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Beta-2 microglobulin (f2m) is the light chain of Class I
major histocompatibility complex (MHC-I) complex.
p2m is an intrinsically amyloidogenic protein capable of
forming amyloid fibrils in vitro and in vivo. f2m dis-
plays the typical immunoglobulin-like fold with a disul-
phide bridge (Cys25—Cys80) cross-linking the two
p-sheets. Engineering of the loop comprised between
B-strands D and E has shown that mutations in this
region affect protein structure, fold stability, folding
kinetics and amyloid aggregation properties. Such over-
all effects have been related to the DE loop backbone
structure, which presents a strained conformation in the
wild-type (wt) protein, and a type I p-turn in the W60G
mutant. Here, we report a biophysical and structural
characterization of the KS58P-W60G f2m mutant,
where a Pro residue has been introduced in the type I
B-turn i+ 1 position. The K58P-W60G mutant shows
improved chemical and temperature stability and faster
folding relative to wt p2m. The crystal structure (1.25 A
resolution) shows that the Cys25—Cys80 disulphide
bridge is unexpectedly severed, in agreement with elec-
trospray ionization—mass spectrometry (ESI-MS)
spectra that indicate that a fraction of the purified pro-
tein lacks the internal disulphide bond. These observa-
tions suggest a stabilizing role for ProS8, and stress
a crucial role for the DE loop in determining f2m
biophysical properties.

Keywords: Beta-2-microglobulin/dialysis-related
amyloidosis/fold stability/crystal structure/
disulphide bond.

Abbreviations: p2m, B2 microglobulin; CD, circular
dichroism; C,,, melting concentration; CR, Congo

Red; CSD, charge-state distribution; DTT, dithio-
threitol; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid);
DRA, dialysis-related amyloidosis; ESI-MS, electro-
spray ionization—mass spectrometry; K58P-W60G,
B2 microglobulin Asp58—Pro58 and Trp60— Gly60
double mutant; MHC-I, Class I major histocompati-
bility complex; SDS, sodium dodecyl sulphate; T.,,
melting temperature; TFE, trifluoroethanol; ThT,
Thioflavin T; wt, wild-type.

Amyloidosis, the in vivo deposition of protein fibril
material, is linked to specific protein misfolding dis-
eases, often leading to neurodegeneration, such as
Alzheimer disease in man and spongiform encephalop-
athy in cow (/). Formation of amyloid plaques arises
from the aggregation of partially or totally unfolded
protein molecules into elongated protein fibrils, known
as amyloid fibrils, characterized by a typical cross-
structure (2), and by high mechanical and chemical
resistance (/). Among recognized amyloidogenic pro-
teins, B-2 microglobulin (B2m) has been considered
and used as a model for studies on folding, aggregation
and amyloid fibril formation (3), being directly respon-
sible for the disease known as dialysis-related amyloid-
osis (DRA). B2m is the light chain of Class I major
histocompatibility complex (MHC-I) and CDI1 (4).
B2m is a 99 residues protein endowed with a typical
immunoglobulin fold, where two facing B-sheets, one
containing strands ABDE and the other containing
strands CFG@G, are linked by a core disulphide bond
between Cys-25 (strand B) and Cys-80 (strand F).
Under physiological conditions, B2m dissociated
from MHC-I heavy chain is released in serum and
transported to the kidneys where it is degraded. In
patients with renal failure, f2m cannot be removed
from blood circulation and its concentration increases
up to 50-fold (5). When such high concentration level
is retained for years, f2m aggregates into amyloid fi-
brils, leading to DRA (6). B2m fibrils can also be
formed in vitro under chemically controlled conditions,
such as acidic pH (2.5), or neutral pH in the presence
of trifluoroethanol (TFE) or sodium dodecyl sulphate
(SDS) (7).

Although a general mechanism of amyloid fibril
formation has not yet been completely defined for
B2m, some specific regions of the molecule have been
shown to be critical for aggregation. The analysis of
amyloid plaques extracted from DRA patients has
shown the presence of the AN6 B2m variant, which
is characterized by the absence of the N-terminal hex-
apeptide (8). Recently, a P5SG mutant has been shown
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to be prone to aggregation similarly to AN6 2m (9).
Furthermore, an important role has been assessed
for the f2m Pro32 residue that shows a cis-peptide
bond in wild-type (wt) B2m. In the P32A [2m
mutant, the amide group of Ala32, has a trans con-
formation, determining a total abrogation of the lag
phase observed for the formation of amyloid fibrils in
the wt protein (/0). It has also been reported that,
under acidic conditions, substitution of the aromatic
residues in the 62—70 sequence stretch with Ala, results
in a decreased fibril elongation rate and an increased
fibrillogenesis lag time (/7), suggesting that this hydro-
phobic region is important for the fibril nucleation
mechanism.

