
 

Elucidation of a red light sensing two component system from 

non-photosynthetic bacteria 

 

By 

Anna W. Baker 

 

A dissertation submitted in partial fulfillment of 

the requirements for the degree of 

 

Doctor of Philosophy 

(Microbiology) 

 

At the 

UNIVERSITY OF WISCONSIN-MADISON 

2016 

 

 

 

Date of final oral examination: 7/12/2016 

 

This dissertation is approved by the following members of the Final Oral Committee: 

 Katrina T. Forest, Professor, Bacteriology  

 Timothy J. Donohue, Professor, Bacteriology 

Katherine D. McMahon, Professor, Bacteriology, Civil and Environmental Engineering 

 Garret Suen, Assistant Professor, Bacteriology  

Yongna Xing, Associate Professor, Oncology 

 



i 
 

Table of Contents ……………………………………………………………………………………….i 

 

Abstract …………………………………………………………………………………………………ii-iii 

Acknowledgements ……………………………………………………………………………………iv-v 

List of Figures and Tables …………………………………………………………………………..vi-vii 

List of Abbreviations …………………………………………………………………………………viii-x 

Chapter I: Introduction to bacteriophytochrome two component systems ……………………..1-38 
 
Chapter II: Biochemical and structural characterization of bacteriophytochromes and their 

response regulators from non-photosynthetic bacteria …………………………………………39-77 

Chapter III: Novel post translational modifications in recombinantly expressed 

bacteriophytochromes …………………………………………………………………………….78-116 

Chapter IV: Bioinformatic analyses of red light signal transduction partners ……………..117-156 

Chapter V: Conclusions and Future Directions ………………………………………………157-166 
 

 

 

 

 

 

 

 

 



ii 
 

Abstract 

 

Bacteriophytochrome (BphP) histidine kinases (HKs) and their cognate response 

regulators (BRRs) form two-component signaling systems (TCSs) that sense and respond to 

visible light in bacteria. Immediate signal transduction is accomplished through a two-step 

phosphorelay in which the light-regulated HK first autophosphorylates and then transfers a 

phosphate group to the RR protein. In most BphP systems, the RR has no output domain and 

the consequent signal transduction mechanism is unknown. Furthermore, for non-

photosynthetic bacteria, no common phenotype has been discovered for BphP-BRR TCSs. This 

work characterizes the BphP-BRR TCS from the chemotrophic desert bacterium Ramlibacter 

tataouinensis and analyzes BphP systems from other non-photosynthetic bacteria to address 

these knowledge gaps. RtBphP1 was spectrally and biochemically characterized as a red light 

sensitive histidine kinase with suppressed autokinase activity in the illuminated state. The 

structures of its cognate RR protein, RtBRR, and a homolog from Agrobacterium tumefaciens 

were solved and determined to dimerize in a unique arm-in-arm quaternary fold, an 

arrangement that promotes phosphotransfer from RtBphP1 to RtBRR. Based on a conserved 

amino acid sequence motif that forms the interaction, arm-in-arm dimers are predicted to be 

common to many BRRs from non-photosynthetic bacteria. During development of a non-

radioactive BphP kinase assay, several unexpected post-translational modifications (PTMs) 

were discovered in the full length BphPs RtBphP1 and Agp1. Lysine acetylation and serine 

phosphorylation were present at multiple sites, including regions of the BphP involved in ligand 

binding, regulatory conformational change, and autokinase activities. A combination of 

bioinformatics analyses allowed prediction of likely interaction partners for BRRs and inference 

of phenotypic consequences to red light signal transduction. BRR interaction targets included 

hybrid histidine kinases, a conserved uncharacterized protein, oxidative stress response, DNA 
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repair, and energy storage enzymes. Taken together, these findings structurally elucidate BphP-

BRR signal transduction, suggest possible impacts on enzyme activity by PTM beyond 

reversible histidine/aspartate phosphorylation, and define targets for BRR protein interaction 

and phenotypic studies.  
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Chapter I 

Introduction to bacteriophytochrome two component systems 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Two component systems: signal transduction systems consisting of a sensory kinase 

and response regulator 

Bacteria rely on signal sensing and signal transduction to adjust to their environments. 

Bacteria are varied in their abilities to cope with stresses and environments are continually 

shifting. How can bacterial cells best use their varied molecular skills to survive in rapidly 

changing surroundings? A major signal transduction mechanism in bacteria is the two 

component signal transduction system (TCS). These are molecular phosphorelays comprised in 

the simplest form as a sensor histidine kinase (HK) protein whose autophosphorylation activity 

is set by the amount of a signal input, and a response regulator (RR) protein that accepts 

phosphate from the sensor and carries the signal to other systems in the cell that interpret the 

signal input into useful survival output (Stock, 2000).  

A classic example of a TCS from the model organism Escherichia coli illustrates the 

mechanism of signaling. E coli is sensitive to changes in osmolarity in its environment by use of 

the EnvZ-OmpR two component system (Forst, 1989; Mizuno, 1990). When the concentration of 

solutes outside the cell differs from that inside, the concentration on either side must be 

equilibrated by osmosis, which can kill cells by rupture in the worst case. The sensor HK EnvZ 

spans the inner cell membrane and senses changes in membrane surface tension caused by 

high osmolarity, changes its conformation and becomes active for autophosphorylation in its 

cytoplasmic histidine kinase domain (Tokishita, 1992; Tomomori,1999; Khorchid, 2005). HK 

autophosphorylation is accomplished by ATP hydrolysis in the catalytic core of the protein and 

transfer of a phosphate group to a histidine residue on the same protein (Roberts, 1994). The 

RR protein OmpR accepts phosphate from the phosphorylated histidine of EnvZ on an 

aspartate residue, and forms phosphorylation-dependent dimers which bind to promoters 

upstream of the porin genes ompC and ompF and tune their expression to match the needs of 

the cell (Aiba, 1990; Huang, 1997). In high osmotic stress, the EnvZ-OmpR TCS prompts the 
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cell to express more porins which allow the passage of solutes across the cell membranes and 

preserves the cell’s barrier. High expression of porins can also be turned off by EnvZ-OmpR 

when osmolarity returns to equilibrium. When surface tension no longer prompts the EnvZ 

sensory domain to adopt the active conformation, autophosphorylation is halted and phosphate 

is no longer transferred to OmpR. Now, the kinase domain of EnvZ performs the reverse 

reaction, actually dephosphorylating OmpR dimers, allowing them to return to the monomeric 

status and turning off porin expression (Tokishita, 1990; Russo, 1991). Through this system, two 

proteins (HK and RR) are able to sense environmental change, rapidly adjust the cellular 

contents to avoid death, and reset the system when the danger has passed. Through reversible 

post translational modification, in this case histidine and aspartate phosphorylation, proteins can 

form effective signaling relays. 

 Beyond sensing osmolarity, TCS are responsible for sensing a variety of inputs and 

controlling myriad physiological responses across the Bacteria. Additionally, two component 

systems are present in plants (Hwang, 2002) and fungi (Ota, 1993), although TCS are not the 

predominant signaling pathways in eukaryotes as in Bacteria. TCS are more prevalent in 

bacteria from fluctuating environments than in bacteria from constant environments (Galperin, 

2005), underlining their importance to environmental response and survival. In bacteria, TCS 

regulate essential processes such as chemotaxis (Hess, 1988; Bourret, 1990), sporulation 

(Perego, 1989), and cell differentiation (Quon, 1996). TCS are also crucial to bacterial stress 

responses (Aguilar, 2001 Danese, 1995). Additionally, certain bacteria utilize TCS to regulate 

virulence and antibiotic resistance (Gooderham, 2009; Beier, 2006). TCS are extremely 

common in Bacteria. In fact, of the 6386 bacterial genomes currently profiled (as of May, 2016) 

in the P2CS server (Barakat, 2011), 97.3% encode at least one HK-RR pair. Stigmatella 

aurantiaca encodes the most TCS proteins, with 192 putative HKs and 143 RRs, although the 
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median number of TCS genes across all catalogued species is more modest, at 14 HKs and 16 

RRs per genome (Figure 1).  

The linear, nearly one-to-one relationship between the number of HKs and RRs in 

bacterial genomes (Figure 1) alludes to another hallmark of TCS, which is specificity between 

the HK and RR components which are part of the same signaling system (Laub, 2007). 

Although phosphorelay between HK and RR pairs proceeds by the same histidine-to-aspartate 

phosphotransfer mechanism in most TCSs, and most bacterial species encode for tens to even 

hundreds of HK-RR pairs, each pair is able to specifically interact and exchange phosphate 

groups with great fidelity. How is this accomplished without significant cross-talk occurring 

between discrete signaling pairs in the cell? One way to avoid unwanted signal crossing is that 

HKs that can phosphorylate a non-cognate RR also act as phosphatase enzymes on that non 

cognate RR, effectively reversing the unwanted phosphotransfer and avoiding activation of a 

pathway by the wrong input signal (Alves, 2003). Another factor that minimizes cross-talk is the 

low stoichiometry of HKs present in the cell in relation to RRs. In the case of the EnvZ-OmpR 

TCS there are approximately 35 molecules of RR for each one HK molecule (Cai, 2002), which 

limits the number of non-specific phosphotransfer events. This is compounded by the 

observation that cognate RRs out-compete non-cognate RRs for phosphotransfer from HKs, 

both in vitro (Biondi 2006) and in vivo (Verhamme, 2002). Overall, the picture of TCS specificity 

within the cell is that occasional nonspecific phosphotransfer may occur, but the effects of 

specific phosphotransfer far outweigh any unwanted crosstalk. Distinct from the concept of 

unwanted cross talk, there are examples of cross regulation between TCS in some bacterial 

systems (Matubara, 2000; Stewart, 2003).  These can be branched signaling systems, in which 

one HK can phosphorylate more than one RR specifically, or convergent signaling systems, in 

which more than one HK can specifically phosphorylate a common RR (Laub, 2007). An 

example of a convergent TCS in a bacteriophytochrome system (Wojnowska, 2013) will be  
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discussed later in this section, and the concept of branched signaling becomes relevant to this 

work in chapter 4. 

An understanding of the protein domains and their structures underpins an 

understanding of how these TCS proteins efficiently allow bacteria to adjust to their 

surroundings (Figure 2). Beginning from the amino terminus, a  typical sensor histidine kinase is 

comprised of a transmembrane sensory domain, which can sense changes in the periplasm or 

membrane (Mascher, 2006; Cheung, 2010); a cytoplasmic HAMP domain, which has dual 

functions as a dimerization and signal transducing domain (Hulko, 2006); a cytoplasmic HisKA 

domain, which is a coiled coil bearing the critical histidine residue that can be reversibly 

phosphorylated; and a cytoplasmic HATPase c domain, which binds to and catalyzes the 

hydrolysis of ATP to transfer one phosphate group to the critical histidine (Klumpp, 2002). The 

positioning of the sensory domain in the periplasm and membrane allows the signal transducing 

domains to respond to the presence of molecules or other signals from the exterior without 

direct exposure. In order for this intramolecular signal transduction to be accomplished, there 

must be conformational changes transmitted along the long axis of the sensor kinase protein, 

ultimately activating or inactivating catalytic activity of the HisKA domain in response to the 

specific signal.  

The typically membrane-tethered sensor kinase is accompanied by a specific response 

regulator protein, which is completely cytoplasmic and free to carry signals further into the cell’s 

interior. A typical response regulator is comprised of an N-terminal receiver domain and a C-

terminal effector domain, often a helix-turn-helix fold which binds to specific regions of DNA to 

act as a transcription factor (Galperin, 2010). The receiver domain is comprised of an internal 

parallel five-stranded β-sheet with hydrophobic character surrounded by five α-helices. A 

conserved aspartate residue protrudes from the C-terminus of β3 and serves as the 

phosphoacceptor site (Bourret, 2010).  
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The TCS signaling partners described in this work differ from the classic models 

described above (Figure 3). The sensor histidine kinases known as bacteriophytochromes are 

not inserted in the inner cell membrane but are instead cytoplasmic (Davis, 1999). Due to the 

visible light input that they sense, which can penetrate through the cell, these HKs do not 

require access to the periplasm in order to set their autophosphorylation state. Further, most 

BphP RR proteins are in a class known as single-domain response regulators (SDRRs), which 

have only a phosphate receiver domain and lack a dedicated output domain (Galperin, 2006). 

The archetype for SDRRs is the E. coli CheY protein, in which the phosphorylation state of the 

RR regulates a protein-protein interaction that controls chemotaxis motility (Barak, 1992). Unlike 

the classic RR described above, these SDRRs lack a DNA-binding domain. Outside of CheY 

and a few other well characterized systems (Hecht, 1995; Tzeng, 1997; Metzger, 2013), the 

molecular mechanisms of signaling for most SDRRs are unknown.  

 

Bacteriophytochromes: red light sensing histidine kinases 

Visible light is an important environmental signal that bacteria have the capacity to sense 

and adapt to through two component signaling. Members of the phytochrome family of 

photoreceptor proteins are sensor HKs that absorb and respond to red light to relay intracellular 

signals. Phytochromes have been extensively studied in terms of their signaling outcomes in 

plants, in which they regulate developmental processes (Quail, 2002, Hughes, 2013). Within the 

last 20 years, phytochrome homologs known as bacteriophytochrome proteins (BphPs) were 

discovered in cyanobacteria (Yeh, 1997) and in the non-photosynthetic bacterium Deinococcus 

radiodurans (Davis, 1999) and since then BphPs have been found through sequence homology 

in 307 bacterial species or strains (Mandalari, 2013). The retention of BphP coding sequences 

in the genomes of bacteria from diverse environments suggests: 1) that red light sensing is  
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coupled to a variety of physiological outputs and 2) red light (or other signal) sensing by BphP 

confers a fitness advantage to those bacterial species which have retained functional BphPs. 

BphPs are widespread in both photosynthetic and chemotrophic bacteria, although the 

studies on the mechanism of signaling and the resultant phenotypes have historically been 

more complete for photosynthetic organisms (Table 1). One of the best understood system for 

BphP sensing and signaling is the purple photosynthetic bacterium Rhodopseudomonas 

palustris. In R. palustris two BphPs phosphorylate a common response regulator to control 

expression of an antenna light harvesting complex (Giraud, 2005). This is an example of the 

convergent cross-regulation mentioned earlier which is possible, even beneficial for regulation, 

in some TCSs. A similar regulation of light harvesting genes by a BphP was also observed in 

Bradyrhizobium sp. BTAI1 (Jaubert 2008). In the cyanobacterium Synechocystis sp. PCC 6803, 

the BphP known as Cph1 upregulates a number of genes in response to red light, including 

those controlling chlorophyll biosynthesis and nitrogen metabolism (Hubschmann 2005). In 

these systems, the control of light harvesting machinery by a light sensing TCS makes a great 

deal of intuitive sense, but these phenotypes cannot be universally applied to the large number 

of non-photosynthetic bacteria that encode BphPs. 

The phenotypes attributed to BphP TCSs in non-photosynthetic organisms are more 

varied in type, and the exact molecular details of signaling pathways have been more difficult to 

pin down. In chemotrophic D. radiodurans, the BphP has been shown to regulate production of 

a species-specific carotenoid, deinoxanthin, which is proposed to protect D. radiodurans from 

visible light damage (Davis, 1999). In Azospirillum brasilense, a BphP was shown to regulate a 

general stress response comprised of a variety of genes but no carotenoid genes (Kumar 2012). 

In the plant pathogens Agrobacterium tumefaciens and Pseudomonas syringae, the BphPs 

have been linked to control of swarming motility that can enhance colonization of host plants 

(Oberpichler, 2008; Wu, 2013). In the human opportunistic pathogen Pseudomonas aeruginosa, 
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a BphP was shown to regulate elements of the LasR quorum sensing system (Barkovitz, 2011). 

It seems clear that in non-photosynthetic BphP systems, the phenotypic outputs are more varied 

than in photosynthetic bacteria. Study of BphP TCSs from chemotrophs has also been 

complicated by the abundance of SDRRs in these systems, which cannot be easily be traced to 

regulation of a specific genetic operon as is sometimes the case in the phototrophs. Thus, the 

complete BphP-mediated signal transduction pathway is not defined in any non-photosynthetic 

bacterial system. Because the photosynthetic BphP study systems have yielded the most 

complete understanding of how light sensing is coupled to molecular signaling to result in 

specific phenotypic responses, this work will focus on the lesser known non-photosynthetic 

BphP-RR systems.  
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Table 1. Bacterial systems for BphP studies from the literature. Summary of the energy harvesting properties, number of encoded 
BphPs, summary of biochemical and phenotypic experimental data 

 

species energy 
source 

number of 
BphPs 
(canonical) 

biochemically 
characterized 
TCS? 

phenotype reference 

Agrobacterium 
tumefaciens 

chemotroph 2 y motility/plant 
pathogenicity 

Oberpichler, 2008;  

Azospirillum 
brasilense 

chemotroph 2 n general stress response Kumar, 2012 

Bradyrhizobium sp. 
BTAI1 

facultative 
phototroph 

1 n light harvesting complex Jaubert, 2008 

Deinococcus 
radiodurans 

chemotroph 1 n carotenoid dependent 
stress response 

Davis, 1999 

Pseudomonas 
aeruginosa 

chemotroph 1 n quorum sensing Barkovitz, 2011 

Pseudomonas 
syringae 

chemotroph 1-2* y motility/plant 
pathogenicity 

Wu, 2013 

Rhodopseudomonas 
palustris 

facultative 
phototroph 

2-3* y light harvesting complex Giraud, 2005 

Synechocystis sp. 
PCC 6803 

phototroph 1 y chlorophyll synthesis, 
stress, nitrogen 
metabolism 

Hubschmann, 2005 

12 
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Much is known about the structure and photochemistry of BphPs while little is known 

about their signal transduction pathways and resultant phenotypes in bacteria (Auldridge, 2011). 

Canonical BphPs have an N-terminal photosensory module comprised of PAS, GAF, and PHY 

domains and a C-terminal histidine kinase (HK) output module (Figure 3) (Montgomery, 2002). 

BphPs follow the modular domain architecture of other HK proteins, and thus other output 

domains besides HK domains are found in BphP proteins, but this work will focus on the 

canonical BphPs with PAS-GAF-PHY-HK architecture. The first structure of a dimeric BphP 

from D. radiodurans (DrBphP) revealed the position of a covalently bound chromophore, 

biliverdin (Figure 4), attached to a conserved cysteine in the PAS domain and interacting with 

multiple amino acids in the GAF domain (Wagner, 2005). BphPs are characterized as having 

two stable photochromic states as revealed by UV-Vis spectroscopy: absorbing red light (called 

the Pr state) and absorbing far red light (called Pfr) (Bhoo, 2001). BphPs are prompted to 

transition between these two states by absorption of photons at the holoprotein’s λmax in the Q-

band of the electromagnetic spectrum (typically ~700 nm).  Transition between Pr and Pfr states 

is associated with conformational change which regulates HK autophosphorylation, and controls 

subsequent phosphorylation of a response regulator protein by the histidine kinase domain of 

the BphP (Giraud, 2005). Structures of BphPs from cyanobacteria revealed that the secondary 

structure of a region of the PHY domain termed the tongue refolds from β-sheet to α-helix 

during photoconversion from the dark to illuminated states (Anders, 2013; Anders, 2014). 

Structures of the PAS-GAF-PHY domains of DrBphP in both the dark and illuminated states 

determined that tongue refolding prompts flexibility in a hinge region of the PHY domain that 

allows the PHY and likely the HK domains to reposition relative to one another in order to 

control autophosphorylation in response to light (Figure 5) (Takala, 2014; Takala, 2015). The 

chromophore binding domains (PAS, GAF) and mechanism of photoisomerization of the 

biliverdin chromophore have been extensively studied in part because BphPs are more static 

and thus crystallize more easily when the dynamic PHY and HK domains are removed. There  
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has been little research focus on intracellular signaling by BphPs and although some 

physiological responses controlled by these proteins are known (Yeh, 1997; Davis 1999; Bhoo, 

2001; Karniol, 2003; Giraud 2005; Hubschman, 2005; Jaubert, 2008; Barkovits, 2011; Kumar, 

2012), the responses are varied (Table 1). Since BphPs were discovered, the number of 

bacterial genomes available in public databases has increased to thousands (Benson, 2012). 

This allowed the bioinformatic discovery of BphP-like coding sequences in hundreds of bacteria 

(Van der Horst, 2007, Mandalari, 2013), many of them non-photosynthetic, and has reignited 

questions like what are these red light sensors doing in these organisms, and how does sensing 

of photons ultimately result in environmental adaptation?  

 
Bacteriophytochrome response regulators (BRRs): SDRRs from BphP systems  

BRRs are SDRRs, which consist of a receiver domain with no obvious C-terminal 

regulatory domain such as a DNA-binding motif. Previous to this work, four BRRs were 

characterized by X-ray crystallography: Rcp1 from Synechocystis sp. PCC 6803 (Im, 2002) 

(PDB: 1I3C); RcpA, and RcpB both from Calothrix sp. PCC 7601 (Benda, 2004) (PDB: 1K66, 

1K68); and Rpa3017 from Rhodopseudomonas palustris (Yang, 2015) (PDB: 4ZYL). All of these 

structures came from species capable of photosynthesis, and no BRR structures were known 

from non-photosynthetic bacteria. BRR proteins share a common overall topology with other 

SDRRs. They consist of an internal parallel five-stranded β-sheet with hydrophobic character 

surrounded by five α-helices. A conserved aspartate residue protrudes from the C-terminus of 

β3 and serves as the phosphoacceptor site. Prior to this work, four dimerization modes were 

known for receiver domains, named for the α-helix and β-strand numbers involved in packing 

(Figure 6) (Gao, 2010). The Rcp-RRs and Rpa3017 all crystallized previously unknown inverted 

4-5-5 homodimers (Figure 6D), a quaternary arrangement that has only been seen in BRRs. 

