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Abstract
In Silico Protein Evolution by Intelligent Design:

Creating New and Improved Protein Structures
Gautam Dantas

Chair of the Supervisory Committee:
Professor David Baker
Department of Biochemistry

Natural proteins perform a startling diversity of biological functions, but comprise
a miniscule fraction of the theoretical sequence-structure space that polypeptides might
occupy. The goal of protein design is to identify new free-energy minima in this
sequence-structure landscape so as to expand the functional repertoire of polypeptides
beyond that observed in nature. The accurate design of new proteins requires an exacting
understanding of the forces that govern protein structure and folding and should allow for
the creation of novel molecular machines and therapeutics. This dissertation details the
development of a computational protein design method, RosettaDesign, its application to
désign new and improved protein structures, and the rigorous experimental
characterisation and analyses of the designed proteins to evaluate and improve the design

process.

First, we applied RosettaDesign to computationally redesign the sequence of nine,

natural, globular proteins. Experimental characterisation revealed that eight of the



redesigned proteins were folded with similar secondary structure to their wild-type
counterparts, and six had stabilities equal to or up to 7 kcal / mol greater than the wild-
type counterparts. High resolution structures of the two most dramatically stabilised
redesigned proteins (human procarboxypeptidase and U1A) showed them to be virtually

identical to the template natural counterparts.

Second, we extended the capabilities of RosettaDesign to create a protein
topology not observed in nature, by iterating between sequence design and structure
prediction. We applied this general computational strategy to create a 93-residue o/f
protein called Top7 with a novel sequence and topology. We showed that the Top7
protein is folded and extremely stable, and the striking similarity between the x-ray
crystal structure and the designed model demonstrated the unprecedented high-resolution

accuracy of the design.

Third, we showed that the final 49 C-terminal residues of Top7 (named CFr) can
be efficiently mistranslated in E. coli. While an overwhelming majority of naturally
mistranslated polypeptides are unfolded, the CFr protein folds into an independently
stable, obligate, symmetric homo-dimer, with a novel, high-affinity interface. We further
stabilised CFr by disulfide-induced covalent circularisation to create an ideal scaffold for

novel functional protein design.
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CHAPTER 1

Engineering and Characterising New and Improved Protein Structures

Significant strides have been taken towards impro{/ing protein design methods in
the last 10-15 years. While the specific goals of research groups developing these
methods have beén varied, the general drive behind protein design can be considered to
be two-fold. Firstly, there is a tremendous value in being able to design proteins to fulfil
particular functions, either new or improved, in a variety of environmental conditions.
This value is particularly appreciated in the medical field where certain enzymes or
hormones may need to be modified or newly created to aid in combating various disease
states at the molecular level (DeGrado, Summa et al. 1999). Secondly, the results of
protein design efforts can contribute a wealth of information towards understanding the
basic forces that govern protein stability and folding. This understanding improves our
ability to accurately predict the tertiary structure of proteins given their primary
sequence, and can be used to better interpret the wealth of genomic information that we
are amassing (Street and Mayo 1999). Consequently, an improved understanding of
protein folding can further enhance our ability to rationally design proteins with new or

improved functions for therapeutic purposes (Regan 1999).

Many attempts at protein design are focused on redesigning naturally occurring

proteins with known structure. These studies attempt to characterize and understand the
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functional and structural effecté of changing all or pért of the native sequence of the
natural protein. On the other hand, the aim of true de novo protein design is to engine'er a
protein that will fold into an explicitly defined 3-dimensional structure, with a sequence
‘that is not related to any known naturally occurring protein (DeGrado, Summa et al.
1999). While a variety of techniques have been employed for both types of design,
particularly significant improvements have been made in the development of

computational protein design methods in recent years.

Current computational techniques for protein design involve two key elements:
the selection of an optimal solution from the tremendous range of sequence and structure
possibilities, and the description of the various interactions in the protein in terms of an
explicit mathematical energy function (Pokala and Handel 2001). A commonly used
technique in protein design for greatly reducing the sequence-structure space, developed
by Ponder and Richards (1987), is to i) assume a fixed protein backbone and to ii) restrict
side chains to only adopt statistically preferred conformations or rotamers. This reduces
the design problem to determining the lowest energy combination of side-chain rotamers
for a fixed backbone template. However, the resultant sequence-structure search space is
still too large to calculate the energy of every possible solution. For instance, allowing
for three rotamers for each of the 20 amino acids at each sequence position, there are still
more than 10'"7 sequence solutions for a 100 amino acid protein. A variety of search
algorithms have therefore been employed to selectively sample these solutions to arrive at

the lowest energy solutions. These algorithms (Desjarlais and Clarke 1998; Voigt,



) 3
Gordon et al. 2000) fall into two broad categories. Stochastic algorithms (e.g. Metropolis
Monte Carlo), the faster of the two categories, work by semi-randomly sampling the
search space to reach lower energy solutions, but suffer from the disadvantage of not
being guaranteed to converge to the global minimum enefgy solution or even the same
solution on different runs. In comparison, deterministic algorithms (e.g. Dead End
Elimination), which do semi-exhaustive searches, always converge on the same (often
global minimum) solution, but are fairly slow and get extremely c;)mplex and expensive
in terms of search time as the search space gfows (Pokala and Handel 2001). Once the
search method has been chosen, the last major step in the computational protein design
process involves the definition and appropriate parameterisation of a suitable energy
function that models the various interactioﬁs in a 3-dimensional protein structure.
Successful energy functions that have been employed are usually made up of a linear
combination of terms that represent atomic van der Waals interactions, electrostatic
interactions, hyarogen bonding interactions, and solvation energies (Bryson, Betz et al.
1995; Dahiyat and Mayo 1997). The contributions of each of these terms, as well as the
inclusion of other optional constraints such as secondary structure propensities, have been
varied and tested by many groups, but no absolute standards had surfaced at the
beginning of this project. The parameterisation of these terms is often determined by
tweaking them to improve the correlation between computed and experimentally
determined properties of the sequences (Pokala and Handel 2001). It should be noted
that while the fixed backbone assumption of Ponder and Richards (Ponder and Richards

1987) is effective in reducing the sequence-structure search space for rational protein
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design, it can lead to rejection\of sequences of lowef energies that may adopt a ‘very
similar (and for many design purposes, effectively the same) fold (Pokala and Handel
2001). There are ample examples in the literature which show that natural proteins are
‘quite tolerant to mutations that would be nonpermissable if the backbone was rigid
because they can adjust to relieve strain (Alber, Bell et al. 1988; ‘Baldwin,
Hajiseyedjavadi et al. 1993; Lim, Hodel et al. 1994). Hence, explicit backbone flexibility
during the design process is another significant parameter that can be varied in
computational design to better model the natural environment of protein sequence-

structure space.

In the late 90’s, Street and Mayo (1999) formalised the concept of a “protein
design cycle”, which involves iteratively cycling between theory and experiment, towards
developing a reliable technique for rational protein design. In the first step of the cycle,
computational methods are used to predict sequences that will yield the most stable
(lowest energy) structure for the intended protein fold. Next, the designed proteins are
tested experimentally to evaluate how well the observed fold matches the predicted one,
with particular attention given to protein stability and the mechanism of folding. The
experimental data can then be fed back into the computational prediction program to
either validate or correct the predictive power of the program. Further iterations of this
cycle should lead to computational protein design methods that become progressively

better in their ability to accurately predict experimental behaviour.
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At the onset of the research described in this dissertation, our in-house
computational protein design program, RosettaDesign (Kuhlman and Baker 2000), had
been successfully applied to redesign protein folding pathways (Nauli, Kuhlman et al.
2001), backbone conformations (Kuhlman, O'Neill et al.v 2002), and oligomerisation
states (Kuhlman, O'Neill et al. 2001). The lessons learned from the experimental
evaluations of these earlier design studies had been incorporated into the design protocol,
and after these first successful rounds in the design cycle, we were eager to apply
RosettaDesign to tackle some of the newer challenges in the protein design field. This
dissertation describes some of these challenges, our attempts to apply and develop the
RosettaDesign methodology to specifically address these different challenges, and the
rigorous experimental characterisation and anafyses of the designer proteins we created in

each of these attempts.

The pioﬁeering redesign of the 25 residue zinc finger Zif268 by Mayo and co-
workers (Dahiyat and Mayo 1997) had demonstrated that automated procedures could be
used to completely redesign a naturally occurring backbone. Despite the ground-
breaking nature of that work, it stood as the only experimentally validated complete
protein redesign attempt at the beginning of the new millennium. To extend these results
to a larger and more diverse set of protein structures, we applied RosettaDesign to
redesign nine globular proteins, and we then experimentally characterised these
redesigned proteins with a battery of biophysical and structural techniques (Chapter 2)

(Dantas, Kuhlman et al. 2003). The nine naturally occurring proteins had experimentally
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determined three-dimensional sfructures, stabilities anci folding mechanisms, were in the
80-120 residue length range, and represented folds with varying compositions' of
secondary structure. The general workings of RosettaDesign (2000) followed the
‘paradigm for computational protein design described above — the program assumed a
fixed protein backbone, restricted amino acid usage to a backbone-dependent rotamer
library (1997), employed a Metropolis Monte Carlo (Metropolis, Rosenbluth et al. 1953)
search procedure and an energy function composed of a linear combination of terms that
model the forces that are important for protein structure and stability. Experimental
characterisation of the redesign proteins demonstrated that RosettaDesign could reliably
predict sequences that fold to stable structures, and that the redesigned proteins often
have features typical of naturally occurring proteins. Eight of the proteins appeared
folded, with similar secondary stru;:ture to their wild-type counterparts, and six had
stabilities equal to or up to 7 kcal / mol greater than the wild-type counterparts. We have
subsequently discovered (in collaboration with Ethan Merritt, and Gabriele Varani and
co-workers) that the high-resolution structures of the two most dramatically stabilised
redesigned proteins (redesigned human procarboxypeptidase ‘and UlA) are essentially
identical to their wild-type counterparts (< 1A RMSD over backbone atoms). These
encouraging results from the first large scale test of computational protein design
suggested that we were ready to apply RosettaDesign to attack the next big challenge in

the protein design field, the creation of proteins with novel structures.
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The observation that a number of globular protein folds have not yet been
observed in nature begs the question: are these folds not physically realisable or have
they simply not yet been sampled by the evolutionary process or characterised by a
structural biologist? Methods for de novo design of novel protein structures provide a
route to resolving this question and perhaps, more importantly, a possible route to novel
protein machines and therapeutics. At the turn of the 21% century, the landmark design
by Harbury and colleagues of coiled-coil oligomers with a right handed superhelical twist
was the only example of én experimentally Qalidated attempt at computational de novo
design of a novel protein fold (Harbury, Plecs et al. 1998). Since the three-dimensional
backbone geometry (and hence flexibility) of coiled-coils can be explicitly represented
with parametric equations, these authors were able to refine the backbone conformation
for a large number of fixed amino acid sequences. Since this explicit geometric
~ parameterisation is only possible for a limited number of internally-symmetric protein
structures, a m‘ethod that could be applied to the design of any general novel target
structure was still needed. Accordingly, we developed a general computational strategy
that iterates between sequence design and structure prediction, and applied it to design a
93.residue o/f3 protein called Top7 with a novel sequence and topology (Chapter 3)
(Kuhlman, Dantas et al. 2003). We could utilise RosettaDesign, essentially as before, for
the sequence optimisation steps. Since the goal of the backbone optimisation step is to
identify the lowest free energy backbone conformation for a fixed amino acid sequence, it
is formally analogous to the high-resolution structure prediction problem. The ab initio

structure prediction module of our Rosetta computational algorithm was therefore
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combined with RosettaDesign to allow for simultaneoué optimisation of protein seqﬁence
and structure under the framework of the same energy function and search protocol. 'We
biophysically and structurally characterised the Top7 protein, and found it to be folded
“and extremely stable, and the striking similarity between the x-ray crystal structure and

the designed model (1.17 A root mean squared deviation over backbone atoms)

demonstrated the unprecedented high-resolution accuracy of our design.

During our experimental characterisation of the Top7 protein, we discovered that
in addition to the production of full-length Top7, a portion of the original Top7 gene
construct corresponding to the final 49 C-terminal residues is efficiently mis-translated in
E. coli. Studies on translational error and degradation of natural proteins suggest a
significant rate of aberrant translation, caused either by reactions that end prematurely or
initiate inappropriately (Kurland 1992; Goldberg 2003), that result in an unfolded protein
that is quickly targeted to the proteosome. The mistranslated progeny of Top7, however,
appeared to form a folded protein with high stability, which could provide a significant
challenge to normal cellular machinery. Since this is generally an unwanted outcome,
elucidation of the cause of mistranslation and the biophysical and structural
characterisation of the mistranslated fragment should allow us to learn how to control
against such occurrences in future designs. Chapter 4 describes these efforts, and details
the discovery that this C-terminal fragment of Top7 (CFr) forms a stable, obligate,
symmetric homo-dimer with a novel prote;inéprotein interaction with zeptomolar affinity.

We use the structural information from this study to further stabilise the CFr protein by
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engineering a intra-molecular disulfide bond that covalently circularises the protein. Our
current efforts are focused on using these new super-proteins as scaffolds for the design

of new functions and novel folds.
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CHAPTER 2

A Large Scale Test of Computational Protein Design: Folding and Stability of Nine

Completely Redesigned Globular Proteins

A previously developed computer program for protein design, RosettaDesign,
(Kuhlman and Baker 2000) was used to predict low free energy sequences for nine
naturally occurring protein backbones. RosettaDesign had no knowledée of the naturally
occurring sequences and on average 65% of the residues in the designed sequences differ
from wild type. Synthetic genes for ten completely redesigned proteins were generated,
and the proteins were expressed, purified, and then characterized using circular
dichroism, chemical and temperature denaturation and NMR experiments. Althoﬁgh high
resolution structures have not yet been determined, eight of these proteins appear to be
folded and their circular dichroism spectra are similar to those of their wild type
counterparts. Six of the proteins have stabilities equal to or up to 7kcal/mol greater than
their wild type counterparts, and four of the proteins have NMR spectra consistent with a
well-packed, rigid structure. These encouraging results indicate that computatiénal
protein design methods can, with significant reliability, identify amino acid sequences

compatible with a target protein backbone.

Introduction
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The ultimate goal of protein design is the creation of novel proteins that perform
specified tasks. A necessary requirement for meeting this goal is the ability to identify
sequences that fold with sufficient stability into a target structure. Towards this end
several laboratories have developed computer programé for identifying amino acid
sequences compatible with a given protein.(Desjarlais and Handel 1995; Dahiyat and
Mayo 1997; Koehl aﬁd Levitt 1999; Wernisch, Hery et al. 2000; Looger and Hellinga
2001; Reina, Lacroix 'et al. 2002; Summa, Rosenblatt et al. 2002; Havranek and Harbury
2003) A rigorous test for these models is thé complete redesign of naturally occurring
proteins. In such a test, the only information given to the method is the backbone
coordinates of the protein to be redesigned. Although there has been considerable recent
success in the field of computational protéin design,(Harbury, Plecs et al. 1998;
Shimaoka, Shifman et al. 2000; Benson, Conrad et al. 2001; Offredi, Dubail et al. 2003)
the pioneering zinc finger redesign by Mayo and coworkers is the only published report
in which auto£nated procedures have been used to completely redesign a naturally

occurring protein backbone.(Dahiyat and Mayo 1997)

Previously we demonstrated that our method for protein design, RosettaDesign,
produces native-like sequences when run on a large test set of naturally occurring protein
backbones.(Kuhlman and Baker 2000) On average 30% of the residues were identical to
their wild type counterpart, and in the core the level of identity was 50%. These results
suggested that RosettaDesign was performing well, but they did not indicate whether the

design sequences would actually fold into the target structures. The RosettaDesign
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method has been applied succeésfully to the redesign of protein folding pathways,(Nauli,
Kuhlman et al. 2001) backbone conformations,(Kuhlman, O'Neill et al. 2002)'and
oligomerisation states.(Kuhlman, O'Neill et al. 2001) Here, to more rigorously test
- RosettaDesign, and more generally, to assess the consistency with which modern
computational protein design methodology can completely redesign the sequences of

small proteins, we make and characterize complete redesigns of nine globular proteins.

Like all automated procedures for protein design, RoséttaDe‘sign has two main
components: an energy function that ranks the relative fitness of various amino sequences
for a given protein structure and a search function for rapidly scanning sequence space.
The energy function used by RosettaDesign is dominated by Lennard-Jones interactions,
an orientation dependent hydrogen bonding potential(Kortemme, Morozov et al. 2003),
and an implicit solvation model.(Lazaridis and Karplus 1999) The Lennard-Jones term
favours atoms being closely packed, but not too close to each other and therefore
provides the steric information needed to correctly pack a protein core. The implicit
solvation model penalizes the burial of polar atoms and therefore favours hydrophobic
residues in the core of the protein and hydrophilic residues on the protein surface. The
hydrogen bond term offsets the implicit solvation model by rewarding buried polar
groups thét form good hydrogen bonds. Amino acid specific reference energies

approximate the average free energy of each of the amino acids in the denatured state.
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Even for a small protein the size of sequence space is enormous and therefore it is
not feasible to explicitly calculate the energy of every possible sequence. RosettaDesign
uses a simple Monte Carlo optimization to identify low energy sequences. Starting from
a completely random sequence, single amino acid substitutions are accepted or rejected
using the Metropolis criterion. To make the search discrete, side chain conformations are
restricted to the backbone torsion angle dependent rotamer conformations in Dunbrack’s
library.(Dunbrack and Cohen 1997) This optimization procedure converges to very
similar sequences (70-80% identity) when muitiple runs are started with different random
sequences. Unlike the commonly used dead-end elimination algorithm, the Monte Carlo
protocol does not guarantee that the final sequence will be at the global energy minimum,
but the convergence observed from multiple ers strongly suggests that the search is not
getting trapped in local minima. An advantage of the Monte Carlo protocol is that it is
very fast, a typical search for a 100 residue protein takes approximately 5 minutes on a

desktop computer.

