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b2-Microglobulin (b2-m), a light chain of the major histocompatibility complex class I,
forms amyloid fibrils in patients undergoing long-term haemodialysis, causing
dialysis-related amyloidosis. Based on a comparison of the X-ray structure obtained
at pH 5.7 and that of b2-m in the histocompatibility complex, it has been proposed
that the continuous D-strand observed in the crystal structure at pH 5.7 increases
the propensity of b2-m to self-associate via edge-to-edge interactions, thus initiating
the formation of fibrils. To obtain further insight into the mechanism by which
amyloid fibrils form, we determined the crystal structure of b2-m at pH 7.0 at a
resolution of up to 1.13 Å. The crystal structure at pH 7.0 was basically the same as
that at pH 5.6, suggesting that the conversion of the b-bulge in strand D into a
contiguous b-strand is not unique to the crystals formed under slightly acidic
conditions. In other words, although the formation of b2-m fibrils was enhanced
under acidic conditions, it remains unknown if it is related to the increased
propensity for the disappearance of the b-bulge in strand D. We consider that the
enhanced fibrillation is more directly coupled with the decreased stability leading to
the increased propensity of exposing amyloidogenic regions.

Key words: amyloid fibrils, b-bulge, dialysis-related amyloidosis, b2-microglobulin,
X-ray crystallography.
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b2-Microglobulin (b2-m), a light chain of the major
histocompatibility complex class I (MHC-I), forms a
typical immunoglobulin superfamily domain fold, where
two b-sheets are linked by a disulfide bond and
hydrophobic residues between them (1, 2). b2-m is
associated with the heavy chain through multiple
hydrogen bonds on the cell surface, stabilizing the
complex bound with the antigen peptide (1). This protein
is continuously shed from the cell membrane and then
fully catabolized in the kidney. Conversely, in patients
undertaking long-term haemodialysis, the concentration
of b2-m in plasma increases up to 60-fold (30–50 mg/ml)
(3). Under such pathological conditions, b2-m assembles
into amyloid fibrils in the joints and bones, causing a
variety of arthropathies and pathological fractures,
known as dialysis-related amyloidosis (4). As the fibrilla-
tion is a polymerization reaction, it is reasonable to
consider elevated concentrations of b2-m as a critical
factor leading to dialysis-related amyloidosis. However,
the concentration of b2-m does not correlate with the
pathology of dialysis-related amyloidosis, arguing that
the elevated levels are insufficient for amyloid
deposition.

The b2-m has been a target of extensive study (5–11)
because of its clinical importance and suitable size
for examining the relation between protein folding
and the formation of amyloid fibrils. Recent studies
have focused on the factors producing fibrils under
neutral pH conditions where the fibrils form in patients;
these include the truncation of N-terminal residues (12),
mutations (13, 14), additives such as sodium dodecyl
sulfate (15) and interaction with Cu2+ ions (12, 16–19).
Nevertheless, the molecular mechanism of amyloidosis
remains unclear.

To understand the mechanism by which fibrils form, it
is important to reveal the structural differences between
the complex and free form of b2-m. Although many
structures of MHC-I complexes are deposited in the
Protein Data Bank, it is only recently that the structures
of the free form of b2-m have been reported (2, 20–23).
In the present study, to clarify the structure and
dynamics of b2-m under neutral pH conditions, we
determined the crystal structure of b2-m at pH 7.0 at a
resolution of up to 1.13 Å.

MATERIALS AND METHODS

Expression and Purification of �2-m and
Crystallization—Recombinant human b2-m proteins
were expressed in Escherichia coli strain BL21(DE3)
pLysS (Novagen, Madison, WI, USA) and purified as
described (23, 24). The protein with the expected mole-
cular mass (�0.025%) as determined by MALDI-TOF

yThe atomic coordinates for b2-m at pH 7.0 have been deposited
in the Protein Data Bank (accession code: 2YXF).
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MS was shown to be �99% pure by SDS PAGE and
reverse-phase HPLC.

