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ABSTRACT: N-terminal acylation is a common tool for the installation of functional moieties (e.g., sensors or bioactive 
molecules) on collagen model peptides (CMPs). The N-acyl group and its length are generally assumed to have little or no 
influence on the properties of the collagen triple helix formed by the CMP. Here, we show that the length of short (C1–C4) acyl 
capping groups has different effects on the thermal stability of collagen triple helices in POG, OGP, and GPO frames. While the 
effect of different capping groups on the stability of triple helices in the GPO frame is negligible, longer acyl chains stabilize 
OGP triple helices but destabilize POG analogs. The observed trends arise from a combination of steric repulsion, the 
hydrophobic effect, and n → π* interactions. Our study provides a basis for the design of N-terminally functionalized CMPs 
with predictable effects on triple helix stability. 

INTRODUCTION 

Collagen is the most abundant protein in mammals and 
plays a key role in the structural integrity of connective 
tissues, including skin, cartilage, tendons, ligaments, and 
bones.1-3 The structural properties of collagen rely on the 
formation of triple helices from single strands that adopt 
polyproline type II (PPII)-helices with all-trans amide 
bonds (Figure 1).1 A repetitive sequence of three amino 
acids, Xaa–Yaa–Gly, is characteristic of collagen. Glycine 
(Gly, G) is required in every third position for tight packing 
of the triple helix. The amino acids in the Xaa and Yaa 
positions are variable, but are most commonly (~30%) 
occupied by proline (Pro, P) and (2S,4R)-hydroxyproline 
(Hyp, O), respectively (Figure 1).4 The triple helix is 
stabilized by intrastrand n → π* interactions between 
adjacent amide groups and interstrand H-bonds between 
the Gly N–H and the Xaa C=O groups (Figure 1).1,5-7 

Extensive post-translational modifications and cross-
linking make it virtually impossible to isolate natural 
collagen in a pure, homogenous form.1 Short collagen model 
peptides (CMPs) are, therefore, useful surrogates of the 
native protein to study the structural features of the 
collagen triple helix1,3,8 and construct supramolecular 
materials beyond what is known for natural collagen.9,10  

N-terminal acetyl groups are commonly used as caps to 
stabilize the triple helical assemblies and make their 
stability pH-independent.11,12 Fields showed that long (> C6) 
acyl chains stabilize collagen triple helices compared to 
uncapped N-termini.13 We have recently unraveled that 
frame-shifted CMPs ([POG]x, [OGP]x, [GPO]x) form triple 
helices with significantly different thermal stabilities.12,14,15 
Furthermore, we showed that the stabilizing effect of N-
terminal acetylation depends on the frame.12 These findings 

 

Figure 1. General structure of the collagen triple helix with 
stabilizing interstrand H-bonds (green) and n → π* 
interactions (purple). 

prompted us to interrogate whether the length of N-
terminal acyl groups affects collagen triple helix stability 
and whether the effects depend on the CMP frame. 

Herein, we show that the influence of short N-terminal 
acyl capping groups (C1–C4) on collagen triple helix stability 
depends on the frame. We elucidate that the effects arise 
from the different relative positions of the acyl moieties 
depending on whether they are attached at N-terminal Xaa, 
Yaa, or Gly residues. The results provide a guide for the 
design of N-terminally functionalized CMPs. 

 



 

MATERIALS AND METHODS 

Materials and reagents were purchased from ABCR, 
Bachem, Fluorochem, Senn, or Sigma Aldrich at the highest 
available purity and used without further purification. 
Water used for peptide preparation and purification was 
Milli-Q water with a resistivity of 18.2 MΩ.cm, prepared by 
a Sartorius Arium611VF water purification system 
(Sartorius, Göttingen, Germany).  

Solid phase peptide synthesis was performed using the 
Fmoc/tBu strategy with a Rink amide ChemMatrix resin 
(Biotage, Uppsala, Sweden; loading 0.42 mmol/g, 100–200 
mesh) on a 100 µmol scale according to the general 
protocols detailed in the Supporting Information. 

