
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Functional Characterization of the Heme-Nitric oxide/OXygen Binding Proteins from 
Legionella pneumophila

Permalink
https://escholarship.org/uc/item/8br6f0hb

Author
Carlson, Hans Karl

Publication Date
2009
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8br6f0hb
https://escholarship.org
http://www.cdlib.org/


 

 

 
 
 
 

Functional Characterization of the Heme-Nitric oxide/OXygen Binding Proteins from 
Legionella pneumophila 

by 

Hans Karl Carlson 

A dissertation submitted in partial satisfaction of the  

requirements for the degree of  

Doctor of Philosophy 

in 

Chemistry 

in the 

Graduate Division 

of the 

University of California, Berkeley 

Committee in charge: 

Professor Michael A. Marletta, Chair 
Professor Russell E. Vance 

Professor Carolyn R. Bertozzi 

Fall 2009 



 

 

 

The dissertation of Hans Karl Carlson, titled Functional Characterization of the 
Heme/Nitric oxide/OXygen Binding Proteins from Legionella pneumophila is 
approved: 

 
 
Chair ___________________________________________  Date  _____________ 
 

 
           ___________________________________________  Date  _____________ 
 

 
___________________________________________  Date  _____________ 

 
 
 
 
 

University of California, Berkeley



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Functional Characterization of the Heme-Nitric oxide/OXygen Binding Proteins from 
Legionella pneumophila 

 

© 2009 

by Hans Karl Carlson



 

1 

Abstract 
 

Functional Characterization of the Heme-Nitric oxide/OXygen Binding Proteins from 
Legionella pneumophila 

 

by 

 
Hans Karl Carlson 

 
Doctor of Philosophy in Chemistry 

 
University of California, Berkeley 

 
Professor Michael A. Marletta, Chair 

 

Heme-Nitric oxide/OXygen binding (H-NOX) domains are distributed widely in 
bacterial genomes, but limited information is available on their function.  In facultative 
aerobic prokaryotes, H-NOX domains are stand-alone proteins, and H-NOX genes are 
typically found in the same predicted operon as genes coding for proteins involved in 
signal transduction.  Some H-NOX genes are adjacent to genes coding for c-di-GMP 
metabolism genes and others are adjacent to histidine kinases.  Histidine-aspartic acid 
phosphotransfer pathways are central components of  prokaryotic signal transduction 
pathways, and are also found in many eukaryotes.  Tools to study histidine kinases, 
however, are currently quite limited.  We developed a new method to study histidine-
aspartic acid phosphotransfer pathways.  We show that many histidine kinases will 
accept ATPγS as a substrate to form a stable thiophosphohistidine, even when they do 
not form stable phosphohistidines using the natural substrate ATP.  An antibody that 
has previously been used to detect thiophosphorylated serine, threonine and tyrosine 
residues is shown to recognize thiophosphohistidine and thiophophoaspartic acid 
residues. Histidine kinase autothiophosphorylation is regulated by other protein sensor 
domains in the same way as autophosphorylation, and thiophosphate is transferred to 
downstream aspartic acid containing response regulators.  We used this method to 
demonstrate H-NOX regulation of a histidine kinase that would not accept ATP to 
form a stable phosphohistidine. 

 Legionella pneumophila is unique among prokaryotes because its genome encodes 
two H-NOX proteins.  We show that Hnox2, but not Hnox1, regulates the 
autophosphorylation of the histidine kinase, Lpg2458, and the phosphorylation of the 
CheY-like response regulator, Lpg2457.  We provide UV-Vis spectral evidence that 
Lpg2458 alters the conformation of the Hnox2 Fe(II)-NO complex.  We also 
performed phosphorylation timecourses which reveal that the Hnox2 does not directly 
compete with Lpg2457 for binding to Lpg2458.  These results have implications for 
biophysical and functional studies focusing on H-NOX domain signaling. 
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Finally, we present data to support the role for a Legionella pneumophila H-NOX 
protein in the regulation of biofilm formation.  We show the following:  (i) Clean 
deletions in the hnox1 gene do not affect growth rate in liquid culture or replication in 
permissive macrophages.  (ii) The ∆hnox1 strain displays a hyper-biofilm phenotype.  
(iii) The gene adjacent to hnox1 codes for a GGDEF-EAL protein, lpg1057, and 
overexpression in Legionella pneumophila of this protein, or the well-studied 
diguanylate cyclase, vca0956, results in a hyper-biofilm phenotype.  (iv)  The Lpg1057 
protein displays diguanylate cyclase activity in vitro and this activity is inhibited by the 
Hnox1 protein in the Fe(II)-NO ligation state, but not the Fe(II) unligated state.  (v)  
Consistent with the Hnox1 regulation of Lpg1057, clean deletions of lpg1057 in the 
∆hnox1 background results in reversion of the hyper-biofilm phenotype back to wild-
type biofilm levels.  Taken together, these results suggest a role for hnox1 in regulating 
c-di-GMP production by lpg1057 and biofilm formation in response to nitric oxide.   
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Chapter 1  

 

Introduction 
 

This thesis describes experiments focused on determining the function of Heme-Nitric 
oxide/OXygen Binding (H-NOX) proteins in bacteria.  In Chapter 1, background on the H-NOX 
proteins and a hypothesis for their function in bacteria is presented.  Chapter 2 describes a new 
approach to studying histidine kinase proteins.  This new method was useful for studying the 
regulation of a previously uncharacterized histidine kinase by an H-NOX protein.  Chapters 3 
and 4 focus on the two H-NOXs from Legionella pneumophila.  In Chapter 3, results of 
biochemical experiments with components of the Hnox2 phosphotransfer pathway are presented.  
In Chapter 4, results of phenotypic experiments with hnox1 and hnox2 mutant strains are 
presented.   

1.1 Background on the H-NOX Family of Proteins 
The Heme-Nitric oxide/OXygen (H-NOX) domain is most well-known as the heme-domain of 
the mammalian nitric oxide (NO) receptor, soluble guanylate cyclase (sGC) (1).   Previous work 
in the Marletta lab resulted in a truncated construct of the β1 sGC subunit containing the minimal 
portion of the protein required for heme binding (2).  A BLAST search against the sequences in 
the protein data bank revealed the presence of a number of proteins with high sequence 
homology to the sGC heme domain (3, 4).  In eukaryotes, the sGC-like domains are found in the 
context of large heterodimeric or homodimeric proteins containing guanylate cyclase 
domains(1).  Most eukaryotic sGCs bind NO, but do not bind O2.  Some eukaryotic sGCs, such 
as Gyc-88E, Gyc-89Da and Gyc-89Db from Drosophila melanogaster, bind O2, and are referred 
to as atypical sGCs (5).  In facultative aerobic prokaryotes, the sGC-like heme domain is a stand 
alone protein and found adjacent to proteins typically involved in signal transduction pathways 
such as histidine kinases and proteins involved in c-di-GMP metabolism, such as those with 
GGDEF-EAL or HD-GYP domains (3, 4).  In obligate anaerobic prokaryotes, the sGC-like heme 
domain is fused to methyl-accepting chemotaxis proteins (3, 4) (Figure 1.1). 
 Characterization of the ligand binding specificity of the sGC-like heme domains from the 
prokaryotes revealed that in facultative aerobic bacteria, these domains do not bind O2, like sGC, 
but in obligate anaerobic bacteria, these domains bind O2 (3, 6).  The family of proteins was thus 
named H-NOX, for Heme-Nitric oxide/OXygen binding.  The oxygen binding property of H-
NOX domains from some eukaryotes and the obligate anaerobic bacteria is due to the presence 
of a hydrogen bonding tyrosine in the distal heme pocket which stabilizes the bound oxygen (7). 



 

2 

 
Figure 1.1  Domain architecture of H-NOX proteins in eukaryotes and prokaryotes.  
Eukaryotic H-NOX domains are found as a sub-domain in guanylate cyclase proteins.  Typical 
sGCs, such as mammalian sGC, exclude O2, and atypical sGCs in flies and worms bind O2.  In 
facultative aerobic prokaryotes, the H-NOX domains are stand alone proteins, exclude oxygen, 
and are found associated with histidine kinases or proteins involved in c-di-GMP metabolism.  In 
obligate anaerobes, the H-NOX domains bind oxygen and are found associated with methyl 
accepting chemotaxis proteins (MCPs).   
 

The oxygen-excluding H-NOX domains in some eukaryotic sGCs and the facultative aerobic 
prokaryotes are high affinity, specific NO receptors.  Studies with the rat β1 sGC revealed a near 
diffusion-limited on-rate for NO binding to the heme, kon~10-12 M-1 s-1.  The sGC NO off rate is 
relatively slow for heme proteins, koff ~10-3.  Thus, the Kd for NO binding to the sGC heme is in 
the picomolar range.  Though the NO kon has not been measured for any of the bacterial H-NOX 
proteins, it is likely to be similar to sGC.  The NO off rate has been measured for a number of 
prokaryotic H-NOX proteins, and was found to be similarly slow with a few exceptions (6).  
Based on the similar ligand binding characteristics in sGC and the H-NOX domains from 
facultative aerobic bacteria we have postulated a role for these bacterial H-NOX proteins as high 
affinity, NO specific switches that modulate the activity of adjacent proteins to affect signaling 
pathways in bacteria (Figure 1.2).  Results supporting this hypothesis are presented in this thesis.   
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Figure 1.2  Hypothesis of H-NOX function in facultative aerobic bacteria.  A)  H-NOXs with 
genes in the same predicted operon with histidine kinase genes are likely to be NO responsive 
switches that modulate phosphotransfer cascades.  B)  H-NOXs with genes in the same predicted 
operon with GGDEF-EAL genes are likely to be NO responsive switches that modulate the 
concentration of intracellular c-di-GMP.  Typically, higher concentrations of intracellular c-di-
GMP leads to a more sessile, biofilm state.  

1.2 Biological NO:  High and Low Concentrations 
 NO can play two roles in biology.  Due to its free-radical character, NO can undergo one-
electron reactions with a number of biological molecules and damage cellular components at 
micromolar concentrations (8).  NO becomes even more toxic when it reacts with superoxide to 
form peroxynitrite (8, 9).  Peroxynitrite is used as a weapon of the innate immune system in 
mammals.  Activated macrophages produce micromolar concentrations of NO, through the 
action of inducible nitric oxide synthase (iNOS) (10), and superoxide, through the action of 
phagocyte oxidase (9), to destroy invading bacteria and other pathogenic microorganisms (8).   

At low nanomolar concentrations, NO behaves as a freely-diffusible gas and is an 
important signaling molecule (11) (1).  The paradigm for beneficial NO signaling involves sGC 
and endothelial NOS (eNOS) (11) (1).  These two proteins work together to regulate vascular 
tone in blood vessels in mammals.  In the endothelium of the blood vessel, eNOS produces 
nanomolar levels of NO which diffuses into the smooth muscle cells that line the blood vessel, 
binds to heme of sGC, and activates the guanylate cyclase, triggering a signaling cascade that 
ultimately leads to vasodilation.  The most salient features of the eNOS-sGC signaling pathway 
are a defined source of nanomolar NO and a receptor that can modulate the activity of a 
signaling pathway in response to nanomolar NO.  It seems likely that the H-NOX domains 
evolved in bacteria to function as high affinity NO receptors to regulate signaling pathways and 
allow bacterial cells to adjust to features of the environment signified by low levels of NO.  
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1.3 NO Sources in the Environment  
NO is produced by a number of sources in the bacterial environment.  Both eukaryotic and 

bacterial cells produce NO through the action of nitric oxide synthase (NOS) proteins (10-14).  
NO is produced by bacteria as an intermediate in denitrification (15-17).  In this context, it may 
serve as a signal source to indicate to other bacterial cells that a sub-population of bacteria is 
entering into a denitrifying lifestyle.  Nitrate can also be chemically reduced to NO by Fe(II) in 
the presence of catalytic amounts of other transition metals, such as Cu(II) (18).  The chemical 
reduction of nitrate is rapid at high temperatures and pressures, and is an important nitrogen sink 
and likely NO source in extreme environments, such as hydrothermal vents or the early earth 
(19).  In fact, it has been proposed that NO was the first biological terminal electron sink to 
emerge on the earth before the appearance of molecular oxygen (20).  Abiotic NO may also have 
played a role as a molecular surface that was sensed by bacteria on the early earth and continues 
to be sensed today, providing important information about the niche in which the bacteria find 
themselves.  The photolysis of NO3

- to NO2
- to NO is another an important abiotic source of NO, 

and this process is at least partly responsible for the halo of NO at low nanomolar levels that 
encircles the planet at the bottom of the photic zone in the oceans (21).  Bacteria with H-NOX 
proteins are abundant in the oceans and may be responding to the NO gradients present there.  
Figure 1.3 shows the distribution of H-NOX domains in bacterial genomes.  It is important to 
note the diverse prokaryotic species that have H-NOX domains, as well as the absence of H-
NOX domains in a number of sequenced and well studied species.     

 

 
Figure 1.3  Distribution of H-NOX Domains in Prokaryotes.  Prokaryotic genomes with an 
H-NOX are listed with color coding indicating the genes found in the same predicted operon as 
the H-NOX gene. Arrows indicate the branch of the bacterial phylogenetic tree in which a group 
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of H-NOX containing organisms is classified.  The most common genes found adjacent to H-
NOX genes are histidine kinases and proteins involved in c-di-GMP metabolism.  For many of 
the H-NOX/kinase pairs, no downstream response regulator is present in the same operon, and 
these are referred to as orphan histidine kinases.  A number of H-NOX/kinase pairs have a 
CheY-like response regulator in the same operon.  Obligate anaerobes are all shown in blue, and 
have H-NOX domains fused to a methyl-accepting chemotaxis protein (MCP).   
 

1.4 Bacterial NO Receptors: High Affinity and Low Affinity 
  A number of putative bacterial NO sensing proteins have been described in recent years.  
Most of these proteins have affinities for NO in the mid to high nanomolar range and regulate 
genes involved in detoxifying higher levels of NO.  Examples of these NO receptors include 
DNR, NorR, NsrR, FNR (17).  These proteins are transcription factors, and in response to NO 
they derepress the expression of genes involved in NO detoxification such as those coding for 
the aerobic NO dioxygenases (flavohemoglobins) or anaerobic NO reductases (flavo-di-iron  
proteins) (17).  DNR uses a heme to sense NO.  NorR uses a non-heme iron.  NsrR and FNR 
have iron-sulfur clusters (17).  All of these proteins, when measured, have nanomolar Kds for NO 
(22, 23).  In contrast, the H-NOX proteins have picomolar Kds for NO; thus, H-NOXs may 
regulate different cellular processes than NO detoxification.  At low levels, as demonstrated in 
mammalian systems, NO can function in a beneficial signaling role.  The H-NOX proteins in 
bacteria may modulate signaling pathways that lead to physiological changes in response to low, 
non-toxic levels of NO to prime the bacterial cell for higher levels of NO or to prepare for other 
aspects of the environmental niche signified by low NO levels.  For example, denitrifying cells 
in a mixed bacterial population might signal to other bacteria that oxygen levels are low by 
producing NO to be sensed by H-NOX signaling pathways.  A hypothetical model for the 
function of the various NO sensors in bacteria is presented in Figure 1.4. 
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Figure 1.4  Hypothesis for the roles of high affinity and low affinity NO sensing pathways 
in bacteria.  NO sensing pathways with picomolar affinity, such as the H-NOX, may help 
bacteria respond to nanomolar concentrations of NO and prepare for higher levels of NO.  
Micromolar concentrations of NO are toxic, and NO sensing transcription factors with mid 
nanomolar Kds for NO are dedicated to sensing toxic NO and turning on the expression of 
detoxification genes. 
   

