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In dialysis patients, �-2 microglobulin (�2m) can aggregate
and eventually form amyloid fibrils in a condition known as dial-
ysis-related amyloidosis, which deleteriously affects joint and
bone function. Recently, several small molecules have been
identified as potential inhibitors of �2m amyloid formation in
vitro. Here we investigated whether these molecules are more
broadly applicable inhibitors of �2m amyloid formation by
studying their effect on Cu(II)-induced �2m amyloid formation.
Using a variety of biophysical techniques, we also examined
their inhibitory mechanisms. We found that two molecules,
doxycycline and rifamycin SV, can inhibit �2m amyloid forma-
tion in vitro by causing the formation of amorphous, redissolv-
able aggregates. Rather than interfering with �2m amyloid for-
mation at the monomer stage, we found that doxycycline and
rifamycin SV exert their effect by binding to oligomeric species
both in solution and in gas phase. Their binding results in a
diversion of the expected Cu(II)-induced progression of oligo-
mers toward a heterogeneous collection of oligomers, including
trimers and pentamers, that ultimately matures into amorphous
aggregates. Using ion mobility mass spectrometry, we show that
both inhibitors promote the compaction of the initially formed
�2m dimer, which causes the formation of other off-pathway
and amyloid-incompetent oligomers that are isomeric with
amyloid-competent oligomers in some cases. Overall, our
results suggest that doxycycline and rifamycin are general inhib-
itors of Cu(II)-induced �2m amyloid formation. Interestingly,
the putative mechanism of their activity is different depending
on how amyloid formation is initiated with �2m, which under-
scores the complexity of how these structures assemble in vitro.

Given the prevalence of amyloid diseases, such as Alzhei-
mer’s disease and Parkinson’s disease, and type II diabetes,
there has been great effort put toward developing small-mole-
cule inhibitors of amyloid formation (1, 2). To properly employ
such therapeutics, it is important to understand how potential
candidates affect the amyloid assembly process. There are sev-
eral potential strategies for disrupting amyloid formation,
including stabilizing the native state of the protein, destabiliz-

ing or kinetically trapping early soluble oligomers, and/or pro-
moting off-pathway aggregation.

In this study, we explore how several small molecules influ-
ence the amyloid fibril formation pathway of the protein �-2
microglobulin (�2m),2 which is the protein implicated in dial-
ysis-related amyloidosis (3, 4). �2m is a 99-residue protein
composed of seven � strands arranged in an anti-parallel �
sandwich motif held together by a lone disulfide bond (5).
Although it is normally a structural component of the class I
major histocompatibility complex, elevated serum concentra-
tions of �2m, as a result of long-term dialysis, result in deposi-
tion of �2m amyloid fibrils in patient joints, ultimately resulting
in joint destruction (6). �2m amyloid fibril formation has been
studied extensively in vitro, and several conditions can convert
the protein from soluble to insoluble amyloids, including low
pH conditions, trifluoroethanol (TFE), thermal denaturation,
partial denaturation with lysophospholipids, deletion of the
first six amino acids, and incubation with catalytic amounts of
Cu(II) (7–20).

There has also been some preliminary work on identifying
and studying potential inhibitors of �2m amyloid formation.
Small molecules capable of binding to �2m and, in some cases,
inhibiting its amyloid formation, have been studied using sur-
face plasmon resonance, capillary electrophoresis, electrospray
ionization MS (ESI-MS), ion mobility spectrometry, and com-
putational simulations (21–25). A few small molecules have
been found to inhibit �2m amyloid formation when initiated by
acid or TFE addition (23, 24). These studies suggest that the
effective inhibitors preferentially bind to partially or natively
structured �2m and exert their inhibitory effect on the mono-
meric form of the protein, causing the formation of spherical
instead of fibrillar aggregates. The impact of these molecules on
the Cu(II)-catalyzed amyloid assembly pathway of �2m, how-
ever, has not been reported. Such studies represent an oppor-
tunity to determine whether these molecules are more broadly
capable of inhibiting �2m amyloid formation, especially under
physiologically relevant pH and ionic strengths (i.e. pH 7.4, 150
mM ionic strength). As reported previously by our group and
others, Cu(II) binding to �2m causes several structural changes
that allow �2m to oligomerize and eventually form amyloid
fibrils. Oligomerization has been shown to proceed through
discrete stages (i.e. formation of dimers, tetramers, and hexam-This work was supported by National Institutes of Health Grant R01 GM

075092. The authors declare that they have no conflicts of interest with the
contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

This article contains supplemental Figs. S1–S5.
1 To whom correspondence should be addressed. Tel.: 413-545-2733; E-mail:

rwvachet@chem.umass.edu.

