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ABSTRACT 

INVESTIGATION OF A PROLYLS TRANS-CIS ISOMERIZATION OF 

METAMORPHIC CIRCADIAN CLOCK PROTEIN KAIB 

Circadian clocks are universal among living organisms. In humans, circadian clock serve 

two main function; (1) promote daytime responses such as physical and mental activity and 

the biochemical and cardiovascular changes associated with them and (2) to enable 

preparation between the active and resting phases. To better understand how circadian 

clocks exert these functions it is necessary to study the molecular mechanism governing 

them. The circadian clock of cyanobacteria is a good model for studying such mechanisms 

due to its simplicity and ability to be reconstituted in vitro. Of the three core oscillating 

proteins, KaiA, KaiB, and KaiC, KaiB is a unique metamorphic protein that undergoes a 

fold-switching mechanism allowing KaiB to sample two native folds. Comparison of these 

folds revealed three prolyl trans-to-cis isomerase residues. To elucidate the mechanism 

behind KaiB fold switching, mutagenesis of the three proline residues to alanine was 

applied. It is hypothesized that removing the prolyl trans-cis isomerization will cause KaiB 

to become more stable by restricting fold switching. Differential scanning calorimetry of 

the proline to alanine mutants showed destabilization of proline70 to alanine suggesting 

Pro70 may act as a molecular hinge. NMR relaxation experiments were optimized for 

future studies on the destabilizing effect of Pro70 to alanine and its role as a potential 

molecular hinge.  

Alicia Vazquez  

August 2017 
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CHAPTER 1: INTRODUCTION 

Ch 1.1 THE CIRCADIAN CLOCK OF CYANOBACTERIA 

 

The necessity to track time of day has always captured our attention. From the sun 

governing daily life and survival for Paleolithic humans to modern atomic clocks, we still 

rely on a 24-hour rhythm to cope with daily changes in our environment. Our biological 

(circadian) clocks still follow a 24-hour rhythm. For instance, hormones like cortisol and 

testosterone are highest in the morning while melatonin and prolactin reach their maximum 

during sleep hours (14). Much like humans, other living organisms including bacteria, fungi, 

plants, insects, and mammals have also evolved circadian clocks in anticipation of day-to-

night changes for enhancing fitness (14). For example, plants with a circadian rhythm 

matched to the environment fix more carbon, contain more chlorophyll, and grow faster, 

providing a competitive advantage to plants with a circadian rhythm differing from their 

environment (13). All circadian clock share three main characteristics; (1) temperature 

compensation of the period, (2) phase resetting by light or dark, and (3) an endogenous, 

near 24-hour cycle (14). To understand how circadian clocks function, it is essential to study 

the molecular mechanism governing these rhythms. The circadian clock of the 

cyanobacterium Synechococcus elongatus, is ideal for such mechanistic studies because, 

in contrast to all other known circadian clocks, which utilize transcription-translation based 

feedback mechanisms, it is a post-translational clock, consisting of only three proteins, and 

can be reconstituted in vitro by combining its three components (50).   
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The three core oscillator proteins KaiA, KaiB, and KaiC (fig.1.1) (Kai meaning 

cycle in Japanese) are encoded by their respective genes kaiA, kaiB, and kaiC (45). These 

three genes are responsible for timing of cell division (48, 74), gene expression (45, 37), and 

compaction of the chromosome (58). As the sun rises, KaiA binds to unphosphorylated KaiC 

(88). The binding of KaiA to KaiC stimulates KaiC autophosphorylation (78) first at residue 

Threonine-432 (T432) and then at Serine- 431 (S431) (89). In the evening, S431 

phosphorylation of KaiC allows for binding of KaiB (87) Once bound to KaiC, KaiB 

sequesters KaiA to allow KaiC to begin autodephosphorylation (87). A new cycle begins the 

following morning (fig. 1.2).      

The cyanobacterial circadian clock is governed by the enzymatic kinase and 

phosphatase activity of KaiC. KaiC kinase and phosphatase activities are at the core of 

generating its 24-hour phosphorylation rhythm under regulation of KaiA and KaiB (73). 

KaiC is a double-donut shaped hexamer with two homologous domains, CI (N-terminal) 

and CII (C-terminal) (fig 1.1C) (56), and belongs to the AAA+ (ATPase Associated with 

diverse cellular Activities) family (83). At the CI and CII subunit interfaces, the ATPase 

activity of KaiC hydrolyzes ATP. However, autokinase activity occurs only in the CII 

domain (53).  With both phosphorylation and dephosphorylation mediated by a 

phosphotransfer reaction on the CII subunit, KaiC begins its cycle with un-phosphorylated 

residues S431 and T432 (ST) approximately around dawn (73: 53). The cycle proceeds as 

follows, ST SpT  pSpT  pST  ST (89,  50). For the two states (ST and SpT) of KaiC 

where S431 is not phosphorylated, the CII ring is undergoing breathing motions and the CI 

and CII rings are un-stacked (87). Following the phosphorylation of S431 (pSpT and pST), 

stacking occurs and the CII ring tightens, exposing the KaiB binding site on CI (87). The 
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breathing motions of the CII (ST, SpT) ring allow for CI ATPase activity and binding of 

KaiA. Upon CII ring tightening (pSpT, pST), ATPase activity is suppressed, and binding 

of KaiB is promoted (28, 87).  

The CII A-loop is the regulator of KaiC enzymatic activity. It exists in an 

equilibrium between exposed and buried positions, exposed A-loops promote KaiC 

autokinase activity while buried A-loops promote KaiC autophosphatse activity (88). During 

the subjective day, the A-loop of KaiC (ST, SpT) can sample the exposed and buried 

positions. The C-terminal of KaiA stabilizes the A-loop in the exposed position, 

stimulating KaiC autophosphorylation (69, 55).  When the A-loops are in their buried 

position, the KaiA-KaiC interactions are weakened (8, 78). Concurrently, N-terminal SasA 

will bind to the B-loops on the CI domain of KaiC (78), leading to the phosphorylation of 

the transcription factor and response regulator RpaA (23, 18). The C-terminal of SasA 

contains a phosphorylation site that is enhanced when bound to KaiC (58, 81). Once 

phosphorylated, SasA transfers its newly obtained phosphate group to RpaA (81, 51). The 

two-component SasA-RpaA regulatory system is the main output for coordinating 

circadian gene expression for the correct period length, phase relationship, and robust 

oscillation for KaiC phosphorylation (23, 51). As the cycle progresses and the onset of 

darkness begins (pSpT) KaiA autoinhibits itself upon KaiABC ternary complex formation, 

blocking stimulation of KaiC phosphorylation (79).   

In the evening, when KaiC is hyperphosphorylated (pSpT), its CI and CII rings 

stack (88), promoting KaiB-CI binding (87), which sequesters KaiA in the KaiC-KaiB-KaiA 

ternary complex. Furthermore, KaiC phosphorylation at Ser431 also directly weakens 
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KAiC-KaiA interactions, which facilitates KaiA inhibition (78). In addition to its pivotal 

role in the day/night switch of the oscillator, the KaiC-KaiB complex binds and activates 

the nighttime output signaling protein CikA (18). Stacking of the CI and CII rings exposes 

the B-loops on the CI subunit of KaiC allowing it to capture KaiB (87, 78). KaiB and the N-

terminal of SasA have a similar sequence and bind to the same location on KaiC (22). 

Though SasA can bind each phosphoform of KaiC, KaiB can compete for binding to CI 

when the KaiC rings are stacked and thus displacing SasA (78). However, before KaiB can 

bind CI it must first undergo a conformational, or fold switch, mechanism (9). KaiB has two 

tertiary structures, one active (fold switch) and one inactive (ground state). In its fold 

switch (fs) form KaiB is a monomer with a thioredoxin-like fold, like that of N-terminal 

SasA (9) and a homotetramer in its ground state (gs) form (19). fsKaiB binds to CI in a 1:1 

ratio forming a ring-like structure on the bottom face of the CI domain (79).  After fs-KaiB 

is captured by CI in its post-ATP hydrolysis state, fs-KaiB sequesters KaiA in its closed 

conformation halting autokinase stimulation (79, 69). KaiA and CikA compete for binding to 

fs-KaiB (10).  When bound to fs-KaiB, CikA promotes the accumulation of 

unphosphorylated RpaA (67, 18).  At dawn KaiC fully dephosphorylates (ST), causing 

ternary complexes KaiA-KaiB-KaiC and CikA-KaiB-KaiC to dissociate, and begin a new 

cycle (79).  
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Figure 1.1: (A) KaiA (65KDa). The domain swapped homodimer subunits are shown in pink and hot pink. (B) 
Tetrameric gsKaiB (48KDa) is shown in coral. (C) KaiC (345KDa) is shown in light blue with the S431 and T432 
phospho-residues in yellow and red, respectively, shown in the CII domain.     

