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ABSTRACT 

NsrR from Streptomyces coelicolor is a bacterial nitric oxide (NO) sensor/nitrosative stress regulator as its primary function, and 

has been shown to have differential response at low, mid, and high levels of NO. These must correspond to discrete structural 

changes at the protein-bound [4Fe-4S] cluster in response to stepwise nitrosylation of the cluster. We have investigated the effect of 

the monohapto carboxylate ligand in the site differentiated [4Fe-4S] cluster cofactor of the protein NsrR on modulating its 

reactivity to NO with a focus on indentifying mechanistic intermediates. We have prepared a synthetic model [4Fe-4S] cluster 

complex with tripodal ligand and one single site differentiated site occupied by either thiolate or carboxylate ligand. We report here 

the mechanistic details of sequential steps of nitrosylation as observed by ESI MS and IR spectroscopy. Parallel non-denaturing 

mass spectrometry analyses were performed using site-differentiated variants of NsrR with the native aspartic acid, cysteine, or 

alanine in the position of the forth ligand to the cluster. A mono-nitrosylated synthetic [4Fe-4S] cluster was observed for the first 

time in a biologically-relevant thiolate-based coordination environment. Combined synthetic and protein data give 

unprecedented clarity in the modulation of nitrosylation of a [4Fe-4S] cluster. 

  

 

1 Introduction 

Nitric oxide (NO) is a freely diffusible, highly reactive, 

gaseous small molecule with multiple roles in biology. At high 

concentrations NO is a cytotoxin, but at low concentrations it 

can act as an immune response modulator in higher 

eukaryotes[1-3] and an important biological inter- and intra-

cellular signaling molecule in both eukaryotes and bacteria.[4-

9] Elucidating the mechanisms by which organisms sense and 

respond to both low and toxic levels of NO, including aspects 

such as NO transport and repair of NO-mediated damage, can 

help us to understand the interplay between these systems and 

potentially lead to new techniques in immunotherapy.[10-12] 

Additionally, targeting the bacterial NO-response system 

could be an effective strategy to combat pathogenic infection 

in the current climate of rising antibiotic resistance. 

In biology, metal cofactors are in general highly reactive 

towards NO. Proteins containing iron-sulfur (FeS) clusters are 

highly susceptible to NO-induced damage and nature has 

exploited this sensitivity in bacterial systems by employing 

FeS cluster proteins that function as biological switches. A 

family of specialized NO sensing proteins including the 

transcription regulatory protein NsrR have evolved in bacteria 

to respond to this small molecule using a [4Fe-4S] cluster that 

is tuned to NO reactivity. NsrR has been identified as a 

regulator of the NO stress response in a number of bacteria 

including E. coli[13] and the pathogen N. gonorrhoeae,[14] 

directly sensing NO in order to  initiate the onset of the NO 

stress response, turning on the cellular NO detoxification 

response in the presence of NO through concomitant partial or 

complete nitrosylation of the FeS cluster.[4, 15] S. coelicolor 

(Sc)NsrR regulates only the nsrR gene itself and two hmp 

genes (hmpA1 and hmpA2)[16] encoding NO detoxifying 

flavohaemoglobins, with differential DNA binding affinity at 

each of the three binding sites. 

 

Figure 1. A and B. front and side view of holo-NsrR(A) and apo-

NsrR variant C93A, C99A, C105A (B) with cluster-binding 

residues shown in red (Asp8) and purple (Cys/Ala93, 99, 105) and 

the hinged C93-C99 loop highlighted in orange. Images made 

using PDB IDs 5N07 and 5N08.[17]  

Crack et al. established that the genetic turn-on response of 

NsrR to NO is also differentiated at 2, 4, and 8 NO molecules 

per cluster required to abolish binding to each of the three 

different gene promoter regions.[18] (Figures 1, S1) This 

highly specific response makes S. coelicolor NsrR (ScNsrR) a 

specialized sensor of nitrosative stress. The specific NO-

dependance of binding strongly suggests that specific 

observable nitrosylation intermediates of NsrR may be long 

lived, and contribute to biologically relevant structural 

changes in the protein as part of its NO response. 

Determination of which of the intermediate species that are 

observable experimentally are biologically relevant is a 

challenge. In this work we hope to gain structural insight, at 
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the level of the cluster chelation environment, of early stage 

intermediates of nitrosylation in NsrR. In particular, we will 

attempt to address the question of what effect the unique 

coordination environment of the [4Fe-4S] cluster, with three 

cysteine ligands and one aspartate ligand, has on the 

specificity of the NsrR NO response. 

Conventional thought surrounding the mechanisms of 

nitrosylation of iron sulfur clusters in proteins has been based 

largely on the known structures of synthetic model iron 

nitrosyl complexes, which have provided simplified systems to 

model the NO reactivity of the protein systems.[19-31] For 

ease of comparison with the synthetic cluster and discussion of 

synthetic clusters within this paper, we will use the formula 

type [FenSm]0/a+/b- to describe specific cluster species 

throughout this paper, while keeping to the traditional form 

[4Fe-4S] in general cases. The nitrosylation products of 

protein-bound iron-sulfur clusters have been identified by 

comparison with the spectroscopic signatures of small-

molecule iron nitrosyl complexes. Nitrosylation of 

mononuclear iron thiolates and [2Fe-2S] cluster species results 

in dinitrosyl iron complex (DNIC) products (Scheme 1), while 

Roussin’s Black Salt anion (RBS, Scheme 1), [Fe4S3(NO)7]-, is 

the major product of anaerobic nitrosylation of synthetic [4Fe-

4S] clusters.   

Scheme 1:  

 

Thus far, these model studies have revealed some of the 

structures of mechanistic intermediates en route to these end 

products. The mononitrosyl iron complex (MNIC, Scheme 1) 

precursor to DNIC from the nitrosylation of mononuclear iron 

salts has been isolated.[21] The formation of DNIC from the 

nitrosylation of [2Fe-2S] clusters is understood to proceed 

through reductive elimination of the bridging sulfides as 

elemental sulfur, and the interconversion between DNIC and 

the neutral Roussin’s Red Ester complex (RRE, scheme 1), 

Fe2(SR)2(NO)4, has also been established.[21] [4Fe-4S] cluster 

nitrosylation has proven to be more complicated. A 

tetranitrosyl [Fe4S4]0/1- cluster complex (Scheme 1) has been 

established as a precursor to RBS.[20] More recently, the 

Suess group has reported the isolation of the mono-

nitroslyated [4Fe-4S] complex [(IMes)3Fe4S4(NO)]0/+/2+ in 

three redox states, stablized by the neutra bulky N-

heterocyclic carbene ligand IMes.[32] Other intermediates in 

the multistep nitrosylation of [4Fe-4S] clusters to form RBS 

have proven elusive to date. Mechanisms by which [4Fe-4S] 

cluster nitrosylation might lead to other products, such as 

RRE, have yet to be fully modeled synthetically. A graphic 

detailing the formation and mechanisms of interconversion of 

well-known iron nitrosyl complexes is included as Figure S2 

in the supplementary data.  

Early protein work established RBS a the major product of 

nitrosylation of a [4Fe-4S] ferredoxin.[33] Recent studies of 

the nitrosylation of the [4Fe-4S] cluster-containing 

Endonuclease III, another DNA-binding protein which would 

encounter NO while repairing DNA damaged by NO, show 

loss of iron and formation of stoichiometrically equal amounts 

of DNIC and RRE as the final nitrosylation products.[34] The 

Le Brun lab and collaborators have made extensive use of 

non-denaturing mass spectrometry (MS) and nuclear 

resonance vibrational spectroscopy (NRVS) to identify further 

products of the nitrosylation reactions of [4Fe-4S] 

proteins.[15, 16, 35-40] Recent NRVS studies of NsrR and 

another [4Fe-4S] cluster protein, WhiD, revealed a mixture of 

iron nitrosyl products, with RRE-like and RBS-like species as 

principle products, along with minor amounts of DNIC 

species.[36] The Le Brun lab has also recently reported in-

depth analyses of nitrosylation intermediates and products of 

wildtype ScNsrR as observed by ESI mass spectrometry and 

LCMS of the monomeric subunit of the protein.[37, 40] This 

research highlights key differences in the nitrosylation 

pathway of NsrR from those observed in other iron-sulfur 

clusters studied.[15, 39] However, the order of formation of 

these species, and the means by which the protein controls the 

sequential reactions of nitrosylation, remains ambiguous. In 

addition, the focus on the denatured monomeric subunit of the 

protein leads to an incomplete overall picture of the reactivity 

with NO in that the monomeric subunits of dimeric NsrR are 

covalently bound through the coordinate colvalent Fe-O(Asp) 

bond in the cluster ligation sphere in addition to the non-

covalent interactions that drive the dimerization of the apo 

protein. Thus disruption of the dimerization interaction 

between the subgroups of dimeric holo-NsrR would strongly 

affect the cluster Fe-O(Asp) coordination observed. 

