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     ABSTRACT 

 

 This dissertation is a study in how heme facilitates biology using two heme 

proteins as examples.  I write about my mechanistic studies on Cimex nitrophorin and 

preliminary studies on Ecdysone inducible protein 75, respectively.  Nitrophorins are 

salivary heme proteins used by bloodfeeding insects to deliver NO to the victim, leading 

to vasodilation and antihemostasis.  The bedbug nitrophorin cNP, a thiolate heme protein 

accomplishes this via an unusual heme-assisted S-nitrosation reaction, requiring proximal 

ligand cleavage.  This dissertation explores this mechanism through mutational, 

crystallographic and transient kinetic approaches.  I present the detailed investigation of 

the two NO binding events, one at the heme and the other at the proximal cysteine.  The 

heme nitrosyl shows marked pH dependence arising out of the apparent protonation of 

the proximal cysteine ligand, a feature crucial to cNP function.  The structures and 

spectroscopy of cNP mutant proteins reveal the SNO modification to be regulatory in 

nature.  Laser flash photolysis measurements and the structures of mutant proteins reveal 

the negative influence of steric hindrance on SNO stability. 

 Studies of insect embryogenesis and metamorphosis reveal the regulatory role of 

the hormone ecdysone via its target, the ecdysone receptor.  Ecdysone triggers expression 

of several nuclear receptors in a time and tissue dependant fashion, which in turn carry 

out gene regulation.  Ecdysone inducible protein 75 (E75), a nuclear receptor and an early 

ecdysone responsive gene product, regulates a subset of the developmental activities 

attributed to ecdysone.  We are investigating E75 from Aedes aegypti to uncover its role 

in ecdysone signaling in mosquitoes.  I have expressed and partially purified the full 
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length protein using the baculovirus driven expression in SF9 cells, and purified to 

homogeneity the heme binding domain resolubilized from inclusion bodies obtained by 

expression in E. coli.  Preliminary characterization of the proteins using UV-visible 

spectroscopy indicates that E75 has a b type heme with a low spin six-coordinate ferric 

iron.  In the E75 heme binding domain, the heme exhibits an unstable ferrous state and 

only binds NO and CO at high non-physiological levels.  These data place into doubt the 

suggested roles for E75 as a gas regulated transcription regulator. 
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     CHAPTER 1 

            INTRODUCTION 

1.1. Hemeproteins in biology 

 

 The curious human mind has always been intrigued by the color of blood.  Every 

culture, be it prehistoric, ancient, or medieval, has had a fascination with this precious 

body fluid.  Hence, it is not surprising that blood and its components received extensive 

attention in the decades leading to the 20th century.  In 1852 Otto Funke, a German 

physiologist and chemist, isolated and crystallized a ‘red blood pigment’ (hemoglobin) 

and recognized that it was responsible for the red color of blood [1].  This work was a 

precursor to the contribution of Felix Hoppe-Seyer, who described the optical absorption 

spectrum of red blood pigment, recognizing the distinctive absorption bands.  He also 

described the binding of oxygen to erythrocytes was a function of this blood pigment [1].  

Soon after, in 1884, C.A. McMunn isolated a colored material from tissue extracts and 

called it cytochrome or ‘cellular pigments’ [2, 3].  Early in the 1920s, David Keilin 

identified the cellular pigment to be a hemeprotein and studied its absorption spectra [4].  

These were amongst the first biophysical studies on proteins and the first ever description 

of hemeproteins.  They opened up a new world to the exponents of ‘modern biology’, one 

that extended the boundaries of the then nascent field of biochemistry. 

 Today, hemes are the most visible and versatile prosthetic moieties utilized in 

biology [2, 3].  Since their discovery, the structural and functional aspects of heme 

proteins have fascinated the followers of protein science.  Nature has evolved heme 

binding sites within a variety of protein scaffolds and used them to carry out diverse tasks 
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such as electron transfer, substrate oxidation, metal ion storage, ligand sensing, and 

diatomic gas transport [2, 3, 5].  Heme proteins are integral components in numerous 

vital biological processes, including steroid biosynthesis, aerobic respiration, and even 

programmed cell death [3, 6, 7].  Occurring in the archaea to higher organisms, the 

persistence of heme proteins emphasizes their operational importance within biological 

systems [3, 5]. 

 Heme proteins have played important roles in establishing our understanding of 

protein structure and function [3].  From a structural biology viewpoint, the first protein 

X-ray crystal structure determined was that of the dioxygen carrier myoglobin [8, 9]. 

From a biophysics point of view, cytochrome c, an electron-transfer heme protein, has 

played an indispensable role as a ‘subject’ protein with which to study the pathways of 

protein folding via equilibrium and kinetic methods [10].  From a medical standpoint, 

evidence that sickle cell anemia was caused by heme protein dysfunction demonstrated 

the molecular basis of this human disease [3, 11]. 

 The advent of site-directed mutagenesis, and later the development of the 

polymerase chain reaction provided a biochemical approach to the bioinorganic 

chemistry of heme proteins.  The use of genetically engineered proteins offered the 

ability to probe the chemistry of heme proteins within natural protein scaffolds [3].  

Aside from primary metal coordination sphere effects, site-directed mutagenesis also 

supplied a mechanism to study the influence of the protein matrix on the inherent 

chemical properties of the heme moiety.  This approach has demonstrated the role of 

various factors in heme protein function including heme burial and electrostatics [12].  
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Coupled with advances in structural biology, these mutational studies have provided a 

wealth of detailed information on natural heme protein structure-function relationships. 

 I have studied two hemeproteins in the course of my dissertation research.  I have 

used optical absorbance spectroscopy, X-ray crystallography and pre steady-state kinetics 

(both laser flash photolysis and stopped-flow) to understand events in the nitric oxide 

(NO) binding mechanism of the nitrophorin protein from the bedbug, Cimex lectularius 

(cNP).  The background and the reasons for investigating this reaction are outlined in the 

following sections.  The last section of this chapter describes the preliminary 

characterization of the Ecdysone inducible protein 75 (E75), a novel heme protein 

nuclear receptor. 

 

1.2. Insect feeding and the nitrophorins 

 

 Blood feeding by arthropods and annelids is evolutionarily recent, and has 

evolved independently in several species.  Despite diverse backgrounds, these animals 

have evolved exquisite solutions to subvert the common problems of host hemostatic 

response that prevent blood loss.  Hemostasis is a complex, redundant physiological 

phenomenon involving blood coagulation, platelet aggregation, and vasoconstriction.  

Arthropods have devised varied pharmacoactive substances that altogether neutralize or 

manipulate host hemostasis to their advantage [13]. 

 Signaling by nitric oxide (NO), a free-radical, occurs in all mammalian cells and 

regulates activities as diverse as vasodilation, memory formation and apoptosis.  The best 
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characterized NO interactions are with heme proteins such as NO synthase (NOS) and 

soluble guanylate cyclase (sGC).  The research of the Montfort group in this context 

began with the nitrophorins, a family of NO transport proteins from blood-sucking 

insects.  The nitrophorins are heme proteins that store NO in an unreactive form in the 

salivary gland of an insect, followed by NO release after injection into a victim, leading 

to vasodilation, reduced blood coagulation and increased opportunities for the insect to 

feed [14, 15]. 

 Slow feeding arthropods like Rhodnius prolixus (the kissing bug) and Cimex 

lectularius (the bedbug) inject proteins into the tissue of the host to aid in obtaining a 

blood meal.  There are eight antihemostatic proteins in R. prolixus that transport NO, 

sequester histamine, interfere with blood coagulation and hydrolyze ATP [14-17].  The 

nitrophorins (NPs) are the best characterized of these proteins.  There are six NPs that 

behave as NO carriers [18].  The Rhodnius nitrophorins (rNPs) bind histamine, released 

by the victim in response to the tissue damage, ensuring complete release of NO and 

giving rise to an antihistamine effect, reducing inflammatory response while the insect 

feeds [19].  The feeding of the insect is linked to the spread of the parasite Trypanosoma 

cruzi, which causes Chagas’ disease [20].  The rNP heme is ferric (Fe III) rather than 

ferrous (Fe II), as found in the globins, so that oxygen binding is eliminated and NO 

transport and release facilitated.  Oxygen does not bind to ferric heme and NO binding is 

approximately three to six orders of magnitude weaker to ferric heme than to ferrous 

heme [21-24].  Nitrophorins from R. prolixus accomplish storage and delivery in part 

through a ruffled ferric-stabilized heme and a pH-dependent conformational change that 
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restricts the NO molecule in a non-reactive hydrophobic environment [21, 25-27].  The 

nitrophorin from Cimex lectularius (cNP) also stores and releases NO in a pH-dependant 

manner by using a ferric heme but with an evolutionarily unrelated protein [17, 28, 29].  

cNP is the subject of my studies.  In section 1.3, I outline the background for this protein 

and its intriguing NO binding mechanism.  The pH dependence of the heme-NO binding 

reaction is discussed in Chapter 3.  In Chapter 2 I focus on this intriguing NO binding 

mechanism, with emphasis on the S-nitrosation component. 

 

1.3. Cimex nitrophorin 

 

 Cimex nitrophorin, isolated from the saliva of the bedbug, is a bigger protein at 

31.7 kDa, and unrelated to the rNPs.  cNP is a thiolate-ligated heme protein in which a 

cysteine provides a thiolate group as an axial ligand, in contrast to rNPs, which have their 

heme bound to a histidine [28, 30].  Through convergent evolution, cNP and rNPs have 

developed similar physiological functions: storage of NO in the insect’s salivary glands, 

transport to the feeding site, and release of the ligand to affect antihemostasis.  Binding of 

NO by cNP is also pH dependent, stronger at the acidic environment of insect saliva and 

weaker at neutral pH where the release of the ligand is preferred [28, 30]. 

 

1.3.1. Cimex nitrophorin structure. 
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 The cNP protein fold is very different from that of the R. prolixus proteins, but 

has similarity to two other functionally unrelated proteins, an exonuclease from 

Escherichia coli [31] and an inositol polyphosphate 5-phosphatase prevalent in several 

insect families [32].  The cNP fold consists of an extensive β-sandwich motif (Figures 1.1 

and 1.2).  The heme is inserted into a hydrophobic pocket directly above one face of the 

β-sandwich.  The heme iron is linked to the protein through C60 at the N-terminal end of 

the proximal helix.  The proximal pocket is quite similar to the other widely studied 

thiolate liganded heme proteins, cytochrome P450 and NOS though they are structurally 

dissimilar.  The CA–CB–SG–Fe torsional angle is 168° as compared to ~90° in 

cytochrome P450 and NOS [7].  The cNP heme distal pocket is ~35 Å3 in volume, 

hydrophobic, and contains three ordered solvent molecules in the unliganded state.  One 

of these is weakly associated with the iron.  The heme is moderately ruffled and the iron 

is shifted out of the plane of the porphyrin towards the proximal cysteine [30, 33, 34]. 

 cNP binds NO not only at the heme distally as expected, but also at the proximal 

C60, as an SNO conjugate.  The protein starts as a ferric–H2O complex that binds NO at 

a low pH to form a transient six-coordinate ferric NO complex.  NO binding results in the 

cleavage of the SG–Fe bond, resulting in a five coordinate ferrous-NO complex.  The free 

sulfur of the C60 then is capable of binding and binds another NO molecule.  Both NO 

additions are completely reversible [30].  The model for this proposed scheme is 

described in greater detail in section 1.3.4.  Whether this NO modification at the C60 is 

of physiological significance is a pertinent question and is dealt with in Chapter 2. 
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Figure 1.1. Cartoon representation of cNP in the unliganded state (PDB entry 
1NTF). cNP has an extensive β-sandwich, and a few α-helical segments. Part of the 
β-sandwich and the longest α-helix form the hemepocket, with the proximal thiol 
ligand borne on the N-terminal end of the α-helix. 
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Figure 1.2. Cartoon representation of the cNP-NO complex (PDB entry 1Y21). The 
heme nitrosyl is in the characteristic bent configuration of a ferrous nitrosyl. The 
proximal thiolate is modified as an S-nitrosothiol and is no longer ligating to the heme 
iron. 
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1.3.2 Cimex nitrophorin: S-nitrosation at the proximal thiolate. 

 

 The cNP–NO complex obtained by soaking a crystal in a deoxygenated solution 

saturated with NO (pH 5.6) and then examining the X-ray crystal structure revealed two 

NO molecules, one at the heme and the other ligated to C60, as an SNO.  The protein 

displayed a slightly saddled heme with the iron shifted into the distal pocket by 0.21 Å.  

The C60 sulfur is 3.1 Å from the heme center and no longer attached.  The Fe–N–O angle 

measures 119°, consistent with a ferrous–nitrosyl complex [35].  The Fe–N bond length 

refines to 1.86 Å, slightly long for a five–coordinate ferrous nitrosyl complex, suggesting 

a weak interaction persists for the heme iron with the proximal sulfur.  The Cys–SNO 

conjugate refined with an S–N bond length of 1.7 Å, S–N–O bond angle of 114°, and the 

SNO moiety in a cis geometry with a C–S–N–O dihedral angle of 0° [30].  The SNO 

bond parameters conform to those observed in model compounds [30, 36, 37]. 

 The Cys–SNO conjugate occupies the proximal hydrophobic heme pocket and is 

bounded by the heme, F64 and A21.  The entire pocket is close packed with the C60, 

F64, A21 in van der Waals contact and ordered.  But in the presence of SNO, these 

residues have moved apart and are less ordered.  Despite occupying the only possible 

position in the pocket, the SNO moiety displays relatively high mobility (B ~ 50 Å2) [30]. 

 

1.3.3. Cimex nitrophorin nitrosation events. 

1.3.3.1. EPR spectroscopy. 
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 The nitrosation events were analyzed by following the changes in the electron 

paramagnetic resonance (EPR) spectra of the iron coordination system in the protein. 

EPR spectra give information on the transition of unpaired electrons.  The unliganded 

protein displays an EPR signal consistent with that of high spin, ferric, five-coordinate 

system.  On initial NO binding, the system becomes EPR silent consistent with a low 

spin, ferric–NO complex, with six paired electrons, five from the Fe and one from the 

NO, denoted by the Enemark-Feltham notation as {FeNO}6 [38].  However, on adding a 

high concentration of NO (~2 mM), a new resonance appears that is consistent with a 

five-coordinate, low-spin ferrous nitrosyl complex {FeNO}7 [38].  Thus, the EPR data 

are consistent with the NO inducing axial bond cleavage and heme reduction [30]. 

 

1.3.3.2. UV-visible spectroscopy. 

 

 UV-visible spectroscopy is a useful technique to gain information about reaction 

mechanism in heme proteins possessing a reactive heme, due to the diagnostic and 

characteristic absorption maxima for the different states of the heme iron, e.g. ferric, 

ferrous, with and without endogenous or exogenous ligands.  The order and mechanism 

of the nitrosation events were analyzed using static and stopped-flow UV-visible 

spectroscopy.  The absorption spectrum of the unliganded protein at pH 5.6 displays a 

prominent Soret band at 389 nm.  Addition of moderate concentrations of NO (50 µM) 

led to a sharpened Soret band shifted to 437 nm, α/β bands at 576 and 547 nm, 

respectively, and a prominent γ band at 360 nm, values that are typical of six coordinate  
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thiolate ligated heme-NO complexes.  Higher concentrations of NO (~2 mM) led to a 

decrease in the 437 nm band intensity, and the appearance of a new band at 405 nm that 

is consistent with formation of a ferrous cNP–NO complex [30]. 

 Stopped flow spectroscopy revealed a sequential order of events, with an initial 

position of Soret band at 436 nm, representing the ferric–NO complex, disappearance of 

this band and the simultaneous appearance of a band at 405 nm, representing the ferrous–

NO complex at ~50 ms.  Upon dilution of the ferrous–NO complex with argon-saturated 

buffer solution, the ferrous band diminished and the ferric band increased in intensity, 

indicating a reversible process [30]. 

 

1.3.4. Model for the reaction mechanism. 

 

 The X-ray structure, EPR and the UV-Visible spectroscopic data are suggestive of 

a NO binding and release mechanism that involves changes in heme coordination and 

iron oxidation state.  The most interesting aspect of the entire process is the formation of 

the S-nitrosothiol, apparently assisted by the heme iron oxidation-state change.  SNO 

formation from S- and NO would require a one-electron oxidation step, which has been 

shown to be facilitated by metals in the context of small molecules [39]; here it seems to 

be facilitated by the heme iron. 

 In the proposed reaction mechanism for cNP (Figure 1.3 A and B), NO first binds 

to ferric heme, giving rise to the six-coordinate ferric–NO complex; this complex is 

reactive and transient.  There is evidence for this complex in EPR, in the loss of the 
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Figure 1.3. (A) A concerted mechanism, involving concomitant formation 
/decomposition of SNO with the heme reduction/oxidation, respectively. 
(B) Free-radical based mechanism for SNO formation/decomposition, 
highlighting formation of a thiyl radical. 

A 

B 
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characteristic high-spin ferric signal, and in UV-visible absorption spectral changes.  If 

excess NO is available to the protein at this stage, then another NO molecule can react 

with the C60 sulfur.  The iron abstracts an electron and assists in formation of a neutral 

SNO moiety.  The reaction is reversible, with lowered NO concentration in solution 

leading to cleavage of the SNO bond and NO release.  The C60 sulfur can now react with 

the ferrous–NO, leading to the ferric–NO center, and release of NO from the ferric heme.  

This release would be facilitated at higher pH (Figure 1.3 A) [39].  An alternate radical 

based mechanism can be envisioned, in which there is homolytic cleavage of the Fe-S 

bond and the resultant thiyl radical (RS•) intermediate reacting with the NO free radical 

to form a neutral Cys–SNO.  NO release would be the reverse, with homolytic fission of 

the SNO bond, generation of a thiyl radical and reformation of a six coordinate ferric–NO 

complex (Figure 1.3 B) [30]. 