 

Figure 1.2: A cartoon representation of the cyanobacterial oscillator. KaiA is represented in pink, KaiC in 

blue, KaiB in orange, SasA in green, CikA in yellow, and RpaA in purple. The dark pink lines protruding 

from the CII subunit represent KaiC A-loops. The yellow and red stars represent the phosphosites S431 and 

T432, respectively. KaiB fold switch is represented on the left. RpaA phosphorylation is noted with a ‘P’ 

circled in red. The cycle progresses clockwise as depicted by the arrow drawn in the center.    
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Ch 1.2 THE FOLD SWITCH BEHAVIOR OF KaiB  

 

KaiB is highly conserved among twelve cyanobacterial species and yet, the 

tetrameric structure adopts a fold that has not been previously reported (64).  The tetrameric 

form of KaiB has a negatively charged center, a positively charged perimeter, and aromatic 

ring zipper (fig. 1.3) (19). KaiB is composed of two asymmetrical dimers (fig. 1.4A) (64). 

Each dimer pair contains three α-helices covering half of the top and bottom and four β-

sheets per subunit filling in the center (19). The interface between the dimers consist of four 

aromatic residues one of which, Tyr94, packs tightly against three consecutive prolines 

(P70, P71, P72) adding additional hydrophobic interactions that connect the dimers 

together (19).  

The novel structure of tetrameric KaiB was baffling considering most sequence 

homologs have a thioredoxin and thiol-disulfide isomerase structure (19). Recently, it was 

discovered that KaiB can also adopt a thioredoxin like fold, which is in fact the active form 

that sequesters KaiA (fig 1.4B) (9, 44). In its inactive, or ground state (gs), conformation 

KaiB exist as dimer-of-dimers. However, when dissociated into monomeric units, KaiB 

switches into an active, or fold switch (fs), conformation. Ground state KaiB (gsKaiB) has 

a secondary structure of βαββααβ while fold switch KaiB (fsKaiB) has a secondary 

structure of βαβαββα (fig. 1.5) (9). fsKaiB and gsKaiB exist in an equilibrium where fsKaiB 

is rare but, upon the phosphorylation of S431 fsKaiB is captured by CI, displacing SasA, 

and shifting the equilibrium towards fsKaiB (9).  The population shift from gsKaiB to 

fsKaiB is slow (hours timescale), allowing for the KaiC population to fully phosphorylate 
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under KaiA stimulation (9). The fold switch behavior of KaiB allows it to sample two 

different conformations, classifying it as a new and rare metamorphic protein.  

With only a handful of proteins identified as metamorphic (2), KaiB is currently the 

only one known to function in biological clocks. Under native conditions, metamorphic 

proteins can adopt different conformations for the same sequence thus contradicting the 

“one-sequence, one-fold paradigm” (2,3). In the case of KaiB, the C-terminal half secondary 

structures (beginning with β3) completely switch (β to α and α to β). This large-scale 

secondary structure and oligomeric rearrangement points toward unfolding and refolding 

of the C-terminal half of KaiB. However, it is still unknown how KaiB dissociates and 

unfolds from a tetrameric βαββααβ fold to a monomeric βαβαββα fold. 

Comparison of the gsKaiB and fsKaiB structures shows that three prolines undergo 

trans-to-cis isomerization.  In the ground state conformation Pro63, Pro70, and Pro72 exist in 

a trans position and change to cis in the fold switch conformation (fig. 1.7). Proline 

isomerization exerts its functions through mechanisms involving (i) a conformational 

change caused by the 180° rotation about the prolyl bond, (ii) slow kinetics of isomerization 

providing a molecular timer, and/or (iii) recruitment of a prolyl cis-trans isomerase enzyme 

(80). There have not been any identified cis-trans isomerase enzymes in the cyanobacterial 

clock system. However, the trans-cis isomerization behavior in KaiB does show a 180° 

rotation from its inactive to active state. Pro63 is located towards the N-terminal end of the 

α2 helix in gsKaiB and last residue in the coil prior to the β3 sheet in fsKaiB (fig 1.6). 

Likewise, Pro70 and Pro72 are at the N-terminal region of the α3 helices in gsKaiB but form 

a four residue long (Pro70, Pro71, Pro72, Val73) β-hairpin turn between β3 and β4 in fsKaiB 
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(fig 1.6). To elucidate the fold switching mechanism of KaiB, a good starting point is 

understanding the role of the prolyl trans-cis isomerization.  

Here I describe the changes in thermo-stability of KaiB and several proline-to-

alanine mutant variants. By mutating the proline residues to alanine, it is hypothesized that 

KaiB will be locked in the ground state conformation and thus become more stable. For 

information on the dynamics of wild-type KaiB and the proline-to-alanine mutants, NMR 

relaxation experiments were optimized using ubiquitin, a standard NMR test sample, to 

stress the importance of properly calibrating proton pulses and ionic strength 

concentrations in a protein sample.   
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Figure 1.3: (A) Aromatic ring zipper is shown in red (Tyr8, Phe36, Tyr40, Tyr94). Residues Y8 and Y94 are 

labelled, a Y8A-Y94A substitution breaks the tetramer interface. (B) Closer look at the formation of the 

aromatic ring zipper.     

 

 

Figure 1.4: (A) Tetrameric gsKaiB. Secondary colors shown in pink (𝛽-strands) and purple (𝛼-helices). Coils 

are shown in gray. Tetrameric gsKaiB PDB 2QKE. (B) Monomeric fsKaiB with a thioredoxin-like fold. 

Structure obtained from LiWang lab (Chang 2015)   
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Figure 1.5: (A) Detailed tertiary structural comparison of a monomeric subunit of gsKaiB and fsKaiB (B) 

Secondary structural comparison of a monomeric subunit of gsKaiB (top) and fsKaiB (bottom). The N-

terminal domain, 𝛽1, 𝛼1, and 𝛽2 remains the same while the C-terminal half, 𝛽3, 𝛼2, 𝛼3, and 𝛽4, in gsKaiB, 

change to 𝛼2, 𝛽3, 𝛽4, and 𝛼3 in fsKaiB.  
 

 

Figure 1.6: (A) gsKaiB proline residues 63, 70, and 72 highlighted in yellow. P63 is located on α2 and P70 

and P72 are located on α3. (B) fsKaiB proline residues 63, 70, and 72 highlighted in yellow. P63 is located 

in the link between α2 and β3. P70 and P72 are in the β-hairpin between β3 and β4.  
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Figure 1.7: Trans-to-cis isomerase of proline 63, 70, and 72, respectively. Trans isomers are on the left 

(gsKaiB) and cis isomers are on the right (fsKaiB).  
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CHAPTER 2:  TESTING THE THERMAL STABILITY OF KaiB  

 

Ch 2.1 DIFFERENTIAL SCANNING CALORIMETRY  

 

KaiB exists in equilibrium between ground state (gs) and fold switch (fs) 

conformations and therefore, is constantly in a partially ‘unfolded’ state as it samples the 

two folds. The goal of this study is to understand the contribution of the isomerization of 

three prolines to the fold switch behavior of KaiB. The hypothesis is that the flexibility of 

the C-terminal half would be restricted and thus locking KaiB in the gs conformation. To 

test this hypothesis, mutagenesis of the above prolines to alanine was performed and their 

stability as well as that of wild type KaiB was determined using differential scanning 

calorimetry (DSC). The rationale is that if KaiB is locked in the gs conformation its stability 

would be expected to increase as it is at the energy minimum.  

The two-state system model was applied for this experiment. In a two-state system 

only the unfolded and folded (native) states are populated (26). Although KaiB has at least 

three known states, (i) ground state, (ii) unfolded, and (iii) fold switch, the population of 

fsKaiB in a given sample is minimal and therefore, any contribution to the 𝑇𝑚 or 

thermodynamic profile of the protein is negligible. This was determined by the 𝐴𝑤 scaling 

factor. 𝐴𝑤 is equivalent to the ratio  
∆𝐻𝑐𝑎𝑙

∆𝐻𝑣𝐻
⁄ . If ∆𝐻𝑣𝐻 > ∆𝐻𝑐𝑎𝑙 then the two-state 

system is valid; ∆𝐻𝑐𝑎𝑙 is the calorimetric enthalpy given by the area under the transition 

peak and ∆𝐻𝑣𝐻 is the calculated Van’t Hoff enthalpy (57). However, if ∆𝐻𝑣𝐻 < ∆𝐻𝑐𝑎𝑙 (i.e. 

