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Chapter 1  

Introduction 

1.1 Overview 

Proteins are fundamental for organismal viability. Understanding how their structures and 

functions are determined by their amino acid sequences is a central goal of biochemistry (1, 2). 

Unifying principles may emerge if we can define how residue changes lead to the evolution of 

novel features and structures across diverse experimental systems. Evolution serves as nature’s 

longest-running experiment in protein design, generating a vast diversity of forms and functions 

through residue-level changes over time. By leveraging the evolutionary history of protein and 

using biochemical techniques, we can deepen our understanding of how amino acid encode 

protein structure and function.  

Studying evolutionary history extends the sequence-structure-function paradigm by 

incorporating evolutionary history to understand how ancient residue changes led to our modern 

proteins. By examining the ancestor-descendent relationships of proteins, we can contextualize 

how residues led to the emergence of new features and how the ancestral structure contributed to 

their evolution (3). Despite a providing a powerful framework by which to understand proteins, 

our studies on ancient proteins remain limited and how particular features emerged or were 

maintained during history are not known.  

This thesis spans multiple topics which can be broken down into two distinct sections: the 

following two chapters describe the mechanisms for the acquisition of three ubiquitous protein 

feature. Chapter 2 addresses multimerization and paralog specificity.  Multimerization is the 

ability for multiple subunits of the same protein to associate into intricate quaternary complexes 

through binding at hydrophobic or electrostatically charged patches located on the surface. 
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Paralog specificity is the ability for multiple subunits of genes related via duplication to 

preferentially associate with each other rather than themselves. Chapter 3 addresses allostery, 

intra-protein functional regulation, where binding at a distal site within the tertiary structure 

regulates the functional ability at another site through coupled stabilization of distinct structural 

states within the protein. Chapter 4 addresses how allosteric regulation is maintained as proteins 

undergo sequence drift during history, which allows us to understand how residues involved in 

allosteric function are distributed across a protein.  

By describing the underlying mechanisms in each case and identifying which features are 

ancestral to the new elaborations, we uncover biophysical and structural principles intrinsic to 

the proteins we study. These principles highlight how a small number of residues can drive 

evolutionary changes, if particular structural features are already present at the time of the 

residue changes.  

This introduction will explore how evolution intersects with biochemistry and protein design. In 

each chapter, the introduction will address the central question motivating the research within the 

context of evolutionary biology, and the discussion will highlight the broader implications for the 

fields. 

1.2 Evolutionary biology to determine when novel protein features emerged  

Understanding how the proteins we observe today evolved to their current structures and 

functions is a central question in biochemistry (2). One way to address this question is by 

studying the evolutionary history of proteins and determining how those features emerged.  

Evolutionary biology accounts for the characteristics of proteins in terms of their histories and 

allows us to understand how sequence changes occur across time (4).  By tracing the 

evolutionary paths of protein families, we can pinpoint key residues that have been conserved or 
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modified over time, shedding light on how structural and functional innovations arose (5). Many 

tools can help us trace the history of proteins. For the purposes of this thesis, there are two that 

are critical for understanding how new features are built: molecular phylogenetics and ancestral 

sequence reconstruction (6, 7).  

Molecular phylogenetics examines the evolutionary relationships of molecular sequences (DNA, 

RNA, and proteins) by grouping them based on shared homology, where genes that share a 

recent common ancestor are likely to have many conserved residues (6, 8). These relationships 

are represented by nodes in a phylogenetic tree, where genes that share a common ancestor are 

connected by these nodes, and represent hypothetical ancestral genes. Importantly, the 

positioning of these nodes can provide a sense of time, deeper nodes indicate earlier divergences 

between proteins (9, 10).  By using molecular phylogenetics to understand the history of 

proteins, we can estimate when specific protein features may have emerged during evolution.  

To understand how novel features emerged, we must be able to explicitly test sequences during 

evolutionary history and determine which residue changes caused the emergence of novel 

functions. Here, ancestral sequence reconstruction (ASR) is critical because it statistically infers 

sequences at each node of a phylogenetic tree (11). These sequences can be synthesized and then 

tested explicitly in lab. ASR is a probabilistic method that leverages three inputs: multiple 

sequence protein alignments, the maximum-likelihood phylogenetic tree, and the best fit 

evolution model (11). Each of these inputs are carefully chosen through traditional evolutionary 

biology or rigorous statistical approaches to reduce uncertainties in the reconstruction process or 

discordance with known evolutionary relationships.  

Together, molecular phylogenetics and ancestral sequence reconstruction (ASR) make it possible 

to trace the evolutionary history of proteins. By experimentally characterizing ancestral proteins, 
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we can pinpoint the sequence changes responsible for the emergence of novel features. The logic 

in these approaches will be explored in the next section. 

1.3 Evolutionary biochemistry to determine how novel protein features emerged   

Evolutionary biochemistry is a burgeoning sub-field of biochemistry that adds conceptually to 

the classic sequence-structure-function paradigm by incorporating evolutionary history as a key 

variable (4).   

Since the 1960’s, scientists have been interested in reconstructing and experimentally 

characterizing the history of proteins (7). With the development of maximum likelihood 

phylogenetic, it has now become possible to reconstruct ancestral protein sequences with strong 

statistical rigor. Coupled with the low cost of DNA synthesis, this makes it feasible to 

experimentally test the structures and functions of these reconstructed proteins (9, 11).  

Evolutionary biochemistry is the experimental study of the history of proteins, using 

phylogenetics and ASR to define the ancestor-descendent relationships within a gene family and 

biochemistry techniques to test these relationships in the lab (3, 4). By focusing on discrete time 

intervals defined by these ancestor-descendent relationships, we can experimentally pinpoint 

when new features arose, which narrows down the candidate substitutions that drove changes in 

structure and function to those specific historical intervals. From here, the relationships between 

sequence, structure, and function can be tested explicitly. 

Identifying when functional features arose during evolution allows us to infer causal 

relationships between ancestral and descendant proteins (3, 4, 12). Substitutions that occur along 

the branch between an ancestor and its descendant, within the historical interval in which a new 

feature emerges, drove that innovation. But branches typically contain many substitutions, so 

determining which caused the change in function requires explicit testing of smaller sets of 
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substitutions. This can be done by establishing which changes were necessary for the change and 

which were sufficient.  

To test necessity, candidate residues are reverted in their ancestral state in the descendant protein 

and tested for the feature, if the feature reverts to its ancestral state, then the candidate residues 

are necessary. To test sufficiency, candidate residues are substituted to their derived state in the 

ancestor, if the feature is conferred, then the candidate residues are sufficient. Together, we can 

explicitly determine the number of residues involved in novel features and how each of them 

contributed to the novel feature.  

The evolutionary biochemistry framework has proven powerful for determining the evolutionary 

history of proteins, discovering how novel features arose in history, and furthering our 

understanding of how sequence determines structure and function. One way it has helped is by 

making epistatic interactions, nonadditive changes in residue effects based on introduction of 

other residues, part of biochemical mechanisms for changes in function (13-18). A well-known 

example is the shift in ligand specificity of the ancestral glucocorticoid receptor (19). Two key 

substitutions were responsible for the new specificity, but their effects depended on five 

“permissive” substitution. These permissive changes did not directly affect ligand binding but 

stabilized the protein in a way that tolerated the introduction of the function-switching mutations 

(19). For this reason, in present-day proteins epistasis also obscures the mechanisms underlying 

the emergence of new protein functions (3). In the present day, if we introduce those two 

function-switching mutations into the mineralocorticoid receptor, which do not contain the 5 

permissive residues, there would be no change ligand specificity.  

Evolutionary biochemistry has also shown how changes or the emergence of features within 

proteins occurred. Much of evolutionary biochemistry has described shifts in molecular 
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specificity—whether for small ligands or DNA—revealing that such functional transitions often 

require surprisingly few amino acid changes (19-21). These findings suggest that the genetic 

basis of molecular specificity can be relatively simple. However, epistatic interactions have 

consistently proven essential to enabling these functional changes. In some cases, they amplify 

the effects of key functional mutations; in others, they relieve steric clashes or otherwise stabilize 

new conformational states (14, 19, 22). Moreover, changes in molecular complex 

stoichiometry—such as the formation of higher-order oligomers—do not always arise due to 

direct functional advantage. Instead, epistasis may constrain the evolutionary paths available, 

making it difficult to revert or remove interfaces once they have formed (23).  

Biochemistry aims to understand how sequence determines structure and function by testing the 

effects of residue changes in present-day proteins (1).  However, it is important to recognize that 

all nature proteins are a product of evolutionary history, and these histories represent an 

underutilized resource for uncovering the principles that link sequence to structure and function. 

Today, the UniProt database contains over 250 million natural protein sequence (24). Although 

many of these are most likely homologs of the same proteins, they still encompass a vast 

reservoir of functional and structural innovations – many of which remain unexplored.  

1.4 Mechanisms for novel protein features and design  

A major component of this thesis concerns the mechanisms by which new protein assemblies, 

and functions evolve. The ability to engineer novel structures and activities is a central goal of 

protein design (25). While there has been notable success in designing multimeric and allosteric 

proteins, these efforts face limitations. Incorporating principles uncovered through evolutionary 

biochemistry, the role of historical substitutions and epistatic interactions, offers a path to 

overcome some of the constraints and improve the rational design of complex protein functions.  
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Multimerization has seen the most success: early rational design studies showed that introducing 

small number of mutations could strongly stabilize multimeric assemblies (26-29). De novo 

design takes from these studies and builds multimeric assemblies through symmetric interfaces 

(30). The advent of computational design and denovo assemblies further demonstrated that rules 

of symmetry and interface complementarity could be used to build novel homomeric proteins 

from scratch (30-32). Recent machine learning approaches have pushed this further by 

generating entirely novel multimeric proteins with atomic-level accuracy, though the success 

rates remain variable depending on interface geometry and stoichiometry (31, 33).  

Specific assembly has been more difficult to design. Key work has revealed that relatively small 

sets of residues can drive the gain of specific protein-protein interactions (34-38). Yet predictive 

models for specificity remain limited, largely because there is a lack of large-scale datasets 

measuring specificity from non-specific starting points, which is essential for predicting 

specificity in mixed systems. De novo design has had some success, by building hydrogen 

bonding interactions between proteins, but still requires extensive testing (39, 40).  

Allosteric regulation design still requires more research, as the development of engineered and 

de novo design are few. There have been successful engineering efforts: primarily by building 

ligand binding pockets or large insertions of regulatory domains into non-allosteric proteins (41-

47). De novo design has produced a single study that has been able to create an allosteric protein, 

which did not focus on the residue changes themselves but instead whole concerted movements 

within the structures (48). Furthermore, no current machine learning models can predict or 

design multiple protein conformations, largely because datasets that connect sequence variation 

to conformational dynamics and function are few (49). 
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Together, these efforts highlight a limitation across protein design: we must know what specific 

residues are required to generate new assemblies and allostery on as many proteins as possible to 

be able to build them efficiently. As machine learning and de novo design continue to generate 

new proteins, their success will depend on datasets that capture the functional consequences of 

defined mutations in diverse backgrounds, especially those that can differentiate functional from 

non-functional variants in different structural contexts (50). Evolutionary biology can offer a 

complementary strategy to improve these efforts: by analyzing how many natural proteins 

evolved and identifying historical substitutions that shaped function, we can map the causal 

architecture to identify residues with mechanistic importance in diverse backgrounds. These 

principles can be incorporated into new experimental strategies that can further improve 

engineering or designed protein efforts.  

For this reason, chapters 2 and 3 of my thesis focus on identifying the number and effect of 

residues that confer multimerization, heteromeric specificity, and allosteric regulation in the 

model system hemoglobin. Chapter 4 shifts to a second model system, the allosteric repressor 

TetR, to examine how drift shapes its underlying genetic architecture, with particular attention to 

the epistatic interactions that emerge and influence evolutionary trajectories. Together, these 

findings offer directly address outstanding questions in evolutionary biology and can offer 

insight into design principles of multimeric and allosteric proteins by providing an empirical 

foundation to improve rational and machine learning based design efforts.  

1.5 Hemoglobin as a model system for the origination of multimerization, specificity, and 

allostery 

Hemoglobin is one of the most influential model systems in the field of biochemistry. 

Multimerization, heteromeric specificity, and allosteric regulation are well understood in 
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hemoglobin (51, 52). The function of the protein is to coordinate reversable oxygen binding 

within each subunit using an iron atom coordinated within a porphyrin ring (53).  Hemoglobin is 

a heterotetramer, containing two a and two b subunits, allowing for binding of up to four oxygen 

molecules per tetramer. Assembly occurs through two interfaces, and each is specific for the 

other subunit (ie. a always binds to b and vice versa) (54-57). The heterotetrameric structure is 

critical for the regulation of oxygen binding affinity within the heme which allows for efficient 

offloading at peripheral tissues (52). Oxygen binding affinity in hemoglobin is regulated by two 

forms of allostery. The first, cooperativity, is an intramolecular interaction where oxygen binding 

to one subunit increases the affinity of the remaining subunits and occurs through changes in the 

tetrameric interface (58-61). The second, heterotropic allosteric regulation, occurs when a ligand 

binds to the central cavity – a pocket that appears between the two beta subunits that occurs only 

in the tetramer – and decreases oxygen affinity (62, 63).  

Residue variation in hemoglobin has been studied extensively to understand which residues drive 

multimerization, heteromeric specificity, and allosteric regulation (64). The residues involved in 

multimerization and specificity are well known, as they are mostly conserved across jawed 

vertebrates and found at the interfaces (65). The strength of allosteric effect to effector binding 

varies across extant organisms, and identity of effector molecules which bind to hemoglobin or 

their specificity have changed amongst clades (51, 64). This has led to uncertainty over which 

residues confer allosteric function and when they arose. Not all interface residues contribute 

equally to the energetics of assembly, raising the possibility that a small number of large-effect 

mutations may have played a key role in establishing multimerization and specificity.  

The evolutionary history of hemoglobin has been of particular interest because it represents a 

large innovation in the regulatory capacity of oxygen at the dawn of jawed vertebrates (51). It is 
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thought that the appearance of hemoglobin may have played a role in the origin of jawed 

vertebrates and subsequent radiations are driven by changes in hemoglobin regulatory capacities 

(66). Phylogenetic analysis supports these claims as hemoglobin appears at the same time as 

jawed vertebrates and further sequence changes have been shown to change allosteric regulation 

and oxygen affinity in animals occupying various environments (51, 64, 66, 67).  

If hemoglobin has been key in many physiological innovations in jawed vertebrates, then 

understanding how hemoglobin’s structure and allosteric regulation initially emerged is critical.  

It is known that hemoglobin descends from other globin genes that are monomeric and non-

allosteric: the outgroups of are myoglobin, globin E, and globin Y (67, 68). Using ancestral 

sequence reconstruction and biochemical experiments, a previous study showed that extant 

hemoglobin appeared in two steps: at the time of duplication from all myoglobin and hemoglobin 

genes there was a duplication and, on the branch leading to the base of all hemoglobin genes, the 

ancestral monomer became a dimer. Another duplication occurred that gave rise to the alpha and 

beta genes, and on the following branches the dimer because an allosteric heterotetramer (69). 

Together, we know when the structure and allosteric function of hemoglobin emerged during 

history.  

Parts of my thesis continue this work. In chapter 2, I carefully dissect the residues that are 

implicated in the dimer to tetramer transition, how specificity is distributed between the two 

interfaces in the heterotetramer, and the gain of specificity between the alpha and beta subunits 

after gene duplication. In chapter 3, I discover the set of residue changes that confer allosteric 

regulation and then dissect all residues involved to uncover the full historical allosteric 

landscape. In all cases, we find that the number of residues required for these large innovations 
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in Hb were few, suggesting that hemoglobin as we know today could have appeared quickly and 

that other proteins may have done the same.  

1.6 TetR as a model system for allostery 

Tetracycline repressor proteins (TetR) are an allosteric transcription factors known to confer 

antibiotic resistance to tetracycline (70).  Understanding allosteric regulation within this protein 

has been of considerable interest, because it may offer ways to prevent bacteria from gaining 

antibiotic resistance. TetR is an obligate repressor that binds to a 15 base pair palindromic 

sequence of the TetA promoter via a DNA binding domain, preventing the transcription of the 

gene (71). The allosteric transition occurs upon tetracycline binding in the ligand binding domain 

of the protein and causes de-repression of TetR. Upon releasing from the DNA, transcription of 

TetA occurs and pumps out tetracycline thereby conferring antibiotic resistance.    

The residues involved in the TetR allosteric response are not well understood. Crystal structures 

of ligand-bound and unbound states of TetR do not undergo large scale conformational changes, 

suggesting that large residue movements are unlikely to underlie the allosteric mechanisms (71). 

Alternative models have proposed mechanisms such as alterations in dynamics or changes in the 

populations within conformational ensembles (72-74). However, these models do not clearly 

identify which residues are essential for allosteric regulation. Recent studies have shown that 

residue mutations that inactivate allostery are distributed across the entire protein, suggesting 

that residues contributing to allostery may be spread throughout the structure.   

In chapter 4, I used phylogenetic analysis, ASR, and large-scale mutational scans to investigate 

how the genetic architecture of TetR allosteric response drifts through sequence space. By 

introducing all single substitutions across distinct historical intervals, we examine how tolerated 

mutations changed during history.  We discover that epistasis, the change in mutational effects 
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when other mutations are introduced, play a larger role than previous appreciated. This finding 

helps explain why pinpointing the residues responsible for allosteric responses has remained a 

persistent challenge in the field.   
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Chapter 2 

Symmetry facilitated the evolution of  

heterospecificity and high-order stoichiometry in vertebrate hemoglobin  

2.1. Abstract  

Many proteins form paralogous multimers – molecular complexes in which evolutionarily 

related proteins are arranged into specific quaternary structures. Little is known about the 

mechanisms by which they acquired their stoichiometry (the number of total subunits in the 

complex) and heterospecificity (the preference of subunits for their paralogs rather than other 

copies of the same protein). Here we use ancestral protein reconstruction and biochemical 

experiments to study historical increases in stoichiometry and specificity during the evolution of 

vertebrate hemoglobin (Hb), a a2b2 heterotetramer that evolved from a homodimeric ancestor 

after a gene duplication. We show that the mechanisms for this evolutionary transition were 

simple. One hydrophobic substitution in subunit b after the gene duplication was sufficient to 

cause the ancestral dimer to homotetramerize with high affinity across a new interface. During 

this same interval, a single-residue deletion in subunit a at the older interface conferred 

specificity for the heterotetrameric form and the trans-orientation of subunits within it. These 

sudden transitions in stoichiometry and specificity were possible because the interfaces in Hb are 

isologous – involving the same surface patch on interacting subunits, rotated 180° relative to 

each other. This architecture amplifies the impacts of individual mutations on stoichiometry and 

specificity, especially in higher-order complexes, and allows single substitutions to differentially 

affect heteromeric vs homomeric interactions. Our findings suggest that elaborate and specific 

symmetrical molecular complexes may often evolve via simple genetic and physical 

mechanisms. 
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2.2. Introduction   

Protein multimers – associations of multiple protein subunits arranged in specific quaternary 

architectures – carry out most biochemical functions in living cells (75, 76). The mechanisms by 

which these complexes evolved their stoichiometry and specificity present some puzzling 

questions  (27, 36, 76-82). Multimers assemble via interfaces that typically contain dozens of 

sterically and electrostatically complementary residues, and higher-than-dimeric stoichiometries 

(tetramers, octamers, etc.) use several such interfaces on each subunit  (26). This seems to imply 

that many sequence substitutions would be required for a new multimeric assembly to originate 

during evolution. 

A second complication is that many multimers are composed of paralogs -- proteins related to 

each other by gene duplication (83). Paralogs are genetically and structurally indistinguishable 

when generated by duplication, so initially they assemble indiscriminately into homomers and 

heteromers. Most complexes, however, have evolved specificity for either the homomeric or 

heteromeric form, with the latter being the most common outcome (83, 84). How specificity 

evolves is unclear, because mutations that affect multimerization are expected to cause correlated 

effects on the affinities of homomerization and heteromerization(80, 83, 85). The structural 

similarity of paralogs seems to imply that substitutions in both paralogs are required to confer 

any specificity at all. This complication is magnified for higher-order paralogous multimers, in 

which one might expect that every interface must evolve specificity to mediate assembly into the 

complex’s particular architecture.  

A critical factor in the evolution of specificity and high-order stoichiometry may be whether a 

multimer assembles through symmetrical interfaces. In many complexes, identical or paralogous 

subunits bind each other using an isologous interface – a form of symmetry in which a surface 
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patch on one subunit binds to the same patch on its partner but rotated 180 degrees relative to 

each other (1). Isologous complexes might, in principle, have the potential to evolve changes in 

stoichiometry and specificity through simpler mechanisms than nonisologous head-to-tail 

interfaces. A single substitution appears twice across the interface(s) of an isologous homodimer 

or heterotetramer, four times in a homotetramer, etc. (Fig. 2.1A). Mutations that weakly affect 

affinity on their own can therefore confer large effects on the assembly of isologous multimers 

(27, 69, 75, 79, 86, 87). Isology also changes the way that mutations can affect specificity. In a 

nonisologous interface, specificity requires mutations on both surfaces so that the tails are 

recognizably different from each other and each head prefers one tail over the other. In an 

isologous interface, however, a substitution on the surface of just one subunit has the potential to 

differentially affect the affinity of each kind of complex, because it will appear twice in the 

interface of a homomer, once in the heteromer, and not at all in the other homomer (Fig. 2.1A).  

Little is known about the historical evolution of heterospecific complexes or the role of 

symmetry in this process, especially in high-order complexes. Biochemical and protein 

engineering studies have addressed the determinants of binding affinity in both homomeric and 

heteromeric interfaces of extant proteins (29, 35, 37, 38, 88-90). But the genetic and structural 

mechanisms by which those interactions were acquired long ago are often different from their 

derived forms in the present (3). Ancestral sequence reconstruction (ASR) can address this 

limitation by experimentally characterizing the effects of historical sequence changes when 

introduced into ancestral proteins. ASR has been used to understand the evolution of specificity 

after duplication in head-to-tail paralogous heteromers (91, 92) and in multimers composed of 

unrelated proteins, which are by definition asymmetrical (90). But we know of no studies that 

have addressed how isologous heteromers historically evolved their specificity or how specificity 
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in high-order complexes was acquired. A recent in silico analysis predicted that it should be 

possible for specificity in heterodimers to evolve rapidly after gene duplication through small 

perturbations in binding energy (93), but the underlying mechanisms and historical relevance of 

this phenomenon are unknown.  

Here we use ASR to study the evolution of higher-order stoichiometry and specificity in 

vertebrate hemoglobin (Hb), the major carrier of oxygen in the blood of jawed vertebrates. Hb is 

a paralogous α2β2 heterotetramer ((69), Fig. 2.1B), assembly of which is mediated by two distinct 

and isologous interface patches (IF1 and IF2). Each subunit of the tetramer uses its IF1 to bind 

IF1 of a paralogous subunit; two of these heterodimers bind to each other using the IF2 on each 

subunit to make the tetramer ((53), Fig. 2.1B). Hb⍺ and Hbβ descend from a gene duplication 

deep in the vertebrate lineage (Fig. 1C), and their sequences retain sufficient phylogenetic signal 

to allow high-confidence reconstruction of ancestral Hb protein sequences. Using ASR, we 

recently showed experimentally that extant Hb evolved its heterotetrameric architecture in two 

phases from a monomeric precursor via a homodimeric intermediate (69). In the first phase, prior 

to the gene duplication that yielded paralogous ⍺ and β lineages, a monomeric ancestor evolved 

the capacity to homodimerize with moderate affinity across IF1. In the second phase – after the 

gene duplication but before the last common ancestor of all vertebrates – binding across IF2 was 

acquired, yielding the tetrameric stoichiometry, and specificity for the heteromeric form α2β2 

also evolved (Fig. 2.1C).  

