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ABSTRACT 

 

 

IN SILICO INSIGHTS INTO PROTEIN-PROTEIN INTERACTIONS AND FOLDING 

DYNAMICS OF THE SAPOSIN-LIKE DOMAIN OF SOLANUM TUBEROSUM 

ASPARTIC PROTEASE 

 

 

Dref C. De Moura Advisors: 

University of Guelph, 2014 Professor R. Y. Yada 

 Professor G. Harauz 

 
The plant-specific insert (PSI) domain from plant aspartic proteases is a member of the 

saposin-like protein (SAPLIP) family. The crystal structure of potato (Solanum tuberosum) PSI 

has been shown to exist in an open conformation that oligomerizes to form homodimers. There 

also exists a closed conformation observed in other SAPLIPs including barley (Hordeum 

vulgare L.) PSI. The present study investigates the mechanisms of tertiary and quaternary 

conformational changes of potato PSI in silico as a function of pH. Molecular dynamics 

simulations revealed that increasing pH of the system to physiological levels reduced the free 

energy barrier to dissociation of the homodimer. Principal component analysis indicated 

conformational changes at acidic and neutral pH, suggesting that monomeric PSI adopts a 

tertiary structure similar to the closed saposin-fold, presenting a potential new structural motif 

among SAPLIPs. This second PSI structure presents the first example of an alternative saposin-

fold motif for any SAPLIP member. 
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Chapter 1: Introduction 

1.1 Aspartic proteases 

Pepsin-like aspartic proteases (APs) constitute a family of endopeptidases found in all 

kingdoms of life [1] characterized by the use of at least one catalytic aspartic residue in the 

active site [2]. Briefly, pepsin-like APs members compose the A1 family of aspartic proteases 

(http://merops.sanger.ac.uk) [3] and are grouped within this family primarily by their primary 

structure conservation; however, there also exists a common structural catalytic motif, or 

"peptidase unit", within the group which directly confers catalytic activity to members of this 

group [3].  

Structurally, APs are predominantly composed of β-strands with some helical secondary 

structure, forming two separate, but altogether similar lobes separated by a large cleft where the 

active site is situated. Aspartic proteases not of viral origin are expressed as zymogens. In these 

APs the N-terminal propeptide, or prosegment, is bound between the N- and C-terminal lobes 

and acts as an intrinsic inhibitor, sequestering the active site and allowing for intercellular 

transport or secretion without activation of the enzyme [2,4,]. The prosegment accomplishes this 

role by sterically inhibiting substrates from entering the active site cleft or by altering the correct 

active site geometry. In addition to preventing premature activation, the prosegment also aids in 

the correct folding of the parent enzyme, and has been shown to refold temperature-denatured 

APs [4,5]. 

Generally, the active site is composed of an Asp-Asp catalytic dyad, where both catalytic 

residues are found within an Asp-Thr/Ser-Gly motif. Both the catalytic residues work in tandem 

to coordinate an activated water molecule which mediates the nucleophilic attack on the 

substrate (i.e., peptide) scissile bond to induce cleavage with substrate specificity typically 



2 

 

directed at residues flanked by large hydrophobic side chains on either side of the scissile bond. 

Some exceptions to the Asp-Asp catalytic dyad motif occur naturally in nature, notably for 

Histo-aspartic protease from Plasmodium falciparum [6]. For this enzyme, Asp32 (pepsin 

numbering) is replaced by a histidine residue. Despite the variety of organisms in which aspartic 

proteases are found, APs show great similarities not only in their structure and active site 

mechanism, but also in their activities and substrate specificity. The majority of APs in the A1 

family exhibit optimal activity at acidic pH [1]. This property leads many zymogenic APs, like 

pepsinogen, to autocatalyse the prosegment upon acidification, thereby removing the prosegment 

and activating the mature enzyme. As such, many APs are transported from neutral pH 

environments in which the environment is suitable for supporting and maintaining the 

proenzyme (e.g., chief cells in the case of pepsinogen) and later localised to acidic environments, 

like the digestive system (e.g., stomach) of animals (pepsin) [7] or lysosome (cathepsin D [8], 

among others). It should be noted that exceptions exist, such as angiotensinogenase, which is 

involved in the renin-angiotensin system and is circulated through the circulatory system [9]. 

1.2 Plant aspartic proteases 

Analogous to pepsin and other pepsin-like APs, having similar structure and catalytic 

mechanisms, are the phytepsins [10]. The phytepsins (EC 3.4.23.40) are plant derived APs, most 

notably associated with barley (Hordeum vulgare L.) [11], but include APs from a variety of 

plants including potatoes (Solanum tuberosum) [12], the cardoon flower (Cynara cardunculus) 

[13] and rice (Oryza sativa) [14] among others [11]. Key functions of plant APs have been 

identified, notably their use in protein processing, disease resistance and cellular localisation 

[15]. Known phytepsins share similar primary and bilobal tertiary structures and an active site 

catalytic motif using the conventional Asp-Asp catalytic dyad [16]. Additional similarities exist, 
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including low pH optima, and expression of the enzyme as a zymogen, necessitating removal of 

the prosegment from the substrate binding site, thereby initiating the conversion of the 

propeptide into the active mature enzyme [16,17]. Although phytepsins share a myriad of 

physicochemical properties with other A1 family members, plant-derived APs are unique in that 

they frequently contain an extra 100-residue domain inserted in the C-terminal lobe, 

distinguishing them from their microbial and animal counterparts and termed the plant-specific 

insert (PSI) or plant-specific sequence (PSS) [11,16,18-20]. 

1.3 Plant-Specific Insert 

The PSI, originally discovered by Runeberg-Roos and coworkers [11], was identified 

upon determination of the primary structures of zymogenic and mature Hordeum vulgare L. AP 

(HvAP, the primary barley AP later recognized as the archetype member of the phytepsins 

group) and comparing the protein sequence with extant AP primary structures of the time, 

notably pepsin, cathepsin D, renin and chymosin [11,21]. Comparisons of the protein sequence 

and cDNA of phytepsin with other A1 aspartic protease homologues revealed high sequence 

identity and conservation of functional motifs. However, the function of the peptide sequence at 

the region corresponding to the PSI, inserted at the same position as intron 7 relative to human 

pepsinogen [11,22], remained elusive [13,16]. Sequence alignments of this region revealed that 

the peptide sequence is homologous with saposins, small molecular weight heat-stable proteins 

that activate specific lysosomal degradative enzymes [23,24]. Indeed, this region was noted as 

having high sequence identity with the saposins, with conservation of the highly conserved 

tyrosine (Tyr50, saposin numbering) and pattern of hydrophobic residues [25]. 
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1.4 Biochemistry and structure of SAPLIPs and their relation to the PSI domain 

The saposins and most other saposin-like proteins (SAPLIPs) are approximately 80 

amino acids residues long, characterized by the presence of 4 or 5 α-helices, labeled α1, α2, α3 

and α4 [26-29]. Helices α1 and α2 are separated from α3 and α4 by a small loop region in which 

helices α3 and α4 fold in on themselves forming a U-like structure. This arrangement is held in 

place by 3 disulphide bridges – two formed between α1 and α4, and one formed between α2 and 

α3 with the exception of granulysin [30] which contains only 4 cysteine residues forming only 2 

disulphide bridges [31]. It is because of the disulphide bridges coupled with the compactness of 

the saposins and SAPLIPs that explain the characteristic physicochemical properties of this 

family of proteins, including broad pH and temperature stability (pH 1.35 – 12.1 at temperatures 

ranging from 0 – 100°C) and resistance to most proteases (trypsin, chymotrypsin and 

neuraminidase held for 6 h) [32]. Likewise, similar stability characteristics are observed for the 

PSI which Bryksa and coworkers illustrated previously [33]. In the case of the PSI, the same 

group confirmed that these characteristics are also dependent on disulphide bridges as they 

demonstrated using circular dichroism spectrometry that significant secondary structure was lost 

when the PSI was heated in combination with DTT [33].  

