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Abstract 

 

Domain swapping, the process in which a structural unit is exchanged between 

monomers to create a dimer containing two versions of the monomeric fold, is believed 

to be an important mechanism for oligomerization and the formation of amyloid fibrils. 

Very little is known, however, about the structural determinants and mechanisms of 

domain swapping. The goal of the work in this thesis is to elucidate these features in the 

C-terminal domain swapping of bovine pancreatic ribonuclease A (RNase A). 

 

RNase A is a well studied protein that domain swaps under extreme conditions, such as 

lyophilization from acetic acid. The major domain-swapped dimer form of RNase A 

exchanges a !-strand at its C-terminus to form a C-terminal domain-swapped dimer. The 

hinge region between the exchanged !-strand and the rest of the protein contains an 

amide bond between N113 and P114 that adopts a cis conformation in the monomer, and 

a trans conformation in the domain-swapped dimer. In this thesis, we show that this 

proline acts as a conformational gatekeeper to control domain swapping. Substitution of 

P114 with an amino acid that favors the trans conformation, such as glycine or alanine, 

results in significant population of the domain-swapped dimer under physiological 

conditions. This variant then allowed us to investigate the mechanism of domain 

swapping under experimentally accessible conditions. 

   

NMR and hydrogen-deuterium exchange demonstrated that compared to variants that do 

not readily domain swap, P114G shows decreased hydrogen-exchange protection near the 

C-terminal hinge region, indicating increased local protein flexibility. These results 

suggest that local conformational fluctuations play a role in the mechanism of C-terminal 

domain swapping.  

 

To further investigate this potential pathway for C-terminal domain swapping, we used a 

fragment approach – studying fragments of the two regions, or ‘domains’, in isolation 

and in combination. A fragment of RNase A containing residues 1-115 represents the 

large region of the protein that remains after the swapped arm has exchanged. In 

isolation, this fragment lacks significant secondary and tertiary structure, suggesting that 

significant unfolding must take place during the swapping event. Upon noncovalent 

association with a peptide containing residues 112-124, native structure and function can 

be restored.   These data are consistent with a mechanism in which the protein adopts a 

partially unfolded structure with the domain –swapped arm undocked and exposed.   
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Chapter 1: Introduction 

1.1 Domain swapping and protein aggregation. 

 

The protein folding problem is an important unsolved challenge in molecular biology.  

Given the recent explosion in availability of genetic sequence information, the ability to 

interpret how a linear sequence of amino acids encodes structures along a protein folding 

landscape is even more important.  Most studies in this field focus on the important 

question of how sequence encodes the native protein structure. Equally important, 

however, is how and why that same amino acid sequence can sometimes misfold into an 

alternative structure that may present new surfaces or activities that are prone to 

aggregation, toxicity, or other detrimental functions (Bennett, Sawaya et al. 2006). While 

some misfolding events are severe enough to result in completely non-functional, 

aggregated species such as amyloid fibrils, others cause less dramatic structural 

perturbations, and may even preserve the protein’s function. This thesis will focus on one 

such misfolding event that can lead to the formation of oligomers or aggregates with 

native-like structure and function: three-dimensional (3D) domain swapping.  

 

The term 3D-domain swapping was originally coined to describe a dimer of diphtheria 

toxin (Bennett and Eisenberg 1994). By definition, domain swapping refers to a situation 

in which some structural element is exchanged between two monomers, resulting in 

dimers or higher order oligomers whose subunits recapitulate the native monomeric 

structure. The interactions in the oligomer that recapitulate the native fold are referred to 

as the closed interface, while the newly formed interactions between the exchanged 

structural element and the rest of the protein are referred to as the open interface (Figure 

1.1.a) (Liu and Eisenberg 2002). Often, the open interface consists of !-sheet-like 

interactions, reminiscent of the polar zipper found in many amyloid spines. This feature, 

along with the fact that both amyloid formation and 3D domain swapping are self-

complementing reactions that occur across otherwise disparate proteins, are the main 

reasons why 3D domain swapping has frequently been implicated as a potential cause for 

aggregation (Bennett, Sawaya et al. 2006). 

 

There are two main ways that domain swapping can lead to aggregation. The first is a 

process called runaway swapping, in which monomer A gives its strand 1 to monomer B, 

which gives its strand 1 to monomer C and so forth, resulting in higher order oligomers 

(Figure 1.1.b) (Bennett, Sawaya et al. 
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2006).

 
 

The second main mechanism for aggregation is association via the newly exposed 

surfaces in the domain swapped interface:  surfaces exposed at the open interface may 

contain aggregation-prone sequences that could cause the domain-swapped structures to 

further associate into amyloid fibrils. The resulting structures may then contain an 

aggregated !-spine, but be decorated with natively folded, active subunits, such that the 

aggregates retain some native activity or function.  There are several examples in the 

literature of such functional aggregates, and domain-swapping has been invoked to 

explain their formation (Bennett, Sawaya et al. 2006). Recently, members of the 

Eisenberg lab lent significant credibility to this type of mechanism, as they engineered a 

version of RNase A with an amyloid-prone polyglutamine sequence at its open interface 

that domain swaps and forms amyloid fibrils that retain RNase activity (Sambashivan, 

Liu et al. 2005). Thus, there is significant evidence that domain swapping can be an 

important feature of protein aggregation.  

1.2 Mechanistic studies of domain swapping 

 

Although there are over 60 domain-swapped structures in the protein databank (PDB) 

(Gronenborn 2009), there is very little known about how and why domain swapping 

occurs. In some cases, such as human cystatin C and IL-5, domain swapping is part of the 

folding pathway that leads to the predominant, native dimeric protein structure. However, 

more often, domain swapping is a side or off-pathway reaction that causes proteins that 

 
Figure 1.1: Domain swapping Schematic. a) Domain swapping can cause 

dimerization due to mutual exchange of identical structural elements between two 

monomers. In the resulting dimer, each subunit recapitulates the monomeric structure. 

The unique structural contacts formed by this exchange are referred to as the open 

interface, while the interactions that are also in the monomeric structure are referred to 

as the closed interface. b) “Runaway swapping” occurs when structural elements are 

exchanged in a perpetuating way among multiple monomeric units.  
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primarily populate the monomeric form to oligomerize into dimers or higher order 

structures (Liu and Eisenberg 2002). 

 

It is these latter instances that are of particular interest, as it seems surprising that the 

protein would undergo the entropic penalty incurred by oligomerizing only to recapitulate 

the native architecture in the resulting subunits. Some have suggested that domain 

swapping may be a mechanism to evolve quaternary structure (Bennett, Schlunegger et 

al. 1995), or to relieve “molecular frustration,” in the monomeric structure (Yang, Cho et 

al. 2004). In these cases, the swapped structure is generally the lowest energy, and 

therefore most populated, structure. However, even when the monomer is the lowest 

energy structure, local fluctuations and alternative conformations may lead to molecular 

frustrations that occasionally populate the swapped structure.  

 

For proteins that exist primarily as monomers, domain swapping is often only induced by 

stressful conditions, such as high protein concentration, low pH, lyophilization, or high 

temperature. However, once formed, domain swapped dimers may persist under benign 

buffer conditions as metastable species (Libonati and Gotte 2004). Thus, these dimers 

may be relevant to stressful conditions that arise in vivo. Many of these extreme 

conditions are not amenable to standard in vitro experiments and are therefore not well 

studied. For example, bovine pancreatic ribonuclease A, the primary focus of the work in 

this thesis, domain swaps when lyophilized from 50% acetic acid. Since domain 

swapping requires passage through the solid state, it is impossible to follow the process in 

solution. While a number of studies have attempted to follow the molecular trajectory of 

domain swapping in silico (Chahine and Cheung 2005; Esposito and Daggett 2005; 

Malevanets, Sirota et al. 2008), very few in vitro mechanistic studies have been 

performed. 

 

In the cases in which the mechanism of domain swapping has been studied, the primary 

point of debate is whether or not domain swapping occurs via the unfolded state or some 

partially folded intermediate. Based on in silico studies, the B1 domain of Protein G 

domain swaps via a mechanism in which global unfolding is avoided, solvent exposure is 

minimized, and the number of native contacts is maximized along the reaction trajectory 

(Malevanets, Sirota et al. 2008). Molecular dynamics simulations of RNase A suggest 

that swapping at the N-terminus may occur via partial unfolding, but significant 

unfolding is required for C-terminal domain swapping (Esposito and Daggett 2005). 

Other simulations performed on a different protein, p13suc1, suggest that this protein 

domain swaps from the unfolded state (Chahine and Cheung 2005). P13suc1 is one of the 

few examples in which the domain swapping mechanism has been studied in vitro 

(Rousseau, Schymkowitz et al. 2001), and like in silico work on this protein, the results 

fit a model in which p13suc1 domain swaps via the unfolded state.  

 

Experimental studies on RNase A are more controversial. One recent in vitro study 

proposed a mechanism in which dimers and higher order oligomers of RNase A can form 

via domain swapping from the unfolded state, rather than some partially unfolded form 

(Lopez-Alonso, Bruix et al. 2010; Ercole and Laurents 2011; Ercole, Lopez-Alonso et al. 

2011). According to their model, lyophilization of RNase A in 50% acetic acid results in 



 4 

global unfolding of the protein, and upon redissolution in buffer, the unfolded protein 

domain swaps and oligomerizes. This model hinges on the observation that dimers and 

higher order oligomers can form following renaturation from solutions at high denaturant 

concentrations (Lopez-Alonso, Bruix et al.). However, dimers have never been reported 

after renaturation in denaturant, despite many previous studies on the refolding and 

domain swapping of RNase A, which brings into question the accuracy of this result. 

Work presented in this thesis will attempt to help resolve the discrepancy as to whether or 

not RNase A domain swaps at its C-terminus from a globally or partially unfolded state.  

1.3 The role of proline as a conformational gatekeeper for domain swapping 

 

Several studies have hinted that prolines may play a potential role in domain swapping. A 

seminal paper in 1995 involving simple sequence gazing examined all of the available 

domain-swapped structures in the PDB, and found an increased frequency of proline in 

the hinge regions preceding domain-swapped arms (Bergdoll, Remy et al. 1997).  

 

Proline is a unique among the natural amino acids. Its cyclic imino structure significantly 

restricts its available conformational space, resulting in greater rigidity along the 

backbone. In addition, proline is the only amino acid whose amide bond with the 

previous residue significantly populates a cis conformation within a polypeptide. 

Isomerization between cis and trans conformations results in changes in the backbone 

structure that could play a significant role in making an exchangeable segment available 

for domain swapping.  

 

Isomerization of X-proline has been implicated in aggregation via domain swapping in 

!2-microglobulin, a protein that forms aggregates involved in dialysis-related 

amyloidosis. The monomeric form of !2-microglobulin transitions through some 

intermediate, native-like conformation, M*, that results in the formation of oligomers that 

ultimately form fibrils. The formation of M* is controlled by cis-trans isomerization of 

the X-Pro peptide bond at Pro32 (Eakin, Berman et al. 2006; Jahn, Parker et al. 2006), 

providing direct evidence that cis-trans isomerization of an X-Pro bond can trigger events 

that lead to amyloid formation.  

 

There is some debate as to whether or not this oligomeric precursor to fibril formation of 

!2-microglobulin is actually domain swapped. Recently, Sawaya et al. solved the crystal 

structure of a domain-swapped dimer of !2-microglobulin (Liu, Sawaya et al. 2011) In 

this structure, the hinge loop that extends to form the open interface of the dimer is not 

the loop that contains Pro32, but rather residues 56-61. Moreover, in this domain-

swapped structure, X-Pro32 remains in a cis conformation (Figure 1.2). Therefore, it 

seems unlikely that this dimeric structure is related to the structures that result from 

isomerization at the X-Pro32 bond, and it remains unclear whether or not an 

isomerization is linked to domain swapping in !2-microglobulin.  
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The protein Stefin B also forms domain-swapped dimers, a pair of which can further 

associate into tetramers that are the precursors to aggregate formation. The 

tetramerization process of Stefin B is initiated by the cis-trans isomerization of an X-Pro 

bond at residue 74 (Jenko Kokalj, Guncar et al. 2007). However, the resulting structure is 

not a formal domain-swap, but the result of a mechanism referred to as “hand shaking.” 

In this mechanism, isomerization at X-Pro 74 triggers the sidechain of H75 to reach over 

and interact with the opposite domain, resulting in formation of the tetramer interface 

(Figure 1.3). Thus, Stefin B is another example in which X-Pro isomerization is 

implicated in oligomerization and aggregate formation that is related to domain 

swapping, but cannot be formally defined as such.  

 

 
Figure 1.2 Structure of the domain-swapped dimer of !2-microglobulin (PDB ID 

3LOW). The open interface of this dimer, which consists of residues 56-61 of each 

monomeric unit, is shown in orange. Residues 31 and 32 (including Pro32) are shown 

in blue. In this dimeric structure, the X-Pro32 bond remains in a cis conformation. 
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In some cases, it is unclear whether the presence of proline increases or decreases the 

propensity of a protein to domain swap. For example, p13suc1 contains two proline 

residues in its hinge region, Pro90 and Pro92. The presence of Pro90 has a destabilizing 

effect on the monomer and a stabilizing effect on the dimer, while Pro92 has no effect on 

the monomer but destabilizes the dimer. Similarly, Pro19 in the hinge region of bovine 

seminal RNase (BS-RNase) was suggested to play a key role in causing BS-RNase to 

spontaneously form an N-terminal swapped dimer under native conditions. However, 

substitution of Pro19 with other residues, such as alanine, does not have significant 

effects on the dimerization propensity of BS-RNase (Picone, Di Fiore et al. 2005).  

 

Much of the work in this thesis is aimed at providing additional insight into the role of 

proline and proline isomerization as a conformational gatekeeper for domain swapping.  

1.4 General folding properties of RNase A 

 

Bovine pancreatic ribonuclease (RNase A) is a classic model system for studies of 

protein folding and domain swapping. It was the protein used in the seminal work of 

Christian Anfinsen to prove his “thermodynamic hypothesis,” that, after chemical 

denaturation, the protein was capable of spontaneously folding back to its native structure 

(Anfinsen 1973).  

