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"After sleeping through a hundred million centuries

We have finally opened our eyes on a sumptuous planet
Sparkling with color, bountiful with life

Within decades we must close our eyes again

Isnt it a noble, an enlightened way of spending our brief
Time in the sun, to work at understanding the universe
And how we have come to wake up in it?”

- The Greatest Show on Earth - Nightwish -
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Abstract i

Abstract

The TIM barrel is one of the oldest and most ubiquitous protein folds and is often referred to as
the most successful in nature, due to its capability to host a diverse set of functions. This specific pro-
tein fold is characterized by a highly ordered topology with a central, eight-stranded, parallel 5-barrel
surrounded by eight a-helices. Interestingly, sequence analysis of natural TIM barrels revealed a low se-
quence conservation in this protein family despite a high structural similarity. Due to this high versatility
in sequence and function the TIM barrel is a highly interesting target for protein design. The first vali-
dated de novo TIM barrel sSTIMII features a minimalistic structure of this protein fold. Due to its idealized
topology it is an excellent system to study the folding determinants of the TIM-barrel fold and can also
be used to create tailor-made enzymes. This work aims to improve this designed protein and create a set
of diverse de novo TIM barrels. In the first part of this thesis, the original sTIMI1 was stabilized by two
different strategies. In a first approach, the hydrophobic packing of sTIM11 was improved by applying a
fixed-backbone design strategy. In a modular approach initial stabilizing mutations in different regions
of the barrel were identified and subsequently combined. This led to the construction of a large set of
DeNovoTIMs with significantly improved stabilities and where crystal structures verified the formation
of improved hydrophobic clusters. In a second approach, inspired by natural TIM barrels, a salt bridge
network was installed in the 3-barrel of three different de novo TIM barrels. Analysis of these salt bridge
cluster variants revealed highly stabilizing, but also destabilizing effects. Structural analysis verified the
formation of salt bridges but with various geometries ranging from single pair interactions to completely
formed salt bridge networks. This highlights the challenges of designing salt bridges and especially salt
bridge clusters. Even though all three analysed proteins have a highly similar fold, the influence on stability
as well as the geometric formation of the salt bridges can vary significantly. In the second part of this work,
the de novo TIM barrel is further diversified by the introduction of coiled coils into its Sa-loops. Due to
its minimalistic design principle, sTIMI1 lacks any larger surface areas or cavities which can be utilized for
installation of binding or catalytic sites. Therefore, the introduction of additional structural elements is a
first step towards the creation of functional de novo TIM barrels. Using a multi-step design approach, a de
novo designed antiparallel coiled coil was introduced into one and subsequently into a second Sa-loop of
the de novo TIM barrel creating a set of eight ccTIMs. Biochemical and biophysical analysis demonstrate
the formation of additional c-helical elements with stabilizing interactions, which indicates a successful
design. The research shown in this work created a large and diverse set of de novo TIM barrels which can be
further utilized to build functional proteins and also to investigate folding determinants of TIM barrels.
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Zusammenfassung

Das TIM-Barrel ist eine der dltesten und weit verbreitetsten Proteinfaltungen und wird hiufig als eine
der erfolgreichsten der Natur bezeichnet, da es eine Vielzahl an unterschiedlichen Funktionen durchfiih-
ren kann. Diese Proteinfaltung ist durch eine hochgeordnete Topologie charakterisiert, die aus einem
zentralen, achtstringigen -Barrel umgeben von acht a-Helices besteht. Trotz einer niedrigen Sequenz-
identitit besteht eine hohe strukturelle Ubereinstimmung innerhalb dieser Proteinfamilien. Aufgrund
dieser Vielseitigkeit in Struktur und Funktion ist das TIM-Barrel ein hochinteressantes Molekiil fiir das
Proteindesign. Das erste validierte de novo designte TIM-Barrel sSTIMII stellt eine minimalistische Vari-
ante dieser Proteinfaltung dar. Aufgrund seiner idealisierten Topologie ist es ein exzellentes System, um
die bestimmenden Faktoren des TIM-Barrels zu untersuchen und kann verwendet werden um mafge-
schneiderte Enzyme zu entwickeln. Ziel dieser Arbeit ist es, dieses designte Protein zu verbessern und
die Diversitit der de novo TIM-Barrels zu erhéhen. Im ersten Teil dieser Arbeit wurde das urspriingliche
sTIMII mittels zwei verschiedener Strategien stabilisiert. Als erster Ansatz wurde die Packung des hydro-
phoben Kerns von sTIMI11 mittels sogenanntem fixed-backbone Design verbessert. Dabei wurden zunichst
stabilisierende Mutationen in einzelnen Bereichen des Barrels identifiziert und im Anschluss kombiniert.
Dadurch wurde ein grofles Set an DeNovoTIMs mit deutlich héheren Stabilititen erzeugt und durch
Kristallstrukturen die Ausbildung von verbesserten hydrophoben Clustern bestitigt. In einem zweiten
Konzept wurde ein Salzbriickennetzwerk, welches durch natiirlich vorkommende TIM-Barrels inspiriert
war, in das 3-Barrel dreier verschiedener de novo TIM-Barrels eingebaut. Die Analyse dieser Salzbriicken-
cluster zeigte sowohl stark stabilisierende, als auch destabilisierende Effekte. Die Bildung der Salzbriicken
konnte durch Strukturanalyse bestitigt werden, allerdings wurden sowohl paarweise Salzbriicken als auch
vollstindig ausgebildete Netzwerke beobachtet. Dies zeigt die Herausforderungen beim designen von Salz-
briicken, und vor allem von komplexeren Salzbriickenclustern. Obwohl alle drei analysierten Proteine eine
sehr dhnliche Faltung aufweisen, variiert der Einfluss der Salzbriicken auf die Stabilitit aber auch deren
Geometrie deutlich. Im zweiten Teil der Arbeit wurde das de novo TIM-Barrel durch den Einbau von
Coiled-coils in die Sa-Loops erweitert. Aufgrund der idealisierten Struktur von sTIMI1 fehlen groflere
Oberflichenstrukturen oder Taschen, die fiir den Einbau von katalytischer Aktivitit oder Bindung geeig-
net sind. Der Einbau zusitzlicher Strukturelemente ist daher der erste Schritt fiir die Etablierung eines
funktionalisierten de novo TIM-Barrels. Mittels eines mehrstufigen Designs wurde ein de novo designtes,
antiparalleles Coild-coil zunichst in einen und dann in zwei der Sa-Loops des de novo TIM-Barrels einge-
baut und insgesamt acht verschiedene, sogenannte ccTIMs erzeugt. Das erfolgreiche Design wurde durch
biochemische und biophysikalische Analysen bestitigt, welche die Ausbildung zusitzlicher a-helikaler
Elemente mit stabilisierenden Wechselwirkungen zeigen. Durch die Forschungsergebnisse dieser Arbeit
wurde ein breites Spektrum an de novo TIM-Barrels erzeugt, auf deren Basis funktionalisierte Proteine
hergestellt und Faltungsdeterminanten der TIM-Barrels weiter untersucht werden konnen.



Chapter 1

Proteins

Protein science is a highly versatile research area, due to the complexity of these key elements of modern
cellular life. Understanding these large biomolecules in detail provides crucial knowledge about cellular
evolution, biological processes, and diseases, promoting innovations in biotechnology and biomedicine.
The tasks of proteins are highly diverse, ranging from acting as structural components, responding to
signals as molecular switches, and catalysing chemical reactions. Thereby, they control the growth of
organism, form the basis of the metabolism and communicate with the environment. This high versatility
and diversity is enabled by the building blocks of proteins, the amino acids, which are chemically highly
diverse and thus ensure numerous different arrangements.

The central product of the genetic information encoded on the DNA of organisms are proteins. Dur-
ing biosynthesis DNA is transcribed into messenger RNA (mRNA) which is finally translated to amino
acids. A triplet of three nucleotides encodes for one of the 20 proteinogenic amino acids, building the
genetic code. Translation of the mRNA is catalyzed at the ribosome, where the translated amino acids are
connected via peptide bonds to long polypeptides, creating ultimately the folded proteins.

1.1 Protein Structure

The great variety of the proteinogenic amino acids dictates through their diverse possible interactions
and their miscellaneous chemical nature the structure and function of proteins. Therefore, the amino acid
sequence of a protein, namely the primary structure, contains all information needed for a proteins’ task.
The native conformation of a protein is formed mainly through weak noncovalent interactions between
the different amino acids and is organized in regular, local structures: the secondary structure elements. The
most common ones were proposed already in 1951 by Linus Pauling on the basis of theoretical models: the
a-helix and the 3-sheets [I, 2] (Fig. [.1). Less frequent elements are e.g. 310-helices, 3-turns and omega
loops. They are all stabilized by hydrogen bonds between backbone atoms with a specific pattern. In the
prevalent a-helix hydrogen bonds are formed between the N-H group of residue n and the C=O group of
residue n+4 pointing along the helix axis (Fig. [.JA). The resulting right-handed helix has 3.6 residues per
turn with side chains facing outwards. The 3-sheets are stabilized through backbone hydrogen bonds be-
tween residues further apart in sequence. Two or more 3-strands are arranged side by side in either parallel
or antiparallel orientation to each other, interconnected through hydrogen bonds between N-H and C=O
groups of the amino acid backbone (Fig. [.]B). Due to steric effects all 3-sheets have a right-handed twist,
more pronounced for antiparallel ones. Secondary structure elements frequently form specific geometric
arrangements with each other through side chain packing. These structural combinations are classified
as supersecondary structure elements or motifs, and specific functions were associated to some of them.
Typical ones are the SaS-motif, S-hairpin, S-barrels or coiled coils. The latter one will be described in
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Figure 1.1: Secondary Structures. Most common secondary structure elements in proteins are shown. (A) Atomic representation of an
a-helix is shown with stabilizing backbone hydrogen bonds highlighted in green. (B) Schematic representation of parallel
and antiparallel B-strands with characteristic hydrogen bonds shown in green dotted lines. (C) Illustrative representation of
an antiparallel 3-sheet in atomic representation with hydrogen bonds shown in green.

detail in section [:4.

In the native conformation of a protein the (super)secondary structure elements pack together and build
a complex, compact fold. This three-dimensional arrangement is designated as terziary structure. It is
stabilized by weak, non-local interactions which typically results in the burial of hydrophobic side chains
into a tightly packed protein core. Larger proteins often fold into multiple globular units: the domains.
These fold autonomously and are self-stabilizing by the formation of individual hydrophobic cores. They
are used in many protein classification systems and are believed to be evolutionary units. One of the most
abundant and versatile protein domains in nature is the TIM-barrel fold, which is introduced in detail in
section [[.3. Many proteins assemble into larger complexes, thereby acquiring their complete functional
possibilities. This spatial structural organisation is referred to as the guaternary structure of a protein. Dif-
ferent compositions frequently occur: either two or more molecules of the same protein form dimers or
homooligomers, or different proteins organize to heterooligomers or large protein complexes.

1.2 Protein Stability

In their functional form proteins fold typically into a single well-defined structure, the native state.
To achieve and remain in this conformation different interactions have to be formed to favor it over
unfolded or misfolded states. The stability of a protein is highly important for its optimal functioning and
determines its resistance to high temperature, denaturant, proteases or pH changes.

1.2.1 Stabilizing Forces in a Protein

The native state is stabilized by a large number of interactions with different contributions to the
overall stability. Following interactions and forces are described which are the main drivers of protein
stability and define the secondary, tertiary and quaternary structure.
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Hydrogen bonds are formed between partially charged donor and acceptor atoms or groups due to
electrostatic attraction. In case a hydrogen atom is covalently bound to a highly electronegative donor,
it obtains a partial positive charge due to the difference in electronegativity. Therefore, it interacts with
the negative charge of unpaired electrons of an acceptor group and a hydrogen bond is formed. Typical
donor and acceptor atoms are nitrogen (N), oxygen (O), and fluorine (F). Hydrogen bonds involve both
backbone and side chain atoms and are therefore one of the most frequent stabilizing forces in proteins.

So called Coulomb interactions are present between charged groups and can either be attractive or
repulsive. This force F is dependent on the distance r of the groups and their magnitude of charge, q, and
q2, and is described in Coulombs law with ke being Coulomb’s constant:

1 g2l 1 ¢l

E 1= =
¢ Awey 12 ke 12

(1.1)

In case both groups have the same magnitude the force between them is repulsive, in case they are of
opposite charge they attract each other. These electrostatic interactions occur in proteins between charged

amino acids. Special ionic or salt bridges can be formed when the distance between two charged residues
is less than 4 A.

Van der Waals forces act between all kind of atoms and are a combination of repulsive and attrac-
tive forces. The Pauli repulsion applies when two electron orbitals overlap and prevent the collapse of
molecules. Transient dipoles due to fluctuation of electron clouds can induce complementary dipoles in
proximal atoms, providing weak electrostatic attraction. As for each atom type the size of its electron
cloud differs, the optimal contact distance for this type of interaction varies and is specified as the Van der
Waals radius. At a certain distance the repulsion is minimal while the attractive force is maximal, which is
termed the Van der Waals contact distance. The Lennard-Jones potential is a simplified model to describe
this force mathematically, with 7 being the distance between an interacting pair, € the dispersion energy,
and o the distance at which V equals zero.

Vig(r) = de (:)12 - (‘;)6 (12)

The Hydrophobic effect is the main driving force of protein folding and has a large contribution
to the stability of a conformation. In the folded protein hydrophobic side chains are sequestered in the
core, thereby avoiding unfavorable interactions with polar molecules of the surrounding solvent. As a
consequence the entropy of the water molecules increases, as they don’t form ordered cluster around the

hydrophobic side chains.

Another major stabilizing interaction is the covalent disulfide bond formed between two sulfur groups
(SH). In proteins they are solely formed between two cysteine residues as a result of oxidation in case they
are brought in close proximity during folding.

1.2.2 Thermodynamics of Protein Stability

From a thermodynamic perspective protein stability is highly interesting due to its delicate balancing
of stabilizing and destabilizing effects [B, A]. The stability of a protein is defined as the net loss of free
energy upon unfolding with AG f4ing being described as the difference between the free energy of the
native state Gqtive and unfolded states Gy, folded:

AGfolding = Gnative - Gunfolded (1-3)
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The free energy of a system is a combined effect of the systems entropy S and enthalpy H, leading to the
following relation for the folding of a protein [5]:

AGfolding = —RTl’rlKeq =AH -TAS (14)

with K4 the equilibrium constant, AH the enthalpy change, AS the entropy change, R the universal gas
constant and T the absolute temperature. The enthalpy describes the internal atomic forces in a protein
(Van der Waals interactions, electrostatic interactions, hydrogen bonds, etc) [6].

Enthalpy

Conformational entropy

Hydrophobic effect

Protein stability

Figure 1.2: Thermodynamics of protein folding. The stability of a protein is described as the free energy change upon folding AG. This is
influenced by the systems entropy S and enthalpy H. The enthalpy change has a large contribution on the protein stability by
numerous stabilizing interactions. Upon folding the entropy of the protein itself decreases drastically, almost outperforming
the enthalpy change. Nevertheless, the entropy of the surrounding solvent increases upon folding and has therefore a
significant contribution to spontaneous folding. Here these thermodynamic contributions of enthalpy and entropy on the
protein stability are shown, to exemplify the delicate balancing required for a stable, folded protein.

All these forces have only a small individual contribution of about 1 - 3 kcal mol~ 1, but in a native
fold a large number of interactions add up to contribute significantly to a proteins’ stability [3] (Fig. [.2).
The contribution of entropy to the stability is more complex [[]]. As proteins fold spontaneous into their
native state the entropy of this system must increase. As the entropy describes the degree of disorder of
a system, it seems to be contradictory in the context of protein folding. The conformational entropy of
the peptide chain decreases significantly, having a similar or larger magnitude as the enthalpy change.
Therefore, another entropic contribution has to exist to make protein folding a spontaneous process. This
is explained by the hydrophobic effect. Upon folding the hydrophobic side chains pack into the proteins’
interior, releasing water molecules, which cluster around them in the unfolded state. Therefore, the water
molecules undergo an entropy increase, making an important contribution to the entropy of the system.
These three terms - the internal interaction, the conformational entropy and the hydrophobic effect -
drive the spontaneous folding of proteins and stabilize the native state (Fig. [.Z). Due to this delicate
balancing of thermodynamics, the net free energy of a native protein is rather small with typical values of

5 - 10 kcal mol—! [B].

1.3 The TIM-Barrel Fold

One of the most investigated protein folds is the (Sa)s- or TIM-barrel fold. This canonical fold is
characterized by a central eight-stranded, parallel 3-barrel surrounded by eight a-helices, and was first
described for the eponymous triose phosphate isomerase (TIM) (Fig. [.3) [8]. Meanwhile, this fold was
observed in more than 10 % of all structures deposited in the Protein Data Bank (PDB) and was classified
to participate in enzymatic reactions assigned to five of the seven known enzyme classes [9]. Interestingly, a
low sequence conservation was determined throughout this superfamily, despite a high structural similarity
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[I0]. Therefore, it is often referred to as the most common enzyme fold and is often designated as the most
successful in nature. Due to its ubiquity, the TIM-barrel fold is a model system in different research areas
of protein science: its evolutionary development was investigated in several studies, its folding mechanisms
was examined, and stability determinants of this fold were characterized.

stability face

Figure 1.3: The TIM-barrel fold. The crystal structure of the eponymous (Ba)s/barrel triose phsophate isomerase (TIM) is shown to
exemplify the ubiquitous TIM-barrel fold (PDB ID: 1TIM). An eight-stranded central S-barrel (in cyan) is surrounded by eight
a-helices (in purple). At the N-terminal side of the 3-barrel the stability face of the TIM barrel is found, comprising a large
set of stabilizing interactions. On the opposite site the catalytic face is located, which is more diverse in different proteins
and can comprise longer loops, secondary structure elements or larger insertions.

1.3.1 Structure

A typical TIM barrel is about 200 to 250 residues long and can function as a single domain, but
also regularly forms homo-oligomers or is found in multi-enzyme complexes [[1]. The topology can be
separated in Ja-units which are repeated eight times to form a closed barrel structure. The units are
internally connected by Ba-loops, whereas different units are connect by a3-loops. Parameterization of
barrel structures led to the definition of the shear number s as important descriptor, which specifies the
shift of residues when moving around the barrel by one turn [[2]. For all TIM barrels a shear number of
eight residues was determined [[3]. Detailed analysis of the barrel core revealed a four-fold symmetry: side
chains of the /3-sheets point towards the barrel center in layers each constructed by four residues, either of
the odd- or even-numbered (-strands [J].

A key feature of the TIM barrel, and maybe one of its secrets of success, is the spatial separation of
stability and function. Analysis of sequence conservation and interactions showed a predominant stabi-
lization of the fold through the ’stability face’ comprising the hydrophobic barrel core, N-terminal ends of
the B-strands and the connecting a5-loops [[4, [5] (Fig. [.3). On the opposite side of the barrel, invari-
ably for all known (Sa)g-barrels, the C-terminal ends and the Sa-loops contain the catalytic residues and
generate the ’catalytic face’ [[§]. Analysis of the loops revealed a higher variability of Sa-loops, as they
vary in their length and frequently have larger insertions forming secondary structure elements or even
domains [I7, I8, [9]. This modularity makes it possible to change function without affecting stability and
is a possible reason for the ubiquity of this fold making it a very interesting target for protein engineering
and design. Different studies have shown that loops of natural TIM barrels can be redesigned without
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compromising stability [20, 21, 22]. Despite the collective features of the (Scar)g-barrel this superfamily
shows high structural diversity. Natural TIM barrels show frequently minor deviations from the topology
like a reduced number of [-strands, inversion of secondary structure elements, terminal extensions or
circular permutation.

1.3.2 Function

One of the most intriguing features of the TIM-barrel proteins is the high versatility of functions. In
the structural classification database SCOP TIM barrels are classified into 33 unique superfamilies, each
with a diverse functional range thereby covering enzyme activities from five of the seven enzyme commis-
sion (EC) classes [23]. About half of the known TIM barrels act as hydrolases with a large proportion of
glycosidases, but also oxidoreductases, isomerases, lyases and transferases are frequently found [[0]. Only
a few TIM barrels without enzymatic activity are known, like the storage protein narbonin which provides
source materials in developing seeds [24]. About 85 % of the catalyzed reactions are involved in energy
metabolism, macromolecule metabolism, or small molecule metabolism [9]. The remaining functions are
mostly unclassified or play important roles in transport or information pathways [[0]. The broad range
of functions is enabled through the use of several different cofactors, especially metals but also deriva-
tives of nucleotides or amino acids [23]. A preference for negatively charged metabolites was determined
and could be explained by the presence of a positive potential at the catalytic face created by a-helix mi-
crodipole induced electrostatic field patterns of the barrel [25, [1]. Additionally, side chains seem to focus
this electrostatic field near the active site [0, 2d].

Some of the most outstanding enzymes are TIM barrels. Starting with the eponymous TIM, a gly-
cosidase, catalyzing the reversible isomerization of glyceraldehyde-3-phosphate (GAP) to dihydroxyace-
tone phosphate (DHAP), which was found in all domains of life [27]. Analysis of the enzymatic activity
revealed an extremely efficient turnover from GAP to DHAP only limited by diffusion, making TIM a
kinetically perfect enzyme [28]. In contrast, Rubisco is a very ineflicient enzyme, which catalyzes the fix-
ation of carbon dioxide in photosynthesis [29]. This enzyme is assembled from eight large and eight small
subunits, where the large subunits are dimers of a 3-sheet domain and a (Sa)g-barrel comprising the active
site. The inefficiency is compensated by an exceptionally high concentration of about 250 mg mL ™! in
the chloroplasts, making it the most abundant enzyme on earth [30]. A TIM barrel with a high clinical sig-
nificance is Heparanase [B1]. It breaks down heparin sulfate, a key component of the extracellular matrix,
and was shown to be overexpressed in tumor cells and was identified as cancer marker with high linkage to
cancer metastases. The increased breakdown of heparan sulfate results in release of stored growth factors.
Therefore, heparanase is an interesting target for the development of anti-cancer drugs. Additionally, it
was also linked to viral infections like COVID-19 and could be a possible drug target in viral infections
B2].

An intensely studied enzyme is the imidazole glycerol phosphate synthase (IGPS), which forms a
heterodimer in bacteria. HisH constitutes the glutaminase subunit with a flavodoxin-like fold, whereas
HisF functions as synthase and has a (Sa)g-fold [B3]. In a first step HisH catalyzes the hydrolysis
of glutamine to glutamate and ammonia. Its active site is located at the dimer interface in proximity
to the barrel center of HisF. Ammonia is then channeled through the §-barrel interior to the active
site of HisF, where it reacts with N’-[(5’-phosphoribulosyl)formimino]-5-aminoimidazole-4-carbosamide-
ribonucleotide (PFRAR) to imidazole glycerol phopshate (IGP) and 5-aminoimidazole-4-carboxamide ri-
botide, both entering histidine or purine biosynthesis pathways. Both reactions are tightly coupled and an
allosteric mechanism has been determined, which activates HisH only upon binding of PFRAR to HisF
[B4]. HisF developed to be a model system to understand the evolutionary history and relationships of
TIM barrels and its stability determinants and folding pathway was investigated in detail.
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1.3.3  Stability Determinants

The identification of explicit stabilizing elements in the (Sa)g-fold was the goal of several computa-
tional and mutagenesis studies. A large number of stabilizing residues was found in the S-sheet, which
create an optimally packed barrel center and constitute the interface to the a-helices. Interestingly, the
a-helices were not identified to be crucial for stability [B]. Polar residues in the protein interior forming
buried salt bridges were also described to be essential for the formation of a stable barrel [BG, [5]. Using a
knowledge-based potential Wiederstein and Sippl [37] analysed amongst others the TIM-barrel fold and
thereby supported previous studies which classified the Sa-loops as catalytically important in contrast to
the a5-loops, that contribute essentially to the stability only.

1.3.4 De Novo Design of a TIM Barrel

The ultimate test of our knowledge of proteins is the de novo design of a protein. A general view
and recent advances of protein prediction and design are presented in Chapter 2. The TIM-barrel fold
is a highly interesting target for protein design, due to its regular backbone geometry, its versatility in
function, its sequence diversity and its high stability in general. Therefore, it was one of the first targets
of protein design, but it took about 25 years until the first successful design was achieved. The first de-
sign attempts were done in the early 1990s: sequence-based designs were performed based on statistical
analysis of a small set of natural TIM-barrel structures. The resulting proteins exhibited large amounts
of secondary structure, but loose internal packing indicating the formation of molten-globule like states
(B8, BY, 40, A1, 42, #3]. With newly emerging computational methods, structure-based designs became
possible, including all-atom models. Combined with an increasing set of natural TIM-barrel structures
further design strategies were developed. Initially C,,-traces were created based on parameters established
from natural structures, followed by an automated sequence design. The resulting proteins featured high
secondary structure content and evidence of tertiary structure, but had an overall low solubility and con-
formational stability [44, #5]. Later on, one of those designs was optimized by directed evolution and a
crystal structure was solved: it deviated from the intended (Sa)s-topology and revealed a Rossman-like
fold [4G]. Detailed analysis of previous designs and a large set of natural TIM-barrels implied possible
importance of polar residues in the core for protein folding [47]. Based on geometric and topological
descriptors a protein backbone was created by assembling small fragments from known proteins and was
applied to fixed backbone sequence design with specific restrictions including a high polarity for core
residues. The resulting protein exhibited excellent solubility and folding characteristics, but again showed
molten-globule like behaviour.

In the same year, 25 years after the first attempt, the mission of creating a de novo TIM barrel finally
succeeded. Huang et al. [A8] started with the definition of design principles. One major point in their
design is the determination of the highest possible symmetry of a TIM barrel, which is a four-fold one.
To achieve a shear number of 8, different 3-strand compositions were tested. Based on the a/[-rules
for protein loops from Koga et al. [#9], which state that the first residue of the -strands should point
towards the barrel center, only one composition was feasible. Therefore, the required topology for the
design was specified to be a repeat protein consisting of four identical SaSa-subunits with a register shift
of two residues. Following, the surrounding a-helices in one subunit had to be of different length and
tilt. Based on these characteristics, an ideal backbone was created and applied to iterative sequence design.
Additional restrictions were incorporated to ensure helical capping, good packing of the o/ S-interface and
satisfaction of hydrogen bonds in loop regions. From 22 tested designs five showed promising features and
for one circular permuted version, sTIMI11, a crystal structure was determined at a resolution of 2.0 A (Fig.
[.4). Comparison with the initial model showed a high accuracy even at the side chain level, illustrating
the successful design of a TIM barrel from scratch. Contrasting this successful design with previous ones,
shows the importance to design specific side chain-backbone hydrogen bonding. Hydrophobic packing
is obviously a key feature of proteins but the design of polar interactions seems to be essential for the
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Figure 1.4: The de novo designed TIM barrel. The crystal structure of sTIM11 (PDB ID: 5BVL) is shown in top and side view. The four-fold
symmetric quarters, consisting each of a 32 as-fragment, are shown in different colors. N and C termini are marked with grey
circles.

formation of a specific, compact tertiary structure.

1.4 Coiled coils

Another highly structured, but functional diverse protein unit is the coiled-coil motif. In the early
1950s Linus Pauling and Francis Crick described it independently from each other solely based on the-
oretical models without knowledge of any amino acid sequence [50]. Nowadays it is one of the best
studied protein folding motifs and the proposed parameterizations were tested by protein design leading
to an excellent understanding of the sequence-structure relationship of these highly parameterizable super-
secondary structures. Analysis of their occurrence in nature revealed their presence in all domains of life,
being found in approximately 5 % of all proteins, making coiled coils ubiquitous with a broad functional

range [51].

1.41 Geometric and Sequence Parameterization

Already in their initial proposals of a coiled coil Pauling and Crick defined important features and even
provided a detailed packing description and parameterization of supercoiled a-helices [52, 53, 54]. Those
were confirmed 30 years later by the solved structure of influenza virus hemaglutinin [55] and another 10
years later by the structure of the dimerization site of the DNA-binding protein GCN4 [50].

A coiled coil is formed by a-helices twisting around each other forming a left-handed supercoil (Fig.
[3). Typically, they comprise two to six helices, which are arranged in either parallel or antiparallel ori-
entation to each other. But also assemblies of more than 20 helices are present in nature [57, 58]. They
assemble into homo- or heterooligomers and can be formed by helices either from separate chains or from a
continuous polypeptide [59]. The various observed geometries and topologies are summarized in the peri-
odic table of coiled-coil protein structures, which contains also several more complex architectures, which
can not be described completely by the generic parameterization [59]. The following description of coiled
coils will focus on two-stranded coiled coils, but higher order assemblies have comparable properties.

Characteristic for coiled coils is their specific mode of interaction via the so called "knobs-into-holes”

packing, already described by Crick [54]. The knobs are side chains of one helix, which pack into so called
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antiparallel

Figure 1.5: Coiled coils. Example structures for (A) parallel (PDB ID: 1UIX) and (B) antiparallel (PDB ID: 1R48) two-stranded coiled coils.
The two helices form left-handed supercoils by burying hydrophobic residues at the interface.

holes, cavities formed by four surrounding residues of the facing helix, and vice versa. This packing can
only be achieved through a periodic positioning of side chains at equivalent positions along the interface.
This is accomplished through the supercoiling of the helices around each other: the typical periodicity of
the a-helices is reduced from 3.6 to 3.5. Therefore, every seventh residue occupies an equivalent posi-
tion along the helix axis. This structural periodicity is also reflected in the amino acid sequence, which
exhibits a seven-residue long sequence pattern, the characteristic heptad repeat [60]. A typical notation
of this pattern is 2-¢ and can be represented in a helical wheel diagram, displaying the position of each
residue in context of the coiled-coil assembly (Fig. [.4). The coiled-coil interface is constructed by z and
d residues, which are frequently occupied by hydrophobic residues creating a hydrophobic core which is
critical for assembly and stability. At the positions ¢ and g charged amino acids frequently form interhelical
salt bridges, shielding the hydrophobic core from solvent, driving oligomerization and modulating direc-
tionality. Remaining positions of the heptad repeat are solvent-exposed and are occupied by hydrophilic,
helix promoting residues [61]. Focusing only on two-stranded coiled coils here, two different assemblies
are possible: parallel and antiparallel. Depending on the orientation the interactions at the interface differ
slightly. In a parallel assembly the 2 and 4 residues of each helix interact with each other and ionic inter-
actions are formed between e and g residues (Fig. [.dA). In contrast, the antiparallel orientation promotes
interaction of the # residue of one helix with the & residue of the opposing helix and ionic interactions
are formed between ¢ or g residue pairs (Fig. [.GB). The formation of a hydrophobic core through the
interaction of # and 4 residues are the main driving force in coiled-coil assembly, which is supplemented
by attractive forces between ¢ and g residues [62]. Precise selection of the different interactions, both at the
hydrophobic interface as well as of the surrounding residues, modulates orientation as well as the assembly
state of the coiled coils.

1.4.2 Biological Roles

Even though coiled coils are simple in structure and have a limited sequence space due to the sequence
periodicity, a wide range of different biological roles were assigned to them. Discontinuous coiled coils
frequently facilitate oligomerization of proteins and are thereby a highly common motif in complex protein
assemblies [63]. Due to their rigidity and length they are found in many fibrous proteins and mediate



10 1 Proteins

A lonic B fonic

intferactions inferactions

lonic ionic
interactions interactions

parallel antiparallel

Figure 1.6: Helical wheel diagrams visualize the characteristic packing of coiled coils. The typical heptad repeat a-g is shown schematically
in its three dimensional orientation in a coiled coil. The helical wheel diagrams show the interaction pattern for parallel (A)
and antiparallel (B) two-stranded coiled coils. At the interface of the helices a and d residues form hydrophobic interactions
and are flanked by ionic interactions formed between e and g residues. The exact interaction pattern for both coiled-coil
types differ and the interhelical interactions are indicated with arrows.

mechanical strength in biological materials such as hair, nails and muscles [57)]. Additionally, this property
makes them excellent molecular spacer separating functional domains from each other or spanning the
inner and outer membrane of bacteria [64]. As molecular spacer they are key players in cell division,
tether vesicles and control DNA recognition. Also more complex functions are performed by coiled coils
through transmission of structural changes along them and they are especially known for their importance
in motor proteins, in which they are involved in complex allosteric communication [63]. A very special
task is the molecular ruler: through the defined length it facilitates the production of e.g. antigens with a
specific length [66]. Finally, for one coiled coil also a catalytic activity was verified [67].

1.4.3 Protein Design and Applications

One major model system in protein design is the coiled coil. Due to the simple interrelation between
sequence and structure they were early protein design targets. Nevertheless, the precise modulation of
coiled-coil assemblies needed many years of research to specify detailed rules to fine-tune oligomerization
states and helix directions and revealed requirement for a fine balancing of interactions. Here, an overview
of important design attempts is given for parallel and antiparallel two-stranded coiled coils, followed by
examples how the acquired information were applied in the creation of larger assemblies and how they are
utilized.

Parallel Coiled Coils

In the seminal works of O’Shea et al. [56] and Harbury et al. [68] the so called "Harbury relationship”
was determined, which connects specific # and & residue combinations with different oligomerization
states on the basis of a natural leucine-zipper coiled coil. These straightforward rules created the basis for
several subsequent studies. In a later work Fletcher et al. [69] verified these rules in a context independent
background with de novo designed proteins and created a basic toolkit of parallel coiled coils with targeted
oligomerization states. The influence of intra- and interhelical salt bridges on parallel assemblies was
dissected by Burkhard et al. [70] and revealed the possibility to fine-tune their stability. Gradisar and
Jerala [71] showed through a negative design approach that specific positioning of Asn residues at the z or
d position as well as rational arrangement of electrostatic interactions at ¢ and g position can direct the
orientation of the coiled coil and guide homo- or hetero oligomerization precisely. A critical element in
protein design is to obtain stable proteins. Specific rules were identified for parallel coiled coils which can
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modulate the stability of the assemblies [72, 73]. Further rules modulating the assembly were determined
based on natural as well as de novo proteins, directing and improving prediction and design [50]. Nowadays
a large set of successfully designed parallel two-stranded coiled coils is available with different topologies,
sequences and stabilities.

Antiparallel Coiled Coils

Most studies on two-stranded coiled coil design focused on parallel arrangements, despite the ma-
jority of natural ones being antiparallel [[/4]. Only limited research has been done on understanding
the determinants of antiparallel coiled-coil assemblies. First antiparallel designs were created based on
previously designed parallel coiled coils constrained by disulfide bridges [/5, 76]. A more precise and ra-
tional approach created a continuous antiparallel coiled coil [[/7]. This 56-residue polypeptide was based
on specific hydrophobic interactions between « and  residues and the orientation was directed by ionic
interactions between e and g residues. The design of an heterodimeric coiled coil without any covalent
constraints directed the antiparallel orientation through specific interaction of two asparagines at the helix
interface [[/8]. This favors the antiparallel orientation over the parallel, but in solution a mixture of both
conformations was observed. In a similar approach, with addition of interhelical coulombic interactions,
an exclusively antiparallel alignment was achieved [79]. Also the design of an homodimeric antiparallel
coiled coil was enforced by a negative design approach. Rational placement of arginine residues in the
hydrophobic interface suppresses the formation of parallel arrangements while favoring antiparallel. This
alignment was further supported by specific interhelical salt bridges as well as specific combinations of
alanine and isoleucine at the interface [80]. Additional interactions specifying the antiparallel assembly
were dissected by Hadley et al. [[74]: vertical interactions between e.g. d-d-d’ are important in modulating
the helix directions. By applying many of the previously described restrictions and by including negative
design features, a homodimeric antiparallel assembly was successfully created by Negron and Keating [81].
Experimental data for all these designs indicated the formation of an antiparallel two-stranded coiled coil,
though no structures had been verified experimentally. Nevertheless, all these studies on two-stranded
coiled coils helped to further expand our knowledge and established general design rules to create stable
assemblies with targeted orientation and oligomeric state [82, 83, 50].

Beyond Two-Stranded Coiled-Coil Designs

Based on the achievements in two-stranded coiled-coil design, also several higher order assemblies
with up to 12 strands were created [84, B3] and next was the challenge to create switchable assemblies.
Coiled coils were designed that switch their oligomerization state depending on the pH [84], open up in
the presence of a binding partner [87], or assemble upon metal binding [88]. Also, a first photoswitchable
coiled coil was successfully designed with an N-terminally linked chromophore to induce disassembly
upon irradiation [89]. Another increasing scope of application are nanomaterials or nanostructures. Large
self-assembling filaments were created [00] and coiled coils were used as building blocks in the construction
of molecular scaffolds [91, 92]. These protein origamis are highly versatile in their three dimensional
shapes and can be applied in several ways [93]. On the basis of all these coiled-coil designs and the
established toolbox of scaffolds, several different molecules for biomedical applications were created. Drug
delivery systems, nanoparticles, hydrogels and many more are promising technologies which use coiled
coils as structural units or regulatory elements [94, 95, DG]. This shows the extraordinary potential of this
supersecondary structure element and highlights its versatility for different applications.






Chapter 2

The (Inverse) Protein Folding Problem

The general elements and parameters of proteins are already well understood, but the detailed knowl-
edge about how the amino acid sequence exactly specifies the proteins’ structure and function, and how
nature finds this particular conformation in the large set of possible interactions is still challenging (Fig
2.1). This scientific issue is summarized in the protein folding problem, which can be distinguished into
three main questions [97]:

1. Can we determine physicochemical properties which encode the folding of a protein?
2. What are the folding mechanisms proteins use in nature?

3. Based on these findings, is it possible to predict a proteins’ structure only based on its amino acid
sequence?

The first of these questions is universally recognized as understood: the forces which stabilize and
direct protein folding are mainly hydrogen bonds, the hydrophobic effect, electrostatic interactions, van
der Waals forces as well as disulfide bonds as described in section [.2Z.]. Research in the field of protein
folding and protein prediction is still a challenging field, but in the last years remarkable progress has
been made and recent progressions allows the argumentation that the protein folding problem is solved.
Nevertheless, new challenges are out there in protein science. With the detailed understanding of proteins,
a new question came up: Can we create new proteins by ourselves solely based on physical determinants?
This field of protein design, which can also be denoted as the inverse protein folding problem, is a fairly
young research field and opens up many possibilities for protein science (Fig. 2.1).

