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A B S T R A C T   

The muscle protein titin plays a crucial role in passive elasticity and the disordered PEVK region within titin is 
central to that function. The PEVK region is so named due to its high proline, glutamate, valine and lysine content 
and the high charge density in this region results in a lack of organized structure within this domain. The PEVK 
region is highly extensible but the molecular interactions that contribute to the elastic nature of the PEVK still 
remain poorly described. The PEVK region is formed by two unique sequence motifs. The PPAK motif is a 26 to 
28 amino acid sequence that contains a mixture of charged and hydrophobic residues and is the primary building 
block for the PEVK region. Poly-E sequence motifs vary in length and contain clusters of 3–4 glutamic acids 
distributed throughout the motif. In this study, we derived two 28-residue peptides from the human titin protein 
sequence and measured their structural characteristics over a range of pHs. Our results demonstrate that the 
poly-E peptide undergoes a shift from a more rigid and elongated state to a more collapsed state as pH decreases 
with the midpoint of this transition being at pH ~5.5. Interestingly, a similar conformational shift is not observed 
in the PPAK peptide. These results suggest that the poly-E motif might provide a nucleating site for the PEVK 
when the muscle is not in an extended state.   

1. Introduction 

Titin is a giant elastic protein found in both striated and cardiac 
muscle that spans half of a sarcomere, from Z disc to M line [1]. It is 
known that titin plays a role in passive elasticity, sarcomere assembly 
and it acts as a sensor of sarcomeric stress and strain, but there are still 
gaps in the understanding of how titin performs these various functions 
[2,3]. The majority of titin’s elastic function occurs within the I-band 
region of the protein [4]. This region is composed of two major struc
tural motifs; two regions of repeated immunoglobulin (Ig) domains and 
a disordered region called the PEVK domain that sits between the two Ig 
regions [5,6]. PEVK derives its name from the fact that nearly 75% of the 
amino acids are either proline (P), glutamic acid (E), valine (V) or lysine 
(K) [7]. 

Two different sequence motifs have been identified within the PEVK 
region. The majority of the PEVK region is made up of PPAK motif 
segments, which are 26–28 residues in length composed of a mixture of 

hydrophobic and charged amino acids, mainly lysine [8]. PPAK motifs 
generally exist in clusters of 2–12 repeated sequence blocks [7]. Sepa
rating the PPAK clusters are poly-E motifs, which consists of clusters of 
glutamate residues. These regions contain approximately 45% glutamic 
acid, in clusters of 3–4 consecutive glutamic acid residues that are 
separated by 2–3 hydrophobic residues [7,8]. This results in a high 
negative charge density within poly-E segments. 

One of titin’s primary functions is to generate passive tension during 
muscle elongation, which helps maintain uniform sarcomere lengths 
during stretching and also to restore sarcomere length during muscle 
relaxation [14]. During an eccentric stretch, the regions of consecutive 
Ig domains extend into a linear arrangement under small passive forces 
and short sarcomere lengths [9]. At moderate to long sarcomere lengths, 
passive force is predominately controlled by the extensible PEVK region 
[9,10]. While there is a basic understanding of how titin regulates pas
sive tension, a clear molecular level understanding of how PEVK gen
erates the observed changes in force during eccentric contractions is still 
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lacking. 
Previous work has shown that the PEVK region is composed pre

dominately of random coil sequence with a small amount of polyproline 
II (PII) type helices [11]. The most common way to model the elastic 
function of the PEVK region is as an entropic spring, where conforma
tional entropy drives the observed passive force [12]. However, there is 
evidence that the PEVK region exhibits enthalpic characteristics at 
higher forces and titin-based myofibril stiffness depends on sarcomere 
ionic strength [9]. These observations suggest that PEVK might not act 
as a pure entropic spring [9,13] and highlight the need for a clearer 
understanding of the relationship between PEVK’s function and any 
transient structural elements that PEVK might form. 

