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Abstract 

Electrostatic interaction has long been proposed to be an important factor for 

stabilizing protein. Charge-charge interaction may especially be important to the 

thermostability of protein, as having more surface electrostatic interactions is one of 

the common structural features found in thermophilic proteins when compared to their 

mesophilic homologues. In order to quantitatively investigate the electrostatic 

contribution to protein stability, two complementary approaches，namely the double 

mutant cycle approach and pKa shift approach, were carried out. 

In the double mutant cycle approach, the coupling free energies of two salt 

bridges (E6/R92 and K46/E62) and one a long range ion pair (E90/R92) were 

estimated by using circular dichroism, to find out the thermodynamic parameters of 

the protein model Thermococcus celer LSOe and its charge-to-neutral mutants. It was 

found that the coupling free energy was temperature independent and was about 3 kJ 

mol'' per salt bridge. By using a novel analysis of double mutant cycle of ACp, it was 

also found that the interaction of salt bridge plays an important role in the reduction of 

ACp. The temperature independency of coupling free energy and the effect of reducing 

ACp could explain the general observation very well that thermophilic proteins have 

highly up-shifted protein stability curves is due to its elevated electrostatic 
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interactions when compared with their mesophilic homologs. 

Wild-type T. celer L30e has also shown to have no observable residual structure 

in the guanidine HCl-induced denatured state, indicating that denatured state of T. 

celer L30e should not have large effect on the overall protein stability. 

To overcome the unwanted crystallization pro请em of wild-type T. celer L30e in 

the low ionic strength neutral pH NMR conditions, which were essential for the pKa 

shift approach, a quintuple Arg-to-Lys variant was designed to dramatically improve 

the crystalline solubility, while the surface charges, as well as the structural, 

thermodynamic, and electrostatic properties, were conserved. It has also shown that 

electrostatic interaction played a critical role in crystallization at low ionic strength 

conditions, and arginine residue was especially important in crystal packing because 

of its high ability of forming salt bridges and hydrogen bonds. 

In the pKa shift approach，the native state pKg values of acidic residues were 

obtained by fitting the side chain carboxyl '^C chemical shifts to microscopic model 

or global fitting of titrational event (GloFTE)’ whereas the denatured state pKa values 

were obtained by conventional pH titration of terminal protected 5-residue 

glycine-based model peptide. It was found that the surface charge-charge interactions, 

either attractive or repulsive, were strong and complicated because of the high surface 

charge density of T. celer L30e. However，the fact that most of the acidic residues 



have significantly downshifted native state pKa values indicated the surface charge 

distribution of T. celer L30e is optimized for stabilizing the protein. In addition, we 

have shown that temperature has negligible effect on pKg values in both native state 

and denatured state, therefore temperature can only marginally.amplify the stabilizing 

efTect in linear manner. 
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摘要 

靜電作用是一個穩定蛋白質的重要因素。靜電作用很可能對蛋白質的熱穩定 

性特別重要，因為當與嗜中溫同源蛋白質比較時，其中一個嗜熱蛋白質的共同結 

構符點是更多的義面靜電作用。為了定量地調查靜電作用對蛋臼質穩定性的貢 

獻，我們利用了兩種互補的方法，即雙突變循環和酸解離平衡常數轉移方法。 

4 

在雙突變循環方法中，我們利用了圓二色光譜來估計兩組轉橋之間（E6/R92 

和K46/E62)，以及一對遠程離子對（E90/R92)之間的偶合自由能，來找出蛋白 

質模型，T77e/777(x:0a:〃scderZJ他和它的帶電變中立的突變體的熱力學參數。偶合 

自由能被發現是與溫度變化無關的，而數值大約是每翻橋3 kJ mol-'。另外，通過 

使用薪新的蛋白熱容量差雙突變循環分析，發現了 橋的偶合自由能在減少蛋白 

熱容量中扮演一個重要的角色。獨立於溫度變化的偶合自由能以及減少蛋白熱容 

量的特性很好地解釋了嗜熱蛋白質有高度地提高了的蛋白質穩定曲線這一普遍 

觀察所得的現象，歸結於當與嗜中溫同源蛋白質比較時，嗜熱蛋白質有提升了的 

靜電作用。 

野生型7： cder/^^?6在胍導致的變性狀態沒有可測的殘餘結構，表明7： celer 

1 3 _變性狀態對全蛋白質穩定不應該有巨大影響。 

為了克服野生型7： celer 13^?6在酸解離平衡常數轉栘方法中必要的低離子強 

度及中性酸驗值的核磁共振實驗條件中的結晶問題，我們設計了一種五倍Arg變 
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Lys變種。這變種在大大改進了蛋&質的結晶可溶性的同時，保存了野生型的表 

面電荷，以及其結構的、熱力學的、及靜電的特性。我們同時發現，靜電作用在 

低離子強度條件的結晶扮演一個重要角色，而由於精氧酸殘基在形成?t橋和®鍵 

» 

的高能力，它對晶體排列特別重要。 

在酸解離平衡常數轉栘方法屮，酸性殘基的天然狀態酸解離平衡常數透過適 

應側鏈錢基化學位栘的數據到微觀模型或總體擬合滴定事件方法（GloFTE) 
« 

而Is得，而變性狀態的酸解離平衡常數則由基於終端被保護的五連甘胺酸殘基-模 

型肽的常規酸驗值滴定法得到。我們發現，表面的靜電作用，不論是不同電荷之 

間的吸引，或者是相似電荷之間的排斥，都由於r. celer 1_3^?£^很高的表面電荷 

密度而變得強而複雜。然而，大多酸性殘基的天然狀態酸解離平衡常數顯著調低 

表明了7： celer 13_表面電荷分佈是為了穩定蛋白質而優化了的。另外，溫度 

對天然狀態以及變性狀態的酸解離平衡常數的作用都是微不足道的，因此溫度可 

能只少量地以線性方式擴大穩定效應。 
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CHAPTER 1: Concept, overview, and methods to electrostatic contribution to protein stability 

Chapter 1: Concept，overview, and 
methods on electrostatic 
contribution to protein stability 
1-1 Definition of protein stability 

In general, proteins are folded polymers (polypeptides) that built from 20 

common amino acids. Different combinations of these 20 common building blocks 

enable proteins to exhibit different structural, functional, and thermodynamic 

properties. One of the important thermodynamics properties is ‘‘protein stability". 

Speaking in layman terminology, protein stability reflects how tough the folded 

protein can resist its breakage. More precisely, protein stability usually refers to the 

Gibbs free energy of unfolding (AGu) , which in turn refers to the difference between 

the free energy of the denatured (GD) and native state (GO)： 

AGu = G D - G N 

Before going to further discussion on protein stability, we have to clarify two terms 

that have mentioned - native state and denatured slate. 

All proteins are synthesized from ribosome as linear polypeptides in vivo. 

Although having high conformational entropy, this linearly arranged conformation 

t-

without forming any "structures" should be energetically unfavourable due to the 

i 

factors such as exposure of hydrophobic groups, impairing of hydrogen donors and 
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acceptors, lack of favourable electrostatic interactions’ etc. Since the energy level of 

the linear polypeptide is high，this conformation is not expected to be stable. Instead, 

there must be countless of unstable conformations that have similar energy levels, 

and the polypeptides should populate in these conformations according to the 

Boltzmann distribution. Since the energy difference between these conformations is 

very small, the polypeptides should dynamically and evenly populate in these 

unstable conformations. In another word，the polypeptides are inter-converting 

between these unstable conformations with no major populated conformation. These 

unstable conformations are termed “random coil structure", or more commonly, 

“unfolded state’，or "denatured state". 

The unstable denatured state conformations are in general unable to retain in 

physiological condition in vivo. They will spontaneously convert into other 

conformations that have lower energy levels. This process is "protein folding". Since 

the conformational entropy decreases during protein folding, the number of possible 

conformations at lower energy level will also decrease. Under this manner, the 

protein folding process can be thermodynamically described as a free energy funnel 

(Figure 1.1). As the folding proceeds, the number of possible conformation decreases 

until the final stable confirmation is reached. However, whether the observable 

protein structure in the real world is the only globally 
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Denatured 
TAS 

Figure 1.1. Free energy funnel for protein folding. Unstable polypeptides become 

more native-like upon protein folding，where its conformational entropy (TAS) 

decreases while the free energy of unfolding (AGu) increases in the folding process. 

Local minima along the sides of free energy funnel represent folding intermediates, 

whereas the global minimum represents the native protein fold according to 

thermodynamics hypothesis. 
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energetically minimum state has been being debated. Levinthal C. proposed a famous 

paradox in his early research'. He postulated that there are too many possible 

conformations in the denatured state and a protein needs to take a time longer than 

the age of the universe to achieve its correct structure if all the conformations are 

searched randomly. However, the truth is that proteins usually folded spontaneously 

on ms or even us time scale. Therefore，the folding process must be kinetically 

controlled, and the final conformation may not be the energetically global minimum. 

On the contrary, based on the denaturation-renaturation experiments, Anfinsen C. had 

suggested the thermodynamic hypothesis of protein folding that unstable polypeptide 

reaches its final stable conformation by searching the energetically global minimum^. 

Clear solution for this argument is difficult to achieve as experimental supports for 

"I ft • 

both sides have also been reported ' . In a more recent computational simulation 

study, it was suggested the final stable conformation is most often the state of 

minimum free energy due to the evolution of protein^. Nevertheless, the final stable 

conformation is called the "native state” of the protein. 

The folding pathway has not been clearly understood till now. It is still widely 

being investigated using structurally simple models like ankyrin repeat proteins'®''^. 

However, whether it is kinetically controlled, or follows other models like the 

hierarchical model which proposes the folding initiates locally and folded elements 
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associate step-wisely to obtain final native s t r u c t u r e t h e protein folding pathway 

is not important in the thermodynamic point of view. This is because energy level is a 

state function that the kinetics between different states (folding pathway) should have 

no effect on the equilibrium (energy level) of states. Therefore, protein folding 

pathways would not be further discussed here. 

Protein stability is the difference between energy level of a single stable native 

conformation, and the averaged energy level of an ensemble of unstable denatured 

conformations (Figure 1.2). Gibb's free energy can be calculated from 

thermodynamic parameters: 

Yk 

AG, =-RTln 

where R is the gas constant, T is the absolute temperature, ku and kf are the unfolding 

and folding rate constants. One should notice that protein stability is not a constant, 

but a function of its physical and chemical environments. For example, it is well 

known that Gibb's free energy changes with temperature and pH. In other words，the 

global energy minimum in the funnel and its corresponding native conformation may 

change according to the change of the physical and chemical conditions. That is why 

denaturation of protein can be induced by temperature or denaturants like urea and 

tH-

guanidine-HCl. 
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AG 

Figure 1.2. Two state protein unfolding. Free energy of unfolding (AGu) is defined 

as the free energy difference of the single stable native conformation and the 

ensemble of unstable denatured conformations. Various kinds of interaction such as 

(a) charge-charge interactions, (b) hydrogen bonds，and (c) hydrophobic interactions 

were formed in the native protein. The hydrophobic core of the native state protein is 

indicated by a dashed circle. 
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1.2 Contribution of electrostatic 

interaction in native state to protein 

stability 

Although how protein rapidly and accurately folds into its particular native state 

conformation is still not yet clearly understood, the fact that the structure of a protein 

is determined by the amino-acid sequence and the structure of protein determines its 

function, has come to consent for many years. Some recent studies suggested the 

internal dynamics can influence protein activity?丨 However, these suggestions do 

not affect the big picture of protein function-structure relationship. 

Having the most critical importance, the protein stability of the native functional 

conformation is surprisingly only the relatively small difference of about 20 - 60 kJ 

mol"' 24 as a result of balancing between very large opposing forces^ '̂̂ .̂ The terms 

that affect protein stability have been summarized in figure 1.3. The major opposing 

forces of protein folding come from conformational entropy (ASconi)̂ ^ and the 

，A , FI 

hydration effect upon protein unfolding (AAGhyd) ’ • Their summation can account 

for destabilizing energy in the order of several hundreds kJ mpr'. On the other hand, 

the stabilizing forces of comparable size have been suggested to be the enthalpy of 

various kinds of interactions in native protein (AHjnt), which comes from factors like 

hydrophobic effect̂ "^ ,̂ van der Waals forces (native state packing)^^"^^, and peptide 



A G „ � ) = - A G — ) + ) + A G —(u) 

( 叫 时 d + A H 时 - T A S ‘ conf 

Figure 1.3. Thermodynamic cycle of unfolding and dehydration. Thermodynamic 

cycle can separate the free energy change due to hydration (AAGhyd) from the free 

energy change due to the intra-molecular interactions (AH,ni) and conformation 

entropy (TASconf). Be noted that protein stability (AGuoq)) is a delicate balance 

between two opposing forces. ‘ 
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hydrogen bonds '̂̂ "*'̂ .̂ 

In addition to the factors mentioned above, electrostatic interaction is another 

intra-molecular force commonly observed in proteins. Electrostatic interaction refers 

to the non-directional columbic force between two partial or full point charges. The 

electrostatic potential between the 2 charges is inversely proportional to the 

separating distance and the dielectric constant between them. The interaction energy 

between two charges in vacuum can be calculated by Coulomb's Law: 

where Uij is the electric potential (kJ mol"') induced by the ion pair, q, and q, (0 < 

q„qj < 1) are the charge (eV) of the ionizable groups, r,j is the separating distance (A) 

between the two charges, EC is the averaged dielectric constant which is equal to 1 in 

vacuum, and k is the conversion factor which is equal to 1385.5 人 kJ mol''. 

In protein，electrostatic interactions mostly originated from the interactions of 

the ionizable groups in the side chain of Asp, Glu, Arg, Lys, and His, as well as more 

rarely the N-terminus and C-terminus. The interacting oppositely-charged ionizable 

groups are called “ion pair”. Ion pair is in general classified as “salt bridge” if the r,j 

is shorter than 4.0 人，whereas “long range" interaction is usually describing 

interaction of ion pair with rjj is larger than 8.0 A. Since the charging of the ionizable 

groups is dependent on their pKa values as well as the pH of the solvent, the effect of 
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electrostatic interactions on protein stability is therefore pH-dependenl. 

In vacuum, electrostatic interaction can be very strong, even if the interaction is 

"long range，’. Assuming the ionizable groups in proteins are point charges and are 

fully protonated or deprotonated (only carry +1 or -1 eV per group). Neglecting the 

short distance Lennard-Jones potential and van der Waals interaction of which the 

effects should be negligible in long distance, electrostatic interaction of an ion pair is 

173.2 kJ mol"' with rij equal to 8.0 A. The interaction energy is still significant (6.9 

kJ mol"') even the r丨」is increased to 200 A (approximately equal to the hydrodynamic 

diameter of large monomeric globular proteins). 

This apparently very strong electrostatic interaction in native protein, however, 

is controversial to be a factor that contributes to protein stability. Instead, 

electrostatic interaction has been widely suggested to be important in protein 

folding36 and specific interactions such as protein and ligand binding)]?. The 

controversy of electrostatic contribution to protein stability is due to its experimental 

inconsistence to stabilize proteins. Very often, removal of surface charges from 

0 

protein results in minimal changes in protein stability”^ qj. even have destabilizing 

efrect44-46. Bosshard H.R. and co-workers have found that the pKa values of all 13 

ion-pair forming Glu in designed coiled coil AB zipper were similar to the pKg 

values of Glu in unfolded peptide, suggesting electrostatic interaction has very 

10 
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limited effects on protein stability. However, experimental evidence also showed 

electrostatic interaction can also contribute to protein s t a b i l i t y A s an 

example, our group has demonstrated removal of most of the charges on ribosomal 

protein T. celer L30e will lead to destabilizing effect '̂'. One trivial reason for the 

controversy is that electrostatic can be repulsive among like charges. Since the 

electrostatic interaction can act in a long range manner^^ (up to 8 人)，having 

repulsive interaction between like charges is not rare, especially for thermophilic 

proteins which are well known to have elevated number of charged residues^ .̂ 

Moreover, the stabilizing effect of electrostatic interaction has been challenged by 

the large desolvation penalty^ '̂̂ "̂̂ ^ and entropic cost''̂  ''''''*̂  of salt bridge formation. 

These seemingly contradicting data and explanations simply alert us one 

important fact - electrostatic interaction is a complicated summation of various 

effects. To describe the electrostatic contribution for computational simulation, 

Hendsch and Tidor had used a thermodynamic cycle (Figure 1.4) to dissect net 

electrostatic contribution of a charge pair (AAGnei) into three terms: the contribution 

due to the interaction between charge pair (AAGsait-bndgc), the contribution due to 

interaction between the charges to the rest of the polar group in the protein 

11 
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wmfi wmfi 
I-

^^^saU-bridgi 

= A A G 办,鄉,+ A A G — + A A G * , 

Figure 1.4. Thermodynamic cycle of salt bridge contribution to protein stability. 

The net electrostatic contribution of forming a salt bridge (AAGnei) is the/sum of 

desolvation effect (AAGdesoiv), interaction of the salt bridge (AAGsait-bndge), and the 

interaction of the two charges residues to the rest of the protein (AAGoiher). 

12 



CHAPTER 1 ： Cbncept, overview, and methods to electrostatic contribution to protein stability 

(AAGother), and the contribution due to desolvation of ion pair formation (AAGdcsoiv)̂ .̂ 

More complicated models have also been built to describe electrostatic interactions 

for computational simulation, where some are based on physical effective energy 

functions58-60，while the others are based on statistical effective energy functions^''^^. 

For details of energy functions please refer to reviews of SippI M I ,- ’ Lazaridis 丁. & 

Karplus M，，’ and the references therein. Using various models in theoretical 

calculations, the role of electrostatic interaction remains unclear. While some 

calculation suggested electrostatic interaction has only little effect on protein 

stability^', some suggested electrostatic interactions can have a large effect on protein 

stability66. 

As more and more experimental data (mutagenesis data) of electrostatic 

interaction studies are accumulated, the best way to have a comprehensive overview 

about the stabilizing effect of electrostatic interactions is to have a statistic analysis 

on the reported data. Aflerall, computation simulations have a list of assumptions, 

which are usually difficult to validate. To achieve this, we have analyzed the 

electrostatic contribution (AAGu) for mutagenesis deposited in the ProTherm 

database。?胡.A database of 164 charge-to-alanine mutations of 25 prolines has been 

established, where the 25 corresponding protein crystal structures were available in 

high resolution. As expected, these AAGu values were found to have a very broad 

13 
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Gaussian-like distribution, ranging from stabilizing by 16 kJ mol'' to destabilizing by 

14 kJ mol'' (Figure 1.5). This broad distribution indicated the effect of charge 

removal can be very context dependent. However, most of these mutations were 

slightly stabilizing with the average AAGu value of 2.4 土 4.2 kJ mol"'. Correlating 

these data to protein structures, it was found that the average AAGu of a mutagenesis 

subset data (31 out of 164) of isolated charges (no charges within 8 A) was 1.9 土 3.0 

kJ mol'', which indicates the long range interaction of a charge is in average slightly 

stabilizing. Similarly, the average AAGu of mutagenesis data where at least one salt 

bridge (< 4.0 A) was broken in the removal of the charge (48 out of 164) was 3.0 土 

3.9 kJ mol''. Although the variation of these data is too large to make a concrete 

conclusion here, the apparently higher mean AAGu value of salt bridge breaking 

charges than that of isolated charges cues us that salt bridges also play a role in 

electrostatic contribution. Data from double mutant cycles also suggested salt bridge 

stabilizes protein by 3.2 士 3.9 kJ in average (see Chapter 3), which is similar to the 

statistics of single site-directed mutagenesis data. Summing up, electrostatic 

interaction is in average slightly stabilizing (about 3 kJ mor' per salt bridge)，but the 

effect oPremoving charges can be very much context dependent. Be noted that AAGu 

is not only reflecting the electrostatic interaction of all ion pairs involved，but a sum 

of many effect. In analogy to the protein stability (Figure 1.3), the net electrostatic 

14 
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15 10 -5 0 10 15 

AAG (kJ mol 

Figure 1.5. Histogram of charge-to-Ala A A G U . The distribution of change in AGU 

due to single charge-to-Ala mutation (AAGu) is represented in histogram. 

Non-redundant data of 164 mutation of 25 proteins were used in the 31-bin 

histogram. A very broad Gaussian-like distribution was observed. 
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contribution (AGnei) is also a complicated value taking the change of hydration free 

energy upon breaking of the ion pair (AAGhyd) and side chain conformational entropy 

(ASconf) into account, in addition to the electrostatic enthalpy of ion pair in vacuum 

(AHjnt). Imagine an ideal case that a protein which only has one acidic and one basic 

residue. The electrostatic contribution of this ion pair (AGnci) found by single 

charge-to-neutral mutation is not expected to be the same if the value is obtained by 

mutating different charges. It is because mutation will inevitably change the AAGhyd 

and ASconf in addition to removal of AHjnt, but the value of AAGhyd and ASconf are not 

the same for mutating different residues’ not to mention the difference in electrostatic 

interaction of charge to the rest of the protein which will be present in real protein. 

1.3 Methods for experimental studies of 

electrostatic interaction 

To determine the electrostatic contribution of an ion pair ideally, the interaction 

of this ion pair have to be removed without affecting structural and thermodynamic 

properties，as well as the electrostatic properties of the rest of the protein, in both 

native and denatured state. Although there is currently no simple experimental 

method to fulfill all th^se idealistic criteria, there are two complementary methods 

namely "double mutant cycle approach" and "pKg shift approach,,，which disrupt ion 

pair interactions by mutation and pH respectively, can in principle experimentally 

16 
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estimate the interaction energies between charged residues. 

In double mutant cycle approach, the ion pair interaction is invasively removed 

by mutation. As discussed above, the loss of free energy from mutation cannot be 

equated with the loss of ion pair interaction energy. However, quantitative 

information about the electrostatic contribution of ion pair can be estimated by 

combining mutations in a double mutant cycle^^"^ ,̂ which is designed to cancel out 

all effects of mutations except the interaction energy between the ion pair in study 

The interaction energy of ion pair found by double mutant cycle is called "coupling 

free e n e r g y T h e principle of double mutant cycle is illustrated in Figure 1.6. The 

lost in unfolding free energy of mutating one charged residue from wild-type protein 

(AAG^—M丨 and AAG^—m” consist 2 components, the coupling free energy 

(AAG ̂ P ' ^ ) and the interaction energy of the mutated residue to the rest of the 

protein. Mutating another charged residue will lead to further decrease in free energy 

( a n d AAG；；"—DM )，^hich is the interaction energy between the mutated 

charge and the rest of the protein only (Figure 1.6). If two charged residues are not 

interacting with each other (i.e. AAG""''''"® =0)，the unfolding free energy change 

by mutating both charges (mutation sequence has no effect) will be equal to the sum 

of the unfolding free energy changes of the two single mutants: 

17 
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A G j y ^ (Mutant 2) (Double Mutant) 

- O 0 -

二 AAG；；̂』""一 AAG -̂̂ **" - AAG；；" 

AAG 

AAG 

Figure 1.6. The scheme of double mutant cycle of free energy of unfolding. 

According to the double mutant cycle shown above，the effect of a charge on AGu 

due to its interaction to the rest of the protein is cancelled in the cycle, so that the 

coupling free energy of the ion pair can be calculated, assuming the effects of 

charges on AGu are additive. 
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AAG^—dm -AAGr—Ml + A A G ” 2 

= A A G ™ + A A G ™ 

-AAG 广 M 2 + 碰 uM2-dm 

However，if the two charges, are interacting with each other, the effect of 

mutating one residue will couple to the mutation of another residue, so that the 

additivity of unfolding free energy change of single mutation breaks down: 

AAG广dm ^ AAG 广M l + AAGuWT—M2 

The failure in additivity is because the unfolding free energy change of single 

mutation is not simply equal to the interaction energy between the mutated residue 

and the rest of the protein: ‘ 

職 W T - � a a G ： ； " - D M and A A G r - M 2 关 碰 二丨-DM 

The coupling free energy is in fact the difference between the unfolding free 

energy change of single mutation and that due to interaction energy between the 

mutated residue and the rest of the protein: 

A A O r 
•Ml _ AAG 广 dm 

A A O r 
•M2 _ 

- A A G ™ 

AAG.^-
•DM _ -AAG；^—M, 、AGR-M2 

* 

which can be simplified to: 

AAG^Piing = AG；^ + 一 AG 二 丨 一 AGuM2 

Large positive AAG^"P''"® indicates the interaction of the two residues is 

strongly stabilizing. 
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Double mutant cycle approach is a powerful tool to estimate ion pair interaction 

energy. However, one should be reminded the yielded coupling free energy is not 

necessarily purely electrostatic. Other assumptions and limitations such as no 

structural changes induced by mutation and no new interactions formed by the 

substituting residues^ '̂̂ '̂̂ '* should also be noticed and validated. In practice, it is 

virtually impossible to validate every assumption due to technical difficulties 

(especially validating denatured state properties). Probably the best way to validate 

the coupling free energy found is solely due to the interaction energy between two 

residues in study is to repeat independent double mutant cycles using different kinds 

of substitutions for the same ion pair”. If the coupling free energies found by 

different independent double mutant cycles are the same, then the .value can be 

confidently concluded as the interaction energy of the ion pair. 

In pKa shift approach, the ion pair interaction was non-invasively removed by 
T 

pH，or more precisely by prolonation of acidic residues and deprotonation of basic 

residues. As the name indicates, pKa shift approach estimates the electrostatic 

contribution of a charge from the difference in the pKa values in native and denatured 

state. Be noted that one can neither separate any non-charge contribution, such as 

contribution due to structural rearrangement induced by protonation/deprotonation, 

from the electrostatic contribution, nor determine the net energetic contributions of 

20 
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both residues of a salt bridge to protein stability at a given pH. 

The principle of pKa shift approach can be understood by considering the 

thermodynamic cycle of unfolding and protonation/deprotonation (Figure 1.7). Let's 

take acidic residue (Asp or Glu) to illustrate the idea. The electrostatic contribution to 

free energy of unfolding (A AG ) can be calculated by: 

編 广 g = AGS - AGjP 

where AG J and are the free energy of unfolding of which the charge in 

study is in protonated and deprotonated form respectively. Be noted that the A AG®'" 

value of basic residue should be multiplied by -1，as the protonated form of basic 

residue is charged. However’ in practice, AG and AG J cannot be measured as 

the pure protonated and deprotonated population can by no means be separated. Yet, 

according to the thermodynamic cycle, we can see that: 

where AGJJ, and AGJJ, are the free energy of deprotonation in the native and 

denatured state respectively. By simple transformation, we have: 

AAGeJe = AG； - M}，= AG； - AGj； = AAG：,；'̂  

Therefore, the electrostatic contribution to free energy of unfolding is equal to 

the folding contribution to free energy of deprotonation (AAG二广)，which can in turn 

be calculated by: 

‘ 21 



AGf! 

COOH 

A G J P 

COO 

T(pK^-pK D 
a 

Figure 1.7. Thermodynamic cycle of deprotonation and unfolding. The 

thermodynamic cycle showed the scheme of pKa shift approach. According to the 

thermodynamic cycle, the electrostatic contribution to unfolding free energy of an 

acidic residue (AAGu®'*̂ ) is equal to folding contribution to free energy of 

deprotonation (AAGdp'°'^), which in turn can be calculated if the pKa values of that 

acidic residue in native state (pKa'^) and in denatured state (pKa^) are known. 
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AAG【。：=-ln(lO)lTtKr - pKf) 

Therefore，by finding the pKa values of the charge in native and denatured state, 

the electrostatic contribution to protein stability can be found. Thus, the accuracy of 

the experimentally found pKa values is of the major consideration when estimating 

the electrostatic contribution of a charge to protein stability. To found out the pKa 

values，various approaches have been proposed, such as finding pH dependency of 

enzyme activity or inhibitor binding, or comparing any pH-dependent properties (e.g. 

protein stability) before and after the removal of the charged residue in 

However, the most straight forward and accurate method is by NMR^''^^ because of 

its atomic level resolution. However, using NMR to trace the protonation and 

deprotonation of residues still have other data interpretation problems (see Chapter 

6). 

1.4 Denatured state can also contribute 

to protein stability 

Be reminded that protein stability is the energy difference between native slate 

and denatured state. Therefore, the denatured state is in principle has the same 

importance on protein stability as native state does. In fact, improvement of protein 

stability has long been tried by manipulating the denatured state，such as decreasing 

A 4 fi A 

the entropy of the denatured state by introducing disulfide crosslinks ‘ or by 

23 
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substituting high entropy residues (Gly and Ala) with a more rigid residue (Prof . 

Although not all trials had encouraging results, the possibility of improving protein 

stability by manipulating denatured state is clearly demonstrated. Also, many studies 

showed clearly that residual structure can be present in denatured state of proteins, 

and the presence of residual structures may destabilize the global protein stability by 

OO Q I 

Stabi l iz ing the denatured state ‘ . Be clear that residual structure in denatured state 

is not a stable structure, but an ensemble of preferred conformation of the denatured 

polypeptide. 

