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Deficits in protein homeostasis (proteostasis) are typified by the partial unfolding or mis-
folding of native proteins leading to amorphous or fibrillar aggregation, events that have
been closely associated with diseases including Alzheimer’s and Parkinson’s diseases.
Molecular chaperones are intimately involved in maintaining proteostasis, and their
mechanisms of action are in part dependent on the morphology of aggregation-prone
proteins. This study utilised native ion mobility–mass spectrometry to provide molecular
insights into the conformational properties and dynamics of a model protein, α-lactalbu-
min (α-LA), which aggregates in an amorphous or amyloid fibrillar manner controlled by
appropriate selection of experimental conditions. The molecular chaperone β-casein
(β-CN) is effective at inhibiting amorphous and fibrillar aggregation of α-LA at sub-
stoichiometric ratios, with greater efficiency against fibril formation. Analytical size-
exclusion chromatography demonstrates the interaction between β-CN and amorphously
aggregating α-LA is stable, forming a soluble high molecular weight complex, whilst with
fibril-forming α-LA the interaction is transient. Moreover, ion mobility–mass spectrometry
(IM-MS) coupled with collision-induced unfolding (CIU) revealed that α-LA monomers
undergo distinct conformational transitions during the initial stages of amorphous (order
to disorder) and fibrillar (disorder to order) aggregation. The structural heterogeneity of
monomeric α-LA during fibrillation is reduced in the presence of β-CN along with an
enhancement in stability, which provides a potential means for preventing fibril formation.
Together, this study demonstrates how IM-MS and CIU can investigate the unfolding of
proteins as well as examine transient and dynamic protein–chaperone interactions, and
thereby provides detailed insight into the mechanism of chaperone action and proteosta-
sis mechanisms.

Introduction
Globular proteins rely on the formation of discrete, low-energy, three-dimensional native structures in
order to carry out their biological function [1]. As newly synthesised proteins are produced, they
undergo an ‘on-pathway’ folding process to the native state, involving condensation of hydrophobic
residues into a non-solvent exposed core, while the remaining residues sample available structural
conformations. The folding process is largely ‘downhill’, with successive structures being lower in
energy with fewer degrees of freedom, thereby rapidly accelerating the process [1–3]. However, condi-
tions of cellular stress can render proteins unable to adopt their native conformation, instead directing
proteins towards ‘off-pathway’ folding mechanisms. Here, proteins populate partially unfolded, inter-
mediate states which are prone to self-assembly through the formation of either amorphous aggregates
or amyloid fibrils [4,5]. Amorphous aggregates form due to random hydrophobic associations
between misfolded proteins that become insoluble after reaching a critical aggregate size [6]. In
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contrast, fibril formation results from a nucleated growth process whereby ordered monomeric units stack per-
pendicularly to the fibril axis, forming a cross-β-sheet structure. Multiple resultant ‘protofibril’ strands assemble
to produce mature fibrils [7–9].
Molecular chaperones are a crucial constituent of the protein quality control network which regulates

protein refolding, stabilisation, sequestration and degradation. Failure of this protein quality control network
propagates the formation of misfolded and aggregation-prone proteins which are implicated in disease [10,11].
For example, Alzheimer’s and Parkinson’s diseases are two of the many disorders associated with the formation
of amyloid fibrils [4]. Amorphous aggregates are considered non-toxic, with nuclear cataracts being the most
notable amorphous aggregate-associated disease [12]. To date, there are no effective therapeutic approaches to
treat neurodegenerative diseases in which misfolding proteins are implicated. Understanding distinctions
between these off-folding pathways can allow for more effective therapeutic design, for example by redirecting
misfolded proteins from a fibrillar to an amorphous pathway in vivo. Therefore, a robust model misfolding
protein that is able to mimic physiologically relevant conditions and follow both amorphous and fibrillar aggre-
gation pathways is a valuable tool for assessing potential inhibitors of protein aggregation.
Bovine α-lactalbumin (α-LA) is a 14.2 kDa acidic calcium-binding milk protein which plays an essential role

in the biosynthesis of lactose within the mammary glands [13]. The protein consists of a large α-helical
domain, a small β-sheet domain and a calcium-binding loop, a conformation which is stabilised by four disul-
fide bonds [14]. α-LA undergoes amorphous aggregation when reduced with dithiothreitol (DTT α-LA), but
forms fibrillar aggregates when reduced and carboxymethylated (RCM α-LA) due to formation of a partially
folded intermediate state [15–18]. As a result, α-LA is a useful system for investigating structural distinctions
between amorphous and fibrillar aggregation, and identifying which conformations dictate these aggregation
pathways. β-casein (β-CN) is an intrinsically disordered major milk protein [19] which has a monomer mass of
∼24 kDa, and at temperatures above ∼20°C, forms concentration-dependent oligomers known as micelles [20].
Like the other bovine caseins, β-CN exhibits chaperone activity to prevent the unfolding and amorphous aggre-
gation of proteins under stress conditions such as elevated temperature [21]. β-CN also prevents amyloid fibril
formation of κ-casein [22–24].
Difficulties associated with investigating the mechanisms of chaperone-mediated proteostasis and characteris-

ing the transient interactions between chaperones and aggregation-prone proteins mean that a combination of
biophysical techniques is required to probe this process. Native mass spectrometry (MS) is well-suited for the
analysis of protein–protein interactions, given the gentle nature and low sample requirements of
nano-electrospray ionisation. MS enables the preservation and interrogation of low-abundant, heterogeneous
assemblies formed during aggregation. When paired with ion mobility (IM), ion mobility–mass spectrometry
(IM-MS) allows the size, stoichiometry and dynamics of protein assemblies to be studied. Moreover, the
unfolding dynamics of proteins can be observed by gas-phase manipulation through collision-induced unfold-
ing (CIU), enabling the measurement of protein stability and protein–protein interactions in the gas-phase, all
of which are reflective of their solution-phase properties [25–29].
To understand the structural features that direct α-LA towards either the amorphous or fibrillar aggregation