 Both reaction mechanisms are plausible, and the core premise of either is the 

coupling of the heme reduction to SNO formation.  The two events of SNO 

formation/decomposition and heme oxidation-state change seem intrinsically linked.  The 

only other cysteine in the protein, C90, is located in a hydrophobic pocket at the exterior 

of the protein.  This residue is readily accessible but remains unchanged in the presence 

of NO [30]. 

 

1.3.4.1. Evidence for metal assisted S-nitrosation: cNP (II)-NO structure. 
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The proposed reaction mechanism involves a coupling of the S-nitrosation at the 

proximal cysteine to reduction of the heme iron.  In the proposed mechanism, a NO 

molecule binds to the heme iron followed by reduction and concomitant SNO formation.  

So, would the SNO formation be affected if heme were to be ferrous instead of ferric?  

To test this, I took a crystal of ferric cNP and reduced it with sodium dithionite and then 

soaked it into a deoxygenated NO solution.  Diffraction data of this crystal were then 

examined.  In this structure, refined to 1.65 Å resolution, the heme nitrosyl exhibits 

typical geometry for a ferrous NO complex with a Fe-NO bond length of 1.87 Å and a 

Fe-N-O angle of 122º (Figure 1.4).  The sulfur of the proximal cysteine is 3.1 Å away 

implying Fe-S bond cleavage and shows no evidence of S-nitrosation.  This result is 

consistent with the proposed mechanism requiring heme reduction for S-nitrosation of the 

proximal cysteine.  This structure and the evidence it brings to light are a part of my 

Masters report (May 2005) and a significant contribution to a manuscript in preparation. 

 

1.3.5. NO sequestering by cNP. 

 

 NO is a reactive free radical that must be protected for storage and delivery, 

particularly against side reactions with oxygen.  NO is also a very crucial modulator of 

physiological processes; its effect has to be tightly controlled.  The nitrophorins are 

perfect examples of convergent evolution as NO transport systems in the Rhodnius and 

Cimex species.  They place NO in a restrained and chemically non-reactive environment 

[14, 26, 27]. 
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Figure 1.4. Structure of the cNP (II)-NO. Fragment 
of the 2Fobs-Fcalc electron density map for cNP (II)-
NO. The heme nitrosyl displays typical geometry for 
a ferrous heme nitrosyl. The Fe-N bond length is 
1.87Å and the Fe-N-O bond angle is 122º. The 
proximal cysteine sulfur is 3.1 Å from the heme iron 
and is unmodified. 
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 The cNP mechanism is in contrast to the NO storage and transport mechanism of 

the rNPs.  NO is potentially protected by a controlled reversible chemical reaction 

involving the formation of an SNO moiety.  This could very well be the functional 

significance for formation of the SNO in cNP.  With cNP, the metal center needed for 

SNO exchange is incorporated next to the key sulfur and is intimately coupled with NO 

binding at the metal.  Side reactions that could lead to loss of heme NO and/or reduction 

of heme are thus discouraged, which serves to protect the cNP–NO complex during 

storage in the insect saliva.  Taking this into consideration it is prudent to ask: Is the SNO 

formation event in cNP of regulatory nature or a mode of gas transport? 

 

1.3.6. Metal assisted S-nitrosation. 

 

 In mammals, NO is produced by NO synthase.  Once formed, NO exerts its 

cellular influence largely through nitrosylation of soluble guanylate cyclase, leading to 

the stimulation of the protein’s guanylate cyclase activity and the varied downstream 

effects attributed to cyclic GMP [40, 41].  However, much of NO produced by NOS goes 

into various side reactions, one of which is S-nitrosation of cysteine thiols on proteins. 

 SNO formation from –SH and NO cannot proceed via a direct reaction of the NO 

and the thiol.  Rather such a reaction requires a one electron oxidation of either NO or the 

sulfur, requiring dioxygen, transition metals or some alternative electron acceptors [42].  

Of these, SNO formation facilitated by transition metals has often been suggested to be of 

importance in vivo.  Metal assisted S-nitrosation of cysteines has been shown to occur in 
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bovine serum albumin [43, 44], hemoglobin from the intestinal parasitic nematode 

Ascaris lumbricoides [45], multi copper oxidase ceruloplasmin [46] and mammalian 

hemoglobin [47, 48].  The above reports mark the initial discovery and observation of 

metal assisted S-nitrosation in proteins.  However, in retrospect these systems did not 

prove to be model systems to study this interesting reaction.  In contrast, the SNO 

formation reaction in Cimex nitrophorin provides a convenient system to test models to 

describe reversible metal assisted S-nitrosation formation in proteins.  In cNP, the SNO 

modification of C60 is readily studied in crystal structures, by probing kinetics of SNO 

formation by time resolved spectroscopic measurements and by modifying the protein-

SNO environment through site-directed mutagenesis.  Chapter 2 describes these studies, 

the first detailed description of metal assisted SNO formation and breakdown.  

 

1.4. Insect biology and ecdysone signaling. 

1.4.1. Nuclear receptors  

 

 Nuclear receptors (NRs) are ligand activated transcription factors regulating genes 

that affect diverse processes including reproduction, development and general 

metabolism.  Proteins in this superfamily bind hormones, fat soluble vitamins, secondary 

metabolites, and dietary lipids.  A large number of “orphan” nuclear receptors, with 

unknown ligands, target genes and functions, have been discovered.  Identifying ligands 

for the orphan receptors is an ongoing challenge, and essential for understanding their 

roles in biology. 
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 Nuclear receptors retain a similar structural organization.  The N-terminal region 

bears a ligand-independent transcriptional activation domain (AF-1); a highly conserved 

two zinc finger DNA-binding domain, targeting the receptor to specific hormone 

response elements; a flexible hinge region; and a C-terminal region bearing the  

ligand-binding domain, dimerization interface, and a ligand-dependent activation domain 

(AF-2) (Figure 1.5 A).  Ligand binding induces a conformational change, which affects 

subcellular localization, dimerization, DNA binding, and coactivator/corepressor 

recruitment, resulting in transcriptional activation or repression [49-51]. 

 

1.4.2. Ecdysone signaling in Insects. 

 

 Development and metamorphosis in insects is a complete transformation in form 

and function of the individual, which involves simultaneous manifestation of divergent 

developmental pathways regulated by hormones.  Ecdysone is a steroid hormone that 

controls larval molting, metamorphosis and reproduction [52].  Response to ecdysone is 

temporal and involves a hierarchical activation of numerous genes (Figure 1.5 B).  Early 

events are independent of protein synthesis while later gene activation events require 

prior protein synthesis [52-54].  A heterodimer of nuclear receptors, the Ecdysone 

Receptor (EcR) and Ultraspiracle protein (USP), occupies the top level of the ecdysone 

signaling hierarchy.  EcR-USP binds ecdysone and activates transcription of genes 

encoding transcription factors, resulting in controlled progression of the ecdysone 

mediated biology [50, 53, 55]. 
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1.4.3. Ecdysone’s hormonal action in the yellow fever mosquito. 

 

 The role of ecdysone in reproduction is well studied in the yellow fever mosquito 

Aedes aegypti.  A. aegypti is an anautogenous species, i.e., requiring a blood meal for 

reproduction.  Ingestion of blood stimulates the brain to produce the ecdysiotropic 

neuropeptide and EDNH (egg development neurosecretory hormone) or OEH (ovarian 

ecdysteroidogenic hormone).  These stimulate ovarian ecdysone production, which 

controls the synchronous progression of egg development or vitellogenesis in the ovary 

and the synthesis of yolk protein precursors by the fat body [56, 57].  Ecdysone levels are 

relatively low during the first 8–10 hrs post blood meal (PBM), increasing to a maximum 

at 16–20 hrs PBM and declining to previtellogenic levels, marking termination of 

vitellogenesis at 30–32 hrs PBM [56-58].  Action of ecdysone on the mosquito yolk 

protein genes, vitellogenin (Vg) and vitellogenic carboxypeptidase (VCP), requires 

protein synthesis, suggesting indirect control and multiple gene regulation events regulate 

the mosquito reproductive cycle [56, 57, 59]. 

 

1.4.4. Role of E75 in progression of ecdysone response. 

 

 Eip75 is an early ecdysone-responsive gene and encodes the nuclear receptor 

protein E75.  E75 regulates a subset of the developmental processes attributed to 

ecdysone [60, 61].  In Drosophila, germline clones of E75 null mutants arrest during 

mid-oogenesis and zygotic mutations are embryonic lethal, with gut and metamorphosis 

defects [62].  Later roles include eye and limb development [63, 64].  Insect orthologs of 
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E75 are also actively expressed during larval development, pupariation and oogenesis 

[55, 65-67]. 

 In A. aegypti, E75 is expressed in the ovary and fat body following a blood meal. 

Ecdysone induced E75 mRNA transcripts are observed in in vitro fat body cultures.  

These findings lead to the suggestion that A. aegypti E75 mediates ovary and fat body 

ecdysone responses [58, 59].  The Eip75 gene produces three splice variants, E75A, B, 

and C, differing at their N-terminal AF-1 regions [61].  All three isoforms interact with 

and repress the transcriptional activation of a second nuclear receptor, HR3 [53, 68, 69]. 

 

1.4.5. Possible Roles for E75-heme in Insects. 

 
 E75 appears to play roles in both ecdysone production and response.  Numerous 

studies place E75 genetically, transcriptionally, and functionally in the ecdysone response 

pathway, both upstream and downstream of the ecdysone receptor [53, 60, 61, 70].  

Ecdysone-regulated processes during insect development include cuticle formation, 

molting, programmed cell death, neurogenesis, imaginal disk development, and 

oogenesis [62, 71, 72]. 

 The emergence of E75 as hemeprotein suggests possible connections between 

these processes and heme metabolism or function.  This could occur at a variety of 

different levels.  Some intriguing possibilities include the regulation of hormone-

synthesis pathways, oogenesis arrest, metabolism, and the control of circadian rhythm.  A 

close functional relationship is recognized between nuclear receptor function, cytochrome 
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Figure 1.5. (A) Schematic representation of a generic nuclear 
receptor protein, with the distinct functional domains indicated. (B) 
The ecdysone signaling cascade. 
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P450 expression, and cytochrome P450 substrates [73].  This relationship, taken together 

with the apparent need for E75 in ecdysone production and response, suggests the 

possibility that E75 could control ecdysteroid metabolism by regulating the transcription 

of key cytochrome P450 genes, or more globally by sensing the levels of available heme.  

The possible ability of E75 to influence overall hormone synthesis, adds to the slew of 

factors that contribute to the regulation of progression of molts, metamorphosis, and 

oogenesis.  One example might be the ability to monitor energy resources such as lipids 

and to coordinate levels in the context of development.  More specifically, the close link 

between heme, NO, and lipid metabolism could be used to block or postpone molting, 

pupariation, or oogenesis when energy resources are low, and vice versa [49, 53, 74, 75]. 

 Significant to my research is that in mosquitoes, egg production or oogenesis is 

halted until the insect obtains a blood meal [56-58].  Although the blood-meal 

components inducing onset of oogenesis are unknown, one of the major components of 

the blood meal is heme from metabolized hemoglobin.  Taken together with the 

observations that, 1) one of the responses of the blood meal is a pulse of ecdysone 

synthesis and, 2) in Drosophila, E75 functions in both a feed-forward and downstream 

role in the ecdysone signaling pathway, E75 may play a key role in this response by 

responding to the ingested heme and inducing ecdysone synthesis [53, 60, 61, 70]. 

 A number of possible links also exist between E75 function and a role in 

regulating circadian rhythms.  First, NO, CO, and heme appear to be important regulators 

of circadian oscillators.  In vertebrates, cyclical temporal inputs are thought to be 

converted to signals of NO and CO, which in turn modulates the phase and period of the 
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circadian cycle [76, 77].  Heme biosynthesis is also reciprocally regulated by the 

circadian clock [78].  Second, the closest homolog to E75 in vertebrates, Rev-Erbα, is a 

regulator of circadian rhythm in mammals, a transcriptional repressor competing with the 

nuclear receptor RORα, which is a transcriptional activator of the circadian regulator 

Bmal1 [79-82].  The interaction between Rev-Erbα and RORα is analogous to that of 

E75 and HR3, their closest insect homologs.  Third, the onset of metamorphosis in 

insects and the steps involved therein are coupled to the circadian rhythm [52].  Rev-

Erbα recently has been shown to bind heme, and has been suggested to be a nuclear 

receptor sensing heme within the cell [83, 84]. 

 

1.4.6. Heme-based gene regulation by E75. 

 

 E75 from Drosophila (DmE75) is a heme protein with Cys/His ligation at a low-

spin six-coordinate ferric iron [53, 85].  Hemeprotein transcription factors are known, 

however a heme based nuclear receptor is a novel finding [86-88].  As a hemeprotein, 

E75 can potentially sense diatomic ligands NO or CO, or the redox environment, and 

regulate HR3 function (Figure 1.6).  These models link changes in heme environment to 

the interactions between E75 and HR3 AF-2 region [53].  The molecular basis for these 

proposed models is unresolved and a clear answer to how heme induced changes are 
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Figure 1.6. Possible models of regulation of HR3 transcription activity mediated 
by (left) E75 heme redox state change (right) E75-NO/CO binding.  Adapted from 
models in [53]. 
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transduced to the dimer interface awaits detailed structure-function studies.  There is no 

model addressing heme-ligand binding or heme induced conformational changes.  The 

nature of the heme coordination, and the physiological ligand and the physiologically 

relevant redox state of heme, are open questions.  Lack of detailed structural and 

functional data prevents formulation of a model for E75 activation.  In chapter 4, I outline 

the work addressing these basic questions and the preliminary characterization of the 

Aedes aegypti E75, and present data that places some of the suggested roles for E75 

within the ecdysone signaling network into question. 

 

1.5. Dissertation outline. 

 

 I have worked on two different hemeproteins: cNP from the bedbug Cimex 

lectularius, a salivary nitrovasodilator; and E75 from the yellow fever mosquito Aedes 

aegypti, a heme based transcription factor.  The cNP work can be best described as an 

‘exploration of a reactive heme revealing mechanistic details’.  I have separated the 

intriguing NO binding mechanism into two parts with distinct aspects of cNP heme 

chemistry in mind. 

 1) S-nitrosation at the proximal cysteine (Chapter 2). 

 2) pH dependence of heme-NO binding (Chapter 3). 

 Chapter 4 describes the preliminary characterization of E75.  It is by no means a 

complete analysis of the hemeprotein.  Rather my contribution should enable and 

encourage future researchers to take up this interesting protein and seek out its function. 
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     CHAPTER 2 

 PROBING S-NITROSATION AT THE PROXIMAL CYSTEINE IN CNP. 

2.1. S-nitrosation in cNP: Fortuitous chemistry or evolutionary fine tuning? 

 

 Is SNO formation in cNP functionally relevant?  Does this protein transport two 

NO molecules per protein?  Does cNP SNO formation reveal in full detail a chemical 

reaction that is speculated to occur in other proteins with cysteines in proximity to 

transition metals?  Or is this modification of a regulatory nature, with respect to 

protection of, and ensuring the reversibility of, the ferrous heme nitrosyl in cNP ?.  This 

chapter is a discussion of my efforts to answer these questions.  In this chapter I will 

elaborate on the intriguing heme assisted S-nitrosation mechanism introduced in section 

1.3. 

 Using information from crystal structures, EPR and optical absorbance 

spectroscopies, and stopped-flow kinetics, Weichsel and co-workers proposed the 

reaction mechanism for heme assisted S-nitrosation in cNP [30].  Formation of SNO from 

─SH and NO requires the 1-electron oxidation of either sulfur or NO.    

               

 In Cimex nitrophorin (cNP), this is accomplished through a linked reduction of 

the protein’s heme iron, and is fully reversible.  Metal-assisted S-nitrosation has often 

been suggested to occur in proteins, and in cNP this is readily facilitated at the proximal 

cysteine by the heme iron. 

 As mentioned in section 1.2, the rNPs facilitate NO transport by binding NO to a 

ferric heme, protecting and stabilizing the ferric heme –nitrosyl.  They transport only one  
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NO molecule per protein molecule.  In contrast, cNP appears to be binding two NO 

molecules reversibly: one at heme and one at the proximal cysteine, the binding events 

being intrinsically linked.  Does this mean, cNP loads two NO molecules for transport?  

If true, this would be an elegant reaction developed by nature for the benefit of the 

bedbug, a development that begs deeper investigation. 

 Proteins with redox active metals, such as hemoglobin, ceruloplasmin, and 

inducible nitric oxide synthase have often been suggested to participate in Cys-SNO 

formation, but these reactions are difficult to study and remain controversial [89, 90].  

SNOs are unstable and that poses a practical obstacle to their thorough characterization. 

 High resolution crystal structures are available for cNP and the UV-Visible 

spectral signals of the different states are clearly defined.  In cNP, it is possible to observe 

SNO modification in crystal structures, probe the kinetics of SNO formation through 

time-resolved spectroscopic measurements, and modify the protein-SNO environment 

through site-directed mutagenesis.  The nature of the SNO linkage can vary substantially 

and can be influenced by the presence of stabilizing and destabilizing groups, sources of 

protons and electrons, and by other aspects of protein structure such as hydrophobicity 

and steric hindrance. 

 In cNP, the Cys-SNO conjugate occupies a small hydrophobic pocket bounded by 

the heme, F64 and A21.  In the unliganded cNP structure the proximal cysteine, F64 and 

A21 are in van der Waals contact.  On formation of the SNO on the proximal cysteine, 

these residues move apart and the SNO comes in close van der Waals contact with F64 

and A21 (Figure 2.1 B).  It is evident from the structures that SNO is occupying the 
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Figure 2.1. (A) Schematic representation of a S-nitroso cysteine, N-O linkage 
has a double bond character. The π orbitals are conjugated through the N_S 
bond. This conjugation imparts planarity to the SNO moiety i.e. CB-S-N-O 
bond dihedral can be 0° (cis) or 180° (trans). (B) Cross eyed stereo view of 
A21 and F64 in van der Waal’s contact with SNO in cNP wild type proximal 
heme pocket. This arrangement may restrict the SNO to the cis conformation. 