2 The abbreviations used are: �2m, �-2-microglobulin; TFE, trifluoroethanol;
ESI, electrospray ionization; Dox, doxycycline; Rif, rifamycin SV; Sur, sura-
min; TEM, transmission electron microscopy; SEC, size exclusion chroma-
tography; CCS, collisional cross-section.

cros
ARTICLE

10630 J. Biol. Chem. (2017) 292(25) 10630 –10638

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

http://orcid.org/0000-0003-4514-0210
http://www.jbc.org/cgi/content/full/M116.774083/DC1
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.774083&domain=pdf&date_stamp=2017-5-3


ers) that are necessary for amyloid formation in vitro (12–20).
Moreover, studying the effect of small molecules on the Cu(II)-
catalyzed pathway provides an opportunity to investigate com-
monalities in the inhibition modes between different amyloid-
forming conditions.

We explore in this work three small molecules, doxycycline
(Dox), rifamycin SV (Rif), and suramin (Sur), that are known to
bind �2m and/or influence its amyloid assembly when initiated
by acid or TFE. To more deeply understand how these mole-
cules affect Cu(II)-induced �2m amyloid formation, we use a
variety of biophysical techniques to study perturbations in the
assembly of �2m oligomers and amyloid aggregates. We find
that Dox and Rif inhibit amyloid formation by diverting �2m
oligomers along a different pathway that leads to amorphous
aggregates. Moreover, using ESI-MS and ion mobility spec-
trometry, we find that the inhibitors exert their influence by
specifically perturbing the structures of �2m dimers and
tetramers. Overall, our study suggests that certain small mole-
cules can generally inhibit �2m amyloid formation, but the
mechanism is likely different depending on how amyloid for-
mation is initiated.

Results

To test the ability of small molecules to inhibit the amyloid
assembly process of �2m, we assessed the morphology of any
resulting insoluble aggregates using TEM (Fig. 1). Following
centrifugation, insoluble material was present in all sample
tubes after 14 days of incubation. Amyloid fibrils were observed
in both the control and the Sur-treated samples. Some amor-
phous aggregates were also observed in the TEM images of the
Sur sample. In addition, a smaller insoluble pellet was observed
in the Sur sample compared with the control, suggesting per-
haps that Sur either slows the fibrillization process or only par-
tially affects it. The dimensions and morphology of the fibrils
observed in the control and Sur samples were consistent with
amyloid fibrils published previously (15, 16). Thioflavin T fluo-

rescence experiments were also attempted, but the presence of
the inhibitor molecules was found to interfere with the spectral
properties of thioflavin T, therefore compromising the results
of the assay. Such interferences were also observed for similar
compounds by other groups (23, 26).

In the Dox- and Rif-treated samples, the morphology of the
insoluble aggregates was drastically different. Rather than elon-
gated fibrils, we observed dense amorphous particles that
appeared to be evenly distributed with no evidence of fibrillar
structures. When comparing Dox-treated aggregates with Rif-
treated aggregates, the Dox-treated aggregates had a granular
quality that either existed as discrete particles with diameters of
�5–10 nm or as part of larger aggregated clusters that ranged in
size from about 200 –500 nm. In contrast, the Rif-treated aggre-
gates had larger amorphous structures with diameters that
ranged from about 100 –300 nm. In many cases, after resuspen-
sion of the insoluble material in 2% SDS and incubation at 37 °C
for 24 h, the Dox- and Rif-treated samples were found to be
completely redissolvable.

We then assessed the impact of the small molecules on the
oligomerization process that precedes fibril formation (Fig. 2,
A–D). Over the course of 6 days, peaks corresponding to
dimers, tetramers, and hexamers were measured for both the
control and Sur-treated samples. The soluble oligomer profiles
for the control and Sur-treated samples were consistent with
previous work from our group (15, 16). The oligomeric species
in the Sur samples tended to be less abundant than the control
samples at the same time periods, which is consistent with Sur
slowing but not inhibiting amyloid formation.

