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Mechanical Unfolding of Alpha- and Beta-helical Protein Motifs  

E. P. DeBenedictis and S. Keten*  

Alpha helices and beta sheets are the two most common secondary structure motifs in proteins. Beta-helical structures 
merge features of the two motifs, containing two or three beta-sheet faces connected by loops or turns in a single protein. 
Beta-helical structures form the basis of proteins with diverse mechanical functions  such as bacterial adhesins, phage cell-
puncture devices, antifreeze proteins, and extracellular matrices. Alpha helices are commonly found in cellular and 
extracellular matrix components, whereas beta-helices such as curli fibrils are more common as bacterial and biofilm matrix 
components. It is currently not known whether it may be advantageous to use one helical motif over the other for different 
structural and mechanical functions. To better understand the mechanical implications of using different helix motifs in 
networks, here we use Steered Molecular Dynamics (SMD) simulations to mechanically unfold multiple alpha- and beta-
helical proteins at constant velocity at the single molecule scale. We focus on the energy dissipated during unfolding as a 
means of comparison between proteins and work normalized by protein characteristics (initial and final length, # H-bonds, 
# residues, etc.). We find that although alpha helices such as keratin and beta-helices CsgA and CsgB can require similar 
amounts of work to unfold, the normalized work per hydrogen bond, initial end to end length, and number of residues is 
greater for beta-helices at the same pulling rate. To explain this, we analyze the orientation of the backbone alpha carbons 
and backbone hydrogen bonds during unfolding. We find that the larger width and shorter height of beta-helices results in 
smaller angles between the protein backbone and the pulling direction during unfolding. As subsequent strands are 
separated from the beta-helix core, the angle between the backbone and the pulling direction diminishes. This marks a 
transition where beta-sheet hydrogen bonds become loaded predominantly in a collective shearing mode, which requires a 
larger rupture force. This finding underlines the importance of geometry in optimizing resistance to mechanical unfolding in 
proteins. The helix radius is identified here as an important parameter that governs how much sacrificial energy dissipation 
capacity can be stored in protein networks, where beta-helices offer unique properties.   

Introduction 

 As essential building blocks in biological systems, proteins can 
be found in a vast array of sizes and shapes and serve a diverse 
range of functions. While some proteins are needed for 
signaling or enzymatic purposes, many different proteins play a 
structural role and serve load-bearing functions within cells and 
in the extracellular matrix (ECM). The function and mechanical 
properties of many proteins are dictated by their folded shape, 
determined by primary sequence. Protein-based structures are 
hierarchical, composed of distinct structures at multiple length 
scales (such as secondary, tertiary, quaternary structures and 
beyond). This feature allows for tailored mechanical responses 
that are more complex than nonhierarchical materials and can 
often be difficult to replicate synthetically. For example, soft 
biological materials made up of helical proteins exhibit non-
linear force extension curves and can tolerate flaws during 
fracture by allowing geometric transformation of a crack tip, 
reducing stress concentrations1. The influence of architecture 
on mechanics can be seen on scales ranging from the large to 
the minute. For example, on the macroscale, F-actin networks 
composed of the same constituent fiber but with differences in 
degree of crosslinking will display different mechanical 
properties2. The power of architecture extends to even smaller 

scales, such as within the alpha and beta protein motifs. For 
isolated protein segments of similar sizes, the tensile response 
of alpha-helices and beta-sheets differ3, and also depend on the 
direction of the applied force4.  As a way to better connect 
structure and function and to enable use of proteins for 
bioengineering applications, the mechanical behavior of various 
secondary and tertiary structures has been the subject of great 
focus.  
 
