


ABSTRACT 

Design of Heterotrimeric Collagen Triple Helices 

by 

Abhishek A. Jalan 

Select loci in native collagen display clusters of contiguous amino acids that 

recognize a diverse array of extracellular matrix (ECM) and blood serum proteins critical 

for homeostasis and hemostasis. The mechanism of collagen binding to these proteins has 

primarily been elucidated using short peptides, called collagen mimetic peptides (CMPs), 

that independently fold into the so called homotrimeric collagen triple helices, where all 

three peptide chains have identical amino acid sequence. However, the homotrimer 

binding mechanism cannot be extrapolated to explain protein binding in AAB and ABC-

type heterotrimeric collagens that contain either two or three unique polypeptide chains 

without significant speculation. Given the requirement of a one amino acid offset 

between the peptide chains in a collagen triple helix, a mixture of two or three unique 

peptide can self-assemble into 8 and 27 competing triple helices, respectively. 

Heterotrimeric CMPs have remained synthetically inaccessible due to the challenge 

associated with introducing bias in this ensemble of competing states.  

Previously, Hartgerink lab employed axial Lys – Asp / Glu salt-bridges to 

successfully self-assemble an ABC heterotrimer. Here, we extend this paradigm to 

successfully demonstrate the design of a proof-of-principle AAB heterotrimer. Four AAB 

heterotrimers, each carrying unpaired Lys, Asp or Glu and a combination of Lys – Asp or 

Lys – Glu axial salt-bridges, were designed. Of these, only the heterotrimer containing 



unpaired Glu and a combination of Lys – Asp as well as Lys – Glu salt-bridges 

successfully self-assembled into an AAB heterotrimer. Next, a general methodology to 

self-assemble AAB heterotrimers containing the α2β1 and α1β1-integrin recognition 

sequences from collagen I and IV, respectively, and the matrix metalloproteinase-1 

cleavage sequence from collagen I was developed. The protein recognition sequences 

were included as guests in a host peptide sequence containing a network of salt-bridges 

that bias the ensemble of competing triple helices to the desired AAB heterotrimer. 

Successful self-assembly of heterotrimers across multiple guest sequences was observed, 

which demonstrates the wide applicability of the host sequence design. In future, binding 

of these heterotrimers to the ECM and blood serum proteins has the potential to unravel 

the mechanism of disease evolution across multiple disease settings.  

We also extended the salt-bridge based design paradigm to synthesize a new class 

of CMP constructs. Hydroxyproline-free collagen triple helices are lucrative for 

expression in bacterial systems. Using a combination of Lys – Asp and Lys – Glu salt-

bridges, a hydroxyproline-free ABC collagen heterotrimer was successfully designed. 

Remarkably, this ABC heterotrimer was stable despite one the peptides containing no 

proline or hydroxyproline, a requirement previously thought to be critical for stability. 

Additionally, an ABC heterotrimer containing a non-canonical four residue offset 

between the peptide chains was designed. In this heterotrimer, the non-covalent 

interactions at the termini are unsatisfied which renders them “sticky” to further 

assembly. This design lays the groundwork to create longer and therefore, stickier offsets 

to facilitate self-assembly of collagen-mimetic nanofibers.  
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Chapter 1: Introduction*	  

1.1. Collagen Superfamily and Molecular Structure of Collagen: Collagen is an 

evolutionarily ancient superfamily of proteins found in vertebrate and invertebrate phyla 

as diverse as sponge, nematode, arthropod, mollusk and chordate.1 It constitutes more 

than 30% of the total dry protein mass in vertebrates where it provides structural 

organization to the extracellular matrix (ECM), determines mechanical stability of 

tissues2,3 and modulates growth, morphogenesis and differentiation of cells.4 Interaction 

of collagen with blood serum proteins is the primary stimulus for hemostasis.5 Twenty-

eight genes have been identified until now that encode for type I-XXVIII collagens.6 The 

various collagen types show overlapping distribution in tissues and often show functional 

redundancy. However, each type adopts a characteristic supramolecular structure that can 

be classified into five subgroups, 1) the fibril-forming collagen, 2) fibril-associated 

collagens with interrupted triple helices or FACIT, 3) network forming and 

transmembrane collagen, 4) beaded filament and 5) anchoring fibrils.7  

Collagen is a multidomain protein. However, the presence of a triple helical 

coiled-coil protein fold is common to all collagens.8,9 The multidomain architecture 

facilitates the hierarchical self-assembly of collagen into diverse supramolecular 

structures10 but the collagen triple helical domain is responsible for mechanical strength 

and is the primary locus of protein binding.  

* Majority of this chapter is based on the review article Jalan, A. A.; Hartgerink, J. D. Curr. Opin. Chem. 
Biol. 2013, 17, 960-967. Additional material has been included for completion.  
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Figure 1.1. Molecular structure of a canonical collagen triple helix indicating the triple 
helical coiled-coil motif (a), left handed polyproline type II conformation of individual 
peptide chains and right handed helicity of the superhelix (b), interpeptide hydrogen 
bonds between amide proton of Gly and carbonyl oxygen of the X-amino acid (c) and 
packing of Gly’s in the triple helical core (d). All models built from PDB 3b0s.11 
 
 

In terms of sequence and structure, the collagen triple helix is arguably the 

simplest of all known protein folds. Three polypeptide chains supercoil in a right-handed 

coiled coil motif.12-15 Peptide chains within the triple helix are in a left handed 

polyproline type II (PPII) conformation. Due to three residues per turn in a PPII 

conformation, every third residue of the peptide chains points towards the triple helical 

core. Close packing of peptide chains and steric constraints necessitate this residue to be 

glycine, which imposes a triplet Xaa-Yaa-Gly type sequence requirement on the peptides. 

In order to further optimize helical packing, peptide chains adopt single residue staggers 

with respect to each other. This creates a leading, middle and lagging peptide position in 
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the triple helix. In this arrangement, a cross sectional plane defined by Gly in the nth 

triplet of the leading chain also contains the n+1 triplet Xaa and Yaa residues of the 

middle and lagging chains, respectively. Interpeptide hydrogen bonds between the Gly 

amide proton and the Xaa carbonyl oxygen stabilizes the triple helix core while the 

solvent exposed Xaa and Yaa residues mediate interaction between triple helices and 

other proteins and modulate collagen stability.  

The presence of non-collagenous domains and its propensity to aggregate into 

hydrogels complicates the study of collagen in its native state. Moreover, the complex 

interplay of energetic and structural factors in native collagen makes it all but impossible 

to deconvolute the contribution of individual amino acids. Therefore, a reductionist 

approach is pursued in which residue specific interactions are studied individually in 

short peptides called collagen mimetic peptides (CMPs).16 Collagen is particularly 

amenable to such dissection due to CMP’s simplistic Xaa-Yaa-Gly repeat sequence 

which has the ability to independently fold into triple helices with native collagen-like 

topology. 

Study of CMPs has revealed the molecular structure of the triple helix,17 

rationalized the observed propensity of amino acids18 and elucidated the mechanism of 

collagen interaction to other proteins.19 In particular, a peptide (Pro-Hyp-Gly)n or 

(POG)n, where O or Hyp stand for 4(R)-hydroxyproline, forms the most stable triple helix 

for n repeats.20,21 Substitution of any other naturally occurring amino acids decreases its 

thermal stability. (POG)10 is the prototypical collagen triple helix against which triple 

helical structure and thermal stability of other CMPs is compared. Henceforth, in 

discussions of thermal stability of collagen, comparison to the (POG)n homotrimer is 
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implied unless explicitly noted otherwise.  

The following section briefly reviews the relative abundance of non-glycine 

amino acids in collagen and their effect on collagen thermal stability. 

1.2. Amino Acid Propensity in Collagen: 

1.2.1. Proline and its post-translationally modified derivatives: Of the 20 

canonical amino acids, some appear more frequently in collagen than others.22 Proline 

and its derivatives are the most abundant non-glycine residues in collagen and play a 

dominant role in modulating collagen thermal stability. High propensity of proline to 

stabilize the PPII secondary structure provides a straightforward explanation for its 

prominent role but the mechanism of stability due to proline derivatives has been 

considerably debated.23 In vertebrate collagen, Pro occupies both the Xaa and Yaa 

position but Hyp appears almost exclusively in the Yaa position. Initially, it was 

proposed that the hydroxyl groups stabilize the water network surrounding the triple 

helix.24 Although this argument has gained support from the crystal structure of a 

hydroxyproline containing peptide that showed extensive hydration involving the 

hydroxyl group,17,25 a comparison of the crystal structure of (PPG)10 and (POG)10 showed 

no significant difference in their hydration network.26  

An alternate mechanism was based on the electronegative substituent’s ability to 

inductively decrease electron density at the amide moiety and lower the energetic barrier 

to the cis-trans isomerization. In support of this mechanism, it was shown that 

substitution of Hyp with 4(R)-fluoroproline (Flp)27,28 or 4(R)-aminoproline29 in the Y-

position increased the thermal stability of the resulting triple helix. However, both models 

failed to explain why proline derivatives with Cγ electronegative groups substituted in the 
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X-position failed to stabilize the triple helix.  

High resolution crystal structure of a triple helical (PPG)10 peptide revealed that 

Pro adopts endo Cγ ring pucker in Xaa but exo Cγ ring pucker in Yaa due to steric factors 

(Fig. 1.2a). On a molecular level, the main chain φ (phi) and side chain χ1 (chi1) angles 

are interdependent.30 In collagen, φXaa = -75 º requires a positive χ1, but φYaa = -60 º 

requires negative χ1. The positive and negative χ1 values in the Xaa and Yaa correspond 

to endo and exo Cγ pucker in Pro and Hyp, respectively. It has been experimentally 

demonstrated that electronegative substituents stabilize the exo Cγ ring pucker of Hyp 

and Flp via gauche effect.31,32 This preorganization reduces the entropic cost for the 

configurational isomerization of pyrrolidine ring.33,34 
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Figure 1.2. Crystal structure of (GPP)9
35 and (GPO)9

11 indicating Pro and Hyp ring 
puckers in Xaa and Yaa positions (a) and interdependence of the backbone φ (phi) and χ1 
(chi1) angles and their effect on ring pucker (b).  
 
 

1.2.2. Hydrophobic amino acids: In terms of relative abundance, non-polar amino 

acids Ala and Leu are second only to proline, but their role in collagen is not fully 

understood.36 Despite the prominent role of hydrophobic interaction in protein folding, 

and self-assembly in general, it has been shown that type I collagen fibrillogenesis is 
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primarily driven by water mediated contacts between polar residues and hydrophobic 

interaction plays a minor role.37 Whether non-polar residues drive self-assembly in other 

types of collagen, particularly the oligomerization of type VI collagen into dimer and 

tetramers, remains an open question.   

1.2.3. Residues with electrostatically charged side chains: Residues with positive 

or negatively charged sides chains, particularly lysine, arginine, aspartate and glutamate 

are also abundant in collagen.38 In fact, of the 400 possible combinations of 20 canonical 

amino acids, Glu-Arg-Gly (ERG) and Glu-Lys-Gly (EKG) are the most abundant triplets 

in human fibrillar collagen, excluding those that contain either a Pro or its derivatives.39 

The definition of Xaa-Yaa-Gly as the triplet repeat is arbitrary. If a triplet is instead 

defined as Yaa-Gly-Xaa, then Lys-Gly-Glu (KGE) and Arg-Gly-Glu (RGE) are the most 

abundant, again excluding imino acid containing triplets. In either case, it is clear that 

certain patterns of electrostatically charged residues are evolutionarily selected in 

collagen. 

 Two broad roles for charged residues can be envisioned: stabilizing triple helix 

via intrahelical salt-bridges and facilitating fibrillogenesis via interhelical salt-bridges. 

On a molecular level the two roles are conflicting. A conformationally robust intrahelical 

interaction would not be suitable for interhelical interaction and vice versa. Therefore, it 

is plausible that separate sets of triplets have evolved in response to these roles. As 

discussed in the next section, some of the high frequency triplets show intrahelical salt-

bridges and provide stability. Although, interhelical salt-bridges are often observed in the 

crystal structure of CMPs containing charged residues,40 these are attributed to crystal 

packing effects. Similarly, interhelical electrostatic interaction has been proposed as the 
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principal driving force for fibrillogenesis in CMPs.41,42 However, unambiguous proof of 

salt-bridge driven oligomerization of triple helices in solution state is yet to be 

demonstrated.  

1.3. Pairwise salt–bridge interaction in collagen: Lack of a molecular understanding of 

hydrophobic and polar interactions generally employed in engineering other protein folds 

has for long limited our ability to develop collagen related disease models and study 

protein binding. Pairwise interaction among non-glycine residues in the triple helix has 

only recently gained attention. Despite an abundance of non-polar amino acids, intra-

helical hydrophobic pairwise interactions have not been observed.43 Polar amino acids 

such as serine and threonine generally form non-specific contacts with the backbone 

atoms that depend on the local environment of the residue.44,45 In the past decade, others 

and we have investigated intrahelical salt-bridge interaction in collagen. This led to the 

formulation of rules for addressing some design problems in collagen. A brief 

background of the current understanding of salt-bridge interactions in collagen is 

discussed below.  

Brodsky and co-workers have methodically studied the positional preference and 

the effect of X- or Y-position substitution on the thermal stability of a host-gust 

(GPO)3GXY(GPO)4 triple helix.18 The thermal stability of (GPO)3GXYGX’Y’(GPO)3 

triple helix containing two substitutions in the GXYGX’Y’ guest sequence was predicted  

based on simple additivity of melting temperatures (Tm) obtained in single substitution 

studies. 46 Comparison of the predicted Tm to the experimental values gave a measure of 

thermal stability, and significant stabilizations were associated with pairwise interaction 

between the substituted residues. While the Tm of most doubly substituted peptides 
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agreed well with the simplistic additive rule, peptides containing KGD and KGE guest 

sequences had Tm values similar to the unsubstituted (GPO)8. In order to explain the 

stabilization, three inter-peptide Lys–Asp/Glu salt-bridges were proposed in the 

homotrimeric KGD/KGE sequence (Fig. 1.3a), two of which have identical sequence 

requirements and side chain conformations.  
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Figure 1.3. (a) Schematic illustration of axial and lateral salt-bridge from sequence 
perspective (left) and in a model of KGD sequence built using PyMol (right). (b) 
Sequence position of lysine and aspartate residues required for interpeptide axial salt-
bridge between the three chains. (c) Crystal structure of KGE (PDB:3T4F)  and KGD 
(PDB:3U29) sequences indicating an axial Lys – Glu and Lys – Asp salt-bridge. (d) 
Solution NMR ensemble structure of ABC heterotrimer composed of (PKG)10, (DOG)10 
and (POG)10 arranged in the helix in that order indicating multiple axial Lys – Asp salt-
bridges.  
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 We call the two similar salt-bridges as “axial” and the third one as “lateral” based 

on the orientation of their side chains with respect to the helical axis. Side chains in the 

axial salt-bridge are oriented along the helical axis and those in lateral salt-bridge are 

perpendicular to the helical axis. As mentioned before, each Gly residue of the triple 

helix defines a cross sectional plane that also contains the Xaa and Yaa residue of the 

other two chains. In this scheme, Lys and Asp/Glu the nth and Asp or Glu in the n+3 C-

terminal cross sectional plane form an axial salt-bridge and those within the same cross-

sectional plane form a lateral salt-bridge. Therefore, three unique leading-middle, middle-

lagging and lagging-leading axial and lateral salt-bridges are possible within a triple helix 

(Fig. 1.3b).  

In order to investigate the two types of salt–bridge interactions, Fallas et al. 

elucidated the molecular structure of (POG)3PKGDOG(POG)3 and 

(POG)3PKGEOG(POG)3 sequences using X-ray crystallography and solution NMR (Fig. 

1.3c).47 Hereafter, the two peptides are abbreviated using their guest sequence as KGD 

and KGE. As shown in Fig. 2c the crystal structure of both peptides showed only one 

well-defined axial salt-bridge but two axial salt-bridges were observed in the ensemble 

structures generated using distance restraints from NMR experiments. Although, a lateral 

salt-bridge was not observed in the crystal structure of either peptide, the charged side 

chains in the NMR ensemble sampled a large conformational space that also included 

lateral salt-bridges. These results suggest that axial Lys – Asp and Lys – Glu salt-bridges 

are conformationally more robust than lateral contacts. This conclusion is also supported 

by the solution NMR structure of a triple helix composed of (PKG)10, (DOG)10 and 

(POG)10 peptides, where only axial contacts are observed even though both salt-bridges 
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are sterically accessible to the Lys – Asp pair (Fig. 1.4d).48 Similarly, in case of the GEK 

guest sequence, two Lys – Glu pairs fulfill the sequence requirement for a lateral salt-

bridge but none are observed in its crystal structure.40  

Acidic residues in eukaryotic collagen show an overwhelming preference for the 

Xaa position while lysine prefers the Yaa position.39 Neither the thermal stability nor 

molecular structure of DGK or EGK sequences, where this positional preference is 

reversed, have been reported, preventing their direct comparison to the KGD or KGE 

motifs. However, molecular modeling indicates that the geometry of any putative axial or 

lateral salt-bridge possible in DKG/EGK sequence would be inverted with respect to that 

observed in the KGD/KGE sequence. Wei et al. incorporated these so-called inverted 

axial salt-bridges into ABC heterotrimers, in which all three peptide chains of the triple 

helix are sequentially unique.49 These heterotrimers are significantly less stable and 

populate a compositionally heterogeneous population of triple helices compared to those 

stabilized by axial salt-bridges for both Lys – Asp and Lys – Glu pairs. This suggests a 

weak interaction similar to that observed in lateral salt-bridges and correlates well to the 

unusually low frequency of DGK or EGK triplets in eukaryotic collagen.50  

RGE and RGD sequences have thermal stabilities 8 and 4.5 ºC lower than the 

(POG)8 triple helix,46 but the lack of stabilization does not correlate to the available 

structural data. For example, crystal structure of the homotrimeric Gly991-Gly1032 

sequence from collagen type III contains an RGE motif that forms two well-defined axial 

Arg – Glu salt-bridges.51 But in another case, the guanidinium moiety preferentially 

interacts with the backbone and side chain polar atoms, even though an acidic residue is 

suitably poised for axial contact.52 These results suggest a strong dependence of salt-
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bridge interaction on the local environment of arginine residue. As an unpaired residue, 

arginine forms multiple polar contacts to neutral peptidic atoms53 and is also the most 

stable amino acid in the Yaa position after Hyp.54 Formation of a salt-bridge to stabilize 

the negatively charged partner may be sufficiently hindered by arginine’s other 

interactions to make this charge pair less favorable.  

