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Background: Tau aggregation has been implicated in several neurodegenerative diseases.
Results: Intramolecular disulfide bonds retard tau aggregation by stabilizing conformations that lack �-strand content in
subsequences that are aggregation-prone.
Conclusion: Tau self-association may be influenced by the precise conformation of aggregation-prone subsequences.
Significance: This is an important step toward understanding structural features that retard tau aggregation.

Because tau aggregation likely plays a role in a number of
neurodegenerative diseases, understanding the processes that
affect tau aggregation is of considerable importance. One factor
that has been shown to influence the aggregation propensity is
the oxidation state of the protein itself. Tau protein, which con-
tains two naturally occurring cysteine residues, can form both
intermolecular disulfide bonds and intramolecular disulfide
bonds. Several studies suggest that intermolecular disulfide
bonds can promote tau aggregation in vitro. By contrast,
although there are data to suggest that intramolecular disul-
fide bond formation retards tau aggregation in vitro, the pre-
cise mechanism underlying this observation remains unclear.
While it has been hypothesized that a single intramolecular
disulfide bond in tau leads to compact conformations that
cannot form extended structure consistent with tau fibrils,
there are few data to support this conjecture. In the present
study we generate oxidized forms of the truncation mutant,
K18, which contains all four microtubule binding repeats,
and isolate the monomeric fraction, which corresponds to
K18 monomers that have a single intramolecular disulfide
bond. We study the aggregation propensity of the oxidized
monomeric fraction and relate these data to an atomistic
model of the K18 unfolded ensemble. Our results argue that
the main effect of intramolecular disulfide bond formation is
to preferentially stabilize conformers within the unfolded
ensemble that place the aggregation-prone tau subsequences,
PHF6* and PHF6, in conformations that are inconsistent with
the formation of cross-�-structure. These data further our
understanding of the precise structural features that retard
tau aggregation.

Tau is an intrinsically disordered protein (IDP)2 that is
found in neurons of the central nervous system (1). Although
tau normally serves as a modulator of neuronal stability (2),
it can form insoluble aggregates, called neurofibrillary tan-
gles, that are rich in cross-�-structure (3). Moreover, there
are data to suggest that neurofibrillary tangle formation is
correlated with the loss of microtubules and the interruption
of organelle transport along the neuron leading to neuronal
dysfunction and death (4–7). Hence, neurofibrillary tangles
may represent toxic species that lead directly to neuronal
death and dysfunction. In addition, it has also been argued
that soluble oligomeric tau aggregates are neurotoxic. Sev-
eral indirect lines of evidence are consistent with this
hypothesis. For example, this conjecture is consistent with a
comparison of cases of frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP-17) with cases of early
onset Alzheimer disease. FTDP-17 is thought to be caused by
mutations in tau and is characterized by neuronal loss (8).How-
ever, the brains of FTDP-17-afflicted patients contain one-
tenth the number of neurofibrillary tangles compared with
brains of Alzheimer disease patients, as detected using the
phospho-tau antibody, AT8 (9). In addition, soluble tau oligo-
mers have been shown to contribute to neuronal dysfunction in
animal models (10–12). In this paradigm, the formed aggre-
gates may be an attempt by the cell to sequester the more toxic
oligomeric species (11). Nevertheless, regardless of the precise
formof toxic species, it seems clear that aggregated forms of tau
protein play a role in disease pathogenesis.
Deciphering the process underlying the formation of ordered

tau aggregates is problematic because tau is intrinsically disor-
dered in solution (14). Although folded proteins typically sam-
ple a relatively small and homogeneous set of thermally acces-
sible states, IDPs sample a relatively heterogeneous set of
conformations during their biological lifetime (15). As a result,
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unlike folded proteins, experimental measurements on IDPs
are typically more difficult to interpret. Because IDPs adopt
many different conformations in solution, most experimental
measurements on IDPs correspond to ensemble averages over a
relatively large set of dissimilar conformations (16, 17). Hence,
techniques that are typically used to characterize folded pro-
teins are of limited use when applied to disordered proteins.
Nonetheless, any comprehensive description of an IDP requires
one to enumerate its thermodynamically accessible conforma-
tions and their relative stabilities. It is only with such data that
one can develop a comprehensive understanding of the aggre-
gation process. Indeed, knowledge of the thermally accessible
states of the protein can facilitate the interpretation of experi-
mental observations on IDPs.
The results of disulfide-trapping experiments combinedwith

recently constructed atomistic models of the unfolded state of
tau protein provide a unique opportunity to probe structural
features that affect the propensity of tau to aggregate (18–21).
As we explain below, oxidation of tau leads to conformers that
have aggregation properties that differ from the wild-type pro-
tein. Therefore, although the precise role that disulfide bonded
forms of tau play in vivo is not clear, we can use these data to
deduce general structural features of the unfolded ensemble
that affect tau aggregation.
Isoforms of tau that contain all four microtubule-binding