Results

RosettaDesign was used to design sequences for nine globular proteins: the src
SH3 domain, lambda repressor, UlA, protein L, tenascin, procarboxypeptidase,
acylphosphatase, S6, and FKBP12 (Figure 2.1). For protein L two sequences were
chosen for experimental study. On average the redesigned protein sequences are 35%
identical to the wild type sequence over all residues and 50% identical for the core

residues (Table 2.1). In general the overall amino acid composition in the redesigns is



14
similar to that of the wild type proteins, although é few of the redesigns are fnore
hydrophobic than the wild type protein. The redesign of S6 has the most dramatic
change, 59% of the residues are non-polar in the redesign while only 49% of the residues

- are non-polar in the wild type protein.

Synthetic genes which place each of the ten protein sequences under the control
of the T7 promoter, with a C terminal 6X His tag, and a codon usage optimal for E coli
were obtained from BlueHeron Biotechnologies. Following inductiori inE éoli, each of
the proteins was clearly visible on Coomassie-stained SDS gels, and it was possible to

purify all ten proteins to reasonable homogeneity using nickel affinity chromatography.

The folding and stability of each of the redesigned proteins was asseséed using a
battery of biophysical techniques. The extent of secondary structure in the completely
redesigned proteins was assessed by circular dichroism spectroscopy (Figure 2.2). Size
exclusion chromatography was used to determine if the proteins were monomeric (data
not shown). Chemical (Figure 2.3) and thermal (Figure 2.4) denaturation experiments
were used to confirm that the proteins were folded and to determine their stabilities.
One-dimensional "H-NMR experiments (Figure 2.5) were used to further confirm that the
proteins were folded and to probe the rigidity of their structures. . Based on the results
from these experiments we were able to place the proteins into different categories:

unfolded versus folded, lower or higher than WT stability, and more or less rigid (Tabie

2.2).
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Only one of the proteins, the SH3 redesign, is clearly unfolded. The CD spectra
of redesigned SH3 (Figure 2.2) is typical of a random coil and the 1D 'H-NMR spectrum
(Figure 2.5) shows sharp lines and very little dispersion, strongly indicative of an

unfolded protein.

Three of the proteins were multimeric even at low concentration. The tenascin
redesign visibly aggregates at low cpncentraﬁons and could not be further characterized.
Size exclusion chromatography of the FKBP12 and S6 redesigns suggest they form
oligomers, but the two proteins do not form extensive aggregates and their CD spectra are
similar to their naturally occurring counterparts‘, suggesting that they may adopt the target
structures. While the FKBP12 redesign denatured at high guanidine concentration, as
evidenced by the change in the CD spectrum (Figure 2.2), the CD spectrum of redesigned
S6 was remarkébly resistant to both temperature and chemical denaturant (Figure 2.2);
hence redesigned S6 may be stabilized by intermolecular as well as intra-molecular
interactions. Clearly the computational design method, in addition to optimizing the
stability of a given structure, needs to take into account solubility issues as well. This
may perhaps be achieved by negative design against possible intermolecular interactions,
for example by placing inwardly pointing charged amino acids in edge beta strands as

suggested by the Richardsons.(Richardson and Richardson 2002)
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The six remaining redesigned proteins api)ear monomeric and folded as
evidenced by size exclusion chromatography, CD spectra, and chemical denaturation
experiments. The proteins chromatographed as monomers by gel filtration
chromatography, and comparison of their CD spectra (Figure 2.2) to previously published
CD spectra of their naturally occurring counterparts suggested a very similar di‘stribution
of secondary structures. Chemical denaturation data fit well to a simple two state folding
model (Figure 2.3), and for the designed proteins with buried tryptophan residues,
unfolding transitions monitored by CD and by intrinsic ﬂuoreecence‘ (data not shown)
were coincident, further supporting the two state model typical for small naturally
occurring proteins. The free energies of unfolding and their denaturant dependencies (m
values) for the redesigned proteins were estimated from the fits of the chemical
denaturation data (Figure 2.3) to the two state model. The m values of the designed
proteins are in the range of those of naturally occurring small proteins; of the four cases
where direct comparisons are possible, two of the designed proteins have smaller m
values than their wild type counterparts, one has a larger value, and one a very similar
value (Table 2.3). Of the six proteins, two—the redesigned lambda repressor and one of
the two protein L redesigns (pL1)—are clearly less stable than their naturally occurring
counterparts (Figure 2.3 and Table 2.3). The redesigned acylphosphatase and the second
protein L redesign (pL2) have roughly the same stability as their naturally occurring
counterparts (Table 2.3). In contrast, the ULA and procarboxypeptidase redesigns were
significantly more stable than the naturally occurring proteins, redesigned UlA by

~2kcal/mol and redesigned procarboxypeptidase by a striking ~7kcal/mol.



Two common features of many naturally occurring proteins are cooperative
thermal denaturation transitions and NMR spectra with strong dispersion and sharp lines.
Both of these features appear to be linked to the rigidity éf the protein structure. In a
rigid protein each atom is located in a well-defined environment and therefore only one
sharp NMR peak is observed for each resonance. In contrast, if the structure is more
molten then the atom may be in multiple different environments on a time-scale relevant
to the NMR measurement and therefore bfoad NMR lines are observed. A highly
cooperative thermal transition indicates a large change in enthalpy upon unfolding and is

consistent with a change from a rigid folded protein to a dynamic unfolded protein.

To assess the rigidity of the redesigned proteins, 1D NMR spectra and
temperature melts were obtained. Redesigned lambda repressor does not have a
cooperative theﬁnal melt or a NMR spectrum with sharp lines, suggesting that it may be
more flexible than the other redesigns. Redesigned acylphosphatase has a cooperative
thermal melt, but the NMR speétrurn has broad lines, which may in this case reflect some
intermolecular association at high concentration (and hence slower tumbling times and

broader NMR lines).

Remarkably, four of the beta-sheet containing protein redesigns appear to be as
rigid as most naturally occurring proteins. The two protein L redesigns and the redesigns

of U1A and procarboxypeptidase have cooperative thermal melts (Figure 2.4) and NMR
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speétra with relatively sharp lines and good dispersion (Figure 2.5). In additioh, the
NMR spectra for these proteins have small peaks just downfield of the water (5ppm —

5.5ppm) that are probably from Ca protons on the backbone and are strongly indicative

“of a B-sheet.(Wiithrich 1986)

Another hallmark of naturally occurring proteins is a large change in heat capacity
upon folding. Two of the proteins, redesigned U1A and acylphosphatase, cold-denature
at intermediate concentrations of guanidine and estimates of AC®, could be obtained from
fits of temperature denaturation experiments to the Gibbs-Hemholtz equation. For both
proteins the AC®, per residue is approximately 10 cal deg” mol” which falls within the
range of 4C°, per residue Qalues reported for natural proteins of this size.(Myers, Pace et

al. 1995)

Discussion

Here we have shown that RosettaDesign can reliably predict sequences that fold
to stable structures, and that the designed proteins often have features typical of naturally
occurring proteins. Half of the folded designs have NMR spectra and temperature melts
typical of tightly packed proteins. These findings significantly extend the pioneering
successful complete redesign of the 25 residue zinc finger Zif268(Dahiyat and Mayo

1997) to a broad range of considerably larger proteins.
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Since so many mutations were made to each protein it is difficult to determine
why some designs were more successful than others, but there are some trends. Three
redesigns were significantly more stable than their wild type versions (the redesigns of
S6, UlA, and procarboxypeptidase) and two redesigns were less stable (one of the
protein L redesigns and the fedesign of lambda repressor). In each of the cases where the
designs were more stable, the design sequence had a higher fraction of hydrophobic
amino acids than the wild type protein. In the two cases where the design was less stable,
the redesigned sequences were less hydrophob‘ic than that of the wild type protein. These
results are consistent with the notion that the burial of hydrophobic groups is one of the
driving forces of protein folding.(Dill 1990) More detailed comparison of the wild type
and redesigned proteins must await high resoluﬁon determination of the structures of the

redesigned proteins.

Six of ‘the ten design sequences were soluble and monomeric at NMR
concentrations (1 mM) as judged by gel filtration, while one was unfolded. Why do the
' remaining three proteins self associate? Redesigned tenascin was visibly aggregated
even at low concentrations, and therefore it was not possible to determine if it was folded.
One possibility is that it aggregates to such a high degree because it is unfolded and
therefore its hydrophobic core residues are exposed to interactions with other molecules.
Redesigned S6 and FKBP12 do not visibly aggregate at low (CD) or high (NMR)
concentrations, but are multimeric. This lower degree of association, when compared to

redesigned tenascin, is probably due to association of folded monomers. Indeed, the
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redesigns of $6 and FKBP12 have an increase in the fréction of non-polar accessiblé' (ie.
“sticky””) surface area compared to the wild type counterparts; this criterion could be used
as a filter to ensure that future designs are soluble. To test this we are currently
‘constructing variants of the S6 and FKBP12 redesigns that have fewer hydrophobic
residues on their surface. Additionally, redesigned tenascin and FKBP12 seem‘ to lack
any of the “aggregation preventors” that native proteins employ with their edge beta
strands, namely strand kinks or inward pointing charged residues.(Richardson and
Richardson 2002) Since designing a kink in any strand woﬁld change the redesign
backbone from its the native target, we are testing the feasibility of the second anti-
aggregation strategy by constructing variants of redesigned tenascin and FKBP12 that
replace edge-strand partially surface-exposed hydrophobic residues wifh charged

residues.

In only one case, the redesign of the src SH3 domain, was the designed protein
clearly unfolded. To examine why this designed sequence was so unstable, we used the
program Probe(Word, Lovell et al. 1999) to look for clashes in our model of the designed
protein. Probe identified a large clash between Ile 26 and Ala 39. An examination of the
multiple sequence alignment for SH3 domains showed that these amino acids are often
seen at these positions, but typically not together.(Larson, Di Nardo et al. 2000) There is
a strong preference for Ile 26 to be paired with Gly 39, and Leu 26 to be paired with Ala
39. The atomic radii used in our simulations are scaled by 0.95 relative to CHARMM 19

radii in order to compensate for the use of fixed rotamers. If the radii are increased to
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their full size, then RosettaDesign shows a strong preference for a Leu-Aia pair.
Currently we are testing these findings by mutating Ile 26 to Leu or Ala 39 to Gly. This
is a case where using reduced radii can be costly, and suggests the need for more realistic

radii coupled with a better sampling of side chain conformational space.

The large-scale test described in this paper establishes that RosettaDesign can
redesign naturally occurring proteins with a reasonable chance of success. These
encouraging results suggest that the program is ready to attack the next big challenge in

the field of protein design, the creation of proteins with novel structures.

Materials and Methods
Computational Procedure

Our computational model for protein design, RosettaDesign, is largely unchanged
from that descri;bed previously.(Kuhlman and Baker 2000) RosettaDesign contains two
main components: an energy function that ranks the relative fitness of amino sequences
for a given protein structure and a Monte Carlo optimization procedure for rapidly
searching sequence space. The energy function is a linear combination of a 12-6
Lennard-Jones potential, the Lararidis-Karplus implicit solvation model,(Lazaridis and
Karplus 1999) an empirical hydrogen bonding potential,(Kortemme, Morozov et al.
2003) backbone dependent rotamer probabilities,(Dunbrack and Cohen 1997) amino acid
probabilities for particular regions of phi,psi space, and a simple electrostatics term

derived from the probability that two types of polar amino acids are found near each
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other in the PDB.(Simons, Ruczinski etal. 1999) In addition, each amino acid has a |
unique reference energy that controls the frequency that it is placed during design. The
linear sum of the seven energy terms, each with its own weight, can be represented as:

E =W E +WE +W_E_+W_ E +W_.E .*WiuLioni—Ews

'protein rot —rot atratr rep"rep solv—solv pair~— pair

(1) B, = S-InP(ror(i) | phic), psic) - in 2220 é’;f;?;pSi(i))

)

E,.; represents the internal energy of a rotamer/amino acid and is derived from the
frequency of particular rotamers and amino acids for a given set of backbone torsion
angles (phi angle, psi angle). The first term, the probability for a roramer given phi énd
psi is taken directly from Dunbrack and Cohen,(Dunbrack and Cohen 1997) and the
second term, the probability of an amino acid given phi and psi was computed from PDB

statistics.
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E.. is the attractive portion of a 12-6 Lennard-Jones potential. dj is the distance
between the two atoms, ;s the sum of the van der Waals radii and ey the square root of

the product of the well depths. The values for 7; and e; are taken from the CHARMM19
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parameter set,(Neria, Fischer et al. 1996) except that the r; values were scaled by 0.95 to
account for the fixed rotamer approximation. Explicit hydrogens were only used to
evaluate hydrogen bonds. E,, represents the repulsive energy between two atoms and is
dampened in comparison to the typical 12-6 potential because a fixed backbone and
rotamer set is being used in this model. E,, and E,., are not evaluated between atoms in

the same amino acid because these energies are already part of the E,,, term.

4 E_, = i _exp(—d? )V, ————=—-exp(-d})V,
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Eow 1s the solvation energy of an atom éalculated using the implicit solvent model
developed by Lazaridis and Karplus.(Lazaridis and Karplus 1999) dj; and r;are the same
as in E,y, AG™ is related to the solvation energy of the .fully solvated atom, A;is a
correlation length, and ¥ is atomic volume. The values for the parameters are taken from
Lazaridis and Karplus.(Lazaridis and Karplus 1999) We have left out the intrinsic
solvation amino acid of each atom because it is completely determined by amino acid

identity and can be incorporated into the reference energies.
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Epair is derived from the brobability of seeing twb amino acids close together in
space in the PDB database after accounting for the intrinsic probabilities of these amino
acids to be in that environment. This term primarily reflects electrostatic effects.(Simons,

‘Ruczinski et al. 1999) We only evaluated this term between polar amino acids.

Ensona is the energy of sidechain-backbone and backbone-backbone hydrogen
bonds. The hydrogen bonding potential was developed by Kortemme and co-workers
and was derived by examining the hydrogen bond geometries in the protein data
base.(Kortemme, Morozov et al. 2003) Additionally, the weight placed on the hydrogen
bonding term was scaled by the number of neighbours surrounding the hydrogen bond.
The exact values for the weights were determined by calculating the frequency that
particular hydrogen bonding atoms on particular amino acids were found to} form
hydrogen bonds in naturally occurring proteins as a function of number of neighbours.
For instance, if the side chain oxygen on serines with 15 neighbours were found in
hydrogen bonds half the time in naturally occurring proteins than the energy for a serine
hydrogen bond with 15 neighbours would be multiplied by 0.5. Neighbours were defined
as residues with Cp atoms within 10 A. Side chain backbone hydrogen bonds were not

allowed in cases where the backbone group was hydrogen bonding with another

backbone atom.

Last, every amino acid has a reference energy, E.r
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nres
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The weights on these terms and the 20 reference energies were determined by
maximizing the product of exp(-E(ad.ss))/(2exp (-E(aay)) over a training set of 30
proteins using a conjugate-gradient-based optimization method, where E(aass) is the
energy of the native amino acid at a position and the partition function in the denominator
is over all 20 amino acids at each position. In this process only one residue was changed
at a time and all other residues were kept in their native conformation. Subsequently the
parameters were refined slightly on the basis of the results of complete redesign
calculations on the training-set proteins. The weights used for this study are given in
Table 2.4. The reference values are dramatically different than we have used previously
because we have removed the intrinsic solvation energy of an atom from the Lazaridis-

Karplus solvation energy.

The Monte Carlo optimization procedure used to scan sequence space started with
a random sequence. The side chain conformations of each amino acid were modelled
using Dunbrack’s backbone dependent rotamer library.(Dunbrack and Cohen 1997) Only
rotamers observed more than 3% of the time were considered. Each round of Monte
Carlo consisted of replacing one rotamer, evaluating the energy change, and accepting the

change if it passed the Metropolis criterion. A rotamer replacement may or may not
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involve changing amino acid idéntity. A typical run consisted of a few hundred thousand

1

rotamer replacements, at which point the energy had typically plateaued.

Two rounds of optimization were used for each protein that was redesigned. The
first round consisted of 100 independent runs in which all 20 amino acids were allbwed at
each position. Dunbrack’s standard rotamer library was used for this round. During the
second round the amino acids considered at each sequence position were restricted to
those observed at that position in the results from the first round. Typically between one
and five amino acids were considered at each position in the second round. Because
there were fewer amino acids being considered in the second round it was possible to use
an expanded rotamer library. In addition to the standard Dunbrack rotamers, new
rotamers were constructed with chi angles plus one and minus one standard deviation
away from the most commonly observed chi angles. These new rotamers were given a
small energy penalty to account for the fact that they are sub-optimal. As in the first
round, one hundred independent runs were performed for each protein in the second
round. From these runs, the lowest energy sequence was chosen for experimental study.
In general it is not clear if using a second round of design with more rotamers was
helpful. The average identity between the design sequences and the native sequence did

not increase from round one to round two.

Protein Expression and Purification
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Genes corresponding to the computationally selected protein sequences were
purchased from BlueHeron Biotechnologies. The gene constructs were cloned in plasmid
pet29b(+) (Novagen) and expressed in the BL21(DE3)pLysS strain of Escherichia Coli.
A 6X histidiﬁe tag at the C-terminus of each construct‘ allowed for the single-step
purification of the expressed proteins on a Ni* affinity column (Pharmacia Biotech).
Column-purified protein was dialysed 10*-fold against 50mM sodium phosphate pH 7.0,
which is the buffer condition used in all subsequent experiments. Protein identity and
purity was determined by SDS-PAGE and ESI-MALDI Mass Spectroscopy. Protein

concentrations were determined by UV absorbance at 280nm with extinction coefficients

calculated using the EXPASy Protparam tool (http://us.expasy.org/tools/protparam.html).

