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Abstract 

Design and Characterization of Proteins Rationally Engineered to Domain Swap by 

Mutually Exclusive Folding 

Author’s Name: Joshua Michael Karchin                 Sponsor’s Name: Stewart Loh 

Domain swapping is a mechanism for proteins to form dimers and higher order 

oligomers through the exchange of a section of their 3D structures. The backbone 

peptides of domain swapped oligomers are intertwined, but their 3D structures remain 

identical to their monomeric state, except for where they cross-over, termed a hinged 

region. We have developed a technique to engineer domain swapping interfaces with 

mutually exclusive folding (MEF).  MEF achieves this by inserting a ‘lever’ protein into 

the surface loops of a host ‘target’ protein to form a target-lever fusion.  This target-lever 

is conformationally strained with the lever and the target in a thermodynamic tug-of-war. 

When the lever is folded, the long distance between its N- and C-termini stretches apart 

the target and splits it in half. Conversely, when the target is folded, the short length of 

the loop where the lever was inserted compresses the lever and unfolds it. Domain 

swapping provides an escape from this tug-of-war as it allows the split target to refold 

and bypass the conformational strain. Because the lever is external to the target, adjusting 

the stability of the lever, through well-established thermodynamic principles, allows the 

propensity for domain swapping to be modulated without affecting the binding interface. 

This enables the design of “triggerable” levers which can reversibly induce domain 

swapping in response to a signal. Further, we can use domain swapping to turn the 

function of a target domain on and off. Two target-lever constructs are created with 

functional mutants in the target domain, one N-terminal to the lever and the other one C-
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terminal to the lever. Individually, both of these mutants are inactive, however if they are 

mixed and allowed to domain swap, then up to half of the target domains can swap out 

the functional mutations into the native active form. This bimolecular system in 

combination with induced domain swapping enables the design of modular bioswitches 

and biosensors. 
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1.1 The definition and discovery of domain swapping 

Domain swapping is a mechanism for proteins to form dimers and higher order 

oligomers through the exchange of a section of their peptide backbones. The exchange 

can scale from a single α-helix or β-strand to entire globular domains. By definition, the 

3D structure of both the monomer and its domain swapped oligomers must be identical, 

except for the region where the peptide backbone crosses over between subunits, termed 

the ‘hinge region’ (Fig. 1.1). Domain swapping was first coined by Eisenberg and 

coworkers to explain the crystal structure of an intertwined dimer of diphtheria toxin 

(DT)1–3. It was known that DT could form as a monomer, a dimer, as well as larger 

oligomers, although only the monomer is active as a toxin. The first crystal structure of 

the DT dimer was solved in 1992 at a resolution of 2.5 Å4, but had an obscured section 

election density which hid the evidence for domain swapping. It was not until 1994, with 

a higher resolution 2.0 Å structure, that the section was refined and the dimer was 

revealed to be domain swapped (Fig 1.2A-B).  

 After reviewing the literature, it was clear that DT was not a unique case and 

several other examples of domain swapping had been reported. In order to be considered 

as an example of domain swapping, a structure of both the monomer and the swapped 

oligomer must be solved to demonstrate that the swapped state maintains the native 

structure. If only a swapped oligomeric structure has been solved, then the protein is only 

potentially a domain swapping protein. If a monomeric structure is only known from a 

close homologue, then this is termed a quasidomain swap. Eisenberg and coworkers 

found six examples of swapped oligomeric structures, each with a corresponding 

monomeric structure of either the exact same protein or with a close monomeric 
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homologue. Since then there have been over 40 examples of domain swapped proteins 

discovered5 and more than 300 domain swapped structures solved6. These numbers are 

relatively small given the hundreds of thousands of proteins predicted to exist in nature7 

and the over 120,000 of deposited structures in the protein database (PDB). Domain 

swapping therefore appears to be a relatively rare phenomenon, at least among proteins 

whose structures have been solved by X-ray crystallography or NMR spectroscopy. 

 

1.2 The role of domain swapping in nature 

Despite its rarity, domain swapping has a diverse set of roles in the function of 

many proteins. The most common role for domain swapping is as a mechanism of 

oligomerization. Domain swapped proteins can form either as closed circular oligomers 

or as open ended linear oligomers (Fig. 1.1). In the former, each subunit has swapped 

with both of its neighbors. In the latter, the “open ends” are the unswapped portions of 

the terminal subunits and are likely to be at least partially unfolded, because they lack a 

portion of their residues required to form the full native structure. Open ended oligomers, 

when uncontrolled, can result in run-away domain swapping, which can lead to 

aggregation and precipitation. Beyond oligomerization, domain swapping can also 

encode emergent properties not found in the monomeric forms. The following are a few 

examples of proteins where domain swapping plays an integral role in their function, both 

in nature and in disease. 

 Cadherins are a superfamily of transmembrane glycoproteins that bind Ca2+ on 

the cell surface and mediate cell-cell adhesion in both vertebrates and invertebrates cells. 

Type I and type II, also known as classical cadherins, are only expressed in vertebrates 
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and mediate cell-cell adhesion through domain swapping of an N-terminal β-strand in the 

EC1 domain. Although both type I and type II cadherins have very similar sequences, 

they are unable to domain swap with each other. Type I cadherins have a single Trp 

residue at position 2, which fits into a corresponding pocket. Type II cadherins have a 

second Trp residue at position 4, which also fits into a second pocket, present only in type 

II (Fig. 1.2B-D). This difference creates sufficient variation in the binding interfaces to 

provide high specificity, preventing the two types of cadherins from domain swapping 

with each other8–10. 

 Domain swapped dimers tend to bind more weakly compared to conventionally 

formed dimers with equivalently sized binding interfaces11. In the case of cell-cell 

adhesion, the weaker binding affinity is useful because it allows for rapid and reversible 

binding events between cells, where as higher affinity binding interfaces might 

irreversibly adhere two cells together. Specificity and affinity are generally highly 

correlated12–14, however this is not the case with domain swapping. Conventionally 

formed oligomers are energetically driven by the new interactions formed at their binding 

interfaces. As the surface area of the interfaces increases, more interactions are available 

allowing them to bind with higher specificity and tighter affinity. In contrast, any energy 

gained from interactions at binding interfaces of domain swapped oligomers is balanced 

by the same interactions being broken when unfolding from the monomeric state. Instead, 

the affinity for the formation of domain swapped oligomers is energetically driven by the 

new interactions formed by the conformational changes in the hinge region.  

FliF is the first protein to assemble during the formation of the bacterial flagella 

motor. Dozens of copies of FliF self-assemble into a ~30 nm ring which embeds into the 
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cell membrane. FliG is the second protein to assemble during the formation of the 

bacterial flagella motor. At cytoplasmic concentrations it is normally monomeric, but at 

motor formation sites it is triggered to self-assemble into a domain swapped multimeric 

ring structure. The FliF ring creates a template that initiates, controls, and terminates 

FliG’s domain swapping oligomerization, guiding the formation of its multimeric ring 

and preventing run away aggregation. FliG has three domains N-terminal, middle, and C-

terminal. The middle and C-terminal domains each contain an armadillo repeat motif 

(ARM), which are bridged by a 23 amino acid α-helix between them. ARMs are 

generally expressed in tandem repeats, which form stacked superhelices. In its 

monomeric form, FliG adopts a compact conformation where its two ARMs stack 

intramolecularly and the bridging α-helix is disrupted and partially unfolded. When FliG 

monomers bind the FliF template ring, the bridging α-helix is stabilized, which pulls 

apart the two ARM domains and drives FliG into an extended conformation (Fig. 1.2J).  

This enables FliG to domain swaps via its ARM domains, which stack intermolecularly. 

This is the first example of domain swapping being controlled by a structural template, 

which could be a useful model for studying the regulation of domain swapping 

polymers.15 

 When domain swapping is not properly controlled, run away aggregation can 

occur, causing disease states in some amyloid deposition diseases16,17. Human cystatin C 

(HCC) is part of a family of reversible inhibitors of cysteine protease and has a 

characteristic protein fold consisting of a five-stranded antiparallel β-sheet with a long α-

helix across it. When domain swapped, the long α-helix is exchanged to form dimers and 

higher order oligomers (Fig. 1.2F-G). Runaway domain swapping leads to the formation 
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of large fibrils that deposit as plaques in brain arteries causing hemorrhaging and 

potentially death. Normally HCC deposits are only found in the elderly, but an L68Q 

mutation, which promotes the domain swapping and aggregation, is known to cause 

disease in young adults18. 

The human prion protein (PrP) is responsible for Creutzfeldt–Jakob disease, a 

deposition disease. Prions are named for the special characteristic of the protein itself 

being the infectious agent (protein infection = prion). PrPC is the normal form and is a 

monomer found in cell membranes. However, it has an alternative infectious disease form, 

PrPres, which oligomerizes into protease-resistant fibrils. PrPres has been determined to be 

a domain swapped oligomer in which the C-terminal α-helix is exchanged19. Once the 

oligomer infects a cell or tissue it rapidly converts PrPC into PrPres adding it to the ends of 

growing fibrils. These fibrils will often break, creating two new ends that are able to 

recruit additional monomers. Eventually the growing fibrils aggregate together into large 

amyloid plaques. PrP has a single disulfide bridge, which must be reduced before it can 

convert from PrPC to PrPres and domain swap19,20. Once swapped, oxidation of the 

disulfide bridge covalently locks the swapped domains in place, which contributes 

significantly to its proteolytic resistance (Fig. 1.2H-I). Domain swapping provides a 

mechanism for the conversion of PrPC to PrPres: the ends of linear domain swapped 

polymers are partially folded PrP and when a monomeric PrPC comes in contact, it is 

converted and added to the growing aggregate21–23. 

Emergent functionality from domain swapping can also have more beneficial 

effects, such as with bovine seminal RNase A (BS-RNase). Almost all homologues of 

RNase exist natively as a monomer, BS-RNase however exists as a mixture of two 
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different dimeric isoforms: M=M and MxM. In the M=M structure the two subunits are 

connected only by a pair of disulfide bridges, and in the MxM structure the two subunits 

are domain swapped, with the disulfide bridges covalently linking the monomers (Fig. 

1.2K-M). The MxM form has been shown to have two important emergent functions. 

First, the MxM form is cytotoxic to tumor cells, both in vivo and in vitro24–26. The reason 

for this is that MxM is resistant to an endogenous RNase inhibitor, due to its swapped 

dimeric state, which is able to maintain its disulfide bridges. In contrast, the M=M form 

is unable to maintain its dimeric conformation in the presence of RNase inhibitor, which 

is able to break the intermolecular disulfides25,27. Second, the MxM form shows a mixed 

cooperativity of its RNase activity, specifically, in the hydrolytic, rate-determining step 

of the catalytic reaction. At low substrate concentration, MxM exhibits negative 

cooperativity, i.e. addition of more RNA inhibits the nuclease activity, whereas at high 

substrate concentration it shows positive cooperativity28,29. While the exact mechanism is 

not known it is clear that domain swapping allows two active sites to communicate with 

each other. 

Bovine pancreatic RNase A has been known since 1962 to form dimers when 

lyophilized from a solution of acetic acid 30. However, it was not until 1998 that its 

domain swapped structure was solved31. RNase A is a particularly interesting model to 

study domain swapping because it is able to undergo both an N-terminal and a C-terminal 

swap5 (Fig. 1.3). These two swapping modes allow RNase A to form a plethora of 

configurations using one or both of the swaps in both linear and cyclical fashions. The 

RNase A oligomers show a general trend of increased activity toward double stranded 

RNA as a function of oligomer size. This trend also correlates with an increased positive 
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charge, indicating the domain swapped oligomers bury negative charges, which enhances 

its affinity for negatively charged RNA32,33. While these domain swapped oligomers were 

formed under denaturing conditions there is some evidence showing that domain 

swapped dimers of RNase A can be formed under native conditions and small amounts 

may exist in vivo34. 

The diverse of roles that domain swapping can play in nature is a consequence of 

domain swapping not being limited to any specific structure. Although relatively 

uncommon, domain swapping provides a mechanism for theoretically any protein to 

oligomerize and potentially encodes emergent functions exclusively to the domain 

swapped states. 

 

1.3 Why do proteins domain swap and how to control them?  

The question of why proteins domain swap is a difficult one and might be better 

phrased as “why don't all proteins domain swap?”  Any protein should theoretically be 

able to domain swap. The 3D structure remains the same between monomer and oligomer, 

except for the hinge loop, and yet there are relatively few examples. Any oligomeric 

process that is thermodynamically favored must at the very least pay for the loss of 

entropy from going from many units to a single one. The increase in free energy going 

from a monomer to a domain swapped oligomer can be attributed to new interactions 

formed by the hinge region when in the swapped state verses the monomeric state, such 

as increased secondary structure or the relief of conformational strain16,35,36.  

Understanding the interactions that drive domain swapping is essential to 

understanding how domain swapping proteins are regulated in nature and what goes 
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wrong when runaway domain swapping causes disease states. Domain swapping can also 

be used as a mechanism of self-assembly in the design of biomaterials37. One example is 

the formation of hydrogels, which are large complex networks of polymer that are 

capable of holding large amounts of water. Hydrogels have many applications in both 

biomedical and industrial fields from drug delivery and tissue regeneration to biosensors 

and biofuel cells38–44.The design of such domain swapping biomaterial requires the ability 

to tune the propensity of a protein domain swap for a specific application.  

Modifying the propensity of a protein to domain swap is most easily achieved by 

engineering the hinge region. Introducing strain into the monomeric state will drive 

domain swapping as the strain is relieved in the swapped state. The reverse, introducing 

strain into the swapped state will inhibit domain swapping. The difficulty is finding 

mutations that will differentially affect one state over the other. This is generally easier in 

the hinge region, since it is the only region that is unique between the swapped and un-

swapped conformations. 

A classic example of hinge-region modification to modulate domain swapping is 

found in suppressor of cyclin dependent kinase 1 (SUC1). SUC1 exists natively in equal 

proportion as a monomer and as a domain swapped dimer45 (Fig. 1.4). The propensity of 

SUC1 to domain swap can be modulated by changing the flexibility of the hinge region. 

The SUC1 hinge region includes two prolines, Pro90 and Pro92. Increasing the stiffness 

of the SUC1 hinge region by adding a third proline (with the mutation E91P) or by 

removing three residues (Δ87-89), significantly decreases the flexibility of the hinge 

region and increases the strain in the monomeric state. This shifts the population 

equilibrium to greater than 95% domain swapped dimer. Conversely, mutating Pro90 to 
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an alanine increases the flexibility of the hinge region and reduces the strain in the 

monomeric state. This shifts the population equilibrium to greater then 95% monomer36.  

When engineering a monomeric protein to domain swap de novo, it is useful to 

focus on the hinge region. For example, small tri-α-helical bundles, which are natively 

monomeric, were engineered to form domain swapped dimers and fibrous oligomers by 

Ogihara et al. (Fig. 1.5). This was achieved by deleting one of the loops between the 

helices, creating a hinge region that was conformationally strained as a monomer. The 

lack of a flexible loop inhibited the helices from bundling together, since one α-helix 

would stick out and be unable to bend down into the compact bundle. Domain swapping 

relieves the conformational stress by allowing the bundles to reform by exchanging the 

extended α-helix. Depending on the orientation of the helices, either parallel or 

antiparallel, Ogihara et al. were able to create constructs that formed either closed dimers 

or open ended linear oligomers that grew large enough to form fibrils46. A similar 

approach was used with staphylococcal nuclease (SNase) where six residues were deleted 

from a large surface loop, resulting in a domain swapped dimer47. 

 Conversely, adding flexibility to the hinge region of a swapping protein can 

inhibit and even abolish domain swapping. λ Cro suppressor protein (Cro) is a natively 

domain swapped dimer that binds DNA48 (Fig 1.7A). Wild type Cro is not stable as a 

monomer, but it was rationally engineered to be monomeric with the addition of five 

residues into the hinge region. These extra residues created a new β-hairpin turn and 

allowed the normally swapped β-strand to fold monomerically (Fig. 1.7B). 

However, a flexible hinge loop does not always inhibit domain swapping. 

Chymotrypsin inhibitor 2 (CI2), a naturally monomeric protein, was used as a model to 
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study the mechanism of certain dominantly inheritable neurodegenerative diseases, 

including Huntington disease and several different forms of spinocerebellar ataxia. These 

diseases are collectively known as polyglutamine-expansion diseases since they are 

linked to abnormally extended CAG repeats in the coding regions of certain genes. It had 

been proposed that these polyglutamine repeats cause the proteins to form large 

aggregates through polar zippers, in which β-strands are held together by hydrogen bonds 

between their main-chain and side-chain amides. This hypothesis was tested by inserting 

a 10 polyglutamine repeat into the inhibitory loop of CI2 (CI2-Q10i)49. CI2-Q10i did in 

fact form oligomers, but they were far more stable than predicted and were kinetically 

trapped as an aggregate. When the protein concentration was lowered, CI2-Q10i did not 

convert back to monomers as was predicted for polar zippers. Crystallization of the 

mutant CI2-Q10i and a similar CI2-Q4i, which had a 4 polyglutamine loop inserted, 

ultimately revealed that the oligomers were formed not by polar zippers, but rather by 

domain swapping (Fig 1.6). While it is not clear why the polyglutamine loops drive 

domain swapping, it is clear that it is not due to a rigid hinge region, since the 

polyglutamine loops are quite flexible49,50. 

 Direct modification of the hinge region is not the only way to add strain to the 

monomeric state and drive domain swapping. Immunoglobulin-binding domain B1 of 

streptococcal protein G (GB1) is a small (56 residues) stable, single-domain protein that 

has been extensively studied as a model for protein folding and design51. The 

hydrophobic stability mutant #124 (HS#124), a variant of GB1 drawn from an exhaustive 

study of hydrophobic core mutations, has five mutations (L5V/A26F/F30V/Y33F/A34F) 

compared to wild type. This variant is interesting because it forms an intertwined 
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tetramer. However, the backbone structure is significantly altered compared to wild type 

and thus is not an example of domain swapping52. Further study showed that reverting 

residue 26 back to alanine from phenylalanine, HS#124F34A, restored the wild type 

structure and a domain swapped dimer was formed (Fig. 1.7C-E). GB1 is composed of 

four β-strands with an α-helix in the middle. The β-strands form a single β-sheet with the 

α-helix diagonally across it. In the domain swapped dimer of HS#124F34A the two C-

terminal β-strands exchange. The four mutations, which drive domain swapping, are 

hydrophobic core mutations and are not in the hinge region. Rather than creating a 

strained hinge region theses mutations introduce large bulky side chains into the 

hydrophobic core, bulging it out and destabilizing the monomeric state. In the domain 

swapped dimer the hinge region expands the core relative to the monomer, 

accommodating the new bulky side chains. Despite the hinge region not being directly 

modified by the core mutations, its expansion of the hinge region was key in stabilizing 

the domain swapped state. 

 Cluster of differentiation 2 protein (CD2)53,54 is another example of a mutation 

outside the hinge region driving domain swapping. CD2 is a membrane glycoprotein 

present on the surface of T lymphocytes and known to function as an adhesion molecule 

to promote T-cell activation. A small fraction (~15%) of the population of CD2 natively 

forms domain swapped dimers (Fig 1.7F-G), but no emergent function has yet been 

found. The domain swapped fraction can be increased by two methods. The first is with a 

mutation to the binding interface. In the monomer, Arg87 is on the surface, but in the 

domain swapped dimer it becomes buried into the hydrophobic core as it is sandwiched 

between the binding interfaces. The mutation R87A mutation nearly triples the fraction of 
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dimer, to ~45%, likely due to of the removal of two charged residues from the 

hydrophobic core of the dimer. The second method is by decreasing the flexibility of the 

hinge region by deleting residues, similar to three α-helical bundles and SUC1. Deleting a 

single residue in the hinge region has little effect, but deletion of two residues (Δ46-47) 

dramatically increases the fraction of dimer to ~90%. Analysis of the crystal structure 

revealed that the effect of the double deletion was enhanced by Pro48, which was directly 

adjacent to the deletion site. The combination of the deletion and Pro48 made it 

extremely difficult for the hinge region to adopt a hairpin turn in the monomeric state. 

 Understanding why only some proteins domains swap is difficult because there is 

no consensus sequence or structure that drives it, rather the reasons are idiosyncratic to 

the individual protein. Differences in the conformation of the hinge region often explain 

the differential stability of the monomeric and domain swapped states, which can provide 

a good starting point when trying to modulate the propensity of a protein to domain swap. 

However, when starting from natively monomeric protein, it is difficult to predict what 

mutation would cause it to domain swap or indeed even where its hinge region will be. 

Most mutations that induced domain swapping from a monomer or non-swapped 

oligomer were discovered by accident, as was the case with DT, CI2, and GB1.  

 

1.4 Domain swapping as an artifact 

The folding free energy of monomeric and domain swapped oligomers are 

generally very similar, since they share nearly all the same interactions. However, the 

energy barrier to the transition between the two states can be quite high, especially if it 

requires partial16,17 or even global35,36,55 unfolding. This energy barrier can be reduced in 
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some circumstances by denaturing conditions, such as very high or low pH, freezing and 

thawing, or lyophilizing. Without these harsh conditions equilibration can take days or 

not happen at all. Domain swapped DT dimers were originally prepared by freezing and 

thawing in phosphate buffers, which when frozen drops the pH from 7 to 3.656. RNase A 

forms a large variety of domain swapped oligomers when lyophilized in acetic acid30,32 or  

heated in 40% ethanol or acetone57. Barnase is normally a monomer, but at pH 4.5 it 

forms a domain swapped trimer58 (Fig 1.7H-I). Similarly, at pH 4, the N-terminal domain 

of sporulation response regulator (Spo0A) forms a dimer59 (Fig 1.7J-K). 

These harsh denaturing conditions call into question the physiological relevance 

of these domain swapped states. For example the swapped dimer of DT is not toxic, and 

it is likely that only a small amount of the swapped dimer of RNase A (and none of the 

larger oligomers) exists natively. Additionally, the formation of a dimer at the N-terminal 

domain of Spo0A at pH 4 is inhibited when it is phosphorylated. This is the opposite 

behavior of the full length protein, which is monomeric initially, but forms a dimer after 

phosphorylation59.  

 However, even if a protein can only domain swap under non-physiological 

conditions, it can still be useful as a model for studying domain swapping. Additionally, 

it could be useful for understanding when domain swapping goes awry. In the case of 

prion disease, there stands the question of how PrPC converts to PrPres in the first place. In 

vitro studies using repeated reducing and oxidation conditions are able to convert 

monomeric PrPC into the oligomeric PrPres, which might give insights on how this occurs 

in cells, perhaps under stressed conditions. 
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1.5 Engineering domain swapping via mutually exclusive folding 

As is a common trend in this field, our research into domain swapping came about 

unexpectedly. Initially we were investigating mutually exclusive folding (MEF) as a 

mechanism to control protein function in order to design biosensors and bioswitches. 

MEF is a design where two proteins are fused together in such a way that only one can be 

folded at a time. This is achieved by inserting a protein with a large distance between the 

N- and C-termini, termed a lever, into the surface loop of a host protein, termed a target. 

The N-to-C distance of the lever should be at least twice as long as the Cα-Cα distance 

between the terminal residues of the surface loop of the target. This creates a 

thermodynamic tug-of-war between the two domains. When the lever is folded, it 

stretches the target apart, unfolding it. Conversely, if the target is folded, it squeezes the 

N- and C-termini of the lever together, similarly disrupting its native structure (Fig 1.8A).  

MEF was first demonstrated by inserting ubiquitin, as a lever, into a surface loop 

of barnase, as a target, creating a barnase-ubiquitin (BU) construct. It was demonstrated 

that BU could be allosterically controlled via temperature and that the conformational 

equilibrium between the two domains was cooperative and reversible. At temperatures 

below 30 °C barnase is more stable and dominates the thermodynamic tug-of-war, but at 

higher temperatures ubiquitin is more stable and becomes folded, which subsequently 

unfolds barnase60. MEF thermodynamically couples the two domains, such that 

destabilizing one domain stabilizes the other and vise versa60–62. However, there was 

increasing evidence that the domains did not fold in a completely mutually exclusive 

manner. Under conditions where it was clear that the lever was folded, barnase remained 

active, indicating that it was folded at the same time as the lever, contrary to MEF.60,62,63 
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 Domain swapping was proposed as a mechanism to explain these apparent 

violations of mutually exclusive folding. In the MEF design, when the lever is folded and 

the target is unfolded, the target is split apart into two fragments, linked together by the 

lever (Fig. 1.8A). Rather than remain unfolded, each fragment of the target refolds in 

trans forming a domain swapped oligomer. Size exclusion chromatography and 

analytical ultracentrifugation showed that BU could form oligomers, and molecular 

dynamics simulations indicated that this mechanism was plausible62. However, additional 

biochemical characterization and structural evidence were necessary to prove that MEF 

could induce domain swapping64. These details are explored in Chapter 2.  

As a mechanism for engineering proteins to domain swap, MEF has several 

advantages. First, the entire lever domain becomes the hinge region, which allows the 

position of the hinge to be chosen by where the lever is inserted into the target. Secondly, 

it gives a straightforward method of controlling the conformational strain that drives 

domain swapping. In contrast, the key interactions in most other examples of domain 

swapping are subtle and difficult to determine. The conformational strain form MEF that 

drives domain swapping can be controlled by modifying the stability of the lever, which 

does not affect the binding interface. In principle, this allows domain swapping to be 

triggered by stabilizing the lever through a number of different methods, including ligand 

binding or temperature and pH changes (Fig 1.8A). Triggering domain swapping by 

ligand binding is the topic of Chapter 4. 
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1.6 Applications of MEF induced Domain Swapping 

 One of the original goals of MEF was to facilitate the design of protein based 

biosensors and bioswitches. Biosensors have two components, a sensing element that is 

able to detect an analyte or physiological change, and a reporting element with a 

measurable output signal. These two components must be linked together so that the 

sensor can transduce the signal of the analyte to the reporter and produce an output signal. 

Bioswitches are related concepts, where the activity of a protein can be turned on and off 

by a specific trigger. There are many ways to approach the design of a biosensor, or 

bioswitch, and one of them is by focusing on conformational change. Proteins that 

undergo large conformational changes natively are incredibly rare. Calmodulin (CaM) is 

one such example. It is a dumbbell-shaped protein with two domains separated by a long 

central helix. Each domain contains two EF hand Ca2+-binding loops, which bind two 

Ca2+ ions each. When CaM binds Ca2+ it undergoes a dramatic conformational change 

from an extended dumbbell shape to a compact globular shape65 (Fig. 1.9). The 

combination of its ability to bind Ca2+ and the large conformation change enable it to be 

turned in to a Ca2+ biosensor. The conformational change can be monitored by Förster 

resonance energy transfer (FRET). Two fluorescent proteins, a FRET pair, were fused to 

the N- and C-termini of CaM, respectively66. The N- and C-termini are closer to each 

other in the compact Ca2+-bound state, resulting in enhanced FRET signal.  

 While large native conformational changes like those found in CaM are very rare, 

a large conformational change common to all proteins is the transition from the unfolded 

to the folded state. MEF takes advantage of this and is, in theory, able to use a large 

variety of proteins as sensors and link them to different reporter proteins. MEF is not 
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limited to FRET based reporting, but can also be used with enzymatic reporters, whose 

activities are allosterically controlled by the sensor domain. Any small single domain 

protein that can be stabilized by ligand binding, pH change, or temperature change could 

be a potential sensor domain.  

