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ABSTRACT: β-2 microglobulin (β2m) is a small globular protein implicated in amyloid fiber formation in renal
patients on long-term hemodialysis therapy. In vitro, under physiological conditions, β2m is not aggregation
prone. However, in the presence of stoichiometric Cu2þ, β2m readily self-associates ultimately leading to
heterogeneously sized aggregates. As this process occurs under near physiological solution conditions where
the fold is g20 kJ/mol stabilized over the unfolded state, local conformational rearrangements are critical to
understanding the oligomerization of β2m. The isomerization of a conserved cis proline at residue 32 is a
recognized step in this process that can be initiated by Cu2þ binding. To better understand the structural basis
of metal-induced oligomerization of β2m, we set out to determine the role of individual imidazole side chains
in mediating metal binding affinity, native state stability, and oligomerization in the framework of P32A β2m.
We find that P32A in the presence of Cu2þ forms a tetramer in an apparently cooperative manner. One
interface of this tetramer appears to reside along an edge strand as H51 is a key residue in mediating
oligomerization. Furthermore, H31 is the main Cu2þ binding residue in P32A and has an important role in
stabilizing the protein in its holo form. Importantly, Cu2þ binding affinity in P32A is much greater than in
WT. Here, we show that this strong binding affinity need not be directly coupled to oligomerization. We
interpret our results in terms of the known structures of β2mapo and a reversible hexameric state of β2mholo.

Amyloid and amyloid-like fibers are highly ordered protein
aggregates that are associated with many diseases, including
Alzheimer’s, Parkinson’s, and type II diabetes (1-3). Fibers
result from the homomeric, noncovalent self-assembly of a
normally soluble protein. The structure of such fibers is well-
defined: β-strands form β-sheets that run parallel to the long axis
of the fiber (4). Under the appropriate conditions, virtually any
protein can form amyloid in vitro (5). Such conditions are quite
varied and specific for a given system. In the case of a medically
relevant system such as R-synuclein in Parkinson’s Disease, these
conditions are near physiological. In contrast, model systems
such as myoglobin polymerize in response to heat and elevated
pH (6). The challenge in the field is a determination of the
mechanisms by which normally soluble states becomes aggrega-
tion prone.

Fiber formation may be treated like any other chemical
reaction. Characterization of the mechanism therefore consists
of elucidating the structures and energetics of intermediate states.
In amyloid formation, this can have additional significance, as it
is these intermediates that are generally associated with cytotoxi-
city in disease. For some systems, the precursor is globular, WT,
and folded. This includes muscle acylphosphatase, transthyretin,
lysozyme, andβ-2microglobulin (β2m) (7). Such systems represent

a subclass of amyloid formation in which the protein adopts the
amyloid state in response to an allosterically controlled confor-
mational change. Alterations result in complementary surfaces
that self-associate ultimately forming an irreversible state. It
remains unclear why and how such alterations give rise to a
specific amyloid structure.

β2m is a 12 kDa β-sandwich protein with an immunoglobulin
fold. It forms the light chain of the class I Major Histocompat-
ibility Complex (MHC) (8). In healthy individuals, turnover
results in the release of β2m to the bloodstream followed by
degradation mediated, in part, by the kidneys. For patients
suffering from kidney failure treated by long-term hemodialysis,
β2m forms amyloid fibers that deposit principally in the joints.
Dialysis related amyloidosis (DRA)1 is a condition that uniquely
afflicts such patients in part because β2m is no longer properly
catabolized (9, 10). This results in a ∼10-fold elevation of the
circulating protein (9, 11). The higher concentration of β2m
observed inDRAmay be necessary but is not sufficient to induce
amyloid formation. There are several other diseases, such as
hepatitis C and leukemia, in which β2m levels are elevated, but
there is no evidence of fiber formation (12, 13). In vivo, β2m
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circulates at ∼ 0.1 μM (9); however, in vitro, β2m is soluble and
stable at near millimolar concentrations (14, 15) and can be
reversibly folded (16-18). Thus, under physiological conditions,
β2m can be described as a well-behaved globular protein. A
number of research efforts have resulted in conditions that enable
in vitro amyloid formation to occur. This includes partial
denaturation via diminished pH (19), proteolysis (20),
SDS (21), TFE (22), and heat (23). Under physiological condi-
tions, β2m has been induced to form amyloid by inclusion of
serum proteins (24), nanoparticulates (25), and divalent ca-
tions (14, 26). Our own work has focused on our discovery that
β2m is a Cu2þ binding protein (14). In contrast to β2mapo,
β2mholo is aggregation prone under conditions comparable to
human serum. Metal based allostery in amyloid represents an
important class of amyloidmechanism that has been suggested to
play a role in Alzheimer’s, Parkinson’s (27), and spongiform
encephalopathies (28).

