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ABSTRACT Paramagnetic relaxation enhancement is an NMR technique that has yielded important insight into the structure
of folded proteins, although the perturbation introduced by the large spin probe might be thought to diminish its usefulness when
applied to characterizing the structural ensembles of intrinsically disordered proteins (IDPs). We compare the computationally
generated structural ensembles of the IDP amyloid-b42 (Ab42) to an alternative sequence in which a nitroxide spin label
attached to cysteine has been introduced at its N-terminus. Based on this internally consistent computational comparison,
we find that the spin label does not perturb the signature population of the b-hairpin formed by residues 16–21 and 29–36
that is dominant in the Ab42 reference ensemble. However, the presence of the tag induces a strong population shift in a subset
of the original Ab42 structural sub-populations, including a sevenfold enhancement of the b-hairpin formed by residues 27–31
and 33–38. Through back-calculation of NMR observables from the computational structural ensembles, we show that the struc-
tural differences between the labeled and unlabeled peptide would be evident in local residual dipolar couplings, and possibly
differences in homonuclear 1H-1H nuclear Overhauser effects (NOEs) and heteronuclear 1H-15N NOEs if the paramagnetic
contribution to the longitudinal relaxation does not suppress the NOE intensities in the real experiment. This work shows that
molecular simulation provides a complementary approach to resolving the potential structural perturbations introduced by re-
porter tags that can aid in the interpretation of paramagnetic relaxation enhancement, double electron-electron resonance,
and fluorescence resonance energy transfer experiments applied to IDPs.
INTRODUCTION
Intrinsically disordered proteins (IDPs) are an important
class of proteins that play a significant role in cellular func-
tions as well as a deleterious role in diseases (1–3). They
confound the structure-function paradigm since they do
not have a single dominant tertiary structure but instead
sample between multiple tertiary conformations in solution.
Paramagnetic relaxation enhancement (PRE) experiments
are a widely used NMR technique employed to provide
information about long-range order in both folded proteins
(4–6) and more recently in IDP structural ensembles
(7–16). It requires the introduction of a nitroxide spin label
into the peptide of interest via a covalent bond to cysteine
residues, a technique commonly known as site-directed
spin labeling (17). If the protein doesn’t have a cysteine res-
idue, then cysteine is added to the sequence either as a point
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mutation or as an additional residue. The benefit of adding
the label is that the unpaired electron spin in the PRE tag
causes additional dipole-dipole interactions that result in
line broadening in the NMR spectrum, from which informa-
tion about distances up to 25 Å between the probe and a
desired site can be extracted.

Of course, the PRE tag attached to the cysteine residue is
a relatively large side-group perturbation relative to the orig-
inal sequence, whose structural consequences must be care-
fully quantified to extract useful structural information
about the unlabeled system. For well-folded proteins, most
available sequence sites are able to accommodate the addi-
tion of the spin label without any significant structural
changes (4,5,18–20). On the other hand, IDPs are remark-
ably different from well-folded proteins because of their
structural plasticity, such that it might be expected that point
mutations, an addition of a single residue, or introduction of
a spin label, might bring about extensive structural changes
in the IDP ensemble. At present, however, most experiments
on IDPs are analyzed under the assumption that the probe
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has only a localized effect on structure and dynamics, and
that the corresponding long-range features of the untagged
ensemble are minimally perturbed. The motivation behind
this work is to have a better understanding of the effect of
probe attachment to an IDP based on a comparison of its
structural ensemble to the same IDP structural ensemble
without a label, so that the PRE experiments on IDPs are
interpreted correctly.

Here, we study the effects of the PRE spin label on the
structural dynamics of the amyloid-b peptide (Ab42), a
42-residue peptide that is the major molecular player in
Alzheimer’s disease (21,22). It has been widely studied
both experimentally (11–13,21,23–25) and computationally
(26–37) and the results show that the monomeric form of
Ab42 is classified as an IDP, sampling among an extensive
set of conformations in solution. We chose Ab42 for our
study because our previous computational work has charac-
terized its structural ensemble extensively (34–36) and we
have made thorough comparisons to the experimental and
computational work of others (23,38–40). In this work,
we have combined two different sampling techniques—
replica-exchange molecular dynamics (41) (REMD) and
temperature cool walking (42,43) (TCW) to generate
structural ensemble averages with error bars that take into
account sampling uncertainty. We have performed two inde-
pendent simulations of the untagged monomeric Ab42 pep-
tide and a tagged version of the Ab42 peptide in which we
add a cysteine residue to the beginning of the N-terminus
to which we attach the methanethiosulfonate spin label
(MTSL) (Fig. 1), a commonly used spin label for PRE
experiments. Any structural differences between the compu-
tationally generated ensembles of Ab42 and MTSL-Cys-
Ab42 peptides that falls outside sampling uncertainty would
then allow us to determine whether the spin label changes
the IDP structural characteristics relative to the reference
ensemble in any significant way.