 

Two of the main determinants of the folding and stability of RNase A are the presence of 

four disulfide bridges and four prolines, two of which adopt a cis conformation in the 

native state. The core of RNase A contains four disulfide bridges between eight cysteine 

residues: 26-84, 58-110, 40-95, and 65-72. The rest of the structure is defined as follows: 

helix I (residues 3-13), helix II (residues 24-34), helix III (residues 50-60), and an anti-

 
Figure 1.3 Structure of the domain-swapped dimer and the “hand shake” 

tetramer of Stefin B. a) Structure of the domain-swapped dimer of Stefin B (PDB 

ID 1N9J). Residues 73 and Pro74 are shown in green. b) Schematic of the tetramer 

of Stefin B, formed via “hand shaking.” In this structure, the sidechain of His75 in 

each subunit reaches out to form the hand shake interface between the two dimeric 

units.  
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parallel !-sheet consisting of six strands. The composition of the strands is strand I 

(residues 43-49), strand II (residues 61-63), strand III (residues 72-74), strand IV 

(residues 79-87), strand V (residues 96-111), and strand VI (residues 116-124) (Figure 

1.4). Based on hydrogen exchange studies, the most stable parts of this structure are the 

!-sheet and helix III (Neira, Sevilla et al. 1999). 

  
 

The unfolding/refolding kinetics of RNase A have been evaluated by several different 

groups, most notably those of Robert Baldwin and Harold Scheraga.  Proline 

isomerization is a key feature in both processes. Unfolded RNase A consists of two slow-

folding species, USI and USII, that fold via independent pathways, and three faster-

folding species, UVF, UF, and UM. The most recent “box model” for proline isomerization 

in RNase A was developed by Juminaga and Scheraga et al. in 1998 (Figure 1.5) 

(Juminaga, Wedemeyer et al. 1998). In this model, trans-cis isomerization at Pro 93 

distinguishes between the two slow-unfolding species, USI and USII, trans-cis 

isomerization at Pro 114 distinguishes between the fast and very fast species, UVF and UF, 

and Pro 117 distinguishes the medium fast species UM from the other faster folding 

a) b)  

 

Figure 1.4: Crystal structure of wild-type RNase A. a) PDB ID 2AAS 

colored by structural element. Helix I (residues 3-13) is shown in red, helix 2 

(residues 24-34) is shown in green, helix III (residues 50-60) is shown in 

orange, and the beta sheet (residues 43-124) is shown in blue. b) Individual 

strands of the beta sheet are colored as follows: strand 1 in red, strand 2 in 

orange, strand 3 in yellow, strand 4 in green, strand 5 in blue, and strand 6 in 

purple. 

 

. 
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species (Juminaga, Wedemeyer et al. 1998). 

 
The first of these species, USI, folds directly to the native state USI ! N. However, USII, 

folds via a series of intermediates, USII ! II ! IN ! N (Schmid 1983). In the folding 

pathway of USII, II forms early in folding while IN forms late, and folding of IN to N is the 

rate-limiting step. The intermediate II has some H-bonded structure (Schmid and Baldwin 

1979), while IN has globular structure, catalytic activity, and the ability to bind the 

specific inhibitor 2’-CMP (Schmid 1981; Schmid and Blaschek 1981). However, IN does 

contain at least one non-native proline isomer (Schmid 1983), most likely at Pro 93, 

based on the work of Juminaga et al., and isomerization of this proline is the rate-limiting 

step in folding to N. Subsequent hydrogen exchange studies demonstrated that both II and 

IN show significant and similar protection from exchange, particularly in the !-sheet 

region, suggesting that this structure is formed early in folding from USII (Udgaonkar and 

Baldwin 1995).  

 

These models for RNase A folding suggest that isomerization at Pro 93 is the rate 

limiting step in the folding of RNase A, while isomerization at Pro 114 does not 

significantly affect the major folding barrier. This observation also makes sense in the 

context of observations that non-native isomers at this position, including a trans 

conformation in the peptide backbone after a P114G mutation, can be accommodated by 

the native structure (Schultz, Friedman et al. 2005).  

 

The unfolding of RNase A is decidedly simpler than its refolding. When RNase A 

unfolding is followed with optical probes, such as UV absorbance or CD, the kinetics 

reveal the same single-exponential unfolding rates suggesting concomitant loss of the 

secondary and tertiary structural features of the protein suggesting a two state transition 

without populated intermediates (Schmid 1992). However, fluorescence-based studies 

show both a fast and a slow phase for RNase A unfolding. The time constant of the slow 

 
Figure 1.5: Box Model of Proline isomerization in RNase A (Juminaga, 

Wedemeyer et al. 1998). 
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phase is relatively insensitive to both pH and guanidium concentration, suggesting that 

this phase is likely due to proline isomerization (Juminaga, Wedemeyer et al. 1998). 

 

Although optical probes do not suggest the presence of intermediates along the unfolding 

pathway of RNase A, Kiefhaber et al. describes an intermediate that could be detected 

based on changes in the intensity and chemical dispersion of side-chain NMR resonances. 

They refer to this intermediate as a “dry molten globule,” in which water has not 

penetrated the hydrophobic core despite the ability of side-chains to rotate freely 

(Kiefhaber, Labhardt et al. 1995). Based on this result and previous hydrogen exchange 

studies (Kiefhaber and Baldwin 1995), they suggest that the rate-limiting step to 

unfolding in RNase A is the breakdown of the hydrogen bond network, rather than 

sidechain interactions.  Conversely, a recent study by Volynskaya et al. used tritium 

labeling methods to implicate an equilibrium unfolding intermediate that is a wet molten 

globule, in which water has penetrated the interior of the structure (Volynskaya, 

Kasumov et al. 2006). Thus, while there is somewhat limited and contradictory 

information to corroborate the existence of an unfolding intermediate for RNase A, some 

experiments have hinted that one or more such structure may exist.  

 

In addition to studies on the folding and unfolding kinetics of RNase A, a number of 

studies have examined the folding of isolated fragments of RNase A. Perhaps the most 

well known and well characterized involves a version of RNase A that is cleaved by 

subtilisin into two fragments: S-peptide (residues 1-20) and S-protein (residues 21-124). 

These two fragments can noncovalently associate to form RNase S, which retains native 

structure and activity (Richards and Vithayathil 1959). Each fragment shows some 

structure in isolation: S-peptide was the first short linear peptide shown to spontaneously 

form helices (Brown and Klee 1971), and though S-protein is capable of assembling 

many of the native contacts found in RNase A, renaturation of S-protein alone often 

results in disulfide scrambling (Chavez and Scheraga 1980). Native RNase A activity can 

also be reconstituted by combining shortened versions of RNase A with C-terminal 

peptide segments (Hayashi, Moore et al. 1973). However, combination of fragments 

involving C-terminal peptide segments tend to be less efficient in terms of reconstituting 

activity than RNase S, and the fragments remaining after cleavage of C-terminal peptide 

segments generally lack significant tertiary structure (Hayashi, Moore et al. 1973). 

Nevertheless, these fragment-based studies have provided interesting insights into both 

the general folding of RNase A as well as why it may adopt the structures it does in the 

context of domain swapping.  

1.5 Domain swapping in RNase A 

 

RNase A was one of the first proteins suggested to undergo domain swapping. In 1962, 

Crestfield et al. performed a seminal experiment in which they made two populations of 

monomeric RNase A (Crestfield, Stein et al. 1962). One contained a chemical 

modification at the active site residue histidine 12, and the other at histidine 119, 

rendering each individual population inactive. However, when these populations were 

combined and subject to lyophilization in 50% acetic acid, the resulting dimers showed 

reconstituted activity. This led them to suggest that there might be some exchange of 
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structural elements, most likely the N-terminal helix, that resulted in a reconstituted 

active site (Crestfield, Stein et al. 1962). 

 

When RNase A is lyophilized from acetic acid, 20% of the total protein dimerizes. This 

dimer population actually contains two subpopulations of different dimeric structures that 

can be separated using cation exchange chromatography (Fruchter and Crestfield 1965). 

Although much of the initial work done to characterize the formation and isolation of 

RNase A dimers and oligomers was performed in the 1960’s, the first structure of an 

RNase A domain-swapped dimer was not solved until 1998 by the Eisenberg lab (Liu, 

Hart et al. 1998). The structure was similar to that initially suggested by Crestfield et al. 

(Crestfield, Stein et al. 1962), as it involved exchange of the N-terminal helix (residues 1-

15), the same element cleaved by subtilisin to form RNase S (Figure 1.6). This dimer is 

often referred to as the N-dimer and is the minor dimer formed during lyophilization from 

acid. Within the total population of dimers, only 20% are the N-dimer, in which the open 

interface consists of interactions between two anti-parallel !-strands consisting of 

residues 97-103 in each monomer. There are a total of 6 H-bonds between the two 

strands, which are each involved in a 3-stranded !-sheet within each subunit, resulting in 

the creation of a 6-stranded !-sheet across the dimer interface.    

 
 

In 2001, the structure of the second, major domain-swapped dimeric form of RNase A 

was also solved by the Eisenberg lab. This dimer, the C-dimer, represents 80% of the 

total dimeric population, and involves exchange of strand VI of the !-sheet at the C-

terminus (C-dimer), consisting of residues 116-124 (Figure 1.6) (Liu, Gotte et al. 2001). 

This dimer is of particular interest with regard to the relationship between domain 

swapping and aggregation, due to the nature of its open interface. In the C-dimer, the 

hinge region of each monomer (residues 112-115) extends and associates with that of the 

a) b)  

 

Figure 1.6: Structures of the domain-swapped dimers of RNase A. a) N-terminal 

domain-swapped dimer of RNase A, PDB ID 1A2W. b) C-terminal domain-swapped 

dimer of RNase A, PDB ID 1F0V.  
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other monomer, resulting in a tightly associated, 2-stranded, anti-parallel !-sheet. These 

interactions are very similar to the “polar zipper” model of polyglutamine structures in 

amyloid spines proposed by Perutz et al. (Perutz, Johnson et al. 1994). In addition, this 

open interface of the C-dimer constitutes an extended, solvent exposed surface between 

the two subunits (Figure 1.6), so it seems feasible that such a region might be able to 

associate between dimers, resulting in higher order oligomers or aggregation. Thus, upon 

observation of this structure, the authors hypothesized that expansion of this hinge region 

with an aggregation-prone sequence might cause C-terminal domain swapping in RNase 

A to result in aggregation or amyloid formation. 

 

The Eisenberg lab went on to prove this hypothesis by designing a modified version of 

RNase A with an aggregation-prone polyglutamine sequence in the C-terminal hinge 

region that associates into amyloid fibrils (Sambashivan, Liu et al. 2005). By using a 

similar activity reconstitution assay as that designed by Crestfield (Crestfield, Stein et al. 

1962), they were able to show that the amyloid fibrils formed by polyQ-RNase A contain 

active, domain-swapped subunits, suggesting that the fibrils form as a result of domain 

swapping (Figure 1.7). This paper is perhaps the strongest evidence to date implicating 

domain swapping as a mechanism for the formation of native-like aggregates, and makes 

a strong case for the importance of investigation into the mechanism by which the C-

terminal dimer of RNase A forms.  

 
 

Unlike formation of the N-terminal dimer, there is no obvious mechanism by which the 

C-terminal !-strand is easily dissociated from the core of the protein and swapped. Based 

 
Figure 1.7 Model of engineered version of RNase A that aggregates and domain 

swaps. Adapted from Sambashivan et al 2005 (Sambashivan, Liu et al. 2005). An 

amyloid-prone polyglutamine sequence was inserted into the C-terminal hinge region of 

RNase A. The resulting variant was shown to both domain swap and form fibrils. This 

figure depicts a hypothetical structure that fits the model presented in the paper in which 

domain swapping results in formation of an amyloid spine decorated with active RNase A 

subunits.  
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on the ability of RNase A to be cleaved by subtilisin at the N-terminus and reassociate to 

form RNase S, it makes sense that the protein would have the ability to form a dimer in 

which the N-terminal helix is exchanged. However, all evidence from previous RNase A 

protein folding studies suggested that the C-terminal !-strand is one of the most stable 

elements of the protein, and one of the first to fold. From that standpoint, it seems strange 

that this strand would be removed from the protein and exchanged between monomers. 

Furthermore, since domain swapping in RNase A occurs primarily through 

lyophilization, it is very difficult to study the mechanism by which exchange occurs in 

wild-type RNase A. Although other conditions have been shown to cause a small degree 

of dimer formation (Gotte, Vottariello et al. 2003), lyophilization from acid is still the 

gold standard in terms of producing a significant population of RNase A dimers. 

 

The primary goal of the work in this thesis is to better elucidate the mechanism by which 

RNase A dimerizes at its C-terminus. Chapter 2 presents a system in which a version of 

RNase A with a mutation at the hinge region proline Pro 114 significantly populates the 

C-terminal dimer form under physiological conditions. This system is then used to further 

probe the mechanism by which exchange occurs under experimentally accessible 

conditions.    

1.6 Hydrogen exchange 

 

Over the last several decades, hydrogen-deuterium exchange has emerged as a powerful 

technique to probe protein-folding landscapes, as it can provide information on both the 

kinetics and thermodynamics of partially folded structures formed along the folding 

landscape at a residue-specific level.  

 

The basic premise behind hydrogen exchange is that when an amide group is exposed to 

deuterated solvent, its hydrogen will exchange for deuterium. Many amide hydrogens in 

folded proteins are protected from exchange, usually because they are either buried in the 

hydrophobic core or because they are involved in some persistent, hydrogen-bonded 

structure. In order to exchange, each amide hydrogen must undergo some event that 

exposes it to solvent, either global unfolding, partial unfolding, or some local fluctuation 

that results in an open, exchange-competent conformation, as shown in the model below, 

originally proposed by Linderstrom-Lang (Linderstrom-Lang 1955): 

 

 

Closed
kop

kcl
! "!!# !!! Open

kin
! "!!# !!! Exchanged  

 

In this model, the rate of hydrogen exchange depends on several factors: the rate constant 

for the opening reaction, kop, and the rate constant for the closing reaction, kcl, and the 

intrinsic exchange constant, kin. This intrinsic rate constant, kin, depends on pH, 

temperature, and nearest neighbor effects, as described by Bai et al. (Bai, Milne et al. 

1993). Using this model along with the steady state assumption, the observed rate of 

exchange can be described by the following equation: 
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kobs = kin*kop/(kin+kop+kcl) 

Based on this model, observed hydrogen exchange rates can be simplified when it occurs 

within one of two regimes. First, in the EX2 limit, kcl >> kin, such that the equation above 

reduces to kobs = kinKop. Since !Gop = -RTlnKop, hydrogens that exchange under the EX2 

regime provide information on the thermodynamics of the open, exchange-competent 

structure. In the other limit, EX1, kin >> kcl, such that equation 1 reduces to kobs = kop. 