NIU) the two-state model is invalid (57). All 𝐴𝑤 values are less than 1 therefore, the 

two-state model can be applied (Table 2.1). The transition midpoint (𝑇𝑚) between the 
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unfolded and native state is directly related to the stability of each protein (66). By measuring 

the changes in the difference between the heat flow rate of the surroundings and the sample 

in a controlled environment, DSC can provide 𝑇𝑚 and the change in heat capacity, enthalpy, 

and entropy (20).   
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Ch 2.2 MUTATIONS AND SAMPLE PREPARATION  

 

Wild type gsKaiB exist in a tetrameric conformation. However, for this study, a 

truncated Thermosynechococcus elongatus KaiB dimer variant was used as the ‘wild type’ 

to facilitate NMR peak assignment. Each subunit of tetrameric KaiB contains four aromatic 

residues (Tyr8, Phe36, Tyr40, Tyr96) that align with the same aromatic residues of an 

adjoining molecule creating a zipper between the dimers (fig. 1.3) (19). By mutating Tyr8 

and Tyr94 to alanine, the aromatic zipper is destabilized creating a favored dimer structure. 

A C-terminus truncation at residue Asp99 was also included. Therefore, it is abbreviated as 

‘TBN99YY’ and will be referred to as ‘wild type KaiB’. Two-step polymerase chain 

reaction (PCR) was used to mutate Pro63, Pro70, and Pro72 to alanine individually and in 

combination. For primer sequences and two-step PCR protocol details refer to 

supplementary and methods, respectively. All proteins were expressed in LB and purified 

similarly (details in methods). Buffer choice for testing the thermodynamic stability of wild 

type (WT) KaiB and all mutant variants was 20mM potassium phosphate pH7.4. The pH 

of phosphate buffer remains relatively constant with changes in temperature thus reducing 

any possible effects of pH change on protein stability (4).     

Nano differential scanning calorimeter (DSC) TA Instruments was used for all 

thermodynamic stability tests. All proteins were assayed under the same conditions; three 

heating cycles and two cooling cycles from 25℃ to 100℃, or vice versa, at a rate of 

1℃/𝑚𝑖𝑛. Artifacts due to air bubbles were eliminated by running multiple cycles. For 

details on the program or sample set up please see methods.  
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Ch 2.3 TRANSITION MIDPOINT COMPARISON OF WT KaiB AND PROLINE 

MUTANT VARIANTS 

WT KaiB showed a transition midpoint (𝑇𝑚 ) equal to 72.9 0.01−
+ ℃. Although 

KaiB mutants were hypothesized to have higher 𝑇𝑚  values, some mutants showed similar 

or lower 𝑇𝑚 values than that of WT KaiB, suggesting their differential roles in KaiB fold 

switching. A comparison of all the 𝑇𝑚 values are listed in Table 2.1. When individually 

mutated to alanine, P63A and P72A KaiB mutants had similar values as wild type KaiB. 

P63A showed a very minimal difference (0.1 0.02−
+ ℃ ) in 𝑇𝑚 value while P72A showed a 

slightly more noticeable decrease in stability (1.5 0.01−
+ ℃) 𝑇𝑚 . This indicates that P72A is 

slightly less stable than WT KaiB. However, the differences in 𝑇𝑚 between wild type KaiB 

and P63A are negligible. Therefore, it can be concluded that the stability of P63A KaiB is 

similar to that of wild type KaiB. On the other hand, P70A has a 𝑇𝑚 = 52.4 0.03−
+  ℃, a 

20.49 difference in 𝑇𝑚 from wild type KaiB.  

Combinations of proline to alanine mutants were also tested and showed a similar 

trend to that of the individual mutants. Double mutant P63A-P70A and triple mutant P63A-

P70A-P72A also had 𝑇𝑚 values comparable to P70A, 55.8 0.03−
+ ℃ and 50.5 0.3−

+ ℃, 

respectively. Double mutant P63A-P72A KaiB had a 𝑇𝑚 value equal to 75.28 0.05−
+ ℃. 

Therefore, when mutations P63A and P72A are combined, they stabilize KaiB more over 

wild type KaiB. However, the stability of KaiB is drastically reduced when mutant P70A 

is introduced. Interestingly, when P63A, the most stable among the single mutant variants, 

is introduced to P70A-P72A to create the triple mutant, it is even further destabilized. A 

KaiB P70A-P72A construct was also made but the thermodynamic stability was not 
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determined because it could not be purified and requires further study to optimize 

purification. This indicates the likelihood that mutant P70A-P72A is the least stable. 

Therefore, residue Pro70 in gsKaiB is critical for protein stability.   

Change in entropy was also calculated using the Gibbs equation, ∆𝐺 = ∆𝐻 −

𝑇∆𝑆 (eq. 2.1). At the melting temperature ∆𝐺𝑚 = 0, therefore equation 2.1 can be 

rearranged as ∆𝑆𝑚 =
∆𝐻𝑚

𝑇𝑚
 (eq. 2.2) where 𝑇𝑚 is the transition midpoint (table 2.1) (5). WT 

KaiB has the highest ∆𝑆𝑚 (2.2 0.04−
+  kJ⁄(mol∙K)) indicating a greater increase of disorder 

at 𝑇𝑚 (70). The three of most stable KaiB mutants P63A (∆𝑆𝑚 =1.8 0.06−
+  kJ⁄(mol∙K)), 

P63A-P72A (∆𝑆𝑚 =1.8 0.05−
+  kJ⁄(mol∙K)), and P72A (∆𝑆𝑚 =1.7 0.04−

+  kJ⁄(mol∙K)) had 

lower ∆𝑆𝑚 values. However, mutants containing P70A had the lowest ∆𝑆𝑚 values; P70A 

(∆𝑆𝑚 =1.3 0.04−
+  kJ⁄(mol∙K)), P63A-P70A (∆𝑆𝑚 =1.5 0.04−

+  kJ⁄(mol∙K)), and P63A-

P70A-P72A (∆𝑆𝑚 =1.1 0.17−
+  kJ⁄(mol∙K)). Therefore, the less stable a KaiB mutant, the 

more “unfolded” it already is. I.e. KaiB mutants are already disordered to some extent and 

unfolding them completely does not result in a large increase in disorder. Although this 

data suggests that the proline to alanine mutant KaiB variants have a smaller increase of 

disorder at 𝑇𝑚, the baseline in the raw data has a negative slope (supplementary). After the 

protein is melted the change in heat capacity should increase and have a positive slope (16). 

This could have an effect on the measure ∆𝐻 (area under the curve) therefore, these values 

are tentative.    

Proline residues tend to destabilize alpha helices by bonding to the backbone of the 

protein and disrupting the H-bond network (6). Typically, a proline can fit well into the first 

turn of an alpha helix without causing major steric hindrance by eliminating the backbone 
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amide-proton bond (6). All three proline residues, Pro63, Pro70, and Pro72, are located in the 

first turn of an alpha helix. However, alanine has a high helix propensity and is a ‘good α-

helix former’ (6, 52). Therefore, it was unexpected that replacing a proline residue with an 

alanine would destabilize KaiB. In gsKaiB both Pro63 and Pro72 are the third residues from 

the N-terminal of α2 and α3, respectively. Whereas Pro70 is the first residue of the α3 helix. 

The location of these prolines may help explain why the switch from proline to alanine at 

Pro63 or Pro72 has little to no change in stability and opposite effects are seen at Pro70.  

In addition to being the first residue of the α3 helix in gsKaiB, Pro70 is also the first 

residue in the β hairpin connecting β3 and β4 in fsKaiB. Therefore, it is possible that Pro70 

acts as a ‘molecular hinge’ introducing bending/kink-swivel motions necessary for protein 

stability (7). Size exclusion data also points to differences in overall size of each mutant 

variant compared to WT KaiB. Nearly all of the KaiB mutants eluted at or after the elution 

volume of WT KaiB, except for P63A-P72A. Double mutant P63A-P72A is the most sable 

KaiB variant (𝑇𝑚 = 75.28℃) but also elutes before WT KaiB, indicating a larger size. 