The presence of Dox or Rif changed the oligomerization pro-
file. Rather than the formation of discrete even-numbered olig-
omers, peaks corresponding to a trimer were measured for both
molecules. More interestingly, a large, broadly eluting peak was
measured at higher molecular weights for both inhibitors.
According to the calibration curve, species eluting during this

Figure 1. The addition of doxycycline or rifamycin alters insoluble aggregate morphology under Cu(II)-catalyzed �2m amyloid formation conditions
after 14 days of incubation at 37 °C. Samples contained 100 �M �2m, 200 �M Cu(II), and the corresponding small molecule (100 �M). A–D, TEM images
at �25,000 magnification of the control (A), doxycycline (B), rifamycin (C), and suramin (D) samples. E–G, structures of Dox (E), Rif (F), and Sur (G).
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range had estimated molecular weights ranging from a penta-
mer to an octamer.

Furthermore, there is a prominent tetrameric species that
was observed in the Rif-containing sample. The oligomeric pro-
files observed with Dox and Rif were in contrast to the control
and Sur-treated samples and consistent with the altered aggre-
gate morphologies observed with these two inhibitors. We also
performed an experiment in which inhibitor addition was
delayed until dimers (2 days) or tetramers (4 days) were formed.
For both Dox and Rif, the normal oligomer population was
converted to an oligomer profile similar to the ones measured
when the inhibitor was present from the start of the incubation
(supplemental Fig. S1).

Because each of the small molecules studied here absorbs at
higher wavelengths than the protein, we could also separately
detect when the small molecules were eluting and determine
with which protein species they were associated. Overlays of
the chromatograms showing the protein absorption and the
small molecule absorptions indicate that both Dox and Rif elute
primarily with the oligomeric species, suggesting preferential
interactions with the �2m oligomers, whereas Sur does not (Fig.
2, E–G). Blank solutions of each inhibitor dissolved in water at
identical concentrations were also injected, and they were
found to elute after the monomer peak (supplemental Fig. S2),
confirming that the small molecules only elute earlier because
of interactions with �2m oligomers. Expanded chromatograms
displaying the entire elution profile can also be found in supple-
mental Fig. S3, showing that Sur primarily elutes after the pro-
tein, indicating that it does not interact strongly with the mono-
mer or any of the oligomers. Interestingly, after 14 days, when
the precipitates are formed, we found that all small molecules
(i.e. Dox, Rif, and Sur) were free in solution rather than associ-
ated with the protein aggregates (data not shown).

To further investigate the identities of the oligomers that are
present in the inhibitor-containing solutions (i.e. Dox and Rif),

we employed native electrospray ionization mass spectrometry
(e.g. Fig. 3). Peak assignments were based on charge-state
deconvolutions and collision-induced dissociation data for
each ionic species (e.g. supplemental Fig. S4). For the control
sample, even-numbered oligomers, but not odd-numbered
ones, were observed at incubation times of up to 6 days, which
is consistent with both the SEC data (Fig. 2) and previous results
from our group (15, 16). In contrast to the control samples, the
presence of Dox or Rif altered the oligomer profile by forming
trimers and pentamers in addition to even-numbered oligo-
mers. Furthermore, peaks corresponding to inhibitor-bound
species were observed for both Dox and Rif for several oligo-
meric charge states. Many of these oligomer-inhibitor com-
plexes can be readily resolved in the mass spectra from the Rif
samples, but in the Dox samples it was difficult to confirm the
inhibitor-bound species in some cases. Collision-induced dis-
sociation of the suspected inhibitor-bound oligomers, however,
confirmed that the inhibitors were bound to the oligomers, as a
second charge-state distribution of inhibitor-adducted mono-
mer ions was clearly observed (Fig. 4).

The �2m oligomers and their inhibitor complexes from the
various samples were also monitored by ion mobility mass
spectrometry to analyze for the presence of conformational iso-
mers (conformers) as a way to assess the structural effects of the
inhibitors on �2m and its oligomers. Numerous previous stud-
ies have demonstrated that ion mobility can provide useful
insights into the stoichiometry and architecture of non-cova-
lent complexes as well as the presence of conformational iso-
mers (27–29). Fig. 5 illustrates the key differences that are
observed between �2m oligomers formed in the absence and
presence of the inhibitors. The monomers, dimers, and tetram-
ers of both control and inhibitor-containing samples were com-
pared, as these �2m species are common to both sets of sam-
ples. For the monomer ions, only a single conformation was
observed for the control or inhibitor-containing species,

