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b2-Microglobulin (b2m) is the light chain component of class I major histocompatibility complex (MHC-
I). b2m is an intrinsically amyloidogenic protein that can assemble into amyloid fibrils in vitro and in vivo.
Several recent reports suggested that the polypeptide loop comprised between b-strands D and E of b2m
is important for protein stability and for the protein propensity to aggregate as amyloid fibrils. In partic-
ular, the roles of Trp60 for MHC-I assembly and b2m stability have been highlighted by showing that the
b2m Trp60 ? Gly mutant is more stable and less prone to aggregation than the wild type protein. To fur-
ther analyse such properties, the Trp60 ? Cys and Asp59 ? Pro b2m mutants have been expressed, puri-
fied, and their crystal structures determined. The stability to thermal denaturation and propensity to
fibrillar aggregation have also been analysed. The experimental evidences gathered on the two mutants
reinforce the hypothesis that conformational strain in the DE loop can affect b2m stability and amyloid
aggregation properties.

� 2008 Elsevier Inc. All rights reserved.
In vivo fibrillar protein aggregation, often referred to as amyloid complex (MHC-I) and of CD1 [4]. b2m has the typical immunoglo-

aggregation, has gained wide interest, being at the basis of several
degenerative diseases such as Alzheimer in man or spongiform
encephalopathy in cows [1]. Formation of amyloid precipitate
arises from the aggregation of misfolded protein molecules into
elongated protein fibrils, known as cross-b or amyloid fibrils. How-
ever the molecular details of fibril formation are only marginally
understood. It is generally recognized that during fibrillation pro-
tein molecules loose their native fold, increase their b secondary
structure content, and, via intermolecular b-strand interactions,
the misfolded protein molecules polymerise into elongated amy-
loid fibrils. The cross-b assembly (named after a typically recurring
X-ray fibre diffraction pattern) [2,3] is very stable, such that amy-
loid fibrils are very resistant mechanically and to chemical degra-
dation [1]. In vivo fibrils accumulate and, being resistant to
proteolysis, they can deposit in large amounts in different tissues
[1].

b2-Microglobulin (b2m) is a 99 amino acid protein, which
constitutes the light chain of the class I major histocompatibility
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bin b-sandwich fold, consisting of seven b-strands organised in two
b-sheets linked by a disulphide bond [5]. Kidneys are responsible
for b2m degradation in the human body. Patients with kidney fail-
ure regularly undergo hemodialysis treatments, which in the long
term result in the accumulation of free b2m in the blood, up to con-
centrations 20–30 times higher than the physiological level. This
condition facilitates b2m aggregation into fibrils and leads to dial-
ysis-related amyloidosis (DRA), a pathology characterized by b2m
amyloid aggregation and deposit in skeletal joints, seriously affect-
ing their functionality [6].

Although several studies on b2m aggregation are available, the
molecular mechanism underlying cross-b fibril formation has yet
to be properly understood. Full length b2m can be converted
in vitro into amyloid fibrils under various experimental conditions,
including low and neutral pH [7]. The use of 20% trifluoroethanol
(TFE), at neutral pH, is a particularly efficient procedure in terms
of fibril formation rate and yield. Analysis of the amyloid plaques
extracted from DRA patients shows that full length b2m is the ma-
jor component of the fibrils, while a truncated form of b2m lacking
six amino acids at the N-terminus makes up about 20–30% of the
aggregated material [8,9].