Although SAPLIPs share low sequence identity amongst all members of the family and 

exhibit a multitude of functions in a variety of organisms, there have only been two discrete 

SAPLIP conformations observed to date. The predominant tertiary structure is a substrate-free 

closed form first elucidated by NMR structure determination of porcine NK-lysin, and 

subsequently observed for all known SAPLIPs (see References [29,30,34-38]). This closed form, 

the classic saposin fold, is distinguished by a compact globular structure consisting of a 4 or 5 α-

helix distorted bundle packed into an oblate spheroid briefly described above.  
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By contrast, a second SAPLIP structural variant exists having an extended open 

conformation, first observed for Sap C bound to SDS micelles, that resembles two side-by-side 

boomerangs [35]. Unlike the compact structure seen in closed SAPLIPs, lipid-bound Sap C 

opens in a jackknife-like fashion thereby exposing the normally buried hydrophobic core to 

accommodate lipid interactions [39]. This V-shaped configuration has also been shown in Sap A 

bound to various amphiphiles [24]. The V-shaped SAPLIP configuration is also observed in Sap 

C homodimers in the absence of bound lipids [38]. As with Sap C bound to SDS micelles and 

Sap A lipoprotein discs, ligand-free Sap C jackknifes open at hinge points at the helix-helix 

junctions between the first two and last two helices. These hinge points allow Sap C monomers 

to open up and adopt an extended V-shape configuration forming domain-swapped homodimers. 

Hydrophobic regions are thus sequestered from their aqueous environment as the two interfaces 

come together yielding a hydrophobic core within the dimer. This jackknife opening mechanism 

serves to demonstrate the conformational flexibility of some SAPLIPs afforded by the helix-

helix junctions. The ability for these SAPLIPs to open and close allows for both membrane 

interactions and oligomerization [36], [38], and [40]. 

Only two PSI structures (PDB IDs 1QDM and 3RFI), both resolved by X-ray 

crystallography, have been elucidated thus far: the inactive precursor structure of barley 

phytepsin [41] and recombinant PSI of Solanum tuberosum AP (StAP) [33]. Barley PSI was 

shown to have the archetypical compact saposin fold wherein the N- and C-termini remained 

attached to the C-terminal lobe of its parent phytepsin. By contrast, free form potato PSI adopts 

the less commonly observed open conformation as a homodimer analogous to that of ligand-

bound Sap C. Indeed, comparison of the tertiary structures of free form potato PSI, expressed 

separately from its parent AP, was also shown to be similar to the extended open form of the 
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homodimeric crystal structure of Sap C (PDB accession code 2QYP) [38]. Bryksa and coworkers 

[33] noted that the root-mean-square deviation (RMSD) between the PSI and the aforementioned 

Sap C structures, tracing the backbone Cα atoms, was only 0.6 Å for the resolved portion of the 

PSI. This result provides evidence for the structural relatedness of the PSI with the saposins or 

other SAPLIPs, albeit not in terms of the primary structure.  

Examination of prosaposin, the precursor of the four saposins, suggests an explanation 

for the structural relatedness of the PSI and saposins and provides a reason for the N- and C-

termini swap [26]. In the proprotein prosaposin, saposins A through D occur as tandem repeats, 

starting with Sap A positioned at the amino terminal, with saposins B, C and D following suit, 

connected by linker regions of approximately 20 amino acids [24,26]. Analysis of the cDNA 

sequence of the PSI region of plant APs suggests that the PSI has evolved from a common 

ancestral prosaposin-like gene [25]. Relative to saposins, the PSI region is excised at the turn 

separating helices α1 and α2 from helices α3 and α4 from two adjoining saposins (e.g., saposins 

A and B or saposins B and C) and includes the linker region that would normally connect the two 

adjacent saposins [24,25]. With this observation in mind, Ponting and others [25] assert that the 

intersaposin region connecting adjacent saposins is an analogue of the linker region that connects 

helices α1 and α2 of the PSI to helices α3 and α4, suggesting that this region is chimeric [25]. In 

either group of proteins, be they PSIs or saposins, the secondary structure and positioning of the 

helices relative to one another is conserved and only the linker region is changed. It is necessary 

to note that the homology between the PSI domains of plant derived APs, the saposins and 

SAPLIPs present a unique case in which the N- and C-termini of PSI are “swapped” with those 

of the saposins and SAPLIPs (Figure 1). This similarity has led to the use of the term “swaposin” 

when referring to the relationship between the PSI and saposin or SAPLIPs [25]. Interestingly, as 
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discussed previously, this “swapping” of the N- and C-termini does not affect the positions of 

key residues, nor the overall secondary structure or positions of the 6 cysteine residues and 

disulphide bridging pattern [33].  
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Figure 1: Visual definition of the “swaposin” term used to describe the PSI with respect to 

saposins. Here, the linker region (A) connecting consecutive saposins (where X and Y can be 

saposins A and B, B and C, or C and D) is analogous with the linker region connecting H1/H2 

with H3/H4 in the PSI (B). 
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1.5 Functions of the PSI 

Based on the structure of the PSI and its similarities with the saposins and other 

SAPLIPs, putative functions had been assigned, namely vacuolar targeting, and have recently 

been confirmed [33,41-47]. It had been previously shown that barley phytepsin is a vacuolar 

protein, having been confirmed to be found in vacuoles from purified barley leaf protoplasts 

[42]. It was suggested that the targeting of barley phytepsin to vacuoles was a result of protein 

trafficking of the AP through a Golgi-mediated mechanism, analogous to that found in mammals 

[41]. This conclusion is based on work by Neuhaus and Rogers [43] in combination with similar 

findings from Arabidopsis [44] where vacuolar localization was observed. The mechanism 

proposed by Kervinen [41] suggests that the PSI domain forms a targeting/receptor site in 

combination with the main body of the AP, consisting of several positively charged solvent-

exposed amino acid residues upon presentation to the Golgi body which mediates its localization 

into vacuoles. In a subsequent paper, Törmäkangas et al. [45] showed that the PSI domain of 

barley phytepsin was directly involved in vacuolar sorting, explaining this phenomenon by 

comparison with the Golgi body interaction and vacuolar localization between prosaposin and 

procathepsin D association [46]. Törmäkangas et al. then confirmed this by expressing the AP in 

transgenic plants in which the PSI region had been deleted. They showed an accumulation of AP 

in the cell, but no movement into the vacuole. That is, without the presence of the PSI, no 

vacuolar trafficking was observed. Comparison of the PSI with prosaposin and the main body of 

the plant AP with cathepsin D is intriguing as Törmäkangas and coworkers suggest that the 

cathepsin D and prosaposin complex is analogous to plant APs with attached PSI. In essence, 

they propose that plant APs contain all necessary machinery for vacuolar targeting and 



10 

 

localization thereby eliminating the need to form a complex between two separate proteins (i.e., 

cathepsin D and prosaposin) as is seen in other organisms.  

