microwave power of 100 mW. Organic radical (#), background signal due to Cu(II) traces in the 

sample (~) and non-haem iron (*). 
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Table 1. Principal g values and zero-field parameters (E/D) of the low-spin (S=1/2) and high-spin 

(S=5/2) species of ferric GLB-33GDΔCys obtained through simulation of the spectra in Figure 2A 

in comparison with literature data. Simulations of the individual components contributing to the 

spectra in Figure 2A are shown in Figure S4. n.a. = not applicable; n.d. = not determined; Mb = 

myoglobin; AlMb= Aplysia limacina Mb; LpHb II = Hb II from Lucina pectinate; Tf-TrHb = 

truncated Hb 1 from Thermobifida fusca; CrTrHb1 = truncated Hb 1 from Chlamydomonas 

reinhardtii. Experimental errors on principal g-values of LS species (0.01) and HS species 

(0.003), on E/D (0.005) and % (2). For the simulation of the HS species, D was taken to be 

equal to 10 cm-1. 

System Label gx gy gz E/D % coordination Ref 

GLB-33GDΔCys  

pH 7.5 

LS1 1.70 2.22 2.84 n.a. 75 His/OH- This work 

LS2 1.82 2.20 2.61 n.a. 23 His/OH- 

HS1 1.957 1.957 1.984 0.0069 1 His/H2O 

HS2 1.958  1.958  1.999 0.0180 1 His/H2O? 

GLB-33GD  

pH 5.0 

LS1 1.70 2.22 2.84 n.a. 9 His/OH- This work 

LS2 1.82 2.20 2.61 n.a. 2 His/OH- 

HS1 1.957 1.957 1.984 0.0069 67 His/H2O 

HS2 1.958  

 

1.958  

 

1.999 0.0180 33 His/H2O? 

GLB-33GDΔCys  

pH 4.0 

HS1 1.968 1.968 1.991 0.0045 65 His/H2O? This work 

HS2 1.950 1.950 1.999 0.0159 35 His/H2O 

Mb pH=7.5 n.a. 1.98 1.98 2.00 0.0025 n.d. His/H2O [53] 

Mb alkaline n.a. 1.85 2.17 2.55 n.a. n.d. His/OH- [54] 

AlMb pH 10.0 n.a. 1.75 2.10 2.72 n.a. n.d. His/OH- [55] 

LpHbII alkaline n.a. 1.82 2.20 2.61 n.a. n.d. His/OH- [54] 

Tf-TrHb pH 6.0 n.a. 1.60 2.32 2.82 n.a. n.d. His/OH- [17] 

n.a. 1.76 2.19 2.73 n.a. n.d. His/OH- 

n.a. 1.81 2.19 2.66 n.a. n.d. His/OH- 

Cr-TrHb1 K53R n.a. 1.66 2.21 2.78 n.a. n.d. His/OH- [56] 

 
LS2 has principal g values that agree with what has been reported before for the hydroxo-form of 

Mb and related globins and are indicative of minor to no hydrogen bonding of the hydroxide [54]. 

In contrast, the dominant LS1 species is more similar to the hydroxo-ligated species found in the 

truncated haemoglobins and their variants in which strong hydrogen bonding networks keep the 

hydroxide in place (Table 1, [17,56]). This corroborates the above tentative conclusions drawn on 

the basis of the rRaman spectra (Figure 1C). The CW-EPR spectrum of GLB-33GDΔCys at pH 

5.0 shows a minor LS fraction next to a large signal due to HS haem species, whereas at pH 4.0, 
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only the contribution of the HS centres remains. The E/D values of the HS forms (Table 1) are 

characteristic for 6c/HS [53] and thus confirm the room-temperature rRaman and UV/Vis Abs 

data. The slight variations in the EPR data of the HS forms may result from pH-dependent small 

changes in the dielectric constant and/or small variations in the orientation of the axial water ligand 

in the haem pocket. The relatively small E/D-values of some of the 6c/HS forms are in line with 

what has been observed for aquomet globins. 