High-resolution mass spectrometry (MS) was 
performed by the Molecular and Biomolecular Analysis 
(MoBiAs) service of the D-CHAB at ETH Zürich, using a 
Bruker Daltonics maXis (Bruker Corporation, Billerica, MA, 
USA) equipped with an ESI (electrospray ionization) source 
and a Q-TOF ion analyzer.  

Circular dichroism (CD) spectroscopic analyses were 
carried out with a Chirascan Plus (Applied Biophysics Ltd, 
Leatherhead, UK) using quartz cuvettes with a path length 
of 1.0 mm (Hellma, 110-QS). The lyophilized CMPs were 
dissolved in 1× PBS (gibco, 10010-015) at a concentration 
of 200 μM. The solutions were subsequently annealed by 
heating to 80 °C for 15 min in a water bath, cooling to room 
temperature outside of the water bath, and storage at 4 °C 
for at least 16 h prior to CD spectroscopic analysis and 
thermal denaturation. 

CD Spectra. CD spectra were recorded using a spectral 
bandwidth of 1 nm at 7 °C with a time constant of 5 s and a 
step resolution of 1 nm from 190 nm to 260 nm. The data 
were analyzed using GraphPad PRISM 9 (GraphPad 
Software, Inc., San Diego, CA, USA). 

Thermal denaturation studies. The unfolding of the triple 
helices was followed at 225 nm with a spectral bandwidth 
of 1 nm and a time constant of 5 s (2×5 s measurement + 
2×2 s shutter delay = 14 s per data point). The temperature 
was increased in steps of 1 °C from 7 °C to 70 °C and each 
data point was recorded after an equilibration time of 100 s 
(overall heating rate = 1 °C/114 s). The recorded data were 
fitted to an all or none transition in which three single 
strands combine to a triple helix as previously reported by 
Engel et al. (see Supporting Information for the model).16,17 
The fitting was performed using GraphPad Prism 9 with 
Tm = 40 °C as an initial value. The Tm values were 
reproducible with a standard deviation (SD) in the range of 
± 0.1 °C to ± 0.4 °C. 

Preparative reverse-phase HPLC was performed on a 
Waters HPLC consisting of a Waters 2555 Quaternary 
Gradient Module, a Waters 2489 UV/Vis Detector, and a 
Waters 2767 Sample Manager (Waters Corporation, 
Milford, MA, USA), equipped with a ReproSil Gold C18 
column (250 × 10 mm, 10 µm particle size, 120 Å pore size). 
Milli-Q water containing 1% acetonitrile and 0.1% TFA 
(solvent A) and acetonitrile (solvent B) were used as eluents 
at a flow rate of 20 mL/min and an oven temperature of 
50 °C (unless stated otherwise). After purification, all 
collected fractions were analyzed by analytical HPLC or LC-
MS and only pure fractions (> 95%) were combined. 

Analytical reverse-phase HPLC was performed using a 
Dionex UHPLC, Ultimate 3000 from Thermo Fisher 
Scientific (Waltham, MA, USA) equipped with a Jupiter C18 
column (250 × 4.6 mm, 5 µm particle size, 300 Å pore size) 
from Phenomenex (Danaher, Washington, D.C., USA). 
Acetonitrile (solvent A) and water containing 1% 
acetonitrile and 0.1% CF3CO2H (solvent B) were used as 
eluents at a flow rate of 1 mL/min and an oven temperature 
of 65 °C. 

Medium pressure liquid chromatography (MPLC) was 
performed using a Teledyne Isco CombiFlash System 
(Teledyne Technologies, Thousand Oaks, CA, USA). The 
separation was monitored by a UV/Vis detector and an 
evaporative light scattering detector (ELSD). Separation 
was performed on RediSep Bronze silica gel columns from 
Teledyne. 

NMR spectra were recorded on a Bruker AV III 600 
(600 MHz for 1H, 150 MHz for 13C) at 294 K at a 
concentration of 80 mM and analyzed with MestReNova 
(v.14.1.0; Mestrelab Research, S.L., Santiago de Compostela, 
Spain). Chemical shifts (δ) are reported in parts per million 
relative to the signal of residual solvent. 