Over the past few years numerous efforts have been focused on
studying the structural bases and mechanisms of b2m fibril forma-
tion, since b2m is regarded as a molecular model for folding and for
the amyloid transition process (for review Chatani and Goto 2005)
[10]. Increasing attention has been focussed on b2m residue Trp60
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Fig. 1. Mutation of residues in the DE loop of b2m. (A) Ribbon representation of the
two superposed b2m mutants: W60C is colored in blue and D59P is in yellow. Pro59
and Cys60 mutated residues are shown as stick models in the lower part of the
figure. (B) Superposition of W60C and D59P DE loops (stereo view), color coded as
in A. Stick representation of residues 59 and 60 is shown in green for W60C and
cyan for D59P. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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that plays a key role in fibrillogenesis [11]. It is exposed in the
native b2m fold, and NMR H/D exchange experiments show that
it is solvent accessible in the fibrils [12]. In a recent report, Trp60
was substituted by Gly (W60G), showing that this b2m mutant is
more stable to unfolding than the w.t. protein and is not
fibrillogenic under mild conditions [13]. It was proposed that
W60G higher stability may partly result from a geometrical
relaxation of the DE loop, relative to the w.t. protein, suggesting
that removal of the bulky hydrophobic Trp side chain may also
increase the solubility of isolated b2m and decrease its tendency
to aggregation [13].

In order to characterise more deeply the role of geometric strain
and hydrophobicity in the b2m DE loop, here we report the produc-
tion and biophysical characterisation of two b2m mutants, W60C
and D59P. The Trp60 ? Cys substitution maintains the same DE
loop backbone stereochemical restraints of the w.t. protein, while
removing the bulky Trp side chain. On the other hand, the As-
p59 ? Pro mutation was designed in order to increase the rigidity
of the DE loop. The crystal structures of the W60C and D59P mu-
tants are here reported together with an analysis of their thermal
stability and their propensity for amyloid aggregation.

Materials and methods

Mutants preparation & purification. Mutagenesis of Trp60 into
Cys, and of Asp59 into Pro were carried out as in Esposito et al.
[13]. The b2m mutants were subsequently expressed and purified
as previously reported [13].

Crystallisation and structure determination. b2m D59P and W60C
mutants were crystallised under the same conditions used for b2m
W60G [13]. X-ray diffraction data collections were performed
using the crystallization mother liquor as cryoprotectant at beam
line ID14-2, at 100 K (ESRF, Grenoble). Diffraction data were pro-
cessed using MOSFLM and SCALA [14,15]. b2m D59P and W60C
structure solutions were achieved by molecular replacement, using
PHASER [16] and the b2m W60G mutant atomic coordinates (PDB
entry 2Z9T) as search model. Both structures were then refined
with REFMAC5, with restrained and ‘tls’ refinement methods [17].
Model building and structure analysis was performed with
COOT [18]. Coot was also used to calculate Ramachandran and
Kleywegt plots. Fig. 1 has been prepared using Pymol (http://pymol.
sourceforge.net). Atomic coordinates and structure factors for the
b2m D59P and W60C structures have been deposited with the Pro-
tein Data Bank, with accession codes 3DHJ and 3DHM, respectively.

Thermal stability. The thermal stability of b2m mutants was
assessed by thermofluorescence analysis using a protocol similar
to that described in Ericsson et al. [19] A MJ MINI real time PCR
apparatus (BIORAD) equipped with MiniOpticon was used to carry
out thermal unfolding, and monitored by Sypro Orange fluorescence
signal (465 and 590 nm for excitation and emission wavelengths,
respectively). Protein samples in water at a final concentration of
2 mg/ml were tested in the 30–80 �C temperature range.

Amyloid fibril formation. pH 7.4 procedure: 100 lM b2 m was
incubated at 37 �C in 50 mM Na phosphate buffer, 100 mM NaCl,
pH 7.4, in the presence of 20% (v/v) TFE [20]. 20 lg/ml of b2m fibril
seeds were added to the samples. pH 2.5 procedure: 100 lM b2m
was incubated at 37 �C in 50 mM Na-citrate, 100 mM NaCl, pH 2.5,
in the presence of 20 lg/ml of b2 m fibril seeds [21]. Amyloid for-
mation was quantitatively assessed using Thioflavin T (ThT),
according to LeVine [22]. ThT (SIGMA) concentration was 10 lM,
in 50 mM glycine/NaOH buffer, pH 8.5. Fluorescence measure-
ments were carried out by excitation at 445 nm, and emission col-
lected at 485 nm. The fibrillogenesis of w.t. b2 m and the mutants
W60C and D59P were followed by ThT fluorescence, which is re-
ported in arbitrary units. The ThT fluorescence values were mea-
sured after 3 days of incubation at 37 �C.
Results