Crystals of monomeric b2-m were grown by
the hanging-drop vapour diffusion method (25). For wild-
type b2-m, the reservoir solution was composed of 25%
(w/v) PEG 4000, 25% (v/v) glycerol, 60 mM ammonium
acetate and 100 mM MOPS buffer at pH 7.0. Crystal-
growth droplets were produced using 2 ml of protein
solution in water (4–6 mg ml�1 for wild-type b2-m) and
1ml of reservoir solution and incubating at 158C. After 1–2
weeks, trapezium plate-like crystals appeared.
Data Collection of Intact �2-m Crystals—The intact

crystals were picked up with a loop and flash-cooled at
100 K in a stream of gaseous nitrogen. X-Ray diffraction
data were collected from single crystals at a wavelength of
0.650 Å with a SPring-8 (Hyogo, Japan) BL44XU
beam line using an image plates X-ray detector system
(Rigaku RAXIS IV++). The crystal-to-detector distance
was 240.0 mm. Diffraction images were indexed and
integrated with MOSFLM software (26), and then scaled
and merged with the SCALA program (CCP4) (27). For
the intact data, molecular replacement was used for
determining the structure with the MOLREP program
(28) based on the monomeric b2-m structure (Protein Data
Bank ID code 2D4F) which has been reported previously
(23). The model refinements were performed anisotropi-
cally including hydrogen atoms by using REFMAC5 (29).
The structure was visualized and modified using the
program O (30). Progress was monitored by comparing the
R factor to the free R factor (31). The geometry of the
model was checked using the program PROCHECK (32),
the Ramachandran plot showing that 99% of the residues
lie in the allowed region.

RESULTS AND DISCUSSION

Crystal Structure of Monomeric �2-m at pH 7.0—The
crystal structure of isolated b2-m at pH 5.7 was reported
by Trinh et al. (2) (PDB ID code 1LDS). Then, the structure
of a mutant, H31Y b2-m, at pH 7–8.5 (21, 22) were
reported (PDB ID code 1PY4). We also reported the crystal
structure of wild-type (PDB ID code 2D4F) and mutant
(PDB ID code 2D4D) b2-ms prepared at pH 5.7 (23). In our
mutant W60F/W95F/L39W b2-m, the two Trp residues at
60 and 95 were replaced with Phe and a single Trp was
introduced at Leu39, a position corresponding to the
Trp conserved among various immunoglobulin domains.
The structure of our mutant was essentially the same as
that reported by Trinh et al. (2). Additionally, the NMR
structure at pH 6.6 was reported (20) (PDB ID code 1JNJ).

The isolated b2-m and the b2-m in the MHC complex
(PDB ID code 1PY4) were similar in overall structure
(Fig. 1). However, careful inspection of Trinh et al. (2)
revealed several differences: most importantly, the
disappearance of the b-bulge in strand D of the isolated
b2-m, forming one long continuous b-strand D encom-
passing residues 51–56 (2). The loss of the b-bulge results
in residues 51 and 53 forming new hydrogen bonds with
residues 67 and 65, respectively. This causes different
orientations of the side chains of residues 50–54 [see
Trinh et al. (2) for details]. Intriguingly, the NMR and
crystal structures of the isolated b2-m were also different

in the strand D region: only the first of two short
b-strands of b2-m in the complex is retained in the b2-m
monomer measured by NMR (20–22). Trinh et al. (2)
suggested that the continuous D-strand conformation,
which is rarely formed in solution, was trapped by
crystallization at pH 5.7 and that, in such a conforma-
tion, b2-m’s propensity to self-associate by edge-to-edge
interactions is increased. However, it remains uncertain
whether the D-strand is indeed involved in the formation
of amyloid fibrils of b2-m, and whether the suggested
critical conformation (33) is rarely observed in neutral
pH, because of the change in the charge of His51
between pH 5.7 and pH 7.0 (33).

