Chapter 66

Inquiring Protein Thermostability: Is Resistance
to Temperature Stress a Rigidity/Flexibility
Trade-off?

Maria Kalimeri, Simone Melchionna, and Fabio Sterpone

Abstract In this work, we are studying the behavior of two homologous hyperther-
mophilic and mesophilic proteins via molecular dynamics simulations at different
temperatures and at timescales that reach up to hundreds of nanoseconds. A multi-
disciplinary conformational analysis on the resulting trajectories, supports the idea
that thermostability is induced by an interesting partition of flexible and rigid parts
along the protein matrix and points out, to that end, the crucial role of electrostatic
interactions.
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66.1 Introduction

Understanding how proteins maintain a stable fold in different thermodynamic con-
ditions and how their motion at different length and time scales correlates to bio-
logical functions are of principal importance in biophysics. Here we are interested
in a special class of proteins: thermophiles. These proteins can resist thermal stress
being able to function at temperatures as high as 100 °C. The molecular origin of
such special stability is still unknown and extremely appealing for technological
applications, e.g. biotechnology or industrial chemical catalysis.

From the point of view of physics, thermophiles are a privileged case study for
gaining insight on the main forces that keep a protein folded and functional. In par-
ticular it is key to inquire whether or not thermal resistance of thermophilic proteins
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is caused by a special rigidity of the protein matrix as assumed by common belief.
In order to tackle the complexity of this challenge we have designed a multi-scale
strategy based on atomistic and coarse-grained Molecular Dynamics simulations as
well as on the use of advanced techniques for sampling rare events and enhanced
protein conformational changes.

Here we report the results of a preliminary, multidisciplinary analysis that sup-
ports the idea that thermostability is induced by an interesting partition of flexible
and rigid parts along the protein matrix and points out, to that end, the crucial role
of electrostatic interactions. We note that we quantify flexibility here in terms of
atomistic deviations around a mean position.

66.1.1 Theoretical Background

Thermodynamically, protein stability relates to the energetics of the transition from
the native state F to the unfolded state U :

AGI7H=G* -G/ = —ka1n<@> (66.1)
(F)
where G stands for the free energy, and (U) and (F') are the sizes of the populations
occupying the unfolded and folded states, respectively. By increasing temperature
the relative population of the unfolded state is favored. Thermophilic proteins are
characterized by a high melting temperature or in other words the unfolded state is
favored only at very high temperatures (80-90 °C).!

The molecular origin of such stability shift is not clear since, thermodynamically,
several scenarios are plausible. In the simple two-state model [2] the higher melt-
ing temperature may result from (i) a larger AG/~* difference characterizing the
(U) and (F) populations at a comparable temperature, (ii) a slow variation of such
difference as temperature increases, and finally (iii) from a shift of the temperature
associated to the stability state (where the folded state is preferential) [13].

At the same time the free energy of unfolding is a result of a fine interplay be-
tween enthalpic and entropic forces:

AGT=* = AHT=* —TAST— (66.2)

The enhanced stability of thermophiles can be rationalized either by considering a
favoring enthalpic contribution, or by being entropic in nature. In the former case the
special packing of residues in the protein matrix or the higher internal connectivity
(H -bonds, salt-bridges) have being invoked, while for the latter residual secondary
structure in the unfolded state or enhanced flexibility of the folded state have both
been proposed.

Molecular Dynamics is a powerful technique to explore the protein behavior in
atomistic resolution via the direct integration of the classical equations of motion

I'The melting temperature or mesophilic proteins is around 40 °C.
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[5, 10, 11, 13—15]. Moreover it can be used in combination with advanced tech-
niques or simplified coarse-grained models in order to explore the conformational
many-fold landscape, the folding/unfolding process and gather information on the
kinetics and thermodynamics of the system. In this respect it is also worth men-
tioning the strategic use of tools borrowed from the theory complex networks and
systems to analyze protein dynamics and conformational landscape, e.g. protein in-
ternal contacts and h-bonds networks, Markov State Model for conformational tran-
sitions [4, 8, 10, 11, 15].

66.2 Results

In the following we present the preliminary results of our research on the flexibil-
ity/rigidity response of protein to thermal stress at different levels of spatial resolu-
tion (See also methodology section at the end).

Stability vs. Unfolding We first stress that by performing simulations in the
hundred-nanosecond timescale and longer, in a range of physical temperature (25—
100 °C) we verify a lower stability for a mesophilic versus a hyperthermophilic
protein. At the working temperature of the hyperthermophilic homologue (85 °C)
the former explores the early steps of the unfolding process while the latter main-
tains its fold stable (e.g. high secondary structure conservation and low deviation
from crystallographic native state). This finding shows that the present Force Field
for biomolecular simulation contains all the ingredients necessary to distinguish the
different temperature-related stability of proteins.

Atomistic Fluctuations A first insight on how the flexibility/rigidity of the protein
matrix changes upon thermal stress is recovered by a detailed and rigorous analysis
of atomistic fluctuations. This can be performed routinely by computing the root
mean square fluctuation (RMSF) of atomic positions along a trajectory after remov-
ing rigid body motions,