From the discussion above, four key rules vis-à-vis design of heterotrimeric 

collagen mimics emerge. (1) Axial salt-bridges are conformationally robust and are 

therefore well suited to collagen helix design. (2) Lateral salt-bridges, while 

geometrically feasible, offer little stabilization and are a poor choice for helix design. (3) 

Axial salt-bridge between Xaa-position acidic residue and Yaa-position lysine provides 

greater thermal stability and compositional homogeneity compared to when these 

positions are reversed. (4) Unlike lysine, the fate of arginine depends strongly on its local 

context in the triple helix and any salt-bridges formed do not appear to impart significant 

stability. Keeping these rules in mind, I next review the salt-bridge driven rational and 

computational design of ABC and AAB heterotrimers are next reviewed.  

1.4. Homotrimers versus heterotrimers: The majority of known collagen types are 

homotrimers with three sequentially identical polypeptide chains. However, 

heterotrimeric collagen types with either two or three unique polypeptide chains are more 

abundant in eukaryotic organisms and play a critical role in a broad spectrum of 

biological processes. For example, type I collagen, the most abundant collagen in 

connective tissues of mammals, is an AAB-type heterotrimer, i.e. two of the three peptide 

chain within the triple helix have identical sequence. It interacts with a number of 

transmembrane receptors55 and serum proteins56 and mutations are responsible for 
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Osteogenesis Imperfecta (OI) type debilitating disease.57 Similarly, type VI collagen, an 

ABC heterotrimer, forms beaded filaments that anchor fibrous collagen and cells to the 

extracellular matrix58 and mutation in type VI collagen is associated with muscular 

dystrophy.59 Our ability to develop AAB and ABC-type collagen mimics is critical for 

understanding the molecular basis of cell-collagen interaction and diseases in the 

heterotrimeric collagens. 

Design of homotrimers is relatively straightforward as stability of the protein fold 

and native like topology are the only major considerations. The correlation between 

amino acid propensity and thermal stability is used to adjust sequence length and residue 

composition to obtain homotrimers of sufficient stability.60 On the other hand, the design 

of heterotrimeric collagen mimics poses significant additional challenges due to increase 

in the number of possible triple helical states in a mixture of two or three sequentially 

unique peptides. As shown in Fig. 1.4(a), a mixture of two peptides A and B predisposed 

to forming a triple helix can populate all or any combination of the 4 competing 

homotrimeric and heterotrimeric states A3, B3, A2B and AB2. The single residue stagger 

of the peptide chains requires differentiating between unique registers and peptide B in an 

A2B helix can present itself in the leading (BAA), middle (ABA) or lagging (AAB) 

position. Each unique helix thus formed is referred to as a register of that peptide 

composition. Therefore, a simple binary mixture of peptides can form 8 unique triple 

helical states A3, B3, AAB, ABA, BAA, ABB, BAB and BBA. Similarly, 27 unique triple 

helices are possible for a mixture of three peptides A, B and C.  
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Figure 1.4. a) Eight competing triple helical states possible for a mixture of two unique 
peptides A and B. b) Models for the AAB, ABA and BAA registers of the putative 
integrin α2β1 binding sequence from type I heterotrimeric collagen, highlighting the 
differences in three dimensional presentation between the registers. Hydrophobic residues 
are indicated in green and acidic and basic residues are shown in red and blue, 
respectively.  
 
 

Each heterotrimeric triple helical state is a chemically distinct molecule with 

unique spatial display of surface residues expected to affect interhelical interaction in 

fibrillogenesis and protein recognition (Fig. 1.4b). Homotrimeric triple helices have been 

very successful in elucidating the mechanism of collagen interaction with integrin,61,62 

von Willebrand Factor (vWF) A3 domain,63 Discoidin Domain Receptor 2 (DDR2)64, 
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Heat Shock Protein 70 (HSP70)65, Matrix Metalloproteinases (mmp),66 Glycoprotein VI 

(gpVI)67, Osteonectin or SPARC68 and Leukocyte Associated Ig-like Receptor (LAIR).69 

However, the mechanistic models derived from homotrimer-protein complexes cannot be 

applied to heterotrimeric collagen without significant speculation.70 Similarly, disease 

models based on homotrimeric sequences exaggerate the effect of a single mutation and 

the resulting phenotype when compared to an AAB or ABC heterotrimer where 

mutations may be localized to one or two chains only. 71,72 

A sustained effort in developing a method to rapidly obtain composition and 

register specific heterotrimers has led to notable covalent73-75 and non-covalent 

strategies,76,77 but a generalized approach to the problem is still lacking. In the last 

decade, intrahelical salt-bridge interaction has emerged as a powerful tool to design 

composition and register specific AAB and ABC heterotrimer. Notable covalent and non-

covalent designs of AAB and ABC-type heterotrimers are discussed below.  

1.5. Salt-bridge driven self-assembly of ABC-type collagen heterotrimers:  

1.5.1: Rational Design: Heterotrimer assembly can be (1) uncontrolled, resulting 

in the stable formation of both multiple compositions and registers, (2) compositionally 

controlled, resulting in the formation of only a single composition, (3) register controlled 

in which the formed heterotrimer is only of a single register, or (4) the ideal case where 

both composition and register are simultaneously controlled resulting in the assembly of 

only a single species of triple helix, i.e. one of eight in an A2B system and one of twenty-

seven in an ABC system. 

Design of the first successful salt-bridge stabilized heterotrimeric systems was 

based on the self-assembly of neutral (POG)10, positively charged (PKG)10 or (PRG)10 
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and negatively charged (DOG)10 or (EOG)10 peptides into an ABC heterotrimer.78,79 The 

unpaired residues decreased the triple helical propensity of the individual charged 

peptides, but formed salt-bridges in the heterotrimer providing stability and much of the 

driving force for the self-assembly. Similarly, all possible AAB heterotrimeric triple 

helices were destabilized and not populated due to the presence of at least one chain with 

ten unpaired residues. In separate unpublished work in our laboratory, it was also shown 

that in addition to the heterotrimer, all four ternary peptide mixture populated (POG)10 

homotrimer. The hetero- to homotrimer ratio decreased in the order lys – glu ≈ arg – glu 

> lys – asp > arg – asp. Two crucial lessons were learned from these results. First, 

unpaired charged residues introduce an element of negative design useful for 

destabilizing the competing states and their pairing introduces positive design component 

required for stabilizing the target state. Second, the Lys – Glu salt-bridge is 

thermodynamically more stable than Lys – Asp salt bridge.  

Fallas et al. exploited these observations to redesign the system of three peptides 

such that their mixture populated only the ABC heterotrimer.80 The (POG)10 peptide 

chain was modified to (POGPKGPOGPOGPOG)2, where the two unpaired Lys 

destabilize the homotrimer. Additionally, peptide (PKGPKGPKGDKGPKG)2 with two 

aspartate residues that satisfied sequence requirement for axial salt-bridges were included 

to ensure electroneutrality. The redesigned peptides self assembled with (DOG)10 or 

(EOG)10 into ABC heterotrimer and no homotrimeric states were detected via NMR. The 

design also intended to enforce register selection, as only one of the six registers was 

electroneutral. However, NMR data indicated the presence of two registers. The 

heterotrimer containing Lys – Glu salt-bridges overwhelmingly favored one register but 
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the other register was present nonetheless.  

1.5.2. Computational design: Because of lack of data on pairwise interactions in 

collagen, several approximations are required to define an energy function in a 

computational approach. These collectively often prevent a successful outcome as is 

evident in the failure of the first computational design of an ABC heterotrimer reported 

by Xu et al.81 In that case, the energy function was based on Arg – Glu salt-bridges and 

Arg – Arg or Glu – Glu repulsive interactions that are modeled as positive and negative 

design elements, respectively. As mentioned previously, peptides containing Arg and Glu 

substitutions are less stable than those containing unpaired Arg, indicating lack of 

significant pairwise interaction. Furthermore, a triple helix containing thirty arginine 

residues and no acidic residues to balance the charges is thermally stable (Tm = 37 ºC)82 

indicating that the Arg – Arg repulsive interaction may not be suitable as a negative 

design component. In a similar approach, the substitution of Arg – Glu with Lys – Asp 

salt-bridges improved the design to where the sequences self-assembled into a stable 

ABC heterotrimer.83 However, in this case the search algorithm focused on compositional 

control and did not enforce sufficient energy gap between the different registers of the 

ABC heterotrimer leading the authors to conclude that there may be multiple registers 

present in solution. 

Fallas et al. defined a sequence-based scoring function based strictly on the 

available structural data for stabilizing salt–bridge interactions in collagen.84 The energy 

of a triple helical state was approximated relative to the canonical (POG)10 homotrimer 

which was arbitrarily assigned a numerical value of 0. Positive numerical values were 

assigned to point mutations with lysine and aspartate residues that destabilize the helix 
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but double mutations that satisfied the sequence condition of an axial salt-bridge were 

assigned negative numerical values. A genetic search algorithm based on this simple 

energy function then optimized the peptide sequences to increase the energy gap between 

the target sequence and its 26 competing states. The ABC sequence generated using this 

approach had a score of -12 indicating that the competing state closest in energy to the 

target sequence had 12 unpaired residues. Even within such a restricted search space, the 

ternary mixture of A, B and C sequences self assembled into a highly stable single 

composition — single register ABC heterotrimer. Notably, the ABC sequence does not 

represent a unique solution to the energy function. Other sequences of identical score but 

different amino acid composition and total number of Lys – Asp salt-bridges are also 

viable. This suggests that even though the genetic algorithm does not converge to a 

global minimum, sequences represented by local solutions successfully self-assemble into 

single composition-single register ABC heterotrimer.  

The computational approach has not been tested for designing ABC heterotrimers 

containing biologically relevant sequences. The binding site of collagen-binding proteins 

spans two or more triplets and a majority of them contain a combination of amino acids 

with aromatic, non-polar and polar side chains. Any future computational design must 

recognize that simplistic numerical weightages for residues in the protein binding guest 

sequences could significantly alter the energy gap between the competing states. 

Furthermore, due to variation in amino acid composition of different protein recognition 

epitopes, a generalized solution to the equation is difficult to realize necessitating a 

combination of rational and computational design. This design paradigm is elaborated 

further in the Chapter 3.  
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1.6. Salt-bridge driven self-assembly of AAB-type collagen heterotrimers: The design of 

an AAB-type heterotrimer is more challenging than ABC even though greater number of 

competing triple helical states are possible in a ternary peptide mixture. In the 

computational algorithm for ABC design, point mutation in one chain constrains the 

sequence of only one other chain to satisfy the dual criteria of an axial Lys – Asp/Glu 

salt-bridge and an overall electroneutral triple helix. But in the AAB design, point 

mutation in any one chain constrains the sequence of both chains. This constraint limits 

the sequence search space for ensuring sufficient energy gap between the AAB, BAA or 

ABA registers and the competing triple helical states. As a result, for a given number of 

triplets, any register of the AAB heterotrimer would always lead to a lower score than an 

ABC heterotrimer. Due to this difficulty, an electroneutral AAB heterotrimer 

demonstrating control of composition as well as register is yet to be reported. However, 

notable efforts are discussed below.  

Russell et al. used Arg – Glu salt-bridges to populate an electroneutral AAB 

heterotrimer composed of one (PRG)10 and two (EOGPOG)5 peptides.52 NMR analysis of 

the peptide mixture indicated the presence of multiple registers of the intended 

heterotrimer and a small population of (EOGPOG)5 homotrimer. This heterogeneity was 

explained based on the inability of arginine residues to form axial salt-bridges, instead 

forming polar contacts to the backbone. O’Leary et al. substituted Arg – Glu salt-bridges 

with Lys – Asp/Glu to design a stable, electroneutral and compositionally pure AAB 

heterotrimer composed of two (PKGPOG)5 and one (DOG)10 or (EOG)10 chains.82 In this 

case, solution NMR revealed the presence of two different registers in both peptide 

mixtures. Close inspection of sequence revealed that more than one register of the 
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heterotrimers form similar number of charge pairs, explaining the lack of specificity. As 

discussed in the Chapter 2, I used a combination of unpaired and paired residues to 

control composition and register controlled AAB-type heterotrimer.  
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Chapter 2: Composition and Register Controlled AAB Collagen Heterotrimer 

2.1. Design of the AAB heterotrimer: Substitution of Lys, Asp or Glu residues lowers 

the thermal stability of a canonical (POG)10 homotrimeric collagen triple helix.1-3 As men-

tioned in the previous chapter, the destabilization is partly compensated if oppositely 

charged residues form an axial salt-bridge. In contrast, pairing of these residues in a lat-

eral salt-bridge requires unfavourable side chain conformation. As a result, the charged 

moiety preferentially hydrogen bonds to the backbone or other side chain polar atoms. 

These polar contacts do not compensate the loss in (POG)10 stability as much as an axial 

salt-bridge. Therefore, Lys – Asp/Glu residue pairs in any putative lateral contact can be 

considered to be unpaired. Substituting either or both Lys and Asp/Glu residues with Pro 

or Hyp should, in theory, substantially increase the thermal stability of the canonical 

(POG)10 helix. Using this simple design rule, in this chapter I demonstrate the design of a 

composition as well as register controlled AAB-heterotrimer.  

A set of four peptides is designed and mixed to form four different sets of triple 

helices as shown in Table 2.1. A Trp residue with Gly spacer (WG) is incorporated in all 

peptides to assist in spectrophotometric determination of the concentration. For simplici-

ty, the WG tag is omitted when referring to the peptides in further discussion. Additional-

ly, an 15N-isotopically enriched Gly at positions indicated in Table 2.1 is incorporated for 

NMR spectroscopic studies. Abbreviations for peptide sequences and binary mixtures are 

provided in Table 2.1 and are used in the remainder of the text. 

* This chapter is based on Jalan, A. A.; Hartgerink, J. D. Biomacromolecules. 2013, 14, 179-185. Some 
sections have been rearranged from the original publication for continuity.   
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Table 2.1. Summary of triple helical systems analyzed including the melting temperature 
(Tm), the composition and register control of the system, the number of unpaired charged 
amino acids and the number of expected interpeptide axial charge pairs. Standard single 
amino acid codes are used; hydroxyproline is abbreviated as O. 15N-isotopically enriched 
glycine residues are highlighted as G*. C and R refer to composition and register, respec-
tively, and SC and SR refer to single composition and single register, respectively. Regis-
ter assignment was attempted only for those systems that showed a single composition. 
 

Triple Helix Sequences Abbreviation Tm(ºC) Composition # unpaired Axial Axial 
   & register K D E K-E K-D 
3(PKGPOG)2PKGPOG*(PKGPOG)2 3KP none - 15 - - - - 
3(POGDOG)2POG*DOG(POGDOG)2 3OD none - - 15 - - - 
3(PKGEOG)2PKG*EOG(PKGEOG)2 3KE 32 - 5 - 5 10 - 
3(PKGDOG)2PKG*DOG(PKGDOG)2 3KD 43 - 5 5 - - 10 
2(PKGEOG)5•(PKGPOG)5 2KE•KP 40 Mix C 5 - 0 10 - 
2(PKGDOG)5•(PKGPOG)5 2KD•KP 51 Mix C 5 0 - - 10 
2(PKGDOG)5•(POGDOG)5 2KD•OD 52 SC, Mix R 0 5 - - 10 
2(PKGEOG)5•(POGDOG)5 2KE•OD 51 SC, SR 0 0 5 5 5 

 
 
 2.2. Thermal stability via circular dichroism: As shown in Scheme 2.1a the zwit-

terionic 3KE homotrimer can potentially form 10 axial Lys – Glu salt-bridges. It also 

contains 5 unpaired Lys and Glu residues in the lagging and leading chains, respectively, 

that destabilize the triple helix. In order to design AAB heterotrimers, two modifications 

to the 3KE homotrimer could be considered. In the first modification, the unpaired Lys 

and Glu residues in the lagging chain are substituted with hydroxyproline and Asp resi-

dues, respectively, giving the negatively charged OD peptide (Scheme 2.1a).  
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Scheme 2.1. a) Substitution of unpaired residues in the (PKGEOG)5 homotrimer to gen-
erate two AAB heterotrimers and b) 8 competing states possible for a mixture of 
(PKGEOG)5 and (POGDOG)5 peptides. Shaded and open circles indicate paired and un-
paired residues. Line connecting shaded residues indicates axial relationship. 
 

 

 
 
The resulting 2KE•OD heterotrimer contains 5 Lys – Glu and 5 Lys – Asp interpeptide 

axial salt-bridges and 5 unpaired Glu in the leading chain, but critically, no unpaired Lys 

residues (Table 2.1). We have previously observed that Lys – Asp charge pairs result in 
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triple helices with greater thermal stability than Lys – Glu charge pairs.4-6 Additionally 

the use of hydroxyproline in the Yaa position is energetically favorable over Lys.1,2 

Therefore, both modifications are expected to stabilize the 2KE•OD heterotrimer with 

respect to the 3KE homotrimer. This is reflected in the 19 ºC difference in the melting 

temperature of a 2:1 mixture of KE and OD which melts at 51 °C compared to the 3KE 

homotrimer that melts at 32 ºC (Fig. 2.1). 

 

 

Figure 2.1. First derivative [d(θ)/dT] of ellipticity (θ) versus temperature (T) spectro-
graphs of a) 3KE homotrimer and mixture of KE with KP or OD, and b) 3KD homotri-
mer and mixture of KD with KP or OD. KP and OD peptides also shown in (a) do not 
show any cooperative thermal transition. 
 
 
 A second modification to 3KE could also be considered in which the unpaired 

Glu residues in its leading chain are substituted with proline resulting in 2KE•KP hetero-

trimer (Scheme 2.1a). While proline is more favorable in the Xaa position compared to 

Glu, the increase in stabilization is not as dramatic as substituting hydroxyproline for Lys 

in the Yaa position. Furthermore, since the type of charge pair in the 3KE and 2KE•KP 
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are identical, the heterotrimer resulting from this modification showed a significantly 

smaller increase in Tm (8 ºC) compared to the homotrimer (Fig. 2.1).  

