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Abstract 
 

Probing the heme structure and environment of bacterial Heme-Nitric oxide/OXygen 
binding domains with resonance Raman spectroscopy 

by 
 

Rosalie Tran 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Richard A. Mathies, Co-chair 
 

Professor Michael A. Marletta, Co-chair 

 

The Heme-Nitric oxide/OXygen binding (H-NOX) domain encompasses a family of 
proteins closely related (≤ 40% sequence identity) to the heme domain of soluble 
guanylate cyclase (sGC), the eukaryotic enzyme receptor for NO [1, 2].  sGC 
discriminates between NO and O2, and exclusively binds NO even in the presence of 
excess O2.  Although some H-NOX domains have ligand binding properties that are 
identical to sGC, others additionally bind O2, including the atypical sGCs from 
Drosophila melanogaster and Caenorhabditis elegans [1, 3, 4].  The molecular basis of 
this ligand selectivity is not fully understood.  In order to better understand the H-NOX 
domain, resonance Raman (RR) spectroscopy was employed in combination with 
isotopic substitution and site-directed mutagenesis to probe the heme pocket in 
Thermoanaerobacter tengcongensis (Tt H-NOX) as a model system for this family of 
heme proteins.  Thus, the expression, purification, and RR characterization of Tt H-
NOX and selected mutants were performed to elucidate the heme environmental 
properties that influence ligand binding. 

 
A striking feature of the O2-bound WT Tt H-NOX crystal structure is the presence of 

a distorted heme molecule [5].  RR investigation of Tt H-NOX proteins containing 
mutations at key conserved residues, Ile-5 and Pro-115, determined that the most 
dramatic heme conformational changes occurred in the O2-bound forms, and that the 
single P115A mutation generated a significantly relaxed chromophore.  Decreased RR 
intensities were observed for several out-of-plane modes in the 400-750 cm-1 region 
known to be sensitive to ruffling and saddling deformations, as well as increased 
vibrational frequencies for the core heme skeletal modes.  These changes demonstrated 
that the P115A heme conformation was considerably more relaxed than WT, with 
increased flexibility within the protein pocket that allowed for rapid sampling of 
alternate conformations. 
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Another remarkable feature of this family is the spectroscopic observation of an 
unusually high ν(C-O) frequency.  To elucidate the interactions responsible for this 
property, mutations were made in Tt H-NOX to probe the distal pocket, the conserved 
Tyr-Ser-Arg (YxSxR) motif, and the heme-linkage site (His-102).  RR spectra of these 
mutants indicated that H-bonding interactions between these residues and the heme 
significantly affected the CO bond by increasing the back-donation of the FeII dπ 
electrons into the CO π* orbitals.  The most significant change occurred upon disruption 
of the H-bonds between the YxSxR motif and the heme propionate groups, producing 
two dominant CO-bound heme conformations; one was structurally similar to WT, and 
the other conformer displayed ν(C-O) downshifts of up to ~70 cm-1.  Based on these 
shifts, the most important factor contributing to the C-O stretching mode may be the 
neutralization of the negative charges on the propionate groups via the strictly 
conserved YxSxR motif. 
 

Finally, the role of the Tt H-NOX binding pocket in stabilizing the O2 complex was 
investigated.  Evidence of H-bonds to the bound O2 was demonstrated in the RR spectra 
of Trp-9 and Tyr-140 mutants; the disruption of the H-bond network in these mutations 
increased ν(Fe-O2) upon returning electron density to the Fe-O2 bond.  In contrast, the 
addition of steric bulk to the H-NOX pocket decreased the ν(Fe-O2) frequency relative 
to the WT protein.  These shifts suggested that the bulky distal residues forced the H-
NOX binding pocket into a more open position that increased the distance between Tyr-
140 and the O2, thereby weakening this crucial H-bond.  Thus, two distinct factors 
influence the ν(Fe-O2) in Tt H-NOX: (i) electrostatic effects from H-bonding with Tyr-
140, which increased the ν(Fe-O2) frequency upon its removal; and (ii) steric effects 
which decreased ν(Fe-O2) due to bond lengthening from a more loosely held O2 ligand. 
 

In summary, this work presents a comparative analysis of the heme environmental 
effects in Tt H-NOX.  By directly probing the interactions between the heme 
chromophore and the protein pocket through a combination of RR spectroscopy and 
site-directed mutagenesis, this study may elucidate the biochemical properties of these 
H-NOX domains, and bring insight into the relationship between heme structure and 
protein function in this family.        
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Chapter 1  
 
 
 

Introduction 
 

This thesis investigates, via resonance Raman (RR) spectroscopy and site-directed 
mutagenesis, how the protein environment of the Heme-Nitric oxide/OXygen binding 
(H-NOX) domain plays a role in regulating ligand binding and heme conformation.  
Using the H-NOX domain from Thermoanaerobacter tengcongensis (Tt H-NOX) as a 
model system, the aim of this work is to elucidate the interactions occurring between 
the binding pocket and the heme prosthetic group, and to understand the divergent 
ligand binding properties within this family of heme proteins.  RR analyses of the Tt H-
NOX domain are presented and discussed in Chapters 2-4.  In addition, Chapter 5 
summarizes the conclusions of the work presented in this dissertation, and outlines 
some prospective future studies for the H-NOX family.  Chapter 1, is divided into three 
subcategories: the first section discusses the role and importance of soluble guanylate 
cyclase (sGC) in the nitric oxide (NO) signaling pathway; the second section highlights 
the sGC studies that led to the identification of the H-NOX domain, and outlines our 
current understanding of this family; and the third section provides an overview of RR 
spectroscopy in application to heme proteins.  Finally, the main focus and structural 
organization of this thesis will be presented at the end of Chapter 1.
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1.1 Nitric oxide in biology 
 

It is well established that the diatomic radical, NO, functions as a cytotoxin and 
environmental pollutant; however, NO is also an important signaling molecule in 
eukaryotic organisms with an array of widely studied pharmacological and 
physiological effects [6-14].  At high concentrations, NO is utilized by the immune 
system as a potent antimicrobial toxin that is generated by immunostimulated-activated 
macrophages to kill infectious organisms and tumor cells upon the triggering of an anti-
pathogen and anti-tumor response [15-19].  In addition, NO may also contribute to 
tissue damage during infection and inflammation since the long-term production of NO 
can lead to the development of cancer due to its ability to damage DNA and cause 
cellular injury [20, 21]. 

 
In contrast to its cytotoxic properties, NO is also responsible for regulating many 

downstream physiological processes at low nanomolar concentrations in eukaryotes, 
most notably in the cardiovascular and nervous systems.  In the cardiovascular system, 
these processes include vascular tone, in addition to platelet function and aggregation; 
whereas neurotransmission is controlled in the nervous system [22, 23].  Together, these 
cellular responses are mediated via the well-known heme-based enzyme receptor for 
NO, soluble guanylate cyclase (sGC) [24-27]. 

 
 

1.1.1 sGC and the NO/cGMP signaling pathway 
 

In addition to denitrification pathways, nitric oxide is produced in biology by the 
enzyme, nitric oxide synthase (NOS), from the oxidation of L-arginine into L-citrulline 
and NO.  This process is regulated in vivo by the binding of Ca2+ ions to calmodulin 
(Cam), which then binds to and activates NOS to produce NO [28].  Three known 
isoforms of NOS exist and display high sequence identity (~50%): inducible NOS 
(iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS) [28, 29].  Since eNOS 
and nNOS are both constitutive enzymes that transiently produce low levels of NO, they 
are mainly involved in homeostatic processes such as neurotransmission, peristalsis, and 
vasodilation [6, 24, 25, 28].  In contrast, the inducible enzyme iNOS is the main source 
of NO during antimicrobial, anti-tumor, and inflammation responses, producing large 
quantities of NO on the order of 106 molecules per cell for extended periods of time [15, 
16, 18, 19, 28, 30, 31]. 
 

It is well known that NO can be a potent toxin and highly reactive with different 
cellular components, including O2, thiols, and metal ions; thus, the use of NO as a 
signaling molecule requires a highly selective receptor.  This specificity is satisfied via 
sGC, which selectively binds NO even in the presence of excess O2, despite having the 
same heme prosthetic group as the globins.  The uncharged NO radical generated by 
NOS is able to rapidly diffuse across cell membrane walls and bind to sGC at a 
diffusion-limited rate, activating the enzyme by several hundred-fold [26, 27].  This 
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activation initiates the rapid conversion of guanosine triphosphate (GTP) to cyclic 
guanosine monophosphate (cGMP), which then binds to phosphodiesterases, cGMP-
dependent protein kinases, and cGMP-gated ion channels, leading to the downstream 
regulation of several physiological functions (Figure 1.1). 
 
 

 
Figure 1.1  Nitric oxide (NO) signaling pathway in eukaryotic organisms.  NO is 
produced by nitric oxide synthase (NOS) and diffuses across cell membrane layers to a 
target cell.  Although the NO receptor sGC contains the same histidyl-ligated heme 
chromophore as the globins, it does not bind O2, exclusively binding NO even in excess 
concentrations of O2.  Upon binding to soluble guanylate cyclase (sGC), NO activates 
the enzyme by several hundred-fold and catalyzes the synthesis of cGMP from GTP.  
The signaling pathway scheme is adapted from Denninger et al. [26]. 
 
 

1.1.2 Structural components of sGC 
 
sGC is a 72 kDa heterodimeric enzyme composed of α and β subunits, and binds one 

heme molecule at the N-terminal β-chain region per heterodimer [26, 27, 32].  Although 
four sGC polypeptides are known to exist, the most well studied sGC isoform to date is 
the α1β1 heterodimer.  Each subunit of sGC is divided into four distinct domains.  The 
β subunit binds heme and consists of the following domains: an N-terminal heme-
binding domain, a Per/Arnt/Sim (PAS) domain, a coiled-coil region, and a C-terminal 
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catalytic domain (Figure 1.2) [27].  Despite being composed of similar domains, the α 
subunit does not bind heme.  The central regions of the sGC subunits are thought to 
assist in the formation of a functionally active heterodimer.  Whereas the heme-binding 
domain is located in the N-terminal region of the β subunit, the catalytic domain 
encompasses C-terminal portions of both α1 and β1 subunits.  Winger et al. localized 
the catalytic domains of sGC to residues 467-690 and 414-619 of the α1 and β1 
subunits, respectively [33].  Efficient catalysis of cGMP synthesis requires both 
catalytic domains from the α1 and β1 subunits, and is dependent on the heme ligation 
state of the β1 H-NOX domain, as well as the ability of the catalytic domains to form a 
heterodimer. 
 
 

 
Figure 1.2  Schematic representation of sGC domain architecture.  sGC forms a 
heterodimer consisting of two homologous subunits (α1 and β1).  Although each 
subunit contains an H-NOX domain, a PAS domain, a coiled-coil region, and a catalytic 
domain, only the β1 subunit binds heme via a His-105 residue.  Adapted from 
Derbyshire et al. [27]. 

 
 

Previous studies identified the first 194 amino acids of the β1 subunit as the minimal 
residues necessary to encode the heme-binding region of sGC [34].  Furthermore, the 
heme is bound to this region via a proximal histidine linkage (H105, rat β1 numbering).  
The activation of sGC is thought to involve the breaking of this Fe-His linkage upon 
binding NO to form a 5-coordinate, low spin complex [26, 32, 35].  This induced Fe-
His bond rupture would then reorient the histidine ligand, initiating an overall protein 
conformational change that could translate to the catalytic domain of sGC.  CO also 
activates sGC through the formation of a 6-coordinate, low spin complex [35].  
However, the rate of cGMP production is only 2-4 times faster than basal level 
compared to activation by NO, which increases the production rate by several hundred-
fold.  Addition of the benzylindazole derivative, YC-1, to the sGC CO complex leads to 
its full activation; thus, it is postulated that this molecule interacts with the proximal 
side of the protein to induce a conformation that weakens the Fe-His bond and mimics 
the 5-coordinate NO conformer [36, 37]. 
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1.2 The H-NOX family of heme proteins 
 

The Heme Nitric oxide/OXygen (H-NOX) binding domain emerged in 2003 as a new 
family of heme proteins, encompassing domains from both eukaryotic and prokaryotic 
organisms [1, 2].  Its name derives from the fact that this family has evolved to contain 
proteins with divergent properties: those that bind NO, O2, and CO, and others that 
discriminate against O2 binding.  Prior to the discovery of these prokaryotic heme 
domains and the reclassification of the sGC heme domain as part of the H-NOX family 
of proteins, sGC was exclusively associated with other mammalian nucleotide cyclases, 
such as adenylate cyclase and particulate guanylate cyclase [26, 27]. 
 

As previously mentioned, sGC has evolved in nature to selectively bind NO in the 
presence of much higher levels of O2 even though it contains the same protoporphyrin 
IX chromophore as the globins.  The ability of sGC to discriminate against O2 is critical 
toward its role as a sensitive NO sensor, and the question of how this discrimination 
occurs at a molecular level has been pursued over the last three decades.  Many 
proposals have emerged over the years to explain the selectivity of sGC, including the 
presence of a negative polarity in the distal pocket, steric bulk, and a weak Fe-His bond 
[26, 27, 32, 34, 38-41].  Upon discovery and examination of the prokaryotic H-NOX 
domains with their divergent ligand binding properties, more structural and biochemical 
studies revealed other qualities that were plausibly responsible for excluding O2-binding 
in sGC [1, 5, 34, 38, 42-45]. 
 
 

1.2.1 Homologs to the β1 domain of sGC 
 

A PSI-BLAST search into the genomic database produced a number of homologous 
prokaryotic heme proteins sharing up to 40% sequence identity with the β1(1-194) 
region of sGC [1, 2, 5] (Figure 1.3).  In addition to homodimeric cyclases from the 
eukaryotes, C. elegans and D. melanogaster, this family of homologous proteins also  
 
 

 
Figure 1.3  Partial sequence alignment of the H-NOX family showing the 
conserved heme-binding proximal histidine and Tyr-Ser-Arg (YxSxR) motif.  
Sequences from both eukaryotic and prokaryotic organisms (i.e. facultative aerobes and 
obligate anaerobes) are included.  H-bonding distal pocket residues are highlighted in 
the H-NOX sequences from the obligate anaerobes.  Adapted from Boon et al. [38]. 
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included predicted open reading frames (ORFs) from both prokaryotic facultative 
aerobes and obligate anaerobes.  These predicted ORFs were typically linked with 
histidine kinases and methyl-accepting chemotaxis (MCP) domains, respectively.  
Based on the diversity of these adjacent domains, it is thought that an early progenitor 
H-NOX domain existed from which the present ones evolved in order to accommodate 
the varied signaling functions involved with the sensing of O2 or NO (Figure 1.4). 
 
 

 
Figure 1.4  Divergence of ligand binding and H-NOX function in eukaryotic and 
prokaryotic organisms.  Similar to sGC, the H-NOX domains in facultative aerobes do 
not bind O2, and are often found adjacent to histidine kinases or diguanylate cyclases; 
whereas those from obligate anaerobes, such as Thermoanaerobacter tengcongensis, 
bind O2 and may be part of a methyl-accepting chemotaxis protein (MCP). 

 
 

Composed of ~190 residues, these prokaryotic proteins share several other conserved 
amino acids with β1(1-194) in addition to the proximal histidine linkage.  Of particular 
importance is the Tyr-Ser-Arg (YxSxR) motif, which is known to assist heme binding 
and orientation via hydrogen bonds to the heme propionate groups, and a conserved 
proximal proline residue that influences heme conformation.  Based on early 
bioinformatics and sequence analyses of these predicted ORFs, Iyer et al. initially 
classified this family of proteins as the Heme Nitric Oxide Binding (HNOB) domain 
based on their similarity to the NO-sensing sGC [2].  However, later work by Karow et 
al. conclusively showed that whereas some proteins bind NO and CO like sGC, others 
can additionally bind O2; thus, the family was renamed the Heme Nitric oxide/OXygen 
(H-NOX) binding domain to reflect these different ligand binding properties within the 
group of heme proteins [1]. 
 
 

1.2.2 Structural and biochemical characterization 
 

The N-terminal 188 amino acids of the predicted MCP, Tar4, comprise the H-NOX 
domain from the thermophilic obligate anaerobe, Thermoanaerobacter tengcongensis 
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(Tt H-NOX), and is fused to the MCP through two membrane-spanning regions [5, 44].  
Unlike sGC, this H-NOX domain binds O2 with very high affinity (Kd = 90 nM), in 
addition to NO and CO [1].  The O2-bound Tt H-NOX domain was the first protein of 
its family to be structurally determined via x-ray crystallography [5, 46].  Solved to 1.77 
Å by Pellicena et al., this crystal structure revealed a unique fold consisting of 7 alpha 
helices and 4 beta strands (Figure 1.5).  Furthermore, it was shown that a distal tyrosine 
residue at position 140 (Tt numbering) interacted with the bound O2 via a hydrogen-
bonding network that included Trp-9 and Asn-74.  Sequence homology models with the 
non-O2-binding H-NOX domains indicated that they lacked this distal tyrosine residue, 
typically having a nonpolar residue in its place [38] (Figure 1.3).  This discovery led to 
the hypothesis that the lack of a tyrosine residue in the distal pocket of sGC was 
responsible for its ability to discriminate between NO and O2 [1, 38, 39, 47]. 

 
 

 
Figure 1.5  Structural features of the H-NOX domain from T. tengcongensis.  O2-
bound Tt H-NOX protein fold and zoomed-in detail of heme-binding pocket with 
hydrogen-bonding distal residues (Trp-9, Asn-74, and Tyr-140) and proximal His-102 
displayed (PDB 1U55). 
 
 

One of the most striking features in the Tt H-NOX crystal structure was the severe 
heme distortion from planarity.  Normal mode structural decomposition (NSD) [48-50], 
on the heme coordinates indicated that the extent of heme distortion observed in Tt H-
NOX had not previously been measured [5].  It has been postulated that this 
deformation may be coupled to changes on the molecular surfaces of the H-NOX 
domain, and subsequently lead to differences in intermolecular interactions that to 
signal transduction in the protein [5, 44, 51].  Through energy minimization 
calculations, Pellicena et al. found that the Ile-5, Pro-115, and Leu-144 residues were 
responsible for the observed heme deformation in Tt H-NOX, with the Ile-5 predicted to 
be most important for maintaining this distorted conformer [5].  Subsequent 
crystallographic and spectroscopic studies on Tt H-NOX mutants at these residue 
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positions indicated that a single P115A mutation was sufficient to significantly relax the 
heme prosthetic group [44, 51]. 
 

X-ray crystallographic and NMR solution structures of other H-NOX domains from 
Nostoc sp (Ns H-NOX) and Shewanella oneidensis (So H-NOX) that do not bind O2 
have also been determined [42, 43].  These additional structures have provided insight 
into the ligand-induced conformational changes in the protein that may be involved in 
signal transduction.  To investigate the differential enzyme activation responses to NO 
and CO by sGC, Ma et al. solved the crystal structures of the ligand-free, NO-bound, 
and CO-bound complexes of Ns H-NOX as a model system [43].  Comparing the 
different structures, they conjectured that the heme played a role in the activation 
mechanism by functioning as a flexing wedge that would initiate the H-NOX N-
terminal subdomain to undergo a ~20° rotational shift upon transition between the 6- 
and 5-coordinate NO states.  Erbil et al. proposed a similar mechanism with their “heme 
strain model” after determining the solution structures of the CO-bound WT So H-NOX 
domain and a H103G(imidazole) mutant [42].  These two forms were selected for the 
NMR study to mimic the ligand-free and kinase-inhibitory 5-coordinate NO-bound So 
H-NOX, which both contain paramagnetic hemes.  Comparison of the NMR structures 
also demonstrated a rotational shift of the H-NOX distal subdomain upon loss of the 
axial histidine bond, and further supported the potential role of this subdomain 
movement in signal transduction. 
 
 

1.2.3 Ligand discrimination in the H-NOX family 
 

Previous studies on the H-NOX proteins indicate that those which originate from 
obligate anaerobes contain a distal hydrogen-bonding residue, and are able bind O2 in 
addition to NO and CO.  Interestingly, H-NOX proteins from the facultative aerobes 
resemble sGC in their ligand binding properties, and discriminate against O2, binding 
only to NO and CO [1, 34, 38, 52].  From sequence alignments (Figure 1.3), it became 
apparent that the O2-binding H-NOX domains contained distal hydrogen-bonding 
residues, whereas the non-O2-binding residues lacked this property.  The x-ray crystal 
structure of the O2-bound WT Tt H-NOX domain demonstrated the importance of the 
distal Tyr-140 when it was found to be within hydrogen-bonding distance to the O2 
ligand, and presumably stabilized the O2-bound heme complex in a manner similar the 
globins [5, 53]. 

 
Spectral and kinetic characterization of a series of Tt H-NOX distal pocket mutants 

targeting these hydrogen bonding residues (Figure 1.5) indicated a clear effect on the O2 
affinity [38].  To test the importance of a distal pocket tyrosine in O2 stabilization, Boon 
et al. generated an F142Y mutation in the H-NOX distal pocket of Legionella 
pneumophila (Lp H-NOX2) and an I145Y mutation in the heme domain of sGC, β1(1-
385) in order to introduce O2-binding in these proteins [38].  Based on the similarity of 
electronic absorption spectra with the O2-bound Tt H-NOX domain and a measured Kd 
of ~70 mM for the β1(1-385) I145Y mutant, Boon et al. concluded that the primary 
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molecular factor for ligand discrimination against O2 in sGC was the absence of a distal 
tyrosine residue [38]. 
 

However, Rothkegel et al. showed that replacing Ile-145 with tyrosine in full length 
sGC did not confer the ability to bind O2 [54].  Interestingly, Martin et al. additionally 
found that this substitution destabilized the sGC-NO complex and impeded the NO 
association [41].  Thus, the full mechanism of O2 exclusion in sGC remains unclear, but 
it must include other contributing factors in addition to the absence of a hydrogen-
bonding distal residue.  To elucidate these properties, more structural information on the 
full-length enzyme will be necessary. 
 
 

1.3 Probing heme structure with resonance Raman 
spectroscopy 
 

Metalloporphyrins are one of the most widely studied classes of molecules via 
Raman spectroscopy.  The two low-lying π-π* electronic transitions from the aromatic 
porphyrin ring can be conveniently excited by wavelengths in the visible region (Figure 
1.6), making modes that are coupled to the electronic transition readily accessible via 
resonance enhancement.  In addition, a wealth of information can be obtained from the 
vibrational frequencies due to their sensitivity to porphyrin geometry and electronic 
structure.  Thus, resonance Raman spectroscopy has emerged over the years as a 
powerful tool for probing the metalloporphyrin structure and geometry in situ within 
proteins. 

 
Combining vibrational analysis with isotopic substitution is also an invaluable asset 

to better understanding heme RR spectra; the ability to specifically label regions of the 
porphyrin allows for accurate assignments and a detailed description of the vibrational 
modes.  In particular, the use of 18O2, 13CO, and 15NO has enabled the unambiguous 
assignment of modes involving these ligands; this is especially useful for probing 
interactions between the heme complex and protein environment.  When used in 
conjunction with site-directed mutagenesis, one can directly observe the influence of 
specific residues within the protein pocket on the metal-ligand bond strength and 
conformation. 
 
 

1.3.1 Resonance effect in Raman spectroscopy 
 

In traditional non-resonance Raman spectroscopy, a molecule is irradiated with a 
laser wavelength in a spectral region that is far removed from the electronic absorption 
features of the molecule.  Under these conditions, the scattered radiation is generally 
weak and so a high solute concentration is typically necessary to acquire adequate data. 
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Figure 1.6  Electronic absorption spectra of FeII and FeII-O2 Tt H-NOX.  The Soret 
and α/β region are clearly labeled.  A schematic representation of the simplified 
Gouterman four-orbital model for porphine is included for reference [55].  Due to 
configuration interaction, the transition dipoles of the two indicated π-π* transitions 
either combine constructively to produce a higher energy transition (Soret band) or 
destructively to produce a lower energy transition (α/β bands).  Adapted from Spiro et 
al. [56]. 

 
 
In contrast, the Raman scattering from a specific chromophore can be significantly 
increased by a factor of 103 up to 106 once the excitation wavelength falls within or near 
the electronic absorption band of the chromophore, selectively amplifying the 
vibrational features of the absorbing molecule via resonance enhancement [57, 58].  In 
this process, only the skeletal vibrations of the absorbing chromophore are magnified, 
leaving the vibrational features from the non-absorbing species weak.  As described by 
Albrecht et al., there are two main Raman scattering mechanisms: A-term and B-term 
scattering [57, 59, 60].  The Albrecht A-term is the dominant resonance scattering 
mechanism for allowed electronic transitions, and relative enhancements for different 
totally symmetric vibrational modes depend on the Franck-Condon overlap from the 
transition [56].  In contrast, the B-term scattering Raman intensities are not Condon 
derived for the non-totally symmetric modes, and typically gain intensity via vibronic 
mixing with strongly allowed transitions [58-60]. 
 

Figure 1.7 primarily describes the Franck-Condon activated A-term resonance 
Raman scattering process [57, 59, 61].  In this process, a molecule starts out in the 
initial vibrational eigenstate, 

! 

i , of the ground electronic state and is projected onto the 
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Figure 1.7  Time-dependent picture of resonance Raman enhancement.  The 
resonance Raman intensity amplitude is directly proportional to the integrated overlap 
between the propagating wavepacket, 

! 

i(t) , and the final vibrational state in the Raman 
transition, 

! 

f .  Significant overlap is achieved for vibrations with large displacements 
(∆) along their nuclear coordinates upon electronic excitation.  Adapted from Myers et 
al. [57]. 
 
 
excited state surface upon interaction of its electronic transition moment (eM) with 
incident radiation of energy, EL.  On this excited state surface, 

! 

i  evolves with time 
under the influence of the excited state Hamiltonian operator.  As 

! 

i(t)  moves along the 
excited state surface over time, the overlap between 

! 

f  and 

! 

i(t)  changes.  The Raman 
intensity for a specific mode depends on the integrated Franck-Condon overlap between 
the propagating wavepacket (

! 

i(t) ) and the final vibrational eigenstate, 

! 

f .  This 
dependence is evident in the expression for the Raman cross-section [

! 