Figure 2. Doxycycline and rifamycin alter the soluble Cu(II) oligomerization profile and remain bound to oligomers in solution phase. A–D, SEC results
over the course of 6 days of incubation at 37 °C for control (A), Dox (B), Rif (C), and Sur (D). Insets, expanded views of the oligomer elution region. E–G, SEC-HPLC
results after 6 days of incubation for Dox (E), Rif (F), and Sur (G). In E–G, the black traces correspond to the variable wavelength detector set to 214 nm, whereas
the colored traces corresponds to 350 nm (red) or 315 nm (blue). Samples contained 100 �M �2m, 200 �M Cu(II), and the corresponding small molecule (100 �M)
in A–D and 150 �M �2m, 300 �M Cu(II), and the corresponding small molecule (150 �M) in E–G.
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whether monitoring the ions without (Fig. 5A) or with (Fig. 5D)
the inhibitor bound. The inhibitor-bound complex ions for the
predominant conformers (Fig. 5, C–F) showed small increases
in collision cross-section (CCS) values compared with the con-
trol samples, but these changes were insignificant in many
cases.

When the inhibitors were present, though, differences in the
number of conformers and the CCS values of the new conform-
ers were apparent for the dimer and tetramer. For the dimer, a
more compact conformer was present in both the inhibitor-free
(Fig. 5B) and inhibitor-bound (Fig. 5E) complex ions. The com-
pact dimer is much more abundant in the dimer-inhibitor com-
plex ions (Fig. 5E), especially for the Rif samples, suggesting that
this dimer conformer was part of the effect of Rif on the aggre-
gation process. A more striking difference was seen in the
arrival time distributions of the tetramer. The control sample
indicated the presence of three conformers, including an
expanded conformer with a CCS value of �3600 Å2 (Fig. 5C).

The more expanded conformer was absent in the inhibitor-
containing samples (Fig. 5, C and F), indicating perhaps that the
inhibitors influenced the aggregation process by preventing the
formation of this more expanded structure. There was also a
small increase in the CCS value of the main conformer observed
when Dox and Rif were present in the solution.

Discussion

This study represents the first time that the effect of small-
molecule inhibitors on Cu(II)-catalyzed �2m amyloid forma-
tion has been investigated. The small molecules studied here
were chosen because they are known to bind to �2m and/or
inhibit �2m amyloid formation that is initiated by other means
(e.g. with acid or 20% trifluoroethanol) (21–25). In contrast to
these previous studies, our experiments were conducted under
physiologically relevant conditions (i.e. pH 7.4 and an ionic
strength of 150 mM). The fact that both Dox and Rif prevented
amyloid formation that was initiated by Cu(II) and by other

Figure 3. Nano-ESI-IMS-MS reveals identities of soluble oligomeric species. A–C, native spray data after 6 days of incubation at 37 °C for control (A), Dox (B),
and Rif (C). Samples were desalted into 100 mM ammonium acetate prior to analysis. The samples contained 100 �M �2m, 200 �M Cu(II), and the corresponding
small molecule (100 �M). Sample concentration was 10 �M after desalting. Data for all samples were collected under identical instrumental conditions. In the
associated table, ● signifies the confirmation of the presence of an oligomer, whereas an asterisk denotes the presence of a small molecule-bound adduct.
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means further suggests the promise of these molecules as inhib-
itors of �2m amyloid formation. Our results also suggest some
commonalities between the Cu(II)-induced amyloid pathway
and the amyloid pathways induced by acid or TFE. Moreover,
the fact that Sur did not prevent amyloid formation further
connects the different modes of initiating �2m amyloid forma-
tion, as this molecule behaved similarly under amyloid-induc-
ing conditions involving TFE (22).

The apparent commonalities in how Dox and Rif prevent
�2m amyloid formation that is initiated by different means

motivated our attempts to understand the molecular basis of
this inhibition, although it appears that these molecules influ-
ence the pathways at different points. Previous work with TFE
suggested that Dox inhibits �2m self-association while stabiliz-
ing native-like structures (24). Under acidic conditions, Rif
inhibits fibrillization via binding to specific conformations of
the monomer and dimer and is capable of disassembling oligo-
mers by favoring inhibitor-bound monomers (23). In contrast,
our results indicate that the inhibitors interact more favorably
with larger oligomeric species (� dimer), thus diverting the

Figure 4. Collision-induced dissociation of oligomers confirms that Dox and Rif are bound in gas phase. Shown are spectra of an activated monomer and
a small-molecule adduct (asterisks) dissociated from a 13� tetramer for Dox (A) and Rif (B).