Ktrans/cis equilibrium constants were determined as the 
ratios between the integral intensities of the formyl group 
or the ester methyl group signals of the two conformers. 
The 1H and 13C NMR peaks were unequivocally assigned 
following the procedures depicted in workflow diagrams in 
the Supporting Information. 

Size-Exclusion Chromatography (SEC) was performed 
using a Dionex UHPLC, Ultimate 3000 from Thermo Fisher 
Scientific (Waltham, MA, USA) equipped with a Superdex 30 
Increase 10/300 GL column from Cytiva (Danaher, 
Washington, D.C., USA). 200 mM ammonium acetate buffer 
(pH 5.0) was used as the eluent at a flow rate of 0.5 mL/min 
at room temperature. The separation was monitored by a 
UV detector at 225 nm. 300 µL of the sample used for CD 
measurements was injected for the analysis. 

RESULTS AND DISCUSSION 

Thermal stability of collagen triple helices with 
different acyl capping groups. We started by preparing a 
series of twelve capped 21-mer CMPs with different N-
terminal capping groups and frames (cap–[POG]7–NH2, cap–
[OGP]7–NH2, cap–[GPO]7–NH2; Figure 2, Table 1). As N-
terminal capping groups, we used formyl (HCO, Fm; C1), 
acetyl (CH3CO, Ac; C2), propionyl (CH3CH2CO, Pr; C3), and 
butyryl (CH3CH2CH2CO, Bu; C4) groups. Circular dichroism 
(CD) spectra of all CMPs showed the characteristic 
signature of a PPII helix with a local maximum at 225 nm 
and a minimum close to 200 nm (Figure 3a, Figure S1). 
Thermal denaturation with CD monitoring at 225 nm 
provided for all samples sigmoidal curves typical for the 
cooperative disassembly of the collagen triple helix 
(Figure 3b, Figure S2). The midpoint of the sigmoidal 
transition – the melting temperature, Tm – is a characteristic 
parameter reflecting the relative thermal stability of triple 
helices.1  



 

Figure 2. Frame-shifted CMPs with N-terminal capping groups 
of varying lengths (C1–C4). 

Table 1. Melting temperatures (Tm) of triple helices with N-
terminal acyl groups of varying lengths.a 

Peptide 

N-terminal capping group 

Formyl 
(Fm) 

Acetyl 
(Ac) 

Propionyl 
(Pr) 

Butyryl 
(Bu) 

cap-[POG]7-NH2 41.0 42.8 41.0 39.6 

cap-[OGP]7-NH2 42.7 42.6 44.0 44.7 

cap-[GPO]7-NH2 52.9 53.3 53.1 53.5 

cap-[GPO]6-NH2 39.2 39.7 39.6 39.9 

aMelting temperature (Tm) in °C determined by thermal 
denaturation of a 200 µM peptide solution in phosphate 
buffered saline (PBS) pH 7.4 with CD monitoring at 225 nm. 
Heating rate 1 °C/114 s. N = 2-4, standard deviation 
(SD) < 0.4 °C. 

Figure 3. (a) CD spectra and (b) thermal denaturation of triple 

helices (example of propionyl capped CMPs, see also Figures S1 
and S2). (c) Overview of Tm values grouped by frame. 
Highlighted are Tm distributions within each frame. 

The Tm values of the triple helices formed by the CMPs 
span a range of more than 10 °C and depend, as expected, 
on the frame. Consistent with our previous studies,14 the 
GPO trimers are more stable than the OGP and POG isomers 
(Table 1, Figure 3c). Size-exclusion chromatography (SEC) 
confirmed that the CMPs, including those with Bu capping 
groups, do not form higher-order assemblies beyond the 
triple helix at a concentration of 200 µM (Figure S3).11,18  

