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SDS-PAGE analysis of Aβ 
oligomers is disserving research 
into Alzheimer´s disease: 
appealing for ESI-IM-MS
Rosa Pujol-Pina1,*, Sílvia Vilaprinyó-Pascual1,*, Roberta Mazzucato1, Annalisa Arcella2, 
Marta Vilaseca3, Modesto Orozco2,4 & Natàlia Carulla1

The characterization of amyloid-beta peptide (Aβ) oligomer forms and structures is crucial to the 
advancement in the field of Alzheimer´s disease (AD). Here we report a critical evaluation of two 
methods used for this purpose, namely sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), extensively used in the field, and ion mobility coupled to electrospray ionization mass 
spectrometry (ESI-IM-MS), an emerging technique with great potential for oligomer characterization. 
To evaluate their performance, we first obtained pure cross-linked Aβ40 and Aβ42 oligomers of well-
defined order. Analysis of these samples by SDS-PAGE revealed that SDS affects the oligomerization 
state of Aβ42 oligomers, thus providing flawed information on their order and distribution. In 
contrast, ESI-IM-MS provided accurate information, while also reported on the chemical nature 
and on the structure of the oligomers. Our findings have important implications as they challenge 
scientific paradigms in the AD field built upon SDS-PAGE characterization of Aβ oligomer samples.

Aβ  oligomers, species that form early during Aβ  aggregation, are considered the pathogenic molecular 
form of Aβ  in AD1. Consequently, they have been singled out as a target to treat this disease2. However, 
the characterization of Aβ  oligomers is challenging because they are heterogeneous—comprising a range 
of aggregation states—and because they form transiently—evolving as a function of time3,4. In spite 
of these difficulties, different approaches and techniques have been developed to characterize them5–12. 
One such approach relies on the production of cross-linked oligomers by means of the photo-induced 
cross-linking of unmodified proteins (PICUP) reaction, and their subsequent analysis by SDS-PAGE 
(Fig. 1)5,13. Aβ 1-40 (Aβ 40) and Aβ 1-42 (Aβ 42) are the two principal forms of Aβ , differing by only two 
hydrophobic residues at the C-terminus. Analysis of PICUP cross-linked Aβ 40 and Aβ 42 samples by 
SDS-PAGE revealed that Aβ 40 oligomerizes through dimers up to tetramers while Aβ 42 does so mainly 
through pentamers and hexamers5,13. Since Aβ 42 has been shown to have a more prominent role in 
AD14,15, PICUP/SDS-PAGE analysis led to the conclusion that pentamers and hexamers constituted the 
basic building blocks for Aβ  aggregation5,13.

The importance of pentamers and hexamers in Aβ  aggregation has become a scientific paradigm in 
the field. For example, according to the Web of Science, there are six key papers7–9,16–18, frequently cited 
together (more than one thousand times), that constitute the foundational core for the research front 
entitled “Aβ  oligomers, fibrils and AD”. Three of these six papers are based directly16,18 or indirectly7 on 
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the conclusions derived from PICUP/SDS-PAGE analysis. However, SDS-PAGE analysis might be biased 
since SDS has been suggested to affect the oligomerization state of Aβ , especially that of Aβ 428,19,20. 
Given the potential artifacts of SDS, it is critical to evaluate the usefulness of SDS-PAGE to character-
ize Aβ  oligomers to have a criteria with which to revise the conclusions derived from its use. For the 
purpose of this evaluation, it is important to consider new techniques that are not dependent on SDS. 
ESI-IM-MS is an emerging method with great potential for the characterization of oligomers7,10,21–24. 
ESI-IM-MS offers the possibility to resolve heterogeneous oligomer samples on the basis of differences 
in the order and/or in the structure of the oligomers present in a sample. Moreover, the time scale of 
IM experiments (tens of ms) is much shorter than that of conventional structural techniques (s to hrs), 
thus making them ideal for the structural characterization of heterogeneous and dynamic samples such 
as Aβ  oligomers. Furthermore, since ESI-MS allows the preservation of many non-covalent interactions 
within complexes25, even several involving a reduced interaction surface26–30, ESI-IM-MS emerges as a 
suitable method for the characterization of not only cross-linked oligomers but also non-covalent ones.

Here we provide a critical evaluation of SDS-PAGE and ESI-IM-MS for the characterization of Aβ  
oligomers. To this end, we first developed a protocol to obtain pure PICUP cross-linked (CL) Aβ 40 and 
Aβ 42 oligomers of defined order. Using these samples, we unequivocally established that SDS-PAGE leads 
to artifacts in determining the order and distribution of Aβ 42 oligomers On the other hand, ESI-IM-MS 
was further established as a reliable technique through which to characterize the order, distribution, 
chemical modifications, and structure of both covalently and non-covalently linked Aβ  oligomers. Our 
results have important implications as they challenge previous scientific paradigms in the field built upon 
results obtained through the SDS-PAGE characterization of Aβ  oligomers. In this context, we demon-
strate that pentamers and hexamers are artifacts of SDS-PAGE analysis. Moreover, we identify Aβ 40 and 
Aβ 42 dimers and trimers, adopting a globular structure and lacking defined secondary structure, as the 
earliest forms to be considered in the design of therapeutic strategies targeting Aβ  oligomerization.

