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A native to amyloidogenic transition regulated

by a backbone trigger

Catherine M Eakin*2, Andrea J Berman! & Andrew D Miranker!

Many polypeptides can self-associate into linear, aggregated assemblies termed amyloid fibers. High-resolution structural insights
into the mechanism of fibrillogenesis are elusive owing to the transient and mixed oligomeric nature of assembly intermediates.
Here, we report the conformational changes that initiate fiber formation by -2-microglobulin (§2m) in dialysis-related
amyloidosis. Access of p2m to amyloidogenic conformations is catalyzed by selective binding of divalent cations. The chemical
basis of this process was determined to be backbone isomerization of a conserved proline. On the basis of this finding, we
designed a p2m variant that closely adopts this intermediate state. The variant has kinetic, thermodynamic and catalytic
properties consistent with its being a fibrillogenic intermediate of wild-type p2m. Furthermore, it is stable and folded,

enabling us to unambiguously determine the initiating conformational changes for amyloid assembly at atomic resolution.

Formation of amyloid fibers results from conformational changes to a
normally soluble protein that permit self-assembly into an aggregated
filamentous state>2. Amyloid structures are long lived and unusually
resistant to dissociation and enzymatic degradation. These properties
have been capitalized upon for diverse functions in organisms ranging
from Escherichia coli to humans3=. Most proteins, however, are under
selective pressure to avoid this phenomenon®’, particularly as the
intermediates to fiber formation are cytotoxics. As a result, fiber
formation is most prevalent in diseases associated with advancing age,
such as Alzheimer disease, and diseases associated with medical
therapy, such as dialysis-related amyloidosis (DRA).

Amyloid formation across diverse systems follows a characteristic
kinetic profile to yield fibers with very similar molecular organizations.
Assembly kinetics are nucleation dependent, characterized by a lag
phase that precedes rapid and apparently cooperative association. The
lag phase can typically be bypassed by the addition of exogenous fibers
to a reaction. Regardless of the starting conformational state of the
precursor, all amyloid fibers share a common core structure’. This
structure is cross-f3, in which an assembly of B strands is arranged into
sheets with the strands running perpendicular to the fiber’s long axis
and backbone hydrogen bonding running parallel. These commonal-
ities strongly suggest the presence of recurring motifs in the mechan-
isms of assembly.

The fibrous component of amyloid deposits in DRA is f2m. f2m is
the ~12-kDa polypeptide subunit necessary for the cell-surface
expression of the class I-like complexes, including the major histo-
compatibility complex (MHC)!®!!, B2m has a seven-stranded
B-sandwich fold typical of the immunoglobulin superfamily. Three
f-strands (C, F and G) form one side of the sandwich and four (A, B,

E and D) form the other. An internal disulfide bond tethers strands
B and F together in the folded protein (Fig. la). As part of cell
turnover, f2m is released from the MHC and circulates in the sera
at ~0.1 pM, where it is then catabolized by the kidney. In renal
disease patients, 2m concentrations increase up to ten-fold and
B2m deposits as amyloid in the joint spaces'?. Although an increase
in concentration may contribute to amyloid assembly, it is not
sufficient for it: f2m concentrations can be elevated in diseases not
associated with amyloidosis'®>~!%, and purified B2m is folded and
soluble even at millimolar concentrations'®!'”. In vitro, B2m has
been converted into fibers by acidification'® and through the use of
truncated fragmentsw’zo. However, under native solution conditions
comparable with human serum (150 mM salt, pH 7.4, 37 °C)3, wild-
type (WT) P2m fibers have been shown to form only with the
addition of stoichiometric copper'®. As Cu?" concentrations in
hemodialysate are permitted to be as high as 1.6 pM?%, reducing
the allowed Cu®" concentration may decrease the incidence or severity
of this disease.