The addition of near stoichiometric amounts of Cu2þ to WT
β2m results in the formation of species that while not amyloid,
test positive for amyloid using the fluorescent indicator dye,
thioflavin T (ThT) (29). These species arise on the hour time scale
and are heterogeneously sized oligomers formed from dimeric
subunits. Through mutagenesis and choice of solution condi-
tions, sufficiently homogeneous populations can be isolated such
that opportunities for atomic resolution structural studies have
been possible (30). Importantly, these species do not appear to be
amyloid nuclei. Rather, they represent lower energy states which
contain an informative subset of the alterations required for
subsequent and irreversible assembly. The initial formation of
these oligomers is rate limited by a unimolecular rearrangement
that can be catalyzed by Cu2þ binding (29). The binding site itself
was shown by NMR (31), mutagenesis (32), mass spectrome-
try (33), and crystallographic studies (30) to involve the imidazole
side chain of His 31. This is of particular interest as it is proximal
to a conserved cis proline at residue 32.

The critical importance of the proline at residue 32 has been
noted by several groups (16, 18, 34). The refolding of β2m
includes a slow (∼ 0.3 h-1) step that has been attributed to
isomerization of P32 (18). These authors hypothesized that the
slow refolding step is caused by the trans to cis isomerization of
P32 and that this contributes to the capacity of β2m to form
amyloid. In kinetic analyses of fiber elongation at neutral pH,
global analysis was used to suggest that this trans state was
elongation competent (16). This finding was supported by the
behavior of P32Gwhich enhances the rate of fiber elongation and
yields large amounts of amyloid fibers relative to WT β2m in the
elongation assay. Indeed, the latter grouphas recently shown that
fibers formed in vitro from P32G/I7A are spectroscopically
comparable to ex vivo derived fibers (35).

In our own work, we have shown that the oligomerization
profile and Cu2þ binding affinity of P32A is drastically changed
compared to the WT protein (34). Under matched conditions,
P32A oligomerizes much more rapidly and to a greater extent
than WT. The affinity of P32A for Cu2þ is also dramatically
increased.Whereas the binding affinity ofWTprotein for Cu2þ is
∼3 μM, the Cu2þ binding affinity of P32A is ∼0.5 nM. The
crystal structure of P32Aapo reveals several important fea-
tures (34). Residue 32 is trans, a distal β-strand that contains a
β-bulge in theWTprotein has been rendered continuous, and the
hydrophobic core of the protein is repacked giving P32A a more
amphipathic character. These changes suggest that the imposi-
tion of an alternative conformation at residue 32 using a

non-prolyl mutant results in an aggregation process in which
the protein is predisposed to bypass some of the early steps. Here,
we further investigate the properties of P32A that give rise to its
aggregation prone state. The metal binding and oligomerization
properties of P32A are characterized by mutagenesis of the four
imidazole groups of the protein. This enables us to map the
energies and specificities of cation-induced allostery that results
in oligomerization.

EXPERIMENTAL PROCEDURES

Chemicals. Buffers and salts were obtained from Sigma
Aldrich, J. T. Baker, and American Bioanalytical. Cloning and
expression cell lines were obtained from Stratagene and Nova-
gen, respectively.
Protein Expression. Mutants were made using the Quik-

Change Site Directed Mutagenesis kit (Stratagene) and con-
firmed by sequencing (Keck Facility, Yale University). Protein
was expressed as previously described (32) but using a pETBlue2
plasmid and 6 h induction. Protein purity was assessed by SDS-
PAGE and electrospray ionization mass spectrometry on a
Micromass Platform LCT. The oxidation state of the internal
disulfide in the protein was determined by reverse phase
HPLC (32). The overall structure of mutants was analyzed by
near UV-CD and found to be similar (Supporting Information,
Figure 2). The mutants analyzed in this work are P32A,
H13FP32A, H13AP32A, H31AP32A, H51FP32A, H51YP32A,
H51AP32A, andH84AP32A. All P32A histidine doublemutants
are referred to by their histidine mutation. For instance,
H51FP32A is simply H51F. The only caveat to this rule occurs
in the discussion section, where H13Fholo