Alpha helices and coiled coils are particularly well-studied from 
a mechanical standpoint as they form the basic constituent of 
myriad load-bearing networks in cells and ECM. In structural 
applications, single helices often arrange into groups forming 
fibrils, and these fibrils arrange themselves to form networks. 
When under tension, alpha helices exhibit typical three-regime 
force-extension curves that begin with (1) extension at small 
forces due to molecular rearrangement without any bond 
breakage, (2) elongation with linearly increasing work as 
hydrogen bonds are sequentially broken, and (3) end with 
dramatic strain stiffening when all original hydrogen bonds have 
broken and the backbone is covalently stretched5. The ability to 
maintain stability and resist or recover from large deformations 
is needed for alpha-helical containing proteins such as alpha-
keratin6, coiled coils in myosin7, spectrin8, vimentin9, and more.  
The mechanics and stability of alpha helix proteins are of 
particular interest for applications such as drug delivery via 
micelles, protein therapy, or use as polymers in hydrogels.  
 
Another main protein motif, beta-strands, are formed between 
adjacent elongated peptides which form hydrogen bonds across 
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their backbones. Beta sheets can be found in structures like silk 
or amyloid fibrils to provide structural rigidity. The hydrogen 
bond network among strands has proven useful when hydrogen 
bonds are broken concurrently10, and is particularly strong in 
lateral shear when load is applied in a direction orthogonal to 
the hydrogen bond, that is, along a beta-strand3.  
 
A hybrid between beta-sheets and helical motifs is the beta 
helix (or solenoid).  Here, adjacent beta strands form a sheet, 
yet are part of one continuous protein sequence connected by 
loops or turns. These motifs are found in antifreeze proteins11, 
viral adhesins12, tailspike proteins of bacteriophages13, and 
functional amyloids called curli14, which form the backbone of 
biofilm extracellular matrices (ECM) formed by certain bacteria 
including E. coli. In some applications the purpose behind 
certain architectural features is clear: antifreeze proteins are 
able to provide a nucleation site for water molecules such that 
ice formation is prevented11, and bacteriophages possess a 
hollow triangular core allowing compression and puncture of 
cell membranes15. For the functional amyloid curli, a 
comprehensive explanation as to how the structural features of 
curli are especially suited to serving the function of a the biofilm 
ECM remains elusive. Nevertheless, curli fibers are known to 
have high mechanical rigidity and as such have been engineered 
for applications such as underwater adhesives16, 17, coatings on 
polymeric surfaces for controlled MOF growth18, and 
reinforcement in alginate hydrogels19.   
 
Quantifying the mechanical response of various protein 
structures is now possible using both experimental and 
computational techniques.  In experiment, atomic force 
microscopy (AFM) is commonly used to extend proteins and 
record the force response from the AFM tip7, 20-22. For example, 
beta-helical (or beta-solenoid) proteins have been probed using 
this technique and have found typical sawtooth patterns, where 
unfolding each repeat occurs in a stepwise fashion beginning at 
protein extremities22. When a single protein is unfolded 
multiple times, multiple pathways can be observed that are 
traversed with varying probabilities, indicating proteins do not 
necessarily have a single unfolding path20. Beta-rich structures 
are stabilized by a network of hydrogen bonds, and other 
structural features such as stacked aromatic residues can also 
form barriers that resist unfolding20, 23. High forces are 
necessary to fully unfold these motifs and increasing speeds 
result in increasing ultimate tensile strengths24, 25. AFM studies 
have also found that proteins rich in beta-structures require 
higher forces to deform than purely alpha helical proteins. 
However, these investigations typically involve larger molecules 
which incorporate impacts of tertiary stabilization between 
multiple components in addition to individual motifs. 
Additionally, the tensile response of a single beta-helix has not 
yet been directly compared with alpha-helices, although many 
beta-sheet rich motifs have been studied26-28.  
 