Effect of different acyl caps depending on the frame. 
Triple helices with a GPO frame have essentially the same 
stability (ΔTm = 0.6 °C), regardless of the length of the N-acyl 
group (Figure 3c). The differences are higher within the 
OGP and POG series, with ΔTm = 2.1 °C and ΔTm = 3.2 °C, 
respectively; Figure 3c). We wondered whether the smaller 
influence of the N-terminal capping group on the stability of 
[GPO]7 triple helices is related to the GPO frame or caused 
by the higher overall stability of the cap–[GPO]7–NH2 core 
compared to the isomers with POG and OGP frames. Hence, 
we synthesized an analogous series of shorter 18-mer 
homologs, cap–[GPO]6–NH2, that form triple helices with 
stabilities comparable to those of the 21-mers with POG and 
OGP frames. The Tm values within this shorter cap–[GPO]6–
NH2 series differ by 0.7 °C, a ΔTm value similar to that of the 
cap–[GPO]7–NH2 series and significantly smaller than those 
of the cap–[POG]7–NH2 and cap–[OGP]7–NH2 series (Table 1, 
Figure 3c). These results show that N-terminal capping 
groups affect the stability of triple helices formed by CMPs 
in the GPO frame the least and those formed by POG-triple 
helices the most. 

Next, we analyzed the stability trends of the capped triple 
helices within each frame. Within the POG frame, the Tm 
rises by almost 2 °C from the formyl to the acetyl derivatives 
but decreases by more than 3 °C upon acyl chain length 
elongation to butyryl (Figure 4a). In contrast, within the 
OGP-frame series, the stability of the formyl and acetyl 
capped triple helices is the same and increases with 
elongation of the N-acyl cap to butyryl by 2 °C (Figure 4b). 
The Tm of the triple helices with a GPO frame slowly rises 
from the formylated to the butyryl analog but the overall 
increase is small, within or at the edge of the experimental 
error (Figure 4c). 

The nearly opposite stability trends of collagen triple 
helices with POG and OGP frames with increasing chain 
lengths of the cap are intriguing. The trimers formed by 
acetyl capped CMPs Ac–[POG]7–NH2 and Ac–[OGP]7–NH2 
have the same stability (Tm = 42.8 and 42.6 °C, respectively; 
orange in Figure 4d), while the butyryl-capped CMPs Bu–
[POG]7–NH2 and Bu–[OGP]7–NH2 have a stability difference 
of ΔTm = 5.1 °C (Tm = 39.6 and 44.7 °C, respectively; blue in 
Figure 4d). What is the reason for these diverse trends? 

    

  

        

                

           

           

           

           

         

    

        

  



 

 
Figure 4. (a-c) Dependence of melting temperatures of collagen triple helices on the N-terminal acyl cap within each collagen 
frame: (a) POG, (b) OGP, and (c) GPO. (d) Comparison of the melting temperatures of triple helices with POG and OGP frames for 
each N-terminal acyl cap. Grey arrows highlight the trends; the associated numbers denote the melting temperature differences 
(ΔTm) in °C. Error bars represent ± SD. 

We hypothesized that three factors could contribute to 
the observed effects: (1) the trans/cis equilibrium of the cap 
amide bond; (2) steric repulsion between the N-terminal 
capping groups; and (3) stabilization of H-bonds and n → π* 
interactions by a hydrophobic environment created by the 
capping groups. 

Influence of acyl groups with different chain lengths on 
the trans/cis amide bond ratio. Stabilizing intrastrand 
n → π* interactions and interstrand H-bonds in collagen are 
only possible with trans amide bonds (Figure 5a).7 Amide 
bonds of N-terminally capped Gly residues (cap–Gly) are 
secondary and, thus, almost exclusively trans. This 
consideration is in line with the consistent thermal stability 
of collagen triple helices with N-terminal Gly residues. In 
contrast, the amide bonds of capped Pro and Hyp residues 
are tertiary and also populate the cis conformer.7 To 
evaluate the effect of different acyl caps on the trans/cis 
equilibrium of cap–Pro and cap–Hyp amide bonds, we 
analyzed eight proline methyl ester derivatives with short 
N-acyl substituents as proxies of the N-terminus of the 
CMPs (Figure 5b, Table S1). 1H NMR spectra in D2O revealed 
that the Hyp derivatives have a higher Ktrans/cis value 
compared to the respective Pro derivatives with the same 
N-acyl group. This finding is consistent with a Hyp ψ 
dihedral angle close to 150°, which is ideal for an n → π* 
interaction.7,19 The Ktrans/cis is lowest in the case of the 
formylated derivatives Fm-Pro-OMe and Fm-Hyp-OMe (1.8 
and 2.7, respectively) and increases with longer acyl 
substituents; up to Ktrans/cis = 6.1 and 9.1 for the butyryl 
derivatives Bu-Pro-OMe and Bu-Hyp-OMe, respectively 
(Figure 5b). 

