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Abstract
Histidine kinases are one of the two proteins that constitute a two-component signal transduction system. These systems are used by bacteria, fungi, and several plants to sense the conditions of their environment and alter their behavior to ensure survival. In bacteria, two-component systems control basic cellular processes like motility, virulence, cell division, sporulation etc. While histidine kinases are responsible for signal perception in the host, the other protein of this system, called response regulator, conducts the response output. These response outputs can be downstream gene regulation via DNA binding, RNA binding, enzymatic reactions etc. Although a significant number of histidine kinases have been identified for Clostridioides difficile till date, it is not yet clear how these histidine kinases affect the pathogenicity of this bacterium, especially sporulation, a process where bacterial cell goes into a dormant form until placed in a favorable environment. The precise prediction of progression mechanism of sporulation adopted by this bacterium could enable researchers to develop techniques to mitigate this pathogenic behavior. In general, these two-component systems (TCS) are absent in mammals and hence can be a good target for therapeutics for several bacterial and fungal infections. 

This thesis presents a detailed script of studies done towards unraveling the mechanism behind sporulation of Clostridioides difficile. This includes using γ-32P ATP functional assay to provide quantitative and qualitative evidence of functional activities of sporulation-related histidine kinases as well as initial binding screens to examine the impetus behind these phosphorelay systems. Histidine kinases covered in this study are HK_1587 from the hypervirulent R20291 strain and CD1492 and CD2492 from the historic CD630 strain of C. difficile.
2

2

Chapter 1: General Introduction: Clostridioides difficile and Histidine Kinases
Clostridioides difficile is an obligate anaerobic, spore-forming, gastrointestinal pathogen. It colonizes the lower intestinal tract and causes symptoms that can range from mild diarrhea to fatal pseudomembranous colitis.1 It is responsible for over 12% of hospital-acquired infections, mainly in developed countries.2 These infections often require disruption of the healthy intestinal microbiome, for example through antibiotic treatment, colonization with C. difficile, and release of toxins that cause mucosal inflammation and damage. The bacterial colonization occurs by the fecal-oral route. When anaerobic requirements are not met, the bacterium goes into a dormant spore and uses this morphotype to transmit itself. Since spores are metabolically dormant, they are intrinsically resistant to antibiotics3 and attacks from our immune systems.4 Once shed into the environment, spores are also resistant to regular disinfectants used in healthcare settings.5 Sporulation is crucial to C. difficile pathogenesis and, unlike Bacillus subtilis, the sporulation mechanism in C. difficile is not very well defined in the literature. Its spore proteome is also poorly conserved as compared to members of the Bacillus genus.6 Currently used treatments rely on only a few broad-spectrum antibiotics, which aggravate the microbial imbalance in the gastrointestinal tract leaving the patient prone to re-infection.7 C. difficile has become a serious problem due to the emergence of the hypervirulent strain- PCR ribotype 027 R202918 (CDR20291) and the ever-increasing incidences of antibiotic resistance.9,10 Thus, there is a critical need to develop novel therapeutic means that will require a detailed knowledge of crucial cellular processes in the bacterium, of which signaling and communication with the outside environment are of prime importance. Along the same lines, two-component systems (TCS) present suitable targets for new therapeutics. Especially the TCS involved in bacterial sporulation11, which is an absolute requirement for C. difficile pathogenesis. 
Two-component systems (TCS) are protein systems commonly found in bacteria and are also reported to be present in fungi and few higher plants.12 They help these organisms in carrying out cellular functions through adaptation in response to environmental changes. They present a good target for the development of novel antibiotics and/or other therapeutic means because of their conspicuous absence in humans and other metazoans.13,14 TCS consists of two proteins, namely a histidine kinase (HK) and a response regulator (RR). HKs are a class of typically transmembrane proteins that allow the bacteria to appraise environmental stimuli such as nutrients, quorum signals, antibiotics, osmotic stress along with others. These signals bring a conformational change in the protein’s structure stabilizing either the active or inactive form of the protein. TCS signaling has a general mechanism, whereupon sensing certain environmental cue(s), an activated HK autophosphorylates on a conserved histidine residue. Subsequent phosphoryl-group transfer occurs from this histidine residue of the HK to a conserved aspartate residue in the active site of the RR. Once this negatively charged group gets incorporated in the RR, it triggers a conformational change in the structure of the protein, which in turn modifies its biological activity. Hence, the chemical information in the form of a phosphoryl group gets translated into a biological response in the cell that helps the microbe to respond to environmental changes. This biological response occurs mainly by the RR acting as a transcription factor and altering the expression of target genes.15
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Figure 1.1. Domain arrangement in a dimeric histidine kinase.
Histidine kinases are multidomain, dimeric proteins, which, depending upon the specific function, can be either completely cytoplasmic or membrane bound (Figure 1.1). A typical dimeric HK consists of an N-terminal sensor domain (SD) with α-helices embedded in the membrane. These α-helices are missing in the cytoplasmic HKs. This N-terminal domain arrangement is followed by a linker region which consists of HAMP/PAS/GAF domains. The C-terminal HK module includes the dimerization and histidine phosphotransfer (DHp), and the catalytic adenosine triphosphate (ATP) binding (CA) domains (Figure.1.1). Based on the domain architectures of the histidine kinases, TCSs can be classified into three classes.16 Class I HKs consist of an N-terminal extracellular stimulus-specific sensor domain and a C-terminal HK module that includes the DHp and catalytic ATP binding domains (Ex: WalK, Figure 1.2B).17 Class II HKs contain an N-terminal histidine-containing phosphotransfer (HPt) domain and a C-terminal HK module and are specific for chemotaxis17,18 (Ex: CheA). Class III HKs have features of both class I and class II HKs, with the class I like sensor and HPt domain and class II like C-terminal HK module.19  Class III is the most unexplored family of signal transduction histidine kinases and, until to date, are only identified in a relatively short list of bacterial species. The key residues necessary for activity and the 3D-structures of the different domains of histidine kinases are largely conserved. However, recent studies have revealed considerable diversity in the molecular mechanisms used by these proteins to communicate (mode of autophosphorylation, phosphotransfer, signal transduction mechanism etc.).20 
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Figure 1.2. Structures of histidine kinase domains. A. Monomeric sensor domain: FixL heme domain is shown bound with oxygen (red) (PDB: 1DP6) and B. Dimeric C-terminal DHp and kinase domain: active histidine kinase showing interaction of ATP molecule (blue) with the key residues of C-terminal catalytic domain of WalK (PDB: 4U7O).

Histidine kinases depend on their sensor domains to perceive the environment around them. These sensor domains are not very well conserved across these proteins, which is justified by the diverse signals that they are meant to detect. For example, a cytoplasmic histidine kinase in Bradyrhizobium japonicum, FixL has a sensor domain in which oxygen binds directly to a heme moiety that is coordinated to a histidine residue within the PAS domain (Figure 1.2A).21 On the other hand, the sporulation kinase KinA in Bacillus subtilis has three PAS domains in the N-terminal, but the stimuli sensed by the protein is still unknown.22 Hence these sensor domains which have a very low sequence conservation and high input specificity may be exploited to develop inhibitors of specific TCS signaling pathways. This makes them potential drug targets. 
The decision to enter sporulation in several Bacilli and Clostridia species is regulated by histidine kinases that have the ability to phosphorylate the master transcriptional regulator Spo0A.23 Once Spo0A is activated via phosphorylation, it triggers the transcription of a cascade of genes required to go from vegetative state to mother cell and then to endospore. The mother cell is then lysed to release the spore, which can persist indefinitely in unfavorable environments. The C. difficile strain 630 genome encodes five orphan histidine kinases, namely CD1352, CD1492, CD1579, CD1949, and CD2492.24 These histidine kinases share sequence similarity to the kinases in Bacillus subtilis which are responsible for initiating sporulation by activating Spo0A through a multistep phosphorelay. To date, very little is known about their exact role in sporulation in C. difficile. Childress et al. showed that deletion of CD1492 and CD2492 resulted in an increase in sporulation frequency25 indicating that these two kinases might possess phosphatase activity towards Spo0A. Underwood et al. showed that inactivation of the kinase CD2492 reduced C. difficile spore formation 3.5-fold, suggesting its crucial role in sporulation mechanism.24 When comparing the expression of genes of C. difficile recovered from monoxenic mouse ceca, Jnoir et al. found that these putative orphan histidine kinases were not modulated 4 hours post-infection or later, suggesting that the genes upregulate at an earlier time point or remain constant during the course of infection.26 In vitro, CD1579 has been shown to be the only orphan histidine kinase that is able to autophosphorylate and transfer a phosphoryl group directly to Spo0A.24 Other than these sporulation related histidine kinases, C. difficile possesses some uncharacterized TCSs which may have a link to its pathogenicity through sporulation. There have been studies showing that RR_1586, a response regulator (RR) in a TCS of C. difficile strain R20291 is involved in sporulation and germination.7,27 Recently, the West lab published an in vitro study in which the DNA-binding recognition motif of RR_1586 was identified upstream of putative target genes, notably genes encoding for ion transporters, regulators of sporulation and spore structural proteins.28 However, very little is known about the role and environmental stimuli of its cognate histidine kinase, HK_1587.
Research Scope
This study is focused on the histidine kinases of C. difficile (strains R20291 and CD630), which directly or indirectly regulate sporulation in this bacterium. The overall goal of this study was to provide insights into the gaps in the sporulation pathway of C. difficile, particularly with respect to sensor histidine kinases that are involved in regulation of sporulation. Chapter 2 provides biochemical characterization of the autophosphorylation, phosphotransfer and phosphatase activities of the histidine kinase, HK_1587, and its cognate partner, response regulator RR_1586. An insight into the functional activities of HK_1587 will help us discern the way it regulates the activity of RR_1586. Chapter 3 presents an account of the in vitro quantification of functional activities of two of the five orphan histidine kinases in C. difficile, CD1492 and CD2492, towards their predicted cognate RR, Spo0A. This chapter also proposes plausible binding molecules for the PAS (Per-Arnt-Sim) molecular sensor domains of these proteins. These sensor molecules are hypothesized to regulate sporulation in the bacterium, either independently or in conjunction with each other. Finally, Chapter 4 presents the future directions that should be taken to understand in more detail sporulation regulatory mechanisms adopted by this intricate pathogen.


Chapter 2:  Biochemical Characterization of HK_1587
Overview
The intricate balance of autophosphorylation, phosphotransfer and phosphatase activity of a histidine kinase is necessary to modulate the levels of activated response regulator available in the system at any given time29 which, in turn, regulates the physiological output in the bacterial cell. Histidine kinases can sense a range of specific environmental cues, which include but are not limited to- nutrient limitation, pH change, osmotic stress etc. Once sensed by the HK, these cues trigger autophosphorylation and subsequent phosphotransfer to the cognate RR, which results in a specific cellular output. The environmental signals that initiate major physiological changes, like sporulation, are currently unknown in C. difficile. A previous study by Hebdon et al. has predicted that RR_1586 might be regulating various sporulation and germination-associated genes in C. difficile.28 Moreover, a recent study from our lab shows that a RR_1586 gene knockout in C. difficile results in 75% sporulation frequency as compared to 20% in wild-type (data unpublished). In a transcriptome analysis of non-epidemic C. difficile strain CD630, HK_1587 has been shown to be down-regulated after 8 hours of infection along with other virulence-associated genes.30 Hence, HK_1587-RR_1586 presents a pathogenically important TCS in C. difficile and exploring the unknowns related to its functioning can prove advantageous to understand this complex pathogen.
In this chapter, I present my findings regarding functional activities of HK1587. I expressed and purified the cytoplasmic (HK_1587CA) and sensor domain (HK_1587SD) of this histidine kinase since soluble expression of this full-length transmembrane protein was arduous and inefficient.
I employed a γ-32P ATP functional assay31 for studying autophosphorylation, phosphotransfer and phosphatase activity of HK_1587. This chapter provides quantitative in vitro evidence of mechanistic activities of the HK_1587-RR_1586 TCS. This study was carried out with an objective to understand the molecular level functioning of both kinase-activated and kinase-inactivated protein to gain insights into the signaling mechanism. The chapter also reports the experimental progress made towards identifying the sensor molecule/input in the extracellular environment of HK_1587 that enables the protein to regulate its cognate response regulator, RR_1586, through transmembrane signaling. 