Computational analysis of protein mechanics can allow the 
study of molecular detail not easily available through 
experiment.  This can include examination of changes in 
conformation, force, and energy throughout extension, which 
are possible to obtain using methods like Steered Molecular 
Dynamics (SMD) and Umbrella Sampling (US). Although the 
extension rates in computational work are typically faster than 
in experiment, many mechanical properties can be calculated in 

agreement with experiment29 and unfolding simulations have 
found the same rate-dependence as seen in experimental 
studies. Computational techniques have also been used to 
obtain moduli and persistence lengths for protein structures30. 
Using simulation, several factors have been found to influence 
mechanical response, including molecular packing30, hydrogen 
bond density28 and stress concentration31, alignment with 
force4, and secondary structure3.  In investigations of secondary 
structure, individual motifs have typically been used, and have 
found unfolding alpha helices requires more force than 
separating bundled helices, and that beta-sheets better resist 
applied force in shearing than peeling3. In fracture, groups of 3-
4 hydrogen bonds have been found to be optimal for 
mechanical stability (based on parameter insensitivity)32. When 
under lateral load (bending), beta-helices possess persistence 
lengths orders of magnitude higher than alpha helices27. Still, 
the performance of beta-helical structures in comparison to 
alpha helical structures under tensile load is not fully 
understood.  
 
As two main structural motifs in proteins, alpha- and beta-
motifs differ not just in mechanical response but several other 
parameters as well, such as like common primary sequence 
patterns, solubility, and ability to maintain stability in harsh 
environments, which can dictate or limit the range of function 
possible.  Despite these differences, alpha and beta motifs can 
be found together in larger structures, and purely alpha-helical 
or purely beta-sheet motifs can be found in similar roles. For 
example, both alpha- and beta-helices can form filaments that 
appear in networks, where they are subjected to both bending 
and stretching. This raises the question of why one secondary 
structural motif may be chosen over the other for certain 
biological functions. As other factors (like sequence, chemistry, 
solubility) can guide this choice, we ask: what are the 
mechanical implications of choosing one helical motif over the 
other? How may either helix be better suited to specific loading 
scenarios? 
 
 Here we aim to explain the differences in mechanical response 
between various helical protein structures and the properties 
underlying these differences. Alpha helices (including keratin, a 
single peptide from a coiled coil, and single vimentin helices) 
and beta helices (including CsgA and CsgB from the biofilm 
extracellular matrix fiber curli) are subjected to tensile 
deformation at a constant velocity until all backbone hydrogen 
bonds are broken. We compare each protein on the basis of 
total work to completely unfold and normalize this work by 
properties of each individual protein, including number of 
residues and maximum strain. The role of reorientation during 
unfolding is also studied to explain differences in normalized 
work. These results shed light on mechanical differences in 
energy dissipation between alpha- and beta-helices originating 
from differences in geometry.  

Methods 
Protein Models 
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The protein structures used in this study obtained through the 
Protein Data Bank were keratin (PDB ID: 3tnu), vimentin (PDB 
ID: 3klt), and a single helix of the coiled coil (PDB ID: 1coi). Beta-
helical structures CsgA and CsgB were both obtained from a 
previous work33. A table summarizing properties of each protein 
can be found in Table 1. Each protein was initially oriented such 
that the helix axis was aligned with the Y axis. Proteins were 
solvated and ionized to reach a neutral charge. Simulation box 
sizes were calculated from the maximum extended length of the 
protein plus an additional 12 Angstroms of padding in each 
direction.   

Simulation Setup and Protocol 
Constraints were applied by fixing the C-terminal alpha carbon 

and pulling the N-terminal alpha carbon with a spring. For 
keratin, residues 421 (segment P1) and 476 (segment P2) were 

held fixed, and residues 332 (segment P1) and 382 (segment P2) 
were pulled. For the 1coi helix, residue 29 was held fixed and 
residue 1 was pulled. For CsgA and CsgB, residues 131 and 130 
were held fixed, respectively, and residue 1 was pulled for both. 
In visualizations of the proteins, the N-terminal alpha carbon is 
depicted as a blue sphere, and the C-terminal alpha carbon as a 
black sphere.  

 
SMD Protocol and End of Unfolding 

Explicit solvent simulations were run in NAMD34, with periodic 
boundary conditions under the NPT ensemble at a constant 
pressure of 1 atm and temperature of 300K. Simulations were 
run at 1 fs/time step. The latest CHARMM 36 parameter set is 
used35, 36, with the smooth particle mesh Ewald technique for 
electrostatics calculations37 and the standard Lennard-Jones 
potential for nonbonded interactions as implemented in NAMD. 
 

