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A B S T R A C T   

Chemical denaturation is a well-established approach for probing the equilibrium between folded and unfolded 
states of proteins. We demonstrate applicability of this method to the detection of a small population of a 
transiently folded structural element in a system that is often considered to be intrinsically fully disordered. The 
1HN, 15N, 13Cα, and 13C′ chemical shifts of Aβ1-40 and Aβ1-42 peptides and their M35-oxidized variants were 
monitored as a function of urea concentration and compared to analogous urea titrations of synthetic penta-
peptides of homologous sequence. Fitting of the chemical shift titrations yields a 10 ± 1% population for a 
structured element at the C-terminus of Aβ1-42 that folds with a cooperativity of m = 0.06 kcal/mol⋅M. The fit also 
yields the chemical shifts of the folded state and, using a database search, for Aβ1-42 these shifts identified an 
antiparallel intramolecular β-sheet for residues I32-A42, linked by a type I′ β-turn at G37 and G38. The structure 
is destabilized by oxidation of M35. Paramagnetic relaxation rates and two previously reported weak, medium- 
range NOE interactions are consistent with this transient β-sheet. Introduction of the requisite A42C mutation 
and tagging with MTSL resulted in a small stabilization of this β-sheet. Chemical shift analysis suggests a C- 
terminal β-sheet may be present in Aβ1-40 too, but the turn type at G37 is not type I′. The approach to derive 
Transient Structure from chemical Denaturation by NMR (TSD-NMR), demonstrated here for Aβ peptides, pro-
vides a sensitive tool for identifying the presence of lowly populated, transiently ordered elements in proteins 
that are considered to be intrinsically disordered, and permits extraction of structural data for such elements.   

1. Introduction 

Amyloid beta (Aβ) peptides result from proteolysis of the amyloid 
precursor protein and are found as amyloid deposits in the brains of 
patients with Alzheimer’s disease (AD). Aβ generally refers to short 
peptides of 39–43 residues in length, but the 42-residue peptide (Aβ1-42) 
and its C-terminally truncated Aβ1-40 are the forms most prevalent in AD 
plaques [1,2]. Thus, they are thought to play an important role in the 
etiology of AD pathogenesis. As is often observed for proteins implicated 
in amyloid diseases, in their monomeric solution state the Aβ peptides 
lack stable secondary and tertiary structure and are commonly referred 
to as intrinsically disordered proteins (IDPs) [3]. 

While historically the extracellular plaques were identified as the 
hallmark of AD, they were subsequently found to correlate only weakly 
with the primary AD symptoms of cognitive impairment and loss of 
neural synapses [4]. Instead, soluble Aβ oligomers are now more 
commonly considered to constitute the main toxic species, rather than 

simply being a benign intermediate on the pathway to the observed 
senile plaques [5,6]. NMR studies have shown that in isotropic solution 
the monomeric peptides can rapidly oligomerize with rate constants that 
steeply depend on peptide concentration [7]. At atmospheric pressure, 
there exists an apparent threshold concentration of ca 120 μM for olig-
omerization of Aβ1-40, and somewhat lower for Aβ1-42 [8]. At elevated 
hydrostatic pressure, the oligomerization can be reversed and the rapid 
kinetics of the oligomer-monomer interconversion formed the basis for 
pressure-jump NMR experiments which showed that mega-Dalton olig-
omers can form in a few seconds [9]. The very rapid conversion from a 
disordered state into a highly ordered oligomer, and in particular the 
fast initiation of this process, is intriguing, in particular considering that 
there is no detectable trend for dimerization below the oligomerization 
threshold: 1H-15N heteronuclear single quantum correlation (HSQC) 
spectra show no detectable concentration dependence of chemical shifts 
over a wide range of sample concentration (1–150 μM) [8] and below 
the oligomerization threshold, no reproducible dependence of 
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transverse relaxation properties on sample concentration has been re-
ported. Considering that NMR chemical shifts are exquisitely sensitive to 
structural changes associated with oligomerization, this absence of a 
concentration-dependence of chemical shifts puts an upper limit 
boundary of at most 1% for any transiently forming oligomer at a ca 150 
μM peptide concentration. Even highly sensitive paramagnetic relaxa-
tion enhancement studies revealed no evidence for intermolecular as-
sociation [7], which appears to exclude the possibility that non-specific 
hydrophobic interaction precedes the formation of highly ordered 
oligomeric structures. Thus, the Aβ oligomerization process poses the 
same question often encountered for other intrinsically disordered sys-
tems interacting with a well-structured target protein: Does the disor-
dered polypeptide contain amphipathic molecular recognition motifs 
(MoRFs) that are transiently structured and selected for binding to their 
interaction partner in a process often referred to as coupled folding and 
binding? [10] The presence of transiently ordered MoRFs would greatly 
decrease the requisite entropic penalty when such an element engages in 
formation of a stable complex with an interaction partner, while 
retaining the flexibility to interact with many different targets [11,12]. 

The higher aggregation propensity of Aβ1-42 over Aβ1-40 has been 
linked to its higher rate of primary nucleation, which does not involve 
the presence of pre-existing fibrils [1,13]. An array of sequence varia-
tions is strongly correlated with familial forms of AD, and relates to 
physicochemical properties such as the net peptide charge, its hydro-
phobicity, and its propensity to adopt secondary structure [14]. As an 
example of electrostatic effects, familial mutations such as E22G and 
D23N, which decrease the net negative charge of Aβ1-42, accelerate its 
aggregation. Interestingly, this more rapid oligomerization process has 
been attributed to faster secondary nucleation on the surface of existing 
fibrils; the primary nucleation and fibril elongation rates are little 
impacted by these mutations [15,16]. On the other hand, the slower 
aggregation of the less apolar M35-oxidized Aβ1-42 form of the peptide 
pointed to the role of hydrophobic interactions in the aggregation pro-
cess [17–19]. To date, it has remained unclear whether the differences in 
nucleation rates observed between Aβ1-40 and Aβ1-42, or upon M35 
oxidation, originate simply from the altered total hydrophobicity of the 
C-terminal region of the polypeptide, or whether their differential ag-
gregation propensities must be attributed to differences in the confor-
mational ensemble sampled by this region of the peptide chain. An NMR 
study from our laboratory confirmed prior studies [20] and concluded 
that the backbone chemical shifts of both Aβ1-40 and Aβ1-42 are 
remarkably close to random coil values, but also noted that the loss of 
the C-terminal two residues in Aβ1-40 impacted chemical shifts and 
3JHNHα coupling constants of residues M35-G38 to a greater extent than 
would be expected for a true random coil [8]. Although the reported 
differences were small, they are consistent with prior observations of a 
small increase in backbone rigidity deduced from 15N NMR relaxation 
measurements for these residues [21], and increased short-range 1H-1H 
NOE intensity [20]. 