Crystal structures of b2m Trp60Cys and Asp59Pro mutants

The structure of the W60C mutant was solved and refined at
2.0 Å resolution, with R-gen and R-free values of 17.3% and
21.2%, respectively (see Table 1). The overall W60C structure
matches closely that of W60G (PDB entry 2Z9T), which was used
as search model (Fig. 1A): the RMSD is 0.18 Å over 99 Ca atom
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Table 1
Data collection and refinement statistics for the b2m W60C and D59P mutants

b2m W60C b2m D59P
Beam line ESRF ID14-2 ESRF ID14-2
Space group Monoclinic C2 Monoclinic C2
Unit cell edges

(Å, �)
a = 77.35 b = 28.87 c = 64.79
b = 132.5�

a = 78.18 b = 29.19 c = 55.32
b = 121.4�

Resolution (Å) 20–2.0 20–1.80
R mergea (%) 11.2 (42.0) 11.3 (42.1)
I/rI 9.7 (2.5) 12.2 (2.4)
Completeness (%) 94.8 (94.8) 94.9 (94.9)
Redundancy 5.0 (3.8) 5.0 (3.8)
Unique reflections 7339 10110

Refinement
R workb (%) 17.3 18.9
R-free (%) 21.2 22.2
Number of atoms
Protein 845 836
Water 74 70
Ramachandran

plot
Most favoured

region
97% 98%

Allowed region 3% 1%
Outliers 0% 1%

Values in parenthesis are for the highest resolution shell.
a R merge = R|I � hIi|/R|I| where I is the observed intensity and hIi is the average

intensity.
b R work = Rhkl||Fo| � |Fc||/Rhkl|Fo| for all data except 5% which were used for

R-free calculation.
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pairs. Both structures show the same conformation of the DE loop,
where the Gly60 and Cys60 mutations lie. Conversely, structural
comparison between W60C and the isolated w.t. b2m chain (PDB
entry 1LDS) [23] shows an RMSD of 0.58 Å, calculated over all 97
Ca atoms of the w.t. structure; a different conformation of the
DE loop is mainly responsible for the higher RMSD. Thus, in the
Ramachandran plot of W60C the (u, w) pair for Cys60 (65�, 5�)
matches closely the value observed for Gly60 in the W60G struc-
ture, and for Trp60 in the b2m MHC-I complex (PDB entry 1BSS),
but not that of Trp60 in the isolated w.t. b2m chain (�115�, 15�).

The structure of the D59P mutant was solved and refined at
1.8 Å resolution, with R-gen and R-free values of 18.9% and
22.2%, respectively (see Table 1). The structure of D59P appears
to be mostly similar to w.t. b2m isolated chain (PDB entry 1LDS;
RMSD of 0.19 Å over 97 Ca pairs), adopting the same conformation
of the DE loop. On the other hand, the RMSD increases when the
D59 P Ca backbone is superposed to W60G (PDB entry 2Z9T),
and to W60C: 0.57 Å and 0.40 Å RMSD values, respectively (over
99 Ca pairs), due to different conformations of the DE loop
(Fig. 1B). The Ramachandran plot of w.t. b2m (PDB entry 1LDS)
and D59P are almost identical, both showing signs of DE loop con-
formational strain. In the D59P structure Ser57 falls marginally in a
not-allowed region of the Ramachandran plot, as in w.t. b2m iso-
lated chain, but unlike in W60G. Moreover, analysis of the peptide
x angles reveals a significant deviation (37�) from planarity for
Pro59.

