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Abstract

We have developed novel NO-releasing prodrugs of efaproxiral (RSR13) for their potential 

therapeutic applications in a variety of diseases with underlying ischemia. RSR13 is an allosteric 

effector of hemoglobin (Hb) that decreases the protein’s affinity for oxygen, thereby increasing 

tissue oxygenation. NO in the form of ester prodrugs has been found useful in managing several 

cardiovascular diseases by increasing blood flow and oxygenation in ischemic tissues, due to its 

vasodilatory property. We synthesized three NO-donor ester derivatives of RSR13 (DD-1, DD-2 

and DD-3) by attaching the NO-releasing moieties, nitrooxyethyl, nitrooxypropyl, and 1-

(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate, respectively, to the carboxylate of RSR13. In-vitro 
studies demonstrated that the compounds released NO in a time-dependent manner when 

incubated with L-cysteine (1.8 – 9.3%) or human serum (2.3 – 52.5%); and also reduced Hb 

affinity for oxygen in whole blood (ΔP50 of 4.9 – 21.7 mmHg vs 25.4 – 32.1 mmHg for RSR13). 
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Crystallographic studies showed RSR13, the hydrolysis product of the reaction between DD-1 and 

deoxygenated Hb, bound to the central water cavity of Hb. Also, the hydrolysis product, NO was 

observed exclusively bound to the two α-hemes; the first such HbNO structure to be reported, 

capturing the previously proposed physiological bis-ligated nitrosylHb species. Finally, nitrate was 

observed bound to βHis97. UPLC-MS analysis of the compounds incubated with matrices used for 

the various studies demonstrated the presence of the predicted reaction products. Our findings, 

beyond the potential therapeutic application, provide valuable insights into the biotransformation 

of NO-releasing prodrugs and their mechanism of action, as well as hemoglobin-NO biochemistry 

at the molecular level.

Graphical abstract

Hypoxemia, defined as insufficient oxygen (O2) concentration/partial pressure of oxygen 

(pO2) in arterial blood, is a condition that underlies a myriad of pulmonary, vascular and 

blood-related pathologies, including anemia, acute respiratory distress syndrome (ARDS), 

cardiovascular diseases, congenital heart disease, chronic obstructive pulmonary disease 

(COPD), emphysema, pneumonia, pneumothorax, pulmonary edema, pulmonary embolism, 

pulmonary fibrosis, and sleep apnea. Consequently, hypoxemia can often lead to tissue 

hypoxia or ischemia in essential organs, compromising their physiological functioning. 

These conditions can be reversed by increasing or improving oxygen delivery to these 

tissues by various interventions, e.g., by increasing O2-loading in the lung, enhancing organ 

perfusion and/or increasing O2 unloading in the tissue capillaries, an approach that has 
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proven beneficial particularly in attenuating ischemic death resulting from ischemic heart 

attacks1.

Hemoglobin (Hb), the primary molecule responsible for maintaining adequate O2 levels in 

the blood and tissues, functions between two allosteric states: the tense or T-state 

(unliganded or deoxygenated Hb), which possesses low O2-affinity, and the relaxed or R-

state (liganded or oxygenated Hb), which exhibits high O2-affinity. The equilibrium between 

the R- and T-states, which is closely tied to O2 binding and its release, can be modulated by 

synthetic allosteric modifiers of Hb2. For instance, effectors that shift the oxygen 

equilibrium curve (OEC) to the left produce R-state/high O2-affinity Hb that more readily 

binds and holds O2, while shifting the OEC to the right produces T-state/low O2-affinity Hb 

that readily releases O2. The degree of shift in the OEC is reported as a decrease (left-shift) 

or increase (right-shift) in P50 (oxygen tension, pO2, at 50% Hb O2 saturation). 

Approximately, 25% of the oxygen bound to Hb is released in the tissue capillaries at 

physiological pO2 of ~20 mmHg during each circulation cycle. The discovery that 

endogenous 2,3-DPG (2,3-diphosphoglycerate) decreases the O2-affinity of Hb to allow 

efficient release of O2 to tissues prompted the search for synthetic Hb effectors that act 

similarly to 2,3-DPG but are more potent, i.e. could release more O2 to tissue. L35 (3,5-

trichlorophenylureido-phenoxy-methylpropionic acid), a bezafibrate derivative, was one of 

the earliest synthetic effector found to decrease Hb affinity for O2, which in turn stimulates 

the release of O2 to tissue3. A recent study by Liong and co-workers demonstrated that 

paramagnetic nanoparticles (PMNPs) coated with L35 (L35-PMNPs) were able to increase 

targeted tissue pO2 (using magnetic fields) without inducing any systemic or 

microhemodynamic changes in hamsters4. Efaproxiral or RSR13, (2-[4[[(3,5-

dimethylanilino)carbon]methyl]phenoxyl]-2-methylpropionic acid; Fig. 1) is another 

synthetic allosteric effector that binds to the central water cavity of Hb and decreases the 

protein’s affinity for O2, allowing enhancement of O2 release and delivery to ischemic and 

hypoxic tissues2,5. This property has led to this compound being extensively studied or 

proposed for treating disease states that decrease blood flow to tissues, such as vessel 

narrowing or weakening of heart pumping capacity, stroke, shock, myocardial ischemia, 

cerebral traumas, and angina, as well as a radiation enhancer in the radiotherapy of hypoxic 

tumors6–8.

Another molecule that plays a crucial role in regulating O2-delivery to tissues is nitric oxide 

(NO). In fact, NO is essential in many aspects of human physiology, particularly in 

cardiovascular homeostasis due to its potent vasodilatory effects9–11. It also inhibits vascular 

remodeling, affecting the multi-step cascade of events involved in leukocyte, platelet and 

endothelial activation12. NO also increases erythrocyte mobility and oxygen delivery in 

ischemic tissue13, and acts as a critical mediator of mucosal defense and repair14. NO is 

produced from L-arginine in the vascular endothelium by nitric oxide synthases15, from 

nitrite/nitrate in the erythrocyte by Hb16 or in the stomach or tongue by sequential reduction 

of nitrate17–20. Due to its critical physiological roles, the NO deficiency is implicated in 

numerous pathological conditions. In particular, reduced local bioavailability of NO in the 

endothelium is closely associated with coronary artery disease and its risk factors, including 

diabetes, hypertension, and obesity. Inhaled NO has been shown to reduce the severity and 

duration of vaso-occlusive crisis in sickle cell patients21,22, and to provide therapeutic 
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benefits in acute respiratory distress syndrome23–25. In addition, long-lived circulating NO-

releasing nanoparticles (NO-nps) have been shown to decrease blood pressure, induce 

vasodilation and prevent cardiovascular collapse during hemorrhagic in animal models26,27. 

Compounds with NO-releasing abilities, e.g., nitroglycerine, amyl nitrite, isosorbide 

dinitrate, NO-NSAIDS, nitrosothiols, nicorandil, sinitrodil, have been studied and/or used 

for the management of various ischemic syndromes, e.g., cardiovascular disease, pulmonary 

hypertension, acute lung distress syndrome, etc28–36.

Red blood cells (RBC) and Hb are intimately involved in NO homeostasis, although not 

without controversies. Studies suggest deoxygenated Hb (deoxyHb) to account for almost all 

NO production in RBC under tissue hypoxia or ischemia or low-blood flow conditions, 

converting nitrite at the heme moiety to NO and forming methemoglobin (metHb)16,37–40. 

Consistently, nitrite has been shown to be vasoactive under physiological conditions37,41–44. 

NO is also capable of reacting directly with the heme of deoxyHb or oxyHb to form 

nitrosylHb (HbNO), or with the heme of oxyHb to form metHb and nitrate - with the latter 

reaction suggested to be a major pathway for removal of excess NO from the body45–47.

The crystal structure of deoxyHb in complex with NO coordinated to all four hemes (tetra-

ligated T-state HbNO; obtained by exposing deoxyHb crystals to NO gas) has been 

reported48. Richter-Addo and co-workers also recently reported the crystal structure of R-

state oxyHb with NO bound to all four heme molecules (tetra-ligated R-state HbNO)49. In 

addition to interacting with the hemes of both deoxyHb and oxyHb to form HbNO 

derivatives, NO also forms a covalent Hb adduct with βCys93 of oxyHb to form S-nitrosoHb 

(HbSNO)50–52 that has been proposed as a reservoir for NO. The crystal structure of 

HbSNO has been reported by the Arnone’s group, which was later revised to be actually 

HbSNOH 48,53.

