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Abstract

The 39-residue fragment of human prostatic acidic phosphatase (PAP) is found in high 

concentrations in semen and easily form fibrils. Previous work has shown that fibrillization is 

accelerated with a deletion of the first 8, mostly charged residues and it was hypothesized that 

fibrillization depended on the dynamics of these peptides. To test this hypothesis we have 

measured the intramolecular diffusion of the full length and 8-residue deletion peptides at two 

different pHs and found a correlation with fibrillization lag time. These results can be explained by 

a simple kinetic model of the early stages of aggregation in which oligomerization is controlled by 

the rate of peptide reconfiguration.
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1. Introduction

Amyloid fibrils are pathogenically associated with a range of debilitating human diseases 

such as Alzheimer’s disease, Parkinson’s disease, prion diseases, type II diabetes, cancer, 

systemic amyloidosis, among others [1–3]. The assembly of monomers into fibrils occurs 

through a multi-step seeding nucleation process that sometimes involves oligomeric 

intermediates and protofibril states. A combination of theoretical and computational studies 

with experiments has provided a deeper understanding of the kinetics and thermodynamics 

underlying the mechanism for this process [4]. Although the exact series of molecular events 

that lead to this transformation is unknown, it has been proposed that a preference of 

monomers towards a certain conformational state is a prerequisite en route to fibril 

formation. Understanding this process is essential for designing therapeutics that target 

amyloid formation at early stages of the disease [3]. In this sense, the conformational 

diversity of the monomers is of particular interest, as it is the starting point for modeling any 

nucleation pathway. For amyloid fibrils formed by shorter polypeptides, such as Aβ40/42, 

insulin, IAPP, gelsolin or PAPf39 analyzed here, monomers exhibit large degrees of 

conformational heterogeneity (i.e. are “unstructured”) in solution. Most current experimental 

methods have many inherent limitations in characterizing conformational heterogeneity and 

dynamics of such unstructured peptides.

The relatively recently developed method of intramolecular contact quenching provides a 

much different view of the heterogeneity of unfolded proteins. Measuring the rate of 

tryptophan triplet state quenching by cysteine on the same peptide provides us with a 

measure of the distribution of Trp-Cys distances and the coefficient of intramolecular 

diffusion. Many studies of different unfolded proteins have revealed a wide range of 

diffusion coefficients depending on sequence, pH and other solvent conditions [5–11]. For 

example, the intramolecular diffusion coefficient of the Alzheimer’s peptide lacking residues 

41 and 42 (Aβ40) was five times faster than the Alzheimer’s peptide containing those 

residues (Aβ42) [12]. This 5-fold change in intramolecular diffusion rate correlates with the 

difference in lag time of aggregation for Aβ40 vs. Aβ42, which suggests that aggregation is 

kinetically controlled by the reconfiguration of the monomer. If reconfiguration of the 

monomer is much faster than the rate of bimolecular association, aggregation is unlikely 

because one of the monomers can escape an encounter complex before stabilizing 

interactions can be made. However, if reconfiguration is on the same time scale as 

biomolecular association, then aggregation is more likely [13].

In this study we employ Trp-Cys triplet state quenching [14] to investigate the 

reconfiguration dynamics of PAPf39 (PAP fragment of 39 amino acid residues long) peptide 

corresponding to residues 248 to 286 of human prostatic acidic phosphatase (PAP). PAP is 

expressed in semen at high concentrations (>4 mg/ml) and following degradation by an 

unknown mechanism generates significant levels of PAPf39 [15]. PAPf39 has a tendency to 

readily form fibrils and it has been shown that these fibrils, instead of the PAPf39 monomer, 

appear to boost HIV infectivity in cultured cells [15–17]. We have previously characterized 

the mechanism of fibril formation by the PAPf39 peptide [18–20]. The effects of 

environmental factors such as agitation, seeding, pH, and ionic strength on the aggregation 

of this peptide were investigated using a battery of biophysical methods. It was found that 
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PAPf39 peptide fibril formation follows a typical nucleation-dependent elongation 

mechanism at neutral pH but completely abolished or significantly slowed down at pH 

below 6 [20]. Using hydrogen exchange mass spectroscopy, the sequence of PAPf39 

comprising the fibrillar core was identified and mapped to the central and C-terminal region 

(residues 13–39) of the peptide. Interestingly PAPf39 variants with the 8 and 13 residue N-

terminal deletion (PAPf39Δ8 and PAPf39Δ13) form fibrils both at neutral pH and pH below 