From this internally consistent computational comparison
we find that most of the important structural features of the
untagged Ab42 ensemble have been preserved, such as the
dominant b-hairpin between the central hydrophobic cluster
(CHC) comprising residues 16–21 and the C-terminal resi-
dues 29–36 (34–36), which is likely critical for subsequent
fibril formation. However, the spin label introduces strong
FIGURE 1 Schematic of MTSL. MTSL is a commonly used PRE tag

because of its sulfhydryl specificity and side-chain flexibility. The oxygen

atom is the paramagnetic center. To see this figure in color, go online.
population shifts toward greater enhancement of what
were originally lightly populated b-hairpins in the C-termi-
nal region, including a sevenfold enhancement of the
b-hairpin formed by residues 27–31 and 33–38 that is
largely driven by the hydrophobic character of the MTSL
label. Through back-calculation of many types of NMR
observables, our computational results would be supported
by differences in residual dipolar couplings, and possibly
differences in homonuclear 1H-1H nuclear Overhauser ef-
fects (NOEs) and heteronuclear 1H-15N NOEs, if the para-
magnetic contribution to the longitudinal relaxation does
not suppress the NOE intensities of these nuclei in the
real experiment. We conclude that PRE experiments can
be used to answer structural and mechanistic questions
regarding IDP ensembles, when carefully interpreted with
the aid of additional experiments combined with high-qual-
ity molecular simulations.
METHODS

Here, we report briefly on the simulation protocol and analysis methods;

further details can be found in previous publications (34–36,42).
REMD simulation protocol

All simulation setup and production runs utilized Amber14 (44). For

addition of the PRE-tag, a Cys residue was first added to the N-terminus

of the Ab42 sequence, and the MTSL spin label was then attached through

a disulfide bond at the Cb position of Cys0 of the Cys-Ab42 peptide. The

Cys residue was introduced in the N-terminus to be consistent with the

PRE experimental protocol reported by Fawzi et al. (11). The peptides

were modeled using the Amberff99sb force field (45,46) and the water mol-

ecules using the TIP4P-Ew water model (47). The parameters for the MTSL

tag were generated using the CHAMBER module of Amber by Xue and

Skrynnikov (48), a protocol that yields a consistent force field with the stan-

dard unlabeled peptide.

We created two extended configurations for Ab42 and the MTSL-Cys-

Ab42 peptides, and the peptides were subsequently minimized. The initial

simulation boxes were �700 nm3 in volume, and 3 and 4 Naþ atoms were

added to the simulation box to neutralize the peptide for the untagged Ab42

and MTSL-Cys-Ab42, respectively. The starting configurations were heat-

ed to 287 K at constant volume and equilibrated for 2 ns under constant

pressure of 1 bar, to achieve the correct density. This was followed by a

2 ns high-temperature simulation at 500 K to obtain a more collapsed pep-

tide. Two distinct collapsed states were chosen for each peptide to start two

independent REMD simulations. The peptides were resolvated to obtain

cubic simulation boxes of 239 and 257 nm3 for Ab42 and MTSL-Cys-

Ab42 peptides, respectively. The final numbers of water molecules for

the Ab42 and MTSL-Cys-Ab42 boxes were 7800 and 8372, respectively.

The REMD module of the Amber14 MD package was used to generate

the structural ensembles. Fifty-eight replicas were used in the temperature

range 287–450 K with an exchange probability of 18–22% and an exchange

attempt of 0.5 ps. The production runs were performed in NVT ensemble

using a 1 fs time step and with constraints on the heavy-atom hydrogen

covalent bonds. A Langevin thermostat was used to regulate the tempera-

ture. Long- range electrostatic forces were calculated using particle-mesh

Ewald with a 9.0 Å cutoff for the real-space electrostatics and Lennard-

Jones forces. The total length of each simulation was 100 ns, with the first

50 ns being discarded as equilibration; the final Boltzmann weighted

ensemble consisted of 10,000 structures from the final 50 ns of the two

independent equilibrated simulations at 287 K.
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TCW simulation protocol

TCWis a non-equilibrium alternative to REMD, using only two temperature

replicas to generate a Boltzmann-weighted ensemble (43). Structures from

the high temperature are sequentially cooled to the low temperature and

detailed balance is satisfied based on corresponding heating runs that

together comprise a complete Metropolis acceptance criterion. TCW has

been shown in a previous publication to converge faster for small peptides

such as alanine dipeptide, met-enkephalin, and also the Ab42 peptide (42).

