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Abstract

Protein aggregation is involved in many human diseases, but characterizing the sizes and 

shapes of intermediate oligomers (~10 – 100 nm) important to the formation of macroscale 

aggregates like amyloid fibrils is a significant analytical challenge. Here, charge detection mass 

spectrometry (CDMS) is used to characterize individual conformational states of bovine serum 

albumin oligomers with up to ~225 molecules (15 MDa). Elongated, partially folded, and 

globular conformational families for each oligomer can be readily distinguished based on the 

extent of charging. The abundances of individual conformers vary with changes in the monomer 

concentration or by adding aggregation inhibitors, such as SDS, heparin, or MgCl2. These results 

show the potential of CDMS for investigating intermediate oligomers in protein aggregation 

processes that are important for understanding aggregate formation and inhibition mechanisms 

and could accelerate formulation buffer development to prevent the aggregation of 

biotherapeutics. 
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Introduction

Protein aggregation is involved in many human diseases including Alzheimer’s, 

Parkinsons’, and Huntingtons’ disease, dementia, amyotrophic lateral sclerosis (ALS), type-2 

diabetes, and transmissible spongiform encephalopathies.1 Understanding aggregation 

mechanisms and pathways is important for developing effective drugs and treatments for 

inhibiting the progression of disease. Protein-based therapeutics also aggregate under a wide 

range of stress conditions which can cause inefficacy and toxicity in vivo.2 Developing buffer 

systems to prevent aggregate formation for the effective transport and storage of biotherapeutics is

a critical part of any drug development workflow and requires the characterization of aggregates 

formed after stress in many different solution conditions. 

Small proteinaceous oligomers can be characterized by many different methods, including

size-exclusion chromatography,3 mass photometry,4–8 and mass spectrometry.9  Information about 

the average size of much larger complexes formed after extensive aggregation occurs can be 

obtained from light scattering methods.10  A variety of different microscopy techniques can 

provide individual particle data from which distributions of particle size and shape can be 

determined.11 However, little is known about intermediate size aggregates that have masses in the 

MDa range.  This is due in part to molecular complexity and the short-lived nature of what can be

transient species that are challenging to measure using existing methods.  

Native mass spectrometry has significant advantages for characterizing smaller oligomeric

states of proteins.  In combination with ion mobility spectrometry (IMS), information about the 

abundances and shapes of individual oligomers has been obtained for different proteins and 

peptides implicated as precursors in human disease, including A42,12–15 Tau,16–18 TDP-43,19,20 and

-synuclein.21–23 Information about the secondary structure elements of aggregate forming 
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peptide oligomers has been obtained through the combination of gas-phase infrared spectroscopy 

with IMS-MS.24–26 However, characterizing full length proteins or higher order aggregates using 

these techniques is hampered by the mass range of conventional MS instruments that measure 

ensembles of ions.  Although general structural information can be inferred based on the extent 

of protein charging,27,28 complex mixtures of high molecular mass species can lead to charge-state

distributions with overlapping m/z values that obscure information about ion charge and hence 

mass and shape from being obtained.29  

Charge detection mass spectrometry, in which the m/z and charge of individual analyte 

ions are measured simultaneously, overcomes the mass and charge limitations of conventional 

MS instruments. CDMS instruments have been used to investigate large protein complexes30–32 

and molecular machines,33,34 intact viruses35–38 and virus-like particles,39,40 salt clusters,41 and 

synthetic polymers,42,43 as well as aqueous nanodroplets44,45 and nanoparticles with masses that 

extend into the GDa range.46,47 By distinguishing individual species across a wide range of masses

and shapes, CDMS can provide a better overview of sample composition than more conventional 

methods such as transmission electron microscopy, dynamic light scattering, size-exclusion 

chromatography, or analytical ultracentrifugation.46–48 The high mass capabilities of CDMS are 

well suited to measuring a broad mass range of oligomers formed by aggregation in solution.48–50 

Here, aggregates of the model protein bovine serum albumin (BSA) are formed during heat stress 

under a variety of solution conditions.  CDMS measurements of these complex mixtures with 

and without aggregation inhibitors demonstrate the advantages of CDMS for characterizing the 

sizes and conformations of protein oligomers in a mass range that has not been previously 

accessible using conventional analysis methods. 