B 
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only sterically possible position in the proximal pocket and is in the cis conformation.  

Despite such steric constraint, the SNO displays relatively high mobility (B ~ 40-45 Å2) 

[30].  Arrangement of the residues in the cNP proximal heme pocket can be used to study 

how steric factors influence SNO formation.  To this end, I designed the A21V and F64V 

point mutants and analyzed the S-nitrosation reaction at the proximal cysteine using 

crystallography and transient kinetics approaches.  These studies provide the first detailed 

description of metal-assisted SNO formation and breakdown.  This work is the subject of 

a manuscript in preparation. 

2.2. Materials and methods 

2.2.1. Site directed mutagenesis 

 

 The A21V and F64V mutants were constructed by site-specific mutagenesis using 

the QuikChange II site-directed mutagenesis kit (Stratagene) and plasmid pETcNP as a 

template.  Primers were designed using the OligoPerfect™ primer design (Invitrogen) 

tool.  Primers (Midland Certified) used were, for A21V: 5’-

AGTGGACATGAACGTGTCCCAACGAATCTCGAAGAG-3’, and 5’-

TCACCTGTACTTGCACAGGGTTGCTTAGAGCTTCTC-3’ as forward and reverse 

primers respectively; for F64V: 5’-

GGCCCAGCTTGCGTGAAAAACGTCCAAAGCCTCCTTACA-3’, and 5’-

CCGGGTCGAACGCACTTTTTGCAGGTTTCGGAGGAATGT-3’, as forward and 

reverse primers respectively.  Mutated codons are underlined and italicized.  All 

mutagenesis procedures were done according to the QuikChange II manual during PCR-
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directed mutagenesis to reduce possible primer duplication.  Mutagenic constructs were 

sequenced over the entire gene to confirm mutations were introduced and to discover any 

unintended mutations.  Sequence analysis was performed by the DNA Sequencing 

Facility of The Arizona Research Laboratories (University of Arizona). 

 

2.2.2. Protein expression and purification 

 

 Expression and purification of recombinant wild type cNP and A21V and F64V 

mutants were carried out as described previously [30].  Briefly, the apoprotein was 

expressed in inclusion bodies, solubilized in 6 M guanidine hydrochloride, refolded under 

reducing conditions and dialyzed against 100 mM sodium phosphate at pH 7.  Heme was 

incorporated by adding a 10 mM hemin chloride (Sigma) solution until the ratio of the 

absorbance at 280 nm and 398 nm reached ~1:1.2.  The protein was purified on Q-

Sepharose ion exchange and Sephacryl S-100 columns, concentrated by ultrafiltration 

and equilibrated with 20 mM Tris.HCl buffer at pH 7.5.  Aliquots of this solution were 

flash frozen in liquid N2 and stored at -80 °C.  Frozen aliquots were thawed out on ice 

and used for all experiments.  Typical protein yield was ~70 mg/l of cell culture. 

 

2.2.3. Protein crystallography 

 

 Plate-like monoclinic crystals of A21V and F64V were grown from 23% PEG 

4000, 200 mM Li2SO4, 100 mM Tris.HCl, pH 8.5, and 15% ethanol using the hanging 
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drop method at room temperature.  Typical crystals used for data collection were 0.4 x 

0.4 x 0.2 mm.  Native unliganded and unmodified cNP crystals were first picked up from 

the drop solutions, equilibrated in 40% PEG 4000, 100 mM Tris.HCl, pH 8.5, for 10 

minutes and flash frozen in liquid N2.  The NO/SNO complexes for the mutants were 

obtained by first washing a crystal anaerobically for 1 h in an argon-saturated solution of 

40% PEG 4000, 100 mM sodium citrate, pH 5.6, moving the crystal to a similar soaking 

solution saturated with NO for 20 min, and flash-freezing the crystal in liquid N2.  NO 

was generated in the soaking solution in situ by using Diethylamine NONOate 

(DEA/NO) (kindly provided by Dr Katrina Miranda, Department of Chemistry, 

University of Arizona).  A concentrated stock solution of DEA/NO in 10 mM NaOH was 

added into the soaking solution to generate ~2 mM NO as the final concentration.  All the 

crystals for X-ray data collection were flash frozen in liquid N2 and diffraction measured 

at 100 K. 

 

2.2.4. Structure determinations 

 

 All datasets were collected at beam line 9-2 Stanford SSRL, using a Q315 CCD 

detector.  All datasets were processed with d*TREK [91].  The structures were solved 

with difference Fourier methods using the cNP (III)-H2O structure (PDB entry 1NTF) as 

starting model.  Model building was with the program COOT [92], and model refinement 

with Refmac5 [93].  Bond lengths and bond angles for the SNO on the proximal cysteine 

in the wild type and the mutant structures were restrained during refinement to values 
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found in small-molecule crystal structures S-nitroso-N-acetyl-penicillamine, S-

nitrosocaptopril, S-nitroso-L-cysteine ethyl ester hydrochloride [36, 94, 95] and in the 

crystal structure of S-nitroso thioredoxin (PDB entry 2IFQ) [96].  The SNO group was 

restrained to be planar.  Structure factors for the cNP-NO/SNO structure (PDB entry 

1Y21) [30] were obtained from the Protein Data Bank and refinement was repeated with 

the above restraints for the sake of consistency.  The remaining protein molecule was 

refined using standard constraints in the CCP4 library [93].  Certain residues were found 

to occupy more than one conformation and were built and refined as such.  In such cases, 

the occupancies were generally set to 0.5 for each conformer and left fixed when refined.  

The Fe atom alone in each structure was refined using anisotropic temperature factors.  

Data collection and refinement statistics are listed in Table 2.1. 

 All figures representing structures were made with Pymol (DeLano Scientific 

LLC).  All stereo images in this dissertation are in the default cross-eyed stereo mode in 

Pymol. 

 

2.2.5. Laser-flash photolysis 

 

 5 µM protein  (Soret absorbance ~ 0.6) in a 100 mM sodium citrate buffer, pH 

5.6, was deoxygenated in a septum closed cuvette and equilibrated with argon.  NO 

concentrations 0.5 mM, 1 mM, 1.5 mM and 2 mM were obtained anaerobically by 

addition of the donor compound DEA/NO.  Laser flash photolysis of the Cys-60 SNO 

group was carried out by using a nanosecond flash from a N2-pumped dye laser and 



  46 

BPBD-365 dye with broad emission centered at 365 nm.  The reaction was monitored at 

wavelengths 440 nm and 404 nm unless otherwise mentioned.  The 440 nm signal is 

detecting the cNP (III)-NO species and the 404 nm signal is detecting the ferrous cNP- 

NO/SNO species.  Both signals are useful for observing the same laser induced 

phenomenon but from opposite extremes of the reaction.  Analysis of the transients 

results in identical rate constants.  However, the 440 nm signal is more robust and has an 

improved signal to noise ratio over the 404 nm signal and was used for all investigative 

purposes.  The data were fit with a single exponential function and analyzed by using 

KINFIT (OLIS, Jefferson, GA) and SigmaPlot (SPSS Inc. Chicago). 

 

2.2.6. Stopped-flow spectroscopy 

 

 SNO formation in the cNP wild type, A21V and F64V was also studied using 

stopped flow kinetic measurements on a RSM-1000 apparatus (OLIS Inc.).  This 

instrument has a dead time of ~2 ms; a water bath controlled thermostatically was used to 

maintain the temperature of the loading syringes and the stopped-flow cell, and is capable 

of collecting an absorbance spectrum in the visible region every millisecond.  In this 

study, spectra covering a wavelength range of 345-575 nm were measured at 20 °C at a 

rate of 1000 scans/s.  5 µM protein in 100 mM sodium citrate buffer, pH 5.6, was 

deoxygenated with a stream of oxygen-free argon gas before being injected into the 

stopped-flow loading syringe using a gas-tight syringe.  NO was generated in situ by 

dilution of a stock alkaline solution of DEA/NO into gastight syringes with deoxygenated 
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argon-saturated buffer to produce the desired concentrations.  0.5 mM, 0.75 mM and 1.0 

mM NO was used in the stopped flow experiments for rapid mixing with protein.  NO 

first binds to the ferric cNP heme, forming the six-coordinate cNP (III)-NO species.  This 

species has Soret signal at 436 nm.  This transient species then reacts with another NO 

molecule to form the ferrous cNP NO/SNO.  The decay in the absorbance signal at 436 

nm (corresponding to consumption of the cNP (III)-NO species to form the ferrous cNP 

NO/SNO species) is robust and was used for all investigative purposes.  Kinetic traces of 

the change in absorbance at a single wavelength (436 nm) upon rapid mixing were 

extracted from the time-resolved spectral scans.  Data analyses were performed by fitting 

a single exponential using SigmaPlot.  These fitting procedures give the kinetic rates and 

the corresponding signal amplitudes.  These experiments were repeated three times.  

Values reported are the mean and standard deviation across three independent 

measurements. 

 

2.2.7. UV-visible spectroscopy 

 

 Samples for solution UV-visible spectroscopy were prepared by injecting 

degassed protein solution into a septum-protected quartz cuvette containing argon 

saturated 100 mM Tris.HCl, pH 7.4, or 100 mM sodium citrate, pH 5.5.  Protein 

concentration was ~5 µM unless otherwise mentioned.  These solutions were used for 

performing NO titrations.  DEA/NO was used as the NO donor compound. 

 



  48 

2.2.7.1. NO titrations with cNP wild type and F64V mutant 

 

 DEA/NO dissociates to the free amine and NO in a pH-dependant manner 

following first order kinetics.  Alkaline solutions of NO are stable and can be used for 

biological applications.  A DEA/NO stock solution was prepared fresh in 10 mM NaOH 

and quantified by its absorbance at 250 nm using the extinction coefficient ε250 = 8000 M-

1 cm-1, a value adjusted to account for incomplete release of NO [97].  To initiate the 

release of NO, an aliquot of the stock alkaline DEA/NO in 10 mM NaOH was used.  At 

pH 7.4, complete degradation of DEA/NO was assumed to release two molecules of NO 

after 20 min 

 The decomposition of DEA/NO is nearly instantaneous at room temperature and 

pH 5.5.  At pH 5.5, complete degradation of DEA/NO was assumed to release two 

molecules of NO after 5 min. 

 

2.3. Results 

2.3.1. Crystallography 

 
 To probe the role of steric crowding in SNO formation, two mutant proteins were 

produced, A21V and F64V, and their crystal structures determined in the presence and 

absence of NO.  The structure of the wild type cNP complex with NO, discussed in 

section 1.3 is referred to as cNP (II)-NO/SNO.  cNP (III)-H2O is the ferric unliganded 

complex.  The cNP (II)-NO/SNO complex was obtained by the reaction of excess NO gas 

(scrubbed free of higher oxides of nitrogen by passage through concentrated NaOH) 
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obtained from a NO gas tank [30].  The structures in this section are the same complex 

albeit for the single point mutants A21V and F64V, and obtained by reaction with NO 

generated by the pH induced decomposition of the NO donor compound DEA/NO.  

These complexes are referred to as A21V (II)-NO/SNO and F64V (II)-NO/SNO, 

respectively.  I also present the ferric unliganded structures; these are referred to as A21V 

(III)-H 2O and F64V (III)-H2O, respectively.  The structures presented here have excellent 

geometry and stereochemistry with all residues within the allowed regions of the 

Ramachandran plot unless other wise mentioned.  Statistics from the final refinement of 

each structure are shown in Table 2.1. 

 

2.3.1.1. Structures of the cNP mutant proteins 

 

 The mutant proteins behaved much like the wild type and crystallized under 

identical conditions.  The isomorphous monoclinic crystals of A21V and F64V protein 

(space group P21) have unit cell dimensions approximately a = 49, b = 42, c = 65 Å and β 

= 95° with one protein molecule in the asymmetric part of the unit cell.  The overall 

structure and the conformation of these complexes are similar to the previously reported 

structures of cNP.  Superposition of all carbon alpha (CA) atoms of the mutant structures 

with the wild type cNP (III)-H2O structure resulted in r.m.s.d of 0.39 and 0.29 Å for 

A21V (III)-H 2O and F64V (III)-H2O respectively.  Small deviations were observed at the 

mutation sites.  The introduced valine mutations in both the single point mutant proteins 

are not as well ordered as seen in the cNP wild type (Figures 2.2 and 2.3). 
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Table 2.1. Crystallographic data collection and refinement statistics. 
     

Complex A21V-NO F64V-NO A21V F64V 
     /SNO   /SNO   

Data Collection         
X-ray Source SSRL 9-2 SSRL 9-2 SSRL 9-2 SSRL 9-2 
Wavelength (Å) 0.9798 0.9798 0.9798 0.9798 
Resolution (Å) 1.68 1.65 1.55 1.65 
Observed Ref. 158351 176907 212447 166462 
Unique Ref. 30208 32033 38982 32298 
Completeness (%)a 99.5/(100) 99.9/(100)  99.9/(100) 99.5/(99.4) 
I/σ I 13.6/(4.2) 17.3/(3.9) 15.4/(4.6) 11.8/(3.8) 
Rmerge 0.055/(0.27) 0.038/(0.34) 0.046/(0.25) 0.063/(0.30) 
     
Refinement         

Rcrys/Rfree
b 0.18/0.23 0.19/0.23 0.22/0.26 0.21/0.26  

r.m.s.d bonds (Å) 0.027 0.025 0.026 0.024 
r.m.s.d angles (°) 2.0 2.1 2.2 2.1 
Ramachandran outlier (%) 0 0 0 0 

Overall <B> factors (Å2) 21.0 21.0 18.1 20.4 
aFigures in parenthesis denote values obtained for the highest resolution bin. 
bRcrys = (∑|Fobs-Fcalc|)/∑Fobs. Rfree as for Rcrys, using a random subset of the data (5 %).  
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 Overall, the final models display minor differences with respect to the wild type.  

In A21V (III)-H2O, the N190 and R272  side chains display two conformations.  These 

residues are on the surface of the protein and are solvent exposed.  All residues in the 

A21V (III)-H 2O structure display φ/ψ angles in the favored or allowed regions of the 

Ramachandran plot.  For the A21V structure, the segment bearing the mutation displays  

similar degree of disorder as compared to wild type.  In the wild type, the segment of 

residues 17-25 lacks secondary structure.  This segment appears to be unchanged by the 

mutation. 

 In F64V (III)-H2O, the E139 and N261 side chains display two conformations.  

These residues are on the surface of the protein and are solvent exposed.  Electron density 

for S66 in the F64V structure is poor.  Residues 56-70 make up the proximal α helix in 

cNP.  The helix displays high temperature factors (45 55 Å2) comparable to the wild type 

and A21V.  S66 is situated on the last turn of the helix on the C-terminus end and is not 

ordered as one might expect from a residue in a defined secondary structure element like 

an α helix.  The S66 carbonyl oxygen does not form a hydrogen bond with the amide 

hydrogen of the S70, the fourth amino acid down the helix on the C-terminus end.  It is 

not clear if the F64V mutation has directly contributed to this disorder in S66, as the rest 

of the helix appears unchanged as compared to wild type.  All residues display φ/ψ angles 

in the favored or allowed regions of the Ramachandran plot. 

 The heme group located in a cleft between the β-sandwich and proximal helix is 

well defined in both the structures.  The heme in the F64V protein is inserted in the heme 

binding pocket with a 180° rotation along the axis passing through the α, γ meso  
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Figure 2.2. Cross eyed stereo view of the A21V heme and proximal 
pocket with 2Fobs-Fcalc map at 1.4σ. The mutated valine is shown in 
yellow. F64 is shown in orange 



  53 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Cross eyed stereo view of the F64V proximal heme pocket with 
the 2Fobs-Fcalc map at 1.0σ. The mutated valine is shown in yellow. A21 is 
shown in orange. This view of the heme pocket is rotated 180º as compared 
to the view in Figure 2.2.  The plane of the heme is perpendicular to the 
plane of the paper. 
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positions with respect to the cNP wild type and the A21V proteins.  Two solvent 

molecules are seen in the distal heme pocket of the A21V (III)-H2O and F64V (III)-H2O  

structures.  One of these molecules displays two positions and is modeled with 50 % 

occupancy at either position. 

 

2.3.1.2. Structures of the cNP mutants complexed with NO 

 

 The crystals of both mutant complexes were obtained by soaking the ferric protein 

with NO generated in situ by DEA/NO at pH 5.6.  The overall structure and the 

conformation of these complexes are similar to the previously reported cNP (II)-

NO/SNO.  Superposition of all carbon alpha (CA) atoms of the mutant structures with the 

wild type cNP (II)-NO/SNO structure resulted in r.m.s.d of 0.29 and 0.43 Å for A21V 

(II)-NO/SNO and F64V (II)-NO/SNO respectively.  Small deviations were observed at 

the mutation sites and are discussed in the following section. 

 The fragment of electron density around the heme in the mutant structures 

determined to 1.65 Å and 1.68 Å resolution for A21V (II)-NO/SNO and F64V (II)-

NO/SNO, respectively, reveals a five coordinate heme iron (Figure 2.4).  The Fe-N-O has 

geometry consistent with a ferrous nitrosyl complex, namely Fe-N bond length ~1.8 Å 

and Fe-N-O bond angle 120º-140º [38].  In A21V (II)-NO/SNO the Fe-NO bond length 

refines to 1.78 Å and the Fe-N-O bond angle refines to 125°.  In the F64V (II)-NO/SNO 

the Fe-NO bond length refines to 1.81 Å and the Fe-N-O bond angle refines to 123°. 

 



  55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Heme nitrosyl and the proximal cysteine modified 
as an SNO in A) A21V and B) F64V reveals a five –
coordinate heme iron. The Fe-N-O group has geometry 
consistent with a ferrous nitrosyl complex, i.e., Fe-N-O bond 
angle ~124º and Fe-N bond length ~1.8 Å [38]. 