A wide range of other NMR studies of Aβ or fragments thereof 
pointed to transiently or fully structured forms of these oligopeptides in 
aqueous solution [22]. Most remarkably, a folded, mostly α-helical 
structure was reported by Ramamoorthy and co-workers [23], and total 
reflectance Fourier-transform infrared spectroscopy together with solid- 
state NMR indicated that Aβ peptide oligomers can switch from a 
preferred β to α-helical secondary structure by simply lyophilizing such 
samples [24]. Single molecule Förster resonance energy transfer (FRET) 
measurements provide another powerful method to investigate peptide 
structure in solution. A recent study of both Aβ1-40 and Aβ1-42, with 
fluorophores attached at opposite ends of the peptides, found large 
structural fluctuations on a 35-ns time scale, similar to what has been 
observed for other IDPs, and pointed to the absence of a significant 
population of transiently ordered, long-lived conformers [25]. Fluores-
cence studies hold the advantage over NMR that they are carried out at 
sub-nanomolar peptide concentrations, effectively removing any possi-
bility of intermolecular interactions. Addition of urea showed a modest, 

gradual structural expansion upon increasing the denaturant concen-
tration, consistent with what has been reported for FRET studies of other 
intrinsically disordered proteins [26,27]. Combining the FRET results 
with replica-exchange molecular dynamics (MD) calculations, using a 
force field that has been carefully optimized to avoid the collapse often 
seen in such trajectories [28], showed a broad ensemble of rapidly 
interconverting conformers [25]. However, a ca 3% population was seen 
for a conformer where the C-terminus of Aβ1-42, but not of Aβ1-40, paired 
with the N-terminus to adopt an antiparallel β-sheet, thereby explaining 
the slightly higher FRET efficiency in Aβ1-42 [25]. A multitude of other 
MD calculations came to a diverse range of rather different conclusions. 
For example, Rosenman et al. found an array of transiently populated 
antiparallel β-hairpins similar to those seen in oligomer and fibril 
models, but with distinct differences between Aβ1-40, Aβ1-42, and M35- 
oxidized Aβ1-42 (Aβ1-42-Ox) [29]. Head-Gordon and co-workers also 
found a broad range of transient local secondary structure in both Aβ1-40 

and Aβ1-42, but with these elements shifted to different locations along 
the two polypeptides [30], in apparent contrast to the very similar NMR 
chemical shifts and J-couplings of the N-terminal 33 residues of both 
peptides [8]. Most of the earlier MD calculations used force fields that 
had been parametrized using experimental data obtained for folded 
proteins and these can overestimate the importance of intramolecular H- 
bonding when used for IDPs [28]. However, with adjustment of AMBER 
force field parameters, Robustelli et al. [31] showed that it is possible to 
achieve good performance on both folded and unfolded proteins, 
whereas others reached this goal by modifying the CHARMM force field 
[32]. For Aβ1-40, results were reported to be in very good agreement with 
experimental data when using a fine-tuned CHARMM22* force field 
[31]. This method also performed well for Aβ1-42 in a MD study that 
compared five of the best performing force fields to characterize the 
monomer structure [33]. 

Taking advantage of the sensitivity of NMR chemical shifts for 
identifying small changes in populations of a structural ensemble [34], 
here we pursue a somewhat different experimental approach at identi-
fying any residual transient structure in the Aβ peptides. NMR holds the 
advantage over the FRET studies of Chung and co-workers [25] in that 
the backbone chemical shifts offer residue-specific reporters on any 
denaturant-induced changes in the equilibrium between folded and 
unfolded conformers, thereby offering the potential to gain residue- 
specific insights into possible origins of the slight chain expansion 
observed by FRET. 

Prior NMR studies that relied on the addition of denaturants to IDPs 
were carried out for proteins with a significant propensity to adopt 
α-helical secondary structure, and this approach was quite effective at 
identifying such transiently structured elements [35–37]. However, 
considering that for the Aβ peptides the backbone secondary chemical 
shifts are very small [8], well within the range expected for a random 
coil, the maximum population of any transiently structured element is 
expected to be much lower. Using urea as a denaturant involves addition 
of high volume fractions of this compound to the solution, which makes 
it challenging to distinguish the effect of protein unfolding on chemical 
shifts from the effect of the changed solvent composition. In particular, 
weak binding of urea to the backbone amide moieties of the unfolded 
peptide chain has been experimentally demonstrated [38] and is 
considered a driving mechanism in shifting the folded-unfolded equi-
librium [39]. To distinguish the two contributions to chemical shift 
changes, we resorted to the synthesis of peptide fragments that match 
triplets of the Aβ sequence but that are too short to adopt significant 
secondary structure. Comparison of the effect of urea on the chemical 
shifts of the full-length Aβ sequence and the corresponding nuclei in the 
short peptides then yields an exquisitely sensitive monitor of residual 
structure. Such analyses are shown to yield the chemical shifts of any 
transiently folded conformers, and thereby provide insights into the 
actual structure of the transiently folded elements. Using the database 
mining approach that underlies the CS-Rosetta method for chemical- 
shift-based structure determination [40], we identify a transient, 
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antiparallel β-sheet for residues I32-A42 in Aβ1-42, with the two strands 
linked by a well-defined type I′ β-turn. The turn remains intact upon 
oxidation of M35, but this alteration lowers the population of the 
structured element by about 35%, potentially shedding new light on its 
lower propensity to grow amyloid fibrils [17,18]. Our results are 
consistent with previously reported NOEs [41], and with newly recorded 
paramagnetic relaxation enhancement (PRE) data [42]. PRE data have 
been shown to offer a very sensitive probe for exploring transient long- 
range contacts in IDPs [43,44]. Our Aβ1-42 PRE data point to the pres-
ence of multiple long-range chain-chain interactions, in addition to the 
C-terminal β-sheet, that can be attenuated by addition of denaturant. 

2. Results and discussion 

2.1. Extracting populations and chemical shifts from denaturant titrations 

For a two-state equilibrium between folded (F) and unfolded (U) 
states of a protein, the free energy of unfolding is given by. 

ΔGF➔U = − RT ln([U]/[F] ) (1)  

where R is the universal gas constant, T the absolute temperature, and 
[U] and [F] denote the concentrations of unfolded and folded states, 
respectively. To a very good approximation, ΔGF➔U has been shown to 
vary linearly with denaturant concentration [45,46]: 

ΔGF➔U (D) = ΔGF➔U (H2O)–m[D] (2)  

where [D] is the denaturant concentration, ΔGF➔U (H2O) denotes ΔGF➔U 
in denaturant-free buffer. The coefficient m denotes the cooperativity of 
the unfolding transition and was shown to correlate linearly with the 
difference in solvent-accessible surface area between the folded and 
unfolded species [46,47] 

m =
(
0.15± 0.03 cal

/
mol⋅M⋅Å

− 2)
×ΔASA (3)  

where ΔASA is the difference in solvent-accessible surface area between 
the unfolded and folded states in units of Å2. 

The equilibrium between the populations of the folded and unfolded 
states is then given by 

[F]
/
[U] = Ae–m[D]/RT (4)  

where A is the F/U population ratio in the absence of denaturant. For 
IDPs like Aβ1-42, the transiently folded local structures (if any) involve 
only a few hydrogen bonds (H-bonds) and hydrophobic interactions. 
Therefore, the sum of their strengths cannot result in a high barrier for 
the (un)folding process, meaning that the species in equilibrium will be 
in fast exchange and their peak positions are averaged in the NMR 
spectra. Specifically, in the 13C and 15N labeled Aβ1-42 case [48], going to 
concentrations as high as 1 mM did not result in any detectable exchange 
broadening (as would have been expected for NMR in the intermediate 
exchange regime) nor an additional set of folded conformer peaks (as 
would apply for slow exchange on the NMR time scale). Therefore, any 
exchange between unfolded and folded conformers must be fast on the 
NMR time scale, and thus the experimentally observed chemical shift, 
δexp(D), is a weighted average of the folded and unfolded states, given by 

δexp(D) =
A

A + em[D]/RT × δf +
em[D]/RT

A + em[D]/RT × δu (5)  

where the parameters, m, δf, δu and A of this sigmoid-shaped function 
are obtained from the fit. In particular, the fitted values for the chemical 
shifts in the folded state, δf, which can be readily obtained for 1HN, 15N, 
13C’, and 13Cα nuclei, then can serve as input to derive an atomic reso-
lution model for the transiently folded state using well-established 
protocols [49]. The effect of urea on δf tends to be small (vide infra) 
and does not significantly impact the fitting to Eq. (5), in particular since 

the contribution of δf to δexp is small when A<<1, as applies for Aβ1-42. 
However, there are two reasons why the above strategy has not yet been 
widely adopted. First, the fact that there are four adjustable parameters 
in the fit of Eq. (5) introduces large uncertainties into the values of the 
extracted parameters. Second, weak binding of the denaturant to the 
protein’s unfolded state impacts the chemical shift, δu, and therefore 
interferes with the fitting process and the extraction of the true m, δf, δu 
and A values. 