 
3.2 Effect of addition of nitrite to ferric GLB-33GDΔCys at different pH values 

In a second step, the effect of addition of a 50-fold excess of sodium nitrite to ferric GLB-

33GDΔCys is studied at different pH values. Only a small reduction in the high wavelength flank 

of the Qα band of the UV/Vis Abs spectrum of ferric GLB-33GDΔCys is observed with increasing 

nitrite concentration at pH 7.5 (Supplementary information, Figure S5). The respective ECD 

spectrum shows no significant changes compared to the untreated sample at pH 7.5 (Figure 3C). 

In contrast, the nitrite treatment at pH 4.0 and 5.0 leads to substantial changes in the UV-Vis 

Abs/ECD spectra of GLB-33GDΔCys (Figures 3A and B). An initial redshift of the Soret band 

from 406 nm to 416 nm and Qβ,α bands at 564 nm and 544 nm was observed in agreement with the 

reported spectra of nitrite-ligated cytochrome c' [57]. They indicate a shift from a 6c/HS to a 6c/LS 

state. These Abs spectra are considerably different from those observed for ferric Mb after addition 

of NO2
- near neutral pH [58]. The ECD spectra of GLB-33GDΔCys with nitrite at acidic pH exhibit 

reduced, red-shifted Soret ellipticity, with a sharp, negative dichroic band and a broader, negative, 

and less pronounced ECD band appearing at 426 nm and 570 nm, respectively (Figure 3A, B). 
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Figure 3. UV/Vis Abs (top) and ECD (bottom) spectra of 0.025 mM GLB-33GDΔCys before (a, 

e, i) and after addition of 1.2 mM NaNO2 at t = 0 (b, f, j), at t = 240 min (c, g, k), and at t = 24 hrs. 

(d, h, l). The spectra were collected at pH 4.0, 5.0 and 7.5 (Panel A, B and C, resp.). 

 

Figure 3 also shows the effect of incubation time with nitrite on the UV/Vis Abs and ECD spectra 

of ferric GLB-33GDΔCys at pH 7.5, 5.0 and 4.0. At pH 4.0 and 5.0 the formation of a green 

pigment could be observed visually, in line with the strong spectral modifications in the Abs/ECD 

spectra (Figure 3A, B). Long (24h) incubation times at pH 4.0 and 5.0 with nitrite lead to a 

reduction in the Soret Abs band, a broadening of the B band, and the appearance of a maximum at 

356 nm. Green pigment formation with these associated Abs spectra point to the formation of a 

vinyl-nitrated globin derivative (nitri-globin) [59]. In the corresponding ECD spectra of nitrite-

incubated GLB-33GDΔCys, the Soret ellipticity broadens over time with a concomitant 

broadening of the band at 426 nm, which shifts up to 448 nm. Finally, the negative ellipticity 

centred around 351-356 nm becomes dominant, with a corresponding disappearance of the 

negative ellipticity at 570 nm. ECD spectroscopy in the far UV-region demonstrates that the 

secondary structure composition is largely retained at the experimental conditions used for our 

purpose (Figure S2). 
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Figure 4. Panel A: rRaman spectrum of GLB-33GDΔCys (red) treated with (a) 50, (b) 280 and (c) 

500 molar excess of 14NO2
- (black) and 15NO2

- (grey) in acetate buffer at pH 5.0. In green the 

rRaman shift of the mode 21 is marked. Panel B: high frequency difference rRaman spectra of 

GLB33GDΔCys-14NO2
- minus GLB33GDΔCys-15NO2

-. 

 

The rRaman spectra of the nitrite-treated ferric GLB-33GDΔCys at various pH-values follow the 

observations with UV/Vis Abs spectroscopy (Figure 4, Figure S6). At pH 7.5, the spectrum did 

not reveal changes in the spin and/or ligation state of the haem iron with respect to ferric GLB-

33GDΔCys (Figure S6). At pH 4.0 and 5.0 in contrast, a strong reduction in the ν10 Raman intensity 

and changes in the relative ratio between the Raman bands ν37 and ν10, and between ν5 and ν30 are 

observed (Figure 4, S6). 

In the presence of nitrite, the vinyl stretching mode ν21 is found to be pH dependent (Figure S6). 