1.5 Objectives of this study 
Base on the structural comparison of thermophilic proteins and their mesophilic 

homologues, it has long been argued that electrostatic interaction plays an important 

role in improving protein thermostability (protein stability at high 

temperatures)56’92-98 置口 a recent study in our group, some surface charges have been 

shown to be important for reducing ACp of thermophilic proteins^^, which is a 

common strategy for improving thermophilic proteins to enhance their 

thermostability丨GO. However, quantitative experimental study on pair-wise and global 

electrostatic contribution on thermostability is still lacking. In this study, one of the 

objectives is to quantitatively study how pair-wise salt bridge interaction reduces ACp 

of a protein and contributes to its thermostability by double mutant cycle approach. 
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Thermophilic proteins are well known to have much more charges on its 

surfaces56. Since charge-charge interaction can be repulsive, whether the highly 

elevated number of charges on protein surface can improve protein stability is 

t * 

doubted. In this study，the global effect of surface charges on thermophilic protein 

would also be investigated by pKa shift approach. 

As discussed above, NMR is the best method to estimate pKg values of charges 

in a protein. However，protein sample of very high concentration in low ionic 

strength condition was needed for the pKa shift approach. Unfortunately, our protein 

model Thermococcus celer L30e, was found to crystallize in some NMR conditions. 

Therefore, a general de-crystallization method without affecting protein structural, 

thermodynamic, and electrostatic properties would be presented. 

Lastly, denatured state can also contribute to global protein stability. Thus, 

various NMR-related strategies were applied to wild-type T. celer L30e to find out if 

there is any residu^tfstructure which can destabilize the proteii 
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Chapter 2: Materials and methods 
In this chapter, general materials and methods used in this study will be reported. 

The techniques used are classified in seven categories: "General techniques" for the 

general techniques that were routinely used. These general techniques are well 

. * 

developed and are usually for supporting purpose; "Cloning, expression, and 

purification” for all DNA and proteins sample preparation techniques; “Circular 

dichroism experiments" for methods and techniques to obtain thermodynamic 

parameters of proteins; "Crystallization and crystal structure refinement" for 

procedures to obtain refined crystal structures; "Nuclear Magnetic Resonance 

experiments and pH titration” for the experimental details to obtain good NMR data 

and the strategies lo obtain pKa values of charged residues; and lastly, 

"Computational and statistical techniques" for reporting various softwares，in-hoiise 

scripts, and the procedures of all statistics used; “Reagents and Buffers” for the detail 
A 

recipe of all reagents and buffer used. Unless otherwise specified, all the 

experimental details used throughout this study will strictly follow the conditions 

‘reported in this chapter. 

2.1 General techniques 
2.1.1 Agarose gel electrophoresis . 

To yield a 1 % agarose gel, 0.5 g of argarose was mixed with 50 ml IX TAE 
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buffer. The suspension mixture was then heated in microwave oven for about 2 

minutes. After cooling the mixture to hand-hot by running water (clear solution 

should be observed), about 2 \i\ of ethidium bromide (EB) was added and mixed 

gently. The gel was then poured into gel tank, with comb and allowed to set for about 

15 minutes, and the solidified gel was then placed into TAE buffer. DNA samples 

(mixed with 6X DNA loading dye) and marker could than be loaded into the wells. 

Constant voltage of 120 V was applied for the electrophoresis for 15 - 30 minutes 

until the front was electrophoresed to the middle of the gel. 

2.1.2 DNA extraction from agarose gel (Gene clean) 

DNA extraction was performed with using commercial “gene clean" kits 

-s 

(Invitrogen), and reagents and procedures were provided by manufacturer. DNA in 

EB added agarose gel was detected by UV transilluminator，and the DNA containing 

slice was excised. The slice was then dissolved in about 0.5 ml gel solubilization 

bulTer provided at 70 for about 10 minutes, with occasional shaking. The 

completely dissolved gel solution was then transferred to the spin cartridge privided 

with a 2-ml wash tube, followed by centrifugation at 13,000 rpm for 1 minute. After 

discarding the flow-through, 0.7 ml of ethano丨 added wash buffer provided in the kit 

was added to spin cartridge and incubated at room temperature for 2 minutes. Then, 

centrifuge the tube at J3,000 rpm for 1 minute. Flow-through was discarded and the 
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tube was centrifuged again for 3 minutes to remove any residual wash buffer. Then 

placed the spin cartridge into a new 1.5 ml centrifuge tube, and added 50 pi of 

pre-warmed nanopure water. After incubation at room temperature for about 2 

minutes, the whole tube was centrifuged at J3.000 cpm for 1 minute to recover the 

DNA in the 1.5 ml centrifuge tube. 

2.1.3 Plasmid DNA extraction from E. coli broth culture 

(mini-prep) 

DNA extraction was performed with using commercial "mini-prep" kits 

(Invitrogen), and reagents and procedures were provided by manufacturer. 

Transformed E coli cells were collected by centrifuging 5 ml of overnight broth 

culture at 13,000 g for about 1 minute，and the pellet was resuspendend in 0.25 ml 

cell resuspension buffer provided. 0.25 ml of cell lysis solution provided was then 

added and mixed by inverting several times. Clear solution should be observed after 

mixing. After incubation for about 5 minutes, 0.35 ml of neutralization buffer 

provided was added and mixed immediately by inverting several times. The white 

precipitant formed was removed by centrifugalion at 13,000 g for 10 minutes. The 

supernatant was transferred in a spin cartridge provided with 2-ml wash tube. After 

centrifugalion at 13,000 g for about 1 minute and discarding the flow-through, 0.7 ml 

of ethanol added wash buffer provided was added to the cartridge. The whole tube 
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was centrifuged at 13,000 g for 1 minute followed by discarding the flow-through. 

Repeated the washing step once，and the spin cartridge was then placed into a new 

1.5 ml centrifuge tube, and added 50 {j.t of pre-warmed nanopure water. After 

incubation at room temperature for about 2 minutes, the whole tube was centrifuged 

at 13,000 rpm for 1 minute to recover the DNA in the 1.5 ml centrifuge tube. 

2.1.4 Sodium dodecylsuiphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) 

All SDS-PAGE were run using Mini-PROTEAN III electrophoresis cell 

(BioRad). All components needed for SDS-PAGE were assembled according to 

manufacturer's instructions. The resolving and stacking gel solution mixture for 

casting sodium dodecylsuiphate-polyacrylamide gels was mixed from pre-mixed 
* 

high concentration stock reagents. The preparation of resolving and stacking gel 

solution for different aery 1 amide concentration are summarized in Table 2.1. About 

3.6 ml of resolving gel solution was transferred to the kit and wait for about 10 

minutes for polymerization. About 200 îl of isopropanol was layered on the top of 

the resolving gel solution to isolate it from oxygen and to remove any bubbles. After 

removing isopropanol and washing of the resolving gel phase, 5 % stacking gel 

solution was transferred to the kits with comb inserted. After polymerization time of 

about 5 to 10 minutes, the double layered gel was ready for electrophoresis. After 
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Table 2.1. Recipe of resolving and stacking gel for SDS-PAGE 

For resolving gel: 

10.0% 12.5% 15.0% 

Comoonents Volume (ml) Volume (ml) Volume (m\) 

4X resolving gel 
1 1 1 

buffer (pH 8.8) 1 1 

40 % acrylamide 1 1.25 1.5 

10 % ammonium 

persulfate (APS) 
0.05 0.05 0.05 

TEMED 0.01 0.01 0.01 

H2O 1.94 1.69 1.44 

Total Volume 4 4 4 

For stacking gel: 

5.0 0/0 

Comoonents Volume (ml) 

4X stacking gel 
1 

buffer (pH 6.8) 1 

40 % acrylamide 0.5 

10 % ammonium 

persulfate (APS) 
0.03 

TEMED 0.01 

H2O 2.46 

Total Volume 
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loading suitable amount (< 20 ^tl) of protein marker (LMW) and protein samples, 

which were pre-mixed with 2X SDS loading dye and pre-heated by air bath at 95 °C 

for 5 minutes, constant voltage of 180 V’ or constant current of 60 mA per gel was 

applied for the electrophoresis for about 30 - 45 minutes, until the dye front reached 

the bottom of the gel. 

2.1.5 Staining of polyacrylamide gel 

Polyacrylamide could be temporarily stained by zinc-imidazole reverse stain in 

quick-and-dirty manner by immersed in staining solution of 0.2 M imidazole and 0.1 

% SDS for about 5 minutes followed by brief rinsing and the subsequence immersion 

of the gel in 0.2 M ZnSOg solution for about 30 second. Transparent bands with 

white background should be observed. 

For persistent staining of protein bands, conventional Coomassie blue staining 

or sensitive colloidal Coomassie G-250 staining'^' could be used. The conventional 

staining could be achieved simply by immersing the gel in about 30 ml of 

conventional staining solution for about 1 hour with shaking, followed by immersing 

the stained gel in destaining solution of 25 % (v/v) ethanol, 8 % (v/v) acetic acid. 

The conventional staining solution was replaced by new staining solution for the 

sensitive colloidal Coomassie G-250 staining. No destaining step was needed in 

colloidal Coomassie staining. Both stainings yield blue protein bands with 
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transparent background. 

2.1.6 Manipulation of protein concentration and buffer 

condition 

Diluted protein samples were concentrated by adding less than 15 ml of protein 
I 

sample in Vivaspin R15 (Vivascience), followed by centrifugation at 4500 g for 20 

minutes per round. Pipette up-and-down was applied after each round of 

centrifugation to prevent protein precipitation due to high local concentration, 

f 

Buffer of protein samples were changed by immersing dialysis bag with protein 

solution filled (< 40 ml) in 4 L of stirring desired buffer for dialysis at 4 for at 

least 5 hours. Alternatively, dilution-concentration cycle of diluting protein sample 

with desired buffer and then concentrating back the sample by Vivaspin R15 could 

be used. 

For determining the crystalline solubility by dialysis approach, 0.1 ml of 10 mg 

ml"' protein samples in storage buffer (0.2 M NazSO-’ 20 mM sodium phosphate, pH 

5.4) were dialyzed in 1 L dialysis buffer (10 mM citrate/phosphate at pH 2.5, 4.0，or 

6.5) at room temperature overnight. For low protein concentration (0.5 and 1 mg 

ml''), 1.0 ml of samples and 2 L dialysis buffer were used instead. Precipitates 

(microcrystals) were collected by centrifugation and observed under Zeiss 

microscopes. Microcrystals solubility in high ionic strength was tested by 
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re-dissolving them i n 0.1 ml of dialysis buffer with 1 M NaCl. Protein concentrations 

of supernatant were determined by measuring O.D.280nm. 

For determining crystalline solubility by concentration approach, 0.1 ml of 10 

mg ml"' protein samples in storage buffer (0.2 M Na2S04, 20 mM NahbPOi，pH 5.4) 

were diluted in 20 ml low ionic strength buffers (10 mM citrate/phosphate at pH 6.5), 

and then concentrated by Vivaspin R15 until white precipitates were observed. 

2.1.7 Determination of DNA and protein concentration 

Double-stranded DNA and protein samples were diluted 10 folds by suitable 

bjî ffer before adding to 1 cm light path cuvette for measuring O.D.260nm and 

O.D.280nm. by Spectrophotometer (Eppendorf) for concentration determination. 

DNA concentration in |j.g ml'' was calculated by: 

[dsDNA] = 10 X O.D.260nm X 50 

whereas protein concentration in mg ml'' was calculated by: 

[protein] = 10 x (O.D.280nm / e) x M.W. 

where e is molar extinction coefficient in cm'' M.丨，and M.W. is the molecular weight 

in g mol''. 

2.1.8 Preparation of competent E. coli strains (DH5a, C41, 

and BL21(DE3)pLysS) 
• . ‘ 

Single colony of E. coil strain obtained by streaking just-thaw-frozen stock on 
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LB agar plate with appropriate antibiotics (none for DH5a and C41; 50 \xg ml"' 

chloramphenicol for BL21(DE3)pLysS) followed by incubation at 37 °C for 16 hours， 

was picked to 5 ml LB with appropriate antibiotics and incubated at 37 ^C with 

shaking for about 3 hours until O.D.6oonm reached 0.3 - 0.4. The culture was then 

scaled up to 100 ml LB by 1 % inoculation, and incubated in the same condition for 

about 2 hours until O .D .eoonm reached 0.4 一 0.5. The culture was then chilled on ice 

for 5 minutes and centrifuged at 6000 g for 10 minutes at 4 The bacterial pellet 

was resuspended in 40 ml RFl solution and chilled on ice for 5 minutes, followed by 

another centrifugation at 6000 g for 10 minutes at 4 °C. The bacterial pellet was then 

resuspended in 4 ml RP2 solution and chilled on ice for 15 minutes. After chilling, 

the competent cells were aliquoted in 100 ml per tube manner, immediately followed 

by quick frozen in liquid nitrogen. The frozen cells were stored at 70 until use. 

2.1.9 Calibration of pH meter 

pH meter (Beckman Coulter (j)510) was calibrated according to the 

manufacturer's instruction. 3-point calibration was used. Before calibration，10 ml of 

pH buffer standard solution of pH 4.01, 7.00, and 10.01 were equilibrated at 25 

water bath for 10 minutes, and set the “temperature” of the pH meter at 25 and 

then follow the instruction strictly. For pH measurement at 60 the calibration was 

repeated and equilibrated with three temperature insensitive pH standard solutions at 
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60 °C，and the "temperature" of the pH meter was set at 60 °C instead. 

2.2 Cloning, expression, and purification 
2.2.1 Site-directed mutagenesis strategy 

All single and double site-directed mutagenesis were achieved by a two-stage 

PCR procedure modified from the QuikChange® (Stratagene) mutagenesis protocol 

102. Before site directed mutagenesis, mutagenic mega primers were generated by 

primer extension using mutageneic primer (standard QuikChange primer, either 

coding or complementary sequence), universal gene flanking primer (either 5’ coding 

sequence or 3’ complementary sequence, dependent on the mutageneic primer used), 

and wild-type T. celer L30e cloned in expression vector pET8c (Novagen) as the 

template in polymerase chain reaction (PCR). The condition for primer extension 

was summarized in Table 2.2. The subsequence steps were the same as the standard 

QuikChange protocol: 40 rounds of whole plasmid linear amplification using 

thermo-cycler (ABI PCR System 2400 or ABI PCR System 2700) using 

megaprimers and wild-type T celer L30e cloned pET8c as the template (Table 2.3), 

followed by a Dpnl (NEB) digestion (Table 2.4) at 37 °C for 3 - 5 hours. The 
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Table 2.2. Reagents and conditions for generating mega primers 

Reagents for primer extension 

Components Volume (ul) 

0.1 M Flanking forward primer 
0.5 

(or mutagenic forward primer) 
0.5 

0.1 M Mutagenic reverse primer 
0.5 

(or flanking reverse primer) 
0.5 

Template 0.5 

10 mM dNTPs 0.5 

5X HF buffer 5.0 

Phusion DNA polymerase 0.3 

Autoclaved dHzO 17.7 

Total Volume 25 

Conditions for primer extension (using thermo-cycler) 

Cycle Denaturation Annealing Extension 

广 98°C，5min 60。( :，30 s 72。C’ 15s 

2nd to 39«h 98 °c，1 min 60 o( : ,30 s 72 15s 

4(yh 98 1 min 60 :，30 s 72。C’ 15 s 
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Table 2.3. Reagents and conditions for mega-primer>Quikchange 

Reagents for mega-primer-QuikChange 

Components Volume (ul) 

Primers mixture 1 n 

(DNA product of primer extension) 
1 .u 

Template 0.5 

10 mM dNTPs 0.5 

5X CG buffer 5.0 

Phusion DNA polymerase 0.3 

、 Autoclaved dP^O 17.7 

Total Volume 25 

Conditions for mega-primer-QuikChange 

Cycle Denaturation Annealing Extension 

IS丨 98 "C, 5 min 65 T，30 s 72 丨 min 

2nd to 39'h 98 1 min 65。C’ 30 s 72 oc,丨 min 

40ih 98 1 min 65 oc，30 s 72 oc, 1 min 
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Table 2.4. Reagents for Dpnl (NEB) digestion 

Reagents for Dpnl (NEB) digestion 

Components Volume (ul) 

PGR product 30 

lOX Buffer 4 (NEB) 4.0 

lOX BSA(NEB) 4.0 

Dpnl (NEB) 1.0 

Autoclaved dHaO 1.0 

Total Volume 40 
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digested DNA was then transformed into DH5a (see Section 2.2.2) to obtain single 

colony，which was subsequently picked into LB broth to yield 5 ml broth culture. The 

plasmid DNA in the broth culture was extracted (see Section 2.1.3) and confirmed by 

DNA sequencing (BGI). 

The clone of quintuple Arg-lo-Lys variant of T. celer L30e was brought from Mr. 

Gene GmbH, and subcloned into the expression vector, pET3d (Novagen). DNA 

sequencing was performed to check the sequences. 

2.2.2 Plasmid transformation to competent E. coli strain 

The whole transformation was performed with aseptic techniques. An aliquot of 

100 competent cells (see Section 2.1.8) was thawed on ice for about 5 minutes and 

0.5 - 1 |LA1 of plasmid (see Section 2.1.3) was added into the competent cells, and left 

for cold shock on ice for about 30 minutes. After first cold shock，the competent cells 

were treated with 2 minutes heat shock at 42 °C，followed by second cold shock on 

ice for about 15 minutes. Then 0.4 ml of LB broth was added and the competent cells 

were incubated at 37 °C with shaking for about 45 minutes for recovery. After 

recovery, competent cells were spin down and 0.4 ml of supernatant was removed. 

Resuspended the cells and then spread on LB plate with appropriate antibodies (100 

Hg ml'' ampicillin for DH5a and C41; additional 50 ng ml"' chloramphenicol for 

BL21(DE3)pLysS). For expressing NMR labeled proteins’ the cells were spread on 
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M9 plate with appropriate antit)odies instead. The plate was then incubated at 37 "C 

for 16 hours. 

• t 

2.2.3 Expression of recombinant proteins 

Plasmid-transformed single colony obtained after transformation (see Section 

2.2.2) were picked to 10 ml LB broth with appropriate antibiotics (see transformation 

Section) and incubated at 37 "C with shaking for 16 hours as the starter culture. After 

incubation, 10 ml of the starter culture was inoculated to 1 L of LB broth (0.5 L in 2 

L flask) with 10 ml 40% filtered glucose, 1 ml of 1 M MgSOa, and appropriate 

antibiotics added. The scaled up culture was incubated at 37 "C with shaking for 2 -

3 hours until O.D.600瞧 reached 0.6. 1 ml of 0.4 M IPTG, 1 ml of 1 M MgSOa, and 

appropriate antibiotics were then added in 1 L culture. The culture was incubated at 

37 °C for 16 hours and the cells were then collected by cenlrifugation at 6000 g at 4 

for 5 minutes. 

For expression of NMR '^C'''N-Iabcled protein, M9 broth was used instead of 

LB broth in both starter and scaled up cultures. Also, 4 g of '^C glucose, 2 g of 丨 N̂ 

NH4CI and 4 ml of solution Q have to be additionally added in the initial scaled up 

culture. 

2.2.4 Protein extraction from E. coli by sonication 

Cell pellet of 1 L culture was resuspended in about 30 ml of buffer (buffer A of 
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following chromatography，see Section 2.2.5) with 0.75 mM PMSF (Sigma). 

Resuspended cells were broken by sonication on ice (Sonic & Materials，Vibra Cell) 

with pulse-program of pausing for 4 seconds with 1 second pause, with total 

sonication time of 1 minute. This sonication pulse-program was repeated for at least 

10 times until clear solution was observed. Sonicated cell mixture was then 

centrifuged at 16000 g at 4 "C for 40 minutes and the supernatant was filtered 

(Schleicher & Schuell) and stored. A small portion of pellet and supernatant were 

subjected to SDS-PAGE to analyze if the desire protein was in soluble fraction or 

insoluble inclusion body. 

2.2.5 Purification by chromatography 

For purification of T. celer L30e using SP and Heparine column, pre-packed 

y? 

5-ml fast-flow column (GE Health Care) was first connected to AKTA prime 

machine (GE Health Care) which pressure limited was set to be 0.2 MPa, and 

washed by about 30 ml of buffer B (1.0 M NaCl, 20 mM sodium acetate, pH 5.4) 

until O.D.280nm became steady. The washing was followed by equilibration of column 

with about 50 ml of buffer A (20 mM sodium acetate, pH 5.4) until conductivity 

became steady. Then the 0.2 ^im filtered solution with desire soluble protein in buffer 
4 

A was loaded to the column at How rale of 5 ml min"', leaving about 30 of input 

for SDS-PAGE analysis. Flow-through was also collected. After loading input, the 
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column was equilibrated with buffer A again until O.D.isonm became steady. Bound 

protein was eluted using a 300 ml linear NaCl gradient ranging from 0 to 1 M NaCl. 

For SP column，T. celer L30e was approximately eluted at 0.2 M NaCl, whereas T. 

celer L30e was approximately eluted at 0.4 M NaCl for Heparine column. The 

elution was collected as fractions of 5 ml per tube. After elution, the column was 

washed with buffer B and then equilibrated with 20 % ethanol until conductivity 

became steady for storage at 4 The collected input, flow-through, and elution 

fractions were analyzed by SDS-PAGE to determine relative protein concentration 

and purify after purification. 

For purification of roughly 300 ml gel filtration column Superdex G-75 

Hi Load 26/60 (GE Health Care), the pressure limit was set to 0.3 MPa, and the 

connected column was pre-equilibrium with about 300 ml bufler C of 0.2 M Na^SO), 

20 mM sodium acetate，pH 5.4, until the conductivity became steady. Maximum 5 ml 

of protein sample was loaded to column in flow rate of 3 ml min"'. Purified T. celer 

L30e was approximately eluted at 200 ml. Elution was collected as fractions of 3 ml 

per lube. After elution，the column was equilibrated with 20 % ethanol until 

conductivity became steady for storage. Again, input and all elution fractions were 

analyzed by SDS-PAGE. 

The purification of all T. celer L30e mutants were the same as that of the 
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wild-type, but the elution condition might have small changes. 

2.2.6 Purification by refolding 

Yeast L30e was expressed in inclusion bodies. The pellet collected after 

sonication was resuspended in 20 ml of detergent buffer (0.2 M NaCl, 1 % 

deoxycholic acid, I % NP-40). The mixture was sonicated with the same 

pulse-program for sonicating cell suspension (see Section 2.2.4) for once. The 

sonicated mixture was then centrifuged at 10000 g at 4 for 5 minutes. The 

resuspension of the pellet, sonication, and centrifugation cycle was repealed for 3 

times but using 20 ml Triton/EDTA buffer (1 % Triton X-100, 1 mM EDTA) instead 

of detergent buffer for resuspension. After these washing cycles，the pellet collected 

was dissolved by 4 ml denaturing buffer ( � 4 M guanidine HCl, 10 mM sodium 

phosphate, pH 7.4). The mixture was then sonicated with the same pulse-program 1 

time and centrifuged at 5000 g at 4 "C for 5 minutes. The supernatant was collected 

and the protein concentration was roughly estimated by spectrophotometer (see 

Section 2.1.7). The supernatant was then slowly added drop by drop to a large bulk 

of renaturing buffer ( � 2 0 0 ml of 0.2 M NaCl, 20 mM sodium acetate, pH 5.4) with 

continuous stirring, making the final protein concentration of less than 0.2 mg ml"'. 

The precipitate in the bulk renaturing buffer was spinned down, and the supernatant 

(renatured Yeast L30e) was collected. 

、 43 



CHAPTER 2: Materials and methods 、 

2.3 Circular dichroism experiments 
2.3.1 General usage of spectropolarimeter 

0.4 ml of thoroughly degassed protein sample was transferred into securely 

stoppered quartz cuvette with 1 mm path-length, and the cuvette was inserted in the 

spectropolarimeter (JASCO J-810) equipped with a Peltier-type temperature control 

unit. Protein sample was allowed to equilibrate at the experimental temperatures for 

1 minute inside the cuvette before circular dichroism (CD) measurement. For 

estimating the secondary structure of the protein sample by far-UV CD, the molar 

ellipticity in deg cm^ mor' of a full spectrum with wavelength ranging from 260 nm 

to 190 nm was recorded. For tracing the thermal- and denaturant-induced 

denaturation, spectra with wavelength ranging from 217 nm to 227 nm were recorded 

at different temperature and denaturant concentration. 

2.3.2 Obtaining thermodynamic parameters from thermal 

denaturation 

20 ÂM protein samples were dialyzed in experimental buffer condition for 16 

hours before CD measurement. After equilibrating protein sample at 298 K for 5 

minutes, all protein samples were healed from 298 K to 383 K at a heating rate of 1 

K min''. The thermal denaturations were then monitored by molar ellipticity at 222 

nm, and the thermal denaturation data were fitted to a two-state model 
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yots e 「ytO/r-丨 

where yobs is the observed molar ellipiticity at 222 nm; y" and rrin are the y-intercepl 

and slope of the pre-transition baseline; y。and rriu are the y-intercept and slope of the 

post-transition baseline; R is the gas constant; 丁 is the temperature in Kelvin. Melting 

temperature values (Tm) and the van't Hoof enthalpy (AHm) were directed obtained 

from the fitting. 

Thermal denaturations of yeast L30e, T. celer L30e E6A, K46M, E6AR92A, 

E6AR92M, and K46ME62Q were found to be irreversible in this condition. Since 

these mutants have a similar range of molar ellipiticity at 222 nm with those 

reversible mutants in the thermal denaturation, all of them should have their Tm 

values obtained at almost the same molar ellipticity (-1.2 土 0.2 x 10̂  deg cm^ moi''). 

Therefore, the apparent Tm values of the thermally irreversible mutants were 

estimated by finding the corresponding temperature at which the molar ellipticity 

was equal to -1.2 土 0.2 x 1 d e g cm^ mol* ‘. 

2.3.3 Obtaining thermodynamic parameters from 

denaturant-induced denaturation 

20 nM protein samples were equilibrated with suitable range of denaturant (0 

M - 10.2 M for urea; 0 M - 7.2 M for guanidine HCl) with 0.2 M interval in the 

experimental buffer condition for 30 minutes at room temperature before CD 
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measurement. Concentration of denaturant was determined from refractive index 

measurements using refractometer (Leica AR200). The denaturatant-induced 

denaturations were then monitored by molar ellipticity at 222 nm, and the chemical 

denaturation data were fitted to a two-state model'^^ 

M + ( 冲 / / f r I 

where yobs is the observed molar ellipiticity at 222 nm; yn and irin are the y-intercept 

and slope of the pre-transition baseline; yu and rriu are the y-intercept and slope of the 

post-transition baseline; R is the gas constant; T is the temperature in Kelvin; [D] is 

the concentration of urea; AG(D> is the free energy change of unfolding at [D]. The 

free energy change of unfolding without denaturant, AG<h20)’ was obtained by linear 

extrapolation model … 

AG(d) = A G , - m [ D ] 

To obtain the temperature dependency of protein stability, AGu at 298 K, 308 K, 

318 K, 328 K, 338 K, and 348 K were found for T. celer UOe and its mutants, and at 

283 K, 288 K，293 K，298 K, 303 K, and 308 K were found for yeast L30e. 

To determine the thermodynamics parameters AHm, ACp, and 丁⑴，the free 

energy change of unfolding (AGu) at temperature ranging from 298 K to 348 K for T. 

celer L30e and 283 K to 308 K fo yeast L30e obtained from urea-induced 

denaturation and melting temperature (Tm) obtained from thermal denaturation were 
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fitted to the Gibbs-Helmholtz equation: 

T AG. = A H ^ 1 一 - A C . ( t m - T ) + T l n 
T 

For yeast L30e, T. celer UOe E6A, K46M, E6AR92A, E6AR92M, and 

K46ME62Q, only urea-induced denaturation data were used for fitting as their 

thermal denaturations were irreversible. The thermal dynamic parameters obtained 

with and without using their thermal denaturation data for fitting agree very well 

with each other. 

2.4 Crystallization and crystal structure 

refinement 

2.4.1 Sparse-matrix screening and fine gridding for high 

quality crystals 

Protein sample eluted from gel filtration column (see Section 2.2.5) was directly 

concentrated to about 10 mg ml' ' . The sparse-matrix screening was performed with 

using commercial screening kits Crystal Screen 1 & 2，SaltRx, PEG/ion screen 

(Hampton Research), as well as JCSG+ (Qiagen). Crystallization by sitting drop 

vapour diffusion was carried out by using Phoenix RE robotic system (Rigaku) to 

aliquot screening chemical reagent and mix with concentrated protein sample in 3 

different protein-to-buffer ratios of 1:2, 1:1，and 2:1 with final volume of 0.3 ^il in 

the 3 crystallization wells of CrystalQuick 96-well round-bottom plates (Greiner). 
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Crystal plates were equilibrated at 16 until crystals were observed in crystal 

viewing by light microscopes (Zeiss) or Rhombix Crystal Imager (Thermo). 

The initial hits were then finely grided by changing the chemical parameters, 

usually pH and precipitant concentration，in the step-wise manner. In the grid search, 

crystallization was achieved by either sitting drop or hanging drop vapour diffusion, 

taking place in CrystalQuick 24-well round-bottom sitting drop or hanging drop 

plates (Greiner). 0.5 or 1 ml crystallization buffer was pipetted into the reservoir, and 

the crystallization drop was mixed in protein-to-bufTer ratio of 1:1 with final volume 

of 4 - 10 jjJ in the initial grid. Crystal plates were equilibrated at 16 until crystals 

were observed in crystal viewing by light microscopes (Zeiss) or Rhombix Crystal 

Imager (Thermo). The crystallizability and nucleation could be altered by using 

additive screen kit (Hampton Research) or changing the crystallization conditions 

such as temperature, protein-to-bufTer ratio，as well as gridding range and intervals in 

the subsequence grid searches. 