We have addressed these problems in the following manner. First, by 
measuring the effect of urea concentration on the chemical shifts of 
peptides that are too short to develop significant secondary structure but 
that match the local amino acid sequence of the target system, we ac-
count for the residue-specific effects of the denaturant concentration on 
the unfolded 1HN, 15N, 13C’, and 13Cα chemical shifts. Second, by having 
titration curves measured simultaneously for four nuclei of each residue, 
which must be fitted with the same m and A values, the ratio of the 
number of fitted parameters relative to the number of observables is 
greatly reduced. Third, as a control on the reliability of the fit, it is to be 
expected that all residues involved in a transiently ordered structure will 
have the same or very similar m and A values, which in a subsequent fit 
can either be restrained to their averaged values or be treated as global 
fitting parameters to obtain highly robust and self-consistent chemical 
shifts for the folded state, δf. These δf values are subsequently used as 
input for structural modeling. 

In the traditional case where denaturant is used to unfold a protein, 
the sigmoidal shape of the F-U equilibrium is like that of the black curve 
in Fig. 1. 

In order to analyze the folding equilibrium curve for proteins that are 
largely unfolded under denaturant-free conditions (blue curve in Fig. 1) 
it is useful to write Eq. (5) as: 

δexp(D) = δf ×
1

1 + A− 1 × em[D]/RT + δu ×
A− 1 × em[D]/RT

1 + A− 1 × em[D]/RT (6) 

In the limit where A << 1, the denominator becomes large and 
δexp(D) approaches a mono-exponential function: 

δexp (D) ≈ δf
(
Ae–m[D]/RT )+ δu

(
1 − Ae–m[D]/RT ) = δu +A

(
δf − δu

)
e–m[D]/RT

(7)  

which shows that only the product A (δf - δu) can be extracted from the 

Fig. 1. Three simulated chemical denaturation curves for a typical folded 
protein (black), a protein that is highly resistant to chemical denaturation (red) 
and a transiently ordered IDP (blue). For this example, the chemical shifts of the 
folded and unfolded states are chosen to be 5 and 0 ppm, respectively, and are 
marked by dashed lines. Plots show the simulated chemical shifts under the 
condition of rapid exchange as a function of denaturant concentration, [D]. (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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data. Therefore, when approaching this limit, the fitting parameters A 
and δf become strongly correlated and can only be uniquely determined 
from the fit if the A << 1 condition does not apply. However, outside 
that limit, it is often possible to obtain a reasonable estimate for A by 
considering that, on average, the root-mean-square (rms) difference 
between δf and δu values is expected to be comparable to rms secondary 
shifts observed in folded proteins. Thus, constraining them to such 
values removes the degeneracy of the fit. This strategy therefore can 
yield δf values while limiting the uncertainties in the fitted thermody-
namic parameters m and A. In addition, considering that there were five 
different peptides for which the urea titration was carried out, the δu 
values of these peptides can be treated as single variables, while treating 
the δu values for residues L34, M35, and V36 separately for the peptides 
with and without oxidation of M35. Also, signals from the two C-ter-
minal residues of Aβ1-40 and Aβ1-40-Ox are fitted with a common δu that 
differs from values used for Aβ1-42 peptides. Therefore, the following 

error function was used for fitting: 

χ2 =
∑

D

∑

i

∑

X

(δcalc
i,X,D − δexp

i,X,D

TX

)2

+
∑

i

∑

X
k

⎡

⎢
⎢
⎢
⎣

(
δf ,i,X − δu,i,X

TX

)2

4 × nres
− 1

⎤

⎥
⎥
⎥
⎦

2

(8) 

The first term of the error function represents the difference between 
calculated and measured chemical shifts and the second term is a har-
monic weighting function constraining the rms secondary shift of the 
folded state to be close to those observed in folded protein structures. 
Superscripts exp and calc denote the measured and calculated chemical 
shifts respectively, and D, i and X subscripts denote the denaturant 
concentration, residue number, and nucleus type, respectively. The 
value of k, the weighting factor for the global harmonic function that 
restrains the secondary chemical shifts to rms values similar to those in 
folded proteins, was simply set to 1, since the solution of the fit showed 

Fig. 2. Overlay of selected regions of projections of 
34 3D HNCO spectra (700 MHz), recorded for four 
uniformly 15N/13C-enriched Aβ peptides at increasing 
urea concentrations, marked by decreasing intensity 
of colour. Panels A and B correspond to the pro-
jections on the 15N-1HN plane; panels C and D are 
projections on the 13C’-1HN plane; panel E and F are 
projections on the 15N–13C’ plane for residues G37 
and G38 (with the projection for panel E restricted to 
the 8.9–8.6 ppm region in the 1H dimension). The 
black/grey dots mark the corresponding chemical 
shifts in the reference pentapeptide, with grey cor-
responding to the highest urea concentration. Urea 
concentrations (M) used for the titrations were Aβ1- 

42: 0.00, 0.76, 1.63, 2.67, 4.04, 5.65, 7.15, 8.51; Aβ1- 

42-Ox: 0.00, 0.87, 1.72, 2.62, 3.57, 4.86, 6.01, 6.98, 
7.95; Aβ1-40: 0.00, 0.81, 1.61, 2.70, 4.20, 5.78, 7.36, 
8.85; Aβ1-40-Ox: 0.00, 0.76, 1.58, 2.58, 3.45, 4.84, 
5.95, 6.91, 7.78. Ref. peptide for G37 (QVGGQ): 
0.00, 2.76, 5.38, 7.78; Ref. peptide for G38 
(QGGVQ): 0.00, 2.72, 5.22, 7.82.   
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little dependence on its value in the 0.01–1.0 range. A non-zero k value 
is required to reach convergence, however. TX values for nuclei X= 1HN, 
15N, 13C’, and 13Cα were 0.73, 4.14, 1.91, and 1.97 ppm, respectively, 
and represent the rms secondary shifts of these nuclei in the SPARTA+
database of assigned proteins of well-defined structure [50]. The term ‘4 
× nres’, in which nres is the number of residues used in fitting, represents 
the total number of nuclei used in the fit. Although for a given nucleus 
type, X, TX values have a root-mean-square spread (rmsd) over different 
proteins in the SPARTA+ database of ca 15%, we note that the last term 
in Eq. (8) sums over all four nuclei, which reduces the corresponding 
variation to less than 10%. 

Above, the denaturant dependence of chemical shifts of the unfolded 
state, resulting from solvent effects and/or weak transient binding of the 
denaturant to polypeptide atoms was not taken into account. To a very 
good approximation, such effects can be eliminated by measuring the 
impact of denaturant on chemical shifts observed for synthetic penta-
peptides of the type Ac-QXi-1XiXi+1Q-NH2, where the triplet of residues 
Xi-1XiXi+1 is chosen to match the sequence of residues in our query 
protein, Aβ. Following Kjaergaard et al. [34], flanking Gln residues were 
used to represent a typical “average” residue, not prone to inducing local 
order, and only the chemical shifts of the center residue, Xi, were used to 
determine the effect of denaturant on the chemical shifts of residue i in 
the query protein. For poorly soluble sequences, the pentapeptides were 
extended by three Lys residues: Ac-QXi-1XiXi+1Q-K-K-K-COOH to 
improve solubility (Supporting Information Table S1), analogous to the 
use of “host” peptides for water-solubilizing lipophilic peptides [51,52]. 