Figure 4 highlights the nitrite-concentration dependence and isotopic dependence of this mode at 

pH 5.0. This dependence agrees with nitrovinyl formation in line with the visually observed 

formation of a green pigment (nitri-globin formation, see Figure S1C,F for schematic 

representation and example of nitrivinyl formation).  
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Table 2. Principal g values of the 6c/LS species observed in the EPR spectra of ferric GLB-

33GDΔCys after addition of sodium nitrite at different pH values. Small contributions (~1%) of 

residual 6c/HS species were observed. Numbers as obtained through simulation of the spectra in  

Figure 2B. The parameters are shown in comparison with literature data for other NO2
--bound 

globins. n.a.= not applicable; n.d. = not determined; (sw)Mb=(sperm whale) myoglobin; 

Hb=vertebrate haemoglobin; NP=nitrophorin; Cyt c’= cytochrome c’, Cld = chlorite dismutase. 

Experimental errors on gx,y: 0.03 at pH 7.5 and 5, 0.05 at pH 4.0, gz: 0.01 at pH 7.5 and 5, 

0.03 at pH 4.0, and on  %: 2. 

System Label gx 

 

gy gz 

 

% 

 

coordination Ref 

GLB-33GDΔCys 

pH 7.5 

LS1 1.70 2.12 2.84 41 His/OH- This 

work LS2 1.82 2.20 2.61 8 His/OH- 

LS3 ~1.53 2.29 3.03 51 His/NO2
- 

GLB-33GDΔCys 

pH 5.0 

LS3 1.53 2.26 3.00 93 His/NO2
- This 

work LS1* 1.70 2.07 2.84 7 His/OH- 

GLB-33GDΔCys 

pH 4.0 

LS3* 1.53 2.13 3.01 46 His/NO2
- This 

work LS4 ~1.38 2.35 2.84 54 His/NO2
- 

Mb pH 7.0 n.a. 1.57 2.20 2.95 100 His/NO2
- [32] 

H64V (sw)Mb  

pH 7.0 

n.a. n.d. ~2.1-2.3 3.16 89 His/NO2
- [60] 

n.a. n.d. ~2.1-2.3 2.93 10 His/NO2
- 

Hb pH 5.0-10.0a) LSA 1.45 2.30 2.87 (a) His/NO2
- [61] 

LSB 1.45 2.12 3.02 (a) His/NO2
- 

NP7 pH 7.2 n.a. 1.46 2.34 2.86 n.d. His/NO2
- [62] 

n.a. 1.46 2.40 2.78 n.d. His/NO2
- 

NP4 pH 7.2 n.a. 1.51 2.42 2.74 n.d. His/NO2
- [62] 

n.a. n.d. n.d. 3.38 n.d. His/NO2
- 

Cyt c’ pH 7.0 n.a. 1.56 2.36 2.84 n.d. His/NO2
- [57] 

n.a. n.d. 2.2 3.25 n.d. His/NO2
- 

Cld pH 7.0 n.a. 1.55 2.18 2.93 n.d. His/NO2
- [63] 

(a) relative intensity varies with pH [61] 

(*) similar to LS1/LS3 

 

While the optical methods used above (Figures 3 and 4) clearly indicate nitration of the haem vinyl 

groups, they are less informative on the haem-iron ligation. At pH 7.5, little to no changes are 

observed in the UV/Vis Abs, ECD and rRaman spectra of ferric GLB-33GDΔCys upon addition 

of nitrite. Nevertheless, an additional component due to a 6c/LS species is observed in the 

corresponding EPR spectrum (Figure 2B, see Figure S7 for assignment of peaks). This component 

(LS3) has EPR parameters that are similar to the ones observed for nitrite-ligated myoglobin 
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(Table 2). The lower gx value is hard to determine, but it can be estimated using electron-spin-echo 

(ESE)-detected EPR at X-band (Figure S8). Note that at pH 7.5, only partial replacement of the 

hydroxide ligand by nitrite is observed for ferric GLB-33DΔCys. A previous study of nitrite 

binding to human haemoglobin revealed a replacement of the nitrite ligand by hydroxide at high 

pH [61], indicative of a stronger affinity of the haem center to hydroxide than to nitrite. The 

contribution of a HS ferric haem form remains negligible (<1%). As evidenced by the rRaman 

spectra, nitrite-binding at this pH does not trigger a further nitration of the haem vinyl groups. 

At pH 4.0 and 5.0, a strong change in the EPR spectra of nitrate-ligated GLB-33GDΔCys is 

observed. The HS contributions almost completely disappear (<1%) and new signals due to two 

6c/LS species appear (LS3 and LS4, Table 2, Figure 2B, see Figure S7 for assignment of peaks). 