The same equilibrated starting structures for REMD simulations were cho-

sen for the TCW method. The high- and low-temperature replicas were at

456.2 and 287 K with 50 intermediate annealing steps. Temperature was

maintained using an Andersen thermostat (49). Long-range electrostatic

forces were calculated using Ewald, with a cutoff of 9.5 Å for the real-space

electrostatics and Lennard-Jones forces. The frequency of exchange attempt

was 500 fs. Similar to the REMD simulations, two independent simulations

were performed for 100 ns with only the last 50 ns being used for analysis.
Trajectory analysis

Both the cpptraj module of Amber and our own in-house codes for

evaluating NMR observables were used for analyzing the structural

ensemble properties of Ab42 and MTSL-Cys-Ab42. For the analysis,

the cysteine residue of the modified MTSL-Cys-Ab42 peptide will be

referred to as Residue 0. The radius of gyration (Rg) was calculated using

backbone heavy atoms for residues Asp1–Ala42; secondary structures

were assigned using the Dictionary of Secondary Structure Prediction

criterion; and hydrogen bonds were calculated using distance cutoffs of

3.5 and 4.0 Å, respectively, between heavy atoms and a 60� angle cutoff

for both.
Calculation of NMR observables

Full details for back calculation of NMR observables have been reported

in previous publications, including chemical shifts from ShiftX2 (50),

J-coupling constants (51), residual dipolar couplings (RDCs) based on local

(52) and global alignments (53), and 1H-1H and 1H-15N NOEs (34,35) from

the 287 K structural ensembles and MD correlation (34,35) times for both

the tagged and untagged peptide. We give a brief summary here for homo-

nuclear and heteronuclear NOE intensities.

We performed short NVE simulations to calculate the spectral density

functions (which are related to the NOE peak intensity). The normalized

correlation function for each pair of hydrogen atoms in the Ab peptides

is calculated using the equation

CðtÞ ¼
�

1

r6ðtÞ
��1�P2

�
cos ct;tþt

�
r3ðtÞr3ðt þ tÞ

�
; (1)

where r(t) is the vector between each hydrogen-atom pair at time t, ct,t þ t is

the angle between the r(t) and r(t þ t) vectors, and P2 is the second-order

Legendre polynomial. Each correlation function is then fitted to a multi-

exponential form over a 5 ns range to obtain t.

CðtÞz
XN
i¼ 1

aie
�t=ti ; (2)

with N ¼ 1, 2, 3, or 4, and

XN
i¼ 1

ai ¼ 1

The resulting time correlation function is then Fourier-transformed,
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JðuÞ ¼
ZN

�N

CðtÞeiutdt; (3)

to obtain

JðuÞ ¼
XN
i¼ 1

�
ai

2ti
1þ u2t2i

�
; (4)

where ti corresponds to the correlation time constant, ti.

The final step in homonuclear NOE calculation is to obtain the relaxation

matrix R, composed of diagonal elements,

rii ¼
Xn

j¼ 1si

1

10
K2

�
3Jijð2u0Þ þ 3

2
Jijðu0Þ þ 1

2
Jijð0Þ

�
(5)

and off-diagonal elements,

sij ¼ 1

10
K2

�
3Jijð2u0Þ � 1

2
Jijð0Þ

�
: (6)

The intensity obtained for each nucleus in the NOE spectra directly relates

to the magnitudes in the matrix R.

A method similar to that employed above was used to calculate the spec-

tral density function for each pair of H-N atoms for the H-N backbone bond

for each residue in Ab42. The steady-state NOE enhancement factor of the
15N spin by the 1H NOE was then estimated using the equation

εNOE ¼ 1þ gHsHN

gNR
ðNÞ
z

; (7)

where gH and gN are the gyromagnetic ratios of 1H and 15N, respectively.

