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for their task and for the environment where they are required, and 

several features are responsible for this specialization.  

 First, the presence of FimH protein at the pilus tip end. 

UPEC/Uroepithelium attachment occurs as a protein-ligand interaction 

between mannose-containing proteins from the epithelium and FimH 

lectin domain. This bond is allosterically regulated by FimH pilin 

domain, whose interfacial contacts with the lectin domain down-

regulate the affinity for the mannose205,206. This behavior permits the 

colonization and spreading of bacteria along the urinary tract since the 

lectin-mannose interaction is weak and the bond rupture rate is high, 

allowing bacteria rolling and spreading. But in the event of an urine 

flow burst the lectin affinity for mannose increases as a consequence of 

the tensile force experienced by FimH65. As urine flow pushes bacteria 

cells their pili, establishing weak contacts with the epithelium through 

their tip-end FimH, start to be stretched. This stretching force finally is 

transmitted to the mannose-lectin bond and then to the interfacial 

contacts between the lectin and pilin domain of FimH. A 

conformational rearrangement induced by the tensile stress aligns both 

domains along their longitudinal axis, disrupting the inhibitory effect of 

the pilin domain and leading to a lectin high affinity state for mannose. 

This finger trap-like toy mechanism is known as a catch-bond and it is 

optimized for bacterial spreading in the urinary tract meanwhile 

prevents bacteria detachment64,68,71. 

 Second, the pilus rod quaternary structure provide with an 

additional mechanical feature which favors both pilus and catch-bond 

integrity. Although the whole pilus is a passive structure its architecture 

is dynamic and experiences conformational changes upon the 
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application and removal of tensile force74. Almost the entire pilus is 

made of FimA subunits which form the rigid pilus rod. These domains 

arrange in a right-handed helical configuration forming a 7 nm 

diameter structure, presenting 3.6 stacked subunits per helix turn. The 

rod helical conformation is stabilized through the turn-to-turn weak 

interactions made between the residues of non-sequential subunits, 

occurring between the i domain and the i + 3 domain77,207. Upon tensile 

stress application the pilus is completely stretched and the tension is 

finally transmitted to the lectin-mannose catch-bond. Catch-bonds 

experience an increased affinity for the ligand and an increased bond 

life time up to an optimal force, but above that force the bond rupture 

probability increases. Before the catch-bond interaction is broken, pilus 

rod uncoiling takes place and the different layers of stacked FimA 

subunits start to break the weak contacts that held their configuration. 

The rod starts unraveling in the closest stacked layer to the pilus tip, 

and progresses along it extending the length up to 5 to 6 times77,208,209. 

This unraveling behavior protects the catch-bond from being broken 

during the shear flow of the urine, maintaining an optimal force at the 

protein-ligand interface210,211. It is important to bring the attention to 

the fact that each bacteria cell is surrounded by hundreds of pili. Many 

of these appendages can be attached to the uroepithelium through 

catch-bonds and the tensile force can be distributed among several of 

them, protecting the structural integrity of the individual pilus76. Once 

the tensile force is removed, i.e. when the urine flow finishes, the 

unraveled pili recoil reforming the turn-to-turn contacts of the subunits 

that lead to the quaternary structure. This re-stacking process shortens 

the length of the extended pilus and this contraction enables the 

bacteria to advance and recover their pre-stress position76,210.  
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 All these features confer elastic tether properties to the type I 

pilus whose overextension and recoiling behavior is optimized for 

extending the bond lifetime at its tip-end, ensuring bacteria attachment 

to the uroepithelium but also allowing the spreading and rolling at low 

or zero shear force. One of the most surprising qualities of these 

structures is the fact that the proteins which form the pilus are 

connected head-to-tail through non-covalent interactions, donating each 

subunit an N-terminal β-strand to the incomplete Ig-like fold of the 

previous subunit in the assembly. This interaction is also specific for 

each subunit protein, being what finally determines the order of 

assembly during pilus biogenesis. It has been demonstrated that this 

hydrophobic interaction is one of the strongest found in nature, 

conferring high kinetic stability against dissociation or unfolding once 

the antiparallel β-strand complementation is done96,97. High energy 

barriers against unfolding guarantee the integrity of the pilus structure 

preventing its disassembly. Hundreds of subunits form the pilus and the 

spontaneous rupture of only one single donor-strand interaction would 

lead to tether breakage and detachment.  

 In this thesis we have explored the mechanical stability of the 

four Fim proteins that form the type I pilus. We designed self-

complemented proteins where the cognate donor β-strand of each 

subunit was placed in its C-terminal sequence. In the tertiary folded 

structure of the domain this design ensures the correct antiparallel 

insertion of the β-strand, forming the native contacts made in the 

mature pilus. During pilus stretching in vivo, after the pilus quaternary 

structure has been completely unraveled, the force is transmitted along 

the head-to-tail axis of the subunits. This longitudinal pulling is what 

finally challenges the resistance of the hydrophobic interaction between 
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proteins. With smFS we could resemble the pulling geometry 

experienced by the pilus and interrogate the mechanical strength of the 

donor-strand interaction. Although the thermal stability of these 

proteins has been explored, their evident exposition to mechanical 

forces has not been addressed, and a mechanical description of them is 

required for the development of new therapeutical strategies oriented to 

target bacterial attachment. 

  We first applied constant speed experiments pulling at 400 

nm·s-1 to these constructs finding strikingly high unfolding forces for 

all of them, standing out as some of the most mechanically resistant 

proteins discovered until today, in the range of the values obtained for 

cohesin I modules of scaffoldin212. In the case of FimA (Fig. 6.1), the 

most abundant protein in the pilus, the mechanical stability was above 

500 pN being the most stable type I pilus Fim protein. This is in 

agreement with the values obtained for other shaft pilus proteins (most 

abundant proteins forming a pilus) for Gram-positive bacteria, where 

SpaA from Corynebacterium diphteriae and FimA from Actinomyces 

oris showed the highest unfolding forces ever reported for globular 

proteins213. Unlike type I pilus subunits, these two examples of Gram-

positive pili are assembled through interdomain isopeptide bonds, 

forming a continuous covalent backbone along the whole pilus. In our 

case the mechanical strength builds from the self-complemented FimA 

fold (FimA-DSFimA), in which the donor-strand of another FimA 

subunit is included and mimics the native fold. Taking into account that 

almost the whole pilus is made of an array of hundreds of FimA 

subunits, we suggest the strength of this complementation evolved in 

order to reduce the probability of pilus disassembly due to FimA-FimA 
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interaction rupture. A mechanically strong pilus rod is mandatory for 

the UPEC attachment to the urine tract. 

 We observed an even more interesting property of the type I 

pilus when we realized that the mechanical stability of Fim domains 

follows a hierarchical trend. After FimA, FimG and FimF showed the 

highest unfolding forces (Fig. 6.2 and Fig. 6.3) followed by FimH pilin 

domain, and finally by the weakest FimH lectin domain (Fig. 6.4). This 

mechanical hierarchy matches the pilus architecture, becoming less 

stable as we approach to the pilus tip. FimG and FimF are part of what 

is known to be the hinge region of the pilus. It adopts a hook-like shape 

in the non-attached pilus which serves the FimH lectin domain to 

explore the surface for mannose recognition. FimF is complemented 

with the FimA donor-strand and the first pilus tip protein after the rod. 

The FimF donor-strand complements the FimG fold. Both Fim proteins 

have similar unfolding force values, which gives them a similar role 

when bridging the two very different parts formed by the lectin and the 

pilus rod. At the end of the pilus tip we find FimH protein, formed by 

two domains connected by a peptide linker. The pilin domain is 

complemented by the FimG donor-strand, in the same way as FimA, 

FimF and FimG. Of all the pilin domains this is the less mechanically 

stable one, although its values are above the not negligible quantity of 

300 pN. Following both the mechanical trend and the pilus architecture, 

the lowest force value corresponds to the FimH lectin domain, the 

ligand-recognizing protein of the pilus which sometimes unfolded 

through an intermediate (Fig. 6.4b). This lowest value is not surprising 

since the lectin domain possesses a jelly-roll topology, an elongated β-

barrel made of 11 strands and which conformation changes depending 

on the allosteric regulation exerted by the pilin domain. It tightly 
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clamps the mannose ligand when the down-regulation exerted by the 

pilin domain is removed after tensile force application. 

 Our findings reveal a high mechanical stability for the four pilin 

domains and the lectin domain, hierarchically decreasing from the pilus 

rod to the pilus tip. Although protein-ligand interaction breaks at values 

below the least mechanically stable domain (FimH pilin domain), we 

think these donor-strand interdomain connections are designed for 

guaranteeing pilus integrity in the harsh conditions of the urinary tract. 

We think this strength is based on the surface complementarity between 

the residues of the donor-strand and the residues of the fold it 

complements. The mechanical hierarchy observed in the experiments 

was partially affirmed by the SMD simulations, which showed a 

slightly different order of mechanical stability (Fig. 6.6), but supported 

the force hierarchy observed in smFS experiments due to the different 

number of hydrogen bonds made in the self-complemented proteins 

(Fig. 6.7). The simulations also confirmed us that the self-

complemented strategy was suitable for testing the mechanical strength 

of the complementation, since covalently and non-covalently self-

complemented FimH pilin domains showed the same unfolding pattern 

(Fig. 6.8). Although this same design has been used before in bulk 

experiments in the past183,184,214, this simulation validates our self-

complemented constructs as pilus native-like interactions.  

  All these previous findings where obtained with disulfide-

bonded domains, and the mechanical contribution of this bond to these 

proteins has not been addressed before. All pilus type I proteins contain 

conserved disulfides in their structure, including the FimH lectin 

domain. In the lectin case, the disulfide is placed near the mannose-
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binding pocket and its presence has been demonstrated to be crucial for 

the protein-ligand interaction215. In the reduced form, capturing the 

unfolding of the lectin domain was elusive (Fig. 6.4e), and a possible 

explanation could be the lack of stability or misfolding. But more 

importantly is the fact that all four pilin domains exhibited decreased 

unfolding forces in their reduced states, with a lost in the mechanical 

stability up to 50 % (Fig. 6.5). The position of the disulfides is not only 

conserved among type I pili subunits but also in the proteins from the 

Dr fimbriae and P pilus, highlighting the stabilizing effect of this bonds 

in adhesive organelles79. In all these fimbrial proteins the disulfide 

bond bridges A’ and B antiparallel strands and confers high 

thermodynamical and kinetic stability, which together with the strength 

of the donor-strand interaction confer high resistance to the domains. 

These configuration places two mechanical clamps on each pilus 

subunit. On the one hand the disulfide bond, and on the other hand the 

hydrophobic interaction and the hydrogen bond network made between 

the donor-strand and the A and F-strands of the fold. When a tensile 

force is applied, domain unfolding starts from the C-terminal end of the 

protein which consists in removing the donor β-strand from the fold, as 

it can be seen in the SMD simulations performed where the force 

maximums were reached just before the donor-strands are ripped out 

(Fig. 6.6). In the absence of the disulfide bond clamp, the mechanical 

unfolding pathway shifts and it starts from the N-terminal end, the 

weakest part of the protein. This different unfolding pathway was 

revealed in coarse-grained simulations performed and published by our 

group on oxidized and reduced self-complemented FimG, which 

showed the mechanical locker effect of the disulfide bond216. It is clear 

that disulfide bonds are relevant for the structural integrity of adhesive 
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structures and they confer not only thermodynamical stability but also 

mechanical resistance.  

 These findings highlight the importance of both the disulfide 

bond and the strand complementation between domains as the main 

contributors to pilus mechanical integrity. Hence, these two elements 

are potential targets for bacterial attachment ablation. The use of 

reducing agents would break disulfide bonds, and the usage for 

example of small peptides with the ability of competing with the strand 

complementation interaction would lead to pilus disassembly. However 

targeting the mature pilus is not the only option available for disrupting 

bacterial attachment. The process of pilus assembly in vivo is another 

interesting target for drug therapy, since several events occur before the 

pilus secretion. We wanted to study even deeper the attachment system 

of UPEC approaching the process of pilus biogenesis in the bacterial 

periplasm. For this purpose we used the FimG construct and we 

monitored its unfolding/folding behavior with constant-force 

experiments within single trajectories. With this approach we resemble 

the extended state of the protein when is exported to the periplasmic 

space through the SecYEG pore system. We observed the refolding 

probability of disulfide-bonded FimG was greater than the one of 

reduced domain (Fig. 6.12), showing that the disulfide bond as 

expected contributes to the folded state both enthalpically and reducing 

the entropy of the chain217. It is necessary to consider the residual 

structure existing in the oxidized FimG, which also contribute to ease 

the refolding of the stretched protein.  

 Our next step was to identify how much FimC contributes to the 

folding of FimG, as this chaperone has been identified as the main actor 
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for pilus subunits folding in the periplasm. FimC contributed 

moderately in the refolding of oxidized FimG but its effect was null for 

the reduced version (Fig. 6.12), supporting the already proposed 

additional function of FimC of acting as a quality control system which 

only supplies disulfide-bonded domains to the assembly platform 

FimD203. Unfolding kinetics of both states of the protein revealed a 

higher rate of unfolding for the reduced protein (Fig. 6.13), which 

directly connects with the lower mechanical stability observed in the 

FX experiments. Considering the lower mechanical stability of the 

reduced domains, we think FimC would ensure the incorporation to the 

pilus of only properly folded and oxidized domains.  

 It is important to remember that the design of our FimG 

contains the cognate antiparallel donor-strand provided by FimF (cis-

DSE), an interaction more favorable than the parallel G1-strand 

donated by FimC (trans-DSC). After quenching to zero force the 

refolding of FimG can happen without an external help, and this design 

could be masking the real performance of FimC. However the lack of 

activity on the reduced domains suggests that FimC recognizes and 

helps to fold oxidized FimG. 

 The modest folding effect of FimC was puzzling since previous 

extensive research has always supported this chaperone as the only 

factor contributing to pilus proteins folding in the periplasm. We 

wanted to explore in detail pilus protein maturation involving DsbA 

oxidoreductase, the enzyme responsible for disulfide bond formation in 

Fim proteins. Surprisingly, DsbA not only contributes in thiol-pair 

oxidation but also contributes, and in a greater extent than FimC, to 

FimG folding (Fig. 6.15). We believe this newly uncovered behavior 
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corresponds to a real chaperone effect of DsbA not only enhanced by 

disulfide-bond formation.  Although this is the first time DsbA has 

been directly identified as a chaperone in type I pilus biogenesis, 

previous studies already suggested that oxidoreductases from the 

thioredoxin family could be involved in more tasks than disulfide bond 

formation.  

 When the crystal structure of DsbA was reported some 

structural elements were identified as being capable of binding partially 

folded proteins218. Later a chaperone-like activity of DsbA during the 

oxidative folding and maturation of the periplasmic chaperone PapD (P 

pilus type equivalent of FimC) was proposed. Native PapD chaperone 

possesses a disulfide bond, being its correct formation and the PapD 

folding critical events for P type pilus assembly105. This study could not 

verify if PapD folding was being facilitated only by thiol-pair oxidation 

or if there was a chaperone activity in DsbA. Zheng et al.
219

 identified 

the chaperone-like activity of DsbA on proteins lacking disulfide 

bonds, separating it from the thiol-oxidoreductase activity. Therein, 

DsbA was able to help in the refolding of chemically-denatured protein 

substrates, binding to unfolded intermediates and preventing 

aggregation. In the presence of small peptides the DsbA-assisted 

refolding of these denatured proteins was diminished as a consequence 

of the competition between the small peptide and the protein substrate, 

demonstrating the peptide-binding ability of DsbA. DsbA, as its 

eurkaryotic counterpart PDI, possesses a thioredoxin-like domain 

which presents a hydrophobic groove just below the active site, which 

would allow the binding of partially folded proteins before the disulfide 

bond formation.  
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 Frech et al.
220 demonstrated the establishment of non-covalent 

interactions between DsbA and a protein substrate during the 

intermolecular disulfide bond complex generated between both species 

before complete oxidative folding. The fact that DsbA-catalyzed 

disulfide exchange with unfolded proteins is much faster than the 

provided one by small molecules like glutathione, suggests that the 

increased rates are favored by non-covalent interactions between DsbA 

and the protein substrate. Non-covalent interactions are usually made 

with chaperones which provide suitable molecular surfaces for the 

correct folding of the protein substrates, as it happens with the 

periplasmic chaperone Spy221,222. Proteins secreted to the periplasmic 

space usually contain few disulfide bonds and frequently they can fold 

before oxidation. It is important that DsbA rapidly recognizes and binds 

to these proteins meanwhile they are being secreted to the periplasm, 

thus catalyzing oxidative folding as it is required for each pilus subunit. 