1.5 Previous Studies on Bacterial H-NOX Signaling 
Prior to the work described in this thesis, previous studies provided support for the hypothesis 

that the H-NOX proteins in facultative aerobic bacteria are involved in the regulation of 
signaling pathways in response to NO (24) (Y.L. Wang, Y. Dufour, H.K. Carlson, T. Donohue, 
M.A. Marletta and E.G. Ruby, unpublished results).  In Shewanella oneidensis, Price et al. 
showed that the H-NOX inhibits the activity of an adjacent histidine kinase in the NO ligated 
state, but not in the ferrous unligated state (24). 
 

 
Figure 1.5  Model for NO sensing pathways in V. fischeri.  From the results of our 
collaboration with the Ruby lab at the University of Wisconsin, we propose this model for the 
role of the H-NOX and NorR in NO sensing.  NO stimulates the expression of iron uptake genes 
through Fur, but the H-NOX inhibits a portion of the Fur regulon in response to NO.  NorR 
represents an independent pathway that regulates NO detoxification genes.  The H-NOX is 
responsive to picomolar NO, Fur and NorR respond to micromolar NO (Y.L. Wang et al., 
unpublished results).  
 

 In a collaboration between our lab and the Ruby lab at the University of Wisconsin, 
Madison, it was discovered that in Vibrio fischeri, the H-NOX regulates a phosphotransfer 
pathway which modulates the colonization efficiency of the bacteria in the consortial symbiotic 
association with the squid host, Euprymna scolopes.  H-NOX mutant strains of V. fischeri hyper-
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colonize the squid host 10-fold better than wild-type bacteria.  This striking result may be 
explained by the upregulation of iron uptake genes in the H-NOX mutants, which gives the 
mutants access to parts of the squid crypts that are typically iron-limited and cannot support the 
growth of wild-type bacteria (Y.L. Wang et al., unpublished results).  The V. fischeri H-NOX, 
like all H-NOX proteins from facultative aerobes, is able to exclude oxygen, but bind NO with 
high affinity (Y.L. Wang et al., unpublished results). 
 

1.6 Thesis 
 This thesis describes experiments aimed at understanding the function of bacterial H-NOX 
proteins. In our efforts to find a functional role for H-NOX proteins in bacteria, we used both 
biochemical approaches and microbiological approaches.  We have found both biochemical 
evidence for H-NOX regulation of bacterial signaling proteins and a clear phenotype in strains 
lacking one of the H-NOX genes in Legionella pneumophila.  Prior to the work described in this 
thesis, it was demonstrated that the S. oneidensis H-NOX protein regulates a histidine kinase in 
response to NO.  Unfortunately, further attempts to show regulation of histidine kinase proteins 
by the H-NOX proteins in other bacteria were challenging due to the rapid hydrolysis or 
phosphatase rates in the proteins we chose to study.  To overcome this obstacle, we developed a 
new assay to probe the activity of these proteins that utilizes ATPγS as a substrate to give the 
more stable thiophosphohistidine.  Chapter 1 describes this new approach and how we used it to 
demonstrate regulation of a histidine kinase by the H-NOX from Hahella chejuensis.   
 The remainder of the thesis describes experiments aimed at understanding the function of the 
two H-NOX proteins from Legionella pneumophila.  One of the Legionella H-NOX genes 
(hnox2) is adjacent to a histidine kinase gene (lpg2458), and Chapter 1 describes biochemical 
experiments that demonstrate how the H-NOX regulates the activity of the lpg2458 
phosphotransfer cascade.  We also made clean deletions in this H-NOX protein, but were unable 
to determine its role in L. pneumophila.   
 In chapter 2, we present results that support a role for the other H-NOX in the L. pneumophila 
genome in the regulation of a GGDEF-EAL protein to alter the metabolism of c-di-GMP and 
affect biofilm formation.  Strains with clean deletions in the H-NOX gene (hnox1) adjacent to a 
gene coding for a GGDEF-EAL protein, lpg1057, display a hyper-biofilm phenotype.  This is the 
first report of H-NOX regulation of biofilm formation, and the first demonstration of c-di-GMP 
regulation of biofilm formation in L. pneumophila. 
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Chapter 2  
 

Use of a Semisynthetic Epitope to Probe Histidine 
Kinase Activity and Regulation 
 
 
 This chapter describes a new method that we developed to analyze histidine kinase activity in 
collaboration with the Shokat lab at UCSF.  A paper describing this method is published in 
Analytical Biochemistry (25).  Essentially, the method takes advantage of the tolerance of most 
histidine kinase proteins for ATPγS as an alternate substrate to ATP.  Histidine kinases turnover 
ATPγS to form a more stable thiophosphorylated residue that can be derivatized with the 
alkylating agent para-nitrobenzylmesylate and detected with an antibody specific for the 
alkylated thiophosphate.  This antibody was developed to detect thiophosphorylated serine and 
has been used to detect thiophosphorylated threonine and tyrosine.  We found that the antibody 
can be used to detect thiophosphohistidine and thiophosphoaspartic acid, confirming that it 
works to detect protein phosphorylation independent of the residue that is phosphorylated.   

2.1 Introduction 
Histidine kinases are important components of bacterial, fungal and plant signal transduction 

pathways (26).  In response to environmental signals, the rates of histidine kinase 
autophosphorylation or phosphatase activity change leading to an altered phosphorylation state 
of downstream response regulators.  These changes lead to regulation of fundamental cellular 
processes such as flagellar rotation or cell growth state (26-28).  At present, there are a limited 
number of tools available to study the activity of histidine kinases, and all use the natural 
substrate ATP and rely on the ability of the histidine kinase to form a stable phosphohistidine or 
to transfer the phosphoryl group to a downstream response regulator that is isolable (29-31).  The 
characterization of histidine kinases remains challenging due largely to the lability of 
phosphohistidines.  The hydrolysis rate is likely to vary widely in proteins, but studies have 
shown a clear difference in the stability of phosphohistidine in acidic solution compared to 
phosphoserine, phosphothreonine and phosphotyrosine.  In the presence of 1 M HCl at 100 °C, 
phosphoserine and phosphothreonine are relatively stable and have half-lives of approximately 
18 hours, and phosphotyrosine has a half-life of 5h (32).  In contrast, 1- and 3-phosphohistidine 
have half-lives of 18 and 25 seconds, respectively (33).  Though histidine and aspartic acid 
residues are likely the most common sites of phosphorylation in nature, relatively few 
investigations have looked at autophosphorylation with purified histidine kinases, choosing 
instead bioinformatic or molecular biological approaches to study the regulation of histidine 
kinases.   

In this chapter, we present a new tool to study the autophosphorylation of a histidine 
kinase that utilizes ATPγS.  We have found that 1) some histidine kinases will utilize ATPγS to 
form stable thiophosphohistidines even, in some cases, when the protein will not form a stable 
phosphohistidine, 2) the regulation of histidine kinase activity by other protein domains is similar 
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for both ATP and ATPγS, and 3) the thiophosphate can be transferred to downstream response 
regulator proteins. 

We demonstrate that histidine kinases tolerate S for O substitution in the catalytic cycle.  
This produces a product which will be stabilized against nucleophilic attack and hydrolysis 
relative to the corresponding phosphate.  Therefore, thiophosphorylated residues in histidine 
kinase and response regulator proteins are more stable than their phosphophorylated analogues.  
This fact was recognized by those interested in studying histidine phosphorylation with mass 
spectrometry and where extraction of phosphorylated proteins from cells is required (34, 35).  
Thiophosphoaspartic acid is also likely to be more stable to hydrolysis than phosphoaspartic acid 
given that the majority of the hydrolysis occurs through attack on the phosphate, rather than the 
carbonyl carbon of the thiophosphoaspartic acid ester (36).   

 

 
Figure 2.1  A scheme outlining the method used to detect thiophosphorylated proteins.  Step 
1.  Autophosphorylation reactions are inititated with ATPgS, and quenched with EDTA.  Step 2.  
para-nitrobenzylmeslyate (PNBM) is added to the quenched reactions to alkylate the 
thiophosphorylated residues.  Cross-reactivity occurs with some cysteines.  Step 3.  An antibody 
specific for the PNBM derivatized thiophosphate epitope is used to detect proteins that were 
thiophosphorylated in Step 1. 

 
Previous work from Allen et al. has demonstrated the utility of ATPγS as a tool to study 

serine, threonine and tyrosine kinase activity (37, 38).  After reaction with ATPγS, the kinases 
and kinase substrates are incubated with para-nitrobenzylmesylate (PNBM), which reacts with 
both cysteine and with thiophosphates.  An antibody specific for the alkylated thiophosphate is 
then used to detect the thiophosphate esters.  As long as the protein of interest does not have 
epitopes that cross-react with the antibody, this method will work to selectively detect 
thiophosphorylated proteins both in vitro and in vivo.  The basic method, as applied to histidine-
aspartic acid phosphotransfer pathways, is outlined in Figure 2.1.  

2.2 Experimental Procedures 
Histidine Kinase Cloning and Expression:  CheA and NtrB proteins were gifts from Prof. 

Brian Crane (Cornell University) and Prof. Sydney Kustu (UC Berkeley).  S. oneidensis H-NOX 
associated histidine kinase (SO2145) was cloned and expressed as described previously (24).  
Other histidine kinase proteins (LPG2458, HCH03701, VFA0072) were cloned out of genomic 
DNA and ligated into pET-20b(+) expression vector (Invitrogen) cut with NcoI and XbaI 
restriction enzymes (NEB) and transformed into E. coli DH5α.  The cytoplasmic domain of E. 
coli EnvZ (residues 223-450) (39) was cloned out of genomic DNA and ligated into pET-20b(+) 
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vector cut with NdeI and NotI restriction enzymes (NEB).  The receiver domain of E. coli OmpR 
(residues 1-128) was cloned out of genomic DNA and inserted into the Gateway entry vector 
pENTR/SD/D-TOPO using a TOPO cloning kit (Invitrogen).  N-terminal MBP-tagged 
OmpR was constructed by transferring the gene into the Gateway 
destination vector pHMGWA (40) using LR clonase II mix 
(Invitrogen).  Positive transformants of all constructs were screened for on LB plates 
containing 100 µg/mL ampicillin and the DNA sequences were confirmed by sequencing (Elim 
Biopharmaceuticals).  With the exception of CheA and NtrB, all proteins were expressed as 
follows:  E. coli BL21(DE3)pLysS cells containing the appropriate plasmid were grown at 37 °C 
to an OD600 of 0.6-0.9, induced with 10 µM IPTG, and grown for 16-18 hours at 25 °C.  Cells 
were harvested by centrifugation at 7,000 rpm (6370 x g) for 15 minutes in an Avanti J-20 I 
centrifuge with a JLA 8.1 rotor (Beckman), resuspended in lysis buffer (100 mM sodium 
phosphate, 250 mM NaCl, 5% glycerol, , 20 mM imidazole, pH 7.9) and lysed with a high-
pressure homogenizer (Avestin).  Lysate was clarified by centrifugation at 42,000 rpm (200,000 
x g) for 1 hour in an Optima XL-100K ultracentrifuge with a Ti-45 rotor (Beckman) prior to 
loading on Ni-NTA agarose resin (Qiagen).  The Ni-NTA Resin was washed with lysis buffer 
and eluted with elution buffer (250 mM imidazole in 100 mM sodium phosphate, 250 mM NaCl, 
5% glycerol, pH 7.9).  Gel filtration chromatography with a S200 26/60 HiLoad Resin column 
(Pharmacia Biotech) connected to a Biologic HR FPLC was used for further purification.  The 
gel filtration column was equilibrated and run in 50 mM TEA, 50 mM NaCl, 5% glycerol, pH 
7.5 buffer.  All proteins were >95% pure for assays, as determined by SDS-PAGE and 
Coomassie staining.  Protein concentrations were determined by the method of Bradford and 
Quantitative Amino Acid Analysis. 
 
Histidine Kinase Autophosphorylation and Response Regulator Assays Using ATPγ32P or 
ATPγ35S: Histidine kinases (1 or 5 µM) and response regulators (5 µM) were mixed with 500 
µM ATP (Sigma-Aldrich) plus 10 µCi ATPg32P (6000 Ci/mmol, Perkin Elmer) or 500 µM 
ATPγS (Sigma-Aldrich) plus 10 µCi ATPγ35S (1250 Ci/mMol, Perkin Elmer) and 10 mM MgCl2 
in 50 mM TEA, 50 mM NaCl, 5% glycerol pH 7.5 in 25 µL reactions.  At endpoints, the reaction 
was quenched with 5 µL of a 6x concentrated stock of SDS-PAGE running buffer.  Proteins in 
SDS-PAGE running buffer were not boiled because of concerns about the stability of the 
phosphorylated species.  Proteins were separated from nucleotides on 10-20% Tris-Glycine SDS-
PAGE gels (Invitrogen).  Gels were exposed to a phosphorimager plate (Molecular Dynamics) 
for at least 16 hours and imaged using a Typhoon (Molecular Dynamics). 
 
Histidine Kinase Autothiophosphorylation and Response Regulator Assays Using ATPγS:  
Histidine kinases (1 or 5 µM) and response regulators (5 µM or 20 µM) were mixed with 500 
µM ATPγS and 10 mM MgCl2 in 50 mM TEA, 50 mM NaCl, 5% glycerol pH 7.5 in 25 µL 
reactions.  At endpoints, the reaction was quenched with 5 µL of 500 mM EDTA and 1.5 µL of 
para-nitrobenzylmesylate (PNBM) was added from a 50 mM stock in 100% DMSO to give a 
final concentration of 1 mM PNBM and 6% DMSO.  After allowing the alkylation reaction to 
proceed for 1.5 hrs, 6 µL of a 6x concentrated stock of SDS-PAGE gel running buffer was 
added. Proteins in SDS-PAGE running buffer were not boiled to be consistent with the procedure 
used in autophosphorylation assays.  Proteins were separated from other components of the 
reaction mixture on 10-20% Tris-glycine SDS-PAGE gels (Invitrogen).   
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Thiophosphohistidine Detection Assays:  Proteins were transferred from SDS-PAGE gels to 
nitrocellulose membranes (Whatman) and blocked with 5% non-fat dry milk (Carnation) in 
phosphate buffered saline, pH 8, containing 0.5% Tween 20 (PBST) for 1 hour at room 
temperature.   Primary antibody specific for the alkylated thiophosphate (Epitomics, monoclonal 
Ab 51-8) was added at 1:5,000 in 5% non-fat dry milk in PBST and incubated with the blot 
overnight at 4 °C.  The blot was then washed 3 times, for 10 minutes each, with PBST at 25 °C.  
Secondary antibody, goat anti-rabbit HRP (Pierce), was added at 1:1,000 also in 5% non-fat dry 
milk in PBST at 25 °C for 1 hour.  The blot was again washed 3 times, for 10 minutes each, with 
PBST at 25 °C, and developed using SuperSignal West Femto Maximum Sensitivity Substrate 
(Pierce) and imaged using a Fluor-S MultiImager (Bio-Rad).  Negative control reactions in 
which ATPγS was not added or PNBM was not added were run to confirm that there was no 
cross-reactivity with alkylated cysteines or other protein epitopes. 
 