 The ability to combine different sensors with a variety of reporters is a powerful 

tool, as evidenced by enzyme linked immunosorbent assays (ELISA). ELISA works by 

covalently linking an antibody, which binds to an antigen of interest, to an enzyme that 

acts as a reporter. Currently, commonly used reporter enzymes are alkaline phosphatase 

and horseradish peroxidase, both of which can react with either colorless substrates to 

form a colored product or with chemiluminescent substrates that will emit light, which 

can then be measured with a spectrophotometer. Other less common reporter enzymes 

include β-galatactosidase and β-lactamase67,68. Non-enzymatic reporters such as 

fluorescent and electrochemiluminescent tags can also be used as reporters69. 

ELISA is very powerful because of its versatility. Antibodies enable a broad 

range of analytes to be assayed and the type of reporter can be interchanged depending on 

the circumstance. However, one of the limitations of ELISA, and its related techniques, is 

that while the sensor component and the reporter are linked, it is only by proximity. The 

reporter enzyme or tag is always active and this is why extensive washing steps are 

needed. Once the antibody has bound to its antigen, unbound excess must be washed 

away or a false positive signal will result. MEF based biosensors using our target-lever 

constructs are not limited in this way, since binding of analyte will allosterically control 

the activity of the reporter. At the same time, target-lever constructs have the potential to 
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be just as versatile as ELISA, using a broad range of sensor domains and reporter 

domains. 

In principle, MEF provides an excellent framework to build biosensors and 

bioswitches in modular fashion that can be genetically encoded and potentially expressed 

in vivo. In practice however, domain swapping effectively short circuits these MEF based 

biosensors, since it enables the reporter domain to be folded regardless of whether the 

signal of interest is being sensed or not. Despite this complication, it is possible to 

overcome this short circuiting problem, which will be described in Chapter 3. In brief, 

two target-lever constructs, each with a functional mutation either in the N- or C-terminal 

half of the target domain are made. Individually these mutants are inactive. However, if 

they are mixed and allowed to domain swap, up to half of the target domains can swap 

out the functional mutants into the native active form. The other half of the swaps will 

create double mutants, which will remain inactive. One disadvantage of this solution is 

that biomolecular systems are inherently more complicated (Fig 1.8B).  

In addition to the design of biosensors and bioswitches, MEF-induced domain 

swapping has potential for the design of “smart” biomaterials, as binding modules for the 

self-assembly of large multi-subunit protein complexes. Our MEF-induced domain 

swapping constructs have the potential to form proteinaceous hydrogels that have 

embedded functionality. This topic is explored in detail in Appendix I.  
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1.7 Thesis Organization 

 In this thesis, I begin with the demonstration that MEF can be used to engineer 

domain swapping interfaces with assembler-lever constructs. In Chapter 2, we develop a 

series of BU constructs. We demonstrate that they form oligomers and that 

oligomerization is positively correlated to the stability of the lever, as predicted by our 

MEF model. Further, crystallization of BU103 conclusively demonstrates that the 

oligomers are formed via domain swapping. 

 In Chapter 3 we develop a series of ribose binding protein (RBP)-ubiquitin (RU) 

constructs, all of which form domain swapped oligomers, further validating our MEF 

technology. In addition to all the RU constructs forming homoswapped oligomers, many 

combinations of RU constructs swap with each other (heteroswap) with higher affinity 

than they swap with themselves (homoswap). Nuclear magnetic resonance (NMR) 

structural analysis of a heteroswapped dimer reveals the existence of a preferred hinge 

region distant from either ubiquitin domain, which could represent an optimal crossover 

point for domain swapping of RBP. We further establish that domain swapping of 

nonfunctional mutants can be used as a mechanism to control a protein’s function, which 

enables the design of MEF based bioswitches. 

 In Chapter 4 we develop a triggerable lever using FK506 binding protein (FKBP) 

and demonstrate that it can be used to conditionally, and reversibly, induce domain 

swapping. We show that a triggerable lever in combination with nonfunctional mutants 

can conditionally control the function of a protein, which enables the design of complex 

bioswitches and the design of MEF based biosensors. We develop a series of SNase-

FKBP (SF) constructs and a series RBP-FKBP (RF) constructs. The nuclease activity of 
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staphylococcal nuclease (SNase) and the ribose binding of RBP are controlled by the 

presence or absence of FK506 with the SF and RF constructs, respectively.  

 In Chapter 5, I conclude with a discussion and future directions for this project. I 

discuss the advantages and disadvantages of our MEF technology for the development of 

domain swapping interfaces, bioswitches, and biosensors. I also discuss several potential 

improvements to our technology to address its limitations and increase its versatility. 

 Appendix I is an early project in which I attempt to use MEF-induced domain 

swapping as mechanism to create hydrogels. While I achieved some initial success, it 

proved difficult to produce hydrogels in a reliable and timely fashion. Ultimately this 

project was dropped in favor of the development of MEF based biosensors and 

bioswitches.  

 Appendix II is a side project modeling the thermodynamics of MEF based domain 

swapping. While the in silico results were very informative, more work needs to be done 

to empirically validate the model.  
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1.8 Attributions 

Chapter 1 

Chapter 1 was written by myself and edited by my colleagues for grammatical errors. 

Permission to use the figures from other articles has been obtained from Nature 

Publishing Group, Elsevier Science Ltd., and the National Academy of Sciences. 

 

Chapter 2 

Chapter is adapted from the following article in 2013: 

Ha, J.H., Karchin, J. M., Walker-Kopp, N., Huang, L. S., Berry, E.A., and Loh, S.N. 

Engineering domain-swapped binding interfaces by mutually exclusive folding. J. Mol. 

Biol. 416, 495–502 (2012). 

 This chapter is adapted from the publication in 2013 in the journal of Molecular 

Biology. The format has been modified to conform to this thesis. Permission to use this as 

one of my thesis chapter was granted from the journal. 

 I purified the BU103 construct and crystallized it with assistance of Dr. Huang. I 

collected and processed X-Ray data at the Macromolecular Diffraction Facility at the 

Cornell High Energy Synchrotron Source (MacCHESS) with the assistance of Dr. Berry. 

Dr. Loh and I solved the structure with assistance of Dr. Berry. Dr. Ha and Nancy 

Walker-Kopp designed and cloned the BU constructs. Dr. Ha designed and performed 

most of the biochemical experiments with technical help from Nancy Walker-Kopp. 
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Chapter 3 

Chapter 3 is adapted from the following article:  

Ha, J.-H., Karchin, J. M., Walker-Kopp, N., Castañeda, C. A. and Loh, S. N. Engineered 

Domain Swapping as an On/Off Switch for Protein Function. Chem. Biol. 22, 1384–1393 

(2015). 

 This chapter is adapted from the publication in 2013 in the journal of Chemical 

Biology. The format has been modified to conform to this thesis. Permission to use this as 

one of my thesis chapter was granted from the journal. 

 Dr. Ha designed and cloned the RU constructs, and designed and performed the 

circular dichroism (CD) experiments. Dr. Loh designed and performed the disulfide 

cross-linking experiments. Dr. Loh designed the FRET experiments and they were 

performed by Walker-Kopp, N. I designed and performed the NMR experiments, and 

assigned the backbone of RBP with advice and technical assistance from Dr. Castañeda. I 

also prepared all NMR figures. 

 

Chapter 4 

 Chapter 4 was written by myself and Dr. Loh. I designed and performed all the 

SYTOX green nuclease assays experiments and prepared most of the figures. I designed 

the triggerable target-levers and Dr. Ha cloned them. Dr. Ha also performed the 

isothermal titration calorimetry (ITC) experiments to measure ribose binding. Analytical 

ultracentrifugation (AUC) experiments were designed by myself, Dr. Cosgrove, and 

Kevin Namitz. They were performed and analyzed by Dr. Cosgrove and Kevin Namitz. 
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Dr. Loh designed and performed the size exclusion chromatography nucleases assay and 

circular dichroism (CD) kinetics experiments. 

 

Chapter 5 

Chapter 5 was written by myself and edited by my colleagues for grammatical errors. 

Permission to use the figure from another article has been obtained from WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.  

 

Appendix I 

 Appendix I was written by myself and edited by my colleagues for grammatical 

errors. I designed and performed all experiments and prepared all the figures. Dr. Ha 

designed and cloned the constructs. 

 

Appendix II 

 Appendix II was written by myself and edited by my colleagues for grammatical 

errors. I designed and performed all experiments and prepared all the figures. I wrote the 

Matlab program to run the simulation based on a program previously developed by Adam 

Blanden (unpublished). 
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Figure 1.1. Model of domain swapping 

 

  



Chapter 1: Introduction to Domain Swapping 
!

! 34 

Figure 1.1. Model of domain swapping. Depiction of a monomeric protein (left) 

converting to either a closed domain swapped dimer (right top) or an open ended domain 

swapped trimer (right bottom). Protomers are colored blue and green to aid visualization 

and the hinge region is colored red.  
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Figure 1.2. Examples of domain swapping in nature 
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Figure 1.2. Examples of domain swapping in nature. Monomers are colored green and 

dimers are colored blue and green to aid visualization of the swapped strands. Hinge 

regions are colored red. Structurally important disulfide bridges are colored yellow. (A) 

Monomeric diphtheria toxin (DT) (PDB 1MDT). (B) Domain swapped dimeric DT (PDB 

1TOX). (C) Monomeric type 1 cadherin (PDB 1FF5). (D) Domain swapped dimeric type 

1 cadherin (PDB 2QVF) and (E) type 2 cadherin (PDB 2A4E). The key Trp residues are 

indicated by spheres. (F) Monomeric human cystatin C (HCC) (PDB 3GAX). (G) 

Domain swapped dimeric HCC (PDB 1TIJ). (H) Monomeric human prion protein (PrPC) 

(PDB 1QLX). (I) Domain swapped dimeric prion protein (PrPres) (PDB 1I4M). (J) 

Extend form of monomeric FliG (PDB 3HJL). (K) Monomeric bovine seminal RNase 

(BS-RNase)  (PDB 1QWQ). (L) Non-swapped dimeric BS-RNase (M=M) (PDB 1R3M). 

(M) Domain swapped dimeric BS-RNase (MxM) (PDB 1BSR). 
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Figure 1.3. Monomeric and domain swapped RNase A 
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Figure 1.3. Monomeric and domain swapped RNase A. (a) Monomeric RNase A. The 

N-terminal strand that is swapped is colored blue. The C-terminal helix that is swapped is 

colored red. The remaining core is colored green. (b) RNase A closed dimer with the C-

terminal domain swap. (c) RNase A open-ended dimer with N-terminal domain swap. (d) 

RNase A open trimer with both N- and C-terminal domain swaps. (Figure is reproduced 

with modifications with permission from Liu et al 200116. Copyright © 2001, Nature 

Publishing Group) 
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Figure 1.4. Monomeric and domain swapped SUC1 
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Figure 1.4. Monomeric and domain swapped SUC1. (a) Monomeric SUC1. (b) 

Domain swapped dimeric SUC1 with strand β4 exchanged. (Figure is reproduced with 

modifications with permission from Khazanovich et al 199645. Copyright © Elsevier 

Science Ltd.) 
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Figure 1.5. Design of domain swapped tri-α-helical bundles 
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Figure 1.5. Design of domain swapped tri-α-helical bundles. (A) Design of closed 

domain swapped dimers. (B) Design of open-ended domain swapped oligomers. (Figure 

is reproduced with modifications with permission from Ogihara et al 200146. Copyright 

© (2001) National Academy of Sciences) 
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Figure 1.6. Monomeric CI2 and domain swapped CI2-iQ4 
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Figure 1.6. Monomeric CI2 and domain swapped CI2-iQ4. The quaternary structure 

and crystal packing of wild-type CI2 (A) compared with that of dimeric CI2-Q4i (B). 

Three hexameric ring layers are shown. In B, a CI2-Q4i dimer is colored, and, in A, a CI2 

monomer is colored. In the CI2-Q4i structure, one of the spaces between the layers is 

expanded to 19 Å, compared to 11 Å in the wild type. The polyglutamine loop in CI2-Q4i 

was too unstructured to be resolved and is denoted by dashed lines. (Figure is reproduced 

with modifications with permission from Chen et al 199949. Copyright (1999) National 

Academy of Sciences) 
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Figure 1.7. Examples of engineered domain swapping and domain swapping as an 

artifact 
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Figure 1.7. Examples of engineered domain swapping and domain swapping as an 

artifact. Monomers are colored green and oligomers are multicolored to aid visualization 

of the swapped strands. Hinge regions are colored red. (A) Monomeric λ Cro repressor 

(Cro) with 5 extra residues added to hinge region (PDB 2ORC). (B) Wild type domain 

swapped dimeric Cro (PDB 1COP). (C) Wild type monomeric immunoglobulin-binding 

domain B1 of streptococcal protein G (GB1) (PDB 3BGI). (D) Domain swapped dimeric 

HS#124F34A GB1 (PDB 1Q10). (E) Tetrameric HS#124 GB1 (PDB 1MPE). (F) 

Monomeric cluster of differentiation 2 (CD2) (PDB 1HNF). (G) Domain swapped 

dimeric CD2 (PDB 1CDC). (H) Monomeric barnase (PDB 1BNI). (I) Domain swapped 

trimeric barnase (PDB 1YVS). (J) Monomeric N-terminal domain of sporulation 

response regulator (Spo0A) (PDB 1QMP). (K) Domain swapped dimeric Spo0A (1DZ3). 
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Figure 1.8. Model of MEF induced domain swapping 
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Figure 1.8. Model of MEF induced domain swapping. (A) Model of mutually 

exclusive folding (MEF) induced domain swapping with a triggerable lever. A lever (red) 

is inserted into the surface loop of a target (green). This creates a thermodynamic tug-of-

war shifting between the closed monomer I conformation and the open monomer 

conformation. When one domain is folded, the other is unfolded. Domain swapping 

provides a short circuit to this tug-of-war, allowing both domains to be folded at the same 

time. Stabilization of the lever via ligand binding can shift the equilibrium and drive 

domain swapping. (B) Model of domain swap based bioswitches. The N-terminal 

functional mutant (NFM) and the C-terminal functional mutant are inactive. When 

domain swapped together, half can form a double mutant that is still inactive (grey) and 

half will form the native sequence (green), which is active. 
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Figure 1.9. Large conformation change in calmodulin structure 
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Figure 1.9. Large conformation change in calmodulin structure. (A) Calmodulin 

(CaM) in an extended conformation (PDB 1CLL). (B) CaM in a compact conformation 

(PDB 1PRW). 
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2.2 Abstract 

Domain swapping is a mechanism for forming protein dimers and oligomers with 

high specificity. It is distinct from other forms of oligomerization in that the binding 

interface is formed by reciprocal exchange of polypeptide segments. Swapping plays a 

physiological role in protein-protein recognition and it can also potentially be exploited 

as a mechanism for controlled self assembly. Here, we demonstrate that domain-swapped 

interfaces can be engineered by inserting one protein into a surface loop of another 

protein. The key to facilitating a domain swap is to destabilize the protein when it is 

monomeric but not when it is oligomeric. We achieve this condition by employing the 

‘mutually exclusive folding’ design to apply conformational stress to the monomeric 

state. Ubiquitin is inserted into one of six surface loops of barnase. The 38 Å amino-to-

carboxy terminal distance of ubiquitin stresses the barnase monomer, causing it to split at 

the point of insertion. The 2.2 Å X-ray structure of one insertion variant reveals that 

strain is relieved by intermolecular folding with an identically-unfolded barnase domain, 

resulting in a domain-swapped polymer. All six constructs oligomerize suggesting that 

inserting ubiquitin into each surface loop of barnase results in a similar domain-swapping 

event. Binding affinity can be tuned by varying the length of the peptide linkers used to 

join the two proteins, which modulates the extent of stress. Engineered, swapped proteins 

have the potential to be used to fabricate ‘smart’ biomaterials, or as binding modules 

from which to assemble heterologous, multi-subunit protein complexes. 
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2.3 Introduction  

 Nature uses 3D domain swapping to mediate protein-protein recognition when 

high specificity is required1–4. For example, cell surface-expressed cadherins are 

responsible for cell-cell adhesion and the development of tissue architecture5. By binding 

via β-strand exchange between monomers, classical cadherins ensure that cells 

expressing a particular cadherin will adhere to cells expressing the same cadherin subtype 

and not another6–9. The strictest definition of a domain swap requires that both 

monomeric and oligomeric states of the protein be observed, a polypeptide segment of 

the monomer exchange with the same segment of another monomer, and the structures of 

the monomer and oligomer be identical except at the points of strand exchange10. This 

interaction can result in dimers, closed ring-shaped oligomers, or polymers of indefinite 

length. Indeed, runaway swapping occurs in protein deposition diseases such as prion 

amyloidosis and serpinopathies11. Aside from its pathogenic manifestations, however, 

swapping can potentially be exploited as a mechanism for controlled self assembly. It has 

been suggested that homopolymeric hydrogels with targeted bulk properties can be 

fabricated from domain-swapped proteins or peptides12,13. Taking this idea one step 

further, it may be possible to use domain swapping as a means to create self-assembling 

macromolecular structures of defined subunit composition, stoichiometry, and quaternary 

structure; e.g. multi-subunit enzyme complexes that efficiently catalyze otherwise 

difficult reactions. For this application domain-swapping proteins could serve as 

genetically-encoded tags, fused to the target subunits, to facilitate assembly of the 

heterologous complex. 
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Here we demonstrate that domain swapping can be induced by inserting one small 

protein (ubiquitin, 76 amino acids) into surface loops of another small protein (barnase, 

110 amino acids). Any protein seems capable of undergoing a domain swap, but few 

actually do (there are ~60 examples in the PDB1). Logically, the key to facilitating a 

domain swap is to destabilize the protein when it is monomeric but not if it is 

oligomeric4,6,14. We achieve this unusual condition by employing the ‘mutually exclusive 

folding’ design15 to apply selective stress to the monomeric state, as illustrated 

schematically in Fig. 2.1. We previously inserted ubiquitin (Ub) into a surface loop of 

barnase (Bn) at position 66 to generate barnase-ubiquitin 66 (BU66; Fig. 2.1A). Ub (38 Å 

N-to-C terminal distance) stretches Bn at the point of insertion while Bn simultaneously 

compresses the ends of Ub (Fig. 2.1B). This antagonistic interaction is parameterized by 

a coupling free energy which depends primarily on the length of the peptides used to link 

the two proteins16,17. Very long linkers (10 Gly each) decouple the molecular tug-of-war 

and the coupling free energy is zero. If the linkers are sufficiently short (<2 amino acids), 

then the coupling free energy exceeds the folding free energy (ΔG) of the Ub or Bn 

domain and the more stable protein is predicted to unfold the less stable protein (Fig. 

2.1C). This relationship can be represented by a thermodynamic box consisting 

nominally of four states [Bn(unfolded)-Ub(unfolded), Bn(folded)-Ub(unfolded), 

Bn(unfolded)-Ub(folded), and Bn(folded)-Ub(folded)] linked by coupling and folding 

free energy terms16. 

Enzymatic, thermodynamic, and CD structural results17,18 as well as molecular 

dynamics simulations19, however, called the four-state model into question. Those data 
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suggested that inserting Ub (or the GCN4 DNA binding domain) into position 66 of Bn 

unfolded the latter, but Bn was able to bind to and refold with another copy (or copies) of 

itself to regenerate the active enzyme (Fig. 2.1D and Fig. 2.1E). In this study we directly 

test that hypothesis and determine whether inserting Ub into the other surface loops of Bn 

evokes a similar response.  

 

2.4 Results 

 The conformational stress model predicts that inserting an unstructured or 

unstable protein into Bn will not dramatically destabilize Bn and thus not induce domain 

swapping. Accordingly, we first placed a destabilized Ub mutant (V26G) into each of the 

six surface loops and turns of Bn (centered at positions 22, 36, 47, 66, 79, and 103; see 

Fig. 2.2 for locations and nomenclature), to test whether Bn can tolerate insertion while 

remaining folded and principally monomeric. With a ΔG value of 1.8 kcal/mol20, V26G 

Ub is expected to exert relatively little stress on the more stable Bn domain (ΔG = 11.5 

kcal/mol for WT Bn; stability of the Bn domain is lower in the BU variants due to loop-

closure entropy loss16). Table 1 summarizes stability parameters measured by Trp 

fluorescence. The Ub domain does not contain any Trp residues so fluorescence reports 

only on the conformation of the Bn domain. The Bn domain is destabilized, as 

anticipated, but it remains folded in all six constructs (Table 1). BU66 (V26G) is the most 

stable. One possible reason is that the 66-loop, being the largest loop in Bn, can 

accommodate insertion with the least perturbation to flanking Bn residues. Size exclusion 

chromatography finds that all V26G variants are predominantly monomeric, although 
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minor peaks corresponding to oligomeric states up to tetramers are observed (Fig. 2.3A). 

Bn therefore seems robust in its ability to accept unstable or unfolded proteins into its 

surface loops while remaining folded. 

 We next intensified the conformational stress exerted by Ub and determined 

whether Bn unfolds or oligomerizes. Disruptive force was generated by replacing V26G 

Ub with WT Ub (ΔG = 6.9 kcal/mol16) at the same insertion points. In agreement with the 

thermodynamic model, stabilizing the Ub domain destabilizes the Bn domain by an 

additional 2.7 – 5.2 kcal/mol (average ΔΔG = -3.8 ± 0.9 kcal/mol; Table 1). Still, the Bn 

domain remains folded and stable in all variants except for BU22. For BU22, the 

midpoint of denaturation (Cm) is 0.22 M urea and ~20 % of the protein is unfolded in the 

absence of denaturant. Size exclusion chromatography, however, reveals that the 

constructs now exist predominantly as dimers, trimers, and tetramers (Fig. 2.3B). The 

distribution of oligomeric states varies among mutants. BU103 is mainly tetrameric with 

a smaller population of dimer. BU22 is almost exclusively dimeric, and BU36, BU47, 

BU66, and BU79 exist as a mixture of trimers, dimers, and monomers. Because of the 

multiplicity of oligomeric states, the observed folding transitions are likely not two state 

(although all curves fit satisfactorily to the two-state linear extrapolation equation (not 

shown)). Free energies reported in Table 1 are therefore apparent values that depend on 

protein concentration (5 µM in the present experiments).  

 We employed disulfide cross linking to ask whether the BU66 dimers observed in 

Fig. 2.3B associate via domain swapping. We took advantage of the Bn double-cysteine 

mutant (A43C+S80C), which is known to readily form an intramolecular disulfide bond21 
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(Fig. 2.2). This bond cross links the two fragments of Bn that the model predicts to be 

split in BU66. If BU66 dimers bind in a conventional manner, i.e. via complementary 

patches on the monomer surface, then the C43-C80 disulfide bond is expected to form 

intramolecularly and the dimers will dissociate to monomers on reductant-free SDS-

PAGE. If BU66 dimers are domain swapped, then C43 of one monomer is predicted to 

form an intermolecular S-S bridge with C80 of the second monomer (and vice versa), 

thereby crosslinking the black and white semicircles in Fig. 2.1D. This species will 

migrate on the gel as a covalent dimer. BU66 (A43C+S80C) was denatured and reduced 

in guanidine hydrochloride/dithiothreitol then allowed to oligomerize and oxidize in the 

absence of denaturant and reductant. SDS-PAGE shows that the dimer peak recovered 

from size exclusion chromatography is the intermolecularly cross-linked dimer, whereas 

the monomer peak is the intramolecularly cross-linked monomer (Fig. 2.3C). This result 

suggests that BU66 (A43C+S80C) monomers bind via a domain swap, yielding the 

closed, symmetrical dimer depicted in Fig. 2.1D.  

 To determine the structural basis for oligomerization, we solved the X-ray 

structure of BU103 to 2.2 Å resolution. The dimeric species in Fig. 2.3B was isolated and 

concentrated to 1.4 mM for crystallization. As a result of the increased concentration, the 

dimers spontaneously reorganized to form long, linear polymers (Fig. 2.1E). The 

asymmetric unit, however, consists of a single BU103 monomer (Fig. 2.4A). In WT Bn, 

residues 104-110 form the last strand of the five-stranded β-sheet (Fig. 2.2). The structure 

of BU103 shows that Ub has pulled apart Bn, with residues 1-103 and 104-110 of Bn 

extending from the N- and C-termini of Ub, respectively (Fig. 2.4A). The binding 
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interface is clearly revealed as a domain swap. The 1-103 and 104-110 fragments of Bn 

do not contact each other within the same molecule; they are separated by more than 30 

Å. Rather, residues 104-110 insert into the BU103 molecule in the next asymmetric unit, 

replacing the missing fifth β-strand (Fig. 2.4B). Similarly, the absent fifth strand of the 

central BU103 molecule in Fig. 2.4B is supplied by the 104-110 fragment from the 

monomer in the preceding asymmetric unit. These asymmetric units are related by 

successive application of the crystallographic three-fold screw operator, generating a 

helical polymer extending the length of the crystal. While the extent of oligomerization 

and regular helix observed in the crystal are enforced by high concentration and crystal 

packing, it seems reasonable to assume that the oligomers seen in solution at lower 

concentration are connected in the same way. Oligomerization thereby restores native 

interactions in the Bn domain without conformational stress. 

 Comparing the Bn domain of BU103 with WT Bn finds the structures of inter- 

and intramolecularly folded Bn to be very similar. Amino acids 3-102 of WT Bn can be 

superimposed on the same residues of the Bn domain of BU103 with a Cα root mean-

square deviation (RMSD) of 0.57 Å (Fig. 2.5A). Superposing just that subset of amino 

acids causes Bn residues 104-109 (from the preceding BU103 molecule) to align on the 

corresponding residues from WT Bn with a maximum Cα RMSD of 0.94 Å at Q104, and 

an overall Cα RMSD of 0.66 Å. The swapped β-strand adopts virtually the same structure 

as the fifth strand in WT Bn, as evidenced by the all-atom RMSD value of 0.75 Å for 

residues 105-108. BU103 thus satisfies all three criteria for a classically domain-swapped 

oligomer. 
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 Like the Bn domain of BU103, the structure of the Ub domain is nearly identical 

to that of its WT counterpart. Amino acids 1-70 of WT Ub superimpose on the 

corresponding residues of the Ub domain of BU103 with an all-atom RMSD of 0.47 Å 

(Fig. 2.5B). Significant differences are limited to the C-termini. Beginning at R74 and 

continuing to the end of Ub at G76, the direction of the polypeptide backbone diverges in 

the two molecules. This result indicates that the C-terminus of Ub is flexible. Some 

flexibility at one or both of Ub-Bn junction points may be desirable in order to 

accommodate any rigid-body adjustments that may need to be made at the binding 

interface. 

 

2.5 Discussion   

 The above results suggest that it may be possible to engineer a self-assembly 

mechanism based on mutually exclusive folding-induced domain swapping. The general 

approach is to insert a ‘lever’ protein into a surface loop of an ‘assembler’ protein. As 

long as the N-to-C and loop-termini distances of the lever and assembler exceed the 

aforementioned ratio, the global free energy minimum of the system (above a threshold 

protein concentration) is an oligomer in which the lever and assembler are both folded 

with the latter protein domain swapped (Fig. 2.1E). This mechanism for self-assembly is 

distinct from those developed by others (e.g. coiled-coils, naturally-occurring repeat 

proteins) in two respects. First, our mechanism is based on conformational stress. In that 

respect it is reminiscent of the naturally-occurring polymerization reaction of the serine 

protease inhibitor α1-antitrypsin22. The native fold of α1-antitrypsin is metastable. 
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Proteolytic cleavage of the inhibitor’s reactive center loop by the target protease permits 

the cleaved loop to adopt a β-strand conformation and insert into the central β-sheet of 

the same α1-antitrypsin molecule, thereby allowing it to attain its global free energy 

minimum. In a spontaneous process that is aided by several disease-causing mutations, 

the reactive center loop can inappropriately insert into another α1-antitrypsin molecule, 

triggering a daisy chain reaction that generates highly stable fibers. The basis for the 

metastable nature of monomeric α1-antitrypsin is not well understood. In contrast, 

mutually exclusive folding-induced conformational stress—and thus the affinity of the 

binding reaction—can be controlled by known physical and thermodynamic principles. 