repeats (4R) contain two naturally occurring cysteines at posi-
tions 291 and 322 (numbering based on the longest isoform)
(22). When tau is exposed to oxidizing conditions, a series of
inter- and intramolecular disulfide bonds are formed (20, 23,
24). To probe the role that intermolecular disulfide-bonded
species play in the aggregation process, tau mutants that only
contain one cysteine residue have been studied.Oxidized forms
of this protein are necessarily constrained to form intermolec-
ular disulfide bonds and therefore serve as a vehicle to probe the
role that intermolecular disulfide bonds play in fibril formation.
Aggregation studies with these species suggest that intermolec-
ular disulfide bond formation facilitates entry into the aggrega-
tion cascade (18, 19, 25–27). Additional aggregation experi-
ments using wild-type tau protein, which contains two cysteine
residues, have been less straightforward to interpret because
the wild-type protein can form both intramolecular and
intermolecular disulfide bonds. Furukawa and co-workers
attempted to separate monomer peaks (corresponding to con-
formers with an intramolecular disulfide bond) and dimer
peaks (corresponding to species with intermolecular disulfide
bonds) from the oxidized wild-type protein using gel filtration
chromatography; however, these efforts were unsuccessful
(20).
Some experiments suggest that the formation of intramolec-

ular disulfide bonds between the two naturally occurring cys-
teines leads to conformations that are relatively aggregation-
resistant (19, 28). One possible explanation for these results is
that the formation of intermolecular disulfide bonds is impor-
tant for tau self-association. Because conformers that have an
intramolecular disulfide bond cannot form intermolecular
disulfide bonds (i.e. tau only has 2 cysteines), they do not aggre-
gate. In other words, it may be that the only role of intramolec-
ular disulfide bonds is to stabilize (monomeric) forms of the

protein that cannot form intermolecular disulfide bonds. How-
ever, recent studies demonstrate that tau (4R) mutants, which
do not contain any cysteine residues, still aggregate and form
some fibrils over the course of a day (24). Consequently, aggre-
gation can occur in the absence of intermolecular disulfide
bond formation. In light of this, the role of intramolecular disul-
fide bonds is more complex than simply stabilizing protein
monomers.
Others have hypothesized that intramolecular disulfide

bonds lead to the formation of “compact monomers” that can-
not form extended structures capable of forming paired helical
filaments (19, 25, 26, 28–31). Nevertheless, there are few if any
data to support the notion that compaction alone fully explains
the effect of intramolecular disulfide bonds have on tau aggre-
gation kinetics. Moreover, in contrast to the previous studies, it
has recently been argued that fibrils can form from structures
that contain intramolecular disulfide bonds (20). Conse-
quently, the precise effect that intramolecular disulfide bonds
have on the conformational preferences of tau has yet to be
elucidated.
In the present study we generate oxidized forms of a 4R trun-

cation mutant of tau protein, K18, isolate the monomeric frac-
tion that contains only intramolecular disulfide bonds, and
quantitatively assess its aggregation potential. These observa-
tions are then interpreted in light of an atomistic ensemble for
the unfolded state of K18 (21). The combination of disulfide
trapping experiments and the existence of an atomistic confor-
mational ensemble for K18 provide new insights into how
intramolecular disulfide bonds influence the conformational
distribution of states, leading to a new ensemble with distinct
aggregation properties.

EXPERIMENTAL PROCEDURES

Reagents—Low molecular weight heparin was purchased
from Santa Cruz Biotechnology. Thioflavin T (ThT) was pur-
chased from Acros Organics. All other chemicals and reagents
were purchased from Invitrogen, BD Biosciences, or Sigma.
K18 was expressed as described below using a technique mod-
ified from that of Barghorn et al. (32). The purity of the proteins
was analyzed by SDS-PAGE, and the protein concentrations
were determined by absorbance at 214 nm.
Expression and Purification of K18—DNA coding K18 was

cloned in a pRK172 plasmid and transformed into Escherichia
coli BL21-Gold (DE3) strain (Agilent Technologies) for expres-
sion. Transformed cells were grown at 37 °C in 500ml of ZYM-
5052 autoinduction medium (33) with 100 �g/ml ampicillin at
225 rpm. After a 12-h incubation the cells were collected by
centrifugation at 3900� g for 25min at 4 °C. The cell pellet was
resuspended in 50 ml of lysis buffer (20 mMMES, pH 6.8, 1 mM

EDTA, 0.2 mM MgCl2, 5 mM DTT, 1 mM PMSF, 10 �g/ml leu-
peptin, 2 mM benzamidine), and the cells were subsequently
reharvested by centrifugation. The washed cell pellet was then
resuspended in 15 ml of lysis buffer and sonicated using an
S-4000 Ultrasonic Processor (Misonix). The cells were soni-
cated in 3-s bursts followed by 10-s pauses under ice-cold con-
ditions. This was carried out until the cells had received
�10,000 J. The cell homogenate was centrifuged at 3900� g for
25 min at 4 °C. The resulting supernatant was made up to 500
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mM NaCl, boiled for 20 min, and then centrifuged at 3900 � g
for 25min at 4 °C. The cell lysate was dialyzed into 20mMMES,
pH 6.8, 50mMNaCl, 1mMEDTA, 1mMMgCl2, 2mMDTT, and
0.1 mM PMSF.

