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ABSTRACT 
 
 The number of proteins shown to be S-nitrosated in vivo is increasing steadily, 

highlighting the importance of this redox based post translational modification. S-

nitrosoglutathione reductase (GSNOR) reduces S-nitrosoglutathione (GSNO) to 

GSNHOH, removing GSNO from the cytosol. GSNOR has been linked to asthma in 

humans and has roles in thermotolerance and disease resistance in the model organism 

Arabidopsis thaliana. I have studied structure by x-ray crystallography and kinetics by 

steady state measurements and isothermal titration calorimetry of recombinant GSNOR 

from both these organisms. I present several structures, including the novel structure of 

Arabidopsis thaliana GSNOR to 1.4 Å resolution and a ternary complex of human 

GSNOR with GSNO and NAD+ to 1.5 Å resolution. GSNOR’s apparent ability to reduce 

GSNO in an environment where the high ratio of NAD+/NADH should prevent reductive 

chemistry from occurring had been unexplained. I present steady state and isothermal 

titration calorimetry data that demonstrate that GSNOR preferentially binds NADH, with 

several fold higher affinity than NAD+, allowing the enzyme to selectively bind NADH 

and reduce GSNO. 
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CHAPTER 1 
 

INTRODUCTION 

 

1.1 The chemistry of S-nitrosothiols and their relevance to biology 

  

 Nitric oxide (NO) is an endogenously generated highly reactive radical molecule 

with a half-life of approximately 0.5 seconds in vivo. Cells from all kingdoms of life 

respond to NO, but in higher eukaryotes it has been shown to regulate a diverse array of 

physiological responses. Many of these are associated with human disease. In particular, 

tumor growth, heart disease and asthma (1). 

 Despite being at the center of a large body of research, the mechanisms behind 

NO signaling have not yet been fully resolved. The best characterized target for NO is 

soluble guanylate cyclase (sGC) (2, 3), a heterodimeric protein with a single heme. 

Binding of NO to the heme of sGC initiates a massive increase in the conversion of GTP 

to cGMP, initiating a cGMP signaling cascade with many physiological consequences 

including regulation of blood pressure, wound healing and memory formation. However, 

most of the NO generated in vivo becomes involved in various nitrations and nitrosations 

or forms nitrate and nitrite rather than directly influencing cellular physiology. A number 

of authors have asserted that some of the physiology that is influenced by NO is actually 

due to one of NO’s reaction products, an adduct of NO on a thiol, called an S-nitrosothiol 

(SNO) (4-7). SNOs may exist on the thiols of small peptides such as glutathione, forming 

S-nitrosoglutathione (GSNO), or on proteins, where they may alter or inhibit protein 

function. Glutathione represents the largest concentration of thiol in the cell, 1-10 mM, 
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and so most of the SNOs formed initially are likely to form on glutathione. However, 

SNOs will distribute among available thiols via a reaction known as transnitrosation 

(discussed later in this chapter). This establishes an equilibrium between small molecule 

and protein SNO. Formation or destruction of GSNO will affect the extent of protein S-

nitrosation throughout the cell with the corresponding affects on protein function. An 

overview of NO signaling in mammals is presented in Figure 1.1. 



 12

 

FIGURE 1.1 Overview of NO signaling in mammals. 
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1.1.1 Formation of S-nitrosothiols. 

 

In mammals, nitric oxide is generated by a family of proteins called nitric oxide 

synthases. These enzymes catalyze the conversion of L-arginine to citrulline and nitric 

oxide in a reaction that requires NADPH, O2, FMN, FAD and tetrahydrobiopterin. There 

are three different isoforms of NOS: inducible (iNOS), endothelial (eNOS) and neuronal 

(nNOS), each with a distinct biological function and unique expression profile across 

different tissue types. It is possible that iNOS is controlled by S-nitrosation of its cysteine 

zinc ligands (8). S-nitrosation of these cysteine residues leads to a disruption of the 

dimeric form of the enzyme that is required for activity. This occurs in vitro, starting at 

low micromolar concentrations of NO (as produced by the NO donor, DEA/NO) and 

perhaps constitutes a method of feedback regulation. The source of NO in other 

organisms is less clear. There have been “nitric oxide synthase like” activities detected in 

bacteria (9) and plants (10). The story may be particularly complex in plants and the chief 

source of NO may in fact be nitrate reductase (11).  

 The most convenient method of synthesizing S-nitrosated compounds in the 

laboratory, including GSNO (12), is nitrosation of thiols by sodium nitrite. The reaction 

occurs readily and at high yield, but this reaction is unlikely to be a significant source of 

SNO in vivo because the reactive species is HNO2 which occurs only at low pH. S-

nitrosothiols in cells are formed through reactions of nitric oxide but the details of their 

formation, including the identity of the species involved and the rates at which they are 

formed, are still unclear. Proposed mechanisms include the reaction of NO and O2, either 

in the acqueous phase (13, 14) or in a hydrophobic environment provided by the cell 
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membrane (15), and the interaction between NO and transition metals (16). No clear 

consensus has been reached and work in this area continues. 

 

1.1.2 Decomposition of S-nitrosothiols. 

 

The stability of various S-nitrosated compounds was initially underestimated, 

probably due to trace amounts of copper contamination in solutions. The stability of any 

given SNO is dependent on the structure of the compound. Most SNOs are stable for 

several hours in solutions free from metal contamination or in the presence of appropriate 

chelators and in the dark. Of the commonly available S-nitrosated compounds the order 

of stability is GSNO>SNAP (S-nitroso-N-acetyl penicillamine)>S-nitrosocysteine (4). 

SNOs are susceptible to both thermal and photochemical decomposition (7). 

Temperatures above 150 oC will decompose SNOs with release of nitric oxide. SNOs 

have a characteristic absorbance in the region of 340 nm and this can be used to quantify 

their concentration, but light of this wavelength will also release NO and care must be 

taken to keep compounds containing SNO out of direct light. 

 S-nitrosothiols can release NO following a one electron reduction. The most 

commonly discussed reaction involves copper. Copper(I) and copper(II) can both release 

NO from SNO. Reaction with copper(I) releases NO and regenerates thiolate. Reaction 

with copper(II) releases NO and generates a disulfide (4, 7). The copper(I) reaction is 

considerably more facile and consequently the presence of a reductant greatly accelerates 

the rate of copper catalyzed  reduction of SNO. The metal chelators neocuproin and 

DTPA have been shown to inhibit metal catalyzed NO release from SNO and are 
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included in solutions of GSNO when the concentration of GSNO is critical to the 

experiment. Protein bound copper may still be effective at releasing NO from GSNO (17) 

but if this plays a physiological role it has yet to be reported. 

GSNOR was the first enzyme discovered with the capability to eliminate GSNO 

from the cytosol and has been shown to account for the majority of GSNO consuming 

activity in the cell (18), but there are several enzymes known to catalyze the 

decomposition of SNO in some fashion. In vitro, GSNOR is by far the most efficient at 

reducing GSNO. GSNOR is also notable because it reduces GSNO using NADH. 

Reductive reactions are typically accomplished with NADPH as cofactor and NADPH is 

more readily available in the cytosol than is NADH.  

 

1.1.3 Transnitrosation and Direct NO Release 

 

 One of the most remarkable properties of SNOs is the potential to pass nitric 

oxide from one thiol to another. This occurs by nucleophilic attack of a thiolate on the 

nitrogen of an S-nitrosothiol leading to another S-nitrosothiol and thiolate. This reaction 

has been named transnitrosation. The consequent equilibrium has a constant close to 

unity for small molecule S-nitrosothiols (4). This reaction is the basis for regulation of 

protein function by S-nitrosation because it establishes an equilibrium in vivo between 

small molecule SNO and S-nitrosated proteins with potentially altered function. 

There have been a large number of publications demonstrating the in vitro S-

nitrosation of various proteins (19). These experiments do identify potential candidates 

for regulation by S-nitrosation, but claims of relevance in vivo should be regarded with 
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skepticism because S-nitrosation, using a high concentration of GSNO or other SNO, of a 

purified protein in vitro is not equivalent to conditions in the cell where the purported 

target is part of a complex mixture of proteins bathed in millimolar glutathione. 

 Weichsel et al. (20) have reported the 1.65 Å crystal structure of S-nitrosated 

thioredoxin and their observations give mechanistic insight into thioredoxin S-nitrosation 

and possibly protein transnitrosation in general. Thioredoxin forms either one or two 

SNO per mol of protein in a pH dependent manner on cysteines 62 and 69. Both cysteine 

62 and 69 are buried in crystal structures of this protein and so access to this pocket must 

be governed by dynamic fluctuations of the protein. In the case of thioredoxin, S-

nitrosation takes place in a hydrophobic pocket in which both GSNO and the S-

nitrosothiol formed on thioredoxin can adopt a reactive conformation and intermediate 

charge build up can be neutralized. The local protein environment must orient GSNO 

such that the π* orbital is aligned for reaction with the target cysteine as well as 

significantly lower the pKa of cysteine (usually around 8.5) in order to facilitate 

nucleophilic attack on the GSNO nitrogen. 

 The most likely intermediate for this reaction is a species in which the oxygen and 

the two thiolate sulfurs are arranged around nitrogen such that the starting SNO and the 

product SNO are both in the planar conformation. This species has been modeled in silico 

by Houk et al (21) using a series of model compounds including MeSNO and MeS-. They 

refer to the intermediate as a nitroxyl disulfide and note that it bears little resemblance to 

the tetrahedral intermediates of carboxylic acid derivatives known from nucleophilic acyl 

substitution. 
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1.1.4 GSNOR and Human Disease 

 

 Human GSNOR has been studied for years as a formaldehyde dehydrogenase and 

as for its ability to bind and oxidize long chain alcohols. Recently, there have been 

reports of hGSNOR’s connection to asthma. Asthma is a chronic disease involving 

inflammation and constriction of the airway, often in response to allergens or exercise. 

Although patients with the disease are generally asymptomatic until an attack occurs, 

there are detectable changes in the structure and biochemistry of their airways that mark 

them as asthmatics even when not suffering from asthma attack. The prevalence of this 

disease has increased rapidly in recent years and the societal costs both in health care 

dollars and human suffering are huge (22).  

 Given the prevalence and severity of asthma, it is unsurprising that there is a large 

body of research devoted to understanding and controlling the disorder. Most of this 

research has focused on the premise that identifying the cause of asthmatic airway 

inflammation will lead to effective asthma control. Searching for some factor that 

produces inflammation and hyper-reactivity in the airway seems the most straightforward 

approach to the problem, but after decades of research the asthma epidemic continues. 

 The opposite approach in asthma research is a relatively new development. Rather 

than seeking a factor that produces asthma, this focuses on the lack of a protective agent. 

One of the in vivo effects of GSNO is as an endogenous bronchodilator and GSNO is 

depleted in the lining of asthmatic airways, suggesting a protective role. It is unclear 

whether GSNO is providing direct protection or if this protective effect is due to the S-

nitrosation of other molecules. This function for GSNO has been highlighted by the work 
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of Que et al (23). In their work, they demonstrated that mice suffering from airway 

hyper-responsivity due to experimentally induced asthma have increased levels of 

GSNOR activity after ovalbumin was used to irritate the airway. Further, the level of 

SNO per mg protein was significantly increased in GSNOR-/- knockout mice and, most 

importantly, these knockout mice fared far better against experimentally induced asthma 

than did wild-type animals. 

 More recent work (24) has identified roles for GSNO in angiogenesis and 

myocardial protection. Mice with a targeted deletion of the GSNOR gene fared better 

against myocardial infarction induced by ligation of the left coronary artery. Relative to 

control, these mice had reduced myocardial infarct size, preserved ventricular systolic 

and diastolic function, and maintained tissue oxygenation. These benefits are linked to 

the S-nitrosation of the transcription factor hypoxia inducible factor-1α (HiF-1α) under 

normoxic conditions in GSNOR-/- mice. This S-nitrosation stabilizes HiF-1α and 

promotes angiogenesis through the induction of vascular endothelial growth factor. These 

studies highlight the importance of S-nitrosation to human health and the key role that 

GSNOR plays in the regulation of S-nitrosation in a variety of cell types.  
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1.2 Alcohol Dehydrogenase: Structure and Mechanism 

 

 Alcohol dehydrogenase I is one of the most thoroughly studied enzymes. Human 

class III alcohol dehydrogenase (GSNOR) and human class I alcohol dehydrogenase 

have 63% sequence identity. Both bind two zinc ions and have similar NAD binding 

domains. It has been suggested, based on species variability and sequence comparisons 

among members of the alcohol dehydrogenase family, that GSNOR is the evolutionary 

precursor to all alcohol dehydrogenases, including ADH I (25). Given the wealth of 

information available on the class I enzyme and the similarities between these related 

proteins a brief review of the mechanism of the class I enzyme will precede discussion 

of the class III enzyme mechanism. There are structural and kinetic data available on 

alcohol dehydrogenases that span the last sixty years. The earliest experiments focused 

on alcohol dehydrogenase I from yeast or horse liver due to the ease of isolating these 

enzymes. This section will review that work and compare it to alcohol dehydrogenase 

III.  

 

1.2.1 Structure of Alcohol Dehydrogenase Enzymes 

 

 All alcohol dehydrogenases are dimers that bind two zinc ions per monomer. 

Each monomer consists of a large catalytic domain and a smaller coenzyme binding 

domain. The catalytic domain is discontinuous in primary sequence consisting of 

residues 1-175 and 319-374. These numbers refer to ADH I but ADH III is similar in 

this regard. Both zinc ions are bound in the catalytic domain but only one is involved in 
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catalysis, while the other is believed to play a structural role. In human ADH III the 

catalytic zinc is bound by hisitidine 69, cysteines 177 and 47 and either glutamate 70 or 

hydroxide, depending on the specific complex. In ADH I the catalytic zinc is bound by 

a water (or hydroxide), histidine 67 and cysteines 174 and 46. There is a glutamate 

residue in ADH I that is in an equivalent position to glutamate 70 of ADH III but it has 

never been observed to contact zinc. The structural zinc is bound by four cysteines in 

both class I and class III enzymes.  

 The dimer is held together by twelve strands of pseudo-continuous beta sheet that 

make up most of the coenzyme binding domains. Each coenzyme binding domain 

contains parallel strands of beta sheet that lie anti-parallel to each other, and it is the 

edges of these sheets that form the dimeric interface. There is one active site per 

monomer formed in the cleft between the catalytic and coenzyme binding domains.  
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FIGURE 1.2. Ribbon Structure of atGSNOR from the high resolution structure. 