2.3 Results and Discussion 
The panel of histidine kinases chosen for this study was largely based on previous work to 

study the regulation of histidine kinases by adjacent Heme-Nitric Oxide OXygen sensor (H-
NOX) proteins.  In that work, we demonstrated that the H-NOX from Shewanella oneidensis 
regulates the activity of a histidine kinase found in the same operon (24).  Unfortunately, 
attempts to show similar regulation in proteins from other organisms have proven more difficult.  
Figure 2.2 illustrates the fact that many histidine kinases that do not form a stable 
phosphohistidine will form a stable thiophosphohistidine.  For comparison, the well studied 
histidine kinases Thermotoga maritima CheA and Escherichia coli NtrB are shown in lanes 1 
and 2, respectively.  Lanes 3-6 show the H-NOX associated histidine kinases from Shewanella 
oneidensis, Legionella pneumophila, Hahella chejuensis, and Vibrio fischeri.  Of particular note 
are the histidine kinases from Vibrio fischeri and Hahella chejuensis.  Neither of these proteins 
form a stable phosphohistidine with ATP, but both form stable thiophosphohistidines with 
ATPγS.  In the case of the Hahella kinase, though no stable autophosphorylated protein could be 
detected, the thiophosphate was stable overnight at 25 °C (Figure  2.4).  Also of interest is the 
CheA protein from Thermotoga maritima.  It does not accept ATPγS as a substrate (Figure 2.2 
and Figure 2.3).  Given that the conditions used for autophosphorylation and 
autothiophosphorylation reactions are identical except for the nucleotide used, the stability of the 
thiophosphate is likely what allows for detection in cases where the phosphorylated protein 
cannot be detected.  In some of the histidine kinases, such as the H-NOX associated kinase from 
Shewanella oneidensis, the intensity of the signal in the ATP32P gel is different from the signal in 
the ATPγS Western blot (Figure 2.2).  This can be explained by either a difference in the ability 
of the protein to accept ATPγS rather than ATP or by differences in the degree of PNBM 
alkylation or antibody recognition of the alkylated thiophosphate in the protein.  In the case of 
the Shewanella kinase, the differences in Figure 2.2 are likely explained by differences in 
alkylation or recognition of the epitope, as the protein was exceptionally active with ATPγ

35S 
when compared with other the proteins in the panel, but much less active in the ATPγS antibody 
assay (Figure 2.3).  
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Figure 2.2  A panel of six purified histidine kinases were tested using radioactive ATP32P 
and the ATPγγγγS antibody assay.  A)  Coomassie stained gel of the panel of purified histidine 
kinases.  B) Phosphorimage of radioactive gel showing the panel of histidine kinases tested using 
ATP32P.  C)  Western blot showing the panel of histidine kinases tested using the ATPγS 
antibody assay.   Lane 1:  T. maritima CheA,  2:  E. coli NtrB and lanes 3-6: H-NOX associated 
kinases from S. oneidensis, L. pneumophila, H. chejuensis, and V. fischeri respectively.  The 
molecular weights of the proteins are as follows:  T. maritima CheA: 75.5 kDa,  E. coli NtrB:  
23.6 kDa,  SO2144:  34.9 kDa, LPG2458:  49.2 kDa,  HCH03701:  87.4 kDa,  VFA0072:  65.3 
kDa 
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Figure 2.3  All kinases that react with the ATPγγγγS antibody are also reactive with ATPγγγγ

35S.   
The CheA from Thermotoga maritima is not reactive.  Lane 1: Thermotoga maritima CheA, 2:  
E. coli NtrB, and lanes 3-5: H-NOX associated kinases from H. chejuensis, S. oneidensis and V. 
fischeri respectively.  L. pneumophila kinase was omitted due to reasons of protein availability at 
the time of the assay.    
  

 
Figure 2.4  Stability of thiophosphohistidine in the context of the H-NOX associated kinase 
from Hahella chejuensis.  5 µM pre-thiophosphorylated kinase, separated from ATPγS by three 
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100-fold dilution/concentration cycles in a Vivaspin 500 10 K MWCO spin concentrator 
(Sartorius Stedim Biotech) was allowed to hydrolyze overnight in buffer with 10 mM MgCl2 but 
lacking ATPγS.  Timepoints were analyzed using the ATPγS antibody assay.  This histidine 
kinase forms a stable phosphohistidine, and the thiophosphohistidine is only  hydrolyzed to a 
small degree over 20 hours. 
 

We did not determine which isomers of the thiophosphohistidine were detected in the 
proteins we tested.  However, given that the antibody was initially raised to detect thiophosphate 
esters of hydroxy amino acids (11, 12), the epitope recognized by the antibody is unlikely to 
include any part of the amino acid.  This should permit detection of either 1-thiophosphohistidine 
or 3-thiophosphohistidine. 

It should also be noted that the Vibrio fischeri  and Hahella chejuensis histidine kinases 
are hybrid kinases, and have a receiver domain which may contribute to the rapid hydrolysis rate.  
In addition, the aspartic acid residues in the receiver domains of the hybrid kinases may be 
thiophosphorylated and, therefore, contribute to the overall signal detected for these proteins in 
the assays.  From our experiments, we conclude that because 1) the reactivity of the antibody 
towards the alkylated thiophosphate may vary in the context of different proteins, and 2) the rate 
of ATPγS turnover may vary for different proteins, care should be taken when comparing the 
relative autothiophoshorylation rates between proteins using this assay. 

 

 
Figure 2.5 The autophosphorylation activity of the H-NOX-associated kinase from Hahella 
chejuensis is inhibited by the addition of H-NOX in the Fe2+-NO ligation state, but to a 
lesser extent by the Fe2+ unligated state.  Kinase (1 µM) was incubated for 1.5 hours with 500 
µM ATPγS and 2.5 mM MgCl2 in the presence or absence of an excess of H-NOX in either the 
Fe2+-NO or the Fe2+ unligated states.  The inhibition of autophosphorylation activity by the NO 
bound H-NOX for the Hahella kinase is similar to that seen in other H-NOX-associated kinases 
that are stably phosphorylated upon incubation with radioactive ATP32P. 
 
 In our previous work with H-NOX/histidine kinase pairs, we found that the H-NOX domain 
inhibits the autophosphorylation of the histidine kinase in the NO ligated state, but not in the 
reduced, unligated state (24) and H.K. Carlson (unpublished work).  This was further tested for 
other bacterial H-NOX proteins, and a similar regulation was found for the H-NOX-kinase pair 
from Hahella chejuensis (Figure 2.5).  At 100-fold excess of the H-NOX, the reduced, unligated 
state of the protein inhibited the autothiophosphorylation rate of the Hahella chejunsensis 
histidine kinase to a much lesser extent than the NO ligated state (Figure 2.5).  
Autophosphorylation of the Hahella kinase in the presence or absence of the Hahella H-NOX 
protein using ATP was not observed (Figure 2.2).  This is a clear example of the utility of the 
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ATPγS method in studying the regulatory mechanism of challenging, novel phosphotransfer 
pathways.   

In contrast to many serine, threonine and tyrosine kinases, histidine kinases 
autophosphorylate prior to transferring the phosphate to a response regulator.  This poses some 
problems for the ATPγS method to study phosphotransfer.  The thiophosphohistidine is expected 
to be more stable to hydrolysis and might also display sluggish phosphotransfer kinetics.  
However, the transfer of thiophosphate from the histidine kinase EnvZ to its cognate response 
regulator OmpR was observed, as well as the transfer of thiophosphate from the H-NOX-
associated kinase from Hahella chejuensis to the response regulator in the same predicted operon 
(Figure 2.6).  Transfer from EnvZ to OmpR was detectable at equal concentrations (5 µM), but 
higher concentrations of the Hahella kinase (20 µM) were needed to observe transfer to its 
response regulator.  A method to selectively detect the downstream partner of a histidine kinase 
would be broadly useful in the discovery of prokaryotic phosphotransfer pathways.  Present 
methods for determining the cognate response regulator for a histidine kinase require purification 
of all response regulators from an organism and determining the kinetic preference for 
phosphotransfer (41). 

 

 
Figure 2.6  Turnover reactions to detect thiophosphate transfer from histidine kinases to 
response regulators. A)  Turnover reaction with ATP32P showing phosphate transfer from the 
histidine kinase EnvZ to MBP-tagged OmpR. Lane 1: EnvZ,  2: MBP-OmpR alone,  3: MBP-
OmpR + EnvZ.  5 µM EnvZ, 5 µM MBP-OmpR. B)  Turnover reaction using ATPγS and the 
antibody assay showing thiophosphate transfer from the histidine kinase EnvZ to MBP-tagged 



 

16 

OmpR.  Lane 1: EnvZ,  2: MBP-OmpR alone,  3: MBP-OmpR + EnvZ.  5 µM EnvZ, 5 µM 
MBP-OmpR.  C)  Thiophosphate transfer from the H-NOX associated histidine kinase in 
Hahella chejuensis to the response regulator found in the same predicted operon.  Lane 1:  
Hahella histidine kinase, 2: Hahella response regulator alone, 3: Hahella histidine kinase + 
response regulator.  20 µM Hahella histidine kinase, 5 µM Hahella response regulator. 

2.4 Conclusion 
The assay method described in this chapter is likely to be broadly useful for studying the 

activity of histidine kinases—both as an alternative to radioactive ATP, and as a means to probe 
the activity of histidine kinases that do not accept ATP to form stable phospohistidines. Unlike 
phosphospecific antibody methods used in eukaryotic kinase studies, where each antibody 
exhibits specificity for the specific phosphorylated residue based on the neighboring amino 
acids, the thiophosphate-PNBM specific antibody is context independent and can be used for 
detection of the phosphate modification in any protein context.  Further work is necessary to 
determine the utility of this assay for characterizing new phosphotransfer pathways.  However, 
the transfer of thiophosphate from EnvZ to OmpR and between the Hahella kinase and response 
regulator are very promising results.  Further work will also focus on using this technique for the 
preparation of thiophosphorylated proteins as an alternative to BeF3 for structural studies or for 
mass spectrometry.   
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Chapter 3  
 

H-NOX Regulation of a Phosphotransfer Cascade in 
Legionella pneumophila 
 

Heme-Nitric oxide/OXygen binding (H-NOX) domains are distributed widely in bacterial 
genomes, and found associated with proteins involved in signal transduction.  In this chapter, we 
present results that H-NOX domains respond to nitric oxide to modulate the activity of adjacent 
proteins.  Legionella pneumophila has two H-NOX domains and we show that Hnox2, but not 
Hnox1, regulates the autophosphorylation of the histidine kinase, Lpg2458, and the turnover of 
the CheY-like response regulator, Lpg2457.  We provide UV-Vis spectral evidence that Lpg2458 
alters the conformation of the Hnox2 Fe(II)-NO complex.  We also performed phosphorylation 
timecourses which reveal that the Hnox2 does not directly compete with Lpg2457 for binding to 
Lpg2458.  These results have implications for biophysical and functional studies focusing on H-
NOX domain signaling. 

3.1 Introduction 
The Heme-Nitric oxide/OXygen binding (H-NOX) domain is best known as the heme domain 

of soluble guanylate cyclase (sGC), a mammalian nitric oxide receptor (1); however, this protein 
domain is also found in a number of prokaryotic genomes (1, 4, 6, 42).  In mammalian sGC, the 
H-NOX domain binds nitric oxide to regulate the guanylate cyclase activity of the catalytic 
domains (1).  In prokaryotes, however, the H-NOX domains are found in a different context. In 
obligate anaerobic bacteria, the H-NOX domains are fused to a methyl accepting chemotaxis 
protein (4, 42).  In facultative aerobic bacteria, the H-NOXs are stand-alone proteins and 
typically found adjacent to histidine kinases or proteins involved in c-di-GMP metabolism, such 
as those with GGDEF, EAL or HD-GYP domains (4, 42).  For all H-NOX domains characterized 
thus far, the H-NOX domains from obligate anaerobic bacteria bind oxygen, but those in 
facultative aerobes are selective for nitric oxide (6, 42).  Oxygen is stabilized by the presence of 
a distal pocket tyrosine (7).    

Previous work in our lab has demonstrated that the H-NOX from Shewanella oneidensis 
regulates the autophosphorylation activity of the histidine kinase protein found adjacent to the H-
NOX gene in the genome (24).  We also have evidence for H-NOX regulation of a kinase from 
work done in Vibrio fischeri (Y. L. Wang et al., submitted to PNAS).  In V. fischeri, the H-NOX 
regulates a phosphotransfer pathway that modulates the colonization efficiency of the bacteria in 
the consortial symbiotic association with the squid host, Euprymna scolopes.  H-NOX mutant 
strains of V. fischeri hyper-colonize the squid host 10-fold better than wild-type bacteria.  This 
striking result may be explained by the upregulation of iron uptake genes in the H-NOX mutants, 
which gives the mutants access to parts of the squid crypts that are iron-limited and unable to 
support the growth of wild-type bacteria (Y. L. Wang et al., submitted to PNAS).   

Legionella pneumophila is unique among prokaryotes because it has two H-NOX domains 
(Figure 3.1).  One of the H-NOX-containing genes codes for Hnox2, and is found adjacent to a 
histidine kinase and CheY-like response regulator.  The other H-NOX-containing gene codes for 
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Hnox1, and is found adjacent to a GGDEF-EAL protein, Lpg1057.  We have evidence that 
Lpg1057 is regulated by the Hnox1 protein, but not by the Hnox2 protein.  The Hnox1 protein 
regulates c-di-GMP production by the Lpg1057 protein and clean deletions in the hnox1 gene 
result in a hyper-biofilm phenotype (Chapter 4). 

 

 
Figure 3.1  The two H-NOX proteins in Legionella pneumophila are oxygen-excluding, but 
NO binding.  The predicted H-NOX operons contain a GGDEF-EAL protein and a histidine 
kinase and CheY-like response regulator. 
 

In this chapter, we show that Lpg2458, the histidine kinase adjacent to the hnox2 gene in the 
Legionella pneumophila genome, autophosphorylates and rapidly transfers to its cognate 
response regulator, Lpg2457.  We also demonstrate that Hnox2 Fe(II) stimulates the Lpg2458 
autophosphorylation rate, while Hnox2 Fe(II)-NO displays an inhibitory effect.  Addition of 
Lpg2458 shifts equilibrium of the Hnox2 Fe(II)-NO complex from 6-coordinate towards the 5-
coordinate.  Furthermore, we have evidence that the two H-NOX proteins in L. pneumophila 
regulate distinct signaling pathways.  Hnox2, not Hnox1, regulates Lpg2458.  Finally, we present 
the first evidence that an H-NOX regulated histidine kinase also controls the phosphorylation 
state of downstream proteins in the phosphotransfer pathway.  The phosphorylation rate of 
Lpg2457 by Lpg2458 is inhibited by Hnox2 Fe(II)-NO and activated by Hnox2 Fe(II). 
 