Which nitrosylation products are ultimately observed appears 

to be dependent reaction conditions, i.e. presence of thiols[37] 

or oxygen,[41] and may also be affected by [4Fe-4S] cluster 

environment. The recently reported crystal structure of holo-

ScNsrR revealed a novel ligand binding environment in which 

the cluster is bound by three thiolate ligands (cysteine residues 

Cys93, 99 and 105) located in a loop that interacts with the 

DNA recognition helix, and which is significantly rearranged 

in the absence of cluster. The fourth ligand is a carboxylate 

residue, Asp8, from the opposite dimer subunit.[17] The 

unique site-differentiated cluster ligation sphere is likely to 

strongly influence the relative reactivity of each iron site to 

NO, raising the question of to what degree the composition of 

the ligand environment determines the reactivity of the cluster 

towards NO. This hinges directly on whether the initial 

reaction step is one of simple ligand substitution, a redox-

based step, or of a more complex rearrangement, and thus is 

integral to a deeper understanding of the mechanism of the 

reaction of NO with the NO sensor protein NsrR, and with 

[4Fe-4S] clusters in general. 

We propose that the Asp8 ligand on the site-differentiated 

cluster would lead to a different, site-specific initial activity 

towards NO while stabilizing partially nitrosylated cluster 

products. It has been well established that terminal ligands of 

[4Fe-4S] clusters are labile to substitution, and that 

carboxylate ligands are more labile than thiolate ligands in a 

synthetic model.[42] Altering the terminal ligands has been 

shown to have a strong effect on the reduction potential of 

synthetic [4Fe-4S] clusters,[43] with carboxylate leading to a 

higher reduction potential than that observed for thiolate 

ligands alone, without perturbing the overall electronic 
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structure of the cubane core.[44, 45] The effect of the 

carboxylate ligand could control the type and order of 

structural changes in NsrR that lead to the differential NO-

dependent DNA binding affinity that allows this single protein 

to simultaneously modulate multiple layers of nitrosylation 

stress response in the bacterium. To test this, the synthetic 

[Fe4S4]2+ cluster complex developed by Terada et al[46] with a 

thiolate- or carboxylate-based  ligand at the site-differentiated 

apical iron site were utilized here as a simplified model for the 

site-differentiated [Fe4S4]2+ cluster in ScNsrR. The tripodal 

trithiol ligand ‘TempS3’ binds the cluster strongly, allowing us 

to focus on the reactivity of the differentiated site in isolation 

of other reactions and observe ligand-related differences in 

reactivity. 

Understanding how nature fine-tunes the control of cluster 

nitrosylation may be of considerable interest in the 

development of agents to exploit these signaling pathways in 

order to control bacterial populations, with implications for the 

healthcare industry as well as in atmosphere and soil. We 

show here that key reaction intermediates of the nitrosylation 

of these cluster complexes are clearly observable by mass 

spectrometry and infrared spectroscopy. These studies were 

carried out alongside parallel non-denaturing mass 

spectrometry studies of the nitrosylation reaction of ScNsrR 

and D8 variants of ScNsrR in which the carboxylate ligand is 

replaced by a cysteine ligand or a non-binding alanine. 

 

2 Materials and Methods 

2.1 Wild type ScNsrR and variants 

Protein Purification: ScNsrR and ScNsrR D8A and D8C 

variants were expressed with C-terminal polyhistidine tags and 

purified anaerobically as previously described.[16, 17] 

Non-denaturing Electrospray Mass Spectrometry (ESI-MS): 

Positive ion ESI MS under non-denaturing conditions was 

used to observe the nitrosylation of polyhistidine-tagged [4Fe-

4S] wtNsrR and variants D8C and D8A. Electrospray 

ionization mass spectrometry was carried out using a Bruker 

micrOTOF-QIII mass spectrometer (Bruker Daltonics, 

Coventry, UK). The ESI‐TOF was calibrated using ESI‐L Low 

Concentration Tuning Mix (Agilent Technologies, San Diego, 

CA) in the positive ion mode. Acquisition of full mass spectra 

was controlled using Bruker oTOF Control software, with 

parameters as follows: dry gas flow 4 L/min, nebuliser gas 

pressure 0.4 Bar, dry gas 180 °C, capillary voltage 2800 V, 

offset 450 V, quadrupole ion voltage 15 V, collision RF 650-

750 Vpp, collision cell voltage 5 V. Processing and analysis of 

MS experimental data were carried out using Compass 

DataAnalysis version 4.1 (Bruker Daltonik, Bremen, 

Germany). Neutral mass spectra were generated using the ESI 

Compass version 1.3 Maximum Entropy deconvolution 

algorithm over a mass range of 34500 – 36500 Da. Mass 

accuracy was ± 1 Da.  

Sample preparation for ESI-MS: Solutions of protein were 

prepared anaerobically by buffer exchange from the storage 

buffer into 50 mM NH4OAc, pH 7.4 via 10 mL PD10 

desalting column (GE Healthcare) followed by dilution. The 

concentration of cluster-containing protein was determined 

approximately using the reported extinction coefficient ε406 = 

13.3 ± 1 mM-1cm-1.[16] Variation in cluster absorbance among 

variants was presumed to be small. Dipropylenetriamine 

(DPTA) NONOate (10 mg) from Cayman Chemicals was 

dissolved in aqueous NaOH (1.0 mL, 1 M).  At the start of the 

titration, an aliquot of this solution (100 µL) was added and 

the concentration of NO released was determined roughly 

using the NONOate half-life of 3.0 hours at 37 °C at pH 7.4.  

The solutions were mixed quickly and transferred to a 

Hamilton gastight syringe needle held at 37 °C for the duration 

of the reaction. This experimental design was chosen over the 

addition of individual aliquots of NO delivery agent because 

minimizing manipulations and transfers between anaerobically 

sealed vessels allowed for minimization of risk of introducion 

of oxygen. 

Nitrosylation reaction followed by ESI-MS: Following purging 

of the instrument with anaerobic buffer (ammonium acetate 50 

mM, pH 7.4), samples were introduced as anaerobic buffer 

solution (ca. 500 μM) at a flow rate of 5 μLmin-1 using a 

syringe pump. Reaction solutions were infused directly (0.3 

ml/hr) into the ESI source of a Bruker micrOTOF-QIII mass 

spectrometer (Bruker, Coventry, UK) operating in the positive 

ion mode. Full mass spectra (m/z 50 – 3500) were recorded for 

5 min. Spectra were combined, processed using the ESI 

Compass 1.3 Maximum Entropy deconvolution routine in 

Bruker Compass Data analysis 4.1 (Bruker Daltonik GmbH). 

The mass spectrometer was calibrated with ESI-L low 

concentration tuning mix (Agilent Technologies). 

2.2 Synthetic clusters 

All reagents were purchased from Sigma Aldrich UK or 

Thermo Fisher Scientific UK unless otherwise specified.  1H-

and 13C-NMR spectroscopy was performed on a Bruker 

Ascend 500 (500 MHz) instrument. FT-IR spectra were 

measured using a Bruker FT-IR XSA spectrometer. Elemental 

analysis was carried out at London Metropolitan University 

using a Thermo Scientific Flash 2000 Elemental Analyzer 

configured for % CHN. All solvents for anaerobic synthesis 

and analysis excepting NMR were freshly distilled 

anaerobically according to standard methods.  

1,3,5-Tris(bromomethyl)-2,4,6-triethylbenzene (1): 

Triethylbenzene (50 mmol) was combined with 

paraformaldehyde (550 mmol), zinc bromide (85 mmol), and 

HBr/AcOH (30 wt %, 100 mL), diluted with a further 100 mL 

AcOH, and heated to 90 ⁰C overnight with vigorous stirring.  

Upon cooling, 100mL of water was added and the mixture 

stirred for a further hour.  Finally the mixture was poured into 

500 mL water and the grey-white crystals of (1) were collected 

by filtration and dried under vacuum to give off-white 

crystalline solid (1) in 95 % yield.  1H NMR (CDCl3) δ 4.59 

(s, 6H), 2.96 (q, J = 7.5 Hz, 6H), 1.36 (t, J = 7.5 Hz, 9H).  

Spectroscopic match to literature values.[47, 48] 

1,3,5-Tris(2-methoxybenzyl)-2,4,6-triethylbenzene (2): 2-

bromoanisole (40 mmol) was added to a suspension of 

magnesium powder (100 mmol) in THF (50 mL) under N2.  1-

3 crystals of iodine were added, and the mixture stirred at 

room temperature for 2 h.  This Grignard solution was then 

added by filter cannula transfer into a reaction mixture 

containing 1 (10 mmol) and CuI (5 mmol) in THF (25 mL) 

stirring under nitrogen.  The combined solutions were heated 

to 60 ⁰C overnight, cooled to room temperature, quenched 

with aqueous NaHCO3, and the crude product was extracted 

with DCM, dried over MgSO4, filtered through a silica plug, 

and isolated in vacuo as a white crystalline solid in 60 % yield.  