The mixed disulfide intermediates stabilized through non-covalent 

interactions would be solved once the protein substrates fold in the 

surface of DsbA. This would decrease the affinity of the folded protein 

for DsbA, which would be released in an almost complete folded state 

or competent for FimC-assisted folding220.  

 The fact that when together DsbA and FimC do not increase 

even more the refolding probability of FimG suggests that DsbA 

delivers almost completely mature subunits to FimC. In our design 

folded self-complemented FimG is stable by itself but in vivo FimC 

would stabilize more than helping to fold, the different subunits 

through parallel DSC and facilitate DSE during pilus incorporation at 

the FimD platform. Moreover FimC would discriminate between 

correctly folded and oxidized subunits from the reduced ones, and 
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forming complex with the individual subunits would prevent subunit 

oligomerization and aggregation in the periplasm through donor-strand 

donation.  

 In summary our results suggest the type I pilus is a 

mechanically stable structure. This stability is built on the interdomain 

non-covalent interactions that hold the structure, and this strength 

decreases hierarchically from the pilus rod to the pilus tip. The 

presence of disulfide bonds in each of the proteins mechanically clamps 

the domains, increasing even more their stability. The importance of 

this intramolecular covalent bond is shown during pilus biogenesis, 

where chaperone FimC discriminates between oxidized strong domains 

and reduced weak domains. In our experiments, DsbA was not only 

inducing disulfide bond formation but also demonstrated to be a true 

chaperone. This new scenario strongly supports DsbA as the real 

chaperone during pilus proteins maturation, and FimC as the 

stabilization chaperone which prevents aggregation and addresses the 

correct oxidation state of the subunits. 

 

7.2 Nanomechanics of CD4 receptor 

CD4 protein is a cell-surface receptor with a crucial role during the 

adaptive immune response, involved in the stabilization of the 

interactions between the TCR and MHC-II, and in the triggering of the 

T-cell activation. HIV uses this receptor to attach to CD4+-

lymphocytes, to infect them and to replicate. Therefore the 

consequence is the destruction of the immune system cells leading to 

the host immunodepression, leaving it vulnerable to opportunistic 
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infections and cancer. Targeting the same cells that should be fighting 

the virus is one of the several reasons of the success of the infection. 

Another important reason is the virus ability to integrate into the host 

genome and hide from immunologic surveillance, remaining latent for 

future replication. This Trojan horse strategy is complemented with 

morphological features of the virion that make it undetectable to the 

immune system. The only viral-origin protein exposed on the surface of 

the virus is the glycoprotein complex Env. This protein is extensively 

glycosylated, making it invisible to the immune system, and its 

potential epitopes are subjected to high sequence variability because of 

the errors made during the retrotranscription of the viral genome. All 

together, these strategies shape the arsenal of a pathogen which 

produces a persistent and incurable infection which when non-treated 

leads to a poor prognosis of the patient. 

 Since the onset of the world pandemic huge efforts have been 

done to find a cure and crucial achievements have been accomplished, 

turning a deadly disease into a chronic one with a significant 

improvement of the life expectancy of those who live with the 

infection. Thanks to the knowledge acquired about the virus biology it 

has been possible to develop drugs that interfere with different steps of 

its life cycle, however it remains unreachable the complete eradication 

of the infection once it is started, with the only possibility of 

maintaining a low baseline viremia load and to avoid further spreading 

of the infection.  

 Especially relevant are those drugs used to prevent infection in 

the first instance. These drugs interfere with the fusion of the virus 

disrupting conformational changes required for membranes fusion, like 
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enfuvirtide, or with events taking place before fusion such as the 

binding of gp120 to the coreceptor, like maraviroc124. There are several 

antibodies targeting the most conserved sites of gp120, the CD4bs and 

the coreceptor binding site in the V3 loop127. The success of these 

antibodies greatly varies, some of them are effective in vitro with 

laboratory adapted strains but not useful against strains isolated from 

patients, and others show different effectiveness in vivo depending on 

the isolate. The coreceptor binding site and other gp120 susceptible 

regions become exposed after CD4 binding, and they are termed as 

CD4 induced epitopes (CD4i). Several antibodies target these sites like 

17b, E51, or m36, but again they only exhibit mild neutralization 

potency223,224. The treatment with these antibodies in clinical trials 

usually is effective for a short period of time, after which resistant 

strains appear and are positively selected225. The successful viremia 

suppression comes when the antiretroviral therapy combines several 

neutralizing antibodies225. 

 The problem about targeting the viral spikes is not only the 

glycan masking of the epitopes but also the high mutation rate. This 

mutability generates virus quasispecies varying up to 5% in their 

genetic content inside the same host226. A reasonable approach is to 

interfere with the receptors used in viral attachment, like CD4 and the 

chemokine receptor151. Being host proteins they are not exposed to a 

high mutation rate thus they can be targeted with the certainty of not 

becoming obsolete due to sequence variability227. Some problems may 

arise from this strategy since the binding of antibodies to these two 

receptors could alter their natural function. This requires inhibitory 

molecules able to prevent HIV infection but to not interfere with the 

performance of these receptors228.  
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 The effect of forces on proteins has not been approached until 

recently and, as it was indicated in the Introduction chapter, their 

relevance in human diseases cannot be underestimated. In the same 

way that bacteria attachment is strongly influenced by forces, the viral 

attachment process also experiences mechanical stress. During HIV 

entry, CD4 conformational flexibility is required for viral particle 

approaching to the membrane coreceptor135,229. This malleability 

implies structural changes on CD4 which could be triggered due to the 

forces exerted by the bound virion. A stiffer CD4 molecule would 

complicate downstream events required for HIV entry. Understanding 

the mechanics of CD4 under small stretching forces which resemble the 

viral attachment in vivo, constitutes the first step for designing a 

strategy to stiffen CD4 and block HIV infection.   

 In this thesis the mechanical behavior of the first two domains 

of CD4 under different conditions has been investigated. For this 

purpose we studied CD4D1D2 protein with smFS. In the first set of 

experiments the mechanical stability of CD4D1D2 was studied with 

constant velocity experiments. Two pulling speeds were tested, 400 

nm·s-1 and 10 nm·s-1 (Fig. 6.16). The first speed has been widely used 

for determining the mechanical stability of proteins like I91 and 

constitutes a reasonable starting condition for identifying the protein 

mechanical stability230, but the second lower speed reflects the attempt 

of resembling the hypothetical moving speed of a viral particle attached 

to the cell surface in vivo. Under both pulling speeds both CD4 

domains exhibited a lower mechanical stability than the I91 domains of 

the polyprotein, and D2 showed a higher unfolding force than D1. 

Counterintuitively the strongest domain, D2, unfolds before the weaker, 

D1, when the expected behavior is just the opposite31. This trend is 
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observed at low and high pulling speed indicating a mechanical 

hierarchy in the behavior of CD4D1D2 protein. D1 and D2 are 

connected through a β-strand shared by both domains (termed as G-

strand in D1, and as A-strand in D2). This shared structural element 

would confer to the D1-D2 tandem a common mechanical response, 

acting as one unit. After D2 unfolding D1 is left unprotected, easing its 

mechanical unfolding. Once D2 is unfolded the force would be 

propagated through the shared strand between domains, breaking the 

hydrogen bonds made between D1 A-strand and G-strand (the strand 

shared with D2). This intimate interdomain connection has been 

suggested as a proof of modularity in CD4, since the same kind of 

relationship exists also between D3 and D4 domains231.  

 In the set of FC experiments different constant forces where 

tested to unravel the kinetics of CD4D1D2 unfolding, from 20 to 100 

pN (Fig. 6.17). Following Bell-Evans-Ritchie model67,170, the unfolding 

rate of both domains increased exponentially with the force applied 

(Fig. 6.17c). The force range used allows for the extrapolation of the 

unfolding rate at force-values close to zero, in the range of forces 

expected to be exerted by a viral particle attached to CD4. These 

measurements demonstrated that CD4D1D2 extension is possible at 

very low forces, like the ones HIV could exert in vivo. This extra length 

would increase the chances for coreceptor binding on the cell surface, 

since a longer tether permits the exploration of a larger area 

surrounding the anchoring point provided by CD4. Again the 

hierarchical unfolding of the tandem was reproduced as it occurred in 

the FX measurements. Moreover D2 was observed to be able to unfold 

through an intermediate, a feature that could be related with the redox 

regulation of its allosteric disulfide bond. This intermediate could 
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expose the buried disulfide making it available for reduction by 

thioredoxin enzyme, enabling a further extension of the tether.  

 Longer tethers support greater HIV infectivity, as it can be 

deduced from the experiments of Freeman et al.153. In this work four 

constructs where expressed on the surface of 293T cells, presenting all 

of them the tandem CD4D1D2 followed by polypeptide linkers of 

different length. We developed a mathematical expression that relates 

the infectivity data from this work with the length of the different 

CD4D1D2 constructs. This expression accounts for the force-induced 

extension of CD4 under different loads. The infectivity levels of the 

four constructs were correlated with the length of the tether and this 

trend follows a single-exponential function (Fig. 6.18 and Fig. 6.19). 

Wild-type CD4 provides the maximum infectivity level but it falls out 

from the exponential fit if we assume this infectivity is achieved 

without the extension of any of its domains. Nevertheless if the 

unfolding of one or two domains is considered, the extra extension 

would place wild-type CD4 in the exponential trend. This suggests the 

unfolding of CD4 D3 and D4 would help HIV to infect the cells, and 

the unfolding of D2 also cannot be ruled out from this behavior. 

 From these findings it is feasible that HIV virion could trigger 

the partial unfolding at low forces of CD4 supporting the infection. 

Several antibodies interfere with the infection, and those ones 

recognizing CD4 are of special importance since they provide an 

opportunity for targeting a host element instead of the highly mutable 

epitopes of the virus134,150,151. It has been hypothesized that some of 

these antibodies that do not compete with the binding site of gp120, 

could interfere with the conformational rearrangements required for 
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viral entry. Among these antibodies is Ibalizumab, a strong inhibitor of 

HIV infection but whose neutralizing mechanism is unknown152. It has 

been demonstrated that protein-protein interactions can lead to 

mechanical stabilization41,42, and Ibalizumab binding to CD4 could 

mechanically stabilize CD4 hindering its force-induced extension. For 

this reason we performed smFS experiments on CD4D1D2 in the 

presence of Ibalizumab. First, FX experiments did not show remarkable 

differences in the unfolding force of the tandem CD4D1D2, only with a 

slight increase in the case of D2 domain. Ibalizumab contacts are 

placed mainly in D2 domain and some in D1 domain, and a greater 

stabilization effect was expected. However although forces did not 

increase significantly, the FX traces showed a change in the position of 

the CD4D1D2 unfolding peaks suggesting the stabilization of the 

tandem. In the absence of Ibalizumab both CD4 domains unfold first 

followed by the unfolding peaks of the fingerprint I91 domains. When 

Ibalizumab is present the tandem unfolding was detected even after the 

unfolding of the four I91 domains (Fig. 6.20d). A possible explanation 

for this behavior could be that Ibalizumab stabilizes mainly D2 domain, 

which protects D1 domain from mechanical unfolding, but under 

increasing tensile stress the antibody unbinding occurs and leaves D2 

domain susceptible of mechanical unfolding. FR experiments provided 

a better understanding of this behavior since unlike FX they make 

possible the application of constant loading rates. FR traces in the 

presence of Ibalizumab showed again a change in the position of the 

unfolding steps of CD4D1D2, occurring after the I91 unfolding (Fig. 

6.21b). If the initial unfolding forces (the first unfolding step coming 

from any of the domains of CD4D1D2) are compared it is possible to 

see a shift to higher forces when the antibody is present. In this case the 
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average unfolding force increased around 80 pN (Fig. 6.21e), four 

times the values detected in FX experiments. We also detected this 

stabilization effect in the length increase of CD4D1D2, whose 

simultaneous unfolding was more probable in the presence of 

Ibalizumab (Fig. 6.21d). This could be explained in the context of the 

force range where the unfolding of the tandem takes place. Ibalizumab 

delays the unfolding of D2 domain meanwhile the tensile force 

increases, but when it unbinds it leaves the tandem submitted to forces 

way higher than the ones the CD4D1D2 tandem is able to resist by 

itself. At this high force the unfolding of both domains occurs in one 

single step that reveals that Ibalizumab binding mechanically stabilizes 

CD4. During HIV entry Ibalizumab could prevent CD4 unfolding 

decreasing the success of coreceptor binding because of the rigidity of 

the linker.  

These results suggested us that CD4 extension and flexibility 

play a significant role for the HIV successful infection. Another 

important feature of HIV infection is the redox regulation of the 

proteins involved147. CD4 domains possess intramolecular disulfide 

bonds whose presence imposes mechanical inextensibility beyond a 

certain point. In the force range we can apply with smFS these bonds 

are unbreakable due to their covalent nature. Besides, the virus could 

never pull at such high forces without breaking the weak contacts made 

with D1 domain. It is known that several oxidoreductases are secreted 

to the extracellular space for signaling and also for the regulation of 

membrane and extracellular proteins, and it has been demonstrated that 

the reduction of disulfide bonds present in gp120 and in CD4 are 

required for viral entry148,232. Specifically the disulfide bond reduction 

of CD4D2 domain is apparently required for the successful infection146. 
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This disulfide presents some particularities that make it different from 

the disulfide bonds of domains 1 and 4. For example in D1 the disulfide 

bond connects the B and F-strands, bridging the two β-sheets that form 

the β-sandwich structure of the domain. This is the typical architecture 

of Ig-like domains which present disulfide bonds. However in D2 the 

disulfide bond bridges the C and F-strands and both are part of the 

same β-sheet. This kind of disulfides are unusual and are related with 

the allosteric regulation of the protein231. In the case of CD4 the 

reduction of the disulfide bond of D2 domain would allow the 

dimerization of CD4 molecules through the formation of intermolecular 

disulfides between D2 domains of neighboring receptors233. Dimers of 

CD4 would help to stabilize the interaction with the MHC-II during 

antigen presentation and also would amplify the downstream signals 

that lead to T-cell activation.  

During viral attachment thioredoxin oxidoreductases secreted to 

the extracellular space could reduce D2 disulfide, making possible the 

total extension of this domain. Despite of being different from D1 and 

D4 disulfides, as in them D2 disulfide is buried in the hydrophobic core 

of the domain. As it is hidden, oxidoreductases cannot access the 

disulfide thus cannot reduce it. Nevertheless the viral particle bound to 

CD4 could unfold partially D2 domain making its disulfide solvent-

exposed and available for thioredoxin catalytic activity. We 

hypothesized that CD4 viral-induced extension could be 

mechanochemically enhanced by cell enzymes. In order to test this 

hypothesis we conducted FC experiments in the presence of 

thioredoxin. FC measurements are best suited for mechanochemical 

experiments since oxidoreductase activity is impaired when the 

substrate is held at high forces194, thus maintaining a constant 
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intermediate force guarantees the optimal catalytic performance of the 

enzyme. The data collected shows the unfolding of both domains up to 

its disulfide bonds and its posterior reduction as a consequence of the 

action of thioredoxin (Fig. 6.22). In very rare events was possible to 

unfold completely the domains showing no disulfide. Along the 

experiment thioredoxin could reduce the disulfide bonds of CD4D1D2 

molecules before stretching, but the low number of events registered 

suggests that their disulfides are inaccessible for the enzyme and only 

after mechanical extension of the protein they become available. In 

some occasions after the initial unfolding we detected the reduction of 

D2 domain disulfide but not the one from D1, suggesting that this 

disulfide is more prone to be regulated by thioredoxin.  