3.2 Experimental Procedures 
Protein Expression and Purification. L. pneumophila Hnox2 (Lpg2459) and Hnox1 

(Lpg1057), were previously cloned out of genomic DNA and ligated into the pET-20b(+) 
expression vector (Invitrogen) (6, 42).  The Hnox2 associated histidine kinase (Lpg2458) and 
single domain response regulator (Lpg2457) were cloned out of genomic DNA and ligated into 
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the pET-20b(+) expression vector (Invitrogen), cut with NdeI and XbaI restriction enzymes 
(NEB) and transformed into E. coli DH5a. Forward and reverse primers for Lpg2458 are 5’-
GGAATTCCATATGATGAGTGATTATGAAGTATTGTTA-3’ and 5’-
CCGCTCGAGTTGATGAGGGACTTTAGGCCATGT-3’.  Forward and reverse primers for 
Lpg2457 are 5’-GGAATTCCATATGATGGACCTCGCAGCTGATAAAGTA-3’ and 5’-
CCGCTCGAGCATGGATTGTAATATCCAAAATAG-3’.  Positive transformants of all 
constructs were screened on LB plates containing 100 µg/mL ampicillin, and the DNA 
sequences were confirmed by sequencing (Elim Biopharmaceuticals). All proteins were 
expressed as follows:  E. coli BL21(DE3)pLysS cells (Invitrogen) transformed with the 
appropriate plasmid were grown at 37 °C to an OD 600 of 0.6-0.9, induced with 10 µM IPTG, 
and grown for 16-18 hours at 25 °C.  Cells were harvested by centrifugation at 7,000 rpm (6370 
xg) for 15 minutes in an Avanti J20I centrifuge with a JLA 8.1 rotor (Beckman), resuspended in 
lysis buffer (100 mM sodium phosphate, 250 mM NaCl, 5% glycerol, 20 mM imidazole, 1 mM 
Pefabloc, pH 7.9) and lysed with a high-pressure homogenizer (Avestin).  Lysate was clarified 
by centrifugation at 42,000 rpm (200,000 xg) for 1 hour in an Optima XL-100K ultracentrifuge 
with a Ti-45 rotor (Beckman) prior to loading on Ni-NTA agarose resin (Qiagen).  The Ni-NTA 
resin was washed with lysis buffer and eluted with elution buffer (250 mM imidazole in 100 mM 
sodium phosphate, 250 mM NaCl, 5% glycerol, pH 7.9).  Gel filtration chromatography with a 
S200 26/60 HiLoad Resin column (Pharmacia Biotech) connected to a Biologic HR FPLC was 
used for further purification.  The gel filtration column was equilibrated and run in 50 mM TEA, 
50 mM NaCl, 5% glycerol, pH 7.5 buffer.  All proteins were >95% pure for assays, as 
determined by SDS-PAGE and Coomassie staining.  Protein concentrations were determined by 
the method of Bradford and Quantitative Amino Acid Analysis. 

 
UV-Vis Spectroscopy. Protein complexes were prepared as described previously (6, 24, 42).  

Purified protein was transferred into the spectral buffer (50 mM TEA, 50 mM NaCl, pH 7.5) 
using a PD10 desalting column (GE Healthcare) in an anaerobic glove bag.  The protein was 
then oxidized with 20-fold molar excess of potassium ferricyanide, and desalted to give the 
oxidized protein.  Oxidized protein was reduced with a 50-fold excess of sodium dithionite, and 
desalted to give the reduced complex. NO was added by providing a 10-fold excess of DEA-
NONOate (Cayman Chemical) to the reduced protein preparation, and the protein was desalted 
to give the ferrous-NO complex. The H-NOX spectra were recorded on a Cary 3E 
spectrophotometer at 20 ˚C. 
 

NO Dissociation Rate.  To observe dissociation kinetics, anaerobic cuvettes were filled with 
0.5 µM H-NOX ferrous-NO complexes in spectral buffer and rapidly mixed 1:1 with anaerobic 
buffer containing 60 mM Na2SO4 and saturated CO (6, 43). Binding of CO is not rate limiting in 
these experiments (6, 43).  The concentration of dithionite was varied between 3 and 300 mM 
with no observable effect on the rate.  The dissociation of NO from the heme was monitored at 
423 nm as the formation of the Fe(II)-CO complex.  Difference spectra were obtained by 
subtracting the first scan from each subsequent scan, and the increase in absorbance was plotted 
against time.  
 

Histidine Kinase Autophosphorylation and Phosphotransfer Assays.  Varying concentrations 
of histidine kinase Lpg2458, H-NOX proteins, and response regulator Lpg2457 were mixed with 
500 µM ATP (Sigma-Aldrich) and ATPγ32P (10 mCi) (Perkin-Elmer) and 10 mM MgCl2 in 50 
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mM TEA, 50 mM NaCl, 5% glycerol pH 7.5.  The reactions were quenched at endpoints with a 
6x concentrated stock of SDS-PAGE running buffer. Proteins in SDS-PAGE running buffer were 
not boiled due to concerns about the stability of the phosphorylated species.  Proteins were 
separated from nucleotides on 10-20% Tris-Glycine SDS-PAGE gels (Invitrogen).  Gels were 
exposed to a phosphorimager plate  (Molecular Dynamics) for at least 16 hours and imaged 
using a Typhoon (Molecular Dynamics). 
 

3.3 Results 
 

3.3.1 UV-Vis Spectroscopy. 
Our laboratory has characterized H-NOX domains from facultative aerobes including Vibrio 

cholera, Legionella pneumophila, Vibrio fischeri, Nostoc punctiforme, Shewanella oneidensis 
and Caulobacter crescentus (6, 24, 42).  None of these proteins bind oxygen, but oxidize slowly 
in air.  All of these proteins form 5-coordinate NO complexes with the exception of the H-NOX 
from Nostoc punctiforme and Hnox2 from L. pneumophila.  In this work, we found that the L. 
pneumophila Hnox2 (Lpg2459) Fe(II)-NO complex shifts the equilibrium to 5-coordinate from 
6-coordinate at room temperature upon the addition of the histidine kinase Lpg2458 (Figure 3.2).  
This spectral shift is consistent with a low stoichiometry H-NOX:kinase complex fully formed in 
the 0.5-5 mM range (Figure 3.2A).  Consistent with a 6-coordinate to 5-coordinate shift, the NO 
off-rate slowed over 10-fold upon addition of Lpg2458 to Hnox2 (Figure 3.2B).  The NO off-rate 
from the Hnox2 5-coordinate NO species is within the range of other H-NOX proteins.  
Assuming a diffusion limited NO on rate (44, 45), the Kd for NO is in the picomolar range.  

 

 
Figure 3.2  Titration of Lpg2458 to observe the effect on Hnox2 Fe(II)-NO coordination 
state. A)  Hnox2 Fe(II)-NO (0.5 µM) was mixed with increasing concentrations of Lpg2458 at 
25 ° C in 50 mM TEA, 50 mM NaCl, 5% glycerol. pH 7.5.  B)  The presence of Lpg2458 greatly 
slows the NO dissociation rate from Hnox2.  A CO-dithionite trap was used to observe the 
dissociation of NO from 0.5 µM Hnox2 in the absence or presence of 5 µM Lpg2458.  
   

A critical step in the activation of sGC, which contains the most well-studied H-NOX domain, 
is the breaking of the axial iron-histidine bond to form a 5-coordinate NO complex (1).  
Therefore, the fact that Hnox2 shifts to 5-coordinate when in complex with its signaling partner 
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suggests that NO binding to Hnox2 results in an active conformation of the H-NOX domain  
similar to that present in NO bound sGC. 

3.3.2 H-NOX Effect on the Lpg2458 Autophosphorylation Rate 
We found that Lpg2458 is constitutively active, with an autophosphorylation rate that is 

similar to that of other histidine kinases (Figure 3.3) (24, 46).  Approximately 20% of the kinase 
is autophosphorylated at steady state, which is similar to what is observed for other histidine 
kinases (46).  The autophosphorylation rate for LGP2458 is affected by addition of the Hnox2 in 
different ligation states (Figure 3.4).  Hnox2 in the Fe(II) unligated state increases the 
autophosphorylation rate of Lpg2458, while Hnox2 Fe(II)-NO displays an inhibitory effect 
(Figure 3.4).  We also found that the Fe(III) and Fe(II)-CO complexes of Hnox2 stimulate the 
autophosphorylation rate of Lpg2458 to the same degree as the Fe(II) complex.  The effect of 
Hnox2 on the Lpg2458 autophosphorylation rate is fully saturated in the concentration range 
between 0.5 and 5 mM (Figure 3.7).  The addition of the Hnox1 has no effect on the 
autophosphorylation rate of Lpg2458, either in the absence (Figure 3.5A) or presence of Hnox2 
(Figure 3.5B).  This finding suggests that the two H-NOX proteins regulate independent 
signaling pathways.  We have other support for independent H-NOX pathways  in L. 
pneumophila from studies with L. pneumophila strains with clean deletions in both H-NOX 
proteins (Chapter 4). 

 

 
Figure 3.3  Lpg2458 is active.  Lpg2458 (1 µM) was mixed with 500 µM ATP, 10 µCi ATPγ

32P 
in 50 mM TEA, 50 mM NaCl, 5% glycerol pH 7.5.  A) Autoradiogram showing 
autophosphorylation at timepoints for Lpg2458.  B) Plot showing that about 20% of the total 
protein is autophosphorylated at steady state after 25 minutes. 
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Figure 3.4  Timecourse for Lpg2458 autophosphorylation in the presence of Hnox2 Fe(II) 
or Hnox2 Fe(II)-NO.  Lpg2458 (1 µM) pre-incubated in the presence or absence of Hnox2 (10 
µM) was mixed with 500 µM ATP, 10 µCi ATPγ

32P in 50 mM TEA, 50 mM NaCl, 5% glycerol, 
pH 7.5. 
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Figure 3.5 Effect of Hnox1 on Lpg2458 autophosphorylation.  A) Hnox2 inhibits the activity 
of the Lpg2458 in the NO ligated state, but activates the kinase in the unligated state.  Hnox1 
does not affect the kinase activity.  Lpg2458 (0.5 µM) with 5 µM Hnox2 or Hnox1.  5 minute 
timepoint. 500 µM ATP, 10 µCi ATPγ

32P, 5 mM MgCl2 in 50 mM TEA, 50 mM NaCl, 5% 
glycerol. pH 7.5.  B) The presence of Hnox1 does not affect the regulation of Lpg2458 activity 
by Hnox2.  Lpg2458 (0.5 µM) with 5 µM of each H-NOX species. 
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Figure 3.6  Hnox2 inhibits the activity of the Lpg2458 in the NO ligated state, but both 
Fe(II)-CO and Fe(III) stimulate activity. 0.5 µM Lpg2458 with 5 µM Hnox2 in various 
ligation states.  500 µM ATP, 10 µCi ATPγ

32P, 5 mM MgCl2 in 50 mM TEA, 50 mM NaCl, 5% 
glycerol. pH 7.5. 5 minute timepoint. 
 

3.3.3 Phosphate Transfer and Effect of Hnox2 on Phosphorylation of 
Lpg2457.  

Lpg2458 rapidly transfers phosphate to the single domain response regulator Lpg2457 (Figure 
3.7).  The accumulation of phosphate on Lpg2457 within 10s is consistent with Lpg2457 being a 
cognate response regulator of Lpg2458.  To further our understanding of the Hnox2 
phosphotransfer pathway, we analyzed the phosphorylation rate of the response regulator 
Lpg2457 by Lpg2458 in the presence and absence of Hnox2 (Figure 3.8).  We found that the 
phosphorylation rate of Lpg2457 by Lpg2458 was increased by the presence of Hnox2 in the 
Fe(II) unligated state, but inhibited by the Fe(II)-NO complex.  This result strongly suggests that 
the Hnox2 functions as a specific NO responsive switch to alter the phosphorylation state of the 
downstream proteins, Lpg2458 and Lpg2457, in the phosphotransfer pathway. 
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Figure 3.7  Lpg2458 rapidly transfers to Lpg2457.  Lpg2458 (1 µM) was pre-labeled with 500 
µM ATP, 10 µCi ATPγ

32P in 50 mM TEA, 50 mM NaCl, 5% glycerol pH 7.5 and then Lpg2457 
(5 µM) was added  A) Autoradiogram showing transfer of phosphate from Lpg2458, pre-labeled 
for 30 minutes, to Lpg2457 at the zero minute timepoint.  B)  Plot showing the loss of phosphate 
on Lpg2458 and the concomitant increase in phosphate on Lpg2457. 
 

 
Figure 3.8 Phosphorylation of Lpg2457 by Lpg2458 in the presence of Hnox2 Fe(II) and 
Hnox2 Fe(II)-NO.  Lpg2458 (1 µM)  Lpg2457 (20 µM), Hnox2 (10 µM) were mixed with 500 
µM ATP, 10 µCi ATPγ

32P in 50 mM TEA, 50 mM NaCl, 5% glycerol pH 7.5 
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3.4 Discussion 
 

Previous studies have shown that all H-NOX domains from facultative aerobic bacteria bind 
NO, but not oxygen (6, 42).  This includes the H-NOX proteins from Legionella pneumophila.  
However, the Hnox2 protein has the unusual characteristic of forming a mixture of 5 and 6 
coordinate Fe(II)-NO complexes (6).  The NO off-rate is much faster from 6 coordinate Fe(II)-
NO complexes than 5-coordinate Fe(II)-NO complexes (6).  We have previously speculated that 
H-NOX domains with a mixture of 5 and 6 coordinate NO complexes likely have higher NO 
Kds; therefore, may be responding to higher NO concentrations in the environment than the H-
NOX domains with strictly 5-coordinate NO complexes (6).  The finding that the Lpg2458 
kinase shifts the equilibrium from 6-coordinate to 5-coordinate for the Hnox2 NO complex 
suggests that in vivo, the Hnox2 forms only 5-coordinate NO complexes.  Also, as the breaking 
of the axial histidine bond has been implicated as a necessary step in the activation of sGC (1), it 
is satisfying to see that, when in a protein-protein complex with Lpg2458, Hnox2 is likely 
binding NO to form a similar species as sGC.   

Our finding that the Hnox2 Fe(II)-NO state inhibits the autophosphorylation rate of Lpg2458 
is consistent with previous results in the study of the S. oneidensis H-NOX and kinase (24).  
However, the stimulation of the Lpg2458 autophosphorylation rate by the Hnox2 protein Fe(II) 
unligated state is novel, and contrasts with the lack of any effect reported for the the Fe(II) 
unligated S. oneidensis H-NOX on the its kinase (24).  It is possible that the L. pneumophila 
kinase requires the H-NOX to adopt the conformation necessary for full activity, while the S. 
oneidensis kinase is already in the most active conformation. 

We also found that Hnox2, and not Hnox1, can regulate the activity of the Lpg2458 kinase.  
Neither a stimulation of autophosphorylation by the Fe(II) complex nor an inhibition of 
autophosphorylation by the Fe(II)-NO complex was observed.  This is consistent with a model in 
which each H-NOX regulates a distinct signaling pathway.  Our finding that the Hnox1 protein 
was responsible for regulating biofilm formation in L. pneumophila is also consistent with this 
model (Chapter 4).   