A 

B 
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Figure 2.5. (A) Cross eyed stereo view of the A21V proximal heme pocket 
with 2Fobs-Fcalc map at 1.2σ, mutated V21 is at 0.5σ. Note the SNO moiety 
is in trans conformation. The mutated valine is shown in yellow. 
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Figure 2.6. Cross eyed stereo view of the proximal hemepocket of A21V 
(magenta) superposed on cNP wild type (green), note the mutated valine pointing 
away from the face of the heme. A21V SNO moiety is in trans conformation as 
compared to the wild type. The methyl, vinyl and propionyl groups of the heme 
are not shown for sake of clarity. 
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Figure 2.7. (A) Cross eyed stereo view of F64V proximal heme 
pocket with 2Fobs-Fcalc map at 1.2σ. Mutated valine is shown in 
yellow.  The SNO is in the cis conformation. 
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Figure 2.8. View of the proximal hemepocket of F64V (purple) superposed on 
cNP wild type (green), note the mutated valine pointing away from the face of the 
heme. The F64V SNO moiety is in the cis conformation as in the wild type. The 
methyl, vinyl and propionyl groups of the heme are not shown for sake of clarity. 
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 The SNO group is well defined in both mutant protein structures (Figure 2.5 and 

2.7) and the Cys-SNO group refines with S-N bond lengths 1.81 Å in both mutants, S-N-

O bond angle of 118 Å and 119 Å in A21V-NO/SNO and F64V-NO/SNO, respectively.  

The difference in the SNO moieties in the two mutants is in the CB-S-N-O dihedral 

angle.  The A21V-NO/SNO has a CB-S-N-O dihedral angle (χ3, as defined in Figure 2.9) 

of 179° (trans) whereas the F64V-NO/SNO CB-S-N-O dihedral angle is 0° (cis) (Figure 

2.9).  Bond Geometry parameters and refinement restraints of the two mutant complexes 

and the wild type complex are listed in Table 2.2 for comparison. 

 As mentioned earlier, in the wild type the Cys-SNO conjugate occupies a small 

hydrophobic pocket bounded by the heme, F64 and A21.  It is evident from the structures 

that SNO is occupying the only sterically possible position in the proximal pocket and is 

in the cis conformation.  Despite such steric constraint, the SNO displays relatively high 

mobility (B = 40-45 Å2) and may even have partial occupancy [30].  In the mutant 

structures, the SNO group displays similar degree of disorder (B = 35-45 Å2, Table 2.3).  

The temperature factors for the SNO moiety are in the range 35-45 Å2; however, the rest 

of the cysteine residue is less disordered in A21V as compared to the wild type and F64V 

(Table 2.3), which is surprising since additional atoms were placed in an already crowded 

heme pocket.  In the presence of the SNO the mutated residue (V21) is disordered as 

indicated by the relatively poor electron density in the final refined model (Figure 2.5).  

In the wild type, the A21 side chain is in van der Waals contact and pointing directly 

towards the nitrogen atom in the SNO.  However, the V21 side chain is directed away 

from the plane of the heme and points away from the SNO and the heme pocket interior  
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C 

Figure 2.9. (A) Schematic representation of a S-nitroso cysteine annotated with 
torsion angles, N-O linkage has a double bond character and imparts planarity 
to the SNO moiety i.e. χ3 can be 0° (cis) or 180° (trans). Fragment of the 2Fobs-
Fcrys map displaying the electron density for the SNO in (B) cNP wild type at 
1.0σ, (C) A21V at 1.2σ and (D) F64V at 1.2σ. 
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Table 2.2. SNO geometry.         
        

        torsional anglea (°)   bond angle (°)   bond length (Å) 
               

  χ1
a χ2 χ3 C-S-N S-N-O S-N N-O 

        
Restraintb NA NA 0/180 100 114 1.8 1.2 
        
cNP-
NO/SNO 164 -72 -1 103 117 1.81 1.2 
        
A21V-
NO/SNO 165 -68 179 91 118 1.82 1.21 
        
F64V-
NO/SNO 162 -73 0 101 120 1.81 1.21 

 aTorsion angles (χ) defined as in Figure 2.4 A. χ1 is CO-CA-CB-S dihedral 
angle. χ2 is CA-CB-S-N dihedral angle. χ3 is CB-S-N-O dihedral angle. 
b restraint used in refinement in Refmac5. 
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Table 2.3. Mobility of the proximal S-nitrosocysteine 
              

  Temperature factorsa for Cys60-SNO,  (Å2)   
       
  cNP   A21V   F64V   

       
Atom           
       
N 39  29  38  
CA 39  28  38  
CB 39  29  38  
SG 41  32  40  
ND 44  38  42  
OE 45  43  44  
C 38  27  37  
O 37   25   37   
 aOverall temperature factors for the above structures are: 

  cNP = 21.0 Å2, A21V = 21.0 Å2, F64V = 21.0 Å2. 
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(Figure 2.6).  Furthermore, the CA of the V21 is shifted 1 Å away from the heme and the 

SNO as compared to the position of the A21 in the wild type.  This shift is not observed 

in the unliganded A21V (III)-H2O structure.  Presumably, this is a compensating effect of 

the protein matrix to accommodate the increased steric hindrance of the trans SNO and 

the larger bulky valine side chain.  The rest of the heme pocket and residues in relative 

proximity to the heme are largely unchanged in position with respect to the heme and the 

SNO. 

 In the wild type cNP structures the region consisting of residues 17-24 has no 

defined secondary structure [30].  This fragment displays high mobility (B ~ 45-60 Å2) in 

wild type and A21V.  However, in F64V, this region displays marked reduction in 

mobility (B ~ 35-45 Å2).  The overall B factors for all wild type and mutant structures are 

~21 Å2 (Table 2.1) indicating changes in disorder are limited to this region.  The CA 

atoms of the residues within this fragment have an average displacement of 1.3 Å relative 

to their position in the wild type and the unliganded F64V (III)-NO/SNO structures.  The 

concerted shift in this loop region is towards the heme pocket and the SNO. 

 Cys-60 is borne on the N-terminus of the proximal helix.  The helix residues 55-

71 display the same degree of mobility in the wild type and mutant proteins; however, for 

the F64V mutant, they have moved 0.5 Å en masse along the longitudinal axis and 

towards the C-terminus of the helix.  More space is thus made possible in the proximal 

hemepocket by the shift of the proximal helix and displacement of residues 17-24 

towards the hemepocket interior.  Further indication of this shift is the change in the  
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Figure 2.10. Displacement of the proximal cysteine upon 
cleavage from the heme and SNO formation.  The SG-Fe-
N angle in the wild type (A) is near linear at 176º whereas 
the same angle is at 164º in the F64V mutant (B). There is 
no bond between the SG and the Fe in either structure. 
This measurement is only a quantitative estimate of the 
displacement of the S-nitrosocysteine residue with respect 
to the heme iron. Methyl, vinyl and propionyl groups of 
the heme have been removed for clarity. 
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Cys-60-SG-Fe-N angle from 175° in the cNP-NO/SNO to a bent 164° in F64V-NO/SNO 

(Figure 2.10).  It should be emphasized, that the sulfur of the proximal cysteine is not 

ligating to the heme iron, rather is modified as a SNO.  The change in the Cys-60-SG-Fe-

N angle offers an easy estimation in the displacement of the proximal helix and the 

residues therein.  These changes in and around the heme pocket of the F64V upon SNO 

formation at Cys-60 only contribute to defusing steric strain around the SNO.  The SNO 

group displays unchanged geometry, but the cis-SNO has moved deeper into the 

hydrophobic interior of the binding cleft of the heme relative to the wild type in response 

to the greater spatial freedom. 

 The quality of the electron density for the SNO appears best in the F64V mutant 

as compared to the wild type and A21V (Figure 2.9 B, C and D).  The F64V SNO moiety 

has better electron density than the A21V SNO despite the lower temperature factors for 

the latter.  Evidently, the greater spatial freedom and decreased steric hindrance in F64V 

has a direct correlation to the well defined electron density for the SNO. 

 

2.3.2. Laser-flash photolysis 

 

 To begin investigation of the SNO moiety in solution, I undertook transient 

kinetic measurements and sought to investigate the behavior of the SNO moiety through 

pump/probe flash photolysis.  Cys-SNO has a broad absorption maximum at ~340 nm 

(ε340 ~1000 M-1 cm-1).  The relative instability of this bond makes it unstable to UV light. 
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Figure 2.11. UV-Visible spectral signatures for the three states of the 
cNP wild type protein.  
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Figure 2.12. Photolysis experimental strategy. Solutions containing cNP (II)-
NO/SNO were subjected to a laser flash (365 nm) and monitored at 440 nm 
or 404 nm.  The flash produces loss of the ferrous species with concomitant 
formation of the ferric species, followed by return to equilibria. Wild type, 
A21V and F64V proteins were analyzed; the results are outlined in Section 
2.4.2 
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cNP has well defined UV-visible Soret signals for each of the states (Figure 2.11).  The 

flash photolysis was performed using a pulsed nanosecond nitrogen dye laser attached to  

detection electronics with microsecond time resolution.  The dye chosen, BPBD-365, 

emits at 365 nm.  The experimental setup is illustrated in Figure 2.12. 

 

2.3.2.1. The photolysis phases 

 

 In the initial experiment, a solution consisting of mostly cNP (II)-NO/SNO but 

also containing cNP (III)-NO, was subjected to a laser flash and monitored at 440 nm 

(sensitive to cNP (III)-NO) or 404 nm (sensitive to cNP (II)-NO/SNO).  The laser flash 

produced loss of signal at 404 nm and concomitant enhancement of 440 nm signal 

(Figures 2.7 and 2.8).  This spectral change correlates to the loss of the cNP (II)-NO/SNO 

species and concomitant formation of the cNP (III)-NO species, followed by a return to 

equilibrium and recovery of C60-SNO.  This result suggests that successful SNO 

photolysis was achieved, the first such reported for a protein S-nitrosothiol.  

Three phases were observed: 

 1) The first phase was fast and a rate constant could not be measured on our 

 instrument; it likely represents the S – NO photolysis event and the concomitant 

 formation of an undetected short lived intermediate. 

 2) The second phase (kobs~1500 s-1) likely represents reaction of this 

 aforementioned intermediate with the five coordinate ferrous nitrosyl to yield a 

 six coordinate cNP (III)-NO (Figure 2.12).  
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Figure 2.13. Laser-flash photolysis of cNP-NO/SNO complex at 
room temperature at pH 5.6, monitored at 404 nm. This transient 
corresponds to the reformation of the SNO at the proximal cysteine 
and regeneration of the cNP (II)-NO/SNO species.  Residuals of the 
regression (solid blue line; kobs ~ 8 s-1) for a single exponential fit 
are shown at the bottom. 
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Figure 2.14. Laser-flash photolysis of cNP-NO/SNO complex at 
room temperature at pH 5.6, monitored at 440 nm. This transient 
corresponds to the consumption of the laser flash derived cNP (III)-
NO to form the cNP (II)-NO/SNO.  Residuals of the regression 
(solid blue line; kobs ~ 8 s-1) for a single exponential fit are shown at 
the bottom. 
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 3) The third phase (~8-12 s-1) is the NO returning to Cys 60 and concomitant 

 reformation of the SNO moiety and loss of the cNP (III)-NO complex and 440 nm 

 absorbance (Figures 2.13 and 2.14).  

The presence of multiple kinetic phases was encouraging and interesting and was further 

investigated.  This experimental result was a classical example of a transient kinetics 

approach revealing an otherwise inaccessible intermediate species. 

 

2.3.2.2. Difference spectrum analysis of the fast phase 

 

 I further investigated the fast phase via a difference spectral analysis approach.  

Laser flash photolysis of the Cys-60 S-nitrosyl group was carried out as indicated above 

and the resulting transient was monitored every 5 nm in the range 400-460 nm. This 

approach enabled observation of the change in the entire range of the Soret signal upon 

SNO photolysis.  The initial and final absorbance values can be gleaned from the traces 

obtained by curve fitting of the transients (Figure 2.15).  These two sets of absorbance 

values can then be plotted versus wavelength (400-460 nm) to give a pair of lines that 

represent the change in the intensity, profile and position of the Soret signal a few 

hundred microseconds post flash.  The initial Soret signal post flash has a maximum at 

435-440 nm.  This signal does not change in position or profile, but only intensifies 

(Figure 2.16).  This fast phase likely represents the formation of the six-coordinate ferric 

species by the reaction of the ferrous heme nitrosyl and the short lived intermediate 

formed upon SNO photolysis.  The signal for this intermediate state of the ferrous heme- 
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Figure 2.15. The fast phase observed upon SNO flash photolysis. The 
curve fit provides the two absorbance values used in Figure 2.9 for 
identification of the intermediate.  Residuals of the regression (solid blue 
line) for a single exponential fit are shown at the bottom. The fitted rate 
constant in this example is ~2186 s-1 
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Figure 2.16. Difference spectrum analysis of the fast phase. Analysis reveals 
the spectral profile intensifies post flash. 



  75 

 

nitrosyl – reactive sulfur system is highest at ~ 500 µs and decays over time (~ 2.5 ms).  

SNO photolysis likely involves homolytic fission of the S-N bond.  This result is indirect 

evidence for formation of the thiyl radical (RS•) as consequence of SNO photolysis. 

 

2.3.2.3. Effect of NO concentration on the phases 

 
 To investigate NO concentration effects on SNO formation /breakdown rates, the 

cNP-(II)-NO/SNO and cNP (III)-NO mixture was made at different NO concentrations, 

ranging from 0.5 mM to 2.0 mM.  Laser flash photolysis was performed as mentioned 

earlier; the signal at 440 nm was chosen and both measurable phases were recorded for 

each concentration.  The rates observed upon flash photolysis of the protein at various 

states were plotted against NO concentration.  The trends for the fast and slow phases are 

shown in Figure 2.17 and Figure 2.18 respectively.  Within experimental error, both 

measured phases are NO concentration independent in the range of NO used. 

 

2.3.2.4. Total photolysis signal amplitude 

 

 The SNO group has relatively similar disorder (B = 35-45 Å2) in all structures, 

but the electron density of the SNO moiety is best in the F64V complex, the mutant with 

least sterically strained proximal pocket.  However, this is only a qualitative estimation of 

SNO stability.  A comparison of the total photolysis signal amplitude is informative about 
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FFigure 2.17. Plot of the rate constants for the fast phase vs [NO] 
concentration for cNP wild type (●), A21V (■), F64V (♦). Error bars 
represent standard error of estimate obtained in the regression analysis of 
the kinetic traces. 
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F Figure 2.18. Plot of the rate constants for the fast phase vs [NO] 
concentration for cNP wild type (●), A21V (■), F64V (♦).  There is 
no definite trend in the rates with respect to ligand concentration.  
Error bars represent standard error of estimate obtained in the 
regression analysis of the kinetic traces. 
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Table 2.4. Photolysis signal amplitude 
  

  Signal amplitudea 
    
cNP-NO/SNO 0.57 
   
A21V-NO/SNO 0.87 
   
F64V-NO/SNO 0.35 
    

 aSignal amplitude for the complete photolysis 
experiment inclusive of fast and slow phases 
at 2 mM NO. 
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the effect of the heme pocket environment on the lability of the S-N bond.  The total 

signal amplitudes for SNO photolysis for the wild type, A21V and F64V at 1.5 mM NO 

are listed in Table 2.4.  The total signal amplitude increases with steric hindrance around 

the SNO moiety (Table 2.4).  The efficiency of laser induced SNO photolysis increases 

with steric hindrance, i.e. F64V < wild type < A21V. 

 

2.3.3. Stopped flow spectroscopy for SNO formation 

 

 I analyzed SNO formation using stopped-flow spectroscopy.  I use a stopped-flow 

device (dead time 2 ms), attached to a rapid-scanning spectrophotometer that allows full 

spectra (345-575 nm) to be recorded every millisecond.  Binding rates for SNO formation 

were obtained through mixing of cNP and NO at defined concentrations and monitoring  

spectral changes.  SNO formation was followed by the decay of the cNP (III)-NO species 

and the corresponding decrease in the 436 nm signal.  I find that the wild type and  

the mutant proteins exhibit a single phase for SNO formation.  A typical transient for the 

cNP wild type is shown in Figure 2.19.  Curve fitting of the absorbance changes at 436 

nm reveals rates for SNO formation are similar to values obtained in the laser flash 

photolysis experiments.  Rate constants obtained in three independent measurements are 

listed in Table 2.5.  

2.3.4. NO titration studies 

 

 The SNO formation in cNP is a unique reaction.  The key question pertains to the  
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Figure 2.19. Typical transient for SNO formation in cNP wild type 
upon rapid mixing with 1 mM NO at pH 5.6 and 20 ºC. Absorbance 
change at 436 nm is fit with a single exponential. Residuals of the 
curve fit are shown at the bottom. kobs = 7.56 ± 0.06 s-1, amplitude = 
0.074 ± 0.0004. Similar transients were obtained for mutant proteins; 
curve fitting gave SNO formation rates which are listed in Table 2.5. 
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Table 2.5. SNO formation rates    
            

  [NO] mM wild type A21V F64V   

   k (s-1) k (s-1) k (s-1)   

 0.5 5.0 ± 2.1 10.0 ± 3.0 12.0 ± 0.3  
Flash photolysisa 1.0 6.0 ± 1.0 23.0 ± 4.0 11.0 ± 1.2  
 1.5 6.0 ± 1.0 24.0 ± 3.0 14.0 ± 2.5  
 2.0 9.1 ± 0.4 22.0 ± 2.0 9.0 ± 1.2  
            
      

 0.5 5.4 ± 0.6 18.0 ± 2.0 4.0 ± 0.3  

Stopped-flowb 0.75 6.4 ± 0.3 22.0 ± 1.0 5.0 ± 0.2  

 1.0 7.4 ± 0.2 22.0 ± 3.0 7.0 ± 0.3  
            
 aError values for flash photolysis are standard error estimates obtained from 
curve fitting. bError values for stopped-flow are standard deviation of the mean 
across three independent measurements. 
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nature of the role played by this modification.  I undertook NO titration into cNP to study 

SNO formation.  The experiments were performed at two pH values: pH 5.5, the 

approximate pH in the salivary glands of the bedbug where NO may be ‘loaded’ on to the 

protein for storage and transport, and pH 7.4, the pH of blood and tissue of the 

mammalian bite victim where NO dissociation from cNP is favored [28, 29]. 