In view of the potential beneficial effect of increasing local NO bioavailability and tissue 

oxygenation, we have combined the pharmacological effects of RSR13 and NO by 

derivatizing RSR13 with the following NO-releasing groups, nitrooxyethyl, nitrooxypropyl, 

and 1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate to form DD-1, DD-2 and DD-3 (Fig. 1), 

respectively. These three compounds were further evaluated in-vitro for their NO-releasing 

ability, their effects on Hb-O2 binding, their reaction products in the presence of various 

biological and non-biological matrices, as well as atomic interaction with Hb.

Experimental Procedures

Materials and General Procedure

All reagents used in the syntheses, functional assays and other studies were purchased from 

Sigma-Aldrich corporation or the Fisher scientific company and used without purification. 

Routine thin-layer chromatography (TLC) was performed on silica gel GHIF plates (250 

μm, 2.5 × 10 cm; Analtech Inc., Newark, DE). Column chromatography was performed on 

silica gel (grade 60 mesh; Bodman Industries, Aston, PA). Melting points were determined 

on a Fisher-Scientific melting point apparatus and were uncorrected. 1H-NMR and 13C-

NMR spectra were obtained on a Bruker 400 MHz spectrometer and tetramethylsilane 

(TMS) was used as an internal standard. Peak positions are given in parts per million (δ). 
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High resolution mass spectrometry (HRMS) was recorded on a Perkin Elmer Flexar UHPLC 

with AxION 2 Time of Flight (TOF) Mass Spectrometer and the molecular weight of the 

compounds was within 0.05% of calculated values. Infrared spectra were obtained on a 

Thermo Nicolet iS10 FT-IR. Purity of the compounds was determined by HPLC using a 

Varian Microsorb 100–5 C18 column (250 × 4.6 mm), acetonitrile (0.1% TFA)/Water 

mobile phase and using Prostar 325 UV-Vis (254 nm) as the detector.

Human blood samples for functional/biological assays were obtained from healthy 

volunteers at Virginia Commonwealth University (VCU). The use of the biological samples 

has been reviewed and approved by the IRB, in accordance of institutional regulations. 

Hemoglobin for functional and/or crystallographic studies was purified from discarded 

blood or RBCs54 left over from red cell exchange from the VCU Hospital or the Children’s 

Hospital of Philadelphia or from the American Red Cross.

Synthesis of 2-(nitrooxy)ethyl-2-(4-(2-(3,5-dimethylphenyl)amino)-2-oxoethyl)phenoxy)-2-
methylpropanoate, DD-1 (n=1)

To stirred concentrated sulfuric acid (98%, 3 mmol) concentrated nitric acid (70%, 3 mmol) 

was added dropwise at 0 °C under nitrogen. The mixture was stirred for 10 min at the same 

temperature followed by addition of 2-bromoethanol (0.31 g, 2.5 mmol) in anhydrous 

dichloromethane (0.5 mL) dropwise while keeping the internal temperature below 5 °C. 

After 3 h the reaction was quenched with water (2 mL). Dichloromethane (10 mL) was 

added and the organic phase was separated, washed with water (3 mL), dried over Na2SO4, 

and concentrated to give bromoethyl nitrate, which was used without further purification.

RSR13 (0.58 g, 1.7 mmol) and potassium carbonate (0.55 g, 4.0 mmol) were added to a 

solution of bromoethyl nitrate in anhydrous DMF (4 mL). The reaction mixture was allowed 

to stir for 24 h at room temperature, then was diluted with EtOAc (15 mL), washed with 

water (3 × 4 mL), dried over Na2SO4, and evaporated under reduced pressure to give a crude 

product, which was purified by silica gel column chromatography eluting with hexanes/

EtOAc (2:1) to yield 0.7 g of the titled compound as a white-colored solid with yield of 

95.8%. HPLC purity: 96.5% (Retention time: 4.85 min. 30% H2O and 70% MeCN over 30 

min at 254 nm on Varian C18 column) M.P.; 98–99 °C. IR (neat, cm−1) νmax: 3294.96, 

1741.66, 1637.10, 1507.73, 1272.82, 1141.33. 1H NMR (400 MHz, CDCl3): δ 7.20 (d, J = 

8.99 Hz, 2H), 7.04 (br s, 3H), 6.85 (d, J = 8.35 Hz, 2H), 6.72 (s, 1H), 4.63 (m, 2H), 4.46 (m, 

2H), 3.64 (s, 2H), 2.25 (s, 6H), 1.62 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 174.00, 

169.23, 154.86, 138.79, 137.63, 130.54, 128.53, 126.30, 119.81, 117.70, 79.33, 70.19, 

61.10, 44.16, 25.52, 21.42. HRMS calc. m/z for [C22H26N2O7Na]+: 453.1637, found: 

453.1710.

Synthesis of 2-(nitrooxy)propyl 2-(4-(2-(3,5-dimethylphenyl)amino)-2-oxoethyl)phenoxy)-2-
methylpropanoate, DD-2 (n=2)

To a stirring solution of concentrated sulfuric acid (98%, 3 mmol) was slowly added 

concentrated nitric acid (70%, 3 mmol) dropwise at 0 °C under nitrogen gas protection. The 

mixture was stirred for 10 min at the same temperature followed by addition of 3-

bromopropanol (0.35 g, 2.5 mmol) in anhydrous dichloromethane (0.5 mL) dropwise while 

Xu et al. Page 5

Biochemistry. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



keeping the internal temperature below 5 °C. After stirring for 3 h the reaction was quenched 

with water (2 mL). Dichloromethane (10 mL) was added and the organic phase was 

separated, washed with water (3 mL), dried over Na2SO4, and concentrated to give 

bromopropyl nitrate, which was used without further purification.

RSR13 (0.58 g, 1.7 mmol) and potassium carbonate (0.55 g, 4.0 mmol) were added to a 

solution of bromopropyl nitrate in anhydrous DMF (4 mL). The reaction mixture was 

allowed to stir for 24 h at room temperature, diluted with EtOAc (15 mL), washed with 

water (3 × 4 mL), dried over Na2SO4, and evaporated under reduced pressure to give a crude 

product, which was purified by silica gel column chromatography eluting with hexanes/

EtOAc (2:1) to yield 0.7 g of titled compound as a colorless oil with yield of 92.6%. HPLC 

purity: 97.4%. (Retention time: 5.34 min. 30% H2O and 70% MeCN over 30 min at 254 nm 

on Varian C18 column) IR (neat, cm−1) νmax: 3292.50, 1735.00, 1628.17, 1507.55, 

1139.87. 1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.60 Hz, 2H), 7.18 (br s, 1H), 7.05 (d J 
= 8.60 Hz), 6.85 (d, J = 8.35 Hz, 2H), 6.72 (s, 1H), 4.30 (t, J = 6.22 Hz, 2H), 4.25 (t, J = 6.22 

Hz, 2H), 3.62 (s, 2H), 2.25 (s, 6H), 2.02 (m, 2H), 1.63 (s, 6H). 13C NMR (100 MHz, 

CDCl3): δ 174.14, 169.26, 155.00, 138.78, 137.65, 130.46, 128.33, 126.28, 119.11, 117.68, 

79.24, 69.52, 61.37, 44.05, 26.28, 25.53, 21.41. HRMS calc. m/z for [C23H28N2O7Na]+: 

467.1794, found: 467.1841.