The aggregation properties of wt and mutant 2m
have also been investigated by electrospray ioniza-
tion—mass spectrometry (ESI-MS) and ion mobility.
Three species of f2m have been identified (native, par-
tially unfolded and acid unfolded), whose distribution
depends on pH and mutations (/2—15). Recently, the
B2m loop between the D and E strands, which com-
prises residues 57—60, has been shown to be critical for
B2m amyloid propensity (/6). In particular, Trp60 is a
strongly conserved residue among vertebrates due to
its crucial role in the association of f2m with the heavy
chain in the MHC-I complex (/6). The substitution of
the conserved residue Trp60 with Gly totally abrogates
the amyloidogenic process under mild conditions, and
results in an increased fold stability compared to
wt B2m (16, 17). The W60G mutant shows a distinct
behaviour also under denaturing conditions, where it
shows kinetics of disulphide reduction slower than
wt f2m. The crystal structure of the W60G mutant
shows that all residues of the DE loop fall in the fa-
voured regions of the Ramachandran plot, suggesting
that the mutation to Gly confers higher overall stabil-
ity to B2m, thanks to its unique conformational prop-
erties that help release stereochemical strain of the DE
loop (16). Conversely, the mutation of Asp59 to Pro
leads to a more strained DE loop, resulting in dimin-
ished thermal stability and increased propensity to
form amyloid fibrils compared to wt B2m (7§).
Comparative analysis of the DE loop conformations
shows that wt f2m and the D59P mutant display an
irregular DE loop, while the W60G, W60V and W60C
mutants host a regular B-turn (/9). All such data sug-
gest that increased stability of the DE loop may trans-
late into B2m variants of increased overall stability.
In this respect, we notice that the W60G mutant
lacks a Pro residue in position 58 to reach the most
favourite residue distribution for a type I f-turn in the
DE loop (20).

Here, we report on the double substitution of f2m
residues Lys58 with Pro and Trp60 with Gly. Our aim
was to produce a f2m variant endowed with the most
stable type I B-turn in the DE loop, and to analyse the
effects of the double mutation on f2m overall proper-
ties. To this purpose, the isolated K58P-W60G mutant
has been characterized by means of fluorescence, cir-
cular dichroism (CD), crystallography and mass spec-
trometry analyses. Furthermore, the KS58P-W60G
mutant amyloidogenic propensity was assessed at low
and neutral pH values. The results here reported show
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that regularization of the protein conformation in
the DE loop leads to stabilization of the whole f2m
structure.

Materials and Methods

Mutagenesis, expression and purification

Mutagenesis of Lys58 to Pro was performed using the
QuickChangeTM site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA) starting from the plasmid of the W60G mutant
(16). The following primers were used: for K58P, 5-TCA GAC
TTG TCT TTC AGC CCG GAC GGG TCT TTC TAT CTC
TTG-3' and 3'-CAA GAG ATA GAA AGA CCC GTC CGG
GCT GAA AGA CAA GTC TGA-5'. The construct was introduced
in the BL21-DE3 Escherichia coli strain. A methionine residue, pre-
sent at the N-terminal position of all recombinant products, will be
referred to as Met0. Expression and purification of wt and f2m
K58P-W60G species were carried out as previously reported (8).

Thermal and chemical unfolding

In all the temperature ramps here described, 2m was in 50 mM sodium
phosphate pH 7.4. The protein concentration was 1.4 mg/ml (cell path
Icm) or 0.1 mg/ml (cell path 0.1 cm) for measurements in the near-
and far-UV regions, respectively. The temperature increment was set
to 50°C/h (0.83°C/min). B2m temperature unfolding from 20°C to
95°C has been simultaneously followed by intrinsic Trp fluorescence
and by near-UV CD signals on a Jasco J-810 spectropolarimeter,
equipped with a Peltier device and fluorescence detector. Wavelength
was set at 293 nm to follow simultaneously the variation of molar
ellipticity and to excite tryptophan. Emitted fluorescence was de-
tected at 350 nm. The Trp-fluorescence of B2m variants bearing or
not Trp60 is comparable since, as previously shown, the Trp60 fluor-
escence is almost totally quenched by the solvent (27). Temperature
unfolding of B2m secondary structure has been monitored by far-UV
CD at 202 nm.

