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Abstract 

Deciphering the Functional Role Bacterial H-NOX Proteins 

by 

Charles William Hespen 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Michael A. Marletta, Chair 

 

Acute and specific sensing of diatomic gas molecules is an essential facet of biological signaling. Heme-
Nitric oxide/Oxygen sensing (H-NOX) proteins are a family of gas sensors found in diverse classes of 
bacteria and eukaryotes. In mammals, the H-NOX is the sensor domain of soluble guanylate cyclase 
(sGC). The H-NOX of sGC binds the diatomic radical gas NO with picomolar affinity and activates 
production of the second messenger cyclic GMP from GTP. Bacterial H-NOX domains are divided into 
two subfamilies. In facultative anaerobes, H-NOX domains are encoded as single domain proteins that 
regulate an effector protein expressed on the same operon. These H-NOX proteins specifically sense NO, 
inhibit the effector, either a histidine kinase or cyclic-di-GMP phosphodiesterase, and regulate a biofilm 
formation phenotype. In obligate anaerobes, H-NOX domains are fused to methyl-accepting chemotaxis 
proteins. These H-NOX domains have a conserved H-bonding network in the gas ligand-binding pocket 
that allows formation of a stable bond with O2. The function of these O2-binding H-NOX domains is 
unknown. However, they are likely involved in regulating a repellent chemotaxis response. Because both 
NO and O2 are toxic to obligate anaerobes, the physiological ligand for these H-NOX domains is not yet 
known. These H-NOX domains stably bind NO, but the conservation of the H-bonding network suggests 
a role in O2 signaling. 
 
In this dissertation, biological function of both subfamilies of H-NOX domains is explored. The 
chemotaxis signaling circuit of Caldanaerobacter subterraneus was reconstituted in vitro, but no gas 
ligand or H-NOX dependence was identified. Crystal structures of C. subterraneus H-NOX and 
orthogonal functional assays with the histidine kinase from Vibrio cholerae indicate specific O2 signaling 
function. Additionally, the role of two conserved glycine residues termed the “glycine hinge” was 
examined. In structures of both NO and O2 sensing H-NOX domains, a conformational change occurs 
upon ligand binding along this glycine hinge. However, some H-NOX domains from Flavobacteriaceae 
have a native alanine substitution in the position of one glycine residue. It was predicted that the steric 
bulk from the alanine methyl group would prevent the conformational shift. However, H-NOX dependent 
histidine kinase assays display NO dependent regulation. Mutation of the alanine to a glycine however, 
destabilizes the H-NOX conformation and allows kinase inhibition independent of NO. Finally, function 
of the NO sensing H-NOX from Vibrio cholerae was explored. Deletions of V. cholerae H-NOX and its 
histidine kinase show that the H-NOX controls biofilm formation. Proteomics experiments show that the 
cholera toxin master regulator TcpN is upregulated in an NO and H-NOX dependent manner. Finally 
deletion mutants of both the H-NOX and its kinase have a modest but significant competitive advantage 
compared to wild type V. cholerae during infant mouse infections.  
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I 
Gas Sensing in Bacteria 

 
 
1.1 Bacterial two-component signaling overview 

Bacteria encounter a variety of harsh environments and must adapt for survival. Microbes 
have evolved a diverse set of sensory domains to identify nutrients, toxins, and other microbes. 
Two-component systems are a common signal transduction pathway to modulate gene 
expression, cell motility, or other metabolic changes in response to activation of different 
sensors. In two-component signaling, a sensor domain regulates the activity of a histidine kinase 
(HK), which autophosphorylates a conserved histidine residue. The phosphorylated HK transfers 
the phosphoryl group to an aspartate residue on the receiver domain of a cognate response 
regulator (RR). Individual receiver domains are fused to different effectors, and phosphorylation 
of RRs regulates the activity of these effector domains. Because phospho-aspartate bond is 
chemically labile activation of the RR can switch rapidly based on activity of the HK. However, 
bacteria also encode phosphatases can dephosporylate RRs to finely tune signal transduction. 
Some phosphotransfer pathways have more complicated circuits beyond the simple two-
component HK and RR.  Phosphorelay systems involve a hybrid HK, which contains both a 
kinase and RR receiver domain. A Hybrid HK autophosphorylates, transfers the phosphoryl 
group to the fused RR domain, which then transfers the phosphoryl group to a Histidine 
phosphotransfer protein (Hpt). The Hpt finally transfers the phosphoryl group to a RR with a 
specific effector domain. Phosphorelay systems between multiple histidine and aspartate residues 
present an opportunity to further fine tune the kinetics of a signal transduction patway1.  

A widely studied example of two-component signaling is bacterial chemotaxis, the pathway 
that controls the direction of bacterial movement: either toward a beneficial attractant or away 
from a repellent (Fig. 1A). Chemotaxis is a common signaling pathway in most bacteria and has 
been thoroughly studied in Escherichia coli.  In chemotaxis, the histidine kinase CheA transfers 
a phosphoryl group to the response regulator CheY, which directly binds and reverses rotation of 
the flagellar motor, causing the bacterium to change swimming direction2. CheA activity is 
regulated by chemoreceptors, multi-domain homodimers often anchored to the poles of the 
cytoplasmic membrane by a transmembrane helix3,4. At the N-terminus, individual 
chemoreceptors have unique sensor domains localized in the periplasm that ensure bacteria can 
respond to a variety of attractants or repellents. The C-terminal portion of chemoreceptors is a 
methyl-accepting chemotaxis protein (MCP), which consists of a long four-helix bundle that 
binds CheA through the scaffold protein CheW5-7.  

When the concentration of attractant molecules is low or the concentration of repellents is 
high, a conformational change is induced in a sensor domain. Changes in the sensor domain are 
communicated to the MCP by the intermediary HAMP domain (commonly found in Histidine 
kinases, Adenylate cyclases, and Methyl-accepting chemotaxis Proteins)8,9. HAMP domains are 
shorter four-helix bundles located in the cytoplasm between the transmembrane helix and the 
MCP. The MCP then activates CheA and leads to a reversal of swimming direction. When the 
concentration of attractants is high, CheA activity is lower and smooth, single direction 
swimming is favored. 

Chemoreceptors also have adaptation systems mediated through the methylation of glutamate 
residues on the MCP domain10. CheR is a constitutively active methyltransferase. Methylated 
glutamate residues on chemoreceptors also activate CheA11. Methyl-glutamates are removed by 
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the methylesterase CheB, which is activated by CheA-phosphotransfer to its RR domain12. CheB 
can also deaminate glutamine. Glutamate residues mutated to glutamine also activate CheA13.   

Chemoreceptor dimers are often anchored to the cell membrane by transmembrane helices 
and localized at the poles of the cell. This localization allows the formation of higher order 
trimers of each dimer. These trimers of dimers are further organized into hexagonally packed 
arrays14-16. It is believed that these chemoreceptor arrays allow for synergistic regulation of 
CheA in response to a mixture of attractants and repellents in the environment. Although these 
hexagonal arrays are found in vivo, research on CheA activity in vitro has shown that the trimer 
of chemoreceptor dimers is the core signaling unit17-19.  

Chemotaxis is a well-studied direct phosphotransfer pathway; however, several other, 
independent phosphotransfer and phosphorelay systems control gene expression and metabolism 
in the cell. Quorum sensing is one example of a phosphorelay system that allows an individual 
bacterium to sense cell density through secreted small molecules called autoinducers (Fig. 
1B)20,21. Different autoinducers allow for both intra- and inter-species communication22,23. In 
Vibrio harveyi, the quorum sensing pathway regulates bioluminescence. At low autoinducer 
concentrations, sensor histidine kinases (LuxN or LuxPQ) are active and transfer a phosphoryl 
group to LuxU, a histidine phosphotransfer protein (Hpt). The response regulator, LuxO is then 
phosphorylated, which activates expression of small quorum regulator RNAs (Qrrs) and 
represses expression of the luminescence regulator LuxR. As cells grow and divide, secreted 
autoinducer concentrations increase, which turn off activity of LuxN or LuxPQ. At high cell 
density, expression of bioluminescence genes is activated. Many non-luminescent organisms 
have Lux pathway homologs. These genes can control a variety of functions including 
expression of virulence genes and biofilm formation. Biofilm formation is generally regulated by 
cellular concentration of the second messenger cyclic-di-GMP24. Increases in cyclic-di-GMP 
shut off motility and increase production of surface adhesion factors. Biofilms produced by 
human pathogens can increase antibiotic resistance and persistence of infection25,26.  
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Figure 1. Overview of two bacterial phosphotransfer pathways. A) Chemotaxis. Autophosphorylation of 
histidine kinase, CheA, regulated by chemoreceptors leads to phosphotransfer to CheY and change in 
flagellar motor rotation. B) Quorum sensing phosphorelay pathway in V. harveyi regulates 
bioluminescence, virulence, and biofilm formation. 
 
1.2 Oxygen signaling in bacterial chemotaxis 

Bacteria have unique sensors for a multitude of factors, including diverse small molecules, 
large macromolecules, photons, and magnetic fields27,28. Oxygen is both a necessary molecule 
for aerobic respiration and a toxic small molecule for obligate anaerobic bacteria. In order to 
locate and travel to oxygen concentrations necessary for respiration or avoid concentrations that 
are toxic, bacteria have evolved chemoreceptors for both direct and indirect sensing of molecular 
O2.  

The O2 sensor of Escherichia coli, Aer, consists of a Per Arnt Sim (PAS) domain, which 
binds a flavin adenosine dinucleotide (FAD) cofactor29,30. Like most chemoreceptors, Aer is 
anchored to the cell membrane (Fig. 2). However, the PAS sensor is located in the cytoplasm, 
and a looping transmembrane helix links the sensor and HAMP/MCP domains31. This allows 
direct interaction between the PAS and HAMP domains32. The PAS sensor does not directly bind 
O2. Instead, the redox state of the FAD cofactor is affected by redox potential changes in the 
electron transport chain, which is dependent on O2 concentration33. 

Pseudomonas aeruginosa possesses an aerotaxis receptor that directly binds O2. Aer-2 
consists of a PAS sensor with a heme cofactor. The domain architecture of Aer-2 is unique to 
most chemoreceptors (Fig. 2). Instead of a single HAMP domain between the sensor and MCP, 
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multiple overlapping HAMP helices flank the PAS domain34. Aer-2 is also soluble and localized 
in the cytoplasm. Although a deletion phenotype was not identified in P. aeruginosa, when 
expressed heterologously in an engineered strain of E. coli without chemoreceptors, Aer-2 
caused increased change in directional swimming (tumbling phenotype) in the presence of O2. 
This indicates that Aer-2 activates a repellant response35. The physiological role of Aer-2 in P. 
aeruginosa is currently unknown.  

Bacillus subtilis also encodes a soluble chemoreceptor that directly senses O2. HemAT has a 
domain architecture consisting of a globin-coupled sensor (GCS) directly fused to C-terminal 
HAMP and MCP domains (Fig. 2)36. HemAT induces a smooth swimming response toward an 
O2 gradient. Like Aer-2, HemAT forms a stable O2 complex with the heme cofactor. The GCS 
has a fold similar to myoglobin37. However, unlike myoglobin, HemAT does not have a 
conserved histidine in the ligand-binding pocket to act as an H-bond donor for O2. Instead, a 
tyrosine residue acts as an H-bond donor for O2 binding. When a ligand is not coordinated, a 
conformational change is observed in which the tyrosine moves away from the plane of the 
heme. Mutation of this tyrosine significantly lowers O2 affinity38. Like HemAT, Aer-2 also has 
an H-bond donor residue (tryptophan), which stabilizes the O2 complex and undergoes a 
conformational shift away from the heme in the absence of O2

39
.  In fact, several heme-binding 

O2 sensors not involved in chemotaxis all have H-bond donating residues that move away from 
the heme when O2 is not bound. These sensors include the histidine kinase FixL from Rhizobium 
melitoti and the cyclic-di-GMP phosphodiesterase EcDOS from E. coli, which both have 
arginine residues in the ligand-binding pocket40. 
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Figure 2. Domain architecture of bacterial aerotaxis sensors.  
 
1.3 Signaling by Heme-Nitric oxide/Oxygen (H-NOX) sensors 

Due to the obvious necessity in aerobic respiration, a plethora of O2 sensing pathways have 
been reported and thoroughly dissected. Often, studies in O2 sensing have led to discoveries of 
signaling pathways for highly reactive diatomic gases like superoxide (O2

-) or nitric oxide (NO). 
For example, the E. coli transcriptional regulators SoxR and FNR contain iron-sulfur clusters 
that sense  O2

- and NO or O2 and NO, respectively. The [2Fe-2S]1+ of SoxR is oxidized by O2
-, 

and nitrosylated by NO. The [4Fe-4S]2+ of FNR is converted to a [2Fe-2S]2+ when exposed to O2 
and also nitrosylated by NO. Interaction with these gas ligands activates expression of enzymes 
that eliminate reactive oxygen or nitrogen species and repair oxidative damage in the cell41. 
These sensors are not specific for either gas and appear to be necessary when the concentration 
of oxidative molecules poses a threat to the cell. Many bacteria encode another class of gas 
sensors that can specifically respond to low concentrations of NO.  

H-NOX proteins are a family of heme-binding NO sensors that were initially identified as 
the sensor domain of mammalian soluble guanylate cyclase (sGC)42. Formation of an NO 
complex in sGC activates production of the second messenger cyclic GMP43,44. The affinity for 
NO is in the picomolar range and sGC does not form a complex with oxygen, indicating that 
sGC is a specific sensor for low concentrations of NO in the presence of O2

45.  
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In bacteria, H-NOX sensors can be divided into two subfamilies (Fig. 3). The first group 
is found in facultative anaerobes, predominantly gammaproteobacteria, and responds specifically 
to NO. The NO signaling H-NOX sensors are expressed as single-domain proteins, and are found 
on the same operon as a cognate effector domain – either a histidine kinase or cyclic-di-GMP 
processing enzyme.  

The second group of H-NOX sensors is encoded in obligate anaerobes, predominantly 
members of Clostridia. While these H-NOX domains also bind NO and CO with high affinity, 
they can additionally form a stable complex with O2

46. The affinity for O2 varies among different 
species of Clostridia, ranging from ~48 nM to ~53 µM47,48. All O2 binding H-NOX domains 
contain a conserved H-bonding network in the ligand-binding pocket (distal pocket) that is 
responsible for stabilizing the O2 complex. In Caldanaerobacter subterraneus (Cs) H-NOX, the 
network is specifically comprised of a tryptophan (W9), asparagine (N74), and tyrosine 
(Y140)49. The Y140 hydroxyl group acts as the H-bond donor for O2. Mutation of W9 or N74 to 
a hydrophobic residue severely lowers O2 affinity, and substitution of Y140 with phenylalanine 
(Y140F) completely abrogates O2 binding50,51. Furthermore, the introduction of a tyrosine 
residue to the distal pocket of H-NOX from Legionella pneumophila (F142Y) generates a protein 
that forms a stable O2 complex50. O2 binding H-NOX sensors are fused to MCP domains, 
suggesting a possible role in chemotaxis signaling. However, the physiological relevance of O2 
binding and the biological function of these H-NOX sensors have yet to be identified.  