To prepare the protein structures for production simulation, 
multiple rounds of energy minimization and equilibration were 
conducted.  First, all alpha carbon atoms of the protein were 
fixed, and 10,000 steps of energy minimization and 100,000 
steps of equilibration were conducted.  Next, the alpha carbons 
of the protein were constrained lightly with a 0.05 spring 
constant (kcal/mol/Å2) and 1 ns of equilibration was conducted.  
Next, the C-terminal alpha carbon of each peptide was held 
fixed and the rest of the protein was free during 10,000 steps of 
energy minimization and 1 ns of equilibration. Finally, during 
the SMD protocol, the N-terminal alpha carbon of each peptide 
was pulled with a spring constant of 50 kcal/mol/Å2. Pulling 
speeds tested range from 0.1 m/s to 5 m/s. For each simulation, 
data was recorded at 10 ps intervals. Proteins are considered 
unfolded when no backbone hydrogen bonds exist for 50 
continuous ps.  

Analysis 

Force output and work to unfold were analyzed for each 
trajectory. Work was integrated from force-displacement 
curves using the trapezoidal method. For every protein, the 
potential of mean force (PMF) is calculated using SMD output38 
according to: 

𝐹𝜆(𝜏) − 𝐹𝜆(0) = 〈𝑊(𝜏)〉 −
𝛽

2
(〈𝑊(𝜏)2〉 − 〈𝑊(𝜏)〉2)  (1) 

𝛽 =
1

𝑘𝐵𝑇
 (2) 

 
Figure 1. Proteins before force is applied. C-terminal alpha 
carbons are marked with a black sphere and are held fixed 
throughout the simulation; N-terminal alpha carbons are 
marked with a blue sphere and are pulled upward at 
constant velocity. Proteins are aligned such that their helix 
axis is along the 010 direction; force is also applied along 
the 010 vector. 

 

 Initial Length 

(Å) 

Extended 

Length (Å) 

Maximum 

Strain 

# N-O Backbone 

H-Bonds 

# Residues 

CsgA 24.3 497.8 19.5 38 131 

CsgB 24.1 494.0 19.5 51 130 

Alpha-helix (1coi) 39.3 110.2 1.8 16 29 

Keratin 135.5 361.0 1.7 131 185 

Table 1. Initial properties of each protein tested, including initial and extended length, maximum strain, backbone hydrogen 

bonds, and number of residues. See Methods for a description of how these properties are calculated. 
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Simulations were visualized using VMD and analyzed using tcl 

scripts in VMD39. Hydrogen bond calculations were calculated 

for nitrogen and oxygen backbone atoms only using a 4 Å 

distance cutoff and 30 degree angle cutoff. The number of 

backbone hydrogen bonds in each initial protein structure was 

calculated by averaging the number occupied hydrogen bonds 

during the last 1 ns round of equilibration, when only the C-

terminal alpha carbon is fixed. The angle of each hydrogen bond 

was based off of the vector connecting the xyz coordinates of 

the hydrogen atom and the acceptor atom and the 010 vector. 

Backbone angles were measured using the vector connecting 

the alpha carbons of the adjacent residue alpha carbons, and 

were thus not calculated for terminal residues. Initial length was 

measured as the distance from the C-terminal alpha carbon to the 

alpha carbon in the first residue in the first repeat in the amyloid core 

for beta-helices, as the N-terminal 22 residues are unstructured for 

CsgA and CsgB. For keratin and 1coi, the initial length is measured as 

the distance from each C-terminal alpha carbon to the N-terminal 

alpha carbon. Keratin contains two alpha helices, and the initial 

lengths (132.7 Å and 138.3 Å) are averaged to obtain the value in the 

table. Keratin has a total of 185 residues as it is comprised of two 

protein segments with 90 and 95 residues each. Extended length is 

computed by multiplying the number of residues by 3.8 Å. This is not 

necessarily the length at which the simulation is terminated, as this 

depends on the breaking of backbone hydrogen bonds. Strain is 

calculated as the change in length (from initial to extended length) 

over the initial length.  