Therefore, in this regime, observed rates of exchange report on the kinetics of opening 

(Hvidt and Nielsen 1966). 

The work in this thesis uses NMR spectroscopy to follow the exchange of backbone 

amide hydrogens in various mutants of RNase A. More specifically, hydrogen exchange 

was used to probe for any partial unfolding events that may indicate the presence of a 

domain-swapping competent intermediate, particularly for the P114G mutant of RNase 

A, that may shed light on the structural mechanism through which C-terminal domain 

swapping occurs.  

1.7 Summary of the results and conclusions presented in this thesis 

 

In chapter 2, experiments are described that aimed to determine whether or not a cis-

proline at residue 114 in the C-terminal hinge region of RNase A acts as a conformational 

gatekeeper for C-terminal domain swapping. I made substitutions at P114 with amino 

acids that strongly prefer a trans peptide bond (Ala, Gly) and found that both P114G and 

P114A variants of RNase A are capable of significantly populating the C-terminal 

domain-swapped dimer under near-physiological conditions (pH 8.0, 37
o
C). This is in 

contrast to dimerization of wild-type RNase A, which requires incubation under extreme 

conditions such as lyophilization from acetic acid or elevated temperature and is the first 

example of domain-swapping for RNase A under physiological conditions. Activity 

reconstitution assays similar to those of Crestfield et al. (Crestfield, Stein et al. 1962). 

show that the dimers formed by the P114 variants are in fact domain swapped. Additional 

activity reconstitution assays were also carried out using monomers that lacked a C-

terminal active site and a C-terminal peptide in order to show that swapping was at the C-

terminus, rather than the N-terminus. I found similar results when cis-P114 was mutated 

to glycine in a homologous RNase, human pancreatic RNase 1. Together, these results 

suggest isomerization at P114 may facilitate population of some exchange-competent 

conformation, and provide support proline isomerization as a more generalized 

mechanism for domain swapping and oligomerization. 

 

In chapter 3, follow-up experiments are described in which hydrogen-deuterium 

exchange (HX) is used to probe for a partially unfolded, exchange competent 

intermediate that is preferentially populated by the P114G variant. In these experiments, 

HX is used as a means to probe for differential behavior in the P114G variant vs. a 

variant of RNase A, that has the same global stability as P114G but does not domain 

swap under physiological conditions. The results of these experiments show that P114G 

is significantly less protected from hydrogen exchange than P93A in the region 

surrounding the C-terminal hinge region. This implies that P114G has increased 
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conformational flexibility at its C-terminus that correlates with its increased propensity to 

form C-terminal domain-swapped dimers.  

 

Finally, in chapter 4, fragments of RNase A are used as a model system to examine 

putative intermediate structures in transition from monomer to C-terminal domain-

swapped dimer. A version of RNase A that is truncated at its C-terminus, RNase A 1-115, 

is expressed and purified, and used as a model system to examine what structure may be 

present in the protein after the C-terminal exchanged arm (residues 116-124) is pulled 

away from the core of the protein and exposed for swapping. Structural studies using CD 

and NMR spectroscopy show that RNase A 1-115 has significantly less secondary and 

tertiary structure than the full-length protein. However, when this fragment is combined 

with a peptide containing the C-terminal residues 112-124, the two fragments re-associate 

into a native RNase A-like structure. This result provides support for using this system as 

a model for C-terminal domain swapping, as the noncovalent association between these 

two fragments results in native structure formation, much like the noncovalent 

association between the core of one monomer and the swapped arm of a second in 

domain swapping.  
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Chapter 2: A Hinge Region Cis-proline in Ribonuclease A Acts as a Conformational 

Gatekeeper for C-terminal Domain Swapping 

 

Note: the results in this chapter were also published in the Journal of Molecular Biology 

(Miller, Karr et al. 2010). 

2.1 Introduction 

 

Three dimensional domain swapping is a mechanism for protein oligomerization in 

which monomers exchange identical structural units resulting in a quaternary structure 

with subunits that recapitulate the monomeric fold. This process has been implicated 

across a range of functions, from evolution of quaternary structure to enzyme regulation, 

with a particular emphasis on its potential role in protein aggregation and amyloid 

formation (Rousseau, Schymkowitz et al. 2003). Domain swapping and amyloid 

formation share common features such as self-complementarity and the potential to retain 

native structure and function in the context of a larger oligomeric assembly.  

In 2005, Eisenberg and co-workers demonstrated that an engineered version of bovine 

pancreatic RNase A, a classic model system for studying protein folding and domain 

swapping, was capable of forming amyloid fibrils (Sambashivan, Liu et al. 2005). 

Importantly, these fibrils showed enzymatic activity that could only be attributed to the 

presence of native folds formed via domain swapping. These studies therefore provide a 

direct link between domain swapping and amyloid formation, and bring new significance 

to using RNase A as a model system for investigating the mechanism of domain 

swapping.  

Wild-type RNase A, when lyophilized from 50% acetic acid, will domain swap and form 

either an N-terminal or C-terminal swapped dimer. In the N-terminal dimer, the first helix 

is swapped between each monmeric unit (Liu, Hart et al. 1998), whereas in the C-

terminal dimer, a !-strand consisting of residues 116-124 is exchanged (Liu, Gotte et al. 

2001). The swapped C-terminal !-strand is anchored to the rest of the protein by a hinge 

region (residues 112-115) which undergoes a conformational change upon domain 

swapping, forming the only unique contacts in the dimer interface, also known as the 

open interface (Liu, Gotte et al. 2001) (Figure 2.1). The hinge region from each monomer 

extends to form !-strands that align at the open interface and form !-stacking interactions 

reminiscent of the polar zipper characteristic of amyloid fibirils (Perutz, Johnson et al. 

1994). Sambashivan et al. (Sambashivan, Liu et al. 2005) inserted a poly-glutamine 

sequence into this hinge region to create a version of RNase A that domain swaps and 

forms amyloid fibrils. Understanding the mechanism for the C-terminal dimerization of 

RNase A is, therefore, an important step towards understanding the link between domain 

swapping and amyloid formation.  
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Oligomeric forms of RNase A have also generated interest as engineered therapeutics, as 

they been shown to have important anti-tumor properties (Bartholeyns and Baudhuin 

1976; Arnold and Ulbrich-Hofmann 2006). However, it is difficult to induce high yields 

of dimer from WT RNase A, and once the dimers are formed they appear to be 

metastable, eventually reverting back to monomers. Thus, there has been significant 

interest in engineering dimers and higher order oligomers of RNase A that form more 

readily and persist in their dimeric form, usually via some sort of covalent cross-linkage 

(Arnold and Ulbrich-Hofmann 2006; Simons, Kaplan et al. 2007). Gaining a better 

understanding of the mechanism by which these dimers form is important not only for 

understanding the process of domain swapping but also for improving methods by which 

to engineer stable dimeric forms.  

There is very little structural or energetic data to explain the mechanism that leads to the 

C-terminal swapped dimer. One suggestion has been that dimerization occurs from the 

unfolded state, although dimer is not observed when RNase A is refolded from standard 

denaturing conditions (Liu, Gotte et al. 2001); however, under dimer-inducing conditions, 

more denaturing conditions favor the formation of the C-terminal dimer over the N-

terminal dimer (Gotte, Vottariello et al. 2003). An alternative hypothesis is that 

dimerization proceeds via a local unfolding event (Neira, Sevilla et al. 1999). 

There are some data that suggest the existence of a partially unfolded species with an 

exposed C-terminal !-strand that could serve as an exchange-competent species.  Studies 

in the early 1970’s revealed that RNase A variants lacking the last several residues of the 

C-terminal !-strand are not globally unfolded (Puett 1972; Hayashi, Moore et al. 1973). 

 
Figure 2.1: Structures of the monomer and C-terminal domain-swapped dimer of 

Ribonuclease A. a) PDB ID 1RTB. In monomeric RNase A, Pro 114 adopts a cis 

conformation b) PDB ID 1F0V. In the C-terminal domain-swapped dimer of RNase A, 

Pro 114 adopts a trans conformation, resulting in the extension of the hinge between the 

protein core and the exchanged C-terminal arm. C) PDB ID 1KH8. In the P114G variant 

of RNase A, the backbone adopts a trans conformation.  
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These truncated RNases A show spectroscopic signals of residual structure but lack 

significant thermodynamic stability, suggesting that removal of this strand does not lead 

to global unfolding of the protein, but results in a high energy partially-folded state that 

may serve as an intermediate en route to dimerization.  

While the pathway leading to formation of the C-terminal dimer is poorly understood, 

many studies have shown that dimerization of RNase A can be initiated by subjecting the 

protein to a variety of non-physiological conditions such as lyophilization from 50% 

acetic acid, exposure to non-aqueous solvents, or elevated temperatures (Gotte, 

Vottariello et al. 2003).  These studies suggest a barrier exists to forming the dimer that 

can be overcome under extreme conditions.  In addition, there is no obvious reason why 

the C-terminal dimer should be thermodynamically stable compared to the native 

monomer. The enthalpic interactions gained at the open interface are relatively minimal 

and, at low protein concentration, are unlikely to balance the entropic cost of 

dimerization. There must be some subtle conformational changes that allow for dimer 

formation.  

The one major difference between the crystal structures of the RNase A monomer and the 

C-terminal domain-swapped dimer is in the four-residue hinge region: proline 114 is cis 

in the monomer and trans in the C-terminal domain-swapped dimer (Liu, Gotte et al. 

2001) (Figure 2.1). Sequence gazing has suggested that proline may play an important 

role in domain swapping; Rousseau et al. (Bergdoll, Remy et al. 1997) conducted a 

survey of oligomeric structures in the protein data bank that contained domain-swapped 

elements and found an increased frequency of prolines at the base of the exchanged arms. 

Experiments on p13suc1 have supported this hypothesis, suggesting that the unique 

conformational rigidity of proline may play an important role in imparting or relieving 

the backbone strain involved in domain swapping (Rousseau, Schymkowitz et al. 2001; 

Simeoni, Masotti et al. 2001). The unique ability for X-Pro bonds to populate both the cis 

and trans conformations, which has been shown to affect many cellular and molecular 

processes, may also affect domain swapping. Interestingly, proline isomerization is 

known to play a role in the mechanism of oligomerization and amyloid formation for 

some proteins that involve interactions similar to domain swapping, including !2-

microglobulin dimerization and stefin B tetramer formation (Eakin, Berman et al. 2006; 

Jahn, Parker et al. 2006; Jenko Kokalj, Guncar et al. 2007).  

We hypothesized that proline isomerization acts as a conformational gatekeeper in the 

conversion of protein monomers to domain-swapped dimers, and that the presence of 

proline in the hinge region of RNase A may have a significant effect on its propensity for 

domain swapping.  We used site-directed mutagenesis to create RNases A that will 

preferentially populate either a cis or trans conformation at residue 114. Indeed, the 

crystal structure of P114G indicates that the peptide backbone now adopts a trans 

conformation (Figure 2.1) (Schultz, Friedman et al. 2005). If proline isomerization plays 

an important role in domain swapping, then we expect a significant difference in the 

swapping behavior of RNase A variants with cis and trans at the peptide bond between 

residues 113 and 114, and this effect should be generalizable to other homologous 

RNases. 



 21 

 

2.2 Results 

 

To investigate the role of P114 in the domain swapping of bovine pancreatic ribonuclease 

A (BP-RNase A), we studied two different variants at this position: P114G and P114A. 

While P114 is cis in the native structure, the P114G and P114A variants are believed to 

adopt a trans conformation (Juminaga, Wedemeyer et al. 1998; Schultz, Friedman et al. 

2005).  Both of these variants were made in the background of the active-site mutation 

H119A and the three proteins are referred to as WT*, P114G*, and P114A*. BP-RNase 

A contains two cis X-proline bonds, position 114 in the C-terminal hinge region and 

position 93 in the interior of the protein.  To control for changes in global stability and 

any proline-specific effects not localized to the hinge region, we also constructed the 

variant P93A in the background of H119A (P93A*).  

2.2.1  Effects on Protein Stability 

 

Purified variants of BP-RNase A were evaluated for folding and stability using standard 

circular dichroism (CD) spectroscopy.  The free energy of unfolding (!Gunf) was 

determined by chemical-induced denaturation and fit using a two-state linear 

extrapolation (Santoro and Bolen 1988) (Figure 2.2). All three variants are less stable 

than WT* by ~2 kcal/mol (Table 2.1). 

Table 2.1: The stabilities (!Gunf) for variants of BP-RNase A at 25
o
C.  

 

Construct !Gunf (kcal/mol) m (kcal/mol•M) 

WT* 8.9 +/- 0.5 3.0 

P114G/H119A 6.7 +/- 0.4 3.2 

P114A/H119A 6.9 +/- 0.3 3.1 

P93A/H119A 6.9 +/- 0.4 3.1 
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2.2.2 Dimerization propensity.  

To measure the relative swapping propensities of the BP-RNase A mutants, the proteins 

were first incubated at 10 mg/mL in 100 mM Tris, pH 8.0 at 37
o
C for 24 hours to 30 days 

and evaluated for dimerization by analytical size-exclusion HPLC (SEC)  (Figure 2.3, 

Table 2.2). As expected based on prior studies, WT* and P93A* showed no observable 

dimer formation over the 30 day incubation under these near-physiological conditions. 

The two variants, P114A* and P114G*, however, showed significant dimer formation 

within 24 hours. These experiments were repeated for both WT* and P93A* with the 

addition cyclophilin A, a peptidyl prolyl isomerase. In the presence of cyclophilin A, no 

dimer formation was observed, even after incubation times up to 3 weeks (data not 

shown). Although the BP-RNase A P114G* dimers formed relatively quickly at 37
o
C 

(within 24 hours), dimer formation was also observed at 25
o
C over the course of several 

days and at 4
o
C over the course of several weeks. 

 
 

Figure 2.2: Comparison of the global stability of the four constructs studied. 

Denaturant melts were performed using GdmCl in 100 mM Tris pH 8.0 at 25
o
C. WT* 

(filled circles) P114A* (open circles), P114G* (closed triangles), and P93A* (open 

triangles). 
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Table 2.2  Summary of activity assays for BP-RNase A variant mixtures, shaded 

boxes indicate variants that dimerize. 

 

 H119A H12A H119A and H12A H119A and C-terminal peptide 

WT - - - - 

P93A - - - - 

P114A - - + + 

P114G - - + + 

 

2.2.3 Determination of Kd for a dimer-forming variant.   

In order to determine if the fraction of dimer measured represented an equilibrium 

population, we monitored two samples of P114G* with the same total protein 

concentration but different initial dimer populations.  Two samples were prepared at 5 

mg/mL and incubated at 37
o
C for several days. One started as a purely monomeric 

sample, while the other was diluted from a 10 mg/mL sample that contained 20% dimer. 