Several bacterial response regulators are known to have stoichiometries regulated by the  
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phosphorylation state (Fielder, 1995; Maris, 2002; Lewis, 2002), however dimers were observed 

for RcpA and B irrespective of the phosphorylation state (Benda, 2004). The same work noted 

conservation of consecutive Phe and Trp residues in a C-terminal extension in phytochrome 

RRs not found in other SDRRs. These residues fold as an α-helix to form an exposed 

hydrophobic patch which interacts with the adjacent protomer via an aromatic cluster which is 

presumably essential to formation of the inverted 4-5-5 dimer.  

The best understood SDRR is part of the E. coli chemotaxis TCS, comprised of the HK 

CheA and the RR CheY. Because of the extensive and detailed structural and mechanistic 

literature on CheY, most SDRRs in bacterial genomes including BRRs are annotated as CheY 

or CheY-like proteins because they share the SDRR fold (Ashby, 2004). CheY in its 

unphosphorylated state can adopt two conformations for the residue Tyr 106 on β5, one of 

which points out toward the solvent and occludes binding to the flagellar switch protein FliM 

(Figure 7). When CheY is phosphorylated by CheA in response to chemosensing, Tyr 106 

adopts the inward conformation and allows stable binding of CheY to FliM (Zhu, 1996; Lee, 

2001). This protein-protein interaction changes the direction of the flagellum from clockwise to 

counter-clockwise and thus alters the direction of cellular movement in response to 

chemosensing (Barak, 1992). Importantly, most BRR proteins include the conserved “switch” 

tyrosine residue on β5, or have a phenylalanine in its place. Although the same mechanism of 

signaling has not yet been shown for a BRR protein in response to the phosphorylation state, 

the presence of the tyrosine suggests a similar mechanism may occur in BRRs. However, no 

protein interaction partners besides the BphP HKs are yet known for BRRs from any system. 
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Ramlibacter tataouinensis: a non-photosynthetic bacterium with a BphP TCS 

To address the knowledge gaps of how red light signals are received and relayed in 

bacteria by BphPs and what the signaling outputs may be, this work focuses on 

bacteriophytochromes from non-photosynthetic bacteria, particularly the desert isolate 

Ramlibacter tataouinensis, which encodes a striking abundance of putative photoreceptor 

proteins (DeLuca, 2011, Van der Horst, 2007, Mandalari, 2013). The chemotrophic β-

Proteobacterium R. tataouinensis was first isolated from sandy soil in the Sahara Desert and is 

remarkable for tolerance to desiccation and dual cell morphologies (Heulin, 2003, Gommeaux, 

2005). Pure cultures of R. tataouinensis contain both rod-shaped cells which are presumed to 

be motile via Type IV pili (as R. tataouinensis lacks flagellar genes) and small (approximately 1 

μm in diameter) coccoid cells which are desiccation tolerant but lack motility. The genome 

sequence and annotation revealed that R. tataouinensis encodes four putative blue light 

photoreceptors and two putative BphP red light photoreceptors (DeLuca, 2011). Given the 

scarcity of water in desert soil, as well as extremes of temperature and radiation in desert 

environments a hypothesis is proposed that these sensors allow R. tataouinensis to inhabit its 

harsh environment by cueing physiological adaptation. Some physiological adaptations which 

are influenced by blue or red photoreceptors in bacteria include phototaxis, general stress 

response, carotenoid production, DNA repair, and transition between planktonic and a host 

adapted or multicellular (biofilm) lifestyle (Van der Horst, 2007, Purcell, 2008, Gomelsky, 2011). 

These, and the interesting desiccation tolerance and cell morphology transitions observed in R. 

tataouinensis, are candidates for physiological responses to be controlled by the R. 

tataouinensis BphPs. 

R. tataouinensis encodes two putative bacteriophytochromes (DeLuca, 2011), 

designated RtBphP1 and RtBphP2 following the established BphP nomenclature. The 

duplication of BphP genes in bacterial genomes appears to be a common occurrence and 
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several of the well-studied species with BphPs encode two or more (Van der Horst, 2007, 

Mandalari, 2013). The RtBphP1 gene is flanked by genes encoding a putative heme oxygenase 

and a putative single-domain response regulator (Figure 8). Both of these types of proteins 

would be required for RtBphP1 to function as a light-responsive kinase. Heme oxygenase 

carries out the cleavage of heme to produce biliverdin which binds autocatalytically via a 

thioether linkage to a conserved cysteine near the N-terminus of the BphP and allows it to 

sense light (Bhoo, 2001). In certain bacterial species, there is evidence that heme oxygenase 

and BphP must form a complex in order to load the chromophore (Shah, 2012). A response 

regulator is required to accept the phosphate from the HK domain of the BphP and carry the 

signal to the next node in the signal transduction pathway (Davis, 1999). In bacterial two-

component systems, transient contact between a kinase and response regulator is required for 

specific partner recognition and for phosphotransfer (West, 2001). Interestingly, these three 

genes in the RtBphP1 gene cassette are in different reading frames and overlap by several 

base pairs which suggests they are co-regulated and co-transcribed. The gene for RtBphP2 is 

not in the same operon as RtBphP1 and it is not surrounded by heme oxygenase or response 

regulator genes. Analysis of gene transcription by reverse-transcriptase PCR indicates that the 

three overlapping genes are well expressed in both dark and red light culture conditions relative 

to a RecA control (Figure 8). Compared to the three overlapping genes, lower expression was 

detected for a hybrid histidine kinase gene following the BRR and for RtBphP2. Bioinformatic 

analysis of the amino acid sequence of RtBphP1 and RtBphP2 indicates that both have the 

features typical of BphPs which are known to be required for photosensing and kinase activity. 

Both have canonical PAS-GAF-PHY-HK domain architecture, both encode a cysteine residue 

near the N-terminus which is the presumed site of biliverdin ligation, and the primary sequences 

contain motifs known to be important for chromophore interactions (Karniol, 2005). Based on 

gene proximity and amino acid sequence homology to BphP and BRR proteins, the gene  
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products from the RtBphP1 cassette were proposed to form an active red light responsive TCS 

(Figure 9), a hypothesis which is borne out in this work. 

Posttranslational modifications in Bacteria: focus on phosphorylation and acetylation 

Reversible post-translational modification (PTM) of proteins (in the form of histidine and 

aspartate phosphorylation) is at the heart of TCS signaling (Figure 10 A,B). This sensor-

regulated addition and removal of phosphate groups from specific amino acids is such an 

effective mode of signaling that TCS is the predominant form of signal transduction in bacteria. 

Up until the last couple of decades, histidine and aspartate phosphorylation was considered the 

extent of PTM in bacterial systems (Bakal, 2000). Although other PTMs such as 

serine/threonine/tyrosine phosphorylation and acetylation were known (Figure 10 C,D), they 

were considered strictly relevant in eukaryotic systems. Due to the relatively late arrival of 

bacterial systems to the wider world of PTMs, researchers have been able to rapidly discover 

the extent of novel phosphorylation, acetylation, glycosylation, lipidation, nitrosylation and more 

by taking advantage of detection methodologies pioneered by eukaryotic PTM researchers. 

Recent work has revealed that a number of PTMs, including serine/threonine/tyrosine 

phosphorylation and acetylation, are common in bacterial systems and appear to regulate a 

variety of cellular processes. Studies of the phosphoproteome of E. coli revealed 79 proteins 

with Ser/Thr/Tyr phosphorylation with a distribution of 68%/23%/9% respectively (Macek, 2008). 

Similar Ser/Thr/Tyr phosphoproteome results have been reported for R. palustris, which 

revealed 54 phosphorylated proteins including five HK proteins (Hu, 2012). Another study 

detected 57 phosphorylated proteins in P. aeruginosa and 56 phosphorylated proteins in P. 

putida, with a consensus of just nine commonly phosphorylated proteins between the two 

species (Ravichandran, 2009). Detection of Ser/Thr/Tyr phosphopeptides relies on molecular  
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enrichment techniques and sufficient signal to be detected by mass spectrometry, therefore 

these experiments may yet underreport the abundance of these PTMs in bacterial cells.  

Lysine acetylation is also prevalent in bacterial proteomes. In E. coli DH5, 91 proteins with 

lysine acetylation were detected, primarily on metabolic enzymes (Zhang, 2009). An even 

greater abundance of lysine acetylation, on 195 proteins, was reported for the proteome of S. 

enterica (Wang, 2010). Studies of the R. palustris acetylproteome revealed a more modest 24 

acetylated proteins, however this more stringent study verified acetylation of target proteins 

through biochemical assays (Crosby, 2012). Although lysine acetylation appears on many 

metabolic enzymes, there is evidence that this PTM can impact signal transduction as well. In 

the E. coli chemotaxis system, the SDRR CheY is acetylated on two lysine residues which 

enhances binding to the FliM flagellar protein and subsequent flagellar motility (Barak, 2001). 

Thus, CheY undergoes additional PTM to the reversible phosphorylation by the HK protein 

CheA. Taken together with the HK phosphorylation data from R. palustris, here is precedence in 

the literature for both Ser/Thr/Tyr phosphorylation and lysine acetylation occurring in TCS 

proteins in bacteria. Later in this work, novel PTMs detected on BphP HK proteins will be 

discussed, specifically serine phosphorylation and lysine acetylation. 

All of the BphP and BRR proteins purified in this study were expressed in E. coli BL21 

strains, and indeed most if not all characterized BphPs from the literature are also from E. coli 

recombinant systems (Yeh, 1997; Karniol, 2003; Giraud, 2005; Jaubert, 2008; Kumar, 2012). In 

order to consider novel phosphorylation and acetylation events, it is important to catalog the 

serine/threonine/tyrosine kinases and lysine acetyltransferase enzymes present in E. coli and 

also consider non-enzymatic modes of protein modification. In bacteria, serine or threonine 

phosphorylation can be accomplished either by eukaryotic-like serine/threonine kinases 

(eSTKs), such as the enzymes PknA and PknB from Mycobacterium tuberculosis, or by non-

eSTKs unique to bacteria such as YihE from E. coli, and SpoIIAB, RsbT and RsbW from 
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Bacillus species (Pereira, 2011). BLAST searches of the BL21(DE3) genome indicate that of 

these ser/thr kinases, only a homolog of YihE is encoded in the protein expression strain used 

in this work (Figure 11). YihE is a kinase upregulated in response to activation of the Cpx TCS, 

which responds to extracytoplasmic stresses on the cell membrane and in the periplasm 

(Duguay, 2004). Lysine acetylation is known to proceed in bacteria by one well-characterized 

enzyme, denoted Pat/YfiQ/AcuA (Starai, 2004), though other putative uncharacterized 

acetyltransferases have been identified (Vetting, 2008). E. coli BL21 encodes a Pat lysine 

acetyltransferase homolog (Figure 12) in addition to an YihE serine/threonine kinase, and 

therefore can be considered competent to carry out both modifications if these genes are 

expressed. In addition to enzymatic PTM activity, the ubiquitous small molecule acetyl 

phosphate is also known to phosphorylate (McCleary, 1994) and acetylate (Weinert, 2013) 

bacterial proteins in vivo and in vitro.  
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Biochemical, structural, and bioinformatic elucidation of the BphP-BRR TCS from non-

photosynthetic bacteria 

The aims throughout this project have been to better understand the molecular 

mechanism of BphP-BRR signal transduction and the outcomes of the signaling in non-

photosynthetic bacteria. This work focuses on the BphP TCS from non-photosynthetic bacteria, 

particularly R. tataouinensis, and establishes groundwork to make this a model system for 

BphP-BRR study. In chapter two, a BphP from R. tataouinensis is biochemically characterized 

and the structure of its cognate BRR is described. A novel mode of dimerization for BRRs from 

R. tataouinensis and A. tumefaciens is described and shown to have consequences to signal 

transduction between the BphP and the BRR proteins. In chapter three, unexpected post-

translational modifications on BphPs from several species are discovered and a model for PTM 

effect on enzyme activities is proposed. In chapter four, bioinformatic methods are combined to 

predict potential protein-protein interaction partners for the novel BRR dimers described in 

chapter two. These in silico predictions will guide future in vivo and in vitro work.   
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Abstract 

Bacteriophytochrome photosensors (BphPs) and their cognate response regulators make up 

two-component signal transduction systems which direct bacteria to mount phenotypic 

responses to changes in environmental light quality. Most of these systems utilize single-domain 

response regulators to transduce signals through unknown pathways and mechanisms. Here 

we describe the photocycle and autophosphorylation kinetics of RtBphP1, a red light regulated 

histidine kinase from the desert bacterium Ramlibacter tataouinensis. RtBphP1 undergoes red 

to far-red photoconversion with rapid thermal reversion to the dark state. RtBphP1 is 

autophosphorylated in the dark; this activity is inhibited under red light. The RtBphP1 cognate 

response regulator, RtBRR, and a homolog, AtBRR from Agrobacterium tumefaciens, crystallize 

unexpectedly as arm-in-arm dimers, reliant on a conserved hydrophobic motif hFWAhL. RtBRR 

and AtBRR dimerize distinctly from four structurally characterized phytochrome response 

regulators found in photosynthetic organisms, and from all other receiver domain homodimers in 

the Protein Data Bank. A unique cacodylate-zinc-histidine tag metal organic framework yielded 

SAD phases and may be of general interest. Examination of the effect of BRR stoichiometry on 

signal transduction found that phosphorylated RtBRR is accumulated more efficiently than the 

engineered monomeric RtBRRmon in phosphotransfer reactions. Thus, we conclude that arm-in-

arm dimers are a relevant signaling intermediate in this class of two component regulatory 

systems. 

Importance 

BphP histidine kinases and their cognate response regulators comprise widespread red light 

sensing two-component systems. Much work on BphPs has focused on structural 

understanding of light sensing, and on enhancing the natural infrared fluorescence of these 

proteins, rather than on signal transduction or resultant phenotypes. To begin to address this 
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knowledge gap we solved the crystal structures of two single domain response regulators 

encoded immediately downstream of BphPs. We observed a previously unknown “arm-in-arm” 

dimer linkage. Monomerization via deletion of the C-terminal dimerization motif had an inhibitory 

effect on net response regulator phosphorylation, underlining the importance of these unusual 

dimers for signal transduction. 
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Introduction 

Bacteria utilize two-component sensory and signaling systems (TCS) to monitor and 

respond to diverse signals in the environment, including the spectrum and intensity of visible 

light. Light of a specific wavelength may control directed responses, as in the case of phototaxis 

(1, 2), or can control generalized stress responses (3). Bacteriophytochromes (BphPs) are 

soluble cytoplasmic red light sensing modules, often histidine kinases (HKs) encoded adjacent 

to a single domain response regulator (SDRR) to which phosphate is transferred in a light-

regulated fashion (4–6). While the mechanism of red light reception by the sensory domains of 

BphPs is the topic of much active research, and recent work has added to our understanding of 

the mode of intramolecular signal transduction by the sensory domains of phytochrome (7–9), 

the effects of light on phosphate flux through entire pathways are less well-studied. Few 

phenotypic responses have been conclusively attributed to BphP TCSs, and those that are 

known suggest the physiological responses controlled by these photoreceptors are as diverse 

as the environments bacteria inhabit (3, 10–14). Certainly critical to connecting red light sensing 

to appropriate cellular responses are the bacteriophytochrome RR proteins (BRRs). Thus, we 

characterized two BRRs structurally and placed them in context of the biochemical activity of a 

cognate BphP from the Ramlibacter tataouinensis red light sensing TCS. This TCS was 

revealed by annotation of the genome sequence of this chemotrophic desert microbe, which 

encodes a high number of putative light sensing proteins (15).   

Typical BphPs and cyanobacterial phytochromes (Cphs) are dimeric proteins capable of 

maximal absorbance of red light in the dark state (Pr) which convert to a far-red light absorbing 

state (Pfr) after exposure to red light. Canonical domain architecture is PAS-GAF-PHY-HK (16). 

The PAS domain is the site of covalent chromophore attachment in BphPs, which utilize 

biliverdin IXα [BV], whereas in Cphs phycocyanobilin is covalently linked to the GAF domain 

(16). In all cases, the GAF domain amino acids surround the chromophore. Signal transduction 



43 
 

is initiated by a light-driven isomerization of a double bond in this tetrapyrrole (17), and the PHY 

domain transduces conformational changes to the HK domain. The HK catalyzes ATP 

hydrolysis and transfers the ϒ-phosphate to a conserved histidine residue; the transfer is 

assumed based on sequence comparisons to other trans-acting HKs to be to the sister 

protomer in the dimer (18, 19). The kinetics of autophosphorylation of a Cph and subsequent 

phosphotransfer to its cognate RR have been measured for one example, but have not been 

reported in detail for non-photosynthetic systems. Psakis, et al. (2011) reported Km and kcat 

values for the Cph1/Rcp1 TCS from Synechocystis sp. PCC 6803 and demonstrated that 

efficiency of both Cph1 autophosphorylation and phosphotransfer to the RR were four-fold 

higher in the Pr state (20). Other groups’ results support the finding that kinase activity is higher 

in the Pr state than in the Pfr state for BphPs as well. Giraud, et al. (2005) reported that 

autophosphorylation by Rhodopseudomonas palustris RpBphP2 was 83% reduced in the Pfr 

state (6). Phosphotransfer to the cognate RR Rpa3017 was also more efficient in the Pr state. 

Karniol, et al. (2003) reported that Agp1 from Agrobacterium tumefaciens had two-fold greater 

autophosphorylation activity in the Pr state, and 10-fold greater phosphotransfer to the response 

regulator AtRR1 (here called AtBRR) in the Pr state (5). The lack of kinetic parameters for 

BphPs prompted us to characterize the autophosphorylation activities of RtBphP1 as the 

earliest light regulated step in this TCS signaling cascade. 

Another hallmark of BV-binding BphPs is their reverse photoconversion from the Pfr 

state to the Pr state upon exposure to far red light (16). Many are stable in both states, and can 

be switched to the alternative ground state with the appropriate light stimulus. BphPs can also 

thermally revert to the Pr state in the absence of light, with a reversion half-life that is 

characteristic of the particular phytochrome and can be temperature dependent. An example of 

a poorly stable Pfr form is Agp1, which is relatively unstable at room temperature (21), and 
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displays accelerated thermal reversion at 30° C (22). Here we describe reversion kinetics for 

RtBphP1 and show that RtBphP1 and Agp1 share rapid thermal reversion. 

Most putative BRRs are annotated as CheY-like SDRRs, which consist of a receiver 

domain with no obvious regulatory domain such as a DNA-binding motif. For cyanobacterial 

Cph systems, three such RRs have been characterized by X-ray crystallography: Rcp1 from 

Synechocystis sp. PCC 6803 (23) (PDB: 1I3C), RcpA, and RcpB both from Calothrix sp. PCC 

7601 (24) (PDB: 1K66, 1K68). This cyanobacterial set has recently been augmented by the 

structure of Rpa3017 (25). These proteins share a common overall topology with other SDRRs. 

They consist of an internal parallel five-stranded β-sheet with hydrophobic character surrounded 

by five α-helices. A conserved aspartate residue protrudes from the terminus of β3 and serves 

as the phosphoacceptor site. Receiver domains can dimerize by one of four known structural 

arrangements, named for the α-helix and β-strand numbers involved in packing (26). The Rcp-

RRs and Rpa3017 all crystallized as unusual inverted 4-5-5 homodimers, and Benda, et al 

observed dimers for RcpA and B irrespective of the phosphorylation state (24). The same work 

noted conservation of consecutive Phe and Trp residues in a C-terminal extension in 

phytochrome RRs not found in other SDRRs. These residues fold as an α-helix to form a 

solvent-exposed hydrophobic patch which interacts with the sister protomer via an aromatic 

cluster. Here we report the crystal structure of dimeric BRRs from two chemotrophic bacterial 

species which share the conserved FW key residues, yet form homodimers through a distinct 

crossover linkage which we propose represents a novel category of RRs. These and arm-in-arm 

RR dimers may be common to a set of BphP TCSs from non-photosynthetic bacteria. 

We investigate the effects of these arm-in-arm dimers on signal transduction, and 

underline their importance to intermolecular signal transduction in BphP-BRR TCS.  
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Results 

Photoproperties of RtBphP1 

In order to begin characterization of the red light-sensing TCS from R. tataouinensis, we 

cloned, expressed, and purified full-length RtBphP1.  Size-exclusion chromatography separated 

RtBphP1 molecules into four distinct size populations corresponding to 771, 300, 189, and 108 

kDa (Fig. 1A). The predominant 189 kDa dimer fraction had a molar proportion of BV to BphP of 

0.78 as determined by the relative absorbance and extinction coefficients of RtBphP1 (ε = 

98,937 at 708 nm) and free BV (ε = 39,900 at 391 nm). This fraction was used to carry out all 

dark reversion, autophosphorylation and phosphotransfer experiments.  

Zinc-binding fluorescence assays (data not shown) demonstrated that RtBphP1 

covalently binds the added BV chromophore. UV-Vis spectroscopy verified that RtBphP1 is a 

functional red light-sensing BphP with a Pr dark ground state (λmax = 708 nm) (Fig. 1B).  