It is not clear what processes are regulated by the Hnox2 phosphotransfer pathway, but we did 
see a clear effect on the phosphorylation rate of the CheY-like protein, Lpg2457 by Lpg2458 in 
the presence of Hnox2. In the absence of clear phenotypic data, it is difficult to assign a function 
to the CheY-like response regulators.  These proteins can function as phosphate sinks, regulate 
protein localization, or control chemotactic or chemokinetic responses.  We have looked for 
phenotypes that may be regulated by the Hnox2 protein, but we have not found any effect of the 
Hnox2 protein on intracellular replication in phagocytes or biofilm formation (Chapter 4).  
Chemotaxis and chemokinesis may be regulated by Hnox2; although L. pneumophila does not 
possess MCPs or CheA proteins and is not reported to be chemotactic towards commonly tested 
stimuli, the presence of two CheY-like proteins and a FliM may indicate a role for cytosolic 
regulation of flagellar rotation in L. pneumophila.  Alternatively, given that the H-NOX in V. 
fisheri regulates the transcription of genes involved in iron-uptake (Y.L. Wang et al. submitted to 
PNAS), it is possible that the L. pneumophila Hnox2 regulates a similar set of genes.  

Our finding that the Hnox2 only inhibits the activity of Lpg2458 when in the Fe(II)-NO state 
contrasts with findings in the S. oneidensis H-NOX/kinase system that the Fe(II)-NO and Fe(III) 
states were also inhibitory, though to a lesser extent than the Fe(II)-NO states (24).  This may 
reflect subtle differences between the L. pneumophila and S. oneidensis H-NOX/kinase pairs.  It 
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will be interesting to see if other H-NOX/kinase pairs will display the same ligand specificity 
and regulatory mechanisms. 

Structural and spectrocopic studies on isolated H-NOX domains have begun to elucidate the 
conformational changes involved in the mechanism of H-NOX domain signaling (24, 47-50).  
Our finding that Lpg2458 shifts the equilibrium of the Fe(II)-NO Hnox2 from  6 coordinate to 5 
coordinate raises important questions about the nature of the interaction between the H-NOX and 
other protein domains.  Based on our results, it seems likely that other protein domains will 
affect the conformation of the H-NOX.  This finding highlights the importance of including other 
protein domains when conducting biophysical experiments aimed at understanding the 
conformational changes involved in H-NOX signaling. 

The observed regulation of the phosphorylation rate by Hnox2 provides important information 
about the way that Hnox2 interacts with Lpg2458 and Lpg2459 to modulate the activity of the 
phosphotransfer cascade.  Although we cannot rule out a direct interaction between the Hnox2 
protein and Lpg2457, the Hnox2 protein is capable of stimulating the phosphorylation of 
Lpg2457 by Lpg2458; thus, Hnox2 must bind to and affect the activity of the Lpg2458 kinase 
without inhibiting the phosphorylation of Lpg2457.  Recent structural studies have clearly 
outlined the response regulator binding sites on Class 1 histidine kinases (51, 52), of which 
Lpg2458 is an example.  It seems likely that Hnox2 binds to Lpg2458 at a site distal from where 
Lpg2457 binds.   
The results presented in this chapter (summarized in Figure 3.9) provide further support for the 
hypothesis that bacterial H-NOX domains from facultative aerobes are functional nitric oxide 
sensors, and when found in operons with histidine kinases, are able to modulate phosphotransfer 
cascades.  We also have unique evidence from the L. pneumophila Hnox2/Lpg2458 pair that 
suggests structural changes occur in both the H-NOX and the protein that it regulates.  Finally, 
based on the regulation of response regulator phosphorylation by Hnox2, we are able to make 
hypotheses about likely sites of interaction between H-NOX domains and histidine kinase 
proteins.   
 

 
Figure 3.9 Summary of results presented in this chapter of the thesis.  Hnox2 regulates 
Lpg2458/Lpg2457 phosphotransfer pathway.  Hnox2 Fe(II)-NO inhibits the the phosphotransfer 
pathway.  All other ligation states of Hnox2 stimulate the phosphotransfer pathway and Hnox1 
has no effect on Lpg2458/Lpg2457. 
 



 

28 

3.5 Acknowledgements 
I am thankful to members of the Marletta lab for helpful discussions.   

 
 



 

29 

Chapter 4  
 

H-NOX Regulation of c-di-GMP Metabolism and 
Biofilm Formation in Legionella pneumophila 

 
In this chapter, we present data that support the role for a Legionella pneumophila H-

NOX protein in the regulation of biofilm formation.  We show the following:  (i) Clean deletions 
in the hnox1 gene do not affect growth rate in liquid culture or replication in permissive 
macrophages.  (ii) The ∆hnox1 strain displays a hyper-biofilm phenotype.  (iii) The gene 
adjacent to hnox1 is a GGDEF-EAL protein, lpg1057, and overexpression in Legionella 
pneumophila of this protein, or the well-studied diguanylate cyclase, vca0956, results in a hyper-
biofilm phenotype.  (iv)  The Lpg1057 protein displays diguanylate cyclase activity in vitro and 
this activity is inhibited by the Hnox1 protein in the Fe(II)-NO ligation state, but not the Fe(II) 
unligated state.  (v)  Consistent with the Hnox1 regulation of Lpg1057, clean deletions of 
lpg1057 in the ∆hnox1 background results in reversion of the hyper-biofilm phenotype back to 
wild-type biofilm levels.  Taken together, these results suggest a role for hnox1 in regulating c-
di-GMP production by lpg1057 and biofilm formation in response to nitric oxide.   

4.1 Introduction 
The Heme-Nitric oxide/OXygen binding (H-NOX) domain is best known as the heme domain 

of soluble guanylate cyclase (sGC), a mammalian nitric oxide receptor (1).  However, the recent 
proliferation of sequenced prokaryotic genomes reveals the widespread distribution of H-NOX 
domains in bacteria (4, 7, 42).  All bacterial H-NOX domains expressed and characterized thus 
far bind NO and are found adjacent to or fused to signaling proteins (4, 7, 42).  It is also clear 
that these bacterial H-NOX proteins fall into at least two distinct classes based on their ligand 
binding characteristics and genomic context.  In obligate anaerobic bacteria, H-NOX domains 
are fused to methyl accepting chemotaxis proteins.  In facultative aerobic bacteria, H-NOX 
domains are stand-alone proteins and are typically found adjacent to histidine kinases or proteins 
involved in c-di-GMP metabolism, such as those with GGDEF, EAL or HD-GYP domains (4).  
Biochemical characterization of prokaryotic H-NOXs reveals that the H-NOX domains from 
obligate anaerobes are able to bind oxygen, a property apparently conferred upon them by the 
presence of a distal pocket tyrosine (7, 42).  H-NOX proteins from facultative aerobes lack this 
tyrosine and do not bind O2 (7, 42).   

To date, all characterized H-NOX domains bind NO relatively tightly with a koff of ~10-3 
s-1 (7).  Assuming a diffusion limited on-rate kon of ~108 M-1 s-1, which has been observed for 
sGC and is likely to be conserved in the prokaryotic H-NOX proteins (44, 45), the H-NOX 
family binds NO with picomolar affinity, Kd ~ 10 × 10-12 M.  Such tight binding suggests a 
unique biological function for the H-NOX as an NO receptor that is tuned to sense 
concentrations several orders of magnitude below other characterized prokaryotic NO receptors, 
such as NorR, which has a nanomolar Kd for NO (22) or NsrR, which regulates gene 
transcription in response to low micromolar levels of NO (23).   Furthermore, the ability of the 
H-NOX proteins from facultative aerobes to not bind O2 distinguishes them from other bacterial 
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diatomic gas sensing heme proteins that have this function (53, 54).  Thus, a reasonable 
hypothesis is that prokaryotic H-NOX proteins from facultative aerobes are specific, high-
affinity NO receptors that sense picomolar levels of NO and regulate cellular processes.  H-NOX 
mediated NO sensing pathways may allow bacterial cells to adjust or prepare for aspects of the 
environment that are signified by low concentrations of NO.  A hypothetical analogy may be 
drawn to the NO signaling paradigm of mammalian vascular NO signaling; a NO generating 
endothelial or neuronal cell produces a non-toxic, picomolar concentration of NO which is 
sensed by soluble guanylate cyclase in smooth muscle cells to cause vasodilation (1).   
 Previous work suggests that the H-NOX proteins in facultative aerobic bacteria are indeed 
involved in the regulation of signaling pathways.  In Shewanella oneidensis, Price et al. showed 
that the H-NOX inhibits the activity of an adjacent histidine kinase in the NO ligated state, but 
not in the ferrous unligated state (24).  A similar mechanism of regulation has been observed for 
regulation of a phosphotransfer pathway by Hnox2 in Legionella pneumophila (Chapter 3). 
 In Vibrio fischeri, the H-NOX regulates a phosphotransfer pathway that modulates the 
colonization efficiency of the bacteria in their consortial symbiotic association with the squid 
host, Euprymna scolopes.  H-NOX mutant strains of Vibrio fischeri hyper-colonize squid hosts 
10 fold better than wild-type bacteria.  This striking result may be explained by the upregulation 
of iron uptake genes in the H-NOX mutants, which gives the mutants access to parts of the squid 
crypts that are too iron-limited to support the growth of wild-type bacteria (Y.L. Wang et al., 
unpublished results)..  It may be that the V. fischeri H-NOX represses iron-uptake genes because 
the combination of NO and iron is toxic to the bacterium.  In this way, the H-NOX responds to 
low levels of NO to prime the bacterial cell for higher, more toxic levels of NO. 

We chose to focus our attention on Legionella pneumophila for phenotypic experiments to 
elucidate the role of bacterial H-NOX proteins.  As L. pneumophila has two genes coding for H-
NOX proteins, it provides a unique opportunity to study the roles of H-NOX proteins in 
regulating different types of signaling pathways (Figure 3.1).  One of the Legionella H-NOX 
genes, lpg2459 (hnox2), is adjacent to a histidine kinase, lpg2458, and a CheY-like response 
regulator, lpg2457.  The other H-NOX gene, lpg1056 (hnox1), is adjacent to a GGDEF-EAL 
protein, lpg1057 (Figure 3.1).  In the absence of clear phenotypic data, it is difficult to assign a 
function to CheY-like response regulators (55).  These  response regulators are known to affect 
protein localization, function as phosphate sinks, or control chemotactic or chemokinetic 
responses (55).  GGDEF-EAL proteins have a more clearly defined role.  These proteins are 
involved in the metabolism of the bacterial second messenger, c-di-GMP, regulating biofilm 
formation in a number of bacterial systems (56).  There may be spatial, temporal or functional 
distribution within the family of GGDEF-EAL proteins, but the processes that they regulate 
generally lead to an effect on the transition between the biofilm-associated state of a bacterial 
cell and the planktonic or virulent state (56, 57).   
 From a public health perspective, the mixed species biofilms that form in anthropogenic water 
systems are well known and important environmental reservoirs for Legionella growth (58), and 
some studies have provided insights into biofilm formation by L. pneumophila in recent years.  It 
has been shown that L. pneumophila biofilm formation is more robust in rich media than in 
minimal media (59), and adheres to surfaces at 25 °C better than at 37 °C.   At higher 
temperatures, L. pneumophila forms longer mycelial mat-like filaments in static cultures (60).  In 
the environment, L. pneumophila is found in biofilms in association with other bacteria, as well 
as protozoa.  It has been demonstrated that these interactions with other bacteria and protozoa 
facilitate the persistence of L. pneumophila in mixed-species biofilms (59).  Thus far, the only 
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genes clearly implicated in biofilm formation by L. pneumophila are fliA (59) and the tatB/C 
genes (61).  Genes involved in c-di-GMP metabolism have not been characterized in L. 
pneumophila. 

In this chapter, we present evidence that a clean, in-frame deletion of the L. pneumophila 
hnox1 gene results in a hyper-biofilm phenotype, but that neither hnox1 nor hnox2 deletions 
affect the virulence of Legionella in either amoebae or mouse macrophage infections. In our 
biofilm assays, we propose that the H-NOX proteins are likely to be NO bound due to the 
presence of low nanomolar concentrations of NO present in the rich media used for L. 
pneumophila growth.  In addition, we show that overexpression in L. pneumophila of Vca0956, a 
well-studied diguanylate cyclase, and overexpression of Lpg1057 both result in hyper-biofilm 
phenotypes.  We also demonstrate that the Lpg1057 protein has diguanylate cyclase activity in 
vitro that is inhibited by the presence of the H-NOX in the NO ligated state.  Finally, we confirm 
the regulation of Lpg1057 by Hnox1 in vivo by making clean deletions of lpg1057 in the ∆hnox1 
background and showing that the double mutant ∆hnox1 ∆lpg1057 displays wild-type levels of 
biofilm formation.  Taken together, these results suggest a role for Hnox1 as a sensitive switch, 
responsive to picomolar levels of NO, that regulates c-di-GMP metabolism and biofilm 
formation in Legionella pneumophila. 

4.2 Experimental Procedures 
Bacterial Strains, Culture Conditions and Reagents 

 LP02 is a streptomycin-resistant thymidine auxotroph derived from LP01.  All mutant strains 
were made in the LP02 background.  L. pneumophila was grown on ACES buffered yeast extract 
(BYE) charcoal agar plates (BCYE) supplemented with thymidine, L-cysteine and ferric nitrate.  
Liquid cultures in BYE with supplements were inoculated with patches of L. pneumophila 
strains.  Antibiotics were added to BCYE plates or liquid BYE, when needed at the following 
concentrations:  Streptomycin 100 µg/mL, kanamycin, 25 µg/mL, and gentamycin, 10 µg/mL.  
The optical density at 600 nm (OD 600) of cultures was measured by diluting the cultures 10 
fold in BYE in 1 cm plastic cuvettes and reading the OD 600 with an Ultraspec 100 cell density 
reader (Amersham Biosciences). 
 
Quantification of pigment production by L. pneumophila strains 
 The assay for pyomelanin pigment production was adapted from previous protocols.  Briefly, 
late post-exponential phase cultures (48-72 hours post-inoculation) were centrifuged to pellet 
bacteria and the absorbance of the supernatant was read at 400 nm.  Replicate cultures of mutant 
strains were compared to LP02.  
 
  Mutant Strain Construction 
 Clean in-frame deletions in the genes coding for the two H-NOX proteins and the GGDEF-
EAL protein were constructed using previously published methods (62, 63).  Briefly, the 
flanking regions of the genes to be deleted were cloned into the knock-out vector pSR47S and 
transformed into DH5α λpir E. coli.  For matings, patches of L. pneumophila were mixed with 
the mating strain containing the knock-out vector and the helper strain 2174.  Matings were 
spread on BCYE plates containing 100 µg/mL streptomycin and 25 µg/mL kanamycin to select 
for the first cross-over event.  The second cross-over event was selected for on BCYE plates 
containing 100 µg/mL streptomycin and 6% sucrose.  Colonies that did not grow when patched 
onto BCYE plates containing 25 µg/mL kanamycin were candidates to have clean deletions.  
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These candidates were confirmed by PCR and sequenced with primers flanking the gene of 
interest to verify the presence of clean in-frame deletions.  Multiple isolates of each mutant strain 
were tested to confirm the phenotypes reported in this chapter. 
 