2.1 Mechanisms of Protein Folding

If we are to understand protein folding, it is important to understand the challenge of it. Starting with a
gedanken experiment, like Cyrus Levinthal did in 1969 [98]: Imagine a polypeptide chain with 100 amino
acids and consider that every amino acid can adopt only three different configurations. Folding of this
protein would have 31%° different conformations. Assuming that every 10713 s a new conformation can
be tested, it would take 5- 1034 seconds or 1.5- 107 years to find every possible fold for this sequence. But
in nature proteins fold within milliseconds to seconds into their native structure. Therefore, this Levinthal
paradox raised the question how a protein can fold on such a short time scale and what mechanisms apply in
nature to speed up folding. Obviously, this can not be achieved by random search and Levinthal proposed
the existence of kinetically controlled folding pathways [09]. Since this question was raised, many different
models and mechanisms for protein folding were proposed, the most common being described in the
following.

13
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Figure 2.1: The Protein Folding Problem. Starting from a protein sequence (left) the protein folding problem aims to predict the three
dimensional structure. Inversely, protein design launches from a determined protein conformation and finds the optimal
amino acid sequence to stabilize this structure.

Already Levinthal suggested the gradual formation of local structures at the beginning of protein
folding, which function as nuclei for further structure formation [[00]. This nucleation growth model was
extended to the framework model, implying the independent formation of secondary structural elements
which finally organize to the native state [[0]]. Another hierarchical process is proposed in the diffusion-
collision model, a variation of the framework model [[02]. It implies diffusion as the driving force for
the organization of local structures forming intermediates, which finally coalesce to the native structure.
In contrast to these models, which imply the initial formation of secondary structures, the hydrophobic
collapse model puts the tertiary structure first [[03]. Driven by the hydrophobic effect the polypeptide
chain collapses into a molten globule like state, which reorganizes later to built the native protein.

211 Folding Funnels and the Energy Landscape Model

The previously described models all assume a single folding pathway for each protein through defined
intermediates. A more general view on protein folding was encouraged by Anfinsen’s dogma. It states
that the structure of a protein is solely defined by its amino acid sequence and that the native state is the
global minimum of free energy [[04]. Incorporating this into protein folding theory led to the folding
funnel theory, which states that proteins find their native state by minimizing their free energy [[05]. In
this context, protein folding can be represented in folding funnels relating the possible conformations
with its free energy (Fig. 2.2). In this kind of depiction the depth represents the energetic stabilization
of the native state and the width represents the conformational entropy. These folding funnels are no
flat ’golf courses” with a single energy minimum as a single pathway would produce, but rather are rough
funnel-shaped energy landscapes with multiple energy minima directing the protein folding to its native
state. The energy landscape theory proposes that proteins fold by the directional formation of either short-
or long-range interactions or packing which guides the polypeptide along the funnel towards its global
energy minimum [[0G]. On this way, also local energy minima can be occupied representing either on-
or off-pathway intermediates. It is difficult to state, which of these models is the most accurate or if a
combination of these describes reality, or if different models apply for different proteins. Nevertheless,
with the progression of the energy landscape models new possibilities arose to model protein folding and
to predict protein structures.
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Figure 2.2: Protein Folding Funnel. A schematic representation of a protein folding funnel exemplifying the possible trajectories of an
unfolded amino acid chain to its native state. Unfolded states have a high free energy and can occupy a large set of different
configurations. Upon protein folding partially folded configurations are formed and can be trapped in local energy minima,
which are associated with folding intermediates or molten globules. The completely folded, native structure is found at the
global energy minimum.

2.2  Protein Structure Prediction

The thermodynamic hypothesis of Anfinsen is the basis for most protein structure prediction algo-
rithms. By sampling alternative conformations and scoring them using appropriate scoring functions, the
lowest energy state can be determined which is assumed to be the native state of the protein. Generally,
two different approaches are distinguished: template-based and template-free strategies.

2.2.1 Template-based Modelling

Template-based modelling is built on the finding, that structure is more conserved than sequence
[107]. Template structures for a target sequence are identified based on sequence identity, which are sub-
sequently used to direct the structure prediction. A critical step is the selection of an appropriate template
either by single sequence searches or by using sequence profiles to identify sequence-structure compati-
bility. Following, the target sequence is aligned to one or multiple template structures and deviations are
identified. Using the known structures those variations, like mutations, deletions or insertions, are ac-
counted by modelling. This strategy can be applied for about two third of known proteins, as a sequence
identity of at least 20 % is required, although recent advances also softened this restriction [[08].

2.2.2 Template-free Modelling

The prediction of a protein structure solely based on its sequence without any further information is
the greatest challenge of the protein folding problem. In 4b initio approaches a number of possible con-
formations is sampled followed by model selection based on scoring functions. Due to the large number
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of possible conformations of a polypeptide chain, the conformational sampling is highly complex and
therefore the exploration of low-energy states is performed by conformational search methods which are
guided by energy functions.

Energy Functions

Generally two types of energy functions are distinguished. Physics-based functions determine the in-
teraction between two atoms solely based on quantum mechanics and the coulomb potential. Due to the
large number of atoms in a protein, this is very complex and computational expensive. To reduce this
complexity atoms can be treated as point-particles interacting through defined potential forms creating
so called force fields. Thereby, parameters like bond lengths, angles, van der Waals interactions or elec-
trostatics are covered. While this already reduces the complexity drastically, the energy calculation of a
medium-size protein is still impossible today. In knowledge-based energy functions, frequencies of ob-
served structural features from known proteins are related to its energy. Typical terms are the interaction
probability between two amino acids at a specific distance, secondary structure propensities and ideal ge-
ometries. Recent structure prediction methods often apply combinations of physics- and knowledge-based
energy functions.

Conformational Search

The sampling of lowest-energy structures is directed through sampling methods, which define how
new conformations are calculated based on a given state. In Molecular Dynamics (MD) simulations tra-
jectories are created by applying Newton’s equation of motion iteratively to all atoms, thereby changing the
protein structure. This technique does not only determine a final structure but captures structure changes
over time. Due to the size of a protein solving these equations for every containing atom is computation-
ally highly expensive and only timescale of femtoseconds can be modelled. To simulate a complete protein
folding requires times of at least micro- to milliseconds.

Monte Carlo based approaches sample the conformational space much more efficiently through indis-
criminate changes of the protein structures with the application of a multi-step algorithm. In each step
a random position in the polypeptide is randomly altered to produce a new conformation, which is only
accepted if the energy is reduced for this state. As energy landscapes are rather rough this would lead
to the trapping in a local energy-minimum and the global minimum wouldn’t be sampled. Therefore,
the Metropolis-Hasting criterion is typically included in the acceptance step. As long as the perturbation
reduces the energy it will still be accepted, but if the energy is not reduced it will be accepted with a prob-
ability related to the Boltzmann-formula with k being the Boltzmann constant and T the temperature:
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Additionally, the implementation of Simulated Annealing, which applies initially a high temperature to
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enable large changes to sample a large conformational space, followed by step wise reduction of tempera-
ture, improves the sampling of lowest-energy states.

Even though no structural templates are applied, local structural features are typically predicted based on
multiple sequence alignments and statistical analysis of protein structures. Therefore, often information
such as secondary structure, residue-residue contacts and inter-residue distances direct the conformational
search.
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2.2.3 'The Rosetta Algorithm

One widely used ab initio prediction program is Rosetta, which creates protein models by assembling
small fragments of typical three and nine residues taken from known protein structures [[09]. These frag-
ments account for the structural bias of local sequences [[10]. For each sequence stretch in the target
protein 200 fragments are picked from known protein structures based on sequence similarity and pre-
diction of local structural features. The conformational search commences with an extended polypeptide
chain and folds the protein subsequently using a Monte Carlo based algorithm. Initially, for a randomly
selected sequence stretch a fragment is chosen from the corresponding fragment library. Thereby, the
torsion angles of this polypeptide section are replaced by the ones of the selected fragment and energies
before and after the change are compared. According to the Metropolis criterion the step is either accepted
or rejected. This is repeated 30 000 times with nine-residue fragments, followed by a more fine-grained
sampling with 10 000 three-residue fragment insertions [[11, [12]. The fragment assembly is performed
with a centroid representation and creates only low resolution models of the protein backbone [[08]. In
an atom-detailed refinement the backbone is perturbed only slightly to maintain the global conformation
and side chain conformations are sampled by a simulated annealing Monte Carlo algorithm. As final
step the generated models are further minimized to find local energy minima by a gradient minimization
approach. During the conformational search different energy terms are used due to the different represen-
tations of the polypeptide chain. In the initial coarse-grained fragment search a knowledge-based search
function is applied, which considers electrostatics, hydrogen bonding, solvation and steric clashes based on
probabilities derived from known protein structures. In the following high resolution refinement an all-
atom energy function is applied, which combines physical-based energy terms as well as knowledge-based

probabilities [113].

2.2.4 Recent Advances

Recent progress and innovations in protein structure prediction algorithms are frequently tested and
compete in the biennial CASP (*Critical Assessment of protein Structure Prediction”) workshop [[14]. Be-
side Rosetta many other highly promising and successful algorithms are frequently presented and applied.
In recent years the greatest progress was achieved in the prediction of long-range interactions based on
evolutionary coupling. Even though this was tried for many years, the extraction of coevolutionary infor-
mation from multiple sequence alignments and filtering indirect effects was only made possible through
the combination of statistical methods with machine learning approaches [[15]. In CASP13 a tremendous
improvement in contact prediction was observed fueled by the inclusion of deep neural networks [[16, [17].
Furthermore, a deep-learning approach was presented in the same year, which outperformed all other algo-
rithms dramatically: AlphaFold is based on a convolutional neural network, which predicts inter-residue
distances [[18]. The conformational search is similarly to Rosetta based on a fragment assembly approach,
but in contrast fragments are created de novo using deep learning algorithms and folding is performed
by a simple gradient-descent algorithm. This work inspired the research in this field drastically and the
application of machine learning was expanded. In the subsequent CASP14, an overall improvement of
predictions was observed due to the prediction of interresidue orientations [[19]. Nevertheless, one al-
gorithm outperformed all other significantly and achieved unprecedented model accuracy: AlphaFold2
(120, 121]. In contrast to the preceding version, an end-to-end trained system is used, which incorporates
several coupled attention-based neural networks [122, [23]. Meaning not only specific features are pre-
dicted and later incorporated in the conformational search, but the complete three-dimensional structure
is sampled. Once the neural network converged, the model is refined using physical force fields to improve
accuracy and stereochemical quality. With this the 50 year old protein folding problem is recognised to be
solved by AlphaFold [[24]. However, the field of protein prediction is not at its finish line. Recently the
AlphaFold Protein Structure Database was released, which comprises all predicted protein structures of
the known human proteome and other biologically-significant organisms and will be expanded to capture
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all proteins we know [123]. This compendium of protein structures will enable further research promoting
the understanding of diseases and providing even deeper understanding of proteins. Furthermore, a new
challenge will be the fine-grained prediction of protein interactions, ligand binding and protein functions.

2.3 Protein Design

The design of proteins is a highly versatile and challenging field and is often designated as the inverse
protein folding problem. In contrast to the prediction of a tertiary structure from the primary structure,
the quest is to find an amino acid sequence which stabilizes a specific protein state. This adds additional
complexity to the search problem as not only the flexibility of the single amino acids has to be considered
but additionally the protein sequence is variable. During the design the protein sequence can be varied
and at every position one of the 20 different amino acids can be placed, leading to a sequence space of
20" for a protein of n amino acids. Considering a protein of a length of only 100 residues, this leads to a
sequence search space of 201%° which exceeds even the number of particles in the universe. Therefore, it is
even more important to have efficient search methods and evaluation tools to find a sequence which has
an energy minimum compatible with the target structure.

2.3.1 De Novo Protein Design

Even though nature already supplies us with a tremendous variety of different proteins they only cover
a tiny range of the possible conformational and sequence space of the protein universe. De novo protein
design is the ultimate test of our knowledge of protein folding, as it targets the design of proteins solely
based on our gained expertise of protein stabilizing forces and fold determinants without applying any spe-
cific sequence information from nature. Frequently, known protein folds are recapitulated to understand
their determinants in more detail, but also the design of completely new proteins was accomplished.

A typical design strategy starts with the selection of a specific target framework and the creation of a
backbone. Similar to structure prediction approaches, this can be done by assembly of protein fragments.
In RosettaRemodel the backbone conformation is indicated by its secondary structure and additional
definable constraints, like inter-residue distances [[26]. Based on these definitions a backbone is assembled
from fragments, which are picked based on their compatibility to the intended geometries. However,
not all imaginable folds are actually realizable in nature, as a proper packing of the core and hydrogen
bonding is necessary a folded and stable protein [[27]. Therefore, the identification of physically realizable
backbones is critical and different rules have been identified to guide the three-dimensional arrangement
of secondary structure elements [49, [28]. Some protein folds can also be described through mathematical
models, such as coiled coils [54]. Based on these parametrizations new arrangements can be created and

applied to protein design.

The actual sequence design uses almost the same modelling tools as previously described for protein
structure prediction. Typically, the sequence search is performed on a fixed backbone and only side chain
conformations are sampled using rotamer libraries. Rosetta applies once more a Monte Carlo algorithm:
randomly a position is mutated and additionally a random rotamer is selected, in the following this step
is either accepted or rejected based on the Metropolis criterion [I08]. However, as optimal side chain
interactions are highly dependent on a precise three-dimensional orientation, often an iterative backbone
sampling is included in the sampling strategy to find the optimal sequence [[29]. Ranking and evaluation
of the designed sequence and backbone is performed with the same all-atom energy function in Rosetta as
applied in structure prediction, which combines physics- and knowledge-based terms [[13]. Additionally
to Rosetta many other protein design strategies have been developed also with great achievements [[08].
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2.3.2 Applications of Protein Design

The design of proteins, either de novo or engineering of existing ones, has a broad range of applica-
tions and opens up new possibilities in research, medicine and industry. Starting with the purpose and
future of de novo designed proteins: they test our knowledge and understanding of protein folding and
demonstrate which protein features need to be further investigated [[30]. Furthermore, with the creation
of new protein scaffolds tailor-made backbones are generated without any impairment of prior natural
specificity [[31]. One major task of protein design and engineering is the stabilization and optimization
of existing proteins, either natural ones or previously designed ones. As natural proteins often have a low
thermostability its increase is beneficial for applications in biotechnology. In contrast, designed proteins
exhibit frequently a high thermal stability combined with a low conformational stability. Increasing both
stabilities is a highly interesting field, again teaching us a deeper understanding of stabilizing forces and
providing improved protein scaffolds for new applications [[32]. Creation and alteration of ligand bind-
ing led to the development of imaging reagents and diverse biosensors [[33, [34]. The design of protein
switches created molecules, which undergo large conformational changes upon either ligand binding or
environmental changes [[35, [3G]. This requires a multi-state design approach including negative and
positive design of specific features. Beyond sole binding of ligands is the design of novel enzymes [[37].
The creation of a catalytic mechanism requires the binding of not only one molecule, but must consider
the substrate, stabilize transitions states and have a reduced affinity to the product. As such it is a highly
complex system. Nevertheless, some de novo enzymes could be designed, catalysing new reactions not
observed in nature [[38, [39, [40]. Furthermore, protein design can also be applied to control protein-
protein interactions. Modulation of binding specificity was used to create protein logic gates which can
control gene transcription [[41]. Additionally, protein design has a wide application range in the devel-
opment of therapeutics. Targeting specific disease-related proteins, antibodies can be designed to disrupt
relevant interactions. Antibodies and other proteins can be designed and optimized to engage specific pro-
tein targets to intervene in disease-associated pathways. One highly promising research created bispecific
antibodies which can be applied in immunotherapy to target cancer cells more specifically [[42]. Recently,
the design of a miniprotein inhibiting the SARS-CoV-2 spike protein highlighted the possibilities of this
research area [143]. These examples for the utilization of protein design in different research areas is only
a little excerpt of the constantly extending range of applications.

2.3.3 Recent Advances and Perspectives

As protein structure prediction and design are highly correlated with each other, noteworthy advances
have been achieved in both areas in the last years. Overall in the last decade the complexity of the designed
proteins increased, including larger proteins with more diverse secondary structure arrangement [133, 48§].
A major contribution to this is the significant technological progress of our time enabling the solution of
more complex computational problems. Therefore, more detailed energy functions could be developed,
which enable the treatment of proteins on atomic level leading also to improved algorithms and reduced
requirements for user-defined constraints to achieve successful designs.

As recent years have shown that the design of protein structure is highly successful new perspectives
are the design of functions and the creation of novel enzymes. Therefore, especially the implementation
of multi-state design algorithms is a great achievement and might fuel further research towards tailor-
made functional proteins. Finally, as the use of deep learning techniques has pushed protein structure
prediction tremendously, a similar influence could be expected on protein design. First approaches have
already started to use neural networks in the design of favorable sequences, and it will be intriguing to see
how it will influence future research [[44, 129].






Synopsis

With the successful de novo design of the TIM barrel sTIMII an excellent scaffold for tailor-made
proteins was created. Using this idealized protein as foundation the research presented in this thesis aimed
to improve its stability determinants and further diversify the set of de novo TIM barrels.

The objective of Paper I and I is the stabilization of the initial design. Thereby, the stability determi-
nants of this outstanding protein fold were explored and a set of highly stabilized proteins was created. A
short introduction into fine-tuning protein stability and an overview of the results is given in Chapter 3 -

“Improving the Conformational Stability of a De Novo TIM Barrel”.

With the aim to increase the surface of the de novo TIM barrel and creating shielded areas, sTIMI11
was further diversified by insertion of antiparallel coiled coils into Sa-loops. Stabilizing interactions deter-
mined in Paper II were also incorporated into these designs to achieve a more stable TIM-barrel scaffold.
This work is summarized in Chapter 4 - "Extending the De Novo Designed TIM Barrel” and Paper 111
includes the detailed results and discussion.

The review, Paper IV, discusses the importance of an interconnected analysis of evolution, folding and
design for a thorough understanding of proteins based on the research on TIM barrels. In the context
of Paper I, II and III especially the detailed understanding of folding and stability as well as its value
for the design of new proteins is highlighted. A short outline is given in Chapter 5 with a focus on the
implications for protein design.
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Chapter 3

Improving the Conformational Stability of a De Novo TIM Barrel

A proteins stability determines its ability to perform a specific function, the timescale on which it
is stable and the pathway it takes upon folding. Therefore, an exact balancing of forces is crucial for
proper functioning of proteins. Detailed analysis of natural proteins revealed only a marginal stability
of active protein conformations of 5 to 15 kcal mol~! [[45]. A protein under physiological conditions
is predominantly folded in its active conformation, but undergoes certain molecular fluctuations thereby
producing partially or completely unfolded states. The stability of the active state is therefore referred to
as the conformational stability, which compares the folded to the unfolded state. The main indicators for
the conformational stability are the thermal melting point 7, and the free-energy change upon unfold-
ing AG. Both parameters can be determined experimentally and are interconnected through the Gibbs
Helmholtz equation, which expresses dependency of AG on the temperature.

3.1 Project Objective

As protein stability affects not only the resistance to temperature, denaturant, proteases or pH vari-
ations, but also influences solubility, iz vivo yields and half life, its adjustment is highly interesting for
biotechnological applications [[32]. Even though rationalization of protein stabilization is difficult, sev-
eral strategies were developed to modulate the stability landscape of existing proteins. In general, a protein
can be stabilized either by altering the entropy or enthalpy. Entropy-driven stabilization aims to restrict the
conformational space, whereas the enthalpy-driven approaches are more rational and intent to optimize
specific interactions [14G]. An early strategy for this purpose was the substitution of glycines with alanines.
Due to the reduced flexibility upon mutation the chain entropy of the unfolded states is reduced and the
equilibrium is shifted towards the active conformation [[47, [48]. In a similar manner, the introduction
of proline residues restricts the backbone geometry and as a consequence decreases the entropy of unfold-
ing [[49, [50]. The installation of additional disulfide bonds is one of the most frequent approaches and
can have entropic as well as enthalpic effects on the stability. The induced alterations are more complex
ranging from a modified hydrophobicity of all states over reduced flexibility near the covalent linkage in
the native state to the generation of residual structure in the denatured state [I51, [52]. Additionally, more
rational approaches aim to tune the enthalpic effect using information of the three-dimensional structure.
Incorporation of additional hydrophobic residues on the protein surface improves hydration and thereby
influences stability [[4G]. Also the introduction of rational mutations to generate specific interactions or
to improve the hydrophobic packing are frequently applied in protein stability design studies [[53]. The
emerging protein structure prediction and design methodologies also fuelled the design of stabilized pro-
teins and the launch of energy functions made it possible to rank different mutants and determine the
potentially most stabilizing variants in silico.
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Nevertheless, stabilization of proteins is not that simple due to the complex synergy of multiple in-
teractions in a three-dimensional structure. Even though the creation of proteins from scratch is often
successful and provides us with stable, well-folded proteins with nature-like features, detailed analysis of
several de novo proteins revealed non-natural folding landscapes and stability curves. Interestingly, most
designed proteins exhibit a high thermal resistance, but combined with low AG' values as compared to
natural proteins. This observation is probably due to the fact that most design approaches focus on a
positive design strategy to stabilize the native state [[32]. Thereby, the energy gap between the folded and
unfolded state is comparably small and the free energy upon unfolding stays low. This is also observed
for the de novo designed TIM barrel, which was introduced in section [.3: Detailed analysis of sTIMI1
revealed a high thermal stability (7},, = 80°C) combined with a low free-energy of unfolding (AG25-c
= 4kcal mol ') [48]. Concluding, the conformational stability of sTIMII is significantly lower than
determined for natural TIM barrels. Hence, the objective of this project was to fine-tune and increase
the stability of sSTIMII in order to create suitable proteins for later diversification and ultimate creation
of functional TIM barrels. For this purpose, two different approaches were used to improve the stability
determinants of de novo TIM barrels. First, using a modular design strategy the hydrophobic packing of
sTIMII was increased step wise (Paper I). Following up on this, a salt bridge cluster was introduced into
different de novo TIM barrels to combine the effect (Paper II).

3.2 DeNovoTIMs - Improved Hydrophobic Packing

A rather recently described stabilizing element in protein structures are hydrophobic clusters, which
are formed by cooperative, long-range interactions in the proteins hydrophobic core [[54]. They create
crucial stabilization centers comprising hydrophobic or aromatic amino acids. Their implications for
protein stabilization and utilization in stability design were described for several different protein folds

(155, [56, [57, [58]. Analysis of natural TIM barrels also emphasized their importance for stability and
folding of this specific fold [[59, 160, [61].

internal core

top core

bottom core

Figure 3.1: Cavities in sTIM11. The crystal structure of sTIM11 (PDB ID: 5BVL) is shown from top view and rotated by 45°. Identified
internal cavities are shown in purple spheres and targeted cores are marked with arrows indicating the used nomenclature.

Detailed analysis of sTIMII revealed a diminished hydrophobic packing in the various regions of
the TIM barrel manifested in small cavities in the hydrophobic core. Three separate regions were deter-
mined to have a reduced packing: the internal core - located at the inner face of the central 3-barrel -,
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the bottom core - formed at the N-terminal side of the S-sheets at the interface to the a-helices -, and
similarly on the opposite site of the TIM barrel the top core - situated between the C-terminal ends of
the B-strand and the surrounding a-helices (Fig. B.]). In a preceding adjustment of sTIMII two cysteine
residues which did not form the intended disulfide bridge were mutated producing sTIM11noCys. Fol-
lowing, the core regions were targeted in a fixed-backbone design using Rosetta aiming to increase the
hydrophobic packing by applying specific constraints. In this first design round the different regions were
targeted separately and the most stabilizing design variants were determined experimentally. Finally, the
best designs were combined to produce double- and triple-region designs to ultimately create a family
of fourteen DeNovoTIMs. Thermodynamic analysis of all designs revealed a wide coverage of thermal
and conformational stabilities with 77, values ranging from 47 to 109 °C and AGa5-c between 1.5 and
23.6 kcal mol . Furthermore, the DeNovoTIM family exhibits new combinations of thermodynamic
parameters as revealed by comparison with natural proteins. Due to the modular design approach it was
possible to specify the contribution of each region and an interdependency of the different regions for
the stabilization was determined. This epistasis effect was associated with the extension of hydrophobic
clusters in the double- and triple-region designs. The determination of crystal structures for three proteins
of this collection supported this assumption. For DeNovoTIM13, a double-region design with improved
stability features, the high resolution structure revealed an increase of the hydrophobic clusters by 60 %
in comparison to sTIMI1L. This highlights that the modular design strategy successfully improved the hy-
drophobic packing, stabilized the de novo TIM barrel significantly and additionally provided a new set of
proteins to investigate stability and folding determinants.

3.3 Introduction of a Salt Bridge Cluster

The effect of salt bridges on the stability of proteins is highly complex and prediction of their contri-
bution is still challenging. These particular interactions are a combination of hydrogen and ionic bonds
and are formed between oppositely charged residues which are in close proximity to each other [162].
Typically a distance below 4 A between donor and acceptor atoms is considered as cut off. In proteins
salt bridges are formed between the negatively charged Asp or Glu and positively charged Arg, Lys or His.
Besides their potential stabilizing effects they are also important for creation of conformational specificity
and can be critical for optimal positioning of functional groups [163, 164, [65]. The contribution of salt
bridges to stability is difficult to predict and is not necessarily a favorable one [I66, [67, [68]. For their
formation, a specific geometry of both residues to each other is required. This involves the ordering of
the protein and also desolvation of the side chains, which are both entropic and enthalpic expensive [[69].
Therefore, the favorable ionic interaction of the salt bridge has to counterbalance these unfavorable effects
and often is only marginally stabilizing. As the burial of charged residues is quite expensive, most salt
bridges are surface exposed. Nevertheless, buried salt bridges are observed and were proven to be crucial
for conformational specificity of the native state. A possible way found in nature to increase the stabilizing
effect of buried salt bridges is the formation of so called networks or clusters [[66, [70, [71]. Often a local
salt bridge interacts with one distant residue, but also more complex networks were identified in natural
proteins. It was found that networked salt bridges are a viable way to interconnect secondary structure
elements distant in sequence. Due to their complex geometry salt bridge clusters are even more difficult
to predict and design.

The analysis of natural TIM barrels determined several conserved salt bridges being crucial for sta-
bility and function [[72, I73]. An overall statistical investigation of stabilizing interactions throughout
this fold identified an over representation of polar residues and salt bridges in the inner 3-barrel [[3, [74].
Especially, larger salt-bridge networks were found to stabilize the 3-barrel through long range electrostatic
interactions. These clusters were found in different subfamilies and are frequently conserved across them.
The exact role of these electrostatic interactions remains unidentified but a possible association with im-
proved foldability was proposed [47]. One specific natural protein, which comprises a highly coordinated
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salt bridge cluster in the inner barrel, is HisF, a subunit of the indole-3-glycerol phosphate synthase (IGPS)
[B3]. This cyclic salt bridge is formed by four residues located at the N-terminal end of the 3-strands (Fig.
B.2B) [I73]. Despite its stabilizing function it also acts as a gate for the ammonia tunnel located in the
barrel center. One residue is believed to alter its conformation upon gate opening and in the following en-
ables ammonia transfer [[70]. Its high potential to stabilize this fold was also determined in a study which
aimed to recapitulate the evolution of TIM barrels by duplication. Fusion of two C-terminal halves of

HisF was performed and was stabilized by the introduction of the natural salt bridge cluster [177, [78].

Figure 3.2: Salt Bridge Clusters in TIM barrels (A) Crystal structure of sTIM11noCys (6YQY) is shown from bottom view. The four symmetry-
related glutamine residues are shown in stick representation. These positions were mutated for the creation of a salt bridge
network. (B) Crystal structure of HisF (PDB ID: 1THF) is shown with residues at the N-terminal face of the 3-sheet forming a
salt bridge network shown as sticks.

On the basis of this natural salt bridge network we aimed to stabilize the de novo TIM barrels struc-
ture by introduction of an analogously constructed cluster. Inspection of the sTIM11noCys evinced four
symmentry-realted glutamine residue at the N-terminal side of the 3-barrel in a similar geometric position
as the respective residues in HisF (Fig. B.Z). Therefore, these four residues were mutated alternating to
Arg and Glu to construct a salt bridge cluster. In order to investigate the effect of this salt bridge cluster
in the context of a similar topology but various stability backgrounds we selected three different proteins
of the previously created set of de novo TIM barrels: sTIM11noCys, the cysteine free variant of the origi-
nal sTIM11; DeNovoTIM6, comprising several stabilizing mutations in the previously described bottom
core; and DeNovoTIMI13, a stabilized version with mutations in the top and bottom region. The created
proteins were entitled sTIM11noCys-SB, DeNovoTIM6-SB and DeNovoTIM13-SB. The effect of the salt
bridge cluster on these three proteins was investigated and showed high divergence. For sTIM11noCys-
SB and DeNovoTIM6-SB explicit stabilization by 1.6 kcalmol ™! and 1.9 kcal mol~! was identified,
respectively. In contrast, DeNovoTIM13-SB is destabilized by —1.3 kcal mol~! but the introduced salt
bridge cluster altered the thermal unfolding process to be reversible. As the base design DeNovoTIMI13
is already highly stabilized with a AG of 9.5 kcal mol ™1, we speculate that the stabilizing effects of the
previously improved hydrophobic packing and the introduced salt bridge cluster cancel each other out.
Another interesting observation was the influence of the salt bridge cluster on the crystallization behaviour
of these proteins. Especially for sTIM11 and DeNovoTIMG6 it was challenging to achieve diffracting crys-
tals previously. The introduced cluster enhanced the crystallizability of both proteins and higher resolution
structures could be solved. Analysis of high resolution structures of all three proteins revealed dissimilar
geometries for each, ranging from a complete absence of a cluster in DeNovoTIM6-SB to highly coordi-
nated networks in sTIM11noCys-SB and DeNovoTIM13-SB. Comparison of the determined geometries
with the measured stabilizing effects revealed no correlation. Collectively, this research highlights the
complexity of salt bridges in proteins: despite a further stabilization and structural improvement of the
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de novo TIM-barrel collection, the exact prediction of the determined geometries was not possible. Taken
together, it emphasizes the huge potential of salt bridges and especially salt bridge clusters to stabilize
proteins, but also points out the deficiency in the exact understanding and design of salt bridges.

3.4 Conclusion

The stabilization of the de novo TIM barrel was achieved in two studies with significantly different
approaches. Both, increase of the hydrophobic packing and introduction of a salt bridge cluster, altered
the stability of this particular protein significantly and intriguing observations were made. This large family
of de novo TIM barrel opens up new possibilities to study the stability landscape of this fold in more detail
and the members with diverse stability features can be used to create proteins with tailor-made functions.






Chapter 4

Extending the De Novo Designed TIM Barrel

In the beginning, the main objective of de novo protein design was to examine the understanding of
protein folding, but soon researchers realized the vast potential of these new molecules and astonishing
progress has been achieved in the creation of functional de novo proteins recently. One category of proteins,
which is highly over-represented in this large set of designed proteins, are coiled-coil and helical bundle
proteins, mostly due to their excellent perception and control of oligomerization and interaction. In recent
years, small-molecule binding helical bundles were reported [[79, [80], and led to the establishment of
biosensors [[34]. Additionally, protein switches and logical circuits on the basis of coiled-coil proteins
opened up new possibilities in biotechnology [181, [82, [83] and finally also de novo enzymes were designed
(184, [40, [83]. Another category, highly successful in different applications, are mini-proteins which are
defined as short polypeptides with less than 40 amino acids. Despite their small size, they are adopting a
defined tertiary structure with at least two secondary structure elements, thereby comprising a hydrophobic
core and exhibit cooperative folding [[8(]. The application of mini-proteins as therapeutics was already
shown some years ago and most recently they were applied as inhibitors for SARS-CoV-2 [I87, [43].
Even though in nature larger globular proteins are more frequent the design of these complex structures is
challenging due to the larger structure and sequence space. Most globular de novo proteins were designed
as idealized matches of their natural counterparts, such as idealized 3-barrel, 5-sheet and TIM-barrel
proteins [[33, 188, 48], but also new topologies were created [[31]. Some of these idealized proteins
were functionalized, for example by incorporation of fluorescence activation into the de novo [3-barrel
[133]. More recent approaches already embedded the functional motif in the initial design approach and
successfully created new biosensors [189].

4.1 Project Objective

Through the de novo design of the idealized TIM barrel sTIMI1 the main determinants of this ubiqui-
tous fold could be identified. Our research on further stabilizing this fold, which is outlined in the previous
chapter, resulted in optimized variants and diversified this de novo protein family. The next ambitious goal
in designing TIM-barrel proteins is the incorporation of binding sites and ultimately the creation of a de
novo enzyme. As sTIMII is an idealized, minimalistic scaffold, it lacks cavities or pockets which could be
utilized for this approach. Therefore, an initial step towards the functionalization of de novo TIM barrels
is to increase their surface area and to create larger cavities. Studies on natural TIM barrels specified that
active and binding sites are located at the top of the barrel, precisely at the C-terminal face of the 3-strands
and the continuing Sa-loops (Fig. [.3). However, during the design of sTIMI1 these regions were mostly
ignored resulting in short loops (Fig. B.JA). This emerges even more when sTIMI11 is compared to natural
TIM barrels (Fig. f.IB). The later ones often comprise extended unstructured as well as structured loops,
and even complete domain insertions in these regions. Evidently, the extension and diversification of the
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Ba-loops are the first step to functionalize the de novo TIM barrels.

sTIMTT Fructose 1.6 bisphosphate aldolase

Figure 4.1: Surface of TIM barrel proteins Shown in grey is the surface of the TIM-barre topology of (A) the de novo TIM barrel sTIM11
and in (B) the natural TIM barrel Fructose 1,6 bisphosphate aldolase (PDB ID: 1RV8 [T90]). In cartoon representation the
Ba-loops are shown.

In previous works, these regions were already submitted to various design approaches. Wiese et al.
[I91] introduced a small helix into one Sa-loop by applying a design pipeline on a small S fragment of
the four-fold symmetric protein. However, the determined crystal structure differed from the predicted
Rosetta model: the ensuing a-helix is shifted significantly to the bottom of the TIM barrel. Neverthe-
less, this work successfully inserted a small structural element into sSTIM11noCys without influencing the
stability, producing a first diversified de novo TIM barrel with increased surface and demonstrating the
applicability of the Sa-loops for this purpose. In another work, a complete domain was inserted into the
Ba loop of DeNovoTIMI5, a further refined DeNovoTIM variant [[92]. Availing the ability of DeNovo-
TIM half barrels for homo-dimerization, half-DeNovoTIM15 was fused with a de novo ferredoxin thereby
creating an enclosed chamber between the two domains. Further engineering of this region enabled the
binding of lanthanide ions with high affinity, producing the first functionalized de novo TIM barrel. Car-
rying the diversification of de novo TIM barrels forward we aimed to introduce larger structured elements
into the fa-loops of sTIM11noCys thereby creating pockets and interaction areas for later functionaliza-
tion. Due to the well understood determinants of coiled-coil structures and their diverse applicability,
these supersecondary structure elements are excellent candidates for this purpose.

4.2  Summary of Results and Conclusion

Using a multistep design approach antiparallel coiled coils were introduced into one or two Ba-loops
of sTIM1InoCys. Commencing with a previously designed sequence for an antiparallel coiled coil, an
ab initio model was created and incorporated into the de novo TIM barrel. Following adjustments of
the linker regions and sequence optimization were performed to generate a set of four coiled-coil TIM
barrels (ccTIMs) with one coiled coil. After initial characterization one coiled coil outperformed the other
designs and was deployed to create ccTIMs with two coiled coils in opposing loops. The four resulting
variants differ from each other by an insertion of three residues (Gly-Leu-Glu, GLE) in another Sa-loop,
the introduction of a potentially stabilizing salt-bridge cluster (SB) as described in Paper II [193] or a
combination of both.

Detailed analysis of a set of five ccTIMs indicated the formation of the coiled coil for three of these
proteins and therefore implies a successful design. The leading single coiled-coil design, ccTIM2, as well as
two double coiled-coil designs, ccTIM5-GLE and ccTIM5-GLE-SB, have CD spectra with increased a-
helical signal compatible with the predicted models. Stability analysis by Differential Scanning Calorime-
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try (DSC) and chemical unfolding showed improved stability features for these three designs indicating
the formation of additional stabilizing interactions. Based on these experimental data we can assume,
that the introduced sequences form stable a-helical secondary structure without impairment of the TIM-
barrel scaffold. We suppose a coiled-coil arrangement similar to our designs, nevertheless verification by
a three-dimensional structure is required. Despite attempting NMR, Small Angle X-ray scattering and
X-ray crystallography, we did not obtain structural information yet to ultimately verify the designs. Even
though diffracting crystals were acquired for ccTIM5-GLE, they were not reproducible and data quality
was not sufficient for structure determination.

Nevertheless, with the presented results we have explicit data supporting our design goal to further
diversify the de novo TIM-barrel family by increasing its surface area and building accessible cavities. Al-
ready with these ccTIM proteins the design of functional de novo TIM barrels can be promoted. However,
the presented design procedure provides also opportunities to create other extended de novo TIM-barrel
variants. By introducing two coiled coils into different Sa-loops, we proved the feasibility of incorporat-
ing different modules into the de novo TIM barrel without affecting the scaffolds’ stability. Therefore, it
would be an interesting approach to combine this work with the previous work from Wiese et al. [[91] and
to introduce the reported short a-helix as well as the coiled coils to create an even more diverse protein.
Furthermore, to extend this modular strategy and utilize the four-fold symmetry of the de novo TIM barrel
the creation of a ccTIM with four coiled coil inserted in all four symmetry related Sa-loops would spawn
a remarkable protein .2). First design steps were already performed and showed the compatibility of this
intended topology with the de novo TIM barrel. With the insertion of four coiled coils a large cavity in
the center between them is formed which could be utilized for the creation of a large hydrophobic pocket
for ligand binding and catalytic activities (Figure fi.2). In order to advance this idea, an explicit sequence
redesign has to be performed to establish a stabilizing network spanning the four coiled coils to create a
stable, folded protein. In summary, our approach of inserting coiled coils into the de novo TIM barrel
conceived a first set of promising proteins for further designs and opened up new avenues for further
diversification of this remarkable protein family.

Figure 4.2: Model of a four-fold coiled-coil TIM barrel In cartoon representation the TIM barrel is shown in white and four introduced
coiled coils are highlighted in the colors orange, pink, blue and green. Potential cavities are shown as surface in grey.






Chapter 5

The Interplay of Protein Evolution, Folding and Design

In protein design the knowledge of several decades of research are brought together to be tested and
utilized to generate new proteins. With the exploration of mechanisms in protein evolution intercon-
nections between protein folds were determined, unraveling new routes of protein fold development.
Thereby, different evolutionary units have been identified which were on the one hand tested by design
approaches but also employed in the creation of new proteins [[94, [95]. Additionally, understanding
protein evolution gives crucial information about protein folding. As modern, complex proteins have
evolved from smaller structural units through recombination, duplication and mutation the investigation
of evolutionary related proteins can provide us with specific folding determinants [[96, [97]. Information
about crucial stabilizing interactions or folding pathways can be tested by protein engineering and design
and are also important to be considered in new design approaches.