Exposure of fully dark-adapted RtBphP1 to 700 nm red light for 1 minute induces a relatively 

unstable Pfr state (λmax ~750 nm), which thermally reverts to the Pr state (Fig. 1B, 1C) with 

biphasic behavior and half-lives of 0.7 and 20.4 minutes (Fig. 1D).  

 

RtBphP1 is a light-regulated autokinase 

RtBphP1 acts as a light-regulated autokinase as evidenced by radiolabeled 

phosphorylation reactions and their associated Michaelis-Menten kinetic constants (Fig. 2). The 

protein is autophosphorylated in the dark, and this activity is modestly suppressed by 700 nm 

light. The initial rate of autophosphorylation is slow, and is retarded by two-fold under red light 

(dark kcat = 2.0 ± 0.1x10-5 s-1 versus red kcat = 0.9 ± 0.3x10-5 s-1). Red light acts as a  
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noncompetitive inhibitor of autokinase activity as indicated by unchanged Km values for ATP (for 

Pr and Pr/Pfr Km = 12.9 ± 3.5 μM and 13.6 ± 6.0 μM, respectively) despite modulated kcat. 

 

AtBRR and RtBRRHIS are novel arm-in-arm dimers 

In order to probe intermolecular signal transduction by BphPs, we solved the crystal 

structure of RtBRR, the putative cognate RR of RtBphP1, in the non-phosphorylated state. 

Crystal growth and phasing were made possible by the inclusion of a C-terminal 14-residue tag 

ending in hexahistidine, which is well-ordered and coordinated by zinc and cacodylate 

((CH3)2AsO2H) (Fig. 3A). In fact, the zinc and As atoms provided strong anomalous signal, and 

we were able to phase the RtBRRHIS structure with a Zn2+/As single-wavelength anomalous 

dispersion data set. This technique should be of general use to solve protein structures that 

have a histidine tag by crystallizing the cacodylate/zinc/His complex, since the number of 

structures in PDB with His tags is rapidly increasing (42). This strategy is similar to a new 

general method that has been proposed for coating the surface of a protein with zinc atoms to 

solve the phase problem (43). AtBRR phases were obtained by molecular replacement with 

RtBRRHIS as the search model (Fig. 3B). RtBRRHIS was refined to a resolution of 1.9 Å with 

Rwork/Rfree values of 18% and 23%. AtBRR was refined to a resolution of 1.9 Å with Rwork/Rfree 

values of 20% and 24% (Table 1).    
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Table 1. X-ray data collection and structure determination statistics  

Data Collection RtBRRHIS (5BRI) AtBRR (5BRJ) 
Wavelength, Å 0.9791 0.9787 
Resolution*, Å 38.3-1.83 (1.85-1.83) 35.0-1.92 (1.95-1.92) 
Space Group P4122 P4122 
Unit Cell (a, b, c (Å)) 47.7, 47.7, 193.5 41.0, 41.0, 187.7 
Completeness, % 99.8 (98.1) 98.7 (97.0) 
#Unique/#measured Reflections 20790/20756 13163/12959 
#Anomalous Reflections 37570 - 
Redundancy 1.8 (1.8) 27.2 (26.4) 
<I/σI> 22.9 (1.1) 53.2 (23.0) 
Wilson B value, Å2 33.0 23.7 
Rsym

†, % 2.6 (105.) 7.2 (15.5) 
Refinement   
Resolution, Å 38.36-1.90 (1.93-1.90) 30.9-1.92 (1.99-1.92) 
Reflections/# anomalous 18619/33646 12959 
Rwork/Rfree, ‡ % 17.5/21.3 (31.5/40.4) 19.6/24.0 (21.7/27.4) 
Rms deviations   
 Bonds, Å 0.02 0.07 
 Angles, ° 1.64 1.03 
Ramachandran statistics, %   
 Allowed 98.8 96.3 
 Generously allowed 1.2 3.7 
# atoms   
 protein 1375 1107 
 ligand 9 1 
 water 123 135 
<B factor>, Å2   
 protein 38.4 26.8 
 ligand 37.3 20.2 
 water 52.8 36.6 

* The highest resolution bin is indicated in parentheses. 
† Rsym = ΣΣj|Ij -〈I〉|ΣIj, where Ij is the intensity measurement for reflection j and〈I〉 is the mean 
intensity for multiply recorded reflections. 
‡ Rwork/Rfree = Σ||Fobs| - |Fcalc||/|Fobs|, where the working and free R factors are calculated by using 
the working and free reflection sets, respectively. For the Rfree, 5-10% of the total reflections 
were held aside throughout refinement. 
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As expected, the basic topology of RtBRRHIS is similar to the archetypal SDRR, E. coli 

CheY (44) (PDBID: 3CHY, RMSD = 1.3 Å over 70 Cα atoms within secondary structure 

elements). The common structural features are a hydrophobic five-stranded parallel β sheet 

core (2-1-3-4-5) surrounded by five α helices (Fig 4A). The sequence-conserved 

phosphoaccepting aspartate (D64 in RtBRR, D65 in AtBRR) is situated at the C-terminal end of 

β3 and faces into the solvent, accessible for interaction with the cognate BphP HK (Fig. 4A). 

Both BRR structures had clear electron density for magnesium ions in the phosphorylation site 

(Fig. 3B), which are required for the phosphoryltransfer reaction (45).   

The crystal structure of RtBRRHIS revealed an unusual crossover dimer interface 

geometry that links sister monomers (Fig 4A). The dimer relies on a C-terminal extension with 

marked structural deviation from known SDRR structures; a bulky hydrophobic β6 (IFWAVL) 

that extends from α5, threading through the adjacent monomer before turning back toward the 

originating protomer via a proline/glycine rich sequence (Fig. 4B). Two antiparallel strands, one 

from each monomer, form an intermolecular β sheet, evidenced by the presence of six main 

chain hydrogen bonds. This small sheet is widened by main chain interactions with the loop 

between α1 and β2 and stapled in place by the side chain of N29, itself invariant among a group 

of approximately 150 RRs that share the DLGhFWAhLNEPPPG sequence (where h is a 

hydrophobic M/V/L/I residue). Conserved P4 positions the N-terminus for additional interactions 

at the interface (Fig. 4B). The RtBRRHIS polypeptide ends in a sixth α helix (α6), which packs 

against α1 and β2 and is not found in most SDRR structures. Surface electrostatic potential 

models of RtBRR reveal a sizable cleft between protomers and an extensive positively charged 

stripe across the dimer surface, either or both of which might serve as an interaction site for 

signaling partners (Fig. 4C). 

To ensure that the observed RtBRRHIS dimer interface was not a consequence of 

stabilizing effects of helix promoting residues or histidine-metal interactions in the cloning tag  
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and to explore BRR stoichiometry in other BphP systems, we also analyzed the interface in the 

crystal structure of the native sequence AtBRR from A. tumefaciens strain F2. This protein 

contains all three of the noted N-terminal Pro, α1-β2 loop LxN, and C-terminal 

DLGhFWAhLNEPPG motifs (Fig. 5). AtBRR dimers were linked by the same bulky hydrophobic 

β6 (VFWALL) although the following proline-rich turn and terminal helix residues could not be 

modeled due to weak electron density. Given the stabilizing effect of zinc in the crystal structure 

of RtBRRHIS, size exclusion chromatography runs for RtBRRHIS and AtBRR were performed in 

metal-free buffer and revealed peaks corresponding to dimers in solution for both species (Fig. 

6A, 6B).  

Analysis of packing interactions of RtBRRHIS and AtBRR using the PISA server (37) 

confirmed the dominant nature of this hydrophobic crossover strand in stabilizing the dimer. The 

interface has solvent-inaccessible areas of 1310 Å2 (ΔG = -20.7 kcal/mol) and 1400 Å2 (ΔG = -

17.9 kcal/mol) per monomer for RtBRR (regardless of inclusion of tag residues) and AtBRR, 

respectively, with both hydrophobic packing and hydrogen bonding playing important roles in 

the interaction (Table 2). 
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Table 2. Statistics for phytochrome cognate RR dimer interfaces (calculated using ProtParam and PISA).  

Protein (PDB ID) Crossover 
motif 

Interface area per 
monomer (Å2) 

ΔG (kcal/mol) Hydropathicity 
score1 for motif 

# residues in 
interface (per 
monomer) 

# h-bonds 
in interface 

RtBRR (5IC5) IFWAVL 1309.7 -20.7 2.70 30 16 

AtBRR (5BRJ) VFWALL 1399.9 -17.9 2.58 30 24 

Rcp1 (1I3C) SFWLET 1172.5 -13.3 0.12 29 19 

RcpA (1K68) EFWLSY 1104.9 -15.3 0.02 27 11 

RcpB (1K66) KYWLDI 1248.4 -13.0 -0.22 33 18 

Rpa3017 (4ZYL) HFWMNT 1164.9 -7.5 -0.60 

 

33 16 

1 Grand average of hydropathicity (38). 
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BRR dimers promote signal transduction   

In order to investigate the relevance of the unique arm-in-arm BRR dimers formed by the 

crossover strand in phosphorelay from BphPs to BRRs, we engineered a monomeric BRR 

missing the C-terminal 21 amino acids of the native RtBRR sequence. These amino acids 

correspond approximately to an extension in the sequence compared to canonical SDRRs 

(Fig.5). Size exclusion chromatography verified that RtBRRmon has a MW in solution of 16 kDa, 

versus 36 kDa for the RtBRRHIS dimer (Fig. 6A, 6C).  

Dark-adapted RtBphP1 dimers were allowed to autophosphorylate at room temperature 

before the addition of RtBRRHIS, RtBRRmon, or AtBRR, and the transfer of radiolabeled 

phosphate was visualized by autoradiography. Phosphotransfer was evident to both RtBRRHIS 

dimer and RtBRRmon monomer (Fig. 7A), indicating that specificity between the two components 

was not negatively impacted by the monomer deletion. Specificity for the cognate RR was 

evident, as RtBphP1 did not transfer phosphate to AtBRR at appreciable levels (Fig. 7A).  

To assess the relative efficiency of phosphotransfer from RtBphP1 to each BRR, we 

independently measured both loss of phosphorylated HK (HK*) (Fig. 7A, B) and accumulation of 

phosphorylated BRR (BRR*) (Fig. 7C, D). In the presence of RtBRRHIS dimer, RtBphP1 was 

more efficiently dephosphorylated than the HK* only phosphorolysis control, with 65% of HK* 

remaining after 30 seconds (Fig 7A, B). However, in the presence of RtBRRmon the amount of 

remaining HK* was actually higher than the basal level (130%), suggesting monomeric RtBRR 

inhibits phosphotransfer from HK* and/or phosphorolysis in the movement of phosphate through 

the TCS (Fig 8). RtBphP1 phosphorylation in the presence of AtBRR was equivalent to the 

buffer only control, demonstrating phosphotransfer specificity between the RtBphP1 and its 

cognate BRR. 
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In order to examine signal transduction via accumulation of BRR*, RtBphP1 dimers were 

incubated with RtBRRHIS or RtBRRmon and an excess of ATP before analyzing the level of RR 

phosphorylation using Phos-tag acrylamide gels (46–48). Phosphotransfer was evident to both 

RtBRRHIS dimer and RtBRRmon monomer (Fig. 7C), providing confirmation that specificity 

between the two components was not impacted by the monomerization. Analysis of relative 

phosphorylation levels of BRRs indicated that RtBRRHIS more rapidly accumulated greater 

levels of phosphate than RtBRRmon for all time points tested (Fig. 7D). At the final 60 minute 

time point, RtBRRHIS was 38% phosphorylated compared to 24% RtBRRmon phosphorylated.  

Thus, monomerization of RtBRR inhibits phosphotransfer from HK* and/or enhances intrinsic 

BRR* dephosphorylation (Fig. 8). One or more of five steps may be impacted by BRR 

stoichiometry: HK*-RR association, phosphotransfer, HK-RR* dissociation, or 

autodephosphorylation of either signaling partner (Fig 8). 
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Discussion 

Our characterization the R. tataouinensis bacteriophytochrome TCS provides 

autophosphorylation kinetics of a red light repressed HK with rapid thermal dark reversion, 

reveals structural details of a previously unknown arm-in-arm dimer association for the RR, and 

demonstrates the importance of the arm-in-arm dimer for efficient signal transduction through 

the TCS.  

The thermal reset of RtBphP1 to the dark, kinetically accelerated signaling state 

proceeds rapidly (Fig 1D). This behavior, manifested as weak or unstable absorbance at 750 

nm in the Pfr state, is also observed in Agp1 from A. tumefaciens (21), the cognate BphP for 

AtBRR. This is contrasted with most other characterized BphPs and Cphs including D. 

radiodurans DrBphP and Synechocystis sp. PCC 6803 Cph1, which achieve stable Pfr 

absorbance states and more slowly decay back to the Pr state, yet can be photoswitched to the 

Pr state with far red light. The former class may act as single state light sensing switches, which 

in the absence of light are rapidly activated. The advantage of the latter class is that such 

BphPs can act as two-state light sensors contained in a single enzyme, advantageous in 

environments where sensing the ratio of two light wavelength ranges confers a survival 

advantage. Potentially, BphPs with unstable Pfr absorbance require a second signal or binding 

partner to stabilize the far red state, thereby integrating multiple input signals. 

RtBphP1 autophosphorylation measurements support the model that red light acts as a 

non-competitive inhibitor of the BphP transphosphorylation activity (Fig 2). BphP HK dimers with 

covalently attached BV in the sensory domain can bind ATP in the kinase domain with similar 

affinity in the Pr and Pfr states. Autophosphorylation proceeds more rapidly in the dark, thus 

catalytic steps of ATP hydrolysis and/or transfer of the γ-phosphate to histidine are potentially 

light-regulated. Conformational changes originating in the sensory domains of BphP must be 
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transduced to regulate trans-phosphorylation. The PHY domain tongue-refolding mechanism (7) 

demonstrated for DrBphP likely contributes to regulation of HK domain activity by repositioning 

the HK domains on each protomer relative to one other. Perhaps it is surprising that autokinase 

activity is reduced only two-fold by red light (in vitro) if R. tataouinensis utilizes this sensor 

kinase to regulate a process vital to environmental survival. However, ATP hydrolysis and 

transfer of phosphate to histidine form but one measurable kinetic step that contributes to 

overall phosphate flux in the TCS (Fig. 8).  

The arm-in-arm dimer interface observed for RtBRRHIS and AtBRR (Fig. 9A, 9B) differs 

from the dimer interface observed in three Cph cognate RR structures and the R. palustris 

Rpa3107 (Fig 9C, 9D) (PDB: 1I3C, 1K66, 1K68, 4ZYL) (23–25)  and differs from three other 

known RR homodimerization modes (26).  Although all six structural examples of BphP-

associated RRs form dimers mediated by conserved Phe/Tyr and Trp amino acids, conservation 

of these two aromatic residues alone does not result in equivalent quaternary structures. The 

hydropathicity of surrounding amino acids and their influence on local secondary structure 

determine the quaternary arrangement for these SDRRs as arm-in-arm (Fig 9 A,B) or inverted 

4-5-5 dimers (Fig. 9 C,D).  

In the cyanobacterial RRs, charged and polar residues surround FW and result in high 

hydrophilicity, quantified by “grand average of hydropathicity” scores of -0.2-0.1 (38) (Table 2). 

The dimerization motif residues form α-helix 5 near the C-terminus, where Phe and Trp jut out to 

pack against the sister protomer (Fig 9 C,D). In our newly solved BRR structures, bulky 

hydrophobic residues surround FW and result in high hydrophobicity (hydropathicity scores of 

2.6-2.7) (Table 2); α-helices do not form and instead hydrophobic residues are buried within the 

folded core, leaving main chain atoms to form a hydrogen-bond dominated β-sheet interface 

(Fig. 9 A,B). More than 150 bacterial SDRRs in currently searchable databases carry the 

extended C-terminal hydrophobic crossover motif hGhFWAhLNEPP. All of these also carry a  
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Pro near the N-terminus and the LxN motif between α1 and β2. Notably, all of these predicted 

arm-in-arm dimer SDRRs are found in non-photosynthetic bacteria, most of which are plant 

pathogens or commensals such as Pseudomonas syringae and Burkholderia glumae (Fig. 5). 

Future work to elucidate the biological roles of these signaling pathways is needed.  

The BRR dimers possess greater solvent-inaccessible surface area and greater 

negative ΔG of dimerization than the six previous examples (Table 2), which suggests the arm-

in-arm dimers require a substantial input of energy to dissociate and may maintain the arm-in-

arm arrangement regardless of signaling state. Regulation of monomer-dimer equilibrium in 

response to phosphorylation has been suggested as a possible mechanism of signal 

transduction for the Cph1-Rcp1 TCS (23). Such a transition cannot be ruled out for RtBphP1 

and RtBRR, however the predicted thermodynamics for the dimer interface disfavor such a 

mechanism. Alternatively, one can consider a model in which phosphorylation promotes 

conversion between inverted 4-5-5 and arm-in-arm dimers, impacting quaternary structure 

arrangement. How phosphorylation affects other, potentially signal-transducing, regions of the 

BRR structure remains an open question. The BRR proteins studied here retain the switch 

tyrosine essential for chemotaxis signaling in the E. coli CheY system (49), and the 6th helix in 

RtBRR does not occlude the position occupied by the FliM α-helix, the binding partner for CheY 

(50). Further structural studies of variants and/or phosphate-analog bound BRRs are warranted 

to address these questions. 

The marked biochemical consequences of disrupting the arm-in-arm dimer interface 

imply that this oligomeric arrangement is the relevant signal receiver in the TCS in vivo (51). 

Although we cannot define the precise molecular block, we observe an inhibitory effect on both 

dephosphorylation of RtBphP1 and accumulation of phosphorylated RtBRR in the presence of 

RtBRRmon compared to dimeric RtBRR.  What new functionalities could be conferred by the 

novel arm-in-arm dimer compared to a canonical monomeric SDRR? In both experiments 
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conducted, phosphotransfer proceeded to monomeric as well as dimeric forms of RtBRR, thus 

HK recognition cannot be carried by the C-terminal dimerization motif. In vivo, additional BRR 

interactions that couple the TCS to an appropriate cellular response may require the novel 

surface generated by the dimer interface or may take advantage of the larger molecular size of 

a dimer compared to a monomeric SDRR. The BphP TCS from Rhizobium NT-26 has been 

shown to branch, with the BphP1 serving as a phosphodonor to both the cognate arm-in-arm 

BRR (Fig. 5) and an adjacent hybrid HK containing a RR domain (48); one might postulate that 

such complex networks of protein interactions could capitalize on the multiple binding sites 

presented by a dimeric BRR.  Alternatively, arm-in-arm BRR dimers may provide a cooperative 

mechanism for signal transduction by doubling the local concentration of phosphoacceptor sites. 

This mechanism might increase efficiency of a RR that acts as a phosphate sink in a 

multicomponent TCS to fine tune signaling, as has been proposed for the LovR RR in the blue-

light regulated LOVHK pathway (52, 53). Generating a molecular picture of how BRRs couple 

light sensing by BphPs to phenotypic responses is the next major knowledge gap to be 

addressed. Identifying signal transduction steps beyond phosphorylation of the SDRR remains 

one of the most elusive areas of BphP research, which will be aided by biochemical and 

structural knowledge of the pathway proteins. 
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Materials and Methods 

Cloning, expression, and purification of BphPs and BRRs 

R. tataouinensis strain TTB310 was grown as described (27) and genomic DNA was extracted 

using a Wizard genomic DNA kit (Promega, Madison, WI). The genes for RtBphP1 and RtBRR 

were amplified by PCR from R. tataouinensis genomic DNA with primers encoding BamHI and 

HindIII restriction enzyme sites (RtBphP1 F: 5’-

CGAAGGATCCATGAACCTTCCGCCGCCTGACCTGG-3’, RtBphP1 R: 5’-

CGAAAAGCTTTTAAGCATGGTTCCTGTCCTCTTTCCTCTTGGGCGGC-3’, RtBRR F: 5’-

GGTTGGATCCATGCTTAAACCCATCTTGCTTGTCGAGGACGACAAGC-3’, RtBRR R: 5’-

CCTTAAGCTTTGCTTCGTAGCGGCGCATGGCCTTCATGGACC-3’). These sites were used to 

clone the genes into plasmid pJ414 encoding an N-terminal hexahistidine tag and tobacco etch 

virus (TEV) protease site (DNA 2.0, Menlo Park, CA) or pET23a encoding a C-terminal 

hexahistidine tag (EMD Millipore, Billerica, MD), creating pJ414RtBphP1 and pET23aRtBRRHIS, 

respectively. The gene for RtBRRmon was amplified from pJ414RtBRR using the original forward 

primer and a reverse primer (R: 5’-GGTTAAAAGCTTTTAGCCCAGGTCGGCGATGGCGGCG-

3’) and then religated into empty pJ414, which resulted in the 5’ truncation of 21 codons. The 

AtBRR gene was codon optimized for expression in E. coli, synthesized and cloned into pJ414, 

resulting in pJ414AtBRR (DNA 2.0, Menlo Park, CA).  

Vectors with sequence-confirmed inserts were transformed into BL21(DE3) (AtBRR) or BL21-

Codon Plus(DE3)-RP (R. tataouinensis genes) (Agilent Technologies, Santa Clara, CA). 