Typical crystals of intact b2-m grown at pH 7.0 reached
500� 150� 30 mm and diffracted with an extremely high
resolution, up to 1.13 Å. A summary of the refinement
statistics is given in Table 1. The intact crystal belongs to
space group C2 and has the unit cell dimensions
a= 77.6 Å, b= 28.9 Å, c= 54.5 Å and b= 121.68, making it
very similar to the structure at pH 5.7 reported by Trinh
et al. (2) and also to our previously reported structures of
wild-type b2-m and W60F/W95F/L39W b2-m prepared at
pH 5.7 (23). The coordinates and structure factor
amplitudes have been deposited in the Protein Data
Bank (ID code 2YXF). The crystal had a very low overall
B-factor, indicating that it was highly ordered (Table 1).
The ribbon model and the topology diagram of the
structure are shown in Fig. 1A and E, respectively.

As was the case for the acidic crystals prepared at pH
5.7 (2), the overall structure of b2-m at pH 7.0 was very
similar to that of its MHC complex counterpart (Fig. 1).
Residues involved in the b-strands include A7–12, B22–30,
C36–41, C0

43–44, D51–56, E62–69, F78–83 and G91–94. However,
there are several differences from the structure in the
MHC complex. These include slight shifts of the residues
involved in b-strands, a distinct short b-strand, labelled
strand C0 between strands C and D, and most impor-
tantly the disappearance of the b-bulge in strand D of the
isolated b2-m forming one long continuous b-strand D
encompassing residues 51–56 (Fig. 1B).

Although the structures were basically the same as
those reported previously at pH 5.7 (2, 23), the final
electron-density map was so high that each atom density
was well-separated except for disordered residues.
Importantly, we could address the protonation/deproto-
nation of some residues. There are six Tyr residues at
positions 10, 26, 63, 66, 67 and 78. Although the
standard pKa of Tyr is at basic pH (e.g. pKa = 10.1 for
amino acid Tyr), the negative 2Fo–Fc map clearly
indicated the deprotonation of H� of Tyr 67, suggesting
a highly decreased pKa value of Tyr 67 among the six
Tyr residues (Fig. 2).

The side chain of Tyr 67 is located nearby the side
chain of His51. There are four His resides at positions
13, 31, 51 and 84. It has been suggested that the pKa

value of His51 is 7.3 (34, 35), higher than the others,
leading to a partial positive charge at pH 7.0. This
increased pKa of His51 might be coupled with the
decreased pKa value of Tyr67.

In addition, His51 has been suggested to be the most
important binding site of Cu2+ ions in terms of affinity
and impact on the structural dynamics of b2-m (18, 34,
35). Among various factors, interaction with Cu2+ has
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Fig. 1. Comparison of structure of b2-m obtained under
different conditions. The crystal structure of isolated b2-m at
pH 7.0 determined here (A) or at pH 5.7 by Trinh et al. (2) (B).
(C) The crystal structure of b2-m in the MHC complex. (D) The
NMR structure determined at pH 6.6. The ribbon models on the

left were drawn by MOLMOL. The models in right indicate the
B-factors (A–C) or the RMSD values of the NMR structure (D).
(E–G) Topology of the crystal structure of isolated b2-m at pH 7.0
(E), that in the MHC complex (F), and that of the NMR structure
(G), highlighting the inversion of strand D regions.
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been proposed to be a critical factor for triggering the
formation of b2-m amyloid fibrils in vivo. Although the
majority of Cu2+ is tightly bound to plasma proteins,
the dialysis procedure allows interaction of b2-m with
remaining free Cu2+ in dialysate or in cellulose mem-
branes (16). In vitro, b2-m binds to Cu2+ ions specifically
compared with Ca2+ and Zn2+ ions (16). Mutagenesis of
the His residues for binding Cu2+ suggested that,
although Cu2+ appears to destabilize b2-m specifically
at His31 in the native state at pH 7.0, the Cu2+ might