4



Experimental

Thermal Stress Protocol. Aqueous solutions of 0.1 – 37 mg/mL (~1.5 – 550 M) bovine

serum albumin (BSA) with 50 mM ammonium acetate (pH 6.8) were heated to 75 C for 20 

minutes using a dry bath incubator (Fisher Scientific, Hampton, NH). Optical density 

measurements were taken immediately after heat-stress without filtering the solution using a 

ThermoFisher Nanodrop One UV-Vis Spectrophotometer (Thermofisher Scientific, Waltham, 

MA). For mass spectrometry analysis, samples were vortexed and filtered through a 0.22 m 

syringe filter (Thermofisher Scientific) to remove insoluble aggregates. For inhibition 

experiments, sodium dodecyl sulfate (SDS) and heparin (5 kDa average molecular weight) were 

added in molar equivalent ratios of 1:4 and 1:1 to 5 mg/mL aqueous BSA solutions containing 50

mM ammonium acetate. 5 mg/mL BSA in 50 mM ammonium acetate and 200 mM MgCl2 were 

used to test the inhibitory effect of MgCl2. BSA, MgCl2, and ammonium acetate were obtained 

from Sigma-Aldrich (St. Louis, MO). Heparin and SDS were obtained from Fisher Scientific 

(Pittsburgh, PA). All reagents were used without further purification. 

Charge Detection Mass Spectrometry. Ions were formed by electrospray ionization 

from borosilicate nanoelectrospray emitters fabricated in-house from borosilicate capillaries (0.78

mm inner diameter, 1.00 mm outer diameter, Sutter Instrument, Novato, CA) pulled to a final 

inner diameter of 1.3  0.1 m using a Sutter Instrument P-87 Flaming/Brown micropipette 

puller.51 Emitter tip diameters were imaged using a Hitachi TM-1000 microscope (Tokyo, Japan) 

at the University of California, Berkeley - Electron Microscopy Laboratory.  Charge detection 
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mass spectrometry experiments were performed using a custom-built instrument.  Both this 

instrument and the data analysis methods are described in detail elsewhere.46,47,52,53 This 

instrument consists of a heated ion transfer tube (140 C), three RF-only quadrupole ion guides, 

and an electrostatic cone trap. Ion transmission over a wide range of m/z values was achieved by 

varying the RF voltages and frequencies applied to the quadrupoles and ion funnel. 

Results and Discussion

Soluble Protein Oligomer Size and Conformation. Bovine serum albumin (BSA) can 

form both fibrillar and amorphous aggregates within minutes at temperatures higher than ~60 C. 

The performance of CDMS for characterizing protein oligomers in the MDa size range was 

evaluated by measuring mass and charge data from solutions containing 5 mg/mL (~75 M) 

bovine serum albumin (BSA) before and after heating at 75 C for 20 minutes.  A CDMS mass 

histogram (Figure 1a) obtained from an unheated solution shows resolved oligomers up to 

hexamers (~405 kDa) and unresolved oligomers with masses between 0.5 – 2.5 MDa (7 – 37 

molecules). The low signal for oligomers with masses between 300 kDa and 500 kDa, as well as 

the observation that the higher mass aggregates disappear upon addition of a small molecule (see 

below), indicate that these aggregates exist in solution and are not an artifact of the electrospray 

process. QTOF mass spectra of this solution shows low-charge forms of abundant monomer up to

a low abundance hexamer, corresponding to compact, folded structures in solution (Figure S1). 

The baseline at m/z >10,000 is slightly elevated, and this is likely due to larger, unresolved 

globular aggregates that are clearly detected by CDMS. After heating the solution at 75 C for 20 

minutes, individual BSA oligomers up to the 23-mer are well-resolved by CDMS (Figure 1b) and 
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there is unresolved signal up to ~15 MDa (~225 molecules) (Figure S2). There are single ions 

that appear between ~15 – 20 MDa. The detection threshold was set at ~15 charges for this 

CDMS analysis, and counts in this mass range correspond to individual ions with more than 100 

charges. Therefore, even these single counts at these high masses and charges correspond to real, 

high molecular weight ions. The appearance of these oligomers from the heated sample, but not 

from the unheated sample, indicates that these aggregates were formed due to solution heating. 

The lower resolution obtained for the larger aggregates without heating is likely due to adducting 

salts and small molecules that can be dissociated from the protein when a solution is heated.54

An advantage of CDMS analysis is that because both the mass and charge of an ion are 

measured simultaneously, data can be plotted as a two-dimension histogram.  A 2D histogram for

the heated sample of BSA in Figure 1b shows four distinct conformer families, indicated by the 

different colored regions in Figure 2a, that extend over a wide range of both mass and charge.  