pathways, we utilised an integrated biophysical approach to observe the differences in monomeric α-LA struc-
ture and stability following chemical modification (i.e. reduction via DTT to give DTT α-LA compared with
RCM α-LA). In addition, we have assessed the ability of β-CN to inhibit amorphous and fibrillar aggregation
of DTT α-LA and RCM α-LA, respectively. In particular, IM-MS was implemented to probe changes in the
conformation and unfolding dynamics of α-LA, and CIU was used to understand better the effects of β-CN in
protecting against aggregation through stabilisation of α-LA monomers. Identifying distinct changes in con-
formation and dynamics that dictate which aggregation pathway proteins follow, as well as their interaction
with molecular chaperones, provides a greater understanding of how chaperones arrest protein unfolding, mis-
folding and aggregation. Moreover, this study highlights how MS-based approaches can be utilised to probe
transient and highly dynamic protein–protein interactions.

Experimental procedures
Bovine α-LA (type II, calcium-depleted, 85% pure, lyophilised), β-CN and all other reagents were purchased
from Sigma–Aldrich (St. Louis, U.S.A.) unless stated otherwise. DTT was obtained from Astral Scientific
(Gymea, Australia). Reduction and carboxymethylation (RCM) of α-LA was performed as described previously
[30] and confirmed by observation of the associated mass increase using MS (Supplementary Figure S1). RCM
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α-LA was buffer exchanged into ammonium acetate (100 mM) using an Amicon Ultra-4 centrifugal spin filter
at 4°C. Samples were lyophilised and stored at −80°C until use.

Amorphous and fibrillar aggregation assays
The DTT-induced (2 mM final concentration) amorphous aggregation of α-LA (DTT α-LA; 100 mM) was
monitored by the change in light scattering at 340 nm. Aggregation of α-LA was performed in 100 mM ammo-
nium acetate (pH 7.0) in the absence and presence of β-CN at various molar ratios (1 : 1, 1 : 10 and 1 : 100,
β-CN : DTT α-LA). Amorphous assays were plated (200 ml/well) into sealed 96-well microplates (Greiner
Bio-One) and aggregation was monitored using a FLUOstar Optima microplate reader (BMG Lab
Technologies, Melbourne, Australia) over a period of 6 h at 37°C, with an initial shaking period of 300 s.
Fibrillar aggregation of RCM α-LA was monitored in real-time using a ThT fluorescence assay [15]. Fibrillation
of RCM α-LA was performed in 100 mM ammonium acetate (pH 7.0) in the absence and presence of β-CN at
various molar ratios (1 : 1, 1 : 2, 1 : 10, 1 : 20 and 1 : 100, β-CN : RCM α-LA). Fibrillar assays were plated (50 ml/
well) into sealed 384-well microplates (Greiner Bio-One) and fibril formation was monitored using a FLUOstar
Optima microplate reader (BMG Lab Technologies, Melbourne, Australia) over a period of 24 h at 37°C with
shaking (double orbital, 50 rpm) for 30 s prior to fluorescence measurement. ThT fluorescence was measured
using an excitation and emission wavelength of 440 and 490 nm, respectively. All assays were performed in
triplicate and reported as mean ± SEM. The degree of inhibition (%) afforded by β-CN against amorphous and
fibrillar aggregation was calculated as described previously [31].

Transmission electron microscopy
Three microliters of sample was taken immediately at the conclusion of the light scattering or ThT assay and
placed directly onto a carbon-coated 400-mesh nickel TEM grid (ProSciTech, Thuringowa Central, Australia)
[32]. Grids were washed with 0.22 μm filtered MilliQ water and stained with 2% (w/v) uranyl acetate solution.
Samples were viewed using either a CM100 transmission electron microscope (Philips, Eindhoven,
Netherlands) or a Tecnai G2 Spirit TEM (FEI, Oregon, U.S.A.) with a magnification of 45 000×.

Intrinsic tryptophan and bis-ANS fluorescence
Both intrinsic tryptophan and bis-ANS fluorescence studies were performed using a Cary Eclipse fluorescence
spectrophotometer (Varian Inc., Mulgave, Australia) at room temperature. Excitation and emission slit widths
were adjusted to 2.5 nm and scan speed was set at 60 nm/min. Native α-LA, DTT α-LA and RCM α-LA
(100 mM) were prepared in 100 mM aqueous ammonium acetate (pH 7.0). Fluorescence was measured using a
quartz cuvette of pathlength 1 cm. Intrinsic tryptophan fluorescence was measured using an excitation wave-
length of 295 nm and emission was measured from 300 to 400 nm. To determine the exposed hydrophobicity
of all α-LA forms, 4,40-dianilino-1,10-binaphthyl-5,50-disulfonic acid (bis-ANS) (10 mM) was added and fluores-
cence emission was measured from 400 to 600 nm following excitation at 385 nm. The obtained spectra repre-
sent the average of at least 3 scans.

Analytical size-exclusion chromatography
The interaction between α-LA and β-CN was observed by SEC [33]. Samples (100 mM) following aggregation
were centrifuged at 14 000×g for 30 min at 4°C and subsequently loaded (500 ml) onto a Superdex 200 10/300
GL analytical-SEC (GE Healthcare, Illinois, U.S.A.) which was equilibrated with 100 mM ammonium acetate
(pH 7.0) at a flow rate of 0.4 ml/min at room temperature. The SEC column was calibrated using standards
(Sigma–Aldrich, Missouri, U.S.A.) containing bovine thyroglobulin (670 kDa), bovine γ-globulin (158 kDa),
chicken ovalbumin (44 kDa) and horse myoglobin (17 kDa).