A large scale purification of recombinant K18was performed
at 25 °C on a Bio-RadDuoFlowwork station. The cell lysate was
loaded onto a 5-ml HiTrap SP FF cation exchange column
(AmershamBiosciences) at a flow rate of 5ml/min. The column
was then washed with 15 ml of 20 mM MES, pH 6.8, 50 mM

NaCl, 1mM EDTA, 1mMMgCl2, 2mMDTT, and 0.1mM PMSF
until the A280 base line became stable. The K18 protein was
eluted with a salt gradient (50-1000mMNaCl over 25ml) in the
same buffer. One-milliliter fractions were collected and ana-
lyzed on SDS-PAGE. The fractions containingK18were pooled
and dialyzed into storage buffer (20 mM MES, pH 6.8, 50 mM

NaCl, 1mMEDTA, 1mMMgCl2, 2mMDTT, and 0.1mMPMSF)
and stored at �20 °C. Further purification was carried out by
size exclusion chromatography. This involved 0.5 ml of sample
being injected onto a Superdex 75 30/300 GL column (Amer-
sham Biosciences) at a flow rate of 1 ml/min. The protein sam-
ple was eluted with PBS, pH 7.4, over 2 column volumes. One-
milliliter fractions were collected, and those containing K18
species were stored at �20 °C. The purity of the resulting pro-
tein was established by SDS-PAGE, and subsequent densitom-
etry was carried out using Molecular Imaging software version
4.0 (Kodak).
Generating Oxidized Forms of K18—Purified K18 was dia-

lyzed against 100 mM Tris, pH 8.4, in the presence of 2 �M

CuSO4, which acted as an oxidizing agent. This was then incu-
bated at 37 °C for 8 h with shaking at 150 rpm (following the
protocols described in Ref. 34). The formation of disulfide
bondswas confirmed by SDS-PAGE, size exclusion chromatog-
raphy, and mass spectroscopy. Mass spectroscopy was carried
out on samples in 4-hydroxy-3,5-dimethoxycinnamic (in 70%
ACN and 30% 0.1% TFA) on a AB Sciex 480 PlusMALDI TOF/
TOF in linear mode with 6500 laser intensity. The spectra were
then calibrated using an external calibration file and confirmed
the presence of the disulfide bond in the oxidized K18
monomer.
Thioflavin T Assay—Aggregation was induced by incubating

K18 at a concentration of 50 �M in PBS, pH 7.4, in the presence
of 12 �M heparin and 1% protease inhibitor mixture (1 mM

PMSF, 1 mM EDTA, 1 mM EGTA, 1 �g/ml leupeptin, and 1
�g/ml pepstatin). 200-�l aliquots were incubated in a 96-well
plate and incubated at 37 °C with shaking at 120 rpm. The
aggregation time course was monitored using the conditions
described above with the addition of 25 �M ThT. Fluorescence
was monitored every 20 min over the course of 8 days using a
Fluoroskan Ascent (Thermo Scientific) with an excitation
wavelength of 450 nm and an emission wavelength of 485 nm.
Dynamic Light Scattering—Dynamic light scattering experi-

ments were carried out using a DynaPro Nanostar (Wyatt
Technology). Base-line measurements with the buffer alone
(without protein) did not show any scatter. Samples of K18
(concentration 50 mM in PBS, pH 7.4, 12 �M heparin, and 1%
protease inhibitor mixture), containing intermolecular disul-
fide bond and K18 solution containing a mixture of inter- and
intramolecular disulfide bonds were incubated at 37 °C with

shaking at 225 rpm for 5 h. Every hour a sample was taken and
assessed by dynamic light scattering. The samples (50 �l) were
placed in a disposable UV cuvette and measured using a func-
tion that accumulated 10 measurements/sample. The size dis-
tribution plots, the x axis showing a distribution of estimated
particle radius (nanometers), and the y axis showing the relative
intensity of the scattered light (percentage of mass) were ana-
lyzed and prepared with the software Dynamics V7.0.0.94
(Wyatt Technology).
Generating Ensemble of Structures for K18—Because we

have previously described our method for the construction
of an ensemble for K18 in detail (21), we only repeat the
salient features of the Bayesian weighting (BW) method
here. The BWmethod can be divided into two steps: (i) gen-
eration of a structural library that represents energetically
favorable conformations of the protein; (ii) estimating the
weights of these conformations and calculating their uncer-
tainties in a computationally efficient manner.
We generated a set of energetically favorable structures for