Physiologically, SAPLIPs exhibit varied functionalities manifested primarily in their 

abilities to target, bind and/or perturb membranes, sometimes involving the ability to 

permeabilise and/or induce vesicle fusion [33,48-50]. Examples of SAPLIP function include 

sphingolipid degradation and antigen presentation [51], haemolytic activity (Na-SLP-1 and Ac-

SLP-1) [34], antimicrobial and cytolytic activity (NK-lysin and granulysin) [29,52] and fusion of 

large unilamellar anionic vesicles in vitro (Sap C) [49,50]. Similarly, it has been shown that both 

recombinant barley and cardoon PSI are able to induce vesicle leakage [33,47] and fusion [33] in 

addition to vesicle targeting. Comparison of cardoon PSI to saposins or other SAPLIPs revealed 

that vesicle leakage occurred at much lower protein concentrations, suggesting that the PSI is 

likely to also affect cell permeability or may be an effector of programmed cell death as the 

associated enzymes (e.g., phytepsins from barley and cardoon) have been previously shown to be 

involved with cell apoptosis [47]. Potato PSI, separate from its parent AP, has also been shown 

to catalyze the fusion of large unilamellar vesicles (LUV) in addition to vesicle leakage [33]. 

Bryksa et al. assert that the tertiary structure similarity between the viral fusase portion of 

influenza A hemagglutinin and α1 of StAP PSI is responsible for this fusogenic property, 

stressing that it is due to the conserved position of a kink-forming tryptophan found in both 

proteins which is necessary for activity [53-55]. Furthermore, recombinantly expressed free-form 

potato PSI (without its parent protease) has been shown to display potentially useful 

functionalities in vitro which include antimicrobial action against both plant and human 

pathogens [56], as well as antitumor activities with concomitant low T-cell toxicity [57].  
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1.6 Molecular Dynamics background 

Molecular dynamics (MD), as a tool for simulating biological systems, is a powerful 

technique that can be utilized to enhance the understanding of the physical nature and function of 

macromolecules. The first use of MD for a biological system was in 1977, investigating the 

dynamics of bovine pancreatic trypsin inhibitor [58]. This simulation was instrumental in 

furthering the understanding of protein biochemistry, changing the view that proteins were rigid 

molecules, to the idea that they are dynamic in nature and that their motions play functional 

roles. Molecular dynamics simulations can provide detailed information not just about the 

motion of biomolecules but also about the individual particles composing the system as a 

function of time. Indeed, MD simulations can be tailored to examine specific questions about the 

properties of an individual molecule, a collection of differing molecules, or the system as a 

whole, and often times address these questions more easily than can be done experimentally. 

Molecular dynamics simulations, along with other computational methods like Monte Carlo 

simulations, can be used to sample configurational space to reveal structural and motional 

properties as well as thermodynamic properties [59]. However, MD simulations are unique in 

that they can be used to examine true dynamics, sampling configurational space to reveal the 

dynamics of a system as it evolves over time using potential functions (i.e., force fields) 

approximating real particle-particle interactions. In the context of protein biochemistry, MD is a 

comprehensive tool that allows for the study of protein folding and protein-protein interactions 

[59].  

1.7 Principal Component Analysis background 

Analysis of MD simulations using principal component analysis (PCA) provides a 

powerful and robust tool for examining conformational changes and dynamics. Principal 
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component analysis of an MD trajectory, sometimes referred to as essential dynamics due to the 

fact that principal modes of motion identified are likely to be essential to protein function [60], 

can be used to identify and filter out large-scale concerted motions of proteins from any fast and 

random internal motions and in general provide an overall description of the motion of all atoms 

in a protein [61,62]. Principal component analysis accomplishes this goal by reducing the 

degrees of freedom in configurational space into a subset of essential subspace which contains 

only the necessary degrees of freedom that describe motions relating to protein function, such as 

the movement of catalytic site residues in an enzyme [63], the movement of flap loops, or the 

hinge-bending movement between local domains, whilst eliminating local fluctuations irrelevant 

to protein functionality. Identifying these large-scale motions aids in revealing the largest 

contributors to atomic fluctuation that are responsible for protein function, from the fast internal 

motions associated with protein breathing or atomic vibrations [64]. Thus, PCA provides 

valuable information regarding the behaviour of functional protein motions.  

1.8 Objective and hypotheses 

Filling existing knowledge gaps surrounding the protein folding and dynamics of plant 

saposins is intrinsically valuable from a fundamental perspective in order to gain insight into the 

universality of saposin-like protein mechanisms of action across species, genera and kingdoms. 

Additionally, these endeavours are critical for potential design/redesign of saposin-derived 

proteins for biotechnological applications in the pharmaceutical, nutraceutical, crop science, and 

food safety and security areas. As the PSI has been shown to exist in both a closed conformation 

consistent with the majority of extant SAPLIP structures as well as in an open conformation 

observed only for substrate-bound or oligomerized saposins, the need arises to understand the 

relationship between the closed PSI structures attached to its parent AP and the oligomerized 
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free-form PSI expressed in vitro. To gain insight into the structural determinants of the PSI's pH-

dependence for activity, the present study sought to elucidate and compare the protein dynamics 

and structural characteristics of the PSI in active and inactive pH conditions in silico. 

Furthermore, the folding dynamics of the PSI open extended SAPLIP structure were investigated 

to clarify how the PSI tertiary structure relates to the typical closed SAPLIP fold.  

From the extant structural knowledge of other SAPLIPs, it was hypothesised that the 

tertiary structure of extended monomeric PSI will adopt a closed conformation exhibiting the 

familiar saposin fold similar to that of other monomeric SAPLIPs. Furthermore, it is 

hypothesised that the saposin fold will be adopted at both active and inactive pH in order to 

minimize contact of the hydrophobic concave face of the PSI from its aqueous environment. This 

would be analogous to what is observed in Sap C which has also been shown to exist in both an 

open structure, in which it oligomerizes similar to that of free-form PSI, and in a closed 

conformation, albeit not in complex with a related enzyme as in the case of the PSI.  