 In order to further understand the role of the type of charge pair and unpaired res-

idues in determining thermal stability in our system, we also made the aforementioned 

two modifications to the 3KD homotrimer, which contains paired or unpaired Lys and 

Asp residues (Table 2.1). As a result of the first modification i.e. the substitution of un-

paired Lys residues in the lagging chain with hydroxyproline, we observed an increase in 

melting temperature of 9 ºC in the 2KD•OD heterotrimer compared to the 3KD homotri-

mer. This smaller increase in thermal stability can be attributed to the fact that the type of 

charge pair interactions is unchanged between 3KD and 2KD•OD. The substitution of the 

five unpaired Asp residues of the leading chain in 3KD with proline led to a melting tem-

perature difference of 8 ºC between the 2KD•KP heterotrimer and the 3KD homotrimer. 

The smaller difference in the thermal stability of the competing homotrimer and hetero-

trimeric states stabilized only by Lys – Asp charge pairs compared to those stabilized by 

a combination of Lys – Asp and Lys – Glu charge pairs provides a rationale for using 

mixed charge pairs to augment the gap in thermal stability of competing states.  

 Scheme 2.1b shows the 8 competing states possible for a mixture of KE and OD 

peptides. Amongst these competing states, only the heterotrimer composed of two KE 

and one OD chain set in KE•KE•OD register is able to maximize stabilizing axial charge 

pairs (ten) and minimizes destabilizing unpaired charged residues (five). All other com-

peting states have fewer axial charge pairs and more unpaired residues. A similar analysis 

is possible for the 2KE•KP, 2KD•OD and 2KD•KP heterotrimers. This would suggest 

that all four heterotrimers in our library might achieve control over both composition and 
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register. However, NMR analysis presented below suggests that only the 2KE•OD het-

erotrimer achieves this level of specificity.  

 

 

Figure 2.2. 1H,15N-HSQC spectra of a) 3KE, 2KE•KP and 2KE•OD and b) 3KD, 
2KD•KP and 2KD•OD. The homotrimer and heterotrimer cross peaks are denoted by Hn 
and Tn, respectively. Monomer cross peaks are indicated by M followed by the two-letter 
peptide abbreviation. 
 
 
2.3. Compositional heterogeneity via HSQC: The 1H,15N-Heteronuclear Single Quantum 

Coherence (HSQC) spectrum of 3KE (Fig. 2.2a) shows three equal intensity cross peaks 

that correspond to the G(15NH) present in each peptide chain of the homotrimer. The 

HSQC spectrum of the 2:1 KE:OD mixture also shows three equal intensity cross peak 
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that have different 1H and 15N chemical shifts than those of 3KE. More importantly, in 

this case, the cross peaks for the 3KE homotrimer are not observed. In contrast, the 2:1 

KE:KP peptide mixture shows three cross peaks for the heterotrimer in addition to the 

3KE homotrimer cross peaks. Although the heterotrimer is the most abundant species, the 

homotrimer is still present. A comparison of the HSQC spectra of 3KD and the corre-

sponding heterotrimers 2KD•OD and 2KD•KP in Fig. 2.2b shows similar trend. There-

fore, within the limit of NMR detection, only 2:1 KE:OD and 2:1 KD:OD peptide mix-

tures show controlled composition. In contrast, the 2:1 mixtures of KE:KP and KD:KP 

populate heterotrimer as well as homotrimer compositions. 

 Two observations stand out in the HSQC results. First, homotrimers are populated 

even with a significant 8 ºC difference in the melting temperature between 2KX•KP and 

3KX (X= E or D). Both of these heterotrimers contain unpaired Lys residues and lack 

control over composition. In contrast, 2KX•OD have unpaired Asp or Glu residues and 

both eliminate formation of homotrimers. In the case of 3KE to 2KE•OD this is not sur-

prising since the difference in thermal stability is large (19 ºC), but 3KD to 2KD•OD has 

only a 9 ºC differential and still prevents the formation of homotrimer. Although a 

straightforward comparison between the type of unpaired residues and the observed dif-

ference in melting temperatures and trimer compositions is not possible due to the gener-

ally cooperative and inter-dependent behavior of multiple stabilizing and destabilizing 

interactions, it is clear that the type of unpaired residues play a substantial role in deter-

mining the difference in free energy of the competing states and in obtaining specificity. 

 As shown in Scheme 2.1b, the 2KX•OD heterotrimer in our library can form max-

imum possible charge pairs and have the least unpaired residues only when they are com-
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posed of two KX and one OD peptides. Therefore, it is crucial that we prove that the het-

erotrimers indeed have this composition. Using homonuclear NMR correlation tech-

niques, we determined the chain composition and register of the two heterotrimers that 

showed controlled composition. The intra-chain NOE cross peaks and intra-residue cross 

peaks observed in 1H,1H-NOESY, TOCSY and 1H,15N-NOESY-HSQC (hereafter called 

edited-NOESY) were used to obtain chain specific sequential assignment. The inter-

chain NOEs observed in edited-NOESY were used to determine the composition of the 

heterotrimer and probe the triple helical topology of the assembly. And lastly, the inter-

chain NOEs observed in a 2D 1H,1H-NOESY were used to determine the chain register. 

The methodology used for obtaining chain specific sequential assignment of the peptides 

is discussed in detailed in the section 2.8.4. The nomenclature followed to identify chain 

specific amino acids is provided in Scheme 2.2 below. 

 
Scheme 2.2 Nomenclature used to identify amino acids in the three chains of the hetero-
trimer, X = E or D is denoted using the six amino acid repeat in each peptide.  
 

 
 
 

 2.4. Composition of the heterotrimers: The peptide chains in the collagen triple 

helix adopt a left-handed PPII conformation. This structural feature, unique to the triple 

helical fold of collagen allows the NHi-CHαi-1 intra-chain cross peaks to be observed in a 

1H-1H correlation experiment. As each peptide chain contains a single 15N-labeled Gly, 
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the intra-chain Gi(15NH)-Yi-1(Hα) NOE cross peak observed in a two dimensional version 

of the triple resonance edited-NOESY experiment can be used to determine the peptide 

composition of the heterotrimer. The edited-NOESY spectra of 2:1 KX:OD mixtures in 

Fig. 2.3 below show intra-chain GA3(NH)-KA2(Hα), GA’3(NH)-KA’2(Hα) and GB3(NH)-

OB2(Hα) NOE cross peaks.  

 

 

Figure 2.3 The intra-chain NOE cross peaks observed in the two-dimensional 1H,1H-
version of a three-dimensional 1H,15N-NOESY-HSQC spectrum of the 2:1mixture of (a) 
2KE•OD and (b) 2KD•OD. The intra-chain NOEs observed here are useful in determina-
tion of the chain composition of the heterotrimer. 
 
 
Since the 15N-isotopically enriched amides are present in the PKG triplet of the KE and 

KD peptide and in the POG triplet of the OD peptide, the cross peaks observed in the ed-

ited-NOESY spectra show that the heterotrimers are composed of two KX and one OD 
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chain. Furthermore, the NOE observed from GA’3(NH) of one of the KX chain to the 

GA3(NH) of the second KX chain and GB3(NH) of the OD chain in Fig. 2.4 confirm that 

the three chains constitute a triple helix. 

 

 

Figure 2.4. The edited-NOESY spectrum of (a) 2KE•OD and (b) 2KD•OD heterotrimers 
indicating NH-NH correlations observed for Gly residues present on the three peptide 
chain of the triple helix. (c) Correlations from the middle chain to the leading and lagging 
chain are illustrated in a model. 
 
 
 2.5. Registration of the heterotrimers: In order to determine the register, we built 

a map of all possible inter-chain NH-NH and NH-Hα correlations between the 
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KA2GA3EA4, KA’2GA’3EA’4 and OB2GB3DB4 stretch of amino acids in the peptide chains of 

2KE•OD heterotrimer from a homonuclear 1H,1H-NOESY experiment (Fig. 2.5).  

 

 

Figure 2.5  a) The 1H,1H-NOESY spectrum of 2KE•OD indicating the assigned NH and 
side chain chemical shifts. The blue and red traces show the sequential walk for 
PA1KA2GA3EA4 and PA’1KA’2GA’3EA’4. The amide region of the NOESY spectrum of b) 
2KE•OD and c) 2KD•OD indicating the NH-NH correlations. The cross peaks useful in 
assignment of register are indicated by boxes. 
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The NOE correlations are shown in Table 2.2. Only contacts that are unique for the back-

bone conformation of peptides in a collagen triple helix were considered to avoid compli-

cations due to conformational preferences of the side chains. Next, starting from the 

PDB-2KLW7 we built the models for the three possible registers of 2KE•OD and derived 

the inter-proton distances of correlations compiled in Table 2.2. The not observed corre-

lations in Table 2.2 correspond to those NOEs for which there are no interfering peaks in 

that region which might mask their presence. Given the requirement that NOEs would be 

observed only for 1H-1H distance of 5 Å or less, the NOE pattern expected for each regis-

ter was compared to that compiled from the contact map. Inconsistencies between the ex-

pected and observed pattern of present and absent cross peaks for each register are high-

lighted in Table 2.2. 

 The observed NOE pattern was only consistent with the AA’B register in which 

the heterotrimer has maximum number of charge pairs and least unpaired charged resi-

dues. The only inconsistency found between the pattern and that expected for the AA’B 

register is the absence of GA’3(NH)-OB2(Hα) correlation that would be expected to be ob-

served. In contrast, for the BAA’ register, four cross peaks that are expected are absent 

while four others that are not expected do appear. Similarly, for the A’BA register five 

expected NOEs are absent while four NOEs that should not be visible are present. 
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Table 2.2. Unambiguously assignable interpeptide NOEs used for determination of triple 
helix 2KE•OD register. “NOE observed?” indicates whether an NOE for the indicated 
atom pair was observed or not. The next three columns indicate whether an NOE would 
be expected (less than 5 Å) for the given modeled triple helical register. Inconsistencies 
in the assignment are highlighted and collectively demonstrate that only the AA’B regis-
ter is present. aNOEs expected based on axial charge pair interaction. 
 

1H,1H NOE Correlations NOE  
observed? 

AA’B 
atoms 
within  
5Å? 

BAA’ 
atoms 
within 
 5Å? 

A’BA 
atoms 
within  
5 Å? 

backbone interactions  
GA3(NH)-GA’3(NH) yes yes yes no 
GA’3(NH)-GB3(NH) yes yes no yes 
EA4(NH)- GA’3(NH) yes yes yes no 
EA4(NH)- GB3(NH) yes yes no no 
EA4(NH)-OB2(Hα) yes yes no no 
EA’4(NH)- GB3(NH) yes yes no yes 
GA’3(NH)-OB2(Hα) no yes no yes 
EA’4(NH)- GA3(NH) no no no yes 
EA’4(NH)-KA2(Hα) no no no yes 
DB4(NH)-KA’2(Hα) no no yes no 
DB4(NH)- GA3(NH) no no yes yes 
DB4(NH)- GA’3(NH) no no yes no 
GB3(NH)-KA2(Hα) no no yes yes 
side chain interactionsa  
KA’2(Hε)-EA4(NH) no no no no 
KA’2(Hγ)-EA4(NH)  no no no no 
KA2(Hε)-EA’4(NH) yes yes yes no 
KA2(Hγ)-EA’4(NH) yes yes yes no 
KA2(Hε)-DB4(NH) yes yes no no 
KA2(Hγ)-DB4(NH) yes yes no no 
KA’2(Hε)-DB4(NH) no no no yes 
KA’2(Hγ)-DB4(NH) no no no yes 

 
 
 While using missing NOEs to rule out the presence of competing trimeric states 

can be fraught with peril, including the missing NOEs in our analysis is important to dif-

ferentiate possibilities that would include mixtures of more than one register. The NOEs 

that are absent are the ones that have been consistently observed in very similar hetero-
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trimeric collagen triple helices previously reported from our lab5,7. For example, the NOE 

between NH of the acidic residue (Xaa position) and the Hα of the basic residue (Yaa 

position in the n+1 triplet) which has been observed for the heterotrimer composed of 

(PKG)10, (DOG)10 and (POG)107 is expected for all alternate heterotrimer composition and 

registers of 2KE•OD except the target heterotrimer. The molecular weight and supramo-

lecular topology of the AAB heterotrimers here is nearly identical to the previously re-

ported heterotrimers and we cannot envision any reason why these NOEs would be ab-

sent if the molecular species is indeed present in solution. Furthermore, we rely here on 

multiple missing NOEs and it should be noted that in several cases, both here and in pre-

viously published work5,8, when more than one register is present we are able to identify 

additional cross peaks for those systems. For example, the analysis of the 1H,1H-NOESY 

spectrum of 2KD•OD suggests that more than one register is present in solution. Fig. 2.5c 

shows the NH-NH NOEs observed for the 2KD•OD heterotrimer. Although, the observed 

GA’3(NH)-DA4(NH), GB3(NH)-DA4(NH) and GB3(NH)-DA’4(NH) cross peaks are expected 

for the AAB, the GA3(NH)-DA’4(NH) and GA’3(NH)-DB4(NH) cross peaks can only be seen 

if one or both of the other two registers are also present.  

 2.6. Salt-bridge interaction: Considering the interaction between acidic and basic 

residues that participate in axial charge pair interactions further suggests the presence of 

only the AA’B register. Two types of charge pair interactions are expected in 2KE•OD 

heterotrimer: between KA2 and EA’4 and KA’2 and DB4. EA4 does not have a suitably posi-

tioned Lys on any of the other chains to form a salt-bridge. Therefore, the 1H,1H-NOESY 

spectrum is expected to show NOE cross peaks characteristic of one Lys – Asp and Lys – 



 

 

 

42 

Glu charge pair interaction and another Glu residue that does not show NOE contacts to 

any of the Lys residues and this is what we observe in Fig. 2.5. 

2.7. Conclusion:  In this chapter, I successfully demonstrate a proof-of-principle design 

of an AAB-type heterotrimer based on optimizing charge pair interactions while mini-

mizing unpaired residues in a target state. 2KX•OD has a net negative charge and 

2KX•KP is positively charged. Mixing the two systems may induce formation of fibrillar 

aggregates. In the future, an array of AAB or ABC heterotrimers with varying number 

and type of charged residues can be designed to investigate the potential for nanofiber 

formation.  

The simple design principle followed in this chapter formed the basis of an in-

house computational algorithm that could generate peptide sequence for electroneutral 

AAB and ABC heterotrimers. In a recent report, an ABC sequence generated using the 

algorithm successfully self-assembled into composition and register controlled heterotri-

mer.9 In the next chapter, I use the algorithm to design electroneutral AAB, ABA and 

BAA heterotrimeric registers containing sequence epitopes for multiple cell-surface re-

ceptors. The design discussed in the next chapter also underscores the limitation of our 

simplistic computation algorithm and forces us to use computational and rational ap-

proach in tandem to successfully obtain AAB-heterotrimers with protein recognition 

epitopes.  

2.8. Materials and Methods 

 2.8.1 Synthesis and purification of peptides: Solid phase synthesis of all peptides 

was accomplished on an Advanced Chemtech 396 Apex automated peptide synthesizer 

using standard Fmoc-chemistry. 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl 
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uronium hexafluorophosphate methanaminium (HATU) and diisopropylethylamine 

(DIEA) were used as coupling reagents. A 25% solution of piperdine in DMF was used 

for the Fmoc- deprotection cycles. Fmoc-protected 15N-isotopically enriched glycine 

(98%) was purchased from Cambridge Isotope Laboratories. Rink MBH amide resin was 

used as solid phase with a loading of 0.73 mmol/gram. The synthesis was performed on a 

0.15 mmolar scale. In a typical coupling cycle, 4 equivalents of amino acid was dis-

pensed (except for coupling 15N-isotopically enriched Gly where 2 equivalents were used) 

in the vessel containing resin followed by HATU and DIEA. Each amino acid coupling 

cycle was 45 minutes. The final peptide was cleaved from the resin in Trifluoroacetic ac-

id / 1,2-ethanedithiol / Triisopropysilane / H2O mixture in 37.6:1:1:0.4 ratio by volume. 

After 2.5 hours of mixing time, the TFA solution was rotary-evaporated to ~ 1 ml volume 

and triturated with cold diethylether followed by two diethylether washes. The peptide 

was recovered by centrifugation and the pellet was dried under ambient conditions over-

night. The dried pellet was redissolved in deionized water and purified on a Varian Prep-

Star220 reverse phase High Pressure Liquid Chromatography (HPLC) instrument using a 

C-18 column with a 1% linear gradient of acetonitrile in water containing 0.05% TFA. 

The major peaks were collected and rotary-evaporated to remove acetonitrile and lyophi-

lized to recover pure peptide. The purified peptides were re-dissolved in deionized water 

and pH adjusted to neutral. The peptides were characterized by Electrospray Ionization 

Time of Flight Mass Spectrometry (ESI-TOFMS) on a Bruker ESI-microTOF operating 

at a source temperature of 250 °C. Mass spectrographs of all the peptides used in this 

study are provided in appendix 3. Absorbance of the 20-25 mg/ml stock solutions of pep-
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tides was recorded on a Nanodrop spectrophotometer and concentrations were deter-

mined using εTrp = 5502 M-1cm-1 at 280 nm.  

 2.8.2. Preparation of Samples for CD and NMR: All circular dichroism experi-

ments were performed on a Jasco J-810 spectropolarimeter equipped with a Peltier tem-

perature controlled stage. Appropriate volumes of the peptide stock solutions were dilut-

ed with 100 mM aqueous phosphate buffer to a final buffer concentration of 10 mM and 

total peptide concentration of 0.15 mM for both homotrimer and heterotrimer solutions. 

The samples were annealed at 85 °C for 15 minutes followed by 35 °C for 24 hours in a 

temperature controlled water bath and then incubated at room temperature for at least one 

week before transferring to a refrigerator maintained at 5 °C for overnight incubation. 

200 µl of the peptide solution was then transferred to a quartz cuvette (path length = 0.1 

cm) and ellipticity was monitored during a wavelength scan between 200 and 250 nm. 

The maximum of the ellipticity versus wavelength curve, which generally falls between 

222 and 225 nm, was monitored as the temperature was increased from 5 to 85 °C at the 

rate of 10 °C/hr. The minimum of the first derivative of the thermal melting curve calcu-

lated with Savitzky-Golay smoothing algorithm was reported as the melting temperature. 

The molar residue ellipticity (MRE) was calculated using the following equation.  

! =
!  

!  ×  !  ×  !"×10
 

where θ is the observed ellipticity in milidegrees, c is the total peptide concentration in 

milimoles l-1, l is the path length of the cuvette in cm and nr is the number of residues in 

individual chain of the collagen triple helix.  