1H NMR (CDCl3) δ 7.16 ppm (t, J = 7.63 Hz, 3H), 6.87 ppm 

(d, J = 7.63 Hz, 3H), 6.80 ppm (t, J = 7.96 Hz, 3H), 6.59 ppm 

(d, J = 7.96 Hz, 3H), 4.03 ppm (s, 6H), 3.92 (s, 9H), 2.34 ppm 

(q, J = 7.54 Hz, 6H), 1.13 ppm (t, J = 7.54 Hz, 9H). 
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1,3,5-Tris(5-bromo-2-methoxybenzyl)-2,4,6-triethylbenzene 

(3): N-bromosuccinimide (80 mmol) was added to a solution 

of (2) (10 mmol) in methyl ethyl ketone (100 mL) and stirred 

under N2 for 24 hours at 60 ⁰C. Upon cooling to room 

temperature, aqueous H2SO4 (100 mL, 1M) was added, the 

reaction was stirred for a further 30 min open to atmosphere, 

then the organic phase was separated with DCM, washed with 

saturated aqueous NaCl, dried over MgSO4, filtered through a 

silica plug, and isolated in vacuo as a white powder in 70 % 

yield. 1H NMR (CDCl3) δ 7.26 ppm (dd, J1 = 8.61 Hz, J2 = 

2.48 Hz, 3H), 6.73 ppm (d, J = 8.61 Hz, 3H), 6.67 ppm (d, J = 

2.48 Hz, 3H), 3.99 ppm (s, 6H), 3.90 ppm (s, 9H), 2.30 ppm 

(q, J = 7.61 Hz, 6H), 1.12 ppm (t, J = 7.61 Hz, 9H). 

Spectroscopic match to literature values.[46] 

1,3,5-Tris(5-mercapto-2-methoxybenzyl)-2,4,6-triethylbenzene  

(Temp(SH)3) (4): A solution of compound 3 (1.846 g,  2.4 

mmol) in thf (60 mL) was cooled to -78 ⁰C under N2.  nBuLi 

(16 mL, 1.6 M in hexanes) was added slowly dropwise.  The 

reaction mixture was stirred for 3 hours at -78 ⁰C then stirred 

at 0 ⁰C for a further 5 hours. S8 (0.486 g, 1.9 mmol) was added 

at -78 ⁰C under a flow of N2 and the reaction mixture was 

stirred overnight at room temperature. The following day, 

LiAlH4 (1 g) was added slowly under a flow of N2, and stirred 

for 8 hours.  Water was added (40 mL), followed by HCl (100 

mL, 1 M) and extracted with DCM.  The organic fraction was 

dried over MgSO4, filtered through a silica plug, and isolated 

in vacuo as a white powder (1.075 g, 1.7 mmol, 70 % yield. 1H 

NMR (CDCl3) δ 7.14 ppm (dd, J1 = 8.33 Hz, J2 = 2.29 Hz, 

3H), 6.76 ppm (d, J = 8.33 Hz, 3H), 6.54 ppm (d, J = 2.29 Hz, 

3H), 3.97 ppm (s, 6H), 3.90 ppm (s, 9H), 3.60 ppm (s, 3H), 

2.27 ppm (q, J = 7.6 Hz, 6H), 1.18 ppm (t, J = 7.6 Hz, 9H).  

Spectroscopic match to literature values.[46] 

[(Fe4S4(SEt)4](PPh4)2 (5): Sodium ethanethiolate (48 mmol) 

was dissolved in methanol (40 mL) under N2 and stirred for 

10min at room temperature.  Iron (III) chloride (10 mmol) was 

dissolved in methanol (40 mL) and added under N2 to the first 

solution, to form a purple-brown solution which was stirred 

for 1 hour at room temperature.  Sulfur (10.1 mmol) was 

added under a flow of N2 and the resulting dark brown 

solution was stirred overnight. The following day 

tetraphenylphosphonium chloride (10 mmol) was dissolved in 

methanol (10 mL) under N2.  The dark brown solution 

containing the Fe complex was transferred into this flask by 

positive pressure cannula filtration and the resulting solution 

sealed under N2 and stored in a freezer at -20 ⁰C without 

stirring overnight. The following day, the supernatant was 

removed by positive pressure cannula filtration, and the 

residual black crystalline solid was washed with cold methanol 

(5x 20 mL).  The black crystals were then dried in vacuo.  

Elemental anal. (%) calculated: C 52.76; H, 4.74; Found C 

52.54, H 4.86. Spectroscopic match to literature.[49] 

[(Fe4S4(TempS3)(SEt)](PPh4)2 (6): (Prepared as per 

literature)[46] Compound 4 (1.075 g, 1.7 mmol) was dissolved 

in thf (35 mL) and added to a solution of 5 (2.06 g, 1.7 mmol) 

in acetonitrile (25 mL) under N2.  The solutions were 

combined by cannula transfer and stirred overnight at room 

temperature under N2.  The solvent was then removed in 

vacuo, and the resulting black solid was washed with thf (5x 

10 mL) and dried in vacuo (2.15g, 1.2 mmol, 70% yield). 

Elemental anal. (%) calculated: C 60.45; H 5.02; Found C 

55.57; H 5.08.  Spectroscopic match to literature. 

[(Fe4S4(TempS3)(COOEt)](PPh4)2 (7): (Prepared as per 

literature)[50] Propionic acid (5 mL, 67 mmol) was added to a 

solution of 6 in acetonitrile (20 mL, 60 mM, 1.2 mmol) and 

stirred for 4 hr followed by removal of solvent and volatiles in 

vacuo. The residue was washed with a 1:1 ether:THF mixture 

and extracted by acetonitrile (15 mL). Removal of the solvent 

in vacuo gave 7 as a black powder  

Preparation of anhydrous NO reagent solution: NO gas was 

purified by passing through packed ascarite and bubbling 

through 5M aqueous NaOH. The solubility of NO in MeCN is 

14.1x10-3 Matm-1, compared to the solubility in water at pH 

7.0, which is 1.8x10-3 Matm-1.[51, 52]  

IR and ESI-MS: individual samples were pre-prepared prior to 

analysis: samples of 1.5 mM [Fe4S4(TempS3)(SEt)](PPh4)2 or 

[Fe4S4(TempS3)(OCOEt)](PPh4)2 in acetonitrile were prepared 

anaerobically inside an MBraun glovebox under N2 

atmosphere and sealed in 2 mL septa-capped vials to which 

were subsequently added the appropriate volume of saturated 

NO solution in anaerobic acetonitrile. Saturated NO solution 

was prepared by bubbling freshly distilled anaerobic 

acetonitrile with a gas mixture of purified 10% NO in N2 

(BOC industrial gases UK) for 20 min, and transferred via 

Hamilton gastight syringe.   

ESI-MS was carried out using a Bruker micrOTOF-QIII mass 

spectrometer (Bruker Daltonics, Coventry, UK) with the 

following parameters: dry gas flow 4 L/min, nebuliser gas 

pressure 0.4 Bar, dry gas 180 °C, capillary voltage 2400 V, 

offset 500 V, quadrupole ion voltage 5 V, collision RF 400 

Vpp, collision voltage 10 V.  Following purging of the 

instrument with anaerobic acetonitrile, pre-mixed samples 

were introduced as anaerobic acetonitrile solution (ca. 500 

μM) at a flow rate of 5 μL/min using a syringe pump. 

Negative ion ESI MS was used.  To obtain an approximation 

of sequential addition of nitric oxide to [4Fe-4S]-cluster 

sample, a saturated solution of NO in dry, anaerobic 

acetonitrile was prepared by bubbling a 10% gas mixture of 

NO in N2 for 30min.  This solution was added in aliquots to 

solutions of cluster compound in acetonitrile (1.000 mL, 

1.5mM) and introduced to the instrument via Hamilton 

gastight syringe. 

Liquid-phase infrared spectroscopy was carried out using a 

Bruker FT-IR  XSA  spectrometer. A sealed Omni fixed liquid 

IR cell fitted with two 2 mm CaF2 windows separated by a 50 

μm PTFE spacer was flushed with anaerobic acetonitrile, 

followed by injection of pre-mixed samples in anaerobic 

acetonitrile solution. 