Table 4.1  Strains and plasmids used in this study 
Strains and plasmids  Relevant characteristics Source or reference 
Bacterial strains   
E. coli   
DH5α λpir Mating strain (62, 63) 
2174 Helper strain (62, 63) 
BL21(DE3) pLysS Expression strain (Invitrogen) 
Legionella   
LP02 Wild-type Legionella pneumophila, 

thymidine auxotroph Smr 
 

∆hnox1 LP02 ∆hnox1 Smr This work 
∆hnox2 LP02 ∆hnox2 Smr This work 
∆hnox1 ∆hnox2 LP02 ∆hnox1  ∆hnox2 Smr This work 
∆hnox1 ∆lpg1057 LP02 ∆hnox1 ∆lpg1057 Smr This work 
LP02/ pJB908 LP02 pJB908 Smr Ampr This work 
∆hnox1/ pJB908 LP02 ∆hnox1 pJB908Smr Ampr This work 
∆hnox2/ pJB908 LP02 ∆hnox2 pJB908Smr Ampr This work 
∆hnox1 ∆hnox2/ pJB908 LP02 ∆hnox1  ∆hnox2 pJB908 Smr 

Ampr 
This work 

LP02/pMMB206-GENT LP02 pMMB206-GENT Smr Gentr This work 
LP02/pvca0956 LP02 pvca0956 Smr Gentr This work 
LP02/plpg1057 LP02 plpg1057 Smr Gentr This work 
∆hnox1/phnox1 ∆hnox1 phnox1 Smr Gentr  This work 
Plasmids   
pSR47S sacB Kanr (62, 63) 
pSRhnox1 psR47S::∆hnox1 sacB Kanr This work 
pSRhnox2 psR47S::∆hnox2 sacB Kanr This work 
pSRlpg1057 psR47S::∆lpg1057 sacB Kanr This work 
pJB908 thymidylate synthetase Ampr Gift from Prof. Ralph Isberg, 

Tufts Univ. 
pMMB206-GENT pTac promoter Gentr (64) 
plpg1057 pMMB206-GENT::lpg1057 This work 
pvca0956 pMMB206-GENT::vca0956 This work 
phnox1 pMMB206-GENT::hnox1 This work 
pET20-b(+) T7 promoter E. coli expression vector 

Ampr 
Invitrogen 

pEThnox1 pET20-b(+)::Hnox1-His6 Ampr This work 
pETlpg1057 pET20-b(+)::Lpg1057-His6

 Ampr
 This work 

pAC1758 pBAD33::Vca0956-His6, Cmr Gift from Prof. Andrew 
Camilli, Tufts Univ. 

  Strains and Plasmids 
 Strains and plasmids are listed in Table 4.1.  Oligonucleotide primers are listed in Table 4.2.  
A detailed description of cloning techniques is presented below. 
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Table 4.2.  Primers used in this study.  Restriction enzyme cut-sites are underlined. 
Name DNA Sequence 5’-3’ 
vcapmmbf CCGGAATTCATGACAACTGAAGATTTCAAAA 
vcapmmbr CCCAAGCTTTTAGAGCGGCATGACTCGAT 
lpg1057pmmbf CCGGAATTCATGATCATTGTCGTTTGGAGA 
lpg1057pmmbr CCCAAGCTTCTACAGCCCTTTGGAGTTCCT 
hnox1pmmbf CCGGAATTCATGAAAGGTATCGTTTTTACC 
hnox1pmmbr CCCAAGCTTTCACTCAAAGGTAATCTCCAA 
hnox1A CGAGCTCGAAACATTCGACTTTAGTAAA 
hnox1B CTTTTTTTAACATGCAGTAAAAACGATACCTTTCAT 
hnox1C ATGAAAGGTATCGTTTTTACTGCATGTTAAAAAAAG 
hnox1D CGCGGATCCAAGCGAAATATTAATCGCCAG 
hnox2A CGAGCTCTTTGGAAGGATAGTATGATAG 
hnox2B ATCACTCATCAGGATTTATCCTTTCATAGACAA 
hnox2C TTGTCTATGAAAGGATAAATCCTGATGAGTGAT 
hnox2D CGCGGATCCTGTTTTACAATGATGATGTTT 
lpg1057A ACGCGTCGACGAAACATTCGACTTTAGTAAAAAAATC 
lpg1057B CTACAGCCCTTTGGAGTTCCTTAATAAGAGCGCTCAAATAAT 
lpg1057C ATTATTTGAGCGCTCTTATTAAGGAACTCCAAAGGGCTGTAG 
lpg1057D CGCGGATCCGTTATGTGGTGATAAATCGAGAATATA 
pETlpg1057f GGAATTCCATATGATCATTGTCGTTTGGAGA 
pETlpg1057r CCGCTCGAGCAGCCCTTTGGAGTTCCT 
 
  Plasmid Construction 

All plasmids in this study are listed in Table 4.1.  Oligo sequences are provided in Table 4.2.   
Plasmids for overpression of hnox1, lpg1057, and vca0956 in Legionella were constructed in 

pMMB206-GENT (pTAC promoter, ∆Mob) (Hammer and Swanson, 1999).  PCR products of  
genes cloned from genomic DNA were digested with EcoRI and HindIII restriction enzymes and 
gel purified prior to ligation into digested pMMB206-GENT, then transformed into E. coli 
DH5α.  Postive transformants were screened by PCR and sequencing for the presence of the 
correctly oriented gene of interest in the pMMB206-GENT vector.   
 Plasmids for generation of clean, in-frame deletions of hnox1, hnox2 and lpg1057 were 
constructed in the allelic exchange vector pSR47S, which encodes a sacB counter-selectable 
marker and kanamycin resistance cassette for positive selection.    Splicing by overlap extension 
(SOE) PCR was used to generate all deletion constructs.  DNA fragments encoding for 1000 bp 
upstream of the gene of interest were amplified with A and B primers.  DNA fragments encoding 
for 1000 bp downstream of the gene of interest were amplified with C and D primers.  The AB 
and CD primers were annealed together by complementary sequences in the B and C primers and 
amplified with the A and D primers.  The final PCR products for hnox1 and hnox2 were digested 
with SacI and BamHI restriction enzymes, and the final PCR product for lpg1057 was digested 
with SalI and BamHI and gel purified prior to ligation into digested pSR47S.  Positive 
transformants were screened by PCR and sequencing to confirm the presence of the appropriate 
deletion construct. 
 Plasmid for overexpression of hnox1 was described previously (Boon et al., 2006).  Plasmid 
for overexpression of lpg1057 in E. coli was constructed in pET20-b(+).   Plasmid for 
overexpression of vca0956 in E. coli was a gift from Professor Andrew Camilli at Tufts 
University.   
 
  Strain Construction 
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All strains used in this study are listed in Table 4.1.  Clean, in-frame deletions were made as 
described in the Materials and Methods in the main text.  Plasmids derived from pMMB206-
Gent were electroporated into Legionella which had been made electrocompetent by repeated 
washings in deionized H2O.  0.1 cm pathlength electroporation cuvettes (Bio Rad) were used 
with an electoporator set to 2.4 kV.  Strains were allowed to recover for 2-5 hours in BYE 
without antibiotics before selecting for positive transformants on plates with 10 µg/mL 
gentamicin.   

 
  Motility 
 Motility of bacterial strains was assessed as described previously (62).  Briefly, 10-fold 
dilutions of post-exponential phase bacteria (OD 600 > 4) from liquid cultures in BYE were 
applied to a hemocytometer and viewed under high power with a microscope.  Bacteria were 
considered to be motile, and not simply moving due to Brownian motion, when multiple 
bacterial cells were observed to cross the gridlines of the hemocytometer.   
 
  Intracellular Growth in Macrophages 
 B6 and Naip5 bone-marrow derived macrophages were cultured as described previously (62, 
65).   Macrophages were plated at 2.5 x 105/well in 24 well tissue culture treated microplates 
(Falcon), and allowed to adhere for 3 hours to overnight at 37 °C.  L. pneumophila cultures were 
added to the macrophages at a multiplicity of infection (MOI) of 0.02 for infectivity and 
intracellular growth experiments.  After allowing the infection to proceed for 2 hours, the wells 
were washed 3 times with RPMI + 10% FBS + glutamine (RPMI-FBS-Q) and fresh RPMI-FBS-
Q was added  to the wells.  At subsequent timepoints from 0 to 96 hours, media was removed 
and sterile deionized water was added to lyse the macrophages.  The lysed macrophages were 
vortexed and bacteria were counted by plating dilutions on BCYE plates containing 100 mg/mL 
streptomycin and counting CFUs.  Infectivity was the ratio of the 0 hour timepoint over the 
bacteria added to the wells.  All other timepoints are represented as CFU/Well. 
 
Intracellular Growth in Acanthamoeba castellanii 
 Acanthamoeba castellanii was grown and infected as described previously (66, 67) with slight 
modifications.   PYG broth (66) was inoculatated with frozen stocks of Acanthamoeba 
castellanii Nell, and amoeba were grown at room temperature in 75 cm2 tissue culture treated 
flasks (Nunc).  Acanthamoeba castellanii was plated at 2.5 x 105/well in 24 well tissue culture 
treated microplates (Falcon) in PYG (66) and allowed to adhere overnight at 37 °C.  PYG was 
removed and sterile Ac buffer (66) was added for 1 hour at 37 °C.  L. pneumophila strains were 
added to the A. castellanii for 3 hours at a MOI of 10.  Due to poor uptake of thymidine by 
amoebae, all L. pneumophila LP02 strains used for infections were transformed with a plasmid 
containing thymidylate synthetase (gift from Professor Ralph Isberg, Tufts University).  After the 
infection was complete, bacteria were removed and the wells were washed 3 times with Ac 
buffer.  Fresh Ac buffer was added and the plates were incubated at 37 °C.  At timepoints from 0 
to 48 hours, media was removed and sterile water with 2% saponin was added to lyse the 
amoebae.  The lysed amoebae were vortexed and bacteria were counted by plating dilutions on 
BCYE plates containing 100 µg/mL streptomycin and counting CFUs.  
 
Cytotoxicity 
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 Cytotoxicity was assayed by measuring the activity of lactate dehydrogenase (LDH) released 
from lysed macrophages using previously published protocols (65, 68).  Overnight cultures of L. 
pneumophila in stationary phase were added at a MOI of 1 to confluent layers of macrophages in 
96 well tissue culture treated plates.  Bacteria were spun onto the the macrophages 4000 x g for 
10 minutes, and the plates were incubated at 37 °C for 4 hours before LDH release was assayed. 
L. pneumophila Biofilm Formation Assay 
 L. pneumophila biofilms were grown as described previously with slight modifications (59, 
69).  Overnight cultures of L. pneumophila in exponential phase (OD 600 = 3) were diluted 10x 
into a final volume of 200 mL final fresh BYE in 96-well polystyrene microtiter plates (Costar).  
Biofilms were grown by placing the microtiter plates containing bacteria into a 30°C incubator 
and growing static cultures for between 1 and 7 days.  Alternatively, 5 mL polystyrene culture 
tubes were inoculated with 10x dilutions of OD 600 = 3 bacteria and grown for between 1 and 7 
days at 30 °C.   
 
Quantification of L. pneumophila Biofilm Formation 
 L. pneumophila biofilm formation was quantified essentially as described previously (59, 69). 
The optical density of static cultures in the 96 well microplates was determined by reading OD 
600 on a SpectraMax M2 optical plate reader (Molecular Dynamics).  At timepoints, the 
planktonic bacteria were removed and the plate was washed twice with 200 mL BYE.  0.3% 
crystal violet (200 mL) was then added to the wells for 10 minutes to stain the biofilms.  The 
excess crystal violet was removed and the wells were washed 3 times with 200 mL water.  To 
quantify biofilm formation, 200 mL of ethanol was added to the wells to resuspend the biofilms 
and the OD 600 of each well was read on the plate reader. 
 
Quantification of Nitric Oxide Production by L. pneumophila Growth Media 
  To quantify the concentration of NO in a microaerobic to anaerobic environment—such as 
that in our static bacterial cultures—we used sealed Hungate culture tubes to make a closed 
environment in which we could trap NO gas.  The protocol was adapted from a previously 
published protocol.  Sealed 17 mL Hungate culture tubes were filled with 10 mL BYE media 
containing various supplements, and, when indicated, L. pneumophila bacteria.  The tubes were 
flushed with argon for 15 minutes to remove oxygen, and incubated at 37 °C for 12 hours.   
Headspace was injected into a Nitric Oxide Analyzer 280i (Sievers).  NO gas standards were 
used to generate a standard curve for quantification.      
   
Expression and Purification of Hnox1, Lpg1057, and Vca0956 Proteins 

L. pneumophila Hnox1 (Lpg1056) and GGDEF-EAL protein (Lpg1057) were cloned out of 
genomic DNA and ligated into the pET-20b(+) expression vector (Invitrogen) cut with NcoI and 
XbaI restriction enzymes (NEB) and then transformed into E. coli DH5a. Positive transformants of 
all constructs were screened for on LB plates containing 100 µg/mL ampicillin, and the DNA 
sequences were confirmed by sequencing (Elim Biopharmaceuticals). All proteins were expressed as 
follows:  E. coli BL21(DE3)pLysS cells containing the appropriate plasmid were grown at 37 °C to 
an OD600 of 0.6-0.9, induced with 10 µM IPTG, and grown for 16-18 hours at 25 °C.  Cells were 
harvested by centrifugation at 7,000 rpm (6370 xg) for 15 minutes in an Avanti J20I centrifuge with 
a JLA 8.1 rotor (Beckman), resuspended in lysis buffer (100 mM sodium phosphate, 250 mM NaCl, 
5% glycerol, 20 mM imidazole, 1 mM Pefabloc (Roche), pH 7.9) and lysed with a high-pressure 
homogenizer (Avestin).  Lysate was clarified by centrifugation at 42,000 rpm (200,000 xg) for 1 
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hour in an Optima XL-100K ultracentrifuge with a Ti-45 rotor (Beckman) prior to loading on Ni-
NTA agarose resin (Qiagen).  The Ni-NTA resin was washed with lysis buffer and eluted with 
elution buffer (250 mM imidazole in 100 mM sodium phosphate, 250 mM NaCl, 5% glycerol, pH 
7.9).  For Hnox1, gel filtration chromatography with a S200 26/60 HiLoad Resin column (Pharmacia 
Biotech) connected to a Biologic HR FPLC (Bio-Rad) was used for further purification.  The gel 
filtration column was equilibrated and run in 50 mM TEA, 50 mM NaCl, 5% glycerol, pH 7.5 
buffer.  Hnox1 was >95% pure for assays, as determined by SDS-PAGE and Coomassie staining.  
The diguanylate cyclases were approximately 50% pure for assays as assessed by Coomassie 
staining.  Protein concentrations were determined by the Bradford method. 

 
Spectral Analysis of Hnox1 and Preparation of Fe(II) and Fe(II)-NO 
 Previous work has been done to show that both H-NOX proteins from Legionella are oxygen-
excluding and NO binding (7).  We verified those findings in this work during the preparation of 
Hnox1 for assays with the Lpg1057 protein. Purified H-NOX protein was desalted into the 
spectral buffer (50 mM TEA, 50 mM NaCl, pH 7.5) using a PD10 desalting column (GE 
Healthcare) in an anaerobic glove bag.  The protein was then oxidized with 20-fold molar excess 
of potassium ferricyanide, and desalted to give the oxidized protein.  Oxidized protein was 
reduced with a 50-fold excess of sodium dithionite, and desalted to give the ferrous unligated 
species, H-NOX Fe(II). NO was added by providing a 10-fold excess of DEA-NONOate 
(Cayman Chemical) to the reduced protein preparation, and the protein was desalted to give the 
ferrous nitrosyl complex, H-NOX Fe(II)-NO. The H-NOX spectra were recorded on a Cary 3E 
spectrophotometer at 20 ˚C. 
 
