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The discovery of methods suitable for the conversion in
vitro of native proteins into amyloid fibrils has shed light on
the molecular basis of amyloidosis and has provided funda-
mental tools for drug discovery. We have studied the capacity
of a small library of tetracycline analogues to modulate the
formation or destructuration of �2-microglobulin fibrils. The
inhibition of fibrillogenesis of the wild type protein was first
established in the presence of 20% trifluoroethanol and con-
firmed under a more physiologic environment including hepa-
rin and collagen. The latter conditions were also used to study
the highly amyloidogenic variant, P32G. The NMR analysis
showed that doxycycline inhibits �2-microglobulin self-associ-
ation and stabilizes the native-like species through fast ex-
change interactions involving specific regions of the protein.
Cell viability assays demonstrated that the drug abolishes the
natural cytotoxic activity of soluble �2-microglobulin, further
strengthening a possible in vivo therapeutic exploitation of
this drug. Doxycycline can disassemble preformed fibrils, but
the IC50 is 5-fold higher than that necessary for the inhibition
of fibrillogenesis. Fibril destructuration is a dynamic and time-
dependent process characterized by the early formation of cy-
totoxic protein aggregates that, in a few hours, convert into
non-toxic insoluble material. The efficacy of doxycycline as a
drug against dialysis-related amyloidosis would benefit from
the ability of the drug to accumulate just in the skeletal system
where amyloid is formed. In these tissues, the doxycycline con-
centration reaches values several folds higher than those re-
sulting in inhibition of amyloidogenesis and amyloid destruc-
turation in vitro.

Amyloidosis associated with long term hemodialysis results
from the deposition of full-length �2-microglobulin (�2-m)2
and its N-terminal truncated species �N6�2m in target tis-
sues (1, 2). Although all peripheral organs (but not the brain)
can be potentially affected (3), the muscle-skeletal tissues are
the preferential target always involved in this type of amyloi-
dosis. Despite significant progress achieved in the hemodialy-
sis techniques, including the increased biocompatibility and
the active removal of circulating �2-m, the onset of this amy-
loidosis can be delayed but not avoided in dialysis-related am-
yloidosis patients (4). New therapeutic approaches, targeting
the process of protein aggregation and promoting fibril solu-
bilization (5), are under investigation for the treatment of dif-
ferent types of amyloid diseases. Up until now, different
classes of structurally unrelated compounds have been inves-
tigated for their ability to interfere with protein self-aggrega-
tion and to weaken the intermolecular interactions that stabi-
lize the fibrillar structure of the aggregates (6). Over 10 years
ago, iododoxorubicin was serendipitously discovered as the
prototype of a class of compounds able to inhibit protein ag-
gregation (7), but this compound was subsequently aban-
doned for its toxicity. The resemblance of the polycyclic con-
jugated structure of tetracyclines with iododoxorubicin
prompted a group studying the pathologic aggregation of the
prion protein to test the properties of those antibiotics in the
propagation of prion-related diseases (8). The successful re-
sults thereof stimulated further challenges. So far it has been
shown that tetracyclines are able to antagonize the infectivity
of the PrPsc aggregates (9), to inhibit in vitro the aggregation
of amyloidogenic variants of transthyretin (10), the amyloid-�
peptide fibrillogenesis (11, 12), and amylin fibrillogenesis both
in vitro (13) and in vivo (14). The generic anti-aggregation
property of tetracyclines has been confirmed in the fibrillo-
genesis of myoglobin (15), a protein that, although not amy-
loidogenic in humans, represents a very informative model of
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the mechanism of conversion of globular proteins into fibril-
lar assemblies.
Based on these and other results obtained in vitro and in

animal models, at least three clinical trials have been under-
taken to assess possible clinical benefits of tetracyclines in the
treatment of the prion3 amyloid-� peptide (16), and transthy-
retin4 amyloidosis. In this study, we sought to evaluate the
effect of tetracyclines in modulating, in vitro, the formation
and the stability of �2-m fibrils. It is worth noting that tetra-
cyclines selectively accumulate in the skeletal system (17),
where they maintain biological properties such as metallopro-
tease inhibition (18). Therefore, the local concentration of
bioactive tetracyclines, at the site of amyloid formation,
should largely exceed that needed to interfere with stability
and growth of the �2-m amyloid deposits that accumulate
preferentially onto bone joints and cartilage. We show here
that doxycycline and a group of analogues inhibit amyloid
aggregation and induce amyloid fibril disassembly with the
initial appearance of toxic oligomers that subsequently reor-
ganize into harmless assemblies.

EXPERIMENTAL PROCEDURES

The 13 tetracycline congeners, reported in supplemental
Fig. 1 in the hydrochloride form, were obtained from Sigma-
Aldrich. Their purity was always above 95%. Drugs were dis-
solved in deionized water at 3 mM (stock solutions) and kept
at �20 °C for no more than 2 months. Under these condi-
tions, they were stable as determined by reverse phase HPLC.
Aliquots of drugs were added to 50 or 70 mM phosphate
buffer at pH 7.4 or 6.7, containing 100 mM NaCl, in the pres-
ence or absence of 20% (v/v) trifluoroethanol (TFE) or in pure
water and immediately used to minimize their oxidation.
In Vitro Fibrillogenesis of �2-m and Effect of Doxycycline—