 

3 Results 

3.1 The influence of cluster coordination sphere on 

nitrosylation of the [4Fe-4S] NsrR dimer 

The effect of altering the carboxylate ligand to the cluster of 

ScNsrR on the nitrosylation reaction has been previously 

explored spectroscopically, and at that time we reported[17] 

significant differences in the rate of initial reactivity of the 

wild type protein as compared to the D8C and D8A variants in 

which the native cluster-bound carboxylate-bearing aspartic 

acid residue was altered to a cysteine and a non-binding 

alanine respectively. The reaction rates were found to be 

affected by the substitution, with D8A > wild type > D8C. CD 

absorbance spectroscopy showed a different pattern of 

proteinfolding for the D8C variant over the course of the 

nitrosylation reaction as compared to the other variant and the 

native protein. Furthermore, differences in the NO reactivity 

of NsrR and the [4Fe-4S] cluster protein WhiD, which 
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Figure 2: The influence of cluster coordination on nitrosylation of the [4Fe-4S] NsrR dimer: A. Non-denaturing mass spectrometry 

titration of three variants of NsrR (wild type, D8A, and D8C) against NO shows the effect of the 4th cluster ligand on determining the type 

and longevity of nitrosylated intermediates in the protein dimer region of the mass spectrum. NO was sourced from the timed-release 

compound DPTA NONOate sufficient to release 26 equivalents of NO over approximately 3 hours. Wt ScNsrR shows formation of a few 

distinct product peaks in the holo-dimer range and apo-dimer range; the D8A variant shows intermediate products are more long-lived, 

while the D8C variant shows complete reaction at much lower levels of NO overall. B-E: Close-up analysis of overlaid MS spectra of the 

three variants of [4Fe-4S] NsrR (0-2 equiv. NO shown in gray, 2-10 equiv. NO shown in green, 10-26 equiv. NO shown in red for clarity) 

and major product assignments based on previous work from the Le Brun laboratory [40]: B. The holo-dimer region for protein with both 

cluster sites occupied shows evolution and subsequent diminuation of mononitrosylated species at both [4Fe-4S] cluster sites on the NsrR 

dimer is conserved for wt and D8A but is especially short-lived in D8C; C. Possible persulfide species are observed at both sites on NsrR 

dimer for all species, while sequential nitrosylation of single [4Fe-4S] cluster observed in dimeric D8C NsrR with only one cluster site 

occupied reveals significant early-stage nitrosylation products with 1, 2, and 3 NO bound in only the D8C variant; D. There is minimal 

contribution of dimeric protein with both clusters converted to RBS, but there is clear evidence of a product consistent with a 6-NO 

derivative of RBS; E. the apo-dimer region shows extensive formation of persulfide and polysulfide species, with DNIC products observed 

late in nitrosylation in the wt and D8A variants but not the D8C variant.  

coordinates its cluster by four cysteines, have been observed 

by NRVS and MS.[36, 37, 40] The presence of a carboxylate 

ligand in the coordination environment of the NsrR cluster is 

potentially a major factor in the differential reactivity. The 
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current work was undertaken to further explore this difference 

and its effect on the nitrosylation mechanism as observable 

through ESI mass spectrometry. 

Non-denaturing mass spectrometry (MS) couples soft 

electrospray ionisation (ESI) and Time of Flight (TOF) 

detection with solution and ionization conditions under which 

proteins remain folded and other non-covalent interactions and 

sensitive cofactors are preserved. This enables accurate mass 

detection of intact proteins and protein complexes. ESI mass 

spectrometry is emerging as a powerful tool for the study of 

sensitive iron sulfur cluster holoproteins.[53-56] The NO-

releasing molecule DPTA-NONOate (Dipropylenetriamine 

NONOate or 3,3′-(Hydroxynitrosohydrazino)bis-1-propan-

amine) has a well-defined half-life of 180 minutes at 30 °C 

and pH = 7.4 to release two molecules of NO for each 

molecule of NONOate. Following the MS of each NsrR 

variant combined with 30 equivalents of NONOate under NO-

liberating conditions over a three hour period allowed for 

detailed observation of the nitrosylation products formed over 

the course of the reaction. Previous studies were focused on a 

monomeric form of NsrR resulting from dissociation of the 

native dimer, which aided assignment of nitrosylated 

species.[37, 40] Previously reported data in the mass range of 

dimeric NsrR were not of sufficiently high resolution to be 

useful. Here we have optimized conditions in order to obtain 

suitably high resolution mass data for the dimeric form of wild 

type NsrR and variants. 

Mono- and dinitrosylated species: 

Comparing the three variants in the early stages of the 

reaction, we find that the mono-nitrosylated species 

[[Fe4S4(NO)](NsrR)]2 is far more long-lived in the D8A and 

wild type protein, persisting even up to 15 equivalents of NO 

per cluster compared to 5 equivalents of NO in the case of the 

D8C (Figure 2A, Table S1). This species is assigned as +2 NO 

in Figure 2A, representing one NO ligand per cluster of the 

dimeric protein. For all variants, [[Fe4S4(NO)](NsrR)]2 is 

observed as the mass of apo protein +760 Da (or holo protein 

+ 60 Da), and interpreted as one NO ligand (+1 NO, 30 Da) 

per cluster.   

We were unable to ascertain with certainty whether a 

dinitrosylated species, [[Fe4S4(NO)2](NsrR)]2,  (+4 NO, or apo 

+ 820 Da) was present at low NO levels, due to overlap with a 

peak at apo + 830 Da (where holo refers to the observed mass 

of the apo protein plus the added mass of two [4Fe-4S] 

clusters) attributed to two additional S0 atoms per monomeric 

unit. This peak was present in the initial protein spectrum. In 

the wild type protein the tri-nitrosylated species, 

[[Fe4S4(NO)3](NsrR)]2, or +6 NO, may be present at apo + 882 

Da as a band with weak intensity, but this is unclear as it is 

obscured by overlap with another peak. Likewise, the tetra-

nitrosylated species [[Fe4S4(NO)4](NsrR)]2, predicted by 

synthetic studies to be a major intermediate in the nitrosylation 

pathway, may be present at quite low peak intensities at apo + 

942 Da but this too is unclear. Neither the tri nor the tetra-

nitrosylated species were identified in previous studies. 

In the D8A variant, the evolution of the mono- and di-

nitrosylated species bound to dimeric protein is observable in 

approximately the same pattern as that seen in the wild type 

(Figure 2A, Table S1). These intermediates appear more long-

lived under the reaction conditions and/or MS conditions than 

their counterparts in wild type NsrR against further 

nitrosylation reaction, with more intense mass peaks relative 

to the holo protein peak which persist until the end of the 

reaction period.  

In the D8C variant, the mono-nitrosylated cluster is evident at 

up to 5 equivalents of NO, but the reaction pathway seems to 

differ from that observed in the other variants at higher levels 

of NO. Intermediates in the mass range up to + 250 Da above 

the holo dimer peak are difficult to distinguish for this variant, 

as there are many additional products observed. These may 

correspond to unevenly-nitrosylated cluster pairs, with 

[[Fe4S4(NO)2][Fe4S4(NO)](NsrR)2] (+ 3 NO, apo + 790 Da) 

and [[Fe4S4(NO)3][Fe4S4(NO)2](NsrR)2] (+ 5 NO , apo + 850 

Da) possibly accounting for the peaks in these positions 

(Figure 2A, Table S1). Additionally, in the D8C variant 

[[Fe4S4(NO)](NsrR)2] (+ 1 NO, apo + 380 Da), [[Fe4S4(NO)2] 

(NsrR)2] (+ 2 NO, apo + 410 Da), [[Fe4S4(NO)3](NsrR)2] (+ 3 

NO, apo + 440 Da), and [[Fe4S4(NO)4](NsrR)2] (+ 4 NO, apo 

+ 500 Da) are clearly observed in a protein dimer with only a 

single cluster site occupied (Figure 2B, Table S1).  

The asymmetrical formation of nitrosylation products across 

the dimer pair appears to be evidence of each cluster in the 

dimer being nitrosylated at rates independent of the other 

subunit, which we did not see in the site-differentiated 

variants. Firstly, the observation of asymmetrical behaviour in 

one of the variants confirms that our deconvolution methods 

have not artificially produced a false set of ‘dimer’ peaks as 

artifacts (supplementary information). If that was the case, we 

would observe symmetric behaviour across the dimer pair for 

all three variants. Secondly, it tells us that there is something 

in particular about the dimeric structure and/or coordination 

environment of the wild type and D8A variants that causes the 

clusters to be nitrosylated in a coordinated way, such that, for 

example, when one cluster reacts to become bound to a single 

nitrosyl, the other cluster in the dimer must immediately 

become bound to one as well, in order that we would never see 

the singly-nitrosylated dimer. This could arise from 

cooperativity in iron nitrosyl formation for these variants.   

All three variants have[Fe2S(NO)4]2, apo protein + 528 Da, as 

a major component of the final product mixture (Figure 2B, 

Table S1). This is a match for the group identified and 

confirmed by isotope substitution in earlier studies of the wild 

type protein as a persulfide-linked RRE-like [Fe2S(NO)4] 

species at apo + 264 Da in the monomeric NsrR[37, 40], with 

one RRE-like cluster in each cluster site. The previous isotope 

study discounts the alternative assignment of a single, 

unsymmetrical RBS, [Fe4S3(NO)7] (apo protein + 530 Da). A 

persulfide-linked RRE-type complex would be indicative of a 

cluster rearrangement, from bridging sulfides to bridging 

thiolates/perthiolates. This mechanism is supported by the 

observation of an apo + 592 Da peak assigned as two 

[Fe2S2(NO)4] units symmetrically positioned across a dimer 

pair. The sulfur atoms may be expected to be bridging, and 

bound to the cysteine ligands as persulfides (Figure 2C). This 

species would be a reasonable precursor to [Fe2S(NO)4] 

through loss of a sulfide.  