In Vitro Diguanylate Cyclase Assays 
 To determine whether or not the GGDEF-EAL protein adjacent to the H-NOX was active in 
producing or degrading c-di-GMP, we used standard assay conditions (70) with some 
modifications.  Due to difficulties in obtaining pure Lpg1057, we used protein that was 
approximately 50% pure for our assays.  For diguanylate cyclase assays, Vca0956 or Lpg1057 
(~1 µM) were incubated with 500 µM GTP and 10 µCi GTPα

32P for 24 hrs at 25 °C.  Products 
were treated with calf intestine alkaline phosphatase (CIP) (New England Biolabs) for 2 hours.  
Nucleotides were separated from protein by with a 10K MWCO spin filter and spotted onto PEI-
cellulose TLC plates.  For 2-D TLCs, the plates were developed first with 0.2 M NH4HCO3, pH 
7.5 and then with 10 M KH2PO4, pH 4.  For 1-D TLCs, the plates were developed with 10 M 
KH2PO4, pH 4.  Developed TLC plates were exposed to phosphorimager plates (Molecular 
Dynamics) and imaged with a Typhoon (Molecular Dynamics).  
 For assays with H-NOX proteins, 1 µM Lpg1057 and 50 µM Hnox1 were mixed in an 
anaerobic glove bag (Coy) in sealed vials.  A small volume of aerobic GTP was added with a 
gas-tight syringe (Hamilton) to give a final concentration 500 µM GTP and 10 µCi GTPα

32P, 
and timepoints were removed with the gas-tight syringe between 0 and 24 hrs at 25 °C.  Control 
vials in which no radioactive GTP was added were also prepared, and spectral analysis of the 
Hnox1 with a Cary 3E spectrophotometer revealed less than 10% of the total Hnox1 Fe(II) was 
oxidized after overnight reactions, and the Hnox1 Fe(II)-NO complex was completely intact. 



 

37 

4.3 Results 

4.3.1 H-NOX Proteins Are Not Required for Growth in Rich Media 
In order to determine the functional role of the H-NOX proteins in L. pneumophila, we made 

clean deletions of both hnox1 (lpg1056) and hnox2 (lpg2459) as well as the double mutant, 
∆hnox1 ∆hnox2 .  The growth kinetics in BYE (See Experimental Procedures) of the H-NOX 
mutant strains were identical to that of wild-type LP02 (Figure 2).  All strains became motile 
between an OD of 3.7 and 4.1, and produced the same amount of pigment in late post-
exponential phase (Figure 4.1). The pigment itself has ferric reductase activity and can act as an 
antioxidant, but is not important for virulence (71).  However, pigment production is a good 
marker for transition of L. pneumophila into the post-exponential phase of growth (72), and 
many genes that are regulators of the transmissive phase, such as letA and fliA, have clear 
pigmentation phenotypes (72) (Figure 4.1). These results suggest that the H-NOX proteins do not 
regulate genes involved in the transition from replicative phase to transmissive phase. 

 
Figure 4.1  Growth in rich media of Legionella pneumophila strains with clean-deletions in 
the genes coding for the H-NOXs.  A)  H-NOX mutant strains have the same growth kinetics as 
wild-type LP02.  B)  H-NOX mutant strains produce the same amount of pigment in late post-
exponential phase as wild-type LP02. *p-values<0.05 for comparison of ∆letA and LP02. **p-
values<0.05 for comparison of ∆fliA and LP02. 
 

4.3.2 H-NOX Proteins are Not Required for Growth in Mouse Macrophages 
or Acanthamoeba castellanii 

To test whether the H-NOX proteins are important for infection or replication of phagocytic 
cells, we infected bone marrow derived mouse macrophages and Acanthamoeba castellanii the 
hnox1 and hnox2 mutant strains. Many L. pneumophila genes affect the ability of the bacteria to 
infect and replicate within phagocytic cells; if the H-NOX proteins affect the expression of 
important genes such as the dot/icm secretion system (73) or the flagellar subunit, flaA (62, 74), 
they may display different growth kinetics in phagocytic cells.  Infecting B6 macrophages with 
H-NOX mutant strains, we observed no differences in the cytoxicity, infectivity or growth of 
these strains (Figure 4.2).  B6 macrophages restrict L. pneumophila growth by sensing flagellin 
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through the Naip5/Ipaf pathway (62, 74).  Naip5 deficient macrophages are permissive for L. 
pneumophila growth; thus, they are better cells to observe subtle changes in the growth of the 
bacterial strains that are not defective in the production of flagellin.  The H-NOX mutant strains, 
however, displayed no growth defect in Naip5 deficient macrophages (Figure 4.2).  

 
Figure 4.2  Growth in bone marrow macrophages of Legionella pneumophila strains with 
clean-deletions in the genes coding for the H-NOXs.  A)  H-NOX mutant strains are as 
infective as LP02.  B)  H-NOX mutant strains are as cytotoxic as LP02.  C)  H-NOX mutant 
strains are restricted in B6 macrophages like LP02.  D)  H-NOX mutant strains grow as well as 
LP02 in permissive Naip5 deficient macrophages. 
 
 The environmental hosts of Legionella pneumophila are protozoa such as amoebae. L. 
pneumophila mutant strains that are defective for growth in amoebae, but not permissive 
macrophages have been shown to exist (67).  However, no difference was observed in the growth 
of the H-NOX mutants compared with wild-type LP02 (Figure 4.3).   
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Figure 4.3  Growth in Acanthamoeba castellanii of Legionella pneumophila strains with 
clean-deletions in the genes coding for the H-NOXs.  All mutants strains replicate as well as 
LP02. 

4.3.3 ∆∆∆∆hnox1 Strains Show a Hyper-Biofilm Phenotype in Rich Media 
An obvious hypothesis for the function of the Hnox1 protein is that it regulates the activity of 

Lpg1057, the GGDEF-EAL protein adjacent to it in the L. pneumophila genome.  GGDEF-EAL 
proteins are implicated in c-di-GMP metabolism and the regulation of biofilm formation in a 
number of prokaryotes (56, 57).  In general, bacterial cells with higher levels of c-di-GMP 
produce more exopolysaccharides, adhere better to solid surfaces to form biofilms, and are less 
motile and less virulent (56, 57).  However, in L. pneumophila, only three genes have been 
reported to regulate biofilm formation, fliA (59), tatB and tatC (61).   We compared the growth 
and biofilm formation of L. pneumophila wild-type and H-NOX mutant strains in static cultures 
in rich media.  Initial observations of the strains revealed that the ∆hnox1 strains consistently 
formed thicker biofilms.  The hyper-biofilm phenotype was quantified using crystal violet 
staining, and it was observed that strains lacking the hnox1 gene produced ~40% more biofilm 
biomass than wild-type bacteria (Figure 4.4). Complementation of the ∆hnox1 strains by re-
introduction of the ∆hnox1 gene on a plasmid resulted in a recovery of wild-type levels of 
biofilm formation upon induction with 100 µM IPTG (Figure 4.5).  These results clearly 
implicate hnox1 in the regulation of biofilm formation.   

Furthermore, the H-NOX proteins are likely to be NO bound  due to the presence of 
millimolar concentrations of NO3

- and low nanomolar concentrations of NO in the rich media 
used to grow L. pneumophila. The chemistry responsible for the production of NO in BYE 
involves the ferric iron and L-cysteine that are commonly added as supplements to support L. 
pneumophila growth.  Direct measurement of NO in our growing static cultures of L. 
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pneumophila was not possible.  However, it is likely that the oxygen concentration in our static 
cultures cultures decreases greatly below the ring of growing biofilms at the air-liquid interface.  
To mimic the microaerobic to anaerobic environment present in our static bacterial cultures we 
used sealed Hungate culture tubes to make a closed environment in which we could trap NO gas, 
and found that the rich media with supplements produced low nanomolar concentrations of NO 
(Figure 4.5).  Given that the H-NOX proteins likely have picomolar Kds for NO, the absence of 
the Hnox1 Fe(II)-NO species is likely responsible for the hyper-biofilm phenotype observed in 
the mutant strains. 

 

 
Figure 4.4  Biofilm formation by H-NOX mutants.  A)  All strains grow at the same rate in 
static culture in 96-well plates.  B)  hnox1 mutant strains produce more biofilms.  C)  Relative 
biofilm formation at 5 days for all strains, and D)  CV-stained strains in 5 mL tubes. *p-
values<0.05 for comparison of ∆hnox1 and LP02. **p-values<0.05 for comparison of ∆hnox1 
∆hnox2 and LP02. 
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Figure 4.5  Abiotic production of nitric oxide in L. pneumophila growth media.  A)  
Quantification of NO in the headspace of 17 mL hungate tubes filled with 10 mL ACES buffered 
yeast extract with and without supplements or L. pneumophila.  B)  Chemical equations to 
explain the mechanism of NO production in BYE.  L-cysteine reduces Fe(III) to Fe(II).  Nitrate 
is reduced by Fe(II), and nitrite can be reduced by Fe(II) or acidified to produce NO.  The 
concentrations of L-cysteine and Fe(III) are increased several orders of magnitude when 
supplements are added to BYE. 
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Figure 4.6  Complementation of hyper-biofilm phenotype in hnox1 mutants.  Relative CV 
600 staining for wild type and mutant strains harboring the pMMB206-GENT vector and the 
phnox1 vector.  Induction of hnox1 expression leads to a recovery of wild-type biofilm levels in 
both 96 well plates (bars) and 5-mL tubes (lower image). *p-values<0.05 for comparison of 
∆hnox1 or ∆hnox1 ∆hnox2/p∆hnox1 and LP02. **p-values<0.05 for comparison of uninduced 
and induced ∆hnox1/p∆hnox1 or ∆hnox1 ∆hnox2/p∆hnox1.  Induction of the phnox1 plasmid in 
LP02 had no effect on biofilm formation (data not shown). 
 

4.3.4 Plasmid Expression of Diguanylate Cyclase Proteins in L. pneumophila 
Induces a Hyper-Biofilm Phenotype, but Overexpression Inhibits Growth 

To further investigate the role of c-di-GMP in biofilm formation in Legionella pneumophila, 
wild-type L. pneumophila (LP02) was transformed with plasmids coding for vca0956 and 
lpg1057.  The vector pMMB206-Gent (64, 75) was used to express the two diguanylate cyclase 
proteins in L. pneumophila.  pMMB206-Gent has a Ptac promoter and is known to have leaky 
expression when used in L. pneumophila (75).  Therefore, it was not surprising to find that both 
the pvca0956 and plpg1057 strains displayed hyper-biofilm phenotypes in the absence of IPTG 
(Figure 4.7).  Induction with 100 µM IPTG inhibited growth of the strains, suggesting that higher 
levels of c-di-GMP are toxic or severely inhibitory on L. pneumophila growth (Figure 4.6).  In 
shaken cultures, IPTG induction of pvca0956 and plpg1057 produced more filamentous cells in 
early post-exponential phase than wild-type.  Filamentous L. pneumophila are observed in late 
PE phase, or in static cultures grown at 37 °C in the form of mycelial mat-like biofilms (60).  
These observations further support the role of higher c-di-GMP levels in biofilm formation in L. 
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pneumophila, and support the hypothesis that Lpg1057 has dominant diguanylate cyclase activity 
in vivo unless it is inhibited by the Hnox1 Fe(II)-NO. 

 

 
Figure 4.7  Expression of diguanylate cyclase proteins in L. pneumophila increases biofilm 
formation at lower levels, but inhibits growth at higher levels.  A)  The relative CV 600 
staining and relative OD 600 of static cultures in 96 well plates at 5 days post-inoculation.  
Leaky expression of Vca0956 or Lpg1057 leads to more biofilms, but induction is inhibitory on 
the growth of the static cultures.  B) 40x magnfication images of post-exponential (OD=4.0) L. 
pneumophila grown in liquid cultures with shaking and 100 µM IPTG induction.  LP02 
harboring the pMMB206-GENT vector forms coccoid, motile cells in post-exponential phase, 
but Vca0956 and Lpg1057 induce filamentous morphology. **p-values<0.05 for CV 600 
comparison of LP02 harboring the empty pMMB-206-GENT vector with  LP02 harboring 
pvca0956 or plpg1057. *p-values<0.05 for OD 600 comparison of LP02 harboring the empty 
pMMB-206-GENT vector with  LP02 harboring pvca0956 or plpg1057.   

4.3.5 Lpg1057 is an Active Diguanylate Cyclase and is Inhibited by Hnox1 
Fe(II)-NO 

To better understand the role of the Hnox1 protein in the regulation of biofilm formation, we 
expressed and purified the Hnox1 and Lpg1057 proteins and Vca0956, an active GGDEF domain 
containing protein from V. cholerae (76, 77).  We found that Lpg1057 was an active diguanylate 
cyclase, though over 100-fold less active than Vca0956 (Figure 4.8). 
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Figure 4.8  Lpg1057 is an active diguanylate cyclase.  2-D TLC analysis of GTP 
phosphorylation to c-di-GMP by Vca0956 and Lpg1057.  The top row shows the crude mixture 
of products after 24 hours at 25 ºC for no enzyme, Vca0956, or Lpg1057.  Arrows indicate the c-
di-GMP spot.   The bottom row shows the same reactions after treatment with CIP (Calf intestine 
alkaline phosphatase).  C-di-GMP is resistant to CIP treatment and remains, while other 
nucleotides are degraded. 
 

If Hnox1 is acting as a NO responsive switch to regulate Lpg1057 in vivo, then it should alter 
the production of c-di-GMP by the Lpg1057 protein in vitro. As expected, Hnox1 Fe(II)-NO 
inhibited the formation of c-di-GMP by Lpg1057, but Hnox1 Fe(II) unligated had no effect 
(Figure 4.9).Unfortunately, due to the low activity of the Lpg1057 protein, 24 hour reactions 
were required to see quantifiable c-di-GMP in these assays.  The low diguanylate cyclase activity 
of Lpg1057 may be due to the presence of a c-di-GMP phosphodiesterase, EAL, domain.  
However, phosphodiesterase assays did not reveal any measurable phosphodiesterase activity 
(data not shown).  Furthermore, the Lpg1057 EAL domain has non-conservative mutations in a 
conserved active site loop that may render this domain catalytically inactive (78).  The low 
activity of the Lpg1057 in the assays limits further conclusions.  However, given the slow 
growth rate of Legionella pneumophila and the potential for c-di-GMP signaling pathways to be 
spatially or temporally located, this low activity may be sufficient to explain the hyper-biofilm 
phenotype of the ∆hnox1 strains.  Furthermore, the comparison with the highly active Vca0956 
may be misleading. 
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Figure 4.9  Production of c-di-GMP by Lpg1057 is inhibited by Hnox1.  A) 1-D TLC 
analysis of GTP turnover to c-di-GMP by Lpg1057 in the presence of Hnox1 in the Fe(II)-NO or 
Fe(II) unligated states.  Arrows indicate the c-di-GMP spot.   B)  Relative c-di-GMP production 
for the Lpg1057 protein alone or in the presence of the Hnox1 Fe(II)-NO or Hnox1 Fe(II).  The 
error bars represent average values obtained from three independent experiments. . *p-
values<0.05 for comparison of c-di-GMP production of Lpg1057 with Lpg1057 + Hnox1 
Fe(II)NO. 
 