Catalytic domains in red, the coenzyme binding domains in green and zinc atoms are 

shown as blue spheres. This topology is common to all alcohol dehydrogenases. 
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FIGURE 1.3. Dimeric interface of atGSNOR from the high resolution structure. The 

beta sheet is shown in green. Zinc atoms are shown as yellow spheres and coenzyme is 

shown in blue. 
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1.2.2 Mechanism of Alcohol Dehydrogenase I 

 

 The widely accepted mechanism for ADH I catalysis is referred to as the 

Theorell-Chance mechanism. Theorell and Chance deduced the major features of this 

mechanism through steady state kinetic experiments by following the 340 nM 

absorbance of free NADH and the 325 nM absorbance of the NADH-enzyme complex 

(26). They deduced that the mechanism was ordered but could not explain the 

molecular details of why this was the case until crystallographic data became available. 

Later workers, with access to structures of the open and closed conformations of the 

enzyme, determined that the enzyme needs to be open to allow the cofactor to bind; 

however, hydride transfer requires a hydrophobic environment and the enzyme 

provides this by a 10o rotation of the catalytic domain. This conformational change is 

induced by binding of NAD(H) and requires the nicotinamide moiety (binding of ADP 

ribose does not induce conformational change) (27). 

 The proposed catalytic mechanism is mediated by a protein-bound zinc ion. The 

zinc atom functions as a lewis acid, facilitating the deprotonation of the alcohol to the 

alcoholate anion and polarizing the adjacent carbon for hydride transfer to NAD+. The 

reaction is similar to certain organic reactions that use zinc for the same function. 

Branden et al. (28) summarize much of the mechanistic work on ADH I.  
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FIGURE 1.4. Summary of ADH I Mechanism. A) The overall reaction for the 

oxidation of a primary alcohol by alcohol dehydrogenase I. B) The Theorell-Chance 

mechanism for alcohol dehydrogenase I. C) Mechanism of hydride transfer from 

alcohol to NAD+. The catalytic zinc coordinates the alcoholate oxygen and stabilizes 

the negative charge, making the alcohol more acidic. The geometry of the active site 

orients the C4 carbon of NAD+ to receive hydride from alcohol. 
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 In their proposed mechanism the catalytic zinc binds a water molecule or 

hydroxide anion in the apo-enzyme. In the first step the enzyme binds NAD+ and 

undergoes a conformational change to the closed conformation. These authors contend 

that binding of NAD+ promotes deprotonation of the zinc bound water and release of 

H+. Next the substrate binds, replacing the hydroxide with an alcoholate. At this point 

carbon C4 of NAD+ and the oxygen bearing carbon of the alcohol are aligned and 

hydride transfer takes place, completing the oxidation of alcohol to aldehyde and 

reduction of NAD+ to NADH. The aldehyde dissociates and is replaced at the catalytic 

zinc by water. The enzyme NADH complex resumes the open conformation and 

NADH is released. The rate limiting step in this process is believed to be the 

conformational change back to the open conformation. The basis for this assertion is 

stopped flow (26) and NMR (29) data.
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A) B)  

FIGURE 1.5 Backbone superimposition of A) the closed conformation of ADH I (red) 

(30) and the open conformation of ADH I (blue) (31). B) Backbone superimposition of 

the closed (red) and open conformation of ADH III (32). 
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1.2.3 Mechanism of Alcohol Dehydrogenase III 

 

 Given the similarities in structure and sequence, the mechanisms of ADH III and 

ADH I are surprisingly different. Most prominently, the mechanism for ADH I is 

ordered with binding of the cofactor necessarily preceding binding of the substrate 

while the mechanism of ADH III is random (33). Hurley and coworkers have presented 

a body of crystallographic and kinetic work on the mechanism of ADH III with respect 

to the oxidation S-(hydroxylmethyl)glutathione (HMG) (32-35) A summary of their 

work and proposed mechanism follows. 

  There are seven published structures of human ADHIII:  apo (1M6H), 

NADH and HMG (1MC5), NAD(H) (1MP0), NAD+ and dodecanoic acid (1MA0), 

hydroxydodecanoic acid (1M6W), ADP-ribose (2FZE), and a structure of E67L mutant 

hGSNOR with NAD(H). There is no structure of a GSNOR - GSNO - NAD+ ternary 

complex, nor a structure of GSNOR from any species besides human. The E67L mutant 

structure has the highest resolution at 1.84 Å. Unlike ADH I, structures of the binary 

complex, containing cofactor bound to enzyme, are in the open conformation. The only 

available structure of the closed conformation of ADH III is a ternary complex of 

NADH, HMG and hGSNOR. These structures also highlight another important feature 

in the ADH III catalytic mechanism: in the structure of the closed conformation, the 

catalytic zinc has changed its coordination sphere. 

 In the cofactor-enzyme binary complex, the water molecule, while still present, is 

no longer in the coordination environment of the zinc. Instead, glutamate 67 ligates zinc 

through a carboxylate oxygen and zinc is displaced 2.1 Å from its position in the apo 
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structure. The motion pulls the zinc away from the active site and further back into the 

core of the catalytic domain. The remaining zinc ligands re-orient to maintain favorable 

geometry. This reorganization transmits structural changes throughout the catalytic 

domain with the net result that the catalytic domain rotates by 0.7 Å away from the 

coenzyme binding domain. The rotation leads to a slightly more open conformation 

than for the apo structure. 

 In the structure of the ternary complex containing NADH, enzyme and HMG, the 

coordination sphere of zinc is similar to the 12-HDDA binary complex. The four zinc 

ligands are cysteines 44 and 173, histidine 66 and HMG. The hydroxymethyl oxygen 

has replaced water in the zinc coordination sphere. Although the zinc coordination 

environment is similar to the binary complex, the overall structure of the enzyme 

changes upon formation of the ternary complex. The catalytic domain rotates 2o toward 

the coenzyme binding domain. To put this motion in perspective, ADH I closes in a 

similar manner upon binding of the coenzyme, but the magnitude of the closure is 10o.  

 There are three specific hydrogen bonds that form when ADH III adopts the 

closed conformation. In the closed structure, threonine 46 hydrogen bonds to the 2’-

hydroxyl of the NADH ribose ring, histidine 45 forms a hydrogen bond to the 

adenosine phosphate of NADH, and a new water molecule hydrogen bonds to the 

ribose 2’-hydroxyl group of NADH. In the open conformation, the threonine 46 

hydrogen bond is absent and both histidine 45 and the water are disordered. 

 Structures of ADH I do not exhibit displacement of zinc or changes in its 

coordination sphere. Coenzyme binding by ADH I results in the closed conformation 

and is necessary for substrate binding. Coenzyme binding by ADH III results in a more 
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open complex and substrate binding can be in either order. These differences provide a 

structural rationale for the ordered mechanism of ADH I and the random mechanism of 

ADH III. A schematic demonstration, Figure 1.6, displays the model proposed by 

Sanghani et al.
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FIGURE 1.6. Zn coordination sphere in various structures of GSNOR. A) In the apo 

structure of human GSNOR, the coordination sphere of the catalytic zinc is similar to 

ADH I. Glutamate 67 does not coordinate zinc in this structure. B) In the coenzyme 

bound structure, zinc has been displaced 2.3 Å towards glutamate 67 which coordinates 

zinc. C) 12-HDDA replaces the zinc bound water with the 12-hydroxy alcohol of 12-

HDDA. D) In the ternary complex of hGSNOR-NADH and HMG, Zn is in the forward 

position and water has been displaced by HMG. The catalytic domain has rotated 2o 

toward the coenzyme binding domain. 
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1.2.4 Products of GSNO Reduction by GSNOR 

 

 The products of the oxidative, NAD+ dependent reaction of GSNOR with HMG 

are S-formyl-glutathione and NADH. The products of the NADH dependent reduction 

of GSNO are relatively complex. The issue has been studied by a number of groups 

using HPLC and electrospray mass spectrometry (36-38). The reaction is irreversible 

and the first step can be described as: 

 

GSNO + NADH + H+ → GSNHOH + NAD+ 

 

The semi-mercaptal (GSNHOH) is unstable and susceptible to nucleophilic attack by 

glutathione or will rearrange on its own to the sulfinamide. Glutathione sulfinamide is 

readily hydrolyzed in an aqueous environment to glutathione sulfinic acid, which is 

stable. In the presence of significant amounts of glutathione, GSNHOH is attacked by 

glutathione with hydroxylamine (NH2OH) as leaving group, generating oxidized 

glutathione (GSSG). The pathway is summarized in figure 1.7. 
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(39) 

 

FIGURE 1.7. Products of GSNO reduction by GSNOR. The immediate product of 

GSNO reduction by GSNOR is the semimercaptal. This species may undergo 

nucleophilic attack by glutathione, producing glutathione disulfide and hydroxylamine 

or will spontaneously rearrange to form glutathione sulfinamide which is then 

hydrolyzed to glutathione sulfinic acid. The final product distribution depends on the 

concentration of glutathione in the solution (40). 
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1.3 NADH and NAD+ Concentrations in vivo and the Redox State of the Cell 

 

NADH and NAD+ are two of the major electron carriers in the cell. Reduction  

of NAD+ to NADH is an important feature of metabolism. The reason they are mentioned 

here is that, due to the random binding mechanism of GSNOR and the presence of both 

redox forms in the cytosol, the NAD+/NADH ratio becomes a major factor in determining 

the rate of GSNO reduction in vivo. In general, the NAD+/NADH ratio in the cytosol is 

quite high and the reductive chemistry of alcohol dehydrogenases is not considered 

relevant. How then, is it possible that GSNOR reduces GSNO in vivo when the ratio of 

NAD+/NADH is so unfavorable for reduction? Resolving this apparent paradox is a 

major focus of this dissertation.  

There are several technical challenges involved in making accurate measurements 

of NADH and NAD+ in vivo and they will be briefly summarized here along with the best 

available estimates of these concentrations. The NAD+/NADH ratio in the cytosol 

(commonly referred to as the redox state) varies dependent on the metabolic state of the 

organism and even circadian rhythm (41), but especially in response to diseases such as 

diabetes. Direct measurements of NADH or NAD+ do not differentiate between free and 

protein bound nucleotide; furthermore, both NADH and NAD+ may rapidly change their 

redox state during extraction from the cell. It is considered more accurate to measure the 

ratio of pyruvate to lactate, which is proportional to the NAD+/NADH ratio because of 

the reversible nature of lactate dehydrogenase (42, 43). This method has been validated 

with other enzymes utilizing NAD(H) as substrate, which give very similar values, and 

by newer techniques using two-photon excitation microscopy and fluorescence imaging 
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(44). The concentration of pyridine nucleotide is usually sub-millimolar, most often 1-

100 µM. The ratio of total NAD+/NADH is typically three to ten, though extreme values 

are possible and NAD+ is not always the predominant species. Glock and McLean (45) 

measured the ratio of total NAD+/NADH in the cytosol of rat liver and found a ratio of 

7.2 in favor of NAD+. The ratio of free NAD+/ free NADH is much higher. Krebs et al. 

(43) measured the ratio of NAD+/NADH in the cytosol of rat livers and found it to be 725 

in favor of NAD+.  

Oxidative reactions generally use NAD+ as a cofactor and reductive reactions use 

NADPH. This provides cells the advantage of simultaneously having pools of electron 

donors and acceptors capable of performing similar chemistry in opposite directions 

without inhibiting one another. Enzymes that provide cellular response to oxidative stress 

typically use NADPH as substrate and it is surprising that GSNOR makes use of NADH 

rather than NADPH for the reduction of GSNO. GSNOR has been implicated as a major 

player in the removal of SNOs from the cytosol but precisely how it is able to perform 

this role when it should be inhibited was not clear until the present study, where I show 

NADH binds considerably more tightly to the protein than NAD+. 

 

1.4 Dissertation Outline 

 

This dissertation includes data concerning the Arabidopsis thaliana and human 

GSNOR enzymes and is organized by species. Chapter II focuses on GSNOR from 

Arabidopsis thaliana (atGSNOR). Chapter III focuses on GSNOR from Homo sapiens 

(hGSNOR). Each chapter contains data from x-ray crystallography, steady state kinetics 
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and isothermal titration calorimetry. Chapter IV is a summary and a discussion of 

possible next steps. 
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CHAPTER 2 

S-NITROSOGLUTATHIONE REDUCTASE FROM ARABIDOPSIS THALIANA 

 

2.1 Introduction 

 

 Although GSNOR is highly conserved in all organisms, there has been a 

relatively small amount of research done to investigate its role in plants. In plants, 

GSNOR has been linked to development (46) and immune response. GSNOR’s role in a 

plant’s response to pathogens is likely a complex one as the research done so far implies 

a paradox. Feechan et al (47) report an Arabidopsis thaliana GSNOR null mutant that is 

compromised in both basal and R-mediated disease resistance. Other workers, however,  

found that transgenic plants with reduced levels of GSNOR expression had enhanced 

resistance to Peronospora parasitica (48). 

 Recently, Lee et al. (49) found a link between GSNOR and thermotolerance in 

Arabidopsis thaliana. They characterized two GSNOR missense alleles and two T-DNA 

insertion, protein null, alleles. The missense alleles cannot acclimate to heat when grown 

in the dark but can adapt normally in the light. The null alleles cannot acquire heat 

tolerance under any conditions and have other phenotypes related to development. The 

heat sensitivity of these mutants is associated with increased levels of NO species. Heat 

sensitivity in mutant and wild type plants is exacerbated by addition of NO donors and 

the mutants can be rescued with NO scavengers.  

 In this chapter I report the structure of wild type GSNOR from Arabidopsis 

thaliana and rationalize the effects of the missense mutations discussed in Lee et al. 
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Further, I present a body of kinetic and thermodynamic data from steady state kinetics 

and isothermal titration calorimetry. I report the Km, Kd and kcat for this enzyme with 

respect to each of its ligands.   

 

2.2 Materials and Methods 

  

 GSNO was prepared from a mixture of acidified nitrite and glutathione and 

recrystallized, as previously described (20).  Mercaptoimidazole disulfide (MID) was 

prepared by oxidation of 2-mercaptoimidazole in aqueous solution (20 mM phosphate pH 

7.0) with 2 equivalents of H2O2 at room temperature. The oxidation product precipitates 

out of solution and was collected by centrifugation and dissolved in methanol for 

crystallization. The purity of the product was established by HPLC/MS. Dr. Guenter 

Wildner devised the scheme and prepared MID for use in these studies. Other reagents 

were purchased from Sigma-Aldrich unless otherwise noted. 