For crystallization of wild-type T. celer LSOe and all its single and quintuple 

Arg-to-Lys variants in low ionic strength conditions, their crystals were obtained 

either by dialyzing 10 mg ml"' protein samples concentrated from elution of gel 

filtration column (high ionic strength) in nano-pure water, or using sitting drop 

vapour diffusion with the same setting as grid search reported above, but using 10 
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mg ml"' protein sample in low ionic strength in low pH (10 m M citrate/phosphate， 

pH 4.0). 

2.4.2 Data collection and processing 

Single crystal obtained from grid search was carefully fished out using 

appropriate cryoloop (Hampton Research) under light microscope (Zeiss), or collect 

the crystals of T. celer L30e and its Arg-to-Lys variants obtained from dialysis by 

centrifugation. Then transferred the crystal to appropriate cryoprolectant (15 - 25 % 

glycerol or 20 - 30 % PEG 400 in crystallization buffer) and allowed for 

equilibration for 1 minute. The crystal was then quickly mounted to the 110 K 

pre-cooled goniometer (Rigaku) of X-ray diffraction setup using MicroMax「M-007 

HF generator (Rigaku) or FR-E+ SuperBright™ generator (Rigaku) at wavelength 

1.54 A. Datasets were acquired and collected at 110 K and detected by R-AXIS IV++ 

image plate detector (Rigaku) controlled by CRYSTALCLEAR, and the diffraction 

data were processed, merged, scaled, and reduced with programs (MOSFLM, 

SCALA, TRUNCATE) from the CCP4 suite'^^ The space group was determined by 

POINTNESS in CCP4 suite. The crystal structures were solved by molecular 

replacement using PHENIX ( p h e n i x . a u t o m r ) ⑴ 5 ^^ CCP4 suite (MOLREP) with the 

previously solved wild-type T. celer L30e crystal structure (1H7M) as the search 

model. The structures were refined with REFMACS'^^ or PHENIX (phenix.refine)⑴ 
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The refmeing structures were analyzed and modified by COOT丨。？’丨The refined 

structures were validated using WHATCHECK'®^ 

2.5 Nuclear Magnetic Resonance 

experiments and pH titration 
2.5.1 NMR sample preparation 

After expressing and purifying the labeled protein as described (see Section 

2.2.5 and 2.2.6), the buffer condition of the protein samples were changed to the 

experimental buffer condition t?y several round dilution-concentration cycles (see 

Section 2.1.6). D2O (for deuterium lock)，DSS (for 'H and '^C internal reference), 

and sodium azide (for preventing bacterial growth) were added \o the final 

concentration o f 10 %, 0.5 mM, and 0.05 % respectively when the volume of the 

protein sample was concentrated to around 1 ml. The protein sample was further 

concentrated to about 0.5 ml for using 5 mm NMR tube (Norell) or about 0.2 ml for 

3 mm N M R tube (Norell). The final concentration of should be around 1.0 mM and 

2.8 mM for using 5 mm and 3 mm NMR tube. The protein sample was then 

incubated at 25 °C and 60 for 5 minutes. The pH values of the protein sample at 

specified temperatures were checked by pre-calibrated pH meter (see Section 2.1.9). 

Thoroughly degassed the protein sample and then transferred it to pre-washed NMR 

tube (washing by nano-pure water followed by acetone). Briefly spin down the 
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sample by hand and gassed the NMR tube with N2 gas by several vacuum-gassing 

cycles. Securely stoppered the NMR tube and then sealed with parafilm. 

2.5.2 Data collection and processing of NMR experiments 

NMR experiments were 
performed by Avance"^ II 500 MHz NMR 

丁 IVl 

spectrometer (Bruker BioSpin) controlled by TopSpin 2.0 (Bruker BioSpin). 

Adjust the experimental temperature (298 K or 333 K) and then insert the NMR tube 

in the NMR probe. After that, deuterium lock (for stable magnetic field), turning and 

matching of the probe (for better sensitivity), and shimming (for bettr magnetic field 

homogeneity) were performed. The center offset frequency of 'H dimension was 

fojund by acquiring ID 'H-waler presaturation spectrum (ZGPR), followed by 
/T 
» X. 

adjusting the center offset frequency interactively to achieve the best water 

suppression. The 'H 90° pulse width was determined by Bruker AU program 

(PULSECAL), or by traditional method of finding 360° pulse width and then divided 

by 4. Then, read in parameters of the pulse program of desired NMR experiment, and 

got the probe-specific parameters such as 90° pulse of '^C and ''""N. Some preliminary 

2D experiments were acquired and processed by TopSpin 2.0 for determination of 

center offset frequency, spectral width, and the digital resolution of various 

dimensions, as well as the signal-to-noise ratio of the experiment. For TOCSY type 

and NOESY type experiment, the mixing time was adjusted to optimize the signal of 51 
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the experiments. The pulse program was modified i f necessarily. After setting up all 

acquisition parameters, optimized the receiver gain and then start the acquisition. 

A l l multidimensional NMR data were processed with the NMRPipe"^ with 

optionally applying zero-filling, window-functions, pO and pi phasing, 

baseline-correction, and linear-prediction dependent on the spectrum. Al l processed 

data were analyzed using CARA, including performing sequential assignment and 

integration of resonance peaks. 

2.5.3 pH titration 

pH titration of titratable groups in the whole protein were achieved by repeating 

suitable NMR experiments (modified 2D H(CA)CO for side chain carboxylic groups 

of Asp and Glu) using different NMR samples with pH values ranging from 1.0 to 

6.5 at 298 K or 333 K. The suitable chemical shifts (chemical shifts of CO in 2D 

H(CA)CO for Asp and Glu) were then plotted against the pH values, and fitted by 

different means. 

For finding the microscopic pKa values, the chemical shifts were fitted to 

modified Henderson-Hasselbalch equations describing from 1 to 3 transitions which 

were assumed to be independent'"'"^: 

6 ( p H M b + g m o n i p H 》 

for 玄 =1 and j = 1,2, or3 
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where 6(pH) was the experimental chemical shift at the given pH, 6a and 6b denoted 

、 

the chemical shifts at the protonated and deprotonated form respectively. pKa, was 

the microscopic pKa value of titratable group i. C, was the percentage contribution 

coefficient of titratable group i for the total absolute chemical shift (6a - 6b). The Hil l 

coefficient was allowed to set to free parameter for fitting for single transition fitting 

(j = 1)，or for the major transition (Ci > 0.7) of complex transition fitting (j = 2 or 3). 

The choice of fitting model (different in degree of freedom) was determined by F-test 

statistics using a confidence level o f 95%, and by Akaike information criterion with 

probability higher than 95% (see Section 2.6.6). 

For fitting the chemical shift data by global fitting o f titralional events 

(GloFTE)，pKaTool (pKa system)"】.*" was used for fitting. 2 or more titratable 

groups were used for pair-wise fitting or charge-cluster fitting respectively. The pH 

step was set to 0.1 and the Monte Carlo step number was set to 300. The titration 

curves were calculated based on the explicit evaluation of the Boltzmann sum and 

the fitted pKg values were determined by finding the pH where the titratable groups 

were half-protonated"^. 

The model peptides AC -GGD/EGG-NH2 were commercially purchased (GL 

Biochem). The pH values in the titration of model peptides were performed by 

directly measuring the pH values of the accurately about 10 ml 10 mM peptide 
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solution of dissolving accurately about 40.2 mg and 41.6 mg lyophilized peptide 

powder of Ac-GGDGG-NHi and AC-GGEGG-NH2 respectively in 10 ml nano-pure 

W9ter using 10 ml volumetric flask at 298 K and 333 K using pre-calibraled pH meter. 

Before titration with purchased 1.0 M NaOH (Sigma), the pH of the peptide solution 

was titrated from about 2.2 back to夕accurately about 2.0 by known volume of 

purchased 4.0 M HCl. The NaOH titration was performed with step volume of 10 ^il 

per step, until the pH value higher than 8.0, which was tar away from the expected 

pKa values for both peptides. The concentrations of NaOH (mM) in the peptide 

solution after each step were calculated and plotted against the measured pi 1 values. 

To obtain the pKa values, the data was fitted by transformed Henderson-Hasselbalch 

equation with only one transition and set the Hill coefficient to be one: 

= 1000 
(OH"] 

‘ 广 cxp I 
JQ-PK. X (̂peptide) 

10-pH ——1000 
10-PH +10-PK. 

_ ^offset 
一 (OH-) 

where C二。was the experimentally observed concentration of OH" in mM, 

^Sidc) was the averaged peptide concentration of the whole titration in mM, which 

should not be deviated more than 2 % from the initial peptide concentration. C【。二 

was the averaged OH" concentration olTset due to the initialization of pH value to 2.0 

by HCl. Since the concentration and amount of HCl added were known, the 

experimental offset could be calculated and should not deviated more than 2 % from 
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he fitted values. 

2.6 Computational and statistical 

techniques 
2.6.1 Supporting in-house scripts 

Throughout this study, numerous in-house scripts were written in PERL, CSH, 

and SH for supporting purpose such as finding the number of salt bridges based on 

crystal structures, processing NMR and crystal diffraction data using various 

programs, finding the interacting residues in crystal contact and assigning the type of 

the interactions，calculating the secondary shifts of each residue based on the 

calculated sequence corrected random coli shift, calculating the NOE ratios, 

calculating ideal polyproline II coordinates, simulation of pH titration curves of 

different buffers，and formatting ACSII text files (such as .pdb). 

2.6.2 Protein model building 

Models of native T. celer L30e and its mutants with flexible C-terminal residues 

were generated by MODELLER丨丨5,"6 using corresponding crystal structures as the 

template. 300 rounds of slow variable target function method (VTFM) optimization 

(automodel.library schedule = autoschcd.slow), slow molecular dynamics (MD) 

optimization (automodel.mdjevel = refine.slow) were applied for retlncmenl. For 

the polyproline II based denaturation state model of the quintuple Arg-lo-Lys variant， 
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a 101-residue ideal polyproline helix II，of which the coordinates of every atom were 

calculated by in-house perl script, were used as the template in MODELLER. The 

same refinement cycle as that for native proteins was used, but the backbone 

coordinate were fixed'and the refinement cycle was repeated fro 100 times. The final 

polyproline based denatured state model was the averaged model for the 100 refined 

models. A l l the models built were viewed and checked by PYMOL. 

2.6.3 Calculation of solvent accessible surface area (ASA) 

The solvent accessible surface area was calculated by the NACCESS program 

using a probe radius of 1.4 A. Surfaces of N and O atoms were considered polar, 

whereas the surfaces of other atoms were nonpolar. C" was excluded from 

calculation of side chain accessibility. The contact (buried) area of sail bridge 

(AASAsait-bridge) was calculated by: 

( \SA广 一 A S A . ^ y ( \ S A 广 - A S A 厂 ) 
AASA salt-bridge 一 之 

where ASA denote the calculated accessible surface area, i and j denote the two 

residues involved in the salt bridge, WT, M l , and M2 denote the structures of 

wild-type, glycine substitution of residue] (Ml)，and glycine substitution of residue i 

(M2) respectively. The relative accessibility of each residue was calculated by 

comparing the calculated accessibility of the residue to that of the corresponding 

residue type in an extended Ala-X-Ala tripeptide (form amino acids). 
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2.6.4 On-line pKa prediction servers 

The pKa values of the naive state quintuple Arg-to-Lys variant were predicted 

by on-line pKa prediction servers of PROPKA'sso, and 

ICARLSBERG+"9,i2o. The pKa values of denatured state quintuple Arg-to-Lys 

variant were predicted by H++ online server. 

2.6.5 Curve fitting 

All the curves were fitted in the least-square ’ fitting manner using the 

Levenburg-Marquardt algorithm for all by non-linear regressions. Al l data for fitting 

were not weighted and the allowable error was set to 0.1 %. 1 he initial guessed value 

for each parameters were tried to set at different values to prevent local minimum 

solution for fitting. 

2.6.6 Comparison of curve fitting models 

For comparing two fitting models with dilTerenl degree of freedom, Akaike's 

Information Criteria (AIC), which use information theory to determine the relative 

likelihood, and one-tailed F-test, use the extra sum of square test, were performed by 

in-house PERL script to distinguish which fitting model should be used. For AIC, 

AIC values were calculated by: 

/QQ\ 
AIC = 2V-f N l n — 

I N j 

where V was the number of parameter, N was the number of dala point, and SS was 
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the sum of square. The more possible model has the lower AIC value. 

For one-tailed F-test, F-values (F) were calculated by: 

SS„-SSd 

dfn - d f d 

dfd 

、 

where subscript n and d denoted numerator and denominator, SS was the sum of 

square, and df is the degrees of freedom. Be noted that numerator degrees of freedom 

was the degrees of freedom for the fitting model that had the larger SS. The P values 

(P(c)) were obtained from the corresponding F values by the F-dislribution 

probability density function: 
dfn ^ 

B 

P ( c ) — 

f ) 2 ( df c 1 n 
X 

dfd、 df„c + dfd 
X 

df c + d f , 
V “ ° 

2 ‘ 2 

where c was the confident level, B was the Beta function: 

B ( x , y ) » ^ t - ( l - t r c i t 

for Re(x) and Re(y) > 0 

In this study, confident level of 95 % was used in F-test. Fitting model that has 

smaller SS was chosen i f the calculated P value was smaller than 0.05. 

2.6.7 Detection of outliners 

Huber's method was used for detection of outliners in the data sample of N data 

point and was carried out by in-house PERL script. Data was progressively 
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transformed by winsorization. The initial values of the mean (li。）and standard 

deviation (6。）were simply the median (mo) and the standard deviation (oo) of the 

data. I f a data point Xj had a value falls outside the range of (l。± 1.56。， 

Xi 土 

where x； was the new x, used in the next round of winsorization. otherwise, 

叉i 

For the winsorized mean (|1,) and the standard deviation ( 6 , ) was calculated by: 

N 
p . 

|1, « —~~，and a, = 1.134 x a(x j ) 
N 

The factor 1.134 was derived from the normal distribution, given a value 1.5 for 

the multiplier used in the winsorization process. Winsorization were performed for at 

least 100 rounds until the Huber's mean (l^Hub) and Huber,s standard deviation 

(a^yb) were converged. 

2.6.8 Detection of monotonic trends 

Wald-Wolfowitz run tests were carried out by in-house PERL script to detect i f 

the coupling free energies of various ion pairs had any trends with respect to 

temperature ( AAG„(T ) ) . I f AAG^(j) was a stationary random process (coupling 

free energy has trend with respect with temperature), the number of runs, which was 

defined as a sequence of identical observations that is followed or preceded by a 

different observation or no observation at all, was a random variable with mean value 
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(|Xo) and sum of square (SSo) of: 

. , ec ^"pos"ncg X (?"pos"ncB — "pes — " ncg ) 
+ 1 and SSo = 7 Y? T^ 

npos +n„cg iPpos +nneg/(Ppos - U 

where npos and nneg was the number of points higher and lower than l̂o respectively. 

Significant difference between observed number of runs (r) and [uio indicated 

nonstationarily because of the possible presence of a trend in A AG „ ( t ) . The 

Z-score of the difference was calculated by: 

-f^o Z 

and the P value was calculated by: 

_ 1 
2(1 - ( l + Z(0.050 + Z(0.021 + Z(0.003)))))6 

With using 95% confident level, was regarded as stationary i f the P 

value was larger than 0.05. Be noted the coupling free energy was assumed to have 
» 

no seasonality with respect to temperature, therefore the 6-poinl datasel of each ion 

pair was regarded as stationary i f r is larger than 3. 

2.7 Reagents and Buffers 
In this section, recipe and preparation method of reagents and buffers are listed. 

2.7.1 Buffers for preparation of competent cells 

RFl 

30 mM potassium acetate, 100 mM RbCb, 10 mM CaCb, 50 mM MnCh, and 
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15 % glycerol. The pH was adjusted to 5.8 by acetic acid without back titration. The 

solution was then sterilized by 0.2 nm filtration. 

RF2 

10 mM MPOS, 75 mM CaCb, 10 mM RbCb, and 15 % glycerol. The pH was 

adjusted to 6.5 by KOH without back titration. The solution was then sterilized by 

0.2 ^im filtration. 

2.7.2 Buffers for agarose gel electrophoresis 

50X Tris-acetate-EDTA (TAE) stock solution 

242 g L"' 丁ris base, 57.1 ml L ' ' glacial acetic acid, and 37.2 g L"' 

NazEDTA 2H2O, and stored the solution at room temperature. 

6X asarose ge/ loadins buffer 

0.25 % (w/v) bromophenol blue, 40 % (w/v) sucrose, and 60 mM EDTA (pH 

8.0)，and stored the solution at 4 

2.7.3 Buffers for SDS-PAGE 

1 OX SDS-electrophoresis buffer stock solution 

0.125 M 丁ris base, 1.92 M glycine, and 0.5 % (w/v) SDS, and stored the 

solution at 4 °C. 

2XSDS-PAGE loadins buffer 

200 m M DTT, 4 % SDS, 0.2 % bromophenol blue, 20 % glycerol, and 100 mM 
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Tris-HCl, pH 6.8，and stored the solution at -20 °C. 

4XSDS re so Iv ins gel buffer 

181.7 g L' ' Tris base, and 8 g L"' SDS. Adjusted the pH to 8.8 with HCl, and 

stored the solution at 4 "C. 

4X SDS slacking sel buffer 

60.6 g L"' Tris base, and 8 g L' ' SDS. Adjusted the pH to 6.8 with HCl, and 

stored the solution at 4 

Conventional Coomassie staining solution 

0.15 % Coomassie Brilliant Blue R-250’ 30 % (v/v) elhanol, and 10 % (v/v) 

acetic acid, and store the solution at room temperature. 

Conventional destainins solution 

25 % ethanol and 10 % glacial acetic acid, and stored the solution at room 

temperature. 

Sensitive colloidal Coomassie staining solution 

5 % aluminium sulfate-( 14-18)-hydrate, 10 % ethanol, 2% orthophosphoric acid 

and 0.02 % (w/v) Coomassie Brilliant Blue G-250, and store the solution at room 

temperature. ’ 
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Media for bacteria丨 culture 

Luria-Bertani (LB) broth 
I 

400 g kg"' NaCl, 400 g kg'' peptone, and 200 g kg"' yeast extract, and store the 

powder mixture at room temperature. For liquid LB broth, dissolved 25 g L"' of the 

powder mixture and optionally adjust the pH to 7.0. The solution was sterile by 

autoclave at 121 for 20 minutes, and stores the solution at room temperature. 

M9ZB broth 

1 g L' ' NH4CI, 3 g L-i KH2PO4, 6 g L；' Na2HP04, 5 g L' ' NaCl, and 10 g 1/' 

bacto-trypton and optionally adjust the pH to 7.0. The solution was sterile by 

autoclave at 121 for 20 minutes, and stores the solution at room temperature. 

M9 broth 

6 g L.i Na2HP04 7H20, 3 g L \ KH2PO4 (anhydrous), 0.5 g L"' NaCl and adjust 

the pH to 7.0. The solution was sterile by autoclave at 121 for 20 minutes, and 

stores the solution at room temperature. 

Before using the M9, dissolved vitamin mixture (Table 2.5), 2 - 4 g I / ' '^C 

glucose, 1 g L' ' '^N NH4CI in about 50 - 100 ml of auloclaved M9 solution and 

sterile by 0.2 nm filtered. Mixed all solutions and added 4 ml L' ' 0.2 |Lim filtered 

Solution Q (Table 2.6), 1 ml L' ' 0.2 ^im filtered 1.0 M MgS04, and appropriate 

antibiotics. 
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Table 2.5. Vitamin mix for expression in IV19 medium 

Reagents for vitamin mix for 1 L M9 medium 

ComDonenls Weight (rrm) 

Thamine 10 
d-bioin 2 

Chloline chloride 2 

Folic acid 1 “ 

Niacinamide 2 

D-pantohenic acid 2 
Pyridoxal 2 
Riboflavin 2 

Total Weight 24 
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Table 2.6. Solution Q for expression in M9 medium 

Reagents for mixing 100 ml Solution Q 

Components Weiiiht (rrm) 

FeCl24H20 500.0 
CaCl2 2H20 18.4 

H3BO3 6.4 

C0CI26H2O 1.8 

CUCI22H2O 0.4 

ZnCb 34.0 

Na2Mo042H20 60.5 
MnCl24H20 4.0 

5 N HCl 0.8 ml 

Total Weight 625.5 
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A^ar medium 

Mix 15 g L"' bacto-agar in the desired medium and autoclaved the mixture at 

121 for 20 minutes. After cooled the solution down to about 50 "C (hand hoi), the 

solution was aliquot in about 20 ml per plate manner. The plates were store at room 

temperature. 
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Chapter 3: Electrostatic 
interactions improve protein 
thermostability by up-shifting 
protein stability curve 
3.1 Introduction 

Protein stability curve describing the temperature dependency of AGu can be 

obtained by using Gibbs-Helmholtz equation, where thermodynamic parameters Tm, 

AHm, and ACp are needed for the description. Comparison of protein stability curves 

and the thermodynamic parameters of thermophilic and mesophilic proteins revealed 

the elevated thermostability of thermophilic proteins is obtained in general by 

up-shifting and broadening of protein stability curves⑴〜which can be indicated by 

the increase of maximal AGu and reduced ACp respectively. However, the origin of 

> 

the up-shift o f protein stability curve is not yet clearly known. 

Electrostatic interaction is one of the possible candidates. The contribution of 

sat bridge on protein thermal stability has been first suggested by Perutz and 

Raidt94 95 on the basis of sequence comparisons between mesophilic and thermophilic 

proteins. This suggestion has been reinforced by more recent researches wj;iich 

showed thermophilic proteins have generally more surface charges and ion-pairs than 

their mesophilic homologues^^'^^'^^'^^'^^. Despite of the counter argument that the 
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large desolvation penalty”.、*^." and entropic c o s t … 4 ()「salt bridge formation 

cannot be fully compensated by the enhanced coulombic interactions due to salt 

bridge, supporting experimental evidences that salt bridge contributes to thermal 

stability of protein has been accumulated^ '̂-气o *̂ ]. The stabilizing effect of sail bridge 

therefore improves thermostability of proteins. 

The change in solvent accessible surface area upon unfolding (AASA) and 

residual structure in protein tlenalurcd state have been suggested to be the origin of 

the reduced ACp in thermophilic p r o t e i n H o w e v e r , they are failed lo account 

for the large reduction of ACp in thermophilic proteins叫丨”丨： .̂ Our group has 

previously first experimentally demonstrated electrostatic interaction contributes to 

ACp99, indicating the ditTerence of protein stability curves among thermophilic and 

mesophilic homologues is originated from electrostatic interactions. 
N 

•i 
\ 

As mentioned above，protein stability curve reflects the temperalure dependency 

of protein stability. Therefore，to deepen the knowledge on how electrostatic 
t 

interaction contribute to thermostalpilily, the effect o f salt bridges on protein stability 

at temperature ranging from 25 ‘、〔、to 75 "C, as well as the clTcct on another 

thermodynamic parameter ACp, were examined. A well studied thermophilic protein 

\ Thermococcus celer L3()e provided us with an excellent model for this investigation. 

Two salt bridges E6/R92，and K46/E62,.as well as a long range ion pair H90/R92 
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(separat ion d is tance 10.8 A ) , located in two separated large charge clusters o f 7: celer 

L30e (Figure 3.1) were chosen for investigation. While the coupling free energy of 

salt bridges was analyzed by double mutant cycles of free energy, the efTccl of salt 

bridge on ACp was investigated by a novel analysis originated tVom double mutant 

cycle. By comparing the protein stability of 7: celer IJOc and its mesophilic yeast 

homolog, we have demonstrated salt bridge is the major Factor that contributes to the 

large up-shift in the protein stability curve of thermophilic proteins. In addition, we 

have also shown the salt bridge interaction is temperature independent, indicating 

temperature would not alTect the salt-bridge interactions. 

3.2 Results 
3.2.1 Removal of salt bridge forming charged residues in 

charge clusters reduces protein stability of T. celer L30e 

To demonstrate the importance of salt bridge to protein stability, four charged 
# 

residues of two salt bridges located in two chargc dusters (E6, R92, K46, H62), and 

an isolated charge (E90) were mutated to generate 14 single and double 

charge-to-nculral mutants (Figure 3.1). T„, values of the mutants were delcmiincd by 

Ihermal denaturation at low ionic strength condition (Figure 3.2). Removal of 

charged residues involved in salt bridge (K6, R()2, K46, 1:62) was found to induce 

> large decrease in T„, values (A T,,,), which ranged from -4.7 ”C to -13.7 "C ( Table 3.1). 
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0 。 v i e w 120^ view 

Figure 3.1. Location of three ion pairs. Salt bridge E6/R92 and the long range ion 
pair E90/R92 are located in charge cluster 1 (0" view). Salt bridge K46/H62 is 
located in another charge cluster 2 (120" view). 
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Figure 3 .2. T h e r m a l d cna t u r a t i o n o f T. celer LJOe a n d its mu tan ts . Ihcmial 

denaturalion curves of protein samples involved in charge-lo-Ala double mutant cycle of (A) Glu-6 

and Arg-92, (C) Glu-90 and Arg-92, and (E) Lys-46 and Giu-62, as well as those of protein samples 

involved in charge-to-neulral double mutant cycle of (B) Glu-6 and Arg-92, (D) Glu-90 and Arg-92, 

and (F) Lys-46 and Glu-62, were plotted. The symbols and lines used were consistent in all panels: 

wild-type T. celer L30e (filled circles), E6A (filled squares), E90A (open squares), R92A (tilled 

diamonds), R92M (open diamonds), K46A (filled triangles). K46M (open triangles). t62A (tilled 

inverted triangles), and E620 (open inverted triangles) were fitted by continuous lines, while ihe 

double mutants E6AR92A (filled squares), E6AR92iyUopen squares). E90AR92A (filled diamonds). 

E90AR92M (open diamonds), K46AE62A (filled triangles), and K46ME620 (open triangles) were 

fitted by dashed line. All data were collected in low ionic strength (10 mM sodium acetate, pH 5.4). 
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Table 3.1. The rmodynam ic parameters ofyeas 書 L30e，T. celer L30e and its mutants 

Thermal 

denaturation 备 
Gibbs-Helmlioltz analysis* 

Protein sample 
m 

(K) 

AT m 
CK) 

AHm 
(kJ mol ') 

AC 
(kJ mol 'K ') 

A A C 广 

(kimol ' K '.) 

Mesophilic homologues: 

Yeast L30e 328.1 土 0 . ” 

Thermophilic liomologues: 

T. celer L30e 371.6 土 0.1 

-43.;5±0.1 316± 19' 

E6A 

K46A 

K46M 

E62A 

E62Q 

E90A 

R92A 

R92M 

E6AR92A 

E6AR92M 

E90AR92A 

E90AR92M 

K46AE62A 

K46ME62Q 

3(31.9±(H* 

360.7 + 0.1 

362.5 ±0.3* 

363.8 土 0.1 

凰 9 土 0.1 

371.5 ±0.1 

365.9 土 0.1 

366.9 ±0.2 

362.0 ±0.1* 

363.5 土 0.2"̂  

365.4+ 0.1 

366.5 ±0.1 

357.9 ± 0.1 

36小 

-9.7 土 0.1 

1 0 . 9 ± 0 . 1 

-9.1 土 0.2 

-7.8 土 0.1 

-4.7土0.1 

-0.1 土 0.1 

-5.7 土 0.1 

-4.6 ±0.1 

-9.6 ±0.1 

-8.1 土 0.2 

-6 .1 土 0.1 

-5 1 土 0 . 1 

•13.7 土 0.1 

-7.3 ±0.2 

382 ±9 

360 + 9* 

391 土 13 

412 土 12 

3 5 4 土 12 

3 7 8 土 7 

374 ±6 

4 2 4 土 14 

4 2 3 土 1 3 

3 9 5 土 8 

387 土 7 
408 ± 12 

4 1 2 土 1 0 

3 5 4 土 1 2 

398 土 8 

7.9 ± 0.5 

5.3 ±0.3 

6.1 土 0.2 

6.8 土 0.1 

6.8 ± 0.3 

5.7 + 0.2 

5.8 ±0.2 

5.4 ± 0.1 

(3.8 ±0.2 

6.5 ±0.2 

6.7 ±0.2 

(3.5 土 0.3 

6.6 ± 0 . 1 

6.5 ±0.3 

<3.2 土 0.1 

6.3 + 0.2 

.6土 0.3 

0.9 土 0. 

I 5 土 0. 

1 5土0 

0.5 土 0. 

0.5 土 0. 

0 . 2 ± 0 . 

1 5 土 0. 

1.2 土 0. 

1.4 土0 

1.2 土 0. 

1.3 土 0. 

1.3±0. 

0.9 土 0. 

1.0 土 0, 

a The Tm values in low ionic strength condition (10 mM sodium acetate, pH 5.4) are 
shown. Tliermal denatiirations of yeast L30e, T. celer L30e E6A, K46M, E6AR92A, 
E6AR92M, and K46ME62Q were irreversible in this condition (indicated by 
asterisks). Their apparent T^ and AH^ values were estimated as described in Materials 
and Methods. 
b AC values were obtained by fitting AG。obtained from urea-induced denatiiration to 
the Gibbs-Helmholtz equation. 