Expression and purification of recombinant �2-m species
were carried out as reported previously (19). In addition to
wild type protein that makes fibrils under non-physiologic
conditions, we have also investigated the P32G variant that
can make fibrils in more physiological conditions (20), at neu-
tral pH, and in the absence of any organic solvent. Recombi-
nant wild type �2-m (100 �M) was incubated at 37 °C in 50
mM phosphate buffer, 100 mM NaCl, pH 7.4, containing 20%
(v/v) TFE and preformed �2-m fibrils seeds at 2.5 �g/ml (21).
Recombinant �2-m presenting the P32G mutation, at a con-
centration of 40 �M, was incubated at 37 °C under agitation at
250 rpm in 25 mM sodium phosphate buffer, pH 7.0, in the
presence of 100 �g/ml heparin and preformed �2-m fibrils
seeds at a concentration of 2.5 �g/ml. Quantification of amy-
loid fibril formation was performed using thioflavin T (ThT)
as described previously (22). �2-m fibrillogenesis was carried
out in the presence of different concentrations of tetracyclines
(50, 100, 200, 300 �M) to evaluate their effect on the growth of
fibrils. Dose-response fluorescence data were fitted by non-
linear regression using GraphPad Prism 5.03 (GraphPad Soft-
ware, San Diego, CA), and IC50 was determined from the best

fitting of three experiments using a standard Hill slope dose-
response curve

y � a �
b � a

1 � 10� x � log IC50� (Eq. 1)

where a and b are the bottom and top plateau, respectively. 30
�l of the fibrillogenesis mixture with 300 �M different tetracy-
cline analogues were centrifuged after 96 h of incubation at
10,000 � g for 15 min. The supernatant and protein pellets
were analyzed by SDS-PAGE under reducing conditions (23).
Pellets were resuspended in 3 �l of PBS buffer to be analyzed.
Quantification of bands within each lane was carried out us-
ing the Quantity One software (Bio-Rad), and the percentages
of �2-m in both supernatant and pellet were determined as
compared with control �2-m. Destructuration of �2-m fibrils
by doxycycline was evaluated by ThT assay and by electron
microscopy by incubating ex vivo and synthetic �2-m fibrils in
the presence of 300 �M doxycycline for 12 days.
NMR Experiments—The interaction between �2-m and

doxycycline was analyzed by NMR spectroscopy under three
different solvent conditions: (a) 70 mM sodium phosphate
buffer, 100 mM NaCl, pH 6.7; (b) 70 mM sodium phosphate
buffer, 100 mM NaCl, 18% (v/v) TFE, pH 6.7; (c) pure water,
pH 5.5–6.6. A few microliters of 100 mM stock solution of
doxycycline in pure water were incrementally added to the
0.125–0.7 mM �2-m samples to reach protein:doxycycline
molar ratios of 1:0.3, 1:0.6, 1:1, 1:1.5, 1:2, 1:2.6, 1:3, and 1:6. All
the NMR samples contained 5% D2O for frequency lock pur-
pose. NMR experiments were recorded on a Bruker AVANCE
spectrometer operating at 500 MHz (1H) and equipped with
x-y-z-gradient accessory. Besides one-dimensional spectra,
conventional proton homonuclear two-dimensional total cor-
relation spectroscopy (24) and NOESY (25) were recorded to
assign doxycycline. Two-dimensional [1H-15N] HSQC (26)
experiments were acquired with 128–256 increments col-
lected in t1 with 2,048 data points and 16–32 scans/FID in t2,
over a spectral width of 14 and 33.5 ppm in proton and nitro-
gen dimension, respectively. Data were processed with Top-
spin (Bruker Biospin) and analyzed with Sparky. The chemical
shift variations of the [1H-15N] HSQC spectra were calculated
according Mulder et al. (27) using the formula

�� � ����HN�2 � ���NH

6 � 2

(Eq. 2)

with the hydrogen (first term) and nitrogen (second term) ��
values expressed in ppm. The chemical shift values of �2-m
are deposited at the Biological Magnetic Resonance Bank
(BMRB) (accession number 15521). Diffusion coefficients
were measured by using the convection-compensated two-
dimensional double stimulated echo-bipolar pulse (DSTE-
BPP) sequence (28) to collect matrices of 2,048 (t2) by 80
points (t1). The z axis gradient strength was varied linearly
from 2 to 95% of its maximum value (61.1 G/cm). Water sup-
pression was achieved with the addition, in the specific se-
quence, of a sculpting module (29) or using a flip-back pulse
in the HSQC experiments (30).

3 F. Tagliavini, personal communication.
4 M. Sarajva, personal communication.
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Inhibition of MTT Reduction—Human SH-SY5Y neuroblas-
toma cells were obtained from ATCC (Manassas, VA) and
cultured in 1:1 Ham’s F-10:DMEMmedium supplemented
with 10% fetal calf serum, 3.0 mM glutamine, 100 �g/ml strep-
tomycin, and 100 units/ml penicillin, in a 5.0% CO2 humidi-
fied atmosphere at 37 °C. Cell viability was assessed by the
MTT reduction inhibition assay. The cells were plated on 96-
well plates at a density of 6,000 cells/well in 200 �l of fresh
medium. After 72 h, the cells were exposed for 24 h to �2-m
previously resolubilized in PBS in the absence or in the pres-
ence of different concentrations of drug at 37 °C for 1 h or
with vehicle for control. The cells were also exposed to pre-
formed fibrils previously treated at 37 °C with different con-
centrations of doxycycline for different lengths of time. At the
end of the incubation, the cell culture medium was removed,
and the cells were incubated for 2.0 h with 100 �l of a 0.5
mg/ml MTT solution in DMEM without phenol red. After
incubation, cell lysis solution (100 �l/well: 20% SDS, 50%
N,N-dimethylformamide) was added to the samples that were
incubated overnight at 37 °C in a humidified incubator. Blue
formazan absorbance was measured at 570 nm using an auto-
matic plate reader (Bio-Rad).
Atomic Force Microscopy—Aggregation of �2-m in the