Stopped-flow refolding

Kinetics of tertiary structure refolding was monitored by Trp-
fluorescence for wt B2 microglobulin (f2m) and W60G B2m using
a Bio-Logic SFM-300 stopped-flow fluorimeter, with an excitation
wavelength of 295 nm and monitoring the total fluorescence emission
change at 320 nm. All the experiments were performed at 303K in
10 mM sodium phosphate buffer, pH 7.4, at 0.02 mg/ml final protein
concentration. The refolding experiments were performed by a
10-fold dilution of unfolded protein samples (0.2mg/ml in 4M
GdHCI).

Kinetics of the secondary structure recovery was studied by
stopped-flow CD using a BioLogic SFM-20 stopped-flow system
fitted to a Jasco J-810 spectropolarimeter. The protein (20 ul of
0.2mg/ml in 4 M GdHCI) was mixed with 480 pl of buffer (sodium
phosphate 50 mM pH 7.4) in 100 ms (dead time 10.8 ms). Data traces
were recorded at 233 nm through a 2-mm cell path and fitted using a
first-order rate equation by means of SigmaPlot 2001 software.

Crystallization and structure determination
The K58P-W60G B2m mutant was crystallized using the hanging-
drop vapour diffusion technique under the following conditions:
protein solution at a concentration of 10mg/ml, sodium acetate
0.1M pH 5.5, ammonium acetate 0.2 M, PEG4000 22%, glycerol
20%. Crystals of the mutant protein grew in few days at 20°C.
X-ray diffraction data were collected on flash-frozen crystals
using the crystallization mother-liquor as cryoprotectant, at 100 K,
at the beamline ID1-4 1 (the European Synchrotron Radiation
Facility, ESRF, Grenoble, France). The K58P-W60G crystals dif-
fracted to 1.25 A resolution. Diffraction data were processed with
MOSFLM (22) and SCALA (23). Phases were obtained by molecu-
lar replacement using MOLREP (24) and the W60G f2m mutant
atomic coordinates (PDB code 2VB5) as search model. The refine-
ment process was performed with REFMACS, riding hydrogen
atoms and anisotropic B factors have been applied at the end
of the refinement (25). Model building, structure analysis and
Kleywegt plot were carried out using COOT (26) (see Table II).
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ESI-MS

A hybrid quadrupole-time-of-flight instrument (QSTAR Elite,
Applied Biosystems, Foster City, CA, USA) was employed for
ESI-MS analysis, using a nanospray source and metal-coated boro-
silicate capillaries with medium-length emitter tip of 1-pum internal
diameter (Proxeon, Odense, Denmark). The following instrumental
settings were applied: declustering potential 80 V; ion spray voltage
1.1-1.2kV; curtain gas 20 PSI. Samples were sprayed at room tem-
perature. Samples were prepared as equimolar mixtures of wt 2m
and K58P-W60G mutant (5uM each) in 10 mM ammonium acetate
(Sigma Aldrich, St Louis, MO, USA), adjusting the pH to 7.4 or 2.5
with ammonium hydroxide (Sigma Aldrich, St Louis, MO, USA) or
formic acid (Merck KGaA, Darmstadt, Germany), respectively.

Amyloid fibril formation at pH 7.4 and 2.5

f2m (100 uM) was incubated at 37°C in 50mM phosphate
buffer,100mM NacCl, pH 7.4, in the presence of 20% (v/v) TFE
(7). P2m fibril seeds (20 pg/ml) were added to the samples. To
form amyloid fibrils at acidic pH, B2m (100 uM) was incubated at
37°C in 50 mM Na—citrate and 100 mM NaCl, pH 2.5, in the pres-
ence of 20 pg/ml of B2m fibril seeds (27). Quantification of amyloid
formation was performed with ThT according to Ref. (28). ThT
(SIGMA) concentration was 10pM in 50mM glycine—NaOH
buffer, pH 8.5. A VARIAN Cary Eclipse spectrofluorimeter was
used for the measurements, with excitation at 445 nm and emission
collected at 480 nm, with slits set at 5nm and high voltage. The
measurements are the average of three independent experiments.