Results
Overexpression of sensor domain of HK_1587
To identify the stimuli that activate the RR_1586-HK_1587 TCS, I undertook the recombinant protein expression of the N-terminal sensor domain (SD) of HK_1587 (HK_1587SD) in E. coli. Several constructs of the predicted sensor domain (residues 38-147, Figure 2.1) with different affinity tags were constructed (Table 2.1). 
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Figure 2.1. Domain organization of HK_1587. HK_1587 is a 410-amino acid long protein: predicted transmembrane domains are in orange, the extracellular sensor domain is in green, and the cytoplasmic domain(s) are in blue. The sensor domain corresponds to the extracellular region from Arg38 to Gln147.






Table 2.1. Constructs designed for soluble expression of the putative sensor domain of HK_1587.
	Construct No.
	HK_1587 Amino acids
	Construct Name
	Affinity tag
	Expression level
	Solubility

	1
	38-147
	HK_1587SD-His
	C-terminal His tag
	No expression
	Insoluble

	2
	40-145
	HK_1587SD40-145-His
	C-terminal His tag; N-terminal truncation was done at Leu40 
	Good
	Insoluble

	3
	38-147
	HK_1587SD-GSlinker-GST
	A flexible GS linker inserted between sensor domain and GST-tag
	Very good
	Insoluble

	4
	38-147
	HK_1587SD-GST
	C-terminal GST tag
	Very good
	Insoluble




Results from the expression study are shown in Figure 2.2. Fused with a His-tag, protein constructs 1 and 2 (Table 2.1) had very low expression and/or were insoluble in nature and hence were not pursued further. The sensor domain was fused with a GST-tag at the C-terminus (construct 4, Table 2.1) and although the level of protein expression was high, solubility for these proteins was very low to almost negligible (Figure 2.2A, insoluble pellet). To improve solubility, another construct was made (construct 3, Table 2.1) with a short GS-linker region, A(GGGGS)3A, inserted between the affinity-tag and the predicted sensor domain. However, this approach like previous trials was also unsuccessful (Figure 2.2B, insoluble pellet). Given the high protein expression of the sensor domain constructs, the possibility of protein aggregation and formation of inclusion bodies was explored. I employed several ionic detergents and different concentrations of urea to solubilize these inclusion bodies (data not shown) and was ultimately able to successfully solubilize the protein (construct 4, Table 2.1) from inclusion bodies using 0.2% N-Lauroylsarcosine (Figure 2.2C). Using dialysis, buffer exchange was performed later to remove the detergent. Dialyzed protein was subjected to a Superdex 200 column for further purification. HK_1587SD-GST will be referred to as HK_1587SD in the subsequent text.
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Figure 2.2. SDS-PAGE for protein expression and solubility studies of the various HK_1587 N-terminal sensor domain constructs, HK_1587SD. A. A 12% acrylamide gel showing expression of HK_1587SD (residues 38-147, construct 4, Table 2.1). B. HK_1587SD-GSlinker-GST (construct 3, Table 2.1). C. SDS-PAGE showing solubilization of HK_1587SD (construct 4, Table 2.1) inclusion body using 0.2% N-Lauroylsarcosine. Expected molecular weight of protein is 39 kDa (panels A and C) and 41 kDa (panel B). Red asterisks indicate band of predicted molecular weight that corresponds to the GST-sensor domain fusion proteins.

Oligomeric form of cytoplasmic HK_1587
A full-length HK_1587 construct with N-terminal His tag (in pET28a) was designed in the earlier stage of this study. The protein was induced using 0.5 mM IPTG in different cell lines, but no expression was observed (Figure S1). Therefore, I designed several constructs of cytoplasmic HK_1587 by removing the N-terminus (Figure 2.3) and fused them with an N-terminal His-tag in pET-MHL15 and an N-terminal GST-tag in pGEX-KG (to improve solubility). Three different truncations, very close to each other, were made right after the membrane-bound alpha helix to see which one gives the highest expression and/or solubility. The pET-MHL15 constructs expressed well but as shown by the western blot, the His-tagged protein was present in inclusion bodies (Figure S2). Hence, further studies were done only with the GST-tagged constructs in pGEX-KG.
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Figure 2.3. Cytoplasmic HK_1587 constructs designed to study its functional activity. Three different truncations, very close to each other, were made right after the membrane-bound alpha helix to see which one provides highest expression and/or solubility. All constructs were fused with GST-tag at the N-terminal. Orange: transmembrane regions, green: extracellular sensor domain, blue: cytoplasmic domain.

All these three constructs (NΔ1-171, NΔ1-173 and NΔ1-175) expressed very well and were also soluble. As an example, expression and purification is shown for NΔ1-171 (Figure 2.4). NΔ1-171 was chosen for further studies since it was the longest construct with slightly higher purification yields as compared to other two (Figure 2.5, yield reported is average of three experimental replicates). The construct NΔ1-171 will be referred to as HK_1587CA in subsequent text in this document. 
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Figure 2.4. Expression and purification profile for NΔ1-171. Lane 1 shows the protein ladder. Lane 2: uninduced cells; Lane 3: IPTG induced whole cell lysate after sonication; Lane 4: insoluble cell pellet after sonication; Lane 5: total soluble protein; Lane 6: flow-through from GST-column; Lane 7: wash flow-through; Lane 8-10: elutions from GST-column using 20 mM reduced glutathione. Expected size of the construct NΔ1-171 is 57 kDa (Red asterisks).
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Figure 2.5. GST-column affinity chromatography for all three cytoplasmic constructs of HK_1587. The three grouped lanes (Lanes 1-3: NΔ1-171, Lanes 4-6: NΔ1-173, Lanes 7-9: NΔ1-175) show three subsequent elutions of proteins from the column using 20 mM reduced glutathione. NΔ1-171 had the highest yield (7.4 mg per g of pellet). Red asterisks indicate band of predicted molecular weight that corresponds to the GST-fused cytoplasmic constructs of HK_1587.

The oligomeric state of cytoplasmic HK_1587, HK_1587CA, was explored by size-exclusion chromatography-multi-angle light scattering (SEC-MALS). A typical histidine kinase is dimeric in nature and the HK_1587CA that we expressed for this study was also found to exist as a dimer in solution state, using SEC-MALS (Figure 2.6). The apparent molecular mass of this recombinant protein was found to be 107.7 kDa whereas the monomeric protein is expected to have a molecular mass of 54 kDa. This confirms the structural stability of the truncation we created in the protein sequence to express the cytoplasmic domain and provides confidence in the results from subsequent activity assays.
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Figure. 2.6. Oligomeric state of HK_1587CA analyzed by SEC-MALS. SEC elution curve (A280 curve, solid line) and light-scattering (dotted line) are shown. The experiment was run in triplicate and average molecular mass was found to be 107.7 (±1.8%) kDa. Monomeric HK_1587CA is expected to be 54 kDa.

Autophosphorylation activity of HK_1587CA
To be activated, a histidine kinase must undergo stimulus-induced autophosphorylation where the histidine residue gets phosphorylated in presence of ATP. An activated HK regulates its cognate RR by transferring the phosphoryl group from its histidine residue to the aspartate residue of the RR, hence showing the phosphotransfer towards the cognate RR.32,33 When autophosphorylation activity is diminished, some histidine kinases can act as a phosphatase towards their cognate response regulators, thus contributing to shutting down the regulated pathway.21 Theoretically, HK_1587 is expected to have these three functional activities in vivo and in vitro but this remains to be established. A biological response from the response regulator (typically, regulation of gene expression by DNA-binding) is an outcome of a balance between the phosphotransfer and phosphatase activity of the histidine kinase. Characterizing these functional activities for HK_1587 would provide insights into regulation of this TCS, which seems to be involved in sporulation, germination and virulence of the bacterium.7,27,30  Expression of soluble, active transmembrane proteins is highly challenging, so instead I prepared recombinant GST-tagged cytoplasmic C. difficile HK_1587 with very high purity (Figure 2.5). Kinase activities were found using these cytoplasmic constructs, thus indicating that the N-terminal transmembrane domains are not essential for it to function as a kinase. Autophosphorylation was assayed by incubating the purified HK_1587CA with radiolabeled ATP mixture and phosphorylated protein could be detected as early as 5 min post-ATP addition which subsequently increased reaching a maximum at 45 min (Figure 2.7). This time-dependent autophosphorylation activity was observed in presence of Mn2+ ions. Other ions, including Mg2+ which has been found to aid kinase activity34,35 in other histidine kinases, hindered the autophosphorylation in HK_1587CA (data not shown). Using bioinformatics, the residue that gets phosphorylated in HK_1587CA was found to be H194.
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Figure 2.7. Autophosphorylation activity of HK_1587CA. Top panel: Radiograph showing phosphorylation signals saturating at 45 min after HK_1587CA was incubated with γ-32P ATP at 23 °C. Bottom panel: Coomassie blue protein stain to indicate equal amounts of sample loads. Lane 1 shows the protein marker for protein sizes.

Phosphotransfer from HK_1587 to the cognate partner RR_1586
Similar to autophosphorylation, the biochemical assays designed to examine phosphotransfer activity were carried out using the truncated HK_1587CA. Phosphotransfer was assessed by incubating RR_1586 together with HK_1587CA~P (Figure 2.8), where HK_1587CA was phosphorylated using radiolabeled ATP mixture as described above. Expected results for phosphotransfer activity were to see a decrease in the HK_1587CA~P band signal and a simultaneous increase in RR_1586~P signal over time. At 60 min post-incubation, the phosphorylation signal for HK_1587CA was decreased to 40% while RR_1586 saturated with the phosphorylation signal. This residual signal in HK_1587CA (40% phosphorylation) at the end of phosphotransfer reaction is anticipated to be the result of continued autophosphorylation due to the presence of excess radiolabeled ATP in the reaction. A constant ratio of phosphorylated HK to RR after 45 min of incubation indicates a successful time-dependent phosphotransfer between these two cognate partners.
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Figure 2.8. A. Autophosphorylation of HK_1587CA and its phosphotransfer activity towards cognate partner RR_1586. Top panel: Radiograph showing phosphorylation signals. Lane 2 shows autophosphorylation of HK_1587CA in absence of RR_1586. Phosphoryl transfer occurs from HK_1587CA to RR_1586 as early as 5 min and saturates around 45 min. Bottom panel: Coomassie blue protein stain to indicate equal amounts of sample loads. Expected sizes are: HK_1587CA – 57 kDa and RR_1586- 28 kDa. Lane 1 shows the marker for protein sizes. B. Quantification of phoshorylated proteins during in vitro phosphotransfer reaction. The plot shows increasing amounts of phosphorylated RR_1586 (RR_1586~P, orange) when incubated with HK_1587CA~P and a simultaneous decrease in the amounts of HK_1587CA~P (blue) with increasing time. Lane 2 (Figure 2.8A) depicts the saturated HK_1587CA~P signal which was set as 100% and Lane 7 (Figure 2.8A) depicts the saturated RR_1586~P signal which was set as 100% for the quantitation using ImageJ.