Circular Dichroism (CD)

CD data were collected on an Aviv 62A DS spectrometer. Far-UV CD
wavelength scéns (260-200nm) at varying protein concentrations (15-25uM),
guanidinium hydrochloride (GuHCI) concentrations (0-8.3M), and temperatures (0-98°C)
were 'collected in a 1mm path-length cuvette. GuHCI induced protein denaturation was
followed by the change in ellipticity at 220nm in a lem path-length cuvette, using a
Microlab titrator (Hamilton) for denaturant mixing. Temperature was maintained at 25°C
with a Peltier devicee. All CD data were converted to mean residue ellipticity.
Temperature induced protein denaturation was followed by the change in ellipticity at

H20

220nm in a 2mm path-length cuvette. To obtain a value for AGy ™", chemical

denaturation curves were fit by nonlinear least squares analysis using the linear



28

extraipolation model as applied by Santoro and Bolen. To obtain a value for 4C°%,

thermal denaturation curves were fit using the Gibbs-Hembholtz equation in the form:

¢=¢f +(¢u _¢f°)
1+e}7

~AG° = AH°(1—7]:—-) +AC° (T -T, —T-ln(Tl)}

m m

where @is CD signal, ¢rand ¢, are the estimated CD signal for the folded and unfolded
states, respectively, R is the gas constant, T is temperature, T,, is the temperature where

50% of the protein is folded, AG® is the change in the Gibbs free energy for the unfolding

reaction, AH°® is the change in enthalpy, and AC®, is the change in heat capacity.

Size Exclusion (Gel Filtration) Chromatography

Size exclusion chromatography was carried out using an analytical Superdex-75
column (Amersham Pharmacia) with the Pharmacia FPLC system (GP-250 gradient
programmer, P-500 Pump). Protein samples at NMR concentrations (600puM — 1.2mM)
and CD concentrations (10-40uM) were equilibrated in 20mM EDTA, 50mM sodium

phosphate, pH 7.0 at 25°C, and run on the Superdex-750 column at Iml/min.

Nuclear Magnetic Resonance
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One dimensional spectra were obtained on a Bruker AMX500 using water
presaturation. Spectra were obtained at 27°C in 50 mM sodium phosphate pH 7. Protein

concentrations were between 600 uM and 1.2 mM.

Solvent Accessible Surface Area
Solvent accessible surface area of non-polar atoms was calculated using the

program Whatif (http:/www.cmbi.kun.nl/gv/serverssWIWWWL/).
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Table 2.1: Sequence alignments comparing the wild type sequences (WT) to the
design sequences (D). | '

10 20 30 40 50
ACY-WT AEGDTLISVDYEIFGKVQGVFFRKYTQAEGKKLGLVGWVQNTDQGTVQGQLQGPASKVRH
ACY-D PTGDSYIQVKWOVKGDVTGNNFRKMVAEFAEALGLVGKVTY TDNGTVSGQVEGPAEQVLK
70 80 90
ACY-WT MQEWLETKGSPKSHIDRASFHNEKVIVKLDYTDFQIVK
ACY-D FLEWLARSGSPNADIKQTVFTNMTRIDRLTMETFKIDE
10 20 30 40 50 60
AYE-WT DQVLEIVPSNEEQIKNLLQLEAQEHLQLDFWKSPTTPGETAHVRVPFVNVQAVKVFLESQGIAYSIMIED
AYE-D KTIFVIVPTNEEQVAFLEALAKQDELNFDWQNPPTEPGQPVVILIPSDMVEWFLEMLKAKGIPFTVYVEE
10 20 30 40 50
FKB-WT GVQVETISPGDGRTFPKRGQTCYVHYTGMLEDGKKFDS SRORNKPFKFMLGKQEV IRGWE
FKB-D GVTVVTQESGDGNNRPKPGELVIIFYTWMHKDGPPISSSADQGTPYRFYLGQNQVPEGLQ
70 80 90 100
FKB-~-WT EGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLE
FKB-D EAVANLSQGERVTIVIDSSKTYGETGLPGVVPPGTVLIFDVLLVQLV
, 10 20 30 40 50
FMK-WT VTTFVALYDYESRTETDLSFKKGERLQIVNNTEGDWWLAHSLSTGQTGYIPSNYVAPSDS
FMK-~-D TTLFVATSPYESTTDNDLPFRKGDKIWIEDNAPGDYWKAVSSTTGKTGYIPADKIRFAGA
10 20 30 40 50
LMB~-WT PLTQEQLEDARRLKAIYEKKKNELGLSQESVADKMGMGQSGVGALFNGINALNAYNAALL
ILMB-D GNSETEQAIAKRLQAIFEELAEELNLSQEKVATLIGGSKEEFEKQLKGQQSPNLERAKRF
70 80
LMB-WT AKILKVSVEEFSPSIAREIYEMYEAVS
LMB~D AREIFNVSISDFSEYLYRLYLEQLKERF
10 20 30 40 50 60
PL~WT EVTIKANLIFANGSTQTAEFKGTFEKATSEAYAYADTLKKDNGEWTVDVADKGYTLNIKFAG
PL1-D EKTVEANFIFADGKTTTIRFTGSEEEAKKRVLAYAEELKDTYGEYSVDYKNGGEQINIKFKG
PL2-D DTTVRVIFIFADGKTTTIEFTGSEEAAKKQAQEYAQSLRDNYGDYSIDYQNGGELIKIVFSG
10 20 30 40 50
S6-WT MRRYEVNIVLNPNLDQSQLALEKEIIQRALENYGARVEKVEELGLRRLAYPIAKDPQGYF
S6-D YRVFIIIIYLDPTLSDEELKKLFEMILELLQKYGFDITAIYFQGETELDAPINGTKKAFL
70 80 90
S6-WT LWYQVEMPEDRVNDLARELRIRDNVRRVMVVKSQ
S6-D IVIIVVGPPDTVEEFRRALQSLPYVLQVEIVPYE
10 20 30 40 50
TEN-WT LDAPSQIEVKDVTDTTALITWFKPLAEIDGIELTYGIKDVPGDRTTIDLTEDENQYSIGN
TEN-D LPPPYNITVTNIGPTTAVLVYVRSESPSDGYNITFGTKNDDSDRVTVTLPSENTSYVITN
70 80
TEN-WT LKPDTEYEVSLISRRGDMSSNPAKETFTT
TEN-D LEKPNTTFQITIRSQNGDKSSPPVSTYFTL
10 20 30 w 50
UlA-WT AVPETRPNHTIYINNLNEKIKKDELKKSLHAIFSRFGQILDILVSRSLKMRGQAFVIFKE
UlA-D TPPHTEPSQVVLITNINPEVPKEKLQALLYALASSQGDILDIVVDLSDDNSGKAYIVFAT
70 80 90
ULA-WT VSSATNALRSMQGFPFYDKPMRIQYAKTDSDIIAKM

UlA-D QESAQAFVEAFQGYPFQGNPLVITFSETPQSQVAED
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Table 2.2: Summary of experimental results used to characterize the redesigned proteins

Redesigned | CD GuHCl [Temp Melt{ 1D 'H VERDICT
Proteins [Spectra Melt NMR
src SH3 [Random- [Non- [Non- Sharp- UNFOLDED
coil cooperative cooperative  [lines;
‘ [No ‘
dispersion
Tenascin B -sheet |Aggregated AGGREGATED
Like WT [Unable To Determine (UTD)
\-repressor o-helical [Cooperative  [Non- Broad- FESTABILISED
Like WT |Stability < WT |cooperative [lines; Weakj] ESS RIGID
dispersion
acylphosphatasejo-3 Cooperative  |Cooperative [Broad- STABLE
ike WT |[Stability = WT [T > WT lines; ESS RIGID
Strong
dispersion
Immunophillin jo-B Cooperative  [UTD [UTD STABLE
FKBP12 [Like WT [Stability =WT ULTIMERIC
ribosomal S6  jo-B Does not UTD UTD STABILISED
ike WT |denature ULTIMERIC
protein L 1 o~ Cooperative  |Cooperative [Sharp lines;[DESTABILISED
Like WT [Stability < WT [T, > WT Strong WELL-FOLDED
dispersion
protein L 2 o-B Cooperative  |Cooperative [Sharp lines;STABLE
’ [Like WT [Stability = WT [T, > WT Strong WELL-FOLDED
dispersion
RNA-binding |o-B Cooperative  [Cooperative [Sharp lines;|STABILISED
U1A Like WT [Stability > WT (T, > WT Strong WELL-FOLDED
dispersion
Procarb- o-3 Cooperative  |Cooperative [Sharp lines;STABILISED
oxypeptidase  [Like WT (Stability > WT T >WT  [Strong  WELL-FOLDED
dispersion
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Tabie 2.3: Thermodynamic stability of the designed and wild type proteins

Protein AGLT°  AGy™° m-GuHClI m-GuHCl Tm Tm
(WT)/ (design) (WT)/ (design)/ (WT)/ (design)

keal /kcal kcalmol® kcalmol®  °C /°C
mol’! mol” M M
lambda 4.8 2.8 2.4 1.1 56 -
repressor1 ‘
human 8.1 9.9 1.8 2.0 1 > 100
UlA?
Src SH3? 3.8 - 1.6 - 0 -
Ribosomal 11.6 - ] - 99 -
s6* |
Acylphos- 4.8 5.3 [ 1.7 54 > 100
phatase’
Procarboxy- 4.1 11.9 N 2.0 70-77 > 100
peptidase®
FKBP12’ 4.6 4.8-7.1" 5.4 - ] -
Protein L 4.6 3.7 1.9 1.4 70 ~ 100
(1)°
Protein L 4.6 4.4 1.9 1.8 70 > 100
2°

- unable to determine

[] not found in literature

* due to a strongly sloping “folded” baseline, slightly different baseline estimates yield significantly different AG estimates
for redesigned FKBP12, with very similar fitting errors. This high variability may be due to the guanidine-induced
solubilization of aggregates of this protein at low guanidine concentrations

!(Lim, Farruggio et al. 1992)

? (Kranz, Lu et al. 1996)

3 (Grantcharova, Riddle et al. 1998)

4 (Uversky, Abdullaev et al. 1999)

5 (Taddei, Chiti et al. 1999)

6 (Villegas, Azuaga et al. 1995)

7 (Veeraraghavan, Holzman et al. 1996)

8 (Scalley, Yi et al. 1997; Yi, Scalley et al. 1997)
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Tab}e 2.4: Weights and reference energies used for calculating protein energies (kcal
mol™).

Wor 102 | Weflys) 1.30
Wrep 0.60 | Weflew  -1.62
Wit 101 | WeMety 025
Wpair 040 | W (Asn) 1.05
Whsona 350 | WePro) 022
Wor 0.86 | WGl 1.19

Wre(Ala)  -0.03 W,e(Arg) 2.10
Wef(Asp) 2.30 Wre(Ser) 0.92
Woe(Gly)  2.26 Wer(Thr) 0.38
WefPhe)  -1.74 Wren(Val) -1.35
W,ef(Gly) 1.6 W, Trp) -2.19
W,n(His)  -1.25 Wee(Tyr) -1.04
W) 215 |
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Figure 2.1 Ribbon diagrams of the nine redesigned structures. The PDB codes and
respective residue numbers are: acylphosphatase (2acy, 1-98), lambda repressor (1lmb, 6-
92), UlA (lurn, 2-97), procarboxypeptidase (laye, 10-79), C-Src SH3 (1fink, 83-142),
tenascin (1ten, 803-890), FKB12 (1{kb, 1-107), protein L (1hz5, 1-62), S6 (1ris, 1-94).
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Figure 2.2 Circular dichroism spectra of the redesigned proteins. The CD spectra of
eight of the redesigned proteins (pL1, pL2, LMB, URN, AYE, ACY, RIS) show the
expected WT-like secondary structure content. The spectrum of redesigned src-SH3
resembles a random-coil. Far-UV CD spectra were collected on 15-25uM protein
samples in 50mM sodium phosphate pH 7.0 at 25°C (Blue), at 95-98°C (Yellow) or in 5-
8M GuHClI at 25°C (Pink).
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Figure 2.3 Chemical denaturation of the redesigned proteins. The GuHCl induced
denaturation profiles of seven of the redesigned proteins (pL1, pL2, LMB, URN, AYE,
ACY) are two-state and co-operative. Redesigned S6 does not denature at any GuHCI
concentration. The erratic melt of redesigned SH3 suggests that the protein adopts a
random coil structure. Ellipticity at 220nm was monitored as a function of GuHCl
concentration for ~SUM protein in 50mM sodium phosphate, pH 7.0, 25°C, in a lcm
cuvette. The data were fit using a two-state model with a linear dependence of the free
energy of unfolding (AGu™°) on denaturant concentration. AGy™2° values are tabulated
in Table 2.3. The data sets used are averages of duplicate experiments with 30 separate
denaturant concentrations.
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Figure 2.4 Thermal denaturation of the redesigned proteins. The temperature
induced denaturation profiles of five of the redesigned proteins (pL1, pL2, URN, AYE,
ACY) are two-state and co-operative. Redesigned lambda repressor exhibits a non-
cooperative temperature melt, whereas redesigned SH3 exhibits non-cooperative cold
denaturation. Ellipticity at 220nm was monitored as a function of temperature for
~10uM protein in 50mM sodium phosphate, pH 7.0 in a 2mm cuvette (blue curves).
Pink curves are temperature melts performed for each protein at a GuHCI concentration
where each protein was still folded at 25°C (as ascertained from Figure 2.3).
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Figure 2.5 One dimensional 'H-NMR spectra of the redesigned proteins. The sharp
lines and strong dispersion in the spectra of pL1, pL2, URN and AYE suggest that these
proteins are well folded in a unique conformation. Additionally, the peaks between 5 and
5.5 ppm suggest that these proteins have residues in a B-sheet, which is consistent with
the target structure for these designs. Spectra were obtained at 27°C in 50 mM sodium
phosphate pH 7. Protein concentrations were between 600 UM and 1.2 mM.
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CHAPTER 3

Design of a Novel Globular Protein Fold with Atomic Level Accuracy

A major challenge of computational protein design is the creation of novel
proteins with arbitrarily chosen three dimensional structures. Here we use a general
computational strategy that iterates between sequence design and structure prediction to
design a 93 residue o/ protein called Top7 with a novel sequence and topology. Top7
was found experimentally to be folded and extremely stable, and the X-ray crystal
structure of Top7 is strikingly similar (RMSD = 1.2 A) to the design model. The ability
to design a new protein fold makes possible the exploration of the large regions of the

protein universe not yet observed in nature.

Introduction

There are a large but finite number of protein folds observed thus far in nature,
and it is not clear whether the structures not yet observed are physically unrealizable or
have simply not yet been sampled by the evolutionary process or characterized by a
structural biologist. Methods for de novo design of novel protein structures provide a
route to resolving this question, and perhaps more importantly, a possible route to novel

protein machines and therapeutics.
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There has been considérable progress in thé development of computational
methods for identifying amino acid sequences compatible with a target structure (Poﬁder
and Richards 1987; Desjarlais and Handel 1995; Dahiyat and Mayo 1997), notably the
‘pioneering complete redesign of a zinc finger protein by Mayo and coworkers (Dahiyat
and Mayo 1997). In general, these methods have not been used to create new protein
structures, but rather have been used to redesign naturally occurring proteins so that they
have enhanced stability or new functionality (Malakauskas and Mayo 1998; Reina,
Lacroix et al. 2002; Looger, Dwyer et al. 2003). Because of the‘strong steric restrictions
in the cores of globular proteins, the packing of side chains in redesigned proteins is often
quite similar to that in the original native protein (Dahiyat and Mayo 1997; Johnson,
Lazar et al. 1999), and hence high resolution protein backbone coordinates contain some
memory of the original native sequence (Su and Mayo 1997; Koehl and Levitt 1999;
Kuhlman and Baker 2000; Raha, Wollacott et al. 2000; Jaramillo, Wernisch et al. 2002).
When creating a new protein from scratch there is no such sequence memory to aid the
process, and it is not even known if the target backbone is designable. Thus the
computational design of novel protein structures is a more rigorous test of current
forcefields and optimization methodology than the redesign of naturally occurring

proteins.

Because it is unlikely that any arbitrarily chosen protein backbone will be
designable, it is essential that the design procedure include a search of nearby

conformational space in addition to sequence space. With the exception of the method
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used by Desjarlais and Handel (Desjarlais and Handel 1995) to redesign the hydrophobic
core of a small naturally occurring protein, most previous approaches have either
optimized the amino acid sequence for a large number of fixed backbone conformations
(Su and Mayo 1997; Kuhlman, O'Neill et al. 2002; Larson, England et al. 2002; Reina,
Lacroix et al. 2002) or, as in the landmark design by Harbury and colleagues of coiled
coil oligomers with a right handed superhelical twist (Harbury, Plecs et al. 1998), refined
the backbone conformation for a large number of fixed amino acid sequences (Harbury,
Plecs et al. 1998; Keating, Malashkevich et ai. 2001). The range of sequence-structure
pairs that can be searched using these approaches is restricted by the need to specify, in

advance, a limited number of backbone conformations or amino acid sequences.

We have developed a general procedure for identifying very low free energy
sequence-structure pairs that iterates between sequence optimization and structure
prediction and éan be applied to the design of any desired target structure. The same
energy function is used to guide the search at all stages, and at each stage only the lowest
energy sequence or structure identified in the previous iteration is optimized, thereby
avoiding the large scale and computationally expensive enumeration of alternative
backbones or alternative sequences. Unlike the genetic algorithm of Desjarlais and
Handel (Desjarlais and Handel 1995), in which randomly selected torsion angles and
residue identities were simultaneously perturbed, our procedure iterates between full
scale optimization of sequence for a fixed backbone conformation and gradient based

optimization of the backbone coordinates for a fixed sequence. We use this approach to
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create a 93 residue o/P protein with a topology not present in the Protein Structure

1

Database (PDB).

