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Abstract

A human molecular chaperone protein, DNAJBG6, is
an efficient inhibitor of amyloid aggregation owing
to a unique motif with conserved S/T-residues with
high capacity for hydrogen bonding. Global analysis
of kinetics data previously showed that especially
the primary nucleation rate is inhibited. It was
concluded that DNAJB6 achieves this remarkably
effective and sub-stoichiometric inhibition by
interacting not with the monomeric unfolded
conformations of the amyloid-p (AB) peptide but
with aggregated species. The pre-nucleation
oligomeric aggregates are transient and difficult to
study experimentally. Here we employed an
approach to directly detect oligomeric forms of AP
formed in solution by subsequent analysis with
native mass spectrometry (native MS). Results show
that the signals from the various forms of AP (1-40)
oligomers were reduced considerably in the presence
of DNAJB6, but not with a mutational variant of
DNAIJB6 in which the S/T-residues were substituted.
With focus on DNAJB6 we could also detect signals
that appear to represent DNAJB6 dimers and trimers
to which varying amounts of A is bound. These data
provide direct experimental evidence that it is the
oligomeric forms of Ap that are captured by
DNAIJB6 in a manner which is dependent on the S/T
residues. Strong binding of A oligomers to
DNAIJB6 should indeed inhibit the formation of
amyloid nuclei, in agreement with the previously
observed decrease in primary nucleation rate.

Introduction

Amyloid fibril formation by misfolded or
intrinsically disordered proteins has recently been
successfully described by kinetic models based on
microscopic rate constants for fibril nucleation,
fragmentation and elongation (1, 2). Nucleation can
be divided into events which are only dependent on
the monomer concentration (primary nucleation) and
events which are dependent on both the monomer
and fibril concentration (secondary nucleation).
Amyloid-p  (AP) peptide, a disease-related
amyloidogenic agent in Alzheimer’s disease, is an

intrinsically disordered peptide of 39-43 amino acid
residues, which is very aggregation-prone. The two
most abundant forms are the 40 and 42 residues long
peptides, AP(1-40) and AP(1-42), with AP(1-40)
being the most abundant and AP(1-42) with two
additional hydrophobic residues being the more
aggregation-prone and disease-related form (3). The
AP amyloid aggregation process has been found by
such kinetic analysis to be dominated by fibril
catalyzed secondary nucleation (4). The difference
in aggregation rates between AB(1-40) and AB(1-42)
has also been shown to be due to a lower nucleation
rate for AP(1-40), particularly the primary
nucleation rate (5). Kinetic analysis gives insight
into the different assembly rates underlying the
formation of aggregates but does not include any
detailed structure of the states along the aggregation
pathway. The exact pathway for structural assembly
of AP is currently not known in detail but a brief
general overview is given here and summarized in
Fig. 1.

Monomeric peptides of AP are predominantly
unstructured in solution, but can access a transient 3-
hairpin fold, which may be important for the
aggregation process (6-9). The smallest peptide
aggregates are termed oligomers, several definitions
for these species are, however, used in the field
based on, for example, size, growth rate, structure or
function (10), and many studies use an operational
definition based on what the employed method can
detect. Studies have reported that various types of
AP oligomers are toxic species formed in the
amyloid assembly pathway (11-14). We here use an
operational definition of oligomers (oligo — “a few”)
as soluble assemblies of 2-12 peptides (9-60 kDa)
that are detectable by native mass spectrometry (15).
Larger oligomeric structures which have grown
more fibril-like with an elongated linear shape are
usually termed protofibrils (16, 17). Protofibrils can
also be defined as the smallest AP structures that
bind Thioflavin T (ThT), an amyloid specific dye
which increases its fluorescence quantum yield upon
binding to amyloid structures (18). It has been found
by Fluorescence Correlation Spectroscopy that the
smallest ThT active aggregate consists of around 60
AP peptides (19). These protofibrils then eventually
form large fibrils. The term “nucleus” is defined as
the smallest aggregate for which addition of a
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monomer is energetically more favorable than loss
of a monomer unit (10). The nucleus therefore
corresponds to the aggregated species with the
highest surface energy (Fig 1B). The exact molecular
details of AP amyloid nuclei are not known in detail.