Table 2.2 list the elution volumes of all the protein variants. Although DSC and size 

exclusion chromatography can respectively provide information on the stability and 

relative size of proteins, they do not provide information on protein dynamics. Therefore, 

NMR relaxation experiments will be used in the future to obtain detailed information on 

the global and local behavior of KaiB.  
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Protein 𝑻𝒎 (℃) ∆𝑯𝒎 

(kJ/mol) 

∆𝑺𝒎 

(KJ/(mol·K)) 

𝑨𝒘 

TBN99YY 72.9 0.01−
+  744.0 5.1−

+  2.2 0.04−
+  0.040 

TBN99YY-P63A 72.8 0.03−
+  637.6 5.1−

+  1.8 0.06−
+  0.053 

TBN99YY-P70A 52.4 0.03−
+  421.9 4.1−

+  1.3 0.04−
+  0.060 

TBN99YY-P72A 71.4 0.02−
+  588.0 3.9−

+  1.7 0.04−
+  0.045 

TBN99YY-P63A-P70A 55.8 0.03−
+  493.5 8.3−

+  1.5 0.04−
+  0.057 

TBN99YY-P63A-P72A 75.3 0.05−
+  642.5 8.8−

+  1.8 0.05−
+  0.018 

TBN99YY-P63A-P70A-

P72A 

50.5 0.3−
+ 0 350.7 23.2−

+  1.1 0.17−
+  0.046 

TBN99YY-P70A-P72A NA NA NA NA 

Table 2.1: Table listing WT KaiB (TBN99YY) and proline to alanine mutants. Data for TBN99YY-P70A-

P72A was not available. 𝐴𝑤 is the scaling factor. 𝑇𝑚 and ∆𝐻𝑚 were derived from the TA Instruments Launch 

NanoAnalyze modeling software. ∆𝑆𝑚 values were calculated based on the 𝑇𝑚 and ∆𝐻𝑚 (equation 2.2). A 

95% confidence level was applied to all models. Aw confidence interval was negligible and therefore not 

included.   
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Protein Elution Volume (mL) 

TBN99YY 74 

TBN99YY-P63A 75 

TBN99YY-P70A 75 

TBN99YY-P72A 75 

TBN99YY-P63A-P70A 74 

TBN99YY-P63A-P72A 72 

TBN99YY-P63A-P70A-P72A 74 

TBN99YY-P70A-P72A NA 

Table 2.2: Elution volume based on size exclusion chromatography for WT KaiB and proline to alanine 

mutants. Column used: HiLoadTM 16/600 SuperdexTM 75pg.  

 

  

Graph 2.1: WT KaiB (TBN99YY) DSC data. Two State Scaled model in orange. Raw data is in blue. Y-

axia is heat capacity. X-axis is temperature. Full thermodynamic profile from 25℃ to 100℃ can be found in 

supplementary.  
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Graph 2.2: TBN99YY-P63A DSC data. Two State Scaled model in orange. Raw data is in blue.   

 

 

Graph 2.3: TBN99YY-P70A DSC data. Two State Scaled model in orange. Raw data is in blue.   

 

 

Graph 2.4: TBN99YY-P72A DSC data. Two State Scaled model in orange. Raw data is in blue.   
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Graph 2.5: TBN99YY-P63A-P70A DSC data. Two State Scaled model in orange. Raw data is in blue.   

 

Graph 2.6: TBN99YY-P63A-P72A DSC data. Two State Scaled model in orange. Raw data is in blue. An 

unusually broad peak is shown. It is possible that a population of the protein may be missfolded resulting in 

a broad melting range.     

 

Graph 2.7: TBN99YY-P63A-P70A-P72A DSC data. Two State Scaled model in orange. Raw data is in blue. 

Similar to P63A-P72A, a brad peak is also shown. This may be caused by a missfolded protein population.    
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CHAPTER 3: THE IMPORTANCE OF PROPERLY CALIBRATING 1H PULSES 

FOR MEASURING 15N 𝑻𝟏 RELAXATION TIME 

 

Ch. 3.1 15N 𝑻𝟏 RELAXATION  

All proteins contain varying degrees of flexibility within their tertiary fold (3). NMR 

relaxation experiments can examine these internal dynamics and provide detailed 

information pertaining to these fluctuations (32). Relaxation studies also have the advantage 

of probing the backbone dynamics of a protein on a per residue basis on the millisecond to 

second time scale (34, 31). Relaxation studies typically encompass 15N 𝑇1, 𝑇2, and 15N{-H} 

Nuclear Overhauser Effect (NOE) experiments that map out the spectral density functions 

that describe protein motions at a number of frequencies (31). In a metamorphic protein, 

such as KaiB, understanding the local motility could bring insight into how it can exchange 

between two conformations under native conditions. More specifically, Nuclear Magnetic 

Relaxation (NMR) relaxation has the potential to identify the role of trans/cis isomerization 

of the three prolyl residues (p63, P70, P72) in KaiB fold switching.  

NMR relaxation is the process that allows a system to regain thermal equilibrium, 

a process described by the Boltzmann distribution, i.e. as the energy of a particular state of 

the surroundings increase, the probability of that state being occupied decreases (41,34). 

Typically, relaxation is divided into two types; transverse relaxation (spin-spin relaxation) 

and longitudinal relaxation (spin-lattice relaxation) (41). Relaxation causes transverse 

magnetization to reach an equilibrium value of zero and longitudinal magnetization to 

return the Z-magnetization to equilibrium (34). The Z-magnetization at equilibrium is 
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proportional to the population difference between α and β energy levels (34). In this chapter 

the focus will be on longitudinal relaxation. Longitudinal, or spin-lattice, relaxation is the 

exchange of energy between spins fluctuating magnetic fields that are resonant with the 

spins. The molecular motions are the energy reservoir or ‘lattice’ (34).  Therefore, 

longitudinal relaxation is described as a result from the transitions between the α and β 

energy levels (41). Longitudinal relaxation is characterized by the first-order rate expression 

𝑑𝑀𝑧(𝑡)

𝑑𝑡
= −𝑅1[𝑀𝑧(𝑡) − 𝑀𝑧

0] where 𝑀𝑧 represents Z-magnetization and 𝑅1 the rate constant 

(34, 71). One over the rate constant 𝑅1 is equal to 𝑇1, 𝑇1 = 1
𝑅1

⁄ , which is the exponential 

time constant of the system returning to thermal equilibrium (34, 71). Time required for a 

population to return to equilibrium form the transverse (xy) plane is system specific; 

systems with slower 𝑇2 relaxation have a longer 𝑇1 and vice versa (34, 41).  

Relevant to protein dynamics, 𝑇1 relaxation depends on the spectral density at the 

Larmor frequency (71). The spectral density is the Fourier transform of the correlation 

function (34). The correlation function characterizes the time dependence of the random 

motions of a sample by averaging the time it takes a molecule to move approximately one 

radian from its starting position (34). Therefore, we can use 𝑇1 relaxation rates to find 

information on the molecular motions of proteins on a per residue bases.      
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Ch. 3.2 SAMPLE CONDITIONS AND PREPARATION   

 

Before beginning relaxation experiments on KaiB and the KaiB mutant variants, a 

control, Ubiquitin (pET-11a-Ubiquitin Amp+), was used to establish accurate 𝑇1 relaxation 

measurements. Ubiquitin is a highly soluble, stable, well characterized protein with 

published 𝑇1 relaxation values (68, 77). The 𝑇1 relaxation values measured here were 

compared to those calculated in 1995 by Tjandra et al. In accordance with Tjandra et al. 

the sample conditions were set as follows; 1.4mM, pH 4.7, 10mM NaCl, at 27℃ (77). These 

parameters remained the same for all experiments. For 15N protein expression, purification, 

titration, and buffer preparation, please see methods. A 5mm BMS-3 Shigemi D2O matched 

symmetrical microtube (‘Shigemi tube’) was used for all experiments and ran on a Bruker 

600 MHz AVANCE III spectrometer equipped with a TCI cryoprobe and z-axis pulsed-

field gradient capability. Shigemi tubes have a 10 mm plug of susceptibility matched glass 

at the bottom of the tube and an equivalent to cover the top of the sample in the form of a 

plunger, reducing the sample volume needed by matching the susceptible volume required 

for the receiver coil of the probe (49). The purpose of the glass plugs is to eliminate any 

change in magnetic susceptibility of the solvent/glass interface (49). Shigemi tubes also 

provide better sample stability due to reduced air oxidation and more favorable shimming 

and water suppression. Thus, providing a better spectrum with diminished water 1H signals.   
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Ch. 3.3 EFFECTS OF 1H PULSE CALIBRATION ON 15N 𝑻𝟏 RELAXATION  

 

Water protons have a relatively long 𝑇1 relaxation time (4-5 seconds) compared to 

that of protein protons (~1.4 seconds) therefore, water protons remain partially saturated 

between pulses (17). For signal-to-noise purposes, it is necessary in NMR experiments for 

the repetition rate per scan to be faster than the relaxation rate of bulk water, resulting in 

semi-saturated water protons (33). The semi-saturated water protons can then replace amide 

protons via chemical exchange (33), leading to longer 𝑇1 times for protein protons (43). In 

15N 𝑇1relaxation experiments, 1HN are decoupled during the 15N relaxation delay. Thus, 

longer relaxation delays can lead to more severe H2O saturation and thereby artificially 

weaker 1HN signals that manifest as apparently shorter 15N 𝑇1 times (40).  