Structural and biochemical investigations of the NO sensing, non-O2 binding, the 
bacterial H-NOX domain specifically from Shewanella oneidensis has revealed many insights 
into the biological role and mechanism of H-NOX-dependent NO signaling. H-NOX proteins 
tend to be found in the cytoplasm with the heme cofactor in a Fe2+ oxidation state. A conserved 
histidine acts as an axial ligand for the heme iron. Upon NO binding, the axial histidine is 
displaced, forming a 5-coordinate Fe2+-NO complex52. Rotation of the histidine and movement 
of the heme cofactor induce a conformational change of the N-terminal sub-domain along two 
conserved glycine residues (G71 & G143, termed the glycine hinge)53,54. The H-NOX protein’s 
conformational shift regulates the activity of cognate effector proteins through an as yet 
unknown mechanism.  

In Shewanella oneidensis and Silicibacter sp., NO-bound H-NOX inhibits 
autophosphorylation of a soluble histidine kinase55,56. Phosphotransfer to cognate response 
regulators (RR) is subsequently affected, which regulates activity of the RR’s functional domain. 
S. oneidensis encodes three cognate response regulators to the H-NOX-dependent histidine 
kinase (HnoK), each with three unique functional domains. The first RR is a phosphodiesterase 
(HnoB), which converts cyclic-di-GMP to diguanylic acid (pGpG). Activity of HnoB is activated 
upon phosphorylation. The second RR is a phosphodiesterase (HnoD) predicted to by inactive by 
sequence homology, which tunes activity of HnoB in a phosphorylation-dependent manner. The 
third RR is a transcriptional regulator (HnoC) that controls expression of the H-NOX, HnoK, and 
the HnoB,C,D operon. This complex signaling circuit leads to an NO and H-NOX-dependent 
increase in biofilm formation57,58. Biofilms also increase in Silicibacter sp. However, instead of a 
phosphodiesterase, the HnoK participates in a phosphorelay circuit that ends in regulation of a 
diguanylate cyclase56.  

H-NOX-dependent biofilm formation also occurs in L. pneumophila and Shewanella 
woodyi. In these organisms the H-NOX directly regulates a cyclic-di-GMP processing enzyme 
containing both diguanylate cyclase (DGC) and phosphodiesterase (PDE) domains. In L. 
pneumophila, PDE activity increases by NO-bound H-NOX and causes biofilm dispersal59. S. 
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woodyi H-NOX tunes both activities of the cognate effector, increasing cyclase activity in the 
Fe(II)-unliganded state, and increasing PDE activity in the Fe(II)-NO ligation state60,61. Although 
H-NOX signaling is linked to biofilm formation in many organisms, there is recent evidence that 
HnoK proteins in V. harveyi participate in the quorum sensing phosphorelay circuit by 
phosphorylating LuxU62. 

Despite progress understanding H-NOX function in certain bacterial species, many 
unanswered questions remain. First, Silicibacter sp. is the only organism investigated that 
encodes nitric oxide synthase (NOS)56. The circumstances in which other organisms encounter 
NO are not fully understood. Several human pathogens like Vibrio cholerae and L. pneumophila 
do not have characterized metabolic pathways to produce NO. It is possible that these H-NOX 
domains may act as sensors for NO produced by eukaryotic hosts.  Second, no work has been 
performed to elucidate the role of O2-binding H-NOX domains. These sensors likely function as 
chemoreceptors. However, signaling specificity and role in repellent or attractant signaling is 
unknown. Lastly, the glycine hinge residues (G71 and G143) appear to be necessary for the 
conformational change associated with H-NOX activation. However, many H-NOX domains 
from the family Flavobacteriaceae encode a native alanine substitution at position 71. It seems, 
based on previously solved structures, that the steric bulk of the additional methyl group would 
lock the conserved glycine in one position. If this is true, then how the H-NOX functions in NO 
sensing is unknown. In the following chapters, gas signaling specificity of the O2-binding H-
NOX domains, the role of V. cholerae H-NOX, and function of H-NOX domains containing the 
alanine wedge (A71) will be addressed. 

 
Figure 3. Examples of H-NOX domains in eukaryotes and bacteria 
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II 
Towards reconstitution of H-NOX-dependent chemotaxis signaling from Caldanaerobacter 

subterraneus 
 

 
2.1 Background and Significance 

 H-NOX domains from obligate anaerobes form a stable Fe2+–O2 complex46.  Crystal 
structures of the Fe2+–O2 H-NOX from Caldanaerobacter subterraneus reveal a 6-coordinate 
complex with a conserved histidine residue (H102) coordinated to the heme iron in the proximal 
pocket and O2 coordinated in the distal pocket49. A conserved tyrosine in the distal pocket 
(Y140) acts as an H-bond donor, stabilizing the Fe–O2 bond.  Tryptophan (W9) and asparagine 
(N74) residues are within H-bonding distance of Y140, locking the tyrosine in position over the 
heme. Single substitutions of these H-bond network residues with hydrophobic amino acids 
lowers O2 affinity. A double mutant - W9F, Y140L - cannot form an observable Fe2+–O2 
complex50. Cs H-NOX also forms stable complexes with CO and NO. At growth temperatures of 
C. subterraneus, ~65-70 ˚C, Cs H-NOX forms a 5-coordinate Fe2+–NO complex52. The H-NOX 
from Clostridium botulinum also forms a 5-coordinate NO complex, indicating that O2-binding 
H-NOX domains may signal for NO in a manner similar to the aerobic H-NOX proteins48. The 
H-bonding network is conserved in all H-NOX domains found in Clostridia. However, the 
physiological role of an O2-binding H-NOX is unknown. These H-NOX domains are fused to 
methyl-accepting chemotaxis proteins (MCPs) and likely have a role in chemotaxis. Oxygen is 
toxic to obligate anaerobes like Clostridia, and NO is a toxic molecule to all forms of life. 
Therefore, the H-NOX-MCP (annotated Tar4) may activate a repellent response that allows 
motile bacteria to sense small concentrations of O2 or NO and subsequently reverse swimming 
direction. To understand the physiological role of Clostridial H-NOX domains, portions of the 
Cs Tar4 chemotaxis pathway were reconstituted in vitro (Fig 1a).  
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Figure 1. A) Overview of chemotaxis pathway for Cs H-NOX-MCP (Tar4). Physiological gas ligand is 
unknown. B) Domain architecture of Cs CheA1 and CheA2. Only CheA2 is active. CheA1 lacks a histidine 
phosphotransfer (Hpt) domain. C) Quantification of CheY phosphotransfer with CheW4 and Tar4. Addition 
of CheW4 inhibits CheA2 activity. Tar4+CheW4 displays higher activity. Tar4 alone does not have a 
significant change to CheA2 activity. 
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2.2 Measuring Tar4-dependent regulation of CheA autophosphorylation 
Proteins from C. subterraneus were chosen for further study because biochemical and 

structural features of Cs H-NOX have been reported. All proteins in this work were expressed 
heterologously in E. coli. C. subterraneus encodes two copies of histidine kinase, CheA. 
However, only CheA2 is active. CheA1 lacks an annotated histidine phosphotransfer (Hpt) 
domain, which may explain why autophosphorylation was not observed (Fig 1b). Initially, 
phosphotransfer to CheY was measured to quantify CheA2 activity. Only one CheY response 
regulator is found on the same operon as CheA2.  CheY was added to the reaction in an excess of 
20 molar equivalents relative to CheA2 and showed complete phosphotransfer within the 
timeframe of each experiment (30-60 s). The MCP controls CheA activity through the scaffold 
protein CheW. C. subterraneus encodes four homologs of CheW. Each of these CheW homologs 
was tested with the purified full-length Tar4 incorporated into nanodiscs. CheA2 with CheW4 
displayed decreased phosphotransfer. No other CheW proteins affected kinase activity. When 
only CheW4 and CheA2 are present, kinase activity also decreases. However, in a reaction 
mixture with Tar4 and CheA2 + CheW4, quantified phosphotransfer is less than CheA2 alone, and 
significantly higher than CheA2 + CheW4 (Fig 1c). Also, a reaction mixture with only Tar4 and 
CheA2 has no significant affect on autophosphorylation. This result indicates that both Tar4 and 
CheW4 are necessary to properly tune CheA2 activity and implies that these proteins are cognate 
parts of the chemotaxis-signaling pathway in C. subterraneus. 
2.3 Identification of methylated glutamate residues in Tar4. 

Most chemoreceptors have an adaptation pathway to tune CheA activity in environments 
with stagnant ligand concentrations. CheR methylates conserved glutamate residues on the MCP, 
which increases CheA kinase activity, while CheB removes methyl groups when activated 
through phosphotransfer by CheA. The aerotaxis receptor from E. coli, Aer, does not become 
methylated63. The number of glutamate residues that are targets for CheR also vary among 
different chemoreceptors. Mass spectrometry was used to determine if any glutamate residues on 
the Tar4 MCP domain are modified by CheR. For these experiments, a soluble truncation of the 
Tar4 MCP domain was designed (resdidues 249-600 ). The MCP domain was premixed with the 
CheR substrate S-adenosylmethionine (SAM) and reactions were initiated with addition of 
purified Cs CheR. Reactions were quenched at different time points and immediately digested in 
a protease mixture of trypsin and Glu-C. Electrospray tandem mass spectrometry (ESI-MS/MS) 
was used to sequence peptides and determine any potential methylation sites (Fig 2a,b). Two 
methylglutamate residues were observed: E556 and E563. Interestingly, both glutamate residues 
are conserved in all H-NOX-MCP proteins from Clostridium species (Fig 2c). Mutation of these 
glutamate residues to glutamine served as a functional mimic of methylglutamate3,64. 
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Figure 2: Overview of methylglutamate identification. A) Flowchart of methylation experiment. B) Sample 
mass spectrum showing peptide with both methylation sites. C) Sequence alignment of Cs Tar4 and C. 
botulinum Tar4 C-terminal MCP domains. Identical methylation sites are found in both proteins. 
 
2.4 Isolation of full-length Tar4 in E. coli cytoplasmic membranes 

After methylation sites were identified in Tar4, two plasmid constructs were designed to 
represent kinase “on” and “off” regulatory states. Wild-type Tar4, designated “Tar4EE,” 
displayed lower CheA2 activity compared to the kinase only control. A double mutant, 
E556Q/E563Q, was designated “Tar4QQ” and predicted to have increased CheA2 activity. Tar4 
is an integral membrane protein, and two procedures were performed in parallel to enrich Tar4 
for use in CheA2 activity assays. First, cell membranes from E. coli expressing Tar4 were 
collected by ultracentrifugation. Second, Tar4 was solubilized in detergent, purified, and 
reconstituted in lipid bilayer nanodiscs. In the first procedure, Tar4 with a C-terminal 6-histidine 
tag was confirmed to be in cell membranes by Western blot using anti-His6 antibody. The 
amount of Tar4 in cell membranes was estimated by quantifying the Tar4 band intensity and 
comparing it to the total band intensity from a SDS-PAGE gel (Fig 3a). In four individual 
overexpression experiments, Tar4 was about 20-25 % of the total protein in the cell membrane. 
In order to simplify CheA2 activity assays, autophosphorylation was measured with cell 
membranes containing Tar4. Phosphotransfer with CheY was not tested. As a negative control, 
isolated E. coli membranes that did not contain Tar4 were used for the kinase only experiments. 
CheW4 was included in all autophosphorylation experiments including the negative control. 
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Tar4EE produces a modest 1.5-2.0 fold increase in CheA2 activity compared to the negative 
control, which was expected from experiments described in section 2.2. However, Tar4QQ 
activates CheA2 about 16-fold over the negative control (Fig 3b). The glutamine double mutant, 
a mimic of methylglutamate, displays a sizeable activation of CheA2. This result is further 
evidence that the Tar4-CheW4-CheA2 signaling unit is fully functional in vitro. However, the 
physiological function of the H-NOX sensor remains an unanswered question. 

 
Figure 3. A) SDS-PAGE and anti-His6 Western blot of Cs Tar4 in E. coli membranes. B) 
Autophosphorylation of CheA2. Tar4QQ increases CheA2 activity about 16-fold. The activity increase by 
Tar4EE is small, 1.5-2.0 fold, but consistently higher than the membrane control.  
 
2.5 H-NOX and gas dependence on CheA2 activity 

Previous experiments have used UV-Vis to differentiate ligation states of the heme. The 
spectra of full-length Tar4 had not been previously measured. Because Tar4 was incorporated 
into insoluble cell membranes, the absorbance measurements had a low signal-to-noise ratio (Fig 
4a). However, ligation states of the full-length protein could still be differentiated and resembled 
the UV-Vis spectra of soluble Cs H-NOX46. Spectra were identical for both Tar4EE and 
Tar4QQ, indicating that mutations in the MCP domain do not affect the heme pocket of the H-
NOX domain. CheA2 activity assays were performed with Tar4 in the Fe2+ oxidation state, bound 
to O2, NO, CO, or unliganded. Although Cs H-NOX is a cytoplasmic protein and likely reduced 
in the cell, Fe3+ was also tested (Fig 4b). Autophosphorylation was normalized to the sample 
containing the isolated O2-bound Tar4. No significant H-NOX-dependent change in CheA2 
autophosphorylation was observed. Both Tar4EE and Tar4QQ were used, but no significant gas 
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ligand- or heme oxidation state-dependent change was observed. C. subterraneus is a 
thermophile that grows at temperatures between 60 and 80 ˚C. Various high-temperature CheA2 
assays were performed with Tar4EE and Tar4QQ. Although CheA2 is active at 75 ˚C, no gas-
dependent regulation of autophosphorylation was observed at higher temperatures (data not 
shown). Because E. coli cell membranes were harvested for these experiments, the Tar4 samples 
were impure. Tar4 may also be improperly integrated into the cell membrane. To negate these 
factors, Tar4 from E. coli membranes was solubilized in detergent, purified, and reconstituted 
into lipid bilayer nanodiscs. 

 
Figure 4. A) Membrane spectra of full-length Tar4. B) CheA2 autophosphorylation with different H-NOX 
ligands. Each ligation state of the heme has 2 technical replicates. The bar graph values are averaged 
over two separate experiments. Tar4QQ was used for the featured experiment. However, Tar4EE also 
did not show any ligand-dependent change in CheA2 activity. 
 
2.6 Tar4 nanodisc preparation and CheA2 regulation 

Lipid bilayer nanodiscs are a soluble macromolecular complex consisting of a phospholipid 
bilayer enclosed by an amphipathic membrane scaffold protein (MSP)65-67. The diameter of 
nanodiscs can be tuned by the length of the MSP and the molar ratio of lipid to protein, and are 
generally in the tens of nanometers. When a purified membrane protein is mixed with the lipid 
and MSP mixture, and detergent is slowly removed, nanodiscs spontaneously form around the 
transmembrane regions of the protein, which creates a disc that mimics a physiologically 
relevant membrane environment and keeps the protein soluble. The chemoreceptor responsible 
for taxis toward aspartate (Tar) from E. coli has been incorporated into nanodiscs68. This receptor 
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displayed ligand-dependent CheA regulation. The ratio of chemoreceptor to nanodiscs can also 
be tuned, and it was shown that only a ratio of three chemoreceptor dimers per nanodisc 
regulated CheA activity, indicating that a trimer of dimers is the core signaling unit for 
chemoreceptors in both the cell membrane and nanodiscs17,18. Purified Cs Tar4QQ was 
incorporated into nanodiscs composed of E. coli polar lipids and the MSP construct MSPE3D1 
(Fig 5a).  After incubation with MSP and lipids, the Tar4QQ sample was run through a size 
exclusion column for high molecular weight complexes (Superose 6). Fractions containing co-
elutions of Tar4QQ and MSP were pooled and stored for further chemotaxis signaling 
experiments (Fig 5b). 

