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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 pK, shift approach, were carried out.

In the double mutant cycle approach, the coupling free energies of two sait
bridges (E6/R92 and K46/E62) and one a long range ion pair (ES0/R92) were
estimated by using circular dichroism, to find out the thermodynamic parameters of
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. By using a novel analysis of double mutant cycle of AC,, it was
also found that the interaction of salt bridge plays an important role in the reduction of
AC,. The temperature independency of coupling free energy and the effect of reducing
AC, could explain the general observation very well that thermophilic proteins have

highly up-shifted protein stability curves is due to its elevated electrostatic



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 dcnal-ured state, indicating that denatured state of T
celer 1.30¢ should not have large effect on the overall protein stability.

To overcome the unwanted crystallization pro¥em of wild-type 7. celer L30¢ in
the low ionic strength neutral pH NMR conditions, which were essential for the pK,
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. [t 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 pK, shift approach, the native state pK, 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 pK, 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 pK, values indicated the surface charge
distribution of 7. celer L30e is optimized for stabilizing the protein. In addition, we
have shown that temperature has negligible effect on pK, values in both native state
and denatured state, therefore temperature can only marginally amplify the stabilizing

effect in linear manner.
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CHAPTER !|: Concept, overview, and methods to electrostatic contribution to protein stability

Ch‘a'pter 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 (AG,), which in turn refers to the difference between
the free energy of the denatured (Gp) and native state (Gp):
AGu = Gp - Gn
Before going to further discussion on protein stability, we have to clarify two terms
that have mentioned — native state and denatured state.

All proteins are synthesized from ribosome as linear polypeptides in vivo.
Although having high conformational entropy, this linearly arranged conformation
without forming any “structures” should be energetically unfavourable due to the

factors such as exposure of hydrophobic groups, unpairing of hydrogen donors and

1



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

acceptors, lack of favourable electrostatic interactions, etc. Since the energy level of |
the linear polypeptide is high, this conformation is not expected 1o be stable. [nstead,
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 vive. 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 1s the only giobally
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Denatured

Protein

folding
AG,
Local minima
v Native o Global minimum

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 (AG,) 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 ps 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
both éides 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 structure'*?, the 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:

AG, =-R"rin'(k“)

f

where R is the gas constant, T is the absolute temperature, ky and ky 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

-

guanidine-HCI.
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Figure 1.2. Two state protein unfolding. Free energy of unfolding (AG,) 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*'>>. However, these suggestions do
not affect the big picture of pro.lein function-structure relationship.

Having the most critical importance, the protein stability of the native functional
coqformation is surprisingly only the relatively small difference of about 20 — 60 kJ

2526 The terms

mol' ** as a result of balancing between very large opposing forces
that affect protein stability have been summarized in figure 1.3. The major opposing
forces of protein folding come from conformational entropy (ASconr)n and the
hydration effect upon protein unfolding (AaG.,,,,)”‘”. Their summation can account
for destabilizing energy in the order of several hundreds kJ mgl™. 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 (AH;,), which comes from factors like

30-33

hydrophobic effect>?’, van der Waals forces (native state packing)’®’, and peptide
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A(Bu(\.rac)
P
5 A_-Gu(aq)
L .

AG“(.Q) - _AGhyd(N] + AG

+ AG
Aq“(.q) = AAG, , +AH —TAS

u(vac) hyd (U)

confl

Figure 1.3. Thermodynamic cycle of unfolding and dehydration. Thermodynamic
cycle can separate the free energy change due to hydration (AAGpyg) from the free
energy change due to the intra-molecular interactions (AH,) and conformation
entropy (TASconr). Be noted that protein stability (AGyaq) 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:

q4,
Er.

c' iy

U .=k

v

where Uy is the electric potential (kJ mol) induced by the ion pair, q, and q, (0 <
q.,q; < 1) are the charge (eV) of the ionizable groups, r, is the separating distance (A)
between the two charges, €. is the averaged dielectric constant which is equal to | in
vacuum, and k is the conversion factor which is equal to 1385.5 A k] mol™.

In protein, electrostatic interactions mostly originated from the interactions of
the 1onizable 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”. lon pair is in general classified as “salt bridge™ if the r,
is shorter than 4.0 A, whereas “long range” interaction is usually describing
interaction of ion pair with r;; is larger than 8.0 A. Since the charging of the ionizable

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

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 proup). 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 r, equal to 8.0 A. The interaction energy is still significant (6.9
kJ mol'') even the r, 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,
i1s controversial to be a factor that contributes to protein stability. Instead.
electrostatic interaction has been widely suggested to be important in protein
folding’® and specific interactions such as protein and ligand binding)’’. The
controversy of electrostatic contribution to protein stability 1s due to its experimental
inconsistence to stabilize proteins. Very often, removal of surface charges from
protein results in minimal changes in protein stability’”**, or even hav; destabilizing
effect***®. Bosshard H.R. and co-workers have found that the pK, values of all 13
ion-pair forminé Glu in designed coiled coil AB zipper were similar to the pK,

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 stability”?****  As 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 A). having
repuisive 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

37,3857

the large desolvation penalty’ 34496

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) 1o dissect net
electrostatic contribution of a charge pair (AAG,.) into three terms: the contribution

due to the interaction between charge pair (AAGsabndge), the contribution due to

interaction between the charges to the rest of the polar group in the protein
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Figure 1.4. Thermodynamic cycle of salt bridge contribution to protein stability.
The net electrostatic contribution of forming a salt bridge (AAG,g) is the/sum of
desolvation effect (AAGgesorv), interaction of the salt bridge (AAGgai.brigge), and the
interaction of the two charges residues to the rest of the protein (AAGgher).
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(AAG ), and the contribution due to desolvation of ion pair formation (AAGgeon)’ -
More complicated models have also been built to describe electrostatic interactions
for computational simulation, where some are based on physical effective energy

58-60

) o163
functions .

, while the others are based on statistical effective energy functions
For details of energy functions please refer to reviews of Sippl M.1.**, Lazaridis T. &
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
stability®.

As more and more experimental data (mutagenesis data) of electrostatic
nteraction 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. Afterall, computation simulations have a list of assumptions,
which are usually difficult to validate. To achieve this, we have analyzed the
electrostatic contribution (AAG,) for mutagenesis deposited in the ProTherm
database®’®®, A database of 164 charge-to-alanine mutations of 25 protines has been
established, where the 25 corresponding protein crystal structures were available in
high resolution. As expected, these AAG, 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 k) 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 AAG, value of 2.4 + 4.2 kJ mol™. Correlating
these data to protein structures, it was found that the average AAG, of a mutagenesis
subset data (31 out of 164) of isolated charges (no charges within 8 A) was 1.9 + 3.0
kJ mol™', which indicates the long range interaction of a charge is in average slightly
stabilizing. Similarly, the average AAG, 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 +
3.9 kJ mol”'. Although the variation of these data is too large to make a concrete
conclusion here, the apparently higher mean AAG, 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 + 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 mol™' per salt bridge), but the
effect of removing charges can be very much context dependent. Be noted that AAG,
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

4
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Figure 1.5. Histogram of charge-to-Ala AAG,. The distribution of change in AG,
due to single charge-to-Ala mutation (AAG,) 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 (AG,) is also a complicated value taking the change of hydration free
energy upon breaking of the ion pair (AAGy,q¢) and side chain conformational entropy
(ASconf) into account, in addition to the electrostatic enthalpy of ion pair in vacuum
(AHin). Imagine an ideal case that a protein which only has one acidic and one basic
residue. The electrostatic contribution of this ion pair (AG,,) 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 AAGpyq
and ASconr in addition to removal of AH,, but the value of AAGpyq and AS.nr 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 thgse idealistic criteria, there are two complementary methods
namely “double mutant cycle approach” and “pK, 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 energy”™>. The 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
(AAGY™™™' and AAG)™™™?) consist 2 components, the coupling free energy
(AAG;”"’“"‘) 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
(AAGM™P" and AAGM?*~"™), which 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™™" = (), 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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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 AG,
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 AG, are additive. ‘
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AAG)T™PM = AAG )™M 4 AAG T2
= AAG "M + AAG M

- GuWT—-MZ +AAGUM2—-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,T™PM = AAGTTM 4 AAG T

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:
AAGYT*M! » AAGM*™™ and AAGYTM? » AAGM'™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:

AAGzouplins - AAG:VT—*MI _ AAG M2—DM
- AAGWT—'MZ _AAGMI—'DM
- AAGWT—'DM _AAGWT—-MI "AAGwT_.MZ

which can be simplified to:
AAGS#™ = AGYT + AG™M ~ AGM - AGM?
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
diﬁ'erepl independent double mutant cycles are the same, then the .value can be
confidently concluded as the interaction energy of the ion pair.

In pK, shift approach, the ion pair interaction was non-invasively removed by
pH, or more precisely by protonation of acidic residues and deprotonation of basic
residues. As the name indicates, pK, shift approach estimates the electrostatic
contribution of a charge from the difference in the pK, 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



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

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

The principle of pK, 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 (AAG$*) can be calculated by:

AAGE"8 = AG? ~ AGP

where AG? and AGY are the free cnergy of unfolding of which the charge in
study is in protonated and deprotonated form respectively. Be noted that the AAG:*
value of basic residue should be multiplied by -1, as the protonated form of basic
residue is charged. However, in practice, AG® and AG® 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;

AG,, +AGY = AG! + AG

where JI\G,,Np and AGfp are the free energy of deprotonation in the native and
denatured state respectively. By simple transformation, we have:

AAGY = AG? - AG? = AG} - AG), = AAG®

Therefore, the electrostatic contribution to free energy of unfolding is equal to
the folding contribution to free energy of deprotonation (AAG;:'" ), which can in turn

be calculated by:

21
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Figure 1.7. Thermodynamic cycle of deprotonation and unfolding. The
thermodynamic cycle showed the scheme of pK, shift approach. According to the
thermodynamlc cycle, the electrostatic contribution to unfolding free energy of an
acidic residue (AAG,™) is equal to folding contribution to free energy of

fold

deprotonation (AAGgp ), which in turn can be calculated if the pK, values of that

acidic residue in native state (pK,") and in denatured state (pK,") are known.
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AAG = ~In(10RT(K! - pK?)

Therefore, by finding the pK, values of the charge in native and denatured state,
the electljostatic contribution to protein stability can be found. Thus, the accuracy of
the experimentally found pK, values is of the major consideration when estimating
the electrostatic contribution of a charge to protein stability. To found out the pK,
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 interest”®®.
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 be\tween native state
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

84-86

the entropy of the denatured state by introducing disulfide crosslinks or by
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substituting high entropy residues (Gly and Ala) with a more rigid residue (Pro)*’.
Although not all trials had encouraging resuits, 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
stabilizing 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 electrosiatic interaction plays an important
role in improving protein thermostability (protein stability at high
temperatures)***>”®_In a recent study in our group, some surface charges have been
shown to be important for reducing AC, of thermophilic proteins’®, which is a
common strategy for improving thermophilic proteins to enhance their
thermostability'®. However, quantitative experimental study on pair-wise and global
electrostatic contribution on thermostability is still lacking. In this study, one of the
objectives is 1o quantitatively study how pair-wise salt bridge interaction reduces AC,
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
surfaces®. Since charge-charge interaction can be repulsive, whether the highly
elevated number of charges on protein surface can improve protein stability is
doubted. In this study, the global effect of surface charges on lherm(l)phlilic protein
would also be investigated by pK, shift approach.

As discussed above, NMR is the best method to estimate pK, values of charges
in a protein. However, protein samp’le of very high concentration in low ionic
strength condition was needed for the pK, 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 7T° celer L30e to find out if

there is any residuC’slructun_e which can destabilize the protein.

25



CHAPTER 2: Materials and methods

Chapter 2: Materials and r.n.ethods

In this chapter, general materials and methods used in this study will be reported.
g
e o .
T'he techniques used are classified in seven categories: “General techniques™ for the
general techniques that were routinely used. These general techniques are well
4 ~ - ¥ - -
developed "and are usually for supporting purpose; “Cloning, expression, and
purificatign” 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 to obtain pK, values of charged residues; and lastly,
“Computational and statistical techniques™ for reporting various softwares, in-house
scripts, and the procedures of all statistics used; “Reagents and Buffers” for the detail
[, ]

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 | % agarose gel, 0.5 g of argarose was mixed with 50 ml 1X 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 ul 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
(lnvitroggn), 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
buffer provided at 70 °C 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 /3,000 rpm for 1 minute. After
discarding the flow-through, 0.7 ml of ethanol 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 !j, 000 rpm for | 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 pl of
pre-warmed nanopure water. After incubation at room temperature for about 2
minutes, the whole tube was centrifuged at /3,000 tpm for 1 minute to recover the
DNA in the 1.5 ml centrifugc tube.

21.3 Plasmid DNA extraction from E. coli broth culiture
(mini-prep)

DNA extraction was performed with using commercial “mini-prep” Kkits
(Invitrogen), and reagents and procedures were provided by manufacturer.
Transformed E coli cells were collected by centrifuging 5 m! 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 afier
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 centrifugation at 13,000 g for 10 minutes. The
supernatant was transferred in a spin cartridge provided with 2-ml wash tube. After
centrifugation at 13,000 g for about | 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 /3,000 g for | 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 pl 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 mi centrifuge tube.

2.1.4 Sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)

All SDS-PAGE were run using Mini-PROTEAN IIl 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 dodecylsulphate-polyacrylamide gels was mixed from pre-mixed
high concentration stock reagents. The preparation of resolving and stacking gel
solution for different acrylamide 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 Wl 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. Afier 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:

100 % 125 % 15.0%
Components Volume (ml) Volume (ml) Volume {ml)
4X resolving gel | | |
buffer (pH 8.8)
40 % acrylamide 1 1.25 1.5
10 % ammonium
0.05 0.05 0.05
persulfate {APS)
TEMED 0.01 0.01 0.01
H,O 1.94 1.69 1.44
Total Volume 4 4 4
For stacking gel:
3.0%
Components Yolume (ml)
4X stacking gel |
buffer (pH 6.8)
40 % acrylamide 0.5
10 % ammeonium
0.03
persulfate (APS)
TEMED 0.01
H,0 2.46
Total Volume 4
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loading suitable amount (< 20 ul) 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 ZnSQO, 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 cotloidal 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 | 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 mi of protein
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.