 Titrations were performed using DEA/NO solution as described in Section 

2.2.7.1.  For pH 5.5 ~4 µM cNP was used, NO aliquots were added such that the resultant 

concentrations in the cuvette ranged from 10 µM – 2000 µM, i.e. from approximately 

two-fold over protein to saturation in solution.  The resulting spectra are shown in Figure 

2.20.  I have shown only the representative spectra for the sake of clarity, as the spectral 

shift is not pronounced enough between consecutive NO aliquots.  At pH 5.5, the cNP is 

all in the cNP (III)-NO state upon addition of 40 µM NO, as seen in the Soret peak shift 

from 390 nm to 435 nm.  Upon further addition of NO, the 435 nm signal diminishes 

with a concomitant appearance of the peak at 405 nm.  The 405 nm signal is 

representative of the cNP (II) NO/SNO species.  However, this shift does not saturate, 

only: ~50% of the cNP (III)-NO species is converted to the cNP (II)-NO/SNO (Figure 

2.20 A).  I performed a similar titration at pH 7.4 with 8 µM protein.  At pH 7.4, the cNP 

is entirely in the cNP (III)-NO state upon addition of 40 µM NO, as indicated by the 

Soret peak shift from 389 nm to 436 nm.  Upon further addition of NO, the 436 nm signal 

diminishes with a concomitant appearance of the peak at 402 nm.  Further NO titration 

results in saturation of the 402 nm peak at 300 µM (Figure 2.20 B).  These results 

indicate that at pH 5.5, S-nitrosation is not favored, as compared to pH 7.4 where almost 
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Figure 2.20. (A) Titration of cNP wild type titration with NO  
(pH 5.5). The cNP (II)-NO/SNO species (405 nm) is 50% 
saturated at saturating NO concentrations. (B) Titration of cNP 
wild type titration with NO at pH 7.5. The cNP (II)-NO/SNO 
Soret band (405 nm) is saturated at a NO concentration of 300 
µM. 
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all protein appears S-nitrosated. 

 The A21V mutant behaves like the wild type at pH 5.5, displaying ~50% A21V 

(II)-NO/SNO at near saturating concentration of NO (Figure 2.21 A).  Likewise, all the 

protein is in the A21V (II)-NO/SNO state at 140 µM NO, much like the wild type protein 

(Figure 2.21 B).  In contrast, NO titration of the F64V mutant results in complete 

saturation of the ferrous NO/SNO species (Figure 2.22 B), at both pH values.  The Soret 

peak is at 401 nm upon titration to 140 µm NO.  A distinct ferric-NO species is not 

detected in this titration experiment.  Initial addition of NO results in a shift of the Soret 

signal from 386 nm to 433 nm.  Much like the wild type protein there is a decrease in the 

unliganded signal at 386 nm and concomitant appearance of a signal at 433 nm 

corresponding to the F64V (III)-NO species.  However, unlike with the wild type protein 

this species does not exist alone in F64V, but rather exists in combination with F64V (II)-

NO/SNO even at lower micromolar amounts of NO.  As additional NO is titrated into 

solution and the total NO concentration solution increases past 50 µM, the 433 signal 

dissipates and there is concomitant increase in a broad peak with maxima at 401 nm, 

indicative of the F64V (II)-NO/SNO species. 

 To summarize, cNP wild type and A21V mutant protein cannot be saturated with 

SNO at pH 5.5 even at saturating NO concentrations in solution.  However, at pH 7.4 

both of these proteins can be saturated with SNO at significantly lower NO 

concentrations.  In contrast, the F64V mutant readily forms the SNO at both pH values. 
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Figure 2.21. (A) Titration of A21V with NO at pH 5.5. 
The NO/SNO (405 nm) species is 50 % saturated at 1800 
µM NO concentration. (B) Titration of A21V with NO at 
pH 7.4. The NO/SNO species (405 nm) is saturated at the 
highest NO concentration in solution 
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Figure 2.22. Titration of F64V with NO at pH 5.5. The 
NO/SNO (405 nm) species is saturated at 160 µM NO 
concentration. (B) Titration of F64V with NO at pH 7.4. 
The NO/SNO species (405 nm) is saturated at 280 µM NO 
concentration in solution 
 

A 

B 
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2.4. Discussion 

 

 Cysteine residues provide unique chemistry to proteins as their sulfhydryls are 

readily modified.  Cysteine S-nitrosation or nitrosylation is one such modification 

suggested to regulate protein function.  Despite numerous reports, models for the 

physiological roles for SNO modifications have remained contentious.  This is partly due 

to the complexity of NO chemistry and the unstable, transient and highly reactive nature 

of SNOs, posing a practical obstacle to their thorough characterization.  High resolution 

structural data about SNOs on proteins is sparse and limited to a handful of reports.  In 

section 2.4 I have presented characterization of two mutants of cNP, specifically designed 

to test the effect of SNO microenvironment on SNO geometry, formation, and stability.  

These studies are the first detailed description of metal-assisted SNO formation and 

breakdown.  The implications of these studies are discussed in the concluding section. 

2.4.1. SNO bond geometry 

 

 It is pertinent to point out that the S-N-O bond angle deviates from linearity due 

to presence of lone pair of electrons on the nitrogen.  The SNO group is also planar due 

to π orbital conjugation in a manner analogous to a peptide bond, with the C-S-N-O 

dihedral angle restricted to either 0° or 180°, i.e. either cis or trans conformation (Figure 

2.1).  Reports with structures of various model compounds confirm that the C-S-N-O 

dihedral angle is restricted to either 0 or 180º [36, 94, 95, 98].  Interestingly, two 

conformations of this group are observed in the small molecule crystal structure of S-

nitroso-L-cysteine ethyl ester [95], implying that some degree of static disorder may be 
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an intrinsic feature of this chemical substituent.  Quantum mechanical calculations 

demonstrate that two energy minima exist for the C–S–N–O dihedral angle, at 0 and 

180°, due to delocalization of the N = O π electrons over the S–N bond.  This results in a 

slightly shorter S–N bond and a 12-kcal/mol energy barrier for rotation of the dihedral 

between 0 and 180° [36, 94, 95, 99]. 

 So what factors affect RS-NO conformation?  RS–NO linkages in proteins are 

variable in nature and are influenced by: 

 (1) the nature of the R-group bearing the SNO, 

 (2) the electron acceptor tendency of the SNO, 

 (3) charged species in the proximity of the SNO, 

 (4) hydrophobic groups in the proximity of the SNO. 

 In proteins, SNOs are always found on cysteines.  The other three factors listed 

above essentially depend on the SNO microenvironment, which will be a property 

intrinsic to the protein bearing the modification.  The point that deserves emphasis is that 

the nature of the SNO linkage can vary substantially and can be influenced by the 

presence of stabilizing and destabilizing groups, sources of protons and electrons, and by 

other aspects of protein structure such as hydrophobicity and steric hindrance.  Here, I 

have shown effect of changes in the hydrophobic microenvironment of the cNP proximal 

pocket on the Cys-60 SNO keeping all other factors constant.  

 The wild type cNP-NO/SNO structure was the first report of a protein SNO [30].  

Prior to this report, structural data on SNOs had been limited to the small molecules [36, 

94, 95, 98].  Since then, structures of human thioredoxin (PDB entry 1IFQ) [96] and 
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blackfin tuna myoglobin (PDB entry 2NRL) [100] revealing S-nitrosylation at cysteines 

have been reported.  Only two other PDB entries are currently annotated as containing a 

protein S-nitrosocysteine.  A structure of human hemoglobin treated with NO gas 

revealed modification of Cysβ93 (PDB entry 1BUW) but was later concluded to be the 

thionitroxide radical C–S–NH–O based on comparison between the observed C–S–N–O 

dihedral angle (~90°) and quantum mechanical calculations of several possible sulfur-

bound nitrogen oxide species [101].  Finally, an atomic resolution structure of a 

mammalian dimethylarginine dimethylaminohydrolase treated with S-nitroso-L-

homocysteine (PDB entry 2CI1) showed a two-atom modification of the surface-exposed 

Cys-83.  A C–S–N–O dihedral angle of -69.5° was observed, despite the fact that no 

steric clashes would occur if the group were present with a cis dihedral angle of 0°.  

Additionally, the S–N and N–O bond lengths deviate substantially from those observed in 

small molecule crystal structures and predicted from high level calculations [101], 

suggesting that it may also be a more reduced sulfur-bound nitrogen oxide species. 

 Here, I have presented the structures of two mutant forms of cNP with the 

proximal cysteine modified as an S-nitrosothiol.  The two mutants were constructed 

specifically to modify the hydrophobic microenvironment around the SNO.  The cNP 

wild type Cys-SNO occupies a small crowded hydrophobic pocket bounded by heme, 

F64 and A21.  The SNO displays relatively high mobility (B ~50 Å2) despite being in the 

only sterically possible position in the proximal pocket.  To manipulate the SNO 

microenvironment I made the following point mutations:  

 1) A21V- to increase strain with a more crowded hydrophobic pocket. 
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 2) F64V- to reduce steric hindrance and create space. 

 The mutation of the alanine to valine results in a crowed hemepocket.  The C-S-

N-O dihedral angle is close to 180° (trans) and appears to be the result of the steric strain 

imposed by the V21 sidechain.  The valine residue is displaced and the sidechain now 

turned away from the face of the heme, the methyl groups now pointing to the exterior of 

the hemepocket (Figures 2.5 and 2.6).  In the F64V mutant, the decreased steric 

hindrance in the heme pocket results in more conformational freedom.  There is no 

change in the geometry and the C-S-N-O dihedral angle is close to 0° (cis), presumably 

the preferred conformation for the SNO in cNP (Figures 2.7 and 2.8).  The preference for 

the cis conformer is consistent with the observation that SNO moieties in small molecule 

crystal structures exist exclusively in cis conformation with a dihedral angle of 0º-1º [95].  

Furthermore, density functional theory calculations show that the cis conformers are 

more stable than the trans conformers for small-molecule S-nitrosothiol by ~1 kcal/mol 

[36]. 

 

2.4.2. SNO formation rates 

 

 I was able to observe successful SNO photolysis, and follow the SNO reformation 

reaction.  Investigation of the multiple kinetic phases observed in the photolysis 

experiment revealed the occurrence of a short lived intermediate.  Based on the difference 

spectral analysis (Figure 2.16), the fast phase likely represents the decay of a thiyl radical 

formed upon photolysis of the S-N bond.  This radical species is not directly detected in 
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the experiment and its study is beyond the scope of this dissertation.  For now, I can 

speculate that this species attacks the ferrous heme-nitrosyl resulting in regeneration of 

the cNP (III) – NO species.  The NO that is lost upon photolysis of the S-N bond 

eventually returns and reforms the SNO.  In the wild type, the rate for the SNO 

reformation is ~8 s-1, a slow process.  This may represent the photolyzed NO being 

released from the protein and into the bulk solvent and eventual return of another NO 

molecule to the heme pocket and SNO reformation.  Surprisingly, the SNO reformation 

phase is independent of the NO concentration (Figure 2.17). 

 I also studied the SNO formation process using stopped-flow.  Values for the rates 

obtained are listed in Table 2.5.  The rates are similar to the values obtained for SNO 

reformation by flash photolysis.  SNO formation is revealed to be a slow process by both 

flash photolysis and stopped-flow and the rates in general agreement.  This is an 

interesting observation, since the starting state of the protein is distinct in either 

approaches.  In the stopped-flow, rates are obtained by observation of the SNO formation 

from rapid mixing of the unliganded protein with NO.  In contrast the flash photolysis 

experiment is observing the laser induced dissociation of a NO molecule from a SNO 

moiety in the proximal pocket of the protein and the subsequent SNO reformation. 

 The lack of a NO concentration dependence for SNO formation, indicates that 

formation does not result from a simple bimolecular reaction.  It may be that heme pocket 

conformational dynamics are rate limiting and some low frequency protein event may 

influence access to the heme pocket.  Such protein-dynamics driven control of reactive  
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Figure 2.23. Schematic cycle of events in the Laser Flash 
Photolysis experiment.  
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heme centers have been reported, as in the case of the control of the solvent access and 

imidazole binding to heme of cytochrome c2 from Rhodobacter capsulates [102].  

Detailed study of the cNP protein dynamics and heme pocket conformational dynamics in 

particular that might contribute to slow SNO formation rates is beyond the scope of my 

dissertation. 

 The A21V mutant displays SNO formation rates that are two to four fold higher 

than wild type and F64V (Table 2.5).  The alanine residue is situated on a mobile loop 

(residues 16-23) and is lacking defined secondary structure.  This loop displays similar 

mobility in all proteins (B = 55-70 Å2) and lines the proximal heme pocket, with A21 in 

van der Waals contact with the SNO moiety.  Dynamics of this loop may play a role in 

part for a ‘gating’ process that limits small molecule access to the proximal pocket.  

Minor changes in the mobility of this disordered loop will be difficult to pinpoint in the 

crystal structures, but may be the source of the two to four fold higher SNO formation 

rates for the A21V.  However, this explanation is at best speculative and requires further 

testing. 

 Alternatively there may be a concentration dependency on NO for SNO formation 

that is not evident due to the relatively high concentration range (0.5-2.0 mM) used in the 

experiments.  However at NO concentrations below 0.5 mM the photolysis signal for 

SNO is too weak to be used for the purpose of the experiment. 

 

2.4.3. Laser Flash Photolysis: Total Signal amplitude 
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 The investigation of the SNO moiety using laser flash photolysis reveals the role 

of the SNO microenvironment in telling detail.  The total signal amplitude of the 

photolysis event is a quantitative measure of the relative efficiency of the S-N bond 

breaking (Table 2.4).  Interestingly, the steric features play a prominent role in the SNO 

stability.  The F64V mutant, with a relatively relaxed SNO pocket, displays a relatively 

stable SNO group and the lowest signal amplitude.  The proximal heme pocket is open as 

compared to wild type and the SNO is the least sterically strained.  In the structure the 

F64V SNO appears to have the best electron density despite being as mobile as the wild 

type SNO group (Table 2.3). 

 The A21V mutant has the highest signal amplitude (Table 2.4) with the Cys-SNO 

residue marginally less disordered (Table 2.4 and 2.3).  The proximal heme pocket is 

crowded as compared to the wild type and the SNO has the highest steric strain placed on 

it.  This steric strain enforces the trans conformation on the SNO and may be restricting 

motion of the moiety.  As discussed earlier, theoretical calculations show that the cis 

conformers are more stable than the trans conformers for small molecule S-nitrosothiol 

by ~1 kcal/mol [36].  This decreased stability for the trans SNO may render it more 

photolabile.  There is a likely direct negative correlation between steric hindrance and 

SNO stability in cNP. 

 This is the simplest interpretation of the data.  Alternatively, the photolysis could 

be identical for all three proteins, but signal amplitude is different due to occurrence of 

geminate recombination of the photolyzed NO with the proximal sulfur.  Different rates 
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for heme pocket dynamics could also control the rate for release of the photolyzed NO 

from the protein.   

 

2.4.4. NO Titration 

 

 In an effort to determine a dissociation constant for the SNO in cNP, I performed 

a series of NO titrations.  The titrations were performed with cNP wild type at pH 5.5 and 

pH 7.4.  pH 5.5 is presumably the approximate pH in the salivary glands of the bedbug 

where NO is ‘loaded’ on to the protein for storage and transport, and pH 7.4, the pH of 

blood and tissue of the bite victim, is a condition that favors release of the NO from the 

protein.  If SNO formation in cNP were a means for NO transport and storage, then it 

would be expected that SNO formation would be favored at pH 5.5.  However the 

titration experiments reveal cNP to be at best 50% saturated with SNO at saturating 

concentrations of NO (~2 mM) in solution (Figure 2.18 A).  At pH 7.4, it is possible to 

saturate the proximal heme pocket with SNO by titrating to final NO concentration of 

~300 µM. 

 Though it is surprising that cNP does not saturate with SNO at pH 5.5, this result 

can be rationalized.  At pH 5.5, protonation of the proximal cysteine will be favored.  An 

equilibrium will persist between cysteine thiol and cysteine thiolate.  This equilibrium, 

effectively sequestering the thiolate, would compete with SNO formation.  On the other 

hand, pH 7.4 would favor a deprotonated proximal cysteine and offer a thiolate in ligation 

with the ferric nitrosyl as a site for SNO formation.  As a result at pH 7.4 SNO formation 
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is saturated at substantially lower NO concentrations.  However, at pH 7.4, SNO 

formation in cNP is of questionable functional significance. 

 It is clear that at pH 5.5 SNO formation requires high non-physiological 

concentrations of NO.  cNP concentration in the insect salivary glands is quite high and 

likely in the millimolar range, requiring at least millimolar NO for SNO saturation.  Such 

a high concentration of free NO is quite possibly never achieved within biological 

systems.  Thus Stable SNO formation may never occur in the salivary gland, although 

transient unstable formation probably does occur.  This modification of the cysteine is 

readily reversed may play a protective role in the protein. 

 I performed a similar NO titration on the F64V mutant at pH 7.4 and pH 5.5.  

Surprisingly, the F64V mutant forms the SNO at a lower NO concentration and all the 

protein is present as the ferrous NO/SNO form (Figure 2.22).  Clearly, the SNO is 

saturating at ten-fold lower NO concentration.  This suggests that the proximal 

hemepocket arrangement in cNP is organized as such to prevent or limit that formation of 

SNO at pH 5.5.  A mutation of one of the key hydrophobic residues is interestingly 

sufficient, to relieve this prohibitive steric control.  

