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Introduction

A cursory search of the Protein Data Bank (PDB) with the keyword “de novo” returns 962 entries, while for the keyword “designed”,
6225 entries were returned [as of August 2017]. Although these numbers (de novo or designed structures) are 1000 times lesser in
magnitude (compared to the total number of structures the PDB holds, which is close to 135,000 structures), these ~ 7000
structures indicate how far the field of protein design has advanced, since 1950s. Protein designing projects are ambitious in their
goal due to the simple yet complex problem of protein folding. Much has been learned about how a protein folds, and these
fundamental knowledge have helped further the area of protein design to conceive proteins with imaginative structures
(Richardson and Richardson, 1989; Bowie et al., 1991).

The impetus for protein design is two-fold: (i) assumption that we can design a complex natural system from first principles, and
(ii) the “made to order” macromolecules that can solve important biochemical hurdles. The basic or fundamental problem with
protein design in achieving a three dimensional, stable, and functional macromolecule is to cross the conformational entropy from the
primary to the tertiary structure (Bowie et al., 1991; Dahiyat and Mayo, 1997). There are many methods that can be used to reduce the
conformational entropy (Baxa et al., 2014). These include covalent cross-links and other artificial constraints that limit the con-
formational possibilities of the designed molecule (Leitner et al., 2010; Sinz et al., 2015).

There have been two basic design principles employed in designing proteins de novo: positive design and negative design
(DeGrado et al., 1989). Positive design of protein structures is the idea to design a protein with the desired structure as the goal,
and rationally add/remove residues to achieve that structure. In contrast, negative design involves designing a structure along with
ways to reduce formation of or competition from alternative conformations that may arise. While both methods involve rational
design, there are advantages of using one over the other. Nevertheless, de novo design of protein structures using both methods has
been successful to a varying degree. Fig. 1 shows a representative set of structures that have been successfully designed and have
advanced the field of protein design.

Since 1950s, designing alpha helices took precedence than the beta sheets, due to:

a) The stabilizing hydrogen bond network (Fig. 2).

b) The observation of isolated helices being stable in solution (Brown and Klee, 1971; Kim and Baldwin, 1984; Marqusee and
Baldwin, 1987; Shoemaker et al., 1987; Marqusee et al., 1989).

¢) Its oligomerization property observed by Crick, Pauling and Corey in supercoiled helices that when two helices twist around
each other there are 3.5 residues per turn, which is less than the ideal 3.6 residues per turn rule, thereby leading to a repetition
of the entire structure at every seven residues (Crick, 1953; Pauling and Corey, 1953).

d) The possibility of designing the minimal sequence, which can be repeated to construct a four- or six-bundle helices that can
either self assemble or assemble in the presence of an external assembly inducer (Schafmeister et al., 1997).

Fig. 1 A representative set of structures that have been designed de novo, where they are shown in cartoon representation with helices
colored cyan, S-strands colored red, and loops colored magenta. (A) Octameric de novo Designed Peptide (pdb id:114x), (B) de novo Design
of an Antibody Combining Site (pdb id:1ivl), (C) Self-Assembling Cyclic Protein Homo-Oligomer (pdb id:4hb5), (D) Right-Handed Coiled Coil
Tetramer (pdb id:1rh4), (E) Beta Beta Alpha Protein Motif (pdb id:1fsv), (F) de novo Design of a Hyperstable Non-Natural Protein-Ligand
Complex (pdb id:5tgw), (G) Giant Double-Walled Peptide Nanotube (pdb id:5vf1), (H) de novo Designed Mini Protein Hhh_Rd1_0142

(pdb id:5u0i), (I) Computationally Designed Left-Handed Alpha/Alpha Toroid With 12 Repeats (pdb id:5byo), and (J) Computationally
Designed Vitamin-D3 Binder (pdb id:5iep).
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Fig. 2 Helix stabilizing properties. Schematic representation of an ideal helix indicating the various properties that stabilize the helix. Adapted
from Bryson, J.W., et al,, 1995. Protein design: A hierarchic approach. Science (New York, NY) 270 (5238), 935-941.

Fundamentals

Before taking a sequence and designing it into a novel structure («-helical or ff-sheets or mixed), few pointers need to be kept in
mind:

1.
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Similar stretch of residues can form different secondary structure.