One straightforward method is to vary the length of the linkers that join lever to 

assembler. We previously showed that very long linkers fully decouple the mutually 

exclusive folding interaction between the Ub and Bn domains17. Linkers of ten Gly each 

result in the BU66 monomer being fully relaxed; no oligomerization is detected. 

Shortening the linkers one residue at a time gradually increases stress and causes the 

dissociation constant (Kd) for dimerization to decrease. When Ub and Bn are fused 

without any additional linkers, BU66 dimerizes with sub-micromolar Kd (Kd cannot be 

determined accurately due to the presence of higher-order oligomers)17.  

 Another method for tuning binding affinity is to modulate thermodynamic 

stability of the lever protein. Figure 2.3A and Fig. 2.3B demonstrate that a more stable 

Ub domain is better able to unfold Bn and induce it to oligomerize. Since protein stability 

is coupled to ligand binding as well as to solution conditions, the domain-swapped 

binding interaction can in principle be switched on and off by the presence of ligands or 
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changes in temperature, pH, or salt concentration. It is important to recognize that, since 

neither of the above two modes of affinity tuning modifies the binding interface, they are 

not expected to compromise the inherent specificity of the domain-swapped interaction. 

Indeed, it is the combination of high specificity and moderate affinity that likely explains 

why nature chose domain swapping to mediate cell-cell interactions6.  

The second distinction of the present design is that it may be modular. There is no 

reason to expect that Bn is unique among potential assemblers in its ability to domain 

swap upon forced unfolding. This view is supported by the observation that Bn responds 

in the same way—by forming oligomeric complexes—as a result of being pulled apart at 

different locations. This is not the case, however, for all mutually exclusive folding 

constructs. Peng & Li created a mutually exclusive folding chimera in which the 27th Ig 

domain of titin was inserted into a surface loop of the GB5 protein23. They were able to 

directly observe folding of the Ig domain and concomitant unfolding of the GB5 domain 

in real time. Subsequent refolding/domain swapping of GB5 was not detected. Thus, we 

still do not fully understand the principles that govern the extent to which assembler 

proteins swap in response to stress. As to the lever, any stable protein with a moderately 

long N-to-C distance should be able to perform the same stretching function as Ub. 

Additional assembler-lever combinations are needed to test the generality of the domain 

swapping mechanism. 
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2.6 Conclusions 

The structures of both domains in the domain-swapped oligomer of BU103 are 

virtually identical to those of WT Ub and WT Bn. This finding, together with gel 

filtration and disulfide crosslinking results from the other BU insertion variants, suggests 

that it may be feasible to create self-assembling oligomers and polymers that retain and 

integrate the functions of the parent molecules. Our mechanism allows for precise control 

of both the structural details of protein-protein binding interfaces as well as the strength 

of their interaction. 
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Figure 2.1. Schematic of mutually exclusive folding-induced domain swapping 
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Figure 2.1. Schematic of mutually exclusive folding-induced domain swapping. (A) 

Ub (38 Å N-to-C distance) is inserted into a surface loop of Bn (10 Å distance between 

the termini of the loop at position 66). (B) If the linkers used to join Ub and Bn are 

sufficiently short, the Ub domain stretches the Bn domain and the Bn domain compresses 

the Ub domain. (C) The more stable Ub domain stretches the Bn domain to the point 

where it unfolds (dashed lines). This state is expected to be stable only at low protein 

concentrations. (D) The Bn domain refolds by domain swapping with an identical 

monomer to generate a closed dimer. This species is anticipated to be populated at 

intermediate protein concentrations. (E) Runaway swapping is predicted to occur at high 

protein concentrations, producing a long, linear polymer. 
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Figure 2.2. Structure of WT Bn
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Figure 2.2. Structure of WT Bn (PDB 1A2P) showing surface loops (red) where Ub is 

inserted. The Bn-Ub fusion proteins constructed in this study (BU22, BU36, BU47, 

BU66, BU79, and BU103) are named according to the Bn residue numbers indicated in 

the figure. White spheres denote positions of Cys residues in the BU66 (A43C+S80C) 

double mutant. 

BU genes were created by inserting the Ub gene into the Bn gene at the positions 

indicated, following the procedure of Geiser et al.24. The genes were fused using 

nucleotides encoding Gly-Gly and Gly as the first and second linkers, respectively, and 

the Ub gene lacked a codon for the N-terminal Met. BU proteins were purified as 

described17.  
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Figure 2.3. Characterization of BU insertion variants by size exclusion 

chromatography and disulfide crosslinking 
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Figure 2.3. Characterization of BU insertion variants by size exclusion 

chromatography and disulfide crosslinking. (A) and (B) show gel filtration 

chromatograms of V26G Ub and WT Ub constructs, respectively. Peaks numbered 1, 2, 

3, and 4 indicate monomer, dimer, trimer, and tetramer. (C)  SDS-PAGE analysis of 

BU66 (A43C+S80C) dimer (D) and monomer (M) peaks purified by size exclusion 

chromatography (DTT, dithiothreitol). M migrates faster than the fully-reduced, 

monomeric control (D+DTT) because the former contains an intramolecular disulfide 

bond. A ten-fold dilution of the (D+DTT) sample is shown in lane 2. The gel is stained 

with Coomassie Brilliant Blue. 

Oligomerization experiments were performed by denaturing BU variants in 2 M 

guanidine hydrochloride, then refolding the samples by rapid 20-fold dilution to a final 

protein concentration of 20 µM. Samples were then injected onto a Superdex-75 gel 

filtration column (GE Healthcare). Disulfide crosslinking experiments were performed as 

above except 10 mM dithiothreitol was present during denaturation. After dilution, the 

samples were dialyzed to remove reductant and allowed to oligomerize under oxidizing 

conditions prior to injection onto the Superdex-75 column.  
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Figure 2.4. X-ray structure of domain-swapped BU103 
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Figure 2.4. X-ray structure of domain-swapped BU103. (A) The asymmetric unit 

consists of a single monomer in which the Ub domain (red) has split apart the Bn domain 

(blue). Residues are numbered according to the Bn sequence. Bn residues 1-103 and 104-

110 (solid oval) extend from the N- and C-termini of Ub at left and right, respectively. 

The dashed oval indicates where residues 104-110 would normally be located in WT Bn, 

as the fifth strand of the central β-sheet. (B) The same monomer in panel A is now shown 

with the molecules in the adjacent asymmetric units. Bn residues 104-110 of the central 

monomer (blue) insert into the β-sheet of the next protomer (green), and the residues 

104-110 from the preceding molecule (yellow) complex with residues 1-103 of the 

central monomer. In this arrangement, all native Bn interactions are restored and 

conformational strain is relieved. 

 BU103 was crystallized at 20 °C using the hanging-drop vapor-diffusion method 

with the mother liquor consisting of 10 mM Tris (pH 8.0), 1 M (NH4)2SO4, 1.5 % 

isopropanol (v/v). X-ray diffraction data were collected at station A1 at the 

Macromolecular Diffraction Facility at the Cornell High Energy Synchrotron Source 

(MacCHESS), reduced using HKL-200025, phased by molecular replacement (1UBQ and 

residues 3-103 of chain A of 1A2P), and refined using Phenix26. X-ray statistics are listed 

in Supplementary Table S1.  
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Figure 2.5. Alignment of the Bn and Ub domains of BU103 with their respective WT 

proteins 
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Figure 2.5. Alignment of the Bn and Ub domains of BU103 with their respective WT 

proteins. (A) Comparison of inter- and intramolecularly folded Bn. Backbone atoms of 

the Bn domain of BU103 (blue and yellow) are superimposed on those of WT Bn (white). 

Residues are numbered according to the Bn sequence. The point of strand exchange is 

marked by residue 103 from the blue chain and residue 104 from the protomer in the 

preceding asymmetric unit (yellow chain). The red residues signify the beginning of the 

Ub domain. (B) Alignment of the Ub domain of BU103 (red) with WT Ub (white). 

Residues are numbered according to the Ub sequence. Bn fragments 1-103 and 104-110 

(blue) extend from the N-terminus (residue 1) and C-terminus (residue 76) of the Ub 

domain, respectively.  
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Table 2.1. Stability parameters of the Bn domain of BU variants 

Variant   Cm (M) ΔG (kcal/mol) m (kcal/mol/M)  

BU22 (V26G) 1.27±0.08 3.19±0.80  2.49±0.56 

BU36 (V26G) 2.79±0.02 7.83±0.23 2.80±0.06 

BU47 (V26G)  1.70±0.01 4.42±0.13 2.60±0.10 

BU66 (V26G)  3.42±0.02 9.54±1.25 2.81±0.37 

BU79 (V26G) 2.75±0.06 7.31±0.07 2.65±0.07 

BU103 (V26G) 3.10±0.04 8.64±0.64 2.79±0.22 

BU22  0.22±0.04  0.54±0.07 2.43±0.24 

BU36  1.66±0.03  3.42±0.28 2.05±0.15 

BU47  0.63±0.06 1.06±0.12 1.69±0.16 

BU66  2.70±0.07  4.30±0.30 1.59±0.16 

BU79  1.69±0.10  3.68±0.42 2.13±0.36 

BU103  2.62±0.03   5.45±0.98 2.09±0.38 
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Table 2.1. Stability parameters of the Bn domain of BU variants.!Cm is the midpoint 

of urea-induced denaturation. Protein concentration is 5 µM (monomer). Errors are 

standard deviations of three measurements. Urea denaturation studies were carried out in 

10 mM sodium phosphate (pH 7.0), 0.1 M NaCl, 10 °C. Unfolding of the Bn domain was 

monitored by Trp fluorescence (Ub does not contain any Trp residues), and unfolding 

data were fit to the two-state linear extrapolation equation ∆G(urea) =∆G − m[urea] as 

described previously16. 
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Ha, J.-H., Karchin, J. M., Walker-Kopp, N., Castañeda, C. A. and Loh, S. N. Engineered 

Domain Swapping as an On/Off Switch for Protein Function. Chem. Biol. 22, 1384–1393 (2015). 
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3.2 Abstract 

Domain swapping occurs when identical proteins exchange segments in 

reciprocal fashion. Natural swapping mechanisms remain poorly understood and 

engineered swapping has the potential for creating self-assembling biomaterials that 

encode for emergent functions. We demonstrate that induced swapping can be used to 

regulate function of a target protein. Swapping is triggered by inserting a ‘lever’ protein 

(ubiquitin) into one of four loops of the ribose binding protein (RBP) target. The lever 

splits the target, forcing RBP to refold in trans to generate swapped oligomers. Identical 

RBP-ubiquitin fusions form homo-swapped complexes with the ubiquitin domain acting 

as the hinge. Surprisingly, some pairs of non-identical fusions swap more efficiently with 

each other than they do with themselves. NMR experiments reveal that the hinge of these 

hetero-swapped complexes maps to a region of RBP distant from both ubiquitins. This 

design is expected to be applicable to other proteins to convert them into functional 

switches. 
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3.3 Introduction 

Domain swapping is one mechanism by which proteins evolved the ability to 

oligomerize. Natural swapping generates dimers that can have physiological advantages 

over their constitutive monomers1–6, as well as polymers that can contribute to pathogenic 

states7–9. Engineered swapping has the potential to create self-assembling materials that 

retain and integrate the activities of the parent proteins or encode for emergent functions. 

The new functionality that we explore in this study is the capability of using induced 

domain swapping as an on/off switch for protein activity. 

Why do certain proteins naturally swap and how might others be induced to do 

so? The answers to these questions can be framed by Eisenberg’s original definition of a 

domain swap10,11. For a protein to be classically swapped it must exist in equilibrium with 

its monomeric form, and the two structures should be identical except at the hinge region 

(typically a surface loop or turn) where the polypeptide segments cross over to generate 

the dimer or oligomer. By these criteria any protein is capable of swapping but relatively 

few do12,13. It stands to reason that the swapped protein must somehow be more stable 

than the non-swapped protein, despite the fact that they are stabilized by nearly identical 

interactions.  

To explain swapping, researchers have focused on the properties of the hinge 

region in swapped vs. non-swapped states and on the concept of conformational strain in 

the latter. At minimum the hinge must be compatible, both energetically and sterically, 

with both structures. A compelling strategy for introducing a swap is to combine the 

above ideas by modifying the putative hinge region so that it’s strained in the monomeric 

conformation. Examples include shortening a surface turn14–17, placing residues in a turn 
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that are forced to adopt unusual dihedral angles18 or are otherwise unfavorable for turn 

formation19, and replacing a surface loop with an α-helix that forms a coiled-coil20. These 

alterations drove the turn or loop to adopt a more extended conformation that was better 

accommodated when it became the hinge region in a swapped structure. 

 We previously introduced the mutually exclusive folding mechanism—which 

proved to be an extreme version of the conformational strain model—by fusing a ‘lever’ 

protein into an internal position of a target protein. The fusion protein undergoes a tug-of-

war in which the target compresses and unfolds the lever or the lever stretches and rips 

apart the target, depending on which domain is more stable21–24. When the ubiquitin (Ub) 

lever was inserted into one of six surface loops of the barnase (Bn) target, strain was 

relieved in the fusion protein by the Ub domain unfolding the Bn domain, followed by 

intermolecular refolding of Bn domains to generate a domain-swapped, linear polymer as 

shown schematically in Fig. 3.1B25. In this arrangement, the lever comprises the hinge 

and as such is effectively placed outside of the target structure. This mechanism offers a 

unique advantage over other approaches in that conformational stress has been shown to 

be proportional to the stability of the lever protein21. Swapping can therefore be 

controlled in theory by modulating lever stability using well-established principles 

(ligand binding, mutation, temperature/pH change, etc.). 

 Here we test the generality of the lever-target design by fusing the Ub lever into 

one of four surface loops of the ribose binding protein (RBP) target (Fig. 3.1A). RBP was 

chosen because it’s relatively large (277 AA), offers numerous surface loops for lever 

insertion, and possesses a readily-assayable biological function (ribose binding) that we 

can attempt to switch on and off via domain swapping. To effect functional switching we 



Chapter 3: Engineered Domain Swapping as an On/Off Switch for Protein Fuction 
 

 
 

84 

knocked out ribose binding activity by introducing ribose binding mutations at positions 

either N-terminal or C-terminal to the Ub insertion sites. Either mutant alone cannot bind 

ribose; only by swapping with each other can function be restored. 

We find that: (i) all fusion proteins homo-swap, suggesting that swapping is a 

general response to lever-induced strain; (ii) some combinations of fusion proteins swap 

with each other (hetero-swap) more efficiently than they swap with themselves (homo-

swap), indicating that hetero-swapping generates different protein-protein binding 

interfaces that interact with increased propensity; (iii) NMR structural analysis of a 

hetero-swapped dimer reveals the existence of a preferred hinge region distant from 

either Ub domain that may represent the optimal crossover point for swapping of RBP; 

and (iv) induced domain swapping can be used to regulate function of RBP. 

 

3.4 Results 

 3.4.1 Design strategy for fusion proteins 

 The lever-target design entails inserting the lever into the target at a site that’s 

compatible with folding of the latter in both its swapped and non-swapped states. Surface 

loops are typically selected for insertion sites, as placing the lever in a secondary 

structural element or at a buried position would likely so destabilize the target as to 

prevent it from folding. In order to introduce strain, the N-to-C distance of the lever 

should be at least twice as long as the Cα-Cα distance between terminal residues of the 

surface loop in the target. RBP has ten surface loops or turns that point away from the 

central ribose binding cleft, toward the “outside” of the molecule (Fig. 3.1A). We 

targeted four of these for Ub insertion: two on the N-terminal domain (centered at 
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positions 34 and 60) and two on the C-terminal domain (centered at positions 125 and 

210). The resulting RBP-Ub fusion proteins are designated RU34, RU60, RU125, and 

RU210 (see Table 3.1 for nomenclature of all constructs created for this study). The 

location of the insertion point at position 34 is shown in Fig. 3.1A and the resulting 

domain swap is illustrated in Fig. 3.1B. 

 

 3.4.2 Structural characterization by circular dichroism 

 To determine the effect of Ub insertion on the structure of RBP we performed 

circular dichroism (CD) wavelength scans of the RU-Cys2 variants (see below for 

description of Cys mutations). The CD signal arises mainly from the α-helices of the 

large RBP domain, consequently, CD data do not reveal the conformation of the smaller, 

mostly β-sheet Ub domain. CD spectra of all four RU-Cys2 constructs are similar to each 

other and to that of free RBP-Cys2, suggesting that the RBP domains are folded (Fig. 

S3.1). The CD signal is slightly more negative for free RBP-Cys2, possibly reflecting a 

small loss of helical structure in the RU-Cys2 proteins. 

 

 3.4.3 Disulfide crosslinking reveals homo- and hetero-swapping 

  We previously developed the native disulfide test to differentiate between 

swapped and non-swapped target domains and to determine the sizes of the swapped 

polymers25. The strategy is to identify a pair of residues (K28 and S245) that, when 

mutated to Cys, readily form a disulfide bond in the native structure of wild-type (WT) 

RBP. K28C+S245C double mutants are designated by the -Cys2 suffix (Table 3.1). 

Because the native interactions present in a domain-swapped protein are essentially 
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identical to those present in the non-swapped monomer10, the presence of an 

intermolecular disulfide bond (inter-SS) means that C28 has cross linked to C245 across 

a domain-swapped interface, locking the complex together with a covalent bond (Fig. 

3.1C). By contrast, if RU-Cys2 proteins associate by conventional means (i.e. surface 

binding without exchange of polypeptide strands) then disulfide bonds will form 

intramolecularly (intra-SS) within each monomer. Denaturing but non-reducing 

polyacrylamide gel electrophoresis (SDS-PAGE) is used to distinguish inter-SS bonded 

oligomers from intra-SS bonded monomers. An inter-SS bond indicates: (i) that a swap 

has occurred, (ii) that the hinge is somewhere between C28 and C245 in sequence, and 

(iii) the approximate size of the swapped complex. 

RBP-Cys2 and RU-Cys2 variants (20 µM) were denatured in GdnHCl, reduced 

with DTT, and refolded under oxidizing conditions. As expected, the majority (~95 %) of 

the RBP-Cys2 positive control runs as the intra-SS monomer on SDS-PAGE with a minor 

fraction appearing as an inter-SS dimer (Fig. 3.2A). Cys2 variants of RU34, RU60, 

RU125, and RU210 exhibit more extensive laddering with RU125-Cys2 displaying the 

most. These results indicate that all RU variants swap with themselves (homo-swap) and 

that RU125 has the greatest propensity for doing so. Inter-SS bonding along with our 

previous X-ray structure of the analogous barnase-Ub fusion protein25 suggests that the 

structure of each RU complex consists of homo-swapped RBP domains with the hinge 

regions comprising the Ub domains at their various points of insertion, as shown for 

RU34 in Fig. 3.1B and Fig. 3.2B. Once an RU initially swaps to form a homodimer, it 

can either close on itself (Fig. 3.1B) or additional RU’s can homo-swap at either end to 

generate a linear polymer (Fig. 3.2B). 
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The classic domain swap generates a highly specific protein-protein binding 

interface. Indeed, one of its known purposes in nature is to establish a mechanism by 

which only identical proteins interact26,27. With this model in mind we hypothesized that 

if two or more non-identical lever-target insertion variants were to be denatured and 

mixed, they would spontaneously self-segregate upon refolding by reforming the original 

homo-swapped oligomers. Surprisingly, several hetero-pairs produce more extensive 

laddering on SDS-PAGE than either of the individual proteins (Fig. 3.2A). This is most 

clearly seen for RU34+RU210 and RU60+RU210. Neither RU34 nor RU60 swap 

particularly efficiently by themselves, but when either is mixed with RU210 we observe 

the most widespread laddering of all combinations. By contrast, mixing RU34 and RU60 

results in a banding pattern similar to the sum of the individual proteins.  

The above findings demonstrate that RU34 and RU60 form heterocomplexes with 

RU210 but not with each other. One possible mechanism entails a hetero-swap as 

illustrated in Fig. 3.2C for RU34+RU210. Like a homo-swap, a hetero-swap produces a 

dimer consisting of a swapped RBP domain at the center with ends capable of further 

homo-swapping. The key difference with a hetero-pair is that a portion of the RBP 

sequence is duplicated (e.g. amino acids 34-210 for RU34 and RU210). This redundancy 

allows the hinge region of a hetero-swapped complex to be at either of the Ub insertion 

sites or anywhere in between. Thus, the proteins are free to choose the hinge that is the 

most energetically or sterically favorable (the ‘preferred hinge’), rather than be limited to 

the Ub domains as hinges in a homo-swap. By this reasoning, there does not seem to be a 

preferred hinge between residues 34 and 60, since RU34 and RU60 only homo-swap and 

do not hetero-swap (Fig. 3.2A). The observation that RU34+RU210 and RU60+RU210 
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swap more efficiently than RU34 or RU60 alone hints that a preferred hinge exists 

between residues 60 and 210.  

We note that all lanes exhibit more bands than would be anticipated for a simple 

monomer-dimer-trimer etc. equilibrium. The likely reason is that each oligomeric species 

can be linear or closed which doubles the number of expected bands. In addition, RBP is 

an extremely stable protein that resists complete SDS denaturation, and residual structure 

within the oligomers may slightly shift their mobility. 

 

3.4.4 Domain swapping monitored by FRET 

To further test for hetero-swapping we developed a FRET-based assay in which 

CyPet or YPet fluorescent proteins28 were fused to the N-terminus of RU125 (Table 3.1). 

Folded RU125-CyPet and RU125-YPet were mixed (20 µM each, in native buffer) in the 

presence of different concentrations of unlabeled RU34, RU60, RU125, or RU210 and 

the solutions were allowed to equilibrate under native conditions (0.5 M GdnHCl, 37 °C, 

2 days) so as not to unfold CyPet or YPet. If the proteins only homo-swap the RU125-

CyPet will only bind to RU125-YPet and FRET efficiency will remain constant at all 

concentrations of unlabeled competitor, except for the positive control (unlabeled 

RU125). Instead, we observe that FRET efficiency decreases with increasing 

concentration of all RU variants (Fig. 3.3). RU125 exhibits a slight positive preference 

for swapping with RU34 and RU60 (compared to itself), and a considerable negative 

preference for swapping with RU210. According to the model in Fig. 3.2C these findings 

suggest that a preferred hinge exists between residues 60 and 125. 
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3.4.5 NMR structural analysis of a hetero-swapped complex  

To structurally validate the domain swap model and to identify the location of the 

hinge, we created two truncated RU proteins that reproduce the swapping interaction of 

their full-length counterparts but can only form dimers. The main challenge for structural 

determination is that RU proteins are large (360 AA) and self-assemble into oligomers of 

mixed composition and length, making crystallization difficult and NMR analysis out of 

the question. Our solution was to delete the residues N-terminal to the Ub domain in one 

construct and delete the residues C-terminal to the Ub domain in a second construct (Fig. 

3.2D). These truncations preclude the proteins from homodimerizing as well as prevent 

additional subunits from adding to the heterodimer as they do in Fig. 3.2C. We deleted 

residues 1-59 from RU60 (RU60-ΔN) and residues 125-277 from RU125 (RU125-ΔC) 

(Table 3.1) so as to create the smallest possible dimer for NMR analysis (56,509 Da). 

We labeled RU60-ΔN and RU125-ΔC uniformly with 15N and recorded 

heteronuclear single-quantum coherence (HSQC) spectra of each protein in the absence 

of the other. 15N-RU60-ΔN alone exhibits relatively well-dispersed peaks with some 

degeneracy toward the center of the spectrum, consistent with a structure composed of 

mostly folded but some unfolded regions (Fig. S3.2A). By contrast, 15N-RU125-ΔC 

displays a small set of intense, resolved peaks with a large cluster of broad, overlapped 

peaks near the center of the spectrum (Fig. S3.2B). This same set of intense, resolved 

peaks is observed in the spectrum of 15N-RU60-ΔN, and moreover, both sets align with 

the majority of peaks in the WT Ub spectrum (Fig. S3.3). Thus, the Ub domain is folded 

and native-like in both RU constructs, while the truncated RBP domain appears to be 

mostly unstructured in RU125-ΔC. 
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To test for binding we mixed each labeled protein with its unlabeled partner. 

Nearly all of the non-Ub resonances of 15N-RU60-ΔN shift on addition of unlabeled 

RU125-ΔC (Fig. S3.2A), and nearly all of the non-Ub peaks of 15N-RU125-ΔC shift on 

addition of unlabeled RU60-ΔN (Fig. S3.2B). The Ub peaks in both cases remain 

stationary (Fig. S3.3). Most of the expected RBP peaks (~125 and ~217 in the 15N-

RU125-ΔC and 15N-RU60-ΔN labeled samples, respectively) are now observed in the 

complex of RU60-ΔN+RU125-ΔC. These results indicate that: (i) the two proteins bind; 

(ii) binding involves significant folding of RU125-ΔC; and (iii) the complex is likely a 

dimer, as any higher-order oligomer would exceed 80,000 Da and would result in very 

broad peaks. 

To assess the structure of the dimer we overlaid the HSQC spectra of WT 15N-

RBP (red) and WT 15N-Ub (black) on the spectra of 15N-RU60-ΔN (blue) and 15N-

RU125-ΔC (green) (Fig. 3.4). It is immediately apparent that the two labeled RU 

constructs alone align poorly with WT RBP (Fig. 3.4A), but the majority of peaks shift 

into alignment in the complex (Fig. 3.4B). Nearly all of the resolved red peaks are 

covered by either blue or green peaks in Fig. 3.4B, but not by both. This finding suggests 

that the RBP fragments of RU60-ΔN and RU125-ΔC combine to form a structure similar 

to that of WT RBP, and that there is no region in the reconstituted RBP domain in which 

the same residue from RU60-ΔN and RU125-ΔC adopts the WT RBP conformation. This 

mutual exclusivity argues that there is only a single major hinge in the dimer. For 

example, if half the dimers formed by crossing over at position 60 and the other half by 

crossing over at position 125, then residues 60-125 from RU60-ΔN would take on the 
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WT RBP structure in one population and the same residues from RU125-ΔC would adopt 

the WT RBP conformation in the other population. 

The finding that nearly all peaks in the dimer superimpose with either WT RBP or 

WT Ub enables the hinge region to be deduced by chemical shift change using cross 

assignments. We assigned the 15N, 13C, and 1H backbone resonances of WT RBP (30,944 

Da). Figure 4C demonstrates the strategy for mapping the hinge region using a zoomed 

portion of Fig. 3.4B for clarity. The WT RBP peaks (red) are denoted by their residue 

number, colored according to whether they superimpose with resonances from 15N-

RU60-ΔN (blue), 15N-RU125-ΔC (green), or neither (gray). The hinge (being the region 

of the domain-swapped structure that’s most different from WT RBP) is expected to map 

to a segment of gray residues, but not to any gray segment. It must be flanked by a trail of 

green residues at its N-terminus and a trail of blue residues at its C-terminus. This pattern 

signifies that the chain comprising the RBP domain has crossed over from RU125-ΔC to 

RU60-ΔN (Fig. 3.2D). A gray section embedded in a stretch of green residues or a gray 

section surrounded by blue residues cannot be the hinge. In the area shown in Fig. 3.4C, 

all WT RBP residues are green from 6-69 and blue from 128-215, revealing the hinge to 

be between residues 69 and 128.  