These conformer families, denoted as I, II, III, and IV, are distinguished based on different 

extents of charging for ions that have the same mass.  The blue dashed line in Figure 2a is the 

calculated Rayleigh charge limit for a spherical water nanodrop with a given mass and charge.  In 

native mass spectrometry, proteins and protein complexes typically charge to ~80% of the 

Rayleigh limit, consistent with compact forms associated with native structures.55  In contrast, 

highly elongated ions charge significantly above the Rayleigh limit. Oligomers in conformer 

family I, indicated by the green shaded region, are charged close to the Rayleigh limit (Figure 2a).

A mass histogram of just this green region (Figure 2b) shows a monomer and oligomers as large 

as the 14-mer (~1 MDa). Conformer family II contains aggregates charged well below the 

Rayleigh limit (Figure 2a, purple region) that span from 1.0 MDa (~15 molecules) up to ~15 
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MDa (~225 molecules) in size (Figure 2c). The lower charge compared to the Rayleigh limit is 

consistent with more compact globular structures. The maximum oligomer size of conformer 

family I overlaps in mass with the minimum oligomer size of conformer family II, indicating that

conformer family I may convert into conformer family II in this overlapping oligomer size range. 

Conformer family III (Figure 2a, blue region) consists of highly charged oligomers that 

start at the trimer and are well-resolved to the 24-mer, although ion signals up to ~2 MDa (~30 

BSA molecules, Figure 2d) are observed. These conformers are charged well above the Rayleigh 

limit and show a near linear increase in charge with increasing mass, indicating that these 

structures must be elongated in solution. Conformer family IV (Figure 2a, orange region) has 

charge states between those of the highly extended (III) and compact forms (I and II) of BSA 

oligomers. The range of charge states is broader than it is for the other conformer families 

indicating that this family of structures can take on a range of conformations between those of the

compact and highly extended forms. A BSA dimer formed from a solution of 

water/methanol/acetic acid in which BSA is denatured has charge states between +37 and +93 

(Figure S3).  In contrast, the BSA trimer in family III has charge states between ~+30 and +49 

(Figure 2a).  This indicates that although the trimer and higher order structures of family III and 

IV are extended, they are not as extended as fully denatured dimers.  This suggests a structure in 

which more folded monomers are forming extended structures. 

The abundance of small oligomers (<5 BSA molecules) charged above the Rayleigh limit 

in unheated solutions is very low (Figure S4), indicating that the vast majority of the two 

extended conformer families are formed in solution after heating (Figure 2a) and are not an 

artifact of the electrospray ionization process. No highly charged BSA monomers are observed 
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after heat stress, indicating that the high-charge ions of conformer family III do not originate 

from gas-phase collision-induced dissociation of even larger oligomers.  Individual conformers 

are mass resolved up to ~1 MDa (~15 BSA molecules). Oligomers above this mass are not 

individually resolved, likely due to salt or other small molecule adducts that broaden peaks. The 

BSA monomer and dimer have compact structures and there are no higher charged forms present.

This indicates that unfolding of both of these species at 75 C is reversible. In contrast, the 

extended structures of the unfolded trimer and higher order aggregates indicate that their 

formation is irreversible and produces long-lived aggregates that are stable at room temperature. 

Thus, it appears that the extended trimer is critical to the formation of larger aggregates that have 

highly elongated structures. 

These data demonstrate the advantage of CDMS to resolve distinct conformation families 

of individual protein oligomers formed during heat stress based on the ability to measure both 

mass and charge.  The oligomers readily resolved in the 2D mass-charge histogram in Figure 2a 

are completely unresolved in m/z space (Figure S5), highlighting the advantage of the 

simultaneous measurements of mass and charge of individual ions for samples containing highly 

heterogenous analytes that overlap significantly in m/z. 

Aggregation Pathways Depend on Initial Monomer Concentration. Protein 

aggregation and the types of structures (amorphous, fibrils, etc.) generated upon stress depend on 

concentration. To investigate how the initial monomer concentration affects the abundance of the 

conformational families identified in Figure 2a, solutions containing 0.1 – 37 mg/mL (~1.5 – 550 

M) BSA were heat-stressed for 20 min at 75 C and the resulting aggregation products 

characterized using CDMS. From unheated solutions containing 0.1 mg/mL BSA, there are 
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compact oligomers up to the hexamer with little higher order aggregates (Figure S6a). After 

heating, there is abundant monomer and dimer as well as compact aggregates of conformer 

family II with masses up to 2.0 MDa (30 molecules) (Figure S6b). The absence of solution 

turbidity and a low OD600 after heating indicate that these aggregates are sufficiently small to 

remain soluble (Figure S7, Figure S8).  