For the dimer, it was hypothesised that the PSI dimer will remain as such regardless of 

pH. Maintaining the dimer quaternary structure is to be expected as this conformation minimizes 

potential entropic effects associated with exposing the hydrophobic concave face of the PSI from 

its solvent environment, a phenomenon analogous to the adoption of the saposin fold observed in 

other SAPLIPs. However, it is expected that the free energy barrier to dissociation of the dimer 

will lower as the pH of the system increases, eventually leading to destabilization of the dimer 

due to the protonation of titratable side chains encouraging charge-charge repulsion between the 

monomers and the eventual separation of the PSI dimer into two monomers. 
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Chapter 2: Methods 

2.1 Initial models 

In the present study, the high resolution (1.9 Å) X-ray crystal structure of extended potato 

(Solanum tuberosum) PSI (PDB ID 3RFI) [33] was used as the template structure for steered 

molecular dynamics (SMD) simulations. Chain A was used for the unrestrained MD simulations 

of the PSI monomer. The linker region (residues 40–63) connecting helices α1/α2 to α3/α4 was 

not resolved in the original crystal structure. As such, MODELLER 9v8 was used to build the 

missing linker region ab initio and modeled as random coil [65,66]. Hydrogen atoms were added 

for all titratable residues in accordance to their calculated protonation states as determined using 

the H++ web server [67-69] using an internal protein dielectric constant and solvent dielectric 

constant of 10 and 80, respectively, with sodium chloride added at 140 mM or 100 mM for the 

SMD dimer dissociation (pH 3.0 and 7.4) and unrestrained MD monomer (pH 4.5 and 7.4) 

simulations, respectively. 

2.2 Molecular dynamics simulation theory 

Molecular dynamics is a form of computational chemistry technique intended to solve 

Newton's equations of motion for a system of N interacting atoms or particles with the intention 

of generating a trajectory describing the time-course evolution of these interactions. As 

mentioned, MD simulations solve Newton's equations of motion, notably Newton's 2nd law, 

using classical mechanical techniques. Here, MD simulations are used to describe complex 

biological systems at atomic resolutions with the goal being to understand the particular 

dynamics intrinsic to the protein folding and protein- protein interaction problem. 

However, these calculations are both complex and computationally intensive, requiring 

several hundreds of hours of compute time for the completion of even the most basic of 
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simulations [70]. Less demanding, heuristic approaches (e.g., Monte Carlo simulations) are often 

used instead of applying more demanding deterministic applications. The underlying statistical 

mechanics and molecular mechanics framework underpinning MD simulations allow MD 

simulations to overcome some of these limitations. Here, the potential energy function is 

composed of approximations describing the forces acting upon the system: 

                            

where: 

                                             

                                           

Here, the forces are separated into bonded (e.g., covalent bond-stretching, angle-bending and 

dihedral or improper dihedral angels) and non-bonded (Coulomb and Lennard-Jones) 

contributions. Bonded and angle terms are modeled using harmonic potentials in which bond-

stretching and angle-bending terms are modeled using virtual spring, and dihedrals and improper 

dihedral angle terms are modeled using sinusoidal functions. The use of sinusoidal functions for 

the dihedrals allows for the efficient approximation for calculating the stereochemistry of the 

atoms or particles involved. The van der Waals non-bonded contributions are approximated 

using Lennard-Jones 6-12 potential whilst electrostatic interactions are calculated using 

Coulomb's law [71]. 

2.3 Unrestrained molecular dynamics system setup 

All simulations and analyses were carried out using the GROMACS software suite, 

Version 4.5.5 [72-74] employing the Amber99sbnmr1-ILDN force field [75-77]. For each 

simulation, periodic boundary conditions were applied in all dimensions. The PSI was centred in 

a cubic box such that the protein was positioned at least 1.2 nm from the box edge and hydrated 
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using the TIP3P explicit water model [78] to solvate the system. Sodium and chloride 

counterions were added at 140 mM or 100 mM concentrations for the SMD and unrestrained 

MD simulations, respectively, to produce electroneutral systems. Short-range electrostatic 

interactions were cut off at 8 Å whilst long-range electrostatic interactions were calculated using 

the PME summation method [79] with fourth order B-spine interpolation and a maximum grid 

spacing of 1.2 Å. A twin-range van der Waals cut-off was employed (0.8/1.0 nm) and an 

integration time step of 2 fs was used with neighbour searching performed every 5 steps with all 

bond lengths being constrained using the LINCS algorithm [80]. 

Each simulation was prepared in 3 phases before production runs were performed. In the 

first phase, the protein was energy minimized using the steepest descent algorithm with position 

restraints placed on all heavy atoms (kPR = 1000 kJ mol
−1

 nm
−2

) until the maximum force 

converged to ≤500 kJ mol
−1

 nm
−1

. In the next phase, the system was equilibrated for 1 ns with 

position restraints placed on all heavy atoms in the canonical ensemble using the Berendsen 

weak coupling method [81] with temperature maintained at 303.15 K (τT = 0.1 ps). This 

equilibration was followed by another 1 ns position-restrained simulation in the isobaric-

isochoric ensemble. Again, the Berendsen weak coupling method was used to maintain 

temperature at 303.15 K and pressure isotropically coupled at 1 bar (τP = 1.0 ps). The isothermal 

compressibility of the system was set to 4.5×10
−5

 bar
−1

. For the production unrestrained MD 

simulations, position restraints were removed. The velocity rescale (v-rescale) 

algorithm [82] was used to maintain the temperature of the system at 303.15 K (τT = 0.1 ps) and 

the pressure was again maintained at 1 bar using the Parrinello-Rahman [83], [84] barostat (τP = 

2.0 ps) in the isobaric-isochoric ensemble with long-range dispersion correction applied for both 

the energy and pressure terms. Production simulations were conducted for 500 ns. 
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2.4 Steered molecular dynamics setup 

Equilibrated starting structures of the PSI dimer for the pH 3.0 and pH 7.4 SMD 

simulations were generated following the same procedure used for the unrestrained MD 

simulations with production MD conducted for 100 ns. The resultant structures were then used as 

the starting configuration for the corresponding SMD pulling simulations. The PSI dimer was 

placed in a rectangular box large enough to accommodate separation of the dimer along 

the z axis whilst satisfying the minimum image convention. The dimer was then subjected to 

energy minimization and equilibration in both the canonical and isobaric-isochoric ensemble 

again as described above. For the SMD pulling simulations, position restraints were removed 

from chain B of the PSI dimer while heavy atoms of chain A were harmonically restrained (kPR = 

1000 kJ mol
−1

 nm
−2

) in a similar fashion to that used in the equilibration phases. Chain A was 

used as an immobile reference for chain B pulling. The 1D reaction coordinate was chosen to be 

the distance along the z axis between the COMs of the two PSI monomers. Chain B was pulled 

away from chain A along the z axis for 1 ns with a constant velocity of 10 nm ns
−1

 using an 

elastic spring (k = 1000 kJ mol
−1

 nm
−2

) positioned at the COM of the peptide. Trajectories at 

slower pulling rates (5 ns nm
−1

 and 1 ns nm
−1

) were also tested to assess the influence of pulling 

forces on the structure as force is applied. These slower pulling rates resulted in similar force-

time curves and similar overall trajectories (Figure 2) [85]. As such, the faster pulling rate was 

used for experimental SMD simulations to minimize usage of computational resources. 