presence of fibrillar collagen and heparin was performed as
reported previously (31), in the absence and in the presence of
360 �M doxycycline. For atomic force microscopy (AFM) in-
spection, a collagen aliquot was extracted from the protein
solution, deposited onto freshly cleaved mica, gently washed
with buffer, and dried under a nitrogen stream. �2-m fibrils
formed in the presence of TFE as detailed above were em-
ployed to test the effects of exposure to doxycycline on fibril
structure. A 10-�l aliquot of �2-m fibrils treated with doxycy-
cline was incubated on freshly cleaved mica for 5 min, rinsed
with Milli-Q water to remove the materials not adhering to
the substrate, and then dried under mild vacuum. Tapping
mode AFM images were acquired in air using a Dimension
3100 scanning probe microscope equipped with a “G” scan-
ning head (maximum scan size 100 �m) and driven by a
Nanoscope IIIa controller and a MultiMode scanning probe
microscope equipped with an “E” scanning head (maximum
scan size 10 �m) and driven by a Nanoscope IV controller
(Digital Instruments-Veeco, Santa Barbara, CA). Single beam
uncoated silicon cantilevers (type OMCL-AC160TS, Olym-
pus, Tokyo, Japan) were used. The drive frequency was be-
tween 320 and 340 kHz, and the scan rate was between 0.5
and 1.5 Hz. Aggregate sizes were measured from the height in
cross-section of the topographic AFM images; due to the dry-
ing procedure applied, the measured sizes are reduced with
respect to fully hydrated conditions.

RESULTS

Titration of the Inhibition of �2-m Fibrillogenesis by Differ-
ent Tetracyclines—We initially tested the concentration-de-
pendent ability of 13 tetracycline analogues (supplemental
Fig. 1) to inhibit fibrillogenesis of wild type �2-m in vitro. Ac-
cording to the ThT assay proposed by Yamamoto et al. (21),
we found that only seven analogues were able to inhibit �2-m
fibril growth at a drug concentration limit �300 �M. For

these seven compounds, we determined the IC50 activity value
that corresponds to the molar concentration of the drug at
which the specific fluorescence of the ThT-amyloid fibril
complex is reduced by 50% (Fig. 1). The IC50 values for these
seven compounds ranged from 47 � 5 �M for doxycycline and
49 � 9 �M for 4-epi-oxytetracycline (the most effective com-
pounds) to 136 � 9 �M for anhydrochlortetracycline and ro-
litetracycline. The inhibition of fibrillogenesis by tetracyclines
is consistent with the inhibition of protein self-aggregation.
The inhibition of aggregation was confirmed by quantifying
the soluble fraction of �2-m after centrifugation. Electro-
phoresis of the supernatant and the precipitate (Fig. 2)
showed that both doxycycline and 4-epi-oxytetracycline ex-
hibit the highest effect of solubilization of �2-m fibrils. Other
analogues, such as minocycline or 4-epianhydrotetracycline,
left most of the protein in the precipitate. The ability of doxy-
cycline to inhibit �2-m fibrillogenesis was confirmed using
the P32G variant that can elongate fibril seeds in phosphate
buffer at pH 7.0 (20). Fig. 3 reports the dose-response effect of
doxycycline on fibril formation by this variant from which we
derived an IC50 of 95 � 22 �M.
Doxycycline Inhibits �2-m Fibrillogenesis in the Presence of

Collagen—Inhibitors of protein/peptide fibrillogenesis of po-
tential pharmacological interest should be tested in assays
mimicking the in vivo environment. For �2-m, we have re-
cently set up a method of in vitro fibrillogenesis that generates
�2-m fibrils under conditions reproducing a physiological
milieu in the presence of two ubiquitous constituents of amy-
loid fibrils: collagen and heparin (31, 32). Although the
method exhibits some variability in the time of onset of fibril
growth, probably because of the complexity of the aggregation
conditions, AFM analysis is extremely sensitive and specific
for monitoring fibril growth on the surface of collagen fibers.
Therefore, we used these conditions to investigate the effect
of doxycycline on �2-m fibrillization onto collagen. We com-
pared the AFM pattern of a �2-m sample aggregated in the
absence of doxycycline (Fig. 4a) or in the presence of 360 �M

doxycycline (Fig. 4b) after 3 months of incubation. In the ab-
sence of doxycycline, large bundles of fibrils (black arrows),
intertwined or running parallel to each other, were present in
close proximity to collagen fibers (white arrows). The latter
exhibit a much larger size and appear completely covered by a
homogeneous layer of aggregated proteins that masks, at least
partially, their typical banding pattern. At variance, in the
presence of doxycycline, a completely different pattern was
observed (Fig. 4b). Strikingly, in this case, �2-m fibrils are to-
tally missing, whereas both collagen fibers and background
appear covered by tightly packed globular material (Fig. 4b,
inset) that masks, even more effectively, the banding pattern
of collagen fibers. Having assessed the inhibitory effect of doxy-
cycline, we tested whether fibril growth was inhibited even at
lower (50–200 �M) doxycycline concentrations. After 2 months
of aggregation, fibrils were repeatedly observed in the sample
incubated with 50 �M doxycycline, whereas at 100 and 200 �M