Here we characterize the genetic and physical mechanisms that mediated the evolutionary 

transition from homodimer to heterotetramer in this second phase. By experimentally 

characterizing reconstructed ancestral hemoglobin subunits and the effects of historical sequence 

changes on them, we address the following questions: 1) How many substitutions were required 
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to confer tetrameterization across IF2, and what thermodynamic and structural mechanisms 

mediated their effects? 2) Did the evolution of specificity for the heterotetrameric form require 

sequence changes at one or both interfaces, in one or both subunits, and what physical 

mechanisms drove the acquisition of this specificity? 3) How did the symmetry of Hb's two 

interfaces affect this evolutionary transition to a high-order, heterospecific architecture? 4) Does 

a mutational propensity favor increased molecular complexity during the evolution of isologous 

complexes? 

2.1 Evolution of tetrameric stoichiometry 

We first sought to identify the historical sequence changes that conferred tetramerization after 

duplication of the ancestral homodimer Ancαβ. We focused on the branch leading from the 

duplication of Ancαβ to Ancβ (the Hbβ subunit in the last common ancestor of jawed 

vertebrates), because Ancβ heterotetramerizes with Ancα (the Hbα subunit in the jawed 

vertebrate ancestor) and, like extant Hbβs, also homotetramerizes with itself.  We previously 

found two amino acid replacements that occurred on the branch which, if introduced together 

into Ancαβ, are sufficient to confer high-affinity assembly into homotetramers (69). One of these 

(q40W) is buried in the IF2 interface, whereas the other (t37V) makes contacts across both IF1 

and IF2 (Fig. 2.1D. 17, using lower and upper case to denote ancestral and derived amino acids, 

respectively). W40 is strictly conserved in Hbb subunits throughout the jawed vertebrates, and 

V37 is conserved in Hbb of most taxa (Fig. A1.1). 

Here we isolated the individual contributions of each amino acid changer by introducing them 

singly into Ancαβ and characterizing their effect on assembly into tetramers using size-exclusion 

chromatography (SEC) and native mass spectrometry (nMS) (94, 95). We found that q40W 

alone is sufficient to recapitulate the evolution of Hb’s tetrameric stoichiometry. Ancαβ forms 



 18 

only dimers in SEC at 100 µM of total protein subunits; by contrast, the mutant Ancαβq40W is 

tetrameric, with occupancy of the tetramer similar to that observed in the derived Ancα + Ancβ 

complex and human Hb (Fig. 2.1E). We used nMS across a titration series to measure the 

affinity with which dimers associate into tetramers and found that the tetramerization affinity of 

Ancαβq40W (Kd 10 µM) is stronger than that of Ancα + Ancβ (29 µM) and human Hb (34 µM) 

(Fig. 2.1F). The conclusion that q40W is sufficient to confer tetramerization is robust to 

statistical uncertainty about the ancestral sequence: similar experiments using a different 

reconstruction of Ancαβ that incorporates alternative residues at all ambiguously reconstructed 

sites yields almost identical results (Fig. A1.2).  

The other historical replacement, t37V, is not sufficient to confer tetramerization. Mutant 

Ancαβt37V confers no detectable tetramer occupancy by SEC, even at 1 mM (Fig. 2.1G), and it 

displays no measurable affinity to form tetramers using nMS (Fig. 1H). When combined with 

q40W, however, t37V does increase affinity of the dimer-tetramer transition by a factor of 6 

compared to the effect of q40W alone (Fig. 2.1D; Fig. A1.3).  

In principle, a sequence change could also facilitate tetramerization by increasing affinity of the 

monomer-to-dimer transition; by increasing the effective concentration of dimers, more 

tetramers would be produced at a given protein concentration, even if affinity of the dimer-

tetramer transition were unchanged. Using nMS, we found that t37V improves the monomer-

dimer affinity of Ancαβ by >100-fold (Fig. 2,1H; Fig. A1.3). Substitution q40W, in contrast, has 

no effect on monomer-dimer affinity. These findings are consistent with the structural location of 

these residues -- t37V contributes to both IF1 and IF2 and q40W to IF2 only -- and they explain 

why t37V does not confer tetramerization on its own but enhances the impact of q40W. 
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A likely physical mechanism for the effect of q40W is that tryptophan’s bulky hydrophobic side 

chain nestles into a hydrophobic divot on the IF2 surface of the facing subunit, and is further 

strengthened by a hydrogen bond to 102D (96). To test this hypothesis, we identified alternative 

amino acid replacements with similar biochemical properties and measured whether they also 

could have caused Ancαβ to evolve into a tetramer. Like tryptophan, the bulky hydrophobic 

residues phenylalanine or tyrosine at this position also confer tetramerization, albeit at affinity 

slightly weaker than q40W but similar to that of Ancα+Ancβ and human Hb.  The greater 

affinity of tryptophan may be due to its longer side chain, which buries more hydrophobic 

surface area across the interface; the hydrogen bond with 102D could make a small contribution 

but is not necessary, because phenylalanine confers tetramerization but provides no hydrogen 

bond donor. Leucine, in contrast, which has a smaller volume and no hydrogen bonding capacity, 

confers no measurable tetramerization (Fig. 2.1I). High-affinity homotetramerization could 

therefore have evolved via any of three different aromatic replacements at site 40.  

Taken together, these data indicate that replacing the amino acid at a single residue position was 

sufficient to confer tetramerization during historical Hb evolution, and several alternative 

replacements at the same site could also have caused the acquisition of this higher-order 

stoichiometry. 
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Figure 2.1. A single substitution confers tetramerization on an ancestral dimer. (A) A 
substitution in one subunit can potentially affect specificity and stoichiometry in an isologous 
interface. Top: After duplication of an isologous homodimer (gray), a substitution that occurs in 
one paralog (red box) appears twice in the interface of a homodimer (red circles), once in a 
heterodimer, and not at all in the other homodimer (blue). Bottom: One substitution (blue circle) 
in an isologous interface appears twice in a homodimer (left), twice in a heterotetramer (middle), 
and four times in a homotetramer (right), multiplying its effects on affinity. Dark and light gray, 
paralogous subunits. (B) Top: Interfaces in the human Hb heterotetramer (PDB 4HHB). Pink, 
Hbα; blue, Hbβ; α1 and β1 are in lighter hues than α2 and β2. IF1 surfaces (orange) mediate α1-β1 
and α2-β2 interactions; yellow surfaces (IF2) mediate α1-β2 and α2-β1 interactions. Only interfaces 
involving α1 are shown. Inset, α1 subunit rotated away from the rest of the tetramer to show IF1 
and IF2. Bottom: Isology of IF1 and IF2. Helices contributing to each interface are shown and 
labeled. Balls and sticks: on each helix, one residue’s side chain is shown to visualize symmetry. 
(C) Evolution of tetrameric stoichiometry on the phylogeny of Hb and related globins. Icons, 
oligomeric states determined by experimental characterization of reconstructed ancestral proteins 
(69). Acquisition of interfaces of IF1 and IF2 is shown (69). (D) Key residues V37 and W40 that 
were substituted in Ancb. Cyan cartoon helix, b1 subunit. Pink and violet surfaces, a subunits that 
interact with b1 via IF1 and IF2, respectively. Dotted lines to red or blue spheres, hydrogen bonds 
to oxygen or nitrogen atoms, respectively (PDB 4HHB). (E,G) Effect of historical substitutions 
on stoichiometry, as measured by size exclusion chromatography. The ancestral dimer Ancαβ 
and the tetramers Ancα+Ancβ and human hemoglobin (HsHb) are shown for comparison. 
Protein concentration at 100 mM (E) or 1 mM (G). (F) Dimer-to-tetramer affinity of 
reconstructed ancestral Hb subunits containing historical substitutions q40W and t37V, measured 
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by native mass spectrometry across a titration series. Points, fraction of dimers that are 
incorporated into tetramers. Lines, best-fit binding curves. Estimated Kd and 95% confidence 
interval are shown. (H) Effect of historical substitutions on monomer-dimer affinity measured by 
native MS. (I) Effect on dimer-tetramer affinity of nonhistorical hydrophobic mutations in at 
residue 40, measured by native MS. 
 
2.3. Isology facilitated IF2 evolution  

How could a single amino acid replacement cause such a dramatic change in stoichiometry? The 

Hb tetramer can be viewed as two heterodimers, each of which is mediated by isologous 

assembly across IF1 (the larger interface); these heterodimers then bind to each other isologously 

across IF2. We hypothesized that this doubly symmetrical architecture allowed substitution 

q40W to confer the dimer-tetramer evolutionary transition, because isology causes the derived 

amino acid to appear four times in the homotetramer and twice in the heterotetramer.  

If this hypothesis is correct, then assembly across IF2 by the derived Hb protein should require 

assembly across IF1 to multiply the intrinsic affinity of IF2 (Fig. 2.1A). We tested this prediction 

by introducing q40W into Ancαβ but doing so under conditions that prevent assembly across 

IF1. We first compromised dimerization across IF1 genetically by reverting the IF1 surface to 

the ancestral states of the monomeric ancestor AncMH; these mutations abolish dimer 

occupancy, leaving a monomers-only population at 20 µM (Fig. 2.2A). We then introduced 

q40W into these IF1-ablated mutants and assessed stoichiometry using nMS. As predicted, these 

proteins do not form any observable dimers or tetramers (detection limit ~1 µM) (Fig. A1.4). 

Similar results are found when we used the combination of t37V/q40W to confer association 

across IF2 or the mutation P127R – which introduces unsatisfied positive charges into IF1 -- to 

compromise IF1. (Fig. 2.2B). The IF2 mutations do not compromise heme binding or solubility, 

because the mutant proteins are purifiable and heme-bound in nMS.  



 22 

We also tested whether assembly across IF2 could have been historically acquired before 

dimerization across IF1 evolved. We introduced t37V/q40W into the ancestral monomer AncMH 

– which existed before the evolution of dimerization -- and tested whether dimer assembly across 

IF2 can be conferred in this background. As predicted, only monomers were observed, with no 

dimers or higher stoichiometries detected (Fig. 2.2C). Acquisition of multimerization across IF2 

by q40W and by the pair t37V/q40W therefore depends on the prior evolution of dimerization 

via IF1.  

These observations can be explained by a simple model in which the two symmetrical interfaces 

contribute independently to the energy of binding. A single iteration of IF2 is too weak to confer 

measurable binding of two monomers into a dimer; however, IF1 is stronger and mediates 

assembly of dimers. Each IF1-mediated dimer presents two iterations of the IF2 surface patch, 

doubling the total energy of IF2-mediated assembly of dimers into tetramers. Because of the 

exponential relationship between energy and occupancy, a weak IF2 can therefore confer high-

affinity binding but only if IF1 is already present. The affinities that we measured are consistent 

with this simple model. If the energy of dimer-to-tetramer assembly is twice that of monomer-

dimer binding using the same interface, then the Kd of IF2-mediated tetramerization should be 

the square of the Kd of IF2-mediated dimerization (Fig. 2.2D). The Kd of the dimer-tetramer 

transition by Ancαβ t37V/q40W across IF2 is 1 mM, which predicts that the affinity of IF2-mediated 

monomer-dimer transition when IF1 is compromised should be ~ 1mM. Consistent with this 

prediction, we detected no dimer occupancy by Ancαβ t37V/q40W; IF1reverted using an assay that can 

quantify Kd up to 400 µM (see Methods). This simple additive model therefore explains most – 

and possibly all -- of the difference in affinity conferred when IF2 is doubled in the symmetrical 

tetramer. The dependence of assembly across IF2 upon the presence of IF1 does not imply any 
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direct physical interaction between the interfaces or any conformational change in one interface 

caused by binding at the other. We cannot rule out the possibility that IF1 binding may also 

allosterically modify IF2 and increase its affinity beyond the additive effect conferred by 

isologous repetition alone; however, any such effect must be relatively small. 

Taken together, these data indicate that the isologous architecture of IF1 and IF2 facilitated the 

evolution of the Hb tetramer via substitution q40W. Without this doubly symmetrical 

architecture, IF2 would have been too weak to mediate multimerization. The dependence of 

q40W’s effect on the presence of IF1 also creates contingency and order-dependence in the 

evolution of the Hb complex. We previously showed that IF1 evolved before the duplication of 

the dimeric ancestor Ancαβ (69). Our present results show that if that IF1-mediated dimer had 

never evolved, substitution q40W at IF2 would not have been sufficient to drive the acquisition 

of the tetrameric stoichiometry, and the ancestral Hb protein would have remained a monomer. If 

events had occurred in the opposite order – with the affinity-enhancing substitution at IF2 

occurring first – this intermediate ancestor would have been a monomer; when the substitutions 

that confer binding across IF1 did occur, they would have triggered an immediate evolutionary 

transition from monomer to tetramer.  
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Figure 2.2. Multimerization across IF2 requires IF1. (A) IF1-mediated dimerization can be 
compromised by mutations. Relative occupancy of each stoichiometry as measured by native MS 
at at 20 mM total protein is shown for the ancestral dimer Ancɑβ (top), AncɑβIF1 reverted (middle, a 
variant of Ancɑβ in which all IF1 residues are reverted to the ancestral state found in AncMH), 
and Ancɑβ-P127R (bottom, in which a mutation known to compromise IF1-mediated 
dimerization has been introduced). (B) Compromising IF1 prevents assembly across IF2. 
Relative occupancy of Ancɑβ40W + 37V with and without mutations that compromise IF1-mediated 
dimerization. (C) AncMH, which does not dimerize across IF1, cannot multimerize across IF2, 
even when mutations sufficient to confer IF2-mediated mutimerization in Ancαβ are introduced. 
(D) Observed (black) and expected (red) affinities of Ancαβ +q40W interfaces. Expected Kd of a 
single iteration of IF2 (top) equals the square root of the measured apparent Kd when two 
iterations are present (bottom). Expected apparent Kd of two iterations of IF1 (right) equals the 
square of the measured Kd of a single IF1 (left). 
 
2.4 Heteromeric specificity evolved at a single interface  

We next focused on understanding the evolution of Hb’s specificity for the heterotetrameric 

form, which was acquired during the same phylogenetic interval after the duplication of Ancαβ. 

Our first question was whether specificity for heteromeric interactions was conferred by 

sequence changes at IF1, IF2, or both. Our previously published experiments suggest that 

evolutionary changes at IF2 confer no specificity: when all historical substitutions that occurred 

at the IF2 surface during the post-duplication interval are introduced into Ancαβ and this protein 

is coexpressed with Ancα, an indiscriminate mixture of homotetramers, α1β3 heterotetramers, and 

α2β2 heterotetramers is produced (69). We therefore hypothesized that heterospecificity of the Hb 

tetramer is encoded entirely by IF1, such that Ancα and Ancβ specifically heterodimerize across 

IF1, and these heterodimers then bind to each other via a nonspecific IF2, yielding α2β2 

heterotetramers.  

This hypothesis makes two predictions: 1) IF1 mediates specific assembly of α and β subunits 

into heterodimers, and 2) this specificity is sufficient to account for the heterospecificity of α2β2 

heterotetramer. To test the first hypothesis, we characterized the specificity of hetero- vs 

homodimer assembly by IF1 under two different conditions in which no binding across IF2 
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occurs. First, we diluted a coexpressed mixture of Ancα and Ancβ to concentrations at which 

dimers rather than tetramers assemble: at 50 µM, only heterodimers and heterotetramers form; at 

5 µM, only heterodimers are observed (Fig. 2.3A). IF2 does not mediate assembly of monomers 

into dimers in the absence of IF1 (Fig. 2.2A & B), so these heterodimers must be IF1-mediated, 

indicating that IF1 is heterospecific (Fig. 2.3A). Second, we expressed Ancα and Ancβ 

separately and mixed them at equal and moderate concentration; because tetramerization requires 

co-folding, only IF1 dimers form (97), and these are predominantly heterodimers (Fig. 2.3B, Fig 

A1.5). Finally, we engineered protein Ancβ’ – a variant of Ancβ in which all IF2 residues that 

were substituted between Ancαβ and Ancβ are reverted to the ancestral state, thus abolishing 

binding across IF2– and found that it also forms predominantly heterodimers when mixed with 

Ancα (Fig. 2.3C, Fig. A1.5). Together, these data indicate that the derived IF1 is specific, 

preferentially mediating assembly into heterodimers.  

To test the second prediction – that heterospecificity mediated by IF1 is sufficient to drive 

specific assembly of α2β2 heterotetramers even if IF2 is nonspecific – we measured the affinities 

of homomerization and heteromerization across IF1 and used these measurements to predict their 

effects on tetramer specificity in the absence of any specificity at IF2. Using nMS and Ancβ’, we 

found that IF1’s heterodimerization affinity (Kd=0.6 µM) is slightly worse than its 

homodimerization affinity (0.2 µM), but both are far better than the Ancα homodimer (24 µM) 

(Fig. 3D, Fig A1.6, A1.7, A1.8, & A1.9). We then predicted occupancy of each stoichiometry as 

the concentration of Hb subunits changes, given these affinities at IF1 and assuming that IF2 has 

a dimer-to-tetramer affinity of 30 µM, as measured in Ancα + Ancβ, with no preference for 

homomeric or heteromeric binding (Fig. 2.1D). At low concentrations, the system produces 

almost exclusively IF1-mediated heterodimers. The predominance of heterodimers is attributable 
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to Ancα’s weak homodimerization affinity; the excess of unbound Ancα subunits causes Ancβ 

subunits to preferentially heterodimerize rather than homodimerize at equilibrium, even though 

Ancβ’s homodimerization affinity is slightly stronger than its heterodimerization affinity (Fig. 

2.3D). As protein concentration increases, these dimers begin to assemble with each other across 

IF2 into tetramers. The excess of heterodimers over homodimers means that the vast majority of 

the tetramers are heterotetramers, even though IF2 itself does not distinguish between subunit 

types. At physiologically relevant concentrations of 3mM total Hb subunits (98), the population 

is dominated by α2β2 heterotetramers, with a small fraction of heterodimers and virtually no 

homotetramers (Fig. 3D; right panel).  

Taken together, these data establish that the measured specificity of IF1 alone mediates highly 

specific assembly of Ancα+ Ancβ into heterotetramers, even when IF2 is entirely nonspecific -- 

which our previous experiments suggest is the case – because IF1 is a much stronger interface 

than IF2. The historical acquisition of heterospecificity across IF1 after the Ancαβ gene 

duplication is therefore sufficient to account for the evolution of Hb’s heterotetrameric 

architecture. 

 

Figure 2.3. Heterotetramer specificity is conferred by specificity at IF1. (A) Occupancy (as 
fraction of all Hb subunits) when Ancɑ +Ancβ are coexpressed, measured by native MS. At 50 
uM total protein, heterotetramers and heterodimers predominate (left). At 5 uM (right) – at which 
assembly occurs only across the high-affinity interface (IF1) -- all dimers are heterodimers. (B) 
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Occupancy of subunits in stoichiometries as measured by nMS when Ancɑ and Ancβ are 
separately expressed and then mixed at 50 mM each; IF2-mediated tetramer assembly does 
not occur under these conditions, and dimers are predominantly heterodimers. Error bars 
represent SEM for three replicates. (C) Percent occupancy of stoichiometries when Ancɑ and 
Ancβ’ (Ancβ with all derived IF2 surface residues reverted to the state in Ancαβ) are expressed 
separately and then mixed at 50 uM. (D) Predicted occupancy of multimeric stoichiometries if 
IF1 is specific and IF2 is nonspecific. Left: binding scheme with experimentally estimated Kds 
(in mM) for IF1 and IF2-mediated multimerization by Ancα + Ancβ, assuming that all IF2 Kds are 
equal (for Kds, see Fig. 4D and 1D). Right: expected occupancies of each monomer, dimer, and 
tetramer, given the binding scheme at left. Occupancies are expressed as the fraction of all 
subunits in each species. 
 
2.5 Heteromeric specificity evolved primarily by reducing homodimerization affinity of 

Ancα  

Given our finding that heterospecificity evolved at the IF1 interface, we next sought to 

characterize whether the acquisition of specificity was driven by evolutionary changes in the α 

subunit, the β subunit, or both.  

The heterospecificity of a pair of dimerizing proteins can be quantified in energetic terms as the 

difference in the ∆G of binding between the heterodimer and the mean of the two homodimers 

(∆∆Gspec; see methods for calculation). If ∆∆Gspec = 0, then the fractional occupancy of the 

heterodimer at saturating and equal concentrations of subunits will be 50%, as will the sum of 

the homodimers; this is true even if the homodimer ∆Gs are very different from each other, as 

long as the heterodimer ∆G is halfway between them. By contrast, if ∆∆Gspec<0, then 

heterodimers will account for the majority of dimers; conversely, if ∆∆Gspec>0, homodimers 

together will predominate (Fig. 2.4A-C). Hetero- or homospecificity thus arises when two 

paralogs contribute nonadditively to dimerization. Whether or not the system is hetero- or 

homospecific, the two homodimers will have equal occupancies to each other at saturating 

conditions: irrespective of the fraction of subunits assembled into heterodimers, the remaining 

subunits will be at equal concentrations and by definition will be well above the 

homodimerization Kds (93).  
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We quantified the heterospecificity of Ancα and Ancβ at IF1 by estimating ∆∆Gspec. We used 

nMS to measure the homodimer and heterodimer affinities of Ancα and Ancβ’, which contains 

all substitutions that occurred along the Ancβ branch except those that mediate tetramerization 

across IF2, allowing us to prevent tetramerization and thus isolate the specificity effects at IF1. 

From these affinities, we calculated the ∆G of binding and the expected fractional occupancy of 

each dimer at high and equal concentration of subunits. For Ancα+Ancβ’, we found that 

∆∆Gspec= –1.3 (in units of kT) and heterodimer occupancy of 82% (Fig. 2.4D). This represents 

the total specificity acquired by the two diverging paralogs after the duplication of of Ancαβ, 

which by definition had no specificity. This specificity was acquired because of evolutionary 

changes in all three relevant affinities. Relative to the ancestral dimerization affinity of Ancαβ, 

Ancα‘s energy of homodimerization became worse (∆∆G = 0.9) while homodimerization by 

Ancβ’ improved substantially (∆∆G = –3.7). The heterodimer affinity improved by ∆∆G = –2.7, 

substantially more than the average of the two homodimers, yielding the observed strong 

preference for the heterodimer.  

We next sought to isolate the contribution of the evolutionary changes that occurred along each 

of the two branches. To measure the specificity acquired along the branch leading to Ancα, we 

measured affinities and calculated ∆∆Gspec when Ancα is mixed with the deeper ancestor Ancαβ. 

This pair of proteins is heterospecific, with ∆∆Gspec= –1.2 (expected heterodimer occupancy 

76%). Changes in the α subunit alone therefore account for >90% of the total ∆∆Gspec that was 

acquired by the entire Ancα+Ancβ’ system. This specificity is acquired via a 2.6-fold reduction 

in Ancα’s homodimerization affinity compared to the Ancαβ ancestor and a 1.8-fold 

improvement in heterodimer affinity (Fig. 2.4E; Fig. A1.7B & D).  
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To isolate the contribution to IF1 specificity of evolutionary changes that occurred along the 

branch to Ancβ, we measured affinities when Ancβ’ is mixed with Ancαβ. This pair of proteins 

is weakly heterospecific, with ∆∆Gspec= –0.3 and expected heterodimer occupancy of just 58%. 