K18 by first dividing the protein into overlapping segments
eight residues long. A local sequence size of eight residues was
chosen for the size of the peptides used in the segment simula-
tions, which is approximately the size of the average persistence
length of a polypeptide (35). The sequence of K18 was divided
into 26 peptides of eight residues each, with an overlap of three
residues between adjacent segments.
A structural library for K18 was obtained by independently

sampling and joining peptide conformations of local segments
of the K18 sequence. This scheme is comparable with the struc-
ture generationmethods in statistical coil algorithms.However,
instead of building sequence structures one residue at a time,
the sequence is extended by independently sampling and add-
ing one peptide segment at a time. Starting with theN-terminal
segment, each subsequent segment structure is sampled inde-
pendently from the replica exchange molecular dynamics tra-
jectory and aligned by the backbone atoms of the three overlap-
ping residues. An individual K18 conformation is constructed
as a Protein Data Bank file, created with duplicate atoms erased
and residues renumbered. Structures were minimized to
remove bad contacts using 1000 steps of steepest descent min-
imization followed by 1000 steps of adopted basis Newton-
Raphson minimization. In the end a conformational library of
30,000 structures was constructed. To reduce the size of the
structural library to a number that could be easily run with the
BW algorithm, we used a simple pruning algorithm that
reduced the number of structures to 300, which largely cap-
tured the diversity seen in the larger initial set of structures.
Once the structural library is constructed, the BW method

for calculating a posterior distribution assigns a probability to
each possible choice of weights as a way of quantifying uncer-
tainty in the ensemble. The BW probability density function,
ƒW� |M� (w� |m� ), is calculated using Bayes’ theorem,

fW� �M� �w� �m� � �
fM� �W� �m� �w� � fW� �w� �

fM� �m� �
(Eq. 1)

where w� � {mi}i�1
n denotes the set of population weights for n

structures in the structure library andm� � {mi}i�1
k denotes the
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set of k experimental measurements. To calculate Equation 1,
we must specify a likelihood function, ƒM� |W� (m� |w� ), and a prior
distribution, ƒW� (w� ). This prior distribution, ƒW� (w� ), is chosen to
represent a priori knowledge about the weights, w� , and can be
estimated from the potential energies of the structures in the
structural library.
The likelihood function, ƒM� |W� (m� |w� ), describes the probabil-

ity of observing the experimental data, m� , for a given weight
vector, w� . In practice a likelihood function is defined for each
type of experimental measurement, e.g. residual dipolar cou-
pling (RDC), chemical shift, radius of gyration estimate, etc.,
yielding separate probability distributions for each type of
experiment; e.g. ƒM� |W�RDC (m� |w� ), ƒM� |W�R(G) (m� |w� ). The precise form of
each likelihood function was described in our prior work (21).
The overall likelihood function is a product of the various like-
lihood functions.

fM� �W� �m� �w� � � f M�W�
R�G��mR�G��w� � f M� �W�

RDC�m� RDC�w� �

� �
j � 1

NCS

f Mj�W�
CS �mj

CS�w� � (Eq. 2)

A Markov chain Monte Carlo algorithm was used to calculate
the needed integrals (21). The posterior density given by Equa-
tion 1 can be simulated using Gibbs sampling. A Metropolis-
Hastings step was implemented for sampling the weights using
a simplicial normal distribution centered at the current weight
vector as the proposal distribution. The proposal distribution
had an isotropic variance that was tuned during an equilibra-
tion period so that about 25% of the steps were accepted.
The tauMarkov chainMonte Carlo simulations consisted of

a 100-million step equilibration period followed by a 1-billion
step sampling period to yield a sample size of 50,000 weight
vectors. The running averages for the BW estimates and the
posterior expected divergence were monitored to ensure that
convergence was achieved. Experimental measurements con-
sisted of NMR chemical shifts, residual dipolar couplings, and
small angle x-ray scattering data (36–38). Experimental errors
were taken to be 0.1 ppm (39), 1Hz, (37, 40), and 3Å (38) for the
chemical shifts, RDCs, and radius of gyration, respectively.
Errors in the SHIFTX predicted chemical shifts were taken
from Neal et al. (41).

Once the ensemble was constructed we wished to determine
what structures in the K18 ensemble were capable of forming a
disulfide bond between the two naturally occurring cysteine
residues (residues 291 and 322 using the numbering from the
longest tau isoform). We looked at the C�–C� distance
between residues 49 and 80 in all structures within the ensem-
ble; i.e. a C�–C� distance of�6.5 Å is a necessary condition for
disulfide cross-link formation (42). Only two structures in the
ensemble had a C�–C� distance that fulfilled these criteria.