doxycycline, the fibrils were absent (results not shown).
Effect of Tetracyclines on Preformed �2-m Fibrils—The tet-

racyclines previously found to display the best anti-fibrillo-
genic activity with soluble �2-m were tested for their ability to
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solubilize preformed �2-m fibrils. The specific results ob-
tained with doxycycline are reported in Fig. 5a. Fibrils at a
concentration of 100 �M (based on monomeric �2-m) were
exposed to increasing concentrations of doxycycline, and the
ThT fluorescence was measured after 12 h of incubation. The
IC50 required for fibril decomposition was much higher (5-
fold) than that necessary to inhibit fibril growth. The material
incubated with doxycycline at the concentration inducing
100% inhibition of ThT fluorescence was further analyzed by
electron microscopy that confirmed the complete loss of the
fibrillar structure (Fig. 5, b and c). Despite the destructuration
of the ordered fibrillar assembly, the material coming from
doxycycline-treated fibrils was still insoluble in physiologic
buffer, suggesting that the fibrillar protein does not recover a
native or native-like soluble structure upon incubation with
doxycycline.
Tetracycline-�2-m Interaction at Molecular Level—To pro-

vide information on the drug effects at the atomic level, the
interaction between �2-m (0.12–0.7 mM) and doxycycline
was analyzed by NMR spectroscopy under different solvent
conditions, namely aqueous 70 mM phosphate buffer, 100 mM

NaCl (pH 6.7), the same saline buffer containing 18% TFE
(v/v), and pure water. These environments, although non-
physiological, were selected to monitor the effect of doxycy-
cline under conditions supporting (saline buffer, and much
less effectively, pure water) or challenging (TFE) the confor-
mational stability of the protein in solution. As in most bio-
physical investigations, however, physiologically distant con-

ditions enable highlighting trends and drawing conclusions
that help in interpreting functional biology. In particular, the
saline buffer containing 18% TFE, although preventing exces-
sive protein precipitation, is a fibrillogenic condition in the
presence of nucleating fibril seeds (33) that is expected to ap-
proach very closely the partial unfolding and spreading over
conformational ensembles also including fibril-competent
species. Despite being far from the physiological fibrillogenic
conditions, a TFE content around 20% in aqueous suspen-
sions of fibril nuclei (seeds) has been repeatedly shown to re-
sult in the growth of fibrils that exhibit the same properties as
the natural ones (21), making such a condition an established
method of in vitro fibrillogenesis of wild type �2-m (34). At
the doxycycline concentrations that were used for NMR ex-
periments (0.12–3.0 mM), as imposed by the required protein
concentrations and ratios, the best solubility was observed in
pure water.
NMR in Aqueous Phosphate—In aqueous phosphate and

NaCl, with or without TFE, doxycycline addition to protein
solution was always accompanied by visible clouding and
partial precipitation. When doxycycline was added to the
�2-m solution in the absence of the organic co-solvent but
in the presence of phosphate buffer and NaCl, we found
very minor changes in the 1H-15N HSQC spectrum of the
protein recorded at 37 °C. The chemical shifts of the pro-
tein amide correlation, along with the other 1H resonances,
remained constant up to a nominal protein:doxycycline
stoichiometry of �1:6. Minor chemical shift changes could

FIGURE 1. Inhibition of wild type �2-m fibrillogenesis by seven tetracycline congeners was followed by thioflavin fluorescence assay. Experi-
ments were carried out in triplicate at different molar drug concentrations (50, 100, 200, 300 �M). Data were normalized and fitted using a standard
Hill slope dose-response curve. Means � S.D. of three experiments are shown for each compound. The structure of doxycycline, the most effective
compound, is also reported.

Tetracycline-�2-Microglobulin Fibril Interactions

2124 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 3 • JANUARY 21, 2011



be detected only for the 15N-1H correlation of the Phe-22
residue, whereas a number of other backbone amide cross-
peaks exhibited distinct and progressive amplitude changes
(supplemental Fig. 2). The corresponding residues map to
the A-B loop, the B and C strands together with the inter-
vening loop, the C	 strand and the following C	-D loop, the
D-E loop, the F strand, and the C-terminal segment. Invari-
ably, under any of the investigated solvent conditions, the
doxycycline resonances shifted from the frequency ob-
served without the protein and showed only minor line
width increase (supplemental Fig. 3) due to a weak interac-
tion leading to fast exchange. The observed doxycycline
shifts were rather limited, and in phosphate buffer, with or
without TFE, the most detectable effects occurred for the
C4-N,N dimethyl group, the adjacent location (C4-H), and

the aromatic hydrogens (data not shown), whereas in pure
water, substantial shifts were unequivocally observed on
the same side also for H4	, H5	, H6, and CH3(C6) (supple-
mental Fig. 3). The weakness of the fast exchange interac-
tion was confirmed by the difficulty to detect direct NOEs
between the protein and the doxycycline ligand, except a
few saturation transfer difference correlations (35) (data
not shown) that arise, by definition, from spin diffusion
and are therefore nonspecific.