2.5 Umbrella sampling and determination of the PMF 

The pH 3.0 and pH 7.4 trajectories from SMD pulling simulations were used to generate 

sampling windows along the reaction coordinate. Windows were spaced between 0.5–2.0 Å for 

the first 2.5 nm followed by approximately 2.0 Å spacing until the overall distance between the 
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COMs between chains A and B was approximately 6.0 nm. This resulted in 43 and 45 sampling 

windows being selected for the pH 3.0 and pH 7.4 simulations, respectively. MD was conducted 

for each window for 15 ns with a harmonic restraint (kPR = 1000 kJ mol
−1

 nm
−2

) applied to chain 

B to fix the peptide along the reaction coordinate and then the PMF was constructed. The 

unbiased PMF was calculated using WHAM and the ΔGdissociation was evaluated as the difference 

in energy between the plateau and energy minimum along the PMF curve [86]. 
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Figure 2: Force-Time curves of the dissociation of the PSI dimers using differing pull rates. 

Force-Time curves for pH 3.0 (A) and pH 7.4 (B) pulling simulations using 10 nm ns
-1

 (orange 

line in A, purple line in B), 5 nm ns
-1

 (red line in A, blue line in B) and 1 nm ns
-1

 (purple line in 

A, green line in B). The curves exhibit similar shapes overall suggesting that pull rate does not 

appreciably affect dimer dissociation. 
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2.6 Principal component analysis theory 

 Principal component analysis was used to identify principal modes of motion sampled 

during the unrestrained MD simulations of the extended PSI monomer at pH 4.5 and pH 7.4. To 

begin PCA, each protein coordinate is superpositioned to a common reference structure and 

averaged over all frames of the trajectory after which all translational and rotational motion of 

the protein is eliminated as this motion does not contribute to the internal motions of the protein. 

The correlation between the atomic motions, revealing positional fluctuations between atom 

pairs can be expressed by the covariance matrix. Using the reference structure and trajectory, a 

covariance matrix was constructed in which the covariance matrix revealed the collinearity of the 

atomic motions for each atom pair. The matrices were then diagonalized, yielding eigenvectors 

and their corresponding eigenvalues revealing both the directions and amplitudes of motion, 

respectively. The determined eigenvectors described the concerted motion of the atoms, 

indicating the direction of movement and their corresponding eigenvalues reveal the magnitude 

of this fluctuation. Projection of the two largest eigenvectors onto 2D space was then used to 

quantitatively compare the ability of each ensemble to sample varying regions of conformational 

space. Only the Cα atoms were included in the analysis as the diagonalization of the matrix was 

found to exceed the memory capacity of the computer for all atom analysis. 
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Chapter 3: Results 

3.1 The PSI dimer forms a stable complex regardless of pH 

Equilibrium molecular dynamics simulations of the dimer complex in acidic (pH 3.0) and 

neutral (pH 7.4) conditions revealed that the PSI dimer is stable regardless of pH, evidenced by 

low and relatively constant RMSD values of the dimer trajectories when fitted to the initial 

coordinates of the crystal structure (Figure 3). As measured at the centre of mass (COM) of the 

individual monomers within the dimer complex, each monomer maintained steady contact at the 

dimer interface throughout the time course of each simulation (Figure 4). Further examination of 

the trajectories showed little fluctuation in the residues comprising helical regions. The Cα root-

mean-square fluctuation (RMSF) for helices remained consistent through 100 ns and deviated 

little from the crystal structure (PDB ID 3RFI) providing further evidence of dimer stability 

(Figure 5). 
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Figure 3: The backbone RMSD of the PSI dimer as a function of time. Backbone root-mean-

square deviation (RMSD) of the PSI dimer at pH 3.0 (A) and pH 7.4 (B) indicated little 

deviation, evidenced by the low RMSD of the PSI backbone atoms for both peptides comprising 

the PSI homodimer. Colours identify the individual peptide chains within the dimer. 
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Figure 4: Distance between monomers of the PSI homodimer measured at the centres of 

mass (COMs) of each peptide. Distance between the two monomers of the PSI dimer revealed 

that the peptides maintained steady contact at the dimer interface regardless of pH. Both pH 3.0 

(blue line) and pH 7.4 (orange line) simulations maintained an average distance of approximately 

6 Å throughout the trajectories.  
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Figure 5: The Cα root-mean-square fluctuations (RMSFs) of the PSI dimer as a function of 

time. The Cα RMSFs for helices at pH 3.0 (A) and pH 7.4 (B) were consistent throughout the 

time course of the simulations, remaining below 5 Å for the helical regions. Fluctuations of up to 

10 Å were noted for the flexible linker region, in agreement with the hypothesis that the linker 

region is intrinsically disordered, providing evidence of PSI dimer secondary structure stability 

regardless of pH. Colours identify the individual peptide chains within the dimer. 
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3.2 Influence of pH on PSI dimer dissociation 

Analogous to AFM pulling [87] and optical tweezers experiments [88], SMD [89] 

simulations can be used to direct behaviour within a reduced number of degrees of freedom 

towards a particular state or phenomenon of interest. The efficiency of this technique can be 

exploited to study phenomena not normally accessible by conventional timescales due to the 

computational expense of traditional MD simulations. SMD simulations typically use pulling 

velocities that are orders of magnitude higher than those used in AFM pulling or optical tweezers 

experiments, resulting in comparatively higher pulling forces. SMD is useful in exploring 

underlying processes involved in the dissociation of a dimer complex as evidenced in previous 

studies on unbinding pathways of proteins and substrates [90-94]. 

As a function of the distance between two molecules, the 1D potential of mean force (PMF) 

along a desired reaction coordinate (ξ) can be calculated [95,96]. In particular, it is the ability of 

the PMF, or free energy, to quantitatively describe the ΔGdissociation of a protein-ligand or dimer 

complex of interest. Although a number of ways of determining PMF exist [97,98], the umbrella 

sampling method was chosen for its efficient sampling along the reaction coordinate [99]. Using 

the umbrella sampling method in the context of dimer dissociation, an umbrella biasing potential 

was applied to restrain one monomer at increasing distances from the second reference monomer 

as measured between the respective centres of mass. As opposed to conventional MD 

simulations, the use of the restraining potential allowed for increased sampling of conformational 

space at defined positions along the reaction coordinate, resulting in a series of biased 

histograms. The weighted histogram analysis method (WHAM) was then used to combine the 

individual distributions and extract the unbiased PMF in a manner similar to [100]. To assess the 

potential influence of pH on the dissociation of the PSI dimer and gain insight into the unbinding 
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mechanisms of the dimer complex, SMD simulations were performed in combination with 

umbrella sampling and WHAM. Equilibrium MD simulation structures were used as starting 

configurations for SMD, and pulling simulations were performed for acidic (active; pH 3.0) and 

neutral (inactive; pH 7.4) conditions in which one monomer (chain B) was pulled away from an 

immobile reference peptide (chain A) along the z-axis such that the distance between their 

centres of mass increased as the two peptides were pulled apart from one another. Although the 

PSI is optimally active at pH 4.5, pH 3.0 was used here since the pH 4.5 dimer is not sufficiently 

soluble to conduct ongoing monomer-dimer equilibrium experiments whose preliminary data 

indicate that PSI exists as a dimer under acidic conditions (unpublished data). The resultant 

trajectories were then used to generate the windows for umbrella sampling, and WHAM was 

used to extract PMF associated with dimer dissociation (Figure 6). The PMF profiles indicated 

that a significant amount of free energy was required to instigate dissociation with ΔGdissociation 

values of 108.8 kJ mol
−1

 at acidic pH and 95.7 kJ mol
−1

 at neutral pH. The high free energy 

barrier to dissociation was suggestive of strong intermolecular protein-protein interactions. This 

result was both expected and reasonable, as the probability of water contacting the hydrophobic 

undersides of the respective PSI monomers is minimized by maintaining strong contacts at the 

dimer interface [101], thereby sequestering hydrophobic residues from solvent and thus 

stabilizing dimer quaternary structure. 