SDS–PAGE
Eluted fractions following analytical-SEC were further examined by SDS–PAGE (12% gels) (Bio-rad, California,
U.S.A.) and bands were visualised using a Silver staining kit (Invitrogen, California, U.S.A.) for analytical-SEC
fraction analysis and Coomassie Brilliant Blue stain (ThermoFisher, Massachusetts, U.S.A.) for band density
analysis. Both techniques were performed according to the manufacturer’s instructions. Band densities were cal-
culated using GelAnalyzer 9.1 (http://www.gelanalyzer.com/).
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Ion mobility–mass spectrometry
The conformation of α-LA forms was investigated by IM-MS performed on a Synapt HDMS Q-TOF mass
spectrometer (Waters Corporation, Manchester, U.K.) using a nano-electrospray ionisation source. Samples
were prepared in 100 mM ammonium acetate (pH 7.0) to a final concentration of 25 μM. DTT α-LA was
formed by the addition of DTT (2 mM) and RCM α-LA was incubated in the presence of β-CN (1 : 0.5 molar
ratio; RCM α-LA : β-CN). Samples were loaded into platinum-coated borosilicate glass capillaries prepared
in-house. Gentle source conditions were applied to minimise gas-phase structural changes prior to detection,
with instrument parameters as follows: capillary voltage, 1.60 kV; sampling cone, 30 V; extraction cone, 1.5 V;
trap/transfer collision energy, 10/15 V; trap gas, 5.5 l/h; backing gas, ∼4.5 mbar. The parameters for IM were as
follows: IM cell wave height, 8 V; IM cell wave velocity, 350 m/s; transfer t-wave height, 8 V; transfer t-wave
velocity, 250 m/s. Mass spectra and arrival time distributions (ATDs) were viewed using MassLynx (v4.1) and
DriftScope (v2.1), respectively (Waters Corporation, Manchester, U.K.).

Collision-induced unfolding
The CIU dynamics of α-LA forms was investigated by observing the unfolding of the monomer7+ charge state
(native α-LA at 2031 m/z and RCM α-LA at 2093 m/z) and IM spectra were collected under the conditions
stated above. Unfolding of the monomer7+ ions was induced by increasing the trap collision energy (activation
energy) by 2.5 V increments from 10 to 60 V. CIU heat maps were generated using CIUsuite with default para-
meters [34]. The proportion of unfolded α-LA with increasing activation energy was calculated by normalising
the ATD to the highest intensity, taking the relative intensity of any unfolded species present as a function of
folded α-LA [34,35]. A dose–response (sigmoidal) curve was applied to calculate the CIU50 (i.e. the voltage at
which 50% of the monomer as unfolded) and the rate of unfolding (denoted by the Hill slope of the sigmoidal
fit). The equation is shown below:

y ¼ bottomþ (top� bottom)

1þ 10(CIU50�x)�rate of unfolding

where bottom and top refer to the bottom and top of the plateau, i.e. the folded and unfolded states of α-LA.
Curve fitting analyses were performed using Prism 7.0 (GraphPad Software, San Diego, U.S.A.) software.

Results
β-CN is more effective at inhibiting RCM α-LA fibril formation compared with
DTT-induced amorphous aggregation
To evaluate the ability of β-CN to inhibit both amorphous and fibrillar aggregation of α-LA, chaperone assays
were performed at various α-LA : β-CN molar ratios (Figure 1). In the absence of β-CN, insoluble amorphous
aggregates of α-LA (100 mM) were induced upon addition of DTT (2 mM) in ammonium acetate (100 mM,
pH 7.0), whereupon an increase in light scattering occurred at ∼0.75 h and reached a plateau indicative of
amorphous aggregate formation after ∼2.5 h (Figure 1A, black), which was confirmed by TEM (Figure 1A, top
inset). The lag-phase for DTT α-LA aggregation was unchanged in the presence of β-CN across all molar ratios
(ranging from 1 : 1 to 100 : 1, DTT α-LA : β-CN), however, the subsequent rate and degree of light scattering
decreased in a β-CN concentration-dependent manner (Figure 1C). β-CN exhibited intermediate ability at inhi-
biting the amorphous aggregation of α-LA with ∼60% inhibition at a 1 : 1 ratio (DTT α-LA : β-CN) and no
inhibition at 100 : 1 (Figure 1C). In addition, the activity of β-CN was not affected by the presence of DTT as
no increase in light scattering was observed for the β-CN only control, consistent with its absence of disulfide
bonds (Supplementary Figure S2).
The ability of β-CN to inhibit α-LA fibril formation was assessed using a ThT aggregation assay (Figure 1B,D).