4.3.6         ∆∆∆∆lpg1057 Strains Display Wild-type Biofilm Growth 
 We hypothesized that the hyper-biofilm phenotype observed in the ∆hnox1 strains was due to 
a lack of inhibition of the diguanylate cyclase activity of Lpg1057 by the Fe(II)-NO H-NOX.  To 
gather support for this hypothesis, clean deletions of the lpg1057 gene in the ∆hnox1 background 
were made.  We found that, as expected, that the deletion of the lpg1057 gene reversed the 
hyper-biofilm phenotype of the hnox1 mutants (Figure 4.10).  This finding clearly demonstrates 
that Lpg1057 is part of the Hnox1 signaling pathway. 
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Figure 4.10  Deletion of lpg1056 in the hnox1 mutant background leads to a recovery of 
wild-type levels of biofilm formation.  Relative CV 600 for wild-type LP02 and mutants in the 
hnox1 signalling pathway. . *p-values<0.05 for comparison of LP02 with ∆hnox1. **p-
values<0.05 for comparison of ∆hnox1 with ∆hnox1 ∆lpg1057. 
 

4.4 Discussion 
 

4.4.1   L. pneumophila H-NOX Proteins are High Affinity, Specific NO 
Sensors 

Previous studies have found that the H-NOX domains from facultative aerobic bacteria do not 
form a stable O2 complex, including the two H-NOX proteins from Legionella pneumophila (7, 
42).  In contrast, the H-NOX domains from obligate anaerobes form stable and tight O2 
complexes, a property conferred upon them by the presence of a distal pocket tyrosine (7).  The 
non O2 binding H-NOX domains are unique among heme proteins in their ability to bind NO 
with high affinity in the presence of much higher concentrations of oxygen.  The L. pneumophila 
Hnox1 protein, involved in the biofilm phenotype reported here, has a koff of 10-3, and assuming 
a diffusion limited kon (44), the Kd would be in the picomolar range.  This Kd is extremely tight, 
suggesting that the H-NOX is likely to be NO bound that in the rich media used for L. 
pneumophila.  The media contains millimolar concentrations of NO3

-, and low nanomolar 
concentrations of NO produced by the iron and L-cysteine dependent, inorganic decomposition 
of the NO3

- (Figure 4.5).  Therefore, any phenotypes observed in the mutant strains grown in rich 
media are likely due to the absence of the H-NOX Fe(II)-NO species.  It is true that the L. 
pneumophila H-NOX proteins, like all H-NOX domains, also binds CO and can be oxidized.  
However, in previous studies, CO bound H-NOX domains were found to have a much weaker 
effect on the regulation of other protein domains compared to NO bound H-NOX (1, 24).  
Though the H-NOX domain from S. oneidensis inhibits its associated kinase in the Fe(III) state, 
it is likely that H-NOX domains are in the Fe(II) state in the reducing environment of the 
bacterial cell (24). 
 L. pneumophila could be exposed to NO in a number of ways.  Both eukaryotic and bacterial 
cells produce NO through the action of nitric oxide synthase (NOS) proteins (12, 13).  Bacteria 
produce NO as an intermediate in denitrification (15-17), but nitrate can also be chemically 
reduced by Fe(II) in the presence of catalytic amounts of other transition metals, such as Cu(II) 
(18).  The chemical reduction of nitrate is rapid at high temperatures and pressures, and is an 
important nitrogen sink and likely NO source in extreme environments, such as hydrothermal 
vents or the early earth (19).  In fact, it has been proposed that NO was the first biological 
terminal electron sink to emerge on the earth before the appearance of molecular oxygen (20).  
The photolysis of NO3

- to NO2
- to NO is another an important abiotic source of NO, and this 

process is at least partly responsible for the halo of low nanomolar NO levels that encircles the 
planet at the bottom of the photic zone in the oceans (21).  Bacteria with H-NOX proteins are 
found in all of these environments, and the H-NOX may be regulating biofilm formation 
response to NO in those environments. 
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4.4.2   Clean Deletions in L. pneumophila hnox Genes Do Not Affect Growth 
in Liquid Culture or Phagocytes 

A well-studied part of the L. pneumophila cell cycle is the transition from replicative phase 
during exponential growth in liquid culture or phagocytes to transmissive phase during post-
exponential, stationary growth.  This transition is regulated by a ppGpp alarmone response to 
starvation conditions and involves a number of well-studied regulatory genes such as csrA, letA 
and fliA (64, 79, 80).  If the H-NOX were regulating any of these genes, it would likely have 
affected the virulence of the mutant strains.   

A few studies have focused on the potential role for NO in Legionella pneumophila 
infections.  As an intracellular pathogen, L. pneumophila potentially encounters toxic levels of 
immune-derived NO.  iNOS is induced in L. pneumophila infected macrophages (81).  However, 
the addition of iNOS inhibitors to permissive A/J macrophages infected with L. pneumophila had 
little effect on the intracellular growth of the bacteria (82, 83).  In L. pneumophila infected A/J 
mice, however, the NOS inhibitor, methyl L-arginine, diminished the ability of the mice to clear 
the bacteria (84).  Hence, although NO may not be directly involved in killing intracellular 
bacteria it may play a role in the immune response to Legionella.  NO is clearly toxic to L. 
pneumophila, and it would also be interesting to know if L. pneumophila strains with clean 
deletions in the nsrR gene (17) or the genes coding for NO reductases (17) are deficient in 
replication within macrophages or amoebae. 

4.4.3 L. pneumophila H-NOX Proteins are NO Sensitive Switches that 
Regulate Biofilm Formation 

Regulation of biofilm attachment, detachment and growth by changes in the concentration of 
diatomic gases such as NO or O2 has been observed in several bacteria (85-87).  C-di-GMP 
metabolism is well established as a regulator of biofilm formation (56, 57), and it has been 
proposed that protein domains involved in sensing diatomic gases act as in vivo switches to 
regulate domains involved in c-di-GMP metabolism (53, 54).     

Microarrays show that the L. pneumophila H-NOX genes are upregulated alongside the other 
proteins in their predicted operons in transmissive phase, as are many other proteins involved in 
virulence (88).  Also upregulated in transmissive phase are proteins involved in c-di-GMP 
metabolism (88).  These results suggests that more developmental checkpoints may exist in 
transmissive phase, rather than replicative phase, to determine whether the bacteria will form 
biofilms or infect phagocytes.  In support of this hypothesis, several studies show that 
transmissive phase L. pneumophila in static cultures adhere to solid surfaces in the initial phase 
of biofilm attachment better than replicative phase L. pneumophila (69). 

Some heme-containing diatomic gas sensors have been shown to regulate diguanylate cyclase 
and phosphodiesterase domains, but these proteins bind both NO and O2 and their activity is 
affected by both ligands (53, 54).  However, the L. pneumophila H-NOX protein does no bind 
O2; thus, NO is the most likely physiological ligand.  Hence, this study is the first to describe a 
biofilm phenotype that implicates both a specific diatomic gas sensor, the Hnox1, and a protein 
involved in c-di-GMP metabolism, Lpg1057. Furthermore, given that the Hnox1 protein does not 
bind oxygen, this study is also the first to define a pathway linking NO sensing to the regulation 
of biofilm formation. 

Relatively few L. pneumophila mutant strains are reported to have a biofilm phenotype.  
To date, only fliA mutants and tatB/C mutants have been shown to have defects in biofilm 
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formation (61, 69).   Microarrays suggest that genes involved in the response to oxidative stress 
and iron uptake are up-regulated in biofilms (69), and supplementation of static cultures with 
excess iron has been shown to inhibit biofilm formation (69).  It is highly likely that mutations in 
many of the genes involved in the metabolism of c-di-GMP will display biofilm phenotypes, but 
no other studies have analyzed the role of these genes in L. pneumophila.  

 

 
Figure 4.11  Model for the Hnox1 signaling pathway in L. pneumophila.  Hnox1 inhibits the 
diguanylate cyclase activity of Lpg1057 in response to NO.  Higher levels of c-di-GMP lead to 
more biofilms in L. pneumophila.  The deletion of the hnox1 gene results in a hyperbiofilm 
phenotype because under the assay conditions, Hnox1 is NO bound and inhibiting Lpg1057.        
  

The results presented in this chapter suggest that the Hnox1 protein regulates biofilm 
formation in response to NO by altering the c-di-GMP production activity of the Lpg1057 
protein (Figure 4.11).  This is the first report of biofilm formation being regulated by c-di-GMP 
in L. pneumophila.  Future studies will focus on the role of H-NOX proteins in the regulation of 
biofilm formation in other bacteria, and how the H-NOX domains may work in concert with 
other diatomic gas sensor proteins to allow L. pneumophila to persist and survive in 
environments with varying concentrations of NO. 
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Chapter 5  
 
 

Conclusions and Suggestions fo Future Study 
 
 The results presented in this thesis advance our understanding of H-NOX signal transduction 
pathways in bacteria.  In particular, our findings help to clarify the pathways involved in H-NOX 
NO sensing in Legionella pneumophila.  There are, of course, new and lingering questions 
related to our work. In this chapter, our findings are summarized and recommendations are given 
for future areas of investigation. 

5.1 Summary of Findings 
In Chapter 2, a new method to detect histidine kinase activity was used to provide further 

support for the hypothesis that H-NOX proteins inhibit the autophosphorylation of histidine 
kinases in response to NO.  In Chapter 3, biochemical results were presented to demonstrate that 
the Hnox2 protein from Legionella pneumophila modulates an entire phosphotransfer cascade by 
modulating the activity of the Lpg2458 histidine kinase.   We also demonstrated specificity for 
the Hnox2 protein and not the Hnox1 protein in the regulation of the Lpg2458 kinase, and we 
demonstrated that inhibition of Lpg2458 autophosphorylation is specific for NO, and not other 
ligands or oxidative stress.  In Chapter 4, we found that neither H-NOX from L. pneumophila 
was important for infection and replication in phagocytic cells, but that Hnox1 regulated the 
diguanylate cyclase activity of the GGDEF-EAL protein, Lpg1057, to alter cellular c-di-GMP 
levels in response to NO and modulate biofilm formation by L. pneumophila. 

5.2 General Suggestions 
In facultative aerobic bacteria, H-NOX-containing genes, when they are present in a genome, 

are typically found adjacent to histidine kinases or proteins involved in c-di-GMP metabolism.  
At present, we have evidence for H-NOX regulation of biofilm formation in L. pneumophila by 
an H-NOX/GGDEF-EAL protein, and for H-NOX regulation of iron-uptake genes and symbiont 
colonization in V. fischeri by an H-NOX/histidine kinase pair.  Future experiments with clean 
deletions in the H-NOX genes in other bacterial species will help us determine if the regulation 
of these phenotypes by H-NOXs is widespread in prokaryotes.  Furthermore, there have been no 
studies to look at the role of the H-NOX proteins from obligate anaerobic bacteria.  These 
proteins are fused to methyl-accepting chemotaxis proteins, and an obvious hypothesis is that 
they are regulating chemotactic or chemokinetic response to NO or O2.  It is possible to make 
insertional deletions in genes in anaerobes, and cell-tracking software could be used to examine 
the role of H-NOXs in chemotactic or chemokinetic response to diatomic gases in these 
organisms.  Other follow-up experiments on the work presented in this thesis are described 
below.   
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5.2.1 Future Experiments in Vibrio fischeri and Vibrio cholerae 
Though only briefly discussed in chapter 1 of this thesis, the finding that the H-NOX from V. 

fischeri regulates the expression of iron uptake genes in the symbiotic colonization of its squid 
host, is a remarkable finding (Y.L. Wang et al., unpublished results).  Future experiments should 
focus on understanding the basis for H-NOX regulation of iron-uptake genes.  Perhaps the 
combination of high intracellular concentrations of iron and NO is toxic or mutagenic to V. 
fischeri.  CAS assays and other methods of measuring mutagenicity or toxicity may be useful to 
investigate this possibility.   

 Another intriguing possibility is that the H-NOX from Vibrio cholerae  may play a similar 
role in the regulation of iron-uptake and modulating the colonization efficiency of mammalian 
intestinal mucosa.  A collaboration is already established to explore this possibility between the 
Vance and Marletta labs.  Microarrays may be conducted in collaboration with the Yildiz lab at 
UC Santa Cruz.     

5.2.2 Future Experiments in Legionella pneumophila 
The hyper-biofilm phenotype in hnox1 mutant strains of L. pneumophila (chapter 4) 

represents the first evidence for H-NOX regulation of a protein involved in c-di-GMP 
metabolism and the first evidence for c-di-GMP regulation of biofilm formation in L. 
pneumophila.  Given that L. pneumophila is found in mixed species biofilms in anthropogenic 
water supplies, it is surprising that more studies have not focused on the biofilm state of L. 
pneumophila.  The construction of L. pneumophila clean deletion strains lacking the proteins 
likely to play a role in c-di-GMP metabolism, such as GGDEF-EAL or HD-GYP proteins, would 
be an important first step in understanding the control of biofilm formation in L. pneumophila.  
Another challenge in the c-di-GMP signaling field is determining the exact targets of c-di-GMP 
produced by the different diguanylate cyclase proteins present in the cell.  Though we have 
evidence for Hnox1 regulation of biofilm formation and Hnox1 regulation of the diguanylate 
cyclase Lpg1057, it is not clear how the c-di-GMP produced by Lpg1057 leads to an effect on 
biofilm formation.  Mapping the targets of the Hnox1 modulated c-di-GMP pool will require a 
genetic approach or  better chemical biology tools to study c-di-GMP metabolism.    

 The lack of a phenotype for strains with clean deletions in the hnox2 gene likely reflects 
the subtle role that it plays in the phenotypic assays we used.  Perhaps under different growth 
conditions, such as in minimal media, the hnox2 mutants will display a phenotype.  Clean 
deletions in the histidine kinase gene, lpg2458, or the CheY-like response regulator gene, 
lpg2457, may be informative.  The fact that the Hnox2 phosphotransfer pathway terminates in a 
CheY-like protein suggests that it may play a role in mediating chemotactic or chemokinetic 
responses to NO.  In obligate anaerobes, the H-NOX proteins are fused to methyl-accepting 
chemotaxis proteins (MCPs), and there may be a conserved function in the H-NOX family in 
regulating cell swimming.  L. pneumophila lacks CheA and MCP proteins, but clearly has a FliM 
protein and two CheY-like response regulators.  It would be simple to make clean deletions in 
the L. pneumophila CheY-like proteins and test their swimming ability using common assays 
such as capillary chemotaxis or cell-tracking software.   

5.2.3 Future Experiments with the ATPγγγγS Antibody Assay 
In chapter 2, we presented a new approach for detecting histidine kinase activity.  As 

mentioned in that chapter, adapting this method for the detection of histidine kinase substrates in 
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whole bacterial cell lysate would be of immense utility in the study of bacterial signal 
transduction pathways.  Furthermore, the stability of thiophosphorylated histidine may be useful 
in for structural or mass spectroscopic studies of the proteins in bacterial phosphotransfer 
pathways.   
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