 

2.2.1 Expression and purification of Arabidopsis thaliana S-nitrosoglutathione reductase 

 

 The Arabidopsis GSNOR gene was cloned into vector pJC20 (50) as previously 

described (49) and transformed into BL21(DE3) E. coli cells.  To express and purify 

GSNOR, 50 mL of LB media containing 50 mg/mL of ampicillin was inoculated with 1 

mL of a saturated culture and grown overnight to obtain a starter culture.  The starter 

culture was used to inoculate a larger volume of LB media (typically 2 L) containing 0.05 

mM ZnCl2.  Upon reaching an OD600 of 0.6, protein expression was induced with 0.05 

mM IPTG and the culture continued overnight at 30 °C. 
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 After harvesting, the cells were resuspended in a lysis buffer containing 2 mM 

DTT, 1 mM PMSF, 0.05 mM ZnSO4, 50 mg/mL DNase I, 2 mM MgCl2, 100 µg/mL 

lysozyme and 1% Triton X-100 (v/v) in 20 mM Tris•HCl, pH 8.0, and stirred for 30 min 

at 4 oC before lysing by sonication.  After low-speed centrifugation, the supernatant was 

loaded onto a HiPrep 16/10 DEAE FF column (Amersham) and eluted with a NaCl 

gradient (0 to 200 mM) in 20 mM Tris•HCl, pH 8.0.  The GSNOR fractions were 

concentrated by ultrafiltration in a centricon YM-30 and loaded onto a HiPrep Sephacryl 

S-100 high resolution column (Amersham) equilibrated with 100 mM Tris•HCl, 100 mM 

NaCl.  The fractions containing GSNOR were pooled, concentrated and flash-frozen in 

liquid nitrogen, in aliquots of 50 µL (typically 20 mg/mL).  Yields have been as high as 

58 mg/L of cell culture but were generally ~10 mg/L.  

 Mutations were introduced by Susanne Brettschneider working under Dr. 

Elizabeth Vierling using the QuikChange protocol (51) (Stratagene).  The C370A/C373A 

double mutant was purified as for the wild-type protein, but with somewhat lower yields 

(~5 mg/L of cell culture).  The G288R and E283K mutants were produced as insoluble 

inclusion bodies that could not be renatured.  A small amount of active protein is initially 

present, but is lost during purification. 

 

2.2.2 Crystallization and Structure Determination.  

 Crystals were grown by hanging-drop vapor diffusion.  Wild-type crystals were 

obtained under several conditions and in several space groups.  The best of these were 

obtained at 4 oC with 2 µL of a solution containing 20 mg/mL protein in 20 mM 

phosphate buffer, pH 7.0, mixed 1:1 with a well-buffer solution containing 2.1 M 
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ammonium sulfate and 100 mM HEPES (pH 7.5), yielding crystals with a trigonal 

bipyramid morphology in a few days. Where MID was used, the crystals were grown in a 

well solution containing 10 mM MID.  Crystallization of a ternary complex of NAD+ 

with glutathione, GSNO and related compounds has so far been unsuccessful.  Crystals of 

the C370A/C373A double mutant were obtained at room temperature using a protein 

concentration of 9 mg/mL and a precipitant solution of 2.1 M ammoniam sulfate, 100 

mM HEPES pH 7.5 and 10 mM NADH, which yielded crystals with similar morphology 

to the wild-type protein.  For data measurement, crystals (mutant and wild type) were 

briefly soaked in a cryo-solution identical to well-buffer but with 3.35 M ammonium 

sulfate, captured in a cryo-loop (Hampton), and flash-frozen in liquid nitrogen. The 

crystal leading to our highest resolution dataset was soaked in well solution containing 20 

mM histidine for 2 hours at room temperature before moving to cryoprotectant and 

freezing. 

 Four crystal structures were determined: wild-type protein complexed with 

NADH, NAD+, and NADH after exposure to compound MID, and the double mutant in a 

complex with NADH.  All four crystals were in space group P3121 with cell constants a 

= b = 92 Å, c = 173 Å and a single dimer in the asymmetric unit.  High-resolution data 

for the NADH structure were collected at the Advanced Photon Source on beamline 14 

BM-C using a Q315 CCD detector.  Two passes were required, one each for the high- 

and low-resolution data.  Data were measured for the other three crystals at the Stanford 

Synchrotron Research Laboratory using remote robotics and a single pass for each.  Data 

reduction was performed with d*TREK (52) as implemented in CrystalClear (Rigaku). 
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 The initial structure was determined by molecular replacement using the model 

for the human enzyme (PDB entry 1M6H, (35)) and the CCP4 software suite (53).  The 

other structures were determined through difference Fourier analyses. The Matthew’s 

coefficients for the NADH, NAD+, oxidized and C370A/C373A structures were 2.61, 

2.64, 2.58, and 2.65 Å3 Da-1 respectively. Statistics for data measurement and structure 

refinement are in Table 1.  Model building was with Coot (54) and figure preparation 

with PyMOL ( http://www.pymol.org/ ), MOLSCRIPT (55), and RASTER3D (56). 

 

2.2.3 Steady-State Kinetic Measurements.  

 

 Catalytic activity was monitored by the change in absorbance at 340 nm due to 

the oxidation of NADH (with GSNO) or reduction of NAD+ (with HMG), using an 

Agilent HP 8453 diode array spectrophotometer.  Plots of initial rate values versus 

substrate concentration were fitted with SigmaPlot (Systat Software Inc., San Jose, CA) 

to obtain values of Km and kcat.  Reactions were measured at 25 °C in 20 mM phosphate 

buffer (pH 7.0), using a protein concentration of 1 µg/mL.  For GSNO reduction, GSNO 

concentrations were varied between 20 and 500 µM (250 µM NADH), or NADH varied 

between 10 and 500 µM (250 µM GSNO).  An additive absorption coefficient for GSNO 

and NADH at 340 nm was used (7060 M-1 cm-1) to convert rates from AU s-1 to mol s-1. 

 For HMG oxidation, HMG concentrations were varied between 2 and 200 µM (1 

mM NAD+).  The absorption coefficient of NADH at 340 nm (6220 M-1 cm-1) was used 

to calculate reaction progress.  HMG was prepared from equimolar mixtures of 
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formaldehyde and GSH, which leads to a mixture of HMG and reactants.  The 

concentration of HMG was therefore estimated from equation 1:  

 

  Keq = [HMG] ([GSH]t – [HMG])-1 ([HCHO]t – [HMG])-1  (1) 

 

where Keq = 1.77 mM-1 at 25 °C (33).  

 Inhibition constants (Ki) were measured for NADH and NAD+. Inhibition 

experiments were performed in 100 mM sodium phosphate buffer at pH 7.0. To measure 

the inhibition constant for NAD+ on the reductive reaction, three different concentrations 

of NAD+ were used and the GSNO concentration was fixed at 250 µM. To measure the 

inhibition constant of NADH for the oxidative reaction, three different concentrations of 

NADH were used with glutathione and formaldehyde present at a concentration of 1 mM. 

A minimum of six different NADH and NAD+ concentrations between 10 and 120 µM 

were used as the varied substrate. Inhibition by MID was measured by treating wild type 

and mutant protein (20 nM in either case) with 50 µM MID. Every three minutes an 

aliquot of each was removed and the activity was assayed. The reduction in specific 

activity can be monitored as a function of time. 

 

2.2.4 Isothermal Titration Calorimetry.   

 

Heats of NADH and NAD+ binding to atGSNOR were measured using isothermal 

titration calorimetry on a VP-ITC from MicroCal Inc. Data analysis was performed using 

Origin 5.0 with the ITC plugin (MicroCal Software Inc.). In a single experiment, twenty 
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15 µL injections of 300 µM NADH or NAD+ were titrated into a 20 µM solution of 

atGSNOR. Both the protein and ligand solutions were made in 20 mM phosphate, pH 7.0. 

Purified water was used as a reference. All solutions were degassed under vacuum 

immediately prior to the experiment. The solution in the titration cell was stirred 

throughout the experiment and the temperature was maintained at 25 oC. The reference 

cell of the microcalorimeter was filled with a solution of purified water. Blank 

experiments were performed to measure the heat of ligand dilution, which was subtracted 

from the heat of protein-ligand interaction to obtain the true binding enthalpy. All 

experiments were done in duplicate. 

 

2.3 Results 

 

2.3.1 Expression of Wild-Type and Hot5 Mutants 

 

 To begin understanding the links between heat stress, nitric oxide signaling and 

GSNO reductase in plants, we expressed and characterized wild-type and mutant forms 

of GSNOR from Arabidopsis thaliana.  Expression of full length, fully active wild-type 

protein, without purification tags, was achieved in E. coli.  Only a portion of the 

expressed protein was found in the soluble fraction - the rest presumably forming 

inclusion bodies; the soluble fraction could be increased through cell-culture growth at 

lower temperature (30 °C).  Purification of the soluble fraction was through ion exchange 

and size exclusion chromatography.  Expression of the two mutated GSNOR proteins that 

give rise to heat sensitivity in Arabidopsis, E283K (hot5-1) and G288R (hot5-3), lead to 
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nearly completely insoluble protein; a small amount of activity is detected in initial 

extracts, but this activity is rapidly lost during purification.  We also expressed the 

C370A/C373A mutated protein in order to examine the affect of disulfide bond formation 

on activity (see below); soluble expression was reduced for this protein but not 

eliminated. 

 

2.3.2 Structure of atGSNOR 

 

 Four structures are presented in this paper. Statistics for each structure are listed 

in Table 2.1. We obtained the highest resolution structure for any class III alcohol 

dehydrogenase from crystals grown in the presence of 20 mM histidine. Histidine was 

included as a potential inhibitor of GSNOR, but did not appear in the structure and was 

subsequently shown not to inhibit catalysis. As with other GSNOR proteins, atGSNOR is 

a homodimer (81362 Da). Both active sites open on roughly the same face of the protein. 

The structure consists of both alpha helices and beta sheets. The subunits are held 

together by a beta sheet that runs throughout the protein consisting of residues from both 

subunits in equal proportion. There is one active site in each subunit and residues from 

only one subunit make up each active site. Like all alcohol dehydrogenases, each subunit 

binds two zinc ions, one in the active site and the other likely playing a structural role. 

Figure 2.1 is a cartoon depicting the high resolution structure of atGSNOR showing the 

position of NADH and the locations of the zinc atoms. 
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Table 2.1:  Statistics for Structures of GSNOR from Arabidopsis thaliana 
 
  Structure 
 
 
   
  PDB id 

 
NADH 

 
 
 

TBD 

 
NAD+ 

 
 
 

TBD 

 
NADH, 

MID 
 
 

TBD 

 
C370A/C373A, 

NADH 
 
 

TBD 
 

 
Crystal preparation 
 

    

  Cryoprotection Saturated 
(NH4)2SO4 

Saturated 
(NH4)2SO4 

Saturated 
(NH4)2SO4 

Saturated 
(NH4)2SO4 

 
  Space group 

 
P3121 

 
P3121 

 
P3121 

 
P3121 

  Z 
  VM (Å3 Da-1) 

1 
2.61 

1 
2.64 

1 
2.58 

1 
2.65 

 
Data collection 
 

    

  X-ray source  APS 14BM-C SSRL BL9-2 SSRL BL9-2 SSRL BL9-2 
  Wavelength (Å) 0.9002 0.9795 0.9795 0.9795 
  Resolution (Å) 1.40 1.70 1.80 1.95 
  Observed reflections 1190340 542942 912033 771791 
  Unique reflections 166757 94781 78605 63603 
  Completeness (%) 99.5 (99.9) 99.6 (99.6) 100.0(100.0) 99.8 (100.0) 
  I /σ(I) 10.3 (2.3) 10.2 (3.2) 16.1 (5.9) 15.6 (4.4) 
  Rmerge 0.07 (0.33) 0.08 (0.34) 0.07 (0.33) 0.09 (0.94) 
 
Structure refinement 
 

    

  Rcryst   0.20  0.20 0.20 0.22 
  Rfree   0.24  0.23 0.24 0.28 
  rmsd bonds (Å) 0.010 0.016 0.018 0.026 
  rmsd angles (deg) 1.331 1.603 1.899 2.205 
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FIGURE 2.1. Structure of GSNOR from Arabidopsis thaliana. A and B subunits are red 

and blue, respectively, zinc atoms are shown as green spheres and NADH is colored in 

yellow. 
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 With the higher resolution available at 1.4 Å, several interesting observations are 

apparent. First, there is evidence of distortion of NADH when bound in the active site of 

atGSNOR. The C4 of the reduced nicotinamide ring is bent out of the plane of the ring 

toward the probable binding site of GSNO. In the published structure of the human 

enzyme (1MC5), NADH has been modeled as planar. This is a 2.6 Å structure and it may 

be that the distortion we see is not evident at that resolution. Distortion of the ring is 

thought to facilitate hydride transfer from NADH to substrate. Distortion has also been 

observed in ADH I (57). It has been suggested that there is a hydroxide ion that forms a 

covalent adduct on the nicotinamide ring (58) but we do not see this in our structure.  

 As the structure of the human enzyme is available and there is 63% sequence 

identity between the two enzymes (90% similarity), a structural comparison is in order. 

As expected the structures are very similar, with 0.91 Å RMSD after superimposing the 

alpha carbons of the human structure (1M6H) on the alpha carbons of our high resolution 

structure. The plant protein is 5 amino acids per monomer longer than the human 

homolog. Two of these amino acids are near the N-terminus of the protein and two more 

are at the C-terminus. The fifth amino acid is asparagine 127 and is in a flexible loop that 

is slightly larger and extends slightly further into solution in the plant protein than in the 

human. The polypeptide chains move back into register by residue 130. 