The term oligomer is used in the literature to
describe species both smaller and larger than the
nucleus. A recent quantitative analysis of small on-
pathway oligomers of AP(1-40) and AP(1-42)
reveals that these oligomers dissociate more quickly
than they convert to fibrillar species (20). Thus,
monomers undergo multiple oligomerization events
on the path to fibrils and the oligomers are highly
transient and dynamic species. The small oligomers
which are the topic of our present study are therefore
to be considered as pre-nucleation species.

The link between changes in kinetic parameters for
amyloid formation by AP and changes in directly
observable structural peptide states of AP is not
straightforward. Microscopy techniques can be used
to monitor if formation and morphology of large
fibrils correlate with changes observed from
experimental kinetic assays. The smaller oligomeric
aggregates are harder to study directly due to their
transient and heterogenous nature, as well as their
coexistence with monomers and large aggregates.
The challenge is illustrated by the fact that the total
AB(1-42) oligomer population, of various
oligomerization states (21), has been found to reach
at maximum 1.5% of the total monomer
concentration (4). This represents a major
experimental challenge as most biophysical
techniques only report on an average of the
monitored ensemble of states as weighted by their
populations. One of the few available experimental
techniques for direct detection of oligomers is native
mass spectrometry (MS), where oligomeric peptide
states can be observed individually and in parallel.
We have previously used such an approach to
describe the exact oligomeric states of AB(1-40) and
AP(1-42) peptides in micellar environments (22).

In the current study, the oligomeric forms of AB(1-
40) peptide are investigated using native MS, and the
effect of the human chaperone DNAJB6 on AP
oligomerization is studied. The anti-amyloid
function of DNAJB6 was found when screening the
human chaperones for suppressors of polyQ
(polyglutamine) peptide aggregation (23). Since
then we have characterized DNAJB6 as a
remarkably efficient suppressor also of Ap amyloid
aggregations (24, 25) The protective function of
DNAIJBG6 observed in vitro appears to be highly
relevant also in vivo, with evidence provided using
cells and a mouse disease model that showed
considerably delayed aggregation and disease onset
(26). A crucial role for DNAJB6 is emphasized by
its identification, more than two decades ago, as Mrj

(mammalian relative to DnaJ) in gene trapping
studies with mural embryonic stem cells where Mrj
mutants died already at the embryonal stage (27).

Our data with kinetic analysis of AP aggregation
(28) reveal that that DNAJB6 is able to inhibit the
primary nucleation of amyloid formation by binding
aggregated AP species in a process that is dependent
on its conserved S/T-residues. Inhibition requires
only sub-stoichiometric molar ratios of DNAJB6.
At high concentrations the DNAJB6 chaperone
forms large megadalton oligomers which are in
equilibrium with dissociated subunits in a
concentration-dependent  manner. The  anti-
aggregation effect of DNAJB6, attributed to the
binding of oligomeric rather than monomeric forms
of AB (28), is here extended upon and using native
MS we directly demonstrate the capturing of pre-
nucleation AP oligomers by DNAJB6.