RESULTS

GeneratingOxidized Forms of K18—Humanneurons contain
six isoforms of tau protein that arise from the alternate splicing
of exons 2, 3, and 10 of the MAPT (microtubule-associated
protein tau) gene located at the locus 17q21 on chromosome 17
(43–47). These isoforms range in length between 352 and 441

amino acids and contain a number of microtubule binding
repeats (MTBRs), which are located near the carboxyl terminus
of tau and contain either three or fourMTBRs. The 130-residue
protein, K18, which was used in this study, is a 4R truncation
mutant that contains all four MTBRs. Of note, the second (R2)
and third (R3) repeats contain hexapeptide sequences (PHF6*
and PHF6, respectively) that have been shown to initiate tau
aggregation in vitro (48–50).
K18 was purified using was a technique similar to that

reported by Barghorn et al. (32) (Fig. 1, lane 1). Purification was
carried out in the presence of DTT to prevent disulfide bond
formation. SDS-PAGE of the purified protein was carried out
afterDTTwas dialyzed off, and the result is shown in Fig. 1, lane
1. Even though a reducing agent was used during purification, a
faint highmolecularmass band is presentwhenwild-type (WT)
K18 is run under nonreducing conditions (Fig. 1, lane 1) that
disappears when the protein is reduced (Fig. 1, lane 4). This
suggests that some small amount of intermolecular disulfide
bonds form after DTT is removed from the buffer.
Incubation ofWTK18 in the presence of 2�MCuSO4, which

acts as an oxidizing agent (34), yields multiple oligomeric spe-
cies (Fig. 1, lane 2) corresponding to dimers, trimers, and other
higher order forms. Because the protein is run under nonreduc-
ing conditions, the bands run at different molecular masses
depending on their disulfide bonding pattern; i.e. a dimer that
contains two intermolecular disulfide bonds will run at a differ-
ent molecular mass than a dimer that contains only one inter-

FIGURE 1. Purified K18. Lanes 1–3 were run under nonreducing conditions,
whereas lanes 4 – 6 were run under reducing conditions. The compact mono-
mer formed upon intramolecular disulfide bonding was purified by size
exclusion chromatography. Samples were run under nonreducing (lanes 1–3)
and reducing conditions (lanes 4 – 6). The molecular masses according to the
densitometry data are 16.6 kDa for K18 and 15.7 kDa for the more compact
monomer formed under oxidizing conditions. The molecular masses of the
higher order species in lane 2 range from 24.0 to 47.7 kDa.
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molecular disulfide bond. The monomer fraction was isolated
from themixture of oligomers using size exclusion chromatog-
raphy and purified (under nonreducing conditions) to at least
95% purity (Fig. 1, lane 3). The presence of a single intramolec-
ular disulfide bond in the monomeric fraction was confirmed
by MALDI mass spectroscopy (51). Furthermore, we note that
the band corresponding to the monomer fraction is slightly
shifted to lower molecular masses, a finding that likely reflects
that the disulfide bonded monomer is more compact that the
reduced monomeric protein (Fig. 1, lane 3 and lowest band in
lane 2). This is supported by the observation that the shift in
molecular mass is reversed when the protein is reduced (Fig. 1,
lane 6).
Characterizing Aggregation Propensity of WT and Oxidized

K18—A ThT assay was used to assess the propensity of both
WT and oxidized K18 to form fibrils. Because ThT binds to
aggregates containing �-strands, an increase in fluorescence
suggests the formation of amyloid fibrils (52, 53). Although the
experiment was allowed to run for 8 days, the subsequent plots
only contain data for the first 90 h (�4 days) because there was
no change in the fluorescent data from day 4 to day 8. Over the
8-day time course an increase in fluorescence was observed for
bothWTK18 (see Fig. 2, black) and oxidized K18 (Fig. 2, cyan),
with the greatest increase in fluorescence being associated with
the oxidized sample, which contains compact monomers and
higher order disulfide bonded oligomers (Fig. 1, lane 2). By
contrast, the fluorescent reading from the oxidizedmonomer is
nearly flat, suggesting that fibrillar structures are not formed by
this species (Fig. 2, magenta). The failure of the monomeric
oxidized species to form aggregates, in contrast to the oxidized
sample (that contains higher order disulfide bonded forms)
argues that the formation of intermolecular disulfide bonds
promote tau aggregation. This finding is in agreement with
prior studies (18, 19, 25, 27). The fact that aggregation of the
fully oxidized solution has a longer lag time than the aggrega-
tion of the WT protein is explained by the fact that the fully
oxidized protein contains a significant fraction of monomeric
species that retard aggregation.