Results 

To investigate mechanical response of alpha and beta helices 
under applied force, we conduct pulling experiments at 
constant velocity. A visualization of each protein before helix 
extension can be found in Fig 1 and snapshots during extension 
can be found in Fig S1 and S2 for alpha and beta helices, 
respectively. First, we compare the total work to unfold as 
measured by integrating force-displacement curves for each 
trial and obtaining the potential of mean force (PMF, see 
Methods).  Here, we seek to define what differences exist in 
energy dissipation during the unfolding of alpha and beta-
helices, the physical origins of these differences, and how they 
may be suited to particular functions.  

 
Potential of Mean Force 
The potential of mean force (PMF) shows the change in free energy 
surface along a particular reaction coordinate. The PMF is plotted as 
a function of displacement of the pulled terminus and can be found 
in Fig 2 for each protein tested. First, it is apparent that both beta-
helices CsgA and CsgB can reach larger strains while having much 
shorter initial lengths than the keratin helices tested. The CsgA and 
CsgB beta helices contain beta-strands of 8 residues connected by 
turn regions with 3-4 residues, resulting in 22-24 amino acids and 
substantial “hidden length” per turn. Alpha helices, alternatively, 
contain only 4 residues per turn. By comparing initial to fully 
extended lengths, alpha helices can only reach strains of ~1.8, while 
the beta-helices tested can reach strains of ~19.5. For applications 
where the protein may fully unfold, the difference in maximum strain 

alone may guide the use of a particular type of helix to suit either a 
low or high strain regime. Alpha-helical components could be used 
as a type of fine resolution ‘strain gauge’, whereas beta-helical 
components may be suited to dissipating as much energy as possible, 
where larger deformations are acceptable or necessary. The keratin 
PMF shape has a characteristic “toe-heel” shape during unfolding, 
which first involves molecular rearrangement without breaking 
backbone hydrogen bonds. This initial region has a brief increase in 
strain at low work, followed by a linear increase in work with 
increasing strain. CsgA and CsgB, however, have “waves” within their 
PMFs, corresponding to unfolding of subsequent repeat loops.   
 
Total Work to Unfold 
The total work to fully break all backbone hydrogen bonds is 
obtained for each trial. These values can be found in the first column 
of Table 2, and in Fig 3a. From this analysis, CsgB requires the most 
work to unfold, followed by keratin, and CsgA. The 1coi peptide 
requires much less work to unfold, as it has the fewest residues. The 
work to unfold single alpha helices of varying sizes (including each 
keratin helix alone, and four helices of vimentin) was also calculated. 
For single helices, a length dependence is noted where increasingly 
long helices require more work to unfold per residue (Fig S3 and S4). 
The size-dependence of work to unfold underlines that differences in 

 

Figure 2. Potential of mean force for each protein during 
unfolding against displacement (a), and normalized strain 
fraction (b). First, it is apparent that both beta-helices CsgA and 
CsgB can reach larger displacements despite having a shorter 
initial length than the keratin helices tested (keratin contains 
two parallel helices).  
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initial protein properties must be considered to compare each 
system. Additionally, velocities ranging from 1 – 5 nm/ns were also 
tested for CsgA and keratin only. A velocity-dependent work to 
unfold was observed, in agreement with previous studies8, 15, 24 (see 
SI, Fig S6). For velocities 1 m/s and 2.5 m/s, keratin required a higher 
total work to unfold than CsgA, although at 5 m/s, CsgA required a 
higher total work to unfold. For the same velocity, CsgA is extended 
at a higher strain rate due to initial geometry, where the ratio of 
extended length to initial length is much higher for CsgA (~20.5) than 
for Keratin (~2.7, see SI for more details).  
 