At concentrations >1 mg/mL, there are both elongated and compact higher-order 

oligomers after heat stress (Figure 3).  At 1 mg/mL, oligomers in compact conformer family I 

extend past 30-mers (2 MDa) and overlap in size with conformer family II, which extends from 

~22-mers (~1.5 MDa) to 119-mers (~8 MDa) (Figure 3a). At 5 – 15 mg/mL, the average 

molecular mass of conformer family I is reduced with increasing concentration (Figure 3a-c). 

whereas both the average molecular mass and the abundances of conformer family II increase 

between 1 - 5 mg/mL before decreasing at higher concentrations. The abundance of conformers 

III and IV is higher at 5 and 10 mg/mL compared to 1 mg/mL. Above 10 mg/mL, the abundance 

of conformer families I, II, and III is reduced (Figure S9). This is likely due to the rapid 

formation of larger, insoluble aggregates that are filtered out prior to the CDMS measurement 

(Figure S6). The OD600 of samples with BSA concentrations >10 mg/mL increases linearly with 

increasing concentration up to 37 mg/mL, indicating a higher turbidity than lower concentration 

samples (Figure S8).  These data are consistent with the formation of larger aggregates with 

increasing protein concentration. 

Increasing the initial concentration and monitoring the abundances of the conformational 

families provides information about how concentration affects different aggregation pathways. 

Decreased abundance for any family suggests the formation of higher order, insoluble aggregates 
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of the same family that deplete the population of small oligomers or conversion to a different 

conformer family. The compact families I and II decrease in abundance above 1 mg/mL and 5 

mg/mL, respectively, indicating the formation of large, amorphous aggregates, consistent with a 

small increase in the OD600 (Figure S8). The increase in abundance of the elongated conformers 

III and IV at 5 mg/mL and subsequent decrease in abundance at concentrations above 5 mg/mL 

and 10 mg/mL, respectively, indicate that the formation of large, elongated aggregates occurs at a 

higher concentration than compact aggregates of conformer families I and II. These data are 

consistent with prior work on different amyloid-forming proteins, wherein forming amorphous 

aggregates proceeds without a lag-phase and is kinetically favored over the formation of amyloid 

fibrils, which require significant changes to protein secondary and tertiary structure and the 

formation of specific, fibril-competent structures to initiate fibrillation.56 At concentrations >10 

mg/mL where conformations III and IV are reduced in abundance, the turbidity increases and 

there is a significant increase in viscosity (Figure S7, S8).  The increase in viscosity at 

concentrations where the abundance of conformer families III and IV are depleted indicates that 

the larger elongated/fibril-like aggregates may initiate gel formation. These results show the 

promise of CDMS for investigating aggregation pathways in a size range where other biophysical 

techniques cannot resolve individual oligomer conformations.

Aggregation Inhibitors Decrease the Formation of Specific Conformations. 

Aggregation inhibitors can affect the distributions and conformations of aggregates that are 

formed upon heat stress. Sodium dodecyl sulfate (SDS) is known to completely inhibit BSA 

aggregation.57 As a control experiment, solutions containing 5 mg/mL BSA and 4 molar eq. 

sodium dodecyl sulfate (SDS) detergent were heated to 75 C for 20 min.  Only compact 

11



monomer, dimer and a low abundance of trimer were observed, indicating that SDS prevents 

formation of all higher order aggregates irrespective of their structure (Figure 4b compared to the 

reference solution without SDS shown in Figure 4a). This result indicates that SDS interferes 

with the oligomerization process by preventing the formation of the elongated trimer. The 

absence of conformer family II in these data confirms that these species exist in both unheated 

(Figure 1a) and heated solutions (Figure 3a) and are dissociated upon addition of SDS. There 

were no changes in turbidity after heating in the presence of SDS, indicating that the absence of 

signal for small oligomers in these data is due to inhibition of the aggregation process rather than 

acceleration to form higher order oligomers. These data indicate that SDS prevents the formation 

of elongated (fibril-like) BSA aggregates, consistent with prior transmission electron microscopy 

results,57 and also indicate that formation of an elongated trimer is critical for the formation of 

irreversible aggregates.