Overexpression was induced with 1 mM IPTG at OD600 of 0.5-0.8 and carried out for 16-18 

hours at 18° C. Cell pellets from 2 L cultures were resuspended in 30 mL lysis buffer (30 mM 

Tris pH 8.0, 300 mM NaCl, 10 mM imidazole) and were lysed in a French press. RtBphP1 lysate 
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clarified by centrifugation (30 minutes at 39,190 rcf) was incubated in the dark for 1 hour on ice 

with 200 μL of 20 mM BV HCl in DMSO (Frontier Scientific, Logan, UT).  

All chromatography steps were run at 4° C on an Akta Explorer (GE Healthcare, Pittsburgh, 

PA). RtBphP1, RtBRRmon, and AtBRR were enriched first on a Ni-NTA column (Qiagen, Hilden, 

Germany) followed by buffer exchange on a 50,000 MWCO or 10,000 MWCO filter (Amicon, 

EMD Millipore, Billerica, MD) before digestion with TEV protease purified in-house as previously 

described (28) at 8° C for 16-18 hours. Cleaved species were collected from the flow-through 

fraction of a second Ni-NTA column and the buffer was changed to 30 mM Tris, pH 8.0 

(RtBphP1) or 30 mM tris pH 8.0, 100 mM NaCl, 5% glycerol (BRRs). Proteins were further 

purified and analyzed for stoichiometry by size exclusion columns Superdex 200 (RtBphP1) or 

Superdex 75 (BRRs) (GE Healthcare, Pittsburgh, PA). The 189 kDa dimer fraction of RtBphP1 

was isolated for use in all experiments. Of the proteins in this study, only dimeric RtBRRHIS 

retained the C-terminal hexahistidine tag, and thus underwent two-step purification with Ni-NTA 

affinity purification followed by Superdex 75 size exclusion.    

BphP spectrophotometry and Pfr half-life determination 

UV-Vis spectra and single-wavelength measurements of RtBphP1 were collected on a Beckman 

Coulter DU-640B spectrophotometer (Pasadena, CA). All dark state experiments were carried 

out under dim green light. Spectra were collected on dark-adapted protein which was protected 

from light for ≥3 hours (dark/Pr state), or illuminated with red light for 1 minute (mixed Pr/Pfr 

state). Proteins were illuminated with light from a Fostec ACE source filtered with a 700 ± 5 nM 

bandpass filter (Andover Corp., Salem, NH) which delivered irradiance of 140 μmol/m2/s as 

previously described (29). Illuminated state measurements were limited to spectra recorded no 

less than 10 seconds after light stimulus removal, by which time thermal reversion was 

underway. Dark-reversion spectra were recorded on an illuminated RtBphP1 sample for a time 
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course of 10 seconds to 60 minutes after light stimulus removal. Difference spectra were 

calculated as illuminated absorbance minus Pr absorbance and plotted for each time point.  

The extinction coefficient (ε708) of RtBphP1 in the Pr state was calculated by solving c280 = 

A280/ε280 using the theoretical ε280. Assuming c280 = c708, we then measured A708 and solved 

ε708=A708/c708. This yielded ε708 of 98,937 M-1 cm-1 for Pr RtBphP1. Notably this simplified method 

does not take into account contamination by apo-phytochrome, which was estimated at 22% 

using the extinction coefficient for BV (39,900 M-1 cm-1) at 388 nm (30). Pfr half-lives were 

determined by measuring A708 for the Pr state on a dark-adapted RtBphP1 sample, followed by 

1 minute illumination with 700 nm light, then subsequent A708 measurement every 30 seconds 

for 1 hour at 24° C. Three independent experiments were conducted, and a biexponential curve 

y = Aexp(bt) + Cexp(dt) was fit to the mean data using SigmaPlot dynamic curve fitting (Systat 

Software, San Jose, CA). The mean and standard deviation of ln(2)/b and ln(2)/d yielded the 

reported first and second half-lives of the Pfr state, respectively.  

RtBRRHIS and AtBRR X-ray crystal structure determination and protein interface analysis 

Purified RtBRRHIS and AtBRR were concentrated to 6.3 mg/mL and 30.0 mg/mL, respectively, in 

3000 MWCO centrifugation filters (EMD Millipore, Darmstadt, Germany), and the buffer was 

changed to 30 mM tris pH 8.0, 100 mM NaCl, 5% glycerol. Hanging drops (31)  were set up with 

1 μL BRR and 1 μL reservoir solution. RtBRRHIS crystallized with a reservoir solution of 200 mM 

zinc chloride, 100 mM sodium cacodylate pH 6.5, 10 mM magnesium chloride, and 10% 

isopropanol. AtBRR crystallized with a reservoir solution of 100 mM tris pH 8.5, 200 mM 

magnesium chloride, 20% PEG 8000. Three-dimensional, birefringent crystals grew at 19° C 

within one week (multiple diamond-shaped crystals for RtBRRHIS, single large rods for AtBRR).  

For data collection, crystals were cryoprotected in mother liquor with 15% glycerol for one 

minute before vitrification in liquid nitrogen. 
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Diffraction data were collected at the Advanced Photon Source (Argonne National Laboratory, 

Argonne, IL) on LS-CAT 21-ID-D on a Rayonix MX300 detector (RtBRRHIS) and on LS-CAT 21-

ID-F on a Rayonix MX-225 detector (AtBRR). The data were integrated and scaled with 

HKL2000 (32). For RtBRRHIS, Phaser-MR (33) was used for initial phasing by molecular 

replacement with search model PDB 1I3C. The structure revealed an interesting 

dimethylarsenate/zinc interaction with an ordered C-terminal His tag.  Even though we collected 

data at the peak wavelength for Se (0.97910 Å, LS-CAT 21-ID-D) and not As (1.0417 Å) or Zn 

(1.2837 Å), we were able to use the anomalous signal and the protein sequence in AutoSolve 

(34) to independently phase the reported structure. The measurability of the anomalous signal 

was 0.0619 at 2.58 Å resolution (35) with peaks found for one As and three Zn2+ ions. The 

experimentally-phased electron density map revealed all but the N-terminal 6 of the 166 amino 

acids in the protein. The cacodylate sits on a two-fold rotation axis and was refined at half 

occupancy. For AtBRR, Phaser-MR was used for phasing by molecular replacement using 

RtBRRHIS as the search model. Model fitting was done in Coot (36) and refinement was done 

using Phenix.refine (35). Coordinate and structure factor files were deposited in the Protein 

Data Bank under codes 5BRI and 5BRJ, for RtBRRHIS and AtBRR, respectively. 

Coordinate files for AtBRR and RtBRRHIS were submitted to the Proteins, Interfaces, Surfaces, 

and Assemblies (PISA) web server (37) to predict biologically relevant dimer interfaces from the 

crystal structures; the same analysis was performed on BRR structures from cyanobacteria: 

Rcp1 (23), RcpA and RcpB (24). Grand average of hydropathicity (GRAVY) scores were 

computed for the hFWAhL motif from AtBRR, RtBRR, Rcp1, RcpA, RcpB, Deinococcus 

radiodurans A0049, and R. palustris Rpa3017 using ExPasy ProtParam (38). Surface 

electrostatics for RtBRR (without cloning tag residues) were generated using the APBS server 

(39, 40) and visualized in PyMol. 
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Autophosphorylation kinetics and phosphotransfer profiling 

Autophosphorylation reactions were carried out at room temperature under green safe lights or 

over a 700 nm LED panel (230 μmol/m2/s). Reactions contained 5 μM RtBphP1 in kinase buffer 

(150 mM MES pH 7.5, 150 mM KCl, 5% glycerol, 5 mM MnCl2, 5 mM MgCl2, 2.5 mM DTT) were 

started with the addition of ATP (6.25-1000 μM cold ATP with 0.03-0.15% ϒ-32P ATP [6000 

Ci/mmol, 150 mCi/mL]), and were stopped after 10 seconds with an equal volume of 2X SDS 

loading buffer (100 mM Tris-HCl pH 6.8, 4% w/v sodium dodecyl sulfate, 0.2% bromophenol 

blue, 20% v/v glycerol, 200 mM DTT). Samples were not heated or vortexed prior to 15% SDS-

PAGE to minimize loss of phosphorylated species. After Coomassie staining, RtBphP1 band 

slices were cut and added to 4 mL of Bio-safe II scintillation fluid (Research Products 

International, Mt. Prospect, IL) before recording counts per minute with a Packard Tri-Carb 

2100TR Liquid Scintillation Analyzer (Perkin-Elmer, Waltham, MA). Initial rates (mmol 

32P~RtBphP1 /sec) were plotted vs. [ATP] to derive Vmax, Km, and kcat values (20). The mean 

and standard deviation from five independent experiments are reported. Previous experiments 

carried out at constant [ATP] and varying [RtBphP1] were used to ensure this assay was done 

in the linear range of activity. 

Radioactive phosphotransfer reactions were carried out at room temperature under green safe 

lights. Reactions contained 5 μM RtBphP1 plus 15 μM of RR in kinase buffer. First, the 

autophosphorylation reaction was run for 30 seconds by addition of ATP (1000 μM, 0.05% ϒ-

32P ATP) to RtBphP1, then phosphotransfer was initiated by adding the RR for an additional 30 

seconds. Reactions were stopped with an equal volume of 2X SDS loading buffer. Samples 

were run on 20% SDS-PAGE gels, stained prior to exposure to phosphor screen (2-16 hours 

exposure time), and imaged on a GE Typhoon FLA-9000. Phosphor band intensities were 

quantified with ImageJ software (41), including background estimation and normalization for 

BphP protein amount based on Coomassie staining. Values reported are the mean and 
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standard deviation of three independent experiments. A one-way ANOVA test determined there 

was a statistically significant difference between groups. A Tukey’s honestly significant 

difference test determined the statistical difference between individual groups.  

Phosphotransfer reactions for Phos-tag acrylamide gels contained 5 μM RtBphP1 plus 15 μM of 

RR in kinase buffer with or without 1 mM ATP and were incubated for 0, 10, 30, and 60 minutes 

before the addition of 3X SDS loading buffer to stop the reaction. Potentially phosphorylated 

proteins were placed on ice after the reactions were stopped and separated on 12% SDS-PAGE 

gels with 100 μM Phos-tag acrylamide (Wako Pure Chemicals, Osaka, Japan) within one hour. 

Gels were run at 4° C until the dye front ran off, and then stained overnight with SYPRO Ruby 

before imaging on a GE Typhoon FLA-9000. Band intensities (I) minus background intensity 

were quantified using ImageJ software. Percent of RR phosphorylated was calculated as 

Iupper*100 / Iupper + Ilower for each lane.  
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Abstract 

 Bacteriophytochromes are TCS proteins are known to undergo reversible post 

translational modification, specifically phosphorylation on a conserved histidine, as part of red 

light signal transduction. Most spectral, fluorescence, and enzymatic characterization of BphPs 

to date has taken place on protein which was expressed recombinantly in E. coli cell lines. 

Based on the previous success of tracking BRR phosphorylation on aspartate with Phos-tag 

acrylamide gels, we intended to optimize the Phos-tag system to track BphP 

autophosphorylation but instead discovered multiple protein isoforms for full length BphPs which 

were purified from E. coli BL21(DE3) cells. Two hypotheses about the identity of these isoforms 

were investigated: that the isoforms could be due to the chromophore binding state of the BphP, 

and that novel post-translational modifications other than the expected histidine site were 

present on BphPs. It was determined that Phos-tag does not have affinity for biliverdin bound 

BphP or apo-BphP by comparing the Phos-tag profiles of apo-DrBphP and biliverdin bound 

DrBphP. Next, Western blot with anti-phospho-serine and anti-acetyl lysine probes suggested 

that the recombinant full-length BphPs RtBphP1 and Agp1 are acetylated on one or more 

lysines and that RtBphP1 and Agp1 are phosphorylated on one or more serine residues. A 

tandem mass spectrometry experiment confirmed the presence of acetylated lysines on 

RtBphP1 and Agp1 and confirmed the presence of phosphorylated serine on RtBphP1. Acetyl 

groups were detected on 14 lysine sites and phosphate groups were detected on two serine 

sites. One of the acetylated lysines was observed in both proteins in all replicates and is near 

the catalytic site of the histidine kinase domain. Given the widespread use of E. coli expression 

in the BphP field, the PTMs reported here are likely relevant to the majority of previously 

characterized BphPs and the possible effects of these PTMs on enzyme activity is a concern. A 

model for post-translationally modified full length RtBphP1 is presented and the implications of 

these novel PTMs on enzyme activity will form the basis for future investigations.  
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Introduction 

In Chapter 2, the autokinase activity of RtBphP1 was characterized by tracking the 

incorporation of radiolabeled 32P, and this method has been used for multiple histidine kinase 

proteins and some BphPs (Georgellis, 1997; Giraud, 2005; Baker, 2016). Based on the success 

of tracking the appearance of phosphorylated forms of BRR, adapting the Phos-tag gel system 

to tracking appearance of histidine-phosphorylated BphPs was an attractive possibility. The 

Phos-tag reagent is composed of a pendant tag that binds two metal ions (Mn2+ or Mg2+) which 

then coordinate phosphate groups on post translationally modified amino acids (Figure 1A) 

(Kinoshita, 2006; Kinoshita, 2009). When sample proteins are run through an acrylamide gel 

matrix containing Phos-tag in an electric field, phosphorylated forms of a single protein are 

retained longer in the matrix due to the affinity of phosphate for Phos-tag (Figure 1B). The 

expectation for purified, unreacted BphP samples was that they would run as a single, 

unphosphorylated band on Phos-tag gels. With the addition of ATP and in appropriate reaction 

conditions identified in Chapter 2, a second, histidine phosphorylated band was expected to 

appear above the original band (Yamada, 2007). Unexpectedly, purified BphPs which were not 

reacted with ATP did not run as a single band but as multiple isoforms. This chapter is 

composed of experiments that determine the cause of these isoforms. 

Because Phos-tag has affinity for phosphorylated proteins, a hypothesis that the 

isoforms represented single or multiple phosphorylations on BphP was considered. The reagent 

has affinity for phosphate groups on serine, threonine, tyrosine, histidine, and aspartate amino 

acids and therefore phosphorylated BphPs could be modified on any of these amino acids 

(Phos-tag PAGE Guidebook). Histidine and aspartate phosphorylation are the hallmark of 

chemical signaling in TCS and are expected to occur in the BphP-BRR system (Figure 1C) 

(Swanson, 1994). Serine and threonine phosphorylation, and to a lesser degree tyrosine 

phosphorylation, has been reported as common in several bacterial proteomes and serine  
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phosphorylation has been detected in TCS proteins (Macek, 2007; Macek, 2008; Ravichandran, 

2009; Hu, 2012). Another post-translational modification, acetylation, was considered due to the 

recently described prevalence of acetyl modifications in bacterial proteomes (Zhang, 2009; 

Wang, 2010; Crosby, 2012; Kim, 2013; Okanishi, 2013; Mo, 2015). In bacterial cells, acetylation 

is known to commonly occur on lysine residues (Thao, 2011). Lysine acetylation has been 

reported as common in bacterial proteomes and is also known to co-occur with phosphorylation 

on the same protein in some cases (Barak, 2001; Zhang, 2009; Crosby, 2012; Hu, 2013). 

Ser/Thr phosphorylation and acetylation have both been detected on proteins from species 

which encode BphPs (Zhang, 2009; Ravichandran, 2009; Crosby, 2012). Therefore, alternative 

PTM (other than His/Asp phosphorylation) was considered as a possible cause of the BphP 

isoforms detected on Phos-tag gels and the following work describes preliminary evidence for 

serine phosphorylation and lysine acetylation on BphPs.  

The known chromophore-bound heterogeneity of BphP proteins described in Chapter 2 

was also considered as a possible cause of Phos-tag isoform bands. It was determined that 

purified RtBphP1 has biliverdin bound to 78% of protein molecules, with the remaining 22% 

being apoprotein (Baker, 2016). Although Phos-tag is not designed to separate proteins based 

on this quality, the divalent cations are key to its affinity for phosphate groups, and biliverdin is 

also known to chelate the Zn2+ cation (Berkelman, 1986). Furthermore, apo- and holo- forms of 

BphP have been separated by various chromatography methods in the literature (Wagner, 

2007; Bornschlogl, 2009).  Therefore, a hypothesis that the biliverdin-binding state could cause 

multiple isoforms of BphP on Phos-tag gels was considered although ultimately not supported. 

The post translationally modified BphPs studied in this chapter were purified from the E. 

coli protein expression strain BL21(DE3) and work by others characterized BphPs purified from 

this and other E. coli strains (Yeh, 1997; Karniol, 2003; Giraud, 2005; Jaubert, 2008; Kumar, 

2012). We observed alternative PTMs on BphPs from different species, either co-expressed 
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with heme oxygenase or with exogenous biliverdin added, and purified by the Forest lab and by 

other researchers (Scheerer, 2005). The persistence of PTM on the BphPs studied here, and 

the presence of serine kinase and acetyltransferase enzymes in E. coli suggests that many 

recombinantly expressed BphPs from the literature also bear these PTMs. PTMs are known to 

regulate enzyme activities (Strahl, 2000; Westermann, 2003; Gallego, 2007), and this raises the 

question of whether reported activities for BphPs by us and others reflect the true properties of 

these proteins? The PTM data collected here are summarized and applied to a full scale BphP 

structural model and hypotheses about specific site PTMs and their potential effects on enzyme 

activities are postulated. 
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Results 

Phos-tag gels reveal BphP isoforms 

The original goal of this line of research was to develop Phos-tag acrylamide gels as a 

non-radioactive method to determine autophosphorylation kinetics for full-length BphPs to be 

used in place of the 32P-labeled ATP method employed in Chapter two (Psakis, 2011; Baker, 

2016). The expectation was that purified BphPs would run as one band before treatment with 

the ATP phospho-donor, and would run as two bands after ATP incubation and that the top 

band would represent BphP phosphorylated on the conserved His 510. However, we found that 

unlike the BRR proteins, which ran as a single band before treatment with a phospho-donor 

(see Chapter two, Figure 7), the BphPs ran as multiple bands on Phos-tag gels before any 

treatment (Figure 2). Multiple bands were detected for three different full length BphPs: 

RtBphP1 and RtBphP2 from R. tataouinensis, and Agp1 from A. tumefaciens. Consequently, 

Phos-tag cannot be used to track the appearance of histidine phosphorylated BphPs at this 

time. However, the multiple bands raised several questions about potential isoforms of full 

length BphPs which this chapter will address.  

In the cases of RtBphP1 and Agp1, three discernable bands were detected (Figure 2A). 

One interpretation is that the gels separate BphPs based on affinity for covalently bound 

phosphate groups, and that there are three different phosphorylation states. Alternatively, the 

isoforms could be un-phosphorylated (bottom band), single site phosphorylated (middle band), 

and doubly phosphorylated at two sites (top band). Or, the middle and top bands could 

represent two different single phosphorylation sites that run on the gels with varying affinity. 

Possibly, Phos-tag may separate BphP isoforms based on another property, like the biliverdin 

binding state of the protein, or by another post-translational modification such as acetylation.  
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The Phos-tag effect on truncated forms of RtBphP1 and DrBphP, which lack the PHY 

and HK domains was also examined. The truncated proteins, RtBphP1 PAS-GAF and DrBphP 

PAS-GAF, ran as single, more diffuse bands than the full-length BphPs (Figure 2B). This 

suggests that the property that caused differential migration of isoforms for the full-length BphP 

(phosphorylation, acetylation, biliverdin-binding, or another unknown feature) was lacking in this 

construct. 

Because RtBRR was previously demonstrated to accept phosphate from RtBphP1, the 

Phos-tag banding pattern of RtBphP1 prior to and after phosphotransfer reactions was 

examined (Figure 3). Consistent with previous results, a second phosphorylated band for 

RtBRR appeared after 10 and 30 minute reaction times. However, RtBphP1 remained as 

multiple isoforms after phosphotransfer, indicating that the cause of the isoforms was not solely 

due to histidine phosphorylation of the BphP. 

Phos-tag gels do not have affinity for BV-bound BphPs 

In the case of RtBphP2, two bands were detected instead of three (Figure 2A). The 

preparation of this protein differed in that BphP overexpression was accompanied by the 

expression of heme oxygenase, which produces the biliverdin chromophore in the E. coli 

BL21(DE3) protein expression cell line. In the case of RtBphP1 and Agp1, the biliverdin cofactor 

was assembled with the protein after protein overexpression. Two questions arose: Does Phos-

tag acrylamide separate apo-BphP from biliverdin bound BphP, and this accounts for the 

different isoform bands? And, does the assembly of BphP with the chromophore in E. coli 

prevent any post-translational modification (phosphorylation or acetylation) that causes the 

multiple bands? The Phos-tag profiles of three forms of DrBphP from D. radiodurans were 

examined to address this (Figure 4). In the absence of biliverdin, the DrBphP apoprotein did not 

run as a single band on Phos-tag gels, suggesting that the same PTM was present as in the  
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RtBphP1 and Agp1 samples. When DrBphP was co-expressed with heme oxygenase, or had 

excess biliverdin added in vitro the bands took on a more collapsed appearance and the distinct 

top band seen in the apoprotein was not present, yet still did not run as a single band. A zinc 

fluorescence image of the same gel indicates that biliverdin bound to the protein to a high 

degree only in the exogenous biliverdin sample. There was an observable effect of bands 

running slightly higher for BphP samples where biliverdin was present, but this effect was 

present also in SDS-PAGE gels without Phos-tag (Figure 5). 