Normalized Work to Unfold 
The work to unfold is studied in the context of protein properties 
such as initial and final lengths, number of residues, and number of 
backbone hydrogen bonds in the initial state. As previously noted, 
beta-helices contain more residues in each repeat, leading to larger 
hidden lengths and maximum strains when fully unfolding the 
protein. While the 1coi peptide is tested while removed from its 
coiled coil, keratin consists of two wrapped alpha helices that are 
pulled concurrently. Keratin experiences an alpha to beta transition 
when stretched, as backbone hydrogen bonds within each segment 
are broken and subsequently form between segments. This 
transition can increase further resistance to stretching, although in 

this study, “unfolding” is considered to occur before this transition 
happens to prevent including bond-stretching energy associated 
with straining the backbone. Overall, while keratin begins with a 
larger initial length, CsgA and CsgB unfold to nearly 10 times larger 
strains than keratin. The keratin helices contain 90 and 95 residues, 
respectively, while CsgA and CsgB contain 131 and 130 residues. The 
initial structures of CsgA and CsgB, however, contain fewer backbone 
hydrogen bonds normalized by number of helical residues (0.34 and 
0.47, respectively), compared with the 1coi alpha helix (0.55) and 
keratin (0.7). While nearly each amino acid within an alpha helix 
(aside from the termini) is aligned with an adjacent residue to form 
a hydrogen bond, when excluding turn regions and the unstructured 
N-terminus from the beta-helices studied, only about 80 amino acids 
are expected to form a beta-structure 
 
Given these differences, we normalize the work to unfold each 
protein by these measures, which can be found in Table 2 and Fig 3. 
Keratin has a higher initial length, number of hydrogen bonds, and 
number of residues than the beta-helices tested. Because of this, 
normalizing work based on factors such as backbone hydrogen 
bonds, residues, and initial length result in CsgB requiring most 
normalized work to unfold, followed by CsgA, keratin, and finally the 
single alpha helix. Normalizing based on factors relating to the 

 

Figure 3. Work and normalized work to unfold for each protein tested. Error bars denote standard deviation between trials.  

 

 

 

 
Total 
Work 
(kcal/ 
mol) 

Normalized Work 

 

Initial 
Length 

(kcal/mol/Å) 

Extended 
Length 

(kcal/mol/Å) 

Strain         
(kcal/
mol) 

#BB HBs      
(kcal/ 
mol) 

# 
Residues      

(kcal/ 
mol) 

δ Length 
(kcal/mol

/Å) 

CsgA 1152.0 47.5 2.3 59.0 30.3 8.8 2.4 

CsgB 1411.7 58.6 2.9 72.4 27.7 10.9 3.0 

α-helix (1coi) 102.8 2.6 0.9 57.0 6.4 3.5 1.4 

Keratin 1273.4 9.4 3.5 765.1 9.7 6.9 5.6 
Table 2. Normalized work to unfold for each protein tested.  
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extended length produce the order: keratin > CsgB > CsgA > alpha 
helix. Although initial and final length (and strain) are geometry 
based, the work to unfold does not scale directly with number of 
residues or hydrogen bonds, indicating differences in energy 
dissipation are not purely due to size (mass), but to composition or 
form as well.  So far, there is no direct explanation as to why these 
may be higher for one structural motif over another.  

Factors that may contribute to stabilization of the helices tested here 
include hydrophobic effects, “zippered” or interlocking side chains, 
electrostatic effects, and hydrogen bond cooperativity. The impact of 
sequence chemistry on work to unfold can be observed when 
comparing the beta-helices CsgA and CsgB, which contain varying 
sequences yet similar size and geometry. Both CsgA and CsgB contain 
two sets of inward-facing conserved hydrophobic residues on each 
beta-sheet face (for four sets total). CsgA has a total of 19 inward 
facing hydrophobic residues within the helix core, and CsgB has 21 
total inward facing hydrophobic residues. Within the same beta-
sheet face, CsgA only has four outward-facing hydrophobic residues 
compared to twelve outward-facing residues in CsgB, which are 
mostly concentrated on the same sheet.  As previous papers have 
noted the stabilizing effect of hydrophobic amino acids40-42, 
additional hydrophobic residues may contribute to the larger amount 
of the work required to unfold CsgB compared to CsgA.  However, the 
work to unfold of CsgA and CsgB is not proportional to the number 
of hydrophobic residues (either inward, outward, or total), so it is not 
straightforward to attribute this difference solely to hydrophobicity. 
CsgA and CsgB have similar numbers of charged residues within the 
helix core: 14 total for CsgA (4 positive, 10 negative) and 15 total for 
CsgB (10 positive, 5 negative). Despite similar total numbers of 
charged residues, the distribution of charged residues differs 
between CsgA and CsgB, with CsgB having fewer instances of 
neighboring or nearby like charges and more instances of 
neighboring or nearby opposite charges than in CsgA. Both 
hydrophobic and electrostatic contributions likely contribute to this 
difference between CsgA and CsgB.  
 