 
Figure 5. A) Flowchart of Tar4 incorporation into nanodiscs. Detergent solubilized and purified Tar4 is 
mixed with polar lipids and the membrane scaffold protein. Detergent is removed and nanodiscs form 
spontaneously. B) SDS-PAGE gel of pooled fractions of Tar4 and MSP that co-eluted from a size 
exclusion column.  
 

A molar ratio of 1:2 MSP:Tar4QQ was used to ensure three or more Tar4 dimers would be 
incorporated into each MSP. Tar4QQ in nanodiscs increased CheA2 activity by about twofold 
(Fig 6a). However, no gas-dependent regulation of CheA autophosphorylation was observed (Fig 
6b).  

Previous work on E. coli chemoreceptors showed an increase in methylation dependent on 
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bound to different gas ligands. Radiolabeled 14C-SAM was used to quantify methylation of Tar4. 
Similar to the results of CheA regulation, a specific gas did not have an effect on the amount of 
Tar4 methylation (Fig 6c).  

 
Figure 6. A) Activation of CheA2 by Tar4QQ in nanodiscs. Phosphotransfer was measured. The control 
(CheAYW) has about half the activity of the sample with Tar4QQ. The nanodiscs used were made with a 
mixture of 1:2 molar ratio of MSP:Tar4QQ. B) Tar4 spectra in nanodiscs (top) and autophosphorylation 
assay with Tar4 in different ligation states. C) Storage phosphor image of methylated Tar4EE in 
nanodiscs. CheR was used to methylate the MCP domain, and 14C-SAM was used for radiolabeling. Time 
points were 15 and 30 min.  
 
2.7 Discussion and Concluding Remarks 

In vitro CheA2 activity and Tar4 methylation assays did not display a dependence on the H-
NOX ligation state. A few possible factors may have contributed to this result. First, Tar4 may 
not have been properly integrated into the lipid bilayer. The H-NOX and MCP domains should 
be on the same face of the lipid bilayer. Secondary structure predictions of Tar4 indicate two 
transmembrane helices with a flexible loop in between. If the direction of these transmembrane 
helices were misaligned, it would be possible for the H-NOX and MCP domains to be on 
opposite sides of the lipid bilayer. Second, a separate unknown factor may be required for proper 
signaling. This factor may assist in membrane incorporation or proper formation of 
chemoreceptor arrays. Notably, there are no published reports showing in vitro chemotaxis 
signaling of other aerotaxis sensors like Aer and HemAT. 
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Despite the inability to observe H-NOX and ligand dependence, Tar4 activated CheA2 
through mutation of methylation sites. This is the first known in vitro reconstitution of 
chemotaxis signaling in a member of Clostridia. Possible next steps may involve in vivo 
chemotaxis assays comparing wild type and deletion mutants of Tar4. Although it encodes the 
genes necessary of chemotaxis, Caldanaerobacter subterraneus is not motile69. Many species of 
Clostridia also encode homologs of Tar4, including the pathogens Clostridium botulinum and 
Clostridium tetani. C. botulinum does have a repellent response away from O2 gradients70. 
However, the chemoreceptor responsible for aerotaxis is unknown. It may also be possible to 
heterologously express Tar4 in a more closely related organism and test whether the 
chemoreceptor will regulate the endogenous CheA. This approach was carried out with Aer-2 
from P. aeruginosa and a strain of E. coli with all native chemoreceptors deleted35. Bacillus 
subtilis would be a better candidate for expression of Tar4, since sequencing has shown that 
MCP domains from Bacillus and Clostridium share a highly conserved signaling tip, indicating 
that chemoreceptors from these organisms can be swapped and will still interact with the 
endogenous CheA71. A strain of B. subtilis with deletions of ten chemoreceptors, ∆Ten, has 
previously been used to study HemAT36. Whichever method is used, further in vivo work may 
reveal the biological function of this unique chemoreceptor.  
2.8 Material and Methods 
Buffers used for protein work 

• Buffer A: 50 mM Na2HPO4 pH 8.0, 300 mM NaCl, 20 mM Imidazole, 5% Glycerol 
• Buffer B: 50 mM TEA pH 8.0, 150 mM NaCl, 10 mM MgCl2, 5% Glycerol 

Cloning and expression of chemotaxis genes 
Genomic DNA from Caldanaerobacter subterraneus subsp. tengcongensis MB4 was used 

for cloning of all che genes and tar4. All genes were separately cloned into pET20b E. coli 
expression vector. Che genes were transformed and expressed in E. coli BL21(DE3). Cs Tar4 
was transformed and expressed in E. coli RP523(DE3) with added hemin to ensure complete 
heme incorporation of the H-NOX domain. E. coli were grown to an optical density of 0.5 and 
200 µM IPTG was added to growth media to induce expression. Cells were incubated for 4 hours 
at 37 ˚C post-induction and harvested by centrifugation. Cell pellets were snap frozen and stored 
at -80 ˚C. 
Purification of chemotaxis signaling (Che) proteins 

All Che proteins (CheA2, CheW4, etc.) were expressed with an N-terminal His6-MBP tag. 
Cells were lysed with an Emulsiflex tissue homogenizer. Clarified lysate was poured over a 5 
mL column bed of Clontech His60 resin. The resin was washed with Buffer A and eluted with 
Buffer A with 300 mM imidazole. Protein was then left overnight at 4 ˚C with TEV protease to 
remove the tag. The next day the sample was poured over 5 mL resin bed of amylose (GE 
Healthcare) and washed with Buffer A. Flowthrough was run through a size exclusion column: 
Superdex 75 for CheW and CheY proteins, and Superdex 200 for CheA proteins. Fractions 
containing each protein were stored in Buffer B, snap frozen, and stored at -80 ˚C. 
Isolation of E. coli membranes containing Tar4 

E. coli RP532(DE3) containing overexpressed Cs Tar4 was resuspended in Buffer A and 
lysed as described above. Isolation of cell membranes was performed as described here 72. 
Briefly lysate was centrifuged at 5,000 x g for 15 min to remove cell debris. The supernatant was 
then transferred to Type 45Ti ultracentrifuge tubes (Beckman Coulter) and spun down at 40000 
rpm for 1 hour by ultracentrifugation. The pellet was then resuspended in Buffer B and added to 
centrifuge tubes containing a 10-70% sucrose gradient. Sucrose gradients were centrifuged for 
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16 hours at 32000 rpm in an SW32 swinging bucket rotor. Remaining cell debris was pelleted at 
the bottom of the sucrose gradient. Cell membranes were suspended in the middle of the gradient 
and collected using a Pasteur pipet. Cell membranes were diluted in Buffer B containing no 
sucrose and pelleted one more time in a Type 45Ti rotor at 40000 rpm for 1 hour. Pellet was 
resolubilized in Buffer B, snap frozen, and stored at -80 ˚C.  
Detergent solubilization, purification, and incorporation of Tar4 into nanodiscs 

Purification and nanodisc incorporation of Tar4 was performed identically to the protocol for 
E. coli Tar described here, but with the following exceptions72. Tar4 was solubilized in 12 mM 
nonyl-beta-D-maltoside (Affymetrix). Molar ratios of 1:1 or 1:2 MSP:Tar4 were used to make 
nanodiscs. After nanodisc incorporation, the reaction mixture was run through a Superose 6 gel 
filtration column (GE Healthcare). Fractions containing both Tar4 and MSP were collected and 
pooled. Tar4 containing nanodiscs were stored in Buffer B, snap frozen, and stored at -80 ˚C.  
CheR methylation experiments 

MCP methylation assays were conducted similarly to previously described protocols 73,74. 
Reaction mixtures (1000 µL) contained final concentrations of 5 µM MCP205-602, 100 µM S-
adenosylmethionine pre-warmed to 50 °C in 50 mM TEA pH 7.5, and 250 mM NaCl. Reactions 
were initiated with the addition of pre-warmed CheR (final concentration: 0.5 µM). Aliquots 
(200 µL) were taken at time points of 0, 60, 120 min, and 24 hours to ensure complete 
methylation and directly added to protein digestion mixture. Protein digests were performed 
overnight at 37 °C. Digest mixtures, 200 µL total volume, contained: 147 µL methylation 
reaction mixture added to final concentrations of 50 mM Tris pH 7.5, 1 M urea, 1mM CaCl2, 7 
ng/µL Trypsin, 0.0075 ng/µL Glu-C. Digested peptides were desalted using C18 Zip-Tips. 
Peptides were sequenced by ESI-MS/MS. Mass spectrometry was performed and data was 
analyzed by Anthony Iavarone at the UC Berkeley QB3 mass spectrometry core facility. 

For radiolabeled experiments, 0.2 µM 14C-SAM (Perkin Elmer) was mixed with the 
unlabeled SAM substrate. Reactions were quenched in 6x SDS loading dye and run on Tris-
glycine SDS-PAGE gel (Biorad). Methylated Tar4 was imaged using storage phosphor and the 
Typhoon imaging system (GE Healthcare). 
CheA activity assays 

 All experiments were performed in Buffer B and 2 µM CheA2 was used. Stoichiometry of 
CheW4 and Tar4 were based off cellular stoichiometry of chemotaxis proteins75. For these 
assays, 6 µM CheW4 and 3 µM Tar4 were used in reaction mixtures. For autophosphorylation 
measurements, no CheY was added. To measure phosphotransfer, an excess of 40 µM CheY was 
used. Reactions were initiated by adding 1 mM ATP and 2.5 µCi 32P-gamma-ATP. Time points 
were measured for 30 and 60s, and reactions were quenched in 6x SDS loading dye with 100 
mM EDTA. Samples were run on SDS-PAGE gel (Biorad) and phosphorylation of CheA2 or 
CheY were measured by storage phosphor and the Typhoon imaging system (GE Healthcare). 
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III 
Structural and Functional Evidence Indicates Selective Oxygen Signaling in Caldanaerobacter 

subterraneus H-NOX 
 

Adapted from a previous work published in ACS Chemical Biology with the following 
authors.  
Charles W. Hespen*, Joel J. Bruegger*, Christine M. Phillips-Piro and Michael A. Marletta 

* Denotes authors contributed equally to this work 
 
3.1 Background and Significance 
 Sensing of distinct diatomic gas ligands is crucial for microbial fitness. Gaseous ligands 
can be signals for nutrient signaling (e.g. O2 and CO). Gaseous molecules can also be directly 
toxic or be precursors to harmful reactive oxygen or nitrogen species (e.g. O2 and NO). Bacteria 
have evolved a variety of signaling proteins utilizing heme cofactors to directly coordinate and 
sense gaseous molecules40,76. One protein sensor found in diverse groups of bacteria, Heme 
Nitric Oxide/Oxygen binding (H-NOX) proteins, were originally identified as bacterial 
homologs of the primary mammalian NO sensor, soluble guanylate cyclase (sGC) 42-44,77.  

Bacterial H-NOX domains can be divided into two subfamilies based on ligand-binding 
specificity. The first subfamily is found in facultative anaerobes, most commonly 
gammaproteobacteria (e.g. Shewanella oneidensis and Vibrio cholerae). These H-NOX proteins 
function in concert with a signaling partner that is either a histidine kinase or a cyclic-di-GMP 
cyclase/phosphodiesterase fusion protein55,61. As with the H-NOX domain at the N-terminus of 
the eukaryotic sGC β-subunit, H-NOX proteins from facultative anaerobes are specific NO 
sensors that do not form a stable complex with O2

78. These bacterial H-NOX domains regulate 
biofilm formation or quorum sensing circuits in an NO-dependent manner (Fig. 1A)57,59,62,79.  

The second subfamily of bacterial H-NOX domains are found in obligate anaerobes, most 
commonly from the class Clostridia. This H-NOX subfamily is found as a domain fused to 
methyl-accepting chemotaxis proteins (MCPs) and may act as direct gas sensors for chemotaxis 
signaling (Fig. 1B). Ligand-binding and structural characterization has been performed on the 
isolated H-NOX domain from the thermophilic Clostridia member, Caldanaerobacter 
subterraneus (formerly known as Thermoanaerobacter tengcongensis)69,80. Unlike the NO-
sensing H-NOX domains, Cs H-NOX can form a high-affinity, stable 6-coordinate Fe(II)-O2 
complex46. A conserved H-bonding network composed of tyrosine (Y140), tryptophan (W9) and 
asparagine (N74) residues is directly involved in O2 binding49. Substitution of Y140 with a 
hydrophobic residue (Y140L or Y140F) decreases affinity for O2, and a double mutant 
(Y140L/W9F) has no measurable affinity for O2

50,51. This triad of residues is not present in H-
NOX proteins that do not bind O2. However, the H-NOX from Legionella pneumophila stably 
binds O2 after mutation of a distal pocket phenylalanine to tyrosine (F142Y)50. Recently, the 
ligand-binding properties of the H-NOX from Clostridium botulinum were characterized and 
also shown to form a stable Fe(II)-O2 complex that is lost upon substitution of the distal pocket 
tyrosine with phenylalanine (Y139F)48, which indicates that O2-binding is a common feature in 
H-NOX proteins from Clostridia.  

Recent structural work has elucidated the conformational changes involved in signaling 
of NO-specific H-NOX proteins. The Fe(II)-unliganded and Fe(II)-NO crystal structures (4U99 
and 4U9B) of the H-NOX from Shewanella oneidensis (So H-NOX) show that when NO is 
coordinated to the heme, the proximal histidine ligand (H103) is displaced, forming a 5-
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coordinate NO complex, and leading to a structural rearrangement of a nearby conserved proline 
(P116) residue in van der Waals contact with the proximal side of the heme. Movement of the 
proline away from the heme and loss of the proximal histidine ligand allow the porphyrin to 
migrate towards the distal subdomain of the protein, inducing a modest conformational change54. 
This conformational change inhibits the activity of a cognate histidine kinase (HnoK)55.  

Cs H-NOX forms a 6-coordinate Fe(II)-NO complex at room temperature and a 5-
coordinate complex at physiological growth temperatures (>65 °C) of C. subterraneus46. Crystal 
structures mimicking a 5-coordinate Fe(II)-NO Cs H-NOX with a substitution of either the 
conserved histidine or proline residues (H102G or P115A) display a similar conformation to that 
observed in Fe(II)-NO So H-NOX81,82, which suggests that O2-binding H-NOX domains may 
also function as NO sensors. However, the signaling function of Cs H-NOX has not been 
explored, nor have crystal structures of wild-type Cs H-NOX bound to other gaseous ligands 
(e.g. NO and CO) been reported. The fusion H-NOX-MCP encoded by C. subterraneus may 
signal for a repellent chemotactic response to acute concentrations of NO or O2, which would be 
toxic at high concentrations83-85. Alternatively, the H-NOX-MCP may act as a form of nutrient 
sensing for CO since Cs H-NOX also forms a stable Fe(II)-CO complex and C. subterraneus can 
oxidize CO80. 