Results

Fold stability and folding kinetics

K58P-W60G B2m mutant conformational stability,
determined by guanidium-hydrochloride equilibrium
unfolding, shows an increased chemical stability
with respect to wt [B2m (melting concentration,
Cm KSSP—W60G=2-7M GdHCI versus Cm Wt=1-7M
GdHCI), while AG°(H,0) is 7.6kcalmol™' for the
K58P-W60G mutant and 5.5kcalmol™' for wt p2m;
f2m chemical unfolding has been followed by Trp
fluorescence (Fig. 1A). Furthermore, in order to obtain
an independent assessment of the K58P-W60G [2m
stability, thermal unfolding was monitored by CD
(near- and far UV) (Fig. 1B) and by intrinsic fluores-
cence. Near-UV CD and Trp-fluorescence approaches
show that the K58P-W60G f2m mutant displays
distinctly higher tertiary structure stability relative to
wt B2m, comparable to that achieved by the W60G
mutant (Table I). Interestingly, far-UV CD analysis
reveals that the K58P-W60G mutant has a melting
temperature, 7T, =73.5°C, thus a thermal stability
higher than both the W60G mutant and the wt protein
(Tiweog = 69.8°C and Ty, = 62.4°C) (17) (Table I).

Refolding kinetics were monitored by intrinsic fluor-
escence (Fig. 2A and B). In the K58P-W60G mutant,
the rate constant of the folding fast phase shifts from
1.6s" for wt p2m to 105~ for the mutant. The plat-
eau is reached after 5s for the mutant (versus 20 min
required for wt B2m). Therefore, the slow phase of
folding, observed for wt f2m, is not detectable in the
double mutant, similarly to what has been previously
reported for the W60G mutant (/6).

In order to compare the folding process of wt f2m
and the K58P-W60G B2m mutant based on secondary
structure, refolding kinetics were monitored by CD at
A=233nm. As shown in Fig. 2C, the profiles for the
two P2m variants are indistinguishable. It is note-
worthy that the slow phase, which is observed in wt

-2 microglobulin DE double mutant

Unfolded fraction

Near-UV

folded fraction

20 30 40 50 60 70 80 90
temperature (°C)

Fig. 1 Thermal and chemical fold stability of the K58P-W60G f$2m
mutant. (A) Unfolding titration curves as a function of denaturant
(GdHCI) concentration for wt 2m, W60G and K58P-W60G
mutants. The fraction of unfolded protein is reported on the y-axis.
(B and C) Temperature dependence of circular dichroism signal, in
near-UV (B) and far-UV (C) for w.t. B2m (red), K58P-W60G
mutant (blue), reduced K58P-W60G (grey) and W60G mutant

(green).

B2m folding by Trp-fluorescence, is absent in both wt
and mutant p2m when refolding is monitored by
far-UV CD.

Crystal structure of K58P-W60G f2m mutant

The crystal structure of the K58P-W60G 2m mutant
was solved and refined at 1.25 A resolution, with Rk
of 14.4% and Rpe. of 17.2% (Fig. 3A and Table II).
All the 100 amino acids are clearly traced in the elec-
tron density, which is of excellent quality, clearly defin-
ing the mutated Pro58 and Gly60 residues. As for the
other B2m mutants affecting residue 60 (/6, 18, 19) in
the K58P-W60G mutant the DE loop matches the
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Table 1. Summary of chemical and thermal unfolding results for f2m variants.

AG° (H,0) T, (Near-UV) T.n (Trp-fluorescence) T, (Far-UV)
Cm (GdHCI) keal mol ™! “0) “0) “0)
wt f2m? 1.7M 5.5 63.8 64.1 62.4
W60G mutant® 2.5M 6.6 71.6 71.7 69.8
K58P-W60G mutant 2.7M 7.6 69.9 73.0 73.5

“Melting temperatures taken from Santambrogio et al. (17).

