The solution structure of humgs-microglobulin
reveals the prodromes of its amyloid transition
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Abstract

The solution structure of huma®-microglobulin $2-m), the nonpolymorphic component of class | major
histocompatibility complex (MHC-1), was determined Byl NMR spectroscopy and restrained modeling
calculations. Compared to previous structural data obtained from the NMR secondary structure of the
isolated protein and the crystal structure of MHC-I, in which the protein is associated to the heavy-chain
component, several differences are observed. The most important rearrangements were observed for (1)
strands V and VI (loss of the C-terminal and N-terminal end, respectively), (2) interstrand loop V-VI, and
(3) strand 1, including the N-terminal segment (displacement outward of the molecular core). These modi-
fications can be considered as the prodromes of the amyloid transition. Solvation of the protected regions
in MHC-I decreases the tertiary packing by breaking the contiguity of the surface hydrophobic patches at
the interface with heavy chain and the nearby region at the surface charge cluster of the C-terminal segment.
As a result, the molecule is placed in a state in which even minor charge and solvation changes in response
to pH or ionic-strength variations can easily compromise the hydrophobic/hydrophilic balance and trigger
the transition into a partially unfolded intermediate that starts with unpairing of strand | and leads to
polymerization and precipitation into fibrils or amorphous aggregates. The same mechanism accounts for
the partial unfolding and fiber formation subsequent té Thinding, which is shown to occur primarily at

His 31 and involve partially also His 13, the next available His residue along the partial unfolding pathway.
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unfolding
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2-microglobulin 32-m) is the nonpolymorphic light chain
Reprint requests to: Prof. G. Esposito, Dipartimento di Scienze e Tecof the class | major histocompatibility complex (MHC-I). It
nologle B|omed|che, Ur_uversm;h pdlr)e, P.le Kolbe 4, 33100 Udine, Italy;  consists of 99 residues with a single disulfide bridge be-
e-mail: gesposito@mail.dstb.uniud.it; fax: 39-0432-494301. ¢ th c id fth ¢ iti o5
Abbreviations:2-m, B2-microglobulin; AN682-m, 32-microglobulin ween the two y_S residues o _t e Seque_nce a pOSI 1ons
7-99 fragment; 1D, 2D, 3D, one, two, three dimension; DQF COSY,and 80 and folds into the classigg@sandwich motif of the
doublg quantum filtered co_rrc_elgﬂon spectroscopy; DRA, dialysis relatgdimmunogbbu“n superfamily, as shown by the crystal struc-
amyloidosis; GdnHCI, guanidinium chloride; HLA, human lukocyte anti- f MHC-I (Biork | 1987). Th icd
gen; MHC-I, class | major histocompatibility complex; NOE, nuclear tw_e 0 B (_ qu man eta_' )- . e _SyStem'C epo-
Overhauser effect; NOESY, nuclear Overhauser spectroscopy; rms, root me&ition of 32-m fibrils is associated to dialysis-related amy-

square; T, absolute temperature expressed in Kelvin (K); TOCSY, total cortgidosis (DRA' Gejyo et al. 1985) a disease which arises in
relation spectroscopy; TPPI, time proportional phase incrementation. individual .’h h . | f ’.l he i bl
Article and publication are at http://www.proteinscience.org/cgi/doi/ Individuals with chronic renal failure as the inescapable

10.1110/ps.29002. complication of long-term hemodialysis. More than 90% of
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patients undergoing dialysis faflO y develop symptoms the cell surface into the plasma to reach the kidneys and
such as destructive arthropathy, bone fractures, and carpalentually to be degraded. When the renal function is com-
tunnel. Because of the ensuing physical disabilities, againgiromised and dialysis becomes necessary, only a consider-
which treatment (including surgery) is only palliative, and able increase of its plasma concentration is steadily detected
the widespread occurrence of renal failur@0,000 indi-  (25- to 35-fold; Gejyo et al. 1985) before deposition of
viduals are steadily under dialysis in Europe alone), thisamyloid fibrils. Although the isolated protein in solution has
type of amyloidosis can be regarded as a high-cost socidleen studied by NMR (Okon et al. 1992), only a qualitative
disease. analysis of its secondary structure was reported that showed,

Amyloidoses have been recognized as conformationahowever, a very close analogy with the crystal structure of
diseases that arise from the conversion of globular proteinghe protein in the context of the MHC-1 complex (Bjorkman
to insoluble fibrillar aggregates. In spite of the diversity of et al. 1987; Saper et al., 1991). Because even minor devia-
the involved proteins, their amyloid fibrils share a commontions from the crystal structure may affect significantly the
structure known as crogsstructure, in which partially un-  stability of a protein that naturally binds to the polymorphic
folded conformations aggregate through intermoleculacomponent of human leukocyte antigen, a determination of
B-strand pairing that are arranged perpendicular to the fibethe tertiary structure of isolatgs2-m in solution is useful,
polymerization axis (Sunde et al. 1997). provided the proper level of accuracy is reached to perform

Analyses of the material extracted from DRA patientsa meaningful comparison with the crystal structure. Here we
have shown that only full-length wild-typR2-m and pro- present the 3D solution structure of isolafg2tm obtained
teolysis products thereof occur in fibrils (Linke et al. 1987, from *H NMR data (Protein Data Bank ID 1JNJ) and show
1989; Bellotti et al. 1998), along with some glycation (Mi- that differences with respect to the crystal structure are in-
yata et al. 1993) and oxidation derivatives (Capeiller-Blan-deed observed.
din et al. 1991) and auxiliary proteins (apoE, serum amyloid
P component; Miyata et al. 1993). The most abundant Spelfzesults and Discussion
cies among the truncation productsg#-m (30% of32-m
in ex vivo fibrils) is the form devoid of the six N-terminal .