6. Additional experiments exploring other factors that can contribute to the observed pH 

dependence (i.e. difference in structure/morphology of the fibrils, electrostatic repulsion, 

etc.) led to the hypothesis that structural dynamics of the peptide monomers at different pHs 

may be responsible for such pH dependence of fibrillization [18]. This hypothesis was tested 

in this work by measuring Trp-Cys contact quenching within PAPf39 and PAPf39Δ8 at 

neutral and low pH. We find a correlation between the fibrillization lag time and 

intramolecular diffusion, suggesting that the first step of aggregation is kinetically controlled 

by monomer reconfiguration.

2. Experimental section

2.1. Peptides, fibrillization assays and AFM

PAPf39, PAPf39Δ8, CWPAPf39, CWPAPf39Δ8 were synthesized at the Penn State College 

of Medicine Macromolecular Core Facility using standard Fmoc chemistry. Peptides were 

dissolved in 0.05% trifluoroacetic acid (TFA) and purified on a C18 reverse-phase HPLC 

column (Discovery Bio Wide pore C18 10 μm, 25 cm by 10 mm, Supelco Sigma-Aldrich, 

Bellefonte, PA) using a methanol gradient in the presence of 0.05% TFA. For each peptide, 

the fractions containing the pure peptide were pooled and subjected to 3–5 cycles of 

lyophilization and resuspension in Milli-Q water to remove residual TFA. The mass of each 

peptide was confirmed using matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry. Concentrations of the peptides in solution were determined 

spectrophotometrically at 280 nm using a molar extinction coefficient of 2980 M−1 cm−1 for 

the PAPf39 and PAPf39Δ8 peptides, and 6990 M−1 cm−1 for the CWPAPf39 and 

CWPAPf39Δ8 peptides. Fibrillization kinetics assays were followed by monitoring the 

changes in thioflavin T (ThT) fluorescence as described in detail elsewhere [18–20]. Atomic 

force microscopy (AFM) images were acquired using AC tapping mode in air at room 

temperature and humidity on a MFP-3D, AFM (Asylum Research, Santa Barbara, CA), 

using a silicon coated cantilever (AC240TS, Olympus America Inc., Center Valley, PA) as 

previously described [18,21].

2.2. Trp-Cys contact quenching

Trp-Cys quenching experiments were carried out with 30 μMPAPf39 peptide variants either 

in 18 mM sodium phosphate (pH 7.0) or in 25 mM sodium acetate (pH 3.5) buffer, at 

different viscosities (0, 10, 20, or 30% sucrose (w/w)), and at five different temperatures 

(ranging from 0 to 40 °C). For each experiment, the desired solutions containing buffer, 

sucrose, and 1 mM TCEP (to prevent disulfide bond formation) were bubbled with N2O for 

1 h to eliminate oxygen and scavenge solvated electrons created in the UV laser pulse. 

Immediately prior to the data acquisition, lyophilized peptide aliquots were re-suspended in 

300 μL of 3.5 mM HCl, pH 2.5 to prepare a 300 μM stock of monomeric peptide. Freshly 
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prepared peptide stocks were then added into the above mentioned degassed buffer 

solutions, and the mixtures were further degassed for 10 min on ice.

Contact quenching rates were measured by following the tryptophan triplet lifetime decay, 

due to quenching Cys in close proximity, using an in-house instrument described previously 

[14]. Briefly, the tryptophan triplet is populated simultaneously with the singlet state by a 10 

ns laser pulse at 289 nm. The triplet state population is monitored by optical absorption at 

450 nm(improving on previous measurements, the probe light is provided by 500mWdiode 

laser). The decay in optical absorption was detected by a silicon diode, compared to a 

reference beam, amplified 50× and recorded on 2 digital oscilloscopes covering a range from 

1 ns to 10 ms. The lifetime of the Trp triplet state in water is ~40 μs, but can be much shorter 

in the presence of cysteine. The temperature was controlled using a Peltier temperature 

controller. Solvent viscosities at individual temperatures were measured with a viscometer 

(Brookfield Engineering, Middleboro, MA).