1 o .
RMSF; = 7Z(xi(tj)—x,-) (66.3)

tj=1

where T is the total time and x is a reference position for particle i, usually the time-
averaged one. In general such analysis is performed rather blindly without special
care on the effective meaning of the observable. In particular RMSF measures the
second moment of the distribution of atomic positions; this parameter is meaningful
only if this distribution is approximately unimodal. At a long time-scale simula-
tion since the protein experiences large conformational changes the above condition
breaks down. It is then necessary to use a precise procedure for individuating the
maximal length scale that—in an average sense—allows to compute correctly the
atomistic fluctuations.
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To that end, we follow the rigorous procedure introduced by Maragliano et al. [5].
The time window on which we perform our block sampling is about 350 ps. At
longer time scales mean atomic positions start to experience many-fold localization.
We compute the RMSF for backbone C-alpha atoms and perform block averages on
several fragments of the trajectory. We find that, despite the fact that the magnitude
of the observable is comparable for both proteins, there is a very intriguing differ-
ence in the partitioning of flexible (high RMSF) and rigid (low RMSF) fragments
along the sequence among the two systems. In particular the latter shows a remark-
able anti-correlating behavior in the RMSF between groups of neighboring residues
that seems to be independent of the temperature, a sort of caging effect borrowing a
concept from liquid state theory. For the hyperthermophilic protein flexible and rigid
parts of the sequence alternate more frequently and regularly than in its mesophilic
homologue. Thus a more regular distribution of rigid fragments possibly stops the
energy flow along the protein matrix preventing progressive unfolding.

Electrostatics The above results are complemented by an analysis of electrostat-
ics interactions which due to a surplus of charged amino acids for the hyperthe-
mophile are considered to play a crucial role for thermal stability. We begin by
observing, as expected, a substantially larger number of salt-bridges for the afore-
mentioned system as well as a higher number of possible ionic pair combinations
and thus extended salt-bridge clusters.

Furthermore, a big fraction of salt-bridges present in the crystal structure of
the hyperthemophile show an exceptional stability which is not the case for the
mesophile. These salt-bridges have been verified to be related with the less flexible
parts of the matrix, thus it is possible that they act as clamps or stopping points, that
way enhancing if not organizing the anti-correlating behavior of atomistic fluctua-
tions.

We further continue with the calculation of the electrostatic characteristic path
length (CPL) [17] which is defined as the average number of contacts needed to
connect, along the shortest path, two randomly chosen nodes [15]. We follow the
same technique as in Ref. [15]. The nodes of our system are the Ca-atoms and a
connection exists if there exists an attractive electrostatic interaction between the
respective residues (salt-bridge or hydrogen bond). Our results agree with the re-
spective ones therein. Namely, the hyperthermophile reacts to the temperature in-
crease by decreasing its CPL. The same is not true for the mesophilic protein. CPL
is inversely proportional to the degree of electrostatic connectivity of the fold, thus
this finding suggests a positive correlation between electrostatic connectivity and
thermal stability.

Collective Variables The flexibility/rigidity of the protein matrix is also investi-
gated via the construction of 2D free-energy landscapes representations over a set of
collective variables such as the radius of gyration, the fraction of native contacts or
the deviation of instantaneous protein configurations from the native state. For the
folded state both proteins show a rather harmonic basin with comparable width. This
finding supports again the idea that the thermophiles do not show a special rigidity.
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Clearly a strong deviation is observed at high temperature when the thermophile is
rather stable and the mesophile starts to unfold.

Compressibility Previous work has drawn the attention to an existing correlation
between protein compressibility and stability [1]. Low compressibility generally
correlates to an increased enthalpic stability and a suggested uniform core-to-surface
distribution of charged amino-acids. We rigorously compute the compressibility of
the protein as a function of temperature [6] and find that while at ambient temper-
ature the two proteins show similar compressibility this is not true at higher tem-
perature where the hyperthermophile shows a smaller one. We stress here that since
compressibility relates to the fluctuations of protein volume with respect to that of
the simulation cell, we take caution in extending the calculation only to the steady
part of the trajectory. In other words at higher temperature we exclude the unfolding
process of the mesophile. The volume of protein and its fluctuation are computed
via the Voronoi tessellation of the space. We also point out that this precise evalu-
ation of the atomistic volume allow us to check whether or not the mesophile and
hyperthermophile are characterized by a different packing behavior, and this is not
the case.

66.3 Conclusions

In this work we present a case for which a hyperthermophilic protein exhibits, in
general, a comparable degree of flexibility in comparison to its mesophilic coun-
terpart. The difference between the two systems however, concerns how flexibil-
ity/rigidity is partitioned in the protein matrix at the atomistic fluctuations timescale
and how it relates to the distribution and number of key interactions (e.g. salt-bridge
between charged amino acids). Moreover we report a clear difference in the re-
sponse to thermal stress (as expected due to the different thermal stability), with
the hyperthermophilic variant showing a systematic lower compressibility and in-
creased electrostatic connectivity. In the coming months we will explore in more
detail the configurational landscape of the two proteins considering the kinetics be-
tween local stable conformational states, hence gaining information on the relative
distribution of free energy barriers separating local clusters of similar configuration.

Our present results are based on atomistic simulations. We are now refining a
coarse-grain model in order to account in an effective way the specific ion-pair in-
teractions that are key for thermostability. The coarse-grained potential has been
extracted from atomistic simulations of charged amino acid pairs in dilute solution.
The iterative Boltzmann inversion procedure allows the construction of an effective
interaction that has been merged in the existing coarse-grained model for protein
simulation OPEP [7]. After concluding tests on a small reference system, we will
soon be able to investigate in detail the unfolding/folding process of thermophiles
via this simplified, hence low-time consuming model.



540 M. Kalimeri et al.

Methodology We realize molecular dynamics simulations of two homologue pro-
teins, hyperthermophile and mesophile gdomains of elongation factor Tu using the
NAMD package [9]. The employed force field is Charmm?22 [3] with the TIP3P
model for water molecules. Initial coordinates for both systems were obtained from
the crystal structures found in Protein Data Bank (PDB) after isolating the amino
acid stretches of each protein’s gdomain. The crystallographic PDB codes for the
mesophilic and the hyperthemophilic species are 1EFC and 1SKQ, respectively
[12, 16].
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