The shift in the spin state indicates that next to nitration of the vinyl, also nitrite-ligation to the 

ferric haem iron occurs. Again, the gx value for the low-pH 6c/LS species of GLB-33GDΔCys is 

not detectable in the CW-EPR spectra due to the large g-strain, but from ESE-detected EPR 

experiments an upper limit for the gx value can be estimated (Figure S9). At pH 5.0, LS3 is 

dominating the spectrum, while at pH 4.0, the dominant contribution shifts to LS4. Small pH 

dependent shifts of the gz value are observed for the EPR parameters of LS3. Similar small shifts 

have been observed for the EPR parameters of LSB in nitrite-ligated human haemoglobin (Table 

2, [61]). 
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Figure 5. Native MS spectra of GLB-33GDΔCys after incubation with 50-fold excess of sodium 

nitrite at pH 7.5 (A) and 4.0 (B). The narrow charge state distribution (+7 to +9) corresponds to 

monomeric holo GLB-33GDΔCys. Satellite peaks indicate a minor fraction of the apo-form. The 

inset shows the m/z area between 600 and 750, which highlights that nitrite binding only occurs at 

pH 4.0. 

 

To corroborate the spectroscopic findings on the pH-dependent effect of nitrite addition to ferric 

GLB-33GDΔCys, we performed native mass spectrometry (MS) measurements after incubation 

with 50-fold molar excess of sodium nitrite at pH 4.0 and 7.5 for 24 hours. Native MS describes a 

method in which analytes are transferred from solution to the gas phase while aiming to maintain 

the solution-phase structure through careful control of crucial parameters [64-70]. Hence, in case 

of GLB-33GDΔCys, we can retrieve information of whether the treatment with sodium nitrite 

leads to covalent nitrate-ligation of the haem group.  
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The spectra show for both samples, i.e. sodium nitrite treatment at pH 4.0 and 7.5, a narrow charge 

state distribution of monomeric GLB-33GDΔCys, indicating the native, folded character of the 

holo protein (Figure 5). Only a minor population of the protein is unfolded – evidenced by the 

presence of higher charged complexes at around 1000-2000 m/z – and/or lacks the haem group 

(apo form). Such minimal protein unfolding was also observed in the negative control (no nitrite 

addition) of GLB-33GDΔCys (Figure S10), indicating that unfolding occurred due to non-optimal 

solution conditions, or the protein being kept at room temperature for 24 hours rather than by the 

sodium nitrite treatment. The inset highlights the range between 600 and 750 m/z, the area where 

(nitrovinyl) haem would be expected. Nitrovinyl haem – covalent modification of the vinyl groups 

with one and even two nitrite molecules (Figure S1C,F) – is only present after sodium nitrite 

treatment at pH 4.0, confirming previous spectroscopic findings that the pH is crucial for the 

binding of nitrite. The formation of nitrovinyl haem is indicated by an increase of 44.98 m/z (haem: 

616.13 m/z; nitrovinyl haem: 661.11 m/z; charge state: +1), implying the replacement of an H-

atom for each nitrite molecule bound.  

 

3.3 Nitro or nitrito binding to the haem iron? 
 

Both species LS3 and LS4 seem to be due to a nitrite-ligated haem species, albeit with a different 

pH dependence (Table 2). The observation of multiple LS species in the EPR spectra of ferric 

haem proteins after addition of nitrite is not uncommon [32,57,60-62]. The variation in the EPR 

spectra has been ascribed to multiple effects, such as hydrogen-bonding effects, haem ruffling or 

nitro- versus nitrito ligation [32,71]. The principal g values can be linked to crystal-field 

parameters by a simple calculation [72]. In the supplementary material (Table S1, Figure S11), the 

crystal-field parameters of LS3 and LS4 and other nitrite complexes of haem proteins are 

calculated and plotted in a “Blumberg-Peisach” diagram. LS3 and LS4 fall in different regions of 

the diagram. In a recent work on the nitrite complexes of chlorite dismutases by some of us [32], 

a link was made between the area in this diagram in which the crystal-field parameters fall and the 

nitrite-binding mode (N-nitro versus O-nitrito), corroborated by XRD and molecular modelling. 