Synthesis of (Z)-2-((2-(4-(2-(3,5-dimethylphenyl)amino)-2-oxoethyl)phenoxy)-2-
methylpropanoyl)-peroxy)-1-(pyrrolidin-1-yl)diazene 1-oxide, DD-3

To a DMF (2 mL) solution of freshly prepared O2-chloromethyl 1-(pyrrolidin-1-yl)diazen-1-

ium-1,2-diolate (0.10 g, 0.56 mmol), (prepared as previously reported34) was added RSR13 

(0.19 g, 0.56 mmol) in one portion, followed by the addition of cesium carbonate (0.18 g, 

0.56 mmol). The mixture was stirred at room temperature for 15h, and then was diluted with 

water and extracted with CH2Cl2 (10 mL × 3). The separated organic phase was combined, 

washed with brine, dried over Na2SO4, and concentrated under vacuum to give the crude 

product, which was further purified by silica gel column chromatography eluting with 

hexanes/EtOAc (2:1) to yield 0.11 g of the titled compound as colorless oil with yield of 

41%. HPLC purity: 98.7%. (Retention time: 5.06 min. 30% H2O and 70% MeCN over 30 

min at 254 nm on Varian C18 column) IR (neat, cm-1) νmax: 3307.34, 2982.95, 1751.57, 

1614.43, 1507.17, 1233.15, 1166.75, 1049.51, 939.61. 1H NMR (400 MHz, CDCl3): δ 7.17 

(d, J = 8.40 Hz, 2H), 7.04 (s, 2H), 6.98 (br s, 1H), 6.86 (d J = 8.40 Hz, 2H), 6.72 (s, 1H), 

5.85 (s, 2H), 3.62 (s, 2H), 3.48 (m, 4H), 2.26 (s, 6H), 1.88 (m, 4H), 1.62 (s, 6H). 13C NMR 

(100 MHz, CDCl3): δ 172.97, 169.00, 154.70, 138.64, 137.48, 130.29, 128.26, 126.25, 

119.93, 117.54, 87.81, 79.12, 50.66, 44.09, 25.23, 22.91, 21.27. HRMS calc. m/z for 

[C25H32N4O6Na]+: 507.2219, found: 507.2241.

Nitric Oxide Release in the Presence of L-cysteine

Stock solutions of test compounds (10 mM in DMSO) were prepared, and 60 μL of each 

compound was added to 5.94 mL of a mixture of 50 mM potassium phosphate buffer (pH 

7.4) and methanol (1:1, v:v), containing 5 mM L-cysteine. The reaction samples were 

incubated at 37 °C, and 1 mL of aliquots were taken at 1, 2, 4, and 8 hrs, exposed to air for 

10 min, and Greiss reagent (250 μL) added to each solution. The mixture was allowed to 
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stand at 25 °C for 30 min, and the absorbance of each sample determined at 540 nm. 

Solutions of 0–100 μM sodium nitrite were used to prepare a nitrite absorbance versus 

concentration curve under the same experimental conditions. The percent nitric oxide 

released (quantitated as nitrite ion) was calculated from the standard nitrite concentration 

curve.

Nitric Oxide Release in the Presence of Human Serum

Stock solutions of test compounds (10 mM in DMSO) were prepared, and 30 μL of each 

compound was added to 270 μL human serum. The mixture was then made up to a volume 

of 1.5 mL containing 0.2 U/mL Aspergillus nitrate reductase, 50 nM HEPES buffer, 5 μM 

FAD, and 0.1 mM NADPH. The reaction mixture was incubated at 37 °C, and 250 μL of 

aliquots taken at 1, 2, 4, and 8 hrs, and 2.5 μL of lactate dehydrogenase (1500 U/mL) and 25 

μL of 100 mM pyruvic acid added to oxidize any unreacted NADPH, and further incubated 

for 10 min. Greiss reagent (275.5 μL) was then added to each tube, and the mixture allowed 

to stand at 25 °C for 30 min. Water (555 μL) was added to each reaction mixture, and the 

absorbance was determined at 540 nm, and % nitric oxide release was calculated as 

described above.

Oxygen Equilibrium Curve

The OEC studies with normal whole blood or clarified Hb were conducted using multipoint 

tonometry or Hemox Analyzer (TCS Scientific Corp.) as previously reported55,56. Stock 

solutions of RSR13, DD-1, DD-2, DD-3 were made at 250 mM or 500 mM in DMSO. For 

the whole blood study, a test compound or DMSO (control) was added to 2 mL of blood 

(Hemocrit of ~ 30%) at a final drug concentration of 2 mM and incubated at 37 °C. At 

various time points of 1, 2, 4 and 8 hrs, aliquots were taken and subjected to OEC analysis 

using multipoint tonometry.

For the OECs of clarified Hb lysates from normal whole blood using Hemox Analyzer, 

aliquot samples (500 μl) of Hb lysates were incubated with RSR-13, DD-1, DD-2, DD-3, or 

DMSO (control) at a final concentration of 2 mM for up to 8 h. At defined intervals, 50 μl 

aliquots of each sample was mixed with 4.5 ml of 0.1 M potassium phosphate buffer, pH 7.0, 

at 25° C in the sample cuvette and subjected to OEC analysis.

Structure of DD-1 in Complex with Deoxygenated Hb

50 mg/mL of Hb and 10 molar excess of DD-1 were mixed together. A small pellet of 

sodium dithionite was added and the mixture evacuated for 30 minutes to make the deoxyHb 

solution. Subsequent crystallization (under anaerobic condition) using the batch method as 

previously described5,54 was undertaken using low-salt precipitant of 0.2 M sodium acetate 

trihydrate, 0.1 M sodium cacodylate trihydrate pH 6.5 and 30% w/v PEG 8000. Dark purple 

and rectangular crystals grew to a size of about 0.2 × 0.3 × 0.4 mm in 2–4 days. X-ray 

diffraction data was collected at 100K with a R-axis IV++ image-plate detector using CuKα 
x-rays (λ = 1.54 Å) from Rigaku Micro-MaxTM -007 ×-ray source equipped with varimax 

confocal optics (Rigaku, The Woodlands, TX) operating at 40 kv and 20 mA. Prior to use, 

the crystals were washed in a cryo-protectant solution containing mother liquor (45–55 μL) 
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and glycerol (20 μL) and then flash frozen. The collected data sets were processed with the 

d*TREK software program and the CCP4 suite of programs.

The structure was solved by molecular replacement using the T-state native deoxyHb 

structure (PDB code 2DN2) as the search model. One Cycle of refinement with CNS and 

COOT57,58 identified two-symmetry-related bound compounds that appeared to be RSR13 

at the central water cavity of the Hb, and two RSR13 molecules were built in the density. 

The difference map also showed a two-atom bound ligands at the α-hemes distal positions 

but not the β-hemes, and NO were built into the densities. Also, included in the model were 

two nitrate ions bound to the side-chains of the two βHis97. Further refinement of the 

model, suggested that the bound effector at the central water cavity could possibly be a 

mixture of RSR13, DD-1, and RSR13-CH2CH2OH. However, in addition to RSR13, only 

DD-1 was included in the model and only at one of the symmetry-related positions where it 

was relatively well-defined. Several water molecules and a cacodylate molecule bound at the 

β-cleft were added and the structure refined to final Rfactor/Rfree of 19.8/25.3%. The 

coordinate has been deposited at the PDB with accession code of 5E29.

Sample Preparation of DD-1 and DD-3 with Buffer or DMSO for UPLC-MS Analysis

20 μL of the test compound (20 mM in DMSO) was mixed with 480 μL of buffer (50 mM of 

tris buffer containing 0.5 mM of EDTA, pH 8.6 ), and the mixture incubated at room 

temperature or 37 °C for 1 day, and the sample filtered prior to UPLC-MS analysis. Another 

DMSO sample preparation without the buffer was also used for UPLC-MS analysis after 

incubation at 37 °C for 1 day and diluted with 500 uL with acetonitrile.

Sample Preparation of DD-1 and DD-3 with L-cysteine or Serum for UPLC-MS Analysis

20 μL of the test compound (20 mM in DMSO) was mixed with 480 μL of buffer containing 

L-cysteine (50 mM phosphate buffer , pH 7.4 and MeOH in one to one ratio containing 5 

mM L-cysteine) or with 90 μL of serum, 25 μL of 1 M HEPES buffer, and 365 μL of water. 

The mixture was then incubated at room temperature or 37 °C for 1 day, and the sample 

filtered prior to UPLC-MS analysis.

Sample Preparation of DD-1 with Solution Mimicking the Crystallization Condition for 
UPLC-MS Analysis

DD-1 (4 mg) dissolved in 100 μL of DMSO was added to 1 mL of the crystallization buffer 

(0.2 M sodium acetate trihydrate, 0.1 M sodium cacodylate trihydrate pH 6.5 and 30% w/v 

PEG 8000), followed by addition of ~1 mg of sodium dithionite. The mixture was incubated 

at room temperature for 2 days or 8 days, and the sample filtered prior to LC-MS analysis.