 

2.5. Conclusions 

 

 The proximal hydrophobic pocket and especially the A21, C60 and F64 

association, has likely evolved to prevent SNO formation in cNP.  SNO formation in cNP 

is likely not a mode of NO transport and storage, but rather serves a protective role.  The 
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heme nitrosyl is the key species with respect to the blood feeding of the bedbug.  The Fe-

S linkage in the cNP (III) – NO complex is weak and highly susceptible to cleavage: a 

characteristic unique to cNP amongst the thiolate hemeproteins [103].  It is of paramount 

importance that the heme nitrosyl be protected from loss through side reactions, until the 

bedbug encounters a victim and the protein is injected into tissue.  SNO formation affords 

a reversible mode of protection of the heme nitrosyl in pH and concentration dependant 

way. 
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     CHAPTER 3 

         PH DEPENDENCE FOR FORMATION OF THE CNP HEME-NITROSYL 

3.1. Introduction 

 

 Slow feeding arthropods like Rhodnius prolixus (the kissing bug) and Cimex 

lectularius (the bedbug) inject proteins into the tissue of the host to aid in obtaining a 

blood meal.  Both insect species utilize unique nitric oxide carrying proteins 

(nitrophorins) to facilitate antihemostasis.  The nitrophorins provide a means of 

stabilizing NO for long periods of time in the insect salivary glands, and then releasing it 

upon dilution and increase in pH, when the saliva is injected into a victim.  NO can 

dissociate from the carrier proteins by dilution at neutral or alkaline pH, but less readily 

at pH 5.5, the approximate pH of the insect’s saliva.  Efficient NO release at the 

neutral/weakly alkaline pH of blood/tissue is key to ensuring a sufficient blood meal for 

the insect.  Extensive efforts of the Montfort and Walker laboratories have shown that 

nitrophorins from R. prolixus accomplish storage and delivery in part through a ruffled 

ferric-stabilized heme and a pH-dependent conformational change that restricts the NO 

molecule in a nonreactive hydrophobic environment [21, 25].  The titration curve for NO 

dissociation from heme in the rNPs indicates an ionizable group with a pKa of ~6.5 [21], 

pointing to the molecular basis for pH dependant NO binding in this group of proteins. 

 cNP accomplishes the same function but with ferric heme ligated to a cysteine.  

cNP exhibits identical pH dependence for NO binding and release as rNPs.  The 

molecular basis for this dependence is unknown and is the subject of this chapter.  In the 

following sections I describe the efforts to determine the dissociation constants and 



  99 

kinetic on and off rates for the ferric heme nitrosyl.  These quantitative measurements 

will be essential to formulating an explanation for the pH dependant NO binding 

behavior in cNP. 

 

3.2. Materials and methods 

 

 Wild-type cNP protein was expressed as inclusion bodies, renatured, reconstituted 

with heme, and purified as described previously in Section 2.2 and references therein.  

cNP has  well resolved  UV-Vis spectral signals for the cNP (III)- H2O and the cNP (III)- 

NO species at 389 and 437 nm, respectively (Figure 2.11).  Addition of moderate 

amounts of NO results in a shift of the Soret maximum from 389 to 437.  I use this shift 

to perform NO titration experiments and stopped-flow spectroscopy measurements at pH 

5.5 and pH 7.4. 

 

3.2.1. NO dissociation constant measurements 

 

 The cNP samples were placed in a septum-capped quartz cuvette with minimal 

head space at room temperature (22 °C).  The buffers used were 100 mM Tris HCl, pH 

7.4 and 100 mM Sodium Citrate, pH 5.5.  NO titrations were performed using alkaline 

solutions of DEA/NO.  DEA/NO solutions were prepared as described in Section 2.3.6.1.  

~2 µM protein was used in all titration experiments.  All additions were performed with 

Hamilton gas tight syringes and the cuvettes were septum capped and secured with 
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parafilm at all times.  Absolute and difference spectral scans (250 nm – 700 nm) were 

recorded after addition of each aliquot of NO using a Cary- 50 UV-Visible 

Spectrophotometer (Varian). 

 The normalized absorbance change at 437 nm at pH 7.4 was plotted against free 

NO concentration and the data were fitted to a simple hyperbolic function describing a 

simple one-ligand-one-binding site equilibrium. 

  [LR]  = ([R]T [L] free) / ([KD] + [L] free)    (eq 3.1) 

where, [LR] = Fe (III)-NO, 

 [R]T = Total cNP protein, 

 [L] free = Free NO, 

 KD = Dissociation constant for heme –NO binding. 

 Data fitting was performed using the standard hyperbolic function provided in 

SigmaPlot (SPSS, Inc., Chicago).  The titration at pH 7.4 was repeated three times and 

the value reported are the mean ± standard deviation.  One such representative 

titration/binding curve is shown in Figure 3.1. 

 Initial attempts to use the hyperbolic function to fit the titration data obtained at 

pH 5.5 were unsuccessful.  The simple hyperbolic function was insufficient to model the 

ligand binding at lower pH, and so a mutually depleting model [104, 105] was used to 

analyze the data: 

 

∆A/∆Amax = (RT + LT + KD)/ (2RT)- {[(R T + LT + KD)2 – (4LTRT)]0.5}/(2RT)         (eq 3.2) 
 
where, ∆A = Change in absorbance upon titration for a specific total ligand added, 
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 ∆Amax = Maximal absorbance change, at the same wavelength as ∆A 

 RT = Total cNP protein 

 LT = NO added per aliquot 

 KD = Dissociation constant for heme –NO binding. 

The data were fitted using SigmaPlot with the above user defined equation.  The titration 

was repeated two times and values reported are the mean ± average deviation.  A 

representative titration curve is shown in Figure 3.2. 

3.2.1.1. Determination of molar extinction coefficient of cNP heme. 

 
 Molar extinction coefficients of cNP heme were measured using the pyridine 

hemochromogen assay as described previously [25].  The protein solution (700 µl) was 

mixed with 100% pyridine (300 µl), 5 N KOH (20 µl), and crystals of sodium dithionite.  

The peak absorbance at 556 nm minus that at 700 nm was used to determine the hemin 

concentration, assuming an extinction coefficient of 32 mM-1 cm-1.  cNP (III) -NO Soret 

peak and all α, β peak extinction coefficients were estimated by their ratio to the cNP 

(III) H 2O Soret band.  

 

3.2.2. Kinetics: Heme –NO association kinetics.  

 

 Kinetic measurements were obtained by rapid scanning stopped-flow 

spectrophotometry on an RSM-1000 apparatus (OLIS Inc.).  This instrument has a dead 

time of ~2 ms, a water bath controlled thermostatically to maintain the temperature of the 

loading syringes and the stopped-flow cell, and is capable of collecting an absorbance 
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spectrum in the visible region every millisecond.  In this study, spectra covering a 

wavelength range of 345-575 nm were measured at 15 °C at a rate of 1000 scans s-1.  cNP 

solutions at a concentration of 5 µM in either 100 mM Tris.HCl (pH 7.5) or sodium 

citrate (pH 5.5), were deoxygenated with a stream of oxygen-free argon gas.  For NO 

binding rate measurements, NO was generated in situ by dilution of a stock alkaline 

solution of DEA/NO into gastight syringes with deoxygenated argon-saturated buffer to 

produce the desired concentrations.  Kinetic traces of the change in absorbance at a single 

wavelength (389 nm or 436 nm) upon rapid mixing were extracted from the time resolved 

spectral scans.  Data analyses were performed by fitting a single exponential (pH 7.5) or 

a double exponential (pH 5.5) function to the kinetic traces using SigmaPlot.  These 

fitting procedures give the kinetic rates and the corresponding signal amplitudes. 

 Assuming a simple single-step binding process, cNP heme nitrosyl formation can 

be represented as shown below 

  Scheme 1. 

    

 The observed rates, one in case of pH 7.5 and two in case of pH 5.5, obtained 

through curve fitting of the kinetic traces, were averaged over three shots of the stopped 

flow.  The average rates were then plotted against NO concentration.  Rate constants for 

the heme-NO binding process, i.e. kon and koff, were obtained through fitting the 

following equation, representing a straight line with a y-intercept using, SigmaPlot. 

    kobs = kon [NO] + koff    (eq 3.3) 
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 Estimated values for kon and koff were obtained through averaging of two 

independent experiments.  Accurate measurement of NO concentrations is difficult due to 

the reactivity and low solubility of the gas, giving rise to increased variability in the 

measured values.  This is especially true for koff, which is obtained by graphical 

interpretation from the y-intercept, where small errors produce large variances. 

 

3.3. Results 

3.3.1. Dissociation constants for the ferric heme nitrosyl. 

 

 cNP has distinct binding affinities for NO at pH 5.5 and pH 7.4.  The NO titration 

data at pH 7.4 fit a simple hyperbola, suggestive of a simple equilibrium process.  The 

difference absorbance spectra and best fit of the titration curve are shown in Figure 3.1.  

The dissociation constant gleaned from the regression analysis of three independent 

measurements is 4.4 ± 1.7 µM.  The estimated error is the standard deviation across three 

independent measurements. 

 In constrast, the titration data at pH 5.5 do not fit a hyperbolic function, but rather 

a mutually depleting model (Equation 3.2), where the tight binding affinities for ligand-

receptor complexes are taken into account.  Equation 3.2 takes into account the fact that 

the concentration of ligand consumed in forming the ligand –protein complex cannot be 

neglected.  The difference absorbance spectra and best fit of the titration curve are shown 

in Figure 3.2.  The regression analysis of this curve presents a quantitative estimate range  
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Figure 3.1. A) Difference absorbance spectra for NO binding 
at pH 7.4. B) Absorbance change at 437 nm is plotted against 
NO concentration, and fit with a simple hyperbola.  KD 
obtained from an average of three independent measurements 
is 4.4 ± 1.7 µM.  Error in the KD is standard deviation across 
the three measurements. [NO]free is obtained by measuring 
absolute [Fe(III)-NO] for each aliquot of [NO] added, and 
subtracting from [NO]total. 

A 

B 
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Figure 3.2. A) Difference absorbance spectra for NO binding at pH 
5.5. B) Absorbance change at 437 is plotted against total NO 
concentration, and fitted with equation 3.2. Quantitative estimate of 
affinity obtained from two independent measurements is 56 ± 26 nM. 
Estimated error is the average deviation in the mean value obtained 
from two measurements. 

B 

A 
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of 36-79 nm for the affinity of NO for the heme at pH 5.5.  This value range is obtained 

from two measurements.  It should be emphasized that the binding of NO for the cNP 

heme is at least 60 fold tighter at pH 5.5 versus pH 7.4.  Tight pH regulation is essential 

for efficient NO transport and storage by cNP and ensuring a blood meal for the bedbug 

and tight binding at pH 5.5 is not surprising. 

 

3.3.2. Kinetics of NO association to cNP heme. 

 

 The results presented in this section are the first kinetic measurements for NO 

association to heme in wild type cNP.  The stopped flow kinetics measurements for cNP 

discussed by Weichsel et al [30] and in Chapter 2 were for the SNO formation at the 

proximal cysteine.  As I outlined in Section 2.4.3, SNO formation at the proximal 

cysteine in the cNP wild type is observable spectroscopically only at NO concentrations 

above 120-140 µM.  Here, I present the stopped flow kinetics performed below this 

critical concentration range.  Binding rates were obtained through monitoring absorption 

changes at a single wavelength, 389 or 436 nm, corresponding to the maximum 

absorption for the unliganded protein or the NO complex, respectively.  I use a stopped-

flow device (dead time of 2 ms), attached to a rapid-scanning spectrophotometer that 

allows full spectra (345-575 nm) to be recorded every millisecond. 
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Figure 3.3. Binding of NO (20 µM) to cNP after rapid mixing at 
pH 5.5 and 15 ºC showing absorbance change at 436 nm fitted 
with a double exponential.  Residual errors are shown at the 
bottom. kobs1 = 30.0 ± 0.3 s-1, amplitude1 = 0.08, kobs2 = 1.2 ± 
0.004 s-1, amplitude2 = 0.081. 
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Figure 3.4. Binding of NO (20 µM) to cNP after rapid mixing at pH 
7.4 and 15 ºC showing absorbance change at 436 nm fitted with a 
single exponential. Residual errors are shown at the bottom.  The 
first fast phase observed at pH 5.5 is noticeably absent. kobs = 0.7 ± 
0.001 s-1, amplitude = 0.12. 
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Figure 3.5. A) Full spectral scans of the NO binding to cNP 
after rapid mixing at pH 5.5 reveal a single isosbestic point.  
B) The same data represented in a 3D plot. Identical spectral 
shifts are obtained at pH 7.4 

A 

B 
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 Binding rates were obtained through mixing of cNP and NO at defined 

concentrations and monitoring spectral changes.  Full spectra for NO binding are shown 

in Figure 3.5.  I find the wild-type protein exhibits two phases: a fast phase and a slow 

phase for NO association at pH 5.5 with equal amplitude (Figure 3.3).  A single phase is 

seen at pH 7.4 (Figure 3.4).  A point that deserves emphasis is that in the time resolved 

full spectral scans for NO binding at both pH values, a single isosbestic point is observed 

indicative of two spectroscopically distinguishable species, one being consumed and the 

other being formed post rapid mixing with NO (Figure 3.5).  Identical results are obtained 

from the analysis of curve fitting of the absorbance change at 389 nm (data not shown) as 

compared to 436 nm. 

 Association rates were estimated from the concentration dependence of kobs 

(Figure 3.6).  All observed phases exhibit a weak dependence on NO concentration, an 

approximate two fold increase with NO concentration range used for experiments.  The 

fast phase at pH 5.5 exhibits strong pH dependence and is absent at pH 7.4.  The second 

slower phase at pH 5.5 and the sole observed phase at pH 7.5, appear identical and likely 

represent the same NO binding event.  There is a slight increase in kon and a slight 

decrease in the koff at pH 5.5 as compared to pH 7.5, and hence at best a slight or no 

effect of pH on this phase.  The average values for the rates are presented in Table 3.1.  

These results likely indicate two distinct binding modes with the same spectral shift 

occuring at pH 5.5, leading to the formation of a ferric heme nitrosyl.  At pH 7.4, one of 

the modes is lost and heme nitrosyl formation proceeds via a single binding phase. 
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Figure 3.6. NO concentration dependence.  Shown are the 
averages for three measurements of kobs at each NO 
concentration.  Data for the pH 5.5 fast phase (●), pH 5.5 slow 
phase (○), and the pH 7.4 sole observed phase (▼) were all 
fitted to equation 3.3, yielding kon and koff.. Values are listed in 
Table 3.1.  Error bars represent standard deviation in the mean 
value across three independent measurements. 
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Table 3.1 NO association rates with cNP wild type heme     
                

                kon  (µM-1 s-1)                   koff  (s
-1)  

    Fast Slow   Fast Slow   
        

pH 5.5 0.37 ± 0.06 0.014 ± 0.003  14.0 ± 2.0 0.47 ± 0.09  

        

pH 7.4 NA 0.006 ± 0.001  NA 0.57 ± 0.02  
                
NA= Not applicable, fast phase is not observed. 
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 The kon and koff obtained from the stopped flow measurements are not internally 

consistent with KD values discussed in Section 3.3.1.  In principle, assuming a simple one 

step binding scheme (Scheme 1 in Section 3.3.2), the dissociation constant can be 

represented as follows. 

    KD = koff/kon     (eq. 3.4) 

 However, substitution of the kon and koff values obtained do not lead to values that 

are consistent with KD values presented in Section 3.3.1, rather the calculated values are 

500 fold higher at pH 5.5 and 25 fold higher at pH 7.4.  This inconsistency is further 

discussed in the next section. 

 

3. 4 Discussion 

 

 What is the rationale for the pH dependent mode of NO binding to the ferric cNP?  

Why is NO binding at pH 5.5 biphasic?  What is the source of the pH sensitivity in the 

fast phase?  To answer these questions, an adequate cNP (III)-NO model is required.  The 

cNP (III)-NO complex can be observed spectroscopically in both crystals and in solution 

[103].  However, my numerous attempts to determine the structure of the complex by 

crystallographic methods have been unsuccessful because of X-ray generated 

photoreduction of the complex.  Nonetheless, there do not appear to be major changes in 

conformation as a function of pH. 

 Any attempt to get at the molecular basis for pH dependence is incomplete 

without equilibrium and kinetic measurements for the formation of the cNP (III)-NO 



  114 

complex.  In the following section I will argue for the protonation of the proximal thiolate 

being the basis, at least in part, for the pH dependence observed in the heme nitrosyl 

formation.  

 In section 3.3 I have presented the quantitative estimates for the cNP heme-NO 

binding.  However, the lack of internal consistency of the dissociation constants and the 

rate constants needs to be addressed.  This inconsistency may be arising in part due to the 

temperature difference in the experimental setup; the dissociation constant measurements 

were performed at room temperature (22-25 ºC) and the kinetic measurements were 

performed at 15 ºC.  Additionally, the accurate measurement of NO concentrations is 

difficult due to the reactivity and low solubility of the gas, giving rise to increased 

variability of measured values.  This is especially true for koff, which is obtained from the 

y-intercept, where small errors produce large variance in estimation. 

 A way around the graphical estimation of koff is direct measurement of the ligand 

dissociation rate.  The bound NO can be competed off the heme by application of another 

heme ligand, and the NO dissociation from heme can be followed.  A good example of 

this strategy is the dissociation of NO by competition with imidazole in the case of 

Nitrophorin 4 from R. prolixus [25, 106].  However, such an approach cannot be used in 

case of cNP as imidazole does not bind to cNP heme.  Alternatively, NO released from 

the heme could be scavenged by sodium dithionite as in the case of soluble guanylate 

cyclase [107] or some other compound.  However, such a mechanism requires the 

scavenging reaction to be both rapid and to not alter the cNP heme, and such a compound 

has not been discovered.  Application of a strong reductant like sodium dithionite as an 
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NO scavenger would result in the reduction of the heme center, an unwanted effect that 

would hamper the investigation of the ferric nitrosyl.   

 I had assumed a simple one step association for NO binding to heme (Scheme 1).  