"i# f (EL )], which 
is defined as: 
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where Es and EL indicate the scattered and incident photon energies, M is the electronic 
transition length, 

! 

i  and 

! 

f  are the initial and final vibrational states involved in the 
Raman transition, εi corresponds to the energy of the initial vibrational state, Γ is the 
homogeneous linewidth of the excited state, and 

! 

i(t) represents the propagating 
wavepacket on the excited state surface [57].  In order for 

! 

i(t)  to gain good overlap 
with 

! 

f , the ground and excited state surfaces must be significantly displaced; hence, 
only the vibrations along which a large distortion occurs upon electronic excitation are 
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resonantly enhanced.  Too little displacement between the two surfaces results in a poor 
overlap between 

! 

i(t)  and 

! 

f , so the Raman intensity is hardly enhanced for these 
vibrations [57]. 
 

For application to heme proteins, a stable source of high intensity, monochromatic 
radiation from a continuous wave (CW) krypton ion (Kr+) laser provides the majority of 
the necessary excitation wavelengths (e.g. 406.7 nm, 413.1 nm, 568.2 nm, 647 nm) to 
obtain resonance with either the Soret or α/β bands of a heme prosthetic group (Figure 
1.6).  The main instrumental components of the Raman spectrometer generally include 
an excitation source, sample holder, focusing lens, collection optics, polarizer, 
polarization scrambler, monochromator (e.g. double), and a charge-coupled device 
(CCD) for digital detection (Figure 1.8).  The use of a double monochromator over a 
single one can significantly cut back on incident (Rayleigh) light scattering. 

 
 

 
 

Figure 1.8  Schematic diagram of data collection in Raman spectrometer.  A 
focused CW laser beam from a Kr+ source irradiates the sample held in the rotating cell, 
which is oriented in a backscattering geometry.  The scattered light is collected and 
focused by the collection optics, passing through a polarizer (P) and polarization 
scrambler (PS) to the entrance slit of the double monochromator, where it is dispersed 
by two diffraction gratings.  The Raman lines are then detected by the charge-coupled-
device (CCD) for digital conversion on a computer. (OC = output coupler, HR = high 
reflector). 
 
 
To prevent photodegradation of the absorbing species, microspinning sample cells (with 
holding volumes of 50-500 µL) are usually utilized.  In typical Raman experiments, the 
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polarizer is oriented so that the electric vector of the scattered radiation lies parallel to 
the electric vector of the linearly-polarized incident light [58].  The depolarization ratio, 
defined as ρ = I⊥/I||, can be obtained by collecting Raman spectra with the polarizer 
oriented either perpendicularly or parallel to the incident light, and is a characteristic 
property that is specific to the molecular and vibrational symmetry [58]. 
 
 

1.3.2 Heme skeletal modes and structural implications in proteins 
 

Upon selection of an excitation wavelength that overlaps with the Soret band of the 
heme chromophore, the main features that are observed in the resonance Raman 
spectrum involve totally symmetric in-plane breathing modes from the porphyrin ring 
(Figures 1.9 and 1.10).  Fluorescence is usually not a problem due to quenching by the 
the heme iron.  The most structure sensitive bands occur in the 1350-1650 cm-1 region, 
and are highly influenced by the oxidation state, spin state, and coordination state [62].  
In the high frequency region, the most intense resonance Raman feature is typically 
found between 1350-1380 cm-1 and corresponds to the Cα-N pyrrole-breathing mode 
(ν4).  Due to its sensitivity to the oxidation state of the iron, as well as the occupancy of 
the porphyrin π* orbitals upon ligand binding, ν4 is typically referred to as the π-electron 
density marker [56].  Other significant heme skeletal markers involve Cα-Cm (ν3 and ν10) 
and Cβ-Cβ (ν2) stretching vibrations; the frequency of these modes are highly influenced 
by the spin and coordination states of the heme group, and can also reflect changes in 
the heme conformation or core size.  In addition, both the frequency and intensity of 
these heme skeletal modes may be further modulated by the surrounding protein 
environment, providing a very sensitive probe of the binding site. 
 
 

 
 

Figure 1.9  Chemical structure of heme.  Selected carbon atoms are labeled using the 
Cα, Cβ, and Cm nomenclature for resonance Raman skeletal modes.  Pyrrole groups are 
labeled as defined by Pellicena et al. [5]. 
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Figure 1.10  Resonance Raman spectra of Tt H-NOX with labeled skeletal modes.  
An example of resonance Raman spectra of Tt H-NOX in the 5-coordinate ferrous 
unligated form (red), and 6-coordinate O2 complex (blue), indicating the locations and 
relative intensities of different porphyrin vibrational modes. 
 
 

Due to direct coupling with the porphyrin π-π* transitions, one can also observe FeII-
ligand modes such as ν(Fe-His) or ν(Fe-O2).  These modes typically occur in the low 
frequency region, and provide a direct measurement of the bond strength.  In particular, 
the Fe-His stretching mode provides insight into interactions between the proximal 
histidine ligand and the surrounding protein matrix [63].  Other useful information can 
be obtained from examining this 150-1050 cm-1 region of the resonance Raman 
spectrum.  The intensity of certain heme out-of-plane (oop) modes (e.g. pyrrole folding 
or swiveling deformations) can reveal information about the conformation of the 
chromophore.  In addition, vibrational shifts in the low frequency region (e.g. ~378 cm-

1, ~420 cm-1) may indicate differences in how the heme substituent groups interact with 
nearby residues.  These bands from the substituents are resonantly enhanced due to 
coupling with the porphyrin core [56]. 
 

Both steady-state and time-resolved resonance Raman spectroscopy have been 
extensively utilized over the last three decades to understand the mechanisms by which 
ligand binding to a heme sensor domain transfers signal to the functional domain [36, 
37, 56, 58, 62-83].  Several examples of these ligand-binding heme sensor proteins 
studied via resonance Raman spectroscopy include the NO-sensing enzyme sGC, the 
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O2-sensing FixL and direct oxygen sensor (DOS), and the CO-sensing CooA.  
Specifically, these studies have shown that three main pathways exist by which the 
heme can convey signal to the functional domain upon ligand binding: (i) the distal 
pocket, (ii) the proximal pocket, and (iii) along the heme periphery.  The determination 
of the particular pathway may be detected through the changes in vibrational frequency 
and/or Raman intensity of the heme-associated modes.  Thus, in combination with site-
directed mutagenesis, RR spectroscopy is a direct method to probe the active site of the 
solution protein for ligand bond strength modulation, heme conformational changes, or 
cleavage of hydrogen bonds with surrounding amino acids. 
 
 

1.4 Thesis 
 
Resonance Raman spectroscopy has been well established as an effective tool for 

investigating protein-ligand interactions in heme proteins [56, 58, 63, 82, 84].  In this 
thesis, a biophysical approach was taken using resonance Raman spectroscopy to 
elucidate the binding interactions between the H-NOX domain and different exogenous 
ligands, as well as the electrostatic and steric interactions that occur in solution using Tt 
H-NOX as a model system.  The role of several conserved residues, including Pro-115, 
in maintaining the heme conformation in Tt H-NOX has been investigated via 
resonance Raman spectroscopy and is discussed in Chapter 2.  In addition, the structural 
determinants that modulate the back-donation of electrons from FeII dπ to CO π* in the 
H-NOX family were examined through a combination of site-directed mutagenesis, 
resonance Raman spectroscopy, and isotopic substitution.  This spectroscopic 
characterization of the CO complex in Tt H-NOX and different mutants is discussed in 
Chapter 3.  Furthermore, previous work by Boon et al. established a link between O2 
affinity and the presence of a hydrogen-bonding tyrosine in the H-NOX distal pocket 
[38].  Kinetic studies by Weinert et al. also showed changes in the O2 affinity upon the 
addition of steric bulk to the protein pocket [45].  In Chapter 4, the O2 binding 
properties of Tt H-NOX upon disrupting different heme pocket features is examined 
spectroscopically with isotope substitution.  Finally, Chapter 5 summarizes the 
contributions of these resonance Raman studies and presents recommendations for 
future experiments to further elucidate the properties of the H-NOX family, providing 
insight into its protein-ligand interactions and mechanism of ligand discrimination.
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Chapter 2  
 
 

Resonance Raman Spectra of an O2-Binding H-
NOX Domain Reveal Heme Relaxation upon 
Mutation 
 
 
Reproduced with permission from “Resonance Raman spectra of an O2-binding H-NOX 
domain reveal heme relaxation upon mutation” by Rosalie Tran, Elizabeth M. Boon, 
Michael A. Marletta, and Richard A. Mathies, Biochemistry 2009, 48, 8568-77.  
Copyright 2009 American Chemical Society. 
 
 

2.1 Abstract 
 

Resonance Raman spectra are measured for Tt H-NOX WT and three other Tt H-
NOX proteins containing mutations at key conserved residues to determine the heme 
conformation in solution.  The most dramatic changes in heme conformation occurred 
in the O2-bound forms, and the single Tt H-NOX P115A mutation was sufficient to 
generate a significant relaxation of the chromophore.  Clear evidence of heme 
relaxation in the Tt H-NOX I5L, P115A, and I5L/P115A mutants in solution is 
demonstrated by the observation of reduced resonance Raman intensities for several 
out-of-plane low frequency modes (e.g. γ11, γ12, γ13, and γ15) in the 400-750 cm-1 region 
known to be sensitive to ruffling and saddling deformations, as well as increased 
vibrational frequencies for the core heme skeletal stretching modes, ν3, ν2, and ν10.  In 
addition, all three mutants exhibited some degree of heme conformational heterogeneity 
based on several broad skeletal markers (e.g. ν10) in the high frequency region.  These 
results are comparable to those observed by Olea et al. for Tt H-NOX P115A in crystal 
form, where four different heme structures were determined from a single unit cell.  
Based on the resonance Raman spectra, it is clear that the actual heme conformation for 
Tt H-NOX P115A in solution is considerably more relaxed than WT, with increased 
flexibility within the protein pocket, allowing for rapid sampling of alternate 
conformations.
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2.2 Introduction 
 

Nonplanar porphyrin conformations are of great interest and widely investigated due 
to their potential role in regulating biochemical properties and activity in proteins 
containing either heme or chlorophyll cofactors [48, 50, 85-89].  Over the last three 
decades, several methods have been utilized to study these heme deformations in 
proteins.  These include theoretical approaches using DFT and QM/MM methodologies 
[86, 89-91], vibrational spectroscopy of model compounds isolating specific distortions 
[65, 87, 88, 92, 93], and the normal coordinate structural decomposition (NSD) method 
developed by Shelnutt et al. [48-50] to quantify specific heme deformations observed in 
x-ray crystal structures.  In nature, some of the largest heme deformations typically 
occur in the c-type cytochromes and peroxidases with out-of-plane displacements 
greater than 1 Å [50].  However, recent crystallographic work by Pellicena et al. shows 
that the Heme-Nitric oxide/OXygen binding (H-NOX) domain from 
Thermoanaerobacter tengcongensis also contains a highly distorted heme structure [5].  
Subsequent H-NOX crystal structures indicate that the heme chromophore can sample a 
range of nonplanar conformations [43, 46]. 
 

The H-NOX family of heme proteins has the unique property that some proteins bind 
only NO and CO, whereas others additionally bind O2 [47, 94].  The first crystal 
structure obtained within this family was the O2-bound H-NOX domain from the 
bacterial obligate anaerobe, Thermoanaerobacter tengcongensis (Tt H-NOX) [5].  One 
of the most distinctive features about this O2-bound structure is the significant heme 
deformation (Figure 2.1a).  Energy minimization calculations by Pellicena et al. 
predicted that Ile-5, Pro-115, and Leu-144 maintained nonbonded contacts with the 
heme, inducing this observed deformation in Tt H-NOX [1, 5].  Of those three residues, 
Pro-115 is of particular interest since it is conserved within this family.  Thus, a key 
focus in investigating these H-NOX domains is to better understand how these 
conserved residues may contribute towards regulating heme distortion, and thereby 
possibly controlling ligand specificity. 

 

 
Figure 2.1  (a) Structure of the heme pocket of the Tt H-NOX WT FeII-O2 complex, 
indicating the distal Ile-5 and proximal Pro-115 thought to be responsible for the 
distorted heme structure (PDB 1U55).  (b) Heme molecular structure and labeling 
scheme. 
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Recently, Olea et al. have shown via x-ray crystallography that mutating Pro-115 to 
alanine in Tt H-NOX alters the protein pocket such that the heme relaxes and samples 
several conformations, including more planar structures than that observed in the WT 
protein [44].  However, the presence of four different heme structures in the unit cell 
complicated the determination of which conformation is actually dominant in solution.  
To address this question, a different technique that can probe the heme structure in 
solution is required. 
 

Because of its selectivity and sensitivity to molecular structure, resonance Raman 
spectroscopy is an invaluable tool for specifically probing protein-bound heme 
conformations in solution (Figure 2.1b).  Detailed information on the ground state 
geometry and electronic structure can be obtained from the vibrational frequencies; 
furthermore, the RR intensities provide insight into the symmetry and equilibrium 
geometry, and may be used to probe excited state dynamics [56, 57].  In addition, RR 
spectroscopy is useful for investigating heme deformations because the distortions 
within the chromophore cause frequency shifts in the skeletal stretching modes (denoted 
as “ν”) and activate the intensity of low frequency out-of-plane (oop) modes (denoted 
as “γ”) [50, 56, 79, 88]. 
 

In this study, we use resonance Raman spectroscopy to investigate the effects of 
mutating the distal Ile-5 and proximal Pro-115 residues in Tt H-NOX on the heme 
structure.  The spectra show that these residues are important in Tt H-NOX for 
maintaining a specific protein environment, and that mutating Ile-5 and Pro-115 relaxes 
the solution chromophore conformation for the O2 complexes.  Specifically, our RR 
spectra suggest that the single P115A mutation leads to the largest change in the heme 
structure, whereas the Tt H-NOX I5L and I5L/P115A double mutants maintain 
conformations that are more similar to Tt H-NOX WT.  These conformational changes 
likely occur as a consequence of heme pocket rearrangements to accommodate the 
substituted residues.  We compare these relaxations to the quantified changes observed 
in crystal form using the normal coordinate structural decomposition (NSD) analysis 
developed by Shelnutt et al. [48-50, 92]. 

 
 

2.3 Experimental Procedures 

2.3.1 Protein expression and purification 
 
Expression and purification of the Tt H-NOX domain were performed as previously 

described [1] with the following modifications.  Thawed cell pellets resuspended in 
buffer A [50 mM TEA, 20 mM NaCl, 5% glycerol, 1 mM Pefabloc (Pentapharm), pH 
7.5] were lysed at 4 °C with an Emulsiflex-C5 high-pressure homogenizer at 15000 psi 
(Avestin, Inc.) upon addition of DNAse I and lysozyme (Sigma).  Lysed cells were 
centrifuged for 1 h at 42000 rpm at 4 °C, and the supernatant was heat-denatured at 75 
°C for 45 min.  The denatured protein was centrifuged again for 1 h at 42000 rpm, and 
the supernatant was concentrated to < 10 mL using 10 K MWCO spin concentrators 
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(Vivaspin).  Concentrated protein was then loaded onto a prepacked Superdex S75 
Hiload 26/60 gel filtration column (Pharmacia) equilibrated with buffer A, and fractions 
containing Tt H-NOX were pooled and applied to a POROS HQ 7.9 mL (1 × 10 cm, 10 
mm) anion-exchange column (Applied Biosystems) at 5-10 mL/min.  Flow-through 
containing the Tt H-NOX domain was collected and stored at -80 °C.  Site-directed 
mutagenesis was carried out using the QuikChange® protocol (Stratagene), and verified 
by sequencing (UC Berkeley sequencing core). 
 
 

2.3.2 Sample preparation 
 

The purified Tt H-NOX protein was brought into an anaerobic glovebag, and 
oxidized using ~5-10 mM potassium ferricyanide to remove the bound O2.  The 
ferricyanide was removed using a PD10 desalting column (Amersham Biosciences) 
equilibrated with buffer B (50 mM TEA, 50 mM NaCl, pH 7.5).  Following oxidation 
and desalting, the protein was reduced with ~5-20 mM sodium dithionite that was 
removed using a PD10 desalting column upon complete reduction of the heme.  The 
16O2 complexes were generated by opening the reduced protein to air.  To make the 18O2 
(95% 18O2; Cambridge Isotopes) complexes, gas was added to a sealed Reacti-Vial 
(Pierce) containing FeII-unligated protein.  Commercially available horse heart 
myoglobin and horse muscle hemoglobin (Sigma) samples were prepared similarly.  
Final sample concentrations for the Raman experiments were typically 15 to 50 mM.  
All UV/Vis absorption samples were prepared and measured as previously described [1, 
52]. 

 
 

2.3.3 Resonance Raman spectroscopy 
 
All spectra were collected using the 413.1 nm line from a Kr+ laser (Spectra-Physics 

model 2025) focused to a beam diameter of ~60 µm with a 50 mm focal-length 
excitation lens.  Raman scattering was detected with a cooled, back-illuminated CCD 
(LN/CCD-1100/PB; Roper Scientific) controlled by an ST-133 controller coupled to a 
subtractive dispersion double spectrograph [95].  The laser power at the sample was ~2 
mW, and a microspinning sample cell was used to minimize photoinduced degradation.  
Typical data acquisition times were 30 to 60 min.  Electronic absorption spectra were 
obtained before and after the Raman experiments to verify that no photoinduced 
degradation occurred.  Raman spectra were corrected for wavelength dependence of the 
spectrometer efficiency with a white lamp, and the instrument was calibrated using the 
Raman frequencies from cyclohexane, CCl4, and toluene.  The reported frequencies are 
accurate to ±1 cm-1, and the spectral bandpass was set to 8 cm-1.  For each Raman 
spectrum, the raw data were baseline-corrected, and the buffer background signal was 
subtracted.  Spectral analysis and decomposition were performed using Igor Pro 
(WaveMetrics).  Isotopic shifts were approximated on the basis of a simple harmonic 
oscillator (HO) model. 
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2.3.4 Structural deformation analysis 
 
To deconvolute the distortions from Tt H-NOX and other heme proteins, we used the 

web-based version of the normal-coordinate structural decomposition method (NSD) 
developed by Jentzen et al. to input our heme coordinates and quantify the deformations 
for the porphyrin macrocycle [48-50, 92].  This program uses a porphyrin reference of 
D4h-symmetry to describe the heme distortions in terms of displacements along the 
lowest frequency out-of-plane normal coordinates within the molecule.  The generated 
output quantifies the amount of each deformation type necessary to model the overall 
observed distortions within a given heme structure.  Coordinates from previous crystal 
structures were obtained from the RCSB Protein Data Bank [5, 44, 53, 96-98].  For all 
proteins used in our NSD calculations, the heme is oriented such that the vinyl groups 
remain in quadrants I and II as defined by Jentzen et al. [48] in order to maintain the 
directionality in the absolute signs of the deformation types.  In our analysis, the 
minimal basis set was used to quantify the different types of heme distortion.  This basis 
set only includes the lowest frequency mode from each of the 6 in-plane and 6 out-of-
plane normal deformations, and has been shown to adequately describe heme distortions 
in proteins [49].  The overall magnitude of out-of-plane distortions (∆oop) for the heme 
is defined as the square root of the squared sum of observed z axis displacements for the 
24-atom porphyrin macrocycle (C20N4).  This total out-of-plane distortion was 
determined from the complete basis set, which gives the total deformation of each 
symmetry type [49]. 
 
 

2.4 Results 

2.4.1 Electronic absorption characterization 
 
As an initial step toward characterizing the effects of mutating Ile-5 and Pro-115 in 

Tt H-NOX, we obtained electronic absorption spectra of the proteins with different 
ligands.  Table 2.1 summarizes the Soret and α/β bands measured for Tt H-NOX in the 
unligated, CO, NO, and O2-bound forms, and includes the globins for comparison [99].  
Both the unligated and CO complexes show small changes in absorption upon mutating 
Ile-5 and Pro-115.  The unligated Tt H-NOX WT spectrum displays a characteristic 
Soret at ~430 nm and a broad α/β band at ~563 nm, indicative of a 5-coordinate, high-
spin species.  Compared to Tt H-NOX WT, the P115A, I5L, and I5L/P115A mutants 
produce minor red shifts between 1-6 nm in the Soret and α/β bands.  Addition of CO to 
the reduced, unligated Tt H-NOX WT protein shifts the electronic absorption features to 
display the Soret at ~423 nm and discernible α/β bands at ~567 nm and ~541 nm, 
confirming the presence of a 6-coordinate, low-spin CO complex.  All three Tt H-NOX 
mutants display similar Soret values at 424 nm, but deviate by 1-3 nm in the split α/β 
band region compared to Tt H-NOX WT. 
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Table 2.1  Electronic absorption properties for Tt H-NOX, Hb, and Mb in the 
reduced and CO, NO, and O2-bound forms. 
 
Protein Ligand Soret α /β  Ref. 
Tt WT reduced 430 563 [1] 
Tt P115A  432 563 this work 
Tt I5L  431 569 this work 
Tt P115A/I5L  431 566 this work 
Hb  430 555 [99] 
Mb  434 556 [99] 
Tt WT CO 423 567/541 [1] 
Tt P115A  424 568/538 this work 
Tt I5L  424 565/541 this work 
Tt P115A/I5L  424 570/542 this work 
Hb  419 569/540 [99] 
Mb  423 579/542 [99] 
Tt WT NO 420 575/547 [1] 
Tt P115A  418 573/543 this work 
Tt I5L  421 572/539 this work 
Tt P115A/I5L  421 568/535 this work 
Hb  418 575/545 [99] 
Mb  421 575/543 [99] 
Tt WT O2 416 591/556 [1] 
Tt P115A  416 584/548 this work 
Tt I5L  418 587/550 this work 
Tt P115A/I5L  417 588/552 this work 
Hb  415 576/541 [99] 
Mb  418 580/542 [99] 

a All peak positions are reported in nm. 
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Addition of NO to the reduced, unligated Tt H-NOX WT protein results in a 6-
coordinate, low-spin NO complex (Soret: 420 nm, α/β bands: 575 nm and 547 nm).  A 
slight blue shift of 2-4 nm is observed in the Soret and α/β bands for the Tt H-NOX 
P115A NO complex.  Although the Soret only shifts to 421 nm for the Tt H-NOX I5L 
mutant, its α/β bands decrease by 3 and 8 nm to 572 and 539 nm, respectively.  The 
largest blue shift is observed in the α/β region for the Tt H-NOX I5L/P115A mutant (7 
and 12 nm, respectively). 
 

As previously shown, Tt H-NOX produces a stable 6-coordinate, low-spin O2 
complex upon exposure of a reduced sample to air [1].  The mutants shift by 6-7 nm to 
shorter wavelengths in the α/β region compared to Tt H-NOX WT (Soret: 416 nm, α/β 
bands: 591 nm and 556 nm).  The largest shift is observed for the Tt H-NOX P115A 
mutant with α/β bands at ~584 and ~548 nm. 
 

In summary, the NO and O2 complexes show consistent shifts in the α/β bands 
toward shorter wavelengths upon mutating Ile-5 and Pro-115 in Tt H-NOX, whereas the 
unligated and CO complexes exhibit both shorter and longer wavelength changes for the 
mutants.  The overall changes observed in the electronic absorption spectra are 
relatively minor, but consistently reproducible.  These observed shifts are plausibly 
introduced from structural rearrangements within the heme pocket, which then change 
the internal electric field.  However, interpreting the changes in the α/β region is more 
complicated due to the different factors that influence its shape and splitting pattern, 
including contributions from electronic and vibronic perturbations, heme-protein 
interactions, and vibronic coupling strength redistributions [100]. 
 
 

2.4.2 Resonance Raman spectroscopy 
 

To better characterize the effects of mutating Ile-5 and Pro-115 on the Tt H-NOX 
heme solution structure, we performed resonance Raman measurements on the 
unligated and oxygenated forms (Figures 2.2 and 2.3).  The main heme skeletal marker 
bands, ν4, ν3, ν2, and ν10, are summarized in Table 2.2 and compared to other proteins 
[81].  The π-electron density marker (ν4), assigned as the pyrrole breathing mode, varies 
between 1350-1380 cm-1 depending on the oxidation state of the heme.  The spin and 
coordination state markers, ν3, ν2, and ν10, correspond to Cα-Cm and Cβ-Cβ stretching 
vibrations in the macrocycle [56, 79].  Together, these skeletal markers in the 1350-
1650 cm-1 region can be used to detect different conformations as a result of their 
sensitivity to the porphyrin core size and π-conjugation.  In addition, the Fe-His 
stretching vibration at ~220 cm-1 is a sensitive probe of the bound histidine, providing 
unique structural details about the heme environment in the proximal pocket [63]. 
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Table 2.2  Heme skeletal modes for the FeII-unligated and FeII-O2 complexes of  Tt 
H-NOX, hemoglobin, myoglobin, and FixL.a 
 
Protein Ligand ν10 ν2 ν3 ν4 ν(Fe-X) Ref. 
Tt WT unligated 1600 1565 1469 1353 217 [1] 
Tt P115A  1602 1567 1469 1353 223 this work 
Tt I5L  1599 1564 1469 1352 217 this work 
Tt P115A/I5L  1601 1566 1471 1354 220 this work 
Hb  nrb 1564 1470 1356 217 [101] 
Mb  nr 1563 1471 1357 220 [101] 
Bj FixLHc  1602 1555 1469 1353 218 [81] 
Tt WT O2 1624 1579 1499 1375 567 [1] 
Tt P115A  1631 1581 1503 1377 565 this work 
Tt I5L  1627 1580 1499 1372 564 this work 
Tt P115A/I5L  1630 1582 1502 1375 562 this work 
Hb  nr 1581 1503 1376 570 this work 
Mb  nr 1584 1506 1377 570 this work 
Bj FixLH  1638 1579 1504 1377 569 [81] 

a All vibrational frequencies are reported in cm-1. 
b nr = not reported. 
c B. japonicum FixL heme-PAS. 