In this study, we set out to establish the chemical and structural
basis of the changes in human 2m required for oligomeric assembly.
The first step?> in B2m amyloid formation is conversion of the native
state (M) to an alternative native-like conformation, termed M*
(Fig. 1b). Cu?*-catalyzed formation of M* occurs on the timescale
of 1 h. This is followed by immediate assembly into di-, tetra- and
hexameric states that are stabilized by Cu?" and therefore reversible
upon metal chelation. These states are collectively termed oligomers in
this work. The requirement for Cu?* is, however, only transient, as
oligomers transition to fiber on the timescale of 1 week?? (at 2:1 Cu?*/
B2m; Supplementary Fig. 1 online), whereupon the sensitivity to
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Figure 1 Mechanism and structural basis of Cu* binding and amyloid
assembly. (a) Primary sequence of human B2m showing strand
nomenclature. Two sets of B-strands with connectivity ABED and CFG form
a B-sandwich. The internal disulfide bond is shown in orange. (b) Simplified
schematic of steps for Cu2*-associated p2m amyloid assembly?3.

chelate is lost (Fig. 1b). Here, we have determined the chemical basis
of, and characterized at atomic resolution, the structural changes for
the conversion of M to M*, the initial step of f2m amyloidosis.

RESULTS

M* is kinetically isolated

Formation of the M* state of B2m is a structurally specific conse-
quence of Cu?* binding. This was apparent from the kinetics of
oligomeric assembly monitored using the dye thioflavin T (ThT)?*
(Fig. 2a). Incubation of 100 uM B2m with 200 uM Cu?" resulted in an
exponential profile with a time constant T = 630 * 20 s. Once formed,
the oligomers are stable for hours, enabling discrete peaks to be
observed by size-exclusion chromatography (data not shown) and by
sedimentation-velocity analytical ultracentrifugation (SV) (Fig. 2b).
Remarkably, although B2m binds nickel!, oligomerization was wholly
absent in its presence (Fig 2b). Oligomers were not detected kineti-
cally (Fig. 2a), by SV (Fig. 2b) or by size-exclusion chromatography
(data not shown) for 100 pM protein incubated with 1,000 pM Ni2*
(data not shown) or 300 uM Ni?*. The intrinsic affinity of imidazole
in aqueous solutions is about ten-fold greater for Cu?" than for Ni®*.
Therefore, higher concentrations of Ni>* relative to Cu>* were used in

S\ this work to ensure that observations were not attributable to
P differences in Ni2* and Cu?* affinities. This was further confirmed

in a related control, where we observed that Ni** can compete with
Cu?", resulting in the loss of oligomerization activity (Supplementary
Fig. 2 online).

Discrimination between metals is mirrored in the apparent free
energy of unfolding (AGy). P2m is unusual in that it becomes
destabilized in the presence of a large excess of its ligand?!. However,
whereas 90 UM Cu?" destabilizes 2.5 pM B2m by AAG = 21 kJ mol ™,
the AGy in the presence of 2,000 uM Ni?* is within error of apo f2m
(Fig. 3). The phenomena of destabilization upon ligand binding and
oligomerization of native-like states are compatible with a three-state
energy diagram (Fig. 4a). Destabilization requires that the unfolded
state (U) bind Cu?* with greater affinity than the folded state, M. This
occurs in the presence of excess cations, as three additional imidazoles
coordinate transition metal in the unfolded state, whereas only one
coordinates in the native state!”. The dependence of oligomerization on
Cu?" requires that apo M* have a higher energy than holo M*. As holo
M is readily formed from holo M, the apparent AGy of holo f2m
and apo f2m reflects the U« M* and U<« M equilibria, respectively.
Ni?* is chemically similar to Cu?"; therefore, it can also bind con-
formations on this reaction coordinate. Nevertheless, even at concen-
trations elevated compared to Cu?, oligomerization is never observed
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in the presence of Ni*f. This suggests that the bases of cation
discrimination are metal coordination geometry preferences imposed
by the M-to-M* barrier.