Following this reasoning, the nitrite complex observed at pH 7.5 (LS3) is tentatively ascribed to 

the nitrito-complex, while lowering of the pH induces the nitro binding mode (LS4). 

In order to substantiate this assumption, pulsed EPR experiments were performed. At pH 7.5, the 

presence of the EPR contribution of the hydroxide complexes of GLB-33DΔCys (LS1 and LS2) 
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complicate the analysis of the nitrite-ligated species. Only the magnetic-field position agreeing 

with g=gz of species LS3 can be attributed solely to the nitrite-ligated GLB-33DΔCys. Figure 6A 

shows the two-pulse ESEEM time trace taken at this position for a frozen solution of GLB-

33DΔCys in the presence of Na14NO2 (red) and Na15NO2 (blue). Small changes due to the isotope 

change are observed in the modulation pattern. By dividing the two traces (Figure 6A, inset) and 

subsequent Fourier transformation (Figure 6B), a clear peak at 7.4 MHz is observed, with smaller 

signals at lower frequency. The three-pulse ESEEM experiment performed at the same observer 

position also showed small changes in the low frequency range (Figure S12). In the corresponding 

HYSCORE spectra, the differences were less clear (Figure S13), however, for this experiment, the 

observer position had to be set slightly more up field in order to still have a significant echo signal. 

At this observer position, contributions of LS1 will start to contribute, potentially masking the 

small isotope-labelling-induced differences in the LS3 contribution. The clearest isotope-induced 

changes are seen in the two-pulse ESEEM experiment, but the assignment of the peaks remain 

unclear, but indicate 14N hyperfine couplings <7 MHz (in absolute value). 
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Figure 6. (A) Comparison between the two-pulse ESEEM time traces of frozen solutions of ~ 1 

mM ferric GLB-33GDΔCys at pH 7.5 after addition of a 50-fold excess of Na14NO2 (red) and 

Na15NO2 (blue). 25 % (v/v) glycerol was added to the solution as a cryoprotectant. The spectra 

were recorded at 235 mT, an observer position agreeing with g = gz of LS3. The inset shows the 

division of the two time traces. Only the first half of the trace is shown, since for signals near zero 

intensity, the noise increasingly contributes. (B) Fourier transform of the time-domain signal in 

the inset. 
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3.4 Nitrosylated GLB-33D 
 

Ferrous GLB-33GD can act as a nitrite reductase, leading to an NO-bound GLB-33GD (Fe2+-NO) 

form with Q-band absorption bands at 545 and 570 nm [16]. This ligation state is here confirmed 

by low-temperature X-band EPR spectrum of ferric GLB-33GD reduced using dithionite and 

subsequently treated with nitrite (Figure 7), revealing the typical EPR characteristics of a His - 

Fe2+ - NO coordination also found other globins [73-76]. The EPR spectrum consists of two 

components, characterized by an axial and a rhombic g tensor, respectively (Figure 7), in line with 

the presence of at least two conformational states of the distal NO ligand in line with findings for 

other nitrosylated globins [73-76]. The rhombic form also shows additional splitting due to the 

hyperfine interactions with the 14N nucleus of the distal NO ligand and of the Fe-bound nitrogen 

of the proximal His, with the hyperfine values being [A1 A2 A3] = [32 62 39] ± 3 MHz for 14N(NO) 

and [A1 A2  A3] = [25 20 30] ± 2 MHz for 14N(His).  

 

Figure 7 Experimental (black) and simulated (red) EPR spectrum of a frozen nitrosylated GLB-

33GD solution recorded at 2.6 K. The simulated spectrum is built up by a component with an axial 

g tensor (blue, g⊥= 2.0361 and g∥ = 1.9946) and one with a rhombic g tensor (green, g1 = 2.0776, 

g2 = 2.0047 and g3 = 1.9682). Magnetic field positions corresponding to the g values are indicated 

by the arrows. The 14N hyperfine couplings are mentioned in the text. 
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4. Discussion 
 

Caenorhabditis elegans is a promising model for globin studies as it encodes 34 globins out of 

which only a handful have been characterized biochemically in vitro. GLB-33 is the largest of its 

kind, chimeric, consisting of an FMRF-amide binding and membrane binding domain, and a globin 

domain. An initial biochemical characterization by some of us [16] revealed both an unusual 

hydroxo ligation of the ferric state at slight acidic pH and a fast nitrite reductase activity. Here we 

show that the nitrite reductase reaction leads to formation of a nitrosylated ferrous form in which 

the haem is still bound to the proximal histidine. NO ligation is known to weaken the Fe-N(His) 

bond and leads in some globins and other haem proteins to the breaking of this bond [77,78]. 