 All NMR experiments were performed on a Varian Inova Spectrometer operating 

at the 1H-frequency of 800 MHz and equipped with a cryogenic probe. The samples were 
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prepared in a 9:1 H2O:D2O mixture at a total peptide concentration of 0.45 mM in 10 mM 

phosphate buffered at neutral pH in the presence of the sodium salt of d6-trimethylsilyl 

propionate (TSP) as internal proton standard. Stock solutions of WG(PKGXOG)5 peptide 

(X = E or D) and WG(POGDOG)5 or WG(PKGPOG)5 were mixed in 2:1 mM ratio and 

annealed at 85 °C for 15 minutes in a temperature controlled water bath. The peptide 

mixture was then cooled and allowed to incubate at 35 ºC for 24 hours followed by incu-

bation at room temperature for at least one week before obtaining NMR spectra at 25 ºC. 

The spectra were processed using NMRpipe10 and analyzed using CcpNmr Analysis.11  

2.8.3 NMR acquisition and processing parameters: All spectra were acquired on a 

Varian Inova Spectrometer operating at a 1H frequency of 800 MHz. For all experiments, 

the proton and nitrogen carrier frequency was set at H2O resonance frequency and 120 

ppm, respectively and the indirectly detected dimension was sampled using states mode. 

All spectra were acquired at 25 ºC unless otherwise noted. 

The two dimensional 1H,15N-HSQC spectra were acquired with 2048 x 256 com-

plex points in 16 scans with a 12000 Hz and 1621 Hz acquisition window in the 1H and 

15N dimension, respectively. Homonuclear 1H,1H-TOCSY spectra were acquired with 

2048 x 512 complex points in 16 scans with a mixing time of 50 or 75 ms and a spin lock 

of 8000 Hz. A spectral width of 12000 Hz and 9600 Hz was used for the direct and indi-

rect dimension, respectively. The 1H,1H-NOESY spectra was acquired with 2048 x 960 

complex points in 16 scans and a spectral window of 12000 Hz and 9600 Hz in the direct 

and indirect dimension, respectively. The NOE mixing time was set at 100 ms. NOESY 

experiments were repeated for 2(PKGXOG)5•(POGDOG)5 at 10 and 35 ºC to resolve 

overlapping resonances. A two dimensional 1H,1H version of a 3D 1H,15N-NOESY-HSQC 
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experiment was obtained with 2048 x 400 complex points in 128 scans with a mixing 

time of 100 ms. In order to acquire only the 1H,1H-plane, the 15N dimension evolution 

time was held constant during the experiment. The spectral width was set at 8000 Hz and 

7200 Hz for the direct and indirect dimension, respectively. 

The acquired FIDs were processed using NMRPipe10 and analyzed in CcpNmr.11 

Solvent suppression filter followed by cosine-squared bell apodization was applied to 

both dimensions and the data was zero filled to the next power of two and Fourier trans-

formed. Forward and backward linear predictions were used to extend the time domain 

data of the homonuclear experiments, wherever necessary.  

2.8.4. Sequential assignment: The left handed polyproline type II confirmation of 

α-chains in the collagen triple helix places the NH of the ith residue close to the Hα of the 

preceding i-1 residue of the same chain. This intra-chain NHi-Hαi-1 NOE cross peak from 

the amide proton of the 15N-isotopically enriched Gly (hereafter called labeled Gly) is ob-

served in the 1H,15N-NOESY-HSQC (hereafter called edited-NOESY) spectrum and can 

be used as a starting point to sequentially assign the remaining NH and Hα chemical 

shifts of residues within the same chain. High frequency of cyclic amino acids Pro and 

Hyp, which do not bear amide protons, prevents the complete sequential assignment of 

all the residues in the PXGYOG sextet repeat of the peptide chains in our library. There-

fore, the longest stretch of amino acids that could be unambiguously assigned were 

PKGE, PKGD, OGD and PKG of (PKGEOG)5, (PKGDOG)5, (POGDOG)5 and 

(PKGPOG)5 peptides, respectively, where G indicates the position of the 15N-isotopically 

enriched Gly residues. For example, the inter-residue correlations that could be assigned 

for the PKGE stretch of the (PKGEOG)5 peptide chain were P(Hα)-K(NH), G(NH)-
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K(Hα) and E(NH)-G(Hα). The G(NH) and G(Hα) chemical shifts in the edited-NOESY 

and 1H,1H-NOESY spectra were identified by comparing them to the 1H,15N-HSQC spec-

trum of the peptide mixture. These G(NH) chemical shifts were then used to differentiate 

E(NH) and D(NH) chemical shifts because they show a single NH-Hα cross peak in the 

TOCSY spectrum compared to two intra-residue cross peaks observed for Gly. The 

E(NH) and D(NH) chemical shifts were differentiated from K(NH) based on the intra-

residue K(NH)-K(Hγ) correlations observed in the TOCSY spectrum. The K(Hγ) chemi-

cal shift appears significantly upfield of all other cross peaks between 1.2 and 1.5 ppm 

and can be readily identified in the TOCSY spectra. We also relied on the K(Hγ) chemi-

cal shift to identify the K(Hα)-K(Hγ) correlations observed in the TOCSY spectrum. To 

distinguish between the E(NH) and D(NH) chemical shifts we relied on the intra-residue 

correlations from E(NH) and D(NH) to their respective side chain methylene protons in 

the TOCSY and NOESY spectra. All side chain methylene protons of Asp and Glu 

showed non-degenerate chemical shifts and E(NH) to E(Hβ), E(Hβ’), E(Hγ) and E(Hγ’) 

and D(NH) to D(Hβ) and D(Hβ’) correlations were observed in the NOESY spectrum. 

Stereospecific assignment of Lys, Asp and Glu methylene protons was not attempted. 

The lack of a complete sequential assignment of all residues in the peptide chain did not 

interfere with the determination of the composition, triple helical topology and register. 

The assignment of the O(Hα) chemical shift in the edited-NOESY was based on the fol-

lowing two observations. First, the O(Hα) chemical shift consistently appears significant-

ly downfield of the K(Hα) chemical shift and ii) due to the presence of the electronega-

tive hydroxyl groups, the O(Hγ) appears significantly downfield compared to other side 
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chain protons. The intra-residue O(Hα)-O(Hγ) cross peak observed in the TOCSY spec-

trum can be used to assign the O(Hα) chemical shift. 
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Chapter 3: AAB Heterotrimers Containing Protein Recognition Epitopes 

3.1. Protein binding to heterotrimeric collagen: Extracellular matrix (ECM) and blood 

serum proteins are the primary binding targets for collagen.1,2 New binding sites and the 

mechanisms of collagen-protein interaction are largely determined using synthetic 

homotrimers containing fragments of native sequence.3 In this context, the toolkit 

approach pioneered by Farndale and co-workers has helped study collagen interaction 

with von Willebrand Factor A3 domain,4 Discoidin Domain Receptor 2 (DDR2),5 Matrix 

Metalloproteinase-1 (mmp-1),6 Glycoprotein (GPVI),7 Osteonectin8 and Leukocyte 

Associated Ig-like Receptor (LAIR).9 Such tremendous success is possible partly due to 

the simplicity of designing synthetic homotrimers. A peptide containing a sufficient 

number of Gly-Xaa-Yaa repeats rapidly folds into homotrimers.10 Including short 

fragments of the primary sequence from native homotrimeric collagen as guests, allows 

high throughput scanning of the entire sequence for protein binding.  

In contrast, unique challenges presented by the design of synthetic AAB or ABC-

heterotrimers have prevented development of a similar toolkit library. For example, 

mixing two peptides A and B to self-assemble an AAB-type heterotrimer can potentially 

lead to eight chemically different triple helices. Similarly, a three-peptide mixture 

required to obtain an ABC heterotrimer competes against 27 triple helical states. 

Although, the permutation of peptides in the heterotrimeric competing states appears 

trivial, it profoundly alters the three-dimensional display of solvent exposed residues. For 

example, Fig. 3.1 shows the putative α2β1 integrin binding site in collagen I, an AAB 

heterotrimer. The binding site is reconstituted from GFOGER and GPOGES sequences in 

the α1(I) and α2(I) chains of collagen I. The three dimensional display of the 
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hydrophobic residue Phe and electrostatically charged residue Arg and Glu implicated in 

integrin binding11,12 differs significantly between the AAB, ABA and BAA registers. As a 

result, the affinity and protein binding mechanism of each state is expected to vary 

substantially. Therefore, control over self-assembly in a binary or ternary peptide mixture 

is critical for understanding the mechanism of binding in native collagen. It is also the 

primary challenge in developing a toolkit library for heterotrimeric collagens I, IV, V, VI, 

VIII, IX and XI.  

 

Figure 3.1. Pymol13 models for the AAB, ABA and BAA registers of the putative α2β1-
integrin binding sequence from collagen I, highlighting differences in three dimensional 
presentation of residues. Phe, Glu and Arg are represented in green, red and blue.  
 
 

3.2. Problem of chain registration in native heterotrimeric collagen: Collagen I 

is composed of two polypeptide chains, α1(I) and α2(I) in a [α1(I)2•α2(I)] molecular 

ratio. The question of α2(I) position in the native triple helix has eluded solution for 
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nearly five decades. Based on indirect evidence from sequence analysis,14 

computation,15,16 low resolution fiber structure17 and homotrimer-protein interaction4 all 

three chain positions have been proposed indicating a lack of consensus. Collagen I is 

expected to bind proteins with highest affinity in its native register. Therefore, 

determination of register-specific binding affinity of synthetic heterotrimers to protein 

targets would provide comparatively direct evidence for chain registration in collagen I. 

In addition to the challenge of designing composition and register specific heterotrimers, 

incorporating the 1000 amino acid type-I collagenous domain as short fragments into 

three different registers is a formidable synthetic endeavor.  

A two-step reductionist approach is more feasible, where all three possible 

registers containing the predicted α2β1, vWF-A3 domain or mmp-1 recognition epitopes 

from collagen I are designed, synthesized and experimentally characterized. A study of 

their binding affinity and mechanism would reveal the correct register of native collagen 

I. In the second step, a heterotrimeric toolkit library for the full primary sequence in the 

correct native register can be designed to identify binding sites for other proteins.  

The two-step approach can be readily extended to study ABC heterotrimeric 

collagens. α1β1-integrin mediates adhesion of chondrocytes to type VI collagen,18,19 an 

ABC heterotrimer composed of α1(VI), α2(VI) and α3(VI) or α4(VI) or α5(VI) chains. 

Sequence analysis reveals a previously-unappreciated non-contiguous RDD motif 

contained within GEAGDPGRPGDL of α1(VI), GQKGRQGDPGIE of α2(IV) and 

GYPGDEGGPGER of α3(IV) chains. Analogous to collagen IV, these sequences may 

reconstitute the binding site for α1β1, using the optimal register determined for collagen 

IV. Register-specific ABC heterotrimers incorporating these sequences can also be 
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readily designed to determine the chain arrangement in type VI collagen. A similar 

approach can also resolve the registration in other heterotrimeric collagens VIII, IX and 

XI.  

3.3. Biological relevance of determining chain register: Resolving chain 

registration in heterotrimeric collagens has enormous biological consequences. Collagens 

I, III and IV are the primary stimulus for hemostasis. In case of a vascular injury, the 

newly-exposed collagens I and III bind vWF A3 domain present in blood; vWF A1 

domain then captures passing platelets. α2β1 integrin, the only collagen receptor 

displayed in blood platelets, also binds these collagens to support platelet adhesion and 

aggregation. Under normal condition, thrombus deposition prevents blood loss, but 

abnormal formation of arterial thrombus in diseased individuals can be life threatening. 

Therapeutic agents that disrupt collagen – vWF A3 interaction are potential drug targets. 

However, due to the cooperative and partially redundant interactions of vWF A3 and 

α2β1-integrin and other receptor axes to homotrimeric and heterotrimeric collagens, 

development of a broad spectrum drug requires that the binding site and the mechanism 

of interaction for each collagen are understood. In a different but important disease 

setting, α1β1-integrin expressed in chondrocytes mediates adhesion to ABC-

heterotrimeric collagen VI. Identification of α1β1-integrin binding site in collagen VI is 

critical in understanding the mechanism of cartilage remodeling and repair.  

3.4. Covalent and non-covalent design of protein-binding heterotrimers: 

Previous efforts directed at synthetic heterotrimer design containing protein recognition 

epitopes can be broadly classified into covalent and non-covalent strategies. In the 

covalent approach, Cys residues are incorporated into the triplet repeats of the three 



 53 

chains to facilitate regioselective disulfide bond formation, which “locks” them into a 

predefined composition and register.20-23 Although conceptually straightforward, covalent 

locking requires lengthy synthetic protocol and purification due to the non-specific nature 

of cysteine chemistry. More importantly, the molecular arrangement of peptide chains in 

the locked AAB and ABC heterotrimers is inferred from difference in their binding 

affinity to collagen binding proteins22 but no direct experimental characterization 

confirming the intended registration has been put forth. On the other end of the spectrum, 

Boudko et al. recently reported the design of register-specific AAB heterotrimers 

containing the putative vWF-A3 recognition sequence from collagen I.24 The binding 

sequence is fused to the non-collagenous 2 (NC2) trimerization domain of type IX 

collagen known to form a stable trimer cross-linked with disulfide bonds. Although, the 

trimerization domain stabilizes collagen triple helices fused to either the N- or C-termini, 

the implicit assumption in this case that the NC2 domain of collagen IX is also capable of 

controlling composition and register has not been experimentally verified. More 

importantly, molecular level characterization of the chain registration in the NC2-

collagen chimera is not provided.  

To the best of my knowledge, non-covalently self-assembled heterotrimers 

containing protein-binding sequences have not been reported yet. This chapter primarily 

focuses on developing a general methodology for controlling the composition and 

register of an arbitrary sequence of five contiguous triplets from native heterotrimeric 

collagens. The binding site of mmp-1 in collagen I is predicted to span five triplets, 

which is the longest known recognition sequence for any collagen type. This justifies the 

choice of five triplets as the upper limit in our case.  
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The collagen binding sequence of α2β1-integrin in collagen I, α1β1-integrin in 

collagen IV and mmp-1 cleavage sequence in collagen I spans two, four and five triplets, 

respectively. In order to demonstrate the general applicability of the design paradigm, 

AAB, BAA and ABA registers containing epitopes for all three proteins individually are 

designed and experimentally characterized via CD and NMR spectroscopy. Since the 

α2β1-integrin binding sequence in collagen is the shortest, I begin by discussing its 

design first. The design of integrin binding sequence was iterative, where failed attempts 

informed the choice of sequences for the next iteration. However, it is shown that 

although the process is iterative, the sequences once optimized could be intuitively 

altered to design register-specific heterotrimers for other proteins in a single attempt. The 

need for iterative process also underscores the limitation of our simplistic computational 

algorithm used to previously design proof of principle AAB and ABC heterotrimers.25,26  

In future, a comprehensive study of the mechanism and affinity of protein binding to 

these heterotrimers can reveal the correct register of type I collagen, which can then be 

used to synthesize a heterotrimeric toolkit library.  

3.5. Design of AAB heterotrimers using computation and intuition: In 

computational design of collagen heterotrimers, an arbitrary numerical term “specificity 

score” abbreviated as S is defined for each competing state possible in a binary or ternary 

mixture of peptides. 26 The value of S corresponds to the difference in the number of 

unpaired charged residues in the target state and the competing state closest in energy. 

state. For example, a target state S value of -10 indicates that the competing state closet in 

energy contains ten unpaired residues. More negative S values are associated with 

increased energy difference between the target and competing states.  



 55 

In our case, S is an arbitrary measure of energy and its quantitative relation to the 

actual energy gap cannot be established. Therefore, the question of how much of an 

energy gap is enough to selectively populate the target state requires an iterative design 

approach. This task is somewhat simplified in the proof of principle design of AAB and 

ABC heterotrimers containing only Lys and Asp/Glu residues. Epitopes that typically 

contain Phe, Arg, Glu, Val, Met etc. would modulate this energy gap in unexpected ways 

rendering the simplistic computational approach based on ensuring large specificity less 

useful. In addition, the sequence search space in computational design of the AAB 

heterotrimer is constrained by the presence of two identical peptide chains in the triple 

helix. As a result, the specificity obtainable between the target state and the competing 

states of an AAB heterotrimer is always less than an ABC heterotrimer for a give number 

of triplet repeats. Furthermore, any stabilizing interaction between the A-chains of AAB 

and BAA registers will also stabilize the AAA homotrimer, making it the principal 

competing state.  

Bearing these challenges in mind, register specific heterotrimers are designed here 

using a host-guest approach. A host sequence for all three registers is generated using the 

computational algorithm proposed by Fallas et al26 and the epitope is appended as a guest. 

Specificity, sequence length and the epitope locus are varied in each iteration until 

composition and register control is achieved. In general, the peptide sequence in each 

iteration has three major components, 1) a flanking host sequence containing the network 

of salt-bridges to control the composition and register, 2) guest epitope and 3) a Tyr 

residue to accurately determine the peptide concentration. A 15N-isotopically enriched 
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Gly (15N-Gly) is incorporated in all peptides to facilitate molecular level characterization 

by NMR spectroscopy.  

 

 

Figure 3.2.  Five iterations of A and B peptide sequence (1-5) for designing AAB-
register containing the α2β1-integrin recognition epitope. Successful design 5 and 
subsequently designed ABA and BAA registers are highlighted in a box. Underlined Gly 
(G) residues are 15N-isotopically enriched.  
 
 

3.5.1. α2β1-integrin recognition epitope from collagen I: Iterations 1 and 2 are 

related as in both cases the epitope is flanked on the N- and C-termini by host sequences 

that differ only in length and S value (Fig. 3.2). The CD spectra of a 2:1 binary mixture of 

peptides A and B in iteration 1 and 2 show two clearly resolved minima (Fig. 3.3a & c). 

One of the two minima overlaps with the spectra observed for A peptide alone, 

suggesting lack of compositional control in both iterations. In terms of S value, the A-
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homotrimer in both iterations is closest to the target state. Therefore, it is not surprising 

that A-homotrimer is the principle competing state.  

The ratio of heterotrimer to homotrimer in iteration 1 is approximately 1.3 as 

quantified by integration of respective cross peaks in the HSQC spectra shown in Fig. 