Previous work has shown that the charged nature of PEVK is 
important for its function, but these studies were conducted at physio
logical pH (pH~7.2–7.4). Metabolically active muscle induced 
decreased pH within the muscle and the impact of these changes on the 
PEVK region has not been explored [14]. We hypothesized that the 
poly-E regions might undergo pH-dependent conformational changes 
due to the presence of clustered glutamate residues within the region. To 
test this hypothesis, we synthesized 28-amino acid peptides using PPAK 
and poly-E sequences from the human PEVK and explored their struc
tural characteristics as a function of pH. Using a combination of CD, 
fluorescence and size exclusion chromatography, our results demon
strate that the poly-E peptide undergoes a conformational change 
around pH 5.5 while the PPAK peptide does not exhibit a similar pH 
dependency. These results highlight the potential impact of shifts in pH 
on PEVK function. 

2. Materials and methods 

All chemicals used in this study were purchased from standard 
chemical suppliers such as Fisher Scientific. Peptides used in this study 
were synthesized by AAPPtec and purified to >95% purity. The peptide 
sequences used in this study were: 

PPAKVPEVPKKPVPEKKVPVPAPKKVEA (P1). 
EVTEEPEEEPISEEEIPEEPPSIEEVEE (P2). 
EVETEPEPEIESEIEPEPEPESEIEVEE (P3). 
EVTPIPEEEPISPISIPEEPPSIPIVEE (P4). 
EVTPIPPISPISEEEIPEEPPSIPIVEE (P5). 
EVTPIPPISPISPISIPISPPSIPIVEE (P6). 
The P1 and P2 peptides were based on exon sequences in the PEVK 

region of human titin. Peptides P3–P6 were derived using the P2 peptide 
sequence. Peptides were synthesized as both a tryptophan containing 
and tryptophan-free variants to aid with spectroscopic characterization 
of the structure. Tryptophan containing peptides will be referred to as 
P1+W, P2+W, P3+W, P4+W, P5+W and P6+W. Peptides were stored 
as a lyophilized powder and rehydrated for experiments. 

2.1. Circular dichroism measurements 

Tryptophan-free (∆Trp) peptides were reconstituted in milliQ water 
at a concentration of 600 μM and diluted to a final concentration of 0.1 
mg/ml in 20 mM potassium phosphate at a range of pHs. Samples were 
equilibrated at 20 ◦C for an hour and spectra were measured using a 
JASCO J-810 circular dichroism spectropolarimeter equipped with a 
JASCO PFD-425S peltier controller. A quartz cuvette with a 1 mm 
pathlength was used and spectra were collected in triplicate using a 1 
nm bandwidth and a 1 nm data pitch. Each spectrum was background 
subtracted and converted to molar ellipticity. 

2.2. Fluorescence spectroscopy 

Peptide samples were prepared using tryptophan containing pep
tides following the procedure as described above for the circular di
chroism experiments. Fluorescence spectra were measured using a 
Molecular Devices SpectraMax M3 Multi-Mode Microplate Reader 

equipped with SoftMax Pro 7.0.3. Samples were excited at 280 nm and 
emission spectra were collected from 300 to 450 nm. The Center of Mass 
(CoM) of each spectrum was calculated using Equation (1), where I is 
intensity and vn is the wavenumber: 

CoM =
Σ(vn nI)

ΣI
(1) 

CoM was plotted as a function of pH. 

2.3. Acrylamide quenching 

Peptide samples were prepared using the tryptophan containing 
peptides as described above for the circular dichroism experiments. 
Samples were treated with acrylamide at final concentrations of 25, 50, 
100, 150 and 200 mM at a range of pHs. Tryptophan emission spectra 
were collected as described above. Stern-Volmer plots were developed 
using Equation (2), where I0 is tryptophan emission in the absence of 
acrylamide, I is tryptophan emission in the presence of acrylamide, Ksv is 
the Stern-Volmer constant and Q is the acrylamide concentration. 

I0 / I = KsvQ + 1 (2)  

2.4. Size Exclusion Chromatography 

Peptide solutions were made by reconstituting tryptophan contain
ing peptides to a final concentration of 1 mg/mL in a 20 mM potassium 
phosphate, 150 mM KCl buffer at a range of pHs. Samples were equili
brated at 20 ◦C for a minimum of an hour before separating the samples 
by Size Exclusion Chromatography-HPLC. The samples were separated 
on a TOSOH TSKgel G2500PWXL columns using a Waters 2695 Sepa
ration Module with Waters 2996 Photodiode Array Detector. The col
umn was equilibrated with the appropriate buffer and all samples were 
run in triplicate. The point of maximum absorbance was used as the 
retention time for each sample. 