In this review, we use the TIM-barrel fold to highlight the inter-connectivity between these three
research areas. As the TIM barrel is supposed to be one of the oldest and ubiquitous protein folds in
nature its evolutionary history was studied extensively [I0, 9]. Furthermore, its ubiquity and functional
diversity has drawn attention on its folding pathways and stability, and several studies have investigated
its folding determinants [198, 23, [99]. This deep knowledge gained through the study of evolution and
folding fuelled the design of the de novo TIM barrel. Even though, the design of this protein fold was a
long standing challenge it also provides us with a great overview how recent findings from different research
areas improved this design and finally facilitated the success of the design of the four-fold symmetric TIM
barrel sSTIMIL. Generally speaking, this work aims to provide a wider picture of protein research and
highlights how evolution, folding and design improves our understanding of proteins in general.
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Chapter 6

Outlook

In this work a family of diversified de novo TIM barrels was created with various characteristics. On
the one hand the DeNovoTIMs exhibit a wide variety of thermodynamic and conformational stability
and thereby also explore new regions of the stability landscape of proteins. Therefore, they are highly
interesting to identify modulators of protein stability and to investigate the design of highly stable de novo
proteins. Additionally, the here applied strategy to determine stabilizing mutations for single areas and
in the following combine different stabilized regions is a promising strategy for larger proteins. It would
be interesting to test this approach also with other domains or even multi-domain proteins. The intro-
duction of salt bridges into a subset of de novo TIM barrels showed the challenge in designing networked
interactions, but demonstrated also their relevance in proteins. Even though the utilized base designs have
a highly similar structure the geometries of the introduced salt bridges vary significantly and additionally
show various contributions to stability. Nevertheless, by introducing only one salt bridge cluster the sta-
bility of the de novo TIM barrels could be improved significantly by up to 2 kcal mol~!. Furthermore,
evaluation of the salt bridge TIM barrels using Rosetta highlighted the challenge to precisely model clus-
ter geometries. Detailed understanding of salt bridges in natural and synthetic proteins will improve the
design of such networked interactions and thereby support the construction of stable proteins.

The designed ccTIMs extend this set of stabilized de novo TIM barrels to a more diverse family. An-
tiparallel coiled coils were introduced into the Sa-loops of the de novo TIM barrel with the goal to increase
the surface and create shielded areas. The experimental data of three designed ccTIMs support the suc-
cessful design and prove the formation of additional, stable secondary structure elements that increase the
surface area. Even though no experimental structural data could be achieved and no explicit evidence for
created cavities are present, the ccTIMs provide an excellent basis for the construction of functionalized de
novo TIM barrels. Further diversification could be initiated by the introduction of additional coiled coils
in the remaining two Sa-loops, which would lead to an exceptional protein with a large cavity suitable
for ligand binding or catalytic activity. Additionally, the here provided designs could be combined with
previously reported designs from Caldwell et al. [192] or Wiese et al. [[91] creating an even more diverse
set of de novo TIM barrels.
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Abstract

The ability to design stable proteins with custom-made functions is a major goal in biochemistry with prac-
tical relevance for our environment and society. Understanding and manipulating protein stability provide
crucial information on the molecular determinants that modulate structure and stability, and expand the
applications of de novo proteins. Since the (B/a)g-barrel or TIM-barrel fold is one of the most common
functional scaffolds, in this work we designed a collection of stable de novo TIM barrels (DeNovoTIMs),
using a computational fixed-backbone and modular approach based on improved hydrophobic packing of
sTIM11, the first validated de novo TIM barrel, and subjected them to a thorough folding analysis. DeNo-
voTIMs navigate a region of the stability landscape previously uncharted by natural TIM barrels, with vari-
ations spanning 60 degrees in melting temperature and 22 kcal per mol in conformational stability
throughout the designs. Significant non-additive or epistatic effects were observed when stabilizing muta-
tions from different regions of the barrel were combined. The molecular basis of epistasis in DeNovoTIMs
appears to be related to the extension of the hydrophobic cores. This study is an important step towards
the fine-tuned modulation of protein stability by design.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

0022-2836/© 2021 The Authors. Published by Elsevier Ltd.This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/). Journal of Molecular Biology 433 (2021) 167153
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Introduction

Proteins are essential macromolecules capable
of performing diverse and exquisite biological
functions such as immune protection, cellular
communication, or enzymatic reactions. To
guarantee such activities, the functional states
must act under specific environmental conditions
in a relevant time scale, that is, proteins must be
“stable”. Protein stability is required to maintain
functional structures and it enhances the ability of
proteins to evolve new properties.’® The central
role of proteins in the chemistry of life, as well as
their increasing application in basic and applied
research, implies that the understanding and
manipulation of protein stability are highly relevant.

There are two main indicators of protein
conformational stability at equilibrium. One is the
difference of free energy between the native and
unfolded states at a given temperature (AG),
which is often obtained by chemical unfolding
experiments carried out at 25 °C. In addition,
stability is also assessed in the context of thermal
unfolding, where the unfolding temperature (T,,),
the temperature at the midpoint of the transition
from native to the unfolded state, is the most
common parameter employed to quantify stability.
Both the AG and T, parameters, usually
determined as criteria for a “stable” protein, are
related with the enthalpy (AH) and heat capacity
(ACp) changes through the Gibbs-Helmholtz
equation, which describes the variation of AG with
temperature, the so-called “stability curve’ of
proteins.® Different mechanisms have been pro-
posed to modify the stability curve of proteins,*
and numerous studies on natural proteins and their
site-directed mutants have been used to rationalize
the stability of thermophilic proteins and moreover
to engineer thermostability.”

Historically, the design of stable proteins has
been one of the main objectives of computational
protein design.® Several strategies, such as
increasing the hydrophobic area in internal cores,
improvement of water-protein interactions, the intro-
duction of disulfide bridges as well as the addition of
salt bridges, have been proposed.” '® The design of
de novo proteins can further enhance our under-
standing of the physicochemical properties that
modulate stability. For example, although folding
behavior has been only addressed for very few
cases, the kinetic analysis of the folding mechanism
of two de novo Ba proteins has revealed complex
free energy surfaces.'??° The fine-tuning of confor-
mational stability, that is, the manipulation of the
protein stability curve, is an open challenge for pro-
tein design and engineering. Such a goal requires a
comprehensive characterization of de novo pro-
teins, describing the combination of thermodynamic
parameters that can be reached in a particular fold.

Within the different topologies that a protein can
adopt, the TIM-barrel or (B/a)g-barrel fold is one of

the most abundant superfolds in nature.>’ Based
on proteomic analysis, the TIM-barrel domain is
also close to the average size of proteins present
in Escherichia coli.?®> Besides, the TIM-barrel fold
is one of the most successful topologies used in nat-
ure to host catalytic activities. Due to its large variety
of functions and its ubiquity in different types of
enzymes, the TIM barrel represents a suitable scaf-
fold for protein design and engineering.”® For these
reasons, its construction has been an important
objective over the years.?*® Recently, the suc-
cessful design of a de novo four-fold symmetric
TIM barrel was described: the sTIM11 protein.*®
Considering that the sTIM11 sequence is signifi-
cantly different from the ones found in naturally
occurring TIM barrels, the potential of this scaffold
to explore new thermodynamic properties and func-
tions is highly interesting. sTIM11 shows a high
melting temperature (T,,, = 80 °C) but low conforma-
tional stability (AGosec= ~4 kcal mol~') when com-
pared to natural TIM barrels.?*>* Since low
conformational stability often results in high sensi-
tivity to mutations and changes in the environment,
this can limit the design of novel proteins with new
functions.® Thus, fine-tuning the stability of the
sTIM11 scaffold is a prerequisite to functionalize
and generate tailor-made barrels for applications
in biochemistry, biotechnology, and medicine. In
this work, a fixed-backbone design with a modular
approach was used to generate a collection of de
novo TIM barrels. Their thermodynamic and struc-
tural properties were characterized in detall,
increasing our knowledge on how stability can be
fine-tuned by design.

Results and discussion

DeNovoTIM collection designed by modular
repacking of a de novo TIM barrel

The de novo protein sTIM11 is an idealized four-
fold symmetric TIM barrel of 184 residues, which
was designed to include two cysteines that,
however, did not form the intended disulfide bond
(Figure 1). To avoid reactive free thiols, both
residues were reverted to the residues in the
original four-fold design (C8Q and C181V),
resulting in sTIM11noCys. The base design
DeNovoTIMO, which is the starting point for all
further constructs in this work, additionally
contains the changes W34V and A38G in all
symmetry-related quarters. These residues are
situated in every second a/B-loop, and in sTIM11,
these tryptophan residues are the most highly
solvent exposed. While different strategies have
been explored to increase protein stability,®'® here
we focused on hydrophobic repacking. The struc-
tural analysis suggested three regions to be amen-
able to improvements in sTIM11, one in the internal
and two in the peripheral hydrophobic cores. The
inner face of the circular sheet forms the internal
core, whereas the outer face of the strands and
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Figure 1. Modular design approach to obtain the DeNovoTIM collection. Cartoon representation of the regions
and the corresponding residues modified in each design round. The two cysteine residues present in sTIM11 that
were reverted to the corresponding symmetry-related residues in sTIM11noCys are shown in magenta (C8Q and
C181V). Mutations W34V and A38G (as well as their 4-fold-symmetry related residues) introduced in DeNovoTIMO
are shown in black. The internal core, formed by the B-barrel residues A21, R23, 140, 142, A67, R69, 186, and 188 (as

well as their 2 fold-symmetry related residues) is shown

in orange. The bottom core, formed by the N-terminal region

of even B-strands and the C-region of the flanking a-helices, that is, residues Q11, E15, T18, K31, and V34 (as well as

their 4-fold-symmetry related residues) is colored green.

The top core situated at the C-terminal region of the odd j3-

strands and the N-terminal region of the flanking a-helices formed by residues K2, A5, W6, Y22, S24, and D29 (as
well as their 4-fold-symmetry related residues) is shown in purple. All the sequences analyzed in this work are

reported in Figure S2 and Tables S1 and S2.

the internal face of the helices constitute the periph-
eral core. In this latter, we identified two regions,
henceforth named bottom and top cores as shown
in Figure 1. The residues lining the three regions
were subjected to fixed-backbone Rosetta design
according to the flow diagram in Figure S1.

Ten designs were selected for characterization in
the first round: four with modifications in the internal
core (DeNovoTIM1-4) as well as three designs
each for the bottom (DeNovoTIM5-7) and the top
core (DeNovoTIM8-10) (Figure S2). For the
internal core, no improved designs could be
identified when four-fold symmetry was preserved.
Therefore, in DeNovoTIM1-4 only a two-fold
symmetry was enforced. An exploratory

characterization by circular dichroism (CD) and
differential scanning calorimetry (DSC) of
DeNovoTIMs 0-10 showed that designs 1, 6, and
8 were the best for each region (Figure S3 and
supporting text).

To test for additivity effects on stability and
structure, mutations contained in the best design
of each group were combined to generate the
following double-region designs: DeNovoTIM11-13
as shown in Figure 1. Finally, in the third round
the mutations of all three regions were combined
resulting in DeNovoTIM14. All these proteins as
well as sTIM11, sTIM11noCys, and DeNovoTIMO
were characterized in detail. Information on
sequences, and mutations in each design are
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Figure 2. Conformational properties and equilibrium unfolding of DeNovoTIMs. (A) Far-UV CD spectra. (B)
Near-UV CD spectra. (C) Intrinsic Fluorescence (IF) spectra (hexc = 295 nm). (D) Thermal unfolding followed by
CD22onm (scanrate: 1.5 K min”). (E) Differential Scanning Calorimetry (DSC) endotherms (scan rate: 1.5 K min~"; for
easy comparison, the physical and chemical baselines have been subtracted). F) DSC endotherms of DeNovoTIM14
in the presence of increasing concentrations of urea (2.0 to 6.0 M) from bottom to top (scan rate: 1.5 K min~"). For
clarity, in panels E and F only a small part of the pre- and post-transition baselines are shown. (G) Chemical unfolding
using urea and followed by CD (notice that DeNovoTIM14 does not unfold with urea). (H) Chemical unfolding induced
by guanidinium hydrochloride for DeNovoTIM14 (squares: CD, circles: IF).

reported in the supporting information (Figure S2
and Tables S1-S4).

Folding thermodynamics of DeNovoTIMs

All variants presented the characteristic far-UV
CD spectra observed for a/P proteins (Figure 2
(A) and Figure S4). The near-UV CD and intrinsic
fluorescence (IF) spectra showed that the
aromatic residues are buried from solvent and
structured in the folded state (Figure 2(B)-(C) and
Figures S5-S6; see supporting text for details). All
DeNovoTIMs are monomeric and compact as
revealed by analytical size exclusion
chromatography (Table S5).%°

Thermal unfolding was then studied by CD and
DSC (Figure 2(D)—(E)). All DeNovoTIMs showed
cooperative transitions with a remarkably broad
range of T,, values, from 47 °C (DeNovoTIMO) to
109 °C (DeNovoTIM12) (Table 1); indeed at 90 °C

many of the proteins still showed secondary and
tertiary structure (Figure S4(B) and Figure S5(B)).
All DeNovoTIMs, except 13 and 14, showed
thermal unfolding reversibility (Figure S7) and
were well fitted to the two-state model (N = U)
(Figure S8 and Table 1). This is remarkable
because the temperature-induced unfolding of
natural proteins of this size, particularly TIM
barrels, is usually not reversible.”°° DeNovoTIM14
showed two endotherms, suggesting the presence
of an unfolding intermediate (Figure S8(l)). For
DeNovoTIM 13 and 14, endotherms were well-
fitted to an irreversible two-state mechanism
(N — F) giving activation energies (E) of 120
and 37 kcal mol~" (Table 1), respectively, resulting
in very different kinetic stabilities (Figures S9-S10
and supporting text).

For DeNovoTIMs with a reversible thermal
unfolding, the observed unfolding AH and ACp
also vary greatly (Table 1). For some
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DeNovoTIMs these values are smaller than
expected for a protein of 184 residues (AH= 128 +
4 kcal mol~" and ACp = 2.6 + 0.04 kcal mol~" K~',
according to parametric equations reported in,**
while the AH values observed for the first and sec-
ond design rounds (0.24 to 0.64 kcal mol™"
residue ') are similar to those reported for natural
monomeric TIM barrels (0.25 to 0.67 kcal mol™’
residue'). Obtained ACp values were independent
of protein concentration and showed a small stan-
dard deviation (Figure S8, Figure S11, and Table 1).
A decrease in ACp has been shown to result from
residual structure in the unfolded state.>® This is
observed in the far-UV CD spectra of those DeNo-
voTIMs that are unfolded at 90 °C. In addition, the
low AH of DeNovoTIM14 increases in the presence
of urea (Figure 2(F) and Figure S10). These results
suggest that for some DeNovoTIMs, the reason for
the low AH and ACp is likely the high content of
residual structure in the unfolded state (supporting
text).

Stability at 25 °C was studied by chemical
unfolding with urea or GdnHCI. Except for
DeNovoTIM14, all designs were completely
unfolded in 9.0 M urea (Figures S4-S6). For all
designs, except for DeNovoTIM14, CD and IF
curves were monophasic, cooperative, coincident,
and globally-fitted well to a two-state N = U
model, indicating the absence of populated
intermediates (Figure 2(G) and Figures S12—
S13). DeNovoTIM14 showed no changes in CD or
IF signal up to 9.0 M of urea, even after incubation
for 5 days (Figures S4-S6). In contrast, in the
presence of GdnHCI DeNovoTIM14 showed a
three-state unfolding process with a populated
intermediate: N = | = U (Figure 2(H) and
Figure S13).

All selected first- and second-round designs had
a AGos -c higher than DeNovoTIMO, whereas the
triple-design, DeNovoTIM14, showed a
pronounced increase in stability (AGrot = 23.6 kcal
mol~'; Table 1). The stability change related to
the loss of the native state in DeNovoTIM14 (AGy.
, = 12.7 kcal mol’1), the so called “relevant
stability”,*® is higher than the AG of the second-
round designs; whereas the stability of the interme-
diate, also referred as the “residual stability”, is sim-
ilar (AG.y = 10.9 kcal mol’1). For all DeNovoTIMs,
the mvalue, a parameter proportional to the surface
area exposed to the solvent upon unfolding
(AASA),” is similar to those observed for natural
proteins with the same size, except for DeNovoTIM
0 and 8 where m decreases significantly (Table 1).
Low m values have been related to low packing in
the native state, residual structure in the unfolded
state, or the presence of folding intermediates.*®
Residual structure in the unfolded state is not
clearly observed in the CD spectra of DeNovoTIMs
at 9.0 M urea (Figures S4-S5), therefore, other
techniques and kinetic studies should help to detect
the persistence of native-like structure in the

unfolded state and/or the
intermediates.®°

The modular approach used in this work
improved both AG and T, substantially and hence
produced significantly more stable proteins. In this
context, it is worth mentioning that over the years
the combination of stabilizing mutations has been
considered an effective strategy to enhance the
stability of small proteins.***°~*> Previous work on
small globular proteins with optimized hydrophobic
cores and interactions on the surface exhibited
increased thermal stability by up to 30
degrees.”'"'® Extending these strategies from
point mutants to regions appears to be useful for
bigger folds such as the TIM barrel. In what follows,
using the thermal and chemical unfolding data
described above, the thermodynamic properties
underlying the stability of DeNovoTIMs are
analyzed.

presence  of

Global thermodynamic stability and non-
additive effects of DeNovoTIMs

As observed in natural proteins, the m values
obtained from the chemical unfolding of sTIM11,
sTIM11noCys, DeNovoTIM 0, 6, and 8 correlate
with their ACp values (Figure  3(A)), likely
because both depend on the AASA upon
unfolding. In contrast, ACp values obtained for
DeNovoTIM 1, 11, and 12 are much lower than
expected (Figure 3(A)). According to the Rosetta
models and the native state structures (see
below), these differences are not exclusively due
to properties of the native state since the
calculated AASA is close to the expected value for
the size of DeNovoTIMs (17135 A%).*” This sug-
gests that the unfolded state reached at high tem-
peratures is more structured than the one
obtained by chemical unfolding.

Thermal unfolding reversibility allowed the
assessment of DeNovoTIM stability curves
(Figure 3(B)). The AGgys ¢ values are in excellent
agreement with those obtained from chemical
unfolding experiments. According to the Gibbs-
Helmholtz equation, conformational stability is
modulated by changes in T,, AH, and ACp. For
natural TIM barrels, it has been observed that
changes in the stability curve are influenced
mainly by modifying one or two of those
parameters.®>" In contrast, the DeNovoTIMs differ
in all three parameters. Increasing AH is the most
commonly found mechanism for stabilization of
thermophilic proteins® and is also the most often
exploited mechanism for engineering protein stabil-
ity.”“*° In DeNovoTIMs, enthalpy-driven stabilization
is found in all proteins but is especially important in
DeNovoTIM6 (Figure 3(B)). ACp determines the
magnitude of the curvature of the stability curve so
that changes in this parameter trigger a more or less
flattened curve. A decrease in ACp has been postu-
lated as a mechanism for thermostabilization.®>**
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Figure 3. Stability and energetic coupling in DeNovoTIMs. (A) Correlation between two parameters which are
proportional to the exposed surface area: m value from chemical unfolding and ACp from temperature-induced
unfolding (solid line: linear regression excluding DeNovoTIM1, DeNovoTIM11, and DeNovoTIM12 data; R®: 0.76.
Dotted line: correlation reported by 37). (B) Stability curves calculated from DSC data (lines) using the Gibbs-
Helmholtz equation (open symbols show AG values determined by chemical unfolding at 25 °C. Grey dashed line
indicates 25 °C). (C) Correlation between the relative global thermodynamic stability (Area/Areapenovotivo) and
thermostability (T,,,) (R?: 0.93). Inset: correlation between AG at 25 °C determined by chemical unfolding and T, (R?:
0.87). For DeNovoTIM14, where two transitions were found, it was assumed that the one observed at lower [GdnHCI]
corresponds to the lower T,,. (D) Thermodynamic cube showing the coupling energy (AAG;,) between different
regions of DeNovoTIMs. AAG;,; values were calculated from the double-mutant cycles shown in Figure S14. AAGj
values between single-region mutants are depicted as colored arrows from the top face to the bottom face. AAG;,;
values calculated for the addition of a single-region design to a double-region design are shown as colored arrows in
the bottom face.

For DeNovoTIMs, the reduction in ACpr combined  veniently described by the area (from 0 °C to T,,)
with an increase in AHis the reason for the increase under the stability curve (A). Instead of using a
in both T,,, and AGss -c. The results presented here single reference temperature, A integrates the
indicate that, as observed for natural proteins, the  conformational stability in a temperature range.*’
unfolded ensemble plays an important role in shap-  The relative global stability of DeNovoTIMs
ing the stability curve and should be considered in (A/ApenovoTiMo) IS also correlated with T, (Figure 3
protein design. (C)). Notably, for DeNovoTIM 6, 11, and 12,
DeNovoTIMs show a non-linear correlation A/ApenovoTiMo IS Nearly ten-fold higher than the initial
between AGss -c and T, (inset in Figure 3(C)). A  design (Figure 3(C) and Table 1).
similar trend between AG at the temperature The modular design strategy allowed us to
where it is a maximum (AGrmax) @nd T,, has also  calculate the contribution of each region to global
been reported for natural and engineered proteins  stability, and to evaluate the presence of non-
with different sizes and topologies.***>“® Addition-  additive effects between regions of the barrel.
ally; the global thermodynamic stability can be con- Non-additive effects were evaluated as AAG;
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through an approach based on thermodynamic
double mutant cycles (see material and methods).
AAG;, is also referred to as coupling energy, non-
additive effect, interaction energy, and more
recently epistatic effect.*®

Thermodynamic cycles showed that the
stabilization is non-additive and depends on the
structural context (Figure S14). All the AAG;,;
values calculated in Figure S14 are summarized
in the single cube shown in Figure 3(D). AAGj
for double designs are much smaller than those
involving the triple-region design. The regions that
are most energetically coupled in double-region
designs (AAG;, = 6.1 kcal mol™") are the internal
core (DeNovoTIM1) and the top core
(DeNovoTIM8). Coupling increases considerably
when a third region is incorporated on top of two
already mutated regions (AAG;,; > 6 kcal mol™").
The largest AAG;,; was observed when the
DeNovoTIM8  mutations were added to
DeNovoTIM11  (AAG,y = 142 kcal mol™")
(Figure 3(D) and Figure S14). Clearly, mutations
in one place affected other regions of the barrel.
The latter indicates that the TIM-barrel fold is
suitable for studying modularity and, in general,
cooperative effects of proteins. Also, the results
presented here suggest that the modular design
strategy could be used in the future for the rational
stability improvement in other protein topologies.

Structural features of DeNovoTIMs

The structural properties of DeNovoTIMs were
examined by X-ray crystallography (Table S6).
High-resolution data were collected for
sTIM11noCys and DeNovoTIM13, whereas a low-
resolution structure was obtained for
DeNovoTIM6. All showed the designed globular
compact TIM-barrel topology (Figure 4). Structural
comparison with the Rosetta models showed the
lowest RMSD located in the second quarter of the
barrel. As previously observed in sTIM11,%° the
main structural differences are found in the o-
helices located at the N- and C-terminal ends. In
agreement, for all the barrel structures, the RMSD
among quarters of the barrel is higher in the first
and fourth ones (plot in Figure 4(A)). Since the
TIM barrel is a closed-repeat protein, contacts
between the first and last helices depend on the pre-
cise curvature generated by each a/p unit, therefore
geometrical strain may interfere with the proper clo-
sure of the barrel.

A comparison of the sTIM11noCys and sTIM11
structures showed that removal of the two
cysteines causes some structural changes mainly
localized in the first and last quarters; the most
significant deviations are observed at the N-
terminal region where the first two helices are not
well-formed. So even without forming the disulfide
bridge, both cysteines in sTIM11 increase the
stability and promote a proper closure of the barrel
(Figure 4(B) and Table 1); nevertheless,

sTIM11noCys maintains the general expected
TIM-barrel architecture.

The thermodynamic properties of DeNovoTIM6
are very similar to those expected for a natural
protein (Table 1). Unfortunately, due to the low
quality of the crystals and therefore the low
resolution obtained (2.9 A), details such as side-
chain conformations are not well resolved in its
structure. Nevertheless, it could be verified that
the protein is a well folded TIM-barrel (Figure 4
(C)). In DeNovoTIM6, almost all o/f loops of the
barrel are well defined and correspond to the
model. However, for some residues within 5 of the
7 B/o loops no electron density was observed. In
general, the DeNovoTIM6 structure has high B
factors which may reflect higher disorder in the
protein crystal or increased flexibility, similar to
observations in some regions of sTIM11, namely
the amino- and carboxyl-terminal a-helices.

In the DeNovoTIM13 structure, the second and
third quarters display only minor differences to the
Rosetta model, with the secondary structure
elements and side chains superposing very well
(Figure 4(D)). In going from sTIM11 to
DeNovoTIM13, a 60 % increase in the total area
of hydrophobic clusters was found (3765 vs.
6148 A?); most of this change comes from a
three-fold increase in the area of the major
hydrophobic cluster (1116 vs. 4351 AZ Table S7).

As a consequence of the DeNovoTIMs design
protocol, polar interactions were replaced by
hydrophobic ones, therefore, it is not surprising
that the number of H-bonds and salt bridges is
lower in DeNovoTIMs than in sTIM11 and
sTIM11noCys (Table S7). Some of the designs
that contained the highest number of polar
stabilizing interactions (such as DeNovoTIM 1 and
8) were not the most stable ones, whereas some
of the most stable designs (such as DeNovoTIM 6
and 12—-14) showed a reduction in this type of
interaction (Table S7). In agreement with the
design strategy, the stability of DeNovoTIMs
increases with the number of hydrophobic
interactions. The total area, as well as the number
of residues and contacts in hydrophobic clusters,
are substantially increased in the best first-round
designs along with the more stable second- and
third-round designs (Figure S15 and Table S7).
This suggests that the strategy of increasing
hydrophobic contacts was successful in the
stabilization of DeNovoTIMs.

Epistasis on the stability landscape of de novo
TIM barrels

To correlate the most common and informative
parameters obtained from both temperature and
chemical unfolding, T,,, AH, and AG were plotted
in a two-dimensional bubble plot thereby
representing the thermodynamic combinations of
the designed proteins (Figure 5). The T,, values
found in DeNovoTIMs are widely distributed
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Figure 4. Three-dimensional structures of DeNovoTIMs. (A) Structural alignment of X-ray structures of sTIM11
(PDB ID: 5BVL), sTIM11noCys (PDB ID: 6YQY), DeNovoTIM6 (PDB ID: 6Z2I), and DeNovoTIM13 (PDB ID: 6YQX).
The RMSD Co between the structure and the Rosetta model among the quarters in each protein is shown in the lower
part of the panel. (B) Comparison of sTIM11noCys and sTIM11 structures (RMSD: 1.07 A —174 Ca-). The mutated
residues 8 and 181 in sTIM11noCys are zoomed in the bottom part. (C) Comparison of the DeNovoTIM6 structure
with the Rosetta model (RMSD: 2.28 A —168 Ca-). The quarters with the highest and lowest structural similarity are
highlighted (bottom left and bottom right, respectively). (D) Comparison of the DeNovoTIM13 structure with the
Rosetta model (RMSD: 1.43 A —181 Ca-). The quarters with the highest and lowest structural similarity are
highlighted (right and left, respectively). Sidechains of the mutated residues are shown in sticks.

ranging from 47 °C to 109 °C, corresponding to a
62 °C increase in thermostability, a range higher
than those previously reported for engineered
proteins, but in the observed range found in
natural proteins (Figure 5). The stability measured
from chemical-unfolding experiments (AGasec)
also shows the variety found in natural TIM barrels
and other natural folds (Figure 5(B) and (C)).
Natural proteins populate some thermodynamic
regions more than others, exploring ample space
due to the diversity in size, topology, oligomeric
state, function, and evolutionary history.
Interestingly, Figure 5 shows that several
DeNovoTIMs are located in a region of the plot
corresponding to low AH and high AGus.c values,
which has not been reported for natural proteins.
Assuming additivity, the expected change in
stability calculated for DeNovoTIM14 would be the
sum of the individual stabilizations provided by all
the single- reglon designs giving a value of
11.2 kcal mol~'. However, the stability of
DeNovoTIM14 is 23.6 kcal mol~’, indicating that
more than half of the stabilization comes from
positive non-additive effects. Non-additive effects
or interaction energies may be referred to as
epistasis, a concept traditionally used in genetics
to describe the phenotype dependency of a

9

mutation on the genetic state at other sites.*®>°

Previous studies have explored and analyzed the
mechanisms of epistasis within proteins, especially
regarding their |mpI|cat|ons for protein function, evo-
lution, and stability.>'~>°

Rearrangements in the TIM barrel can influence
local changes in other parts of the protein, and
these epistatic effects are quantified in the AAG;,;
values whose magnitude for DeNovoTIMs is
considerable. The structural analyses suggest that
the epistatic effect observed in DeNovoTIMs is
likely related to the extension of the hydrophobic
cores, particularly to the increase of the major
hydrophobic cluster located in the interface
between the inner B-barrel and the outer a-helices
(Figure S15 and Table S7). From the first- to the
second-round designs, the highest area in
hydrophobic clusters was found for
DeNovoTIM12, and this corresponds to the
highest positive eplstatlc effect in this round
(AAGj = 6.1 kcal mol™"), whereas the decrease
of the hydrophobic cluster area in DeNovoTIM11
(compared to DeNovoTIM1 and DeNovoTIMG)
correlates with a negative AAG;,;= —1.8 kcal mol~’
From the second- to the third-round designs, the
most notable change in hydrophobic area is
observed in going from DeNovoTIM11 to
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DeNovoTIM14, resulting in the highest positive
epistatic effect (AAG;; = 14.2 kcal mol™"). The
relevance and magnitude of the epistatic or non-
additive effects found in DeNovoTIMs, as well as
those observed in other reports, suggest that
modeling such interactions can improve the
success in protein design and engineering.

Conclusions

Design requires a deep understanding of the
relationship between sequence, structure, and
stability, and therefore, the combination of
thermodynamic and structural data is fundamental
to achieve this goal. Here, we designed a family of
stable TIM barrels and comprehensively explored
their thermodynamic and structural properties. The
TIM-barrel collection reported in this work exhibits
a considerable range in thermostability (more than
60 degrees in T,) and conformational stability at
25 °C (more than 22 kcal mol™' in AG). These
data can now be used to accelerate the
development of future custom design protein
stability curves which, in turn, will expand the
biomedical and biotechnological applications of de
novo proteins. For example, by fusion to another
de novo protein, one of the stabilized scaffolds
reported here (DeNovoTIM13) has been
successfully used to create a reaction chamber on
the top of the barrel,*® confirming the convenience
of working with robust and stable TIM barrels in
the path towards functional de novo proteins.

In the same way that one explores the sequence
space by studying homologous proteins from
different organisms, de novo design with a fixed
backbone follows a similar strategy generating
new sequences within the same topology. It is well
known that highly stable proteins can be
generated by computational design. However, one
of the unexpected findings resulting from the
thermodynamic characterization of this family of
DeNovoTIMs is that very stable proteins
presenting unexplored combinations of
thermodynamic parameters can be designed. The
stability of DeNovoTIMs is severely influenced by
epistatic effects that appear to arise from the
design strategy involving an increase in
hydrophobic  clusters. The design and
characterization of stable de novo proteins, such
as those described in this work, is an essential
step on the route to the next generation of new
protein functions charting novel sequence space.

Material and methods

Enzymes and chemicals

All reagents were of analytical grade from Merck
KGaA®. Genes were ordered from GenScript
Biotech. Water was distilled and deionized.

Design protocol

De novo TIM barrels were designed using the
Rosetta software suite v.3.2°9°° (https://www.roset-
tacommons.org/). All DeNovoTIMs were designed
using DeNovoTIMO as a template. The script used
for the DeNovoTIM collection follows and executes
the steps indicated by the algorithm as indicated in
Figure S1. In general, the algorithm first selects the
symmetry with which it designs the proteins. Once
the two-fold or four-fold symmetry was chosen, it
selects the number of residues that mutate (de-
pending on whether it is a quarter or half of the pro-
tein). Then, an energy minimization step is
performed by simulated annealing considering and
evaluating the packing and RMSD. Subsequently,
it performs a Monte Carlo (MC) fast layer design
to improve the packing of the protein’s hydrophobic
cores (in one or several cavities selected according
to the regions described in Figure 1), minimizes the
constraints of the main and side chains, and com-
pares each of them with the starting design. For
each step, it verifies the RMSD value between both
proteins (in the case of DeNovoTIMs, the design
was done with a_ fixed backbone and a cut-off
pointed out < 0.7 A). Then, the algorithm filters the
results to keep those designs that, with the sug-
gested mutations, were able to increase the packing
and preserve the reference topology (ScoreRes: <
—1.9, Talaris: < —3.5 BetaNov, Sspred: > 0.85,
Packstat: > 0.65). To evaluate if the suggested pro-
tein folds as expected, selected designs were com-
putationally validated by a later step of forward
folding to predict the ab initio three-dimensional
structure. The selection was done by an energy
score, choosing the designs with the lowest energy
value and smallest possible RMSD (located at the
bottom left when the energy score against RMSD
is plotted). In all selected DeNovoTIMs, funnel plots
were observed. Finally, the designs were analyzed
and the candidates for experimental characteriza-
tion were selected based on energy criteria, a fewer
number of mutations, and physicochemical proper-
ties of the suggested mutations.

Cloning, overexpression, and protein
purification

The nucleotide sequence of all DeNovoTIMs was
optimized for expression in Escherichia coli. The
coding genes were synthesized and cloned into
the pET29b(+) vector by GeneScript (New Jersey,
USA), except sTIM11noCys, which was cloned
into pET21b(+). Proteins were overexpressed in
E. coli strain BL21(DE3) (Invitrogen®) in 1 L of
Terrific Broth (TB) medium supplemented with
30 ug mL~" kanamycin or 100 ug mL~" ampicillin,
inoculated with 5 mL preculture and incubated at
37 °C and 200 rpm. After an ODgqo of 0.6—0.8 was
reached, overexpression was induced by adding
1 mM isopropyl-D-1-thiogalactopyranoside (IPTG);
growth was continued for 16 h at 30 °C. After
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Figure 5. Thermodynamic 2D bubble plots of de novo TIM barrels in comparison with natural proteins. (A)
2D plot of AHgs-c versus T,, of all DeNovoTIMs. Colored arrows indicate the design flow. (B) 2D plot of AH versus T,
of natural TIM barrels (in blue) and DeNovoTIMs (in red). (C) 2D plot as shown in B including data for other natural
folded proteins (open circles). The diameter in the bubbles correspond to the AGss-c magnitude. T,,and AH data were
obtained from thermal unfolding, whereas AG values derive from chemical unfolding. Data for all non-redundant

proteins presented here were obtained from ProThermDB database.®®%”
1
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incubation, cells were harvested by centrifugation
(Thermo/SLA-3000®, 15 min, 8000 rpm, 4 °C),
pellets resuspended in buffer A: 35 mM sodium
phosphate, 300 mM NaCl and 35 mM Imidazole
pH 8 (supplemented with 0.2 mM of protease
inhibitor Phenylmethylsulfonyl fluoride), lysed by
sonication (Cole Parmer Ultrasonic Processor®,
10 cycles in 45 s intervals, 30% pulse, 4 °C), and
centrifuged again (Sorval/SS-34®, 40 min,
16000 rpm, 4 °C). In some cases, to increase the
efficiency of lysis, the resuspended cells were
incubated with lysozyme (250 pg mL~") at 37 °C
for 1 h before sonication. The purification was
performed loading the supernatant onto a HisTrap
HP column (5 mL; GE Healthcare Life Sciences®)
coupled to an AKTA system (GE Healthcare Life
Sciences®). The unbound fraction was washed
out with 20 column volumes (CV) of buffer A.
Bound protein was eluted with a linear gradient of
35-500 mM Imidazole using buffer B: 35 mM
sodium phosphate, 300 mM NaCl and 500 mM
Imidazole pH 8. The pooled fractions were loaded
onto a HiLoad 16/600 Superdex 75 preparative
grade column (GE Healthcare Life Sciences®).
The proteins were purified using isocratic elution
with 1.5 CV of buffer C: 150 mM NaCl, 35 mM
sodium phosphate pH 8. The fractions
corresponding to the monomeric population were
pooled and stored at 4 °C for use in subsequent
experiments. It should be noted that at the end of
protein  purification, all designs contain a
polyhistidine-tag in the carboxyl-terminal region.
For DeNovoTIM11 and DeNovoTIM14, the
following purification variables were modified to
increase the yield: 0.1 mM of IPTG for induction at
ODgoy of 0.2-0.3, 30 °C and 6 h for
overexpression, buffer A and B containing 1 M
NaCl, and buffer C with 300 mM NaCl. At each
step of the purification process, aliquots were
taken to quantify the amount of protein and to
calculate the corresponding purification tables.
The final yields are indicated in Table S5.