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 °C 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 Na,SO4, 20 mM sodium phosphate, pH
5.4) were dialyzed in | 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 | mg
mi™), 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 in 0.1 ml of dialysis buffer with 1 M NaCl. Protein concentrations
of supernatant were determined by measuring O.D.2500m.
For determining crystalline solubility by concentration approach, 0.1 ml of 10
mg ml” protein samples in storage buffer (0.2 M Na;SO4, 20 mM NaH;PO,, 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
buffer before adding to 1 cm light path cuvette for measuring O.D.3¢0sm and
0.D.280nm. by spectrophotometer (Eppendorf) for concentration determination.
DNA concentration in pg ml™ was calculated by:
[dsDNA] = 10 x O.D.260am * 50
whereas protein concentration in mg ml™ was calculated by:
[protein] = 10 x (O.D.2g0am / £} X M.W.
where € is molar extinction coefficient in cm™ M, 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 DHSa and C41; 50 pg 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.¢p0nm 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.¢oonm reached 0.4 - 0.5. The culture was then chilled on 1ce
for S minutes and centrifuged at 6000 g for 10 minutes at 4 °C. The bacterial peliet
was resuspended in 40 ml RF1 solution and chilled on ice for S minutes, followed by
another centrifugation at 6000 g for 10 minutes at 4 °C. The bacterial pellet was then
resuspended in 4 ml RF2 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 °C until use.
2.1.9 Calibration of pH meter

pH meter (Beckman Coulter ¢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 °C
water bath for 10 minutes, and set the “temperature” of the pH meter at 25 °C, and
then follow the instruction strictly. For pH measurement at 60 °C, 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
92 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 pET8¢ (Novagen) as the
template in polymerase chain rcaction (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
thermlo-cycler (ABI PCR System 2400 or ABI PCR System 2700} using
megaprimers and wild-type 7. 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)
0.1 M Mutagenic reverse primer 0.5
(or flanking reverse primer)

Template 0.5

10 mM dNTPs 0.5

5X HF buffer 5.0

Phusion DNA polymerase 0.3
Autoclaved dH,0 17.7

Total Volume 25

Conditions for primer extension (using thermo-cycler)

Cycle Denaturation Annealing Extension
1 98 °C, 5 min 60°C,30s 72°C, 155

27 1o 39" 98 °C, 1 min 60°C, 30 s 72°C, 155
40" 98 °C, 1 min 60°C,30s 72°C, 15 s
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Table 2.3. Reagents and conditions for mega-primer-Quikchange

Reagents for mega-primer-QuikChange

Caomponents Volume (uh)
Primers mixture 10
{DNA product of primer extension)
Template 0.5
10 mM dNTPs 0.5
5X CG buffer 5.0
Phusion DNA polymerase 0.3
Autoclaved dH,0 17.7
Total Volume 25
Conditions for mega-primer-QuikChange
Cycle Denaturation Annealing Extension
1 98 °C, 5 min 65°C,30s 72 °C, 1 min
2" to 39* 98 °C, 1 min 65°C,30s 72°C, 1 min
40" 98 °C, 1 min 65°C,30s 72 °C, 1 min
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Table 2.4. Reagents for Dpal (NEB) digestion

Reagents for Dpnl (NEB) digestion

Components Volume (ul)
PCR product 30
10X Buffer 4 (NEB) 4.0
10X BSA (NEB) 4.0
Dpnl (NEB) 1.0
Autoclaved dH,O 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 cuiture. The
;ﬁﬂ

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

DNA sequencing (BGI).

The clone of quintuple Arg-to-Lys variant of 7. 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 Piasmid transformation to competent E. coli strain

The whole transformation was performed with aseptic techniques. An aliquot of
100 pl competent cells (see Section 2.1.8) was thawed on ice for about 5 minutes and
0.5-1 .pl 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 appropnate antibodies (100
ug ml"' ampicillin for DHSa and C41; additional S0 ug ml"' chloramphenicol for
BL21(DE3)pLysS). For expressing NMR labeled protetns, the cells were spread on
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M9 plate with appropriate antibodies instead. The plate was then incubated at 37 °C
for 16 hours.
2.2.3 Expressionlof recombinant ;;roteins

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 | L of LB broth (0.5 L. in 2
L flask) with 10 ml 40% filtered glucose, 1 ml of 1 M MgSO,, and appropriate
antibiotics added. The scaled up culture was incubated at 37 °C with shaking for 2 -
3 hours until O.D.¢eonm reached 0.6. 1 ml of 0.4 M IPTG, 1 ml of 1 M MgSQ,, 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 centrifugation at 6000 g at 4
°C for 5 minutes.

For expression of NMR "C'*N-labeled 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 °N
NH,Cl and 4 ml of solution Q have to be additionally added in the initial scaled up
culture.
224 Prptein extraction from E. coli by sonication

Cell pellet of 1 L culture was resuspended in about 30 ml of bufter (buffer A of
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following chroma'tography, 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 7. celer L30e using SP and Heparine column, pre-packed

' L

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.,g0nm 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 um filtered solution with desire soluble protein in buffer
A was loaded to the column at flow rate of 5 ml min™', leaving about 30 pl 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.250,m became steady. Bound
protein was eluted using a 300 ml linear Na(Cl gradient ranging from 0 to | M NaCl.
For SP column, T. celer L30e was approximately eluted at 0.2 M NaCl. whereas 7.
celer L30e was approximately eluted at 0.4 M NaCl for Heparine column. The
clution 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 °C. 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
HiLoad 26/60 (GE Health Care), the pressure limit was set to 0.3 MPa, and the
connected column was pre-equilibrium with about 300 m! buffer C of 0.2 M Na,S0;,
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. Llution was collected as fractions of 3 mi
per tube. After elution, the column was equilibraled with 20 % ethanol until
conductivity became steady for storage. Again, input and all elution fractions were
analyzed by SDS-PAGE.

The purification of all 7 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 %
deoxychol.ic acid, 1 % 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 °C for 5 minutes. The
resuspension of the pellet, sonication, and centrifugation cycle was repeated 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 HCI, 10 mM sodium
phosphate, pH 7.4). The mixture was then sonicated with the same pulse-program |
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 (~ 200 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.
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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 | 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? mol™ 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 uM protein samples were dialyzed in experimental buffer condition for 16
hours before CD measurement. After equilibrating protein sample at 298 K for §
minutes, all protein samples were heated 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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_bn +mnr)+(yu +muT}'M"’R(”T'”T")j

Yobs {_'_e-w_,m(unur_)}

where yus is the observed molar ellipiticity at 222 nm; y, and m, are the y-intercept
and slope of the pre-transition baseline; y, and m, are the y-intercept and slope of the
post-transition baseline; R is the gas constant; T is the temperature in Kelvin. Melting
temperature values (T,,) and the van't Hoof enthalpy (AH,) were directed obtained
from the fitting.

Thermal denaturations of yeast L30e, 7. celer L30e E6A, K46M, E6ARG2ZA,
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 T,
values obtained at almost the same molar ellipticity (-1.2 £ 0.2 x 10° deg em’ mol ™).
Therefore, the apparent T, values of the thermally irreversible mutants were
estimated by finding the corresponding temperature at which the molar ellipticity
was equal to -1.2 + 0.2 x 10° deg cm” mol”".

2.3.3 Obtaining thermodynamic parameters from
denaturant-induced denaturation

20 uM protein samples were equilibrated with suitable range of denaturant (0
M - 10.2 M for urea; 0 M — 7.2 M for guanidine HCI) 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
measuremenis 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 mode!'®*:

_ 1. +m DD O + m D]

Yabs = {+ R }

where yous 15 the observed molar ellipiticity at 222 nm; y, and m, are the y-intercept
and slope of the pre-transition baseline; y, and m, 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; AGp, is the free energy change of unfolding at [D]. The
free energy change of unfolding without denaturant, AG;0,, was obtained by linear
extrapolation model'®:
AGp) = AG, ~m{D]

To obtain the temperature dependency of protein stability, AG, at 298 K, 308 K,
318 K, 328 K, 338 K, and 348 K were found for 7. celer L30e 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 AH., AC,. and T, the free
energy change of unfolding (AG,) 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 (T,,) obtained from thermal denaturation were
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fitted to the Gibbs-Helmholtz equation:

(T, -T)+ Tln(Tl]]

AG, 6 =AH (l—l)—AC
u m T p

m m

For yeast L30e, T. celer L30e 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
2.41 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 ul in

the 3 crystallization wells of CrystalQuick 96-well round-bottom plates (Greiner).
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Crystal plates were equilibrated at 16 °C 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 | ml crystallization buffer was pipetted into the reservoir, and
the crystallization drop was mixed in protein-to-buffer ratio of 1:1 with final volume
of 4 - 10 pl in the initial grid. Crystal plates were equilibrated at 16 °C untif 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-buffer ratio, as well as gridding range and intervals in
the subsequence gnid searches.

For crystallization of wild-type T. celer L30e 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 setling as grid search reported above, but using 10
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mg m!’ protein sample in low ionic strength in low pH (10 mM 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 L30¢ and its Arg-to-Lys variants obtained from dialysis by
centrifugation. Then transferred the crystal to appropriate cryoprotectant (15 - 25 %
glycerol or 20 - 30 % PEG 400 in crystallization buffer}) and allowed for
equilibration for | minute. The crystal was then quickly mounted to the 110 K
pre-cooled goniometer (Rigaku) of X-ray diffraction setup using MicroMax'™-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 1V++
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 (phenix.automr)'®® or 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)'®.
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The refineing structures were analyzed and modified by COOT""'® The refined

structures were validated using WHATCHECK'®

2.5 Nuclear Magnetic Resonance

experiments and pH titration

2.51 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 by several round dilution-concentration cycles (see
Section 2.1.6). DO (for deuterium lock), DSS (for 'H and "C internal reference),
and sodium azide (for preventing bacterial growth) were added w0 the final
concent_ralion of 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 NMR tube (Norell). The final concentration of should be around 1.0 mM and
2.8 mM for using S mm and 3 mm NMR tube. The protein sample was then
incubated at 25 °C and 60 °C for S 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 N, 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'™ il 500 MHz NMR
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), turmning 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
found by acquiring 1D 'H-water presaturation spectrum (ZGPR), followed by
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 '3C 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
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the experiments. The pulse program was modified if necessarily. After setting up all
acquisition parameters, optimized the receiver gain and then start the acquisition.

All muitidimensional NMR data were processed with the NMRPipe''® with
optionally applying zero-filling, window-functions, p0 and p! phasing,
baseline-correction, and linear-prediction dependent on the spectrum. All 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 I298 K or 333 K. The suitabie chemical shifts (chemical shifts of CO in 2D
H(CA)CO for Asp and Glu) were then plotied against the pH values, and fitted by
different means.

For finding the microscopic pK, values, the chemical shifts were fitted to
modified Henderson-Hasselbalch equations describing from 1 to 3 transitions which

were assumed to be independent''"''2:

_ n(pK,-pH}
3(pk)= 5, + 2 C,6, -8, )0

1410°%%#H)

for EC,. =] and j=12,0r3
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where 8(pH) was the experimental chemical shift at the given pH, 6,f and 9, denoted
the chemical shifts at the protonated and deprotonated form respectively. pK,, was
the microscopic pK, value of titratable group 1. C, was the percentage contribution
coefficient of titratable group i for the total absolute chemical shift (&, — &,). The Hill
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 of 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 of titrational 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 pK, values were determined by finding the pH where the titratable groups
were half-protonated'"”.

The model peptides Ac-GGD/EGG-NH; 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-NH; and Ac-GGEGG-NH; respectively in 10 m! nano-pure
water using 10 ml volumetric flask at 298 K and 333 K using pre-calibrated pH meter.
Before titration with purchased 1.0 M NaOH (Sigma), the pH of the peptide solution
was titrated from about 2.2 back t0”accurately about 2.0 by known volume of
purchased 4.0 M HCI. The NaOH titration was performed with step volume of 10 ul
per step, until the pH value higher than 8.0, which was tar away from the expected
pK. values for both peptides. The concentrations of NaOH (mM} in the peptide
solution after each step were calculated and plotted against the measured ptl values.
To obtain the pK, values, the data was titted by transformed Henderson-Hasselbalch

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

expl

-pK, % { peptide ]
expt -pH _ 1000 _. offset
Clom = 1000 1077 - ——— B - Cige,

where C[‘:)‘:_] was the experimentally observed concentration of OH in mM,

Cloesice) Was the averaged peptide concentration of the whole titration in mM, which

should not be deviated more than 2 % from the initial peptide concentration. Cl";‘;‘l
was the averaged OH™ concentration offset due to the initialization of pH value to 2.0
by HCI. 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

U
-+

-

Throughout this study, numerous in-house scripts were written in PERL, CSH,
and SH for supporting purpose SI.IL:h 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,
CZ]ICI..l|aliI'Ig ideal polyproline I1 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 7. celer L30e and its mutants with flexible C-terminal residues
were generated by MODELLER"'"*"® using corresponding cr.yslai structures as the
template. 300 rounds of slow variable target function method (VTFM) optimization
(automodel.library schedule = autosched.slow), slow molecular dynamics (MD)
optimization (automodel.md level = refine.slow) wcr‘c applied for refinement. For
the polyproline 11 based denaturation state model of the quintuple Arg-to-Lys variant,
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a 101-residue ideal polyproline helix 11, 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 [inal
polyproline based denatured state model was the averaged model for the 100 refined
modcls. All the models built were viewed and checked by PYMOL.
2,6.3 Calculation of solvent accessible surface area (ASA)
The solvent accessible surface arca 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 trom
calculation of side chain accessibility. The contact (buried) area of salt bridge

(AASAga-brage) Was calculated by:

(ASAM - ASAYT )+ (ASAM2 ~ ASAYT)
2

AASAullwbndse =
where ASA denote the calculated accessible surface area. 1| and ) denote the two
residues involved in the salt bridge, WT, M1, and M2 denote the structures of
wild-type, glycine substitution of residue j (M1), and glycine substitution of residue
(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 tnipeptide (form amino acids).
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2.6.4 On-line pK, prediction servers

The pK, values of the naive state quintuple Arg-to-Lys variant were predicted
by on-line pK, prediction servers of PROPKA® ~ H++""""  and
KARLSBERG+"*'?°_ The pK, values of denatured state quintuple Arg-to-Lys
variant were predicted by H++ online server.
2.6.5 Curve fitting

All the curves weré fitted in the least-square fitting manner using the
[.evenburg-Marquardt algorithm for all by non-linear regressions. All data for fitting
were not weighted and the allowable error was set to 0.1 %. The 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 different 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:
AIC =2V + N 1n(§)

N

where V was the number of parameter, N was the number of data 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, -SS,

_ df, -df,
SS,
df,

F

P -

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-distribution

probability density function:

@, a,

1 « dfnc_le_ df c )2
df, ﬂ) df c +df, df c +df,

»

Pc)= B( 22

where ¢ was the confident level, B was the Beta function:
B(x,y)-J:t""(l —t)dt
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 if 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 ([i,) and standard
deviation (§,) were simply the median (mg) and the standard deviation (v¢) of the
data. If a data point x, had a value falls outside the range of 1, £1.5G,,

X, =f, £1.5G,

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

For the winsorized mean (i, ) and the standard deviation ( &,) was calculated by:

N

&
N

R = ,and &, =1.134x0o(X,)

The factor 1.134 was derived from the normal distnbution, 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 (&, ) and Huber's standard deviation
( Gy ) Were converged.