FIGURE 2. a, SDS-PAGE of the supernatant and protein pellet obtained after centrifugation of the fibrillogenesis mixtures containing 100 �M �2-m and 300
�M of each tetracycline congener. Samples were centrifuged after 48 h of incubation. Alongside the molecular mass standards, supernatant (s) and pellet
(p) are shown for 4-epi-oxytetracycline (lane 1), anhydrochlortetracycline (lane 2), minocycline (lane 3), demeclocycline (lane 4), doxycycline (lane 5), and
4-epianhydrotetracycline (lane 6), respectively. Treated and non-treated �2-m are shown as controls. b, the percentage of protein in both supernatant and
pellet of samples with and without tetracyclines. Proteins within each lane were quantified by densitometric analysis, and the percentage was determined
as compared with control �2-m samples.

FIGURE 3. Doxycycline dose-dependent inhibition of fibrillogenesis of
the P32G �2-m variant. Experiments were carried out in triplicate in the
same conditions reported in the legend for Fig. 1. Error bars indicate
means � S.D. FIGURE 4. Tapping mode atomic force microscopy image (amplitude

data) of a �2-m sample incubated for 3 months at 37 °C in the pres-
ence of fibrillar collagen and heparin, in the absence (a) and in the
presence (b) of 360 �M doxycycline. Scan size was 2.8 �m. Amplitude
data are shown to better visualize the sample surface, with relatively thin
amyloid fibrils (a, black arrows) lying on the surface of large corrugations
corresponding to the collagen fibers (white arrows). The inset shows a topo-
graphic image (height data) of the texture of the background of b (corre-
sponding to a flat, homogeneous portion of the sample) at a higher magni-
fication; scan size 460 nm, Z range 20 nm.
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NMR Results in Pure Water—The NMR spectrum of the
isolated protein (0.12–0.59 mM) at 25 °C in the absence of
saline buffers revealed increased line widths, suggesting that
the lack of an ionic environment increases the average extent
of �2-m association. Upon titration with doxycycline at a ti-
trant:protein ratio up to 3:1, several amide resonances of the
15N-1H HSQC spectrum showed small shifts and/or intensity
changes (supplemental Figs. 4 and 5), namely at the N-termi-
nal tail, the A-B, B-C, D-E, and F-G loops, the E strand, and
the C-terminal tail. In addition, the HSQC spectra also re-
vealed a general line sharpening that prompted us to run dif-
fusion-ordered spectroscopy measurements to estimate the
translational diffusion coefficient (D) of the protein and hence
its effective molecular weight in solution. We calculated an
apparent molecular mass of 20.2 kDa for �2-m in pure water,

i.e. about twice the actual value (11.9 kDa), suggesting the
occurrence of fast association equilibria with an average dis-
tribution around the dimeric adduct. Upon the addition of
doxycycline, the diffusion-ordered spectroscopy spectra
showed an increased D value of �2-m (Fig. 6a), consistent
with a decrease of the protein apparent molecular mass to 12
kDa at 1:3 stoichiometric ratio with respect to doxycycline.
Again, the whole NMR experimental pattern points to a fast
exchange interaction between the tetracycline and the folded
�2-m molecule. This interaction effectively stabilizes the pro-
tein and shifts its dynamic association equilibria in aqueous
solvent toward the monomeric native state. The analysis of
the chemical shift and intensity changes throughout doxycy-
cline titration experiments (with and without saline buffer,
supplemental Figs. 2 and 5), along with simultaneous diffu-

FIGURE 5. Solubilization of preformed �2-m fibrils. a, comparative analysis of the doxycycline effect on fibrillogenesis (filled circles) and on fibril destruc-
turation (filled triangles). Error bars indicate means � S.D. b and c, electron microscopic images of ex vivo fibrils taken before (b) and after (c) 48 h of incuba-
tion with doxycycline.

FIGURE 6. a, two-dimensional diffusion-ordered spectroscopy map for �2-m in pure water in the presence of doxycycline at 1:0 molar ratio (black), at 1:1
molar ratio (blue), and at 1:3 molar ratio (red). The diffusion coefficients were estimated in the limit of a globular isotropic assumption for aqueous �2-m,
using the trimeric EMILIN1 gC1q D value as a calibrator for a 51.2-kDa isotropic globule (41). b, �2-m interaction sites with doxycycline in pure water. These
locations were obtained from the 15N-1H HSQC chemical shift (��) and intensity change analysis upon doxycycline titration. The compensated �� values
were calculated as described under “Experimental Procedures” after Mulder et al. (27). The color code is: yellow, the residues with �� � �� 
 �, where �� is
the mean chemical shift change and � is the chemical shift difference standard deviation; orange, residues with �� 
 � � �� � �� 
 2�; red, residues with
�� � �� �� 
 2�.
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sion-ordered spectroscopy controls and similar analysis as a
function of the protein concentration in the absence of doxy-
cycline (supplemental Fig. 6), enabled us to identify and dis-
tinguish unequivocally the protein sites involved in ligand
interaction and in protein-protein association in pure water.
In particular, doxycycline binds with the highest affinity to the
region comprising the end of strand A, the initial part of
strand B, and the central residues of the intervening loop
(supplemental Fig. 7). A second doxycycline binding region
occurs at the N-terminal stretch (fragments 2–4) and the fac-
ing B-C and F-G loops (supplemental Figs. 6b and 7). The
protein-protein interaction surface comprises the N-terminal
segment and the neighbor B-C and D-E loops (supplemental
Fig. 6), in agreement with previous molecular dynamics evi-
dence (36).
NMR Analysis in Water/TFE—The scenario changed