Earlier work using combined high-field EPR and quantum-chemical computations, ascribed the 

observation of the two forms in the EPR spectrum of nitrosylated myoglobin to changes in the 

stabilization of the NO ligand via H-bonding with the E7His residue, with strong H-bonding 

inducing the species with rhombic g tensor, and a weaker interaction leading to the species with 

axial g tensor [79]. GLB-33GD has, however, no His on the E7 position and has a highly 

hydrophobic haem pocket [16]. Furthermore, earlier work on a variant of neuroglobin in which the 

E7 residue was mutated to Leu also showed the presence of the two nitrosylated ferrous forms 

[75], indicating that the formation of the two forms is governed by more than the capacity of the 

E7 ligand to form H-bonds.  

The EPR spectrum of ferric GLB-33GDΔCys at pH 4.0-5.0 is typical for a HS ferric form with a 

weak distal ligand in line with the presence of an aquomet form. However, at pH 7.5 an alkaline 

transition to two hydroxo-ligated forms has happened, of which one form (LS1) has EPR 

parameters similar to those observed in globins [17] in which the hydroxide is stabilized in a strong 

hydrogen-bonding network. In haem proteins, the pKa of the alkaline transition (distal water to 

hydroxo ligand) is known to be determined by many factors, including the presence of distal 

hydrogen-bonding networks [17], distal salt bridges [80] and the proximal ligand [60]. In contrast 

to ferric sperm whale Mb (swMb) that exhibits an alkaline transition at pKa 8.9 [60], the pKa of 

the alkaline transition in myoglobin from Aplysia limacina (AlMb) is found to occur at lower pH 

(pKa 7.5) [81]. The latter myoglobin resembles GLB-33GD(ΔCys) with hydrophobic residues on 

positions E7 (Val) and E11 (Ile). Both AlMb and GLB-33GD(ΔCys) have an Arg on position E10. 
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In AlMb, the Arg at position E10 is found to be able to swing into the distal haem region and 

stabilize anionic ligands bound to the haem iron (Figure S15), an effect that can be also induced 

in swMb variants carrying the His(E7) to Val mutation [82,83]. A similar process seems to occur 

here, where LS1 then points to a form in which the hydroxo ligand is stabilized by Arg(E10) and 

LS2 is a less stabilized form, potentially related to a movement of the Arg residue. This is further 

supported by the strong resemblance between the g values of LS1 and the LS component found at 

pH 10.0 for AlMb (Table 1, [55]). Interestingly, the haem iron in ferric AlMb is five-coordinated 

below the alkaline transition (Figure S15A, [84]). This seems to be in contrast with GLB-

33GD(ΔCys), for which the EPR spectrum at low pH is typical for axial ligation of a weak ligand, 

most likely water.  

A comparable pH effect has also been observed for chlorite dismutase from Cyanothece sp. 

PCC7425 (CCld) [80]. In this haem-b containing peroxidase that can decompose chlorite, a distal 

arginine (Arg127) is known to play a crucial role in enzyme activity. Arg127 can switch between 

two conformations in and out of the distal region, whereby the outward conformation is hydrogen-

bonded to glutamine 74. The alkaline transition occurs in wild-type ferric CCld at pKa 8.11 and 

EPR reveals the presence of 3 LS forms at high pH, with the principal g-values agreeing with 

varying degrees of H-bonding, comparable to what is observed for GLB-33GDΔCys. When 

Arg127 is halted in the outward position through a salt bridge to glutamic acid in the Q74E CCld 

variant, the pKa shifts upwards (9.33), while a mutation of Gln74 to Val, thus allowing more 

flexibility of Arg127, leads to a considerable down-shift of the pKa (7.41). This also has a large 

impact on the relative ratio of the three LS forms in the EPR spectra with the form that points to 

the strongest H-bonding with Arg127 becoming more prevalent in the Q74V variant and almost 

disappearing in the Q74E variant, where the Arg127 is locked in the outward position. 