72 



CHAPTER 3: Electrostatic interactions improve protein thermostability by up-shifting protein -

stability curve 

On the other hand，charge-to-Ala mutation of isolated residue E90 showed negligible 

effect on 丁爪 value (ATn, -0.1 ^C). 

The free energy o f unfolding (AGu) of T. celer L30e and its single and double 

charge-to-neutral variants at temperature ranging from 25 "C to 75 were 

determined by urea-induced denaluralion at low ionic strength condition (Figure 3.3) 

and summarized in Table 3.2. The chemical denaturation of all samples at all 

temperatures studied followed a reversible two-state transition. A l l protein samples 

with the same concentration had a similar value of molar elliplicity at 222 nm in the 

urea-induced denatured state of the CD spectrum at all temperatures studied, 

suggesting those charge-to-neutral mutations did not create or remove residual 

structures i f any in the urea-induced denatured state. Although removal of single 

charge reflected a combination of effects on AGu, we could still observe that the 

removal of all salt bridge involving residues in general resulted in the decrease in 

AGu by about 6 kJ mol ' ' . 

3.2.2 Charge-to-neutral mutations of salt bridge involving 

residues increase in ACp value 

The AGu values of 7: celer L30e and its charge-to-neulralmutants at 

temperatures ranging from 25"C to 75°C were fitted to the Gibbs-Helmhollz equation 

to determine ACp and AHm (Figure 3.4), and the resultant thermodynamic parameters 
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Figure 3.3. Uread-induced denaturation of T, celer L30e and its mutants. 

Urea-induced denaturation curves of protein samples involved in charge-to-A la double mutant 

cycle of (A) Glu-6 and Arg-92, (C) Glu-90 and Arg-92, and (E) Lys-46 and Glu-62, as well as 

those of protein samples involved in charge-to-neuiral double mutant cycle of (B) Glu-6 and 

Arg-92, (D) Glu-90 and Arg-92, and (F) Lys-46 and Glu-62, were plotted. The symbols and lines 

used were consistent in all panels: wild-type T. celer L30e (filled circles), E6A (filled squares), 

E90A (open squares), R92A (filled diamonds), R92M (open diamonds), K46A (filled triangles), 

K46M (open triangles), E62A (filled inverted triangles), and E62Q (open inverted triangles) were 

fitted by continuous lines, while the double mutants E6AR92A (filled squares), E6AR92M (open 

squares), E90AR92A (filled diamonds)，E90AR92M (open diamonds), K46AE62A (filled 

triangles), and K46ME62Q (open triangles) were fitted by dashed line. All data were collected in 

low ionic strength (10 mM sodium acetate, pH 5.4). 
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Table 3.2. AGu of T celer L30e and its charge-to-neutral mutants 

Protein 
A G „ ( 2 9 8 K ) 

kJ mol ' 

AGU(308K) 

kJ mol ' 

A G u ( 3 1 8 K ) 

kJ mol • 

AGu(328K) 

kJ mol ' 

AGu(33gK) 
kJ mol ' 

AGu(348K) 
kJ mol ' 

sT. L30e 

E6A 

K46A 

K46M 

E62A 

E62Q 

E90A 

R92A 

R92M 

E6AR92A 

E6AR92M 

E90AR92A 

E90AR92M 

K46AE62A 

K46ME62Q 

34.9 士 0.5 

27.5 ±0.3 

2 9 . 8 土 0.3 

32.9 ±0.4 

28.5 ± 0.3 

31.5 ±0.3 

32.7 土 0.4 

33.9 ±0.5 

35.2 ±0.5 

2 8 . 4 士 0 . 3 

29.7 士 0.3 

32.5 ± 0.4 

33.2 ±0.3 

27.0 ±0.3 

32.6 ±0.4 

35.0 ±0.5 

27.7 土 0.3 

2 9 . 7 土 0.4 

32.3 ± 0.4 

28.7 ± 0.3 

32.1 土 0.4 

32.7 士 0.4 

33.6 土 0.5 

35.4 土 0.4 

28.5 ± 0.4 

30.0 ± 0.4 

32.0 ± 0.5 

33.3 ± 0.4 

27.0 土 0.3 

32.6 ± 0.4 

32.4 土 0.5 

25.5 ±0.3 

26.7 土 0.4 

29.5 ±0.4 

25.7 ±0.3 

29.0 ± 0.4 

29.8 ±0.5 

31.3 ±0.6 

32.7 ± 0.4 

26.2 ± 0.4 

27.7 ±0.4 

2 9 . 7 土 0 . 5 

3 0 . 3 ± 0 . 4 

24.0 ± 0.3 

30.丨 ± 0 . 4 

30.8 ± 0.4 

23.3 ±0.3 

24.2 ± 0.3 

27.2 ±0.4 

23.3 ± 0.3 

2 7 . 7 ± 0 . 3 

29.0 ± 0.4 

30.8 ±0.5 

31.3 ±0.5 

2 5 . 1 土 0 . 3 

26.丨 ± 0 . 3 

29.4 ± 0.5 

29.7 ± 0.4 

2 1 . 2 ± 0 . 3 

27.8 ± 0.4 

26.6 ± 0.4 

19.0 土 0.3 

19.0 ± 0.3 

22.4 土 0.3 

18.0 ± 0.2 

2 3 . 1 土 0 . 3 

24.2 ± 0.4 

25.0 土 0.4 

26.0 ±0.4 

19.9 士 0.3 

2 1 . 4 土 0 . 3 

2 2 . 9 ± 0 . 4 

24.7 ±0.3 

14.5 土 0.3 

22.4 土 0.3 

20.9 土 0. 

14.4 ±0. 

13.3 土 0. 

17.4 士 0.2 

12.1 士 0. 

18.0 土 0. 

19.8 土 I. 

19.1 ± 0. 

1 9 . 6 ± 0 

15.3 ±0 

16.0 ± 0 

18.3 ±0 

19.8 ±0 

8.2 土 0. 

17.3 ± 0 . 2 
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were summarized in Table 3.1. The ACp value of wild type T. celer L30e was 5.3 土 

0.3 kJ mol'' K ' ' , which was consistent with the previous result^^. For the single 

charge-to-neutral mutants (E6A, R92A/M, K46A/M, E62A/Q) and double 

charge-to-neutral mutants (E6AR92A/M, K46A/ME62A/Q) which broke one of the 

two salt bridges, their ACp values were approximately increased by about 1.1 土 0.1 kJ 

mol'' K"' to 6.4 土 0.1 kJ mol'' K"'. Double mutants of long range ion pair 

(E90AR92A/M) also increased its ACp values by 1.2 土 0.1 J mol"' K' ' to the value of 

6.5 士 0.1 kJ mol•丨 K.i because the charge-to-neutral mutation of Arg-92 broke its sail 

bridge with Glu-6. For the mutation of isolated charge Glu-90 which did not form 

any salt bridge (E90A), it only marginally increased it ACp value by 0.2 土 0.1 kJ 

mor丨 K"'. 

3.2.3 T. celer L30e has significantly up-shifted protein 

stability curve when compared to that of yeast L30e 

The AGu of T. celer L30e and its mesophilic yeast homolog was determined by 

urea-induced denaturation in low ionic strength condition at temperatures ranging 

from 10 °C to 75 The chemical denaturations followed a reversible two-stale 

transition. AGu values at various temperatures were fitted to Gibbs-Helmholtz 

equation to obtain ACp, AHm, and the Tm values of the proteins (Figure 3.4). The Tm 

of T celer L30e (98.6 was 43.5 higher than that of the yeast homolog (55.1 
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°C)，whereas the ACp of T. celer L30e (5.3 土 0.3 kJ mor ' K ' ' ) was 2.7 kJ moP' K'^ 

smaller than that of the yeast homolog (7.9 士 0.7 kJ mol' ' K ' ' ) . Comparison of the 

protein stability curves of T. celer and yeast L30e revealed that the former has a 

much higher Tm because of the significant up-shifting (by about 16.8 kJ mol'' at 25 

and broadening (ACp value reduced by 2.6 士 0.6 kJ mol"' K ' ' ) of the protein 

stability curve. 

3.2.4 Coupling free energies of ion pairs are stabilizing at all 

experimental temperatures 

To determine the temperature dependency of the coupling free energy of ion 

pairs、tsAG:—丨AAG:。—'“发 values of two salt bridges (E6/R92 and K46/K62) 

and one long range ion pair with separation distance of 10.8 A (E90/R92) were 

obtained by double mutant cycles at temperatures ranging from 25 "C to 75 To 

improve the reliability of the AA(7:。—"客 values found, two different double mutant 

cycles were applied to each of the three ion pairs (Figure 3.5). No significant 

difference can be observed between the mean values of coupling free energies found 

by different double mutant cycles according to ANOVA. The coupling free energies 

of ion pairs at different temperatures were summarized in Table 3.3. 

仏Gl。—mg values of salt bridges were found not to vary with temperatures. 

The mean 仏 ( J 广 ^ values o f E6/R92 and K46/E62 at the six experimental 
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0 
300 310 320 330 

Temperature (K) 
340 350 

Figure 3.5. Coupling free energy of ion pairs. Coupling free energy of ion pairs 
were found by double mutant cycles using reference slate of E6A/R92A (filled 
squares), E6A/R92M (open squares), E90A/R92A (filled triangles), E90A/R92M 
(open triangles), K46AE62A (filled diamonds), and K46ME62Q (open diamonds) at 
temperatures ranging from 25 to 75 " C 

79 

^
 (
J
O
E

 n
O

 "o
v
 

CHAP 



CHAPTER 3: Electrostatic interactions improve protein thermostability by up-shifting protein -

stability curve 

Table 3.3. Contribution of ion pairs to AGu and ACp of T. celer L30e 

Temperature 

(K) 

E 6 A / 

R92A 

E 6 A / 

R 9 2 M 

E90A/ 

R92A 

E90A / 

R 9 2 M 

K46A 

E62A 

K461V1； 

E62Q 

Coupling free energy ( AAGJ""'''"'^ ) (kJ mol 

2 9 8 

3 0 8 

3 1 8 

3 2 8 

3 3 8 

3 4 8 

9 士 0 

3 ± 0 

8 土 0 

7 土 0 

6 土 0 

8 土 0 

1.9 士 0 . 8 

2.0 ± 0 . 8 

1 . 9 士 0 . 8 

2 . 4 ± 0 . 8 

3 . 1 土 0 . 7 

2 . 9 ± 0 . 7 

0 . 7 士 0 . 9 

0 . 7 土 0 . 9 

1.0 ± 1.0 

0 . 3 ± 0 . 9 

0 . 4 ± 0 . 8 

0 . 3 土 1.7 

0 . 1 士 0 . 9 

0.2 ±0.8 

0 . 2 土 0 . 9 

0 . 2 ± 0 . 9 

1.2 土 0 . 8 

1.2 土 1.7 

3 . 6 士 0 . 7 

3 . 6 土 0 . 8 

4 . 0 ± 0 . 8 

4 . 5 土 0 . 7 

4 . 2 土 0 . 6 

3 . 7 土 0 . 8 

3 . 0 土 0 . 8 

3 . 2 ± 0 . 8 

4.1 土 0 . 9 

3 . 7 土 0 . 8 

3 . 6 士 0 . 6 

2 . 8 士 0 . 6 

Coupling free energy { AAC"'"'''"'^) (kJ mol' K') 

1.0 土 0.：2 - 0 . 9 土 0 . 3 - 0 . 4 土 0 . 2 - 0 .丨土 0 . 2 .0 土 0 . .0 土 0 . 
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temperatures were 2.3 土 0.4 kJ mol"' and 3.7 土 0.3 kJ mol'' respectively. To test the 

randomness of the A A G 厂 v a l u e s , Wald-Wolfowitz runs test with 95 % 

confidence were performed and the standard deviations (s.d.) of dJ^G:—— values 

were found. The s.d. values of both salt bridges were about 0.4 kJ mol''. The result of 

the runs tests together with the small s.d. values suggested that the tsAG:叩― 

should not be a function of temperature. On the other hand, the 八AG厂""客 values 

of the long range ion pair E90/R92 were found only to be marginally stabilizing at all 

temperatures, having the mean value of 0.6 土 0.5 kJ mol"'. The runs test result as well 

as the small s.d. values (0.3 kJ mol"' for E90A/R92A cycle; 0.5 kJ mol"' for 

E90A/R92M cycle) suggested this long range pair-wise interaction also did not vary 

with temperatures. 

3.2.5 Salt bridge accounts for most of the increased ACp 

value in charge-to-neutral mutants 

Like AGu, ACp is also a state function of mutation. For example, the ACp value 

of a doubly substituted variant, e.g. E6AR92A, wil l always be the same no mailer we 

substitute E6 before substituting R92, or vice versa. Assuming the eft eels of 

charge-to-neutral mutations on ACp values are additive, the effect of the salt bridge 

on ACp value (i.e. the coupling ACp, A A C 厂 c a n be found by double mutant 

cycle of ACp (Figure 3.6). The logic is the same as that of the traditional double 
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AC^(Wlld Type) - AC广(Mutant 1) 

o 

i 
歡 
M 

if X •A 
4 

AC**^ (Mutant 2) AC广(Double Mutant) 

- 6 G - AAC广射 

AAC厂叩 二 A A C 广。 - AAC广… -AAC； 

AC 

AAC 

AC 

AAC 

^ ^ Q coupling 

AC 

Figure 3.6. The scheme of double mutant cycle of ACp for ion pair. According to 

the ACp cycle shown above, the effect of a charge on ACp due to its interaction to the 

rest of the protein is cancelled in the cycle，so that the coupling ACp of the ion pair 

can be calculated, assuming the effects of charges on ACp are additive. 
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mutant cycle of free energy. The total effect of lemoving a charge on ACp 

Ml, a A C 「 — i s the sum of the AAC厂咖尺 and the effect due lo the 

electrostatic interactions between the charge and the rest of the protein ( AACĵ !̂ ,一叫, 

dm ) I f the salt bridge does not have any effect on ACp value (the salt 

bridged residues are decoupled with respcct lo ACp), the total cfTect of removing both 

charges on ACp ( AACp机—叫)mutant should be the sum of AAC广一叫 and 

AAC广—"M . Any di(Terence between these two values indicates the sail bridge has 

effect on ACp value, and the difference is the AAC•厂"”、In other words, i f 

AACpWT—"M has a comparable values to AACp*丁—and AAC^丁—"2，than the salt 

bridge interaction should dominant the effect on the change of ACp. Mathematically, 

by substituting the ACp values of wild-type protein, two single and one double 

mutant into the corresponding AGu values in the equation of normal double mutant 

cycle of free energy, tsAC了卩―can be calculated. 

The aAC广"of the sail bridges E6/R92 and K46/E62 were found to be -0.9 

土 0.1 kJ mol'' K' ' and -1.0 土 0.1 kJ mol'' K"' respectively. In analogy lo the double 

mutant cycle of free energy in which positive coupling free energy、lSAGl。—g、 

indicates the pair-wise interaction increases the protein stability, the negative 

coupling ACp ( A A C•广 i n d i c a t e s the pair-wise interaction decreases the ACp of 

the protein. Noting that the AAC^""'''"'^ found was comparable to the AAC^ 
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and A A C 广 ( T a b l e 3.1 & 3.2), suggesting thai the salt bridge interaction 

dominated the effect of increasing ACp values when the charge is removed. On the 

other hand, the A A C 厂 o f the long range ion pair E90/R92 was found to be -0.2 

士 0.1 kJ mol"' K"', showing this long range interaction only had a marginal effect on 

increasing ACp value. Be noted that the A A C 广 t - … t h e isolated charge Glu-90 

also showed little effect on increasing ACp value (Table 3.1)，which was consistent 

with the finding from the salt bridges that the salt bridge interactions dominant the 

effect of the change in ACp. 

3.2.6 No structural change was observed in crystal 

structures of charge-to-Ala mutants 

In the previous s tud f， the crystal structures of two singly charge-to-Ala 

mutants (E90A, R92A) have been solved. In this study, the structures of another 

single charge-to-Ala mutants (E6A) and 3 double charge-to-Ala mutants for the three 

ion pairs studied (E6A/R92A, E90A/R92A, K46A/E62A) were determined by X-ray 

crystallography at resolution ranging from 1.8 A to 2.4 A. The mutant structures 

were solved by molecular replacement with using wild-type T. celer L30e (PDB code: 

I HTM) as the searching model. The statistics for crystallization and structure 

determination are summarized in Table 3.4. A l l mutant proteins resemble closely the 

structure of wild-type T. celer LSOe (Figure 3.7). The root-mean-square deviations 
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Statistics for crystal structure determination of E6A, E6AR92A, E90AR92A, K46AC62A 

E6A E6AR92A E90AR92A K46AE62A 

Summary of crystallization condttions: 

23% PEG 
8000，50 

mM K:H2P〇4, 

pH 4.7， 

289 K 

25% PEG 
20000， 

0 1 M Tns, 

pH8.0, 

289 K 

18% PEG 
3350, 0 1 M 

sodium 
citrate, 
pH 6.0, 
289 K 

5% PEG 
MME 2000， 

0.1 M MES， 

pH 6 0, 

289 K 

DifTraction data collection statistics: 

X-ray source Cu Ka Cu Ka Cu Ka Cu Ka 

Space group P32 P32 P2丨 P2, 

Resolution (A) 
24.1-2.1 

(2.2-2.1) 

36.5-1.8 

(1.9-1.8) 

31.7-1,8 

(1.9-1.8) 

32.4-2.0 

(2.1-2.0) 

Molecules per 

asymmetric unit 
2 2 1 1 

Unit cell dimension 

(A) 
a，63.8, b, 

63.8, c，48.3 

a, 64 2; b, 

64.2; c, 48.4 

a,23 9,b, 

53.1, c, 33.5 

a, 23.6, b, 

53.9; c, 34.3 

Uiut cell angles 

(deg.) 

oc, 90.0,(3, 

90.0’ Y’ 
120.0 

a, 90.0; (3, 
90.0; Y， 

120.0 

a, 90.0; (5, 

108.6, y, 

90.0 

a, 90.0; p, 

109.2，y， 

90.0 

Multiplicity 2.8 (2.8) 2.7(2.7) 3.0 (3.0) 2.7(2.7) 

Completeness (%) 99.9(100.0) 100.0 (100.0) 98.1 (96.3) 99.5(100 0) 

Mean 7/a (/) 8.0 (5.4) 11.4(4.9) 14.8(3.7) 7.9 (4.8) 

9.6(17.3) 6.4(15.3) 7.3 (24.4) 7.7(17.4) 

Unique reflections 12821 (1870) 20739 (3047) 7279 (1034) 5520 (791) 

Structural refinement statistics: 

R-factor / (%) 17.8/24.0 19.0/23.5 16.5/20.4 19.6/25.3 

r.m.s.d. from idea values: 

Bond distances (A) 0.007 0.006 0.027 0.007 

Bond angles (deg.) 1.019 1.014 1.940 1.008 

Ramachandrari pot analysis: 

Preferred region (%) 98.4 97.3 99.0 97.9 

Allowed region (%) 1.6 2.7 1.0 2.1 

Outliers (%) 0.0 0.0 0.0 0.0 

C® r.m.s.d. with 

wild-type T. celer 

L30e 

0.46 0.43 0.49 0.42 

Values in parentheses are for the highest-resolution shell. 
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Wild type 
E6A 
E6AR92A 
E90AR92A 
K46AE62A 

Figure 3.7. Crystal structures of some single and double mutants. Crystal 
structures of single mutant E6A (magenta), double mutants E6AR92A (red), 
E90AR92A (blue), and K46AE62A (green) are superimposable upon that of 
wild-type T. celer L30e (black). 
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(r.m.s.d.) between C" atoms of mutant and wild-type T. celer L30e were less than 0.5 

A, suggesting there were no major structural change in these mutants. 

3.3 Discussion 
3.3.1 Electrostatic interaction of salt bridge contributes to 

thermal stability of protein 

Our data here demonstrated that the coupling free energy of salt bridges were 

stabilizing by about 2 - 3 kJ mol"' through double mutant cycles analysis. The data 

were validated by confirming the reversibility of urea-induced two-stale unfolding, 

and no structural changes for the mutants used. 

Electrostatic interaction should be dominant in the AAGJ""'''"'^ of the two salt 

bridges found in this study because only the charged group of the residues were in 

close proximity and the contact surface areas of salt bridges were small. The contact 

surface areas of E6 and R92, as well as that of K46 and E62 were 12.9 A^ and 10.4 

人2 respectively, which account for less than 10% of the total ASA of the residues. A 

more direct evidence to show the dominance of electrostatic interaction comes from 

the consistence of AAG:—— found by double mutant cycles with using 

charge-to-Ala mutants and charge-to-Met mutants for the same ion pair. The 

AAG:—— found by using charge-to-Ala mutants in double mutant cycles should 

include both electrostatic and hydrophobic interactions between the two charged 
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- • . ： , • - , 

residues. I f non-charged long side-chain residues (Met and Gin in this study) were 

. … ‘ 

used for substitution of one or both charged residues for reserving the hydrophobic 

interaction’ hydrophobic interaction cannot be cancelled out in double mutant cycle 

and lead to a smaller resulting AAG:。—“坟.In this study, the small difference of 

AAG^""^''"^ values between different ilouble mutant cycles used (0.2 土 0.4 kJ mol'' 

for E6/R92; 0.5 士 0.6 kJ mol'' for K46/E62) indicated electrostatic interaction 

dominant the interaction in salt bridges. 

Although the coupling free energy found by double mutant cycle cannot be 

directly translated to free energy of unfolding of a protein because of the importance 

of long range interaction on protein stability^'^'^^, it is an excellent way to dissect the 

interaction energy of a salt bridge out for a more specific study on its effect on 

protein stability. Double mutant cycle has been widely utilized for studying ion pairs 

of which the coupling free energies and the separation distances were summarized in 

Table 3.5. 21 out of 26 ion pairs reported were classified as salt bridges, of which the 

separation distances were less than or equal to 4.0 A. The AAG^""^''"^ values of salt 

bridges were found to be highly variable ranging from 0.4 kJ mol"' to 14.3 kJ mol' ', 
I 

with the lower quartile, median and upper quartile of 2.1 kJ mol' ', 2.7 kJ mol'' and 

3.6 kJ mol'' respectively. The tsAG:。叩““容 values of two salt bridges found here fall 

in the inter-quartile range, indicating they are good representatives of salt bridges. 
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Table 3.5. The cont r ibu t ion of ion pairs to protein stabi l i ty found by double mutant cycles 

Ion pair 

72.150-152~ 

A A G : - " ” - ( k J / mo l ) Separat ion distance" ( A ) 

D 8 / R 1 1 0 

D 1 2 / R 1 1 0 

R69 / D93 

D 1 2 / R 1 6 

E 2 8 / K 3 2 

G C N 4 - p l ' " 

K8 /E11 

E l l / K I 5 

3.5 

1.4 

14.3 

0 . 9 

0.3 

2.8 
3.1 

2.8 

5 . 1 * 

5 . 2 * 

ITT 

2 . 9 

2.9 
A. repressor 

D 1 4 / R 1 7 

NTL974 
Nt / D23 

3.4 2 . 7 

2.8 

Protein g I即 & . > 

R6 / E53 (T44A) 2.5 3.3* 

R6 / E53 (T44R) 2.7 3.3* 

E6 / R53 3.1 2.5* 

K 6 / E 5 3 1.6 3.9* 

R44 / E53 2.2 2.8* 

R44 / E53 ( I6R) 2.4 2.8* 

Rubredoxin"*^ 

K6 / E49 

N t / E I 4 

1.2 

6.3 

4.2 

2.8 

S s h l O b ' " 

E36 / K66 6.0 3.0 

E54 / R57 2.4 2.6 

T4 lysozyme 丨站 

D I 1 6 / R 1 1 9 0.4 2.8 

T. celer L30e 

E6 / R92 1.9 3.6 

E90 / R92 0.4 10.8 

K46 / E62 3.3 3.4 

Ubiqu i t in 

K l l / E34 

E l l / K 3 4 

TW 

3.6 

3.8 

3 . 4 

3.4丰 

Zinc finger 

K 3 / E 1 4 0 . 8 .0 

a PDB entries used for finding separation distances: 1A2P, IBRF, 1 HOX, 1H7M, I L M B , 

IMEY , I PGA , l U B Q , 2HBB, 2LZM , 3K7Z. Separation distances estimated by virtual 

mutagenesis are indicated by asterisks. 
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The contribution of salt bridge to thermal stability has been being challenged by 

large desolvation p e n a l t y ” , 从 5 7 and the entropic cost of fixing two charged 

side-chains^…,46. A theoretical calculation based on a simple electrostatic model has 

predicted the desolvation cost outweighs the favourable electrostatic interactions of a 

salt bridge and the salt bridge alone would destabilize the native protein by 3.2 kJ 

mol"' 129. Despite the presence of desolvation penalty and entropic cost of sail bridge 

formation, many experimental evidences supporting the stabilizing role of salt bridge 

in thermal stability of protein have been reported'^^'''®'^^. Our findings also support the 

conclusion that the electrostatic interaction of salt bridge stabilizes thermal stability 

of protein. 

3.3.2 Electrostatic interaction contributes to thermal 

stability by up-shifting of thermophilic T. celer L30e protein 

stability curve 

In this study, our data also showed the protein stability curve of thermophilic T. 

celer L30e is largely up-shifted when compared with that of its mesophilic yeast 

homolog (Figure 3.4A). Also, we have shown the AAG厂""客 of the two salt bridges 

were always stabilizing by about 2 - 3 kJ mol' ' at temperature ranging from 25 °C to 

75 °C，without showing any trend with respect to temperature. 

Large up-shift o f thermophilic protein stability curve is one of the common 
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observations when compared to that of their mesophilic homologues. Mathematically 

speaking, the effect of a positive constant (a horizontal line above x-axis) on a curve 

is to up-shift the whole curve by that positive constant (Figure 3.8). Since the -

AAG^""^''"^ of salt bridges were found to be temperature independent, and always 

stabilizing by about 2 - 3 kJ mol"' per one salt bridge according to double mutant 

cycles, the effect of salt bridge interactions on protein stability was therefore to 

improve protein stability at every temperature by up-shifting ihe whole protein 

stability curves by the total average sum of coupling free energy of those salt bridges 

(5.9 kJ mor.i). Although tsAG二吨 of each salt bridge only has a moderate 

stabilizing effect, summing up the A A G 厂〜 o f the two salt bridges on T. celer 

L30e can already account for 35% of its total up-shift of protein stability curve (5.9 

kJ mol ' out of 16.8 kJ mol''). 

Another evident to show salt bridge is important for the up-shift of the protein 

stability curve comes from the study on ACp values. Our previous research showed 

that electrostatic interaction contributea to the reduced ACp^^, which can explain why 

1 

only those salt bridge disrupting mutants have a significant increase in ACp values (in 

average 1.1 ± 0.1 kJ mol'' K- ' ) . Our novel analysis of ACp showed the interaction of 

salt bridge can account for almost all the reduced ACp in the mutants. In average. 
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0 
240 260 280 300 320 340 

Temperature (K) 

360 380 

Figure 3.8. The up-shifting effect of salt bridge coupling free energy. Protein 

stability curves were simulated using the Gibbs-Helmholtz equation, with setting the 

ACp to 5.3 kJ mol"' K"'. The effect of temperature independent salt bridge coupling 

free energy (dashed horizontal line) on hypothetical protein without stabilized by the 

salt bridge (continuous line) is to up shift the whole protein stability curve by the 

same amount o f the coupling free energy (dotted line，up-shifted by 6.0 kJ mor ' ) . 

•The up-shift o f the protein stability curve is indicated by the arrow. 
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interaction of each salt bridge accounted for 1.0 土 0.1 kJ mol' ' K"' reduction of ACp. 
i 

On the contrary, individual long range ion pair (E90/R92) seemed to have no effect 

on ACp value. Structural analysis of T. celer and yeast L30e revealed the former has 6 
J 

more long range ion pairs (ion pair within 8 A), but only two more salt bridges (ion 

pair within 4 A). Although the number of salt bridge does not differ much among the 

homolog proteins, .2 more salt bridges can already account for 77% of the total 

reduction of ACp in thermophilic homolog (2.0 土 0.1 kJ mol' ' K"' out of 2.6 士 0.6 kJ 

mol'' K' ' ) . Our data has clearly demonstrated that the majority of the reduction of 

ACp values in thermophilic proteins comes from a few salt bridges. In theory the 
< 

protein stability curve is not necessarily up-shifted even salt bridges have reduced the 

ACp value, provided that AH^ value has increased largely enough (Figure 3.9). 

However，single or double mutations which broke a salt bridge seem not to have an 

observable effect on AHm (Table 3.1). Thus, the reduction of ACp by salt bridge 

interaction would therefore lead to the up-shift of protein stability curve. 