 

2.3.3 Mutants E283K and G288R 

 

Although we have been unable to purify the mutants associated with the GSNOR 

deficient phenotype of Arabidopsis thaliana, we can map the mutations to positions in 
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our wild type structure and begin to understand how GSNOR has been disrupted. Figure 

2.2 highlights the positions of residues 283 and 288. The residues near E283 and G288 

are shown in Figure 2.3. It appears that these mutants convey their phenotype by 

destabilizing the protein. The E283K mutant disrupts an ion pair and glycine 288 is in a 

tight turn which requires the conformational flexibility of glycine at this position. These 

mutants are discussed in greater detail later in this chapter. 
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FIGURE 2.2. Locations of E283K and G288R. A single subunit of atGSNOR with the 

locations of the mutations colored. E283K is colored in red and G288R is colored in 

yellow. NADH is colored yellow and zinc ions are shown as teal spheres. 



 49

 

 

FIGURE 2.3. Stereo view of residues near 283 and 288. (Top) Residues near position 

283. (Bottom) Residues near position 288. 



 50

2.3.4 GSNOR complexed with NAD+ 

 

 The structure of the atGSNOR - NAD+ complex at 1.7 Å resolution is virtually 

identical to the structure of the atGSNOR - NADH complex. The only discernable 

difference in the backbone of the A subunits is at proline 59. This residue is located in a 

flexible loop and the density for this residue in both structures is somewhat disordered, 

likely due to local protein dynamics. The conformation of ligand binding is similar 

whether NADH or NAD+ is bound. The nicotinamide ring of NAD+ is planar, with no 

evidence of the puckering observed in the NADH structure. In the A subunit of the NAD+ 

binary complex structure, NAD+ is in the same conformation we observe in the NADH 

structure, but in the B subunit there is a rotation around the ribose - phosphate bond that 

has moved the pyridine ring away from the catalytic zinc (Fig. 2.4) and further out of the 

active site. Residues 295 to 301 move in order to accommodate the new position of the 

pyridine ring. In the NAD+ structure the protein backbone at residues 108 to 115 has 

shifted by 3 Å from its position in the high resolution structure. The space created by 

these rearrangements fills with water. This motion appears to be correlated with sulfate 

binding. There are two sulfates that bind near the NAD(H) binding pocket that are 

present in the  B subunit of the atGSNOR - NAD+ binary complex structure but not the A 

subunit, described in Figure 2.5. For a more thorough discussion of this result refer to the 

discussion later in this chapter. 
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FIGURE 2.4 Superposition of the two conformations of NAD+. (Red and deep red) 

NAD+ and nearby residues in the productive conformation. (Blue and light blue) NAD+ 

and nearby residues in the alternate conformation.  This figure was created by 

superimposing the A and B subunits of the NAD+ containing binary complex. 
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A)  
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B)  
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C)  

FIGURE 2.5. A) The A subunit of atGSNOR. NAD+ is colored orange as is the flexible 

loop. B) The B subunit of atGSNOR. NAD+ is colored red as is the nearby flexible loop. 

Sulfates are colored blue. C) Superposition of the active site of the A (green) and B (teal) 

subunits of the NAD+ - atGSNOR binary complex structure. Sulfates are colored in blue 

and are only present in the B (red) subunit.
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2.3.5 Structures of oxidized atGSNOR and C370A/C373A Mutant 

 

 We have been searching for an effective inhibitor of GSNOR and synthesized a 

compound, MID shown in Figure 2.5, which completely deactivates the enzyme. The 

structure of atGSNOR cocrystallized with MID and NADH show that MID is not bound 

but cysteines 370 and 373 in both the A and B subunits have been oxidized and now form 

a disulfide bond. The density for this bond is shown in Figure 2.6. The protein backbone 

in the area of the disulfide bond has shifted by 4 Å at position 371 in the A subunit and 

by 3.6 Å at position 368 in the B subunit. These measurements were made because they 

are the sites of greatest displacement. Other than at the site of the disulfide, the 

conformation of oxidized atGSNOR is nearly identical to the NADH binary complex. 

There are small deviations in the flexible loops near proline 59 and leucine 112 but some 

variation in these areas is typical.  

 The active site in subunit B is somewhat disordered. The density suggests that the 

cofactor partially occupies both the conformation of NADH we observed in the 

atGSNOR - NADH binary complex and the alternate conformation we observed in the B 

subunit of the NAD+ - atGSNOR binary complex. However, the density is not clear 

enough to model both of these conformations and so only the better resolved 

conformation, similar to NADH in the NADH - atGSNOR binary complex has been 

modeled. The crystals were grown in the presence of NADH and MID. MID is an oxidant 

and it is possible that NADH was oxidized to NAD+ during crystal growth. In this 

structure it has been modeled with restraints for NADH and some puckering of the 

nicotinamide ring is evident. 
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FIGURE 2.5. Structure of mercaptoimidazole disulfide (MID). 
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FIGURE 2.6 Cysteines 370 and 373. (Left) The high resolution structure. (Right) The 

oxidized structure, cocrystallized with MID. 



 58

These cysteines are relatively conserved among plants, as are the nearby residues. The 

exception among the available plant GSNOR sequences is potato. Figure 2.7 provides an 

alignment of the local sequence using all available plant sequences as well as a few from 

species in other kingdoms. Position 370 is always conserved as either a cysteine or a 

serine, though this has no obvious significance. 
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Arabidopsis thaliana            THNLTLGEINKAFDLLHEGTCLRCVLDTSK 379 
Oryza sativa (rice)             THSMNLTDINKAFDLLHEGGCLRCVLATDK 381 
Zea Mays (Maize)                THNMNLADINDAFHLLHEGGCLRCVLAMQI 381 
Medicago truncutula             THNLTLAEINEAFDLMHEGKCLRCVLALH- 380 
Pisum sativum (pea)             THNLTLLEINKAFDLLHEGQCLRCVLAVHD 378 
Solanum tuberosum (potato)      THSMTLADINKAFDLMHDGDCLRVVLDMFV 379 
Homo sapien                     THNLSFDEINKAFELMHSGKSIRTVVKI-- 374 
Xenopus laevis (frog)           THTLPFDSINEAFELMHAGKSIRSVLNY-- 376 
Brachydanio rerio (fish)        THTLPFAQINEAFDLMHAGKSIRAVLQF-- 376 
Drosophila pseudoobscura        THELPLSEINKAFDLMHKGESIRSIIKY-- 379 
 
 

FIGURE 2.7 Local sequence alignment of residues near 370 and 373. These residues 

appear to be conserved among plant species. 
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  Structures from atGSNOR protein after treatment with MID make it clear that 

cysteine 370 and 373 have been oxidized and form a disulfide bond. These data alone, 

however, do not demonstrate that this oxidation is related to the loss of activity. In order 

to test the hypothesis that disulfide bond formation between residues 370 and 373 

prevents the enzyme from functioning, we created a double mutant: C370A and C373A. 

Steady state kinetics revealed that the KM and kcat for the mutant enzyme are similar to the 

wild type (see below). We crystallized this mutant and determined its structure. The 

structure of the cysteine to alanine double mutant and the wild type high resolution 

structure are virtually identical, even at the site of the mutations (Figure 2.8). 
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FIGURE 2.8 Superimposition of C370,373A mutant and wild type atGSNOR. The 

structure of the protein is virtually unchanged. 
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2.3.6 Inhibition by MID 

 

Treatment of wild type atGSNOR with MID knocks out the enzyme’s activity. 

Based on the structure of wild type atGSNOR crystallized in the presence of 10 mM MID 

we hypothesized that a mutant enzyme in which the oxidizable cysteines have been 

removed would not be subject to inhibition with MID. However, side by side treatment of 

the wild type and cysteine to alanine double mutant with varying concentrations of MID 

showed that both mutant and wild type are equally susceptible to inhibition indicating 

that there is some mechanism besides oxidation of these cysteines by which MID inhibits 

GSNOR (data not shown). 

 

2.3.7 Kinetic Analyses of atGSNOR.   

 

 We investigated the steady-state kinetic activity of atGSNOR for comparison with 

proteins from other species (Table 2.1).  The Arabidopsis thaliana protein behaved 

similarly to the human (38), rat (59) and yeast (60) proteins.  Both GSNO and HMG were 

substrates for the protein, utilizing NADH and NAD+, respectively, but GSNO was the 

more active substrate, displaying a ~10-fold larger value for kcat (188 s-1).  The 

C370A/C373A mutant behaved similarly to the wild-type protein.  A comparison of 

kinetic values for GSNOR from plant, yeast, rat and human is shown in Table 2.2. Figure 

2.9 shows a representative fit for the kinetic data.  The Arabidopsis thaliana protein is 

~5-fold more active than the mammalian proteins towards GSNO and displays a similar 

value for kcat/KM
  as the yeast protein.  
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 GSNOR is an alcohol dehydrogenase with a random substrate binding mechanism 

(61) and so NAD+ should be a competitive inhibitor of the NADH consuming reaction 

and vice versa. We have measured inhibition constants (Ki) for both NADH and NAD+. 

NADH is a considerably more effective inhibitor of the NAD+ reducing reaction than 

NAD+ with regard to the NADH oxidizing reaction. A representative kinetic curve is 

presented in Figure 2.9. 



 64

Table 2.2: Kinetic Parameters for WT and C370A, C373A double mutant atGSNOR 
 

WT GSNO NADH HMG NAD+ 

Km (µM) 26 ± 6 17 ± 12 23 ± 3 40 ± 7 
kcat (sec-1) 188 ± 10  18.5 ± 0.7  

Ka (M)  7.6E5 ± 1.4E4  1.9E4 ± 3.1E3 
Kd (µM)  1.3 ± 0.024  52 ± 0.16 
Ki (µM)  1.2 ± 0.90  60 ± 31 
Mutant     

Km (µM) 28 ± 5 44 ± 40 17 ± 3 83 ± 5 
kcat (sec-1) 176 ± 8  8.70 ± 0.5  
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FIGURE 2.9 Steady state kinetic data for the reduction of NAD+ by atGSNOR. This is a 

representative kinetic trace and curve fitting from the steady state experiments. Data 

points and error bars are the mean and standard deviation of three trials. 
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________________________________________________________________________ 
Table 2.3. Kinetic Parameters for GSNORs from various species 
________________________________________________________________________ 
 
 Plant Yeast (60) Rat (37) Human (38) 
Km

GSNO (µM) 26 150 26 27 
kcat (sec-1) 188 877 44 40 
kcat/Km (sec-1/µM) 7.2 5.8 1.6 1.5 
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2.3.8 Isothermal Titration Calorimetry 

 

 I measured binding constants using isothermal titration calorimetry (ITC) for 

NADH and NAD+ to further evaluate GSNOR activity in a mixture of both. The ITC 

injection profile and the curve fitting for NADH are shown in Figure 2.10. The first 

injection of each run is deleted before integration. Table 2.1 lists the dissociation 

constants determined by ITC next to the Michaelis-Menten constants and product 

inhibition constants determined by steady state kinetics. ITC determines association 

constants (Ka), but the Kd has been presented here too for convenience. The Kd presented 

in Table 2.1 is simply the reciprocal of the Ka derived from ITC. The Kd for atGSNOR 

with NADH was measured as 1.3 µM. The Kd for NAD+ was 52 µM. This is a far greater 

difference than would have been expected based on the relatively similar Km of these two 

ligands. The Km and Kd for NAD+ are similar however the Kd for NADH is an order of 

magnitude tighter than the Km. The n value for NADH titrated into atGSNOR was 2. The 

n value for NAD+ titrated into atGSNOR was 1. The expected value for an alcohol 

dehydrogenase is 2. That we observed a different value for NAD+ might imply more 

complexity in the binding of NAD+ by ADHIII than is accounted for by the models used 

to fit ITC data. This is discussed further in chapter 3. 

 Our attempts to determine the binding constant of GSNO to GSNOR failed 

because GSNO addition generated no heat (data not shown). Experiments involving 

titration of GSNO into both atGSNOR and hGSNOR showed that subsaturating amounts 

of NADH had been carried along through protein purification. This was evident because 

initial injections of GSNO slowly generated large amounts of heat. This phenomenon 
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ceased after the addition of several micromoles of GSNO, presumably because the 

available NADH had been consumed. Addition of GSNO to the protein solution before 

beginning titration eliminated this phenomenon. Absorption spectra of concentrated 

solutions of protein revealed a peak at 340 nm (λmax for NADH).  
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FIGURE 2.10 Injection profile (top) and fitting (bottom) from ITC on atGSNOR. Left:  

300 µM NADH titrated into 20 µM atGSNOR, n = 2. Right: 300 µM NAD+ titrated into 

20 µM atGSNOR, n = 1. 
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2.4 Discussion 

 

2.4.1 Structure of Arabidopsis thaliana GSNOR. 

 

  The overall structure of atGSNOR is similar to that of other members of the 

alcohol dehydrogenase family. It has the archetypical fold of an alcohol dehydrogenase 

(see chapter I) and like all alcohol dehydrogenases it is a homodimer with two zinc ions 

bound per monomer. Class III alcohol dehydrogenases are adapted to bind larger 

substrates than the more thoroughly studied class I enzymes, and the atGSNOR enzyme 

has a larger active site to facilitate binding of larger substrates. The active site is 

completely conserved between hGSNOR and atGSNOR.  

 

2.4.2 Mutants E283K and G288R 

  

 After examining the sites of each mutation in the wild type structure, it is 

likely that these mutations produce their associated phenotype by destabilizing the fold of 

atGSNOR. The first mutation, E283K, places three positively charged residues - two 

arginines (279 and 315) and a glutamine (254) - in close proximity. The negatively 

charged glutamate in the wild type protein stabilizes the region by balancing some of the 

positive charge from the arginines and also forms hydrogen bonds to glutamine 254 and 

arginine 279. The E283K mutation replaces this glutamate with another positively 

charged residue that appears to significantly destabilize the protein by building up a large 

amount of unbalanced charge.  
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The second mutation, G288R, replaces a very small side chain with a large one in 

a region where there is little room to accommodate the bulkier side chain. Furthermore 

the polar arginine side chain would be forced into close proximity with a leucine and 

phenylalanine residue. This steric clash as well as the buried and unbalanced charge is 

likely to significantly destabilize the enzyme. The polypeptide chain in the region of 

G288 is undergoing a tight turn that favors glycine over other side chains. Substitution of 

any other residue at this position would destabilize the protein. The destabilization caused 

by either of these mutations would explain why they induce a phenotype reminiscent of 

plants lacking a GSNOR as well as why these mutants have eluded our efforts to purify 

them. 