Figure 5. (a) trans/cis Isomerization of Pro or Hyp amide 
bonds (grey). The n → π* interaction (purple) is only possible 
in the trans conformation. (b) Ktrans/cis values of proline 
derivatives with short N-acyl groups determined by 1H NMR 
spectroscopy of 80 mM solutions in D2O at 294 K. Note: the 
value of Fm-Pro-OMe is from ref. 20, of Ac-Pro-OMe from ref. 21 
and of Ac-Hyp-OMe from ref. 7. 

 

n → π* Interactions between neighboring amides involve 
delocalization of the non-bonding electrons of Oi-1 into the 
π* orbital of the Ci=Oi bond.5 In the POG frame, this 
interaction enhances the electron density of the C=O of the 
Pro–Hyp bond, which is involved in the interstrand H-
bonding with the neighboring strand (Figure 6a).12 This 
strengthening of the H-bond is consistent with the 
increased Tm of the triple helix formed by Ac–[POG]7–NH2 
compared to Fm–[POG]7–NH2 (Table 1, Figure 4a). The 
stronger electron donating effect of the methyl group in the 
Ac cap compared to the hydrogen in the Fm cap could also 
contribute to this difference. Yet, despite increasing 
trans/cis ratios in the Ac < Pr < Bu row of acyl–Pro–OMe 
derivatives, the thermal stability of the collagen triple 
helices decreases. This finding indicates that the trans/cis 
equilibrium and the ensuing n → π* interaction is not the 
only factor responsible for the effects of different acyl 
groups on the thermal stability of collagen triple helices 
with a POG frame. 

      
                                          

         

     

    

    

     
     

  

   

         

     

     



 

 
Figure 6. Illustration of the N-terminal regions of (a) cap–
[POG]n and (b) cap–[OGP]n triple helices. R = H or alkyl. 

 

In the OGP frame, the carbonyl group of the N-terminal 
trans cap–Hyp amide is directly involved in interstrand H-
bonding (Figure 6b). Thus, high Ktrans/cis values of cap–Hyp 
favor the triple helix, consistent with the observed trend 
(Figure 4b). Yet, previous molecular dynamics studies 
suggest that the H-bonds at the N-terminus of triple helices 
in the OGP frame are weak and lost early in the melting 
process.12,14 This insight is in agreement with the similar 
thermal stability of the triple helices formed by Fm–[OGP]7–
NH2 and Ac–[OGP]7–NH2 (Tm = 42.7 and 42.6 °C, 
respectively, despite the higher Ktrans/cis of the Ac versus Fm 
methyl ester of Hyp (Table 1, Figure 3b and 5b). Thus, 
similarly to the POG frame, the trans/cis equilibrium of the 
cap–Hyp amide bond alone does not explain the stability 
trend of cap–[OGP]7–NH2 triple helices with increasing cap 
length. 

Influence of steric constraints and the hydrophobic 
effect. The environment within the repetitive Xaa–Yaa–Gly 
sequence in collagen triple helices is not identical for the 
three positions due to the one-residue-stagger with which 
the three strands wrap around each other.1 Gly, the smallest 
amino acid, is tightly packed in the center of the triple helix, 
while the side chains of the amino acids in Xaa (Pro) and Yaa 
(Hyp) positions point outwards.22 The capping groups are, 
in essence, surrogates of the amino acid that precedes the 
N-terminal residue: Gly for the POG frame, Pro for the OGP 
frame, and Hyp for the GPO frame (Figure 7). We reasoned 
that the different steric environments of Gly, Xaa, and Yaa, 
and thus, the capping groups, affect triple helix stability. We, 
therefore, used a crystal structure of collagen (PDB ID 
3B0S)23 to build models of collagen triple helices with the 
three frames carrying N-terminal butyryl caps. In the model 
of the Bu–[POG]7–NH2 derived triple helix, the capping 
groups point towards the middle of the triple helix, whereas 
they point to the outside in the OGP and GPO isomers 
(Figure 7). 