WT refers to a previously
studied mutant in which only H13 and not P32 is mutated (30).
Oligomerization. Oligomerization reactions were performed

at 37 �Cwith 100 μMprotein and 200 μMCu2þ or 10mMEDTA
in 25 mMMOPS, 200 mM potassium acetate, and 500 mM urea
at pH7.4. All reaction componentswere pre-equilibrated at 37 �C
and returned to 37 �C after mixing. The kinetics of oligomeriza-
tion were monitored via the change in fluorescence of a histolo-
gical dye, thioflavinT (ThT) (36). Samples were excited at 440 nm
and emission detected at 492 nmwith 4 nm slits in the presence of
100 μM ThT. At the end of the reaction, excitation scans were
performed from 260 to 470 nm. For analytical ultracentrifuga-
tion, oligomerization was allowed to proceed for ∼ 6 h prior to
analysis.
Analytical Ultracentrifugation. All analytical ultracentri-

fugation experiments were performed on Beckman Xl-I analy-
tical ultracentrifuge using an An-60 Ti analytical rotor.
Sedimentation velocity was performed at 35 k rpm at 20 �C
except for all H51 mutants, which were spun at 55 k rpm. Once
loaded into the rotor, samples were thermally equilibrated for an
additional 2-3 h prior to acquiring radial scans for ∼15 h at
295 nm.Data analysis was performed using SedFit 94 assuming a
spherical shape and using a c(s) distribution model (37). Sedi-
mentation equilibrium was conducted at 20 �C at 15, 25, 35, 40,
45, 55, 65, 75, 90, and 100 μMprotein at 8 k, 14 k, 18 k, 26 k, and
34 k rpm using a six channel cell. Samples were equilibrated at
20 �C for at least 15 h at each speed.Data was collected at 280 nm
wavelength. A total of 38 sets of data were globally fit and
confidence interval determined using HeteroAnalysis (38). Only
three of these data sets are displayed in Figure 2.
Stability and Binding. Intrinsic fluorescence was monitored

by excitation at 283 nmand emission scanned from 300 to 450 nm
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with 2 nm slits at 25 �C. Protein concentration was 2.5 μM, in
25 mM MOPS, 200 mM potassium acetate, pH 7.4. Various
amounts of competitive chelator, glycine, as well as ligand,
copper acetate, were also present in the binding experiments as
previously described (34). For chemical denaturation experi-
ments, varying amounts of urea was added and all samples were
incubated a minimum of 12 h prior to measurement. Not all
constructs yielded data of sufficient quality tomake confident the
determination of stability and m-values (39). Fits were therefore
used only to determine denaturation midpoints, (Cm).
Calculations. All binding and stability fits were performed

using Mathematica 5.2 (40). Fluorescence intensities were mea-
sured by excitation at 283 nm with emission spectra collected
from 300 to 450 nm. The intensity weighted average wavelength
(AEW)was used as an order parameter for assessing unfolding to
folding transitions (41). For β2m constructs these shifts range
from 10 to 18 nm. For clarity, AEW order parameters are
expressed in a renormalized form with 0 representing the AEW
at 0 urea, and 1, the AEW at the highest concentration of urea
used for a given construct. For determination of Cu2þ binding,
global analysis was used to simultaneously fit Cu2þ titrations
performed at five different concentration of the competitive
chelate, glycine (34). Confidence intervals for global fits were
performed using Monte Carlo analysis. All other error repre-
sents(1 standard deviation from g3 repeat experiments. Mole-
cular graphics and rmsd calculationswere done using PyMol (42).
For rmsd calculations, structure alignments were made using
Superpose (43) within ccp4 (44) . ChainA of 2F8O and 3CIQand
chain B of 2CLRwere used in those calculations and residues 7-
11, 22-27, 37-41, 65-68, 78-82, 89-94 for the structural
alignment.

RESULTS

Oligomerization of β2m involves formation of intermediates
that have undergone significant conformational rearrangements.
Here, we induce the formation of the trans conformation at
residue 32 using the previously characterized mutation P32A and
assess its behavior in the holo state. The additional residues most
likely associated with metal cation induced conformational
change are the imidzole side chains at 13, 31, 51, and84 (Figure 1).
The effects of mutations at these locations are assessed on the
background of P32A. This allows us to elucidate the role of the
imidazole side chains in an activated, preamyloidogenic config-
uration approximated by P32A. Unless stated otherwise, all
histidine mutants on the P32A background will be referred to
by the single histidine mutation. For example, the double mutant
H51FP32A will be referred to here as H51F.