Results
PICUP and SDS-PAGE apparently indicate that Aβ40 and Aβ42 oligomerize through distinct 
pathways.  Following previously described protocols31,32, we obtained Aβ 40 and Aβ 42 samples in 
their lowest aggregation state using size exclusion chromatography (SEC). We refer to these samples 
as low molecular weight (LMW) Aβ 40 and Aβ 42 (Fig. 1a), as various techniques have shown that they 

Figure 1.  PICUP and SDS-PAGE analysis apparently indicate that Aβ40 and Aβ42 oligomerize through 
distinct pathways. (a) LMW Aβ  samples contain monomers in equilibrium with low order Aβ  oligomers 
(left). Synthetic LMW_CL Aβ  samples are obtained by subjecting their LMW counterparts to PICUP (right). 
(b) Characterization of LMW and LMW_CL Aβ 40 and Aβ 42 oligomer distribution by SDS-PAGE analysis. 
LMW_CL Aβ 40 and Aβ 42 samples were prepared using two different Aβ /Ru(bpy)3

2+/APS ratios, namely 
1:2:5 and 1:2:40.
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comprise monomers in rapid equilibrium with low order oligomers31. To freeze this dynamic equilib-
rium, LMW Aβ  samples were cross-linked by means of PICUP5,13. We refer to these samples as LMW 
cross-linked (LMW_CL) Aβ 40 and Aβ 42 (Fig. 1a). Initially, we used previously described conditions—an 
Aβ /tris(bipyridyl) Ru(II) complex (Ru(bpy)3

2+)/ammonium persulfate (APS) ratio of 1:2:40—to obtain 
LMW_CL Aβ 40 and Aβ 425,13,33. Analysis of these samples by SDS-PAGE and silver staining reproduced 
previous results described in the literature (Fig. 1b). Uncross-linked LMW Aβ 40 ran with a molecular 
weight consistent with that of monomers. LMW_CL Aβ 40 presented an oligomer distribution charac-
terized by monomers through to pentamers—displaying decreasing intensity with increasing oligomer 
order. Uncross-linked Aβ 42 produced predominantly three bands consistent with monomers, trimers 
and tetramers. LMW_CL Aβ 42 ran as monomers through to trimers—displaying decreasing intensity 
with increasing oligomer order—and as a Gaussian-like distribution comprising tetramers through to 
octamers, with a maximum at pentamers and hexamers. These results apparently support the hypothesis 
from Teplow and co-workers that Aβ 40 and Aβ 42 oligomerize through distinct pathways5,13.

To determine the homogeneity of the LMW_CL Aβ  samples, we analyzed LMW_CL Aβ 40 by 
reversed phase high-pressure liquid chromatography (RP-HPLC) and LC coupled to high resolution MS 
(LC-HRMS). This analysis revealed that an Aβ /Ru(bpy)3

2+/APS ratio of 1:2:40 led to various degrees 
of oxidized byproducts (Supplementary Fig. S1a and Table S1). We then optimized PICUP conditions 
and found that an Aβ /Ru(bpy)3

2+/APS ratio of 1:2:5 largely overcame the formation of these byproducts 
(Supplementary Fig. S1b,c). Although the optimized conditions led to a lower yield of cross-linked oli-
gomers (Fig. 1b), they were used throughout our study since they ensured chemically well-defined CL 
Aβ  oligomers.

Aβ42 pentamers and hexamers are artifacts of SDS-PAGE analysis.  Various studies have 
suggested that SDS affects the oligomerization state of Aβ  samples8,19,20. To address this possibility, we 
sought to determine the oligomer order and distribution of LMW_CL Aβ  samples using a new strat-
egy that involved the same principles as those used in SDS-PAGE, that is, denaturation/disaggregation 
followed by size fractionation, but without using SDS. Denaturation/disaggregation was accomplished 
by lyophilizing LMW and LMW_CL Aβ 40 and Aβ 42 samples and later resuspending them in 6.8 M 
guanidine thiocyanante (GdnHSCN), conditions used to solubilize plaque cores34. Therefore, treatment 
of LMW and LMW_CL Aβ  samples with 6.8 M GdnHSCN should break all non-covalent Aβ -Aβ  inter-
actions preserving only the covalent ones formed during the cross-linking reaction. Size fractionation of 
the resulting oligomers was attained by SEC using 10 mM ammonium acetate at pH 8.5 as the elution 
buffer. This buffer was chosen because it prevented aggregation of the samples during SEC fractionation. 
After this treatment, referred to as GdnHSCN-SEC analysis, LMW Aβ 40 and Aβ 42 eluted as a single 
peak (Fig. 2a,b), confirming that GdnHSCN broke all the non-covalent interactions and that aggregation 
was prevented during SEC fractionation. In contrast, LMW_CL Aβ 40 and Aβ 42 samples eluted as four 
main peaks (Fig. 2c,d). ESI-MS analysis confirmed that the peaks eluting at 39.5, 34.7, and 32.6 mL in 
LMW_CL Aβ 40 and at 38.4, 33.5, and 31.6 mL in LMW_CL Aβ 42 samples corresponded to “monomers”, 
CL dimers, and CL trimers of Aβ 40 (Fig. 2e) and Aβ 42 (Fig. 2f), respectively. Although peaks eluting 
at 31.3 mL in LMW_CL Aβ 40 (Fig. 2c) and at 30.5 mL in LMW_CL Aβ 42 (Fig. 2d) samples were low 
in abundance, ESI-MS analysis revealed the presence of + 8 and + 7 charge states corresponding to 
tetramers. Of note, ESI-MS analysis of peaks corresponding to “monomers” in LMW and LMW_CL 
Aβ  samples also showed that they contained charge states corresponding to non-covalent dimers and 
trimers (Fig. 2e,f). These observations are consistent with previous results indicating that Aβ  monomers 
exist in rapid equilibrium with low order Aβ  oligomers (Fig. 1a)31. Altogether, GdnHSCN-SEC analyses 
indicated that the oligomer distribution for LMW_CL Aβ 40 and Aβ 42 samples was the same, comprising 
dimers, trimers and tetramers (Fig. 2c,d). This result is inconsistent with that obtained when the same 
samples were analyzed by SDS-PAGE (Fig.  1b), thus suggesting that SDS affects Aβ  oligomerization, 
particularly that of Aβ 42.