3. Results 

3.1. The poly-E peptide undergoes a pH dependent conformational change 

Titin’s PEVK region has been an area of interest because this region’s 
important role in passive tension but the mechanism of how PEVK 
generates passive tension is poorly understood. The distribution of the 
two sequence motifs found in the PEVK region presumably plays a role 
in this function. While both sequence motifs have high charge densities, 
PPAK motifs have their charges distributed throughout the motif’s 
sequence while poly-E motifs consist of clusters of glutamates separated 
by several hydrophobic residues [8]. Poly-E motifs also have a higher 
overall average charge density (45% glutamic acid for poly-E compared 
to 19% lysine for PPAK [8]). Based on the high charge density in this 
region, we hypothesized that the PEVK region might undergo 
pH-dependent conformational changes as the charged amino acids 
change between protonated and deprotonated states. This hypothesis 
was tested using two 28 amino acid peptides based on PPAK and poly-E 
sequences from human titin. It was expected that the poly-E peptides 
would be more likely to exhibit a pH-dependent conformational change 
since they have a higher charge density. The poly-E peptide sequence 
used in these studies was selected because its charge density is consistent 
with the average poly-E charge density. It should also be noted that 
poly-E regions are longer than the PPAK sequence, but we wanted to 
compare peptides of similar length and so a 28 amino acid section of 
poly-E motif sequence was used. 

We initially tested our hypothesis by comparing retention time of the 
peak of maximum absorbance during size exclusion chromatography 
(SEC) at varying pHs. Both peptides were dissolved in mobile phase and 
separated on a SEC column equilibrated with a 20 mM phosphate buffer 
at the corresponding pH. We initially compared the conformation of the 
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two peptides at pH 7.0 and noticed that the poly-E peptide exhibited a 
earlier retention time than the PPAK peptide. This suggests that the poly- 
E peptide exhibits a larger apparent hydrodynamic radius than PPAK 
even though the two peptides have the same number of amino acids, 
consistent with the model the poly-E has more elongated conformation 
(Fig. 1). Varying the pH of the mobile phase did not significantly alter 
the retention time of the PPAK peptide, indicating that pH does not in
fluence the conformational state of the PPAK peptide over the pH range 
used in these experiments. In contrast, a shift to longer retention times 
was observed for the poly-E peptide as the pH of the mobile phase was 
decreased, suggesting that the poly-E peptide has a more compact 
conformation at lower pH. The observed shift in retention time begins 
around pH 6 and is believed to be induced by changes in the protonation 
of the glutamic acids in the peptide. The location of the transition was 
surprising since it is higher than the pKa for the side chain of free glu
tamic acid (pka = 4.0) [15], suggesting that either the high charge 
density or glutamate clustering is potentially influencing the pKa of the 
glutamate side chains. 

To determine which factor was more important, we repeated this 
experiment using a series of peptides derived from the poly-E peptide 
sequence. The P3+W peptide has an identical charge density as the 
P2+W peptide except the glutamates are evenly distributed throughout 
the peptide. Both P2+W and P3+W exhibited a similar pH sensitivity 
consistent with charge density and not clustering being the critical factor 
driving the magnitude of the conformational change. This is supported 
by the reduced pH sensitivity observed for the other modified peptides 
(P4+W – P6+W). It is interesting to note that all three peptides with 
reduced charge density had longer retention times in the physiological 
pH range and that there was a linear correlation between the magnitude 
of the change and the overall charge density of the peptide. 

3.2. Poly-E peptide has a decreased fluorescence at lower pHs 

The observed increased retention time for the poly-E peptide at lower 
pHs suggests that the peptide forms a more collapsed state, presumably 