Sample Preparation of DD-1 and DD-3 with Clarified Hb or Whole Blood or bovine serum 
albumin for UPLC-MS Analysis

10 μL of DD-1 and DD-3 solution (20 mM in DMSO) were each mixed with either 90 μL of 

hemoglobin (2 mM in 50 mM tris buffer containing 0.5 mM EDTA, pH 8.6) or 90 μL of the 

whole blood (30% HCT) or 90 μL of BSA (2 mM in 50 mM of tris buffer and 0.5 mM of 

EDTA) and incubated at room temperature or 37 °C for 16 h. 500 μL of acetonitrile was 
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added to each sample to precipitate the protein constituents. After centrifugation, the 

supernatant solutions were taken for the UPLC-MS analysis.

General UPLC-MS Protocol

The UPLC-MS analysis was performed using a Waters Acquity H-Class UPLC which is 

connected to a PDA detector and a Waters Acquity TQD detector. The column used was a 

Waters Acquity UPLC BEH C18 1.7 μm, 2.1 × 50mm, with a Vanguard precolumn attached. 

Solvent A consisted of 90:10 water:acetonitrile with 0.01% formic acid and 0.1 mM 

hexylamine, while solvent B consisted of 90:10 acetonitrile:water with 0.01% formic acid 

with 0.1 mM hexylamine. A gradient run was performed such that solvent B was increased 

from 0% B to 100% B from time 0–7 mins, followed by 5 minute wash at 100% B and then 

a return and re-equilibration at 100% A in the next 3 mins. 10 μL of sample was injected per 

run. The eluent of the column was connected to a PDA UV detector which scanned from 

250–350 nm and a 2D channel of 280 nm was set. The eluent was then introduced into the 

TQD detector. The TQD detector was set at positive ionization mode with a capillary voltage 

of 3.20 kV, cone voltage of 20 V, extractor voltage of 3 V, and RF lens voltage of 0.1 V. The 

source temperature was set at 150 °C, while the desolvation temperature was set at 350 °C 

and the desolvation and cone gas flows were set at 650 and 50 L/hr respectively. Scans were 

made from 100–700 m/z with scan duration of 0.5 seconds to obtain mass spectra at 

different time points.

Results and Discussion

Chemistry

In this study, we incorporated the well-established NO donor group, namely nitrooxyalkyl or 

1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate33 onto RSR13, resulting in the compounds 

DD-1, DD-2 and DD-3 (Fig. 1). The synthetic routes for the preparation of the nitrooxyalkyl 

derivatives, DD-1 and DD-2, and the diazen-1-ium-1,2-diolate derivative, DD-3 are shown 

in Schemes 1 and 2, respectively. For compounds DD-1 and DD-2, the synthesis was 

achieved by coupling RSR13 with bromoethyl nitrate or bromopropyl nitrate, respectively, 

which was prepared from the nitration of bromoethanol or bromopropanol. Compound DD-3 

was prepared through the coupling of RSR13 with O2-chloromethyl 1-(pyrrolidin-1-

yl)diazen-1-ium-1,2-diolate, which was synthesized utilizing a published method59.

The Prodrugs are Capable of Releasing NO

The key requirement for any therapeutic effectiveness of the NO-releasing ester prodrugs is 

their ability to undergo biotransformation in-vivo, either enzymatically or non-enzymatically 

to release the parent RSR13 and NO. We therefore first evaluated DD-1, DD-2, and DD-3 

in-vitro for their NO-releasing ability with both L-cysteine and serum. At various incubation 

times (1, 2, 4 and 8 hr) of the compounds with L-cysteine or human serum at 37 °C, aliquots 

were added to Griess reagent to quantify the released NO in the form of nitrite ion (NO2
-) as 

previously reported34,60. Results are expressed as percentage of NO released relative to the 

theoretical maximum release of one mol of NO/mol of DD-1 or DD-2, and 2 mol of NO/mol 

of DD-3, and are shown in Table 1 and Figure 2. With L-cysteine, after 1 hr, the three tested 
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compounds DD-1, DD-2 and DD-3 resulted in %NO release of 3.8, 3.5 and 1.8, respectively 

which gradually increased to 9.3, 5.3 and 5.1, respectively at 8 hrs (Fig. 2A).

With serum (containing esterases)34, formation of nitrite with DD-1 was almost constant at 

~9.5% during the 8 hr experiment, while DD-2 increased from 2.3% to 7.0% at 2 hrs and 

decreased to 5.1% at 8 hrs (Fig. 2B). In contrast, the diazen-1-ium-1,2-diolate prodrug, 

DD-3, showed substantial nitrite formation at 1 hr (41.5%) in serum, which increased to 

50.6% in 8 hrs (Fig. 2B). As expected, RSR13 did not show any formation of nitrite (not 

shown in the Table).

In general, the nitrooxyalkyl prodrugs, DD-1 and DD-2, appear to produce more NO and 

more rapidly than the diazen-1-ium-1,2-diolate prodrug, DD-3 with L-cysteine, while the 

opposite is true with serum, consistent with previous findings of these two classes of NO-

releasing moieties33. Among the nitrooxyalkyl prodrugs, DD-1 (with the shorter 

nitrooxyalkyl chain) released more NO than DD-2 (with the longer nitrooxyalkyl chain) with 

both L-cysteine and serum, especially in the former matrix. These findings indicate that in-
vivo (serum) rapid, enzymatic ester hydrolysis is the major mechanism of NO release in 

blood, favoring DD-3, while the chemical NO release from L-cysteine favors the 

nitrooxyalkyl prodrugs, particularly DD-1. A notable pharmacologic advantage of diazen-1-

ium-1,2-diolate prodrugs is that their use is not likely to lead to clinical nitrate tolerance 

development compared to the nitrooxyalkyl prodrugs, because NO-release by the latter is 

dependent on metabolic activation that decreases in efficiency upon continued use34,61–63. 

These observations suggest that in-vivo, the diazen-1-ium-1,2-diolate prodrug may release 

more NO than the nitrooxyalkyl prodrugs, i.e. have superior NO-releasing pharmacologic 

property than their nitrooxyalkyl prodrug counterparts.

The Prodrugs Decrease Hb Affinity for O2

Biotransformation of the DD compounds is anticipated to release RSR13, which in-vivo is 

expected to bind to Hb and decrease O2-affinity. We therefore conducted time-dependent (1, 

2, 4 and 8 hrs) in-vitro OEC studies to determine the effect of RSR13, DD-1, DD-2 and 

DD-3 at concentrations of 2 mM on the Hb affinity for O2 in normal human blood (Hemocrit 

of ~ 30%) at 37 °C using multipoint tonometry as previously described55,56. Results of the 

whole blood assay are tabulated in Table 2, and also shown in Figure 3A. The ΔP50 of 

RSR13 increased from 25.4 mmHg at 1hr to a maximum of 32.1 mmHg at 2 hrs, and then 

gradually decreased to 26.1 mmHg after 8 hrs. DD-1 increased the P50 by 10 mmHg at 1 hr, 

peaking at 2 hrs with ΔP50 of 15.2 mmHg, and gradually decreasing to 11.5 mmHg after 8 

hrs. DD-2 and DD-3 showed ΔP50 of 6.3 and 4.9 mmHg at 1 hr, respectively, which 

gradually increased and peaked at 8 hrs with ΔP50 of 20.7 mmHg and 21.7 mmHg, 

respectively. At their peak effects, RSR13 (ΔP50 of 32.1 mmHg at 2 hrs) is the most potent, 

followed by DD-3 and DD-2 (ΔP50 of ~21 mmHg at 8 hrs), and lastly DD-1 (ΔP50 of ~15 

mmHg at 2 hrs). It appears from the OEC study that the allosteric property of the diazen-1-

ium-1,2-diolate prodrug is relatively superior to its nitrooxyalkyl prodrug counterparts.