Results

DNAJBG6 efficiently suppresses the primary
nucleation of AB(1-40) during amyloid formation
To investigate the interactions with the A oligomers
we have used DNJB6 (DNAJB6 WT) and the
mutational variant (DNAJB6 S/T18A) in which the
functionally important serine and threonine (S/T)
residues in DNAJB6 were substituted into alanine
(Fig. 2A). These residues surround a peptide-binding
cleft at the interface between two monomers (Fig.
2B), according to our structural model (29). The
functionality of DNAJB6 measured as its capacity to
suppress aggregation and fibril formation by AB(1-
40) is shown as a delay in the time-dependent ThT
fluorescence increase during APB(1-40) aggregation
(Fig. 2C, grey trace). Amyloid aggregation is
delayed in the presence of DNAJB6 and the lag time
is increased compared to the control sample with
APB(1-40) only (green trace), with no effect on the
growth rate. This is typical for inhibition of primary
nucleation and in agreement with previous results for
DNAJB6 with AB(1-42) (24), and the low amounts
sub-stoichiometric of DNAJB6 required was 10-fold
lower for AB(1-40) (Fig. S1). Such delay in
aggregation was neither observed for the mutational
variant S/T18A of DNAJB6 (cyan trace), nor for
crosslinked DNAJB6 (purple trace), which is locked
in oligomeric states, as revealed by denaturing
electrophoresis (Fig. S2), and dissociation of
DNAIJB6 oligomer is prevented.

Oligomers of AB(1-40) are detected by native MS
Positive ion mode native MS analysis of AB(1-40) in
ammonium acetate solution pH 7 reveals an m/z
distribution where the major peaks correspond to
monomer ions with 2-5 positive charges and smaller
amounts of dimers, trimers and tetramers are also
detected in several different charge states (Fig. S3),
in agreement with previous observations (15, 22).
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The low relative intensity for oligomers detectable in
native MS is in agreement with the conclusions
based on a number of other methods that AP
oligomers only constitute a few percent of the total
AP peptide population (21).

Oligomers can overlap in the mass/charge (m/z)
dimension of the mass spectrometer (e.g. a monomer
2+ ion will overlap with a dimer 4+ ion). We
therefore annotate peaks by their oligomeric
state/charge (n/z) ratio. Overlapping n/z states can
often be deconvoluted using the !'3C isotopic
distribution (Fig. S4) or by using ion mobility
measurements.

The signal intensities detected in native MS cannot
directly be used to quantify the absolute solution
state concentration of each species. It has to be
considered that monomers and different oligomeric
states may not have the same ionization efficiency
and that oligomers may, to some extent, dissociate or
associate in the gas phase. We have normalized all
signals by taking relative intensities, defined as the
ratio between the mass intensity of a particular ion
signal and the sum of the mass intensity of all
detected signals in a mass spectrum. We then
consider the changes of relative intensity, within
each specific charge state of a certain oligomer, in
samples without or with a 1 h incubation in solution.
These values we consider relevant as proxy reporter
for the concentrations in solution.

Pre-incubation with DNAJB6 decreases the
amount of free AB(1-40) oligomers

Aliquots of AB(1-40) were pre-incubated in solution
(37°C, 1h), in the absence or presence of DNAJB6
(WT or the mutational variant S/T18A), to permit
formation of oligomers as outlined in Fig 3A. The
control samples pre-incubated in absence of
DNAJB6 were supplied with a corresponding
amount of DNAJBG6 right before native MS, to avoid
differences in AB(1-40) ionization efficiency caused
by addition of DNAIJB6. AP(1-40) peaks were
normalized relative to the sum of all AB(1-40)
signals in the mass spectrum.

The n/z signals 2/5, 3/7 and 4/9 represent relatively
high intensity signals for the dimeric, trimeric and
tetrameric states of AB(1-40) respectively, which do
not overlap with other oligomeric signals in the m/z
dimension as they have odd number of charges (Fig
S3B). These n/z states were monitored as presented
in Fig. 3B-D. The signal intensities for AB(1-40)
oligomers increased after 1 h (left panels, black
lines) compared to time zero (left panels, shaded
lines), when pre-incubated in the absence of
DNAJB6. This increase reports on the amount of
AB(1-40) oligomers formed in solution during 1 h.
In contrast, the signal intensities did not increase
after pre-incubation in presence of DNAJB6 (middle

panel), instead there was a decrease. This indicates
that that the free dimers, trimers and tetramers of
AB(1-40) have been captured and removed from the
soluble peptide pool by DNAJB6 during the pre-
incubation. This is not observed upon pre-incubation
with the mutational variant of DNAJB6 which lacks
the S/T residues (right panel).