Figure 5. Arrival time distributions and CCS values reveal conformational and structural differences in oligomer populations. CCS values were
estimated using a calibration curve and calculations as described under “Experimental procedures.” A–C, unbound comparisons of the 6� monomer (A), 9�
dimer (B), and 14� unbound tetramer (C). D—F, comparisons of the unbound control and the inhibitor-bound versions of the 6� monomer (D), 9� dimer (E),
and 14� tetramer (F). The control is shown as black lines, Dox as red dashed lines, and Rif as blue dotted lines.
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amyloid-competent oligomerization pathway (e.g. Fig. 2)
toward redissolvable aggregates with non-fibrillar morpholo-
gies (Fig. 1). Dox and Rif divert the normal Cu(II)-induced
oligomer assembly process, whether present at the begin-
ning of the incubation or when added after the oligomers are
already present (Fig. 2, A–D, and supplemental Fig. S1), so
that more than just even-ordered oligomers are formed. The
loss of an ordered oligomer assembly process might explain
why amorphous aggregates are formed in the presence of the
inhibitors.

The increased oligomer heterogeneity observed when the
inhibitors are present indicates that these small molecules
change the structures of the preamyloid oligomers and/or per-
turb the specific interactions of the preamyloid oligomers that
enable them to progress to a fibrillar morphology. The struc-
tural and oligomeric changes are presumably enforced by the
preferential binding of Dox and Rif to the higher-order oligo-
mers, as revealed by the SEC data shown in Fig. 2, E and F. The
inhibitors, however, are eventually released upon formation of
the amorphous aggregates, as indicated by their presence in
the isolated supernatant. The exact molecular-level details
of the structural changes are not known, but some insight into
the structural differences between the on- and off-pathway olig-
omers was obtained using ion mobility and MS. Ion mobility
has been increasingly used to characterize protein complexes,
as evidence shows that proteins maintain aspects of their solu-
tion-phase structures during the ion mobility measurements
(30 –32). Moreover, in many cases, CCS values obtained from
ion mobility measurements are found to correlate to solution-
phase conformations (33–37). In the current context, ion
mobility reveals the presence of isomeric protein oligomers
(Fig. 5). The appearance of a more compact conformer for the
dimer when the inhibitors are present suggests that the inhibi-
tors exert their effect at this stage of the aggregation process,
especially given the fact that CCS values for the inhibitor-
bound and inhibitor-free monomers are essentially unchanged
(Fig. 5E).

Compaction of the dimer might cause key residues that are
important for tetramer assembly to be inaccessible, thereby
preventing proper tetramer assembly. Furthermore, the struc-
tural remodeling the inhibitors exert on the dimer appears to be
responsible for altering the oligomerization pathway so that
trimers and pentamers are formed. In previous work, we estab-
lished a model of the preamyloid dimer based on covalent label-
ing/MS data and molecular dynamics simulations. This dimer,
which has similar structural features as one of the dimer units in

the crystallographic hexamer formed by the non-amyloido-
genic H13F mutant (PDB code 3CIQ), is calculated to have a
CCS of 1831 Å2, which is in excellent agreement with the exper-
imentally determined value of 1830 � 30 Å2 (Fig. 5B) (17). The
more compact dimer, which is formed in the presence of the
inhibitors (Fig. 5E), has a CCS value that is 120 Å2 smaller,
representing a 6.6% decrease. This compaction would corre-
spond to roughly 13 residues in the dimer, which is probably an
extensive enough change to disrupt key residues involved in the
amyloid-competent tetramer.

Compaction of the dimer in the presence of Dox and Rif not
only indicates that these molecules exert their effect at this
stage of the aggregation process, but it may also explain the
dramatic difference in the tetramer conformers when the
inhibitors are present. The most notable change is the complete
disappearance of the elongated conformer with a CCS value of
3600 � 100 Å2 (Fig. 5, C and F). In previous work, we found that
two preamyloid tetramers are formed upon incubation with
Cu(II), one with Cu(II) bound and the other with Cu(II) absent,
and formation of the Cu(II)-free tetramer is necessary for even-
tual amyloid formation (15). Based on this previous work, it is
reasonable to conclude that the elongated tetramer measured
here is the Cu(II)-free tetramer and that its disappearance in the
presence of the inhibitors may explain why amyloid formation
is not possible in the presence of these molecules. A more open
conformation might be expected for the Cu(II)-free tetramer as
residues previously constrained by binding to Cu(II) are
released. Interestingly, we previously reported a structural
model of the tetramer based on covalent labeling/MS measure-
ments and molecular dynamics simulations (18). The calcu-
lated CCS value of this model is 2952 Å2, which is remarkably
close to the measured CCS value (i.e. 3000 � 100 Å2) of the
predominant conformer, suggesting that our previous struc-
tural model is of the Cu(II)-bound tetramer.