Within alpha-helical assemblies, leucine zippers have shown to 
stabilize coiled coil structures43, 44. Indeed, in the keratin dimer 

tested, 22 total leucines in both segments were near or interlocking 
with leucines in the adjacent segment. Similarly, the keratin dimer 
contains 7 compatible charge pairs (although two residues are each 
involved in two pairs). There is one case of same charges in proximity 
to one another.  Within the keratin dimer, although leucine pairs and 
charged pairs are found throughout the length of both helices, there 
are two particular regions with multiple (>3) adjacent or nearby sets 
of pairs. Indeed, in these clustered segments we see unfolding occur 
last, demonstrating the stabilizing effects of hydrophobic and 
compatibly charged interactions between the keratin helices. Within 
the last 20% of the protein lifetime, the remaining hydrogen bonds 
are either directly within these two clusters or nearby (within 5 
residues). Lastly, although disulfide bonds can be stabilizing in coiled 
coils45, no cysteine residues are located proximally to one another 
within this keratin structure that could lead this to be a stabilizing 
factor.  

Hydrogen bond cooperativity has also been identified as a stabilizing 
effect in proteins, arising from “non-additivity” in hydrogen bonds, 
where the strength per hydrogen bonds is higher in a group than 
individually46. While hydrogen bond cooperativity has been noted in 
alpha-helices, its presence in beta-sheet structures has been 
debated47-49. Studies that suggest cooperativity among hydrogen 
bonds in beta-sheet structures have found cooperativity in directions 
perpendicular to the beta-strand and increasing with size49-51. 
Hydrogen bond cooperativity depends on protein geometry, is 
generally difficult to quantify, and has been reported more often for 
alpha-helical structures than beta-helices47, 52. In spite of this, the 
beta-helical proteins tested here achieved larger normalized work to 
unfold than alpha-helices. The cooperativity among hydrogen bonds 
in both helical structures may incur additional energy barriers of 
varying magnitude to unfold the proteins, leading to disparate work 
to unfold per hydrogen bond based on structural motif. Additionally, 
a rate dependence has been found in hydrogen bond breakage, 
where at low speeds/forces hydrogen bonds rupture simultaneously, 
while at high speeds hydrogen bonds break sequentially 53. 
 
Mechanism Differences – Backbone Angle 

 