RBS-like species have been observed in prior studies of NsrR 

nitrosylation.[40] The dimer with symmetrically-bound RBS 

units would be expected at apo + 1056 Da (Figure 2C, Table 

S1), as a minor product of nitrosylation of wild type NsrR.[37] 

This peak, if present, is too small to assign with certainty for 

the wild type or D8C variants of NsrR. A peak at apo + 1076 

Da observed in the D8A variant is assigned to a dimer with 

two RBS units and an NH4
+ adduct.  A peak at + 996 Da is 
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identified as [Fe4S3(NO)6]-, the same species observed in the 

nitrosylation of the synthetic model complex discussed later in 

this manuscript. [Fe4S3(NO)6]- was identified by Bourassa et 

al. as a product of flash photolysis of RBS that readily re-

combined with NO to give back RBS.[57]This suggests that 

the [Fe4S3(NO)6] – may be either a stable intermediate en route 

to the RBS which may  not remain bound to protein, or else a 

stable RBS-like species in its own right, which is able retain 

its bond to protein through the free coordination site on the 

cluster. The [Fe4S3(NO)6]- is notable as an RBS precursor 

because it would have one coordinatively unsaturated 

tetrahedral iron. In the synthetic complex we predicted that an 

NO ligand could be present as a bridging ligand to stabilize 

the structure. A [Fe4S3(NO)6] unit bound to the protein via a 

pendant cysteine thiolate could thus be a precursor poised to 

release from the protein upon nitrosylation and either be 

ejected from the protein as RBS or to begin the cluster sulfide 

loss and rearrangement process towards thiolate-bridged 

DNIC species, dependent on the concentration of mediating 

thiols in the cellular environment. 

The D8A variant cluster incorporation is slightly lower than 

that of wild type, and a higher proportion of apo protein in the 

sample is associated with a larger apo peak in the mass 

spectrum. This is not sufficient to account for the prevalence 

of cluster-free persulfide species in the D8A following 

nitrosylation. We see + 2 S (+ 64 Da), + 4 S, and + 6 S, 

observed as sequential increments of + 64 from the apo dimer 

peak, forming immediately and remaining major species until 

more than 12 equivalents of NO per FeS cluster have been 

added (Figure 2D, Table 1 S). The dimeric units gain 

persulfides equally; there are no significant + 1 S, + 3 S, or + 5 

S peaks at fewer than 10 equivalents of NO per cluster. 

Adducts of the apo protein are only seen in small quantities in 

the D8C, indicating higher affinity for maintaining bonds to its 

cluster. In fact the D8C has a significantly different profile in 

this region, with sulfide addition occurring unevenly across 

dimer pairs such that we see dimer pairs with + 1 S, + 2 S, and 

possibly + 5 S and higher, observed as sequential increments 

of + 32 Da from the apo dimer peak (Figure 2D, Table 1S).  

At above 18 equivalents NO per cluster, far beyond the 

stoichiometric requirement for complete nitrosylation of all 

iron sites in the protein, the wild type and D8A variants both 

give a pair of products at apo + 160 Da and apo + 232 Da 

whose structures are likely related because they grow in 

together at the same point in the titration. These are tentatively 

assigned as DNIC adducts, as previously reported.[40] The 

peak at apo + 232 Da is assigned to a single [Fe(NO)2] adduct 

in each of the two FeS cluster binding sites. The peak at + 160 

Da may arise from the corresponding asymmetrically-

substituted protein dimer with only one site occupied by 

[Fe(NO)2], with  sodium and ammonium ions for charge 

balance accounting for the added mass. While the most likely 

site for these DNIC species is the original cluster ligation site,  

there may also be a slight possibility of capture of liberated 

iron nitrosyl species by the C-terminal polyhistidine tags of 

the protein, which would give the same mass. Alternatively + 

160 Da could be interpreted as two Fe and two Na atoms, 

which would be a more symmetric distribution across dimer 

subunits, or five S atoms. The DNIC assignment is preferred 

due to the confirmation of DNIC products as observed in the 

monomeric protein.[37, 40] Isotope distribution studies of 

nitrosylation of the monomeric NsrR subunit support the 

single-site DNIC species.[40] This is a significant finding, as 

it indicates that at very high NO levels, the cluster sites of the 

wild type and D8A dimers begin to react asymmetrically, but 

symmetrical reactivity, which could be interpreted as 

cooperative, is maintained at lower NO levels. 

3.2 The influence of cluster coordination sphere on 

nitrosylation of synthetic [4Fe-4S] clusters 

In order to attempt to observe the controlled nitrosylation of a 

[4Fe-4S] cluster at a single iron site, we utilized the site-

differentiated [4Fe-4S] cluster system developed by Terada et 

al.[46, 50] in which the tripodal ligand has been observed to 

stabilize the cluster with carboxylate ligands in the apical 

ligand site.  We observed the nitrosylation of thiolate and 

carboxylate analogs of this cluster using ESI mass 

spectrometry and infrared spectroscopy.  

The tripodal trithiol ligand, previously reported as 

Temp(SH)3,[46] was synthesized according to an alternative 

method (Scheme S1), reducing the overall number of steps and 

reliance on air- and moisture-sensitive chemistry. The tri-

brominated tripodal base of the ligand was prepared using 

literature methods.[47, 48] Cu(I) – catalyzed coupling between 

the Grignard reagent formed from 2-bromoanisole and 1,3,5-

tris(bromomethyl)-2,4,6-triethylbenzene connecting the base 

to the coordinating arms of the ligand,  adapted from a similar 

synthesis in the literature,[58] provided a simple and elegant 

regiospecific route to the tripodal scaffold, with high yield and 

no discernible partially-substituted product. N-

bromosuccinimide brominated the 5 position of the ‘arms’ 

with high yield and selectivity,[59, 60] and the final 

substitution to give the trithiol ligand was adapted from the 

original Temp(SH)3 ligand synthesis. Lengthening of reported 

reaction times led to a substantial yield increase compared to 

the initial report, and the final product was found to have low 

sensitivity to oxidation once isolated in crystalline form. 

The [Fe4S4(SEt)4]2+ cluster was obtained by self-assembly 

using standard methods,[49] and recrystallized as the 

tetraphenylphosphonium salt (5). Room temperature 

incubation of stoichiometric quantities of cluster complex and 

tripodal ligand TempS3 afforded the monoethanethiolate 

TempS3 ligated complex (6) upon recrystallization. 

Subsequently, application of the ligand exchange procedure of 

Terada et al.[50] using propionic acid afforded the carboxylate 

complex (7) (Scheme S2). 

Observation of synthetic [Fe4S4(SR)4]2- complexes by 

electrospray mass spectrometry (ESI MS) is not new, nor is 

the use of ESI MS to monitor a ligand substitution reaction of 

similar clusters. Hoveyda and Holm[61] used ESI MS to 

observe the stepwise substitution of 1-4 SH- ligands on  the 

cluster species [Fe4S4(SH)4]2- for the more nucleophilic p-

CF3C6H4S- and, importantly, found that at low cone voltages 

where fragmentation was minimal, the ratio of intensities of 

the anions was the same as the ratio of intensities observed via 

NMR spectroscopy, highlighting the usefulness of ESI MS for 

accurate representation of the ratio of species in a reaction 

mixture at the time of sampling. More recently, a combination 

of mass spectrometry and infrared spectroscopy was used to 

verify that a tetra-nitrosylated cluster [Fe4S4(NO)4]- is an 

intermediate in the formation of Roussin’s black salt from a 

synthetic [4Fe-4S] cluster.[20] 

In this work, the reactivity of the [Fe4S4(TempS3)(SEt)]2- 

complex to nitric oxide was studied by negative ion ESI MS 

titration, using saturated NO solutions in acetonitrile as the 

NO source (Figure 3). All the species of isolated FeS clusters  
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Figure 3. Nitrosylation of [Fe4S4(TempS3)(SEt)]2- followed by mass spectrometry in the negative ion mode.  A. Expansion of the m/z 460 

– 540 region shows major species evolution clearly, with easily discernible isotope patterns aiding in characterization. No fragmentation 

peaks were observed under these conditions. Stacked plots are offset for clarity. B. Species composition over course of titration as a 

function of nitric oxide stoichiometry. Equivalents of NO as per [Fe4S4] cluster. Approximate relative species composition was 

determined using the area of the plot over the range occupied by the isotope distribution pattern for each species as a measure of that 

species’ contribution. C. Nitrosylation of [Fe4S4(TempS3)(SEt)]2- followed by solution phase IR shows growth of a nitrosyl band at ʋNO 

1729 cm-1, with a second band at 1694 cm-1 growing in in the early stages of reaction and then disappearing. 

discussed here were readily observable as intact molecular ion 

peaks in the negative ionization mode of the mass 

spectrometer and characterized by mass-charge ratio and 

isotope pattern (Figures S13, S17). The parent ion 

[Fe4S4(TempS3)(SEt)]2- was observed at m/z 514, together with 

a small amount of the ion-paired species 

[[Fe4S4(TempS3)(SEt)](PPh4)]- (m/z 1368). Such ion-paired 

species are commonly observed for multiply-charged 

anions.[62] No discernible oxidized species of the cluster was 

observed. 