2.2. Effect of urea on Aβ chemical shifts 

The effect of urea on the HNCO spectra of various Aβ peptides is 
readily observed. Superimposed projections of 34 such spectra (Fig. 2) 
show the differential change in chemical shift of G37 and G38 upon 
increasing the urea concentration from 0 to 8 M for four peptides: Aβ1-40, 
Aβ1-42 and their M35 oxidized variants Aβ1-40-Ox and Aβ1-42-Ox. These 
spectra, all internally referenced to the IUPAC-recommended sodium- 
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) standard [53], show a 
substantially different magnitude and even direction of chemical shift 
change upon increasing urea concentration. Remarkably, the G38 15N 
resonances of Aβ1-40-Ox and Aβ1-40-Ox migrate in the opposite direction 
from Aβ1-42, whereas both the 1HN and 15N chemical shifts of G38 in Aβ1- 

42-Ox remain nearly invariant. The latter observation results from the 
coincidental, approximately equal but opposite contributions of the urea 
“solvent” effect (black/grey symbols in Fig. 2) and the urea-induced 
unfolding of its residual structure on these chemical shifts. As can be 
seen, chemical shift differences among the four peptides progressively 
decrease upon addition of urea, representing the expected signature of 
the unfolding of transient residual structure that must be present to 
different extents in the four peptides. 

As previously reported [8,18,19], the backbone amide chemical shift 
differences among the four peptides are largest in the C-terminal region, 
and in this study we focus only on the region extending from I32 to the 
C-terminus. These residues are quite insensitive to the precise pH value, 
thereby obviating complications that can arise from the effect of small 
pH changes during such titration studies. However, very small chemical 
shift differences are also observed more distant from the C-terminus, 
indicative of transient interactions between the C-terminal residues and 
both the center and the more polar N-terminal region of the peptide (SI 
Fig. S2). 

To obtain a complete set of 1HN, 15N, 13Cα and 13C′ chemical shifts, 
3D triple resonance HNCO and HN(CO)CA spectra were recorded at all 
urea concentrations. Even at the modest peptide concentrations of 90 
μM, such spectra yielded adequate sensitivity and high digital resolution 
in about 1.5 h by using non-uniform sampling of these relatively sparse 
data sets [54], and reconstructing the spectra with the very efficient 
SMILE algorithm [55]. Because both HNCO (2.8% sampled) and HN(CO) 
CA (4.7% sampled) spectra yield 1H and 15N chemical shifts, this 

duplicate set of values was used to confirm the high reproducibility of 
the chemical shift measurements, typically better than 1 ppb for 1H and 
better than 4 ppb for 15N. Recording 3D spectra also eliminated com-
plications with partial resonance overlap during the titration series, 
which would reduce peak picking accuracy. For each Aβ peptide, the 
entire set of both HNCO and HN(CO)CA spectra required less than two 
days of data collection, sufficiently rapid to avoid significant chemical 
decomposition of either urea or carbamylation of Aβ amino groups. 

2.3. Extracting A, m, δu and δf values 

Even though, due to long range effects that restrict the conformation 
of an unfolded chain, the unfolded chemical shifts of an Aβ residue will 
differ slightly from those of the center residue of the corresponding 
pentapeptide (black/grey dots in Fig. 2), we may safely assume that to a 
very good approximation the effect of urea interacting with the corre-
sponding residues in Aβ and the pentapeptide is the same. Therefore, in 
our analyses we remove the effect of urea on the unfolded state of Aβ by 
assuming it is the same as that measured for the center residue of the 
corresponding pentapeptide. For this purpose, the urea dependencies of 
the chemical shifts of the short peptides were fitted to a quadratic 
equation, and δu in Eq. (5) was substituted by this nucleus- and residue- 
specific quadratic equation plus an offset. The offset was added for two 
reasons: (1) As opposed to the Aβ peptides, the pentapeptides are not 
isotopically enriched, and hence there is some small secondary isotope 
effects of 13C on neighboring 15N, and vice versa in Aβ peptides: Δδ 15N 
(13C) = 0.01 ppm, and 1Δδ 13C(13C) = 1Δδ 13C(15N) = 0.02 ppm [56]. So, 
13C and 15N labeling is expected to change the backbone 13C’ 13Cα and 
15N chemical shifts of by ca − 0.04, − 0.06 and − 0.02 ppm, respectively. 
(2) These isotope effects are in addition to small changes in ϕ/ψ distri-
butions that result from long-range steric clashes in a fully disordered 
chain, which also have small impacts on the chemical shifts of disor-
dered chains. Therefore, δu in Eq. (5) was replaced by the term “a[D]2 +

b[D] + c + offset”, in which a, b, and c are residue- and nucleus- 
dependent constants obtained from short peptides, and offset is a 
fitting variable which accounts for the difference in unfolded state 
chemical shifts of short peptides and Aβ proteins. 

Furthermore, the urea dependence on the chemical shifts of the 
folded state was neglected because: (1) the denaturant dependence of 
chemical shifts in the folded state is small, presumably because the 
surface area accessible to urea is less compared to the unfolded state. (2) 
For systems such as Aβ whose equilibrium is strongly shifted towards the 
unfolded state, the population-weighted averaged chemical shifts are 
little impacted by the small fraction of folded conformers. A prior study 
of the I-domain of bacteriophage p22 by Newcomer et al. [57] provides 
an example for the urea dependence of chemical shifts in the folded 
state. The I-domain is mostly comprised of β-sheet but also contains 
some disordered and α-helical segments. The rms change of 1HN and 15N 
nuclei in β-strand residues per mole urea corresponds to 6 and 30 ppb, 
respectively. Assuming a similar sensitivity to urea for β-strand residues 
in the folded Aβ conformer, the effect of 8 M urea on the ensemble- 
averaged chemical shifts, for a 10% folded fraction, amounts to 5 ppb 
and 24 ppb for 1HN and 15N, respectively, which is much smaller than 
the uncertainty in the δf values extracted from the fit. Therefore, after 
applying the δu corrections obtained from the pentapeptides, and 
neglecting the urea dependence of the folded state chemical shifts, Eq. 
(6) can be used directly for fitting the experimental data. 

Initial, residue-specific fits of the urea dependence of the chemical 
shifts of Aβ1-42 to Eq. (6) yielded values of 0.05–0.18 for A and 
0.03–0.10 kcal/mol⋅M for m. With a ~ 175% increase in the χ2 value of 
(5.8 × 10− 3vs 2.1 × 10− 3), a subsequent non-linear least-squares global 
fit (cf Eq. (8)) was able to also fit the chemical shift data very well but 
with a substantial reduction (100 to 42 for the 10-residue fragment) in 
the number of adjustable parameters. As can be seen in Fig. 3, this 
reduced set of parameters suffices to fit the experimental data very well. 

The thermodynamic parameters obtained for the different peptides 
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(Table 1) show populations, A/(A + 1), of 7–10% for the transiently 
folded species, and m values in the 0.06–0.07 kcal/mol⋅M range, 
pointing to cooperativities of unfolding that are much smaller than 
typically encountered for folded globular proteins. 

To evaluate how uniquely m and A can be extracted from the 
experimental data for the various peptides, we also carried out a grid 
search, and then for each (m, A) pair the δf and δu values were fitted to 
minimize the error function of Eq. (8). 

For Aβ1-42, a contour plot of the resulting χ2/χ2
min values shows a 

minimum for A = 0.11 and m = 0.06 kcal/mol⋅M (Fig. 4). The first 
contour level corresponds to an increase of 100% in χ2, meaning that 

Fig. 3. Urea titrations of the backbone chemical shifts of the five Aβ peptides. Curves for other residues are shown in SI Fig. S4. Dashed lines correspond to fits to Eq. 
(6), using global m and A values across residues I32-I41 (I32-V39 for Aβ1-40). Legend colors match those in Fig. 2. 

Table 1 
Fitted m and A values for various Aβ peptides.  