The chemical shift mapping data, summarized in Fig. 3.5, rule out the hinge 

region being at either Ub insertion site. The RBP domain instead opts to swap by crossing 

over somewhere between residues 94-101 (magenta), well away from the Ub domains. 

These residues comprise an extended surface loop that connects two β-strands in the β-

sheet of the N-terminal lobe of RBP (Fig. 3.5). Interestingly, the longest stretch of gray 

residues, which implies the region of greatest difference between WT RBP and the RBP 
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domain of the swapped dimer, maps to amino acids 71-82. These residues form an α-

helix that abuts the putative hinge and chemical shifts in this helix may be perturbed upon 

swapping by virtue of this contact. 

 

3.4.6 Induced domain swapping as a mechanism for functional switching 

As final proof of the domain swap mechanism, and to test whether it can be used 

to regulate the function of RBP, we knocked out ribose binding activity of each RU 

construct in such a way that function can only be restored by a domain swap. We 

generated ribose binding knockout variants by creating one set of RU proteins with 

binding mutations (F17A+F18A) N-terminal to the Ub insertion sites, and a second set 

with binding mutations (F217A+D218S) C-terminal to the Ub insertion sites29–31. 

Variants containing the N-terminal or C-terminal binding mutations are designated with 

the -NBM and -CBM suffixes (Table 3.2). Similar to the native disulfide experiment, the 

only way that the functional RBP amino acid sequence can be restored is if two RBP 

chains cross over with the hinge region somewhere between residues 18 and 217 (Fig. 

3.1D). The product of this swap contains one RBP with the WT sequence and one RBP 

with the NBM/CBM double-knockout sequence (Fig. 3.1D). 

 All possible homo- and hetero-pairs of RU-NBM and RU-CBM were mixed, 

denatured, and refolded. The fraction of molecules competent to bind ribose was then 

determined by a kinetic unfolding assay monitored by CD. Upon addition of 7 M 

GdnHCl, ribose-free RBP denatures within the ~30 s dead time of CD experiments 

whereas ribose-bound RBP unfolds with a half-time of hours (Fig. S3.4). The fraction of 

active RBP (FA) can then be calculated using the equation FA = (θI – θU)/(θN – θU), where 
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θI is the initial ellipticity and θN and θU are the ellipticities of the native and unfolded 

states, respectively. As a positive control we added ribose to a second set of samples prior 

to denaturation so that the binding energy of ribose helps drive domain swapping. The 

fraction of active RBP obtained under positive control conditions (FA,max) can be 

considered the maximum value for each RU combination under the assay conditions. We 

note that the theoretical maximum of FA is 0.5 even if 100 % of the molecules swap, 

since only up to one-half of the RBP domains will contain neither NBM nor CBM 

mutations. 

 Ribose binding results are summarized in Table 3.2 with the homo-pairs 

appearing on the diagonal (light gray) and the hetero-pairs above the diagonal (white). 

Ribose binding is restored in all homo-pairs with RU125-NBM+RU125-CBM showing 

the greatest activity (FA = 0.18). The remaining three bind ribose to significant but lesser 

extents. For the hetero-pairs, all six exhibit substantial activation upon mixing, with FA 

values ranging from 0.095 to 0.30. FA generally correlates well with the extent of inter-

SS bonded species in Fig. 3.2A. One exception is RU34-NBM+RU60-CBM which is as 

active as RU60-NBM+RU210-CBM but does not oligomerize as extensively in the native 

disulfide assay.  

 As a negative control we reversed the orientation of the binding mutations such 

that hetero-swapping produces the NBM/CBM double knockout mutant instead of the 

WT RBP sequence. Results of the ribose binding assay for the reversed binding mutants 

are shown below the diagonal (dark gray) in Table 3.2. In agreement with the structural 

model, FA and FA,max values of all six hetero-pairs are close to zero, indicating that few if 
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any RBP domains in any of the RU polymers are capable of binding ribose in the 

negative binding orientation. 

 

3.5 Discussion 

 3.5.1 Structural model of domain swapping 

 The combination of ribose binding, NMR, and disulfide cross linking experiments 

provide conclusive evidence for our domain swap model. The only way that RU-NBM 

and RU-CBM variants can regain biological activity is by generating a native, WT 

binding site from the two proteins. NMR experiments demonstrate that RU60-ΔN and 

RU125-ΔC form a heterodimer in which the native RBP structure is largely reconstituted. 

This structure forms the core of the domain swapped oligomer proposed in Fig. 3.2C. The 

sole reasonable scenario that takes into account these results, plus the oligomerization 

and native disulfide bonding observed in Fig. 3.2A, is a domain swap. 

 According to our model, the lever protein introduces conformational strain into 

the monomeric target which is relieved when the target unfolds and refolds as a swapped 

dimer or oligomer. That this phenomenon occurs when Ub is inserted into four sites in 

RBP (and in six sites in barnase25), suggests that swapping is a common response when a 

lever is inserted into many, if not most, surface loops of a target protein.  

Although RU34, RU60, RU125, and RU210 all homo-swap, the sizes of the 

resulting oligomers vary depending on the site of Ub insertion (Fig. 3.2A). We speculate 

that the extent to which the target protein swaps is determined at least in part by steric 

crowding at the hinge region. When two identical target-lever fusion proteins swap, the 

levers (being the hinges) necessarily become close to each other and to the target 
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domains. One particular combination of lever and insertion site (e.g. RU125) may 

tolerate this arrangement. For example, the positioning of the Ub hinge domains in our X-

ray structure of a barnase-Ub domain fusion protein, while close, is sterically compatible 

with the juxtaposition of successive swapped barnase domains to generate a polymer. 

Depending on its size and shape, another lever at the same position, or the same lever at a 

different position (e.g. RU34, RU60, and RU210), may result in steric clash that limits 

the extent of swapping. It is difficult to predict the extent of interdomain crowding based 

on simple inspection of lever and target structures, but it should be possible to do so 

using molecular simulations of simplified protein models, as Chong and coworkers did 

for barnase-Ub fusion proteins22,32. 

 The most surprising discovery from this study is that some combinations of 

proteins prefer to hetero-swap while others prefer to homo-swap. Given the recognized 

importance of the hinge region to swapping, this observation implies that a hetero-

swapped complex has found a preferred hinge that is more favorable than those employed 

by the corresponding homo-swapped complexes. RU34+RU210 and RU60+RU210 

display the largest increase in hetero-swapping compared to homo-swapping by SDS-

PAGE (Fig. 3.2A), and RU34-NBM+RU125-CBM exhibits the greatest ribose binding 

activity of all pairs tested (Table 3.2). These observations suggest that at least one 

preferred hinge resides between residues 60-125. Using RU60-ΔN and RU125-ΔC as a 

model of the hetero-swapped dimer the NMR data map the hinge region to an extended 

loop (residues 94-101) that connects two β-strands (Fig. 3.5). The ArchDB database33 

classifies this loop to be the second longest in the nearly identical E. coli RBP, and likely 

the longest loop in the present T. tengcongensis RBP. It may be that the longest loops 
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make the most favorable hinges because they afford maximal flexibility and 

accommodation of steric clashes.  

The finding of a preferred hinge that is distant from the Ub insertion sites changes 

the role of the lever in our mechanism and has implications toward domain swapping in 

natural proteins. We originally conceived the lever’s first role as tearing the target protein 

in two pieces at the point of insertion and physically preventing them from refolding in 

the same molecule. The lever’s second role is to serve as the hinge region for subsequent 

swapping. This must be true for homo-swapped complexes because if the hinge were 

elsewhere the lever would remain internal to the 3D structure of the target domain, and 

conformational strain would not be relieved. Our results argue that the second role needs 

to be expanded. If levers are inserted into non-identical positions, then the chains can 

cross over at either lever domain or anywhere in between. Thus, the role of the lever is to 

destabilize the monomeric target as originally envisioned, but then to simply allow the 

target to swap at the best position available given the placement of the levers. We have 

identified one such preferred hinge between residues 94-101, in one of the longest loops 

in RBP. Based on all available data it seems reasonable to speculate that this may 

represent the best possible hinge for domain swapping of RBP, and the site that RBP 

would choose if it were to naturally swap. This hypothesis can be tested by determining 

the structure of the RU34-ΔN+RU210-ΔC complex and asking whether the same hinge is 

chosen, although the increased size of the dimer may preclude the use of NMR. Structural 

investigation of the dimer of WT RBP-Cys2 observed on SDS-PAGE may also reveal 

whether it’s swapped, and if so, the location of the hinge. 
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 3.5.2 Induced domain swapping as an on/off switch 

 The main attraction of our mechanism is that levers and targets can potentially be 

combined in a modular fashion, integrating the properties of both proteins and generating 

emergent properties. One such property may be the ability to turn on and off the function 

of the target using a stimulus to which the lever responds, such as ligand binding or 

change in pH/temperature. We demonstrate here that RBP function can be regulated by 

domain swapping of non-functional monomers. We previously established that swapping 

is in turn controlled by the stability of the lever domain: when the lever is unfolded, or 

when it’s stable but joined to the target by long, structureless linker peptides, 

conformational strain is decoupled and the target does not swap21,22. It is therefore 

possible in theory to trigger domain swapping, and hence biological activity of the target, 

by stabilization of a suitable lever through binding of a small molecule or protein ligand. 

While this mechanism is new it is not without analogy. It is reminiscent of that of 

receptor tyrosine kinases, in which ligand binding causes the inactive receptor monomers 

to dimerize and activate each other. We are currently testing the feasibility of this design 

with other lever/target combinations. 

 

3.6 Significance 

 Prevalent in nature yet poorly understood, domain swapping provides protein 

engineers with a heretofore underutilized tool to manipulate protein structure, function, 

and self-assembly. We demonstrate here that domain swapping can be rationally 

introduced into a target protein, and that by doing so the biological activity of that protein 

can be switched on and off. The principles that underlie our mechanism draw from 
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relatively well-understood properties of protein structure and stability. It therefore seems 

possible to convert many types of proteins into molecular switches using induced domain 

swapping. 

 

3.7 Experimental Procedures 

3.7.1 Gene construction and protein purification 

Human Ub DNA sequences were inserted into the specified position of the 

Thermoanaerobacter tengcongensis RBP gene according to the procedure of Geiser at 

al.34. All genes were fully sequenced. Proteins were expressed in E. coli BL21(DE3) with 

IPTG induction occurring at 20 °C for 12-15 h. For purification, cell pellets were 

resuspended in 10 mM Tris (pH 7.5), 0.3 M NaCl, and lysed using a small amount of 

lysozyme followed by sonication. The soluble fraction of the lysate was loaded onto a 

nickel-NTA column (Bio-Rad) and washed extensively with 10 mM Tris (pH 7.5), 6 M 

GdnHCl to denature the proteins and remove bound ribose. Proteins were eluted using 6 

M GdnHCl (pH 3.8), dialyzed against double-distilled H2O, and lyophilized. -NBM, -

CBM, -CyPet, and -YPet variants were purified as above except GdnHCl was omitted 

from the column washing and elution steps. All proteins were judged to be >95 % pure 

by SDS-PAGE with coomassie staining. 

 

3.7.2 Disulfide experiments 

RBP is extremely stable and slow to unfold30. For this reason we denatured the 

proteins by adding GdnHCl and/or heating to 90 °C prior to disulfide and ribose binding 

experiments. RU-Cys2 variants (20 µM) were denatured in 6 M GdnHCl, reduced with 10 
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mM DTT, and refolded under oxidizing conditions by dialyzing against 20 mM sodium 

citrate (pH 5.0), 0.15 M NaCl for 3 h, then against 20 mM Tris (pH 8.0), 0.15 M NaCl for 

an additional 16-20 h at room temperature. Proteins were loaded onto 5-15 % gradient 

SDS-PAGE gels (Bio-Rad) and gels were stained with coomassie brilliant blue. 

 

 3.7.3 FRET experiments  

 RU125-CyPet and RU125-YPet were prepared separately in 20 mM sodium 

phosphate (pH 7.0), 0.15 M NaCl and mixed to a final concentration of 20 µM each in 

the same buffer. Unlabeled RU proteins (prepared in the same buffer) were added at the 

indicated concentrations, GdnHCl was added to a final concentration of 0.5 M, and 

samples were incubated at 37 °C for 48 h. Samples were diluted 1:50 and fluorescence 

spectra were recorded with excitation at the CyPet wavelength (433 nm) on a Horiba 

Fluoromax-4 instrument. FRET data are expressed as the ratio of CyPet emission (460 

nm) to YPet emission (525 nm). 

 

 3.7.4 NMR experiments 

 Proteins were expressed using standard minimal media protocols with 13C-glucose 

and/or 15NH4Cl (both 99 atom %) as the sole sources of carbon and nitrogen. Protein 

samples were prepared in 20 mM sodium phosphate (pH 7.0), 0.15 M NaCl, 5 % 2H2O. 

Protein concentrations were as follows: 1.24 mM WT 15N/13C-RBP, 1.5 mM 15N-Ub, 

0.25 mM 15N-RU60-ΔN and 15N-RU125-ΔC, and 0.30 mM unlabeled RU60-ΔN and 

RU125-ΔC. All RBP and RU samples contained 5 mM ribose. NMR spectra were 

acquired at 60 °C on a Bruker Avance III HD 800 MHz spectrometer equipped with a 5 
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mm TCI triple resonance cryogenic probe. 15N, 13C, and 1H backbone assignments of WT 

RBP were determined using HSQC, HNCACB35, and CBCACONH36 

experiments. Spectra were processed with NMRPipe37 and analyzed using CCPNMR38. 

  

 3.7.5 Ribose binding activity assays 

 RU-NBM and RU-CBM (20 µM each) were mixed in 10 mM sodium phosphate 

(pH 7.0), heated at 90 °C for 5 m with or without 5 mM ribose, and cooled to room 

temperature over the course of ~1 h. The total concentration of the RU34-NBM + 

RU210-CBM mixture was approximately half that of the others due to precipitation 

during heating. Samples were transferred to a 22 °C bath and CD data were collected at 

22 °C on an Aviv model 420 instrument. 1/50 volume ribose (5 mM final concentration) 

or water was added to samples that were heated without or with ribose (respectively), 5 m 

prior to initiating unfolding by 6.1-fold dilution into 8.3 M GdnHCl, 25 mM sodium 

phosphate (pH 7.0). CD ellipticity was recorded at 226 nm.  
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Figure 3.1. Schematics of lever-target design and disulfide crosslinking and RBP 

activity tests for domain swapping 
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Figure 3.1. Schematics of lever-target design and disulfide crosslinking and RBP 

activity tests for domain swapping. (A) A lever protein (Ub, red) with a long (≥25 Å) 

N-to-C distance is inserted into a target protein (RBP, blue) at a point in a surface loop of 

the target (position 34 of RBP is shown as an example; red circle). Residues 1-34 of RBP 

are colored cyan. (B) The lever domain forces the target domain apart at the insertion 

site, separating it into two pieces that cannot refold within the same molecule. Each end 

of the bisected target can then refold via domain swap to generate a closed dimer 

(shown), longer closed oligomers, or a long linear polymer. (C) For the disulfide 

crosslinking assay, RU-Cys2 proteins are denatured and reduced, then allowed to refold 

and oxidize. If they dimerize via domain swapping, with the hinge region between the 

two Cys groups, then the disulfide bond will form intermolecularly, thereby covalently 

linking the two monomers. Similarly, if the protein swaps to generate longer polymers 

then the disulfide bonds will covalently link all subunits together allowing polymer size 

to be determined by SDS-PAGE. If the protein instead forms complexes by conventional 

interactions (i.e. surface binding without strand exchange) then the disulfide bonds will 

form intramolecularly and run as monomers on SDS-PAGE. Two identical RU-Cys2 

variants are shown but the method works equally well for two different RU-Cys2 species. 

(D) For the ribose binding activity test, inactive NBM and CBM variants of the same RU 

(shown) or different RU variants are mixed, denatured, and allowed to refold. Domain 

swapping results in one inactive complex that contains both NBM+CBM mutations and 

one complex that’s free of mutations and fully active. 
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Figure 3.2. Pairwise mixing of RU-Cys2 variants reveals homo- and hetero-swapping 
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Figure 3.2. Pairwise mixing of RU-Cys2 variants reveals homo- and hetero-

swapping. (A) Non-reducing SDS-PAGE indicates that all RU-Cys2 variants swap with 

themselves (lanes labeled homo-swap), but some pairs swap more extensively with each 

other than with themselves (lanes labeled hetero-swap). The RU34+RU210 and 

RU60+RU210 lanes contain larger swapped polymers than the RU34, RU60, or RU210 

alone lanes. By contrast, the RU34+RU60 lane shows a banding pattern similar to that of 

the sum of the RU34 and RU60 alone lanes, suggesting that RU34 and RU60 prefer to 

swap with themselves rather than with each other. (B) and (C) diagram the amino acid 

connectivities and hinge regions of the proposed homo- and hetero-swapped structures in 

panel A. The amino acid sequence of the RBP domain is shown as a thick colored arrow 

and the amino acid connectivity of the swapped complex is traced by a dashed white 

arrow. The hinge region is a dashed magenta arrow. In the hetero-swapped complex 

formed by RU34 and RU210 (panel C), the potential hinge region (magenta box) extends 

from positions 34 to 210. Once the RU34/RU210 hetero-swapped dimer forms, additional 

RU34 and RU210 proteins can add to the N-terminal and C-terminal ends (respectively; 

panel C) via the homo-swapping interactions depicted in panel B. (D) Addition of 

subunits to the heterodimer can be prevented by truncating the amino acids to either side 

of the Ub domain in the RU hetero-pair. 
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Figure 3.3. FRET competition assay for domain swapping 

 

  



Chapter 3: Engineered Domain Swapping as an On/Off Switch for Protein Fuction 
 

 
 

111 

 

 

Figure 3.3. FRET competition assay for domain swapping. (A) Homo-swapping 

control in which RU125-CyPet and RU125-YPet are challenged with unlabeled RU125 

competitor (concentrations in inset). Fluorescence spectra are normalized to CyPet 

emission for clarity. (B) The same data in panel A are plotted as CyPet/YPet emission 

ratio, with hetero-swapping results obtained with unlabeled RU34, RU60, and RU210 

competitors included. Lines are best fit to the one-site binding equation. 
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Figure 3.4. The hinge region of the hetero-swapped dimer maps to residues 94-101 
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Figure 3.4. The hinge region of the hetero-swapped dimer maps to residues 94-101. 

Panels A and B reveal that RU60-ΔN and RU125-ΔC bind to regenerate native-like RBP 

structure. (A) HSQC cross peaks of 15N-RU60-ΔN alone (blue) and 15N-RU125-ΔC alone 

(green) show little superposition with resonances of WT RBP (red). (B) When 15N-

RU60-ΔN is mixed with unlabeled RU125-ΔC (blue), and when 15N-RU125-ΔC is mixed 

with unlabeled RU60-ΔN (green), most of the blue and green peaks shift into alignment 

with the WT RBP peaks (red). WT Ub resonances are colored black; these black peaks 

overlay well with blue and green peaks in both panel A and panel B, indicating that Ub is 

folded and native-like in all samples. (C) The process of mapping the hinge region is 

demonstrated using a zoomed region of panel B. Resonance assignments of WT RBP are 

indicated with residue numbers colored blue if the WT RBP peak superimposes with a 

peak from 15N-RU60-ΔN (complexed with unlabeled RU125-ΔC), green if the WT RBP 

peak superimposes with a peak from 15N-RU125-ΔC (complexed with unlabeled RU60-

ΔN), and gray if no superposition is observed with either protein. Ub assignments are in 

black. 
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Figure 3.5. Location of the hinge region on RBP 
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Figure 3.5. Location of the hinge region on RBP. The structure of WT RBP is shown at 

top and the amino acid sequence at bottom. Color coding is the same as in Fig. 4; namely, 

green and blue indicate backbone resonances of WT RBP that superimpose with those of 

15N-RU125-ΔC and 15N-RU60-ΔN, respectively, gray denotes resonances of WT RBP 

that do not superimpose with any peak from either 15N-RU125-ΔC or 15N-RU60-ΔN, and 

black indicates lack of assignment or Pro. The potential hinge (magenta) is located 

between residues 94-101, in the longest surface loop on RBP.  
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Table 3.1. Proteins created for this study 

Variants Additional mutations Comments 

RU34, RU60, RU125, 

RU210 

None Ubiquitin inserted into RBP at 

indicated positions in RBP 

RU34-Cys2, RU60-Cys2, 

RU125-Cys2, RU210-Cys2 

K28C+S245C Forms inter-SS or intra-SS 

bonds when RBP domain is 

swapped or non-swapped, 

respectively 

RU125-CyPet, RU125-YPet CyPet or YPet fused to N-

terminus of RU125 

FRET donor and acceptor 

groups 

RU60-DN Residues 1-59 deleted from 

RU60 

Can’t homo-swap; can only 

form hetero-swapped dimer 

RU125-DC Residues 125-277 deleted from 

RU125 

Can’t homo-swap; can only 

form hetero-swapped dimer 

RU34-NBM, RU60-NBM, 

RU125-NBM, RU210-NBM  

F17A+F18A N-terminal ribose binding 

mutants 

RU34-CBM, RU60-CBM, 

RU125-CBM, RU210-CBM 

F217A+D218S C-terminal ribose binding 

mutants 
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Table 3.2. Activation of ribose binding activity by domain swapping 

 RU34-CBM RU60-CBM RU125-CBM RU210-CBM 

RU34-NBM 
0.073 ± 0.0080 

(0.11 ± 0.0080) 

0.18 ± 0.0081 

(0.16 ± 0.0082) 

0.30 ± 0.0087 

(0.37 ± 0.0090) 

0.23 ± 0.0071 

(0.41 ± 0.0074) 

RU60-NBM 
0.011 ± 0.0094 

(0.028 ± 0.0094) 

0.070 ± 0.0087 

(0.075 ± 0.0086) 

0.21 ± 0.011 

(0.27 ± 0.011) 

0.17 ± 0.010 

(0.32 ± 0.011) 

RU125-NBM 
0.0055 ± 0.0092 

(0.010 ± 0.010) 

0.0099 ± 0.0094 

(-0.0037 ± 0.0093) 

0.18 ± 0.0092 

(0.17 ± 0.0092) 

0.095 ± 0.0091 

(0.32 ± 0.0097) 

RU210-NBM 
0.0050 ± 0.0085 

(0.010 ± 0.0091) 

0.0092 ± 0.0091 

(0.010 ± 0.0081) 

0.0087 ± 0.0093 

(0.025 ± 0.0091) 

0.049 ± 0.0078 

(0.070 ± 0.0082) 
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Table 3.2. Activation of ribose binding activity by domain swapping. FA and FA,max 

values are shown with FA,max in parentheses. Homo-pairs appear on the diagonal, positive 

binding orientation hetero-pairs appear above the diagonal, and negative binding 

orientation hetero-pairs appear below the diagonal. Errors are standard deviations of three 

measurements. 
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Figure S3.1, related to Figure 3.2. Secondary structures of RU-Cys2 variants are 

similar to that of free RBP-Cys2 
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Figure S3.1, related to Figure 3.2. Secondary structures of RU-Cys2 variants are 

similar to that of free RBP-Cys2. Proteins (4 µM) were incubated in 10 mM sodium 

phosphate (pH 7.0), 2.25 mM tris(2-carboxyethyl)phosphine for at least 15 m at 22 °C 

prior to circular dichroism (CD) experiments. CD scans were recorded at 22 °C on an 

Aviv model 420 instrument using a 0.2 cm cuvette.  
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Figure S3.2, related to Figure 3.4. RU60-ΔN and RU125-ΔC binding characterized 

by 1H-15N HSQC 
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Figure S3.2, related to Figure 3.4. RU60-ΔN and RU125-ΔC binding characterized 

by 1H-15N HSQC. The red data indicate spectra of 250 µM 15N-RU60-ΔN alone (A) and 

250 µM 15N-RU125-ΔC alone (B). The blue data in each panel were recorded after 

addition of 300 µM unlabeled RU125-ΔC to the sample in panel A and 300 µM 

unlabeled RU60-ΔN to the sample in panel B. In both panels nearly all of the non-Ub 

resonances shift and nearly all of the Ub resonances remain stationary. This result 

indicates that: (i) the two proteins bind; (ii) binding involves substantial changes to the 

RBP domain, including significant folding of RU125-ΔC; and (iii) the Ub domain 

remains folded and native-like in both individual proteins and in the complex. 
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Figure S3.3, related to Figure 3.4. The Ub domain is folded and WT-like in RU60-

ΔN, RU125-ΔC, and the RU60-ΔN/RU125-ΔC complex 
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Figure S3.3, related to Figure 3.4. The Ub domain is folded and WT-like in RU60-

ΔN, RU125-ΔC, and the RU60-ΔN/RU125-ΔC complex. In each panel, the 15N-HSQC 

of WT Ub is shown in black with the HSQCs of the RU proteins colored as indicated. 

The spectra of the RU proteins are contoured at a high level such that only the sharpest 

subset of peaks is seen. These peaks align well with those of WT Ub in all samples, 

revealing that the Ub domain is native-like in the free RU proteins as well as in their 

complex. That this subset of peaks is sharper than those arising from the RBP domain 

indicates that the smaller Ub domain is tumbling semi-independently from the larger RBP 

domain.  
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Figure S3.4, related to Table 3.2. Ribose binding of RU34-NBM + RU210-CBM 

monitored by circular dichroism (CD) 
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Figure S3.4, related to Table 3.2. Ribose binding of RU34-NBM + RU210-CBM 

monitored by circular dichroism (CD). Protein samples were unfolded, mixed, and 

refolded as described in Methods. Ribose was then added and the samples were 

immediately unfolded in 7 M GdnHCl. CD signal was recorded for 100 s and averaged. 

θN and θU are the native and unfolded baseline values recorded in the absence of 

GdnHCl, and in 7 M GdnHCl (after 12 h incubation), respectively. θI is the signal 

recorded immediately after adding ribose to the refolded protein, and θI,max is the signal 

obtained from a sample in which ribose was added prior to the refolding step. Data from 

three independent trials are shown as circles, squares, and triangles. 
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4.2  Abstract 

 Protein domain swapping is the process by which identical proteins exchange 

segments in a reciprocal fashion. Here we introduce induced domain swapping (INDOS) 

as a mechanism for regulating protein function as well as for creating self-assembling 

biomaterials that retain and combine the function of their constituent proteins. INDOS 

employs a modular design consisting of two domains: a recognition protein that binds a 

small ‘triggering’ molecule, and a target protein whose function is to be regulated by 

binding of the triggering molecule to the recognition domain. The recognition protein 

(FK506 binding protein) is inserted into functionally inactive mutants of two target 

proteins (staphylococcal nuclease and ribose binding protein). Binding of the cell-

permeable drug FK506 to the recognition domain induces dimerization of the target 

domains, increasing the nuclease and ribose binding activities of the SNase and RBP 

domains by 100-fold and >15-fold, respectively, and restoring them to near wild-type 

values. INDOS is intended to switch on and off the function of an arbitrary protein in 

vitro and in vivo. INDOS is the first example of rational design in which a small molecule 

is used to trigger protein domain swapping and subsequent activation of biological 

function. 
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4.3  Introduction 

 A domain swap is defined as the replacement of a segment of a monomeric 

protein by the same segment from another copy of the same protein1,2. Nature uses 

domain swapping to create specific binding interfaces as well as encode for new or 

altered functions that appear only in the swapped state3–8. Swapping can result in closed, 

topologically circular complexes (frequently dimers) or, when uncontrolled, in open-

ended polymeric structures that contribute to pathogenic states9–11. 