3. Results and discussion

The sequence of PAPf39 and PAPf39Δ8 does not contain Cys or Trp residues (Fig. 1). So in 

order to perform these experiments the sequence needs to be modified to incorporate these 

residues. Two criteria were used for identifying the sites for substitutions. First requirement 

is that the sequence separation must be large enough to increase the probability of Cys and 

Trp coming into direct contact. Previous experiments have shown that sequence separation 

on the order of 15–20 residues between Cys and Trp appears to be optimal [22]. Second, 

substitutions should have minimal possible effect on the fibrillization properties. For PAPf39 

and PAPf39Δ8 peptides, considering their length, there was one possible solution: we 

replaced sterically similar Ser9 with Cys and aromatic Tyr27 with Trp. The sequences of the 

resulting CWPAPf39 and CWPAPf39Δ8 peptides are shown in Fig. 1.

The CWPAPf39 and CWPAPf39Δ8 peptides, designed with these constraints, and PAPf39 

and PAPf39Δ8 qualitatively show similar fibrillization patterns. PAPf39 and CWPAPf39 

form fibrils at pH 7 but not at pH 3.5, while PAPf39Δ1-8 and CWPAPf39Δ8 fibrillate at both 

pH (Fig. 2). However, at pH 7, CWPAPf39 has much longer lag phase (~4–5 days) than wild 

type PAPf39 (<1 day). Similarly, at pH 7, the lag phase for CWPAPf39Δ8 (~6 h) is slightly 

longer than the lag phase for PAPf39Δ8 (~3 h). The results of fibrillization kinetics are 

further supported by AFM (Supplementary Fig. S1) which show that the fibrils formed by 

all four peptides have similar morphologies.

Trp-Cys contact quenching rates were measured for the variant full length CWPAPf39 and 

CWPAPf39Δ8 peptides. The general scheme of the experiment is shown in Fig. 3a. 

Tryptophan is excited to a long-lived excited state that typically has a lifetime of 40 μs in 

water but can be orders of magnitude shorter if it comes into contact with cysteine [14]. 

Cysteine has a much higher quenching efficiency than any other amino acids so that a 

peptide with one Trp and one Cys in the sequence will measure loop formation between 

those two positions [23]. The measurement can be modeled with a two-step process by 

which the Trp and Cys diffuse towards each other and then the Cys quenches the Trp only 

when in close contact. The observed rate of the triplet state is given by

Srivastava et al. Page 4

Biophys Chem. Author manuscript; available in PMC 2018 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1)

The equation can be further rearranged

(2)

where the reaction-limited (kR) rate depends only on temperature, and the diffusion-limited 

(kD+) rate depends on both temperature and viscosity (η) of the solution. Measurements at 

various viscosities at the same temperature can be fitted to a line in which the intercept is 

1/kR and the slope is 1/ηkD+. Fig. 3b–e shows the Trp triplet state decay lifetimes vs. 

viscosities at different temperatures for each peptide. For the CWPAPf39 peptide, lifetimes 

for different temperatures lie on distinct lines with respect to viscosity. Therefore, the data 

were globally fit to a model where the intercepts and slopes have an Arrhenius dependence 

on temperature given by

(3)

(4)

where T0=293 K and R is the gas constant. E1, E2, kR0, and kD+0 are the fitting parameters 

and are shown in Table 1. The data in Fig. 4 were calculated from Eqs. (3) and (4) and the 

error bars were calculated from the standard errors of linear fits given by:

(5)

(6)

(7)
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(8)

where N is the number of data points per line, y is the calculated lifetime and 1/kobs is the 

measured lifetime. The reaction-limited rates for CWPAPf39 are plotted in Fig. 4a vs. 

temperature. For the CWPAPf39Δ8 peptide, the lifetimes at different temperatures converge, 

so all the data is fit to a single, temperature-independent line with an intercept consistent 

with 1/kR = 0. From the error of the fit, the reaction-limited rates are plotted as lower limits 

in Fig. 4a. The actual diffusion-limited rates for both peptides were plotted with respect to 

temperature in Fig. 4b.

To further understand these measured rates, we used a theory by Szabo, Schulten and 

Schulten [24] which models intramolecular motion as diffusion on a one-dimensional 

potential which is determined by the probability distribution of Trp-Cys distances, P(r). 
From this theory, the reaction-limited and diffusion-limited rates are given by [25]

(9)

(10)

where D is the intramolecular diffusion coefficient, r is the distance between Trp and Cys, 

dα is the distance of closest approach and lc is the contour length of the protein between Trp 

and Cys. Generally, kR and kD+ are both inversely proportional to the average volume of the 

chain and kD+ is proportional to D. The distance-dependent quenching rate of Cys on Trp, 

q(r), has been determined experimentally to be extremely close-range [22].