The specificity is weak because both the homodimer and heterodimer affinity improved, but the 

deviation of the heterodimer from the average of the homodimers is very small (Fig. 2.4F; Fig. 

A1.8A & C).  

Finally, we assessed whether the evolutionary changes in the Hbα subunit and those in the Hbβ 

subunit interacted with each other nonindependently. If the changes affect specificity entirely 

independently, ∆∆Gspec should equal the sum of the ∆∆Gspec acquired on each of the two 

branches (–1.2 + –0.3 = –1.5). The observed ∆∆Gspec = –1.3, suggesting a very weak negative 

interaction between changes in the two subunits, which makes the complex slightly less 

heterospecific than expected if the substitutions were independent (Fig. 4G).  

Taken together, these data indicate that the IF1 specificity acquired by the derived complex Ancα 

+ Ancβ is primarily attributable to substitutions in the α subunit, with substitutions in the β 

subunit making a much smaller contribution; nonadditive interactions between the two sets of 

changes did not contribute to the evolution of heterospecificity. The most important factor was 

that Ancα became much worse at binding itself than at binding Ancβ. Ancβ, by contrast, became 

slightly worse at binding Ancα than binding itself (Fig. 2.4G).  
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Figure 2.4. Contribution of historical changes in each subunit to the acquisition of 
heterospecificity. (A) Theoretical example of affinities and occupancy in a system of dimers 
with no specificity. Top: ∆G of dimerization for homodimers (XX and YY) and heterodimers (XY), 
in units of kT. In the absence of specificity, ∆G of the heterodimer equals the average of the 
homodimers (dotted line). Bottom: expected fractional occupancies of dimers at 1 mM per 
subunit and dissociation constants (Kd), given the ∆Gs in the top panel. In the absence of 
specificity, heterodimer occupancy = 50%. (B) Example of a system with preference for the 
heterodimer. ∆∆G (the deviation of the heterodimer ∆G from the average of the homodimers) is 
shown. Bottom: Kd and predicted occupancy of each dimer at 1 mM. (C) Relationship between 
∆∆G and heteromeric occupancy at 1 mM per subunit, assuming the ∆Gs of homodimerization 
for as shown in panel A. (D) Specificity of IF1 dimerization in system of Ancα+Ancβ’. Top: 
expected fractional occupancies at 1 mM, given Kds assessed by nMS (shown above each bar, 
with 95% confidence interval). Bottom: ∆Gs and ∆∆G given measured Kds. Dotted line, 
expected occupancies in the absence of specificity. (E) Specificity of IF1 acquired on the branch 
leading from Ancɑβ to Ancα, shown as occupancy and ∆Gs of the Ancɑβ + Ancɑ system. The 
number of subunits that contain historical changes in each dimer is shown relative to the Ancɑβ 
homodimer. (F) Specificity of IF1 acquired on the branch leading from Ancɑβ to Ancβ, shown as 
occupancy and ∆Gs of Ancɑβ + Ancβ’. (G) Interaction effect on specificity when evolutionary 
changes leading from Ancαβ to Ancα (pink) and Ancβ’ (blue) are combined. Homodimer of 
Ancαβ (gray) and each heterodimer are plotted by their ∆G. The observed ∆∆G of each 
heterodimer in combination Ancαβ is shown (see panels D-F). If the specificity acquired in the 
two subunits affects heterodimerization independently, then ∆∆G of Ancα+Ancβ will equal the 
sum of the ∆∆Gs, yielding a parallelogram. The deviation from this expectation is shown. 
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2.6 A one-residue deletion was the primary evolutionary cause of heterospecificity  

We next sought to identify the particular historical substitutions in Ancα that conferred this 

heteromeric specificity on IF1. Only three sequence changes occurred on the branch from Ancαβ 

to Ancα: a single-residue deletion of a histidine at site 3 (ΔH3), a five-residue deletion in helix D 

(ΔD), and an amino acid replacement (v140A). ΔH3 is on the protein’s N-terminal loop near IF1, 

and ΔD directly contributes to the interface. Substitution v140A is biochemically conservative 

and far away from the interface. The deletions are conserved to the present in Hba subunits 

throughout the jawed vertebrates, including humans, whereas the amino acid at site 140 varies 

(Fig. A1.1). We therefore focused first on the effects of the deletions.  

To isolate the contribution of each deletion to the evolution of specificity, we introduced each 

one singly into Ancαβ and measured its effect on affinity and specificity when the mutant protein 

is mixed with Ancαβ. We found that introducing ΔH3 alone confers substantial specificity, 

recapitulating >80% of the Ancα’s acquired heterospecificity for Ancαβ (ΔΔGspec = –1.0 out of a 

total ΔΔGspec = –1.2 acquired along this branch) and >75% of the specificity acquired along both 

branches by the entire Ancα+Ancβ’ complex (ΔΔGspec = –1.3, Figs. 2.5A, C). ΔH3 enhances 

specificity by improving heterodimer affinity and reducing homodimer affinity, with both Kds 

very close to those of Ancα (Fig. 2.5A; Fig. A1.10A & C).  

The other deletion, ΔD, removes several residues that directly interact with the other subunit 

across IF1, but introducing this change into Ancαβ had a much weaker effect on specificity 

(ΔΔGspec = –0.4, Fig. 2.5B; Fig. A1.10B & D). When the contributions of ΔH3 and ΔD to 

specificity are added together, they slightly exceed the specificity of Ancα (–1.4 rather than –

1.3), suggesting the possibility of a very weak negative epistatic interaction between them or a 

small countervailing effect of the third change v104A. Taken together, these results indicate that 
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ΔH3 was a large-effect historical sequence change that accounted for most of the specificity 

historically acquired by the derived Hb complex.  

 

Figure 2.5. Effect of historical sequence changes on specificity. (A) Specificity of Ancɑβ∆H3 
with Ancɑβ, as in Fig. 4. (B) Specificity of Ancɑβ∆D with Ancɑβ. (C) Gain in specificity caused by 
various sets of historical mutations, relative to Ancɑβ. Ancɑ+Ancβ, all changes on both post-
duplication branches. Ancɑ, all changes on the branch leading to Ancɑ. ΔΗ2 and ΔD, deletions 
that occurred on the Ancɑ branches. (D) Models of Ancɑβ homodimer and Ancɑβ∆H3 + Ancɑβ 
heterodimer. The N-terminal helix and the portion of IF1 involving helix H is shown. Grey 
surface, Ancɑβ subunit common to both models. Grey cartoon, other Ancɑβ subunit in the 
homodimer; pink cartoon, Ancɑβ∆H3 subunit in the heterodimer. Yellow, 3H residue deleted in 
Ancɑβ∆H3. Helix H side chains in the interface are shown as sticks. The hydrogen bond in the 
heterodimer from 130H to 37T (red surface) is shown (dotted line). (E) A portion of IF1 in the 
Ancɑβ homodimer model, showing the isologous interactions with imperfect symmetry between 
130H and 33R. Orange dashed-line, hydrogen bond. The two subunits are colored different 
shades of gray. The surface of the light-gray subunit is shown. (F ,G, H) Key residues in IF1 
with hydrogen bonds that are affected by ΔΗ3 in the homodimers and heterodimer of Ancɑβ 
and Ancɑβ∆H3. Top, cartoon of key contacts. The two iterations of these interactions across the 
isologous interface are shown, one each in light or dark hue. Blue and red, nitrogen and oxygen 
atoms, respectively. Dotted lines, hydrogen bonds. The change in position of the H-helix caused 
by ΔΗ2 is shown. Bottom, structural alignment of the two iterations of the isologous interface in 
each dimer. Each dimer structure was duplicated exactly and then aligned to the original by 
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targeting one subunit of the copy to align to the other subunit of the original. Hues correspond to 
the isologous iterations in the cartoon above. 
 
2.7 Structural mechanisms for the gain in specificity  

We next considered the structural mechanisms by which ΔΗ3 conferred specificity by increasing 

heterodimer affinity and reducing homodimer affinity. For a mutation to have these opposite 

effects, it must yield favorable interactions when introduced into one side of the interface (in the 

heterodimer) but have deleterious effects when introduced twice (in the homodimer). In 

principle, two kinds of mechanisms could cause these opposite effects. Either 1) the mutated 

residue could interact directly with the same residue on the other subunit favorably when one is 

in the derived state but unfavorably when both are, or 2) the symmetry of the interface could be 

imperfect, such that introducing the mutation on one side of the interface is favorable but 

introducing it again onto the other side is net-unfavorable. The first scenario does not pertain in 

this case. Residue H3 is part of the N-terminal loop, which does not participate directly in IF1 

but instead packs against helix H, which does contribute to IF1. But neither helix H nor the N-

terminal loop contact the same elements in the other subunit across the interface (Fig. 2.5D). 

Asymmetry in the interface is therefore the likely of cause ΔΗ3’s differential effects on 

heterodimer vs. homodimer affinity. 

To gain insight into the possible nature of this asymmetry and potential mechanisms by which 

DH3 affects specificity, we modeled the structures of the Ancαβ homodimer, the AncαβΔΗ2 

homodimer, and the heterodimer of these two proteins. The modeled Ancαβ homodimer contains 

a subtle asymmetry: on one end of IF1, residue 130H on helix H sits close to 33R on the opposite 

subunit, which allows a cross-interface hydrogen bond to form; on the other end of the interface, 

the two residues are slightly further away from each other, leaving their hydrogen-bonding 

potential unsatisfied when bound (Fig. 2.5E & F). In the heterodimer, deleting Ηis2 from one 
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subunit repairs this unfavorable interaction. Specifically, the deletion shortens the N-terminal 

loop and changes its packing interaction against helix H, which causes helix H to slide along the 

interface by ~1 Å compared to its position in the unmutated Ancαβ homodimer (Figs. 2.5D, 

2.5G). 130H moves closer to 37T on the other subunit, allowing it to form a new hydrogen bond 

across the interface, and several other interactions across the interface are also enhanced. On the 

other end of the isologous interactions, the favorable interactions found in the homodimer remain 

intact. This provides a potential structural explanation for how ΔΗ3 improves heterodimer 

affinity (Figs. 2.5D, G).  

The modeled AncαβΔΗ3 homodimer structure is notably asymmetric and suggests a possible 

mechanism by which introducing ΔΗ3 into both subunits reduces affinity (Fig. 2.5H). One side 

displays the favorable new cross-interface interactions caused by ΔΗ3 in the heterodimer, 

including the 130H-37T hydrogen bond. On the other side, however, the effect of the deletion is 

very different: ∆H3 again causes helix H to slide along the interface, but on this side the 

movement of 130H breaks the ancestral 130H-33R hydrogen bond, and 37T is also too far away 

to interact favorably. This leaves the side chains of both 130H and 33R unsatisfied, reducing 

homodimer affinity. In total, the homodimer of AncαβΔΗ3 contains three unsatisfied hydrogen-

bond donors/acceptors at these sites, whereas only one and two are unsatisfied in the heterodimer 

and the ancestral homodimer, respectively.  

These hypothesized mechanisms appear to have persisted over time. The same pattern of 

interactions are found in the modeled structures of the hetero- and homodimers of Ancα + Ancβ 

(Fig. A1.11). High-resolution crystal structures of extant hemoglobin also show notable 

asymmetries in the multimerization interfaces, which exceed the deviation expected given the 

resolution of the structures (99). These structures include some of the particular asymmetrical 
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interactions observed in our ancestral models: in the human Hb heterotetramer, 33R hydrogen 

bonds across IF1 to residue 130, but this interaction is again lacking in the homodimer of human 

Hba, leaving 33R unsatisfied, potentially explaining the weak homomeric affinity of Hba (Fig. 

A1.11). At least some of the mechanisms of heterodimer specificity suggested by the structural 

models of the ancestral proteins are therefore present in the known structures of its present-day 

descendants. Structural models are prone to error, and the asymmetries we observed are subtle; 

further research will be required to definitively characterize potential asymmetries in the 

ancestral multimers. 

2.8 Multiple historical sets of substitutions could have conferred heterospecificity  

If specificity in an isologous interface can evolve simply by causing nonadditive impacts on the 

binding energies of heterodimer and homodimers, then there should be many mutations that have 

the potential to make the interface specific in one direction or another. Indeed, if the interface’s 

symmetry is imperfect, then most mutations that affect affinity should impart specificity to some 

degree. 

To test this hypothesis, we measured the effect on specificity of subsets of changes that occurred 

along the Ancβ lineage, which the results above show had strong effects on affinity when 

introduced all together. First, we tested the five substitutions that that occurred at the IF1 surface 

(Fig. 2.5E & 5F). We introduced these changes into Ancαβ (creating protein AncαβIF1) and 

measured affinity and specificity when this protein is mixed with Ancαβ. These substitutions 

yield a highly heterospecific complex (∆∆Gspec = –2.2, heterodimer occupancy 90%, Fig. 2.6A; 

Fig. A1.12A, C, & E). Unlike the Ancα substitutions, the AncβIF1 substitutions confer 

heterospecificity by improving both homodimer and heterodimer affinity, but they improve the 

latter by more than the former.  
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Because AncαβIF1 is specific in complex with Ancαβ, we wondered whether it would also be 

specific with Ancα. We found that this complex is barely heterospecific (∆∆Gspec = –0.1, Fig. 

2.6B), implying that other substitutions on the branch leading to Ancβ but not on the interface 

must have contributed to the evolution of specificity between AncαβIF1 and Ancα. We therefore 

introduced an additional set of five historical substitutions that occurred in Ancβ but one 

structural layer away from IF1 (69). This protein (AncαβIF1+Adjacent) has strong heterospecificity 

when mixed with Ancα (∆∆Gspec = –2.0, heterodimer occupancy >85%, Fig. 2.6D; Fig. A1.12B, 

D, & F), because these mutations together improve both heterodimer and homodimer affinity, 

but with a larger improvement in the heterodimer. It is also moderately heterospecific when 

mixed with Ancαβ (∆∆Gspec = –0.9). 

Finally, we tested the effect of the adjacent substitutions on their own and found that they confer 

specificity when mixed with Ancαβ (∆∆Gspec = –0.9). These mutations impart specificity by 

causing almost identical changes in homo- and heterodimer affinity. They also confer some 

heterospecificity when AncαβAdjacent is mixed with Ancα (∆∆Gspec = –0.6, Fig. A1.13A-D). 

There are therefore several distinct sets of substitutions that occurred during history, and which 

can be sufficient to confer heterospecificity on their own (and in various combinations), and they 

do so via distinct patterns of effects on affinity. This degeneracy of mechanisms for evolving 

specificity arises because there are many ways in which the energy of binding can change 

nonadditively between heterodimer and homodimer. In every case, heteromeric specificity rather 

than preference for the homomer was the result. 
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Figure 2.6. Other subsets of historical substitutions confer heterospecificity on IF1. 
Affinities measured by nMS, predicted occupancy based on those Kds at 1 mM each subunit, 
and ∆∆Gspec are shown for A) Ancɑβ + AncɑβIF1, which contains the five substitutions at the IF1 
surface that occurred in the Ancβ lineage; B) Ancɑβ + AncɑβIF1 + adjacent, which also includes 4 
additional substitutions in Ancβ near but not on the interface; C) Ancɑ + AncɑβIF1 , and D) Ancɑ 
+ AncɑβIF1 + adjacent. 
  
2.9 Discussion 

This work provides a mechanistic history of the evolutionary transition from the ancestral Ancαβ 

homodimer to the derived Hb heterotetramer (summarized in Fig. A1.1). Each transition was 

driven by a very simple genetic mechanism: a single substitution at IF2 conferred high affinity 

tetramerization, and a single amino acid deletion at IF1 conferred heteromeric specificity. These 

two key sequence changes have remained conserved in the descendant Hba and Hbb subunits of 

all extant jawed vertebrates (Fig. A1.1). These transitions were both facilitated by the isologous 

architecture of Hb’s two interfaces, which creates a propensity for mutation to produce high-

order complexes and heterospecificity.  

2.10 Symmetry facilitated evolution of the tetrameric stoichiometry  
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We found that tetramerization across IF2 was driven primarily by a single replacement to a bulky 

hydrophobic amino acid (q40W). In biochemical studies of extant protein interfaces, much of the 

free energy change in protein-protein binding is attributable to interactions of bulky hydrophobic 

residues with hydrophobic surface indentations (100), and mutations to bulky hydrophobic 

amino acids can drive assembly into high-order multimers (27, 101-104). Similar substitutions 

during history may have been driving mechanisms during the evolution not only of Hb but of 

other molecular complexes, as well.  

The majority of complexes assemble through isologous interfaces (105). It has been suggested 

that this must imply that isology confers some selective benefit by improving protein function 

(75). Our results suggest an alternative explanation. If mutations are much more likely to 

produce isologous complexes than nonisologous ones, then isologous complexes will 

predominate in nature, even if there is no systematic fitness difference between the two types of 

multimer. We found that although IF2 is intrinsically weak and mutation q40W cannot confer 

dimerization on its own, it can drive tetramerization if its effects are multiplied in an isologous 

higher-order complex. By contrast, If the interfaces were non-isologous -- with q40W interacting 

with a hydrophobic divot on some other surface of the facing subunit – then this favorable 

interaction would appear only once, and it would be insufficient to substantially improve binding 

energy and confer meaningful tetramer occupancy. By this explanation, isologous complexes are 

abundant because they are easier to produce by mutation than head-to-tail multimers, not more 

likely to be fixed by selection. 

It has been observed that in high-order multimers, the interface with higher affinity usually 

evolves before the lower-affinity interface(s) (106-109). Hb evolution displays this pattern, with 

the stronger interface IF1 evolving before IF2 (17). It has been suggested that this pattern is 
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attributable to selection: by this hypothesis, selection favors evolutionary intermediates that 

contain the high-affinity interface, because those containing only the low-affinity interface 

assemble slowly and/or misassemble into anomalous complexes (106, 107). Our work here 

suggests a different explanation: it is easier for mutations to generate a new interface that confers 

a higher stoichiometry if a strong interface is already present, because the affinity of the new 

interface is multiplied by iteration in an isologous complex. By contrast, low-affinity interfaces 

do not confer multimerization on their own, so if the low-affinity interface were to evolve first, 

then the effects of mutations on the second interface would not be multiplied. In complexes with 

multiple interfaces, the stronger interface tends to be older not because such trajectories improve 

fitness but because mutation is more likely to build elaborate complexes in this historical order. 

2.11 One interface confers specificity on a higher-order multimer  

Our experiments show that evolutionary change at just one of Hb’s interfaces was sufficient to 

confer specific assembly into heterotetramers. Specificity at IF1 alone was sufficient to mediate 

the heterospecificity of the tetramer because this interface is so much stronger than IF2: IF1 

mediates the specific assembly of heterodimers, which assemble into heterotetramers across IF2, 

even though IF2 itself confers little or no specificity.  

The specificity of IF1 and the isology of the complex also explains the trans conformation of 

Hb’s quaternary structure, in which each Hba subunit binds one Hbβ subunit across IF1 and a 

different Hbβ across IF2. The alternative cis conformation -- in which Hbα is paired with an Hbα 

(and Hbβ with Hbβ) across one of the interfaces – is never observed. Although IF2 imposes little 

or no specificity, its isologous orientation necessarily means that the two IF1-mediated 

heterodimers must be rotated 180° relative to each other, placing each Hbα across IF2 from the 

Hbβ of the other heterodimer. In the cis conformation, the heterodimers would not be rotated 
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180° relative to each other, and all the favorable interactions that IF2 comprises would not form; 

residue 40W, for example, would not face the hydrophobic divot on IF2 across the interface. 

Given the heterospecificity of IF1, isology constrains the Hb tetramer to its trans a2b2 

architecture. 

These observations suggest a simple and potentially general mechanism for the evolution of 

specificity in the quaternary structures of high-order multimers. Specificity need not evolve at 

every interface in the complex, especially if the interfaces are isologous. Rather, mutations need 

only make the stronger interface specific to confer assembly into particular high-order 

architectures. 

2.12 Symmetry allowed specificity to evolve in one subunit 

We found that a single genetic change in one paralog – a one residue deletion in Anca -- was 

sufficient to confer IF1’s heterospecificity. This result contrasts with prior studies of 

nonisologous complexes, in which heterospecificity evolved because of genetic changes in both 

interacting subunits (36, 37, 84, 90-92).  

This difference in historical genetic mechanism reflects the opportunities presented by the two 

different types of multimeric architecture. In nonisologous complexes, a mutation in the “head” 

of one duplicate gene will not be sufficient to distinguish between its own tail and that of its 

paralog (unless it somehow changes the conformation of both distinct surfaces). In an isologous 

complex like Hb, however, a change in one subunit can confer specificity, because it makes the 

interface different between the heterodimer, the mutated homodimer, and the unmutated 

homodimer.  

Acquiring specificity in an isologous interface requires the mutation to nonadditively change the 

affinity of the heterodimer relative to the homodimers. If the symmetry of such interfaces were 



 41 

perfect, a mutation in one subunit would affect interactions across the interface identically on 

each side of the interface, resulting in additive effects on affinity. Nonadditivity would arise only 

if mutations affect sites that interact with each other across the rotated interface. This would 

require either a mutation at the precise axis of rotational symmetry or multiple mutations at 

several sites. 

If the symmetry is imperfect, however, a single mutation can affect interactions differently when 

it appears twice in the homodimer versus when it occurs once in the heterodimer. Imperfect 

asymmetry could facilitate the evolution of specificity in many complexes. Virtually all 

isologous interfaces contain subtle asymmetries (110). This imperfection arises for two reasons: 

perfect symmetry is entropically unfavorable, and amino acids near the axis seldom face each 

other with perfect symmetry, because each amino acid itself is asymmetrical, and this asymmetry 

propagates elsewhere in the interface (110, 111).Extant human hemoglobin is one of many 

examples of isologous interfaces in which asymmetry is imperfect (59, 99). Isologous interfaces 

therefore provide a starting point for homo- or heterospecificity to be acquired by substitutions in 

a single subunit. 

2.13 Specificity evolved through a single mutation  

We found that a single mutation – deletion of residue His2 in the alpha subunit – conferred most 

of the heterospecificity of Ancα + Ancβ. This simple mechanism was possible because only a 

small change in relative binding energy is required to yield substantial changes in specificity. 

The IF1 of Ancα+Ancβ’ mediates 80% heterodimer occupancy at equal and saturating 

concentrations, but its specificity is quite moderate ∆∆Gspec = –1.3). This difference in binding 

energy is less than that associated with a typical hydrogen bond or burial of a large hydrophobic 

residue. The structural differences in physical interactions across the homodimer vs. heterodimer 
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interfaces in our modeled structures could easily yield energetic differences of this magnitude, 

although the particular form of asymmetry in ancestral hemoglobin complexes remains 

uncertain. Recent in silico work also found that small differences in ∆G can cause large 

differences in occupancy between homodimers and heterodimers (93).  

Why do such subtle differences in energy have such large impacts on specificity? Mutations that 

cause a modest deviation in binding energies can cause large changes in occupancy because of 

the nonlinear Boltzmann relationship between these quantities (Fig. 2.4C). Moreover, specificity 

is determined by the deviation from additivity in the heterodimer relative to the homodimers, so 

small differences in the free energy of binding will propagate into even larger changes in 

specificity. Because of this intrinsic sensitivity, we predict that the evolution of specificity in 

paralogous complexes with symmetrical interfaces will often be attributable to one or a few 

genetic changes with relatively small energetic effects and subtle structural mechanisms. That 

specificity can evolve so easily also implies that paralog interference after gene duplication (112, 

113) may often be easily resolved through one or a few mutations. 