 As a protein engineering tool, domain swapping is relatively new and its 

capabilities are only beginning to be realized. It is inherently well-suited to generating 

self-assembling nanostructures and naturally monomeric proteins have been coaxed to 

swap in order to create functional biomaterials12–14 more recently, we and others have 

used engineered swapping to effect changes in biological activity of proteins, including 

ligand binding properties15–18 and intein-mediated protein splicing19.  

 What is largely missing from current designs is the ability to trigger domain 

swapping on-demand. If achieved, this property will unlock the potential of domain 

swapping as a mechanism for protein conformational switching. The main barrier to this 

goal is that the factors that drive proteins to swap are poorly understood. Any protein can 

swap in theory but few do. Historically, when a mutation or solution condition was found 

to result in swapping, that result was often unexpected and the underlying reasons were 

not clear. Current efforts to rationally design swapping focus heavily on the hinge 

region—the segment that forms the crossover point between protomers—because it is the 

only region of the protein that is substantially different in the monomeric vs. swapped 
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states1. Our strategy and that of some others is to engineer a hinge that stresses the 

conformation of the protein when it is monomeric but not when it is swapped. Linking 

that stress to a signaling event can then provide the triggering mechanism, as 

demonstrated by Woolley and co-workers in their design of a light-induced domain 

swapping switch20. 

 Our approach entails inserting a ‘lever’ protein into a surface loop or turn of a 

target protein (Fig. 4.1A). If the N-to-C distance of the lever exceeds that of the Cα – Cα 

distance between terminal residues of the loop, folding of the lever becomes structurally 

and thermodynamically coupled to unfolding of the target and vice versa21. Once the 

lever unfolds the target, the latter is free to refold in trans via domain swap22. In the 

resulting dimer or oligomer, all target and lever domains are folded and conformational 

strain is relieved. In doing so the lever protein becomes the hinge region of the dimer and 

is thus placed outside of the structure of the target protein. We further showed that this 

design can be used to turn on and off activity of the target domain17. Two separate target-

lever fusion proteins were made wherein the function of the target domain (ribose 

binding protein, or RBP) was knocked out by point mutations N-terminal and C-terminal 

to the lever (ubiquitin) insertion site. Domain swapping resulted in oligomers composed 

of up to half inactive RBP domains that contained both mutations, and up to half active 

RBP domains that contained none. 

The induced domain swapping (INDOS) technology that we introduce here 

improves upon our earlier mechanism by making it responsive to binding of a ligand (the 

drug FK506). We establish the modularity of INDOS by demonstrating that the same 

ligand-binding lever domain (FK506 binding protein, or FKBP) can be used to regulate 
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the biological activity of two target proteins: staphylococcal nuclease (SNase) and RBP. 

We show that this on/off switch is efficient—FK506 activates SNase and RBP function 

by ~100-fold and >15-fold, respectively—and fully reversible. 

 

4.4  Results 

 4.4.1  Model of triggerable domain swapping 

Our previous domain swap designs used ubiquitin as the lever protein. Because 

ubiquitin is very stable and does not bind a ligand with high affinity, it is a static lever 

that is always ‘on’. To make swapping controllable by a small molecule we employed a 

lever protein (FKBP) that binds the cell-permeant drug FK506 (Kd = 0.6 nM23) (Fig. 

4.1A), and exploited the inherent coupling between binding and folding. The minimal 

sequence of events linking FK506 binding to domain swapping is illustrated in Fig. 4.1B. 

In the unligated (apo) state, the fusion protein adopts the closed monomer I conformation 

in which the SNase and RBP target domains are folded and the FKBP lever domain is at 

least partially unfolded. Ligand binding stabilizes and folds FKBP, leading to the closed 

monomer II state. This structure is strained and is expected to be metastable. Strain is 

relieved when the target domain unfolds to yield the open monomer. Finally, open 

monomers refold via domain swap of the target domains to generate dimers and higher 

order oligomers. 

 We connected the above mechanism to regulation of protein function by creating 

two mutants of the target domain in which the function of each is knocked out by amino 

acid substitution. One mutation is placed N-terminal to the FKBP insertion point (N-

functional mutant or NFM) in one copy of the fusion protein, and the other mutation is 
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placed C-terminal to the FKBP insertion point (C-functional mutant or CFM) in the 

second copy of the fusion protein. When these constructs domain swap, one product 

contains one target domain in which the mutations have swapped out and biological 

activity has been restored (Fig. 4.1C). We inserted FKBP into positions 53 and 70 of 

SNase (denoted SF53 and SF70) and into positions 34 and 125 of RBP (designated RF34 

and RF125) (Fig. 4.1A). For NFM/CFM we selected the R35A/R87A catalytic mutants of 

SNase24 and the (F17A+F18A)/(F217A+D218S) ribose binding mutants of RBP25–27 (Fig. 

4.1A).  

  

 4.4.2  Kinetic and structural characterization of the swapping mechanism by 

circular dichroism 

To test the scheme in Fig. 4.1B we used circular dichroism (CD) to monitor 

FK506-induced structural changes of SF70 at 2 µM and 30 µM enzyme concentration. 

The CD signal of SF70 at 226 nm originates predominantly from the α-helices of the 

SNase domain; the data do not report on conformational changes of the mostly β-sheet 

FKBP domain. Two kinetic phases are observed after adding FK506 (Fig. 4.2A). The 

first phase reflects an unfolding event with half-times of 40 min and 22 min for the 2 µM 

and 30 µM samples, respectively. We attribute this process to transition of closed 

monomer II to open monomer, in which the helical structure of the SNase domain is 

disrupted. Size exclusion chromatography (SEC) results (see following section) suggest 

that binding of FK506 and subsequent conversion of closed monomer I to closed 

monomer II occurs within the ~1 min dead time of the CD experiments. The second, rate-
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limiting phase reflects a folding step that likely corresponds to refolding of open 

monomers to domain-swapped complexes in which both FKBP and SNase domains are 

natively structured. The half-time of this step decreases with increasing protein 

concentration, from 3.1 h at 2 µM to 0.89 h at 30 µM, as expected for an associative 

process. 

 

 4.4.3  Determination of oligomeric population by analytical 

ultracentrifugation 

 We employed sedimentation velocity analytical ultracentrifugation (AUC) to 

further characterize the structures and oligomerization states of SF70 at 10 µM, 20 µM, 

and 40 µM concentration. At 20 µM and 40 µM, apo SF70 sediments as a major species 

of apparent molecular weight (MWapp) 25.4 kDa (theoretical monomer MW = 29.943 

kDa) and a minor species of MWapp = 53.5 kDa, indicating a mixture of 76 – 78 % 

monomer and 22 – 24 % dimer (Fig. 4.2B; Table S4.1). Apo SF70 at 10 µM sediments as 

a single broad peak with a sedimentation coefficient (S) similar to that of the monomer 

peaks at 20 µM and 40 µM protein, but with a tail at higher S-values that precludes 

accurate estimation of MWapp. After equilibration with FK506 for 24 h the monomer and 

dimer populations invert to 79 – 81 % dimer and 2.5 – 6.1 % monomer, with the fraction 

monomer decreasing with increasing protein concentration. Together with the CD data 

these results strongly support the model in Fig. 4.1B and reveal that swapping of holo 

SF70 produces mainly dimers at the enzyme concentrations tested.  
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Compared to SF70, SF53 exhibits an increased tendency to domain swap in the 

absence of FK506. 40 µM apo SF53 sediments as a mixture of monomer (51 %), dimer 

(20 %), and trimer or tetramer (12 %) (Fig. S4.1; Table S4.1). As protein concentration is 

lowered to 20 µM the dimer and trimer/tetramer peaks become less well resolved, and at 

10 µM they coalesce into a single broad peak with an S-value in between that of dimer 

and trimer/tetramer. Dimer and higher-order oligomers therefore appear to interconvert 

on the time scale of the AUC experiment. Addition of FK506 to SF53 causes oligomeric 

species to increase in intensity at the expense of the monomer peak. Unlike SF70, 

however, a significant population of monomer remains, suggesting that the drug does not 

trigger the swapping process as effectively for SF53. 

 

 4.4.4  Regulation of SNase enzymatic activity by FK506 

We developed an SEC assay for simultaneously monitoring protein conformation 

and DNase activity of the SF series. SF70-NFM is mixed with SF70-CFM (5 µM each) 

and FK506 is added at time zero. The enzymes are allowed to swap for the indicated 

times, at which point a 23-mer single-stranded DNA oligonucleotide is added, the 

enzymatic digestion is allowed to proceed for 5 min, and the reaction is quenched by 

EDTA. The mixture is then injected onto an SEC column. All forms of the protein 

(colored red in Fig. 4.3) elute earlier than the uncleaved oligonucleotide and its fragments 

(colored black). As swapping proceeds, new protein and DNA species become further 

separated from each other, as protein oligomers elute earlier than the parent monomer and 

digested DNA products elute later than the parent oligonucleotide.  
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In the absence of FK506, the mixture of SF70-NFM and SF70-CFM remains 

mostly in the inactive closed monomer I form (MWapp = 32.0 kDa) with only minor 

populations of higher order species present (Fig. 4.3). A small amount of active, swapped 

species is detected 2 h after mixing, as indicated by the reduction of the full-length 

oligonucleotide peak and appearance of smaller DNA products. By contrast, when FK506 

is added, the full-length oligonucleotide peak disappears within 20 min of swapping, and 

mostly short nucleotide products are detected after 1 h. The closed monomer I peak shifts 

slightly but significantly to the right (MWapp = 29.3 kDa) within 5 min of FK506 addition. 

We attribute this new peak to closed monomer II, which might be expected to elute as a 

more compact species due to folding of the FKBP domain. A larger species (MWapp = 51 

kDa) also appears at this time point, but since DNase activity is not detected it likely 

consists of open monomers that elute close to the same size as swapped dimers by virtue 

of the SNase domain being at least partially unfolded as suggested by the CD data (Fig. 

4.2A). Figure 4.3 demonstrates that FK506 substantially increases the population of the 

catalytically active species of SF70, on a time scale consistent with that observed in the 

CD kinetic experiments of Fig. 4.2A.  

 The SEC assay reveals similar trends for SF53. The mixture of SF53-NFM and 

SF53-CFM remains mostly as closed monomer I (MWapp = 32.3 kDa) without FK506 

(Fig. S4.2). Upon adding FK506, we more clearly observe the rapid conversion of closed 

monomer I to closed monomer II (MWapp = 24.1 kDa). In agreement with the AUC data, 

SF53 swaps more slowly and/or to a lesser extent than does SF70. After 4 h of swapping 

only ~1/3 of SF53 molecules elute as dimers/open monomers (MWapp = 46.6 kDa), and 

less of the DNA substrate is degraded compared to SF70. At this time point higher-order 
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oligomers appear in the chromatogram as a broad tail leading up to the dimer peak, again 

consistent with the AUC results. 

 

 4.4.5  Fluorescence assay for DNase activation 

 To quantitatively measure the kinetics of FK506-induced swapping, and to 

determine the resulting fold-change of enzymatic activity, we employed a fluorescence-

based DNase assay. A mixture of >40 random, single-stranded DNA oligonucleotides of 

25-35 bases in length is mixed with Sytox green, a dye that exhibits a 500-fold increase 

in fluorescence when intercalated into DNA28, at an average ratio of ~0.6 molecules of 

Sytox per oligonucleotide. NFM and CFM variants are mixed 1:1 at 4 µM, 10 µM, and 

20 µM total enzyme concentration and FK506 is added at time zero. At the indicated 

times an aliquot is added to the DNA/Sytox mixture and degradation is monitored by loss 

of fluorescence. Controls with WT SNase show that the initial velocity of the reaction is 

proportional to enzyme concentration (Fig. S4.3), making the assay suitable for 

determining the extent of domain swapping. One notable difference between the 

fluorescence and SEC assays is that they report on different stages of the enzymatic 

reaction. Fluorescence detects only those cleavage events that result in Sytox release, i.e. 

degradation to short or possibly single nucleotides. SEC reports on earlier events—

mainly initial cleavage of the full-length substrate into relatively large products—with 

subsequent reactions producing species too small to be resolved on the column.  

FK506 induces DNase function robustly at all three concentrations of SF70 (Fig. 

4.4A). By contrast, enzymatic activity is barely detectable in the corresponding apo SF70 

controls. The change in activity can be estimated by dividing the initial velocity of the 
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holo enzyme by that of the apo enzyme, and averaging this value for the last three time 

points of each curve. This calculation yields fold-increases of 136 ± 13, 41 ± 8.4, and 57 

± 25 for the 4 µM, 10 µM, and 20 µM enzyme samples, respectively. The large 

uncertainties in these figures are due to the activities of the apo enzymes being at near-

background levels. 

The Sytox assay finds that SF53 remains essentially inactive after addition of 

FK506 (Fig. S4.4). This result is unexpected because AUC and SEC experiments indicate 

that FK506 induces SF53 to oligomerize and partially degrade the full-length 

oligonucleotide (albeit to lesser extents than SF70). The lack of fluorescence-monitored 

activity may reflect the inability of swapped SF53 to degrade DNA to short or single 

nucleotides. 

 We previously showed that target-lever pairs in which the lever is inserted into 

two different positions of the target can domain swap with each other17. Moreover, these 

hetero-swapped complexes can form with greater propensity than their respective homo-

swapped counterparts. For example, SF53 by itself can only swap if the polypeptide 

strands cross over at position 53, and SF70 in isolation can only swap by crossing over at 

position 70. When SF53 and SF70 are mixed, they have the additional option of forming 

a hetero-swapped complex in which the hinge can be anywhere between positions 53 and 

70 (Fig. S4.5A). The mixture of 5 µM SF53-NFM and 5 µM SF70-CFM exhibits a (28 ± 

4.8)-fold increase in DNase activity on FK506 addition (Fig. S4.6A). This value indicates 

that a significant fraction of molecules hetero-swap, although the exact percentage cannot 

be determined since the crossover point and specific activity of the resulting hetero-

swapped complex are unknown. As a negative control we tested the ‘reverse’ mixture of 
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SF70-NFM and SF53-CFM. The heteroswapped dimer in this case contains both NFM 

and CFM mutations (Fig. S4.5B). As expected, no activity is observed with or without 

FK506 even after 50 h of incubation (Fig. S4.6B). 

 

4.4.6  Regulation of RBP ribose binding activity by FK506 

 To address the question of whether FKBP has general utility as a triggerable lever, 

we inserted it into RBP and tested if FK506 can regulate ribose binding (Fig. 4.1A). We 

chose positions 34 and 125 for insertion because in our earlier study using ubiquitin as 

the lever we found that those sites result in efficient hetero-swapping with the hinge 

region being at position 9517. To quantify ribose binding we titrated a mixture of RF34-

NFM + RF125-CFM (20 µM each) with ribose and measured the change in enthalpy by 

isothermal titration calorimetry (ITC). The positive control, RF125 without the NFM and 

CFM mutations, binds with a fitted stoichiometry (n) of 0.74 ± 0.08 mole ribose per mole 

of protein monomer with a dissociation constant (Kd) of 12.8 ± 0.13 nM (Fig. 4.5). In the 

absence of FK506, only a minor fraction of the RF34-NFM + RF125-CFM mixture is 

competent to bind ribose. The first ribose injection releases a small amount of heat; no 

further enthalpy change is observed for subsequent injections indicating saturation. Kd 

and n cannot be determined accurately from these data, but fixing Kd to 17.2 nM (the 

same value obtained from the holo sample below) yields an upper estimate of n ≤ 0.02. 

When FK506 is added, a full binding curve is restored with n = 0.32 ± 0.05 and Kd = 17.2 

± 7.6 nM as the fitted parameters. Recalling that at most 50 % of the positive control 

activity can be regained by swapping (Fig. 4.1C), and that homo-swapped complexes are 

non-functional, the observed stoichiometry indicates that FK506 triggered nearly all 
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monomers to hetero-swap. This amounts to a ≥15-fold activation of ribose binding 

activity. 

 

4.4.7  Reversibility of switching 

 In order to demonstrate reversibility of the SF70 switch, we used a 10-fold excess 

of free FKBP to compete off FK506 that was bound to the swapped complex of SF70-

NFM/SF70-CFM, and measured loss of enzymatic activity using the Sytox assay (Fig. 

4.4B). DNase activity is reduced by 50 % after ~40 h and returns to baseline levels by 

~100 h, demonstrating full albeit slow reversibility. The control sample in which no 

FKBP was added retains full activity during this time. We tested for reversibility of the 

RF switch using a similar approach but with SEC as the readout. RF34-NFM, RF125-

CFM, and FK506 were mixed and incubated at 37 °C. After 24 h, the majority of 

molecules elute as tetramers, with a minor population of dimer and a trace amount of 

monomer (Fig. S4.7). After adding excess FKBP to abstract FK506 from the complexes, 

the tetramer peak reverts to an approximately equal mixture of dimer and monomer by 25 

h, and to mostly monomer by 43 h. 

 The reverse rates are considerably slower than the forward rates for both SF and 

RF switches. Unlike binding of FK506, which introduces conformational strain into the 

monomeric proteins, removal of FK506 does not generate strain in the swapped 

complexes. De-swapping is thus governed by simple dissociation to the closed monomer 

I form. This process is expected to be slow because it requires that both of the swapped 

SNase or RBP domains within each dimer unfold approximately simultaneously. 
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4.5  Discussion 

The combination of CD, AUC, SEC, and functional assays provide definitive 

evidence for INDOS (Fig. 4.1). To our knowledge this is the first example of rational 

design in which a small molecule is used to trigger protein domain swapping and 

subsequent activation of function. Although INDOS is new as a protein engineering tool, 

it evokes an important class of biological switches: receptor tyrosine kinases (RTKs). 

RTKs mediate signal transduction by dimerizing on the plasma membrane in response to 

binding their cognate ligands. RTK monomers are inactive as kinases; only by dimerizing 

do the monomers cross-phosphorylate each other and become functional enzymes. RTKs 

do not domain swap—they associate by conventional means—but RTKs and INDOS 

both use ligand binding to drive conformational changes that perturb an existing 

monomer/dimer equilibrium toward the latter. 

INDOS is distinct from RTKs in that the mechanism that links binding to 

dimerization is simpler, easier to design, and modular. The two main requirements for the 

recognition module are that it must possess a relatively long N-to-C distance (≥25 Å) and 

be significantly stabilized by ligand binding. Our results establish FKBP as one such 

module that can potentially be used to construct in vivo switches that respond to the cell-

permeant drugs FK506 and rapamycin. One can conceive of other levers that respond to 

different effectors (small molecule or protein ligands, changes in pH or temperature, or 

light), as long as they are stabilized by their respective effector signals and satisfy the N-

to-C distance criterion.  

The versatility of INDOS, however, lies in the diversity of biological functions 

that can potentially be regulated by plugging the recognition module into a variety of 
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target proteins. The requirements for the target are that it domain swap in response to 

‘pulling’ stress applied by the lever, and that its function can be knocked out 

independently by two different mutations placed N-terminal and C-terminal to the lever 

insertion point. With regard to the former, the results of this study and others suggest that 

domain swapping is a common route that different proteins take to resolve lever-induced 

conformational stress. Even if one lever placement fails, proteins typically contain many 

potential insertion sites (i.e. surface loops/turns) at least one of which will result in 

efficient swapping 17,22. For example, as part of this study we also inserted FKBP into 

position 78 of SNase to create SF78. SEC experiments revealed that SF78 remained 

monomeric with and without FK506 (data not shown). When constructs fail to swap the 

reason is usually unclear, but in this case it is likely that the loop surrounding residue 78, 

being the largest in SNase, was long enough to decouple the pulling force exerted by the 

FKBP domain21,29. 

Once a target-lever pair has been chosen, their relative thermodynamic stabilities 

must be balanced such that the lever domain in its apo state is less stable than the target 

domain. This condition ensures that the fusion protein will adopt the closed monomer I 

conformation in the absence of ligand. For this reason we needed to introduce the V24A 

mutation into the FKBP domains of all constructs. The V24A mutation destabilizes 

FKBP by 3.2 kcal/mol without affecting its affinity for FK50630. After the lever domain 

binds the ligand, it is desirable but not essential that it be more stable than the target 

domain. All that is required is that the lever gain enough stability such that it destabilizes 

the target in its monomeric form to the point where swapping is favored, according to the 

antagonistic coupling model that we presented previously21. Using the switches 
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developed here as guideposts for future designs, the folding free energy (ΔGfold°) of free 

FKBP (V24A mutant) is 2.9 kcal/mol and this value increases by 2.7 kcal/mol in the 

presence of ligand30,31. The target protein is always destabilized by insertion of the lever, 

and wild-type SNase (ΔGfold° = 5.5 kcal/mol) proved to be too unstable to fold. We 

therefore employed the ΔPHS variant of SNase (ΔGfold° = 12 kcal/mol32). The NFM and 

CFM mutations decrease ΔGfold° by 1.4 kcal/mol and 0.9 kcal/mol, respectively33. Wild-

type RBP has the opposite problem: it is so stable, and unfolds so slowly, that ΔGfold° 

cannot be measured accurately by chemical denaturation. Our initial RF constructs failed 

to swap in response to FK506, most probably because the RBP domain was too stable 

and/or unfolded too slowly. Fortunately, it is usually straightforward to tune a protein’s 

stability by altering amino acids in its hydrophobic core, and introducing the destabilizing 

I236A mutation into RF34-NFM and A29T + V52E mutations into RF125-CFM solved 

the balancing issue. 

INDOS causes proteins to self-assemble and this feature may be useful for 

generating active biomaterials that form in response to a small molecule or other trigger. 

With regard to the functional switching capability presented here, one limitation of 

INDOS is that activation requires dimerization (or higher) and protein concentration must 

therefore be above the apparent Kd of dimerization. SF and RF switches are effective at 

low micromolar concentration, but we have not yet established the lower limit of protein 

concentration.  
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4.6  Material and Methods 

 4.6.1  Protein expression and purification 

 Human FKBP12 DNA sequences (containing the V24A and C22A mutations) 

were inserted into the specified position of the staphylococcal nuclease gene (ΔPHS 

variant) and the T. tengcongensis RBP gene according to the procedure of Geiser et al.36. 

All genes were fully sequenced. Proteins were expressed in E. coli BL21(DE3) with 

induction of isopropyl b-D-1-thiogalactopyranoside occurring at 20 °C for 12 – 15 hr. 

Cell pellets were resuspended in 10 mM Tris (pH 7.5), 0.3 M NaCl, and lysed using a 

small amount of lysozyme followed by sonication. The soluble fraction of the lysate was 

loaded onto a nickel-nitrilotriacetic acid column (Bio-Rad) and proteins were purified 

following the manufacturer’s protocols. For RF variants that did not contain NFM or 

CFM mutations, we incorporated an additional wash with 10 mM Tris (pH 7.5) and 6 M 

guanidine hydrochloride to denature the proteins and remove bound ribose. Eluted 

proteins were dialyzed against double-distilled H2O and lyophilized. FKBP was purified 

in the same manner except the soluble fraction of the lysate was passed through a Q-

Sepharose column to remove excess DNA, acetic acid was added to adjust pH to 5.0, and 

the solution was centrifuged to remove the precipitated material. The supernatant was 

loaded onto a SP-Sepharose column, followed by washing with 20 mM sodium acetate 

(pH 5.0), and elution with a linear gradient of 0 to 1 M NaCl. FKBP fractions were 

pooled, dialyzed against double-distilled H2O, and lyophilized. All proteins were judged 

to be >95 % pure by SDS- PAGE with coomassie staining. 
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 4.6.2 Circular dichroism 

 SF70 samples were prepared in 20 mM Tris (pH 8.0) and 0.15 M NaCl. FK506 

(50 µM) was added at time zero. CD data were recorded at 226 nm using an Aviv model 

420 instrument with 1 mm (30 µM sample) and 10 mm (2 µM sample) quartz cuvettes. 

Experimental temperature was 25 °C. 

 

 4.6.3 Sedimentation velocity analytical ultracentrifugation 

 SV-AUC was conducted with wild-type or a 1:1 mixture of NFM:CFM SFV70 or 

SFV53 samples at concentrations ranging from 5 µM  to 20 µM (± 50 µM FK506) 

dissolved in DMSO. Samples were loaded into cells containing 12 mm two-sector 

charcoal-filled Epon centerpieces and quartz windows and inserted into a four-hole An-

60 Ti rotor and run in a Beckman-Coulter ProteomeLab XL-A analytical ultracentrifuge 

equipped with absorbance optics. The centrifuge chamber was brought down to a vacuum 

level of 0 microns and the rotor, samples and chamber were pre-equilibrated to 25 °C for 

2 h prior to run initiation. For each run, the samples were scanned 300 times with a 0 time 

interval between scans (total run time ~ 15.5hrs). The raw data from each sample was 

analyzed through the use of the continuous c(s) distribution method in the program 

SEDFIT37. For each sample, 80-100 scans were loaded (omitting every other scan) and 

the data was fit using alternating rounds of the Simplex and Marquardt-Levenberg 

algorithms37, achieving root-mean-squared deviation (rmsd) values of ≤ 0.01. 

Experimental sedimentation coefficients were converted to standard conditions at 20 °C 

in water (S20,w) using the program SEDNTERP38. Frictional ratios (f/f0) were also 
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calculated via SEDNTERP, using both the expected molecular weight and partial specific 

volume of the proteins based on the primary amino acid sequence38. 

 

 4.6.4 Size exclusion chromatography 

 NFM and CFM variants (5 µM each) were mixed together in SNase reaction 

buffer (25 mM Tris pH 8.5, 0.15 M NaCl, 10 mM CaCl2) and incubated overnight at 

room temperature. FK506 (50 µM) was added at time zero. At the indicated time points, 

an aliquot of this mixture was withdrawn and 5 µM substrate (the single-stranded DNA 

oligonucleotide 5’-GCCCTCTTTCATTGCACCAGAGC-3’) was added. The DNase 

reaction was allowed to proceed for 5 min at room temperature then terminated by 

addition of EDTA. Samples were then injected onto a Superdex S200 Increase SEC 

column (GE Healthcare) employing the same buffer as above except containing 1 mM 

EDTA instead of 10 mM CaCl2. 

 

 4.6.5 Fluorescence assay for DNase activity 

 Fluorescently-labeled substrate (50x working concentration) was prepared by 

boiling a mixture of >40 random, single-stranded DNA oligonucleotides of 25-35 bases 

in length (nucleotide concentration = 7.26 mM) for 1 h in H2O, followed by rapid cooling 

on ice. Sytox green was then added to a final concentration of 150 µM, or ~0.6 mol Sytox 

per mol oligonucleotide. Enzymes were mixed in the same reaction buffer as in SEC 

experiments and divided into two identical tubes. At time zero, FK506 (50 µM) was 

added to one tube of enzyme and an identical volume of the DMSO vehicle was added to 
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the other. At the indicated time points, an aliquot of enzyme was removed, 1/50 volume 

of 50x substrate was added, and the DNase reaction was monitored by loss of Sytox 

fluorescence at 523 nm (with excitation at 504 nm) using a Horiba Fluoromax-4 

fluorometer. Experimental temperature was 20 °C. 