The 1H-15N cross-relaxation rate constant is defined as

sHN ¼ 1

10
K2

�
3Jijðu0;H þ u0;NÞ � 1

2
Jijðu0;H � u0;NÞ

�
(8)

and the 15N self-relaxation as

RðNÞ
z ¼ 1

10
K2

�
3

2
Jijðu0;NÞ þ 3Jijðu0;H þ u0;NÞ

þ 1

2
Jijðu0;H � u0;NÞ

�
;

(9)

where u0,H is the Larmor frequency of 1H and u0,N is the Larmor frequency

of 15N. The constant factor K is given as

K
m0

4pr3eff
-gHgN; (10)

where - is Planck’s constant and m0 is the permeability of free space.
RESULTS

The characterization of an IDP structural ensemble is
a highly underdetermined problem when compared to that
of the folded-protein class, and thus, it is paramount to
quantify the errors in computational reproducibility through
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independent ensemble calculations of the same IDP
sequence. This is necessary to ensure that a fair comparison
is made as to whether there are meaningful structural
ensemble differences between the IDP Ab42 and MTSL-
Cys-Ab42 peptides that arise from perturbations due to
the spin label versus what arises from intrinsic uncertainties
due to sampling limitations of the IDP ensemble. Although
errors in force fields may contribute to direct agreement
with experiment, use of the same protein and water force
fields (Amberff99sb force field (45,46) and TIP4P-Ew water
model (47)) provides an internally consistent comparison
among the computationally generated ensembles.

We therefore have performed two independent de novo
MD simulations of the Ab42 and MTSL-Cys-Ab42 peptides
using standard REMD (54–56) and also two independent
TCW simulations of the two peptides in this work. Together,
these independent ensembles provide a measure of repro-
ducibility between computationally generated IDP ensem-
bles, such that the standard deviation among them defines
the uncertainty due to the sampling protocol. With the
calculated model uncertainties thus defined as a standard
deviation in all properties of the Ab42 reference ensemble,
any structural ensemble differences that are larger than
this intrinsic sampling error when comparing against the
MTSL-Cys-Ab42 ensemble would thus define a genuine
perturbation to the structural sub-populations due to the
spin label.

Fig. 2 shows the normalized probability density distribu-
tions of the radius of gyration (Rg) in the Ab42 and MTSL-
Cys-Ab42 ensemble. The mean and STD values in the Rg

for the Ab42 averaged ensembles and the MTSL-Cys-
Ab42 ensembles are 12.1 5 2.1 and 11.6 5 1.3 Å, respec-
tively. All untagged Ab42 ensembles are qualitatively the
same in the sense that each exhibits a longer tail in the Rg

distribution compared to the tagged peptide. The MTSL-
FIGURE 2 Probability distribution of the radius of gyration of the simu-

lated Ab42 (dash-dotted line) and MTSL-Cys-Ab42 (solid line) ensembles.

To see this figure in color, go online.
Cys-Ab42 ensemble has slightly more compact distribution
than the Ab42 ensemble, but there is enough uncertainty in
the Rg estimates that we need to consider other types of
analysis of their structural characteristics to quantify the
effect of the spin label on the observed sub-populations of
structure.

Fig. 3 shows the propensities by residue for each
peptide to form helical structures (a-helix, 3–10 helix, and
p-helix), b-structure (intramolecular b-bridges, b-hairpins,
or b-sheets), and localized turns (with and without hydrogen
bonds), as averages over their conformational ensembles.
Table 1 provides the subset of secondary-structure classifi-
cations in Fig. 3 that are supported by internal hydrogen
bonds (according to the Dictionary of Secondary Structure
Prediction (57)), which would likely comprise secondary-
structure sub-populations that are typically more populated
due to greater Boltzmann weighting. It is important to
note we have combined populations of turns and helices at
the same sequence positions since any helical structure is
typically localized to only one turn.

When Table 1 and Fig. 3 are considered together, it
is evident that many of the secondary-structure sub-pop-
ulations are quantitatively preserved between the Ab42
and MTSL-Cys-Ab42 ensemble. The reference peptide
has a large number of highly populated turns and helices
throughout the sequence (Fig. 3), whose population percent-
ages are almost completely explained by their stabilization
due to internal hydrogen bonds (Table 1). The most promi-
nent b-hairpin structure in the original Ab42 ensemble is
formed by b-strand pairings between the CHC and residues
FIGURE 3 Percentage of simulated Ab42 (dotted line) and MTSL-Cys-

Ab42 (solid line) ensembles involved in different types of secondary struc-

ture: a-helix (top), b-bridges or b�strands (middle), and turns (bottom).