To determine the diffusion coefficient, D, we require a probability distribution of Trp-Cys 

distances, P(r), which accurately reproduces the measured reaction-limited rate using Eq. 

(9). This distribution can be obtained from a number of methods, including polymer models 

and molecular dynamics simulations. We conducted MD simulations of both the full length 

and truncated peptides at neutral and low pH and measured the Trp-Cys distance every 1 ns 

to create a histogram of distances. Using Eq. (9) and dα = 5 Å we calculate reaction-limited 

rates and compare them to the measured values in Fig. 5. While the measured and calculated 

rates had reasonable qualitative agreement, the quantitative agreement for the truncated 

peptides was not good enough to calculate diffusion coefficients using Eq. (9) accurately. 

Therefore we turn to a polymer model, the energy re-weighted wormlike chain (WLC) [26]. 

This model starts with 20 million chains constructed by a Monte Carlo method with a 

persistence length of 4 Å and an excluded volume diameter of 4 Å. This probability 

distribution produced a set of expanded chains that had reaction-limited rates (using Eq. (3)) 
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lower than expected. Therefore, we reweighted the distribution to yield conformations that 

are more compact by assigning an energy (EH) for each chain based on favorable close-

range interactions between residues of similar hydrophobicity using the following:

(11)

where σ is an adjustable weighting factor, and the hydropathy, h, for each residue in the 

sequence is given using the Miyazawa-Jernigan scale. We assumed that two residues with h 
values within 30% of each other contribute to hydrophobic or hydrophilic interactions which 

reduce the free energy of the system thereby making conformations containing such 

interactions favorable. We also apply a distance cut-off to EH such that EH=0 for |ri − rj | > 

6.5 Å.

To account for charge–charge interactions, we calculated the charge, q, on each residue at 

the appropriate pH using the Henderson-Hasselbach equation and calculate the Coulombic 

energy

(12)

where γ is an adjustable weighting factor for the Coulombic interactions. Using the total 

interaction energy ETOT = EH + Ee, we can reweight the probability distribution P(r) to yield 

a new distribution Z(r),

(13)

The reaction-limited rate was calculated using Eq. (3) and substituting Z(r) for P(r). The 

adjustable parameters, σ and γ, can be chosen such that the calculated kR matches the 

measured kR. However, for any peptide and pH we only have one reaction-limited rate and 

cannot constrain both parameters simultaneously. Therefore, we used the ratio of two rates 

to constrain γ and then set σ to exactly match each rate. An exploration of different values 

of σ and γ showed that the difference in sequence between the full length and Δ8 peptides 

only results in changes of Ee, (σ = 0) not EH (γ = 0). Fig. 6 shows this effect on the resulting 

probability distributions. Thus, the deletion of the charged amino acids (three lysines and 
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one glutamic acid) leads to a significant increase in the reaction-limited rate and compaction 

of the peptide. Using the ratio of kR for CWPAPf39 and CWPAPf39Δ8 at pH 7 (~10×) we 

find γ=5. Setting σ= 3, a value that is typical for many sequences [10,26], gave rates that 

agreed well with the measured reaction-limited rates at 40 °C, as shown in Fig. 5. We 

assume that EH does not depend on pH as Ee obviously does. Comparing the full length 

peptide at pH 7 and pH 3.5, the lower pH expands the chain slightly, but not as much as Δ8 

deletion compacts it. It is also dependent on the exact average partial charge assigned to the 

glutamic acid, qE. At pH 3.5, we expect the fractional charge on the Glu to be approximately 

qE ~ −0.15 (i.e. pKa ~ 4.3 see ref. [27]). However, if the charge is larger (i.e. pKa ~3.8 

which will be consistent with a high number of basic groups in the peptide sequence), qE ~ 
−0.40, the reaction-limited rate is approximately two times higher, in better agreement with 

the measured value. Therefore it is possible the pKa of glutamic acids are lower in the 

sequence context of this peptide than the intrinsic pKa for this amino acid in solution.