due to decreased charge repulsion. If this model is accurate, we pre
dicted that fluorescence intensity would decrease at lower pHs since a 
higher degree of conformational freedom would result in increased non- 
radiative decay of tryptophans in the excited state. Fluorescence spectra 
were measured for both the poly-E and PPAK peptides at a range of pHs 
and the emission intensity at 360 nm for each sample was compared to 
test this hypothesis. Emission intensity of P2+W decreased as pH de
creases, with the largest changes occurring between pH 5 and 6 (Fig. 2), 
consistent with our SEC experiments. Each series of samples were 
normalized to facilitate comparison of the samples using the intensity at 
pH 3 as the reference. The intensity change exhibited a sigmoidal shape 
consistent with a transition between two unique conformational states 
(e.g. folded to unfolded states in classical globular protein unfolding). In 
this case, neither peptide is expected to exist in a folded conformation, 
but the observed transition is likely due to a change in most populated 
disordered conformation of the P2+W peptide. A change in fluorescence 
intensity was also observed for the PPAK peptide (P1+W) but the 
transition was linear and is consistent with the changes in fluorescence 
observed for free tryptophan. We therefore attribute the change in in
tensity in P1+W to pH-dependent shifts in tryptophan fluorescence 
rather than reflective of conformational changes in the peptides. 

To further validate this conclusion, we plotted the Center of Mass 
(CoM) for each spectrum since this reduces pipet errors and other factors 
that can influence the accuracy of fluorescence intensity. CoM exhibits a 
rapid red shift of both peptides between pH 3 and 4, in contrast to the 
observed shift in intensity over the same pH range (Fig. 3). To facilitate 
comparison between the samples, each data set was normalized (Fig. 3 
Inset). A comparable shift is not observed in free tryptophan, which 
suggests that both peptides undergo a pH dependent conformational 
shift at low pH. Both peptides exhibit a red shift between pH 4 and pH 5 
as well though, unlike between pH 3 and 4 where the shift is similar for 
both peptides, there is a significant shift for P2+W but only a small shift 
for P1+W and then the CoM doesn’t undergo any additional significant 
shifts between pH 5 and pH 8. In contrast, P2+W continues to undergo 
red-shifts in the CoM through pH 6 and then plateaus through pH 8. 

Fig. 1. Poly-E peptides exhibit pH-dependent changes in retention times. Peptides were separated on a TSK-GEL G2500PWXL column and the retention times 
were determined as a function of varying pH. The PPAK peptide (P1+W) shows no significant change in retention time. All poly-E peptides (P2+W – P6+W) have 
increased retention time at lower pHs. The P2+W and P3+W peptides show similar shifts, suggesting overall charge density is more important than clustering. 
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Fig. 2. P2þW peptide decreases fluorescence intensity with decreased pH. Tryptophan fluorescence was measured for the P1+W and P2+W peptides at varying 
pH and the intensity at 360 nm was plotted as a function of pH. The intensity of the P2+W peptide exhibits a sigmoidal shape while the P1+W intensity is best fit as 
a line. 

Fig. 3. P2þW peptide shows a red shift with decreased pH. P2+W exhibits CoM shifts between pH 3 and pH 6. In contrast, P1+W has a significant pH shift 
between pH 3 and 4, followed by a small shift between pH 4 and 5 and then no significant CoM after pH 5. Insert. Normalized Center of Mass curves showing 
magnitude of CoM shifts as a function of pH. 
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These results suggest that both peptides undergo pH-dependent 
conformational shifts between pH 3 and 4. However, P2+W continues 
to shift conformation between pH 4 and 6 while P1+W does not undergo 
comparable shifts. This is consistent with P2+W undergoing sequence- 
dependent conformational shifts that P1+W is not capable of undergo
ing. Overall, these results support the model that the poly-E peptide 
undergoes a structural transition to a more flexible conformation at 
lower pHs. 

3.3. Acrylamide quenching of poly-E is increased at higher pHs 

Our initial experiments suggested that the poly-E peptide has two 
conformational states; an extended conformation at higher pH and a 
more compact state at lower pH. Based on this model, we predicted that 
the tryptophan on the peptide would be more sensitive to quenching at 
higher pHs due to the extended conformation of the peptide. To test this 
model, we performed an acrylamide quenching experiment, where each 
peptide was mixed with a range of acrylamide concentrations (50–250 
mM) over a range of pHs and the Stern-Volmer quenching constant was 
measured (Fig. 4). As can be seen, there is a shift in P1+W that is 
consistent with the shifts observed in free tryptophan. The P2+W pep
tide exhibits similar quenching at lower pH, consistent with the peptide 
being in a similar conformation as the P1+W peptide. However, at 
higher pHs, the P2+W peptide exhibits a higher degree of quenching, 
which is consistent with this peptide being in a more extended confor
mation, supporting our proposed model. 