D2 domain disulfide bond shares the same configuration as the 

one of gp120 V3-loop, with two antiparallel β-strands connected234. 

This configuration, termed as –RHStaple, is typical of allosteric 

disulfides and provides the adequate positioning of the three sulfur 

atoms involved in the reaction, forming a 180º angle between 

thioredoxin Cys32 and CD4D2 Cys130 and Cys159, which favors 

reduction143. Moreover the –RHStaple configuration imposes an 

unfavorable conformation of the χ angles of the disulfide, generating a 

mechanical strain in the protein structure which destabilizes the bond. 

These topological constraints modulate the disulfide reactivity and 

stretching forces facilitate their reduction235. Therefore  external 

applied forces (like the exerted by the virus) induce a conformational 

distortion which affects the redox potential of the disulfide, lowering its 

activation energy236,237. Once the disulfide is reduced, the prestress 

topology of the protein could be released triggering conformational 

changes in both gp120 and CD4, which are required in the subsequent 
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events of infection143,234. This scenario strongly supports the 

mechanochemical regulation of CD4, where the virus could exert force 

enough for unfolding CD4 domains, destabilizing the oxidized state of 

the disulfide and easing the access of thioredoxin. Again the extra 

lengthening provided by a reduced and an unfolded CD4 domain would 

increase the chances of the virus for binding to its coreceptor, covering 

a larger area of the cell surface.  

 We propose that HIV takes advantage from CD4 

conformational malleability in order to commit a successful infection. 

Once bound, the virion remains attached to CD4 through weak 

interactions but the random movements of the particle can exert forces 

on CD4 high enough for inducing its mechanical extension. The 

unfolding of some of CD4 domains exposes buried disulfide bonds 

which are susceptible of redox regulation by thioredoxin, an 

oxidoreductase secreted to the extracellular space as part of the normal 

cell physiological processes. CD4 D2 domain is highlighted as a 

potential target for this redox regulation since its disulfide bond 

presents features proper of allosterism, facilitating the dimerization of 

CD4 molecules on the cell surface. This would allow HIV to extend 

CD4 even more, covering larger areas of the cell surface and increasing 

the probability of coreceptor encounter. CD4 dimerization could also 

help HIV binding, securing the attachment of one Env spike with two 

gp120/CD4 interactions. However we think the mechanochemical 

extension of CD4 during HIV binding contributes more to the infection 

than CD4 dimerization. Mechanically extended proteins are able to 

refold in the presence of low forces, and we think that viral Brownian 

motions can both extend and collapse CD4, hopping around the folding 

equilibrium of the domains of the receptor.  
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 Taking into account all of these features we propose CD4 

behaves as a shock-absorber element during HIV binding, a structure 

able to extend and contract at low forces due to the motion of the virus, 

as it has been already proposed238,239. The ability of releasing the 

tension experienced by the contacts of the gp120/CD4 interface would 

prevent the viral detachment from the receptor, as it happens with the 

unraveling mechanism of the type I pilus rod. Together with the hinge-

like flexibility of CD4 and its mechanochemical extension, the 

opportunities for coreceptor binding of HIV increase. Our results using 

Ibalizumab show that the mechanical stabilization of CD4 could be the 

reason of the inhibitory effect of this antibody. This finding supports 

our hypothesis of the flexible spring-like structure hijacked for 

infection, and also highlights the mechanomedical research as a field 

full of possibilities for the future of Medicine.  

 

7.3 Conclusions and outlook 

In the presented work we have approached the mechanochemical 

aspects involved during UPEC and HIV-1 attachment to their target 

cells on the single molecule level. Our work strongly highlights the 

importance of forces on processes occurring at the nanoscale like 

bacterial and viral attachment, where single molecules and protein-

protein/ligand interactions govern the fate of these two pathogenic 

infections. 

 We think these findings are exportable to other models of 

pathogenic infection and that the nanomechanical properties of the 
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molecules involved in the attachment should be explored and 

considered for medical treatment development. 

 In the case of UPEC smFS has been proven to be useful for 

probing the mechanical stability of pilus proteins, and to resemble the 

extended state of pilus subunits for interrogating the maturation process 

in the periplasm. As it can be seen from our results, the redox state of 

pilus subunits disulfide bonds can be targeted for mechanical 

destabilization. Also, designed small peptides or molecules able to 

compete/disrupt for the donor-strand complementation in the mature 

pilus could be used for triggering pilus disassembly. This last strategy 

should be oriented to target specially the donor-strand interactions from 

the pilus tip, since the quaternary structure of the pilus rod would shield 

the access to FimA-FimA linkage unless it is mechanically uncoiled. 

Besides targeting the mature pilus, the main actors involved during 

pilus proteins periplasmic maturation and incorporation offer 

alternative approaches. DsbA defective mutants display problems for 

type I and P pilus maturation105. DsbA/DsbB system is widely spread 

across species, and targeting it affects several functions of the bacteria, 

many of them related with the assembly and secretion of virulence 

factors such as Tcp pili, cholera toxin and enterotoxin240. 

 Other potential targets for drug development could be the 

blockage of FimD secretion pore, which would inhibit pilus secretion. 

This target has some advantages since it is located in the OM of 

bacteria and it is easier to access. The blockage of SecYEG channel for 

avoiding periplasmic importation of proteins, or disrupting the 

favorable molecular surfaces provided by the periplasmic domains of 
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FimD, responsible of chaperone/subunit complex management during 

pilus assembly, could be more alternatives. 

 SmFS can be helpful in the developing and testing the effect of 

new drugs, as it was done with the CS20 fimbriae. In this research the 

mechanical effect of antibody binding to these adhesive structures of 

enterotoxigenic E. coli was tested with smFS experiments, showing that 

antibody binding decreased pilus elasticity hindering uncoiling. Higher 

forces were required to uncoil these pili because of the stabilization 

effect of the antibody, and also extended pilus recoiling was hindered 

due to this protein-protein interaction241. Peptides or molecules with the 

ability of disrupting pilus proteins mechanical stability could be also 

approached with smFS, and experiments on whole purified pilus should 

be conducted in order to test their effect on higher order structures.   

 Regarding CD4 and HIV infection we observed strong 

parallelisms with the UPEC attachment. The redox regulation of 

CD4D2 disulfide bond by thioredoxin, as DsbA does on pilus proteins, 

could be a potential target for viral infection prevention. However other 

oxidoreductases like PDI or glutaredoxin could substitute thioredoxin 

and also interfering with them probably would alter many cellular 

processes. In the case of CD4, the mechanical stabilization of its 

domains through antibody binding could be the better approach. 

Ibalizumab has shown us that its neutralizing activity could be 

explained in the context of CD4 stiffening due to antibody binding.  

 In the future the four extracellular domains of CD4 should be 

tested in order to obtain a complete description of the nanomechanics 

of this receptor. The glycosylation of D3 and D4 domains prevented us 

to produce this protein in our bacterial expression system, but as we 
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proved the first two domains of CD4 already gave us an interesting 

picture of how forces could be affecting them during infection. Future 

work involving smFS would require measurements of CD4 mechanical 

extensibility at forces close to the range of thermal motions, like for 

example using OT or MT setups. An interesting experiment would be 

to functionalize MT probes with gp120 and pull from full extracellular 

CD4 molecules attached to the surface. After gp120/CD4 binding, 

pulling at very low forces would reveal us the kinetics of CD4 domains 

unfolding when pulled from the specific binding site of HIV, 

resembling the in vivo interaction. These experiments should test also 

the effect of thioredoxin and Ibalizumab on this system, and see how 

these two proteins separated and in combination affect CD4 mechanical 

unfolding. 

 Our findings provide a framework for mechanomedical 

research. Research focused towards to find molecules able to bind to 

CD4, increasing its stiffness, and preventing its mechanical extension, 

could be the therapeutic strategy of the future to avoid HIV entry in 

cells. The same situation is applicable for UPEC pilus attachment 

where instead of protein stiffening, the mechanical weakening of its 

individual domains could be the best approach. The 

Mechanopharmacology field may develop as the future strategy for the 

designing of fine-tuned drugs able to mechanically affect proteins 

involved in human diseases. 
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Appendix 

Protein sequences 

(I91)2-CD4D1D2-(I91)2 

LIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEI
IEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLY
GVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHIL
ILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSGSSKKVVLGKKG
DTVELTCTASQKKSIQFHWKNSNQIKILGNQGSFLTKGPSKLNDRADS
RRSLWDQGNFPLIIKNLKIEDSDTYICEVEDQKEEVQLLVFGLTANSDT
HLLQGQSLTLTLESPPGSSPSVQCRSPRGKNIQGGKTLSVSQLELQDSG
TWTCTVLQNQKKVEFKIDIVVLAFQKASSRSLIEVEKPLYGVEVFVGE
TAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHILILHNCQLG
MTGEVSFQAANAKSAANLKVKELIEVEKPLYGVEVFVGETAHFEIELS
EPDVHGQWKLKGQPLTASPDCEIIEDGKKHILILHNCQLGMTGEVSFQ
AANAKSAANLKVKERS 

 

(I91)2-FimA-DSFimA-(I91)2 

LIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEI
IEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLY
GVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHIL
ILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSACAVDAGSVDQT
VQLGQVRTASLAQEGATSSAVGFNIQLNDCDTNVASKAAVAFLGTAI
DAGHTNVLALQSSAAGSATNVGVQILDRTGAALTLDGATFSSETTLN
NGTNTIPFQARYFATGAATPGAANADATFKVQYQDNKQAATTVNGG
TVHFKGEVVNARSLIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQW
KLKGQPLTASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANAKSAA
NLKVKELIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLT
ASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKERS 

 

(I91)2-FimF-DSFimA-(I91)2 

LIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEI
IEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLY
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GVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHIL
ILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSDGNGCSVAAEST
NFTVDLMENAAKQFNNIGATTPVVPFRILLSPCGNAVSAVKVGFTGV
ADSHNANLLALENTVSAASGLGIQLLNEQQNQIPLNAPSSALSWTTLT
PGKPNTLNFYARLMATQVPVTAGHINATATFTLEYQDNKQAATTVN
GGTVHFKGEVVNARSLIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQ
WKLKGQPLTASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANAKSA
ANLKVKELIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQP
LTASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKE
RS 

 

(I91)2-FimG-DSFimF-(I91)2 

LIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEI
IEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLY
GVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHIL
ILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSVVAKPCTVSTTNA
TVDLGDLYSFSLMSAGAASAWHDVALELTNCPVGTSRVTASFSGADS
TGYYKNQGTAQNIQLELQDDSGNTLNTGATKTVQVDDSSQSAHFPVR
ALTVNGGATQGTIQAVISITYTYSDNKQADSTITIRGYVRRSLIEVEKP
LYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKK
HILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLYGVEVF
VGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHILILHNC
QLGMTGEVSFQAANAKSAANLKVKERS 

 

(I91)2-FimHL-FimHP-DSFimG-(I91)2 

LIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEI
IEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLY
GVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHIL
ILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSFACKTANGTAIPIG
GGSANVYVNLAPVVNVGQNLVVDLSTQIFCHNDYPETITDYVTLQRG
SAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRTDKPWPVALYL
TPVSSAGGVAIKAGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVP
TGGCDVSARDVTVTLPDYPGSVPIPLTVYCAKSQNLGYYLSGTTADA
GNSIFTNTASFSPAQGVGVQLTRNGTIIPANNTVSLGAVGTSAVSLGLT
ANYARTGGQVTAGNVQSIIGVTFVYQDNKQADVTITVNGKVRSLIEV
EKPLYGVEVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIED
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GKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPLYGV
EVFVGETAHFEIELSEPDVHGQWKLKGQPLTASPDCEIIEDGKKHILIL
HNCQLGMTGEVSFQAANAKSAANLKVKERS 
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P
roteins located in the extracellular
matrix perform important functions in
cell signaling, motility, adhesion, cell�

cell interaction, and antigen recognition.1

These proteins are generally exposed to
mechanical forces that are believed to trigger
chemical and structural alterations crucial for
their function.2�4 In addition, many of these
proteins are key players in diseases such as
cancer metastasis, viral infections, and ner-
vous disorders, but it is not known how
mechanical force relates to medical condi-
tions associated with these extracellular pro-
teins. Understanding the effect of force on
cell-surface proteins may have profound im-
plications in physiology and medicine.5,6

A relevant cell-surface protein is the clus-
ter of differentiation 4 (CD4), a four-domain
protein that serves as a mechanical anchor
of HIV-1. The virus initiates infection when
the viral glycoprotein gp120 interacts with
CD4 on the surface of T-cells.7,8 Upon gp120
binding to CD4 a cascade of conformational
changes occurs in the gp120�CD4 complex
that facilitates interaction with a secondary

surface coreceptor (CCR5 or CXCR4), expos-
ing the membrane-anchored gp41 subunit
for final membrane fusion.9�11 Structural
studies of the gp120�CD4 complex using
X-ray, cryo-electron tomography or the-
oretical modeling have provided relevant
information about the conformational
changes;10,12�14 however, the key factors
that trigger these large structural adjust-
ments as well as their implications are
still under debate. Similarly, the precise
mechanisms by which some antibodies
block HIV-1 infection,15,16 or the underlying
mechanism by which oxidoreductases en-
zymes seem to regulate the redox state of
disulfide bonds in CD4 and gp120 during
infection are yet to be defined.17 We sug-
gest thatmechanical force can trigger struc-
tural and chemical alterations on CD4 and
gp120 that may be relevant for the initial
interaction of virus and host cell.
Here, we have used a combination of

single-molecule force spectroscopy experi-
ments and analysis on HIV-1 infectivity data
to investigate the effect of force on domains

* Address correspondence to
r.perezjimenez@nanogune.eu.
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and accepted October 9, 2014.

Published online
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ABSTRACT Cell-surface proteins are central for the interaction of cells with

their surroundings and are also associated with numerous diseases. These

molecules are exposed to mechanical forces, but the exact relation between force

and the functions and pathologies associated with cell-surface proteins is unclear.

An important cell-surface protein is CD4, the primary receptor of HIV-1. Here we

show that mechanical force activates conformational and chemical changes on CD4

that may be important during viral attachment. We have used single-molecule

force spectroscopy and analysis on HIV-1 infectivity to demonstrate that the

mechanical extension of CD4 occurs in a time-dependent manner and correlates with HIV-1 infectivity. We show that Ibalizumab, a monoclonal antibody

that blocks HIV-1, prevents the mechanical extension of CD4 domains 1 and 2. Furthermore, we demonstrate that thiol/disulfide exchange in CD4 requires

force for exposure of cryptic disulfide bonds. This mechanical perspective provides unprecedented information that can change our understanding on how

viruses interact with their hosts.

KEYWORDS: atomic force spectroscopy . mechanochemistry . CD4 receptor . HIV-1 . cell-surface proteins
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1 and 2 of human CD4. Our findings show that
mechanical extension of CD4 domainsmay occur with-
in a broad range of forces. We also show that mechan-
ical forces may be relevant to better understand the
mechanism by which antibodies block HIV-1, as well as
the process of thiol/disulfide exchange on CD4 assisted
by oxidoreductases enzymes.

RESULTS

Nanomechanics of CD4D1 and CD4D2 Revealed by Single-
Molecule Force Spectroscopy. To investigate the effect of
force on CD4 modules, we constructed a polyprotein
composed of domains 1 and 2 of CD4 bracketed by
dimeric handles made of the 27th domain of human
cardiac titin used as molecular fingerprint, (I27)2-
CD4D1D2-(I27)2 (Figure 1a). We used an atomic force
microscope (AFM) to stretch the CD4 construct at a
constant speed in the force extension mode. Mechan-
ical unfolding of I27 modules provides a clear finger-
print distinguished by the unfolding force of ∼200 pN
and contour length (ΔLc) of∼28 nm for eachmodule.18

This approach allows us direct identification of any
other unfolding event that can be attributed to CD4
modules. A typical force�extension trace resulting
from the unfolding of (I27)2-CD4D1D2-(I27)2 shows
two peaks corresponding to CD4 domains prior to
the unfolding of the four I27 modules (Figure 1b).