Although the monomeric species does not form fibrillar
structures, it is possible that the protein does form soluble olig-
omers. To explore how the formation of intramolecular disul-
fide bonds affects the formation of soluble oligomeric species,
as opposed to fibrils, we measured the dynamic light scattering
for each of the different K18 species during for the first 5 h after
incubating protein samples with heparin, which initiates aggre-
gation. This period corresponds to the early portion of the
aggregation pathway, before any significant increase in ThT
fluorescence is observed (Fig. 2). At time 0, solutions with WT
K18, oxidized K18, and the oxidized K18 monomer contain
oligomers that have hydrodynamic radii below 3 nm (Fig. 3).
After 5 h, however,WTK18 forms oligomeric species that have
hydrodynamic radii that range from10nm to�2000 nm (Fig. 3,
top panel). By contrast, solutions containing oxidized K18 and
the oxidizedmonomer are relatively devoid of species with high
hydrodynamic radii (Fig. 3, middle and bottom panels). The
similarity between the data from the oxidized K18 species and
its monomeric fraction is not surprising in light of the fact that
the solution containing oxidized K18 is composed largely of
oxidized monomers (Fig. 1, lanes 2 and 3). Moreover, as is
shown in Fig. 2, the ThT fluorescence for oxidizedK18 does not
plateau until approximately 50 h. These data argue that both
the formation of soluble oligomers and fibrillar species is
delayed in conformers that contain an intramolecular disulfide
bond.
Correlating Structure with Aggregation Data—Previous

observations have suggested that intramolecular disulfide
bonds between the twonaturally occurring cysteines in tau pro-
tein lead to a compact structure that is unable to form extended
�-structure, a hallmark of tau fibrils (19, 28). Nevertheless, this
qualitative hypothesis does not provide insight into the precise
structural features that explain why intramolecular disulfide
bonds prevent aggregation. To gain insight into the particular
conformational constraints that affect tau self-association, we
interpret our aggregation data in light of an atomistic model of
the K18 unfolded ensemble, whichmodels the thermally acces-
sible states of the protein.
In general, wemodel an IDP as a set of interconverting, struc-

turally diverse conformers. We say that an ensemble is fully
specified when one is given a predefined set of conformers that
represent the dominant thermally accessible states, and their
associated weights, or relative stabilities. In the case of K18,
exposing the protein to oxidizing conditions yields a series of
disulfide bonded species, as schematically shown in Fig. 4. The
monomeric fraction is of particular interest because conform-
ers that place the two naturally occurring cysteine residues in
positions that are consistent with the formation of a disulfide
bond will be stabilized when the protein is oxidized (Fig. 4).
Hence, the oxidized monomeric fraction will be enriched with
these structures, even if the initial ensemble (prior to oxidation)
contains a small number of conformers that are consistent with
intramolecular disulfide bond formation.
In a previous work we constructed an ensemble for reduced

K18 using a BW formalism (21). The method combines data
from experiment (typicallyNMRchemical shifts, residual dipo-
lar couplings, and small angle x-ray scattering data) (36–38)
with an efficient conformational search algorithm to construct

FIGURE 2. �-Sheet-specific aggregation of K18, oxidized K18, and oxi-
dized K18 monomer monitored by ThT fluorescence. Results represent
the average (and S.D., error bars) of three independent samples. The experi-
ment was run for 8 days; however, only data from the first 90 h are shown (�4
days). There was no change in the ThT fluorescence between days 4 and 8.
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and evaluate different ensembles that represent the unfolded
state of a disordered protein. To be precise, the BW algorithm
yields a posterior probability distribution over all possible ways

of assigningweights to structureswithin a predefined structural
library, yielding a wealth of information about the different
“ensembles” that model the protein of interest. The Bayes’ esti-

FIGURE 3. Soluble oligomer formation as assessed by dynamic light scattering for WT K18 (black, top panel), oxidized K18 (cyan, middle panel), and the
oxidized K18 monomer fraction (magenta, bottom panel). Solid lines represent data at time 0 h, dashed lines correspond to measurements at 5 h.

FIGURE 4. Schematic representing how exposure to oxidizing conditions traps conformers with intramolecular and intermolecular disulfide bonds.
The thiol groups of the two naturally occurring cysteine residues are explicitly shown. Most notably, the monomeric fraction from the oxidized solution
contains conformers that have appropriately positioned cysteine residues.
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mate,w� B, corresponds to themean (or expected value) over the
entire posterior distribution and is intended to represent the
relative weight, or stability, of each structure in the structural
library. Together the Bayes’ estimate, w� B, and the structural
library correspond to a reasonable choice for the protein
ensemble.
Although it is important to demonstrate that any potential