M* formation is mediated by backbone isomerization

Our hypothesis is that divalent cation-mediated backbone isomeriza-
tion of Pro32 is responsible for M* formation. Cation binding by
B2m occurs primarily at His31 (ref. 17). However, discrimination
between Ni?* and Cu?" for M* formation and subsequent oligomer-
ization is impossible to rationalize without an additional coordinating
ligand. One possibility is the amide-nitrogen lone pair at Pro32. The
side chain of His31 is solvent exposed and in a position orthogonal to
the Pro32 amide plane (Fig. 4b). The two residues should therefore
be able to provide tetrahedral coordination of Cu?* with minimal
rearrangement. Pro32 is in a cis conformation and is 100% con-
served!”. Metal can act as a Lewis acid at Pro32, withdrawing the
nitrogen lone pair and weakening the amide double bond. This has
been shown to result in ~260-fold acceleration of backbone isomer-
ization in both prolyl and nonprolyl amides?’. Notably, the reported
specificity of this catalysis is Cu?" > Zn?* » Ni**, which mimics our
observation for B2m oligomerization.

To test our hypothesis, we mutated Pro32 to alanine (P32A). The
frequency of nonprolyl amino acids forming cis bonds is <0.1%%.
Therefore, this f2m mutant should have a trans conformation at
position 32 even in the absence of metal cation. Cu?* binding to P32A
was consistent with this prediction (Fig. 4a), as it bound ~ 10,000-fold
more tightly than WT (Fig. 3b). Titration of 2.5 uM P32A with Cu?*
resulted in a linear change in fluorescence that extrapolated to 2.6 +
0.1 uM (Fig. 3c, inset). This indicated a 1:1 stoichiometry and a Ky «
2.5 uM. To quantitatively determine the Ky, Cu?* binding to protein
was measured in competition with glycine. This established approach
has been used for other amyloid systems, including mammalian prion
(PrP) from spongiform encephalopathies’’ and AP peptide from
Alzheimer disease?®. The high affinity of P32A for Cu?* was apparent;
for example, at 450 pM glycine and 42 uM Cu?*, P32A was holo,
whereas WT protein remained apo (Fig. 3c). The Ky of P32A for Cu?*
was determined to be 0.5 + 0.1 nM (Fig. 3b and Supplementary Fig. 3
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Figure 2 Discrimination between Cu2* and Ni2* in oligomeric assembly.

(a) Kinetics of ThT fluorescence enhancement of WT (black) and P32A
(green) at 100 uM protein upon addition of 200 uM Cu2*, 300 uM Ni2* or
10 mM EDTA. Kinetics for P32A and WT are separately renormalized from
0 (EDTA) to 1 (Cu?*). Inset, maximum absolute intensity. (b) SV of 100 uM
protein in the presence of 10 mM EDTA, 200 uM Cu?* or 300 uM Ni2*.
Maximum entropy fits of c(s) are shown.
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of WT (AAGy = 1.0 k] mol™'; Fig. 3a). This
suggests that little energy is required to shift
the apo P32A conformation into a state that
matches the M* state of WT protein. These
results reflect a strong similarity between
apo P32A and the M* state of WT protein.
The importance of Cu?*-catalyzed isomer-
ization of the WT cis-proline was reinforced
by the apparent loss of metal specificity in
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Figure 3 Differences between Cu?* and Ni2* in binding affinity and stability. (a) AGy of 2.5 uM WT
(black) or P32A (green), determined by urea denaturationl’. Cation concentrations were O uM (apo),
90 uM Cu?* and 2,000 uM Ni2*. (b) Cation dissociation constants for WT (black) and P32A (green).
Error bars in a and b show one s.e.m. (c) The Ky of P32A was calculated in the presence of a
competing chelator, glycine. Two representative data sets are shown at O (solid) and 450 uM (dashed)
glycine, overlaid with the global fit (all data are shown in Supplementary Figure 3). WT titrations under
matched conditions are shown. Vertical dotted line marks 42 uM Cu2*. Inset, results for 2.5 pM P32A
titrated with Cu?*, plotted on a linear scale. The first eight data points are shown and fit to a line.
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for WT B2m incubated with Ni** (Fig. 2b).
In contrast, although the affinities of P32A
and WT for Ni>" were comparable (Fig. 3b),
Ni** induced an amyloid-like response in
P32A (Fig. 2a), with 28% = 4% of the
protein forming oligomers (Fig. 2b). This
difference in assembly behavior was unam-
biguous even in controls where apo WT was

online). Note that for WT protein, the energy difference between
apo M and holo M was much less than that between apo M* and
holo M* (Fig. 4a). Therefore, the increased affinity of P32A for
Cu?" suggests that it has adopted an M*-like structure.

