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Evolution builds proteins that display structural and functional properties that are beautifully
suited for their biological role. They can fold spontaneously under physiological conditions into a
compact and well-packed three dimensional structure, and often display complex functional properties
such as signal transmission, efficient catalysis of chemical reactions, specificity in molecular
recognition, and allosteric conformational change. Because these properties require great precision in
the positioning and coupling of amino acids, the current view isto regard proteins as finely tuned
machines that are exactly arranged for mediating their selected function. However, other aspects of
proteins seem less consistent with this view and demand further delineation of the underlying design
principles. For example, proteins are well-known to be robust to random perturbation; that is, they
display tolerance to mutagenesis at many amino acid positions. In addition, they are readily evolvable;
that is, they display the capacity for rapid adaptation to changing selection pressures by allowing
specific sequence variation at a few sites to profoundly alter function. This curious mixture of
robustness at many sites and fragility at a few sitesis interesting since it suggests that despite
homogeneously good atomic packing, strong heterogeneity exists in the energetic interactions between
amino acids that underlie structural stability and function. A major advance in our understanding of
proteins would come with the development of methods to systematically map and then mechanistically
understand the global architecture of amino acid interactions. In principle, such understanding would
(1) provide anew basis for the interpretation of protein sequence and structure, (2) provide powerful
practical rules for the rational engineering of protein structure and function, (3) help predict and better
understand the molecular basis for disease-causing mutations, and (4) provide the basis for beginning to
understand how proteins are even possible through the random, algorithmic process of mutation and

selection that we call evolution.



However, the problem is truly complex; amino acids make unequal and cooperative
contributions to protein structure and function, and these contributions are generally not obvious in even
high-resolution atomic structures. For example, studies of the interaction between the human growth
hormone and its receptor show that the binding interface contains “hot spots’ of favorable energetic
interactions embedded within an overall environment of neutral interactions®. Similarly, catalytic
specificity in proteases ?, signal transmission within G protein coupled receptors *, and the cooperative
binding of oxygen molecules in hemoglobin #, catalysis in the metabolic enzyme dihydrofolate reductase
® and antigen recognition by antibody molecules ® all depend on the concerted action of a specific set of
amino acids that are distributed both near and far from the active site. Why are these energetic
phenomena not obvious in atomic structures? The main problem is easily stated: we do not “ see”
energy in protein structures. We might observe an interaction in acrystal structure, but we do not know
the net free energy value of that interaction given only the mean atomic positions. Since the native state
of a protein represents a fine balance of opposing forces that operate with steep distance dependencies to
produce marginally stable structures, complex and non-intuitive arrangements of amino acid interactions
are possible.

These observations permit a clear statement of the goals and overall that will comprise this
lecture. The essence of understanding the evolutionary design of protein structure and function is
globally assessing the energetic value of all amino acid interactions. Since the value of interactions is
not a ssimple function of distance and complex spatial arrangements of interactions between amino acids
are possible, we must be open to novel strategies that go beyond structure-based inferences or high-
throughput mutagenesis. In thisregard, we have reported a novel statistical approach (now termed the
statistical coupling analysis, or SCA) for globally estimating amino acid interactions ’. Treating
evolution as a large-scale experiment in mutation, this method makes the simple proposition that the
energetic coupling of residues in a protein (whether for structural or functional reasons) should force the

mutual evolution of those sites. That is, the conserved cooperative interactions between amino acids
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might be exposed through analysis of the higher order statistics of sequence variation between positions

Figure 1. Networks of evolutionarily
coupled residuesin the PDZ (a), GPCR
(b), serine protease (c), and hemoglobin
(d) protein families. A representative
member of each family is shown with a
van der Waals surface drawn around the
residues that emerge as strongly
evolutionarily coupled in the SCA.

in alarge and diverse multiple sequence alignment of a protein family. Application of this method in
several different protein families (PDZ domains ’, G protein-coupled receptors 8, serine proteases ®,
hemoglobins 8, G proteins °, and the nuclear hormone receptors %) suggests two general conclusions
(Fig. 1): (1) the global pattern of amino acid interactions is sparse, so that a small set of positions
mutually co-evolves amongst a majority that are largely decoupled, and (2) the strongly co-evolving
residues are spatially organized into physically connected networks linking distant functional sites in the
structure through packing interactions. Importantly, mutagenesis experiments directed by the SCA
mapping show strong correlations between the predictions and experimental measurements, implicating
the co-evolving networks as hot spots for functional mechanism. Taken together, these studies suggest a
new model for the architecture of amino acid interactions in natural proteins. most residues interact
minimally, acting as if nearly independent or locally coupled, while a few (~10-15%) comprise strongly
interacting, sparse, and interconnected networks of co-evolving residues that define core aspects of
protein function.

The finding that the global pattern of energetic interactions between residues in many protein
families is so sparse suggested an interesting and testable hypothesis. proteins may be far simpler in
their energetic architecture than we think. Indeed, the SCA suggests the possibility that all the
information required for specifying the fold and characteristic function of a protein family may be

sufficiently encoded in the matrix of amino acid interactions revealed by the global co-evolution
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analysis. If so, the proof liesin building artificial members of a protein family using only information
extracted by the SCA. We developed a computational method for creation of artificial amino-acid
sequences according to the statistical rules revealed by the SCA and built large libraries of designed
sequences in the laboratory **2. We find that for the WW domain, a small [I-structured protein fold,
the computational method produces artificial sequences that in fact efficiently fold into the characteristic
WW domain structure (Fig. 2). In contrast, randomly designed sequences, or even sequences preserving
the conservation pattern of the WW domain but excluding the co-evolution of residues failed to show
native folding. Remarkably, phage display and peptide binding studies indicate that the artificial
sequences not only fold, but also exhibit binding specificity that quantitatively mirrorsthat of natural
WW domains **. More recently, these findings have been extended to the successful design of
functional PDZ domains, a roughly 90 amino acid protein interaction module with a mixed [J/] fold.
These results demonstrate that the information extracted from the SCA is necessary and sufficient to
specify the WW and PDZ folds and their characteristic function. The very few numbers we imposed in
the computational process in building these artificial sequences suggests that evolution’s rules for
building proteins could be vastly less complex than theoretically possible. These results suggest a new
re-parameterization of proteins guided by the higher order statistics of conservation rather than by
traditional principles of primary, secondary, or tertiary structure. Recent work on developing and testing
this parameterization will be presented.

To date, our work has been focused on mapping and experimentally verifying the architecture of
amino acid interactions implied by the evolutionary analysis — essentially, a mechanism-free description
of what is built through the evolutionary process. The results have been unexpected and suggest
potential practical avenues for directed mutagenesis and design of proteins. However, this work
primarily has set the stage for two critical further problems that limit our understanding of the
evolutionary design of proteins: (1) how does the SCA-predicted architecture of amino acid interactions

physically operate in proteins and (2) why is the SCA-predicted architecture a good solution for



specifying protein structure and function through evolution? In essence, the goal is to ultimately
connect the mechanism-free description of statistical interactions between amino acids with a
mechanistic model for the physics of these interactions and with an underlying evolutionary theory. It
will be interesting to see what experiments can be designed to test the theory that emerges from this

work for the dynamics of the evolutionary process.
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