During the first trial of measuring 𝑇1values for the ubiquitin control sample, 1H 

pulses were calibrated using the Bruker PulseCal program. The Bruker PulseCal program 

nutates water protons about an applied field during the free-induction decay (FID) (85). 

When comparing the results of the pulse calibration methods to those acquired by Tjandra 

et al., Tjandra’s 1995 sample had longer 15N 𝑇1 values than those acquired using 1H pulses 

calibrated using PulseCal (Graph 3.1). Graph 3.1 shows Tjandra’s 𝑇1 values (nicoT1a:1995 

data) versus the 𝑇1values after a PulseCal program (exp400:T1N15_rk.nl, pulsecal) with a 

relaxation delay of D1=1.5s. Purple outlined circles indicate the correlation between 

experiments for each residue. The green dashed line is along the diagonal. As shown in 

graph 3.1, the diagonal is below the residue population informing that the 𝑇1 values for 1H 

PulseCal program of the ubiquitin sample are slightly shorter, rmsd=0.027sec. Because 
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both samples were prepared and ran under similar conditions, these results hinted toward 

a discrepancy in the pulse calibration method.   

Suggested by Jinfa Ying at the NIH (through personal contact), a new pulse 

calibration method of minimizing the first point of the FID after a 180° 1H pulse was tested. 

Graph 3.2 shows a comparison between the new “Jinfa-style” (exp402(T1N15_rk.nl)) 

versus the Bruker 1H PulseCal method (exp400(T1N15_rk.nl)). The PulseCal method had 

dramatically shorter 15N 𝑇1 values, rmsd=0.101sec. As mentioned previously, shorter 15N 

𝑇1 can be due to inadvertent water saturation during 15N relaxation delays (40).  

The 15N 𝑇1values for the ubiquitin control sample were measured again using the 

“Jinfa-style” 1H pulse calibration method. To confirm if there is an advantage to the “Jinfa-

style” 1H pulse calibration method, it was compared to Tjandra’s 1995 method (Graph 3.3). 

With a relaxation delay of D1=1s, the “Jinfa-style” 1H pulse calibration 

(exp404(T1N15_rk.nl,2017) method showed to have longer 𝑇1 relaxation values relative 

to Tjandra’s 1995 1H pulse calibration method (nicoT1a(1995)), rmsd=0.088sec. These 

results verify that properly calibrating 1H pulses is directly linked to accurately establishing 

𝑇1 relaxation values. In addition, these results highlight the importance of artificially 

minimizing 𝑇1values as a result from chemical exchange between saturated water protons 

and amide protons.  

Lastly, the new “Jinfa-style” 1H pulse calibration method was tested against 

different recycle delay times (Graph 3.4). The recycle delay is the time between scans to 

allow Z-magnetization to return to a fraction of its thermal equilibrium value and is 

determined by the 𝑇1 relaxation times (34). Three second (exp403(T1N15_rk.nl)) and one 
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second (exp404(T115N_rk.nl)) recycle delay times were tested. Set up with identical 1H 

pulse calibration methods, recycle delay time had little to no effect on the 𝑇1 values, 

rmsd=0.006sec (graph 3.4). These results further confirm that properly calibrating 1H 

pulses yield the most accurate and reliable 15N 𝑇1 values independent of relaxation delay 

times.  

The “Jinfa-style” 1H pulse calibration methods yields longer 15N 𝑇1 values because 

it more accurately calibrates the flip angle of pulses on water, leading to better water 

suppression compared to the PulseCal program. For NMR relaxation studies of WT KaiB 

and the proline to alanine mutant variants, accurately measuring 𝑇1values is crucial in being 

able to identify any local and global changes. Thus, properly calibrating 1H pulses is an 

important step in identifying 15N 𝑇1 relaxation values.  

 

Equation 3.1: Root mean square deviation (38)  

𝑅𝑀𝑆𝐷 =  √
1

𝑛
∑ 𝑑𝑖

2

𝑛

𝑖=1
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Graph 3.1: X-axis, exp400(T1N15_rk.nl), represents the 𝑇1 values calculated using the PulseCal program. 

Y-axis, nicoT1a, represents the 𝑇1 values obtained from Tjandra et al. 1995. 𝑇1 values from PulseCal are 

shorter than Tjandra et al 1995 data. Purple outlined circles indicate the correlation between experiments for 

each residue. The green dashed line represents the diagonal. D1 is the recycle delay. Units are in seconds. 

rmsd=0.027sec.   

 

Graph 3.2: X-axis, exp400(T1N15_rk.nl), represents the 𝑇1 values calculated using the PulseCal program. 

Y-axis, exp402(T1N15_rk.nl), represents the 𝑇1 values calculated using the “Jinga-style” 1H calibration 

method. The PulseCal methods showed significantly shorter 𝑇1 values. rmsd= 0.101sec.  
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Graph 3.3: X-axis, exp404(T1N15_rk.nl,2017), represents the 𝑇1 values calculated using the “Jinfa-

style” 1H calibration methods. Y-axis, nicoT1a(1995), represents the 𝑇1 values calculated using Tjandra et al 
1H pulse calibration methods. The “Jinfa-style” 1H calibration produces longer 𝑇1 values than the method 

used by Tjandra et al, 1995. rmsd=0.088sec. 

 

Graph 3.4: Both experiments were calculated using the “Jinfa-style” 1H calibration method but with different 

recycle delay times. Exp403(T1N15_rk.nl), x-axis, D1=3s. Exp404(T1N15_rk.nl), y-axis, D1=1s. rmsd= 

0.006sec.  
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Ch. 3.4 EFFECTS OF IONIC STRENGTH ON 15N 𝑻𝟏 RELAXATION  

 

Ion concentration in protein samples can help maintain the protein in a soluble state. 

Typically, as ionic concentration (or strength) increases so does the solubility of the protein 

along with its secondary and tertiary structures (61). The ion concentration needed to keep 

a protein of interest soluble is sample specific but generally follows the Hofmeister series 

(12). The Hofmeister series classifies ions based on their ability to “salt-out” or “salt-in” 

proteins and therefore affect protein stability (4). Ubiquitin, a highly charged thermostable 

globular protein, is both soluble and stable at a low salt concentration (21,77 ). For the study 

described here, a 10mM NaCl buffer was used and titrated to different ion concentration 

while maintaining a pH of 4.7.  

Two ubiquitin samples, “High Salt” and “Low Salt”, were prepared to study the 

effects of ionic strength. Both samples were prepared similarly with the exception of the 

final step. For details on purification and expression, refer to methods. The “High Salt” 

(HS) sample underwent buffer exchange after size exclusion chromatography with a 10 

mM NaCl solution without titration. After buffer exchange the HS sample was 

concentrated to a 1.5 mM stock solution. After preparation of the HS NMR sample, 1.4mM 

Ubiquitin, 5% D2O, 0.02% NaN3, 20μM DSS, 1x Protease Inhibitor, the sample was 

titrated to pH 4.7 with 1M NaOH and 0.5M NaCl, the final ionic strength was calculated 

to be 44.8 mM. The “Low salt” (LS) sample was prepared by buffer exchange with a pre-

titrated 1L pH 4.7 10mM NaCl solution. The final ionic strength of the LS sample was 

calculated to be 10.01 mM.          
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At high ionic strength, dielectric effects can lower the NMR signal-to-noise ratio 

and thereby increase acquisition times (49). Dielectric compounds, such as NaCl, are 

electrical insulators that can be polarized by an applied electric field (54). Thus, as ionic 

strength in a solution increases the more electromagnetically insulated a sample becomes, 

making it impossible to achieve uniform 90° flip angle across the width of the sample (61). 