The similarities between P32A and M* were further reflected in
oligomerization and thermodynamic measurements. We have pre-
viously shown that M* formation is the rate-limiting step governing
oligomerization kinetics?>. In marked contrast to the ~ 1-h kinetic
profile of WT, Cu?*-induced P32A oligomerization is complete within
the measurement dead time (~ 1 min) (Fig. 2a). This suggests that in
the native structure of P32A, the rate-limiting conversion to M* has
already taken place. This is also the likely basis of increased oligomer-
ization efficiency for P32A (85% + 4% oligomer) compared to WT
(67% £ 4% oligomer) (Fig. 2b). The P32A mutant was folded, as
judged by CD (data not shown) and NMR (Supplementary Fig. 4
online). Notably, the Cu?"-bound stability of P32A is the same as that

AG,, apo

Oligomers
}_> Fibers

U M M*

Figure 4 Energetics and Cu2*-binding site of p2m oligomeric assembly.
(a) Energy landscape for unfolded (U), native (M) and native-like (M*)
conformations of apo 2m (thin line) and holo B2m (thick line). Arrows
indicate energy differences highlighted in text for WT (black) and mutant
protein (green). (b) A putative Cu*-binding site of p2m shown in the
context of the WT structure (PDB entry 2CLR).2° His31 and Pro32 are
shown in the context of the solvent-accessible surface. An alternative
conformer of His31 has been modeled (orange), which is consistent with
a tetrahedral coordination geometry for Cu2* (yellow) but inconsistent with
the square planar geometry preferred by Ni2*,

chemically destabilized to match the stability
of apo P32A (Supplementary Fig. 2). We
conclude that P32A is able to adopt a con-
formation that Ni*-bound WT cannot. It is noteworthy that in P32A,
the difference in Ky (Fig. 3b) between Ni?* and Cu?" is not reflected
in the specificity of assembly. Furthermore, for P32A in the presence of
Ni%", additional rearrangements occur over several hours (Fig. 2a).
This suggests that different, albeit related, structures mediate metal-
induced M* formation and subsequent oligomer stabilization.

Molecular description of M*

The atomic structure of P32A was solved using X-ray diffraction,
providing a molecular description of M*. The chain is complete
between residues 4-97 and reveals a structure consistent with the
conformation of f2m in complex with the MHC (PDB entry 2CLR?;
backbone r.m.s. deviation = 1.5 A; Fig. 5a). The structure of f2m is a
B-sandwich of four- and three-stranded sheets with connectivity
ABED and CFG, respectively (Fig. 1a). Notably, the backbone amide
between residues 31 and 32 of P32A is trans (Fig. 5b). Furthermore,
His31, which is crucial to Cu?" binding, adopts an alternative
conformer such that it remains in a solvent-exposed position similar
to that in WT.

To accommodate this trans peptide bond, the hydrophobic core of
B2m is repacked. This process is likely initiated by backbone rotation
of Phe30 (Fig. 5b,c). The benzyl side chain of Phe30 moves 8.9 A
(r.m.s. deviation) from a buried position to one with 57% solvent
exposure. The benzyl group of Phe62 fills the resultant hole by moving
58Atoa position only 1.6 A (r.m.s. deviation) from Phe30 in WT
B2m (PDB entry 2CLR). The van der Waals contact of Leu54 with
Phe62 in the WT structure is lost in P32A, permitting a backbone
rotation of residues 52-56. Indeed, the new position of Leu54 in P32A
is 7.2 A (r.m.s. deviation) from that in the WT structure. Additional
rearrangements occur at Phe56, Tyr63 and Trp60, which move 3.7 A,
3.5 A and 6.3 10&, respectively. We note that NMR relaxation measure-
ments®® and ring current shifts (Supplementary Fig. 4) of WT 2m in
the presence and absence of Cu?' show changes consistent with
perturbation of this set of residues. This probably reflects holo 2m
transiently sampling the M* conformation. Thus, B2m tolerates a cis-
trans backbone change in its BC loop by rearranging elements that
extend to the DE loop and strand D.