As shown in Figure 2.4, after several days both samples show the same percentage of 

 
Figure 2.3: HPLC analytical size exclusion chromatography detects presence of 

dimer in BP-RNase A variants. These chromatograms are representative of the 

results achieved when the BP-RNase A variants studied were incubated in 100 mM 

Tris pH 8.0 at approximately 10 mg/mL total protein for up to 30 days at 25
o
C or 

37
o
C, or up to several months at 4

o
C. The Pro 114 mutants (P114A and P114G) 

show a dimer peak that elutes from the column ~1.2 minutes before the monomer, 

while constructs that contain the WT P114 have only a monomeric peak. 
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dimer, suggesting that the system is at equilibrium. It is important to note that under 

similar conditions WT* does not show any dimer formation and pre-isolated dimers 

(formed via lyophilization from 50% acetic acid) dissociate very slowly (Figure 2.4.b).  

 

 
Figure 2.4: Dimer association and dissociation. a) The dimer populations of 

two samples of RNase A at 5 mg/mL were monitored as a function of time at 

37
o
C. The dimer association sample started as pure monomer, while the 

dissociation sample was diluted 1:2 from a 10 mg/mL sample that had 

equilibrated to 20% dimer. This sample then relaxes to the same dimer 

population as the association sample as some of the dimer population 

dissociates over time. b) The WT* (H119A) dimer was isolated and 

concentrated to a concentration of 27.6 uM (0.751 mg/mL total protein). The 

sample was then incubated at 37
o
C and dimer dissociation was allowed to 

proceed. A population of 14.5 % dimer remained even after a month-long 

incubation period.  
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Based on the above results, we estimated a Kd for dimer formation of the P114G* variant 

by incubating various concentrations of the protein (1.5-22 mg/mL) at 37
o
C and allowing 

the system to equilibrate for 3-7 days. The relative concentration of monomer and dimer 

were analyzed by SEC. Figure 2.5 shows the resulting plot of [M]
2
 versus [D], which is 

well fit by a Kd of 3.66 mM with an R
2
= 0.999.  

2.2.4 Evaluating for Domain Swapping.  

While the size exclusion results clearly show dimer formation in the P114G and P114A 

variants, they do not report on whether or not these dimers are in fact domain-swapped.  

In order to investigate domain swapping directly, we performed an activity-rescue 

experiment based on early work by Stein and Moore (Crestfield, Stein et al. 1962). 

RNase A contains two active site histidines, H12 and H119. Domain swapping between 

one variant with only H119 and one with only H12 will create a dimer with one active 

subunit containing both histidines and one with neither, resulting in one active and one 

dead subunit per dimer (Figure 2.6). Thus, if domain swapping is the mechanism of 

dimer formation, mixing these two inactive monomers should result in a reconstituted, 

active dimer. 

We therefore created a set of RNase A variants analogous to our original set, but with an 

H12A mutation instead of H119A. Mixtures of H119A and H12A variants for each 

construct (WT, P114G, P114A, and P93A) were incubated at 10 mg/mL total protein at 

37
o
C in 100 mM Tris, pH 8.0 for 24 hours and evaluated for dimerization (as above) and 

activity (see Materials and Methods). Mixtures of H12A and H119A variants in the 

background of either P114G or P114A formed dimers and showed RNase A activity, 

while in the WT and P93A backgrounds no dimers were observed and no activity was 

detected (Figure 2.7, Table 2.2). In other words, only reactions containing a mixture of 

the active site variants and a mutation at P114 rescued RNase A activity.  

 
Figure 2.5: Determination of dissociation constant for RNase A P114G 

dimers. RNase A P114G was incubated at various concentrations in 100 mM 

Tris pH 8.0 and allowed to equilibrate for several days. The slope of the linear fit 

is equal to the dissociation constant (Kd) for dimer formation, 3.66 mM. R
2
 = 

0.9997.   
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Figure 2.6: Domain swapping between two inactive mutants of RNase A restores the 

RNase A active site. The two active site residues of RNase A are His 119 (dark blue) and 

His 12 (red). If one of these residues is mutated, the resulting monomer is inactive. 

However, upon domain swapping, if either the C terminal (shown) or N-terminal arm is 

exchanged, the resulting dimer consists of one subunit that contains both active site 

histidines, and one subunit that contains none. Monomeric structure PDB ID 1RTB, 

dimeric structure PDB ID 1F0V.  
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Figure 2.7: Only constructs that domain swap regain enzymatic activity. RNase 

activity was measured via hydrolysis of CMP monitored via absorbance at 284 nm. The 

slope of these progress curves is directly proportional to the rate constant, k of the 

reaction. a) Mixtures of WT* H119A and H12A mutants (squares) and P93A/H119A 

and P93A/H12A mutants (diamonds) are not active, while mixtures of P114A/H119A 

and P114A/H12A mutants (circles) and P114G/H119A and P114G/H12A mutants 

(triangles) do show reconstituted activity. b) Individual active site mutants 

P114A/H119A (empty circles), P114A/H12A (filled circles), P114G/H119A (empty 

triangles), and P114G/H12A (filled triangles) are not active, and their hydrolysis curves 

are similar to those of a solution containing CMP substrate only (curve indicated by 

asterisks). c) All 4 constructs, WT* (H119A, squares), P93A/H119A (diamonds), 

P114A/H119A (circles), and P114G/H119A (triangles) were incubated in the presence 

of a peptide containing the C-terminal residues 112-124, only the two P114 mutants 

showed rescued activity in the presence of the peptide. 
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2.2.5 C- or N-terminal Domain swapping?  

The above experiments clearly demonstrate the formation of domain-swapped dimers 

under near physiological conditions when P114 is mutated to Ala or Gly.  In order to 

differentiate N-terminal domain-swapped dimers from C-terminal domain-swapped 

dimers, a similar activity rescue experiment was carried out by mixing the RNase A 

H119A constructs with a fifteen-residue synthetic peptide encoding the C-terminal 

exchanged arm and hinge region of RNase A (residues 112-124 and an N-terminal 

tryptophan). Since the proteins already contain a histidine at position 12 and the peptide 

contains H119, if the peptide binds in a way that effectively recapitulates the RNase A 

active site, activity should be rescued. As was observed above in the activity rescue 

experiments involving two full-length proteins, only mixtures of the C-terminal peptide 

and protein containing a mutation at P114 rescued activity (Figure 2.7.c, Table 2.2).  

2.2.6 Generalizing the role of cis-P114 as a gatekeeper in homologous RNases.   

Human pancreatic ribonuclease (RNase 1) is 70.2% identical to BP-RNase A and forms a 

similar three-dimensional structure (Kover, Bruix et al. 2008). At the C-terminus, the two 

proteins are identical except at for a site-specific variation at position 113 and the 

inclusion of 4 extra residues at the C-terminus of RNase 1. These additional residues do 

not show significant contacts with the rest of the structure (Kover, Bruix et al. 2008), and 

for the purposes of directly comparing BP-RNase and RNase 1 in this study, these 4 

residues were deleted to create a variant herein referred to as R1sWT. Variants were also 

developed containing mutations of the two homologous cis-prolines at positions 93 and 

114. These variants are referred to as R1sP93A and R1sP114G, respectively.  

The swapping propensities of the RNase 1 variant proteins were evaluated using SEC as 

described above over a time scale from days to several weeks. These studies had to be 

carried out at 4
o
C to avoid protein precipitation. Under these conditions, R1sWT and 

R1sP93A showed no observable dimer formation after several weeks. However, 

R1sP114G readily forms dimers at 4
o
C within 24 hours (Figure 2.8), and appears to 

dimerize much more readily than BP-RNase A P114G*.  
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2.3   Discussion 

Bovine pancreatic RNase A has served as a model system for many structural studies on 

domain-swapped dimers and a  comparison of the crystal structures of monomeric and 

domain-swapped dimers of BP-RNase A reveal very few obvious differences with the 

exception of a cis/trans isomerization state of the X-Pro bond at P114 at the base of the 

swapped-hinge region (Liu, Gotte et al. 2001).  This observation, coupled with the 

increased frequency of prolines in hinge regions involved in domain swapping (Bergdoll, 

Remy et al. 1997), led us to question if these prolines can act as conformational 

 
Figure 2.8: HPLC analytical size exclusion chromatography detects dimer in 

human pancreatic ribonuclease (RNase 1) variants. These chromatograms are 

representative of the results achieved when the RNase 1 variants studied were 

incubated in 100 mM Tris pH 8.0 at approximately 10 mg/mL total protein for up to 

30 days at 4
o
C or several days at 25

o
C or 37

o
C. The R1sP114G mutant shows a dimer 

peak that elutes from the column ~1.1 minutes before the monomer, while constructs 

that contain P114 have only a monomeric peak. 
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gatekeepers in the domain swapping mechanism of RNase A. Indeed, mutation of these 

prolines results in the formation of domain-swapped dimers under physiological 

conditions. We find that RNases with a mutation at position 114 form a significant 

fraction of dimer after simple incubation at pH 8.0, whereas variants that retain a proline 

at position 114 (WT* and P93A*) do not. Moreover, activity rescue assays indicate that 

the dimers are indeed domain swapped. Our results suggest that the presence or absence 

of a cis-proline in the C-terminal hinge region has a significant effect on RNase A’s 

ability to domain swap.  

2.3.1 Cis-Pro114  acts as a conformational gatekeeper in both BP-RNase and RNase 1.  

 

The cis-proline at position 114 is a conserved feature in several RNases (including BP 

RNase A, bovine seminal RNase, human pancreatic RNase 1, and RNase A from Rattus 

Norvegicus). Except for BP-RNase A, which shows C-terminal domain swapping after 

lyyophiliation and other harsh treatments, none of these are known to domain swap at the 

C-terminus (BS-RNase readily domain swaps at the N-terminus (Mazzarella, Capasso et 

al. 1993), and RNase 1 has also been engineered to swap at its N-terminus (Russo, 

Antignani et al. 2000)). Analogous to our results for BP RNase A, we find that a P114G 

variant of RNase 1 shows significant dimer formation, whereas WT and P93A RNase 1 

remained monomeric, suggesting that our observation of cis-P114 as a conformational 

gatekeeper is likely generalizable to at least these other homologous proteins.  

 

2.3.2 Swapping propensity is not related to global stability.  

 

The variants of BP-RNase A that show notable C-terminal domain swapping are also 

destabilizing.  The global stability (!Gunf) of both P114G* and P114A* is decreased by 

about 2 kcal/mol (relative to WT*), suggesting that their increased swapping propensity 

may be the result of global destabilization of the monomers. The variant P93A*, 

however, also destabilizes the protein by approximately 2 kcal/mol without any notable 

domain swapping.  We therefore do not believe that the noted increased swapping 

propensity is a direct result of an increase in the population of the unfolded state of these 

variants.  

 

A likely alternative explanation is that these variants increase the protein’s ability to 

populate an exchange-competent monomeric form and ultimately dimerize via domain 

swapping. This model is supported by the fact that in the crystal structure of P114G 

(Schultz, Friedman et al. 2005), the peptide bond between 113 and 114 is trans with 

significant rearrangements in the hydrogen bonding network between the C-terminal "-

strand and the core of the protein.   This exchange competent form may simply be the 

trans version of the native monomer, or more likely, a partially unfolded intermediate 

lacking a docked C-terminal strand.  Although we have no direct evidence for such a 

local unfolding event, our peptide rescue experiments support this hypothesis. When the 

WT*, P114G*, P114A*, and P93A* variants are incubated with a C-terminal peptide 

composed of residues 112-124 (hinge region and C-terminal "-strand) under conditions 

similar to those used to initiate domain swapping, only the P114 variants have rescued 

activity. In order for the C-terminal peptide to restore activity, the interface between the 
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core of the protein and the exchanged C-terminal !-strand must be transiently exposed to 

allow peptide binding. Since this rescue is specific for the proteins with mutations at 

position 114, we infer that only these variants undergo the local structural change 

required to expose the peptide-binding interface. 

 

Studies by Nakano et al. also suggest that the C-terminal peptide can inhibit domain-

swapped dimerization (Nakano and Sugimoto 2003). In these studies, protein 

dimerization did not occur when WT RNase A was incubated with the C-terminal peptide 

and lyophilized in acetic acid, suggesting that the peptide binds and blocks docking of an 

exchanged arm from another monomer in the same structural location, supporting the 

hypothesis that the C-terminal peptide is capable of binding to RNase A and displacing 

the covalently attached C-terminal !-strand. However, other aspects of the study by 

Nakano et al. (Nakano and Sugimoto 2003) are at odds with our results. The authors 

report a binding constant between the peptide and WT RNase A (pH 6.7) of 84 +/- 38 

mM, implying that this peptide can bind effectively to WT RNase A in solution at neutral 

pH. Our results, however, show that under neutral conditions incubation of the peptide 

with WT* does not restore activity, suggesting that the peptide cannot displace the C-

terminal strand without aid of a mutation at P114. To resolve this discrepancy, we 

constructed binding curves for the C-terminal peptide and each of our four constructs 

using the same methodology employed by Nakano et al. (Nakano and Sugimoto 2003). 

All four constructs showed a Kd ~ 200 mM (data not shown), a value not far from that 

reported by Nakano et al (Nakano and Sugimoto 2003). However, when aliquots of the 

samples used to construct the binding curves were tested for activity, only the 

combinations of peptide with the P114 mutants were active, leading us to conclude that 

the observed changes in intrinsic peptide fluorescence were not reporting on the peptide 

displacing the C-terminal !-strand as originally hypothesized, but rather reflect some 

unknown binding event. 

 

2.3.3 Is the observed domain swapping a kinetic or thermodynamic effect?  

Although it is clear that the presence or absence of a cis-proline in the hinge region of 

RNase A affects the formation of the C-terminal domain-swapped dimer, it is unclear if 

this is because the wild-type dimers are kinetically inaccessible and the variants lower the 

kinetic barrier, or if the wild-type dimers are thermodynamically unfavorable and the 

variants simply decrease the Kd to an observable range. 