 While the PMF profiles describing both the acidic and neutral pH dimer dissociations 

were similar, it should be noted that the ΔGdissociation for the PSI at pH 3.0 was almost 13% larger 

than at neutral pH. Although the two monomers maintained similar contact distances throughout 

the time course of the simulation (Figure 4), the difference in ΔGdissociation may be explained by 

differences in ability to preserve contact at the hydrophobic interfaces. Compared to the pH 7.4 
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simulation in which all residues were in their standard state, histidine as well as all glutamic and 

aspartic acid residues were protonated in the acid simulation resulting in charge neutralization 

and mitigation of electrostatic repulsion among the expansive number of negatively charged 

residues. This would result in the stabilization of the dimer as movement of the two monomers 

away from each other would be restricted by the dominant hydrophobic interactions at the dimer 

interface and the higher free energy requirement for dissociation.  
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Figure 6: The potential of mean force (PMF) as a function of the distance between the 

COMs of PSI monomers. The PMF as a function of the intra-peptide distance between the PSI 

dimer monomers at pH 3.0 (blue line) and pH 7.4 (orange line) revealed that dissociation of the 

dimer requires increased energy as pH is lowered from pH 7.4 (95.7 kJ mol
-1

) to pH 3.0 (108.8 

kJ mol
-1

), possibly the result of charge neutralization of carboxylate groups at acidic pH thereby 

minimizing charge-charge repulsion. 

 

  



29 

 

3.3 The closed saposin-fold conformation is the dominant structure adopted by monomeric PSI 

Principal component analysis (PCA) is a robust tool for identifying and separating the 

large-scale, and usually slowest, collective motions of atoms to reveal the largest contributors to 

atomic fluctuation of protein structures from the fast random internal motions [61,62]. To 

examine tertiary structure dynamics of monomeric PSI, and assess potential influence of pH on 

protein folding, unrestrained MD simulations were performed on the extended PSI monomer in 

solution at both active and inactive pH values. PCA was then applied to the unrestrained MD 

simulations and conformational changes were examined. Monomer conformational stability was 

evaluated by calculating backbone RMSD after least-square fitting by superposing MD 

trajectories onto the PSI crystal structure. Simulations at both active and inactive pH produced 

similar trends in the evolution of RMSD, remaining stable with fluctuations in RMSD by 

approximately 0.2 nm –0.8 nm until approximately 230 ns (pH 4.5) and 198 ns (pH 7.4), 

suggesting that the PSI deviated little from the crystal structure. At these times, a transition in 

tertiary structure occurred in which the RMSD brusquely increased 1.2 nm –1.4 nm after which 

the RMSD remained stable upon adopting a new conformation (Figure 7). The extended 

conformation closed in on itself and adopted the closed saposin fold characteristic of other 

SAPLIPs [29,30, 34-41] irrespective of pH. Hence, the simulations essentially described a 

spontaneous tertiary structure transition from the open to closed state. As one might expect, 

the1D mode described for the first PC in either simulation corresponded to the closing motion of 

the PSI, accounting for approximately 78.8% and 74.2% of the overall motions for simulations at 

active and inactive pH, respectively (Figure 8). This closing motion corresponded to helices 

α1/α4 collapsing onto helices α2/α3, hinging at the flexible helix-helix junctions formed between 

α1/α2 and α3/α4 (Figure 9). At pH 7.4, the second PC was characterized by a slight twisting 
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motion of the terminal helices (α1 and α4) relative to helices α2/α3 and was responsible for the 

characteristic distortion of the α-helix bundle typical for the saposin fold (Figure 10), a 

phenomenon that was not observed in the active pH simulation. Subsequent PCs showed 

diminished contributions of conformational changes to overall motions of the PSI. 

Two-dimensional projections of the active and inactive trajectories onto their respective 

first and second PCs showed that the PSI explores a wide range of conformational space (Figure 

11). The conformer plot for the inactive simulation (Figure 11B) revealed that the PSI transits 

through three distinct conformational states corresponding to three distinct minima, after which it 

becomes trapped in a third and final state. The first conformational state corresponds to the 

extended open crystal structure. After sampling the essential subspace near the starting 

conformation, the monomer then transitions to a second, discrete state as the protein begins to 

jackknife. This intermediate conformation corresponds to a quasi-folded tertiary structure in 

which helices α1 and α4 begin to collapse onto helices α2 and α3, thus forming the beginnings of 

the characteristic 4-helix bundle observed for all known SAPLIPs [48]. The third and final 

cluster is the most densely populated and closely packed cluster corresponding to a distorted 

helix bundle tertiary structure like that of the characteristic saposin-fold. Similarly, the active pH 

simulation showed a transition from the initial open extended structure to a quasi-folded, 

compact 4-helix bundle tertiary structure (Figure 11A). However, unique to the active pH 

simulation were several microstates sampled along the second PC before finally becoming 

trapped in the densely populated final cluster. 
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Figure 7: The backbone RMSD of PSI monomers as a function of time. Backbone RMSD of 

the PSI monomer at pH 4.5 (blue line) and pH 7.4 (orange line) are presented. The PSI monomer 

maintains its overall tertiary structure at both pH 4.5 and pH 7.4 similar to that of the native 

dimer structure until an abrupt change in RMSD at 230 ns and 198 ns for pH 4.5 and pH 7.4, 

respectively. At these times, the PSI jackknifes closed and adopts a saposin-like fold 

characteristic of all known SAPLIP members. 
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Figure 8: Contribution of the first twenty PCA eigenvectors to the overall closing motion of 

the PSI. The contributions of the first 20 PCA eigenvectors to the closing motion of the PSI at 

active (A) and inactive (B) pH are presented. The first eigenvectors contribute 78.8% and 74.2% 

of the overall motions for the pH 4.5 and pH 7.4 simulations, respectively, and correspond to the 

collapse of helices α1/α2 onto helices α3/α4. 
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Figure 9: Structures of the PSI and orthorhombic Sap C. The crystal structure of potato 

(Solanum tuberosum) PSI (PDB ID 3RFI, A), with the missing linker region modelled and 

orthorhombic Sap C (PDB ID 2QYP, B) are presented. Like its Sap C homologue, potato PSI 

was crystallized as an extended dimer. The hinge-bending capability of the PSI is made possible 

by the flexible helix-helix junctions formed between α1/α2 and α3/α4, indicated by dashed 

arrows.  
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Figure 10: Comparison of folded potato PSI to other SAPLIPs. Structural comparison of the 

folded potato PSI at pH 7.4 (blue) and pH 4.5 (green), averaged over the last 200 ns of the 

simulation trajectories, to the crystal structure of barley PSI (PDB ID 1QDM, magenta) and the 

crystal structure Sap C (PDB ID 2GTG, red). Potato PSI simulated at pH 7.4 with parameters 

closely resembling the experimental parameters used for both barley PSI and Sap C, exhibited a 

compact globular structure consisting of a distorted four-α-helix bundle characteristic of other 

SAPLIPs. Potato PSI simulated at pH 4.5 adopted a compact four-α-helix bundle structure not 

previously observed for any SAPLIP. The linker regions of potato PSI are omitted for clarity. 
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Figure 11: Two-dimensional projections of the first two eigenvectors of the PSI monomer. 