Phosphatase activity of HK_1587CA towards RR_1586~P
Many of the sensor histidine kinases display both kinase and phosphatase activities toward their cognate response regulators. While kinase activity leads to transfer of phosphoryl groups from histidine residue of HK to the aspartate residue of RR, phosphatase activity simply removes the phosphoryl group from the aspartate without transferring it back to the histidine. Amino acid sequence analysis has revealed a conserved putative phosphatase motif E/DxxT/N in these kinases where the threonine residue is crucial for the phosphatase activity.36 Although the motif is known, the molecular mechanisms regulating these opposing activities of these enzymes are not well understood. In HK_1587, the motif ‘ELRT’ is present adjacent to the catalytic histidine, H194, suggesting that HK_1587 may possess phosphatase activity. To investigate phosphatase activity of HK_1587CA towards RR_1586~P, I used γ-32P ATP assay where RR_1586~P was incubated in the presence and absence of HK_1587CA. If HK_1587CA acts as a phosphatase toward RR_1586~P, I expected the phosphorylation signal in RR to decrease in presence of HK whereas it would remain constant (or decrease very slowly) in the absence of HK, over time.
Hence, as a control, a phosphostability experiment was carried out to measure the half-life of phosphorylated RR_1586 in the absence of HK_1587CA (Figure 2.9A). For the phosphatase assay, HK_1587CA was added to purified, 32P-labelled RR_1586~P (Figure 2.9B) and the phosphatase activity was measured by the percentage of RR_1586~P remaining in the reaction mixture as a function of reaction time. The half-life of RR_1586~P in the presence of dimeric HK_1587CA was approximately 17 min as compared to half-life of 145 min in the absence of cognate histidine kinase (Figure 2.10).
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Description automatically generated]Figure 2.9. Phosphostability and phosphatase assay for RR_1586. A. Stable signal for phosphorylated RR_1586 (RR_1586~P, bottom panel) in the absence of HK monitored over a period of 2 hours (top panel is Coomassie stained gel and shows even load). B. RR_1586~P stability in presence of HK (bottom panel); majority of the signal disappears within 20 min in the presence of HK_1587CA (top panel is Coomassie stained gel and shows even load). Lane 2 (Figure 2.9A and B) depicts the saturated RR_1586~P signal which was set as 100% for the quantitation using ImageJ.
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Figure 2.10. Quantification of RR_1586~P phosphostability and phosphatase activity of HK_1587. A typical experimental plot that shows stability of phosphorylated RR_1586 in the absence (orange) and presence (blue) of HK_1587CA. Half-life of RR_1586~P in absence of HK was 145 ± 28 min and in the presence of HK_1587CA was 17.6 ± 3.3 min. Averages are calculated from three replicates of the phosphatase activity assay. The phosphorylation levels for RR_1586 were calculated by setting the band intensity in lanes 2 (saturated RR_1586~P signal, Figure 2.9A and B) as 100% and then comparing the band intensities in lanes 3-7 (Figure 2.9A) or lanes 3-8 (Figure 2.9B) to it.




Discussion
This chapter provided the results of the studies of the functional activities32 exhibited by the histidine kinase HK_1587 towards its predicted cognate response regulator, RR_1586 in vitro. The constructed kinase domain was shown to be responsible for activity. It was well-folded and dimeric in solution, as shown by SEC-MALS which provides more confidence in the results of 32P activity assays. This study provided qualitative and quantitative evidence of functional activities that are important in regulation of a two-component system. HK_1587 was able to autophosphorylate as early as 5 min of incubation with ATP, which is typical for known histidine kinases.16. The transfer of phosphoryl groups from HK_1587 to RR_1586 was shown to occur within 5 min which provides evidence for these proteins to be cognate partners.33 This study also demonstrated that HK_1587 acts as a phosphatase towards RR_1586, since the half-life of phosphorylated RR_1586 decreased from 145 ± 28 min to 17.6 ± 3.3 min in the presence of HK_1587CA. This finding suggests that HK_1587 can modulate the levels of phosphorylated, active form of RR_1586 to regulate gene expression and cellular response. 

Methods
Overexpression and purification of HK_1587 constructs
Full-length His-tagged HK_1587 construct in Pet28a was expressed using common methods in cell lines- Rosetta, PlysS, Gold and RIL. Several different constructs of cytoplasmic C-terminal and sensor N-terminal HK_1587 were designed by truncating the protein at its transmembrane region. These truncated genes were cloned using XbaI and XhoI cut sites into a Pgex-KG vector containing a C-terminal GST tag and ampicillin-resistant gene. For soluble expression of sensor domain of HK_1587, a short flexible GS-linker, A(GGGGS)3A was also used between the protein of interest and GST tag (detailed list of PCR primers and plasmids is provided under supplementary information, Table S1 and Table S2). The plasmid containing the truncated HK_1587 was transformed into E. coli DH5α strain and the correct clone was confirmed through sequencing. Recombinant plasmids were transformed into E. coli BL21(DE3) chemically competent cells. Transformed bacterial colonies, grown on LB agar with ampicillin, were used to inoculate 20 mL starter cultures in Luria broth (LB) growth media37 with 0.1 mg mL−1 ampicillin as the selectable marker. Each culture was grown overnight at 37 °C before adding it to a 1 L of LB media with ampicillin which was then grown at 37 °C to an OD600 of ~ 0.55. These cultures were induced for protein expression with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Bacterial cultures were then grown for a further 20 h at 16 °C. Cells were harvested by centrifugation at 6220 x g for 30 min at 4 °C. The cell pellet was resuspended in a lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl pH 8, 0.05% NP-40 and freshly added 0.5 mM PMSF and 25 µg/ml lysozyme. The cells were then lysed with sonication (Sonifier250, Branson). The lysate was separated by centrifugation at 27,000 x g for 50 min at 4 °C. The supernatant was incubated with glutathione agarose beads (Mclab, equilibrated with 50 mM Tris pH 8 and 150 mM NaCl) on a nutator for 30 min at 4 °C and then applied to a gravity flow chromatography column. The flow-through and buffer wash (50 mM Tris pH 8 and 150 mM NaCl) were collected for SDS-PAGE analysis and GST-tagged proteins were eluted with elution buffer (50 mM Tris pH 8, 150 mM NaCl and 10 mM reduced glutathione). The purified proteins were frozen at -80 °C after adding glycerol to a final concentration of 20% (v/v), for subsequent experiments.

Western Blotting
A western blot was performed for the cytoplasmic HK_1587 construct with an N-terminal His-tag in pET-MHL15 to check the expression and solubility. A pre-poured, stain-free 12% SDS-PAGE gel (BioRad) was run at 200 V for 35 min at room temperature with whole cell lysate, insoluble cell pellet, soluble total protein, Ni2+-NTA column elutions and purified RR_1586 (His-tagged) as a control. Protein bands were visualized using stain-free imaging where the gel was illuminated under 300 nm UV transilluminator to produce fluorescent protein bands (red shift). The protein samples were transferred to a nitrocellulose membrane. The membrane was blocked using 1% milk in TBST (Tris-buffered saline with 0.1% Tween-20) and probed with Alexa FluorTM 488 anti-His antibody (ThermoFisher) for 30 min at room temperature. The His-tagged proteins were visualized using a ChemiDoc imaging system.

Size-exclusion chromatography-multi-angle light scattering (SEC-MALS)
The oligomeric state of cytoplasmic HK_1587 was determined by subjecting the purified protein to Superdex 200 column chromatography (ÄKTA), equilibrated with 20 mM HEPES pH 7.5 and 150 mM NaCl. The purified protein was subjected to MiniDawn Treos (Wyatt) multiangle light-scattering instrument to measure the molar masses of purified HK_1587. 

Autophosphorylation, phosphotransfer, and phosphatase assays
Autophosphorylation of cytoplasmic HK_1587 protein was monitored by radioactivity of phosphorylated HK_1587 using γ-32P ATP (PerkinElmer). Reaction mixtures contained 5 µM of HK_1587CA in autophosphorylation buffer (50 mM Tris-HCl pH 8, 100 mM KCl, 10 mM MnCl2, 5% (v/v) glycerol and 1 mM dithiothreitol). The reactions were started with the addition of the mixture of cold ATP (10 µM) and γ-32P ATP (30 μCi) followed by incubation of the reaction mixture at room temperature. Equal amounts of reaction samples were collected at different time points and the reaction was stopped by adding SDS-PAGE 4X sample buffer (250 mM Tris-HCl pH 6.8, 8% SDS, 20% β-mercaptoethanol, 0.008 % bromophenol blue, and 40% glycerol) containing 40 mM EDTA to a final concentration of 1X and were placed on ice. The protein samples were separated on SDS-PAGE using a 12% acrylamide gel. The 32P-labeled protein bands were visualized by autoradiography (Typhoon FLA 9500) and the amount of radioactive phosphorylated protein was measured by quantifying the bands using ImageJ. The same gel was then stained using Coomassie dye for visualizing total protein present.
For testing the phosphotransfer activity, HK_1587CA was autophosphorylated for 30 min and then equimolar amount of RR_1586 and MgCl2 to a final concentration of 10 mM each were added to the reaction. This phosphotransfer reaction was incubated at room temperature and samples were retrieved at different timepoints. The reaction was stopped with the addition of 4X SDS-PAGE loading buffer containing 40 mM EDTA to a final concentration of 1X. The samples were kept on ice until they were fractionated by SDS-PAGE. The same gel was then stained using Coomassie dye for visualizing total protein present. 
Phosphatase activity of HK_1587CA was monitored via the dephosphorylation of RR_1586~P by unphosphorylated HK_1587CA. RR_1586 was phosphorylated using HK_1587CA as described above. Once phosphorylation of RR_1586 was saturated (after 45 min incubation), glutathione agarose beads were added to the reaction to remove HK_1587CA~P from the mixture. The supernatant, containing RR-1586~P, was run through a BioSpin-30 (Biorad) column to remove excess radiolabeled and cold ATP. Unphosphorylated HK_1587 (adsorbed on the glutathione beads) was added to the eluent containing RR-1586~P. Aliquots were removed at specified times and the reaction was stopped by the addition of 4X SDS-PAGE sample loading buffer containing 40 mM EDTA to a final concentration of 1X. The samples were kept on ice until they were fractionated by SDS-PAGE. 

Quantitation of phosphorylated proteins
The protein quantitation for phosphostability of RR_1586~P, phosphotransfer activity of HK_1587~P and phosphatase activity of HK_1587~P was done by using ImageJ. 32-bit, high-quality image was obtained for all the concerned autoradiographs. The band intensity of saturated phosphorylation signal was set as 100% and then rest of the bands corresponding to different time points were compared to this saturated band intensity. These comparisons were then reported in % phosphorylated over time.

Chapter 3:  Biochemical Characterization of Orphan HKs: CD1492 and CD2492
Overview
The master regulator for sporulation in both Bacillus subtilis and Clostridioides difficile is the DNA-binding response regulator protein Spo0A.38 Initiation of sporulation in B. subtilis is controlled by a multicomponent phosphorelay39 that recruits a series of histidine kinases. KinA-E directly phosphorylate Spo0F which subsequently transfers phosphoryl groups to Spo0A through an additional phosphotransferase, Spo0B.39 In C. difficile, despite the conservation of Spo0A, the absence of Spo0F and Spo0B suggests that there is a direct phosphorylation and dephosphorylation of Spo0A by certain upstream histidine kinase(s) which respond to specific internal or environmental signals.40 This feature of direct HK-RR communication is representative of the ancestral Clostridia before the great oxygen event (2.5 billion years ago), after which additional phosphorelay proteins were evolved in the lineage that led to the Bacilli.41 In the C. difficile genome, there are three of the five orphan histidine kinases (CD1492, CD1579 and CD2492) that share some sequence identity with KinA-E.24 Based on in vitro biochemical studies, the cytoplasmic kinase CD1579 is predicted to directly phosphorylate Spo0A.24 Childress et al. showed that deletion of CD1492 and CD2492 resulted in an increase in sporulation frequency25 indicating that these two kinases might possess phosphatase activity towards Spo0A. Unlike CD1579, the kinases CD1492 and CD2492 are integral membrane proteins with PAS domains which might be functioning as input modules by sensing oxygen, redox potential, light, or some other stimuli through binding. There are no published studies related to in vitro characterization of CD1492 and CD2492. In this chapter, I am providing initial exploration into the functional activities of these proteins towards Spo0A and insights into the sensor molecules that might be the stimuli for these signaling kinases.

Results
Overexpression of the catalytic and PAS domains of CD1492 and CD2492
To establish the functional activities and signaling mechanism of the orphan histidine kinases CD1492 and CD2492 in C. difficile, I overexpressed the truncated constructs of these proteins (Figure 3.1) in E. coli. Using GST-tags, two constructs were designed for each protein: one containing the PAS domains (CD1492PAS and CD2492PAS) and the other including the sequences comprising the catalytic and DHp domains (CD1492CA and CD2492CA).
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Figure 3.1. Domain organization and different constructs of CD1492 and CD2492. Both proteins contain N-terminal membrane-bound regions shown as blue boxes. CD2492 is predicted to contain a coiled-coil linker region between membrane bound and cytoplasmic part of the protein (light green).