In the absence of β-CN, RCM α-LA (200 mM) forms amyloid fibrils in ammonium acetate (100 mM, pH 7.0)
as evidenced by an increase in ThT fluorescence from ∼7.5 h, indicative of fibril elongation and maturation
without the need for MgCl2, which previous studies (in phosphate buffer) have used to promote fibril forma-
tion [15]. In addition, the formation of mature RCM α-LA fibrils was confirmed by TEM (Figure 1C, top
inset). The efficiency of β-CN as a fibril inhibitor was apparent from these assays, whereby 1 : 1 and 100 : 1
molar ratios (RCM α-LA : β-CN) exhibited near total inhibition and ∼33% inhibition, respectively (Figure 1D).
In addition, near total inhibition was observed at a 2 : 1 molar ratio (RCM α-LA : β-CN) (Supplementary
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Figure S2). To ensure the ThT data accurately reflects the fibril yields, the relative amount of soluble material
was assessed following the 72-h aggregation period using SDS–PAGE (Supplementary Figure S3). A clear
decrease in monomeric RCM α-LA is observed following fibril formation, which is restored to a significant
degree in the presence of β-CN. Overall, the data demonstrate the potent ability of β-CN to prevent α-LA
aggregation, with much greater efficiency towards inhibiting fibril formation.
Previous work has suggested the major difference between the two α-LA states is due to carboxymethylation

of α-LA, which adds additional negative charge to the protein and, because of repulsive interactions, induces
the protein to adopt a more extended and flexible state capable of forming structural motif(s) that are pre-
requisite for fibril formation [16]. In contrast, reduced (DTT) α-LA adopts more rigid structures which lead to
the formation of amorphous aggregates. Aggregation kinetics of the α-LA species is also a likely factor.
Amyloid fibril formation is favoured over amorphous aggregation by slowly aggregating species, and Figures 1A,B,
along with work by Kulig and Ecroyd [15], show that reduced (amorphously aggregating) α-LA aggregates at
an earlier time point than (amyloid fibril-forming) RCM α-LA, i.e. the former has a shorter lag-phase.

Structural modifications of monomeric α-LA dictate its interaction with β-CN
to prevent aggregation
To further probe the difference in the ability of β-CN to prevent amorphous and fibrillar aggregation of α-LA,
a better understanding of the structural differences between monomeric α-LA forms is required. Intrinsic

Figure 1. β-CN inhibits the amorphous and fibrillar aggregation of α-LA.

(A) DTT α-LA (100 mM) amorphous aggregation was monitored by the change in light scattering at 340 nm. Aggregation was

induced with DTT (2 mM) in ammonium acetate (100 mM, pH 7.0) in the presence of various β-CN molar ratios. TEM image

(A, inset) displays the morphology of amorphous aggregates in the presence (1 : 1 molar ratio) and the absence of β-CN.

(B) Fibril formation of RCM α-LA was monitored by the change in ThT fluorescence at 490 nm (excitation at 440 nm) at various

molar ratios of β-CN to determine chaperone activity. A corresponding TEM image shows the morphology of RCM α-LA fibrils in

the presence (1 : 1 molar ratio) and the absence of β-CN (B, inset). (C) The concentration-dependent chaperone activity of β-CN

against amorphous aggregation was calculated by comparing the degree of light scattering at the conclusion of the assay.

(D) The concentration-dependent chaperone activity of β-CN against fibril formation was calculated by comparing the degree

of ThT fluorescence at the conclusion of the assay. Data are reported as mean ± SEM (n = 3). Scale bars represent 400 mm.
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tryptophan and extrinsic bis-ANS fluorescence studies were employed to probe the tertiary structure and
exposed hydrophobicity of aggregation-prone forms of α-LA. RCM α-LA demonstrated a 250% increase in
tryptophan fluorescence compared with native α-LA, whilst DTT α-LA displayed only a 60% increase in fluor-
escence (Figure 2A). In addition, RCM α-LA displayed a large fluorescence red-shift (29 nm shift to 354 nm)
compared with native α-LA (absorbance maxima at 325 nm) which was less prevalent for DTT α-LA with only
a 17 nm red-shift to 342 nm (Figure 2A). In contrast, the dye bis-ANS, which monitors clustered exposed
hydrophobicity of a protein, showed a fluorescence increase in 85% for DTT α-LA compared with RCM α-LA
which only exhibited a 20% increase in fluorescence (Figure 2B). A control sample was also analysed to ensure
that the excess DTT did not affect tryptophan fluorescence (Supplementary Figure S4). In contrast, the hydro-
phobic residues of DTT α-LA are more exposed to solvent compared with RCM α-LA and the tryptophan resi-
dues are more shielded, which is consistent with the protein adopting an intermediately folded, ‘molten
globule’ state as previously reported [15,17,36].
From these fluorescence experiments, it is concluded that overall RCM α-LA exposes more of its four trypto-

phan residues to solvent due to unfolding than DTT α-LA whilst shielding hydrophobic residues. The observa-
tion in Figure 2B that DTT α-LA has greater ANS fluorescence than RCM α-LA is consistent with the general
features adopted by both these forms of α-LA, i.e. RCM α-LA has a relatively extended (unfolded) conform-
ation compared with DTT α-LA which adopts a more compact, molten globule structure that exposes the pro-
tein’s hydrophobic core to solution, and therefore binds ANS readily. Amorphous aggregates are formed much
faster than amyloid fibrils and DTT α-LA exposes more hydrophobicity. RCM α-LA exposes less hydrophobi-
city, despite being less ordered than native α-LA. This may be important for the prerequisites for following a
fibril formation pathway rather than amorphous aggregation pathway.
Analytical-SEC was performed in order to determine the nature of the interaction between α-LA and β-CN

under the same conditions used for both aggregation assays and MS (Figure 2C,D). In their native states, β-CN
and α-LA each eluted as a single peak of ∼30 kDa in mass (13.5 ml) and 15 kDa in mass (17.2 ml), respectively
(Figure 2C,D), consistent with their monomeric state. Prior to aggregation, DTT α-LA eluted as two, broad
overlapping peaks (15.0 and 17.2 ml) indicative of monomeric α-LA and potentially low-molecular mass aggre-
gates (e.g. dimer) (Figure 2C, purple). Importantly, the amount of soluble DTT α-LA decreased after aggrega-
tion with a small peak at ∼670 kDa indicative of aggregated α-LA (Figure 2C, red). In the presence of an
equimolar ratio of β-CN, the intensity of the peak ∼8 ml (∼670 kDa) increased drastically corresponding to a
high molecular weight (HMW) complex (Figure 2C, blue) containing both α-LA and β-CN, as determined by
SDS–PAGE (Figure 2E). In the absence of β-CN, RCM α-LA eluted as a single peak at ∼15.8 ml before
(Figure 2D, purple) and after (Figure 2D, red) incubation. In contrast with DTT α-LA, RCM α-LA in the pres-
ence of β-CN does not form a HMW complex as no peak was observed at earlier elution volumes (Figure 2D,
blue). The data suggest that the interaction between DTT α-LA and β-CN leads to stable complex formation
between the two proteins in order to prevent amorphous aggregation, whilst β-CN interacts with RCM α-LA
transiently in order to inhibit fibril formation.