drastically when �2-m was titrated with doxycycline in the
presence of 18% (v/v) TFE that approaches a highly fibrillo-
genic condition (33). We deliberately avoided reaching 20%
(v/v) TFE, a condition that impairs NMR observation;
rather, we chose to deal with a native structure destabiliza-
tion close to the fibrillogenic transition limit (33), while
retaining at 25 °C a soluble native-like species, as inferred
from the chemical shift dispersion pattern very closely re-
lated to that observed in the absence of the organic co-sol-
vent (supplemental Fig. 8). In the absence of doxycycline,
an increase of the temperature to 37 °C resulted in massive
protein precipitation, whereas the NMR pattern for most
of the protein fraction still in solution was consistent with
a largely unfolded species, with a native-like species being
visible only at very low contour levels (Fig. 7a). Increasing
the temperature to 37 °C in the presence of doxycycline
(1.96 mM), at a nominal 3:1 ratio with respect to �2-m, re-
sulted again in substantial protein precipitation, but in this
case, the 1H-15N HSQC map revealed the equilibrium of
the largely unfolded species and the native-like form at

higher contour level (Fig. 7b). Therefore, the net effect of
the tetracycline on the thermal destabilization of �2-m in
18% TFE is to shift the native/unfolded equilibrium toward
the native-like species, although the largely unfolded spe-
cies still predominates. The result was also confirmed by
CD analysis (supplemental Fig. 9). Interestingly, the effect
was also observed when the tetracycline was added after the
denaturing exposure at 37 °C, revealing a surprising reversibil-
ity (in 18% TFE) of the doxycycline/�2-m system (supplemen-
tal Fig. 10). Whatever the timing of ligand addition, the NMR
parameters of �2-m in aqueous TFE, i.e. 1H-15N peak chemi-
cal shifts and amplitudes, did not show substantial changes,
nor did the NMR parameters of the doxycycline itself. There-
fore, the observed difference in the distribution pattern of
�2-m species in aqueous TFE (Fig. 7, a and b) should be at-
tributed to a weak, transient, preferential interaction of the
doxycycline with the native-like �2-m species. A quantitative
assessment using pairs of resolved cross-peaks in the spectra
of Fig. 7, a and b, led us to estimate a doxycycline-induced
gain in �Gunfolding of 0.9 kJ/mol. This very limited stabiliza-
tion is not surprising in 18% aqueous TFE at 37 °C, i.e. a con-
dition of substantial destabilization of the native protein
(�Gunfolding ��4 kJ/mol).
Doxycycline Modifies the Cytotoxicity of Soluble and

Fibrillar �2-m—A fundamental issue regarding the mecha-
nism of tissue damage caused by the amyloid deposits con-
sists in defining the cytotoxic role of prefibrillar oligomeric
aggregates. We recently reported that soluble �2-m is cyto-
toxic if oligomers are present (3), thus confirming and en-
riching previous reports on �2-m cytotoxicity (37). As
some tetracyclines are apparently capable of decomposing
fibrils into smaller aggregates, we studied the cytotoxicity
of native and fibrillar �2-m exposed to doxycycline. Cyto-
toxicity was quantified by the MTT and lactate dehydro-
genase release assays, widely used cell viability tests. We
confirmed that the native �2-m is cytotoxic for human

FIGURE 7. a and b, 1H-15N HSQC spectra of �2-m 0.65 mM in TFE 18% (phosphate 70 mM, NaCl 100 mM) at 37 °C recorded without (a) or with (b)
doxycycline (1.96 mM). The spectra were obtained using the same acquisition conditions from two samples prepared using the same �2-m mother solu-
tion, with a 10.0-�l addition of 0.100 M doxycycline for b. The experimental data were treated with the same processing parameters and at the same abso-
lute scaling (TOPSPIN, Bruker). The reported maps were drawn starting at the same lowest contour level and with the same level numbers and spacing.
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neuroblastoma SH-SY5Y cells when oligomers are not
eliminated from the solution, whereas the fibrils are not
toxic even at 20 �M (monomer concentration), a value ex-
ceeding by 4-fold the IC50 of soluble �2-m cytotoxicity (3).
Fig. 8a shows that doxycycline, at a concentration equimo-
lar to �2-m, abrogated the cytotoxicity of native soluble
�2-m. On the contrary, and unexpectedly, fibril exposure
to doxycycline triggered a cytotoxicity that was absent in
untreated fibrils (Fig. 8b). The rescue of fibril cytotoxicity
was directly related to the drug concentration. The results
reported in Fig. 8b refer to an experiment in which �2-m
fibrils were incubated for 72 h with doxycycline before
their inclusion in the cell culture medium. However, to
check whether a longer fibril incubation with doxycycline
could modify cytotoxicity, we also analyzed �2-m fibrils
incubated with the tetracycline for 2, 3, 4, 7, and 15 days.
Fig. 8c shows that the cytotoxicity of this material reached
a maximal activity after 3 days of incubation and then pro-
gressively declined to eventually disappear after 7 days. It is
noteworthy that the cells incubated with �2-m fibrils not
treated with doxycycline showed a surprisingly greater via-
bility, as compared with control cells incubated only with
vehicle. This aspect will be further investigated as it might
suggest a positive role of the fibrillar net on cell growth. To
this end, we notice that the presence of non-toxic fibrils in
the cell medium can somehow promote cell adhesion to
the support, as is known in the case of the curli amyloid