To assess the oligomeric state of the constructs, the purified fusion proteins were loaded onto a calibrated size exclusion column. The PAS domain constructs of CD1492 and CD2492 showed similar elution profiles on a size-exclusion S200 column. The proteins eluted earlier than expected during the run, in fractions 8, 9 and 10 (Figure 3.2 and 3.3) with the peak absorbance at fraction 9, suggesting that the proteins are present in higher oligomeric states; the S200 calibration curve suggests that these proteins are trimeric in solution. SEC-MALS could not be performed with these proteins due to low protein concentrations. The catalytic and dimerization domains of CD1492 and CD2492 also showed elution profiles similar to each other on the size-exclusion S200 column. Unlike the PAS domains, these proteins were spread through multiple fractions (Fractions 9-15) (Figure 3.2 and 3.3) but were much more concentrated and had fewer impurities.
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Figure 3.2. Elution profiles of CD1492PAS (A) and CD1492CA (B) from S200 size-exclusion column. The insets show the respective Coomassie protein gels to determine the peaks that contained the protein of interest. Expected sizes of the monomeric fusion proteins are: CD1492PAS- 65 kDa (fractions 8 and 9, panel A) and CD1492CA- 57 kDa (fractions 8-15, panel B). Red asterisks show the bands of correct sizes for these protein constructs.
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Figure 3.3. Elution profiles of CD2492PAS (A) and CD2492CA (B) from S200 size-exclusion column. The insets show the Coomassie protein gels to determine the peaks that contained the protein of interest. Expected sizes of the monomeric fusion proteins are: CD2492PAS- 60 kDa (fractions 8 and 9, panel A) and CD1492CA- 57 kDa (fractions 8-15, panel B). Red asterisks show the bands of correct sizes for these protein constructs.

Functional activities of CD1492CA and CD2492CA towards Spo0A
I tested the autophosphorylation activity of CD1492CA and CD2492CA using a γ-32P ATP functional assay31. Initially, three buffers (50 mM Tris-HCl pH 8, 100 mM KCl, 5% (v/v) glycerol and 1 mM dithiothreitol) were tested containing 10 mM of different metal cations (Buffer 1- K+, Buffer 2- Mg2+, Buffer 3- Mn2+). The radioactive phosphorylation signal was observed only in the protein sample incubated with Buffer 3 (with Mn2+) (Figure S3) and subsequent experiments were done in Buffer 3. Both CD1492CA and CD2492CA showed a very weak phosphorylation signal starting at 10 min of incubation with the ATP mixture in the presence of Mn2+-containing buffer (Figure 3.4, Lanes 4,5 and 8,9, red asterisks). This time point of in vitro autophosphorylation is quite typical of histidine kinases17, but the signal quality could be improved upon by optimizing the buffer conditions. This result provides preliminary evidence of autophosphorylation activity of these orphan histidine kinases.
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Figure 3.4. Autophosphorylation activity of CD1492CA and CD2492CA orphan kinases. Top panel: Coomassie blue protein stain to indicate equal amounts of sample loads. Lane 1 shows the marker for protein sizes. Bottom panel: Radiograph showing phosphorylation signals up to 20 min after CD1492CA and CD2492CA were incubated with γ-32P ATP at room temperature. Red asterisk indicates phosphorylated HKs.

Next, the phosphotransfer activity of these kinases was tested for the predicted cognate response regulator, Spo0A. The catalytic domains were incubated with radioactive and cold ATP for 30 min before adding Spo0A to the reaction mixture. Transfer reactions were stopped after 30 min of incubation and proteins were separated on a 12% SDS-PAGE gel. A very weak autophosphorylation signal was detected for CD1492CA (Figure 3.5, Lane 4, see asterisk). This signal completely disappeared following the 30 min incubation with Spo0A and Spo0A~P could be seen at the same time-point (Figure 3.5, Lane 5). This suggests that, under tested conditions, CD1492 acts as a phosphodonor to Spo0A. Although, as compared to Spo0A, excess amounts of CD1492CA were used and hence this transfer of phosphoryl group might not occur spontaneously under physiological conditions. A lower size E. coli contamination band also appears when CD1492CA was incubated with ATP for 30 min which runs at the same size as Spo0A.
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Figure 3.5. Phosphotransfer activity of CD1492CA and CD2492CA towards Spo0A. Top panel: Coomassie blue protein stain to indicate equal amounts of sample loads. Lane 1 shows the marker for protein sizes. Bottom Panel: Radiograph showing phosphorylation signals. Autophosphorylation signals for kinases at 2, 5 and 30 min of incubation with ATP, followed by a 30 min incubation with Spo0A. 

The results from the corresponding phosphotransfer assay using CD2492CA (expected size- 57kDa) were inconclusive since no signal was detected for autophosphorylation at 30 min (Figure 3.5, Lane 8). Instead, a lower size E. coli contamination band appears when CD2492CA was incubated with ATP for 30 min. Hence the band that can be seen in the last lane (Lane 9; where Spo0A was added to the reaction and incubated for extra 30 min) cannot be attributed to Spo0A~P with confidence.
Appearance of these lower size bands in both kinases may indicate proteolytic cleavage of CD1492CA and CD2492CA and this contamination band being the catalytic domain of CD1492 or CD2492 (32kDa) without the GST-tag (25kDa). This might be the other reason of very weak autophosphorylation signals of these proteins as GST-tag can be affecting the proper folding of kinase and/or DHp domains.
Recent experiments done with the histidine kinase CD1579 and Spo0A in our lab showed that CD1579 spontaneously transfers the phosphoryl group from its histidine residue to the aspartate residue of Spo0A. The phosphorylation signal for Spo0A saturates within 15 min of incubation of Spo0A with CD1579 (unpublished data from Dr. Smita Menon, West lab). Taking advantage of this finding, I phosphorylated the Spo0A using CD1579 in appropriate buffer conditions (details in methods section) (Figure 3.6, Lane 2). Once the Spo0A~P signal was saturated, unphosphorylated CD1492CA or CD2492CA were added to the reaction and incubated for up to 45 min, removing aliquots at shown timepoints to test for phosphatase activities that these kinases might possess (Figure 3.6). As shown by the radiograph, under tested conditions, Spo0A~P signal was not decreased with time implying that these specific constructs of kinases do not possess any phosphatase activity. The CD1492CA~P band (Figure 3.6A, Lanes 3-6, red astericks) appears after 5 min of incubation since there is excess ATP present in the reaction mixture, and not because there phosphoryl transfer from Spo0A back to this HK.



[image: Graphical user interface, text, application

Description automatically generated]
A
*

[image: Graphical user interface, application

Description automatically generated]
B

Figure 3.6. Phosphatase assay for CD1492CA (A) and CD2492CA (B). Top Panels: Coomassie blue protein stain to indicate equal amounts of sample loads. Lane 1 shows the marker for protein sizes. Lane 2 has Spo0A phosphorylated using CD1579. Bottom panels: Radiograph showing same intensity of Spo0A~P signal both in the absence (Lanes 2) and presence of CD1492CA and CD2492CA (Lanes 3-6).




Sensor molecules for CD1492 and CD2492
Since CD1492 and CD2492 contain multiple cytoplasmic PAS sensor domains, I hypothesized that these proteins are sensing intracellular concentrations of one or more molecules and subsequently regulate the sporulation pathway through Spo0A. To identify the sensor molecule(s)/stimuli for these two orphan histidine kinases, fluorescent thermal shift assays were carried out using SYPRO orange dye. The thermal shift assay measures the thermal stability of a protein in terms of its melting temperature (Tm), which is the temperature at which the protein is 50% denatured. This protein denaturation is monitored via an increase in fluorescence of SYPRO Orange dye which binds to hydrophobic regions that get exposed as the protein unfolds. Any molecule that binds to the target protein, might affect the stability, and hence results in a change in melting temperature. Table 3.1 shows the list of several molecules tested against the PAS domains of CD1492 and CD2492. This list includes sugars, amino acids, and bile salts that have been found to be important for C. difficile pathogenesis.42–44

Table 3.1. List of molecules tested against CD1492PAS and CD2492PAS in a thermal shift assay.
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Out of these 14 ligands, 4 were found to significantly increase the melting temperature45 (Figure 3.7) of CD2492PAS indicating a tight binding between the protein and the ligand. These three molecules were: ATP, xylose, proline, and glycine. Melt curves with other ligands can be found under supplementary files (Figure S4). Having glycine as one of the potential hits in this binding screen agrees with the known literature about C. difficile pathogenesis. It has been well-established that C. difficile spores require an amino acid signal (primarily glycine) to trigger the germination process.46,47 This indicates that CD2492 might be the initiator of this trigger in the bacterium. Further studies to quantify the interaction between these molecules with the protein will be pursued as next steps.
[image: Chart

Description automatically generated]
Figure 3.7. Protein melt curves from thermal shift assay for CD2492PAS. The screen showed significant binding between CD2492PAS and A. ATP, B. xylose, C. proline and D. glycine. Binding is indicated by a change in the melting temperature of the protein (ΔTm). Each plots show control melt curve with just protein and SYPRO orange (green) and the melt curve with protein, SYPRO orange and the indicated ligand (orange).

Due to lower purification yields, the thermal shift assays with CD1492PAS were run with only 6 out of 14 ligands listed in the Table 3.1. The molecules included were- xylose, trehalose, glycine, histidine, proline and ATP. Under the tested concentrations of the protein and these ligands, none of the changes in melting temperature were significant (Figure S5). A second screen was done with using titrated amounts of glycine, xylose, and cholic acid. Cholic acid was included due to the suggested role of primary bile acids in germination/sporulation.42,47 When different concentrations of these ligands were tested against CD1492PAS, only cholic acid showed a significant change in Tm as the ligand concentration was increased from 0.04 mg/ml to 0.32 mg/ml (ΔTm = 11 °C, Figure 3.8).  The critical micelle concentration (CMC) for cholic acid is 12 mM48 and the highest concentration tested against these proteins was 0.7 mM (0.32 mg/ml) which indicates that there was no denaturation of protein via micelle formation on adding cholic acid. A decrease in Tm was seen which can imply that cholic acid binds preferentially to a less populated conformational state (i.e., a partially unfolded state) of CD1492PAS. On the other hand, binding of some small molecules may manifest as decreases in protein stability, especially for very stable proteins.45 In other cases, a decrease in Tm is observed when binding of a ligand in one region of the protein triggers unfolding in another.49 The ions and co-solutes used in the buffer conditions also modulate the folding to unfolding equilibria. The precise binding parameters need to be determined for this interaction using a quantitative assay such as isothermal titration calorimetry (ITC).





Figure 3.8. Protein melt curves from thermal shift assay for CD1492PAS with cholic acid. The screen shows most significant binding with the highest cholic acid concentration tested (0.32 mg/ml, ΔTm = 11 °C). Binding is indicated by a change in the melting temperature of the protein (ΔTm). Control melt curve was run with just protein and SYPRO orange (dotted, green).

Discussion
CD1492 and CD2492 are the sporulation-related orphan histidine kinases in C. difficile which are poorly characterized in the literature. Spo0A in C. difficile is regulated by one or more of these histidine kinases, either directly or indirectly.41 This chapter details preliminary studies done in an attempt to characterize these kinases. From the activity assays, these constructs of kinases were shown to autophosphorylate though further experiments may be needed to optimize this activity. Under the conditions given, CD1492 was shown to have phosphodonor ability towards Spo0A and no phosphatase activity (Figures 3.5 and 3.6). This is contradictory to the studies available in the literature25 and hence more exploration is required to confirm these results. CD2492 did appear to have phosphotransfer activity, however, low confidence in this conclusion arises from the fact that the signals were quite weak and that only lower molecular weight band showed activity (Figure 3.5). No phosphatase activity was shown by CD2492 under tested conditions (Figure 3.6). 
In an attempt to identify the stimuli for these kinases, thermal shift assays were carried out. Out of 6 ligands tested against CD1492PAS in a thermal shift assay, none of the changes in melting temperature were significant (Figure S5). Later, when a titration of ligands was tested against CD1492PAS, cholic acid showed a significant change in Tm as the ligand concentration was increased from 0.04 mg/ml to 0.32 mg/ml (ΔTm = 11 °C, Figure 3.8). This preliminary indication of CD1492PAS binding with cholic acid is interesting since the relationship between Clostridioides difficile and primary bile acids is not well understood. In vitro studies suggest that the primary bile acids like cholate, taurocholate and glycocholate can stimulate germination of C. difficile spores.50 For CD2492PAS, upon screeing the 14 molecules mentioned in Table 3.1, I found ATP, glycine and xylose to affect the melting temperature of the protein significantly. This data is indicative of strong binding between these ligands and CD2492PAS and hence these can be the sensor molecules for this kinase. Subsequent studies are in progress to confirm and quantify the binding shown by the thermal shift assays. 