Standard deviations are based on differences between the two ensembles

generated from REMD and TCW sampling. To see this figure in color,

go online.
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TABLE 1 Comparison of Important Secondary Structures Present in the Ab42 and MTSL-Cys-Ab42 Ensemble

Sequence Region Secondary Structure % Ab42 MTSL-Cys-Ab42

Localized secondary structure (helices and turns) for N-terminal residues 1–15 turn 1–2/turn 2–3* 4.4 5 1.5* 23.3 5 2.3*

turn 3–4/turn 5–6 7.6 5 5.3 10.0 5 5.0

turn 7–8/turn 8–9 36.0 5 17.4 32.6 5 25.0

turn 9–10/turn 10–11 14.4 5 4.7 15.6 5 0.2

turn 11–12 7.4 5 4.0 7.4 5 1.1

turn 12–13/turn 13–14 12.2 5 1.2 12.6 5 4.7

turn/helix 14–15 24.4 5 11.4 9.3 5 3.4

turn 17–18 3.6 5 0.6 12.8 5 13.8

turn 21–22/turn 22–23 5.0 5 2.7 11.6 5 2.5

Localized secondary structure (helices and turns) for central residues 16–30 turn 23–24/turn 24–25 10.7 5 2.0 22.8 5 9.5

turn/helix 25–26 21.0 5 4.4 21.2 5 15.7

turn/helix 26–27 22.8 5 4.7 12.8 5 4.4

turn 29–30 10.8 5 5.0 4.6 5 2.4

Localized secondary structure (helices and turns) for C-terminal residues 31–42 turn 30–31/turn 31–32* 15.8 5 1.6* 3.8 5 0.2*

turn 32–33* 7.3 5 1.3* 45.6 5 1.6*

turn 33–34* 9.3 5 1.8* 3.2 5 2.2*

helix 32–33/helix 33–34 6.8 5 1.1 12.3 5 8.1

helix 34–35 6.4 5 1.9 8.4 5 0.8

helix 35–36 3.2 5 1.1 6.1 5 0.6

turn 36–37 6.6 5 0.5 5.2 5 0.1

Residues involved in b-strand pairings turn 37–38 6.6 5 1.9 9.3 5 6.7

b-strands 3–6 and 31–41 0.5 5 0.7 6.6 5 8.6

b-strands 16–21 and 29–36 8.7 5 6.6 17.8 5 13.8

b-strands 27–31 and 33–38* 5.0 5 4.3* 38.0 5 6.9*

b-strands 34–36 and 39–40 2.2 5 1.5 5.4 5 6.8

The asterisks indicate the structural features whose populations differ in the untagged and tagged ensembles by a larger standard deviation than that observed

for REMD and TCW ensembles of the Ab42 ensemble.

FIGURE 4 Representative configuration of the MTSL-Cys-Ab42

ensemble, showing increased side-chain interactions between MTSL-Cys

and Leu34 and Met35, which contributes to a more collapsed structural

ensemble and b-strand pairings (darker shade) between residues 29–

32and 36–38. This new b-structure is present in negligible amounts in

the untagged peptide. Chimera ((73); University of California, San Fran-

cisco) was used to generate the molecular graphics. To see this figure in

color, go online.
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29–36, sometimes stabilized by turns in the residue region
Ala21–Gly25, such that the overall percentage of this
b-hairpin averaged across all untagged Ab42 ensembles
is �9% (34–36). Although we find that the MTSL-Cys-
Ab42 structural ensemble stabilizes this b-hairpin at close
to 18%, this population of b-hairpin is largely preserved
within statistical uncertainty compared to the reference
ensemble. Even so, this b-hairpin is not present in the
simulated Ab40 ensemble, and so the fact that it is retained
in the labeled Ab42 peptide is encouraging for preserving
one of the primary structural differences between the two
Ab peptides.

However, there are some substantial shifts from the sub-
population percentages seen for the unlabeled peptide
in the C-terminal regions of the sequence due to the spin
label. The reference Ab42 ensemble exhibits two addi-
tional small sub-populations, 1) an anti-parallel b-strand
pairing between residues 27–31 and 33–38 in �5% of
the ensemble, and 2), an N-terminal turn 1–2/2–3 present
in �4% of the ensemble. The percentages within these
sub-populations shift dramatically in the presence of the
MTSL-Cys addition to the N-terminus. Although the
perturbation in the turn population in the N-terminus might
be expected, what is the most striking effect of the spin
label is the greater enhancement in the population of the
b-hairpin population (�38%), stabilized by b-turn 32–33.
(Fig. S1). There is a simultaneous decrease in the turn con-
tent in the neighboring residues (turn 30–31/31–32/33–34)
1006 Biophysical Journal 113, 1002–1011, September 5, 2017
to accommodate the increased b-turn propensity of resi-
dues 32–33. This increase in secondary-structure content
is largely driven by the hydrophobic interactions of the
spin label with many residues along the chain (Fig. 4),
which introduces a new long-range interaction between
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the N- and C-terminus of the MTSL-Cys-Ab42 peptide that
contributes to a more collapsed ensemble, corroborated by
the Rg data.