To sum up, our data on the effect of salt bridge has clearly demonstrated the 

effect of salt bridge interactions Could lead to the large up-shift o f the protein 

、 

stability curve, which is in fact the common observation that thermophilic proteins 

have largely up-shifted protein stability curves when compared to their mesophilic 

homologues. Be reminded thai thermophilic proteins have in general elevated surface 93 



ACp = 5.3 kJ mol-1 K-
AH = 320 kJ mol-̂  

ÂCp = 7.9 kJ mol-1 K-
AH = 380 kJ mol-1 

0 
240 260 280 300 320 340 

Temperature (K) 

360 380 

Figure 3.9. The effect of reduced DCp value on the protein stability curve. 

Protein stability curves were simulated using the Gibbs-Helmholtz equation. ACp and 
AHm of hypothetical mesophilic protein (continuous line) were set to 7.9 kJ mol"' K"' 
and 380 kJ mol' '. Reducing ACp to 5.3 kJ mol'' K"' with keeping AHm unchanged 
gave an largely up-shifted curve (dotted line), while a broadened curve without 
up-shifting (dashed line) would be resulted i f AHm were set free for fitting and 
decreased to 320 kJ mol' '. 
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charges when compared to'their mesophilic homologues. The finding in this study 

evidently supports the hypothesis that the increased electrostatic interaction of 

thermophilic proteins contributes to their unusually high thermostability. Our 
/ 
f 

analysis on A A G :卯— a n d AAC；""''''"̂  also clearly demonstrated the common 

i . . . 
strategy to achieve the unusually high thermostability of thermophilic proteins by 

largely up-shift the protein stability curve which is mainly due to the sail bridge 

electrostatic interactions. 

3.3.3 Electrostatic interaction of salt bridge is temperature 

independent 

Conflicting reports on the role of electrostatic interaction on protein stability are 

found in the literatures. Electrostatic interaction has been reported to be stabilizing in 

many but it has also been reported to have little contribution to protein 

stability37,38,43 or even destabilize proteins4“6 because of the large desolvation 

penalty and entropic cost. One explanation for these contradicting findings comes 

from theoretical models"。. Elcock A.H. has argued that salt bridge should be more 

stabilizing at high temperatures solely due to the decrease in dehydration penalty of 

salt bridge formation. In his theoretical calculation, the interaction energy of a salt 

bridge (3.4 人）is 3.3 kJ mol"' more stabilizing by raising the temperature by 75 

from 25 to 100 However, our study has experimentally shown that no 
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observable increasing trend for the AA(7:卯尸—of salt bridge as temperature 

increased. The temperature independency of AAG:—— was also observed in salt 

bridges in another thermophilic protein SshlOb'” . The failure of Elcock's theoretical 

model in predicting the trend o f t^l^G:—— with increasing temperatures reveals 

that some energetic considerations might be leaved out in the theoretical model. One 

possible unconsidered factor is the一entropic cost of f ixing interacting side chains, 

which did not take part in the calculation of salt bridge interaction energy. 

Nevertheless, our experimental data has clearly shown that the AAG^""^''"^ of salt 

bridge is temperature independent and is resilient to temperature increases. Although 

the absolute AAG^^"^''"^ value of salt bridge does not increase with temperature, the 

contribution of salt bridge to protein stability still becomes more important at high 

temperatures. Both mesophilic and thermophilic proteins usually have their maximal 

protein stability at temperature (Ts) around room temperature'^. Further increase in 

temperature results in the decrease o f protein stability. The contribution of salt bridge 

however remains constant at high temperatures. Therefore, proportionally salt 
« 

bridges contribute more at high temperature. For example, the two salt bridges 

E6/R92 and -K46/E62 contribute by about 17% at 25 and the percentage 

contribution increased to 28% at 75 °C. 
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3.3.4 Concluding remarks 

Our data has demonstrated the electrostatic interaction between salt bridges 

stabilize the protein by about 2-3 kJ mol"' per salt bridge at temperatures ranging 

from 25 to 75 °C，showing increasing temperature wi l l not greatly increase the 

stabilizing effect o f salt bridges as predicted in theoretical calculation''*®. Instead, the 

temperature independency o f salt bridge interactions showed that electrostatic 

interaction between ion pairs wi l l lead to the up-shift o f the protein stability curves. 

According to our novel double mutant cycle of ACp analysis, we have also shown 

that salt bridge interactions dominant the effect of reduced ACp，which wi l l also lead 

to the large up-shift o f protein stability curves. Taking together, improving 

electrostatic interaction o f salt bridges can improve the protein stability at all 

temperatures by largely up-shift the protein stability curve, which is the common 

strategy for thermophilic proteins, which have improved surface charge-charge 

interactions, to achieve their unusually high thermostability. 
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Chapter 4: Guanidine HCl-induced 
denatured 7. celer L30e has no 
observable residual structures 
4.1 Introduction 

Characteristics of native (folded) state of proteins have been extensively 

investigated in thermodynamic studies^'^^'^^''''''''*^. Less attention has been paid to the 

effect o f denatured state on protein stability, although improving global protein 

stability by manipulating denatured state has also been investigated^'^"^^''''^"''^^. In 

principle, denatured state should be equally important for determining the free energy 

of unfolding (AGu) of the proteins as AGu is the difference between the free energy of 

denatured and native state. Unlike the free energy of native state, that of denatured 

state refers to the average free energy level o f an ensemble o f inter-converting 

conformations，which are termed as “random coil conformations，，. The population of 

these similar free energy level random coil conformations should be normally 

distributed according to Boltzmann distribution. In general, residual structures 

referred to any preferred conformations that have significantly increased population 

in the denatured state, usually due to electrostatic interactions, hydrogen bonds, or 

other interactions present in the denatured state. Although it has been reported that 

the interaction in denatured state only has little effect on protein stability o f small 
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CspB prote in 146’ many experimental studies have demonstrated the important role of 

residual structures in protein stabilit严9i. Recently, it has also been suggested the 

high thermostability of thermophilic proteins (largely reduced ACp) is originated 

from the residual structures in the denatured s t a l e T h e r e f o r e , to investigate i f any 

residual structures contribute to the high thermostability and the largely reduced ACp 

of T. celer L30e, residual structures were- tried to be detected by the rigidity of 

backbone (backbone amide intensities along the sequence), structural effect on 

chemical shifts (secondary shifts of backbone and nearby atoms), and the 

combination of the two backbone torsion angles 中‘ and ip,- (normalized ONN(I-I,I), and 

aN„(i.j): a„N(i-i.i) ratio). Our data showed there were no observable residual structures 

in the completely denatured protein，and therefore residual structures should not be 

the major contributor for the thermophilic properties o f T. celer L30e. 

4.2 Result 

4.2.1 Wild-type T. celer L30e denatured in the presence of 

6.0 M Guanidine hydrochloride 

'H'^N-HSQC'^® spectra o f T. celer UOe at pH 4.0 was obtained with or without 

the presence of 6.0 M guanidine HCI at 298 K (Figure 4.1). The 'h '^N-HSQC 

spectrum with no guanidine HCI clearly has a much wider dispersion in 'H 

dimension, with I H chemical shifts range from 6.5 ppm to 10.0 ppm. This high 
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Figure 4.1. 2D 15N-HSQC spectra of native and denatured 71 ceier L30e, 2D 

'^N-HSQC spectra o f wild-type T celer L30e at 298 K in 10 m M citrate/phosphate 

buffer, at (A) pH 4.0，(B) pH 4.0 with 6.0 M guanidine HCl, (C) pH 5.4 with 6.0 M 

guanidine HCl, and (D) pH 6.5 with 6.0 M guanidine HCI. Be noted that samples 

with 6.0 M guanidine-HCl (B, C，D) had much narrower dispersion in ' H dimension. 
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dispersion of proton chemical shift clearly showed that T. celer L30e in the low ionic 

strength N M R condition at pH 4.0 at 298 K remained native. On the other hand, the 

proton chemical shift dispersion in the presence of 6.0 M guanidine hydrochloride 

was much narrower, ranging from 7.5 ppm to 8.7 ppm. The characteristic narrow 

proton chemical shift dispersion that is close to the random coil values evidently 

suggested T. celer L30e was completely denatured in the presence of 6.0 M 

guanidine HCl. 

To investigate the effect of pH on the denatured state，'H'^N-HSQC spectra of T. 

celer L30e at pH ranging from 4.0 to 6.5 in the presence of 6.0 M guanidine HCl 

were also acquired (Figure 4.1). When compared to the spectrum at pH 4.0, spectra at 

pH 5.4 and pH 6.5 also had the same narrow proton chemical shift dispersion, 

suggesting T. celer LSOe also completely denatured at high pH. In addition, the 

coordinates of the peaks at different pH were very similar, suggesting no major 

difference in denatured state at different pH. 

4.2.2 Resonance assignment of denatured T. celer L30e 

Backbone assignments of '^C, '^N doubly labeled denatured T. celer LSOe at pH 

5.4 at 298 K were obtained by using triple-resonance experiments. HNCACB'"^^ was 

the most important for doing the backbone assignment. According to the phase and 

magnitude o f the resonance peaks, HNCACB alone could provide us the and 
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'^C^ chemical shift values for i and i - 1 residues'Therefore， the reside types for i 

and i - 1 residues were determined, and the residues could be sequentially assigned. 

However, the narrow dispersion in protein chemical shifts, as well as the very close 

and "C " chemical shifts (close to random coil values) for the same type of 

residue, induced ambiguity in the assignment due to the overlapping of resonance 

peaks. To this ends, a pair o f complementary triple-resonance experiments, namely 

'^N-TOCSY-HSQC'^' and HC(C) (C0)NH-T0CSY ' " , where the aliphatic side chain 

chemical shifts of i and i - 1 were correlated to that o f backbone amide 

respectively, were done to provide independent linkage for sequential assignment. 

The same problem in HNCACB was also faced by this pair of experiments. This pair 

o f experiments did help determining the residue type of i and i - 1 residues, but since 

the aliphatic chemical shifts o f all residues were close to the random coil shifts, 

not much extra sequential linkage could be provided. In contrast，another triple 

resonance experiment ' H ' ^ N H S Q C - N O E S Y - H S Q C ' " provided us with 

unambiguously rich information on sequential assignment, although no information 

for residue type was provided. In this experiment, ' H ' ^ N - H S Q C - N O E S Y - H S Q C 

amide NOEs were correlated with amide chemical shifts and the amide resonances 

were dispersed into two nitrogen dimensions. Using mixing time of 120 ms, nitrogen 

resonance peaks o f the i - 1，i’ and i + 1 residues were clearly observed for each 
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backbone amide. Since nitrogen has very large dispersion (〜30 ppm), the three 

nitrogen resonance peaks for each residue were in the most cases well separated. 

Therefore, this ‘ H ‘^N-HSQC-NOESY-HSQC could be used for the unambiguous 

conformation of the sequential linkage assigned according to HNCACB and the pair 

of TOCSY experiments (Figure 4.2). With the experiments mentioned above, the 

sequence and residue type of all the residues in the denatured T. celer L30e were 

successfully assigned (Figure 4.3). 

4.2.3 Small variation of amide signal intensities along the 

sequence of wild-type T. celer L30e 

Backbone amide resonance single intensities of all residues were calculated 

from 'H'^N-HSQC, and the intensities were plotted against the amino acid position 

(Figure 4.4). It was found that the intensities near both N-terminal and C-terminal 

were a little bit higher than those in the middle of the protein sequence. The farther 

away from the terminal, the smaller the intensity the residue has. Therefore, a rough 

“V-shape” curve with the minimum at around position 50 (the middle of the protein 

sequence), was obtained. However, although intensities near terminals were higher’ 

the intensity difference along the sequence was not significant. According to Huberts 

methods, no residue cotild be regarded as outliners according to their amide single 

intensity. 
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Figure 4.2. Sequential connectivities of 3D '''N-HSQC-NOESY-HSQC spectrum. 

Selected pairs of strips from the 3D '^N-HSQC-NOESY-HSQC spectrum of 
unifomly '^N'^C-labelled wild-type T celer L30e in 6.0 M guanidine HCl，10 mM 

citrate/phosphate buffer at pH 5.4 at 298 K, which illustrate main-chain sequential 

connectivities for residues Ala-10 to Gly-14. Sequential connectivities are indicated 
by horizontal lines between strips. 
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Figure 4.3. Backbone assignment of denatured T. celer L30e, 'H'^N-HSQC 

spectrum of the T. celer L30e at 298 K at pH 5.4. Assignments of 96 backbone amide 

signals are denoted by the one-letter code and the residue number. 
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Figure 4.4. Backbone amide intensities from 1H15N-HSQC spectrum. Backbone 
amide intensities in arbitrary units from a ' H ' ^ N - H S Q C spectrum of the wild-type T. 
celer L30e in 6.0 M guanidine HCl at 298 K at pH 5.4 were plotted against sequence 
position. The peak intensities were calculated by fitting Lorentzian peak shape to 
amide signals and integrating the peak volume. 
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4.2.4 Chemical shifts of denatured wild-type L. eeler L30e 

deviate little from random-coil values 

Chemical shifts o f amino acids，especially for those of the backbone and the 

nearby atoms, can reflect the secondary structures in the p r o t e i n I n our study, 

the chemical shift o f 'H, '^N, CO，C \ H", C w e r e collected from various NMR 

experiments ( ' H ' ^ N - H S Q C , N H C O ， ' ^ N - T O C S Y - H S Q C , H C ( C ) ( C 0 ) N H - T 0 C S Y， 

and HNCACB). These experimental chemical shifts values were compared with the 

sequence-corrected random coil shifts'^^''^', and the deviation from 

sequence-corrected random coil shifts o f 'H, '''^N, CO, C", H", C" for all residues 

were summarized in Figure 4.5. Huber's method was applied for identifying outliner 

chemical shifts. It was found that almost all o f these experimental chemical shifts 

f 

were within the random coil range defined by Huber's method. The exceptions 

included Lys-28 and Arg-54 in chemical shifts, Glu-lOO in '^N chemical shifts, 

Arg-42, Ile-58, Arg-76, and Glu-lOO in C" chemical shifts，Pro-43, and Glu-lOO in 

H" chemical shifts, as well as Met-0 and His-78 in C*̂  chemical shifts. 

4.2.5 Using NOE as a probe for residual structures in 

denatured wild-type L. eeler L30e 

The inter-atomic distance between the backbone 'H o f i and i - 1 residues 

(dNN(i-i.i)) is all dependent on the combination o f the two torsion angles about a single 
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Figure 4.5. Chemcial shift deviations from random coil shifts. Chemical shift 
deviations (A6) for resonances of backbone atoms (A) 'HN, (B) '^N, (C) "CO，(D) * 

and (E) as well as nearby atoms (F) '^C^ of wild-type T celer L30e with 
6.0 M guanidine HCl at 298 K at pH 5.4. Sequence-corrected random coil shifts were 
used for the deviation calculation. Outliners of deviations were found by Huber's 
method. 
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CHAPTER 4: Guanidine HCl-induced denatured T. celer L30e has no observable residual structures 

bond in backbone (t>i and For L-amino acid,中，and wi l l be highly restricted i f 

the residue is located in secondary structures like regular a-helix or 

Consequently, the average CINN of a residue located in regular a-helix (2.8 A) is 

shorter than that in P-strand (4.3 A ) ' ^ . Without residual structure in the denatured 

state，proteins are expected to have an ensemble of inter-converting random coil 

structures, in which poly proline II has been reported as an important 

c o n f o r m a t i o n 165-169 Random coil structures， including polyproline II, are 

predominantly populated by conformers in the p-region of 中，and ipj conformational 

space⑶.Therefore, cINNO-IJ) is a good parameter to indicate i f a residue is involved in 

any residual structure in denatured protein. Thus, distance sensitive NOE should be a 

good choice for probing any residual structures (a-helix structures) in the denatured 

state protein. In another words, a residue should be involved in residual structures i f 

the signal intensity of dNN(i-i.i) NOE (ONN(i-i,i)) of the residue is “extraordinarily large” 

when compared to that of the rest of the protein (it is unlikely that most of the 

residues in the denatured state are involved in residual structures). For a fair 

comparison, 0__1“）of each residue was normalized with the corresponding 

diagonal peaks in 'H'^N-HSQC-NOESY-HSQC spectrum by calculating the ratio of 

the their intensities, which were obtained by calculating the Lorentzian-shape fitted 

volumes of the resonance peaks. In our study, the normalized ONN(i-i,i) values for all 
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residues in T. celer L30e at pH 5.4 at 298 K were calculated (Figure 4.6) It was found 

that the ONNO-U) values in general were a little bit higher than those near N- and 

C-terminals. However, the differences were not significant as no outliners were 

detected by Huber's method. Also，the absolute value o f the ratio is very small (less 

than 0.05). 

In addition to dNN(i-i’i)，the separation distance between H" and 'H in the same 

residue (dN,“i,i))’ as well as the separation distance between "H in residue i - 1 and 'H 

in i residue (d„N(i-i.i))» are also dependent on the backbone 中‘ and ip,- torsion angles. 

For dN„(i.i), the value is in average a bit higher in P-strand structure (2.8 A) than in 

a-helix structure (2:6 A). Whereas for d „N( i - i . i)， the value is much smaller in P-strand 

structure (2.2 A ) than in a-hel ix structure (3.5 A)'^'*. Therefore, for the same 

argument as the case of Onno-u)，the aN„(i.i) to a„N(i-i.i) o f a residue would be 

"extraordinarily large” i f it is involved in residual structures. Similarly, for fair 

comparison, aN„(j.i) and o„N(i-u) were first normalized with the corresponding 

diagonal peaks in '^N-TOCSY-HSQC and HC(C)(CO)NH-TOCSY respectively 

before calculating the ratio (Figure 4.7). In our study，more than half (60 out o f 100) 

of the ONad.i) : a„N(i-i.i) ratio were discarded because of serious overlapping problem 

for the diagonal or cross peaks in the two TOCSY-type experiments. Nevertheless, 

there is no obvious trends that any parts o f the protein sequence have "extraordinarily 



0.01 

0 
14 24 34 44 54 64 74 84 

Residue number 

Figure 4.6. Backbone amide '̂ N '̂̂ 'N intensity ratios. Backbone amide '^N'^N 
intensity ratios (ONNG-U)) observed for wild-type T. celer L30e in 6.0 M guanidine 
HCI at 298 K at pH 5.4. ONNd-i.i) were determined as the intensity ratio of 
HN(i.,)-HN(i) NOE to diagonal peak based on 3D 'h '^N HSQC-NOESY-HSQC 

spectrum. 
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Figure 4.7. Backbone intensity ratios. Backbone intensity ratios 

(oNnd.i) / o„N(i-1.i)) observed for wild-type T. celer LSOe in 6.0 M guanidine HCl at 298 

K. at pH 5.4. aN„(i.i) / a„N(i-i.i) values were determined as the intensity ratio o f 

H"(i)-HN(i) to H"(i.,)-HN(i) NOEs measured in 3D '^N TOCSY-HSQC spectrum and 

HC(C)(CO)NH-TOCSY spectrum. 
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CHAPTER 4: Guanidine HCI-induced denatured T. celer L30e has no observable residual structures 

large normalized o r N „ ( i , i ) ： o „ N ( i - i . i ) ratio. 

4.3 Discussion 
4.3.1 T. celer L30e has no observable residual structures in 

the presence of 6.0 M Guanidine HCI 

Unlike native state that has a energetically minimized stable structure, denatured 

slate of a protein is an ensemble of inter-converting random coil conformations, of 

which their free energy levels are expected to be comparable. With similar free 

energy level，none of these inter-converting conformations should be majorly 

populated according to the Blotzmann distribution. On the other hand，polypeptide 

wi l l have conformational preference i f interactions like salt-bridges and hydrogen 

bonds are present in the denatured state, as these interactions wi l l alter the free 

energy levels o f some conformations. In other words, residual structures resist the 

change in conformation which results in a higher rigidity of the backbone. In this 

study, the rigidity o f the backbone in denatured state was traced by the signal 

intensity of backbone amide in ' H ' ^ N - H S Q C experiment, as the signal intensity 

would be higher (and narrower line-width) i f the backbone is more flexible in general. 

Therefore, the overall similar backbone amide signal intensities throughout the 

sequence strongly suggested T celer L30e has no residual structures in denatured 

state, although the middle o f the sequence may be a little bit more rigid than the two 
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terminals. 

Although there is no preferred conformations i f the denatured protein is purely 

random coil, Proproline I I conformation was suggested to be an important type of 

conformation for the denatured proteins. Poly proline I I type conformations have a 

characteristic that the combination of two backbone torsion angles ((j)i and \pi) are 

similar to that o f the P-strand structures. The fact that random coil structures are 

predominantly populated by conformers in the p-region and ipj conformational 

space has been supported by other studies. These findings lead to one general 

principle for the detection of residual structures in denatured protein. Any residues 

having 中)and i^ti deviated from those o f P-strand structure are regarded as involved in 

residual structures. Obviously, this definition o f residual structure cannot distinguish 

any p-strand structures from random coil conformations. However，no report 

suggests P-strand structures are present in the denatured state. Although (|)j and ipi 

cannot be directly measured, their combination can be reflected in dNN(i-i,i), dN„(i,i)， 

and duN(i-i,i)» which can in turn be measured by intensities of NOEs as discussed 

above. Under this manner, the information from backbone atoms is enough for 

investigating rejidual structure. This is understandable as afterall，it is the 

polypeptide conformation being studied. Using NOEs as the probe for residual 

structures, our data strongly suggested T. celer L30e did not have any observable 
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residual structures in the denatured state. 

Chemical shifts have long been known to be affected by secondary 

structure'^'""'' as well as the nearby residues in the s e q u e n c e s ' T h u s , residual 

structures can also be detected i f the chemical shifts，especially for those of the 

backbone atoms，are deviated from the random coil shifts. The random coil shifts can 

be obtained from model p e p t i d e o r from the loop regions o f native proteins丨？々 . 

In our study, the deviations o f chemical shifts for 'H, '^N, H'\ C\ C" and CO from 

the sequence-corrected random coil shifts did not give consistent evidence to show 

that any o f the residues in denatured T. celer L30e were involved in residual 

structures. However, the C-terminal residue Glu-lOO has been shown to have 

significant deviation in '^N, C°’ and H" chemical shifts, and the N-terminal residue 

Met-0 has shown to have significant deviation in C^ chemical shift. This is unlikely 

for Met-0 and Glu-lOO to have residual structures as this contradicts to the finding 

that the amide signal intensity is a bit higher at two terminals. Instead, the large 

deviations were likely because of the well known terminal effects which were not 

taken into account in our study. For the deviations in C'\ Arg-42, Ile-58，and Arg-76 

L 

were found to have large deviations. Be noted all these three residues are preceding a 

• I 

proline residue. In the sequential correction o f random coil C" shifts, the corrections 

for residues preceding a proline residue were as large as 2.0 ppm'^'. This correction 
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may not be accurate as the correction values are based on short model peptides only. 

Not only the corrections for the preceding residue may not be accurate, the random 

coil shifts for proline residue taken from short model peptides may not be accurate 

enough too. In the H" chemical shift, Pro-43 was found to be significantly smaller 

than the random coil shift. The chemical shifts of the other three proline residues 

in the sequence, Pro-59, Pro-77 and Pro-88 also almost reached the lower boundary 

of the "random coil range". Therefore, other estimations of random coil shift like 

estimating from loop region of native protein「4 may be a better method for obtaining 

more accurate random coil shift. Other residues with a large deviation detected are all 

charged residues (Lys-28, Arg-54, His-78). Although their large deviations were not 

consistent in every backbone atoms, this observation gives us a cue that 

charge-charge interaction may be present in the denatured state，which may in turn 

tt B O丨 
affect the protein stability “ . . . 

4.3.2 Concluding remarks 

In this study, we have demonstrated T. celer L30e had completely denatured in 
參 

the presence of 6.0 M guanidine HCl, and the pH values did not have large effect on 

its denatured state. Also, with the success of sequential assignment o f all residues, 

any residual structures present in the denatured state were tried to be detected with 

the rigidity o f backbone (backbone amide intensities along the sequence)，structural 
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effect on chemical shifts (secondary shifts o f backbone and nearby atoms), and the 

combination o f the two backbone torsion angles 中；and ipj (normalized ONN(i-i.i>’ and 

aNa(i.i) : a„N(i-i.i) ratio). No consistent evidence was found to show T celer L30e has 

form residual structures in denatured state. However, it is possible that electrostatic 

interactions are affecting the “stabi l i ty” o f denatured state as the charge density in the 

sequence is unusually high (see Chapter 6)，although no observable residual 

structures were confidently detected. Nevertheless, this study evidently suggested the 

high thermostability and largely reduced ACp should not be mainly contributed by 

the residual structure o f T. celer LSOe. 
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Chapter 5: De-crystallization of 
wild-type 7. celer L30e in low ionic 
strength NMR conditions 
5.1 introduction 

It is well established that some proteins are readily crystallized under numerous 

solution conditions, whereas others appear to crystallize strictly in exact conditions. 

Undoubtedly it is a great advantage for structural determination i f the protein can be 

easily crystallized in various conditions. However, crystallization can be 

confrontational to biophysical and functional analysis i f the proteins crystallize in 

assays, especially to those which high protein concentration is needed, such as NMR. 

The effect of crystallization in assays does not differ much from that of amorphous 

precipitation. Both of them would result in the great reduction in protein 

concentration, but crystallization seems to have a larger effect. Having all extrinsic 

conditions being the same, the solubility of a protein solution with an amorphous 

solid phase was shown to be higher than that with a crystalline solid phase 

Assay conditions are usually very restricted. Very often, biologically relevant 

• • I 7 8 I O Q 

low ionic strength environment wi l l be chosen for performing assays • 

Especially for the studies which are sensitive to ionic strength such as the 

investigation of protein electrostatic properties, low ionic strength in assays should 118 
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be particularly well controlled. Unfortunately, low ionic strength conditions are also 

widely used for crystallization because of the sailing in effect … ― j ^ g success in 

crystallizing chymotrypsinogen without precipitants in low ionic strength condition 

185 revealed the possibility that proteins crystallize in low ionic strength assay 

conditions. 

Crystallization in low ionic strength assay conditions can seriously hinderthe 

functional characterizations of proteins. Different strategies were applied to prevent 

any unwanted crystallization. One of the straight forward strategies is to improve 

protein solubility by adding salt and additive in a trial and error manner, so that the 

original crystallization contacts are disrupted and protein crystallization is prevented. 

This strategy is usually effective, but it wi l l inevitably change the ionic strength of 

buffer and therefore affect protein properties such as screening out of long range 

electrostatic interactions^''''*^. Removing surface charges by mutagenesis is another 

186 ] 87 

method for reducing the chance of crystallization ’ . However, the outcome is not 

guaranteed and sometimes removing surface charges may contrarily promote 
crystal l izat ion 丨 88，I89. 

Since high charge density and increased surface charge-charge interactions are 

I OA I O*7 

crucial to protein crystal stability ’ ，the crystallization problem should be more 

vexing to thermophilic proteins of which the surface has a high charge density as a 
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result o f the compositional bias to charged amino acid^^. A thermophilic protein 

Thermococcus celer ribosomal protein L30e serves as a good example to illustrate 

this point. T celer L30e is a 100-residue thermophilic protein with very high surface 

charge density. There are 13 acidic and 14 basic residues unevenly distributed on its 

surface 190,191’ which would enhance its crystal stabi l i ty and promote crystallization. 

We have shown that wi ld type T. celer LSOe would crystallize in low ionic strength 

conditions in this study. As discussed in chapter 3 and chapter 6，as well as in 

previous studies^'*'^^, electrostatic interaction of T. celer LSOe is one of the important 

factors for its high protein stability. However, crystallization of T. celer LSOe in low 

ionic strength conditions fatally hindered the investigation of its electrostatic 

contribution to protein stability by estimating the pKa values o f its surface charge 

through N M R experiments. Obviously，removing surface charges, and increasing 

protein solubility by adding salt or additive should be strictly avoided，as these kinds 

of treatment would alter the original electrostatic interactions for sure. 

To our knowledge, no rational strategy has been reported for tackling uruvanted 

crystallization in low ionic strength conditions to date. To this end, using T. celer 

LSOe as an example, we present a general method for rational de-crystallization in 

low ionic strength conditions without affecting the buffer condition and the protein 

properties by chafge-conserved Arg-to-Lys mutations. 
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To investigate the de-crystallizing power, the solubility and crystallizability in low 

ionic strength conditions of five single and a quintuple Arg-to-Lys variants were 

designed. In addition to the crystallizability, the structural, thermodynamic, and 

electrostatic properties of the variant were also examined. Our results supported the 

conclusion that this rational de-crystallization approach successfully prevented 

unwanted crystallization in low ionic strength conditions without affecting buffer 

conditions and protein characteristics. In addition to de-crystallization strategy, this 

study als^ demonstrated the important role of Arg in crystallization, providing a 

direction for improving crystallization by simple mutations of surface charges. 

5.2 Results 
5.2.1 Wild-type T. celer L30e crystallizes in low ionic 

strength conditions 

To demonstrate the crystallization of wi ld type T, celer L30e in low ionic 

conditions (10 m M citrate/phosphate buffer), protein with high concentration (10 mg 

ml"') was dialyzed in low ionic strength condition at pH 2.5, 4.0，and 6.5. No 

precipitation could be observed at pH 2.5 and 4.0，whereas a lot of white precipitates 

were formed at pH 6.5 after dialysis. After centrifuged down the white precipitates， 

the residual protein concentration of the supernatant was found to be less than 1 mg 

ml' ' , indicating the white precipitates are wild-type T. celer L30e. Careful 
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observation under light microscope revealed the white precipitates were in fact 

microcrystals (Figure 5.1). It was found that microcrystals could readily re-dissolve 

in the same buffer with 1 M NaCl, but was insoluble in the original low ionic 

strength buffer at pH 6.5 even the solvent volume was increased 10 folds. 