P32A forms an oligomer population of a homogeneous size in
response to metal binding. Sedimentation equilibrium analytical
ultracentrifugation (AUCeq) was performed on P32A at a range
of concentration up to 100 μM protein and 200 μM Cu2þ in the
presence of 0.5 M urea at pH 7.4, 20 �C. The presence of 0.5 M
urea is not required for oligomerization (Supporting Informa-
tion, Figure 1); rather it permits a more extensive comparison
with our previously published work (29, 34, 45). Under these
conditions, global analysis of 38 data sets reveals that P32A is
most consistent with a tetrameric species in equilbrium with
monomer (Figure 2). The equilibrium constant for this fit is 1.1�
1014 M-3, yielding an apparent 4G� of -20 kJ/mol/subunit.

Cu2þ-induced oligomerization of P32A involves contacts
mediated by His 51. Oligomerization of P32A was measured

under standard conditions by sedimentation velocity analytical
ultracentrifugation (AUCsv) for a range of β2m mutants lacking
one of the four histidines present in the protein (Figure 3).
Oligomerization profiles were also determined by size exclusion
chromatography (SEC) (not shown) and are in good agreement
with the AUCsv data (Figure 3). Histidine residues were mutated
to phenylalanine to conserve the size of the side chain. The
exceptions to this were H84 and H31. Previous studies showed
H84 to be intolerant of phenylalanine on a wild type back-
ground (32). In that work, H31 could be mutated to a phenyla-
lanine; however here, on a P32A background, H31F could not be

FIGURE 2: P32Aholo is tetrameric. Sedimentation equilibrium analy-
tical ultracentrifugation analysis of P32A is shown in the upper panel
with a portion (3 of 38) of the global fit to a monomer-tetramer
equilibrium.Traces shownare 25μMP32Awith200μMCu2þ at 18k
(light gray), 26 k (dark gray), 34 k (black) rpm with protein
absorbance plotted as a function of radial position. Middle panel
displays residuals of fits shown above. Bottom panel displays resi-
duals of fits for 34 k rpm trace to monomer-dimer (square) and
monomer-hexamer (triangle) equilibrium, respectively.

FIGURE 1: Ribbon representation of P32A (PDB ID: 2F8O). The
strands aremarkedwith established nomenclatureA-G.Each of the
four histidines and residue 32 are shown as spheres.
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refolded. At near stoichiometric conditions, in the presence of
Cu2þ, P32A forms 92 ( 1% oligomer. Under matched condi-
tions, H13F and H84A behave similarly forming 86 ( 1% and
84( 5% oligomer, respectively. In contrast, oligomer formation
by H51F is reduced, with only 32 ( 9% of the protein forming
oligomers (Figure 3). H31A could not be analyzed under these
conditions as all the protein precipitated in response to Cu2þ

exposure. To complete our probe of the role of H51 in cation-
mediated oligomerization, the imidazole was also mutated to
tyrosine and alanine. For both constructs, oligomerization was
strongly diminished to <5% oligomer for H51A and 37 ( 3%
forH51Y (Figure 3 inset). Taken together, these data suggest that
His51 is an interface residue that mediates an intersubunit
contact within the P32A β2m tetramer.

The affinity of P32A for Cu2þ is abrogated by mutation of
H31. Copper affinities for P32A constructs were measured as
previously described (34) (Figure 4A,C). As the affinities are
much lower than the protein concentration required for fluores-
cence detection, a competition based assay was used (Figure 4C).
The apparent affinity for P32A by this method is Kd_app =
0.6 nM, which is comparable to our previously reported value of
0.5 nM. Mutations at His84, His51, or His13 show no signi-
ficant change in apparent affinity (Figure 4D). In marked
contrast, the Kd_app of H31A could not be measured as changes
in average emission wavelength (AEW) were no longer apparent
(Figure 4B,C). Loss of fluorescence intensity was observed, but
without evidence of a saturable binding isotherm. Loss in
intensity could be caused by binding an alternative conformation
in which one or both of the tryptophans are quenched. These
observations clearly point to H31 as the central residue for metal
binding in P32A.