2.6.8 Detection of monotonic trends

Wald- Wolfowitz run tests were carried out by in-house PERL script to detect if
the coupling free energies of various ion pairs had any trends with respect to
temperature (AAGQ(T)). If AAGU(T) 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
59



CHAPTER 2: Materials and methods

(mo) and sum of square (SSy) of:

- znpounneg - pos neg (znpos neg )
I, —nm+nm+l and SS, (l_'ms m}(nm n_ __1)

where nges and ny,e, was the number of points higher and lower than py respectively.

Significant difference between observed number of runs (r) and po indicated
nonstationarity because of the possible presence of a trend in AAG (T). The

Z-score of the difference was calculated by:

r—U,

JSS,

Z=

and the P value was calculated by:

!
" 20— (1 + 2(0.050 + 2(0.021 + Z(0.003)))))’*

With using 95% confident level, AAG, (T) was regarded as stationary if the P
value was larger t.han 0.05. Be noted the coupling free energy was assumed to have
no seasonality with respect to temperature, therefore the 6-point dataset of each ion
pair was regardedﬁ as stationary if r is larger lhan.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

RF1

30 mM potassium acetate, 100 mM RbCl,, 10 mM CaCl,, 50 mM MnCl,, 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 um filtration.
RF2

10 mM MPOS, 75 mM CaCl;, 10 mM RbCl;, and 15 % glycerol. The pH was
adjusted to 6.5 by KOH without back titration. The solution was then sterilized by
0.2 um filtration.
2.7.2 Buffers for agarose gel electrophoresis

S0X Tris-acetate-EDTA (TAE) stock solution

242 g L' Tris base, 57.1 ml L' pglacial acetic acid, and 372 g L’
Na;EDTA 2H,0, and stored the solution at room temperature.

6X agarose gel loading buffer

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

8.0), and stored the solution at 4 °C.

2.7.3 Buffers for SDS-PAGE

10X SDS-electrophoresis buffer stock solution

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

solution at 4 °C.

2X SDS-PAGE loading buffer

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

4X SDS resolving 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 stacking gel buffer

60.6 g L' Tris base, and 8 g L™' SDS. Adjusted the pH 10 6.8 with HC], and
stored the solution at 4 °C.

Conventional Coomassie staining solution

0.15 % Coomassie Brilliant Blue R-250, 30 % (v/v) ethanol, and 10 % (v/v)
acetic acid, and store the solution at room temperature.

Conventional destaining 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 bacterial culture

Luria-Bertani (LB) broth

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 °C for 20 minutes, and stores the solution at room temperature.
M9ZB broth

1 g L NH4ClI, 3 g L' KHPO4, 6 g L' Na;HPO,, 5 g L7 NaCl, and 10 g L'
bacto-trypton and optionally adjust the pH to 7.0. The solution was sterile by
autoclave at 121 °C for 20 minutes, and stores the solution at room temperature.

M9 broth

6 g L Na;HPO, 7H,0, 3 g L't KH;PO, (anhydrous), 0.5 g L."' NaCl and adjust
the pH to 7.0. The solution was sterile by autoclave at 121 °C for 20 minutes, and
stores the solution at room lemperature.

Before using the M9, dissolved vitamin mixture (Table 2.5), 2 - 4 g . e
glucose, 1 g L' "N NH4C! in about 50 — 100 ml of autoclaved M9 solution and
sterile by 0.2 um filtered. Mixed all solutions and added 4 mi L™ 0.2 um filtered
Solution Q (Table 2.6), 1 ml L' 0.2 um filtered 1.0 M MgSQy, and appropriate

antibiotics.
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Table 2.5. Vitamin mix for expression in M9 medium

Reagents for vitamin mix for 1 L M9 medium

Components Weight (mg)
Thamine 10
d-bioin 2
Chloline chlonde 2
Folic acid 2
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 Weight {(mg)

FeCi; 4H,O 500.0
CaCl; 2H,0 18.4
H;BO, 6.4
CoCl; 6H,0 1.8
CuCl, 2H;0 0.4
ZnCl, 34.0
Na;MoQ,4 2H,0O 60.5
MnCl; 4H,0 4.0

SN HCI 0.8 ml
Total Weight 625.5
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Agar medium
Mix 15 g L' bacto-agar in the desired medium and autoclaved the mixture at
121 °C for 20 minutes. After cooled the solution down to about 50 °C (hand hot), 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 AG, can be
obtained by using Gibbs-Helmholtz equation, where thermodynamic parameters T,
AHp, and AC, 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 curves'”

, which can be indicated by

the increase of maximal AG, and reduced AC, respectively. However, the origin of
the up-shift of protein ;tabilily 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
Raidt””* on the basis of sequence comparisons between mesophilic and thermophilic
proteins. This suggestion has been reinforced by more recent researches which
‘showed thermophilic proteins have generally more surface charges and ion-pairs than

56,92.93.96-98

their mesophilic homologues . Despite of the counter argument that the
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17.38.57 41,44 46

large desolvation penalty and entropic cosl of 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

oy . . 48,50-52
stability of protein has been accumulated®®™

. The stabilizing effect of salt bridge
therefore improves thermostability of proteins.

The change in solvent accessible surface area upon unfolding (AASA) and
residual structure in protein denatured state have been suggested to be the origin of
the reduced AC, in thermophilic protein'?'""'?*. However, they are failed to account

for the large reduction of AC, in thermophilic proteins’”'?7 1%,

Our group has
previously first experimentally demonstrated electrostatic interaction contributes to
ACPW, indicating the difference of protein stability curves among thermophilic and
mcét)philic homologues is originated from electrostatic interactions.

“'\

As mentioned above, protein stability curve reflects the temperature dependency
of protein stability. 'l;here['orc, to deepen the kno_wlcdgc on how electrostatic
interaction contribute to thermostability, the effect of salt bridges on protein stability
at temperature ranging from 25 °C to 75 °C, as well as the effect on another
lhermddynamic pammetc‘r AC,, were examined. A well studied thermophilic protein
Thermococcus celer L30e¢ pr().vidcd us with an excellent model for this investigation.

Two salt bridges E6/R92, and K46/E62, as well as a long range ion pair E90/R92
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(separation distance 10.8 A), located in two separated large charge clusters of 70 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 effect of salt
bridge on AC, was investigated by a novel analysis originated from double mutant
cycle. By comparing the protein stability of 77 celer L30e 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 affect the salt-bridge interactions.
3.2 Results
3.2.1 Removal of sait 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 charge clusters (E6, R92, K46, E62), and
an isolated charge (E90) were mutated to generate 14 single and double
charge-to-neutral mutants (Figure 3.1). T,, values of the mutants were determined by
thermal denaturation at low ionic strength condition (Figure 3.2). Removal of
charged residues involved in salt bridge (E6, R92, K46, E62) was found to induce

large decrease in T, values (ATy), which ranged from -4.7 °C to -13.7 °C (Table 3.1).
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0° view 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 K46/162 is
located in another charge cluster 2 (120° view).
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Figure 3.2. Thermal denaturation of 7. celer L30¢ and its mutants. Thermal
denaturation curves of protein samples involved in charge-to-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 sampies
involved in charge-to-neutral 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 ali pancls:
wild-type T, cefer L30¢ (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 E6AR9I2A (filled squares), EGAR92ZM.£open squares), E9Q0ARI2A (filled diamonds),
ES0AR2M (open diamonds), K46AEG2A (filled triangles), and K46MEG2Q (open (riangles) were

fitted by dashed line. All data were collected in tow ionic strength (10 mM sodium acetate, pH 5.4).
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Table 3.1. Thermodynamic parameters of yeast 1.30e, T. celer L30e and its mutants

del.%t%?:—:m‘ Gibbs-Helmholtz analysis®

Protein sample T AT, AH_ AC AACE™

K) ) kImolly  omotfKY  (Kmol' K
Mesophilic homologues:
Yeast L30e 3281%201* -435%0.1 31619 79%0.5 20203
Thermophilic homologues:
T. celer L30e 371601 - 382+9 53203 -
E6A 3619x0.1* 97101 360. 9* 6.1+02 0910.1
K4oA 307201 -10.910.1 9] 113 6801 15201
K46M 362.5*0.3* 01202 412212 68203 15202
E62A 363.810.1 -7820.1 354112 571202 05201
E62Q 306910.1 -4.720.1 3787 582072 05201
ES90A 3715201 0.1x20.1 374te6 541201 02201
R92A 36591 0.1 -5.7£0.1 424 * 14 6.810.2 151201
R92M 36691 0.2 40201 42313 ©.5%0.2 12+0.1
E6AR92A 3620+ 0.1* 9610.1 3958 67%02 1.4£01
E6ARIZM 363.5202* 81102 3877 65203 12201
E90ARY2A 36541 0.1 -6.120.1 408 £ 12 60101 1.3+0.1
E90AR92M 3665+ 0.1 S1101 412110 65203 131202
K46AEG2A 35791 0.1 -13.720.1 354112 6.2x0.1 09%0.!
K46ME62Q 36431 03" -71.3%0.2 3988 63202 10201

* The T, values in low ionic strength condition (10 mM sodiurn acetate, pH 5.4) are
shown. Thermal denaturations of yeast L30e, T. celer L30e E6A, K46M, EGARY2A,

EG6ARI2M, and K46ME62Q were immeversible in thus condition (indicated by

asterisks). Their apparent T_ and AH,, values were estimated as described in Materials
and Methods.

® AC_ values were obtained by fitting AG  obtained from urea-induced denaturation to
the Gibbs-Helmholtz equation.
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On the other hand, charge-to-Ala mutation of isolated residue E90 showed negligible

effect on T,, value (AT, -0.1 °C).

The free energy of unfolding (AG,) of T. celer L30e and its single and double
charge-to-neutral variants at temperature ranging from 25 °C to 75 °C were
determined by urea-induced denaturation at low tonic 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. All protein samples
with the same concentration had a similar value of molar ellipticity 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 if any in the urea-induced denatured state. Although removal of single
charge reflected a combination of effects on AG,. we could still observe that the
removal of all salt bridge involving residues in general resulted in the decrease in
AG, by about 6 kJ mol™.

3.2.2 Charge-to-neutral mutations of sait bridge involving
residues increase in AC, value

The AG, values of 7. celer L30¢ and its charge-to-neutralmutants at
temperatures ranging from 25°C to 75°C were fitted to the Gibbs-Helmholtz equation

to determine AC, and AH,, (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-Ala 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-neutral double mutant cycle of (B) Glu-6 and
A1g-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 7. 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
fitied by continuous lines, while the double mutants E6AR92A (filled squares), EGAR92M (open
squares), EQOAR92A (filled diamonds), E90AR92M (open diamonds), K46AE62A (filled
triangles), and K46MEG62Q (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. AG, of T. celer L30e and its charge-to-neutral mutants

Protein AG 9k AG ,30ax) AG. 31ax) AG,23x) AG k) AG, 34ak;
kJ mo!’! kJ mol’' kJ mol”’ kJ mot” wJ mol” kJ mol™

T. L30e 34905 350%05 32405 308:x04 266x04 20905
E6A 27503  27.7+03  255:03 233203 19003 144103
K46A 298+03 297404 267:04 242:03 19003 13304
K46M 129+04 323:04 295:04 272+04 224203 174102
E62A 28.5+03 287x03 257:03 233:03 180:02 121:03
E62Q 315403 32.01+04 29004 27703 231:03  180:03
ES0A 327£04  327:04  298+05 29004 242x04 19815
R92A 33905 33.6+05 31306 308205 250+04 i9.1:03
R92M 352405 354404 327204 313205 260£04 19603
E6AR92A 284+03 28504 262:04 251203 199:03 153:03
E6AR92M 207+03 30004 27704 261:03 214203 160£03
ES0AR92A 32504 320205 297+05 294+05 229+04 183£03
E90AR92ZM 33203 333:04 303+04 297204 247:03 198103
K46AE62A  27.0+03 270403 240+0.3 21203 145203 8205
K46ME62Q 326204 326+04 30104 278:04 22403 173+02

75



CHAPTER 3: Electrostatic interactions improve protein thermostability by up-shifting protein

stability curve

i
§
O

m

—— T, cpbar L3¢ —p—
=l
e

o0l wol")
AG_ () mol 'y

a0, ool mal”y

&0 _put mol')

]
. . A\ Y VN

Tompuratumy 0O Tarnparshus (K] ’

Figure 3.4. Protein stability curves of yeast L30e, T. celer L30e and its mutants. Free energy change of unfolding (AG,) at 283 K, 288 K, 293 K, 298 K,
and 333 K for yeast L30e, and 298 K, 308 K, 318 K, 328 K, 338 K, and 348 K were denived from urea-induced denaturation in low ionic condition. Tm
values were determined by thermal denaturation (other figure) in the same condition. Lines represent the best fits of DGu obtained at various temperatures
(indicated by symbols) to the Gibbs-Helmholtz equation, where continuous lines represent wild-type proteins and single mutants, and dashed lines
represent double mutants. All symbols and lines represent the same as those in thermal and urea-induced denaturation curves (Figure 2). The fitted
parameters, DCp and DHm, are summarnized in Table 2. (A) The protein stability curve of wild-type T. celer L30e is compared to those of yeast L30e.
Protein stability curves for the six double mutant cycles using (B} E6ARS2A, (C) E6AR92ZM, (D) E90AR92A, (E) E90ARI2M, (F) K46AE62A, and (G)
K46MEG62Q as the reference states are also shown.
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were summarized in Table 3.1. The AC,, value of wild type 7. celer L30e was 5.3 +
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 AC, values were approximately increased by about 1.1 = 0.1 kJ
mol’ K' to 64 + 0.1 k] mol' K'. Double mutants of long range ion pair
(E90AR92A/M) also increased its AC, values by 1.2 + 0.1 I mol”' K™' to the value of
6.5+ 0.1 kJ mol' K'! because the charge-to-neutral mutation of Arg-92 broke its salt
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 AC, value by 0.2 = 0.1 kJ
mol' K.
3.2.3 T. celer L30e has significantly up-shifted protein
stability curve when compared to that of yeast L30e

The AG, 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 °C. The chemical denaturations followed a reversible two-state
transition. AG, values at various temperatures were fitted to Gibbs-Helmholtz
equation to obtain AC,, AHy, and the Ty, values of the proteins (Figure 3.4). The Ty,
of T celer L.30e (98.6 °C) was 43.5 °C higher than that of the yeast homolog (55.1
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°C), whereas the AC, of 7. celer L30e (5.3 = 0.3 kJ mol" K™') was 2.7 kJ mol” K
smaller than that of the yeast homolog (7.9 + 0.7 ki mol”' K''). Comparison of the
protein stability curves of T. celer and yeast 1.30e revealed that the former has a
much higher T, because of the significant up-shifting (by about 16.8 kJ mol™" at 25
°C) and broadening (AC, value reduced by 2.6 + 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 (AAGS#""), AAGS" values of two salt bridges (E6/R92 and K46/E62)
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 10 75 °C. To
improve the retiability of the AAG ™" 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 energles
of 1on pairs at different temperatures were summarized in Table 3.3.