3.3c. This ratio increases to ~5.2 in iteration 2 (Fig. 3.3d). Complete compositional 

control may be achieved with a higher S value of 10. However, this would require 

including two additional triplets at both termini of iteration 2 increasing its total length to 

50 amino acids. For a longer epitope such as that of mmp-1, a peptide sequence in excess 

of 56 amino acids would be required posing enormous synthetic challenges.  

Peptide B in iteration 1 shows a shallow minima at 28 ºC which could be either 

interpreted as a weakly folded triple helix or a complete absence of folded trimer. Peptide 

B in iteration 2 forms a stable homotrimer despite containing 16 unpaired residues (S = -

16). For a given amino acid sequence, peptides with fewer triplet repeats form less stable 

triple helices. As the sequence length increase, intrinsic stabilization due to chain packing, 

interpeptide hydrogen-bonds and side chain interactions outweigh destabilization due to 

unpaired charged residues. This would also reduce the actual energy gap between the 

target and competing states. Therefore, it is desirable to obtain maximum S value in the 

shortest sequence possible necessitating further iterations.  
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Figure 3.3. First derivative of ellipticity (θ) versus temperature (T) spectrograph obtained 
in a thermal unfolding experiment (a, b) and 1H,15N-HSQC spectra (c, d) of peptides in 
iterations 1 and 2. Trimer cross peaks are marked by boxes. 
 
 

The termini of collagen triple helices are conformationally flexible. Salt-bridges 

present at the termini of iterations 1 and 2 may not contribute to the stability as much as 
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continuous N-terminal flanking sequence with a S value of 6 is used. A POG triplet is 

included at the C-termini to ensure proper folding of the epitope.  

 

 

Figure 3.4. First derivative of ellipticity (θ) versus temperature (T) spectrograph obtained 
in a thermal unfolding experiment (a, b) and 1H,15N-HSQC spectra (c) of peptides in 
iterations 4. Trimer cross peaks are marked by boxes. 
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CD spectra of the binary mixture of peptides A and B in iteration 3 shows a 

shoulder peak overlapping with that of the A-homotrimer indicating again a failed design 

(Fig. 3.4a). Irrespective of the design and S value, the A-homotrimer emerges as the only 

competing state populated in addition to the target state in iterations 1-3. Homotrimer of 

peptide B in iterations 2 and 3 is more stable than A. However, B-homotrimer contains 

twice as many unpaired residues as A. As a result, it is not observed in a binary mixture 

despite its relatively high thermal stability.  

Close inspection of the A-homotrimer sequence in iteration 3 indicates a 

significant population of Hyp residues known to stabilize collagen triple helices.27,28 

Substitution of Hyp with Pro lowers the thermal stability of collagen,29 which could 

provide an additional negative design element for destabilizing the competing states 

along with unpaired residues. In order to test this hypothesis, all Hyp residues except 

those at the termini were substituted with Pro (iteration 4). CD (Fig. 3.4b) and HSQC 

(Fig. 3.4c) spectra of peptides in iteration 4 indicate that although A does not form a 

homotrimer, a significant population of B-homotrimer is observed in the binary peptide 

mixture. The AAB heterotrimer in iteration 4 contains only half as many Hyp residues as 

B-homotrimer. In order to destabilize the B-homotrimer relative to the target state, all 

Hyp residues except those in the terminal triplets were substituted with Pro. Although the 

CD spectra of peptides in the resulting iteration 5 show overlapping transitions of B-

homotrimer and AAB-heterotrimer (Fig. 3.5a), HSQC spectrum of the binary mixture 

confirms the presence of only the desired target state in solution (Fig. 3.5b).  

In order to design the BAA and ABA registers, Hyp residues in sequences 

obtained from the computational algorithm were substituted with Pro. In both cases, the  
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Figure 3.5.  First derivative of ellipticity (θ) versus temperature (T) spectrograph 
obtained in a thermal unfolding experiment (a) and 1H,15N-HSQC spectra (b) of peptides 
in iteration 5. Trimer cross peaks are marked by boxes. 
 
 
resulting mixture of peptides A and B self-assembled into a stable heterotrimer (Fig. 3.6a, 

b) with no competing states observed in HSQC spectra (Fig. 3.6c, d). The AAB, BAA 
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the epitope of different registers, the thermal stability is expected to be primarily 

determined by the host sequence, which explains their similar Tm values(Fig. 3.7a). This 

is in contrast of the 8-10 ºC change in Tm values observed for covalently locked 

heterotrimers containing α1β1-integrin recognition epitope from collagen IV. In this case, 

the epitope contains Asp, Lys and Arg residues that may form salt-bridges.  
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Figure 3.6.  First derivative of ellipticity (θ) versus temperature (T) spectrograph and 
obtained in a thermal unfolding experiment and 1H,15N-HSQC spectra of peptides in the 
BAA (a, b) and ABA (c, d) registers of iteration 5.   
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chain arrangement, the hydrogen bonding pattern involving 15N-Gly is unique for each 

register, which explains the observed differences in chemical shifts.  

 

 

Figure 3.7. First derivative of ellipticity (θ) versus temperature (T) spectrograph and 
obtained in a thermal unfolding experiments (a) and 1H,15N-HSQC spectra (b) of AAB 
(blue), BAA (red) and ABA (green) registers in iteration 5.  
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alternate strategy to determine chain register using spin labeled residues or X-ray 

crystallography should be investigated in the future.  

In principle, any epitope can be appended at the C-terminal of the host sequence 

in iteration 5. However, due to wide diversity in residues present in different epitopes, 

their effect on the energetic gap between the target and competing states can only be 

verified experimentally. Epitopes for the putative  α1β1-integrin sequence from collagen 

IV and mmp-1 cleavage sequence in collagen I were appended to the host sequence of 

AAB register in iteration 5. The results are discussed below.  

3.5.2. α1β1-integrin recognition epitope from collagen IV: Kern et al. have 

proposed a non-contiguous RDD sequence present in three different chains of collagen 

IV (an AAB heterotrimer) as a potential binding site for α1β1 integrin.30 D in sequence 

GPOGDQGPOGIO of α1-chain and R in sequence GAKGRAGFOGLO on the α2-chain 

would reconstitute the minimal motif required for α1β1-integrin binding.31 The correct 

chain registration required to do so would also solve the considerably debated native 

register of AAB-heterotrimeric collagen IV.22  

The predicated sequence was appended to the host sequence of AAB register (Fig. 

3.8a). The binding epitope contains five triplets and 8 Hyp residues. In order to ensure 

minimal disorder in this region, two additional (PPG)2 repeats were incorporated at the C-

termini and all Hyp residues in the non-epitope region were substituted with Pro. The 

resulting peptide mixture successfully self-assembled into a single composition and 

single register AAB-heterotrimer (Fig. 3.8c and d).  
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Figure 3.8. (a) Sequence of the A and B peptides indicating host sequence required for 
composition and register control, a (PPG) triple repeat as spacer and the putative α1β1-
integrin recognition from collagen IV. (b) First derivative of ellipticity (θ) versus 
temperature (T) spectrograph of individual peptides and their 2:1 binary mixture obtained 
in thermal unfolding experiments. (c) 1H,15N-HSQC spectra of AABA (blue), AABB 
(green) and AAB-heterotrimer (maroon). Trimer cross peaks are shown in boxes.  
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AAB-heterotrimer.  
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Figure 3.9. (a) Sequence of the A and B peptides indicating mmp-1 cleavage sequence 
from collagen I. The cleavage site is indicated with “~”. (b) First derivative of ellipticity 
(θ) versus temperature (T) spectrograph of individual peptides and their 2:1 binary 
mixture obtained in thermal unfolding experiments. (c) 1H,15N-HSQC spectra of AABA 
(blue), AABB (green) and AAB-heterotrimer (maroon). Trimer cross peaks are shown in 
boxes.  
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if it were to develop into a design paradigm with wide applicability in studying protein 

binding interaction of heterotrimer collagens.  

 

 

Figure 3.10. First derivative of ellipticity (θ) versus temperature (T) spectrograph of 
AABA (a), AABB and their binary mixture (c) for α2β1-integrin (blue), α1β1-integrin 
(red) and mmp-1 cleavage sequence (green).  
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arbitrary five triplet sequence. All three registers possible for the AAB-heterotrimer are 

synthetically accessible. In the future, synthetic constructs designed in this chapter can be 

used to study mechanism of collagen – protein interaction at the molecular level.  

3.7. Materials and Methods 

 3.7.1 Synthesis and purification of peptides: Solid phase synthesis of all peptides 

was accomplished as discussed in Section 2.5.1 of chapter 2. The peptides were 

characterized by Electrospray Ionization Time of Flight Mass Spectrometry (ESI-

TOFMS) on a Bruker ESI-microTOF operating at a source temperature of 250 °C. Mass 

spectrographs of all the peptides used in this study are provided in appendix 2. 

Absorbance of the 10-12 mg/ml stock solutions of peptides was recorded on a Nanodrop 

spectrophotometer and concentrations were determined using εTyr = 1399 M-1cm-1 at 275 

nm.  

 3.7.2. Preparation of Samples for CD and NMR: All circular dichroism 

experiments were performed on a Jasco J-810 spectropolarimeter equipped with a Peltier 

temperature controlled stage. Stock solutions of individual peptides A and B and their 2:1 

binary mixtures were diluted with MQ-water and 100 mM phosphate to a total peptide 

concentration of 3 mM buffered in 10 mM phosphate at pH 7. The samples were 

annealed at 85 ºC for 15 minutes and incubated at room temperature for one week. In a 

typical CD measurement, 30 µl of 3 mM sample was diluted with 270 µl of 10 mM 

phosphate buffer to a total peptide concentration of 0.3 mM and incubated at 5 ºC for one 

hour. 30 µl of 0.3 mM peptide solution was used to perform wavelength scan 

measurements between 190 nm and 250 nm in a Hellma Analytics QS quartz cuvette with 

a path length of 0.1 mm. The maximum, typically observed between 220-225 nm, was 
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obtained using the peak detection software provided with Jasco J-810. 270 µl of 0.3 mM 

peptide solution was transferred into a Hellma Analytics QS quartz cuvette with a path 

length of 1 mm. Thermal unfolding experiments were performed by monitoring ellipticity 

between 5-85 ºC at a scan rate of 10 ºC/hr with a step size of 0.5 ºC. First derivative plots 

of ellipticity (θ) versus temperature (T) were calculated using the JASCO software suite 

which employs a Savitzky-Golay smoothing algorithm.  

 Samples for NMR were prepared by diluting 585 µl of 3 mM peptide solutions 

with 65 µl D2O. Sodium salt of d6-trimethylsilyl propionate (TSP) was added as an 

internal proton standard. All NMR experiments were performed on a Varian Inova 

Spectrometer operating at the 1H-frequency of 600 or 800 MHz equipped with a 

cryogenic probe. The spectra were processed using NMRpipe32 and analyzed using 

CcpNmr Analysis.33 The experimental conditions and parameters used for peptides in 

each iteration in α2β1-integrin and those designed for α1β1-integrin and mmp-1 are 

provided in Table 3.1 below. In cases, the 1H and 15N carrier frequencies were centered at 

water line and 108 ppm, respectively.  
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Sample Temperature 
(ºC) 

1H 
frequency 

(MHz) 
nia ntb sw 

 (1H, ppm) c 
sw  

(15N, ppm) d 

iteration 1 25 800 128 4 15 15 

iteration 2 25 800 128 4 15 20 

iteration 4 20 800 64 8 15 15 

iteration 5 20 800 64 8 15 20 

α1β1-
integrin 25 600 64 8 12 20 

mmp-1 20 600 64 8 20 15 
anumber of increments in the 15N dimension  
bnumber of scans 
csweep width in the 1H dimension 
bsweep width in the 15N dimension 
 
The acquired FIDs were processed using NMRPipe32 and analyzed in CcpNmr.33 Solvent 

suppression filter followed by cosine-squared bell apodization was applied to both 

dimensions and the data was zero filled to the next power of two and Fourier transformed. 

Forward and backward linear predictions were used wherever necessary.  

 The trimer and monomer cross peaks in the 1H,15N-HSQC spectra were assigned 

by comparing the intensities of all observed cross peaks. Cross peaks emerging from a 

collagen triple helix have similar intensities. In cases, where such an analysis was not 

feasible, a two-dimensional 1H,1H version of three-dimensional 1H,15N-NOESY-HSQC 

was obtained. The monomeric amide columns show weak intrapeptide NOEs compared 

to the trimer amides. This was used to differentiate the trimer and monomer cross peaks.  
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Chapter 4: Hydroxyproline-free ABC Collagen Heterotrimer* 

4.1. Thermal stability of bacterial collagen: Stability of the collagen triple helix in 

phylogenetically distant organisms such as mammals and bacteria is determined by a 

combination of enthalpic and entropic factors that depend on the amino acids occupying 

the X and Y positions of the canonical Xaa-Yaa-Gly triplet repeat.1 For example, the 

cyclic amino acids proline (Pro, P) and hydroxyproline (Hyp, O) found predominantly in 

the collagenous domains of eukaryotic organisms,2 restrict the backbone dihedral angles 

close to the native folded state3,4 providing entropic stabilization. The stereoelectronic and 

inductive effect of the electronegative hydroxyl substituent provides additional 

stabilization by pre-organizing the Hyp ring pucker5,6 and lowering the barrier to cis-trans 

isomerization of hydroxyprolyl amide bond.7,8 Therefore, lowering the Hyp content is 

often associated with significant loss in thermal stability of the triple helix9,10 that can also 

prevent fibrillogenesis in some native collagen types.11 

Bacteria lack a crucial enzyme, prolyl hydroxylase, required for post-translational 

hydroxylation of proline, however, the consequent lack of hydroxyproline does not 

significantly affect the thermal stability of their collagenous domains.12,13 For example, 

the melting temperature of the collagenous domains of Scl1 and Scl2 bacterial proteins in 

Streptococcus Pyogenes have been shown to be comparable to that of vertebrate fibrillar 

collagen.14 These organisms have evolved alternate mechanisms to compensate for the 

lack of hydroxyproline.15  

* This chapter is in large parts derived from Jalan, A. A.; Demeler, B.; Hartgerink, J. D. J. Am. Chem. Soc. 
2013, 135, 6014-6017. Some sections have been modified to facilitate continuity. 
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In silico genomic analysis of a variety of bacteria and bacteriophages has 

indicated a high occurrence of threonine in the Y position where its hydroxyl group can 

form hydrogen bonds to the backbone carbonyl.16 However, organisms that lack a 

predominance of threonine as well as proline residues contain an unusually high 

frequency of the charged amino acids lysine, arginine, glutamate and aspartate. Although, 

these residues generally destabilize the triple helix,17 as mentioned in the chapter 1, the 

loss in stability is significantly compensated if the acidic and basic residues form specific 

charge pairs. 18-20 

The stability of previously reported collagen mimetic systems containing salt-

bridge interactions had sizable contribution from proline and hydroxyproline.21,22 In 

contrast, collagen constructs that contained no hydroxyproline were stabilized by 

terminally fused trimerization domains such as T4 fibritin foldon23 or cysteine knots.24  

In this chapter, design of a hydroxyproline free ABC heterotrimeric collagen 

triple helix composed of decacharged positive and negative peptides and a zwitterionic 

peptide that contains neither proline nor hydroxyproline is demonstrated. Multiple lysine-

glutamate and lysine-aspartate axial charge pairs electrostatically stabilize the 

heterotrimer. The ABC heterotrimer is unique in the sense that one of the peptide chains 

in the triple helix has no cyclic amino acids which to the best of knowledge is the first 

such example.  

4.2. Design of hydroxyproline-free ABC heterotrimer: Using salt-bridges rationally 

engineered into a 3•(POG)10 template, we have previously reported AAB and ABC 

heterotrimeric collagen mimetic systems that show controlled composition and / or 

register.25-27 Of particular interest is the system composed of (PKG)10, (EOG)10 and 
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(POG)10 peptides that self-assemble into an ABC heterotrimer with a melting temperature 

of 54 °C.21 The primary sources of stabilization in this heterotrimer are the multiple 

lysine-glutamate charge pairs and the high content of cyclic amino acids. In order to 

design a hydroxyproline-free ABC heterotrimer, we made two modifications to this 

system: first the 10 hydroxyproline residues in (EOG)10 were substituted with prolines 

and second, the neutral (POG)10 chain was substituted with a zwitterionic peptide 

(DKG)10. This eliminates twenty hydroxyproline residues and ten proline residues 

replacing them with ten lysine, ten glutamate and ten aspartate residues, all of which are 

known to destabilize a triple helix unless they form axial charge pairs (Fig. 4.1A).1,21 

 

Figure 4.1. (A) Schematic illustration of hydroxyproline-free ABC heterotrimer 
composed of (PKG)10, (DKG)10 and (EPG)10 peptides electrostatically stabilized through 
multiple lysine-aspartate and lysine-glutamate salt-bridges. All three peptides contain an 
N-terminal YG label to assist in determination of concentration. (B) Thermal melting 
profile of the individual, binary and ternary mixtures of (PKG)10, (DKG)10 and (EPG)10 
peptide. The monomers as well as binary mixture were monitored at 225.0 nm and the 
ternary mixture was monitored at 222.4 nm. 
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All peptides synthesized in this study include an N-terminal tyrosine for 

spectrophotometric determination of concentration. The Gly17 residue is 15N-isotopically 

enriched for NMR spectroscopic study. YG labels are omitted in further discussion of the 

peptides for brevity. Amino acid residues are abbreviated by their single letter code 

followed by an XYG subscript indicating their peptide chains. 

4.3. Thermal stability via circular dichroism: The CD spectrograph of a mixture of 

(PKG)10, (EPG)10 and (DKG)10 peptides in Fig. 4.1B shows a single cooperative unfolding 

transition at 37 °C. All monomers and possible binary mixture of the three peptides show 

a linear decrease in molar residue ellipticity (MRE) indicating the absence of well folded 

states. The energetic compensation from fewer charge pairs in the competing AAB 

heterotrimeric and homotrimeric states is not sufficient to offset the loss in stability due 

to lower cyclic amino acid content. The homologous ABC heterotrimer, containing 

(EOG)10 instead of (EPG)10, unfolds at a higher melting temperature of 43 °C (Fig. 4.2A) 

while the two ABC heterotrimers have nearly identical CD spectra at 5 °C (Fig. 2B).  

 

 

 



 78 

 

Figure 4.2. First derivative of the ellipticity (θ) versus temperature (T) curve (A) and CD 
wavelength scan recorded at 5 ºC (B) of (PKG)10•(DKG)10•(EOG)10 (blue) and 
(PKG)10•(DKG)10•(EPG)10 (red). 
 