We further evaluated the allosteric activity of RSR13, DD-1, DD-2, and DD-3 (2 mM 

concentration) with clarified Hb (devoid of any other proteins, enzymes, plasma and cell 

membranes), also in a time-dependent fashion (Table 3, Fig. 3B). For the first four hours, 
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there was very little, if significant at all, decrease in Hb O2-affinity in the presence of the 

prodrugs, however at 8 hrs, DD-1, DD-2 and DD-3 showed decrease in Hb O2-affinity by 

1.25 mmHg, 1.7 mmHg, and 0.81 mmHg respectively. These results contrast with RSR13 

which maintained an increase of P50 shift of ~4 mmHg during the 8 hr experiment. (Table 3, 

Fig. 3B). Clearly, whole blood, plasma esterases and possibly other enzymes are able to 

hydrolyze the carboxylate ester group of the prodrugs releasing RSR13, which is expected to 

bind to the central water cavity of the Hb, stabilizing the T-state and decrease the protein 

affinity for oxygen2,5. In contrast, such hydrolytic process may not occur with clarified Hb 

to release RSR13, consistent with UPLC-MS studies (vide infra). Thus the observed 

allosteric effect with free Hb, albeit delayed is most likely due to direct prodrug binding to 

Hb. The data also suggests that unlike RSR13, these prodrugs react very slowly and weakly 

with Hb, consistent with the crystallographic and UPLC-MS studies (vide infra).

Structure of Deoxygenated Hb Co-crystallized with DD-1

We have solved the crystal structure of deoxygenated Hb that was co-crystallized with DD-1 

to 1.85 Å. To obtain the crystals, deoxygenated Hb (made by adding a small pellet of sodium 

dithionite to Hb) was incubated with DD-1, and the complex solution crystallized using low-

salt precipitant (0.2 M sodium acetate trihydrate, 0.1 M sodium cacodylate trihydrate pH 6.5 

and 30% w/v PEG-8000) and the batch method, all under anaerobic condition as previously 

described5,54. The structure was determined using molecular replacement with the high-salt 

T-state deoxyHb structure (PDB code 2DN2)64. Detailed crystallographic data, including 

data collection and refinement is summarized in Table 4. The final tetrameric Hb structure 

contained a pair of RSR13 and one molecule of DD-1 (RSR13-CH2CH2ONO2), all bound at 

the central water cavity (Fig. 4). Another DD-1 hydrolysis product, RSR13-CH2CH2OH 

may also be part of the central water cavity bound ligands, although it was not included in 

the refinement. We also observed two NO molecules bound to the α-heme irons, two nitrate 

molecules bound to the βHis97 (β1His97 and β2His97) imidazoles, and a cacodylate 

molecule (from the precipitant used for crystallization) bound to the dyad axis of the β-cleft 

(Fig. 4). As will be shown later, the sodium dithionite used to deoxygenate the Hb for 

crystallization most likely led to formation of RSR13 and RSR13-CH2CH2OH, and 

apparently the NO-Hb adducts. The structure reported here will hence be referred to as bis-

ligated T-state HbNO.

The quaternary structure of the bis-ligated T-state HbNO is similar to the previously 

published T-state Hb structure (PDB code 2DN2; RMSD 0.45 Å) or the tetra-ligated T-state 

HbNO structure (PDB code 1RPS; RMSD 0.38 Å), however, as will be discussed later, there 

are several notable localized structural differences between these structures.

DD-1 and its Hydrolysis Products Bind at the Central Water Cavity of DeoxyHb

DD-1 appears to bind to the central water cavity of deoxyHb as a mixture of DD-1 (RSR13-

CH2CH2ONO2), RSR13-CH2CH2OH and RSR13. During the initial refinements of the 

structure, we modeled a pair of RSR13 molecules in a symmetry-related manner into the 

difference electron density map at the central water cavity of Hb (Fig. 5A) as previously 

reported5. Subsequent refinement of the model suggested the ligand density (Fig. 5A and B) 

to be actually a mixture of DD-1 and RSR13, and possibly RSR13-CH2CH2OH, consistent 
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with UPLC-MS analysis (vide infra). Two molecules of RSR13, bound in a symmetry-

related fashion to the α1α2β1 and α2α1β2 subunits, respectively, and one molecule of 

DD-1 occupying almost the same position as the RSR13 α1α2β1 bound molecule (each 

refined at 40% occupancy) were modeled and refined. There was no observable density for 

the nitrooxyethyl moiety at the α2α1β2 binding site, and therefore only RSR13 was refined 

at this site at 80% occupancy. Thus, despite the large amount of DD-1 used for the co-

crystallization experiment (10 molar excess to Hb), the bound compounds showed relatively 

weak density. This observation is in contrast to our previous structural study of deoxyHb in 

complex with RSR13 (1:5 molar ratio) that showed very strong RSR13 electron density5. 

Notably, other analogs of RSR13 that have amino acid substitution at the carboxylate are 

also characterized by weak density and/or significantly less allosteric potency than 

RSR1365,66. As will be discussed later, UPLC-MS analysis of the crystallization solution 

showed DD-1 to predominate the mixture, which is at least 3-fold excess over RSR13 and 

RSR13-CH2CH2OH combined, suggesting that the binding site may have a weaker affinity 

for DD-1, and thus explaining the weak presence of the effector in the structure. This 

observation is also the most likely explanation why the NO-releasing prodrugs showed very 

weak and delayed allosteric effect when incubated directly with clarified Hb.

The mode of interaction of RSR13 with Hb, and the mechanism underlying RSR13 

allosteric activity has been well-elucidated2,5. Except for additional interactions by the 

nitrooxyethyl moiety of DD-1, the almost superposed compounds, DD-1 and RSR13 bind 

deoxyHb in a similar fashion, interacting with the α1-, α2- and β1-subunit5 (Fig. 5). Only 

RSR13 was modeled at the opposite α2α1β2 binding site. At the α1α2β1 binding site, the 

carboxylate of RSR13 or the ester carbonyl oxygen of DD-1 forms inter-subunit water-

mediated hydrogen bond interaction with the amine of α2Arg141 (Fig. 5C). The 

methylpropionate and phenyl groups of DD-1/RSR13 make several intra- and inter-subunit 

hydrophobic interactions with β1Tyr35, β1Trp37, β1Leu105, α2Thr137, α2Tyr140 and 

α2Pro95, while the amide oxygen or nitrogen makes direct or water-mediated intra-subunit 

hydrogen bond interactions with the side-chains of α1Lys99, β1Tyr35, and β1Asn108. The 

dimethylbenzene ring makes hydrophobic intra-subunit interactions with α1Phe36, 

α1Lys99, α1His103, α1Leu100, and β1Asn108. The side-chain of β1Asn108 is also 

engaged in hydrogen-bond interaction with the pi-electrons of the dimethylbenzene ring. 

The nitrate moiety of DD-1 is further involved in direct or water-mediated intra-subunit 

hydrogen-bond interactions with α1Thr134, α1Ala30, and α1Ser131. As noted above, we 

did not model DD-1 at the α2α1β2 RSR13 binding site because of weak density where the 

nitrooxyethyl moiety was supposed to be; rather water molecules were placed in those 

densities. Nonetheless, we observe similar RSR13 symmetry-related interactions at the 

α2α1β2 binding site as described above for the α1α2β1 bound RSR13. The DD-1/RSR13 

interactions, as previously noted for RSR13 and several of its analogs2,5,65,66, serve to tie the 

deoxyHb subunits together stabilizing the T-state, reducing allosteric interactions among the 

subunits and decreasing Hb affinity for O2. The structural study also suggests that in-vivo 
biotransformation of DD-1 to yield RSR13 would likely result in RSR13 binding to the 

protein to effect its allosteric activity, consistent with the OEC studies. Although, we did not 

determine the deoxyHb structures complexed with DD-2 or DD-3, we expect the respective 

structures to show bound RSR13, NO and nitrate molecules as described above for the DD-1 
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structure. We also expect the intact DD-2 and DD-3 to be able to bind to the allosteric site as 

described for DD-1, however, the bulky nature of the DD-3 pyrrolidin-1-yl)diazen-1-

ium-1,2-diolate moiety would introduce steric interaction and thus decrease its affinity to the 

protein compared to DD-1 or DD-2. Nonetheless, direct binding of all the prodrugs to the 

Hb is expected to be slow and weak as observed with the OEC study with clarified Hb.

The α-Hemes but not the β-Hemes are Coordinated with NO

Nitric oxide has been shown structurally to interact with the heme irons in both deoxyHb 

and oxyHb to form HbNO48,49 and/or to interact with βCys93 of oxyHb to form HbSNO53. 