If specificity can be acquired by small deviations from energetic additivity in either direction, 

one might expect that homomeric and heteromeric specificity would be equally likely to evolve. 

But empirical observations suggest that heteromers evolve much more frequently after gene 

duplication (83, 84). Our findings suggest a plausible explanation for this pattern. The modeled 

structures suggest that the critical mutation for conferring specificity on Hb does so because 

imperfect asymmetry in the interface creates a kind of antagonistic pleiotropy: a favorable 

interaction occurs when the mutation is introduced once in the heteromer, but it fails to produce 

the same favorable contact and even disrupts a different favorable contact when introduced again 

on the other side of the interface in the homomer. Heterospecificity will result whenever 
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asymmetry causes antagonistic pleiotropy like this, such that a favorable interaction can be 

optimized when it is iterated once but not twice. In contrast, homomeric specificity requires a 

mutation to be even more favorable the second time it is introduced on the other side of an 

interface. For this to occur, imperfect symmetry must synergistically enhance the interactions 

caused by the two iterations of the mutation in the homodimer. This scenario seems far less 

likely than an antagonistic effect, because favorable interactions are constrained in many ways, 

requiring fairly precise compatibility of polarity, size, angle, etc. The imperfect symmetry of 

isologous interfaces may therefore create a mutational propensity that favors the evolution of 

heteromeric over homomeric specificity.  

Taken together, our observations contribute to a growing body of evidence that complex 

multimeric complexes can evolve through simple genetic mechanisms (44, 79, 86, 101, 114-

117). In Hb evolution, a single substitution in one of the duplicated genes was sufficient to cause 

a doubling in stoichiometry from dimer to tetramer, and a single-residue deletion at one interface 

in the other subunit was sufficient to confer strong preference for the α2β2 heterotetrameric form. 

Although other substitutions enhanced these effects, and others may have permitted or 

entrenched them (23, 79), our data indicate that discrete evolutionary increases in complexity can 

occur by very short mutational paths from simpler ancestral forms.  The major effects of these 

small sequence changes was possible because they took place in the context of an isologous 

complex, and it is likely that its symmetry was slightly imperfect. Many multimers share these 

structural properties, so we predict that, when other multimeric complexes are studied in detail, 

simple mechanisms will be found to have driven their historical elaboration. 

2.14 Methods  

Sequence data, alignment, phylogeny, and ancestral sequence reconstruction  
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The reconstructed ancestral sequences used here are the same as those reported previously (69). 

Briefly, 177 amino acid sequences of hemoglobin and related paralogs were collected and 

aligned. The maximum likelihood (ML) phylogenetic tree was inferred using the AIC best-fit 

model, LG+G+F. The phylogeny was rooted using as outgroups neuroglobin and globin X, 

which are found in both deuterostomes and protostomes and diverged prior to the gene 

duplications that produced vertebrate myoglobin and the hemoglobin subunits. Ancestral 

sequence reconstruction was performed using the empirical Bayes method (11), given the 

alignment, ML phylogeny, ML branch lengths, and ML model parameters. Reconstructed 

ancestors that were used in this study have been deposited previously in GenBank (IDs 

MT079112, MT079113, MT079114, MT079115).  

The historical mutations that we introduced into those ancestral proteins are the following. For 

the set IF1-reverted, all sites in IF1 that were substituted on the branch leading to Ancb are 

reverted to the ancestral state found in Ancab; the mutations introduced are V36t, Y38h, V115a, 

V119e, H130r, D134e. For the set IF2-reverted, all sites that were substituted in IF2 on the 

branch leading to Ancb are reverted to the ancestral state found in Ancab; the mutations 

introduced are T37v, W40q, R43t, H100r, E104h. For the set IF1, all sites at IF1 that were 

substituted between Ancab and Ancb are changed to the derived state found in Ancb; the 

mutations introduced are t37V, k58M, r107K, h130Q, d134Q4. For the set Adjacent, five sites 

adjacent to IF1 that were substituted between Ancab and Ancb are changed to the derived state 

found in Ancb; the mutations introduced are h47S, s60N, q62K, a96S, h97E. The set 

IF1+Adjacent is the union of the sets IF1 and Adjacent. Deletion ∆D deletes residues a54, e55, 

a56, i57, and k58 from Ancab. 

Recombinant protein expression  
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Coding sequences for reconstructed ancestral proteins were optimized for expression in 

Escherichia coli using IDT Codon Optimization and synthesized de novo as gBlocks (IDT). 

Coding sequences were cloned by Gibson assembly into vector pLIC (118) under control of a T7 

polymerase promoter. For co-expression of Ancα+Ancβ, a polycistronic operon was constructed 

under control of a T7 promoter and separated by a spacer containing a stop codon and ribosome 

binding site, as described in (119).  

BL21 (DE3) Esherichia coli cells (New England Biolabs) were heat-shock transformed and 

plated onto Luria broth (LB) containing 50 ug/mL carbenicillin. For the starter culture, a single 

colony was inoculated into 50 mL of LB with 1:1000 dilution of working-stock carbenicillin and 

grown overnight. 5 mL of the starter culture were inoculated into a larger 500-mL terrific broth 

(TB) mixture containing the appropriate antibiotic concentration. Cells were grown at 37° C and 

shaken at 225 rpm in an incubator until they reached an optical density at 600 nm of 0.6-0.8.  

For expression of single globin proteins, 100 uM of isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) and 25 mg/500 mL of hemin were added to each culture. Expression of single proteins in 

culture were done overnight at 22° C. Cells were collected by centrifugation at 4,000g and stored 

at -80° C until protein purification. Coexpressed proteins were induced using 500 mM IPTG 

expression with 25 mg/500 mL hemin for 4 hours at 37°C. Cells were collected by centrifugation 

at 4,000g, immediately followed by purification.  

Human hemoglobin was bought commercially (Sigma-Aldridge) and resuspended in PBS. 

We attempted to co-express and purify Ancαβ∆H3 in complex with Ancαβ40W, but we were not 

able to identify conditions at which the two species could be expressed and purified to near-equal 

concentrations.  
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Protein purification by ion exchange  

All singly expressed proteins (all ancestral globins except Ancα+Ancβ) were purified using ion 

exchange chromatography. All buffers were vacuum filtered through a 0.2 μM PFTE membrane 

(Omnipore). After expression, cells were resuspended in 30 mL of 50 mM Tris-Base (pH 6.88). 

The resuspended cells were placed in a 10 mL falcon tube and lysed using a FB505 sonicator (1s 

on/off for three cycles, each 1 minute). The lysate was saturated with CO, transferred to a 30 mL 

round bottom tube, and centrifuged at 20,000g for 60 minutes to separate supernatant from non-

soluble cell debris. The supernatant was collected and syringe-filtered using HPX Millex 

Durapore filters (Millipore) to further remove debris. A HiTrap SP cation exchange (GE) column 

was attached to an FPLC system (Biorad) and equilibrated in 50 mM Tris-Base (pH 6.88). The 

lysate was passed over the column. 50 mL of 50 mM Trise-Base (pH 6.88) was run through the 

SP column to remove weakly bound non-target soluble products. Elution of bound ancestral Hbs 

was performed with 100-mL gradient of 50mM Tris-Base 1 M NaCl (pH 6.88) buffer which was 

run through the column from 0% to 100%. 1.5 mL fractions were captured during the gradient 

process, all fractions containing red eluant were put into an Amicon ultra-15 tube and 

concentrated by centrifugation at 4,000g to a final volume of 1 mL. For additional purification, 

concentrated sample was injected into a HiPrep 16/60 Sephacryl S-100 HR size exclusion 

chromatography (SEC) column. The column was equilibrated in phosphate buffered saline (PBS) 

at pH 7.4. Purified ancestral globins elute at different volumes depending on the protein’s 

complex stoichiometry: 48-52 for tetramers, 56-60 for dimers, and 65-67 for monomers. The 

purified proteins were concentrated as mentioned above and then flash frozen with liquid 

nitrogen.  
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For experiments in which two proteins were singly expressed and purified and then mixed 

together, expression and purification of each protein were performed as described above. The 

concentration of each protein was then quantified using the Hemoglobin Assay Kit (Sigma). 

Proteins were then mixed together at 50 mM each for nMS. This procedure was performed in 

triplicate to assess technical error introduced by the quantification and mixing process. 

Protein purification by zinc affinity chromatography  

Coexpressed proteins Ancα + Ancβ were purified using zinc-affinity chromatography, which 

was performed using a HisTrap metal affinity column (GE) on a Biorad NGC Quest. Nickle ions 

were stripped from the column (buffer 100 mM EDTA, 100 mM NaCl, 20 mM TRIS, pH 8.0), 

followed by five column volumes of water. To attach zinc to the column, 0.1 M ZnSO4 was 

passed over until conductance was stable, approximately 5 column volumes, followed by five 

column volumes of water. After expression, cells were resuspended in a 50 mL lysis buffer (20 

mM Tris, 150 mM Nacl, 10% glycerol (v/v), 1mM BME, 0.05% Tween-20, and 1 Roche 

Protease EDTA-free inhibitor tablet, pH 7.40), sonicated as described above, and the lysate 

passed through the prepared column. To remove non-specifically bound protein, the column was 

washed with 50 mL of lysis buffer. Bound protein was then eluted across a gradient of imidazole 

concentrations (0 to 500 mM) in a total of 100 mL elution buffer (20 mM Tris, 150 mM NaCl, 

500 mM imidazole, 10% glycerol, and 1 mM BME, pH 7.4). 1 mL fractions were collected. The 

fraction corresponding to the second peak of UV absorbance at 280 nm has a visible red color 

and was collected and concentrated as described above. The concentrated solution was injected 

into a Biorad ENrich 650 10 x 300 columns for additional purification and eluted in PBS buffer. 

Size exclusion chromatography assay  
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For protein concentrations from 0 to 500 μM, size exclusion chromatography was performed 

using a Superdex 75 increase 10/300 GL column (GE) equilibrated in PBS, then injected with 

250 μL of sample using a 2 mL injection loop on an Biorad NGC Quest FPLC and monitored by 

absorbance at 280 nm. For proteins at concentration 1 mM, a HiPrep 16/60 Sephacryl S-100 HR 

was equilibrated in PBS using an AKTAprime FPLC, then injected with 1mL sample and 

monitored by absorbance at 280 nm.  

Native Mass Spectrometry  

Protein samples were buffer exchanged into 200mM ammonium acetate using either a 

centrifugal buffer exchange device (Micro Bio-Spin P-6 Gel, Bio-Rad) or a dialysis device 

(Slide-A-Lyzer MINI Dialysis Unit, 10000 MWCO, Thermo) prior to native MS experiments. 

Samples were loaded into gold-coated glass capillaries made in-house and introduced to Synapt 

G1 HDMS instrument (Waters corporation) equipped with a 32k RF generator (94). The 

instrument was set to a source pressure of 5.47 mbar, capillary voltage of 1.75 kV, sampling 

cone voltage of 20 V, extractor cone voltage of 5.0 V, trap collision voltage of 10 V, collision 

gas (Argon) flow rate of 2 mL/min (2.65 x 10 -2 mbar), and T-wave settings (velocity/height) for 

trap, IMS and transfer of 100 ms -1 /0.2 V, 300 ms -1 /16.0 V, and 100 ms -1 /10.0 V, 

respectively. The source temperature (70 °C) and trap bias (30 V) were optimized. Part of the 

native MS experiments were conducted by Thermo Scientific Exactive Plus Orbitrap with 

Extended Mass Range (EMR) with tuning as follow: source DC offset of 15 V, injection 

flatapole DC to 13 V, inter flatapole lens to 5, bent flatapole DC to 4, transfer multipole DC to 3 

and C trap entrance lens to 0, trapping gas pressure to 5.0 with the CE to 10, spray voltage to 

1.50 kV, capillary temperature to 100 °C, maximum inject time to 100 ms. Mass spectra were 
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acquired with a setting of 8750 resolution, microscans set to 1 and averaging set to 100. Mass 

spectra were deconvoluted using Unidec (120). 

Calculating multimerization affinity of homodimers  

To estimate Kd of the monomer-to-homodimer transition of singly expressed proteins, we 

performed nMS at variable protein concentrations (𝑃!"!). The occupancy of each oligomeric state 

at each concentration was calculated as the proportion of all globin subunits in that state, based 

on the summed areas under the corresponding peaks in the native MS spectrum. The fraction of 

subunits assembled into dimers (Fd) includes dimers and tetramers and is defined as  

𝐹𝑑	 = #$!%&$"
($#	%	#$!%&$")	

, 

where 𝑥*, 𝑥+ ,	and 𝑥! are the total signal intensities of all peaks corresponding to the monomeric, 

dimeric and tetrameric stoichiometries, respectively. Nonlinear regression was used to find the 

best-fit value of Kd of dimerization using the equation: 

𝐹+ =
1
𝑃!"!

∗
(4𝑃!"! + 𝐾+) −	1(4𝑃!"! + 𝐾+)# − 16𝑃!"!#

4  

As an alternative model of homodimerization, we also used a version of the Hill-Langmuir 

equation: 

𝐹+ =
𝑃!"!

𝑃!"! + 𝐾+
 

The Hill-Langmuir model, which is typically used for ligand-receptor binding, does not account 

for depletion of free monomeric subunits as homodimerization takes place and is therefore not a 

valid model in this case; we used it solely to determine the robustness of the estimated Kd to the 

specific binding equation used. 
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Calculating multimerization affinity of homtetramers  

To estimate the Kd of the homodimer–homotetramer transition, the fraction of subunits 

assembled into tetramers is defined as  

𝐹! =
&$"

(#$!	%&$")
. 

The concentration of all dimers is defined as  

𝑃+ = 𝐹+ ×	𝑃!"!. 

Nonlinear regression was then used to find the Kd of tetramerization using the equation: 

𝐹! =
1
𝑃+
∗
(4𝑃+ + 𝐾+) −	1(4𝑃+ + 𝐾+)# − 16𝑃+#

4  

Parameters were estimated using the curvefit script in the Scipy package (121). The 95% 

confidence interval on the 𝐾+ was estimated as 1.96 times the estimated standard error. 

Calculating multimerization affinity of heteromers  

To determine the Kd of heterodimerization, we used nMS to measure stoichiometries across a 

titration series in which one protein’s concentration was held constant at 50 mM and the other 

was added at variable concentration (1 to 50 mM). From the nMS spectrum, we estimated the 

proportion of the heterodimer and the two homodimers as 

𝐹,, =
2𝑥,,

52𝑥,, 	+ 	2𝑥,- + 2𝑥-- + 𝑥, + 𝑥-6
 

𝐹,- =
#$%&

.#$%%	%	#$%&%#$&&%$%%$&/
  

𝐹-- 	=
2𝑥--

52𝑥,, 	+ 	2𝑥,- + 2𝑥-- + 𝑥, + 𝑥-6
 



 51 

where each x represents the signal intensity of all peaks corresponding to the species denoted in 

the subscript. The dissociation constant for each dimer is defined as 𝐾𝑑0 =
$%'

$%(
, 𝐾𝑑# =

$)'

$))
, and 

𝐾𝑑1 =
$%$)
$⍺)

 . By substitution, 𝐹,2 can be expressed as 

𝐹,2 =
7𝐾𝑑0 ∗ 𝐾𝑑# ∗ 𝐹,, ∗ 	𝐹22	

𝐾𝑑1
 

𝐾𝑑1 was estimated using this equation by nonlinear regression, where 𝐹,, , 𝐹,2 and 𝐹22 were 

measured using the titration series, and the affinities 𝐾𝑑0 and 𝐾𝑑# were assigned the values 

estimated in the homodimerization experiments described above. 

Prediction of homodimer and heterodimer occupancy at high concentrations  

The occupancy of each dimer at physiologically relevant concentrations (1 mM total globin 

subunits) was predicted as follows, because nMS is limited to concentrations <100mM. In a 

mixture of two types of globins A and B, the total concentration of each subunit can be expressed 

in terms of the concentration of monomers [A] and [B] in the mixture: 

[A]tot = [A] + [AB] + 2[AA] = [A] + 
[A][B]
Kd1

 + 
2[A]2

Kd0
 

	[B]tot = [B] + [AB] + 2[BB] = [B] 	+ 	
[A][B]
Kd1

	+ 	
2[B]2

Kd#
 

We used these equations to predict [A] and [B] at any value of CA and CB given the 

experimentally estimated Kds. The concentration of each dimer was then estimated using the 

equations [AA] = [4]'

67+
, [BB] = #[4][8]

67,
, and [BB] = [8]'

67'
.  
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Establishing the upper limit of IF2 Kd  

We estimated the minimum Kd of assembly across IF2 by Ancɑβ 37V+40W; IF1 removed, because no 

homotetramer was observed using nMS at a protein concentration of 20 mM. The minimum 

detection limit for dimers in the nMS assay is 1 mM. Kd is defined as 𝐾𝑑	 = [9]'

[:]
, where [𝑀] and 

[𝐷] are the equilibrium concentrations of monomer and dimer, respectively. Therefore 

𝐾𝑑*;< =
(20 ∗ 10=>)#𝑀
1 ∗ 10=>𝑀 = 400	𝑢𝑀 

Determining ∆∆G of specificity  

Specificity for heterodimer assembly between two paralogs can be defined as the difference 

between the additive affinity of the heterodimer and the measured affinity of the heterodimer, 

using ∆Gs derived measured dimerization affinity for two homodimers and their respective 

heterodimer. The additive affinity of the heterodimer is defined as the averaged ∆G of both 

homodimers:  

∆𝐺?@!@A"+;*@AB++;!;C@ =
∆𝐺?"*"+;*@A	0 +	∆𝐺?"*"+;*@A	#

2 	 

Specificity is then the difference between the additive and measured heterodimer ∆G. 

∆∆𝐺DE@F = ∆𝐺?@!@A"+;*@A*@BDGA@+ − ∆𝐺?@!@A"+;*@AB++;!;C@  

This metric is analogous to the coupling energy, which expresses the deviation of the measured 

DG for a double mutant from that expected given the DGs of two single mutants assuming 

additivity (122-124).  

Quantifying non-additive effect on specificity between Ancα and Ancβ  
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The non-additive effect on specificity can be defined as the difference between the predict and 

measured ∆∆G of the derived complex Ancα + Ancβ.  

∆∆∆𝐺 = ∆∆𝐺H	%2 − 5∆∆GH + ∆∆𝐺26. 

Prediction of monomer, dimer, and tetramer occupancies with no IF2 specificity  

The occupancy of monomers, dimers, and tetramers between 1 mM and 4 mM predicted was 

calculated as follows. The concentration of subunit in each stoichiometric species can be 

expressed in terms of the concentration of monomers [A] and [B]:  

[A]IJI = [A] + [AB] + 2[AA] 	+ [ABBB] + 	2[AABB]	 

= [A] +
[A][B]
Kd1

+
2[A]#

Kd0
+	

[A][B]1
Kd# ∗ Kd1
Kd&

+

2[A]#[B]#
Kd##

Kd&
 

[B]IJI = [B] + [AB] + 2[BB] 	+ 	2[AABB] + 	3[ABBB] 	+ 	4[BBBB]	 

= [B] +
[A][B]
Kd1

	+ 	
2[B]#

Kd#
	+ 	

2[A]#[B]#
Kd##

Kd&
	+ 	

3[A][B]1
Kd# ∗ Kd1
Kd&

	+ 	

4[B]&
Kd1#

Kd&
 

We used these equations to predict [A] and [B] across a range of [A]IJI and [B]IJI values given 

previously measured equilibrium constants. Predicted [A] and [B] concentrations were used to 

calculate the concentration of homodimers and heterodimers as described above, and the 

concentration of tetramers were calculated using the following equations:  

[BBBB] =

[B]&
Kd##

Kd&
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[ABBB] =

[A][B]1
Kd# ∗ Kd1
Kd&

 

 

[AABB] =

[A]#[B]#
Kd1#

Kd&
 

 

where [BBBB] corresponds to the concentration of homotetramer, [ABBB] is concentration of 

⍺0β1 tetramers, and [AABB] is the concentration of ⍺#β# heterotetramers. 

Homology models  

SWISS-Model was used to generate a structural model of the Ancαβq40W homotetramer using the 

crystal structure of the human Hbβ homotetramer (PDB 1CMB) as template, which was then 

refined using Rosetta's Fast Relax protocol, which energetically minimizes the initial structure 

via small adjustments to the backbone and side chain torsion angles (125). PyMOL V2.1 was 

used to visualize the proteins and capture images.  

IF1-mediated homodimers were generated by the same procedure, except for homodimers of 

Ancα or Ancαβ∆D, for which the homodimer of human Hbα (PDB 3S48) was used as template. 

IF1-mediated heterodimers were generated by the same procedure but using the heterotetramer 

of human Hb (PDB 4HHB).  
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Chapter 3 

Evolutionary origins of allostery in vertebrate hemoglobin 

3.1 Abstract  

Allostery is a fundamental property of many proteins that enables functional regulation by 

stabilizing one conformation from an ensemble through effector binding at a distant site. The 

mechanism by which allostery originated historically from a non-allosteric ancestor is unknown. 

Here, we use ancestral sequence reconstruction and biochemical experiments to investigate how 

allosteric regulation of oxygen affinity by organic phosphates emerged in vertebrate hemoglobin, 

focusing on the historical transition from a non-allosteric homodimer to the allosteric α₂β₂ 

heterotetramer following gene duplication. We show that allostery emerged through simple 

genetic mechanisms: either of two independent substitutions on the branch leading to extant β 

subunits could have conferred allostery in the homotetramer, but in a non-physiological direction 

that increases oxygen affinity upon effector binding. Two additional substitutions altered 

conformational stabilities to correct the allosteric response, decreasing oxygen affinity when 

effector binds.  Crucially, the homotetramer was inherently capable of sampling multiple 

conformations, even in the absence of allosteric regulation, due to an ancient helix movement at 

the tetramer interface which is triggered by oxygen binding. Our results show that allostery can 

evolve through tuning of pre-existing conformational ensembles, enabling diverse forms and 

mechanisms of allostery to arise from a common structural foundation.  
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3.2 Introduction  

Allosteric regulation, the modulation of a protein’s activity by effector binding at sites distant 

from the active site, is a fundamental feature of many protein and essential to their physiological 

functions (59, 62). Allostery within proteins occur when effector binding stabilizes one 

functional conformation from an ensemble of conformations. Despite its prevalence, no study 

has described the mechanisms by which allostery emerged from a non-allosteric ancestor in 

history.  

Allostery appears complex because it relies on multiple functional features: the ability to adopt 

multiple conformations, to acquire a new effector binding site, and to couple effector binding to 

a shift in conformational equilibrium (126). Given this apparent complexity, the transition from a 

non-allosteric to an allosteric protein may have taken numerous substitutions because each 

feature would have to be built into a non-allosteric protein (127).  

However, protein often contain features that are compatible with allosteric regulation, potentially 

reducing the substitutions needed to produce allostery. Indeed, extant proteins contain latent 

structural features that have been exploited to engineer allosteric regulation in non-allosteric 

proteins (42, 43, 128, 129). To date, historical studies have focused on the inversion of allosteric 

regulation, such as transitions from inhibitory to activating effects, or vice versa, but no study 

had described the origin of the feature (43, 128-132). Identifying the specific substitutions that 

conferred allostery, and distinguishing which features were novel versus pre-existing – is 

essential to understanding how complex regulatory architectures emerged during history. 