Native state Cu2þ binding at H31 is further supported by a
change in the kinetics of oligomerization with respect to those of
P32A. The kinetics of oligomerization were obtained by mon-
itoring the fluorescence change of an exogenous dye, ThT, upon

binding to β2m (29). All double mutants form oligomers within
the dead time of the measurement (∼2 min) with the exception of
H31A (Figure 5). For H31A, addition of 2-fold excess of Cu2þ

gives an initial rise in the ThT intensity that is visible for about
30 min, followed by a rapid drop in intensity associated with the
formation of a visible precipitate (Figure 5). In experiments for
which Cu2þ: protein ratios were substoichiometric, time depen-
dent change in ThT fluorescence intensity is minimal and
precipitate formation is absent (not shown). Under these condi-
tions, H31A forms a negligible amount of oligomers over the
hours time scale (AUC and SEC data not shown). Such a drastic
change in the rate and efficiency of oligomer formation suggests a
different mechanism of assembly, one that is dominated by the
formation of amorphous precipitate. This aggregation pathway
is likely governed by a different set of interactions withCu2þ than
that seen inP32Aor any of the othermutants for which the native
binding site at H31 is intact.

FIGURE 3: Oligomerization profiles of P32A and indicated double
mutants in the presence of Cu2þ. Sedimentation velocity ultracen-
trifugation profiles are shown at 100 μM protein and 200 μM Cu2þ

(solid line), except for the H51 mutants which show only the soluble
fraction (∼75 μM protein retained, as determined by UV-absor-
bance). Additionally, the profile of P32A is shown in the presence of
10 mMEDTA (dotted line, top panel). In the presence of EDTA, all
doublemutants give profiles which are comparable to each other and
to that of P32A (not shown).

FIGURE 4: Cu2þ binding affinity ofWT, P32A, and double mutants.
Intrinsic fluorescence emission spectrum of 2.5 μM P32A (A) and
2.5 μM H31A (B) in the presence of 0 μM (black) or 45 μM Cu2þ

(gray). Dotted line shows emissionmaximum in the absence of Cu2þ.
(C) Average emission wavelength (41) as a function of Cu2þ con-
centration is plotted for WT (circle), P32A (diamond), and H31A
(triangle). Data sets are shown in the presence (filled) and absence
(open) of 370 μMglycine. (D) Affinity was measured from fits to the
changes in intrinsic fluorescence upon titration with Cu2þ. For P32A
and double mutants, affinity was determined by global analysis of
five titrations prepared in the presence of a competitive chelate,
glycine (34). No affinity could bemeasured for H31A by this method
(B); see main text.
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The absence of an imidazole at residue 31 results in Cu2þ-
induced destabilization. To monitor the apparent stability of our
constructs, urea denaturation studies were performed. In the
presence of 36-fold excess Cu2þ, P32A shows a shift in its Cm of
∼0.7M (Table 1). We previously noted that high molar excess of
Cu2þ could result in destabilization ofWTprotein (32). Here, the
Cm forWT shifts∼2.2M (Table 1). Binding that is accompanied
by destabilization necessarily requires a binding site to be present
in non-native conformations of the protein. This effect is
diminished for P32A relative to WT, most likely a result of the
fact that the folded state affinity of P32A for Cu2þ is much
greater (34). In contrast to the P32A background construct, the
double mutants H13F, H51F, and H84A show Cm values in the
presence of Cu2þ that are closely similar to their respective apo
forms (Table 1). This is comparable to previous observations of
WT protein where H13, H51, and H84 were identified as
participants in non-native state Cu2þ binding. Here, under the
same conditions, it is remarkable that the double mutant
H31A unfolds in response to titration with Cu2þ. At a reduced
stoichiometry, 6:1 Cu2þ/protein, H31A has a Cm value of 3.6 M
relative to the apo formof 4.4M, a difference of 0.8M.At 15-fold
excess Cu2þ, this difference increases to 1.7 M (Figure 6). At the
latter of these Cu2þ/protein molar ratios, the stability of P32A
still remains within error of the apo protein (Figure 6). These
results suggest that P32A not only possesses a native Cu2þ

binding site at H31 but also retains properties of the non-native
binding site we previously reported for theWTprotein (32). Once
H31 is removed bymutation, the protein can no longer bindCu2þ

as efficiently in its native state yet continues to bind Cu2þ in the
non-native conformation. This manifests itself in H31A as Cu2þ-
induced unfolding.

DISCUSSION

In the β2m system, non-prolyl mutants of the cis P32 residue
represent a species of known structure that is predominantly
monomeric but is predisposed to form amyloid and amyloidogenic
species (7, 16, 18, 34, 35, 46).Herewe assess the histidine residues on
the P32A background to enhance our understanding of the
structural basis of metal induced oligomerization of β2m. We
observe several notable behaviors: (i) Oligomers of P32Aholo are
tetrameric. (ii) H51 is a critical residue in mediating an oligomeric
interface. (iii) Oligomerization is not coupled to strong (nM) Cu2þ

binding affinity. (iv) The side chain of H31 is critical to Cu2þ

binding by the P32A folded state. (v) A secondary binding site and
non-native form of β2m is apparent upon copper binding to P32A
in the absence of the H31 side chain. Below, our findings are
discussedwith respect to theknownapoandholo structures ofβ2m.