Having access to pure synthetic CL Aβ  oligomer samples of well-defined order offered us a unique 
opportunity to study the effect of SDS on Aβ  oligomerization. We analyzed isolated CL Aβ 40 and Aβ 42 
dimers and trimers as well as mixtures of them, obtained after GdnHSCN-SEC, by SDS-PAGE. CL Aβ 40 
dimers and trimers ran as expected (Fig. 2g). However, CL Aβ 42 dimers run also as tetramers, CL Aβ 42 
trimers also as hexamers, and mixtures of CL Aβ 42 dimers and trimers also as tetramers, pentamers and 
hexamers (Fig. 2h). These findings have two important implications: i) SDS is responsible for affecting the 
oligomerization state of Aβ 42 oligomers. In fact, the temperature and incubation time prior to SDS-PAGE 
analysis did not have an effect in the oligomerization state of the samples (Supplementary Fig. S2).  
Consequently, SDS-PAGE is not a reliable technique to characterize the order and distribution of Aβ  
oligomers present in a sample; ii) they challenge the widely accepted view that pentamers and hexamers 
are the basic building blocks for Aβ  aggregation.

ESI-IM-MS analysis reveals that Aβ40 and Aβ42 predominantly oligomerize through dimers 
and trimers.  Given that SDS-PAGE analysis leads to artifacts in the characterization of Aβ  oligomers, 
we consider it critical to establish techniques that can provide reliable results. As detailed in the introduc-
tion, ESI-IM-MS is an emerging technique with great potential to characterize the oligomers present in a 
sample7,10,22, circumventing the problems associated with the use of SDS8,19,20. To evaluate the feasibility 
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Figure 2.  Aβ42 pentamers and hexamers are artifacts of SDS-PAGE analysis. GdnHSCN-SEC analysis 
of (a) LMW Aβ 40, (b) LMW Aβ 42, (c) LMW_CL Aβ 40, and (d) LMW_CL Aβ 42. ESI-MS spectra 
corresponding to peaks detected after GdnHSCN-SEC analysis of (e) LMW_CL Aβ 40 and (f) LMW_CL 
Aβ 42 samples. SDS-PAGE analysis of isolated CL dimers and trimers, as well as mixtures of them for (g) 
Aβ 40 and (h) Aβ 42 obtained after GdnHSCN-SEC fractionation. M =  monomers, D =  dimers, Tr =  trimers, 
Te =  tetramers, P =  pentamers, and Hx =  hexamers. The red arrows indicate oligomers formed artifactually 
in the presence of SDS.
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of ESI-IM-MS for the characterization of Aβ  oligomers, we next studied LMW and LMW_CL Aβ 40 
and Aβ 42 samples in 10 mM ammonium acetate at pH 8.5 (Fig. 3 and Supplementary Figs S3–S5). We 
began ESI-IM-MS analysis by first assigning all the peaks in each spectrum to specific Aβ  oligomers (see 
Supplementary Text). Briefly, assignments were performed on the basis of the 13C isotope distribution 
(Fig. 3b,c and Supplementary Figs S3b,c–S5b,c), as proposed in the literature10. Whenever resolution was 
not enough, assignment was carried out by the detection of at least two consecutive charge states for 
a specific Aβ  oligomer (Fig. 3a and Supplementary Figs S3a–S5a). The LMW and LMW_CL Aβ 40 and 
Aβ 42 samples ranged predominantly from monomers to trimers, although low intensity charge states 
for tetramers, pentamers and hexamers were also detected (M =  monomers, D =  dimers, Tr =  trimers, 
Te =  tetramers, P =  pentamers, and Hx =  hexamers) (Fig.  3a and Supplementary Figs S3a–S5a). Next, 
we determined the oligomer distribution in each sample by using all charge state ions across the whole 
spectrum (Fig.  3d). There were no significant differences between the oligomer distribution of Aβ 40 
and Aβ 42 when compared in the LMW or LMW_CL samples. Hence, we concluded that the oligomer 

Figure 3.  ESI-IM-MS analysis reveals that Aβ40 and Aβ42 oligomerize predominantly through 
dimers and trimers. (a) ESI-IM-MS spectra for LMW Aβ 40. M =  monomers, D =  dimers, Tr =  trimers, 
Te =  tetramers, P =  pentamers, and Hx =  hexamers. The number adjacent to each aggregation state refers to 
the charge state of the ion. The summed m/z spectrum is shown on the right. Projections of the ESI-IM-MS 
spectra on the drift time axis for (b) m/z 2166 (M + 2, D + 4, Tr + 6, and Te + 8) and (c) m/z 1732 (D 
+ 5), both indicated by an arrowhead in (a). For each of the mobility peaks detected, their associated m/z 
spectrum is also shown. Peaks were assigned following the considerations described in the Supplementary 
Text. ESI-IM-MS analysis of LMW_CL Aβ 40, LMW Aβ 42, and LMW_CL Aβ 42 samples is shown in 
Supplementary Figs S3–S5, respectively. Relative population of M (purple), D (orange), Tr (green), Te (blue), 
P (brown), and Hx (pink) in LMW Aβ 40 (empty bars), LMW Aβ 42 (filled bars), LMW_CL Aβ 40 (empty 
brick pattern bars) and LMW_CL Aβ 42 (filled bricked pattern bars) samples obtained from (d) the intensity 
counts of all charge states detected in ESI-IM-MS spectra.
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distribution for Aβ 40 and Aβ 42 was the same, comprising mainly dimers and trimers, and that PICUP 
provided an accurate snapshot of this distribution. Noticeably, the ESI-IM-MS oligomer distribution was 
consistent with the GdnHSCN-SEC analysis (Supplementary Fig. S6), thereby supporting the reliability 
of ESI-IM-MS for the characterization of Aβ  oligomers. Furthermore, in contrast to GdnHSCN-SEC 
analysis, ESI-IM-MS allowed detection of low abundant oligomers such as pentamers and hexamers and 
characterization of the oligomer order and distribution of non-covalently linked oligomers.