Thermal stability and amyloid fibril formation

The thermal stability of W60C and D59P was assessed measur-
ing the variation of fluorescence intensity of the Sypro Orange dye
over the 30–80 �C temperature range. When a protein unfolds the
protein hydrophobic core becomes solvent accessible and Sypro
Orange can interact with it; upon interaction with hydrophobic
amino acids Sypro Orange fluorescence increases; thus, the dye
fluorescence allows monitoring b2m unfolding. Under our experi-
mental conditions the Tm for w.t. b2m, W60C and D59P were
found to be 60.1, 59.8, and 52.0 �C, respectively (Fig. 2A).
The ability of W60C and D59P to form fibrils was analysed (see
Table 2). W60C could be converted into fibrils with low yield at pH
7.4, while at pH 2.5 W60C fibril formation was quantitatively com-
parable to the w.t. protein. D59P, instead, showed a stronger ten-
dency than w.t. b2m to form fibrils, both in terms of aggregation
rate and final fibril yield. After 4 h, under both the conditions
tested, D59P samples show heavy precipitate, while the w.t. solu-
tion is still clear and ThT fluorescence is negligible. Under both
fibrillogenesis conditions values of ThT fluorescence for D59P are
two- and four-fold higher than those of w.t. b2m, respectively. Fur-
thermore, fibril formation is faster than for w.t. b2m, indicating
that D59P has an intrinsic higher propensity to amyloid
aggregation.

Oligomerisation state of W60C

In the W60C mutant a Cys residue was introduced on the sur-
face of the protein in a position totally exposed to the solvent.
SDS–PAGE analysis under non-reducing conditions was employed
to assess the tendency of W60C to form disulphide bond stabilized
dimers. Our results showed that dimer abundance varies between
30% and 90%, depending on the purification batch. As an example,
Fig. 2B shows two distinct W60C purification batches that are
about 90% and 40% dimeric; such variability likely arises during
the 72 h refolding process in the absence of reducing agents. In
fact, addition of any reducing agent during the refolding procedure
hampers the formation of the internal Cys25-Cys80 disulphide
bond, with large loss in the yield of properly folded W60C. Since
during refolding the redox conditions are not easily controlled, var-
iable monomer/dimer ratios can be expected in different protein
preparations. For crystallogenesis, and for the thermal unfolding
experiments shown in Fig. 2A, the same batch with a low dimeric
fraction was used. Notably, different W60C batches, characterized
by different amounts of the dimeric species, showed undistin-
guishable behaviour during fibrillogenesis and thermal unfolding,
suggesting that monomeric and dimeric W60C molecules assemble
equally well in the fibrils, and that thermal unfolding of individual
W60C chains, and their Sypro Orange interaction, are little affected
by the intermolecular disulphide bridge.

When Cys residues were introduced at different b2m sites (res-
idues 20, 50 and 88) only a small fraction of the expressed proteins
was found to dimerise through an intermolecular disulphide
bridge, whereas the dimerisation of W60C is always significant. It
is noteworthy that fibrils generated from W60C, with high yield
at pH 2.5, and with low yield at pH 7.4, were composed of both
the monomeric and the dimeric species, without any significant
enrichment of one of the two species, relative to the starting solu-
tion (Fig. 2B–D). Such finding would suggest that the intermolecu-
lar pairing of DE loops promoted by formation of the S–S bond is
perfectly compatible with the fibril structure.

The higher W60C propensity to dimerise through Cys60 is in
keeping with previous studies on the mechanism of b2m oligomer-
isation by Fogolari et al. 2007 [24], who predicted through molec-
ular dynamics simulations that the highest number of
intermolecular contacts within the fibril was achieved by Trp60.
Moreover, chemical cross-linking confirmed that the DE loop is in-
volved in specific intermolecular interactions [25].

Conclusion

b2m DE loop mutant

Among numerous studies on biophysical properties of b2m, a
recent report on the W60G mutant has shown that the
Trp60 ? Gly mutation unexpectedly increases the protein stability,
while not affecting the loop flexibility as would be expected for a



Table 2
b2m w.t. and mutants amyloid fibril formation at pH 7.4 and pH 2.5 (ThT fluorescence)