Peptide A (unitless) m-value (kcal/mol⋅M) 

Aβ1-40 0.08 ± 0.01 0.06 ± 0.01 
Aβ1-40-Ox 0.08 ± 0.01 0.06 ± 0.01 
Aβ1-42 0.11 ± 0.01 0.06 ± 0.01 
Aβ1-42-Ox 0.07 ± 0.01 0.07 ± 0.01 
Aβ1-42-K28E 0.11 ± 0.01 0.06 ± 0.01  
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small changes in m or A result in a steep increase of χ2, and indicating 
that m and A are well defined. Fits to independent data obtained for the 
K28E mutant, Aβ1-42-K28E, with the site of substitution relatively distant 
from the C-terminus, yield m and A values that fall very close to those of 
the wild type peptide (Table 1). The values for δf (Table S3) also are in 
good agreement between the two peptides (rmsd = 0.1, 0.9, 0.3, 0.3 ppm 
for 1HN, 15N, 13Cα, and 13C′ of residues 34–41), consistent with their 
nearly indistinguishable chemical shifts in the absence of denaturant. 

For Aβ1-42-Ox, the same analysis yields a ca 35% lower A value 
(Table 1), indicating that the folded state is destabilized but not elimi-
nated by the oxidation of M35. The δf values obtained for this peptide 
differ most from those of the non-oxidized peptide for residues V36 and 
G37 (Table S3), suggesting that the backbone structure of the transiently 
folded state is impacted by the methionine oxidation and that the 
destabilization, presumably resulting from less favorable hydrophobic 
packing in the folded conformer for the oxidized M35 sidechain that 
contains the more polar sulfoxide moiety. 

Even though the C-terminally truncated peptides, Aβ1-40 and Aβ1-40- 

Ox, yield values for A and m that are comparable to those of Aβ1-42 

peptides (Table 1), the δf values are quite different (Table 2 and 
Table S3), in particular for residues G37 and G38, pointing to a structure 
for the transiently folded conformer of these two peptides that is 
distinctly different from Aβ1-42. 

2.4. Structure of the transiently folded Aβ1-42conformer 

The δf values obtained for Aβ1-42 show remarkable deviations from 
random coil values. In particular, at 122.9 and 102.3 ppm, the 15N 
chemical shifts of G37 and G38 are quite distinct, as are the downfield 
shifts of the 1HN and 13C’ of G37. Whereas we lack the NOE or residual 
dipolar coupling (RDC) restraints required for a conventional structure 
determination, the unusual pattern of backbone chemical shifts suggests 
it should be possible to determine if these shifts correspond to known 
structural elements. Hence, we explored whether any previously 
assigned proteins of known structure contained chemical shift patterns 
similar to those we derived for Aβ1-42. 

Therefore, we searched the SPARTA+ database for 10-residue pro-
tein fragments that best match the backbone secondary chemical shifts 
and residue types for the I32-I41 segment of Aβ1-42. The SPARTA+
database contains experimental backbone and 13Cβ chemical shifts as 
well as high-resolution X-ray structures for 580 proteins [50]. 

In a first pre-screening step, a sequence similarity score Sseq was 
calculated by using the BLOSUM62 amino acid similarity matrix [58]: 

Sseq =
∑

i
wi × B

(
AAβ

32+iA
DB
r0+i

)
(9)  

where i = 0–9; wi is the weight for residue i in the 10-residue fragment 
(w0,9 = 0; w1-4,7,8 = 1; w5,6 = 2) of starting residue number r0; B(a1,a2) is 
the BLOSUM62 similarity value for amino acids a1 and a2; and A32+i

Aβ and 
Ar0+i

DB are the amino acid type for residues in Aβ and the database frag-
ment, respectively. Only database fragments with a positive sequence 
similarity score Sseq are retained for subsequent chemical shift 
evaluation. 

In the subsequent step, we derived the chemical shift matching 
relative to the above screened 10-residue fragments, using the following 
χ2 function: 

χ2 =
∑

i

∑

X
wi ×

(
∆δ(X)Aβ

32+i − ∆δ(X)DB
r0+i

WX

)2

(10)  

where i = 0–9; X = 13Cα,13C′, 15N and 1HN; WX is the weight for the 
chemical shift of different nuclei X (WCα = 1.0, WC’= 1.1, WN = 2.5, 
WHN = 0.5), wi are the weights for residue type similarity defined under 
Eq. (9), ∆δ(X)32+i

Aβ is the secondary chemical shift of nucleus X of residue 
32 + i in Aβ, and ∆δ(X)r0+i

DB is the secondary chemical shift of X of residue 
r0 + i in the database fragment. 

The ten top scoring fragments obtained using the above procedure 
are listed in Table 3. Remarkably, 8 out of 10 fragments contain a Type I′

β-turn at positions that coincides with G37 and G38 in Aβ1-42, and a 
single fragment shows a Type II β-turn at this position. One fragment 
that matches fairly well in residue type similarity, but that shows poor 
agreement with the 15N chemical shifts of G37 and G38, lacks the 
reverse turn and is not considered in the analysis below. An overlay of 
the nine remaining segments shows a fairly well-defined antiparallel 
β-sheet, connected by the reverse turn (Fig. 5). Not surprisingly, 
considering the close similarity in δf values, a nearly identical set is 
obtained when searching for fragments that match the δf values of Aβ1- 

42-K28E. This contrasts with the absence of a unique structural signature 
when searching the database for fragments that match δf values of Aβ1-40 

and Aβ1-40-Ox. 
The difference in solvent accessible surface area, ΔASA, derived 

using the DSSP program [59], between the nine 10-residue β-hairpin 
fragments excerpted from their respective X-ray structures, and their 
fully extended states (ϕ = -120◦; ψ = 120◦) is 369 ± 73 Å2 (see Table S4 
for individual values). This value is well within the 400 ± 100 Å2 range 
predicted by substituting the m-value of 0.06 ± 0.01 kcal/mol⋅M ob-
tained from the fit in the empirical ΔASA/m relation parameterized by 
Hong et al. (Eq. (3)) [47]. 

Fig. 4. Contour plot of χ2/χ2
min, obtained for Aβ1-42 from a 100 × 100 grid 

search of m and A, followed by best-fitting of the chemical shift parameters. The 
‘+’ marker at A = 0.11 and m = 0.06 kcal/mol⋅M corresponds to the global 
minimum, χ2 = 5.8× 10− 3. Analogous plots for the other four peptides are 
shown in SI Fig. S5. 

Table 2 
Fitted δf values for the C-terminal residues of the transiently folded Aβ1-42 

conformer. Those of the other four Aβ peptides are presented in SI Table S3.  

Res. δf (1HN) (ppm) δf (15N) (ppm) δf (13C’) (ppm) δf (13Cα) (ppm) 

I32 7.62 ± 0.16 120.3 ± 0.9 176.3 ± 0.4 61.5 ± 0.4 
G33 7.75 ± 0.16 108.5 ± 0.9 171.6 ± 0.4 45.4 ± 0.4 
L34 7.77 ± 0.16 122.2 ± 0.9 173.9 ± 0.4 54.3 ± 0.4 
M35 8.13 ± 0.16 122.3 ± 0.9 176.8 ± 0.4 53.4 ± 0.4 
V36 8.42 ± 0.16 122.2 ± 0.9 178.0 ± 0.4 60.8 ± 0.4 
G37 9.46 ± 0.16 122.9 ± 0.9 176.0 ± 0.4 48.2 ± 0.4 
G38 8.69 ± 0.16 102.4 ± 0.9 171.6 ± 0.4 45.5 ± 0.4 
V39 6.61 ± 0.15 118.6 ± 0.9 172.7 ± 0.4 59.1 ± 0.4 
V40 8.24 ± 0.16 124.4 ± 0.9 177.0 ± 0.4 63.2 ± 0.4 
I41 8.53 ± 0.16 127.0 ± 0.9 175.2 ± 0.4 60.4 ± 0.4  
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2.5. Validation of the folded structure by NOE and PRE measurements 

Although the above proposed structure is based on experimentally 
derived chemical shifts, its selection was also based on statistics and 
therefore only represents the highest likelihood for the structure tran-
siently sampled by this region of Aβ1-42. For example, the Type II β-turn 
element comprising residues H86-T95 of lipocalin FluA (PDB entry 
1N0S) matches about as well as the other peptide sequences that contain 
a Type I′ β-turn (Table 3). Perhaps of greater concern is the fact that one 
of the top ten peptides did not contain the antiparallel β-sheet but 
nevertheless provided a reasonable match to both residue types and 
chemical shifts. Therefore, it is highly desirable to have independent 
validation that the “consensus” represented by the eight very similar 
backbone structures is correct. Below, we present NOE and PRE data 
that are fully consistent with this β-sheet structure. 