canonical conformation of a type-I B turn. According
to Hutchinson et al., specific residues are preferred for
each of the four positions of a type-I B turn, due to
their stereochemical properties. At the B turn site 7 (cor-
responding to residue 57 in the K58P-W60G structure;
Fig. 3B) a polar residue (typically Asp, Ser, Cys and His),
which can establish a H-bond with the main chain
nitrogen of the i+2 residue, is preferred. At site
i+ 1, a Pro residue is favoured because of the restric-
tion on the ® angle to about —60°. At site i+ 2 Asp,
Arg, Ser and Thr are preferred. Finally, at site i+ 3
Gly is the most favoured residue, since it helps the
polypeptide chain return to an anti-parallel B-structure
after completion of the turn (20). The K58P-W60G
mutant, with its amino acid sequence 57-SPDG-60,
thus displays the most favoured residues at each of
the four sites. Moreover, residues Ser57 and Asp59,
together with Ser61 (the first residue after the [
turn), help stabilizing an overall compact structure in
the 57—61 sequence stretch (Fig. 3B).

Relative to the other f2m mutants of known 3D
structure, K58P-W60G shows a higher degree of alter-
native residue conformations. In particular, thanks the
high resolution achieved, alternative conformations
were observed for the aromatic residue cluster of
Phe56 and Phe62. Moreover, the polypeptide back-
bone in the D strand was found in two similar but dis-
tinct conformations. Notably, the very high-resolution
structure (1.13A) of wt B2m does not display any of
such alternative conformations (29).

Unexpectedly, the disulphide bond between Cys25
and Cys80, which wusually locks the two p2m
B-sheets, was found severed in the crystal structure of
the K58P-W60G mutant. To our knowledge, this is the
first B2m structure where such a reduced disulphide
bond is observed. Cys80 shows extra side chain density
indicative of an oxidized species; the extra density was
modelled as a sulphenic acid (i.e. —OH group bound
to the thiol group; Fig. 3C). On the other side of the
severed disulphide, Cys25 side chain is observed in
three alternative conformations. The structures ob-
tained from several crystals, grown from different puri-
fication batches, all show the same pattern of
reduction. Given the known effects that X-rays may
exert on proteins [reviewed in (30)], rupture of the
disulphide bond can be (partly of fully) linked to the
X-ray diffraction experiments run on a high-intensity
synchrotron source. Nevertheless, the behaviour ob-
served here, unprecedented for B2m, suggests that
the disulphide bond in the K58P-W60G mutant is
more labile to radiation damage than in wt and in
the other previously described DE p2m mutants.
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However, radiation damage may be not the only factor,
since several lines of evidence suggest that part of
the protein is already reduced before crystallization
(see below).

Unfolding and reduction monitored by ES-MS
Figure 4 shows the nano-ESI-MS spectrum of an
equimolar mixture of K58P-W60G mutant and wt
Bf2m under non-denaturing conditions. The signals of
the two proteins are clearly distinguishable due to their
different masses. Both proteins are folded, as indicated
by the narrow charge-state distribution (CSD) showing
only the 8" and 7" ions. Mass deconvolution yields the
values of 11,860+0.5Da for the wt protein, and
11,700 £ 0.5 Da for the mutant, in excellent agreement
with the calculated mass for the proteins containing an
oxidized disulphide (11,860.28 and 11,700.06 Da,
respectively). By lowering the pH (Fig. 4B), the CSDs
are shifted towards higher z-values, consistent with
acid-induced protein denaturation taking place under
such conditions. However, the main charge state of the
wt protein is 117, while that of the mutant is 137,
indicating more extensive unfolding in the latter.
Interestingly, mass deconvolution performed only on
the high-charge peaks of the mutant yields the mass of
the disulphide-reduced protein (11,702.06£0.5Da).
These data indicate that part of the mutant protein is
already in the reduced state in the absence of reducing
agents. Such component is masked by the oxidized
protein under mild ESI conditions, since both oxidized
and reduced proteins populate the same charge states.
However, it becomes detectable at low pH because
protein unfolding can proceed more extensively in
the reduced protein, leading to higher charge states
than the unfolded protein with an intact disulphide.
Thus, the highest charge state is dramatically enriched
in the contribution of the reduced component and the
2-Da mass shift can be detected. No evidence of
oxygen addition (i.e. formation of a sulphenic centre
at Cys80) is found in the ESI-MS data, suggesting that
the modification observed in the crystal structure is
merely an artefact due to X-ray radiation damage.