 
 
 
The resonance Raman spectra of the fully reduced, 5-coordinate Tt H-NOX WT and 

P115A mutant were obtained to investigate the effect of the proximal Pro-115 mutation 
on the Fe-His bond strength.  The vibrational frequencies and intensities are similar, 
with the exception of the 6 cm-1 increase for the Fe-His stretch to 223 cm-1 for P115A 
and a ~5 cm-1 increase in bandwidth.  In the high frequency region, the skeletal markers 
at 1353, 1469, 1565, and 1600 cm-1 correspond to typical ν4, ν3, ν2, and ν10 values for 5-
coordinate, histidyl-ligated, high-spin heme proteins [64, 81, 102].  The striking spectral 
similarity between the Tt H-NOX WT spectrum and that of P115A in Figure 2.2 
suggests that the heme conformation is minimally perturbed by this mutation, although 
the Fe-His bond length may have decreased slightly. 
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Figure 2.2  Resonance Raman spectra of the FeII-unligated form of Tt H-NOX WT 
(upper trace) and P115A (lower trace).  Spectral intensities in the low and high 
frequency regions were normalized to ν7 and ν4, respectively. 

 
 

The resonance Raman spectra of the O2 complexes are compared in Figure 2.3 and 
the vibrational frequencies are also summarized in Table 2.2.  The 18O2-isotopically 
substituted RR spectra are indicated with dotted lines and overlaid upon the natural 
abundance O2 complex spectra in the lower frequency region to assign the Fe-O2 stretch 
(Figure 2.3, traces a-f).  Based on the simple harmonic oscillator model, a downshift of 
21 cm-1 is predicted for ν(Fe-O2) upon 16O2 → 18O2 substitution.  As previously shown 
[1], Tt H-NOX WT displays a ν(Fe-O2) band at 567 cm-1 which shifts to 540 cm-1 for 
the 18O2 complex.  Mutating Pro-115 and Ile-5 causes small downshifts of 2 to 5 cm-1 
relative to Tt H-NOX WT.  The Tt H-NOX P115A mutant exhibits an isotope-sensitive 
band at 565 cm-1 which decreases by 20 cm-1 for the 18O2 complex, corresponding very 
well with the expected downshift.  Similarly, ν(Fe-O2) for the Tt H-NOX I5L/P115A 
double mutant is observed at 562 cm-1 and it decreases by 25 cm-1 upon 18O2 
substitution.  A cumulative downshift is observed for ν(Fe-O2) upon addition of the 
second mutation.  This further decrease in frequency for the double mutant can 
plausibly be explained by a greater disruption of critical nonbonded contacts within the 
heme pocket that work to stabilize the O2 complex. 
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Figure 2.3  Resonance Raman spectra of the O2 complexes of the Tt H-NOX 
domains and globins.  The left panel shows the lower frequency region for Tt H-NOX 
WT (a), P115A (b), I5L (c), P115A/I5L (d), Hb (e), and Mb (f).  18O2 spectra (dotted 
line) are overlapped over the 16O2 spectra to indicate the frequency shifts upon isotopic 
substitution.  The right panel shows the high frequency region (traces g-l). 
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In the high frequency region of the O2 complexes (Figure 2.3, traces g-l), the skeletal 
markers at 1375, 1499, 1579, and 1624 cm-1 for Tt H-NOX WT are indicative of a 6-
coordinate, histidyl-ligated, low-spin O2 complex [101, 102].  Compared to Tt H-NOX 
WT, the three mutants show upshifts of 1-7 cm-1 for the skeletal markers (Table 2.2). 
Similar to the native globins, the Tt H-NOX P115A mutant completely lacks a shoulder 
band at 1189 cm-1, whereas WT and the other mutants exhibit two overlapping bands at 
1176 cm-1 and 1189 cm-1.  In Tt H-NOX, ν3 remains constant at 1499 cm-1 for WT and 
the I5L mutant, but shifts to 1503 and 1502 cm-1 for the P115A and I5L/P115A 
mutants, respectively.  The 1556 cm-1 peak is most pronounced in Tt H-NOX WT and 
P115A, but appears more as a broad shoulder in the I5L and I5L/P115A mutants.  
Furthermore, ν2 (1579 cm-1) and ν19 (1594 cm-1) in Tt H-NOX WT upshift by 2-3 cm-1 
and 5 cm-1, respectively, upon mutating Ile-5 and Pro-115; these two bands correspond 
to Cβ-Cβ and Cα-Cm stretching vibrations.  The breadth and slight asymmetry of ν10 (Cα-
Cm stretch) in Tt H-NOX WT is likely due to overlap with the C=C stretching mode at 
1619 cm-1 (assignment based on polarization and Q-band RR).  Compared to Tt H-NOX 
WT (1624 cm-1), ν10 upshifts to 1631, 1627, and 1630 cm-1 for the Tt H-NOX P115A, 
I5L, and I5L/P115A mutants.  These observed vibrational shifts in the high frequency 
region is reflective of the approximate shift pattern expected for changes in heme 
ruffling (ν10 > ν2 > ν3 > ν4).  However, closer inspection of the high frequency region 
reveals shoulders for ν10 in Tt H-NOX P115A and I5L/P115A that correspond to the ν10 
vibrational frequency for WT at 1624 cm-1.  This band broadens and exhibits decreased 
intensity in the three mutants; the change is most striking in Tt H-NOX P115A, which 
has been shown by crystallography to sample a range of heme conformations [44].  This 
observed crystallographic heterogeneity in the heme conformation for Tt H-NOX 
P115A is comparable to the broadened ν10 in the complementary RR spectra. 
 

Below 1000 cm-1, several vibrational modes in the Tt H-NOX O2 complex spectra 
display reduced RR intensity upon mutation of Ile-5 and Pro-115.  Heme out-of-plane 
modes (defined as γ to distinguish them from stretching modes, ν) involving bending, 
tilting, folding, and wagging motions occur in these lower frequency regions [56].  The 
reduced RR intensities mainly occur in the 675-850 cm-1 and 900-1050 cm-1 regions as 
indicated by the vertical dashed lines in Figure 2.3 (traces a-d).  Specifically, Tt H-NOX 
WT (trace a) exhibits peaks at 694 (γ15, sym. pyr fold), 704 (γ11, asym. pyr fold), 737 
(γ5, sym. pyr fold), 944 [δ(Cm-H)], and 997 cm-1 [δ(Cm-H)] which decrease in relative 
RR intensity after mutating Ile-5 and Pro-115; the most striking change occurs at 694 
cm-1.  This band may be attributed to an in-plane pyrrole ring folding deformation mode 
[65].  Subtle changes are also observed in the overlapping Tt H-NOX WT bands in the 
500-640 cm-1 region, which are likely due to pyrrole swivels and folding vibrations [56, 
85, 88].  Of particular note are the weak bands at 526 (ν49), 589 (ν48), 605 (sym. pyr 
fold) and 636 cm-1 (γ20, asym. pyr fold) in Tt H-NOX WT that vanish in the Tt H-NOX 
P115A mutant.  These peaks are still present in the Tt H-NOX I5L and I5L/P115A 
mutants, albeit slightly broader and lower in intensity than WT.  The 271 cm-1 band in 
Tt H-NOX WT also broadens and downshifts by 9 cm-1 in the P115A mutant to 262 cm-

1; this peak may correspond to either ν52 (porph-substituent bending) or a pyrrole tilting 
motion (γ16) within the heme [86, 103]. 
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2.4.3 Spectral decomposition 
 

The RR intensity decreased for several low frequency modes in the O2 complexes for 
the Tt H-NOX mutants (Figure 2.3), but remained constant in the unligated (Figure 2.2, 
supporting information, Figure 2.1S) and CO complexes (supporting information, 
Figure 2.3S).  These bands may show changes in intensity due to the inactivation of 
Raman modes upon heme relaxation.  To quantify these spectral changes, the RR 
spectra were normalized and fit to Lorentzian peaks with fixed widths.  The integrated 
peak areas are shown in Figure 2.4 to compare the RR intensity changes across Tt H-
NOX WT and mutants.  Intensity decreases of ~30-70% are observed in the RR spectra 
of the O2 complexes upon mutating Ile-5 and Pro-115.  In addition, the 704 cm-1 peak 
(γ11, asym. pyrrole folding) in Tt H-NOX WT broadens and develops a small shoulder 
at 709-712 cm-1, shifting toward the higher frequency band and decreasing in RR 
intensity in the mutants.   

 
 

 
 

Figure 2.4  Integrated RR peak areas show intensity changes in Tt H-NOX O2 
complexes upon mutation of Ile-5 and Pro-115. The black and white bars denote the 
two different trends in RR intensity changes. 
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Two different trends in the RR intensities were noted (the bars in Figure 2.4 are shaded 
differently to denote the two trends): one shows the intensity steadily decreasing across 
all mutants, whereas the other trend displays a zigzag pattern due to the minimal to 
moderate intensity change observed in Tt H-NOX I5L compared to the other two 
mutants. 
 
 

2.4.4 Normal coordinate structural decomposition 
 

Table 2.3 quantifies the calculated heme out-of-plane (oop) distortions for the O2 
complexes of Tt H-NOX and other proteins from our NSD analysis [50].  The generated 
output gives the amount of displacement along the normal coordinates for the six 
deformation types (e.g. ruffling, saddling) that properly simulate the observed 
distortions in the Tt H-NOX heme coordinates.  NSD results obtained from other heme 
proteins are included for comparison.  The total out-of-plane displacement (∆oop) and 
the amount of specific deformation types are reported according to the complete and 
minimal basis sets, respectively.  The complete basis set includes all normal modes of 
the 24 atom D4h-symmetric porphyrin macrocycle (C20N4) to fully describe the observed 
heme nonplanarity.  The minimal basis set only includes the lowest frequency normal 
coordinates of each symmetry type (6 in-plane and 6 out-of-plane) since these are 
expected to have the lowest distortion energies and should be predominant in the heme 
deformations [48, 49]. 

 
As shown in Table 2.3, the largest displacements observed in the Tt H-NOX WT 

monoclinic (PDB 1U55) and orthorhombic (PDB 1U4H) crystal structures are from the 
B2u (saddling) and B1u (ruffling) deformations.  The total rms out-of-plane displacement 
(∆oop) is ~1.6 Å for three different Tt H-NOX WT structures, but is reduced to ~1.1 Å in 
the monoclinic heme B structure.  Pellicena et al. associate this heme relaxation with a 
~11° rotation of the protein’s distal portion with respect to the proximal side and a 
reorientation of the distal Ile-5 residue [5].  With the exception of the monoclinic heme 
B structure, the other three Tt H-NOX WT hemes maintain ~1.0-1.2 Å displacements in 
B1u and B2u deformations. 
 

Compared to Tt H-NOX WT (∆oop ~1.6 Å), the Tt H-NOX I5L mutant showed a 
decrease of ~0.2-0.3 Å in overall out-of-plane displacement.  The B1u deformation is 
more relaxed than B2u in Tt H-NOX I5L, but a small increase occurs in the Eg(x,y) 
(waving) displacement.  In addition, the B1u directionality changes sign between the two 
Tt H-NOX I5L heme molecules.  This also occurs for several deformations in the 
truncated and human hemoglobins (PDB 1IDR and 2DN1, respectively), and may result 
from differences in the crystal packing interactions and orientation of residues close to 
the heme. 

 
The crystal structure of Tt H-NOX P115A contained four different hemes, producing 

a broader range of NSD displacements compared to the other proteins (PDB 3EEE).  
The most relaxed structure (heme C) exhibited out-of-plane distortion values (B2u, -0.04 
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Å; B1u, -0.49 Å; ∆oop, 0.54 Å) comparable to those obtained for the crystal structures of 
Bj FixL [96] and the globins [53, 97, 98].  The ∆oop for these proteins ranged from 0.36 
to 0.60 Å in contrast to Tt H-NOX WT (~1.6 Å).  The total out-of-plane displacement 
for the least relaxed Tt H-NOX P115A structure (heme A) is 0.90 Å, which is close to 
the 1.11 Å ∆oop observed for the monoclinic Tt H-NOX WT heme B structure. 
 
 
Table 2.3  Calculated heme out-of-plane distortions from normal coordinate 
structural decomposition (NSD) analysis for O2-bound Tt H-NOX and other heme 
proteins. 
 
PDB Protein ∆oop

a B2u
b B1u A2u Eg(x) Eg(y) A1u Ref. 

1U55 Tt WT A 1.59 -1.07 -1.11 -0.1 -0.10 0.24 -0.03 [5] 
1U55 Tt WT B 1.11 -0.65 -0.79 0.32 -0.24 0.02 -0.03 [5] 
1U4H Tt WT A 1.59 -1.09 -1.09 -0.02 -0.30 0.11 -0.06 [5] 
1U4H Tt WT B 1.60 -1.00 -1.20 0.10 -0.15 0.14 -0.06 [5] 
Heme A Tt I5L 1.28 -0.93 0.73 -0.11 -0.18 0.40 -0.02 c 

Heme B Tt I5L 1.23 -0.81 -0.81 0.13 -0.31 0.14 -0.02 c 

3EEE Tt P115A A 0.90 -0.40 -0.77 0.04 -0.17 0.02 0.00 [44] 
3EEE Tt P115A B 0.82 -0.50 -0.61 0.03 -0.11 0.03 0.01 [44] 
3EEE Tt P115A C 0.54 -0.04 -0.49 -0.09 -0.16 -0.08 0.01 [44] 
3EEE Tt P115A D 0.62 0.07 -0.52 -0.03 -0.25 -0.18 0.01 [44] 
Heme A Tt I5L/P115A 0.85 -0.53 0.05 -0.16 -0.05 0.52 -0.04 c 

Heme B Tt I5L/P115A 0.74 -0.63 0.17 -0.02 0.01 0.32 -0.08 c 

1DP6 Bj FixLd 0.60 0.44 -0.32 0.18 0.01 0.11 -0.03 [96] 
1A6M Sw Mbe 0.36 0.19 0.01 0.22 -0.05 0.19 0.07 [98] 
1ASH As Hbf 0.47 -0.11 0.41 0.08 -0.11 0.07 -0.01 [53] 
1IDR tHb Ag 0.58 -0.13 0.33 0.28 -0.25 -0.19 0.04 [97] 
1IDR tHb Bg 0.55 0.15 0.45 0.01 0.05 -0.21 -0.04 [97] 
a Total out-of-plane displacement (Å) from the complete basis set 
b Reported displacements for each symmetry type are from the minimal basis set 
c unpublished experiments, Olea et al. 
d O2-sensing FixL domain of Bradyrhizobium japonicum 
e Sperm whale myoglobin 
f Ascaris suum hemoglobin domain I 
g Truncated hemoglobin N from Mycobacterium tuberculosis 
 
 

The Tt H-NOX double mutant significantly relaxed the ruffling distortion with a B1u 
displacement of ~0.05-0.2 Å.  Comparable to Sw Mb, these magnitudes are the lowest 
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of the three Tt H-NOX mutants.  In contrast, the B2u displacement (heme A, -0.53 Å; 
heme B, -0.63 Å) is greater than the < 0.1 Å observed in hemes C and D of the P115A 
mutant.  Another unique feature exhibited by the double mutant is the ~0.3-0.5 Å Eg(y) 
contribution, which is similar to Tt H-NOX I5L heme A (0.4 Å).  Interestingly, the ∆oop 
for Tt H-NOX I5L/P115A (heme A, 0.85 Å; heme B, 0.74 Å) falls within the ~0.5 - 0.9 
Å range obtained for the four Tt H-NOX P115A heme molecules, suggesting that the 
Ile-5 mutation contributes minimally to heme relaxation. 

 
 

2.5 Discussion 
 

We now provide a detailed interpretation of the spectral changes exhibited by RR 
leading to the current model for heme distortion in Tt H-NOX.  Specifically, the 
reduction in relative RR intensity for the low frequency modes, and the observed 
frequency shifts and peak broadening in the heme skeletal markers of Tt H-NOX P115A 
and I5L mutants provide evidence for a more relaxed chromophore within the solution 
form of the mutated protein.  These changes are related to the heme structure and how 
its altered conformation, in comparison to Tt H-NOX WT, may result from heme cavity 
rearrangements.  By comparing the spectroscopic data with the available 
crystallographic results, detailed information on the heme structure and insight into the 
possible role of these conserved residues are revealed. 
 
 

2.5.1 RR intensity changes in Tt H-NOX O2 complex spectra 
 

Choi and Spiro identified several out-of-plane motions of iron-porphyrin complexes, 
including pyrrole tilts (~260 cm-1), methine bridge deformations [γ(Cα-Cm), ~320 cm-1], 
pyrrole folding modes (~425-510 cm-1), and methine-hydrogen deformations [γ(Cm-H), 
~840 cm-1] [65].  Modes that occur below 400 cm-1 involve methine bridge wagging and 
other pyrrole deformations, and are expected to be heavily mixed [56].  These out-of-
plane modes are generally expected to be Franck-Condon and Jahn-Teller inactive for 
planar porphines of D4h symmetry, but may be activated upon nonplanar heme 
distortion and symmetry reduction [65, 88].  The RR intensities of these modes are 
induced when their components are projected onto the in-plane electronic excitations 
[65, 86].  Hence, only the modes that occur along specific heme distortion coordinates 
and have the same symmetry will be activated. 
 

Our RR spectra of Tt H-NOX WT exhibit several bands corresponding to out-of-
plane modes associated with heme deformations in the O2 complex.  Specifically, the 
450-600 cm-1 region displays many overlapped Raman features that are plausibly out-
of-plane pyrrole tilts, swivels, and folding modes activated by the symmetry lowering 
effects of the protein environment on the chromophore.  Other notable features include 
the moderately intense 692 cm-1 shoulder (γ15, sym. pyrrole folding), the 704 peak with 
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a small shoulder at 712 cm-1 (γ11, sym. pyrrole folding), and the 737 cm-1 band (γ5/ν16, 
asym. pyrrole folding and deformation).  These peaks are known to be sensitive to 
saddling (B2u) and ruffling (B1u) deformations, and are tentatively assigned by 
association with previous work by Spiro, Shelnutt, Schweitzer-Stenner, and others [56, 
65, 70, 85, 86, 88, 92, 104].  Between 900-1000 cm-1, four distinct peaks observed in 
the Tt H-NOX WT spectrum are tentatively assigned as hydrogen wagging motions 
[103].  These RR features confirm that the striking heme deformations observed in the 
Tt H-NOX WT structure also exist in solution and are not an outcome of crystallization.  
Interestingly, these characteristic low frequency bands in the Tt H-NOX spectra are 
unique to the O2 complex, and are not prominently featured in the other Tt H-NOX 
complexes or bacterial H-NOXs (e.g. V. cholerae, L. pneumophila, N. punctiforme) [1, 
52].  In agreement with these observations, NSD analysis of the N. sp H-NOX domain 
crystal structures by Ma et al. indicate Δoop ~ 0.7-0.9 Å for the unligated, CO, and NO 
complexes; these values are lower than those observed for the Tt H-NOX O2 structures 
by Pellicena et al. (Δoop ~ 1.1-1.6 Å) [5, 43]. 
 

Mutation of the Ile-5 and Pro-115 residues in Tt H-NOX caused decreases in the 
relative RR intensities for several out-of-plane modes in the O2 complex, but did not 
appreciably alter any mode intensities in the unligated spectra.  These observations 
indicate a distinct difference in how the mutations affect the heme conformation for the 
O2 and unligated species; although significant structural changes occur in the O2 
complex, the great similarity in RR intensity for the unligated spectra strongly suggests 
minimal changes in the heme structure.  The most important point about the loss of RR 
intensity is that it clearly demonstrates a relaxation of the heme upon mutating these 
residues.  The replacement of Pro-115 in Tt H-NOX with an alanine relieves the 
original proximal strain on pyrrole group D by freeing up space around the random coil 
linking α-helix F and β-strand 1.  This structural reorganization is consistent with the 
loss of RR intensity at 508 (γ12), 526 (ν49), 588 (ν48), and the 692-737 cm-1 region (γ15, 
γ11, γ5), where pyrrole swivels and folding modes that correspond to the B1u, B2u, and Eg 
symmetry are expected to occur [70, 85, 86, 88, 104].  A similar effect, albeit to a lesser 
degree, can explain the changes in the Tt H-NOX I5L spectra via its distal strain over 
pyrrole A and influence on reorienting nearby residue contacts with the propionate 
groups (e.g. Asp-45). 
 

Although the three Tt H-NOX mutants showed comparable decreases in relative RR 
intensity for some of the low frequency bands, the P115A mutant displayed several 
distinct features.  These included the following observations: (i) the apparent absence of 
the 1189 cm-1 peak corresponding to the Cβ-substituent and Cα-N antisymmetric 
stretching modes, which is also exhibited in the globins spectra, (ii) the retention of the 
hydrogen wagging modes (850-1050 cm-1) in Tt H-NOX I5L compared to the P115A 
mutant, and (iii) the greater similarity in peakwidth and frequency between the Tt H-
NOX I5L and WT spectra in comparison to P115A.  In addition, the locations where 
RR intensity is lost after mutating the heme pocket residues correspond well to the less 
congested regions in the globin spectra, supporting our tentative assignment of these 
peaks to heme out-of-plane modes.  These characteristics together support a more 
dominant effect of Pro-115 on the Tt H-NOX heme structure than Ile-5. 
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Our spectral observations also fit well with the structural data via the NSD analysis, 
which indicates that the lowest Δoop occurs in Tt H-NOX P115A (heme C; Δoop ~ 0.5 Å) 
rather than the double mutant.  The Δoop range of ~0.5-0.9 Å for all four molecules in 
the unit cell and the differing effects on the B2u and B1u deformations further support the 
heme flexibility that we observed by RR in the Tt H-NOX P115A mutant.  According to 
the NSD analysis, the Tt H-NOX I5L mutation affected the B2u displacement less than 
B1u; this effect may explain the two trends shown in the spectral decomposition in that 
some modes may be more sensitive and specific to certain heme deformations.  In 
addition, the normal mode displacements for Tt H-NOX I5L displayed modest 
decreases compared to Tt H-NOX P115A, which agrees well with our conclusions from 
the RR spectra.  Finally, the cumulative decrease in relative RR intensity exhibited by 
the double mutant was close to those observed for the single Tt H-NOX P115A mutant, 
further suggesting that the dominant perturbation of the pocket originates from the Pro-
115 mutation.  This reduction of the B2u and B1u deformations can be rationalized based 
on the nonbonded contacts between Pro-115 and pyrrole group C of the heme (Figures 
2.1 and 2.5).  

 
 

 
Figure 2.5  Comparison of Tt H-NOX WT (PDB 1U55) with P115A (PDB 3EEE) 
showing reduction of steric nonbonded contacts between proximal Pro-115 and heme 
upon mutation to Ala-115. 
 
 
The proline ring clearly pushes up into the heme and forces the chromophore into a 
nonplanar conformation.  Upon substitution with alanine, the ring is substituted by a 
more freely rotating methyl group, which allows the heme conformation to relax 
(Figure 2.5).  In contrast to Pro-115, Ile-5 makes a less intrusive distal contact with the 
heme pyrrole group B in Tt H-NOX; thus, mutating this residue has a smaller effect on 
the heme conformation. 
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2.5.2 Frequency shifts and peak broadening 
 

In contrast to the pronounced changes observed in the O2 complex spectra, the great 
similarity in vibrational frequency and intensity between the RR spectra for the Tt H-
NOX WT and P115A unligated species demonstrates the minimal impact of this 
mutation on the heme.  The increased Fe-His stretching frequency for Tt H-NOX 
P115A suggests a strengthening of the Fe-His bond.  In contrast, crystallographic results 
indicate that the bond lengths for the two proteins are within error.  This discrepancy is 
not surprising since in resonance Raman spectroscopy, a vibrational frequency shift of 
5-6 cm-1 in the most sensitive bands corresponds to bond length changes of as small as 
0.01 Å [56, 63].  Such a change would be below the range detectable by 
crystallography.  Olea et al. do note, however, that the Fe-His bond tilting angle shifts 
from 78° in Tt H-NOX WT (heme A, monoclinic) to 87° in P115A (heme C, 
monoclinic), resulting in a more perpendicular orientation of His-102 with respect to the 
heme, and plausibly enables a better bond overlap between Fe and His-102 [44].  
Furthermore, the slight broadening of the peak by ~5 cm-1 suggests some heterogeneity 
in the proximal pocket, and supports our assertion that the Tt H-NOX P115A mutation 
introduces structural disorder and flexibility to the protein pocket.  This heterogeneity in 
the RR spectra fits well with the 80-87º Fe-His tilt angle range reported for the four Tt 
H-NOX P115A heme molecules [44]. 
 