It has been observed that the same residue stretch of up to five amino acids can form different conformations, such as o-helix,
p-strand, and loop. This indicates that a sequence forming a structure is dependent on its local environment.

There are only so many folds present.

The relatively limited number of folds in the protein universe can be considered as a double edged sword. The 1000 odd folds
we know today indicate that proteins tend to fold in one of the restricted ways. It also suggests the possibility of creating new
folds using computational tools. The former has led to the reverse folding problem, called threading, where a sequence is
checked for its compatibility to fold into one of the known folds.

Reducing the entropy of protein by introducing disulfide bonds (Wetzel, 1987).

Glycine introduces relatively more conformational freedom than the other 19 amino acids.

In contrast, Proline introduces less conformational freedom due to its covalent bond with the main chain.

It is known that the residues at the end of a helix are positively (at the C-terminus) and negatively (at the N-terminus) charged,
which help in stabilizing the helix by balancing the helix dipole charge. Thus, changing the helix stabilizing residues influences
the stability of a protein (Nicholson et al., 1988; Richardson and Richardson, 1988).

If a core of a protein has a cavity, filling the cavity makes the protein destabilize it.

Designing an «-Helical Structure

Historically, alpha helical peptides and all-« proteins were relatively easier to design. In order to design alpha helical proteins, the
sequence under consideration should be scrutinized with the following guidelines.

1.
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The sequence should be able to form amphiphilic secondary structures, where there is a periodicity of polar and nonpolar
residues. For example, every third or fourth position being nonpolar.

A general rule of thumb is that the sequence should have residues that are highly likely to be part of a helix (Ala, Glu, Leu, and
Met) (Richardson, 1981). Specifically, multiple alanine residues stabilize the helix. However, if the nonpolar periodicity of 3 or
4 is not maintained, then there is a lower preference to form a helical structure (Xiong et al., 1995).

Introduction of salt-bridges and hydrogen bonds between side chains of residues that are one helical turn away (Marqusee et al.,
1989; Lyu et al., 1990; Huyghues-Despointes et al., 1993; Park et al., 1993; Scholtz et al., 1993).

A charged residue can be introduced at the N or C terminus of the o-helix, creating a macrodipole (Fig. 2).

Capping the helix ends with Asn, Ser, Asp, or Thr to satisfy the hydrogen-bond donors and acceptors.

Adding hydrogen bond(s) between side chains of residues that are one helical turn away.

In the case of Ser, Thr, and other amino acids that can be phosphorylated, their location in the interior of the helix may lead to
destabilization. However, the N-terminus capping of a phosphorylated residue leads to stabilization of the helix. This is due to
the electronic interaction of the phosphorylated residue with the peptide backbone.
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Certain tools that can be used specifically to design helices are helical wheel and predicting helicity.

Helical wheel is a simple tool to identify if the distribution of charged residues and hydrophobic residues would lead to
aggregation. When the helix has majorly hydrophobic or nonpolar residues on one side, there is a high chance of protein
aggregation. This highly efficient tool has been used for designing proteins that are primarily coiled coil, and for helix bundles
comprised of 3, 4, 5, and 6 helices. Specifically, the tool becomes effective when these helices are linked by loops or turns and to
check if the “ridges in groove” or “knobs in holes” packing needs to be checked.

Some of the tools that plot a helical wheel for a given sequence are: DrawCoil 1.0 (see Relevant Websites Section), Pepwheel
(see Relevant Websites Section), and Helical Wheel Projection (see Relevant Websites Section).

Also, the designed sequence can be checked for its propensity to form helices by submitting the sequence to AGADIR
(see Relevant Websites Section) that calculates helicity (Munoz and Serrano, 1994, 1995a,b, 1997; Lacroix et al., 1998).

Designing a p-Sheet Structure

f-sheets can be parallel, antiparallel, and mixed in nature. Due to absence of planarity, parallel f-sheets are less stable than
antiparallel sheets. This is due to the relative absence of inter-strand hydrogen bonds in parallel f-sheets, which provide for
stronger interaction. Fig. 1(B), (G), and (J) highlight the successful design of a f-strand rich proteins.