Reduced K58P-W60G f2m mutant

Combining the information provided by crystallog-
raphy and ESI-MS, we propose that in solution the
K58P-W60G mutant may coexist as two species: the
common disulphide-oxidized form and a reduced vari-
ant where the disulphide bond between Cys25 and
Cys80 is absent. In order to verify such hypothesis,
the KS8P-W60G mutant protein was unfolded in 4 M
GdHCI and the level of free cysteine was assessed by
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Fig. 2 Refolding kinetics of the KS§P-W60G f$2m mutant.

(A and B) Intrinsic fluorescence curves of wt 2m (black) and of the
K58P-W60G mutant (grey), monitoring the fast-phase and the
slow-phase of folding. (C) CD far-UV folding curves of wt f2m
(black) and of the K58P-W60G mutant (grey).

titration with  5,5-dithiobis-(2-nitrobenzoic  acid)
(DTNB). The titration confirmed that ~30% of the
cysteines are in the reduced state (data not shown),
indicating that in 30% of the f2m molecules present
in solution the disulphide bond is severed.

B-2 microglobulin DE double mutant

Pro58
(i+1)

Glyso
(i+3)

Fig. 3 Crystal structure of the KS8P-W60G f2m mutant.

(A) Cartoon representation of the crystal structure of the
K58P-W60G mutant. Strands are labelled according to the conven-
tion for B2m. Residues Cys25, Cys80 and the mutated Pro58

and Gly60 are shown as stick models. (B) Stick model of the
K58P-W60G mutant DE loop. Residues are labelled according to
Hutchinson e al. type 1 B-turn definition. H-bonds are shown by
dotted lines; the H-bond linking Ser57 OG (i) and the peptidic N of
Asp59 (i+2) is weak (3.43 A) and has not been drawn. In addition to
those shown in the figure, H-bonds (<3.0 A) stabilizing the B-turn
region are observed between: the peptidic N atom of Ser57 and the
carbonyl O of Ser61 (i+4), Ser57 OG atom and the peptidic N of
Ser61, the carboxylate of Asp59 and Ser61 OG. (C) The 2Fo — Fc
electron density map of the severed disulphide bond in K58P-W60G,
contoured at 1.0 o, highlights the triple conformation of Cys25 and
the oxidized Cys80 sulphenic centre (both represented as stick models).

Subsequently, the ability of the reduced K58P-W60G
mutant to fold to a wt-native structure was assessed.
The mutant protein was unfolded and completely
reduced by dithiothreitol (DTT) in the presence of
GdHCI, and then refolded (by removal of GAHCI) in
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the presence of DTT to prevent cysteine oxidation. The
reduced K58P-W60G mutant was successfully refolded
according to Ohhashi et al. (31) and the thermal sta-
bility of the reduced protein was monitored by CD
(Fig. 1B). These observations are in keeping with pre-
vious results on the role of the disulphide bonds in
immunoglobulin fold stability (32). A proper unfolding
Tm could not be directly measured, since the reduced
K58P-W60G mutant shows a distinct propensity to
precipitate before the end of the transition (also at the
low concentration used in the far-UV region). However,
the onset of transition occurs at least 15-20°C
lower than observed for the other mutants (Fig. 1B),

Table II. Data collection and refinement statistics for p2m
K58P-W60G.

ESRF ID14-1
Monoclinic C2
a="76.35, h=28.58,
¢=60.73, p=132.9°
19.0—1.25 (1.32—1.25)

Beam line
Space group R
Unit cell constants (A, °)

Resolution (A)

Ronerge™ (%) 10.0 (69.2)
1ol 15.5(3.2)
Completeness (%) 99.6 (97.2)
Redundancy 10 (8.7)
Unique reflections 26776 (3812)
Refinement

Rworkh (0/“) 14.4

Rl'ree (OA’) 17.2
Number of atoms

Protein (Avg. B-factor, A?) 935 (10.0)

Water (Avg. B-factor, A%) 132 (21.0)
Ramachandran plot

Most favoured region 99 (99%)

Allowed region 1 (1%)

Values in parentheses are for the highest resolution shell.
*Rinerge = B|I — <I>|/Z|I| where, I is the observed intensity and </>
is the average intensity.

bRwork = Tl Fol — |Fell/ Znial Fo| for all data except 5% which were
used for Ry calculation.
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allowing us to hypothesize that the T,, should fall
below 50—55°C.