Kinetic studies by Olea et al. on Tt H-NOX have shown that the O2 dissociation rates 
decrease by an order of magnitude between WT (1.22 ± 0.09 s-1) and the P115A mutant 
(0.22 ± 0.01 s-1), but that the O2 association rates are similar (13.6 ± 1.0 µM-1s-1 and 
10.4 ± 1.1 µM-1s-1, respectively) [44].  Our RR results exhibit a small cumulative 
downshift in the ν(Fe-O2) frequency with the three Tt H-NOX mutants from 567-570 
cm-1 (WT) to 562 cm-1 (I5L/P115A mutant).  In addition, the P115A mutant exhibits a 6 
cm-1 downshift to 265 cm-1 from WT (271 cm-1); this band may be a combination of in-
plane Fe-Npyr stretching, pyrrole tilting, and pyrrole-substituent bending motions (ν52).  
Irwin et al. previously proposed that a stronger ligand field could arise from a 
constrained heme along the equatorial porphyrin plane [71].  Since heme ruffling is 
thought to result in a shortening of the equatorial Fe-Npyr bonds, this may partly explain 
the different frequencies observed between Tt H-NOX WT and the mutants for ν(Fe-O2) 
and ν(Fe-Npyr), although other factors within the protein pocket (e.g. hydrogen-bonding 
residues, tension on the trans-Fe-imidazole bond, and steric bulk) also clearly influence 
the stability of the O2 complex.  In particular, the ruffling deformation/Fe-Npyr bond 
distance dependence is consistent with our observed ν(Fe-Npyr) downshift for the Tt H-
NOX P115A mutant, which also exhibits a relaxation of the ruffling deformation.  In 
contrast, the crystal structures indicate that the Fe-Npyr distances are ~2.0 Å for both Tt 
H-NOX WT and P115A with only a negligible decrease for the WT Fe-Npyr distance.  
However, based on Badger’s Rule [105, 106], the inverse force constant/bond length 
relationship shows that the vibrational frequency is more sensitive to small changes 
(~0.01 Å) in internuclear distance.  Thus, the discrepancy between the RR spectra and 
crystal structure can be readily explained. 
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Structural heterogeneity in a sample can be revealed by the broadness and 
asymmetry of structure sensitive lines, such as ν2 (Cβ-Cβ stretch) and ν10 (Cα-Cm stretch) 
[92].  Our RR results exhibit several regions in which the peaks broaden upon mutating 
Ile-5 and Pro-115 in Tt H-NOX.  The clearest example of this is ν10 in the P115A 
mutant; in comparison to the WT spectra, this band decreases in intensity and broadens 
to display a prominent shoulder band at 1631 cm-1.  Broad features are also observed for 
the Tt H-NOX Ile-5 and double mutants in the 1550-1600 cm-1 range; the modes in this 
region correspond to the Cα-Cm, Cβ-Cβ, and peripheral vinyl modes.  The broadening of 
these distinct peaks into merged bands suggests conformational flexibility in these 
regions, and may result from the ability of the Leu-5 side chain to rapidly flip directions 
within the pocket.  These fluctuations likely disrupt the contacts between the protein’s 
YxSxR motif and the nearby propionate groups.  Furthermore, the fact that ν2 and ν10 
upshift in frequency for all three Tt H-NOX mutants supports the possibility of a better 
π-π overlap in the C=C, Cβ-Cβ, and Cα-Cm bonds within the porphyrin macrocycle as a 
result of heme relaxation. 
 

Some peak broadening and shoulder band formation also occur below 450 cm-1, 
where pyrrole deformations are expected to occur.  The 423 cm-1 peak [δ(Cβ-vinyl)] in 
Tt H-NOX WT not only downshifts to 417 cm-1 (P115A), but also broadens with a weak 
shoulder band and slight decrease in RR intensity.  Several other bands in this region 
exhibit similar changes.  These observations further support the possibility that the Tt 
H-NOX protein pocket no longer firmly holds the heme in a particular conformation. 
 
 

2.5.3 Possible role for conserved residues in Tt H-NOX 
 

The heme deformation in the H-NOX family plausibly plays a role in signal 
transduction from the chromophore to the protein upon ligand binding; alteration of the 
heme conformation may induce protein conformational changes, which then regulate 
the linked signaling protein (e.g. histidine kinases, diguanylate cyclases, and MCP 
domains).  Based on our data, we conclude that the single P115A mutation is sufficient 
to open the Tt H-NOX distal pocket and introduce flexibility to the heme structure, 
enabling the chromophore to relax and sample other conformations.  The possibility of 
the H-NOX domain alternating between closed and open conformations is reasonable 
based on previously observed varying rotational angles in the H-NOX distal and 
proximal subdomains [5, 43, 44].  Similar to the protein conformation changes observed 
by Pellicena et al. [5] in the Tt H-NOX WT monoclinic structure (heme B), a plausible 
explanation for P115A’s spectral changes is that the distal pocket has more rotational 
motion, and may sample an open heme pocket more frequently due to the increased 
flexibility granted by replacing the rigidly kinked proline ring with the more freely 
rotating alanine methyl group.  Thus, the highly conserved Pro-115 and neighboring 
residues can serve as a hinge point between the N- and C-terminal subdomains, which 
are necessary for maintaining an enclosed environment, retaining important heme-
protein interactions, and conserving specific biochemical properties within the H-NOX 
protein pocket.  A clear example of this is the dramatic changes observed in the 
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reduction potential and O2 affinity upon decreasing the amount of heme distortion 
present in Tt H-NOX [44].  The Tt H-NOX I5L mutation may also contribute toward 
opening the pocket, although to a lesser extent based on the more modest spectral 
changes and shifts exhibited by this single mutant in comparison to those observed by 
mutating Pro-115.  This result is not surprising since the substitution of Ile with Leu is 
relatively conservative in comparison to the replacement of the proline with alanine.  
However, this Leu-5 side chain can also plausibly flip inward toward the distal pocket 
or away from it; thus, the heme may interact differently with the conserved YxSxR 
motif, depending on whether or not the chromophore is pinned down along pyrrole 
group A by the aliphatic chain. 
 

In summary, we provide spectral evidence of heme relaxation in the O2-bound form 
of Tt H-NOX upon mutating the Ile-5 and Pro-115 residues.  Our resonance Raman 
results exhibit the most significant changes in the Tt H-NOX P115A mutant, in contrast 
to the I5L mutation, which bears spectral features more similar to Tt H-NOX WT.  
Furthermore, the double mutant appears to behave more like an admixture of P115A 
with I5L, rather than a synergistic combination of the two mutations.  In addition, we 
observe some broad shoulder features in the high frequency region that suggest the 
presence of other heme conformations in the three Tt H-NOX mutants.  Of the different 
heme complex forms that we have studied with resonance Raman, the most striking 
changes occur in the O2-bound spectra; we see very little change in the unligated and 
CO complexes.  These results provide a clear insight into the actual heme conformation 
of Tt H-NOX P115A in solution; indicating that although it is heterogeneous, the 
predominant form is significantly relaxed based on both changes in vibrational 
frequencies and RR out-of-plane mode intensities. 
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2.7 Supporting information 
 
 

 
 

Figure 2.1S0.6Resonance Raman spectra of the FeII-unligated form of Tt H-NOX 
WT, I5L, P115A, and I5L/P115A.  Spectral intensities in the low and high frequency 
regions were normalized to ν7 and ν4, respectively.
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Figure 2.2S0.7Resonance Raman spectra of the O2 complexes of Tt H-NOX WT, I5L, 
P115A, and I5L/P115A in the low frequency region.  18O2 spectra (dotted line) are 
overlapped over the 16O2 spectra to indicate the frequency shifts upon isotopic 
substitution, and the difference (18O2-16O2) spectra are shown above each protein for 
clarity in the ν(Fe-O2) assignment.  Spectral intensities were normalized to ν7. 
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Figure 2.3S0.8Resonance Raman spectra of the CO complexes of Tt H-NOX WT, 
I5L, P115A, and I5L/P115A.  13CO spectra (dotted line) are overlapped over the 12CO 
spectra to indicate the frequency shifts upon isotopic substitution, and the difference 
(13CO-12CO) spectra are shown below each protein for clarity.  Spectral intensities were 
normalized to ν7 and ν4 for the low and high frequency regions, respectively. 
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Figure 2.4S0.9Spectral decomposition of resonance Raman spectra for Tt H-NOX WT, 
I5L, P115A, and I5L/P115A in different frequency regions: (a) 200 – 550 cm-1, (b) 450 
– 900 cm-1, (c) 1100 – 1700 cm-1. 
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Chapter 3  

 
 

Resonance Raman Analysis of the Heme-CO 
Modes in the H-NOX Family 
 
 
 

3.1 Abstract 
 
A unique vibrational feature that is ubiquitous throughout the Heme-Nitric 

oxide/OXygen binding (H-NOX) family is the presence of a high C-O stretching 
frequency.  The structural determinants of the Fe-CO and C-O stretching frequencies in 
the H-NOX family were investigated via resonance Raman (RR) spectroscopy to 
elucidate the protein-ligand interactions responsible for this observation.  Mutations 
made in the distal pocket of the H-NOX domain from Thermoanaerobacter 
tengcongensis (Tt H-NOX), as well as the conserved Tyr-Ser-Arg (YxSxR) motif, 
indicate that important electrostatic interactions occur which can significantly affect the 
CO bond by modulating the back-donation of the FeII dπ electrons into the CO π* 
orbitals.  Multiple CO conformers were revealed upon mutation of the Tyr-140 H-
bonding residue, and ν(C-O) exhibited downshifts of up to ~60 cm-1.  The most 
significant change occurred from the disruption of the H-bonds between the YxSxR 
motif and the heme propionate groups, which produced two dominant CO-bound heme 
conformations; one was structurally similar to Tt H-NOX WT, and the other conformer 
displayed ν(C-O) downshifts of up to ~70 cm-1 with minimal changes in ν(Fe-CO).  The 
influence of the Fe-His bond strength was also examined by substituting several 
heterocyclic ligands into the proximal cavity of Tt H-NOX H102G, thereby shifting the 
competition for metal σ bonding between the bound CO and the trans ligand.  
Interestingly, these mutants downshifted ν(C-O) by ~30 cm-1 and upshifted ν(Fe-CO) by 
~40 cm-1.  In contrast, mutations on the Ile-5 and Pro-115 residues, which are predicted 
to influence heme deformations, had little effect on the Fe-CO or C-O stretching modes.  
Altogether, these RR results show that the electrostatic interactions occurring in the 
heme pocket of Tt H-NOX are primarily responsible for the unusually high ν(C-O) by 
dampening the Fe dπ  CO π* back-donation.  In addition, our results indicate that the 
mechanism by which the protein modulates the FeII-CO bond predominantly involves 
the strictly conserved YxSxR motif. 
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3.2 Introduction 
 
The family of prokaryotic and eukaryotic proteins known as the Heme-Nitric 

oxide/OXygen binding (H-NOX) domains, which includes the heme domain from the 
mammalian NO receptor soluble guanylate cyclase (sGC), has the distinctive property 
in that some members bind only NO and CO, whereas others can also bind O2 [1, 5, 47].  
A unique feature that is shared by all of these H-NOX domains is an unusually high C-
O stretching frequency observed in the heme-CO adducts.  Despite the availability of 
NMR and x-ray crystal structures for several of these H-NOX domains [5, 42-44, 46], 
the factors that are responsible for the high ν(C-O) are unclear. 

 
Due to its selectivity and sensitivity to molecular structure, the use of resonance 

Raman (RR) spectroscopy with heme-CO adducts is well established as a powerful tool 
in understanding heme protein-ligand interactions in solution.  The nature of these 
interactions can be elucidated from the Fe-CO and C-O stretching frequencies, 
especially since these modes are highly sensitive to the electrostatic field of the distal 
pocket and the donor properties of the proximal ligand.  Extensive density functional 
theory (DFT) computations and vibrational studies on both heme proteins and synthetic 
model porphyrins have previously shown that the Fe-CO and C-O vibrational 
frequencies are negatively correlated due to backbonding effects; the FeII dπ electrons 
are back-donated to the CO π* orbitals, strengthening the Fe-CO bond while weakening 
the C-O bond [72, 75, 76, 80, 83, 84, 91, 107-117].  Thus, a key focus in investigating 
these H-NOX proteins via RR spectroscopy is to better understand the interactions 
between the exogenous diatomic ligands and the H-NOX heme binding pocket in 
solution.  A more complete knowledge of the complex protein-ligand interactions will 
not only reveal how the C-O stretching frequency is modulated in these heme domains, 
but may also help determine key components that are responsible for controlling ligand 
specificity in the H-NOX family. 

 
Aside from the unusually high ν(C-O) frequency in the H-NOX family, CO is also an 

interesting ligand to study due to its ability to weakly catalyze the conversion of GTP to 
cGMP upon binding to the heme prosthetic group of sGC [35].  Although the 2-4-fold 
increase in cGMP production upon CO binding is significantly lower than the 100-400-
fold increase upon NO binding to sGC, the enzyme activity can be modulated by small 
molecules such as the benzylindazole derivative, YC-1 [3-(5’-hydroxymethyl-3’-furyl)-
1-benzylindazole].  RR investigations have shown changes in the heme conformation 
upon introduction of these small molecules, suggesting that they interact with the heme 
prosthetic group [36, 37, 68, 73].  Furthermore, previous work found that truncation of 
full length sGC to its heme domain, β1(1-194), resulted in a ~20 cm-1 ν(C-O) downshift 
to ~1968 cm-1 [34, 67, 77, 118].  These results suggest that the protein structure and 
conformational flexibility also influences the CO stretching frequency. 
 

In this study, RR spectroscopy is used in conjunction with site-directed mutagenesis 
and isotopic substitution to evaluate different features within the H-NOX domain from 
Thermoanaerobacter tengcongensis (Tt H-NOX), and determine their ability to 
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modulate the C-O stretching frequency.  Tt H-NOX is an ideal protein for use as a 
model to systematically alter these binding site properties through site-directed 
mutagenesis because it is a stable protein, expresses very well, and several crystal 
structures are available.  The specific heme pocket components investigated in this 
work include: (i) the presence of H-bonding distal residues, (ii) strength and steric 
constraints of the proximal ligand, (iii) H-bonding between the conserved Tyr-Ser-Arg 
(YxSxR) motif and the propionate substituents of the heme, and (iv) heme deformation 
(Figure 3.1).  Our RR spectra provide significant insight into these interactions in 
solution, and their influence on the Fe-CO bond in Tt H-NOX. 

 
 

 
 

Figure 3.1  Schematic representation of the heme pocket of Tt H-NOX.  The 
different components of the Tt H-NOX binding site that can influence the FeII dπ  CO 
π* backdonation are shown in this diagram: (i) the H-bonding network composed of 
Trp-9, Asn-74, and Tyr-140 affects the polarity of the distal pocket where CO is bound, 
(ii) modulation of the axial trans ligand strength can influence how the proximal ligand 
competes with CO for σ-orbital overlap with Fe, and (iii) H-bonding interactions 
between the conserved YxSxR motif and heme propionate groups can withdraw 
electron density from the heme. 
 

3.3 Materials and Methods 

3.3.1 Protein expression and purification. 
 

Expression and purification of the his-tagged (-H6) Tt H-NOX domain were 
performed as previously described for the original construct [1, 45].  Site-directed 
mutagenesis was carried out using the QuikChange® protocol (Stratagene), and verified 
by sequencing (UC Berkeley sequencing core). 
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The Tt H-NOX H102G mutant was expressed and purified with imidazole as the 

proximal ligand using the same methods described for the WT protein, with the 
following modifications.  Imidazole (Im) (10 mM) was added to the expression cultures 
at the time of induction with IPTG.  In addition, 10 mM imidazole was added to buffer 
A during purification to ensure retention of the heme in the protein. 
 
 

3.3.2 Sample preparation 
 

Purified Tt H-NOX-H6 protein was brought into an anaerobic glovebag, and oxidized 
using ~5-10 mM potassium ferricyanide to remove the bound O2.  The ferricyanide was 
removed using a PD10 desalting column (Amersham Biosciences) equilibrated with 
buffer B (50 mM TEA, 50 mM NaCl, pH 7.5).  Following oxidation and desalting, the 
protein was reduced with ~5-20 mM sodium dithionite that was removed using a PD10 
desalting column upon complete reduction of the heme.  To make the 12CO (Praxair) 
and 13CO (13C, 99%; 18O, < 2%; Cambridge Isotopes) complexes, gas was added to a 
sealed Reacti-Vial (Pierce) containing FeII-unligated protein.  Final sample 
concentrations for the Raman experiments were typically 15 to 30 µM for the ferrous 
unligated proteins, and between 35 to 75 µM for the CO complexes.  All UV/Vis 
absorption samples were prepared and measured as previously described [1, 52]. 
 

Other exogenous proximal ligands were substituted into the Tt H-NOX H102G 
mutant in addition to imidazole (Im); these included 1-methyl-imidazole (1-Me-Im), 2-
methyl-imidazole (2-Me-Im), 4-methyl-imidazole (4-Me-Im), 4-bromo-imidazole (4-
Br-Im), 4-iodo-imidazole (4-I-Im), pyridine (Pyr), and 3-fluoro-pyridine (3-F-Pyr).  To 
exchange the proximal ligands, the purified Tt H-NOX H102G(Im) protein was heated 
for 1 h at 50 °C with ~5-10 mM potassium ferricyanide, then desalted with a PD10 
column equilibrated with buffer B containing 10 mM of the appropriate proximal 
ligand.  The desalted protein was then heated at 50 °C for an additional 30 min, and 
reduced with ~5-20 mM sodium dithionite that was removed using a PD10 desalting 
column upon complete reduction of the heme.  This method was sufficient to exchange 
the imidazole with the alternate proximal ligands.  Once the proximal ligand was 
substituted, generation of the ferrous unligated and CO-bound forms were performed as 
described above. 
 
 

3.3.3 Resonance Raman spectroscopy 
 

All spectra were collected using the 413.1 nm line from a Kr+ laser (Spectra-Physics 
model 2025) focused to a beam diameter of ~60 µm with a 50 mm focal-length 
excitation lens.  Raman scattering was detected with a cooled, back-illuminated CCD 
(LN/CCD-1100/PB; Roper Scientific) controlled by an ST-133 controller coupled to a 
subtractive dispersion double spectrograph [95].  The protein samples were 
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anaerobically loaded into a microspinning Raman sample cell in a glove bag to avoid 
the possibility of O2-binding.  The power at the sample was 2 mW, except for the CO 
complexes, where the laser power was reduced to ~250 µW to minimize CO photolysis.  
Typical data acquisition times were 60 to 90 minutes.  Electronic absorption spectra 
were obtained before and after the Raman experiments to verify that no photoinduced 
degradation occurred.  Raman spectra were corrected for wavelength dependence of the 
spectrometer efficiency with a white lamp, and the instrument was calibrated using the 
Raman frequencies from cyclohexane, CCl4, and toluene.  The reported frequencies are 
accurate to ±1 cm-1, and the spectral bandpass was set to 8 cm-1.  For each Raman 
spectrum, the raw data were baseline-corrected, and the buffer background signal was 
subtracted.  Spectral analysis was performed using Igor Pro (WaveMetrics).  Isotopic 
shifts were approximated on the basis of a simple harmonic oscillator model. 
 
 

3.4 Results 

3.4.1 Electronic absorption characterization 
 

Tables 3.1 and 3.2 show the Soret and α/β bands measured at room temperature for 
Tt H-NOX and the mutants in the ferrous unligated and CO-bound forms, respectively.  
As noted by Karow et al. [1], Tt H-NOX WT is 5-coordinate and high spin when 
ferrous and unligated, with a Soret maximum at 430 nm and a single broad peak at 563 
nm in the α/β region.  With one exception, the other mutants displayed electronic 
absorption properties very similar to those observed in the WT protein.  In contrast, the 
Tt H-NOX H102G mutant exhibited downshifts of between 5 to 8 nm in the Soret band 
for the fully reduced, 5-coordinate ferrous unligated form.  Similar changes are 
observed in the α/β band region for these proteins, as shown in Table 3.1. 
 
 Upon addition of CO to the anaerobically reduced proteins, the spectra display 
changes reflective of 6-coordinate, low spin CO-bound complexes.  The Soret shifts to 
lower wavelengths and sharpens at ~423 nm, and the α/β band splits to two peaks at 
~567 nm and ~541 nm.  As is the case for the fully reduced protein, all the CO-bound 
mutants summarized in Table 3.2 displayed similar changes in their electronic 
absorption properties upon binding CO except for the Tt H-NOX H102G protein.  In 
comparison to the WT protein, the H102G mutants with imidazolate derivatives show 
Soret blue shifts of up to 12 nm from the typical ~423-424 nm position.  In contrast, the 
H102G mutants with imidazole, pyridine, and 3-F-pyridine as proximal ligands only 
display 1-4 nm decreases in wavelength relative to WT. 
 

In summary, there are relatively small spectral shifts observed in these Tt H-NOX 
proteins in comparison to WT.  These minor changes may be due to structural 
rearrangements within the protein pocket upon mutation.  The Tt H-NOX H102G 
mutant exhibits the most interesting properties with downshifts to shorter wavelengths 
at the Soret and α/β regions for both the ferrous unligated and CO-bound forms. 
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Table 3.1  Electronic absorption properties for Tt H-NOX WT and mutants in the 
5-coordinate, FeII-unligated form.a 
 
Protein Ligand Soret α /β  Ref. 
Tt WT reduced 430 563 [1] 
Tt W9F  430 562 [38] 
Tt H102G (Im)b  431 561 this work 
Tt H102G (1-Me-Im) b  428 565 this work 
Tt H102G (2-Me-Im) b  424 574/545 this work 
Tt H102G (4-Me-Im) b  425 573/549 this work 
Tt H102G (4-Br-Im) b  423 574/545 this work 
Tt H102G (4-I-Im) b   423 575/544 this work 
Tt H102G (Pyr) b  425 571 this work 
Tt H102G (3F-Pyr) b  423 574/545 this work 
Tt Y131F  430 561 this work 
Tt S133A  430 563 this work 
Tt S133C  430 561 this work 
Tt R135Q  431 563 this work 
Tt Y140H  430 563 this work 
Tt Y140F  429 566 [38] 
Tt P115A/Y140F  430 565 this work 
Tt Y140L  429 570 [38] 
Tt I5L  431 569 [51] 
Tt P115A  432 563 [51] 
Tt I5L/P115A  431 566 [51] 

a All peak positions are reported in nm. 
b All proximal ligand concentrations were set at 1 mM.  
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Table 3.2  Electronic absorption properties for Tt H-NOX WT and mutants in the 
6-coordinate, FeII-CO complex form.a 
 
Protein Ligand Soret α /β  Ref. 
Tt WT CO 423 567/541 [1] 
Tt W9F  423 562/541 this work 
Tt H102G (Im) b  424 571/545 this work 
Tt H102G (1-Me-Im) b  423 568/545 this work 
Tt H102G (2-Me-Im) b  412 570/537 this work 
Tt H102G (4-Me-Im) b  414 568/541 this work 
Tt H102G (4-Br-Im) b  413 570/539 this work 
Tt H102G (4-I-Im) b  413 568/537 this work 
Tt H102G (pyr) b  422 568/542 this work 
Tt H102G (3F-pyr) b  420 570/539 this work 
Tt Y131F  423 567/544 this work 
Tt S133A  424 564/545 this work 
Tt S133C  423 565/544 this work 
Tt R135Q  422 566/545 this work 
Tt Y140H  423 562/548 this work 
Tt Y140F  424 564/547 this work 
Tt P115A/Y140F  424 563/543 this work 
Tt Y140L  423 562/548 this work 
Tt I5L  424 565/541 [51] 
Tt P115A  424 568/538 [51] 
Tt I5L/P115A  424 570/542 [51] 

a All peak positions are reported in nm. 
b All proximal ligand concentrations were set at 1 mM.  
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3.4.2 Resonance Raman spectroscopy 
 
To characterize the conformational changes of the Tt H-NOX heme chromophore in 

the mutants and the binding site interactions in solution, we performed RR 
measurements on the ferrous unligated and CO-bound forms (Figures 3.2, 3.4, 3.6, and 
3.8).  The main heme skeletal modes, ν(Fe-His), and CO-associated modes are 
summarized in Tables 3.3 and 3.4, and compared to other proteins [1, 67, 68, 77, 81, 
103, 118-120].  The heme skeletal vibrations typically occur in the 1350-1650 cm-1 
region, and are sensitive to the π-conjugation and core size of the porphyrin macrocycle.  
The π-electron density marker (ν4) corresponds to the Cα-N symmetric stretching or 
pyrrole breathing mode, and is sensitive to the oxidation state of the heme.  The other 
skeletal bands, ν2 and ν3, correspond to the Cβ-Cβ and Cα-Cm stretching vibrations, 
respectively.  These modes are sensitive to the coordination and spin-state of the heme, 
and can be used to detect conformational changes within the chromophore [56, 64, 79, 
103].  In addition, several heme deformation modes in the low frequency region 
correspond to out-of-plane modes (e.g. γ15) and may be used to assess the heme 
conformation through changes in vibrational frequency or RR intensity. 
 

Table 3.3 summarizes the RR characterization of the fully reduced, 5-coordinate Tt 
H-NOX proteins, H-NOX domains from other prokaryotes, and other histidyl-ligated 
heme proteins [1, 67, 68, 77, 81, 103, 118-120].  The Fe-His stretching mode, which is 
sensitive to interactions between the heme and the proximal histidine, can only be 
observed in the 5-coordinate FeII-unligated protein.  In addition to providing a direct 
measurement of the Fe-His bond strength, ν(Fe-His) is a unique structural probe of the 
protein environment surrounding the bound histidine residue [63]. 

 
As shown in Table 3.3, the observed skeletal mode frequencies are typical of ferrous, 

high-spin heme proteins.  However, a range of ν(Fe-His) values are exhibited with 
differences of up to ~30 cm-1 among different proteins [e.g. 197 cm-1, Tt H-NOX 
H102G(Pyr) versus 231 cm-1, Axcyt c’].  The Fe-His stretching frequency for Tt H-
NOX WT generally occurs at 217-220 cm-1 [1, 51], and the majority of the mutations 
made to the Tt H-NOX domain do not significantly perturb it by more than 1-6 cm-1 
[51].  The exchange of the proximal ligand in the Tt H-NOX H102G mutant, however, 
produces a range of Fe-Nim stretching frequencies from 188 to 215 cm-1.  Due to the 
spectral similarities in the skeletal marker bands, it can be inferred that the heme 
conformation is minimally perturbed by these proximal substitutions for the 5-
coordinate Tt H-NOX H102G mutant other than altering the Fe-Nim bond length. 