IM-MS reveals conformational transitions of monomeric DTT and RCM α-LA
during early stages of aggregation
Native IM-MS allows for the gentle separation of proteins in the gas-phase based on both mass to charge ratio
(m/z) and rotationally averaged size (or collisional cross section), the latter of which can be monitored as a
function of changes in solution properties or gas-phase activation and unfolding, providing conformational
insight (Supplementary Figure S5). IM-MS was utilised here to observe conformational transitions of DTT and
RCM α-LA monomers during their initial stages of aggregation. The most prominent peak for both DTT and
RCM α-LA was the monomer7+ charge state (M7+) at m/z 2031 (Figure 3A, red box). From this charge state,
we extracted the ATD, providing information on the mobility of the ion through a buffer gas, which is depend-
ent upon the protein’s three-dimensional structure. The ATD of the M7+ for DTT and RCM α-LA was analysed
during the lag-phase of aggregation. Initially, the ATD of RCM α-LA M7+ exhibits two populations (at 5.8 and
8.1 ms) indicative of a predominantly compact (Figure 3B, blue box) and an unfolded state, respectively
(Figure 3B, green box). The presence of the disordered state diminished during incubation, eventually disap-
pearing after 2 h (Figure 3B). This trend was present for every major charge state, showing either an increase in
compact structural populations, or a decrease in less compact populations (Supplementary Figure S6). In con-
trast, the presence of the unfolded state became more apparent in DTT α-LA during incubation after 1 h,
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despite hardly being present initially (Figure 3C). The ATDs of M7+ DTT and RCM α-LA were overlayed with
the ATDs of their respective monomers at high and low activation energies (Supplementary Figure S7) to high-
light that they are unfolded forms of the same species. RCM α-LA also showed a reduction in highly charged
species indicating a compaction of structure, shielding residues from ionisation [37]. After incubation, DTT
α-LA showed an increase in highly charged species indicative of unfolding (Supplementary Figure S8). Overall,

Figure 2. Structural modification of α-LA influences its interaction with β-CN.

(A) Intrinsic tryptophan fluorescence spectra of α-LA forms (100 mM) in 100 mM ammonium acetate (pH 7.0), exhibiting an

increase in tryptophan exposure for DTT- and RCM α-LA relative to native α-LA. (B) bis-ANS (10 mM) fluorescence spectra

measuring the clustered, exposed hydrophobicity of α-LA forms demonstrates an increase in exposed hydrophobicity for

modified α-LA compared with native α-LA. (C) Analytical-SEC profiles of native α-LA (100 mM) and β-CN (100 mM). DTT α-LA

(100 mM) at 0 h (purple) and 1 h (red) post-incubation at 37°C was compared with DTT α-LA in the presence of β-CN (100 mM,

blue) forming a HMW complex (asterisk). Analytical-SEC experiments were performed in 100 mM ammonium acetate (pH 7.0).

(D) Analytical-SEC profiles RCM α-LA (100 mM) at 0 h (purple), 24 h (red) post-incubation at 37°C was compared with RCM

α-LA in the presence of β-CN (100 mM, blue). SEC experiments were performed in 100 mM ammonium acetate (pH 7.0) and

elution volumes of molecular mass standards (kDa) are indicated above the chromatogram. (E) SDS–PAGE and silver staining

of eluate fractions across the HMW peak from analytical-SEC of DTT α-LA in the presence of β-CN after 1 h of incubation. The

asterisk indicates the fraction number (4) corresponding to the apex of the HMW peak.
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the data demonstrate that α-LA monomers follow disorder to order transitions (or vice versa) during initial
stages of aggregation that is dependent on the aggregation pathway (i.e. amorphous or amyloid fibrillar).

IM-MS reveals differences in the conformation and unfolding propensity of
RCM α-LA compared with native α-LA
The conformation and gas-phase unfolding dynamics of native and RCM α-LA in the absence and presence of
β-CN were further examined by native IM-MS. The oligomeric state of native α-LA is predominantly mono-
meric with the M7+ charge state most prominent (Figure 4A, red box), as well as a population of dimer (D)
(Figure 4A, top). RCM α-LA is also monomeric with a proportion of highly charged, unfolded monomer
present (due to the increased exposure of ionisable residues as a result of its unfolded nature [37]) (Figure 4A,
green box). A similar mass spectrum was also observed for RCM α-LA in the presence of β-CN, with both
folded and unfolded monomeric RCM α-LA species present as well as monomeric β-CN (Figure 4A, bottom).
The large proportion of highly charged monomeric signals indicative of unfolded RCM α-LA and lack of
signals from oligomeric species evident in these spectra support the idea that the larger structures observed for
RCM α-LA by SEC (Figure 2D) are extended, non-native states rather than higher-order aggregates.
To qualitatively probe the conformation and unfolding dynamics of α-LA, the ATD of the α-LA M7+ ions at

2031 m/z was monitored at low and high activation energy in the trap collision cell, allowing for resolution of
folded (10–15 V) and unfolded (35–40 V) states (Figure 4B). Aside from being the most prominent charge state,
the M7+ was chosen for IM-MS analyses in order to minimise charge state overlap from larger species (e.g. dimers)
and was confirmed to be appropriate according to a power calculation which identifies suitable charge states for
analysis [38]. The ATD for each folded and unfolded state also reflects the degree of heterogeneity within each

Figure 3. DTT and RCM α-LA undergo contrasting conformational transitions during the early stages of aggregation.