Results
Generation of starting models

The target structure for the de novo design process can range from a detailed
backbone model to a back of the envelope sketch. As we aimed to create a novel protein
fold, we selected a topology cartoon for a fold not present in the PDB according to the
TOPS server (http://www.tops.leeds.ac.uk/). A rough two-dimensional diagram was
created of the target structure (Figure 3.1), and constraints were identified that define the
topology (Figure 3.1, arrows). Three dimensional models satisfying the constraints were
then generated by assembling three and nine residue fragments from the PDB with
secondary structures consistent with the diagram using the Rosetta de novo structure
prediction methodology (Bowers, Strauss et al. 2000), leading to 172 backbone only
models that have the desired topology and secondary structure content and have RMS

deviations from each other of 2-3A.

Generation of starting sequences

A sequence was designed for each model using the RosettaDesign (Kuhlman and
Baker 2000) Monte Carlo search protocol and energy function, which is dominated by a
12-6 Lennard-Jones potential, an orientation dependent hycirogen bonding term

(Kortemme, Morozov et al. 2003), and an implicit solvation model (Lazaridis and
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Karplus 1999).  All amino acids except for cysteine were allowed at 71 of the 93
positions (~110 rotamers from Dunbrack’s library (Dunbrack and Cohen 1997) per
position); the remaining 22 surface beta sheet positions were restricted to polar amino
acids (~75 rotamers per position). The search through the 1‘1071 * 7522 (>10'%) rotamer

combinations took ~10 minutes for each model on a Pentium III processor.

Because the starting backbone conformations were generated without regard to
side chain packing, it was anticipated that seciuences with very low free energies might
not exist (i.e., the structures would not be designable). Indeed, the lowest energy
sequences selected for the starting structures had energies considerably higher than native
proteins of roughly the same size. In particulér, the Lennard-Jones interaction energies
for core residues were on average 0.8 kcal/mol less favourable than the interaction
energies for the same residues in native protein cores. The finding that low energy
sequences do ﬁot exist for protein backbones generated without regard to side chain
packing emphasizes the need to couple sequence design with backbone flexibility for

general protein design.

Simultaneous optimization of sequence and structure.

The critical feature of the design protocol is the cycling between sequence design,
as described above, and backbone optimization. The goal of the backbone optimization
step—to identify the lowest free energy backbone conformation for a fixed amino acid

sequence—is formally analogous to the high resolution structure prediction problem and
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we used the Rosetta program (Bonneau, Tsai et al. 2001) which we have developed for
structure prediction. The backbone torsion angles were optimized using a Monte Carlo
minimization protocol (Rohl, Straus et al. 2003) in which each move has the following
parts: (1) An initial perturbation consisting of either a small random change in the
torsion angles of 1-5 randomly selected residues, or substitution of the backbone‘torsion
angles of one to three consecutive residues with torsion angles from a structure in the
PDB. In the latter case the torsion angles of neighbouring residues were varied to
minimize the displacemént of the downstream portion of the chain. (2) A rapid
optimization of side chain conformation for all residue positions that had a higher energy
following step 1, by cycling through each rotamer at each position in turn, and replacing
the current side chain conformation with the lowest energy rotamer conformation. (3)
Optimization of the backbone torsion angles in a ten residue window surrounding the site
of insertion by energy minimization using a quasi-Newton method (Press 1992). Moves
were accepted or rejected based on the energy difference between the final minimized
structure and the starting structure according to the Metropolis criterion. The same
energy function was used for backbone optimization and sequence design. Each round of
backbone relaxation consisted of several thousand such Monte Carlo minimization

moves; a full combinatorial optimization of side chain rotamer conformations was carried

out using a Monte Carlo procedure every twenty moves.

For each starting structure 5 independent simulations, each with 15 cycles of

sequence design and backbone optimization, were used to obtain low energy structure
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sequence pairs. Final energies were comparable to those observed for naturally océurring
proteins. Proteins designed using an initial version of the protocol with a damped
Lennard-Jones repulsive term and using Monte Carlo optimization without the
minimization .step were observed experimentally to be quité stable, but appeared to have
somewhat molten cores (data not shown). To optimize steric packing, the atomic radii
were reparameterized based on the distances of closest approach of atom pairs in high
resolution protein structures, explicit protons were included on all atoms, the penalty for
atom-atom overlaps was greatly steepened,‘ and the full Monte Carlo minimization
protocol was used for varying the backbone, resulting in the generation of much lower
energy sequence structure pairs (20% of the final 860 models had more favourable
Lennard-Jones energies than an average proteiﬂ in the PDB). With these improvements,

the protocol was used to design a protein sequence called Top7 (Figure 3.1).

The average Lennard-Jones energies for the buried residues in Top7 become
favourable during the relaxation process (Table 3.1), and while the structural changes
during the iterative refinement process are modest (the final protein backbone model has
an RMSD of 1.1A from the starting model), they bring about dramatic changes in the
designed sequence: only 31% of the Top7 residues are identical to those in the starting
sequence. Neither the Top7 sequence nor the sequence prior to the iterative sequence-
structure refinement process have significant similarity to any naturally occurring protein

sequence; the closest match to the Top7 sequence found using PSI-BLAST (Altschul,
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4

Madden et al. 1997) in the prdtein sequence databasé (NR) is weaker than would be

expected by random chance (E-value = 1.6).

Biophysical and structural characterization of Top7

The folding, stability, and structure of the Top7 protein were analyzed using a
variety of biophysical methods. The Top7 protein is highly soluble (at 25-60mg/ml) and
is monomeric as determined by gel filtration chromatography. The circular dichroism
(CD) spectrum of Top7 is characteristic of oz proteins (Figure 3.2A) and the protein is
remarkably thermally stable: the CD spectrum at 98°C is virtually indistinguishable from
the CD spectrum at 25°C. At intermediate concentrations of GuHCI (~ 5 M GuHCI),
Top7 unfolds cooperatively with an increase in temperature and exhibits cold
denaturation (Figure 3.2B). Fitting these data to the Gibbs-Helmholtz equation gave a
change in heat capacity (AC°p) per residue associated with unfolding of approximately 10
cal deg” mol”, a typical value for well-folded proteins of this size (Myers, Pace et al.
1995), The GuHClI induced chemical denaturation of Top7 is cooperative and the steep
transition is characteristic of the two-state unfolding expected for a small, monomeric,
single-domain protein (Figure 3.2C). Fitting the chemical denaturation data to a two-
state unfolding model yields a free energy of unfolding of 13.2 kcal mol” at 25°C,
indicating that Top7 is more stable than most proteins of similar size (Plaxco, Simons et
al. 1998). The NOESY and HSQC spectra of Top7 (Figure 3.2D-E) exhibit features
characteristic of a folded protein with significant B-sheet content. The HSQC spectrum

contains the expected number of cross-peaks and the dispersion is comparable to that of
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o/P proteins of similar size. Strong backbone NH-Ho cross peaks and the observation of
Ho resonances downfield of the water signal (to 6 ppm) indicate the presence of a B-
sheet, while NH—NH peaks are consistent with a partial helical character for the protein.

Crystallization trials with Top7 yielded crystals that diffracted to 2.5 A. Rather
remarkably, a strong molecular replacement (MR) solﬁtion to the phase problem was
found using the design model. This suggested immediately that the design model was
quite close to the true structure—even the small deviations of NMR solution structures
from X-ray crystal structures can make mole;ular replacement searches fail. To obtain
unbiased phase information, a selenomethionyl substituted variant of Top7 with a surface
lysine at position 37 mutated to methionine was produced and crystallized, and the X-ray
crystal structure was solved to 2.5A by difect rebuilding into an unbiased single-
wavelength anomalous difference (SAD) electron density map (Figure 3.3B) and residual
difference Fourier maps. The final Ryox and Rge. were 0.268 and 0.293 respectively (X-

ray data and refinement statistics are provided in Table 3.2).

The high resolution crystal structure reveals that the Top7 protein adopts the designed
topology (Figure 3.4A). Indeed, the structure is strikingly similar to the design model at
atomic resolution (1.17A RMSD over all backbone atoms). The overall protein structure
is very well ordered, with the exception of two turns (comprising residues 11 to 15 and
24 to 31), each of which exhibit elevated B-factors and poor quality electron density.
The first of these two turns, and the immediately adjoining residues from its neighbouring

strand, deviate the most significantly from the computational model. However, even in
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this ‘region the all-atom RMSD between the two mbdels does not exceed 2.8A. In
contrast, the C-terminal half of the X-ray structure is well ordered and very similar to the
computational model; for example the region Asn78-Gly85 has an all-atom RMSD of
0.79A (Figure 3.4B). Many side-chains in the core of the solved structure are effectively

superposable with those of the designed Top7 (Figure 3.4C).

Like the design model, the Top7 crystal structure is judged to be a novel topology
by the TOPS server. The strongest structu;al similarity found in a Dali search of the
protein databank (Holm and Sander 1995) is to a discontinuous portion of the 668 residue
protein S-adenosylmethionine decarboxylase, which has a large 68 residue insertion
between strands 1 and 2, and the third and fourth strands are connected by an unrefined
loop instead of a helix. According to Alexey Murzin, the curator of the SCOP database,

the Top7 fold is not present in SCOP (Hubbard, Murzin et al. 1997; Murzin 2003).

Discussion

The 1.17A backbone atom RMSD between the Top7 design model and the crystal
structure implies that deep minima in the free energy function used in design correspond
to deep minima in the actual free energy landscape and hence is an important validation
of the accuracy of current potential functions. This atomic level accuracy contrasts
sharply with the low accuracy of ab initio structure predictions for naturally occurring
sequences—the most accurate structure predictions in the Critical Assessment of

Structure Prediction (CASP) experiments for 90-100 residue proteins have RMSDs
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greater than 4A from the experimentally determined structure. Why dées the
simultaneous optimization of sequence and structure identify the global free energy
minimum while the optimization of structure for fixed sequence does not? The answer
may involve Eoth of the challenges facing ab initio strucfure prediction—the vast size
and ruggedness of the conformational space to be searched, and the limited accuracy of
current potential functions. The capability to alter the sequence and hence reconfigure the
landscape may greatly facilitate the search for low free energy protein structures
compared to standard ab initio prediction whére the sequence is fixed. In addition, Top7
lacks functional constraints which can lead to locally suboptimal regions in native
structures that are particularly challenging for structure prediction, and the more
extensive optimization of the folding free | energy may partially compensate for
inaccuracies in the potential functions. Finally, it should be noted that the design process
focused entirely on minimizing the free energy of the folded monomeric structure—
attaining a highiy stable new structure did not require extensive negative design against
possible alternative conformations (Havranek and Harbury 2003; Jin, Kambara et al.
2003) nor consideration of the kinetic process of protein folding (Mirny and Shakhnovich

2001).

The design of Top7 shows that globular protein folds not yet observed in nature
not only are physically possible but can be extremely stable. This extends the earlier
observation that helical coiled coil geometries not found in nature can be generated by

computational protein design (Harbury, Plecs et al. 1998). The protein therapeutics and
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molecular machines of the future should thus not be liﬁlited to the structures sampléd by
the biological evolutionary process. The methods used to design Top7 are in prindiple
applicable to any globular protein structure and open the door to the exploration and

‘utilization of a vast new world of protein structures and architectures.

Materials and Methods
Protein Expression and Purification

Synthetic genes which place the computationally selected protein sequences under
the control of the T7 promoter, with a C terminal 6X His tag, and a codon usage optimal
for Escherichia coli (E. coli) were obtained from BlueHeron Biotechnologies. The gene
constructs were cloned in plasmid pet29b(+) (Novagen) and expresséd in the
BL21(DE3)pLysS strain of E. Coli. Cells were grown in LB media at 37°C to an ODgoo
of 0.6, induced with 1mM isopropyl-thio-B-D-galactosidase (IPTG), and cells were
harvested after another 5 hours of growth at 37°C. Harvested cells were lysed by three
freeze-thaw cycles, and soluble protein collected after centrifugation of cellular debris.
Soluble protein was purified on a Ni' affinity column (Pharmacia Biotech) followed
by104-fold dialysis against 25mM TRIS-HC], 30mM NaCl, pH 8.0. Protein was further
purified on a QFF anion exchange column (Pharmacia) with a 30mM to 500mM NaCl
gradient in 25mM TRIS-HC], pH 8.0, followed by a final 10*-fold dialysis against 25mM
TRIS-HC], 30mM NaCl, pH 8.0. Protein identity and purity was determined by SDS-

PAGE and ESI-MALDI Mass Spectroscopy. Protein concentrations were determined by
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UV absorbance at 280nm with extinction coefficients calculated using the ExPASy

Protparam tool (http://us.expasy.org/tools/protparam.html).

The following modifications were made to the‘ abqve procedure for Top7
crystallography. A Lys> to Met*’ point mutant of Top7 (Top7_K37M) was generated
using the Single Quikchange Mutagenesis kit (Stratagene). Selenomethionine containing
Top7_K37M was expressed in minimal media from the E. coli strain BL21(DE3) adapted
for growth with methionine pathway inhibitfon (Doublie 1997). Cells were grown in
minimal media at 37°C to an ODgqo of 0.8 and the following amino acids were added to
inhibit the methionine biosynthetic pathway: 100 mg/L lysine, threonine, phenylalanine;
75 mg/L selenomethionine; 50mg/L leucine, is‘oleucine, valine. Following a 15-minute
incubation at 37°C, IPTG was added to induce expression and the cultures were

harvested after 5 hours of growth at 37°C. Purification was performed as described.

15N-labelled Top7 was prepared by expression in M9 minimal media with BN-

labelled NH,Cl. Purification was performed as described for unlabelled protein.

Circular Dichroism (CD)

CD data were collected on an Aviv 62A DS spectrometer. Far-UV CD
wavelength scans (260-200nm) at varying protein concentrations (15-25uM),
guanidinium hydrochloride (GuHCI) concentrations (0-8.3M), and temperatures (0-98°C)

were collected in a 1mm path-length cuvette. GuHCI induced protein denaturation was
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followed by the change in elliﬁticity at 220nm in a lem path-length cuvette, usihg a
Microlab titrator (Hamilton) for denaturant mixing. Temperature was maintained at 25°C
with a Peltier device. All CD data were converted to mean residue ellipticity.
Temperature induced protein denaturation was followed by the change in ellipticity at
220nm in a 2mm path-length cuvette. To obtain a value for AGUHZO, ‘chemical
denaturation curves were fit by nonlinear least squares analysis using the linear

extrapolation model as applied by Santoro and Bolen. To obtain a value for AC®,

thermal denaturation curves were fit using the Gibbs-Hembholtz equation in the form:

(¢, -¢;)
P=0+ g
I+grT

_AG® = AHY(l —Tl) +AC®,{T-T, T m(}T—)}

m m

where ¢is CD signal, ¢rand @, are the estimated CD signal for the folded and unfolded
states, respectively, R is the gas constant, T is temperature, T, is the temperature where

50% of the protein is folded, AG® is the change in the Gibbs free energy for the unfolding

reaction, A4H° is the change in enthalpy, and AC?, is the change in heat capacity.

Nuclear Magnetic Resonance (NMR)
The 2D NOESY spectrum of ~ImM Top7 25mM sodium phosphate pH 6.0 was

recorded at 298K at 500Mhz and 200ms mixing time using Watergate suppression. The
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2D HSQC spectrum of ~ImM 15N-labelled Top7 25mM sodium phosphate pH 6.0 was
recorded at 298K at 500Mhz using the fast HSQC scheme of Mori et al. (Mori,

Abeygunawardana et al. 1995)

Crystallization

Selenomethionyl substituted Top7_K37M was crystallized in hanging drops (1 ul
of protein solution at 25 mg/ml with 1 ul of well solution). The well solutions ranged
from 15 - 20% PEG 3350 and 250 mM ammoﬁium formate pH 6.6. The protein crystals
grew within a day and were between 50-200 pum on a side. They were initially
transferred to a cryo-solution of well solution at 25% PEG 3350 plus 25 % (v/v) glycerol
in 4 steps of increasing glycerol and flash frozen in liquid nitrogen. With this treatment
the crystals diffracted in a trigonal space group (P3;21) with unit cell dimensions a =35.9
A, b=3594, c=140.6 A. A single wavelength (0.9793 A) anomalous dispersion
(SAD) (Hendrickson 1991) data set was collected to 2.5 A resolution on beam-line 8.2.1
at the ALS (Advanced Light Source, Lawrence Berkeley Laboratory, Berkeley) using a
four panel ADSC CCD area detector. Multiwavelength data collection (MAD phasing)
was not possible due to significant radiation decay. Data were processed and scaled using

HKL2000 (Otwinowski and Minor 1997).

Structure Determination
The structure of Top7_K35M was solved by molecular replacement with the

program EPMR (Kissinger and Gehlhaar 1997), and by direct rebuilding into an unbiased
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SAD electron density map and residual difference‘ Fourier maps. For moleéular
replacement, 19 surface large surface residues such as Lys, Arg, and Glx were truncated
to Ala in the search model. The correlation coefficient for the initial MR search, using
‘data to 4.0 A resolution, was 0.52, vs. background of 0.36. For SAD phasing, the
position of SeMet 37 was determined from an anomalous difference Patterson map. The
initial phasing power and figure of merit for SAD phasing was 1.99 and 0.24 prior to
density modification. An interpretable electron density map was obtained after density
modification with solvent flipping with a solvent content of 43 % (CNS). An initial
model was built using XtalView (McRee 1999) and O (Jones, Zou et al. 1991). The
model was refined with CNS using the mlhl target (maximum likelihood, Hendrickson-
Lattman coefficients) with 5% of the data excluded for the calculation of the cross-
validating free R (Keywegt and Jones 1996). 88% of all the built residues are in the most
favourable regions of Ramachandran space and 12% are in the allowed regions
(Laskowski, MacArthuf et al. 1993). Statistics from phasing and refinement are shown in
Table 3.2. The structure has been deposited in the PDB with the accession code 1QYS.
Examples of the experimental electron density map were generated with XtalView and
Raster 3D (Merritt and Bacon 1997). Ribbon diagrams were generated with SwissPDB

Viewer (Guex and Peitsch 1997).