Finally, using the probability distributions that best match the experimentally derived 

reaction-limited rate (σ = 3, γ = 5 for all measurements except the full length peptide at pH 

3.5 where σ = 3.8, γ = 5), the diffusion coefficient is calculated using Eq. (10). Fig. 7 shows 

the diffusion coefficients (D) calculated based on the probability distributions from the WLC 

model and the MD simulations. There is good qualitative agreement between the two 

methods, indicating that the choice of how the probability distribution is calculated does not 

strongly affect the diffusion coefficient, as long as there is reasonable agreement between 

measured and calculated reaction-limited rates. There is a large difference between the 

diffusion coefficients for the CWPAPf39Δ8 peptide compared to the full length CWPAPf39, 

particularly when comparing the values calculated with the re-weighted WLC distributions. 

This suggests that deleting the first eight mostly charged residues, compacts and slows 

intramolecular diffusion in the chain.

These diffusion coefficients inversely correlate with the lag time of fibrillization: the 

truncated CWPAPf39Δ8 peptide, which has relatively slow diffusion coefficients at both pH 

7 and 3.5, aggregates at least ten times faster than the full length peptide. This difference can 

be understood if one thinks of the first step of aggregation as being kinetically controlled by 

the reconfiguration of the monomer. The monomer population can be divided into two 

subpopulations, M and M* where M* is the ensemble of conformations prone to aggregation 

(i.e. having hydrophobic residues exposed to solvent). These subpopulations reconfigure at a 

rate proportional to the diffusion coefficient. If two M* come into close contact, an 

encounter complex is formed which may be broken if one M* reconfigures to M. However if 

the encounter complex is sufficiently stable, eventually a stable oligomer, O, is formed 

which may eventually nucleate a fibril, F. There are many ways for fibrillization to proceed 

from the oligomer, which will not be addressed here, but the simplest model to form an 

oligomer and incorporating the monomer dynamics is given by [8]
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(i)

This model can be numerically solved. The concentration of peptide in the ThT experiments 

was ~500 μM, therefore we can assume Fick diffusion, giving kbi=1.9 × 106 s−1. kO is not 

directly measureable but for the purposes of modeling we assume that it is much lower than 

kbi and reconfiguration rates and is not affected by the pH or the length of the peptide. These 

assumptions imply that the oligomer formation rate will be similar for all conditions and is 

irrelevant to the comparison between conditions. Therefore we choose kO=100 s−1 for 

computational speed. The reconfiguration rate, k1 + k−1=D/<r > 2, can be calculated from 

the diffusion coefficients in Fig. 7 and the average distance from the MD simulations, <r > 

~3.4 nm. For the full length peptide at pH 7, k1 + k−1 = 6.3 × 106 s−1 and for the 

CWPAPf39Δ8 peptide, k1+k−1=1.2×106 s−1. To separate k1 fromk−1, we need the 

equilibrium K=[M*]/[M]=k1/k−1, which can be estimated from the energy-reweighted WLC 

model as K=e−ΔETOT/kT ~0.2 for all conditions. Fig. 8 shows the formation of O vs. time for 

the full length CWPAPf39 and CWPAPf39Δ8 peptides at pH 7. Fitting these traces to 

second-order formation kinetics yields an oligomer formation rate of 2.8 s−1 for the full 

length CWPAPf39 peptide and 11.3 s−1 for CWPAPf39Δ8 peptide. This four-fold increase in 

oligomerization does not quite account for the ten-fold increase in fibrillization lag time, but 

since we were only able to measure the lower limit of kR and an upper limit of D for Δ8, this 

increase could be larger. It is also possible that there is a difference in the nucleation rate of 

fibrillization between the full length CWPAPf39 and CWPAPf39Δ8 peptides, independent of 

the monomer reconfiguration rate. Similarly, the difference in fibrillization for the full length 

peptide at pH 7 vs. pH 3.5, despite similar reconfiguration rates, could be due to the slow 

structural transformations of the oligomer during nucleation, not reconfiguration of the 

monomer.

