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Understanding the relationship between microscopic stra@nd macroscopic stability is im-
portant for developing strategies to improve protein $itston the reaction media used in indus-
trial processes.g, at high temperatures. Protein thermostability has begeatedly linked to
an enhanced structural rigidity of the folded state. Hereused constraint network analysis for
directly probing the rigidity of protein structures from sgphilic and thermophilic organisms
along a thermal unfolding trajectory. The approach alloi@ddentifying structural features
from which a destabilization of the structure originatesmighermal unfolding. These predic-
tions showed a good agreement with experiment. The infeomanight thus be exploited in
data-driven protein engineering by pointing to residues should be varied to obtain a protein
with higher thermostability.

1 Introduction

Stable proteins are important for broadening the industgplicability of enzymes.Nat-
urally occurring enzymes have usually not evolved to be&mitto the presence of organic
solvents, extremes of pH or high temperatures that mightimiccindustrial processes.
The identification or the development of enzymes with higtability will thus increase
the adoption of biocatalytic syntheses in industrial piitiin. Understanding the rela-
tionship between microscopic structure and macroscophilgy is essential for this. In
this context, computational approaches that allow for fifigng structural features from
which a destabilization of the structure originates shquti/ide valuable guidance.

Of all potentially destabilizing factors that might occarindustrial production, tem-
perature is the best studiédis an approach to understand the determinants of thermosta-
bility, proteins from thermophilic organisms with optimugnowth temperatures of more
than 60C have been investigated. These proteins show a subshaitigher intrinsic
thermostability than their counterparts from mesophitgamisms, while retaining the ba-
sic fold characteristics of the particular protein fanfilfrotein thermostability has been
repeatedly linked to an enhanced structural rigidity offtided state’.

2 Materials and Methods

Crystallographic models of 20 homologous pairs of mesaphitd thermophilic protein
structures were collected from the Protein Data Bank (PE®)ptein structures were mod-
eled as constraint networks, where vertices representsaamah edges represent covalent
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Figure 1. Mesophilic (a, b) and thermophilic (c, d) thernsifylike protease (TLP) directly before (a, ¢) and
after (b, d) the phase transition. Rigid clusters are degiass uniformly colored bodies. The blue body in (a) and
(c) represents the giant cluster. Arrows in (b) and (d) iatigootential unfolding nuclei. Roman numbers refer
to the numbering of the unfolding nuclei in Table 1. The N- &termini are marked.

and non-covalent bond constraints as well as angular @ntdr The network was con-
structued using the FIRST software (version 6.2\ fast combinatorial algorithm can
be applied to determine the number and spatial distribudgfdrond-rotational degrees of
freedom in the network and, hence, the local network rigidBuch a rigidity analysis is
available with FIRST.

By diluting non-covalent constraints in the protein stuwetnetwork starting from the
native state, FIRST has been applied to simulate thermalldingy of protein$ Here,
heating was simulated by removing hydrogen bonds from ti@ark in the order of in-
creasing interaction energy. The energy of a hydrogen belaties to the temperature at
which the bond breaks. In going from a rigid to a flexible naetiya phase transition can be
observed that defines the rigidity percolation threshotidéntify the temperature of the
phase transitiofi, concepts from percolation theory and network science aeptied’ 8

3 Results and Discussion

In a first step, the general percolation behavior of the caimgtnetworks was analyzed.
The phase transition can be viewed as a rigid to flexible iianf the kind observed in
network glasses. It is characterized by the decay of a lagggealuster (the giant cluster)
in the network! The temperature of the phase transition relates to themgegimperature
of the protein. A higher phase transition temperature wagded for approximately two-
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thirds of the proteins from thermophilic organisms from adlata set compared to their
mesophilic counterparts (data not shown).

In a second step, the microscopic structure of the netwoasselated to their observed
macroscopic behavior, in order to characterize stabi@gtidires of the protein structures.
For this, networks directly before and after the phase ttiansvere compared. In Figure
1, the rigid cluster decomposition of mesophilic and thephitic thermolysin-like protein
(TLP) is shown. Figure 1a and c show the networks from megiofaind thermophilic TLP
directly before the phase transition, respectively. Appéy, the giant cluster dominates
the system in both cases. Moreover, the giant cluster igddca the same region of
the proteins: It extends over the N-terminal domain and a@ap thes-sheet region
and ana-helix in the N-terminal domain. After the phase transititine giant cluster
decays into smaller rigid clusters and regions that arelfleXFigure 1b and d). The close
correspondence of the rigid cluster distribution in thenmeks of the homologous proteins
before and after the phase transition is an intriguing tefuwur analysis.

Unfolding nucleus Predicted sites Experimentally
verified sites’
I (-sheet region in the 21-24, 29, 31-34, 39; —
N-terminal domain 42,44,101-107, 114-118,
122-123
Il N-terminus of then-helix in the | 68-70 69
N-terminal domain
Il Region around F63 in the N; 54, 56-62 4,56, 58, 63, 65
terminal domain

Table 1. Comparison of predicted with experimentally vedfiunfolding site® for thermolysin-like protein
(TLP).

In analogy to experimental protein unfolding, where initiafolding of local regions
precedes the denaturation of the entire protein, the losgiality in certain regions is
considered to precede the phase transition. These regemsidentified as parts of the
giant cluster that become flexible upon the phase transii@ach representing an unfolding
nucleus. In case of TLP, three unfolding nuclei could be tb(fable 1, Figure 1). The
predicted unfolding nuclei were compared with experimiaidiga (Table 1). Notably, the
predicted unfolding nuclei are in good agreement with sitegre stabilizing mutations
have successfully been introduced into LR likewise good agreement between our
predictions and experimental data was found for many ott@ems from our data set.

4 Concluding Remarks

Our findings strongly support the notion that the stabilifytteermophilic proteins is in
general linked to an enhanced structural rigidity of theléal native staté.Furthermore,
direct support is found for the corresponding states canebjth states that homologous
proteins exist in corresponding states of similar flexipitt their respective optimal tem-
perature’ To the best of our knowledge, this is the first theoreticaflgtaddressing this
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issue by directly probing the rigidity of protein structaralong a thermal unfolding tra-

jectory for a comprehensive dataset. Regarding the ideatifin of regions that become
flexible when approaching the phase transition (unfoldinglei), we were encouraged
to see the good (albeit not perfect) agreement betweengbeeldsites and experimental
mutations that led to higher structural stability. The tedamonstrates that our approach
will indeed be helpful to guide data-driven protein engifr@gto regions where mutations

most likely will have a notable effect on thermostability.
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