The contour lengths measured are 10 ( 1 nm and
16 ( 4 nm for CD4D1 and CD4D2, respectively
(Supporting Information, Figure 1) which are in close
agreement with the maximum theoretical values for
unfolding up to their disulfide bonds (12 and 20 nm,
respectively, considering 0.4 nm/residue). We have
measured mean unfolding forces of 101 ( 30 pN for

CD4D1 and 119 ( 32 pN for CD4D2 at a pulling speed
of 400 nm/s (Figure 1c,d). The mechanical stability of
proteins depends on the speed at which the proteins
are stretched. We do not really know what the pulling
speed could be in a biological context such as the
interaction of an HIV-1 particle with CD4; therefore, we
do not really know the force that CD4 experiences. For
this reason, we performed experiments at a much lower
pulling speed, 10 nm/s. At this speed we measured an
unfolding force of 57( 21pN forCD4D1and75( 23pN
for CD4D2 (Supporting Information, Figure 2).

We observe that the unfolding of CD4D2 normally
occurs prior to the unfolding of CD4D1 even though
the unfolding force of CD4D1 is lower (Supporting
Information, Figure 3). This hierarchical behavior sug-
gests a protective role of CD4D2 over D1. Both domains
act in unity,19 sharing structural elements that confer
mechanical rigidity.

To investigate the time scale at which the mechan-
ical extension of CD4D1D2 occurs, we used the force�
clamp technique, which allows the application of a
well-controlled force to a single polyprotein over a
period of time.20 We applied a double-pulse force
protocol that allows the separation of the unfolding
of CD4D1D2 from that of I27 domains. We first applied
a force-pulse of 20�100 pN to trigger the extension of
CD4D1 and CD4D2.Wemeasured a step size of∼13 nm
for CD4D2 and∼8 nm for CD4D1 (Supporting Informa-
tion, Figure 4). A second pulse of 150 pN was applied
for 4s to unfold I27 modules, ∼24.5 nm (Figure 1e),
which is used as a molecular fingerprint.21 We have
accumulated numerous unfolding traces of CD4D1D2
at different forces from 20 to100 pN, from where we
can obtain the unfolding rate at a given force. As a first

Figure 1. Nanomechanics of Human CD4. (a) Schematic representation of an AFM experiment of the polyprotein (I27)2-
CD4D1D2-(I27)2. The I27modules are used asmolecular fingerprint. The polyprotein is attached to a gold-covered coverslide
in one end and a cantilever tip in the other end. Notice the similarity between the artificial AFM experiments and the HIV-1
infection process (see the graphic in the Abstract section). (b) Force�extension curve of the polyprotein (I27)2-CD4D1D2-(I27)2.
Twopeaks corresponding to domains CD4D2 and CD4D1precede the unfolding of the four I27 domains. The curves are fitting to
theworm-like chainmodel fromwherewederive the contour lengthofCD4D1 (red) andCD4D2 (blue). (c) Histogramof unfolding
force for CD4D1 (n=132) and (d) CD4D2 (n=125). (e) Force�clamp traceof thepolyprotein (I27)2-CD4D1D2-(I27)2. Theunfolding
of CD4D1D2 is monitored at 50 pN, and the unfolding of I27 domains is monitored at 150 pN. (f) Exponential fitting to summed
and averaged unfolding traces of CD4D1D2 at different forces. From this fittingwe obtain the unfolding rate at a given force. We
use a single-exponential fit to provide an approximated idea of the time scale of the CD4D1D2 extension. (g) Force-dependency
of unfolding of CD4D1D2. An extrapolation to zero force predicts an unfolding rate of 0.08 s�1.

A
RTIC

LE



PEREZ-JIMENEZ ET AL. VOL. 8 ’ NO. 10 ’ 10313–10320 ’ 2014

www.acsnano.org

10315

approximation we have used single-exponential fits to
estimate the time scale for CD4D1D2 mechanical ex-
tension (Figure 1f and Supporting Information, Figure 5
for 20 pN). The force dependence of the rate of
unfolding of CD4D1D2 is shown in Figure 1g. The
extrapolation to low forces allows us to predict the
unfolding rates (0.08 s�1 at F = 0 pN). Therefore, the
mechanical extension of CD4D1D2 may occur even at
very low forces. At these low forces this extension may
proceed through intermediates. In fact, we have ob-
served some traces (∼5%) in which CD4D2 unfolds in
two steps (Supporting Information, Figure 6). We also
carried out experiments in the force�ramp mode in
which the force is changed linearly at a constant speed
(33 pN/s) allowing the separation of the different
unfolding events while controlling the force. We ob-
tained the distribution of the initial unfolding force of
CD4D1D2 which in this mode peaks at ∼80 pN
(Supporting Information, Figure 7). Although we have
not studied experimentally domains 3 and 4, they have
some structural similarities with domains 1 and 2. In
fact, computational analyses have shown that they
unfold at similar forces as those of domains 1 and 2
(data not shown). Similarly to D1 and D2, D3 and D4
also act as a unity sharing a continuous β-strand, but

are separated from domains D1 and D2 by a hinge-like
variability (pdb code: 1wiq). Although some residues
from D2 and D3 interact, the junction has been shown
to be highly flexible,22 and therefore no mechanical
rigidity is expected within that region.

Extension of CD4 Correlates with HIV-1 Infectivity. Inde-
pendent experiments measuring HIV-1 infectivity of
cells expressing variants of CD4 with extended linkers
can offer information regarding CD4 extensibility.
In recent work, Freeman et al.,23 expressed domains
CD4D1D2 directly tethered to the transmembrane
fragment of 293T cells throughout a flexible linker.
Several constructs with linkers of 5, 15, 30, and 45
residues (repeats of the pentapeptide GGGGS) were
designed and expressed in the surface of 293T cells. All
variants supported HIV-1 infection but with different
efficiency (Figure 2a). Using this data, we performed
some calculations to correlate infectivity and construct
extension. Considering a length of 0.4 nm/residue, the
total length of the unstructured linkers is 2, 6, 12, and
18 nm. The total extension of the CD4 construct is the
sum of the length of the linker plus the folded
CD4D1D2 domains which is ∼6 nm, as determined
from the CD4 X-ray structure (pdb: 1wip). The in-
fectivity was plotted against the predicted length

Figure 2. Correlation between HIV-1 infectivity and CD4 extensibility. (a) Schematic representation of CD4D1D2 plus linkers
tethered to cell membrane. The linkers are composed of repeats of the pentapetide GGGGS; one repeat for L1, three repeats
for L2, six repeats for L3, and nine repeats for L4. The relative infectivity (relative light unit, RLU) in SC42266 isolates is
indicated for each construct and CD4WT (data extracted from ref 23). (b) Plot of relative infectivity versus contour length of
CD4-linker constructs. The length of the constructs is estimated by adding the length of the folded domains to the length of
linkers (number of residues times 0.4 nm/residue). The black dot corresponds to CD4WT in the folded state. The red dot
for CD4WT considers two domains unfolded and two folded. The red line is simple exponential fit intended to guide the eye.
(c, d) Plots of infectivity versus extension calculated from the freely jointed chainmodel at 5 and 25 pN, respectively. Different
scenarios regarding domain unfolding are considered and indicated in the gray bars, from all domains folded to all domains
unfolded. The line is an exponential fitting to the empirical equation described in the text and in the Supporting Information.
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demonstrating a striking correlation with CD4D1D2-
linker length; longer linkers support higher infectivity
(Figure 2b). On the contrary, CD4WT infectivity does
not follow the correlation of the CD4D1D2-linker var-
iants (black dot in Figure 2b). However, if we consider,
for instance, that two CD4WT domains are extended
and two folded, the total extension is now longer.
The correlation is now consistent and can be fitted to
a single exponential (Figure 2b).

Nevertheless, it has to be considered that the
extension of a polypeptide under mechanical loads
depends on the force applied and is better described
by models of polymer elasticity such as the worm-like
chain (WLC) or the freely jointed chain (FJC). In addi-
tion, the mechanical unfolding of different domains
may occur independently which will impact the total
extension. Since we do not know the force that might
be acting on CD4, we applied the FJC model to predict
the extension of the CD4D1D2-linker constructs at
different forces: 5, 15, 25, and 40 pN (Supporting
Information, Figure 8). We considered different unfold-
ing possibilities, such as one or two unfolded domains
or even three or four unfolded domains for CD4WT.
By fitting an exponential, I(x) = I0� A exp[x(F)/x0], we
obtained an empirical correlation between the infec-
tivity, I(x), and the force-dependent extensibility, x(F),
in which CD4WT infectivity is considered an asymptote
that represents maximum infectivity (Figure 2c,d).
Here, I0 is the wild-type infectivity taken as 57.16
RLU;23 A is a fitting parameter that defines the folded
length at zero infectivity as x0ln(I0/A) ≈ 5.3 nm; and
x0 is a length-scale coefficient of the infectivity at a
given force. The force-dependent extensibility is de-
scribed by the FJC phenomenological model, x(F) =
xC[tanh

�1(Fa/kBT) �kBT/Fa], where xC is the molecule's
combined contour length for the contributions of all
the folded and unfolded domains, F is the applied
force, a is the Kuhn length, kB is the Boltzmann con-
stant, and T is the temperature (see Supporting Infor-
mation, Table 1 for fitting parameters). The different
scenarios for domain extension in CD4WT and
CD4D1D2-linker variants demonstrate that at least
2 or 3 unfolded domains are necessary to follow the
correlation at 5 pN and 25 pN (Figure 2c,d).

Mechanical Effect of HIV-1 Neutralizing Antibody Ibalizumab
on CD4 Domains. The calculations above suggest a cor-
relation between the extensibility of CD4 and HIV-1
infectivity. We reasoned that an increase in the me-
chanical stability of CD4 should prevent extensibility,
potentially blocking HIV-1 entry. The mechanical sta-
bility of a protein can be modified by introducing
mutations in specific locations;18 however, introducing
mutations is not reversible and the effect generally
goes in the destabilizing direction. A strategy that has
been proven successful in protein mechanical stabili-
zation is antibody binding.16 This is important consid-
ering that the use of antibodies is a common strategy

to fight HIV-1.15 We decided to test whether an anti-
CD4 antibody able to block HIV-1 infectivity can actu-
ally affect the mechanics of CD4 modules. We tested
the neutralizing antibody Ibalizumab, a humanized
monoclonal antibody that specifically binds in the
interface between CD4D1 and CD4D2 with very high
affinity, (KD= 8.25� 10�11M) ref 24, without interfering
gp120 binding. Ibalizumab has been shown to be
effective against a wide range of HIV-1 isolates;23

however, the critical factors that make Ibalizumab a
good inhibitor are not yet clear.24 The crystal structure
of CD4 bound to Ibalizumab (pdb: 3O2D) shows critical
residues that form the binding epitope in CD4.23

We performed experiments with (I27)2-CD4D1D2-
(I27)2 in the force�extension mode in the presence of
Ibalizumab (Figure 3a). The unfolding force of CD4D2 is
slightly higher than in the absence of Ibalizumab, 138(
23 pN, which represents an increment of ∼20 pN. For
CD4D1 the measured force was 100( 24 pN, similar to
that observed with no Ibalizumab (Figure S7). Surpris-
ingly, we observed that∼60% of the traces showed the
unfolding of the CD4 domains after the unfolding of
one, two, or even three I27 peaks (Figure 3b), a phe-
nomenon rarely observed in the absence of Ibalizumab
(Figure 3c). This observation contradicts the logic of the
force extension experiments in which one always ex-
pects the weaker domains to unfold first. From these
experiments it is clear that Ibalizumab has a mechanical
effect onCD4. However, it is difficult to assess the nature
of this effect because the unfolding force of the
CD4 domains is not much different than that without
Ibalizumab. Surprisingly, CD4 domains are able to sur-
vive up to three consecutive I27 unfolding events which
occur at forces of ∼200 pN. A possible scenario is that
CD4D1D2 is very mechanically stable when Ibalizumab
is bound, and only when the antibody leaves do they
undergomechanical extension at a force similar to their
normal unfolding force.

Interestingly, in the force�ramp mode the initial
unfolding force of the tandem CD4D1D2 in the pres-
ence of Ibalizumab very often occurred at eleva-
ted forces (we collected traces with CD4 unfolding at
∼250 pN) and as a single step of∼22 nm (Figure 3d,e).
This is consistent with the simultaneous unfolding of
domains both at high force and in sharp contrast with
experiments in the absence of Ibalizumab, in which we
observed one step for each CD4 domain (Supporting
Information, Figure 7). A histogram of initial unfolding
force demonstrates that the main peak of force shifts
from ∼80 pN for CD4 with no Ibalizumab to ∼150 pN
as a consequence of adding Ibalizumab (Figure 3f).
We suggest that this force might be the release force
of Ibalizumab indicating that CD4D1D2 only unfolds
when Ibalizumab unbinds. The phenomenon of a
release force in protein�protein interaction has been
already observed in other molecules exposed to me-
chanical forces such as catenin and vinculin.25

A
RTIC

LE



PEREZ-JIMENEZ ET AL. VOL. 8 ’ NO. 10 ’ 10313–10320 ’ 2014

www.acsnano.org

10317

We observed that in the presence of Ibalizumab,
CD4D1D2 often unfolds alongside with an I27 domain
(Supporting Information, Figure 10), indicating that
Ibalizumab release force is similar or slightly lower
than the unfolding force of I27, measured at 155 (
22 pN. This may explain, in part, the effect of Ibalizumab
in the force�extension traces. In this mode, the
unfolding of I27 may be accompanied by Ibalizumab
release, leaving CD4D1D2 free of antibodies for sub-
sequent unfolding. However, in force�extension the
force drops abruptly after I27 unfolding which allows
CD4D1D2 to unfold at their normal forces. Neverthe-
less, we still observed a high number of CD4D1D2
unfolding peaks before I27 at forces below the sug-
gested release force, which might correspond to
Ibalizumab-free polyproteins. We also tested whether
the release of Ibalizumab might be affected over time
by applying a multiforce protocol using three forces,
20, 60, and 150 pN, with different application times
(Supporting Information, Figure 11). We observed
that CD4D1D2 only unfolds when the force applied is
150 pN. It does not do it at 15 nor 60 pN, irrespective
of the time. From these experiments we infer that
Ibalizumab makes CD4 stronger.

Our experiments do not address if the increment
in CD4 mechanical stability is directly related to the
inhibiting power of Ibalizumab, but we suspect that
increasing mechanical rigidity in CD4 will have an

effect in the cascade of conformational rearrange-
ments necessary to bring the viral particle close to
the surface.

Mechanochemical Cleavage of CD4 Disulfide Bonds by Thior-
edoxin Enzymes. Besides introducing external mol-
ecules, a natural way of increasing mechanical resis-
tance is throughout disulfide bonds. Interestingly,
thiol/disulfide exchange by oxidoreductase enzymes
in both gp120 and CD4 seems to be important during
HIV-1 infection contributing to the conformational
changes in the gp120-CD4 complex required for mem-
brane fusion and infection.17,26 Importantly, inhibition
of oxidoreductase enzymes seems to prevent HIV-1
infection.27,28 In the case of CD4, thiol�disulfide ex-
change in CD4D2 seems to be carried out by thio-
redoxin enzymes (Trx).28 Surprisingly, the reduced form
of CD4D2 is the one preferred for HIV-1 to infect cells.
However, the disulfide bond in CD4D2 is buried and
therefore inaccessible to Trx enzymes.29 We reasoned
that force might trigger the mechanochemical cleav-
age of the buried disulfide bond.