AAG*"™ values of salt bridges were found not to vary with temperatures.

The mean AAG™#™2 values of E6/R92 and K46/E62 at the six experimental
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Fi;gure 3.5. Coupling free energy of ion pairs. Coupling free energy of ion pairs
were found by double mutant cycles using reference state of E6A/R92A (filled
squares), E6A/R92M (open squares), E90OA/R92A (filled triangles), ESOA/R92M
(open triangles), K46AEG62A (filled diamonds), and K46ME62Q (open diamonds) at

temperatures ranging from 25 °C to 75 °C.
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Table 3.3. Contribution of ion pairs to AG, and AC, of T. celer L30¢

Temperature  EG6A/ E6A / E90A/  E90A/ K46A  Kd46M/
(K) R92ZA R92M R92A R92M E62A E62Q

Coupling free energy ( AAG™ 8 5 (ki mot')

298 1908 19+08 0709 01+09 3607 30£08
308 23+08 2008 07x09 0208 36x08 32x08
318 18+09 19+0¢8 1010 0209 40+x08 41+09
328 1. 7+08 24+08 03209 0209 45207 3708
338 2606 31+£07 04+08 1.2+08 42+06 36x06
348 28+0.7 2907 0317 1.2+x17 37208 28106

Coupling free energy ( AAC ;""pﬁ"x } thd mol' K')

-1.0+£02 09203 -04£02 01202 -10x02 -10x02
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temperatures were 2.3 + 0.4 kJ mol”' and 3.7 £ 0.3 kJ mo!"' respectively. To 1est the
randomness of the AAG™ "™ values, Wald-Wolfowitz runs test with 95 %

confidence were performed and the standard deviations (s.d.) of AAG:®#"™ values

were found. The s.d. values of both sait bridges were about 0.4 kJ mo!™. The result of

the runs tests together with the small s.d. values suggested that the AAG=?"%
should not be a function of temperature. On the other hand, the AAGS "™ 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 + 0.5 kJ mol™'. The runs test result as well
as the small s.d. values (0.3 kJ mol' for ES0A/R92A cycle; 0.5 kI 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 AC,
value in charge-to-neutral mutants

Like AG,, AC, is also a state function of mutation. For example, the AC, value
of a doubly substituted variant, e.g. E6AR92A, will always be the same no matter we
substitute E6 before substituting R92, or vice versa. Assuming the cffects of
charge-to-neutral mutations on AC, values arc additive, the effect of the salt bridge
on AC, value (i.e. the coupling AC,, AAC;"“"’""“) can be found by double mutant
cycle of AC, (Figure 3.6). The logic is the same as thai of the traditional double
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Figure 3.6. The scheme of double mutant cycle of AC, for ion pair. According to
the AC,, cycle shown above, the effect of a charge on AC,, due to its interaction to the
rest of the protein is cancelled in the cycle, so that the coupling AC, of the ion pair

can be calculated, assuming the effects of charges on AC, are additive.
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mutant cycle of free energy. The total cffect of emoving a charge on AC,
(AAC:'T"M', AAC:'T"M) is the sum of the AAC;"“‘"""“ and the effect due to the
electrostatic interactions between the charge and the rest of the protein (AACY ™™
AAC:"‘!"DM ). If the salt bridge does not have any effect on AC, value (the salt
bridged residues are decoupled with respect to AC,), the total effect of removing both
charges on AC, (AACYT™™) mutant should be the sum of AACT'™P™ and
AAC:”"”M. Any difference between these two values indicates the salt bridge has
effect on AC, value, and the ditterence is the AAC;"“‘”""”, In other words, if
AAC:'T“DM has a comparable values to &AC:’T“M' and AAC:’T"MZ‘ than the salt
bridge interaction should dominant the effect on the change of AC,. Mathematically,
by substituting the AC, values of wild-type protein, two single and one double
mutant into the corresponding AG, values in the equation of normal double mutant
cycle of free energy, AAC;"“"""* can be calculated.

The 13:3C‘;’,"“’”""K of the salt bridges E6/R92 and K46/F:62 were found to be -0.9
+ 0.1 kimol' K'and-1.0 + 0.1 k] mol" K respectively. In analogy to the double
mutant cycle of free encrgy in which positive coupling frec energy ( AAG:*#"™®)
indicates the pair-wise interaction increases the protein stability, the negative
coupling AC, (AAC;"“’“"“) indicates the pair-wise interaction decreases the AC, of

the protein. Noting that the AAC:™"* found was comparable to the AAC)"™™
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and eﬁ.AC;',"'rT"M2 (Table 3.1 & 3.2), suggesting that the salt bridge interaction
dominated the effect of increasing AC, values when the charge is removed. On the

other hand, the AACZ#"® of the long range ion pair E90/R92 was found to be -0.2
¥

+ 0.1 kJ mol” K, showing this long range interaction only had a marginal effect on
increasing AC, value. Be noted that the AAC;W"M' of the isolated charge Glu-90
also showed little effect on increasing AC, 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 AC,,
3.26 No structural change was observed in crystal -
structures of charge-to-Ala mutants

In the previous study’’, 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:
1H7M) as the searching model. The statistics for crystallization and. structure
determination are summarized in Table 3.4. All mutant proteins resemble closely the
structure of wild-type T. celer L30e (Figure 3.7). The root-mean-square deviations
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Table 3,4. Statistics for crystal structure determinatior of E6A, EGARI2A, E90ARI2A, K46AEG2ZA

L30e

E6A E6AR92A ES0AR92A KA46AEG2A
Summary of crystallization conditions:
2% PEG | 25%PEG | 2RO 1 5w pEG
8000, 50 20000, . MME 2000,
mM KH,PO,, | 0.1 M Tris, Sc‘:g’a‘t‘;“ 0.1 M MES,
pH 4.7, pil 80 pH 6.0’, pH 6.0,
289 K 289 K 289 K 289 K
Diffraction data collection statistics:
X-ray source Cu Ko Cu Ko Cu Ka CuKa
Space group P32 P32 P2, P2,
Resalution (4 22y | toas | Goim | 120
Molecules per
asymmetric unt 2 2 I ’
Usut cell dimension a,638; b, a,642; b, 2,239, b, a, 2360, b,
A 63.8,¢c,483 | 64.2,c,484 | 53.1,¢,33.5 | 53.9,¢,343
ey oo | Toon | iosey | evar
120.0 120.0 90.0 90.0
Multiplicity 2.8(2.8) 27227 30(3.0) 2.7(2.7)
Completeness (%) 99.9(100.0) { 100.0(100.0) | 98.1(96.3) 99.5(100.0)
Mean I/a (1) 8.0(5.9) 11.4(4.9) 148 (3.7) 79(48)
Rmc|3e (%) 9.6(17.3) 6.4(15.3) 7.3(24.4) 77(17.4)
Unique reflections 12821 (1870) | 20739 (3047) | 7279 (1034) 5520 (791)
Structural refinement statistics:
R-factor /R, (%) 17.8/24.0 19.0/23.5 16.5/204 1967253
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
Ramachandran pot analysis:
Preferred region (%) 98.4 973 99.0 979
Allowed region (%) 1.6 2.7 1.0 2.1
Outhers (%) 0.0 0.0 0.0 0.0
C% r.m.s.d. with
wild-type T. celer 0.46 .43 0.49 0.42

Values in parentheses are for the highest-resolution shell.
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B Wild type
H E6A

B E6AR92A
B E90AR92A
B 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-state unfolding,
and no structural changes for the mutants used.

Electrostatic interaction should be dominant in the AAG:*"*% 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
{2\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. !f non-charged long side-chain residues (Met and Gln in this study) were
| used for substitution of one or both charged residues for reserving the hydrophobic
interaction, hydrophobic interaction cannot be cancelied out in double mutant cycie
and lead to a smaller resulting AAG:""“’”"". In this study, the small difference of
AAG:""”H"" values between different Houble mutant cycles used (0.2 = 0.4 kJ mol™
for E6/R92; 0.5 + 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 cycie cannot be
directly translated to free energy of unfolding of a protein because of the importance

of long range interaction on protein stabilitys"‘7r5

, it is an excellent way to dissect the
interaction energy of a salt bridge out for a more specific study on its effect on
proteinl 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 1on 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”',
with the lower quartile, median and upper quartile of 2.1 k) mot”', 2.7 kJ mol™ and
3.6 kJ mol”' respectively. The AAG™¥" 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 contribution of ion pairs to protein stability found by double mutant cycles

lon pair AAG#"™ (kJ / mol) Separation distance" (A)
Barnase?l,l]ﬂ-l)!
D8/RI110 3.5 2.8
DI12/R110 1.4 3.0
R69/ D93 143 2.8
Di2/R16 09 S.1*
E28 /K32 0.3 5.2
GCN4-p1'™”
K8/Eltl 1.2 2.9
ElI /KI5 2.1 2.9
A repressor’
DI4/RIT 3.4 2.7
NTL9™
Nt/ D23 7.1 2.8
Protein G '°
R6/ES53 (T44A) 2.5 3.3*
R6 /E53 (T44R) 2.7 3.3+
E6/R53 3.1 2.5*
K6/ ES3 1.6 3.9*
R44 / E53 2.2 2.8
R44/ E53 (I6R) 2.4 2.8
Rubredoxin®™
K6/ E49 1.2 4.2
Nt/El4 6.3 2.8
Ssh10b""’
E36/ K66 6.0 3.0
ES4/RS57 2.4 2.6
T4 Iysozyme”s
Dl116/R119 0.4 2.8
T. celer L30e
E6/R92 1.9 3.6
E90 / R92 0.4 10.8
K46/ E62 33 3.4
Ubiquitin "’
K11 /E34 3.6 3.4
Elil /K34 3.8 3.4*
Ziuc ﬂnger"ﬂ
K3/El14 0.8 7.0

® PDB entries used for finding separation distances: 1A2P, 1BRF, 1HOX, IH7M, 1LMB,
IMEY, IPGA, 1UBQ, 2HBB, 2LZM, 3K7Z. Scparation 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

37.38,57

large desolvation penalty and the entropic cost of fixing two charged

. . 4344 4
side-chaing**444¢

. 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™ '¥°. Despite the presence of desolvation penalty and entropic cost of salt bridge
formation, many experimental evidences supporting the stabilizing role of salt bridge
in thermal stability of protein have been reported*®**2. Qur 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
stabflity by up-shifting of thermophilic T. celer L30e protein
stability curve

In this study, our data also showed the pr(;.olein stability curve of thermophilic 7.
celer L30e is largely up-shifted when compared with that of its mesophilic yeast
homolog (Figure 3.4A). Also, we have shown the AAG "% 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 of thermophilic protein stability curve is one of the common
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observations when compared to that of their mesophilic hoinologues. 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 the whole protein
stability curves by the total average sum of coupling free energy of those salt bridges
(5.9 kJ mol!). Although AAG "8 of each salt bridge only has a moderate
stabilizing effect, summing up the AAG ™" of 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 mo!™ 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 AC, values. Our previous research showed
that electrostatic interaction contributes to the reduced AC,”’, which can explain why
only those salt bridge disrupting mutants have a significant increase in AC, lvalues (in
average 1.1 £ 0.1 kJ mol* K-'). Our nove! analysis of AC, showed the interaction of

salt bridge can account for almost all the reduced AC;, in the mutants. In average,
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u

AG (kJ mol™)

Temperature (K)

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
AC, 10 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 of the coupling free energy (dotted line, up-shifted by 6.0 kJ mol™").
‘The up-shift of the protein stability curve is indicated by the arrow.
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interaction of each salt bridge accounted for 1.0 + 0.1 kJ mol™ K'' reduction of AC,.