In this work, crystal structures of Fe(II)-unliganded, -NO, and -CO wild-type Cs H-NOX 
domain are reported. When compared to the previously reported Fe(II)-O2 structure, Fe(II)-
unliganded Cs H-NOX displays a substantial conformational change. This conformational 
change is similar, albeit more pronounced, to that observed in Fe(II)-NO crystal structure of So 
H-NOX54. Fe(II)-NO and -CO Cs H-NOX share very similar conformations when compared to 
the Fe(II)-O2 structure indicating that O2-binding H-NOX domains may be sensors for gas 
ligands that form 6-coordinate complexes. To investigate the physiological relevance of diatomic 
gas binding, orthogonal kinase signaling assays were performed with Cs H-NOX and the HnoK 
from V. cholerae. Not only does Cs H-NOX regulate activity of a signaling effector from another 
organism, but results also suggest that Cs H-NOX is a specific O2 sensor that requires the distal 
pocket H-bonding network in signal transduction.   

 

 
Figure 1. Bacterial H-NOX domains. A) H-NOX domains from facultative anaerobes are commonly 
contained within the same operon as a histidine kinase. These H-NOX domains regulate histidine kinase 
activity in an NO-dependent manner. Downstream phenotypes include biofilm formation and regulation of 
quorum sensing circuitry. B) H-NOX domains from obligate anaerobes are fused to methyl-accepting 
chemotaxis protein (MCP) domains with two transmembrane helices (TM) connecting both domains. 
These H-NOX proteins can form a stable Fe(II)-O2 complex. However, the physiological gas ligand 
involved in signaling has not been definitively identified. 
 
3.2 Results and Discussion 
Crystal structure of Fe(II)-unliganded Cs H-NOX. Previously solved Cs H-NOX Fe(II)-O2 
structures (PDB 1U55, 3TF0) reported a novel fold organized by two subdomains with a highly 
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distorted heme housed at the subdomain interface 49,86. The “distal” subdomain is composed of 5 
α-helices while the “proximal” subdomain has four β-sheets along with one α-helix. In this work, 
the Fe(II)-unliganded crystal structure of Cs H-NOX was solved to 2.3 Å resolution (Fig. 2A, 
Table 1). In order to prevent exposure to O2, crystals were grown, harvested, and frozen in an 
anaerobic glovebag before analysis at the Advanced Light Source (ALS) for X-ray diffraction. 
The crystals were confirmed to be in the unliganded Fe(II) oxidation state by collecting a 
UV/Vis spectrum from dissolved crystals. There are 6 monomers in the asymmetric unit of the 
Fe(II)-unliganded structure. Aligning each monomer to each other reveals there are no major 
conformational differences; the RMSD values were lower than 0.3 Å (Example of monomers A 
and B overlaid in Fig. 2A). Composite omit maps contoured to 2.0 σ indicate no electron density 
for a 6th ligand in the distal pocket bound to heme (Supplementary Fig. 1A). When the proximal 
domains of the Fe(II)-unliganded and the Fe(II)-O2 structures are aligned (residues 91-176), the 
Fe(II)-unliganded H-NOX displays a significant conformational shift (~4.5 Å) of the distal 
subdomain (Fig. 2B). The heme-binding pocket displays substantial changes compared to the 
Fe(II)-O2 structure. First, the proximal histidine (H102) is rotated ~90° along the Fe-N 
coordination axis (Fig. 2C). Second, the porphyrin is substantially flattened in the unliganded 
structure and resembles the porphyrin from the crystal structure of Cs H-NOX P115A (PDB 
3EEE81) (Fig. 2C). Finally, the distal pocket H-bonding network that stabilizes the O2-complex 
moves away from the plane of the heme (Fig. 2C). In the absence of O2, each residue shifts ~1.2 
(Y140), 1.7 (W9), and ~2.7 Å (N74). However, hydrogen-bonding distances between W9 & 
Y140, and N74 & Y140 are still preserved in the unliganded structure (Fig. 2A). 
 

 
Figure 2. A) The crystal structure of Fe(II)-unliganded Cs H-NOX. Monomers A (salmon) and B (dark 
salmon) overlay of proximal subdomains (residues 91-176). The H-bonding network composed of W9, 
Y140, and N74 is intact. H-bonding distances between W9 and Y140 is 3.0 Å, and between N74 and 
Y140 is 2.5 Å. B) Alignment of Fe(II)-unliganded (salmon) and Fe(II)-O2 (3TF0, orange) proximal 
subdomains. Fe(II)-unliganded displays an approximate 4.5 Å shift of the distal subdomain. C) Alignment 
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of Fe(II)-unliganded (salmon) and Fe(II)-O2 (orange) detailing the heme-binding pocket. In the unliganded 
structure, the H-bonding network moves away from the heme while the H-bonding network of 3TF0 
structure is held in place by the O2 ligand. The proximal histidine rotates 90° around the Fe-N 
coordination axis, and the heme is greatly flattened in contrast to the oxy-bound structure. 
 
 While similar, the global conformational change from the O2-liganded to unliganded Cs 
H-NOX is even more pronounced than the change observed in the unliganded to NO-liganded H-
NOX from Shewanella oneidensis (So) 53,54. Upon formation of the 5-coordinate Fe(II)-NO in So 
H-NOX, displacement of the proximal histidine and movement of P116 away from the porphyrin 
allows the heme to relax. Movement of the heme induces rotation of the distal subdomain along 
a pivot point composed of two glycine residues (G70 and G144). Due to their strict conservation 
in H-NOX domains and the observed conformational change, these residues have been termed 
the “glycine hinge” 53,54,87. In both O2-liganded and unliganded Cs H-NOX, the Fe-His bond 
remains intact, yet significant heme flattening and distal subdomain rotation are still observed in 
the unliganded structure, similar to the changes observed in the Fe(II)-NO structure of So H-
NOX. Movement of H-bonding residues in the distal pocket from the loss of O2 interactions may 
contribute to the overall conformational shift. In particular, N74 is situated on the same helix as 
one of the conserved glycine hinge residues (G71). As N74 shifts in the absence of the O2 ligand, 
the corresponding helix also moves, resulting in an approximate 8° rotation along the glycine 
hinge (Fig. 3A).  
 The flattening of the heme may also be attributed to the conformational shift of the H-
bonding network. W9 is situated on the same helix as I5, a residue in van der Waals contact with 
the porphyrin that also contributes to distortion88. Movement of this helix causes I5 to rotate 
away from the adjacent pyrrole moiety of the heme and triggers an approximate 16° relaxation of 
the heme (Fig. 3B). The shift of proximal P115 away from the porphyrin also appears to 
contribute to the more planar heme. Previous crystal structures of the I5F or P115A point 
mutants show that these mutations not only affect porphyrin distortion, but also induce a 
conformational change similar to the wild-type unliganded Cs H-NOX47,81. Due to the close van 
der Waals interactions of these two residues with the respective sides of the heme, it is 
conceivable that each residue is balanced on opposite ends of a “seesaw”. Movement of one 
residue affects the position of the other and vice versa. This explains why a substantial shift in 
P115 is observed despite the presence of an intact Fe-His bond. 
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Figure 3. View of the conformational changes and porphyrin distortion in Cs H-NOX. Residues from the 
distal pocket H-bonding network are near regions where significant structural changes occur (overlay of 
proximal subdomains residues 91-176). A) N74 of Cs H-NOX is situated on the same helix as G71 of the 
glycine hinge (blue), which exhibits a substantial 8° shift from the O2-liganded H-NOX (3TF0, orange) to 
the unliganded H-NOX (salmon). B) The helix with W9 and I5 is part of the distal subdomain, which 
displays the largest movement. I5 rotates away from the heme in the unliganded structure, allowing the 
adjacent pyrrole moiety to adjust by about 15°, causing significant flattening of the porphyrin. P115, 
another residue contributing to heme distortion, is also shifted away from the porphyrin. 
 

Crystal Structures of NO & CO coordinated Cs H-NOX.  The unliganded structure 
displays a major conformational change compared to the O2 structure. No crystal structures have 
been reported for wild-type Cs H-NOX bound to other ferrous heme gas ligands, therefore, 
structures of Fe(II)-NO and -CO were each solved at 1.95 Å (Fig. 4A, Table 1). Crystals for both 
ligation states were treated similarly to Fe(II)-unliganded in that they were grown and flash-
frozen by liquid N2 in an anaerobic chamber to prevent O2 ligand exchange. Composite omit 
maps contoured at 2.0 σ indicated electron density for a diatomic ligand bound to the distal 
pocket of both structures (Supplementary Fig. 1B, C). Similar to Fe(II)-O2, both NO- and CO-
liganded structures have two monomers in the asymmetric unit, and the ligands form 6-
coordinate complexes with heme.  

An alignment of the proximal subdomain (residues 91-176) of monomer A to monomer B 
in the Fe(II)-O2 crystal structure reveals they are essentially rigid with no significant differences 
in conformation (Supplementary Fig. 2). The same is true of an alignment among each Fe(II)-
unliganded proximal subdomain monomer (Fig. 2A). For both NO- and CO-liganded structures, 
however, monomers A and B show a modest conformational shift in the distal subdomain with 
RMSD values of approximately 0.8 Å between monomers A and B for each structure (Fig. 4A). 
A closer look of the heme-binding pockets reveals subtle shifts in residues involved either in the 
H-bonding network or in heme distortion (Fig. 4B). The alternate conformations of NO- and CO- 
liganded structures indicate an intermediate overall conformation that lies between Fe(II)-O2 and 
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-unliganded structures. The overall structure and heme-binding pockets of monomers A of NO- 
and CO-liganded structures are very similar to Fe(II)-O2 (Fig. 4A and B). This implies there is 
conformational flexibility in both the NO- and CO-liganded structures, while the Fe(II)-O2 and 
Fe(II)-unliganded structures are more rigid. NO and CO ligands have weaker negative dipole 
relative to O2, and so it is possible that the H-bonding to Y140 is weakened leading to flexibility 
in the distal subdomain and formation of an intermediate conformation between active and 
inactive states.  

Although Cs H-NOX forms a 6-coordinate complex with NO at room temperature, at 
thermophilic growth temperatures for C. subterraneus (65–75° C), the H-NOX forms a 5-
coordinate NO complex (Supplementary Fig. 3)52. The O2-binding H-NOX domain from C. 
botulinum also forms a 5-coordinate NO complex at room temperature48. The previously 
reported crystal structure of Cs H-NOX H102G is a 5-coordinate NO mimic that does not have 
the His Nε1-Fe bond (replaced by free imidazole) due to mutation of the proximal histidine. This 
structure displays a similar conformation to wild-type Fe(II)-unliganded Cs H-NOX82. While the 
H102G mutation may not precisely mimic a 5-coordinate NO complex, there are conformational 
similarities between wild-type Fe(II)-unliganded and the 5-coordinate NO mimic where the 
downstream signaling effector of Cs H-NOX is likely not capable of distinguishing Fe(II)-
unliganded and Fe(II)-NO in vivo, hence Cs H-NOX is likely not a NO sensor. The H-bonding 
network (W9, N74, Y140) that undergoes a large conformational shift away from the heme is 
conserved in all H-NOX domains from Clostridia, which have been shown to form stable O2 
complexes48. Combining the conformational changes observed in the Fe(II)-unliganded structure 
of Cs H-NOX with the absolute conservation of the distal pocket H-bonding residues in 
Clostridia, H-NOX domains from obligate anaerobes may be sensors for gas ligands that form 6-
coordinate complexes, e.g. CO or O2. 

 

 
Figure 4. A) Crystal structures of Fe(II)-NO monomers A and B (dark blue and cyan) and Fe(II)-CO (green 
and yellow) Cs H-NOX overlay of proximal subdomain residues 91-176. Modest conformational shifts in 
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the distal subdomain are visible. Alignment of Fe(II)-NO and –CO monomers A with the Fe(II)-O2 
structure (3TF0, orange) indicates there are little to no changes in overall protein conformation. B) 
Detailed view of the heme-binding pocket. Images of heme pockets correspond to structures in previous 
panel. Slight variability can be observed in the heme pocket between monomers A and B of both Fe(II)-
NO and -CO. Overlay with the heme pocket of Fe(II)-O2 indicates positions of heme pocket residues are 
largely conserved. Positions of the H-bonding network residues, distortion of the heme, and conformation 
of the proximal histidine are nearly identical in monomers A of all three structures. 
 

Cs H-NOX orthogonal signaling assays. All O2-binding H-NOX domains are fused to 
methyl-accepting chemotaxis proteins (MCPs). Exhaustive attempts to reconstitute chemotaxis 
signaling in vitro with the full-length H-NOX-MCP and its cognate signaling effectors, Cs CheW 
and CheA were performed. However, ligand dependent regulation of CheA autophosphorylation 
was not achieved. The reasons for this are unclear. Expression, and purification of the full-length 
H-NOX-MCP was optimized. The full-length H-NOX-MCP is an integral membrane protein and 
various methods to reconstitute the full-length protein were employed including nanodisc 
reconstitution, detergent purification, and liposome reconstitution. The MCP domain can 
regulate Cs CheA (this was observed through mutation of the methylated glutamates to 
glutamines in the MCP). However, H-NOX liganded or oxidation state dependence was not 
observed. Experiments with Clostridium sporogenes H-NOX-MCP were also attempted, 
however this protein was very unstable and purified with very poor heme incorporation (data not 
shown).  

Cs H-NOX shares modest sequence homology with the NO-signaling H-NOX protein 
from V. cholerae. However, there is high similarity between both H-NOX proteins near the N-
terminal helix, which has been implicated as a primary signaling helix in other bacterial H-NOX 
proteins (Supplementary Fig. 4A)61. Because of these similarities, the H-NOX-associated 
histidine kinase from V. cholerae (Vc HnoK) was used as an orthogonal signal output to measure 
function of Cs H-NOX. Vc HnoK autophosphorylation of a conserved histidine residue (H71) is 
specifically inhibited by the NO-liganded 5-coordinate complex of Vc H-NOX but active with 
Fe(II)-unliganded or CO complex of Vc H-NOX (Supplementary Fig. 4B).  
 Vc H-NOX is predicted to undergo the same conformational changes observed in the So 
H-NOX structures. Therefore, Fe(II)-unliganded Cs H-NOX and Fe(II)-NO Vc H-NOX likely 
have similar conformations. Conversely, Fe(II)-O2 Cs H-NOX should have the same 
conformation as Fe(II)-unliganded Vc H-NOX. Thus, Fe(II)-unliganded Cs H-NOX should 
inhibit Vc HnoK autophosphorylation while Fe(II)-O2 should not inhibit Vc HnoK activity. To 
test this, increasing amounts of either unliganded or O2 Cs H-NOX were added to Vc HnoK 
(UV-Vis spectra of wild-type Cs H-NOX Fig. 5A). Unliganded H-NOX inhibited HnoK 
autophosphorylation in a concentration dependent manner. With a 10:1 molar ratio of unliganded 
Cs H-NOX to kinase, Vc HnoK displayed approximately 40% autophosphorylation while 10 
equivalents of the O2-complex retained at least 80% HnoK activity (Fig. 5B). Although they 
exhibit a closer conformation to Fe(II)-O2, NO- and CO-liganded H-NOX also inhibited HnoK 
with 10 equivalents of H-NOX to HnoK (Fig. 5C). In control experiments containing only 
HnoK, excess amounts of NO and CO gas had little or no effect on kinase autophosphorylation 
(Supplementary Fig. 5).  