bind non-native forms of b2-m at His13, His51 and
His84, resulting in overall destabilization (17). Cu2+

titration experiments using NMR indicated that Cu2+

interacts with His31, His13 (20) and also His51 (18),
although the precise binding sites have not been
elucidated because of the paramagnetic contribution of
Cu2+. In our previous study (18), we suggested that the
binding of Cu2+ to His51 at pH 7.0 increases the pico- to
nano-second local dynamics of b-strand D on which His51
exists, which is propagated to the core of the molecule,
thus promoting the global and slow fluctuation. This may
contribute to the overall destabilization of the molecule,
increasing the equilibrium population of the amyloido-
genic intermediate (18). At pH 7.0, where the side chain
of Tyr67 is negatively charged, the negative charge
attracts positive ions such as Cu2+. This electrostatic
attraction may promote the binding of Cu2+ to His 51.
Our NMR experiments of Cu2+ titration (18) showed that
upon addition of Cu2+, the signal intensity for the amide
proton of Tyr67 in the 1H-15N HSQC spectrum decreased
more significantly at pH 7.0 than at pH 6.5. The result is
consistent with the idea that the deprotonated Tyr67 side
chain, located in vicinity to His51, plays a role in Cu2+

ion binding to His51.
We attempted to soak Cu2+ ions into the crystal or

co-crystallize them with b2-m, but Cu2+ spoiled the
crystals and we did not obtain enough good crystals to
analyse (data not shown). This is consistent with the
suggestion that the binding of Cu2+ to His51 is
destructive to the native b2-m structure, thus promoting
the formation of the amyloidogenic intermediate (18).
B-Factors and Structural Displacements—B-factors of

the three crystallographic structures were compared
(Figs 1 and 3A). On the plots, we also superimposed
RMSD values of the NMR structure. The B-factor value
increased in the loop regions (AB, CD, EF and GH loops)
and the N- and C-terminal regions, typical of globular
proteins. On the other hand, BC, FG and DE loops did
not exhibit a notable increase in the B-factor. Our profile
of B-factors was smooth compared with that of other
structures, reflecting a high resolution. However, we did
not observe a notable difference among the different
crystals and the NMR structure. Then, we compared our
structure with other structures, in which the regions of
residues 4–11, 21–40, 46–48 and 61–94 were aligned
optimally (Fig. 3B). Our structure at pH 7.0 is indis-
tinguishable from the structure at pH 5.7 determined by
Trinh et al. (2). Intriguingly, the NMR structure of b2-m
at pH 6.6 is similar to the structure in the MHC complex.
Contacts between Neighbouring Molecules—Assuming

that the edge-to-edge interactions initiate the formation
of amyloid fibrils, it is intriguing to characterize the
intermolecular interactions between monomers in the
crystal lattice. Indeed, Trinh et al. (2) suggested several
contacts between monomers including the D-strand in
the lattice to be important to initiate fibrillation.
Moreover, Rosano et al. (21) showed that the anti-
parallel pairing of two D2 b-strands provides two
asymmetric unit-independent chains of the H31Y b2-m
mutant.

A unit cell of the crystal at pH 7.0 contains four b2-m
molecules, designated A–D, where the coordinates of the

Table 1. Summary of crystallographic data of wild-type
b2-m.

Summary of crystallographic data

Crystal Wild-type b2-m
Space group C2
Unit cell
a 77.64
b 28.91
c 54.40
b 121.59

Resolution 26.63–1.13 (1.19–1.13)
Number of observed reflections 146,117 (21,057)
Number of unique reflections 38,852 (5,630)
Completeness (%) 100 (100)
I/� (I) 12.4 (4.0)
R-factor (%) 18.4
R-free (%) 20.0
Number of protein atoms 828
Number of water molecules 100
Average overall B-factor (Å2) 11.14
rms deviation from ideal stereochemistry
Bond length 0.006
Bond angle 1.45

Values in parentheses are for the highest resolution shell.