Methods
Overexpression and purification of CD1492 and CD2492 constructs
Truncations were made in the protein sequences of CD1492 and CD2492 to design a PAS domain and a kinase domain construct for both proteins (Figure 3.1). Using XbaI and XhoI sites, the truncated genes were cloned into pGEX-KG vector containing a C-terminal GST tag and ampicillin-resistant gene. The plasmids containing these truncated genes were transformed into E. coli DH5α strain and positive constructs were confirmed through sequencing. Recombinant plasmids were transformed into E. coli BL21(DE3) cells for protein expression. Transformed bacterial colonies, grown on LB-agar-ampicillin plates, were used to inoculate 20 mL starter cultures in Luria broth (LB) growth media37 with 0.1 mg mL−1 ampicillin as the selectable marker. Each culture was grown overnight with shaking at 37°C before adding it to a 1 L of LB media with ampicillin which was then grown at 37 °C to an OD600 of ~ 0.55. These cultures were induced for protein expression with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Bacterial cultures were then grown for a further 20 h at 16°C. Cells were harvested by centrifugation at 6220 x g for 30 min at 4 °C. The pellet was then suspended in a buffer containing 150 mM NaCl, 50 mM Tris-HCl pH 8, 0.05% NP-40 and freshly added 0.5 mM PMSF and 25 µg/ml lysozyme. The cells were then lysed by sonication (Sonifier250, Branson). The supernatant was incubated with glutathione agarose beads (MClab, equilibrated with 50 mM Tris pH 8 and 150 mM NaCl) for 30 min at 4 °C and then applied to a gravity flow chromatography column. The flow-through and buffer wash (50 mM Tris pH 8 and 150 mM NaCl) were collected for SDS-PAGE analysis and GST-tagged proteins were eluted with elution buffer (50 mM Tris pH 8, 150 mM NaCl and 10 mM reduced glutathione). These proteins were further purified using a Superdex 200 chromatography column (ÄKTA), equilibrated with 20 mM HEPES pH 7.5 and 150 mM NaCl and purified proteins were stored at 4 °C for subsequent experiments.

Autophosphorylation, phosphotransfer, and phosphatase assays
Autophosphorylation of CD1492 CA and CD2492 CA was monitored using radioactive 32P-ATP. Reaction mixtures contained 10 µM of CD1492 CA or 5 µM of CD2492 CA in autophosphorylation Buffer 3 (50 mM Tris-HCl pH 8, 100 mM KCl, 10 mM MnCl2, 5% (v/v) glycerol and 1 mM dithiothreitol). The reactions were started with the addition of the mixture of cold ATP (10 µM) and γ-32P ATP (30 μCi) (PerkinElmer) and the reaction mixture was incubated at room temperature. Equal amounts of reaction samples were collected at different time points and the reaction was stopped by adding SDS-PAGE 4X sample buffer (250 mM Tris-HCl pH 6.8, 8% SDS, 20% β-mercaptoethanol, 0.008 % bromophenol blue and 40% glycerol) containing 40 mM EDTA to a final concentration of 1X and were placed on ice. The samples were separated on SDS-PAGE using a 12% acrylamide gel. The 32P-labeled protein bands were visualized by autoradiography (Typhoon FLA 9500). The same gel was then stained using Coomassie dye for visualizing total protein present.
For testing the phosphotransfer activity, these catalytic domains were autophosphorylated for 30 min and then equimolar amount of Spo0A was added to the reaction. This phosphotransfer reaction was incubated at room temperature and samples were retrieved at different timepoints by terminating the reaction with the addition of 4X SDS-PAGE loading buffer containing 40 mM EDTA to a final concentration of 1X. The samples were kept on ice until they were fractionated by SDS-PAGE. The 32P-labeled protein bands were visualized by autoradiography (Typhoon FLA 9500). The same gel was then stained using Coomassie dye for visualizing total protein present.
Phosphatase activity of CD1492CA or CD2492CA was monitored via the dephosphorylation of Spo0A~P by unphosphorylated kinases. To phosphorylate Spo0A, 1.4 µM CD1579 was incubated with 20 µM ATP mixture in the phosphorylation buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 15 mM MgCl2, 2 mM dithiothreitol, 5% glycerol) for 30 min at room temperature. Afterwards, 2.5 µM Spo0A was added to this phosphorylated CD1579 and incubated for 30 min. Once phosphorylation of Spo0A was saturated, 2 µM of unphosphorylated CD1492 or 3.5 µM of unphosphorylated CD2492 was added to the reaction. The reactions were stopped using SDS-PAGE sample buffer as described above and the samples were kept on ice. The protein samples were fractionated by SDS-PAGE and the radioactive bands were visualized by autoradiography (Typhoon FLA 9500). The same gel was then stained using Coomassie dye for visualizing total protein present.


Fluorescent thermal shift assays
To measure the melting temperature (Tm) of the proteins with and without the ligands, a semi-skirted 96-well PCR plate (BioRad) was used and 2.5 µM CD1492PAS or 5 µM CD2492PAS was incubated at room temperature with 5X SYPRO orange dye (Invitrogen, 50X stock made in DMSO) in a buffer containing 20 mM HEPES, pH 7.5 and 150 mM NaCl. The ligands mentioned in Table 3.1 were added to a final concentration of 50 mM to the above reaction and the plate was incubated at room temperature for 30 min. The assay plate was placed into the real-time PCR instrument- CFX96 Real Time System (BioRad) and a temperature gradient program (25 °C to 90 °C with an increment of 0.5 °C for 10 sec hold at each temperature) was started for protein thermal denaturation. A no ligand control, protein only, sample was run in one of the wells.

Chapter 4:  Future directions
HK_1587-RR_1586
To understand the regulation mechanism of this pathogenically crucial TCS consisting of HK_1587 and RR_1586, an insight into the signal input is necessary51. Some of the future directions for this project can involve screening the sensor domain of HK_1587, HK_1587SD, against potential small molecules and carrying out thermal shift binding assays followed by a quantitative analysis of binding with the significant hits using isothermal titration calorimetry (ITC). Structural studies can also be done with the HK_1587SD to elucidate the secondary structure of the protein that will aid in the identification of small molecules that might bind and bring about the conformational change leading to activation of protein. Given their recent reported successes, nanodiscs52–55 can be employed to purify the full-length transmembrane HK_1587. Having a full-length HK_1587 will enable us to run the HK_1587 activity assays with and without the signal and assess how it affects the regulation of RR_1586. Complete understanding of sporulation mechanism in C. difficile requires a detailed and full characterization of sporulation related two-component systems. 

Orphan histidine kinases for Spo0A
Since Spo0A is the master sporulation regulator in C. difficile, the histidine kinases regulating this transcription factor are of crucial importance when it comes to understanding how this pathogen regulates the sporulation pathway. The caveats presented in the previous chapter can be overcome by either designing better, more active constructs of these orphan histidine kinases or expressing the full-length proteins using nanodiscs. Full-length constructs of CD1492 and CD2492 will enable us to test the functional activities of these proteins in the presence and absence of the ligands/stimulus. Moreover, the autophosphorylation assays should be performed at higher time points (beyond 20 min of incubation) to examine true saturation of phosphorylation signals. To be able to draw conclusions from the phosphotransfer assays, reaction should be stopped at several time points after adding Spo0A to see if the transfer to Spo0A occurs earlier than 30 min. The ligands which resulted in a significant change in the Tm of the proteins can be tested against the proteins using ITC to quantify the binding which will also provide confidence in the significance of these preliminary findings. Co-crystallizing these PAS domains in the presence of ligands found in this study may also provide unique insight into the stimuli for these proteins.





















Supplementary Information
Table S1. List of plasmids used for protein expression in this study
	Plasmid
	Restriction sites
	Protein constructs
	N-terminal tag
	Source

	pET28a
	BamHI and XhoI
	Full-length HK_1587
	His
	Novagen
# 69864

	pET-MHL15
	NdeI and BamHI
	Cytoplasmic HK_1587
	His
	Addgene #26092

	pGEX
	XhoI and XbaI
	Cytoplasmic HK_1587
	GST
	Addgene #77103

	pGEX
	XhoI and XbaI
	All CD1492 and CD2492 constructs
	GST
	Addgene #77103



Table S2. List of primers used in this study
	ID
	Sequence
	Experiment

	pr384_AHW_F
	ATGTACGGATCCATGATAAATAAGAATGTATTTACCAGTA
	Full-length HK_1587 expression

	pr385_AHW_R
	TAGCTACTCGAGTTTTAACTTTTTTGGTATTGACAATTCAAATG
	Full-length HK_1587 expression

	pr386_AHW_F
	TGACTGGTGGACAGCAA
	pET28a sequencing

	pr387_AHW_R
	TGTTAGCAGCCGGATCT
	pET28a sequencing

	pr398_AHW_F
	ATGCCGGCCACGATGCGT
	pET28a sequencing

	pr438_AHW_F
	TAGCTTTCTAGA TACTAGAAAAGCTTTAATTC
	HK_1587 NΔ1-171

	pr407_AHW_R
	AAGCTACTCGAG TTATTTTAACTTTTTTG
	Cytoplasmic HK1587

	pr439_AHW_F
	TAGCTTTCTAGA TAAAGCTTTAATTCC
	HK_1587 NΔ1-173

	pr440_AHW_F
	TAGCTTTCTAGA TTTAATTCCAATAGAAAC
	HK_1587 NΔ1-175

	pr441_AHW_F
	TAGCTTTCTAGA TAGGGGACTTACATATAG
	HK_1587SD

	pr442_AHW_R
	AAGCTACTCGAG TTACTGTCTTAAAGAATTC
	HK_1587SD

	pr487_AHW_F
	CGACCATCCTCCAAAATC
	pGEX-KG sequencing

	pr566_AHW_F
	TAGCTTTCTAGA TAAAAACTACATAGACCAGAG
	CD1492PAS expression

	pr567_AHW_R
	AAGCTACTCGAG TTAGTGATTATTTTCATTTACTATATGG
	CD1492PAS expression

	pr568_AHW_F
	TAGCTTTCTAGATTTAAGTGTGCAAAGAGAG
	CD1492CA expression

	pr569_AHW_R
	AAGCTACTCGAG TTATTTATATATATCAAAAAATTCTATCTC
	CD1492CA expression

	pr570_AHW_F
	TAGCTTTCTAGA T AAGGGAATACTTATGAAAAG
	CD2492PAS expression

	pr571_AHW_R
	AAGCTACTCGAG TTACAATTCATATTCCAGTAAAAG
	CD2492PAS expression

	pr572_AHW_F
	TAGCTTTCTAGA T TTAGTACATAAGAAATATTCCG
	CD2492CA expression

	pr573_AHW_R
	AAGCTACTCGAGTTAATAGTATATATCAGA
	CD2492CA expression
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Figure S1. Expression study for full-length HK_1587 in different cell lines. This construct was made in pET28a with an N-terminal His-tag. No expression was observed in tested conditions (0.5 mM IPTG, 16 °C, 20 hours). Expected size is 48 kDa.
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Figure S2. Expression and affinity column purification of cytoplasmic His-tagged HK_1587 in pET-MHL15. Top Panel: stain-free imaging for total protein and Bottom Panel: western blot using anti-His alexa488 tagged antibody. Lane 1: Protein ladder; Lane 2: uninduced whole cell; Lane 3: 1 mM IPTG induced whole cell; Lane 4: insoluble cell pellet; Lane 5: soluble total protein; Lane 6-8: three elutions from Ni-NTA column; Lane 9: purified RR_1586 with His-tag (28 kDa) as an anti-His antibody control. Expected size of HK_1587 is 35 kDa (see asterisk).
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Figure S3. Autophosphorylation activity for CD1492CA and CD2492CA tested in different buffer conditions. Top Panel: Coomassie stain gel showing total protein content. The proteins were incubated with ATP mixture and buffer for 30 min before loading on the gel. Lane 1 shows the protein marker. Bottom Panel: Autoradiograph showing the phosphorylated kinase. Reaction buffer was 50 mM Tris pH8, 5% glycerol, 1 mM dithiothreitol containing the following cations B1- 100 mM NaCl, 10 mM MgCl2; B2- 100 mM KCl, 10 mM MgCl2; B3- 100 mM KCl, 10 mM MnCl2. 
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Figure S4. Protein melts from thermal shift assay for CD2492PAS. These 14 ligands were tested against 5 µM protein. Ligand concentrations were: 0.1 mg/ml cholic acid; 2 mg/ml deoxycholic acid; 1 mg/ml heme; 3 mM of proline, ADP, ATP, NAD, or FAD; 50 mM of sodium deoxycholate, trehalose, xylose, cystine, glycine, or histidine.