Aβ40 and Aβ42 dimers and trimers adopt a globular shape devoid of defined secondary struc-
ture.  In addition to characterizing the Aβ  oligomer order and distribution, ESI-IM-MS has the poten-
tial to identify chemical modifications, as well as to provide dynamic and structural information on the 
oligomers present in the sample. As per the characterization of chemical modifications, ESI-IM-MS 
analysis revealed that the mass of LMW_CL Aβ  oligomers is consistent with the expected loss of two 
hydrogens for each covalent bond formed in the PICUP reaction (Supplementary Fig. S7)35.

To establish the effect of cross-linking on Aβ  oligomer dynamic, we measured the line width of the 
mobility peaks associated with specific Aβ  oligomers. The line width corresponding to non-covalent 
Aβ  oligomers in LMW samples was significantly larger than that of CL ones in LMW_CL samples 
(Supplementary Fig. S8). This finding indicated that during the mobility experiment each of the detected 
non-covalent Aβ  oligomer sampled more conformations than their corresponding CL counterparts. A 
result consistent with the general expectation that cross-linking, which entails the formation of covalent 
bonds, reduces the number of accessible conformations.

Regarding structural information, ESI-IM-MS experiments can provide collisional cross-section (Ω ) 
values8,11,22–24, which are key structural constraints related to oligomer size and shape. We determined 
Ω  for the most abundant Aβ  oligomers detected in the LMW and LMW_CL Aβ 40 and Aβ 42 samples 
(Fig.  4a and Supplementary Table 2) and compared the same type of oligomer in the four samples. 
First, we compared the same type of oligomer in the LMW Aβ 40 and Aβ 42 samples and no significant 
differences in drift time (Supplementary Fig. S8a) or Ω  values (Fig. 4a) were found, thereby indicating 
that they were similar. Next, we carried out, the same comparison for the LMW_CL Aβ 40 and Aβ 42 
samples and found significant differences in drift time (Supplementary Fig. S8a) and Ω  values (Fig. 4a). 
This result was not surprising since cross-linking reduces the conformational dynamics of Aβ oligomers 
(Supplementary Fig. S8) so we expected that differences in shape would be easier to distinguish among 
the CL oligomers than among the non-covalent ones. However, although this finding might indicate that 
LMW_CL Aβ 42 oligomers have a more extended structure than their Aβ 40 counterparts, the difference 
observed was consistent with the fact that Aβ 42 has two more amino acids than Aβ 40 (Supplementary 
Fig. S9). Accordingly, we concluded that Aβ 40 and Aβ 42 oligomers of the same order adopt the same 
shape, regardless of whether they are cross-linked.

To rationalize the experimentally obtained Ω  values, we constructed three structural models of Aβ  
dimers for Aβ 40 (Fig.  4b) and Aβ 42 (Supplementary Fig. S10a). These models were built and named 
nuclear36, fibrillar37, or compact9,38, on the basis of various structural restraints reported for Aβ  aggre-
gates. All the predicted Ω  values (Fig. 4c and Supplementary Fig. S10b) were markedly larger than the 
experimental ones, thereby indicating that none of the proposed models fitted the experimental data. 
Thus, to build more realistic structural models and achieve better sampling, we ran atomistic molecu-
lar dynamics (MD) simulations using the replica exchange method (REMD) and simulation conditions 
similar to those in a ESI-MS experiment39,40. In the first part of the simulations, all the models, irre-
spective of their original conformation, collapsed to adopt globular structures (Supplementary Fig. S11). 
Of the three structural models, the ensemble of globular structures for the nuclear form had the lowest 
energy (Supplementary Fig. S12). Thus, we took this low-energy ensemble to represent the structure of 
a globular dimer model (Fig.  4b and Supplementary Fig. S10a). The average Ω  value of this ensemble 
was very similar to the experimental values obtained for the non-covalent and CL dimers (Fig. 4c and 
Supplementary Fig. S10b), thereby indicating that Aβ  dimers have a globular shape. Next, to validate 
the lack of defined secondary structure adopted by the Aβ  oligomers, we measured a CD spectrum of 
Aβ 40 and Aβ 42 CL dimers and trimers obtained immediately after SEC (Fig. 4d,e). The spectra for all 
four samples showed a minimum at around 200 nm, indicative of a lack of defined secondary structure. 
Additionally, an arm around 230 nm was also observed, which may reflect the existence of dynamic 
structural nuclei. In summary, the results from ESI-IM-MS, MD simulations, and CD spectroscopy were 
consistent with Aβ  dimers and trimers adopting a globular shape devoid of defined secondary structure 
(Fig. 4 and Supplementary Fig. S10).

Discussion
Our results establish that SDS-PAGE leads to artifacts in the determination of the order and distribu-
tion of Aβ 42 oligomer samples and present ESI-IM-MS as a powerful technique to characterize the 
order, distribution, chemical modifications, and structure of both covalent and non-covalently linked 
Aβ  oligomers (Fig.  5). Moreover, our findings indicate that pentamers and hexamers are artifacts of 
SDS-PAGE analysis and reveal Aβ 40 and Aβ 42 dimers and trimers, adopting a globular structure and 
lacking defined secondary structure, as the earliest oligomers formed during Aβ  aggregation.