Intriguingly, a closer analysis of the thermal unfold-
ing of the KS58P-W60G mutant monitored by
Trp-fluorescence revealed that the first derivative has a
first, although minor, minimum at 48°C (Supplementary
Fig. S1). This may well represent unfolding of the
reduced K58P-W60G fraction (~30%). On the other
hand, the temperature ramps monitored by near- and
far-UV CD detect only the unfolding of a major protein
component (i.e. the disulphide-oxidized form), due to the
lower sensibility (signal-to-noise ratio) of the CD signal
compared with Trp-fluorescence.

Amyloid fibril formation

The K58P-W60G mutant propensity to form amyloid
fibrils was analysed either at pH 7.4 in the presence of
20% TFE, or at pH 2.5, in both cases with small-
controlled additions of wt B2m fibril seeds. Under
both conditions, a wt 2m control fibrillogenesis was
performed. The data at pH 7.4 show that, after 1 week
of incubation at 37°C, wt 2m forms amyloid fibrils,
bind thioflavin T (ThT) and is positive to Congo Red
(CR) staining, while the K58P-W60G mutant does not
bind ThT (Fig. 5) and displays a negative CR assay
(data not shown). On the contrary, at pH 2.5, both wt
B2m and the K58P-W60G mutant are prone to aggre-
gation, as shown by ThT and CR assays, with a higher
fibril yield for the K58P-W60G mutant relative to wt
B2m. Such distinct behaviour is similar to what has
been observed for the W60G B2m mutant (/6).

Discussion

Recent studies have focused the attention on the cru-
cial role(s) played by Pro residues on f2m fold and
stability. The Pro5 to Gly mutation results in the
accumulation of an amyloidogenic intermediate with
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fessanssnanannnnnnd

£
*

e, i -
600 00 W0 1200 1400 800 100 2000 2200 200

m/z

Fig. 4 Fold stability of reduced and oxidized K58P-W60G p2m mutant monitored by ESI-MS. Nano-ESI-MS spectra of an equimolar (5 uM)
mixture of wt f2m (black) and K58P-W60G mutant (red) in 10 mM ammonium acetate, pH 7.4 (A) or pH 2.5 (B). The instrument interface was
set at room temperature. The most intense charge state of each component is labelled by the corresponding charge state. Peaks in the dashed

boxes correspond to the fully reduced mutant protein (11702 Da).
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Fig. 5 Kinetics of fibril formation for wt f2m and for KS8P-W60G
mutant, at pH 7.4 and pH 2.5, monitored by fluorescence using ThT
binding assay. Wt f2m and K58P-W60G were incubated at 37°C and
diluted to 100 uM concentration in a buffer containing 50 mM Na
phosphate and 100mM NaCl, pH 7.4 in the presence of 20% TFE
(v/v) and 2.5 pg/ml wt B2m fibril seeds. wt f2m and K58P-W60G
were incubated at 37°C and diluted to a final 100 uM concentration
in a buffer containing Na—citrate 50 and 100mM NaCl, pH 2.5 in
the presence of 2.5 pg/ml wt B2m fibril seeds.

lower structural compactness than observed for the
native protein, causing a higher propensity to aggre-
gate for the P5G mutant than for wt B2m (9).
Mutations of Pro32 also lead to B2m variants with
non-native fold and with different amyloidogenic
properties compared with the wt protein (10, 33, 34).
Both Pro5 and Pro32 are located in loops, where they
likely help holding the entire protein in the compact
native fold. On the other hand, we have recently pre-
pared a f2m DE loop mutant introducing a Pro resi-
due in position 59 (18). The presence of a proline in the
DE loop does not affect the overall protein fold,

-2 microglobulin DE double mutant

however it increases the loop geometrical strain, low-
ering B2m fold stability and markedly enhancing its
amyloidogenic propensity (/7, 18). These three ex-
amples show how ‘native Pro’ residues are carefully
located in order to increase the stability of loops,
and, in general, of the B-sandwich structure, while
not adding strain to f2m backbone geometry.