Fig. 2. The electron-density map around Tyr67 of the
crystal structure of isolated b2-m at pH 7.0. The blue
density map is a Fo–Fc map. Red and green is 2Fo–Fc map. Red
and green map represent negative and positive, respectively.
Although the standard pKa of Tyr occurs in far more basic
conditions (e.g. pKa = 10.13 for the unfolded protein), the
negative 2Fo–Fc map clearly indicated the deprotonation of H�

of Tyr 67. The figure was drawn by Coot.
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four molecules are identical. Molecules A and B, and C
and D assume the same symmetric unit (Fig. 4). There
are a number of hydrogen bonds or salt bridges between
neighbouring molecules within the lattice (Fig. 4), which
are summarized in Table 2. These contacts involve the
formation of a number of main-chain–main-chain hydro-
gen bonds between adjacent monomers in the crystal
contacts (indicated by bold in Table 2). However, most
of these bonds are not incorporated in an intermolecular
b-sheet. Only a couple of intermolecular hydrogen bonds
were observed between the extended D-strand and the
neighbouring A-strand (i.e. one hydrogen bond between
Ala15 and Leu54 and two between His13 and Phe56).
In the NMR structure at pH 6.6, only the first of two
short b-strands of b2-m in the complex is retained
(20–22), suggesting that the conformation of this region
fluctuates in solution. The difference between the crystal
and NMR structures may be due to the crystal packing.
Thus, this crystal packing does not support a process
whereby b2-m fibrils form via edge-to-edge registration:
although most of these intermolecular interactions are
accompanied by regular crystal packing, they do not
seem to extend the b-sheet leading to fibrils, as suggested
by Richardson et al. (36)

CONCLUSIONS

Because monomers in solution are likely to be precursors
of amyloid fibrils, it is important to characterize isolated
b2-m monomers under various conditions. The present
study showed that the crystallographic structure of b2-m
monomers at pH 7.0 is essentially the same as that at
pH 5.6. Thus, the conversion of the b-bulge in strand D
into a contiguous b-strand is not unique to slightly acidic
conditions (2). In other words, although the formation of

Fig. 3. Comparison of B-factors of various structures of
b2-m (A) and structural displacement between them (B).
(A) B-factors of three crystallographic structures were compared.
In addition, we superimposed the RMSD values of the NMR

structure. (B) The regions of residues 4–11, 21–40, 46–48
and 61–94 were aligned optimally and then displacements of
Ca atoms were calculated.

Fig. 4. The intermolecular contacts in the crystal struc-
ture of b2-m at pH 7.0. (A) Molecular packing in the crystals.
(B, C) Intermolecular main-chain–main-chain hydrogen bonds
between adjacent monomers as indicated in Table 2.
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b2-m fibrils was evidently enhanced under slightly acidic
conditions (11, 37), it remains unknown if it is related
to the increased propensity of the disappearance of the
b-bulge in strand D. Moreover, we did not see any
significant symptoms of oligomerization through the
edge-to-edge association of strands in the lattice.
Although dimers associated through facing D-strands
were observed in the H31Y b2-m (21, 22), to extend a
linear amyloid polymer, at least one entry and one exit
point on each monomeric unit is required. Furthermore,
the NMR study at pH 6.6 suggests partial disordering of
the D-strand, a conformational change directing opposite
to the edge-to-edge association (20, 21, 35). Thus, the role
of edge-to-edge associations in forming amyloid fibrils of
b2-m remains unclear. Instead, we consider that the
enhanced fibrillation of b2-m under slightly acidic
conditions is more directly coupled with the decreased
stability leading to the increased propensity of exposing
amyloidogenic regions (12, 35, 37).
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