The pH-dependent ECD spectra of GLB-33GDΔCys in the near UV to visible range differ from 

those of horse heart myoglobin (hhMb) (Figure S14). The ECD spectra of hhMb are showing a 

much higher magnitude of the Soret ellipticity and less negative contribution in the N region (300-

350 nm) compared to GLB-33GD at neutral to alkaline pH. This shows that the substitution of 

hydroxide ligand is not a major contributor to the observed negative ellipticity for GLB-33GD, but 

that rather the differences in haem pocket structure are determining the spectral fingerprint. This 

is corroborated by the comparison with the pH-dependent ECD spectra of CCld and its Q74 
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variants [80], where the alkaline transition reduces the negative ellipticity in contrast to what is 

observed here. Although the ECD spectra are highly dependent on amino acids surrounding the 

haem, the planarity of the haem itself, and the haem insertion [44-47], there is still a lack of 

thorough (theoretical) understanding that hampers a facile linking of these data to specific features 

of the haem pocket. This can potentially be circumvented by using MCD (magnetically circular 

dichroism) in future studies [85], as demonstrated for nitrite ligation to Mb [60].  

Addition of nitrite to ferric GLB-33GDΔCys leads at neutral pH to a competition of nitrite with 

the hydroxo ligands, with a co-existence of both hydroxo (LS1,2) and nitrite-ligated (LS3) species 

observed with EPR (Table 2). Comparison of Table 1 and Table 2 reveals that the hydroxo ligand 

of LS2 gets more easily replaced by nitrite than is the case for LS1. This is in line with the stronger 

hydrogen bonding to the Arg ligand in the latter complex. The principal g values of LS3 are typical 

for nitrite-ligated haem proteins exhibiting a nitrito bonding mode (Fe-O bond) (Table 2, Figure 

S11) and this assignment is corroborated by the ESEEM analysis showing signals that agree with 

14N hyperfine values (in absolute value) well below 7 MHz. A quantumchemical study on the 

linkage isomers of nitrite-ligated Mb predicts small 14N hyperfine coupling parameters for the 

nitrito form, while a nitro form would lead to hyperfine values around 20 MHz (in absolute value) 

[87]. At pH 5.0, LS3 has become the dominant species, while at pH 4.0, the EPR spectrum 

broadens and a second LS complex is found (LS4) to co-exist with an LS3-like species. Moreover, 

the UV/Vis Abs and ECD spectra show that acidic pH leads to formation of a vinyl-nitrated haem 

(nitri-globin), an effect that is more pronounced at the lowest pH and is also observed for other 

haem proteins [29]. The principal g-values of LS4 seem to be more consistent with a nitro-form 

(Fe-N bond) (Table 2, Figure S11). 

X-ray crystallography of nitrite complexes of ferric hhMb and variants revealed an interesting 

interplay between the E7 and E10 ligand in directing the nitrite binding mode [43]. While ferric 

nitrite-ligated Mb shows a nitrito form with the nitrite ligand H-bonded to E7His (Figure S1E), 

mutation of the E7His to Val (H64V) in Mb leads to a weakly bound nitro form (Figure S1D). 

Interestingly, the nitrito form is recovered in the double mutant carrying also the E10Val-to-Arg 

mutation (H64V/V67R) in which Arg now acts as the H-bonding residue (Figure 8B). This is 

accompanied by a swinging of the Arg into the haem pocket (Figure 8, [43]). A similar effect is 

proposed to happen in GLB-33GD(ΔCys). Also in nitrite-ligated ferric CCld the distal Arg residue 
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stabilizes the nitrito form [32]. ArgE10 is therefore crucial in stabilizing the LS3 nitrito form of 

ferric GLB-33GDΔCys. Formation of the nitro form (LS4) at pH 4.0 may potentially be due to the 

nitriglobin formation and, even some onset of protein denaturation upon freezing of the solution. 

Although the latter can never be excluded at any pH, it is more likely to occur at pH 4.0, because 

freezing can lower the pH even further.[86] This will alter the haem pocket and can influence the 

conformation and orientation of the E10Arg residue. If no H-bonding residue is nearby, the nitro 

form will be formed, in line with the observation for H64V hhMb (Figure S1D [43]).  