Although no other laboratory has studied LMW_CL Aβ 40 and Aβ 42 samples by ESI-IM-MS, they 
have addressed LMW Aβ 40 and Aβ 42 samples7,10. In this regard, it is important to note that our results 
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are consistent only with studies that used the 13C isotopic distribution to assign peaks separated in 
the mobility dimension. This is the case for findings on LMW Aβ 40 samples reported by Dadlez and 
co-workers10. They reported the presence of various oligomers, ranging from dimers to hexadecamers, 
adopting two conformations, namely compact and extended13. The Ω  values for the oligomers detected 
in our study are in agreement with those reported by Dadlez´s group. Differences in the number of 
oligomers detected in the two studies can be reconciled by taking into account that Dadlez´s work was 
performed using a higher Aβ 40 concentration (200 μ M versus 30 μ M). On the contrary, our results are 
not consistent with those of Bowers and co-workers7, who detected a single charge state (D -5, they 
work on negative mode) specific for an Aβ  oligomer, which included various mobility peaks, assigned 
by the authors based upon injection energy studies and PICUP/SDS-PAGE experiments7,21, to dimers 
and tetramers for Aβ 40, and to dimers, tetramers, hexamers, and dodecamers for Aβ 42. These same 
assignments were further repeated in subsequent papers from the group41–45. Since their instrumentation 

Figure 4.  Aβ40 and Aβ42 dimers and trimers adopt a globular shape devoid of defined secondary 
structure. (a) Ω  values obtained from the mobility peaks associated with the most abundant charge states 
for the most abundant Aβ  oligomers detected (Te =  tetramers, Tr =  trimers, and D =  dimers) Te + 7 (blue), 
Tr + 6 (green), and D + 5 (orange) for LMW Aβ 40 (empty bars), LMW Aβ 42 (filled bars), LMW_CL 
Aβ 40 (empty brick-pattern bars) and LMW_CL Aβ 42 (filled brick-pattern bars). Data are the mean ±  s.d. 
of three independent experiments. p-values are calculated using unpaired two-tailed Student’s t-test 
(**p <  0.01 and ***p <  0.001). (b) Theoretical Aβ 40 dimer models constructed using reported structural 
restraints for Aβ  aggregates (nuclear36, fibrillar37, and compact9,38), as well as those obtained from REMD 
simulations (globular). (c) Comparison of Ω  values obtained from theoretical models of the dimer structures 
described in (b) with the experimental measures for the non-covalent and CL Aβ 40 dimers reported in 
(a). CD analysis of CL dimers (orange) and CL trimers (green) for (d) Aβ 40 and (e) Aβ 42 obtained after 
GdnHSCN-SEC fractionation.
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did not allow measuring the 13C isotope distributions, they could not distinguish whether a mobility 
peak originated from a structural variant of an oligomer of the same order (e.g., compact and extended 
forms) or from oligomers of distinct order. We indeed observed two mobility peaks associated with the 
D+ 5 charge state for Aβ 40 and Aβ 42 (Supplementary Fig. S13). However, on the basis of 13C isotopic 
distribution, we assigned these peaks to compact and extended conformations of the dimer rather than 
to distinct oligomer forms. Therefore, an important conclusion for the application of ESI-IM-MS to the 
study of Aβ  oligomers is that assignments should be based on the 13C isotopic distribution of the peaks 
separated in the mobility dimension, as initially proposed by Dadlez and co-workers10. Whenever there 
is not enough resolution to determine the charge state, we propose that the detection of at least two 
consecutive charge states for a particular oligomer should be required to assign a mobility peak to a 
specific oligomer.

A key aspect of the present study is that the GdnHSCN-SEC strategy allowed us access to synthetic 
Aβ  oligomers of well-defined order. This protocol greatly improves previous efforts to fractionate CL Aβ  
oligomers from SDS-PAGE bands. Indeed, a protocol for the isolation of CL Aβ  oligomers of defined 
order from SDS-PAGE has been described for Aβ 4016. Attempts to apply the same protocol to CL Aβ 42 
samples were unsuccessful16. According to the authors of that study, isolated CL Aβ 42 oligomers were 
not stable upon re-electrophoreses. This result reinforces our findings that Aβ 42 pentamers and hex-
amers are not bona fide cross-linked oligomers but are dimers and trimers that evolve into pentamers 
and hexamers in the presence of SDS. Having developed a fractionation protocol that permitted obtain-
ing Aβ  oligomers of well-defined order also allowed us to characterize them by CD spectroscopy. By 
combining CD analysis with structural information derived from Ω  values obtained from ESI-IM-MS 
studies, and atomistic MD simulations, we show that dimers and trimers have a globular fold lacking 
defined secondary structure (Fig.  4 and Supplementary Fig. S10). This observation contrasts with pre-
vious publications where SDS-PAGE-purified CL Aβ 40 dimers, trimers, and tetramers were suggested 
to adopt a β -sheet structure16. In the aforementioned work, the authors used PICUP conditions that, 
in our hands, afforded a heterogeneous mixture of oxidized products when analyzed by RP-HPLC and 
LC-HRMS (Supplementary Fig. S1 and Table S1). Moreover, the authors fractionated the oligomers using 
SDS-PAGE, and although several purification steps were applied, there is the possibility that SDS con-
taminated the samples, thus affecting the structure of the purified oligomers.