Figure S5. Protein melts from thermal shift assay for CD1492PAS. 6 ligands were tested against 3 µM protein. Ligand concentrations were: 1 mM of proline or ATP; 25 mM of trehalose, xylose, glycine, or histidine. No significant shift in melting temperature was observed.
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CD1492PAS Only, Tm=51.5 degree Celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	299.80195312499399	649.57089843748895	599.60390624999002	599.60390624999297	599.60390624998797	602.27157552082497	584.65397135416094	558.10006510416997	554.50536458333204	571.65020833333699	606.69427083333505	649.30339843749505	693.28828124999802	733.76348958333199	758.348216145832	754.48996093749895	725.95865885416003	677.58716145832898	613.58403645834096	546.88505208333004	489.08425781250099	442.11670572916802	406.28985677083301	382.432135416672	365.33255208333702	349.94085937499699	335.47785156249802	321.10165364583003	304.57796875000201	287.48109374999399	269.833658854156	251.694557291677	233.45207031250399	211.56082031249599	187.087539062497	161.78621093750201	131.86826822916899	96.801132812497599	60.807096354161303	16.945455729172	-36.298463541661498	-96.321953125003404	-165.33535156250699	-243.872447916666	-327.178593749995	-416.00782552082597	-514.97570312500102	-626.44488281250995	-754.04139322916103	-899.10253906249898	-1061.780234375	-1232.5759895833201	-1405.7781901041601	-1581.8113541666601	-1754.4111979166701	-1908.31791666667	-2040.1339062500001	-2135.4518489583302	-2166.17434895832	-2123.8871093749999	-2013.8370833333299	-1836.83329427083	-1607.306640625	-1353.8394531250001	-1097.64697916667	-856.653046875006	-643.23281250000196	-452.724921875002	-285.034192708327	-141.347239583332	-10.174505208339699	113.146692708342	213.41283854166099	292.52572916665599	370.04846354168001	443.42895833334597	508.92143229165299	574.87572916666102	643.52242187500701	701.480833333335	749.94572916666402	791.15421874999095	824.20231770832595	849.26440104167	867.42281250000303	876.13861979167802	876.69671874999494	873.59671874998901	867.26687499999605	859.70229166665899	854.039817708344	854.36407552083097	855.07361979166205	855.04006510415604	857.13205729167305	859.50787760417597	857.37022135415395	855.31322916666204	853.81311197917103	847.12940104166296	838.31184895832098	830.28346354166399	820.36082031250498	810.35136718750198	804.16722656249897	799.36816406249795	794.31917968749406	791.47576822917097	788.73522135416397	785.08841145832105	782.20082031250297	778.58570312500501	772.80522135416595	766.65397135415901	759.54554687499399	749.67464843749701	740.38770833333604	731.51914062500805	721.30395833332602	711.29897135416502	702.43460937501004	692.83902343749401	684.47032552082396	677.762005208338	670.385833333336	663.26579427082697	657.36102864583097	649.50451822916898	645.87545572916395	648.35757378471703	652.55592881944096	658.02505787037398	664.38334780092498	724.78866753472096	334.69018952546202	0.04 mg/ml Cholic Acid, Tm=50 degree Celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	289.054843750006	626.28549479167702	578.10968750000904	578.10968750000097	578.10968750003997	579.37976562503798	570.47281249999401	561.30604166666706	564.10809895833802	573.41494791666503	598.02162760416604	632.37554687499005	666.813893229163	700.352317708334	719.19694010417197	708.04308593749295	671.01027343749695	616.280221354172	552.14179687499302	492.81727864583399	448.39955729167099	419.17066406249899	401.26651041666798	392.16658854166599	386.44347656250198	377.39332031250098	364.92759114583799	351.90578124999598	336.659505208327	320.08010416666599	303.36429687499998	285.22305989583401	265.67950520834302	242.46746093749701	214.25325520832601	183.62947916667099	149.28904947916499	108.13798177083299	60.572513020831998	3.8495182291667298	-61.084453124997196	-132.33105468749901	-211.88984375000001	-299.89785156249599	-392.13045572916599	-491.71423177083602	-603.11354166666797	-727.71320312499404	-859.67138020832897	-995.041210937507	-1131.4097526041601	-1253.88384114583	-1347.775390625	-1411.0223046875001	-1436.4061197916701	-1414.1465494791701	-1350.7979817708199	-1244.4121874999901	-1098.6648828125101	-930.22492187499597	-752.36774739583598	-575.83593750000296	-416.025624999993	-276.55184895833298	-158.69623697917001	-61.6523697916655	23.774934895843199	105.434622395829	182.922656250003	255.40302083333	324.15453124999601	386.96307291667102	432.512304687491	458.36540364583402	479.36432291667097	497.30231770832899	510.18260416666402	523.56838541666605	542.22635416667197	557.35772135416005	567.49717447916896	575.03587239583499	580.37319010416797	584.90180989583996	589.21744791666094	591.64139322915696	593.75097656249397	598.93050781250895	602.627174479171	605.59802083332397	612.68312499998899	622.03570312500096	627.81574218750995	633.40729166667199	640.32899739583104	642.96669270833195	641.71545572916398	642.80171874999496	644.22476562499605	642.25312499999995	641.10511718750001	639.78864583334303	635.347460937498	630.09997395832795	626.632174479166	625.00359375001005	625.66682291666598	627.68270833332303	629.05153645833195	629.86510416667204	628.232929687499	621.64204427082905	613.26792968750499	604.22376302083705	592.71200520832599	580.29615234374501	570.44469401041295	560.94544921875001	550.64221354167	541.39243489583203	533.32450520833004	524.44151041666601	516.020970052081	510.23948567708197	505.22721354167197	498.88697265624802	493.43630208333002	487.17759114583703	483.16736979166598	482.91513671874702	484.16888671875	488.47034288194402	492.49397569444102	539.48227864583305	250.45880425347201	0.08 mg/ml Cholic Acid, Tm= 50 degree Celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	104.839687500002	227.15265625000299	209.679374999999	209.67937500001	209.67937499990501	211.48257812490101	200.31483072918201	178.51776041666599	163.73899739582799	153.783502604169	148.02971354166999	149.17789713541299	157.20544921875	167.49378906250001	175.276009114582	172.72747395833301	155.23522786459	125.45783203125001	88.873124999992797	53.7427669270796	27.919850260424901	12.816321614583099	4.8157942708267001	1.1737565104176599	-2.90755859375213	-10.8108138020862	-20.6450716145855	-30.650319010413099	-41.524928385413702	-53.446510416666598	-65.216842447916903	-79.608307291662598	-97.266673177085494	-116.802096354169	-137.96723958333101	-163.271230468748	-192.03429687500099	-223.81587239583499	-260.60550130208702	-302.89425781249798	-350.92751953124503	-406.80016276042102	-471.11147135416701	-543.27396484374594	-624.20199869792202	-712.03207682291304	-806.15574869790805	-909.47255859375298	-1019.62710286459	-1133.2417708333201	-1246.0182552083299	-1346.57002604167	-1425.5362109375001	-1479.5457421875001	-1500.0594401041701	-1485.07329427083	-1441.1012239583299	-1366.6905729166599	-1263.0550390625001	-1144.84569010416	-1018.1567968750001	-886.65225260417003	-760.93619791666902	-643.53305989582805	-530.75638020833105	-425.50881510417298	-329.48105468749299	-230.947890625002	-133.49553385416499	-44.867356770833801	39.847708333332797	123.161471354176	185.78606770832701	230.64057291665401	272.428528645835	306.56298177082999	332.62088541666401	360.89885416667101	388.87325520833701	411.526015624992	429.36393229166902	441.365755208341	451.64953124999698	459.70458333332999	461.279088541666	462.01207031249402	463.80240885416498	460.30096354167102	457.03878906250401	458.12795572916298	458.82338541666098	459.64195312500402	465.680494791667	473.310703124989	481.37813802083201	491.35520833334198	499.41268229166502	504.84342447916299	510.57356770832803	514.32147135417097	518.24847656249597	527.28873697916299	536.91234375001102	543.79328125000097	552.11549479166297	556.947460937492	556.94670572916402	558.09062500000198	560.87156250000896	563.06207031250403	568.26113281249604	576.63115885415903	582.54894531250295	585.63252604167201	586.90822916666002	585.22035156250195	579.11787109374598	571.80267578125301	564.91971354166901	558.29584635416495	552.26248697917401	547.69678385415898	543.33301432291	539.38292317708601	536.18866536458597	532.85450520833001	528.672539062498	525.40221354166397	526.608007812501	529.26365234374396	533.70906901041701	540.08264322916898	545.17208333332997	594.05694010416505	274.725338541665	0.16 mg/ml Cholic Acid, Tm=46 degree Celcius	23.00	23.50	24.00	24.50	25.00	25.50	26.00	26.50	27.00	27.50	28.00	28.50	29.00	29.50	30.00	30.50	31.00	31.50	32.00	32.50	33.00	33.50	34.00	34.50	35.00	35.50	36.00	36.50	37.00	37.50	38.00	38.50	39.00	39.50	40.00	40.50	41.00	41.50	42.00	42.50	43.00	43.50	44.00	44.50	45.00	45.50	46.00	46.50	47.00	47.50	48.00	48.50	49.00	49.50	50.00	50.50	51.00	51.50	52.00	52.50	53.00	53.50	54.00	54.50	55.00	55.50	56.00	56.50	57.00	57.50	58.00	58.50	59.00	59.50	60.00	60.50	61.00	61.50	62.00	62.50	63.00	63.50	64.00	64.50	65.00	65.50	66.00	66.50	67.00	67.50	68.00	68.50	69.00	69.50	70.00	70.50	71.00	71.50	72.00	72.50	73.00	73.50	74.00	74.50	75.00	75.50	76.00	76.50	77.00	77.50	78.00	78.50	79.00	79.50	80.00	80.50	81.00	81.50	82.00	82.50	83.00	83.50	84.00	84.50	85.00	85.50	86.00	86.50	87.00	87.50	88.00	88.50	89.00	89.50	90.00	350.242031249994	758.85773437499199	700.48406250000005	700.48406249996299	700.48406250014602	700.93914062515398	697.650325520813	695.632929687505	693.39154947915995	691.96124999999904	696.86730468749897	698.45143229166399	697.98087239583106	700.30848958333195	685.26356770834195	642.16924479166596	587.59701822915895	521.74753906250396	450.05041666666699	392.96798177082599	357.41229166666699	334.53162760416501	321.57860677083301	314.61044270833298	304.78302083333398	288.02714843749698	262.42957031250103	233.41919270833299	202.30035156250199	168.35355468750299	130.971679687494	91.211809895837604	45.9389973958341	-9.3561848958424907	-72.040989583330898	-140.77365885416199	-216.862734375	-300.62916666667002	-391.88878906249897	-494.51084635416601	-603.04480468750398	-709.43055989583002	-811.69421875000205	-902.35191406250203	-966.53721354166601	-1001.67408854166	-1008.03514322916	-984.06799479167	-925.61036458333604	-835.40485677082495	-719.11589843750198	-581.35503906249403	-425.62367187499001	-265.49184895834401	-120.537135416675	5.0980468750021801	107.880377604163	187.38680989583099	248.84973958333799	304.35518229167201	353.318359375005	397.903333333322	443.15430989583399	486.56604166666699	522.11062499999105	551.96598958334096	576.96618489582795	596.60942708332504	610.40055989583402	616.03324218749799	618.63011718749794	618.83635416667096	607.80699218749999	588.22014322916596	577.24550781249297	577.01143229166303	587.61630208333997	612.73445312500405	651.41393229167295	691.40954427082204	722.36141927082701	741.95828125000401	750.69289062500297	751.83707031250196	748.08075520832301	741.30251302083605	736.00023437500204	735.15606770833006	734.84398437500204	733.47046875000103	733.36230468749795	733.08897135416805	729.58014322916802	723.53838541666698	716.71057291665704	709.37610677082705	700.02179687500302	690.14927734374805	679.28790364582903	667.33136718750302	654.70778645833002	641.38254557291305	628.22916666666902	616.59435546875102	605.20759114582904	595.44999999999902	587.70271484375496	578.56855468749905	568.97211588541495	561.73352864583501	554.11455729166505	544.20364583333196	535.96200520833497	527.97660156250004	516.07319661458098	502.95860026041203	492.58604166666902	481.77038411458801	470.640279947914	462.36246093749497	454.77480468749701	445.53131510417097	437.135755208332	429.44247395833401	421.13044270833501	412.468691406245	403.63972005208501	393.73615559895802	386.79414388020803	382.80156792534598	380.50299262152902	381.64438946759299	383.57062861689502	418.44651258680602	193.87438331886699	0.32 mg/ml Cholic Acid, Tm = 40.5 degree Celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	85.797187500003901	185.89390625000601	171.59437500000101	171.59437500000601	171.59437500000899	173.96477213541999	159.17159505208301	131.52659505208101	111.756901041669	94.764003906250295	81.909947916669395	70.976751302085205	57.902864583328203	40.1027213541661	10.670657552088899	-38.083912760414002	-102.73837890625499	-178.00055338542299	-256.84967447915898	-325.55999999999602	-378.25464192708398	-420.07845052083098	-456.68811197916699	-493.383548177085	-541.78617187499901	-605.46537109374503	-675.62903645833103	-748.78566406250002	-826.07540364583201	-900.28851562499995	-967.73644531249204	-1034.6842447916699	-1095.95584635417	-1142.8523046875	-1176.1512760416599	-1192.2101041666599	-1179.88481770833	-1142.7989583333399	-1086.52050781249	-1007.67342447916	-910.92824218750104	-809.882864583333	-704.98186197916596	-594.63307291666297	-486.02475260417401	-379.06993489583402	-271.14292968749498	-170.72541666666501	-80.763385416667901	2.56790364583139	79.229218749994303	152.367682291666	233.12545572917	318.53980468750098	400.04261718750098	475.39024739582601	539.54680989583403	589.35746093750004	626.04079427083502	653.18535156249402	675.23480468749301	693.68776041667502	700.93769531250496	702.06666666665899	700.40117187498799	687.22688802084201	665.27001302083602	658.02649739583001	659.73273437499699	658.70904947916597	666.69794270833904	682.60813802082498	676.933281249998	657.20992187499598	647.87730468750203	639.32845052083496	631.79124999999897	639.36348958333303	655.59134114582605	666.74371093750301	676.11192057291601	682.53843749999896	683.82012369792096	679.94998046874696	670.93887369791605	659.772779947912	647.52174479166501	634.35255208333001	623.93929687499894	616.00151692708403	607.68093098958104	599.02912760416598	590.39725260416196	580.38680338541496	570.28522135416597	560.85932942708098	551.14888671874803	542.50141276041495	535.32368489582996	528.05489583333394	520.81867187500598	515.20074869791802	509.34972005208198	501.27265624999598	492.22785807291802	482.27533854166899	470.77593098958198	458.52403645832902	447.12753255208401	436.415885416668	425.73791015624602	415.531764322919	406.13384114582999	397.08174153645899	389.06779296874998	382.04249023437302	374.382470703129	365.87991861978998	356.75803710937402	346.55569661458202	335.708444010417	325.36389322916801	315.91341145832899	307.21196289062402	299.01613606771099	291.442825520832	284.09835611978798	276.437835286461	270.35727539062498	265.31657118055301	261.26161892361	259.17116789641199	258.26631004051001	279.34357964409702	128.853278718171	Temperature, °C