The structural rearrangements induced by mutation result in
formation of a crystallographic dimer (Fig. 6). In P32A, the rotations
of backbone residues 52-56 are accompanied by a 1-residue shift
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°'8) DEBA plane. Orientation of left subunit is similar

P32A

Phe30

Leu54

toward the C terminus. This eliminates the B-bulge at Asp53 seen in
WT and results in a continuous strand D (Fig. 5a and Supplementary
Fig. 5 online). It has been suggested that edge-strand B-bulges serve as
natural inhibitors of aggregation®. Indeed, the dimer of P32A is
mediated by antiparallel interactions of two complete D strands
(Fig. 6a). The units of the dimer are related by a two-fold axis normal
to the plane of the D-D interaction, yielding an eight-stranded B-sheet
of ABED-DEBA. In native 32m, the observation of only limited main
chain contacts (residues 54-56) can be attributed to the maintenance

Figure 6 Structural basis of amyloidogenicity.
(a) Dimer of P32A viewed from above the ABED-

to that in Figure 5a. Phe30 is marked to indicate
relative orientation of the subunits. A subset of
the residues from Figure 5¢ (Phe30, Leu54,
Phe56, Phe62 and Tyr63) are shown (orange
space fills). Strand nomenclature from Figure 1a
is indicated. (b) Solvent-accessible surface

of the dimer in a, colored from red to blue
corresponding to electrostatic potentials of

—10 KT to +10 kT. Upper panel is in the same
orientation as a; lower panel is rotated through
180° to show acidic face. (c) Histidine residues
exposed in the acidic groove are shown as red
space fills. Orientation is the same as in the
lower panel of b. (d) An idealized single turn of
two 24-stranded amphipathic B-sheets spaced
10 A apart and coiled together with a 115-A
repeat length®. Interior and exterior are colored
as in b (acidic face in red, neutral in gray).
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Figure 5 Structural consequences of a frans conformation at position 32.
(a) Ribbon superposition of the P32A structure (PDB entry 2F80) and WT
structure from chain B of PDB entry 2CLR2°. P32A is shown in green and
WT in gray. Asp53 at the B-bulge in strand D of WT is indicated. (b)
Residues of the BC loop. In WT, the amide at residue 32 is cis, whereas in
P32A, it is trans, resulting in ~180° rotation at Phe30. (c) Summary of
hydrophobic side chain differences resulting from a trans backbone at
residue 32. Strand nomenclature from Figure 1a is indicated. In b and c,
Phe30 is marked to indicate relative orientation.

of the bulge at residue 53 (ref. 31). The crystal capture of a low-
population conformer of WT $2m (PDB entry 1LDS) also shows that
the strand D B-bulge can be eliminated3?. However, this results from
adoption of an alternative set of intramolecular ED strand interac-
tions. Additional disparities include a cis backbone for 1LDS at residue
32 and a structure 3.3 A (r.m.s. deviation) distant from P32A. These
differences appear to prevent 1LDS from adopting the dimer structure
reported here. Importantly, under matched conditions, P32A crystal-
lizes in days, whereas WT crystals are not apparent even after 4
months. These observations suggest that the structural rearrangements
that accommodate a trans conformation at residue 32 are cooperative
with the B-bulge collapse at residue 53, enabling formation of a
dimerization-competent interface.

DISCUSSION

A role for metal cations has been implicated in a number of amyloid
diseases. These include PrP from mammalian spongiform encephalo-
pathies®»3, AB peptide from Alzheimer disease®> and a-synuclein
from Parkinson disease®®. These systems, like f2m, show conforma-
tional transitions that are affected by the closely related metals Cu’",
7Zn** and Ni**. For example, alternative conformations of PrP
associated with different disease strains can be interconverted with
Cu?* (ref. 34). As with B2m, a combination of imidazole and back-
bone interactions are central to these conversions®’. The structural

Superposed are two vertical lines corresponding
to strands D-D, colored as in a. Here, these
represent a subset of strands in the lower
(occluded) sheet. Orange line corresponds to the
hydrophobic stripe defined using the { carbon
atoms of Tyr63. This closely aligns with the long
axis of the upper sheet.
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switch observed here and the molecular details of its propagation are,
therefore, of particular value for the understanding of protein folding
as well as the oligomerization of amyloids in general.