 
The RR spectra and correlations of the Tt H-NOX CO complexes are partitioned in 

accordance with the different types of mutations made in the heme pocket (Figure 3.1): 
distal (Figures 3.2 and 3.3), proximal ligand substitution (Figures 3.4 and 3.5), 
hydrogen-bonding Tyr-Ser-Arg (YxSxR) motif (Figures 3.6 and 3.6), and heme 
deformation (Figure 3.8).  The ν(Fe-CO)/ν(C-O) plot in Figure 3.9 summarizes and 
compares the backbonding trends for the Tt H-NOX proteins presented in this work,  
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Table 3.3  Observed heme skeletal mode frequencies for several H-NOX domains 
and other proteins in the 5-coordinate, FeII-unligated form. a 

Protein ν2 ν3 ν4 ν(Fe-His) Ref. 
Axcyt c’ 1577 1469 1351 231 [119] 
AxPDEA1H 1557 1469 1354 212 [81] 
β1 (1-194) 1568 1478 1359 208 [34] 
β1 (1-385) 1561 1473 1355 206 [77, 118] 
β1 (1-385) H105G (Im) 1561 1471 1355 221 [77, 118] 
sGC 1561 1473 1355 204 [67] 
β2 (1-217) 1567 1477 1359 207 [34] 
HemAT-Bs 1558 1469 1352 225 [120] 
Mb 1563 1471 1357 220 [103] 
Vc WT 1561 1471 1354 224 [1] 
So WT 1567 1474 1357 213 this work 
Tt WT 1567 1471 1354 217 [51] 
Tt I5L 1565 1469 1351 217 [51] 
Tt P115A 1567 1469 1353 223 [51] 
Tt I5L/P115A 1564 1469 1352 220 [51] 
Tt W9F 1566 1470 1353 218 this work 
Tt H102G (Im) 1566 1471 1354 214 this work 
Tt H102G (1-Me-Im) 1566 1472 1355 212 this work 
Tt H102G (2-Me-Im) 1566 1472 1357 215 this work 
Tt H102G (4-Me-Im) 1566 1471 1356 214 this work 
Tt H102G (4-Br-Im) 1569 1471 1356 191 this work 
Tt H102G (4-I-Im) 1567 1471 1357 188 this work 
Tt H102G (pyr) 1568 1472 1358 203 this work 
Tt H102G (3F-pyr) 1566 1472 1358 197 this work 
Tt Y131F 1566 1471 1356 218 this work 
Tt S133A 1566 1471 1354 218 this work 
Tt S133C 1563 1468 1354 218 this work 
Tt R135Q 1566 1471 1354 218 this work 
Tt Y140F 1565 1469 1353 220 this work 
Tt P115A/Y140F 1567 1471 1354 220 this work 
Tt Y140H 1561 1470 1353 218 this work 
Tt Y140L 1564 1468 1351 220 this work 

a All vibrational frequencies are reported in cm-1. 
 
 
H-NOX domains from other prokaryotic and eukaryotic organisms, and other histidyl- 
and thiolate-ligated heme proteins.  In addition, the vibrational frequencies for all of 
these proteins are summarized in Table 3.4, and are characteristic of 6-coordinate, low 
spin, histidyl-ligated FeII-CO complexes. To clarify the frequency shifts, the 13CO-
isotopically substituted RR spectra are indicated with dotted lines and either overlaid or 
staggered beneath the natural abundance 12CO complex spectra in the regions 
corresponding to the Fe-CO and C-O stretching modes.  A simple harmonic oscillator 
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model was used to predict the downshifts in vibrational frequency upon isotopic 
substitution. 
 
Table 3.4  Observed heme skeletal mode frequencies for the 6-coordinate FeII-CO 
complexes of several H-NOX domains and other proteins.a 

Protein ν2 ν3 ν4 ν(Fe-CO) ν(C-O) δ(Fe-C-O) Ref. 
Axcyt c' 1596 --- 1368 491 1966 572 [119] 
AxPDEA1H --- --- --- 493 1973 581 [81] 
β1 (1-194) 1586 1502 1375 477/496 1968 574 [34] 
β1 (1-385) 1582 1496 1373 478b/494 1987b/1964 564 [68, 118] 
β1 (1-385)  
H105G (Im) ± YC-1 1584 1499 1372 478/495b 1987/1964b 572 [118] 

β1 (1-385) + YC-1 1582 1499 1372 478/491 1985/1967 --- [68] 
sGC 1583 1500 1371 472b/487 1987 562 [67] 
sGC + YC-1 1580 1497 1371 474/492 1987 --- [68] 
β2 (1-217) 1586 1492 1372 476 1994 559 [34] 
HemAT-Bs 1578 1495 1368 494 1964 --- [120] 
Mb 1587 1498 1372 512 1944 577 [113, 114] 
Vc WT 1578 1492 1368 491 1985 570 [1] 
So WT 1581 1496 1368 494 1984 568 this work 
Tt WT 1580 1496 1369 490 1989 567 [1] 
Tt I5L 1579 1492 1367 490 1984 568 this work 
Tt P115A 1582 1494 1370 490 1984 568 this work 
Tt I5L/P115A 1579 1492 1367 488 1981 568 this work 
Tt W9F 1577 1491 1367 485 1930 579 this work 
Tt H102G (Im) 1580 1494 1368 492 1983 570 this work 

Tt H102G (1-Me-Im) 1582 1497 1370 493b/529 1990/1961 570 this work 

Tt H102G (2-Me-Im) 1585 1497 1372 497/531b 1984/1963b --- this work 

Tt H102G (4-Me-Im) 1585 1502 1372 529 1964 --- this work 

Tt H102G (4-Br-Im) 1585 1499 1372 531 1963 --- this work 

Tt H102G (4-I-Im) 1585 1502 1372 531 1964 --- this work 

Tt H102G (pyr) 1582 1497 1370 487 1997 570 this work 

Tt H102G (3F-pyr) 1584 1498 1371 487b/529 1997b/1968 570 this work 
Tt Y131F 1580 1494 1370 492b/506 1919/1984 586 this work 
Tt S133A 1580 1492 1367 492 1985 583 this work 
Tt S133C 1579 1492 1368 490b/504 1981/1916 570 this work 
Tt R135Q 1577 1489 1365 486b/497 1981/1966 567 this work 
Tt Y140F 1577 1489 1367 491 1966 579 this work 
Tt P115A/Y140F 1579 1491 1369 492/512 1950/1969 570 this work 
Tt Y140H 1576 1491 1369 501/515 1928/1952 578 this work 
Tt Y140L 1577 1492 1370 498 1932 584 this work 

a All vibrational frequencies are reported in cm-1. 
b Vibrational frequencies in bold lettering indicate dominant CO conformer. 
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Mutations were generated in the distal pocket of Tt H-NOX to investigate how the 
hydrogen-bonding residues, Trp-9 and Tyr-140, modulate the binding of CO to the 
heme protein (Figure 3.1).  The RR spectra of Tt H-NOX WT and proteins with distal 
pocket mutations at Trp-9 and Tyr-140 are juxtaposed in Figure 3.2.  The correlations 
between the ν(Fe-His), ν(Fe-CO), and ν(C-O) are represented graphically in Figure 3.3.  
As previously shown [1], Tt H-NOX WT displays a ν(Fe-CO) stretching mode at 492 
cm-1 which downshifts to 486 cm-1 upon isotopic substitution.  The Fe-C-O bending 
mode, δ(Fe-C-O), is also detected at 569 cm-1.  In the high frequency region, the CO 
stretching mode is detected at 1987 cm-1 and downshifts by 46 cm-1 to 1941 cm-1 for the 
13CO complex.  In comparison to Tt H-NOX WT, the W9F mutant displays a ν(Fe-CO) 
frequency downshift to 485 cm-1 upon loss of the H-bonding residue.  In addition, the 
CO stretching frequency shows a large decrease of nearly 60 cm-1 to ~1930 cm-1 upon 
mutation.  It is known that Trp-9 forms H-bonding contacts with Tyr-140, which is 
within H-bonding distance to the axial ligand [5].  Thus, it is plausible that replacement 
of Trp-9 with Phe only interrupts the interactions between Tyr-140 and the ligand 
(Figure 3.1). 
 

Mutations at Tyr-140 with either His, Phe, or Leu produced intriguing results.  In the 
Y140H mutant, the Fe-CO stretching mode is very broad with a peak at 501 cm-1 and a 
shoulder at ~515 cm-1, suggesting that at least two CO conformations are present.  This 
is further supported by the detection of at least two CO stretching modes at 1928 and 
1952 cm-1, which decrease in frequency upon isotopic substitution.  In contrast, the 
Y140F mutant predominantly shows a single broad ν(Fe-CO) peak at 491 cm-1, which 
shifts to 485 cm-1 for the 13CO complex.  Compared to a spectral bandwidth of ~15 cm-1 
for the WT protein, the Tt H-NOX Y140F mutant ν(Fe-CO) broadens by an additional 
~13 cm-1.  Similarly, a single weak isotope-sensitive peak is detected at 1966 cm-1, and 
is assigned as the ν(C-O).  The double mutant P115A/Y140F results in the presence of 
multiple CO conformations.  Broad Fe-CO stretching modes are clearly detected at 492 
and 512 cm-1, which downshift to 487 and 506 cm-1, respectively; and at least two C-O 
stretching modes are also detected in the high frequency region (1950 and 1964-1972 
cm-1 downshift to 1904 and 1918-1926 cm-1, respectively).  Finally, the single Y140L 
mutant displays one CO conformation with a single broad Fe-CO stretching mode at 
501 cm-1 and C-O stretching mode at 1930 cm-1.  For all proteins, the vinyl stretching 
mode is clearly observed at 1616-1619 cm-1, with a small ~1630 cm-1 shoulder peak that 
corresponds to ν10.  The small fluctuations of 1-3 cm-1 observed in the skeletal markers 
for the mutants are likely a result of minor conformational changes in the heme 
resulting from rearrangements in the distal pocket upon mutation.  These introduced 
conformational changes are also reflected in the subtle differences displayed in the low 
frequency region for ν8 and γ15 at ~350 and ~704 cm-1, respectively. 

 
Figure 3.4 shows the RR spectra of Tt H-NOX WT and the H102G mutant with 

various proximal ligands.  The trends observed across ν(Fe-Nim), ν(Fe-CO), and ν(C-O) 
are graphically represented in Figure 3.5.  The Fe-CO frequency increases as the CO 
stretching frequency decreases, which is reflective of the Fe dπ  CO π* back-donation.  

 



 

 51 

 
Figure 3.2  Resonance Raman spectra of the CO complexes of Tt H-NOX WT, 
W9F, Y140H, Y140F, P115A/Y140F, and Y140L.  Panel (A) shows the low 
frequency 12CO (solid line), 13CO (dotted line), and magnified (2-4x) difference (13CO-
12CO) spectra for clarity.  Panel (B) shows the skeletal markers in the high frequency 
region; ν4 has been shrunk to clearly display the markers.  Panel (C) displays a 
magnified view of the CO stretch region, with 13CO (dotted) and 12CO (solid) overlaid, 
and the difference spectra (13CO-12CO) included below.  Spectral intensities were 
normalized to ν7 and ν4 for the low and high frequency regions, respectively. 
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Figure 3.3  Correlation trends between the vibrational frequencies of ν(Fe-Nim), ν(Fe-
CO) and ν(C-O) in the CO complex for Tt H-NOX upon mutating the distal pocket 
residues, Trp-9 and Tyr-140. 
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Figure 3.4  Resonance Raman spectra of the CO complexes of Tt H-NOX WT and 
the Tt H102G mutant with 1 mM of the following proximal ligands: imidazole 
(Im), 1-Me-Im, 2-Me-Im, 4-Me-Im, 4-Br-Im, 4-I-Im, pyridine (Pyr), and 3-F-Pyr.  
13CO spectra (dotted line) are overlapped over the 12CO spectra, and the difference 
(13CO-12CO) spectra are shown below each protein.  Spectral intensities were 
normalized to ν7 and ν4 for the low and high frequency regions, respectively. 

 



 

 54 

 
 

 
 

Figure 3.5  Correlation trends between the vibrational frequencies of ν(Fe-Nim), ν(Fe-
CO) and ν(C-O) in the CO complex for Tt H-NOX H102G upon varying the proximal 
ligand. 
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As expected, imidazole mimics the proximal histidine residue relatively well with ν(Fe-
CO) and ν(C-O) values of 492 and 1983 cm-1 for the Tt H-NOX H102G(Im) protein, 
which are similar to the vibrational frequencies observed for the WT protein. 
 

However, upon the addition of single substituents to the 1-, 2-, and 4-positions of the 
imidazole ring, the spectra exhibit significant shifts in the vibrational frequency and 
intensity of the CO-related modes (Figures 3.4 and 3.5).  Upon substitution of the 
proximal imidazole ligand to the substituent-containing imidazolate derivatives, the 
protein displays a dominant CO conformer with a ν(Fe-CO) band that upshifts to 526-
531 cm-1 from 492 cm-1, and a ν(C-O) peak that downshifts to 1960-1964 cm-1 from 
1983 cm-1.  Tt H-NOX H102G proteins containing 1-Me-Im and 2-Me-Im both showed 
an additional conformer with a ν(Fe-CO) at ~493-497 cm-1 and ν(C-O) at ~1984-1990 
cm-1.  In addition, both the pyridine and 3F-pyridine derivatives displayed a dominant 
heme-CO conformer with ν(Fe-CO) ~ 487-492 cm-1 and ν(C-O) ~ 1997 cm-1.  Although 
ν(Fe-CO) decreases by only ~3 cm-1, ν(C-O)  displays an upshift of nearly 10 cm-1 in 
comparison to WT.  All of the CO-bound Tt H-NOX H102G proteins displayed 
downshifts of up to 11 cm-1 for ν8 relative to the WT protein (ν8 ~ 350 cm-1), and small 
shifts are also observed in the skeletal mode frequencies.  This suggests that the heme 
conformation of the CO-bound Tt H-NOX H102G proteins is altered in comparison to 
the WT protein, which may be due to steric disturbances in the proximal pocket from 
the imidazolate substituents. 
 

The YxSxR motif is strictly conserved throughout the H-NOX family and is known 
to form H-bonding contacts with the propionate groups of the heme (Figure 3.1) [1, 5, 
42, 47].  To investigate how the H-bonding of these residues with the propionate 
substituents influenced the CO complex, mutations were generated on Tyr-131, Ser-
133, and Arg-135 of Tt H-NOX.  Figure 3.6 shows the RR spectra of the CO complexes 
for Tt H-NOX WT, Y131F, S133A, S133C, and R135Q; the respective corresponding 
changes in ν(Fe-His), ν(Fe-CO), and ν(C-O) are summarized graphically in Figure 3.7.  
For all proteins, two isotope-sensitive bands at ~490 and ~569 cm-1 are detected in the 
low frequency region, which correspond to ν(Fe-CO) and δ(Fe-C-O), respectively.  No 
significant frequency shifts are observed in these bands, although a slight spectral 
broadening of the Fe-CO stretching mode is evident for the Tt H-NOX Y131F, S133C, 
and R135Q mutants.  Relative to the spectral bandwidth of the WT protein (~15 cm-1), 
the Tt H-NOX Y131F protein’s ν(Fe-CO) broadens to a width of ~25 cm-1.  The overall 
similarity in vibrational frequency is indicative of similar Fe-CO bond energetics 
between the WT protein and the four mutants, whereas the slight broadening of the Fe-
CO stretching mode would suggest either the presence of some minor alternate 
conformations or a larger range of fluctuation in the softened distal pocket.  The high 
frequency region exhibits two distinct peaks that downshift upon isotopic substitution 
for the CO-bound Tt H-NOX Y131F (1919 and 1984 cm-1), S133C (1916 and 1981 cm-

1), and R135Q (1966 and 1981 cm-1) mutants.  These three mutants also display slight 
decreases in γ15 intensity at ~703 cm-1 relative to the WT protein, which may be 
suggestive of some heme relaxation.  In contrast, the RR spectra of the Tt H-NOX 
S133A mutant shows a single C-O stretch at 1984 cm-1, which is very similar to WT. 
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Figure 3.6  Resonance Raman spectra of the CO complexes of Tt H-NOX WT, 
Y131F, S133A, S133C, and R135Q.  13CO spectra (dotted line) are overlapped over 
the 12CO spectra to indicate the frequency shifts upon isotopic substitution, and the 
difference (13CO-12CO) spectra are shown below each protein for clarity.  Insets show 
the isotopic shift trends for ν(C-O) in the 1850-2000 cm-1 region.  Spectral intensities 
were normalized to ν7 and ν4 for the low and high frequency regions, respectively. 
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Figure 3.7  Correlation trends between the vibrational frequencies of ν(Fe-Nim), ν(Fe-
CO) and ν(C-O) in the CO complex for Tt H-NOX upon mutating the strictly conserved 
YxSxR motif. 
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The difference in the degree of CO bond modulation across the mutants is likely a 
reflection of the amount of H-bonding that each residue forms with the propionate 
groups of the heme chromophore.  For all proteins, the skeletal mode frequencies are 
very similar and the vinyl stretching mode is clearly observed at 1616-1619 cm-1, with a 
small ~1630 cm-1 shoulder peak that corresponds to ν10.  These similarities indicate that 
the dominant heme conformation does not appreciably change across the different 
mutations. 
 

To examine the effect of heme deformation on the CO complex, mutations were 
generated at Ile-5 and Pro-115, which are known to influence the heme conformation of 
the O2-bound WT Tt H-NOX domain [5, 44, 51].  Figure 3.8 shows the RR spectra for 
the CO complexes of Tt H-NOX WT, I5L, P115A, and the double mutant.  In the low 
frequency region, the Fe-CO stretching mode is detected at 490 cm-1 for the I5L mutant, 
and at 488 cm-1 for both the P115A and I5L/P115A mutants.  In the high frequency 
region, a single C-O stretching mode is detected between 1981-1986 cm-1 for the three 
mutants.  In addition to the heme skeletal modes, these measured frequencies are very 
similar to Tt H-NOX WT.  Thus, these mutations do not appear to significantly disrupt 
the nature of the CO bond or affect the ν(Fe-CO)/ν(C-O) backbonding correlation. 
 
 

 
Figure 3.8  Resonance Raman spectra of the CO complexes of Tt H-NOX WT, I5L, 
P115A, and I5L/P115A.  13CO spectra (dotted line) are overlapped over the 12CO 
spectra to indicate the frequency shifts upon isotopic substitution, and the difference 
(13CO-12CO) spectra are shown below each protein for clarity.  Insets show the isotopic 
shift trends for ν(C-O) in the 1850-2000 cm-1 region.  Spectral intensities were 
normalized to ν7 and ν4 for the low and high frequency regions, respectively. 
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3.5 Discussion 
 
A detailed interpretation of the vibrational shifts observed in the RR spectra of the 

CO-bound H-NOX domains allow for explanations of what these changes indicate 
about the possible electrostatic binding site interactions occurring in the solution 
solubilized H-NOX protein.  In overview, the absence of these important intermolecular 
contacts significantly alters the tightly held heme-CO adduct, resulting in alternate CO 
conformations and a weakened CO bond.  The ν(Fe-CO)/ν(C-O) backbonding 
correlation for the H-NOX domains and Tt H-NOX mutants are plotted and compared 
to other proteins, including the globins, other histidyl-ligated heme proteins, and 
thiolate-ligated P450s (Figure 3.9); the differences in the slope of the ν(Fe-CO)/ν(C-O) 
correlation line is reflective of the sensitivity of ν(Fe-CO) to backbonding.  By 
comparing the RR data with the available NMR and x-ray crystallographic results [5, 
42-44, 46], a more comprehensive understanding of the heme structure and its 
interactions with the H-NOX protein environment is obtained. 
 
 

3.5.1 Distal electrostatic effects on CO-bound Tt H-NOX 
 
Previous studies on heme-CO distal pocket mutations in other proteins clearly 

demonstrated a modulation of the ν(Fe-CO)/ν(C-O) backbonding correlation upon 
altering the polar interactions between the CO ligand and distal residues [75, 76, 80, 81, 
84, 108, 112, 114-116].  These changes in ν(Fe-CO) and ν(C-O) are illustrated in 
Figures 3.9 and 3.10.  Many CO-bound myoglobin variants exhibited an increase in the 
ν(C-O) frequency upon replacement of the distal histidine residue with nonpolar ones 
that cannot form H-bonding contacts with the bound CO in the distal pocket [80].  This 
phenomenon can be readily explained by the increased electron density that is returned 
to the CO moiety upon removal of the H-bond from the distal histidine residue, 
decreasing the effects of back donation from the FeII dπ electrons into the CO π* orbitals 
and increasing the CO bond order.  Of notable interest to our work with the H-NOX 
family is the Mb double mutant H64V/V68T, which produced vibrational frequencies of 
479 and 1984 cm-1 for the Fe-CO and C-O stretching modes, respectively, in 
comparison to the native Mb protein [ν(Fe-CO) ~ 512 cm-1; ν(C-O) ~1944 cm-1] [80].  
The diminished backbonding in this double mutant was thought to result from negative 
polarity in the distal pocket due to lone electron pairs from the oxygen in Thr-68 being 
directed at the CO ligand, forcing the electron density back to the C-O bond and 
increasing its bond order.  Similar trends were previously demonstrated in 
superstructured model porphyrins with naphthalene hydroxyl groups overhanging the 
bound CO moiety [121]. 
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Figure 3.9  Backbonding correlation plot between ν(Fe-CO) and ν(C-O) for 
several H-NOX domains and other heme proteins.  The CO-bound heme proteins 
and their corresponding symbols for the plot are as follows: H-NOX domains (○); Tt H-
NOX H102G with substituted proximal ligands (●); other histidyl-ligated heme proteins 
(   ); P450’s (■). 
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Figure 3.10  Correlation trends between the vibrational frequencies of ν(Fe-CO) 
and ν(C-O) in the CO complex for myoglobin and its distal pocket mutations.  The 
majority of the C-O measurements came from FTIR studies; thus, some Fe-CO 
frequencies were not observed [80, 113, 114]. 

 
 
The Tt H-NOX WT protein has a CO stretching frequency very similar to that of the 

Mb H64V/V68T double mutant; thus, the Tt H-NOX distal pocket may also contain a 
localized negative polarity with the oxygen from Tyr-140 directly above the CO ligand 
(Figure 3.1).  Although no crystal structures of the CO-bound Tt H-NOX domain are 
available, the previous crystallographic and structural studies from Pellicena et al. [5], 
Ma et al. [43], and Erbil et al. [42], strongly indicate that the CO would bind in a mostly 
linear conformation in the heme pocket and be close enough to directly interact with the 
hydroxyl group of the Tyr-140 distal residue as indicated in the simplified schematic 
representation of the Tt H-NOX distal pocket (Figure 3.1).  Interestingly, our RR 
spectra indicate a decrease in the C-O stretching frequency upon disruption of the H-
bonding network in Tt H-NOX, which is the opposite of the trends previously observed 
in Mb (Figure 3.10) [76, 80, 108, 112-114].  Initially, we conjectured that a water 
molecule entered the heme pocket of the distal mutants and formed strong H-bonds with 
the CO ligand.  To test this hypothesis, RR spectra of the CO-bound Tt H-NOX Y140L 
mutant were collected in buffer containing D2O (unpublished spectra).  However, no 
shift was observed for the C-O stretching mode; hence, we conclude that no H-bonds 
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existed between the axial CO ligand and water.  If we follow the original argument of 
the Mb H64V/V68T double mutant and consider the possibility of the lone e- pairs from 
the Tyr-140 oxygen being pointed toward the CO moiety, then the negative polarity is 
abolished upon substitution of Tyr-140 with a hydrophobic residue (Figure 3.11).  A 
hydrophobic residue, such as phenylalanine, would not have the two lone pairs of 
electrons to reduce the Fe dπ  CO π* backbonding in the way that the distal Tyr-140 
does, resulting in a weaker C-O bond as observed in our RR spectra. 

 
 

 
 

Figure 3.11  Interaction between Tyr-140 and CO in Tt H-NOX.  The electron lone 
pairs from Tyr-140 point toward the CO moiety in Tt H-NOX WT.  Upon mutation to a 
hydrophobic residue, the negative polarity introduced by Tyr-140 is abolished so back-
donation from the FeII dπ orbital into the CO π* orbital increases, weakening the CO 
bond strength. 
 
 

To further investigate the influence of H-bonding residues on the C-O stretching 
frequency, we focused our attention to the nearby Trp-9 residue in the distal pocket of 
Tt H-NOX.  Trp-9 is within H-bonding contact with Tyr-140, and is thought to hold 
Tyr-140 in place for H-bonding with exogenous diatomic ligands bound to the H-NOX 
domain (Figure 3.1).  Mutation of Trp-9 to phenylalanine disrupts this H-bonding 
network, and a significant downshift of ~60 cm-1 is observed in ν(C-O).  The ν(Fe-CO) 
similarly downshifts to 485 cm-1 and broadens relative to the WT protein.  The observed 
broadening of the Fe-CO stretching mode may reflect the fact that the Tyr-140 residue 
is held less tightly in place upon disruption of the H-bonding network; thus, the 
interactions between the distal residues and CO are likely more transient.  As a result, 
the Tyr-140 residue may not be pointed directly at the CO ligand, and its oxygen lone 
pairs would have a weaker effect on the CO stretching frequency.  The fact that the Fe-
CO stretch actually displays a decrease in frequency despite such a large decrease in the 
C-O stretching frequency strongly suggests that there are other effects counterbalancing 
the increased back donation from the FeII dπ electrons into the CO π* orbitals due to 
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structural rearrangements in the heme pocket upon mutation.  Distal electrostatic 
interactions with the CO ligand have already been shown to significantly influence the 
C-O stretching frequency [76, 108, 109, 113, 116].  In the case of Tt H-NOX, even 
mutations to secondary H-bonding residues produce significant shifts in vibrational 
frequency, reflecting the structural rearrangements within the distal pocket and changes 
in binding site interactions upon mutation of the distal pocket. 

 
Another unique aspect of the RR spectra was the presence of multiple CO 

conformers upon mutation of Tyr-140 to histidine, with two observed ν(C-O) 
frequencies at 1928 cm-1 and 1952 cm-1.  This downshift in vibrational frequency 
suggests that the distal environment in Tt H-NOX Y140H more closely resembles Mb, 
sharing similar backbonding properties with the weaker H-bonding histidine residue in 
place of tyrosine.  The only other distal pocket mutant to display multiple CO 
conformations was the double mutant, Tt H-NOX P115A/Y140F, which displayed 
broad CO stretching modes at 1950 and 1964-1972 cm-1.  We have previously 
suggested that the single P115A mutation may sufficiently disrupt the hinging region of 
the H-NOX domain, resulting in a more ‘open’ conformation that relaxes the heme [42, 
51].  This increased opening of the distal and proximal halves of the H-NOX domain 
would certainly provide more dynamic disorder within the heme pocket, making 
accessible protein-ligand contacts more transient.  This effect, in combination with the 
additional structural rearrangements to accommodate the Y140F mutation, is plausibly 
responsible for the multiple conformations observed in the P115A/Y140F double 
mutant. 
 