In a previous work, we used force spectroscopy
to investigate the reduction of single disulfide bonds
under force catalyzed by Trx enzymes.30,31 We demon-
strated that force is required for exposure of cryptic
disulfides and also for regulation of the chemicalmech-
anisms utilized by Trx enzymes for disulfide bond reduc-
tion. Here, we have investigated themechanoenzymatic

Figure 3. Mechanical effect of the HIV-1 entry inhibitor Ibalizumab in human CD4. (a) Force�extension trace of (I27)2-
CD4D1D2-(I27)2 in the presence of Ibalizumab. The structure of the complex CD4D1D2-Ibalizumab is also shown. CD4D1D2
unfolding is detected in the third position after surviving the mechanical unfolding of two I27 modules. The lines represent
fittings to the WLC model. (b and c) Histograms of CD4 domains position in the trace in the presence and absence of
Ibalizumab, respectively. (d) Force�ramp trace of the (I27)2-CD4D1D2-(I27)2 polyprotein in the presence of Ibalizumab. The
mechanical extension of CD4D1D2 is detected after all I27 domains at a force of ∼250 pN. (e) Histogram of step size for the
unfolding of CD4D1D2 in force�rampmode and in the presence of Ibalizumab (n = 76). The unfolding of CD4D1 and CD4D2
are measured at 8.6 ( 0.7 nm and 13.3 ( 1.1 nm, respectively. We monitored a dominant peak at around 22.2 ( 0.9 nm
corresponding to the simultaneous unfolding of CD4D1andCD4D2. Compare this histogramwith the onewith no Ibalizumab
in Supporting Information, Figure 4. (f) Histogram of initial unfolding force of CD4D1D2 and in the absence (red, n = 37) and
presence (blue, n = 54) of Ibalizumab. A displacement toward higher force is observed when Ibalizumab is present.
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cleavage of disulfide bonds in CD4D1D2. We used
a two-pulse protocol to monitor the unfolding of
CD4D1D2 and I27 modules. In the presence of 10 μM
human Trx we observe extra steps following the
unfolding of the CD4 domains. The release of the
sequestered residues upon Trx reduction will lead to
an extra extension of ∼20 and ∼8 nm for CD4D1 and
CD4D2, respectively. We have observed such steps
following the unfolding of CD4 domains (Figure 4a,b
and Supporting Information, Figure 6). We have also
observed a number of traces showing the reduction
of disulfide bond in CD4D2 without the reduction
of CD4D1 (Supporting Information, Figure 12), which
might be due to different force dependence. Steps
corresponding to the unfolding of reduced CD4D1 and
CD4D2 at ∼29 and ∼22 nm, respectively, are barely
observed, indicating that disulfide bonds remain oxi-
dized and buriedwithin the structure of the domains in
the absence of mechanical exposure.

CONCLUSION

Our results show that the mechanical extension of
CD4 domainsmay occur within a broad range of forces.
The interaction of a virus with the cell surface has been
shown to be highly dynamic,32 but the forces involved
in the interaction of the virus and its receptor are
unknown. Mechanical forces may come from different
sources such as Brownian motion,33 cellular uptake
dynamics,32 viral surface movements, and cell�cell
interaction.34 We show that even at low forces me-
chanical extension of CD4 domains may occur at long-
er time scales. This might have implications in the
interaction of HIV-1 with T cells. Besides virus-to-cell
transmission, HIV-1 can also be transmitted cell-to-cell
throughout a virological synapse that seems to involve
gp120, CD4, and others adhesion proteins.35�37 In this

case, the interaction between cells could generate
mechanical forces in the proteins of the adhesion
junction that can reach 10�100 pN, or even higher.3,38

Therefore, the range of mechanical forces considering
both virus-to-cell and cell-to-cell transmission may be
enough to trigger mechanical extension of CD4 do-
mains in a time-dependent manner. Mechanical ex-
tensibility of CD4 domains increases the flexibility
which may facilitate the conformational rearrange-
ments and interaction with surface coreceptors.8,39

Successful infection requires proper attachment
starting with at least one single CD4 molecule. Partial
or total mechanical extension of CD4 domains may
help viruses to remain attached by acting as a shock
absorber that permits receptor ligation to the virus.
This mechanism has been already suggested for
CD4.24,40 Similarly, the shock-absorber mechanism
has been proposed for tenascin andMel-CAM,modular
proteins from the extracellular matrix that are impor-
tant in cell�cell interaction. These proteins undergo
mechanical extension to release tensile stress and
prevent cell detachment.3,38 Mechanochemical clea-
vage of CD4 disulfide bonds would also facilitate
structural adjustments and would help to increase
extension.
The experiments with Ibalizumab suggest a possible

connection between mechanical stability and HIV-1
entry. The interactions that the antibody establishes
with CD4 generate amolecular complexwith increased
mechanical stability. To the best of our knowledge, this
is the first experimental observation of protein me-
chanical alteration from a drug effective against viral
infection. This opens the door for considering new
strategies and treatments based on the manipulation
of the mechanics of proteins, namely mechanophar-
maceuticals. Molecules that increase the mechanical

Figure 4. Mechanochemical cleavage of human CD4D1D2 by Trx enzymes. (a) Mechanical unfolding of CD4D1 and CD4D2
(Unf) and subsequent disulfide bond reduction in both domains by 10 μMhuman Trx (Red). The reductions,∼8 nm for CD4D1
and ∼20 nm for CD4D2, occur after unfolding, which demonstrates that mechanical exposition of disulfides is required.
(b) Histogramof step size observed for the unfolding and reduction of CD4D1D2 by human Trx (n = 25). Threemain peaks are
observed. The first one at 8.0 ( 1.0 nm corresponds to both unfolding of CD4D1 and reduction of CD4D2 and it is higher
because it collects these two events. The second peak at 13.4( 0.7 nm is the unfolding of CD4D2, and the third one at 20.2(
1.8 nm corresponds to the reduction of CD4D1.
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stability of CD4 and also gp120 will introduce steric
constraints and rigidity that might be detrimental
for virus attachment and conformational changes.
This mechanical effect could also be achieved by
manipulating the redox state of disulfide bonds in
CD4 and gp120.
There are many viruses such as Epstein�Barr virus,

rhinovirus, and poliovirus using proteins with similar
features than those of CD4 also acting as mechanical
anchors. The reason why viruses prefer these multi-
modular Ig proteins might be related to their recogni-
tion and adhesive properties,41 but we hypothesize

that these proteins are crucial due to their unique
mechanical properties. The role of mechanical forces
has been experimentally tested in a small number of
cell-surface and cytoskeletal proteins but never in the
context of viral infection. We are aware that our results
are an initial approximation and further experimenta-
tion will be necessary to extend these studies to the
cellular level. However, we believe that this mechanical
view offers new avenues for a better understanding of
viral infections and also expands our knowledge about
the effect of force on the regulation of biochemical and
biological processes.

METHODS
Protein Expression and Purification. The gene encoding the

polyprotein (I27)2-CD4D1D2-(I27)2 was constructed as described
elsewhere.18 The insert (I27)2-CD4D1D2-(I27)2 is constructed
following a multistep cloning process using I27 and CD4D1D2
inserts with restriction sites BamHI, BglII, and KpnI. The final gene
was cloned into pQE80L vector (Qiagen) and transformed in
DH5R cells (Invitrogen). Protein expression was induced with
1 mM IPTG, and cells were incubated overnight in LB medium at
20 �C to avoid degradation. Cell pellets were disrupted using a
French press and the His6-tagged proteins were loaded onto a
His GraviTrap affinity column (GE Healthcare). The protein was
further purified by size exclusion chromatography using a Super-
dex 200 HR 10/30 column from GE Healthcare. The protein was
eluted in 10 mM HEPES at pH 7.2 containing 150 mM NaCl and
1 mM EDTA. The purified protein was verified by SDS-PAGE. The
sameprotocolwas used to express andpurify human thioredoxin
although expression was at 37 �C, and the cells used were E. coli
BL21 (DE3) from Invitrogen.

AFM Experiments and Data Analysis. We used a custom-made
atomic force microscope20 as well as a commercial version AFS-
1 from Luigs & Newmann, GmbH. Cantilevers were from Bruker,
model MLCT, with a typical spring constant of 15�20 pN/nm,
measured using the equipartition theorem. The buffer usedwas
10 mM HEPES at pH 7.2 containing 150 mM NaCl and 1 mM
EDTA. About 10 μL of the solution containing (I27)2-CD4D1D2-
(I27)2 protein was deposited on a gold-covered coverslide. We
allowed several minutes for protein adsorption. In the experi-
ment using Ibalizumab, the sample was first incubated for 1 h at
room temperature with an excess of antibody (proportion >1:5).
In the experiments with human Trx, about 100 μL of solution
containing Trx to a final concentration of 10 μM, 50 nM human
Trx reductase, and 2mMNADPHwas added to the CD4 solution.
Force�extension experiments were performed at 400 and
10 nm/s piezo movement speed. The data were analyzed using
the worm-like chain model of polymer elasticity. In the force�
clamp mode our AFM has a length resolution of 0.5 nm and the
feedback response is 5 ms. We use a three-pulse protocol in the
force�clamp experiments, first pressing the surface at 800 pN for
0.2 s, then retracting the tip at a stretching force of 20�100pN for
CD4 unfolding detection and finally increasing the stretching
force to 150 pN for I27 unfolding probe. The time of the second
and third pulses varies from 2 to 10 s. Data analysis was carried
out using Igor software (Wavemetrics). Summed and averaged
traces were fitted to single exponential functions. Figures were
prepared using Igor software and Adobe Illustrator.
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Titin is a micrometer-long muscle protein composed of hundreds of 
individually folded domains1. Titin is present in all vertebrates, being 
one of the main components of the sarcomere together with actin 
and myosin. The main constituents of titin are immunoglobulin (Ig) 
domains, fibronectin type 3 domains and the unstructured PEVK 
region2. In the sarcomere, titin connects the Z disk to the M line (Fig. 1a).  
The main function of titin is providing passive elasticity to the muscle 
through acting like a spring. In addition, recent studies support an 
important role of the refolding of titin during contraction3. Although 
titin has been studied for decades, there is yet much to be explored 
regarding the correlation between muscle physiological diversity in 
animals and the biochemistry and nanomechanics of titin. Given the 
morphological and locomotor diversity in vertebrates, titin may hold 
the key for some phenotypes displayed by animals in terms of muscle 
physiology. In this respect, it can be hypothesized that the evolution 
of titin has been central to the acquisition of muscle diversity in ani-
mals. However, the role of titin in evolution, for instance, during the 
huge physiological outbreak after the Cambrian explosion 542 Myr4, 
remains unexplored.

During the past two decades, our knowledge of the mechanical 
properties of titin has increased dramatically due to the use of smFS 
techniques, which make it possible to apply calibrated mechanical 
forces to titin domains5,6. In addition, increasing amounts of genetic 
data offer new avenues for comparative biology to better understand 
biological systems. In this regard, phylogenetic methods applied to 
genomic information have made it possible to establish evolutionary 
relationships among different living organisms, including the pos-
sibility to infer the putative sequences of the genes of their extinct 

ancestors7,8. Ancestral sequence reconstruction (ASR) allows us to 
track the evolutionary history of genes and proteins to obtain infor-
mation about extinct species. This information relates to physiological 
and metabolic features9,10 as well as to the environmental conditions 
that hosted ancestral organisms11,12.

Here, we have combined smFS and ASR to investigate the evolu-
tion of the mechanical and biochemical properties of titin. We have 
used phylogeny to travel back in time and reconstruct a fragment of 
titin from various extinct species, including the last common ances-
tors of tetrapods, sauropsids and mammals. We expressed the ancient 
proteins in the laboratory and measured their mechanical properties 
using smFS. We found that differences in mechanical stability and 
disulfide bond occurrence between titin from living species and their 
ancestors appear as key elements that have driven the mechanical evo-
lution of titin. These differences illustrate a paleomechanical trend, 
that is, a mechanical trend from the ancestral to modern animals, 
which allows us to establish physiological correlations purely based 
on the nanomechanical properties of titin. These correlations allow us 
to predict body sizes of ancestral species that are comparable to those 
found in fossil records. Our experiments shed light on some of the 
molecular features that have driven the diversification and speciation 
of titin and possibly muscle physiology in vertebrates.

RESULTS
Reconstructing ancestral titin molecules
We used 33 protein sequences of titin from modern vertebrate 
species, with most of them corresponding to the complete protein 
sequence composed of more than 30,000 residues. The amino acid 
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Mechanochemical evolution of the giant muscle protein 
titin as inferred from resurrected proteins
Aitor Manteca1, Jörg Schönfelder1, Alvaro Alonso-Caballero1, Marie J Fertin1, Nerea Barruetabeña1, Bruna F Faria2   ,  
Elias Herrero-Galán3, Jorge Alegre-Cebollada3, David De Sancho1,4    & Raul Perez-Jimenez1,4,5   

The sarcomere-based structure of muscles is conserved among vertebrates; however, vertebrate muscle physiology is extremely 
diverse. A molecular explanation for this diversity and its evolution has not been proposed. We use phylogenetic analyses and 
single-molecule force spectroscopy (smFS) to investigate the mechanochemical evolution of titin, a giant protein responsible 
for the elasticity of muscle filaments. We resurrect eight-domain fragments of titin corresponding to the common ancestors to 
mammals, sauropsids, and tetrapods, which lived 105–356 Myr ago, and compare them with titin fragments from some of their 
modern descendants. We demonstrate that the resurrected titin molecules are rich in disulfide bonds and display high mechanical 
stability. These mechanochemical elements have changed over time, creating a paleomechanical trend that seems to correlate 
with animal body size, allowing us to estimate the sizes of extinct species. We hypothesize that mechanical adjustments in titin 
contributed to physiological changes that allowed the muscular development and diversity of modern tetrapods.

http://dx.doi.org/10.1038/nsmb.3426
http://orcid.org/0000-0002-4931-476X
http://orcid.org/0000-0002-8985-2685
http://orcid.org/0000-0001-7094-6799
http://www.nature.com/nsmb/


©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

�	 advance online publication  nature structural & molecular biology

a r t i c l e s

sequences were retrieved from Uniprot and GenomeNet databases  
containing titin from mammals, sauropsids, amphibians and ray-
finned fishes (Online Methods). Using these sequences, we generated 

a sequence alignment and constructed a phylogenetic chronogram 
using Bayesian inference as well as maximum parsimony (Fig. 1b and 
Supplementary Fig. 1a,b).

From this tree, we sampled several internal nodes for reconstruc-
tion of the most probable ancestral sequence. In particular, we chose 
the tree nodes corresponding to the last tetrapod common ances-
tor (LTCA), which lived in the early Carboniferous period around 
356 Myr ago; the last sauropsid common ancestor (LSCA), which is 
thought to have lived in the Permian period ~278 Myr ago; the last 
mammal common ancestor (LMCA), which lived during the Jurassic 
period ~179 Myr ago; and finally, the last placental mammal common 
ancestor (LPMCA), from the mid-Cretaceous period ~105 Myr ago 
(Fig. 1b). We used maximum likelihood to infer the most probable 
sequences of the ancestral nodes, following well-described proce-
dures9,11,12 (Online Methods). Posterior probability distributions 
across all sites for ancestral sequences are reported in Supplementary 
Figure 2. The overall posterior probability of the sites lies between 
0.90 and 0.99. Of note, the determination of ancestral sequences is 
not free from uncertainty. In experimental ASR, the goal is to deter-
mine the phenotypes and characteristics of proteins rather than the 
exact and accurate sequences. There is not a single exactly recon-
structed sequence that represents the true ancestor of a particular set 
of organisms, but the phenotype and characteristics associated with 
those sequences must be unique. Interestingly, ASR is able to capture 
such phenotypes. Over the years, numerous studies have been carried 
out in order to assess the robustness of ASR11,13–15.