 

2.4.3 A second conformation of NAD(H) 

 

 We have structures of the enzyme with NAD+ and NADH and one of the most 

interesting observations we have made is that the nicotinamide ring of NAD+ can occupy 

two distinct conformations (figure 2.4). In the NAD+ complex we present NAD+ occupies 

a different conformer in each monomer. Each is clearly resolved and well ordered and B-

factors are similar in each case. In the oxidized structure and the cysteine to alanine 

double mutant we see the previously published conformer in one subunit and some 

density for each conformer in the other subunit. It is likely that each conformer is present 

and at the resolution of those structures we are unable to resolve them. 

 This second conformation has been observed previously in a mutant of the human 

enzyme, R368A (62). The explanation put forth by Sanghani and colleagues, that this 
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conformation represents an intermediate conformation of NAD(H) on the way into the 

active site is a convincing one. They propose that the initial event in the binding of 

coenzyme by GSNOR is the binding of the adenosyl phosphate moiety. After this step the 

cofactor is in the unproductive binding mode observed in the atGSNOR – NAD+ binary 

complex and shown in figure 2.4. From this conformation the unanchored nicotinamide 

ring can flip into the productive conformation. Val 290 – Gly 297 are in a flexible loop 

that moves to accommodate this motion. This hypothesis is supported by the results of 

their kinetic experiments. In our structures we see this second conformation when high 

concentrations of ammoniam sulfate are used as a precipitant. It may be that the second 

conformation better stabilizes the positive charge on NAD+. 

 

2.4.4 Oxidizable cysteines present in atGSNOR 

 

 The propensity of MID to inhibit GSNOR was discovered somewhat 

serendipitously through our efforts to design a potent inhibitor of GSNOR. When we 

realized that brief treatment with MID completely inactivated the enzyme we determined 

the atGSNOR structure in its presence, hoping to see an inhibitory complex. However, 

we discovered the oxidized structure we present here. It seems likely that the only role 

played by MID is as an oxidant, since no other modification was found. 

 The structure suggested that MID can selectively oxidize cysteines 370 and 373 in 

both monomers of atGSNOR, and that the resulting disulfide inactivates the enzyme. This 

raises the possibility that the enzyme is under redox control. In order to test this 

hypothesis we created the C370A, C373A double mutant. By removing these cysteines 
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we hoped to determine whether disulfide formation at this position was solely responsible 

for inactivation of the enzyme.  

 After purifying the mutant protein we found that the kinetics of the mutant are not 

significantly different from the wild type enzyme, the exception being the Km for 

NAD(H), which is twice in the mutant what it is in the wild type. Comparison of the wild 

type and mutant structures makes it clear that a water mediated hydrogen bond between 

the carbonyl oxygen of leucine 341 and one of the phosphate oxygens of NAD(H) has 

been disrupted in the mutant. This is the most likely explanation for the relatively higher 

Km for NAD(H) in the mutant protein. 

 Side by side treatment of mutant and wild type atGSNOR showed that the mutant 

enzyme is inhibited by MID just as much as the wild type. Clearly, there is some other 

means than disulfide bond formation at position 370-373 by which MID inhibits GSNOR 

activity, but why is this disulfide the only modification that appears in our crystal 

structures? It may be that GSNOR with a disulfide formed at position 370-373 is the only 

one of a variety of species formed when atGSNOR is treated with MID that can 

crystallize and consequently it is the only species that we see in our structures. In this 

case the crystal structure may not be representative of the nature of the enzyme in 

solution with MID. Since the inhibition by MID is likely due to non-specific chemical 

interaction it was not pursued further. 

 

2.4.5 Steady state kinetics and isothermal titration calorimetry 
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 Several issues are raised by our investigations of atGSNOR through steady state 

kinetics and ITC. The Km and kcat values we report for atGSNOR compare reasonably 

well with values reported for GSNOR from other species. The catalytic efficiency of 

atGSNOR (7.2 sec-1 µM-1) is significantly higher than for human (1.5 sec-1 µM-1) and rat 

(1.6 sec-1 
µM-1) and somewhat higher than yeast (5.8 sec-1 µM-1). This is due to the higher 

kcat in the plant enzyme relative to the rat and human enzymes and the lower Km relative 

to the yeast enzyme. 

 Despite the relatively similar Km values for NAD+ and NADH, 40 µM and 17 µM 

respectively, the enzyme appears to bind NADH far more tightly than NAD+. This is 

most clear when considering the ITC data, which measures the kd for NAD+ and NADH 

at 52 µM and 1.3 µM, respectively. This is confirmed by the relative inhibition constants 

for these species. The Ki for NAD+ and NADH are 60 µM and 1.2 µM, respectively. 

Implications are discussed more fully in chapter 3. 
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CHAPTER 3 

S-NITROSOGLUTATHIONE REDUCTASE FROM HOMO SAPIENS 

 

3.1 Introduction 

 Although there have been reports of GSNOR affecting physiology by influencing 

levels of cellular SNOs (23, 24, 48, 63), several questions remain unanswered. No 

structure of GSNOR with GSNO bound had been reported until the structure of the 

ternary complex of hGSNOR - GSNO - NAD+ that I present here. Recent reports 

regarding GSNOR’s role in asthma and heart disease (18, 63) have suggested that a 

potent inhibitor may have potential therapeutic uses and would be a useful tool in 

understanding GSNOR’s relation to physiology and human health. Although I have been 

unable to obtain a potent inhibitor of GSNOR, I present here the structure of a mild 

inhibitor of GSNOR (Ki = 0.7 mM) with hGSNOR and NADH. 

 Even the means by which GSNOR catalyzes the reduction of GSNO in an 

environment generally unfavorable to NADH dependent reduction remains unclear. The 

NAD+/NADH  ratio in the cytosol is generally quite high. Enzymes that catalyze 

reductive reactions, such as those involved with DNA damage repair, generally utilize 

NADPH as cofactor. One proposed model is that GSNO reduction is facilitated by the 

presence of HMG (64). According to this model, in a solution containing both HMG and 

GSNO, GSNO reduction is facilitated by cofactor recycling. Cofactor recycling describes 

a situation in which cofactor is bound and substrates bind by turns, successively oxidizing 
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and reducing the cofactor, eliminating the need for cofactor release before another 

catalytic cycle begins. 

 There has been some disagreement as to whether GSNO or HMG is the most 

efficient substrate for GSNOR (37, 64). Standard steady state kinetic experiments show 

that GSNO has a higher catalytic efficiency but Staab and coworkers have measured the 

Km for HMG using fluorescence spectroscopy which has allowed them to track reaction 

progress at very low concentrations of HMG. Using these methods, they report a Km 

value for HMG that is 100 fold lower than that for GSNO. Both hGSNOR and atGSNOR 

have a 10 fold higher kcat value for GSNO reduction than for HMG oxidation, but after 

accounting for their lower Km value for HMG, the catalytic efficiency for HMG oxidation 

is 10 fold higher than for GSNO reduction. 

 The greater affinity for HMG by GSNOR that they report forms part of their 

model for how GSNOR can reduce GSNO in an environment with excess NAD+. Staab 

and coworkers suggest that GSNOR is able to overcome the unfavorable ratio of 

NAD+/NADH by alternating substrate without releasing cofactor from the active site. 

They report rates of oxidation by GSNOR on ethanol, octanol, and HMG in the presence 

and absence of GSNO by absorbtion and fluorescence spectroscopy and conclude that 

inclusion of GSNO in the reaction mixture accelerated the overall rate of oxidation, up to 

8 fold for HMG. They postulate that this occurs because it eliminates the need for 

cofactor release between catalytic cycles. Release of NADH is known to be rate limiting 

in the case of ADH I (39). 

 In the same paper, Staab and coworkers treat crude lysate from SqCC/Y1 cells 

with 1, 2, 5, and 10 mM formaldehyde and measure the ratio of SNOs/total protein. They 
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found a statistically significant decrease in SNO levels at the 5 mM concentration but not 

at the other concentrations. Although their model for how inclusion of both substrates in 

the reaction mixture accelerates catalysis may be correct, as an explanation for how 

GSNOR might function in an environment with a high NAD+/NADH ratio it seems 

unpersuasive, particularly in light of our recent findings. This chapter focuses on GSNOR 

from humans and presents data from ITC and steady state kinetics that implies that 

GSNOR binds NADH more tightly than NAD+, presenting a simpler explanation as to 

how the enzyme might overcome the unfavorable redox balance. 

 

3.2 Materials and Methods 

 

3.2.1 Preparing the Human GSNO Reductase Clone for Expression 

 

 The GSNO reductase cDNA clone was purchased from Origene as Homo sapiens 

alcohol dehydrogenase 5 (class III) in a pCMV6-XL5 vector. They shipped a vial of 

lyophilized plasmid which was immediately transformed into DH5α E. coli and saved as 

a glycerol stock. For expression, the gene was cloned into expression plasmid pET-29c. 

The GSNO reductase sequence was amplified by PCR and restriction sites for Nde I and 

Hind III were added at the 3’ and 5’ ends of the gene. The PCR product was subcloned 

into a pGEM-TEASY vector, digested with Nde I and Hind III, and then ligated into the 

pET29c plasmid. 

 The primers used to amplify the GSNOR sequence out of the pCMV6-XL5 vector 

were,  
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forward primer: 

 

 5’ AAGGAATTCCATATGGCGAACGAGGTTATCAAGTGCAA  3’ 

 

and reverse: 

 

 5’ CTGATTCCCCAAGCTTAAATCTTTACAACAGTTCG 3’ 

 

Underlined sections of the primer sequence pair with the template, the remainder to 

introduce the restriction sites. The melting temperatures were 52.9 and 53.8 oC for 

forward and reverse primers respectively. These melting temperatures were calculated 

using MacVector with 0% formamide and 1 mM salt as parameters. The PCR program 

was as follows: 

 

1) 95oC 2 minutes 
2) A: 95oC 1 minute 
 B: 48oC 1 minute 
 C: 72oC 3 minutes, repeat ABC 25 cycles. 
3) 72oC 4 minutes 
4) Store at 4oC 

 

The PCR reaction contained: 

 Invitrogen PCR buffer 
 0.2 mM dNTP’s 
 2 mM MgCl2 
 50 pM primers 
 0.2 µL Taq platinum (invitrogen) 
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A minimal amount of E. coli cells containing the template plasmid was added to the PCR 

mix (whole cell PCR). PCR product was gel purified using a gel purification kit (Qiagen). 

 The purified PCR product was ligated into a pGEM-TEASY vector by taking 

advantage of the overhanging adenines left by TAQ polymerase. The ligation mixture 

was transformed into XL-1 blue E. coli. A blue/white screen was performed using plates 

containing IPTG and x-Gal. The plasmid DNA was extracted from the appropriate 

colonies with a miniprep kit (Qiagen). The DNA was digested using Nde I and Hind III. 

The insert was isolated by running the digested DNA on a gel and using a gel extraction 

kit. 

 Ligation into pET29c was the only step that produced significant problems. Pre-

cut pET29c vector, which had been treated with calf alkaline phosphorylase to prevent 

vector closing, was included at a 1:2 ratio with insert. The ligation mixture was placed at 

4 oC overnight and then placed at room temperature for one hour before transforming into 

DH5α E. coli and plating. The transformants were grown in 5 mL cultures, plasmid DNA 

was extracted and digested with Nde I and Hind III to verify the presence of the insert 

before sending samples for sequencing at the University of Arizona Sequencing Facility. 

 

3.2.2 Recombinant expression of hGSNOR in E. coli. 

 

  Agar plates containing 50 mg/mL kanamycin were streaked from glycerol 

stocks containing DH5α E. coli with the hGSNOR gene in a pET29c vector. Single 

colonies were picked and 5 mL cultures were grown from which plasmid DNA was 
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extracted. BL21(DE3) E. coli were transformed with the expression plasmid and 

transformants were grown at 37 oC in a culture with 50 mg/mL kanamycin, overnight. 

 Aliquots of this culture were used to inoculate media at a ratio of 1:50. These 

flasks were grown until the OD at 600 nM was 0.6. The incubator was cooled to room 

temperature and the cells were induced with 0.05 mM IPTG and were grown at room 

temperature overnight. 50 µM ZnCl2 was added to the media before induction. The cells 

were harvested by centrifugation at 8300 g for ten minutes in a refrigerated centrifuge. 

The pellet was resuspended in 20 mM Tris-HCl, pH 8.0, 2 mM DTT, 1 mM PMSF, 0.05 

mM ZnCl2, 50 µg/mL Dnase, 2 mM MgCl2, 100 µg/mL lysozyme and 1% Triton X-100  

(10 mL/g) and stirred at 4 oC until homogenous. The resuspended cells were lysed in a 

French press (SLM Instruments, Inc., Urbana, Illinois) then centrifuged at 29000 g for 

one hour. 

 The soluble fraction of the lysate was loaded onto a HiPrep Q FF anion exchange 

column (Amersham) equilibrated in 20 mM Tris-HCl, pH 8.0, 30 mM NaCl and washed 

until no more protein eluted. The flow-through was collected and dialyzed against 5 liters 

of 20 mM Tris-HCl, pH 8.5, overnight at 4oC. After dialysis, the protein was again loaded 

onto the Q FF column this time equilibrated in 20 mM Tris-HCl, pH 8.5 with no added 

NaCl. The protein was eluted with a 0 to 75 mM gradient of NaCl over 200 mL at 2 

mL/min. The active fractions were pooled and loaded onto an S-200 gel filtration column 

(GE healthcare) equilibrated in 100 mM NaPO4, pH 8.0, 100 mM NaCl. The active 

fractions were collected and purity was determined by SDS-PAGE. The pure fractions 

were pooled, concentrated to 20 mg/mL and exchanged into 20 mM NaPO4, pH 7.0. The 



 81

protein was separated into 100 µL aliquots, flash frozen in liquid nitrogen and stored at -

80 oC. 

 

3.2.3 Crystallization and Structure Determination.  

 

 Three structures are reported herein: NADH - hGSNOR, glutathione thiocyanate 

(GSCN) - NAD+ - hGSNOR and GSNO - NAD+ - hGSNOR. Crystals of the NADH -  

hGSNOR binary complex were grown by the hanging drop vapor diffusion method at 4 

oC with 2 µL of a solution containing 20 mg/mL protein in 20 mM phosphate buffer, pH 

7.0, mixed 1:1 with a well solution containing 17.5% PEG 8000, 0.1 M hepes (pH 6.5). 