Here we use ancestral sequence reconstruction (ASR) to investigate the origin of organic-

phosphate mediated allostery in vertebrate hemoglobin (Hb), the major carrier of oxygen in the 

blood of jawed vertebrates. Hb is an α2β2 heterotetramer whose oxygen affinity is decreased by 
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organic-phosphate effectors like inositol hexaphophate (IHP), which binds between beta subunits 

in a pocket known as the central cavity (CC) (52, 63, 133). Using ancestral sequence 

reconstruction and biochemical experiments, we previously showed that allostery in hemoglobin 

arose after the duplication of Ancαβ, a non-allosteric homodimer and the last common ancestor 

of all α- and β-globin genes, during the interval leading to the separate ancestors of the α (Ancα) 

and β (Ancβ) lineages. (Figure 3.1A & B, Figure A2.1 & 2; (69)). Here we describe the 

mechanisms by which organic phosphate mediated allosteric regulation emergence in Hb. We 

focus on understanding which portions of this functions were pre-existing features, and which 

were established through substitutions.  

3.3 Evolution of organic-phosphate mediated allostery  

What substitutions could have conferred allosteric regulation? Previous studies have described a 

binding pocket for effectors that is between the beta subunits within the heterotetramer, called 

the central cavity (CC) (134). Because CC mediates organic phosphate binding, we hypothesized 

that allostery could emerge from changes in this region, but only in the tetramer because it 

creates the binding pocket.  

Starting from the homodimer Ancab, we identified five substitutions on the branch leading to 

Ancb that we hypothesized could be sufficient to confer allostery. Four of these substitutions 

(s85K, t142S, e146R, and r149H) occurred at CC. Some of the substituted residues are known to 

contact organic phosphates directly in extant Hb, and others are involved in modulating relative 

conformational stabilities (Figure 3.1D (51)). The fifth substitution, q40W, has been shown to 

have conferred tetramerization in Ancab, which is required for allosteric regulation (Figure 3.1E 

(59, 63)).  
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To test whether these five substitutions are sufficient to confer allostery, we introduced them into 

Ancab, called Ancabq40W + CC. We measured the P50 of oxygen binding in Ancabq40W + CC 

without and with 500 uM of IHP using an oximeter, where allostery occurs if oxygen affinity 

decrease in the presence of effector (135). In the stripped condition, the oxygen affinity is high, 

increased two-fold relative to Ancab (Figure 3.1B & 1F). Upon addition of IHP, oxygen affinity 

has decreased significantly, with a stronger allosteric response than Anca + Ancb  (Figure 3.1C 

& 1F). We also tested the response to ATP, a distinct organic phophsate, to determine robustness 

of this allostery to other organic effectors and observed a detectable allosteric effect, albiet less 

than the response with IHP (Fig. A2.3). These results demonstrate that that just five substitutions 

on the branch from Ancab to Ancb are sufficient to confer allosteric regulation from a non-

allosteric homodimeric ancestor.  

But were these CC changes sufficient to confer allostery in a heterotetramer, which is the derived 

complex seen in history? Anca + Ancab14 is a stable heterotetramer that was previously 

identified but is not allosteric (69). Under both stripped and IHP conditions, the protein has 

identical oxygen affinity (Figure 3.1G). We tested CC if was sufficient to confer allostery by 

introduce these substitutions into this heterotetramer (Anca + Ancab14 + CC) and measured 

oxygen affinity in both codition. Relative to the stripped condition, oxygen affinity in the 

presence of IHP decreased oxygen affinity (Figure 3.1G). Introducing CC into a heterotetramer 

was sufficient to confer allosteric regulation.  

Together, these results show that the evolution of allostery in hemoglobin required only five 

substitutions: one substitution to create the tetramer (q40W) and four in the central cavity. These 

results are robust to multiple organic phosphate effectors and can occur in both homotetramer 
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and heterotetramer backgrounds. The evolution of allosteric regulation in Hb is genetically 

simple.  

3.4 Tetramerization and central cavity substitutions are necessary but not sufficient to 

confer allostery in Hb  

These 5 substitutions can be separated into distinct categories on the structure of Hb, q40W is at 

the tetrameric interface and the other 4 are at the central cavity. Introducing each group of 

substitutions on their own will help us understand how each group of substitutions helped to 

contribute to allostery and whether each of these sets could have conferred allostery on their 

own. To test this, we created two Ancab variants - Ancabq40W which can tetramerize but has no 

changes at the central cavity and AncabCC which cannot tetramerize but has changes at the 

central cavity. Each one ancestral protein variant will tell us if the changes introduced were 

sufficient to confer allostery and whether the other set of changes not introduced into the 

genotype were necessary.  

What was the effect of q40W alone and could it have conferred allosteric regulation in Hb? 

Ancabq40W decreased oxygen affinity in the stripped condition relative to Ancab (Figure 3.1F). 

The substitution q40W did not confer allostery on its own: in the presence of 500 uM of IHP the 

oxygen affinity of the protein is equal to that of the stripped condition. Then, q40W decreases 

oxygen affinity relative to Ancab but is not sufficient to confer allosteric regulation. 

What was the effect of the CC changes, and could they have conferred? AncabCC increased its 

oxygen affinity in the stripped condition relative to Ancab (Figure 3.1F). In the presence of IHP, 

the oxygen affinity of the protein is equal to that of the stripped condition. The effect of all 4 CC 

substitution was to increase oxygen affinity, but they were not sufficient to confer allostery 

regulation.  
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Together, each set of substitutions – q40W and CC- are not sufficient on their own to confer 

allostery, because each set contributes a critical part of the allosteric mechanism for the protein. 

Introducing q40W into the dimeric ancestor Ancab creates a tetramer and allows for population 

of a low affinity state by decreasing oxygen affinity 2-fold (Figure 3.1C & 1F). The CC 

substitutions contributed to allosteric regulation by allowing population of a high affinity state in 

the stripped condition by increasing oxygen affinity 1.3-fold (Figure 3.1C & 1H). Together, they 

allow for allosteric regulation by organic phosphate effectors.  

 

Figure 3.1. Simple genetic mechanism conferred allostery in ancestral hemoglobin. (A) 
Evolution of allosteric regulation on the HB phylogeny. Icons, oligomeric states determined by 
experimental characterization of reconstructed ancestral proteins. (B) Bar graph of oxygen 
affinity of Ancαβ in the presence and absence of IHP. In grey, stripped condition, where no IHP 
is in solution. In blue, IHP condition, where 500 µM of IHP is added to solution. Error bars 
represent standard error of measurement, n = 5. (C) Oxygen affinity bar graph of Ancɑ +Ancβ in 
the presence and absence of IHP. Colors and error bars same as mentioned above. Stars represent 
P-value: <0.05 between conditions as done via student t-test. (D) Alphafold-3 models of central 
cavity within the Ancɑ +Ancβ tetramer. Blue surface and helices shown correspond to Ancβ 
subunits. In wheat, heme corresponding to subunit shown as helix with proximal histidine that 
coordinates heme iron shown as sticks. In green, ATP molecule bound to residues in central 
cavity. Residue substitutions on the branch from and Ancɑβ to Ancβ that occurred in the central 
cavity shown as sticks. The hydrogen bonds between central cavity residues and ATP shown 
(dotted line).  (E) Alphafold-3 model of q40W interaction across IF2 within the AncA + AncB 
tetramer. Blue helix corresponds beta subunit and pink surface is alpha subunit. The resiude 40W 
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shown as stick interacting with ancestral residue 99D. Dark blue atom corrends to nitrogen and 
red surface correpons to oxygen on 99D sidechain. Hydrogen bond between 40W and 99D 
shown as dotted line. (F) Right: affinity bar graph of single ancestral gene variants: Ancαβ, 
AncαβCC, Ancαβq40W, and Ancαβ q40W CC. Colors and errors bar same as mentioned above. Left: 
affinity bar graph for protein variants containing two ancestral genes: Ancα + Ancαβ14 and Ancα 
+ Ancαβ14 CC. 
 
3.5 Complete binary landscape of central cavity substitutions reveals degeneracy in the 

evolution of allosteric regulation  

Given our previous analysis, where both q40W and CC substitutions were found to be necessary 

for conferring allosteric regulation, we were interested in understanding their effect on oxygen 

affinity and how that confers allostery. Given our current results and previous study, we 

understand the effects of q40W on allosteric regulation - it was the key substitution in conferring 

tetramerization, and the effect of this change is to decrease oxygen affinity relative to the 

ancestral protein Ancab (69). But we know little about the effect of the CC substitutions, on 

their own and in groups, and how they contributed to the evolution of organic phosphate 

regulation.    

To investigate how the CC substitutions contribute to allostery in hemoglobin, we constructed a 

complete binary substitution landscape incorporating all possible combination of the four CC 

substitutions—s85K, t142S, e146R, and r149H—on the Ancαβq40W background. We analyzed 

their effects both in the stripped condition and in the presence of IHP to determine how each 

individual substitution, as well as their combinations, influence allosteric regulation. 

Surprisingly, 3 of 4 triple CC substitution combinations were sufficient to confer allostery. The 

triple mutant, Ancαβq40W + s85K + t142S + e146R, had the strongest allosteric effect with an oxygen 

affinity of 1.5 torr in the stripped condition and 3.5 torr in the presence of IHP (Figure 3.2A). 

The other two allosteric mutants, Ancαβq40W + s85K + e146R + r149H and Ancαβq40W + t142S + e146R + r149H, 

had weaker decreases in oxygen affinity in the presence of IHP but still confer allosteric 
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regulation.  Of all central cavity changes, only 146R was necessary, as the only triple mutant 

with no allostery does not contain that substitution (Figure 3.2A). But no set of triple mutants has 

an allosteric response as strong as Ancab 40W + CC.  

What were the effects of pairwise substitutions in the central cavity? One mutant Ancαβq40W + 

t142S + e146R had a weak allosteric effect on oxygen affinity in the presence of IHP (Figure 3.2B). 

Another mutant, Ancαβq40W + e146R + r149H, showed an inverse allosteric effect. All other mutants 

were non-allosteric and each of them varied in oxygen affinity, ranging from 1.9 torr to 4 torr.  

Finally, we examined the effect of single substitutions on oxygen affinity and allosteric 

regulation. No single mutant allosterically decreased oxygen affinity in the presence of IHP 

(Figure 3.2C).  But, two single mutant showed inversed allosteric signal, increasing oxygen 

affinity relative to the stripped condition. The mutant Ancαβq40W + t142S had the strongest oxygen 

binding increase in the presence of IHP, going from 3.8 torr to 1.9 torr and Ancαβq40W + t149H also 

showed an inversed allosteric response (Figure 3.2C). All the single substitution mutants increase 

oxygen affinity in the stripped and IHP conditions. The substitution with the strongest oxygen 

affinity increase in the stripped condition was e146R.   

Together, our results show that the evolution of allostery in Hb was degenerative. Across all 16 

possible combinations of substitution at the central cavity, four were allosterically regulated by 

IHP (Figure 3.2A & B). Two single mutants are also allosterically regulated but in the opposite 

direction than what has been seen in history. Of the ones that are allosterically regulated in the 

correct direction, we notice that only e146R is necessary to confer regulation and all other 

substitutions are not necessary as there is at least one allosteric variant in which each substitution 

does not appear. But, on its own e146R is not sufficient to confer allostery. These results 
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emphasize the interaction between substitution and how they, together, result in many variants 

that conferred allostery during Hb evolution.  

3.6 The evolution of Hb allostery occurred because of additive and epistatic genetic effects   

We found that all allosteric variants required combination of central cavity substitutions, 

although only 1 was necessary in all backgrounds. These results emphasize the interdependency 

of substitution effects. A question that arises from this is whether the evolution of stripped and 

IHP conditions are a result of additive genetc effects or if epistatic interactions, the 

interdependence of mutational effects, were required (13).  

We determined how well the single mutant effects predicted the pairwise, third order, and fourth 

order mutant oxygen affinities in the stripped and +IHP conditions. To do so, we estimated the 

log10 oxygen affinities for all pairwise and higher mutants using only the additive effects of each 

single mutant that comprises the higher order variants and calculated the pearson correlation 

coefficient to quantify how well the predicted affinities correlate with the observed log10 oxygen 

affinities. The stripped condition predicted effects correlate strongly with the observed effects, 

with a Pearson correlation of 0.97 (Figure 3.2D). In the +IHP condititon, however, have a 

Pearson correlation of -0.27 showing the predicted effects poorly correlated with the observed 

effects. These results suggest that epistatic interactions are involved in + IHP conditions.  

Together, these results show that both additive and epistatic effects caused the evolution of Hb 

allostery. The tetramerization caused by q40W decreases oxygen affinity in both the stripped and 

IHP conditions, but the protein is not allosteric (Figure 3.1F). The substitutions at the central 

cavity additively increased the oxygen affinity of Hb (Figure 3.2D). These same substitutions, 

however, epistatically interact with IHP because the single substitutions on their own are 

sufficient to confer allostery, but in the opposite direction of allosteric response in the WT Hb 
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proteins (Figure 3.1C & 2F). To create an allostery in Hb, there must be sign epistasis, which 

inverts the mutational effect and decreases oxygen affinity in the presence of IHP.  

 

Figure 3.2. The genetic mechanism for allostery is degenerative. (A)  Bar graph of oxygen 
affinity of Ancαβq40W CC and triple central cavity mutants, where each variant was tested in the 
presence and absence of IHP. In grey, stripped condition, where no IHP is in solution. In blue, 
IHP condition, where 500 µM of IHP is added to solution. Error bars are standard error of 
measurement, n = 3. Bottom legend corresponds to the variant specified above, where (+) means 
that this substitution is present in the variant and (-) means that the substitution is absent in the 
variant.  (B) Oxygen affinity bar graph of all double central cavity mutants, each variant was 
tested in the presence and absence of IHP. Bar colors and errors bars same as mentioned above. 
Bottom legend works as previously mentioned. (C)  Oxygen affinity bar graphs of all single 
central cavity mutants. Tested conditions, bar color, and error bars are same as mentioned above. 
Bottom legend same as previously mentioned. (D) Scatter plot of stripped condition observed 
log10 oxygen affinity of pairwise, 3rd order, and 4th order central cavity variants vs log10 
predicted oxygen affinity of higher-order mutants from single mutant effects.  In black and 
purple, Ancαβq40W and single mutant variants. Red, green, and grey correspond to double mutant, 
triple mutants, and Ancαβq40W CC respectively. Solid black line corresponds higher order mutants 
are completely additive relative to affinity predicted from lower order effects. Dash line is the 
Pearson correlation relationship between observed and predicted values. (E) Scatter plot of IHP 
condition observed log10 oxygen affinity of higher-order mutants vs log10 predicted oxygen 
affinity of higher-order mutants from single mutant effects. All scatter point colors and lines 
same as mentioned above.  
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3.7 Evolution of multiple conformational states in Hb coopted an ancient helix movement  

A critical question in understanding the evolution of allostery is determining which residues are 

conferring the protein’s ability to exist in multiple conformations and whether toggling between 

states can exist without allosteric regulation.  

The structural basis of hemoglobin’s conformational change is well-characterized: upon oxygen 

binding, the quaternary structure undergoes a rotation across IF2, burying exposed interface 

residues. These changes have been detected using fluorescence emission scans at 280 nm, where 

deoxygenated human Hb has a higher fluorescence relative to the oxygenated condition (136-

138).  

We determined that the ability to toggle between oxygenated and deoxygenated conformations 

through IF2 evolved during the historical interval between Ancab and Anca + Ancb by 

measuring fluorescence emissions of each protein. Ancab is a dimer that does not assemble 

through IF2 and should not be able to toggle between oxy and deoxy states. Indeed, when 

fluorescence emission is measured in oxy and deoxy conditions, we see similar fluorescent 

values (Fig 3.3A). Anca + Ancb is a tetramer that assembles through IF2 and should be able to 

toggles between the two conformational states. When fluorescence emission is measured in oxy 

and deoxy conditions, we see that deoxygenated fluorescence is higher by 11%, in the direction 

seen in present-day Hb, albiet with lower total relative fluorescence (Fig 3.3B, Figure A2.4). The 

ability to occupy oxy and deoxy states emerged during the historical interval between Ancab 

and Anca + Ancb.  

What substitutions are sufficient to confer toggling between conformational states in Hb and 

does the protein need to be allosteric for this to occur? Previous studies have shown that 

myoglobin, the sister to all Hb genes, can undergo motion at the FG-corner upon the release of 
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carbon monoxide, which has been noted as the critical structural position at IF2 that allows for 

occupancy for the T and R states in Hb (139, 140). If this movement is ancestral, as suggested by 

homology between Hb and myoglobin, then the ability to toggle between conformations would 

emerge as soon as the tetramer was established.  

We tested this hypothesis by introducing the substitution q40W into Ancab, the dimeric ancestor 

that does not assemble through IF2. As mentioned previously, this substitution conferred 

tetramerization, but was not allosteric, allowing us to assess whether tetramerization alone was 

sufficient for conformation switching (Figure 3.1F). Fluorescence emission measurement show 

that Ancabq40W exhibits higher fluorescence in the deoxygenated states than in the oxygenated 

states, consistent with the conformation changes observed in extant Hb (Figure 3.3C, Fig. A2.4). 

The tetramer alone could occupy multiple conformational states because of movements at the FG 

corner.  

If the FG-corner movement occupancy of multiple conformational states, just how old is this 

structural feature? Upon ligand binding, the corresponding helices in Hb and myoglobin will 

move to accommodate the bound oxygen, suggesting origins deeper than the last common 

ancestor of Hb and myoglobin genes (Figure 3.3E). Indeed, neuroglobin, one of the earliest 

diverging vertebrate globin genes, has been noted to rotate at the FG-corner upon oxygen 

binding (Figure 3.3F (141)). Thus, the movement of the FG-corner, which dictates 

conformational states within hemoglobin has been present since the dawn of all vertebrates.  

Together, the evolution of conformational switching in Hb emergence through cooption of an 

ancient feature of the globin fold. The globin fold must accommodate oxygen binding and do so 

by altering the structural position of the helices around the heme (139). The emergence of 

conformational switching between T and R then occurred immediately upon the evolution of the 



 67 

tetramer, because conformational switching exploits the preexisting structural feature of the 

globin fold. The stabilization of the discrete states is then a consequence of tetramerization, 

arising direction from favorable contacts across IF2, rather than because of allosteric regulation. 

 

 

Figure 3.3 Conformational toggling exploited an ancient structural feature of globin fold. 
(A) Fluorescence emissions scans of Ancαβ when excited at 280 nm. In red, protein is 
oxygenated. In blue, the protein is deoxygenated. Error bars represent standard error of 
measurement, n = 10.  (B) Flourescence emission scans of Ancα + Ancβ when excited at 280 
nm. Colors and error bars are same as mentioned above. (C) Fluorescence emission scan of 
Ancαβq40W when excited at 280 nm. Color and error bars same as mentioned above. (D) Heme 
pocket and IF2 in Ancα + Ancβ. Pink surface and blue helices represent alpha subunit and beta 
subunit, respectively. Grey sticks are heme, red and blue atoms represent oxygen and nitrogen 
atoms. Blue stick represents proximal heme. Yellow helices are IF2. (E) Human Hb 
conformational states move across IF2 when in the oxygenated (PDB extension) and 
deoxygenated conditions (PDB extension). Pink surface is alpha subunit. Light blue represents 
oxygenated condition of beta subunit and dark blue represent deoxygenated condition. Grey 
sticks is heme, red sphere is O2 atoms, red stick is oxygen atom and blue stick is nitrogen atom.  
Blue sticks represent proximal histidine. (F) Graphical representation of vertebrate globin 
phylogeny and whether they contain movement at the FG corner.  
 

3.8 Hb allosteric regulation may evolved through interactions that alter conformational 

stability  

Figure 3. Hb can already toggle between states. 
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Conformational toggling existed in Ancabq40W, but the protein is not allosteric. So how does 

allosteric regulation evolve?  

In principle there are four conditions that need to be satisfied for Hb to have become allosteric. 

The protein must be able to occupy multiple conformations, which are functionally distinct from 

each other.  Hb must be able to bind an effector, and the binding is preferentially associated with 

one conformation. Finally, because hemoglobin is a tetramer, different quaternary conformations 

are involved and functionally distinct tertiary conformations are associated with distinct 

quaternary conformations, and the effector preferentially binds to one of these. What 

substitutions satisfy each of these conditions?  

We know that conformational toggling that q40W is sufficient to allow for occupancy of 

multiple conformations but that this protein is allosteric (Figure 3.3C). The addition of the other 

substitutions must satisfy the rest.  

Introducing t142S on the background of Ancabq40W allows for binding and preferentially 

associates binding with a distinct conformation. The protein is now allosteric and is regulated by 

IHP (Figure 3.2C). However, the function of the protein is to increase oxygen affinity, in contrast 

to how the mechanisms of allostery work in Hb (Figure 3.2A). We were interested in 

understanding whether the functional linkage between tertiary and quaternary conformations 

remained consistent and tested this using fluorescence emission scans in the oxy and deoxy 

condition. Surprisingly, we see that the oxygenated condition is higher than the deoxy condition, 

indicative of the quaternary structure and the tertiary structure occupying a new state (Figure 

3.4A). This suggests that although two substitutions can create an allosteric system, in 

hemoglobin, more substitutions are required for allosteric regulation to occur in the correct 

direction.    
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What substitutions help to invert allosteric response in the correct direction and does this alter 

the quaternary conformational dynamics? We know that allostery requires an inversion of the 

oxygen affinity as a result of interactions between the substitutions (Figure 3.2E). The triple 

substitution on the background of q40W does cause the allosteric effect of 142S to be in the 

correct direction of allostery. We measured the double mutant effect on conformational toggling 

by measuring the fluorescence emission of the protein in the oxy and deoxy condition. Indeed, 

we see that the deoxy fluorescence is higher than the oxy fluorescence, consistent with the 

directionality of the conformations that has been seen in the literature (Figure 3.4B). 

We were interested in understanding if the double mutants were sufficient to change the effect of 

142S on the quaternary structure’s conformational toggling. We introduced the 142S on the 

background of the double mutant and measure the fluorescence emission of the protein. We see 

that the deoxy condition of the protein is higher now than that of the oxy condition and that this 

protein is now decrease oxygen affinity in the presence of IHP (Figure 3.2A & 4B, Figure A2.5B 

& C). The ability to decrease oxygen affinity from 142S arises because of substitution interaction 

that alter the conformational states of the protein.  

Indeed, we see the same pattern with the other allosterically single mutant, 149H, which on its 

own decrease’s oxygen affinity in the presence of IHP and populates an alternative conformation 

when measured using fluorimetry (Figure 3.4B, Fig. A2.5A). Introducing the double mutant of 

85K and 146R also creates an allosteric protein that occupies the WT conformations (Figure 

3.4B, Fig. A2.5D).  

Together, these results show us a that the method for allosteric evolution arises from epistatic 

interactions due to changes in conformational occupancy in the oxy and deoxy conditions. 142S 

or 149H can bind to IHP and is allosteric but increases oxygen affinity when bound because 
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these proteins are in an alternative conformation that stabilizes high-oxygen affinity binding 

upon IHP binding (Figure 3.2C & 4B). Introducing 85K and 146R then helps to stabilize the WT 

conformations while retaining the ability to allosterically regulate oxygen binding affinity of Hb.  