On the contrary, individual long range ion pair (E90/R92) seemed to have no effect
on AC, value. Structural analysis of T. celer and yeast [.30e revealed the former has 6
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 AC, in thermophilic homolog (2.0 + 0.1 kJ mol”' K'' out of 2.6 + 0.6 kJ
mol” K™'). Our data has clearly demonstrated that the majority of the reduction of
AC, values in thermophilic proteins comes from a few salt bridges. In theory the
protein stability curve is not necessarily up-shifted even salt bnidges have reduced the
AC, 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 AH,, (Tabie 3.1). Thus, the reduction of AC, by salt bridge
interaction would therefore lead to the up-shift of protein stability curve,

To sum wup, our data on the effect of salt bridge has clearly demonstrated the
effect of salt bridge interactions ¢ould lead to the large up-shift of the protein
stability curve, which is in fact the common observation that thermophilic prote‘ins
have largely up-shifted protein stability curves when compared to their mesophilic

homologues. Be reminded that thermophilic proteins have in general elevated surface
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Figure 3.9. The effect of reduced DCp value on the protein stability curve.
Protein stability curves were simulated using the Gibbs-Helmholtz equation. AC, and
AH,, of hypothetical mesophiiic protein (continuous line) were set to 7.9 kJ mol"' K
and 380 kJ mol”'. Reducing AC, 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 if AH,, were set free for fitting and
decreased to 320 kJ mol ™.
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charges when compared to their mesophilic homologues. Tﬁe finding in this study
evidently supports the hypothesis that the increased electrostatic interaction of
thermophilic proteins contributes to their unusually high thermostability. Our
analysis on AAG*"" and AACT*"™® also clearly demonstrated the common
strat‘egy to achieve the unusually high thermostability of thermophilic proteins by
largely up-shift the protein stability curve which is mainly due to the salt bridge
electrostatic interactions.
3.3.3 Electrostatic interaction of salt bridge is temperature
independeént

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 cases ">, but it has also been reported to have little contribution to protein

3843 or even destabilize proteins**® because of the large desolvation

stability
penalty and entropic cost. One explanation for these contradicting findings comes
from theoretical models'*®. Eicock 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 A) is 3.3 kJ mol' more stabilizing by raising the temperature by 75 °C

from 25 °C to 100 °C. However, our study has experimentally shown that no

95



CHAPTER 3: Electrostatic interactions improve protein thermostability by up-shifting protein
stability curve

observable increasing trend for the AAG™¥"¥ of salt bridge as temperature
increased. The temperature independency of AAG:"#"* was also observed in salt

bridges in another thermophilic protein Ssh10b'?’. The failure of Elcock’s theoretical

model in predicting the trend of AAG:™"® with increasing temperatures reveals
that some energetic considerations might be leaved out in the theoretical model. One
possible unconsidered factor is the_entropic cost of fixing 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
conlribution 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 (T,) around room temperature'®. Further increase in
temperature results in the decrease of 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 °C, and the percentage

contribution increased to 28% at 75 °C.
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3.3.4 Concluding remarks

QOur data has demonstrated the eclectrostatic interaction between sait bridges
stabilize the protein by about 2-3 kJ mol™! per salt bridge at temperatures ranging
from 25 °C to 75 °C, showing increasing temperature will not greatly increase the
stabilizing effect of salt bridges as predicted in theoretical calculatiog“(’. [nstead, the
temperature independency of salt bridge interactions showed that electrostatic
interaction between ion pairs will lead to the up-shift of the protein stability curves.
According to our novel double mutant cycle of AC, analysis, we have also shown
that salt bridge interactions dominant the effect of reduced AC,, which will also lead
to the large up-shift of protein stability curves. Taking together, improving
clectrostatic interaction of salt bridges can improve the protein stability at all
temperatures by iargely 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 HCIl-induced
denatured T. celer L30e has no
observable residual structures

4.1 Introduction

Characteristics of native (folded) state of proteins have been extensively
investigated in thermodynamic studies®>>?%'*!"2 [ ess attention has been paid to the
effect of denatured state on protein stability, although improving global protein
stability by manipulating denatured state has also been investigated®*¢'**"'%* |p
principle, denatured state should be equally important for determining the free energy
of unfolding (AG,) of the proteins as AG, is the difference between the free energy of
denatured and native state. Unlike the free energy of native state, that QF denatured
state refers to the average free energy level of an ensemble of 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 of small
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CspB protein'*®, many experimental studies have demonstrated the important role of

residual structures in protein stability®*'

. Recently, it has also been suggested the
high thermostability of thermophilic proteins (largely reduced AC,;) is originated
from the residual structures in the denatured state'*’. Therefore, to investigate if any
residual structures contribute to the high thermostability and the largely reduced AC,
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 ¢; and y; (normalized Onng.1.1), and
ONa(iii) © OaNi-1,i) Fatio). Our data showed there were no observable {csidual structures

in the completely denatured protein, and therefore residual structures should not be
the major‘ contributor for the thermophilic properties of 7. celer L30e.
4.2 Result
4.2.1 Wild-type T. celer L30e denétured in the presence of
6.0 M Guanidine hydrochloride

'H"N-HSQC"® spectra of T. celer L30e 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 HCl clearly has a much wider dispersion in 'H
dimension, with 1H 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 7. celer L30e. 2D
'"N-HSQC spectra of wild-type T. celer L30e at 298 K in 10 mM citrate/phosphate
buffer, at (A) pH 4.0, (B) pH 4.0 with 6.0 M guanidine HCI, (C) pH 5.4 with 6.0 M
guanidine HCI, and (D) pH 6.5 with 6.0 M guanidine HCI. Be noted that samples
with 6.0 M guanidine-HCI (B, C, D) had much narrower dispersion in ‘*H dimension.
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dispersion of proton chemical shift clearly showed that 7 celer L30e in the low ionic
strength NMR 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 HCI.

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 HC!
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 7. celer L30e 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 7. celer L30e 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 of the resonance peaks, HNCACB atone could provide us the *C* and
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150

CP chemical shift values for i and i — 1 residues'>’. Therefore, the reside types for i

and 1 — 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
B¢ and "CP 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 of complementary triple-resonance experiments, namely
BN-TOCSY-HSQC"*! and HC(CYCO)NH-TOCSY'*?, where the aliphatic side chain
'H chemical shifis of i and i — 1 were correlated to that of 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
of expgrimcnts did help determining the residue type of i and i — 1 residues, but since
the aliphatic 'H chemical shifis of all residues were close to the random coil shifts,
not much extra sequential linkage could be provided. In contrast, another triple
resonance  experiment 'H'’NHSQC-NOESY-HSQC'®  provided us with
unambiguously rich information on sequential assignment, although no information
for residue type was provided. In this experiment, 'H'°N-HSQC-NOESY-HSQC
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 of the i — 1, i, and 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 7. 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 smialler 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 Huber's
methods, no residue cotild be regarded as outliners according to their amide single
intensity.
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wdd / N, 9

A10 Q11 D12 T13 G14

Figure 4.2. Sequential connectivities of 3D '"N-HSQC-NOESY-HSQC spectrum.
Selected pairs of ’N'°N strips from the 3D '"N-HSQC-NOESY-HSQC spectrum of
unifomly "N'*C-labelled wild-type T celer L30e in 6.0 M guanidine HCI, 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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GB9 - G91
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G0 —wmme

Gi4 G57

wdd / NgQ

Figure 4.3. Backbone assignment of denatured T. celer L30e. 'H'°N-HSQC
spectrum of the 7. 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.

105



CHAPTER 4: Guanidine HCl-induced denatured T. cefer L30e¢ has no observable residual structures

210°
° ° =
- °
o ° oo
‘n [ L o
(.1} o & L
S 9 | ¢ . °
g 1.5 10 L J ' ® . ° “.. ..
@ o® oo ° ® P . 'Y
5 * ,° 0 o%® ¢ o°* ¢ %
2 : ° e * ® M L
E * ‘, o’ , &
- 110° | o0 ® F 4
%) ® e °
3‘ ® Q
€
- ®

5 108 1 ‘) ] i I )

0 20 40 60 80 100

Reside Number

Figure 4.4. Backbone amide intensities from 1HISN-HSQC spectrum. Backbone
amide intensities in arbitrary units from a 'H"’N-HSQC spectrum of the wild-type T.
celer L30e in 6.0 M guanidine HCI 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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4.24 Chemical shifts of denatured wild-type 7. celer L30e
deviate little from random-coil values

Chemical shifts of amino acids, especially for those of the backbone and the
nearby atoms, can reflect the secondary structures in the protein'>*'*%. In our study,
the chemical shift of lH, N, CO, ¢, H", C" were collected from various NMR
experiments ('H'’N-HSQC, NHCO, “N-TOCSY-HSQC, HC(C)(CO)NH-TOCSY
and HNCACB). These experimental chemical shifts values were compared with the
sequence-corrected random  coil  shifis™®'®', and the deviation from
sequence-corrected random coil shifts of 'H, °N, CO, C°, H", C* for all residues
were summarized in Figure 4.5. Huber’s method was applied for identifying outliner
chemicai. shifts. It was found that almost all of these experimental chemical shifts
were within the random coil range defined by Huber’s 'method. The exceptions
included Lys-28 and Arg-54 in 'H chemical shifts, Glu-100 in '>N chemical shifts,
Arg-42, lle-58, Arg-76, and Glu-100 in C" chemical shifts, Pro-43, and Glu-100 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 T. celer L30e

The inter-atomic distance between the backbone 'H of i and i — | residues
(dnngi-1,iy) 1s all dependent on the combination of the two torsion angtes about a single
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Figure 4.5. Chemcial shift deviations from random coil shifts. Chemical shift
deviations (A8) for resonances of backbone atoms (A) 'HN, (B) "N, (C) '*CO, (D)
'H®, and (E) Bece, as well as nearby atoms (F) BCP of wild-type T. celer L30e with
6.0 M guanidine HCI 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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boﬁd in backbone ¢; and ;. For L-amino acid, ¢, and 1y, will be highly restricted if
the residue is located in secondary structures like regular a-helix or B-strand'8*'®.
Consequently, the average dyy of a residue located in regular a-helix (2.8 A) is
shorter than that in B-strand (4.3 A)'*'. Without residual structure in the _clenamred
state, proteins are expected to have an ensemble of inter-converting random coil
structures, in which polyproline 1l has been reported as an important

165-169

conformation Random coil structures, including polyproline 11, are

predominantly popuiated hy conformers in the fi<region of ¢, and 1, conformational
space'’’. Therefore, dungi.1.) is a good parameter to indicate if 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 stm;:tures if
the signal intensity of dnngi.1.iy NOE (onng.1.») 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, Onng-tij) 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 Onng.1i) values for all
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residues in 7. celer L30e at pH 5.4 at 298 K were calculated (Figure 4.6) It was found
that the onng.1iy 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 of the ratio is very small (less

than 0.05).

In addition to dwng.1.) the separation distance between H® and 'H in the same
residue (dy, i), as well as the separation distance between "H in residue i — | and 'H
in i residue (d,ng.1.)), are also dependent on the backbone ¢; and w; torsion angies.
For dn..), the value is in average a bit higher in B-strand structure (2.8 A) than in
a-helix structure (2:6 A). Whereas for d_y.1.i), the value is much smailer in B-strand
structure (2.2 A) than in a-helix structure (3.5 A)'®’. Therefore, for the same
argument as the case of onngirip the Ongiiy t0 O,y Of a residue would be
“extraordinarily large” if it is involved in residual structures. Similarly, for fair
comparison, Onyiiy and O,y were first normalized with the corresponding
diagonal peaks in 'N-TOCSY-HSQC and HC(CYCO)NH-TOCSY respectively
before calculating the ratio (Figure 4.7). In our study, more than half (60 out of 100)
of the Ongiiy @ Tangi-1,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 of the protein sequence have “extraordinarily
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Figure 4.6. Backbone amide 'SN'°N intensity ratios. Backbone amide 'N'°N
intensity ratios (Onng-1,)) observed for wild-type 7. celer L30e in 6.0 M guanidine
HCl at 298 K at pH 5.4. onng.1,iy were determined as the intensity ratio of
HNi.1)-HN;, NOE to diagonal peak based on 3D 'H'*N HSQC-NOESY-HSQC
spectrum.
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Figure 4.7. Backbone 'H*'H® intensity ratios. Backbone 'H*'H" intensity ratios
(ONagii) / Oungi-1,i)) observed for wild-type T. celer L30e in 6.0 M guanidine HCI at 298
K at pH 5.4. Ongii) / Ouniieiiy values were determined as the intensity ratio of
H%)-HNg) to H%.;-HNG NOEs measured in 3D "N TOCSY-HSQC spectrum and
HC(C)(CO)NH-TOCSY spectrum.
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large normalized Onggijiy @ Oongi-1,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
state 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

will have conformational preference if interactions like salt-bridges and hydrogen

,"

bonds are present in the denatured state, as these interactions will alter the free
energy levels of 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 of the backbone in denatured state was traced by the signal
intensity of backbone amide in 'H'’N-HSQC experiment, as the signal intensity
would be higher (and narrower line-width) if the backbone is more flexible in éeneral.
Therefore, the overall similar backbone amide signal intensities throughout the
sequence strongly suggested 7. celer L30e has no residual structures in denatured
state, although the middle of the sequence may be a little bit more rigid than the two
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terminals.

Although there is no preferred conformations if the denatured protein is purely
random coil, Proproline II conformation was suggested to be an important type of
conformation for the denatured proteins. Polyproline II type conformations have a

characteristic that the combination of two backbone torsion angles (¢; and ;) are
similar to that of the B-strand structures. The fact that random coil structures are
predominantly populated by conformers in the B-region ¢; and ; 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 ¢; and y; deviated from those of $-strand structure are regarded as involved in
residual structures. Obviously, this definition of residual structure cannot distinguish
any @-strand structures from random coil conformations. However, no report
suggests f-strand structures are present in the denatured state. Although ¢; and v,
cannot be directly measured, their combination can be reflected in dnnior i, dNggisiys
and d,ng.y, 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 regidual 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 7. 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

71-174
Sll’UCtUl’CI -

as well as the nearby residues in the sequences'**'®'. Thus, residual
structures can also be detected if 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 peptide'sg"("

, or from the loop regions of native proteins'”.
In our study, the deviations of 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 of the residues in denatured 7. celer L30e were involved in residual
structures. However, the C-terminal residue Glu-100 has been shown to have
significant deviation in 'SN, 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-100 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

were found to have large deviations. Be noted all these three residues are preceding a

proline residue. In the sequential correction of random coil C® shifts, the corrections

-

'8! This correction

for residues preceding a proline residue were as large as 2.0 ppm
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may not be accurate as the correction values are based on short mode! 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 'H 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'’ 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

affect the protein stability™®', .