 

Although the 225 nm maximum observed in the wavelength scan of the ternary 

peptide mixture in Fig. 4.2B indicates a polyproline type II (PPII) helix,28,29 and the 

highly cooperative nature of the thermal unfolding data in Fig. 4.1B strongly suggest a 

well-folded triple helix, these data are unable to predict the oligomerization state of the 

self-assembled structure.   

4.4. Oligomerization state via analytical ultracentrifugation: In order to identify 

the oligomerization state of (PKG)10•(DKG)10•(EPG)10 and (PKG)10•(DKG)10•(EOG)10 

heterotrimers and to characterize mass and shape distributions of their oligomerization 

products, we performed sedimentation velocity (SV) experiments. SV experiments 

characterize the solution behavior of macromolecules and can identify dynamic processes 

such as mass-action driven reversible associations by observing the sedimentation and 

diffusion behavior of all species in the system simultaneously. The experimental data are 

analyzed with the van Holde-Weischet analysis30, or modeled with solutions of the Lamm 
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equation31,32 which are optimized by 2-dimensional spectrum analysis (2DSA)33.  2DSA 

solutions were further refined using genetic algorithm (GA) analysis34 to obtain a 

parsimoniously regularized solution35. The GA solution is then analyzed by Monte Carlo 

analysis to determine confidence limits for the determined parameters36. The calculations 

are computationally intensive and are carried out on high-performance computing 

platforms37. The van Holde - Weischet approach provides diffusion-free sedimentation 

coefficient distributions from which an assessment of heterogeneity and reversible self-

association can be obtained. The 2DSA and GA analyses further provide molecular 

weight and anisotropy for any species found in the mixture. In order to further confirm 

the formation of a triple helix, we performed analytical ultracentrifugation (AUC) 

sedimentation velocity experiments over a large range of sample concentrations. Van 

Holde – Weischet analysis of the SV experiments from both peptides at all examined 

concentrations resulted in a major species sedimenting at 1.1S, and about 20% of the 

signal sedimenting with s-values between 0.2 – 1.0S. Sedimentation profiles for both 

peptides at all concentrations were very similar, suggesting that even the lowest 

concentrations measured were well above the Kd of the dissociation reaction (Fig. 4.3).  
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Figure 4.3. Van Holde - Weischet integral sedimentation coefficient distributions for (A) 
(PKG)10•(DKG)10•(EPG)10 and (B) (PKG)10•(DKG)10•(EOG)10 heterotrimers at four 
loading concentrations (red=0.3 OD 230, magenta=1.0 OD 230, blue=0.3 OD 280, 
green=1.0 OD 280). These results show that the majority of the sample is oligomerized, 
with a small amount of unassociated peptide sedimenting at lower speeds. Since there is 
no shifting of the sedimentation distributions as a function of concentration, it can be 
concluded that the Kd of the dissociation reaction is at a much lower concentration than 
examined here. 
 
 

To further identify the oligomerization state, genetic algorithm-Monte Carlo 

analysis was performed (see Fig. 4.4). These results suggested that the majority of each 

sample had a molecular weight in excellent agreement with the expected triple-helix, and 

further suggested a non-globular conformation with frictional ratios around 1.5 – 1.6 

(Table 4.1).  
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Figure 4.4. Genetic algorithm Monte Carlo analysis for (PKG)10•(DKG)10•(EOG)10 
(green) and  (PKG)10•(DKG)10•(EPG)10 (blue), showing anisotropy and molecular weight 
for all species in the mixture. Measured parameters and their standard deviations are 
listed in Table 4.1 . The color gradient indicates the relative concentration of each 
species. Results from the 1.0 OD 280 nm experiments of (PKG)10•(DKG)10•(EOG)10 and 
(PKG)10•(DKG)10•(EPG)10 are combined in this plot. 
 
 
Table 4.1. Genetic algorithm - Monte Carlo results for measurements of and 
(PKG)10•(DKG)10•(EOG)10 and (PKG)10•(DKG)10•(EPG)10  at 1.0 OD 280. Values in 
parentheses represent the 95% confidence intervals determined by the Monte Carlo 
analysis. Molecular weights are in excellent agreement with the expected molecular 
weight of the heterotrimer. 
 

 (PKG)10•(DKG)10•(EOG)10 (PKG)10•(DKG)10•(EPG)10 

Molecular weight (kDa): 10.39 (10.27, 10.50) 10.59 (10.49, 10.69) 

Sedimentation coefficient (s): 1.205 (1.203, 1.207) 1.132 (1.130, 1.135) 

Frictional ratio: 1.502 (1.494, 1.510) 1.640 (1.632, 1.648) 

Partial concentration: 85.0 % 70.81 % 

To further interpret the frictional ratios observed in the SV experiment, we 

performed hydrodynamic bead modeling with UltraScan SOMO on an analogous NMR 
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structure of an ABC collagen heterotrimer (accession #: 2KLW38). These results agreed 

very well with the frictional ratios observed in the SV experiments (Table 4.2). SV and 

AUC analysis conclusively demonstrated the oligomerization state of the major species 

present in solution to be three, as is expected for a collagen triple helix. 

 

Table 4.2: UltraScan-SOMO hydrodynamic averages for 15 NMR models of structure 
2KLW, an analogous ABC collagen heterotrimer. Results agree closely with those 
observed for (PKG)10•(DKG)10•(EOG)10 and (PKG)10•(DKG)10•(EPG)10  heterotrimers. 

 
Hydrodynamic parameter: Value: 

Frictional ratio: 1.50 (0.0198) 

Diffusion coefficient (cm2/s): 1.09 x 10-6 (1.414 x 10-8) 

Sedimentation coefficient (S): 1.15 (0.02) 

Radius of Gyration (nm): 2.71 (0.02) 

Stokes Radius (nm): 1.99 (0.03) 
 
 

Establishing the triple helical topology of the assembly is particularly important in 

this case because of the lack of hydroxyproline and low percentage of proline residues. 

Further, one chain of this helix, (DKG)10, lacks cyclic amino acids all together. These 

characteristics might be expected to significantly perturb the backbone dihedral angles 

and therefore the fold of the triple helical assembly. To assess this we use NMR. 
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Figure 4.5. 1H,15N-HSQC spectrum (A) and two-dimensional plane of a three-
dimensional 1H,15N-NOESY-HSQC (B and C) spectrum of a mixture of (PKG)10, 
(DKG)10 and (EPG)10 peptides. 
 
 

4.5. Competing triple helical states: Detection of the competing triple helical 

states A3, B3 and C3 homotrimers and A2B, AB2, A2C, AC2, B2C, BC2 and ABC 

heterotrimers in a mixture of three peptides by CD is difficult, especially if they represent 

minor components. 1H,15N-Heteronuclear Single Quantum Coherence (HSQC) provides 

higher sensitivity and greater resolution of competing states. The HSQC spectra of a 
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mixture of (PKG)10, (EPG)10 and (DKG)10 (Fig. 4.5A) obtained at 20 °C shows a 

monomer cross peak and three additional cross peaks of equal intensity that correspond to 

the 15N-isotopically enriched Gly present in each chain of the triple helix. The presence of 

only three triple helical cross peaks in the HSQC spectra and a single thermal transition 

observed in CD suggest that, within the limit of detection, the mixture of (PKG)10, 

(EPG)10 and (DKG)10 populates a single composition ABC heterotrimer.  

4.6. Triple helical topology: The topology of the triple helical protein fold is 

characterized by the PPII conformation of the peptide chains and their single residue 

stagger with respect to each other. The definitive proof for this structure comes from our 

NMR data. The peptide chains in the collagen triple helix adopt a PPII conformation and 

are staggered by a single residue with respect to each other to optimize internal packing. 

Both structural features, unique to the triple helical fold of collagen, can be observed via 

1H-1H correlation techniques in NMR. Specifically, the NHi-CHαi-1 intra-chain 

correlation expected as a result of the left handed PPII fold and the inter-peptide G(NH)-

G(NH) correlations expected due the sequential nature of the core Gly residues in the 

staggered peptide chains of the triple helix are observed in a two-dimensional 1H-1H 

version of the three dimensional 1H,15N-NOESY-HSQC (hereafter called edited-NOESY) 

experiment shown in Fig. 4.5. The GPKG(NH)-KPKG(Hα), GDKG(NH)-KDKG(Hα) and 

GEPG(NH)-PEPG(Hα) intra-chain NOE cross peaks shown in Fig. 4.5B correspond to the 

(PKG)10, (DKG)10 and (EPG)10 chain, respectively and conform the PPII conformation of 

the peptides in the triple helical assembly. Furthermore, GEPG(NH) shows a pair of 

symmetrical NOE cross peaks to GDKG(NH) as well as GPKG(NH) indicating that the 
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peptide chains are staggered and adopt triple helical topology similar to that found in 

collagen. 

To assess the triple helical topology, we need to prove the presence of two 

structural elements observed in the crystal or solution structure of the collagen mimetic 

peptides. A discussion of the two structural features along with experimental evidence 

from NMR analysis that corroborates their presence in our system is presented below.  

(a) Collagen mimetic peptides with identical triplets have uniform helical 

symmetry along the length of the collagen triple helix. (PKG)10, (EPG)10 and (DKG)10 

chains are composed of ten identical triplets which would be symmetry related to each 

other in a collagen triple helix and therefore the amide as well as side chain chemical 

shifts of all the corresponding residues in all the triplets are expected to be degenerate 

and show single spin systems. The amide region of the NOESY spectrum of the ternary 

peptide mixture (Fig. 4.6B) shows only seven spin systems which could be assigned to 

GPKG(NH), GEPG(NH), GDKG(NH), KPKG(NH), KDKG(NH), EEPG(NH) and DDKG(NH). 

Absence of other spin systems indicates that protons in the successive triplets are 

symmetry related and therefore have similar chemical environment as would be expected 

due to helical symmetry in a collagen triple helix.  
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Figure 4.6. (A) NH-NH inter-chain NOE expected based on the crystal structure of 
(PPG)10 collagen triple helix39 (PDB code: 1K6F). (B) 1H,1H-NOESY spectrum of a 
mixture of (PKG)10, (EPG)10 and (DKG)10 showing the NH-NH NOE cross peaks. 
G(NH)-G(NH) correlations are indicated in black and red. The GDKG(NH)-GPKG(NH) 
correlation shown in orange / dashed could not be definitively assigned due to spectral 
overlap. (C) Model of the ABC heterotrimer composed of (PKG)10, (EPG)10 and (DKG)10 
chains indicating observed NH-NH inter-chain correlations. 
 
 

(b) Folding of the three strands into a compact and stable triple helix requires 

glycine as every third amino acid that pack into the triple helical core. This places NH of 

the glycine residues on the three chains within less than 5 Å of each other. This structural 
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feature unique to collagen triple helix allows inter-chain NOE cross peak to be observed 

between amide protons of the three peptide chains. Also, due to single amino acid stagger, 

the amide protons of the three chains are sequential in space i.e. G1(NH) is in close 

proximity to G2(NH), G2(NH) to G3(NH), G3(NH) to G1(NH) and so on. Therefore, in our 

case, the NOESY spectrum is expected to show GPKG(NH) → GDKG(NH) → GEPG(NH) → 

GPKG(NH) sequential correlation. In order to derive the NH-NH distances, we substituted 

the proline residues in the X and Y positions in the crystal structure of a collagen triple 

helix (PPG)10 (PDB Code: 1K6F38) with appropriate acidic and basic residues using 

mutatgenesis function in Pymol40 to generate the triple helix shown in Fig. 6C. This 

structure indicated that in addition to three glycine NH-NH NOE cross peaks we should 

also observe at least six other inter-chain NOE cross peaks among the amide protons of 

glycine and acidic and basic residues. Eight of the nine cross peaks were observed in the 

NOESY spectrum shown in Fig. 4.6B. The red connecting lines differentiate the G(NH)-

G(NH) cross peaks from other correlations. The GPKG(NH)-GDKG(NH) correlation shown 

in dotted line could not be observed due to its proximity to the diagonal peaks.  

The strong correlation between the NH-NH cross peaks expected based on the crystal 

structure of collagen and those observed in the NOESY spectrum show that the trimer 

forms a well-behaved and compact triple helix. 

4.7. Chain registration: The single residue stagger of peptide chains in the ABC 

heterotrimer leads to a unique situation where six different triple helices, called registers, 

are possible for the permutation of A, B and C chains in leading, middle and lagging 

positions. The number of potential axial charge pairs varies for each register, and 
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populating some registers may be energetically favorable compared to others (Scheme 

4.1).  

 

Scheme 4.1. Total number of axial charge pairs possible for each register of the ABC 
heterotrimer composed of A = (PKG)10, B = (DKG)10 and C = (EPG)10 peptide chain. 
Boxes connected with lines denote the residues participating in charge pairs. Registers 
within subset I and II are symmetry related and will generate nearly identical NOE 
correlation map.  
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In our case, the six registers can be divided into two subsets of three registers each 

such that registers within a subset will generate nearly identical NOE correlation map 

(Scheme 4.1). Also, registers from subset I form only half as many charge pairs as those 

from subset II and these should not be populated due to energetic considerations. In order 

to determine the register subset of our ABC heterotrimer, we built homology model for 

registers representative of each subset from a previously published crystal structure (PDB 

code: 1K6F)41 and measured all possible NH-NH and NH-Hα inter-proton distances (Fig. 

4.7).  

 
Figure 4.7. Homology models of the (PKG)10•(DKG)10•(EPG)10 (left) and 
(PKG)10•(EPG)10•(DKG)10 registers (right) showing the NH-NH inter-proton distances 
derived from the crystal structure of (PPG)10 (PDB code: 1K6F). Distances from 
EEPG(NH) are shown in red and those from DDKG(NH) are shown in black. The inter-
proton distances too large to show any NOE cross peak are encircled. Our NOE data 
conforms to the distances observed in the model on the left.  
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A comparison of NOE cross peaks expected based on the homology models to 

those observed in the 1H,1H-NOESY of the mixture of (PKG)10, (DKG)10 and (EPG)10 in 

Table 4.3 suggests that the registers within subset II are not populated.  

 
Table 4.3. Unambiguously assignable interpeptide NOEs used for determining the 
register of (PKG)10•(DKG)10•(EPG)10  heterotrimer. “NOE observed?” indicates whether 
an NOE for the indicated atom pair was observed. Based on the model of registers built 
in pymol, a yes or a no in the next six columns indicates whether the interproton distance 
for the correlation shown in column 1 is less than 5 Å or not. Inconsistencies between the 
observed NOE and those expected from a 5 Å cutoff are highlighted.  A = (PKG)10, B = 
(DKG)10, C = (EPG)10. 
 

1H,1H-NOE 
Correlations 

NOE 
observed? 

Inter-proton distance < 5 Å 

ABC BCA CAB ACB BAC CBA 

DDKG(NH)-GEPG(NH) yes yes yes yes yes yes yes 

DDKG(NH)-GPKG(NH) yes yes yes yes yes yes yes 

DDKG(NH)-KPKG(NH) yes yes yes yes no no no 

EEPG(NH)-GDKG(NH) yes yes yes yes yes yes yes 

EEPG(NH)-GPKG(NH) yes yes yes yes yes yes yes 

EEPG(NH)-KDKG(NH) yes yes yes yes no no no 

EEPG(NH)-KPKG(NH) no no no no yes yes yes 

GPKG(NH)-GEPG(NH) yes yes yes yes yes yes yes 

GDKG(NH)-GEPG(NH) yes yes yes yes yes yes yes 

EEPG(NH)-KDKG(Hα) yes yes yes yes no no no 
 
 
4.8. Contribution of salt-bridge interaction to the thermal stability: In order to 

investigate the contribution of salt-bridge interaction to the thermal stability of the 

collagen triple helix, we performed CD analysis on the mixture of (PKG)10, (DKG)10 and 

(EPG)10 at a range of pH values close to and in between the pKa value of aspartate and 

lysine residues and also in presence of high salt concentration (Fig. 4.8).  
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Figure 4.8. Wavelength scan (A), thermal melting profile (B) and first derivative of 
melting profiles (C) for a 1:1:1 ternary mixture of (PKG)10, (DKG)10 and (EPG)10  at 0.3 
mM in 10 mM tris buffer at different pH and salt concentrations. The conditions for 
sample annealing and incubation were identical to those indicated in the manuscript. 
 
 

At pH 11, the ternary mixture shows a linear decrease in MRE with temperature 

indicating the absence of any folded state. On the other hand, at pH 4 a weakly 

cooperative transition with a significantly reduced MRE and decreased melting 

temperature of 23 ºC is observed. At the intermediate pH values of 5 and 9, the melting 

temperatures decrease to 33 and 35 ºC compared to 37 ºC at neutral pH. Furthermore, the 

ternary peptide mixture also shows a linear decrease in MRE indicating absence of any 

folded state in the presence of 1M NaCl at neutral pH. These results show that the acidic 

and basic residues form inter-chain salt bridge and stabilize the collagen triple helix.  

The formation of a salt-bridge is corroborated by the NOE cross peaks observed 

between the side chains of the acidic and basic residues. These inter-chain cross peaks 

are highlighted in Fig. 4.9. Specifically, we observed inter-chain NOE cross peaks 

between the acidic amide protons of aspartate of the (DKG)10 chain and Hγ and Hε of the 

lysine on the (PKG)10 chain. Similarly, we observed inter-chain NOE cross peaks 

between the glutamate amide proton of the (EPG)10 chain and the Hγ and Hε of the lysine 

on the (DKG)10 chain.  These four inter-chain NOE cross peaks EEPG(NH)-KDKG(Hγ), 
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EEPG(NH)-KDKG(Hε), DDKG(NH)-KPKG(Hγ) and DDKG(NH)-KPKG(Hγ) are shown in Fig. 4.9. 