Poly-E peptide shifts to a more pre-molten globule-like conformation 
at lower pH. 

Circular Dichroism (CD) was used to further validate that the 
observed changes in P2 fluorescence intensity represented a conforma
tional change in the peptide. Disordered peptides exist in an ensemble of 

states and their CD spectra are characterized by a minimum at 200 nm 
without many other structural features. It has been shown that plotting 
molar ellipticity at 200 nm (ME200) verse molar ellipticity at 222 nm 
(ME222) can provide some structural insights into IDPs. Coil-like con
formations have a ME200 = − 19,000 ± 2800 deg.cm2.dmol− 1 and a 
ME222 = − 1700 ± 700 deg.cm2.dmol− 1 while pre-molten globule-like 
conformation have a ME200 = − 10,700 ± 1300 deg.cm2.dmol− 1 and a 
ME222 = − 3900 ± 1100 deg.cm2.dmol− 1 [16]. CD can provide insights 
into an IDP’s conformational state it they resemble one of these two 
conformational states. 

CD spectra for both the poly-E and PPAK peptides were collected 
from 250 to 190 nm at a range of pHs. There was a clear change in the 
molar ellipticity of the poly-E peptide at 200 nm as pH decreases 
(Fig. 5A). This transition begins at pH 6.0 (Fig. 5B), similar to what was 
observed in our other experiments, further supporting the model of a pH 
dependent conformational change. There was some variation in the 
molar ellipticity of the PPAK peptide at 200 nm over the range of pHs 
tested but the observed differences were not statistically significant and 
are believed to be a function of the dynamic nature of IDPs. 

The ME200 verse ME222 was plotted for the P1 and P2 peptides at 
each pH to determine if either peptide exhibited either pre-molten 
globule-like or coil-like characteristics (Fig. 6). The P1 peptide data 
was clustered together and did not demonstrate a pH dependence. The 
data also did not match either structural category, though the data more 
closely resembles a coil-like conformation than a pre-molten globule. A 
similar analysis of the poly-E spectra suggests that this peptide likely 
exists in a coil-like conformation and there is a clear shift in the coil-like 
nature of the peptide below pH 6. The coil-like conformational state is 
thought to contain ~30% PII in contrast to the pre-molten globule state, 
which is thought to contain ~10% PII [16]. The observed shift below pH 
6 is in the direction of the pre-molten globule state, consistent with a 

Fig. 4. P2þW peptide undergoes more quenching at higher pHs. The Ksv values of P2+W shows a sigmoidal shift with pH where a major transition occurs 
between pH 4 and pH 7. The Ksv of free tryptophan amino acid remain constant between that region of pH. 

D.M. Sudarshi Premawardhana et al.                                                                                                                                                                                                      



Biochemistry and Biophysics Reports 24 (2020) 100859

6

decrease in PII character and a shift from a more elongated structure to a 
more collapsed structure observed in our other experiments. 

4. Discussion 

The PEVK domain of the giant elastomeric protein titin is a primary 

contributor to passive force at moderate to long sarcomere lengths [5,9]. 
While it is fairly well established that this region plays a critical role in 
passive tension, there remain many unanswered questions regarding the 
mechanism of PEVK function. One of the unexplored aspects of this re
gion is how pH impacts the structural characteristics of the PEVK region, 
which is the focus of this study. Metabolically active muscle experiences 

Fig. 5. P2 peptide undergoes a pH dependent conformational change. A. CD spectra of P2 peptide from 250 nm to 190 nm. Spectra were collected between pH 2 
and 9 at increments of 1 pH unit. The arrow represents the change in the minima at 200 nm with decreasing pH. B. Molar ellipticity at 200 nm for P1 and P2 peptides. 
P2 peptide decreases molar ellipticity between pH 4 and 6 while P1 peptide does not exhibit a similar conformational change. 
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a decrease in pH due to the CO2 that is generated during aerobic 
respiration and the impact of pH shifts on the PEVK region is unknown. 
The highly charged nature of the PEVK region led us to hypothesize that 
decreased pH might result in changes in ionization state of the region 
that could alter conformational states. 