(A) Native MS of RCM (top panel) and DTT α-LA (bottom panel) (both 25 mM) at 0 h with the M7+ (m/z 2031) being the most

abundant ion and selected for ATD analysis (red box). ATD of RCM (B) and DTT α-LA (C) M7+ during incubation at 37°C with

shaking (300 rpm). The emergence of a disordered (unfolded) state (green box) during incubation of DTT α-LA contrasts to the

disorder to order transition of RCM α-LA monomers during aggregation.
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population as represented by the full-width half maximum (FWHM) (Figure 4C). A larger FWHM indicates a
more dynamic state that is sampling more conformations across a broader ATD, whereas a small FWHM indicates
the ions adopt a relatively limited set of conformations. It should be noted that DTT α-LA was not similarly
amenable to CIU studies due to the short time scale of amorphous aggregation preventing its analysis [17].
Under low activation energy, the ATD of all α-LA forms examined (native α-LA, RCM α-LA and RCM

α-LA : β-CN) do not differ, with the exception that β-CN induced a slight broadening in the ATD for RCM
α-LA compared with native and RCM α-LA alone (Figure 4B,C, top). Under high activation energy, however,
changes in the ATD amongst α-LA forms were far more apparent, whereby RCM α-LA adopts a larger size
compared with native α-LA as evidenced by a shift in the centroid of ATD to longer drift times (Figure 4B,
bottom). Interestingly, this unfolding is somewhat attenuated in the presence of β-CN (Figure 4B, bottom). In
addition, the conformational heterogeneity of RCM α-LA in the presence and absence of β-CN is reduced com-
pared with native α-LA under high activation energy (Figure 4C, bottom). The data demonstrate that RCM
α-LA unfolds more readily than native α-LA and that the presence of β-CN alters the structure of RCM α-LA,
making it more native-like during activation.

β-CN enhances the stability of RCM α-LA monomers
We sought to quantitatively measure the stability RCM α-LA in the absence and presence of β-CN in the gas-
phase by performing CIU IM-MS. Increasing activation (at increments of 2.5 V in the collision cell) of specific
ions gradually shifted the ATD, allowing the stability and interconversion of individual species (i.e. folded to
unfolded conformers) to be monitored (Figure 5A). Across all samples examined only two distinct populations
were observed, even following extremely high activation up to 150 V, corresponding to folded and unfolded
conformations, with a single unfolding transition and no distinct intermediates identified (Figure 5). Native
α-LA required the most activation energy to unfold (Figure 5B, top panel). RCM α-LA required less activation
energy to induce unfolding (Figure 5B, middle panel). The difference is presumably due to native α-LA having
intact disulfide bonds unlike RCM α-LA and possibly the destabilising effect of eight additional negative
charges as a result of carboxymethylation. Interestingly, RCM α-LA required a higher activation energy to

Figure 4. IM-MS analysis of native and RCM α-LA reveals differences in structure and dynamics with β-CN.

(A) Native MS of α-LA (top panel), RCM α-LA in the absence (middle panel) and presence (bottom panel) of β-CN (red) at a molar ratio of 2 : 1 (RCM

α-LA : β-CN) after 15 min (final α-LA concentration, 25 mM). MS reveals a slight shift in mass due to the RCM of α-LA as well as the presence of

unfolded monomer (green box). The M7+ (orange box) was selected for IM-MS and subsequent CIU analysis. (B) ATDs of the M7+ of α-LA forms

under low (10–15 V, top panel) and high (35–40 V, bottom panel) activation energy. (C) FWHM time for α-LA M7+ ATDs at low (10 V, top panel) and

high (40 V, bottom panel) activation energy. States (monomer: M, dimer: D) are indicated with charge state in superscript. Data in B and C are

reported as mean ± SEM (n = 3).
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induce unfolding when in the presence of β-CN compared with RCM α-LA alone (Figure 5B, bottom panel).
To quantitatively assess the stability of the various forms of α-LA, the relative populations of folded and
unfolded α-LA were plotted as a function of activation energy and the energy required for 50% of α-LA
monomer to be unfolded (CIU50) was calculated as a measure of stability (Figure 5C). Native α-LA had a
CIU50 of 23.8 V whereas RCM α-LA had a lower CIU50 of 20.7 V (Figure 5C). Moreover, native α-LA unfolded
at a slower rate (0.14 ms/V) than RCM α-LA (0.21 ms/V) (Figure 5C). Interestingly, the presence of β-CN
increased the CIU50 of RCM α-LA to 22.5 V and restored the rate of unfolding of RCM α-LA to that of RCM
α-LA alone (Figure 5C). The data indicate that β-CN interacts with the monomer of RCM α-LA and enhances
its stability as a means of preventing amyloid fibril formation.

Discussion
Improved understanding of the structural characteristics which direct proteins along unfolding pathways can
inform approaches towards the treatment of protein misfolding diseases. Furthermore, understanding the

Figure 5. CIU analysis reveals β-CN enhances the stability of RCM α-LA.