4.3.2 Concluding remarks

In this study, we have demonstrated T celer L30e had completely denatured in
the presence of 6.0 M guanidine HCI, an;:l the pH values did not have large effect on
its denatured state. Also, with the success of sequential assignment of all residues,
any residual structures present in-the denatured state were tried to be detected with
the rigidity of backbone (backbone amide intensities along the sequence), structural

116



CHAPTER 4: Guanidine HCl-induced denatured T. celer L30e¢ has no observable residual structures

effect on chemical shifts (secondary shifts of backbone and nearby atoms), and the
combination of the two backbone torsion angles ¢; and y; (normalized onngi-1.), and
ONa(ii) © O.N(i-1,)) ratio). No eonsistent evidence was found to show T. celer L30e has
form residual structures in denatured state. However, it 1s possible that electrostatic
interactions are affecting the “stability™ of 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 AC, should not be mainly contributed by

the residual structure of T celer L30e.
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Chapter 5: De-crystallization of
wild-type T. 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 if the protein can be
easily crystallized in various conditions. However, crystallization can be
confrontational to biophysical and functional analysis if 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
low ionic strength environment will be chosen for performing assays' 180,

Especially for the studies which are sensitive to ionic strength such as the

investigation of protein electrostatic properties, low ionic strength in assays should
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be particularly well controlled. Unfortunately, low ionic strength conditions are also

181-184

widely used for crystallization because of the salting in effect . The success in

erystallizing chymotrypsinogen without precipitants in low ionic strength condition

'85 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 will 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
method for reducing the chance of crystallization '**'¥. However, the outcome is not
guaranteed and sometimes removing surface charges may contrarily promote

crystallization'®®'®,

Since high charge density and increased surface charge-charge interactions are

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 of 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'?%'?!

, which would enhance its crystal stability and promote crystallization.
We have shown that wild type 7. celer L30e would crystallize in low ionic strength
conditions in this study. As discussed in chapter 3 and chapter 6, as well as in

. . 4.9
previous studies®*®’

, electrostatic interaction of T celer L30e is one of the important
factors for its high protein stability. However, cr)./slallizalion of T celer L30e in low
ionic strength conditions fatally hindered the investigation of its electrostatic
contﬁbution to protein stability by estimating the pK, values of its surface charge
through NMR experiments. Obviously, removing surface charges, and increasing
protein solubility by adding sait 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 untwanled
crystallization in low ionic strength conditions to date. To this end, using T celer
L30e 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. Qur results supported the
conclusion that this rational de-crystallization approach successfully prevented
unwanted crystallization 1n low ionic strength conditions without affecting buffer
conditions and protein characteristics. [n addition to de-crystallization strategy, this
study alsp demonstrated the important role of Arg in crystallization, providing a
direction for improving crystallization by simple mutations of surface charges.

5.2 Results

5.21 Wild-type T. celer L30e crystallizes in low ionic

strength conditions

To demonstrate the crystallization of wild type 7. celer L30e¢ in low ionic
conditions (10 mM citrate/phosphate buffer), protein with high concentration (10 mg
mi') 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 10 be less than | 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 n 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 solubtlity (residual
protein concentration in supernatant) should only be mildly affected by initial protein
concentration' . To test if 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 | 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 resulF
indicated low protein concentration (0.5 mg ml™"), which is common for various
biological assays, 1s already enough to trigger the crystallization of wild-type 7. 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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-

figj:l_r; 5.1. Microcrystals observed under light microscope. White' precipitates
obtained from dialysis of 10 mg ml” wild-type T. celer L30e in low ionic strength
condition (10 mM 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
variants by two independent methods, namely dialysis approach and concentration
approach (Figure 5.3). The resuits 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 L30e (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
swhite precipitants (microcrystals) were formed in both approaches. In the
concentration approach, the protein san;1p1e was concentrated to about 28.2 mg ml’'
and still no precipitation formed (only 9.1 mg m!"' 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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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

compaicd 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 structurai
changes

Crystal structure of wild T celer L30¢ at low ionic strength condition without
precipitant has been solved in this study (Table 5.1). [t showed no major structural
differences from the previously solved crystal structures with using PEG as
precipitant (PDB code: 17HM) **'*, having the r.m.s.d. between C* atoms of 0.44 A
(Figure 5.4).

To investigate if 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
396 conditions tested, where the crystallization condition had very high ionic
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Table 5.1. Statistics for crystal structure of wild-type T. celer L30e and its variants

. intuple
Wild-type Quin
without Arf—te—l,,tys R8K R21K
precipitant anan
Summary of crystallization conditions:
10 mM 10 mM 10 mM 10 mM
citrate / citrate / citrate / citrate /
phosphate phosphate phosphate phosphate
buffer buffer buffer buffer
pH 6.5, pH 6.5, pH 6.5, pH 6.5,
289K 289K 289 K 289 K
Diffraction data collection statistics:
X-ray source CuKa CuKa CuKa Cu Ko
Space group P2, P22,2, P2,2,2, P2,2,2,
; 31.9-24 39.4-2.4 34.7-19 33.7-18
Resolution (A) (2.2-2.1) (2.5-2.4) (2.0-1.9) (1.9-1.8)
Molecules per
] . l 2 | i
asymmetnic wut
) . . a, 24.2, a, 30.5; a, 34.5, a, 34.5,
&“)“ cell dimension b, 53.3; b, 61.4; b, 42.6, b, 42.8,
c,33.7 ¢, 102.8 ¢, 54.4 ¢, 545
. a, 90.0; a, 90.0; o, 90.0; a, 90.0,
&'l‘; ;’e" angles B, 109.1; B, 90.0; 8, 90.0, B, 90.0;

' y, 90.0 Y, 90.0 ¥, 90.0 Y, 90.0
Multiplicity 15Q@3.9) 14.7(14.7) 333D 6.9 (6.6)
Completeness (%) 99.3 t98.8) 100.0 (100.0) | 99.3(97.0) 99.5(98.7)
Mean l's (1) 6.7(3.9) 15.4(8.7) 10.0 (4.5} 9.7 (4.6)
qu, (%) 12.6 (26.4) 12.6 (26.8) 84(22.6) 12.2(29.9)
Unique reflections 3199 (456) 8086 (1149 6656 (919) 7894 (1 108)
Structural refinement statistics:

R-factor / Ry, (%) 17.7/278 1827250 1567212 1517190
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 0816 0.793
Ramachandran pot analysis:

Preferred region (%) 94.7. 98.4 96.7 96.7
Aliowed region (%) 53 1.6 33 33
Outliers (%) 0.0 0.0 0.0 0.0
Cerm.s.d. with

wild-type T. celer 0.44 0.47 0.40 0.39

L30e

Values in parentheses are for the highest-resolution shell.
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R42K R54K R76K
Summary of crystallization conditions:
10 mM 10 mM 10 mM
citrate / citrate / citrate /
phosphate phosphate phosphate
buffer buffer buffer
pH 6.5, pH 6.5, pH 6.5,
289K 289 K 280 K
Diffraction data collection statistics:
X-ray source CuKa CuKa CuKa
Space group P2,2,2, P2,2,2, P2,

: 34.6-2.3 336-23 53.3-22
Resolution (A) (2.423) (2.42.3) (2.3-2.2)
Molecules per

L 1 1 i
asymumetric unit
Unit cell dimension a, 346, b, a, 346, b, a,24.4, b,
(A) 43.1,c,544 | 42.7,¢,54.6 1 53.3;¢, 340
Unit cell angles a, 90.0; B, o, 90.0; 3, al’ 09:'_3-’ B,
(deg.) 90.0;y,90.0 | 90.0,y, 90.0 ik
90.0
Multiplicity 28(2.8) 6.7 (6.7 48 (4.8)
Completeness (%) 99.8(99.6) | 100.0(100.00 ! 99.8(99.5
Mean l/e (1) T8 (4.9 11.3(6.6) 19.4(5.4)
R rege (%) 104(244) | 124(274) | 66(26.7)
Unique reflections 3905 (540) 3910 (547) 4232 (606)
Structural refinement statistics:
R-factor /R, (%) 154/236 17.1/255 199/269
r.m.s.d. from 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 95.9 548
Allowed region (%) 42 4.1 52
Cutliers (%) 0.0 0.0 0.0
C*rm.s.d. with
wild-type T. celer 0.40 0.41 043

L30e

Values in parentheses are for the highest-resolution shell.
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m WT(PEG) W WT(H,0) ® R8K R21K
B R42K B R54K m R76K m 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 (SRK, red) are superimposable upon that of wild-type T. celer
L30e of which the crystals grown with precipitant PEG (black) (PDB: 1H7M).
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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

C® atoms was 0.47 A) (Figure 5.4). The fact that quintuple variant adopts essentially
the same fold as the wild type 7. 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 7. 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
uniike 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 of other molecuie formed
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Figure 3.5. Far-UV CD spectra of wild-type TI. 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 vartant (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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Table 5.2. Summary of crystal contacts of T. celer L30¢ and its variants.

Residue number

Protein
8 2l 42 4 16 39 92
SB: D48 SB: E62
WT HB:L94 SB: D2
HB: Y52 SB: E64d
SB: E62
SB: D12
R8K HB:L%4 SB: D2 SB:Eé64
HB: Q11
HB: Y6l
SB: E62
SB: D12
R2IK SB: D48 SB:E50 HB: 194 SRB:D2 SB:E64
HB: Qi
HB: Y6l
SB: E62
SB: D48 SB: D12
R42K SB: D2 SB:E64
HB: Y52 HB: Ql1
HB: Y61
SB: E62
SB: DI2
R54K SB: D48 HB: L94 SB: E64
HB: Q11
HB: Y61
SB: D48
R76K HB: LL94 SB: D2 SB:E62
HB: Y52
S5RK HB: Y52 SB: D12 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

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 distancc? are 5.8 A and 8.0 A respectively). Instead of having
strong electrostatic interaction, Arg-42 was foun& to form several hydrogen bonds to
backbones of 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
P2,2,2, and the size of 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 Giu-50 to
compensate the original electrostatic interactions with other unlike charges. Arg-39,
which does no't contribute to crystal contact in P2, space group, was found to form a
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 of 5.8 A and 4.3 A respectively).

For the quintuple Arg-to-Lys variant, it crystailized in a new space group of
P22,2,. As expected, since five original crystal contact involving arginine residues
were substituted, the overall crystal contacts differed much from those in P2, and
P2,2,2, 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 (P2,) 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 7. celer L30e

To explore the effect of Arg-to-Lys substitution on thermodynamic stability of
proteins, thc melting temperature (Ty,) value and the Gibbs free energy of unfolding
(AG,) at pH 6.5 of wild-type T celer L30e were compared with those of the
quintuple Arg-to-Lys variant (Figure 5.6).

T values, which indicate the thermal stability of proteins, in low ionic strength

condition were found by CD spectrum of temperature-induced denaturation of the
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Figure 5.6. Chemical and thermal denaturation of T. celer L30¢ and its mutants, .
(A) Urea-induced denaturation curves and (B) thermal denaturation curves of
wild-type 7. 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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wild-type protein and the variant. The Tr, values of wild-type T. celer L30e and its
quintuple Arg-to-Lys variant were found to be 372.8 £ 0.1 K and 373.2 £ 0.1 K
respectively, showing that the quintuple substitution virtually had no effect on Tn,
value (AT, equals to 0.4 + 0.0 K). Both of the proteins were shown to be
thermophilic proteins.

Similarty, AG, at 25 °C in low ionic strength condition of both proteins were
found by CD spéctrum of guanidine-induced denaturation. The AG, values of the
wild-type T. ce:ler L30e and the quintuple Arg-to-Lys variant were 42.9 + 0.4 kJ mol”’
and 43.5 + 0.4 kJ mol™ respectively. The small difference of the two AG, (0.6 £ 0.6
kJ mol™') indicates the quintuple substitution vinﬁally has no influence on

conformation stability of proteins.

5.2.6 Charge-conserved Arg-to-Lys substitution does not
.affect the salt dependency of T, valueﬁ .

The pK, values of the sidé chain of Arg and Lys are expected to be around 10.0

to 12.5. With this high pK, values, it is expected that substituting ariginine by lysine
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
dependencies of thermostability at pH 6.5 of wild—iype T celer L30e and all the

single and quintuple Arg-to-Lys variants were determined (Figure 5.7). All proteins
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Figure 5.7. Salt dependency of melting temperature. Salt dependency of melting
temperature (T,,) of wild-type T. celer L30¢ (filled circle), the quintuple Arg-to-Lys
variant (open circle} , R8K (filled square), R21K (open square), R42K (filled
diamond), RS54K (open diamond), and R76K (filied triangle) in 10 mM
citrate/phosphate buffer at pH 6.5 at 298 K. Be noted the virtually identical salt
dependency of Ty, indicates charge-conserved Arg-to-Lys substitutions did not affect
surface charge-charge interaction, which was shown to have large effect on T,,>*.
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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 of screening of electrostatic interactions and the stabilizing Hofmeister
effect. The T, 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, T, values at pH ranging from
1.0 to 6.5 were found by CD spectrum (Figure 5.8). It was found that T, values

%

decrease with the decrease in pH from 6.5 to about 2.0, and the decreasing rate of T,,
increa?es when the pH value is linearly decreased. It was because when pH decreases,
a larger population of acidic residues shifted to the protonated state in equilibrium
and the balance of 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 Ty, values contrarily increased. This observation demonstrated the
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Figure 5.8. pH dependency of melting 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 (HC! in our study) have to be added in order to
achieve lower pH. Therefore, when pH is lower than about 2.4, the salt (CI)
concentration will increase with decreasing pH, and thus the inevitable Hofmeister
effect will 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 (T, value become lowest of 50.9 °C 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 T. celer L30e in low ionic strength
condition is electrostatic driven

[t has demonstrated that wild-type 7. 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

stability'3-1%7

, and therefore thermophilic protein with unusually high surface charge

density, like wild-type T celer L30e, is highly suspectable to be able to crystailize in
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fow 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 7. cefer L30e did not denatured at pH
ranging from 1.0 to 6.5, the observation that 7. celer L30e only crystaliized at neutral
pH 6.5 but not the acidic pH 2.5 and 4.0 clearly showed that the crystallization is
electrostatic driven. 7. celer L30e¢ has an overall balanced net charge unevenly

distributed on the surface'™'”"

. At neutral pH, all acidic and basic residues were
charged. As the screening effect was negligible in the low ionic strength condition (<
50 mM 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
intér-molccular 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 of 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
rattonally 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” crystailization.
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 7. 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 1onic 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 crysiallization is
that instead of having a small amine group in lysine residue, it has a large planar
guapidinium group, which is much more readily to form salt bridge and hydrogen
bond in crystal contacts. The strong ability of arginine residue for forming salt
bridges and hydrogen bonds was also observed in wild type T celer L30e. While
Arg-2]1, 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 of crystal with original packing (space group of P2} decreased and

therefore protein crystallized in a new packing (P2,2,2,) 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 7. 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 sait 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 quintupie Arg-to-Lys
variant were substituted, the crystal contacts and space group (P22,2,) 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 7. celer L30e 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 will then adapt a
new crystal packing so that the remaining Arg will 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 7. 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 microcrystals 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 of
wild-type T celer L30e. Also the guanidine-induced AG,, T, as well as the pH
dependency of Ty, of the quintuple Arg-to-Lys variant in low ionic strength condition
were found to essentialty not differ from those of wild-type protein.