The anion at m/z 501 with isotope pattern consistent with 

bound tripodal ligand and a single chloride was tentatively 

assigned as [Fe4S4(TempS3)(Cl)]2- based on the isotope 

distribution pattern. This peak was present in MS of the 

unreacted [Fe4S4(TempS3)(SEt)]2- and was possibly a result of 

a small amount of free chloride impurity within the instrument 

leading to some chloride ions reacting with intact molecular 

ions that had lost the apical ligand. Increasing the ionization 

voltage increased the intensity of these peaks relative to the 

molecular ion peak. In-source CID (collision-induced 

dissociation) fragmentation of the molecular ion peak resulted 

in the formation of higher-order clusters at higher energies. 

These clusters were artifacts of the more extreme experimental 

conditions and not relevant to the biological cluster reactions. 

At low levels of NO, a species at m/z 499 emerged which was 

characterized as the singly-nitrosylated species 

[Fe4S4(TempS3)(NO)]2- based on isotope distribution and mass 

(Figure S14), with the relative abundance of 

[Fe4S4(TempS3)(NO)]2- being maximal at one equivalent NO 

and reducing at higher NO levels. A small amount of the ion-

paired species [[Fe4S4(TempS3)(NO)](PPh4)]- was also 

observed at m/z 1337, with peak intensity proportional to that 

of the [Fe4S4(TempS3)(NO)]2- peak at each spectrum over the 

course of the titration. We saw no sign of intermediates with 

more than one NO bound to the cluster with tripodal ligand. 

Supporting this, the monoanionic coordinatively unsaturated 

di- and tri- nitrosylated cluster intermediates [Fe4S4(NO)2]-  

and [Fe4S4(NO)3]- are observed, though the low abundances 
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observed suggest they are not long-lived (Figure S15). The 

lack of higher-order nitrosylated [4Fe-4S] intermediates bound 

to the TempS3 ligand suggests strongly that the tripodal ligand 

is lost before a dinitrosylated species is formed. At higher 

degrees of nitrosylation, we observed only the 

tetranitrosylated species [Fe4S4(NO)4]- at m/z 471 and 

Roussin’s black salt adducts [Fe4S3(NO)6]- at m/z 500, and 

[Fe4S3(NO)7]- at m/z 529. A very small amount of NO-free 

[Fe2S2(TempS3)]- species is observed at m/z 792. This species 

is initially observed at greater than 1 NO per cluster, and 

decreases again at greater than 2 equivalents.  No induced 

dissociation of cluster-bound NO or aggregation to higher-

order clusters was observed in these species under these 

conditions.[63] 

Parallel studies of the same reaction as followed by solution 

phase IR spectroscopy revealed an initial band at 1694 cm-1 

which increased at low levels of NO but decreased again as 

the concentration approached 0.3 equivalents NO. A band at 

1729 cm-1 was more long-lived, and present at all NO 

concentrations tested, up to 3 equivalents, which was assigned 

as the known species [Fe4S4(NO)4]-.[20] Based on the MS 

data, we have tentatively assigned the 1694 cm-1 band as the 

NO stretch (νNO) of the mono-nitrosylated species 

[Fe4S4(TempS3)(NO)]2-. At 1694 cm-1, the frequency of this 

band is lower than the νNO = 1728 cm-1 assigned to the IMes-

stabilized mononitrosylated [4Fe-4S] cluster species of 

equivalent redox state reported by Suess.[32] This is 

rationalized by a rough comparison of the relative electronic 

effects of the ligands at the other three Fe sites: the N-

heterocyclic carbene IMes of the Suess complex is a neutral σ-

donor, similar to imidazole-type ligands but with stronger σ-

donor character,[64] while the thiolates of the TempS3 ligand 

(our complex) are negatively-charged ligands with both σ-

donor and π-donor character. Stronger electron-donating 

effects by the other three ligands would have a lengthening 

effect on the bound NO ligand, and therefore lead to a lower 

frequency νNO for the complex. Of those iron nitrosyl species 

for which infrared characterization is well established, no 

significant contributions from RBS species were observed at 

low concentrations of NO, nor were any DNIC or RRE species 

observed.  A large band at 1630 cm-1 that increased with NO 

additions was also present in the spectrum of the stock 

solution of NO, and was ascribed to free NO in acetonitrile.  

Clearly the reaction of NO with cluster is either sufficiently 

slow or in equilibrium such that at sub-stoichiometric NO 

levels, much of the NO remains unreacted. 

Crack et al found that nitrosylation of ScNsrR in the presence 

of the biologically relevant thiols glutathione and mycothiol 

by LC-MS resulted in the observation of Roussin’s Red Ester 

(RRE) – like species in which nitrosylated cluster remained 

bound to protein.[37] We were interested to see if this effect 

could be replicated in the synthetic species. We found that 

performing the simple titration against NO in the presence of 

excess thiol, in this case ethanethiol, had a protective effect, 

with the parent species observed at nearly unchanged 

concentration at 1 equivalent NO, and remaining the dominant 

species up to 5 equivalents NO. The amount of 

[Fe4S4(TempS3)(NO)]2- remained low (Figure S16), while the 

tetranitrosyl [Fe4S4(NO)4]- was present at high concentrations 

well before the emergence of the higher-order nitrosyls. An 

additional species, [Fe4S4(SEt)(NO)3]-, was also observed in 

the presence of excess ethanethiol. The concentration of 

intermediates remained low throughout the experiment, with 

RBS contribution finally rising sharply at the point where the 

levels of NO surpassed the levels of ethanethiol present. 

Notably, no sign of RRE-like or persulfide species was 

observed. The evolution of ethane dithiol could not be 

detected by MS as the molecular weight was too low.  

 

Figure 4: Comparison of formation of mononitrosylation product 

[Fe4S4(TempS3)(NO)]2- from the synthetic model starting 

materials [Fe4S4(TempS3)(OCOEt)]2- (red squares),   

[Fe4S4(TempS3)(SEt)]2- (blue circles) and [Fe4S4(TempS3)(SEt)]2- 

in the presence of excess thiol HSEt (green triangles) in mass 

spectrometry experiments by stoichiometry shows dependence on 

affinity and availability of competing ligands. Some points were 

omitted from this representation because they were too 

overlapped to quantify. 

In the absence of a thiolate ligand that can act as sulfide 

scavenger as well as electron donor, the reaction required 

more NO per cluster to obtain the same intermediates. The 

nitrosylation of the propionate-bound synthetic cluster 

[Fe4S4(TempS3)(OCOEt)]2- (Figure S18) gave the same 

species of intermediates as that of the ethanethiolate cluster, 

and reached a maximum concentration of mononitrosylated 

intermediate  [Fe4S4(TempS3)(NO)]2- at approximately one 

NO per cluster, but the tetranitrosylated species [Fe4S4(NO)4]- 

dominated from one to nearly twenty equivalents of NO 

(Figure S18). This result was treated tentatively, as the 

propionate cluster showed evidence of a large amount of the 

chloride impurity in the MS data (Figure S17).  The chloride-

bound cluster seemed to be consumed by reactivity with NO 

alongside the propionate, though at a lower rate (Figures S17, 

S18).  

With a reduction potential of 90 mV higher than that of the 

ethanethiolate cluster complex,[50] we expect the carboxylate 

complex to be a better electron acceptor, and thus for addition 

of nitrosyl to be a more favoured reaction while the 

carboxylate is still bound. Once displaced, however, the 

propionate ion cannot affect the reaction further. The mass 

spectrometry results clearly indicate that, at least in the case of 

these specific clusters in which the other three sites are 

strongly bound to the tridentate aryl thiolate ligand, the site-

differentiated ligand is the first to be displaced in all cases.  

The stability of the mononitrosyl species against further 

nitrosylation is in fact lower for the propionate cluster than the 

thiolate cluster (Figure 4). The binding affinity of carboxylate 

for the cluster may be lower than that of thiolate. In addition, 

this effect might be partially explained by the stabilizing effect 

caused by adding excess thiol to the reaction mixture, as the 

displaced thiolate could play the same protective role, possibly 
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through competition for the chelation site on the apical iron, or 

by competing for NO directly. 