In the structure reported here, NO likely produced from DD-1 hydrolysis to RSR13 and/or 

RSR13-CH2CH2OH binds to the distal side of the two α-heme irons, forming a bis-ligated 

T-state HbNO derivative structure (Fig. 6A and B). It is also quite conceivable that, nitrite, as 

a result of the hydrolysis of DD-1 initially bound to the heme to form HbONO, was 

subsequently reduced to HbNO by the sodium dithionite. A similar method has been used to 

obtain the nitrosyl derivative of Hb49,67. We found no structural evidence for a bound NO at 

βCys93 in our structure, which is consistent with modification of this residue only in the R-

state where the cysteine is exposed50, 68. Chan et al., recently published a T-state human 

HbNO structure with all four hemes coordinated with NO (tetra-ligated T-state HbNO);48 

however, unlike our bis-ligated T-state HbNO structure, where the crystal was obtained from 

solution, the tetra-ligated NO structure was obtained by exposing already formed T-state 

crystals with NO gas. A tetra-ligated R-state HbNO structure has also been reported by 

Richter-Addo and co-workers49. It is interesting that despite Hb high affinity for NO69,70, 

our structure only showed ligation at the two α-hemes. The isolation of this bis-ligated 

HbNO structure, the first of its kind to be reported, likely occurred as a result of the bound 

RSR13 decreasing the protein affinity for the ligand, and perhaps, coupled with the fact that 

only a small quantity of NO might have been released during the hydrolysis of DD-1 as 

suggested by our NO-release study.

In the published tetra-ligated T-state HbNO structure48, binding of NO has resulted in a 

complete breakage of the proximal Fe-N(His87) bond (4.06 A) in the α-hemes, but not in 

the β-hemes. Interestingly, the corresponding α-heme bond in our bis-ligated T-state HbNO 

is also broken but with a distance of 3.3 Å between the iron and the proximal histidine as 

shown by the lack of overlapping density between the iron and the histidine (Fig. 6B). In 

contrast, NO ligation of the α-heme in the tetra-ligated R-state HbNO structure did not 

break the Fe-N(His87) bond (1.96 Å)49. The broken or weakened Fe-N(His87) bond in the 

tetra-ligated and bis-ligated T-state HbNO structures have resulted in the displacement of the 

αFe atom toward the distal side of the porphyrin (0.25 Å and 0.16 Å, respectively), while in 

the R-state structure the iron is centered in the heme plane. These structural observations are 

consistent with Perutz's stereochemical theory that suggested that ligation of T-state Hb is 

opposed by tension at the α-heme groups leading to rupture of the Fe-N(His87) bond71–74. 

As found in the tetra-ligated T-state HbNO structure, we also observed a water-mediated 

hydrogen bond interactions between the proximal histidine and αTyr14048 (Fig. 6A and B), 

which has been proposed to stabilize the position of the cleaved Fe-N(His87) bond75. The 

Fe-N bond and Fe-N-O angle in the bis-ligated T-state HbNO were not restrained during 

refinement, resulting in a Fe-N distance of 1.7 Å, N-O distance of 1.13 Å and FeN-O angle 
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of 144°. This compares with 1.7 Å, 1.13 Å and 138°, respectively in the tetra-ligated T-state 

HbNO structure48, and 1.8 Å, 1.18 Å and 138°, respectively in the tetra-ligated R-state 

HbNO structure49. The proximal αHis58 side-chain makes 3.2 Å hydrogen-bond 

interactions with both the oxygen and nitrogen of the NO ligand that compare with 3.35 Å 

and 3.4 Å, in the tetra-ligated T-state HbNO structure, and 2.7 Å and 2.8 Å in the tetra-

ligated R-state HbNO structure, respectively.

Unlike the previous T-state and R-state HbNO structures that showed ligation of all hemes 

with NO, none of the β-hemes in our structure is ligated with NO, and remains 5-coordinate 

with an Fe-N(His92) bond distance of 2.05 Å (Fig. 6C) which compares with 2.25 Å and 2.0 

Å for the tetra-ligated T-state and R-state HbNO structures, respectively. Expectedly, the βFe 

is displaced toward the distal side of the porphyrin plane by 0.15 Å in the bis-ligated T-state 

HbNO structure.

A hallmark of Hb allosterism is the positions of the following heme environment structures: 

EF-corner, F-helix and FG corner (Fig. 7A and B). The T to R transition moves these 

structures toward the α1β2 (α2β1) dimer interface and/or the central water cavity, resulting 

in the relaxation of the strain at the Fe-N(proximal histidine) bond with a concomitant 

increase in Hb oxygen affinity, and vice versa73,76. We note that in the α-subunits of the 

tetra-ligated and bis-ligated HbNO structures, the EF-corner (residues 71–74), F-helix (75–

90) and FG corner (91–97) are similarly positioned, but interestingly enough, even though 

the α-hemes are ligated, these heme structures are further removed from their counterparts 

in the ligated R-state HbNO structure when compared to those of the un-liganded native T-

state structure (Fig. 7B). This suggests a more tense α-heme environment in the T-state 

HbNO structures when compared to the unliganded T-state structure, consistent with the 

observed ruptured Fe-N(His87) bonds in the liganded structures. Similar finding has been 

reported for the crystal structure of T-state cyanomethemoglobin, which is also characterized 

by a ruptured Fe-N(His87) bond71.

We also found significant differences in the positions of EF-corner (residues 78–79), F-helix 

(80–95) and FG corner (96–103) structures at the β-heme. As expected, the EF-corner, F-

helix and FG corner of tetra-ligated R-state HbNO (with bound β-heme ligand) are the most 

relaxed. The EF-corner, F-helix and FG-corner of the tetra-ligated T-state HbNO (with 

bound β-heme ligand) are closer to their counterparts in the R-state HbNO structure, while 

those of bis-ligated T-state HbNO and native T-state crystal structures (without bound 

ligands at the β-hemes) are close to each other but furthest away from the R-state structure 

(Fig. 7B).

Crystallographic lattice contacts in the tetra-ligated HbNO structure were proposed to be the 

stabilizing factor for preventing crystalline T-state from transitioning to the R-state when the 

crystal was exposed to NO gas to form the nitrosylHb derivative48. In contrast, the bound 

RSR13 in our structure, as was previously proposed for inositol hexaphosphate (IHP) bound 

nitrosylHb77 is providing the stabilization force for preventing the T-R transition with NO 

ligation. Since NO reacts extremely fast with heme69,70 and dissociates very slowly78,79, it is 

not surprising that all four hemes of the previously reported HbNO crystal structures, 

including the T-state are ligated with NO48,49. Significant presence of tetra NO-ligation Hb 
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in vivo could be detrimental to the protein’s primary function of binding and transporting 

oxygen; expectedly, under physiological condition only 0.1% of the total Hb is in the 

nitrosyl form80. As noted by Yonetani and co-workers, NO ligation of the heme in-vivo 
appears to occur exclusively at the α-hemes, allowing the nitrosylHb derivative to deliver 

oxygen to tissues as efficiently as native Hb81. Gladwin et al. also reported that Hb-mediated 

nitrite reduction proceeds at approximately the P50 where half the Hb is oxygen-bound82,83. 

Our bis-ligated T-state HbNO structure appears to capture for the first time the physiological 

nitrosylHb species, providing atomic level insights into how partially NO-ligated Hb (at the 

α-heme) may function to bind and transport oxygen. The exclusive ligation of the α-heme in 

our structure is also consistent with sequential ligation of the heme, starting with the less 

sterically hindered α-heme as proposed by Perutz73,74,76,84,85. Finally, the observation that 

binding of RSR13 to T-state Hb seems to prevent NO from coordinating to all four hemes 

has important medicinal implication as RSR13 could serve a useful purpose in decreasing 

Hb affinity for NO, and thus increasing local NO bioavailability. In fact, RSR13 has been 

proposed as a potential agent to enhance the bioavailability of gases interacting with Hb, 

e.g., CO, NO, H2S, etc. by reducing their binding with native hemoglobin and/or 

hemoglobin-based oxygen carriers (HBOCs)86.