These cross peaks, representative of the lysine backbone conformation required for salt-

bridge formation, has been observed in salt-bridge stabilized homotrimers and 

heterotrimers published previously from our lab. 38,42 

 

Figure 4.9. 1H,1H-NOESY spectrum of (PKG)10•(DKG)10•(EPG)10 heterotrimer indicating 
the assigned NH (vertical lines) and side chain chemical shifts (horizontal lines). The 
vertical strip on the right shows the intra-residue correlation from Hγ to Hα and Hε of 
lysine. These cross peaks help in assigning lysine chemical shifts to the (PKG)10 and 
(DKG)10 chains. The blue, red and green traces show the NH-based sequential assignment 
for the PKG, PGE and DKG amino acid stretches of (PKG)10, (EPG)10 and (DKG)10 
chains, respectively. Inter-chain DDKG(NH)-KPKG(Hγ), DDKG(NH)-KPKG(Hε) in cyan boxes 
and EEPG(NH)-EEPG(Hγ) and EEPG(NH)-EEPG(Hε) cross peaks in pink boxes show NOE 
cross peaks indicating formation of salt-bridge. 
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4.9. Conclusion: Chemically synthesized short peptides are most commonly used to 

study the structure-function relationship of native collagen. While these systems have 

been very useful, as we move from refining our knowledge of this relationship to 

obtaining insights into fibrillogenesis, disease modeling, protein binding and the design 

of a robust and functional extracellular biomimetic scaffold, the need for longer 

polypeptides with multiple role-specific sub-domains becomes indispensable. Being 

effectively inaccessible via solid phase synthesis due to their size, these will need to be 

obtained by recombinant expression in various hosts. Although eukaryotic expression 

systems capable of various post-translational modifications have been developed,43,44 due 

to the difficulty of isolation and purification, protein translation in bacterial expression 

systems remains lucrative. In this chapter, I have successfully demonstrated that 

hydroxyproline can be substituted with charge pairs with moderate loss in thermal 

stability of the resulting collagen triple helix. This strategy could be used to design 

hydroxyproline-free collagen constructs that can be expressed in bacterial hosts such as 

E.Coli. Furthermore, the specificity of the salt-bridge interaction can provide a level of 

control in designing composition and register specific collagen heterotrimers that is 

inaccessible with hydroxyproline. This is reflected in the single composition ABC 

heterotrimer populated by the ternary peptide mixture. The designed hydroxyproline free 

heterotrimer might also be used as an autonomous trimerization domain for designing 

composition specific heterotrimeric collagenous or non-collagenous fusion proteins such 

as the coiled-coil collagenous motif found in type IX collagen. 
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4.10. Materials and methods: 

4.10.1. Synthesis and purification of peptides: All peptides were synthesized on 

an Advanced Chemtech Apex 396 automated solid phase peptide synthesizer using 

standard Fmoc-chemistry using Rink-Amide MBHA resin with a 0.55 mmol/g loading. 

The peptides were cleaved using a cocktail of 18.8ml trifluoroacetic acid (TFA), 0.2 ml 

triisopropylsilane, 0.5 ml water and 0.5 ml 1,2-ethanedithiol. The peptides had a free 

amino group at the N-termini and the C-termini was amidated. Crude peptides were 

purified on a Varian Prostar 220 HPLC using a reverse phase preparative C-18 column 

using a 1% linear gradient of  water-acetonitrile containing 0.05% TFA. Major peaks 

were eluted and characterized by injecting into a Electrospray Ionization-Mass 

Spectrometer operating in Time-of-Flight mode. The ESI-MS spectra are presented 

below in appendix 3. Acetonitrile was removed from HPLC fractions via rotary-

evaporation and the solutions were lyophilized to recover purified peptides. 10 mg of the 

purified peptides were dissolved in 1ml of water and pH adjusted to neutral by addition 

of 0.1 mM NaOH. Each solution was diluted to one-half and one-tenth of the starting 

concentration by serial dilution and their absorbance measured thrice at 275 nm on a 

Nanodrop. The absorbance data at all concentrations was normalized and averaged to 

obtain a final peptide concentration using Tyrosine extinction coefficient of 1400 M-1cm-1. 

4.10.2. Preparation of samples for CD, NMR and AUC: All circular dichroism 

experiments were performed on a Jasco J-810 spectropolarimeter equipped with a Peltier 

temperature controlled stage. The CD samples were prepared by diluting appropriate 

volume aliquots of the peptide stock solution with water and 100 mM TRIS buffer to a 

total peptide and buffer concentration of 0.3 mM and 10 mM respectively. The binary 



 95 

and ternary peptide mixtures were prepared at 1:1 and 1:1:1 ratio, respectively. The 

samples were annealed at 85 ºC for 15 minutes followed by incubation at room 

temperature for 3 days and 5C for 4 days. For CD measurements, 200 µL of prepared 

solution was transferred to a pre-cooled quartz cuvette (path length = 0.1 cm) and 

ellipticity was monitored during a wavelength scan between 200 and 250 nm. Thermal 

unfolding was monitored by recording ellipticity at the maximum observed in the 

wavelength scan with a temperature scan rate of 10 ºC/hr. The minima of the first 

derivative of the thermal melting curve calculated with Savitzky-Golay smoothing 

algorithm was reported as the melting temperature. The molar residue ellipticity (MRE) 

was calculated using the following equation,  

! =
!  

!  ×  !  ×  !"×10
	  

where θ is the observed ellipticity in milidegrees, c is the total peptide concentration in 

milimoles l-1, l is the path length of the cuvette and nr is the number of residues in each 

peptide. The thermal denaturation of collagen triple helix does not represent equilibrium 

phenomena as the Tm depends on the rate of melting as well as the method of 

calculation.45 Therefore, it can only be useful as a comparison to closely related systems 

examined under identical experimental conditions. The scan rate and the methodology 

used to calculate Tm were chosen so as to allow comparison to our previously published 

work on related heterotrimeric systems.46-48 

NMR samples were prepared in a 9:1 H2O:D2O mixture at a total peptide 

concentration of 1.5 mM in 10 mM TRIS buffered at pH 7.2 in the presence of the 

sodium salt of d6-trimethylsilyl propionate (TSP) as internal proton standard. The 

annealing and incubation protocol was similar to those performed for CD.  
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Samples for analytical centrifugation were prepared by diluting appropriate 

volume of stock solutions to desired concentration in 5 mM TRIS buffered at pH 7.2. All 

sedimentation experiments were performed with a Beckman Optima XL-I at the Center 

for Analytical Ultracentrifugation of Macromolecular Assemblies at the University of 

Texas Health Science Center at San Antonio. Sedimentation velocity data were analyzed 

with the UltraScan-III software49 version 2.050. All calculations were performed on the 

Lonestar and Stampede clusters at the Texas Advanced Computing Center at the 

University of Texas at Austin, and on the Alamo cluster at the Bioinformatics Core 

Facility at the University of Texas Health Science Center at San Antonio. All peptides 

were measured at four loading concentrations, ranging from 0.3 OD 230 nm to 1.0 OD 

280 nm. The experimental data were collected in intensity mode at 20°C, and at 60 krpm, 

using standard epon 2-channel centerpieces. Hydrodynamic corrections for buffer density, 

viscosity and partial specific volume were made according to methods outlined in Laue et 

al.51 and as implemented in UltraScan.49 The partial specific volume of 

(PKG)10•(DKG)10•(EOG)10 and (PKG)10•(DKG)10•(EPG)10 was determined to be 0.717 

cm3 g-1 and 0.714 cm3 g-1, respectively. All data were first analyzed by 2-dimensional 

spectrum analysis (2DSA)33 with simultaneous removal of time- and radial-invariant 

noise and fitting of the meniscus position, followed by van Holde – Weischet analysis 

and genetic algorithm (GA) refinement35, followed by Monte Carlo analysis (MC)36. 

Hydrodynamic bead modeling was carried out with UltraScan-SOMO52,53. 
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Chapter 5: Non-canonical “Sticky-ended” Collagen Triple Helix* 

5.1 Introduction: DNA origami1 and higher order coiled-coil assemblies2,3 exploit 

molecularly specific pairwise interactions to design increasingly complex supramolecular 

assemblies. For example, the adenine-thymine and guanine-cytosine nucleotide pairing is 

used to create sticky-ended motifs that self-assemble into complex nanostructures.4-6 

Similarly in coiled-coil design, hydrophobic residues at a and d positions of the abcdefg 

heptad repeat and ionic hydrogen bonding between residues patterned at e and g positions, 

can introduce offset in an otherwise blunt-ended dimer and nucleate fiber formation.7,8 

Traditionally, collagen triple helices have been prepared with a single amino acid offset 

between the leading, middle and lagging peptide strands. Establishing design rules to 

achieve non-canonical chain staggers in collagen triple helices allows the tips of the helix 

to become “sticky” to further assembly and is the first step towards collagen-like 

nanofiber assemblies. In this chapter, I use Lys – Glu axial salt-bridges to self-assemble 

an ABC-type collagen triple helix with a non-canonical four residue where each peptide 

chain is offset by four residues relative to the next chain.  

Previously, we have used axial salt-bridges to design AAA9, AAB10,11 and ABC-

type12-14 collagen triple helices. Of particular interest here is the homotrimer of peptide 

(PKG)4(POG)4(DOG)4, that self-assembles into long fibers.9 The mechanism proposed for 

its hierarchical self-assembly included sticky-ended collagen triple helices. Briefly, the 

peptides nucleate a collagen triple helix with 21 residue offset, which allows the Lys and 

Asp residues to form axial salt-bridges between two chains. The unsatisfied hydrogen 

* This chapter is largely based on Jalan, A. A.; Jochim, K. Hartgerink, J. D. in revision for J. Am. Chem. 
Soc.  
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bonding partners and unpaired charged residues at the termini and in the triple helical 

region induce rapid association to other triple helices to yield nanofibers. Nucleation of 

the sticky-ended intermediate is the key step en route to higher order aggregates. 

However, their experimental verification at the molecular level is challenging due to the 

relatively fast kinetics of the fiber formation. In addition, the fibrous morphology of 

nanostructures presents characterization challenges similar to those observed in native 

collagen15 which precludes the use of standard NMR and X-ray crystallography methods. 

 The primary goal of this chapter is to show that stable non-canonical collagen 

triple helices with multiple residue offset are synthetically accessible through axial salt-

bridge driven self-assembly.  

5.2. Design of non-canonical triple helix: The design of ABC-type collagen heterotrimer 

with the four residue offset, hereafter called ABC-1 is shown in Scheme 5.1. The 

overhangs at the termini are limited to four residues to reduce aggregation propensity. A 

second ABC heterotrimer, called ABC-2, with a canonical single residue stagger is also 

designed. As shown in Scheme 5.1, ABC-1 and ABC-2 are sequentially identical with 

respect to the triple helical core which facilitates comparison of their stability and 

molecular structure. 

Scheme 5.1. Sequences of non-canonical offset ABC-1 and canonical offset ABC-2 
heterotrimers indicating positions of Lys – Glu axial salt-bridges.  Grey highlight 
indicates the core region which is identical in both triple helices. 
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As mentioned in the previous chapters, the design of heterotrimeric ABC helices 

is complicated due to the 27 competing triple helical arrangements possible in a mixture 

of three peptides, and axial salt-bridges which introduce bias in this ensemble to 

selectively populate composition and register controlled AAB11 or ABC-type12 

heterotrimers. Here, we took a similar approach for designing the heterotrimers, except 

that all charged residues in ABC-1 can form axial salt-bridges only if the peptide chains 

adopt a four residue offset. Inter-peptide hydrogen bonds between Gly and Xaa residues 

stabilize collagen triple helical structure and the decrease in the number of these 

hydrogen bonds in the non-canonical ABC-1 heterotrimer is expected to introduce 

conformational disorder at the termini lowering its thermal stability. In order to force the 

peptide chains into a thermodynamically stable triple helix with a four residue offset, the 

axial-salt bridges must compensate for the loss in hydrogen bonding at the termini. 

 5.3. Thermal stability via circular dichroism: All peptides in this study were 

synthesized with an N-terminal Trp (W) for spectrophotometric determination of 

concentration followed by a Gly (G) as spacer. Sequence and abbreviation used for 

peptides and thermal stabilities derived from unfolding experiments of individual 

peptides and their mixtures are shown in Table 5.1  
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Table 5.1. Sequence, abbreviation and melting temperatures of triple helices studied. 

Triple Helix Sequences Abbreviation Tm (ºC) 

WG(POGPKG)2POGPKG(POGPKG)2 A1 – 

WG(PKGPOG)2PKGPOG(PKGPOG)2 A2 – 

WG(PKGEOG)2PKGEOG(PKGEOG)2 B 32 

WG(EOGPOG)2EOGPOG(EOGPOG)2 C1 45 

WG(POGEOG)2POGEOG(POGEOG)2 C2 42 

WG(POGPKG)5/WG(PKGEOG)5 A1B 36 

WG(PKGPOG)5/WG(PKGEOG)5  A2B 39 

WG(PKGEOG)5/WG(EOGPOG)5 BC1 44 

WG(PKGEOG)5/WG(POGEOG)5 BC2 41 

WG(POGPKG)5/WG(EOGPOG)5 A1C1 ma 

WG(PKGPOG)5/WG(POGEOG)5 A2C2 ma 

WG(POGPKG)5•WG(PKGEOG)5•WG(EOGPOG)5 ABC-1 47 

WG(PKGPOG)5•WG(PKGEOG)5•WG(POGEOG)5 ABC-2 52 

a: broad melting transition. G indicates the position of the 15N label. 

 
 

The thermal melting profile of ABC-1 shows a broad melting transition with a 

major unfolding event at 47 °C (Fig 5.1a). Due to the designed four residue offset, the 

triple helix loses three inter-peptide hydrogen bonds at the termini in addition to a 

substantial decrease in van der Waals surface contact area which is expected to result in a 

broader thermal transition as terminal regions unfold before the more stable core.  
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Figure 5.1. First derivative plots of thermal unfolding curves of ABC-1 (a) and ABC-2 
(b) overlaid with those of component peptides (shown in black) and (c) overlaid ABC-1 
and ABC-2 spectra. 1H,15N-HSQC NMR spectra of (d) ABC-1 and (e) ABC-2 overlaid 
with those of component peptides (shown in black) and (f) overlay of  ABC-1 and ABC-2 
HSQC spectra demonstrating the similarity of two of the three N-H peaks. Monomer 
peaks are indicated within the box. 
 
 
In comparison, the single residue offset of ABC-2 shows a cleaner thermal transition 

occurring at a higher Tm value of 52 °C (Fig. 5.1b). The wavelength scans of both ABC 

heterotrimers show similar CD spectra with a positive ~ 225 nm maxima and a negative 

~200 nm minimum (Fig 5.1c), characteristic of the left-handed poly-proline type II 

peptide conformation in the triple helix. As shown in Fig. 5.1(a) and 5.1(b), the thermal 

melting profile of ABC-1 and ABC-2 partially overlaps with those of the individual or 

binary peptide mixtures. Therefore, the presence of a unique triple helix of ABC 

composition in a mixture of A1, B and C1 or A2, B and C2 peptides cannot be proven 

from the analysis of CD results alone.  
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5.4. Compositional heterogeneity via HSQC: Each competing triple helix has a unique 

pattern of hydrogen bonds involving the 15N-Gly(NH). Therefore, their population and 

relative ratios can be readily resolved in a 2D 1H,15N-Heteronuclear Single Quantum 

Coherence (HSQC) experiment. The HSQC spectra of ABC-1 (Fig. 5.1d) and ABC-2 

(Fig. 5.1e) show three trimer cross peaks of unique chemical shifts labeled T1, T2 and T3. 

These cross peaks do not overlap with those observed in HSQC spectra of individual 

peptides or their binary mixtures, suggesting in each case that they represent a new 

molecular species populated only when all three peptides are present together in the 

solution. HSQC spectra of all peptides and their mixtures are provided in section 4.4.4.  

 

Figure 5.2. Comparison of the hydrogen bonds formed by the 15N-Gly residues (blue). 
Identical chemical environments in ABC-1 (non-canonical offset) and ABC-2 (canonical 
offset) are shown in green and red. Dissimilar chemical environments are shown in black. 
Hydrogen bonding pattern of ABC-1 in a canonical offset is included for comparison.  
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As show in Fig. 5.1f, two of the three trimer cross peaks in the ABC-1 and ABC-2 

HSQC spectra have nearly identical chemical shifts. A comparison of hydrogen bonds 

between 15N-Gly(NH) in ABC-1 and ABC-2 in Fig. 5.2 indicates that the G17(15NH) – 

E44(CO) and G49(15NH) – P76(CO) of ABC-1 and G20(15NH) – E50(CO) and G49(15NH) – 

P79(CO) of ABC-2 form between identical triplets GPOG-EEOG and GPKG-PPOG and have 

similar chemical environment. In contrast, the third hydrogen bond is formed between 

dissimilar triplets present in unique chemical environments, explaining the observed 

overlap in only two of the three cross peaks. Importantly, if the ABC-1 were to adopt a 

canonical single residue offset, all three hydrogen bonds would be chemically distinct 

from ABC-2 and no cross peak overlap would be expected. This result provides the first 

molecular level evidence for the four residue chain offset in ABC-1. 

5.5. Chain registration: Additional evidence for the intended chain offset comes from 

homonuclear correlation NMR experiments. A two-dimensional 1H-1H plane of the 

3D 1H,15N-NOESY-HSQC experiment (hereafter called edited-NOESY) shows Nuclear 

Overhauser Effect (NOE) based cross peaks between 15N-Gly(NH) and protons within ~ 

6 Å of it. Since the intensity of the cross peaks varies as 1/r6, where r is the spatial 

distance between the correlating protons, generally no cross peaks are observed at 

distances greater than 6 Å. Due to four residue offset in ABC-1, the 15N-Gly amide 

protons of the A1, B and C1 chains are more than 11.5 Å apart (Fig. 5.3a). As a result, 

the edited-NOESY spectrum of ABC-1 shows no cross peaks for correlations between the 

amide protons (Fig. 5.3b, red dotted circles). Additionally, 15N-Gly amide protons are 

also placed more than 10 Å apart from Hα of the residues preceding 15N-Gly of another 

chain. As expected, these 15NH-Hα correlations are also not observed (Fig. 5.3b, blue 
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dotted circles).  

Analysis of the edited-NOESY spectra of ABC-2 confirms that the absence of NOE cross 

peaks in ABC-1 is not an experimental artifact. As shown in Fig. 5.3d the 15N-Gly of A2, 

B and C2 chains of ABC-2 heterotrimer are within the observable NOE distance of 6 Å. 

Therefore, both 15NH-15NH as well as 15NH-Hα correlations are observed in its edited-

NOESY spectra (Fig. 5.3d). The accompanying homology models of ABC-1 and ABC-2 

in Fig. 5.3c & f, respectively,  built from PDB 2KLW16 indicates the observed NOEs.  