We find that RNase A variants with a cis-proline at position 114 do not form measurable 

dimer even when incubated for up to a month at 37°C.  In addition, the purified WT* 

dimers formed from lyophilization in acetic acid dissociate very slowly at 37
o
C, retaining 

a significant population of dimer after a month at 37
o
C. Together, these results indicate 

that there is likely a large kinetic barrier between the monomeric and dimeric forms WT* 

RNase A. This result is in stark contrast to our results with the P114 variants, which 

readily form dimer under the same conditions, and equilibrate to the same dimer 

concentration from either the association or dissociation direction. Conversion between 

monomer and dimer for the P114 mutants is likely at equilibrium, and mutation of P114 

to an amino acid that strongly favors a trans conformation significantly lowers the barrier 
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between these two populations. This certainly makes sense, as proline isomerization is 

often a rate-limiting step in protein folding and unfolding, and substitution of P114 with 

glycine or alanine may eliminate the need for proline isomerization between the 

monomer and dimer forms.  

In order to obtain direct support of this kinetic model, we attempted to use cyclophilin A, 

a peptidyl-prolyl isomerase, to catalyze the isomerization of P114 in WT and P93A 

variants, without any observed effect. While this result does not support a kinetic barrier 

involving proline isomerization, it does not rule out this model either.  Cyclophilin A may 

not have access to the X-Pro114 bond. 

Interestingly, proline isomerization is acid catalyzed (Steinberg 1960). If isomerization at 

Pro 114 is a key event in the C-terminal domain swapping of RNase A, this would 

provide new insight as to why the traditional conditions for dimerization A are so 

effective. The acetic acid may help catalyze proline isomerization, which, together with 

the high local concentrations obtained during lyophilization, would promote domain 

swapping. This is, of course, speculation; there may be other events that affect RNase A 

during lyophilization that lead to domain swapping. 

It should be noted that a previous activity-based study (Park and Raines 2000) suggested 

that WT RNase A could form dimers under physiological conditions at a total protein 

concentration of just 12 µM (0.16 mg/mL). In these experiments, the observed 

dimerization occurred on the time scale of minutes. It is likely that these dimers are not 

the same as those studied here, since we observe very slow dimer association and 

dissociation kinetics, and based on their results we would expect to see significant dimer 

formation in the wild-type protein at 10 mg/ml.  

Although a decrease in a kinetic barrier seems a likely mechanism for the observed 

dimerization in the proline variants, our results do not exclude the possibility that the 

observed dimerization may be a thermodynamic effect.  While, as discussed above, we 

can rule out a change in global stability of the monomer as the basis for the change in 

dimerization, we cannot rule out an effect due to an increase in the stability of the dimer 

for the variants lacking a proline at position 114. We estimate that our detection limit for 

dimer formation is ~ 2% dimer, which would correspond to a Kd of 70 mM.  Thus any 

dimer formed with a Kd higher than 70 mM (or Ka less than 14 M
-1

) would be too 

unstable for detection.  

One potential thermodynamic model for the formation of domain swapped dimer is 

diagramed in the scheme below.  In this model, the folded monomer exists in equilibrium 

between cis and trans at the X-Pro114 bond with an equilibrium constant Kct and a 

dimerization constant for the trans monomer of Ka, as shown in equation 2.1.  

   
2Nc

Kct
! "!!# !!! 2Nt

Ka
! "!!# !!! D (2.1) 

 

The observed, apparent association constant, Kapp, will depend on the populations of both 

Nc and Nt, and can be rewritten in terms of Ka and Kct: 
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(2.2) 

 (2.3) 

If we assume that Ka values for both WT and P114 variants are the same, then we can use 

(2.3) above to compare the effect of cis/trans population changes on the observed 

dimerization (Kapp). For the P114 variants, Kct >>1 and Kapp~ Ka. For the wild type 

protein, however, the Kapp will be dramatically decreased due to the effect of Kct.    

Our results on the P114G variant give an estimate of Ka (Ka ~273 M
-1

, Kd ~ 3.66 mM). 

Given the above model and our detection limit estimate of 70 mM, we can estimate a 

minimum Kct for detection of dimer of 0.29. In other words, in order to be able to detect a 

Kapp within our detection limits, ~30% of the monomeric protein would have to populate 

the trans conformation at position 114. This significant population should be noticeable 

by structural methods such as NMR, and such a population has not been observed for WT 

RNase A. Based on this model, the thermodynamic effect of simply shifting the 

population of monomeric RNase A from Nc to Nt may account for the increased 

population of the dimeric form when P114 is altered to an amino acid that strongly favors 

the trans conformation. 

Whether the effect of P114 mutations on RNase A dimerization is kinetic or 

thermodynamic, our results clearly show that the cis-proline in the hinge region of RNase 

A plays an important role in preventing the formation of C-terminal domain swapped 

dimer.  Our results point to proline isomerization as a conformational gatekeeper in 

oligomerization via domain swapping. These studies provide important insight into the 

mechanism of domain swapping and, by inference, other similar oligomerization events 

such as amyloid formation. These variants of RNase A are the first we are aware of that 

are capable of forming a significant population of domain-swapped dimer in solution 

under neutral conditions, and provide us with a unique opportunity to probe the molecular 

mechanism of domain swapping.  The next challenge will be to use more sensitive 

structural techniques, such as NMR and hydrogen exchange, to better characterize the 

folding events that lead to domain swapping and further elucidate the mechanism of C-

terminal domain swapping in RNase A. 

2.4   Materials and Methods 

2.4.1 Plasmid Construction and Protein Purification 

 

A plasmid containing the gene for BP-RNase A was generously donated by D. Eisenberg 

(with permission from the Raines lab, U. of Wisconsin). The WT BP-RNase A gene from 

this plasmid was PCR amplified and inserted into a pET22b(+) vector. Quikchange 

mutagenesis (Stratagene) was used to create eight variants of BP-RNase A: H119A 

(WT*), P114G/H119A, P114G/H12A, P114A/H119A, P114A/H12A, P93A/H119A, and 

P93A/H12A.  

 

A plasmid containing the gene for RNase 1 was generously donated by R. Raines. This 

plasmid was further modified via several rounds of Quikchange mutagenesis (Strategene) 
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to include a TEV-cleavable 6-His affinity tag. This strategy was also used to incorporate 

a stop codon at the end of the sequence to truncate the protein by 4 residues, so that the 

C-terminal sequence would be the same length as that of BP-RNase (R1sWT). All 

versions of RNase 1 discussed in this paper lack these 4 C-terminal residues. In addition, 

Quikchange mutagenesis was used to generate mutants of this construct carrying the 

P93A mutation (R1sP93A) or the P114G (R1sP114G) mutation.  

 

All protein constructs were expressed in BL21-codon + cells on LB media. Both the BP-

RNases A and RNases 1 were isolated as previously described (delCardayre, Ribo et al. 

1995) from inclusion bodies. All BP-RNase A variants were purified via gel filtration 

chromatography using a Hi-Load Superdex-75 16/60 column on a GE Healthcare AKTA 

purification system in a 20 mM Tris pH 8.0, 0.5 M NaCl buffer. All RNase 1 variants 

were purified using a 5 mL HisTrap-HP column from GE Healthcare on a GE Healthcare 

AKTA purification system. The sample was initially purified via elution with a buffer 

containing 20 mM Tris pH 8.0, 0.5 M NaCl and 0.5 M imidazole. Following this initial 

purification, the 6-His tag was cleaved using TEV protease, and the protein was dialyzed 

into buffer containing 20 mM Tris pH 8.0, 0.5 M NaCl, 3 mM reduced glutathione, and 

0.3 mM oxidized glutathione. The sample was then rerun over the HisTrap-HP column, 

where the cleaved protein eluted as flow through and the His-tagged TEV protease was 

retained on the column before being bumped off by a high imidazole buffer, as indicated 

above.   

 

2.4.2 Protein Stability Studies 

 

The global stability of the WT*, P114G/H119A, P114A/H119A, and P93A/H119A 

constructs were determined using guanidinium chloride denaturation monitored by CD 

spectroscopy. All samples were prepared in 100 mM Tris pH 8.0 and various 

concentrations of denaturant and allowed to equilibrate overnight at room temperature. 

CD signal for each sample was measured at 222 nm, 25
o
C using an Aviv 410 

spectrometer and a 1 cm pathlength cuvette. The data were fit to determine the global 

stability of unfolding, !Gunf, and its denaturant dependence, m, under the assumptions 

that the system is two state and that !Gunf has a linear dependence on denaturant 

concentration (Santoro and Bolen 1988). 

 

2.4.3 Evaluation of dimerization by HPLC Size Exclusion Chromatography 

 

To initialize dimerization, purified protein was concentrated to 10 mg/mL in 100 mM 

Tris pH 8.0 and incubated at either 4
o
C, 25

o
C, or 37

o
C for periods of time ranging from 

24 hours to 30 days. To detect the presence of dimers, 2.5-10 µL aliquots were removed 

and run over a Tosoh Biosciences TSK-G2000SWXL HPLC size exclusion column at 

25
o
C. The mobile phase of the column consisted of 0.2 M sodium phosphate buffer pH 

6.7 run at 1.0 mL/min. The column was calibrated using a gel filtration molecular weight 

standard from Biorad and purified RNase A from Sigma. Percentage dimer was 

calculated based on peak areas detected via UV absorbance at 220 nm.   
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To determine whether or not the WT* dimer could equilibrate back to its monomeric 

form, dimerization was induced by lyophilizing a 20 mg/mL sample in 50% acetic acid. 

The dimer population was then purified using a Hi-Load Superdex-75 16/60 column on a 

GE Healthcare AKTA purification system as described above. The dimeric fraction was 

then concentrated to 0.75 mg/mL and incubated at 37
o
C. Aliquots were periodically 

removed and analyzed for presence of dimer using analytical HPLC SEC as described 

above.  

 

To determine whether RNase A P114G* can readily equilibrate between its monomeric 

and dimeric forms, two samples were prepared at 5 mg/mL in 100 mM Tris pH 8.0. One 

sample was prepared from fully monomeric protein and allowed to dimerize at 37
o
C. The 

other sample was prepared by diluting a 10 mg/mL sample that had previously been 

allowed to equilibrate at 4
o
C for several months. This sample already contained a 

significant population of dimer, greater than that expected for a sample at the lower 

concentration of 5 mg/mL. This sample was also incubated at 37
o
C to allow for dimer 

dissociation. Both samples were periodically measured for presence of dimer using 

analytical HPLC SEC as described above over a period of 1-30 days.  

 

In order to determine a Kd of dimerization for BP-RNase A P114G*, a monomeric 

sample at 22 mg/mL in 100 mM Tris pH 8.0 was serially diluted 1:2 to yield 5 total 

samples ranging in concentration from 1.5-22 mg/mL. These samples were allowed to 

equilibrate at 37
o
C for 3-7 days, and aliquots were periodically measured using analytical 

HPLC SEC as described above to determine the percentage of dimer present.  Samples 

were determined to be at equilibrium when at least two consecutive measurements 

consistent dimer percentages (+/- 1% for either sample).  The equilibrium dimer 

percentage was determined by taking the average of the last three dimer percentage 

readings (except for the 22 mg/mL sample, which was averaged over the last two 

readings).  

 

To test for detectable catalysis of proline isomerization, similar experiments were 

performed combining WT* (H119A) and P93A variants with cyclophilin A. The 

cyclophilin A was produced recombinantly, purified, and donated by James Fraser. These 

experiments were performed under the conditions described above, with incubation times 

ranging from 24 hours to 21 days. Two sets of experiments were performed, one with an 

RNase A concentration of 730 µM and cyclophilin A concentration of 10 µM, and 

another with an RNase A concentration of 365 µM and cyclophilin A concentration of 

55.6 µM.  

 

2.4.4 Activity Assays 

 

The presence of rescued activity in the domain-swapped dimers or peptide-bound 

monomers was detected using activity assays monitoring CMP hydrolysis as described 

previously (Crook, Mathias et al. 1960). Assays were performed using 0.1 mg/mL CMP 

(from Sigma) in 100 mM Tris pH 8.0 and a final RNase A concentration of 100 µg/mL. 

The aliquots of BP-RNase A used in the activity assays were taken from the same 

samples that had been incubated at 37
o
C as described above and analyzed for presence of 
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dimer via HPLC. Activity was measured using UV spectroscopy monitoring change in 

absorption at 284 nm.  It should be noted that although the total concentration of RNase 

A in these assays was 100 µg/mL, the concentration of active protein should only be ~5-

10 µg/mL, since only ~20% of the sample will dimerize and statistically half of those 

dimers will be inactive homodimers. The samples used to test for rescued activity in 

RNase A monomers in the presence of the C-terminal peptide contained 31 µM peptide 

and 100 µg/mL RNase A that had been incubated at 25
o
C for 4 days.  

 

2.4.5 Peptide-Binding Assay 

 

The C-terminal RNase A peptide was synthesized by David King using a peptide 

synthesizer and has the sequence Ac-WEGNPYVPVHFDASV-OH. This sequence 

consists of RNase A residues 112-124 with an added N-terminal tryptophan. 

Fluroescence measurements were taken using a Fluoromax-3 fluorimeter using a 1 cm 

pathlength cuvette. Tryptophan emission was monitored at 25
o
C using an excitation 

wavelength of 280 nm and an emission wavelength of 380 nm. Samples were prepared in 

100 mM Tris pH 8.0 with a constant peptide concentration of 313 µM. To construct 

binding curves, a sample was prepared with an initial RNase A concentration of ~10 

mg/mL (~750 µM) and was allowed to equilibrate for 20 minutes. This sample was then 

serially diluted into solutions containing only buffer and peptide in order to maintain a 

constant peptide concentration while titrating down the RNase A concentration. 

Subsequent samples were allowed to equilibrate for 10 min, and equilibration of each 

sample was monitored via a kinetic trace of Trp emission. An average of the last 300 

seconds of each kinetic trace was used to determine the equilibrium fluorescence signal 

of each serially diluted data point. These data were then used to construct a binding curve 

fit to a 2-parameter hyperbolic decay curve to determine the apparent Kd of peptide 

binding.   
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Chapter 3: Propensity for C-terminal domain swapping correlates with increased regional 

flexibility in the C-terminus of RNase A 

3.1 Introduction 

Domain swapping is a unique mechanism of protein dimerization and higher order 

oligomerization that results in the formation of subunits that recapitulate native, 

monomeric structure. It has been implicated as a means for evolution of quaternary 

structure and modification of enzymatic activity. It is most often studied in terms of its 

potential as a mechanism for protein aggregation and amyloid formation as both 

processes are self-complementing and often involve polar zipper-like interactions 

(Bennett et al. 2006). 