(A) Schematic representation of the unfolding dynamics of native α-LA, demonstrating that increasing the gas-phase activation

energy promotes the unfolding of α-LA as monitored for the α-LA M7+ ions. The gas-phase unfolding pathway comprised only

two distinct populations (folded and unfolded) between 10 and 40 V. No additional transitions were observed with activation up

to 150 V. (B) CIU heat maps of native α-LA M7+ (top panel), RCM α-LA in the absence (middle panel) and presence (bottom

panel) of β-CN at a ratio of 2 : 1 (RCM α-LA : β-CN) with a 15 min incubation at 37°C. The single unfolding transition is indicated

by grey dashed lines. (C) The abundance of unfolded α-LA M7+ was plotted as a function of activation energy for native α-LA

(purple), RCM α-LA (blue) and RCM α-LA in the presence of β-CN (orange) at a ratio of 2 : 1 (RCM α-LA : β-CN) with a 15 min

incubation in order to assess the stability. Data were fitted with a sigmoidal function and the stability was quantified by

calculating the CIU50 (i.e. activation energy at which the abundance of unfolded monomer was 50%, dashed lines).
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molecular basis that underlies molecular chaperone activity to prevent protein unfolding and aggregation can
provide additional avenues for therapeutic intervention. Herein, we investigated the effects of the molecular
chaperone β-CN on both amorphous and amyloid fibrillar aggregation of α-LA as representative examples of
protein unfolding and its mitigation. In a broader context, the study also has relevance to the dairy industry as
the chaperone action of β-CN is important in stabilising other milk proteins such as α-LA, for example under
ultra-high temperature and pasteurisation processing [22,39].
β-CN inhibits the fibrillar aggregation of RCM α-LA more effectively than DTT α-LA amorphous aggrega-

tion (Figure 1B,D) although it has no observable effect on the lag-phase of α-LA aggregation in each case.
While β-CN has been previously shown to inhibit both amorphous and fibrillar aggregation of a range of pro-
teins, this is the first instance in which the chaperone activity of β-CN has been assessed against a single,
aggregation-prone protein that can form either amorphous or fibrillar aggregates under physiologically relevant
conditions (i.e. pH near 7.0 and 37°C) and without the need for harsh conditions or treatments that are not
amenable to native MS (typically temperature >45°C, very acidic pH or using organic solvents). In general,
molecular chaperones are classified into two classes, namely stabilising ‘holdases’ [40] and energy dependant
‘foldases’. In agreement with previous studies [21–24,41,42], our data are consistent with β-CN functioning as a
holdase to prevent protein aggregation without refolding aggregation-prone proteins to their native state.
Intrinsic tryptophan fluorescence and extrinsic bis-ANS fluorescence studies provided insights into the struc-

tural differences between α-LA forms (Figure 2A,B). Greater exposed hydrophobicity but near-native levels of
tryptophan fluorescence exhibited by DTT α-LA implied a molten globule-like state in which secondary struc-
ture is mainly present while a dynamic overall structure exposes hydrophobic regions such as the protein’s
core. Conversely, increased tryptophan fluorescence for RCM α-LA indicated a lack of native structure with
little exposed, clustered hydrophobicity, consistent with a non-native, relatively unfolded but stable structure as
was previously observed by far-UV circular dichroism spectroscopy [15]. Therefore, a relative lack of exposed
hydrophobicity for RCM α-LA may be important to promote fibril formation rather than amorphous aggrega-
tion, particularly as amorphous aggregates formed at a much faster rate than amyloid fibrils (compare
Figure 1A,B).
IM-MS revealed distinct changes in the proportion of a disordered monomeric state of DTT α-LA and RCM

α-LA with time (Figure 3), which may explain differences in the unfolding and aggregation pathways for each
α-LA form. For RCM α-LA, the disappearance of a disordered species after 2 h of incubation (Figure 3B) leads
to the adoption of a more ordered, compact intermediate conformation that is relatively long lived. It is likely
this structure does not expose enough hydrophobicity to self-assemble amorphously but, over time, associates
in an ordered, fibrillar form. The phenomenon of intrinsically disordered proteins reorganising and gaining
structure prior to fibril formation has been observed previously and may be a key step in the formation of
amyloid fibrils [43,44]. The opposite occurs for DTT α-LA. The Cys6–Cys120 disulfide bond of native α-LA is
highly accessible to solvent and is reduced within 1 s upon the addition of DTT to give the triply disulfide-
bonded form of α-LA which is relatively stable and ordered in conformation [17,45]. Complete reduction in
the remaining disulfide bonds occurs after ∼5 min of incubation with DTT leading to a disordered molten
globule conformation of α-LA that aggregates amorphously [17,45]. Analysis by NMR spectroscopy [17,45]
reveals freshly incubated RCM α-LA adopts a similar disordered molten globule conformation to fully
DTT-reduced α-LA (i.e. prior to its aggregation), consistent with the IM-MS results in Figure 3.
While β-CN forms complexes with other amorphously aggregating proteins to prevent their aggregation (41),