The structural changes in P32A that enable dimer formation also
reveal a basis for amyloid assembly. The P32A dimer is amphipathic
(Fig. 6b), a property that can support ordered in addition to
amorphous aggregation. Notably, the hydrophobic face is populated
by residues with positions altered relative to WT. These residues create
a stripe at ~65° across strands ABED-DEBA (Fig. 6a). A twisted pair
of extended sheets formed from these dimers will therefore maintain
burial of this hydrophobic stripe at a sheet-to-sheet crossing angle of
~130°. This is consistent with canonical dimensions’ for amyloid
fibers and leads to the prediction that the cross-f3 core is formed from
only the ABED strands (Fig. 6d). These strands would have an
arrangement alternating head-to-head (that is, D-D) and tail-to-tail
(that is, A-A); a similar arrangement has recently been suggested for
the assembly of the NM domain from the yeast prion®®. A noteworthy
feature of our model is its assembly from native-like precursors, as a
partially folded or unfolded state of f2m is unlikely to provide the
discrimination we observed between Ni** and Cu?*. This is supported
by our observation that stoichiometric Cu* gives rise to amyloid
formation but is not destabilizing?®. In addition, spectroscopic evi-
dence enabled us to suggest that B2m assembles from native-like
precursors. Once formed, however, B2m fibers are resistant to the
addition of chelate!®. Therefore, given the close proximity of native-
like states in our model, a three-dimensional domain-swapped
mechanism3>%0, such as that observed in cystatin41 or RNase??, may
provide for the subsequent changes in mature amyloid. Our structure
of P32A (M*), although greatly perturbed at particular residues, is
native-like and represents an intermediate on this pathway.

The hydrophobic face of the P32A dimer is opposed by an acidic
groove bracketed by the CFG sheets (Fig. 6b). Therefore, charge
repulsion is probably the cause of the little apparent apo P32A
oligomerization in dilute solution. After M* formation, divalent
cations are required for the oligomerization of WT protein?® and
P32A. The reason for this is likely to be charge neutralization of the
acidic groove. Likely participants in such an event are His31
and His51, which reside in this groove, ~12 A apart (Fig. 6c).
@These observations may also explain the ability of f2m to form fibers

& at low pH (<5)* without addition of Cu®*. Acidic and divalent-
cation pathways are consistent if protonation mimics the charge effects
of Cu?" binding and if Pro32 in acid-destabilized f2m samples the
trans conformation. Indeed, a slow refolding step of acid-unfolded
B2m has been attributed to the presence of a trans conformation at
Pro32 (ref. 44).

In summary, Cu?* catalyzes formation of an activated state, tethers
two molecules of B2m together to form an amphipathic eight-
stranded sheet and reduces charge repulsion to facilitate association
of dimers in a process that precedes and correlates with the formation
of amyloid. The structural basis of this is the capacity of native f2m to
accommodate both cis and trans isomers of its backbone at a buried
(~15% solvent exposed) and conserved site. In apo B2m, the cis
conformer is more stable; however, the trans conformer is specifically
accessed and then stabilized by interactions with Cu?*. Backbone
isomerization of both prolyl*® and nonprolyl*® peptide bonds is
typically associated with slow refolding. It is also implicated in
conformational changes associated with functional regulation®”, such
as the opening of an ion channel*®. As slow refolding and conforma-
tional changes are both factors in aggregation, catalysis of these
phenomena is the likely origin of the increasingly observed impor-
tance of metal cations in amyloid formation.
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Table 1 Data collection and refinement statistics

P32A

Data collection
Space group
Cell dimensions

PA32,2

a b, c(A) 89.95, 89.95, 54.76
o, B,y () 90.00, 90.00, 90.00
Resolution (A) 50.0-1.7 (1.76-1.70)2
Rsym of Rmerge 0.059 (0.827)
I/ ol 27.0(2.0)
Completeness (%) 99.8 (99.6)
Redundancy 6.0 (5.3)
Refinement
Resolution (A) 50.0-1.70
No. reflections 25,232
Ruwork ! Riree 18.4/22.7
No. atoms 1,915
Protein 1,564
Ligand/ion
Water 351
B-factors
Protein 37.87
Ligand/ion
Water 59.06
R.m.s. deviations
Bond lengths (A) 0.008
Bond angles (°) 1.091

aHighest-resolution shell is shown in parentheses. One crystal was used to solve this structure.