Different from amorphous precipitation, the crystalline solubility (residual 

protein concentration in supernatant) should only be mildly affected by initial protein 

c o n c e n t r a t i o n 177. To test i f the microcrystal formation be dependent on initial protein 
> 

concentration, the same set of dialysis experiment was repeated using protein with 

initial concentration of 0.5 and 1 mg ml' ' . The same result was obtained as expected. 

Microcrystals formed at pH 6.5, but not at lower pH of 2.5 and 4.0. The only 

difference was that much less precipitates were observed at pH 6.5, which can be 

trivially explained by using less protein in the experiment. This preliminary result 

indicated low protein concentration (0.5 mg ml" )，which is common for various 

biological assays, is already enough to trigger the crystallization of wild-type T. celer 

L30e in low ionic strength condition at neutral pH. 

5.2.2 Multiple Arg-to-Lys substitution improves protein 

crystalline solubility significantly 

To test for the de-crystallizability of charge-conserved Arg-to-Lys substitution, 

five single lysine-substituted variants with substitution site at Arg-8, Arg-21, Arg-42, 
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Figure 5.1. Microcrystals observed under light microscope. White precipitates 
obtained from dialysis of 10 mg mr丨 wild-type T. celer L30e in low ionic strength 

condition (10 inM citrate/phosphate buffer) at neutral pH of 6.5 were carefully 

observed under light microscope with polarizer equipped. 
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Arg-54, or Arg-76, as well as a quintuple Arg-to-Lys variant with all the mentioned 

five arginine substituted with lysine, were generated (Figure 5.2). The crystalline 

solubility of wild-type T. celer L30e was then compared with that of six Arg-to-Lys 
rf 

variants by two independent methods, namely dialysis approach and concentration 

approach (Figure 5.3). The results from two different approaches are consistent, 

except the solubilities found by concentration approach were higher than those found 

by dialysis approach by about 0.07 mg ml' ' in average, which was likely due to 

super-saturation of the protein sample. Nevertheless, both approaches pointed out 

that all five single Arg-to-Lys variants had their solubility increased mildly by about 

0.2 to 0.3 mg ml' ' when compared to that of wild-type T. celer LSOe (0.1 mg ml' ' ) . 

Although the absolute change in solubility were little，but the substitution has already 

improved the solubility by about 2 to 3 folds. 

The most encouraging result came from the quintuple Arg-to-Lys variant. No 

.、white precipitants (microcrystals) were formed in both approaches. In the 

concentration approach，the protein sample was concentrated to about 28.2 mg ml"' 

and still no precipitation formed (only 9.1 mg ml"' in dialysis approach because it 

was limited by the experimental design). To demonstrate this high protein 

concentration was not the result of super-saturation, the concentrated protein sample 
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R54 

Figure 5.2. Location of the five substituted arginine residues. The five arginine 
residues were substituted by lysine in single and the quintuple Arg-to-Lys variants. 
The five substituted arginine residues were shown in sticks representation, and 
labeled with one-letter-code and residue number. 
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Figure 5.3. Crystalline solubility of T. celer L30e and its variants. Determination 
of crystalline solubility of wild-type T. celer L30e (WT), single Arg-to-Lys variants 
(R8K, R21K, R42K, R54K, and R76K), and the quintuple Arg-to-Lys variant (5RK) 
by dialysis approach (filled) and concentration approach (shaded). Be noted that the 
quintuple Arg-to-Lys variant had an extraordinarily high crystalline solubility when 
compaied to that of wild-type protein and other singly substituted variants. 
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was equilibrated at 4 °C for a week. It was found that neither precipitate nor 

microcrystal was formed. 

5.2.3 Arg-to-Lys substitution does not induce structural 

changes 

Crystal structure of wild T. celer L30e al low ionic strength condition without 

precipitant has been solved in this study (Table 5.1). It showed no major structural 

differences from the previously solved crystal structures with using PEG as 

precipitant (PDB code: 17HM)即。，having the r.m.s.d. between C" atoms of 0.44 A 

(Figure 5.4). 

To investigate i f substitution of Arg with Lys would lead to any structural 

changes, crystal of the five single Arg-to-Lys variants were grown in low ionic 

strength conditions (Table 5.1). The crystal structures of all five single Arg-to-Lys 

variants could overlay very well to that of wild-type T. celer L30e, with the r.m.s.d. 

between C" atoms smaller than 0.50 A, indicating the substitutions did not induce * 

major structural changes (Figure 5.4). 

Since the quintuple Arg-to-Lys variant did not crystallize in low ionic strength 

condition without precipitant, sparse matrix screening was performed using 

commercial kits. The quintuple variant was found to crystallize only in one out of 

I 

396 conditions tested, where the crystall ization condit ion had very high ionic 

127 



CHAPTER 5: De-crystallization of wild-type T. celer L30e in low ionic strength NMR conditions 

Table 5.1. Statistics for crystal structure of wild-type T celer L30e and its variants 

Wild-type 

without 

precipitant 

Quintuple 

Arg-to-Lys 

variant 

R8K R21K 

Summary of crystallization conditions: 

10 mM 

citrate / 

phosphate 

buffer 

pH 6.5, 

289 K 

lOmM 

citrate / 

phosphate 

buffer 

pH 6.5’ 

289 K 

lOmM 

citrate / 

phosphate 

buffer 

pH 6.5, 

289 K 

10 mM 

citrate / 

phosphate 

buffer 

pH 6.5, 

289 K 

Diffraction data collection statistics: 

X-ray source Cu Ka Cu Ka Cu Ka Cu Ka 

Space group P2, P22,2, P2 2 2 2 2 

Resolution (A) 
31.9-2.4 

(2.2-2.1) 

39.4-2.4 

(2.5-2.4) 

34.7-1.9 

(2.0-1.9) 

33.7-1.8 

(1.9-1.8) 

Molecules per 

asymmetric luiit 
1 2 1 1 

Unit cell dimension 

(A) 

a, 24.2; 

b, 53.3; 

c, 33.7 

a, 30.5; 

b,61.4; 

c, 102.8 

a, 34.5; 

b, 42.6; 

c, 54.4 

a, 34.5， 

b, 42.8; 

c，54.5 

Unit cell angles 

(deg.) 

a, 90.0; 

(3,109.1; 

Y，90.0 

a, 90.0; 

P,90.0; 

y, 90.0 

a, 90.0; 

P, 90.0; 

y, 90.0 

a, 90.0; 

P ’ _ ; 
y, 90.0 

Multiplicity 3.5 (3.5) 14.7(14.7) • 3.3 (3.1) 6.9 (6.6) 

Completeness (%) 99.3(98.8) 100.0(100.0) 99.3(97.0) 99.5(98.7) 

Mean //a (I) 6.7 (3.9) 15.4(8.7) 10.0(4.5) 9.7 (4.6) 

12.6(26.4) 12.6(26.8) 8.4 (22.6) 12.2(29.4) 

Unique reflections 3199 (456) 8086(1149) 6656 (919) 7894(1108) 

Structural refinement statistics: 

R-fector/Rfr 托(％) 17.7/27.8 18.2/25.0 15.6/21.2 15.1/ 19.0 

r.m.s.d. from idea values: 

Bond distances (A) 0.006 0.007 0.005 0.004 

Bond angles (deg.) 0.893 1.069 0.816 0.793 

Raniachandran pot analysis: 

Preferred region (%) 94.7. 98.4 96.7 96.7 

Allowed region (%) 5.3 1.6 3.3 3.3 

Outliers (%), 0.0 0.0 0.0 0.0 

C" r.m.s.d. with 

wild-type T. celer 

L30e 

0.44 0.47 0.40 0.39 

Values in parentheses are for the highest-resolution shell. 

128 



CHAPTER 5: De-crystallization o f wild-type T. celer L30e in low ionic strength N M R conditions 

R42K R54K R76K 

Summary of crystallization conditions: 

10 mM 

citrate / 

phosphate 

buffer 

pH 6.5, 

289 K 

10 mM 

citrate / 

phosphate 

buffer 

pH 6.5, 

289 K 

10 mM 

citrate / 

phosphate 

buffer 

pH 6.5， 

289 K 

Diffraction data collection statistics: 

X-ray source Cu Ka Cu Ka Cu Ka 

Space group P2 2 2 P2 2 2 P2丨 

Resolution (A) 
34.6-2.3 

(2.4-2.3) 

33.6-2.3 

(2.4-2.3) 

53.3-2.2 

(2.3-2.2) 

Molecules per 

asymmetric unit 
1 I 1 

Unit cell dimension 

(A) 

a, 34.6; b, 

43.1;c, 54.4 

a，34.6; b, 

42.7; c, 54.6 

a, 24.4; b, 

53.3; c, 34.0 

Unit cell angles 

(deg.) 
a, 90.0; p, 

90.0; Y’ 90.0 

a, 90.0; p, 

90.0;-y, 90.0 

a, 90.0; p, 

109.3; Y, 

90.0 

Multiplicity 2.8 (2.8) 6.7 (6.7) 4.8 (4.8) 

Coriipleteness (%) .99.8 (99.6) 100.0(100.0) 99.8(99.5) 

Mean I/o (/) 7.8 (4.4) 11.3(6.6) 19.4(5.4) 

10.4(24.4) 12.4(27.4) 6.6 (26.7) 

Unique reflections 3905 (540) 3910(547) 4232 (606) 

Structural refinement statistics: 

R-fector/R^ 供(％) 15.4/23.6 17.1/25.5 19.9/26.9 

r.m.s.d. Jrom idea values: 

Bond distances (A) 0.005 0.005 0.008 

Bond angles (deg.) 0.803 0.831 1.096 

Ramachandran pot analysis: 

Preferred region (%) 95.8 95.9 94.8 

Allowed region (%) 4.2 4.1 5.2 

Outliers (%) 0.0 0.0 0.0 

C® r.m.s.d. with 

wild-type T. celer 

L30e 

、 

0.40 0.41 0.43 

Values in parentheses are for the highest-resolution shell. 
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WT(PEG) 
R42K 

W T ( H 2 0 ) 
R54K 

R8K 
R76K 

R21K 
5RK 

Figure 5.4. Crystal structures of wild-type T. celer L30e and its variants. Crystal 
structure of wild-type T. celer L30e of which the crystals were grown without 
precipitants (WT (H20), grey), as well as the crystal structures of R8K (green), 
R21K (yellow), R42K (magenta), R54K (cyan), R76K (orange), and the quintuple 
Arg-to-Lys variant (5RK, red) are superimposable upon that of wild-type T. celer 
L30e of which the crystals grown with precipitant PEG (black) (PDB: 1H7M). 

130 



CHAPTER 5: De-crystallization o f wild-type T. celer L30e in low ionic strength N M R conditions 

Strength. The crystal structure of the quintuple variant in high ionic strength 

condition was solved and no major structural change was found (the r.m.s.d. between 

atoms was 0.47 A) (Figure 5.4). The fact that quintuple variant adopts essentially 

the same fold as the wi ld type T. celer L30e in low ionic strength is supported by the 

spectroscopic evidence that their far-UV CD spectra in low ionic strength are almost 

identical in shape (Figure 5.5). 

5.2.4 Arg-to-Lys substitution changes the crystal packing 

Although no major structural changes were observed, the crystal packings of 

Arg-to-Lys variants in low ionic strength condition without precipitant were different 

from that of wild-type T. celer L30e. The crystal contacts at ariginine position (8，21， 

39，42, 54, 76, and 92 in sequence) in low ionic strength condition and at neutral pH 

were investigated and summarized in Table 5.2. 

The space group of wild-type T. celer L30e crystal without adding PEG as 

precipitant was found to be P2|. In this space group, it was found that Arg-8, Arg-54, 

and Arg-76 were involved in crystal contact by forming salt bridges (< 4.0 A with 

unlike charges in other molecules). While Arg-54 and Arg-76 only formed salt 

bridges in crystal contacts, Arg-8 was also found to form hydrogen bonds in crystal 

contact. For Arg-21, although it did not form strong salt bridges in crystal contact, it 

was in close proximity with the negatively charged surface o f other molecule formed 
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-2.0 10 
190 200 210 220 230 240 

Wavelength (nm) 
250 260 

Figure 5.5. Far-UV CD spectra of wild-type T, celer L30e and its variant. Far-UV 
CD spectra of wild-type T. celer L30e and the quintuple Arg-to-Lys variant in low 
ionic strength condition. The far-UV CD spectra from 260 nm to 190 nm of 
wild-type T. celer L30e (filled circle) and the quintuple Arg-to-Lys variant (open 
circle) with the same protein concentration were obtained in 10 mM 
citrate/phosphate buffer pH 6.5 at 298 K. 
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CHAPTER 5: De-crystallization o f wild-type T. celer L30e in low ionic strength N M R conditions 

Table 5.2. Summary of crystal contacts of 71 celer L30e and its variants. 

Protein 
2 i 

Residue number 

^ M 26 39 92 

SB: D48 SB: E62 
WT HB: L94 SB: D2 

hlB: Y52 SB: E64 

SB E62 

R8K HB: L94 SB: D2 SB E64 

HB Y61 

SB E62 

R21K SB: D48 S )B: E50 HB: L94 SB: D2 SB E64 

HB Y61 

SB E62 
SB: D48 

R42K SB: D2 SB E64 
HB: Y52 

HB Y61 

SB E62 

R54K SB: D48 HB: L94 SB E64 

HB Y61 

R76K 
SB: D48 

HB: L94 SB: D2 SB: E62 

SB: 

HB: 

SB: 

HB: 

SB: 

SB: 

HB: 

D 

Q 

D 

Q 

D 

Q 

D 

0 

HB: Y52 

5RK HB: Y52 SB: 012 SB: E6 SB: D48 

The type of crystal contacts were indicated by SB (salt bridge) or HB (hydrogen bond) 

before colon, while the interacting residues in other molecule were indicated by 
I 

one-letter-code and the residue number . ‘ 
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by Glu-47, Glu-69, Asp-87，and Glu-90. Virtual mutagenesis by adopting different 

rotamers showed that Arg-21 has potential to form salt bridges with Glu-47 and 

Asp-87 (separation distance are 5.8 A and 8.0 A respectively). Instead of having 
« 

strong electrostatic interaction, Arg-42 was found to form several hydrogen bonds to 

backbones o f other molecules. No clear crystal contact can be observed for Arg-39 

and Arg-92. R76K was also found to have the same space group of P2| with similar 

unit cell dimensions. The crystal contacts are basically the same. The salt bridges 

originally formed by Arg-76 (with Glu-62 and Glu-64) were retained by Lys-76. 

However, the space groups of R8K, R21K, R42K and R54K. were changed to 

P2|2|2i, and the size o f unit cell was increased. The crystal contacts in this space 

group are basically the same as those in P2\ space group. However, according to the 

structures, all the substituted sites were found not to be able to form back salt bridges 

and hydrogen bonds, except Lys-21 could form a new salt bridge with Glu-50 to 

compensate the original electrostatic interactions with other unlike charges. Arg-39, 

which does not contribute to crystal contact in P2| space group, was found to form a 
V-

new crystal contact by forming salt bridge with Asp-12. Other differences in crystal 

contacts were small. Arg-76 was found to form hydrogen bonds with Tyr-61 in 

addition to the original salt bridges. Also, Arg-21 was found to face a new negatively 

charged surface, having other acidic charged residues in close proximity (Asp-2 and 
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Glu-64, with separation distance o f 5.8 A and 4.3 A respectively). 

For the quintuple Arg-to-Lys variant, it crystallized in a new space group o f 

P22i2|. As expected, since five original crystal contact involving arginine residues 

were substituted, the overall crystal contacts differed much from those in P2| and 

P2|2|2i space group. In this space group, the Lys-8 and Lys-76 were found to form 

hydrogen bond and salt bridge respectively. Other substituted lysine residues, Lys-21， 

Lys-42，and Lys-54 were found not to contribute to crystal contact. The remaining 

retained arginine residues, Arg-39, and Arg-92, which did not form crystal contact in 

wild-type T. celer L30e (P2i) originally, were found to form salt bridges and 

hydrogen bonds in crystal contacts. 

5.2.5 Arg-to-Lys substitution does not affect 

thermodynamic stability of L. eeler L30e 

To explore the effect o f Arg-to-Lys substitution on thermodynamic stability of 

.、 
proteins, the melting temperature (Tm) value and the Gibbs free energy of unfolding 

(AGu) at pH 6.5 of wild-type T. celer L30e were compared with those of the 

quintuple Arg-to-Lys variant (Figure 5.6). 

Tm values, which indicate the thermal stability of proteins，in low ionic strength 

condition were found by CD spectrum of temperature-induced denaluration of the 
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Figure 5.6. Chemical and thermal denaturation of T, celer L30e and its mutants. 

(A) Urea-induced denaturation curves and (B) thermal denaturation curves of 
wild-type T. celer L30e (filled circle) and the quintuple Arg-to-Lys variant (open 
circle) obtained in 10 mM citrate/phosphate buffer, pH 5.4, at 298 K. 
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CHAPTER 5: De-crystallization of wild-type T. celer LiOe in low ionic strength N M R conditions 

• • -

wild-type.protein and the variant. The Tm values of wild-type T celer L30e' and its 
• . ^ -

〉 quintuple Arg-to-Lys variant were found to be 372.8 士 0.1 K and 373.2 土 0.1 K 

respectively, showing that the quintuple substitution virtually had no effect on Tm 

« 

value (ATm equals to 0.4 土 0.0 K). Both of the proteins were shown to be 

thermophilic proteins. ‘ 

Similarly, AGu at 25 °C in low ionic strength condition of both proteins were 

% 

found by CD spectrum of guanidine-induced denaluration. The AGu values of the 
‘ » 

-wild-type T. celer L^Oe and the quintuple Arg-to-Lys variant were 42.9 士 0.4 kJ mol'' 
i ' • • 

» 

and 43.5 士 0.4 kJ mol'' respectively. The small difference of the two AGu (0.6 土 0.6 

• 

kJ mol"') indicates the quintuple substitution virtually has no influence on 

conformation stability of proteins. 
« 

• * 
5.2.6 Charge-conserved Arg-to-Lys substitution does not 

* I 

affect the salt dependency of Tm .value 
I - 、 

The pKa values of the side chain of Arg and Lys are expected to be arolind 10.0 

to 12.5. With this high pKa values, it is expected that substituting ariginine by lysine 
» c 

residue would retain the overall charges of the protein. To investigate the effect of 

charge-conserved Arg-Lys substitution on the overall electrostatic interactions, salt 
• , 

f 

dependencies of thermostability at pH 6.5 of wild-type T. celer L30e and all the 
• 

. ‘ -
single and quintuple Arg-to-Lys variants were determined (Figure 5.7). A l l proteins 、 
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0 100 200 300 400 500 

[NaCI] (mM) 

Figure 5.7. Salt dependency of melting temperature. Salt dependency of melting 

temperature (Tm) o f wild-type T. celer L30e (fi l led circle)’ the quintuple Arg-to-Lys 

variant (open c i rc le )，R8K (fi l led square)，R21K (open square), R42K (fil led 

diamond)，R54K (open diamond), and R76K (fi l led triangle) in 10 mM » 

citrate/phosphate buffer at pH 6.5 at 298 K. Be noted the virtually identical salt 

dependency o f Tm indicates charge-conserved Arg-to-Lys substitutions did not affect 

surface charge-charge interaction, which was shown to have large effect on 丁⑴，々  
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had an almost identical salt dependency of melting temperatures (difference between 

Tm values is about 1 to 2 K at every examined NaCl concentration), which is a 

summation o f screening of electrostatic interactions and the stabilizing Hofmeister 

effect. The Tm values were decreased in 0-50 mM of NaCl due to the screening of 

electrostatic interactions, but increased at higher concentrations of salt where the 

Hofmeister effect dominated. 

5.2.7 The quintuple Arg-to-Lys variant has high tolerance to 

temperature- and pH-induced denaturation 

To test the tolerance of the quintuple Arg-to-Lys variant to temperature- and 

pH-induced denaturation in a two-dimensional manner, Tm values at pH ranging from 

1.0 to 6.5 were found by CD spectrum (Figure 5.8). It was found that Tm values 

decrease with the decrease in pH from 6.5 to about 2.0，and the decreasing rate of 丁门、 

increases when the pH value is linearly decreased. It was because when pH decreases, 

a larger population o f acidic residues shifted to the protonated state in equilibrium 

and the balance o f charge of T celer L30e broke down. With diminished favorable 

electrostatic interactions between acidic and basic residues, the unfavorable 

charge-charge interactions between basic residues dominated and therefore the 

protein is destabilized in lower pH. However，when pH further decreases from 2.0 to 

1.0，the Tm values cont rar i ly increased. Th is observat ion demonstrated the 

139 



B 

. 8 1 0 ' 
300 310 320 330 340 350 360 370 380 

Temperature (K) 

370 

360 

g 350 

340 

330 

320 
2 3 5 6 

Figure 5.8. p H dependency of melt ing temperatures. pH dependency of melting 

temperature of the quintuple Arg-to-Lys variant in NMR conditions. (A) Thermal 

denaturations of the quintuple Arg-to-Lys variant at pH 1.00 (open circle), 1.25 (filled circle), 

1.50 (open square), 1.75 (filled square), 2.00 (open diamond), 2.25 (filled diamond), 2.50 

(open triangle), 2.75 (filled triangle)，3.00 (open inverted triangle)，3.50 (filled inverted 

triangle), 4.00 (open right angled triangle), 4.50 (filled right angled triangle), 5.00 (plus sign), 

5.50 (cross), 6.00 (horizontal dash), and 6.65 (vertical dash) were performed. (B) T^ values 

found from thermal denaturation were plotted against pH to obtain the pH dependency of T^. 
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Hofmeister effect. As the pH value of 10 mM citrate/phosphate buffer in acidic 

conjugation is around 2.4, strong acid (HCl in our study) have to be added in order to 

achieve lower pH. Therefore, when pH is lower than about 2.4，the salt (CP) 

concentration wi l l increase with decreasing pH, and thus the inevitable Hofmeister 

effect wi l l increase with decreasing pH. Nevertheless, our data clearly demonstrated 

the quintuple Arg-to-Lys variant can remain stable, which indicated by the large Tm 

values at various pH (Tm value become lowest of 50.9 at pH 1.75), at pH ranging 

from 1.0 to 6.5 in the low ionic strength condition 

5.3 Discussions 

5.3.1 Crystallization of L. eeler L30e in low ionic strength 

condition is electrostatic driven 

It has demonstrated that wild-type T. celer L30e can be crystallized in low ionic 

strength condition at neutral pH 6.5 without precipitant (Figure 5.1). We have also 

shown a low protein concentration of 0.5 mg ml"' (and probably lower than 0.1 mg 

ml' ' as indicated by the protein concentration of the supernatant after removing 

microcrystals) is already enough to trigger the crystallization. 

It has been reported that surface charges play an important role in crystal 

I I a^ 

Stability , and therefore thermophilic protein with unusually high surface charge 

density, like wild-type T. celer L30e, is highly suspectable to be able to crystallize in 
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low ionic strength condition without the help of any precipitant. To show the role of 

electrostatic interaction in low ionic strength crystallization, the pH dependency of 

crystallization was found. Having checked T. celer L30e did not denatured at pH 

ranging from 1.0 to 6.5, the observation that T. celer L30e only crystallized at neutral 

pH 6.5 but not the acidic pH 2.5 and 4.0 clearly showed that the crystallization is 

electrostatic driven. T‘ celer L30e has an overall balanced net charge unevenly 

distributed on the s u r f a c e A t neutral pH, all acidic and basic residues were 

charged. As the screening effect was negligible in the low ionic strength condition (< 

50 m M NaCl or equivalent, see Figure 5.7), the inter-molecular charge-charge 

interaction was maximized for crystallization. However, when the pH was low (< 

4.0)，larger population of acidic residues would be protonated, weakening the 

inter-molecular electrostatic interaction and therefore the protein is unable to 

crystallize. The important role of electrostatic interaction in crystallization was 

further supported by the fact that the microcrystals formed in low ionic strength 

condition were readily re-dissolved at high ionic strength condition (1 M NaCl), 

keeping other physical and chemical conditions the same. 

In fact，the crystallization o f wild-type T. celer L30e in low ionic strength 

condition is an extreme example for "salting in”. Since the inter-protein electrostatic 

interaction was very strong，water molecules failed to screen out the inter-protein 
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interaction even when protein concentration was low (0.5 mg ml' '). However, as the 

quintuple Arg-to-Lys variant, which has the same net charge and charge distribution 

as the wild-type protein has, did not crystallize in low ionic strength condition, it is 

shown that the strong inter-protein electrostatic interaction is essential, but not 

sufficient for this “salting in” crystallization. The quintuple Arg-to-Lys variant has 

rationally designed for disrupting the crystal contacts in the wild-type protein. 

Therefore, we can conclude that high specificity of electrostatic interaction is another 

factor that is essential for the “salting in” crystallization. 

5.3.2 Arg is preferred in crystallization because of its high 

propensity of forming salt bridge and hydrogen bond 

Detail analysis of the crystal structures revealed most of the arginine residues, 

were involved in forming crystal contacts in wild-type T. celer L30e. Although no 

structural changes were observed in the crystal structures of all Arg-to-Lys variants, 

the crystal packing in low ionic strength condition without precipitant was found to 

be influenced by charge conserved Arg-to-Lys substitution. Single Arg-to-Lys 

substitution at crystal contact was shown to be enough to trigger the protein to adapt 

an alternative crystal packing. Our data clearly demonstrated Arg played an 

important role in crystallization. 

Undoubtedly, electrostatic interaction played an important role in crystallization 
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in low ionic strength conditions as discussed above. Although both Arg and Lys carry 

a positive charge, in general Lys residues seldom appear in crystal contacts, whereas 

Arg residues are prominently used'^^. In fact, substitution of lysine residues with 

arginine has been suggested for improving crystallization There must be some 

intrinsic differences between arginine and lysine residue for the former to be more 

favourable to crystallization. Side chain entropy should be excluded from 

consideration because both arginine and lysine have very similar side chain 

conformational entropy of about 7.9 kJ mol' ' 

Another possible reason why arginine is more favourable to crystallization is 

that instead of having a small amine group in lysine residue，it has a large planar 

guanidinium group, which is much more readily to form salt bridge and hydrogen 

bond in crystal contacts. The strong ability o f arginine residue for forming salt 

bridges and hydrogen bonds was also observed in wi ld type T. celer L30e. While 

Arg-21，Arg-54, and Arg-76 mainly formed electrostatic interactions in crystal 

contacts, Arg-42 contributed to crystal stability by forming hydrogen bonds. Arg-8 

was found to stabilize the crystal by forming both hydrogen bond and salt bridge. 

Except for Arg-76，when one of these crystal contacts involving Arg is replaced by 

% 

Lys, the stability o f crystal with original packing (space group o f P2i) decreased and 

therefore protein crystallized in a new packing (P2|2|2i) instead. In this new crystal 
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packing, although the substituted Lys in general could not form back salt bridges or 

hydrogen bonds (substituted Lys-21 was the only exception that it could form a new 

salt bridge with Glu-50, which did not interact with Arg-21 in wild-type protein), the 

loss of crystal stability was compensated by the new crystal contact formed by 

Arg-39 (salt bridges with Asp-12), which did not form any crystal contact in 

wild-type T. celer L30e crystal. The reason for no packing rearrangement observed in 

R76K is not because Arg-76 contributes only very litle to crystal stability，but 

because the substituted Lys-76 can retain the original salt bridge formed. Therefore, 

the crystal stability in the original crystal packing (P2|) was not affected much by the 

Arg-to-Lys substitution. 

Since all the 5 original crystal contact involving Arg in the quintuple Arg-to-Lys 

variant were substituted, the crystal contacts and space group (P22i2|) were changed 

significantly as expected. One interesting observation is that the remaining arginine 

residues in the variant protein, Arg-39 and Arg-92, which did not form any crystal 

contacts in wild-type crystal packing (P2|), formed salt bridge and hydrogen bonds in 

the new crystal packing. It seems that T. celer LSOe has a very high preference for 

using Arg in crystal contact as much as possible. When one or more crystal contact 

involving Arg are replaced (even by charge conserved Lys)，protein wi l l then adapt a 

new crystal packing so that the remaining Arg wi l l form new crystal contact by 
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forming salt bridge or hydrogen bonds. The Arg-to-Lys-induced packing 

rearrangement indicates clearly the importance of Arg in forming crystal contact not 

only because of its charge, but also its high propensity for forming salt bridge and 

hydrogen bond. 

5.3.3 Multiple Arg-to-Lys substitutions successfully 

de-crystallize T, celer L30e in low ionic strength condition 

without changing its structural， thermodynamic, and 

electrostatic properties 

By replacing five Arg residues in wild-type T. celer L30e with Lys, the protein 

solubility was increased for at least more than 50 folds，and no microcryslals were 

formed in low ionic strength condition. The quintuple Arg-to-Lys variant was found 

to have no major structural changes when compared with the crystal structure o f 

wild-type T. celer L30e. Also the guanidine-induced AGu, Tm，as well as the pH 

dependency o f Tm of the quintuple Arg-to-Lys variant in low ionic strength condition 

were found to essentially not differ from those o f wild-type protein. 