MS is only able to report on long-lived intermediates in the 

nitrosylation, thus we are unable to discern between a 

concerted mechanism of initial ligand displacement for the 

initial displacement of SEt by NO, in which both ligands 

would be bound in a transition state, or a non-concerted, SN1-

type mechanism. No peak at m/z 1058 or 529 consistent with 

an isotope distribution for a species 

[Fe4S4(TempS3)(NO)(SEt)]1-/2- was observed at any point over 

the course of titration, and we conclude that there is no 

observable intermediate with SEt and NO bound at once. 

Likewise, no peak was observed at m/z 967, indicating an 

absence of observable [Fe4S4(TempS3)]1-, or molecular ion 

lacking a ligand on the site-differentiated ion. 

 

4 Discussion 

The formation of the initial mono-nitrosylated species is a key 

step in the nitrosylation mechanism. Stable mono-nitrosylated 

intermediates are observed in the synthetic TempS3-ligated 

cluster and all three variants of NsrR. The control of the 

formation and stability of this initial species in the protein 

does seem to be related to the cluster chelation environment, 

through a combination of control of the site of first ligand 

displacement, and by the tuning of the reduction potential of 

the cluster and thereby altering the reactivity.  Which of these 

factors is of more relevance in NsrR is partially addressed by 

the data obtained in our synthetic model studies. 

The observed [Fe4S4(TempS3)]- mono-nitrosyl species 

observed by MS is dianionic. Under the gentle ionization 

conditions used, the observed species charge is expected to 

reflect the charge of that species outside the MS, as was seen 

for the other known species observed in our MS experiments. 

Since NO is a neutral radical species and the leaving group 

thiol is anionic, the formation of this species requires a redox 

event to have taken place to supply the [Fe4S4(TempS3)(NO)]2- 

with an additional electron, with either the NO converted to 

nitroxyl prior to reaction, or a concomitant redox event at the 

time of substitution, such as that described in Scheme 3. In 

this scheme we propose that nitrosyl substitution could 

potentially be coupled with ultimate oxidation of the thiolate 

rather than the cluster itself. The cluster is expected to be 

involved in mediating the redox process, effectively 

facilitating the transfer of an electron from the thiolate to the 

NO.  

Free thiol or thiolate is the most likely electron donor in the 

simplified model system. The oxidation of thiols to disulfides 

when the electron acceptor is molecular oxygen can be 

catalyzed by a wide variety of agents including [4Fe-4S] 

cluster compounds.[65] NO-mediated oxidation of NsrR 

cysteine residues to disulfides was observed in previous 

studies.[37, 40] Moreover, mass spectrometric analysis has 

conclusively confirmed the evolution of disulfide and 

persulfide adducts of NsrR bound to glutathione or mycothiol 

following the reaction of the protein with NO in the presence 

of an excess of the thiol at pH 8.[37] Formation of persulfide-

bound FeS clusters from cysteine-bound clusters is a known 

motif in the literature more generally[66] and persulfide-

bound cluster has been observed crystallographically.[67] This 

is strong evidence for this mechanism to be a factor in the 

evolution of iron nitrosyl products in the protein-NO reaction. 

In the previous work describing the product formation of 

NsrR-bound iron nitrosyls in the presence of added thiol in the 

form of glutathione or mycothiol, the major observed product 

was of the RRE type, with masses consistent with apo + 

[Fe2(NO)4] implying loss of the bridging sulfide.[37]  

Here we have shown that excess thiol inhibits formation of 

FeS cluster nitrosyl products in synthetic clusters where ligand 

inflexibility precluded formation of RRE products. Fitzpatrick 

et al have established that the presence or absence of excess 

thiolate can drive the product formation of FeS cluster 

nitrosylation towards DNIC/RRE and RBS products 

respectively.[68-71] Our results show conclusively that this 

trend extends to biologically-relevant clusters and is very 

likely to be a part of biological significance in the thiol-rich 

cytoplasm of S. coelicolor and other bacteria.   

Scheme 2 

 

Further evidence for the biological significance of this 

mechanism is found in the evolution of different product types 

when the protein is nitrosylated in different redox 

environments. In a cellular environment where endogenous 

thiol compounds such as mycothiol are plentiful,[37] the thiol 

may act as both as a source of electrons in the formation of the 

initial mono-nitrosylated complex, and as a scavenger of 

oxidized S0 when the cluster loses bridging sulfides at higher 

levels of nitrosylation. 

The reduction potentials of [Fe4S4]2+ clusters are heavily 

dependent on its ligand environment in a manner that 

correlates strongly with the degree of electron withdrawing 

ability of the ligand.[43] Clusters with aromatic thiolate 

ligands have reduction potentials that are positively shifted in 

comparison with clusters with aliphatic thiolate ligands for 

example, which brings them closer to the relatively positive 

reduction potentials observed in protein-bound clusters of the 

ferredoxin type, usually found within the range -0.1 to -0.6 

V.[72] Clusters with mixed thiolate ligand spheres will have 

reduction potentials in between those extremes.[73] The 

model clusters, with a reduction potential of -0.95 V vs NHE 

for the thiolate (applying a conversion factor of +0.54 V to the 

reported value of -1.49 V vs Ag/AgNO3 reference 

electrode)[46] and a reduction potential near -0.86 V vs NHE 

for the propionate cluster (same conversion)[50] are therefore 

likely to be poorer electron acceptors than the cysteine-ligated 

cluster in the protein, in addition to other differences in 

reaction environment. While this suggests that the predicted 

reduction event would be accessible to the protein cluster, 

some care must therefore be taken not to over-interpret the 

formation of dianionic mono-nitrosylated cluster as indicative 

that the same reaction mechanism would occur in NsrR.   

The ligand environment of NsrR includes a carboxylate ligand 

to the site-differentiated iron, which, in synthetic clusters, is 

reported to give a 90 mV positive shift in reduction potential 

compared to an otherwise equivalent complex with 

ethanethiolate in the site-differentiated position.[50] This 

means that the site-differentiated cluster with apical 

carboxylate is a better electron acceptor. Bond lengths and 
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angles between iron atoms and ligands in the crystal structure 

of the synthetic complex[46] and holo-NsrR[17] are 

equivalent within the range of error, implying that the protein 

ligand environment would be expected to exhibit the same 

behavior. Carboxylate, as a hard mono-hapto ligand, is 

electron-withdrawing in nature, while the soft thiolate ligand 

is electron-donating. The hydrogen bond between D8 and R12 

revealed by the crystal structure would be expected to enhance 

the electron-withdrawing effect even further. A more positive 

reduction potential in the cluster of NsrR could be a key factor 

in the specificity of this protein’s response to NO.   

We can predict that, of the three variants of NsrR explored 

here, presuming otherwise similar protein structure as is 

suggested by CD spectroscopy,[17] D8C NsrR would have a 

more negative reduction potential as compared to wild type. 

The fourth ligand in the case of the D8A is not known. 

Compared to the wild type protein, which follows a clear 

nitrosylation pathway with a clear progression of nitrosylation 

products, D8C reacts with NO non-specifically, with products 

in which one cluster was lost entirely from the dimer observed 

alongside the formation of the expected lower nitrosyl 

products.  

Although the D8C variant was found to have reacted 

completely at much lower levels of NO, the initial rate of 

reaction for the D8C was the slowest of the three variants as 

determined by rate analysis using stopped flow 

spectroscopy.[17] The titration showed complete loss of 

cluster at sub-stoichiometric levels of NO. This points to site 

access, rather than a redox event, as potentially initially rate 

limiting for the binding of the first nitrosyl.      

The relative affinity of the cluster for nitrosyl as compared to 

the D8 ligand has also been shown to be crucial to the 

reactivity of the apical iron. The D8A variant, for which no 

strongly bound ligand at the 4th cluster iron is expected, 

followed a pathway very similar to that of the wild type 

protein. The actual ligand at this site  is at this time unknown. 

No evidence was seen of iron lability, as in aconitase. This 

suggests that there is a ligand present to prevent the Fe 

lability. An adventitious water or acetate ligand from the 

buffer would be the most likely potential ligands, which could 

be potentially stabilized by the surrounding H-bonding 

network in that region of the protein structure.[17] The initial 

rate of reaction was fastest for the D8A variant[17] consistent 

with a more open pathway through the protein for the 

incoming gas molecule, a more open site, and a less tightly-

bound leaving group for the initial chelation of the first 

nitrosyl. Similar reaction pathways for the D8A and wild type 

protein provide added support for the hypothesis that the D8-

bound Fe is the site of initial NO binding as predicted by the 

cavity map of the crystal structure of the holo-protein.[17] The 

mechanism of nitrosylation observed for wild type and D8A 

NsrR is necessarily independent of the structure imposed by 

the hydrogen bond between D8 and R12, essential for DNA 

binding but absent in the D8A variant.  This clarifies the 

observation that the D8A variant does not bind DNA.  