Although the idea of a localized negative polarity from the hydroxyl group of the 
Tyr-140 residue in the distal pocket provides a reasonable interpretation for the high 
ν(C-O) in Tt H-NOX and the consequent downshifts in frequency upon distal pocket 
mutation, it does not extend to the rest of the H-NOX family due to the absence of this 
residue in many of the H-NOX domains from the facultative aerobes.  In fact, structural 
studies on the H-NOX domains from Shewanella oneidensis and Nostoc sp indicate a 
predominantly nonpolar distal pocket lined with mostly hydrophobic residues [42, 43].  
Thus, other contributing factors (e.g. electrostatic or steric) from the H-NOX heme 
pocket must also play a role in the unusually high ν(C-O) frequency. 
 
 

3.5.2 Modulation via the proximal ligand 
 
It is well known that the ligand at the axial coordination site trans to the CO 

influences the backbonding between the FeII and CO.  This occurrence is readily 
observed from the backbonding plots showing the ν(Fe-CO)/ν(C-O) correlations among 
heme proteins with different proximal ligands (e.g. imidazole versus thiolate) [63, 69, 
80, 84, 109, 110, 116].  Vogel et al. also previously showed that the ligand trans to the 
CO can displace the backbonding plots, altering the slopes and lower the Fe-CO 
stretching frequency.  Changes in the backbonding slope depends on the donor strength 
of the proximal ligand, and occur due to the competition between the proximal ligand 
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and CO for σ-orbital overlap with the FeII acceptor orbital, dz
2 [116, 117].  With the 

increased electron density on the heme metal, backdonation from FeII dπ to CO π* is 
increased and the C-O bond weakens. 
 

Tt H-NOX WT has a Fe-His stretching frequency of ~217 cm-1, indicative of a 
moderate H-bond to the proximal ligand in comparison to no H-bond [ν(Fe-His) ~200 
cm-1] and a strong H-bond [ν(Fe-His) ~240 cm-1] [63].  Based on its similarity in 
vibrational frequency, it is possible that the Tt H-NOX WT protein contains a Mb-like 
imidazole H-bond to either a carbonyl group of the protein backbone, a nearby proximal 
residue, or water.  No crystal structures of the FeII-unligated Tt H-NOX exist, so it 
cannot be said for certain what is forming this moderate H-bond with His-102 in Tt H-
NOX.  Given the importance of the Fe-His linkage in signal transduction, changes in the 
proximal pocket and alteration of electrostatic contacts to the histidine residue upon 
ligand binding may be employed in signaling in the H-NOX family.   
 

Despite the varying Fe-His strength among the different members of the H-NOX 
family, the observed ν(Fe-CO) and ν(C-O) frequencies remain remarkably similar.  
Thus, it does not appear that the strength of the Fe-His bond alone contributes to the 
unusually high C-O stretching frequency despite differences in ν(Fe-His) of up to ~15 
cm-1 among the various members of the H-NOX family (Tables 3.3 and 3.4).  In 
contrast, the Tt H-NOX H102G mutant displayed ν(Fe-CO) upshifts of ~30-40 cm-1 and 
ν(C-O) downshifts of ~25-30 cm-1 with different proximal ligands.  There are several 
possible explanations for these spectral differences between the Tt H-NOX H102G 
proteins and WT, including: (i) the changes in the ligand pKa, (ii) the size and strain of 
the ligand within the proximal pocket, (iii) the ability to form H-bonds with nearby 
proximal residues or the protein backbone, and (iv) the orientation and tilt angle of the 
proximal ligand plane with respect to the heme normal plane.  Since the vibrational 
frequencies for the Fe-CO and C-O stretching modes in Tt H-NOX H102G(Im) are 
similar to those of the WT protein, it is clear that the substantial shifts observed for the 
other proximal ligands are directly related to the additional substituents.  From the 
inverse relationship between the Fe-CO and C-O stretching mode frequencies, it is 
evident that these modes are coupled.  Depending on the change in the net coupling 
between these two modes, the vibrational frequencies for ν(Fe-CO) and ν(C-O) will 
shift accordingly.  Thus, geometric distortions in either the Fe-Nim or Fe-CO bonds are 
likely to alter this vibrational coupling, modulating the Fe dπ  CO π* backdonation 
and affecting the magnitude of the ν(Fe-CO) and ν(C-O) shifts. 
 

Our results suggest that the proximal ligands with substituents serve as trans ligand 
electron donors which enhance the backbonding effect, thereby diminishing the ν(C-O) 
and increasing ν(Fe-CO).  As shown in the backbonding correlation plot (Figure 3.9), 
the slope for the Tt H-NOX H102G mutants is steeper relative to that for the globins 
and the other H-NOX domains.  The observed changes in ν8, low frequency mode 
intensities, and high frequency skeletal modes strongly support changes in the heme 
conformation to accommodate the substitution of the proximal ligand.  Although the 
decrease in the ν(Fe-Nim) frequency upon addition of electronegative substituents may 
partially be responsible for the increased ν(Fe-CO) frequency, the proximal steric bulk 
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from the imidazolate substituents can also alter the binding site interactions.  Due to 
these steric interactions, the heme deformation and/or position within the pocket may 
change, causing structural rearrangements within the pocket that introduce different 
distal interactions with the CO ligand.  This may explain the increased ν(C-O) 
frequency for the Tt H-NOX H102G(Pyr) and H102G(3F-Pyr) proteins to 1997 cm-1 in 
comparison to the WT protein [ν(C-O) ~ 1987 cm-1] despite the significantly reduced 
ν(Fe-Npyr) frequencies of 203 and 197 cm-1 for pyridine and 3-F-pyridine, respectively.  
Furthermore, NMR structures of the CO-bound WT H-NOX and homologous H103G 
mutant from Shewanella oneidensis (So H-NOX) were solved by Erbil et al. [42], and 
found notable ensemble differences between the two structures which suggested 
changes in the van der Waals contacts between the protein and the heme.  The majority 
of these shifts occurred in the secondary structure region flanking the proximal pocket.  
In addition, Erbil et al. showed that the heme deformation changed between the So H-
NOX WT and H103G mutant structures, which is in agreement with the observed 
changes in the RR spectra for the CO-bound Tt H-NOX WT and H102G mutants 
containing proximal ligands with substituents.  Thus, it is possible that changing the 
proximal ligand from imidazole to imidazolate derivatives containing substituents 
forces the heme into alternate conformations that interact differently with the binding 
pocket, causing more pronounced changes in ν(Fe-CO) and ν(C-O) than previously 
observed with Mb H93G and with other H-NOX domains containing Fe-His bonds of 
varying strengths [1, 34, 69, 109, 110]. 
 
 

3.5.3 Importance of the conserved YxSxR motif 
 
The x-ray crystal structure of WT Tt H-NOX first demonstrated the importance of 

the conserved YxSxR motif in maintaining the heme orientation in the H-NOX family 
via the H-bonds between these residues and the propionate substituents of the heme 
prosthetic group [5].  The x-ray crystal structure shows that Tyr-131 and Ser-133 are 
within H-bonding distance to one of the propionates, whereas Arg-135 makes contacts 
with both propionate groups.  Recent DFT calculations by Xu et al. indicate that the 
neutralization of these negatively charged propionate groups on the heme can modulate 
the ν(Fe-CO)/ν(CO) backbonding correlations in a manner similar to electron-
withdrawing substituents on porphines, and alters the ν(C-O) frequency by up to ~20 
cm-1 [91].  Our RR spectra not only show significant changes in the ν(Fe-CO) and ν(C-
O) frequencies for these YxSxR mutants in Tt H-NOX [i.e. up to ~70 cm-1 shift for ν(C-
O)], but also exhibit surprising dynamics within the heme pocket upon mutation of 
these residues which have not previously been reported.  These results provide direct 
evidence for the importance of the YxSxR motif in stabilizing the heme position and 
orientation in the H-NOX pocket in the solution supported protein (Figure 3.1). 
 

Mutation of Tyr-131 to phenylalanine in Tt H-NOX results in the presence of two 
dominant CO conformers.  One form exhibits vibrational features similar to the WT 
protein, with ν(Fe-CO) and ν(C-O) at ~492 cm-1 and 1984 cm-1, respectively.  The 
second conformer displays a significantly lower ν(C-O) at 1919 cm-1, yet no other 
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isotope-sensitive band was detected in the lower frequency region for the Fe-CO 
stretching mode.  This mutation abolishes one of the H-bonding contacts between the 
YSR motif and a propionate group.  Similarly, the S133C and R135Q mutants display 
two ν(C-O) bands, but only one dominant ν(Fe-CO) band.  Whereas S133C disrupts 
only one H-bonding contact to one propionate group, the R135Q mutation disrupts H-
bonding interactions with both propionate groups.  Closer inspection and spectral 
deconvolution of the low frequency region in all three RR spectra revealed that a small 
shoulder upshifted from the ~490-492 cm-1 Fe-CO stretching band is present at ~504 
cm-1 that can be attributed to the second CO conformer.  Due to its proximity to the 
dominant ~492 cm-1 mode, the minor ~504 cm-1 band could not be detected in the 
isotope difference spectra.  The presence of two CO stretching frequencies, one of 
which is very similar to the WT protein, may be resulting from a fluctuating swivel 
motion of the heme prosthetic group upon destabilization of the H-bonding residues that 
fix it in place.  The heme plausibly interchanges between a conformation that retains 
similar protein-ligand contacts as Tt H-NOX WT, and another conformation that 
suggests a very strong H-bond with the CO ligand based on the significantly reduced 
ν(C-O) frequency of ~1916-1919 cm-1.  The source of this strong H-bond could be a 
water molecule that enters the distal pocket upon mutation due to increased 
accessibility.  The lack of a more appreciable shift in the Fe-CO stretching mode despite 
such a huge change in the C-O stretching frequency indicates that there are likely two 
processes occurring which counterbalance each others’ effects on the Fe-CO bond 
strength.  DFT calculations have shown that the transition moment essentially lies along 
the vector formed by the Fe-C bond, so C-O stretching vibrations induce electrons to 
travel throughout the π system [80, 107, 122, 123].  Thus, it is not unreasonable to 
consider a redistribution of the heme π-conjugation system upon disruption of the 
neutralizing H-bonds between the propionate groups and the YxSxR motif, which could 
affect the Fe-CO bond strength. 
 

In contrast, only a single CO conformation is observed in the Tt H-NOX S133A 
mutant with similar Fe-CO and C-O stretching frequencies to those of the WT protein.  
Ser-133 is sandwiched between Tyr-131 and Arg-135 in the YxSxR motif, and is only 
within H-bonding distance of one of the propionate groups.  It is likely that its 
replacement with alanine resulted in a rearrangement of the remaining Tyr-131 and 
Arg-135 H-bonds such that the propionate groups still retained electrostatic interactions 
with the other two residues; thus, the heme remains in its tightly held position within the 
H-NOX pocket as in the WT protein.  This interpretation is further supported by the 
spectral similarities between the CO complexes of Tt H-NOX WT and S133A in both 
the vibrational frequencies of the skeletal modes and the relative intensities of the low 
frequency out-of-plane modes (i.e. γ15 ~ 706 cm-1).  In contrast, the Tt H-NOX Y131F, 
S133C, and R135Q mutants all exhibit small shoulder bands [e.g. δ(Cβ-vinyl) and δ(Cβ-
CH3)] or slightly decreased RR intensity with broad shoulder peaks (i.e. γ15 ~ 701-704 
cm-1) in comparison to the WT protein; this is indicative of alternate heme 
conformations and/or interactions within the protein pocket. 
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3.5.4 Influence of the Ile-5 and Pro-115 residues on CO adducts 
 
Our RR spectra agree with the DFT calculations of Xu et al. in that there is minimal 

effect of mutating the residues responsible for heme distortion on the Fe-CO and C-O 
stretching modes in Tt H-NOX [91].  Although the Ile-5 and Pro-115 mutations have 
been shown to slightly alter the Fe-His strength and influence the heme conformation 
for the O2 complexes [51], both the Fe-CO and C-O frequencies remain remarkably 
similar to the WT protein at ~490 and ~1985 cm-1, respectively.  The skeletal heme 
modes do not appreciably shift in frequency, nor do the heme deformation modes   
display changes in RR intensity.  Thus, the heme-CO adduct retains binding site 
interactions similar to those of the WT protein. 
 
 

3.5.5 Modulation of the CO bond in sGC and the H-NOX family 
 
It is clear from the RR studies on Tt H-NOX and its mutants that a number of factors 

can influence and likely contribute to the ν(Fe-CO) and ν(C-O) frequencies (Figure 3.1).  
Some protein-ligand interactions, such as the H-bonding in the heme pocket, have a 
more significant impact in modulating the back donation of the FeII dπ electrons into the 
CO π* orbitals.  Unexpectedly, in the case of the H-NOX family, the most important 
factor contributing to the ν(C-O) stretch may be the neutralization of the negative 
charges on the propionate groups via the YxSxR motif.  Not only is this motif 
conserved throughout this class of heme proteins, but it clearly plays an important role 
in retaining the position of the heme molecule within the protein pocket, as is evident 
from the RR spectra.  Disruption of the tightly held H-bonds results in altered protein-
heme and protein-ligand interactions that modulate the properties of the H-NOX 
domain.  Not only would electron density from the H-bonds between the YxSxR motif 
and the propionate groups be redistributed to the heme π-conjugated macrocycle, but 
the increased electron density at the metal center would also increase the FeII dπ  CO 
π* donation.  The subsequent heme swiveling motion within the binding site of these 
YxSxR mutants would also introduce the H-NOX domain to alternate interactions that 
are very different from the WT protein.  It is well known that electron donating and 
withdrawing groups, whether from porphyrin substituents or nearby polar residues, 
influence the extent of backbonding in heme proteins [69, 72, 75, 76, 80, 84, 107-110, 
112-114, 116, 117, 123, 124].  As the backbonding increases, the Fe-CO stretching 
frequency rises and the C-O stretching frequency falls.  Thus, the YxSxR motif is a 
critical feature throughout the H-NOX family, not only for the maintenance of both 
proximal and distal contacts with the heme-CO adduct, but for its electrostatic 
interactions with the porphyrin’s propionate substituent groups that clearly influence the 
ν(C-O) frequency. 
  

Previous RR studies on sGC and the truncated β1 heme domain showed the presence 
of two CO conformers based on the detection of two Fe-CO stretching frequencies at 
~478 and ~487-496 cm-1 [34, 36, 37, 68, 73, 77, 118].  The majority of these results 
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only reported one stretching frequency for ν(C-O); this discrepancy is likely due to the 
weak intensity inherent to the C-O stretching mode in RR spectra and the difficulty in 
obtaining large quantities of full length sGC.  Still, an interesting aspect of these prior 
investigations was that the heme conformer population would shift in favor of one 
conformation [ν(Fe-CO) ~ 492 cm-1] over the other [ν(Fe-CO) ~ 474 cm-1] upon 
addition of the benzylindazole derivative, YC-1 [3-(5’-hydroxylmethyl-3’-furyl)-1-
benzylindazole].  Although much is still unknown about how this small molecule works 
with the 6-coordinate CO-bound sGC to mimic the fully activated 5-coordinate NO-
bound enzyme, it may involve the electrostatic interactions between the conserved 
YxSxR motif and the propionate side chains of the heme.  Our RR results with the 
YxSxR mutants of Tt H-NOX show remarkable vibrational shifts that are indicative of 
significant changes in the binding site interactions; thus, these residues may also play an 
important role in modulating the activation of CO-bound sGC by altering the heme 
conformation from inactive to active. 
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Chapter 4  
 
 

Resonance Raman Characterization of the Fe-O2 
Bond in Tt H-NOX 
 
 

4.1 Abstract 
 
An accurate description of the chemical nature of the O2 moiety in the Heme Nitric 

oxide/OXygen binding (H-NOX) domain from Thermoanaerobacter tengcongensis (Tt 
H-NOX) is important for elucidating its ligand binding properties.  Thus, resonance 
Raman (RR) spectroscopy was used to investigate the effect of mutations that either 
disrupt the distal H-bonding network between Trp-9, Asn-74, and Tyr-140 or add steric 
bulk within the binding site.  Evidence of H-bonds to the bound O2 was demonstrated 
by changes in its Fe-O2 stretching frequency in the W9F, Y140H, and P115A/Y140F 
mutants.  These mutations increase ν(Fe-O2) in Tt H-NOX by returning electron density 
to the Fe-O2 bond due to the abolished electrostatic interaction between the distal 
residues and O2, suggesting that Tyr-140 predominantly interacts with the proximal 
rather than terminal oxygen atom of the O2 moiety.  Furthermore, substitution of a distal 
phenylalanine residue (Phe-142) with tyrosine in the second H-NOX domain from 
Legionella pneumophila (Lp H-NOX2) was previously shown to convert this protein 
into one that binds O2.  Here, the importance of this H-bond in Lp H-NOX2 F142Y for 
O2 discrimination is demonstrated through RR spectroscopy.  Tt H-NOX mutations at 
Ile-5, Ile-75, and Leu-144 were also generated to add steric bulk to the heme pocket.  
The RR spectra of these mutants exhibited ν(Fe-O2) downshifts relative to the WT 
protein, indicative of a lengthened Fe-O2 bond.  These shifts suggest that the bulky 
residues increased the distance between Tyr-140 and O2, reducing the ability of Tyr-140 
to pin the diatomic molecule down into a stable O2 complex.  Our results indicate two 
distinct factors influence ν(Fe-O2): (i) electrostatic effects from the H-bonding of Tyr-
140, which increase the ν(Fe-O2) frequency upon its removal; and (ii) steric effects 
which decrease ν(Fe-O2) due to bond lengthening from a loosely held O2 ligand. 
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4.2 Introduction 
 
Insight into the energetics and protein-ligand interactions in many heme proteins is a 

critical aspect of understanding their vastly diverse structures and functions.  Despite 
extensive studies on hemoglobin (Hb), myoglobin (Mb), and synthetic heme models, 
there is still much to be elucidated, not only in the globins, but also in the novel classes 
of heme sensor proteins that have emerged over the years [2, 39, 47, 81, 94, 124, 125].  
In particular, comparisons across these different families of heme proteins is inevitably 
complicated due to differences in protein fold, divergence in the types of residues that 
line the heme-binding cavity, and variation in the kinds of interactions that occur within 
the protein pocket.  Thus, among the novel families of heme proteins, it is important to 
ascertain the chemical and physical properties that are specific to each group. 
 

With the discovery of the Heme-Nitric oxide/OXygen (H-NOX) binding domain and 
the subsequent structural determination of several H-NOX domains from different 
organisms, site-directed mutagenesis can be readily coupled with biophysical 
characterization to systematically probe the interactions between the distal diatomic 
ligand (i.e. CO, NO, or O2), the heme prosthetic group, and the surrounding protein 
environment [1, 2, 5, 42, 43, 46].  It is well known that soluble guanylate cyclase (sGC), 
the mammalian NO receptor, contains a protoporphyrin IX prosthetic group like the O2-
binding globins, but discriminates against O2 binding in favor of NO [27].  Boon et al. 
demonstrated that a distal tyrosine (Tyr-140) in the H-NOX domain from 
Thermoanaerobacter tengcongensis (Tt H-NOX) was a major factor in the ability of this 
protein to bind O2 and form a stable complex (Figure 4.1) [38].  Subsequent structural 
and vibrational studies have also established the role of the conserved Pro-115 residue 
in maintaining the heme conformation in Tt H-NOX [44, 51].  It is clear from these and 
other studies that the surrounding residues control the immediate heme environment 
through polar, hydrophobic, or steric interactions within the binding site.  However, 
there are still questions that remain about how these interactions specifically modulate 
the protein pocket in the H-NOX family to allow some domains to bind CO, NO, and 
O2, while others discriminate against O2. 
 

Due to its selectivity for the heme chromophore, resonance Raman spectroscopy is a 
powerful tool for investigating heme conformational changes in a protein environment 
[56, 57].  Since the ligands are coupled electronically to the heme, vibrational modes 
from both the heme and bound ligand are enhanced upon resonance excitation with the 
Soret band.  These vibrational frequencies are sensitive to molecular conformation and 
chemical interactions, providing significant insight into the strength of the bonds and 
how the diatomic ligands bound to the heme protein interact with nearby residues.  An 
understanding of these protein-ligand interactions within heme proteins is particularly 
crucial for elucidating their function because much of the biological activities involved 
with the heme prosthetic group can be modulated through interactions with specific 
residues in the surrounding environment. 
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Figure 4.1  Structure of the heme pocket of the Tt H-NOX WT O2 complex.  The 
location of important residues (Ile-5, Trp-9, Ile-75, Pro-115, Tyr-140, and Leu-144) are 
indicated in the heme pocket.  Mutations were made at these positions to either disrupt 
the H-bonding network or add steric bulk to the heme-binding pocket (adapted from 
PDB 1U55). 
 
 

The H-NOX family provides an excellent model from which to work toward 
understanding ligand discrimination in sGC due to the availability of structural data [5, 
42-44] and the fact that this family encompasses both O2 and non-O2-binding proteins.  
A wealth of information has already been acquired to investigate the effects of various 
distal and proximal pocket mutations on O2 and NO ligand affinity in Tt H-NOX [38, 
45, 47].  Figure 4.1 shows the heme pocket of Tt H-NOX, highlighting the locations of 
several important residues.  To bring insight into the intermolecular interactions that 
regulate these properties, we have applied resonance Raman spectroscopy and isotopic 
substitution to probe the bond energetics and heme conformational changes by site-
directed mutagenesis.  In this work, we examine several distal pocket properties within 
Tt H-NOX and their effects on the stability of the O2 complex through the direct 
measurement of the ν(Fe-O2) and ν(O-O) frequencies via resonance Raman 
spectroscopy.  In order to measure ν(O-O) for Tt H-NOX, a CoII-protoporphyrin IX 
(PPIX) based derivative was generated using expression methodology developed by 
Woodward et al. [126] since the O-O stretching mode is typically not visible in native 
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proteins containing FeII-PPIX.  The changes in the vibrational frequencies upon 
mutation of conserved residues are discussed in the context of how these amino acids 
form H-bonds with the ligand, and how the stability of the O2 complex is weakened 
upon altering these specific interactions within the heme pocket. 
 
 

4.3 Materials and Methods 

4.3.1 Protein expression and purification 
 
Expression and purification of the native FeII his-tagged (-H6) Tt H-NOX domain 

were performed as previously described for the original construct [1, 45].  Site-directed 
mutagenesis was carried out using the QuikChange® protocol (Stratagene), and verified 
by sequencing (UC Berkeley sequencing core). 
 

The CoII-PPIX substituted Tt H-NOX-H6 were expressed as previously described by 
Woodward et al. using the E. coli RP523 strain [126].  Purification procedures for the 
CoII-PPIX substituted Tt H-NOX were identical to the methods described for the native 
protein. 
 
 

4.3.2 Sample preparation 
 
The purified Tt H-NOX-H6 protein was brought into an anaerobic glovebag, and 

oxidized using ~5-10 mM potassium ferricyanide to remove the bound O2.  The 
ferricyanide was removed using a PD10 desalting column (Amersham Biosciences) 
equilibrated with buffer B (50 mM TEA, 50 mM NaCl, pH 7.5).  Following oxidation 
and desalting, the protein was reduced with ~5-20 mM sodium dithionite that was 
removed using a PD10 desalting column upon complete reduction of the heme.  The 
16O2 complexes were generated by opening the reduced protein to air.  To make the 18O2 
(98% 18O2; Cambridge Isotopes) complexes, gas was added to a sealed Reacti-Vial 
(Pierce) containing FeII-unligated protein.  Final sample concentrations for the Raman 
experiments were typically 30 to 50 µM.  All UV/Vis absorption samples were prepared 
and measured as previously described [1, 38, 52]. 
 
 

4.3.3 Resonance Raman spectroscopy 
 
All spectra were collected using the 413.1 nm line from a Kr+ laser (Spectra-Physics 

model 2025) focused to a beam diameter of ~60 µm with a 50 mm focal-length 
excitation lens.  Raman scattering was detected with a cooled, back-illuminated CCD 
(LN/CCD-1100/PB; Roper Scientific) controlled by an ST-133 controller coupled to a 
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subtractive dispersion double spectrograph [95].  The laser power at the sample was ~2 
mW, and a microspinning sample cell was used to minimize photolysis.  Typical data 
acquisition times were 60 min.  Electronic absorption spectra were obtained before and 
after the Raman experiments to verify that no photoinduced degradation occurred.  
Raman spectra were corrected for wavelength dependence of the spectrometer 
efficiency with a white lamp, and the instrument was calibrated using the Raman 
frequencies from cyclohexane, CCl4, and toluene.  The reported frequencies are 
accurate to ±1 cm-1, and the spectral bandpass was set to 8 cm-1.  For each Raman 
spectrum, the raw data were baseline-corrected, and the buffer background signal was 
subtracted.  Spectral analysis and decomposition were performed using Igor Pro 
(WaveMetrics).  Isotopic shifts were approximated on the basis of a simple harmonic 
oscillator model. 
 
 

4.4 Results 

4.4.1 Electronic absorption spectroscopy 
 
To ensure proper incorporation of the CoII-PPIX into the heme-binding pocket of Tt 

H-NOX, the proteins were examined by UV-vis spectroscopy (Figure 4.2, Table 4.1).  
Figure 4.2 shows the differences in electronic absorption properties between the native 
WT Tt H-NOX and the CoII-PPIX substituted proteins in the 5-coordinate, fully reduced 
and 6-coordinate, O2-bound forms.  These changes upon porphyrin substitution are also 
compared to myoglobin (Mb) for reference (Table 4.1).  As previously reported by 
Karow et al. [1], the native WT Tt H-NOX protein exhibits a Soret band at 430 nm and 
a single broad peak centered at 563 nm in the α/β region for the fully reduced, 5-
coordinate high spin (5c-hs) species.  Upon binding O2, the Soret shifts to 416 nm and 
the broad band in the α/β region splits into two distinct peaks at 591 and 556 nm. 