Non-uniform 1H flip angles lead to water saturation and, as mentioned previously, can 

cause artificially low 15N 𝑇1 values (17). As shown in graph 3.5, the HS sample (exp401 

(high salt)) has an abnormally low 𝑇1 value, rmsd=0.041sec. Both samples were calibrated 

using the “Jinfa-style” 1H pulse calibration method and had a relaxation delay of D1=1.5. 

This exercise demonstrates the difficulty of properly suppressing water in high salt 

samples.  Therefore, NMR relaxation experiments of WT KaiB and the proline to alanine 

mutants should be prepared in a low ionic strength buffer.     
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Graph 3.5: Both experiments were calibrated using the “Jinfa-style” method. The high salt sample, exp401, 

shows lower 𝑇1 values than the low salt, exp402, sample. rmsd=0.041sec.  
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CHAPTER 4: SUMMARY AND DISCUSSION  

Circadian clocks are found in animals, plants, fungi, and bacteria. Three main 

characteristics are shared among all circadian clocks: (1) temperature compensation, (2) 

phase resetting, and (3) an endogenous, near 24-hour cycle (14). To begin to understand how 

circadian clocks function it is necessary to understand the underlying molecular 

mechanisms governing the 24-hour cycle. The circadian clock of cyanobacteria is ideal for 

such mechanistic studies because it is the most simplistic system known (9). Consisting of 

only three core oscillator proteins, KaiA, KaiB, and KaiC, the cyanobacterium circadian 

clock can be reconstituted in vitro by the addition of its three components. The heart of the 

oscillator, KaiC, has kinase and phosphatase activities that generate the 24-hour 

phosphorylation rhythm under regulation of KaiA and KaiB (73). KaiC, a double-donut 

shaped hexamer, has two homologous domains, CI and CII (56). Phosphorylation sites of 

KaiC, S431 and T432, are located on the CII domain (50). The cycle of KaiC 

autophosphorylation proceeds as follows, ST SpT pSpT  pST  ST (89, 90). When 

S431 is not phosphorylated, KaiA stabilizes the exposed A-loops on the CII domain 

promoting autokinase activity of KaiC (78). Concomitantly, output protein SasA can freely 

bind to the B-loops on the CI domain of KaiC, activating phosphorylation of transcription 

factor and response regulator RpaA (23, 81, 51). Upon phosphorylation of S431, the CII ring 

tightens, exposing the KaiB binding cite on CI (87). KaiB and N-terminal SasA are 

homologous and bind to the same location on KaiC (10). KaiB can outcompete SasA for B-

loop binding on CI (78). While bound to CI, KaiB also sequesters KaiA and interacts with 

output protein CikA, whereupon CikA dephosphorylates RpaA (fig. 1.2) (67, 18, 87).  
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Among the three components of the Kai clock, KaiB, possess a distinct feature 

found only in a handful (~10) of proteins; it is metamorphic (2, 9). Before KaiB can bind the 

B-loops on CI, it must first switch folds from an inactive (ground state) conformation to an 

active (fold switch) conformation (9). Ground state (gs) KaiB is a dimer of dimers with a 

βαββααβ fold, while fold switch (fs) KaiB is a monomer with a thioredoxin-like fold 

(βαβαββα) (fig 1.5) (19, 9). Comparison of these two structures shows three proline residues, 

Pro63, Pro70, Pro72, that undergo a trans to cis isomerization. Studying the trans-cis 

isomerization can elucidate the fold switching mechanism of KaiB. I have mutated Pro63, 

Pro70, and Pro72 to alanine individually and in combinations. The hypothesis is that without 

the ability to undergo a trans-cis isomerization KaiB will be locked in its ground state 

conformation thus increasing stability. Differential Scanning Calorimetry (DSC) and 

Nuclear Magnetic Resonance relaxation experiments were employed to test this 

hypothesis. The information derived from these experiments can provide ‘snapshots’ of the 

protein stability of KaiB as fold switching is restricted. 

 DSC experiments using the two-state system model were used to calculate the 

transition midpoint, 𝑇𝑚, of wild type (WT) KaiB and the proline-to-alanine mutant variants. 

Proline-to-alanine mutations at residues 63 and 72 individually have similar 𝑇𝑚  values, 

72.8±0.03℃ and 71.4±0.02℃, respectfully, as WT KaiB (72.9±0.01℃). However, when 

combined (P63A-P72A), KaiB becomes more stable (𝑇𝑚 =75.3±0.05℃). In contrast, a 

mutation introduced at proline residue 70 drastically reduces the transition midpoint 

indicating a decrease in stability; 𝑇𝑚 for P70 is 52.4±0.03℃, 55.8±0.03℃ for P63A-P70A, 

and 50.5±0.30℃ for P63A-P70A-P72A. Both Pro63 and Pro72 are the third residues from 
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N-terminus of the α2 and α3 helices while Pro70 is the first residue of the α3 helix. The 

position of Pro70 suggest that it may act as a ‘molecular hinge’ that introduces 

bending/kink-swivel motions required for protein stability (7).       

 In a study conducted by Miller et al, they identified a proline hinge in RNase A 

with isomerization properties that affects the ability for RNase A to domain-swap (47). 

Likewise, McHarg et al used site directed mutagenesis to study the role of a proline hinge 

in yeast phosphoglycerate kinase (25). In both cases, much like P70A, the mutant variants 

were less stable than their respective wild type (47, 25), suggesting that the hinge region 

stabilizes the native fold of the protein (25). However, unlike KaiB, RNase A and 

phosphoglycerate kinase have not been identified as metamorphic proteins (2). Therefore, 

the destabilized interactions of the native fold proposed by Miller et al and McHarg et al 

may only be responsible for a small portion of the effects observed in KaiB. Other works 

by Subramaniam et al and Park et al also highlight the active roles of proline hinges in 

bacteriorhodopsin and buforin II, respectively (72, 8). Bacteriorhodopsin undergoes a largely 

localized conformational change that suggest a functional role for proline in the ‘switch’ 

mechanism for proton release and uptake (72, 76). The mechanism for the proline hinge in 

buforin II is not well understood however, it has been proposed by Xie et al that without 

the proline hinge buforin II cannot undergo translocation thus, decreasing antimicrobial 

properties (86, 8). Although still different from the metamorphic characteristics of KaiB, 

Subramaniam et al, Park et al, and Xie et al all describe functional roles of proline hinges, 

while Miller et al and McHarg el al had a stronger focus on the proline hinge contributions 

to global stability. Based on current knowledge of KaiB, it is likely that Pro70 acts both as 

a stabilizing and functional proline hinge.  
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 When Pro70 is mutated to alanine in gsKaiB, it can be inferred that the first turn of 

the α3 helix becomes more rigid and thus sequentially decrease the flexibility between the 

coil and the helix. Because of this, it is possible that the stiffening of the α3-coil interaction 

restricts local sampling of different conformations. This could explain the decreased global 

stability (as shown by DSC) of P70A KaiB because now that the hinge is removed, thermal 

fluctuations tend to expose the hydrophobic core (fig. 4.1). Therefore, Pro70 helps stabilize 

KaiB by providing local flexibility in the structure. This flexibility may also be what allows 

gsKaiB to sample different conformations as it unfolds and refolds to its fold switch state 

without completely denaturing.               

 To further test this hypothesis, NMR relaxation can be used to provide information 

on the molecular motions of KaiB on a per residue bases (34). Prior to running the relaxation 

experiments on KaiB and the proline-to-alanine mutant variants, a control sample 

(Ubiquitin) was used to optimize the 15N 𝑇1relaxation experiment. Sample runs on 

ubiquitin showed that 𝑇1 relaxation measurements were not accurate due to poor water 

suppression (graph 3.1). The effects of ionic strength on 15N 𝑇1relaxation were also tested. 

With proper 1H pulse calibration, the sample with higher ionic strength concentration (~45 

mM) had lower 15N 𝑇1values than the low ionic strength (~10 mM) sample, rmsd=0.041sec, 

showing that accurate values may only be obtainable under low salt concentrations, at least 

for the Bruker TXI cryoprobe.   