Fig. 5 shows a heavy-atom contact map that averages
over the Ab42 and MTSL-Cys-Ab42 structural ensembles;
although the overall pattern of residue-residue contacts
are similar in the two sequences, the MTSL-Cys residue is
involved in long-range heavy-atom contacts with residues
9–42 in>90% of the ensemble that explain these population
shifts (Fig. S2). Considering the hydrophobic nature of the
tag, a basic intermolecular interaction that is captured
more than adequately by the force fields used here, the dif-
ferences between the Ab42 and MTSL-Cys-Ab42 cannot be
attributed wholesale to non-optimized force-field parame-
ters but instead would be expected to give rise to the changes
observed here. Thus, our observations of strong population
shifts arising in the MTSL-Cys-Ab42 ensemble can be
tested experimentally.

However, we require a set of NMR observables that might
reveal their structural differences. We have previously found
FIGURE 5 Heavy-atom contact map of the simulated ensembles of Ab42

(top) and MTSL-Cys-Ab42 (bottom). The contact maps portray the proba-

bility of interactions between each pair of residues in the simulated mono-

mer ensembles. A contact is represented between two residues if any of

their heavy atoms are <5 Å apart, and it is averaged over the ensemble

to represent it with a probability ranging from 0 (black) to 1 (white). To

see this figure in color, go online.
that chemical shifts, J-couplings, and global RDCs are not
sufficiently discriminating NMR observables to differen-
tiate between IDP ensembles for Ab40 versus Ab42, and
Figs. S3–S5 confirm that these observables are not particu-
larly helpful for discerning differences between Ab42 and
MTSL-Cys-Ab42. However, we have previously found
that local RDCs introduced by the Forman-Kay group
(58), as well as homonuclear 1H-1H NOEs and heteronu-
clear 1H-15N NOEs, were found to better aid in the discrim-
ination between different ensembles for Ab40 versus Ab42
(35). Fig. 6 shows the local 1DNH RDCs back-calculated
from the untagged and tagged ensembles. It is evident that
the local 1DNH values are larger on average in the presence
of the spin label, where the RDC differences between the
untagged and tagged peptide are larger than the experi-
mental error of 0.1–0.6 Hz reported for Ab42. Thus, we
would predict that the 1DNH RDCs would have enough
signal above the highly averaged conformational back-
ground to detect these b-hairpins.

Fig. 7 compares the 15N NOE enhancement factor for
REMD simulations of the Ab42 and MTSL-Cys-Ab42
ensembles. Although the trend is similar in both the ensem-
bles, the MTSL-Cys-Ab42 ensemble has higher NOE inten-
sity values, indicating that the backbone is more ordered,
essentially over the entire peptide. The experimental uncer-
tainty for Ab42 15N NOE enhancement varies between
0.006 and 0.08 based on data reported by Yan and Wang
(23). Thus, we expect 15N NOE experiments to capture
the differences in the tagged and untagged peptide observed
in the simulations. In our simulated homonuclear NOE
peaks for the Ab42 and MTSL-Cys-Ab42 ensembles, we
find that the additional structure in the C-terminal region
manifests as additional NOEs in the spin-labeled peptide
(Fig. S6). That said, it should be noted that the unpaired
FIGURE 6 Calculated local residual dipolar couplings for Ab42 and

MTSL-Cys-Ab42. Results are generated based on local alignments using

the ENSEMBLE software package (58).
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FIGURE 7 Comparison of the simulated 1H-15N NOE enhancement for

Ab42 (dotted line) and MTSL-Cys-Ab42 (solid line) from REMD simula-

tions. Higher values in the tagged peptide support a more ordered backbone.