Overall, our results indicate that Dox and Rif perturb the
Cu(II)-induced amyloid process by diverting preamyloid aggre-
gation along a pathway that is less ordered in terms of oligomer
sizes and more amorphous in terms of the final insoluble mate-
rial (Fig. 6). The process begins with compaction of the dimer
that presumably enables the formation of trimers instead of the
tetramers that are normally observed on the amyloid pathway.
The inhibitors also appear to prevent the formation of an elon-
gated tetramer, which may be the Cu(II)-free tetramer that is
required to eventually form an amyloid-competent nucleus
(15). Interestingly, tetracyclines like Dox are known to bind
divalent metals like Cu(II), suggesting that they might influence

Figure 6. Dox and Rif alter the amyloid assembly pathway, yielding distinct soluble and insoluble oligomeric structures.
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Cu(II)-�2m interactions (38, 39). The affinities of tetracyclines
for Cu(II), however, are typically lower than the affinity of �2m
for Cu(II) (38). Moreover, Dox is known to precipitate readily
upon binding to Cu(II) in aqueous solutions (39). Because the
only precipitation we observe is the formation of amorphous
protein aggregates after 2� weeks of incubation in the presence
of Dox, we conclude that �2m-Cu(II) interactions remain
mostly unaffected. The affinity of �2m for Cu(II) changes in the
presence of Dox (Kd � 1.2 �M without Dox and 30 �M with
Dox) (see supplemental Fig. S5), yet the Cu(II) concentrations
used in this study are such that the majority of �2m is bound
to Cu(II). Moreover, we have preliminary results (data not
shown) that indicate that Dox binds to a site distant from the
Cu(II) binding site, which likely explains the increase in Kd

value observed in the presence of this small molecule. From
these considerations, we conclude that the observed effect of
Dox is attributed to its interaction with the protein oligo-
mers, as indicated by the ion mobility mass spectrometry
data.

The observation that the inhibitors influence the �2m amy-
loid formation process at the oligomer stage rather than at the
monomer stage is somewhat unexpected. Work on other amy-
loid systems, including amyloid � and transthyretin, has also
shown that small molecules can inhibit amyloid formation by
working on oligomeric species rather than at the monomeric
level, but our work is the first evidence of this occurring with
�2m (40 – 42). Although amyloid inhibition is a desirable out-
come in general, generating off-pathway aggregates during the
process could lead to other undesired consequences, such as
unexpected cellular toxicity (43– 47). Thus, studies like the
ones described here, which seek to gain insight into the mech-
anism of inhibition, are important for understanding possible
side effects of amyloid inhibition.

Dox and Rif inhibit the amyloid fibril formation of �2m by
causing the establishment of an alternative oligomerization
pathway that ultimately produces amorphous, redissolvable
aggregates. Rather than interfering with the amyloid pathway at
the monomer stage, these molecules initially exert their influ-
ence on the dimer, causing compaction of this oligomer, which
leads to the formation of larger oligomers that are incapable of
forming amyloid fibrils. Dox and Rif also prevent the formation
of an amyloid-competent tetramer that was found previously to
be an essential step along the Cu(II)-induced amyloid pathway.
These inhibitors remain bound to the early oligomers that pop-
ulate the alternate aggregation pathway, suggesting that they
reinforce the structural changes caused by their binding; how-
ever, the molecules are released upon formation of the larger
amorphous precipitates that are eventually formed. Overall, the
results from this study not only describe molecules that can
inhibit �2m amyloid formation but also reveal that inhibitors
can work by diverting, rather than preventing, the aggregation
pathway of �2m by causing somewhat subtle structural changes
to preamyloid oligomers. Moreover, this study demonstrates
the value of native ESI-MS and ion mobility for revealing the
�2m oligomer structural changes that are associated with amy-
loid inhibition.