 KaiB is a rare metamorphic protein that uses a fold switching mechanism to adopt 

two distinct conformations essential to the cyanobacterial circadian clock. The knowledge 

gained from KaiB’s fold switching mechanism could help unravel the mechanistic details 
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of the entire clock and clock output. For example, studying the fold switching mechanism 

of KaiB could help explain how the activities of output proteins SasA and CikA are 

temporally separated. The DSC studies described here suggest a proline trans-cis molecular 

hinge is required for KaiB stability. Future studies of NMR relaxation of KaiB have the 

potential to confirm the role of Pro70 as a molecular hinge required for stability as well as 

protein function. For such experiments, the samples should be prepared in a low ionic 

strength buffer and utilize the “Jinfa-style” 1H pulse calibration method. Following these 

guidelines will yield accurate and reliable 15N 𝑇1relaxation values.     
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Figure 4.1: (A) Depiction of WT KaiB with a proline residue at 70. The orange arrows represent free 

movement about the coil without disturbing the α3 helix. (B) KaiB after proline 70 is mutated to alanine. 

Orange arrows represent movement of the coil and the α3 helix as a unit after stiffening of the proline hinge 

and exposing the bonds between α3 and β4. It is likely that coil in WT KaiB can move freely leaving the α3 

helix near β4, protecting hydrophobic core residues. However, when P70 is mutated to alanine, the coil can 

no longer move freely subjecting the α3 helix to thermal fluctuation, exposing the core and overall 

destabilizing KaiB.        
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METHODS 

 

 

POLYMERASE CHAIN REACTION 

 

All mutations were made through two step PCR. Fragments were constructed using a “Forward 

Primer” that was either one of the respective KaiB forward primers (listed in supplementary) or 

SUMO (I). Similarly, the “Reverse Primer” was either one of the respective KaiB reverse primers 

or T7 (-). “Fragment 1” and “Fragment 2” represent the products derived from step 1. Fragment 

products were then combined for overlap extension (step 2). Overlap extension reaction mixtures 

were made without the addition of SUMO (I) and T7 (-) and ran in the thermocycler for 5 cycles. 

SUMO (I) and T7 (-) were then added to the reaction and the thermocycler continued for 28 more 

cycles. Products from overlap extension were digested with restriction enzymes NdeI and HindIII 

and allowed to incubate at 37℃ for one hour. Restriction enzymes from the digested product mix 

were removed using a PCR purification kit. Ligation of the digested products used T4 DNA Ligase 

and pET-28b digested vector (pET-28b-SUMO) cut with NdeI and HindIII from Th. KaiA and 

incubated at room temperature for three hours. XL1-Blue cells were used for transformation on 

Millers Luria Broth (LB) plates infused with 50mg/mL Kanamycin. Colonies from transformation 

were grown in 5 mL of LB for 6 hours followed by plasmid extraction via GeneJet MiniPrep. 

Plasmids were sent for DNA screening at UC Berkley. After sequence conformation, 

transformation was done a second time with BL21(DE3) cells. Glycerol stocks of the BL21(DE3) 

cells were made of each mutation from 400 𝜇L of culture and 100 𝜇L 80% glycerol.   
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Reaction mixtures and thermocycler program are listed below  

   

Step 1 (Fragments) 

  

Reaction mixture 

0.5𝜇L Template TBN99YY 1ng/𝜇L   

0.5𝜇L “Forward Primer” 10𝜇M  

0.5𝜇L “Reverse Primer” 10𝜇M  

2.5𝜇L dNTPs 2mM 

5𝜇L 5x Phusion Buffer HF  

0.25𝜇L Phusion HF Polymerase  

16𝜇L Water  

 

 

Thermocycler Program  

1. 98℃ 30 seconds 

2. 98℃ 10 seconds  

3. 52℃ 30 seconds   

4. 72℃ 2 minutes 30 seconds 

5. Step 2-4 repeat, 28 cycles  

6. 72℃ 5 minutes 

7. 4℃ Hold 

 

Step 2 (Overlap Extension) 

 

Reaction Mixture  

0.5𝜇L “Fragment 1” 1ng/𝜇L 

0.5𝜇L “Fragment 2” 1ng/𝜇L  

0.5𝜇L Forward Primer SUMO (I) 10𝜇M  

0.5𝜇L Reverse Primer T7 (-) 10𝜇M  

2.5𝜇L dNTPs 2mM  

5.0𝜇L 5x Phusion Buffer HF  

0.25𝜇L Phusion HF Polymerase  

16𝜇L water 

 

Thermocycler Program  

1. 98℃ 30 seconds 

2. 98℃ 10 seconds  

3. 52℃ 30 seconds   

4. 72℃ 2 minutes 30 seconds 

5. Step 2-4 repeat, 5 cycles then 28 

cycles  

6. 72℃ 5 minutes 

7. 4℃ Hold

 

Digestion:  

 

20𝜇L of overlap extention product  

2.5𝜇L 10x NE Buffer  

1𝜇L NdeI  

1𝜇L HindIII  
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Ligation:  

 

5𝜇L digested product  

1𝜇L pET-28b-digested vector (pET-28B-SUMO) vector cut NdeI/HindIII from Th. KaiA  

1𝜇L 10x T4 DNA ligase buffer  

1𝜇L T4 DNA ligase  

2𝜇L water  

 

Transformation:  

1. 50 𝜇L of XL1-Blue (or BL21(DE3)) competent to 10 𝜇L ligation product (or plasmid)  

2. Incubate on ice 30 min 

3. Heat shock 45 seconds, 42℃  

4. Incubate on ice 2 minutes  

5. Add 500 𝜇L pre-warmed 2XYT broth, mix  

6. Incubate for one hour, 37℃ 220 rpm  

7. Spin cells; 5000 rpm 2 minutes  

8. Discard 450 𝜇L supernatant  

9. Re-suspend pellet in remaining broth and plate on LB Kan+ plate  

10. Incubate plates: 37℃ overnight  

 

 

Product Information  

 

5x Phusion Buffer ® HF  

Reaction buffer  

#B05185S 

New England BioLabs  

 

Phusion ® HF DNA Polymerase  

#M0530L 

New England BioLabs  

 

10x NE Buffer 2 

#B7002S New England BioLabs 

 

NdeI  

#R011L New England BioLabs 

 

HindIII 

#R014L New England BioLabs 
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10x Buffer T4 DNA ligase buffer  

With 10Mm ATP 

#B0202S New England BioLabs  

 

T4 DNA ligase  

#M0202L 

New England BioLabs 

 

GeneJET Gel Extraction Kit  #K0692 

Thermo Scientific  

 

GeneJET Plasmid Miniprep Kit  

#K0503 

Thermo Scientific  

 

GeneJET PCR purification Kit  

#K0702 

Thermo Scientific  
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PROTEIN EXPRESSION   

Miller Luria Broth (LB) 

Starting culture made from 2 μL of glycerol stock inoculated into 5 mL of LB with 

50mg/mL Kanamycin grown for 6-12 hours at 37°C, 220 rpm. 25g of Millers LB per liter of water 

(autoclaved) was inoculated with the starting culture. 1 mL of 50 mg/mL of Kanamycin was also 

added simultaneously. Culture was grown for 3-4 hours at 37°C, 220 rpm. Between 3-4 hours, 

optical density (OD) was measured at 600nm. Once the OD reached 0.6 the culture was induced 

with 200 μL of Isopropyl β-D-1-thiogalactopyranoside (IPTG). The culture was then grown for 16 

hours at 25°C, 220 rpm. The cells were harvested by spinning at 4°C, 5000 rpm, for ten minutes. 

The pellets were then re-suspended in equilibration buffer. After harvesting the cells were either 

prepped for purification or stored at -20°C until ready for purification.  

 

Minimal Media (M9) 15N labelled  

The same process is followed as described for LB expression except for growth period and 

media. The growth period before induction with IPTG was 6-7 hours. The media was made by 

mixing together in 1L of deionized water 6g Na2HPO4, 3g KH2PO4, 0.5g NaCl, and 1g NH4Cl (15N 

labelled). After autoclaving, 10mL of 20% glucose, 2mL 1M MgSO4, 100 μL 1M CaCl2, and 1mL 

50mg/ml Kanamycin were added.  

All KaiB samples were expressed using Kanamycin. Ubiquitin was expressed using Ampicillin.   
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PROTEIN PURIFICATION  

Protocol is for 1L of cells harvested from expression. 15N labelled and un-labelled proteins 

were purified the same except for ubiquitin. Ubiquitin purification was stopped after elution.  

Cells harvested from expression were cracked via high pressure homogenizer. The 

homogenizer used 10,000 – 15,000 bar to crack the cells. The solution was then spun down at 

15,000rpm, 4℃, for 30 minutes. The pellet was discarded and the supernatant was poured through 

a Nickel Column. KaiB was expressed with a Small Ubiquitin-like Modifier (SUMO) fusion 

protein containing a 6x Histidine tag (His-tag). The His-tag allows for binding to the nickel column. 