 
Figure 7. Top view (from the N-terminal side) of a [POG]7 (a), 
[OGP]7 (b), and [GPO]7 (c) triple helix model bearing an N-
terminal butyryl cap (derived from a CMP crystal structure, 
PDB ID 3B0S).23 Color code: amino acid residues (beige), 
butyryl caps (blue). For simplicity, the models were built 
with the butyryl groups in an all-anti conformation. 

 

The model of the POG frame illustrates that the acetyl 
group is the largest N-terminal cap that can be 
accommodated without steric constraints (Figure 7a and 
S3a). Unlike an N-terminal Gly residue, which forms H-
bonds to the adjacent strand, propionyl, butyryl, and longer 
N-terminal acyl tails cannot compensate for the steric 
constraints (Figure S4b,c). This steric clash between large 
capping groups attached to an N-terminal Pro is 
reminiscent of collagen triple helix destabilization by 
mutation of Gly into a sterically more demanding amino 
acid that causes the brittle bone disease (osteogenesis 
imperfecta).24 The steric constraints overwrite the 
stabilizing effect of the favorable trans/cis ratio and ensuing 
n → π* interaction and thus explain the significantly lower 
triple helix stability of Pr–[POG]7–NH2 (Tm = 41.0 °C) and 
Bu–[POG]7–NH2 (Tm = 39.6 °C) compared to Ac–[POG]7–NH2 
(Tm = 42.8 °C; Table 1, Figure 4a). 

Within the OGP and GPO frames, the models corroborate the 
expected outward orientation of the capping groups 
without steric constraints (Figure 7b,c). The alkyl chains of 



 

the caps create a hydrophobic patch at the N-terminus. Such 
local hydrophobic environments strengthen H-bonding, 
enhance the trans/cis ratio of amide bonds, and, thus, 
n → π* interactions.21 This analysis is consistent with 
previous studies on lipidated triple helices25,26 and explains 
the stabilizing effect with increasing alkyl chain lengths 
(ΔTm = 2.1 °C for OGP and ΔTm = 0.6 °C for GPO; Figure 4b,c). 
The stabilization is more prominent for the OGP frame since 
(i) the local hydrophobic environment affects the trans/cis 
equilibrium of the tertiary cap–Hyp amide bond more than 
the secondary cap–Gly amide; and (ii) Hyp is the least 
favored N-terminal amino acid for capped collagen triple 
helices,14 which benefits the most from hydrophobic 
stabilization.  

CONCLUSIONS 

In summary, short (C1–C4) N-terminal acyl capping 
groups have different effects on the thermal stability of 
collagen triple helices depending on their frame. Capping 
groups influence the stability of trimers with the GPO frame 
only negligibly but affect triple helices with POG and OGP 
frames to significant extents. The effect of the length of the 
N-terminal cap is opposite in POG and OGP frames: triple 
helices formed by Ac–[POG]7–NH2 and Ac–[OGP]7–NH2 have 
almost identical melting temperatures, but the butyryl 
analogs Bu–[POG]7–NH2 and Bu–[OGP]7–NH2 melt more 
than 5 °C apart. Structural analysis of the frame-shifted 
CMPs and model compounds revealed that the effects arise 
from a combination of steric constraints, the trans/cis 
isomerization of cap amide bonds, and the enhancement of 
H-bonding through n → π* interactions and the 
hydrophobic effect. 

N-terminal acyl groups are commonly used as extensions 
of CMPs to introduce functional moieties. These include, e.g., 
sensors or cargo of collagen hybridizing peptides,27-30 or 
oligomerizing functionalities for the construction of 
collagen-based materials.10,31-34 Our findings provide a basis 
for the rational selection of the collagen frame together with 
the acyl extension depending on the requirements for triple 
helix stability and directionality of the N-terminal group. 
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