In 1996, the design of a decapeptide adopting a f-hairpin structure involving a f-bulge and three other dodecapeptides
adopting a type I’ f-turn made the protein design possible for f-rich proteins (de Alba et al., 1996; Ramirez-Alvarado et al., 1996;
Stanger and Gellman, 1998). These reports fueled enthusiasm in four different groups to design a three stranded antiparallel
p-sheet proteins (each differing in residue length) (Kortemme et al., 1998; Schenck and Gellman, 1998; Sharman and Searle, 1998;
de Alba et al., 1999). Irrespective of the method they employed, some of the criteria that were included in all the above mentioned
p-sheet proteins are:

1. Residues that have higher f-strand propensities were included in the sequence.

2. Inter-strand pairs were selected that have higher preference to make a stable bond.

3. Involving positively charged residues (2 to 5 residues, at least) so that aggregation of proteins is eliminated, and increases
solubility.

Positive charge distribution is essential in designing f-sheet proteins, because when they are distributed on both sides of
the sheet, aggregation of proteins is reduced to a large extent. Another method to design a f-sheet protein with a
stable hydrophobic core involves adding a type I’ f-turn to the designed f-hairpin protein by using residues, such as Phe, Trp,
Asn, and Gly, so that the side chains face the other strand’s hydrophobic residues’ side chains (Tyr and Val) (Griffiths-Jones
and Searle, 2000).

Similar to o-helices, some of the guidelines to be used while designing f-sheet proteins are as follows:

1. The role of a f-turn is crucial, as it dictates the -strand. This is a necessary but not a sufficient condition while designing f-sheet
proteins. For example, the D form of Pro in the turn stabilizes the f$-hairpin structure, compared to the L form.

2. Residues that have high propensity to form f-sheet should be used. For example, Val, Ile, Phe, Trp, Tyr, Leu, and Thr.

3. Gly should be avoided, as its incorporation leads to destabilization.

4. Including salt-bridge forming residues in inter-strands stabilize the -sheet protein. For example, a salt-bridge formed between
Glu and Lys residues. On the same note, salt-bridges at the ends of $-hairpin are more stabilizing.

5. Presence of interactions between hydrophobic residues, such as Ile-Trp, Ser-Thr, and Trp/Val-Tyr/Phe stabilize the protein as
their contributions are larger.

6. Side chain-side chain interactions from diagonal directions between two strands also contribute towards stability. For example,
Tyr-Lys, Phe/Trp-Lys/Arg interactions.

7. Presence of a right-handed f-sheet twist.

. The hydrophobic cluster between the strands contributed by Trp, Val, Phe, and Tyr residues vastly stabilize the ff-sheet proteins.

9. As a general rule of thumb, incorporating disulfide bonds stabilize the protein with f-hairpin structures.

o

Relatively speaking, there are fewer examples of f-sheet proteins designed de novo. However, o/ mixed structures have been
designed with great success (Struthers et al., 1996). For example, Top7 by David Baker group and a fia motif structure that is
similar to a zinc-finger, which has a f-hairpin structure (Kuhlman et al., 2003).

Tools Currently Available for Protein de novo Design

Irrespective of topology of the intended protein to be designed, some tools are listed below that are routinely used for de novo
protein design, and also keeping in mind the ease of use from user’s perspective.
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Rosetta and Rosetta Design

Among the tools that are currently available, Rosetta (Simons et al., 1999), developed by David Baker group at University of
Washington, has been the most popular and widely used (Jiang et al., 2008; Siegel et al., 2010; Damborsky and Brezovsky, 2014).
The suite of software (see Relevant Websites Section) has sped the design of protein structures. Details of Rosetta’s design
algorithm and specifics are discussed in Simons et al. (1997, 1999), Raveh et al. (2010) and DiMaio et al., (2011) and they have
been reviewed elsewhere (Mandell and Kortemme, 2009; Der and Kuhlman, 2011). Specifically, Rosetta Design (see Relevant
Websites Section) can be accessed via the command line interface of Rosetta or via webserver (Lyskov et al., 2013).

Evodesign

Evodesign (see Relevant Websites Section) developed by Zhang group at University of Michigan is a web based server to design
protein sequences using a scaffold as an input. The scaffold is searched against the known protein families and the resulting
conformation takes into consideration local environmental factors, such as solvent accessibility, packing, and secondary structure
(Mitra et al., 2013).