A Nitrate Molecule Binds at βHis97—Another novel finding of the crystallographic 

study is a bound nitrate at the two βHis97 side-chains (Fig. 8). The exact identity of the 

bound compound is uncertain, whether it is a nitrate ion or HOCH2CH2ONO2, either could 

presumably be formed during the hydrolysis of DD-1. Each βHis97 binding site shows a 

strong electron density overlapping the imidazole of βHis97 that fits a 4-atom nitrate but not 

big enough to fit HOCH2CH2ONO2, necessitating modeling of NO3 into the density (Fig. 

8A and B). One of the nitrate oxygen makes a strong hydrogen-bond interaction with the 

side-chain of βHis97 (~2.3 Å). Binding of the nitrate to βHis97 induces a conformational 

change in the vicinity of the binding site. In T-state structures, including native, RSR13 T-

state complex, tetra-ligated T-state HbNO, as well as classical R-state structure, the side-

chain of αHis45 makes strong intra-subunit hydrogen-bond interaction with the α-heme 

propionate (Fig. 8C). The significance of this interaction if any has not been reported. 

Interestingly, in the bis-ligated T-state HbNO structure, this interaction is either broken with 

the imidazole of αHis45 rotated ~180° to make a hydrogen-bond contact with the bound 

nitrate at the β1His97 site (Fig. 8C) or weakened at the β2His97 site.

The question we pose is whether the bound nitrate is an artifact or perhaps reveals a possible 

role of βHis97 and αHis45 for nitrate regulation, providing an interesting alternative 

biological pathway of Hb preserving NO bioactivity. Similar adduct formation between 

βCys93 of oxyHb and NO50,52 has been proposed, although not without controversy, as a 

way of conserving NO that is released from Hb to hypoxic tissue during the transition to the 

T-state68,87. Nitrated lipids88–90 have also been proposed as NO storage and/or transport 

species, which eventually gets converted to NO. However, we could not find in the literature 

any mention or reported study of a nitrate binding to any specific Hb amino acid, although as 

noted by Thatcher et al., apart from the Fe-heme site, Hb may also have a role in direct 

interaction with NO containing compounds, including organic nitrites, nitrosothiols, and 

nitrates, providing the 3-electrons required for nitrate reduction to NO60.
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The Prodrugs form Degradation Products in the Presence of Different Matrices Mechanism 
of their Biotransformation

To gain insight into biotransformation of the NO-releasing prodrugs, as well as their possible 

mechanism of pharmacologic activity, we used UPLC-MS to follow their reaction products 

in the presence of different matrices (DMSO, buffer, L-cysteine, sodium dithionite, serum, 

bovine serum albumin, Hb or whole blood) that mimic the various study conditions. When 

incubated with DMSO alone or buffer alone (50 mM of TRIS and 0.5 mM of EDTA) or 

buffer with bovine serum albumin for 16 or 24 hrs, the compounds, including RSR13 

showed no observable degradation, either at 37°C (Figs. S1 and S2) or at room temperature 

(not shown). When DD-1 is incubated in the presence of L-cysteine at 37°C (mimicking the 

NO releasing study) for 24 hrs, we observed three main compounds; DD-1 (RSR13-

CH2CH2ONO2), RSR13-CH2CH2OH and RSR13, that were present at ~67%, ~15% and 

~18%, respectively (Fig. S3). L-cysteine is apparently hydrolyzing the carboxylate and 

nitrate ester groups of DD-1 to yield RSR13 and RSR13-CH2CH2OH, respectively, although 

most of the DD-1 still remained intact. In contrast, DD-3 in the presence of L-cysteine 

showed two main compounds (Fig. S3); corresponding to intact DD-3 (~60%) and RSR13 

(~40%). Hydrolysis of the DD-3 carboxylate ester by L-cysteine appears to be more efficient 

than the DD-1 carboxylate ester.

Unlike L-cysteine, when DD-1 is incubated with human serum (containing non-specific 

esterases) for 24 hrs at 37°C, almost 100% of RSR13 was produced (Fig. S4). DD-3 on the 

other hand yielded a mixture of unreacted DD-3 (~60%) and RSR13 (~40%) (Fig. S4), the 

same ratio as when incubated with L-cysteine (Fig. S3). It seems that esterases are more 

efficient in cleaving the carboxylate ester bond of the nitrooxyalkyl prodrug than that of the 

diazen-1-ium-1,2-diolate prodrug. Nevertheless, there appears to be no direct correlation 

between cleavage of the carboxylate ester (to form RSR13) by esterases and the amount of 

NO released, as DD-1 which was completely hydrolyzed to RSR13 only released at most 

9% of NO, while DD-3 which resulted in ~40% transformation to RSR13 released 41–50% 

NO. This observation suggests a different mechanism(s) of denitration in the two classes of 

compounds.

The crystal structure of deoxyHb co-crystallized with DD-1 showed bound DD-1, RSR13, 

NO, nitrate, and possibly RSR13-CH2CH2OH to the protein. We therefore used UPLC-MS 

to follow the reaction products of DD-1 when incubated with the crystallization buffer (0.2 

M sodium acetate trihydrate, 0.1 M sodium cacodylate trihydrate pH 6.5 and 30% w/v PEG 

8000) containing sodium dithionite at room temperature to determine whether we could 

observe similar degradation products. After 2 days of incubation (where crystals normally 

start to appear), we identified DD-1 (~73%), RSR13-CH2CH2OH (~18%) and RSR13 

(~9%), and at 8 days the mixture composition changed to DD-1 (~56%), RSR13-

CH2CH2OH (~38%) and RSR13 (~6%) (Fig. S5). Note that when sodium dithionite is 

removed from the reaction solution, DD-1 did not undergo hydrolysis, clearly indicating that 

sodium dithionite is responsible for both the carboxylate and nitrate ester hydrolyses to 

produce RSR13 and RSR13-CH2CH2OH, respectively, consistent with the structural 

findings. The large amount of DD-1 and small amount of RSR13 in the reaction mixture also 
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confirms our proposition that the observed weak effector electron density is due to Hb low-

affinity for DD-1, as well as slow reaction between Hb and the prodrug.

We also followed the reaction products of DD-1 and DD-3 in whole blood at both room 

temperature and 37°C. At room temperature, when DD-1 was incubated with whole blood 

for 16 hrs, we observed a mixture of DD-1 (~70%) and RSR13 (~30), and for DD-3; we also 

observed a mixture of DD-3 (~83%) and RSR13 (~17%), respectively (Fig. S6). At 37°C, 

formation of RSR13 from both DD-1 and DD-3 significantly increased from ~30% to ~57%, 

and ~17% to ~83%, respectively (Fig. S6). The result is consistent with the expected 

hydrolysis of the carboxylate ester of these compounds by esterases and perhaps other 

enzymes to form RSR13. Note that neither prodrug at room temperature or 37°C showed 

any degradation product with DMSO alone, buffer or BSA (Figs. S1 and S2).

Finally, when DD-1 or DD-3 was incubated with clarified Hb (similar to the condition used 

for OEC analysis) for 16 hrs at room temperature, there was no apparent formation of 

degradation product (Fig. S7). This observation clearly suggests that the observed weak and 

delayed allosteric activity with clarified Hb is due to direct binding of the prodrugs to Hb, 

and emphasize the importance of hydrolysis of the prodrug into RSR13 to effect fast and 

significant allosteric activity. It is clear that the non-biological matrix, L-cysteine and 

sodium dithionite act on both the carboxylate and nitrate esters of DD-1 to yield RSR13 and 

RSR13-CH2CH2OH; however, in the presence of the biological matrices, serum and whole 

blood we only observed the final reaction product RSR13. DD-2 should behave similarly as 

DD-1. DD-3 as expected from its chemical composition yielded only RSR13 in all matrices. 

Based on our results, and the previously proposed mechanism of biotransformation of NO-

releasing prodrugs containing carboxylate and/or nitrate ester groups34,60 we expect the 

carboxylate ester bond of DD-1 and DD-2 to be hydrolyzed producing RSR13, and the 

hydroxyalkylnitrate group (HO-(CH2)nONO2; where n=2 (DD-1) or 3 (DD-2)) and nitrite 

ion, the latter two compounds undergoing subsequent denitration reaction to release NO 

metabolites, including NO that may involve a series of enzymatic action and/or direct 3e− 

reduction60,91–98. The diazen-1-ium-1,2-diolate prodrug is also expected to undergo ester 

hydrolysis at the carboxylate group to release RSR13 and 2-(hydroxymethoxy)-1-

(pyrrolidin-1-yl)diazene 1-oxide, the latter undergoing further dinitration to yield NO34.