After the supernatant, the nickel column was rinsed with 50 mL of wash buffer. The 20mM 

imidazole removes any un-specifically bound proteins from the nickel column. SUMO-KaiB was 

then eluted with 7mL of elution buffer. The elution fraction was incubated for 16 hours with 200μL 

of 100 μM Ubiquiti-like specific protease 1 (ULP1) to cleave off SUMO from KaiB. The nickel 

column was then cleaned with water followed by 6M Gnd-HCl, water (3x), and equilibration buffer. 

The cleaved fraction of SUMO and KaiB in 250 mM imidazole was diluted to 50mL with 

equilibration buffer and ran through the nickel columns again to separate SUMO from the sample. 

The flow rate was reduced by clamping a binder clip to the opening of the nickel column modified 

with plastic tubing. The SUMO bound to the nickel was removed by adding 7mL of elution buffer. 

The column was then cleaned as before (water, 6M Gnd-HCL, water 3x, equilibration) and the flow 

through sample from the previous step was passed through the Ni column one more time to 

eliminate any excess SUMO. After the second nickel column run, KaiB samples were concentrated 

to ~6mL on a 10KDa membrane and ubiquitin samples were concentrated on a 3KDa membrane 

also to ~6mL. Size exclusion chromatography was used to separate out the final protein sample. 

Sample concentrations were measured using a bovine serum albumin (BSA) standard curve.  
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KaiB DSC samples were purified in 20mM potassium phosphate pH7.4 buffer. Ubiquitin was 

purified in 20mM Tris-base 50mM NaCl pH7.  

 

Buffers  

Equilibration: 50mM Na2HPO4, 500mM NaCl, pH 8 buffer  

Wash: 50mM Na2HPO4, 500mM NaCl, 20mM Imidazole, pH 8 buffer 

Elution: 50mM Na2HPO4, 500mM NaCl, 250mM Imidazole, pH 8 buffer 

6M Gnd-HCl: 6M Guanidine-HCl, 0.2M acetic acid   

 

Product Information 

Homogenizer: EmulsiFlex-C3 Avestin® cell 

disrupter  

 

HPLC: Unicorn 5.10 

HiLoadTM 16/600 

SuperdexTM 75pg 

NanoDrop 200 Spectrophotometer  

Thermo Scientific  

 

DR6000TM UV VIS Spectrophotometer with 

RFID Technology 
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NANO DIFFERENTIAL SCANNING CALORIMETER (DSC)  

All samples were tested using the same program, buffer, and concentration  

Program  

Step Lower 

temp (℃) 

Higher 

Temp 

(℃) 

Duration 

(seconds) 

Equilibration 

(seconds) 

Rate 

(℃/

𝑚𝑖𝑛) 

Pressure 

(atm) 

1: 

Heating 

25 100 4500 600 1 3.00 

2: 

Cooling 

25 100 4500 600 1 3.00 

3: 

Heating 

25 100 4500 600 1 3.00 

4: 

Cooling 

25 100 4500 600 1 3.00 

5: 

Heating 

25 100 4500 600 1 3.00 

 

Buffer  

20mM Potassium Phosphate, pH 7.35-7.39, ionic strength 24mM, prepared at 25℃ to be used at 

25℃. A phosphate buffer was chosen due to its ability to maintain a stable pH with changes in 

temperatures. It was also chosen based on the companies (TA Instruments) suggestion as a 

relatively steady buffer with minimal fluctuations in the baseline.  
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Sample Preparation 

Before testing protein samples, a buffer baseline was tested. For the baseline, 20mM K-Phosphate 

was loaded into both the ‘reference’ cell and ‘sample’ cell. To test the protein samples, two 1 mL 

aliquots of buffer were degassed for 30 min prior to running the program and used to make a 50𝜇M 

protein sample. 350μL of the degassed buffer were loaded into the reference cell of the DSC and 

350μL of the protein solution were loaded into the sample cell.  

 

Data Analysis  

Nano Launch Analyze is the nano DSC specific program designed by TA instruments to process 

the raw data. The same baseline run was used to analyze all protein samples. A Two State Scaled 

model was used to fit the data.      

 

Product Information  

Nano DSC microcalorimeter  

TA Instruments   

 

Launch Nano Analyze  

TA Instruments   
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NUCLEAR MAGNETIC RESONANCE (NMR)  

 

Ubiquitin samples only 

Sample Preparation 

Both the “high salt” (HS) sample and “low salt” (LS) samples were purified in 20mM Tris-base 

50mM NaCl pH7. The HS sample underwent buffer exchange with a 10 mM NaCl solution via 

concentrator (3KDa membrane) then titrated to pH 7.4 after the NMR sample was prepared using 

a micro pH meter. For the LS sample, a 1 L of 10mM NaCl solution was titrated to pH 7.4 prior to 

buffer exchange. After buffer exchange, the ubiquitin sample was prepared for the NMR. Aside 

from the changes in buffer titration procedure, the samples were both prepared as follows; 5% D2O, 

0.02% NaN3, 20μM DSS, 1x Protease Inhibitor, and 1.4mM ubiquitin. The samples were then spun 

at 13,000 rpm for 1 minute to eliminate any air bubbles and injected into a BMS-003 symmetrical 

microtube (Shigemi tube) and degassed for five minutes. The plunger was then inserted and the 

final sample volume was set to 19mm in height.     

 

Product Information  

 

Bruker 600 MHz AVANCE III spectrometer equipped with a TCI cryoprobe and z-axis pulsed-

field gradient capability 

 

Micro pH meter: Mettler Toledo Micro pH Electrode; S7 

 

Lab 850 Benchtop pH Meter  

 

Protease inhibitor: Complete: cocktail tablets 1 697 498 
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SUPPLEMENTARY  

 

PCR  

Primers 

Proline 63  Alanine (CCT  GCT) 

Forward: 5’-gataaaattttggccacggctacccttgccaaagtcc-3’ 

Reverse: 5’-ggactttggcaagggtagccgtggccaaaattttatc-3’ 

 

Proline 70  Alanine (CCG  GCG) 

Forward: 5’-ccttgccaaagtcctagcgccccctgtgcg-3’ 

Reverse: 5’-cgcacagggggcgctaggactttggcaagg-3’  

 

Proline 72  Alanine (CCT  GCT)  

Forward: 5’-gtcctaccgcccgctgtgcgccgg-3’ 

Reverse: 5’-ccggcgcacagcgggcggtaggac-3’ 

  

Proline 70 and 72  Alanine (CCG  GCG; CCTGCT) 

Forward: 5’-caaagtcctagcgcccgctgtgcgccgg-3’ 

Reverse: 5’-ccggcgcacagcgggcgctaggactttg-3’ 

 

P63A-P70A, P63A-P72A, and P63A-P70A-P72A were made by using mutant P63A as the 

template with primers P70A, P72A or P70A-P72A.  

 

 

 

 

 

 

Purification  
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WT KaiB and proline mutants 17% SDS-PAGE gel.  

 

 

 

 

Protein size: 

WT KaiB: 10.827KDa (per subunit)  

TBN99YY-P63A: 10.84KDa 

TBN99YY-P70A: 10.84KDa 

TBN99YY-P72A: 10.84KDa 

TBN99YY-P63A-P70A: 10.82KDa  

TBN99YY-P63A-P72A: 10.82KDa 

TBN99YY-P63A-P70A-P72A: 10.79KDa 

 

Size Exclusion Chromatography for WT KaiB and Proline mutants   

Elution peak 

WT: 74 mL 

P63A: 75 mL 

P70A: 75 mL 

P72A: 75 mL 

P63A-P70A: 74 mL 

P63A-P72A: 72 mL 

P63A-P70A-P72A: 75 mL
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WT KaiB 

 

 

 

TBN99YY-P63A 

 

 

 

 

 

 

 

TBN99YY-P70A 

 

 

 

TBN99YY-P72A  
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TBN99YY-P63A-P70A 

  

 

 

TBN99YY-P63A-P72A  

 

 

 

 

 

 

TBN99YY-P63A-P70A-P72A  
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Ubiquitin 17% SDS-PAGE gel and size exclusion chromatography  

 

 

 

 Ubiquitin* = sample after size exclusion chromatography 

Ubiquitin = sample pre-size exclusion chromatography  

Size of Ubiquitin: 8.5KDa 

Elution peak: 90 mL 
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DSC  

Overlay of raw data  

 

Y-axis is scaled to show all melting profiles staggered. 
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