We dated the nodes using multiple sources from the Time Tree of 
Life16 as well as paleontological data17. We selected for resurrection 
and laboratory testing of an eight-domain fragment of titin encompass-
ing domains I65–I72 in the canonical human titin sequence (Uniprot 
Q8WZ42) and the homologous fragment in other species. This fragment 
is a good proxy of the elastic I-band region, located in the proximal  
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Figure 1  Reconstruction of ancestral titin fragments. (a) Scheme of one 
half of the sarcomere from Z disk to M line. The three main sarcomeric 
proteins, actin, myosin and titin, are shown. The segment encompassing 
domains I65–I72 from the elastic part of titin has been selected for 
ancestral reconstruction and testing. (b) Uncorrelated log-normal relaxed-
clock chronogram of titin with geological time inferred with Bayesian 
inference. A total of 33 titin genes were used. The modern species studied 
are indicated by the animal outlines: zebra finch, chicken, orca, rat and 
human. The internal nodes (circles) were selected for resurrection and 
laboratory testing and represent the last common ancestors of tetrapods 
(LTCA, 356 ± 11 Myr), sauropsids (LSCA, 278 ± 14 Myr), mammals 
(LMCA, 179 ± 38 Myr) and placental mammals (LPMCA, 105 ± 17 Myr).  
Posterior probabilities for branch support are shown in the nodes. 
Geological periods are shown in the upper bar. Outlines were retrieved 
from http://www.phylopic.org.
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representation of a single-molecule experiment using the smFS (not 
to scale). Although the segment I65–I72 contains eight domains, for 
clarity only four are represented. Disulfide-bonded domains, red and 
gray; cysteine, yellow highlight; non-disulfide-bonded domains, blue. The 
protein is mechanically stretched between a cantilever tip and a gold-
coated surface. (b) Representative experimental traces of the polyprotein 
I65–I72. The unfolding of domains is monitored as a sawtooth pattern of 
force versus extension peaks. The worm-like chain model was used to fit 
the data. Fully extended domains (blue lines) show extension of about  
30 nm, whereas disulfide-bonded domains (red lines) show shorter 
contour lengths of 5–20 nm. (c,d) Cumulative histogram of mechanical 
unfolding force for domains that do not contain disulfide bonds, noSS  
(c) and domains that are disulfide bonded, SS (d).
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tandem-Ig region of N2A skeletal titin and N2BA cardiac titin iso-
forms18. Part of this fragment has been characterized in terms of struc-
ture and mechanics19,20. Additionally, the alignment of this fragment 
is well resolved, suggesting that it is structurally conserved.

Sequence conservation and the role of cysteines in sarcomeric 
proteins
The comparison of sequences of the inferred ancestral titin I65–I72 
with those of the modern counterparts yielded amino acid identi-
ties ranging from ~76% to 90% (Supplementary Table 1). We also 
compared titin sequence diversity levels with those of myosin II 
and actin, the other two most abundant proteins in the sarcomere 
(Supplementary Table 1). Actin is an extremely conserved protein 
that shows almost 99% identity across most living vertebrates, suggest-
ing that it had very little influence on the molecular diversification of 
the sarcomere. In the case of myosin, identities of modern forms reach 
over 90%. We reconstructed a phylogenetic tree of myosin II from 
a similar pool of vertebrates as in the case of titin (Supplementary 
Fig. 3) and inferred ancient myosin sequences. Using ancestral and 
modern sequences, we observed that the titin I65–I72 fragment has 
approximately twice the mutation rate of myosin II (Supplementary 
Fig. 4a,b). This suggests that titin has contributed to the molecular 
diversification of the sarcomere more extensively than myosin.

We determined the pattern of amino acid replacement in I65–I72 
in the transition from LTCA to human. Amino acid replacements 
weighted by their relative mutability21 show that cysteine residues 
display mutability different from what is expected during the evolu-
tion of titin I65–I72 from LTCA to human. Human titin contains 
considerably fewer cysteine residues than LTCA titin (Supplementary 
Fig. 4c–f). Assignment of cysteine residues in the ancestral sequences 
are supported by values of posterior probability close to 1. This is 
noteworthy, given that cysteine is one of the least mutable resi-
dues in proteins, second only to tryptophan21; cysteine residues 
are rarely lost once acquired22. We carried out a similar analy-
sis for a titin fragment from the distal region of the elastic I band  
(I88–I95) and observed similar behavior for cysteine (Supplementary 
Fig. 4c–f). In contrast, the same analysis in a fragment from the rigid 
A-band titin (I126–Fn90–94–I128) shows the opposite behavior in 
regard to the mutability of cysteine, similar to that found in myosin. 
Altogether, these observations suggest that cysteine residues played 
a crucial role in the molecular evolution of the elastic I band of titin. 
Interestingly, cysteines are involved in the formation of disulfide 
bonds, efficiently modulating the mechanical properties of the par-
ent protein23,24.

The existence of disulfides in titin was first proposed following the 
identification of a disulfide bond in the crystal structure of domain 
I1 and the observation that many domains in titin contain proximal 
cysteines that can engage in disulfide bonds25. The crystal structures 
of different titin domains (PDB 3B34, 2RIK, 2RJM, 1G1C) have shown 
the existence of such disulfides. Indeed, studies of disulfide bonds 
in titin have been limited, owing to deficient disulfide formation in 
recombinant expression systems, sometimes leading to contradictory 
results26. Nevertheless, experimental evidence of disulfide formation 
in native titin is still lacking.

Given the fundamental role of disulfide bonds in the mechanics of 
proteins, we hypothesize that disulfides may be related to the mech-
anochemical evolution of titin. The genes encoding the four ances-
tral I65–I72 fragments were synthesized, and the gene products were 
expressed in Escherichia coli and purified under equal oxidative stress 
conditions to overcome limited disulfide bond formation in the host. 
We also expressed and purified I65–I72 from representative modern 

amniote species covering different clades in our tree: human, brown 
rat, orca, chicken and zebra finch.

smFS reveals different paleomechanical trends for birds  
and mammals
To investigate the mechanical properties of the titin variants, we per-
formed smFS by mechanically stretching the proteins at a constant 
speed of 400 nm/s (Fig. 2a, Online Methods). The stretching of titin 
domains leads to saw-tooth patterns in force–extension recordings, 
in which each peak represents the mechanical unfolding of an indi-
vidual domain (Fig. 2b). Analysis of the traces using well-established 
procedures27 allowed us to determine the mechanical stabilities and 
contour lengths of the constituent domains.

For all of the variants tested, we observed two distinct populations 
of peaks. The first one had contour lengths of ~30 nm, and the second 
showed lengths of 5–20 nm (Supplementary Fig. 5). We believe that 
the first population corresponds to fully extended domains of about 
90 residues, whereas the second population represents disulfide- 
containing domains that make the contour length of the extended 
peptide shorter, as expected, considering the different positions of the 
cysteines in the different domains28. This is notable because disulfide 
bonds in titin have been suggested to participate in the mechanical 
regulation of the protein24. We constructed cumulative histograms of 
mechanical stability for both populations. In the case of fully extended 
domains, we estimated an average unfolding force ranging from 180 
to 218 pN (Fig. 2c), depending on the variant, with the lowest stability 
for orca titin and the highest for LTCA titin domains. Results for this 
first population of peaks are in agreement with previous mechanical 
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Figure 3  Mechanical stability versus geological time. (a,b) Unfolding 
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characterization of I65–I70 purified in reducing conditions, in which 
no disulfide bonds can be established20. For the collection of domains 
that contain disulfide bonds, we determined average stability ranging 
from 134 to 182 pN, depending on the variant (Fig. 2d), with orca titin 
having the lowest stability and zebra finch the highest.

We plotted stabilities for both types of domains versus the age of 
each titin fragment for both bird (Fig. 3a,b) and mammalian lineages 
(Fig. 3c,d). In the case of birds, the stability changed slightly for zebra 
finch and chicken with respect to LTCA and LSCA but in opposite 
directions. In the case of mammals, we see a clear paleomechani-
cal trend by which stability has decreased over time. Interestingly, 
in both birds and mammals, we observed that animals with larger 
body sizes have lower mechanical stabilities of titin domains with and 
without disulfide bridges. By counting the number of domains that 
contain disulfide bonds and comparing it with the number of those 
that fully extend, we observed that, in general, ancestral proteins of 
LTCA and LSCA have the highest proportions of disulfide-bonded 
domains (Fig. 3e,f).

Force-clamp analysis confirms the evolutionary decay of 
disulfide bonds
The occurrence of disulfide bonds seems to have decreased in modern 
species. In fact, the content of disulfide bonds seems to be related to 
the mechanical stability. More stable titin forms imply more disulfide-
bonded domains (Supplementary Fig. 5). To better identify disulfide 
bonds, we performed single-molecule experiments in the force-clamp 
modality in order to capture reduction of disulfide bonds. In this 
mode, the force applied to the protein can be controlled. The mechan-
ical unfolding is monitored as an increment in length versus time. 
We have used force-clamp techniques in previous work to demon-
strate the kinetics of disulfide bond reduction under force by thiore-
doxin enzymes (Trx)29,30. Trx is an enzyme that controls the redox  

balance in cells by reducing disulfide bonds. The reduction of disulfide 
bonds by Trx is a force-dependent reaction that can be readily moni-
tored and quantified30. By applying force to a disulfide-bonded titin 
domain, we can trigger the unfolding of the domain up to the disulfide 
bond, which becomes exposed to the solution. If Trx is present in 
the solution, the disulfide bond can be reduced, and the sequestered 
residues behind the disulfide bond are released, giving rise to an extra 
extension of the polypeptide chain (Supplementary Fig. 6a). With 
this assay, we can quantify disulfide bonds that are cryptic, requiring 
exposure in order to be reduced. Non-cryptic disulfide bonds are 
reduced without the need of mechanical exposure.

We applied this test to LSCA and human titin fragments in the 
presence of Trx. We first applied a pulse of force of 135 pN dur-
ing 0.5 s that triggers unfolding of all the domains (Fig. 4a,c). The 
unfolding of the domains is monitored as a staircase of ~27 nm per 
step for reduced domains and shorter steps of between 5 and 20 nm 
for disulfide-bonded domains (Fig. 4b,d). The expected length of 
extended disulfide-containing domains varies due to the different 
positions of cysteines in the sequences. After the unfolding force 
pulse, we quenched the force to 80 pN for 20 s to monitor disulfide 
bond reductions as steps within the range of 5–20 nm for LSCA titin 
and 15–20 nm for human titin (Fig. 4a,c). Again, the length attrib-
uted to reduction events is different for each domain. Additionally, 
some domains have more than two cysteines, which may imply the 
possibility of isomerizations31. All possible disulfide bond combina-
tions have been estimated and are shown in Supplementary Table 2.  
A histogram of the observed reduction events demonstrates that in 
LSCA, it is common to observe up to four reduction events (Fig. 4a), 
whereas in human titin, it is common to observe only one reduc-
tion event (Fig. 4c). In the absence of Trx, no reduction events were 
observed (Supplementary Fig. 6b–e). Thus, force-clamp experiments 
confirm that LSCA titin contains more disulfide bonds than does 
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human titin, supporting conclusions obtained using force extension 
for all I65–I72 fragments.

To provide independent measurements of cysteine oxidation, we 
used a biochemical assay that detects oxidized cysteines32 by labeling 
them with the fluorophore monobromobimane (mBBr). In this assay, 
reduced thiols in the protein are alkylated with an excess of N-ethyl-
maleimide in denaturing conditions. After polyacrylamide electro-
phoresis, the gel is used as a reaction chamber to reduce oxidized 
thiols through incubation with DTT and for subsequent reaction of 
the newly reduced thiols with mBBr. The resulting fluorescence signal 
is proportional to the amount of oxidized thiols in the sample. Results 
show that LTCA and LSCA proteins contain more oxidized cysteines 
than rat and human proteins (Fig. 4e). In our biochemical assays, we 
included a control (I91–32/75)8 protein (formerly I27) that can be 
produced in reduced (no disulfides) or oxidized (one disulfide per 
domain for a total of eight disulfides) forms and whose oxidation 
status can be determined unambiguously by smFS23. Because the sizes 
of the control protein and the I65–I72 fragments are comparable, we 
used the normalized fluorescence signals to estimate the number of 
disulfides in LTCA (six), LSCA (five), human and rat (three or four). 
The results from this independent method of determining the popula-
tion of disulfide bonds confirms the trend observed in smFS experi-
ments of more disulfides in the ancestral proteins (Fig. 4e). There are, 
however, small discrepancies between the exact number of disulfides 
from the different methods that probably reflect contributions of ter-
minal cysteines needed for attachment in smFS experiments or other 
forms of oxidation different from disulfides, such as sulfenylation 
induced by treatment with H2O2.

DISCUSSION
Our data suggest that small animals have titin domains with greater 
mechanical resistance than those in large animals. Indeed, this is con-
sistent with the fact that in small mammal hearts, the titin isoform 
N2A, which is stiffer than N2BA, is more abundant18. We wondered 
whether mechanical stability is related to animal size. This correlation 
may be related to titin mechanics, as small animals have faster muscle 
contractions and shivering frequencies33.

To probe this idea, we plotted the mechanical stability of domains, 
with and without disulfide bonds, versus body mass. We observed 
that the dependence of the average unfolding force on body mass can 
be fitted to a power law, suggesting an evolutionary allometric rela-
tionship (Fig. 5a,b). Body mass has been shown to follow allometric 
scaling with other physiological traits such as metabolic rate, speed, 
arterial pressure or heat production34. In fact, it is common to observe 
allometric scaling in biological systems, and even enzyme activity 
has been suggested to show allometry35. However, to the best of our 
knowledge, this is the first observation showing allometric scaling 
between a physiological feature and molecular-level parameters.

From these correlations, body mass of extinct species could be pre-
dicted. Inasmuch as we have two allometric scaling plots (Fig. 5a,b), 
we determined a range of body mass for each extinct species that is 
determined by the minimum and maximum values of mass obtained. 
This is 8–70 g for LTCA, 14–16 g for LSCA, 14–70 g for LMCA and 
95–116 g for LPMCA. These weights are typical of small animals, 
perhaps between 10 and 40 cm in length. These estimates compare 
surprisingly well with sizes from fossils that could be related to these 
extinct animals36–41. Thus, the observed correlation between mechan-
ical stability and body mass allows us to predict the sizes of extinct 
species. However, it must be noted that these correlations seem to be 
more sensitive for the high mechanical stability of titin molecules.

Our results show that the evolution of muscle physiology seems to 
be linked to the molecular evolution of titin in tetrapods. The recon-
struction of ancient forms of titin demonstrates that titin domains 
from the small zebra finch are similar to those of its ancestors in 
terms of mechanical properties. However, titin domains from modern 
mammals have experienced more drastic changes, leading to pro-
teins that have lower mechanical stability and fewer disulfide bonds 
compared to those in their oldest ancestor. This is remarkable given 
that mutation rates for titin in zebra finch and living mammals are 
quite similar. Most likely, these changes are related to morphological 
and physiological consequences that derived in the vast diversity of 
physical and locomotor features found in mammals.

This observation raises the question of whether the relation of titin 
mechanics with muscle contraction differs across species with different 
physiological features. A possible interpretation is that small amniotes 
with fast muscle contractions rely upon the mechanical response of titin 
domains. Under physiological forces, titin domains have been shown to 
unfold and refold during muscle contraction3. The presence of disulfide 
bonds prevents overstretching of titin and increases the recoiling speed 
of the domains28, probably increasing the speed of muscle contraction as 
well. Thus, we hypothesize that the balance between mechanical stability 
and disulfide bonds may be a key factor in titin mechanical regulation  
and its evolution. Another possible interpretation relates to the fact 
that chemical modifications such as S-glutathionylation and oxidative 
stress have been suggested to occur in titin, and both involve cysteine 
residues6, but even these phenomena are related to titin mechanics. 
Although other mechanisms might be related to the mechanochemical 
differences observed, it is hard to speculate with an interpretation other 
than the purely mechanical, given the clear elastic character of titin.