Unwanted protein crystallization in assays wi l l be an insurmountable diff iculty 

for protein characterization. In our study o f electrostatic contribution，the 

crystallization o f protein in low ionic strength N M R condition made the wild-type T. 

celer L30e impossible to be used as the protein model for pKg approach. Since our 
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purpose is to study the electrostatic interaction of the protein, general methods like 

removing charged r e s i d u e s o r changing buffer conditions (ionic s t r e n g t h ) t h a t 

would inevitably influence protein charge-charge interaction must be avoided. As 

discussed above，the rational de-crystallization of electrostatic driven T. celer L30e 

crystal was achieved by decreasing the propensity of forming salt bridges and 

hydrogen bonds, keeping the surface charge unchanged. To our knowledge, this 

study is the first report to present a rational strategy to overcome this problem 

without changing assay condition and affecting protein properties. 

To be a good substitute o f wild-type T. celer L30e for pKg shift approach, the 

quintuple Arg-to-Lys substitutions should not induce any changes in structure, 

thermodynamic stability, and electrostatic interaction in addition to the number of 

charges when compared to wild-type protein. The crystal structure in high ionic 

strength together with the far-UV CD spectrum in low ionic strength o f the quintuple 

Arg-to-Lys variant evidently suggested those Arg-to-Lys mutation did not have any 

effect on overall protein structure. One reason why the electrostatic interaction of T. 

celer L30e is interesting is because of its high thermostability. The comparable 

magnitude of AGu values obtained from guanidine-induced denaturation and Tm 

values obtained from thermal-induced denaturation showed clearly the quintuple 

Arg-to-Lys variant retains the high thermostability. Lastly, virtually the same salt 
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dependency of Tm value of wild-type protein, and its single and quintuple Arg-to-Lys 

variants indicated none of the single Arg-to-Lys mutation has any effect on overall 

protein charge-charge interaction，i.e. the same salt dependency of Tm value of the 

quintuple Arg-to-Lys variant as that of wild-type protein was not due to the averaging 

effect o f several largely charged salt dependencies from different single Arg-to-Lys 

variant. In addition，the very high tolerances to pH- and temperature-induced 

denaturation make the quintuple Arg-to-Lys variant very suitable for pKa shift 

approach study. -

5.3.4 Concluding remarks 

Wild-type T. celer L30e was shown to be crystallized in low ionic strength 

N M R condition in neutral pH 6.5, which hindered its electrostatic study by pKa 

approach. The pH and salt dependencies of the crystallization indicated this "salting 

in” crystallization is electrostatic driven. Although changing the buffer condition 

(ionic strength) and protein surface charges sound to be a good approach for 

de-crystallization, they are highly unappreciated in our electrostatic study. Therefore, 

according to the wild-type protein crystal structure, a charge-conserved quintuple 

Arg-to-Lys variant was rationally designed for preventing the “salting in” 

crystallization by altering surface propensity for forming salt bridges and hydrogen 

bonds. The solubility of the quintuple Arg-to-Lys variant was shown to be largely 
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increased by at least 50 folds, and the "salting in，，crystallization was prevented. In 

addition, the quintuple Arg-to-Lys variant exhibits virtually the same structural, 

thermodynamic, and electrostatic properties as those of wild-type T. celer L30e. 

Together with its high tolerances to pH- and temperature-induced denaturation, the 

quintuple Arg-to-Lys variant was an excellent protein model for electrostatic study 

by pKa shift approach. 

In addition to report the first rational de-crystallization in low ionic strength 

condition without adding precipitant as a general method, we have also showed that 

Arg is highly preferable for the crystallization of T. celer L30e. This observation also 

provides us with hints on rational design for improving protein crystallizability. 
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Chapter 6: The contribution of 

global electrostatic interactions to 

protein stability 

6-1 Introduction 

Electrostatic interaction has long been suggested to play a crucial role in 

t h e r m o s t a b i l i t y C o n t i n u o u s effort has been paying for investigating the 

relationship between charge-charge interaction and protein stability by mutagenesis. 

Many studies have been reported to support the role of electrostatic interaction in 

protein stability，。，�. Our previous study on charge-to-A la substitution of T. celer 

L30e also demonstrated most of the charged residues more or less stabilize the 

protein54. However, the effect of removing charge-charge interaction by mutagenesis 

on protein stability is rather unpredictable43.47,5U% because electrostatic 

interaction can be either attractive or repulsive, not to mention the large desolvation 

and entropic penalty of their formation as discussed in chapter I. More importantly, 

unlike hydrogen bonds of which the formation is in a one-to-one and close-proximity 

manner, a single charge can form electrostatic interaction between more than one 

charge which separated in a relatively long distance�，. Therefore, the overall charge 

distribution should be taken into account when estimating the stabilizing effect of a 

charge.66'75. The optimization of charge distribution is especially important to 
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thermophilic proteins, as the usage of amino acid of thermophilic proteins is bias to 

1 

the charged residues^^'^^. 

Unlike double mutant cycle which focuses on the interaction of a chosen ion 

pair, pKa shift approach provides us a good way to investigate the complicated 

electrostatic interactions of a charge to the rest of the protein (see Chapter 1). 
78 on 

Although pKa values can be estimated by mutagenesis ‘ ‘ ，finding chemical shifts 

of a charge at different pH by NMR is the preferred approach, because of its 

extremely high resolution and sensitivity to litrational event of charges. In fact, 

interactions of charged residues have been widely studied by investigating their pKa 

values and titrationai behavior8i-83,"”97-200 q^^^ difficulty for analyzing pKg values 

comes from the non-ideal Henderson-Hasselbalch (HH) behavior of the chemical 

shift titration curves obtained from NMR experiments, which may be due to strongly 

coupled electrostatic interactions for charges with comparable pKa values, or changes 

in local chemical environment that are unrelated to protonation of the target charges 

such as structural rearrangement. Usually, non-HH titrationai behavior is expected 

for charged residues for buried charges in active sites'",'丨4 because of the high 

charge density due to the low dielectric constant environment and the close proximity 

of charged residues in active sites. In another words, one interpretation for many 

charges to have non-HH titration curves is the presence of complicated charge-charge 
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interactions networks among them. Different models have been developed to 

describe non-HH titration curves, such as microscopic model ' " , global fitting of 

titrational event (GloFTE) based on pH dependent protonation stale populations'", 

the decoupled sites represenlation^^®. Each model has its own advantages and 

weaknesses. Therefore, carefiJT analysis is needed for getting information from the 

non-HH titration curves. 

Being a thermophilic protein, T. celer L30e also has increased number of surface 

charges and charge clusters when compared to its mesophilic yeast homolog. In 

chapter 3, we have showed the pair-wise salt bridge interaction does stabilize the 

protein. However, the stabilizing role of their global electrostatic interaction of these 

surface charges remains unclear because of the possible complicated repulsion 

among them. To this ends，the quintuple Arg-to-Lys variant of 7: celer L30c\ wi l l be 

used as the protein model to address this question by using pKa shift approach. The 

Arg-to-Lys variant has its structural, thermodynamic, and electrostatic properties 

virtually identical to the wild type protein, but a largely elevated solubility in various 

low ionic strength conditions which were required in NMR experimental conditions 

(see Chapter 5). We have demonstrated that the high surface charge density would 

result in complicated repulsive electrostatic interactions among surface charges, 

which is indicated by non-HH titration curves for most of the Asp and Glu. With 

152 



CHAPTER 6: The contribution of global electrostatic interacations to protein stability 

careful analysis o f microscopic fitt ing and GloFTE of non-HH titration curves, a set 

of reliable and largely down-shifted pK；, values of various acidic residues were 

obtained, showing that the protein had an optimized surface charge pattern for 

stabilizing the protein. To gain the knowledge o f how temperature a fleets the 

contribution to protein stability of global electrostatic interaction, the electrostalic 

contribuiions were investigated at both low (298 K) and high (333 K) temperatures in 

this study. 

6.2 Results 
6.2.1 Arg-to-Lys variant of T. celer L30e has a very high 

surface charge density 

T. celer L3()e is a 100-residue thremophilic protein with very high surface 

charge density. It has an overall balanced charge of +1 at neutral pH，having 13 

acidic residues and 14 basic residues unevenly distributed on the protein surface''^". 

Based on the crystal structure o f quintuple Arg-to-Lys variant o f T. celer L30c\ 

the undefined region at the flexible C-terminal was rebuilt by MODELLER. Using 

8.0 人 as the cutolT distance, 2 large charge clusters and a surface of scattering 

isolated charges were identified (Figure 6.1). The first charge cluster is located in the 

region near N- and C-lerminals, consisting N-terminal, Asp-2, Glu-6, Lys-8, Lys-9, 

Asp-12’ Glu-90, Arg-92，Lys-99, Glu-lOO, and C-terminal (Figure 6.1’（f view). The 
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second charge cluster involves Arg-39, Asp-44, Lys-46, Glu-47, Asp-48, Glu-50, 

Lys-54, Glu-62, Glu-64, and Glu-69 in helix-3, strand-3, and helix-4 (Figure 6.1， 

-90o view). The surface of scattering isolated charges (Lys-15, Lys-21, Lys-22, 

Lys-28, Lys-33, Lys-42, Lys-76, His-78, and Asp-87) is basically the RNA binding 

site o f T. celer L30e (Figure 6.1，90o viewf。. 

6.2.2 Backbone sequential assignments of native 

Arg-to-Lys variant at 298 K and 333 K 

Backbone assignments of doubly labeled native Arg-to-Lys variant at pH 6.5 at 

298 K and 333 K were obtained by using triple-resonance experiments. The 

backbone assignments were mainly relied on HNCACB'"^''. The intensities of 

and 丨3c丨、peaks o f HNCACB have 180" phase shifted, allowing us to distinguish them 

unambiguously. Therefore, the residue type of each peak on ' ' 'N-HSQC plan was 

obtained based on the and chemical shift values'"". HNCACB also 

provided us with the chemical shifts of and "c丨、of i - I residue, of which the 

peaks of i - 1 residue can be distinguished from that of i residue by having a much 

smaller intensity. Thus, the residue type of the i - 1 residue was also obtained. Spin 

systems could then be linked by these sequential connectivities (Figure 6.2). More 

than 90% o f residues could be sequential ly assigned wi thout ambigui ty . The 
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。 o i 

l o 

( i 

3 

Figure 6.2. Sequential connectivities of 3D HNCACB. Selected pairs of 'h ' ^C 
strips from the 3D HNCACB spectra of unifomly '^N'^C-labelled quintuple 
Arg-to-Lys variant in low ionic strength condition (10 mM citrate/phosphate buffer) 
at pH 6.5 at 298 K, which illustrate main-chain sequential connectivities for residues 
Thr-13 to Val-17. Sequential connectivities are indicated by horizontal lines between 
strips. Black and red peaks represent peaks with positive and negative amplitude. 
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ambiguous backbone assignments were confirmed by a pair of complementary 

triple-resonance experiments, namely '^N-TOCSY-HSQC'^' and 

HC(C)(C0)NH-T0CSY'" , where the aliphatic side chain 'H chemical shifts of i and 

i - 1 were correlated to that of backbone amide respectively. This pair of experiments 

provided additional connectivities for backbone sequential assignment and all 

backbone resonances were unambiguous (Figure 6.3). In addition, solution structure 

of wild-type T. celer L30e was solved in previous s t u d y T h e high similarity of 2D 

15N-HSQC for wild-type T. celer L30e and Arg-to-Lys variant provided us with 

independent proof of the sequential assignment. 

6.2.3 Side-chain resonance assignments for Asp and Glu of 

native Arg-to-Lys variant at 298 and 333 K 

Assignments of side chain 'H and '^C resonances of Arg-to-Lys variant at 298 K 

and 333 K were obtained based on triple-resonance experiments of 

'^N-TOCSY-HSQC'^', HC(C)(CO)NH-TOCSY and (HC)C(C0)NH-T0CSY' " , as 

well as H C C H - T O C S Y 2 o 丨. 

The assignment of side chain 'H resonances was straight forward. Using 

'^N-TOCSY-HSQC only could already assign all aliphatic side-chain 'H resonances 

of Asp and Glu. The assignment was double confirmed by HC(C)(CO)NH-TOCSY 

spectrum. For the side chain " c resonance assignment, the signal intensity o f 
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(HC)C(CO)NH-TOCSY spectrum obtained were weak, and only the resonances of 

13c" showed relatively clear peaks in the spectrum. These problems limited the 

reliability of using (HC)C(CO)NH-TOCSY on determining the side chain carbon 

chemical shifts. These problems could be overcome by optimizing the experimental 

condition. Obviously, the week signal to noise ratio can be improved by increasing 

the number of scans for each increment (NS = 4 for the obtained spectrum). The 

length of the mixing time (12 ms for the obtained spectrum) should also be optimized 

to prevent any disappearance of side chain signal. By carrying out a series of 

experiments with successively longer mixing limes ranging, for example, from 12 ms 

to 120 ms, the connectivity pathways through the whole spin system can be traced 

out, and the mixing time can be optimized. Nevertheless, with the help of powerful 

HCCH-TOCSY, all '^C'' and resonances of Asp and Glu respectively could be 

assigned unambiguously. 

Having assigned and resonances of Asp and Glu respectively, carboxyl 

carbon resonances of Asp and Glu could also be assigned by a modified 2D 

H(CA)C0202’ which optimized the one-bond correlation of carboxyl carbon and CH2 

group (by setting parameter d21 = 9 ms in Bruker standard pulse sequence 

HCAC0GP3D). At 298 K, Asp and Glu peaks in H(CA)CO spectrum had a good 

dispersion and did not overlap with Asn, Gin, and Gly peaks at pH 6.5. Therefore, 
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and '^C resonances of all Asp and Glu at pH ranging from 1.0 to 6.5 at 298 K 

were assigned unambiguously (Figure 6.4). The assignment at pH 6.5 at 298 K was 

double confirmed by a 3D HACACO, which additionally correlated resonances of 

one-bond carbon to that of the carboxyl carbon. As the pH decreased from 6.5 to 1.0, 

'^CV'^C resonances of Asp/Glu were shifted upfield (Figure 6.5). The peaks became 

less disperse at lower pH, but all the resonances could still be assigned 

unambiguously. Again, the assignment at low pH 2.5 was double confirmed by a 3D 

HACACO. Similarly, '^C'' and '^C resonances of all Asp and Glu at pH ranging from 

1.0 to 6.5 at 333 K were also assigned by 2D H(CA)CO (Figure 6.4). 

6.2.4 pH titration of Asp and Glu of native Arg-to-Lys variant 

at 298 K and 333 K. 

The side chain carboxyl carbon chemical shifts of Asp and Glu at both 298 K 

and 333 K were collected and plotted as a function of pH (Figure 6,6). The changes 

of chemical shift of Asp and Glu from pH 1.0 to pH 6.5 were about 2 to 5 ppm, 

which were similar to the reported values in other r e s e a r c h e s 〗 ⑴ A t 298 K, the pH 

dependency of chemical shift of some acidic residues such as Glu-47, Asp-48, 

Glu-50, and Glu-62 has more than one obvious transition in pH range of 1.0 to 6.5, 

indicating those pH dependency of chemical shift cannot be explained by classical 

Henderson-Hasselbalch (HH) equation. The pH dependencies of chemical shift at 
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Figure 6.4. Side-chain assignment of acidic residues. Modified 2D 'H'^C 
H(CA)CO spectra of the quintuple Arg-to-Lys variant of T. celer L30e at (A) pH 1.0 
at 298 K, (B) pH 6.5 at 298 K, (C) pH 1.0 at 333 K, and (D) pH 6.5 at 333 K. The 
region shown contains the cross peaks for and 

connectivities of all Asx and Glx residues in the protein. Peak assignments for the 
side chain carboxyl groups of all Asp and Glu are denoted by one-letter code and 
residue number. 
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31U-I00 of the 
quintuple Arg-to-Lys variant at (A) 298 K and (B) 333 K. The cross peaks of 
Glu-lOO of modified 2 D ' H ' ^ C H ( C A ) C 0 were centered in ' H dimension in all 
0.1-ppm-width 'h '^C strips. 
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Figure 6.6. Microscopic pK. fitting of carboxyl chemical shifts. Microscopic pKa 

fitting of (A) residues that have reliable pKg values and (B) residues that have no 

reliable pKg values at 298 K (filled circle, continuous line) and at 333 K (open circle, 

dashed line). The transitions fitted for a curve were assumed independent to each 

other. The choice of number of transition fitted was validated by F-test and AIC (see 

Chapter 2). 
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333 K were apparently identical to those at 298 K, except having an upfield shifted 

chemical shift by about 0.2 - 0.3 ppm for every measured pH. 

6.2.5 Fitting microscopic pKa values of Asp and Glu of 

native Arg-to-Lys variant 

pKa values of Asp and Glu were estimated by microscopic pKa model using 

modified Henderson-Hasselbalch equations, assuming all transitions of a residue are 

independent. To determine the number of transition for a residue, the pH 

dependencies of the residues were fitted from at least 1 transition up to 4 transitions. 

According to F-test statistics and AIC values, 6'^CO of Glu-6 and Asp-87 were best 

fitted to the standard one-transition HH equation with Hi l l 's coefficient of about 2, 

whereas the titration curves of the others had two observable transitions (Figure 6.6). 

As reflected in the small x^ values in fitting (0.01 - 0.02), all pH dependencies ？rf 

chemical shift were fiued very well to the microscopic pKa model, suggesting all the 

observable transitions were well described by the filled titration curves, and the 

obtained pKg values should be accurate. The fitted pKg values, and their absolute and 

percentage contributions were summarized in Table 6.1. 

Although the assumption that all transitions of a residues are independent takes 

an advantage of being inclusive of every possible transitions in the titration curves, 

making data quality be the only limiting factor for the reflection of real pKa values, 
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Tabic 6.1. pKa values and changes of carboxyl '^C chemical shift of acidic residues 

Residue 『> 

D2傘 

D12* 

D44* 

D48 

D87* 

E6* 

E47 

E50* 

E62* 

E64 

E69* 

E90 

ElOO 

2.0 (2.0) 

2.4 (2.4) 

2.0 (2.0) 

2 .8 (2 .8 ) 

1.9(1.9) 

1.8(1.8) 

5.0(5.0) 

5.5 (5.5) 

5 .^ (4 .9" ) 

2.2 (2.1) 

2.4" (2.3") 

4.8 (4.7) 

2.5 (2.5) 

4.7 (4.7) 

2.8(2.7) 

pK«(niinor) CniHjor ( A) 
(PPm) 

C major 

(PPm)' 

3.5 (3.4) 74.5 (72.5) 3.4(3.5) 2.5 (2.5) 

4.1 (4.2) 70.6 (76.0) 2.9(3.0) 2.0(2.3) 

3.7 (3.8) 79.8 (85.6) 4.3 (4.2) 3.4 (3.6) 

4.9 (4.9) 64.7 (63.1) 3.4(3.3) 2.2 (2.1) 

100(100) 2.5 (2.6) 2.5 (2.6) 

100(100) 2.0(2.1) 2.0(2.1) 

2.9 (2.9) 50.4 (51.8) 4.4 (4.4) 2.2(2.3) 

2.5 (2.4) 70.0 (70.0) 3.8 (3.6) 2.7(2.5) 

2(5.1) 74.8 (76.7) 4.7(4.6) 3.5 (3.5) 

5 (2.4) 62.0 (63.0) 4.7(4.9) 2.9(3.1) 

8 (4.6) 80.6 (76.4) 3.8(3.9) 3.1 (3.0) 

8 (2.9) 66.0 (63.0) 3.6(3.7) 2.3 (2.3) 

8(4.8) 56.0(53.0) 5.0(5.0) 2.8(2.7) 

Residues which have reliable pK„ values (percentage contribtion > 70 % and 

AS'̂ Cmajor ^ 2.0) are indicated by asterisks. Values in parentheses are data obtained 

at 333 K, while other data are collected at 298 K. 

a The pKa values were obtained by GloFTE by pK；, loo l "^ where Glu-SO and 

Glu-62 were fitted together as an isolated charge group. 

b The percentage contributions of the major transition were found by filling the pi 1 

dependency o f carboxyl '^C chemical shift to microscopic pKj, model. 

major) WaS 
I A, 

e The absolute change of chemical shift due lo major transition (A6'"^C 

obtained by multiplying the total absolute change of chemical shift (A6丨’〔“仙丨）lo 

the percentage contribution. 
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filling in this manner suffers from difficult assignment of ihe transitions filled. This 

is because it is impossible to distinguish whether a transition is due to litrational 

events directly, or due lo non-titrational (but pH dependent) events, such as structural 

rearrangement or other effects that influence the sensitive chemical shifts but not the 

protonalion/deprotonation stale. Since ihc chemical shifts obtained in this study came 

directly from the tilratable group (side-chain carbonxyl carbon of Asp and Glu), it is 

confident that the major transition of the titration curve is mainly due to the 

protonation/deprotonation of the corresponding residue. 

Another problem for assigning transitions comcs from the uniqueness ot" the 

fitted pKa values. This problem is not only specific to microscopic pKa model, but 

also associates with GloFTl;. The uniqueness problem has two levels, namely fitting 

uniqueness and physical meaning uniqueness (Figure 6.7). Fitting uniqueness 

associates with the mathematical problem of determining if the fitted pKa values are 

、仏. 

the only solution to describe the titration curve. Whereas physical meaning 

uniqueness refers to the problem of determining if the filted pK；, values have a 

unique particular physical meaning. The physical meaning has ambiguity when it is 

an averaged value of more than one comparable pKa values from different residues. 

It is not difficult lo imagine dilTerent combination of pK：, values can be averaged into 

ihc same number. I f a transition contributes largely to the change of chemical shift in 
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A 

pH PH 

pH 

pH 

Figure 6.7. The f i t t ing and physical meaning uniqueness problems. Schematic 

diagrams that illustrate (A) the fitting uniqueness problem and (B) the physical 

meaning uniquencoS problems. For the fitting uniqueness problem, two dilTercnt 

combinations (CI and C2) of two transitions (continuous and dashed lines) can 

producc the same resultant non-HH titration curves. Be noted that, mathematically 

speaking, the fitting uniqueness problem is also valid for perfect HH titration curves. 

For the physical meaning uniqueness problem, ihe extra transition in the resultant 

titration curve of atom A can either due to the combinatory interacting effect of atom 

B and C (II)，or due to the interaction of atom D (12). 
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terms of absolute value (> 2 ppm) as well as in terms of percentage (> 70%), the 

corresponding fitted values should be reliably reflecting the true pKa value of the 

residues due to its titralional event, because a large change in chemical shift is highly 

resistant to changes and the fitting uniqueness problem wi l l be diminished. For the 

physical meaning uniqueness problem, since the crystal structure of Arg-lo-Lys 

variant was solved (see Chapter 5), the physical meaning of transition can be 

estimated from the structure unless there is any pH dependent structural change and 

rearrangement, or any non-titrational event that atlects chemical shifts but not 

protonation/deprotonation, occurred. 

Summing up the criteria, pKa value fitted from the major transition which has 

contributes more than or equal lo 2 ppm change and 70% of total change of chemical 

shift is robust enough to be safely regarded as the reliable pKa values of the residue 

due to its titratable event. The titration curves with reliable pKa values were 

summarized in (Figure 6.6A). The reason for the non-HH behavior of the titration 

curves (i.e. the physical meaning of the minor transitions) could also be estimated 

according lo the crystal structure. However, since the values and physical meaning of 

these pK„ (fitted from small transitions) were not reliable as discussed, they would 

not be further analyzed and discussed. 
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6.2.6 Identification of coupled Asp and Glu by reciprocal 

relationship of microscopic pKa values and global fitting of 

titrational events (GloFTE) 

Careful analysis of microscopic pKa values revealed that the major and minor 

transitions of Glu-50 and Glu-62 had reciprocal relationship (Figure 6.8). For both 

residues, the major transitions accounted for about 70 % of total chemical shift 

change, and the major/minor pK；, values for (3lu-50 and Glu-62 were 5.5/2.5 and 

2.2/5.2 respectively for 298 K, 5.5/2.4 and 2.1/5.1 respectively for 333 K. The high 

reciprocal correlation indicated Glu-50 and Glu-62 were strongly interacting. The 

interaction of Glu-50 and Glu-62 was validated by the crystal structures. It was found 

that the side chains of both Glu-50 and Glu-62 were well defined and the separation 

distance was 6.7 A. This short separation distance between Glu-50 and Glu-62 

allowed these two residues experienced repulsive forces from each other. 

The interaction between Glu-50 and Glu-62 was also shown in the result of 

global fitting of titrational events (GloFTE), of which the fitted titration curves can 

describe the non-HH pH dependency of chemical shifts due to electrostatic coupling 

of two charges. I f a pair of charges which have comparable pKa values has strong 

electrostatic interaction among them, it wi l l be expected that using GloFTE should 

result in reasonable good fitting for both curves. It was found that the normalized 
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to 
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Figure 6.8 The reciprocal relationship of major and minor transitions. The 

strong reciprocal relationship between the major and minor transitions of Glu-50 and 

Glu-62 at 298 K (fi l led circle，continuous lines) and at 333 K (open circle, dashed 

lines). The fitted major microscopic pKa values of each residue at 298 K (in solid box) 

and at 333 K (in dashed box) were also shown. 
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chemical shifts o f Glu-50 and Glu-62 could be well described by GloFTE at both 298 

K and 333 K (Figure 6.9). The fitting result showed Glu-50 has a very strong 

interaction with Glu-62 of 12.6 kJ mol ' at 298 K and 11.4 kJ moK' at 333 K. The 

pKa values of Glu-50 and Glu-62 at both 298 K and 333 K obtained from GloFTE, 

would be used for further analysis (Table 6.1). 

6.2.7 pKa values of Asp and Glu are predicted in native and 

denatured states of Arg-to-Lys variant 

Using the modeled crystal structure of Arg-to-Lys variant, pKa values of Asp 

and Glu were predicted by three different online servers, namely PROPKA^^'^'^, 

H++II7."8，and I C A R L S B E R G + I I 9 ’ I 2 O . The reliable microscopic PKA values obtained 

from NMR experiments were compared with the predicted values (Figure 6.10). It 

was found that H++ and KARLSBERG+ had reasonably good predictions on pKa 

values, having correlation with experimental pKa values at 298 K / 333 K of 0.80 / 

0.80 and 0.79 / 0.78 respectively, although the H++ prediction has scaling error, with 

the slope of linear best fit line equal to 0.59 (1.00 for KARLSBERG+). On the other 

hand, PROPKA returned less satisfactory results. The predicted pKa values by 
\ 

PROPKA have correlation with experimental pKa values at 298 K / 333 K of 0.63 / 

0.62. The small slope of linear best fit line (0.33) indicated PROPKA prediction on 

Arg-to-Lys also has serious scaling problem. 
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A 

GIU^O 
Qlu-62 

20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 

B 

Glu-90 

Glu-62 

10 

Figure 6.9. Globle fitting of titrationai events (GloFTE). Globle fitting of 
titrational events (GloFTE) of Glu-50 (red) and Glu-62 (green) as an isolated system 
at (A) 298 K and (B) 333 K. The '^C carboxyl chemical shifts for GloFTE were 
normalized as charge between 0 and -1 by pKaTool"^. Be noted the reciprocal 
relationship between major and minor transitions of Glu-50 and Glu-62 was also 
captured in microscopic fitting. 

173 



Experlmentii pK^(2S8K) 

B M c ‘ 

C H A P T E R 6: The contribution o f global electrostatic interacations to protein stability 

A Correlation: 0.80 

Correlation: 0.79 

參 

Expeflmental pKJ2B8 K) 

Figure 6.10. Correlation of experimental and predicted pK,. Correlations of 

experimental pKa obtained at 298 K and predicted pKa predicted by online servers of 

(A) KARLSBERG+, (B) H++’ and (C) PROPKA. The predictions were based on 
modeled quintuple Arg-to-Lys variant crystal structures thai included the C-terminal 
flexible tail. ‘ f 
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CHAPTER 6: The contribution o f global electrostatic interacations to protein stability 

Since no residual structures are expected in denatured state of Arg-lo-Lys 

variant (see Chapter 4), a polyproline II based denatured stale model of Arg-to-Lys 

variant was built. pKa values of all Asp and Glu were predicted by H++ online server, 

which gave good prediction when predicting pKa values in native state 

(KARLSBERG+ prediction broke down since the submitted molecule was too large). 