Full-length BphPs are serine phosphorylated and lysine acetylated 

To determine if the isoforms of full-length BphPs seen on Phos-tag gels were due to 

post-translational modifications, and to determine what amino acid residues were modified, 

multiple BphPs were probed by Western blotting with anti-acetyl-lysine or anti-phospho-serine 

antibodies (Figure 6). A positive signal for acetyl-lysine epitopes was detected for RtBphP1 and 

Agp1, and no signal was detected for RtBphP2. A positive signal for phospho-serine was 

detected for RtBphP1 and Agp1, and no signal was detected for RtBphP2. Because the 

detection method for these Western blots relied on fluorescence at a wavelength that might 

theoretically overlap with BphP fluorescence, we considered these data suggestive and followed 

up the observation with another experimental technique. 

To confirm that post translational modifications were present on full length BphPs and 

map them to specific amino acids of the protein, purified RtBphP1 and Agp1 were subjected to 

trypsin digestion and tandem mass spectrometry (MS/MS). The digested peptides were 

fragmented and PTMs were assigned to specific residues based on their mass to charge ratio 

using the MASCOT server (Table 1, Figure 7) (Perkins, 1999). The same purification batch of 

RtBphP1 underwent two separate MS/MS runs and MASCOT analyses, and Agp1 underwent 

one run and MASCOT analysis. The MS/MS data sets for RtBphP1 and Agp1 resulted in 96% 
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(both replicates) and 86% sequence coverage, respectively. Serine phosphorylation was 

detected on two sites of RtBphP1, one unique site found per replicate, and lysine acetylation 

was detected on eight sites, with only the acetylation at K628 in common for both replicates. 

Serine phosphorylation was not detected on Agp1 peptides, and lysine acetylation was detected 

on six sites, including the homologous site to K628. The amino acid sequences of the full-length 

BphPs used in this study were aligned in order to determine if there were commonly modified 

sites between RtBphP1 and Agp1 and if any of the modified residues are conserved. Only one 

lysine residue, K628 in RtBphP1, was found to be acetylated in both replicates of RtBphP1 and 

Agp1 and is conserved at that site in both species. The other sites of lysine acetylation are 

spread across the protein sequence and do not repeat between RtBphP1 and Agp1, though 

most sites occur in the PHY and HK domains. PTMs on the following residues in the RtBphP1 

numbering system were detected in this study: K82, K116, S232, S263, K308, K325, K432, 

K451, K483, K499, K579, K628, K642, K663, K667, and K692.  
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Table 1. MASCOT analysis of trypsin digested and fragmented peptides from RtBphP1 and Agp1 and assignment of modified amino 
acids. RtBphP1 (two replicates) and Agp1 were digested with trypsin and subjected to tandem mass spectrometry. Peptides were 
assigned to sequence fragments with MASCOT and hits with ions score > 25 are reported. The ions score for an MS/MS match is 
based on the calculated probability, P, that the observed match between the experimental data and the database sequence is a 
random event. The reported score is -10Log(P). Expect value is the number of times one could expect to get this score or better by 
chance. Modified residues are highlighted in red.  

# 
detected 

amino 
acids 

peptide sequence missed 
cleavages 

expected 
mass 

experimental 
mass 

modification site ions 
score 

expect 
value 

RtBphP1 technical replicate 1               
1 1-30  -.SGSMNLPPPDLAQCADEPIR- 

VPGAIQPHGR.L 
1 3321.528 3319.5002 Acetyl 

(Protein N-
term) 

N-
term 

33 0.1 

1 233 - 
243 

R.SVSPIHLEYMR.N 0 1410.6345 1410.6367 Phospho 
(ST) 

S3 50 0.00055 

1 311 - 
328 

R.KLTLEIVSHLANSDATLK.M 1 1996.097 1994.1048 Acetyl (K) K1 43 0.0016 

11 435 - 
443 

R.KQVQASDGR.I   1 1029.52-
030.5144 

1029.5203-
1030.5043 

Acetyl (K) K1 31-69 0.0000037-
0.025 

1 500 - 
516 

R.VNKELEAFSYTVSHDLR.A 1 2049.0104 2049.0167 Acetyl (K) K3 52 0.0007 

2 624 - 
634 

R.NLLSNAVKYTR.Q 1 1319.7171-
1320.7099 

1319.7197-
1320.7037 

Acetyl (K) K8 25-53 0.00018-
0.12 

1 641 - 
647 

R.IQVKAVR.R 1 854.5311 854.5338 Acetyl (K) K4 36 0.0013 

2 658 - 
670 

R.DNGVGFQMKYVGK.L 1 1484.7099-
1485.7072 

1483.713-
1484.697 

Acetyl (K) K9 32-33 0.029-
0.035 

1 667 - 
677 

K.YVGKLFGVFQR.L 1 1354.737 1354.7398 Acetyl (K) K4 43 0.0014 

2 678 - 
695 

R.LHQAEDFEGTGIGLASVK.R 0 1914.9453-
1915.9454 

1912.953-
1913.9371 

Acetyl (K) K18 29-34 0.035-0.1 

2 678 - 
696 

R.LHQAEDFEGTGIGLASVKR.I 1 2070.0391-
2070.0458 

2069.0542 Acetyl (K) K18 32-59 0.00011-
0.056 

RtBphP1 technical replicate 2        
1 247 - 

273 
R.TLASMSVSIVVGGQLWGLISC- 
HDHEPR.G 

0 3029.4558 3028.43 Phospho 
(ST) 

S20 29 0.098 
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6 311 - 
328 

R.KLTLEIVSHLANSDATLK.M 1 1994.1082-
1994.1095 

1994.1048 Acetyl (K) K1 27-35 0.0033-
0.019 

1 312 - 
328 

K.LTLEIVSHLANSDATLK.M 0 1867.0047 1866.0098 Acetyl (K) K17 28 0.026 

1 435 - 
443 

R.KQVQASDGR.I 1 1030.518 1030.5043 Acetyl (K) K1 28 0.044 

2 500 - 
516 

R.VNKELEAFSYTVSHDLR.A 1 2049.015-
2049.0174 

2049.0167 Acetyl (K) K3 48-52 0.00086-
0.0004 

1 624 - 
631 

R.NLLSNAVK.Y   0 900.503 899.5076 Acetyl (K) K8 26 0.079 

1 624 - 
634 

R.NLLSNAVKYTR.Q 1 1319.7201 1319.7197 Acetyl (K) K8 42 0.0014 

1 641 - 
647 

R.IQVKAVR.R 1 854.5342 854.5338 Acetyl (K) K4 32 0.0031 

1 658 - 
670 

R.DNGVGFQMKYVGK.L 1 1483.7124 1483.713 Acetyl (K) K9 58 6.70E-05 

4 678 - 
695 

R.LHQAEDFEGTGIGLASVK.R 0 1913.9483-
1913.9494 

1912.953 Acetyl (K) K18 28-47 0.074-
0.00087 

1 678 - 
696 

R.LHQAEDFEGTGIGLASVKR.I 1 2071.0582 2070.0382 Acetyl (K) K18 31 0.039 

AgP1 technical replicate 1        
2 89 - 

96 
K.KLDVSAHR.S 1 967.5187-

967.5194 
966.5247 Acetyl (K) K1 29-35 0.0051-

0.022 
1 117 - 

126 
K.LMGELTSLAK.Y 0 1104.5849 1103.5896 Acetyl (K) K10 25 0.098 

2 455 - 
464 

K.SFEIWKEQLR.N 1 1376.7072-
1376.7075 

1376.7088 Acetyl (K) K6 36-40 0.0033-
0.01 

3 492 - 
501 

R.KTEEMADLTR.E  1 1235.5796-
1235.5802 

1234.5863 Acetyl (K) K1 35-53 0.00017-
0.01 

2 576 - 
587 

R.TQLTLKPVDMQK.V  0 1443.7732-
1443.7751 

1443.7643 Acetyl (K) K12 25-28 0.046-
0.087 

1 624 - 
635 

R.QVWYNLIENAIK.Y   0 1532.7972 1532.7874 Acetyl (K) K12 38 0.0052 
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PTMs are localized to functional regions of GAF, PHY and HK domains 

In order to understand the potential impact PTM may have on the function of BphPs, the 

cumulative MS/MS data from Agp1 and RtBphP1 (Figure 8) were mapped onto a homology 

model of full-length RtBphP1 (Figure 9). The two sites of serine phosphorylation, S232 and 

S263, are located in the GAF domain in the vicinity of the biliverdin binding site (Figure 10).  

S232 is located on an α-helix that hangs over the chromophore, and the affected serine is 

adjacent to the biliverdin A-ring and the site of the covalent linkage between the protein and 

chromophore. S263 is located on a β-sheet that forms the back wall of the chromophore binding 

pocket, and is near the D-ring of biliverdin that undergoes a flip in response to red light sensing. 

Two acetylated lysine sites, K432 and K451, localize near the region of the PHY domain called 

the tongue, which makes contact with the biliverdin binding pocket and refolds in response to 

red light sensing (Figure 10). The HATPase_C domain, the catalytic core of the histidine kinase 

region is acetylated on six sites (Figure 11). Three acetylations are on lysines (K628, K663 and 

K667) that are on the surface that would come into contact with the long helix of the adjacent 

protomer in the process of transferring hydrolyzed phosphate to H510 during the 

autophosphorylation reaction. The aforementioned K628, which was detected as acetylated in 

both RtBphP1 and Agp1, is positioned just below the ATP binding site of the catalytic core.  
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Discussion 

This work began with an observation that full-length BphPs run as multiple bands on 

Phos-tag affinity gels. The Phos-tag system was used to characterize the phosphotransfer 

activity between RtBphP1 and RtBRR successfully (see Chapter 3), and adapting this assay to 

evaluate autokinase activity of BphPs without a radioactive label was an attractive possibility. 

However, given that BphPs which have not yet been exposed to the ATP phosphodonor already 

run as multiple bands, this excludes the possibility of tracking the appearance of H510 

phosphorylation without extensive optimization. However, the investigation into the probable 

causes of BphP isoforms on Phos-tag gels yielded the novel finding that full-length BphPs 

recombinantly expressed in E. coli contain phosphorylated serine and acetylated lysine 

residues, presumably in addition to the expected histidine phosphorylation that is required for 

signal transduction in the TCS. Phos-tag gels of full-length BphP isoforms also suffered in 

general from poor resolution, due to the relatively high molecular weight of BphPs, which could 

only be partially compensated for by using a low concentration of acrylamide in the gels 

(Kinoshita, 2009). As such, reproducibility of the Phos-tag data was limited, and other methods 

such as Western blots and tandem mass spectrometry were employed later in the study.  

Protein isoforms were detected on Phos-tag gels for four different full-length BphPs: 

RtBphP1 and RtBphP2 from R. tataouinensis, Agp1 from A. tumefaciens, and DrBphP from D. 

radiodurans. RtBphP1 and Agp1 consistently ran as three distinct bands, whereas RtBphP2 and 

DrBphP were not reproducibly well resolved enough to determine how many isoforms were 

present. In contrast, when truncated BphPs which contained only the PAS and GAF domains 

were run on Phos-tag gels, a single diffuse band was detected both in the case of RtBphP1 

PAS-GAF and DrBphP PAS-GAF. The observation that BphP isoforms are lacking in the 

truncated BphPs suggests that when those limited domains are expressed in the E. coli system, 

they lack the post translational modifications present in the full-length proteins. This could be 
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because the sites of PTM causing the isoform bands are lacking in these truncated proteins, 

and are only present in the PHY and HK domains. Another interpretation is that the lack of PHY 

and or HK domains does not allow modification of the PAS or GAF domains to proceed as in the 

case of the full length protein. The apparent lack of PTM on the PAS-GAF domains may explain 

why no studies on BphPs to date have reported phosphoserine or acetyl lysine observations, as 

most structural and fluorescence studies on these proteins have focused on PAS-GAF or PAS-

GAF-PHY constructs (Wagner, 2005; Yang, 2007; Yang, 2008; Essen, 2008; Takala, 2014). 

Since multiple crystal structures of truncated BphPs exist in the protein data bank, the electron 

density maps of several of these (PDB: 2O9C, 3IBR, 4IJG, 4O0P, 4Q0J, and 4R6L) were 

examined for the presence of a representative PTM detected in the full-length BphPs. All of the 

truncated BphP structures examined lacked density for a phosphate group in the vicinity of Ser 

232 which was identified as phosphorylated in full length RtBphP1, indicating that a significant 

portion of the BphP molecules in those crystal lattices were not phosphorylated at that site. This 

is in agreement with the Phos-tag gel profile of the PAS-GAF constructs of RtBphP1 and 

DrBphP (Figure 2B), and further supports that truncated BphPs lack unexpected PTMs. No 

crystal structures for full length PAS-GAF-PHY-HK BphPs yet exist in the literature, therefore 

structural evidence for PTMs on the sites identified in this study are currently absent.  

Since RtBphP1 was known to bind biliverdin to only 78% of molecules (see Chapter 2) 

and because previous work has shown that apo and holo forms of BphP can be separated by 

methods such as hydrophobic interaction chromatography, it was important to investigate the 

possibility that the Phos-tag reagent had differential affinity for biliverdin bound molecules of 

BphP and thus was separating apo-protein and holo-protein as isoforms. The full length DrBphP 

was expressed in E. coli BL21(DE3) as both apoprotein and co-expressed with heme 

oxygenase, which supplies the biliverdin chromophore. Some apoprotein was incubated after 

cell lysis with an excess of BV. Of the three conditions, no DrBphP sample ran as a single band 
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on Phos-tag gels, indicating that whether BV is present or absent, isoforms of BphP persist. 

When the isoform bands were visualized for fluorescence of zinc, which is chelated by biliverdin, 

all of the isoform bands were visible in the exogenous BV sample, indicating that all of the 

isoforms separated by Phos-tag contain some bound BV. A zinc signal for the heme oxygenase 

coexpressed DrBphP was unexpectedly absent, but could be due to poor expression of the 

heme oxygenase protein, a low abundance of the heme precursor in the expression cells, or 

poor incorporation of the chromophore in vivo. The general phenomenon of slower migration of 

BV-bound BphPs seen on standard SDS-PAGE gels, and consequently on Phos-tag gels, is 

unsurprising, given that the slightly greater mass and charge difference added to the protein by 

BV. Due to the presence of isoforms both in the presence and absence of BV, it was concluded 

that the isoforms of BphP seen on Phos-tag gels were not due to affinity of the reagent for 

biliverdin-bound BphPs, and the possibility of alternative PTMs was further explored with 

methods other than Phos-tag. 

  Lysine acetylation was detected by Western blot on two different BphPs: RtBphP1 and 

Agp1. MS/MS confirmed the presence of lysine acetylation on RtBphP1 and Agp1 and 

determined the specific lysine residues that were acetylated. Serine phosphorylation was 

detected by Western blot on two of three BphPs studied: RtBphP1 and Agp1. A possible pitfall 

of the Western Blot imaging technique employed here involves the detection of AlexaFluor 647 

secondary antibodies with 685 nm excitation/700 nm emission wavelengths on a LiCor scanner. 

These wavelengths overlap with the excitation/emission fluorescence window of BphPs, 

therefore positive signal in the Western Blot images may be interpreted as antibody-conjugate 

fluorescence or as BphP inherent fluorescence. Preliminary dot-blot analysis of BphPs indicates 

that under the relatively gentle treatment of proteins for dot blot, BphPs retain their fluorescence 

relative to the amount of biliverdin bound (data not shown). It is unknown whether BphPs 

denatured during electrophoresis and transfer to nitrocellulose membranes also retain their 



104 
 

inherent fluorescence. In light of this, the development of alternative imaging methods for these 

Western Blots, such as HRP chemiluminescence, is desired for future studies. 

MS/MS confirmed the presence of serine phosphorylation only in RtBphP1 and 

determined the specific sites of serine phosphorylation. Given that anti-phosphoserine 

antibodies bind to Agp1 purified protein, why were phosphorylated serines not detected by 

MS/MS? Phosphopeptide detection by mass spectrometry suffers from low detection rates due 

to the low abundance of phosphopeptides in biological samples and because peptides with 

negatively charged phosphate groups do not ionize as easily as non-phosphorylated peptides 

(Wysocki, 2005). Strategies to overcome this detection problem include ensuring full or nearly 

complete coverage of the amino acid sequence, enrichment of the sample for phosphopeptides 

(McLachin, 2001), and chemical modification of phosphorylated residues to a more easily 

ionized and detected chemical group (Arrigoni, 2006). The MS/MS data sets for RtBphP1 and 

Agp1 resulted in 96% and 86% sequence coverage, respectively, with the site corresponding to 

S263 in Agp1 not being covered. The poorer coverage of the Agp1 dataset may explain why 

phosphoserine sites were not detected. Phosphopeptide enrichment or phosphate modification 

steps were not employed in this study, which may aid in better detection of phosphoserines on 

BphPs in future work. Conversely, the possibility exists that some of the PTMs assigned in this 

study represent false positive results. The MASCOT MS/MS ions search algorithm employs a 

decoy peptide search of random amino acid strings and scores those masses alongside the 

experimental masses from each data set (Elias, 2005). The false positive detection rate of 

decoy peptides factors into the ions and expect value scores reported in Table 1, and high false 

positive scores contribute to low ions/expect scores. Since the results in Table 1 were filtered to 

remove low scoring hits, the main threat of false positives in this study would come from real 

peptides derived from contaminating proteins in the BphP preparations, which happen to have 

masses matching BphP + PTM peptide masses.  
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 Phosphorylated serines and acetylated lysines were mapped to functional regions of 

BphPs using a RtBphP1 homology model (Figure 9). Given the novel discovery of these PTMs, 

no studies of enzyme activity on modified vs. non-modified BphPs have yet been conducted. 

However, hypotheses about the impact of PTM at specific regions of BphPs that have known 

structure and function can be generated to direct future experiments.  

S232 and S263, both phosphorylated in RtBphP1, are on the interior of the biliverdin 

binding pocket (Figure 10). S232 is located near the A ring of the chromophore, which bears the 

vinyl group that forms a thioether bond with C11, a reaction essential to covalent binding of 

biliverdin to the BphP. In order for the thioether to form, the proper distance and charge 

environment of the reactive atoms must be maintained. Examination of the high resolution 

structure of DrBphP PAS-GAF (PDB 2O9C; Wagner, 2007) demonstrates that S232 normally 

comes within hydrogen bonding distance of Glu14 (2.7 A) and this interaction assists in bringing 

the N-terminal region of the PAS domain, and C11 into proximity of the biliverdin A-ring vinyl 

group. The modification of S232 with a phosphate would preclude the hydrogen bond between 

E14 and S232, and possibly sterically inhibit the N-terminus and C11 from reaching the A-ring of 

BV, which would have negative consequences to biliverdin binding to BphP. Therefore, a 

hypothesis that BphPs with unmodified S232 will bind biliverdin more efficiently than BphPs with 

S232~P is proposed. S263 is on the interior of the biliverdin binding pocket, positioned behind 

the D-ring of the chromophore. In its nonmodified state, this serine would not block the rotating 

D-ring as it undergoes photoconversion from the Pr to Pfr state, or as the D ring returns to the 

Pr state from Pfr. Once phosphorylated however, the added bulk and negative charge of the 

phosphate group could negatively impact the freedom of D-ring rotation. Therefore, a 

hypothesis that BphPs with S263~P will not undergo photoconversion or thermal reversion 

normally as unmodified BphPs is proposed. 
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Lysines 432 and 451 were detected as acetylated in RtBphP1 and Agp1, respectively, 

and these two residues map to critical regions of the PHY domain (Figure 10). K432 is 

positioned on a dynamic loop of the PHY domain that makes close contact with the 

chromophore binding region of the GAF domain. The loop forms a lid over the open portion of 

the BV binding pocket and is thought to be important in sensing the initial conformational 

changes that take place in the chromophore and GAF domain during photoconversion and 

transmit the light signal through the rest of the protein (Yang, 2008; Essen, 2008; Takala, 2014). 

The corresponding residue in the two-state crystal structure is a leucine, and unfortunately this 

portion of the loop could only be modeled for the dark state (Takala, 2014). Therefore, the 

position of the leucine, or a substituted lysine, cannot be known in the illuminated state. 

However, acetylation of the lysine could have potential effects on conformational change that 

results in regulation of autophosphorylation in response to light. K451 in the BphP dark state 

model is on the β hairpin that is known to refold into an α-helix after the transition to the 

illuminated state (Stojkovic, 2014). The implications of acetylation on this lysine are difficult to 

predict, because the corresponding residue in DrBphP, which was crystallized in both states, is 

not lysine but leucine. However, this residue is part of both the dark state beta sheet and light 

state alpha helix, so PTM at this site could have an effect on refolding and resulting signal 

transduction to the HK domains of BphP.  Acetylation at either K432 or K451 could manifest as 

a lessening in red light control of the autophosphorylation rate of the BphP, despite 

chromophore binding and normal spectral photoconversion behavior. 

Six lysine residues on the HATPase_C domain, the site of ATP binding and catalysis, 

were detected as acetylated in RtBphP1 and Agp1 (Figure 11). The only acetylated lysine 

common to both the RtBphP1 and Agp1 datasets is K628, which is positioned below the ATP 

binding site. Mutations at this conserved lysine in other HK proteins has been linked to 

decreased ATP binding, due to the stabilizing effect of lysine on the adjacent tyrosine, which 
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participates in a stacking interaction with ATP and because lysine participates in a direct 

interaction with the γ phosphate of ATP (Marina, 2001; Marina 2005). Therefore, lower affinity 

for ATP in BphPs with acetyl-K628 compared to nonmodified BphP is proposed as a potential 

effect of acetylation. The Compendium of Protein Lysine Modifications database (Liu, 2013) 

contains records for six acetylated histidine kinase proteins from bacteria, including E. coli, R. 

palustris, and Desulfovibrio vulgaris. None of these acetylations are on a lysine homologous to 

RtBphP1 K628, therefore this is the first report of histidine kinase acetyl modification at this 

ATP-binding proximal site. Other potentially impactful acetylations are on K663 and K667 which 

are positioned on the surface of the HATPase_C domain that would contact the His KA domain 

in order to transfer the hydrolyzed phosphate group to H510. Acetylation of these lysines could 

negatively impact the rate of autophosphorylation, even in the dark, more active state.  