The inconsistency suggests that binding and release do not follow a simple binding 

mechanism.  In light of the results obtained, this scheme needs revision.  Here I present a 

revised NO association scheme: 

 Scheme 2 

 

 

 This scheme could explain the discrepancy between KD and koff/kon ratio, for 

example, if k-2 were ~20 fold smaller than k-1 and rate limiting.  A similar scheme was 

observed with the Rhodnius nitrophorins, where NO binding leads to a change in protein 

conformation that traps NO in the heme pocket, leading to slower NO release.  The 

model in scheme 2 includes the one step NO association of scheme 1.  The cNP (III)-NO 

complex formed likely undergoes some transformation to cNP*(III)-NO, and these 

complexes are spectroscopically indistinguishable. 

 The estimated kon for cNP is 1-2 orders of magnitude less than those observed for 

other heme thiolate proteins.  NO association rates for the heme in ferric heme thiolate 

proteins endothelial nitric oxide synthase, neuronal nitric oxide synthase, P450 nitric oxide 

reductase, yeast P450 range from 104-107 M-1 s-1 at pH 7.4 and 20-25 ºC [108-111].  Low 

value for kon at pH 7.4 is consistent with the proposed mode of NO binding for the 

nitrophorins. 
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 cNP is a heme thiolate protein.  Studies on other heme thiolate proteins 

(cytochrome P450s) show that protonation of the proximal cysteine is possible and can 

affect its electron donor properties [7].  A negatively charged deprotonated thiolate ligand 

would be a potent electron donor as compared to a neutral thiol [112].  In the proposed 

reaction mechanism for cNP, NO first binds to ferric heme, giving rise to a six-coordinate 

ferric- NO species.  In such a six coordinate nitrosyl complex the distal NO ligand will 

cast a strong trans inducing effect weakening the bond trans to itself: the Fe-S bond.  

This trans effect arises out of the effective competition of NO with the proximal ligand 

for the vacant Fe dz
2 orbital through a sigma donation from NO to Fe.  Likewise, electron 

donor properties of the proximal ligand are also considered as a main determinant of the 

strength of the bond between the Fe and the distal ligand [113].  Thus protonation of the 

proximal thiolate in a heme thiolate protein should significantly change its electron donor 

properties and alter the strength of the bond between iron and the distal ligand, bearing a 

strong influence on the ligand binding at the distal site. 

 Evidence for protonation of the proximal thiolate is seen in the pH sensitive 

position of Soret band in the sodium dithionite reduced cNP.  Reduction of ferric cNP 

results in the Soret peak at 420 nm at pH 7 and 408 nm at pH 9 with a small shoulder at 

450 nm for this complex in solution [103].  UV-visible spectra of the ferrous CO complex 

of cNP reveals a Soret band around 420 nm, blue shifted by 20-30 nm as compared to 

other heme thiolate proteins [114, 115].  The position of the Soret band at 420 nm could 

be evidence of protonation of the thiolate ligand, as suggested for CO complexes of 

P450cam [116, 117]. 



  117 

 Additional evidence of protonation of the proximal thiolate in the cNP (II)-CO 

complex at lower pH is provided by the absorbance difference FTIR spectra obtained by 

our collaborators Karin and Ulrich Nienhaus (University of Ulm, Ulm, Germany).  There 

are two subpopulations of heme-bound CO species, one associated with stretch band at 

1979 cm-1 at pH 7.5 and another with a stretch band at 1992 cm-1 at pH 6.2 suggesting 

that a change of the CO stretch mode wave number is caused by a change in the charge of 

the proximal thiolate ligand.  Such interpretation of the FTIR results is supported by 

quantum chemical calculations, which show that a negatively charged proximal ligand 

would induce a stronger charge donation to the CO ligand and it should decrease the CO 

stretch wave number. 

 In cNP upon formation of the six coordinate heme nitrosyl, another NO molecule 

can react with the C60 sulfur and lead to the formation of the SNO.  The iron abstracts an 

electron and assists in the formation of a neutral SNO; either through homolytic cleavage 

of the Fe-S bond or through a free-radical attack mechanism by NO at the proximal side.  

Further evidence of pH dependant protonation of the proximal ligand is obtained from the 

NO titrations into cNP.  Titration experiments outlined in section 2.5.4 reveal SNO 

formation is favored at pH 7.4 and the protein can be saturated with SNO at ~300 µM.  In 

contrast, at pH 5.5 cNP is at best 50 % saturated with SNO even at saturating 

concentration of NO (~2 mM).  This result suggests that there is likely equilibrium 

between the thiol and the thiolate forms of the proximal cysteine.  This may prove to be a  
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Figure 3.7. Rationale for pH dependence observed in heme 
nitrosyl formation in cNP.  At pH 5.5 the proximal thiolate likely 
exists in an equilibrium with the thiol, versus at pH 7.4 the 
thiolate is stabilized and favored. 
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competing mechanism to SNO formation, with the protonated thiol resisting S- 

nitrosation.  At pH 7.4, the cysteine deprotonation will be favored resulting in greater 

saturation of the SNO in the proximal pocket. 

 Taking these facts into consideration I would like to argue for the following 

rationale (Figure 3.7) to account for the pH dependant character of NO binding and 

release in the cNP (III) –NO:  

 1) Protonation of the proximal thiolate at low pH results in a weak coordination of 

 the iron by the neutral thiol and produces a stronger binding of NO to ferric heme. 

 2) Elevation of pH stabilizes the ionized form (RS-) of the proximal cysteine and 

 promotes stronger binding to the ferric heme, resulting a weaker Fe-NO 

 interaction and lower affinity for NO. 

 3) The same rationale can explain the biphasic nature of NO binding to heme at 

 low pH, where an equilibrium would persist between cNP with a proximal neutral 

 thiol and cNP with a negatively charged proximal thiolate giving rise to two 

 distinct starting species that are spectroscopically indistinguishable and have the 

 same reaction pathway to form the cNP (III)-NO complex 
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       CHAPTER 4 
  ECDYSONE INDUCUBLE PROTEIN 75 (E75): A BEGINNING. 

4.1. Nuclear receptors, ecdysone biology and E75 

 

Nuclear receptors (NRs) are ligand regulated transcription factors acting at the 

crossroads of key biological processes, including embryonic development, maturation, 

aging, homeostasis and metabolism.  Ligand binding to receptor leads to subcellular 

relocalization, changed ability to dimerize and cofactor recruitment, resulting in 

transcriptional activation or repression of genes.  Regulating ligands include steroids, 

retinoic acid, thyroid hormone, dietary lipids and secondary metabolites [49-51].  They 

contain three main functional domains: (i) N-terminal AF domain, which is highly 

variable in length, sequence and function (ii) a C-terminal two zinc-finger DNA binding 

domain (DBD) , and (iii) the ligand binding domain (LBD), involved in ligand binding, 

dimerization and recruitment of coregulator proteins (corepressors and coactivators) (1-

4).  The LBD structure is highly conserved with a fold containing 10-12 alpha helices, 

three short beta strands and a topologically conserved ligand binding pocket (LBP).  All 

known nuclear receptor hormone ligands are small, fairly rigid, and hydrophobic [49-51, 

118] and display high affinities for their cognate nuclear receptor, with KD values usually 

in the nanomolar range [50, 118].  The majority of nuclear receptors are “orphan”, 

meaning that their natural ligand has yet to be identified.  The identification of new 

ligands has major implications in understanding the molecular mechanisms of 

development, reproduction, and broad cellular function.  Crystal structures of 
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approximately 15 different LBDs have been determined, most of them in complex with 

natural or synthetic ligands.  Only three of these are insect nuclear receptors [118]. 

E75 was long considered to be an orphan nuclear receptor.  Recently, Reinking et. 

al. identified the Drosophila E75 as a hemeprotein [53].  E75 is the first nuclear receptor 

reported to belong to the heme protein class.  The role of heme proteins in fundamental 

biological processes such as the transport and storage of diatomic gases, oxidation 

/reduction reactions and electron transfer is well recognized.  More recently, it has been 

shown that hemeproteins act as biosensors for the gaseous ligands NO, CO, and O2, in 

enzymes and in transcription factors containing PAS domains.  These members of the 

PAS superfamily share a predictable three-dimensional fold of ~130 residues [86], quite 

unlike the nuclear receptors.  In their report, Reinking et al. propose E75 to be a heme-

based transcription factor binding to nitric oxide (NO) or carbon monoxide (CO).  They 

proposed either H364 or H574 as one axial ligand to iron, but no substantial evidence was 

provided [53]. 

 de Rosny et al. working on the Drosophila E75 heme binding domain  report the 

heme is of the b type with a low-spin hexacoordinated ferric iron [85].  Cysteines 396 and 

468 and histidine 574 were identified to be involved in the iron coordination sphere.  

They proposed E75 to be a nuclear receptor sensing cellular heme levels.  To date, the 

heme iron coordination of E75 has not been clearly elucidated.  Determination of E75 

heme environment is still needed, as it will help in understanding the function of the 

heme, whether heme itself or a change in the heme environment triggers the regulation of 

transcription by this nuclear receptor.  
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In this chapter, I describe purification and UV-visible spectroscopic studies of the 

E75 heme binding domain (E75HBD) from the yellow fever mosquito Aedes aegypti.  

E75 is expressed in the ovary and mosquito fat body following a blood meal and stimulus 

by the steroid hormone ecdysone.  E75 is suggested to mediate ecdysone responses 

required for oogenesis and hence reproduction.  Ecdysone induced E75 mRNA 

transcripts are observed in in vitro fat body cultures.  E75 interacts with and represses the 

transcriptional activation function of a second nuclear receptor, HR3, and regulates gene 

expression.  These findings lead to the suggestion that A. aegypti E75 mediates ovary and 

fat body ecdysone responses [56-59, 119, 120].  In the following sections, I outline the 

preliminary studies that show the E75 heme is of the b type with a low-spin 

hexacoordinated ferric iron.  NO binding to E75HBD heme is observed at non-

physiological levels.  E75HBD heme has an unstable ferrous state, raising doubts on E75 

binding CO or O2 as physiological ligands, since these molecules only bind to ferrous 

heme. 

 

4.2. Materials and methods 

4.2.1. Construction of the heme binding domain of A. aegypti E75 

 
 I received the clone for the Heme binding domain from A. aegypti E75A from our 

collaborators Dr. Roger L. Miesfeld and Dr. Jun Isoe.  The DNA coding for the E75HBD 

was constructed for bacterial overexpression by Dr. Jun Isoe in the following manner.  

The HBD of A. aegypti E75A homologous to D. melanogaster HBD was identified from 

pair wise sequence comparison.  Total RNA was isolated from mosquitoes as previously 
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described [121].  cDNA was synthesized by reverse transcriptase (Promega) with an 

E75A-specific primer (5’ GGATACCGAGCTCAT 3’).  RT-PCR was performed by Taq 

DNA polymerase (Promega) with the following primers: HBD-specific forward primer 

with NdeI restriction site (underlined) on adapter sequence (italicized) (5’ 

GGATCACCTGCATATGGGGAATCAGCGGGCACTG 3’), HBD-specific reverse 

primer with HindIII (underlined) and a stop codon (bold) on the adapter sequence (5’ 

GGAGACTAGCAAGCTTATTAGAGATCTTCTTCAGCGTTCCA 3’).  The PCR 

product was purified and cloned into the TOPO TA vector (Invitrogen).  The sequence 

was verified on an ABI PRISM® 377 DNA Sequencer (Applied Biosystems) in the DNA 

Sequencing Facility at the Genetic Analysis and Technology Core at the University of 

Arizona.  Subsequently, the DNA encoding HBD of A. aegypti E75A were cloned into 

the pET28a expression vector (Novagen) at NdeI and HindIII sites and transformed into 

BL21(DE3) competent cells (Novagen) for overexpression. 

 

4.2.2. Expression and purification of E75HBD in E. coli 

 

 E75HBD was isolated from insoluble inclusion bodies using the following 

protocol.  Four liters of Luria broth (with 100 µg/mL ampicillin) in four 2 L Fernbach 

flasks was inoculated with an overnight culture of E. coli (pET28B-E75HBD).  The 

flasks were shaken at 37 °C and 225 rpm until the OD600 of the cultures was 

approximately 0.6. IPTG was added to a concentration of 0.5 mM, and the cultures were 

shaken at 37 °C for 4 h at 225 rpm.  The cells were harvested by centrifugation at 9000g 



  124 

for 20 min and 4 °C.  For lysis, cells were suspended in 100 mM Tris-HCl, pH 7.4, 20 

mM EDTA, 10% sucrose, and 200 µg/mL lysozyme.  After incubation with stirring for 

60 min at room temperature, the spheroplast suspension was lysed using a sonicator.  The 

lysate was incubated with a mixture of DNAase I (50 µg/mL) for 60 min.  The cell lysate 

was centrifuged at 20,000g for 30 min, and the pellet was suspended in 100 mM Tris-

HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, and 1% (w/v) Triton X-100 (Wash Buffer).  

The insoluble material was collected by centrifugation at 20,000g and washed two more 

times with Triton X-100-containing wash buffer and two times in wash buffer without 

Triton-X-100. Inclusion bodies were solubilized in 25 mL of 100 mM Tris-HCl, pH 7.4, 

1 mM EDTA, 6 M guanidine hydrochloride, and 5 mM DTT (denaturation buffer). 

 After centrifugation at 100,000g for 40 min, the denatured protein was refolded 

by dropwise addition over a period of 6 h to a 20-fold larger volume of 100 mM Tris-

HCl, pH 8.5, 0.8 M NaCl, 10% (w/v) glycerol, 1 mM EDTA, 10 mM DTT, ( renaturation 

buffer) at 4 °C.  The diluted partially refolded protein was stirred overnight at 4 °C.  After 

centrifugation, any insoluble material obtained was subjected to the described 

denaturation and refolding procedure at least two times.  Supernatants of refolded protein 

were then pooled and initially dialyzed against 100 mM Tris-HCl, pH 8.5, 0.8 M NaCl, 

10 % (w/v) glycerol, 10 mM DTT (dialysis buffer).  Subsequent dialysis changes were 

performed with dialysis buffer with 0.4 M NaCl, 0.2 M NaCl, and finally with 0.1 M 

NaCl.  A 10 mM hemin solution in 10 mM KOH was slowly added to the refolded 

protein till the ratio of the absorbance at 389 nm (Soret) to 282 nm (protein) was 

approximately 2:1.  The solution was stirred for at least 2 h and heme incorporation was  
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monitored using the ratio of the Soret Absorbance at 425 nm to the absorbance at 280 

nm.  A ratio of approximately 2.0 despite continued addition of hemin indicated full 

titration of the refolded protein to its native state.  The dilute protein was concentrated by 

ultrafiltration through a 10 kDa MWCO membrane (Amicon).  The resulting concentrate 

was centrifuged at 28,000g.  The supernatant was dialyzed against 50 mM sodium 

phosphate, pH 8.0, 0.3 M NaCl, 10% (w/v) glycerol. The dialyzed protein was purified 

with a Ni+2-NTA affinity column using a 50 mM sodium phosphate, pH 8.0, 300 mM 

NaCl, 10 % (w/v) glycerol, 250 mM imidazole (elution buffer).  The next step was gel 

filtration on a Hi Prep 26/60 Sephacryl S-200 column.  Fractions containing E75HBD 

(based on absorbance spectra and a chromatogram) were pooled, dialyzed into a 100 mM 

Tris-HCl, pH 8.5, 200 mM NaCl, 10% (w/v) glycerol, and concentrated to a minimum of 

15 mg/mL.  Aliquots were flash frozen in liquid nitrogen, and stored at – 80 °C 

 

4.2.3. Expression and purification of E75 full length in SF9 cells. 

 

 To express mosquito full length E75A in an insect derived cell line, the full-length 

E75A gene was cloned into a baculovirus expression vector.  The 3’ region of AaE75A 

ORF containing 1,480 bp was PCR amplified using forward primer 1 (5’ 

GATGTAGCCAAGAGTCCGATGA 3’) and reverse primer 1 (5’ 

CTCGAGCGCTTCCAATAGTACCTTATG 3’ XhoI site underlined).  The PCR 

products were cloned into TOPO TA vector (pTOPO-E75A3’) and sequenced.  The 3’ 

region of AaE75A was restriction digested with SacI and XhoI and then directionally 
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cloned into the same restriction sites of pET28a vector (pET28a- E75A3’) to contain six 

histidine codons at the C-terminus.  The 5’ region of AaE75A ORF containing 1,736 bp 

was also PCR amplified using forward primer 2 (5’ 

TCTAGAAATGCTATCAGACATCTCGTACCA 3’ XbaI site underlined) and reverse 

primer 2 (5’ CCGACTCAGTGCTGGATACCGA 3’).  The PCR products were cloned 

into TOPO TA vector (pTOPO-E75A5’) and sequenced.  The 5’ region of AaE75A was 

restriction digested with XbaI and SacI and then cloned into the same restriction sites of 

pET28a-E75A3’ to construct the full length E75A containing six histidine codons at the 

C-terminus in pET28a vector, pET28a-E75A.  Subsequently, the PCR was performed 

with forward primer 2 and reverse primer 3 (5’ 

GTCGACCTTTGTTAGCAGCCGGATCTCA 3’ SalI site underlined) using pET28a-

E75A as a template.  The PCR products were cloned into TOPO TA vector (pTOPO-

E75A) and sequenced.  The full-length E75A was excised from pTOPO-E75A using 

XbaI and SalI restriction enzymes and then cloned into the same restriction sites in the 

pBlueBac4.5 baculovirus expression vector (Invitrogen), to generate the construct labeled 

as pBlueBac4.5-E75A.  Recombinant baculoviruses were generated by recombination of 

pBlueBac4.5-E75A with linear baculovirus DNA using the Bac-N-Blue baculovirus 

expression kit (Invitrogen).  Endotoxin-free plasmid DNA were prepared using Endofree 

Plasmid Maxi Kit (QIAGEN) and infected into Spodoptera frugiperda (Sf9) insect cells 

according to manufacturer instructions. Sf9 cells were cultivated in 250 ml of Graces 

Insect Cell medium (GIBCO), supplemented with 10% final concentration of Fetal 

Bovine Serum (Atlanta Biologicals) as a suspension culture at 27 °C.  The cells were 
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infected with recombinant baculovirus at a density of 2 x 106 cells/ml.  Cells were 

harvested by centrifugation.  Cell pellets were flash frozen in liquid nitrogen and stored at 

-80 °C. 