Figure 4. Difference in angle between backbone alpha carbon vectors and applied pulling force. Schematic of angle measured (a), 
renderings of examples of high and low angles for both alpha and beta helices (b), distribution of backbone alpha carbon vectors in the 
moments before hydrogen bond breakage (c).  
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To further investigate differences in energy dissipation, we focus on 
geometry during unfolding. As observed in snapshots of each helix 
during unfolding (see Fig S1), the shorter, wider beta helices rotate 
to larger angles during unfolding. To study the impact of this on 
unfolding, we measure the angle between each backbone vector and 
the pulling direction for each residue in the helix core, as seen in the 
schematic of Fig 4a. Examples of protein backbone and hydrogen 
bond alignment at low and high angles for both alpha and beta 
helices are shown in Fig 4b. Instances of low angles between the 
backbone and pulling vector generally occur during instances of high 
angles between the hydrogen bonds and pulling vector, and 
representative plots of average hydrogen bond angle versus 
extension can be found in Fig S7. The distribution of angles between 
each backbone vector and the pulling direction in the last 0.2 ns 
before that strand is peeled from the helix core are plotted for a 
representative trial (the trial requiring largest work to unfold) for 
CsgA and keratin in Fig 4c. For keratin, one broad peak is visible, with 
the majority of backbone angles being between 30-50 degrees. Due 
to alpha-helix geometry, the backbone is rarely orthogonal to the 
pulling direction, limiting exposure of higher angles. At the same 
time, rotation of the backbone involved in breaking a hydrogen bond 
is much less than in shorter, wider helices, such that the backbone is 
also rarely colinear with the pulling direction when separated from 
the helix core. Alternatively, CsgA often has two peaks in backbone 
angle distribution as backbone hydrogen bonds are broken.  The 
higher angles represent when the core of the helix is situated such 
that beta-strands are orthogonal to the pulling direction and strands 
are peeled from the core. This appears early in unfolding, when 
fewer strands have separated and the helix core cannot rotate to as 
large angles. Once multiple strands have been peeled from the core, 
the beta-strands align to the pulling direction at lower angles, 
representing strands being sheared away. The beta-helix exhibits 
rigid body rotations under applied force to align strands with the 
pulling direction, exhibiting lower backbone angles between the 
force and the backbone as the deformation proceeds. Separating 
beta-strands in shear has already been noted to require larger 
fracture forces than by separation due to peeling54.   Although keratin 
has little difference between individual trials in the distribution of 
backbone angles, individual beta-helical trials vary in regard to 
proportion of peak heights, and trials with a flatter distribution 
require lower work to unfold. Beta-helical trials requiring the most 
work to unfold possess larger proportions of low backbone angles 
and high hydrogen bonds (shearing) compared to low backbone 
angles (shearing).   

Conclusions 

We present evidence suggesting how helix geometry and backbone 
influence work to unfold proteins under tensile deformations. We 
find a similar amount of total work is needed to unfold alpha and 
beta-helices within the same size range (100-200 amino acids). 
However, beta-helices require more work per hydrogen bond or 
number of residues to fully unfold the protein. To explain this, we 
examine the mechanisms of backbone separation during unfolding 
and find that the geometry of beta-helices is conducive to increasing 
energy dissipation during extension. The larger ratio of width to 
height results in increasingly large rotations during subsequent 
strand peeling, leading to hydrogen bonds being broken in shear or 
out of plane peeling rather than in-plane peeling. This mechanism 
enhances the resistance to unfolding. The most conclusive finding is 
the observation that beta-helices, owing to their larger radius, pack 
more hydrogen bonds to a given end-to-end length distance, which 

gives them more extensibility and more work dissipated per initial 
length.  

These findings underline the importance of geometry in design of 
unfolding-resistant structures. The results of this study pertain to 
single monomers under tensile load, and this behavior could vary 
when assembled in a fibril due to different loading conditions at 
either terminus.  This work corroborates other findings concerning 
dependence of work to unfold on protein size and pulling rate, while 
revealing new differences in energy dissipation during mechanical 
unfolding. The geometric influence of helix width and height implies 
that proteins under applied tensile load may be designed for optimal 
unfolding resistance based on geometry. The number of turns 
(height) and helix radius could be tuned to maximize unfolding 
resistance and could be further constrained by the maximum 
deformation allowed before separation should occur. This further 
connects protein structure to mechanical properties and therefore 
function. These findings are of importance for considerations in 
engineered proteins, either by design of synthetic proteins or to 
guide selection criteria in using existing proteins within 
hybrid/conjugated materials. Gels formed from networks of either 
alpha and beta-helical motifs or their combinations could exhibit 
diverse mechanical responses and exhibit very high toughness due to 
the high energy dissipation capacity of these systems. Further 
questions of interest in future research could focus on optimizing 
length/width parameters in beta-helical proteins, using 3-faced 
solenoid structures rather than two, and incorporating protein-
protein interfaces under applied load to represent monomers within 
an assembled structure.  
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