Conclusions

RSR13 is an allosteric effector of Hb that decreases its affinity for O2, and as a result allows 

release of more O2 to tissues5. Decreased NO is a cause of several pathological conditions, 

and increasing its local bioavailability has also found use in several ischemic-related 

pathologies due to its vasodilatory property28–36,99. We have synthesized a new group of 

NO-releasing prodrugs possessing either nitrooxyalkyl or 1-(pyrrolidin-1-yl)diazen-1-

ium-1,2-diolate moiety attached to the carboxylate of RSR13. In-vitro functional/biological 

studies showed that the compounds effectively released NO in serum/blood and also lowered 

the O2 affinity of Hb, providing a potential a dual mechanism of action that may be 

beneficial in the treatment of ischemic-underlying diseases. Nonetheless, the study suggests 

the diazen-1-ium-1,2-diolate prodrugs of RSR13 to be potentially more superior than the 

nitrooxyalkyl analogs, which would have to be confirmed with animal model studies. The 
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crystal structure of deoxygenated Hb co-crystallized with DD-1 showed the ester hydrolysis 

products, RSR13 and NO bound to the central water cavity and α-heme iron, respectively. 

Another interesting structural finding was a nitrate bound at the βHis97, the relevance and 

significance of which is yet to be determined, but provides the groundwork for future 

investigations. Overall, the study not only provides feasibility of discovering potential 

therapeutic agents for the treatment of ischemic-related disease, it also provides new insight 

into the biotransformation of NO-releasing prodrugs, offer atomic level understanding of 

how the compounds may function in vivo to effect their pharmacologic activities, and 

contribute to our understanding of Hb-NO biochemistry.
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Abbreviations

Hb hemoglobin

OEC oxygen equilibrium curve

RBC red blood cell

deoxyHb deoxygenated hemoglobin

COHb carbonmonoxy hemoglobin

metHb methemoglobin

NO nitric oxide

HbNO nitrosylHb

HbSNO S-nitrosoHb

pO2 partial pressure of oxygen

2,3-DPG 2,3-diphosphoglycerate

R-state relaxed state

T-state tense state
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Figure 1. 
Structures of RSR13 and its NO-releasing derivatives
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Figure 2. 
%NO release by DD-1 (circle), DD-2 (triangle), and DD-3 (rhombus). (A) L-cysteine. (B) 

Serum
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Figure 3. 
Decrease Hb O2-affinity (increase P50) by RSR13 (square), DD-1 (circle), DD-2 (triangle), 

and DD-3 (rhombus). (A) Whole blood (30% HCT). (B) Clarified Hb (2mM)
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Figure 4. 
Bis-ligated T-state HbNO structure (ribbon) showing the final 2Fo-Fc electron electron 

density map (contoured at 1.0σ) of the bound DD-1 (yellow stick) and its hydrolysis 

products, RSR13 (yellow stick), NO (blue stick), and nitrate (blue stick), as well as 

cacodylate (yellow stick) from the precipitant.
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Figure 5. 
DD-1/RSR13 interactions at the central water cavity (α1α2β1 binding site) of bis-ligated T-

state HbNO. Note that RSR13 (yellow) and DD-1 (grey) occupy the same site of the 

α1α2β1 binding site and each was refined with 40% occupancy. (A) Difference electron 

density (Fo-Fc) map of bound DD-1 and RSR13 (before DD-1/RSR13 were built into the 

model), contoured at 2.5σ. (B) Final 2Fo-Fc map of bound DD-1 and RSR13, contoured at 

1.0σ. The two maps are superimposed with the final refined DD-1/RSR13 model. For 

clarity, not all interacting residues are shown. (C) Schematic representation of interactions 

between DD-1/RSR13 and the protein.
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Figure 6. 
The heme environment of bis-ligated T-state HbNO. (A) Difference electron density (Fo-Fc) 

map of bound NO (before NO was built into the model) at the distal side of α1-heme, 

contoured at 3.5σ. Similar density is observed at the α2-heme. (B) Final 2Fo-Fc map of 

bound NO at the distal side of α1-heme, contoured at 1.2σ. (C) Final 2Fo-Fc map of β1-

heme, contoured at 1.2σ. Similar density observed at the β2-heme. The maps are 

superimposed with the final refined model.
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Figure 7. 
Stereo diagram of superposed heme environments of bis-ligated T-state HbNO (yellow), 

tetra-ligated T-state HbNO (blue), tetra-ligated R-state HbNO (red), and native T-state Hb 

(cyan). (A) α1-heme environment. (B) β1-heme environment.
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Figure 8. 
Nitrate binding at βHis97 of bis-ligated T-state HbNO. (A) Difference electron density (Fo-

Fc) map of bound NO3 (before NO3 was built into the model), contoured at 3.5σ. (B) Final 

2Fo-Fc map of bound NO3 (before NO3 was built into the model), contoured at 1.2σ. The 

maps were superimposed with the final refined model. (C) Comparison of the NO3 binding 

site of bis-ligated T-state HbNO (yellow) and native T-state deoxyHb (blue).
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Scheme 1. 
Synthetic scheme for compounds DD-1 and DD-2
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Scheme 2. 
Synthetic scheme for compound DD-3
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Table 2

Effects of compounds on Hb oxygen affinity with normal whole blood (30% hematocrit).

Compound ΔP50 (mmHg)

1h 2h 4h 8h

RSR13 25.4 ± 4.5 32.1 ± 5.8 30.4 ± 3.1 26.1 ± 2.7

DD-1 10.0 ± 0.5 15.2 ± 0.8 13.6 ± 0.5 11.5 ± 3.1

DD-2 6.3 ± 0.9 9.5 ± 1.7 13.0 ± 0.4 20.7 ± 0.8

DD-3 4.9 ± 0.9 10.4 ± 0.4 20.2 ± 2.7 21.7 ± 5.6

The experiments performed in duplicate or triplicate. ΔP50 = (P50 control – P50 sample). All compounds were solubilized in DMSO (2%). 

Control experiments without test compound also contain 2% DMSO
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Table 3

Effects of compounds on Hb oxygen affinity with clarified Hb (2 mM).

Compound ΔP50 (mmHg)

1h 2h 4h 8h

RSR13 3.8 4.65 4.48 3.96

DD-1 -0.22 0.28 0.18 1.25

DD-2 -0.07 0.18 0.28 1.70

DD-3 -0.07 0.09 0.0 0.81

ΔP50 = (P50 control – P50 sample). All compounds were solubilized in DMSO (2%). Control experiments without test compound also contain 2% 

DMSO
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Table 4

Crystallographic data and refinement statistics for bis-ligated T-state HbNO Values in parentheses refer to the 

outermost resolution bin.

Parameters DD-1

Data-collection Statistics:

Space group P21212

Unit-cell parameters (Å) 95.88 98.42 65.44 90.00 90.00 90.00

Molecules in asymmetric unit 1

Resolution (Å) 29.54 – 1.85 (1.92 – 1.85)

No. of measurements 291228 (19980)

Unique reflections (I/σ(I)) 52662 (4994)

Avg redundancy 5.53 (4.00)

Completeness (%) 98.2 (94.3)

Av. Redundancy 5.53 (4.0)

Rmerge (%) 8.4 (31.3)

Av. I/α(I) 12.3 (4.5)

Structure Refinement:

Resolution limits (Å) 29.54 – 1.85 (1.92 – 1.85)

No. of reflections 52628 (4991)

R factor (%) 19.8 (37.3)

Rfree (%) 25.3 (37.8)

R.m.s.d from standard geometry:

Bond lengths (Å) 0.10

Bond angles (°) 1.4

Dihedral angles:

Preferred (%) 95.92

Allowed regions (%) 4.08

Average B factors (Å)

All atoms 25.5

Protein 22.5

Heme/NO 20.5/18.6

Water/Cacodylate 35.4/75.4

DD-1/RSR13 37.0

NO3 46.4

a
Rmege = ΣhklΣi/Ihkli x <Ihkli>/ ΣhklΣi< Ihkli>.

b
Rfree was calculated with 5% excluded reflection from the refinement.
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