In spite of its implications for protein evolution and aggregation, very little is known 

about the driving forces that cause proteins to domain swap. Although there are over 50 

domain-swapped structures in the PDB (Schlunegger et al. 1997), there are only a 

handful of investigations into the protein-folding mechanisms that lead to domain 

swapping (Lopez-Alonso et al. ; Rousseau et al. 2001; Chahine and Cheung 2005; 

Esposito and Daggett 2005; Malevanets et al. 2008; Ercole and Laurents 2011). Among 

these studies, there is debate as to whether domain swapping occurs via the unfolded state 

or some high energy, partially unfolded state. In the first case, domain swapping serves as 

an alternative folding pathway (Rousseau et al. 2001); in the latter, the monomer may 

undergo a fluctuation to some non-native, partially unfolded form, M*, that is capable of 

swapping and forming a domain-swapped dimer (Figure 3.1).  
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Bovine pancreatic ribonuclease A (RNase A) is an example of a protein that exists 

primarily in its monomeric form but is capable of domain swapping. RNase A can swap 

at either its N- or C-termini to form dimers or higher order oligomers. In order to form 

domain-swapped structures, the protein is subjected to lyophilization from 50% acetic 

acid. Under these conditions, 80% of the dimers are C-terminal domain-swapped dimers, 

while 20% are N-terminal domain-swapped dimers. Since this process requires 

lyophilization, in which the protein goes through the solid state, it has been difficult to 

study the process in solution (Ercole et al. ; Lopez-Alonso et al.). Thus, the mechanism of 

domain swapping in RNase A under more physiological conditions, particularly at the C-

terminus, remains poorly understood.  

While WT bovine pancreatic RNase A does not easily domain swap under physiological 

conditions, a related RNase, bovine seminal RNase (BS-RNase) readily forms N-terminal 

domain-swapped dimers in solution (Russo et al. 2000; Picone et al. 2005). Swapping in 

BS-RNase does not depend on the sequence of this N-terminal hinge region (Picone et al. 

2005), however deletion of this hinge can drive the homolog Human Pancreatic RNase 

(HP-RNase), a monomeric protein, to form domain-swapped dimers (Russo et al. 2000). 

It is worth noting that the exchanged N-terminal region in these N-terminal swapped 

dimers is the same helix that is cleaved by subtilisin in BP-RNase A to form RNase S. 

Therefore, it makes sense that this helix might be readily available for swapping, as it can 

 
Figure 3.1: Potential structural models for C-terminal domain swapping in 

RNase A. RNase A has been hypothesized to form dimers either through the top 

pathway, in which the monomer (PDB ID 2AAS) completely unfolds en route to C-

terminal dimerization. However, others have suggested that some type of partial 

unfolding event may occur that produces an exchange-competent intermediate, as 

shown in hypothetical structure M*.   
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be cleaved and nonconvalently reassociate with the core of the protein to produce fully 

active enzyme. 

 

The structural determinants that lead to the C-terminal dimer formation are both less 

obvious and potentially more interesting than those of the N-terminal dimer. There is no 

existing evidence to suggest that wild-type RNase A populates some partially unfolded 

intermediate in which the C-terminal !-strand is exposed and prone to exchange. The 

exchanged C-terminal !-sheet is one of the first elements of RNase A to fold and one of 

the most highly protected from hydrogen exchange (Wang et al. 1995; Neira et al. 1999). 

In fact, Lopez-Alonso et al. have suggested, based on their in vitro results, that RNase A 

domain swaps via the folding intermediate IN, and therefore must access the unfolded 

state (Lopez-Alonso et al. 2010). Computational studies have also indicated that 

significant unfolding is required for swapping from the C-terminus (Esposito and Daggett 

2005). However, our previous results show that under physiological conditions, and 

increase in population of the unfolded form does not increase the propensity of RNase A 

to domain swap (Miller et al. 2010). 

Resolving the mechanism of C-terminal dimer formation in RNase A is of particular 

interest as it applies to the link between domain swapping and amyloid formation. The 

open interface in the C-terminal dimer contains two stacked !-strands, reminiscent of the 

polar-zipper interactions present in amyloid-! spines, suggesting that the mechanism that 

leads to C-terminal dimer formation may be more similar to events that result in 

aggregation (Liu et al. 2001). In fact, an engineered version of the RNase A with an 

amyloidogenic poly-glutamine sequence in the C-terminal hinge region was the first 

well-defined example of a likely domain swapping event that results in amyloid 

formation (Sambashivan et al. 2005). 

Recently, we showed that a cis-proline in the C-terminal hinge region (P114) acts as a 

conformational gatekeeper for domain swapping in RNase A (Miller et al. 2010). This 

result strongly suggests that isomerization at P114 is a key event in the mechanism of 

RNase A C-terminal domain swapping. Mutation of P114 to an amino acid that strongly 

prefers a trans conformation, such as glycine or alanine, resulted in variants of RNase A 

that readily domain swap under physiological conditions. Therefore, these RNase A 

variants provide an excellent system for studying the mechanism of domain swapping 

under experimentally tractable conditions. 

Our hypothesis was that differences in the dynamics of P114G and WT RNase A might 

correlate with the increased swapping propensity of the P114G variant, and elucidate 

some partially unfolded, exchange-competent intermediate state. Rather than directly 

comparing the P114G variant to WT, we employed another variant, P93A, that has the 

same global stability as P114G but does not readily domain swap under physiological 

conditions (Miller et al. 2010). To probe for differences between these variants, we 

implemented NMR hydrogen-deuterium exchange techniques (HX). Increased HX rates 

in specific regions of the protein are interpreted as reflecting either an increased 

population or easier access to some “open” or exposed state for that amide site via the 

following standard model as described by Linderstrom-Lang (Linderstrom-Lang 1955): 
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! "!!# !!! Exchanged  

The more flexible a site in the protein is, either due to local fluctuations, partial or global 

unfolding events, the faster it will exchange. By comparing the HX behavior of the two 

RNase A variants P114G and P93A under identical conditions, we can make inferences 

about how local changes in conformational flexibility affect domain swapping 

propensity.   

3.2 Results 

3.2.1 Protein stability under HX conditions.  

 

Two variants of BP-RNase A were evaluated for folding and stability using circular 

dichroism (CD) spectroscopy.  In addition to the P114G or P93A mutation, both variants 

contained the H119A mutation. H119A is an active-site mutation that helps to avoid 

toxicity during expression in bacterial culture. The free energy of unfolding (!Gunf) under 

conditions suitable for HX experiments (pHcorr = 6.7, 50 mM NaPhos, 25°C) was 

determined by chemical-induced equilibrium denaturation and fit using a two-state 

assumption and linear extrapolation (Santoro and Bolen 1988). Under these conditions, 

the stability of the P93A variant is 6.8 +/- 0.24 (Cm =2.4 M, m-value = 2.85 kcal/mol•M) 

and the stability of the P114G variant is 6.48 +/- 0.14 kcal/mol (Cm =2.4 M, m-value = 

2.65 kcal/mol•M) (Figure 3.2). These values are both within error of each other and 

similar to the previously reported value of 6.8 kcal/mol in protonated buffer at pH 8.0, 

100 mM Tris at 25
o
C (Miller et al.). 

 

3.2.2 NMR assignments of backbone amide protons 

 
Figure 3.2: Denaturant melts in deuterated buffer. Denaturant melts were 

performed on the P114G (open diamonds) and P93A (filled circles) variants of 

RNase A in deuterated 50 mM NaPhos pHcorr 6.7.  
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In order to determine site-specific HX rates, NMR assignments for the NH protons of 

each variant were needed.  Direct comparison and assignment based the published HSQC 

spectra of RNase A were not feasible as the individual mutations at H119, P114, and P93 

altered the HSQC spectra enough to prohibit unambiguous identification of the backbone 

amide peaks. Thus, HNCA spectra were collected so that correlations to carbon 

assignments could be used to accurately identify amide crosspeaks. Starting with several 

peaks that could be unambiguously identified based on comparison with the spectrum of 

wildtype RNase A, the C-! peaks from the HNCA allowed us to bootstrap our way 

through the rest of the protein. This approach allowed us to confirm assignments for most 

(~80%) of the amide proton peaks in the spectra, which were then used for the following 

analysis.  The spectra for the two variants (P114G and P93A) overlaid fairly well, which 

facilitated comparison of the decay of the same site between each variant (Figure 3.3).   
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3.2.3 Comparison of HX behavior between the RNase A variants P114G and P93A 

HX experiments were carried out by monitoring the proton occupancy at individual sites 

for 48 hours after initiation of exchange, with the initial time point taken approximately 

45 minutes after initiation of exchange (see Materials and Methods). Since the half-time 

a)  

b)  

 

Figure 3.3: Spectral overlays of P114G and P93A. In each panel, the spectrum 

of P93A is shown in black, while the spectrum of P114G is shown in red. a) 

Overlaid spectra of the 
1
H and 

15
N dimensions of HNCA spectra taken for each 

variant at pH 6.7, 25
o
C. b) Overlaid spectra of the first time point in HX decay 

from 
1
H-

15
N HSQC experiments performed on each variant at pHcorr 6.7, 25

o
C.  
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for dimer formation under these conditions is ~72 hours (~10% dimer at 72 hours (Miller 

et al. 2010) and data not shown), data acquisition was terminated after 48 hours in order 

to avoid complications due to presence of the dimer. Based on this experimental time 

window and our assumption of a detection limit of ~15 % proton occupancy, we estimate 

that the minimum and maximum experimentally accessible exchange rates are ~ 4.81x10
-

4
 min

-1 
and 1.5 x10

-2
 min

1
, respectively.  The calculated exchange rates for the observable 

probes in our experiments agree with this assumption (Table 3.1.a and 3.1.b). Under the 

conditions of our experiments, HX of wild-type RNase A has been shown to occur under 

the EX2 kinetic regime (Neira et al. 1999; Qu and Bolen 2003). Therefore, if we assume 

that this holds true for our variants, this time window corresponds to a measurable !GHX 

between 5.5 and 8.5 kcal/mol (pHcorr = 6.7, 25
o
C), depending on the kin of each specific 

residue. 

 pHcorr 6.7, 25
o
C  pHcorr 7.6, 25

o
C 

 P114G P93A  P114G P93A 

Residue kobs PF kobs PF  kobs PF kobs PF 

10 4.08E-03 1.72E+04 2.11E-03 3.33E+04  2.14E-02 2.60E+04 1.10E-02 5.05E+04 

11 1.03E-03 1.51E+05 slow slow  1.90E-03 6.55E+05 6.42E-04 1.93E+06 

12 2.77E-03 1.11E+05 slow slow  1.91E-03 5.54E+05 9.04E-04 1.17E+06 

30 3.80E-04 2.72E+05 5.00E-04 2.06E+05  2.49E-03 3.28E+05 2.99E-03 2.73E+05 

46      slow slow slow slow 

49 2.06E-03 3.95E+04 5.55E-03 1.47E+04  1.36E-03 2.49E+05 1.00E-03 3.37E+05 

52 3.99E-03 1.27E+04 3.96E-03 1.28E+04  2.43E-02 1.65E+04 4.12E-02 9.74E+03 

54 2.77E-03 3.97E+03 slow slow  slow slow slow slow 

55 3.47E-03 1.97E+04 slow slow  slow slow slow slow 

56 1.68E-03 7.70E+04 9.86E-04 1.31E+05  1.98E-03 5.20E+05 2.41E-03 4.28E+05 

57 slow slow slow slow  slow slow slow slow 

60 1.88E-02 9.98E+03 3.96E-03 4.74E+04    3.70E-02 4.02E+04 

62      slow slow 5.44E-04 4.87E+06 

63 2.26E-03 1.51E+04 slow slow  5.12E-04 5.29E+05 slow slow 

65 5.16E-03 5.63E+04 1.85E-03 1.57E+05  1.24E-02 1.86E+05 1.24E-02 1.86E+05 

69   6.50E-03 2.14E+04  4.49E-02 2.46E+04 2.95E-02 3.75E+04 

72 4.30E-03 1.41E+05 4.95E-04 1.23E+06  6.40E-03 7.54E+05 3.11E-03 1.55E+06 

73 slow slow slow slow  slow slow slow slow 

74 slow slow slow slow  slow slow slow slow 

75 slow slow slow slow  slow slow slow slow 

79 slow slow slow slow  slow slow slow slow 

98 1.76E-03 4.77E+04 slow slow  1.80E-03 3.70E+05 2.18E-03 3.06E+05 

99   slow slow  3.75E-03 1.95E+05 2.58E-03 2.84E+05 

100 2.48E-03 4.45E+04 7.58E-04 1.46E+05  2.54E-03 3.44E+05 2.05E-03 4.27E+05 

106 slow slow slow slow  slow slow slow slow 

107 slow slow slow slow  3.30E-04 2.16E+05 1.66E-03 4.31E+04 

108 slow slow slow slow  slow slow slow slow 

109 slow slow slow slow  slow slow slow slow 

110   9.02E-04 3.22E+05    4.24E-03 5.45E+05 

111   slow slow    1.54E-03 3.78E+05 

116   slow slow    slow slow 

118 9.97E-04 9.45E+03 slow slow  slow slow slow slow 

119 2.26E-03 6.23E+04 slow slow  1.14E-03 4.23E+05 slow slow 

 

Table 3.1a: HX Rate constants (in min-1) for P114G and P93A variants of RNase A 

in deuterated 50 mM NaPhos, pH 6.7 or 7.6, 25
o
C. 
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 pHcorr 7.6, 37

o
C 

 P114G P93A 

Residue kobs PF kobs PF 

10     

11   1.81E-02 2.03E+05 

12   2.12E-02 1.47E+05 

30 2.89E-02 1.05E+05 3.54E-02 6.82E+04 

46 1.18E-02 1.86E+05 3.13E-03 5.59E+05 

49 1.73E-02 7.02E+04 9.04E-03 1.10E+05 

52     

54 3.11E-03 1.03E+05 2.55E-03 9.96E+04 

55 5.61E-03 3.58E+05 3.51E-03 4.55E+05 

56 2.57E-02 1.49E+05 2.37E-02 1.29E+05 

57 2.37E-03 2.04E+05 2.12E-03 1.81E+05 

60     

62   2.47E-03 3.16E+06 

63 1.24E-02 8.10E+04 2.54E-03 3.14E+05 

65     

69     

72   2.11E-02 6.73E+05 

73   2.60E-03 1.14E+06 

74 1.64E-02 1.90E+05 2.69E-03 9.20E+05 

75 1.74E-02 5.16E+05 2.99E-03 2.39E+06 

79 1.08E-02 3.47E+05 2.27E-03 1.31E+06 

98 2.37E-02 1.04E+05 3.07E-02 6.41E+04 

99 1.31E-02 2.07E+05 2.44E-02 8.84E+04 

100 2.88E-02 1.13E+05 2.04E-02 1.27E+05 

106 2.66E-03 2.75E+05 1.90E-03 3.16E+05 

107 4.95E-03 5.36E+04 4.86E-03 4.33E+04 

108 2.16E-03 1.32E+05 9.39E-04 2.40E+05 

109 3.73E-03 4.70E+05 1.96E-03 7.09E+05 

110   2.85E-02 2.40E+05 

111   1.42E-02 1.21E+05 

116   1.43E-03 3.02E+05 

118 3.12E-03 8.92E+04 1.78E-03 1.24E+05 

119 2.38E-02 7.22E+04 2.30E-03 6.20E+05 

Table 3.1.b: HX Rate constants (in min-1) for P114G and P93A variants of RNase A 

in deuterated 50 mM NaPhos, pH 7.6, 37
o
C. 