In summary, our results reveal that SDS-PAGE leads to artifactual results in determining the order 
and distribution of Aβ 42 oligomers, while ESI-IM-MS is established as a powerful technique to charac-
terize the order, distribution, chemical modifications, and structure of both covalent and non-covalently 

Figure 5.  Schematics describing the conditions and the information derived from the different 
techniques used in this study to characterize LMW and LMW_CL Aβ samples. Techniques involving 
denaturing conditions in the preparation and/or fractionation of the samples are not suitable for the 
characterization of LMW Aβ  samples. Filled and dashed circles indicate, respectively, the average and the 
standard deviation of the M =  monomers (purple), D =  dimers (orange), Tr =  trimers (green), Te =  tetramers 
(blue), P =  pentamers (brown), Hx =  hexamers (pink) and Hp =  heptamers (cyan) relative population in each 
of the samples studied. The information obtained from each of the techniques is shown in the last column. 
Additional methods used to further support and/or validate specific information derived from either 
GdnHSCN-SEC or ESI-IM-MS are indicated in parentheses. The results derived from SDS-PAGE analysis 
are indicated in red because we have shown that this technique provides flawed information regarding the 
order and distribution of oligomers present in a sample (Fig. 2).
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linked Aβ 40 and Aβ 42 oligomers. These findings challenge previous scientific paradigms in the AD field 
built upon the use of SDS-PAGE to characterize Aβ  oligomers samples. Among these paradigms, pen-
tamers and hexamers have been established as the building blocks for Aβ  aggregation. However, here 
we demonstrate that pentamers and hexamers form artifactually from dimers and trimers in the pres-
ence of SDS. Importantly, we identify Aβ 40 and Aβ 42 dimers and trimers, adopting a globular struc-
ture and lacking defined secondary structure, as the earliest oligomers formed during Aβ  aggregation. 
This result is in agreement with an elegant study addressing homo- and hetero-molecular Aβ 40/Aβ 42 
aggregation46. This study reveals that from all possible stages of aggregation, Aβ 40 and Aβ 42 interact 
significantly only at the level of primary nucleation. The authors explain this result by suggesting that 
the structure of primary nuclei is less organized than that of the fibrils. This lower level of organization 
would allow for better accommodation of the two-residue C-terminal mismatch. Our findings indicat-
ing that Aβ 40 and Aβ 42 dimers and trimers adopt very similar shapes lacking defined secondary struc-
ture would be in complete agreement with the proposed explanation. Finally, since structural models 
for other higher order Aβ  oligomers have been reported to adopt a β -sheet structure9,38,47, our find-
ings that Aβ  dimers and trimers are globular and lack defined secondary structure indicate that major 
structural rearrangements occur during fibril formation. These observations highlight the importance 
of defining the structures and properties of the various species involved in Aβ  aggregation. Indeed, it 
is only through this level of molecular detail that we will be able to interfere with Aβ  aggregation in a 
rational manner.

Methods
Preparation of LMW Aβ40 and Aβ42.  Aβ  peptides of 40 and 42 residues, Aβ 40 and Aβ 42, were 
synthesized and purified by Dr. James I. Elliott (New Haven). LMW Aβ 40 and Aβ 42 preparations were 
obtained using Size-Exclusion Chromatography (SEC). Aβ  peptide was dissolved in 6.8 M GdnHSCN 
(Life Technologies) at 8.5 mg/mL, sonicated for 5 min, and diluted to 5 mg/mL of peptide and 4 M 
GdnHSCN with H2O. It was then centrifuged at 10,000 g for 6 min at 4 °C and passed through a 0.45-μ m 
Millex filter (Millipore). The resulting Aβ  solution was injected into a HiLoad Superdex 75 prep grade 
column (GE Healthcare). The column was equilibrated using 10 mM sodium phosphate pH 7.4 and 
eluted at 4 °C at a flow rate of 1 mL/min. The peak attributed to LMW Aβ  was collected and its protein 
concentration determined (see section Quantifying Aβ 40 and Aβ 42 protein concentration). The peptide 
solution was then diluted to 150 μ M, frozen, and kept at − 20 °C until used.

Quantifying Aβ40 and Aβ42 protein concentration.  LMW Aβ  concentration obtained from SEC 
fractions was determined by reversed phase high-performance liquid chromatography (RP-HPLC) cou-
pled to photodiode array detector (PDA) (Waters Alliance 2695 equipped with 2998 photodiode array 
detector). RP-HPLC analysis was carried out using a Symmetry 300 C4 column (4.6 ×  150 mm, 5 μ m, 
300 Å; Waters), a flow rate of 1 mL/min, and a linear gradient from 0 to 60% B in 15 min (A =  0.045% 
trifluoroacetic acid (TFA) in water, and B =  0.036% TFA in acetonitrile) at 60 °C. A calibration curve 
was generated based on Aβ 40 and Aβ 42 solutions that had previously been quantified by amino acid 
analysis.

Photo-Induced Cross-linking of Unmodified Proteins (PICUP).  The PICUP reaction was initially 
run following descriptions in the literature33. The experimental set-up consisted of a camera body and 
a 150-W slide projector. A PCR tube containing the reaction mixture to be cross-linked was placed 
inside the camera body for irradiation. The sample was irradiated via the slide projector for a short 
time, precisely controlled by the camera shutter. PICUP reactions were done using an Aβ /Ru(bpy)3

2+/
APS ratio of 1:2:40. To this end, 4 μ L of 3 mM Ru(bpy)3

2+ and 4 μ L of 60 mM APS were added to 40 μ L 
of 150 μ M LMW Aβ  in 10 mM sodium phosphate buffer. The mixture was irradiated for 1 s at a distance 
of 10 cm and immediately quenched by adding 6.5 μ L of 4 M dithiothreitol (DTT). Later on, reaction 
conditions were optimized to prevent Aβ  oxidation (Supplementary Fig. S1). The best conditions were 
found when using a lower proportion of APS, Aβ /Ru(bpy)3

2+/APS 1:2:5, a distance of 10 cm, and an 
irradiation time of 1 s. Unless otherwise stated, we used an Aβ /Ru(bpy)3

2+/APS ratio of 1:2:5 to prevent 
formation of oxidized byproducts and to obtain chemically well-defined cross-linked oligomers. After 
the PICUP reaction, the reagents, which are incompatible with ESI-IM-MS and RP-HPLC analysis, 
were removed using Bio-Spin P30 columns (Bio-Rad) equilibrated in 10 mM ammonium acetate at pH 
8.5. For comparative purposes, PICUP samples were also passed through Bio-Spin P30 columns when 
analyzed by SDS-PAGE.