Monomers A of NO- and CO-liganded H-NOX structures are very similar to the Fe(II)-
O2 structure, so it was surprising at first that they behave so differently in the kinase assay. 
Monomers B of NO- and CO-liganded H-NOX structures, however, appear in a more 
intermediate conformation between Fe(II)-O2 and the unliganded structures. This may indicate 
that each monomer is in a local minimal free-energy conformation, which translates to 



 25 

conformational mobility when free in solution and acts more similarly to unliganded H-NOX. In 
the Fe(II)-CO structure, it appears that CO forms an H-bond with Y140. However, resonance 
raman spectroscopy has indicated that CO does not H-bond with Y14089. Based on the two 
conformations of NO- and CO-liganded monomers in the structure, it is possible that interactions 
between NO or CO and Y140 are not strong enough to preserve the H-NOX conformation in 
solution and in the presence of a signaling partner. A ligand with a stronger negative dipole like 
O2 may be necessary to lock Cs H-NOX in a specific conformation90. In addition, the previously 
reported structure of the 5-coordinate Fe(II)-NO mimic, H102G, indicates that the conformation 
of 5-coordinate Fe(II)-NO and Fe(II)-unliganded Cs H-NOX would be indistinguishable to the 
cognate signaling effector82. Taken together, these results suggest that in vivo, when Cs H-NOX 
is fused to its partner MCP, it could specifically distinguish and sense O2 and induce a repellent 
response.  

To probe the functional importance of the distal H-bonding network in Cs H-NOX, the 
double mutant W9F/Y140L was used in HnoK regulation assays. This double mutant, which 
removes the key H-bonding residues, has no measurable affinity for O2, but will form stable 6-
coordinate complexes with NO and CO50. Unliganded, NO, and CO complexes of the double 
mutant were prepared of Cs H-NOX double mutant (Fig. 5D). Approximately 60–80% HnoK 
autophosphorylation was measured in the presence of 10 equivalents of the Cs H-NOX double 
mutant compared to the kinase-only control (Fig. 5E). It appears that the double mutant can no 
longer inhibit HnoK to the same extent as Fe(II)-unliganded, -NO, or -CO wild-type Cs H-NOX. 
In the presence of wild-type H-NOX in those liganded states, HnoK autophosphorylation is 
≤40% compared to the kinase-only control. These results suggest that the H-bonding network 
plays a role in distinguishing O2 from other ligands. Without key H-bonding network residues, 
Cs H-NOX cannot shift conformation and, therefore, will not properly regulate its cognate 
signaling partner. In a different family of heme-based oxygen sensors, the globin-coupled 
sensors (GCS) also require a H-bonding donor to stabilize O2-binding. These H-bond donors are 
often conserved tyrosine or arginine residues and have been shown in crystal structures without a 
gas ligand to shift in conformation91.  
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Figure 5. Probing Cs H-NOX function with Vc HnoK. A) Electronic absorption spectra of wild-type Cs H-
NOX. The Soret peaks of each ligand complex are as follows: Fe(II)-unlig = 431 nm, O2 = 416 nm, NO = 
420 nm, and CO = 423 nm. B) Measurement of Vc HnoK autophosphorylation (with radiolabeled γ-32P-
ATP) with increasing molar equivalents of Cs H-NOX Fe(II)-O2 or -unliganded. From light red to deep 
crimson is relative autophosphorylation Vc HnoK with 1, 5, or 10 equivalents of Fe(II)-O2 H-NOX, and 
from yellow to orange is with increasing equivalents of Fe(II)-unliganded H-NOX. A p-value of 0.0115 was 
calculated to compare relative HnoK autophosphorylation with 10 eq. Fe(II)-O2 H-NOX and Fe(II)-
unliganded H-NOX. C) HnoK autophosphorylation with 10 eq. of either unliganded, O2, NO, or CO Cs H-
NOX. D) Electronic absorption spectra of Cs H-NOX double mutant (W9F/Y140L). The Soret peaks for 
each ligand complex are: Fe(II)-unlig = 429 nm, NO = 420 nm, CO = 423 nm. E) Cs H-NOX-dependent 
HnoK inhibition is abrogated in the presence of the double mutant. HnoK autophosphorylation was 
performed with 10 eq. of either unliganded, NO, or CO Cs H-NOX double mutant. 
 

Concluding Remarks. The role of H-NOX in bacterial NO signaling has been established 
through a multitude of in vivo and in vitro studies55,57,59,79,92. However, little is known about the 
function of H-NOX domains in anaerobic bacteria. In vitro measurements indicate that Cs H-
NOX has a remarkably low Kd for molecular oxygen (48–90 nM ) 47,50, C. botulinum H-NOX has 
a reported Kd of 53 µM48, and the H-bonding residues essential for this strong affinity are 
conserved in all H-NOX domains encoded by species of the class Clostridia42. Based on these 
results, Cs H-NOX has been predicted to be a sensor for molecular oxygen, in which O2-binding 
would induce a repellent chemotactic response in obligate anaerobic bacteria. Oxygen-sensing 
H-NOX domains have been characterized in a small subset of sGCs from Caenorhabditis 
elegans and Drosophila melanogaster93,94. However, the physiological role of O2-binding 
bacterial H-NOX proteins has yet to be explored. From this work, the structure of Fe(II)-
unliganded Cs H-NOX exhibits a substantial conformational change compared to H-NOX in 
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complex with O2, while monomer B of NO- and CO-liganded H-NOX are in an intermediate 
conformation. Also, this work has shown the first evidence, albeit through orthogonal means, 
that Cs H-NOX signaling is specific for O2. Cs H-NOX can regulate activity of a histidine 
kinase, Vc HnoK, which natively interacts with the H-NOX from V. cholerae. The ability for Cs 
H-NOX to regulate its signaling partner is also, in part, dependent on the presence of the H-
bonding network. The contrasting conformations observed in Cs H-NOX Fe(II)-unliganded and 
Fe(II)-O2 suggest a potential mechanism of O2 sensing. Fe(II)-O2 Cs H-NOX resembles the 
conformation of an unliganded NO-sensing H-NOX domain (nominally termed “Form I”). H-
bonding of O2 with Y140 stablizes the H-NOX in “Form I”. Fe(II)-unliganded Cs H-NOX 
resembles the conformation of an NO-sensing H-NOX coordinated to NO (nominally termed 
“Form II”). This conformation occurs because without O2, there is no H-bond to Y140. This 
causes a displacement of the distal triad H-bonding network (Y140, W9, N74) and a concomitant 
conformational shift (Fig. 6A, B). Even though O2-binding H-NOX proteins have been studied 
for over a decade49, biological function of these domains remains ambiguous. Further exploration 
into the function of Cs H-NOX and other homologs from Clostridia will yield important insight 
into novel gas sensing mechanisms.  
 

 
Figure 6. Activation schemes of Cs H-NOX. A) Activation of NO sensing H-NOX domains (e.g. V. 
cholerae H-NOX) involves formation of a 5-coordinate NO complex, which causes a displacement of the 
proximal Fe-His bond, relaxation of the porphyrin by movement of P115 away from the heme, and 
conformational shift of the distal sub-domain from “Form I” to “Form II”. B) Activation of the O2 sensing H-
NOX proteins also involves a conformational shift of the distal sub-domain. However, the Fe(II)-
unliganded protein inherently demonstrates a conformation closer to “Form II”. Binding of molecular 
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oxygen (or possibly another negative dipole ligand that can form a 6-coordinate complex) is required to 
interact with the distal H-bonding residues (W9, Y140, and N74). These residues are pulled closer to the 
heme, shifting the distal subdomain to “Form I”. The helix comprising both W9 and I5 moves closer to the 
heme, rotating I5 toward its nearby pyrrole group and inducing significant porphyrin distortion. 
 
3.3 Materials and Methods 

Protein expression. The vector pET-20b was used for expression of Cs H-NOX wild-
type. For expression of Cs H-NOX W9F/Y140L (double mutant), pET-28b golden gate (GG) 
was used95. The gene encoding Vc HnoK was cloned into and expressed from HisMBP parallel 
vector96,97. Cs H-NOX was over-expressed in E. coli RP523(DE3) supplemented with 30 µg/mL 
Hemin as reported previously98,99. Plasmid encoding Vc HnoK was transformed into BL21(DE3) 
onto LB agar plates with 100 µg/mL Ampicillin. Colonies were grown in 25 mL starter culture 
of LB-Amp for 20 hours, and 10 mL of starter culture was used to inoculate 2 L Terrific Broth 
(Research Products International T15000). Cultures were grown in an incubator/shaker at a 
temperature of 37 °C shaken at 220 rpm. Cells were grown to an optical density (OD600) of 0.5. 
The temperature was lowered to 18 °C and induced with 200 µM isopropyl β-D-1-
thiogalactopyranoside (IPTG). Cells were harvested by centrifugation (4000 rpm Beckman 
Coulter JS-4.2), and cell pellets were frozen and stored at –80 °C. 

Protein purification. Cs H-NOX used for crystallography was purified without any 
affinity tag according to previously described protocols46,100. Cs H-NOX (wild-type and double 
mutant) used in kinase assays was purified with a C-terminal 6×-histidine tag. Frozen cell pellets 
were thawed at room temperature, resuspended in Buffer A (50 mM Na2HPO4 pH 8.0, 300 mM 
NaCl, 20 mM imidazole, 5% (v/v) glycerol) and lysed (Avestin Emulsiflex-C5 homogenizer). 
Lysate was cleared by ultracentrifugation (100,000 x g in a Beckman Coulter Optima XL-100K 
ultracentrifuge with a type 45 Ti rotor). Supernatant was poured over a 2 mL column of Ni-IDA 
His60 resin (Clontech). His60 resin was washed with 20 column volumes of Buffer A, and H-
NOX was eluted with 3 column volumes of Buffer B (50 mM Na2HPO4 pH 8.0, 300 mM NaCl, 
300 mM imidazole, 5 % (v/v) glycerol). H-NOX was then injected and passed through a 16/60 
Superdex 75 pg (GE Healthcare) in Buffer C (50 mM TEA pH 8.0, 150 mM NaCl, 10 mM 
MgCl2, 5 % (v/v) Glycerol). Fractions corresponding to H-NOX were pooled, concentrated to 
about 30 mg/mL, snap frozen in liquid N2, and stored at –80 °C. Wild-type Cs H-NOX was 
purified as a Fe(II)-O2 complex and W9F/Y140L had no observable affinity for O2. 

Vc HnoK was purified in a similar manner to Cs H-NOX but with the following changes. 
HnoK was expressed with an N-terminal 6×-His-MBP-TEV tag. After elution from the His60 
resin, the TEV site was cleaved overnight with TEV protease (1:10::TEV:HnoK). A 5 mL 
column of amylose resin (GE Healthcare) was used to separate the 6×-His-MBP tag from the 
kinase. HnoK was then injected and ran through a 16/600 Superdex 200 pg (GE Healthcare) in 
Buffer C. Fractions corresponding to HnoK were pooled, concentrated to about 4 mg/mL, snap 
frozen, and stored at –80 °C. 
H-NOX ligand state preparation. Wild-type or mutant Cs H-NOX was brought into an anaerobic 
chamber (MBraun). All buffers and reagents used in H-NOX handling were flushed with inert 
gas (Argon or N2). Wild-type H-NOX was purified as a Fe(II)-O2 complex. H-NOX was 
oxidized with 20 mM potassium ferricyanide at 40 °C and desalted through a PD MiniTrap G-25 
(GE Healthcare). Sodium dithionite (20 mM) was used to reduce H-NOX, and desalted in a PD 
MidiTrap G-25 (GE Healthcare). The Fe(II)-NO complex was formed by adding a final 
concentration of 500 µM PROLI-NONOate (Cayman Chemical Company) to Fe(II)-unliganded 
protein. The Fe(II)-CO complex was formed by filling the headspace of an air-tight Reacti-
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Vial™(Thermo Fisher Scientific) containing Fe(II)-unliganded protein with CO gas. All H-NOX 
ligand states were confirmed by UV-Vis spectroscopy (Nanodrop 2000C).  
Cs H-NOX protein crystallography. All crystal reagents and buffers were flushed with argon and 
sealed prior to being placed in an anaerobic glovebag (Coy). Fe(II)-unliganded, NO, and CO 
complexes were formed as described above. Sodium dithionite (1 mM) was added to Fe(II)-
unliganded to ensure the heme remained in the ferrous state. An additional 500 µM DETA-
NONOate (Cayman Chemical Company) was added to the NO-bound conditions. Cs H-NOX 
heme ligand state was spectrally confirmed as either Fe(II)-unliganded, NO-bound or CO-bound 
before conducting crystallization screening. 
 Crystal conditions were further optimized with each ligand state of Cs H-NOX using 
sitting drop trays with 500 µL well solution and 2 µL protein plus 2 µL well solutions in the 
drop. NO-bound required two rounds of microseeding for optimal diffraction-quality crystals. 
Crystals formed within 3 days and grew larger over the period of 1 week. In order to confirm the 
heme oxidation and ligand state of crystallized H-NOX, sample crystals were dissolved in 
anaerobic buffer and the ligand states were spectrally confirmed. Crystals were harvested in the 
anaerobic glovebag, cryoprotected in 10% (v/v) glycerol plus well and flash frozen in liquid 
nitrogen (LiN2). Once suspended in LiN2, crystals were removed from glovebag and shipped to 
the synchrotron facility at the Advanced Light Source (ALS) in Berkeley, CA for diffraction. 
X-Ray diffraction and structure elucidation. X-ray diffraction data were collected at ALS on 
beamlines 8.2.1 (for CO-bound) and 8.2.2 (for unliganded and NO-bound). The data were 
indexed, integrated, and scaled using HKL2000101. Initial phases of Fe(II)-unliganded structure 
were obtained through molecular replacement (PHENIX Phaser)102 with monomer A of the 
Fe(III)-Bis-imidazole structure of C. subterraneus H-NOX (PDB: 3LAH) (modified using 
PHENIX Sculptor)103, and an initial model was built using PHENIX Autobuild104. Initial phases 
of NO- and CO-bound structures were obtained through molecular replacement (PHENIX 
Phaser) with monomer A of the O2-bound structure of C. subterraneus H-NOX (PDB: 1U55) 
(modified using PHENIX Sculptor). Models were improved through multiple rounds of manual 
model building (COOT)105 and refinement (PHENIX Refine)106. Well defined density for both 
the unliganded heme or heme with either NO or CO ligands were readily identified and placed 
into the model (PHENIX LigandFit)107. At this point, heme conformational differences were 
clear based on differences in electron density. Water molecules were added with PHENIX 
Refine, and refinement of the model continued until final refinement statistics were obtained 
(Table 1). 
Cs H-NOX with Vc HnoK autophosphorylation assay. All kinase assays were performed in an 
anaerobic chamber (MBraun) at ambient temperature with reagents prepared anaerobically. 
Kinase assays were performed in Buffer C with a final concentration of 5 µM HnoK and 0, 5, 25, 
or 50 µM of Cs H-NOX. Mixtures of H-NOX and HnoK were incubated for 30 minutes to 
ensure formation of the functional complex. Autophosphorylation was initiated by adding a final 
concentration of 1 mM ATP with 2.5 µCi ATP [γ-32P] (Perkin Elmer). Assays were quenched at 
15 or 30 min. time points by adding SDS-loading dye with 20 mM EDTA. Phosphorylated 
kinase was resolved over SDS-PAGE (12 well Any-kD TGX gel, Biorad). The gel was rinsed 
with MilliQ water and dried overnight by vacuum. Dried gels were exposed for 2 hours on a 
phosphor imager plate (GE Healthcare) and imaged using a Typhoon Trio (GE Healthcare) set to 
storage phosphor mode and imaging at 200 µm resolution. Phosphorylated HnoK bands were 
quantified using ImageQuant software. Relative intensities of H-NOX-dependent HnoK 
autophosphorylation was normalized to a kinase-only control. Experiments were performed in 3 
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or 4 independent replicates and averaged. Error was reported in SEM and p-values were 
calculated using unpaired Student’s t-test.  
Accession codes: Coordinates for the crystal structures included in this work were deposited in 
the Protein Data Bank. Cs H-NOX Fe(II)-unliganded is 5JRU, Fe(II)-NO is 5JRV, and Fe(II)-CO 
is 5JRX.  
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Table 1. Crystallography statistics from this work. 
 