Energy Function

The energy of a protein was computed as a linear sum of the following 11 energy

terms.
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E protein = ProtEror + Waaiphi, psiEaai phi, psi +WeomdPrama * WatrEatr * WsonEsoly * WpairE pair + Wbb_hbondEbb_hband +

Wsc_hbondE sc_hbond + Wsc_bb_hbondE se_bb_hbond + WpairE pair ~ E ref

The weights (W) for each term are given in Table 3.4. To calculate the solvation
energy (Eson) and the Lennard-Jones energies (Eq and E,,) the various atoms of the 20
amino acids were binned into types (Table 3.3).
Lennard-Jones Potential (E,, and E,.;)

A standard 12-6 Lennard-Jones potential is used except there is cut-off distance
below which the potential is extrapolated linearly. Favourable energies are placed in Eqr

and unfavourable energies are placed in Erep.

natom natom 7. 12 7. 6 7
Ea,r=z Z {-;-) —z[ﬂ e; if j<1.12

i if if if

natom natom 7. 12 v s V4
E,=> ), —LJ —z(i) e, if 133>L>112

if i

¥

natom natom 7‘,~j
+ Z Zyintercept_dij *SIope ;f ——>1-33
T i %

slope =—12¢,(1.33" =1.33")* (/)

Vinterce = —Slope* (-I-%J +e, (1 3312 -2(1.33)° )
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Lazaridis-Karplus solvation model (Esory)
An implicit solvation model developed by Lazaridis and Karplus is used to

evaluate the solvation energy of a protein (Lazaridis and Karplus 1999).

natom natom { 2AG ﬁee R 2AG free ,
Eqoiy = ——=t—exp(~d; )V, ——=—rexp(=d;; )V
olv Z < {4”‘/;&"}72 y/nj 4”W/;’1j’”rj2 fA7ri

dy and ry; are the same as in Eun, AG"™ is related to the solvation energy of the fully
solvated atom, A; is a correlation length, and V is atomic volume. The values for the
parameters are taken from Lazaridis and Karplus, except some of the AG™ values have
been perturbed to better reproduce the relative frequencies amino acids are placed in the
core versus the surface during design experiments (Table 3.5).  We have left out the
intrinsic solvation energy of each atom because the sum of these values is a constant for

each amino acid and can be incorporated into the reference energies.

Rotamer Self-energy (Eo)

nres

E,, = Z—In(P(rot(z)l Dphi(i), psi(i)

E, is related to the self-energy of a rotamer and was derived from Protein Data

Bank statistics by observing the probability of a particular rotamer and amino acid for a
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given phi angle and psi angle. These probabilities were taken directly from Dunbrack
and Cohen (Dunbrack and Cohen 1997). During the final design simulations we also
considered rotamers with chi angles perturbed from the most commonly observed chi
angles (+/- 0.5 standard deviation). These sub-rotamers were penalized by assuming a
gaussian distribution about the mean using tabulated variances from Dunbrack and

Cohen.

Amino acid preferences for particular regions of phi, psi space (Eaajphi,psi)
A non-redundant set of PDB files were used to determine the probabilities for
observing each of the 20 amino acids within 10°x10° bins in phi,psi space, P(aa,|phi,psi).

The energy was calculated by taking the negati\?e log of the probabilities.

Amino acid dependent torsion potential for phi and psi (Erama)

For eacfl of the 20 amino-acid types in each of three secondary structure types
(helix, strand, and other as defined by DSSP), the frequency of (phi,psi) pairs was
determined for 10°x10° bins. Probabilities were calculated using added pseudocounts,

and the potential calculated by taking the log of the interpolated probabilities.

Residue pair potential (Epqir)

nres nres P(aai’ aaj | d

E = ZZ .env, env,)

pair &4+ P(aa, | dy,env,)P(aa, | dj,env;)
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Epair is derived from the probability of seeing two amino acids close together in
space in the PDB database after accounting for the intrinsic probabilities of these amino
‘acids to be in £hat environment (Simons, Ruczinski et al. 1999). Two classes of
environments are considered, buried and exposed, and five distance bins were used, 0-
4.5, 4.5-6.0, 6.0-7.5, 7.5-9.0 and 9.0-10.5. This term was only evaluated between polar
amino acids. The distances were measured between the action centres on each residue,

e.g. the nitrogen on the lysine sidechain.

Orientation-dependent hydrogen bonding term (Ess_ssonds Esc_nbonas Ebb sc_nbond)

The energy of backbone-backbone, sidechain-backbone and sidechain-sidechain
hydrogen bonds were determined using a function derived from the distances and angles
observed for naturally occurring hydrogen bonds in the PDB database. This function is
described in detail in the supporting material of Kortemme & Baker (Kortemme,
Morozov et al. 2003). In this study we did not weight the strength of the hydrogen bonds
according to their degree of burial. We removed this weight to encourage hydrogen

bonds at positions that are partially buried.

Energy of the unfolded state (E,.)

nres

Eref = Z I/Kef (aa(z))
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To approximate the energy of the unfolded state each amino acid is assigned a

empirically determined reference energy.

Setting the weights

The weights on these terms and the 20 reference energies were determined by
maximizing the product of exp(-E(aaoss))/(2exp (-E(aay)) over a training set of 30
proteins using a conjugate-gradient-based optimization method, where E(aa.s) is the
energy of the native amino acid at a position and the partition function in the denominator
is over all 20 amino acids at each position. In this process only one residue was changed
at a time and all other residues were kept in their native conformation. Subsequently the
parameters were refined slightly on the basis of the results of complete redesign
calculations on the training-set proteins. The weights used for this study are given in
Table 3.6. The ‘reference values are dramatically different than we have used previously
because we have removed the intrinsic solvation energy of an atom from the Lazaridis-

Karplus solvation energy.
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Table 3.1. Sequences (A) and energles (B) for Top7 before and after iterative cycles of
backbone and sequence optimization (kcal mol 1. Expected Lennard-Jones energles
are derived from the average Lennard-Jones energy for each of the twenty amino
acids for different degrees of burial.

A.

before DIEITVRINNNGEDYDYKKTATTLSEINAHFEELEKHLKEENGEKITISVKLRNEKEAYW

after DIQVQVNIDDNGKNFDYTYTVTTESELQKVLNELKDYIKKQGAKRVRISITARTKKEAEK

before VAAKIKEQALRAGVETIQIDKQSDTMTATLGKQ

after FAAILIKVFAELGYNDINVTFDGDTVTVEGQLE

B.
Top7 before Final Top7

relaxation model
Lennard-Jones (LJ) attractive -370 - =385
Lennard-Jones (LJ) repulsive 28 8.6
Hydrogen bonding -89 -80
Solvation energy 188 175
Total energy -324 -386
LJ attractive — expected LJ 0.3 -0.3
attractive (avg. per buried residue)
LJ repulsive — expected LJ 0.2 -0.2
repulsive (avg. per buried residue)
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Table 3.2 Top7 Crystal Structure Statistics
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DATA COLLECTION
Resolution 50-2.5A
Space Group P3,21 [primitive trigonal]

Unit Cell Dimensions

359A,359A,140.6 A

Wavelength 0.9793
Asymmetric Unit Monomer
Vim 2.1 A%dalton
Total Reflections 144,933
Unique Reflections 6,989
Completeness / (2.59-2.5) 99.1 %/ (100.0%)
Remerge / (2.59-2.5) 45/ (34.4)
I/0/(2.59-2.5) 37.8(5.0)
PHASING
Phasing Power 1.99
Figure of Merit (before/after DM) 0.24 (0.85)
REFINEMENT
Ryork 0.268
Rree 0.293
Number of atoms 693
Number of waters 7
Residues in most-favoured regions 75 (88.2%)
Residues in additional allowed regions 7 (8.2 %)
Residues in generously allowed regions 3(3.5%)
Residues in disallowed regions 0 (0.0%)
r.m.s.d bond length 0.0076
r.m.s.d. bond angles 1.35
Mean B value, mainchain 61.30 A?
Mean B value, sidechain 66.67 A*
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Table 3.3: Definitions for atom fypes used in the Rosetta energy function

Atom
Type Atom type description
Number
1 carbonyl carbon in sidechain of Asn and Gln, and guanidyl carbon
in Arg

2 carboxyl carbon in Asp and Glu
3 aliphatic carbon with one hydrogen
4 aliphatic carbon with two hydrogens
5 aliphatic carbon with three hydrogens
6 aromatic ring carbon
7 nitrogen in Trp sidechain
8 nitrogen in His sidechain
9 nitrogen in Asn and Gln sidechain
10 nitrogen in Lys sidechain
11 nitrogen in Arg sidechain
12 nitrogen in Pro backbone
13 hydroxyl oxygen
14 carbonyl oxygen in Asn and Gln sidechains
15 carboxyl oxygen in Asp and Glu
16 sulphur in Cys and Met
17 backbone nitrogen
18 backbone alpha carbon
19 backbone carbonyl carbon
20 backbone oxygen
21 polar hydrogen
22 nonpolar hydrogen
23 aromatic hydrogen
24 backbone HN
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Table 3.4 Well depths and radii used for the Lennard-Jones calculations. The well
depths are those used in the CHARMMI19 parameter set (Neria, Fischer et al. 1996).
The radii were determined by fitting the Lennard-Jones potential to the distribution of
distances observed between the atom types in the PDB.

Atom Type Radii(r) well depth (e)
1 2.00 0.1200
2 2.00 0.1200
3 2.00 0.0486
4 2.00 0.1142
5 2.00 0.1811
6 2.00 0.1200
7 1.75! 0.2384
8 1.75" 0.2384
9 1.75' ‘ 0.2384
10 1.75' 0.2384
11 1.75' 0.2384
12 1.75' 0.2384
13 1.55* 0.1591
14 1.55° 0.1591
15 1.55° 0.2100
16 1.90 0.1600
17 1.75 0.2384
18 2.00 0.0486
19 2.00 0.1400
20 1.55 0.1591
21 1.00° 0.0500
22 1.20 0.0500
23 1.20 0.0500
24 1.00° 0.0500

! These atom types are hydrogen bond donors and when paired with atom types that are hydrogen
bond acceptors(13,14,15), 7 is set to 2.95, the optimal distance for hydrogen bonding. This
is to prevent the repulsive portion of the Lennard-Jones term from disfavouring hydrogen
bonds.

2 These atom types are hydrogen bond acceptors and when paired with atom types that are
hydrogen bond donors (7,8,9,10,11,12,13) r; is set to 2.95.

3 These are polar hydrogens and when paired with hydrogen bond acceptors (13, 14,15), ry is set to
1.95.



Table 3.5 Parameters for the Lazaridis-Karplus solvation model.
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Atom Type AG™ Vv A
1 0.00 14.7 3.5
2 -1.40 8.3 3.5
3 -0.25 23.7 3.5
4 0.52 22.4 3.5
5 1.50 30.0 3.5
6 0.08 18.4 3.5
7 -8.9 4.4 3.5
8 -4.0 4.4 3.5
9 -7.8 11.2 3.5
10 -20.0 11.2 6.0
11 -11.0 11.2 6.0
12 -1.55 0.0 3.5
13 -6.77 10.8 3.5
14 -7.8 10.8 3.5
15 -10.0 10.8 6.0
16 4.1 14.7 3.5
17 5.0 4.4 3.5
18 1.00 23.7 3.5
19 1.00 14.7 3.5

20 -5.00 10.8 3.5
21 0.00 0.0 3.5
22 0.00 0.0 3.5
23 0.00 0.0 3.5
24 0.00 0.0 3.5
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Table 3.6: Weights used for the Rosetta energy function.

Warr
Wrep
Wsol
Wpair
Web_nbond
Wsc_hbond

Wse_bb_nbond
Wrat

Wef(Ala)
Wef(Asp)
We(Glu)
Wres(Phe)
Wrt(Gly)
Wref(His)

0.80
0.65
0.65
0.65
0.80

1.10

1.10
0.70
0.05
1.43
1.44
-1.20
0.37
-1.92

Wien(lle)
Wier(Lys)
Wyen(Lew)
Wre(Met)
Wi (Asn)
W,ef(P10)
WrerGln)
Wr(Arg)
Wre(Set)
Wye(Thr)
W,e(Val)
Wred Trp)
Wrer(Tyr)

-0.45
1.30
-1.62
0.25
0.17
-0.30
0.14
0.60
0.14
0.31
-0.25
-1.85
-1.08
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Figure 3.1 A two dimensional schematic of the target fold (hexagon = strand, square =
helix, circle = other). Hydrogen bond partners are shown as purple arrows. The amino
acids shown are those in the final designed (Top7) sequence.
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Figure 3.2 Biophysical characterization of Top7. A. The far-UV circular dichroism
(CD) spectrum of 20uM Top7 in 25mM TRIS-HCIl, 30mM NaCl, pH 8.0 at varying
temperatures and concentrations of GuHCl. B. CD signal at 220 nm as a function of
temperature and GuHCI for 8uM TOP7 in 25mM TRIS-HCI, 30mM NaCl, pH 8.0, in a
2mm cuvette. C. CD signal at 220nm as a function of GuHCI concentration for SpM
protein in 25mM TRIS-HCI, 30mM NaCl, pH 8.0 at 25°C, in a lcm cuvette. D. The
NOESY spectrum of ~1mM Top7 at pH 6.0 recorded at 298K, 500 MHz, and 200 ms
mixing time using Watergate suppression. E. The HSQC spectrum of ~ImM 15N-Top7
at pH 6.0 recorded at 298K and 500Mhz using the fast HSQC scheme of Mori et al. (36)
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vag

Figure 3.3  Schematic representation of Top7 in unbiased Single-Wavelength
Anomalous Diffraction (SAD) density. A. and B. Stick representations of residues 46
through 76 from the computationally designed Top7 (left, green) and from the 2.5A x-ray
structure (right, red) are shown in unbiased density (blue). The map was generated from
SAD phasing from a single selenomethionyl substituted variant of Top7, followed by
density modification. C. and D. Ribbon diagrams of Top7 with residues 46-76
highlighted in red. The two diagrams are related by a 90° rotation around the vertical
axis.
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B. ass

N78

Figure 3.4 Comparison of the computationally designed model (blue) to the solved X-
ray structure (red) of Top7. A. C-a overlay of the model and structure in stereo
(backbone RMSD = 1.17A). B. The C-terminal halves of the X-ray structure and model
are extraordinarily similar. The representative region shown (Asn78-Gly85) has an all-
atom RMSD of 0.79A and a backbone RMSD of 0.54A. C. Stereo representation of the
effectively superposable side-chains in the cores of the designed model and the solved
structure.
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CHAPTER 4

A fragment of an in silico designed novel-fold protein forms a super-stable

symmetric homodimer with a novel high-affinity interface.

Introduction

The last decade has seen tremendous advances in the field of computational
protein design. In silico protein sequence and structure optimisatioﬁ algorithms have
been successfully applied to completely redesign (Dahiyat and Mayo 1997) and
thermodynamically stabilise natural protein folds (Dantas, Kuhlman et al. 2003), to create
novel (Dwyer, Looger et al. 2004) and thermodynamically-stabilised enzymes
(Korkegian, Black et al. 2005), to redesign protein-protein (Korterhme, Joachimiak et al.
2004) and protein-ligand (Looger, Dwyer et al. 2003) interactions and to create extremely
stable novel protein structures (Harbury, Plecs et al. 1998; Kuhlman, Dantas et al. 2003).
Structural validation in many cases has confirmed the high-resolution accuracy of the
design, lending credo to the assumption that true solution-state global energy minima had
been captured by the computational algorithms (Dahiyat and Mayo 1997; Harbury, Plecs
et al. 1998; Kuhlman, Dantas et al. 2003; Kortemme, Joachimiak et al. 2004; Korkegian,
Black et al. 2005) (Dobson, N., Dantas, G., et al. manuscript in preparation). This
accurate identification of extremely low energy regions of the protein sequence-structure
landscape is further validated by the finding that these designed proteins often achieve

thermodynamic stabilities greater than those reported for any natural protein (Dantas,
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Kuhlman et al. 2003; Kuhlman, Dantas et al. 2003). The obvious application of this
stabilisation is the creation of longer-lasting designer proteins and therapeutics (Dahiyat
1999). An interesting question raised by these studies is whether there is any biological

cost for this increased stability, especially in the context of the cellular environment.

Upwards of 30% of newly synthesized natural polypeptides in bacteria and
eukaryotes are products of translation reactions that initiate inappropriately or end
prematurely, or that erroneously decode the rﬁRNA transcript (Kurland 1992; Schubert,
Anton et al. 2000). An overwhelming majority of these mistranslated proteins fail to
assume native-like conformations, and are targeted to the proteasome for efficient
degradation within minutes of synthesis (Schubert, Anton et al. 2000; Goldberg 2003).
However, aberrant protein translation products that fold into stable substructures can
evade cellular surveillance mechanisms and their subsequent accumulation can
significantly dafnage or kill cells (Cazzola and Skoda 2000; Bence, Sampat et él. 2001;
Horwich 2002; Kozak 2002). These phenomena are implicated in the pathology of a
large number of diseases, including diabetes, cancer, and many neurodegenerative
disorders (Dobson 1999; Cohen and Kelly 2003; Selkoe 2003). Due to the significant
rate of aberrant protein translation, the burden for maintaining cellular homeostasis falls
on the highly selective and precisely regulated cellular degradation machinery, implying
a stringent evolutionary selection against processes that could challenge this machinery
(Goldberg 2003). Evolutionary selection would therefore be expected to be present

against proteins that can be mistranslated into fragments that are independently and stably
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folded. Computationally designéd proteins provide a rafe opportunity to reveal aspeéts of
biology that are subject to natural selection, since they were designed in the absence of
any specific evolutionary pressure. It is therefore of considerable interest to investigate
‘how computationally designed proteins are handled by the cellular protein production and

surveillance machinery.