No NADH was explicitly included in the crystallization conditions but NADH was 

apparent in the crystal structure. Presumably because NADH contaminates our protein 

solution. Crystals of the GSNO ternary complex were grown by the hanging drop vapor 

diffusion method at 4 oC with 2 µL of a solution containing 20 mg/mL protein in 20 mM 

phosphate buffer, pH 7.0 buffer, mixed 1:1 with a well-buffer solution containing 17.5% 

PEG 8000, 0.1 M hepes (pH 6.5) and 2 mM NAD+ and 2 mM GSNO. Crystals of the 

GSCN containing ternary complex were grown by hanging drop vapor diffusion at 4oC 

with 2 µL of a solution containing 20 mg/mL protein in 20 mM phosphate buffer pH 7.0 

buffer, mixed 1:1 with a well-buffer solution containing 18% PEG 8000, 0.1 M 

ammoniam sulfate, 2 mM NAD+ and 2 mM GSCN. 

 The GSCN bound structure was in space group P43212 with cell constants a = b = 

78.7 Å c = 312.4 Å and α = β = γ = 90.00o. This spacegroup is isomorphous to the 

structures published by Sanghani et al. and the published structure of the human enzyme 
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(pdb ID 1MC5) was used as a phasing model. The GSNO bound structure was in 

spacegroup P1 with 2 dimers in the asymmetric unit and cell constants a = 58.3 Å b = 

82.2 Å c = 88.1 Å and α = 104.6o β = 102.5o γ = 102.5o. This is the first structure of 

GSNOR published in spacegroup P1. The structure was solved by molecular replacement 

using Phaser with the HMG – NADH - hGSNOR structure (1MC5) as a search model. 

There were two peaks in the results from the search and the correct solution was the 

second highest of these. The NADH - hGSNOR binary complex was in spacegroup P1 

with cell constants a = 57.7 Å b = 81.9 Å c = 90.1 Å and α = 103.2o β = 105.7o γ = 

101.8o. This spacegroup is isomorphous to the spacegroup of the GSNO - NAD+ - 

hGSNOR structure and that structure was used as a phasing model. Data for all these 

structures were measured at the Stanford Synchrotron Research Laboratory using remote 

robotics at beamline 9-2.  Data reduction was performed with d*TREK (52) as 

implemented in Crystal Clear (Rigaku). In order to confirm the dual occupancy of zinc in 

the GSNOR - NAD+ - GSNO structure an anomalous difference map was created, also 

using Crystal Clear.  

 

3.2.4 Steady-State Kinetic Measurements 

 

 Catalytic activity was monitored by the change in absorbance at 340 nm due to 

the oxidation of NADH (with GSNO) or reduction of NAD+ (with HMG), using an 

Agilent HP 8453 diode array spectrophotometer.  Plots of initial rate values versus 

substrate concentration were fitted with SigmaPlot (Systat Software Inc., San Jose, CA) 

to obtain values of Km and kcat.  Reactions were measured at 25 °C in 20 mM phosphate 
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buffer (pH 7.0), using a protein concentration of 1 µg/mL.  For GSNO reduction, GSNO 

concentrations were varied between 1 and 200 µM (100 µM NADH), or NADH varied 

between 1 and 60 µM (100 µM GSNO).  An additive absorption coefficient for GSNO 

and NADH at 340 nm was used (7060 M-1 cm-1) to convert rates from AU s-1 to mol s-1. 

 Inhibition constants (Ki) were measured for NADH and NAD+. Inhibition 

experiments were performed in 100 mM sodium phosphate buffer at pH 7.0. To measure 

the inhibition constant for NAD+ on the reductive reaction, three different concentrations 

of NAD+ were used and GSNO concentration was fixed at 250 µM. To measure the 

inhibition constant of NADH for the oxidative reaction, three different concentrations of 

NADH were used with glutathione and formaldehyde present at a concentration of 1 mM. 

At least six different NADH and NAD+ concentrations between 10 and 120 µM were 

used as the varied substrate. 

 

3.2.5 Isothermal Titration Calorimetry 

 

 Heats of NADH and NAD+ binding to hGSNOR were measured using isothermal 

titration calorimetry on a VP-ITC device from MicroCal Inc. Data analysis was 

performed using Origin 5.0 with the ITC plugin (MicroCal Software Inc.). In a single 

experiment, twenty 15 µL injections of 300 µM NADH or NAD+ are titrated into a 20 

µM solution of atGSNOR. Both the protein and ligand solutions were made in 20 mM 

phosphate pH 7.0. Purified water was used as a reference. All solutions were degassed 

under vacuum immediately prior to the experiment. The solution in the titration cell was 

stirred throughout the experiment and the temperature was maintained at 25 oC. The 
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reference cell of the microcalorimeter was filled with a solution of purified water. Blank 

experiments were performed to measure the heat of ligand dilution, which was subtracted 

from the heat of protein-ligand interaction to obtain the true binding enthalpy. All 

experiments were done in duplicate. 

 

3.3 Results  

 

3.3.1 Binary complex of NADH - hGSNOR 

 

 I have solved the binary complex structure of NADH - hGSNOR to 1.8 Å 

resolution. During crystallization no cofactor was included in the drop because these 

crystals were originally intended to be used to determine an apo structure of hGSNOR 

but upon solving the structure peaks in the difference map were observed corresponding 

to cofactor. This is likely to be almost exclusively NADH, rather than NAD+, due to the 

tighter binding of this redox form and because puckering of the nicotinamide ring is 

evident, which would be expected for NADH but not NAD+. NADH is present in each 

active site and the density in this structure is as well resolved as our other structures. B 

factors for NADH are similar to those of other structures, implying that these sites are 

fully occupied. The crystals were in space group P1, with two dimers in the asymmetric 

unit, for a total of four active sites. The conformations of all subunits in the hGSNOR - 

NADH binary complex are similar and superimpose closely with the open conformation 

of the enzyme, demonstrated in Figure 3.1. 
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 The catalytic zinc is bound by glutamate 68, histidine 67 and cysteines 45 and 

174. This position has been observed in structures of the binary complex of GSNOR with 

NAD(H) (35). The region of the active site that would be occupied by glycine of HMG or 

GSNO (see next section) is filled by a phosphate that forms a hydrogen bond to 

glutamine 112. The nearby arginine 115 is partially disordered in this structure but this 

phosphate may play a role in balancing the positive charge in this area in the absence of 

substrate.  
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A)  B)  

FIGURE 3.1 A) Supeposition of subunits A, B, C, and D of the hGSNOR - NADH binary 

complex in red, green, blue and yellow respectively. Each subunit superimposes closely 

on the others and they are all in the same conformation. B) Subunit A (green) from the 

hGSNOR - NADH binary complex has been superimposed on subunit A (closed, red) and 

subunit B (open, blue) from the hGSNOR - NAD+ - HMG ternary complex (32). The 

hGSNOR - NADH binary complex we present is in the open conformation. 
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3.3.2 Ternary complex of NAD+-GSNO-hGSNOR. 

 

 I determined the ternary complex structure of NAD+ - GSNO - hGSNOR to 1.5 Å 

resolution. The crystals were in space group P1, with two dimers in the asymmetric unit, 

for a total of four active sites. GSNO and NAD+ have been modeled in each active site, 

Figure 3.1. Subunits A, B and D are in the same conformation. Subunit C is more closed 

than the other three and is intermediate between the open (cofactor-enzyme binary 

complex) and closed (A subunit of the hGSNOR - NADH - HMG ternary complex, (32)) 

structures. Subunits A, B and D are in the open conformation described for binary 

complexes of GSNOR. Subunit C is more closed than the other three, though not to the 

degree observed in the closed conformation. A ribbon diagram of the asymmetric unit is 

shown in Figure 3.2, the conformation of each subunit is shown in Figure 3.3. 

 There were three specific contacts made by the cofactor in the closed structure 

that were not present in the open structure. In the ternary complex structure threonine 46 

forms a hydrogen bond to the 2’-hydroxyl of the NADH ribose ring that is absent in the 

open conformation and is absent in the GSNO bound structure we present here. In the 

open structure, histidine 45 is disordered. In the closed conformation histidine 45 is 

resolved and forms a hydrogen bond to the adenosine phosphate of NADH. In the GSNO 

bound structure histidine 45 is in two conformations, one of which contacts a phosphate 

from NAD+. Finally, there is a water molecule hydrogen bonded to the 2’-hydroxyl of the 

NADH ribose in the closed conformation which is absent in the open conformation. This 

water appears to be present in the GSNO containing structure. 
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FIGURE 3.2: Structure of the NAD+ - GSNO - hGSNOR ternary complex. Subunits A, 

B, C and D are shown in red, green, blue and yellow respectively. NAD+ and GSNO are 

present in each active site. Zinc atoms are shown as grey spheres. 
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A) B)  

C)  

 

FIGURE 3.3. A) Subunits A, B, C, and D of the hGSNOR - NAD+ - GSNO ternary 

complex in red, green, blue and yellow respectively. B) Subunit A (green) from the 

hGSNOR - NAD+ - GSNO ternary complex has been superimposed on subunit A (closed 

conformation, red) and subunit B (open conformation, blue) from the hGSNOR - NAD+ - 

HMG ternary complex. C) Subunit C of the hGSNOR - NAD+ - GSNO ternary complex 

(green) has been superimposed on subunit A (closed conformation, red) and subunit B 

(open conformation, blue) from the hGSNOR - NAD+ - HMG ternary complex (32).
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 The density for GSNO is not as clearly resolved as the rest of the structure. The 

electron density surrounding GSNO and an omit map generated by removing GSNO from 

the A subunit of the hGSNOR - GSNO - NAD+ ternary complex structure before 

refinement is shown in Figure 3.4. The best ordered part of the molecule is the C-terminal 

glycine which forms hydrogen bonds through the C- terminal oxygens with the amide 

nitrogen of glutamine (3.1 Å) 112 from A chain and lysine 284 from the B chain (2.6 Å). 

The S-nitrosocysteine back bone is well ordered but the S-nitrosothiol is somewhat 

disordered. It makes contacts through the backbone nitrogen to an ordered water (3.0 Å) 

and the S-nitrosothiol itself. The SNO nitrogen contacts the amide nitrogen of NAD+ (2.6 

Å) and the SNO oxygen contacts an ordered water (2.3 Å) which lies in between the SNO 

and the active site zinc. The γ–glutamate is the most poorly ordered part of GSNO. The 

back bone oxygen contacts an ordered water molecule (3.0 Å). The carboxyl oxygen of γ-

glutamate makes a hydrogen bond to arginine 304 from chain B. This arginine is in 

multiple conformations and only one conformer contacts GSNO.  

 In this structure, GSNO does not bind in the same position or conformation as 

HMG does in structure 1MC5. Most strikingly, GSNO makes no direct contacts to zinc. 

Furthermore the SNO nitrogen is 4.9 Å from the C4 carbon of NAD+, a prohibitive 

distance for hydride transfer. The differences between the conformation of GSNO and 

HMG are shown in figure 3.4.  
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A)  

B)  C)  

  

FIGURE 3.4. A) The electron density of GSNO in the structure of the GSNO-NAD+-

hGSNOR ternary complex at a contour level of 1.5 σ (left) 1.0 σ (center) and 0.5 σ 

(right). B) Omit map for GSNO, density for the Fo - Fc map is contoured at 2 σ. C) 

Superposition of HMG from the hGSNOR - NADH -HMG structure (32) with GSNO 

from the hGSNOR - NAD+ GSNO ternary complex. GSNO: carbons are shown in green; 

HMG: carbons are shown in teal. 
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 In each monomer, the active site zinc occupies two positions. In conformer A, 

zinc is bound by glutamate 68, histidine 67 and cysteines 45 and 174. This position has 

been observed in structures of the binary complex of GSNOR with NAD(H). In the 

second position zinc is bound by histidine 67, cysteines 45 and 174 and a water. Cysteine 

174 and glutamate 68 are also in two conformations. Cysteine 174 tracks the movement 

of zinc to remain bound in either position (slight motion of histidine 67 and cysteine 45 is 

also likely but these changes are not resolved in this structure) and glutamate in 

conformer B shifts away from zinc and forms a hydrogen bond to arginine 363. 

 This was confirmed using an anomalous difference map to locate zinc positions 

within the asymmetric unit. The anomalous map contains twelve major peaks. Eight of 

these peaks (four pairs) correspond to the forward and backward position of the catalytic 

zinc. In the A subunit, the peak corresponding to the back position is 5.4 σ, the peak 

corresponding to the front position is 5.1 σ. Zinc has been modeled with 50% occupancy 

in each position. The remaining two peaks correspond to the position of the structural 

zinc and are roughly 13 σ. The average height and standard deviation for the structural 

zinc atom are 10.5 ± 2.7 and for the stronger and weaker peaks on the catalytic zinc they 

are 5.8 ± 1.0 and 4.6 ± 0.3, respectively. 
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FIGURE 3.5. Catalytic zinc and coordination sphere from the hGSNOR - GSNO - NAD+ 

ternary complex. 2Fo - Fc density is contoured at 1.5 σ and is shown in blue. Anomalous 

difference peaks on the zinc are contoured at 3.0 σ and are shown in red. Cysteine 174 

and glutamate 68 are in two different conformations. 
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A) B)  

FIGURE 3.6 Anomalous difference map from the NAD+ - GSNO - hGSNOR structure. 

A) The structural zinc from the A subunit, contoured at 5.0 σ. B) The two positions of the 

catalytic zinc from the A subunit, contoured at 3.0 σ. 
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3.3.3 Ternary complex of GSCN-NADH-Enzyme. 

 

 In our search for inhibitors of GSNOR, we discovered that glutathione 

thiocyanate (GSCN), Figure 3.3, is a mild inhibitor of GSNOR (Ki 0.73 mM, with respect 

to the human enzyme). We examined the thiocyanate analog of GSNO since the SCN 

group is sterically and electronically similar to the SNO group in GSNO. Although the 

compound has turned out to be a poor inhibitor, it nonetheless yielded a 2.6 Å ternary 

complex structure with hGSNOR and NADH. The structure is in spacegroup P43212 with 

a single dimer in the asymmetric unit. 