The evolution of allostery within hemoglobin is genetically simple, a single substitution that 

causes tetramerization allows for conformational toggling between oxy and deoxy states to 

occur, another substitution then introducing ligand binding and allows for preferential 

association for one of the functionally distinct conformations. But this conformation is inversed 

and causes an increase in oxygen affinity upon ligand binding. Epistasis between the substitution 

and the two others, is what then allows for IHP binding to decrease oxygen affinity because these 

substitutions rearrange the conformational stability putting the Hb system back into one where 

allosteric regulation decreases oxygen affinity is the preferred bound state after ligand binding. 
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Figure 3.4. Mechanisms for the emergence of allosteric regulation. (A) Fluorescence 
emissions scans of Ancαβ q40W t142S when excited at 280 nm. In red, protein is oxygenated. In 
blue, the protein is deoxygenated. Error bars represent standard error of measurement, n = 10.  
(B) Bar graphs of percent difference of deoxygenated vs oxygenated conditions of ancestral Hb 
variants. Error bars are standard error of measurements, n = 10. (C) Simple conformational 
model explaining the evolution of allosteric regulation in Hb. Blue represent deoxygenated 
condititon, red is oxygenated condititon, grey are alternative conformations that have seen via 
substitutions that occur at the central cavity.  
 
Discussion 

3.9 Simple genetic mechanisms lead to the emergence of allosteric regulation  

Our results show that just 5 substitutions led to the emergence of allosteric regulation on Hb’s 

oxygen affinity. The simplicity of the genetic mechanism agrees with prevailing research within 

the allosteric field, where rational design uses latent properties, deep mutational scans can 

inactivate and residue allosteric function through single mutations, and historical studies can 

invert allosteric regulation through single changes (48, 142, 143). Instead, we found that 

focusing on a few key structural positions within the Hb architecture and exploiting ancient 

features of the globin fold could immediately confer allosteric regulation (127).  

3.10 Alpha subunit as a case of useless complexity in hemoglobin  

All the substitutions required for acquisition of allosteric regulation in Hb occurred on the branch 

leading to Ancb, showing that the alpha gene was not necessary to acquire allostery. These 

results contrast much of the Hb allostery literature, which has postulated that the deletion on the 

alpha subunit within the structure are critical for the mechanisms of allosteric regulation (144, 

145). Indeed, the alpha gene maybe critical in the present-day for allosteric regulation, but we 

have shown that alpha, and the asymmetry that it gives to the tetrameric structure, are not 

necessary for the acquisition of allosteric regulation.   

If oxygen binding of the globin fold is an ancient feature of the protein, and all the features 

required for regulation of oxygen affinity via allosteric regulation were caused by the changes 
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along the beta lineage, then what was the initial purpose of the alpha subunit for HB’s function? 

We believe that the specificity contributed by the alpha subunit into the tetrameric structure may 

be an example of useless complexity (23). We have shown that specificity for heteromerization 

can occur through a single residue deletion that occurs at IF1 along the branch leading to AncA. 

It is reasonable to assume then, that the heteromeric structure may arise through a simple change 

and that the heteromeric structure did not do anything different from the homomeric structure. 

Consistent with this, Anca + Ancab14 + CC, a heteromeric structure that includes alpha is also 

allosterically regulated by organic phosphate effectors (Figure 3.1G).  

If the homotetramer can do everything, then why does the heteromer persists? One explanation 

could be that the heteromeric structure becomes required for allosteric function at some point in 

history, which would mean that the homotetramer could no longer confer regulation of function. 

Indeed, we see that allosteric regulation within the beta subunit is lost by the time of the derived 

protein Ancb suggesting that coevolution entrenched alpha to become necessary for function at 

some point along this historical interval (Fig. A2.6). More work will be required to understand 

what substitutions caused the necessity of the heterotetrametric structure, and whether the change 

occurred immediately through a small number of substitution effects or if it was a gradual 

degradation of beta’s homomeric allosteric function.  

3.10 Epistatic interactions on conformational states lead to the evolution of an allosteric 

protein   

Our work is a direct historical example of epistasis that arises from changes in relative 

conformational stabilities. The substitutions q40W and t142S were sufficient to confer allosteric 

regulation that increased oxygen affinity in the presence of IHP and the substitutions s85K and 

e146R invert the regulation, decreasing oxygen affinity in the presence of effector. This epistasis 
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seems to be occurring through changes in conformational stability, although we cannot rule out 

that epistatic interaction with ligand affinity could also play a role in the strength of allosteric 

regulation.  

These interaction between substitutions in Hb affecting conformational stability agrees with 

many studies with extant proteins. Single mutations have been shown to create new 

conformations in non-allosteric protein (146-148). In allosteric proteins, mutations can alter 

allosteric function by changing the conformational landscapes of the proteins (149). Substitutions 

that conferred allosteric regulation did alter conformational stabilities but also altered the 

structural connection between tertiary function and quaternary structure, implying that a 

mutation can have multiple effects on the conformational stabilities within the proteins.  

The genetic pathways lead to allostery then can be many but may also arise because of 

unexpected interactions between sets of mutations. Epistasis has been shown to facilitate the 

increase in functions, and to help facilitate new structural and functional landscapes (15, 17, 

150). Here we show that allostery is too facilitated by epistasis.  

3.11 Ancient spandrel of the globin fold are coopted for allosteric evolution   

The evolution of hemoglobin’s allosteric regulation was made possible by the pre-existing 

conformational flexibility of the globin fold, particularly the movement of the FG corner. This 

movement, which occurs upon oxygen binding and unbinding, has been widely observed in 

globins and originates from structural shifts in the heme group (140, 141). Photodissociation 

studies in myoglobin demonstrate that heme displacement upon oxygen release drives helix 

movement, suggesting that this flexibility is an intrinsic feature of the fold (139). Rather than 

evolving de novo, hemoglobin coopted this pre-existing structural property, allowing the 

tetramer to adopt multiple conformational states and enabling allosteric regulation. 
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Cooption of helix movement seems to be a general strategy of other globins to confer allostery as 

well. For example, agnathan hemoglobin form allosteric multimers through a distinct 

mechanism, where oxygen binding induces heme movements across the E-helix (151).  In these 

proteins, we see that multimerization occurs across the E-helix, stabilizing cooperative oxygen 

binding. Similarly, many non-vertebrate globins utilize helix movements triggered by oxygen 

binding to enable allosteric control, suggesting that leveraging intrinsic flexibility for regulation 

may be a widespread evolutionary principle (152-154).  

Hemoglobin is not unique; nearly all proteins exhibit some degree of conformational flexibility, 

and many function as multimers (155). Just as hemoglobin evolved allosteric regulation by co-

opting pre-existing structural movements, other proteins may have followed similar evolutionary 

trajectories. Whether at localized residues or entire structure, structural motions can serve as 

evolutionary footholds for the emergence of allosteric regulation, allowing proteins to evolve 

complex regulatory mechanisms from inherent flexibility. 

3.12 Material and Methods  

Sequence data, alignment phylogeny, and ancestral sequence reconstruction. The reconstructed 

ancestral sequences used here are the same as those reported previously (69). Briefly, 177 amino 

acid sequences of hemoglobin and related paralogs were collected and aligned. The maximum 

likelihood (ML) phylogenetic tree was inferred using the AIC best-fit model, LG+G+F (156). 

The phylogeny was rooted using as outgroups neuroglobin and globin X, which are found in both 

deuterostomes and protostomes and diverged prior to the gene duplications that produced 

vertebrate myoglobin and the hemoglobin subunits. Ancestral sequence reconstruction was 

performed using the empirical Bayes method, given the alignment, ML phylogeny, ML branch 

lengths, and ML model parameters (11).   Reconstructed ancestors that were used in this study 
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have been deposited previously in GenBank (IDs MT079112, MT079113, MT079114, 

MT079115). 

For the set of historical mutations Central Cavity (CC), all sites at central cavity that were 

substituted between AncAB and AncB are changed to the derived state found in AncB; the 

mutations introduced are s85K, t142S, e146R, and r149H. The substitution q40W, refers to a 

single substitution that occurs on the branch leading to AncB that is sufficient to confer 

tetramerization on the ancestral background AncAB. Q40W+CC is the union of the single 

substitution q40W and the set Central Cavity.  

Recombinant protein expression  

Coding sequences for reconstructed ancestral proteins were optimized for expression in 

Escherichia coli using IDT Codon Optimization and synthesized de novo as gBlocks (IDT). 

Coding sequences were cloned by Gibson assembly into vector pLIC under control of a T7 

polymerase promoter (118). For co- expression of Ancα+Ancβ, a polycistronic operon was 

constructed under control of a T7 promoter and separated by a spacer containing a stop codon 

and ribosome binding site, as described in (119). 

JM109 (DE3) Esherichia coli cells (New England Biolabs) were heat-shock transformed and 

plated onto Luria broth (LB) containing 50 ug/mL carbenicillin. For the starter culture, a single 

colony was inoculated into 50 mL of LB with 1:1000 dilution of working- stock carbenicillin and 

grown overnight. 5 mL of the starter culture were inoculated into a larger 500-mL terrific broth 

(TB) mixture containing the appropriate antibiotic concentration. Cells were grown at 37° C and 

shaken at 225 rpm in an incubator until they reached an optical density at 600 nm of 0.6-0.8. 

For expression of single globin proteins, 100 uM of isopropyl-β-D-1- thiogalactopyranoside 

(IPTG) and 25 mg/500 mL of hemin were added to each culture. Expression of single proteins in 
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culture were done overnight at 22° C. Cells were collected by centrifugation at 4,000g and stored 

at -80° C until protein purification. Coexpressed proteins were induced using 500 mM IPTG 

expression with 25 mg/500 mL hemin for 4 hours at 37°C. Cells were collected by centrifugation 

at 4,000g, immediately followed by purification. 

Human hemoglobin was bought commercially (Sigma-Aldridge) and resuspended in PBS. 

Protein purification by ion exchange  

Purification of singly expressed ancestral hemoglobin proteins were done as previously 

described (65). All singly expressed proteins (all ancestral globins except Ancα+Ancβ) were 

purified using ion exchange chromatography, with variation in buffer pH. All buffers were 

vacuum filtered through a 0.2 μM PFTE membrane (Omnipore). After expression, cells were 

resuspended in 30 mL of 50 mM Tris-Base (pH 6.88). The resuspended cells were placed in a 10 

mL falcon tube and lysed using a FB505 sonicator (1s on/off for three cycles, each 1 minute). 

The lysate was saturated with CO, transferred to a 30 mL round bottom tube, and centrifuged at 

20,000g for 60 minutes to separate supernatant from non-soluble cell debris. The supernatant 

was collected and syringe-filtered using HPX Millex Durapore filters (Millipore) to further 

remove debris. A HiTrap SP cation exchange (GE) column was attached to an FPLC system 

(Biorad) and equilibrated in 50 mM Tris-Base (pH 6.88). The lysate was passed over the column. 

50 mL of 50 mM Trise-Base (pH 6.88) was run through the SP column to remove weakly bound 

non-target soluble products. Elution of bound ancestral Hbs was performed with 100-mL 

gradient of 50mM Tris-Base 1 M NaCl (pH 6.88) buffer which was run through the column from 

0% to 100%. For the construct AncABq40WCC, all buffer pH for purification were 6.47. 2 mL 

fractions were captured during the gradient process, all fractions containing red eluant were put 

into an Amicon ultra-15 tube and concentrated by centrifugation at 4,000g to a final volume of 1 
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mL. For additional purification, concentrated sample was injected into a HiPrep 16/60 Sephacryl 

S-100 HR size exclusion chromatography (SEC) column. The column was equilibrated in 

phosphate buffered saline (PBS) at pH 7.4. Purified ancestral globins elute at different volumes 

depending on the protein’s complex stoichiometry: 48-52 for tetramers, 56-60 for dimers, and 

65-67 for monomers. The purified proteins were concentrated as mentioned above and then flash 

frozen with liquid nitrogen. 

Protein purification by zinc affinity chromatography. Coexpressed proteins Ancα + Ancβ were 

purified using zinc-affinity chromatography, which was performed using a HisTrap metal 

affinity column (GE) on a Biorad NGC Quest. Nickle ions were stripped from the column (buffer 

100 mM EDTA, 100 mM NaCl, 20 mM TRIS, pH 8.0), followed by five column volumes of 

water. To attach zinc to the column, 0.1 M ZnSO4 was passed over until conductance was stable, 

approximately 5 column volumes, followed by five column volumes of water. After expression, 

cells were resuspended in a 50 mL lysis buffer (20 mM Tris, 150 mM Nacl, 10% glycerol (v/v), 

1mM BME, 0.05% Tween-20, and 1 Roche Protease EDTA-free inhibitor tablet, pH 7.40), 

sonicated as described above, and the lysate passed through the prepared column. To remove 

non-specifically bound protein, the column was washed with 50 mL of lysis buffer. Bound 

protein was then eluted across a gradient of imidazole concentrations (0 to 500 mM) in a total of 

100 mL elution buffer (20 mM Tris, 150 mM NaCl, 500 mM imidazole, 10% glycerol, and 1 

mM BME, pH 7.4). 1 mL fractions were collected. The fraction corresponding to the second 

peak of UV absorbance at 280 nm has a visible red color and was collected and concentrated as 

described above. The concentrated solution was injected into a Biorad ENrich 650 10 x 300 

columns for additional purification and eluted in PBS buffer. 

Oxygen affinity and allostery  
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Purified proteins were deoxygenated using 10 mg/mL sodium dithionite and immediately 

desalted via a PD-10 column (GE Healthcare) equilibrated with 25 mL of 10 mM HEPES, 0.5 

mM EDTA (pH 7.4). Eluted proteins were concentrated using Amicon Ultra-4 centrifugal filters 

(Millipore). 

Equilibrium oxygen-binding assays were conducted at 25°C using a Blood Oxygen Binding 

System (Loligo Systems) with 0.1 mM protein (heme concentration) dialyzed in 100 mM 

HEPES, 0.5 mM EDTA buffer. Protein solutions were sequentially equilibrated at 3–5 oxygen 

tensions (PO₂), achieving 30–70% saturation, while continuously monitoring absorbance at 430 

nm (deoxy peak) and 421 nm (oxy/deoxy isosbestic point). Fractional saturation was plotted 

against PO₂, and the Hill equation was fitted to each dataset using OriginPro 2016 to estimate P₅₀ 

(PO₂ at half-saturation) and the Hill coefficient (n₅₀, slope at half-saturation). Confidence 

intervals (95%) were calculated by multiplying the standard error of the mean from replicate 

experiments by 1.96. 

To assess potential allosteric regulation by organic phosphate effectors, assays were conducted 

under three conditions: without effectors (stripped), with 0.5 mM IHP, and with 0.5 mM ATP. 

Most experiments were performed with IHP due to its stronger allosteric effect compared to ATP 

and their qualitatively similar modulation of Hb-O₂ affinity (63, 133). Although IHP may not 

have been the physiological effector in ancestral organisms, it has been shown to allosterically 

regulate hemoglobins across major vertebrate lineages, whereas effectors such as 2,3-

bisphosphoglycerate (BPG), ATP, and GTP exhibit lineage-specific effects. Thus, IHP serves as 

a general polyanion for assessing the allosteric capacity of ancestral Hb, a well-established 

approach in hemoglobin studies (51, 69). 

Fluorescence emission scan 
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Purified proteins were deoxygenated with 10 µM sodium dithionite to remove oxidized 

hemoglobin, then desalted using a PD-10 column (Cytiva) equilibrated with PBS. If necessary, 

eluted proteins were concentrated using Amicon Ultra-15 filters prewashed with PBS. 

To evaluate conformational states as a function of oxygenation, proteins were aliquoted into two 

150 µL samples at 160 µM concentration. Buffer-only aliquots were prepared for fluorescence 

background correction. Oxygenated hemoglobin samples were verified by UV-Vis spectroscopy, 

confirming the characteristic double peak at 480 nm. Samples were transferred into a sealed sub-

micro quart fuorometer cell (Starna Cells, Inc.). Fluorescence scans were performed using a 

Fluorolog-3 (Horiba) with excitation at 280 nm and emission recorded from 307–500 nm in 1 nm 

increments. Slit widths for excitation and emission ranged from 4–7 nm. To mitigate inner-filter 

effects of hemoglobin, a front-facing mirror setup was used, an established approach for Hb 

fluorescence studies (157). 

For deoxygenated samples, an aliquot was incubated in a custom anaerobic chamber saturated 

with nitrogen for two hours, with periodic resuspension to facilitate oxygen exchange. At the 

time of measurement, the sample was transferred to the same sealed sub-micro quartz 

fluorometer cell used in oxygenation condition. Fluorescence scans were conducted immediately 

after chamber removal. 

Isothermal Calorimetry. 

Purified ancestral proteins were dialyzed overnight in ITC buffer (50 mM MES, 100 mM NaCl, 

pH 6.5). Protein concentrations were quantified post-dialysis and, if necessary, adjusted to 200 

µM using Amicon Ultra-15 filters. Ligand buffer was prepared by supplementing dialysate with 

1.5 mM IHP. All buffers and protein samples were degassed before ITC measurements. 
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ITC experiments were conducted using a MicroCal ITC 200 (GE). The sample cell and syringe 

were pre-cleaned with 10% Contrad overnight, followed by five 3-minute washes with methanol 

and deionized water, with air drying after the final rinse. Before loading, the sample cell was 

equilibrated with 300 µL degassed ITC buffer for five minutes and emptied using a 500 µL glass 

Hamilton syringe. The cell was then loaded with 250–300 µL of protein, ensuring the removal of 

air bubbles. The syringe was filled with 100 µL of ligand buffer. 

Experiments were performed with a reference power of 10 µcal/sec, using 20 injections: an 

initial 0.4 µL injection followed by 19 injections of 2.0 µL, each spaced 150 seconds apart to 

allow baseline stabilization. The syringe was rotated at 750 RPM. Data were analyzed using 

Origin 7.0 (OriginLab). 
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Chapter 4 

Rampant epistasis during the evolution of an allosteric transcription factor reveals shifting 

genetic basis 

4.1 Abstract 

Allostery requires multiple residues to work compatibly, enabling effector binding at one site to 

alter function at a distant site. Yet, the genetic mechanisms that underlie and relay allosteric 

regulation across protein families remain poorly understood. One way to dissect these 

mechanisms is by studying historical sequence drift: as allosteric proteins evolve, the residue 

changes they accumulate can reveal when and how new functional constraints arise. We 

experimentally reconstructed sequence evolution in the tetracycline repressor family by 

introducing individual historical substitutions across the evolutionary interval separating the 

allosteric protein TetR(B) and its closest paralog, TetR(D). We found extensive epistasis: 40% of 

the 107 historical substitutions in this interval disrupted allostery when introduced individually 

into at least one historical background. Among three tested historical intermediates, none shared 

a common set of inactivating mutations, indicating continuous turnover in the mutational effects 

across evolutionary time. These epistatic interactions are structurally diffuse and can span large 

distances—over 50 Å—within the protein structure. Further, we observed similar turnover across 

the broader Proteobacteria TetR clade, suggesting that epistasis is a rampant feature shaping 

allosteric evolution. Our results show that the shifting genetic architecture of allostery—driven 

by long-range, evolving epistatic interactions—helps explain why the genetic basis of allosteric 

regulation is difficult to describe across protein families. 
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4.2 Introduction  

Allostery, in which regulatory binding at a distal site modulates protein function and occurs 

through changes in the structural conformation in the proteins, or by adjusting residue 

interactions throughout the protein (43, 129, 131, 158-160). Sequence drift, where gradual 

sequence change occurs as the protein maintain their existing functions, explains how genetic 

diversity arises during history (161). How the physical and genetic architecture constrains 

sequence drift of an allosteric protein is not known.  

The evolution of allostery of particular interest because the ability to regulate function through 

distal binding would seem to require, in some cases, most of a protein to work (43, 62, 126, 129, 

131, 142, 143, 149, 155, 158, 162, 163). Significant progress in understanding the evolution of 

allosteric came by leveraging conservation in large protein alignments (164). In this, conserved 

pairwise interactions within allosteric proteins were uncovered, where mutations of these 

residues cause inactivation of allosteric regulation which can be rescued by mutations at nearby 

sites (43, 131, 158, 163). Yet other studies have shown that conservation need not exist within 

the alignment for residues to be important for allosteric regulation (165). So, exactly which 

residues define the evolutionary paths that allosteric proteins remain unknown.  

But what if the residues and positions that define allostery within a protein change throughout 

history?  Evidence suggests that this is true for even the most mutationally constrained residues 

in allosteric proteins. A recent study performed a saturating mutagenesis on the allosteric 

transcriptional repressor E. coli tetracycline repressor-B (E.c. TetR(B)) and found allosteric 

inactivating residues span the whole protein (165). Positions within TetR(B) were highly-

allosterically constrained residues - where any residue mutation will inactivate allosteric 
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regulation. These high constrained residues were not conserved in large sequence alignments, 

suggesting that epistasis has alter the functional effect of residues and allowed for substitutions 

to replace those sites. Yet, how often epistasis changes the allosteric effect of residues, whether 

previously inactivating residues are substituted, and the mechanisms by which changes in 

function occurred remain unknown.   

Here, we use TetR and ancestral sequence reconstruction to reconstruct the history of the TetR 

family and study evolutionary drift of allosteric regulation. The tetracycline repressor protein 

(TetR) family provides an excellent model system for studying the impact of epistasis on 

allostery. TetR’s primary function is to repress gene activity by binding to a palindromic 

sequence upstream of a gene; upon binding to its effector, tetracycline, TetR allosterically 

unbinds, allowing transcription (71). Ancestral sequence reconstruct can leverage the natural 

history of the protein to establish directionality in sequence changes that occurred throughout 

history, allowing us to study how sequence drift affects mutational paths that could be taken 

during evolution (3, 4).  By leveraging the previously published mutagenesis dataset, 

phylogenetic analysis, and high-throughput experiments, we aim to determine how the sequence 

architecture constrains drift in an allosteric protein. 

4.3 Historical trajectory of TetR protein 

To characterize sequence drift of allosteric protein, we inferred the maximum likelihood 

phylogeny of TetR(B) and its paralog, TetR(D), within enterobacteriales, rooting with 

betaproteobacteria as an outgroup (Figure 4.1A). We used ancestral sequence reconstruction to 

infer the last common ancestor of E.c. TetR(B) and E.c. TetR(D) proteins (AncBD), along with 

the last common ancestors of the TetR(B) (AncB) and TetR(D) (AncD) clades respectively. We 
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identified substitutions as differences between the most probably reconstructions between 

ancestral and descendent nodes. 

Along this entire trajectory, there have been a total of 107 substitutions at 40 sites across the 

entire protein. Most of the sites are high confidence, and every ancestral protein has a mean 

posterior probability across all sites of >0.89 (Fig. A3.1).  Notably, the aLRT score of AncBD is 

low, which suggest that an alternative topology is also likely but will most likely not affect the 

overall conclusions (Fig. A3.2).  

4.4 Ancestral TetR proteins have retained allosteric ability despite containing known 

deactivating amino acids  

To understand whether known allosterically inactivating amino acids have occurred during 

history, we compared the amino acids of AncBD, AncB, AncD, and Ec-TetR(D) with the 

previous deep mutational scan of Ec-TetR(B). Across all proteins of interest, we identified up to 

13 mutations that, when introduced individually into Ec-TetR(B), disrupt the protein's allosteric 

response to tetracycline (Fig. 4.1B) (165). 