3.1. Concluding remarks

In this work we have shown distinct dynamic differences in the PAPf39 peptide with the 

deletion of the first eight residues. The difference in intramolecular diffusion appears to be 

due to the deletion of charged residues, both positive and negative in the N-terminal region 

of the peptide. Changing the pH, which partially deprotonates the glutamic acids, does not 

seem to have as big an effect as the deletions in the full length peptide. Previously [18] and 

in this work, we demonstrated that aggregation is accelerated when the first eight residues of 

this peptide are deleted. We also showed that aggregation is slowed at low pH, but we did 

not observe significant differences in the diffusion coefficient at pH 7 and pH 3.5. However, 

since the lag time of fibril formation for CWPAPf39 is ten times slower than PAPf39 at pH 7 

and the lag time is fairly similar for CWPAPf39Δ8 and PAPf39Δ8, regardless of pH, this 

immeasurable difference in diffusion coefficients is not surprising. With the caveat that the 

inclusion of the Cys/Trp residues in the peptides (necessary for the experiments) affected the 

Srivastava et al. Page 9

Biophys Chem. Author manuscript; available in PMC 2018 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibrillization kinetics, the results presented here support the previous hypothesis that 

differences in the conformational dynamics between PAPf39 and PAPf39Δ8 caused the 

difference in the fibrillization kinetics of these two peptides at pH 7 [18]. Admittedly, the 

results presented here provide little support for the notion that the difference in 

conformational dynamics of these two peptides also leads to the difference in the pH 

dependence of fibrillization, namely that PAPf39 peptide fails to form fibrils at low pH while 

PAPf39Δ8 readily forms fibrils at low pH, albeit with longer lag phase than at pH 7.0. 

However, the pH-dependences of fibril formation suggest that residues that change 

ionization state upon titration from pH 7 to pH 3.5 may be responsible for structural 

transformations of the oligomer during nucleation. Investigation into these effects is 

currently in progress.

Atomic force microscopy images of fibrillized peptides. Supplementary data associated with 

this article can be found in the online version, at http://dx.doi.org/10.1016/j.bpc.

2016.06.004.
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HIGHLIGHTS

• The PAPf39 peptide is expressed in semen, is known to aggregate and the 

fibrils enhance HIV infectivity.

• Previous work showed that an 8-residue N-terminal deletion aggregates much 

faster than the full-length peptide.

• Measurement of intramolecular diffusion shows that the full-length peptide 

diffuses much faster than the truncated peptide.

• The measured differences are explained by a kinetic model in which 

aggregation is controlled by peptide reconfiguration.
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Fig. 1. 
Sequences of the studied peptides. Sites of substitutions for Cys-Trp pair in CW peptides are 

underlined.
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Fig. 2. 
Fibrillization kinetics for a) PAPf39 and PAPf39Δ8 (wild-type sequences) and b) 

CWPAPf39 and CWPAPf39Δ8 at two different pH. See Materials and Methods for 

experimental details.
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Fig. 3. 
a) Schematic of the Trp-Cys contact quenching measurement. (b–e) Observed tryptophan 

triplet lifetimes at various viscosities and temperatures. b) Full length CWPAPf39 peptide at 

pH 7. c) Full length CWPAPf39 peptide at pH 3.5. d) CWPAPf39Δ8 peptide at pH 7. e) 

CWPAPf39Δ8 peptide at pH 3.5. In the top panels, the data were globally fit to the 

temperature-dependent model described in the text. In the bottom panels, the data at all 

temperatures were fit to a single line.
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Fig. 4. 
Reaction-limited (a) and diffusion-limited (b) rates for the full-length CWPAPf39 peptide at 

pH 7 (green), full-length CWPAPf39 peptide at pH 3.5 (blue), CWPAPf39Δ8 peptide at pH 

7 (cyan), and CWPAPf39Δ8 peptide at pH 3.5 (purple). The rates and error bars were 

determined from the linear fits in Fig. 3. The horizontal lines in (a) were determined from 

the error in the intercept of Fig. 3c and d and represent lower limits of the reaction-limited 

rates. The diffusion-limited rates in (b) have been normalized by the viscosity of water at 

each temperature. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 5. 
Comparison of measured and calculated values of kR for both peptides at 40 °C. For the re-

weighted WLC model (green, yellow and blue bars), γ=5andσ=3 and the charge on the 

glutamic acid residue was adjusted as indicated. The charges on other residues were 

assigned as expected at pH 7 and pH 3.5. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Energy re-weighted probability distributions for both peptides calculated as discussed in the 

text for values of the adjustable parameters as indicated in the legend. For all distributions, 

the pH is 7 (qE ~ −1).
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Fig. 7. 
Calculated diffusion coefficients at T = 40 °C using the best energy re-weighted probability 

distributions (black) and the probability distributions produced by MD (grey). Error bars are 

calculated as proportional to the measured error in kD+.
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Fig. 8. 
Formation of the oligomer [O] from scheme (i) using the rates indicated in the text.
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