P32A, like WT protein, oligomerizes in a ligand-dependent
manner. In WT, dimer, tetramer, and hexameric species are
observed (29). Our recent structural work suggests that dimer and
tetramer are intermediates to a stable hexamer (30). In contrast,
P32A in the presence of Cu2þ forms a stable tetramer. The basis
for this difference is a combination of structural and energetic
effects. A particularly significant energetic difference is illumi-
nated by the ∼ 6000 fold increase in Cu2þ binding affinity of
P32A relative toWT. In this work, we note that only mutation of
H31 results in loss of affinity. This is consistent with previous
work (30, 32) and suggests that increased affinity can be mapped
to the energetic cost of an altered loop structure that includes a
trans-peptide bond at residue 32. For P32A, mutation predis-
poses the BC loop to form its metal binding conformation
(Figure 8A,B and Table 2). In addition, a significant structural
difference is illuminated by the observation that H13 on a WT
background strongly affects oligomerization (30), whereas here,
on the background of P32A, the effect is substantially diminished
(Figure 3). One reason for this could be that H13 plays a
structurally different role in the WT and P32A interfaces.
Alternatively, the energetic contribution of H13 as an interface
residue inWTandP32Amay be distinct. Insight into the range of
possibilities that account for these differences are evident in
comparisons of the known crystal structures of β2m.

The interfaces present in tetrameric P32Aholo are necessarily
distinct from those present in the holo hexameric state, H13Fholo

WT .
To be clear, H13Fholo

WT refers to a point mutation on a wild type

FIGURE 5: Oligomerization kinetics of P32A and double mutants.
Kinetics of P32A (diamond) and H31A (triangle) were monitored by
measuring the relative change in fluorescence intensity of ThT after
the addition of Cu2þ. All reactions contained 100 μM β2m, 200 μM
Cu2þ with 0.5 M urea and 100 μM ThT. Spectra were collected at
37 �C.The oligomerization kinetics ofH13F,H84A, andH51F in the
presence of Cu2þ were closely similar to P32A (inset).

Table 1: Urea Denaturation Midpoints for P32A and Double Mutants

Cm apo
a Cm holo

b

WT 5.7 ( 0.1 3.5 ( 0.2

P32A 4.4 ( 0.1 3.7 ( 0.2

H13F 5.0 ( 0.1 5.2 ( 0.3

H31A 4.4 ( 0.1 NDc

H51F 5.2 ( 0.1 4.9 ( 0.1

H84A 4.1 ( 0.1 4.1 ( 0.2

aUrea denaturation studies of 2.5 μM P32A and double mutants in the
absence (apo) of 90 μM Cu2þ. These were measured at 25 �C and are
reported as the Cm (i.e., denaturation midpoints) with units of (M). bUrea
denaturation studies of 2.5 μM P32A and double mutants in the presence
(holo) of 90 μMCu2þ. These weremeasured at 25 �Cand are reported as the
Cm (i.e., denaturation midpoints) with units of (M). cND, not determin-
able (see text).

FIGURE 6: Stability of P32A and H31A. Representative urea dena-
turation curves of 2.5 μM P32A (A) and H31A (B) in the absence
(open) andpresence (solid) of 15-fold excessCu2þ. The folded state of
the constructs was monitored using intrinsic fluorescence and ex-
pressed as relative average emission wavelength (see Calculations in
Experimental Procedures). Inset shows the average Cm value deter-
mined from the fits.
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and not a P32A background. The differences that give rise to
tetrameric vs hexameric states could be the result of entirely
unique interfaces. Alternatively, a subset of interactions apparent
in the structure of H13Fholo

WT could be present in P32Aholo. Two
interfaces are present in the H13Fholo

WT hexamer (Figure 7A). The
first consists of contacts formed predominantly by interactions of
two adjacent D strands, each contributed by one monomer of
β2m (Figure 7B). The second is formed by the stacking of two
ABED sheets from adjacent monomers onto one another
(Figure 7C). Across this ABED/ABED intersheet interface of
H13Fholo