The size that we obtained for ancient species from the allometric cor-
relations may be explained under the light of fossil remains. It has been 
shown that after mass extinction occurred in the late Devonian period, 
the so-called Hangenberg event (359 Myr ago), the majority of taxa 
found in fossil records were under 40 cm41. This is consistent with a 
global shrinkage process that occurred during the early Carboniferous 
period that lasted around 40 Myr. Our predicted data for LTCA, which 
supposedly lived after the Hangenberg event, are within the range of 
the sizes reported. Fossils of early amniotes, including sauropsids and 

Rat

Zebra finch

Chicken

LMCA

LTCA

LSCA

Fo
rc

e no
S

S
 (p

N
)

230

220

210

200

190

180

170
101 103 105 107 101 103 105 107

Body mass (g)

Human

Orca

a

LPMCA

200

180

160

140

120

Body mass (g)

Fo
rc

e S
S
 (p

N
)

Orca

Human
Rat

Chicken

LSCA

Zebra finch

LMCA
LTCA

LPMCA

b
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mammalian-like reptiles from the Carboniferous and Permian periods, 
are also within that range39,42. In the case of mammals, numerous find-
ings have shown that early mammals, including placentals, were small 
rodent-like animals36–38,40,43, which is in line with the sizes that we 
predict from nanomechanical information of titin. Nevertheless, estab-
lishing direct comparison between our estimations and any known 
fossils is difficult, because it is unlikely that a single fossil could be 
unambiguously labeled as LTCA, LSCA, LMCA or LPMCA, represent-
ing the true common ancestor of different taxonomic groups.

The eight-domain fragments of titin that we have studied are impor-
tant because they belong to the critical elastic region of titin. Studying 
additional segments of titin as well as comparing features such as folding 
kinetics of ancient and modern domains will be interesting in order to gain 
a complete understanding of the molecular elements that have driven the 
molecular evolution of titin and its connection to muscle physiology.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Phylogenetic analysis and ancestral sequence reconstruction. A set of 33 
titin sequences were used from which 28 correspond to the full sequence of 
titin with over 30,000 residues. The sequences represent five different classes of 
vertebrate animals, mammals, amphibians, reptiles, birds and bony fishes, and 
were retrieved from the UniProt and GenomeNet databases. All sequence ID 
numbers are listed in Supplementary Note. The sequences were aligned using 
the MUSCLE software and further edited manually. We tested the alignment for 
best model of protein evolution using ProTest44, resulting with the Jones-Taylor-
Thornton (JTT) with gamma distribution model as the best evolution model. A 
second set of sequences was used containing new sequences that were added to 
databases at a later stage during the course of this study. We decided to include 
these new sequences to test the robustness of our tree, as most additions were 
in the Sauropsida and Amphibia clades that were less represented in our initial 
set. Two phylogenies were performed, the first using Bayesian inference using 
Markov Chain Monte Carlo, and the second, by the maximum parsimony crite-
rion, with identical results in tree topology in all cases. For Bayesian inference, 
we used BEAST v1.8.2 package software45 incorporating the BEAGLE library 
for parallel processing. We set monophyletic groups for primates, rodentia, car-
nivora, chiroptera, cetartiodactyla, archosaurs, testudines, squamata and fishes, 
being the latest the selected outgroup. We set the JTT model with 8 categories 
gamma distribution, Yule model for speciation and length chain of 25 million 
generations, sampling every 1000 generations. Calculations were run for 12 days 
in a single node of an HPC cluster of Intel Xeon 2680v2 processors, using 16 
cores at 2.6 GHz and 64 GB of memory. A 12-core iMac computer was used for 
smaller trees such as myosin. We discarded the initial 30% of trees as burn-in. All 
nodes were supported by posterior probabilities above 0.63 with most of them 
nearly 1. The myosin tree was performed using only BEAST. Tree Annotator 
was used to estimate a maximum clade credibility tree removing 30% of initial 
trees as burn-in. FigTree v1.4.2 was used for tree representation and editing. For 
parsimony we used PAUP* 4.0 software46 using the heuristic search option and 
performing 2,000 bootstrap replicates. All bifurcations showed high bootstrap 
support, with most of them around 100% and a minimum of 67%. Divergence 
times were collected from different sources using both molecular clocks as well 
as paleontological records17. Finally, ancestral sequence reconstruction is per-
formed by maximum likelihood using PAML 4.847, incorporating a gamma 
distribution for variable replacement rates across sites and the JTT model. The 
ancestral sequences are listed in the Supplementary Note. Posterior probabilities 
were calculated for all 20 amino acids. In each site, the residue with the highest 
posterior probability was selected. We have resurrected titin I65–I72 fragments 
that belong to the last tetrapod common ancestor (LTCA) which lived around  
356 ± 11 Ma; the last sauropsida common ancestor LSCA, 278 ± 14 Ma; the last 
mammal common ancestor LMCA, 179 ± 38 Ma; the last placental mammal 
common ancestor LPMCA, 105 ± 17 Ma.

Protein expression and purification. Genes encoding the ancestral and extant 
titin proteins were synthesized and codon optimized for expression in E. coli cells 
(Life Technologies). The genes were cloned into pQE80L vector (Qiagen) and 
transformed onto E. coli Origami2 cells with enhanced disulfide bond formation 
machinery (Merck Millipore). Bacteria were incubated overnight in LB medium 
at 37 °C, and 1 mM IPTG was add after reaching OD of 0.5 to induce protein 
expression. After centrifugation, cell pellets were lysed with French pressure 
cell press and the His6-tagged proteins were loaded onto His GraviTrap affinity 
column (GE Healthcare). Oxidation was triggered by addition of 0.5% H2O2 
overnight at room temperature. The proteins were then further purified by size 
exclusion chromatography using a Superdex 200HR column (GE Healthcare). 
The buffer used was 10 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA at  
pH 7.0. The purified proteins were finally verified by SDS-PAGE. Trx and oxi-
dized and reduced (I91–32/75)8 were purified as described before29,48.

Biochemical determination of oxidized cysteines. A protocol for in-gel deter-
mination of oxidized thiols was adapted and optimized from previous reports32. 
1 µg of each protein was incubated with 10 mM N-ethylmaleimide in HEPES 
buffer in the presence of 3% w/v SDS for 30 min at 60 °C, in order to block all 
initially reduced thiols by irreversible alkylation. Samples were subsequently run 

on a 12% SDS-PAGE gel, and oxidized thiols were then reduced by incubation of 
the gel with 10 mM DTT for 1 h at 60 °C. After three washes with 50 mM Tris-
HCl, 10 mM EDTA, 3% w/v SDS, pH 6.8, the gel was incubated with a 5 mM 
mBBr solution in the same buffer for 2 h in the dark. Excess mBBr was removed 
by destaining the gel with 40% ethanol, 10% acetic acid overnight (3 changes). 
Fluorescent bands resulting from the reaction of the newly reduced thiols with 
mBBr were visualized on a Gel-Doc with UV excitation using standard filters 
for ethidium bromide emission. Quantification of the bands was performed by 
densitometry using the Quantity One software. The amount of protein in each 
well was later assessed by Coomassie staining and densitometry and was used to 
normalize fluorescence signals. The fluorescent background of a replicate gel that 
was not reduced with DTT was subtracted. Oxidized and reduced (I91–32/75)8 
control proteins were also included in the experiment. Using force-clamp meas-
urements23, we estimated that 99% of I91–32/75 domains of the oxidized sample 
were oxidized, whereas 95% of the domains in the reduced sample were reduced. 
These experimental values were used to estimate the number of disulfides in the 
I65–I72 samples.

Single-molecule force spectroscopy experiments. We performed the experi-
ments on a commercial atomic force spectrometer (AFS) from Luigs & Neumann. 
Cantilever models MLCT and OBL-10 of silicon nitride were used (Bruker). We 
calibrated the cantilevers using the equipartition theorem giving rise to a typical 
spring constant of 0.02 N m−1 for MCLT and 0.006 N m−1 for OBL-10. The AFS 
works in the force–extension mode at a pulling speed of 400 nm/s and amplitude 
of 400 nm. In the force-clamp mode, the length resolution is 0.5 nm and the piezo 
feedback response can be as low as 1 ms. The buffer used in the experiment was  
10 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA and 2 mM NADPH. We 
added eukaryotic Trx enzyme to a final concentration of 10 µM. The buffer also 
contains eukaryotic Trx reductase (50 nM) to keep Trx enzyme in the reduced 
state. To perform the experiment, we deposited 10–20 µl of substrate ~0.1 mg ml−1  
on a gold-covered coverslide. A drop of ~100 µl containing the Trx solution was 
then added. The force-clamp protocol consists of three pulses of force. In the 
first pulse, the cantilever tip was pressed against the surface at 800 pN for 2 s. 
In the second pulse, the attached I65–I72 titin was stretched at 135 pN for 2 s. 
The third pulse was the test force in which the reduction events were captured. 
This pulse was applied at 80 pN for 20 s to capture all possible reduction events. 
The traces were collected and analyzed using custom-written software in Igor 
Pro 6.37 (Wavemetrics). All proteins were measured following a double-blind 
protocol in which three independent researchers measured all samples labeled 
as A, B, C, etc., from different expressions, using several cantilevers for each 
protein and two AFS instruments. All figures were generated using Igor Pro and 
Adobe Illustrator CS6.

Data analysis. When we represent averages of the experimental observables 
(unfolding forces for the disulfide bonded and non-disulfide-bonded domains) 
the error bars indicate the s.e.m. The percentage of disulfide bonds was estimated 
as the fraction of unfolding events corresponding to the disulfide bonded (i.e. 
low extension) population. For the correlation between unfolding forces and 
mass, we use a power law expression including a predefined offset to fit the data, 
F–F0 = a×mb, where F0 corresponds to the lowest measured value for the force, 
reflecting a lower limit in the unfolding force of the titin domains. Least-squares 
fits were performed using the Levenberg-Marquardt algorithm.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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Disulfide bonds play a crucial role in proteins, modulat-

ing their stability and constraining their conformational 

dynamics. A particularly important case is that of pro-

teins that need to withstand forces arising from their 

normal biological function and that are often disulfide 

bonded. However, the influence of disulfides on the 

overall mechanical stability of proteins is poorly under-

stood. Here, we used single-molecule force spectroscopy 

(smFS) to study the role of disulfide bonds in different 

mechanical proteins in terms of their unfolding forces. 

For this purpose, we chose the pilus protein FimG from 

Gram-negative bacteria and a disulfide-bonded variant 

of the I91 human cardiac titin polyprotein. Our results 

show that disulfide bonds can alter the mechanical sta-

bility of proteins in different ways depending on the 

properties of the system. Specifically, disulfide-bonded 

FimG undergoes a 30% increase in its mechanical sta-

bility compared with its reduced counterpart, while the 

unfolding force of I91 domains experiences a decrease 

of 15 % relative to the WT form. Using a coarse-

grained simulation model, we rationalized that the in-

crease in mechanical stability of FimG is due to a shift 

in the mechanical unfolding pathway. The simple topol-

ogy-based explanation suggests a neutral effect in the 

case of titin. In summary, our results indicate that di-

sulfide bonds in proteins act in a context-dependent 

manner rather than simply as mechanical lockers, un-

derscoring the importance of considering disulfide 

bonds both computationally and experimentally when 

studying the mechanical properties of proteins. 

 

INTRODUCTION 

Disulfide bonds are present in ~10% of all proteins and, 

together with peptide bonds, they virtually represent their 

only covalent intramolecular interaction (1). Disulfide 

bonds have long been known to influence the thermody-

namic stability of proteins (2), on one hand reducing the 

entropy of the unfolded state (3), and on the other hand 

enthalpically stabilizing the folded form (4). Which of 

these effects dominates seems to vary from case to case 

(2,5,6). More recently, regulatory roles for protein disul-

fides have also been invoked (7). In the case of proteins 

that bear mechanical loads in physiological conditions, the 

influence of disulfide bonds in the modulation of the me-

chanical stability has not been addressed systematically. 

Contrary to thermodynamic stability –defined as 

the free energy difference between the folded and unfolded 

states, ΔGNU–, mechanical stability is kinetically controlled 

and hence related to the free energy barrier that must be 

overcome by a pulling force, ΔGN‡(F), and the distance to 

the transition state, ΔxN‡(F) (8). Overcoming this barrier in 

the presence of disulfide bonds that sequester amino-acid 

residues requires higher forces, and for this reason disul-

fides are often seen as mechanical lockers (9). But addi-

tional factors may also contribute to the net effect in the 

mechanical stability. Computational studies have highlight-

ed the importance of the disulfide bond geometry (10). 

Single-molecule experiments and computer simulations 

have demonstrated that a mechanical load may affect the 

redox state of disulfides (11-16). The applied forces can 

make disulfide bonds accessible for solvents (17) and oxi-

doreductase enzymes involved in the control of the redox 

state (18,19). This mechanochemical regulation is biologi-

cally crucial for several cellular processes, some of them 

related with diseases such as heart aging or failing (20) or 

HIV viral attachment (21). 

In this work we study the effects of disulfides in 

the overall mechanical stability of proteins, focusing in two 

immunoglobulin-like domains. Our first case study is a 

self-complemented form of the bacterial pilus FimG pro-

tein, with well-conserved disulfide forming cysteines 

(22,23). Our second example is a mutant of the I91 (for-

merly termed I27) human cardiac titin polyprotein (I91G32C-

A75C), which has its engineered Cys residues far in se-

quence, but close enough in structure to spontaneously 
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form disulfide bonds (9). We measure their mechanical 

properties using single-molecule force spectroscopy 

(smFS) in the constant speed mode (24-27) using reducing 

and oxidative conditions that enhance the presence of the 

corresponding forms of each protein. We interpret the ex-

perimental results using a well-established coarse-grained 

simulation model (28-32). We find that disulfide bonds in 

proteins act in a context dependent manner rather than just 

behaving as mechanical lockers. When the disulfide bond 

compromises the unfolding pathway, transitions will neces-

sarily induce a change in forced unfolding pathways. How-

ever, in the absence of such hard constraint the mechanical 

stability of proteins may remain unchanged and even de-

crease. 

RESULTS 

Constant Speed Pulling Experiments— In the smFS exper-

iments we report, a gold substrate with the polyprotein 

attached moves away from the cantilever and sensor in-

duced by a piezo-electric actuator (see Fig. 1A and Exper-

imental Procedures). Protein unfolding results in a trace 

with a sawtooth pattern, where each of the peaks corre-

sponds to the unfolding of a single domain (Fig. 1B). For 

FimG, the protein is flanked with four I91 domains which 

unfold first and are used as a molecular fingerprint. In the 

case of the I91G32C-A75C  chimera, an ideal sawtooth pattern 

is composed of eight individual peaks. From fits to the 

worm-like chain model (WLC) to the data we extract char-

acteristic contour lengths, and from the maximum of the 

individual sawtooth peaks we obtain the unfolding forces 

for both FimG and the titin Ig domain. When these do-

mains are disulfide bonded we measure a shorter contour 

length as corresponds to the sequestered region of the pro-

tein sequence (see Fig. 1B). 

Disulfide Bonds Increase the Mechanical Stability of 

FimG— In Figure 2 we show scatter plots of the unfolding 

forces and contour lengths for FimG, and histograms of the 

forces and extensions to highlight observed differences 

between oxidized and reduced domains. The scatter plot of 

extension vs unfolding force shows two populations at high 

(52±1 nm) and low (40±2 nm) contour lengths, correspond-

ing to the reduced and oxidized forms of the protein, re-

spectively. These values compare well with the expectation 

of 54 nm for the reduced form of the protein and 39 nm for 

the oxidized domain (see Table S1 for details). When FimG 

is disulfide-bonded its mechanical stability raises drastical-

ly, up to 440±36 pN, whereas the reduced state has an 

average unfolding force of 339±27 pN. This represents an 

increment in the mechanical stability of 101 pN (~30%) for 

the oxidized domains. 