Most of the BphPs characterized so far in the literature have been purified from E. coli 

recombinant systems Yeh, 1997; Karniol, 2003; Giraud, 2005; Jaubert, 2008; Kumar, 2012). In 

this study, four different full length BphPs exhibited characteristics of unexpected 

posttranslational modification beyond the expected histidine phosphorylation, irrespective of the 

chromophore binding state. Therefore, it is reasonable to suspect that previous studies on BphP 

enzymatic activities have been carried out on proteins with similar unexpected PTMs. This 

warrants future experimenters to carefully characterize the following activities on both modified 

and non-modified BphPs: biliverdin binding, photoconversion, ATP binding, 

autophosphorylation, and phosphotransfer.  Several strategies for producing non-modified 

BphPs exist, including enzymatic dephosphorylation and deacetylation, expression of BphPs in 

serine kinase/acetyltransferase deficient strains of E. coli, or in vitro translation of proteins. 

Another question that remains to be explored is whether the PTMs discovered in these 

recombinantly expressed BphPs also occur in the organisms that utilize BphPs for 

environmental sensing and signaling, and if these PTMs are regulatory in nature. Strategies to 
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explore this possibility include purification of BphPs from their native organisms, or Phos-tag 

separation of cell lysates from these native organisms, followed by BphP-specific antibody 

probing. The experiments presented here will form the foundation toward answering these 

important, new questions in the BphP field. 
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Methods  

Recombinant expression and purification of BphPs 

Full-length RtBphP1 and RtBphP1 PAS-GAF were purified from E. coli BL21(DE3) as 

previously described (Baker, 2016) with biliverdin added after cell lysis. Agp1 was purified as 

described with biliverdin added after cell lysis (Scheerer, 2003); this protein was purified in the 

laboratory of Patrick Scheerer at Charité-University Medicine Berlin. RtBphP2 was purified from 

E. coli BL21(DE3) and expressed from a pBADHisB vector (constructed by Gilles DeLuca, 

Andre Vermeglio, and Thierry Heulin, Cadarache, France) carrying genes for both R. 

tataouinensis RtBphP2 and hmuO from Bradyrhizobium sp. BTAI1. 1L of culture with 25 µg/mL 

ampicillin was incubated at 37° C shaking at 150 rpm until it reached an OD600 of 0.5, then 

protein expression was induced with addition of 0.01% arabinose. Induced cultures grew 

overnight at 30° C before resuspension in lysis buffer (10 mM HEPES pH 7.0, 500 mM NaCl, 20 

mM imidazole) with addition of DNAseI before lysis in a French press. Crude lysate was clarified 

by centrifugation for 30 minutes at 7,000 g at 4° C. Nickel column purification was carried out by 

equilibrating a 5 mL column with lysis buffer, binding the soluble cell lysate to the resin, and 

eluting with elution buffer (10 mM HEPES pH 7.0, 500 mM NaCl, 500 mM imidazole). Purified 

RtBphP2 was transferred to a storage buffer of 25 mM Tris HCl pH 7.0, 500 mM NaCl using a 

50,000 MWCO centrifugation filter. Full length DrBphP and DrBphP PAS-GAF were expressed 

in E. coli BL21(DE3) with and without an additional pRSF-DUET plasmid with the hmuO gene in 

5 mL cultures of LB with 25 µg/mL ampicillin (and 50 µg/mL kanamycin if PRSF-DUET-hmuO 

was present) and purified using the Protein miniprep protocol (The Qiaexpressionist Handbook, 

Fifth Ed. P. 85).  

Phos-tag acrylamide gel separation of BphP isoforms 

Purified full length BphPs and truncated BphPs were thawed on ice from -80° storage 

before the addition of 3X SDS loading buffer (1.5 M tris pH 6.8, 50% glycerol, 15% SDS, 0.75% 
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bromophenol blue, 0.75% β-mercaptoethanol) before immediately loading onto 6% (full length 

BphPs) and 10% (PAS-GAF BphPs) SDS-PAGE gels with 100 μM Phos-tag acrylamide (Wako 

Pure Chemicals, Osaka, Japan). Gels were run at 4° C until the dye front ran off, and then 

stained overnight with SYPRO Ruby before imaging on a GE Typhoon FLA-9000 (GE 

Healthcare Life Sciences, Pittsburgh, PA) with 632 nm laser excitation and LPR(red) filter. 

Phosphotransfer reactions for Phos-tag acrylamide gels contained 5 μM RtBphP1 plus 

15 μM of RR in kinase buffer with or without 1 mM ATP and were incubated for 10 or 30 minutes 

before the addition of 3X SDS loading buffer to stop the reaction. Potentially phosphorylated 

proteins were placed on ice after the reactions were stopped and separated on 6% and 12% 

SDS-PAGE gels with 100 μM Phos-tag acrylamide within one hour. Gels were run at 4° C until 

the dye front ran off, and then stained overnight with SYPRO Ruby before imaging on a GE 

Typhoon FLA-9000 with 632 nm laser excitation and LPR(red) filter.  

Zinc fluorescence of BphPs 

Standard SDS-PAGE or Phos-tag acrylamide gels were cast with the addition of 1 mM 

zinc acetate and electrophoresis of protein samples was carried out used a 1X SDS running 

buffer with the addition of 1 mM zinc acetate. Gels were visualized on a GE Typhoon FLA-900 

with 532 nm laser excitation and Cy3 (orange) filter. After zinc fluorescence imaging gels could 

be stained for protein as usual. 

Western blot of full length BphPs 

Purified full length RtBphP1, RtBphP2, and Agp1 were thawed on ice from storage at      

-80° C and mixed with an equal volume of 2X SDS loading dye (1M tris pH 6.8, 50% glycerol, 

10% SDS, 0.5% bromophenol blue, 0.5% β-mercaptoethanol) before loading 1 µg of protein on 

a 15% SDS-PAGE gel. Gels were run until the dye front ran off and proteins were transferred to 

a nitrocellulose membrane in transfer buffer (25 mM tris pH 8.3, 190 mM glycine, 20% 
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methanol). Membranes were blocked with 5% milk in 1X PBS and probed with either rabbit anti-

phosphoserine polyclonal antibodies (1:5000 dilution) or rabbit anti acetyl lysine antibodies 

(1:5000 dilution) (Sigma Aldrich, St. Louis, MO) followed by probing with goat anti-rabbit 

antibodies conjugated to AlexaFluor 647 (Thermo Fisher Scientific, Waltham, MA). Membranes 

were visualized on a LiCor Odyssey CLX system (LiCor, Lincoln, NE) on the 700 nm channel. 

Duplicate SDS-PAGE gels were not transferred but instead stained with Coomassie blue and 

scanned. 

Tandem mass spectrometry and analysis 

Full length RtBphP1 and Agp1 were submitted to the University of Wisconsin 

Biotechnology Center Mass Spectrometry/Proteomics facility for trypsin digestion and 

subsequent processing on a Thermo Scientific LTQ Orbitrap XL (Thermo Scientific, Waltham, 

MA). Trypsin-cut peptides were ionized by electrospray in positive mode and peptides were 

fragmented by collision induced dissociation. Output files of m/z and intensities were analyzed 

by MASCOT MS/MS Ions search (Matrix Science, Boston, MA) for fixed modifications 

(carbamidomethylation) and variable modification (deamidation, oxidation of methionines, 

acetylation of lysines, acetylation of protein N-terminus, and phosphorylation of 

serine/threonine). Results for peptide assignments were filtered for table 1 by limiting the 

minimum Ions score to 25.  

Sequence alignments and homology modeling 

The amino acid sequences of RtBphP1, RtBphP1, Agp1, and DrBphP were aligned with 

ClustalOmega (Sievers, 2011).  

Homology models were generated with iTasser (Roy, 2010) and visualized with pyMOL 

(Schroedinger LLC, Cambridge, MA). The PAS, GAF, and PHY portions of the RtBphP1 amino 

acid sequence was modeled based on the dark state structure of DrBphP (PDB 40OP) (Takala, 
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2014). The HisKA and HATPase C domain sequences of RtBphP1 were modeled based on 

TM0853 from Thermotoga maritima (PDB 2C2A) (Marina, 2005). Post translational 

modifications were added to the model with the plugin PyTMs (Warnecke, 2014).  
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Bioinformatic analyses of red light signal transduction partners 
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Abstract: 

Putative BphP red light sensors are widespread in phylogenetically diverse bacterial 

genomes. Despite intensive structural and biochemical characterization of BphP signal 

transduction systems, relatively little is known about bacterial responses to red light. 

Additionally, no signal transduction partners downstream of BRRs have been identified for 

canonical BphP systems. This chapter employs several bioinformatics approaches to generate 

testable hypotheses about gaps in signal transduction knowledge. Amino acid sequence 

analyses predict the presence of arm-in-arm BRRs in 102 bacteria with sequenced genomes, 

and a common soil-dwelling lifestyle is assigned to the majority of these. A targeted survey of 

ORFs encoded in BphP gene neighborhoods reveals that additional histidine kinase proteins 

may play a critical role in signal integration along with BphPs and BRRs. A multiple genome 

clustering search unveils potential signal transduction partners which are common to arm-in-arm 

species, but lacking in outgroups, including: two uncharacterized proteins; oxidative stress 

response proteins; DNA repair proteins; and an energy storage polymer synthase. We conclude 

with a new interaction map for BphP-BRR signaling that will inform future in vivo and in vitro 

experiments to elucidate red light signal transduction. 
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Introduction 

The work presented in the previous chapters focused on biochemical investigations of 

BphP-BRR signal transduction and those in vitro methods have yielded important results. 

However, work done here and by others has not fully addressed important downstream 

questions about red light signal transduction, such as what partners does BRR interact with 

after phosphorylation by the BphP and what is the ultimate effect on the cell from red light 

sensing? In this chapter several bioinformatics approaches are used to predict potential signal 

transduction partners and phenotypic effects by mining the wealth of bacterial genomic 

information which is publicly available.  

Proteins with common amino acid sequences often adopt common structures, and 

perform common functions in the cell based on those structures (Hegyi, 1999). The arm-in-arm 

BRR structures presented in a previous chapter allow the prediction of a sequence motif that 

corresponds to that structural arrangement (Baker, 2016). The motif acts as a handle to search 

all bacterial genomes for that coding sequence, and assign likely arm-in-arm BRRs to over a 

hundred bacterial species. This allows questions about the earliest common ancestor bearing 

the arm-in-arm BRR, and what if any common lifestyles or environments are associated with the 

arm-in-arm BRR to be addressed. This analysis reveals that the arm-in-arm is prevalent in 

certain classes of the Proteobacteria that share a soil-dwelling and/or plant-associated lifestyle. 

Biochemical studies of BphP signal transduction has shown that in many bacterial 

systems, BphP histidine kinase genes and BRR genes, which are typically encoded adjacent to 

one another on the genome interact to initiate phosphotransfer (Bhoo, 2001; Karniol, 2003; 

Giraud, 2005; Psakis, 2011; Baker 2016). This linear signal transduction relay fits the classic 

model of a two-component signal transduction system. Any downstream BRR-interacting 

molecules are presently unknown, and thus the mechanism for phenotypic adjustment to the red 

light environment is poorly understood. In select cases, red light signaling is more complex than 
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a simple linear relay. In R. palustris two BphPs, RpBphP2 and RpBphP3 can both 

phosphorylate a single domain response regulator, rpa3017 (Giraud, 2005). In Rhizobium sp. 

NT-26, the BphP can phosphorylate its adjacently encoded BRR and can also phosphorylate 

the N-terminal receiver domain of a hybrid histidine kinase encoded downstream of the BRR 

(Wojnowska, 2013). Thus, convergent or branched signaling pathways possibly exist for other 

BphP-BRR systems. Importantly, the partners which interact in these more complex red light 

phosphorelays are encoded in the same genomic neighborhood in their respective species. In 

order to discover additional signal transduction partners and possible mechanistic effects of red 

light sensing, an extensive survey of gene products present in BphP gene neighborhoods was 

undertaken. Further, the study sought to determine if similar or different common gene 

neighbors were present near BphPs with arm-in-arm BRRs and BphPs with other BRR types. 

The findings identified hybrid histidine kinase genes in the majority of BphP gene 

neighborhoods that also contain a BRR and suggest the branched phosphorelay model of signal 

transduction may be more common than previously known.  

Although signal transduction partners are often encoded in the same gene 

neighborhoods, the previous approach would miss potential signal transduction partners 

encoded elsewhere on the genome that are part of diverse cellular systems. BphP sensing and 

signaling have been connected to diverse phenotypes in several characterized bacterial 

systems. These physiological responses include peripheral light harvesting system in 

phototropic bacteria (Hubschmann, 2005; Giraud 2005, Jaubert 2008), carotenoid dependent 

(Davis, 1999) and independent stress responses (Kumar 2012; Barkovitz 2011, 2008), and 

motility (Oberpichler, 2008; Wu 2013) among others. The genes that control these varied 

responses, and other undiscovered responses, cannot plausibly be localized with the BphP 

gene cassette in every species. The goal in this study was to consider the entire genomes of 

nearly 100 different BphP-encoding species and to discover commonly present and absent 



121 
 

genes related to BphP-BRR signaling. By inputting a large number of carefully selected bacterial 

genomes into a gene clustering computational pipeline (Altschul, 1990; Dongen, 2000), we were 

able to address the question what gene products are present in arm-in-arm BRR containing 

species, but lacking in species without these proteins? Any hits which are often present 

alongside arm-in-arm BRRs represent potential signaling partners that could be encoded 

anywhere on the genome. This powerful technique yielded several interesting and novel gene 

products which can be studied in the laboratory for their role in a red light signaling pathway. 

Several stress response proteins were identified in agreement with other studies. In addition, 

two conserved uncharacterized proteins were also identified as potential BRR interaction 

partners. 

Mining the wealth of information contained in the thousands of sequenced and publicly 

available bacterial genomes has been productive in generating rich, testable hypotheses for 

future work in BphP-BRR signal transduction studies. Taken together with the literature and the 

biochemical and structural data presented in the previous chapters, the in silico studies 

presented in this chapter allow new models of red light signal transduction networks to be 

constructed and tested in future work. 
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Results: 

The arm-in-arm dimer motif 

The previously identified arm-in-arm motifs consist of LxN (near the N terminus) and 

DLGhFWAhLNEPPP (near the C terminus). The C-terminal motif shares a common conserved 

FW with inverted 4-5-5 dimer BRRs but the hydropathic character of the surrounding residues 

differs between the two types. Arm-in-arm BRRs have hydrophobic residues (h = A, I, V, L, M) 

flanking FW and inverted 4-5-5 dimer BRRs have charged and polar residues (S, E, D, N) in 

those positions. Additionally, inverted 4-5-5 dimer BRRs lack the LxN motif near the N-terminus. 

Using the ExPasy ProtParam webserver (Gasteiger, 2003), the sequence flanking FW can be 

numerically scored by hydropathicity to predict the BRR dimer type (Baker, 2016). Using this 

method, the BRRs following several well studied BphPs can be predicted (Table 1). BRRs that 

form the arm-in-arm dimer in the crystal structure (R. tataouinensis and A. tumefaciens) have 

high Grand Average of Hydropathicity (GRAVY) scores between 2.6-2.7. BRRs whose crystal 

structure reveal they form the inverted 4-5-5 dimer have low GRAVY scores between -0.6-0.12. 

Searching for the presence of the additional LxN motif in arm-in-arm BRR sequences and the 

absence of LxN in inverted 4-5-5 BRR sequences gives an additional layer of predictive power. 

Of the BphP-encoding species which have been prominent in the literature, several are 

predicted to have arm-in-arm BRRs: Pseudomonas syringae, Rhizobium sp. NT-26, and 

Azospirillum brasilense. Other species studied for BphP signaling are predicted to have inverted 

4-5-5 BRRs: Stigmatella aurantiaca and Deinococcus radiodurans. It is worth noting that R. 

palustris encodes both an SDRR (classified in Table 1) and a RR with a HTH domain in the 

BphP gene neighborhood.  
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Table 1. BRR dimer type prediction for BphP study species from the literature based on hydropathicity scoring.  
 

species strain FW flanking 
sequence 

hydropathicity 
score* 

LxN 
present? 

Experimental 
dimer type 

 

Predicted dimer 
type 

Ramlibacter 
tataouinensis 

TTB310 IFWAVL 2.70 Y arm-in-arm arm-in-arm 

Pseudomonas syringae CFII64 IFWAVL 2.70 Y ND arm-in-arm 

Rhizobium sp. NT-26  VFWALL 2.58 Y ND arm-in-arm 

Agrobacterium 
tumefaciens 

F2 VFWALL 2.58 Y arm-in-arm arm-in-arm 

Stigmatella aurantiaca DW4/3-1 EFWLDF 0.25 N ND inverted 4-5-5 

Deinococcus 
radiodurans 

ATCC13939 AYWFGT 0.22 N ND inverted 4-5-5 

Synechocystis sp. PCC 
6803 

 SFWLET 0.12 N inverted 4-5-5 inverted 4-5-5 

Tolypothrix sp. PCC 
7601 

 KYWLDI -0.22 N inverted 4-5-5 inverted 4-5-5 

Rhodopseudomonas 
palustris 

CGA009 HFWMNT -0.60 N inverted 4-5-5 inverted 4-5-5 

*Grand average of hydropathicity derived from the ExPasy ProtParam server (Gasteiger, 2003) 
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Taxonomy and lifestyle of bacterial species encoding arm-in-arm BRRs 

A taxonomic tree based on derived from the NCBI Taxonomy Database (Federhen, 

2012) was generated for 102 bacterial species with the previously identified arm-in-arm motifs 

(Figure 1). Additionally, the isolation source for each strain was recorded (Table 2) in order to 

identify common environments in which arm-in-arm BRRs may be required for signaling. All 102 

species with predicted arm-in-arm BRRs are from non-photosynthetic bacteria. Overwhelmingly, 

BRR species are found in the Proteobacteria and strictly within the alpha, beta, and gamma 

Proteobacteria. No isolates with arm-in-arm BRR motifs were identified in the delta or epsilon 

Proteobacteria. Only two species with predicted arm-in-arm BRRs were identified outside the 

Proteobacteria: Acidobacterium sp. PMMR2 Acidobacteria phylum and Zavarzinella formosa 

within the Planctomycetes phylum. Since both have the sole arm-in-arm predicted thus far in 

their entire phyla it is possible that the arm-in-arm BRR genes were acquired by lateral gene 

transfer in these two species. The most populous genus in the study was Pseudomonas with 31 

species (30.4% of the total species) and second most populous was the genus Burkholderia 

with 21 species (20.6% of the total species). Initially it was suspected that the high proportion of 

species from these two genera may reflect the overrepresentation of these genera in databases 

of sequenced bacterial genomes. However, consulting NCBI’s microbial genome sequencing 

database (Markowitz, 2006) revealed that Pseudomonas species make up 1.1% of all bacterial 

genomes and Burkholderia make up 0.3%, therefore these genera are genuinely enriched with 

arm-in-arm BRRs. Further, the majority (87.5%) of sequenced Burkholderia species encode a 

predicted arm-in-arm BRR, underscoring the potential signaling importance of these proteins in 

that genus.  