Unwanted protein crystallization in assays will be an insurmountable difficulty
for protein characterization. In our study of electrostatic contribution, the
crystallization of protein in low ionic strength NMR condition made the wild-type T
celer L30e impossible to be used as the protein mode! for pK, approach. Since our
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purpose is to study the electrostatic interaction of the protein, general methods like

195

removing charged residues'”’ or changing buffer conditions (ionic strength)'®® that

would inevitably influence protein charge-charge interaction must be avoided. As
discussed above, the rational de-crystallization of electrostatic driven 7. 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 of wild-type 7. celer L30e for pK, 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 of 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 AG, values obtained from guanidine-induced denaturation and T,
values obtained from thermal-induced denaturation showed clearly the quintuple
Arg-to-Lys variant retains the high thermostability. Lastly, virtuaily the same salt
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dependency of T, 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 T, value of the
quintuple Arg-to-Lys vanant as that of wild-type protein was not due to the averaging
effect of 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 pK, shift
approach study.
5.3.4 Concluding remarks

Wild-type 7. celer L30e was shown to be crystallized in low ionic strength
NMR condition in neutral pH 6.5, which hindered its electrostatic study by pK,
approach. The pH and salt dependencies of the crystallization indicated this “salting
in” crystailization 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 sait 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 pK, 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 7. celer L30e. This observation also

provides us with hints on rational design for improving protein crystallizability.
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L]

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

thermostability”**”.

Continuous 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’**2. Our previous study on charge-to-Ala substitution of 7. celer
L30e also demonstrated most of the charged residues more or less stabilize the
protein®>!. However, the effect of removing charge-charge interaction by mutagenesis

on protein stability is rather unpredictable'”'”'s"'96.

It is 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 1. 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.""'n. 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

the charged residues™™’.

Unlike double mutant cycle which focuses on the interaction of a chosen ion
pair, pK, 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).
Although pK, 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 titrational event of charges. In fact,
interactions of charged residues have ;)een widely studied by investigating their pK,
values and titrational behavior® #"'*972% (pe difficuity for analyzing pK, 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 pK, values, or changes
in local chemical environment that are unrelated to protonation of the target charges
such as structural rearrangement. Usually, non-HH titrational behavior is expected
for charged residues for buried charges in active sites''>'"* 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 state populations''”,

00

the decoupled sites representation’. Each model has its own advantages and

weaknesses. Therefore, carefff analysis is needed for getting information from the
non-HH titration curves.

Being a thermophilic protein, T cefer L.30e 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 giobal 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 L30e, will be
used as the protein model to address this question by using pK, 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 1onic 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 eclectrostatic interactions among surface charges,
which is indicated by non-HH titration curves for most of the Asp and Glu. With
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careful analysis of microscopic fitting 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 of how temperature affects the
3

contribution to protein stability of global electrostatic interaction, the electrostatic
contributions 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 i:harge density

T c‘eigr L30e 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 dislriputcd on the protein surface'”’.

Based on the crystal structure of quintuple Arg-to-Lys variant of T celer L30e,
the undefined region at the flexible C-terminal was rebuilt by MODELLER. Using
8.0 A as the cutoff distance, 2 large charge clusters apd a surface of scattering
1solated charges were identified (Figure 6.1). The first charge cluster is located in the
region near N- and C-terminals, consisting N-terminal, Asp-2, Glu-6, Lys-8, Lys-9,

Asp-12, Glu-90, Arg-92, Lys-99, Glu-100, and C-terminal (Figure 6.1, 0° view). The
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-90° view 0° view 90° view

Figure 6.1. Surface charge distribution of the quintuple Arg-to-1.ys varfants. The side chain of charged residues (Asp, Ghy, Arg, [.ys, His)
as well as the N- and C-terminals were indicated by cne-letter-code and residue number, and shown as sticks presentation n -90°, 0° and 90°
views. The charged oxygen atoms were colored red, and the charged nitrgen atoms were colored blue.
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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,
-900 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 of 7. celer L30e (Figure 6.1, 900 view)'™.
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 vanant at pH 6.5 at
298 K and 333 K were obtained by using triple-resonance cxperiments. The
backbone assignments were mainly relied on HNCACB'"®. The intensities of ¢
and "*C* peaks of 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 "C* and "C" chemical shift values'™. HNCACB also
provided us with the chemical shifts of ’C* and PC"of i - | residue, of which the
peaks of 1 — 1 residue can be distinguished from that of 1 residue by having a much
smaller intensity. Thus, the residue type of the i — 1 residuc was also obtained. Spin
systems could then be linked by these sequential connectivities (Figure 6.2). More

than 90% of residues could be sequentially assigned without ambiguity. The
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wdd / 9¢,Q

&8 &6.54
T13 G14 K15 116 V17

Figure 6.2. Sequential connectivities of 3D HNCACB. Selected pairs of 'H"’C
strips from the 3D HNCACB spectra of unifomly 'N'3C-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)(CO)NH--TOCSY'”, where the aliphatic side chain 'H chemical shifis 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 study'”’

. The high similarity of 2D
1SN-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
BN-TOCSY-HSQC"', HC(C)CO)NH-TOCSY and (HC)C(CO)NH-TOCSY'"?, as
well as HCCH-TOCSY?".

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 B¢ resonance assignment, the signal intensity of
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Figure 6.3. Backbone assignment of the quintuple variant. 'H'’N-HSQC spectra of the
quintuple Arg-to-Lys variant at (A) 298 K and (B) 333K at pH 6.5. Assignments of 96

backbone amide signals are denoted by the one-letter code and the residue number.
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(HC)C(CO)NH-TOCSY spectrum obtained were weak, and only the resonancés of

“C* 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 times 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 "’C" resonances of Asp and Glu respectively could be
assigned unambiguously.

Having assigned 'H" and 'H" resonances of Asp and Glu respectively, carboxy!
carbon resonances of Asp and Glu could also be assigned by a modified 2D
H(CA)CO™, which optimized the one-bond correlation of carboxyl carbon and CH,;
group (by setting parameter d2! = 9 ms in Bruker standard pulse sequence
HCACOGP3D). 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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BC* 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,
BCABC 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 10 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 29.8 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 researches™ 2", At 298 K, the pH
dependency of chemical shifti 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-10-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 'H*’C"MC" and 1Hg("CH"C”

connectivities of all Asx and Gix residues in the protein. Peak assignments for the

side chain carboxy! groups of all Asp and Glu are denoted by one-letter code and

residue number.
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Figure 6.6. Microscopic pK, fitting of carboxyl chemical shifts. Microscopic pK,
fitting of (A) residues that have reliable pK, values and (B) residues that have no
reliable pK, values at 298 K (filled circle, continuous line) and at 333 K (open circle,
dashed ling). 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 pK, values of Asp and Glu of

native Arg-to-Lys variant

pK, values of Asp and Glu were estimated by microscopic pK, 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, 8"*CO of Glu-6 and Asp-87 were best
fitted to the standard one-transition HH equation with Hill's coefficient of about 2,
whereas the titration curves of the others had two observabie transitions (Figure 6.6).
As reflected in the small x* values in fitting (0.01 — 0.02), all pH dependencies of
chemical shift were fitted very well to the microscopic pK, model, suggesting all the
observable transitions were well described by the fitted titration curves, and the
obtained pK, values should be accurate. The fitted pK; 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 pK, vzilues,
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Table 6.1. pK, values and changes of carboxyl "C chemicai shift of acidic residues

Abuc oln Aaucma'nr
Residue pK;{m.jnr) pKa{minur) Cmajor (o/o)h o !

{(ppm) (ppm)*
D2* 2.0(2.0) 35(3.4) 745(72.5) 3.4(3.5) 2.5(2.5)
D12+ 2.4 (2.4) 41(4.2) 706(76.0)  2.9(3.0) 2.0(2.3)
D44* 2.0 (2.0) 3.7(3.8) 79.8(85.6) 4.3(4.2) 3.4 (3.6)
D48 2.8(2.8) 49(49) 64.7(63.1) 34(3.3) 222.1)
D87* 1.9 (1.9) 100 (100) 2.5(2.6) 2.5(2.6)
E6* 1.8 (1.8) 100 (100} 2.0(2.1) 20(2.1)
E47 5.0 (5.0) 29229  504(51.8) 444D 2.2(2.3)
E50* 23 (3.5) 2.5(2.4)  70.0(70.0)  3.8(3.6) 2.7(2.5)
5.1% (4.9
E62* 22(2.1) 52(5.1) 74.8(76.7) 4.7 (4.6) 3.5(3.9)
2.4% (2.3
E64 4.8 (4.7 25(24) 620(63.0) 4749 2.9(3.1)
£69* 2.5(2.5) 48(4.6) B0.6(76.4) 3.8(3.9) 3.1(3.0)
E90 4.7 (4.7) 28(29)  66.0(63.0) 3.6(3.7) 23(2.3)
E100 2.8(2.7) 48(4.8) S56.0(53.0) 5.0(5.0) 28027

Residues which have rchable pK, values (percentage contribtion > 70 % and
A&”Cmu}m > 2.0) are indicated by astenisks. Values in parentheses are data obtained
at 333 K, while other data are collected at 298 K.

" The pK, values were obtained by GloFTE by pK,lool"' where Glu-50 and
Glu-62 were fitted together us an isolated charge group.

P The percentage contributions of the major transition were found by fitting the pll
dependency of carboxyl >C chemical shift to microscopic pK, model.

 The absolute change of chemical shifl due to major transition (Aé”C,,mﬁ,,) was
obtained by multiplying the total absolute change of chemical shift (A8"'Ciow) 10
the percentage contribution.
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fitting in this manner suffers from difficult assignment of the transitions fitted. This
1s because it is impossible to distinguish whether a transition is due to titrational
events directly, or due to non-titrational (but pH dependent) events, such as structural
rearrangement or other effects that influence the sensitive chemical shifts but not the
protonation/deprotonation state. Since the chemical shifts obtained in this study came
directly from the titratable group (side-chain carbonxyl carbon of Asp and Glu), 1t is
confident that the major transition of the titration curve i1s mainly due to the
protenation/deprotonation of the corresponding residue.

Another problem for assigning transitions comes from the uniqueness of the
fitted pK, values. This problem is not only spectfic to microscopic pK, model, but
also associates with GloFTE. The uniqueness problem has two levels, namely fitting
uniqueness and physical meaning uniqueness (Figure 6.7). Fitting uniqueness
assoctates with the mathematical problem of determining 1f the fitted pK, values are
the only solution to describe the titration ;’ﬁrvc. Whereas physical meaning
uniqueness refers to the problem of determining if the fitted pK, values have a
unique particular physical meaning. The physical meaning has ambiguity when 1t is
an averaged value of more than one comparable pK, valucs from different residues.
It is not difficult to imagine different combination of pK,, values can be averaged into
the same number. 11 a transition contributes largely to the change of chemical shift in
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Figure 6.7. The fitting and physical meaning uniqueness problems. Schematic
diagrams that illustrate (A) the fitting uniqueness problem and (B) the physical
meaning uniquenc3s problems. For the fitting uniqueness problem, two different
combinations (C!1 and C2) of two transitions (continuous and dashed lines) can
produce 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, the extra transition in the resultant
titration curve of atom A can either due to the combinatory interacting effect of atom

B and C (I1), 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 pK, value of the
residues due to its titrational event, because a large change in chemical shift is highly
resistant to changes and the fitting uniqueness problem will be diminished. For the
physical meaning uniqueness problem, since the crystal structure of Arg-to-lLys
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 affects chemical shifts but not
protonation/deprotonation, occurred.

Summing up the criteria, pK, value fitted from the major transition which has
contributes more than or equal to 2 ppm change and 70% of total change of chemical
shift is robust enough to be safely regarded as the reliable pK, values of the residue
due to its titratable event. The titration curves with reliable pK, 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 to 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 I|dentification of coupled Asp and Glu by reciprocal
relationship of microscopic pK, values and global fitting of
titrational events (GIoFTE)

Careful analysis of microscopic pK, 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 Glu-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 inlcr;cling. 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. If a pair of charges which have comparable pK, values has strong
electrostatic interaction among them, it will be expected that using GloFTE should

result in reasonable good fitting for both curves. It was found that the normalized
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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 (filled circle, continuous lines) and at 333 K (open circle, dashed
lines). The fitted major microscopic pK, 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 of 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 mol™' at 333 K. The
pK, 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 pK, 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, pK, values of Asp
and Glu were predicted by three different online servers, namely PROPKA™*
H++""""® and KARLSBERG+'""'® The reliable microscopic pK, values obtained
from NMR experiments were compared with the predicted values (Figure 6.10). It
\;vasl found that H++ and KARLSBERG+ had reasonably good predictions on pK,
values, having correfation with experimental pK, 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 pK, values by

\

PROPKA have correlation with experimental pK, vaiues 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.

172



CHAPTER 6: The contribution of global electrostatic interacations to protein stability

A
Charge
100 1 298 K
B Glu-30
0.75 1 H Glu-62
0.50 -+
0.25

1.00 9 333K
8 Glu30

075 - B Glu-62

050 1
0.25 A
0.00 1
0% |

0.50 1

475 4

-1.00

Figure 6.9. Globle fitting of titrational events (GIoFTE). 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 3¢ 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.
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Figure 6.10. Correlation of experimental and predicted pK,. Correlations of
experimental pK, obtained at 298 K and predicted pK, predicted by online servers of
(A) KARLSBERG+, (B) H++, and (C) PROPKA. The predictions werc based on
modeled quintuple Arg-to-Lys variant crystal structures that included the C-terminal
flexible tail. :
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Since no residual structures are expected in denatured state of Arg-to-Lys
variant (see Chapter 4), a polyproline |l based denatured state model of Arg-to-Lys
variant was built. pK; values of all Asp and Glu were predicted by H++ online server,
which gave pgood prediction when predicting pK, values in native state
(KARLSBERG+ prediction broke down since the submitted molecule was too large).
6.2.8 Random coil pK, values of Asp and Glu in model
peptides obtained by pH titration

To estimate the random coil pK, values of Asp and Glu, side chain pK, values in
5-residue model peptides Ac-GG(D/EYGG-NH; 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 studies'”?'®!