However, this does not fully address the question of why the 

later stages of nitrosylation are more controlled in the wild 

type, while the D8C reacts to completion at lower levels of 

NO, and shows evidence of asymmetrical nitrosylation across 

the clusters. The key to answering this question may be found 

in analyzing how nitrosylation would disrupt the structure at 

the interface of the dimer pair of the protein without complete 

loss of dimerization. 

Loss of [4Fe-4S] cluster is associated with complete loss of 

DNA affinity in the wild type protein. NsrR, however, has 

differential DNA affinity at different levels of nitrosylation 

such that its affinity for discrete binding sites is altered while 

affinity for other binding sites is maintained. This differential 

DNA affinity must correspond to at least three discrete 

isolatable partially-nitrosylated complexes.  The coordination 

environment of the FeS cluster for each species would be 

pivotal in shaping the dimeric protein’s secondary structure 

and thereby leading to a differential regulatory response to 

different cellular levels of NO. For this reason, the differential 

reactivity between the D8C, D8A, and wild type protein 

dimers against nitrosylation supports a hypothesis that control 

of the reactivity is imparted by the aspartate ligand of the wild 

type. Previously reported circular dichroism (CD) 

spectroscopy experiments with this variant set used to follow 

changes in protein folding showed that the spectral pattern of 

the unreacted D8C differed from that of the other variants. 

When the nitrosylation of each of the variants was followed 

over time, the D8C again diverged and showed a very 

different spectral pattern at lower levels of NO, but at very 

high levels of NO the CD spectrum of D8C became similar to 

those of the other variants. The wt and D8A followed a much 

more similar pattern of spectral changes throughout the 

reaction as followed by CD spectroscopy. 

 

Figure 5: Comparison of formation of nitrosylation products in mass 

spectrometry experiments by stoichiometry (equivalents NO) from 

the three NsrR variant models, wild type NsrR (A); D8A NsrR (B); 

D8C NsrR (C), show dependence on cluster ligand type. Complexes 

products followed in this figure include mononitrosylated cluster 

[Fe4S4(NO)(protein)] (orange); combined species [Fe2S(NO)4] and 

[Fe2S2(NO)4] (red); [Fe4S3(NO)6] (black); and  DNIC species 

[Fe(NO)2] (green). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

The wild type NsrR has the carboxylate-based Asp8 as a 

fourth ligand to its [4Fe-4S] cluster. The carboxylate forms a 

monodentate bond with the cluster Fe , with the other oxygen 

of the carboxylate engaged in a H-bonding interaction with 

Arg12 on the same α-helix α1.[17] Synthetic model studies 

with a synthetic site-differentiated [4Fe-4S] cluster with a 

library of carboxylate ligands with and without 

crystallographically-observed intra- and inter-molecular H-

bonds have established that the H-bonding interactions render 

the carboxylate ligand more labile to dissociation than 

carboxylate ligands without H-bonding interactions, and also 

more labile than thiolate ligands.[50]   

Thus we have learned that a thiolate ligand disrupts the 

nitrosylation pathway significantly, while the variant with no 

ligand at all on the site-differentiated Fe (that we know of) 

produces a protein that seems to have longer-lived 

intermediates and seems less reactive towards NO, despite 

having the presumably more accessible cluster site and the 

highest initial rate of reaction.[16] Recall that in the absence 

of a protein-bound ligand, the D8A variant cannot link its 

dimer subunits covalently through the Asp-Fe linkage, and 

would also have lost the structurally important H-bonding 

interactions of Asp8 observed in the crystal structure of holo-

NsrR.[17] Instead, D8A dimerizes solely through hydrogen 

bonding and other Van der Waals forces. The D8A would 

therefore be expected to have a much more accessible cluster. 

Thus we conclude that controlling the mechanism of cluster 

nitrosylation cannot depend strictly on controlling or 

restricting access to the site-differentiated site, but in fact may 

arise from increasing that access. 

In a protein structure, this would also be possible, but the 

structure of the protein would hold the binding carboxylate 

close enough to the site of the cluster such that re-association 

could also be possible in the absence of other factors. If the 

dissociation event occurs, the secondary structure of the 

protein with disassociated carboxylate ligands would have to 

alter in its folding to accommodate the positional shift of the 

carboxylate. A protein where the bound carboxylate is in 

equilibrium with the dissociated carboxylate would experience 

a consequent equilibrium of these two structural states.  The 

first nitrosylation event at the site differentiated Fe would 

prevent re-association of the carboxylate ligand at the cluster 

site, and also prevent a return to the ‘bound’ structure of the 

surrounding amino acids. Because the carboxylate ligand is 

located on the other dimer subunit, it is likely that a shift in the 

position of Asp8 away from the cluster would push α1 away 

from the cluster as well. This structural change could 

hypothetically even induce a structural change as far away as 

the other cluster in the dimer, a distance of approximately 30 

Å. Although this hypothesis is untested crystallographically, 

the complete absence of asymmetrically nitrosylated clusters 

in dimeric wt and D8A NsrR provides strong support for some 

form of cooperativity in the binding. 

The all-thiolate D8C variant, on the other hand, would have no 

ligand with differential lability, and therefore its cluster would 

have no differential reactivity at any Fe in the cluster, because 

none of the sites would have a ligand poised to dissociate. 

Thus it is the D8C variant, and not the D8A, which reacts with 

NO in a less controlled manner. 

We have determined experimentally that (i.) the presence of a 

labile ligand is important for the protein to maintain 

controlled, concerted nitrosylation across both clusters, and 

that (ii.) the initial formation of the mononitrosylated complex 

is mediated by a concommittant one-electron reduction of the 

cluster in the model cluster complex, and possibly in the 

protein as well. These two factors are far from independent. 

Following a cluster reduction made more facile by the electron 

withdrawing effect of the H-bonded carboxylate, the binding 

affinity of the carboxylate to the cluster Fe would be reduced, 

leading to increased chance of dissociation, which would open 

a binding site for nitrosylation. Thus these two effects could 

easily be connected and vital to the tight control wtNsrR 

shows over the nitrosylation mechanism of its [4Fe-4S] 

clusters.  

 

5 Conclusions 

Though the identification of the tetranitrosyl species 

[Fe4S4(NO)4]- as an intermediate en route to the formation of 

RBS has been well-established in the literature,[20] we report 

here the first clear observation of a synthetic mono-

nitrosylated [4Fe-4S] cluster species  in which the three other 

liganads to the [4Fe-4S] are thiolates, mimicking the cluster 

environment of naturally-occuring [4Fe-4S] ferredoxins. The 

mono-nitrosylated [4Fe-4S] cluster is clearly a biologically 

relevant, relatively stable complex in the nitrosylation 

pathway, and access to a simplified model of this nitrosylation 

product opens doors to a better understanding of the control of 

reactivity exhibited by proteins such as NsrR that has been so 

difficult to reproduce synthetically in the past.  Further work is 

underway to exploit this opportunity, especially towards 

isolation of a crystal structure and clear IR signature of this 

important complex. 

Overall the similarity of the nitrosylation pathway of the 

synthetic models to that of the protein-bound clusters is 

confirmed, re-enforcing the usefulness of these complexes as 

model systems. This is important, as we have also established 

here that the ligand environment is crucial to the fine-tuning of 

the cluster response to NO. Many bacterial species contain 

NsrR, and organisms from all phyla contain iron-sulfur cluster 

proteins. Certainly nitric oxide is a known signaling molecule 

in a wide range of species, and its biological activity is tightly 

tied into redox regulation and transfer via biological thiols as 

S-nitrosothiols. It is probable that this controlled response to 

NO by FeS proteins is represented more widely in biology, 

and is therefore an important mechanism to understand in a 

more general sense. Through careful choice of ligand 

environment, nature is able to direct the nitrosylation pathway 

to control reactivity and reactive site specificity such that 

specific nitrosylation steps are accompanied by specific 

discrete structural conformations of the protein. In this way, 

the otherwise unspecific, messy nitrosylation reaction 

becomes a useful tool in nature’s toolbox. 
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GRAPHICAL ABSTRACT caption 

This manuscript describes an investigation of the role played by the unusual carboxylate ligand in the nitrosylation of the 

[4Fe-4S] cluster of the NO-sensing bacterial protein NsrR. A two-pronged approach, following the reaction of NO with: 1. 

variants of NsrR from Streptomyces coelicolor varied at the ligand site, and 2. biomimetic synthetic model cluster 

complexes, showed greater control of the mechanism of nitrosylation, and longer lived intermediates, in the site-

differentiated cluster.   
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 Side-by-side study of nitrosylation of protein- and synthetic cluster model [4Fe-4S] species  

 Understanding of mechanistic control in NO-sensor NsrR from Streptomyces coelicolor 

 Effect of cluster coordination sphere on nitrosylation mechanism / mechanistic control 

 Observation of a thiolate-bound mononitrosylated synthetic [4Fe-4S] cluster as key intermediate 
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