To see this figure in color, go online.
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electron in the PRE tag present in the MTSL-Cys-Ab42
ensemble has a paramagnetic contribution to the longitudi-
nal relaxation of the nuclei of interest, and typically domi-
nates the relaxation process such that the underlying
NOEs are very diminished in the real experiment (19).
Since we do not consider the paramagnetic relaxation
component for the NOE calculations for the MTSL-Cys-
Ab42 ensemble, further experimental judgment is required
regarding whether the 1H and 15N NOE features would
have sufficient strength to be observed.
DISCUSSION

Our results showing that structural perturbations are inevi-
table due to the addition of a spin label are supported by a
number of previous PRE studies on folded proteins as
well as IDPs. Although for well-folded proteins most sites
are able to accommodate the addition of a paramagnetic
tag like MTSL without any significant structural changes
(18,59,60), both computational (20) and experimental
studies (4) on the folded state of cytochrome c did show a
slight decrease in protein helicity after probe attachment.
In the study by Kjaergaard et al. (14) on the disordered acti-
vator for thyroid hormone and retinoid receptors peptide, the
authors observed a 3–7% increase in the populations of ex-
isting helical segments after introduction of the MTSL spin
label, although they considered the perturbations not strong
enough to influence their conclusions about long-range
interactions between the targeted set of helical domains.
MTSL and TEMPOL, a different PRE tag, have been shown
to have high affinity toward hydrophobic surfaces (61,62),
and the increased surface interaction in turn induces more
aggregation in the labeled peptide (12). Finally, another
way of conducting PRE experiments is to introduce small
1008 Biophysical Journal 113, 1002–1011, September 5, 2017
sequence motifs that bind to paramagnetic metal ions like
Cu2þ, Ni2þ, or lanthanide ions, but these methods are not
popular for IDP experiments, because they require larger
sequence modification if the motif is not present in the orig-
inal protein and would certainly perturb the underlying
structural ensemble significantly (63).

However, the question iswhat can be learned fromPREex-
periments when applied to IDPs in solution, despite the inev-
itable perturbations due to the tag. In light of the simulation
results presented here, PRE experiments aimed at looking
into the kinetics of fibril or oligomer-growth mechanisms
of Ab42 (or Ab40 peptide (11)), or interactions with mem-
branes (64), should be analyzed with caution. Fibrils usually
elongate by a faster ‘‘dock’’ and slower ‘‘lock’’ mechanism
(65), and the tagged peptide might take longer to properly
lock because of the introduction of free-energy barriers asso-
ciated with the new/enhanced b-structure assemblies. For
smaller oligomeric intermediates, the paramagnetic tag will
possibly introduce more structured, compact conformations
and increase the aggregation rates. The enhanced structure
formation appears to arise from excessive hydrophobicity
of the MTSL label that could be reduced by using a modified
MTSL tag designed to be more hydrophilic (66,67). This is a
welcome addition given the importance of experiments such
as PRE that can probe long-range order in IDP structures in
solution, although a similar study to this onewould be needed
to help quantify the structural ensemble perturbations intro-
duced by the more hydrophilic label.
CONCLUSION

The most widely used method for gaining detailed structural
insights into IDPs is to combine experimental techniques such
as NMR, infrared spectroscopy, and small-angle x-ray scat-
tering with computational techniques like MD, Monte Carlo
simulations, or knowledge-based methods (36,68–70). The
experimental observables are typically used to either validate
IDP structural ensembles that are generated fromBoltzmann-
weighted MD simulations (26,30,34–36), to select for con-
formations from computationally generated IDP (typically
random coil) ensembles (58,68,69), to provide structural re-
straints during guided MD simulations (7,8,68,71), or to use
in Bayesian analysis (72). Here, we have utilized molecular
simulations to predict the perturbations caused by addition
of the commonly used MTSL tag in PRE experiments when
applied to the disordered Ab42 peptide.

We have employed several independent calculations of
the structural ensemble of the native Ab42 ensemble to pro-
vide estimates of uncertainty due to sampling protocol to
distinguish real structural perturbations measured from the
average of two independently generated ensembles of the
labeled MTSL-Cys-Ab42 peptide. To sum up the effects
of the spin label, a majority of the main structural features
of the peptide, including the dominant b-hairpin formed
by residues 16–21 and 29–36 (34,36), are able to withstand
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the perturbations introduced by the tag. Nevertheless,
the tag causes population enhancements in the C-terminus
involving the b-hairpin formed by residues 27–31 and
33–38. If 1H and 15N NOE experiments can be performed
without the paramagnetic spin label dominating the relaxa-
tion mechanisms, experiments would point toward a more
ordered backbone and new NOE peaks arising from the
enhanced/new b-strand contacts. Our results will also be
supported by RDC experiments in which local alignments
are considered (58), which will show increased 1DNH values
resulting from higher b-structure propensities, especially in
the C-terminus.