We recently generated an extremely stable, small, globular protein, Top7, with a
sequence and fold not observed previously in nature, using purely computational
techniques (Kuhlman, Dantas et al. 2003). Biophysical and structural analysis of Top7
demonstrated the high-resolution accuracy of our design. Here we show that a portion of
the original Top7 gene construct corresponding to the final 49 C-terminal‘residues is
efficiently mistranslated in E. coli, and we solve the solution structure of this resulting
CFr protein to reveal a compact, stable, homo-dimeric structure. Further stabilisation of
CFr by disulfide-induced covalent circularisation yields a super-stable miniature protein
that can serve as a robust scaffold for further protein engineering. The discovery of CFr
exposes the high error rate of the protein translation machinery and the rarity of
corresponding stable fragments of natural proteins implies stringent evolutionary pressure
against protein sub-fragments that can independently and stably fold. The symmetric
self-association between two identical mistranslated CFr sub-units to create an extremely
stable structure also suggests a mechanism for protein-fold evolution by modular

recombination of stable protein sub-structures.
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Results

During the original purification of the computationally designed Top7 protein, a
strong band corresponding to a molecular weight of ~6.5kDa was consistently observed
on SDS-PAGE gels. This band was observed in addition to the Top7 band (~12.5kDa)
and remained even after Ni' affinity chromatography (Figure 4.1A, lane 2). A
subsequent anion-exchange purification step, however, was sufficient to isolate only the
full-length Top7 as observed on SDS-PAGE and further confirmed by ESI-MS, thereby
allowing complete biophysical and structural‘ characterisation of the pure Top7 protein
(Kuhlman, Dantas et al. 2003). In order to study the kinetic folding landscape of Top7, it
nonetheless became clear that many mutant variants of the protein would need to be
generated, and hence a practical interest arose in identifying and removing the
determinant of the lower molecular weight band. Since thfs smaller protein was retained
in high yield following the Ni" affinity purification step, it was most likely a fragment of
full-length Top7 that contained the C-terminal 6XHIS tag and was either a product of

proteolytic cleavage or of mistranslation.

Proteolysis or Mistranslation?

To investigate the possibility of the Top7 sub-fragment being a proteolytié
product, Top7 bacterial cell lysates were incubated at room temperature for a series of
time-intervals (up to 3 days) in the presence and absence of protease inhibitors. Full-
length Top7 was observed by SDS-PAGE in the superatant fraction at relatively equal

concentrations at all incubation times. However, the ~6.5kDa Top7 sub-fragment band
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was also observed in all supernafant fractions, also at rélatively equal concentrations ét all
incubation times (data not shown). In effect, no appreciable degradation of Top7 was
observed in vitro under conditions where many natural proteins show significant
-degradation (Maurizi 1992), and certainly no enrichment of this sub-fragment was
observed with increasing incubation time. These results strongly argue against Top7

proteolysis yielding this sub-fragment.

MALDI-TOF-MS analysis of Ni -affinity purified Top7 confirmed that a strong
species of ~6613Da was also present in addition to full length protein (data not shown).
Assuming that this sub-fragment contained the 6XHis tag, the predicted molecular weight
corresponded to a product ~30Da larger than a polypeptidé starting at Val48 énd ~120Da
smaller than a polypeptide starting at Argd7. The sub-fragment was subsequently
isolated away from full-length Top7 by anion-exchange chromatography and analysed by
N-terminal MS sequencing. The first six residues were found to be “Met-Arg-Ile-Ser-Ile-
Thr”, corresponding to a Met followed by the sequence Argd49 to Thr53 of Top7.
Methionine is ~30Da larger than Valine and hence a Top7 fragment starting with a V48M
mutation matches the MALDI-TOF-MS predicted molecular weight. Since the plasmid
coding for full-length Top7 does not contain this internal mutation, these results
suggested that the sub-fragment might be a product of mistranslation of the Top7 mRNA

starting at amino acid position 48.
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The Val48 codon in the Top7 gene sequence is GTG. While = 90% of ‘E. coli
translation is initiated at ATG, a small fraction of translation initiation occﬁrs at GTG
(8%), TTG (1%), and in one known case at ATT (Gualerzi and Pon 1990). Could the
Val48 GTG be the site (and cause) of mistranslation? To test this idea, we generated two
single point mutants of the Top7 gene: a silent Val48Val (V48V) from GTG to GTT, and
a Metllle (M1I) from ATG to ATT. Since GTT is never observed as a translation
initiation codon, mistranslation from Val48 should be abrogated in this context, allowing
translation of only the full-length product. Similarly, the ATT variant at position one
should disrupt translation of full-length Top7, but should not affect translation of the sub-
fragment. Each of these variants were expressed, Ni" affinity purified, and visualised
with SDS-PAGE (Figure 4.1A). The V48V variant shows no observable expression of
the ~6.5kDa sub-fragment band (lane 3). The M1I variant shows significant reduction of
the full-length Top7, but expression of the sub-fragment was essentially unaffected (lane
1). These variants were further analysed by ESI-MS, which confirmed the SDS-PAGE
results (Figure 4.1B). However, the MS results for M11I also suggested that at least two
other minor species of intermediate mqlecular weight between full-length Top7 and the
~6.5kDa sub-fragment were present in the preparation. The predicted molecular weights
for these two species match well to Top7 fragments beginning at Val8 (GTG) and Leu33
(TTG), both of which are coded for by potential alternate initiation codons (Figure 4.1C).
In fact, zooming in on the 6-15kDa region in the SDS-PAGE gels after increased protein
staining also showed the presence of faint protein bands between Top7 and the ~6.5kDa

fragment. Further analysis of the Top7 gene sequence also revealed that degenerate



76
versions of the E. coli ribosomél binding site sequencé (called the Shine-Dalgarno (SD)
sequence) are present 2-8 bases upstream of all three identified Top7 mistranslation sites,

and might aid in the observed mistranslation (Figure 4.1C).

The sequence of the ~6.5kDa fragment begins at a secondary structure break in
fhe Top7 structure and includes strands 3, 4, and 5, and helix 2 of Top7. This fragment is
translated at high levels, is expressed in the soluble fraction, does not aggregate
significantly, and is as resistant to cellular proteases as Top7. These results strongly
suggest that this fragment has intrinsic stability and structure. Can this small sub-
fragment of a purely computationally designed novel fold protein form a stable,
independent structure? If so, does it adopt a structure similar to strands 3 tﬁrough Sin
Top7, or are there structural rearrangements required to bury the hydrophobic protein
core of Top7 that would be solvent exposed when its N-terminal half is ripped away?
And what, if any, implication might this have on why nature does not appear to make

proteins with the stability and fold observed for Top7?

Biophysical Characterisation of CFr

For further analysis, a separate gene construct that codes for the ~6.5kDa C-
terminal Fragment (CFr) of Top7 was made as described in the Methods section. Like
Top7, the CFr protein can be obtained with high yield (25mg/L) and purity (= 99%) from

the soluble fraction of the bacterial lysate. ESI-MS confirmed that a full-length protein
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of 7036 Da was isolated; this mass is within 0.1Da of its theoretical molecular weight

(Figure 4.2A).

Circular dichroism (CD) spectra strongly suggest‘that CFr is folded with o/B
secondary structure, comparable in relative composition to Top7 (Figure 4.3A). CFr
secondary structure appears unchanged at 98°C or in 3M guanidine-hydrochloride
(GuHCI), but the CD spectrum of the protein is consistent with an unfolded polypeptide
at 7M GuHCL In the presence of intermédiate GuHCI concentrations (4.3M), Ckr
unfolds co-operatively with temperature (Figure 4.3B), displaying remarkably high
thermal stability, comparable to Top7. CFr also displays co-operative unfolding by
GuHCl-induced chemical denaturation (Figure 4.3C). However, unlike Top7, CFr
appears to be more stable with increasing protein concentration. These concentration
dependent effects are generally indicative of the presence of quaternary structure during
the unfolding &ansition. Gel filtration analysis of CFr at 25uM and 1.2mM confirmed
this suspicion — the protein resolves as a single peak with a molecular weight
corresponding to a CFr dimer (data not shown). For a more robust characterisation of its
oligomeric state, CFr was analysed by analytical ultra-centrifugation (AUC). In the 35-
97uM concentration range, CFr appears predominantly dimeric at OM and 4M GuHCI
(where it appears folded by CD), and predominantly monomeric at 7M GuHCI (where it
appears unfolded by CD) (Figure 4.4A,C). These results suggest that CFr may be an
obligate dimer — the folded monomer is essentially never populated and the denaturation

may be represented as an equilibrium transition between folded dimer and unfolded
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monomer, If this model is corfect, the analysis of unfolding curves at different prbtein
concentrations should result in similar values for K, or AG° (see Materials and Methods
for a description of this fitting procedure). Indeed, the AG® fit values are the same within
‘experimental error for the different folding experiments: 26.4 kcal/mol (108uM CFr),
25.5 kcal/mol (62uM CFr), and 25.5 kcal/mol (SuM CFr), confirming that CFr éxists as
an obligate dimer. A AG° of 25.5 kcal/mol corresponds to a dissociation constant of

~200 zeptoM (107 M).

1D 'H spectra and 2D 'H.1’N heteronuclear single-quantum coherence (HSQC)
spectra of CFr exhibit the features of a rigid well-folded protein (Figure 4.5). The spectra
are well-dispersed and sharp. Notably, the HSQC spectrum contains a single set of cross-
peaks for each NH in the protein. Since CFr is a dimer, the HSQC indicates that every
residue NH in one dimeric subunit is in the same magnetic environment as that
corresponding NH in the other dimeric subunit, implying fully symmetric association.
Solution structures of symmetric protein dimers are difficult to determine using
conventional nuclear-overhauser effect (NOE)-guided NMR techniques, because it is
very difficult to distinguish between intra- and inter-subunit NOEs. We employed
asymmetric isotope labelling of the protein, in combination with isotope editing
techniques (Folkers, Folmer et al. 1993; Zwahlen, Legault et al. 1997) to resolve intra-
subunit NOEs from inter-subunit NOEs in CFr, to determine the symmetric homodimer

solution structure.
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Determination of the NMR Structure of CFr

Protein backbone and sidechaiﬁ assignments were obtained as described in the
Methods section. Over 98% of the backbone N, (N)H, C(0), Cy and Cg nuclei for
residues 2-58 could be assigned (no assignments were‘possible for the N-terminal
methionine and for the last four histidines at the C-terminus). Side chain 'H and BC
resonances were >92% assigned, but the aromatic side chains (Phe, Tyr, Trp) were >68%
assigned. Gln/Asn NH, were 100% assigned while Arg N, and guanidinium groups and

Lys NHj remain unassigned.

Structure determination was conducted in a 2-step process using the program
CYANA 2.0 (Guntert 2003) — a fully automatea iterative step for generating models of a
single subunit of CFr (CFrA), followed by a partly-automated iterative step for building
the symmetric homo-dimer model using manually-assigned interfacial constraints. In the
first step, 3873 NOE peaks were semi-automatically generated from 3D 5N- and *C-
edited NOESY and 2D NOESY spectra in H,O and D;O, using the program SPARKY.
In addition, 76 dihedral constraints were generated with the program TALOS and 32
hydrogen bond constraints were generated by analysis of D,O protection experiments.
The NOEASSIGN macro in CYANA was used to automatically assign >92% of the NOE
input peaks. Together with the dihedral and hydrogen bond constraints, these data
yielded 1116 unique distance constraints that were used in the final CFrA structure
calculation. In the final calculation, 100 structures were generated, of which the top 20

structures had an average target function value of 5.24 (+0.08) A? and an ensemble
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RMSD of 0.24 (£0.08) A over backbone atoms and 0.76 (£0.14) A over heavy-atorhs in
residues 3 through 51. There were 16 distance constraint violations (by 0.1-0.25 A) and 2

angle constraint violations (by 33-36°).

In the second step of the calculation, all the intra-subunit distance and dihedral
constraints from the final CFrA structure calculation Were duplicated to generate
constraints for a second subunit, CFrB. Additionally, 23 inter-subunit NOE peaks were
manually assigned from 2D and 3D 12¢/13C filtered NOESY speétra, and converted to 46
inter-subunit distance constraints between CFrA and CFrB. Initial structure calculations
with these combined constraints yielded a small number of intra-subunit constraint
violations, which upon further analysis could all be re-assigned as iﬁter-subunit
constraints. Two rounds of iterative structure calculation and manual refinement were
sufficient to yield high-quality dimer structures. In the final calculation 100 structures
were generated, of which the top 20 (Figure 4.6) had an average target function of 1.20
(0.11) A? (Table 4.1) and an ensemble RMSD of 0.33 (£0.10) A over backbone atoms
and 0.75 (£0.09) A over heavy-atoms in residues 3 through 51 in both subunits (Table
4.2). There were no distance constraints violated by more than 0.1 A and no angle
constraints violated by more than 1°. When the ensemble was analysed with
ProcheckNMR (Laskowski, Macarthur et al. 1993), 99.2% of all dihedral angles were
found in the allowed regions of the Ramachandran plot (Table 4.2). The small number of

disallowed dihedrals are all found for residues in the linker region (Glu2 and Gly52-

His58).
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CFr Structure

Each of the two subunits of the CFr dimer adopts the same fold observed for the
corresponding sequence in Top7 — one helix packed on a three-stranded, anti-parallel B-
sheet (Figure 4.7, Top7 in purple, CFrA in green). The subunits form a symmetric anti-
parallel dimer, with all interfacial residues contributed by the first strand of the B-sheet
and by the helix (Figure 4.8). The two subunits have virtually identical structures with an
RMSD of 0.41A over backbone atoms and ‘0.81A over all atoms (best NMR model,
residues 3-51). Each subunit is also extremely similar to the corresponding portion of the
Top7 crystal structure with an average backbone RMSD of 1.12A (Figure 4.7). This
deviation corresponds to typical very low diffefences between NMR and crystallographic
coordinates for proteins of identical structures and may reflect inaccuracies in the models
as much as genuine structural differences. The largest deviation is in the hairpin between
the second and third strand of the B-sheet (Asp40-Gly41-Asp42 in CFr); ignoring these
residues improves the Top7 to CFr backbone RMSD to 0.91A. The backbone NH of
Gly41 is the only amide not observed in the HSQC spectrum, suggesting this loop is
flexible in solution. Significantly, it is also not visible in the HSQC spectrum of the Top7

protein (data not shown).

The CFr dimer interface buries a total of 1457A2 of Solvent Accessible Surface
Area (SASA) (i.e. ~730A? per subunit), which accounts for about 19% of the surface of

each subunit (Figure 4.8A, interface carbons in green and yellow). Approximately 20
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amino acids contribute to the interface (defined by any émino acids that lose >1A? SASA
when the dimer is compared to the individual subunits). Half of these residues are on the
first strand of the B-sheet and half are on the helix (Figure 4.8B, green or yellow cartoons
and sticks). Notably, they have a similar relative level of burial as the corresponding
residues in the Top7 structure (data not shown). The CFr dimer interface appears to be
an extension of the individual CFr subunit cores. The strands of the two subunits form an
extended six-stranded anti-parallel B-sheet, stabilised by backbone hydrogen bonds
across the interface between the first strands of both subunits. Of partiéular note is a pair
of strong symmetric inter-subunit hydrogen bonds formed between the backbone NH of
Ser7 on one subunit and backbone carbonyl of Ser7 on the other subunit, since this NH
remains very strongly protected after prolonged D20 exchange. The interfacial packing
of inward-pointing residues on the first strands of both subunits (Val4, Ile6, Ile8, Alal0)
appears identical to the packing between the side-chains on strands within each subunit
(this “continuous sheet core” is illustrated in Figure 4.8C, 4B_00_SHEET). Similar tight
packing is also observed between helical side-chains interacting across the interface
(Figure 4.8C, AB_00_HELILX). Notably, two symmetric aromatic clusters are formed
between Phe19 on one subunit and Phe27 and Tyr32 on the other subunit, where the edge
of the Phel9 aromatic ring stacks against the faces of the other two aromatics. Another
strong interaction is a set of symmetric hydrogen bonds between the hydroxyl of Tyr32
on one subunit and the carboxyl moiety of Glul5 on the other subunit, which form an

interfacial stitch at the helical caps.
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Further stabilisation by disulfide circularisation of CFr

The high thermodynamic stability of the CFr structure makes it an ideal candidate
as a scaffold for further design of novel or improved functions. Since functional design
often involves making amino acid mutations that sacriﬁce ‘thermodynamic stability,
design on an extremely stable template should allow, at least in principle, for a larger
number of “functionalising” mutations. We investigated the possibility of further
stabilising the CFr structure by the simple method of disulfide-induced protein
circularisation. Since the NMR structure shéws that the N- and C-termini of each CFr
subunit are next to each other, we chose positions at the end of both termini to add single
cysteine residues such that their thiol groups could be within disulfide-forming distance.
Formation of a disulfide bond between thesé two terminal cysteines should yield a
covalently circularised form of each CFr subunit. The corresponding SS.CFr clone was

generated and the protein purified as described in the Methods section.

ESI-MS showed that SS.CFr was isolated as a 7241 Da species, which
corresponds to a single completely oxidised intra-molecular disulfide bond per subunit
(within 0.1 Da of predicted MW, Figure 4.2B). The CD wavelength scan of SS.CFr
appears identical to CFr (Figure 4.3A), suggesting the disulfide has not affected protein
secondary structure. The chemical denaturation profile of SS.CFr (Figure 4.3C) shows it
to be dramatically stabilised over CFr — the protein begins to unfold only at 6.5M GuHCI
and appears to still be in the unfolding transition at 8.2M GuHCL In comparison, both

CFr and Top7 are completely unfolded at 6.5M GuHCl. Like CFr, SS.CFr also shows
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protein concentration dependeﬁce in its chemical dehaturation, suggesting that ft too
exists as an obligate dimer. AUC scans confirm that SS.CFr (33-105uM)' is
predominantly dimeric from OM to 5SM GuHC, while only a small fraction of the
monomeric form appears as the protein begins to unfold between 6M and 7M GuHCI

(Figure 4.4B,C). These results indicate that SS.CFr is stabilised over CFr, and it is likely

to be one of the most stable proteins reported regardless of class or size.