METHODS

Materials. WT protein was obtained from the urine of Dent disease patients
and from E. coli expression as previously described??. In both cases, purity of
>95% was determined by SDS-PAGE and electrospray ionization MS. The
oxidation state of the disulfide bond between Cys25 and Cys80 was verified as
previously described!”. The P32A mutation was made using the QuikChange
kit (Stratagene) and confirmed by sequencing (Keck facility, Yale University).

Stability and binding. Stability and metal-binding of f2m were measured by
changes in average emission wavelength, (1), as previously described!’.
Ky of Cu®* for P32A was determined from separate titrations in the presence
of 0-900 uM glycine. A simultaneous fit of all the data to a system of mass-
action equilibria was performed. Kq of Cu?* for B2m was the only floating
parameter. The pH-corrected Kgs of glycine for Cu?* were from published
values®®. Baselines were set at 338.0 for holo B2m and 345.0 for apo f2m. AGy
measurements®® were made as previously described!” and allowed to equilibrate
for at least 6 h. Calculations and modeling of Figure 6d were done using
Mathematica 5.1 (Wolfram Research Inc.). All errors given are + s.e.m.

Oligomerization. Oligomers of f2m were formed and detected by SV as
previously described?’. SV data analysis assumed a spherical shape and used the
continuous c(s) distribution model, independent species model and confidence
interval in M features of Sedfit v8.5 (ref. 51). All SV curves were renormalized
to an equal height for the largest peak of each scan. Kinetic measurements were
made using ThT as previously described?’. Measurement dead time was
~1 min, and ThT fluorescence enhancement was monitored at 440 and 492
nm for emission scans. Corrected lamp intensity was used.

Crystallization. P32A crystals were grown in 3-pl hanging drops with 31%
(w/v) PEG 4000, 25% (v/v) glycerol, 0.2 M ammonium acetate and 0.1 M
sodium acetate (pH 5.6). Drops consisted of 1 pl ~19 mg ml™! protein, 1 pl
mother liquor and 1 pl 0.05 M sodium acetate (pH 5.6). Crystals were frozen
directly from the drop with liquid nitrogen. Crystals with dimensions of 0.2 x
0.2 x 0.1 mm formed within 16 d at 22 °C.
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Structure determination and refinement. X-ray data were collected at beam-
line X25 at the National Synchrotron Light Source. Data were integrated and
scaled using the HKL2000 program suite>. A molecular-replacement solution
was determined using Phaser”® by searching for two copies of a truncated
model of the structure in PDB entry 1LDS (residues 0-11, 21-44, 62-70 and
75-96). Model bias was reduced using the prime and switch feature of
RESOLVE*, and the chains were completed using ARP/WARP>>. Iterative
cycles of building and refinement using O°°, REFMACS5 (ref. 57) and CNS>®
led to a working Rk of 18.4% and an R, of 22.7%. Molecular graphics were
prepared using PyMOL (http://pymol.sourceforge.net). Electrostatic potentials
were calculated in GRASP> and rendered using POV-Ray (http://www.
povray.org). R.m.s. deviations were calculated in lsqkab®”. Two chains reside
in the asymmetric unit, related by a noncrystallographic two-fold axis.
The r.m.s. deviation between all atoms of the two chains is 1.5 ;\, and all
residues have proper geometry; no residues fall within the disallowed regions
of the Ramachandran diagram. All discussion in this paper pertains to
chain A (Table 1).

Accession codes. Protein Data Bank: Coordinates have been deposited with
accession code 2F80.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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