The glycosaminoglycan heparin has been reported to inhibit BSA aggregation,58,59 

although this same molecule can act as an initiator of aggregation for other proteins.60 Heating a 5

mg/mL BSA solution at 75 C for 20 min with 1 molar eq. heparin (average MW ~5 kDa) 

resulted in the formation of compact oligomers (I) as large as the 10-mer and partially elongated 

species (IV) (Figure 4c). Globular aggregates (II) that range from 1 – 6 MDa (15 – 89 molecules)

were also formed compared to up to ~15 MDa (~222 molecules) in samples without heparin. 

Heparin prevents the formation of elongated (highly charged) forms of each oligomer, consistent 

with the reported anti-amyloid behavior of this MW heparin.61 The absence of conformer family 

II between 6 and 15 MDa with heparin (Figure S10) indicates that heparin also inhibits the self-

association of compact forms of BSA, consistent with prior reports using higher molecular weight
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heparins (~15 kDa) at lower pH and ionic strengths.58 The intermediate charged oligomers (IV) 

observed in the presence of heparin may be aggregating via a different mechanism that utilizes a 

portion of the protein that heparin does not strongly interact with. Their lower abundance 

compared to the sample without heparin indicates they are destabilized in the presence of 

heparin, suggesting that heparin is partially inhibiting the oligomerization process along this 

pathway as well. These data are in agreement with prior literature that indicate that heparin 

effectively combats amyloid formation and provide novel information about the heparin 

mechanism of action: the selective inhibition of fully elongated oligomers and destabilization of 

partially elongated oligomers and high mass globular aggregates. 

The addition of MgCl2 at high ionic strength has also been reported to prevent BSA 

aggregate formation.62 CDMS 2D mass-charge histograms of 5 mg/mL BSA with 200 mM MgCl2

acquired after heat-stress show compact (I) and partially elongated (IV) oligomers, as well as a 

low abundance of elongated (III) oligomers (Figure 4d). Compact oligomers up to the tetramer 

are formed in the presence of MgCl2 compared to the 11-mer without MgCl2. Higher charge 

oligomers are more difficult to resolve in these data, likely due to extensive adduction of MgCl2.  

There is no evidence for “magic” number clusters above 0.5 MDa, so loss of individual oligomer 

resolution does not adversely affect conclusions drawn from these data. These data indicate that 

MgCl2 stabilizes oligomers with a partially elongated structure, preventing the formation of large 

amorphous aggregates as well as highly extended aggregates and provides additional evidence 

that partially elongated BSA oligomers are formed via a different mechanism than globular or 

fully elongated, amyloid-like conformers. Aggregate formation may be inhibited by specific 

interactions between the protein and Mg2+ or as a result of the change in ionic strength upon 
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addition of 200 mM MgCl2. There was no increase in the hydrodynamic radius determined from 

light scattering data from 80 C heat-stressed BSA (0.1 mg/mL) in the presence of 200 mM Mg2+ 

compared to a ~50 nm increase in the average hydrodynamic radius without Mg2+, indicating that 

aggregation was inhibited.62 Conformer IV aggregates detected after heat stress in the presence of

Mg2+ by CDMS are low abundance and dispersed over a wide mass range and may not have been 

detected by the earlier ensemble dynamic light scattering measurements. 

For each of these solution additives, the average charge state of the BSA monomer, dimer,

trimer, and tetramer are the same, indicating that protein charging is not significantly affected by 

the presence of these additives and that they do not measurably affect the ESI process.  This 

provides additional evidence that the very different abundances of each conformer family in the 

CDMS data for each additive are due to differences in their abundances in solution. These data 

indicate CDMS has significant advantages for characterizing the masses and shapes of oligomers 

in the hundreds of kDa to 10+ MDa size range. Results for the three inhibitors used here are in 

agreement with prior results from the literature and also provide novel information about three 

different mechanisms of action involving the selective inhibition of specific structures that can be 

readily distinguished by their “aggregation footprint” in mass and charge space. 