-d(RFU)/dT



CD1492PAS Only, Tm=51.5 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	234.76921875001	508.66664062501201	469.538437500003	469.53843749998401	469.53843750016699	470.37596354183501	465.08748697914501	455.57058593748701	449.58971354165999	448.21789062500102	456.591640624999	471.602929687499	487.83726562500698	506.515716145829	520.06578124999999	519.13093750000303	504.59981770833099	477.65080729166999	439.02207031249702	393.33171874999601	347.17631510416902	302.637356770834	262.65740885416199	225.96006510417101	194.964088541666	170.000299479163	150.49449218750601	135.36315104166499	124.620247395829	116.809674479169	110.376145833333	105.104101562502	99.523619791669702	96.753502604160104	93.278749999994503	87.315351562508994	81.184114583333198	75.170976562502403	67.822005208336606	63.597044270831198	61.376015625001003	57.382513020835603	54.045611979166097	48.018736979165197	32.750898437499501	12.710846354165801	-9.6206901041664405	-39.875664062501102	-76.669947916669997	-112.56261718749499	-146.50941406249601	-177.48934895833901	-202.77820312499901	-222.186158854166	-237.469127604162	-251.27432291666599	-262.65901041667001	-265.3134765625	-257.18302083333299	-240.65308593750001	-212.55092447916201	-175.805104166663	-137.46190104166001	-96.493020833334896	-49.275039062506998	-0.28152343749661701	46.678033854165697	102.67467447916999	165.486770833333	223.88783854166201	279.26531250000397	335.00105468750598	373.59860677082798	393.70464843749397	411.32912760417099	424.56520833333798	432.86848958332899	444.16062499999299	458.69505208333902	467.93807291666599	472.98597656250303	475.64669270833201	474.34654947916698	468.00134114582897	456.18183593749399	436.72928385416901	409.82855468750103	378.27618489583	345.96095052083399	319.04169270833199	303.49712239582601	297.52143229167399	301.22164062500502	313.57011718749999	327.43174479166601	338.63925130208497	347.37022786458402	351.651751302077	350.40742187500098	346.88065755208402	342.40269531249999	338.177167968753	335.246816406248	334.48422526041901	335.30578776041602	336.39513671874801	337.74106119791799	339.38408203125402	339.55598307291501	338.25337239583001	337.65363281249898	336.78356770833301	334.73824218750599	332.72194661458201	329.69533203124797	323.80908854166802	315.88267578124402	306.87658203124602	296.34326171875398	285.05842447917001	274.57029296874703	265.54427083332899	257.64320963541701	251.84525390625399	249.94457682291599	250.08578776041699	249.685371093751	249.23110677083099	250.98726562500099	253.40040798611199	256.319722222221	263.22237485532298	268.18196903935097	299.74457465277698	141.988491030093	Trehalose, Tm= 52.5 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	260.789999999999	565.04499999999996	521.58000000000004	521.57999999999197	521.58000000005302	523.69967447922397	510.71222656249398	484.17001302083497	465.311210937505	453.72151041666598	447.97132812499802	449.60778645833102	456.473242187496	466.29648437500299	475.01033854167002	475.05592447916001	459.89786458333901	429.62153645833803	383.991666666664	329.96601562499501	279.53436197916801	235.69811197917701	201.59035156249999	178.58563802082699	163.203098958325	150.867500000001	142.99302083334001	136.08837239583201	130.20501302083301	126.28244791666501	124.03636718750001	123.124596354166	123.661835937498	124.65713541667201	125.324674479162	126.43119791666101	125.185768229169	122.298958333331	120.019895833338	118.13394531249099	115.02628906248999	112.778085937509	111.09787760416999	105.936028645836	97.500950520830401	86.671757812496693	71.208398437499895	51.038789062496598	28.851901041674399	3.6477994791694099	-23.375638020838799	-47.154882812495998	-69.008567708330702	-90.795611979167901	-109.850885416666	-127.721054687502	-147.05562499999999	-161.78106770833401	-168.11166666666799	-168.372213541664	-160.94208333332699	-144.67333333333201	-124.61098958333901	-101.79480468749399	-74.469453125003398	-43.407083333335798	-10.1045182291641	30.358554687495101	75.776315104167196	120.886289062503	165.77061197916601	209.12071614582899	242.93348958333101	267.83031249999999	290.843463541674	309.48165364583201	323.83705729165803	335.36553385416897	342.448593750003	342.33622395833203	336.38216145833297	324.175013020834	307.59397135416202	289.004615885416	266.16155598958699	238.489316406245	209.57580078125099	181.44459635417101	155.29972656249501	136.39690104166701	129.197083333336	134.72615234374501	152.55058593749899	180.46372395833501	213.790195312501	247.50782552083101	276.052786458333	295.958111979168	305.80189453124899	306.88342447917103	300.04876953124699	285.90884765624799	268.079895833335	251.05986979166201	237.08760416666701	228.08539713541401	226.97055989583399	232.353352864584	240.48659505208201	247.98609375000399	253.76493489583001	257.78628255208099	261.11040364583403	263.71471354166403	265.69888020833503	268.174707031249	269.95189453124698	268.023658854166	264.18526692708502	262.12884114583699	261.13176432291601	261.16112630208301	265.16897135416798	272.90256510416401	281.60561848958298	290.21240885416501	297.03869791666602	300.59479817708302	301.988671874999	299.26172309027999	293.99054904513901	287.40532407407198	283.20875289352	297.746592881943	133.57674623842601	Xylose, Tm= 52 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	223.31914062499499	483.85813802082498	446.63828124999202	446.63828124997701	446.63828125012998	447.71213541679498	441.56816406247998	425.53040364583597	409.87287760417001	399.54385416666798	400.19061197916398	404.96828124999598	413.048476562502	430.75885416667001	445.46927083332798	444.83617187499902	433.83312500000198	415.51183593749801	383.04084635416802	341.07101562500202	300.32727864583302	260.77147135416499	221.84916666666399	189.55343749999699	166.76951822916601	147.18259114583799	130.75278645833501	121.340299479165	114.866393229168	109.64110677083499	108.615273437496	110.40743489582999	110.716822916669	110.704817708332	110.175442708341	108.54072916666399	106.294179687499	103.990546875004	102.294492187499	101.609179687496	101.789192708332	102.76899739583899	102.693841145836	99.535533854167596	93.3631640624954	83.340156249996596	66.955572916669993	46.671250000003504	24.490520833329398	-1.7645572916681	-29.511406249994199	-52.733020833331501	-73.697669270837196	-94.408854166666501	-111.97993489583401	-126.731145833338	-140.95264322916501	-151.967057291662	-155.443085937505	-150.83117187500099	-139.59109375	-122.96768229166599	-100.620833333332	-75.483072916669698	-47.823164062495401	-15.6276171874997	19.796315104162201	60.028216145843999	105.657799479164	150.56713541666099	192.571263020831	232.82657552082799	263.00186197917202	281.31126302083499	297.156927083342	310.19167968750099	318.21039062499801	327.14356770834098	337.232864583332	341.623984374994	342.1121875	341.04803385416102	336.272539062497	329.29718750000001	321.04529947916399	307.20851562500798	287.91020833333403	264.58583333332899	236.07063802083701	207.34393229166599	185.62947916666801	172.66736979166899	169.79406249999599	179.538971354164	197.02019531250099	216.84417968750199	236.66300781249399	253.208554687499	264.620312500002	272.69285156249703	278.00380208333502	280.50078776041801	283.29281901041799	286.03408203124502	287.577050781249	289.55238932292002	292.62632812499902	295.23677734375099	296.982578125001	299.25804687500198	301.55522786457999	303.09192057291199	304.37208984375502	306.39785156250201	308.41766927083199	310.66740885416402	313.75417968749701	316.55694661458	318.53317708333901	319.87366536459098	319.865891927078	318.23124348958203	315.19574869791899	310.30148437499901	303.76863932291099	295.96674479167001	287.00177083333699	277.55043619791098	270.964069010412	266.32444878472302	262.03868923611498	259.82670283564897	259.52423104745299	279.89575086805797	128.50724898726699	Glycine, Tm= 53.5 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	246.78484374999601	534.700494791663	493.56968749999999	493.56968750000198	493.56968749997202	496.55509114581099	477.591601562503	444.41654947915902	425.22079427083401	415.98545572917101	420.57325520833001	437.11764322916298	460.26471354166898	488.94624999999598	510.44555989582801	510.157552083334	489.46341145833799	450.33123697916801	395.46526041666601	337.695846354168	289.02299479166697	246.16519531249901	212.36510416666599	190.252929687506	172.809830729167	155.58990885416199	145.05889322917099	140.113124999999	134.44623697916001	132.13959635416199	135.19109375000201	138.629765625001	139.80535156250599	142.305572916664	144.28243489582499	144.24763020833299	143.759518229169	144.695833333336	146.74554687499699	149.12699218750299	151.94713541666499	155.87218750000099	159.03432291667099	159.30675781249499	157.506835937494	153.454544270838	144.85016927083399	132.532343749999	117.40542968750199	98.980598958336003	79.310859375001201	61.302630208336303	43.689700520829803	26.089674479165801	8.6585677083403407	-10.5743098958415	-32.142721354168799	-52.911718749996403	-70.618945312497601	-83.493684895834093	-89.646666666671507	-91.312591145831405	-88.195820312503201	-80.924570312495206	-70.095559895830803	-56.026393229172797	-37.457356770829399	-11.634231770834001	20.7791796875008	54.739309895832299	88.956406249997102	123.631562500006	149.07768229166601	165.777213541664	182.10549479166599	195.95354166666399	205.84816406250101	216.98393229166601	