Experimental procedures

Materials

Human full-length �2m (catalog no. 126-11) was purchased
from Lee Biosolutions (Maryland Heights, MO). All chemicals
and proteins, unless otherwise noted, were purchased from Sig-
ma-Aldrich (St. Louis, MO). Solid phosphotungstic acid (cata-
log no. 19500) was purchased from Electron Microscopy Ser-
vices (Hatfield, PA).

Formation of �2m oligomers and amyloid fibrils

For induction of �2m amyloid formation, a 1:2 molar ratio of
protein to Cu(II) was used in a solution of 25 mM MOPS, 150
mM potassium acetate, and 500 mM urea at pH 7.4 as described
in our previous work (15–18). Protein concentrations ranged
from 50 –150 �M. Where applicable, Dox, Rif, or Sur were
added to the above incubation mixture at a molar ratio of 1:2:1
protein:copper:small molecule. A range of Dox, Rif, and Sur
concentrations was explored, but a 1:1 ratio of protein:small
molecule was found to be effective in all cases. Samples were
incubated at 37 °C for varying time points (� 14 days) and then
analyzed using several different techniques.

Size exclusion chromatography (SEC)

An HP Agilent 1100 series HPLC system fitted with a
SuperSW2000 (catalog no. 18674) SEC column from Tosoh
Bioscience, LLC (Tokyo, Japan) was used for all chromato-
graphic analyses. The mobile phase consisted of 150 mM

ammonium acetate (pH 6.9) and was used at a flow rate of 0.35
ml/min. For detection of proteins and �2m oligomers, the
detector was set to 214 nm. For the detection of small mole-
cules, the detector was set to 350 nm for Dox and 315 nm for Rif
and Sur. A calibration standard mixture of bovine serum albu-
min, ovalbumin, carbonic anhydrase, and �2m was used to esti-
mate molecular weights from SEC elution times.

ESI Ion Mobility MS

A Waters Synapt G2-Si quadrupole TOF mass spectrometer
(Milford, MA) equipped with a nanospray source was used to
collect all mass spectral data. The electrospray capillary voltage
was set to 1.0 kV, the source temperature was set to 30 °C, and
the source offset and sampling cone were set at 20 V. All other
source and instrumental parameters were optimized to maxi-
mize protein complex ion signals. Electrospray capillaries were
prepared in-house using established protocols by sputter-coat-
ing gold onto pulled borosilicate thin-wall capillaries (catalog
no. 30-0035) purchased from Harvard Apparatus (Holliston,
MA) (48). Immediately prior to analysis, samples were desalted
from their incubation buffer into 100 mM ammonium acetate
using a HiTrap desalting column from GE Healthcare. The m/z
scale on the quadrupole TOF was calibrated from 500 – 8,000
using perfluoroheptanoic acid. CCS values were estimated
from a calibration curve of native-like proteins using calibrants
and methods that were described previously (49). Data analysis
was carried out using Waters MassLynx 4.1. Theoretical CCS
values were calculated using Waters Driftscope.
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Transmission electron microscopy (TEM)

TEM images were obtained on a JEOL2000FX transmission
electron microscope. Prior to imaging, incubated samples were
spun at 14,000 rpm for 45 min. The supernatant was then
removed, and the pellet was resuspended with 10 �l of deion-
ized water. The samples were applied dropwise to 300-mesh
carbon-coated copper grids (catalog no. CF300-CU) obtained
from Electron Microscopy Services and allowed to dry. The
samples were then stained with a 1% (w/v) solution of phospho-
tungstic acid adjusted to pH 7.4 with potassium hydroxide. Fol-
lowing a water rinse, the samples were dried overnight and
protected from ambient light until analysis.

Fluorescence spectroscopy

To measure the binding affinity of Cu(II) to �2m, a PTI
Quantamaster 300 was used. Intrinsic fluorescence was moni-
tored via excitation at 295 nm, whereas emission was moni-
tored from 300 – 400 nm. Prior to measurement, the samples
were equilibrated at ambient room temperature for 15 min. The
fraction bound was determined by measuring the average emis-
sion intensity (���) via intrinsic Trp fluorescence. Cu(II) con-
centrations were refined using the Hyperquad Simulation and
Speciation (HySS) software (Protonic Software). Solution con-
ditions for the affinity measurements were carried out using
similar solution conditions as those described above. Data were
plotted using Origin (Northampton, MA), and the titration
data were fitted using the Hill equation.
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