In this study, we developed two 28-amino acid peptides based on the 
PPAK and poly-E motifs within the PEVK region and assessed the impact 
of decreased pH on the conformational flexibility of both peptides using 
a combination of SEC, fluorescence and circular dichroism. The PPAK 
peptide exhibited a minimal conformational change under the pH range 
that was tested. This is not very surprising since all the ionizable side 
chains in this sequence are lysine, which has a pKa of 10.5 in the free 
state and we only tested up to pH 9.0 since muscles do not generally 
experience alkaloidosis. In contrast, SEC showed that the poly-E peptide 
has an elongated conformation at physiological pH that switches into a 
more collapsed state at more acidic pHs. This result is supported by 
fluorescence, acrylamide quenching and circular dichroism data which 
all show similar conformational changes between pH 5 and pH 6. The 
shift observed in the CD experiments suggests that there could be a 
change in the PII content of the poly-E peptide, which would be 
consistent with the observed change in hydrodynamic radius in our SEC 
experiments. Taken together, these results show that the poly-E region 
can undergo pH-dependent conformational changes that could be 
physiologically significant. 

4.1. Impact of pH shifts on titin function 

The cellular environment within the sarcomere is a complex ionic 
mixture that fluctuates in composition as a function of the activation 
state of the muscle [17]. One of the major changes is an increase in 
calcium concentration to open binding sites for the myosin heads on the 
thin filament [18]. The crossbridge cycling that occurs in active muscle 
results in a high level of metabolic activity and a subsequent decrease in 
pH [19]. The high charge density in the PEVK region makes this region 
especially susceptible to these ionic and pH fluctuations. Initial attempts 

to model force spectroscopy data collected on PEVK constructs used the 
wormlike chain model, which adequately models the behavior of the 
PEVK region at low to moderate extensions as an entropic spring [13]. 
However, this approach does not accurately model PEVK behavior at 
high force unless an enthalpic contribution is included to account for 
electrostatic interactions as part of the model [9]. 

Combining the results from this study with what is known about the 
spring-like characteristics of the PEVK region suggest an intriguing 
functional model. High force extensions of PEVK include an enthalpic 
contribution, which presumably comes from interactions between ly
sines in the PPAK motifs and glutamates in the poly-E regions. However, 
the data from this study suggests that if the high force stretch were to 
occur in a metabolically active muscle, where acidotic conditions might 
exist, that these electrostatic interactions might be disrupted due to 
protonation of the glutamic acid residues and the PEVK region might act 
purely as an entropic spring. It should be noted that the structural 
transition measured in this study occurs at the very edge of the pH range 
that has been measured in active muscle [19] and therefore would only 
occur under extreme conditions, assuming that the conformational shift 
occurs in the same pH range in a complete poly-E motif sequence. 
However, since the poly-E peptide used in this study is less than one-half 
of the actual motif it is derived from (28 amino acid verse 55 amino 
acids), it is possible that the full motif might exhibit a structural tran
sition at a higher pH range than was observed in this study. A complete 
assessment of the relationship between charge density and sequence 
length will be necessary to understand which motifs are likely to exhibit 
pH sensitivity. 

4.2. Role for the rigid nature of the poly-E sequence 

A striking result from this study is the conformational difference 
between the PPAK and poly-E peptides at physiological pH. There is a 
significant difference in retention time between the two peptides, even 
though they have an identical number of amino acids, demonstrating 
that the poly-E motif has a more elongated conformation than the PPAK 