Protein WISDOM

Protein Wisdom (see Relevant Websites Section) is a web server tool for designing proteins from sequence information. The
design and validation involves two steps: using either a rigid or flexible scaffold (or template), a sequence is selected from a
pool of candidate sequences; and validation is done by fitting the sequence into known folds to calculate the “fold specificity”
(Smadbeck et al., 2013).

OSPREY

Open Source Protein REdesign for You (OSPREY) (see Relevant Websites Section) like Rosetta is a suite of programs
developed by Donald group at Duke University. While Rosetta is licensed free for academics, OSPREY is open-source and
freely available to download and use. OSPREY uses protein flexibility to create low-energy corpus of structures to identify the
globally optimal structure. From the user’s perspective, OSPREY runs as a standalone tool and is not available as a web-server
(Gainza et al., 2013).

ISAMBARD

Intelligent System for Analysis, Model Building And Rational Design (ISAMBARD) (see Relevant Websites Section) is another
open-source suite of software for designing proteins developed by Woflsoon group at University of Bristol. Keeping with the
popularity of Python, ISAMBARD uses predefined python object based method to design protein structures. Those with a basic
python skill will be able to use this modular and scalable software to design protein structures (Wood et al., 2017).

FireProt

Rather than a general protein design tool, FireProt (see Relevant Websites Section) is a specific protein design tool for designing
multiple-point mutant proteins that are likely to be thermostable (Musil et al., 2017).

iRDP

Similar to FireProt, in-silico Rational Design of Proteins (iRDP) (see Relevant Websites Section) is a webserver that uses a four-step
approach to rationally design proteins. Specifically, from the input it compares existing protein structures for structural stability
factors, followed by mutational analysis, and their impact to local environmental changes, and identifying the optimal structure
that would have a higher thermostability than the previous structure (Panigrahi et al., 2015).

IPRO

Iterative Protein Redesign and Optimization procedure (IPRO) (see Relevant Websites Section) from the Maranas group at
Pennsylvania State University, uses a combinatorial approach to redesign a protein library using energy based scoring functions. As
claimed by the developers, it uses a iterative process to make additive mutations that improve the designed protein’s substrate
specificity (Saraf et al., 2006; Fazelinia et al., 2007).
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Scaffold Selection

Keeping in view that new protein can be designed from pre-existing structures; ScaffoldSelection (see Relevant Websites Section) is
a tool that scans large sets of structures for a particular reaction scaffold (Malisi et al.,, 2009). For the user, the tool can be
downloaded as binaries for Linux, Mac, and Windows operating systems and run as a standalone software/tool.

Pocketoptimizer

Pocketoptimizer (see Relevant Websites Section) is an allied tool that can be used to design active site region, either to improve or
modify ligand/substrate binding (Stiel et al., 2016).

Conclusions

Protein design is an active, exciting area of research that has wide applications in drug design, medicine, and advancing the study
of protein folding. When designing protein structures, one has to ask few questions and these questions drive or direct the use of
tools to answer those questions.

1. Is the aim to engineer a protein’s function/activity or designing a structure de novo?
2. Is the design fitting with the already known do’s and don't’s?
3. Is there another variable that is specific for the protein and its intended use?

There can be more additional questions added and the framework/checklist can act as a guide to the specific task in hand.
While, there are many success stories in de novo protein design, there are some challenges for the road ahead. Some of the
challenges that have been discussed (Kuhlman et al., 2009) are:

1. Sampling the conformational space of the backbone to move towards a completely flexible backbone based design. Currently,
majority of the de novo designed proteins are on the basis of having a rigid scaffold or frame throughout the design pipeline.

2. To reduce the presence of alternate conformations from the desired/designed conformation.

3. Designing specific protein-protein interactions using a much easier and faster method.

Recently, Rocklin et al. from David baker’s lab have used minimal proteins (proteins having a residue length below 50 amino
acids) to understand the factors that determine protein folding. Specifically, they used computationally driven approach, where
four topologies (a0, fofif, afifo, and pfaff) were designed using 5000-40,000 sequences for each topology. Using yeast based
proteolysis assay, a stability score was given to each designed protein, which enabled them to identify 2788 stable proteins. Such
“massively-parallel” design has indeed pushed the limits of high-throughput design and the method can be applied to proteins of
more than 50 amino acids in length (Rocklin et al., 2017).
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