At a fractional population of ~10%, the effective concentration of 
the C-terminal β-sheet in Aβ1-42 is only ca 9 μM for a peptide concen-
tration of 90 μM, where the peptide remains stable for prolonged du-
rations. This low concentration combined with the relatively short 
rotational correlation time expected for a small structural element 
makes it challenging to record well-resolved 3D NOESY spectra of suf-
ficient signal to noise. However, by resorting to high hydrostatic pres-
sure (3 kbar), we previously were able to collect such spectra on a 1.2 
mM Aβ1-42 sample while it underwent aggregation and incurred a ca 
75% signal loss over a 36 h period [48]. By using time-ordered non- 
uniform sampling, a 3D NOESY-HSQC spectrum of high resolution and 
sensitivity was obtained. That study was aimed at detecting long-range 
NOEs, but only two such interactions could be identified: NOEs between 
I41-HN and M35-Hα and between V36-HN and V39-HN. As can be seen in 

Table 3 (columns 10 and 11), all the corresponding 1H-1H distances for 
the nine β-sheet fragments extracted from the PDB are consistent with 
the presence of these observed NOEs, whereas the single, extended 
conformer is not. We note that the increased concentration used for the 
NOE measurement at high pressure had no detectable effect on the 
backbone 1HN and 15N chemical shifts, while the short-range diagonal/ 
cross peak ratios in the 3D NOESY-HSQC spectrum stayed close to those 
of random coil, only increasing by the amount expected from the in-
crease in viscosity under increased pressure. These observations indicate 
that increasing the Aβ1-42 concentration at high pressure did not lead to 
significant transferred NOE effects, and that the observed NOEs must 
correspond to interactions within the monomeric species. 

Paramagnetic relaxation enhancement (PRE) is an excellent tool for 
identifying transient structures and has been widely used to identify 
short-lived contacts in IDPs [43,60–62]. Computational work suggested 
that adding the requisite chemical modification of tagging the protein 
with a methanethiosulfonate spin label (MTSL) at the sidechain of a Cys 
residue can strongly perturb the structural ensemble [63]. To investigate 
whether such perturbations occur upon A42C substitution of Aβ1-42 to 
Cys, and tagging it with MTSL, we measured their impact on the back-
bone amide chemical shifts. Although chemical shift perturbations in the 
N-terminal half of the peptide are as large as 0.15 ppm (15N) and 0.03 
ppm (1HN) (SI Fig. S2), these differences correlate fairly well with their 
pH dependence (SI Fig. S3) and therefore are likely to be dominated by a 
small change in protonation state of the three His residues between the 
separately prepared samples. However, somewhat larger chemical shift 
changes are seen for residues I32-I41 that adopt the transient β-sheet 
structure and which are insensitive to slight pH changes. Here, the 
chemical shift perturbation correlates with the differences in chemical 
shifts between Aβ1-42 and Aβ1-42-Ox (SI Fig. S6). The ca 1.35 slope of this 
correlation indicates that the A42C mutation together with MTSL 
tagging stabilizes the β-sheet conformation by about 25% (SI Fig. S6). 
This analysis shows that the A42C mutant of Aβ1-42, tagged with MTSL, 
provides a suitable probe for evaluating the presence of remote contacts, 
predicted by the β-sheet arrangement of Fig. 5. 

Comparison of the 1H-15N HSQC spectra, before and after reduction 
of the MTSL tag, shows that the resonances of, for example, G33 and L34 
are absent in the sample with the paramagnetic MTSL tag attached to 
C42, whereas the intensity of the G38 amide is little impacted (Fig. 6). 
Indeed, resonances of all amides of I32-M35 are attenuated to below the 
detection limit (Fig. 7) whereas those of V36-V39 retain substantial in-
tensity, despite being closer to the tag in terms of sequence separation. 
Upon addition of 8 M urea, the spectral attenuation becomes much 
smaller and all but the amides of the two C-terminal residues (and the 
two N-terminal residues, which are obliterated by rapid hydrogen ex-
change in both dia- and paramagnetic samples), are observed (Fig. 7). 
This result demonstrates that the remote PRE effects are strongly 
reduced, indicating that the transient structural elements must be 
responsible for the remote PREs. Paramagnetic relaxation scales with 

Table 3 
Protein fragments of known structure that best match the backbone secondary chemical shifts and residue types of the transiently folded segment I32-I41 in Aβ1-42.  

PDB ID r0 sequence χ2 XGGX 
motif 

δf
15N (G37) 

(ppm) 
δf

15N (G38) 
(ppm) 

δf
1H (G37) 

(ppm) 
δf

1H (G38) 
(ppm) 

d(36HN-39HN)a 

(Å) 
d(41HN-35Hα)a 

(Å) 

1GRN 42 VTVMIGGEPY 38 β-Turn I′ 119.96 105.34 9.385 8.606 3.12 3.35 
2E7P 76 PNVFIGGKQI 41 β-Turn I′ 120.59 106.28 10.514 9.556 3.26 2.72 
1QBS 11 VTIKIGGQLK 46 β-Turn I′ 120.11 107.27 9.590 8.730 3.19 3.57 
1N0S 86 HSRTVGGYT 53 β-Turn II 119.28 107.38 9.210 8.370 3.33 3.59 
1TVQ 109 ETITFGGVTL 63 β-Turn I′ 116.70 105.50 8.472 8.533 3.04 3.26 
1VM9 54 EGSYEGGVI 67 β-Turn I′ 116.11 105.63 9.166 8.575 3.00 3.80 
2NMZ 11 VTIKIGGQLK 71 β-Turn I′ 118.50 106.01 9.611 8.864 2.68 3.73 
2PE8 76 NGRYFGGRVV 77 β-Turn I′ 117.50 106.72 8.685 7.772 2.88 3.77 
1FZY 45 GTPYEGGKFV 85 None 115.75 107.32 9.360 8.300 8.99 10.93 
2FA4 76 LIFYKGGKEV 85 β-Turn I′ 117.09 106.83 9.292 9.472 2.95 2.54 
Aβ1-42 32 IGLMVGGVVI  – 122.91 102.28 9.460 8.697 – –  

a d(36HN-39HN) and d(41HN- 35Hα) are the 1H-1H distances in units of Å in the X-ray structure fragments for the only two medium-range NOEs previously observed in 
the C-terminal segment of Aβ1-42. 

Fig. 5. Overlay of nine protein segments with secondary chemical shifts and 
residue types that best match the folded chemical shift (δf) values and residue 
types of I32-I41 obtained for Aβ1-42 (cf Eq. (8)). These segments resulted from a 
search over the SPARTA+ database that contains experimental chemical shifts 
for 580 proteins [50], with the best-matching segments listed in Table 3. Colors 
match those of the keys in Fig. 8. 
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the inverse sixth power of the distance between the MTSL tag and the 
observed amide protons. Whereas it remains challenging to collect ac-
curate quantitative PRE data on the dilute MTSL-tagged sample, which 
appears somewhat more prone to aggregation than wild-type Aβ1-42, the 
experimental PRE attenuation pattern agrees closely with the inter- 
atomic distances observed in the nine peptides that were selected on 
the basis of their sequence similarity and chemical shifts (Fig. 8). This 
result therefore provides additional validation for the transient presence 
of the antiparallel β-sheet. 