We were interested in whether AncBD, AncB, AncD, and TetR(D) were able to respond 

allosterically to tetracycline despite containing allosteric inactivating states. To do so, we created 

isogenic E. coli reporter strains that allow us to measure the allosteric ability of TetR using a 

plate reader (74). Each strain contains two plasmids: one expresses the TetR protein of interest, 

and the other contains GFP under the control of a promoter the contains a putative TetR binding 

elements. When the protein is expressed, GFP fluorescence is repressed presumably because the 

TetR protein is bound to binding element and preventing transcription. The addition of 

tetracycline to solution will cause depression of TetR and higher expression of GFP. The 
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allosteric response, then, the change in fluorescence in the absence and presence of ligand 

(Figure 4.1C).   

We measured the allosteric response of AncBD, AncB, AncD, E.c TetR(D), and E.c. TetR(B). 

All proteins showed low normalized GFP fluorescence in the absence of tetracycline, indicating 

repression of the reporter gene. In the presence of tetracycline, all proteins increased their GFP 

fluorescence indicating de-repression of upstream element binding (Figure 4.1D). These results 

show that all proteins, even if they contain known inactivating residues, are allosteric.  

We quantify the strength of binding as the relative change in GFP fluorescence in Tet (-) and Tet 

(+) conditions. E.c. TetR(B) has the strongest allosteric response, with a fold change of ~70. The 

lowest allosteric response is E.c. TetR(D) with a fold difference of 10. All ancestral proteins 

have an allosteric response between these two extant proteins: AncBD is 15, AncB is 35, and 

AncD is 20-fold (Figure 4.1D). Proteins that contain allosteric inactivating residues have similar 

strength of binding.  

Together, AncBD, AncB, AncD, and E.c. TetR(D) are allosteric, despite containing known 

allosterically inactivating resides. These results show that the epistatic effects are constant 

throughout the phylogeny.  
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Figure 4.1 The evolutionary history of TetR(B) and TetR(D). (A) Phylogeny of TetR(B) and 
TetR(D) family. Circles are reconstructed ancestral proteins. Scale bar, substitutions per site. (B) 
simplified phylogeny of E. coli TetR(B), E. coli TetR(D), the ancestors of each clade, and the 
last common ancestor of all TetR(B) and TetR(D) proteins. Black numbers, pairwise difference 
in amino acid composition relative to E. coli TetR(B). Red numbers are the number of amino 
acids within each protein that were identified as allosteric breaking states in the E. coli TetR(B) 
DMS. (C) The molecular mechanism of TetR repression in fluorescence experiments. Left: TetR 
bound to promoter repression transcription of GFP reporter in the absence of allosteric effect, 
tetracycline. Ovals represent protein, black bar is promoter and gene represented by line. Right: 
TetR binds to tetracycline, derepressing and allowing for transcription of GFP. Stars represent 
tetracycline and squiggly line is GFP transcripts. Ovals, black bar, and line is same as mentioned 
above. (D) Fluorescence of extant TetR and ancestors in the presence and absence of 
tetracycline. Error bars represent standard error of mean, n = 3.  
 
4.5 Continuous turnover in allosteric function during history  

While it is clear that epistasis has shaped the effects of allosterically inactivating substitutions 

over time, the extent to which turnover in allosteric function occurred during the evolution of 

TetR sequences remains unknown. 

Figure 1. Flourescence validation of ancestral proteins
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One way to address this question is to study sequence drift by introducing historical substitutions 

on different TetR backgrounds. This approach leverages the fact that each substitution must have 

been tolerated the time that they occurred, and epistasis must have changed the effects of 

residues that are deleterious. We generated libraries of AncBD and AncB variants, each 

containing one of 107 individual substitutions that occurred across two trajectories: AncBD to 

E.c. TetR(B) and AncBD to E.c TetR(D) (Figure 4.2A).  We also leverage the previous dataset 

on E.c. TetR(B), where all 107 variants have already been quantified (165). Because each 

ancestor harbors have different amino acid sequences, the resulting libraries include unique 

subsets of variants, which consistent of substitutions that happened on a subsequence branch or 

reversions to ancestral amino acid states (Figure 4.2A).  

We used fluorescence-activated cell sorting (FACS) coupled with deep sequencing to evaluate 

the effects of each variant on allostery by analyzing the inactive populations under tetracycline-

bound (Tet+) and tetracycline-free (Tet–) conditions (Fig. 4.2B). Both libraries achieved full 

coverage, with highly reproducible results across two replicates (R² > 75% for both conditions; 

Fig. 4.2B & C). To quantify allosteric inactivation for each single mutation, we calculated an 

enrichment score by comparing the ratio of reads in the inactive bin of the Tet(+) sort to the 

inactive bin of the Tet(–) sort, normalized to the ancestral wild-type protein. A positive 

enrichment score indicates a substitution that disrupts allostery, and we defined allosterically 

inactivating residues as those with enrichment scores deviating by at least one standard deviation 

from the wild type, representing a significant shift toward allosteric inactivation (Fig. 4.2D). 

What fraction of the substitutions that occurred at some point break allosteric regulation when 

introduced into the backgrounds of AncBD, AncB, and E. coli TetR(B)? For AncBD, we find 

that 20 of the 107 total variants within the library are allosterically inactive (Fig 4.2E). For 
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AncB, only 11 of the 107 total variants within the library are allosterically inactive (Fig 4.2F). 

For the previously published E. coli TetR(B) dataset, we find that 22 of the 107 total variants are 

deleterious to allostery (Table A3.1). When we compare all deleterious variants across all 

backgrounds, we find that over 45% of amino acid states were allosterically inactivating at some 

point (Figure 4.2G). In contrast, only 1 mutant has been deleterious for DNA binding during this 

historical interval, or 0.009% of the entire library. Given our results, albeit a small sample size of 

all possible mutants, the likelihood of an epistatic interaction occurring on allosteric function is 

x5000 greater than epistatic interactions that occur on DNA binding during history.  

 

Figure 4.2. Single-mutant library of substitutions across two backgrounds. (A) Left: 
Simplified phylogeny of TetR phylogeny. Substitutions are numbers on branches that represent 
the number of amino acid residue changes that occur between ancestor and descendent proteins.  
Icons: square represent substitutions that occurred between AncBD and AncB, triangle were 
substitutions that occurred between AncB and E.c. TetR(B), hexagon were substitutions between 
AncBD and AncD, and diamond were substitutions between AncD and E.c. TetR(D). Right: For 
AncBD and AncB, a library containing all possible substitutions that occurred across this 
historical interval were created using denovo syntethsized genes. (B) Hypothetical distribution of 
TetR protein libraries in the presence and absence of tetraclycline. The low-GFP expressing bins 

Figure 2. Broad patterns of functional turnover in mutations 
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were sequence in both conditions to estimate enrichment relative to WT-protein. (C) Scatter plot 
showing the correlation between enrichment values across two biological replicates in AncBD. 
Grey points represent single mutant variants. Red dashed line is the x=y intersect. (D) 
Distribution of the average enrichment score for AncBD. Red dashed line is one standard 
deviation away from mean. Red bars are variants that are one standard deviation away from the 
mean in the positive direction, which are classified as allosterically inactivated protein variants. 
(E) Scatter plot showing correlation between enrichment values across two biological replicates 
in AncB. Grey points and red dashed line are same as mentioned above. (F) Distribution of 
average enrichment scores for AncB. Dashed line and red bars are same as mentioned above.  
(G) Stacked bar plot of percent amino acid states that are deleterious for DNA binding or 
allostery across the historical interval from AncBD to E.c. TetR(B). (H) Stacked bar plot of 
percent sites that are deleterious for DNA binding or allostery across the historical interval from 
AncBD to E.c. TetR(B).  
 
4.6 Epistatic interactions shaped the history of TetR allostery  

Does each library contain its own set of allosterically inactivating residues? Are residues whose 

functions have changed being biased to certain evolutionary outcomes or are they nearly equal in 

their direction? We compared shared allosteric inactivating variants in each library to see how 

these residues are conserved across multiple proteins. Across all three libraries, there are no 

shared allosterically inactivating mutations (Fig 4.3A). When comparing between pairs of 

libraries, there are some shared allosteric inactivating residues. Between AncBD and AncB, the 

number of shared were 2 and between AncBD and E. coli TetR(B) there was one variant. There 

were no shared vairants between AncB and E. coli TetR(B). Together, these results show that 

epistasis has changed most mutational effects of allosteric inactivating residues across each 

branch.  

Epistatic interactions can alter a mutation’s effect on allostery, making it either permitted or 

restricted. A permitted residue is one that was ancestrally deleterious but became functionally 

tolerated because of a substitution (Fig. 3B). Conversely, a restricted residue was ancestrally 

neutral for allosteric function but became deleterious following a substitution (Fig. 4.3C). 

Mapping the quantity of each category on each branch will reveal how many permitting or 
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restricting mutational pathways changed in the historical interval between AncBD and E.c. 

TetR(B).  

We identified all permitted and restricted residues on the branches from AncBD to E.c. TetR(B). 

For the entire historical trajectory, we found 22 permitted residues and 29 restricted residues. On 

the branch between AncBD and AncB, there were 13 permitted residues and 8 restricted residues 

(Figure 4.3D). On the subsequent branch, between AncB and E.c. TetR(B), we found 9 permitted 

and 21 restricted residues. Together, these results show that quantity of permitted and restricted 

evolutionary paths is relatively equal across the entire trajectory between AncBD and E.c. 

TetR(B), but that they fluctuate in their direction on per-branch time scales.  

What kinds of temporal relationships exist between epistatic changes in residue function and the 

timing of substitutions during evolution? These relationships can take several forms. In some 

cases, the relationship is immediate, where the epistatic change and the substitution occur on the 

same evolutionary branch. In other cases, the relationship is subsequent, where the epistatic 

change occurs on an ancestral branch prior to the substitution. Each of these scenarios provides 

different insights into how directly epistasis has influenced allosteric function in TetR proteins. 

We find evidence for both types of relationships. For immediate interactions between epistatic 

changes and substitutions affecting allosteric regulation, we identified six substitutions along the 

branch from AncBD to AncB—three of which were permitted and three restricted (Figure 4.3D). 

Along the subsequent branch from AncB to E. coli TetR(B), we observed one permitted 

substitution. Additionally, we found an example of a subsequent relationship in which a residue 

that was permissive on the AncBD-to-AncB branch later became a substitution on the following 

branch. These findings demonstrate that epistatic changes influencing allosteric function have 

directly shaped the trajectory of substitutions during TetR evolution. 
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In total, we identified 51 instances in which the effect of a residue on allosteric function changed 

across the evolutionary interval between AncBD and E. coli TetR(B). These changes include 

both permissive and restrictive epistatic interactions, with a slightly higher number of restricted 

paths. Notably, these interactions directly influenced the evolutionary trajectory of TetR 

allostery: for 8 substitutions, the allosteric effect of a residue changed either prior to or at the 

point of substitution, enabling the mutation or preventing reversion to its ancestral state. 

Together, these results demonstrate that epistatic interactions have shaped the mutational paths 

available to TetR allostery throughout its evolutionary history. 

 

 

Figure 4.3. Permitted and restricted residues change across branches. (A) Venn diagram of 
allosterically inactivating residues across each TetR background studied. Numbers in 
overlapping portions of each circle represent shared residues that are deleterious for allosteric 
regulation. (B) Substitutions can permit residue changes by making ancestrally deleterious 
residues functionally neutral. Orange bar are substitutions. Green circle is a residue change 
whose functional effect were ancestrally deleterious prior to substitution. Black circles represent 
ancestral and derived proteins in a specified historical interval. (C) Substitutions can restrict 
residue reversions by making reversions to ancestral states allosterically deleterious. Red star 
represents a restricted reversion. Orange bar and black circle are same as mentioned previously. 
(D) All restricted reversions and permitted residue changes that occurred at each interval 
between AncBD and E.c. TetR(B). Orange bar, green circle, and red stars are same as mentioned 
previously.  
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4.7 Delocalized residue interaction underlying substitutions during TetR evolution 

We were interested in understanding the types of epistasis that facilitate the turnover in sequence 

to allosteric regulation. To do so, we wanted to identify potential epistatic interactions between 

substitutions that occurred during history and then functionally these relationships.  

How can we identify epistatic interactions between substitutions? We hypothesize that 

permissive substitutions and restricted reversions reflect underlying epistatic relationships. A 

substitution becomes restricted when its reversion is no longer tolerated, suggesting that other 

substitutions have become dependent on its presence to maintain allosteric function. Conversely, 

a substitution is permissive when its initially deleterious effect is tolerated due to compensatory 

changes elsewhere in the protein. Together, a restricted reversion may alter the functional effect 

of a deleterious mutation to permit a substitution.  

We tested this hypothesis by examining the allosteric effects of three permitted substitutions and 

three restricted reversions that occurred on the evolutionary branch between AncBD and AncB 

(Figure 4.4A). To do this, we constructed a combinatorial library containing all possible 

combinations of these six mutations on the AncBD backgrounds. We picked isogenic variant and 

introduced them into E. coli, measuring allosteric response with a reporter strain that contains a 

GFP reporter gene under the control of a tetracycline-responsive promoter. This system allowed 

us to assess the functional consequences of each mutation by measuring GFP fluorescence in the 

presence and absence of tetracycline, providing a direct readout of each variant's ability to 

mediate transcriptional repression in response to effector binding. 

Our mutational screen found an interaction between the residue substitution k205N, which 

permits the substitution e7S. The substitution e7S decreases allosteric activation significantly, 

near 0 for fold change difference, and k205N also decreases allosteric activation (Figure 4.4B). 
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The predicted fold change in allosteric regulation would be below 0, resulting in complete 

allosteric inactivation. However, the double mutant returns allosteric activation back to that of 

AncBD making the combined effects of these substitutions effectively neutral. The difference in 

precited and observed effects on allosteric regulation are 33-fold (Figure 4.4B).  

We wondered where on the structures these mutations were occurring and if they are physically 

interacting with each other. Surprisingly, these substitutions span the entire protein: 7S in the 

DNA-binding domain and 205N in the ligand binding domain (Figure 4.4C). The measured 

distance between these two residue positions is 53.8 angstroms, which close to the largest 

possible position difference within TetR, 66 angstroms. Epistatic interactions within an allosteric 

protein can span nearly the whole structure.  

 

Figure 4.4 Epistatic interactions between historical substitutions in TetR history. (A) 
Restricted reversions and permitted changes of substitutions that occurred during the historical 
interval between AncBD and AncB. Residue positions and identity that are permitted 
substitutions are green circles. Red stars are restricted reversions. (B) Effect of no, single, and 
double substitutions for the substitutions k205N and e7S on the background of AncBD. Fold-
change in fluorescence is the allosteric effect. (C) Structural position of 205N and 7S. Spheres 
are the sidechain for each residue, helices are TetR structure. Red atoms are oxygens.  
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4.8 Rampant epistasis leads to broader samples of allosteric residues across the entire 

proteobacter clade 

To assess whether our findings hold across broader evolutionary timescales, we inferred a 

maximum likelihood phylogeny of the TetR family, incorporating members spanning the entire 

Proteobacteria clade, with Cyanobacteria as an outgroup (Fig 4.5A). 

To examine how patterns of evolution have shifted across this bacterial phylogeny, we compiled 

a dataset of all amino acid substitutions that inactivate allostery—either from our single-mutant 

libraries or a previously published deep mutational scanning (DMS) dataset. We then mapped the 

occurrence of these residues throughout the phylogeny. Our analysis reveals that allosterically 

inactivating residues are widespread among TetR sequences. On average, a given TetR sequence 

contains more than 14 amino acids that inactivate allostery in at least one of our mutant libraries 

(Fig 4.5B). In contrast, these sequences contain, on average, only two amino acid substitutions 

that disrupt DNA binding or folding. In total, 200 out of 500 possible allosterically inactivating 

residues are sampled across this phylogeny, compared to only 10 out of 72 possible residues 

known to disrupt DNA binding (Fig 4.5C). 

Together, these results demonstrate that our findings generalize across the TetR phylogeny. 

Allosterically inactivating residues are frequently sampled throughout evolutionary history and 

have likely altered their effects on allostery through epistatic interactions with other residues. 

 

Figure 5. Evolutionary pattern hold in larger phylogeny 
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Figure 4.5. Epistatic is rampant across TetR family across proteobacteria. (A) Simplified 
phylogeny of the entire proteobacteria clade with cyanobacteria as the closest outgroup. (B) The 
average number of function disrupting states across all ancestors across all proteobacteria TetR 
genes. (C) The percent amino acid that appear across proteobacteria whose functions have been 
described previously.  
 
 
Discussion  

4.9 Genetic mechanisms in allosteric proteins altered via epistatic interactions 

Our results show that the underlying genetic effect of residues within an allosteric protein change 

during history.  

In this study, we utilized sequence drift in during evolutionary history to understand when and 

how particular residues are allowed in an allosteric protein (49). Our results show that even 

through the accumulate of one residue, the epistasis already states to arise in sites that are not 

linked structurally, leading to new paths for evolution within allosteric regulation. Our results 

suggest that underlying residues and positions within allosteric protein will change over time, 

incorporating different residues into the mechanisms by which allostery occurs.  

If the underlying genetic mechanism within allostery changes, then why look at site specific 

changes during the allosteric transition of the protein? We believe that there is a lot that has been 

learned using these approaches, like understanding the very nature of the theoretical and physical 

mechanisms of allosteric transitions (62, 166). Understanding allosteric regulation within a 

particular protein using genetic changes to map out the allosteric pathways within proteins too 

has yield deep insights into the mechanisms (41, 43, 52, 71, 167). However, our results suggest 

that site-specific studies within single proteins may not capture the diversity of genetic 

mechanisms by which allostery occurs across protein families.  

If the genetic and structural basis of allostery can change over evolutionary time, then 

understanding how this regulation arises and diversifies requires a broader comparative 
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framework. Rather than focusing solely on individual sites in a single protein, we propose that 

measuring allosteric regulation across all homologous proteins within a gene family, and 

correlating variation in function with patterns of sequence divergence, may reveal which residues 

or structural features are responsible for altering these regulatory mechanisms. This comparative 

approach can help identify generalizable principles of allostery and describe how constrained its 

evolutionary pathways are. 

4.10 Sensitivity to epistasis arises because of complexity in allosteric systems   

Our results show that allostery is sensitive to epistasis. We believe that this arises because of the 

complexity of allosteric systems. In addition to folding and performing their primary function, 

proteins must satisfy multiple conditions for allostery to occur: the protein must be able to exists 

in multiple conformational states that are functionally distinct, bind to an effector, and couple 

effector binding with shifts in functional conformations (126). Epistatic interaction between 

residues can thus arise within any of these conditions.   

The complexity within allosteric regulation and the apparent changes in accessible paths during 

sequence drift would make the paths taken more idiosyncratic during history for particular 

lineages. Because epistatic interactions may arise from or between different interacting parts that 

make up an allosteric system, there will be a lot of epistasis as mutations accumulate. Between 

even closely related homologs, the set of mutational paths available for gaining, losing, or 

modifying allostery could differ substantially. This implies that each allosteric protein may have 

a distinct sequence space landscape, shaped by its unique history. 

4.10 Residue interaction sensitivity can lead to drift through previously inaccessible areas 

of sequence space  
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If allostery is sensitive to epistasis, then how did TetR explore larger areas of previously 

inaccessible sequence space relative to DNA binding? We believe that allostery explored more 

areas of sequence space because of the larger number of residue positions that are involved in 

allostery. On average, about 20% of protein residues are involved in allosteric transitions (168).  

Within TetR, which seems to involve large spans of the protein structure, it maybe be larger 

because previous studies have shown that so much of the protein can inactivate allostery (165). 

When a mutation inactivates allosteric regulation mutations across the entire protein can 

compensate for its effect and rescue allostery (169). In contrast, DNA binding is defined by a 

smaller number of residue positions, which constrains the number of possible epistatic solution 

when a deleterious mutation appears at one of these sites (15).  

This suggests that the sensitivity of allosteric regulation to epistatic interactions depends on the 

number of residues involved in the mechanism. As more residues contribute to allostery, the 

system becomes more likely to have epistatic interactions between residues, simply because 

there are more opportunities for mutations to disrupt or compensate function. Conversely, if 

allosteric regulation depends on only a few key residues, we expect it to be less sensitive to 

epistatic interactions, as fewer mutational combinations are required to maintain or alter 

function. 

4.11 Future directions 

Further work will have to be done to understand the quantity and mechanisms of these epistatic 

interactions within a protein.  Here we describe that within the smaller evolutionary time scales, 

and amongst substitutions that are taken during history, epistatic interactions are rampant. 

However, it is unclear whether these epistatic shifts are caused by a small number of large effect 

mutations or if they are an accumulation of smaller effects that occur during history. 
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Understanding the effect of all mutations during history will let us understand the tempo of 

epistatic effects across time (18, 161).  

Another way to gain insight into the nature of allosteric epistasis is by considering how epistatic 

relationships are structured by thermodynamic constraints. Allosteric proteins must satisfy 

multiple thermodynamic requirements: they must fold into stable structures, bind to effectors, 

and undergo functionally meaningful conformational changes. Epistasis may emerge from the 

interplay between mutations that affect one or more of these thermodynamic properties. For 

instance, some mutations might only become accessible after earlier substitutions shift the 

energetic balance of the system. 

It’s also important to emphasize that our study samples only a small portion of the total 

genotype-phenotype landscape. Whether the patterns we observe generalize to higher-order 

interactions, and how frequent or consequential these interactions are across a protein’s 

evolutionary history, remain open and critical questions. Identifying the extent and structure of 

these epistatic interactions will be key to understanding how accessible allosteric traits are during 

evolution. 

4.12 Methods  

Single-mutant library construction  

We built wild-type expression plasmids for AncB and AncBD backgrounds, which were used as 

template for library construction. We obtained the AncB and AncBD genes by commercial DNA 

synthesis (Twist Bioscience) and used Gibson assembly to clone each into a low-copy plasmid 

backbone (pSC101 origin) carrying resistance to spectinomycin. The ancestral TetR genes are 

driven by the strong constitutive promoter apFAB61. All primers used here and elsewhere were 

synthesized by IDT. 
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Library construction for both AncB and AncBD backgrounds was performed as follows. 

Oligonucleotides encoding each variant were synthesized by Twist Bioscience. Due to DNA 

synthesis length limitations, oligonucleotides were organized into two sub-libraries: Variants 

between residues 2-93, and those between residues 107-205. Within each synthesized 

oligonucleotide, the TetR variant sequence was flanked by 20-25bp constant regions homologous 

with the destination plasmid. 

For each sub-library, a “backbone” fragment was amplified from the wild-type expression 

plasmid and digested with DpnI (NEB). Variant oligonucleotides were resuspended in dH2O, 

quantified, and pooled with equimolar ratios. Libraries were assembled using Gibson assembly at 

50C for 1 hour using 200ng of total DNA with a 1:2 molar ratio of backbone to insert.  

After assembly, the Gibson reaction was dialyzed for 1 hour with water on silica membranes 

(0.025um pores) before transforming 3uL dialyzed Gibson assembly into 25uL electrocompetent 

DH10B E. coli. After a 1-hour recovery in SOC medium at 37C, cells were spread on LB agar 

plates with 100ug/mL spectinomycin to assess transformation efficiency and diluted into fresh 

liquid culture for overnight growth. After confirming that transformation efficiency was 

sufficiently high, libraries were miniprepped and stored at -20C. 