6.2.8 Random coil pKa values of Asp and Glu in model 

peptides obtained by pH titration 

To estimate the random coil pKa values of Asp and Glu, side chain pKa values in 

5-residue model peptides Ac-GG(D/E)GG-NH2 at 298 K and 333 K were obtained 

from classical pH titration (Figure 6.11). Poly-glycine-based model peptides have 

been widely used to prevent residual structure of peptide in random coil chemical 

shift studiesi59-i6i The titralable residues were placed in the middle of the model 

peptides to prevent any terminal effect on its chemical shifts, which may in turn 

afTect the estimation of the pKg values of Asp and Glu, because the pH dependency 

of terminal effect is unknown. In this study, N- and C- terminal of the model peptides 

were protected by additional acetate and amide groups respectively, which mimic the 

real situation of being in the middle of polypeptide, and at the same time remove the 

two terminal charges which would certainly influence the estimation of target pK^ 

values. The removal of terminal charges provides a bonus advantage that it makes the 
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2 2.5 3 3.5 4 4.5 5 5.5 

Figure 6.11. pH titration of mode里 peptide. pH titration o f terminal-protected 

5-residue peptides of (A) AC-GGDGG-HN2 and (B) Ac-GGEGG -NHz at 298 K 

(fil led circle, continuous line) and 333 K (open circle, dashed line).-N-terrninal and 

C-terminal of the peptides were protected by acetyl gropu and amide groups 

respectively. Accurately about 10 mM of peptides were titrated with commercially 

available standard 1.0 M NaOH. 
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side chain o f Asp or Glu in the model peptide be the only titralable group. Although 

it has been reported recently that simple 2D NMR experiment is already good 

enough for estimating the pKg values in disordered peptide fragment^®^, peptide with 

only one titratable group enables us to find the target pKa value accurately by a 

procedure-wise even more simple classical pH titration. The fitted pKa values of Asp 

and Glu in the model peptide at 298 K were found to be 3.9 士 0.0 and 4.3 土 0.0 

respectively, and to be 3.9 土 0.0 and 4.4 土 0.0 respectively at 333 K. 

6.2.9 Surface charge contribution to protein stability of 

Arg-to-Lys variant. 

The contribution to protein stability of a titrable group can be calculated i f its 

pKa values in native stale and in denatured slate are known. The fact that wild-type T. 

celer L30e has no observable residual structure (see Chapter 4) and virtually identical 

properties of Arg-to-Lys variant to wild-type T. celer L3()e (see Chapter 5) evidently 

infers that Arg-to-Lys variant also has no observable residual structures in its 

denatured state. Based on this assumption, the free energy contributions of residues 

with reliable pKa values at 298 K and 333 K were calculated using the random coil 

pKa values obtained from model peptides as the pKa values in denatured stale (Figure 

6.12). 
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• I • • 

D2 D12 D44 D87 E6 E50 E62 E69 

Residue 

Figure 6.12. The electrostatic contribution of acidic residues. The electrostatic 

contribution to protein stability of acidic residues which have reliable pKg values at 

298 K (filled) and at 333 K (shaded). Assumptions that the quintuple Arg-to-Lys 

variant has no residual structures, and the pKa values of Asp and Glu obtained from 

pH titration of peptides were equal to that of denatured state, were made in the 

calculation of the electrostatic contribution. For Glu-50 and Glu-62, the pKa values 

were obtained by GloFTE, while the other pKa values were obtained by microscopic 

pKa fits. • 
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CHAPTER 6: The contribution o f global electrostatic interacations to protein stability 

6.3 Discussion 

6.3.1 The electrostatic repulsion is commonly experienced 

by surface acidic residues in the quintuple Arg-to-Lys variant 

due to exceptionally high surface charge density 

To investigate the titrational properties of charged residues, pH dependencies of 

side chain carboxyl chemical shifts of all 13 acidic residues were obtained from 

modified 2D H(CA)CO NMR experiments. 11 out of 13 titration curves exhibited 

more than one transitions, with Glu-6 and Asp-87 being the exceptions. 

N M R is a powerful technique to determine pKa values of residues in a protein 

by measuring chemical shifts of the titralable groups at various pH. Measuring 

chemical shifts has advantages that it provides atomic level resolution so that the 

titrational behavior for each atom can be traced and analyzed. In addition, chemical 

shift is very sensitive to the local chemical environment. The high sensitivity of 

chemical shift enables it to reflect any interactions of the corresponding group. 
t 

However，being highly sensitive to local chemical environment can also complicate 

the analysis o f chemical shifts. Titration curve o f a residue can exhibit more than one 

transition i f it is coupled to its nearby by titrating groups with similar pKa 

values'"風209. We cannot simply assume any non-HH titrational behavior is due to 

electrostatic coupling between charges (titrational event) in analysis o f experimental 
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titration curves obtained from N M R experiment’ because other pH-dependent 

non-titrational events such as protonation/deprotonation of nearby non-interacting 

charge and structural rearrangement, which affect the chemical shifts but not the 

protonation state of the target charged residue, may also contribute to the resultant 
a 

titration curves. The effects (magnitudes and directions) of non-titrational events are 

difficult to be predicted unless detail structural information is a v a i l a b l e A s 

illustrated in Figure 6.7, the understanding of the transitions in titration curves is 

even complicated by the ‘‘uniqueness’，problems where the titration curve itself and 

the fitted pKg values can be an average function or value, not to mention the intrinsic 

experimental error of measured chemical shifts. Therefore, before using the fitted 

pKa values for further interpretation, it is essential to distinguish whether the non-HH 

titrational behavior of the titration curve is due to titraional event in order to 

determine if the non-HH behaved charges are experiencing electrostatic repulsion 

from nearby charges. For example, for a pair of nearby like charge, their non-HH 

behavior of their titration curves should be due to electrostatic interaction among 

them. Their protonation/deprotonation of the interacting charges are said to be 
% 

coupled by titrational event, and their minor transitions were describing the 

protonation/deprotonation of their interacting partner. Thus’ their major and minor 

transitions should show a highly reciprocal relationship to each other. 
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Based on the Boltzmann distribution-derived pH-dependent protonation state 

populations, titration curve of residues fitted by global fitting of titralional events 

(GloFTE) method can account for the effects of electrostatic interaction of nearby 

charges, but effect o f any non-titratable events wi l l be ignored in the fitting. 

Therefore, the fitt ing error of GloFTE should be small i f the residues involved in the 

fitting were only electrostatically coupled"'^. The good fitting result of GloFTE for 

fitting GIu-50 and GIu-62 together (Figure 6.9) indicated that there was strong 

electrostatic repulsion between Glu-50 and Glu-62. The electrostatic repulsion 

between Glu-50 and Glu-62 was further supported by the microscopic fitting (Figure 

6.8). Microscopic pKa fitting fitted the transitions independently without any bias for 

matching the pKa values of different residues. However, the pKg values fitted from 

the major and minor transition of Glu-50 and Glu-62 still exhibited a high reciprocal 

relationship，indicating the protonation and deprotonation were coupled. According 

to the crystal structure, the separation distance between these two residues was 6.7 A, 
V 

which was short enough for experiencing repulsive electrostatic interaction from 

each other but too long for having other kinds o f interaction such as van der Waals 

interactions. This structural information provided another independent evidence that 

the protonation and deprotonation of Glu-50 and Glu-62 were coupled due to 

electrostatic repulsion. 

181 



CHAPTER 6: The contribution of global electrostatic interacations to protein stability 

It is worthwhile to note that Glu-50 and Glu-62 were not the only residues 

which experienced repulsive electrostatic interactions. 11 out o f 13 the acidic 

residues, except Glu-6 and Asp-87, had two observable transitions in microscopic 

pKa fittings. One more example for strong electrostatic interaction between like 

charges pair was the case of Glu-47 and Asp-48. Similar to the case of Glu-50 and 

Glu-62, Glu-47 and Asp-48 were located near to each other with separation distance 

of 5.2 A. Also，they had good fitting result in GLoFTE, and their two pKa values 

were reciprocal to each other, although they have no major transition for fitting 

reliable pKa values. For the other residues, interacting partners were diOlcult to 

assign. One reason is that the minor transition is too small to fit a robust pKg value 

for analysis by both GIoFTE and microscopic filling, which can likely explain the 

cases o f Asp-2, Asp-12，Asp-44, and Glu-69 (Figure 6B). However, their minor 

transition should due to long range electrostatic interaction with other like charges as 

all o f them are highly exposed and are relatively isolated with respect to acidic 

residues (so that only long range interactions could take place). Another reason is 
« 

that no titration data of interacting group obtained, which is the case of Glu-100. 

Being the C-lerminal residue, side chain of Glu-100 certainly has electrostatic 

interaction with backbone C-terminal. However, no titration data o f C-terminal could 

be obtained in the modified 2D H(CA)CO. As Glu-100 is located in a flexible tail o f 

182 



CHAPTER 6: The contribution of global electrostatic interacations to protein stability 

the protein，the pKa values of Glu-lOO are best reference to those of free Glu amino 

acid (4.3 for side chain, 2.2 for "backbone" carboxyl group). In this sense, the pKg 

values of the side chain and backbone carboxyl groups of Glu-lOO at 298 K / 333 K 

should be 4.8 土 0.1 / 4.8 土 0.1 and 2.8 土 0.1 / 2.7 土 0.1 respectively (Figure 6B). The 

cases of Glu-64 and Glu-90 were not straight forward. Obviously they have two 

transitions in their titration curves (Figure 6B), but no nearby (< 8.0 A) charges in the 

crystal structure could explain their non-HH behavior. Long range electrostatic 

interaction, or even non-titrational event such as structural rearrangement (preferred 

rotamer or conformation of the side chains) may be the reason for their non-HH 

titration curves, although further experiments have to be done to prove this 

hypothesis. 

Nevertheless, we can see that the coupling o f protonation and deprotonation of 

surface charges o f the Arg-to-Lys variant was very common, where the coupling was 

likely due to the global electrostatic interaction among them because of the unusual 

high surface charge density of the protein. 

It is well documented thermophilic proteins have much more surface charges 

when compared with their mesophilic homologues^^'^^'^^'^^'^^. Being a thermophilic 

protein, Arg-to-Lys variant of T. celer L30e is no exception. Out o f the 101 residues 

in the construct, 27 of them are charged residues distributed on the surface of the 
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protein (Figure 6.1). The charged atoms (side chain O or N) of the charged residues 

have already covered about one-forth of the total protein surface (1394.3 入2 out of 

5745.8 入2). The unusually high surface charge density of the quintuple Arg-to-Lys 

variant evidently suggested that the protonation/deprotonalion coupling of the 

surface acidic charges was due to the electrostatic repulsion among them. 

6.3.2 Arg-to-Lys variant has good structural arrangement of 

surface charges for stabilizing protein 

Statistical analysis of comparison between thermophilic and mesohpillc 

homologues pair revealed thermophilic proteins in general have increased number of 

surface charges suggesting the extensive surface charge-charge interaction takes an 

important role in improving protein thermostability56,92’93,96-98 However’ increased 

surface charge density would also increase the repulsion between same charges in 

addition to the favorable electrostatic interactions. As discussed in section 6.3.1，most 

of the surface acidic residues experienced repulsive electrostatic interactions as 

indicated by their non-HH titration curves. Yet, the high surface charge density also 
"i 

increased number of salt bridges which were shown to have significant role in 

stabilizing the protein as discussed in Chapter 3..Therefore, to determine whether the 

global electrostatic interactions of a charge is stabilizing or destabilizing, structural 

arrangement of charges should also be taken into account. I f the protein has 
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• • 

optimized charge arrangement, most of the charges should be stabilizing event they 

experience repulsive forces. 

pKa shift approach is the most suitable method to address this problem. While 

the electrostatic repulsion experienced by a charge can be indicated by it non-HH 

titration curve, the stabilizing effect due to its global electrostatic interactions can be 

estimated from its reliable pKa value fitted from the major transition (provided that 

the pKa value in denatured state is known) . In our study, 8 out o f 13 acidic residues 

have reliable native pKg values fitted by microscopic model or GloFTE. As there is 

no obvious residual structure in the denatured state of wild-type T. celer L30e (see 

Chapter 4)’ it is not expected that the quintuple Arg-to-Lys variant, which is almost 

identical to the wild-type protein in structural, thermodynamics, and electrostatic 

properties (see Chapter 5), has strong residual structures in its denatured state. 

Therefore, random co i l pKa values obtained f rom model peptides (3.87 and 4.31 or 

Asp and G l u respectively at 298 K , 3.87 and 4.36 for Asp and G l u respectively at 333 

K ) were used as the denatured pKa values for the acidic residues in the pKg shif t 

approach calculat ion. Be noted that this may not be a lways va l id as no observable 

residual structures (a -he l i x l ike structure) is not equivalent ‘ to no interaction 

(especial ly electrostatic interact ion) in the denatured state (see Section 6.3.3). 

As an independent validation o f the experimentally obtained pKa values, they 
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were compared with the computational predicted pKa values (Figure 6.10). Based on 

the modeled crystal structure of Arg-to-Lys variant (modeled the flexible C-terminal 

tail), pKa values of the 13 acidic charges were predicted in 3 independent online 

servers, namely KARLSBERG+, H++, and PROPKA. While Q M / M M based 

PROPKA results only acceptably correfated with reliable experimental pKa values 

obtained at 298 K with correlation of 0.63, Poisson-Boltzmann based 

KARLSBERG+ and H++ predictions gave a good correlation of 0.80 and 0.79 

respectively. Nevertheless, all of them could correctly predict the overall trend. For 

example, salt bridged residues Glu-6 and Glu-62 had significantly downshifted pKa 

values, and destabilizing Glu-50 had elevated pKa value. The convergence of 

experimental and predicted values provided an independent evidence for the 

accuracy of the overall trends of the experimental obtained pKa values. 

In pKa shift approach, large downshift of native pKa value when compared to 

the denatured state pKa value indicates the strong stabilizing effect of the charge. It 

was found that 7 out of the 8 residues which have reliable pKg values have largely 

downshifted pKg values (Table 6.1) when compared to the model denatured pKa 
» 

values. The only destabilizing residue was Glu-50, where the reason is obviously the 

strong repulsive force of nearby Glu-62 as discussed in section 6.3.1. However, 

Glu-62 was found to have largely downshifted native pKa value (2.4 obtained from 
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GloFTE). The stabilizing effect of Glu-62 comes from the strong salt bridge coupling 

free energy with Lys-46 as discussed in Chapter 3. This result showed that the 

stabilizing effect of salt bridge outweighed the destabilizing effect of repulsive 

electrostatic interaction for Glu-62. Other salt-bridge forming residue Giu-6 (with 

Arg-92) also has a significant downshifted native pKg value, revealing that salt 

bridge interactions strongly stabilize the protein. Asp-12 and Asp-44 also have close 

proximity (< 8 A) to nearby unlike charges (Lys-8 and Lys-9 for Asp-12, Lys-42 for 

Asp-44) (Figure 6.1). Therefore their downshifted pKa values are likely due to the 

favourable electrostatic interactions with their nearby unlike charges. Not only salt 

bridge interaction, long range electrostatic interaction also play a role in stabilizing 

protein as indicated by the downshifted native pKa value of the well isolated residues 

of Asp-2, Glu-69, and Asp-87 (Figure 6.1). The downshifted native pKa values of 

Asp-2 and Glu-69 should also be contributed by their helix capping effect (Asp-2 

caps helix-2, Glu-69 caps helix-4). The fact that most of the residues have 

downshifted pKa values indicated most of the surface charges stabilized the protein, 

even most of them (except Glu-6 and Asp-87) more or less experienced repulsive 

electrostatic interactions as indicated by their minor transition. This observation leads 

to an important conclusion that the structural arrangement of the charges in the 

quintuple Arg-to-Lys variant is optimized for stabilizing the protein, where the 
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surface charges contribute to protein stability through salt bridges, long range 

electrostatic interaction, or interaction with permanent dipole of helix so that the 

repulsive forces among them were outweighed. 

The stabilizing surface charge distribution of this the quintuple Arg-to-Lys is 

consistent with the theoretical calculation on electrostatic contributions to protein 

stability, which suggested charged groups on protein surfaces (especially for 

thermophilic proteins) are in most cases optimized for maximizing stabilizing 

interactions'^^. In fact, optimizing surface charge-charge interaction was demonstrated 

to be a relatively convenient method for improving protein stability」。. One good 

example for improving protein stability by optimizing surface charge-charge 

interaction was recently demonstrated by Makhatadze G.I. and co-workers^". They 

had optimized surface charges distribution of human acylphophatase (AcPh) and 

Cdc42 GTPase by an algorithm called TKSA-GA (genetic algorithm (GA) for 

optimizing charge-charge interaction, with the interaction energies calculated by 

surface area corrected (SA) Tanford-Kirkwood (TK) formalism), and experimentally 

showed the melting temperatures of the designed variants of AcPh and Cdc42 have 

increased by 10 Other examples of improving protein stability by optimizing 

surface charge distribution have also been reported elsewhere^^'^'^'^'^. 
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4 

6.3.3 High charge density in sequence can downshift pKg 

values in denatured state 

The contributions to protein stability of residues with reliable pKa values were 

calculated according to the difference between the reliable pKa vales and random coil 

/ 

pKa values obtained from pH titration of model peptides (Figure 6.11). The 

calculated free energy contributions were compared with that obtained from 

mutagenesis experiments，*̂  (Figure 6.13). Two data only have good correlation of 0.7. 

However, Asp-12 and Asp-44 were found to be the outliners. Regardless of these two 

residues, the correlation between two sets of data was increased to 0.9. 

One reason to explain the low correlation of free energy contribution of Asp-12 

and Asp-44 obtained from pKa shift approach and mutagenesis may come from the 

accuracy of pKa values in denatured state. Because of the large scaling factor used in 

the calculation of free energy contribution from pKa values (i.e. -RTIn(lO)), a small 

error in either native or denatured state pKa values can be largely scaled up (change 

in 1 pKa unit account for 5.7 kJ mol''). Jo improve the accuracy of the fitted native 
I 

pKa values in native state protein, a small pH interval of 0.25 was applied in pH 

ranging from pH 1.0 to pH 3.0, where most of the major titrations had appeared, to 

maximize the resolution of the titration curves. However, the accuracy of native pKa 

values in this study should be reliable as the used pKa values were fitted from large 
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Figure 6.13. Comparison of pKa shift approach and mutagenesis. Comparison 
between AAGu found by single charge-to-Ala mutation and that found by pKa shift 
approach. Two set of data correlated well in general (correlation 0.7). Asp-12 and 
Asp-44 were found not well correlated. Be noted the correlation of these two set data 
improve greatly from 0.7 to 0.9 i f the data, point of Asp-12 and Asp-44 were 
excluded. 
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major transition with low fitting error. On the other hand, random coil pKa values 

derived from standard peptide used as the denatured state pKg in the calculation may 

not be confidently reliable. As discussed above, the usage of peptide pKa values is 

based on the assumption that no observable residual structure in wild-type T. celer 

L30e and the extremely high similarity between Arg-lo-Lys variant and wild-type T. 

celer L30e. However, one major difference between model peptide and denatured 

protein with reaidual structures is that the charges in the former is isolated, but more 

than one charge can appear in the local environment of a residue in the latter. Since 

the charge density in the protein sequence is very high (in average charged residue 

appear in every 4 residues), charged residues may have interactions with each other 

and alter the denatured pKa values even no residual structures (more precisely, 

a-helix structures, which secondary shift and NOE can detect) are present''*^. I f 

strong attractive electrostatic interactions of a charged residue were present in the 

denatured stale, the denatured slate pKa value wil l also be greatly reduced, leading to 

the probability that the residue is less stabilizing or even destabilizing even it has a 

downshifted native state pKa value. In the native protein, pKa values of Asp-12 and 

Asp-44 were greatly downshifted by strong favourable interaction with Lys-9 and 

Lys-42 respectively according to the crystal structure. However, according to the 

protein sequence. Asp-12 and Asp-44 are the only two residues which are flanked by 
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two sequentially nearby (within i 士 3) unlike charges (Lys-9 and Lys-15 for Asp-12; 

Lys-42 and Lys-46 for Asp-44), which may interact with Asp-12 and Asp-44 and 

downshift their denatured state pK.a values. It may be the reason why Asp-12 and 

Asp-44 has strongly downshifted native state value, but the mutagenesis experiment 

showed they were slightly destabilizing. To verify this hypothesis, a polyproline II 

(PPII) based denatured stale model were built. PPII was used as the template of 

backbone because its conformation was found to be one of the most important 

conformations in the ensemble of denatured states of proteins'^'^"'^^''^'^. The pKa 

values of all Asp and Glu in this denatured slate model were predicted by H +十 online 

server. The result showed the predicted pKa values of Asp-12 (3.8) and Asp-44 (4.0) 

were indeed smaller when compared with that of other Asp (4.2 for Asp-2; 4.3 for 

Asp-48, 4.5 for Asp-87). This predicted result not only supports the hypothesis that 

explain the inconsistence between pKa and mutagenesis data, but also reveals the 

high charge density in protein sequence can lead to destabilizing effect due to the 

stabilization of the denatured stale. 

From the result, we can also found that the free energy contributions estimated 

by pKa data are much larger than those estimated by mutagenesis data. Since the free 

energy contributions is calculated from rather unrealistic denatured state pKa values, 

interpretation of the magnitude does not seem to have much meaning because of the 
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assumption that denatured state pKa is equal to random coil pKa of model peptide 

V 

may not hold. 

6.3.4 Increasing temperature will linearly scale up the 

stabilizing or destabilizing effect of charged residues 

To investigate the effect of temperature on protein stability, pKa values of Asp 

and Glu were estimated at both 298 K and 333 K. For all residues with reliable pKa 

value, their differences in the change of pKa (ApKa(333k-:<)8K)) and the change of free 

energy contribution to protein stability (AAGU(333K-298K)) were calculated and 

summarized in figure 6.14. 

Although 5 out of the 8 reliable pKa values in native slate protein have shown 

decreased values with 35 "C higher in temperature, AApKa are so small that the 

magnitudes do not exceed 0.1 units (Figure 6.14). Taking the fitting error into 

account, an objective conclusion is that pKa values of acidic residues in native state 

protein are temperature independent. The temperature dependency of free energy 

contribution also depends on the effect of temperature on denatured state pKa values. 

Although pKa values estimated from poly-glycine based model peptides may not 

truly reflect the pKa values in denatured state, its temperature dependency of pKa 

should be taken as a good reference. pH titration of model peptides at 298 K and 333. 

K showed the pKa values o f Asp and Glu are essentially not affected by temperature. 
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Figure 6.14. Temperature effect on electrostatic contribution. The effect of 
% 

increasing temperature by 35 K on (A) the difference between ApKa values of a 
residue at 298 K and 333 K (ApKa(333K.298K)), and (B) the difference between 
electrostatic contribution of a residue at 298 K and 333 K (AAGU(333k-298K))- Be noted 
that ApKa(333K-298K.) wcrc SO Small that one could confidently concluded that ApKa is 
temperature independent. 
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The pKa value differences of Asp and Glu in model peptide for 35 "C temperature 

increase are 0.0 土 0.0 and 0.1 土 0.0 respectively (Figure 6.11). ' 

However, the temperature independency of pKa values in both native and 

denatured state does not imply temperature has no effect on the free energy 

contribution of a charge. Reminded the calculated free energy contribution depends 

on temperature in addition to the difference of pKa values in native and denatured 

state. Even there is no change in pK：, difference, increasing temperature wi l l increase 

the magnitude of calculated free energy contribution (Figure 6.14). Except for the 

destabilizing Glu-50, which has up-shifted native pKa values, the AAGU(333K-298K) 

was found to be about 1.6 kJ mol"' in average for 35 °C increase in temperature. 

Although the temperature has the linear scaling effect on free energy contribution, 

the scaling effect was shown to be small, which improves the protein stability by less 

than 10 % for 35 increase in temperature, regardless the error in calculation. 

Summing up，free energy contribution of a charged residue is mainly dependent 

on the difference of native and denatured pKa values, which is temperature 

independent. Increasing temperature can only linearly but slowly scale up the 

stabilizing or destabilizing effect o f a charged residue. Be noted that this linear 

relationship between electrostatic contribution and temperature is based on the 

assumption that all assumptions applied in pKa approach are valid, and has neglected 
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the effect of solvent on protonation and deprotonalion (Bom effect). 

6.3.5 Concluding remarks 

11 out of 13 acidic residues showed non-HH behavior in their titration curves, 

which indicates the electrostatic interactions among them are very common and 

complicated. This complicated electrostatic interaction is probably due the unusually 

high surface charge density. Despite of the extensive unfavourable electrostatic 

interactions among acidic residues (e.g. 12.6 kJ mol'' between Glu-6 and Glu-50 at 

298 K), most of them are found to contribute to protein stability, which is indicated 

by the large down-shifts of their pKa values in native protein when compared to that 

in random coil pKa values obtained from model peptides. This observation indicated 

the surface charge distribution of Arg-to-Lys variant, and hence the wild-type T. celer 

L30e’ has been optimized for stabilizing, which is consistent with the theoretical 

calculation that surface charges are in most cases optimized especially in 

thermophilic protein，】 

Contribution of charges to protein stability can be further complicated by its 

electrostatic interactions in denatured slate. High charge density in sequence may 

lead to stabilization of some conformation of denatured state, like the cases in 

Asp-12 and Asp-44, Thus, even Asp-12 and Asp-44 were found to have largely 

downshifted pKg values in native proteins, mutagenesis experiment had shown they 
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are slightly destabilizing^''. 

Lastly, we have demonstrated that temperature has no effect on pKa values, 

neither in native state nor in denatured stale, where the difference between pKa 

values in native and denatured state dominants the electrostatic contribution. Increase 

in temperature could only marginally improve the protein stability, assuming all pK；, 

shift approach assumptions are valid and proionation/deprotonation is not affected by 

Born effect. 
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Chapter 7: Conclusions 
Electrostatic interaction has long been proposed to be an important factor for 

stabilizing protein since the first suggestion by Perutz and Raidt '̂*"^^. The 

subsequence statistical analysis of comparison between thermophilic and mesophilic 

proteins also suggested that the elevated surface charges of thermophilic should be an 

especially important factor for thermostability of protein, as having more surface 

electrostatic interactions is one of the common structural features found in 

thermophilic proteins when compared to their mesophilic homologues^^'^^'^^''^^''^^. 

Moreover, the experimental evidence supporting the stabilizing role of electrostatic 

interactions has also been being a c c u m u l a t e d ' * I n this study, a comprehensive 

study on electrostatic contribution was carried out to investigate how charge-charge 

interactions, including salt-bridge and structural arrangement of charges, can 

improve the protein stability, especially for the thermostability. In order to 

quantitatively investigate the electrostatic contribution to protein stability, two 

complementary approaches, namely the double mutant cycle approach and pKa shift 

approach, were performed. 

In the double mutant cycle approach, coupling free energy between two salt 

bridges (E6/R92 and K46/E62), as well as that of a long range ion pair (E90/R92) 

were estimated by using circular dichroism to find out the thermodynamic 
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parameters o f the protein model, Thermococcus celer L30e, and its charge-to-neutral 

mutants. It was found that the coupling free energy was temperature independent and 

was about 3 kJ mol'' per salt bridge. Also, by using a novel analysis of double mutant 

cycle of ACp, it was also found the interaction of salt bridge plays an important role 

in reducing ACp. The temperature independency of coupling free energy and the 

effect o f reduced ACp could explain very well the general observation that 

thermophilic proteins have highly up-shifted and broadened protein stability curves, 

is due to its elevated strong salt bridge electrostatic interactions when compared with 

their mesophilic homologs. 

To overcome the unwanted crystallization problem of wild-type T. celer L30e in 

low ionic strength neutral pH N M R conditions, which were essential for the pKa shift 

approach, a quintuple Arg-to-Lys variant was designed to improve dramatically its 

crystalline solubility and pH tolerance while conserving its surface charges, 

structural, thermodynamic, and electrostatic properties. It was also shown that 

electrostatic interaction plays a critical role in crystallization in low ionic strength 

conditions, and arginine residue was especially important in crystal packing because 

of its high ability o f forming salt bridges and hydrogen bonds. 

In the pKa shift approach，the native slate pKg values o f acidic residues were 

obtained by fitting the side chain carboxyl。c chemical shifts to microscopic model 
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or global fitting o f titrational event (GloFTE), whereas the denatured stale pKg values 

were obtained by conventional pH titration of terminal protected 5-resi(Juc 

glycine-based model peptide. It was found that the surface charge-charge interactions, 

either attractive between unlike charges, or repulsive between like charges，were 

strong and complicated because of the high surface charge density of T. celer L30e. 

However, the fact that most of the acidic residues have significantly downshifteu 

native state pKa values indicated the surface charge distribution of T. celer L30e is 

optimized for stabilizing the protein. In addition, we have also showed that 

temperature has negligible effect on pKa values in both native state and denatured 

state, therefore temperature could only marginally amplify the stabilizing effect in 

linear manner. It is seemingly the linear correlation of protein stability and 

temperature found in pKg shift approach is contradictory to the temperature 

independency o f coupling free energy found in double mutant cycle approach. 

However, we have to be reminded that the limitation of both approaches. While the 

double mutant cycle approach may lake the non-electrostatic interaction into account, 

pKa shift approach will neglect any non-titrational effects o f the charged residues that 

affect protein stability, such as temperature dependent generalized Born (GB) effect. 

The inclusion and exclusion o f non-electrostatic interaction in the electrostatic 

contribution may be the reason to explain the small inconsistence of the two 
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approaches. Nevertheless, the linear dependency in pKg shift approach was small 

(increase overall protein stability by about 1.6 kJ mol"' with 35 increased in 

temperature), and the fact that temperature has only minimal effect on protein 

stability was evidently demonstrated. 

Denatured state of a protein is in principle of the same importance to protein 

stability. However, it has been shown that wild-type T. celer L30e has no observable 

residual structure in its guanidine HCl-induced denatured state, indicating that 

denatured stale of T. celer LSOe should not have large effect on global protein 

stability, although the high sequential charge density may affect the local electrostatic 

contribution of some charged residues such as Asp-12 and Asp-44 of T. celer LSOe. 
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