Projection of the first eigenvector against the second eigenvector for both unbiased PSI 

simulations at pH 4.5 (A) and pH 7.4 (B). Both simulations transited from the extended dimer-

like structure to a saposin fold-like conformation over the course of the 500 ns trajectories. The 

inactive pH simulation transited through three distinct clusters whereas the active pH simulation 

transitioned through several microstates before becoming trapped in the last densely populated 

cluster. The differences in the essential subspace sampled by the two differing pH ranges may be 

due to unspecific (hydrophobic) interactions sampled in the pH 4.5 simulations where charge 

neutralization minimizes like-charge repulsions.  
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3.4 Radius of gyration measurements for investigating PSI compaction 

To monitor compaction of the PSI monomer as indicated from the principal component 

analyses, the radius of gyration (Rg) was determined for hydrophobic residues located in helical 

regions (Figure 11). For both the active and inactive pH simulations, the initial Rg corresponded 

to fluctuations in the PSI open conformation. At approximately 200 ns, a sharp decrease in Rg 

occurred corresponding to folding events related to the hydrophobic collapse of the concave face 

in which the stem formed between the N- and C-termini folded over onto helices α2/α3. This 

process corresponded to the large, abrupt changes in RMSD as well as the first PC observed at 

this time. Post-collapse, the lowered Rg values and the scarcity in Rg deviation throughout the 

remainder of the simulations were consistent with the adoption of a stable tertiary structure. 

The adoption of the saposin fold-like tertiary structure for monomeric PSI is made 

possible by the hinges formed at the flexible helix-helix junctions between α1/α2 and α3/α4. 

Similar to the orthorhombic saposin crystal structure (PDB ID 2QYP) [38], extended PSI had 

obtuse opening angles of 109° and 110° for the active and inactive pH simulations, respectively, 

as measured at the Cα atoms of Pro66, Glu85 and Lys101 in which the hinge between helices α3 

and α4 open about Glu85 (Figure 9A). Upon closing, the opening angles closed to approximately 

23° and 33° for the pH 4.5 and 7.4 simulations, respectively, in agreement with the 34° opening 

angle measured at the Cα atoms of Pro67, Asn86 and Arg102 of the resolved portion of the 

closed HvAP PSI crystal structure [41]. Some α-helical secondary structure was lost at the helix-

helix junctions during folding, transitioning to random coil to accommodate the movement of 

side chains towards the hydrophobic concave face of the PSI. The adoption of a saposin-like fold 

is further reinforced by the low RMSD between the resolved 4-helical bundle of the HvAP PSI 
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and closed StAP PSI structures generated through MD (1.060 Å and 0.6477 Å for pH 4.5 and pH 

7.4, respectively).  
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Figure 12: Radius of gyration (Rg) of the PSI over the time course of the simulations. The 

Rg of the PSI at pH 4.5 (blue line) and pH 7.4 (orange line) is plotted as a function of time. In 

either case, the PSI was free to move in the extended state. Upon adoption of a saposin-like fold, 

the collapse of the hydrophobic concave face of the PSI onto itself limits movement, thereby 

restricting water access to the hydrophobic core. 
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Chapter 4: Discussion  

4.1 Stability and dissociation of the PSI dimer 

The calculated PMFs describing the dissociation of the PSI dimer at pH 3.0 and pH 7.4 

gave ΔGdissociation values of 108.8 kJ mol
−1

 and 95.7 kJ mol
−1

, respectively. As expected, the large 

free energy requirement can be attributed to the need to sequester the hydrophobic concave face 

of the PSI from solution, thereby minimizing entropy associated with the exposure of 

hydrophobic residues. Though both dimers form stable conformations, it should be noted that 

greater binding between the monomers is achieved at acidic pH, and the major reason for this is 

likely charge neutralization of carboxylic acid groups on glutamic and aspartic acid residues. It 

would be expected that electrostatic repulsion between monomers would thus be lowered, 

allowing hydrophobic interactions at the dimer interface to dominate. An analogous phenomenon 

is seen with membrane-bound Sap C where neutralizing its negatively charged electrostatic 

surface removes membrane-protein charge-charge repulsion [35] thereby mitigating the 

unfavourable introduction of charges into the bilayer apolar hydrophobic environment. 

Furthermore, the calculated RMSD, RMSF and minimum distance maintained between the two 

monomers (see Figures 3–5) were consistent with the stability gained by folding the two 

monomers into a compact globular quaternary structure, limiting potential changes in tertiary 

structure. 

Maintaining hydrophobic contact between the residues lining the concave face of the PSI 

is the driving force for preserving the quaternary structure and stability of the overall dimer, 

which may be related to the relative stability of the dimer at acidic pH relative to that at neutral 

pH. As the dimer experiences a lower free energy barrier to dissociation at neutral pH, the dimer 

quaternary structure can be interpreted as being less stable leading to eventual dissociation. The 
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larger free energy requirement for dissociation at acidic pH may be indicative of a physiological 

necessity. It has been established a priori that the PSI is active against bilayers at acidic 

pH [13,33,41,47]. We hypothesise that the dimer formation at acidic pH may represent a 

particular functional quaternary structure. Baoukina and Tieleman [102,103] previously 

concluded that covalently linked antiparallel lung surfactant protein B (SP-B) dimers, analogous 

to StAP PSI dimer, mediate faster kinetics of monolayer folding. SP-B dimers promoted bilayer 

folding and eventual formation of hemifusion-like stalk connections similar to those observed in 

vesicle fusion [102,103]. It is theorised in the present study that PSI dimers may also function in 

a similar manner. Such a pH-dependence for a quaternary structure-function relationship is 

further supported by the observed StAP PSI capacity to induce bilayer fusion of LUVs at acidic 

pH, causing both membrane disruption and fusion [33], and is supported by previous research 

examining the roles of the PSI in vesicle disruption and membrane targeting [13,45,47]. The idea 

that the dimer serves a functional role in bilayer disruption and fusion is also consistent with the 

“clip-on” model for Sap C-mediated vesicle fusion proposed by Wang et al. [50] and further 

appended by Rossmann et al. [38]. This model hypothesises that Sap C dimers can bind to two 

vesicles, interacting with the membrane in a similar fashion to Sap C monomers through domain 

swapping, and thereby bring adjacent bilayers close enough to mediate fusion. Considering the 

similarities in structure and dimer stability pH-dependence, it stands to reason that our proposed 

model suggests a possible commonality between the Sap C “clip-on” model and the PSI mode of 

membrane interaction. 