ensemble yields calculated observables that agree with experi-
ment, it is important to note that agreement with experiment
alone is not sufficient to ensure that the constructed ensemble
is correct (21). This is because the number of experimental
constraints used to construct the ensemble is typically much
smaller than the protein degrees of freedom. Hence, there are
typically many different ensembles that one can construct that
agree with a given set of experimental data (21). In light of this, it
is important to developquantitativemeasures of one’s uncertainty
in the underlying ensemble. One advantage of the BWmethod is
that it provides a built in parameter called the posterior diver-
gence, also called the uncertainty parameter, 0� �w� (B) � 1, which
provides a quantitative measure of how correct the resulting
ensemble is. This metric is akin to the S.D. of Gaussian distri-
bution and therefore measures the “spread” of the posterior
density function. When �w� (B) � 0, we can be reasonably cer-
tain that the ensemble is correct; however, when �w� (B) � 1 we
cannot say with certainty that the ensemble is accurate. Nev-
ertheless, in this latter case we can provide precise confi-
dence intervals, using the posterior distribution, for calcu-
lated values of interest.

Application of the BW method to a set of 300 diverse con-
formers (Fig. 5A) yielded an ensemble that has calculated
ensemble averages that agree with the NMR data (21) (Fig. 5, B
andC). In addition, the average radius of gyration of the ensem-
ble is 36� 0.6 Å, comparedwith the experimental value of 38�
3 Å. For this ensemble the uncertainty parameter is nonzero
(�w� (B)� 0.33); however, we can provide confidence intervals for
calculated observables that quantify our uncertainty.
The experiments discussed in the preceding sections suggest

that disulfide bondedK18monomers are aggregation-resistant.
To understand how the formation of intramolecular disulfide
bonds leads to aggregation-resistant conformations, we deter-
mined what structures within our K18 ensemble are capable of
forming disulfide bonds. To this end, we computed the C�–C�
distance between residues 291 and 322 (numbering based on
the longest isoform) in all structures within the ensemble; i.e.
C� atoms of the naturally occurring cysteine residues. Because
a C�–C� distance of �6.5 Å is a necessary condition for disul-
fide cross-link formation (42), this allows us to identify struc-
tures that can potentially form intramolecular disulfide bonds.
An analysis of the Bayes’ ensemble suggests that only 2.1% of

structures in the unfolded ensemble (90% confidence interval,
0.2–2.9%) can form disulfide bonds, and all of this probability is
concentrated in two conformers (Fig. 6,A and B). To assess the
aggregation potential of these structures we focus on the aggre-
gation-prone hexapeptide sequences, PHF6* and PHF6, that
are known to beminimal interactionmotifs that can initiate the
formation of �-rich tau aggregates in vitro (49, 50).We hypoth-

FIGURE 5. A, alignment of the 300 structures representing the K18 ensemble under conditions that do not favor the formation of disulfide bonds. B and C,
calculated C� chemical shifts (B) and RDCs (C) show good agreement with experiment.
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esize that structures that place these hexapeptides in �-strand
(or extended) conformations are more likely to form cross-�-
structure with other tau monomers (49, 50, 54). Secondary
structure analysis with STRIDE (13) of these structures sug-
gests that both of these conformers have 	5% extended struc-
ture. More importantly, no residue in either PHF6* or PHF6
adopts extended structure in these structures, which, again,
constitute conformers in the ensemble that could form disul-
fide bonds.
It may be that the potential disulfide bonded structures

shown in Fig. 6,A andB, are lacking extended structure because
the conformational sampling algorithm that generated the 300
structures in the ensemble only generates structures that are
devoid of secondary structure. In other words, it is possible that
the absence of extended structure in the conformations shown
in Fig. 6, A and B, is a consequence of how we chose structures
to be in the ensemble. Therefore, to determine whether the
Bayes’ ensemble contains any structures that contain extended
structure in the PHF6* and PHF6hexapeptides, we searched for
structures in the ensemble that placed either the PHF6* or
PHF6 hexapeptides in solvent-exposed and extended confor-
mations. Two such structures are shown in Fig. 6, C and D. In
the structure shown in Fig. 6C the PHF6* region adopts a fully
extended strand that is part of a �-hairpin. Similarly, in the
structure in Fig. 6D the PHF6 region adopts a strand that is
again part of a �-hairpin. Note that in both structures, residues
291 and 322 are too far apart to form a disulfide bond; i.e. their
C� interatomic distances are 71.6 Å and 68.1 Å, respectively.
Hence, although the ensemble does contain conformers that
place aggregation-prone subsequences in conformations that

can readily form cross-�-structure, structures that can form
intramolecular disulfide bonds do not. Moreover, although
it has been argued that intramolecular disulfide bonds prevent
aggregation simply by forming relatively compact states that
cannot form extended structure (19, 28), our data suggest
that the explanation is more complex. Indeed, the radii of gyra-
tion of the four structures in Fig. 5 are 28.7, 26.8, 47.0, and 32.1
Å for structures A, B, C, and D, respectively. Interestingly, the
radius of gyration of structures 6, A and D, only differ by 3.4 Å.
Whereas the radius of gyration of the structures shown in Fig. 6,
A and D, are similar, the conformers differ in other ways. The
structures that can form disulfide bonds do not place aggrega-
tion-prone sequences in a conformation that is conducive to
the formation of cross-�-structure and structures that do not
form disulfide bonds have aggregation-prone features (Fig. 6,C
and D).