50ng of each library was transformed into 25uL electrocompetent E. coli harboring a reporter 

plasmid. The reporter plasmid was modified from pJ251-Gerc (Addgene.org plasmid #47441), 

expressing superfolder GFP under control of the TetR-inducible pLtetO promoter on a pColE1 

backbone with kanamycin resistance. After a 1-hour recovery in SOC medium at 37C, cells were 

spread on LB agar plates with 100ug/mL spectinomycin and 50ug/mL kanamycin to assess 

transformation efficiency and diluted into fresh liquid culture for overnight growth. After 

confirming that transformation efficiency was sufficiently high, culture was miniprepped (Zymo 
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Research) and mixed 1:1 with 50% glycerol and stocked at -80C. Deep sequencing was used to 

confirm that the pre-selection library contained all expected variants and had minimal skew. All 

subsequent steps involving single-mutant libraries are performed for each sub-library in parallel. 

Fluorescence measurements  

Multiple colonies were picked from agar plates, inoculated into LB medium containing 

100ug/mL spectinomycin and 50ug/mL kanamycin in 96-well plates, and grown overnight at 

37C with shaking at 700rpm. These starter cultures were diluted 1:50 into fresh media and 

continued to grow with shaking at 37C. After 1 hour of growth, a final concentration of 1uM 

anhydrotetracycline or vehicle (dH2O) was added and allowed to incubate and induce for 3-4 

hours before measuring OD-normalized GFP fluorescence in 96-well plates. Fluorescence was 

measured using a multi-well platereader (HTX Biotek) with excitation and emission wavelengths 

of 485nm and 528nm. Fluorescence intensity was normalized to OD600nm and background-

subtracted (fluorescence of cells carrying no GFP). 

Fluorescence-activated cell sorting  

In duplicate, about 25uL of single-mutant libraries in DH10B E. coli with reporter plasmid was 

used to inoculate 5mL LB with 100ug/mL spectinomycin and 50ug/mL kanamycin and grown 

overnight. The following morning, starter cultures were diluted in duplicate 1:50 into fresh 

media with antibiotic selection and allowed to grow at 37C with shaking (250rpm) for 1 hour 

before addition of 1uM anhydrotetracycline or vehicle (dH2O). Growth continued until OD600 

reached ~0.7 (about 4 hours) before placing on ice. 

Chilled cultures were diluted 1:50 in ice-cold phosphate-buffered saline (PBS) and sorted with a 

Sony MA900 cell sorter (Sony Biotech) to enrich allosterically inactive variants (no fluorescence 

upon anhydrotetracycline induction). Briefly, uninduced cells were flowed first to ascertain the 
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level of fluorescence in the absence of induction. Then, the induced culture was flowed, and 

about 25k events from the bottom 2-3% of the GFP fluorescence distribution were sorted directly 

into fresh PBS (after gating for live cells and singlets). This sample was re-flowed to confirm 

sufficient purity, then at least 50k events from the bottom 2-3% of the fluorescence distribution 

were sorted directly into 1mL of SOC medium. This process was repeated for two independent 

replicates of each sub-library for AncB and AncBD single-mutant libraries. 

SOC media containing sorted populations of libraries was added to fresh LB media with 

appropriate antibiotics and grown overnight at 37C with shaking. Sorted libraries were 

miniprepped and stored at -20C until ready for sequencing. 

The AncBD single-mutant library contained a subpopulation of cells which allowed expression 

of GFP in the absence of induction. Therefore, as an initial preparatory step, we sorted the 

repression-competent variants from an uninduced AncBD single-mutant library with the same 

settings and procedure as above. This repression-competent version of the library was used as 

input for the induced sorts. 

Deep sequencing  

For both replicates of pre-selection and sorted libraries, the variable region of the TetR gene was 

amplified by PCR using primers that attach Illumina sequencing primer binding sites. This PCR 

used 1ng of template with a total of 12 PCR cycles. After purifying PCR product, a second PCR 

was performed to attach i5 and i7 indexes and P5 and P7 sequences. The second PCR used 10ng 

template with a total of 8 PCR cycles. The minimum number of cycles necessary to obtain 

enough DNA was used in both PCR steps to minimize PCR bias and template switching. 

After confirming fragment size and purity by gel electrophoresis and measuring DNA 

concentration with a Qubit fluorimeter, libraries were pooled and prepared for sequencing on the 
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Illumina NextSeq 1000 using a 750pM library concentration and 5-15% PhiX spike-in to account 

for low base diversity.  

Calculation of enrichment scores  

Raw Fastq files were retrieved from the NextSeq 1000 and processed using compute resources at 

the UW Madison biochemistry department. First, paired-end reads were merged using PEAR 

with a minimum overlap of 10bp. Merged reads were filtered for quality, requiring all bases in 

each read have a Phred score of at least Q20 and at least 95% of bases have a Phred score of at 

least Q30. 

Merged reads passing all quality filters were analyzed using a custom python script that 

computes functional scores. Functional scores are calculated using a wild-type normalized log 

ratio of pre- to post-selection counts, based on that used in Enrich2 software: F = ln((countsvar, 

selected + pseudocount)/countsWT, selected) - ln((countsvar, unselected + pseudocount)/countsWT, unselected).  

A pseudocount of 0.01 was used to allow calculation of scores for variants containing zero post-

selection observations. Standard error for each score was calculated based on the method used in 

Enrich2: SE = sqrt((1/(countsvar, unselected + pseudocount)) + (1/(countsWT, unselected + pseudocount)) 

+ (1/(countsvar, selected + pseudocount)) + (1/(countsWT, selected + pseudocount))). Functional scores 

and standard errors were calculated for each replicate selection separately, then merged using a 

robust maximum likelihood estimator as in Enrich2 using 100 iterations. 

Combinatorial library screen  

To reduce uncertainty, we performed the combinatorial library screen using clonal fluorescence 

measurements. Each library was spread on LB agar plates containing 100ug/mL spectinomycin 

and 50ug/mL kanamycin. 288 colonies were picked from each library and used to inoculate 

150uL LB with appropriate antibiotics in 96-well plates, then grown overnight at 37C with 
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shaking (700rpm). The next morning, cultures were diluted 1:50 into fresh media in duplicate. 

One replicate was grown for 1 hour, then induced with 1uM anhydrotetracycline. Fluorescence 

was measured for induced and uninduced plates after 4 hours of incubation and fold-induction 

was calculated after appropriate normalization (see “Fluorescence measurements” methods).  

Deep sequencing was used to identify the variant expressed in each well of the fluorescence 

experiment. In a plate format, 1uL of starter culture was used as template for PCRs to amplify 

the TetR gene and flanking barcodes and attach Illumina adapters. A second PCR appended i5 

and i7 indexes and P5 and P7 sequences, using unique indexes for each plate row and column, 

such that sequencing reads from each plate well could be identified by their combination of i5 

and i7 indexes. PCR product was pooled and purified, quality checked by gel electrophoresis, 

and fluorometrically quantified before sequencing on the NextSeq 1000.  

After quality filtering as previously described, sequencing data was grouped by i5/i7 

combination and barcodes were extracted to identify which variant was expressed in each well of 

the plate. This information was mapped back to the fluorescence induction screen to determine 

the inducibility of each variant.  

  



 104 

Chapter 5 

 Conclusions 

5.1 Simplicity in the origination of new molecular phenotypes  

This thesis shows that the genetic mechanisms by which multiple ubiquitous proteins features 

arose during evolution was simple. By using hemoglobin as a model system, we have been able 

to pinpoint the exact residue changes that caused the emergence of three features: gain of new 

interface, specificity between paralogs, and allosteric regulation. These features arose through 

surprisingly few genetic changes, which became evident only when the substitutions were 

examined in their structural and biochemical context. These features are common in other 

proteins, suggesting that the evolution of new interfaces, specificity, or allostery may arise 

through similarly simple mechanisms.  

5.2 Implications for novel molecular complexes  

In acquiring a new interface, hemoglobin required only a single substitution to go from an 

ancestral dimer to a homotetramer. Acquiring this interface was aided by the preexisting dimeric 

structure that emerged prior in history. This dimer was symmetric, with each subunit oriented 

identically within the complex. Upon substitution of a bulky tryptophan, the residue appears 

multiple times, providing enough energy to allow for assembly into the tetramer.  Symmetry 

facilitated the emergence of a new interface by multiplying the effect of a large bulky 

hydrophobic change.  

These results have implications for the evolution of natural complexes. Many protein complexes 

display symmetry (75). This is thought to have occurred because of selection for these types of 

structures, which may allow for elaboration of new functions or types of regulation (106, 107). 

Instead, our work suggests that symmetry arise because of an intrinsic propensity for multiplying 
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the energetic effects of mutations. It would be impossible for selection to have built the 

hemoglobin structure over time, because a single substitution was sufficient for the emergence of 

tetramer. Other studies have found large structural transitions through single substitution which 

are facilited via symmetry, suggesting that these mechanisms may be a common route for the 

evolution of complexes (117).  

5.2 Implications for specificity in complexes 

We identified the mechanisms that lead to the hetero-specific assembly of the alpha and beta 

subunit within the heterotetramer in Hb. Within one of the two interfaces in the Hb tetramer, a 

single deletion in the alpha subunit led to the evolution of specificity after gene duplication. 

Here, we also find that symmetry facilitated the evolution of specificity between α and β subunits 

in hemoglobin. Because a single substitution in a homodimer appears twice, but only once in the 

heterodimer—and not at all in the alternate homodimer—its effect on binding affinity differs 

across subunit assemblies. This asymmetry in functional impact enabled the evolution of 

paralog-specific interactions. 

These results have implications on the emergence of heterospecificity between sister proteins 

after gene duplication. Proteins after duplication often evolve specificity for heteromers and 

people have wondered whether this occurs neutrally (84, 93). Our work suggests that both 

genetic and thermodynamic factors may bias protein evolution toward the formation of 

heteromers. First, following the duplication of an ancestral homomer, heteromeric assemblies are 

statistically favored due to thermodynamic principles—there are more ways to form heteromers 

than homomers, resulting in 50% of all dimers being heteromers. Second, we find that a single 

amino acid substitution can be sufficient to confer specificity between subunits. This simplicity, 

combined with the high baseline occupancy of heteromeric assemblies, could create a production 
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bias that favors the evolution of new heteromers. As a result, heteromerization may represent the 

most accessible evolutionary pathway for recently duplicated paralogs. 

The implications of this work open several promising avenues for future research. A key next 

step is to determine whether there is a mutational bias favoring heteromeric assembly, which 

could be assessed by measuring the distribution of mutational effects on specificity between 

recently duplicated paralogs. High throughput approaches such as yeast surface display can be 

used to quantify both heteromeric and homomeric binding affinities (170). These data can then 

be integrated with the thermodynamic models developed in our work to infer the occupancy of 

specific assembly across mutational landscapes. Another important direction is to investigate 

whether residue-level asymmetry exists within symmetric complexes and how it arises. One 

potential strategy is to use NMR to monitor the behavior of individual interface residues and 

compare the interaction profile of this residue with the identical residue in the other subunit, 

noting differences to provide insight into asymmetric residues within symmetric architectures 

(171). 

5.3 implications for the evolution of allosteric regulation 

Our work establishes the first historical description for the emergence of allosteric regulation. 

Our work agrees with much of the literature that describes latent allostery in extant proteins, 

where pre-existing molecular features can be coopted to produce regulation in the function (41-

43, 128, 131). It extends these features by describing which features were latent and which were 

built through the interactions between residues. Together, we obtained a broad description of the 

underlying molecular forces that created allosteric regulation in hemoglobin.  

This work has broad implications for understanding the evolution of allosteric regulation. First, it 

demonstrates that the emergence of novel regulatory mechanisms does not require extensive 
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sequence changes; instead, just a few substitutions at sites that influence ligand-sensitive tertiary 

movements can be sufficient. In globin folds, we find that this is a recurring evolutionary 

strategy: multimerization often occurs at or near helices that undergo conformational shifts upon 

oxygen binding. These structural dynamics create a natural scaffold for the evolution of 

cooperativity and allosteric communication between subunits (139, 154). Discreet and 

regulatable changes in protein conformations are a pre-requisite of allosteric regulation and 

nearly all proteins exhibit conformational dynamics to varying degrees (126, 155). Broadly, 

exploiting pre-existing movements through multimerization or ligand binding may be a more 

common strategy by which allosteric regulation occurs. 

5.4 implications for epistasis and allostery  

We have shown the underlying genetic basis for allosteric regulation is changes often during the 

natural history of TetR because of epistasis. This raises an important question: when are the 

genetic effects on homologous allosteric proteins no longer correlated? A key test will be to 

assess whether our ability to predict allosteric behavior declines significantly as sequence 

divergence increases, providing insights into how the genetic architecture of allostery evolves 

over time. 

Understanding epistatic interactions within allosteric proteins may be key to determining how 

allosteric function is determine by their residues. One promising approach involves generating 

combinatorial libraries to systematically probe the effects of pairwise mutations across a protein, 

quantifying how these mutations, and their epistatic interactions, impact effector binding and 

overall protein function. While several computational models now exist to analyze large-scale 

datasets, current high-throughput assays typically focus on a single functional parameter (149, 

172, 173). Future efforts should prioritize the development of platforms capable of measuring 
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multiple biophysical properties in parallel. This would enable a more comprehensive, 

quantitative understanding of how mutations and epistasis shape both individual molecular 

functions and their interdependencies within allosteric systems. 
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Appendix 1 
Supplementary figures for Chapter 2: Symmetry facilitated the evolution of  

heterospecificity and high-order stoichiometry in vertebrate hemoglobin  

 

 

 Figure A1.1. Key sequence changes are conserved in extant hemoglobin subunits. A) 
Multimerization state and residues at key sequence sites in extant Hb subunits from major jawed 
vertebrate taxa. Myoglobin is the closest paralogous protein in the globin family. For complete 
alignment, see https://tinyurl.com/yc6kvdb8. B) Alignment of extant human and reconstructed 
ancestral Hb subunits is shown. Historical sequence changes that confer heterospecificity (DH3 
in Hba) and tetramerization (q40W in Hbb) are labeled and shown with arrows. Additional 
substitutions that occurred on the branch leading to Ancb and assayed in this paper are also 
labeled, including changes on the surface of IF1 (1), IF2 (2), and at sites adjacent to IF1 (A). C) 
Alignment of N-terminal portion of Hb subunits from species representative of major vertebrate 
taxa. The deletion of residue 3 in alpha subunits is marked. D) Summary of key sequence 
changes that occurred after the duplication of Ancab.  Multimerization states of reconstructed 
ancestral proteins is shown. 

 

https://tinyurl.com/yc6kvdb8
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Figure A1.2. Native mass spectrometry spectra. nMS spectra across a concentration series is 
shown for A) human Hb, B) Ancɑ + Ancβ, and (C) Ancɑβ. Peaks corresponding to monomers, 
dimers, and tetramer are labeled. 
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Figure A1.3. Effect of q40W tetramerization is robust to statistical uncertainty. (A) Relative 
occupancy of monomer, dimer, and tetramer of AncɑβAlt. all, an alternative reconstruction of 
Ancɑβ that contains the second most likely state at all ambiguously reconstructed sites, measured 
at 20 µM total protein using native MS. (B) Relative occupancy AncɑβAlt. all with substitution 
q40W.  
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Figure A1.4. The effect of q40W on tetramerization depends on IF1. (A) Relative occupancy 
of Ancɑβq40W, measured by native MS at 20 µM total protein. (B) Relative occupancy of 
Ancɑβq40W_IF1-reverted , which contains mutation q40W, as well as reversions to the ancestral state 
found in AncMH of all residues that were substituted between AncMH and Ancαβ . 
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Figure A1.5. Heterodimer occupancy of Ancα and Ancβ is near equilibrium after mixing. 
(A) The percent of all dimers that are heterodimers, measured by nMS when proteins are mixed 
at 50 µM each and allowed to incubate for 0, 1, 3, 6, or 24 hours. Black line and points, Ancα + 
Ancβ (which only dimerize when expressed separately and then mixed). Grey line and points, 
Ancα + Ancβ’ (Ancβ in which IF2 surface substitutions are reverted to their ancestral state in 
Ancαβ, thus preventing tetramerization). Each dot shows the mean of three replicates; error bars, 
SEM. (B) Affinity of monomer-to-heterodimer assembly measured by nMS immediately upon 
mixing of Ancα and Ancβ. Ancα was kept constant at 50 µM, while the concentration of Ancβ 
varied. Points, fraction of all subunits in the mixture that are incorporated into heterodimers. 
Line, best-fit binding curve. Estimated Kd and 95% confidence interval are shown. (C) 
Estimated heterodimerization affinity measured as in panel B, but 1 hour after mixing.  
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Figure A1.6. Heterodimerization by Ancα+Ancβ’. Monomer-to-heterodimer assembly 
measured by nMS. Ancα was kept constant at 50 µM while Ancβ’ was at variable concentration. 
Points, fraction of all subunits in the mixture that are incorporated into heterodimers at each 
concentration. Line, best-fit binding curve. Estimated Kd and 95% confidence interval are 
shown.  
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Figure A1.7. Dimerization by Ancα and Ancβ’. (A-B) Homodimerization by Ancβ’ (panel A) 
and by Ancα (B). measured by nMS across a titration series. Each point shows the fraction of 
subunits incorporated into dimers as the concentration of protein varied. Best-fit binding curve, 
Kd, and 95% confidence interval are shown. (C-D) Heterodimerization by mixtures of Ancαβ+ 
Ancβ (C) and Ancαβ+Ancα and Ancα+Ancαβ (D). Each point shows the fraction of all subunits 
incorporated into heterodimers. In each case, one protein was held constant at 50 mM while the 
other was varied. 

  



 116 

 

 

Figure A1.8. Estimated affinity of the monomer-dimer transition by the Anca homodimer 
is robust to the binding model used. We fit two different binding equations (curves) to the 
stoichiometries of Anca measured using nMS. The Langmuir-Hill model (black line) assumes 
that the concentration of free monomeric subunits is not depleted by dimerization. The 
dimerization model used throughout the rest of this paper accounts for this depletion (described 
in Materials and Methods). The estimated Kds (shown with their 95% confidence intervals) are 
statistically indistinguishable.   
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Figure A1.9. Dimerization affinities and occupancy of Ancαβ. (A) Expected fractional 
occupancies of homodimer and heterodimers when Ancαβ is mixed at equal concentrations with 
Ancαβhis (500 mM each), given the measured dimerization affinities (shown above each column, 
with 95% confidence interval). Ancαβhis is Ancαβ with an N-terminal polyhistidine tag, which 
allows the masses of the three kinds of dimer to be distinguished. (B-C) Homodimerization by 
Ancαβhis and heterodimerization by affinity of Ancαβ+ Ancαβhis, measured and represented as in 
Fig. S5.  
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Figure A1.10. Effect of historical deletions on dimerization. (A-B) Homodimerization and (C-
D) Heterodimerization by mixtures, measured and represented as in Fig. S5. 
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Figure A1.11. Nonadditive interactions that contribute to specificity are conserved in 
derived Hb complexes. In the modeled homodimers and heterodimers of Ancɑ+Ancβ (panels A, 
B) and X-ray crystal structure of human hemoglobin (PDB 4HHB and 3S48), the figure shows 
the key IF1 residues with nonadditive interactions in Ancɑβ+Ancɑβ∆H3 (see Fig. 5G for 
comparison). Top, cartoon of key contacts. The two iterations of these interactions across the 
isologous interface are shown, one each in light or dark hue. Blue and red, nitrogen and oxygen 
atoms, respectively. Dotted lines, hydrogen bonds. Bottom, structural alignment of the two 
iterations of the isologous interface in each dimer. Each dimer structure was duplicated exactly 
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and then aligned to the original by targeting one subunit of the copy to align to the other subunit 
of the original. Hues correspond to the isologous iterations in the cartoon above   
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Figure A1.12. Homodimerization by AncαβIF1 and AncαβIF1 + Adjacent.(A,B) and 
heterodimerization by those proteins when mixed with Ancαβ (C,D) or Ancα (E,F). 
Measurements and representation as in Fig. S5.  
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Figure A1.13. Dimerization affinity and occupancies for AncαβAdjacent. Expected fractional 
occupancies of homodimer and heterodimers when AncαβAdjacent Is mixed with Ancαβ (A) or 
Ancα (B), each at (500 mM), given the measured dimerization affinities (shown above each 
column, with 95% confidence interval). Inset, ∆G of each dimerization (measured in units of 
kT), with ∆Gspec of the heterodimer shown. (C,D,E) Measurement of binding affinities, measured 
and represented as in Fig. S5.  
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Appendix 2 

Supplementary Figures for Chapter 3: Evolutionary origins of allostery in vertebrate hemoglobin 

 

Figure A2.1. Oxygen affinity of Humam Hb. In grey, stripped condition, where no IHP is in 
solution. In blue, IHP condition, where 500 µM of IHP is added to solution. Error bars represent 
standard error of measurement, n = 5. 
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Figure A2.2. Oxygen affinity of Ancestral proteins with ATP. (A) Oxygen affinity of Ancab. 
In grey, stripped condition, where no ATP is in solution. In blue, ATP condition, where 500 µM 
of IHP is added to solution. Error bars represent standard error of measurement, n = 5. (B) 
Oxygen affinity of Anca + Ancb. In grey, stripped condition, where no ATP is in solution. In 
blue, ATP condition, where 500 µM of IHP is added to solution. Error bars represent standard 
error of measurement, n = 5. 
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Figure A2.3. Oxygen affinity of Ancabq40W + CC with ATP. In grey, stripped condition, where 
no ATP is in solution. In blue, ATP condition, where 500 µM of IHP is added to solution. Error 
bars represent standard error of measurement, n = 5.  
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Figure A2.4. Fluorescence emission scan of Human Hb, excited at 280. In blue, Human Hb 
has been deoxygenated. In red, Human Hb is in oxygenated conditions. Error bars represent 
standard error of measurement, n = 10.  
  

Human Hb
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Figure A2.5. Flouresence emission scan of central cavity variants on the background of 
Ancabq40W. (A) Emission scan of Ancabq40W t149H when excited at 280 nm. Blue points is 
deoxygenated condition. Red points is oxygenated condititon. Error bars represent standard error 
of measurement, n = 7.  (B) Emission scan of Ancabq40W 85K 146R when excited at 280 nm. Blue 
points, red points, and error bars same as mentioned previously. (C) Emission scan of Ancabq40W 

85K 142S 146R when excited at 280 nm. Blue points, red points, and error bars same as mentioned 
previously. (D) Emission scan of Ancabq40W 85K 146R 149H when excited at 280 nm. Blue points, 
red points, and error bars same as mentioned previously. (E) Emission scan of Ancabq40W CC 
when excited at 280 nm. Blue points, red points, and error bars same as mentioned previously.  
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Figure A2.6. Oxygen affinity of multiple variants leading to Ancb.  Blue bars contain no 
effector. Orange bar contains 500 uM of IHP. Error bars are standard error of measurement, n = 
3.  
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Appendix 3 

Supplementary figure for Chapter 4: Rampant epistasis during the evolution of an allosteric 

transcription factor reveals shifting genetic basis.  

 

 

Figure A3.1. Posterior probably of states within ancestral proteins. (A) Statistical confidence 
of each maximun aposteriori (MAP) ancestral residue within AncBD. (B) Statistical confidence 
of MAP ancestral residues within AncD. (C) Statistical confidence of MAP ancestral residues 
within AncB.  
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Figure A3.2. Maximum likelihood of TetR(B) and TetR(D) phylogeny. The aLRT scores of 
each node is shown.  
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Table A3.1. Residue mutations that are allosterically inactivating. Each column represents 
the residue and its position that have an enrichment score at least one standard deviation away 
from the WT in the positive direction.   
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