fibrils favoring bacterial attachment to the substrate (38).
Consistently, although ThT decreases along a monophasic
curve, the cytotoxicity trend reflects a multiphasic process.
Such a different dependence of ThT fluorescence and cyto-
toxicity on the time of fibril incubation with doxycycline
(Fig. 8d) suggests that remodeling of the aggregated pro-
tein goes far beyond the modifications detected by the ThT
assay that reaches a plateau after 48 h of fibril incubation
with the drug.
Fig. 9 shows the relation between aggregate toxicity and the

evolution of fibril morphology imaged by AFM as a function
of the incubation time in the presence of doxycycline. Fig. 9a
shows �2-m fibrils immediately after drug addition. Exposure
to doxycycline gives rise to a partial fibril disaggregation into
smaller units, as shown in Fig. 9b, acquired after 24 h of incu-
bation. An extensive release of such oligomeric units took
place in the subsequent hours. After 72 h of incubation with
doxycycline (Fig. 9c), the accumulation of oligomers reached
its maximum level; this result correlated very well with the
maximum cytotoxicity found in the same conditions. The size
distribution of these oligomers is rather broad, with height
values ranging from less than 1 nm to �10 nm. At longer in-
cubation times, oligomers are reassembled into more complex
structures. In particular, after 7 days, the sample mainly con-
sisted of �1-nm-high aggregates of variable length (Fig. 9d).
Again, this result correlates well with the decrease of cytotox-
icity found in the same conditions.

FIGURE 8. Effects of doxycycline on cytotoxicity of �2-m. a, �2-m (100 �M) was resolubilized in the absence or in the presence of different concentrations
of doxycycline at 37 °C for 1.0 h. 10-�l aliquots of the samples were diluted in 90 �l of cell medium and added to wells coated with SH-SY5Y cells whose
viability is reported as a function of the initial doxycycline concentration. b and c, preformed �2-m fibrils (100 �M, monomer concentration) were treated
with doxycycline (Dox) for 72 h at the indicated concentrations (b) or at a fixed concentration (300 �M) for the indicated time lengths (c) and then added to
the culture medium to estimate toxicity. Cell viability was measured by the MTT assay. The data are expressed as the percentage with respect to the control
values obtained in three independent experiments, each value being the average of six trials. d, effect of the time of exposure to doxycycline of preformed
�2-m fibrils on cell viability and ThT fluorescence quenching (same experiment as c). In all panels, error bars indicate means � S.D.
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DISCUSSION

The inhibition of the fibrillogenesis of wild type �2-m by
tetracyclines displays the features of a dose-response reaction,
and the effective concentration is graded from 47 and 49 �M

of the more effective compounds (doxycycline and 4-epi-oxy-
tetracycline, respectively) to 136 �M (anhydrochlortetracy-
cline-rolitetracycline) and to �300 �M as measured for mino-
cycline. The poor activity of minocycline was quite surprising
because, among the tetracyclines, this drug was the most ac-
tive against the aggregation of another amyloidogenic protein,
PrPsc (9). This finding represents unequivocal evidence that in
amyloidogenesis inhibition, a specific structure-function rela-
tion does exist between the single amyloidogenic proteins and
each tetracycline species. On the basis of the first screening,
we decided to focus our investigation on the anti-amyloido-
genic effects of doxycycline because a vast pharmacological
and toxicological experience already exists for this drug. The
interference of doxycycline with �2-m aggregation was char-
acterized by NMR spectroscopy that confirms the global per-
sistence of the connectivities of the native protein even when
it was exposed to conditions that favor unfolding and can trig-
ger fibrillogenesis by seeding.
The anti-aggregating effect of doxycycline was confirmed

by NMR analysis for its ability to rescue soluble native-like
�2-m from the aggregates grown in �20% TFE and to de-
crease �2-m association in pure water. The stronger �2-m
self-association in pure water reflects the effect of exposed
hydrophobicity; such an effect is attenuated by the presence

of salts that assist molecule solvation. The strong activity of
doxycycline and 4-epi-oxytetracycline, in comparison with
other tetracyclines, highlights the relevance of the C5 oxydryl.
Despite the highly dynamic character of the interaction, the
contact surfaces in the �2-m/tetracycline adduct have been
successfully identified by specific NMR observations. Based
on the current evidence, it is possible to establish that the
N,N-dimethyl group of doxycycline, and probably, to a larger
extent, the adjacent locations (C4	, C5, C5	, and C6), are in-
volved in the transient adduct with the protein, whereas the
protein appears to employ preferentially the region at the end
of strand A and the initial part of strand B together with a
part of the AB loop area. An additional lower affinity site for
doxycycline binding appears to overlap the region that �2-m
transiently uses for dynamic oligomerization, i.e. the N-termi-
nal end with the facing B-C, D-E, and F-G loops. The struc-
tural details of this behavior will be discussed in a forthcom-
ing study. Here, however, two aspects of the doxycycline-
�2-m interaction are worth stressing, namely (i) the efficiency
of the transient contact between doxycycline and the target
protein, reaching a proper turnover rate because of the rela-
tive lability of the interaction, and (ii) the preferential doxycy-
cline affinity for the natively folded conformer of �2-m that
also accounts for the results obtained in the presence of TFE.
The ability of doxycycline to inhibit the amyloidogenesis of
�2-m was validated not only in 20% TFE but also in physio-
logic-like conditions, by using the variant P32G or in the pres-
ence of pro-amyloidogenic cofactors, i.e. collagen and
heparin.
In particular, the effect of the drug in conditions mimicking