DISCUSSION

Understanding the structural determinants of tau self-asso-
ciation is of the utmost importance as tau aggregation has been
implicated in a number of neurodegenerative disorders (4–7).
A number of environmental factors such as the oxidation state
and the presence of polyanions and fatty acids have been shown
to have a significant effect on the aggregation kinetics of tau
protein in vitro (19).
In this study we demonstrate that fully oxidized species form

more fibrils relative to the WT (Fig. 2) but oxidized forms of
K18 that contain an intramolecular disulfide bond are aggrega-
tion-resistant. The greater propensity to form fibrillar aggre-
gates by the fully oxidized state is explained by the fact that the
oxidized protein contains higher order structures that contain
intermolecular disulfide bonds, thereby facilitating tau self-as-
sociation. By contrast, explaining the aggregation-resistant
properties of the oxidized monomeric protein is less straight-
forward. Previous studies on tau mutants suggest that mono-
meric forms of tau protein, which cannot form intermolecular
disulfide bonds, can still aggregate (24). Consequently, the role
that intramolecular disulfide bonds play in preventing tau
aggregation is more complex than simply stabilizing themono-
meric protein. We therefore hypothesized that intramolecular
disulfide bonds introduce conformational preferences that
retard tau aggregation. Hence, although the importance of the
tau oxidation state has yet to be clarified in vivo, the existence of
an aggregation-resistant form of tau (i.e. the oxidized mono-
meric protein) provides a unique opportunity to deduce struc-
tural features of the unfolded ensemble that retard tau
aggregation.
Although previous studies have argued that oxidized tau

monomers are aggregation-resistant precisely because intra-
molecular disulfide bonds lead to the formation of compact
monomers that cannot form extended structure (19, 25, 26,
28–31), our data argue that the effects of intramolecular disul-
fide bond formation are more subtle. By analyzing an atomistic
ensemble for K18, we are able to correlate data from the disul-
fide trapping experiments with structural preferences in the
unfolded state. Our method for generating the atomistic struc-
tural ensemble is based on a BW formalism (21). The result is a
Bayes’ ensemble for K18 that consists of a set of structures and

FIGURE 6. Backbone traces from representative structures from the
Bayes’ ensemble. A and B, C� atoms of residues 291 and 322 are denoted as
green spheres. Two structures have C�–C� interatomic distances that are con-
sistent with disulfide bond formation between residues 291 and 322. The
structures shown in A and B have C�–C� distances of 5.4 and 6.6 Å, respec-
tively. C and D, two structures from the Bayes’ ensemble place the PHF6* (red)
and PHF6 (yellow) in extended conformations.
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a set of population weights. In Fig. 6, A and B, we show the two
structures in the ensemble that can potentially form disulfide
bonds. Although only two structures are shown, their associ-
ated population weights allow us to quantify how much of the
ensemble resembles these structures; i.e. �2.1% of the struc-
tures in the unfolded ensemble resemble the structures shown
in Fig. 6, A and B. Moreover, an added advantage of the BW
method is that we can add error bounds to this estimate. In the
present case we can say with 90% confidence that the percent-
age of structures in the K18 unfolded ensemble that resemble
the structures shown in Fig. 6,A and B, is between 0.2 and 2.9%.
Structures in the ensemble that can potentially formdisulfide

bonds have similar radii of gyration to structures that have
aggregation-prone features. More precisely, our observations
argue that the structures having intramolecular disulfide bonds
have distinct conformational preferences in that they place the
aggregation-prone sequences, PHF6* and PHF6, in conforma-
tions that cannot readily form cross-�-structures. Hence, it is
the precise conformational preferences in aggregation-prone
subsequences within tau that may explain the aggregation
properties of disulfide-bonded K18 monomers and not simply
their degree of compaction. These data highlight the need to
interpret experimental observations on IDPs in terms of precise
atomistic models that capture important features of the
unfolded ensemble. Moreover, studies that further our under-
standing of the molecular features that prevent tau aggregation
can serve as a springboard for the design of therapies that pre-
vent tau aggregation. For example, therapies that stabilize con-
formations that are relatively aggregation-resistant (e.g. the
structures shown in Fig. 6,A and B) may form a viable means of
preventing tau aggregation in vivo.
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