 
As purified, the CoII-PPIX substituted Tt H-NOX displays a Soret band at 433 nm, 

which is characteristic of CoIII-PPIX heme proteins.  Upon reduction, the Soret shifts 
from 433 to 406 nm with a broad peak at 560 nm in the α/β region, which is consistent 
with the observed Soret blue shift to 406 nm in CoII-PPIX Mb.  Exposure of the fully 
reduced 5c-hs CoII-PPIX Tt H-NOX to air results in a Soret red shift from 406 to 436 
nm upon O2-binding.  This 30 nm shift is larger in Tt H-NOX than in the CoII-PPIX 
substituted Mb, which increases by 20 nm to 426 nm upon O2-binding.  The difference 
in the extent of Soret shift may reflect differences between the two proteins in their 
distal and/or proximal pocket interactions with the O2-bound CoII-PPIX.  The α/β band 
in the Tt H-NOX cobalt derivative also shifts from 560 nm to split bands at 581 and 549 
nm; by comparison, the CoII-PPIX substituted Mb has split α/β bands centered at 577 
and 539 nm. 
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Figure 4.2  Electronic absorption spectra of Tt H-NOX.  Spectral characteristics of 
Tt H-NOX in its native form (Panel A) are compared to those of the cobalt PPIX 
substituted protein (Panel B).  Traces are shown for the 5-coordinate deoxy (red) and 6-
coordinate O2-bound forms (blue). 
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Table 4.1  Electronic absorption properties for native WT Tt H-NOX and Mb 
compared to the substituted CoII PPIX proteins. a 

Protein Ligand Soret α/β Ref 
Tt WT reduced 430 563 [1] 
Tt WT (CoII)  406 560 this work 
Mb WT  434 556 [99] 
Mb WT (CoII)  406 556 [127] 
Tt WT O2 416 591/556 [1] 
Tt WT (CoII)  436 581/549 this work 
Mb WT  418 580/542 [99] 
Mb WT (CoII)  426 577/539 [127] 

a All wavelengths are reported in nm. 
 

 

4.4.2 Resonance Raman spectroscopy 
 
To probe the binding interactions between the O2-bound heme and protein pocket of 

Tt H-NOX, we investigated the influence of several conserved residues on the 
properties of the H-NOX domain using site-directed mutagenesis and resonance Raman 
spectroscopy (Figures 4.3-4.6).  Different mutations were generated in the heme pocket 
to target the hydrogen-bonding network (Trp-9, Tyr-140), and to add steric bulk to the 
binding pocket (Ile-5, Ile-75, Leu-144).  The observed resonance Raman frequencies for 
the heme skeletal modes and the Fe-O2 stretching mode are summarized for Tt H-NOX 
WT and these mutants in Table 4.2. 

 
As shown in Figure 4.3 and summarized in Table 4.2, disruption of the hydrogen-

bonding network (Trp-9, Tyr-140) in Tt H-NOX destabilized the strong electrostatic 
interaction between the distal Tyr-140 and the O2 molecule, resulting in the 2-6 cm-1 
increase in ν(Fe-O2) from the reported 567 cm-1 frequency for the WT protein.  
Crystallographic studies indicate that Trp-9 is part of a distal H-bonding network with 
Asn-74 that positions Tyr-140 directly above the axial ligand [5].  Thus, mutation of 
Trp-9 to phenylalanine produced a modest change in ν(Fe-O2), upshifting by 2 cm-1 to 
569 cm-1 upon replacement of the indole group with a phenyl ring.  The assignment of 
this band as ν(Fe-O2) is validated by its downshift to 541 cm-1 upon 18O2 isotopic 
substitution, consistent with the 25 cm-1 downshift predicted from a simple harmonic 
oscillator model.  Mutation of Tyr-140 resulted in larger ν(Fe-O2) upshifts to 571 and 
573 cm-1 as observed in the Y140H and P115A/Y140F spectra, respectively; this larger 
change is expected due to the disruption of the direct H-bonding interaction of Tyr-140 
with O2.  18O2 Isotopic substitution in the Tt H-NOX Y140H and P115A/Y140F mutants 
downshifted ν(Fe-O2) to 543 and 548 cm-1, respectively, in agreement with calculated 
shifts.  Interestingly, the Tt Y140L mutant displayed a 2 cm-1 decrease in ν(Fe-O2) upon 
abolishing the Tyr-140 hydrogen bond, with a ν(Fe-O2) of 565 cm-1 which downshifts to 
538 cm-1 for the 18O2 complex.  This spectrum also displays a reduced ν8 frequency in 
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comparison to the other proteins shown in Figure 4.3 (338 cm-1, Y140L versus ~346 
cm-1, WT), suggesting that there may be other changes in either the heme deformation 
or protein environment at the binding site which alter the protein-ligand interactions in 
the distal pocket.  All of the mutants display small frequency shifts of 2-5 cm-1 in the 
heme skeletal modes relative to the WT protein; these may be a result of heme 
structural rearrangements within the distal pocket to accommodate the substituted 
amino acids. 

 
To further test the hypothesis that a hydrogen-bonding distal residue was required to 

reverse the NO/O2 ligand discrimination in non-O2-binding H-NOX domains, Phe-142 
in the second H-NOX domain from Legionella pneumophila (Lp H-NOX2) was 
mutated to tyrosine [38].  Resonance Raman spectra of this mutant were obtained with 
O2 isotopic substitution in order to look for direct evidence of an O2 bond via the Fe-O2 
stretching mode (Figure 4.4).  An isotope sensitive band is observed at 563 cm-1 in the 
Lp H-NOX2 F142Y resonance Raman spectra, which downshifts to 538 cm-1 upon 18O2 
substitution.  This band is assigned as the Fe-O2 stretching mode based on its observed 
downshift by 25 cm-1, which agrees well with the harmonic oscillator model.  The weak 
signal for the Fe-O2 stretching mode is likely due to the presence of a small amount of 
5c-hs FeII-unligated Lp H-NOX2 F142Y in the resonance Raman sample; this 
heterogeneity is reflected in the 1354 cm-1 shoulder off of ν4 (1374 cm-1), in addition to 
the split skeletal mode frequencies for ν3 (1505 cm-1) and ν10 (1628 cm-1).  Relative to 
the resonance Raman spectra for the WT Tt H-NOX O2 complex, the low frequency 
region of this Lp H-NOX F142Y mutant exhibits very few heme out-of-plane modes 
suggestive of a less distorted heme structure. 

 
 

Table 4.2  Observed heme skeletal mode frequencies for 6-coordinate, O2-bound Tt 
H-NOX and several mutants with native FeII PPIX as the prosthetic group. a 

a All vibrational frequencies are reported in cm-1. 
b nd = not determined. 

Protein ν8 ν10 ν2 ν3 ν4 ν(Fe-O2) Ref 
Tt H-NOX WT 346 1625 1580 1502 1376 567 [1] 
Tt I5A 343 1630 1579 1501 1374 567 this work 
Tt I5L 339 1627 1580 1499 1372 562 [51] 
Tt I5F 342 1625 1577 1499 1369 562 [128] 
Tt W9F 341 1628 1581 1502 1374 569 this work 
Tt I75F 339 1625 1578 1498 1373 563 this work 
Tt P115A 349 1633 1583 1505 1378 565 [51] 
Tt I5L/P115A 342 1630 1582 1502 1375 562 [51] 
Tt Y140F 344 1621 1580 1496 1370 nd b this work 
Tt P115A/Y140F 347 1630 1580 1502 1375 573 this work 
Tt Y140H 346 1624 1579 1498 1374 571 this work 
Tt Y140L 338 1626 1578 1497 1372 565 this work 
Tt L144F 339 1623 1578 1500 1373 563 this work 
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Figure 4.3  Resonance Raman spectra of the O2 complexes of Tt H-NOX WT and 
various distal pocket mutants.  18O2 spectra (dotted line) are overlapped with the 16O2 
spectra to indicate the frequency shifts upon isotopic substitution, and the difference 
(18O2 – 16O2) spectra are shown below each protein for clarity.  Spectral intensities were 
normalized to ν7 and ν4 for the low and high frequency regions, respectively. 
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Figure 4.4  Resonance Raman spectra of the Lp H-NOX2 F142Y mutant.  Addition 
of tyrosine at the Phe-142 position allows the F142Y mutant to weakly bind O2, unlike 
the Lp H-NOX2 WT protein.  The 18O2 spectrum (dotted line) is overlapped with the 
16O2 spectrum to indicate the frequency shifts upon isotopic substitution, and the 
difference (18O2 – 16O2) spectrum is shown at a 4-fold magnification for clarity.  
Spectral intensities were normalized to ν7 and ν4 for the low and high frequency regions, 
respectively. 

 
 
Another subgroup of Tt H-NOX mutants involved altering the distal and proximal 

cavities to either reduce or increase steric bulk by targeting the Ile-5, Ile-75, Pro-115 
and Leu-144 residues [45, 128].  Figure 4.5 compares the RR spectra of O2-bound Tt H-
NOX I5F, I75F, and L144F with the WT protein, and the skeletal vibrations for these 
proteins and other mutants are summarized in Table 4.2.  The changes in the RR 
features for the Tt H-NOX I5L, P115A, and I5L/P115A mutants have already been 
previously presented and discussed [51].  As shown in Figure 4.5, the Fe-O2 stretching 
frequency decreased by 5-6 cm-1 as steric bulk was added to the distal pocket of Tt H-
NOX with the replacement of smaller nonpolar residues with phenylalanine.  The I5F 
mutant displays a band at 562 cm-1 which downshifted by 25 cm-1 to 537 cm-1 upon 18O2 
isotopic substitution.  Similarly, the I75F and L144F exhibited 25 cm-1 downshifts from 
563 cm-1 to 538 cm-1 for 16O2  18O2.  Furthermore, heme out-of-plane (oop) modes 
(i.e. γ15 ~ 691 cm-1, γ11 ~ 704 cm-1, γ5 ~737 cm-1) in the low frequency region show 
substantial decreases in RR intensity upon mutation.  These low frequency modes 
correspond to heme deformations and reflect changes in the heme conformation for the 
mutants relative to the WT protein [51, 56].  Striking changes are also observed in the 
high frequency region where the main heme skeletal modes (i.e. ν4 ~1375 cm-1, ν3 
~1500 cm-1, ν2 ~1580 cm-1, ν10 ~ 1625 cm-1) occur.  Compared to the WT protein, all 
three mutants display significantly broadened skeletal marker bands with minor shifts in 
vibrational frequency.  In contrast, the Tt H-NOX I5A mutation produced minimal 
changes in vibrational frequency in comparison to the WT protein (Table 4.2). 
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Figure 4.5  Resonance Raman spectra of the O2 complexes of Tt H-NOX WT, I5F, 
I75F, and L144F.  18O2 spectra (dotted line) are overlapped with the 16O2 spectra to 
indicate the frequency shifts upon isotopic substitution, and the difference (18O2 – 16O2) 
spectra are shown below each protein for clarity.  Spectral intensities were normalized 
to ν7 and ν4 for the low and high frequency regions, respectively. 
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Figure 4.6  Resonance Raman spectra of the O2-bound native WT Tt H-NOX 
protein in comparison to the cobalt PPIX-substituted WT Tt H-NOX protein.  The 
18O2 spectra (dotted line) are overlapped with the 16O2 spectra to indicate the frequency 
shifts upon isotopic substitution, and the difference (18O2 – 16O2) spectra are shown for 
clarity.  Spectral intensities were normalized to ν7 and ν4 for the low and high frequency 
regions, respectively. 
 
 

Upon characterization of the native Tt H-NOX domain and various mutants thought 
to influence the O2-binding properties of this protein, we wanted to elucidate the 
chemical nature of the Fe-O2 bond in Tt H-NOX.  In order to do this, resonance Raman 
spectra of the native protein and its CoII-PPIX derivative were obtained (Figure 4.6).  
The skeletal frequencies, ν(Co-O2) and ν(O-O) for the CoII-PPIX substituted Tt H-NOX 
WT and mutants are summarized in Table 4.3.  In addition, the vibrational frequencies 
for the Co-O2 and O-O stretching modes of hemoglobin (Hb) and Mb are provided for 
reference.  18O2 isotopic substitution indicates that the Fe-O2 and Co-O2 stretching 
frequencies occur at 567 and 531 cm-1, respectively; these assignments are based on 
their downshifts to 540 and 508 cm-1.  In addition, the O-O stretching mode is observed 
at 1131-1134 cm-1 in the CoII-PPIX substituted Tt H-NOX spectra, downshifting by ~68 
cm-1 to 1063 cm-1 for the 18O2 complex.  This agrees relatively well with the predicted 
65 cm-1 downshift for an isolated O-O bond. 
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Table 4.3  Observed heme skeletal mode frequencies for the 6-coordinate, O2-
bound Tt H-NOX and several mutants with substituted CoII PPIX as the prosthetic 
group. 

Protein (CoPPIX) ν8 ν10 ν2 ν3 ν4 ν(Co-O2) ν(O-O) Ref 
Tt  WT recon. b 346 1630 1580 1504 1377 534 1134 this work 
Tt  WT exp. c 335 1625 1575 1500 1373 531 1131 this work 
Tt P115A exp. 341 1627 1580 1505 1376 528 1131 this work 
Tt Y140L exp. 342 1632 1585 1507 1377 521 1137 this work 
Hb nr d nr nr nr nr 537 1122, 1153 [66] 
Mb nr nr nr nr nr 539 1136 [129] 

a All vibrational frequencies are reported in cm-1. 
b recon. = protein reconstitution with CoIII PPIX via Teale’s Method [130]. 
c exp. = protein expression with CoIII PPIX as described by Woodward et al. [126]. 
d nr = not reported. 
 

 
We found subtle differences in frequency and intensity between the resonance 

Raman spectra of the CoII-PPIX substituted Tt H-NOX WT protein depending on the 
procedure used to perform the CoII-PPIX incorporation (i.e. reconstitution via Teale’s 
Method versus protein expression using E. coli RP523 heme uptake strain) [126, 130].  
Teale’s Method did not properly substitute CoII-PPIX in the Tt H-NOX mutants, so 
these proteins had to be expressed using the heme uptake method by Woodward et al.  
Mutation of the distal Tyr-140 and proximal Pro-115 produced small changes in 
vibrational frequency in the skeletal modes, as well as the O2-associated modes, and are 
summarized in Table 4.3.  In comparison to the WT CoII-PPIX substituted protein, the 
CoII-PPIX mutants showed downshifts in ν(Co-O2) by 3-6 cm-1 and upshifts in ν(O-O) 
to 1137 cm-1 (Tt H-NOX CoII-PPIX Y140L).  In addition, ν8 displayed 6-10 cm-1 
upshifts for the mutants relative to the expressed CoII-PPIX substituted WT protein (ν8 
~ 335 cm-1). 
 
 

4.5 Discussion 
 
Although both native and CoII-PPIX substituted globins and model compounds have 

been extensively studied by resonance Raman spectroscopy and other methods [66, 74, 
82, 125, 131, 132], the H-NOX domains are still a relatively new class of heme 
proteins, with significantly less spectroscopic information available to aid in the 
understanding of observed O2 kinetic measurements.  Through a more comprehensive 
knowledge of the mechanism by which the protein pocket tunes the ligand binding in 
these proteins, we hope to better understand how they discriminate between NO and O2 
in the H-NOX family.  In this paper, we present our main findings that: (i) the 
vibrational shifts in the ν(Fe-O2) frequency upon mutation of Trp-9 and Tyr-140 
indicate the presence of important hydrogen-bonding interactions which stabilize the O2 
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complex, (ii) the addition of steric bulk via site-directed mutagenesis to the heme pocket 
of Tt H-NOX forces the domain into a more open conformation which causes the Fe-O2 
bond to lengthen upon increased separation between the Tyr-140 residue and O2 ligand, 
and (iii) the ν(O-O) frequency for Tt H-NOX is ~1131-1134 cm-1, which suggests a 
formalized designation of FeIII-O2

- rather than FeII-O2 for the Tt H-NOX O2 complex.   
 
We now provide a detailed interpretation of the vibrational frequency and intensity 

shifts observed in the RR spectra of the O2-bound H-NOX domains, and discuss what 
these changes indicate regarding the possible electrostatic protein-ligand interactions 
and/or heme conformational changes occurring in solution within this family.  
Specifically, the elimination of these important intermolecular interactions alters the 
ability of Tt H-NOX to bind O2 tightly, as reflected by the shifts in ν(Fe-O2) and ν(O-O) 
frequencies.  By combining our RR results with the available NMR and X-ray 
crystallographic data on the H-NOX family [5, 42-44, 46], we can obtain a more 
complete understanding of the dynamic heme conformation and its interactions with the 
H-NOX protein environment. 
 
 

4.5.1 Distal effects on O2 bonding in Tt H-NOX 
 
Figure 4.1 indicates that Trp-9, Asn-74, and Tyr-140 form the tightly held H-bonding 

network in the distal pocket.  Based on the crystal structure of the O2 complex [5], Asn-
74 and Trp-9 are located ~2.9 Å and ~2.7 Å away from the phenolic oxygen in Tyr-140.  
In addition, Tyr-140 is located ~2.8 Å away from O2, and points directly at the ligand.  
Our resonance Raman spectra of the Tt H-NOX O2 complex exhibit upshifts in the Fe-
O2 stretching mode upon mutating either Trp-9 or Tyr-140, indicative of disrupted H-
bonds between the O2 complex and these residues.  Upon loss of this electrostatic 
interaction between the complex and the distal residue, the withdrawn electron density 
from the H-bond is donated back into the Fe-O2 bond and increases the ν(Fe-O2) 
frequency although a distal residue is still in place to trap the O2 within the pocket.  
Similar increases in ν(Fe-O2) have been observed in other heme proteins when the H-
bond was weakened by site-directed mutagenesis in the distal pocket [66].  In particular, 
the Tt H-NOX W9F mutant displays a much more modest ν(Fe-O2) vibrational shift [∆ν 
= +2 cm-1 relative to WT] in comparison to the Y140H [∆ν = +4 cm-1] and 
P115A/Y140F [∆ν = +6 cm-1] mutants; these shifts are reflective of the stronger, more 
direct electrostatic contact between Tyr-140 and O2.  The fact that ν(Fe-O2) increases 
upon loss of the H-bond also suggests that Tyr-140 interacts more strongly with the 
proximal oxygen atom (that is closer to iron) than the terminal oxygen in O2.  Our 
results showing the weakened H-bonding contacts in the Tt H-NOX mutants agree with 
the kinetic studies by Boon et al., which demonstrated up to a 20-fold change in the O2 
dissociation rate upon removal of Tyr-140 (i.e. Tt H-NOX WT, O2 koff ~ 1.22 ± 0.09 s-1 
versus Tt H-NOX Y140L, O2 koff ~ 20.1±2.0 s-1) [38].  In contrast, the O2 koff rate for the 
Tt H-NOX W9F mutant showed a modest change (∆koff = +0.6 s-1 relative to WT) [38], 
which is consistent with our smaller ν(Fe-O2) frequency shift in the resonance Raman 
spectra for this mutant.  Together, these results demonstrate that the stability of the O2 
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complex in Tt H-NOX is compromised upon disruption of the Tyr-140 hydrogen bond 
that traps the diatomic ligand in place. 
 
 In contrast to the other distal pocket mutants, Tt H-NOX Y140L displayed a ν(Fe-O2) 
downshift of 2 cm-1 relative to the WT protein.  Although the downshift does indicate a 
longer Fe-O2 bond length (and consequently, a smaller force constant) for the Tt H-
NOX Y140L protein relative to WT, this observation initially seems to counter the 
previous observed trends of an increased ν(Fe-O2) frequency upon loss of the hydrogen-
bonding Tyr-140 in Tt H-NOX.  However, the observed vibrational frequency shifts of 
other modes in the resonance Raman spectra of this mutant indicate that there may be 
additional rearrangements within the heme-binding pocket which alter other interactions 
between the heme and nearby residues.  The low frequency region exhibits downshifts 
for ν8 (Tt Y140L ~ 338 cm-1; Tt WT ~ 346 cm-1) and other modes at 372 and 419 cm-1 
that are associated with the heme substituent groups.  These 7-8 cm-1 downshifts 
indicate changes in the heme pocket interactions upon mutation.  In addition, the high 
frequency region displays changes in the skeletal mode frequencies, which further 
support differences in the heme electronics and electrostatic interactions with the 
surrounding protein pocket.  The measured O2 off-rate for the Tt H-NOX Y140L mutant 
is 20-fold faster than the WT protein, which agrees well with our observations of a 
weaker Fe-O2 bond.  Previous resonance Raman investigations on the Tt H-NOX 
proteins studying the influence of the Tyr-Ser-Arg (YxSxR) motif indicate that the 
electrostatic contacts between these residues and the heme propionate groups can 
greatly influence the metal-ligand bonding interactions [133].  Thus, it is possible that 
in Tt H-NOX Y140L, interactions such as that between the heme substituents and the 
YxSxR motif have been compromised upon mutation and structural rearrangement, 
resulting in other effects on the vibrational frequency that counter the initial increase in 
ν(Fe-O2) upon removal of the H-bonding Tyr-140. 
 

The importance of a distal pocket H-bonding residue for stabilizing the O2 complex 
has been widely known for the globins, and this is also true for the H-NOX family.  
Boon et al. replaced the distal Phe-142 in the non-O2-binding Lp H-NOX2 with a 
tyrosine residue to mimic the Tyr-140 in the O2-binding Tt H-NOX domain.  Upon 
exposure to air, the Lp H-NOX2 F142Y protein displayed a Soret band centered at 417 
nm and split α/β bands, which differs from the WT protein with a 428 nm Soret band 
and a single broad α/β band in the 500-600 nm region [38].  In addition to the exhibited 
isotopic shift patterns, the heme skeletal frequencies of this Lp H-NOX2 F142Y mutant 
also support the presence of a 6-coordinate, low-spin, O2-bound heme protein based on 
its similarity to other O2-bound heme proteins.  The difference in the ν(Fe-O2) 
stretching frequency between the Lp H-NOX2 F142Y mutant and Tt H-NOX WT 
protein is likely a reflection of differences in interaction between the O2 ligand and the 
other residues lining the protein pocket.  The lower ν(Fe-O2) for Lp H-NOX2 F142Y 
can be attributed to a longer Fe-O2 bond length, resulting in a smaller force constant and 
stretching frequency [134].  Thus, despite the presence of a hydrogen bonding tyrosine 
residue in the distal pocket of Lp H-NOX2 F142Y, the O2 is not held tightly in place, 
but is trapped just enough to form a bond with the iron metal.  It is plausible that a 
stronger Fe-O2 bond could be formed in Lp H-NOX2 if additional hydrogen bonding 
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residues, such as those observed in the distal pocket of Tt H-NOX, are added to 
incorporate a network that would not only trap the O2, but keep it stabilized by properly 
orientating the Tyr-142 in place to optimize electrostatic contacts.  In addition, the ν(Fe-
His) for Lp H-NOX2 WT is 214 cm-1 (Appendix, Table 1A) [133], and is weaker in 
comparison to Tt H-NOX (218 cm-1) and the globins (~220 cm-1) [1, 63].  Mutations 
that would strengthen the Fe-His bond, such as the Pro-115 mutation in Tt H-NOX [51], 
may also help support a tighter O2 affinity in Lp H-NOX2. 
 
 

4.5.2 Steric bulk effects on O2 binding in Tt H-NOX 
 
Of the key residues, Ile-5, Ile-75, Pro-115, and Leu-144, all but Pro-115 are located 

in the distal pocket, and previous work suggested that these residues influence the heme 
conformation [1, 5, 42, 44, 45, 51, 128].  Our resonance Raman spectra reveal 
downshifts of 5-6 cm-1 in the ν(Fe-O2) frequency relative to Tt H-NOX WT when 
phenylalanine is introduced in the distal pocket at the Ile-5, Ile-75, and Leu-144 
positions.  By application of Badger’s Rule [134], the decrease in vibrational frequency 
indicates that the Fe-O2 bond has lengthened as a result of the distal pocket mutation; 
this suggests that the distal hydrogen-bonding network are displaced away from O2 such 
that they no longer trap it in place above the heme.  Weinert et al. have previously 
characterized the kinetic influence of steric bulk at these positions on the ligand binding 
affinity in Tt H-NOX [45].  Addition of phenylalanine at the Ile-75 and Leu-144 
positions each increased the koff rate by 11- and 16-fold, respectively, in comparison to 
the WT protein (koff = 1.20±0.02 s-1).  Based on our resonance Raman spectra and the 
O2 kinetics from Weinert et al., it appears that the steric phenyl group from the 
substituted phenylalanine causes structural rearrangements in the distal pocket such that 
the H-NOX domain occupies a more open conformation.  This ‘open’ form would then 
trap O2 within the distal pocket less efficiently, especially if Tyr-140 is located farther 
away so that it cannot form the electrostatic contacts necessary to stabilize the O2 
complex.  As a result, the Fe-O2 bond should lengthen relative to the WT protein 
without the Tyr-140 in place due to the ‘open’ H-NOX conformation, which is reflected 
in the resonance Raman spectra.  The plausibility of these explanations for the observed 
ν(Fe-O2) frequency downshift are further supported by the crystal structure of the Tt H-
NOX I75F/L144F mutant, which indicates that the H-NOX domain does assume a more 
elongated and open structure in order to accommodate the bulky phenyl groups 
occupying the back of the distal pocket [45]. 
 