Far- and near-UV circular dichroism

Circular Dichroism (CD) spectra were collected in
buffer D: 10 mM sodium phosphate pH 8 in a
Chirascan Spectropolarimeter using a Peltier
device to control the temperature (Applied
Photophysics®). For Far-UV spectra, 0.4 mg mL~"
of DeNovoTIM was used for all measurements
(1 nm bandwidth, 185—-260 nm wavelength range,
1 mm cuvette). For Near-UV spectra, 1 mg mL™’
of DeNovoTIM was used for all measurements
(1 nm bandwidth, 250-350 nm wavelength range,
10 mm cuvette). The spectra for thermally-
unfolded states were collected at 90 °C. Spectra
for chemically-unfolded states were collected at
9 M urea for all DeNovoTIMs, except for
DeNovoTIM14, which was collected at 7 M
GdnHCI. Raw data were converted to mean
residue molar ellipticity ([0]) using: [6] = 6/(I C N,),

where 6 is ellipticity collected in millidegrees, | is
the cell path length in mm, C is the DeNovoTIM
molar concentration, and N, the number of
residues per protein. Far-UV spectra were
deconvoluted with CDNN.®"

Intrinsic fluorescence

Intrinsic Fluorescence (IF) spectra were collected
on a PC1 ISS Spectrofluorometer (Champaign IL-
USA®) equipped with a Peltier device controlling
the temperature. In all measurements, protein
concentration was 0.4 mg mL™' in buffer D:
10 mM sodium phosphate pH 8 (1 nm bandwidth
slits, 295 nm excitation wavelength, 310-450 nm

emission  wavelength range). Spectra for
chemically-unfolded states were collected at 9 M
urea for all DeNovoTIMs, except for

DeNovoTIM14, which was collected at 7 M
GdnHCI. Fluorescence spectral center of mass
(SCM) was calculated from intensity data (I,)
obtained at different wavelengths (A): SCM=

AL/,

Three-dimensional structure determination

DeNovoTIMs were concentrated with Amicon
Ultra centrifugal filter units (Millipore®) and
dialyzed in buffer C: 10 mM sodium phosphate pH
8, 150 mM NaCl. Sitting-drop vapor-diffusion
method, and JCSG Core I-1V, JCSG +, Classics I-
II, PACT, PEGs I-ll, and AmSQO, screening suites
(Qiagen®) were used to screen crystallization
conditions in 96 well Intelli plates (Art Robbins
Instruments®) stored at 20 °C in the hotel-based
Rock Imager RI 182 (Formulatrix®). 0.8 pL drops
were prepared in a 1:1 ratio with mother liquid
using a nanodispensing crystallization robot
Phoenix (Art Robbins Instruments®) and then
optimized by multiple crystallization rounds using
a sitting-drop vapor-diffusion method. To improve
the diffraction quality of DeNovoTIM crystals,
different pre- and post-crystallization methods
were used: reductive methylation (JBS
Methylation Kit, Jena Biosciences®), seeding,
additive  screening, controlled dehydration,
cryoprotection screening, crystal annealing, and
room-temperature diffraction. In total, more than
300 different crystals in various conditions were
tested.

Suitable crystals for X-ray diffraction were found
in the following conditions: sTIM11noCys: 0.2 M
Ammonium Sulfate, 0.1 M Trisodium Citrate pH
5.6, 25% w/v Polyethylene glycol (PEG) 4000,
with a protein concentration of 15 mg mL™";
DeNovoTIM6: 0.095 M Sodium Citrate pH 5.0,
19% v/v Isopropanol, 25% w/v PEG 4000, 5% v/v
Glycerol, with a protein concentration of
8.6 mg mL~'; DeNovoTIM13: 0.17 M Sodium
Acetate, 0.085 M Tris pH 8.5, 25.5% w/v PEG
4000, 15% v/v Glycerol, with a protein
concentration of 10 mg mL™".
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For sTIM11noCys and DeNovoTIM13, diffraction
data were collected at 100 K at the Swiss Light
Source at the Paul Scherrer Institute in Villigen
(Switzerland) (X10SA-PXIi beamline for
sTIM11noCys and XO06DA-PXIIl beamline for
DeNovoTIM13) using a wavelength of 1 A and a
PILATUS 6M detector for sTIM11noCys and a
PILATUS 2M-F detector for DeNovoTIM13.5%%3
For DeNovoTIM6, diffraction data were collected
at 100 K at the Berlin Electron Storage Ring Society
for Synchrotron Radiation beamline 14.2 (BESSY
BL14.2) operated by Helmholtz-Zentrum Berlin
using a wavelength of 0.91 A and a PILATUS3S
2 M detector.®*

Diffraction data were processed with the X-ray
Detector Software (XDS) using XDSAPP v.2.0%°°
for sTIM11noCys and DeNovoTIM13; and DIALS®’
for DeNovoTIM6. For data reduction; criteria used
to cut off the data were the resolution shell with a
meanl/sigma(l) between 1-2 and the best CC1/2
according to redundancy and completeness. The
structures were solved by molecular replacement
with  PHASER in the PHENIX software suite
v.1.17°® using sTIM11 (PDB ID: 5BVL) as a starting
model for sTIM11noCys and the own Rosetta
model for DeNovoTIM6 and DeNovoTIM13. Refine-
ment was done with phenix.refine.®® The model was
improved by map inspection and iteratively manual
rebuilding performed in COOT v.0.9.°° The final
coordinates were validated with PDB_REDO,”°
MolProbity v.4.2,71 and the Protein Data Bank vali-
dation service’?; in all servers; the 3D-structure sat-
isfied all quality criteria. The coordinates and
structure factors were deposited in the PDB with
accession codes: 6YQY (sTIM11noCys), 6Z2|
(DeNovoTIM6), and 6YQX (DeNovoTIM13). The
figures were created using PyMOL Molecular
Graphics System v.4.5.0 (Schrodinger, LLC).

Analytical size exclusion chromatography

Hydrodynamic measurements were performed
on a Superdex 75 10/300 GL analytical column
coupled to an AKTA System (GE Healthcare Life
Sciences®). All experiments were performed in
buffer C: 10 mM sodium phosphate pH 8, 150 mM
NaCl at 25 °C and a protein concentration range
from 0.01 to 2.0 mg mL~". Experimental molecular
weight, Stokes-radii, and oligomeric state were
calculated from elution volumes and a calibration
curve derived from 7 different known proteins.

Thermal unfolding followed by circular
dichroism

Temperature-induced unfolding was monitored
by CD at 222 nm as a function of temperature
using 0.4 mg mL™" in buffer D: 10 mM sodium
phosphate PH 8, a heating rate of 1.0 and
1.5 K min™', and a 1 mm path-length cell. The
changes in the CD signal were normalized to the
fraction of unfolded molecules (f,) by:

fU: yobs_(yN+mNT) (1)
(Yu+muT)—(yy+mnT)

where yqps is the experimentally observed CD signal at a
given temperature, and (yn + myT) and (yy + myT) are
the linear fitting equations corresponding to the native
and unfolded regions, respectively. T, values were
estimated from normalized data fitted with a
Boltzmann-type function:

—1
fu=— " +1

(1 + eT’aTm>

where a is related to the slope of the transition.

2

Thermal unfolding followed by differential
scanning calorimetry

Differential Scanning Calorimetry (DSC) scans
were carried out in a VP-Capillary DSC system
(MicroCal®, Malvern Panalytical). Samples were
prepared by exhaustive dialysis in buffer D:
10 mM sodium phosphate pH 8 and then
degassed at room temperature. To ascertain
proper instrument equilibration, two buffer—buffer
scans were performed before each protein-buffer
scan (Figure S7). Corresponding buffer-buffer
traces were subtracted from each endotherm. For
all proteins a reheating scan was performed to
determine the reversibility or irreversibility of the
process (Figure S7). Reversibility percentage was
calculated by comparing the calorimetric AH (area
under the curve) recovered in the second scan
and that obtained in the first one (AHsecondscan’
AHsistscan) *100. To verify that irreversibility was not
the result of a too high final scanning temperature,
the first scans were also performed heating near
the T,,. For DeNovoTIMs with a reversible thermal
unfolding, protein concentration varied from 0.25
to 25 mg mL™' and scan rates from 1 to
3 K min~', except for DeNovoTIMO where protein
concentration varied from 1 to 5 mg mL~". For
DeNovoTIMs  with an irreversible thermal
unfolding, protein concentration was 1 mg mL™’
and scan rates from 1 to 3 K min~'. For
DeNovoTIM14 in native conditions, protein
concentration was increased to 25 and
45 mg mL™' to accurately determine the
transition. For DeNovoTIM14 in the presence of
urea, all the scans were done at 1 mg mL~" from
2.0 to 6.0 M urea with samples incubated for 6 h
at 10 °C. Origin v.9.0 (OriginLab Corporation,
Northampton, MA, USA.) with MicroCal software
was used for data analysis.

Thermodynamic parameters from reversible
DSC transitions

DSC endotherms were fitted to equilibrium two-
state model (N = U):
AH(T)
RT2

1—£(T)
1-n+75

Cp(T) = Bo+ BT + f(T)ACr + 3)
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where B, and B, define the slope and intercept of the
low-temperature baseline segment, n is the number of
subunits in the native protein (1 for all DeNovoTIMs)
and f(T) is the protein fraction in the folded monomeric
state, producing AH (at T,), ACp, and T, The
thermodynamic parameters reported are the average of
ten experiments carried out in the 0.25 to 2.5 mg mL~"
range. The van't Hoff enthalpy (AH,4) was evaluated
by”®:

4RT2 Cp 1,

where R is the universal gas constant, T, is the
temperature at which Cp is maximal, Cp 1, is the heat
capacity value at T,,, and AH is the total calorimetric
enthalpy of the endotherm.

AHy =

Thermodynamic parameters from irreversible
DSC transitions

Calorimetric  transitions were  adequately
described by the two-state irreversible model
(N — F) where N is the native protein and F is the
final state.”*”® The kinetic conversion from N to F
is described by a first-order rate constant (k) chang-
ing with temperature according to the Arrhenius
equation:

—Ear (1 1
R \T T

k= exp{ (5)
where T” is the temperature at which the k=1 min~" and
E..: is the activation energy between the native and the
transition states that describes the unfolding process.
The apparent heat capacity is given by:

CAPP _ AHEact Eact
o=
RT2 RT2

exp(x)exp[—exp(x)]; x = (T—=Tm) (6)
where T is the temperature and AH is the unfolding
enthalpy. The E,; was also obtained following these
two procedures: from the slope of Arrhenius plots, i.e.
In k vs. 1/T; and derived from a data consistency test,

evaluating the effect of scanning rate (v) on T,,.”®

Chemical-induced unfolding

All experiments were carried out at a protein
concentration of 0.1 mg mL~" in buffer D: 10 mM
sodium phosphate pH 8 at 25 °C. To determine
whether urea induced unfolding was reversible,
unfolding and refolding experiments were
assayed. For unfolding experiments, native
DeNovoTIM was the initial state, whereas for
refolding, the starting state was the unfolded
DeNovoTIM incubated overnight in 9.0 M urea.
Thereafter samples were incubated at different
concentrations of urea (0-9.0 M), either increasing
or decreasing the initial concentration (for
unfolding and refolding experiments, respectively).
Intrinsic  fluorescence of both, unfolding and
refolding samples, was measured at different
times to determine the equilibrium time. Unfolding
and refolding transitions are coincident and the

signal does not change after incubation for 12 h,
i.e. chemical unfolding is reversible and at
equilibrium under the experimental conditions.
Once the equilibrium time was found, unfolding
experiments with samples incubated for 12 h and
followed by CD and IF were performed as
aforementioned. IF data at fixed emission
wavelength and CD data at 222 nm were both
collected over 2 minutes at each urea
concentration. The changes in IF and CD were
normalized to the fraction of unfolded molecules

(fu) by:

_ Yobs — (Yn + mn[urea)) @
Y™ (yy + mulurea]) — (yy + my|urea])

where yops is the experimentally observed IF and CD
signal at a given temperature, and (yy + mpfurea]) and
(yu + myfurea]) are the linear fitting equations
corresponding to the native and unfolded regions,
respectively. All two-state transitions were fitted to
Santoro and Bolen equation’” which assumes a two-
state model (N = D):

—AGH20 _mlurea)
RT

(yw + mylurea]) + (yy + mylurea))e

AGH20 _m|urea)
— AT

fu =

(8)

1+e
where AG"2° is the unfolding free energy in absence of
denaturant, m is AG/[urea], T is the temperature of the
experiment (25 °C), and (yny + my [urea]) and (yy + my
[urea]) are the linear fitting equations for the pre- and
post-transition  states. The chemical unfolding
transitions for DeNovoTIM14 in GdnHCI were fitted to a
three-state model with an intermediate:

(yy+my[GAnHCN) K1 Ky + (v + my[GdnHCI)) + (v, + mi[GAnHCI) K 4

fi,=
v 14+ K1 +KiKa

9
where K1=eiAGNwF’g¥ml>GdnHC”, o= y AGNtO/
and AGj.u is the unfolding free energy from native
state to intermediate and from intermediate to unfolded
state, myzor and my,y is AG/[GAnHCI] of each step, Tis
the temperature of the experiment (25 °C), and
(ywv + mp[GdnHCI])), (yy + m[GdnHCI]), and
(Yu + m {GdnHCI]) are the linear fitting equations for
native, intermediate, and unfolded states, respectively.
Similar AG values were obtained when experimental
protein concentration was increased five fold, ruling out
the possibility of a bimolecular association/folding step.

~AGitoy —m oy |GdnHCI|
AT

Stability curve and global thermodynamic
stability

Global stability curves, AG(T), were calculated
using the thermodynamic parameters obtained
from DSC experiments and the Gibbs-Helmholtz
equation’®:

AG(T) = AH<1 _Tl) - ACP<Tm -T+ T/n<Tl>> (10)

The area under the stability curve is a measure of
the global stability of the protein.*’ It was calculated
integrating Eq. (10) from the lowest temperature at
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which the protein is in the liquid state i.e. 0 °C
(273.15 K) to T,

Area = ((AH— ToACp) (T —T))

AH ACp\ jmp o ACp _?
(om0 T (5,

ACp (o, T T2
+T<Tln7_7m7?

Thermodynamic 2D bubble plots

The 2D bubble plots were constructed by plotting
Tm and AHgs.c obtained from thermal unfolding
experiments, and AGus-c Obtained from chemical
unfolding data. Since DeNovoTIMs have different
T, values, experimental AH from DSC
experiments cannot be directly compared. To put
the thermodynamic parameters on a similar
ground for comparison in Figure 5(A), AH at 85 °
C (AHgsc), which is the average T, of the
DeNovoTIM collection, was calculated using AH
and ACp from DSC experiments as follows’”:

AHgs o = AH + ACp (85 C — Tp) (12)

where T, AH and ACp are the experimental values
obtained from DSC experiments for each protein, and
85 °C is the reference temperature. AHgs:c was not
calculated for DeNovoTIM13 and DeNovoTIM14,
because their irreversible thermal unfolding hampered
the determination of ACp. The plots were constructed
with Origin v.9.0 (OriginLab Corporation, Northampton,
MA, USA.) and the diameter in the bubbles correspond
to the AGas-c magnitude.

Thermodynamic double-mutant cycles

To calculate non-additive effects between
different DeNovoTIM  barrel regions, an
approximation based on double mutant cycles
was used.*®8%8" The thermodynamic cycles were
constructed using the experimental AGzs.c values
obtained from chemical unfolding experiments and
linking single-region/double-region designs and
double-region/triple-region designs as indicated in
Figure S14.

Each corner of the square represents a different
DeNovoTIM where the mutations are located in a
specific region of the barrel or in a combination of
them. For double-region cycles (upper panel),
from the first to the second design round, AG; and
AG, are the changes in stability produced when a
single region of the barrel was mutated, AGz and
AG, are the changes in stability generated when
the same mutations are evaluated in the
background of another first-round design. In the
triple-region cycles (lower panel), from the second
to the third design round, AG; and AGs are the
changes in stability produced when the mutations
of a single region are introduced in the
background of DeNovoTIMO or in a double-region
design, whereas AG, and AG, are the changes in

stability generated when a double-region design

was incorporated in the background of
DeNovoTIMO or in a single region design,
respectively.

Considering that AG is a state property, if two
regions of the barrel are energetically
independent, their effects will be additive and not
coupled. Therefore, stability changes linked to a
particular region will result in the same values on
parallel sides of the square, i.e., AGy = AGz and
AG, AG,. Any difference the values on the
parallel sides of the squares indicates a deviation
from additivity and measures the coupling energy
between different regions of the barrel, given by
AAG,‘nt = AG4'AG2 = AG3'AG1, where AAG,‘n[
values have been referred as coupling energy,
non-additive effects, interaction energies, and
more recently epistatic effects.”®> A positive AG;
indicates that the introduction of favorable interac-
tions has a higher stabilizing effect when a nearby
region is already mutated.

Sequence and structural analysis

Sequence alignment was performed with MAFFT
v.7.450% using the secondary structure information
from the sTIM11 structure (PDB ID: 5BVL).
Sequence identity was calculated with the SIAS
server (Universidad Complutense de Madrid,
2013). Structural alignments and RMSD calcula-
tions were performed using PyMOL Molecular
Graphics System v.4.5.0 (Schrodinger, LLC). Cav-
ity volumes were calculated with MOLE v.2.5%°
using a standard probe radius of 5 A and an interior
threshold of 1.1 A with a non-directed exploration
path. The accessible surface area (ASA) was calcu-
lated with VADAR v.1.8.°* In these analyses;
changes in ASA for the unfolded state were calcu-
lated with an extended Gly-X-Gly peptide. Hydro-
gen bonds, as well as salt bridges, were
calculated using HBPLUS v.3.06°° and ESBRI®®
with default parameters for distances and angles.
A salt bridge was assigned when two atoms of
opposite charge were observed within 4 A.
Hydrophobic clusters (formed by ILV residues)
were calculated following an algorithm previously
reported by Sobolev®” and available in the
ProteinTools toolkit developed by Dr. Noelia
Ferruz-Capapey from the Hocker Lab.®® The analy-
sis considers ILE; VAL; and LEU residues and then
recaptures the coordinates of their neighboring
atoms. Then, the buried solvent-accessible
hydrophobic surface area is calculated, and
the cluster’s total area is computed by the sum of
the individual residue areas that comprise it.

Accession numbers

Coordinates and structure files have been
deposited to the Protein Data Bank (PDB) with
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accession numbers: 6YQY (sTIM11noCys), 622l
(DeNovoTIM6), and 6YQX (DeNovoTIM13).
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Supporting text

Exploratory characterization of first-round designs

The proteins from the first design round (DeNovoTIMs 1-10) as well as DeNovoTIMO, sTIM11,
and sTIM11noCys were characterized by circular dichroism (CD) and differential scanning
calorimetry (DSC) (Fig. S3). All variants presented far-UV CD spectra with a high content of
regular secondary structural elements compatible with a/f proteins. For sTIM11 and
sTIM11noCys, the most pronounced minimum of the spectra was observed at 222 nm
whereas, for DeNovoTIMO and DeNovoTIM1-10, it was found at 206 and 208 nm, respectively
(Fig. S8 and Fig. S4A). According to the Gibbs Helmholtz equation, high 7,,and AH values are
reflected in larger areas under the stability curve, therefore, selection of the best designs was

based on their thermal unfolding parameters.

Analysis of the internal core designs showed that DeNovoTIM2 and DeNovoTIM3 unfold
irreversibly and uncooperatively, whereas DeNovoTIM4 unfolds cooperatively with a 7,, value
which is 15 degrees higher than DeNovoTIMO (Fig. S3B). However, DeNovoTIM1 unfolds
cooperatively with a further increased 7, that is 24 degrees higher than DeNovoTIMO (Fig.
S3B) and its unfolding AH determined by the DSC endotherm is almost twice than that of
DeNovoTIMO (Fig. S3C). Thus, DeNovoTIM1 was chosen as the best design of this group.
Amongst the bottom core designs, DeNovoTIM7 did not overexpress soluble, and no
significant efforts were made to solubilize it after unfolding/refolding of inclusion bodies. The
thermal unfolding of DeNovoTIM5 is less cooperative and the protein unfolds with a 7,,slightly
higher than DeNovoTIMO. In contrast, DeNovoTIM6 has a 7, that is 45 degrees higher than
DeNovoTIMO and shows a highly cooperative unfolding transition (Fig. S3E-S3F and table 1).
Hence, DeNovoTIMG6 is the most successful design within this group. Finally, all top core
designs (DeNovoTIM8-10) unfold cooperatively; nevertheless, DeNovoTIM8 displays the
highest 7, and AH of this group (Fig. S3H-S3I). Therefore, DeNovoTIM8 is considered the best

design among the proteins belonging to this group.
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Spectroscopic characterization of DeNovoTIMs

sTIM11, sTIM11noCys, and all DeNovoTIM variants presented the characteristic far-Uv CD
spectra observed for a/f proteins (Fig. 2A). Nevertheless, the secondary structure content
deconvoluted from the spectra showed variations in the relative amount of helices and strands,
particularly for DeNovoTIMO and DeNovoTIM1, which have the lowest helical content (table
S5). For those DeNovoTIMs for which a three-dimensional structure was obtained (see below),
the secondary structure content calculated from the structure and the deconvolution of CD

spectra correlates adequately (table S5).

The near-UV CD spectra of DeNovoTIMs (Fig. 2B) showed a peak with fine structure
between 290 and 295 nm, characteristic for tryptophan residues. A peak between 275-283 nm
was also observed in the designs that contain tyrosine residues (table S3). It is known that the
shape and intensities of the near-UV CD spectrum depend not only on the number and identity
of aromatic residues but also on their environment and three-dimensional position within the
protein core (86). The spectra observed in Fig. 2B indicate that aromatic residues in the protein
are structured with significant differences in the native environment. The latter is in agreement
with the intrinsic fluorescence (IF) spectra, where native Anax is in the 329-345 nm range (Fig.
2C and Fig. S6). Likewise, the spectral center of mass (SCM) is between 346 and 357 nm,
indicating differences in the environment of aromatic residues among native DeNovoTIMs
(table S5). The fluorescence properties of DeNovoTIMO indicate partial exposure of aromatic
residues. All first-round designs show a considerable blue-shift in both 4..xand SCM; this trend
continues in the second- and third-round designs and should be attributed to changes in both

the number and the solvent exposure of Trp residues (table S3 and table S5).

Residual structure in the thermal unfolding of DeNovoTIMs

All DeNovoTIMs, except DeNovoTIM13 and DeNovoTIM14, showed reversibility i.e. samples
were heated up to 125 °C and their endotherms were completely recovered in a second
heating scan (Fig. S7). All reversible transitions were well fitted to the two-state model (N=U)
(Fig. S8) and the calorimetric criterion (AHW/AH) was very close to 1, in agreement with a two-

state mechanism (table 1). DSC experiments performed at different protein concentrations
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(0.25to 2.5 mg mL™") exhibited the same T, indicating that thermal unfolding is under

thermodynamic control (Fig. S8).

The observed unfolding AH varies greatly, showing values both lower and higher than
DeNovoTIMO, sTIM11noCys, and sTIM11 (table 1). When proteins of the same size are
compared, the main reasons for finding differences in their unfolding AH are the number of
disrupted internal interactions, as well as the hydration of groups exposed upon unfolding (87).
Extreme scenarios were observed in DeNovoTIMs, e.g. DeNovoTIM6 has a AH= 1249 + 1.5
kcal mol™, which is 100 kcal mol™" more than that of DeNovoTIMO, and close to the expected
value for a protein of 184 residues according to previously reported parametric equations
(128.4 + 3.5 kcal mol™; 34).

Otherwise, several DeNovoTIMs exhibit small AH values, particularly DeNovoTIM14
(AH= 14 kcal mol™; Fig. S10E and table 1). There are at least two main reasons for such a
small AH, namely either the native state is not fully folded or the unfolded state is not
completely unfolded. The spectroscopic, structural, and chemical unfolding properties shown
in Fig. 2 indicate that the proteins are well folded in the native state, a conclusion that is
supported by the crystal structures (see below). It is known that both AH and 7,,decrease in
the presence of chemical denaturants (88). When DeNovoTIM14 was unfolded by temperature
in the presence of urea, the second transition disappeared and the T, of the observed
endotherm remained almost unchanged at ~90 °C (Fig. 2F, Fig. S10B, and Fig. S10D).
Unexpectedly, the unfolding enthalpy increased linearly from the value observed without
denaturant to a value close to the parametric one at 6.0 M urea (Fig. S10A and Fig. S10E). This
atypical behavior in DeNovoTIM14 may be explained by an increased exposure of nonpolar
residues upon unfolding in the presence of urea. These results suggest that the reason for the
low unfolding enthalpy in some DeNovoTIMs is likely the high content of residual structure in

the unfolded state.

Likewise, it has been shown that the residual structure of the unfolded state leads to
decreased ACpvalues (35). For sTIM11, sTIM11noCys, and DeNovoTIM6, the ACrwere close
to the estimated value from parametric equations for a protein of that size (2.6 kcal mol™ K™),
whereas the other DeNovoTIMs showed a much lower ACp, with DeNovoTIMO having the

lowest value (0.44 kcal mol™ K, table 1). Accuracy in thermodynamic parameters of unfolding
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has been discussed over the years and is especially crucial for ACr due to the baseline shift
and its small magnitude. For DeNovoTIMs, the obtention of AC,was addressed with multiple
determinations at varying protein concentration. The standard deviation ranged from 3 to 20 %,
very similar to previous estimates for uncertainties in ACp(34, 3). A decrease in unfolding ACr
suggests a non-fully solvated random-coil conformation with residual hydrophobic clusters in
the unfolded state. Even though it was not possible to obtain the CD spectra of DeNovoTIMs
that display 7,, values higher than 90 °C, CD spectra of the unfolded state of the low 7,
variants DeNovoTIMO, DeNovoTIM1, and DeNovoTIM8, as well as sTIM11 and sTIM11noCys,

clearly showed residual structure (Fig. S4B).

Irreversible thermal unfolding of DeNovoTIM13 and DeNovoTIM14

DeNovoTIM13 shows a T, scan-rate dependent, indicating that its thermal unfolding is under
kinetic control (Fig. S9). Because the irreversible thermal unfolding of DeNovoTIM13 and
DeNovoTIM14 follows an irreversible two-state mechanism (N—F), well described by a first-
order rate constant (72, 73), it was possible to determine the activation energy (E..) between
the native and the transition state. For DeNovoTIM13, the average value obtained from the
fitting of each endotherm (E..= 118.2 + 2.7 kcal mol™; Fig. S9A) is within the range reported for
natural proteins of similar size. This value agrees with that determined from the Arrhenius plot
(E.o= 118.4 + 2.4 kcal mol™; Fig. S9B) and with the calculation from the effect of the scan rate

on T, (Eae= 124.2 + 1.7 keal mol™; Fig. S9C).

In contrast, for DeNovoTIM14 a much lower kinetic stability was observed fitting the
endotherms to the irreversible two-state model (£..= 37.5 + 0.6 kcal mol™; Fig. S10A),
determined from the Arrhenius plot (E..= 37.5 + 0.3 kcal mol™; Fig. S10C), and extrapolating to
0 M urea (E..= 37.2 + 0.8 kcal mol™; Fig. S10F). As a consequence of having very different
kinetic stabilities, the estimated half-life of DeNovoTIM13 at 25 °C is 1.8 x 10" years and about
196 days for DeNovoTIM14. Clearly, it would be interesting to determine folding/unfolding rates

in future kinetic studies of the de novo designed TIM barrels.
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Fig. S3. Exploratory characterization of first-round designs. Far-UV CD spectra are shown in panels A, D,
and G. Normalized thermal unfolding data followed by CDx»nm are presented in panels B, E, and H.
Thermal unfolding experiments followed by DSC are shown in panels C, F, and I. Selected variants of
each design group are highlighted in orange (DeNovoTIM1), green (DeNovoTIM6), or purple
(DeNovoTIM8). In all experiments protein concentration was 0.4 mg mL™ in 10 mM sodium phosphate
pH 8.
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Fig. S4. CD spectra in the peptidic region for DeNovoTIMs. Far-UV CD spectra at 25 °C (A), 90 °C (B),
and 9.0 M urea (C). Note that for DeNovoTIM14 at 9.0 M urea (solid red line) the spectrum is very similar
to the native one (panel A). In 7.0 M GdnHCI the protein is completely unfolded and its spectrum is
identical to all other DeNovoTIMs unfolded in 9.0 M urea (dotted red line). In all experiments protein
concentration was 0.4 mg mL™" in 10 mM sodium phosphate pH 8.
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Fig. S5. CD spectra in the aromatic region for DeNovoTIMs. Near-UV CD spectra at 25 °C (A), 90 °C (B),
and 9.0 M urea (C). Note that for DeNovoTIM14 at 9.0 M urea (solid red line) the spectrum is very similar
to the native one (panel A). In 7.0 M GdnHCI the protein is completely unfolded and its spectrum is
identical to all other DeNovoTIMs unfolded in 9.0 M urea (dotted red line). In all experiments protein
concentration was 0.4 mg mL™" in 10 mM sodium phosphate pH 8.
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Fig. S6. Intrinsic fluorescence spectra of DeNovoTIMs. Native spectra are presented in panel A (raw
data) and C (normalized data). Spectra obtained in 9.0 M urea are presented in panel B (raw data) and
D (normalized data). Note that for DeNovoTIM14 in 9.0 M urea (solid red lines in panels B and D) the
spectra are very similar to the native ones (solid red lines in panels A and C). In 7.0 M GdnHCI the
protein is completely unfolded and its spectrum is identical to all other DeNovoTIMs unfolded in urea
(dotted red line in panels C and D). In all experiments protein concentration was 0.4 mg mL™" in 10 mM

sodium phosphate pH 8.
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Fig. S7. DSC instrument equilibration and thermal unfolding reversibility assessment of DeNovoTIMs. A)
Proper instrument equilibration was ascertained by performing two buffer-buffer scans before each
protein-buffer scan. One example at different protein concentrations (DeNovoTIM6) is shown in the
panel. B-E) Thermal unfolding reversibility was assessed with 1.0 mg protein mL™" and 1 K min™"in 10
mM sodium phosphate pH 8. Continuous lines show the first scan and dotted lines show the second

scan collected after cooling down and

reheating the sample. Reversibility % was calculated as the ratio

of the calorimetric AH (area under the curve) recovered in the second scan and that obtained in the first

scan (AH secondscan /AHﬁrstscan) *100.
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Fig. S9. Irreversible thermal unfolding of DeNovoTIM13. A) Endotherms at different scan rates (60 to 180
K h™"). Lines represent the best fit to a two-state irreversible model. B) Arrhenius plot. The line shows the
best fit to the Arrhenius equation (R?: 0.98). C) Effect of the scan rate on 7, (R?: 0.99). In all experiments
protein concentration was 1.0 mg mL™ in 10 mM sodium phosphate pH 8.
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protein concentration was 0.1 mg mL™" in 10 mM sodium phosphate pH 8.
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DeNovoTIM13 DeNovoTIM14

Fig. S15. Hydrophobic clusters of DeNovoTIMs. Clusters are shown in different colors. Hydrophobic
clusters properties are reported in table S7.
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Fig. S16. Stability landscape of natural proteins. Panel A includes 190 natural proteins with different
topologies varying in size from 42 to 572 residues (average: 173 residues). Panel B contains natural TIM
barrels varying in size from 225 to 476 (average: 311 residues). The stability surface is colored
according to normalized AG at 25 °C in 0.1 bins. Data for all non-redundant proteins presented here
were obtained from ProThermDB database (89, 90).
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Table S1. Amino acid sequences of DeNovoTIM collection.

de novo
TIM barrel Sequence

DKDEAWKCVEQLRREGATQIAYRSDDWROLKEAWKKGADILIVDATDKDEAWKQOVEQLRAREGATQIAYRSDDWRDLKEAWKKGADILIVDAT
DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDATDKDEAWKOQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILICDAT

DEDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDATDKDEAWKOVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT
DKDEAWKQOVEQLRREGATQIAYRSDOWRDLKEAWKKGADILIVDATDKDEAWKQVEQLRREGATCHAYRSDDWRDLKEAWKK GADILIVDAT

DEDEAWKOVEQLRREGATQIAYRSDDWRDLKEAVKKGGDILIVDATDKDEAWKQVEQLRREGATOIAYRSDDWRDLKEAVKKGGDILIVDAT
DEDEAWKQVEQLRREGATQIAYRSDDWRDLKEAVKKGGDILIVDATDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAVKKGGDILIVDAT

DHDEAWKOVEQLRREGATQIVYISDDWRDLKEAVKKGGDILIVDATDKDEAWKOQVEQLAREGATQIWYISDDWRDLKEAVKKGGDVLIVDAT
DKDEAWKOVEQLRREGATQIVYISDDWRDLKEAVKKGGDILIVDATDKDEAWKOVEQLRREGATOQIWYISDDWRDLKEAVKKGGDWLIVDAT

DeNovoTIM2 DEDEAWKQVEQLRREGATQIVYQSDDWRDLKEAVKKGGDILMVDATDKDEAWKQVEQLRREGATQIMYISDDWRDLKEAVKKGGDFLVVDAT
DKDEAWKQVEQLARREGATQIVY OSDDOWRDLKEAVKKGGDILMVDATDKDEAWK OVEQLRREGATQIMYISDDWRDLKEAVKKGGDFLVVDAT

DeNovaTIM3 DEDEAWKQVEQLRREGATQIMYVSDDWRDLKEAVKKG GDSLLVDATDKDEAWKQVEQLRREGATQILYKSDDWRDLKEAVKKGGDTLVVDAT
DKDEAWKQVEQLRREGATQIMYYVSDDWRDLKEAVKKGGDSLLVDATDKDEAWKQVEQLRAEGATQILYKSDDWRDLKEAVKKGGDTLVVDAT

DeNovoTIM4 DKDEAWKQVEQLRAEGATQIMYFSDDOWRDLKEAVKKGGDLLYVDATDKDEAWKQVEQLRAEGATQILYISDDWRDLKEAVKKGGDILLVDAT
DEDEAWKQVEQLRREGATQIMYFSDDWRDLKEAVKKGGDLLVVDATDKDEAWKOVEQLRREGATQILYISDDWRDLKEAVKKGGDILLVDAT

DeNovaTIMS DKDEAWKQVEQLRRLGATQIAYRSDDWRDLREAVKKGGDILIVDATDKDEAWKQVEQLARLGATOIAYRSDDWRDLAEAVKKGGDILIVDAT
DKDEAWKOVEQLRRLGATQIAYRSDDWRDLREAVEKGGDILIVDATDKDEAWKOVEQLRALGATQIAYRSDDWRDLAEAVKKGGDILIVDAT

DKDEAWKQVEILRRLGAKQIAYRSEDDWRDLOEALKKGGDILIVDATDKDEAWKQVEILRRLGAKQIAYRSDDWRDLQEALKKGGDILIVDAT
DEDEAWKQVEILRRLGAKQIAYRSDDWRDLOEALKKGGDILIVDATDKDEAWKQVE ILRRLGAKQIAYRSDDWRDLQEALKKGGDILIVDAT

DeNovoTIMT DKDEAWKQVEILRRLGAKQIAYRSDDWRDLDEARKKGGDILIVDATDKDEAWKQVEILRRLGAKQIAYRSDDWRDLDEARKKGGDILIVDAT
DEDEAWKOQVEILRRLGAKQIAYRSODWRDLDEARKKGGDILIVDATDKDEAWKOVEILRRLGAKCIAY RSDDWRDLDEARKKGGDILIVDAT

DVDEMLKOVEQLRREGATQIAVASDDWRILKEAVKKGGDILIVDATDVDEMLKOVEQLRREGATQIAVRSDDWRILKEAVEKGGDILIVDAT
DVDEMLKQVEQLRREGATQIAVASDDWRILKEAVKKGGDILIVDATDVDEMLKGQVEQLRREGATQIAVRSDDWRILKEAVKKGGDILIVDAT

DeNavoTIMg DPDEAQKOVEQLRREGATQIAIRSDDWRYLKEAVKKGGDILIVDATDPDEAQKQVEQLRAREGATQIAIRSDDWRYLKEAVKKGGDILIVDAT
Vo DPDEAQKOQVEQLRREGATQIAIRSDDWRYLKEAVKKGGDILIVDATDPDEAQKOVEQLRREGATQIAIRSDDWRYLKEAVKKGGDILIVDAT

DeNovaTIM10 DSDEAIKOVEQLRREGATQIAVARMDDWRKLKEAVKKGGDILIVDATDSDEAIKQVEQLARREGATOQIAVRMODDWRKLKEAVKKGGDILIVDAT
DSDEAIKOQVEQLRREGAT QIAVRMDDWRKLKEAVEKGGDILIVDATDSDEAIKQVEQLAREGATQIAVRMODWRKLKEAVEKKGGDILIVDAT

DeNovoTIMA1 DKDEAWKQVEILRRLGAKQIVYISDDWRDLQEALKKGGDILIVDATDKDEAWKOVEILRRLGAKQIWYISDDWRDLOEALKKGGDVLIVDAT
Vo DKDEAWKQVEILRRLGAKQIVYISDDWRDLQEALKKGGDILIVDATDKDEAWKOVEILRRLGAKQIWYISDDWRDLQEALKKGGDVLIVDAT

DVDEMLKQVEQLRAEGATQIVVISDDWRILKEAVKKGGDILIVDATDVDEMLEQVEQLRREGATQIWVISDDWRILKEAVKKGGDVLIVDAT
DVDEMLKQVEQLRAEGATQIVVISDOWRILKEAVKKGGDILIWVDATDVDEMLKQVEQLRREGATQIWVISDDWRILKEAVKKGGDWLIVDAT

DVDEMLKOVEILRRLGAKQIAVRSDDWRILOEALKKGGDILIVDATDVDEMLKQVEILRALGAKQIAVRSDDWRILQEALKKGGDILIVDAT
DVDEMLKQVEILRRLGAKQIAVRSDDWRILOEALKKGGDILIVDATDVDEMLEKQYEILRRLGAKCIAVRSDDWRILQEALKKGGDILIVDAT

DVDEMLKQVEILRALGAKQIVVISDDWRILQEALKKGGDILIVDATDVDEMLKQVEILRRLGAKQMWNVISDDWRILQEALKKGGDVLIVDAT
DYDEMLKQVEILRRLGAKQIVVISDDWRILQEALKKGGDILIVDATDVDEMLKQVEILRRLGAKQMWYVISDDWRILQEALKKGGDVLIVDAT

24
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Table S2. List of mutations in DeNovoTIM collection.

Number of Total number of

Tldb‘: barrel s’?"f;;;w mutations in each mutations in the Mutations added in each modular unit®
modular unit® Sequence
pseudo 4 — | eeees
4 {nan—syﬁwmetric] 2 ceq, c181v
TIMO 4 2 8 W34V, A3BG
2 5 10 A21V, R231, AG7TW, RE9I, 186V
DeNovaTIM2 2 7 14 A21V, R23Q, 142M, AG7M, RE3I, |BEF, 188Y
DeMNovaTIM3 2 3] 16 A21M, R23V, 140S, 1421, AB7L, RBAK, I1BET, 1BBY
DeNovoTIM4 2 7 14 AZ21M, R23F, 140L, 142V, AGTL, RE3I, 188L
DeNovaTIM5S 4 2 8 E15L, K31R
- 4 5 20 Q111, E15L, T18K, K31Q, V34L
DeNovoTIM7 4 5 20 Q111, E15L, T18K, K31D, V34R
- 4 5 20 K2V, ASM, WEL, Y22V, D23l
DeNovoTIMO 4 4 16 K2P, WBQ, Y221, D29Y
DeMovoTIM10 4 5 20 K25, W6, Y22V, S24M, D29K
I . | PR
3 15 30 K2V, ASM, WBL, A21V, Y22V, R231, D29l K48V,
AS1TM, WS2L, ABTW, YEBY, RE9I, D751, I1BEV
3 10 2 K2V, ASM, WEL, Q111, E15L, T18K,

Ya2v, D2gl, K31Q, Va4l

K2V, ASM, WEL, Q111, E15L, T18K, A21V, Y22V, R23l,
2 25 50 D291, K310Q, V34L, K48V, A51M, W52L, Q571, EGIL, Te4K,
ABTW, Y68V, R&9l, D75I, K77Q, VBOL, 186V

@ Only the mutations incorporated in each design are shown. See Fig. S2 for the complete sequence
alignment.
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Table S3. Aromatic residues in DeNovoTIM collection.