 
 
3.4 Acknowledgements 

  Cs H-NOX crystal statistics 
  Fe(II) Unliganded Fe(II) NO-bound Fe(II) CO-bound 

PDB Code: 5JRU 5JRV 5JRX 

Crystallization 
0.1 M NaI,  0.15 M NaI, 0.1 M LiCl,  

22% (w/v) PEG 3350 25% (w/v) PEG 3350 20% (w/v) PEG 3350 
Crystallographic data       

Beamline: ALS 8.2.2 ALS 8.2.2 ALS 8.2.1 
Wavelength (Å) 1.000 1.000 1.000 

Space Group P21 P21212 C2 

Cell Dimensions (a, b, c) (Å) 86.26, 70.45, 108.42 80.39, 127.63, 42.94 90.86, 127.20, 42.70 
  α=γ=90˚ α=β=γ=90˚ α=γ=90˚ 
  β=104.93   β=95.79 

Resolution (Å) 44.92-2.30 49.98-1.95 38.19-1.95 
No. of observations 111600 222907 165134 

No. of unique observations 55576 32785 35087 
Completeness, % 99.7 (96.5) 99.4 (100) 99.9 (100) 

I/σ(I) 17.12 (7.27) 14.9 (3.67) 14 (3.75) 

Rmerge, % 0.22 (0.81) 0.093 (0.434) 0.084 (0.442) 

Redundancy 2.01 6.8 4.7 

CC1/2 0.968 0.909 0.871 

Refinement       
Resolution (Å) 44.92-2.30 49.98-1.95 (1.95-2.02) 38.19-1.95 (1.95-2.02) 

No. of protein atoms 9186 3100 3054 
No. of ligand atoms 258 91 90 
No. of water atoms 435 271 232 

Rfree, % 25.4 23.1 22.5 

Rcrys, % 19.2 20.2 18.6 

Geometry       
RMS bonds (Å) 0.014 0.004 0.01 
RMS angles (˚) 1.65 0.78 1.07 

Ramachandran Favored (%) 97 99.2 98.1 
Ramachandran Allowed (%) 2.91 0.81 1.91 

Ramachandran Disallowed (%) 0.09 0 0 

Average B-factors (Å2)       

Protein 28.7 37.3 45.9 
Water 32 43 49.9 

Ligands 21 27.8 32.8 
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IV 
Probing the function of the glycine hinge in H-NOX signaling 

 
4.1 Background and significance 

H-NOX proteins are high affinity gas sensors that bind gaseous ligands with a Kd in the 
picomolar-nanomolar range. H-NOX proteins from aerobic organisms can form stable 
complexes with NO and CO. However these H-NOX domains specifically sense NO. H-NOX 
domains from obligate anaerobes form stable complexes with NO, CO, and O2, and recent 
evidence indicates these H-NOX domains are specific O2 sensors (see Chapter III).  Upon 
binding of the physiological gas ligand, H-NOX proteins undergo a conformational change, 
which regulates the activity of a cognate effector domain108. In NO-sensing H-NOX proteins, the 
conformational shift is initiated by dissociation of the Fe–His leading to the formation of a 5-
coordinate NO-complex45,54,109. In O2-sensing H-NOX domains, the conformational shift is 
dependent on coordination with O2. Binding of O2 is stabilized by a conserved H-bonding 
network consisting of tryptophan and asparagine residues, which H-bond to a tyrosine residue 
that acts as the H-bond donor for O2.  When O2 is not bound to the heme, the H-bonding network 
residues shift away from the plane of the heme. Both NO and O2 sensing H-NOX domains 
display a similar conformational shift of the N-terminal subdomain53,82. Two conserved glycine 
residues (G71 and G143) form the crux of this shift and are conserved in nearly all H-NOX 
proteins. In multiple H-NOX structures, this flexible “glycine hinge” appears essential for the 
conformational shift in response to ligand binding53,54,82. Introduction of steric bulk in the form 
of an alanine substitution at one of the glycine hinge residues would likely lock the H-NOX in 
one conformational state and disrupt signaling of relevant gas ligands. Although G71 and G143 
are mostly conserved, a small group of H-NOX domains encoded in species from the family 
Flavobacteriaceae have a single alanine substitution (A71) in the glycine hinge region (Fig 1a). 
A homology model of these H-NOX domains indicates that the methyl group of A71 likely abuts 
G143 (Fig 1b). The effect of this alanine substitution on H-NOX signaling function is unknown. 
To understand the effects of this native alanine substitution, the H-NOX proteins from two 
organisms, Croceibacter atlanticus (Croc) and Kordia algicida OT-1 (Kord), were 
characterized110,111. 
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Figure 1. A) Sequence alignment of H-NOX proteins from Shewanella oneidensis, Caldanaerobacter 
subterraneus, Nostoc punctiforme, Croceibacter atlanticus, and Kordia algicida. Both C. atlanticus and K. 
algicida have an alanine substitution at residue 71. B) Homology model of C. atlanticus H-NOX based on 
the crystal structure from N. punctiforme H-NOX (PDB 3TF8). A71 (gray) likely abuts the adjacent glycine 
residue (blue) in the hinge region. 
 
4.2 Spectral characterization of H-NOX proteins with A71 

The H-NOX proteins from C. atlanticus and K. algicida were overexpressed in E. coli and 
purified. Based on sequence homology, these H-NOX domains lack the conserved H-bonding 
network found in O2-binding H-NOX proteins and were predicted to be NO sensors. Both Croc 
and Kord H-NOXs have a Soret absorbance of 429 nm for Fe2+-unliganded. The Soret peak of 
Fe2+-CO, 420 nm, is blue-shifted by 5 nm compared to other characterized H-NOX proteins (Fig 
2a-b)46,86.  

Both H-NOX domains form a 5-coordinate NO complex (Fig 2a-b). When a sub-
stoichiometric amount of DEA-NONOate was added to Kord H-NOX (approximately 180 µM 
NO to 200 µM H-NOX), a 6-coordinate Fe2+-NO complex could be observed at room 
temperature (Fig 2f). This 6-coordinate intermediate eventually formed the 5-coordinate complex 
over 30 minutes. When excess NO was added to this H-NOX, the 5-coordinate complex was 
observed upon initial collection of spectra. This conversion of 6- to 5-coordinate is notably slow 
in Kord H-NOX. Although a 6-coordinate Fe2+-NO intermediate is formed upon initial NO-
binding to the H-NOX domain of sGC, it is only observable at low temperatures using stopped-
flow spectroscopy45.  

A 

B 

A-G hinge region 



 35 

Mutants of both Kord and Croc H-NOX containing the substitution A71G were both 
designed to introduce a canonical glycine hinge to each protein. The final spectra of the Fe2+ 

unliganded H-NOX and CO and NO complexes were largely identical to the wild type proteins 
(Fig 2c-d). However, the Fe3+ A71G mutant displayed a Soret absorbance at 395 nm. The wild 
type Fe3+ H-NOX absorbs at 412 nm (Fig 2e). Spectral measurements of previously 
characterized H-NOX domains indicate that an absorbance near 412 nm is indicative of Fe3+–
OH, and an absorbance at 395 nm is similar to the Fe3+–unliganded Soret in the H-NOX domain 
of sGC88,112. Also, the A71G mutant of Kord H-NOX does not form an observable 6-coordinate 
Fe2+–NO intermediate with sub-stoichiometric concentrations of NO (Fig 2f). Through collected 
spectra of the wild type and mutants, it appears that A71 affects ligand affinity and potentially 
conformational stability of the H-NOX.  

 
Figure 2. A) Fe2+ spectra of wild type Croc H-NOX. B) Fe2+ spectra of wild type Kord H-NOX. C) Fe2+ 
spectra of A71G Croc H-NOX. D) Fe2+ spectra of A71G Kord H-NOX. E) Fe3+ spectra of wild type and 
A71G Croc H-NOX. F) Spectra of wild type and A71G Kord H-NOX with sub-stoichiometric concentrations 
of NO.  
 
4.3 H-NOX regulation of HnoK from K. algicida 

The Kord H-NOX and HnoK are found on the same operon in the K. algicida genome. Kord 
HnoK consists of an approximately 50 amino acid coiled-coil followed by three PAS domains at 
the N-terminus and a histidine kinase domain at the C-terminus (Fig 3a). This domain 
architecture is unlike previously characterized HnoK proteins, which only have an N-terminal 
coiled-coil domain and a kinase domain55,113. The function of the PAS domains is currently 
unknown. However, the PAS domains may help with solubility or proper folding of the kinase as 
a truncation of Kord HnoK expressing only the C-terminal kinase domain was insoluble (data not 
shown).  

Kord HnoK displayed rapid autophosphorylation compared to previously characterized 
HnoK proteins (Fig 3a)55. Timepoints for H-NOX regulation experiments were taken at 30 
seconds to remain in the linear range of activity. The NO-complex of both the wild type and 
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A71G H-NOX inhibit Kord HnoK. Furthermore, inhibition is observed at equimolar ratios of H-
NOX to HnoK (Fig 3c). The previously characterized HnoK from Shewanella oneidensis 
requires a 5 molar excess of NO-bound H-NOX for observable inhibition55.  Neither Fe3+ nor 
Fe2+-CO H-NOX inhibits Kord HnoK (Fig 4a-b). Kord H-NOX with a sub-stoichiometric 
concentration of NO also inhibits the kinase (Fig 4c). Kord H-NOX with subNO was allowed to 
fully equilibrate to the 5-coordinate Fe(II)–NO complex before kinase assays were performed.  

At low concentrations of Kord H-NOX, there are no observable differences in HnoK 
regulation by either wild type or A71G. Increasing concentrations of Fe2+-unliganded A71G H-
NOX gradually inhibited Kord HnoK, but no inhibition was observed with wild-type Fe2+-
unliganded H-NOX at up to 50 molar equivalents H-NOX (Fig 3d). This result suggests that A71 
stabilizes a non-inhibitory conformation of Kord H-NOX. The glycine mutant has higher 
conformational flexibility, which allows A71G H-NOX to adopt an inhibitory conformation 
towards the Kord HnoK when there is an excess of H-NOX. Given there would appear to be 
conformational flexibility in the A71G mutant, an excess is needed since only some of the H-
NOX will be in the inhibitory conformation.  

 
Figure 3. A) Domain architecture of Kord HnoK and activity assays with 2 µM HnoK. Autophosphorylation 
was measured from 30-120 s with varying ATP concentrations. 30s time points with 1 mM ATP, 2.5 µCi 
32P-ATP were used for further kinase assays. B) HnoK autophosphorylation with increasing molar 
equivalents of wild type unliganded or NO-bound H-NOX. C) HnoK autophosphorylation with H-NOX 
A71G. For panels B and C, kinase autophosphorylation was normalized with a kinase only control, which 
is visible in the storage phosphor images. 
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Figure 4. A) Kord HnoK with wild type H-NOX in Fe3+, Fe2+-CO, NO, and unliganded. Only NO-
coordinated H-NOX inhibits the kinase. Sub-stoichiometric or excess concentrations of NO both inhibit 
HnoK. 5 equivalents of H-NOX to HnoK were used in this experiment. Also, a kinase-only control with 500 
µM DEA-NONOate displayed no loss in activity. B) Kord HnoK with A71G H-NOX in different ligation 
states and oxidations states. C) Kord HnoK with increasing concentrations of either wild type or A71G 
Fe2+-unliganded H-NOX. Only increasing concentrations of A71G inhibits HnoK  
 
4.4 Concluding remarks 

The ability for excess concentrations of Fe2+-unliganded H-NOX to inhibit its cognate HnoK 
has been reported in the H-NOX signaling pathway of Vibrio parahaemolyticus114.  V. 
parahaemolyticus has a canonical glycine hinge. The native alanine substitution in position 71 of 
the glycine hinge appears to stabilize the conformation of Kord H-NOX. A71 may act as a 
molecular latch to prevent conformational drift of Kord H-NOX until it is unlocked by NO-
binding. Alternatively, wild type Kord H-NOX has a delayed formation of the 5-coordinate NO 
complex with sub-stoichiometric concentrations of NO. This slower formation of the active H-
NOX complex may act as a kinetic barrier to tune the rate of H-NOX signaling. 



 38 

K. algicida was isolated from sea water during an outbreak of red tide, and, as its name 
suggests, displays algicidal activity111. Phytoplankton may be a food source for K. algicida. 
Previous studies suggest that some phytoplankton species can generate NO during conditions of 
stress115,116. Sensing NO produced by phytoplankton may help K. algicida locate a potential food 
source or activate expression of genes required for algicidal activity.  

The initial hypothesis that steric bulk in the glycine hinge would prevent a conformational 
shift was only partially correct. Kord H-NOX still appears fully functional. However, A71 
stabilizes the conformation of Fe2+–unliganded. The steric bulk of the methyl group may simply 
slow the conformational change. Future work will involve designing alanine substitutions in H-
NOX proteins with a canonical glycine hinge to understand whether this alanine latch effect on 
conformational stability is universal for all H-NOX domains. Currently, crystallographic screens 
of Cs H-NOX G71A are being optimized. An H-NOX structure with the alanine substituted 
glycine hinge will further elucidate how H-NOX signaling “hinges” upon G-G or A-G residues.   
4.5 Materials and methods 
Cloning, expression strains, growth media, and buffers 

Genes for all Croc and Kord H-NOX and HnoK proteins were synthesized as gBlocks 
(Integrated DNA Technologies). H-NOX genes were cloned into a pET-28 expression vector 
using the Golden Gate protocol95. Croc and Kord H-NOX were cloned with a C-terminal TEV 
cleavage site and His6 tag. Kord HnoK was cloned into a pHisMBP vector with N-terminal His6-
MBP-TEV site.  