Fibrillogenesis pH 7.4 Fibrillogenesis pH 2.5

WT b2m 101 ± 12 121 ± 7
W60C 36 ± 8 95 ± 17
D59P 213 ± 23 420 ± 50

Fig. 2. (A) Thermal unfolding profiles monitored using Sypro Orange fluorescence: w.t. b2m in red, W60C in green and D59P in violet. SDS–PAGE under non-reducing
conditions. (B) Lane 1, molecular weight standards; lane 2, w.t. b2m; lanes 3 and 4, two different W60C purification batches. The dimer content for the protein in lane 3 is
about 90% of the total protein, while in lane 4 it is about 40%. (C) SDS–PAGE under non-reducing conditions of W60C showing (lane 2) a 90–10% distribution of dimer-
monomer. This sample has been later used to perform fibrillogenesis experiments (see panel D). (D) SDS–PAGE under non-reducing conditions of W60C fibrils grown at pH
2.5 (lane 2). The fibrils were washed prior solubilisation in SDS buffer. The solubilised fibrils show the same dimer/monomer distribution observed in solution, reported in
panel C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Gly containing region; moreover, it has been shown that W60G
does not form cross-b fibrils under mild conditions [13]. This study
proposed that conformational strain present in the w.t. b2m DE
loop, indicated by the left-handed a-helix conformation that
Trp60 adopts in the MHC-I complex, would be released by the
Trp60 ? Gly mutation. Moreover, while residue Trp60 is stabilised
in a low polarity niche on the surface of the heavy chain in the
MHC-I complex, it is completely solvent exposed, thus potentially
destabilizing, when b2m is dissociated from the heavy chain; a
smaller, or more polar residue would therefore better fit this site
in the isolated b2m chain.

The W60C crystal structure shows that the DE loop adopts the
same regular b-turn conformation observed in W60G. However,
although at lower efficiency relative to the w.t., W60C forms fibrils
under mild conditions, a property not shared by W60G. Hence,
apparently, a regular b-turn conformation in the DE loop is not
the (only) structural determinant accounting for the lower propen-
sity to fibril formation displayed by W60G. On the other hand,
thermal unfolding shows that W60C and w.t. b2m display very
similar Tm values, 59.8 and 60.1 �C, respectively. So, W60C, while
having a structure of the DE loop that differs markedly from that
of the isolated w.t. protein, displays properties grossly similar to
w.t. b2m for what concerns stability and fibrillogenesis. These
results suggest that such properties cannot be properly rational-
ized based on the static structures achieved by the DE loop (i.e.
the starting protein conformation), nor on the Trp/Cys nature of
residue 60. The decreased fibrillogenic propensity of W60G [13],
however, suggests that the conformational freedom coded by Gly
at site 60 is a key structural factor playing a regulatory role in
b2m fibril aggregation, adding to the putative dependence of
b2m fibrillogenesis on the physico-chemical properties of the DE
region suggested by Platt et al. [26].

Based on the results achieved for W60G and W60C, it was
deemed relevant to design a mutant (D59P) that would increase
rigidity of the DE loop, since this should have a visible effect on
b2m stability and fibrillogenesis. The D59P crystal structure shows
evidence of backbone conformational strain in the mutated region,
as indicated by deviation from planarity of Pro59 peptide x angle,
and by the Ramachandran outlier character of Ser57. Thermal
unfolding of D59P shows a Tm drop of about 8 �C relative to w.t.
b2m, indicating a significant loss in overall protein stability.
Accordingly, relative to the w.t. protein, D59P displays an increased
propensity to aggregate into fibrils, forming amyloid precipitate
more quickly and yielding higher amounts of fibrillar aggregates.

The results here reported indicate that as long as a Cb atom is
present at residue 60, the thermal stability and the aggregation
properties of b2m are affected only marginally, whereas large sta-
bility and fibrillation changes are associated with the W60G muta-
tion. These observations suggest that complex phenomena, not
directly observable in the crystal structures of the natively folded
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protein, regulate fibril aggregation of the b2m site-60 mutants, in
keeping with the suggestion that residue 60 is directly involved
in stabilization of the assembled fibrils [11,27]. On the other hand,
since the Asp ? Pro mutation increases the rigidity of the DE loop
at the expenses of some strain, lower thermal stability and an asso-
ciated stronger tendency to amyloid aggregation can be rational-
ized based on the D59P structure.
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