Number of Tyr  Total number  pogiton of Trp residues  Number of Tyt Total number pogiton of Tyr residues

mnlgdm"“':;d' r:ufi;r:;n in the modular unit w:ma?;'ifh i 24l in the modular unit
3 12 W6, W27, W34 1 4 v22
3 12 W, W27, Wad 1 4 22
2 8 W6, W27 1 4 22
5 10 W6, W27, W52, WE7, W73 2 4 v22, Y68
DeNovoTIM2 4 8 WB, W27, W52, W73 2 4 Y22, Y68
DeNovoTIM3 4 We, W27, W52, W74 2 4 Y22, Y68
DeNovoTIM4 4 W8, W27, W52, WT5 2 4 Y22, Y68
DeNovoTIMS 2 8 W6, W27 1 4 y22
- 2 8 W6, W27 1 4 y22
DeNovaTIM7 2 8 W6, We7 1 4 Y22
- 1 4 wz7 0 A .
DeNovoTIMg 1 4 wa7 0 g | ek
DeNovaTIM10 1 4 w27 0 0: | e
DeNovaTIM11 5 10 W8, W27, W52, W67, W73 2 4 Y22, Y68
5 10 W6, W27, W52, WE7, W73 0 A
2 8 We, Wa7 a L
5 10 W6, W27, W52, W67, W73 0 o | s
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Table S4. Sequence identity matrix of DeNovoTIM collection.

DeNovaTIM2

DeNovoTIM3

DeNovaTIM4

DeNovoTIMS

DeNovoTIM7

DeMNovaTIMS

DeMNowaTIMIO

DeMovoTIMI1

DeNovoTIMI2

oTIMI3

89

a7

86

87

B6

86

86

84

78

9’8.

90

as

ar

a8

9

ar

a7

a5

87

as

a2

79

76

95 .

g2 a5 .

N 21 82 .

92 82 82 94 .

96 90 88 87 88 .

89 a4 82 80 a2 a1 .

89 84 B2 80 82 91 96 .

89 84 g2 80 82 85 78

9 BE 84 83 B84 87 80

89 84 g2 80 82 8 78

84 89 84 BO 82 86 95

84 89 B4 BO B2 79 73

71 70 71 80 89

70 71 75 B4

DeMovaTIMD
DeNoveTIMZ o

78

a0

73

85

DeNovaTIM7

89

89

73

95

78

DeNovaTIMS

o
o
=
=
7
-
z
=
[T}
(=]

woTIM13
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Table S5. Biochemical and biophysical characterization of DeNovoTIM collection.

Spectroscopic properties
Enpression/Solubility Circular Dichroism
Hydradynamic properties®
properties Predicted secondary Intrinsic Fluorescence®
“‘.:“"“'I ; structure content [%)°
Mative Unfolded Native Unfolded Theoretical Experimental  Exp./ Stokes
e o DO | ekt | B-strana Random A, lmews SCM O SCM CooMwu MW MW Theor Oligomeric radius
e ) (om m om)  om} (em) (DA {Da) ratia
453 198 340 e
+++ + (46.0) (20.0) (34.0) a8 350 12 354 360 T 22854 22017 = 465 1.0 Monomer 232205
478 18.2 332
- + - B BE | m 349 n 353 361 7 22875 | 20670x146 08  Monomer 22601
e . 414 0.7 279 345 352 b 4 357 352 & 22471 20827 + 300 i3 Monomer 261 03
-+ -+ 42,7 29.3 27re a7 3350 13 354 360 B 22557 21017 £ 637 o8 Monomer 228+08
465 188 348 : =z -
- + 43.4) 207 (353 38 350 14 352 361 ] 22568 22000 + 440 1.0 Monomer 23205
++ ++ 471 223 06 2 M 18 348 381 13 22039 20518 + 360 o8 Monomar 226203
DeMavaTIMT1 + 44 469 229 00 38 248 14 353 362 9 22568 200202572 08  Monomer 223206
DeNovaTiMi12 HEt - 4585 247 2.7 330 35 F4) 347 360 i3 22125 20028 + 760 [1K: ] Maonomer 23109
Ok 483 ia.1 3.5 -
DeMNowaTiM13 ey Fres (4B.8) 218 (29 4 4 s i7 s 380 B 22080 21801 £ 728 1.0 Monomear 227 x0.7
+ . 50.3 87 3.1 %29 0 3] 346 Ay 15 22166 253571833 12 Monomer 247218
: (331) {349 :

@ Symbols represent the amount of protein purified from the soluble fraction: +++ >10 mg L™ culture, ++
5-10 mg L' culture, + 2-5 mg L™ culture.

® Symbols represent the protein propensity to aggregate: +++ aggregation visible within the first week
after purification, ++ aggregation visible between 1-2 weeks after purification, + not visible aggregation
after at least 1 month after purification.

°numbers within brackets are the calculated value from the three-dimensional structure.

9 unfolded state represents the spectra at 9.0 M urea.

¢ + indicate the standard deviation calculated from 4 different experiments at protein concentrations of
0.01,0.5, 1.0,and 2.0 mg mL™".
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Table S6. Crystallographic data collection and refinement statistics for sTIM11noCys and DeNovoTIM
structures.

de novo TIM barrel DeNovoTIMi3

Data collection®
PDEB ID BY0Y B6Z21 BYQX
{ M ium eitr, H: 6. AT M ium
Crystallization condition 0 10££;%?%néli%§:%§?&ﬁ ’ 09512951235;:,1 B céo?;.ggl > oggg?bh?ﬁﬂii aii‘g;ée
5% wiv Glyceral 15% wiv Glycarol
Resolution range (A) 47.15- 1.68 (1.94 - 1.88) 30.93 - 2,90 (3.01 - 2.90) 44.79 - 1.64 (1.70 - 1.64)
Space group P4, 2 2(92) P a(vs) P 3, (145)
Unit cell dimensions
a b, c, (A) 50.45, 50.45, 132.41 B7.48, 87.48, 44.26 5§1.72, 51.72, 63.97
a, By (") a0, 90, 90 a0, 80, 90 20, 80, 120
Total reflections 342791 (32681) 56016 (3033) 79664 (7327)
Unigue reflections 14703 (1410) 7620 (389) 23407 (2280)
Mushtiplicity 233 (23.2) 74(7.8) 34(32)
Completeness (%) 99.9 (99.0) 99.8 (100.0) 99.5 (97.6)
Mean | f sigma (1) 27.001.9) 43 1.0) 14.3(1.5)
R-merge 0.081 (1.281) 0.180 (1.135) 0.042 (0.562)
ceie 1.000 (0.810) 0.940 (0.773) 0.098 (0.658)
Average mosaicity (deg) 0109 0179 0116
Refinement statistics®
R, R 0.220 (0.287), 0.271 (0.371) 0.316 (0.368), 0.372 (0.431) 0.171 {0.274), 0.201 (0.329)
Average B-value (A7) 54.2 B9.3 391
Protein 53.9 B9.4 arT
Ligand — | e 813
Sahvent G62.2 77 53.5
Owerall B factor from Wilsan Plot (A7) 41.0 738 284
Number of atoms 1489 1185 1603
Protein 1440 1175 1464
Ligand 0 0 7
Water 49 10 132
Protain residues 178 168 181
AMS (ponds) (A) 0,008 0.003 0.006
AMS (angles) (%) 0.900 0.560 0.770
Ramachandran favared (%) 97.1 93.6 100.0
Ramachandran aliowed (%) 249 6.4 0.0
Ramachandran outliers (%) 0.0 0.0 0.0
Rotamer outliers (%) 0.0 0.0 0.0
Clashscore B.2 5.3 3.9

@ Statistics for the highest resolution shell are shown in parentheses.
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Table S7. Comparison of structural features between Rosetta models and three-dimensional structures.

Design round

Property / de nova TIM barrel

H-bonds
Sah bridges
Total arad in Mydeophope clustan (A7)
area al the major hydrophapic cluster (A7)
% of total area preseni in ihe majar hydrophapic clusion
Tl N in Py drophoDic cligans
Residues in the majar Fydeophabic cluster
% of ioial resicues prasent in The magor hydnaphobic clasier
Tuial contacts. in hydraphebic clasben
Contacts in the majar hydrophabic clusien
% oif 1ot CONLRCES PEGSant in e major hydraphobic chster
Tatal ASA of the inlded prosen (A7)
Hydrophabic ASA of the folded protein (%)
Total AASA buried an prainin folding (A%

Hydrogihohic AASA buriad on proben lokdng [5)

Aliphatic [AGILFY)

Aromatic [FHNY)

Chargad {DEHKR)
Hydroshobic (CFILWWAY

Polar [DEKNOR)
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an
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an
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Abstract

Protein stability can be fine-tuned by modifying different structural features
such as hydrogen-bond networks, salt bridges, hydrophobic cores, or disulfide
bridges. Among these, stabilization by salt bridges is a major challenge in pro-
tein design and engineering since their stabilizing effects show a high depen-
dence on the structural environment in the protein, and therefore are difficult
to predict and model. In this work, we explore the effects on structure and sta-
bility of an introduced salt bridge cluster in the context of three different de
novo TIM barrels. The salt bridge variants exhibit similar thermostability in
comparison with their parental designs but important differences in the con-
formational stability at 25°C can be observed such as a highly stabilizing effect
for two of the proteins but a destabilizing effect to the third. Analysis of the
formed geometries of the salt bridge cluster in the crystal structures show
either highly ordered salt bridge clusters or only single salt bridges. Rosetta
modeling of the salt bridge clusters results in a good prediction of the tendency
on stability changes but not the geometries observed in the three-dimensional
structures. The results show that despite the similarities in protein fold, the salt
bridge clusters differently influence the structural and stability properties of
the de novo TIM barrel variants depending on the structural background where
they are introduced.

KEYWORDS

(/g barrel, de novo protein design, DeNovoTIMs, protein folding, protein stability, salt
bridge cluster, TIM barrel

1 | INTRODUCTION

Abbreviations: CD, circular dichroism; DSC, differential scanning

calorimetry; Dyy /2, midpoint urea unfolding concentration; IF, intrinsic
fluorescence; MALS, multi angle light scattering; REU, Rosetta energy
unit; SEC, size exclusion chromatography; T,,, midpoint of thermal
unfolding; ACp, change in heat capacity; AG,s-c, change in Gibbs free

energy at 25°C; AH, change in enthalpy.

Sina Kordes and Sergio Romero-Romero authors contributed equally to

the work.

Protein stability is a fundamental biological attribute that
modulates the delicate balance among protein evolvability,
expression, solubility, structure, and function.'™ It results
from the accumulated balance of forces and interactions
between protein and solvent that determines whether the
folded conformation is stable over other nonfunctional

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Protein Science published by Wiley Periodicals LLC on behalf of The Protein Society.
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competing states. The central role of proteins in the chem-
istry of life, as well as their increasing application in basic
and applied research, makes an understanding of protein
stability highly relevant.

The information obtained about the forces that
fine-tune protein stability come from numerous studies
on natural proteins and have led to the possibility to
design proteins from scratch. Those computationally
designed proteins differ significantly in sequence and
structure from naturally occurring proteins, providing
new information to gain a deeper understanding of the
relationship between sequence, structure, and
stability.*

Several strategies to increase protein stability have
been explored such as rearrangement of hydrogen-bond
networks, introduction of salt bridges, improving of
hydrophobic cores, or incorporation of covalent bonds.”™
Among them, the prediction and engineering of salt brid-
ges is challenging, due to their high dependence on the
structural environment of the protein and the require-
ment of accurate geometries."'° Consequently, it is very
difficult to estimate the energetic contribution to stability
caused by a salt bridge due to a delicate balance of
destabilizing desolvation energy and stabilizing
interactions.'!

A salt bridge can be defined as an ion-pair interaction
between two residues of opposite charge with a distance
below 4 A that combines two noncovalent interactions,
hydrogen bonding and ionic bonding.'? This type of
interaction plays an important role in defining protein
structure, function and stabilityn’w’16 and has been a
valuable strategy in protein engineering to stabilize dif-
ferent proteins and calculate their energetic
contributions.'” ! In addition, the interaction of one
basic residue with multiple acidic residues form clustered
or networked salt bridges, which are of special interest
due to their complexity and important contribution to
protein stability.'%**2

Among all protein architectures, the TIM barrel is
one of the most common folds in nature, as one-tenth of
the known proteins adopt this topology and it is found in
five out of seven enzyme classes.”*** This ubiquitous and
versatile topology has been an important model system to
study not only the stability, structure, and function rela-
tionships but also for de novo protein design. Previously,
we demonstrated that increasing the hydrophobic clus-
ters of the first de novo TIM barrel STIM11°° resulted in a
highly-stable collection of TIM barrels, which we called
DeNovoTIMs.?” In the work presented here, we explore
the effects on structure and stability when introducing a
salt bridge cluster into members of the DeNovoTIM
collection.

2 | RESULTS AND DISCUSSION
2.1 | Introducing a salt bridge cluster
into different de novo TIM barrels

The effects of introducing a salt bridge cluster were inspired
by the presence of a similar cluster in the natural HisF TIM
barrel, a subunit of the imidazole glycerophosphate
synthase (IGPS),”?° and its observed influence in stabiliz-
ing this fold.*>*" Since the salt bridge cluster was intended
to be evaluated without affecting the previous stabilized
regions in our DeNovoTIM collection, we focused on the
internal core of the barrel to introduce the salt bridge net-
work. Therefore, considering the environmental and geo-
metrical descriptors of the most common salt bridges found
in natural proteins,'® we found that at the internal core of
the TIM barrel, and specifically on the bottom part of it,
4 symmetry-related glutamine residues were suitable to
introduce the intended salt bridge cluster. The four residues
were alternatively mutated to Arg and Glu in the four quar-
ters as indicated in Figure 1 and Table S1.

We explored the effects of the salt bridge cluster in the
context of three different de novo TIM barrels previously
reported as DeNovoTIM collection,”” all designed using a
computational fixed-backbone and modular approach to
improve the hydrophobic packing: sTIM11noCys, the
cysteine-free variant of STIM11 (the first validated de novo
TIM barrel) without any extra stabilizing mutations as pre-
sent in DeNovoTIMs; DeNovoTIM6, with stabilizing muta-
tions in the bottom region of the peripheral core located
between the outer face of the p-strands and the internal
face of the a-helices; and DeNovoTIM13, with stabilizing
mutations in the bottom and top regions of the peripheral
core (Table S1). The TIM-barrel architecture among the
three proteins is conserved with an RMSD <1.5 A. The
main differences are related to the size and packing of the
hydrophobic clusters due to the introduced mutations.*’
Salt bridge variants derived from parental proteins (named
as the original design plus the suffix-SB) were
biophysically and structurally characterized as follows.

2.2 | Salt bridge cluster variants are
soluble monomeric and well-folded TIM
barrels

All salt bridge variants were expressed and purified to
homogeneity in high amounts with similar yields to the
parental proteins. Just as the parental proteins
DeNovoTIM6-SB and DeNovoTIM13-SB show about 15%
dimer in the preparative size exclusion chromatography
(SEC). Multi angle light scattering (MALS) measurements
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Strategy to introduce a salt bridge cluster in de novo TIM barrels. Crystal structure of sSTIM11noCys is shown with residues

20, 66, 112, and 158 highlighted as sticks, which were used for the introduction of the salt bridge cluster. It was added in the de novo TIM
barrels replacing Q20 and Q112, belonging to the first and third quarters, by arginine residues, and Q66 and Q158, from the second and

fourth quarters, by glutamic acid residues

of the monomer peak for both proteins at different concen-
trations revealed no concentration dependent dimerization
in the range up to 5 mg ml~'. Additionally, the dimer was
analyzed and appeared to be stable. All further experi-
ments were done with the monomeric fraction. The molec-
ular weight of all three proteins was determined using
MALS and verified as monomers (Figure S1 and Table S2).
In contrast to DeNovoTIM13, which showed a tendency
for aggregation after purification, DeNovoTIM13-SB did
not aggregate in the observed time frame, probably due to
the thermal-unfolding reversibility which is not present in
DeNovoTIM13.

Circular dichroism (CD) analysis indicated well
folded proteins with a mixed o/p secondary structure
composition similar to the parental proteins (Figure S2,
Table S2). For sTIM11noCys-SB a higher signal at about
222 nm is observed hinting at an increase in the a-helical
fraction. For DeNovoTIM13-SB additionally the peak at
208 nm is more pronounced showing gain of overall sec-
ondary structure. In contrast, DeNovoTIM6-SB shows an
overall decrease of the signal and a more pronounced sig-
nal at 208 nm. Deconvolution of the far-UV CD spectra
displays slight differences in the secondary structure con-
tents (Table S2), which is confirmed by the three-
dimensional structure analysis as discussed below. For

sTIM11noCys-SB and DeNovoTIM13-SB a decrease of
random coil connected with an increase of secondary
structure content is calculated. In contrast, the
deconvolution of DeNovoTIM6-SB CD spectrum indi-
cates a similar content of random coil but with differ-
ences in the a-helix and p-sheet composition (Table S2).
These data confirm well folded proteins on the basis of
their spectroscopy attributes without large structural
changes upon the introduction of the salt bridge cluster.
To follow up on this, their folding stability behavior was
studied by thermal and chemical unfolding experiments.

2.3 | Thermostability is maintained in
the salt bridge variants

Thermal stability was initially analyzed by CD
(Figure S3). For sTIM11noCys-SB, a melting temperature
(Tm) of about 64°C was determined. DeNovoTIM6-SB
and DeNovoTIM13-SB both do not completely unfold in
the accessible temperature range up to 95°C. Therefore,
further analysis was performed by differential scanning
calorimetry (DSC). For all three proteins no change of T,
was observed in comparison to the parental proteins
(Table 1, Figure 2a), but with some changes in the
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enthalpy AH, mainly for DeNovoTIM13-SB. Both,

- §§ - .. B sTIM11noCys-SB and DeNovoTIM6-SB, show thermal
E RS A 4 v b ¢ 9 unfolding reversibility (Figure S4a, S4c) and were fitted
g to a reversible two-state model (Figure S4b, S4d).
8 o =2 %889 In contrast, DeNovoTIM13-SB as well as
B Gl F <M S fl i DeNovoTIM13 show thermal-unfolding irreversibility.
& & % 98 R e ® Moreover, the behavior of DeNovoTIM13-SB is remark-
g EE & & &4 A ably different to that of DeNovoTIM13: the Ty, in the salt-
‘é — bridge variant is only slightly dependent on the scan rate
.; ‘._°. (Figure S5a) and the area recovered in the DSC reversibil-
E o s 238828 8 ity test increased (Figure S4e), changing from 14% for
2 & E JHE DeNovoTIM13 to 72% for DeNovoTIM13-SB. The lack of
© a<= S < < significant scan rate effects was demonstrated using a wide
= scan rate range from 0.5 to 3.0°C min~"' as previously
E ~ E suggested,® confirming that the degree of recovery
g 3 é observed in DeNovoTIM13-SB does not cause distortions
T e 5 2 in the baselines or thermal transition, which validate an
g § :_ag = S equilibrium thermodynamics analysis (Figure S4f).
Q v © < i © . . . . T
oE8d - 8 F 8 = 7 o is combination of irreversibility and lack of scan
s2f&2 2533 ¢g ¢ This combination of bility and lack of
=) .
G rate dependence has been rarely reported. Typically, calo-
o & rimetric irreversibility is caused by protein aggregation,
2] % - B EE 9 g but the lack of scan rate effect can be interpreted by
‘D E§cd S S S S =] : ; : il
5 - MM Y § assuming that the Processes causing irreversibility (.)nl_y
i £d 28 9 8 2 o take place at very high temperatures where the protein is
— TEL K S & 3 S 3 p Ty nig p p
% R © | e |3 already completely unfolded.*® In addition to protein
g 3 aggregation, there exists the possibility that swapped olig-
2 o D 0 a0 om © § omers are formed in the unfolding state of
At S o o o (=) . .
< 8 _‘M S 3 3 S S| 3 DeNovoTIM13-SB, which would be thermodynamically
E :3( = Q:' A ;' g é' % more similar to unfolded monomers rather than aggre-
o on o
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FIGURE 2 Folding stability of the salt bridge variants. (a) Thermal unfolding experiments followed by DSC. Endotherms were collected

at 1.5°C min " and protein concentration of 1.0 mg ml~'. Dotted lines show the parental proteins and continuous lines the salt bridge
cluster variants. (b) Chemical unfolding with urea at 25°C, circles representing CD data and triangles fluorescence data. Dotted and
continuous lines represent the fitting of the data to a reversible two-state model for the parental and salt bridge variants, respectively. Data
from sTIM11noCys, DeNovoTIM6, and DeNovoTIM13 are reported in Reference 27. All experiments were collected in 10 mM sodium

phosphate pH 8
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FIGURE 3 Stability curves of the salt bridge variants. Curves
were constructed using the parameters from DSC experiments and
the Gibbs-Helmholtz equation. Open symbols indicate the AG
value at 25°C determined by chemical unfolding. Data from
sTIM11noCys and DeNovoTIM6 are reported in Reference 27

T, (Figure 3) but increases the conformational stability
at 25°C as discussed in the next section. Interestingly, no
major changes in thermodynamic stability are observed
regarding the T,,. This stands in contrast to the assump-
tion that salt bridges increase mostly the thermal stability
of proteins as observed in thermophilic proteins.>**’

Also, the web server for protein stabilization called Pro-
tein Repair One Stop Shop (PROSS) creates thermally sta-
bilized protein by introducing salt bridges,® though with
the objective to influence the solvent exposure and to
strengthen Coulomb interactions in the low-dielectric
protein core." The mutations that introduce salt bridges
may have different effects on folding energies depending
on the temperature;'>® this can only be answered if con-
formational stability would be analyzed at different tem-
peratures. Here, upon introduction of the salt bridge
cluster most of the differences are observed on the con-
formational stability at 25°C.

2.4 | Salt bridge cluster variants have a
higher conformational stability at 25°C

Changes in the conformational stability at 25°C (AG,s-c)
were studied by chemical unfolding with urea followed
by CD and IF. All three proteins showed reversible and
cooperative transitions. These fitted well to a two-state
model (N=U) (Figure 2b) with coincident AG,s.c values
to those calculated from thermal unfolding experiments
(Figure 3). Comparison of the salt bridge variants with
the parental proteins exhibited different trends: In
sTIM11noCys-SB, the salt bridge cluster stabilized the
protein by an increase of 1.6 kcal mol ™" in AG,s-c, where
the midpoint urea unfolding concentration (Dyy ;) stayed
unchanged but the m value increased by
0.63 kcal mol™* M~! (Table 1), indicating an improved
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protein packing. Interestingly, the salt bridge cluster
induces in sTIM11lnoCys-SB a similar stability as
observed for sTIM11, namely 4.8 kcal mol™*.?” sTIM11
contains two additional cysteines that are close in prox-
imity but do not appear to form a disulfide bond. How-
ever, STIM11 has a lower m value but an increased Dy
compared to sTIM11noCys and sTIM11noCys-SB. For
DeNovoTIM6-SB a similar trend is observed but with an
even larger stabilizing effect of 1.9 kcal mol ' resulting
in a AG,soc of 9.8 kcal mol™ due to an increase of
m value by 0.25 kcal mol~! M~ L. On the other hand, in
DeNovoTIM13-SB the salt bridge cluster seems to desta-
bilize the protein slightly by —1.3 kcal mol ! resulting in
a reduced AG,s-c of 8.2 kcal mol™*. Also, the m value is
decreased by —0.36 kcal mol ' M~! with a slight increase
of D[1/2J (Table 1)

This shows that despite a similar context of the basic
protein topology, the stability contribution of the salt
bridge residues is different. In STIM11noCys-SB and
DeNovoTIM6-SB the salt bridge cluster has a clear stabi-
lizing effect. On the contrary, a destabilizing effect is
observed in DeNovoTIM13-SB, although both effects are
modulated by changes in the m value. To analyze the
thermodynamic contribution of the salt bridge network
in these de novo TIM barrels in detail, other approaches
as computing the electrostatic energies by in silico muta-
tion to their hydrophobic isosteres®**' or estimating the

(a) sTIM11noCys-SB (7OSU) (b)

Bottom View

Side View

stability changes using a double-mutant cycles'>*™**

could be used. However, due to the cluster nature of the
salt bridges introduced here, the complexity of the analy-
sis would complicate determining the contribution of
each residue. Nonetheless, the stability changes in the
salt bridge variants were correlated with the structural
rearrangements that took place in the barrel when the
salt bridge cluster was introduced.

2.5 | The mutations improve
crystallization properties of the de novo
TIM barrels

In order to analyze the structural effects of the salt bridge
mutations on the de novo TIM barrels, the three-
dimensional structures were solved by protein crystallog-
raphy (Figures 4, S6, and Table S3). For all three parental
proteins, the three-dimensional structures were solved
previously.>” For sTIM11noCys and DeNovoTIM13 crys-
tallization was straightforward and structures were
solved at high resolution. In contrast, crystallization and
structure determination of DeNovoTIM6 was challeng-
ing. Despite a large number of crystals in screening and
trials of several post crystallization treatments, only a
low-resolution structure could be solved. Based on this
experience, we wanted to analyze and compare the

(c) DeNovoTIM13-SB (TP12)

4

ALK

FIGURE 4 Structural conformations of the salt bridge interactions in the de novo TIM barrels. (a) sSTIM11noCys-SB (crystal form 1, PDB
ID: 70SU). (b) DeNovoTIM6-SB (crystal form 1, PDB ID: 70SV). (c) DeNovoTIM13-SB (PDB ID: 7P12). In all panels, upper figures indicate
the view from the bottom of the barrel with the salt bridge residues highlighted in sticks. 2Fo-Fc electron density maps contoured at 1c are
shown as a gray mesh for all the residues/water involved in the salt bridge cluster. Lower figures show the side view of the salt bridge
interactions to analyze their planarity. Dotted lines indicate the salt bridge interactions between the mutated residues whose measures are
reported in Table 2
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crystallization properties of the salt bridge variants with
those of the parental barrels.

Crystallization of all three salt bridge variants started
with screening of several conditions. sTIM11noCys-SB
crystallized in the same space group as sTIM11noCys but
the resolution was considerably improved from 1.88 to
1.37 and 1.51 A (resolution for the two different crystal
forms observed at different pH conditions, respectively).

Similar to its parental protein, DeNovoTIM6-SB
yielded a high number of crystals from screening with a
hit rate of about 15% and crystallization conditions favor-
ing ammonium sulfate as precipitant. Nevertheless, the
crystals showed improved diffraction quality as is
reflected in a decreased mosaicity, improved diffraction
patterns and particularly in an improved resolution from
2.9 A for DeNovoTIM6 to 1.66 and 2.22 A (crystal form
1 and 2, respectively, crystallized in different conditions
and space groups).

Also DeNovoTIM13-SB crystallized in many condi-
tions during screening. The best diffracting crystal was
found in a condition similar to the one of DeNovoTIM13
but had a different space group. We observed an interest-
ing anomaly resulting from the high symmetry of the de
novo TIM barrels: initial data processing assumed the
space group I4, but in the associated unit cell dimensions
only a quarter of the TIM barrel could be fitted
(Figure S7a). Molecular replacement using only a quarter
of DeNovoTIM13 yielded good scores, and symmetry
operations resulted in a nicely reconstructed TIM barrel
using the corresponding symmetry operations with the
center of the protein located in the vertex of the unit cell
(Figure S7b). Nevertheless, for structure determination,
the dataset had to be processed using space group P1,
which produced a unit cell with a volume large enough
for a complete TIM barrel in the asymmetric unit. To
achieve higher completeness and low radiation damage
in the P1 space group, datasets from two crystals from
the same condition were merged. Despite this interesting
observation, it did not affect the diffraction quality as the
structures of DeNovoTIM13 and DeNovoTIM13-SB have
similar resolutions of 1.64 and 1.69 A, respectively.

Since DeNovoTIM6-SB and DeNovoTIM13-SB show a
small dimer population during protein purification and
SEC-MALS measurements, a possible dimer generation
in the crystal structures was analyzed using symmetry
operators and noncrystallographic symmetry. However,
in none of the cases the formation of the oligomer could
be recapitulated that would hint at the structural proper-
ties of DeNovoTIM6-SB and DeNovoTIM13-SB dimers
observed in solution. For DeNovoTIM6-SB, even though
crystallization was set up only with the monomeric pro-
tein fraction, one of the crystal structures (PDB ID:
70T8) shows two molecules in the asymmetric unit;
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nevertheless, no tight interface interactions are observed
in this crystal form.

These observations of improved crystallization can
be correlated with the conformational stability of the
proteins: sSTIM11noCys-SB and DeNovoTIM6-SB both
have an increased stability that in both cases is medi-
ated by the m value, which is connected to the protein
packing. These effects on the crystallization behavior
and the data quality additionally raise interest in the
exact geometry and how it might influence the protein
fold. Therefore, the solved structures were analyzed in
detail regarding the geometry of the cluster residues,
and additional changes of the TIM barrel fold were
investigated.

2.6 | The salt bridge residues arrange
with different geometries on the de novo
TIM barrels

Several previous studies have pointed out that the contri-
bution of a salt bridge to stability is connected with its
geometry, that is, distances and angles.'>***>*® A com-
prehensive overview of possible geometric orientations of
salt bridges and a statistical analysis of their frequency is
given by Donald et al.'® Analysis of the formed geome-
tries of these residues in the solved crystal structures
showed a varying behavior depending on the structural
context of the de novo TIM barrel where the residues
were introduced (Table 2).

The solved crystal structures of the salt bridge vari-
ants did not show deviations in their TIM-barrel topol-
ogy. Interestingly, in all three proteins different salt
bridge geometries are observed. In sTIM11noCys-SB, a
highly ordered salt bridge cluster is formed quite similar
to the intended geometry (Figure 4a). Arg20 shows two
alternative conformations, providing two different salt
bridge sets. One conformation (Arg20-A) forms two salt
bridge interactions with Glu66 and one with Glu158. The
alternative conformation Arg20-B similarly forms two
salt bridges with Glul58 and one with Glu66. Argll2
forms a highly coordinated side-on salt bridge with Glu66
and additionally interacts with Glu158 in an end-on con-
figuration, in both cases via three interactions (Table 2).
These two configurations are expected to be lowest-
energy states based on quantum mechanics calcula-
tions.’® A single energetically favorable salt bridge must
have a good balance between the unfavorable entropic
cost and favorable coulombic interactions. In the case of
a salt bridge cluster formation as observed in
sTIM11noCys-SB, the entropic cost should be lower than
for a single one, as one side chain is already reduced in
its degrees of freedom.**
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No Residue 1 Residue 2 Distance (A) Angle (°) TABLE 2 Salt bridge geometries
of the de novo TIM barrels analyzed in

sTIM11noCys-SB (70SU) this work

1 Arg20A-Nnl Glu66-O¢el 3.3 164.0

2 Arg20A-Nn2 Glu66-Oel 2.7

3 Arg20A-Nn1 Glu158-O¢2 3.8 108.0

4 Arg20B-Nn2 Glu158-O¢2 3.1 101.4

5 Arg20B-Nn2 Glu158-0¢2 3.6 158.8

6 Arg20B-Nn1 Glu158-O¢2 2.6

7 Argl12-Nn2 Glu66-Oel 3.2 95.9

8 Argl12-Nn2 Glu66-O¢2 34 65.8

9 Argll12-Ne Glu66-O¢2 3.6

10 Argll12-Nnl Glul58-O¢l 27 137.8

11 Argll12-Nnl Glu158-O¢2 3.2 170.0

12 Argl12-Nn2 Glu158-O¢2 3.7

DeNovoTIM6-SB (70T8)

1 Arg20-Nnl Glu66-O¢2 3.5 163.2

2 Arg20-Nn2 Glu66-Oe2 2.9

3 Argll2-Nnl Glu158-O¢2 3.0 158.2

4 Argl12-Nn2 Glul158-O¢2 2.8

DeNovoTIM13-SB (7P12)

1 Arg20-Ne H2029 2.7 52.3

2 Arg20-Nn2 H2029 3.1

3 Arg20-Nn2 Glu66-O¢l 3.7 93.2

4 Arg20-Nnl Glul58-O¢2 2.7 157.3

5 Arg20-Nn2 Glu158-O¢2 3.7

6 H2029 Glu66-O¢2 2.6 107.3

7 H2029 Glu66-O¢l 3.1 81.1

8 Argl12-Nn1 Glu66-Oel 31 134.6

9 Argl12-Nn2 Glu158-O¢2 3.0 110.0

The structural analysis of the DeNovoTIM6-SB salt
bridge residues revealed a different configuration. In con-
trast to sTIM11noCys-SB, no cluster is formed between
the four residues and only two independent salt bridge
pairs are observed between Arg20-Glu66 and
Argl12-Glul58. In both cases, two interactions between
arginine and glutamate in a monodentate backside con-
figuration are made (Figure 4b). This reduced number of
interactions in comparison to sTIM11noCys-SB does not
correlate directly with the changes in stability for these
two proteins, where for sSTIM11noCys-SB the stability is
increased by 1.6 kcal mol™' compared to sTIM11noCys,
and DeNovoTIM6-SB increased by 1.9 kcal mol™ com-
pared to DeNovoTIM6-SB (Table 1).

For DeNovoTIM13-SB, again a different configuration
of the introduced network is observed in this case involv-
ing a water molecule (Figure 4c). A bidentate water-

mediated salt bridge is formed between Arg20 and Glu66
additionally to a monodentate direct salt bridge. In addi-
tion, Arg20 interacts with Glul58, which also interacts
via a single salt bridge with Argl12. Closing the network
another single salt bridge is formed between Glu66 and
Argl12 (Table 2). The reduction on the conformational
stability of  DeNovoTIM13-SB compared to
DeNovoTIM13 would indicate possible negative influ-
ences of the salt bridge cluster on the topology. There-
fore, the highly coordinated salt bridge network observed
in the crystal structure indicates that other structural
rearrangements take place in different regions of the bar-
rel. Considering the approach followed to design
DeNovoTIM13 that aimed on the improvement of hydro-
phobic clusters,?” changes in these clusters were analyzed
in DeNovoTIM13-SB as a possible cause for the reduction
in stability. In fact, we observed that DeNovoTIM13-SB
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exhibits a reduction of 409 A in the total area of the
hydrophobic clusters in comparison to DeNovoTIM13
(5,972 vs. 6,381 A2, respectively). Since epistatic effects
play an important role in the stabilization of DeN-
ovoTIMs, a likely reason why DeNovoTIM13-SB reduces
in stability is that the introduction of the salt bridge clus-
ter promotes rearrangements that modify the hydropho-
bic clusters.

Another suggested factor for the stability of a salt
bridge is its planarity, meaning a higher planarity implies
a better coordination of the charged residues resulting in
a higher contribution to the stability."®*’ Analysis of the
three different salt bridge clusters shows highest planar-
ity for sSTIM11noCys-SB (Figure 4a bottom), followed by
DeNovoTIM13-SB with a slight distortion of Argll2
(Figure 4C Dbottom) and lowest planarity in
DeNovoTIM6-SB, which is most likely due to the absence
of a well-formed cluster geometry (Figure 4b bottom). In
addition to the absence of a full cluster in
DeNovoTIM6-SB and the therefore low overall planarity
between the four residues, also the interacting residue
pairs have a low planarity indicating a poor coordination
of the separated salt bridges.

Possible influence of the crystal packing on the salt
bridge geometries were analyzed by comparing the Mat-
thews coefficient (V,,) and solvent content of the differ-
ent variants (Table S3). Crystals of sTIM11noCys-SB and
DeNovoTIM6-SB have a similar V,, of about 1.9 leading
to a solvent content of 36% and 37%, respectively.
DeNovoTIM13-SB on the other hand has a higher V,, of
2.25 with a solvent content of 45%. We deduce that the
better coordinated geometry of sTIM11noCys is not
induced by a tighter crystal packing, as DeNovoTIM6-SB
has a similar solvent content.

Finally, since the design and prediction of salt bridge
networks and their corresponding changes in stability are
open challenges, we tested if the determined changes in
stability observed in the salt bridge variants could be
predicted by Rosetta scoring.

2.7 | Rosetta recapitulates the changes
in stability but not the salt bridge
geometries

Prediction and modeling of salt bridges is challenging
due to the importance of a well-formed geometry of the
involved residues. As we did not perform any preceding
modeling of the introduced salt bridge cluster but based
it on similar clusters observed in the natural TIM barrel
HisF,?*%° we were interested if the introduced electro-
static interactions could be accurately modeled and
scored according to our experimental data. Therefore, the
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mutated residues were introduced into the parental pro-
tein structures using Rosetta Remodel followed by relaxa-
tion of the models.*®* Analysis of the created models
shows that a complete network is rarely built and also
does not score best. Nevertheless, most of the decoys
show partially formed networks with one arginine fre-
quently pointing out. Obviously, generating the geometry
observed in NovoTIM13-SB involving a water molecule is
not possible with this design approach, as no water mole-
cules are included. Still, a more optimized approach
might have led to a better performance.

To analyze the influence of a well-placed salt bridge net-
work on the Rosetta score, the crystal structures of the salt
bridge variants as well as the parental proteins were scored
using the most recent and default scoring function ref2015 in
Rosetta.* First, all structures were idealized using rosetta.
relax with constrained backbone and sidechain geometries
to the starting structure.*® Due to varying residue numbers of
the structures, the Rosetta scores were normalized to the
total number of residues. Comparison of the scores of each
parental protein with its corresponding salt bridge variant
showed a decrease of the total score for sSTIM11noCys-SB
and DeNovoTIM6-SB by —1.24 and —1.37 Rosetta energy
units (REU), respectively. However, DeNovoTIM6 scores
really low with a total of —0.12 REU per residue due to the
low resolution of the structure and the associated poor model
quality including missing side chains. In contrast,
DeNovoTIM13-SB shows an increase of the total score by
0.23 REU compared to DeNovoTIM13 (Table S4).

Comparing the experimentally determined stability
for these proteins with the corresponding scores shows
that Rosetta is predicting a similar trend for all proteins
regarding their stability. For sTIM11lnoCys and
DeNovoTIM6 the score indicates an increase in stability
with the addition of the salt bridge cluster, which was
verified in the unfolding experiments. Also, the scores of
DeNovoTIM13 and DeNovoTIM13-SB are in agreement
with the experiments, showing that in this context the
salt bridge cluster does not have a positive effect on the
stability.