In addition to the ν(Fe-O2) downshift observed for the I5F, I75F, and L144F mutants, 
the resonance Raman spectra for these mutants display decreased intensities in the heme 
out-of-plane (oop) modes in the low frequency region relative to the WT protein.  
Dramatic changes are also exhibited in the high frequency region, where the mutants all 
display largely broadened heme skeletal bands in contrast to Tt H-NOX WT.  These 
observations correspond well with our description of the H-NOX domain assuming a 
more open conformation upon mutation.  With more space in the distal pocket, the 
heme can adopt a more relaxed conformation relative to the largely distorted WT heme 
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structure; this relaxation is demonstrated by the loss of Raman intensity in the low 
frequency oop modes (i.e. γ15, γ11, γ5) as previously discussed for the P115A mutant 
[51].  The increased flexibility and more dynamic nature of the heme chromophore 
upon opening the H-NOX pocket is further supported by the large broadening of the 
skeletal mode bands in the 1550-1650 cm-1 region.  These bands correspond to Cα-Cm, 
Cβ-Cβ, and C=C stretching modes associated with the porphyrin ring and appear more 
distinct in the resonance Raman spectra of the WT protein in comparison to the three 
bulky mutants. 
 
 

4.5.3 Chemical nature and stability of the Fe-O2 bond in Tt H-NOX. 
 
Despite the fact that a designated formal description of the Fe-O2 bond in a heme 

protein rarely matches the actual measured or calculated electron distributions, it can be 
very useful toward rationalizing the chemical or physical properties of the complex 
[125].  In the case of Tt H-NOX, this can contribute toward a better understanding of 
the Fe-O2 bond with the availability of both spectroscopic, kinetic and crystallographic 
data [5].  Boon et al. speculated that the electronic structure of the Tt H-NOX O2 
complex was a resonance mixture between FeII-O2 and FeIII-O2

- (i.e. [FeO2]8 system) 
based on observed kinetics, O2-rebinding abilities, and wavelength shifts in the 
electronic absorption spectra [38].  We can now use resonance Raman spectroscopy to 
measure both the ν(Fe-O2) and ν(O-O), and directly probe the nature of this bond in Tt 
H-NOX. 
 

Although Das et al. reportedly observed both the ν(Fe-O2) and ν(O-O) 
simultaneously in their resonance Raman spectra of hemoglobins from Chlamydomonas 
eugametos and Synechocystis PCC6803 [66], the ν(O-O) band is typically RR silent for 
most heme proteins and requires the substitution of the FeII-PPIX with CoII-PPIX.  
Upon replacement of the heme iron with cobalt, it is thought that a charge transfer (CT) 
transition from π*(πg

*O2/dxz) to σ*(dz
2/Co/πg

*) sufficiently overlaps with the intense 
Soret band from the porphyrin, allowing for enhancement of the ν(O-O) band [82].  
Crystallographic studies by Brucker et al. also indicate that CoII-PPIX substitution does 
not significantly alter the protein fold, as the CoII-PPIX derivative of Mb was found to 
closely resemble native Mb [131].  However, the O2 affinity decreases by 50 to 100-fold 
upon CoII-PPIX substitution in the globins [132], and a decreased affinity for O2 was 
similarly observed in our Tt H-NOX derivative. 
 

In the Tt H-NOX resonance Raman spectra for both the native and CoII-PPIX 
derivative, we see a decrease in the metal-O2 stretching mode from iron (567 cm-1) to 
cobalt (531 cm-1).  This downshift is attributed to the extra electron in the π*(πg

*/dπ) 
antibonding molecular orbital that is mainly localized on O2 in the Co-O2 complex [74].  
In comparison to iron, the greater nuclear charge in cobalt contracts and lowers the d-
orbital energy, which results in a weaker dπ/πg

* interaction and lower vibrational 
frequency for ν(Co-O2).  The Tt H-NOX cobalt derivative also exhibits an 18O2 isotope-
sensitive band at 1131 cm-1, which downshifts to 1063 cm-1, that we attribute to ν(O-O).  
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By comparison, the ν(O-O) frequency is 1556 and 1100-1150 cm-1 for O2 gas and O2
-, 

respectively [66].  Despite the fact that the ν(O-O) stretching frequency in Tt H-NOX is 
very similar to that of the free superoxide ion, it is unlikely that there is a full transfer of 
one electron from the iron to the O2 ligand given the observed rebinding kinetics by 
Boon et al. on Tt H-NOX [38].  From the 1.77 Å resolution Tt H-NOX crystal structure, 
the O-O bond length is ~1.30 Å [5], which is between the bond distances for O2 and O2

-.  
Figure 4.7 shows the ν(Fe-O2)/ν(O-O) correlations plot for the Tt H-NOX domains, the 
globins, 5- and 6-coordinate synthetic heme models, and the thiolate-ligated P450s.  
This plot provides a way for determining the sensitivity of these modes to the heme 
environment in these different proteins.  Although the O2 complex assumes a bent 
configuration in the heme pocket, backbonding influences are still important due to the 
presence of an empty π* orbital that lies perpendicular to the Fe-O2 bending plane [116].  
The effects of metal-to-ligand backbonding can be readily observed from the negative 
ν(Fe-O2)/ν(O-O) slope.  As shown in Figure 4.7, the ν(Fe-O2)/ν(O-O) correlation for Tt 
H-NOX resembles the 6-coordinate globins, and is reflective of their similarities in both 
the extent of metal-to-ligand backdonation and ferric superoxide-like character. 
 
 

 
Figure 4.7  Correlation plot between ν(Fe-O2) and ν(O-O) for different heme 
proteins indicating modest backbonding effects.  The O2-bound heme proteins 
(histidyl-ligated unless otherwise noted) and their corresponding symbols are as 
follows: globins (●); 6-coordinate synthetic heme models (○); 5-coordinate synthetic 
heme models (■); thiolate-ligated 6-coordinate synthetic models (□); thiolate-ligated 
P450s (+); Tt H-NOX (×). 
 
 

In summary, the weakening of the distal H-bonding network in Tt H-NOX upon 
mutation of Trp-9 and Tyr-140 in Tt H-NOX is supported in our RR spectra by the 
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observed upshift of ν(Fe-O2) and by the increased O2 off-rates of up to 20-fold observed 
for these proteins.  Interestingly, the addition of steric bulk to the distal pocket of Tt H-
NOX caused the Fe-O2 stretching frequency to decrease.  The decreased frequency is 
indicative of a longer Fe-O2 bond, which may be due to the bulky residues forcing the 
H-NOX domain into a more ‘open’ conformation that separates Tyr-140 and O2 such 
that the diatomic ligand is no longer as effectively trapped in the distal pocket.  This 
structural rearrangement plausibly disrupts the H-bond stabilization network involving 
Trp-9, Asn-74, and Tyr-140.  Our explanation is also supported by the measured O2 off-
rates for the I75F and L144F, which were significantly faster than for the WT protein.  
Thus, it appears that there are two separate factors that can influence the ν(Fe-O2) 
frequency and O2 stability in Tt H-NOX.  One involves the abolished H-bond with O2, 
which produces a ν(Fe-O2) upshift upon restoration of the withdrawn electron density to 
the Fe-O2 bond.  Here, the predominant effect is from the lost H-bond; O2 is still 
trapped in the distal pocket with a similar Fe-O2 internuclear distance to WT.  In the 
second case, as observed for the steric bulk mutants, the Fe-O2 stretching frequency 
decreases upon mutation so the internuclear distances between iron and O2 increases 
much more relative to the WT protein.  Since the Tyr-140 can no longer trap the O2 
ligand in place in the ‘open’ H-NOX conformation, the previously observed H-bond 
influence has little effect on the Fe-O2 stretching frequency and the dominant factor 
becomes the larger bond distance from the more loosely held O2 ligand.  These insights 
into how the surrounding distal residues differentially influence the ν(Fe-O2) may help 
to elucidate its ligand binding properties and, ultimately, the ligand specificity exhibited 
within the H-NOX family. 
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Chapter 5  

 

 

Conclusions and Prospects 
 
 

Through the application of resonance Raman (RR) spectroscopy and site-directed 
mutagenesis in Tt H-NOX, this dissertation has provided a better understanding of the 
mechanisms by which the H-NOX domain selectively binds its target molecule, and 
elucidated the heme conformational changes associated with ligand binding.  This final 
chapter summarizes the contributions made in this dissertation, and gives 
recommendations for future areas of investigation. 

 
 

5.1 Probing the H-NOX Heme Pocket with RR Spectroscopy  
 
In Chapter 2, the role of conserved residues, Ile-5 and Pro-115, in modulating the 

heme conformation of Tt H-NOX was investigated via RR spectroscopy.  Interpretation 
of the heme skeletal mode frequency shifts and intensity changes in the heme out-of-
plane modes indicated that the single P115A mutation is most influential in significantly 
relaxing the O2-bound heme from its native distorted conformer.  In contrast, the 
conservative I5L mutation more closely resembled the WT protein, and the RR spectra 
of the I5L/P115A double mutant suggested that its effects on the heme resembled an 
admixture of the two individual mutations rather than a synergistic combination.  Based 
on these results and recent structural characterization of the H-NOX domain [5, 42-44], 
we concluded that the strictly conserved Pro-115 residue plays a role in maintaining the 
heme conformation by serving as a hinging point between the distal and proximal 
subdomains.  Upon mutating Pro-115 to alanine, the Tt H-NOX domain no longer holds 
the heme in a rigid and distorted conformation, resulting in its sampling of multiple 
conformations that are significantly relaxed with respect to the WT protein. 
 

Chapter 3 describes the use of RR spectroscopy to probe the Tt H-NOX heme 
pocket, examining the basis for the unusually high C-O stretching frequency that is 
ubiquitous throughout the H-NOX family.  To investigate the potential protein-ligand 
interactions responsible for the high ν(C-O), mutations were generated to perturb 
specific regions in Tt H-NOX, including: (i) the distal H-bonding network, (ii) the 
conserved YxSxR motif, (iii) the Fe-His linkage, and (iv) residues contributing toward 
the heme deformation.  Our resonance Raman spectra demonstrated that strong 
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electrostatic interactions between the heme and the surrounding protein pocket residues 
increase the backdonation of the FeII dπ electrons into the CO π* orbitals, contributing to 
the unusually high C-O stretching frequency in the H-NOX domains.  With the 
exception of the heme deformation, all other attributes in Tt H-NOX showed varying 
effects on the ν(Fe-CO) and ν(C-O) frequencies upon mutation.  The most dramatic 
change was observed upon disrupting the H-bonding interactions between the YxSxR 
motif and the heme propionate groups, with ν(C-O) frequency downshifts of up to ~70 
cm-1.  In addition, these YxSxR mutants displayed two dominant CO conformers, one of 
which was spectroscopically similar to the WT protein.  The presence of these two CO 
conformers suggests that the heme undergoes a fluctuating swivel motion upon 
destabilization of the H-bonds between the YxSxR residues and the heme propionate 
groups.  One conformer maintained protein-ligand contacts that are remarkably similar 
to the WT protein and shares its spectroscopic features.  In contrast, the other conformer 
presumably gained a strong H-bond interaction with the CO ligand based on the 
dramatic ν(C-O) downshift to ~1917 cm-1.  Thus, these RR spectra provided direct 
evidence in the solution protein for the importance of the YxSxR motif in stabilizing the 
heme position and orientation within the H-NOX pocket, in addition to its significant 
effect on modulating the C-O stretching frequency. 

 
In Chapter 4, RR spectroscopy was used to directly measure the Fe-O2 and O-O bond 

strengths in Tt H-NOX upon disruption of key factors previously shown to influence O2 
ligand affinity through biochemical characterization [38, 45].  Through the substitution 
of CoIII-PPIX into the Tt H-NOX, it was possible to directly measure the O-O stretching 
mode at 1131 cm-1.  In addition, two distinct effects were observed on the Fe-O2 
stretching frequency upon either disruption of distal H-bonding residues or addition of 
steric bulk to the heme pocket.  Removal of the H-bonding Tyr-140 resulted in an 
increased ν(Fe-O2) relative to WT due to the return of electron density to the Fe-O2 
bond upon elimination of the electrostatic interaction between Tyr-140 and O2.  In 
contrast, the addition of steric bulk to the heme pocket shifted ν(Fe-O2) to lower 
frequencies relative to WT, indicating that the Fe-O2 bond lengthened upon mutation.  
In combination with the observed broad heme skeletal mode bands, the ν(Fe-O2) 
downshift suggested that the H-NOX domain adopted a more ‘open’ conformation to 
accommodate the steric bulk, thereby increasing the distance between Tyr-140 and O2 
and weakening the H-bond that held the diatomic ligand in place.  Finally, the 
importance of a distal H-bond in contributing toward a stable O2 complex in the H-
NOX heme pocket was demonstrated in the Lp F142Y mutant with the direct 
measurement of ν(Fe-O2) at 563 cm-1. 
 
 

5.2 Future Studies toward Elucidating the H-NOX 
Structure-Function Relationship 

 
Genomic analysis has revealed that the H-NOX domains are typically linked to 

histidine kinases or diguanylate cyclases in the case of facultative aerobes, or to methyl-
accepting chemotaxis proteins in obligate anaerobes [2].  It is likely that the H-NOX 
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domain plays a biological role in the signal transduction to these linked downstream 
proteins, but the specific details are currently unclear.  In addition to understanding how 
the H-NOX domains control ligand affinity and selectivity, other interesting questions 
involve the elucidation of how these domains regulate their associated signaling 
proteins and their functional roles in vivo.  Much of the current structural 
characterization on the H-NOX family has been limited to the ~20-25 kDa H-NOX 
domains due to difficulties with crystallizing full length constructs that include the 
adjacent proteins. In addition, all of the RR studies conducted thus far on the 
prokaryotic H-NOX domains have also excluded these adjacently linked proteins.  In 
order to directly address questions regarding the relationship between heme structure 
and protein function, the use of RR spectroscopy to further characterize constructs 
containing both the H-NOX domain and its adjacent protein are highly recommended. 
In combination with some of the current biochemical characterization on these proteins, 
additional spectroscopic studies on the full length constructs may provide insight to how 
the heme is involved in the activation of these linked proteins. 
 
 

5.2.1 Suggestions for Future Experiments on Tt H-NOX 
 
As previously mentioned, the majority of the RR spectroscopic, crystallographic, and 

biochemical characterization of Tt H-NOX has involved the construct containing only 
the first 188 amino acids of the 602-aa length Tar4 MCP [1, 5, 38, 44, 45, 51].  An 
ongoing hypothesis regarding this protein’s in vivo role in the thermophilic obligate 
anaerobe, Thermoanaerobacter tengcongensis, is that the binding of O2 to the heme 
results in a conformational change that initiates communication from the H-NOX 
domain to the adjacent MCP, which then signals for the organism to flee from regions 
of higher O2 concentration [1, 5, 44].  Thus far, there have been no spectral or structural 
studies to address this hypothesis. 
 

A clear starting point for investigating this hypothesis would be to express, purify, 
and characterize the full length Tar4 protein that contains both the Tt H-NOX domain 
and the associated MCP.  Steady state Soret-enhanced RR measurements could be made 
on O2, NO, and CO-bound complexes of this full length construct to characterize the 
heme conformation and detect any differences between the types of protein-ligand 
interactions present in the full length construct versus the Tt H-NOX construct alone.  
Differences in protein-ligand interaction have been previously shown between the CO-
bound full length sGC construct and the β1(1-194) heme domain [34], so it is possible 
that differences would also exist between Tar4 and Tt H-NOX.  Although the shorter 
constructs provide a useful basis for initial structural and spectroscopic characterization, 
it is crucial to conduct spectroscopic studies on the full length proteins since these 
would ultimately provide the most correct structural observations toward understanding 
the in vivo functional role of the heme and ligand binding in signal transduction. 
 

Once the initial steady state RR characterization is complete, both UV and visible 
time-resolved RR spectroscopy could be utilized to specifically address the role of the 
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heme in signal transduction by temporally monitoring the changes in the RR spectra 
upon ligand binding.  From the visible time-resolved RR measurements, one can gain 
insight into the changes occurring at the heme site and the surrounding protein pocket.  
In addition, UV time-resolved RR spectroscopy would follow the structural dynamics of 
any aromatic residues in the H-NOX domain (i.e. tyrosine, phenylalanine, tryptophan), 
focusing more on the protein backbone dynamics [135-138].  However, in order to 
isolate specific aromatic residues and properly interpret the time-resolved UV RR 
results, multiple mutations targeting the specific aromatic residues would have to be 
generated.  Still, the combined efforts of both the steady state and time-resolved RR 
measurements on the Tt H-NOX and Tar4 constructs would provide an in situ method 
of probing the heme and protein reactive dynamics in solution. 
 

Another point of interest for the Tt H-NOX domain involves the physiological 
relevance of heme distortion in the thermophilic organism.  Thus far, the majority of the 
biochemical, spectroscopic, and crystallographic characterization of this particular H-
NOX domain has been conducted at room temperature or lower [1, 5, 44, 51, 52].  The 
strictly anaerobic bacteria, Thermoanaerobacter tengcongensis, was originally 
discovered in hot springs from Tengcong, located in the Yunnan Province in China 
[139].  The temperature of the hot spring from which the organisms were isolated was 
~86 °C [139].  At temperatures this high (kBT = 249 cm-1 at 359 K), one would expect 
more dynamic motion and flexibility within the H-NOX domain so it would seem 
improbable that the observed heme distortions (normal mode energy < 50 cm-1) should 
play any functional role due to rapid sampling of different heme conformations.  In 
addition, preliminary RR characterization of O2-bound Tt H-NOX at ~75 °C suggested 
that the heme sampled a more relaxed conformation at the higher temperature in 
comparison to room temperature; RR intensity decreases in the low frequency heme 
out-of-plane modes supported this observation (Figure 5.1).  To specifically address this 
question, additional spectroscopic and biochemical characterization of both the Tt H-
NOX domain and Tar4 at the physiologically relevant temperature of 75-85 °C should 
be conducted to determine the importance of heme distortion in signal transduction for 
Thermoanaerobacter tengcongensis.  Furthermore, in vivo chemotaxis experiments with 
T. tengcongensis involving Tt H-NOX mutations that relax the heme could be used to 
test whether a more relaxed prosthetic group hinders the ability of the H-NOX domain 
to communicate with the MCP.  Until additional characterization is conducted at the 
biologically relevant temperatures, it remains unclear whether or not heme distortion 
plays any significant functional role in vivo. 

 
 

5.2.2 Future Experiments with Other Prokaryotic H-NOX Domains 
 
There is currently very little RR characterization of the non-O2-binding H-NOX 

domains from facultative aerobes aside from the work by Karow et al. and Boon et al. 
[1, 52].  However, phosphorylation assays have been extensively used to probe the role 
of the H-NOX domain Shewanella oneidensis (So H-NOX) on the adjacently linked 
kinase autophosphorylation activity, in addition to other H-NOX domains [42, 140].  
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Price et al. previously demonstrated that the So H-NOX protein (SO2144) directly 
interacted with the sensor histidine kinase (SO2145), and that the kinase was inactivated 
when NO was bound to the H-NOX domain as a 5-coordinate complex [140].  Erbil et 
al. subsequently used NMR to characterize the CO-bound WT So H-NOX and a 
H103G(im) mutant as structural mimics for the activated and inactivated complexes.  
This work suggested that concomitant changes occurred in both the heme and the H-
NOX domain upon ligand binding; thus, Erbil et al. proposed a ‘strained heme model’ 
as a means of activation in this H-NOX domain [42].  A change in the heme pocket 
interactions due to the addition of small molecules is not uncommon.  Previous RR 
studies on full length sGC in the presence of its substrate (GTP) or product (cGMP) 
have shown that spectral changes occur as a result of these additional molecules [36, 73, 
141, 142].  This strongly suggested that the heme pocket is altered upon the binding of 
these molecules to the enzyme active site. 

 
 

 
Figure 5.1  Preliminary resonance Raman spectra of O2-bound Tt H-NOX at ~20 
°C and ~75 °C.  Spectra were acquired for 30 min with 413.1 nm excitation from a Kr+ 
source.  The laser power was set to ~200 µW due to photolysis of O2 at higher 
temperatures. 
 
 

RR spectroscopy can be applied to So H-NOX to specifically probe the heme 
conformational changes upon binding NO which may be involved in the inhibition of 
the SO2145 kinase activity.  Since it has already been established by Price et al. that the 
So H-NOX domain communicates with the So histidine kinase as part of a two-
component signaling pathway, it would be interesting to explore how the presence of 
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the histidine kinase affects the So H-NOX spectra.  Comparisons between the RR 
spectra of So H-NOX in different ligation states, in addition to parallel experiments on 
the H-NOX domain with its adjacent histidine kinase could potentially reveal detailed 
information on the changes in the heme conformation. 
 
 

5.3 Final Remarks 
 

It has been seven years since Iyer et al. first demonstrated, through sequence profile 
searches, the existence of an ancient conserved heme domain that is shared by both 
eukaryotic sGCs and bacterial signaling proteins [2].  Now identified as the H-NOX 
domains, a number of structural, biochemical, and functional studies have since been 
initiated to understand these novel prokaryotic heme domains.  However, there is still so 
much to learn about the vastly diverse H-NOX family, both structurally and 
functionally as part of multi-component signaling mechanisms.  In addition to their 
potential use as models for the mammalian NO receptor sGC, these bacterial H-NOX 
domains are interesting due to their divergent ligand binding properties and potential 
role in signaling.  In summary, the work presented in my dissertation has provided a 
comparative analysis of the heme environmental effects in Tt H-NOX.  Using a 
combination of RR spectroscopy and site-directed mutagenesis, I directly probed the 
interactions between the heme chromophore and the protein pocket in situ.  It is my 
hope that this dissertation has contributed toward elucidating the biochemical properties 
of these H-NOX domains, and provided a starting point for understanding the 
relationship between heme structure and protein function in this diverse family of 
diatomic heme sensor domains. 
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Appendix 

 
Table 1A  Heme skeletal modes for various H-NOX domains and their mutants in 
the 5-coordinate, ferrous unligated form.a 

 

Protein coord. ν10 ν2 ν3 ν4 ν(Fe-His) 
Fe(II)-unligated       
β1 (1-194) 5, hs 1608 1568 1478 1359 208 
β1 (1-385) 5, hs 1607 1563 1474 1358 206 
β2 (1-217) 5, hs 1609 1567 1477 1359 207 
sGC WT 5, hs 1606 1562 1471 1358 204 
rat β1 (1-194) WT 5, hs 1603 1560 1470 1356 203 
rat β1 (1-194) P118A 5, hs 1603 1558 1470 1356 211 
rat β1 (1-194) I145Y 5, hs 1606 1563 1473 1358 211 
rat β1 (1-385) WT 5, hs 1604 1561 1473 1355 206 
rat β1 (1-385) I145Y 5, hs --- --- 1470 1366 209 
rat sGC WT 5, hs 1606 1561 1473 1355 205 
rat sGC I145Y 5, hs 1605 1560 1472 1356 208 
Cc H-NOX WT 5, hs --- 1566 1472 1355 215 
Dd H-NOX WT 5, hs 1602 1567 1471 1353 208 
Lp H-NOX2 WT 5, hs 1600 1565 1469 1352 214 
Np H-NOX WT 5, hs 1608 1566 1474 1357 209 
So H-NOX WT 5, hs 1607 1567 1474 1357 213 
So H-NOX P116A 5, hs 1610 1567 1474 1360 216 
Tt H-NOX WT 5, hs 1599 1567 1469 1352 217 
Tt H-NOX I5L 5, hs 1599 1564 1469 1352 217 
Tt H-NOX P115A 5, hs 1602 1567 1469 1353 223 
Tt H-NOX I5L/P115A 5, hs 1599 1564 1469 1352 220 
Tt H-NOX P115A/Y140F 5, hs 1602 1567 1471 1354 220 
Tt H-NOX W9F 5, hs 1600 1566 1470 1353 218 
Tt H-NOX W9F/N74A 5, hs 1601 1566 1470 1353 218 
Tt H-NOX Y140F 5, hs 1600 1565 1469 1353 220 
Tt H-NOX Y140H 5, hs 1603 1561 1470 1353 218 
Tt H-NOX Y140L 5, hs 1599 1564 1468 1351 220 
Vc H-NOX WT 5, hs 1606 1561 1471 1354 224 
a Abbreviations: Cc, Caulobacter crescentus; Dd, Desulfovibrio desulfuricans; Lp, 

Legionella pneumophila; Np, Nostoc punctiforme; So, Shewanella oneidensis; 
Tt, Thermoanaerobacter tengcongensis; Vc, Vibrio cholerae.
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Table 2A  Heme skeletal modes for various H-NOX domains and their mutants as 
the 5- or 6-coordinate, ferrous-NO complex.a 

 
Protein coord. ν10 ν2 ν3 ν4 ν(Fe-NO) ν(N-O) 
β1 (1-194) 5, ls 1647 1586 1510 1376 526 1677 
β1 (1-385) 5, ls 1646 1585 1509 1376 526 1676 
β2 (1-217) 5, ls 1645 1585 1507 1373 528 1676 
sGC 5, ls 1646 1584 1509 1375 525 1677 
Cc H-NOX 
WT 5, ls 1641 1581 1508 1375 525 1689 
Lp H-NOX1 
WT 5, ls 1633/1643 1584 1508 1373 525 --- 
Lp H-NOX2 
WT 6/5, ls 1630 1583 1497/1507 1373 551/525 1646/1677 
Lp H-NOX2 
I5A 6/5, ls 1633/1641 1583 1508 1373 522 --- 
Lp H-NOX2 
P115A 6/5, ls 1633/1646 1584 1508 1373 522 --- 
Np H-NOX 
WT 6/5, ls 1633 1581 1500 1373 559/528 1655/1680 
Tt H-NOX 
WT 6, ls 1625 1580 1496 1370 553 1655 
Tt H-NOX 
P115A 6, ls 1636 1583 1497 1377 550 ---- 
Vc H-NOX 
WT 5, ls 1640 1580 1504 1372 523 1674 
a Abbreviations: Cc, Caulobacter crescentus; Lp, Legionella pneumophila; Np, Nostoc 

punctiforme; Tt, Thermoanaerobacter tengcongensis; Vc, Vibrio cholerae. 