Experiments were also conducted to evaluate the
concentration dependency of the DNAJB6 effect. As
shown in Fig. 4 for the signals from AB(1-40) with
n/z = 2/5, the decrease is linear with the DNAJB6
concentration (inset). The same trend is observed
also for the other oligomeric states (Fig. S5). This
illustrates that a larger amount of DNAJBG is able to
capture a larger amount of AP oligomers.

The data in Fig. 3 and Fig. 4 show that our native MS
data provide direct experimental observations
supporting the conclusion from kinetic analyses that
DNAJB6 can remove the oligomeric forms of Af
from solution, thereby preventing the growth and the
proliferation of AP aggregates. The weak effect of
the mutational variant DNAJB6 S/T18A confirms
the importance of the S/T-residues for interaction
between the DNAJBG6 chaperone and the oligomeric
pre-nucleation AP aggregates.

Changes in AB(1-40) oligomer intensities are
dependent on oligomeric state and charge state
The observations for the three n/z signals shown in
Fig. 3 are observed also for the other charge states,
but to a varying extent (Fig. S6-S8). In the following
we consider the change of relative intensity, within
each oligomer and specific charge state, as a proxy
reporter for the solution concentration of that
species. The relative intensity Iz is defined as the
ratio between the mass intensity of a particular ion
signal and the sum of the mass intensity of all
detected AP signals in the mass spectrum. The
change in relative intensity (Ira n/Ir © n), is the
relative intensity at the end compared to the start of
the 1 h pre-incubation in solution.

The change in relative intensity is shown for each
detected AP ion in Fig. 5. Only n/z signals where the
exact oligomeric state could be distinguished in mass
dimension by the 13C isotopic pattern (Fig. S4) were
evaluated. The change in relative intensity over 1h
of pre-incubation is shown for each charge state and
each oligomer state of AB(1-40) without DNAJB6
(Fig. 5A, left panel, green), with DNAJB6 (Fig. 5A,
middle panel, grey) and with the DNAJB6 S/T18A
mutant (Fig. SA, right panel, blue). The effect per
oligomeric state when averaging over all charge
states is shown in Fig. 5B. (without DNAJB6, with
DNAJB6 WT and with DNAJB6 S/T18A). Some
observations can be made of the events during the 1
h pre-incubation:
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(i) Without DNAJB6 all AP(1-40) oligomeric
species increase in relative intensity. Higher
oligomeric states increase more than lower
oligomeric states. (e.g. tetramers more than dimers,
Fig. 5A, left panel).

(i1) The relative intensity of low charged n/z signals
increase more than high charged n/z signals, and
even monomers show a shift towards lower charge
states upon incubation (Fig. 5A, left panel).
Charging in electrospray ionization under native
conditions is generally proportional to the solvent
accessible surface area of the protein (30). This
charge-state dependence thus indicates that during
the incubation there is an increase of low
charge/compact forms of the AP oligomers.

(iii) DNAJB6 stops formation of new oligomers and
removes already formed oligomers during the 1 h
pre-incubation (Fig. SA, middle panel). The removal
of oligomers is most pronounced for the low
charge/compact forms of the AP oligomers.

(iv) DNAJB6 mutant ST18A does not remove
already formed oligomers but to some extent hinders
formation of new oligomers (Fig. SA, right panel).
The molar ratio of AB to DNAJB6 is high (1:0.1)
compared to that required for inhibition of
aggregation (Fig. 2) so unspecific effects may occur.

The ion mobility of the AP ions was measured to
detect possible shifts in the AP conformational
ensemble, as suggested by the charge state
distribution analysis. Although shifts in the drift time
profiles of n/z signals were observed there were no
clear trends for shifts towards compact or extended
states upon incubation with DNAJB6 WT (Fig. S9).
It should be noted that ion mobility reports on gas
phase structure rather than solution state structure.
The difference in structure in the two different
environments will be especially large for weakly
structured proteins such as Af, as the apolar vacuum
of the mass spectrometer may stabilize structure due
to increased intramolecular hydrogen bonding (31,
32). The analysis of charge-state distributions should
therefore be a better tool in this case, as this reports
on structure changes in the solution state where the
ionization process takes place.