WT , residue 13makes a significant contact supported by the
fact that its mutation to an alanine results in strong reduction of
oligomerization. In contrast, residue 13 does not play an im-
portant role in oligomerization of P32Aholo. Neither mutation to
phenylalanine (Figure 3), nor alanine (not shown), appreciably
affects oligomerization under the conditions used here. This
suggests that the ABED/ABED interface evident in H13Fholo

WT is
not precisely mirrored in the P32Aholo tetramer. Across the D:D
strand/strand interface ofH13Fholo

WT , the side chain ofH51 forms a
hydrogen bond with the backbone of F56 of an adjacent subunit.
It is also central in P32Aholo, as mutation of H51 results in a
dramatic decrease in oligomerization (Figure 3). Since mutation
of H51 does not significantly reduce folded stability (Table 1),

this observation is most consistent with H51 participating in an
interface. Importantly, in P32Aapo, the side chain ofH51 does not
appear tomake any significant intermolecular contacts and could
not participate in the same interaction across an interstrand
interface if we assume that the conformationally distinct strand
D in P32Aapo is retained in P32Aholo. This suggests that if a D-
strand mediated interface is present in P32Aholo, then it more
likely resembles that seen in H13Fholo

WT than that seen in P32Aapo.
Taken together, this data suggests that if one and only one of the
interfaces of H13Fholo

WT is retained in P32Aholo, it is more likely to
be the D:D strand to strand interface.

The copper-dependent oligomers described here undergo sub-
sequent, noncovalent alterations to form irreversible, metal
cation independent oligomeric species (45). We believe such
alterations to be critical to the formation of aggregates that are
stable in vivo. We conjecture that such changes result from
alternative assemblies based on interfaces that are similar but
not identical to atomic structures already characterized. One
indication of what such a change might include in P32Aholo is
evident in the plasticity of the D-strand. Solution NMR data
suggests the D strand of β2m to be dynamic, dominated by two
short β-strand segments separated by a β-bulge at residue
D53 (47, 48). This is the only form of strand D evident for
β2m in complex with class I MHC crystal structures. Conforma-
tional dynamics, however, appear reflected in two alternative,
bulge-free conformations of the D-strand. These are evident
crystallographically in WTapo, (PDB ID: 1LDS) and P32Aapo

(PDB ID: 2F8O) (34, 48-51). In the latter case, a 180� rotation of
the backbone and a register shift is observed for β-strand residues
C-terminal to residue 53, while in the former, the rotation and
shift are N-terminal (Figure 8C). Conformational variability in
strand D also extends into the DE loop of the protein, as is the
case for P32A (Figure 8A and Table 2), monomericWT (48), and
several DE loop mutants (34, 48, 50, 51). Therefore, it is likely
that any changes impacting strand D would also affect the DE
loop, which has also been suggested to be important in β2m
aggregation (50, 51).

The loss of a β-bulge in strand D has been suggested as a
possible origin for mediating subsequent, irreversible assem-
bly (48). In our structure of P32Aapo, we observe one possible
mode for such an interaction. This involvesD:D contacts across a
crystallographic dimer. Importantly, this state is not readily
sampled in dilute solution but rather dominates only under high
protein concentrations associated with crystallization. Thus, the
D:D strand contact of P32Aapo likely represents a higher energy
conformation than the one observed in hexameric β2m. We
conjecture that the conformations of β2m that are oligomeric,
irreversible, and metal free (26, 45) may result from sampling the
higher energyD:D strand interface evident in the crystal structure
of P32Aapo. Plasticity in β strands has been reported in functional
classes of protein-protein interactions. For example, the PAS-B

Table 2: Structural Differences of β2m Variants

regiona H13Fholo
WT-WTapo

ab P32Aapo-WTapo
ac P32Aapo-H13Fholo

WT ad

A strand 0-6 2.8/4.1 N/A/N/Ae N/A/N/A

BC loop 29-34 2.8/4.1 2.6/4.2 1.7/2.1

D strand 52-55 0.8/1.1 2.3/4.2 2.0/4.1

DE loop 56-63 3.2/4.3 3.7/5.0 1.9/3.2

aRegions of β2m defined by inspection of structure (Figure 1) and backbone CR rmsd (Figure 8). rmsd’s are reported as pairs, <CR>/<all atoms>, for
comparisons of bH13Fholo

WT (PDB ID: 3CIQ (30)) withWTapo (PDB ID: 2CLR (54)), cP32Aapo (PDB ID: 2F8O (34)) withWTapo, and
dP32Aapo with H13Fholo

WT .
All rmsd values are reported in (Å). eN/A, not applicable.