. The titratable residues were placed in the middle of the model
peptides to prevent any terminal effect on its chermcal shifts, which may n wm
affect the estimation of the pK, 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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Figure 6.11. pH titration of model peptide. pH titration of terminal-protected
5-residue peptides of (A) Ac-GGDGG-HN; and (B) Ac-GGEGG-NH; at 298 K
{filled circle, continuous line) and 333 K (open circle, dashed line).'lN—terminaI 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 of Asp or Glu in the model peptide be the only titratable group. Although
it has been reported recently that simple 2D NMR experiment is already good
enough for estimating the pK, values in disordered peptide fragment®”’, peptide with
only one titratable group enables us to find the target pK, value accurately by a
procedure-wise even more simple classical pH titration. The fitted pK, values of Asp
and Glu in the model peptide at 298 K were found to be 3.9 £ 0.0 and 4.3 £ 0.0
respectively, and to be 3.9 + 0.0 and 4.4 + 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 if its
pK. values in native state and in denatured state are known. The fact that wild-type 7.
celer L30e has no observable residual structure (see Chapter 4) and virtually identical
properties of Arg-to-Lys variant to wild-type 7. celer L30e (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 pK, values at 298 K and 333 K were calculated using the random coil
pK. values obtained from model peptides as the pK, values in denatured state (Figure

6.12).
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Figure 6.12. The electrostatic contribution of acidic residues. The electrostatic
contribution to protein stability of acidic residues which have reliable pK, values at
298 K (filled) and at 333 K (shaded). Assumptions that the quintuple Arg-to-Lys
variant has no residual structures, and the pK, 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 pK, values

were obtained by GloFTE, while the other pK, values were obtained by microscopic
pK, fits.
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6.3 Discussion

6.3.1 The electrostatic rgpulsion 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 carboxy!| 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.

NMR is a powerful technique to determine pK, values of residues in a protein
by measuring chemical shifts of the titratable 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 add‘ition‘ chemical
shift is very sensitive to the local chcmigal environment. The high sensitivity of
chemical shift enables it to reflect any interactions of the corresponding group.
However, being highly sensitive to local chemical environment can also complicate
the analysis of chemical shifts. Titration curve of a residue can exhibit more than one
transition if it is coupled to its nearby by titrating groups with similar- pK.
values''"2%82% Wwe cannot simply assume any non-HH titrational behavior is due to
electrostatic coupling between charges (titrational event) in analysis of experimental
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titration curves obtained from NMR 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 tlhe target charged residue, may also contribute to the resultant
titration curves. The effects (magnitudes and directions) ot non-titrational events are
difficult to be predicted unless detail structural information is available'”’. As
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 pK, values can be an average function or value, not to mention the intrinsic
experimental error of measured chemical shifts. Therefore, before using the fitted
pK, 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‘/deprotonatiun 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 titrational events
{GloFTE) method can account for the effects of electrostatic interaction of nearby
charges, but effect of any non-titratable events will be ignored in the fhtting.
Therefore, the fitting error of GloFTE should be small if the residues involved in the
fitting were only electrostatically coupled''*. The good fitting result of GloFTE for
fitting Glu-50 and Glu-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 pK, fitting fitted the transitions independently without any bias for
matching the pK, values of different residues. However, the pK, 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,
which was short enough for experiencing repulsive electrostatic interaction from
each other but too long for having other kinds of 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 (o

electrostatic repulsion.
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It is worthwhile to note that Glu-50 and Glu-62 were not the only residues
which experienced repulsive electrostatic interactions. 11 out of 13 the acidic
residues, except Glu-6 and Asp-87, had two observable transitions in microscopic
pK. 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 pK, values
were reciprocal to each other, although they have no major transition for fitting
reliable pK, values. For the other residues, interacting partners were diflicult to
assign. One reason is that the minor transition is too small to fit a robust pK, value
for analysis by both GloFTE and microscopic fitting, which can likely explain the
cases of 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 of 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-terminal residue, side chain of Glu-100 certainly has electrostatic
interaction with backbone C-terminal. However, no titration data of C-terminal could
be obtained in the modified 2D H(CA)CO. As Giu-100 is located in a flexible tail of
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the protein, the pK, values of Glu-100 are bt;st reference to those of free Glu amino
acid (4.3 for side chain, 2.2 for “backbone” carboxyl group). In this sense, the pK,
values of the side chain and backbone carboxyl groups of Glu-100 at 298 K / 333 K
should be 48+ 0.1/48+0.1and2.8+0.1/2.7 £ 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 of protonation and deprotonation of
surface charges of 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 of 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 A? out of
5745.8 A%). The unusually high surface charge density of the quintuple Arg-to-Lys
variant evidently suggested that the protonation/deprotonation coupling of the
surface acidic charges was due to the electrostatic repulsion among them.
6.3.2 Arg-to-!.ys variant has good structural arrangement of
surface charges for stabilizing protein

Statistical analysis of comparison between thermophilic and mesohpilic
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 thermostability”®**"*%* However, increased
surface charge density would also increase the repulsion between same charges in
addition to the favorabie 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
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. If the protein has
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optimized charge arrangement, most of the charges should be stabilizing event they
experience repulsive forces.

pK, shift approach is lhe_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 clectrostatic interactions can be
estimated from its rehable pK, value fitted from the major transition (provided that
the pK, value in denatured state is known). In our study, 8 out of 13 acidic residues
have reliable native pK, values fitted by microscopic model or GIoFTE. 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 cotl pK, values obtained from mode! peptides (3.87 and 4.31 or
Asp and Glu respectively at 298 K, 3.87 and 4.36 for Asp and Glu respectively at 333
K) were used as the denatured pK, values for the acidic residues in the pK, shift
approach calculation. Be noted that this may not be always valid as no observable
residual structures (o-helix like structure) is not equivalent'to no inter:action
(especially electrostatic interaction) in the denatured state (see Section 6.3.3).

As an independent validation of the experimentally obtained pK, values, they
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were compared with the computational predicted pK, values (Figure 6.10). Based on
the modeled crystal structure of Arg-to-Lys variant (modeled the flexible C-terminal
tail}, pK, values of the 13 acidic charges were predicted in 3 independent online
servers, namely KARLSBERG+, H++, and PROPKA. While QM/MM based
PROPKA results only acceptably correfated with reliable experimental pK, 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
respe(;tively. Nevertheless, all of them could correctly predict the overall trend. For
example, salt bridged residues Glu-6 and Glu-62 had significantly downshifted pK,
values, and destabilizing Glu-50 had elevated pK, value. The convergence of
experimental and predicted values provided an independent evidence for the
accuracy of the overall trends of the experimental obtained pK, values.

In pK, shift approach, large downshift of native pK, value when compared to
the denatured state pK, value indicates the strong stabilizing effect of the charge. It
was found that 7 out of the 8 residues which have reliable pK, values have largely
downshifted pK, values (Table 6.1) whe'n compared to the model denatured pK,
values. The only destabilizing residue was Glu-50, where the recason 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 pK, value (2.4 obtained from

186



CHAPTER 6: The contribution of global electrostatic interactions to protein stability

GloFTE). The stabilizing effect of Glu-62 comes from the strong salt bridge coupling

4

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 Glu-6 (with
Arg-92) also has a significant downshified native pK, 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 pK, 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 pK, value of the well isolated residues
of Asp-2, Glu-69, and Asp-87 (Figure 6.1). The downshifted native pK, 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 pK, 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 theorctical 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
in_leractions”. 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.1. 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 °C. Other examples of improving protein stability by optimizing

surface charge distribution have also been reported elsewherc®2'%2'2,
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6.3.3 High charge density in sequence can downshift pK,
values in denatured state

The contributions to protein stability of residues with reliable pK, values were
calculated according to the difference between the reliable pK, vales and random coil
pK. values obtained from pH litrz;lion of model peptides (Figure 6.11). The
calculated free energy contributions were compared with that obtained from
mutagenesis expcrimcnts‘“ (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 pK, shift approach and mutagenesis may come from the
accuracy of pK, values in denatured state. Because of the large scaling factor used in
the calculation of free energy contribution from pK, values (i.e. -RTIn(10)), a small
error in either native or denatured state pK, values can be largely scaled up (change
in 1 pK, unit account for 5.7 kJ mol™'). To improve the accuracy of the fitted native
pK. values in native state protein, a small pH interval of 0.25 was applic;i 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 pK,

values in this study should be reliable as the used pK, values were fitted from large
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Figure 6.13. Comparison of pK, shift approach and mutagenesis. Comparison
between AAG, found by single charge-to-Ala mutation and that found by pK, 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
tmprove greatly from 0.7 to 0.9 if the data point of Asp-i2 and Asp-44 were
excluded.
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major transition with low fitting error. On the other hand, random coil pK; values
derived from standard peptide used as the denatured state pK; in the calculation may
not be confidently reliable. As discussed above, the usage of peptide pK, values is
based on the aSSl‘Jmplion that no observable residual structure in wild-type 7. celer
L30¢ and the extremely high simtlarity between Arg-to-Lys vanant and wild-type T
celer L30e. However, one major difference between model peptide and denatured
protein with residual 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 i1s very high (in average charged residue
appear in every 4 residues), charged residues may have interactions with each other
and alter the denatured pK, values even no residual structures (more precisely,
a-helix structures, which secondary shift and NOE can detect) are present'”. If
strong attractive electrostatic interactions of a charged residue were presen{ in the
denatured state, the denatured state pK, value will also be greatly reduced, leading to
the probability that the residue is less stabilizing or even destabilizing even it has a
downshifted native state pK, value. In the native protein, pK, 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 + 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, values. It may be the recason why Asp-12 and
Asp-44 has strongly downshifted native state value, but the mutagenesis experiment
showed they were slightly destabihzing. To venfy this hypothesis, a polyproline 1l
(PPIl) based denatured state 1m6del were built. PPII was used as the template of
backbone because its conforrnation was found to be one of the most important
conformations in the ensemble of denatured states of proteinslh""m‘m‘ The pK,
values of all Asp and Glu in this denatured state model were predicted by H++ online
server. The result showed the predicted pK, 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 resuit not only supports the hypothesis that
explain the inconsistence between pK, and mutagenesis data, but also reveals the
high charge density in protein sequence can lead to destabilizing etfiect due to the
stabilization of the denatured state.

From the result, we can also found that the free energy contributions estimated
by pK, data are much larger than those estimated by mutagenesis data. Since the free
energy contributions is calculated from rather unrealistic denatured state pK, values,
interpretation of the magnitude does not seem to have much meaning because of the

192



CHAPTER 6: The contribution of global electrostatic interactions to protein stability

assumption that denatured state pK, is equal to random coil pK, of model peptide
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, pK, values of Asp
and Glu were estimated at both 298 K and 333 K. For all residues with reliable pK,
value, their di!"fcrcnces in the change of pK, (ApKag33k-298xy) and the change of free
energy contribution to protein stability (AAGy;isk-298x)) were calculated and
summarized in figure 6.14.

Although 5 out of the 8 reliable pK, values in native state protein have shown
decreased values with 35 °C higher in temperature, AApK, 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 pK, 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 pK, values.
Although pK, values estimated from poly-glycine based model peptides may not
truly reflect the pK, values in denatured state, its temperature dependency of pK,
should be taken as a good reference. pH titration of model peptides at 298 K and 333.

K showed the pK, values of 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 temperat{lre by 35 K on (A) the difference between ApK, values of a
residue at 298 K and 333 K (ApK.a33ik-208c)), and (B) the difference between
electrostatic contribution of a residue at 298 K and 333 K (AAGy333k-298k)). Be noted
that ApKa333k-298k) were so small that one could confidently concluded that ApK, is

temperature independent.
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The pK, value differences of Asp and Glu in model peptide for 35 "C temperature

increase are 0.0 £ 0.0 and 0.1 £ 0.0 respectively (Figure 6.11). )
However, the temperature independency of pK, values tn 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 pK, values in native and denatured
state. Even there is no change in pK, difference, increasing temperature will increase
the magnitude of calculated free energy contribution (Figure 6.14). Except for the
destabilizing Glu-50, which has up-shifted native pK, values. the AAG3;33x-298x)
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 °C 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 pK, values, which is temperature
independent. Increasing temperature can only linearly but slowly scale up the
stabilizing or destabilizing effect of a charged residue. Be noted that this linear
relationship between electrostatic contribution and temperature 1s based on the
assumption that all assumptions applied in pK, approach are valid, and has neglected
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the effect of solvent on protonation and deprotonation (Born effect).
6.3.5 Concluding remarks

11 out of 13 acidic residues showed non-tIH 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-shifis of their pK, values in native protein when compared to that
in random coil pK, values obtained from model peptides. This observation indicated
the surface charge distribution of Arg-to-Lys variant, and hence the wild-type 7. 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 state. 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 pK, 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 pK, values,
neither in native state nor in denatured state, where the difference between pK,
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 protonation/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 accumulated*®”***. In 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 pK, 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 of 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 AC,, it was also found the interaction of salt bridge plays an important role
in reducing AC,. The temperature independency of coupling free energy and the
effect of reduced AC, 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 1onic strength neutral pH NMR conditions, which were essential for the pK, 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 of forming salt bridges and hydrogen bonds.

In the pK, shift approach, the native state pK, values of acidic residues were
obtained by fitting the side chain carboxy! ">C chemical shifts to microscopic model
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or global fitting of titrational event (GloFTE), whereas the denatured state pK, values
were obtained by conventional pH titration of terminal protected 5S-residuc
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 7. celer L30e.
However, the fact that most of the acidic residues have significantly downshifleu
native state pK, values indicated the surface charge distribution of 7. celer L30¢ is
optimized for stabilizing the protein. In addition, we have also showed that
temperature has negligible effect on pK, 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 pK, shift approach is contradictory to the temperature
independency of 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 take the non-electrostatic interaction into account,
pKa shift approach will neglect any non-titrational effects of the charged restdues that
affect protein stability, such as temperature dependent generalized Born (GB) effect.
The inclusion and exclusion of non-electrostatic interaction in the electrostatic
contnbution may be the reason to explain the small inconsistence of the two
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approaches. Nevertheless, the linear dependency in pK, shift approach was small
(increase overall protein stability by about 1.6 kJ mol! with 35 °C 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 guamdine HCl-induced denatured state, indicating that
denatured state of 7. celer L30e should not have large effect on global protein
stabihty, 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 L30e.
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