APB(1-40) binds to dissociated DNAJBG6 oligomers
A higher concentration (37 uM) of DNAJB6 was
injected into the mass spectrometer for direct
detection of the chaperone itself. DNAJB6 monomer
signals, with a narrow distribution of two major
charge states of 9+ and 10+, were detected (Fig. 6A).
The narrow charge-state distribution and low charge
is indicative of a folded state. Well-established
theory for charging of folded proteins predict that a
27 kDa protein (DNAJB6 monomer), would carry an
average charge of 10.5 (33, 34). No other DNAJB6

signals were observed. Previous studies show that
DNAJBG6 occurs as oligomers in the MDa range (29),
in equilibrium with dissociated subunits. Such large
oligomers are beyond the mass range of the here
used mass spectrometer and therefore not possible to
observe.

Interestingly, new peaks appeared when DNAJB6
(37 pM) was supplied with AB(1-40) (1 puM)
immediately prior to injection (Fig. 6B). These new
peaks show peak broadening and mass shifts to
masses slightly higher than twice the mass of the
observed DNAJB6 monomer peaks. This could
correspond to DNAJB6 dimers and trimers, with
masses in agreement with 1-4 copies of the AB(1-40)
peptides bound, as shown in the inset in Fig. 6B. This
suggests that dissociation of the DNAJB6 oligomers
occurs in presence of AP(1-40), and that small
complexes form between dissociated DNAJB6 and
captured AB(1-40), as outlined in Fig. 6C.

However, if DNAJB6 was crosslinked, no peaks
corresponding to DNAJB6 monomer signals were
detected upon injection (Fig. 6D) and no new peaks
representing small complexes of dissociated
DNAJB6 and captured oligomers were detected in
presence of AB(1-40) (Fig. 6E), only signals for free
AB(1-40) could be observed. Crosslinking of
DNAIJB6 prevents oligomer dissociation (Fig. S2),
and therefore no binding of (AB(1-40) occurs as
outlined in Fig. 6F, which explains that crosslinked
DNAIJB6 cannot suppress fibril formation (Fig. 2C).

Discussion

In this study we have detected small AP oligomers
using native mass spectrometry, enabling direct
observation of individual oligomeric states during
the AP aggregation process. The changes in these
directly observable molecular states agree well with
changes in amyloid formation kinetics upon
modulation of the primary nucleation rate for AP by
the human chaperone protein DNAJB6.

Our herein presented ThT kinetic data on AB(1-40)
and DNAJB6 (Fig. 2) are in line with previous data
showing that DNAJB6 is remarkably efficient in
suppressing fibril formation of AB(1-42) at very low
(1:0.01) molar ratio of peptide to chaperone (28). It
should be noted that the molar ratios of DNAJB6 to
APB(1-40) used here to successfully suppress A
amyloid formation are even lower (at least ten-fold
lower, i.e. the molar ratio of DNAJB6 to AB(1-40) is
in the order of 1:0.001). This is in agreement with
the finding that the primary nucleation rate is
intrinsically lower for AP(1-40) as compared to
AB(1-42) (5) and that oligomerization is less
extensive for AB(1-40) as compared to AB(1-42)
(15, 22). Less DNAJB6 is consequently needed to
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capture these very few formed oligomeric
aggregates.

The current model for in vitro inhibition of A
aggregation by DNAJBG is that the chaperone binds
the oligomeric AP} aggregates strongly and removes
them from the soluble AP pool available for amyloid
aggregation (24). Thereby the formation of primary
AP nuclei is prevented or delayed. This also means
that the concentration of active DNAJB6 in the
solution decreases over time, with loss of inhibitory
effect as aresult. The depletion of AB oligomers over
time (Fig. 3-5) as well as the formation of Af-
DNAJB6 complexes (Fig. 6B) are directly observed
here, giving independent support for this model.