 The cell pellets were thawed and resuspended on ice in 100 mM NaH2PO4, pH 

8.5, 300 mM NaCl, 10 mM imidazole, 5% (w/v) glycerol, 2% Triton X-100 (lysis buffer).  

The cell suspension was supplemented with a protease inhibitor cocktail of Aprotinin, 

Leupeptin, and Pepstatin A to a final concentration of 1 mg/ml each, and 10 mM 

phenylmethylsulphonyl fluoride.  The cells were incubated on ice for 10 mins.  The cell 

suspension was subjected to minimal sonication and the lysate cleared by centrifugation 

at 10,000g for 10 min at 4 °C.  The protein was extracted with a Ni+2-NTA affinity 

column using a 100 mM sodium phosphate, pH 8.0, 300 mM NaCl, 5 % (w/v) glycerol 

(purification buffer).  The HexaHis tagged E75 bound to Ni+2-NTA resin was eluted with 

a 100 mM sodium phosphate, pH 8.0, 300 mM NaCl, 5% (w/v) glycerol, 250 mM 

imidazole (elution buffer).  The eluate was dialyzed against 100 mM Tris.HCl pH 8.5, 

250 mM NaCl, 5% glycerol.  This partially purified E75 was used for UV-visible 

spectroscopy. 

 

4.2.4. UV-visible spectroscopy 

 

 A E75HBD frozen aliquot was thawed on ice prior to use. Appropriate volumes of 

this stock solution were used for dilution into 100 mM Tris-HCl pH 7.4, 200 mM NaCl, 5 

% glycerol (working buffer A) for the spectral measurements.  All spectra were measured 
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using a quartz cuvette.  For reaction with NO, E75HBD was diluted into argon saturated 

working buffer A to a final concentration of 3 µM.  NO was generated in situ by using 

Diethylamine NONOate (DEA/NO) (kindly supplied by Dr Katrina Miranda, Department 

of Chemistry, University of Arizona) as described in Chapter 2, Section 2.3.6.1. 

Working buffer A was degassed and then saturated with CO (Matheson).  Based 

on the mole fraction solubility of CO in water [122], the concentration of this CO stock 

solution was estimated at 1 mM. E75HBD stock solution was added to this CO-saturated 

solution, to final concentration of 4 µM. To reduce the protein, sodium dithionite (J.T. 

Baker) was added to 10 mM final concentration just prior to spectral measurement.  All 

buffer solutions used were deoxygenated by bubbling argon for 1 h.  Protein and 

chemical solutions were transferred using gas tight syringes (Hamilton).  Cuvettes were 

rendered gastight with rubber septa (Sigma). 

Desalting of E75HBD was performed using a pre-packed Sephadex G-25 

desalting column (Amersham), to remove sodium dithionite.  These columns are 

designed for 99 % sample desalting.  Two identical samples of E75HBD were prepared 

in argon saturated working buffer A.  Spectra were measured.  Sodium dithionite was 

added to both samples to a final concentration of 5 mM to completely reduce the heme.  

One sample was then transferred to the anaerobic chamber with care taken to ensure a gas 

tight seal on the cuvette.  The anaerobic chamber has an atmosphere that is maintained at 

97.5% N2, 2.5% H2 and zero parts per million O2.  This sample was desalted by passage 

through a preequilibrated pre-packed Sephadex G-25 desalting column (Amersham).  The 

desalted eluate was collected in a cuvette that was sealed inside the anaerobic chamber.  
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The sealed cuvette was transferred to the outside environment and spectra were 

measured.  The second reduced sample was similarly desalted on the lab bench in the 

presence of atmospheric oxygen.  Spectra were measured upon desalting. 

 

4.3 Results 

4.3.1. Expression and Purification of E75HBD  

 

 A modified cDNA, coding for the Aedes aegypti E75 heme binding domain 

(G295-D552) was cloned into the expression vector pET28a and transformed into E. coli 

strain pET28a-E75HBD.  Induction of T7 polymerase expression resulted in the 

production of a polypeptide that had a molecular mass of ~31000 Da as estimated by 

SDS PAGE (Figure 4.1).  E75HBD could be obtained only in the insoluble fraction of the 

cell lysate as inclusion bodies, despite numerous alterations in growth conditions.  

Inclusion body preparations were, however, successfully renatured, and heme was 

incorporated to give apparent native protein as indicated by the UV-visible spectrum.  

The renaturation protocol is a modification of the method described by Andersen et al. 

(1997) and Weichsel et al. (2005) [30, 106] in which the protein was completely 

dissolved in concentrated guanidine and refolded by dilution into a buffer containing high 

concentrations of sodium chloride, glycerol and thiol reductant DTT.  DTT was required 

during refolding, presumably to prohibit the formation of incorrect disulfide bonds.  The 

success of renaturation was apparent when a solution of hemin in KOH was  
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Figure 4.1 UV-Visible spectrum of E75HBD purified with a metal 
affinity column and Gel Filtration (left) and 12.5 % SDS-PAGE 
stained by Coomassie brilliant blue showing E75HBD at a relative 
molecular mass of ~ 31 KDa (right). 
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added to a dilute solution of refolded protein.  Successive additions of hemin led to a 

concomitant increase in the absorbance of the Soret band characteristic of full length E75 

(426 nm, see below).  Saturation of the heme binding pocket was indicated by a lack of 

increase in A425 with successive additions of hemin.  The reconstituted protein was 

purified to homogeneity by affinity and gel filtration chromatography resulting in an 

overall yield from the entire procedure of 45 mg of purified protein/l of culture. 

 

4.3.2. Expression and purification of full length E75A 

 

 Full length E75A was expressed in SF9 cells in order to ensure that E75HBD 

displayed the expected spectral features.  Expression levels of E75A in Sf9 cells and the 

soluble E75A fraction were determined by western blot using a HexaHis-HRP to detect 

the HexaHis tagged C-terminus (data not shown).  Full length E75A with a HexaHis tag 

migrated as a ~120 KDa band on SDS-PAGE and approximately 60 % of the protein was 

retained in the soluble fraction.  E75A obtained after one-step affinity purification over a 

Ni+2-NTA resin column was used to perform the UV-Visible spectroscopy. 

 

4.3.3. UV-Visible Spectroscopy. 

 

 Full length E75A has a Soret maxima at 426 nm and indistinct α, β peaks (Figure 

4.2).  This protein has been purified from SF9 cells with heme incorporated.  The optical 

spectrum of the purified, renatured E75HBD has two Soret maxima at 424 nm (Figure  
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Figure 4.2. UV-Visible spectrum of E75 Full length protein partially 
purified with a metal affinity column (left) and 8 % SDS-PAGE stained by 
Coomassie brilliant blue showing E75 at a relative molecular mass of ~120 
kDa (right). 
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4.1) and 413 nm (Figure 4.3 top panel) and indistinct α, β peaks.  The 413 signal for the 

E75HBD Soret is probably an artifact of the renaturing and heme reconstitution 

procedure, as the full length E75 obtained from SF9 cells has a Soret maxima at 426 nm.   

 I examined both forms of E75HBD with a reductant.  In both cases, on reduction 

with sodium dithionite the Soret peak intensifies and exhibits a red shift to 426 nm.  The 

α, β peaks are now prominent at 558 and 535 nm, respectively.  Reduction with sodium 

ditionite results in the same spectral signals for different starting material (Figure 4.3).  

This likely indicates a changed environment around heme arising from the heme 

reconstitution procedure. 

 

4.3.3.1. What is the Physiological state of the heme in Aedes E75? 

 

 E75 as isolated from SF9 insect cells and E75 HBD as resolubilized from 

inclusion bodies with hemin exhibit identical spectra.  Both the full-length and HBD 

proteins have ferric six-coordinate low spin heme with spectra identical to the published 

spectra for the Drosophila E75 protein [53, 85].  The E75 HBD on reduction with sodium 

dithionite displays an unstable ferrous state that reverts to ferric upon removal of the 

reductant (Figure 4.4).  Thus, E75HBD purified protein reconstituted with hemin has 

ferric heme.  Upon reduction by sodium dithionite and passage through a desalting 

column the heme reverts to the ferric signal.  Similar results are observed in the absence 

of atmospheric oxygen.  This suggests that the ferrous state of the protein is not stable, 

and raises doubts on the ability of the heme to bind CO, O2 in a signaling capacity, since  
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Figure 4.3. Varying Soret maxima for E75HBD 
reconstituted and purified from inclusion bodies.  The 
Soret signal can vary from 413 nm (top) to 424 nm 
(bottom).  Sodium dithionite reduced protein has 
identical Soret signal indicating similar heme 
environment for the ferrous state. 
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Figure 4.4. Sodium dithionite reduced E75HBD upon removal 
of reductant by desalting reverts to the ferric state.  Similar 
results are obtained in the absence of atmospheric oxygen. 
The experiment in the absence of oxygen was carried out in 
an anaerobic chamber. 
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these ligands bind only to ferrous heme.  However, this particular experiment was 

performed with the E75HBD with Soret signal at 413 nm.  Hence, this result implying an 

unstable ferrous state may not be relevant.  It should be emphasized that the Soret signal 

for the E75 full length protein from Sf9 cells is at 426 nm. 

 

4.3.3.2. Does E75 bind diatomic gases? 

 

Binding of NO or CO to E75HBD requires high ligand concentration (Figure 4.5).  

To achieve binding, saturating concentrations of NO were required for binding to either 

ferric E75HBD or chemically reduced ferrous E75HBD.  In either case, NO binding 

results in a large blue shift in the Soret to ~390 nm.  The α, β peaks merge into a single 

broad band, similar to that for a five-coordinate NO complex. 

To achieve binding of CO to the chemically reduced E75HBD saturating 

concentrations of CO were required.  On CO binding, the reduced E75HBD Soret peak 

nearly doubles in intensity and has a blue shift to 421 nm, typical for a six-coordinate CO 

complex.  The α, β peaks intensify and are clearly resolved to 568 nm and 539 nm 

(Figure 4.6). 

 

4.4. Concluding remarks. 

 

 While these studies were underway, the Drosophila E75 was identified as a heme 

protein with Cys/His ligation and a low spin six-coordinate ferric iron [85].  Despite this  
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Figure 4.5. UV-Visible spectra at pH 8.5, NO binding to 
chemically reduced E75HBD (top), NO binding to ferric 
E75HBD (bottom).  Protein has been reduced with 10 mM 
sodium dithionite, NO ~ 2 mM. 
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Figure 4.6. UV Visible spectra at pH 8.5, CO binding to chemically 
reduced E75HBD. Protein reduced with 10 mM sodium dithionite, CO 
~800 µM. 
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report, E75 function and its broader role in ecdysone biology remains an open question.  

The proposed function for E75 is repression of transcriptional activation by another 

nuclear receptor, HR3.  Reinking et al. propose E75 to be gas responsive transcription 

regulator.  The identity of gas is open to debate.  Alternatively, de Rosny et al. propose 

E75 to be a nuclear receptor sensing cellular heme level.  Heme-based transcription 

factors are known; however a heme based nuclear receptor is a hitherto uncharted field 

[53, 85, 86].  As a hemeprotein, E75 can potentially sense diatomic ligands NO or CO, or 

the oxidation state of the cell, and regulate HR3 function.  Proposed models link changes 

in heme environment to the interactions between E75 and the HR3 AF-2 region [53].  

The molecular basis for these proposed models is unresolved and a clear answer to how 

heme induced changes are transduced to the dimer interface awaits detailed structure-

function studies.  There is no model addressing heme-ligand binding or heme induced 

conformational changes.  The nature of the heme coordination, the physiological ligand 

(if any) and the physiologically relevant oxidation state of the heme remain open 

questions.  Lack of detailed structural and functional data prevents formulation of a 

model for E75 activation. 

 I have successfully performed the purification and preliminary characterization of 

the Aedes aegypti E75HBD.  From the UV-Visible spectroscopy measurements, the 

Aedes E75 has a ferric six coordinate low spin heme, a result that is consistent with the 

literature.  In our hands, NO binding to E75 HBD heme is observed only at millimolar 

levels which are decidedly non-physiological.  Most hemes in heme proteins, regardless 

of the oxidation state and function would bind to NO at concentrations ranging from 500 
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µM to 2 mM, but the cellular NO concentrations are typically in the nanomolar range.  

The E75HBD heme demonstrates an unstable ferrous state, which reverts to the ferric 

state upon removal of the chemical reductant.  This lack of a stable ferrous state rules out 

the physiological binding of CO or O2.   
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     CHAPTER 5 

   SUMMARY AND FUTURE DIRECTIONS. 

 

 This Dissertation is an account of my research on two different heme proteins.  

The two projects involved the investigation of the Cimex nitrophorin and ecdysone 

inducible protein 75 were completely different in nature.  The function of cNP was 

known, its structure had been solved and extensive spectroscopic studies had been 

performed prior to my contributions.  The NO binding and transport mechanism had been 

proposed and I embarked on exploring this mechanism.  In contrast, data for E75 were 

confined to a single report by Reinking et al [53], who discovered it to be a hemeprotein 

and speculated it to be a gas sensing transcription factor involved in gene regulation in 

insects.  This chapter presents a summary of my experimental work presented and 

proposes possible future work. 

 

5.1. Cimex Nitrophorin S-nitrosation 

 

 Chapter 2 discusses my exploration of the S-nitrosation at the proximal thiolate in 

cNP.  In summary, SNO formation does not play a transport and storage function, but 

mayserve to protect a physiologically relevant ferric heme nitrosyl.  My work reveals that 

SNO formation is possible only at relatively high concentrations of NO at the pH of the 

insect saliva.  Furthermore, I show that SNO formation cannot be saturated in the protein 

in solution at pH 5.5, the approximate pH of the insect salivary glands.  However, a key 

F�V mutation within the heme pocket at close proximity to the SNO results in reversal 
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of this effect.  The F64V mutant forms SNO at NO concentrations far lower than wild 

type protein.  Hence a major conclusion of my dissertation is that the arrangement of 

residues in the cNP wild type proximal hemepocket has likely evolved to discourage 

SNO formation, keeping in mind the need for protection of the weak and strained Fe-S 

bond in the cNP (III)-NO complex. 

 In chapter 2, I also investigate the effect of steric hindrance on the SNO in the 

cNP proximal heme pocket.  S-nitrosylation of cysteines is a protein post translational 

modification suggested to have regulatory effects on a wide array of proteins.  Here, I 

used cNP as a model system to test SNO formation and breakdown.  I have tested for 

direct influence of the protein environment on the SNO, and find that increased steric 

hindrance has a negative effect on the stability of this modification. 

 

5.2. Effect of pH on cNP. 

 

 I looked at the effect of pH on SNO formation by NO titration in chapter 2 and 

equilibrium and kinetic measurements on ferric heme nitrosyl formation in chapter 3.  I 

show that cNP SNO formation is preferred at pH 7.4 as compared to pH 5.5.  I also show 

that the affinity of NO for the cNP ferric heme is tighter at pH 5.5 as compared to pH 7.4.  

Taking into account the results outlined in Chapters 2 and 3 and the data presented by 

Weichsel and co-workers [103], I would like to argue for the direct protonation of the 

proximal thiolate as the basis for the pH effect.  I discuss this rationale in detail in section 

3.4.  These results will aid in understanding the molecular basis of pH dependant NO 



  143 

transport and storage by cNP.  A key missing aspect is the direct measurement of rates 

for NO dissociation from the cNP heme.  There is an inconsistency between the kinetics 

and the binding constant that suggests a more complicated reaction than a simple binding 

and release of heme-NO.  The molecular basis for this is not known.  Dependable values 

of koff will greatly ease the formulation of the molecular basis for pH dependant NO 

binding in cNP.  Likewise, the pH dependence for the F64V mutant is of interest, since 

SNO formation is no longer pH sensitive. 

 

5.3. Future studies on E75. 

 

 Chapter 4 deals with the preliminary characterization of E75.  I have devised a 

purification strategy for the E75 heme binding domain and achieved purification to 

homogeneity.  Using this purified protein I show that E75 has an unstable ferrous state 

and likely exists as a ferric heme protein, a conclusion that is consistent with other reports 

in the literature [53, 85].  I have also developed an expression and purification strategy 

for the full length E75 from baculovirus driven expression in SF9 cells.  This system can 

be used by others to obtain full-length protein for functional assays on E75, for example, 

DNA binding assays and immunoprecipitation assays.  Information on E75 and its role is 

ecdysone signaling is still vague.  Various theories persist on the role of the heme as a 

site for sensing diatomic gases and intracellular redox environment.  Alternately, opinion 

in the field points at E75 being a traditional nuclear receptor binding to a hydrophobic 

molecule, heme.  A distant human homolog, Rev-Erbα, recently has been shown to bind 
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heme, and has been suggested to be a nuclear receptor sensing heme within the cell [83, 84].  

However, suggested KD values for heme binding are in the range of 3-5 µM, a number that 

puts Rev-Erbα in the class of metabolic nuclear receptors.  To expect micromolar levels of 

free intracellular heme requires further exploration.  Furthermore, recombinant E75 from 

Aedes and Drosophila contains heme.  Whether these findings preclude the insect E75 from 

behaving as gas or heme sensors is a question that needs addressing. 
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     APPENDIX A 
 
            ABBREVIATIONS 
 

cNP  –  Cimex nitrophorin 

E75 – Ecdysoneindicible protein 75 

HR3 – Hormone receptor 3 

SNO – S-nitrosothiol 

DEA/NO – diethylamine NONOate 

SSRL – Stanford Synchrotron Radiation Laboratory 

NO – Nitric oxide 

PDB – Protein Data Bank 

r.m.s.d. – root mean square deviation 
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