Collectively, using a minimalistic design approach
with Rosetta it was not possible to generate models simi-
lar to the final solved structures, which might be
improved with the introduction of specific constraints
and scores. Nevertheless, scoring of the native salt bridge
clusters reveals clearly that the most recent scoring func-
tion perceives the cluster and considers it positively.

3 | CONCLUSIONS

The engineering, design and prediction of the stabilizing
effect of salt bridges in proteins is a challenging task due
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to the high interdependency of various factors. Despite
the necessity for an optimal geometry, a stabilizing effect
is only achieved with the compensation of the deso-
lvation penalty by the bridging energy and other interac-
tions caused by conformational changes.

Here we studied the effects on structure and stability
by the introduction of a salt bridge cluster into three dif-
ferent de novo TIM barrels. In contrast to findings of
previous studies, which correlated the increased ther-
mostability of many proteins with an increased number
of salt bridges, our analysis showed no influence on the
T,, values for all three proteins. In contrast, analysis of
the conformational stability at 25°C revealed different
stabilizing  effects: in  sTIM11noCys-SB  and
DeNovoTIM6-SB, a clear stabilization by 1.6 and
1.9 kcal mol™" was observed, respectively. In contrast,
DeNovoTIM13-SB is destabilized through the intro-
duced mutations by —1.3 kcal mol'. Nevertheless, also
in DeNovoTIM13-SB the salt bridge cluster has a posi-
tive effect in the reduction of aggregation-propensity
most likely by the change from an irreversible thermal
unfolding process to a reversible one. Our results high-
light the complexity of salt bridges in proteins: despite
the high identity in sequence and structure of all three
proteins, the similar salt bridge clusters have clearly dif-
ferent stabilizing effects.

In addition, we observed improvements on the crys-
tallization properties of the de novo TIM barrels in
comparison with the parental proteins. The structural
analysis revealed highly diverse geometries for all three
proteins, ranging from the absence of a cluster geome-
try and the formation of single salt bridges, via a water
mediated cluster arrangement to a highly coordinated
cluster network. Interestingly, the network geometry
does not correlate with the corresponding stability. For
instance, the crystal structure of DeNovoTIM6-SB rev-
ealed only the presence of two single salt bridges but
the highest stabilizing effect. Due to these diverse
influences of the salt bridge cluster on highly similar
de novo TIM barrels, the influence of salt bridges could
be studied in more detail to partition the stabilizing
and destabilizing components under the same
topology.

Most de novo protein design approaches lack inten-
sive design of salt bridges and especially clusters, despite
their proven importance for stability and function. Our
analysis of the salt bridge TIM barrel variants indicate
that Rosetta is able to predict influences on the stability
with the right tendency. Nevertheless, the modeling of an
accurate cluster geometry is still challenging in a fully
automated approach. The engineering and design of salt
bridge clusters in different natural and de novo proteins

would benefit from an improved understanding of salt
bridges.

4 | MATERIALS AND METHODS

4.1 | Biochemicals

All reagents were analytical grade from Sigma-Aldrich or
Carl Roth, except when indicated. All solutions were pre-
pared with double-distilled water.

4.2 | Cloning, overexpression, and
protein purification

All genes were synthesized and cloned into pET21b(+)
vector by BioCat. Escherichia coli, BL21(DE3) (Novagen)
were transformed with plasmids and used to inoculate
LB precultures supplemented with ampicillin
(100 pg ml~ ') which were grown at 37°C and 180 rpm
overnight. Overexpression was performed in 1 L Terrific
Broth (TB) cultures inoculated on ODgyy 0.08 and then
grown at 37°C. At an ODgg of 0.8-1 overexpression was
induced with 1 mM isopropyl-p-1-thiogalactopyranoside
and growth performed at 30°C for 4.5 hr. Afterward,
cells were harvested by centrifugation (Beckmann
Avanti JLA-8.1000, 15 min, 5,000g, 4°C) and pellets
resuspended in 5 ml per gram pellet with buffer A:
35 mM sodium phosphate, 150 mM NacCl, 35 mM Imid-
azole, pH 8 (supplemented with 100 pl protease inhibi-
tor [Mix-HP, Serva] per 10 ml lysate). Cells were lysed
by sonication (Branson Ultrasonics) (output 4, duty
cycle 40%, 2 times 2 min) and then centrifuged
(Beckmann Avanti JA-25.50, 1 hr, 18,000 rpm, 4°C). The
lysate was filtered with a 0.22 pm filter (Merck Mil-
lipore) and loaded onto a HisTrap HP column (5 ml,
Cytiva) equilibrated with buffer A and coupled to an
Akta system (GE Healthcare Life Sciences). Unbound
proteins were washed out with 20 column volumes
(CVs) of buffer A. Elution of bound protein was per-
formed with a linear gradient over 20 CV from 35 to
300 mM Imidazole using buffer B (35 mM sodium phos-
phate, 150 mM NaCl, 500 mM Imidazole, pH 8)
followed by a step to 500 mM Imidazole for 5 CV. The
peak fractions were pooled, concentrated and loaded
onto a HiLoad 16/600 Superdex 500 preparative grade
column (GE Healthcare Life Sciences) connected to an
Akta System. Elution was performed with 1 CV buffer C
(35 mM sodium phosphate, 150 mM NaCl, pH 8) and
the monomeric peak fractions were pooled and stored at
room temperature or 4°C for use in subsequent
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experiments. For some subsequent experiments the pro-
teins were dialyzed into buffer D (10 mM sodium phos-
phate, pH 8).

4.3 | Analytical size exclusion
chromatography-multi angle light
scattering (SEC-MALS)

SEC-MALS measurements were performed using a Sup-
erdex 75 Increase 10/300 GL column (GE Healthcare Life
Sciences) connected to an Akta Pure System, and coupled
to a miniDAWN multi-angle light scattering detector and
an Optilab refractometer (WyattTechnology). All experi-
ments were performed in buffer C with 0.02% sodium
azide at room temperature and a flow rate of
0.8 ml min~!, using a protein concentration of 1 and
5 mg ml~'. Data collection and analysis were performed
with the ASTRA 7.3.2 software (Wyatt Technology). To
check for reproducibility during the SEC-MALS runs,
BSA standard sample at 2 mg ml~' was measured at the
beginning and end of each measurement day, obtaining
identical results.

44 | Far-UVCD

CD spectra were collected in buffer D with a Jasco J-710
using a Peltier device to control the temperature (PTC-
348 WI). Far-UV CD spectra were measured with a pro-
tein concentration of 0.2 mgml ' in the wavelength
range 195-260 nm at 25°C with a 1 nm bandwidth in a
2 mm cuvette. Spectra of thermally unfolded states were
collected at 95°C. Data were normalized by subtraction of
buffer spectra and then converted to mean residue molar
ellipticity using: [Ovgre] = M---0)/(10---d---c) and
M = (MW/n — 1), where M is the mean residue weight,
MW is the molecular weight in Da, n is the number of
residues in the protein, 6 is the collected ellipticity in
mdeg, d is the path length in mm, and c is the protein
concentration in mg ml . Far-UV spectra were deco-
nvoluted with CDNN.>!

4.5 | Intrinsic fluorescence

Intrinsic fluorescence (IF) spectra were collected in
buffer D with a protein concentration of 0.2 mgml™*
using a Jasco FP-6500 spectrofluorometer and a Peltier
device to control the temperature (Julabo MB). Fluores-
cence was excited at a wavelength of 295 nm and emis-
sion was measured in the wavelength range 310-450 nm
with a bandwidth of 1 nm. Spectra of unfolded protein
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were measured at a Urea concentration capable of
unfolding the protein. The spectral center of mass was
calculated using: SCM = ZA%1,.

4.6 | Thermal unfolding followed by CD

Thermal unfolding was followed by CD at a protein con-
centration of 0.2 mg ml ™" in buffer D in a 2 mm cuvette.
The unfolding was followed in the temperature range 20—
95°C at 222 nm with a heating rate of 1.5°C min". Spec-
tra were normalized to the fraction of unfolded molecules

() by:

yobs_(yN+mnT) (1)

o= G maT) — O + )

with y.ps the observed CD signal at a given temperature,
and (yy + myT) and (¥, + myT) the linear fitting equa-
tions of the native and unfolded regions, respectively.

4.7 | Thermal unfolding followed by DSC
Temperature-induced unfolding experiments by DSC were
collected in a VP-Capillary DSC (Malvern Panalytical).
Samples were assayed at 1.5°C min ' and protein concen-
tration of 1, 2, 3, and 4 mg ml™ "' in buffer D, after exhaus-
tive dialysis and buffer degassing. In all cases, proper
equilibration was performed by running at least two
buffer-buffer scans before sample-buffer experiments. The
last buffer-buffer scan was subtracted from each protein-
buffer scan to perform all thermodynamic analysis. Revers-
ibility was determined by collecting a second endotherm
after the first one was collected. For DeNovoTIM13-SB,
endotherms were also collected at 1 mg mL ™" and varying
scan rate from 1 to 3°C min~'. DSC scans were fitted to a
two-state reversible model (Equation 2):

AH(T)
RTZ

1-£(T)
)

Cp(T)=Bo+BiT+f(T)ACp+ (2)

where B, and B; are pre- and post-transition constants,
n is the number of subunits in the native protein sample
(monomer for all the proteins in this work) and f{T) is
the protein fraction in the folded monomeric state, yield-
ing the parameters AH, ACp, and Ty,. To test the accu-
racy of the fitting, the DeNovoTIM3-SB endotherm at
1 mgml ' was also fitted to an irreversible two-state
model as indicated in Reference 27. Origin v.7.0
(OriginLab Corporation) with MicroCal software was
used for data analysis.
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Stability curves were constructed using DSC parame-
ters and the Gibbs-Helmholtz equation:*

AG(T)=AH (1 —T—i) —AC (Tm T (T_Tm»

(3)

4.8 | Chemical-induced unfolding
followed by CD and IF

For chemical-induced unfolding experiments protein
concentration was 0.2 mg ml~' in buffer D. Initially, the
equilibrium time for chemical unfolding was determined
by incubation of samples at different urea concentrations
(0-9 M). CD and IF spectra were recorded at different
incubation times and 2 days are sufficient for all analyzed
proteins to reach equilibrium. Chemical unfolding exper-
iments were carried out by incubation of samples with
increasing urea concentration for 2 days at 25°C. For all
urea concentrations the CD signal at 222 nm was mea-
sured for 2 min and IF spectra were recorded as afore-
mentioned at 25°C. IF data were processed considering
the intensity ratio at the wavelength of the maximum of
the unfolded spectrum (I;,,) and at the wavelength of the
maximum of the native spectrum (I;,,) at every urea con-
centration (r; = Z—n) IF and CD data at every urea concen-
tration were normalized to the fraction of unfolded
protein using Equation (4), where y,ps is the experimen-
tally observed CD signal or the calculated ratio of IF data
at a given concentration, and (yy-+ mpy[urea]) and
(yu+ mylurea]) are the linear fitting equations of the
native and unfolded regions, respectively.

fU _ Yobs — (yN +my [ureaD (4)

(Y +myurea)) — (yy + my[urea))

Determination of the unfolding free energy AG™2°

was performed by fitting of the data to a two-state model

(N=D) wusing the Santoro and Bolen equation
(Equation 5)°>:
(O -+ m[urea]) + (v + my[ureal) + exp (40" s

v=
1+exp (—AGHZ;;m[urea]>

(5)

where m is AG/[urea], a parameter related with the
dependence of free energy on denaturant concentration
and commonly associated with unfolding cooperativity,
proportional to the surface area of protein exposed to sol-
vent upon unfolding;>*>® T is the temperature of the

experiment (298.15 K), and R the universal gas constant
(0.001987 kcal mol™! K™1). In addition, the denaturant
concentration at the midpoint of the unfolding curve,
D1, reported in Table 1, is equivalent to
D121 = AG™°/m.> Data analysis and fitting was con-
ducted with R and graphs were created with package
ggplot2.>’

4.9 | Crystallization and structure
determination

For crystallization all proteins were in buffer C. Initial
screening was performed with the sitting-drop vapor diffu-
sion method using JCSG Core I-IV, Classics I-1I, PEGs I-II
(Qiagen) in 96-well Intelli plates (Art Robbins Instru-
ments) using a nano dispensing crystallization robot Phoe-
nix (Art Robbins Instruments). Crystallization drops with
a volume of 0.8 pl were prepared with different ratios of
mother liquid and protein (1:1, 1:2, 2:1). Screening plates
were stored at 20°C in the hotel-based Rock Image RI
182 (Formulatrix). Crystallization hits were optimized
using sitting and hanging drop vapor diffusion in MRC
Maxi 48-well plates and VDXm 24-well plates, respec-
tively, with a crystallization drop size of 2 pul. Initial
screening was performed with 10 mg ml~" (STIM11noCys-
SB), 5.9, 8.6, 9, and 12 mg ml™! (DeNovoTIM6-SB) and
8.25 mg ml™' (DeNovoTIM13-SB).

In the following conditions good diffracting crystals
were found: sTIM11noCys-SB (crystal form 1): 50% PEG
200, 0.2 M NacCl, 0.1 M phosphate citrate, pH 5, drop
ratio 2:1 (protein: mother liquid); STIM11noCys-SB (crys-
tal form 2): 34% PEG 200, 0.1 M NacCl, 0.1 M Tris pH
7.78, 0.2 M lithium sulfate, drop ratio 1:1 (protein:
mother liquid); both conditions with a protein concentra-
tion of 10 mg ml!. DeNovoTIM6-SB (crystal form 1):
0.2 M ammonium sulfate, 0.2 M sodium acetate, pH 4.6,
28% PEG 4000 with a drop ratio of 1:1; DeNovoTIM6-SB
(crystal form 2): 0.2 M ammonium sulfate, 0.2 M sodium
acetate, pH 4.3, 31% PEG 4000 with a drop ratio of 1:1;
both conditions with a protein concentration of
8.6 mg ml~'. DeNovoTIM13-SB: 0.17 M sodium acetate
trihydrate, 0.085 M Tris, pH 8.9, 23% PEG 4000, 15% glyc-
erol with a protein concentration of 8.4 mgml ' and a
drop ratio of 1:1.

For DeNovoTIM6-SB diffraction data were collected
at 100 K at the Swiss Light Source at the Paul Scherrer
Institute in Villigen (Switzerland) (PXI beamline) using a
wavelength of 1.00 and a EIGER 16 M X Detector
(Dectris).”® For sTIM11noCys-SB and DeNovoTIM13-SB
diffraction data were collected at 100 K at the Berlin Elec-
tron Storage Ring Society for Synchrotron Radiation
beamline 14.1 and 14.2 (BESSY 14.1 and 14.2) operated
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by Helmholtz-Zentrum Berlin using a wavelength of
0.9184 A and a PILATUS3 S 6 M or PILATUS3S 2M
detector, respectively.*

The datasets were processed with the X-ray detector
software (XDS) using XDSAPP v3.0°®! or command line.
For DeNovoTIM13-SB two datasets of two different crystals
from the exact same condition were merged using XSCALE
to achieve a higher completeness in space group P1. Molec-
ular replacement was performed with PHASER in the PHE-
NIX software suite v.1.19.2% using sTIM11noCys (PDB ID:
6YQY) as a starting model for sTIM11noCys-SB and
DeNovoTIM13 (PDB ID: 6YQX) for DeNovoTIM6-SB and
DeNovoTIM13-SB. Structure refinement was performed
with phenixrefine® and iterative manual model improve-
ment by rebuilding in COOT v.0.9.%* Coordinates and struc-
ture factors were deposited in the PDB database https://
www.rcsb.org/®>  with the accession codes: 70SU
(sTIM11noCys-SB, crystal form 1), 70T7 (sSTIM11noCys-SB,
crystal form 2), 70SV (DeNovoTIM6-SB, crystal form 1),
70T8 (DeNovoTIM6-SB, crystal form 2), and 7P12
(DeNovoTIM13-SB). Secondary structure composition of
crystal structures was calculated using the STRIDE Web
Interface,”®  (http://webclu.bio.wzw.tum.de/cgi-bin/stride/
stridecgi.py). The figures were created using PYMOL Molec-
ular Graphics System v.4.6.0 (Schrodinger, LLC).

410 | Geometric analysis of the salt
bridge cluster

In detail analysis of the salt bridge cluster geometries was
performed in PyMol (Schrodinger, LLC). Distances
reported were calculated by measuring the distance
between the corresponding heavy atoms. Measurements
of the angles for a certain salt bridge were performed as
previously suggested'® measuring the angle between
<(Arg-N°, Arg—CC’, Glu-0%). In case a water molecule was
involved in the salt bridge, either <(Arg-N¢, Arg-C%, H,0)
or <:(Glu-C5, Glu-0°, H,0) were determined depending
on the involved residue type.

411 | Rosetta calculations

Crystal structures of the parental proteins (STIM11noCys—
6YQY, DeNovoTIM6—6YQX, DeNovoTIM13—6Z2I) as
well as of the salt bridge cluster variants (STIM11noCys-
SB—70SU, DeNovoTIM6-SB—70SV, DeNovoTIM13-SB—
7P12) were scored with Rosetta using the ref2015 scoring
function.”® The PDB structures were initially cleaned with
the clean_pdb.py script from Rosetta tools followed by a
relax with constraining the structure, backbone and side
chains, to input coordinates.>

o WILEY-L &

Rosetta models were created by mutation of the salt
bridge cluster residues using Remodel.*® As a starting
model, for sTIM11noCys-SB and DeNovoTIM13-SB the
parental protein structures were used, whereas for
NovoTIM6 the previously created Rosetta model was
used.”” Subsequently, the models and crystal structures
of the parental as well as of the salt bridge cluster vari-
ants were relaxed via an iterative approach until no fur-
ther decrease of the score was observed.
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Supplementary Tables

Supplementary Table 1. Amino acid sequences of parental DeNovoTIMs and salt bridge
cluster variants.

de novo TIM barrel | TIM barrel properties Saquence

Construct derived from the first validated de nove TIM barrel
sTIM11 with the two cysteines revered to the residues in the MDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT
original four-fold design (CBQ and C181V). DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADIL IVDAT
DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT
This TIM barrel does not contain any extra stabilizing mutation DKDEAWKQVEQL RREGATQTAYRSDDWRDLKEAWKKGADTL TWDATGLEHHHHHH
as present on DeNovaTIMs collection

sTIM11noCys

MDKDEAWKQVEQLRREGATRIAYRSDDWRDLKEAWKKGADILIVDAT
DKDEAWKQVEQLRREGATEIAYRSDDWRDLKEAWKKGADIL IVDAT
DEDEAWKQVEQLRREGATRIAYRSDDWRDLKEAWKKGADILIVDAT
DKDEAWKQVEQLRREGATEIAYRSDDWRDLKEAWKKGADILIVDATGLEHHHHHH

Parantal protein sTIM1 1noCys +
mutations to introduce a salt bridge cluster

sTIM11noCys-5B

Construct derved from sTIM11noCys with stabilizing
mutations in the bottom peripheral core formed by the outer
face of the strands and the internal face of the helices

MDKDEAWKQVEILRRLGAKQIAYRSDDWRDLQEALKKGGDILIVDAT
DKDEAWKQVEILRRLGAKQIAYRSDDWRDLQEALKKGGDTL IVDAT
DKDEAWKQVETLRRLGAKQTAYRSDDWRDLQEAL KKGGDILIVDAT
DEDEAWKQVEILRRLGAKQIAYRSDDWRDLQEALKKGGDIL IVDATGLEHHHHHH

DeMNovoTIME

Stabilizing mutations in each quarter
Q111, E15L, T1BK, K310, V34L,

MDKDEAWKQVEILRRLGAKRIAYRSDDWRDLQEALKKGADILIVDAT
DHDEAWKQVELLRRLGAKELAYRSDDWRDLQEALKKGADILIVDAT
DKDEAWKQVEILRRLGAKRIAYRSDDWRDLQEALKKGADILIVDAT
DKDEAWKOVEILRRLGAKEIAYRSDDWRDLQEALKKGADILIVDATGLEHHHHHH

Parental protain DeNovaTIMG +
mutations o introduce a salt bridge cluster.

Construct derived from DeMoTIME with stabilizing mutations

in the top and bottomn peripheral core formed by the outer
face of the strands and the internal face of the helices.

DeMovoTIM13

Stabilizing mutations in each half (included those already

Yzav, D29, K310, V34L.

Parental protein DeNovaTIM13 +

eNovoTIM13-5 i
DeNovaTlN B mutations to introduce a salt bridge cluster.

present on DeMovoTIME): K2V, ABM, WEL, Q11l, E15L. T18K,

MDVDEMLKQVEILRRLGAKQIAVRSDDWRILQEALKKGGDILIVDAT
DVDEMLKQVEILRRLGAKQIAVRSDDWR ILQEALKKGGDILIVDAT
DVDEMLKQVEILRRLGAKQIAVRSDDWRILQEALKKGGDIL IVDAT
DVDEMLKQVEILRRLGAKQIAVRSDDWRILQEALKKGGDIL IVDATGLEHHHHHH

MDVDEMLKQVEILRRLGAKRIAVRSDDWRILQEALKKGGDILIVDAT
DVDEMLKQVEILRRLGAKETAVRSDDWRILQEALKKGGDILIVDAT
DVDEMLKOQVEILRRLGAKRIAVRSDDWRILQEALKKGGDILIVDAT
DVDEMLKQVEILRRLGAKEIAVRSDDWRILQEALKKGGDILIVDATGLEHHHHHH
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Supplementary Table 2. Biochemical and biophysical properties of salt bridge cluster
variants in comparison with the parental proteins.

sTIM11noCys*

sTIM11noCys-SB 4 4 48.3 19.0 27 345 353 8 29 212 12 08

(48.6) (21.9) (30.1)
woTIME" - + {j?;r;) t;gg] {gdzf?} 3 350 14 206 | 220104 10
DeNovoTIME-SB 4t " (‘;'5} (2213':} (?31-;)_ (M3 | 8 28 20s11 08
TIM13* W e _{_33_3) _t;?:_:].] | “!g;g?- s | st 1| 21607 10
e + (-’;;;] (‘2%% (:;'27:521 341 352 11 221 19118 09

* Parameters reported in ref. 27.
Numbers in brackets in the CD data are the calculated values from the three-dimensional
structure.
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Supplementary Table 3. Crystallographic data collection and refinement statistics for the
salt bridge cluster variants. Statistics for the highest resolution shell are shown in parentheses.

Protein STIM11noCys-58 STIM11m0Cys-58 DeNovoTIME-SB DeMNavoTIME-58
{crystal form 1) {crystal form 2) {crystal form 1) {erystal form 2)
PDB ID 705U 1077 TOSV 7078 P12
Wavalsngih 0.9184 09184 1.0000 1.0000 PEIET]
Resolution range 47.3-1.37 (142 - 1.37) 47.33 - 1.513{1.57 - 151) 3281 - 1.86(1.72 - 1.86) 4256 - 2.023(2.31 - 2.22) 32 B5 - 168 (1.75 - 1.68)
Space group P41312 PA1212 P1211 P22i2i P1
Untcell[a, b, o (A) /a, B, ¥ °)] 50.72 50,72 13109/ 90 90 90 SO70S070 132 10/00 0080 2057 6563 4461 /90 9690 37.86 7490 155,15 /909090  39.40 39.47 3940/ 113 102 113
Total reflscticns 518976 (50251) 324368 (30364) 136326 (13716) ZAO5AT (27974) 136123 (13697)
Urigqua reflections AEL42 (3E14) 27807 (2677) 19751 [1947) 22508 (2081) 2018 (1987)
Muttiplicity 14,1(13.8) 13.8(11.3) a.9(7.0) 13,1 {13.4) 6.81(6.9)
Completeness (%) 99.92 (99.92) 09,87 (99.04) 98.B3 (97 45) 08.38 (94.97) Q.67 (59.85)
Mean Ifsigmal) 13,30 (0.94) 18.90(1.01) 7.77 (0.96) 10.90(0.25) 966 (1.13)
Wilson B-lactor 23.47 28,68 274 4703 383
B-merge 0.0870(2.04) 00596 (1.25) 0.1385(1.77) 01409 (1.18) 0.1996 (2 B0)
R-meoas 00904 (2.11) Q0619 (1.35) 01501 (1.99) 01471 (1.26) Q2165 (302)
R-pim 0024 (0.558) 0.017 (0 683) Q057 {1.114) 0041 (0.606) Q083 (1125)
CC1/2 {3005 (0,660} 0,999 (0.425) 01,957 (0.339) {1008 (D.A64) (.987 [0 506)
CC* 0,009 (0.884) 1(0.772) 0908 (0.712) 1 (0.728) 0907 [0.864)
Matthews coefficient ¥, (A4 Da "} 1.93 1.094 196 252 225
Solvent content (%) 38.4 36.8 a7.3 512 454
Pratein molaculas per asymmetric unit 1 1 1 2 1
Raflections used in refinement IB820 (3613) 27787 (2678) 19731 {1846) 22197 (2060) 20140 (1980)
Raflections used for R-frea 1847 (181) 1390 (134) BH6 (97) 1066 (33) 1008 (99)
R-work 0208 (0.359) 0.217 (0:351) 0.210 (0. 332) 0271 (0.368) 01.266 (D.414)
Rfres 5 _0.247 {0.350) 0.247 (0.362) 0.233 {0.394) 0.323 [0.420) _0.315 [0.486)
CCiwork) 0.962 (0. 754) 0.956 10.642) 0,956 (0.655) 0.823 (0.520) 0.946 (0.713)
CCifree) 0.938 (0.836) 0.951 (0.704) 0.921 {LE36) 0916 (0.486) 0.857 (0.463)
Number of non-hydrogen atoms 1598 1513 1495 2601 1274
macromolecules 1484 1430 1353 2542 1252
ligands 14 [u] 36 10 &
solvent 100 jEx] 116 49 21
Protein residues 183 183 173 346 184
FMS{bonds) 0.005 (X1 1]o] 0.008 0.002 0.004
AMS{angles) Q.73 1.00 0,601 0,40 0.69
Ramachandran favored (%) 98.9 a5 5 100.0 96.7 984
Ramachandran allowed (%) 1.1 45 0.0f 33 18
Ramachandran outiiars (%) 0.0 0.0 0.4 00 [1]
Rotarner outliers (%) 0B 08 08 o0 a
Ciashscorne 35 8.1 4.8 25 59
Average B-factor 6.6 408 337 56.4 581
macromolecules a5.7 40.4 25 561 SR8
ligands M5 G717 6.1 5.6
solvent 45.9 478 41.1 2.3 645
Number of TLS groups 5 1 1 1 1

Supplementary Table 4. Rosetta scores for the salt bridge cluster variants in comparison
with the parental proteins.

corowThbarel | s | pomalasd e
sTIM11noCys -231.32 -1.30
sTIM11noCys-SB -463.32 -2.53
DeNovoTIM6 -20.52 -0.12
DeNovoTIM6-SB -258.14 -1.49
DeNovoTIM13 -446.71 -2.47
DeNovoTIM13-SB -409.61 -2.24
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Supplementary Figures
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Supplementary Figure 1. SEC-MALS of the salt bridge cluster variants. A) Monomeric peak
for sTIM11n0oCys-SB, B) Dimer (black lines) and monomer peak (green lines) for
DeNovoTIM6-SB, C) Dimer (black lines) and monomer peak (pink lines) for DeNovoTIM13-
SB. All plots show the elution volume versus either the normalized data for UV absorbance at
280 nm (UV, solid line), the differential refractive index (dRI, dashed line) and the multi-angle
light scattering (LS, dotted line) (left axis), or the calculated molar mass (right axis, dot
symbols). Values derived from the experiments are reported in the Supplementary Table 2. All
experiments were performed in 35 mM sodium phosphate, 150 mM NacCl, 0.02% sodium azide,
pH 8.
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Supplementary Figure 2. Far-UV CD spectra of the salt bridge variants. The comparison
between the parental proteins and the salt bridge variants in their native form are shown in panels
A) (sTIM11n0Cys/sTIM11n0Cys-SB), C) (DeNovoTIM6/DeNovoTIM6-SB), and E)
(DeNovoTIM13/DeNovoTIM13-SB). The experimental data for the native protein (solid lines),
the unfolded protein at 95 °C (dotted lines), and the refolded protein after the T-melt (dashed
lines) for the salt bridge variants are shown in panels B) (sTIM11n0oCys-SB), D) (DeNovoTIM6-
SB), and F) (DeNovoTIM13-SB). All experiments were performed in 10 mM sodium phosphate

pH 8.
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Supplementary Figure 3. Far-UV CD T-melt of the salt bridge variants. All experiments

were collected following the CD signal at 222 nm with a protein concentration of 0.2 mg mL!, a
scan rate of 1.5 °C min’!, and 10 mM sodium phosphate pH 8.
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Supplementary Figure 4. Thermal unfolding of the salt bridge variants followed by DSC.
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Thermal unfolding reversibility was determined by the recovered area percentage by comparing
the first and second scan (continuous and dotted lines, respectively in panels A, C, E).
Thermodynamic parameters were calculated fitting the endotherms collected at different protein
concentrations (open symbols) to a reversible two-state model (continuous lines in panels B, D,

F). In panels A, C, and E, protein concentration was 1.0 mg mL"!. All scans were collected in 10
mM sodium phosphate pH 8.
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Supplementary Figure 5. Thermal unfolding of DeNovoTIM13-SB followed by DSC. A)
Scan rate effects on the melting temperature. Endotherms were collected at scan rates from 0.5 to
3.0 °C min™'. B) Fitting example of an endotherm collected at 1.5 °C min™' (symbols) fitted to the
irreversible two-state model (continuous line). C) Fitting example of an endotherm collected at
1.5 °C min™! (symbols) fitted to the reversible two-state model (continuous line). In all
experiments protein concentration was 1 mg mL™! in 10 mM sodium phosphate pH 8.
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sTIMIIneCys-5B

DeMNavaTIMI3-5B

Supplementary Figure 6. Comparison of the salt bridge interactions for all crystallography
datasets. Top panels show the comparison between the sTIM11noCys-SB datasets for the crystal
form 1 (A) and crystal form 2 (B). Middle panels indicate the comparison between the
DeNovoTIM6-SB datasets for the crystal form 1 (C) and crystal form 2 (D). Bottom panel shows
the salt bridge cluster for the DeNovoTIM13-SB dataset (E).
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Supplementary Figure 7. Molecular Replacement of DeNovoTIM13-SB structure in space
group 14 (#79). A) TIM-barrel quarter generated by the molecular replacement processing of the
data in this space group. B) TIM barrel reconstructed by using the corresponding symmetry
operations. The four quarters are shown in different colors to highlight the proper formation of
the barrel. For both panels, the unit cell is indicated in yellow.
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ABSTRACT

The de novo design promises the production of tailor-made proteins. Nevertheless, so far the
majority of designed proteins have idealized scaffolds without larger cavities which are necessary
for incorporation of binding sites and enzymatic activities. One interesting target for enzyme design
is the TIM-barrel fold, due to its ubiquity in nature and capability to host versatile functions. With the
successful de novo design of a four-fold symmetric TIM barrel, sTIM11, an idealized, minimalistic
scaffold was created. In this work, we attempted to extend sTIM11 by incorporating into its S a-loops
de novo antiparallel coiled coils, which could provide large cavities to host diverse functionalities. A
modular design approach using Rosetta was applied to determine suitable, antiparallel coiled-coil
sequences, introduce them into the TIM barrel and perform optimization to frame single coiled-coil
TIM barrels. Further diversification was performed by exploiting the symmetry of the scaffold
to integrate two coiled coils into the TIM barrel. Biochemical characterization demonstrates the
formation of additional a-helical secondary structure elements and conformational stability indicate
the formation of additional stabilizing interactions. Therefore, the design of a TIM barrel with
increased surface areas and large cavities by introduction of stable coiled coils is substantiated by
experimental data. The successful designs can be further adapted to incorporate ligand binding
and active sites for the ultimate functionalization of the de novo TIM barrels.

1 Introduction

The art of de novo protein design aims to expand the protein universe by creating new molecules with
predefined properties. Recent progress in the design of specific topologies from scratch, including
all-a [1, 2], all-B [3, 4] and a8 proteins [5] has been made by recapitulating natural folds or creating
complete new topologies [6, 7, 8]. One particular protein fold has challenged the field for many
years: the (fa)g- or TIM-barrel fold. Due to its ubiquity among enzymes it is the most common
protein topology in nature and catalyzes a multitude of reactions [9]. Evaluation of natural enzymes
revealed a proportion of about 10 % of the (8 «)g-topology. Therefore, this fold is able to catalyze
five of the seven Enzyme Commission (EC) reaction classes [9]. A TIM barrel is organized in eight
B a-subunits which form a central eight stranded, parallel B-barrel surrounded by eight a-helices
[10, 11, 12]. A key feature of this fold is the spatial separation of stability and catalytic function.
Regions at the N-terminal end of the B-barrel associated with stability are named the “stability
face” [13, 14]. On the opposite site, at the ’top” of the barrel, the “catalytic face” is located [15].
Supported by the extended B ct-loops substrate binding is typically focused in a cavity formed at the
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central surface of the -barrel where catalytic residues are situated [16].

sTIM11noCys

C

ccTiM2 ccTiM5

Figure 1. The de novo designed TIM barrels. A Crystal structure of the cysteine free idealized
de novo TIM barrel is shown in cartoon representation (PBD ID: 6ZQZ [17]). The four symmetric
quarters are shown in different colors and the ¢-helices are dennoted according to their order in
sequence. B The Rosetta model of ccTIM2 is shown in cartoon representation. The introduced
coiled coil is highlighted in green. C The Rosetta model of ccTIMS is shown in cartoon
representation with introduced coiled coils highlighted in purple. In pink the B a-loop is highlighted
which contains three additional residues in the ’GLE’ variants. B and C. Numbering of a-helices
according to sTIM11noCys notation.

Due to its unique structural organization and success in nature, the TIM-barrel fold is a highly
interesting scaffold for enzyme design. For more than two centuries researchers endeavoured to
identify the main structural determinants of this fold to create an idealized TIM barrel from scratch
[18], until Huang et al. [5] succeeded by creating a four-fold symmetric TIM barrel using Rosetta.
Their design, called sTIM11, was verified by a X-ray structure and demonstrated the formation
of an idealized TIM barrel with minimal loops (Figure 1A). With the creation of this idealized

2/21
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TIM barrel new opportunities for de novo enzyme design opened up. Nevertheless, comparison of
sTIM11 with natural TIM barrels highlights, besides its exceptionally well-formed barrel structure,
also improvement possibilities. In contrast to natural TIM barrels, sTIM11 comprises no cavities,
pockets or extended loops on the “catalytic face” suitable for ligand binding or protein interactions.

Thus, for the creation of a functionalized de novo TIM barrel extended surfaces or hydrophobic
pockets are required. Different strategies could be applied to achieve this, ranging from basic
elongation of unstructured loops, over the introduction of small structural elements, up to the
insertion of complete domains. In a recent approach Wiese et al. [19] moved the diversification of
sTIM11 forward by the incorporation of a small a-helix into one of the 8 & loops. Even though their
design did not matched with the solved X-ray structure, due to a distortion induced by the extension,
it highlights the rigidity of the de novo TIM barrel and its capability for further diversification. In
another work, a previously designed ferredoxin fold was fused to a further stabilized TIM barrel
variant to create a cavity between both domains which was functionalized by introducing a metal-
binding site [20]. These two approaches highlight the ability of sTIM11 to serve as a base structure
for further diversification by adding extensions in the  a-loops.

In this work we aimed to extend the family of de novo TIM barrels by adding larger secondary
structure elements to the presumable catalytic face. We decided to use coiled coils for this purpose,
due to their well understood design principles, their wide variety of possible applications and
imagined the formation of increased hydrophobic cavities. De novo antiparallel coiled coils were
incorporated into the Ba-loops creating different ccTIMs. Taking advantage of the four-fold
symmetry of sTIM11 a second coiled coil could be inserted analogously, creating a TIM barrel with
enlarged surface area and possible hydrophobic pockets. This emphasizes also a possible modular
extension strategy for the diversification of de novo TIM barrels. Experimental characterization of
the ccTIM designs featured an increase of a-helical content in CD spectra and stability analysis
indicate stable protein with increased number of stabilizing interactions highlighting the formation
of additional structural elements. Even though no three-dimensional structure could be determined,
these data specify the formation of additional helical structures and emphasize the successful
diversification of de novo TIM barrels with coiled coils.

2 Materials and Methods

2.1 Design Protocol

All modelling and design steps were performed with the Rosetta molecular modelling suite using
the scoring function ref2015 [21, 22]. Detailed command lines, blueprints and options can be found
in the supplementary information. An overview over the design protocol is given in Figure 2.

2.1.1 Antiparallel Coiled Coil - Ab Initio Relax

Initially, an antiparallel coiled-coil model was created by structure prediction using Rosetta Ab Initio
Relax [23, 24]. The sequence from Myszka and Chaiken [25] was adapted to fit our requirements:
N- and C-termini were changed from Cys to Val, the sequence was tailored to two heptad repeats for
each helix, and the loop length was reduced to three residues (Gly-Gly-Pro). Fragment files for ab
initio prediction were created using the Robetta server (http://old.robetta.org/fragmentsubmit.jsp)
[26, 23]. The predicted models were tested for convergence by calculating the RMSD (root mean
square deviation) for all decoys against the lowest scoring model. Plotting the RMSD against the
rosetta total score produced a so called ”folding funnel”. The best scored model was used for
subsequent design steps.

3/21
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2.1.2 Initial Insertion - Rosetta Remodel

Insertion of the best ab initio coiled-coil model into sTIM11noCys, the cysteine free variant of
sTIM11 (PDB ID: 6YQY [17]), was performed with Rosetta Remodel [27] using the -remodel:do-
mainFusion:insert_segment_from_pdb option. Initially, different S a-loops were tested: B30, Bs0is
and Bsag (Figure 1 A). In the supplementary only the blueprint for Bo5-loop is shown, equivalent
blueprints were also used for the other two loops (Suppl. Methods). In detail, N- and C-terminally
of the coiled-coil three or two flanking residues were flexible during the modelling step, respectively.
Following all created models were relaxed using Rosetta relax [28]. Selection criteria were the
Rosetta score and geometrical features of the coiled-coil. One model was selected for further
adaptation and optimization.