 

Figure 8. Structural change observed in the haem pocket of H64V/V67R variant of hhMb upon 

binding of nitrite. Val64 is at position E7, Arg67 is at position E10. (A) Structure with no distal 

ligand present (PDB ID: 3HEN). (B) Structure with nitrite in nitrito form (PDB ID: 3HEO). The 

figure illustrates the swinging of the Arg residue in (B) and out (A) of the haem pocket. A similar 

effect is proposed here for GLB-33GD(ΔCys). 

The ECD spectra of ferric GLB-33GDΔCys with nitrite at pH 4.0 and 5.0 (Fig. 3 A, B) showed a 

strong evolution over time in at least three of the four main regions where the plane polarized 

transitions were detected (Q: 470 - 600 nm; B: 380 - 450 nm; N: 300-350 nm; L: 250-320 nm). 

While absorption and ECD spectra in the aromatic region remained unchanged upon the treatment 

of the globin with NO2
-, a gradual increment of the overall ellipticity with a minimum at 351 and 

356 nm for pH 4.0 and 5.0, respectively, was observed. A large enhancement of the N dichroic 

band (300-400 nm) has been described in literature for the model system of Lucina pectinata Hb 

(LpHb) as the result of a resonant interaction between the electronic transition of the aromatic 

residues and those of the N and L bands, because of their simultaneous excitation [88]. However, 

this effect is less likely to happen in GLB-33GDΔCys, since the amount of aromatic residues near 
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the haem is much lower than in LpHb. Noteworthy, at pH 4.0 and 5.0, the B dichroic band at 416 

nm is in first instance slightly reduced in magnitude (during the first 8 hours), and at the same time 

the two negative dichroic bands appear. In particular, the sharp negative ECD band at 426 nm and 

the broader negative ellipticity at 570 nm are prominent after addition of nitrite. Potentially, these 

signals are markers for the nitrite ligation. Finally, acidified solutions of NO2
- contain NO 

(disproportionation reaction). Therefore, besides an Fe(III)- NO2
- complex, a fraction of Fe(III)-

NO could in principle be formed [89]. EPR spectroscopy is not suited to detect this form as it is 

EPR silent (S = 0), but UV-vis Abs spectroscopy is not showing any evidence that such species 

and formation of a nitrosylated ferric form is therefore excluded.  

 

The nitrite reductase activity of GLB-33GD has been modelled with a fast second order rate 

constant kNIR of 36.3 M-1s-1 [16]. This is high in comparison with other globins (e.g. for hhMb kNIR 

values of 5.5 M-1s-1 [43] to 6.1 M-1s-1 [90] are reported). Interestingly, the H64V hhMb mutant has 

a strongly reduced nitrite reductase activity (kNIR = 0.35 M-1s-1), while this is partially restored in 

the H64V/V67R double mutant (kNIR = 1.8 M-1s-1) [43]. This illustrates again the important effect 

of E10Arg when no H-donating residue is present on position E7, in line with our findings for 

binding of hydroxide or nitrite. However, the presence of the E10Arg is clearly not enough to 

explain the enhanced nitrite reductase activity of GLB-33GD. While the H64A hhMb variant 

shows a strong reduction of the nitrite reductase activity (kNIR = 0.1 M-1s-1), a remarkable increase 

of this activity is reported for the F43H/H64A variant (kNIR = 49.8 M-1s-1; Phe43 is located at the 

CD1 position) [90]. The F43H mutant in contrast has much lower activity (kNIR = 1.4 M-1s-1) [90]. 

This shows that the nitrite reductase results from an intricate interplay of different effects, of which 

the stabilization of the nitrite ligand by ArgE10 in the absence of an H-bonding residue on position 

E7 is an important factor, but not the only factor. The EPR spectrum of NO-bound ferrous GLB-

33GD shows similar conformational states as found for other nitrosylated globins (Figure 7). 

Based on its localization and its sequence, GLB33 has been suggested to be a putative neuropeptide 

receptor in C. elegans [16]. Since binding of nitrite requires a movement of the Arg residue into 

the distal haem pocket, the concomitant change of the globin structure may act as sensor, but future 

work on the full-length globin is needed to support this. 
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