Categorizing the species by isolation source (Figure 1, Table 2) reveals an important 

clue to the lifestyle of species with arm-in-arm BRRs. 79.4% of species were isolated from soil 

or plant sources. Of these, many were isolated from agriculturally important crops such as 

wheat, rice, sugarcane, corn, tomato, potato, and peanut. Very few of the species identified are 
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known plant pathogens (P. syringae and B. glumae infect a variety of crops and rice, 

respectively) and many are plant commensal species.  The bulk of arm-in-arm species live in 

the soil, where BphP signaling through that unique dimer may confer a survival advantage, or 

may have become fixed in these species. The rest of the arm-in-arm species were isolated from 

aquatic sources (11.8%), from insects (4.4%), and from human clinical samples (4.4%). 
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Table 2. Species with predicted arm-in-arm BRR used in taxonomic tree and their isolation 
sources. 
 
species isolation source    

Acidobacterium sp. PMMR2 biofilm of dead tree near volcano 

Acidovorax sp. CF316 roots of populus deltoides 

Agrobacterium tumefaciens zinc lead mine tailing, soil, fungus 

Agrobacterium tumefaciens F2 soil near Harbin Institute of Technology 

Azohydromonas australica soil 

Azospirillum brasilense wheat rhizosphere 

Azospirillum halopraeferens roots of kallar grass 

Azospirillum sp. B4 stems of rice plants 

Burkholderia andropogonis sugarcane/ cultured habitat 

Burkholderia bannensis torpedo grass 

Burkholderia bryophila moss associated 

Burkholderia caledonica rhizosphere soil 

Burkholderia gladioli corn/ sinus of human 

Burkholderia glathei soil, sediment 

Burkholderia glumae most found in rice 

Burkholderia grimmiae xerophilous moss 

Burkholderia jiangsuensis soil 

Burkholderia sordidicola white rot fungus from plants 

Burkholderia sp. 9120 missing 

Burkholderia sp. A1 stag beetle gut 

Burkholderia sp. BT03 Populus deltoides endosphere (tree) 

Burkholderia sp. CCGE1003 rhizosphere 

Burkholderia sp. MR1 simulated Florida golf course soil  
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Burkholderia sp. RPE64 bacterial symbiont of the Bean Bug Riptortus 
pedestris 

Burkholderia sp. UYPR1.413 isolation source not given, host is tree Parapiptadenia 
rigida 

Burkholderia sp. WSM2232 host is Nemcia capitata (plant) 

Burkholderia sp. YI23 golf course - degrades fenitrothion (insecticide) 

Burkholderia terrae forest soil 

Burkholderia terrae BS001 soil underneath mushroom foot 

Candidatus Burkholderia kirkii 
UZHbot1 

Psychotria leaf (coffee plant) 

Comamonadaceae bacterium 
URHA0028 

rhizosphere, in soil 

Derxia gummosa soil 

Duganella zoogloeoides activated sludge 

gamma proteobacterium L18 freshwater lake in michigan 

Herbaspirillum sp. YR522 roots of populus deltoides 

Hydrocarboniphaga effusa oil contaminated soil 

Hydrocarboniphaga effusa AP103 soil contaminated with heavy fuel oil 

Janthinobacterium sp. HH01 water from a watering pot 

Massilia alkalitolerans soil 

Massilia niastensis air sample 

Massilia sp. 9096 missing 

Massilia sp. BSC265 biological soil crust 

Massilia sp. JS1662 peanut rhizosphere 

Massilia sp. LC238 cave surface layer 

Massilia timonae human blood 

Methylobacillus glycogenes decayed tomato 
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Methylobacterium aquaticum Racomitrium japonicum moss 

Methylobacterium sp. 4-46 Lotononis bainesi (plant) nodules 

Methylobacterium sp. MB200 agricultural digester remainder 

Microvirga lotononidis root nodules 

Microvirga lupini roots of L. texensis (plant) 

Microvirga sp. BSC39 soil crust 

Nitrospirillum amazonense forage grass and plants from palmaceae family 

Niveispirillum irakense rice roots 

Oxalobacteraceae bacterium JGI 
0001012-C15 

rhizosphere of arabidopsis thaliana 

Phenylobacterium zucineum intracellular isolation from erythroleukemia cell 

Proteobacteria bacterium JGI 
0001013-N05 

rhizosphere from Arabidopsis thaliana 

Pseudacidovorax intermedius south china sea 

Pseudomonas alcaligenes oyster mantle tissue 

Pseudomonas azotifigens hyperthermal compost material 

Pseudomonas fulva leaf from Arabidopsis thaliana 

Pseudomonas lutea rhizosphere of grasses 

Pseudomonas luteola soil 

Pseudomonas monteilii clinical 

Pseudomonas mosselii medical specimen/none 

Pseudomonas nitroreducens sewage sludge/sediment from river 

Pseudomonas parafulva rice 

Pseudomonas plecoglossicida fish pathogen 

Pseudomonas putida surface sterilized seeds, antartic sediment, soil from a 
basin in India, river water, sewage sludge, 
rhizosphere soil 
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Pseudomonas rhizosphaerae rhizosphere of grasses 

Pseudomonas savastanoi pv. 
phaseolicola 

leaves of bean plant 

Pseudomonas sp. 10B238 deep sea sediment 

Pseudomonas sp. 20_BN Saudi Arabian bank notes 

Pseudomonas sp. 313 kelp 

Pseudomonas sp. CB1 coal mine soil 

Pseudomonas sp. CCOS191 water in Zurich, Switzerland 

Pseudomonas sp. CFII64 hyporheic zone of river 

Pseudomonas sp. ES3-33 soil 

Pseudomonas sp. FeS53a iron stressed rice soil 

Pseudomonas sp. GM84 roots of populus deltoides 

Pseudomonas sp. HPB0071 human gut 

Pseudomonas sp. LAIL14HWK12:I7 plant associated 

Pseudomonas sp. M47T1 trails made from B. xylophilis (nematode) 

Pseudomonas sp. MT-1 Mariana Trench mud 

Pseudomonas sp. StFLB209 potato leaf 

Pseudomonas sp. URMO17WK12:I8 plant associated 

Pseudomonas sp. WCS358 potato root 

Pseudomonas stutzeri rice roots, chemical hydrocarbon sludge, sediment 
from west mediterrenean sea, roots, soil near durum 
wheat 

Pseudomonas syringae irrigation canal, biofilm on rocks in strem, river water, 
barley 

Ralstonia mannitolilytica bone marrow 

Ralstonia pickettii 12J copper contaminated sediment 

Ralstonia pickettii OR214 sediment 



131 
 

Ramlibacter tataouinensis sub-desert soil 

Rhizobium lupini saline dessert soil 

Rhizobium sp. MGL06 sea water 

Rhizobium sp. UR51a rice roots 

Rhodopseudomonas sp. B29 rice shoots 

Rhodovulum sp. PH10 mangrove forest soil 

Sphingomonas changbaiensis forest soil 

Sphingomonas sanxanigenens soil 

Sphingomonas-like bacterium B12 rice shoots 

Zavarzinella formosa Siberian peat bog 
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Survey of genes encoded near BphPs 

The proximity of genes on chromosomes and their conserved order often correlates to 

the proteins they code for interacting in vivo (Aravind, 2000; Snel, 2000; Valencia, 2002; Yanai, 

2002; Ciria, 2004; Rogozin, 2004). In the case of BphPs and BRRs, this is experimentally 

supported. From species studied in the literature for their BphPs, the classic order of genes in a 

BphP operon is: heme oxygenase / bacteriophytochrome / BRR (Bhoo, 2001). However, there 

are often other genes flanking this triad encoded in the same orientation and these are largely 

unstudied for their potential contributions to red light signaling pathways. In order to address this 

knowledge gap, 155 bacterial species with putative BphPs were surveyed for the genes 

surrounding the BphP gene. Gene neighborhoods were identified as all genes flanking the BphP 

gene, in the same sense direction, with 50 noncoding bp or less between genes. Of the 155 

species, 32 have predicted arm-in-arm BRRs, 76 have another type of SDRR such as a 

predicted inverted 4-5-5 dimer BRR, and 47 have no BRR encoded near the BphP. We 

examined the prevalence of genes in the entire study group and searched for trends that 

differed between the BRR type groups (Figure 2). 

For the entire 155 species (Figure 2A), the most common genes encoded near BphPs 

were BRRs directly following the BphP (67% of species), non-BphP histidine kinase proteins 

(51.2%), heme oxygenase (33.5%), transferase enzymes (12.2%), and other RR proteins not 

encoded directly downstream of the BphP (11.6%).  The next most common genes (found in 

≤10% of neighborhoods) include transcriptional regulators, domain of unknown function 

proteins, and peptidase/proteases. These data suggest non BphP HKs may play a part in red 

light signal transduction based on their prevalence. Next, the different BRR groups were 

analyzed for gene prevalence surrounding the BphP gene. Histidine kinase genes were found in 

81.2% of the arm-in-arm species, 64.5% of the other BRR type species, and only 8.5% of non-

BRR encoding species. The correlation between BRR genes and HK genes in BphP regions 

suggest that a potential signaling pathway would involve these proteins interacting together,
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that BphP can interact with either of the two. The difference between prevalence of HKs in the 

arm-in-arm BRRs and other BRRs (Figure 2B) was not statistically significant (p = 0.084).  

Since conserved gene order can correlate to protein-protein interaction (Dandekar, 

1998; Overbeek, 1999), the most common genes from all species were analyzed for the 

frequency of following the classic BphP operon order with the addition of HK following the BRR. 

Figure 3 demonstrates the frequency that heme oxygenase, BphP, BRR, and HK genes appear 

in order where the BphP position is 0, heme oxygenase is -1, BRR is +1, and HK is +2. The 

data reveal that for species with BphPs and BRRs, the BphP/BRR/HK order of genes is more 

common than the classic HO/BphP/BRR order. Additionally, the frequency of HK appearing +2 

genes downstream of BphP and immediately following the BRR is more common in arm-in-arm 

species than in species with other BRR types (p = 0.015).  

Other histidine kinase proteins besides BphPs are commonly encoded near the 

phytochrome and response regulator genes based on this survey. But what role in signaling 

might these HKs play? In order to predict a functional role, the amino acid sequences of the 

arm-in-arm species HKs were annotated for any common conserved domains (Bateman, 2002) 

and analyzed for the frequency of those domains occurring (Figure 4A). These data allow 

rudimentary structural and functional modeling of an average HK from the BphP operon. In 

order, starting from the amino terminus, the most common domains are: a receiver domain; a 

PAS 3 domain; a second PAS domain of type 3, 4, or 9; a HisKA domain, an HATPase_C 

domain, and a final receiver domain (Figure 4B). These domains were recognized in at least 

75% of the amino acid sequences. Therefore, the typical HK from a BphP operon is a hybrid 

histidine kinase, that contains both an N-terminal and C-terminal aspartic acid phosphoacceptor 

domain, with one or more PAS domains and a histidine kinase histidine 

phosphoacceptor/phosphotransfer and ATPase domains between the two receivers. PAS 

domains are known dimerization domains with the ability to sense environmental signals, often  
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through bound ligands (Taylor, 1999).  A model of how such a hybrid histidine kinase may 

function in BphP-BRR signal transduction pathways is presented in the discussion. 

 

 

Gene Cluster Search for arm-in-arm BRR signal transduction partners 

In order to perform a more exhaustive, genome-wide search for undiscovered signal 

transduction partners, a collaborative study with Sarah Stevens of the McMahon Lab at UW-

Madison was undertaken.  The study was jointly designed by Anna Baker and Sarah Stevens. 

Briefly, Sarah Stevens performed gene clustering by BLAST of all ORFs in the study genomes 

and Anna Baker performed the analysis to find genes differentially encoded between arm-in-arm 

BRR species and outgroup species. The top hits can be considered for a potential role in red 

light signal transduction.  

Gene clusters which resulted from a 60% identity cutoff were used for the following 

analysis, since of the three cutoffs studied (50%, 60%, and 70%) the 60% data set output arm-

in-arm BRR proteins and histidine kinase-domain containing proteins as the #1 and #3 hits 

respectively. Given that arm-in-arm BRRs are known to be found in the ingroup species and not 

the outgroups (by study design), and given that BphP histidine kinases are proven interaction 

partners with BRRs we reasoned that any gene clusters with similar ingroup%-outgroup% 

scores to these positive control clusters could be considered valid hits. All clusters with a 

differential score of >50% are listed in Table 3.  

There were several gene clusters that are essential and universally conserved genes in 

bacteria, and therefore cannot be considered as valid differential hits in this analysis: these 

include DNA polymerase, DNA topoisomerase, and RNA polymerase subunit omega.  Possible 

reasons for the leakage of essential genes into the top clusters will be discussed. 
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Table 3. Top Gene clusters with 60% identity cutoff, ranked by differential occurrence in arm-in-arm species vs. outgroups  
(ingroup%-outgroup%). Presence of clusters in total outgroup % and individual outgroups (BphP species with no arm-in-arm BRR, 
Proteobacteria with no BphPs, and distant phyla) are listed separately. 
 
gene product ingroup 

% 
outgroup 

% 
ingroup%-
outgroup% 

BphP 
outgroup % 

Proteobacteria 
outgroup % 

other phyla 
outgroup % 

response regulator receiver protein 93.8 5.9 87.9 20 0.0 0 

DUF971 family protein 81.5 17.6 63.8 40 14.3 0 

His Kinase A (phospho-acceptor) domain-containing 
protein 

90.1 29.4 60.7 60 28.6 0 

putative DNA modification/repair radical SAM protein 75.3 17.6 57.7 40 14.3 0 

peptide-methionine (R)-S-oxide reductase 98.8 41.2 57.6 80 42.9 0 

error-prone DNA polymerase, DnaE-like 86.4 29.4 57.0 60 28.6 0 

ferredoxin 91.4 35.3 56.1 60 42.9 0 

peroxiredoxin, Ohr subfamily 79.0 23.5 55.5 60 14.3 0 

Glucose/arabinose dehydrogenase, beta-propeller fold 72.8 17.6 55.2 40 14.3 0 

DNA repair photolyase 84.0 29.4 54.5 60 28.6 0 

Uncharacterized conserved protein, circularly permuted 
ATPgrasp superfamily 

77.8 23.5 54.2 60 14.3 0 

DNA-directed RNA polymerase subunit omega 87.7 35.3 52.4 60 42.9 0 

adenosylhomocysteinase 92.6 41.2 51.4 60 42.9 0 

undecaprenyl diphosphate synthase 86.4 35.3 51.1 60 42.9 0 

3-oxoacyl-[acyl-carrier-protein] reductase 74.1 23.5 50.5 40 28.6 0 
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2-keto-4-pentenoate hydratase/2-oxohepta-3-ene-1,7-dioic 
acid hydratase 

67.9 17.6 50.3 40 14.3 0 

polyhydroxyalkanoate synthase 67.9 17.6 50.3 40 14.3 0 
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Discussion: 

The arm-in-arm BRR dimer motif was identified as consisting of conserved LxN near the 

N-terminus and an extended DLGhFWAhLNEPPP near the C-terminus. The second motif can 

be abbreviated to hFWAhL in the case of hydropathicity scoring. The resultant hydropathicity 

scores can be used to bin BRR proteins into arm-in-arm type or inverted 4-5-5 type based on 

this short sequence alone. Scores 2.5 or higher appear to correspond to arm-in-arm BRR 

dimers, and scores 0.25 and lower appear to correspond to inverted 4-5-5 BRR dimers. Of the 

BRRs from literature cited BphP-bearing species, P. syringae, Rhizobium NT-26, and A. 

brasilense are predicted to be arm-in-arm dimers by this method. BRRs from S. aurantiaca and 

D. radiodurans are predicted to be inverted 4-5-5 dimers. As more BRR biochemical 

characterizations and structures appear in the literature, this method can be validated by 

comparing experimental stoichiometries to these predictions. 

The phylogeny of bacterial species with putative arm-in-arm BRRs suggests that the 

conservation of FW as dimerization residues can be traced back to a more distant ancestor than 

the FW + hydrophobic motif. BRRs associated with the phytochrome TCSs from cyanobacteria 

species do not form arm-in-arm dimers, yet retain the FW surrounded by more polar and 

charged residues (Im, 2001; Benda, 2004). Species predicted to have arm-in-arm BRR dimers 

are mainly within the α, β, and ϒ-proteobacteria and even within these groups there are notable 

species which lack the motif in their BRR. It is possible that arm-in-arm dimers evolved in a 

proteobacterial ancestor by mutations resulting in hydrophobic residues near FW, likely in a soil-

dwelling species, and that descendant species that no longer inhabit such an environment have 

lost the adaptation and reverted to polar/charged residues. Given the common soil and plant-

associated lifestyle exhibited by most of the arm-in-arm species, arm-in-arm BRR dimers may 

confer a red light signaling advantage to bacteria inhabiting subsurface soil, or may confer an 
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advantage to bacteria associated with plants, whose cellular processes are heavily regulated by 

light cycles. 

The targeted survey of BphP gene neighborhoods discovered a high prevalence of other 

histidine kinase protein coding sequences, especially in neighborhoods that also contained 

BRRs. BphP and BRR are typically considered members of two component systems, in which 

BphP autophosphorylates and transfers phosphate with fidelity to BRR. Experimental evidence 

presented in this work and by others has demonstrated that BphPs transfer phosphate 

specifically to cognate BRRs (Bhoo, 2001; Karniol, 2003; Giraud, 2005; Psakis, 2011). The 

presence of a hybrid histidine kinase with possible sensory domains raises the possibility that a 

BphP-BRR-HHK trio might form a branched signal transduction pathway (Figure 5) (Laub, 

2007). How might such a branched pathway function? As previously demonstrated, a BphP can 

hydrolyze ATP and transfer a phosphate group onto histidine more efficiently in the dark. In the 

presence of BRR proteins, phosphate is transferred from histidine on the HK to aspartate on the 

RR. However, the average HK in a BphP gene neighborhood also bears an N-terminal RR 

domain. It remains to be tested whether BphP can also transfer phosphate to this RR in the R. 

tataouinensis system, but work in the Rhizobium NT-26 system has shown specific 

phosphotransfer from a BphP to either a BRR (predicted in this work as an arm-in-arm BRR) or 

to a HHK (Wojnowska, 2013). Once the HHK accepts the input from BphP indicating that the 

environment is dark, the PAS domains encoded in the protein’s core might sense additional 

environmental signals and integrate light with that second input to control the final histidine 

kinase activity. PAS domain sensors are varied beyond their role in BphPs and are known to 

sense redox state, oxygen, voltage, and bind small ligands such as heme, hydroxycinnamic 

acid, flavin adenine nucleotide, and 2Fe-2S clusters (Taylor, 1999). Any of these may be a 

second signal integrated with the light signal from BphP by the HHK proteins encoded in BphP 

gene neighborhoods. Biochemical characterization of one or more of these HHKs is needed to  
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verify a role in red light signal transduction. Additionally, signal transduction partners beyond the 

HHK would need to be identified to determine how integrated/branched signaling through a 

BphP/BRR/HHK system results in cellular adjustment to the environment.  

Gene clustering searching and analysis was designed to identify potential signal 

transduction partners beyond arm-in-arm BRRs which might be missed by the gene 

neighborhood survey. Although the arm-in-arm species (ingroups) and outgroups were carefully 

chosen to find genes which are prevalent in only in ingroups, some essential bacterial proteins 

were identified as top differential hits in the 60% homology dataset. Proteins such as DNA 

topoisomerase and RNA polymerase subunit omega must be present in bacterial genomes for 

those bacteria to reproduce, and typically such evolutionarily conserved proteins would bear 

significant homology between different groups of bacteria (Jordan, 2002; Zhang, 2009). In the 

case of RNAP subunit omega, the gene was identified as homologous at the 60% identity cutoff 

in 87.7% of the arm-in-arm ingroup species, but in only 35.3% of the combined outgroups. 

Examining systematic presences and absences among the different outgroups can explain, in 

part, why these essential genes appeared as differential hits. RNAP subunit omega was 

identified as a homolog with the others in the cluster in 60% of the outgroup with a BphP but no 

BRR, 42.8% in the alpha/beta/gamma proteobacteria without a BphP outgroup, and 0% in the 

outgroup species from distant phyla. The absence of homology in the most phylogenetically 

distant groups points to the essential genes being less similar in these species because all 

genes would be less similar the more distantly related the species. Further analysis of all the top 

gene cluster hits (ingroup-outgroup ≥50%) in the different outgroups shows an overall trend that 

none of the top genes were identified as homologous in the distant phyla outgroup, and more 

were identified as homologous in the sub-outgroup species that encode a BphP. Compared to 

the BphP-only outgroup fewer top hits were identified as homologous in the outgroup from the 

Proteobacteria that lack BphPs. This suggests that the top hits may indeed be related to red 
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light signal transduction, since several of the BphP-only outgroup species are outside the 

Proteobacteria and less homology would be expected for unrelated proteins from more distant 

groups. When the top gene clusters are cutoff at 45% ingroup%-outgroup% or lower, hits start 

to appear that are more homologous in the Proteobacteria outgroup than in the BphP-only 

outgroup.  

The second highest scoring cluster, found in 81.5% of arm-in-arm species and 17.6% of 

outgroups corresponds to a domain of unknown function (DUF) protein known as DUF971. This 

is a functionally uncharacterized protein with sequence homology to the histidine biosynthesis 

pathway protein HisA (Tars, 2010). Fortunately, a DUF971 has been structurally characterized 

by NMR as part of a structural genomics initiative (Figure 6) (PDB: 2L6P). Although the function 

of this small protein remains unknown, surface electrostatics modeling makes this an attractive 

candidate for a direct protein-protein interaction with the arm-in-arm BRR. A long positively 

charged stripe originally noted as a potential interaction surface on RtBRR is complemented by 

a negatively charged stripe on the surface of DUF971 (Figure 6). Future work could involve 

cloning and expression of the R. tataouinensis DUF971 protein and assaying complex formation 

with RtBRR. 

Several oxidative stress and DNA repair proteins were also found as top hits: a putative 

DNA repair radical S-adenyl-methionine protein (75.3% ingroup / 17.6% outgroup); a peptide-

methionine (R)-S-oxide reductase (98.8% ingroup / 41.2% outgroup); peroxiredoxin (79.0% 

ingroup / 23.5% outgroup); and DNA repair photolyase (84.0% ingroup / 29.4% outgroup). 

Stress response to light is a common theme in photoreceptor research in bacteria. In a 

proteomic study of red light phenotypes from a predicted arm-in-arm species, Azospirillum 

brasilense, a general stress response was found (Kumar, 2012). However, that response 

involved a completely different set of proteins being upregulated in response to light than those 

identified in this work. General stress responses to blue light have also been identified in B.  
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subtilis, mediated by a LOV-HK protein which works through yet another mechanism, by 

regulating the sigma factor σB (Avila-Perez, 2006; Gaidenko, 2006). Perhaps the redox 

response proteins we identified in silico are part of the response detected in A. brasilense, yet 

were not upregulated or highly expressed enough to be detected in the 2D-gel/mass 

spectrometry experiment conducted by Kumar et al. Another possibility is that these oxidative 

stress and DNA-repair proteins represent a separate stress response pathway to red light. 