Decrease in the Mechanical Stability of Titin upon Disul-

fide Bond Formation—In the case of the I91G32C-A75C titin 

domain (Fig. 3A), the oxidized form displays an average 

extension of 12±1 nm (mean±SD) and an unfolding force 

of 176±32 pN (mean±SD), while the reduced form of the 

protein has an average contour length of 29±1 nm and a 

mechanical stability of 191±31 pN. The contour lengths are 

in good agreement with previously reported values (see 

details in Supplemental Table S1).  With respect to the 

forces, on average, there is a subtle decrease (15 pN or 8%) 

in the mechanical stability of the protein upon disulfide 

bonding. A value of 15 pN difference between the oxidized 

and reduced forms can be considered within the experi-

mental uncertainty of measured forces.   

We also compared the unfolding force between 

the reduced Ig91G32C-A75C form and the WT form. The value 

we have obtained for the unfolding force WT I91 is 208±27 

pN, which is consistent with previous studies (9). In Figure 

3B we show the comparison of unfolding forces for I91 

WT and the reduced form of the I91G32C-A75C double mu-

tant, which are also within experimental uncertainty. This 

is indicative that these mutations have little effect on the 

overall mechanical stability of the protein, a non-trivial 

result considering that mutations are on average not neutral 

for the thermodynamic stability (33). Although the pairwise 

comparison of I91 mechanical stability between oxi-

dized/reduced and reduced/WT forms yields subtle effect 

on mechanical stability within the experimental uncertain-

ty, the comparison between oxidized I91G32C-A75C and WT 

I91 forms yields a more significant decrease on stability of 

15%, which is beyond the experimental uncertainty.   

Hence, depending on the context in which they 

appear, disulfide bonds seem to act differently. While the 

mechanical stability in I91 decreases when comparing 

oxidized I91G32C-A75C and WT form, for the FimG domain 

the unfolding force raises considerably for the oxidized 

state. Many different contributions to protein energetics 

may be required to explain the context-dependence of the 

effects of disulfides on mechanical stability. In particular, 

the position where the disulfide is located within the pro-

tein topology seems to be of key importance. In the case of 

titin Ig domains, disulfides are cryptic and are located in 

the middle region of the domain. This is consistent with 

other titin domains for which the structure has been solved 

(34). On the other hand, for FimG the disulfide is found at 

the very start of the sequence. This observation is reminis-

cent of previous findings on the de novo designed protein 

Top7 (35,36). For this synthetic protein the disulfide bond-

ed cysteines positioned early in the sequence result in a 

23% increase in the mechanical stability for the oxidized 

state (172 pN) relative to the reduced one (140 pN). How-

ever, this is a novel observation in a natural protein.  

Molecular Simulations Explain FimG Results via a Shift in 

Unfolding Mechanism Shift— To gain more detailed insight 

on this result we have run molecular dynamics (MD) simu-

lations of the oxidized and reduced FimG using a coarse-

grained, structure-based (i.e. Gō) simulation model (29), 

used many times before in the context of AFM pulling 

(28,30-32) (see Experimental Procedures for details). Alt-

hough coarse grained models sacrifice much of the struc-

tural detail from atomistic MD, recent work has come to 

support the central assumption of Gō models. As it turns 

out, folding mechanisms in atomistic simulations are de-

termined by native contacts, which are the only energetical-

ly favorable interactions in Gō models. Given the computa-

tional efficiency of coarse-grained models we have been 

able to run 300 simulation trajectories at constant pulling 

speed for FimG and the I91 mutant, allowing for good 

statistical estimates of average unfolding forces.  
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We show representative force-extension curves 

from the pulling simulations of FimG in Fig. 4A. Unfold-

ing forces were estimated as the highest value of the force 

concomitant with the unfolding transition path, as identi-

fied by a decrease in the fraction of native contacts (Q). In 

line with the experiments, we find that in the case of the 

oxidized protein, the unfolding force increases by ~30% 

(Fig. 4B). Examining the simulations we find that this 

effect is due to a change in the unfolding pathway that the 

protein follows during unfolding. In the case of the reduced 

state unfolding occurs via the rupture of hydrogen bonds 

between β-strands 1 and 2, while in the case of the oxidized 

state these are stapled together by a disulfide bond. Neces-

sarily, unfolding occurs via a higher energy route (i.e. rup-

ture from the C-terminus as opposed to the N-terminus, see 

Fig. 4C). It is known that altering the unfolding pathway 

changes the rupture sequence of hydrogen bonds thus 

changing the unfolding force (27). 

The Small Decrease in Unfolding Force for Titin is not 

Captured by the Simulation Model— This simple explana-

tion based on the protein topology and the restrictions im-

posed by the disulfide bonds does not explain the some-

what smaller (15 pN or 8%) decrease observed for unfold-

ing forces of the titin Ig domain. Simulations using the 

same coarse-grained model for I91G22C-A75C suggest that 

unfolding forces remain largely unchanged upon disulfide 

bonding (see Fig. 5), as expected for a structure-based 

model where the force-bearing region of the protein (i.e. 

the “mechanical clamp”) remains uncompromised by the 

presence of the disulfide bond.  

DISCUSSION 

Overall, these results suggest that disulfide bonds in pro-

teins act in a context dependent manner rather than simply 

as mechanical lockers. When the disulfide bond compro-

mises the unfolding pathway, transitions will necessarily 

occur via higher energy routes (35). This is akin to the 

effect of disulfide bonds connecting parts of the protein 

that unfold before the rate limiting step, which were found 

to slow down the overall unfolding process (37). However, 

in the absence of such hard constraint, the effects in the 

energetics will be more subtle, depending on both enthalpic 

and entropic contributions, as happens in the case of ther-

modynamic stability (2,5,38,39). 

In the case of titin we find that there is a modest 

reduction of the mechanical stability of the protein, which 

may be too subtle for a simple structure-based simulation 

model to capture. We note, though, that atomistic simula-

tions of the I1 domain of titin showed an increase of the 

unfolding when a disulfide bond was present (40), a differ-

ent trend to that observed here for the I91 domains of titin. 

Hence, higher order effects are required to explain the 

smaller changes identified for the titin Ig domain. One 

possibility is that side chain interactions in the core of I91, 

which have also been shown to have a role in the protein 

mechanical stability (41), are contributing in different ways 

in the oxidized and reduced forms, although the mutated 

residues are far from the A-B and E-F loops. Another con-

tribution will come from the constrain introduced in the 

native state vibrational entropy by a disulfide bond (39), 

which has been found to affect the subpicosecond to 100 ps 

dynamics of proteins (38). Another possibility is the pres-

ence of mechanical prestress in the disulfide bonded titin 

(10). Measuring the dihedral angles of the disulfide bonded 

cysteines in our model for I91G32C-A75C produced with the 

Modeller software, we find that the χ1and χ’2 angles are 

statistically highly unlikely. It has been previously reported 

that the spatial configuration of the disulfide bonds of in-

trachain Ig domains could exert a tensile stress on the order 

of 100 pN (42). The type of disulfide bond could affect in a 

different manner the mechanical stability of the protein. 

The disulfide bond in FimG involves the A and B β-strands 

in a “staple” configuration, while disulfides in the titin 

I91G32C-A75C are cryptic and of the “hook” type. Indeed for 

all other titin Ig-like domains solved experimentally we 

also find that disulfide bonds are cryptic and “spiral”. 

There may exist a correlation between the disulfide bond 

configuration, its position in the sequence and its im-

portance remodeling the unfolding pathway.  

Future work involving a systematic analysis of al-

ternative locations of disulfide bonds across the β-strands 

in different proteins will enable to establish a consistent 

theory about the regulation of the mechanical stability 

induced by disulfide bonds. Finally, these experiments 

stress the importance of considering disulfide bonds both 

computationally and experimentally when studying the 

mechanical properties of proteins, as they regulate the 

mechanical stability beyond their nature as simple covalent 

bonds. 

EXPERIMENTAL PROCEDURES  

Protein expression and purification— Genes of (I91G32C-

A75C)8 titin segment and FimG protein were codon-

optimized for expression in E. coli cells (see sequences in 

Supplementary Information). Plasmid pQE80L-(I91G32C-

A75C)8 and I91 wild-type gene were a kind gift from Julio 

M. Fernández (Columbia University). FimG was bought 

from Life Technologies and designed as a self-

complemented variant lacking its N-terminal donor-strand 

and carrying the sequence of the donor β-strand of the 

protein FimF connected through a four amino acid linker 

(DNKQ) in the C-terminal end. We have cloned FimG into 

Qiagen pQE80L vector and transformed both plasmids 

onto E. coli BL21 from Merck Millipore. Bacterial cultures 

were incubated overnight in LB medium at 37 °C. In order 

to induce protein expression 1 mM IPTG was added when 

the optical density of the culture was higher than 0.6. Bac-

terial culture was centrifuged at 4000 g during 20 min. 

After centrifugation, cell pellets have been lysed by means 

of French pressure cell press and the His6-tagged proteins 

have been loaded onto His GraviTrap affinity column (GE 

Healthcare). We have promoted the oxidation of proteins 

by adding 0.3-0.5% H2O2 overnight at room temperature. 

Reduction was triggered by adding 1mM of DTT overnight 

for FimG and 5 mM of DTT for I91G32C-A75C for 1 hour at 

50ºC. After incubation, the proteins were purified by size 

exclusion chromatography using a Superdex 200HR col-

umn (GE Healthcare). The buffer used was 10 mM 

HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA at pH 7.0. 

The purified proteins were checked with SDS-PAGE. 
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Single-molecule Force Spectroscopy experiments— smFS 

experiments were carried out on a commercial Atomic 

Force Spectrometer (AFS-1) from Luigs & Neumann. We 

have used cantilever models MLCT and OBL-10 of silicon 

nitride from Bruker. The cantilevers have been calibrated 

using the equipartition theorem with a typical spring con-

stant of 0.02 N·m−1 for MLCT and 0.006 N·m−1 for OBL-

10. The pulling speed and the amplitude in force-extension 

mode are 400 nm/s and 400 nm respectively. The buffer 

used in the experiment was the same as for the purification 

mentioned above.  The experiments were performed by 

placing 10-20 μl of protein solution at ~0.2 mg·mL−1 onto a 

gold-covered slide. A custom-written software in Igor Pro 

6.37 (Wavemetrics) was used to collect and analyze the 

traces. 

Coarse grained, structure based model— We run simula-

tions of the self-complemented FimG and the titin I91G32C-

A75C domain using the Karanicolas and Brooks structure-

based (i.e. Gō) model (29). In the simulations, the protein 

geometry is reduced to the Cα trace and the solvent degrees 

of freedom are not considered, resulting in a great compu-

tational efficiency. The potential energy is defined as  

V = Vbond + Vangle + Vdihedral+ Vnon-bonded [1]. 

In Equation 1, Vbond and Vangle are native-centric harmonic 

terms for bonds and angles, respectively, while Vdihedral is 

based on statistical preferences for torsion angles in the 

PDB (29). The non-bonded contribution is favorable for 

pairs of residues that are in contact in the reference (i.e. 

experimental) structure. Two residues i and j are defined to 

be in contact when any pair of atoms is closer than 5 Ang-

stroms, and their contribution to the energy is  

Vij= εij[13(σij/rij)12- 18(σij/rij)10  + 4(σij/rij)6] [2], 

where σij is the distance between the Cα’s of residues i and j 

in the reference structure, rij is the same distance but in the 

instantaneous configuration and εij is the strength of the 

pairwise interaction (29). 

Since experimental structures are not available for 

neither the FimG self-complemented variant nor for the 

titin Ig91G32C-A75C we used molecular models produced with 

the Modeller (43) software in both cases. In the case of 

FimG we used as reference the usher plus pilus tip experi-

mental structure (PDB code: 4j3o (44)), selecting the rele-

vant atoms from FimG and those from FimF that comple-

ment FimG, and then adding the linker. For titin, the WT 

structure (1tit) was used as a template and Cys mutations 

were introduced. 

Molecular simulations— Simulations were run using an 

modified version of Gromacs 4.0.5 (45). We propagated 

the dynamics at a constant temperature of 300 K using a 

Langevin integrator with a time-step of 10 fs, and a friction 

constant of 0.2 ps-1. Pulling experiments were mimicked 

using the pull-code from Gromacs, by defining pulling 

groups in the protein ends and pulling in a single dimen-

sion at a constant speed of 0.1 nm/ps and with a harmonic 

force constant of 20 kJ/mol/nm2. The total number of simu-

lation runs at constant pulling speed was 50 for the I91 

domain and 100 for FimG, both for the reduced and the 

disulfide bonded variants. In the latter disulfide bonds were 

modeled as an additional bond with the same harmonic 

constant as Cα-Cα bonds within the model. 

Analysis of the simulations— For each of the simulation 

trajectories we produced force-extension plots. Additional-

ly, we calculated the fraction of native contacts Q (28). 

Force peaks were identified automatically using the 

find_peaks_cwt algorithm from the signal processing li-

brary from SciPy (scipy.signal). The unfolding force was 

estimated as the maximum force peak identified in a brack-

et of time starting 5 ps before the start of the transition path 

and finishing at the end of the transition path. We define 

transition paths as the parts of the trajectory that connect 

two dividing lines without recrossings (QF and QU). These 

were set at QF=0.9 and QU=0.5 for titin I91 and QF=0.8 and 

QU=0.2 for FimG. 
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FIGURE 1. Single Molecule Pulling Experiments on Polyprotein Constructs (A) Schematic illustration of a smFS experi-

ment with the(I91G32C-A75C)8  polyprotein. The Ig domains unfold due to the mechanical force applied between the gold 

substrate and the cantilever (not to scale). (B) Typical FimG and (I91G32C-A75C)8 construct experimental force-extension 

traces for their oxidized and reduced states. The contour lengths of oxidized and reduced domains are shown in red 

and blue, respectively. In all the traces the last peak corresponds to the detachment of the protein from the cantilever 

or surface. 
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FIGURE 2. Unfolding Forces and Contour Lengths of FimG from Constant Force Pulling.  Scatter plot of force 

versus contour length with corresponding histograms (top and right, respectively) of the self-complemented 

FimG. The total number of data points are N=83 and N=69 for oxidized domains and reduced domains, re-

spectively. Lines in the histograms are Gaussian fits to the data. The red and blue colors denote the oxidized 

and reduced states, respectively. Contour lines in the scatter plot were generated using kernel density esti-

mates. 
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FIGURE 3. Unfolding Forces and Contour Lengths of Titin I91 from Constant Force Pulling. (A) Scatter plot of 

force versus contour length with corresponding histograms (top and right, respectively) of the (I91G32C-A75C)8  

polyprotein. Lines in the histograms are Gaussian fits to the data. The red and blue colors denote the oxi-

dized and reduced states, respectively. The total number of data points are N=262 and N=232 for oxidized 

domains and reduced domains, respectively. Contour lines in the scatter plot were generated using kernel 

density estimates. (B) Comparison of unfolding forces for I91G32C-A75C (blue) and I91 WT (light blue), with 

N=146. 
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FIGURE 4. Coarse Grained Simulation Results for Oxidized and Reduced FimG. (A) Force (top) and fraction 

of native contacts (Q, bottom) vs the protein extension (L) for representative trajectories of the model for the 

oxidized and reduced protein (blue and red, respectively). White lines are running averages of the forces. 

Filled circles represent the estimated unfolding force. In the QvsL plots, the lighter shade of color indicates 

the unfolding transition path. (B) Cumulative frequencies of the unfolding forces. (C) Representative snap-

shots from the simulations for the folded state (left) and the unfolded state reached right after the unfolding 

force peak (right) for reduced (top) and oxidized (bottom) FimG models. In the latter, yellow spheres indicate 

the position of disulfide bonded cysteines. 
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FIGURE 5. Coarse Grained Simulation Results for Oxidized and Reduced Titin I91G32C-A75C. (A) Force / Q vs 

extension plots for the reduced (blue) and oxidized (red) forms of the protein.Circles mark the unfolding 

force. Transition paths are shown in a lighter shade of each colour. (B) Cummulative histograms of the 

simulated unfolding forces for the oxidized (red) and reduced forms (blue). 
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