 The active site zinc is bound by glutamate 68, histidine 67 and cysteines 45 and 

174. This is similar to the cofactor bound binary complex by Sangani et al. Globally, both 

subunits are in the open conformation. GSCN is bound in the same position as GSNO in 

our other ternary complex. Like GSNO, the most ordered part of the molecule is the C-

terminal glycine. The C-terminal oxygens form hydrogen bonds to the amide nitrogen of 

glutamine 112 (2.9 Å), the terminal nitrogen of lysine 284 from the B chain (2.8 Å) and 

the tertiary nitrogen of arginine 115 (2.8 Å). It also forms a water mediated hydrogen 

bond to the backbone carbonyl of glutamine 112. The thiocyanate lies very close to 

NADH. The nitrogen is 3.0 Å from the nicotinamide C4 and 3.1 Å from the C5. There is 

a water molecule that lies very close to the cyanide carbon (2.9 Å). The γ-glutamate is the 

most disordered part of the molecule and makes no contacts to the enzyme.  

 GSNO from the hGSNOR - NAD+ - GSNO ternary complex and GSCN from the 

hGSNOR - NADH - GSCN ternary complex have been superimposed in Figure 3.X B. 

The most ordered part of each molecule, the glycine, is in the same conformation and 
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makes the same contacts to the enzyme. The adduct on sulfur, the SNO in the case of 

GSNO and SCN in the case of GSCN, are oriented quite differently. The SCN comes 

closer to the C4 carbon of nicotinamide than the SNO.  
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A)  

B)  

FIGURE 3.7. A) Structure of GSCN, a mild inhibitor of GSNOR. B) GSCN from the 

hGSNOR - NADH - GSCN ternary complex (carbons in teal) superimposed on GSNO 

from the hGSNOR - NAD+ - GSNO ternary complex (carbons in green) and nicotinamide 

and ribose (blue). 
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TABLE 3.1. Statistics for Structures of GSNOR from Homo sapiens. 

 
  Structure 
 
 
    PDB id 

 
NADH 

 
 

TBD 

 
GSCN – 
NAD+ 

 

TBD 

 
GSCN – 
NAD+ 

 
TBD 

 
Crystal preparation 
 

   

  Cryoprotection Saturated 
PEG 8000 

Saturated  
PEG 8000 

Saturated 
PEG 8000 

  Space group P1 P1 P43212 
  Z 
  VM (Å3 Da-1) 

2 
2.61 

2 
2.40 

1 
3.02 

 
Data collection 
 

   

  X-ray source SSRL BL9-2 SSRL BL9-2 SSRL BL9-2 
  Wavelength (Å) 0.9795 0.9795 0.9795 
  Resolution (Å) 1.80 1.50 2.60 
  Observed reflections 1190340 629060 397809 
  Unique reflections 166757 227916 31374 
  Completeness (%) 99.5 (99.9) 95.2 (91.8) 99.9 (99.9) 
  I /σ(I) 10.3 (2.3) 11.0 (2.1) 16.6 (6.5) 
  Rmerge 0.07 (0.33) 0.05 (0.37) 0.11 (0.33) 
 
Structure refinement 
 

   

  Rcryst   0.20  0.211  0.189 
  Rfree   0.24  0.250  0.281 
  rmsd bonds (Å) 0.010 0.017 0.019 
  rmsd angles (deg) 1.331 1.614 1.950 
    

 



 99

3.3.4 Kinetic Analysis of Human S-nitrosoglutathione reductase 

 

 Michaelis-Menten constants, Km, inhibition constants, Ki, and turnover number, 

kcat, were measured using steady-state kinetics on hGSNOR for GSNO, GSCN, NADH 

and NAD+. All the data from the steady state kinetic experiments and isothermal titration 

calorimetry are summarized in the following table. For steady-state kinetic 

measurements, error was derived from fitting data to the Michaelis-Menten equation 

through Sigma Plot. The plot used to determine the Km for GSNO and the kcat for the 

reductive reaction is described in Figure 3.7. 
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________________________________________________________________________ 
TABLE 3.2. Kinetic analysis of hGSNOR. 
________________________________________________________________________ 
 

WT GSNO NADH GSCN NAD+ 
Km (µM) 4.6 ± 1.1 1.7 ± 0.2  6.5 ± 0.8 
kcat (sec-1) 58 ± 3   2.3 ± 0.6 

Ka (M)  6.1E6 ± 3.9e5  7.0E4 ± 5.5E3 
Kd (µM)  0.16 ± 0.063  14 ± 0.079 
Ki (µM)  1.9 ± 0.30 735 ± 362 34 ± 13 
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FIGURE 3.8. Steady state kinetic data for the reduction of GSNO by GSNOR. This is a 

representative kinetic trace and curve fitting from the steady state experiments. This 

graph regards GSNO and hGSNOR. Data points and error bars are the mean and standard 

deviation of three trials. 
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 Association constants as determined by isothermal titration calorimetry on 

hGSNOR are also presented in Table 3.2. Injection profiles from representative 

experiments are presented in Figure 3.4. 
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FIGURE 3.9 Left:  300 µM NADH titrated into 20 µM hGSNOR. The first two injections 

have been deleted due to erratic heats produced in initial injections, n = 2. Right: 300 µM 

NAD+ titrated into 20 µM hGSNOR, n = 1. 
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3.4 Discussion 

 

3.4.1 Significance of the Ternary Complex Structures. 

 

 Based on the mechanism for ADH I and the structure of the ternary complex of 

human ADH III with HMG (32), the details of the ternary complex structures with GSNO 

and GSCN are quite unexpected. The enzyme is not in the closed conformation and in 

neither the hGSNOR - NAD+ - GSNO ternary complex nor the hGSNOR - NADH - 

GSCN ternary complex the ligand (GSNO or GSCN) does not contact zinc. There have 

been two ternary complexes reported previously for ADHIII (HMG, NADH and 

octodedodecanoic acid and NAD+) and this is the first report of this binding mode. In the 

hGSNOR - NAD+ - GSNO ternary complex the catalytic zinc occupies both the forward 

position associated with apo and ternary complex structures(35) and the back position 

associated with binary complexes of hGSNOR and NADH or NAD+ (35). This has been 

observed once before in a structure of hGSNOR - ADP ribose and was believed to be 

because the lack of the nicotinamide ring on the cofactor was creating a mixture of 

conformers (65).  

 It is unclear why subunit C has adopted a different conformation than the other 

three subunits in the structure. It is interesting to note that GSNO has not induced the 

closed conformation in subunits A, B and D. Why subunit C would be substantially more 

closed than the other three is unclear. The density for GSNO in the active site of subunit 

C is no stronger than in the other subunits. Nothing about the arrangement of the 

asymmetric unit suggests that subunit C needs to close to facilitate crystal packing. 
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 Our initial assumption was that the harsh conditions and high concentration of 

GSNO used in crystallization had produced a structure that was off the catalytic pathway 

and without biological relevance. The structure may be an artifact, perhaps due to crystal 

packing. The significance of the GSCN structure is that it is another ligand in another 

space group that has bound in a manner similar to GSNO. Meaning that if this is an 

artifact crystal packing is unlikely to be a factor. The features of the GSCN containing 

ternary complex are generally similar to the GSNO ternary complex. Although the 

conformation is not quite the same, it is very similar and neither compound contacts zinc 

in the structures. This implies that the configuration of GSNO we observe is not due to 

crystal contacts because both structures are in different environments. Observing the 

same conformation in two structures with different space groups and different ligands 

implies that the observation is not an artifact of crystallization. 

 We have considered the possibility that interaction with zinc may not be 

necessary for catalysis to occur. GSNO reduction can take place without polarizing the 

nitrogen oxygen double bond as demonstrated by the work of Bateman et al. on human 

carbonyl reductase 1 (66), an enzyme capable of catalyzing the NADPH dependent 

reduction of GSNO that does not bind zinc or any other metal. However, this structure 

cannot represent a productive complex because the distance between the S-nitrosothiol 

nitrogen and the C4 carbon of NAD+ is too great. In order for substrate to approach the 

nicotinamide C4 it will need to move closer and probably ligate zinc. This complex either 

represents a previously undiscovered intermediate or the dead end complex that we have 

crystallized (GSNO with NAD+) looks somewhat different than the productive complex 

(GSNO with NADH).  
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 The motivation for solving this structure was that we might gain insight into the 

details of GSNO reduction by examining the NAD+ and GSNO ternary complex, which 

would look very similar to the GSNO and NADH ternary complex that we cannot capture 

because it leads directly to GSNO reduction and release. Perhaps this hypothesis is 

invalid and that the reason that we observe this conformation is that this is what the 

GSNO and NAD+ complex looks like but is of little consequence to the discussion of the 

enzyme’s mechanism because, the productive complex looks quite different. This is the 

simplest explanation that it is consistent with the data. The likely reason that we observe 

this conformation instead of the productive one in which GSNO makes contact with zinc 

and is positioned for hydride transfer from the C4 carbon of nicotinamide is that it is 

unfavorable to place the relatively non-polar S-nitrosothiol in close proximity to the 

positively charge nicotinamide ring of NAD+. Perhaps it is important to note that the 

space that the S-nitrosothiol would have to enter in order to undergo reduction is 

occupied by an ordered water. This may be important in solvating the positive charge on 

NAD+.  

 Another possibility is that the conformation of GSNO we observe is on the path 

toward GSNO reduction and a state that the enzyme and substrate move through in order 

for catalysis to occur. This hypothesis presents a reason for some of the ambiguity as to 

whether this structure represents the closed or open conformation of the enzyme. The 

overall conformation of the enzyme in this structure is intermediate between the closed 

and open conformations and of the three contacts that are present in the closed 

conformation but not in the open one, one contact is absent, consistent with the open 

conformation and the other two occupy two conformations; one that suggests the open 
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conformation and the other implying the closed. It may be unwise to place too much 

emphasis on these specific structural observations because some of them (particularly the 

two conformations of histidine and the ordered water) may be a consequence of the 

higher resolution of the GSNO bound structure relative to the ternary and binary 

complexes presented by Sangani et al., rather than genuine features of the complex. 

 Finally, it is possible that the molecule bound in the active site of hGSNOR in the 

hGSNOR - NAD+ - GSNO ternary complex structure is no longer GSNO. Photoreduction 

due to intense radiation in the synchrotron is a possibility. This was the case for S-

nitrosated structures of thioredoxin, so this hypothesis is quite plausible. Photoreduction 

seems less likely in the case of the hGSNOR - NADH - GSCN ternary complex, however 

there is an ordered water directly adjacent to the SCN moiety. Perhaps the triple bond 

between carbon and nitrogen has been reduced and some kind of adduct has formed on 

the carbon. This might explain the lack of contact to zinc. The initial structure may have 

looked quite similar to hGSNOR - NAD+ - HMG ternary complex (32), but after 

reduction of the SNO zinc was released and GSNO shifted back away from zinc into the 

conformation reported in the hGSNOR - NAD+ - GSNO ternary complex. 

 The most surprising feature of this structure is the dual occupancy of zinc. There 

are two situations in which the zinc is observed in the forward position: the apo structure 

and the ternary complex with alcohol or HMG (35). The hypothesis expressed by Sangani 

et al. is that the purpose of the back position, which appears in the binary complex of 

enzyme and cofactor, is to facilitate the displacement of water by substrate. Transient 

coordination of zinc by glutamate weakens the bond between water and zinc and 

facilitates ligand exchange. The back position exists because glutamate 76 displaces the 
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water in zinc’s coordination sphere so this water can be displaced by incoming substrate, 

at which point the zinc moves forward again to polarize the carbon oxygen bond (in the 

case of alcohol or HMG) so that hydride transfer can occur.  

 The crystal structures give the impression that the motion of zinc is an 

orchestrated sequential process but this may not be the case. Theoretical calculations by 

Ryde on ADH 1 have shown that the configuration in which the active site zinc 

coordinates water and the configuration in which it coordinates glutamate are roughly 

equivalent in energy (67). Given that this is the case, zinc may occupy both positions. 

The reason for this arrangement may be that it stabilizes the transition state as substrate 

displaces water. Mutants in which glutamate has been changed to alanine have a far 

lower catalytic efficiency than wild type (65).  

 The dual occupancy of zinc and the unexpected position of GSNO may or may 

not be related. If they are it may mean that substrate initially binds in the position we 

observe in the ternary complex structure and remains there until it can displace water 

from the coordination sphere of zinc. If this hypothesis is true, the structure represents a 

previously undiscovered on-path intermediate.  

 

3.4.2  Steady-State Kinetics and Isothermal Titration Calorimetry. 

 

 The values match rather well with values from the literature. The trend seems to 

be that the plant enzyme has a substantially higher turnover number and the human 

enzyme has substantially higher affinity for its substrates. Without reliable data on the in 

vivo concentration of GSNO in humans and the concentrations of GSNO, NAD+ and 
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NADH in plants it is not clear whether this is biologically significant. Many enzymes 

have Michaelis-Menten constants close to the in vivo concentration of the substrate and in 

this case such a concentration would not be unreasonable. A low micromolar in vivo 

concentration of GSNO would mean that roughly 0.1% of the cells glutathione is S-

nitrosated, assuming that the concentration of free glutathione is 1-10 millimolar. 

 The inhibition constant for GSCN is high (0.7 mM) and this compound is a poor 

competitive inhibitor. It is of interest primarily because the structure of the ternary 

complex is available. It is somewhat surprising that it binds so poorly. The logic behind 

designing this compound was that the cyanide moiety is isosteric with the S-nitrosothiol 

but would be a superior zinc ligand. This may not be the case or perhaps there are other 

factors that we had not considered. 

 One surprising feature of this data is that although the Michaelis-Menten 

constants for NADH and NAD+ are roughly similar with NADH being the somewhat 

more favored substrate, the inhibition constants are strikingly different as was also seen 

for the plant enzyme. The Km for NAD+ is roughly 4 times that of NADH in the human 

case and roughly twice for the plant.  However the Ki for NAD+ is 17 times greater than 

the Ki for NADH in the human case and almost 55 times greater with respect to the plant 

enzyme. 

 Isothermal titration calorimetry provides an efficient and direct method for 

determining a real binding constant for an enzyme and a ligand. GSNOR has proven to be 

an ideal candidate for this technique. The binding constants for NAD+ are similar to the 

Michaelis-Menten constants measured by steady-state kinetics (Kd 14 and 40 µM vs Km 

6.5 and 51 µM for hGSNOR and atGSNOR, respectively). However the Km and Kd values 
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for NADH are sharply different (Kd 0.16 and 1.3 µM vs Km 1.7 and 17 µM for hGSNOR 

and atGSNOR respectively, all values in micromolar). This is similar to the situation 

regarding the inhibition constants, which is to be expected because the real binding 

affinity for the enzyme will be a key factor in the competition between substrates that 

constitutes competitive inhibition. 