228.675260416664	236.10135416666799	242.809733072916	250.75382812500001	258.34557291666903	265.30009765624902	270.51314453124797	270.81002604166201	264.05477864583099	250.07606770833601	227.211529947911	198.18133463541901	165.794140625007	132.68294270832899	106.04923828124799	91.9870963541712	90.649042968750607	101.91934895833	126.400605468747	156.41079427083901	185.820488281254	213.256243489578	235.94496093749601	249.66803385416699	256.527369791669	259.133639322916	257.73267578125001	255.903352864581	255.693229166669	255.40268880208799	252.99425130208499	248.550260416664	240.41277343749701	229.21463541666299	218.763033854165	212.85916015625099	211.08435546875401	213.11339843750099	218.97367838541101	226.39885416666701	231.53472005208499	234.313007812499	237.09704427083	240.27756510416799	245.20111979166899	254.49893880208199	268.51697265625103	285.38867187500199	302.38571614583498	313.74490885416202	320.13333333333298	321.87979817708401	316.02998697916701	306.495477430557	302.16856987847001	318.73700520833199	143.38530381944301	Histidine, Tm= 52 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	183.27273437500099	397.090924479168	366.54546875000102	366.54546874997197	366.54546875020498	366.74552083353899	364.98434895829701	365.48231770832501	371.60798177084001	381.48803385416801	394.59027343749699	406.23192708333602	415.881445312501	427.427955729171	431.64626302083201	421.45374999999899	400.35609375000098	369.34993489583201	329.33635416665999	287.75225260415903	250.713098958339	217.107070312503	188.57117187499901	165.34179687499901	146.209335937498	128.89861979167	115.87338541666399	107.766549479161	102.235481770832	99.771601562502397	101.01929687499999	103.83397135416401	106.447148437499	109.211380208335	110.009479166666	109.940247395832	110.30283854167	109.810169270834	109.840911458333	111.818398437494	112.032734375004	110.493450520834	109.428932291668	105.56246093750001	97.627265624992603	88.811953124998993	76.621588541673205	57.703177083332299	35.5649348958259	11.2907031250024	-15.534140624996301	-40.923945312492798	-62.850208333329597	-84.644075520834093	-105.925846354169	-125.752200520836	-145.03824218750199	-160.06442708333	-167.21147135416501	-166.47583333333199	-156.61277343749799	-139.83664062500401	-119.934882812506	-95.171067708334704	-64.520182291667894	-30.471783854170098	7.6174088541679303	56.667434895840898	112.509752604166	167.01247395832499	219.96444010417	270.60766927083603	305.68985677082901	325.39316406250202	342.22467447916802	353.613007812501	359.694921875001	367.89412760416599	377.12308593748901	380.18962239583101	381.57622395833801	381.58136718749802	377.332252604166	372.38162760416702	366.06964843750302	353.92615885416097	337.366992187493	318.21397135416902	293.38187500000299	269.10053385416097	251.80303385416201	241.86368489583299	242.86658854166799	258.101302083338	280.26873697916602	303.798671874994	327.36958333333399	345.13559895832998	354.42760416666499	358.39752604167597	357.25092447917098	350.28518229165599	342.37878906249398	331.78147135416998	317.727187500002	305.74597656250199	295.761699218751	283.88936848958201	275.54863932291698	273.60285156249802	273.61151692708199	276.19451171874903	283.91983723958202	293.80929036458502	301.85000651041702	308.46925130208501	314.34201822916498	317.96916666666499	318.56617187499899	318.67457682291501	319.50078776042102	320.69199869791498	322.27440755208499	325.63643880208201	329.439277343745	330.94578124999799	330.02471354167	326.53943359375199	322.20632812499798	317.01938585069502	312.20047092013499	308.01544777198802	306.16832971643402	327.78870225694402	149.31385561342901	Proline, Tm= 52.5 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	178.77039062499799	387.335846354164	357.540781249997	357.54078124999398	357.54078125002201	358.37864583335698	353.05053385416397	343.87682291666601	337.94084635417101	334.04225260416598	335.29580729166003	341.60602864583501	352.20264322917097	366.57022135416702	374.94503906249503	371.21390625000203	355.91458333333401	326.95454427082899	287.257005208333	247.28552083333801	212.16554687499399	180.81640624999301	156.964335937508	140.529661458334	127.413502604169	116.557018229167	109.70740885415999	105.875572916675	103.643203125006	102.82455729166099	103.656523437497	105.278124999998	105.713580729163	104.81121093749999	104.01634114583899	102.968750000002	100.578476562494	98.462213541669797	97.927278645835003	98.099843749997007	97.788828124995206	98.313007812498199	99.810169270841499	99.6858203125025	96.192200520833893	89.851770833331997	79.802005208333	62.860169270830298	40.545729166673901	16.8929036458353	-7.7697135416651699	-31.871315104165699	-50.528671875010801	-66.041393229160803	-83.461640625005202	-100.490221354168	-116.93583333333299	-133.55670572916699	-145.95946614582701	-150.633502604174	-148.36730468749499	-140.97403645833	-130.73282552083401	-116.864882812499	-97.286757812504703	-75.032877604167396	-50.490403645831101	-11.0704817708292	39.408281249993699	87.278346354163602	136.61459635417401	189.21789062500099	222.58205729165999	237.44074218750399	253.75389322916899	265.81997395832798	271.080664062501	280.68076822916902	292.794388020832	296.67822916666699	297.30290364583198	296.64582031249603	293.13272135416901	289.35648437499702	286.57686197916701	280.74558593749998	271.66895833332899	260.99044270834003	248.16229166666099	235.59524739583301	227.57044270833401	222.91903645833	221.91511718750499	227.06591145833599	233.076276041667	236.987486979165	242.00544270833299	245.148111979161	243.22753906250199	242.72039062500801	244.81575520833499	246.86725260416799	254.22656249999301	267.43358072916499	281.85180338541301	297.97436197916699	314.73235026041499	327.37764973958002	335.95130859375399	341.49528645833402	341.85856770833402	338.373717447915	332.95104166666403	325.465865885423	315.93311848958598	306.47706380208098	297.77069661458501	289.90764973958102	283.94644531249997	281.68469401041301	283.64327473958201	289.68869791666498	299.54139322916501	311.72192708333301	324.02171223958197	334.29018229166599	340.025937500005	338.97637369791602	334.79755208333103	327.87927083333199	317.42413411458102	309.364605034725	305.27345920139197	327.62615234374903	150.57773871527701	ATP, Tm= 52 degree celcius	23	23.5	24	24.5	25	25.5	26	26.5	27	27.5	28	28.5	29	29.5	30	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	40.5	41	41.5	42	42.5	43	43.5	44	44.5	45	45.5	46	46.5	47	47.5	48	48.5	49	49.5	50	50.5	51	51.5	52	52.5	53	53.5	54	54.5	55	55.5	56	56.5	57	57.5	58	58.5	59	59.5	60	60.5	61	61.5	62	62.5	63	63.5	64	64.5	65	65.5	66	66.5	67	67.5	68	68.5	69	69.5	70	70.5	71	71.5	72	72.5	73	73.5	74	74.5	75	75.5	76	76.5	77	77.5	78	78.5	79	79.5	80	80.5	81	81.5	82	82.5	83	83.5	84	84.5	85	85.5	86	86.5	87	87.5	88	88.5	89	89.5	90	205.79203124999799	445.88273437499703	411.584062499997	411.584062499965	411.58406250022301	416.22252604188901	387.93442708329798	329.50988281249897	283.63515625000002	251.47622395833599	237.66925781249799	237.36464843750301	246.99958333333899	269.280299479164	290.893020833337	299.84554687499701	296.619986979168	278.78186197917103	244.755624999996	205.59274739583401	168.77998697916701	132.16417968750099	102.506315104165	81.827669270829603	63.3670963541717	48.428411458332903	40.752330729159397	34.789010416665398	29.163841145834301	29.2580468750057	30.562591145834599	30.0482942708263	31.279804687503201	33.427578125005802	34.350937500003099	34.983489583331902	35.8274739583239	36.4647526041704	36.9776041666669	36.089882812498203	36.029778645840402	35.455325520826101	31.7891406249955	27.660312500006999	21.227200520833801	10.3032682291655	-1.62778645832714	-17.826210937504602	-41.752148437498803	-66.349817708332907	-90.053294270837398	-115.70269531249301	-136.426184895831	-149.62648437500101	-163.11744791666601	-178.245039062497	-188.70269531250301	-195.24604166667001	-200.534973958325	-198.827252604167	-186.997473958341	-171.03455729165901	-150.88398437499899	-124.007513020837	-92.100052083335399	-57.743203125000498	-21.446145833328501	24.1160677083294	75.418216145835203	123.718606770834	170.87712239583001	215.60740885416499	238.71921875000299	243.83324218749999	245.95897135416601	241.636249999999	233.04282552083299	229.78019531249799	230.64940104166999	228.64276041666699	225.46580729166899	221.523945312499	216.35447916666001	209.896653645833	201.02057291667199	189.825638020832	180.80417968749401	177.141796875002	179.07635416666699	189.30192708333701	207.14037760416201	224.36999999999799	239.86907552083699	256.63845052083002	270.28353515625099	280.94901692708402	295.240624999999	308.80374348957798	316.90533854166898	324.90324869791999	331.26915364582902	331.64731119791702	331.615201822914	330.872897135416	326.026510416669	322.77449869791701	321.95173177083097	319.387988281248	317.39444661457998	317.19435546875297	312.86230468750301	304.19302734374799	295.43035156249903	287.24923177083502	278.14392578124603	270.83248697916503	267.81214843749899	265.12223958333198	260.71933593750401	256.60375651041801	252.83764322916301	247.11499348957901	240.343001302083	233.68516276041601	226.973398437502	220.09263671874999	215.32354817708199	214.81549479167199	221.63183593750099	238.85667317708001	260.55517578124801	293.58719618055699	315.36767144097303	384.461100260416	195.43246527777799	Temperature, °C
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