All expressions of Croc and Kord H-NOX were performed in the RP523(DE3) strain of E. 
coli grown in Terrific Broth (Research Products International) supplemented with 50 µg/mL 
kanamycin and 30 µg/mL hemin (Frontier Scientific) using methods identical to those for Cs H-
NOX in Chapter III. Expression of Kord HnoK was performed in BL21(DE3) using protocols 
identical to those for Vc HnoK in Chapter III.  

For protein purification, the same buffers were used as in Chapter III with the following 
exceptions. Buffer A is 50 mM Tris pH 8.0, 300 mM NaCl, 20 mM imidazole, 2 mM TCEP, and 
5% glycerol. Buffer B is the same as Buffer A but with 200 mM imidazole.  
Protein purification 

H-NOX proteins were purified similarly to methods in Chapter III for Cs H-NOX 
purification with a His6 tag. Because Croc and Kord H-NOX proteins have a C-term TEV 
cleavage site, TEV protease was added to the pooled H-NOX elutions from the Ni2+-IDA resin. 
H-NOX and TEV were dialyzed overnight into Buffer A without imidazole. The next morning, 
H-NOX was run through a clean Ni2+-IDA column to remove uncleaved H-NOX and the His6-
tagged TEV protease. H-NOX that flowed through the Ni2+ resin was then subjected to gel 
filtration (Superdex 75 GE Healthcare) and buffer exchanged into Buffer C. Protein purity was 
confirmed by SDS-PAGE and UV-Vis spectroscopy.  

Kord HnoK was purified using the same protocol as Vc HnoK in Chapter III.  
H-NOX ligation state preparation and histidine kinase assays 

H-NOX oxidation and ligation states were prepared following the methods detailed in 
Chapter III. The only exception was that 500 µM DEA-NONOate was used to form the Fe(II)-
NO complex. NO dissociation of DEA-NONOate has a half-life of 15 minutes at room 
temperature (Cayman Chemical). Croc or Kord H-NOX was allowed to incubate at room 
temperature for 30 minutes to ensure that excess NO was released into solution. For sub-
stoichiometric concentrations of NO, 120 µM DEA-NONOate was used in 200 µM H-NOX 
solutions. DEA-NONOate releases 1.5 equivalents of NO. Therefore, approximately 180 µM of 
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NO was released in solution. Spectra were taken after 30 and 60 minutes. Concentrations of Croc 
and Kord H-NOX were estimated by measuring A429 of the Fe2+-unliganded Soret peak and 
calculated based on the extinction coefficient (ε429) of Vc H-NOX46.  

Histidine kinase assays with Kord HnoK were performed similarly to kinase assays of Vc 
HnoK in Chapter III. However, the assays did not have to be performed in an anaerobic chamber. 
Kord H-NOX had a stable Fe2+ oxidation state in air provided that Buffer C was supplemented 
with 5 mM DTT and 5 mM TCEP. Kord HnoK had much higher activity than Vc HnoK and 
timepoints only lasted 30 s. Kord HnoK at 2 µM was used for all experiments and increasing 
molar equivalents of Kord H-NOX (2, 4, 10, 20, and 100 µM) were used for H-NOX regulation 
assays. 
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V 
H-NOX-dependent NO signaling in Vibrio cholerae 

 
5.1 Background and significance 

Vibrio cholerae is an enteropathogen and causative agent of the disease cholera. During 
infection, V. cholerae colonizes the small intestine and secretes a pore-forming exotoxin. 
Cholera toxin enters epithelial cells and activates adenylate cyclase and Cl– secretion.117,118. 
Symptomatically, infected individuals experience profuse watery diarrhea and can die from the 
resulting dehydration. 

 During infection, V. cholerae experiences oxidative stress from reactive oxygen and nitrogen 
species, and expression of the NO detoxifying gene hmpA increases.119. HmpA converts NO to 
NO3

– or N2O depending on oxygen availability. Expression of hmpA depends on the 
transcriptional regulator NorR, which contains a non-heme iron center that forms a mono-
nitrosyl complex with NO120,121. Deletion of hmpA or norR lowers NO resistance in vitro and 
decreases colonization of V. cholerae in mice122.  

V. cholerae also encodes an hnoX and hnoK operon similar to Shewanella oneidensis. Vc 
HnoK transfers a phosphoryl group to two cognate response regulators homologous to So HnoB 
and HnoD. Vc HnoB is a putative phosphodiesterase and HnoD is homologous to the degenerate 
phosphodiesterase from S. oneidensis57. Unlike S. oneidensis, the Vc H-NOX pathway does not 
encode a H-NOX-related transcription factor (HnoC). Existence of this signaling pathway 
indicates that, similar to S. oneidensis, Vc H-NOX regulates biofilm formation in an NO 
dependent manner (Fig. 1).  

Biofilm formation is important for V. cholerae infection123,124. However, the role of the H-
NOX signaling pathway during infection is unknown. Furthermore, whether the H-NOX 
regulates any phenotype beyond biofilm formation is unknown. The operon containing hnoB and 
hnoD also has additional response regulators including a putative cheY and a luxU. In the 
following chapter, the H-NOX dependent biofilm phenotype of V. cholerae is confirmed, and 
evidence of an additional role of the H-NOX in regulating gene expression will be explored. 
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Figure 1: H-NOX signaling pathway in S. oneidensis. V. cholerae possesses homologs for all signaling 
proteins except the transcriptional regulator HnoC. Phosphorylation of HnoC and HnoB activates 
transcription and phosphodiesterase activity, respectively. Phosphorylation of HnoD inhibits its ability to 
inhibit HnoB activity. 
 
5.2 H-NOX signaling activates biofilm formation in an NO dependent manner 

H-NOX dependent biofilm formation has previously been observed in Legionella 
pneumophila, S. oneidensis, and Silicibacter sp. Crystal violet assays have previously been used 
to quantify surface adherent bacteria56,57,59.  For V. cholerae, a strain containing a transposon 
insertion of the gene for green fluorescent protein (gfp) was used. Clean deletions were designed 
for both hnoX and hnoK. Biofilms were measured using a rugose variant, which exhibits a hyper 
biofilm phenotype. V. cholerae rugose has a single amino acid substitution in one diguanylate 
cyclase that increases cyclic di-GMP production125,126. The rugose variant was necessary for 
static biofilm assays because the quorum sensing pathway in the smooth (low biofilm) variant 
prevents sufficient production of surface adherent cells for accurate measurement. Chambered 
microscope slides were inoculated with V. cholerae and incubated anaerobically for 24 hours 
with 100 µM of DETA-NONOate, a slow releasing NO donor. DETA-NONOate has a half-life 
of 22 hours at room temperature. This NONOate was chosen to deliver a steady concentration of 
NO to the culture. 100 µM was chosen because it was the highest concentration of DETA-
NONOate that did not slow growth rate of V. cholerae (data not shown). Surface adherent cells 
were directly visualized by fluorescence confocal microscopy (Fig. 2A). 

HnoC HnoB HnoD 
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Because bacteria were cultured anaerobically, it was difficult to reliably quantify GFP 
fluorescence. GFP requires O2 for maturation of the fluorophore127. Washing biofilms with 
aerobic PBS was not enough for full GFP maturation. Despite the low signal, ∆hnoX and ∆hnoK 
had less surface adherent fluorescent cells than wild type V. cholerae in the presence of NO (Fig. 
2B). In cultures without NO, there was no observable difference in biofilm formation between 
wild type and deletion strains. This phenotype indicates that hnoX and hnoK activate biofilm 
formation in a pathway similar to S. oneidensis.  

 
Figure 2. A) Experimental flow chart of culturing microscope slides with GFP-tagged V. cholerae and 
biofilm imaging. B) Representative images of surface adherent bacteria. hnoX and hnoK deletions appear 
to have a biofilm deficiency in the presence of NO. 
 
 
5.3 TMT-labeled peptide mass spectrometry of hnoX deletion mutants 

As shown above, Vc H-NOX regulates a biofilm formation phenotype. To examine whether 
the H-NOX has any other signaling output related to gene expression, Tandem Mass Tag (TMT)-
labeled peptide mass spectrometry was used to quantify cytosolic proteins128-130. In preparation 
for TMT-labeled peptide mass spectrometry, cytosolic protein was isolated from cell lysate via 
acetone precipitation and treated with trypsin. Individual samples were labeled with a unique 
TMT that contains an NHS ester to react with primary amines. Each TMT label has a varying 
number of 13C or 15N isotopes on a mass reporter group that can be identified by tandem mass 

Control 

100 µM  
DETA-NONOate 

Wild Type ΔhnoX ΔhnoK 

A 

B 
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spectrometry. When total protein concentration of each sample is normalized, relative quantities 
of each sample can be determined. 

 The smooth variant of V. cholerae was used for the proteomics experiments. ∆hnoX and 
∆hnoK were both tested, since both the H-NOX and HnoK are involved in the same signaling 
pathway and a deletion of each should follow a similar effect on biofilm formation. Cultures at 
mid-log phase were treated with 100 µM DPTA-NONOate and incubated for 60 minutes before 
lysis and protein isolation. Significant changes were determined by using a paired t-test to 
calculate the p-value; values < 0.05 were considered significant. The proteins that show the most 
significant increase or decrease in abundance with NO in both wild type and deletion mutants are 
listed (Tables 1 and 2). HmpA shows an increase in all three strains, which indicates that H-NOX 
dependent NO signaling is separate from the regulation of NO detoxification. 

Possible changes in protein levels that are H-NOX and NO dependent are shown in Tables 3 
and 4. Most notably, the master regulator for toxin production, TcpN, has higher expression in 
wild type V. cholerae with NO. TcpN (also called ToxT) controls expression of cholera toxin 
and the toxin-coregulated pilus (TCP)131,132. The deletion strains show no change in TcpN 
production with NO. Currently it is unknown how Vc H-NOX regulates protein production of 
TcpN or the other proteins listed. 

 
Table 1: Upregulated proteins in wild type V. cholerae with NO. All of the proteins listed were also 
upregulated to similar quantities  in ∆VC0719 and ∆VC0720. The list here only included proteins 
upregulated ≥ 1.5 fold with a p-value <0.05. 

UPregulated 
Ratio +NO/-

NO p-value 
vibB Vibriobactin-specific isochorismatase OS 2.81 0.0112 

vibA 
Vibriobactin-specific 2,3-dihydro-2,3-
dihydroxybenzoate dehydrogenase OS 2.59 0.0064 

recN DNA repair protein RecN OS 2.34 0.0230 
VC_A0907 Uncharacterized protein OS 2.21 0.0444 
VC_A0576 Heme transport protein HutA OS 2.19 0.0074 

VC_0608 
Iron(III) ABC transporter, periplasmic iron-
compound-binding protein OS 2.16 0.0007 

VC_2694 Superoxide dismutase OS 2.02 0.0113 
viuB Vibriobactin utilization protein ViuB OS 1.98 0.0057 
viuA Vibriobactin receptor OS 1.81 0.0122 
hmpA Flavohemoprotein OS 1.78 0.0131 

VC_1255 
Ribonucleoside-diphosphate reductase, 
beta subunit OS 1.77 0.0156 

vibE 
Vibriobactin-specific 2,3-
dihydroxybenzoate-AMP ligase OS 1.72 0.0057 

fumC Fumarate hydratase class II OS 1.70 0.0050 
ilvC Ketol-acid reductoisomerase OS 1.67 0.0124 
VC_2355 UPF0246 protein VC_2355 OS 1.60 0.0234 

VC_1256 
Ribonucleoside-diphosphate reductase 
OS 1.55 0.0158 

dncV Cyclic AMP-GMP synthase OS 1.52 0.0463 
copA Copper-exporting P-type ATPase A OS 1.51 0.0078 
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Table 2: Downregulated proteins in in wild type V. cholerae with NO. All of the proteins listed were also 
downregulated to similar quantities  in ∆VC0719 and ∆VC0720. The list here only included proteins 
downregulated ≤ 0.66 fold with a p-value <0.05. 
 
 

DOWNregulated 
Ratio +NO/ 

-NO p-value 

miaB 
tRNA-2-methylthio-N(6)-
dimethylallyladenosine synthase OS 0.65 0.0136 

VC_A0130 
Ribose ABC transporter, periplasmic D-
ribose-binding protein OS 0.64 0.0394 

lldD L-lactate dehydrogenase OS 0.63 0.0088 

nanE 
Putative N-acetylmannosamine-6-
phosphate 2-epimerase OS 0.61 0.0104 

VC_1304 Fumarate hydratase, class I, putative OS 0.58 0.0006 

VC_1645 Uncharacterized protein OS 0.58 0.0000 

VC_1776 N-acetylneuraminate lyase, putative OS 0.53 0.0190 

VC_A0945 
Maltose ABC transporter, periplasmic 
maltose-binding protein OS 0.52 0.0012 

VC_1779 
C4-dicarboxylate-binding periplasmic 
protein OS 0.47 0.0496 
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Table 3: Comparison of NO-induced upregulation between wild type and hnoK or hnoX deletion strains. 
P-value cutoff was <0.05. 
 