Since the accuracy of computational protein design likely improves with the
increasing resolution of the template scaffold, we attempted to determine the crystal
structure of SS.CFr. However, crystallization trials to date have only yielded crystals that
diffract to 3.6A, which can provide no higher structural resolution than the CFr NMR
structure. Nevertheless, a 3.6A data-set‘ was collected at the Advanced Light Source
(ALS) synchrotron, and a strong molecular replacement (MR) solution to the phase
problem was found with the use of the CFr NMR dimer model. The SS.CFr MR solution
yields a repeating crystal lattice with good packing between symmetry mates and no
intermolecular clashes. While structural refinement in CNS initially resulted in a
noticeable decrease in the Free-R factor, further rounds of refinement did not result in
low enough R-factors to establish sufficient confidence in the final structural models.
Nonetheless, these results suggest that the structure of SS.CFr is consistent with the CFr
NMR dimer structure. Our current efforts are focused on producing SS.CFr crystals that

diffract to higher resolution.
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Discussion

CFr was generated by unintended yet efficient mistranslation of the Top7 gene
sequence. Mass spectrometry analysis identified the primary reason for this and other
minor Top7 mistranslation products to be the existence of GTG and TTG codons within
the sequence, which E. coli sometimes uses in place of ATG to initiate translation
(Gualerzi and Pon 1990). Replacement of the CFr GTG with GTT completely abrogated
mistranslation without affecting Top7 expression. Biophysical characterisation of the
CFr protein showed that is expressed as a higﬁly stable and obligate dimer. The solution
NMR structure further revealed that the CFr dimer is composed of an extremely stable
novel symmetric interface formed between two identical CFr subunits, and analysis of
NMR backbone dynamics further confirmed the rigidity of the structure. The CFr
structure was further stabilised by disulfide-induced covalent circularisation of the

individual CFr subunits.

The mistranslation leaves the residues on Top7’s third B-strand and second helix
(that were designed to be buried in the complete protein) with the challenge of how to
remain buried. The answer chosen by those residues in CFr is simple — to pack
symmetrically against the same hydrophobic patch from a twin copy of the monomeric
subunit. Since the CFr dimer interaction was‘ not intentionally designed, what features of
the original Top7 design may have favoured the formation of a stable sub-fragment that
dimerises to form a novel and surprisingly well-packed interface? One possibility is the

low contact-order in the Top7 structure. The topology of Top7 dictates that the protein is
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stabilised largely by local intefactions, making it mofe likely for contiguous sequence
fragments to adopt stable tertiary structures. Indeed, comparison of either of the subunits
of the CFr NMR structure with the corresponding region in the Top7 structure shows that
‘the backbone is virtually unchanged and that residues in the CFr subunit cores are
essentially in the same environment and conformation as they were in Top7. While the
sequence-local stabilisation allows the CFr sequence to adopt the same tertiary
arrangement within each subunit, it might also partly explain why the subunits can easily
self-associate. The two helices of Top7 have a predominantly “flat” hydrophobic
interaction, i.e. the interacting surfaces on the helices have no large protrusions or
intrusions to offer more than a general grease-on-grease surface complementarity. This
implies no potential clashes between the two surfaces, but also implies that fhe surfaces
are not dependent on each other to fold well. Additionally, the hydrophobic residues in
close contact between the helices have a high level of sequence symmetry — the first helix
contributes three leucines and an isoleucine and the second helix contributes two
leucines, an isoleucine and a valine. This sequence symmetry is partially present in the
interactions observed in the core of the B-sheet of Top7 as well. Two core isoleucines on
the third strand in Top7 (Ile6 and Ile8 in CFr) interact with two valines from the first
strand in Top7. In CFr, these isoleucines interact across the dimer interface with each
other (Tle6 from one subunit with Ile8 of the other subunit). Since Valis a subset of Ile,
the Van der Waals interactions between these residues are quite similar in CFr and Top7.
These féatures allow CFr to form a self-interaction that closely approximates the overall

nature of the Top7 core. These results suggest a few features we could specifically
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incorporate into the design process in the future, to avoid super-stable progeny - (1)
higher sequence contact-order to promote more non-local structural stabilisation, (2)
design of knob-into-hole like packing between secondary structure elements to make the
stability of th‘ese‘ elements inter-dependent, and (3) design bf speciﬁc atomic interactions
in the protein core, such as buried salt-bridges, that would stabilise the native

conformation but would destabilise non-native (i.e. not-designed) conformations.

There are some stabilising features of the CFr dimer interaction, however, that
cannot be explained by any aspect of the Top7 design. In particular, the two symmetric
aromatic clusters between the CFr dimer helices (Phel9 on one subunit and Phe27 and
Tyr32 on the other subunit) do not mimic any comparable Top7 interaction. Another
new interaction in CFr is the set of symmetric hydrogen bonds between the hydroxyl of
Tyr32 on one subunit and the carboxyl moiety of Glul5 on the other subunit, which
appear to form‘ an interfacial stitch at the helical caps. The corresponding Tyr and Glu
residues from the second helix in Top7 are involved in hydrogen bonds with residues on
the first helix, but both interactions are water-mediated. Ultimately, these new
interactions and those mimicked from the Top7 protein-core are likely synergistically

important in making CFr such a strong obligate dimer.

Given the high rate of aberrant translation of natural proteins (Goldberg 2003),
the accumulation of stable protein sub-fragments like CFr could provide a significant

challenge to cellular homeostasis. For instance, stable sub-fragments that mimic



88
elements of native protein structure can act in a dominant-negative manner to intérfere
with functionally important interactions of the full-length “parent” protein with other
cellular proteins, as seems to occur with the HIV-1 Gag protein (Schubert, Anton et al.
'2000). Mistranslated natural proteins rarely yield stable substructures like CFr, and are
instead generally unfolded and targeted to the proteasome for efficient degradation within
minutes of synthesis (Schubert, Anton et al. 2000; Goldberg 2003). Taken with the high
rate of aberrant protein translation, this suggests that evolution may have specifically
selected against natural proteins containing subfragments that can fold aﬁtonomously.
On the other hand, since the mistranslated Top7 sub-fragment, CFr, adopts a stable
structure by forming an obligate syﬁmetric self-association between two identical sub-
units, it may reveal a mechanism for protein-fold evolution by modular recombination of
stable protein sub-structures. Indeed, it has been previously proposed that mény natural
single domain protein structures that have a high internal sequence and structural
symmetry (such as ribonuclease inhibitor and proteins containing ankyrin or HEAT
repeats) may have arisen by duplication of a single ancestral gene-product that initially
formed homomultimers of identical chains, which were gradually replaced by single
polypeptide chains encoding multiple repeats (Andrade, Perez-Iratxeta et al. 2001; Lupas,
Ponting et al. 2001). This theory is supported by proteolytic dissection experiments of
proteins such as Trp repressor or cytochrome ¢ that yield small fragments capable of
undergoing spontaneous noncovalent association to form subdomains with native-like

secondary and tertiary structural features (Wu, Grandori et al. 1994). Submission of the

CFr structure to the DALI server (Holm and Sander 1995) finds 122 natural protein
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domains with significant structural homology (Z-score = 2.0) to the CFr templéte. In
many of these cases CFr subunits are found to be homologous to multiple non-
overlapping parts of the same protein (eg. the E. coli acriflavine resistance protein pump
(Yu, McDermott et al. 2003) has four distinct regions of homology to CFr), suggesting

that the CFr fold might even be a natural protein-structure building block.

In addition to the evolutionary implications of the mistranslation and subsequent
structural characterisation of CFr and SS.CFr, ‘these extremely stable proteins also serve a
potentially significant practical utility as novel scaffolds for further protein design. Their
extremely high thermodynamic stability should allow, in principle, for their employment
in industrial applications where most proteiné would be rapidly degraded, such as at
100°C and extremely high denaturant concentrations. Polypeptides of this length (~50
amino acids) can also routinely and cheaply be produced in high yield and purity by
chemical synthésis (as opposed to bacterial expression) (Schnolzer and Kent 1992;
Dawson, Muir et al. 1994; Kochendoerfer 2001). Chemical synthesis has the distinct
advantage over bacterial expression of allowing for the efficient and selective covalent
modification of amino-acids and/or the covalent addition of non-amino-acid functional
groups to the polypeptide chain, allowing for the potential design of extremely
chemically diverse nano-scale protein machines (Kochendoerfer 2001; Kochendoerfer,
Chen et al. 2003). The symmetric homo-dimeric nature of CFr and SS.CFr can provide
an additional benefit as a scaffold in that a singly functionalised monomer will yield a

doubly functionalised macromolecular unit. Our current efforts using CFr and SS.CFr as
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scaffolds include their design for the presentation of epitope-peptides for productidn of
antibodies against HIV, and their functionalisation with peroxide-activating catalysts for

bioremediation.

Materials and Methods
Protein expression and purification

The gene coding for the CFr protein sequence (amino acids Val48 through Gly95
in Top7) was PCR amplified from the Top7 gene sequence and cloned into plasmid

pet29b(+) (Novagen). The CFr protein has the sequence:

MERVRISITARTKKEAEKFAAILIKVFAELGYNDINVTWDGDTVTVEGQLEGGSL
EHHHHHH. The SS.CFr gene construct was generated by PCR amplifying the CFr
construct using oligonucleotide-primers that add a Cys-Glu sequence at position 3 and
change GluS1 to Cys, and subcloning this fragment back into pet29b(+). The SS.CFr

protein has the sequence:

MECERVRISITARTKKEAEKFAAILIKVFAELGYNDINVTWDGDTVTVEGQLCGG
SLEHHHHHH. Point mutants of Top7 (M11 and V48V) were generated using the Quick

Change Site-Directed mutagenesis kit (Stratagene).

The 6X histidine-tagged proteins were expressed in the BL21(DE3)pLysS strain

of E. coli. Cells were grown in LB media at 37°C to an ODsqo of 0.6, induced with 1mM
isopropyl-thio-B-D-galactosidase (IPTG), and cells were harvested after another 4-5 hours

of growth at 37°C. Harvested cells were lysed by sonication, and soluble protein
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collected after centrifugation of cellular debris. Soluble protein was purified on a Ni
affinity column (Pharmacia Biotech) followed by 10*-fold dialysis against 25mM TRIS-
HCL, pH 8.0. The protein was further purified on a QFF anion exchange column
(Pharmacia) with a 50mM to 600mM NaCl gradient iﬁ 25mM TRIS-HCI, pH 8.0,
followed by a final 10*-fold dialysis against 25mM TRIS-HCI, pH 8.0, (or 50mM sodium
phosphate, pH 7.0 for NMR). To ensure complete disulfide formation, anion-exchange
purified SS.CFr was oxidised in the presence of 20mM potassium ferricyanide
[K3Fe(CNs)] for ten minutes at room temperatﬁre, prior to the final dialysis steps. Protein
identity and purity was determined by SDS-PAGE and ESI-MALDI Mass Spectroscopy.
Protein concentrations were determined by UV absorbance at 280nm with extinction

coefficients calculated using the ExPASy Protparam tool

(http://us.expasy.org/tools/protparam.html).

For NMR studies, uniformly '°N and BN/BC labelled samples were preparéd by
growing bacteria in M9 minimal media supplemented with 0.5 gl of "'N-NH,Cl and 2gl’
! of 3C-glucose (Spectra Isotope). Purification was identical to that executed for the
unlabelled samples. For 12¢/8¢ filtered NOESY experiments, equimolar amounts of
15N12C and '*N'*C samples were mixed, the protein was then denatured in 8M GuHCI
with overnight mixing to ensure dimer formation, dialysed back into 50mM NaPi pH 7.0,

lyophilised, and brought up in 100% D-0.

Limited Proteolysis
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Bacterial cells containiﬁg over-expressed Top7 were lysed by three freeze-fhaw
cycles in the presence or absence of protease inhibitors (1mM PMSF, 1mM
benzamidine). These two lysates were then divided into 4 equal fractions, which were
‘incubated at room temperature for 2, 4, 24, and 72 hours respectively. After the
incubation period, the lysates were centrifuged and separated into supernatant gnd pellet,

which were subsequently visualised by SDS-PAGE.

Size Exclusion (Gel Filtration) Chromatography

Size exclusion chromatography was carried out using an analytical Superdex-75
column (Amersham Pharmacia) with the Pharmacia FPLC system (GP-250 gradient
programmer, P-500 Pump). Protein samples at concentrations used for NMR (600uM —
1.2mM) or CD (5-100uM) were equilibrated in 20mM EDTA, 25mM Tris, pH 8.0 at

25°C, and run on the Superdex-750 column at 1ml/min.

Analytical Ultra-Centrifugation (AUC)

Sedimentation equilibrium studies on CFr and SS.CFr were conducted in a
Beckman XL-A analytical ultracentrifuge using 12 mm Epon charcoal-filled centerpieces
containing six channels. Studies on each protein were conducted at three concentrations
in 25 mM tris pH 8.0 in the presence of 0, 3, 4, 5, 6, and 7 M guanidine hydrochloride
(GuHCI). Centerpiece sample channels were filled with 110 UL of protein sample and
reference channels were filled with 120 uL of matched solvent. All scans were

conducted at 20°C at an absorbance wavelength of 280 nm. Protein concentrations were
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determined using scans conducted at 3,000 rpm and low, intermediate, and high protein
concentrations that fell in the range of 33-39 uM, 59-66 puM, and 89-105 uM. Scans
were collected at three rotor speeds, 25,000, 30,000, and 45,000 rpm, using equilibration
times of 10 hours for each speed. This equilibration time was deemed sufficient by

identical absorbance scans collected after eight and ten hours at each speed.

Solvent densities were determined at 20°C using an Anton Paar DMA 5000
densitometer. Triplicate measurements were .collected and averaged for 25 mM tris pH
8.0 in the presence varying concentrations of GuHCI (Table 4.3). The partial specific
volumes of CFr and SS.CFr (0.733 and 0.730 mL/g respectively) were determined at

25°C from amino acid composition (Cohn and Edsall 1943) and adjusted to 20°C (Laue

1992).

Data analysis Was performed using Beckman XL-A Data Analysis Software Version 4.0.
Individual equilibrium scans were fit to a single ideal species model using nonlinear least
squares analysis to determine a weight-averaged molecular weight, My. During this
analysis, the baseline offset was allowed to float, and if found to be > +0.08, was fixed to
zero so that the goodness of fit could be assessed for each case. Analysis of residuals to
the fit allowed for detection of aggregation‘ or non-ideal behavior in a few scans.
Following this analysis, global fits were performed across the three protein

concentrations and three speeds (9 scans) to re-determine M. The residuals, typically
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small (< £0.02) and random, and baseline offsets (typically < £0.04) were most often

improved during the global data analysis.

Circular Dichroism (CD)

CD data were collected on an Aviv 62A DS spectrometer. Far-UV CD
wavelength scans (260-195nm) at varying protein concentrations (IO-ZSuM),
guanidinium hydrochloride (GuHCI) concentrations (0-8.3M), and temperatures (0-98°C)
were collected in a Imm path length cuvette. GuHCI induced protein denaturation was
followed by the change in ellipticity at 220nm in a lcm path length cuvette, using a
Microlab titrator (Hamilton) for denaturant mixing. Temperature was maintained at 25°C
with a Peltier device. Temperature-induced protein denaturation was followed by the
change in ellipticity at 220nm in a 2mm path length cuvette. All CD data were converted
to mean residue ellipticity. To obtain a value for the dimer association constant (Kz) and

H20

the free energy of unfolding (4G, “°), chemical denaturation curves were fit to an

equilibrium model between unfolded monomer (U) and folded dimer (F):

F, 52U,

where

exp('AG°) =k, =[UF/IR1=281r2/0- £,

RT
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where P, is the total protein concentration, f, is fraction of unfolded protein, R is the gas
constant and T is the temperature. The final equation used to fit the circular dichroism

data (6) takes the form:

9([Gu])=(90 —6;)e f, +6;,

where

f, = 0.5(—a+\/ia2 +4ai),

-AG°
exp =7

- ’

2P

¢

and AG® and the circular dichroism signal of folded (6r) and unfolded (éy) protein are

assumed to vary linearly with denaturant concentration:

AG((GuHCI]) = AG*(0M Gu — HCI)+ m ¢ [GuHCI]
6, (GuHCI)) = 8,,(0M GuHCI )+ a « [GuHCI]
6, (GuHCI])= 6,.(0M GuHCI)+ b ¢ [GuHCI].

Nuclear Magnetic Resonance (NMR) spectroscopy

All CFr samples were prepared for NMR experiments in Shigemi susceptibility-
matched NMR tubes, at 0.7-1.0mM concentration in H,O solution containing 10% D,O
or in 100% D,0, SOmM sodium phosphate, pH 7.0. All experiments were recorded at
298K unless otherwise specified. Triple resonance NMR experiments were collected on a

Bruker Avance 500 MHz spectrometer equipped with a TXI HCN triple resonance probe
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with triple axis gradients. Three-dimensional I5N-edited NOESY spectra and 2-
dimensional NOESY and TOCSY datasets were recorded on a Bruker Avance 750 MHz
spectrometer equipped with a TXI HCN triple resonance probe with z-axis gradient.
‘Three-dimensional *C-edited NOESY and two- and three-dimensional '*C/"*C-filtered
NOESY spectra were recorded at Environmental Molecular Sciences Laboratory (EMSL)
at PNNL in Richland, WA using a Varian 600MHz spectrometer equipped with a
cryoprobe. Data were processed with NMRPipe. (Delaglio, Grzesiek et al. 1995) and
analyzed with SPARKY (Goddard and Kneller 2005) on Windows or Linux

workstations.