SDS-PAGE.  10 μ L of 3X sample buffer (SB) (150 μ l 10% SDS, 75 μ l 4 M DTT, 400 μ l H2O, 375 μ l 8X 
sample buffer −8 mL 1 M Tris pH 6.8, 9.3 mL 87% Glycerol, 5 mg Coomassie Brilliant Blue G, 2.8 mL 
H2O) was added to 20 μ L of the sample to be analyzed by SDS-PAGE. The samples were boiled at 95 °C 
for 5 min, unless otherwise stated, and kept at − 20 °C until used. A 20-μ L aliquot of each sample was 
electrophoresed in 0.75 mm-thick SDS-PAGE gels containing 15% acrylamide. Gels were run at 80–100 V 
and silver-stained.
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RP-HPLC.  RP-HPLC analysis of LMW_CL Aβ 40 samples was done using a Symmetry 300 C4 column 
(4.6 ×  150 mm, 5 μ m, 300 Å; Waters) at a flow rate of 1 mL/min and a linear gradient from 0 to 60% B in 
15 min (A =  0.045% TFA in water, and B =  0.036% TFA in acetonitrile) at 60 °C.

LC-HRMS.  180 pmols of LMW_CL Aβ 40 and LMW_CL Aβ 42 (Supplementary Fig. S14) were ana-
lyzed using a BioSuite pPhenyl 1000 analytical column (10 μ m, 2 ×  75 mm; Waters) at a flow rate of 
100 μ l/min comprising a linear gradient running from 5 to 80% B in 60 min (A =  0.1% formic acid (FA) 
in water, B =  0.1% FA in acetonitrile). The column outlet was directly connected to an Advion TriVersa 
NanoMate, which was used as a splitter and as the nanospray source of an LTQ-FT Ultra mass spec-
trometer (Thermo Scientific). Positive polarity was used with a spray voltage in the NanoMate source set 
to 1.7 kV. The capillary voltage, capillary temperature, and tube lens on the LTQ-FT were tuned to 40 V, 
200 °C, and 100 V, respectively.

GdnHSCN-SEC.  Although methionine oxidation was minimized by using Aβ /Ru(bpy)3
2+/APS ratios 

of 1:2:5, a small percentage of oxidized methionine was detected after isolation of CL Aβ  dimers and 
trimers. To completely reduce all oxidized methionine side-chains, 500 μ L of the quenched PICUP reac-
tion were lyophilized and resuspended in TFA containing 30 equivalents of Me2S-NH4I and left for 2 hrs 
at 4 °C on a rotating wheel. Afterwards, TFA was evaporated under a stream of N2 and 500 μ L of H2O was 
added to the sample. The mixture was then lyophilized, resuspended in 6.8 M GdnHSCN at an Aβ  con-
centration of 8.5 mg/mL, and subsequently diluted with H2O to 5 mg/mL of peptide and 4M GdnHSCN. 
The resulting Aβ  solution was injected into three columns in series, Superdex 75 HR 10/300-Superdex 
75 HR 10/300-Superdex 200 HR10/300. The columns were equilibrated in 10 mM ammonium acetate pH 
8.5, and the samples eluted at 4 °C at a flow rate of 0.5 mL/min.

ESI-IM-MS.  ESI-IM-MS experiments were performed on a Synapt HDMS (Waters) quadrupole-traveling 
wave IMS-oaTOF mass spectrometer equipped with an Advion TriVersa NanoMate (Advion Biosciences). 
Positive ESI was used with a capillary voltage of 1.7 kV. A sampling cone voltage of 40 V and a backing 
pressure of 5.7 mbar were set for the observation of low-n Aβ  oligomers. Although no signal was detected 
over 3000 m/z, data were acquired over the m/z range of 500 to 5000 for 2 min. The ion accelerating 
voltage in the trap T-wave device was 6 V unless otherwise stated; the ion accelerating voltage in the 
transfer T-wave device was kept constant at 4 V. The IM gas flow was kept at 23 mL/min. ESI-IM-MS 
data were obtained at three wave heights: 7, 7.5 and 8. The drift time Ω  function was calibrated using 
denatured ubiquitin (charge states + 9 to + 11), myoglobin (charge states + 15 to + 22) and cytochrome C 
(charge states + 11 to + 18). Drift times were corrected for both mass-dependent and mass-independent 
times48,49. All unknown drift time values, for which a Ω  was derived, fell within the calibration curve 
obtained using the 19 charge states of the three protein standards. The raw data were processed using 
Mass Lynx v4.1 software (Waters). The reported data are the average of three independent experiments. 
The considerations to assign ESI-IM-MS peaks to specific Aβ  oligomers are described in Supplementary 
text. To determine the low-n Aβ  oligomer distribution for all four samples under study, we used all 
charge state ions across the whole spectra. For those charge states that contained contributions from 
different Aβ  species in the mobility dimension, the relative contribution of each one was determined 
by fitting the mobilogram to a sum of Gaussian functions g(xc, w, A), where xc, w, and A correspond to 
the center, the width at half-height, and the area of the Gaussian peak, respectively. The fitted function 
obtained for each mobilogram, f_im, can be written as:

_ = _ + Σ ( , , ) ( )gf im k im x w A 1cN N N

where k_im is the baseline intensity of the mobilogram, Σ  g(xcN, wN, AN) is the sum of Gaussians con-
tributing to each mobilogram, and N is the number of Gaussian/species used to fit each mobilogram. The 
relative population of a species contributing to a given charge state was obtained by dividing the area of 
the peak representing that species by the sum of the areas of each of the other species contributing to the 
given charge state. The contribution of a species to the overall intensity of a charge state ion was obtained 
by multiplying it by its relative population. The population of a species was obtained by summing the 
intensity of all charge states specific for the particular species and dividing it by the sum of the intensities 
of all charge state ions across the whole spectra.