 

Initial HX experiments were carried out at 25
o
C, pHcorr = 6.7, 50 mM NaPhosphate. 

Under these conditions, a number of residues in both variants show little to no hydrogen 

exchange on the time scale of the experiment. This is not unexpected, given the time 

limitation of our experiment and the fact that many residues in RNase A have previously 

been shown to have protection factors greater than that expected by exchange through 

global unfolding, also known as super-protection (Robertson and Baldwin 1991). Since 

the C-terminal strand is among those very well protected regions, we repeated these 

experiments at a slightly higher pH (pHcorr= 7.6) at both 25
o
C and 37

o
C, which 

correspond to a faster kin, and therefore (under EX2 conditions) access to more stable 

protons. Under these conditions, exchange rates were obtained for the slow-exchanging 

protons (Table 3.1.b).  The measured exchange rates were converted to protection factors 

(P = kin/kobs) using published values for kin (Bai et al. 1993) calculated using the program 

SPHERE (Zhang). 

For most sites in RNase A, the calculated protection factors for each P114G and P93A 

differ by less than an order of magnitude of one another (Table 3.1.a and 3.1.b, Figure 

3.4). Notably, however, four sites show measurable differences; for all four of these 

probes, the exchange in P114G is faster than that in P93A. These residues can be divided 
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into two categories: 1) Amide protons 110, 111, and 116: these probes show measurable 

decay in P93A, but exchange too quickly to be measured in P114G (undetectable in the 

initial time point). 2) Amide proton 119: this probe shows measureable exchange in both 

variants, but has a protection factor that is an order of magnitude less in P114G than in 

P93A . Although at 25°C the NH of 119 is too slow in P93A but measurable in P114G, at 

37
o
C, the exchange rate at residue 119 is measurable in both variants. Initial data at 25°C 

suggested one other site with a potential difference in the two variants.  The amide proton 

of residue 63 is too slow to measure in P93A and shows measureable, albeit slow, 

exchange in P114G.  Further studies carried out at 37°C, where the kinetics could be 

measured in both variants, suggest that the exchange rates are very similar and this result 

was likely just a result of the limitations of our experimental time window.  

 

 
 

Figure 3.4: Protection Factor (PF) vs Residue number for P114G and P93A 

variants of RNase A. All protection factors were measured in 50 mM NaPhos pH 7.6. 

Data for P93A is shown in gray, and P114G in blue. A) PF measured at 25
o
C. P114G 

residues 110, 111, and 116 are shown in red. B) PF measured at 37
o
C. 
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3.3 Discussion 

3.3.1 The two RNase A variants, P114G and P93A, have the same global stability yet 

very different domain-swapping propensity. 

We have compared the energetics and HX behavior of two variants of bovine pancreatic 

RNase A P114G and P93A. In both variants, a native cis X-Pro bond is mutated to a 

residue that prefers a trans conformation; however, only mutation of P114 results in the 

population of domain-swapped dimers under physiological conditions. A crystallographic 

study of a P114G variant confirmed that the 113-114 amide bond, in the hinge region 

near the C-terminal !-strand, adopts the trans conformation with this mutation (Schultz et 

al. 2005). Therefore, we hypothesized that local conformational fluctuations may be the 

driving force behind the increased swapping propensity of the P114G variant, and that 

NMR-based HX could be used to probe for such dynamics. 

The P93A variant was selected as a point of comparison in order to control for the effect 

of global stability on domain swapping propensity and conformational flexibility. 

Because the P114G and P93A mutations destabilize the protein equally, the difference in 

swapping propensity cannot be the result of a change in population of the unfolded state 

(Miller et al. 2010). Since the global stability of the two are also the same under the 

conditions of our HX conditions (deuterated buffer system, Figure 3.2), any differences 

in their observed HX behavior can be interpreted as local changes in flexibility or 

dynamics that affect swapping propensity.    

3.3.2 Differences in protection factors suggest differential local dynamics.  

As expected for two proteins that differ only by two amino acids and show the same 

global stability, the observed HX rates are similar for almost all of the amide protons 

measured. In addition, the overall HX profiles are similar to those found in previous 

studies on wild-type RNase A. All of the sites that we observe as too slow to measure in 

our experiment are known to have very high protection factors and/or exchange at an 

energy greater than or equal to that of global unfolding (Wang et al. 1995; Neira et al. 

1999). It is also worth noting that a recent HX study on the isolated C-terminal swapped 

dimer shows similar protection factors as the monomer, so any differential effects seen 

here cannot be accounted for by the presence of a small amount of dimer (Ercole et al.).  

Four sites, however, show notable differences in HX protection factors between the two 

variants: the amide hydrogens of residues 110, 111, 116 and 119.  All four are localized 

near the swapping strand in the C-terminal domain swapped dimer (Figure 3.5). For each 

of these sites, the protection factor is significantly lower in the P114G variant, suggesting 

an increase in accessibility of some open conformation with these sites available for 

exchange.   
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Using the standard model as described in the introduction of this paper and the steady-

state assumption, the rate of exchange for each hydrogen can be described by equation 

(1): 

kobs = kin*kop/(kin+kop+kcl) (1) 

There are two limiting mechanisms by which HX can occur in this model. In the EX2 

limit, kcl >> kin and  kobs = kinKop, and the observed rate constants can be interpreted as 

differences of the free energy of the “open” conformation at specific sites (!Gop = -

RTlnKop). In the other, EX1 limit, kin >> kcl, kobs = ku, and the observed rates of exchange 

can be interpreted as reporting on the kinetics of opening at a specific site (Hvidt and 

Nielsen 1966). 

The observed HX rates in our study likely represent exchange in the EX2 regime.   

Studies on wild type RNase A have shown that the protein remains in the EX2 regime at 

pH 6.5 up to 45
o
C (Neira et al. 1999; Qu and Bolen 2003).  Our pH-dependent data also 

suggest that we are working in the EX2 regime. Under the EX2 regime, the observed rate 

of exchange depends on kin, which in turn depends on temperature and pH. Therefore, 

dependence of the rate of exchange on pH is generally considered indicative that a site is 

exchanging in the EX2 regime. On average, the rates of exchange we observe at pH 6.7 

and 7.6 increases approximately ten-fold, as expected for EX2 behavior.  Thus, our 

working assumption is that the differences in the exchange behavior of our variants 

represent thermodynamic differences that result in different populations of the “open” 

conformation. 

  
Figure 3.5: Structure of RNase A P114G with sites of HX fluctuations 

highlighted. The crystal structure of the proline 114 to glycine variant of RNase A 

(PDB ID 1KH8) is shown in gray. The C-terminal "-strand that is exchanged in 

the C-terminal dimer is shown in blue. All residues whose amide hydrogens were 

found to exchange at least an order of magnitude more faster in P114G than the 

control P93A variant are shown in red, and can be seen to cluster around the 

exchanged C-terminal arm.  
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When comparing protection factors in P114G and P93A, it is also important to consider 

potential differences in their ground states. The crystal structure of P114G reveals small 

differences in hydrogen bonding patterns at the C-terminus compared to the wild-type 

RNase A (Schultz et al. 2005). Small differences in the structures are localized to the area 

surrounding the hinge region, residues 110-116 (the hinge itself is only 112-115). 

Although we have used the variant P93A as a comparison, we assume that the published 

H-bond distances in the C-terminal region will be very similar in WT and P93A.  Both 

variants also contain a second mutation (H119A) that may affect the hydrogen bonding in 

this region, though we assume the effects are identical in both. Nonetheless, a comparison 

of the hydrogen bonds in the C-terminal regions (Schultz et al. 2005) reveals notable 

differences that may contribute to our HX data.  The two H-bonds that are significantly 

longer in P114G than P93A are A109 O -H119 N and E111O – V116N; both amides (116 

and 119) have lower protection factors in P114G than P93A. Other hydrogen bonds in 

this region, however, show no differences in H-bond distances, such as the 116O- 111N, 

yet the protection factor for E111 in also reduced in P114G. In fact, in general there 

appear to be more hydrogen bonds in this region in P114G than in WT, such as C110 O – 

N113 N and E111O - G114 N. Therefore, based on the crystal structures alone, one might 

expect this C-terminal hinge region to display less dynamic behavior in P114G, 

suggesting that the change in protection factors reflect fluctuations from the native state 

and not just alterations in the ground state structure. 

3.3.3 Relationship to domain swapping 

The lower protection factors in the C-terminus of  P114G implicate the presence of a low 

energy open state that may contribute to domain swapping.  An open state with an 

extended or unfolded C-terminus would be expected to show decreased protection factors 

(lower !GHX) for the entire C-terminal hinge and "-strand.  In general, our data support 

this model.  Residues within the hinge, 112-115, form an exposed loop in the native 

structure and therefore exchange too fast to serve as a probe in either variant.  Similarly, 

the final C-terminal residues (121-124) generally do not show strong HX protection in 

either variant, most likely due to fraying (Neira et al. 1999). Within the "-strand itself, 

residue 117 is a proline in both variants and lacks an amide hydrogen, so its HX behavior 

cannot be followed. Unfortunately, residue 120 could not be assigned in the P114G 

variant, so the HX behavior at this residue could not be compared between the two 

variants. Within the swapped "-strand itself, there are three residues that can be followed 

by HX: 116, 118, and 119.   

Of the three residues in the C-terminal "-strand that could be compared via HX, 116, 118, 

and 119, two out of the three showed significantly less protection in P114G than P93A. 

However, it is interesting that residue 118 and most of the "-sheet that this strand packs 

against do not show decreased protection factors. All of these residues show high 

protection factors, and exchange too slow to measure at 25
o
C. The lack of difference in 

the "-sheet may have to do with the fact these residues (105-109) are within the core of 

the protein bound by disulfide bridges, most locally that between C110 and C58. The 

presence of these disulfide bonds may significantly restrict fluctuations in the interior of 

the protein.  
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Previous studies on domain swapping from WT RNase A have suggested a mechanism of 

unfolding with the population of the folding intermediate IN as the crucial step for domain 

swapping.  Our results provide support for a mechanism in which P114G under 

physiological conditions domain swaps via some partially unfolded intermediate state, 

M*, rather than a globally unfolded state. Mutation of proline at residue 114 appears to 

allow access to this high energy, partially unfolded intermediate, M*.  Access of this 

intermediate is likely favored by a trans conformation at the 113-114 amide bond. Thus, 

proline at residue 114 in WT RNase A may serve as a conformational gatekeeper by 

inhibiting access of this intermediate. It is unclear, however, whether the wild-type 

protein, which contains Pro114 and only domain swaps under extreme conditions, 

follows this same pathway. In sum, our results provide a mechanistic explanation for how 

prolines could play a more general role as conformational gatekeepers in domain 

swapping.  

3.4 Materials and Methods 

3.4.1 Plasmid Construction and Protein Purification 

 

A plasmid containing the gene for BP-RNase A was generously donated by D. Eisenberg 

(with permission from the Raines lab, U. of Wisconsin). The WT BP-RNase A gene from 

this plasmid was PCR amplified and inserted into a pET22b(+) vector. Quikchange 

mutagenesis (Stratagene) was used to create the two variants of BP-RNase A: 

P114G/H119A and P93A/H119A.  

 

All protein constructs were expressed in BL21-codon + cells on LB media. The BP-

RNase A variants were isolated as previously described from inclusion bodies 

(delCardayre et al. 1995), and subsequently purified via gel filtration chromatography 

using an Hi-Load Superdex-75 16/60 column on a GE Healthcare AKTA purification 

system in a 20 mM Tris pH 8.0, 0.5 M NaCl buffer.  

 

Isotopically labeled versions of both variants were expressed using the method described 

by Marley et. al. (Marley et al. 2001). These samples were expressed by growing cells in 

minimal expression media M9 containing 
13

C-glucose and/or 
15

N-ammonium chloride. 

 

3.4.2 Protein Stability Studies 

 

The global stability of the P114G/H119A and P93A/H119A variants were determined 

using guanidinium chloride denaturation monitored by CD spectroscopy in deuterated 50 

mM NaPhos buffer, pHcorr = 6.7. The deuterated GdmCl was prepared by repeat (2x) 

lyophilization from D2O. Samples were prepared in aqueous and high denaturant buffers 

and allowed to equilibrate overnight. Data was collected on an Aviv 410 spectrometer 

using a 1 cm pathlength cuvette. The concentration of denaturant was adjusted using a 

Microlab 500 series titrator, and each sample was allowed to equilibrate for 10 min 

between shots before measurment was taken by averaging data at 222 nm for 60 seconds 

at 25
o
C. The data were fit to determine the global stability of unfolding, !Gunf, using a 
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fixed m-value of 3.0, under the assumptions that the system is two state and that !Gunf 

has a linear dependence on denaturant concentration (Santoro and Bolen 1988). 

 

3.4.3 NMR spectroscopy and hydrogen exchange 

 

All NMR experiments were performed on a Bruker 800-MHz spectrometer. Spectra were 

processed using the NMRPipe/NMRDraw package (Delaglio et al. 1995), and spectra 

were analyzed and integrated using CARA (Keller 2004). In order to attain accurate 

assignments, HNCA spectra were collected on
13

C/
15

N-labeled versions of each variant in 

50 mM NaPhos pH 6.7 at 25
o
C. Assignments from the HNCA data were then used to 

unambiguously identify most peaks in HSQC spectra used for hydrogen exchange 

experiments.  