 Initial velocities were calculated as follows. We observed a minor but unexpected 

initial increase in fluorescence for some samples prior to the expected decrease. The 

origin of the increasing fluorescence phase is not known, but its rate increased with 

increasing enzyme concentration to the point where it disappeared into the mixing dead 

time for many samples. We therefore calculated initial velocity from the steepest 

downward slope of the fluorescence signal after the initial increase, if present. Short 

windows of the decay curve, corresponding to approximately linear segments, were 

manually selected and fit to a line. The initial velocity is reported as the most negative 

slope obtained by this procedure (Fig. S4.8). 

 

 4.6.6  Isothermal titration calorimetry 

 RF34-NFM + RF125-CFM (20 µM each) or RF125 (50 µM) was mixed with 100 

µM FK506 or DMSO vehicle and incubated for 24 h at 37 °C. Samples were then 

dialyzed against 20 mM phosphate (pH 7.0) and centrifuged. Data were collected at 

25 °C using a MicroCal VP-ITC (Malvern Instruments). Each injection consisted of 5 -10 

µl of ribose, added over 20 s with 240 s between injections. Measured enthalplies were 

corrected by subtracting the values obtained from an identical titration of the dialysate 

from the above step, and fit to the one-site binding isotherm using the VP Viewer 2000 

software package from the manufacturer.
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Figure 4.1. Schematic of INDOS and domain-swapping bioswitches 
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Figure 4.1. Schematic of INDOS and domain-swapping bioswitches. Lever proteins 

are colored orange and target proteins are colored green. (A) Structures of the lever 

protein FKBP with its N-to-C distance indicated, and the target proteins SNase and RBP 

with their insertion positions and functional mutations noted. Bound ligands (FK506, the 

inhibitor pdTp, and ribose) are shown as black sticks in the FKBP, SNase, and RBP 

structures, respectively. (B) Proposed mechanism of INDOS. A triggerable lever (FKBP) 

is inserted into a surface loop of a target protein (SNase or RBP). The target domain is 

initially more stable than the lever domain and the fusion protein adopts the closed 

monomer I conformation in the absence of FK506. FK506 binding stabilizes the lever, 

resulting in the strained and transiently populated closed monomer II state. 

Conformational strain is relieved by unfolding to the open monomer state followed by 

refolding in trans to generate swapped dimers and oligomers. (C) INDOS is used to 

create bioswitches by introducing NFM (white square) and CFM (black circle) point 

mutations into the target protein, on either side of the lever, rendering it inactive (partially 

or completely gray structures). The scheme in panel B results in a swapped dimer in 

which biological activity has been restored to one of the target domains (fully green 

structure). 
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Figure 4.2. Kinetic and structural characterization of FK506-induced SF70 domain 

swapping 
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Figure 4.2. Kinetic and structural characterization of FK506-induced SF70 domain 

swapping. (A) After FK506 is added at time zero, CD detects an initial unfolding event 

followed by a protein concentration-dependent refolding event. The unfolding and 

refolding steps are attributed to conversion of closed monomer II to open monomer, and 

subsequent intermolecular folding of open monomer to swapped species. Solid lines are 

best fits of the data to a two-exponential function. (B) AUC reveals that SF70 is primarily 

monomeric in the absence of FK506 (apo) and dimeric in the presence of FK506 (holo). 

See Table S1 for sedimentation coefficients, MWapp values, and peak integrations. 
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Figure 4.3. FK506 induces dimerization of SF70 and activates enzymatic activity 
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Figure 4.3. FK506 induces dimerization of SF70 and activates enzymatic activity. 

Following addition of FK506 or DMSO vehicle to a mixture of SF70-NFM + SF70-CFM, 

size exclusion chromatograms show conversion of protein monomers to domain-swapped 

dimers (red portion of chromatograms) for the holo samples but not for the apo samples. 

DNase activity emerges concomitantly with dimers, as evidence by the disappearance of 

the full-length DNA oligonucleotide and appearance of shorter nucleotide products (black 

portion of chromatograms). Uncleaved oligonucleotide and the closed monomer I form of 

the protein are marked for reference. 
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Figure 4.4. FK506 increases DNase activity of SF70 by ~100-fold and in a reversible 

manner 
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Figure 4.4. FK506 increases DNase activity of SF70 by ~100-fold and in a reversible 

manner. (A) Closed and open symbols indicate that FK506 or DMSO vehicle, 

respectively, was added to a 1:1 mixture of SF70-NFM and SF70-CFM at time zero. 

Circles, squares, and triangles designate total enzyme concentrations of 20 µM, 10 µM, 

and 4 µM, respectively. (B) Reversibility is demonstrated by adding FK506 to a mixture 

of SF70-NFM and SF70-CFM (10 µM) as in panel A, waiting until full enzymatic 

activity is reached (arrow), and then adding a 10-fold excess of free FKBP to compete off 

FK506.  
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Figure 4.5. FK506 increases ribose binding activity of RF34-NFM + RF125-CFM by 

>15-fold 
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Figure 4.5. FK506 increases ribose binding activity of RF34-NFM + RF125-CFM by 

>15-fold. ITC thermograms (top) and fitted ribose binding curves (bottom) are shown for 

RF125 (left), apo RF34-NFM + RF125-CFM (middle), and holo RF34-NFM + RF125-

CFM (right). Fitted Kd and binding stoichiometry values are indicated in the text. 
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Supplemental Figure S4.1. Oligomerization of SF53 in the presence and absence of 

FK506 analyzed by AUC 
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Supplemental Figure S4.1. Oligomerization of SF53 in the presence and absence of 

FK506 analyzed by AUC. Sample and experimental conditions are identical to those in 

Fig. 2B. AUC reveals that SF53 is primarily monomeric and partially dimeric in the 

absence of FK506 (apo) and significantly oligomeric in the presence of FK506 (holo). 

See Table S1 for sedimentation coefficients, MWapp values, and peak integrations. 
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Supplemental Figure S4.2. FK506 induces dimerization of SF53 and activates 

enzymatic activity 
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Supplemental Figure S4.2. FK506 induces dimerization of SF53 and activates 

enzymatic activity. Following addition of FK506 or DMSO vehicle to a mixture of 

SF53-NFM + SF53-CFM, size exclusion chromatograms show conversion of protein 

monomers to domain-swapped dimers (red portion of chromatograms) for the holo 

samples but not for the apo samples. DNase activity emerges concomitantly with dimers, 

as evidence by the disappearance of the full-length DNA oligonucleotide and appearance 

of shorter nucleotide products (black portion of chromatograms). Uncleaved 

oligonucleotide and the closed monomer I form of the protein are marked for reference. 
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!

 

Supplemental Figure S4.3, related to Fig. 4.4. Standard curves for the Sytox activity 

assay showing that initial velocity is proportional to SNase concentration 
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Supplemental Figure S4.3, related to Fig. 4.4. Standard curves for the Sytox activity 

assay showing that initial velocity is proportional to SNase concentration. SNase 

ΔPHS (black), SF70 (blue), and SF53 (red) were mixed with Sytox green and initial 

velocities were recorded as described in Experimental Procedures. Open symbols/dashed 

lines and closed symbols/solid lines indicate the absence and presence of FK506 (50 µM), 

respectively. Lines are linear fits and error bars are the standard errors of at least three 

measurements. 
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Supplemental Figure S4.4. FK506 does not increase DNase activity of SF53 
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Supplemental Figure S4.4. FK506 does not increase DNase activity of SF53. Closed 

and open symbols indicate that FK506 or DMSO vehicle, respectively, was added to a 

1:1 mixture of SF53-NFM and SF53-CFM (10 µM total enzyme concentration) at time 

zero. The Y-axis is scaled to match that of Fig. 4.4. 
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Supplement Figure S4.5. Schematic of forward and reverse heteroswaps, using SF53 

and SF70 as an example 
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Supplement Figure S4.5. Schematic of forward and reverse heteroswaps, using SF53 

and SF70 as an example. Heteroswaps can only occur in a single orientation. For 

example with SF53 and SF70, only the N-terminal half of SF70 (SNase residues 1-70) 

can swap with the C-terminal half of SF53 (SNase residues 54-143). Note there is an 

overlap between residues 53-70, which allows it to swap at any position inclusively. The 

model above depicts the pair swapping at position 70. The other orientation, the N-

terminal half of SF53 (SNase residue 1-53) and the C-terminal half of SF70 (SNase 

residues 71-143) cannot swap because they are missing residues 54-70. The placement of 

functional mutants can determine whether the single orientation will form (A) an active 

swap with a ‘forward’ heteroswap or (B) an inactive swap with a ‘reverse’ heteroswap. 
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Supplemental Figure S4.6. FK506 increases DNase activity of forward SF 

heteroswap but not reverse heteroswap 
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Supplemental Figure S4.6. FK506 increases DNase activity of forward SF 

heteroswap but not reverse heteroswap. (A) Heteroswapping is revealed by FK506 

triggering of DNase activity when the functional mutations are placed in the forward 

orientation (SF53-NFM + SF70-CFM) (A), but not when they are placed in the reverse 

orientation (SF53-CFM + SF70-NFM) (B). Open and closed squares indicate the absence 

and presence of FK506 (50 µM), respectively. Enzyme concentrations are 5 µM SF53 

and 5 µM SF70. 

 

 

  



Chapter 4: Small Molecule-Induced Domain Swapping as a Mechanism for Controlling 

Protein Function and Assembly  

 175 

 

Supplemental Figure S4.7 Reversibility of the RF34 + RF125 ribose binding switch 

demonstrated by SEC 
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Supplemental Figure S4.7 Reversibility of the RF34 + RF125 ribose binding switch 

demonstrated by SEC. Holo complexes (black) were generated by adding FK506 (50 

µM) to a mixture of RF34-NFM + RF125-CFM (20 µM each). Addition of 100 µM 

FKBP causes the tetramers to dissociate into dimers and monomers after 25 h (red), and 

to mostly monomers after 43 h (blue). 
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Supplement Figure S4.8, related to Fig. 4.4. Representative raw data from Sytox 

activity assay.  
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Supplement Figure S4.8, related to Fig. 4.4. Representative raw data from Sytox 

activity kinetics assay. Example raw data from SF70-NFM + SF70-CFM (5+5 µM) at 

16 hr, apo (A) and holo (B). To determine the initial rate of the reaction, the steepest 

region after the initial upward trend (blue) is fit to a best fit linear curve with Kalidagraph. 

Early and later points are masked (red). The rising signal artifact is more prominent in 

slower reactions. 
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Supplemental Table S4.1. Fitted parameters from SEC experiments 

  

 Peak 1 

Sed. coeff. (S), 

MWapp (kDa), 

%  total area 

Peak 2 

Sed. coeff. (S), 

MWapp (kDa), 

%  total area 

Peak 3 

Sed. coeff. (S), 

MWapp (kDa), 

%  total area 

SF70 wt 

Apo 

10 µM 3.09, 32.7 kDa, 90.1 % NA NA 

20 µM 2.56, 25.7 kDa, 77.5 % 4.2, 54.1 kDa, 22.0 % NA 

40 µM 2.60, 25.0 kDa, 75.6 % 4.27, 52.8 kDa, 24.4 
% NA 

Holo 

10 µM 2.43, 25.5 kDa, 6.13 % 4.07, 55.3 kDa, 78.7 
% NA 

20 µM 2.41, 23.7 kDa, 4.55 % 4.05, 51.6 kDa, 81.0 
% NA 

40 µM 2.49, 25.4 kDa, 3.28 % 4.06, 52.9 kDa, 79.9 
% NA 

SF53 wt 

Apo 

10 µM 2.81, 42.0 kDa, 48.3 % 5.24, 107 kDa, 46.1 % NA 

20 µM 2.53, 39.2 kDa, 54.2 % 4.14, 81.8 kDa, 26.4 
% NA 

40 µM 2.47, 25.2 kDa, 51.0 % 4.12, 54.1 kDa, 19.5 
% NA 

Holo 

10 µM 2.67, 39.6 kDa, 17.2 % 5.76, 125 kDa, 62.6 % NA 

20 µM 2.69, 34.4 kDa, 10.2 % 4.17, 66.4 kDa, 33.4 
% 5.55, 101 kDa, 20.5 % 

40 µM 2.60, 31.3 kDa, 7.1 % 4.19, 64.0 kDa, 32.7 
% 5.62, 99.2 kDa, 19.2 % 
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Supplemental Table S4.1. Fitted parameters from SEC experiments. Description of 

major peaks in Figure 4.2B and Figure S4.1. 
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5.1 Utility of MEF for engineering domain swapping interfaces 

Mutually exclusive folding (MEF) is an excellent method for engineering proteins 

to domain swap (Fig 5.1). MEF is particularly useful for engineering domain swapping 

because the conformational strain that drives it is clear and can be modulated in a 

straightforward manner by controlling the stability of the lever. Because the lever is 

external to the assembler, adjusting the stability of the lever through well-established 

thermodynamic principles allows the propensity to domain swap to be modulated without 

affecting the binding interface. In contrast, the interactions that drive domain swapping 

for most other proteins are idiosyncratic and often unintuitive, which presents major 

challenges when trying to control their propensity to domain swap.  

 

5.2 Maximizing domain swapping in assembler-lever constructs 

There are three key factors that drive domain swapping. The first is the 

conformational strain between the lever and the assembler. This is derived from the 

structural conflict of the long N-to-C distance of the lever and the short loop of the 

assembler it is inserted into. When designing assembler-lever constructs, it is important 

that the N-to-C distance of the lever is at least twice as long as the Cα-Cα distance 

between the terminal residues of the surface loops of the assembler to introduce enough 

strain to force MEF. If the assembler loop is too long, then the conformational strain will 

be insufficient to force mutually exclusive folding, as the slack allows the assembler to 

accommodate the long N-to-C distance of the lever1. Therefore, the N-to-C distance of 

the lever and the lengths of the available surface loops in the assembler set an upper limit 

for the possible conformational strain for a given assembler-lever pair. It is relatively 
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simple to reduce the propensity to domain swap by adding residues as linkers between the 

two domains. The opposite, however, deleting residues to shorten the surface loop is 

more complicated, because it might destabilize the assembler or inhibit its activity, if it 

has any. 

The second key factor is the stability of each domain. If the lever is too unstable 

then it will be unable to rip apart the assembler and the construct will be stuck in the 

closed monomer I conformation.  If the assembler is too unstable, the free energy of 

folding might be insufficient to overcome entropic penalty of association and will remain 

in the open monomer conformation (Fig. 5.1). 

The third key factor is the affinity of the fragments of the assembler to bind one 

another. Domain swapping is very similar in concept to fragment complementation, 

except that the fragments are covalently linked together through the lever. From the 

perspective of an assembler domain, an assembler-lever in the open monomer 

conformation is equivalent to a cleaved fragment pair. The higher the affinity of the 

assembler fragments, the greater the propensity to domain swap. If the affinity of the 

fragments is too low then the assembler-lever will remain in the open monomer 

conformation (Fig 5.1). Studies of fragment complementation have shown where a 

protein is cleaved greatly impacts the affinity of the resulting fragment pair7. Generally 

this is related to the folding pathway of a protein. If each fragment can partially fold, it is 

easier for them to reconstitute the native structure and, generally, have a higher affinity8,9. 

However, it is very difficult to predict what fragment pairs will have the highest affinity, 

or in the case of MEF, what insertion positions will lead to the most domain swapping. In 

Chapter 3, we demonstrated a technique that may be used to find the optimal insertion 
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position for assembler-lever constructs. Overlapping fragment complementation enables 

an energetically favorable crossover region to be determined in an assembler of interest. 

Potentially, this could be a powerful tool for finding the optimal position to insert levers 

into assemblers and could also be an efficient method to find high affinity fragment pairs. 

 

5.3 Applications for MEF induced domain swapping 

5.3.1 Bioswitches and biosensors 

 MEF was originally envisioned as a system to allosterically control the activity of 

a target protein, enabling the design of genetically encodable bioswitches and biosensors. 

The initial design called for a lever to be inserted into a target of interest. The function of 

the target could then be controlled by whether or not it was folded in the thermodynamic 

tug-of-war. The stability of the lever could then be modified by ligand binding or changes 

to solution conditions, such as pH, temperature, or ionic strength, which would then 

enable the allosteric regulation of the target via MEF. Early work with barnase-ubiquitin 

(BU) was initially very promising. Barnase’s nuclease activity could be controlled by 

temperature. At lower temperatures, below 50 °C, the barnase domain was more stable 

and was enzymatically active. At higher temperatures, the ubiquitin domain dominated 

the stability tug-of-war, deactivating the nuclease activity. However, this MEF based 

design was shown to be flawed when it was demonstrated that MEF constructs, like BU, 

could domain swap. Domain swapping allows both domains to be folded simultaneously 

rather than in a mutually exclusive fashion. This effectively short circuits any MEF based 

bioswitch or biosensor, since stabilizing one domain does not lead to the destabilization 

and unfolding of the other domain. 
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 In order to overcome this complication, a bimolecular system, using domain 

swapping to restore activity to non-functional mutants was developed, as discussed in 

Chapter 3. This bimolecular system uses two target-lever* constructs, an N-terminal 

functional mutant (NFM) and a C-terminal functional mutant (CFM). Individually, both 

of these mutants are inactive, however if they are mixed and allowed to domain swap, 

then up to half of the target domains can swap out the functional mutations into the native 

active form. The other half of the swaps will form double mutants, which remain inactive 

(Fig 5.1B). Proof of principle of this system was demonstrated using ribose binding 

protein (RBP)-ubiquitin (RU) constructs and the reactivation of ribose binding in Chapter 

3. The generality of this system was confirmed with staphylococcal nuclease (SNase)-

FK506 binding protein (FKBP) constructs and nuclease activity in Chapter 4. Our 

bimolecular (NFM+CFM) system has the potential to use many different proteins with 

diverse functions as targets. The main limitation to potential targets is that their activity 

or function must be spread across their primary sequence. This is necessary because two 

different functional mutants, an NFM and a CFM, are needed and between them there 

needs to be one or more suitable surface loops to insert the lever. 

 By themselves, NFM and CFM enable the design of bioswitches, but the control 

of these switches is limited to direct mixing of the non-functional mutants when only 

static levers are used. Static levers are always ‘on’, constantly ripping apart the assembler 

to drive domain swapping. Triggerable levers, on the other hand, can conditionally and 

reversibly induce domain swapping (INDOS) in response to a specific signal (Chapter 4). 

Triggerable target-lever constructs are balanced so that initially the target is more stable 

""""""""""""""""""""""""""""""""""""""""""""""""""""""""
* These constructs are called, target-lever, not assembler-lever because the primary goal is 
to control the host domain’s activity while self-assembly is a secondary effect."
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than the lever, and dominates the thermodynamic tug-of-war. Domain swapping is 

induced when the lever is stabilized by the signal, which can be binding of a ligand or a 

change in solution conditions. Once stabilized, the lever now dominates the tug-of-war 

and rips apart the target to induce domain swapping. 

 INDOS in combination with NFM + CFM pairs allows for the design of 

bioswitches and biosensors that are controlled by a wide variety of signals. Proof of 

principle of this system was demonstrated in Chapter 4, using FKBP, and its ligand 

FK506, as triggerable lever to control the function of both SNase and RBP, in SNase-

FKBP (SF) and RBP-FKBP (RF) constructs, respectively. Triggerable levers have two 

key requirements. First, like any lever, they must have a long N-to-C distance, as 

discussed above. Second, they must be significantly stabilized by a signal such as the 

binding of a ligand or changes in pH, temperature, ionic strength, or in response to optical 

inputs. The greater the stabilization, the more leeway is available when balancing the 

lever and the target against each other. 

 Our system of INDOS and NFM + CFM pairs is modular in nature and has the 

potential to be extremely versatile. It has the advantage of being genetically encodable, 

and thereby amenable to in vivo applications. FKBP in particularly is useful for in vivo 

application, since FK506 is a membrane permeable drug10. However, there are a couple 

of issues that can complicate the application of our system. The first issue is that it is a 

bimolecular system and works best when the NFM and CFM are in equal proportion. 

This is not a problem for in vitro studies, since both components can be mixed together 

from known stocks. However, it can be difficult to achieve equal expression of two 

separate constructs in in vivo studies. Even with multicistronic vectors the first genes tend 
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to express more than the later ones and the plasmid constructs tend to be very large11. The 

second issue is that the kinetics of domain swapping tends to be slow. After induction 

with FK506, SF constructs took several hours to completely domain swap at room 

temperature and RF constructs required overnight incubation at 37 °C (Chapter 4). The 

kinetics of domain swapping are generally limited by the unfolding and refolding rates of 

the target, since domain swapping requires partial2,3 or even global4,5,6 unfolding. 

Mutations that speed up the kinetics are limited because they tend to destabilize the target, 

and triggerable target-lever constructs must be carefully balanced to work. More 

importantly, as a side effect destabilizing mutations can inhibit the target function. 

 

5.3.2 Hydrogels and biomaterial self-assembly 

 Domain swapping with assembler-lever constructs provides a novel method for 

generating proteinaceous hydrogels, distinct from other methods using elastin-like 

proteins (ELPs), α-helical bundling, or β-sheet fibrils. Hydrogels are formed from large 

meshwork of cross-linked polymers and have a wide range of applications from drug 

delivery and tissue regeneration to biosensors and biofuel cells12–18. Proteinaceous 

hydrogels have several advantages over synthetically based hydrogels, namely the 

relative ease in incorporating biofunctionality, biocompatibility, and biodegradability.  

 As discussed in Appendix I, our domain swapping assembler-lever constructs 

have several advantages as a mechanism for forming hydrogels. Specifically, they have 

very high heat stability, can potentially be triggered to form hydrogels by ligand binding, 

and can be produced with extremely high yields. The ubiquitin-ASPP2 (UA) cassettes 

were able to form hydrogels that are extremely heat stable, remaining folded until well 



Chapter 5: Discussion and Future Directions 

 188 

above 100 °C, because of high stability of the component proteins. Additionally, several 

of the hydrogel samples have had extremely long shelf lives, remaining as a clear gel 

even after 5 years. Those of which had a GFP cargo also remain brightly fluorescent after 

5 years. UA cassettes, as well as RU cassettes, expressed with very high yields, >200 

mg/L (protein/media), under laboratory conditions. This is important since hydrogels 

need to be around 10 % w/v to form.  

 However, hydrogels were only able to form with some UA cassettes, those with a 

barnase cargo did not form hydrogels and all the RU cassettes failed to form any 

hydrogels. Another issue is that domain swapped hydrogels are very slow to form, often 

taking up a month. We hypothesize that this is because assembler-lever constructs may 

become kinetically trapped as smaller circular oligomers during the process of 

concentrating to 10 % w/v. Triggerable levers may provide a solution to this, since in 

principle they should be able to concentrate as monomers and then trigger to domain 

swap to form large polymers at higher concentration. Other proteinaceous based 

hydrogels can be formed in minutes, so significant improvement is necessary for domain 

swapping hydrogels to be comparable with current protein based hydrogels. 

 

5.4 Future Directions 

 5.4.1 Development of a diverse set of functional targets 

 One of the major advantages of our target-lever design is its modularity. However, 

to truly take advantage of that, we need a large pool of useful targets and triggerable 

levers to be available. Currently, we have characterized four proteins useful as either 

assemblers or targets: barnase, ubiquitin, RBP, and SNase. All four can form oligomers 
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of various sizes, ranging from dimers up to at least octomers. Ubiquitin tended to form 

the largest complexes and was the only one that successfully formed hydrogels. Barnase, 

RBP, and SNase all have functions that are readily assayable in vitro, but are more 

difficult to assay in vivo, limiting their utility as reporters for biosensors. Proteins such as 

horseradish peroxidase, β-lactamase, and fluorescent proteins have a long history as 

reporters, particularly with ELISAs and thus would be useful to develop as targets. For 

the development of bioswitches, we are particularly interested in targets with functions 

that control cellular processes, such as gene expression, cell cycle regulation, or 

metabolic processes, as this would be useful in the development of powerful new tools to 

study and understand the workings of cells and tissues.  

 

 5.4.2 Development of a diverse set of triggerable levers 

 In combination with these new targets, we strive to develop a broad array of 

triggerable levers to exploit a wide range of ways to control protein stability. Currently, 

we have characterized two proteins useful as static levers, ubiquitin and N-ASPP2. We 

have also characterized a single protein, FKBP, as a useful triggerable lever. As a lever, 

FKBP can induce domain swapping by binding to its ligand FK506 (or rapamycin). In 

addition to ligand binding, we are interested in proteins that are highly sensitive to 

changes in solution conditions such as pH, temperature, and ionic strength concentration, 

with the goal of expanding the pool of triggerable levers. Even more exciting is the 

possibility of a light based triggerable lever. LOV (light, oxygen, voltage) domains are a 

class of photoswitches that use light-absorbing chromophores to convert photon energy 

into structural, dynamic, and functional changes. LOV2-Jα has a C-terminal α-helix, 
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which is bound in the dark state, but is unfolded in the lit state. The free energy of this 

transition has been measured as 3.8 kcal/mol19 and could be potentially used to drive 

domain swapping by unfolding a target rather than just an α-helix. LOV2, without the J 

α-helix has a long N-to-C distance of 34.7 Å, which is perfect for a lever.  

 

 5.4.3 Triggerable clamp-target constructs 

   The major limitation for finding triggerable levers is that long N-to-C distances 

are relatively rare among proteins, especially among small single domain ones. 

Engineering longer N-to-C distances is not trival, since any additional residues added to 

the termini would have to be integrated into the structure of the protein in a rigid 

conformation if it was to still function as a lever.  

An alternate solution is to invert the target-lever model. Rather than use a lever to 

pry a target apart at a short loop, a ‘clamp’ could be used to squeeze a target at a long 

loop. The clamp approach takes a protein with a long surface loop and replaces it with a 

pinching protein whose N- and C- termini are very close together. When the clamp is 

folded, it squeezes the target and unfolds it, and when the target is folded, it pulls apart 

the pincher (Fig. 5.2). Clamps are especially useful since engineering a short N-to-C 

distance is relatively straightforward by creating a circular permutant (CP). From a 

structural perspective, a CP is created by joining the N- and C-termini with a flexible 

linker and cleaving a surface loop to act as the new N- and C-termini (Fig 5.3). A natural 

result of creating a CP is that the new N- and C-termini are always adjacent to each other 

in 3D space. This is a major advantage because it enables the creations of triggerable 
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clamps from an arbitrary protein. This massively expands the pool of potential triggerable 

domains that can be used for INDOS.  

 

 5.4.4 Alternate frame folding 

 Bioswitches and biosensors designed with INDOS and NFM + CFM pairs have 

several limitations as discussed above in section 5.3.1. A promising avenue of research to 

address these limitations is by combining our MEF and triggerable lever technologies 

with alternate frame folding (AFF). AFF is a system previously designed by our lab to 

allosterically control proteins and design biosensors20,21. This design involves duplicating 

a portion of a protein and adding it to the terminus, allowing it to fold either in a native 

(N) or circularly permuted conformation (CP) (Fig 5.4A). The N and CP conformations 

fold in a mutually exclusive fashion because they compete for a segment of shared 

residues. The equilibrium ratio of N and CP is based on the stability of each frame and 

can be controlled using established principles of protein stability and binding energetics22, 

in a similar manner that triggerable levers can induce domain swapping. This enables the 

design of AFF biosensors based on ligand binding proteins. For example, an AFF, where 

one frame can bind a ligand, but others cannot, allows equilibrium between the two 

frames to be shifted when the ligand is present, thereby providing the sensing component 

for a biosensor. Switching from one frame to the other is a large conformational change 

and can be monitored by FRET, which provides the reporting component of a biosensor. 

The major limitation of this type of design is that the reporting component is basically 

limited to FRET. Triggerable target-lever based biosensors have a much broader range of 
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reporters because the sensor and reporter components are separated as two different 

domains. 