Modeling Aβ dimer structure.  Construction of Aβ dimer models.  Three structural models for 
Aβ 40 and Aβ 42 dimers were built, taking into account reported structural restraints for Aβ  aggre-
gates (nuclear36, fibrillar37, and compact9,38) (Fig. 4b for Aβ 40, Supplementary Fig. S10a for Aβ 42). The 
sequence of Aβ  was divided into three segments: the N-terminus (residues 1 to 11), the middle segment 
(residues 12 to 26), and the C-terminus (residues 27 to 40 for Aβ 40, or 27 to 42 for Aβ 42). In all the 
models, the two Aβ  units interact through β -strand regions defined within each Aβ  unit to form par-
allel β -sheets through intermolecular hydrogen bonds. Previous reports have proposed that the region 
comprising residues 17 to 21 nucleates Aβ  self-assembly36. In the nuclear model, residues 12 to 24 adopt 
a β -strand conformation. In the fibrillar model, the regions spanning residues 12 to 24 and residues 30 
to 40 (for Aβ 40) or 42 (for Aβ 42) adopt a β -strand conformation. Residues 25–29 contain a bend that 
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brings the two β -strands into contact through side chain-side chain interactions. This model corresponds 
to the structure of Aβ  when it is incorporated into the fibril37. The compact model was constructed tak-
ing into account structural models of specific Aβ  oligomer preparations that reveal a stable N-terminal 
β -strand9,38. Thus, each Aβ  unit contained three β -strand regions comprising residues 1 to 6, 12 to 24, 
and 30 to 40 (for Aβ 40) or 42 (for Aβ 42). Residues 7 to 11 and 25 to 29 include a bend of the peptide that 
brings the three β -strands into contact through side chain-side chain interactions. Each of the six struc-
tural models, three for Aβ 40 and three for Aβ 42, were constructed using PyMol and Modeller tools start-
ing from the Aβ 40 fibril structure derived from solid-state Nuclear Magnetic Resonance Spectroscopy 
(ssNMR) data (Protein Data Bank ID is 2LMN)37.

Structure equilibration in water.  The six structural models were built, optimized, solvated in a trun-
cated octahedron box, and then subsequently neutralized with six sodium ions50. Transferable Interaction 
Potential 3 point (TIP3P)51 parameters were used for water and AMBER99SB-ILDN force field52 for 
proteins. Simulations in water were done using periodic boundary conditions and the particle mesh 
Ewald method53 for long-range electrostatic treatment (0.12 nm grid size), combined with a cut-off radius 
of 1 nm for Lennard-Jones interactions. All aqueous simulations were done at the isothermal-isobaric 
ensemble (T =  300 K and P =  1 atm) using a Berendsen thermostat and barostat54. The SHAKE algo-
rithm55 was used to constrain all bond distances to their equilibrium value, allowing a 2-fs integration 
time step for solution conditions. We performed 5 ns of equilibration in water and computed and min-
imized the averaged structure of snapshots collected in the last ns. Ω  values for each of the structural 
models were computed with the exact hard sphere scattering method (EHSS), which consists of a trajec-
tory calculation using hard spheres centered at the position of each atom56.

REMD simulation in the gas phase.  As a starting structure for REMD simulation, water molecules and 
counter ions were removed. We used the REMD method57 to perform extended simulations at a range 
of temperatures for the three models of Aβ 40 and Aβ 42 dimers in the gas phase. The simulations were 
done considering a charge state + 5, which is the most populated charge state for dimers in the ESI-MS 
profile. We chose 19 simulation temperatures for each structure, covering a range from 300 K to 614 K, 
which corresponds to the temperature variability range in the mobility measurements58. For gas phase 
simulations, we did not use any cut-off for non-bonded interactions. We used the SHAKE algorithm for 
constraining bonds and a 1-fs integration time step. For each Aβ  dimer structure, we performed 1 μ s of 
REMD simulation. For the analysis, we considered the trajectories at 300 K, a temperature that simulates 
ideally mild vaporization conditions, and used the Gromacs.4.5.3 package. Ω  values for the ensemble of 
structures generated during the last 500 ns of REMD, were also computed with the exact hard sphere 
scattering method (EHSS)56.

Far-UV CD Spectroscopy.  CD spectra were recorded on a Jasco 815 spectrometer from 190 to 
250 nm with a data pitch of 0.2 nm, a bandwidth of 2 nm, and a scan speed of 50 nm/min with a 4-s 
response time. A 1-cm cell was used. After GdnHSCN-SEC fractionation using three columns in series 
equilibrated in 10 mM sodium phosphate at pH 8.5, spectra for CL Aβ 40 and Aβ 42 dimers, and trimers 
were acquired at 4 °C. CD data were analyzed using the SpectraManager program.

Summary of statistical analysis.  GraphPad Prism was used for all statistical analyses. The data are 
presented as mean ±  s.d. except when stated otherwise. The Student’s t-test (unpaired, two-tailed) was 
used to calculate statistical significance. The images shown are representative of those obtained in at least 
three independent experiments.
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