2.1.3 Optimization and Adaptation - Remodel

The antiparallel coiled coil as well as the transition regions to the TIM barrel were further optimized
using Rosetta Remodel. Following adjustments were done: (1) sequence redesign of surface residues
with restriction to polar amino acids, (2) sequence redesign according to helical wheel (Figure 2), (3)
adjustment of transition regions and (4) elongation of coiled-coil loop. Details can be gathered from
Blueprint Continuous Helix (Suppl. Methods). Subsequent, all models were relaxed and ranked
based on the score and manual investigation. At this point the first two single coiled-coil designs,
ccTIM2 and ccTIM3, were selected. Further adaptation was performed for ccTIM1 by changing the
o — o-hairpin of the coiled coil. Additionally, helical capping based on the Schellmann motif was
introduced for ccTIM4 [29] . In all cases final relaxation was done before selection of the single
coiled-coil designs, ccTIM1 to 4, for experimental characterization.

2.2 Biochemical Materials

All reagents were analytical grade from Sigma-Aldrich or Carl Roth unless otherwise stated. All
solutions were prepared with double-distilled water. All primers were ordered and synthesized from
Eurofins. All enzymes and chemicals for cloning were obtained from New England BioLabs GmbH.
Cloned constructs were verified by sequencing at myGATC or Eurofins. All other constructs were
synthesized and cloned into pET21b(+) vector by BioCat.

2.3 Cloning Methods

2.3.1 ccTIM1 to 4

Initial constructs with one coiled coil, namely ccTIM1 to 4, were cloned using primers complemen-
tary to the insertion points of the TIM barrel with encoding coiled-coil sequence as overhangs. In a
first step only one ccTIM primer in combination with forward T7 primer were used to amplify the
first half of sTIM11noCys with the first part of the coiled-coil. In the same way, the second ccTIM
primer was used in combination with the T7 reverse primer to create the second half of the TIM
barrel. In a second step, these amplified sequences were used as megaprimers to amplify the pET21a
vector with ccTIM as insert. For further amplification, both according ccTIM primers were used to
multiply the pET21a::ccTIM vector. All polymerase chain reactions (PCR) were performed using
QS5 Polymerase according to the manufacturer’s standard protocol with 1 uM primer mix. The PCR
was performed with an elongation time of 20 sec and 30 cycles. Produced megaprimers were purified
with the PCR clean-up kit from Macherey-Nagel. For megaprimer reaction annealing was performed
at 72 °C with an increased elongation time of 3.5 min. The empty plasmid was digested with Dpnl
for 2h at 37 °C. Amplified segments were ligated at 4 °C over night and following transformed into
chemical competent E. coli Top10 cells (Novagen). Constructs were verified by sequencing.

4/21
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2.3.2 ccTIM5-GLE

The ccTIMS-GLE construct was created via a two step approach. Initially, a half TIM-barrel with
the coiled coil in the center was created via Gibson Assembly. Therefore, pET21a::ccTIM?2 and the
empty pET28c vector were used as template. Using the according forward and reverse primers the
fragments were amplified with a standard PCR reaction using Q5 polymerase. Gibson assembly was
performed with a 1:2 ratio of vector to insert by incubation at 37 °C for 5 h. The assembled product
was transformed into E. coli Top10 cells and verified by sequencing. Using this verified construct
pET28c::ccTIM2-half, a construct with two coiled-coils was produced by duplicating the ccTIM2
half barrel. Therefore, the primers fw_ccTIMS5-GLE _Insert and rv_ccTIMS-GLE _Insert were used to
amplify the insert and primers fw_ccTIMS-GLE_Vector and rv_ccTIMS-GLE_Vector to amplify the
complete pET28c::ccTIM2-half construct. These segments were assembled via the sticky ends of
the generated fragments as previously described and following transformed in Top10.

2.4 Overexpression and protein purification

The plasmids were transformed in E. coli BL21(DE3) (Novagen). A single clone from transformed
cells was used to inoculate LB precultures supplemented with ampicillin (100 pguL~") or kanamycin
(50 uguL~!) and were grown at 37 °C and 180 rpm overnight. Terrific Broth (TB) cultures of 1 L
were inoculated on an ODgg of 0.08 and grown at 37 °C. Overexpression was induced at an ODg(
of 0.8-1 with 1 mM isopropyl-D-1-thiogalactopyranoside (IPTG). For ccTIM2, 3 and 4 expression
was performed for 20 h at 20 °C, for all other constructs at 30 °C for 4.5h. Cells were harvested
by centrifugation (Beckmann Avanti JLLA-8.1000, 15 min, 5000 g, 4 °C) and pellets resuspended in
S mL per gram pellet buffer A: 50 mM sodium phosphate, 150 mM NaCl, 20 mM Imidazole, pH7.5
supplemented with 100 uL. protease inhibitor (Mix-HP, Serva) per 10 mL lysate. Cells were lysed by
sonication (Branson Ultrasonic) (output 4, duty cycle 40 %, 2 times 2 min) and then centrifuged
(Beckmann Avanti JA-25.50, 1 h, 18000 rpm, 4 °C).

All purifications were performed at room temperature. The lysate was filtered with a 0.22 um
filter (Merck Millipore) and loaded on a HisTrap HP column (5 mL, Cytiva) coupled to an Akta
system (GE Healthcare Life Sciences). Removal of unbound protein was done with 20 column
volumes (CV) of buffer A. Bound protein was eluted with a linear gradient over 20 CV from 50 to
300 mM Imidazole using buffer B (50 mM sodium phosphate, 150 mM NacCl, 500 mM Imidazole,
pH7.5). The peak fractions were pooled, concentrated and loaded onto a HiLoad 16/600 Superdex 75
preparative grade column (GE Healthcare Life Sciences) connected to an Akta System. Elution was
performed with 1 CV buffer C (50 mM sodium phosphate, 150 mM NaCl, pH7.5) and the monomeric
peak fractions were pooled and stored at room temperature for use in subsequent experiments. For
ccTIMS, ccTIMS5-SB, and ccTIMS5-GLE-SB buffer A and B contained 300 mM NaCl for increased
yields. Purification of ccTIM2, 3 and 4 was performed with buffers at pH8.0. For some subsequent
experiments proteins were dialysed into buffer D (50 mM sodium phosphate pH7.5 or pH8.0).

2.5 Analytical Size Exclusion Chromatography/Multi Angle Light Scattering (SEC-
MALS)
SEC-MALS measurements were performed using a Superdex 75 Increase 10/300 GL column (GE
Healthcare Life Sciences) connected to an Akta Pure System, coupled to a miniDAWN multi-angle
light scattering detector and a Optilab refractometer (Wyatt Technology). All experiments were
performed in buffer C with 0.02 % sodium azide at room temperature and a flow rate of 0.8 mL/min
using protein concentrations of 1 and 5 mgmL~'. Data collection and analysis was performed with
ASTRA 7.3.2 software (Wyatt Technology). BSA standard sample at 2 mgmL~! was measured at
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the beginning and end of each measurement day to check reproducibility.

2.6 Far-UV Circular Dichroism

Circular Dichroism (CD) spectra were collected in buffer C with a Jasco J-710 using a peltier device
to control the temperature (PTC/348 WI). Far-UV spectra were recorded in the wavelength range
195-260 nm at 25 °C with a protein concentration of 0.2mgmL~! with a 1 nm bandwidth in a 2
mm cuvette. Spectra of thermally unfolded protein were collected at 95 °C and 10 iterations were
averaged. Normalization was performed by subtraction of buffer spectra and conversion to mean
residue molar ellipticity using:

(M-6)
10-d-c

[OMmRE] = (1)
with M = %, where M is the mean residue weight, MW the molecular weight in Da, n the
number of residues in the protein, 6 the collected ellipticity in mdeg, d the path length in mm and ¢

the protein concentration in mgmL~!. Deconvolution of the far-UV spectra was done with CDNN
[30].

2.7 Intrinsic Fluorescence

Intrinsic fluorescence (IF) spectra were collected at 25 °C in buffer C with a protein concentration
of 0.2mgmL~! using a Jasco FP-6500 spectrofluorometer and a Peltier device to control the
temperature (Julabo MB). Excitation of fluorescence was done at a wavelength of 295 nm and
emission measured in the wavelength range 310-450 nm with a bandwidth of 1 nm.

2.8 Thermal unfolding followed by Circular Dichroism

Thermal unfolding was followed by CD at a protein concentration of 0.2 mgmL~! in buffer C in
a 2mm cuvette in the temperature range 20-95 °C at 222 nm with a heating rate of 1.5 °C/min.
Spectra were normalized to the fraction of unfolded molecules (f;,) by:

Yobs — (yN +mNT)

Ju= v +myT) — (yv +myT)

2)

with y,s the observed CD signal at a given temperature, and (yy +myT) and (yy +myT) the
linear fitting equation of the native and unfolded regions, respectively.

2.9 Thermal unfolding followed by Differential Scanning Calorimetry

In addition, Differential Scanning Calorimetry (DSC) was used to follow the thermal unfolding of the
proteins using a VP-Capillary DSC (Malvern Panalytical). Samples were measured with a scanning
speed of 1.5 °C/min and at protein concentrations in the range between 0.5 and 4 mgmL~! in buffer
D after exhaustive dialysis and buffer degassing. Buffer-buffer scans were performed prior to all
sample-buffer experiments and the last buffer-buffer scan was subtracted from each protein-buffer
scan for thermodynamic analysis. Reversibility was determined by collecting a second endotherm
after the first one was collected. The percentage of reversibility was determined by comparison the
calorimetric AH for first scan and rescan (AHyescan/ AH firstscan) - 100). DSC scans were fitted to a
two-state reversible model:
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AH(T) [ 1—f(T)
C,(T)=By+B\T + f(T)AC, + = (3)
p(T)=Bo+Bi (T)AC RT? <l—n~|—f—(T)>

where B and B; are pre- and post-transition constants, n the number of subunits in the native
protein sample (monomer for all ccTIMs) and f(T) the protein fraction in the folded monomeric
state, yielding the parameters AH,AC), and T;,.

The van’t Hoff enthalpy (AHvH )) was calculated with:

_ 4RTXCpz,

AL “4)

vH

with R the universal gas constant in cal mol™! K1, T,, the melting temperature in K, Cp T, the
heat capacity value at Tp, and AH the total calorimetric enthalpy of the endotherm ([31]). Data
analysis was done with Origin v.7.0 (OriginLab Corporation) with MicroCal software.

2.10 Chemical-induced unfolding followed by CD and IF

Chemical-induced unfolding was performed with Urea at a protein concentration of 0.2 mgmL ™!
in buffer D. First, the equilibrium time was determined by incubation of samples at different urea
concentration (0-6 M). CD and IF spectra were recorded at different incubation times and 2 days
are sufficient for all analysed proteins to reach equilibrium. Following samples with increasing
urea concentration were incubated for 2 days at 25 °C. For all samples CD signal at 222 nm was
followed for 2 min and IF spectra were recorded as aforementioned at 25 °C. IF data were processed
considering the intensity ratio at the wavelength of the maximum of the unfolded spectrum (/)
and at the wavelength of the maximum of the native spectrum (I;») at every urea concentration
(ry = g—i:). IF and CD data at every urea concentration were normalized to the fraction of unfolded
protein using equation 5, where y,bs is the experimentally observed CD signal or the calculated ratio
of IF data at a given concentration, and (yy +my[urea]) and (y, + m,[urea]) are the linear fitting
equations of the native and unfolded regions, respectively.

(yf +mf[urea]) — Yobs

(vf +myglurea)) — (yu + my[urea)) 5)

fu=

The unfolding free energy AGH29 was determined by fitting of the data to a two-state model (N
= D) using the Santoro Bolen equation [32]:

H O_m urea
5 (vF +mplurea]) + (yy +my [ureal) - exp (—AGzR—T[]> o
U pr—
1+ exp <—_AGH201;T’"[WM}>

where m is AG/[urea], T is the temperature of the experiment (298.15 K) and R the universal
gas constant (0.001987 kcalmol~! K~1). Data analysis and fitting was conducted with R [33, 34]
and graphs were created with package ggplot2 [35].
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3 Results

Detailed structural analysis of STIM11 illustrates a flat surface with minimalistc 8 &-loops lacking
structural features required for the design of functional sites. Hence, increasing its surface area
and creating cavities are the first steps required for the design of a functionalized de novo TIM
barrel. It was already shown in previous works that the 8 a-loops are suitable for the incorporation
of additional structural elements [19, 20]. To create hydrophobic cavities and interaction areas we
aimed to introduce larger structural elements. Coiled coils are a particularly suitable supersecondary
structure element for this approach due to the well understood design principles and the high
versatility of applications [36]. Therefore, we aimed to utilize these as building blocks in the
extension of the de novo TIM barrel. As sTIM11 holds two cysteine resiudes which do not form the
intended disulfide bond in the solved structure, we used the cysteine free variant, sSTIM11noClys,
which is reported in Romero-Romero et al. [17].

3.1 Design Strategy

The design of a coiled-coil TIM barrel, termed ccTIM, was accomplished using a multi-step design
strategy (Figure 2). The design started with the creation of a backbone for the coiled coil (1), which
was subsequently inserted into sTIM11noCys (2), in the following modified and optimized to create
arigid coiled-coil (3) and finally four designs were selected for experimental characterization (4)
(Figure 2). Henceforth, a detailed description of these steps is given.

In a first assessment of our design goal, the introduction of coiled coils into the B a-loops of
sTIM11n0oCys, we analysed the existing set of de novo designed coiled coils: although a large
number of parallel arrangements of different lengths and oligomerization states have been designed,
a shortage of de novo antiparallel coiled coils exists [37, 36]. Despite achievements in the design
of antiparallel coiled coils as homodimers or higher oligomers [38, 39, 40, 41], we did not find
examples of de novo designed two-stranded, intramolecular coiled coils in an antiparallel orientation
in literature. As we aimed to introduce a coiled coil of this composition, no suitable model
was available. Nevertheless, Myszka and Chaiken [25] proposed a sequence of a two-stranded,
intramolecular, antiparallel coiled coil and showed experimental evidence for this arrangement.
Using this sequence we performed ab initio predictions with Rosetta and successfully obtained a
high quality model with the intended topology. With its 56 residues this coiled-coil sequence is
relatively large in proportion to sTIM11n0oClys, therefore the repetitive sequence was reduced from
3.5 to two heptad repeats and the loop was halved to three amino acids (Figure 2-Ablnitio Model).
The tailored sequence was again applied to ab initio predictions and analysis revealed a folding
funnel with low scoring models having low RMSDs, substantiating the sequences compatibility to
the antiparallel coiled-coil geometry.

The best scoring ab initio model was selected and in the next step inserted into sTIM11noClys.
We assumed that the Ba-loops of the second and third quarter are most suitable for insertion of
the coiled coil due to their lower B-factors in the crystal structures of sSTIM11 and sTIM11noCys
[5, 17]. Additionally, the spatial distance to the termini potentially reduces interference with the
folding and closing of the TIM barrel. Therefore, we tested the four loops in the second and third
quarter of the TIM barrel as possible insertion points for the coiled coils by using Rosetta Remodel.
Premised on the overall rosetta score the B405-loop was selected for further design steps, which
was also used by Wiese et al. [19]. For the design of the transition regions between TIM barrel and
coiled coil a larger set of models was calculated, revealing highly diverse orientations of the coiled
coil in respect to the TIM barrel, which might reflect possible flexibility (Figure 2-Insertion).
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Figure 2. Design Strategy of ccTIMs. Ab Initio Model. Customised sequence of Myszka and
Chaiken [25] for the antiparallel coiled coil used for the ab initio prediction is shown with notations
for the heptad repeat positions. On the right folding funnel for models is shown with best scoring
model highlighted in red and following three in green. Structure of best scored model is shown in
cartoon representation. Insertion. In a second step designed coiled coils were inserted into the TIM
barrel. Best five models are shown in cartoon representation illustrating high diversity of coiled-coil
orientation. Optimization The orientation of the coiled coil was particularized by continuous helix
and further optimization of the coiled coil sequences with amino acid restrictions based on the
shown helical wheel diagram. Final Designs Coiled coil sequences as well as Rosetta models of the
four selected designs are shown. Directionality is indicated byh red letters for termini.
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By elongating the second helix of the coiled coil to form a continuous helix with the a-helix of
the TIM barrel we wanted to address this and rigidify its orientation. Therefore, the sequence of
the transition region was shortened and restricted to an helical secondary structure. Only models
with a continuous helix and low score were selected by manual analysis of the geometry for further
optimization (Figure 2-Optimization). Based on previously determined design principles, the
sequence of the coiled coil was redesigned [37, 42]: The characteristic heptad repeat of coiled
coils, typically notated as a-g, can be depicted using a helical wheel diagram, which displays the
orientation of the residues to each other in the assembly. Based on this representation, the coiled-coil
interface is formed by the a and d residues, which were restricted in our sequence design to Ile, Leu,
Val or Ala in order to form a stable hydrophobic core. The flanking residues, e and g, were restricted
to charged residues in order to shield the hydrophobic interface from the solvent and to enable ionic
interactions stabilizing the two helices in an antiparallel orientation.

Furthermore, the transition regions between the TIM barrel and the coiled coil were redesigned
using only secondary structure restraints. The designs were filtered by the overall score and the final
selection was based on geometrical analysis and two designs were selected: ccTIM2 and ccTIM3.
In a final optimization round the a-hairpin of the coiled coil was addressed, and helical capping
using the Schellman motif was installed resulting in the designs ccTIM1 and ccTIM4. These single
coiled-coil designs, ccTIM1-4, were characterized as described in 3.2. The experimental data show
only for ccTIM2 potential formation of a coiled coil.

A main design feature of sSTIM11 was the four-fold symmetry, which we aimed to utilize by
introducing multiple coiled coils in the different TIM barrel quarters in order to further increase
the available area for functionalization and to create larger cavities. Therefore, we repurposed the
coiled-coil sequence of ccTIM2 and grafted it into two opposing 8 o-loops to reduce the likelihood
of steric clashes between them. In ccTIM?2 the coiled coil was introduced in the B4 a5-loop, however
on the opposite side the protein termini are located. Thus for the new variants the coiled coils
were introduced into the B, a3 and Bgy (Figure 1B and C). This led to two constructs with double
coiled-coil designs, namely ccTIMS and ccTIMS-GLE. The later one comprises three additional
residues (Gly-Leu-Glu) in the B405-loop which were unintentionally introduced during cloning.
Finally, we improved the stability and crystallization behaviour of a set of de novo TIM barrels by
the installation of a salt bridge cluster at the bottom face of the -barrel by mutation of four residues
[43]. In order to achieve a similar effect on the ccTIMs we introduced identical mutations into
ccTIMS and ccTIMS-GLE generating ccTIM5-SB and ccTIMS-GLE-SB, respectively. Sequences
of all ccTIM variants are shown in Figure S1.

3.2 Characterization of single coiled-coil TIM barrels

The single coiled-coil designs ccTIM2, 3 and 4 were expressed soluble in E. coli and could be
purified with sufficient yields. All three constructs exhibit monomeric, homogeneous peaks in an
analytical size exclusion chromatography (SEC) and calculated weights correspond to a monomeric
species (Figure S2A). Analysis of secondary structure content by circular dichroism spectroscopy
revealed well folded protein only for ccTIM2 and ccTIM3. Both show typical S a-protein spectra
similar to sTIM11n0oCys, though only for ccTIM2 an increased o-helical signal indicates the
formation of the coiled coil (data for ccTIM2 shown in Figure 3B, comparison between the three
proteins is shown in Figure S2B).
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3.3 Characterization of ccTIM5 variants

All constructs with two coiled coils could be expressed soluble and purified to homogeneity. In
comparison to sTIM11noCys and ccTIM2, reduced yields were observed for ccTIMS, ccTIMS-SB
and ccTIMS-GLE-SB. Additionally, ccTIMS and ccTIMS-SB were highly prone to aggregation after
purification and precipitated rapidly. SEC-MALS measurements evince homogeneous, monomeric
species with concentration independent behaviour for all constructs (Figure 3A) and calculated
masses correlated with theoretical values of monomeric proteins (Table S1).
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Figure 3. Biophysical analysis of ccTIMs. A. SEC-MALS measurements of sSTIM11noCys and
ccTIMs at 1 mgmL~". Plot showing the elution volume versus either normalized data for UV
absorbance at 280 nm (UYV, dotted lines), the differential refractive index (dRI, dashed line), and the
multi-angle scattering (LS, solid lines), or the calculated molar mass (right axis, dot symbols).
Values derived from this experiments are reported in the Supplementary Table 1. B. Comparison of
native Far-UV CD spectra of sTIM11noCys and ccTIM variants. All spectra were collected at
0.2mgmL~! and were normalized to mean residue ellipticity.

CD spectra are compatible with o 3-proteins with an overall comparable secondary structure
composition to sSTIM11noCys (Figure 3B). For all variants an increase in o-helical signal is observed,
though for ccTIMS-SB it is merely in the magnitude of ccTIM2. In contrast, further gain of o-
helical content is exhibited by ccTIMS, ccTIMS-GLE and ccTIMS-GLE-SB with latter two showing
highly similar spectra. Additionally, CD spectra were deconvoluted and compared to the secondary
structure content of the Rosetta models (Table S1). The 3-strand content is similar for all ccTIMs and
sTIM11noCys and corresponds to the predicted amounts. The highest a-helical content is predicted
for ccTIMS-GLE and ccTIMS-GLE-SB with about 63 %, being even higher than calculated from the
Rosetta models. The value for ccTIMS and ccTIMS-SB is lower, but still indicates a small increase
of a-helices compared to ccITM2 and correlates well with the models. Interestingly, the content
of random coils is similar for all ccTIMs and significantly lower than for sTIM11noCys.Therefore,
the deconvolution data reinforces the observed increase in a-helical content in the CD spectra,
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especially for ccTIM2, ccTIMS-GLE and ccTIM5-GLE-SB. Additionally, it highlights the positive
effect of the ’GLE’ residues on the formation of additional helical structures.

3.4 Coiled-coil insertions alter the thermostability

A first assessment of the thermal stability of ccTIMs was performed by monitoring the temperature
induced unfolding by CD (Figure 4A). All analysed ccTIM variants show reversibility of unfolding
as determined by comparison of CD spectra of native, unfolded and refolded protein (Figure S3).
Only ccTIMS and ccTIMS-GLE-SB exhibit reduced CD signal after refolding (Figure S3B and D)
indicating reduced reversibility. Comparison with sTIM11noCys (Ty, = 73.6 °C) revealed only a
marginal destabilization of most ccTIM variants (Table 4). Notably, ccTIMS and ccTIMS-SB exhibit
reduced thermal stability by about 11 and 6 °C, respectively. In contrast, for ccTIM2, ccTIMS-GLE
and ccTIMS5-GLE-SB only minor changes in melting temperature of up to 2.5 °C were determined.
Due to its low stability and aggregation prone behaviour, ccTIM5 was not included in further
analysis.
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Figure 4. Thermodynamic Stability analysis of ccTIMs. A Thermal unfolding followed by CD.
B Thermal unfolding followed by DSC. Endotherms were collected at 1.5 °C/ min and a protein
concentration of 1.0mgmL~!. Data from sTIM11noCys was reported in [17].

For a more accurate analysis of the thermal stability differential scanning calorimetry (DSC) was
used. Interestingly, a contrary trend is observed in comparison to the CD data. All ccTIM variants
exhibit a higher melting temperature in comparison to sTIM11noCys and the ccTIM ranking by
DSC melting temperature differs from rank order by CD derived 7;, values (Figure 4 and table 1).
One possible reason is the different salt concentration used for CD and DSC measurements, but it is
intriguing that a higher thermal stability was determined in conditions without salt. With a .25 of
67.30 °C ccTIMS-SB is the least stable variant followed by ccTIM2 and ccTIMS-GLE. In contrast,
ccTIMS-GLE-SB exhibits a three state-unfolding with a first transition at about 50 °C and complete
unfolding at 70.25 °C, which is the highest T25C for all ccTIMs.Reversible thermal unfolding was
verified for ccTIM2, ccTIM5-GLE and ccTIM5-SB as the recovered area is above 85 % and data
was fitted to a reversible two-state model (Figure S4A, C, E). However, ccTIMS5-GLE-SB shows
reduced reversibility of unfolding with a recovery rate of 81.2 % and therefore was not fitted to a
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reversible model (Figure S4G). For all four ccTIM variants a concentration independence of thermal
unfolding was verified (Figure S4B, D, F, H).

Analysis of the unfolding enthalpy AH, which is related to the number of stabilizing interactions
in a protein and therefore is proportional to the molecular weight, can give insights in the fold
organization and indicates the formation of well-folded proteins. For sTIM11noCys, ccTIM2,
ccTIMS-GLE and ccTIMS-GLE-SB AH increases with the molecular weight indicating the formation
of additional bonds in these ccTIM variants (Table 1). In contrast, ccTIM5-SB exhibits only a minor
AH increase compared to sTIM11noCys thus, being inconsistent with its higher molecular weight
and implying a lower number of stabilizing interactions compared to the other ccTIM variants. This
is also in agreement with the overall reduced CD signal (Figure 3 B) for ccTIMS5-SB in comparison
to the other double coiled-coil designs, indicating an imperfect folding of the coiled-coil insertions.

Data of ccTIM2 and ccTIMS-GLE could be well fitted to a two-state model and further ther-
modynamic parameters were determined. The heat capacity change AC}, of both proteins increases
significantly in comparison to sSTIM11noCys (Table 1). The heat capacity of a protein is related
to its hydration state, with a positive contribution for hydration of non-polar groups and a nega-
tive contribution for polar groups. The overall heat capacity change upon unfolding is therefore
positive for globular proteins [44]. The increased AC,, for ccTIM2 and ccTIM5-GLE indicates the
formation of additional structures with hydrophobic cores which are hydrated upon unfolding. This
is in agreement with AH values and indicates the formation of globular proteins with additional
structural regions, as expected for successful designs. Fitting of ccTIMS-SB to a two-state model
was insufficient due to poor baselines, therefore the determined parameters are not reliable and
further analysis of the global thermodynamic stability was not performed.

The ratio of the van’t Hoff enthalpy and the measured enthalpy is determined as the Calorimetric
criterion, which can be used to judge reversibility, unfolding process and influences of protein
aggregation of DSC measurements. Since STIM11noCys, ccTIM2, and ccTIMS5-GLE exhibit values
around 1 a two-state unfolding mechanism was confirmed and protein aggregation can be eliminated.
For ccTIMS-SB the calorimetric criterion was also determined, even though the data fits only poorly
to a two-state model. Nevertheless, as AC), is highly influenced by baseline fits and consequently
influences the calculation of the van’t Hoff enthalpy, this has to be considered with caution. The
thermodynamic data further substantiates the formation of additional stable structures in ccTIM?2
and ccTIMS-GLE. The insertion of the coiled coil reshapes the thermodynamic stability of the TIM
barrel with a 7;, raise by around 2 °C and an increase of AH by 10 to 15 kcalmol~! per additional
coiled coil. Also the additivity of these effects with the insertion of the second coiled-coil assists the
assumption that the coiled-coils are well formed in ccTIM2 and ccTIM5-GLE.

3.5 Conformational stability of ccTIMs is increased

Conformational stability of ccTIMs was investigated by chemical unfolding with Urea and followed
by CD and IF. All proteins show a reversible, cooperative unfolding with coinciding CD and IF
transitions, except for ccTIMS5-GLE-SB which exhibits deviating unfolding transitions (Figure
5D and S5). The combined IF and CD data of ccTIM2, ccTIM5-SB and ccTIMS5-GLE as well
as separated data of ccTIMS5-GLE-SB fitted well to a two-state model. For all analysed ccTIM
variants the conformational stability was increased in comparison to sTIM11noCys (Table 1). The
unfolding of ccTIM2 and ccTIM5-SB show highly similar transitions with identical Dy but
slight variances in the cooperativity with a higher value for ccTIM2 and consequently differing
AGjsoc. For ccTIMS-GLE the transition curve is more similar to sSTIM11noCys, but with increased
values for all parameters. Interestingly, the AG,5.c of ccTIM2 and ccTIM5-GLE is identical with
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Figure 5. Chemical unfolding of ccTIMs. Chemical unfolding with urea at 25 °C, circles
representing CD data and triangles fluorescence data. For ccTIM5-GLE-SB fitting of CD and IF
data is shown separately: CD - dotted lines, IF - dashed line. For all other data continous line shows
the combined fit. Data from sTIM11noCys was reported in [17].

5.3kcalmol !, but m and Dy1/2) vary, showing a lower cooperativity for ccTIM2.

Comparison of ccTIMS-GLE-SB with sTIM11noCys and other ccTIM variants is more difficult.
Traditionally, non-coinciding transitions in chemical unfolding are evidence for a non-two state
unfolding. Nevertheless, as there is no evidence for an intermediate state in either of the two
transitions, we assume a two-state transition which is also assisted by the fact that both techniques
monitor different structural changes. CD monitors the decline of secondary structure and IF follows
the unfolding of the tertiary structure by monitoring tryptophan fluorescence. As no Trp residues are
present in the coiled-coil insertion, only the TIM barrel unfolding is monitored by IF. In contrast,
both TIM barrel and the coiled coil insertions contribute to the transition monitored by CD. This is
also reinforced by separately comparing the IF and CD transition of sTIM11noCys with the other
ccTIMs. The IF transition is more similar to the unfolding of sTIM11noCys and the determined
parameters show a further stabilization of the TIM barrel, most likely induced by the incorporation
of the salt bridge cluster (Figure S5D). In contrast, in the CD transition also the coiled-coil unfolding
can be monitored and comparison shows high accordance of the CD transition of ccTIMS5-GLE-SB
with ccTIM2 and ccTIM5-SB. Another reason for the non-coinciding transitions could be a not fully
reached equilibrium for this protein after a incubation of 2 days. Comparison of both transition
curves shows high agreement up to 2M Urea. At higher denaturant concentrations the TIM barrel,
monitored by IF, unfolds faster with higher cooperativity. Contrary, the unfolding of the secondary
structure is less cooperative. A more detailed kinetics analysis of the unfolding of ccTIMS5-GLE-SB
would be required to refine its unfolding pathway.

In summary, the conformational stability of all ccTIM variants is increased in comparison
to sTIM11n0oCys. Especially, ccTIM2 and ccTIMS5-GLE show a high stability with a two-state
transition and highly similar stability parameters, but also ccTIMS5-GLE-SB exhibits promising
stability features. This data is also in agreement with previously shown data of the biochemical
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characterization and thermal unfolding. Altogether the experimental data of these three designed
proteins, ccTIM2, ccTIMS-GLE and ccTIMS5-GLE-SB, indicate the formation of additional, stably
formed secondary structure elements and promote the assumption of a successful design approach.

4 Discussion

In this work we attempted to further diversify the family of de novo TIM barrels by introducing
antiparallel coiled coils into the 8 o-loops of STIM11n0oCys [5]. This original protein has an idealized
topology with minimalisitc loops and therefore misses any extended surface areas and cavities for
installation of binding and active sites. Due to the well understood design principles and their
highly diverse applicability, we chose antiparallel coiled coils as insertion module. By separating
the coiled-coil generation, the insertion into the TIM barrel, and the optimization of the final designs
the complexity of each step was reduced and adjustments could be easily performed to fit our
requirements. Starting with the creation of an antiparallel coiled coil as stable building block we
were able to test different loops for optimal insertion points. Additionally, we identified variability
of the coiled-coil orientation as a possible concern and aligned our design approach accordingly
to ensure a steady transition from the coiled coil into the ¢-helix of sTIM11noCys. Additional
sequence redesign of the coiled coil and the transition regions to the TIM barrel were performed to
find low energy sequences and four designs were selected for experimental characterization.

After initial characterization, one coiled coil proved to be most suitable and was therefore utilized
for the creation of further extended variants by introduction of two identical coiled coils into opposing
B a-loops. In the attempt to further stabilize the TIM barrels, the previously reported stabilizing salt
bridge was introduced [43]. The final set of ccTIM variants consisted of the best single coiled-coil
variant ccTIM?2, the double coiled-coil variants ccTIMS5 and ccTIM5-GLE, and the variants with
additional salt bridge mutations at the N-terminal face of the -barrel, ccTIM5-SB and ccTIM5-
GLE-SB. Biochemical characterization highlighted the leading variants to be ccTIM2, ccTIM5-GLE
and ccTIMS5-GLE-SB, due to their CD spectra being compatible with the designs, increased thermal
stability and a non-aggregation prone behaviour. These three variants exhibited an increase of the
o-helical secondary structure content in conformity with the inserted coiled coil. Further on, detailed
analysis of thermodynamic and conformational stability of these variants emphasizes the formation
of additional, well-folded secondary structure elements. Contrary to frequent observations, that
insertions have a destabilizing effect on protein folds ([45, 46], upon insertion of the coiled coils no
thermal or conformational destabilization of the TIM barrel was induced. Evaluation of DSC data
revealed an increase of AH for ccTIM2, ccTIMS5-GLE and ccTIM5-GLE-SB which is associated with
the higher number of intramolecular interactions. Additionally, ccTIM2 and ccTIMS-GLE could be
fitted to a two-state model allowing the determination of AC,, which is increase for both proteins
and refers to an increased hydration upon unfolding. Consequently, DSC analysis specifies the
stable formation of secondary structure elements without disrupting the TIM barrel scaffold. Further
analysis of the conformational stability by chemical unfolding with urea revealed an increased
AG for ccTIM2 and ccTIMS-GLE. Both proteins show a well defined two-state unfolding process
with high cooperativity and increased stability values, which suggests the formation of additional
stabilizing interactions with a well formed hydrophobic core.

ccTIMS-GLE-SB is a special case in both, DSC and chemical unfolding, as it exhibits two
transitions in both experiments. As CD follows secondary structure and IF tertiary structure changes
during chemical unfolding, we speculate that for this protein the coiled coil unfolds independently
of the TIM barrel. This is in agreement with DSC analysis which also outline two transitions upon
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thermal unfolding. Nevertheless, detailed analysis of this protein would be required to determine its
exact unfolding process. Another interesting observation is the importance of the additional ’"GLE’
residues in the B4as-loop for all ccTIMS variants. Direct comparison of the ccTIMS variants with
their respective ’GLE’ variant shows a higher amount of & helical content in CD and a significantly
higher 7, for ccTIM5-GLE and ccTIMS5-GLE-SB. Additionally, ccTIMS and ccTIMS5-SB were
prone to aggregation and only ccTIMS-SB was stable enough to be characterized in detail. However,
the thermal and conformational stability parameters of ccTIM-SB were less promising and did not
indicate formation of the coiled coils. Following, the ’GLE’ insertion seems to have a positive effect
on the ccTIMs either by stabilizing the TIM barrel or by direct interaction with the coiled coils.

In summary, our approach to create larger cavities in sTIM11 by incorporating antiparallel
coiled coils, delivered a set of promising designs. For three proteins, ccTIM2, ccTIMS-GLE and
ccTIM5-GLE-SB, the experimental data emphasize the formation of stable coiled coils. Although the
designs could not verified by a 3D structure yet, the biochemical and thermodynamic measurements
highlight the formation of stable additional structures with well formed hydrophobic cores, additional
intramolecular interactions and a high o-helical content.

In comparison to recent works, which introduced a full domain or a short ¢-helix into the de
novo TIM barrel [20, 19], our approach of introducing coiled coils has some advantages. First, the
created interface and cavities are larger compared to a small a-helix and can be adjusted easier
than complete domains due to a less complex structure of the coiled coils. Additionally, as shown
by introducing one and two coiled coils into the TIM barrel the designed proteins can easily be
extended further. On the one hand it should be possible to introduce further coiled coils into the
remaining symmetry related S a-loops which would result in a four-fold coiled-coil arrangement
with a large pocket on top of the TIM barrel. On the other hand it might also be interesting to shuffle
different approaches by combining the coiled-coils with the designed ¢-helix. Furthermore, a large
set of diverse TIM barrels with varying stabilities was created already in previous works [18, 43]
and introducing the designed coiled coil in these proteins might result in proteins with tailored
stabilities and cavities suitable for the design of functional de novo TIM barrels. On the way to
create tailor-made enzymes a main challenge is the determination of stable scaffolds suitable for the
incorporation of a specific active site geometry [47, 48]. The de novo TIM barrels exhibit excellent
features of a design platform and with the diverse set of extension created in previous and in the
current work make a diverse set of topologies available, which can be combined to meet different
geometries.
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Supplementary Methods

Specific options for Rosetta modelling is given in the following with exact blueprints in the next
section.

For all calculations Rosetta version 2017.34 was used with the scoring function ref2015.