Fig. 6. P2 peptide exhibits coil-like structure that becomes more pre-molten globule like at lower pHs. The ME200 verse ME222 values for the P2 peptide are in 
the region associated with a coil-like structure while the P1 values are in a region of undefined structure on the plot. The P2 conformation exhibits a shift below pH 6 
toward the region associated with a pre-molten globule conformation, potentially due to reduced PII helical content. 
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motif. The predominate motif within the PEVK region is the PPAK motif 
occupying 75% of PEVK’s amino acid content with poly-E motifs 
occurring between groups of 2–12 PPAK motifs [8]. Unlike the PPAK 
motif which is 26–28 amino acids long, poly-E motifs range from 26 
amino acids up to 134 amino acids and have a glutamate content as little 
as 32% and up to 48%, with the average glutamate content being 
approximately 45%. Because of the amino acid distribution, the overall 
charge of PEVK is slightly negative (23% acidic and 19%basic amino 
acid content [8]). The sequence variability in the PEVK region most 
likely has functional implications as poly-E regions with lower gluta
mate content likely have more conformational flexibility compared to 
regions with high glutamate content. There is significant alternative 
splicing in the PEVK region so a careful comparison of which exons are 
included in particular types of muscle types might provide interesting 
insights into the relationship between splice variants and function of 
particular muscle types. The cardiac N2B isoform has a shorter PEVK 
region than N2BA isoform or the N2A isoform in the soleus muscle (163 
residues, 600–800 residues and 2174 residues respectively) [20]. The 
larger PEVK regions have a net acidic character due to the presence of 
the poly-E regions. For example, the PEVK region from soleus muscle has 
a predicted pI of 5.1 [21]. In constrast, the N2B PEVK region, which 
doesn’t contain any poly-E segments, has a predicted pI of 9.7 [21] and 
therefore most likely to bind actin (see below).There is likely functional 
significance to the absence of poly-E regions in the N2B isoform since the 
ratio of N2B:N2BA changes during development and during heart fail
ure. In the case of dilated cardiomyopathy, the N2B:N2BA ratio in
creases by 63%, resulting in increased passive stiffness [22,23]. 

The apparent rigid nature of the poly-E peptide may also have 
particular significance when it comes to the high passive tension 
measured in long, lengthening stretches. Studies on homopolypeptide 
chains of glutamates have found that the polyglutamic acid chains are 
mechanically resilient. For example, a 25 residue polyglutamate chain 
resists extension at forces up to 180 pN [24]. This is further supported by 
studies demonstrating that PEVK segments with a larger number of 
poly-E motifs are stiffer than with a lower number of poly-E motifs [6]. 
This further highlights the importance of considering motif content 
within the PEVK region in considering titin’s contribution to force. 

Understanding PEVK stiffness is not as simple as just considering the 
distribution of motifs. Studies on the PEVK region have shown that the 
persistence length of the PEVK region can be reduced by calcium and by 
increased ionic strength [10]. Interestingly, while there is an enthalpic 
contribution to high force stretching of the PEVK region, suggesting a 
role for electrostatic interactions, there is no evidence for direct inter
action between PPAK and poly-E motifs [7]. It is clear from the body of 
work on the PEVK region that there is a complex interplay between motif 
distribution and environmental conditions behind the PEVK region’s 
role in both passive and active force and pH is another potential regu
lating factor that needs to be considered. 

Function of Poly-E’s rigid conformation on F-Actin and PEVK 
interactions. 

It has been well-established that the PEVK region is capable of 
binding actin filaments at physiological ionic strengths [25].This inter
action appears to be electrostatically driven since KCl concentrations 
above 150 mM abolish this interaction [25]. There is a high heteroge
neous charge distribution on the surface of F-actin has a heterogeneous 
charge distribution along its surface though the overall net surface 
charge is negative [26]. The slight negative charge on F-actin would 
suggest that the PPAK motifs would be more likely to bind to thin fila
ments. Force spectroscopy experiments have shown that PEVK binds 
indiscriminately along the actin filament and that the load-rate depen
dence of the rupture force of the PPAK is mono-phasic but it is biphasic 
for poly-E [25]. Poly-E constructs are also known to have longer 
persistence lengths (0.9 nm for poly-E and 0.6 nm for PPAK) [25]. These 
results point to an important role for stiffness of the poly-E region in the 
PEVK-actin interaction, which would be altered with decreased pH. 

Our results are consistent with these previous results and we propose 

that the extended conformation of the poly-E motifs may facilitate the 
PEVK/actin interaction in two ways. First, the extended conformation 
might ensure adequate interaction between the poly-E regions and 
positively charged regions on F-actin. Second, the extended conforma
tion might help space PPAK motifs appropriately so that they can 
interaction with negative regions of F-actin. In both cases, the more 
relaxed conformation at lower pH’s would impact binding of this region 
to actin filaments. 

5. Conclusions 

The results of this study demonstrate that the conformational state of 
the poly-E motif is sensitive to pH changes and that it assumes a more 
flexible collapsed conformation at lower pHs. A similar effect is not 
observed with the PPAK motif, suggesting that the two motifs play 
unique functional roles. These results highlight the complex nature of 
the PEVK region and introduce a new factor that could influence func
tion of this important region of titin. 
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