the environment in which wild type �2-m makes fibrils in vivo
has been qualitatively confirmed in tests carried out in the
presence of collagen and heparin, when fibril growth is inti-
mately attached to the collagen surface (31). We are aware
that the concentrations of doxycycline required for the abro-
gation of fibrillogenesis in all the conditions we assayed
largely exceed that reached in vivo by the drug in classical
therapeutic regimes, i.e. typically 1–5 �M. However, tetracy-
clines are highly concentrated (up to 2,000-fold over the bulk
tissue value) in the skeletal system (17), the elective target of
this amyloidosis. Therefore, the successful abrogation in vitro
of amyloid formation, at the drug concentration we used, sup-
ports the possibility that doxycycline can also be effective in
vivo. It is worthy of note that upon prolonged exposure to the
drug, the structure of �2-m fibrils is deeply remodeled, as
shown by the loss of the extended polymeric pattern in the
electron microscopy images and, consistently, by the remark-
able reduction of ThT reactivity, although the protein re-
mains irreversibly insoluble.
Dilemmas regarding the identification of the cytotoxic en-

tity of amyloid proteins apply to dialysis-related amyloidosis
similarly to the other systemic and localized amyloidoses. We
have recently established that in the cell culture, oligomeric
�2-m is cytotoxic, thus confirming previous data on the bio-
logical activity of soluble �2-m that is cytotoxic for certain
cells (3) and mitogenic for other strains such as the oste-
oclasts (39). Because doxycycline deeply interferes with �2-m
aggregation, we evaluated the effect of the drug on the biolog-

FIGURE 9. Tapping mode AFM images (amplitude data) showing the
evolution of the morphology of preformed �2-m fibrils as a function of
the incubation time with doxycycline (300 �M). a, immediately after drug
addition. b, at 24 h, when partial fibril dissolution into smaller units be-
comes visible. c, at 72 h, corresponding to maximum oligomer release and
minimum cell viability, with initial rearrangement of the oligomers into
more complex structures. d, at 7 days, when the sample is mostly aggre-
gated into structures with uniform height (1 nm). Scan size: 2 �m (a, c, and
d) and 1 �m (b).
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ical activity of soluble and fibrillar �2-m. At equimolar con-
centrations, the presence of doxycycline fully abrogates the
toxicity of soluble �2-m oligomers. This is consistent with the
NMR data highlighting the suppression induced by doxycy-
cline of the dynamic �2-m association in solution. On the
other hand, the effect of the drug on the biological activity of
mature �2-m fibrils is significantly more complex. The fibrils,
per se, are not cytotoxic; however, fibril exposure to doxycy-
cline elicits a transient cytotoxic activity that reaches the
maximum effect after 3 days of incubation and vanishes after
7 days of incubation. The inspection by AFM of the evolution
of the morphology of �2-m fibrils incubated with doxycycline
at time intervals corresponding to those at which cytotoxicity
was measured allowed us to identify the assemblies responsi-
ble for toxicity. In fact, in the toxic specimens, we imaged
globular oligomeric aggregates that were substantially absent
in the fibrillar samples not exposed to the drug. The same
oligomers were also absent in the fibrillar samples incubated
with doxycycline for 7 days, i.e. a time lapse over which the
presence of the drug results in extensive structural reorgani-
zation. As it has been recently demonstrated for another amy-
loidogenic protein (40), it is likely that cytotoxicity results
from the exposure of hydrophobic groups for �2-m oligomers
as well; such exposure is very likely to drive the rearrange-
ment of oligomers into more stable structures with reduced
toxicity.
The dissection of the molecular effects of the interaction

between doxycycline and the amyloidogenic protein �2-m has
therefore confirmed and better clarified the intimate mecha-
nism by which tetracyclines counteract the tendency of amy-
loidogenic proteins to acquire an ordered fibrillar structure
and, in their prefibrillar state, a specific toxic structure. Such
information could be rapidly translated into a new therapeu-
tic opportunity for this amyloidosis. In our view, a selected
population of patients like those under prolonged hemodialy-
sis at high risk of amyloid deposition or with early amyloid
deposits are the natural candidates for this therapy. The onset
of dialysis-related amyloidosis can be easily recognized by the
occurrence of carpal tunnel syndrome. Therefore, these pa-
tients could be treated before entering a stage of the disease
characterized by irreversible tissue damage and in which the
excessive amount of amyloid could defeat the therapeutic effi-
cacy of the drug. Furthermore, as the deposition of this amy-
loid takes place in a tissue environment where tetracyclines
naturally reach the highest possible concentration, we suggest
that the in vivo validation of the doxycycline therapy in dialy-
sis-related amyloidosis could represent an extraordinary proof
of principle of the effectiveness of the class of anti-amyloid
compounds acting by inhibiting amyloid fibril growth.
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