FIGURE 7: Interfaces formed by hexameric β2mholo. (A) Ribbon
representation of theH13Fholo

WT hexamer (PDB ID: 3CIQ (30)) viewed
down the 3-fold symmetry axis with the subunits alternately colored
white and blue. Close up of the D:D intrasheet interface (B) and the
ABED/ABED intersheet interface (C) showing residues 13, 31, 32,
51, and 84 and the backbone of residue 56 as space filled.
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interaction domain of the aryl hydrocarbon receptor nuclear
translocator readily samples alternate registrations in one of its β

strands. These translate to flexibility in a solvent exposed β sheet
surface that is involved in complex formation (52). Thus, β strand
plasticity may be an intrinsic property of β-sheets that can serve
both pathological and functional roles.

High energy states accessible to native proteins are transiently
sampled and may represent aggregation-prone species (7). Such
states may be characterized as alternative conformers, or locally
unfolded states termed N*. As such, they may increase the
solvent accessibility of normally buried, hydrophobic residues.
In the case of P32Aapo as well as in H13Fholo

WT , residue F30 is a
prominent example of a normally buried residue that becomes
solvent accessible and involved in an interface. Thermal fluctua-
tions have been suggested as one mechanism for crossing the
energy barrier to access N* (7). It is equally plausible that ligand
binding energymay serve as an alternativemeans of accessingN*
states. For β2m, as well as in other systems such as PrP (53),
liganded and nonliganded sources of fluctuations appear to
simply be variants of a common assembly pathway (30, 46).
P32Aapo is less stable than WT and has captured some, but
perhaps not all of the characteristics that β2m’s N* state requires
for self-association. Elucidating the subtle structural changes
leading to higher energy states and self-association is important
to better understanding the factors that give rise to amyloid
formation. This can serve not only in detecting biomedically
relevant targets for diagnosis, but also in designing functional
therapeutics to treat such ailments.
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microglobulin amyloid assembly at neutral pH involving a specific
proline switch. J. Mol. Biol. 386, 1312–1326.

47. Verdone, G., Corazza, A., Viglino, P., Pettirossi, F., Giorgetti, S.,
Mangione, P., Andreola, A., Stoppini, M., Bellotti, V., and Esposito,
G. (2002) The solution structure of human beta 2-microglobulin
reveals the prodromes of its amyloid transition. Protein Sci. 11,
487–499.

48. Trinh, C. H., Smith, D. P., Kalverda, A. P., Phillips, S. E. V., and
Radford, S. E. (2002) Crystal structure of monomeric human beta-2-
microglobulin reveals clues to its amyloidogenic properties. Proc.
Natl. Acad. Sci. U.S.A. 99, 9771–9776.

49. Iwata, K., Matsuura, T., Sakurai, K., Nakagawa, A., and Goto, Y.
(2007) High-resolution crystal structure of beta(2)-microglobulin
formed at pH 7.0. J. Biochem. 142, 413–419.

50. Esposito, G., Ricagno, S., Corazza, A., Rennella, E., Gumral, D.,
Mimmi, M. C., Betto, E., Pucillo, C. E., Fogolari, F., Viglino, P.,
Raimondi, S., Giorgetti, S., Bolognesi, B., Merlini, G., Stoppini, M.,
Bolognesi, M., and Bellotti, V. (2008) The controlling roles of Trp60
and Trp95 in beta2-microglobulin function, folding and amyloid
aggregation properties. J. Mol. Biol. 378, 887–897.

51. Ricagno, S., Colombo, M., de Rosa, M., Sangiovanni, E., Giorgetti,
S., Raimondi, S., Bellotti, V., and Bolognesi, M. (2008) DE loop
mutations affect beta2-microglobulin stability and amyloid aggrega-
tion. Biochem. Biophys. Res. Commun. 377, 146–150.

52. Evans, M. R., Card, P. B., and Gardner, K. H. (2009) ARNT PAS-B
has a fragile native state structure with an alternative {beta}-sheet
register nearby in sequence space. Proc. Natl. Acad. Sci. U. S. A. 106,
2617–2622.

53. Calabrese, M. F., and Miranker, A. D. (2009) Metal binding sheds
light on mechanisms of amyloid assembly. Prion 3, 1–4.

54. Collins, E. J., Garboczi, D. N., and Wiley, D. C. (1994) Three-
dimensional structure of a peptide extending from one end of a class
I MHC binding site. Nature 371, 626–629.