 Target-lever constructs can be easily modified into AFFs, which combines the 

benefits of both AFF and triggerable lever technologies. A target-lever-AFF design 

retains the modularity of target-levers, but is unimolecular and avoids the complications 

of domain swapping. In addition, AFF constructs are unlikely to domain swap because 

only half of the target domain is unfolded at a time. Being unimolecular also means that 

only one mutation is needed to control the target’s function. This removes the 

requirement for the active site to be spread across the primary sequence, which greatly 

broadens the range of potential targets to be used as reporters. The lever can also be 

inserted in more positions, since it does not need to be between two different functional 

mutants. Switching between alternate frames is also much faster than domain swapping, 

on the scale of seconds20 rather than hours.  

 Careful thermodynamic balancing is still needed when designing these types of 

biosensors. In addition to the normal balancing needed for a target-lever construct, the 

stabilities of the N frame and CP frame also need to be balanced. When the lever is 

unfolded, the target should be more stable in the N conformation. Once triggered, the 

lever should rip apart the native conformation, destabilizing it and shift the target to the 

N# conformation, which will not have a lever in the middle of it (Fig 5.4A). The function 

of the target can be turned on or off depending on which frame the functional mutant is 

placed. This AFF design is also compatible using triggerable clamps instead of levers, 

which further increases the pool of potential sensors. 
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 Preliminary results show great promises for target-lever-AFF based bioswitches 

and biosensors. Based on the work from Chapter 4 with SF70, we have developed an 

SF70-AFF construct, which shows a ~20 fold increase in nuclease activity when FK506 

is added (data not shown). SF70-AFF has a R35A mutation to inhibit its nuclease activity 

when the SNase domain is in its N fold, but not in the CP fold. In order to properly 

balance the two frames the N frame of SNase needs to be destabilized with an I18V 

mutation (Fig. 5.4B).  

 More work needs to be done to fully characterize and optimize this system, but it 

is clear that target-lever(or clamp)-AFF constructs represent a major advance in the 

design of biosensors and bioswitches using our MEF technology. It combines the 

beneficial properties of both target-lever and AFF technologies without their limitations. 

 

 

 

  



Chapter 5: Discussion and Future Directions 

 194 

5.5  References 

1. Cutler, T. A., Mills, B. M., Lubin, D. J., Chong, L. T. & Loh, S. N. Effect of 

Interdomain Linker Length on an Antagonistic Folding–Unfolding Equilibrium 

between Two Protein Domains. J. Mol. Biol. 386, 854–868 (2009). 

2. Liu, Y., Gotte, G., Libonati, M. & Eisenberg, D. A domain-swapped RNase A 

dimer with implications for amyloid formation. Nat. Struct. Biol. 8, 211–4 (2001). 

3. Bennett, M. J., Schlunegger, M. P. & Eisenberg, D. 3D domain swapping: a 

mechanism for oligomer assembly. Protein Sci. 4, 2455–2468 (1995). 

4. Kuhlman, B., O’Neill, J. W., Kim, D. E., Zhang, K. Y. & Baker, D. Conversion of 

monomeric protein L to an obligate dimer by computational protein design. Proc. 

Natl. Acad. Sci. U. S. A. 98, 10687–91 (2001). 

5. Rousseau, F., Schymkowitz, J. W., Wilkinson, H. R. & Itzhaki, L. S. Three-

dimensional domain swapping in p13suc1 occurs in the unfolded state and is 

controlled by conserved proline residues. Proc. Natl. Acad. Sci. U. S. A. 98, 5596–

601 (2001). 

6. Hayes, M. V, Sessions, R. B., Brady, R. L. & Clarke,  a R. Engineered assembly of 

intertwined oligomers of an immunoglobulin chain. J. Mol. Biol. 285, 1857–67 

(1999). 

7. Honda, S., Kobayashi, N., Munekata, E. & Uedaira, H. Fragment reconstitution of 

a small protein: Folding energetics of the reconstituted immunoglobulin binding 

domain B1 of streptococcal protein G. Biochemistry 38, 1203–1213 (1999). 

8. Ladurner, A. G., Itzhaki, L. S., de Prat Gay, G. & Fersht,  a R. Complementation 

of peptide fragments of the single domain protein chymotrypsin inhibitor 2. J. Mol. 



Chapter 5: Discussion and Future Directions 

 195 

Biol. 273, 317–29 (1997). 

9. Michnick, S. W. Exploring protein interactions by interaction-induced folding of 

proteins from complementary peptide fragments. Curr. Opin. Struct. Biol. 11, 472–

477 (2001). 

10. Kino, T. et al. FK-506, a novel immunosuppressant isolated from a Streptomyces. 

I. Fermentation, isolation, and physico-chemical and biological characteristics. J. 

Antibiot. (Tokyo). 40, 1249–1255 (1987). 

11. Szymczak-Workman, A. L., Vignali, K. M. & Vignali, D. A. A. Design and 

construction of 2A peptide-linked multicistronic vectors. Cold Spring Harb. 

Protoc. 7, 199–204 (2012). 

12. Banta, S., Wheeldon, I. R. & Blenner, M. Protein engineering in the development 

of functional hydrogels. Annu. Rev. Biomed. Eng. 12, 167–186 (2010). 

13. Lu, H. D., Wheeldon, I. R. & Banta, S. Catalytic biomaterials: engineering 

organophosphate hydrolase to form self-assembling enzymatic hydrogels. Protein 

Eng. Des. Sel. 23, 559–566 (2010). 

14. Wheeldon, I. R., Gallaway, J. W., Barton, S. C. & Banta, S. Bioelectrocatalytic 

hydrogels from electron-conducting metallopolypeptides coassembled with 

bifunctional enzymatic building blocks. Proc. Natl. Acad. Sci. U. S. A. 105, 

15275–15280 (2008). 

15. Bullen, R. A., Arnot, T. C., Lakeman, J. B. & Walsh, F. C. Biofuel cells and their 

development. Biosens. Bioelectron. 21, 2015–2045 (2006). 

16. Chilkoti, A., Dreher, M. R., Meyer, D. E. & Raucher, D. Targeted drug delivery by 

thermally responsive polymers. Adv. Drug Deliv. Rev. 54, 613–30 (2002). 



Chapter 5: Discussion and Future Directions 

 196 

17. Chilkoti, A., Dreher, M. R. & Meyer, D. E. Design of thermally responsive, 

recombinant polypeptide carriers for targeted drug delivery. Adv. Drug Deliv. Rev. 

54, 1093–1111 (2002). 

18. Goldberg, M., Langer, R. & Jia, X. Nanostructured materials for applications in 

drug delivery and tissue engineering. J. Biomater. Sci. Polym. Ed. 18, 241–68 

(2007). 

19. Yao, X., Rosen, M. K. & Gardner, K. H. Estimation of the available free energy in 

a LOV2-J alpha photoswitch. Nat. Chem. Biol. 4, 491–7 (2008). 

20. Stratton, M. M., Mitrea, D. M. & Loh, S. N. A Ca2+-sensing molecular switch 

based on alternate frame protein folding. ACS Chem. Biol. 3, 723–732 (2008). 

21. Stratton, M. M., Mcclendon, S., Eliezer, D. & Loh, S. N. Structural 

Characterization of Two Alternate Conformations in a Calbindin D. Biochemistry 

50, 5583–5589 (2011). 

22. Stratton, M. M. & Loh, S. N. On the mechanism of protein fold-switching by a 

molecular sensor. Proteins Struct. Funct. Bioinforma. 78, 3260–3269 (2010). 

23. Ha, J.-H. & Loh, S. N. Protein conformational switches: from nature to design. 

Chemistry 18, 7984–7999 (2012). 

 

 

  



Chapter 5: Discussion and Future Directions 

 197 

 

Figure 5.1. Mutually exclusive folding induced domain swapping 
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Figure 5.1. Mutually exclusive folding induced domain swapping. (A) Model of 

mutually exclusive folding (MEF) induced domain swapping with a triggerable lever. A 

lever (red) is inserted into the surface loop of a target/assembler (green). This creates a 

thermodynamic tug-of-war shifting between the closed monomer I conformation and the 

open monomer conformation. When one domain is folded, the other is unfolded. Domain 

swapping provides a short circuit to this tug-of-war, allowing both domains to be folded 

at the same time. Stabilization of the lever via ligand binding can shift the equilibrium 

and drive domain swapping. (B) Model of domain swap based bioswitches. The N-

terminal functional mutant (NFM) and the C-terminal functional mutant are inactive. 

When domain swapped together, half can form a double mutant that is still inactive 

(grey) and half will form the native sequence (green), which is active. 
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Figure 5.2. Model of mutually exclusive folding with a triggerable clamp 
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Figure 5.2. Model of mutually exclusive folding with a triggerable clamp. A clamp 

(red), which has a very short N-to-C distance, is inserted into a long surface loop of a 

target (green). This creates a thermodynamic tug-of-war shifting between the closed 

monomer I conformation and the open monomer conformation. When one domain is 

folded, the other is unfolded. Stabilization of the clamp via ligand binding can shift the 

equilibrium and favor the open monomer conformation. 
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Figure 5.3. Model of circular permutation 
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Figure 5.3. Model of circular permutation."Circular permutation changes the topology 

of a protein but frequently not its structure or function. The left structure represents the 

WT fold of a 100-amino acid protein. Circular permutation can be conceptualized by first 

joining residue 100 to residue 1 with a flexible peptide linker (green), generating a 

hypothetical fully circularized protein (center structure). Permutation is completed by 

clipping the protein at a location of choice, typically chosen to be a surface loop. 

Cleaving the protein at position 40 (right structure) shifts the N-and C-termini of the 

protein to positions 40 and 39, respectively, and effectively exchanges the positions of 

the termini with that of a surface loop without significantly perturbing the overall fold. 

Figure is reproduced with modifications with permission from Ha, J.H. and Loh, S.N. 

201223. Copyright (2012) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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Figure 5.4. Design of alternate frame fold constructs 
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Figure 5.4. Design of alternate frame fold constructs. (A) An arbitrary triggerable 

target-lever construct is modified to a target-lever-AFF by adding the N-terminal 

fragment to the C-terminal by a flexible linker. When the lever is unfolded the native fold 

(N) of the target is favored. When the lever is stabilized by a signal it destabilizes the 

native fold and shifts the equilibrium to the circular permutated fold (CP). (B) Schematic 

of SF70-AFF. The native N-terminal fragment (1-70) (dark green) has two mutations, 

R35A, to inactivate nuclease activity and I18V, to destabilize the N fold. The duplicated 

N-terminal fragment (1#-70#) (blue) is connected to C-terminal fragment (light green) by a 

flexible linker (black). 
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AP 1.1  Introduction 

  Hydrogels are a type of material that have been used in a wide range of 

applications from drug delivery and tissue regeneration to biosensors and biofuel cells1–7. 

Hydrogels are formed from large meshwork of cross-linked polymers. They have the 

eponymous characteristic of swelling in size, rather than dissolving when in aqueous 

solutions. Individual polymers are solvated and driven to dissolve, but because the 

polymers are cross linked, they maintain their collective integrity, which causes it to 

swell instead. This property makes them useful as drug carriers, since the drugs can be 

released slowly and steadily as the hydrogel is eroded8.  The development of different 

types of hydrogels is a growing field and there is great interest in designing hydrogels 

with biomaterials. Biomaterials have several advantages over synthetic-based hydrogels. 

Namely, the relative ease in incorporating biofunctionality, biocompatibility, and 

biodegradability.  

 There are currently three main mechanisms for forming peptide and protein based 

hydrogels: elastin-like proteins (ELPs), α-helical oligomerization, and β-sheets fibrils1,9,10. 

ELP based hydrogels use proteins such as elastin or collagens, which natively have triple-

stranded helical structures. When thermally denatured, ELPs unfold to random coils. 

Upon cooling, they refold into intermolecular triple helices. α-helical based hydrogels use 

coiled coil domains, such as leucine zippers, to form dimer, tetramer, or hexamer bundled 

complexes1,11.  The α-helices have been used in both entirely recombinant systems and in 

hybrid systems. In the latter, α-helices are covalently cross-linked to synthetic linkers 

such as polyethylene glycol (PEG). In either system, they act as sticky patches that bind 

monomeric building blocks into a hydrogel. β-sheet fibril based hydrogels can be formed 
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from a variety of proteins. Several proteins, such as bovine serum albumin12, β-

lactoglobulin13, and lysozyme14, when denatured at high concentrations, have been shown 

to irreversibly aggregate in β-sheet fibrils, which can then form hydrogels. Short peptides 

have also been designed to assemble into hydrogels using this same type of β-sheet fibril 

formation15,16. 

 Here we present a novel mechanism for forming hydrogels using our lever-

assembler technology to create domain-swapping modules (DSM). Domain swapping is a 

mechanism for proteins to form dimers and higher order oligomers through the exchange 

of a subsection of their structure17. This exchange of polypeptide segments can create 

interfaces with tunable stability and high selectivity.18,19 We create a DSM by inserting a 

small stable “lever” protein with a large N-to-C distance into a surface loop of an 

“assembler” protein. The lever applies conformational stress that “rips apart” the 

assembler and unfolds it. The assembler is only able to refold in trans, resulting in a 

domain swapped oligomer (AP Fig. 1.1). We have created a cassette design that uses two 

DSMs in tandem, between which can be placed a functional domain as cargo (AP Fig. 

1.2A). Each DSM provides two binding sites, four in total, from the binding interfaces of 

the assembler when it domain swaps. Protomers that only have two binding sites can only 

form linear polymers. Three or more binding sites are necessary to create branched 

polymers, which are required for the formation of hydrogels (AP Fig. 1.2B). 

 Domain swapping has previously been used in the formation of hydrogels, but 

only using small β-strand swapping peptides16,20. Our DSMs mechanism is distinct, since 

it involves the domain swapping of entire globular domains.  
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 DSMs are genetically encodable, which allows them to incorporate functional 

proteins into the hydrogel itself, either from the DSM itself or as a cargo. Leucine zippers 

have previously been used in a similar manner to imbue hydrogels with secondary 

functionalities. ELPs and leucine zippers, have been designed to incorporate domains that 

contain short cell adhesion sequences like RGD and REDV, which have been shown to 

help improve tissue regeneration21,22. Banta and coworkers have used binding interfaces 

of leucine zippers to incorporate fully functional catalytic enzymes constructs. These then 

form functional hydrogels that are catalytically active2,3,23,24. Our DSM is the second such 

method that is able to do so, and has several potential advantages over leucine zipper 

based hydrogels, such as higher heat stability, potentially ligand specific triggered 

gelation, and can be produced with extremely high yields. 

 

AP 1.2 Results 

 AP 1.2.1 Cassette Design 

 We have created two different series of DSMs. The first used ubiquitin as an 

assembler and the N-terminal domain of ASPP2 as a lever. N-ASPP2 is an ubiquitin-like 

protein that shares its structure with ubiquitin, but not its sequence. N-ASPP2 was 

inserted at position 63 of ubiquitin to create the DSM UA63. The second DSM used 

thermophilic T. tengcongensis ribose binding proteins (RBP) as an assembler and 

ubiquitin as a lever. Ubiquitin was inserted into RBP at position 125 to create the DSM 

RU125. Ubiquitin, ASPP2, and RBP were chosen for their high stabilities in order to 

make robust hydrogels25.  
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 Cassettes were formed with two copies of the same DSM with either a long 

soluble linker or a cargo protein between them. Cargo proteins included staphylococcal 

nuclease (SNase), barnase (Bn), green fluorescent protein (GFP), and yellow fluorescent 

protein (YFP). Null indicates no cargo protein and is instead only a soluble linker. The 

nomenclature of a cassette is in the form of (DSM)2Cargo, for example (UA63)2GFP 

indicates a cassette with two UA63 DSMs sandwiching a cargo of GFP. 

 

 AP 1.2.2 Concentration and gelation 

 The formation of hydrogels requires very high protein concentrations, which are 

above some critical threshold and can range from 8 – 30 % w/v 2,3,24. Preliminary 

evidence indicates that for UA63 based cassettes the threshold is no more than 40 % w/v, 

which is the lowest concentration at which both the (UA63)2GFP and (UA63)2Null 

cassette are able to form gels. We have developed two different methods, a fast method 

and a slow method, for concentrating and forming hydrogels.  

 The fast method involves dissolving lyophilized protein immediately at high 

concentrations of 40 – 100 % w/v. This is the typical method used to form proteinaceous 

hydrogels2,3,24. However, the UA63 cassettes are not soluble enough to be dissolved in a 

native solution, which would be ideal. Instead, 9 M urea is needed to solubilize the 

lyophilized protein. Gentle mixing followed by centrifugation to remove bubbles is used 

to rapidly form a relatively homogenous hydrogel. The urea is then rinsed away by 

washing the hydrogel in buffered aqueous solution.  

 RU125 cassettes were designed to be more soluble by using RBP instead of 

ubiquitin. RU125 cassettes are expressed in the soluble fraction and can be dissolved to 
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over 10 % w/v directly from lyophilized proteins in native buffer. However, even at such 

high concentrations, they failed to form any hydrogels. Dissolving in denaturing buffer 

such as 9 M urea or 6 M GduHCl also failed to form any hydrogel.  

 The slow method involves concentrating a soluble cassette solution to 40 – 100 

mg/ml and then incubating it at 4 °C for up to several months. However, concentrating 

protein solutions to above 40 mg/mL can be problematic and time consuming. Initially 

we concentrated using centrifugation filters, but found this to be problematic for two 

reasons. First, substantial protein was being lost by adhering to the filter, especially at 

higher concentrations. Second, occasionally the concentration gradient caused by 

centrifuging would initiate gelling at the bottom of the filter. We have found that the best 

method to concentrate protein is to desiccate it by burying a protein solution in a dialysis 

bag, with a molecular weight cutoff (MWCO) of 8000 Da, under a mound of powered 

PEG 20 K. This method avoids the complication of a concentration gradient and can 

concentrate 50 mL down to 0.5 mL in a few hours. Once the solution is concentrated, we 

wait for the solutions to gel at 4 °C, which can take up to several weeks or even months.  

 To speed up hydrogel formation we tried heating and optimizing the pH of the 

solutions. In general, UA63 cassettes behaved best between pH 7 and 8. Above pH 8.5, 

precipitation was significantly higher. Heating had mixed results. Solutions of 

(UA63)2GFP and (UA63)2Null at 40 % w/v and 60 % w/v, respective, were prepared at 

pH 7, 8, and 9. Half of each solution was kept at 4 °C, and the other half was heated up to 

80 °C in a water bath at a rate of 10 °C per 30 min. Gels in pH 7 solutions formed by 50 

°C, in pH 8 solutions by 60 °C, but pH 9 solutions remained liquid even up to 80 °C. 

After heating, all solutions were kept over night at 4 °C. However, after 24 h, the heated 
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samples had reverted back to the liquid state, with the exception of (UA63)2GFP at pH 7. 

The unheated pH 7 (UA63)2GFP sample also gelled after 1 week at 4 °C. Surprisingly, all 

the samples at pH 7 and 8, regardless of heating, formed gels after about 4 months at 4 °C 

(AP Fig. 1.3)   

 Solutions of (RU125)2Null and (RU125)2YFP failed to form any hydrogels when 

heated and precipitated above 40 °C. Additionally, the high concentration solutions kept 

at 4 °C precipitated within a week and failed to form any hydrogels. 

 A (UA63)2SNase hydrogel was able to be formed with the fast method with 9 M 

urea, but not by the slow method. (UA63)2Bn failed to form hydrogels by either the slow 

or fast method. 

 

 AP 1.2.3 Characterization of cargo functionality. 

 In addition to forming hydrogels, one of the major goals of this project was to 

imbed additional functionality into hydrogels with the use of cargo domains, as has been 

done with leucine zippers2,3,23. For such application, cargo domains need to remain folded 

and functional when expressed between two DSMs and they remain functional after 

hydrogel is formed. In order to determine this, the functionality of each cassette with a 

functional cargo needs to be characterized at both low concentrations, below the critical 

gelation concentration, and after forming a hydrogel.  

 

   AP 1.2.3.1 Fluorescent protein cargos 

 GFP is a fluorescent protein that has an excitation maximum at 395nm and an 

emission maximum at 509 nm. The GFP fluorescence depends on the maturation of its 
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fluorophore, which forms from a tripeptide after an internal cyclization and oxidation 

reaction26. GFP cassettes were tested for activity by measuring their fluorescence and 

determining the percentage of protein with mature fluorophore. The mature fluorophore 

can be estimated by the ratio of absorbance at 397 nm and 280 nm. Unfortunately, since 

the (UA63)2GFP cassette was expressed in inclusion bodies, there was less than 1 percent 

maturation. Proteins expressed in inclusion bodies are generally misfolded and 

aggregated. GFP maturation can only occur once GFP is folded and has formed its β-

barrel structure. Despite this, solutions of the (UA63)2GFP and the hydrogels they formed 

were vividly green and brightly fluorescent by eye, when under UV illumination (AP Fig. 

1.3). 

 YFP is an analogue of GFP and the ratio of its matured fluorophore in 

(RU125)2YFP can be measured in a similar manner, except that YFP has an excitation 

maximum at 514 nm and an emission maximum at 527 nm27. (RU125)2YFP had a 

maturation rate of 30 – 40 %. This likely because (RU125)2YFP was able to be expressed 

in the supernatant rather than in inclusion bodies, which allowed YFP to fold more 

efficiently.  

 

   AP 1.2.3.2 Nuclease cargos 

 The nuclease activity of (UA63)2Bn in solution was tested with a toluidine blue 

indicator plate assay that has been previously described28. In brief, protein samples are 

placed on 0.5 % agarose with 75 mg/L Toluidine blue and 2 g/L torula yeast RNA. 

Toluidine forms a blue complex with RNA and a purple halo develops as the RNA is 

digested over the course of several hours at room temperature. This method confirms that 
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(UA63)2Bn has RNase activity, but its specific activity is about one tenth of wild type Bn 

(AP Fig. 1.4). A more quantitative measurement could be achieved with an RNase 

spectroscopic assay29 or with the SYTOX green nuclease assay described in chapter 4. 

The nuclease activity of (UA63)2SNase was not tested, but could by using the same 

techniques, except using DNA instead of RNA. Neither (UA63)2Bn nor (UA63)2SNase 

were able to form hydrogels.  

  

 AP 1.2.4 Physical characterization of hydrogels 

  AP 1.2.4.1 Hydrogel erosion rate 

 The optimal erosion rate for a hydrogel depends on the application. In 

applications such as drug delivery, the erosion rate should be relatively fast, completely 

dissolving over the course of several hours. For industrial applications, like the 

production of biofuels, where the hydrogel might be coated onto beads or a surface, the 

erosion rate should be as low as possible. The method to measure the erosion rate of 

hydrogels has been previously described24. In brief, a small piece of hydrogel is 

immersed in buffer and the absorbance of the open solution is measured periodically, and 

the dissolution rate calculated based on the extinction coefficient of the cassette construct. 

This method can also be used to test a hydrogel’s pH stability, using buffers at a range of 

pHs. We predict that we will be able to control erosion rates by using DSMs with varying 

stability. The higher the stability of the hydrogel, the lower its erosion rate. 
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  AP 1.2.4.2 Hydrogel Rheology 

 Rheology is the study of soft material. Small amplitude oscillatory shear 

experiments will measure the storage modulus G", which is the elasticity of the hydrogel 

when strain is applied, and the loss modulus G"", which is the viscosity of the hydrogel 

when strain is applied. In other words G" is a measurement of the energy stored in the 

hydrogel that is available to resist changes in its shape. G"" is a measurement of the 

energy lost by the material as it changes structure in response to strain20,30. The rheology 

protocols have been previously described24,30.  In brief, hydrogels will be formed on 

rheological plates. A constant stress (force/area), at oscillating frequencies, will be 

applied to the hydrogel and the resultant strain (deformation) will be measured.  

 

  AP 1.2.4.3 Thermal stability 

 The thermal stability of a domain swapped hydrogel should correlate to the 

thermal stability of the assembler. Above the assembler’s melting point (Tm), the domain-

swapped polymers should unfold and depolymerize, dissolving the hydrogel. This is 

easily measured by heating a small volume of hydrogel until it dissolves. It is also of 

interest whether a hydrogel will be able to reform after it is heated and cooled, or whether 

it will irreversibly aggregate. While we did not measure the thermal stability of the 

hydrogels, since they could not be reliably made, the thermal stability of some individual 

cassettes was tested. UA63 is thermally stable to at least 100 °C (AP Fig 1.5). In contrast, 

the RU cassettes incorporate the RBP from thermophilic T. tengcongensis, which is stable 

above 100 °C. However, when the RU cassettes were heated to 40 °C they precipitated. 
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  AP 1.2.4.4 Shelf life 

 Several (UA63)2GFP and (UA63)2Null hydrogels have remained stable for over 4 

years, when stored in microcentrifuge tubes at 4 °C. While some samples have degraded, 

turning liquid and occasionally precipitating, most of the hydrogels produced at pH 7 

remain gelled, transparent, and in the case of (UA63)2GFP, brightly fluorescent. This 

indicates that while domain swapped hydrogels can be very slow to form, once gelled, 

they are extremely stable.  

 

AP 1.3  Discussion 

 Our DSM based hydrogels have several potential advantages over other 

mechanisms for self-assembly. The UA cassettes are extremely heat stable, remaining 

folded until well above 100 °C and should be able to form hydrogel with corresponding 

thermal stability. Leucine zipper based hydrogels, by contrast, are only thermally stable 

up to 40 °C1. Several samples of (UA63)2GFP and (UA63)2Null hydrogel samples have 

shown to have extremely long shelf lives, remaining as a clear gel even after 4 years; the 

former also retained its fluorescence. Another major advantage of our DSM cassettes is 

their very high expression yields. UA63 and RU125 cassette were both able to be purified 

with a yield of over 200 mg/L of growth media while under laboratory conditions. This is 

particularly useful, since hydrogels need to be around 10 % w/v to form.  

 However, despite these advantages there are significant issues with creating 

hydrogels with our DSM cassettes. Specifically, several constructs failed to form any 

hydrogels and those that did formed very slowly under native conditions. We hypothesize 

that this is a combination of the slow kinetics of domain swapping and non-specific 
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aggregation. Domain swapping is a slow process, since it requires partial31,32 or even 

global33,34,35 unfolding. Additionally, like any polymeric process hydrogel formation is 

concentration dependent. At low concentrations smaller oligomers are favored. Only 

above the critical concentration is the large, branched meshwork favored. However, 

because domain swapping is slow, when solutions are concentrated DSM cassettes maybe 

kinetically trapped as small oligomers, which is why it can take weeks to equilibrate and 

form a hydrogel. If non-specific aggregation is occurring at a faster rate than domain 

swapping, then a solution could precipitate before the cross-linked meshwork is formed. 

This could explain why (UA63)2Bn and (UA63)2SNase failed to form hydrogels, while 

(UA63)2GFP and (UA63)2Null were able to do so. We predict that Bn and SNase are 

more prone to aggregation at high concentrations than GFP or the soluble linker. 

(RU125)2YFP and (RU125)2Null both failed to form hydrogel, which could be an 

indication that RBP was more prone to aggregate as an assembler than ubiquitin. 

 There are two possible solutions, the first is to use an assembler that can unfold 

and refold faster than RBP or ubiquitin. This requires a less stable protein, which would 

limit the thermal stability of the resulting hydrogel. The second possible solution is to use 

a triggerable lever rather than a static one, like ubiquitin or N-ASPP2. A DSM could be 

designed so that initially the assembler is more stable than the lever, leading to a closed 

monomer with the lever being unfolded. This could then be concentrated to 10 % w/v and 

remain monomeric. Stabilizing the lever via ligand binding, a change in pH or a change 

in temperature could cause it to rip open the assembler and drive domain swapping. 