 

Figure 5.3. Sequence (a) 15N-edited-NOESY spectrum (b) and model (c) of ABC-1 
indicating absence of interpeptide 15NH-15NH (red lines) and 15NH-Hα (blue lines) NOE 
cross peaks due to > 6 Å separation between the protons. Sequence (d) 15N-edited-
NOESY spectrum (e) and model (f) of ABC-1 indicating absence of interpeptide 15NH-
15NH (red lines) and 15NH-Hα (blue lines) NOE cross peaks due to > 6 Å separation 
between the protons. 
 

The peptides A2, B and C2 can arrange in six different ways within the ABC-2 

heterotrimer but pairing of all Lys and Glu residues is only possible in one of them. 

Comparison of the observed 15NH-15NH and 15NH-Hα correlations to those expected in 
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the six possible peptide arrangements in Table 5.2 confirms that position of A2, B and C2 

shown in Scheme 1 is correct, which allows all Lys and Glu residues to form salt-bridges.  

Table 5.2. Comparison of the observed 15NH-15NH and 15NH-Hα NOE correlations in 
ABC-2 to those expected from the six possible registers. Check marks indicates that the 
expected cross peak is observed while the X marks indicate otherwise.  

 
 

Similarly, the relative chain arrangement in ABC-1 depicted in Scheme 5.1 is 

critical for salt-bridge formation. In order to determine the peptide positions in ABC-1, 

its two dimensional 1H,1H-NOESY spectra was compared to that of ABC-2 in Figure 5.4. 

Due to identical triple helical core regions, their NOESY spectra are nearly identical, 

indicating similarity in chain arrangement within the triple helix. Furthermore, NOE 

cross peak between E(NH) and K(Hε), characteristic of an axial salt-bridge,17,14 is 

observed in the NOESY spectra of both heterotrimers (Fig. 5.4). These results strongly 

suggest that the relative position of peptide chains in both heterotrimers is as shown in 

Scheme 1.  

 

Observed NOEs

G20(NH)-G81(NH)

G81(NH)-G49(NH)

G49(NH)-O80(H )

G81(NH)-O19(H )
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Figure 5.4. Amide region of the 1H,1H-NOESY spectrum of ABC-1 (green) and ABC-2 
(red) indicating the similarity in the general cross-peak pattern and chemical shift. The 
interpeptide E(NH)-K(Hε) and E(NH)-K(Hε’) cross peaks are also depicted.  
 
 

ABC-1 represents the thermodynamically most stable state for a mixture of 

peptides A1, B and C1. The ternary peptide mixture is annealed at 85 °C to unfold any 
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kinetically trapped states, cooled, and incubated at room temperature. HSQC spectra 

obtained one week after mixing shows ABC-1 to be the major triple helical species in 

solution (Fig. 5.5). Although this indicates a relatively fast folding kinetics for a 

molecular assembly with 27 possible competing states, the HSQC spectrum of ABC-1 

also shows six other cross peaks, all of which match those observed in the mixture of  A1 

and C1 peptides indicating that two combinations of A1/C1 are initially competitive with 

the desired ABC-1 helix. However, over a period of three months, the ratio of  ABC-1 to 

A1/C1 species gradually increases until the HSQC shows only ABC-1 cross peaks. These 

results indicate that the non-canonical triple helix ABC-1 is thermodynamically more 

stable than all other competing triple helices possible in the ternary peptide mixture. 

 
Figure 5.5. 1H,15N-HSQC spectra of ABC-1 one week (left) and one month (right) after 
mixing A1, B and C1 peptides. The competing heterotrimeric peptide mixture A1C1 is 
shown in red.  

 
 

5.6. Axial versus lateral salt-bridge: The ABC-1 heterotrimer can putatively form 

10 lateral salt-bridges while maintaining a canonical single residue offset. Instead, our 

data suggest that, the peptide chains in ABC-1 adopt a four residue offset which 
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sacrifices 3 hydrogen bonds at the termini in addition to significant van der Waals contact 

area to allow the formation of 10 axial salt-bridges. This demonstrates a clear energetic 

preference of axial over lateral salt-bridges. A similar preference for axial salt-bridge has 

been demonstrated in systems where both contacts are feasible.16 It has also been shown 

that Lys and Asp / Glu residues in lateral positions are conformationally frustrated due to 

favorable backbone polar contacts.17 Although, lateral interactions have been used in 

heterotrimeric design,18,19 results presented here add strong evidence of the dominance of 

axial interactions over lateral ones. 

5.7. Conclusion: This study demonstrates axial salt-bridge driven formation of a 

sticky ended collagen triple helix for the first time. The design can be readily adapted to 

create collagen triple helices with longer sticky ends that hybridize into higher order 

fibrillar assemblies. Additionally, failure to observe lateral salt-bridge driven canonical 

triple helix indicates that axial salt-bridges are better suited for controlling self-assembly 

of collagen triple helices. 

5.8. Materials and methods: 

5.8.1. Synthesis and purification of peptides: Peptides were prepared with N-

terminal Trp-Gly to assist in spectrophotometric determination of concentration. One 15N- 

isotopically enriched Gly in each peptide chain is incorporated for NMR analysis. 

Sequence position of each residue is indicated by numeric subscripts starting from first 

amino acid of the leading chain. Therefore, N-terminal Pro of the leading, middle and 

lagging chains are labeled as P3, P35 and P67, respectively. 

All peptides were synthesized on an Advanced Chemtech Apex 396 solid phase 

peptide synthesizer using methods reported previously using 0.55 mM loading Fmoc-
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Rink Amide resin.11 Briefly, 4:1 molar ratio of HATU and DIEA to amino acid coupling 

cycles were interleaved with deprotection cycles of 25% piperidine in DMF. The 

isotopically labeled amino acid was purchased from Cambridge Isotope Laboratories and 

added manually in a 2:1 molar ratio. Residues in the Xaa position were coupled twice to 

ensure complete coupling. Acetylation of the N-terminus (for peptides A1, B, C1 and C2; 

A2 was not acetylated and left as an N-terminal free amine) was performed using 

a .7: .15: 5 volume ratio of acetic anhydride, DIEA, and DMF.  The peptides were 

cleaved from the resin using a mixture of trifluororoacetic acid, triisopropylsilane, water, 

and 1,2-ethanedithiol in a 37.6: 0.4: 1: 1 volume ratio. The cleaved peptide was triturated 

in cold diethyl ether and centrifuged to recover the peptide in a pellet form. The pellet 

was redissolved in mili-Q water and purified in reverse phase HPLC on a Varian 

PrepStar220 with a preparative C-18 column. HPLC was carried out in water with a 1% 

v/v gradient of acetonitrile in presence of 0.05% trifluoroacetic acid. The fractions 

collected with HPLC were then analyzed using electrospray ionization time-of-flight 

mass spectroscopy (ESI-TOFMS) on a Bruker ESI-microTOF. The ESI-MS spectra are 

shown in appendix 2. Peptide A2 was N-terminally acetylated while other peptides were 

left as free amines. 

5.8.2. Preparation of samples for CD and NMR: The HPLC purified peptides 

were rotary-evaporated to remove acetonitrile and lyophilized to recover white powder. 

The pure peptides were then dissolved in MQ-water and pH adjusted to neutral. The 

accurate concentration of the peptide solutions was determined spectrophotometrically on 

a Nanodrop 1000 using tryptophan molar extinction coefficient of 5502 M-1 cm-1 at 280 

nm. Appropriate aliquots of the peptide stock solutions were diluted with MQ-water and 
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100 mM aqueous TRIS buffer to yield a 1:1:1 ratio ternary mixture of 3mM peptide 

solution 10 mM buffer. The individual as well as a 1:1 binary peptide mixture were also 

prepared at 3mM final peptide concentration. The pH of all solutions was adjusted to 7.2, 

heated to 85 °C for 5 minutes, and then left to incubate for 1 week at room temperature. 

The 3mM solutions containing appropriate peptide or peptide mixtures were used to 

prepare CD and NMR solutions at appropriate dilutions. 

 After the samples had incubated for 1 week, a 1mM solution was prepared from 

the 3mM stock. This sample was then left at 5 °C for 8 hours or overnight with the 

exception of the axial combination which was incubated at 5 °C for 1 week. After the full 

incubation 45 μL of solution was loaded into a 0.1 mm path length quartz cuvette.  All of 

the circular dichromism experiments were performed on a Jasco J-810 spectropolarimeter 

with a Peltier temperature-controlled stage. The sample was scanned from 190 to 250 nm 

to find the maximum of the ellipticity versus wavelength curve.  This value typically fell 

between 223 and 226 nm. The maximum was then monitored over a temperature gradient, 

5 to 85 °C at a 10° per hour gradient. The first derivative of the melting curve was 

calculated using a Savitzsky-Golay smoothing algorithm. The molar residual ellipticity 

was calculated according to the following equation:  

 

! =
!

!  ×  !  ×  !"×10
 

 
where θ is the observed ellipticity in milidegrees, c is the concentration of peptide in 

milimoles l-1, l is the path length in cm, and nr is the number of residues in the individual 

peptide.  Thermal melting profiles and their first derivative curves of all homotrimers and 

binary mixtures are shown in Fig. 5.6 below.  
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Figure 5.6. Thermal melting profile (A) and their first derivative curves (B) of individual 
and binary mixtures of all peptides used in this study.  
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5.8.3. NMR acquisition parameters: NMR data acquisition was performed on Varian 

Inova Spectrometer operating at a 1H frequency of 600 or 500 MHz at 26 ºC or 40 ºC. 

The 1H and 15N carrier frequencies were set to H2O resonance and 108 ppm, respectively.  

 

Figure 5.7. 1H,15N-HSQC spectra of individual, binary and ternary peptide mixtures used 
for testing combinations of A1, B and C1. 
 
 

A fast version of the 1H,15N-HSQC experiment was used to acquire two dimensional 

amide spectra with 2398 (F2) x 256 (F1) complex points in 8 scans. The 1H and 15N 

dimension acquisition windows were set to 12 and 15 ppm, respectively. Homonuclear 
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1H,1H-TOCSY spectra was acquired with 2048 (F2) x 512 (F1) complex points in 16 

scans with a mixing time of 50 or 75 ms and a spin lock of 8000 Hz. The 1H,1H-NOESY 

spectra was acquired with 2048 (F2) x 1024 (F1) complex points in 16 scans with a 

mixing time of 125 ms. A 12 ppm and 10 ppm spectral window in the direct and indirect 

dimension, respectively was used for both TOCSY and NOESY experiments. A two 

dimensional 1H,1H version of a 3D 1H,15N-NOESY-HSQC experiment was acquired with 

2048 x 256 complex points in 256 scans with a mixing time of 100 and 125 ms and a 

spectral window of 12 (F2) x 10 (F1) ppm. The 15N dimension evolution time was held 

constant during the experiment to acquire only the homonuclear plane.  
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Figure 5.8. 1H,15N-HSQC spectra of individual, binary and ternary peptide mixtures used 
for testing A2, B and C2 combinations. 
 
 

All acquired spectra were processed using NMRPipe1 and analyzed in CcpNmr2. 

Appropriate solvent suppression filter followed by cosine-squared bell apodization was 

applied to both dimensions and the data was zero filled to the next power of two and 

Fourier transformed. Forward and backward linear predictions were used to extend the 

time domain data of the homonuclear experiments, wherever necessary. The backbone 

and side chain sequential assignment was carried out as reported previously.11  
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Appendix 2: Library of peptides 
List of peptides synthesized in this thesis and abbreviations used. Position of 15N-
isotopically enriched Gly is denoted as G.  
 

 

Sequence Abbreviations 
Chapter 2 

WG(PKGPOG)2PKGPOG(PKGPOG)2 KP 
WG(POGDOG)2POGDOG(POGDOG)2 OD 
WG(PKGEOG)2PKGEOG(PKGEOG)2 KE 
WG(PKGDOG)2PKGDOG(PKGDOG)2 KD 

Chapter 3 
POGPKGDKGDOGFOGERGPOGPKGDKGDOGGY iteration 1 - AABA 
PKGPKGDOGDOGPOGESGPKGPKGDOGDOGGY iteration 1 - AABB 
POGPKGDOGPKGDOGFOGERGPOGPKGDOGPKGDOGGY iteration 2 - AABA 
PKGPOGDKGPOGDOGPOGESGPKGPOGDKGPOGDOGGY iteration 2 - AABB 
POGPKGDOGPKGDOGPKGDOGFOGERGPOGGY iteration 3 - AABA 
PKGPOGDKGPOGDKGPOGDOGPOGESGPOGGY iteration 3 - AABB 
POGPKGDPGPKGDPGPKGDPGFOGERGPOGGY iteration 4 - AABA 
PKGPPGDKGPPGDKGPPGDOGPOGESGPOGGY iteration 5 - AABB 
PKGDPGPKGDPGPKGDPGPOGFOGERGPOGGY iteration 5 - BAAA 
PKGPPGDPGPKGPKGDPGDOGFOGERGPOGGY iteration 5 - ABAA 
PPGDKGPPGPPGDKGDKGPOGPOGESGPOGGY iteration 5 - ABAB 
PPGPKGDPGPKGDPGPKGDPGPPGPOGDQGPOGIOGPPGPPGGY α1β1-AABA 
PKGPPGDKGPPGDKGPPGDOGPPGAKGRAGFOGLOGPPGPPGGY α1β1-AABB 
PPGPKGDPGPKGDPGPKGDPGPOGPQGIAGQRGVVGLOGPPGPPGGY mmp-1-AABA 
PKGPPGDKGPPGDKGPPGDPGPOGPQGLLGAPGILGLOGPPGPPGGY mmp-1-AABB 
PKGDPGPKGDPGPKGDPGPPGPOGPQGIAGQRGVVGLOGPPGPPGGY mmp-1-BAAA 
PKGPPGDPGPKGPKGDPGDPGPOGPQGIAGQRGVVGLOGPPGPPGGY mmp-1-ABAA 
PPGDKGPPGPPGDKGDKGPPGPOGPQGLLGAPGILGLOGPPGPPGGY mmp-1-ABAB 
POGPKGDPGPKGDPGPKGDPGARGQAGVMGFOGPOGPOGGY vWF-AABA 
PKGPPGDKGPPGDKGPPGDPGARGEOGNIGFOGPOGPOGGY vWF-AABB 
PKGPPGDPGPKGPKGDPGDOGARGQAGVMGFOGPOGPOGGY vWF-ABAA 
PPGDKGPPGPPGDKGDKGPPGARGEOGNIGFOGPOGPOGGY vWF-ABAB 

Chapter 4 
YG(PKG)4PKG(PKG)5 (PKG)10 
YG(DKG)4DKG(DKG)5 (DKG)5 
YG(EPG)4EPG(EPG)5 (EPG)5 
YG(EOG)4EOG(EOG)5 (EOG)5 

Chapter 5 
WG(POGPKG)2POGPKG(POGPKG)2 A1 
WG(PKGPOG)2PKGPOG(PKGPOG)2 A2 
WG(PKGEOG)2PKGEOG(PKGEOG)2 B 
WG(EOGPOG)2EOGPOG(EOGPOG)2 C1 
WG(POGEOG)2POGEOG(POGEOG)2 C2 
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Appendix 3: Mass Spectrometric Analysis of Peptides 
 

Chapter 2 

 
Expected [M+2H]2+ 1525.8, observed = 1526.1 

 

 
Expected [M+3H]3+ 1008.4, observed = 1008.6 
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Expected [M+2H]2+ mass: 1584.8, observed 1585.1 

 

 
Expected [M+2H]2+ mass: 1549.7, observed 1550.0 
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Chapter 3 
 

 
Expected [M+3H]3+ mass: 1070.8, observed 1070.9 

 

 
Expected [M+2H]2+ mass: 1566.2, observed 1566.2 
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Expected [M+3H]3+ mass: 1248.9, observed 1248.9 

 

 
Expected [M+3H]3+ mass: 1209.2, observed 1209.2 
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Expected [M+3H]3+ mass: 1589.2, observed 1289.1 

 

 
Expected [M+2H]2+ mass: 1529.7, observed 1529.7 
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Expected [M+3H]3+ mass: 1043.8, observed 1043.8 

 

 
Expected [M+2H]2+ mass: 1505.7, observed 1505.7 

 
 

500 1000 1500 2000

iteration 4 - AAB
A

In
te

ns
ity

 (a
.u

.)

m/z

[M+3H]3+

[M+4H]4+

POG PKG DPG PKG DPG PKG DPG FOG* ERG* POG GY

600 800 1000 1200 1400 1600 1800 2000

iteration 5 - AAB
B

In
te

ns
ity

 (a
.u

.)

[M+3H]3+

[M+4H]4+

m/z

[M+2H]2+

PKG PPG DKG PPG DKG PPG DOG POG* ESG* POG GY



 130 

 
Expected [M+3H]3+ mass: 1043.8, observed 1043.8 

 

 
Expected [M+3H]3+ mass: 1043.8, observed 1043.8 
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Expected [M+2H]2+ mass: 1505.7, observed 1505.7 

 

 
Expected [M+2H]2+ mass: 1353.0 observed 1353.2 
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Expected [M+2H]2+ mass: 1366.0 observed 1366.2 

 

 
Expected [M+3H]3+ mass: 1453.4 observed 1453.4 
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Expected [M+3H]3+ mass: 1438.1 observed 1438.4 

 

 
Expected [M+3H]3+ mass: 1453.4 observed 1453.4 
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Expected [M+3H]3+ mass: 1453.4 observed 1453.4 

 

 
Expected [M+3H]3+ mass: 1438.1 observed 1438.1 
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Expected [M+2H]2+ mass: 1940.9, observed 1941.2 

 

 
Expected [M+3H]3+ mass: 1302.3, observed 1302.3 
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Expected [M+3H]3+ mass: 1294.3, observed 1294.3 
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Chapter 4 
 

 
Expected [M+2H]2+ 1020.9, observed 1021.0 

 

 
Expected [M+3H]3+1080.9, observed mass = 1080.9 
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Expected [M+3H]3+1024.1, observed mass = 1024.1 

 

 
Expected [M+2H]2+1615.6, observed mass 1615.8 
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Chapter 5 
 

 
Expected [M+2H]2+1505.0, observed mass 1504.8 
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Expected [M+3H]3+ 1017.3, observed mass 1017.8 

 

 
Expected [M+2H]2+1545.5, observed mass 1545.8 
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Expected [M+2H]2+1545.5, observed mass 1545.8 
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Appendix 4: CD and HSQC Analysis of Additional Peptides 
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