3. Concluding remarks 

Over the past decade, the importance of transient structure in 
intrinsically disordered proteins has been increasingly recognized. In 
particular, considering that many IDPs are involved in signaling path-
ways, their ability to adopt transient secondary structure is believed to 
promote the conformational selection mechanism for forming stable 
protein-protein interactions [12,64,65]. Most prior experimental ex-
amples for the importance of such transient structures pertain to α-he-
lical elements, frequently seen present at levels ranging from 30 to 70% 
[36,66,67]. Our current observation of a transient, well-defined β-sheet 
structure at the C-terminus of Aβ1-42 extends the paradigm of pre- 
ordered transient structure to non-α-helical elements. Considering the 
low population of this transient β-sheet of only ~10%, it is not surprising 
this element has remained unrecognized despite exhaustive study by a 
wide range of advanced molecular biophysics techniques [8,25,68]. 

Although the biological relevance of the transient β-sheet structure at 
such a low population may be questioned, there are a few observations 
that potentially link this element to the peptide’s aggregation pro-
pensity. First, a destabilization of the structured element is seen upon 
oxidation of M35, lowering its population by ca 35%, which is consistent 
with its lower propensity to aggregate [18]. Qualitatively, the opposite 

is seen for the A42C mutant, tagged with the hydrophobic MTSL moiety. 
Addition of this tag stabilizes the β-sheet structure, as judged by 
increased deviations for the G37 and G38 amide chemical shifts from 
fully unfolded values (SI Fig. S6), and also leads to increased difficulty to 
keep the peptide in monomeric solution, although quantitative aggre-
gation kinetics have not yet been recorded for this peptide. Although 
Aβ1-40 and its M35-oxidized variant also show propensity to form or-
dered, β-sheet type secondary structure at the C-terminus, the chemical 
shift signatures of G37 and G38 upon increasing the urea concentration 
distinctly differ from Aβ1-42, and are inconsistent with the formation of 
the relatively rare, type I′ β-turn in Aβ1-40. Unfortunately, the δf values 
extracted for the folded conformer were insufficiently unique to identify 
the details of its structure other than pointing at backbone torsion angles 
in the β region of the Ramachandran map for L34-V36 and V39. Com-
parison of the δf values of the transiently folded conformers for the five 
different forms of the Aβ peptides studied here (SI Fig. S7) shows that 
Aβ1-40 and Aβ1-42 peptides differ most pronouncedly for residues V36- 
V39 but, with the exception of L34-C′, show comparable values for 
I31-L34. If the transient structure adopted in the C-terminal region of 
Aβ1-40 also is a small β-sheet, it likely is centered at G37 as seen in some 
of the MD trajectories. 

Our analysis utilizes the empirical knowledge that secondary 
chemical shifts in folded structural elements, on average, are non-zero, 
which forms, for example, the basis for the widely used secondary- 
chemical-shift-based RCI order parameter estimation [69]. To further 
test whether the database derived rms secondary chemical shift values 
are applicable for the β-hairpin structure we identified, we also calcu-
lated the corresponding rms values for the nine matching fragments 
from the database (Table S5). These values show that indeed these 
β-hairpin elements have secondary chemical shifts close to the values we 
used for TX in Eq. (8). 

It is important to note that the population of the folded conformer, 

Fig. 6. Overlay of the 800-MHz 1H-15N HSQC spectra of 75 μM Aβ1-42-A42C-MTSL in 44 mM Tris-HCl, 10 mM NaCl, 2 mM EDTA, pH 7.4, 278 K, recorded before (black) 
and after (red) reduction of the MTSL spin label by addition of a 50-fold molar excess of sodium ascorbate, pH 7.4. Both HSQC spectra were processed with 15 Hz 
exponential line broadening in the 1H dimension. Smaller panels correspond to expanded regions of the full spectrum. (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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extracted from the chemical shift data, is inextricably linked to the rms 
values, TX, of secondary chemical shifts expected in a folded structure, 
because only the product A(δf – δu) is uniquely extracted from the urea 
titration (cf Eq. (7)). For each nucleus, the rms spread in secondary shifts 
among the nine database peptides is 20–30% (Table S5). However, 
analogous to the RCI order parameter [69], Eq. (8) simultaneously uses 
the rms value of all normalized secondary chemical shift types for 
restraining the extracted A value, thereby reducing its uncertainty to 
about 15%. 

There are a number of solid-state NMR (PDB entries 2MXU, 6TI5-7, 
5KK3, 2NAO and 2BEG) [70–74] and electron microscopy (5OQV, 6SHS 
and 5AEF) [75–77] structures for Aβ1-42. Formation of multiple β-strands 
connected by loops or turns is a common feature of these fibrils. In all 
these structures, the β-strands form intermolecular H-bonds and are 
interacting intramolecularly via side chains. Specifically, the intra-
molecular interaction in the C-terminal region is through the hydro-
phobic side chains. Although the overall backbone conformation of the 
β-hairpin structure we report here for monomeric Aβ1-42 is similar to that 
seen in various fibril structures, a pronounced distinguishing feature is 
that the H-bonds between its two short β-strands are intramolecular. 
Therefore, even though the backbone conformation may appear similar, 
breaking and reforming of a substantial number of H-bonds is required 
for a monomer to cross the energy barrier required for elongating a fibril 
structure. 

Solution NMR studies in the presence of added apolar solvents (PDB 
entries 1IYT and 1Z0Q) [75,76] showed α-helices at various regions of 
the Aβ1-42 chain and their potential importance in fibril formation re-
mains under investigation. Interestingly, addition of dodecylphos-
phocholine recently was reported to induce formation of Aβ tetramers 
(PDB entry 6RHY) and octamers with β-sheet arrangements; however 
these differ substantially from the β-sheet observed in the present study 
[77]. There also have been multiple solution NMR studies of Aβ it its 
monomeric form in the absence of additives, but none of these studies 
identified the β-hairpin reported here [19,21,23,30]. 

Prior to the development of the newer force field optimizations, a 
number of MD studies already reported the presence of a β-hairpin in the 
general vicinity of G37 and G38 [78–80]. However, the type of turn was 
not discussed, and no coordinates for these structures are available, 
preventing a more quantitative comparison between these models and 
our experimental results. We consider it likely that with the newly 
improved force fields [28,31–33,81] it will become possible to reliably 
identify transient structural elements such as identified by our work. 

The K28E mutation of Aβ1-42, intended to disrupt the salt bridge 
interaction with D23 that is seen in solid-state NMR fibril structures 
[82], causes only small changes in chemical shifts for the C-terminal 10 
residues. Study of an Aβ1-42 fragment (A21-A30) confirmed that the 
presence of a turn in this region is stabilized by this salt bridge [83]. 
Indeed, we also observe small, remote chemical shift perturbations upon 
K28E substitution that potentially can be attributed to the transient 
presence of such a turn (SI Fig. S2 and Table S3). In addition, the K28E 
mutation causes small changes in the chemical shifts of residues A30- 
G37. However, urea denaturation of the transient C-terminal β-sheet 
in Aβ1-42 is not affected by the K28E substitution. This latter observation 
suggests that in the monomeric Aβ1-42 peptide, transient formation of 
the salt-bridge-stabilized turn and transient formation of the C-terminal 
β-sheet are independent events. 

To the best of our knowledge, no prior PRE solution NMR studies 
have been reported for Aβ1-40 or Aβ1-42. Importantly, the PRE effect 
observed in our study does not monotonically decrease with increasing 
distance from the labeling site, as would be expected for random coil 
behavior. Instead, the rich PRE pattern seen in Fig. 7A points to the 
presence of multiple long-range structural features beyond the β-sheet 
element identified in our study. The reduction in PRE magnitude upon 
addition of urea suggests that it may become possible to identify these 
transient features in atomic detail by the TSD-NMR approach. 