In the context of the R. tataouinensis genome and phenotypes, two more clusters stand 

out. The uncharacterized circularly permuted ATPgrasp superfamily protein (77.8% ingroup / 

23.5% outgroup) is encoded in the RtBphP1 gene neighborhood, three genes downstream. 

Proteins with this conserved fold have ATP binding capability and diverse functions including 

fatty acid biosynthesis, peptidoglycan biosynthesis, ribosome modification, and microtubule 

assembly to name a few (Fawaz, 2011). Polyhydroxyalkanoate (PHA) synthase (67.9% ingroup 

/ 17.6% outgroup) has a potential link to the large intracellular granules of PHA that form within 

R. tataouinensis cells (Heulin, 2003).  These granules are found in both rod and cyst-like cell 

types. How PHA content of R. tataouinensis cells may be affected by red light exposure remains 

to be tested.  

Finally, by combining the results of the biochemical characterizations done here and by 

others on BphP-BRR signal transduction systems with these new bioinformatics leads a red 

light signaling interaction map can be constructed (Figure 7). This map illustrates the 

experimentally verified and newly predicted protein-protein interactions and the interrelatedness 

of the proteins in the pathway. Central to the pathway is red light sensing by BphP, which can 

directly interact with three partners: heme oxygenase, to receive the biliverdin chromophore 

(Shah, 2012); BRR, to transfer phosphate in a light-regulated fashion; and also to the N-terminal 

receiver domain of HHK, as evidenced by Wojnowska, et al. All four of these are linked as gene 

neighbors, and the four in sequence share conserved gene order. Also depicted are some of the  
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gene cluster hits which are interaction partners for the arm-in-arm yet to be tested.  Experiments 

with these new potential interaction partners for BRR revealed by bioinformatics, particularly 

HHK and DUF971, represent an exciting new direction for the Forest Lab. 
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Methods 

Identifying the arm-in-arm motif and predicting arm-in-arm BRRs 

The arm-in-arm dimer motifs were identified by manual analysis of a multiple amino acid 

sequence alignment generated with ClustalOmega (Sievers, 2011) which included the 

sequences for BRR proteins from Ramlibacter tataouinensis, Agrobacterium tumefaciens, 

Pseudomonas syringae, Burkholderia glumae, Rhizobium sp. NT-26, Synechocystis sp. PCC 

6803, Tolypothrix sp. PCC 7601, Rhodopseudomonas palustris, Deinococcus radiodurans and 

the CheY sequence from Escherichia coli. Sequence features which were common in the 

structurally characterized arm-in-arm BRRs from R. tataouinensis and A. tumefaciens and 

absent in inverted 4-5-5 BRR dimers were identified as critical arm-in-arm sequence motifs.  

Grand average of hydropathicity (GRAVY) scores were computed for the six-amino acid 

sequences corresponding to the abbreviated C-terminal arm-in-arm motif (IFWAVL in R. 

tataouinensis). Abbreviated sequences from Ramlibacter tataouinensis, Pseudomonas 

syringae, Rhizobium sp. NT-26, Agrobacterium tumefaciens, Stigmatella aurantiaca, 

Deinococcus radiodurans, Synechocystis sp. PCC 6803, Tolypothrix sp. PCC 7601, and 

Rhodopseudomonas palustris were scored using ExPasy ProtParam (Gasteiger, 2003).  

Evolutionary relationships and lifestyle of BRR species 

A pBLAST search (Altschul, 1990) was carried out for the sequence DLGxFWAxLNEP within 

the Bacteria and hits were filtered by the following criteria: expect value cutoff < 1; only putative 

SDRRs with the search sequence near the C-terminus; x = hydrophobic amino acids. Then, 

pBLAST using the RtBphP1 sequence was run on the 104 candidate BRR-containing genomes, 

only those with a putative PAS-GAF-PHY-HK BphP with cysteine in the conserved biliverdin 

binding position were included (102/104). 16S rRNA sequences of the 102 species passing all 

filters were downloaded from the SILVA database (Quast, 2013) and aligned with ClustalOmega 
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(Sievers, 2011). A neighbor-joining tree was generated using MEGA7 (Kumar, 2016), using the 

Maximum Composite Likelihood Method with 1000 bootstrap replicates. The resulting tree was 

visualized with FigTree (Rambaut, 2009). The isolation sources of bacterial species were found 

in the corresponding IMG genome record for each species (Markowitz, 2006). 

BphP gene neighborhood survey and hybrid histidine kinase domain assignment 

BLASTP was performed against the RtBphP1 amino acid sequence, and yielded 1734 hits for 

BphP homologs (Altschul, 1990). Results were filtered with an expect cutoff of 1e-50 or less and 

sequence coverage cutoff of 90% or greater. Since certain genera, such as Pseudomonas, 

dominated the list, these were further filtered to include only one representative species for each 

unique genus, with preference going to those species which have previously been studied in the 

BphP literature. This yielded 155 species/genus representatives to annotate the BphP gene 

neighborhood. The 155 species were further split into three BRR type groups: those with a 

predicted arm-in-arm BRR (n=32), those with a BRR of another predicted type such as inverted 

4-5-5 dimer (n=76), and those with no BRR in the gene neighborhood (n=47). For each species, 

the IMG database (Markowitz, 2006) was used to BLAST for and identify the BphP with highest 

homology to RtBphP1 (in cases of multiple BphPs in one species) and the gene neighborhood 

was manually annotated in a newly created database. Gene neighborhoods were identified as 

all genes flanking the BphP gene, in the same sense direction, with 50 noncoding bp or less 

between genes. After neighborhoods were annotated for all species, genes were counted by 

their type and listed from most to least commonly occurring in the neighborhoods. This analysis 

was done for the 155 species and for each BRR type group for comparison.   

Common domains of hybrid histidine kinase proteins adjacent to BRR coding regions were 

identified by entering the amino acid sequences of the 32 arm-in-arm species from the gene 

neighborhood survey into the Pfam server (Bateman, 2002). The output domain predictions 
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were arranged from N to C terminus and plotted for the frequency of occurrence. This yielded 

the domain architecture of an average arm-in-arm BRR-associated hybrid histidine kinase. 

Gene Cluster Search 

In order to discover gene products which are present in arm-in-arm BRR species but absent in 

other species, 81 ingroup species were chosen which bear a predicted arm-in-arm BRR in the 

same gene neighborhood as a BphP. Three separate outgroups were chosen to contrast the 

ingroup: species with a BphP but no arm-in-arm BRR (n=6); species in the alpha, beta, and 

gamma proteobacteria but which lack a BphP or BRR (n=7); and species from more distantly 

related phyla (n=5) for a total of 18 total outgroup species. 

Pairwise BLAST searches were run through the UW-Madison Center for High Throughput 

Computing, comparing every predicted protein coding sequence from the genomic records of all 

99 study species against all the others, to determine the homology of every pair (Altschul, 

1990). These data were filtered to include pairs with a query coverage cutoff of 75% or greater. 

These results were further filtered with sequence identity cutoffs of 50%, 60%, and 70%. Each 

of the 50%, 60%, and 70% data sets were sorted into gene clusters using the MCL clustering 

algorithm (Dongen, 2000). 

The presence or absence of each gene cluster in the ingroup and outgroups were recorded, and 

then clusters were ranked by the ingroup %-outgroup %. At this stage, the 50%, 60%, and 70% 

identity cutoff cluster lists were manually compared. The 60% identity cutoff data set was 

chosen for the final analysis because at this level of homology, the arm-in-arm BRR and 

histidine kinase proteins were the #1 and #3 gene clusters identified as differential between the 

ingroup and the outgroups, meaning that if these known red light signal transduction partners 

were successfully identified, other hits could be considered as valid potential interaction 

partners. The list of hits was further filtered to remove: clusters not present in the study species 
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R. tataouinensis; clusters present in greater than 50% of outgroup species; and clusters not 

present in at least 65% of ingroup species. The top cluster hits are reported at 50% ingroup-

outgroup or higher.  
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Chapter V: 

Conclusions and Future Directions 
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The intention of this work was to elucidate BphP-BRR two component signal 

transduction and understand the signaling outcomes of the red light regulated TCSs in non-

photosynthetic bacteria. Prior to this work, the atomic details of light-stimulated conformational 

regulation in photosensory portions of BphPs from phototrophs and chemotrophs had been well 

studied thanks in large part to crystallographic studies. However, the catalytic histidine kinase 

domains of BphPs were and remain structurally uncharacterized. The structures of BphP-

associated response regulator proteins from phototrophs were also known, yet no BRRs from 

chemotrophic bacteria had been characterized structurally. Biochemical evidence for cognate 

BphP-BRR phosphotransfer existed for several phototrophic and chemotrophic bacterial 

systems. Phenotypes controlled by BphP-BRR systems in photosynthetic bacteria were 

consistent, with the expression of light harvesting machinery regulated by red light in those 

species. BphP-BRR associated phenotypes found in chemotrophic species were known but 

highly varied. This work has characterized the R. tataouinensis BphP-BRR system as a new 

model for the chemotrophic bacteria with a red light sensing TCSs. The previous chapters 

looked beyond signal transduction within the BphP molecule itself to understand the atomic 

details of the unique arm-in-arm BRR dimer, investigated novel post translational modifications 

of the BphP, and identified potential interaction partners for the BRR as well as potential red 

light controlled phenotypes for arm-in-arm BRR encoding species. 

Conclusions of Chapter II 

The RtBphP1 and RtBRR genes are adjacent and encoded in overlapping reading 

frames on the R. tataouinensis chromosome and were expected to form a TCS. RtBphP1 was 

characterized as a dimeric PAS-GAF-PHY-HK BphP which binds biliverdin as a chromophore 

and acts as an autokinase, catalyzing the hydrolysis of ATP and initial formation of His~P. The 

initial rate of autophosphorylation is slower, by twofold, when RtBphP1 is illuminated with red 

light. Dark-adapted RtBphP1 can transfer a phosphate group specifically to RtBRR to form 
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Asp~P. The crystal structures of RtBRR and AtBRR (from another chemotrophic bacterium) 

revealed these SDRRs are topologically linked into dimers which relies on a conserved 

hFWAhLNEPPP motif near the C-terminus. Truncation of RtBRR to exclude the motif and 

terminus reduced the efficiency of phosphotransfer between RtBphP1 and RtBRR, therefore the 

arm-in-arm dimer promotes phosphotransfer in this red light regulated TCS. 

Conclusions of Chapter III 

Beyond the histidine/aspartate phosphorylation expected and observed in TCS proteins, 

additional post translational modifications were detected on several full length BphPs including 

RtBphP1 and Agp1, each purified from E. coli protein expression cell lines. Serine 

phosphorylation was detected in RtBphP1 in two locations in the GAF domain flanking the A 

and D rings of the biliverdin binding site. Lysine acetylation was observed across all domains of 

BphPs, including the dynamic PHY domain tongue region and the histidine kinase catalytic core. 

Both serine phosphorylation and lysine acetylation were previously unknown for BphPs. 

Conclusions of Chapter IV 

The previously identified arm-in-arm dimer motif was used to predict the presence of 

similar dimeric BRRs in over a hundred bacterial species with putative BphPs, indicating that 

these signal transduction promoting oligomers are common players in red light signal 

transduction. This group of arm-in-arm bearing species are primarily α, β, and γ Proteobacteria 

and the majority are soil-dwelling chemotrophs. Gene neighborhood analysis of a larger group 

of BphP-encoding species including a subgroup of arm-in-arm species found that hybrid 

histidine kinase genes are frequently encoded in the vicinity of the classic TCS partners and 

suggest a role for branched signaling by BphPs. A gene clustering study identified potential 

interaction partners for the arm-in-arm BRR protein, particularly the uncharacterized DUF971. 
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Phenotypes indicated in the search are related to an oxidative stress response, DNA repair, and 

PHA synthesis.  

The work shown here illuminates the red light TCS from non-photosynthetic bacteria 

biochemically and structurally and uses bioinformatics to generate hypothesis about the next 

steps in cellular signal transduction after BRR phosphorylation and red light controlled 

phenotypes. These findings here have also raised a number of new questions for researchers 

including but not limited to: the role of the arm-in-arm interface before, during, and after 

phosphotransfer; the effects of alternative PTM on BphP activities; and possible protein 

interactions with the arm-in-arm BRR.  

Future directions: the arm-in-arm RtBRR dimer in signal transduction 

Truncation of RtBRR to eliminate dimerization via the arm-in-arm motif resulted in 

reduced phosphotransfer efficiency between RtBphP1 and RtBRR. One possibility for this effect 

is that the local pool of BRR monomers in proximity of a BphP histidine kinase domain is 

enriched when each BRR molecule brings along a second molecule as part of the dimer. If this 

were the case, engineering RtBRR or another RR to dimerize by a different topological 

arrangement would also promote phosphotransfer and monomerization of natively dimeric RRs 

would decrease phosphotransfer efficiency. Another possibility is that the relative positions of 

the phosphoacceptor sites on each arm-in-arm protomer encourage simultaneous, and 

therefore more rapid phosphorylation of the BRR by multiple BphP molecules. A third possibility 

is that the arm-in-arm dimer, and not the monomer, is recognized specifically by some region of 

the BphP protein, and this specific interaction contributes to promotion of phosphotransfer. A 

crystal structure of RtBphP1 and RtBRR in complex would be extremely valuable in 

understanding the relationship between the arm-in-arm interface and signal transduction. How 

phosphorylation affects the arm-in-arm BRR in terms of conformational signaling is also an open 
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question. The protein interface statistics generated from the crystal structure of RtBRR did not 

suggest phosphorylation would break the highly hydrophobic interface between the two 

protomers and preliminary gel filtration results show that RtBRR incubated with RtBphP1 and 

ATP remains a dimer. Therefore, subtler effects on the protein’s conformation are suggested to 

result from phosphorylation. As discussed in Chapter 1, the “switch” tyrosine which adopts two 

different conformations in CheY in response to phosphorylation is not occluded by the dimer 

interaction in the arm-in-arm BRR and has not been ruled out as a possible signaling mode for 

this protein. Crystals of RtBRR grown for this study were soaked with the phosphate analog 

BeF3 in order to produce a phosphorylated-like conformation, but density for BeF3 was not 

detected in the resulting electron density map. New crystal growth conditions for BeF3-treated 

RtBRR would need to be screened for and optimized in order to generate an informative 

structure to answer questions about conformational changes in response to phosphorylation. 

Future directions: novel posttranslational modifications of BphPs 

Chapter three described the discovery of phosphorylated serine and acetylated lysine 

residues on BphPs purified from E. coli. These PTMs are new information for the BphP field, 

which up to now has focused on histidine and aspartate phosphorylation as the only known 

PTMs in BphP-BRR systems. Novel PTMs were detected on the full-length BphPs RtBphP1 and 

Agp1 by all methods (Phos-tag gels, Western Blot, and MS/MS). Novel PTMS were also 

indicated by one or more method on RtBphP2 and DrBphP. The finding that several BphPs bear 

these PTMS, coupled with the dominance of using E. coli protein expression systems in the 

field, raises the concern that full-length BphPs which have been spectrally and enzymatically 

characterized to date also bear phospho-serine and acetyl-lysine modifications. Depending on 

the results of experiments that determine the effect of PTMs on enzyme activity, new strategies 

may be recommended for BphP expression and purification that eliminate these PTMs. One 

strategy is to express BphPs in acetyltransferase and Ser/Thr kinase gene knockout strains of 
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E. coli, which are already constructed and available (Starai, 2002; Baba, 2006). This strategy 

may not be effective if small molecule donors such as acetyl phosphate are responsible for 

phosphorylation and acetylation of BphPs in the E. coli cytoplasm. Therefore, production of 

modified BphPs in wild type E. coli followed by enzymatic dephosphorylation by lambda 

phosphatase and deacetylation by sirtuin may be preferable and work in the Forest lab has 

begun optimizing this method. A third strategy is the production of BphPs in a cell-free system 

such as wheat germ in vitro translation, although producing proteins at large scale by this 

method is limited by resources and cost. These methods would need empirical testing of the 

produced BphPs by Western Blot and/or MS/MS to verify the absence of serine phosphorylation 

and lysine acetylation before proceeding to enzymatic characterization. 

After production of experimentally verified unmodified full length BphPs, experiments to 

compare the enzymatic activities of modified and unmodified BphPs can be conducted to 

determine what, if any, effect novel PTMs have. Based on the mapping of discovered PTMs to 

the homology model of full-length RtBphP1 presented in Chapter 3, the following activities are 

potentially affected and should be characterized: biliverdin binding; photoconversion; refolding 

of the PHY tongue region; ATP binding; autophosphorylation; and phosphotransfer to BRR. 

Methods for evaluating each activity include: zinc-fluorescence gels; UV-Vis spectrophotometry; 

circular dichroism; DRaCALA with a fluorescently labeled or radiolabeled ATP molecule; 32P 

labeling and autoradiography; and Phos-tag gel analysis respectively. The Forest lab is 

experienced in most of these methods or has access to collaborations with labs with 

experience.  Experiments characterizing RtBphP1 in Chapter 2 found that biliverdin bound to 

only 78% of protein molecules, and phosphorylation of serine at two sites in the biliverdin 

binding site were detected in Chapter 3, therefore a hypothesis that unmodified RtBphP1 will 

bind biliverdin to a greater degree is proposed. Additionally, the kinetics of autophosphorylation 

indicated that RtBphP1 autophosphorylation is just twofold suppressed by red light, and still 
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becomes actively phosphorylated when illuminated. This could indicate a defect in dark-state 

autophosphorylation activity, or an increase in illuminated state activity attributed to lysine 

acetylation in the histidine kinase region of BphP. Therefore, a hypothesis that the difference in 

red light regulation of autokinase activity will be greater in unmodified full length BphPs is 

proposed.  

A final question about novel PTMs in full-length BphPs remains: does serine 

phosphorylation and lysine acetylation also occur in the source organisms for these proteins? 

Specifically, does RtBphP1 or Agp1 expressed natively in R. tataouinensis or A. tumefaciens 

also display the same unexpected PTMs? Is there a possible regulatory role for serine 

phosphorylation and/or lysine acetylation in vivo? In order to address the first question, work 

has begun in the Forest lab to generate custom polyclonal antibodies to full length RtBphP1. 

Briefly, purified RtBphP1 recombinantly expressed in E. coli was submitted to GeneTel 

Laboratories, Madison, WI, for immunization of egg-laying hens to produce chicken polyclonal 

antibodies specific to RtBphP1. Soluble whole cell lysates from R. tataouinensis cultures can 

then be assayed by standard SDS-PAGE separation, Phos-tag gel separation, and Western blot 

with anti-RtBphP1, anti-phosphoserine, and anti-acetyl lysine probes to determine if RtBphP1 

bands also bear novel PTMs. If BphP expression from whole cells is too low to detect, the same 

custom antibodies may be used to enrich R. tataouinensis lysates for BphPs using a co-

immunoprecipitation strategy.  

Future directions: BphP and BRR protein-protein interaction studies 

Chapter 4 utilized complementary bioinformatic techniques to identify putative interaction 

partners that may be part of the greater red light signal transduction network. The next steps 

involve experimental evaluation of protein-protein interactions between known the TCS players 

BphP and BRR and these potential partners. Hybrid histidine kinase genes were found in the 
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majority of gene neighborhoods with BphP-BRR pairs, and most of these HHKs encode an N-

terminal receiver domain with a putative phosphoacceptor aspartate. The HHK from the 

RtBphP1 gene cassette should be cloned, expressed, and purified both as the full length protein 

and as the isolated N-terminal and C-terminal receiver domains. These constructs can then be 

subjected to phosphotransfer assays with RtBphP1. If RtBphP1 can phosphorylate the N-

terminus of the HHK an addition to its known phosphotransfer to RtBRR, competition assays 

can be conducted to determine which RR and under which conditions (dark, light) is 

preferentially phosphorylated by the BphP. Depending on the outcome of the RtBphP1-HHK 

interaction studies, biochemical characterization can proceed to determine what signal may be 

sensed by the HHK protein to contribute to integrated signaling by light and a second message.  

Protein-protein interaction experiments between RtBRR and RtDUF971 should be 

conducted, as this gene was the top hit (other than known BRR interaction partners) in the gene 

clustering analysis. The observation that RtBRR and RtDUF971 have complementary 

electrostatic surface potential suggests these two may form a stable interaction. If an interaction 

is verified, the problem remains that the function of DUF971 proteins is unknown in any system. 

However, this would still represent the first finding of a signal transduction partner beyond the 

BphP-BRR pair for any non-photosynthetic red light TCS and therefore remains a valuable 

experimental target. Similar protein-protein interaction studies may also be conducted between 

RtBRR and the redox stress proteins and PHA synthase identified in the gene cluster analysis.  

General observations and advice 

A common theme to much of the work presented in this dissertation would be: expect 

the unexpected when investigating something seemingly as simple as a two component signal 

transduction system. For example, the structure of RtBRR was not expected, based on its 

primary amino acid sequence, to reveal a quaternary fold that is both new to the BphP field and 
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new to science. Serine phosphorylation and lysine acetylation were not expected to be part of 

the BphP story by us or by other researchers, but these PTMs may have enormous impact on 

the field. Hybrid histidine kinase genes were not by any means hidden in the proximity of BphP 

and BRR genes, but it took a careful analysis to reveal their prevalence and possible role in red 

light signaling. To researchers who undertake the next steps in these lines of research, follow 

the data where they lead despite any preconceived expectations while maintaining a hypothesis 

driven approach and scientific rigor. 
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