Average Ratio log ratio difference p-value 

UPregulated in WT vs. KO 
WT +/-

NO 
�hnoK 
+/- NO 

�hnoX 
+/- NO 

WT vs. 
�hnoK 

WT vs. 
�hnoK 

WT vs. 
�hnoK 

WT vs. 
�hnoX 

VC_2070 Phosphohistidine phosphatase OS 1.30 0.84 0.84 0.189 0.191 0.0297 0.0931 
VC_A0565 Sensor histidine kinase OS 1.32 0.93 0.96 0.155 0.141 0.0224 0.0224 
VC_2355 UPF0246 protein VC_2355 OS 1.60 1.16 1.17 0.140 0.135 0.0398 0.0888 
tcpN TCP pilus virulence regulatory protein OS 1.42 1.03 0.96 0.140 0.174 0.0097 0.1038 
VC_2343 DNA repair protein radA OS 1.39 1.01 0.99 0.136 0.149 0.0238 0.0238 
VC_1987 Outer membrane lipoprotein Slp, putative OS 1.17 0.87 0.98 0.131 0.079 0.0397 0.1763 
VC_1989 Uncharacterized protein OS 1.37 1.03 1.03 0.122 0.123 0.0488 0.0726 
VC_1976 Menaquinone-specific isochorismate synthase OS 1.12 0.87 0.88 0.112 0.107 0.0294 0.0294 
VC_2344 Uncharacterized protein OS 1.33 1.04 1.00 0.108 0.123 0.0312 0.0312 
VC_A0079 Uncharacterized protein OS 1.61 1.27 1.03 0.102 0.191 0.0352 0.0352 
VC_1160 Uncharacterized protein OS 1.17 0.94 0.73 0.096 0.205 0.0248 0.2666 
ruvB Holliday junction ATP-dependent DNA helicase RuvB OS 1.18 0.95 0.93 0.095 0.106 0.0464 0.0464 
VC_0550 Oxaloacetate decarboxylase, alpha subunit OS 0.89 0.71 0.71 0.095 0.096 0.0172 0.0172 
VC_1374 DnaK-related protein OS 1.13 0.92 0.99 0.088 0.056 0.0334 0.0334 
VC_1755 Uncharacterized protein OS 1.11 0.91 0.91 0.086 0.083 0.0249 0.0249 
VC_0029 Branched-chain amino acid amiotransferase OS 1.33 1.10 0.97 0.081 0.135 0.0123 0.0123 
VC_0105 Delta-aminolevulinic acid dehydratase OS 1.11 0.93 0.88 0.075 0.099 0.0253 0.0253 
VC_2168 Uncharacterized protein OS 1.25 1.05 0.97 0.075 0.109 0.0454 0.0642 
cgtA GTPase Obg/CgtA OS 1.19 1.00 0.96 0.075 0.094 0.0140 0.0140 
VC_2041 Uncharacterized protein OS 1.14 0.98 0.95 0.067 0.081 0.0412 0.0412 
rimO Ribosomal protein S12 methylthiotransferase RimO OS 1.15 0.99 0.90 0.066 0.109 0.0220 0.0220 
glgA Glycogen synthase OS 1.13 0.97 0.92 0.065 0.086 0.0103 0.0103 
aroQ 3-dehydroquinate dehydratase OS 1.15 1.02 0.93 0.052 0.089 0.0071 0.0071 
VC_0165 Uncharacterized protein OS 1.26 1.12 1.01 0.051 0.099 0.0327 0.0327 
recB RecBCD enzyme subunit RecB OS 1.19 1.06 0.98 0.049 0.085 0.0469 0.0469 
VC_0377 Uncharacterized protein OS 1.11 0.99 0.91 0.048 0.085 0.0388 0.0388 
VC_0400 MSHA biogenesis protein MshJ OS 1.20 1.07 0.97 0.048 0.092 0.0067 0.0067 
VC_0537 Cysteine synthase OS 1.15 1.03 0.90 0.045 0.104 0.0046 0.0046 
VC_0565 Protease DegS OS 1.13 1.04 0.94 0.038 0.084 0.0208 0.0208 
smpB SsrA-binding protein OS 1.19 1.10 0.97 0.034 0.090 0.0098 0.0098 
aroB 3-dehydroquinate synthase OS 1.35 1.25 1.09 0.032 0.091 0.0217 0.0217 
secY Protein translocase subunit SecY OS 1.19 1.10 0.97 0.032 0.087 0.0442 0.0442 
VC_1652 Response regulator VieA OS 1.24 1.16 0.95 0.028 0.114 0.0160 0.0160 
luxU Phosphorelay protein LuxU OS 1.24 1.16 0.93 0.027 0.127 0.0460 0.0460 
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Table 3: Comparison of NO induced downregulation between WT and hnoK or hnoX deletion strains. P-
value cutoff was <0.05 
 
5.4 Mouse Infections with hnoK and hnoX deletion mutants 

To examine whether H-NOX signaling has a role in V. cholerae infectivity, competitive 
indices (CI) were calculated from infections of infant mice with wild type and mutant strains 
(Fig. 3A). Deletion mutants and wild type strains were differentiated on LB agar plates 
containing X-gal. The strain of wild type V. cholerae used in this experiment is missing the beta-
galactosidase gene (lacZ-). Both smooth and rugose variants were tested. Smooth variants of 
∆hnoK and ∆hnoX show a modest but significant increase in CI, indicating that deletion mutants 
have a slight advantage in colonization (Fig. 3B). The rugose variants show no difference in 
colonization (CI ≈ 1). It should be noted rugose variants are not commonly used for in vivo 
mouse infections because of the high amount of biofilm aggregates that protect bacterial cells 
regardless of strain. It was surprising to observe H-NOX signaling mutants with a competitive 
advantage during infection. However, this phenotype is similar to colonization of Vibrio fischeri 
in bobtail squid. H-NOX deletion mutants in V. fischeri have an initial competitive advantage 
during colonization of Euprymna scolopes92. In V. fischeri, the H-NOX signaling pathway 
downregulates genes required for cell division and iron acquisition. Based on the proteomics 
results, it is unlikely that Vc H-NOX controls expression of the same genes as Vf H-NOX.  

Average Ratio log ratio difference p-value 

DOWNregulated in WT vs. NO WT +/-NO 
�hnoK +/- 

NO 
�hnoX +/- 

NO 
WT vs. 
�hnoK 

WT vs. 
�hnoX 

WT vs. 
�hnoK 

WT vs. 
�hnoX 

VC_A0549 PhnA protein OS 0.91 1.00 1.10 -0.044 -0.085 0.0164 0.0164 
rplB 50S ribosomal protein L2 OS 0.90 1.02 1.10 -0.057 -0.089 0.0793 0.0293 
VC_1645 Uncharacterized protein OS 0.58 0.68 0.72 -0.068 -0.095 0.0461 0.0023 

dapD 
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate 
N-succinyltransferase OS 0.92 1.08 1.21 -0.068 -0.117 0.0182 0.1142 

VC_A0893 Uncharacterized protein OS 0.81 0.96 1.04 -0.073 -0.106 0.2126 0.0402 
rpsS 30S ribosomal protein S19 OS 0.87 1.04 1.10 -0.077 -0.099 0.0481 0.0125 

VC_0964 
PTS system, glucose-specific IIA component 
OS 0.79 0.96 1.01 -0.087 -0.107 0.0155 0.0296 

VC_A1114 ParB family protein OS 0.85 1.07 1.04 -0.101 -0.090 0.0241 0.0397 
VC_2239 Nitrogen regulatory protein P-II OS 0.79 1.00 0.96 -0.104 -0.084 0.0013 0.0493 
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Figure 3. A) Experimental flowchart of mouse infections with mutant and wild type V. cholerae. B) 
Competitive indices of ∆hnoK and ∆hnoX smooth and rugose. ∆hnoK smooth CI = 1.338 with a  p-value = 
0.0039. ∆hnoX smooth CI = 1.28 with a p-value = 0.0059. P-values were calculated using a two-tailed t-
test. Rugose variants had no significant change in colonization. 
 
5.5 Concluding remarks 

Vc H-NOX activates biofilm formation in a pathway similar to S. oneidensis H-NOX57. V. 
cholerae encodes homologs to HnoB (VC1086) and HnoD (VC1087), which are the cyclic di-
GMP phosphodiesterase and degenerate phosphodiesterase, respectively. Vc HnoK can rapidly 
transfer a phosphoryl group to both of these proteins. Clean deletions of both VC1086 and 
VC1087 have been made and show a modest but statistically significant increase in colonization 
of the infant mouse intestine compared to wild type133. This phenotype complements the mouse 
infection experiments with ∆hnoK and ∆hnoX  indicating that H-NOX signaling may play a role 
during infection.  

Further evidence that Vc H-NOX has a role during infection is the increased production of 
TcpN when NONOate is added to the culture. TcpN activates expression of virulence genes. 
Expression of TcpN is controlled by the regulators ToxRS117,131. Several factors control ToxRS 
expression including the quorum sensing regulator LuxO123. One possible mechanism for Vc H-
NOX/HnoK regulation of TcpN production is through phosphorylation of a LuxU-like Hpt 
domain (VC1080), which may phosphorylate the quorum sensing regulator LuxO. VC1080 is on 
the same operon as VC1086 (hnoB) and 1087 (hnoD), which are cognate response regulators to 
HnoK. This operon also contains a CheY-like response regulator (VC1082) that does not directly 

A 

B 
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switch flagellar rotation134,135. It is possible that a phosphorelay system involving HnoK, 
VC1082, VC1080, and LuxO may lead to activation of tcpN expression. 

Further work to confirm the findings from the proteomics analysis include confirming an 
increase in cholera toxin (CT), which would be directly expressed by TcpN. CT production can 
be quantified by ELISA, and would not have been identified among the cytoplasmic proteins 
since CT is secreted. Also, testing the hypothesis that HnoK, VC1082, and VC1080 comprise a 
cognate phosphorelay circuit that concludes in phosphorylation of LuxO will support a possible 
mechanism for H-NOX signaling and regulation of virulence genes. 

Additionally, further mouse infection experiments must be performed to examine the role of 
H-NOX signaling during intestinal colonization. Although the increase in CI of ∆hnoK and 
∆hnoX is modest, the changes are statistically significant. If V. cholerae is sensing NO produced 
by the host, infections of mice with nitric oxide synthase (NOS) deletions should be performed. 
V. cholerae ∆hnoK or ∆hnoX would hypothetically have no difference in colonization compared 
to wild type in a NOS deletion background. Future mouse infections will be performed with 
endothelial NOS (eNOS-/-) and inducible NOS (iNOS-/-) deletion mutants to determine whether 
host NO production activates V. cholerae H-NOX. 
5.6 Materials and methods 
Growth conditions and V. cholerae strains 

Both smooth and rugose variants of V. cholerae were grown in LB medium (Research 
Products International). For anaerobic growth, overnight cultures were brought into an anaerobic 
glove bag (Coy). An aliquot of a overnight culture (50 µL) was used to inoculate 5 mL of 
degassed LB medium. Anaerobic cultures were sealed in Hungate tubes and grown at 30 ˚C with 
shaking at 220 rpm. 

Smooth and rugose variants of wild type and gfp transposon insertion mutant V. cholerae 
were obtained from the laboratory of Fitnat Yildiz at UC Santa Cruz. All V. cholerae strains had 
rifampin resistance.  
Design of clean deletion mutants 

Clean deletion mutants were designed for VCA0719 (hnoK) and VCA0720 (hnoX). Deletions 
were generated using procedures described previously 125,136. Briefly, primers flanking hnoK or 
hnoX were designed and joined by splicing overlap extension (SOE) PCR137. The deletion 
fragment was ligated into the suicide vector pGP-704 sacB28 via XbaI and NcoI restriction sites. 
The deletion plasmid was transformed into the conjugative E. coli strain S17λ-pir. Conjugation 
was performed with wild type smooth or rugose V. cholerae overnight at 37 ˚C. Conjugated V. 
cholerae was selected on LB with 100 µg/mL ampicillin and 100 µg/mL rifampin. A second 
selection was performed with LB and 10 % sucrose. Deletions were confirmed by colony PCR.  
Imaging of biofilms with gfp-tagged V. cholerae 

Static biofilm assays were performed in collaboration with Andrew Cheng from Fitnat 
Yildiz’s lab at UC Santa Cruz. The rugose variant was used for biofilm assays because smooth 
variants of V. cholerae showed low production of biofilms. Cultures of wild type, ∆hnoK or 
∆hnoX were grown in 1 mL of LB medium with 500 µM of the NO donor DETA-NONOate 
(Cayman Scientific). The half-life of NO release for this NONOate is 20 hours at 37 ˚C. Each 
culture was grown in a Lab-Tek II two-chambered cover glass overnight at 37 ˚C in a sealed 
anaerobic container. Prior to imaging, LB was removed by aspiration and the cover glass was 
gently washed three times with phosphate-buffered saline. GFP fluorescent surface adherent cells 
were directly measured via fluorescence confocal microscopy. A total of two technical replicates 
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for wild type and deletions with and without NONOate were imaged and representative images 
were included in Figure 2B. 
Tandem Mass Tag (TMT) labeling and mass spectrometry analysis of V. cholerae cytosolic 
proteome 

Wild type, ∆hnoK, and ∆hnoX V. cholerae smooth variants were grown anaerobically to mid-
log phase (OD600 = 0.5). 100 µM DPTA-NONOate was added to wild type and mutants and 
incubated anaerobically for 60 min. DPTA-NONOate releases NO with a half-life of three hours 
at 37 ˚C. All NONOates are soluble and stable in 10 mM NaOH. For negative control cultures, a 
small volume of 10 mM NaOH without NONOate was added.  

After 60 min, cultures were spun down and LB was aspirated away. Cell pellets were 
resuspended in lysis buffer; 50 mM Tris pH 7.5, 150 mM NaCl, 0.1 % SDS, 1.0 % Triton X-100, 
0.5 % deoxycholate, and 2 mM EDTA. Cells were lysed by sonication, and lysate was 
centrifuged at 16,000 x g for 10 minutes. Supernatant was collected and protein concentration 
was measured by BCA assay. Digest and TMT labeling were performed according to 
TMTsixplex protocol (Thermo Fisher). Briefly, samples were treated with 200 mM TCEP and 
375 mM iodoacetamide to reduce and alkylate all cysteine residues. Protein was separated from 
lysate by acetone precipitation and resolubilized in 100 mM triethylammonium bicarbonate 
(TEAB). Trypsin digest was performed at 37 ˚C overnight. Individual samples were labeled with 
a tag of unique mass and mixed together. There were six samples total: three negative controls 
and three with DPTA-NONOate. Samples were loaded onto a Multidimensional Protein 
Identification Technology (MudPIT) Column, which separated peptides based on size and 
charge. Samples were shipped to Lars Plate at the Scripps Research Institute who performed 
mass spectrometry and analyzed data. Mass spectrometry was performed with an Orbitrap LC-
MS (Thermo Fisher) and data was analyzed using Mascot software. 
Mouse infections with V. cholerae 
Andrew Cheng from Fitnat Yildiz’s laboratory at UC Santa Cruz performed Mouse infections 
according to the previously published protocol133. Briefly, deletion strains (lacZ+) and wild type 
(lacZ-) at a ratio of 1:1 were intragastrically administered to 5-day-old CD-1 mice. After 20 
hours, the small intestine was homogenized and plated onto LB agar plates with X-gal to 
differentiate between wild type and mutants. Competitive indices were calculated by dividing 
small intestine output ratio by inoculum input ratio of wild type and mutants. 
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Appendix 
Supplementary Figures for Chapter III 

 

 
Supplementary Figure 1. 
Composite omit maps of a) Fe(II)-unliganded (salmon), b) Fe(II)-NO (dark blue), c) and Fe(II)-CO 
(green) contoured at 2.0 σ. 
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Supplementary Figure 2. 
Monomers A (orange) and B (olive) or Fe(II)-unliganded Cs H-NOX (3TF0). a) Whole protein. b) Heme-
binding pocket. RMSD values are less than 0.2 Å. 
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Supplementary Figure 3. 
Cs H-NOX Fe(II)-NO melt. From 25-75 °C, the NO complex changes from 6-coordinate low-spin to 5-
coordinate high-spin. 
 
 

400 500 600 700
0.0

0.2

0.4

0.6

Wavelength (nm)

Ab
so

rb
an

ce

420 nm, 
25 ˚C

403 nm, 
75 ˚C



 58 

 
Supplementary Figure 4. 
a) Sequence alignment of Cs H-NOX and Vc H-NOX. b) Vc HnoK autophosphorylation with Vc H-NOX. 
Fe(II)-NO Vc H-NOX inhibits autophosphorylation activity of Vc HnoK, while Fe(II), Fe(III), and Fe(II)-
CO do not affect kinase activity. 
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Supplementary Figure 5. 
Vc HnoK autophosphorylation with saturating CO buffer (~0.98 mM CO in solution), or increasing 
concentrations of NO donor Proli-NONOate.  
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