The capture of the AP oligomers and their removal
from solution, which does not occur to the same
extent in the DNAJB6 ST18A-mutant, is obviously
dependent on S/T-residues in the chaperone, which
we believe form intermolecular hydrogen bonds to
AB. This is reminiscent of how A peptides are
captured by Zaps-related affibodies (35, 36). In such
systems hydrogen bonds are formed between the
affibody and the AP backbone, forming a complex
where a monomeric A peptide is captured in its 3-
hairpin state. DNAJB6 could similarly be imagined
to bind oligomeric forms of B-hairpin AP via
hydrogen bonding, as oligomers undergo a process
of reorganization driven by interchain hydrogen
bonding interactions (37). DNAJB6 might bind and
stabilize oligomeric 3-hairpin A with high surface
energies by hydrogen bonding to hydroxyl groups of
the S/T-rich region in DNAJB6. Interestingly, recent
data show that transthyretin is also, as DNAJB6,
very efficient in preventing AP aggregation by
inhibiting the primary nucleation (38). It has also
been shown that a hydrogen-bond network is
important for structural stability of transthyretin
(39).

It is interesting to note that low charged/compact
forms of AP oligomers, which increased most during
1 h pre-incubation in solution (Fig. 5A, left panel),
were most efficiently captured by DNAJBG6 (Fig. 5A,
middle panel). It is intriguing to speculate that these
charge states report on the most compact B-hairpin
forms of AP in solution (Fig 1A), as solution state
species with smaller surface area generally produce
ions of lower charge in electrospray ionization.
Charge state distribution analysis has previously
been used to study the unfolded ensemble of
intrinsically disordered proteins (40). The change in
electrospray  charging for the disordered
amyloidogenic protein o-synuclein has for example
been studied upon changes in solvent, pH and upon
binding to ligands (41, 42). A similar systematic
study of how the AP charge state distribution

changes upon modulation of conditions is not
presently available.

The strongly bound APB-DNAJB6 complexes
observed in vitro are most likely not as long lived in
vivo, where other downstream processes would be
present. Currently, we can only speculate what the
fate of the AP} species captured by DNAJB6 can be
under cellular conditions. Presumably the bound A3
can be released and sent for proteasomal degradation
in a cycle involving components such as Hsp70 and
ATP (26).

In conclusion, we demonstrate in this study that the
amount of A oligomers detectable by native MS is
considerably lowered if AP monomers are pre-
incubated in the presence of DNAJB6 chaperone, a
process which is dependent on the S/T-residues in
DNAJBG6. The effect of the chaperone is largest for
larger AP oligomers and for low charged/compact
forms of AP oligomers that may be the most compact
B-hairpin forms. Detection of peaks corresponding
to DNAJB6 dimers and trimers with mass shifts
appear to represent a direct observation of AP
oligomers captured by dissociated DNAJB6
subunits. This demonstrates the usability of native
MS to study directly observable peptide states during
AP peptide aggregation, as a complement to the
information acquired from kinetic parameters.

Experimental procedures

Sample preparation

The amino acid numbering used here refers to the
amino acid sequence of DNAJB6 isoform B
(UniProt KB accession number 075190).
Expression of DNAJB6 protein was performed at the
Lund Protein Production Platform, Lund University
(http://www.lu.se/lp3), as previously described (24,
28). Crosslinking of the DNAJB6 oligomers with the
crosslinker BS3 which is specific for primary amines
was performed at 50 M concentration of DNAJB6
and a 3-fold molar excess of crosslinker to primary
amines, as described previously (29). Prior to mass
spectrometry. the buffer of the purified DNAJB6
was exchanged into 10 mM ammonium acetate pH 7
solution using Micro Biospin P6 centrifuge columns
(Bio-Rad) and protein concentration determined
using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Stockholm, Sweden) and
recombinant human Ap(1-40) purchased from
Alexotech AB (Umed, Sweden) as lyophilized
peptide was dissolved in 15% ammonium hydroxide,
sonicated in an ice-water bath for 1 minute and
diluted in 10 mM ammonium acetate pH 7.0 to a
final peptide concentration of 10 uM.