In a recent work, the Trp60 to Gly mutation was
shown to give rise to a regular B-turn conformation
in the DE loop region (/6). The work reported here
introduced the Lys58 to Pro mutation (in addition to
the Trp60 to Gly mutation) in order to mimic the effect
of a ‘native Pro’ residue, e.g. to serve as a ‘lock’ of a
loop, and to stabilize the overall protein conformation
by building an ideal type-1 B-turn. Complementary
biophysical and structural techniques have been used
to characterize the double mutant. As a first result, we
confirm that the DE loop indeed adopts the ideal type |
B-turn conformation (Fig. 3B), with Pro58 occupy-
ing position i+ 1 of the turn. Thermal and chemical
unfolding indicates that the K58P-W60G mutant has
a distinctly higher conformational stability than wt
B2m (Fig. 1). Folding experiments show that the
K58P-W60G mutant folds faster than the wt protein,
and that the folding slow phase is absent (Fig. 2).
Additionally, the double mutation leads to a vari-
ant that does not form amyloid under the standard
conditions at pH 7.4 with 20% TFE.

The comparison between the K58P-W60G and the
W60G mutant shows subtle yet interesting differences.
The K58P-W60G mutant displays fold stability, as
well as folding kinetics, comparable to the W60G
mutant [this work and (/6)], and the two protein struc-
tures are virtually identical (0.34 A r.m.s.d. over 99 Ca
pairs). The K58P-W60G and the W60G mutants dis-
play very similar propensities towards amyloid aggre-
gation. However, an unexpected difference is that
while the W60G mutant, as all other f2m variants char-
acterized to date, shows a completely oxidized (intact)
Cys25—Cys80 disulphide, the purified K58P-W60G
mutant is a mixture of oxidized (~70%) and reduced
(~30%) molecules, the latter lacking the stabilizing ef-
fects of the disulphide. Notably, in the K58P-W60G
mutant crystal structure the disulphide bond is fully
severed. Considering that no structural changes
appear to affect the protein backbone of the mutant,
thus its protein packing capability in the crystal lattice,
likely both oxidized and reduced forms coexist in the
crystals, even before exposure to X-rays. Complete
rupture of the disulphide bond is an effect of radiation
damage that is particularly visible in the case of the
K58P-W60G mutant. Indeed ESI-MS analysis,
DTNB titrations and protein unfolding monitored by
Trp-fluorescence (Fig. 4 and Supplementary Fig. S1)
show that a sizeable fraction of the purified protein is
reduced, lacking an intact disulphide bond. Such an
observation would be in keeping with a peculiar be-
haviour occasionally observed at the end of the mutant
protein purification, whereby the purified K58P-W60G
mutant formed an ensemble of SDS-resistant oligo-
mers, which may correspond to covalent association
of B2m molecules through intermolecular disulphide
bonds (Supplementary Fig. S2B).
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In our laboratory all f2m mutants are purified under
denaturing conditions and subsequently refolded ac-
cording to a standard protocol (8). After the refolding
step, ion exchange chromatography is used to separate
the protein population endowed with the correct sur-
face charges (i.e. properly folded). It is also known that
the disulphide bond is crucial for f2m to achieve a
correct fold, and is formed in the fast-phase of the
folding. Indeed, in our hands all the previously purified
Bf2m variants displayed an oxidized disulphide, sug-
gesting that the disulphide-reduced molecules either
fail the refolding step or are discarded through the
ion exchange chromatography step. Interestingly,
while all f2m variants show some precipitate during
the folding procedure (often the amount of precipitate
relates to the variant stability), upon refolding of the
K58P-W60G mutant almost no precipitate has been
observed, suggesting that the K58P-W60G mutant
may have a remarkable folding efficiency and that
the disulphide-reduced form that achieves a proper
fold can efficiently mimic the native oxidized variant.
The disulphide-reduced KS58P-W60G [2m mutant
molecules are soluble and stable in solution, can crys-
tallize, and do not display higher aggregation forms in
size exclusion chromatography (data not shown). Such
a novel behaviour may be related to stabilization
encoded by the DE loop mutations, being specific for
the K58P-W60G mutant and distinct from the W60G
mutant, where disulphide-reduced properly folded
molecules have not been observed.

Previously characterized f2m mutants show that
modifying the DE loop backbone geometry deeply af-
fects p2m stability and amyloid propensity (/6—19).
The evidences here reported additionally stress the
structural role of the DE loop in f2m folding and sta-
bility; particularly, in the case of the K58P-W60G
double mutation, the DE loop properties appear to
affect not only fold stability but also the folding path-
way. In apparent contrast with what has been reported
for wt f2m, in the K58P-W60G mutant the disulphide
bond is not as crucial for B2m folding, and the
DE loop can promote folding independently of the
disulphide bond redox state.

Supplementary Data

Supplementary Data are available at JB Online.
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