4.2 Conformational flexibility and adoption of the saposin-fold 

Insight into conformational changes can be gained by projecting the MD trajectory onto 

the subspace spanned by the two largest (typically the first and second) principal components 
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[61,104]. In doing so, it is possible to characterize the transitions from the open, extended 

conformation of the PSI monomer to the closed saposin fold-like structure seen in the 

unrestrained simulations. As well, any possible intermediate structures that may be adopted 

during the opening-to-closing transition can be observed, providing a map of the overall 

structural variability of the PSI. The resultant conformer plots thus provide the means to interpret 

the conformational changes sampled by the unrestrained MD simulations and express the 

relationships between these conformers. Unrestrained MD simulations of the extended PSI 

monomer suggested that the PSI adopts a closed saposin-like conformation independent of pH. 

Principal component analysis performed on the MD trajectories revealed that the first PC 

corresponds to the closing of the PSI, accounting for 78.8% and 74.2% of the overall motion of 

the protein for the active and inactive pH simulations, respectively. Analogous to the PSI dimer, 

it is postulated that the closing motion observed in monomeric PSI arises from the need to reduce 

the entropy gained from exposure of these hydrophobic residues to water. Two-dimensional 

projections of the first two PCs revealed that the PSI transitions from an extended state to one or 

more intermediates before finally closing in on itself. Although the 2D projections sampled 

similar conformational space, the conformer plots of the active and inactive pH simulations 

differed in that the active pH simulation sampled several microstates before settling into a 

minimum and adopting a saposin-like closed motif. This differed from the inactive pH 

simulation in which the PSI sampled only three distinct states corresponding to energy minima 

for the initial structure, a molten globular structure, and finally a closed saposin-like tertiary 

structure. It is at this state that the concave face of the PSI has formed a hydrophobic core at its 

centre. These differences may be attributed to the differing electrostatic makeup of the two 

systems; negative charges on Glu and Asp are at least partially neutralized at active pH resulting 
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in an overall positively charged protein, whereas both negative and positive residues exist in the 

neutral pH simulations allowing for potential intra-peptide salt bridging or potentially different 

hydrogen bonding patterns. 

The conformational changes adopted by the PSI as it transits from extended to closed 

conformation were attributed to the high degree of conformational flexibility at the hinge-

bending regions of the helix-helix junctions, similar to what is observed in other SAPLIPs. The 

latter is a common characteristic for saposin members of the SAPLIP family which have been 

shown to have the capacity to exist both in substrate-free closed and in extended lipid- or 

peptide-bound conformations [38-40]. For the PSI, this flexibility is made possible in part by the 

local dynamics of side chains. Hydrophobic residues located in the helical regions orient 

themselves such that their side chains are involved in the formation of the tight dimer interface 

(as observed in the unrestrained dimer simulations), induced by the presence of inter-protein 

hydrophobic interactions. The helix orientations in this packing motif are mimicked by 

monomeric PSI as it closes in a domain-swapped fashion in that helices α3 and α4 twist about 

their helical axes thereby maximizing intra-protein hydrophobic contacts. This folding process is 

marked by the hydrophobic regions of the four helices collapsing on themselves, thereby 

minimizing contact with the polar environment and concomitantly maximizing aqueous contact 

with the polar outer surfaces. 

4.3 Adoption of a potential derivative pH-dependent saposin-like fold 

The dynamics of PSI closure suggest two possible structures for the PSI, and that pH 

influences these conformational differences. To date, the only SAPLIP pH-structure report has 

been for Sap C in which a reduction in pH from 6.8 to 5.4 did not result in observable 

conformational changes [39]. It should be noted, however, that Sap C acidification occurred with 
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monomeric protein already folded to a local minimum having adopted the characteristic saposin 

fold. This is in contrast to the present study in which the open PSI structure was allowed to 

explore a large degree of conformational space as it closed to a local energy minimum. The 

similar structure for the neutral StAP PSI ensemble in the present study, and that for HvAP 

PSI [25], as well as the low RMSDs, may indicate that the classical saposin-fold is pH-dependant 

for at least some SAPLIP cases. The neutral pH StAP PSI simulation and HvAP 

crystallography [41] used similar experimental parameters (i.e., 100 mM NaCl and neutral pH) 

suggesting that the acidic pH saposin-like fold observed in the present study likely presents a 

derivative of the classic saposin fold and it would be expected to be adopted by other SAPLIPs 

having similar structures and pH-function dependencies. 
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Chapter 5: Conclusions and Future Work 

5.1 Concluding remarks 

Many saposin-like proteins from non-plant sources have been studied extensively due to 

their varied health/disease-state roles, particularly in humans (e.g., saposins A-D, granulysin, 

NK-lysin). The nature of this study was to understand the underlying tertiary and quaternary 

structure phenomena which govern the pH-dependence of the PSI's folding dynamics and 

protein-protein interactions. Filling existing knowledge gaps surrounding the protein folding and 

dynamics of plant saposins is intrinsically valuable from a fundamental perspective in order to 

gain insight into the universality of saposin-like protein mechanisms of action across species, 

genera and kingdoms. Additionally, these endeavours are critical for potential design/redesign of 

SAPLIP-derived proteins for biotechnological applications in the pharmaceutical, nutraceutical, 

crop science, and food safety and security areas.  

 The present study undertook a comprehensive analysis of the PSI to identify 

conformational changes due to differences in pH and to assess the potential impact that these 

changes may have on protein function. Free energy changes for PSI dimer dissociation at acidic 

and neutral pH were predicted by steered MD simulations in combination with umbrella 

sampling. These studies identified key differences in subunit binding affinities indicating that the 

PSI has a preference for maintaining the dimer quaternary structure at acidic (active) pH due to 

the higher free energy requirement for dissociation. In conclusion, we postulate that the 

preference for dimerization may be indicative of a functional structure that plays a role in 

membrane binding and vesicle fusion. PCA of unrestrained MD simulations of the PSI monomer 

after separation from the dimer complex was then used to assess conformational changes adopted 

by the monomers. Although monomeric PSI folded to a closed conformation regardless of pH, 
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the final closed structures differed in that the pH 7.4 PSI adopted a tertiary structure consistent 

with the characteristic saposin-fold whereas a distinct saposin-like fold was observed at pH 4.5. 

This acidified PSI structure presents the first example of an alternative saposin-fold motif for any 

member of the large and diverse SAPLIP family. 

5.2 Future work 

 With the understanding of the influence pH plays on the folding dynamics and 

dimerization of the PSI, it naturally follows that the next course of action would be to investigate 

how these findings relate to PSI-membrane interactions. Indeed, investigation of the mechanisms 

underlying PSI-membrane interactions is valuable from the standpoint of understanding the 

universality of SAPLIP-membrane interactions and the potential role pH may play in SAPLIP 

functionality overall, specifically with regards to the involvement of the PSI dimer in membrane 

permeabilization and fusogenic activity. As well, further work should be done to elucidate the 

significance of the alternative saposin-fold observed for StAP PSI at acidic pH to determine what 

role, if any, this potentially new structure has with respect to membrane-protein interactions. 
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