Activity measurements
The capacity of DNAJB6 proteins to suppress fibril
formation by AB(1-40) was determined using ThT
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fluorescence as previously described (28).
Recombinant human AB(M1-40) was expressed tag-
free from a PetSac plasmid and purified as described
previously (5, 43). Fresh monomer was isolated by
size exclusion chromatography in 20 mM sodium
phosphate, 0.2 mM EDTA, pH 7.4 just prior to
setting up the kinetics experiments to remove any
aggregated species. DNAJB6 was at a concentration
0f 0.003 uM, AB(1-40) at 10-28 uM and ThT 40 uM
for detection of fibrils.

Native IM-MS

A Waters Synapt G2S hybrid mass/ion mobility
spectrometer equipped with a nano-electrospray
source was used for analysis. Samples were injected
using nano-electospray by commercial metal coated
glass injectors (Thermo Scientific). Ionization was
performed in positive ion mode and the instrument
parameters were as follows: Capillary voltage 1.7
kV, Sampling cone 40 V, Source offset 80 V, Trap
gas 10 mL/min, Helium Gas Flow 100 mL/min, IMS
gas flow 50 mL/min, IMS wave velocity 750 m/s,
IMS wave height 24 V. To detect signals from AB(1-
40) a freshly prepared preparation of AP (1-40) was
diluted in 10 mM ammonium acetate pH 7 solution
to a final peptide concentration of 10 uM and
injected without or with pre-incubation with
DNAIJBG6 for 1 h at 37°C, at a molar ratio of AP (1-
40) to DNAJB6 of 1:0.1 (i.e. concentration of
DNAIJB6 was 1 uM), or as otherwise stated. To the
control samples, DNAJB6 was added after pre-
incubation just before injection to avoid differences
in ion suppression. To detect signals from DNAJB6
a higher concentration was used for injection (37
uM, 1 mg/ml)
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Figure 1. Overview of the AP aggregation process. (A) The AP peptide monomer is mostly unstructured
(red) in solution but can exhibit a partial folding into a transient -hairpin conformation (blue). Oligomerization
proceeds through both unstructured and structured states. Oligomers are smaller and less well-organized
assemblies with lower growth rate than protofibrils. Protofibrils eventually form large mature fibrils which
catalyze the aggregation process in a positive feedback-loop (Autocatalysis). (B) Outline of the free energy
landscape in which the pathway outlined in (A) proceeds. The darker color represents higher value of the free
energy and the state with maximum free energy is termed “nucleus”, a state where addition of peptide
monomers is more favorable than dissociation. Formation of nuclei can occur either through primary
nucleation by association of pre-nucleation species (monomers, oligomers), or by secondary nucleation which
is dependent on both pre-nucleation species and fibrils. Oligomers are here considered to be prenucleation
species as they are intrinsically unstable and rapidly dissociate into monomers.
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Figure 2. The chaperone DNAJB6 with functionally important ST-residues can suppress fibril formation by
AP(1-40). (A) Conserved serine- and threonine- (S/T) residues in DNAJB6 are high-lighted in pink. 18 S/T-residues
are substituted with alanine-residues in a mutational variant of DNAJBG6 referred to as S/T18A. (B) Structural model
of DNAJBG6, with an outline in cartoon of DNAJB6 oligomers in equilibrium with dissociated subunits. The S/T-
residues are proposed to bind Af in a peptide-binding cleft formed at the interface between two monomeric subunits.
(C) The capacity of DNAJB6 to suppress fibril formation by AB(M1-40) determined by ThT fluorescence
measurement. The concentration of DNAJB6 used here is 0.003 pM and the molar ratio of AB(1-40) to DNAJB6 is