Backbone amide 'H and N, C,, C=O and side chain Cg resonénces were
assigned using 'H-'"N HSQC, HNCO, HNCACB, CBCA(CO)NH, HBHA(CO)NH,
HN(CO)CA and 3D 5N edited TOCSY experiments (Sattler, Schleucher et al. 1999).
Side chain assignments were obtained by analysis of 3D HCCH-TOCSY and 3D °C-
edited NOESY experiments. Aromatic side chain assignments were obtained from 2-
dimensional NOESY and TOCSY spectra recorded in D0 buffers. The spectra used in
deriving distance constraints included 3D **N-edited NOESY and 3D '’C-edited NOESY,
2D NOESY in H,O (80ms and 120ms mixing) and 2D NOESY in D0 (120ms mixing)
recorded at 750MHz. Additionally, inter-subunit distance constraints were derived from

2D and 3D '*C/**C-filtered NOESY spectra (Folkers, Folmer et al. 1993; Zwahlen,

Legault et al. 1997).
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Protein structure determination by NMR

Structure determination was conducted in a 2-step process using the program
CYANA 2.0 (Guntert 2003) — a fully automated iterative step for generating models of
the monomeric unit of CFr, followed by a partly-automated iterative step for building the
symmetric homo-dimer model with manually assigned interfacial constraints. Fully
automated structure determination of the CFr dimer was not possible in CYANA because
the symmetric nature of the dimer made it impossible for the program to distinguish
between inter-subunit and intra-subunit NOEs, The experimental NMR data used for
structural analysis included the NOESY peak lists derived from the 3D ’N-edited and
BC.edited NOESY data together with the 2D NOESY data collected in both H>O and
D,0. In addition, the 2D and 3D '2C/"*C-filtered NOESY peak lists were added prior to
the second step. Hydrogen bonding constraints derived from slow amide exchange data
(as described below),.and ®, ¥ angle constraints generated from chemical shift data
using the program TALOS (Cornilescu, Delaglio et al. 1999) were also used.The NOESY
peak lists used as input for automated analysis with CYANA were generated
automatically using the program SPARKY based on the chemical shift list generated in
the assignment process. Peaks volumes were calculated using SPARKY’s Gaussian
integration tool. Slowly exchanging amides were identified by lyophilizing the protein

from H,O, then dissolving it in D,O and acquiring 2D 'H->N HSQC spectra at 30
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minutes and 50 hours after dissélving in D,0. Hydrogén bond donors were identified by
the presence of an amide peak in the 2D 'H.15N HSQC recorded at 30 minutes. The
corresponding acceptors were identified by visualizing PDB files obtained from CYANA
'in Rasmol 2.7.1 (Sayle and Milner-White 1995) to identify carbonyl groups that were at a
distance of approximately 2.0 A from slow exchanging hydrogens. Each step of
structural refinement in CYANA was performed with and without these hydrogen-

bonding constraints.

Structure determination for a single subunit of CFr (i.e. one chain from the
symmetric homo-dimer or CFrA) was performed by inpﬁtting unassigned peak lists
together with full backbone assignments into CYANA. Initial NOESY cross-peak
assignments derived from matching chemical shifts are subsequently refined in several
cycles consisting of structure calculations using an error-tolerant target function followed
by an assessment of the possible peak assignments in the light of the (preliminary) three-
dimensional structures obtained (Guntert 2003).  Successive complete CYANA
calculations were used to identify additional cross-peaks consistent with the structural
models and to remove mis-identified NOEs. After each CYANA calculation, any
unassigned peaks were examined to verify that CYANA had not discarded the peak
information in error. TALOS-derived dihedral angle constraints and hydrogen-bonding
constraints were added during later CYANA runs, and the manual refinement process
was continued until the CFrA structural ensembles had reasonable target functions

(<5A?), low ensemble RMSDs, and minimal violations.
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In the next step of refinement, results from the CFrA structure calculation were
combined with inter-subunit NOE data from the 2D and 3D 12¢/3C filtered NOESYs to
determine the CFr dimer structure. The CFrA sequence list, qhemical shift list and the
intra-subunit distance constraints derived from the last round of CYANA were duplicated
to generate an equivalent copy of data for a second chain labelled CFrB. A flexible 60A
tether was defined in CYANA between the C-terminus of CfrA and the N-terminus of
CFrB to allow each monomer to refine sepérately during the calculation while also
allowing a generous range of motion for relative inter-subunit rigid body re-orientations.
Inter-subunit NOEs were assigned by manually inspecting the 2D and 3D 12¢.13¢ filtered
NOESYs in SPARKY, based on the earlief intra-subunit backbone and sidechain
assignments and the intra-subunit NOEs assignments from the CYANA runs. All inter-
subunit NOE assignments were made as effectively double assignments between
equivalent paifs of interacting nuclei between CFrA and CFrB (i.e. an interaction
assigned between nucleus X on CFrA with nucleus Y on CFrB automatically implied the
same interaction between nucleus Y on CFrA with nucleus X on CFrB). Peak volumes
were calculated by SPARKY’s Gaussian integration tool, and these were converted into
upper distance constraints in CYANA by setting the ratio of volumes to upper distance
constraints equal to that obtained in the automated intra-subunit NOE assignment step.
This inter-subunit upper distance constraint list was then used in combination with the
CFrA and CFrB chemical shift lists and intra-subunit distance constraint lists as input for

a single round of structure calculation that consisted of 100 separate simulated annealing
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runs using torsion angle dynarﬁics. Similar structure calculations were also run with
CFrA duplicated hydrogen-bonding constraints and TALOS-derived dihedral angle
constraints, including hydrogen bonds that were observed across the interface. All
violated constraints were investigated and were removed or modified only if it éppeared
that they had been mis-assigned (intra-subunit instead of inter-subunit) or poorly
integrated. Unassigned NOEs from the CFrA automated structure calculation were also
investigated at this stage to assign them, if possible, as inter-subunit NOEs. Two cycles
of this type of refinement were sufficient to obtain structures with appropriate target
function values, tight ensemble convergence, and no distance or dihedral violations. The
only violation after the final CYANA run was the same single intra-residue close atom
contact in each monomer (Ile35 CG2 to C(O) violated by 0.3 3A). The quality ‘of the final
structure was evéluated with ProcheckNMR (Laskowski, Macarthur et al. 1993).
Experimental constraints and structural statistics are reported in Table 4.1 and 4.2,

respectively.

Solvent Accessible Surface Area (SASA)

SASA was calculated using the program NACCESS (Hubbard and Thornton
1993). SASA buried in the dimer interface (Dsas4) Was calculated as:

Dsusu = (CFrAsusa + CFrBsasa) — CfrABsasa, |
where CFrAssss and CFrBsuss are the SASA for each subunit treated separately, and

CFrABsus4 is the SASA for the dimer structure.
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Measurements of °N nuclear relaxation rates and I5N.'H heteronuclear NOEs |
Standard pulse sequences were used to measure the '°N T;, T, and heteronuclear
NOEs (Farrow, Muhandiram et al. 1994,' Deka, 2005 #129). All experiments utilize
‘pulsed-field gradients for coherence selection, reduction of artifacts and sensitivity
enhancement. In the CPMG sequence of the T, experiment, 'H 180° pulses were applied
for elimination of cross-correlation between 'H-'"N dipolar and "N CSA relaxation
mechanisms (Boyd, Hommel et al. 1990). A delay of 0.75 ms was inserted between
successive applications of '*N 180° with 'H 180° pulses applied every 4 ms in the CPMG
pulse train. Spectra were recorded with 112 complex points in the indirect dimension and
with spectral widths of 1822.49 and 6009.6 in the '°N and 'H dimensions, respectively.
Delays of 0.030, 0.060, 0.100, 0.150, 0.220, 0.310, 0.420, and 0.550 seconde were used
for the T; experiments. T, spectra were measured from spectra recorded with delays of
0.008, 0.016, 0.024, 0.032, 0.048, 0.064, 0.080, 0.096, and 0.120 seconds. The relaxation
delay was 1.9 seconds for each experimental set. For the heteronuclear NOE
measurements, a pair of spectra was recorded with and without proton saturation. Proton
saturation was achieved by application of 'H 120° pulses every 5 ms. Spectra recorded
with proton saturation utilized a 2 second recycle delay followed by a 3 second period of
saturation, while spectra recorded in the absence of saturation employed a recycle delay

of 5 seconds.

All spectra were processed using NMRPipe/NMR-Draw software with

polynomial baseline correction after multiplication with cosine-bell window functions.
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Linear prediction was applied in the indirect dimension to increase the number of
complex points in that dimension to 224 in the Ti/T, heteronuclear NOE experiments,
followed by zero filling to generate 512 points. Peak heights were calculated for every
| assigned peak in the T; and T, spectra and fitted into aﬁ exponential curve using the
SPARKY relaxation fit software (Goddard and Kneller 2005). T; and T, values were
determined from the decay curves using the equation:
I(H=Lo)exp(-7T1,2)

Where 1(0) is the initial peak intensity and T ié the delay time. The error estimates for the
rate constants reflects the likely error of the best fit from the parameters obtained for a
perfect exponential decay. Heteronuclear NOE values were calculated from the ratio of
peak heights with and without proton saturation. Errors in these measurements were
estimated from the plane base noise in 2D 'H-1°N-HSQC spectra recorded with and

without proton saturation.

X-ray Crystallography

SS.CFr was crystallized in hanging drops (1 pl of protein solution at 20 mg/ml
with 1 ul of well solution). The well solutions ranged from 30-40% MPD, 6% PEG-4K
and 0.1M Na-HEPES pH 6.9. The protein crystals grew within 2-6 days and were
between 50-200 um on a side. Since MPD is a cryo-protectant at 30-40%, crystals were
dunked in fresh well solution and directly flash frozen in liCiuid nitrogen. With this
treatment, the crystals diffracted in a tetragonal space group (P4;2;2) with unit cell

dimensions a = 58.3 A, b =583 &, ¢ =96.7 A. A single wavelength (0.9793 A) native
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data set was collected to 3.6 A resolution on beam-line ‘5.4.1 at the ALS (Advanced Light
Source, Lawrence Berkeley Laboratory, Berkeley) using a four panel ADSC CCD area

detector. Data were processed and scaled using HKL2000 (Otwinowski and Minor

'1997).

The phases for the SS.CFr dataset were solved by molecular replacement (MR)
with the program EPMR (Kissinger and Gehlhaar 1997). Residues Glu2-Leu50 in both
subunits of the CFr NMR structure (best NMR model) were uéed as the search model.
The two subunits were input as separate chains to allow for relative rigid-body re- -
orientation. The correlation coefficient for the initial MR search, using data to 4.0 A
resolution, was 0.58, vs. background of 0.36. Further structural reﬁnement‘against the
model-derived MR phases was attempted with model building in simulated dnnealing
composite-omit maps in XtalView (McRee 1999), along with rigid-body refinement,
torsion-angle based simulated annealing, and conjugate-gradient based minimization in

CNS (Brunger, Adams et al. 1998).
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Table 4.1: NMR experimental constraints for CFr (residues 2-55)

Monomer Calculation
Unique NOE distance constraints (first round/final round)

Total 1915/1116
Intraresidue & Sequential ([i - j] <1) 1312/645
Medium-range (1<[i - j1<5) 513/198
Long-range ([i - j]=5) 90/273
Dihedral angle constraints' 76
Hydrogen bond constraints 16 (8 H-bonds)
Total number of constraints 1208
Number of constraints per residue 21.2
Long-range constraints per residue 4.8

Dimer Calculation*

Intra-subunit NOE constraints 2232
Inter-subunit NOE constraints 46

Dihedral angle constraints’ 130

Hydrogen bond constraints ‘ 36 (18 H-bonds)
Total number of constraints 2444

Residual constraint violations?

Distance violations

(0.2-0.5) A 0
(>0.5) 0
Van der Waals violations
0.2-0.5) A 2
(>0.5) A 0
Max. violation (A) 0.33
Dihedral angle violations
(1-10°) 0
> 109 0
CYANA target function (First round/final round)”
NOEASSIGN monomer calculation 107.7 A%5.2 A
Final dimer calculation @~ sememem——e- /1.2 A

" First and final round refer to statistics from the NOEASSIGN macro in Cyana2.0.

' Dihedral angle constraints were generated from TALOS (Cornilescu, Delaglio et al. 1999)

% All dimer restraints and violations are two-fold redundant due to the symmetric nature of the
structure (see Methods for details).
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Table 4.2: Structural stat'istics\for CFr dimer

RMSD from averaged structure (4)”
(Structured region, residues 3-51 in both chains)

Backbone atoms 0.33
All heavy-atoms 0.75
'PROCHECK-NMR analysis'’

(All residues in both chains)

Most favoured regions (%) ' 80.3
Additionally allowed (%) 17.3
Generously allowed (%) 1.6
Disallowed (%) 0.8

T Structural statistics reported are based on analysis of the best 20 conformers of 100 generated
by CYANA. ‘



106

Table 4.3: Measured solvent densities, p, of 25mM tris-HCI, pH 8.0 at various
concentrations of guanidine hydrochloride

GuHCI p° (gmL) Standard Deviation
0 0.99927 0.00002
3 1.07807 0.00008
4 1.10153 - 0.00046
5 1.2521 0.00014
6 1.14766 0.00038
7 1.16931 0.00021

? Values represent an average of three measurements
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Figure 4.1 Mistranslation of Top7. (A) Coomassie-stained SDS-PAGE gel of Top7
protein variants M11, wild-type, and V48V (lanes 1-3, respectively). (B) ESI-MS
spectrum of Top7_MI11. (C) Top7 protein (top lines) and DNA (bottom lines) sequence,
with primary and alternate initiation codons highlighted (colours match the peaks from
panel B). Degenerate Shine-Dalgarno sequences are highlighted in red.
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Figure 4.3 Biophysical characterisation of CFr and SS.CFr. (A) The far-ultraviolet
(UV) CD spectrum of 25uM CFr, 25uM SS.CFr and 20uM Top7 in 25mM tris-HCI, pH
8.0 at varying temperatures and GuHCI concentrations. (B) CD signal at 220nm as a
function of temperature and GuHCI for 12uM CFr in 25mM tris-HCI, pH 8.0, in a 2-mm
cuvette. (C) CD Signal at 220nm as a function of GuHCI concentration for multiple
concentrations of CFr, SS.CFr, and Top7 in 25mM tris-HCI, pH 8.0, at 25°Cin a 1-cm
cuvette.
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Figure 4.4 Analytical Ultra-Centrifugation (AUC) studies of CFr and SS.CFr.
Selected equilibrium profiles collected for (A) CFr and (B) SS.CFr collected at 30,000
rpm, 20°C at protein concentrations of 59-66 UM in solvent containing 4 M (black
circles) or 7 M (red circles) GuHCL. The fitted weight-averaged molecular weight (M)
was determined using a global fit to 9 equilibrium scans collected at three protein
concentrations and three speeds (see Methods). (C) Fitted My vs. concentration of
GuHCl plot. Fitted My values were determined as described above for CFr (black
circles) and SS.CFr (red circles) at varying concentrations of denaturant. Horizontal lines
represent predicted monomer/dimer molecular weights for CFr, 7,037/14,074 (black,
dashed), and SS.CFr, 7,241/14,482 (red, dotted-dashed).
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Figure 4.5 'H-'N HSQC spectrum of CFr. The HSQC spectrum of ~ImM "’N-CFr in
50mM NaPi, pH 7.0, recorded at 298 K and 500 MHz with the use of the fast HSQC
scheme of Mori ef al. (Mori, Abeygunawardana et al. 1995). Peaks are labelled with one-
letter amino-acid code and sequence number.
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Figure 4.6 Schematic representation of the NMR-generated structures of CFr. Top
20 NMR models from the final CFr structure calculation are shown as ribbons. Each
model is superimposed on the average backbone co-ordinates for residues 3-51
(structured region, separate colour for each model) in both chains from the entire
ensemble. The structured regions have an ensemble RMSD of 0.33A over backbone
atoms and 0.75A over all heavy-atoms. Unstructured tail residues (52-58) are coloured in
grey.
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Figure 4.7 Comparison of the Top7 and CFr structures. (A and B) Ribbon diagrams
of residues 3-51 from one subunit of the CFr NMR structure (green) superimposed on the
corresponding region of the Top7 x-ray structure (purple). The backbone RMSD over
these residues is 1.12A. The two diagrams are related by a 90° rotation around the
vertical axis in the plane of the page.



AB_00_HELIX AB_00_SHEET

Figure 4.8 Details of the CFr NMR structure. (A) Seven views of the two subunits of
CFr shown in surface representation. Interfacial carbon atoms are coloured green in
subunit A and yellow in subunit B, and all other atoms are in CPK colour. Starting with
the centre model of the dimer, the three models to the left (subunit A) and to the right
(subunit B) show the dimer opening like a book. (B) Three views of CFr subunits, with
the dimer model in the centre opened like a book (left: subunit A in green, right: subunit
B in yellow). The centre model shows a ribbon representation of the two subunits with
interfacial regions coloured in green and yellow. The flanking models show the
interfacial sidechains as green or yellow sticks. Surface representations are overlaid with
80% transparency to show orientation relative to panel A. (C) Specific interactions
between the subunit interfaces are highlighted in the right (helices) and left (sheet)
panels. Backbone secondary structure is represented as ribbons and sidechains are
represented as sticks. The model in the centre of the panel is another ribbon
representation of the dimer. The numerical suffix in each model label represents the
degree of rotation from the centre model (in panels A and B) around the vertical axis in
the plane of the page (e.g. B+90 is subunit B rotated 90° from the orientation of the
dimer). All straight dotted arrows between models represent translations in the plane of
the page. All curved arrows between models represent rotations around the vertical axis
in the plane of the page.
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