 

For each sample, hydrogen exchange was initiated by 1:30 dilution of the sample into 

deuterated buffer, followed by concentration at 25
o
C. Time points for exchange were 

marked as the end of each NMR experiment, and for each data set the earliest time point 

after initial exchange via dilution and collection of the first NMR experiment was usually 

45-60 min. For data sets collected at 25
o
C, tandem experiments, each 75 min, were run 

for approximately 48 hours without removal of the sample from the magnet. For 

experiments at 37
o
C, time zero was marked as the time when the sample started 

incubation at 37
o
C, since only residues that showed no decay at 25

o
C were being 

evaluated, and data collection consisted of tandem experiments, each 37 min, for up to 24 

hours.  

 

Hydrogen exchange data was extracted from integration of peaks in 2D 
1
H-

15
N  HSQC 

spectra, using the batch integration function in CARA. This data was then fit in 

Sigmaplot using a 3-parameter, single exponential equation: y = yo + a*exp(-bt).  
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Chapter 4: Using fragments of RNase A as a model system to study the structural 

intermediates of C-terminal domain swapping 

4.1 Introduction 

 

Domain swapping is a unique and somewhat perplexing mechanism of protein 

dimerization and higher order oligomerization. For some proteins, the domain-swapped 

structure appears to be the ground state structure, as it is the most populated under native 

conditions. However, for other proteins, the monomeric state dominates under native 

conditions, and the domain-swapped structure may either be lowly populated or only 

induced under non-native conditions. In the latter case, two questions remain largely 

undetermined: 1) What structural features trigger domain swapping? 2) Does the 

monomer to dimer transition occur via the unfolded state or some partially unfolded, 

exchange-competent intermediate? Our previous work and the work of others have 

suggested that proline isomerization may play a key role in swapping and swapping-like 

mechanisms (Eakin, Berman et al. 2006; Jahn, Parker et al. 2006; Miller, Karr et al. 

2010). The second question remains largely unanswered, but may involve either a 

globally or partially unfolded state, depending on the protein (Rousseau, Schymkowitz et 

al. 2001; Esposito and Daggett 2005).  

RNase A is a particularly interesting subject for this second question for several reasons. 

First, RNase A is capable of domain swapping from either its N- or C-terminus. 

Experiments in silico have suggested that swapping from the N-terminus is likely to 

involve a partial unfolding event, while swapping from the C-terminus involves more 

significant, global unfolding (Esposito and Daggett 2005). In addition, in vitro 

experiments performed to determine how different conditions affected swapping 

propensity in RNase A show that more strongly denaturing conditions favor the 

formation of the C-terminal dimer, while less denaturing conditions favor formation of 

the N-terminal dimer (Gotte, Vottariello et al. 2003). Thus, it is possible that RNase A is 

capable of swapping via both mechanisms: a partial unfolding event at its N-terminus, 

and a more extensive unfolding event at its C-terminus.  

In order for swapping to occur, there must be some disruption in the contacts between the 

exchanged element of structure and the monomeric unit, so that this piece of structure 

becomes capable of associating with another monomeric unit and forming similar 

contacts in the swapped subunit of the oligomer (Figure 4.1). 
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Figure 4.1 The exchanged structural element must be exposed in order for swapping 

to occur. 

One way to mimic this kind of disruption is to study the fragments of the swapped unit in 

isolation; that is, to covalently cleave the protein in the hinge region between the 

swapped arm and the core of the protein. In theory, each of these units may then populate 

a structure similar to what is achieved when the noncovalent contacts between each piece 

are transiently broken during domain swapping.  

These types of studies have been performed extensively in the context of the RNase A N-

terminal swapped dimer. It has long been known that RNase A is readily cleaved by 

subtilisin between residues 20 and 21 to yield S-protein and S-peptide. The N-terminal 

helix of S-peptide, residues 1-20, is the same fragment of structure exchanged in the N-

terminal domain swapped dimer (Liu, Hart et al. 1998). Each fragment of RNase S is 

capable of forming some degree of structure on its own: S-peptide was the first short 

linear peptide shown to spontaneously form helices (Brown and Klee 1971). S-protein is 

capable of assembling many of the native contacts found in RNase A, but renaturation of 

S-protein alone results in disulfide scrambling (Shindo, Matsuura et al. 1979; Chavez and 

Scheraga 1980; Chakshusmathi, Ratnaparkhi et al. 1999). When the two fragments 

noncovalently reassociate to form RNase S, the protein retains native structure and 

specific activity (Richards and Vithayathil 1959). The fact that each fragment retains 

significant structure in isolation and that S-peptide is readily cleaved by subtilisin 

suggests that disruption of the contacts between the swapped N-terminal helix and the 

core of the protein requires only a partial unfolding of RNase A, and that the intermediate 

formed when the N-terminal helix is transiently exposed during domain swapping retains 

a significant amount of native structure.  

Similar experiments have been performed to determine how RNase A behaves when 

cleaved into fragments at its C-terminus. Unlike the reassociation between S-protein and 

S-peptide, combination of fragments involving C-terminally truncated RNase A and C-

terminal peptide fragments only results in partial reconstitution of activity (Gutte, Lin et 

al. 1972; Hayashi, Moore et al. 1973). CD and UV-based structural studies have shown 

that C-terminally truncated versions of RNase A lack significant tertiary structure and 
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stability (Lin 1970; Hayashi, Moore et al. 1973). However, there have yet to be any 

detailed, atomic-level studies to probe the structure of C-terminal fragments of RNase A. 

In order to gain insight into structural intermediates that may be formed when the C-

terminal !-sheet at residues 116-124 is extended en route to formation of the C-terminal 

domain swapped dimer, we set out to structurally characterize the fragment of RNase A 

lacking this !-strand (1-115) using CD and NMR-based techniques. First, comparison of 

the CD spectra of full length RNase A and the 1-115 fragment should provide insight as 

to the amount of secondary structure present in the fragment relative to the native 

structure. CD can also be used to probe the effect of denaturant on the structure and 

unfolding transition on the 1-115 fragment.  

NMR can provide more detailed, atomic-level information of the amount of structure 

present in this fragment. We used 
1
H-

15
N 2D HSQC experiments, in which the amide 

hydrogen of each residue (except proline) produces a single peak on the NMR spectrum, 

to probe for the degree of tertiary structure present in the 1-115 fragment. In the case of a 

well-folded, structured protein, these peaks tend to be well dispersed due to the 

differences in chemical environment produced by the native protein structure. However, 

as the protein becomes increasingly dynamic or unfolded, the chemical environment of 

each residue becomes less distinct, and the peaks tend to collapse in on each other. 

Finally, we can also use NMR as a vehicle to probe for structure resistant to hydrogen-

deuterium exchange in the 1-115 fragment. If the fragment exists chiefly in an unfolded 

conformation, significant exchange should occur quickly when the protein is exposed to a 

deuterated buffer, such that most of the peaks disappear. However, if there is persistent 

structure in the fragment, some of the peaks in the 
1
H-

15
N HSQC will remain protected 

for a period of time after exchange has been initiated.  

4.2 Results 

4.2.1 Structural studies on the 115 fragment using CD and NMR spectroscopy 

A comparison of the CD spectra of full length RNase A and the 115 fragment reveal that 

the fragment contains significantly less secondary structure than the full length protein 

(Figure 4.2). There does appear to be at least some residual structure in the 115 fragment, 

as it undergoes a significant change in CD signal upon the addition of denaturant (Figure 

4.3). However, this transition is relatively linear, suggesting that it is likely not a 

cooperative unfolding event.  
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Figure 4.2 CD Spectra of full length RNase A and the 1-115 fragment in 10 mM 

NaOAc pH 4.6 with and without 6 M GdmCl. 
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Figure 4.3: Denaturant melt of RNase A 1-115. 

Similarly, while the NMR spectrum of full length RNase A H119A shows well defined, 

dispersed peaks indicative of a well-folded protein, the peaks for the 115 fragment lie 

mostly in the unfolded region of the spectrum (Figure 4.4).  
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Figure 4.4: Overlay of NMR 
1
H-

15
N HSQC spectra of full length RNase A (black), 

RNase A 1-115 fragment alone (blue) and RNase A 1-115 plus the 112-124 C-

terminal peptide (red).  

The results of hydrogen exchange on the 1-115 fragment are shown in figure 4.5. After 

30 min of exchange, a number of peaks persist (red), and after 3 hours, most of these 

peaks are still present (green).  
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Figure 4.5: Spectrum of RNase A 1-115 in deuterated 10 mM NaOAc pH 4.6. The 

spectrum of RNase A in H2O-based buffer is shown in black. The spectrum of the protein 

30 min after exchange into deuterated buffer is shown in red, and after 3 hours of 

exchange in green.   

4.2.2 Structural studies on the 115 fragment combined with a C-terminal peptide 

Although the NMR spectrum of the 115 fragment alone does not overlay with the 

spectrum of the full length protein, upon addition of a C-terminal peptide containing 

residues 112-124, the fragment appears to gain a significant amount of native structure, 

as the resulting spectrum overlays well with that of the full length protein (Figure 4.4).  

4.3 Discussion 

As previous data have suggested, our results show that the 1-115 fragment of RNase A 

has very little persistent secondary structure, as evidenced by differences in the CD of the 

full-length protein and the fragment (Figure 4.2). In addition, our results show that this 

fragment undergoes a noncooperative unfolding transition upon the addition of 

denaturant, implying that it lacks a compact, globular structure (Figure 4.3).  

 

The lack of peak dispersion in the NMR spectrum of the 1-115 fragment is also indicative 

of a highly dynamic or largely unfolded protein (Figure 4.4). However, after initiation of 

hydrogen exchange in deuterated buffer, some of the peaks in this spectrum persist after 3 

hours of exchange, suggesting that there may be some persistent, protected structure 
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present (Figure 4.5). Assuming that we can detect a minimum of 12.5% occupancy, the 

peaks present after 3 hours must have an exchange rate slower than 1.2x10
-2

 min
-1

, or 

have a half life greater than 60 min. Using the program SPHERE (Zhang), we can 

generate expected values of exchange for the unfolded polypeptide chain of the 1-115 

fragment. The average rate of exchange at pH 4.6, 25
o
C is 1.31 min

-1
, the minimum is 

4.15x10
-3

 min
-1

, and the maximum is 5.80 min
-1

. Therefore, it is possible that some of the 

residues that remain unexchanged after 3 hours have protection factors up to 100, but it is 

also possible that the persistent peaks simply come from residues on the slow end of the 

range of intrinsic exchange rates.  

 

The other caveat to the HX data for the 1-115 fragment is that it has previously been 

shown that refolding of C-terminally truncated RNase A results in scrambling of the 

disulfide bonds (Chavez and Scheraga 1980). Thus, protected residual structure may be 

the result of scrambled disulfides, and not representative of protected portions of the 

native structure. If scrambled disulfides are present, that may also explain why in the 

presence of excess peptide, there is still a significant amount of non-natively folded 

protein evident in the spectrum of RNase A 1-115. It is also possible that the fragment 

forms some population of aggregates, and the persistent peaks after hydrogen exchange 

are from amide hydrogens that are protected as a result of aggregation.   

 

The most striking result of our NMR studies is that the spectrum of the sample that 

contains both RNase A 1-115 and the C-terminal peptide fragment  (the exchanged hinge 

region and !-strand  - residues 112-124) overlays extremely well with the spectrum of the 

full length protein.  This provides the most complete evidence to date that noncovalent 

association between RNase A 1-115 and this peptide fragment corresponds to the native 

structure of RNase A. This is an important result, as association between the core of one 

monomer and the swapped arm of another is also a noncovalent interaction that results in 

native-like contacts. The fact that these two fragments can associate into such an accurate 

structure suggests that this is a good model system to approximate the interactions that 

occur between structural elements of two noncovalently linked monomers during domain 

swapping.  

4.4 Materials and Methods 

4.4.1 Plasmid construction and protein purification 

A plasmid containing the gene for BP-RNase A was generously donated by D. Eisenberg 

(with permission from the Raines lab, U. of Wisconsin). The WT BP-RNase A gene from 

this plasmid was PCR amplified and inserted into a pET22b(+) vector. Quikchange 

mutagenesis (Stratagene) was used to create the two variants of BP-RNase A, one full 

length version including an H119A and one with a stop codon at position 116 so that only 

residues 1-115 of BP-RNase A would be expressed.  

 

All protein constructs were expressed in BL21-codon + cells on LB media. The BP-

RNase A variants were isolated as previously described from inclusion bodies 

(delCardayre, Ribo et al. 1995), and subsequently purified via gel filtration 

chromatography using a Hi-Load Superdex-75 16/60 column on a GE Healthcare AKTA 

purification system in a 20 mM Tris pH 8.0, 0.5 M NaCl buffer.  
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Isotopically labeled versions of both variants were expressed using the method described 

by Marley et al. (Marley, Lu et al. 2001), using minimal expression media M9 containing 
15

N-ammonium chloride. 

 

4.4.2 CD protein folding studies 

 

CD spectroscopy was used to compare the secondary structure composition and 

denaturant induced unfolding transitions of BP-RNase A H119A and 115. All data was 

collected on an Aviv 410 spectrometer. CD spectra were collected on protein samples at 

50-200 µg/mL, scanning from 300 to 215 nm at 25
o
C, using a 0.1 cm cuvette. 

 

In order to probe for the presence of a cooperative unfolding transition in the 115 

fragment, samples of equal protein concentration were prepared in 100 mM Tris pH 8.0 

with and without 6.25 M GdmCl, and allowed to equilibrate overnight. These samples 

were then combined in a 1 cm cuvette using a Microlab 500 series titrator. Each point 

along the titrated denaturant melt was allowed to equilibrate with stirring for 5 min, and 

then monitored at 222 nm for 30 seconds.  

 

4.4.3 NMR spectroscopy and hydrogen exchange 

 

All NMR experiments were performed on a Bruker 600-MHz spectrometer. Spectra were 

processed using the NMRPipe/NMRDraw package, (Delaglio, Grzesiek et al. 1995) and 

spectra were analyzed and overlaid using NMRView. 
1
H-

15
N HSQC spectra were taken 

for both the full length RNase A H119A variant and the 115 fragment alone in 50 mM 

NaOAc pH 4.6 at 25
o
C.  Subsequently, a non-isotopically labeled peptide containing 

RNase A residues 112-124 was added to the 115 fragment sample in 10x molar excess, 

and allowed to incubate at 25
o
C for 24 h before another 

1
H-

15
N HSQC spectrum was 

collected. 

 

Hydrogen exchange on the 115 fragment was performed using deuterated buffer, 50 mM 

NaOAc pHcorr = 4.6. Exchange was performed using a D-25 Sephadex spin column, and 

spectra were collected in tandem at various time intervals starting at 10 min after 

exchange was initiated.  
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