1:0.0002. Color code: AB(M1-40) only (green), AB(M1-40) + DNAJB6 WT (grey), AB(M1-40) + DNAIB6
mutational variant ST18A (cyan), AB(M1-40) + crosslinked DNAJB6 WT (purple).
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Figure 3. AB(1-40) oligomers are captured by DNAJB6. (A), an outline of how the samples were pre-incubated for
possible formation of AB(1-40) oligomers in solution and then injected for detection of A oligomers in the gas phase by
native MS. The control sample was supplied with DNAJBG6 protein just before the IM-MS analysis to account for changes
in ionization efficiency by added DNAJB6. (B), (C) and (D), signals from AB40 dimers (n/z=2/5), trimers (n/z=3/7) and
tetramers (n/z=4/9), respectively. The signals at time = 0 are shown as shaded lines and at time 1 h as black lines. Signals
are normalized against the corresponding signal from the AB(1-40) monomer. A freshly prepared preparation of AB(1-40)
was diluted in 10 mM ammonium acetate pH 7 solution to a final peptide concentration of 10 uM and incubated 1 h at
37°C, either without DNAJB6 (control, green), or in the presence of DNAJB6 WT (grey) or DNAJB6 S/T18A (cyan), the
mutational variant with 18 S/T to A substitutions, at a molar ratio of AB(1-40) to DNAJB6 of 1:0.1.
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Figure 4. Concentration-dependence of the decreased
signal from AB(1-40) dimer after pre-incubation with
DNAJB6. The experiment was performed as described in
Fig. 3 using 10 uM AB(1-40) and 0.1-1 pM DNAJB6
WT and the image shows the signal from A (1-40)
dimer (n/z=2/5). The insert shows that the decrease in
signal intensity is linear with respect to DNAJB6
concentration.
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Figure 5. Change in relative intensity for detected mass spectrometry signals of various forms of AB(1-40)
following one hour of incubation in solution. Signals are normalized against the total sum of AB(1-40) signals. (A)
AB(1-40) samples were injected before or after 1 h pre-incubation in solution, either without DNAJB6 (left/green), or
with wild-type DNAJB6 (middle/gray) or with the S/T18A mutant of DNAJBG6 (right/cyan). Signals are shown for each
oligomeric state and each charge state from the mass spectra shown in Fig. S4, for n/z signals where the exact
oligomeric stated could be distinguished in mass dimension by the 13C isotopic pattern. (B) The effect per oligomeric
state, when averaging over all charge states.
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Figure 6. DNAJB6 oligomer dissociation and binding of AB(1-40) in small AB(1-40)-DNAJB6 complexes. (A) Native
MS spectrum of 37 uM DNAJB6. The red circles indicate signals (+9/+10) for folded DNAJB6 monomers. (B) Native
MS spectrum of 37 uM DNAIJB6 after pre-incubation with 1 uM AB(1-40). Signals appear that correspond to DNAJB6
dimers (blue squares) and trimers (purple triangles). Closer inspection of the peaks shows that the DNAJB6 peaks are
shifted towards masses indicating binding of 1-4 A peptides (insert). (C) Proposed binding of AP oligomers to DNAJB6
oligomers following oligomer dissociation and binding of A to the S/T-rich region in a complex that hinders further
aggregation into amyloid nuclei and primary nucleation, as observed in analyses of aggregation kinetics, and suppression
of amyloid fibril formation (Fig. 2C). (D) Native MS spectrum of 37 uM cross-linked DNAJB6. No signals corresponding
to monomeric DNAJBG6 are detected. (E) Native MS spectrum of 37 pM cross-linked DNAJB6 after pre-incubation with
1 uM AB(1-40). Only peaks from AP are detected. (F) As in (C), but following cross-linking of DNAJB6 that inhibits
oligomer dissociation, there is no suppression of amyloid fibril formation (Fig. 2C) and no binding of AB-oligomers.


https://doi.org/10.1101/2020.03.16.993790