Conclusions

CDMS measurements of oligomer size and conformation are enabled through 

simultaneous measurements of both m/z and charge for each individual ion.  For BSA, 

information about oligomers consisting of over 200 protein molecules with masses up to 15 MDa 

was obtained.  Four distinct conformer families of oligomers are resolved based on the extent of 
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charging at a given size.  The abundances of these families depend on the initial protein 

concentration and is affected by the presence of inhibitors. SDS, heparin and MgCl2 all reduce 

aggregation and information about which aggregation pathways are inhibited is obtained from the

sizes and abundances of each resolved conformational family.  The ability to monitor the kinetics 

of amyloid fibril or amorphous aggregate formation makes CDMS a promising technique for 

obtaining information at the earliest stages of the aggregation process without the need for 

microscopy methods that require extensive sample preparation or the need to wait until much 

larger aggregates that can be optically detected are formed. Further experiments comparing 

information obtained from different methods on standard samples would highlight the relative 

advantages of various techniques used to quantify protein aggregation.

The information about the oligomer shape obtained from the extent of charging is 

analogous to that obtained from ion mobility measurements albeit at much lower resolution. 

However, CDMS has the advantage that it can be applied to much larger proteins making it 

possible to obtain information about size and shape in a size range (100’s of MDa – GDa) that is 

difficult to measure using more conventional biophysical methods.  Characterizing oligomers 

involved in the earliest stages of aggregation for full length Tau (~45 kDa), TDP-43 (~43 kDa), or

even Huntington protein (~350 kDa) would provide insight into the molecular mechanisms of 

aggregation involved in neurological disease.  Aggregation inhibition assays often require long 

periods of time (~hrs – days) to assay the formation of light-scattering particles under different 

solution conditions. CDMS measurements could accelerate these workflows by assaying the 

earliest stages of the aggregation process, providing quick feedback on the stabilizing effect of 

solution conditions or inhibitors that may significantly aid the development of 
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formulation/storage buffers for biopharmaceuticals or the discovery of novel compounds for 

inhibiting the aggregation of disease-causing amyloid-forming proteins. 

Supporting Information. QTOF mass spectrum of 5 mg/mL BSA sample; Extended 1D mass 

histogram of heat-stressed 5 mg/mL BSA; QTOF mass spectrum of BSA from a denaturing 

solution; 2D mass-charge histogram of 5 mg/mL BSA; m/z mass spectrum of the data shown in 

Figure 2a; 2D mass-charge histogram of 0.1 mg/mL BSA before and after heat stress; Microscope

images of BSA samples before and after heat stress; OD600 of heat-stressed BSA solutions; 2D 

mass-charge histogram of 25 mg/mL BSA after heat stress; 2D mass-charge histogram of 5 

mg/mL BSA without and with heparin.
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Figure 1. CDMS mass histograms of 5 mg/mL aqueous BSA solutions with 50 mM ammonium 

acetate (pH 6.8) (a) unheated and (b) heated at 75 C for 20 min prior to cooling and filtering. The

labels in (b) correspond to the number of BSA molecules in each oligomer.
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Figure 2. (a) 2-dimensional CDMS mass-charge data obtained from a 5 mg/mL aqueous solution

of BSA (with 50 mM ammonium acetate, pH 6.8) heat stressed at 75 C for 20 min. By selecting 

the individual families of conformers distinguished by the extent of oligomer charging, 1D mass 

histograms were extracted to show the different distributions of aggregate size for the (b) compact

conformer family I (green), (c) higher mass and density conformer family II (purple), (d) 

elongated conformer family III (blue), and (d) partially elongated conformer family IV (orange). 

The blue dashed line represents the Rayleigh limit of an aqueous droplet as a function of mass.
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Figure 3. 2D mass-charge data obtained from aqueous BSA solutions (with 50 mM ammonium 

acetate, pH 6.8) at an initial BSA concentration of (a,d) 1 mg/mL, (b,e) 10 mg/mL, and (c,f) 15 

mg/mL after heating at 75 C for 20 min (a,b,c) and before heating (d,e,f). Shaded regions 

correspond to the same conformational families identified in Figure 2a. Arrows depict the 

increase or decrease in both abundance and size distribution for each conformational family 

relative to the lower concentrations. The arrows for the 10 mg/mL data depict the change in 

abundance and size distribution of each family relative to the 5 mg/mL data in Figures 2a and S3.
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Figure 4. Mass histograms (top row) and 2D mass-charge data (middle row) of heat-stressed (75 

C for 20 min) BSA solutions (5 mg/mL BSA with 50 mM ammonium acetate, pH 6.8) 

containing (a) no inhibitor, (b) 4 molar eq. SDS, (c) 1 molar eq. heparin, or (d) 200 mM MgCl2. 

The schemes in the bottom row indicate how each inhibitor affects the formation pathway for the 

four different conformational families. Shaded regions correspond to the same conformational 

families identified in Figure 2a.
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