In conclusion, PRE experiments, fluorescence resonance
energy transfer, and double electron-electron resonance ex-
periments can probe long-range order in polypeptide struc-
tures in solution, although the requirement of a reporter tag
will likely perturb the underlying structural ensemble to
some degree (7,8,63). Furthermore, the nature of the struc-
tural perturbation will vary with peptide size, sequence,
tag type and position, and whether it is being used to probe
a folded or disordered structural ensemble. Since quanti-
fying the exact extent of the perturbations caused by the
spin label can be difficult to determine experimentally, we
believe that MD simulation is a powerful and complemen-
tary approach to resolving the potential structural perturba-
tions and that it will suggest experiments that can confirm
the theoretical predictions.
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FIGURE CAPTIONS 

Figure S1. Percentages of MTSL-Cys-Aβ42 sub-ensembles containing turn 32-33 for REMD 

simulations. 

Figure S2. Plot of the probability of a heavy atom contact between the MTSL-Cys residue and 

other residues in the Aβ42 sequence for REMD simulations. 

Figure S3: Calculated SHIFTX22 proton and carbon secondary chemical shifts by residue for 

Aβ42 (blue) and MTSL-Cys-Aβ42 (red) REMD simulations. (a) Hα chemical shifts, (b) HN 

chemical shifts, (c) Cα chemical shifts, (d) Cβ chemical shifts, and (e) N chemical shifts. 

Random coil residue specific values taken from are subtracted from both experimental and 

simulation values.  

Figure S4: J-coupling constants for backbone amides for Aβ42 (blue) and MTSL-Cys-Aβ42 

(red) for REMD simulations. Simulation uncertainty bars represent rms difference between 

two independent simulations and the average. 

Figure S5: Calculated RDCs for  (a) Aβ42 and (b) MTSL-Cys-Aβ42 structural ensembles 

generated using REMD simulations. RDCs based on global alignments calculated from PALES. 

Figure S6:  Contact map of strong simulated 1H-1H NOE intensities for MTSL-Cys-Aβ42 from 

REMD simulations that are dominated by a single contact. Strong experimental intensities that 

define β-strands 4-7 and 10-12 (orange), β-strands 3-6 and 31-41 (pink), β-strands 16-21 and 29-

36 (cyan), β-strands 27-31 and 33-38 (grey), β-strands 34-36 and 39-40 (yellow) and 

hydrophobic contacts (outlined black) indicated in the map. The color-coding for helices and 

turns are shown in the figure. 

 
 

  



 

 
 
  

Figure S1: Percentages of MTSL-Cys-Aβ42 sub-ensembles containing turn 32-33 for REMD 
simulations. 
 
 
 
 
 



 
 
 
Figure S2: Plot of the probability of a heavy atom contact between the MTSL-Cys residue and 
other residues in the Aβ42 sequence for REMD simulations. 
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Figure S3: Calculated SHIFTX22 proton 
and carbon secondary chemical shifts by 
residue for Aβ42 (blue) and MTSL-Cys-
Aβ42 (red) REMD simulations. (a) Hα 
chemical shifts, (b) HN chemical shifts, 
(c) Cα chemical shifts, (d) Cβ chemical 
shifts, and (e) N chemical shifts. Random 
coil residue specific values taken from 
are subtracted from both experimental 
and simulation values.  

 



 

 
 

Figure S4: J-coupling constants for backbone amides for Aβ42 (blue) and MTSL-Cys-Aβ42 
(red) for REMD simulations. Simulation uncertainty bars represent rms difference between 
two independent simulations and the average. 
  



 

 
 

 

Figure S5: Calculated RDCs for  (a) Aβ42 and (b) MTSL-Cys-Aβ42 structural ensembles 
generated using REMD simulations. RDCs based on global alignments calculated from PALES3. 
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Figure S6:  Contact map of strong simulated 1H-1H NOE intensities for MTSL-Cys-Aβ42 from 
REMD simulations that are dominated by a single contact. Strong experimental intensities that 
define β-strands 4-7 and 10-12 (orange), β-strands 3-6 and 31-41 (pink), β-strands 16-21 and 29-
36 (cyan), β-strands 27-31 and 33-38 (grey), β-strands 34-36 and 39-40 (yellow) and 
hydrophobic contacts (outlined black) indicated in the map. The color-coding for helices and 
turns are shown in the figure. 
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