1. Options used for ab initio calculations

-database Rosetta/main/database
-abinitio:relax

-in:file:fasta coiledcoil.fasta
-in:file:frag3 3fragm
-in:file:frag9 9fragm

-nstruct 5000

2. Options used for initial insertion into sTIM11noCys

-database Rosetta/main/database

-remodel:blueprint blueprint_initial_insertion.txt

-remodel :domainFusion:insert_segment_from_pdb CoiledCoil.pdb
-remodel :num_trajectory 5000

-remodel: :quick_and_dirty

-find_neighbors

3. Options used for optimization of continuous coiled coil

-database Rosetta/main/database

-remodel :blueprint blueprint_ContinousHelix.txt
-remodel :num_trajectory 5000

-find_neighbors

-no_optH false

-ex1l

-ex2

4. Insertion of helical capping for ccTIM1 and ccTIM4

-database Rosetta/main/database
-remodel:blueprint blueprint_optimization
-remodel :num_trajectory 5000
-find_neighbors

-no_optH false

-ex1

-ex2
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Blueprints

blueprint_initial_insertion.txt

1D. 53 Q . 0x1I

2 K. 54 L . 0xTI
3D. 55 R . 0x1I
4 E . 56 R . 0x1I
5A. 57 E . 0x1I
6 W . 58 G . 0x1I
7 K. 59 A . 0x1I
8 C . 60 T . 0x1I
9V . 61 Q . 0xI
10 E . 62 I . 0x1I
11 Q . 63 A . 0x1I
12 L . 64 Y . 0x1I
13 R . 65 R . 0xTI
14 R . 66 S . 0 x I ALLAA
15 E . 67 D . 0 x I ALLAA
16 G . 68 D . 90 K H PIKAA K
17 T . 69 W . 91 D H PIKAA D
18 Q . 70 R . 92 E .
19T . 71D . 93 A .
20 A . 72 L . 94 W .
21 Y . 73 K . 95 K .
22 R . 74 E . 9 Q .
23 S . 75 A . 97 V .
24 D . 76 W . 98 E .
25D . 77 K . 99 Q.
26 W . 78 K . 100 L .
27 R . 79 G . 101 R .
28 D . 80 A . 102 R .
29 L . 81D . 103 E .
30 K . 82 I . 104 G .
31 E . 83 L . 105 A .
32 A . 84 1 106 T .
33 W . 85 V . 107 Q .
34 A . 86 D S PIKAA D 108 I .
35D . 87 A'S PIKAA A 109 A .
36 T . 88 T D ALLAA 110 Y .
37 L . 0 x I ALLAA 111 R .
38 1. 0 x I ALLAA 112 S .
39 V. 0x1I 113 D .
40 D . 0x1I 114 D .
41 A . 0x1I 115 W .
42 T . 0x1I 116 R .
43 D . 0x1I 117 D .
44 K . 0x1I 118 L .
45 D . 0x1I 119 K .
46 E . 0x1I 120 E .
47 A . 0x1I 121 A .
48 W . 0x1I 122 W .
49 K . 0x1I 123 K .
50 Q . 0x1I 124 K .
51V . 0x1I 125 G .
52 E . 0x1I 126 A .
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127 D . 145 Q . 163 D .
128 T . 146 L . 164 L .
129 L . 147 R . 165 K .
130 T . 148 R . 166 E .
131 V . 149 E . 167 A .
132 D . 150 G . 168 W .
133 A . 151 A . 169 K .
134 T . 152 T . 170 K .
135 D . 153 Q . 171 G .
136 K . 154 T . 172 A .
137 D . 155 A . 173 D .
138 E . 156 Y . 174 1 .
139 A . 157 R . 175 L .
140 W . 158 S . 176 I .
141 K . 159 D . 177 C .
142 Q . 160 D . 178 D .
143 V . 161 W . 179 A .
144 E . 162 R . 180 T .
Blueprint_ContinousHelix.txt
1D . 37 L . 73 K .
2 K . 381 . 74 E .
3D . 39V . 75 A .
4 E . 40 D . 76 W .
5A . 41 A . 77 K .
6 W . 42 T . 78 K .
7 K . 43 D . 79 G .
8 C. 44 K . 80 A .
9V . 45 D . 81D .
10 E . 46 E . 82 I .
11 qQ . 47 A . 83 L .
12 L . 48 W . 84 I
13 R . 49 K . 85 V .
14 R . 50 Q . 86 D E PIKAA D
15 E . 51V . 87 A E ALLAA
16 G . 52 E . 88 S L ALLAA
17 T . 53 Q . 89 T H ALLAA
18 Q . 54 L . 91 A H POLAR PIKAA KRHDE
191 . 55 R . 92 L H PIKAA ILVA
20 A . 56 R . 93 E H POLAR PIKAA KRHDE
21 Y . 57 E . 94 S H POLAR PIKAA KRHDE
22 R . 58 G . 95 E H POLAR PIKAA KRHDE
23 S . 59 A . 96 V H PIKAA ILVA
24 D . 60 T . 97 S H POLAR PIKAA KRHDE
25D . 61 Q . 98 A H POLAR PIKAA KRHDE
26 W . 62 I . 99 L H PIKAA ILVA
27 R . 63 A . 100 E H POLAR PIKAA KRHDE
28D . 64 Y . 101 S H POLAR PIKAA KRHDE
29 L . 65 R . 102 E D POLAR PIKAA KRHDE
30 K . 66 S . 103 G L PIKAA GFLE
31 E . 67 D . 104 G L PIKAA GDR
32 A . 68 D . 0 x L ALLAA
33 W . 69 W . 105 P L PIKAA P
34 A . 70 R . 106 K H PIKAA DNK
35 D . 71D . 107 S H POLAR PIKAA KRHDE
36 I . 72 L . 108 K H POLAR PIKAA KRHDE

4
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109
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169 A . 183 Q . 197 A .
170 W . 184 1 . 198 W .
171 K . 185 A . 199 K .
172 Q . 186 Y . 200 K .
173 V . 187 R . 201 G .
174 E . 188 S . 202 A .
175 Q . 189 D . 203 D .
176 L . 190 D . 204 T .
177 R . 191 w . 205 L .
178 R . 192 R . 206 I .
179 E . 193 D . 207 C .
180 G . 194 L . 208 D .
181 A . 195 K . 209 A .
182 T . 196 E . 210 T .
Blueprint_ccTIM4_FinalAdjustment
1D . 40 D . 79 G .
2 K . 41 A . 80 A .
3D . 42 T . 81D .
4 E . 43 D . 82 I .
5A . 44 K . 83 L .
6WwW. 45 D . 84 1 .
7 K . 46 E . 85 V .
8 C . 47 A . 86 D .
gV . 48 W . 87 E
10 E . 49 K . 88 D .
11 Q . 50 Q . 89 Q H PIKAA Q
12 L . 51V . 90 K H PIKAA R
13 R . 52 E . 91 L H PIKAA L
14 R . 53 Q . 92 K H PIKAA K
15 E . 54 L . 93 K H PIKAA K
16 G . 55 R . 94 K H PIKAA E
17 T . 56 R . 95 V H PIKAA V
18 Q . 57 E . 96 E H PIKAA E
19 1. 58 G . 97 E H PIKAA E
20 A . 59 A . 98 A H PIKAA A
21 Y . 60 T . 99 K H PIKAA K
22 R . 61 Q . 100 R H PIKAA R
23 S . 62 I . 101 L H PIKAA HFMEK
24 D . 63 A . 102 G L PIKAA G
25D . 64 Y . 103 R L PIKAA VI
26 W . 65 R . 104 P L PIKAA P
27 R . 66 S . 105 K H PIKAA K
28 D . 67 D . 106 V H PIKAA ED
29 L . 68 D . 107 A H PIKAA A
30 K . 69 W . 108 V H PIKAA V
31 E . 70 R . 109 D H PIKAA D
32 A . 71D . 110 K H PIKAA K
33 W . 72 L . 111 A
34 A . 73 K . 112 E
35D . 74 E . 113 K .
36 I . 75 A . 114 E .
37 L . 76 W . 115 L .
38 1. 77 K . 116 E .
39 V. 78 K . 117 K .
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Supplementary Table

Supplementary Table 1: Biochemical and biophysical properties of ccTIM variants in comparison

to sTIM11noCys

de novo
TiM barrel

sTIM11noCys

ccTiMm2

ccTIMS-GLE

ccTIMS-5B

ccTIMS-GLE-5B

ccTIMS

Circular dichroism
Predicted secondary structure
content (%)
Theoretical | Experimental
Soluble regation-
o Aauragankn MW MW Theor. | a-helix | p-strand “a:;':'m
overexpression prone (kDa) (kDa) Ratio
47.6 19.2 332
22.88 20.7x0.1 0.9
i ks 49.4) | 219 (28.7)
54.7 22.3 22
TS + 26.45 25.2%0.1 0.95 (53.2) (25.5) (21.3)
63.2 19.1 17.7
4 + 30.60 29.0+0.2 0.95 (56.5) (21.8) (21.8)
56.4 21.6 20.6
++ ++ 30.08 2851086 0.95 (57.3) (25.2) (17.5)
62.6 153 17.5
+ + 30.38 31.2+0.1 1.03 (57.3) (23.8) (15.0)
+ s 30.02 n.d. n.d. 59.3 20.5 18.5

. Symbols represent the yield of pure protein: +++ > 10 mg i culture, ++ 2-10 mg Lt culture, <2 mg L culture

Y symbols represent aggegation behaviour after purification: +++ aggregation visibl within hours after purification, ++ aggregation visible within
days after purification, + no aggregation observed > 1 month after purification
 numbers within brakets are the calculated from the three-dimensional structure (sTIM11noCys) or the rosetta models (ccTIMs)
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Supplementary Figures

List of supplementary figures

Fig S1: Sequence alignment of ccTIMs and sTIM11noCys

e Fig S2: Comparison analytical SEC and CD spectra of ccTIM2, 3 and 4
e Fig S3: Far-UV CD spectra of ccTIM variants

e Fig S4: Thermal unfolding of ccTIM variants followed by DSC.

e Fig S5: Chemical unfolding of ccTIMs followed by CD (normalized data)
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sTIM11noCys 1 MDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 47 =
ceTIM2 1 MDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 47 a
ccTIMS 1 MDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIV--- a4 2
ccTIM5-GLE 1 MDKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIV--- 44 1
ccTIMS-5B 1 MDKDEAWKQVEQLRREGATRIAYRSDDWRDLKEAWKKGADILIV--- 44 ﬁ
ccTIM5-GLE-SB 1 MDKDEAWKQVEQLRREGATRIAYRSDDWRDLKEAWKKGADILIV--- 44
STIMEIlnoCYys === retmoee s c o m s e s e E e _
[ P e =
ccTIMS 45 EGAAELRKEVEKLEKDNFPEEKLKKLREKLKEVREK 8@ &
ccTIMS-GLE 45 EGAAELRKEVEKLEKDNFPEEKLKKLREKKLKEVREK 8@ g
ccTIM5-5B 45 EGAAELRKEVEKLEKDNFPEEKLKKLREKLKEVREK 8@ 3
ccTIM5-GLE-5B 45 EGAAELRKEVEKLEKDNFPEEKLKKLREKLKEVREK 88
sTIM11noCys 48 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT ==~ 93
ccTIM2 48 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIV------ 58 "‘i
ccTIMS 81 ----AWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT--- 122 e
ccTIM5-GLE 81 ----AWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDATGLE 125 ]
CccTIMS-5B 81 ----AWKQVEQLRREGATEIAYRSDDWRDLKEAWKKGADILIVDAT--- 122 ﬁ
ccTIM5-GLE-5B 81 ----AWNKQVEQLRREGATEIAYRSDDWRDLKEAWKKGADILIVDATGLE 125 e
sTIMI1InOCYS = === ceccccccccscccccacconsancacnannnns
ccTIM2 51 EGAAELRKEVEKLEKDNFPEEKLKKLREKEKLKEVREK 125 %‘
€eTIMS == s emsssssssssssssssssssssssssss======
[ L = e é-
€CTIM5-5B =00 mm e e e e e e e emmmmemm—m- 3
ccTIM5-GLE=5B = s -eccccesescssssssssssssssssmmmmmmn=
sTIM11noCys 54 DKDEAWKQVEQLRREGATQIAYRSODDWRDLKEAWKKGADILIVDAT 139
ccTIM2 127 ----AWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 168 e
ccTIMS 122 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIV--- 165 0
ccTIM5-GLE 125 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIV--- 168 B
ccTIMS-5SB 122 DKDEAWKQVEQLRREGATRIAYRSDDWRDLKEAWKKGADILIV--- 165 ﬁ
ccTIMS-GLE-SB 125 DKDEAWKQVEQLRREGATRIAYRSDOWRDLKEAWKKGADILIV--- 168 2
sTIMI1noCys = = === == s o m e e e oo —eo———oo-
€CTIMZ =~ eee e eesessssseassssssssmseeem——n- =1
ccTIMS 166 EGAAELRKEVEKLEKDNFPEEKLKKLRKKLKEVREK 281 8
ccTIM5-GLE 165 EGAAELRKEVEKLEKDNFPEEKLKKLRKKLKEVREK 204 g
ccTIMS-5B 166 EGAAELRKEVEKLEKDNFPEEKLKKLRKKLKEVREK 291 =
ccTIM5-GLE-5SB 169 EGAAELRKEVEKLEKDNFPEEKLKKLREKLKEVREK 204
sTIM11lnoCys 149 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 185 i
ccTIM2 169 DKDEAWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 214 2
ccTIMS 202 ----AWKQVEQLRREGATQIAYRSDOWRDLKEAWKKGADILIVDAT 243 2
ccTIM5-GLE 285 ----AWKQVEQLRREGATQIAYRSDDWRDLKEAWKKGADILIVDAT 246 =
ccTIMS-5B 282 ----AWKQVEQLRREGATEIAYRSDOWRDLKEAWKKGADILIVDAT 243 _ﬁ‘
ccTIM5-GLE-SB 285 ----AWKQVEQLRREGATEIAYRSDOWRDLKEAWKKGADILIVDAT 246

sTIM11noCys
ccTIM2
cCcTIMS
ccTIM5-GLE
ccTIMS-58
ccTIM5-GLE-5B

_/‘\/_7

186
21s
244
247
244
247

GLEHHHHHH - -
GLEHHHHHH - -
GLEHHHHHH - -
GLEHHHHHHHH
GLEHHHHHH - -
GLEHHHHHH - -

194
213
252
257
252
253
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Fig. S1: Sequence alignment of ccTIMs and sTIM11noCys. The according secondary structure of the TIM
barrels is shown on top of the sequence, with elements belonging to the TIM-barrel fold in red and coiled
coils in blue. Coiled coil sequences are shown with grey background. Notation of the according quarters is
shown on the right.
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Fig. S2: Analytical SEC and CD spectra of ccTIM2, ccTIM3 and ccTIM4. (A) Comparison of analytical SEC for
ccTIM2 (green), ccTIM3 (orange) and ccTIM4 (blue) is shown. Plot showing the elution volume versus the
normalized absorption at 280 nm. (B) Comparison of native Far-UV CD spectra of ccTIM2 (green), ccTIM3
(orange) and ccTIM4 (blue). All spectra were collected at 0.2 mg mL* and were normalized to mean
residue ellipticity.
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Fig. S2: Far-UV CD spectra of ccTIM variants. Comparison between the native protein (solid line), unfolded

protein at 95 °C(dotted line) and refolded protein at 20 °C(dashed line) is shown for (A) ccTIM2, (B)

ccTIMS, (C) ccTIMS-GLE, (D) ccTIM5-GLE-SB and (E) ccTIM5-SB.
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Fig S3: Thermal unfolding of ccTIM variants followed by DSC. (A, C, E, G) Thermal unfolding reversibility
was determined by the recovered area percentage by comparing the first (continuous line) and second
scan (dashed line). (B, C, F, H) Thermodynamic parameters were calculated fitting the endotherms
collected at different protein concentrations to a reversible two-state model (continuous lines in B, C, F).
(A,B) ccTIM2; (C,D) ccTIMS-GLE, (E,F) ccTIM5-SB and (G,H) ccTIM5-GLE-SB.
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Fig S4: Chemical unfolding of ccTIMs followed by CD (normalized data). Chemical unfolding with urea at
25 °C for ccTIM variants. Circles represent CD data and triangles fluorescence data. Separated fit of CD
(dashed lines) and IF (dotted lines) data was performed. High agreement of both fits is shown for ccTIM2
(A), ccTIM5-GLE (B) and ccTIM5-SB (C). For ccTIM5-GLE-SB (D) fits differ significantly.
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Evolution, folding, and design of TIM barrels and related

proteins
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Birte Hocker
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Introduction

Structural and functional diversity in modern proteins is
the result of diversification and optimization processes
over the course of evolution. Studying these processes is
useful to evaluate how different molecular mechanisms,
like duplication and recombination, shape biophysical
properties in proteins. Sequence and structural analysis
suggest that numerous protein pieces, considered as
evolutionary units, have been reused and combined to
create higher complexity. In this context, what are the
reasons for the recurring success of some of these units?
What is their role in protein fold diversification? And how
can we use the accumulated information to further our
protein design goals?

Check for
Updates

In this review, we try to unravel these mysteries
by integrating different perspectives and approaches
(Figure 1). We first discuss the current views of evolu-
tionary units (Section ‘Current views of evolutionary
units’). Then, we use the TIM-barrel fold as model
system to analyze how our knowledge of the protein-
based world is enhanced by the integration of evolution-
ary analysis (Section ‘Evolutionary events: fragments and
natural TIM-barrel proteins’), experimental recreation
of evolutionary events (Section ‘Recreating evolutionary
events in the lab: chimeragenesis and directed
evolution’), folding-function-fitness studies (Section
“T'hree f determinants in TIM-barrel evolution: folding,
function, and fitness’), and protein design approaches
(Section ‘Learning from nature towards protein design’).
We illustrate how these studies pave the way to a detailed
description of existing structure-folding-function-fitness
relationships and also boost the design of new proteins
with novel molecular properties.

Current views of evolutionary units

Look at any protein and you are bound to find pieces that
appear to have been reused either in different proteins or
as the modules in a repeat protein. Clearly, reuse of
sequences is ubiquitous within the natural fold space
as was suggested already early on [1,2]. For protein
scientists this beckons the question: how many of these
pieces are there and what makes them so successful?

The structural annotation of proteins typically includes
consulting at least one of the major databases SCOP,
CATH or ECOD [3-5] to append additional information
on evolutionary relationships. Molecular evolution stud-
ies have shown that different forces and mechanisms such
as mutations, duplications, recombinations, deletions,
and circular permutations drive the diversification of
the protein-based world [6,7]. These mechanisms also
hold true for events in the subdomain regime.

In recent years there have been several approaches to
define subdomain units as distinguishable building blocks
(Figure 2). For example, an evolutionary relationship
between the TIM-barrel and flavodoxin-like folds based
on a 40-residue fragment was identified by sequence
searches [8]. In a large-scale approach, Alva ez a/. identi-
fied and defined the reuse of elements within all modern
proteins [9]. They generated a vocabulary of 40 subdo-
main fragments of up to 38 residues, which occur within a
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Schematic overview of the relationships between protein fold evolution, experimental characterization, and design approaches discussed in this
review. The upper part of the figure shows how evolutionary units are reused through different molecular mechanisms to diversify protein folds.
Experimental reconstruction of different evolutionary pathways and the analysis of folding, function, and fitness determinants in evolution increase
our knowledge of the protein-based world and allow navigating from Nature to protein design as shown in the bottom part.
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Current subdomain classification approaches. Shown is the generation of available subdomain databases including the different input, data
processing, and final output. While Fragment/Themes are continuous sequences and are defined by HMM-profile comparisons and structural
alignments, TERMs are non-continuous and focus on contact maps for classification. In contrast, EFLs combine information from structure,
sequence and function, but are limited by existing annotation of functional sites.

great number of different folds. Subsequent efforts to
expand on these initial fragments led to the description of
themes — reused fragments of at least 35 residues [10°°]. A
theme is defined whenever a sensitive sequence search
using HHsearch suggests remote homology.

Along the same lines, Ferruz ez a/. expanded the fragment
universe applying a set of filters to ensure the fragments
are related, but not restricting their length [11°°]. This
generated a dataset of over eight million hits, which are
summarized in the Fuzzle database (https://fuzzle.
uni-bayreuth.de). When visualizing the dataset in a net-
work representation a major component is observed that
includes many hits between folds thought to be ancestral
reinforcing earlier observations on different datasets
[12,13]. This might hint not only to a common evolution-
ary history, but also to the existence of a favorable set of
rules for protein folding, function, and fitness.

Another description by Berezovsky defines elementary func-
tional loops (EFLs) [14]. These EFLs describe stretches of
proteins with a specific sequence profile thought to be
defined by the polymer nature of the polypeptide as
reviewed recently [15]. Combining this with information

on the conservation of structure and function provides
indications, which elements might have proven successful
in a primordial peptide-stage of evolution. This concept has
been employed for example in the nucleotide binding database
(NBDB), which contains EFLs involved in binding nucle-
otide-containing ligands [16]. Phosphate binding signatures
obtained by this database were applied in the design of a P-
loop protein testing the role of polymer physics in the
emergence of basic units of proteins [17].

A fourth view that does not necessarily focus on the
evolutionary aspect but rather on protein fold space are
the zertiary structural motifs (TERMs) [18]. TERMs are
5-56 residue-long, discontinuous structural entities that
are generated solely by comparing their environment.
While TERMs focus primarily on conserved structural
environments, a comparison of motifs generated by sim-
ulated evolution on TERMs and those of their natural
counterparts showed that TERMs were able to accurately
describe nature-like sequence variation.

These examples of either using structural information
alone or sensitive in-depth sequence analysis or a combi-
nation thereof clearly hint to one thing: there is a subset of

Current Opinion in Structural Biology 2021, 68:94-104
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successful ancestral sequences that are to this day propa-
gated to many modern folds.

Evolutionary events: fragments and natural
TIM-barrel proteins

The previous section showed that, even after a consider-
able timespan, we can detect evolutionary relationships in

Figure 3

modern proteins. Can we decode the underlying mecha-
nisms of conservation of subdomain fragments in natural
proteins? This general question has been explored by
analyzing the evolution of different protein folds, for
which the T'IM barrel is a model system (Figure 3). This
fold is regarded to be one of the oldest and encompasses a
wide variety of known protein functions [19-21]. Its
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canonical fold consists of a central eight-stranded, parallel
B-barrel surrounded by eight a-helices forming the epon-
ymous (Ba)g-barrel structure. It has previously been
shown that subdomain parts of the TIM-barrel fold
present an excellent model to probe the role of subdo-
main events, but also explore its evolution [22].

In a recent endeavor, Kadamuri ez /. theorized that a set
of BaP sequences exists within the TIM-barrel fold-
space, which would be autonomously folding units
[23]. While there are not yet any reports of natural
BaB motifs folding in isolation, investigating the subdo-
main folding regime in 'T'IM barrels might reveal crucial
steps to improve the creation of novel proteins and help
elucidate the evolution of protein domains themselves.

A study by Michalska ¢z /. on the structural flexibility of
naturally occurring TIM barrels reported a 3D-domain
swap of an (af3), element within a tryptophan synthase
structure [24]. A similar event has recently been observed
in a crystal structure of the archaeal chemotaxis protein
CheY [25]. An analysis of alternative splicing events of
(Ba)g barrels within the human genome also showed a
considerable fraction expressing only as subdomains, and
are thought to assemble to a complete barrel with their
complementary partners [26]. These observations hint at
a flexible subdomain composition within a/f proteins.
T'his concept has been experimentally explored as will be
discussed further in Section ‘Recreating evolutionary
events in the lab: chimeragenesis and directed evolution’.

When Prakash and Bateman analyzed the variation of
TIM-barrel domain boundaries, they found what they
propose to be domain atrophy [27]. 'This rare event is
characterized by a loss of core secondary structure fea-
tures that is potentially detrimental to domain stability.
While it is still not clear why such events are evolutionary
fixed, a possible rescue of stability appears to be the
formation of protein-protein interactions, for example,
in homodimers.

All these examples of subdomain evolutionary events in
the TIM-barrel fold point to one thing: there is a propen-
sity of some proteins to swap subdomain elements. To
really gauge if this subdomain recombination played — or
still plays — an important role in the diversification of
proteins, more protein folds need to be examined. Under-
standing the common principles that govern this process
could help improve our knowledge of protein stability,
folding, function and evolution.

Recreating evolutionary events in the lab:
chimeragenesis and directed evolution

The enormous diversity of protein structures and func-
tions can be interpreted as the result of a massive experi-
ment that has been carried out by Nature in a sustained
way for millions of years, whose results are observed in the

broad number of protein sequences and structures. In the
previous section, we discussed that diverse evolutionary
events in natural proteins allow the expansion of the
protein fold space. Now, we focus on how some of these
evolutionary events can be recreated in the laboratory
through chimeragenesis and directed evolution. Both
approaches offer a good alternative to test evolutionary
and thermodynamic hypotheses and also to generate
novel proteins (Figure 3).

Newton e7 al. explored the evolution of the TIM-barrel
enzyme HisA using directed evolution techniques [28°°].
They follow up on the innovation-amplification-diver-
gence model previously proposed as an explanation of
how gene duplication leads to proteins with new func-
tions [29]. They show how beneficial substitutions
selected during real-time evolution can result in manifold
changes in enzyme function and bacterial fitness. The
results emphasize the importance of loop mutability
and confirms the TIM barrel as an inherently evolvable
protein scaffold.

The current evolutionary hypothesis about the emer-
gence of the TIM-barrel fold is that it evolved from
duplication and fusion events of a half barrel, that is, a
(Bat)y, or even smaller units [30-33]. This possible path-
way has been tested computationally and experimentally
by analyzing sequence, structural, and folding properties
[32,34,35]. Following this idea, Sharma ez /. engineered
and characterized active and stable chimeric TIM barrels
of two distantly related glycosyl hydrolases, demonstrat-
ing that half-barrel domains from different sources can
assemble and adopt the pre-evolved function [36]. Like-
wise, Almeida ¢z a/. tested the idea that (Ba), halves are
self-contained evolutionary units, independent of their
size and internal symmetry. They introduced mutations
in the inter-half contacts of a B-glucosidase to obtain
independent half barrels that unfold cooperatively [37].
Further, Wang ¢ a/. identified physicochemical proper-
ties from a set of non-redundant 'T'IM-barrel proteins that
strongly support the existence of recurring Ba and ofy
motifs in this fold [38]. In addition, using a conserved afa
element as a recombination site, they created a chimeric
protein from two different TIM barrels, highlighting
the potential of recurring motifs as naturally optimized
interfaces to engineer well-folded chimeras.

Inspired by TIM-barrel modularity, Lapidoth e al.
designed highly active and stable enzymes by creating
fragments of structurally conserved sites of two unre-
lated TIM-barrel families and then assembled them to
create a large set of combinatorial backbones [39°°].
The reported computational approach mimics natural
evolutionary processes such as recombinations, inser-
tions, deletions, and mutations, but it is more radical
than these individual events since all of them are
applied simultaneously to modify the protein fitness.

Current Opinion in Structural Biology 2021, 68:94-104
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As will be discussed in the last section (Learning from
nature towards protein design), this method could be
extended to create new biocatalysts by combining more
distantly related families.

Apart from recombination events within a protein fold,
recombination of heterologous structural motifs of unre-
lated folds is possible. Although difficult to detect in
Nature, the idea can be tested in the laboratory and might
be used to design proteins with novel biophysical prop-
erties [21]. In this context, ElGamacy e /. engineered an
asymmetric dRP lyase fold fusing two heterologous and
unrelated supersecondary structures. After interface opti-
mization the approach generated a stable chimera with
high precision to the original design [40°].

Similarly, we have used chimeragenesis in the past to
elucidate evolutionary relationships of several a/f folds
and design new proteins. Chimeras built combining
parts of the flavodoxin-like proteins CheY or NarlL with
a piece of the TIM barrel HisF demonstrate that (Bo)g-
barrel proteins can be constructed by recombining a
large repertoire of natural protein fragments from dis-
tantly related folds [8,41-43]. This interchangeability
offers a great opportunity to retrace early evolutionary
steps. Following up on this, Toledo-Patifio ez @/. found
sequence-based evidence that the singleton HemD-like
fold emerged from the flavodoxin-like fold [44°]. To
test the hypothesized path, consisting of insert-assisted
segment swap, gene duplication, and fusion, these
evolutionary events were experimentally reverted,
yielding well-folded and stable proteins. The results
strongly support the emergence of the HemD-like fold
from flavodoxin-like proteins and highlight the impor-
tance of duplication and fusion as evolutionary events
that allow the creation of complex proteins. These
experimental reconstructions of possible evolutionary
events fit well with the bioinformatic studies on protein
fragments as discussed in section ‘Current views of
evolutionary units’. Databases such as Fuzzle [11°°]
provide many starting points for similar evolutionary
explorations and open new ways to use already existing
sequences in protein design. Fragments identified in
Fuzzle can be used directly in the tool Protlego (https://
hoecker-lab.github.io/protlego/) for automated chimera
design and analysis [45].

Three f determinants in TIM-barrel evolution:
folding, function, and fithess

The evolutionary study of biophysical determinants is
useful to evaluate the role evolution has on the physical
properties of proteins and informs us on how changes in
the amino acid sequence shaped function in a specific fold
[46]. In this section, we focus on recent advances to
understand the biophysical basis underlying the success
of the TIM-barrel fold as one of the most robust and
versatile scaffolds.

The TIM-barrel fold provides a good architecture to
explore how folding mechanisms have been conserved
or diverged during evolution (Figure 3). In this context,
Halloran ez a/. analyzed on a molecular level the earliest
events in the folding of a TIM-barrel protein [47°°].
Experimental and computational approaches revealed
that the kinetic intermediate commonly observed in
TIM barrels is dominated by a native-like structure in
the central region of the sequence. They determined the
rate-limiting step in the folding pathway to be the frus-
tration encountered by the competition between the N-
terminus or C-terminus to close the internal B-barrel. Also
analyzing TIM-barrel proteins, Romero-Romero e al.
studied and compared the folding pathway of eukaryotic
homologous triosephosphate isomerases. Structural and
biophysical analysis suggested that interfacial water mole-
cules and water-mediated interactions could modulate
the number of equilibrium intermediates, and therefore,
the folding pathway in this enzyme family [48].

TIM-barrel proteins are notable for their diversity in
catalytic activities. The broad presence of this topology
in different enzymes has led to the assumption that the
TIM-barrel fold played a central role in early evolution of
catalysis. In a bioinformatic study, Goldman ez /. showed
by comparing the functional diversity of different protein
folds that TIM-barrel proteins use the broadest range of
enzymatic cofactors, including some putatively ancient
cofactors [49°]. This supports the idea that the TIM barrel
represented an ideal scaffold to facilitate the transition
from ribozymes, peptides, and abiotic catalysts to modern
protein-mediated metabolism.

Likewise, in terms of protein flexibility and enzymatic
catalysis, Richard recently discussed why the selection
and optimization of protein folds with multiple flexible
loops, such as the TIM-barrel topology, is favored during
enzyme evolution [50°]. He proposes that in TTM barrels
the exploration of many different conformations during
loop movement provides a potential starting point for the
evolution of a new enzyme activity and allows the con-
formational changes needed in floppy enzymes. Also
related with protein flexibility, but in the context of
stability and evolution, Quezada ef /. analyzed the molec-
ular basis of the kinetic stability differences of two related
triosephosphate isomerases and engineered new func-
tional TIM-barrel enzymes with fine-tuned stabilities
[51,52°]. They found a correlation between thermal flex-
ibility and kinetic stability, suggesting how evolution has
reached a balance between function and stability in cell-
relevant timescales.

The evolution of protein folding, function, and fitness can
be seen as a walk through sequence space, in the same
way as was described 50 years ago by evolutionary biolo-
gist John Maynard Smith in his seminal work about
natural selection and the concept of protein space [53].

www.sciencedirect.com
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Generally, each of these steps can be evaluated in terms
of protein fitness, a measure of the effect that a property
produces on the overall fitness of an organism. Following
this logic, in two subsequent works the Matthews lab
performed a quantitative description of the fitness land-
scape of distant orthologous TIM-barrel proteins to
understand their evolutionary dynamics [54°%,55]. They
detected that the fitness landscapes are correlated and
influenced by long-range epistatic interactions, and that
these landscapes can be translocated in sequence space as
a result of TTIM-barrel fold plasticity.

The three f determinants in evolution discussed in this
section have also been analyzed in other protein folds.
Examples from the last years include discussions between
the Makhatadze and Sanchez-Ruiz labs about the evolu-
tionary validity of the minimal frustration hypothesis
through the experimental characterization of ancestrally
reconstructed proteins and extant homologous members
of the thioredoxin family [56-58]. Also involving o/
proteins, Kukic ez a/. explored how the folding rates
of Procarboxypeptidase A2 can be modulated during
evolution by modification of the so-called nucleation-
condensation mechanism [59]. Moreover, the Marqusee
lab has made a substantial effort to understand how
evolutionary pressures modify folding landscapes and
tune kinetic and thermodynamic stability by characteriz-
ing one of the oldest protein folds, the RNase H-like
superfamily [60-63]. Other interesting works are the
analysis of the influence of folding energies on the fitness
of B-lactamases [64], the study of protein folding and
fitness landscapes of amidases [65], the analysis of cotran-
slational folding and fitness of an integral membrane
protein [66], and the evolutionary history of myoglobins
[67]. The information obtained both on TIM barrels and
other folds has revealed unanticipated details in protein
molecular evolution thereby increasing our understand-
ing of sequence-folding-fitness relationships, which has
also relevant implications for protein design.

Learning from nature towards protein design
In the previous sections we discussed the evolution of
protein folds from smaller units and provided examples
recreating such evolutionary events with respect to fold-
ing, function, and fitness. Same as protein engineering has
been used to test evolutionary hypotheses, the gained
knowledge can also be used to design new proteins. Initial
protein design strategies were mostly based on parame-
trization of well understood folds or supersecondary
structures. But in the last decades many powerful algo-
rithms were developed to predict protein structures and
design new proteins as has been recently reviewed [68].

One of the most widely used design software, namely
Rosetta, uses 3-residue and 9-residue long fragments from
known protein structures to sample the backbone in @4
imitio predictions [69,70]. Those fragments are a lot

smaller than the previously described evolutionary units
[9,10°%,11°°,14], however, they still can carry information
about possible conformations. Additionally, some algo-
rithms use evolutionary mechanisms as inspiration. The
SEWING algorithm for instance incorporates current
understanding of protein evolution, the emergence of
proteins by recombination and duplication of smaller
fragments: sets of structures meeting predefined require-
ments are generated by recombination of small structural
motifs [71]. The more recently developed program
dTERMen uses the previously described TERMs by
matching them to the target design and thereby deter-
mines sequence preferences [72]. Also, the approach from
Lapidoth ¢ a/. mentioned previously is inspired by
Nature and mimics evolution during the design process
[39°°]. The fully automated method combines recombi-
nation, insertion, deletion, and mutation events in a non-
sequential manner. Initially a predefined set of structures
is partitioned and then assembled to combinatorial back-
bones, which are finally applied to a complete sequence
redesign. During this process conserved sites and residues
necessary for catalysis or folding can be excluded from the
design. In contrast to other enzyme design approaches it
has the advantage that no transition state has to be
modelled which is computationally expensive. This
method was applied to homologous TIM barrels but
could possibly be extended to more distantly related
proteins, thereby creating new biocatalysts. While
this approach, that is based on existing structures, can
diversify enzyme function, it will not create proteins from
scratch.

The complete de novo design of proteins is a task that has
been explored and progressed increasingly in recent years
fueled by technical advances in structure determination,
modelling, and computation. An increase in e novo
designed proteins could be further observed after Koga
et al. defined rules for the design of idealized protein
topologies as recently reviewed [73]. The value of these
design rules, that relate foldability of a tertiary structure
to the connection between secondary structure elements
[74], in combination with improvements in design
algorithms can be traced in the design progression of de
novo TIM barrels.

Several attempts were made to design a symmetric TIM
barrel from scratch to understand what makes this protein
fold so successful (Figure 3). In the early 1990s, first
symmetric designs were created using statistical informa-
tion about barrel geometries and amino acid frequencies
from few known TIM-barrel structures [75-80]. How-
ever, those parameters were not sufficient to achieve
designs with natural-like properties as all exhibited
molten-globule like states. With an increasing number
of TIM-barrel structures, geometric parameters were
improved, and newly emerging algorithms were applied
to sequence design and created all-atom models. In this

Current Opinion in Structural Biology 2021, 68:94-104
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way, the Martial lab was able to improve previous designs
and create natural-like proteins [81,82]. Later, the solu-
bility of one of those designs was improved by directed
evolution and the three-dimensional structure was deter-
mined: it differed from the intended TIM barrel and
resembled a Rossman-like fold [83]. Using the previously
described rules for idealized topologies, Nagarajan ez al.
created four-fold symmetric TIM-barrel backbones [84].
Using folding simulations, they determined hydrogen
bond networks and enrichment of polar residues in the
pore as important features regarding the folding pathway.
Those findings were applied during iterative sequence
design and resulted in soluble proteins showing coopera-
tive unfolding transitions, though structural studies indi-
cated a molten globule.

In the meantime, Huang ¢z @/. also applied the rules from
Koga et al. to design a four-fold symmetric TIM barrel
[85°]. Their approach sampled backbones with different
secondary structure lengths using predefined geometric
restrictions followed by iterative sequence design enfor-
cing sidechain-backbone hydrogen bonds. A circular-
permutated variant, sTIM11, was soluble expressed
and the design was validated by solving its three-
dimensional structure. Further analysis revealed a signifi-
cantly lower conformational stability compared to natural
TIM barrels. In a modular approach, a collection of
stabilized variants (DeNovoTIMs) was designed by
improving hydrophobic packing [86°°]. Structural and
folding analysis showed that epistatic effects allow navi-
gating an unexplored region of the stability landscape of
natural proteins. One of these DeNovoTIMs was already
used in a successful recombination with a de novo
designed ferredoxin protein and engineered to bind
lanthanide [87]. In another recent study, Wiese ez al.
extended sTIM11 by successfully incorporating a ratio-
nally designed small a-helix into a Bo loop [88]. These
works are first steps towards diversifying and ultimately
functionalizing de novo TIM barrels.

The progression in the design of a TIM barrel reflects
nicely the improvements of protein design in the last
30 years. Throughout all design approaches, a symmetric
topology was targeted as despite rapidly increasing
computational resources the modelling of large proteins
is still time-consuming. Further, this process shows how
important it is to understand a protein fold in detail and to
know which interactions are essential for its stabilization.
In this context, it would be interesting to analyze the
design from Figueroa er a/. [82] in detail and determine
why this design acquired a different fold than intended
[83]. Such analysis is important to improve our under-
standing and find deficiencies in current protein design
strategies.

Additionally, protein design opens a door not only to
increase and test our knowledge about folding, function,

and fitness, but also to compare the properties of de novo
proteins with naturally occurring ones. In this way, studies
have shown that ¢ novo proteins exhibit more complex
folding pathways than natural proteins, as indicated for
one of the first de novo designed proteins Top7, a Ba
protein [89]. This differs from natural small proteins
which show high cooperativity in folding and a smooth
free energy surface. In addition, the study of another
small de novo protein Di-1I1_14, an IF3-like protein,
revealed a more complex folding pathway than initially
assumed [90°°]. In-depth mutational and folding analysis
revealed that electrostatic and hydrophobic networks
affect the energy surface of this protein. Based on those
findings, it was proposed to limit the number of charged
amino acids, avoid charge segregation, and use a more
diverse set of nonpolar side chains in future protein
designs. Overall, these studies demonstrate that as we
expand our exploration into sequence space by designing
de novo proteins, we also expand our understanding of the
molecular and physicochemical determinants that shaped
and still modulate the protein-based world.

Conclusion and outlook

The study of protein evolution requires the integrated
analysis of protein structure and stability, as well as
folding, function, and fitness of proteins. There is clear
evidence that modern diverse protein folds evolved via
reuse of smaller units, which have been identified and
described in recent years. Evolution of protein folds from
smaller units via duplication has long been described, but
also recombination is explored increasingly as an impor-
tant mechanism. Understanding how protein diversity
could emerge via these mechanisms is essential to learn
how stable and functional proteins evolved and might be
designed.

The ubiquitous TIM-barrel fold has been used in
several studies to investigate its evolution, folding,
and design. Explorations of the fold’s evolutionary
history and experiments recreating evolutionary events
have revealed how recombination of recurring frag-
ments can lead to new proteins and enzymes. These
studies go hand in hand with detailed analyses of
protein folding and determination of fitness landscapes
of TIM barrels. Moreover, this knowledge has already
been applied to the design of de novo TIM barrels
illustrating how the connection between evolution,
folding, and design closes to a cycle and how analysis
of designed proteins can help us understand the bio-
physical properties of proteins even better. Altogether,
these recent studies have significantly increased our
understanding of the evolution of sequence-structure-
function relationships, enabling us to access new protein
space through design.
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