Induced domain swapping is discussed in more detail in Chapter 4. By only inducing 
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domain swapping above the critical concentration, small kinetically trapped oligomers 

can be avoided and hydrogels can form within hours rather than weeks. 

 

AP 1.4 Materials and Methods 

 AP 1.4.1 Expression and purification 

 The cassette constructs were expressed in BL21 Escherichia coli using a pET41 

plasmid. The cultures were grown in LB media, supplemented with 50 mg/mL of 

streptomycin (Cellgro) at 37 °C until they reach an optical density at 600 nm (OD600) of 

0.6 – 0.8. Production of protein was induced with 15 mg/L isopropyl β-D-1-

thiogalactopyranoside (IPTG) and incubated with shaking overnight at 20°C. Cells were 

harvested at 18 – 22 hours post-induction, by centrifugation (30 min, 4 °C, 5000 g). The 

supernatant was discarded and the pellet is resuspended in double distilled H2O and 

frozen.  

 UA63 cassettes were purified with the following method: The frozen pellets were 

thawed and lysed with lysozyme at 4 °C until viscous and then sonicated. The lysate was 

clarified (30 min, 4 °C, 16800 g) and the supernatant was discarded, since all the UA63 

based constructs are exclusively expressed in inclusion bodies. The pellet is washed twice 

with its volume of 6 M urea, 20 mM NaP, pH 7. This removes a large majority of 

contaminant proteins and nucleic acids. The pellet is then dissolved in 9 M urea, 20 mM 

NaP, pH 7 and bound to 50 mL DE52 anion exchange column. The column was washed 

thoroughly with 6 M urea, 20 mM NaP pH 7, and then eluted with the same buffer plus 1 

M NaCl. Cassettes were refolded by dialysis in 10 mM NaP pH 7. Purity was verified 

using SDS-PAGE and concentration was determined by A280
36. 
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 RU125 cassettes were purified with the following method: The frozen pellets 

were thawed and lysed by adding solid urea to a final solution of 9 M, 20 mM Tris pH 8, 

and 10 mM BME. Lystate was sonicated and then clarified (30 min, 20 °C, 16800 g). The 

pellet was discarded and the supernatant was bound to a 30 mL Ni-NTA column. The 

column was washed thoroughly with 6 M urea, 20 mM Tris pH 8, 300 mM NaCl. Protein 

was eluted with same buffer plus 200 mM imidazole and refolded by dialysis in 10 mM 

NaP pH 7. Purity was verified using SDS-PAGE and concentration is calculated as above. 
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AP Figure 1.1. Design of domain swapping modules 
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AP Figure 1.1. Design of domain swapping modules. A lever (red) is inserted into the 

surface loop of an assembler (green). This creates a thermodynamic tug-of-war shifting 

between the closed monomer I conformation and the open monomer conformation. When 

one domain is folded, the other is unfolded. Domain swapping provides a short circuit to 

this tug-of-war, allowing both domains to be folded at the same time. 
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AP Figure 1.2. Design of DSM cassettes 
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AP Figure 1.2. Design of DSM cassettes. (A) Design of a (DSM)2Cargo cassette. The 

assembler is green, the lever is red, cargo is blue (consistent with coloring scheme is AP 

Fig. 1.1). (B) Example of a fully branched pentamer. The center green cassette is bound 

to four different molecules at each of its binding sites.  
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AP Figure 1.3. Examples of DSM cassette hydrogels 
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AP Figure 1.3. Examples of DSM cassette hydrogels.!The Null cassette hydrogel were 

formed with concentrations of (A) 16 % w/v with the fast method, (B) 6.4 % w/v with the 

slow method, and (C) 4 % w/v with the slow method. (D) The SNase cassette formed a 

hydrogel with a concentration 10 % w/v with the fast method. The GFP cassette 

hydrogels formed with concentrations of (E) 12 % w/v with the fast method, (F) 12 % 

w/v with the slow method, and (G) 4 % w/v with the slow method. Below (E,F,G) are 

the same GFP cassette hydrogels fluorescing under UV light. 
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AP Figure 1.4. Toluidine blue nuclease assay 
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AP Figure 1.4. Toluidine blue nuclease assay. Representative example of a toluidine 

blue RNase indicator plate after 20 h. Comparing Wt Bn to (UA63)2Bn. 
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AP Figure 1.5. Temperature melt of UA63 DSM 
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AP Figure 1.5. Temperature melt of UA63 DSM. Temperature melt of UA63 

assembler-lever at 15 µM with a 2 mm quartz cuvette. UA63 only starts melting at 75 °C 

and only a partial transition can be seen by 95 °C.  
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AP 2.1 Introduction 

 In order to better understand our assembler-lever constructs and to determine how 

to maximize domain swapping, we modeled the thermodynamics of folding as depicted 

in AP Figure 2.1. The basis of this model was first described by Cutler et al.1,2 and used a 

thermodynamic box to model the mutual exclusive folding (MEF) of barnase-ubiquitin 

(BU) constructs. However, with the later discovery that MEF could be short circuited by 

the domain swapping phenomenon, a more accurate model must now be extended to 

include the oligomeric domain swapped species. Our model simplifies all possible 

domain swap conformations and assumes that only a dimer will form. In reality, larger 

oligomeric species are of course possible, as well as linear open conformations, where the 

end subunits are unfolded, since they lack half of their residue to fold. However, 

including infinite conformations of domain swapped oligomer is unwieldy, so for this 

model it is assumed that all domain swapped species are equivalent. Here we will test 

both an open dimer model (AP Fig. 2.1A), where only one domain swap has formed and 

a closed dimer model (AP Fig. 2.1B), where both halves of each subunit are domain 

swapped with each other.  The open dimer represents a worst-case scenario in terms of 

domain swapping, with minimal oligomer formation and maximum of only 1/2 domain 

swapping occurring.  The closed dimer represents a best-case scenario where 100% 

domain swapping occurs.  Linear higher order oligomers are intermediates between these 

two cases.  An open ended trimer for example is 2/3 domain swapped. As linear 

oligomers grow larger they approach complete domain swapping as described by 

equation 1, where n is the number of subunits. 
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!"#$"%&!!"#$%&!!"#$$%& = !!!
!                                (Eq. 1) 

In both models lowercase letters denote unfolded domains and uppercase letters 

denote folded domains. The assembler is represented by the letter ‘a’ or ‘A’ and the lever 

is represented by ‘l’ or ‘L’. Each model has five states: unfolded monomer (al), closed 

monomer I (Al), closed monomer II (AL), open monomer (aL), and either a open domain 

swapped dimer (oAL2) or a closed domain swapped dimer (cAL2). Each requires a set of 

five equations to fully represent algebraically.  

 Equation 2 describes the stability of the assembler domain, ΔGA, and equation 3 

describes the stability of the lever domain, ΔGL. Note that these are in terms of free 

energy of unfolding. Therefore a more positive number indicates a higher stability. 

∆!! = !"ln !"
!"                                              (Eq. 2) 

∆!! = !"ln !"
!"                                              (Eq. 3) 

Equation 4 introduces ΔGX, which represents the energetic penalty of the conformation 

strain between the assembler and the lever. Because ΔGx is a penalty it always has a 

negative value. This penalty must be paid if both domains are folded in a monomeric 

state.  

∆!! + !∆!! = !"ln !"
!"                                        (Eq. 4) 

Equations 5 and 6 introduce ΔGB, which is a fudge factor that attempts to account for 

several variables that can potentially affect the apparent binding affinity (Kd, app) of 

domain swapping fragments, such as steric hindrance and the entropic penalty of 

association.  ΔGB can be either positive or negative depending on whether the overall 
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effects enhance or inhibit domain swapping. Equation 5 describes the formation of the 

open dimer (oAL2) and equation 6 describes the formation of the closed dimer (cAL2).  

In the closed dimer two assembler domains are folded and thus twice the free energy of 

the assembler is needed to describe this transition. 

 ∆!! + !∆!! = !"ln !"#!
!" !                                       (Eq. 5) 

2 ∙ ∆!! + !∆!! = !"ln !"#!
!" !                             (Eq. 6) 

Equation 7 describes the mass action for all the species: [al] is the concentration of the 

fully unfolded monomer, [Al] is the concentration of the closed monomer I conformation, 

[AL] is the concentration of the closed monomer II conformation, [aL] is the 

concentration of the open monomer conformation, and [AL2] is the concentration of the 

either the open or closed domain swapped dimer.  

!"#$%&' !"!#$ = !" + !" + !" + !" + 2 ∙ !"2                    (Eq. 7) 

 By solving equations 2, 3, 4, 5 or 6, and 7 we are able to predict the concentration 

of each species for a given set of parameters. This allows us to simulate what the optimal 

parameters are for maximal domain swapping with an assembler-lever construct in both a 

worst- and best-case scenario. An explicit solution for each set of equations is needed to 

explore the model manually and a derivation is described below.  However the use of 

Matlab allows us to explore a large range of parameters in a very rapid fashion and can 

give useful insights on how to tune the thermodynamic balance between the assembler 

and the lever. 

 Matlab has an excellent built-in equation solver, which, if unable to find an exact 

symbolic solution, will attempt to find a numeric approximation. Logarithmic and 
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exponential terms are computationally expensive to solve and can slow down the 

equation solver. In order to improve the speed of the solver, equations 2-6 were linearized 

from the form of equation 8 to the form of equation 9. The variables for the set of 

equations are the concentrations of each species, which are terms within the natural 

logarithms in equations 2-6. To remove the variables from the natural log, all terms were 

raised to the power of e and the product was solved for (equations 10-14). All the terms 

in the exponential are parameters and thus constants. The remaining terms for the 

concentrations of the species are all linear, except for equations 13 and 14, which have a 

single quadratic term. 

∆!! = !"ln !"#$%&'
!"#$%#&%                                           (Eq. 8) 

!"#$%&' = !"#$%#&% ∙ !
∆!
!"                                      (Eq. 9) 

!" = [!"] ∙ !
∆!!
!"                                                 (Eq. 10) 

!" = !" ∙ !
∆!!
!"                                                 (Eq. 11) 

!" = !" ∙ !
∆!!!∆!!

!"                                           (Eq. 12) 

!"2 = !" ! ∙ !
∆!!!∆!!

!"                                         (Eq. 13) 

!"2 = !" ! ∙ !
!∗∆!!!∆!!

!"                                       (Eq. 14) 

 

AP 2.2 Derivation of explicit solution 

Our model can also be explored manually with an explicit solution.  To derive an 

explicit solution we begin with the mass action equation (7) and will solve for the open 
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monomer (aL). First, the closed monomer I (Al) is substituted out with equation 10 to 

give equation 15. 

!"#$%&' !"!#$ = !" + !" ∙ !
∆!!
!" + !" + !" + 2 ∙ !"2            (Eq. 15) 

Next the closed monomer II (AL) is substituted out with equation 12 to give equation 16. 

!"#$%&' !"!#$ = !" + !" ∙ !
∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" + 2 ∙ !"2            (Eq. 16) 

The domain swapped dimer (AL2) is then substituted out with equation 13 for the open 

dimer model and with equation 14 for closed dimer model to give equations 17 and 18, 

respectively. 

!"#$%&' !"!#$ = !" + !" ∙ !
∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" + 2 ∙ !" ! ∙ !

∆!!!∆!!
!"                    

(Eq. 17) 

 

!"#$%&' !"!#$ = !" + !" ∙ !
∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" + 2 ∙ !" ! ∙ !

!∙∆!!!∆!!
!"                  

(Eq. 18) 

A simple rearrangement of equation 11 to give equation 19 enables the final substitution 

of the unfolded monomer [al], giving equations 20 and 21. 

!" = !" ∙ !
!∆!!
!"                                                 (Eq. 19) 

!"#$%&' !"!#$ = !" ∙ !
!∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" + 2 ∙ !" ! ∙

!
∆!!!∆!!

!"   

(Eq. 20) 
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!"#$%&' !"!#$ = !" ∙ !
!∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" ∙ !

∆!!!∆!!
!" + !" + 2 ∙ !" ! ∙

!
!∙∆!!!∆!!

!"   

(Eq. 21) 

Rearranging and grouping the open monomer [aL] terms gives equations 22 and 23, 

which are in the form of a quadratic (24). 

0 = !" ! ∙ 2 ∙ !
∆!!!∆!!

!" + !" 1+ !
!∆!!
!" + !

∆!!!∆!!
!" + !

∆!!!∆!!
!" − !"#$%&' !"!#$                  

(Eq. 22) 

0 = !" ! ∙ 2 ∙ !
!∙∆!!!∆!!

!" + !" 1+ !
!∆!!
!" + !

∆!!!∆!!
!" + !

∆!!!∆!!
!" − !"#$%&' !"!#$  

(Eq. 23) 

! = ! ∙ !! + ! ∙ ! + !                                             (Eq. 24) 

Applying the quadratic equation (25)  

! = !!± !!!!∙!∙!
!∙!                                              (Eq. 25) 

where, 

 ! = [!"] 

 ! = 2 ∙ !
∆!!!∆!!

!"  (for the open dimer model) 

 ! = 2 ∙ !
!∙∆!!!∆!!

!"  (for the closed dimer model) 

 ! = 1+ !
!∆!!
!" + !

∆!!!∆!!
!" + !

∆!!!∆!!
!"  

 ! = − !"#$%&' !"!"# 
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gives the explicit solution for the open monomer [aL] with equations 26 and 27 for the 

open dimer and the closed dimer, respectively. 

!" =

! !!!
!∆!!
!" !!

∆!!!∆!!
!" !!

∆!!!∆!!
!" ± !!!

!∆!!
!" !!

∆!!!∆!!
!" !!

∆!!!∆!!
!"

!
!!∙!

∆!!!∆!!
!" ∙ !"#$%&' !"!#$

!∙!
∆!!!∆!!

!" !
  

(Eq. 26) 

[!"] =

! !!!
!∆!!
!" !!

∆!!!∆!!
!" !!

∆!!!∆!!
!" ± !!!

!∆!!
!" !!

∆!!!∆!!
!" !!

∆!!!∆!!
!"

!
!!∙!

!∙∆!!!∆!!
!" ∙ !"#$%&' !"!#$

!∙!
!∙∆!!!∆!!

!" !
  

(Eq. 27) 

The other 4 species can be explicitly solved with equations that are in terms of open 

monomer [aL]. The closed monomer II [AL], the open and closed dimers [AL2], and the 

unfolded monomer I [al] can be solved with equation 12, 13, 14, and 19 respectively. To 

solve for the closed monomer I [Al] equation 19 must be substituted into equation 10 to 

give equation 28. 

!" = [!"] ∙ !
∆!!!∆!!

!"                                                 (Eq. 28) 

 

AP 2.3 Results  

 The parameters for the five-state model are ΔGA, ΔGL, ΔGX, ΔGB, and protein 

concentration. ΔGA and ΔGL are relatively easy to modify in assembler-lever constructs 

via stabilization or destabilization mutants in each domain. ΔGX is a function of the 
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conformational strain between the assembler and the lever. Its maximal value is limited to 

N-to-C distance of the lever and the length of the loop it is inserted into. However it can 

be easily reduced with the addition of linkers between the two domains3. ΔGB must be 

determined empirically and modification of it will likely be idiosyncratic to individual 

assembler-lever constructs. For the initial simulations we choose to vary ΔGA and ΔGL, 

both between 0 (unstable) and 10 (very stable) kcal/mol, since they are the easiest to 

modify in an assembler-lever construct and therefore the simulation would provide the 

most useful data for optimizing domain swapping. 10 µM was chosen as the protein 

concentration, since this is a common working concentration for protein studies. ΔGX was 

set to -5 kcal/mol, which is close to the calculated value of ~ -4 kcal/mol, which was 

empirically determined for barnase-ubiquitin3. ΔGB was set to 0 kcal/mol as a neutral 

guess. 

 

 AP 2.3.1 Open dimer model 

 AP Figure 2.2 shows that with initial parameters almost no open domain swapped 

dimer (oAL2) is formed regardless of the stability of either the assembler or lever. AP 

Figure 2.3 shows that increasing the binding affinity (ΔGB) or protein concentration is 

necessary for the open dimer (oAL2) to be the dominant species. With increased binding 

affinity or protein concentration it is revealed that formation of the open dimer (oAL2) is 

maximal when the lever is equally or more stable than the assembler, ΔGL ≥ ΔGA. If the 

lever is significantly less stable, ΔGL << ΔGA, then the closed monomer I conformation 

(Al) dominates. In addition, even if the lever is strong enough domain swapping is 
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optimal only when the stability of the assembler balances the conformational strain, ΔGA 

= -ΔGX. If  ΔGA << -ΔGX then open monomer (aL) dominates. In this case the free energy 

of the assembler folding is insufficient to overcome the conformational strain of ΔGX to 

form the closed monomer II (AL) and it is insufficient to overcome the entropic penalty 

of oligomerization to form the open dimer (oAL2). If  ΔGA >> -ΔGX then the closed 

monomer II conformation (AL) dominates. In this case, it is energetically favorable for 

both domains to be folded monomerically in spite of the conformational strain. The open 

dimer (oAL2) is unfavored because the unfolded assembler domain acts as a greater 

penalty than the conformational strain. 

AP Figure 2.4 shows that increasing the conformation strain, ΔGX, , in the open 

dimer model will also favor the formation of domain swapping. This is consistent with 

previous empirical results, where adding residues between the assembler and lever 

domains as linkers reduced the conformational strain and decreased oligomer formation 

with BU constructs3. Additionally, modification of ΔGX also confirmed that in the case of 

the open dimer model that domain swapping is maximal when ΔGA = -ΔGX.  

 Increasing the affinity of domain swapping, ΔGB, and increasing the protein 

concentration, both increased the amount of domain swapped dimer as predicted for any 

associative process (AP Fig. 2.3). Neither of these modifications changed the overall 

pattern where domain swapping is maximal. Rather, they expand the range where domain 

swapped dimer dominates.  

 In the open dimer model transitioning to a domain swapped state from a 

monomeric state is sharpest when increasing the stability of the lever, i.e. going from the 
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closed monomer I conformation to the domain swapped dimer. When parameters were 

set to ΔGX = -5 kcal/mol, ΔGB = 3 kcal/mol, and protein concentration = 10 µM, an 

increase of ~2 kcal/mol of the lever could shift an assembler-lever construct from less 

than 1% swapped to over 50% swapped. Adjusting the stability of the assembler requires 

almost twice of the energy per mole and one needs to be careful not to overshoot. Over 

stabilizing the lever on the other hand will not reduce domain swapping (AP Fig 2.3).  

 

AP 2.3.2 Closed dimer model 

The closed dimer model is much more favorable to domain swapped with the 

initial parameters. AP Figure 2.5 shows that domain swapping is maximal as long as both 

assembler and lever are both sufficiently stable, which under the initial parameters is 

when ΔGA and ΔGL are greater than ~2.5 kcal/mol.  How stable they need to be is a 

combination of the affinity of domain swapping ΔGB and the protein concentration (AP 

Fig. 2.6). If either domain is too weak then either the open monomer (aL) or the closed 

monomer I (Al) will dominate, respectively. The closed monomer II conformation (AL) 

occurs within the same region as the closed dimer (cAL2) when the assembler and the 

lever are very stable, but is minimally populated under the initial conditions (AP Fig. 2.6 

A). This is because the closed dimer (cAL2) has both assembler domains folded, unlike 

the open dimer (oAL2), and thus there is no penalty for forming the closed dimer.  The 

closed monomer II (AL) is only significantly populated when the protein concentration is 

very low, the binding affinity of domain swapping, ΔGB, is very low (AP Fig. 2.6), or 

when conformational strain, ΔGX, is very low (AP Fig. 2.7).  In the former two cases the 
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protein concentration and binding affinity are insufficient to overcome the entropic 

penalty of oligomerization.  In the latter case the conformation strain is insufficient to 

disfavor the closed monomer II (AL). 

Unlike the open dimer model, the conformational strain, ΔGX, does not affect the 

optimal stabilities of the assembler and lever for domain swapping in the closed dimer 

model. AP Figure 2.7 shows that the conformational strain, ΔGX, regulates the ratio of 

closed dimer to closed monomer II, but threshold for stabilities of the assembler and lever 

to maximize domain swapping is independently regulated by both protein concentration 

and the binding affinity (AP Fig. 2.6). 

 

AP 2.4  Discussion 

Our thermodynamic model provides insights on how each parameter affects the 

formation of domain swapped species, which is important when fine tuning assembler-

lever constructs in order to maximize domain swapping. A major surprise from these 

simulations was the fact that different parameters control the optimal stabilities of the 

assembler and lever domains in the open and closed dimer models. In the open dimer 

model domain swapping is maximized when the stability of the assembler exactly 

balance the conformation strain, ΔGA = -ΔGX, and when the lever is at least as stable as 

the assembler, ΔGL ≥ ΔGA. Increasing the conformational strain, ΔGX, also always 

increases the range where domain swapping dominates.  In comparison, in the closed 

dimer model the conformation strain, ΔGX, has no effect on the threshold stability needed 
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by both the assembler and lever needed to drive domain swapping.  The threshold is a 

function of binding affinity and protein concentration only.  

Extrapolating between the two models, one would expect that linear domain 

swapped oligomers that are larger then a dimer would behave as a hybrid of two models.  

The larger the oligomer the more like the closed dimer model it would behave following 

the function described in equation 1.  Therefore it could be beneficial to balance the 

stability of the assembler, ΔGA, and conformational strain, ΔGX, in cases where the any 

linear domain swapped oligomer could form. 

These simulations are also useful for designing triggerable levers, as is discussed 

in chapter 4. A construct with a lever that is initially less stable than the assembler, will 

initially be in the closed monomer I conformation (Al). Stabilizing the lever by ligand 

binding or changing solution conditions, such as pH, temperature, or ionic strength would 

then cause the lever to rip apart the assembler and drive domain swapping. Our 

simulation, in both models, indicates that stabilizing the lever by ~2 kcal/mol can be 

sufficient to driving the domain swapped species from less than 10% to greater than 90%. 

This provides a good guideline for how much a lever needs to be stabilized in order to 

make a good switch. 
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AP Figure 2.1. Five state model of mutually exclusive folding induced domain 

swapping.  
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AP Figure 2.1. Five state model of mutually exclusive folding induced domain 

swapping. (A) The open dimer model and (B) the closed dimer model. The assembler 

(green) and the lever (red) are either folded or unfolded in each state. Uppercase letters 

denote a folded domain and a lowercase letter denotes an unfolded domain. 
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AP Figure 2.2. Simulations of the open dimer model at initial parameters 
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AP Figure 2.2. Simulations of the open dimer model at initial parameters.  

Simulation where, ΔGX = -5, ΔGB = 0, and [protein] = 10 µM. ΔGA and ΔGL were both 

varied between 0 and 10 kcal/mol. (A-E) Show the percent to of each species 

individually. (F) Composite view of (A,B-D) all states except the unfolded monomer. 

The composite view represents the percent total of each species as a RGB value. The 

open monomer [aL] is red, the closed monomer I [Al] is green, the closed monomer II 

[AL] is black, and the domain swapped dimer [AL2] is blue. The more intense a specific 

color the greater the percent total of the species. 
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AP Figure 2.3. The effects of changing binding affinity and protein concentration on 

the open dimer model 
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AP Figure 2.3. The effects of changing binding affinity and protein concentration on 

the open dimer model. (A) Simulations varying the stabilities of the assembler (ΔGA) 

and the lever (ΔGL) independently. Increasing the binding affinity from ΔGB = 0 (center) 

to ΔGB = 3 (left) and increasing the protein concentration from 10 µM (center) to 1000 

µM (right) both significantly increased the range where domain swapped dimers 

predominated and reveals that domain swapping is optimal when ΔGA = -ΔGX and ΔGL ≥ 

ΔGA. (B) (left) Simulations varying the stabilities of both domains equally (ΔGA = ΔGL) 

and ΔGB while holding ΔGX = -5 and [Protein] = 10 µM. (right) Simulations varying the 

stabilities of both domains equally (ΔGA = ΔGL) and [Protein] while holding ΔGB = 3 and 

[Protein] = 10 µM. Note that the yellow regions are conditions where the open monomer 

(aL) and the close monomer I (Al) are in equally proportion. 
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AP Figure 2.4. Effects of changing conformational strain on domain swapping on 

the open dimer model. 
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AP Figure 2.4. Effects of changing conformational strain on domain swapping on 

the open dimer model. (A) Simulations where, ΔGX = -2, -5, or -8, ΔGB = 3, and 

[protein] = 10 µM. ΔGA and ΔGL were both varied between 0 and 10 kcal/mol. The 

center column shows the same data as from AP Figure 2.1. The greater the 

conformational strain, the greater the region where domain swapped dimer is 

predominant. The peak for domain swapping always occurs when ΔGA = -ΔGX. (B) 

Simulations varying the stabilities of both domains equally (ΔGA = ΔGL) and ΔGX while 

holding ΔGB = 3 and [Protein] = 10 µM 
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AP Figure 2.5. Simulations of the closed dimer model at initial parameters.  
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AP Figure 2.5. Simulations of the closed dimer model at initial parameters.  These 

simulations, ΔGX = -5, ΔGB = 0, and [protein] = 10 µM. ΔGA and ΔGL were both varied 

between 0 and 10 kcal/mol. (A-E) Show the percent to of each species individually. (F) 

Composite view of (A,B-D) all states except the unfolded monomer. The composite view 

represents the percent total of each species as a RGB value. The open monomer [aL] is 

red, the closed monomer I [Al] is green, the closed monomer II [AL] is black, and the 

domain swapped dimer [AL2] is blue. The more intense a specific color the greater the 

percent total of the species. 
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AP Figure 2.6 Effects of changing binding affinity and protein concentration on the 
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closed dimer model. 

AP Figure 2.6 Effects of decreasing binding affinity and protein concentration on 

closed dimer model. (A) Simulations varying the stabilities of the assembler (ΔGA) and 

the lever (ΔGL) independently. Decreasing the binding affinity from ΔGB = 0 (center) to 

ΔGB = -3 (left) and decreasing the protein concentration from 10 µM (center) to 0.1 µM 

(right) both significantly decrease the threshold of stabilities of the assembler and lever 

needed for domain swapping. (B) (left) Simulations varying the stabilities of both 

domains equally (ΔGA = ΔGL) and ΔGB while holding ΔGX = -5 and [Protein] = 10 µM. 

(right) Simulations varying the stabilities of both domains equally (ΔGA = ΔGL) and 

[Protein] while holding ΔGB = 0 and [Protein] = 10 µM. Note that the yellow regions are 

conditions where the open monomer (aL) and the close monomer I (Al) are in equally 

proportion. 
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AP Figure 2.7 Effects of changing conformational strain on closed dimer model. 
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AP Figure 2.7 Effects of changing conformational strain on closed dimer model. 

Simulations where, ΔGX = -2, -5, or -8, ΔGB = 0, and [protein] = 10 µM. ΔGA and ΔGL 

were both varied between 0 and 10 kcal/mol. The center column shows the same data as 

from AP Figure 2.5. (B) Simulations varying the stabilities of both domains equally (ΔGA 

= ΔGL) and ΔGX while holding ΔGB = 0 and [Protein] = 10 µM. As long as ΔGX is 

sufficient to disfavor the closed monomer II (AL) it does not affect the optimal stabilities 

of the assembler and lever to maximize domain swapping. 

 