 As with the plant enzyme the n value for binding of NAD+ is unexpected. The 

protein is pure and the concentration has been estimated well enough to deliver a correct 

answer when studying NADH. The issue may be related to the two conformations of 

NAD+ observed in structures of the plant protein. The simple one set of sites or two sets 

of sites model applied by microcal’s software may be inadequate to describe the process. 

 

3.4.3 Tighter Binding of NADH Relative to NAD+. 

 

 Although the Km values for NADH and NAD+ are similar, the strikingly different 

product inhibition constants and the results from ITC make it clear that the enzyme has 

significantly higher affinity for NADH than NAD+. Combined with the relatively high 

turnover number for GSNOR compared to other enzymes known to metabolize GSNO 

this helps resolve the question regarding the physiological relevance of GSNOR’s 

reductive chemistry in an environment where there is significantly more NAD+ than 

NADH. These data suggest GSNOR is able to effectively discriminate against NAD+ due 

to its tighter binding of NADH and maintain a high level of catalytic efficiency due to a 

high kcat value. 
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3.4.4 Structural Basis for GSNOR’s higher affinity for Reduced Cofactor. 

 

 A careful examination of the coenzyme binding domain, especially the site at 

which NAD(H) binds, reveals that the reason for the enzyme’s clear preference for 

NADH over NAD+ is the lack of negatively charged groups in the area that might balance 

the positive charge on the nicotinamide ring of NAD+. The positively charged 

nicotinamide ring of NAD+ is more efficiently stabilized while NAD+ is free in solution. 

The contacts made by phosphate, ribose and adenine are more than enough to enable 

binding but this is the likely reason that electrically neutral NADH binds so much more 

tightly than NAD+. The point is further illustrated by examining binding by ADP-ribose, 

essentially an NAD(H) analog without the nicotinamide ring. This compound is a 

competitive inhibitor and in fact binds more tightly to ADH I than does NAD+ (26).  

 This less than ideal environment may be the origin of the second conformation of 

NAD+ observed in the atGSNOR - NAD+ binary complex. Rotating the nicotinamide ring 

into this conformation partially displaces the positively charged nicotinamide ring of 

NAD+ out of the active site and into solution where it can be more effectively solvated. If 

this is the case it helps to explain why this conformation has, thus far, only been observed 

in structures of complexes containing NAD+. 
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FIGURE 3.10. Residues near the nicotinamide ring of NAD(H). There are no negatively 

charged residues in this area which might balance the positive charge of NAD+. 
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3.4.5 How efficiently does GSNOR reduce GSNO in vivo? 

 

 With these data in hand it is possible to consider how efficient GSNO reduction 

by GSNOR might be in vivo. The problem is complicated because there are no accurate 

values for the concentration of GSNO in the cytosol and the concentrations for NADH 

and NAD+ change based on a variety of factors including the cell type and the metabolic 

state of the cell. Furthermore, due to the experimental concerns of measuring the NAD+ 

and NADH content in tissues, the numbers are generally available as ratios of 

NAD+/NADH and the values may refer to free or total concentrations of NAD(H).  

 Consider the case where total pyridine nucleotide concentration (NADH + 

NAD+) is 100 µM, and the NAD+/NADH ratio is 7.2 as was by found by Krebs et al. 

(43).  Under these conditions, the concentrations of NADH and NAD+ are 12.2 and 87.8 

µM, respectively. The equation for competitive inhibition is: 

 

Km,app = Km + [I]/Ki    (3.1) 

 

At these concentrations the apparent Km for NADH by hGSNOR is 4.3 µM, substantially 

below the concentration of NADH present. The enzyme will function efficiently and may 

be saturated. Reversible enzymes like ADH I or lactate dehydrogenase will produce a 

ratio of substrate that reflects the ratio of the cofactor. However, the reduction of GSNO 

by GSNOR is irreversible due to the rapid rearrangement of the semimercaptal product 

GSNHOH and so under these conditions GSNO reduction should proceed until the 

concentration of GSNO is too low for the reaction to continue. 
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 This previous example assumes that the relevant concentration of NADH is the 

total concentration in the cytosol including the fraction that is bound by protein. There 

are a variety of enzymes that preferentially bind NADH over NAD+ (in part because the 

coenzyme binding domain of the alcohol dehydrogenases is conserved in a large number 

of enzymes) and the ratio of free NAD+/NADH is substantially lower than the total 

concentration (bound and unbound). Krebs et al. put this ratio of free nucleotide at 725. 

The ITC data presented here is the most accurate value available for the binding constant 

of hGSNOR with respect to NADH. An enzyme with binding affinity for its substrate of 

164 nM is quite tight so it seems likely that hGSNOR will compete effectively for NADH 

from the pool that is available and will behave in a manner more consistent with the 

concentration of total pyridine nucleotide. Furthermore, GSNO reduction by GSNOR is 

an irreversible reaction so excess NAD+ will not shift an equilibrium as is the case with 

lactate dehydrogenase. Competition for substrate will certainly inhibit the enzyme so our 

calculated rates overestimate the actual activity of GSNOR in the cellular milieu. 

 There are a variety of situations in which the redox state of the cell will change in 

either direction. Rather than consider each case individually, the rate of GSNO reduction 

of hGSNOR has been plotted over a range of NAD+/NADH ratios in Figure 3.11. This 

does not take into account the concentration of enzyme or GSNO in the cytoplasm. 



 115

 

 

FIGURE 3.11. Rate of reduction of GSNO by GSNOR vs. ratio of NAD+/NADH. Graph 

of rate/[GSNO] [Enzyme] (V) vs. ratio of [NAD+]/[NADH]. This plot was calculated 

from  values in Table 3.2 and the Michaelis-Menten equation using MatLab®. 
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 The steepest region of the graph is at low ratio, which is the region where the ratio of 

[NAD+]/[NADH] varies physiologically (43). This will certainly influence the in vivo 

activity of the enzyme and may constitute either a mechanism of regulation or be linked 

to disease. Examination of levels of cellular SNO’s in metabolic states where the 

NAD+/NADH ratio is unusually low or high may provide an important variable in 

inflammatory diseases, such as diabetes, where iNOS is induced and GSNO expected to 

be high, but NADH levels skewed. 

 These findings provide an alternative to the explanation presented by Staab et al. 

(25, 64). Cofactor recycling as mechanism that facilitates GSNO reduction by GSNOR in 

vivo requires micromolar concentrations of formaldehyde in order to generate enough 

HMG to sustain GSNO reduction. This may be reasonable in situations where cells are 

exposed to formaldehyde from the environment, although the experiments in which they 

exposed cells to millimolar concentrations of formaldehyde did little to change levels of 

SNOs relative to protein. Under normal conditions, the affects of cofactor recycling are 

likely to be minimal. The data I present implies a simpler explanation to the question of 

how GSNOR overcomes the unfavorable ratio of NAD+/NADH and does not require the 

presence of exogenous factors. 



 117

CHAPTER 4: SUMMARY AND FUTURE DIRECTIONS 

 

 The previous chapters have examined alcohol dehydrogenase III from Homo 

sapien and Arabidopsis thaliana in its capacity as a GSNO reductase with particular 

consideration for the kinetic mechanism and possible methods of regulation. This chapter 

is a summary of the major conclusions of this study and a discussion of how the work 

may be continued to refine and extend these conclusions. 

 

4.1 Summary and Future Direction of Research Related to GSNOR from Arabidopsis 

Thaliana 

 

 The structure of Arabidopsis thaliana GSNOR is similar to that of human 

GSNOR but there are some sharp differences in the way these enzymes behave 

kinetically. Arabidopsis thaliana GSNOR has a lower affinity for its substrates relative to 

the human enzyme but the turnover number is considerably higher and the catalytic 

efficiency (kcat/Km) of the two enzymes is similar. We have been unable to obtain a 

ternary complex of GSNO – NAD+ – atGSNOR but the binary complex of NADH – 

atGSNOR is the highest resolution structure of any GSNOR available to date.  

 NAD(H) can bind in two related but distinct conformations. This has been 

reported previously in a mutant of the human enzyme but we report it here for the first 

time in a structure of the wild type Arabidopsis thaliana enzyme. This conformation is 

likely an intermediate step in cofactor binding by GSNOR. The proposed explanation is 

that the ADP-ribose region of the molecule binds first, with the nicotinamide ring flipped 
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out of the active site. In a second step the nicotinamide ring rotates into place assuming 

the catalytically relevant conformation. 

 There is a pair of redox active cysteines (370 and 373) that are highly conserved 

among the GSNOR’s of plants. We present structures of these cysteines in their oxidized 

form as well as the structure of the cysteine to alanine double mutant. Mutation of these 

cysteines to alanine does not significantly impair the function of the enzyme. We formed 

the oxidized complex with a harsh oxidant that inactivates both mutant and wild type 

GSNOR (probably by denaturing the enzyme) and have been unable to reproduce this 

with more gentle treatment. Consequently the role of these cysteines is unclear.  

 It might be possible to determine if these residues have a biological role by 

creating transgenic Arabidopsis thaliana in which wild type GSNOR has been deleted 

and replaced with the cysteine to alanine double mutant. If there is an observable change 

in phenotype the implications would be quite interesting but it is very probable that there 

would be no observable change which would neither prove nor disprove the existence for 

a biological function for these residues. 

 

4.2 Summary and Future Direction of Research Related to GSNOR from Homo sapiens 

 

 I present the first ternary complex of a GSNOR with GSNO and NAD+. The 

conformation of GSNO in this complex was unexpected because it makes no contact to 

the catalytic zinc. Furthermore, the SNO nitrogen, which must accept hydride in order for 

reduction to occur, is more than 5 Å from the C4 carbon of NAD+. The implications are 

not entirely clear but this complex probably represents an intermediate step on the 
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catalytic pathway similar to the intermediate conformation of NAD(H) we observed in a 

binary complex with the plant enzyme. 

 There are several contacts between residues in the active site and GSNO that are 

not made in the ternary complex of HMG – NADH – hGSNOR and vice versa. 

Specifically, in the 1MC5 structure the HMG glycine makes a well ordered hydrogen 

bond to arginine 115, a residue that GSNO does not contact in our structure of the ternary 

complex. Instead, the GSNO glycine contacts glutamine 112. These interactions are 

shown in figure 4.1. Creating one or both of these mutants and examining them through 

steady state kinetics would conclusively determine the relevance or lack thereof of the 

GSNO conformation we observe in the ternary complex by examining the Km for GSNO 

in each of these mutants relative to the wild type. 
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FIGURE 4.1. Left: Contact between HMG and active site. Right: Analagous contact 

between GSNO and active site. 
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 In the GSNO ternary complex the catalytic zinc occupies both the forward 

conformation associated with the apoenzyme structure and the back position associated 

with the coenzyme binary complex. We believe this is an illustration of the roughly equal 

potential energy of the two states (forward and back positions of zinc) and that the 

situation is best considered as an equilibrium between them. Although zinc generally 

settles into one position in a crystal structure due to the conditions of the complex, in 

solution zinc probably moves readily between the two coordination spheres. This is 

consistent with the hypothesis regarding the role of glutamate 68, which is that transient 

coordination by this residue weakens the bond between zinc and water and facilitates 

substrate binding. Glutamate 68 is highly conserved in both ADH I and ADH III. Mutants 

of ADH III in which this residue has been mutated to alanine are functional but have a 

greatly diminished (several hundred fold with regard to HMG) affinity for their substrate, 

as reflected in the Km (65). 

 Reductive reactions of alcohol dehydrogenases are not generally considered 

biologically relevant due to the predominance of NAD+ over NADH in the cytosol 

(typically a three to ten fold excess of NAD+) but GSNOR has been shown to influence 

levels of SNO’s in vivo presumably through chemistry that relies on NADH as cofactor. 

By measuring the product inhibition constants for NADH and NAD+ and also the 

dissociation constants for these two ligands by isothermal titration calorimetry we have 

discovered that GSNOR both from Arabidopsis thaliana and Homo sapiens binds NADH 

significantly more tightly than NAD+. Using these values it is possible to calculate a 

relative enzyme activity for GSNOR at various ratios of NAD+/NADH. This is a rough 

gauge of how efficiently GSNOR will function in cells of a given metabolic state. These 
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calculations suggest that although the metabolic state will affect the efficiency of 

GSNOR, even at extremely high ratios the enzyme will retain significant activity due to 

its preference for NADH.  

 Interestingly, these calculations suggest that the activity of GSNOR will fluctuate 

widely over the physiologically relevant range of NAD+/NADH ratios. This will certainly 

be a key factor in determining the activity of GSNOR in vivo and may constitute a form 

of regulation that links the metabolic state to the extent of S-nitrosation within the cell. 

There are a number of diseases in which this ratio is altered in some way and the most 

high profile of these is diabetes (44). Measuring levels of SNOs in cell lines designed to 

mimic the cells of diabetics and perhaps seeking specific S-nitrosated proteins may 

provide a fresh approach to a disease that has a huge societal impact and is at the center 

of an enormous amount of research. 

 The structural basis of GSNOR’s preference for NADH over NAD+ is probably 

that there is nothing in the active site to balance the positive charge on NAD+. This 

appears to be the case based on an examination of the local protein structure and because 

ADH I is known to bind ADP-ribose more tightly than it does NAD+ (the coenzyme 

binding domain is highly conserved between ADH I and GSNOR) (39). Modeling of this 

complex would allow the theoretical energetics of binding to be broken down into their 

various components, including electrostatics, and could support or refute this hypothesis. 
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APPENDIX A: Drug Discovery 

 

 A potent inhibitor of GSNOR would be useful as a tool for research and would 

have potential therapeutic applications. Such a compound eludes our efforts but this 

appendix shows the structures of compounds that have been tested. All of these 

compounds were assayed using 100 µM NAD+, glutathione and formaldehyde, 100 µM 

inhibitor, total volume 600 µL. The rate was determined by following the 340 nm 

absorbance of NADH. None of these compounds significantly inhibited the rate of the 

reaction relative to control. 

 The compounds presented below were synthesized in the lab of Josef Vagner 

from a library using solid phase peptide synthesis. The logic behind the design of these 

compounds was to substitute on the cysteinyl sulfur and create a compound that would 

bind in the GSNOR active site by chelating the catalytic zinc. 
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FIGURE A.1. 
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