Fig. 7. Peak intensity ratios in 1H-15N HSQC spectra of the paramagnetic and 
diamagnetic forms of Aβ1-42-A42C-MTSL. (A) Spectra recorded in the absence of 
urea (Fig. 6). (B) Ratios obtained from spectra recorded under identical con-
ditions except for the addition of 8 M urea. Red bars represent the upper limit 
for the attenuation ratios, based on the absence of detectable intensity in the 
paramagnetic state. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 8. Plot of the inverse sixth power of the distance between amide protons 
and the Cβ atom of the residue that matches C42 in Aβ1-42-A42C-MTSL. The 
intramolecular distances are shown for the ten best matching protein fragments 
listed in Table 3, nine of which contain an antiparallel β-sheet. For 2E7P, which 
contains a Gly residue at the position that matched C42, a pseudo-Cβ atom was 
defined by extending the length of the Cα-Hα3 bond. 
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3.1. Experimental section 

3.1.1. Pentapeptides 
Pentamer peptides of the sequence Ac-Q-Xi-1-Xi-Xi+1-Q-NH2 were 

chemically synthesized at natural abundance for residues I32-I41 of Aβ1- 

42. A different pentamer peptide was used for i = 40 and 41 (Ac-Q- V39- 
V40-I41-A42), lacking C-terminal amidation. Likewise, for the M35 res-
idue, the octamer peptide Ac-QL34M35V36QKKK with charged Lys resi-
dues and lacking amidation at the C-terminus was used instead of Ac- 
QLMVQ-NH2 which has very limited solubility. The methionine side 
chains of the short peptides corresponding to L34, M35, and V36 of M35- 
oxidized Aβ peptides were oxidized using hydrogen peroxide. In a 
typical procedure, the short peptide (5 μmol) was stirred in an aqueous 
solution of hydrogen peroxide (4 mL, 6%) for 4 h at ambient tempera-
ture, followed by lyophilization. All the NMR samples were in 45 mM 
Tris-HCl, 20 mM KCl, 2% D2O, pH 6.8, at 10 mM peptide concentration, 
or at saturating concentrations for peptides with lower solubility, con-
taining 2 mM internal DSS for chemical shift referencing. All NMR 
spectra were recorded at 278 K, and the molar ratios of water to urea 
were derived by integrating the intensities of the urea and HDO signals 
in a 1D 2H spectrum [84]. 

3.1.2. Aβ peptides 
The Aβ1-42 peptides were generated from an expression construct 

consisting of a 6-His tag followed by the immunoglobulin binding 
domain B1 of protein G (GB1), Avi-Tag (Avidity, LLC), TEV protease 
cleavage site, and Aβ1-42. Details of the protocol are as described by Ying 
et al. [48]. Oxidation of M35 was carried out by addition of hydrogen 
peroxide (3 μL, 7.5% w/v) to 600 μL of 50 μM Aβ peptides in 22.5 mM 
Tris-HCl, 10 mM KCl, pH 6.8. The reaction was carried out at 293 K for 4 
h. The resulting product was lyophilized to remove excess hydrogen 
peroxide and redissolved in 300 μL water containing 2% D2O and 0.15 
mM DSS. The pH was adjusted to 6.8 using a glass electrode at ambient 
temperature. 

3.1.3. Aβ NMR sample preparation 
All NMR measurements were carried out in 45 mM Tris-HCl, 20 mM 

KCl, pH 6.8 with 2% D2O and 0.15 mM DSS. Briefly, lyophilized uni-
formly 13C/15N-enriched Aβ peptide (1.2 mg) was initially dissolved in 
50 mM KOH to obtain a 1 mM stock solution. Next, in a separate vial on 
ice, 27 μL of 50 mM HCl was added to 245 μL of 50 mM Tris-HCl buffer 
containing 25 mM KCl, pH 6.8, which was subsequently added to 27 μL 
of the 1 mM peptide stock, to reach 90 μM peptide concentration. The 
pH was checked using a glass electrode, measured at ambient temper-
ature, and adjusted to pH 6.8 with addition of dilute KOH or HCl solu-
tions if deviating by more than 0.1 pH units from this target value. 

3.1.4. NMR spectroscopy 
All NMR data were acquired at 278 K. NMR spectra on pentapeptides 

were recorded on a Bruker Avance III 600-MHz spectrometer equipped 
with a cryogenic TCI probe, and direct 13C detection was used to mea-
sure the natural abundance 13C spectra of the short peptides. 1HN and 
15N chemical shifts of these peptides were obtained from 1H-15N HSQC 
spectra. 

Aβ peptide triple resonance NMR spectra were recorded on a Bruker 
Avance III 700 MHz spectrometer equipped with a cryogenic TCI probe. 
Urea titration data were generated by stepwise addition of solid urea to a 
sample of uniformly 13C/15N-enriched Aβ peptide. The urea concentra-
tions reported were estimated by taking the ratio of the urea and water 
signals, measured by 2H 1D spectra [84]. At each titration step, 3D 
HNCO and 3D HN(CO)CA spectra were acquired. For the 3D HNCO, the 
time domain matrix consisted of 85* (t1, 13C) × 165* (t2, 15N) × 1024* 
(t3, 1H) hypercomplex points with acquisition times of 96 ms (t1), 106 
ms (t2) and 104 ms (t3), using 2 scans per FID and 1 s interscan delay 
with 13C and 15N carriers at 175.5 and 117.5 ppm respectively. Spectral 
widths for 1H, 15N and 13C dimensions were set to 14, 22 and 5 ppm 

respectively. For the 3D HN(CO)CA, the time domain matrix consisted of 
103* (t1, 13C) × 165* (t2, 15N) × 1024* (t3, 1H) hypercomplex points 
with acquisition times of 26.7 ms (t1), 105.6 ms (t2) and 104.4 ms (t3), 
using 2 scans per FID and a 1 s interscan delay, with 13C and 15N carriers 
at 54.1 and 117.5 ppm, respectively. Spectral widths for the 1H, 15N and 
13C dimensions were 14, 22 and 21.8 ppm respectively. The 1H carrier 
was set to 4.964 ppm for both experiments. Both the HNCO and HN(CO) 
CA 3D spectra were recorded in non-uniform sampling mode with 400 
and 800 (t1, t2, t3) hypercomplex points, respectively. Data was recon-
structed using the SMILE method [55,85], to yield a final digital reso-
lution of 2.4, 1.5, 1.7 Hz in the 1H, 15N, and 13C dimensions of the HNCO 
spectrum respectively, and 2.4, 1.5, and 3.8 Hz for the HNCOCA spec-
trum. 1H chemical shifts were referenced directly to DSS, and the 13C 
and 15N chemical shifts were defined indirectly relative to this reference 
[53]. All spectra were processed with the NMRPipe software [86], and 
analyzed using CcpNmr [87]. 
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I. Benilova, M. Korsak, G. Gallo, D. Rizzo, L. Gonnelli, M. Fragai, B. De Strooper, E. 
E. Wanker, C. Luchinat, Mixing Aβ(1–40) and Aβ(1–42) peptides generates unique 
amyloid fibrils, Chem. Commun. 56 (62) (2020) 8830–8833. 

[72] M.T. Colvin, R. Silvers, Q.Z. Ni, T.V. Can, I. Sergeyev, M. Rosay, K.J. Donovan, 
B. Michael, J. Wall, S. Linse, R.G. Griffin, Atomic resolution structure of 
monomorphic A-beta(42) amyloid fibrils, J. Am. Chem. Soc. 138 (30) (2016) 
9663–9674. 
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H. Meier, R. Riek, Atomic-resolution structure of a disease-relevant Aβ(1–42) 
amyloid fibril, Proc. Natl. Acad. Sci. 113 (34) (2016) E4976–E4984. 

[74] T. Lührs, C. Ritter, M. Adrian, D. Riek-Loher, B. Bohrmann, H. Döbeli, D. Schubert, 
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