β-CN more effectively protects against fibrillar RCM α-LA (Figure 1). Notably, this occurs without HMW com-
plexation and despite the reduced hydrophobicity of RCM α-LA (Figure 2). In vivo, β-CN associated with the
other caseins (of which there are three in bovine milk) to form the large amorphous aggregate known as the
casein micelle [22–24]. Consistent with their intrinsically disordered nature, β-CN and the other caseins adopt
a significant proportion of polyproline-II (PP-II) helical secondary structure, mostly within their proline,
glutamine-rich regions [22–24]. These regions are involved in casein–casein interactions within the casein
micelle and with other proteins during chaperone action [22–24]. Thus, hydrophobicity does not play a large
role in protein interactions involving caseins [24], which may contribute to the greater efficiency of β-CN to
inhibit α-LA fibril formation compared with α-LA amorphous aggregation, since the latter is dominated by
hydrophobic association. From Raman spectroscopic studies, the molten globule state of α-LA at acidic pH
adopts significant PP-II helical structure which most likely arises from unfolding of its β-sheet domain [46].
Furthermore, NMR spectroscopy shows that the molten globule state of α-LA present at acidic pH has a very
similar conformation to that of RCM α-LA and fully DTT α-LA [45]. The presence of PP-II structure in RCM
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α-LA and β-CN, coupled with the prevalence of the PP-II conformation in protein–protein interactions [47],
would predispose the PP-II structured regions in both proteins to co-associate, albeit transiently, and hence
prevent the conversion of RCM α-LA to the amyloid fibrillar state.
β-CN is also known to undergo post-translational modifications that affect its chaperone activity. It is phos-

phorylated at five serine residues which form sites for binding calcium phosphate via nanocluster formation
[22,41,48,49]. Dephosphorylation of β-CN reduces its chaperone activity against amorphous aggregation of ovo-
transferrin and apo α-LA, whilst remaining effective against fibril formation of RCM κ-casein [48], implying
that electrostatic interactions play some part in β-CN chaperone action against amorphously aggregating pro-
teins but are not involved in regulating chaperone action against fibril-forming proteins. β-CN exhibits very
similar chaperone action to αs-casein [20] and sHsps. All are much better chaperones in preventing the aggre-
gation of slowly aggregating proteins [20,50]. Thus, kinetics may also be a factor in the greater chaperone activ-
ity of β-CN in preventing RCM α-LA from aggregating, since DTT α-LA aggregates at a much faster rate than
RCM α-LA (Figure 1).
We have investigated the heterogeneity, unfolding dynamics and stability of monomeric α-LA using IM-MS.

Our data show that RCM α-LA is relatively more unfolded and structurally less stable than the native form
(Figures 4 and 5). Interestingly, native and RCM α-LA showed similar ATD features (i.e. centroid and FWHM)
(Figure 4B, top panel), suggesting that RCM α-LA exists in a relatively stable off-pathway structure with hetero-
geneity comparable to that of native α-LA. Upon unfolding (Figure 4B,C, bottom panel), native α-LA showed
greater heterogeneity than RCM α-LA, likely due to RCM α-LA already existing in a partially disordered con-
formation and thereby having fewer conformational options available, whereas native α-LA can exist in all con-
formations between folded and disordered.

Figure 6. β-CN inhibits the aggregation of α-LA through two distinct mechanisms.

The sequential reduction in α-LA disulfide bonds initiates unfolding and induces an increase in exposed hydrophobicity and

self-association to promote amorphous aggregation. The addition of β-CN sequesters disordered, hydrophobic α-LA into a

HMW complex to prevent amorphous aggregation. Conversely, the complete reduction and carboxymethylation of α-LA results

in the monomer condensing into a semi-stable intermediate with little exposed hydrophobicity which can form amyloid fibrils

over time. In this scenario, β-CN interacts transiently with RCM α-LA intermediates to improve monomeric stability and inhibit

amyloid fibril formation.
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Structural changes from transition states correlate well with changes observed by CIU [38]. We showed that
all α-LA forms unfold in a simple two-step mechanism. CIU analysis (Figure 5) also showed that RCM α-LA
was more prone to unfolding as all its disulfide bonds are reduced, weakening its tertiary structure. However,
the enhanced stability afforded by β-CN reduces the propensity of RCM α-LA to unfold. It appears, therefore,
that β-CN inhibits fibril formation via a transient interaction (as confirmed by analytical-SEC, Figure 2) which
induces conformational change in RCM α-LA promoting a more stable, native-like structure which is less
prone to aggregation. Consistent with this, NMR studies also observed transient interactions between
α-crystallin and RCM α-LA [45], whereas stabilisation and eventual complexation occurred between the disor-
dered molten globule state of amorphously aggregating α-LA [17,45]. αs-Casein also prevents the amorphous
aggregation of DTT α-LA by complexation, as monitored by NMR spectroscopy [21]. Figure 6 provides a sche-
matic representation of the different mechanisms of β-CN chaperone action with amorphous and amyloid
fibrillar aggregating α-LA as elucidated in this study. The mechanisms bear significant similarity to those for
the inhibition of amorphous and amyloid fibrillar aggregation by sHsps [51–54].
In summary, DTT and RCM α-LA monomers have different structural properties apparent during the early

stages of aggregation, with RCM α-LA displaying compaction to a less hydrophobic, stable intermediate
whereas DTT α-LA rapidly unfolds to a molten globule state that exposes hydrophobicity and promotes the
association with additional DTT α-LA monomers. These data are consistent with the notion that amorphous
aggregation depends on exposing hydrophobicity whilst fibrillar aggregation relies on the formation of a more
ordered monomeric intermediate with less exposed hydrophobicity that associates more slowly. While β-CN is
able to protect against the amorphous aggregation of DTT α-LA, probably via hydrophobic and electrostatic
interactions, a different and more efficient mechanism prevents fibril formation of RCM α-LA which may
involve the mutual interaction of PP-II helical regions in both proteins. In doing so, β-CN interacts with RCM
α-LA transiently to increase its stability, restricting its capacity to enter the amyloid fibril off-folding pathway
(Figure 6). In a general sense, this study has provided insights into the conformational properties which induce
amorphous or fibrillar aggregation and the mechanism of chaperone function in proteostasis. Finally, the use of
IM-MS and CIU to investigate unfolding protein–chaperone interactions has been demonstrated, affording
unique molecular insights compared with other biophysical techniques.
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