: . . NMR assignments and secondary-structure

residues AN6B2-m). This species was shown to have A, yentification
higher tendency to self-aggregate than the full-length pro-
tein and did not form a fully folded native state at the end of The *H NMR assignment of th@2-m spectrum and its sec-
the refolding procedure (Bellotti et al. 1998). A comparative ondary-structure determination have been reported (Okon et al.
investigation of full-lengthB2-m and AN6B2-m by *H 1992). In a previous work (Esposito et al. 2000), the 2D
NMR, electrospray mass spectrometry, and limited proteNMR spectra of32-m, obtained in aqueous ammonium ac-
olysis enabled us to establish the extent and the location adtate (50 mM) at pH 6.6 and ¥ 310 K, were compared
the structural modifications undergone B2-m upon re-  with the reported assignments. Spin systems were first iden-
moval of the N-terminal hexapeptide (Esposito et al. 2000)tified in the TOCSY spectrum and then confirmed by check-
By analyzing the changes and the persistences of the NMiRg the sequential connectivity pattern in the NOESY maps
pattern of both products, some features of the amyloido{Withrich 1986). For3-sheet regions, the occurrence of a
genic conformation of32-m could be suggested, namely, number of interstrand contacts were ascertained. Overall,
the identity of theB-strands involved in the intermolecular the identification of the resonance patterns for 92 residues
pairing and a model to explain partial unfolding and aggre-(plus Met 0) out of 99 were achieved. No consistent reso-
gation of the truncated and full-length species (Esposito ehance pattern were observed for the remaining 7 residues
al. 2000). In a subsequent study on the fibrilg3@m and due to exchange broadening and/or inherent line-width
ANG6B2-m, overlapping patterns of limited proteolysis were problems. All these gaps were filled in the present study,
observed with an additional cleavage for the full-length pro-performed under similar conditions except for the saline
tein fibrils leading to the truncated species (M. Monti et al. phosphate buffer (Table Al of Supplemental Material). The
2001, pers. comm.). These findings, while suggesting &OCSY fingerprint data (Fig. 1) were used also for esti-
mechanism for the occurrence AN6B2-m in vivo, which  matingJ, .. COupling constants (Table A2 of Supplemen-
implies that the only fibrillogenic species is the full-length tal Material) to extract-torsion-angle restraints (Wang and
protein, strongly support the idea that the truncated specieBax 1996). In this study also the analysis of NOESY data
features the amyloidogenic conformation@#-m, as pre- was extended to assign and quantify systematically as many
viously anticipated (Esposito et al. 2000; Chiti et al. 2001).correlations as possible to provide the internuclear distance
Going further along this rationale, we wondered whichset required for restrained modeling. The qualitative con-
could be the structural characteristics that drive the transisideration of the NOESY pattern enabled confirming the
tion of 32-m into an amyloidogenic conformation. The pro- occurrence of the eight strands pfstructure along with
tein occurs naturally in the MHC-I complex and is lost from their connecting loops reported by Okon et al. (1992). The
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Fig. 1. Fingerprint region from 500 MH2H 2D TOCSY spectrum of 0.9 m\82-m in 70 mM phosphate buffer, 100 mM NacCl at

pH 6.6, T= 310 K. The H—H" connectivity assignments are indicated by amino acid single-letter code. The relevant assignment
information is given in Table Al of Supplemental Material. Compared to our previous assignment (Esposito et al. 2000) the missing
resonance patterns were identified especially by means of low-resolution spectra, which enabled observing the pattern of P32, P72, P14,
N17, D53, and S61, particularly elusive due to broad line width. A number of novel chemical shift attributions (mainly concerning
diastereotopic pairs) were also obtained.

secondary-structure diagnostic plot from the sequentiabtructure determination

NOE-connectivity data is depicted in Figure 2. In addition

to intraresidue and sequential connectivities, most of théhe collected restraints were analyzed to remove redundant
effort was devoted to the assessment of medium- and longnformation. The refinement process led to 1541 meaningful
range NOEs. From the NOESY spectra obtained J@RIl  interatomic distances, which together with 67 dihedral angle
the interstrand connectivities were assigned and measureggstraints and 22 stereospecific assignments formed the ex-
including those that had escaped our former qualitative clagserimental database for the subsequent restrained modeling.
sification (Esposito et al. 2000), which enabled recognizingThese data are resumed in Table 1, which lists the statistics
the limits and pairing pattern of tfestrands. The latter was of restraint violations and structural parameters that estab-
consistent with the expectgdsandwich motif (Saper et al. lish the definition of the final 20 best structures obtained
1991) formed by two pleated sheets, respectively of 4 (shedtom DYANA and DISCOVER refinement. It is readily

1) and 3 (sheet 2) antiparall@l strands, plus a short con- seen that these quality parameters worsen on submitting
nection strandlike stretch between the two sheets. From thiae DYANA best-conformation family to restrained mo-
NOESY spectra in BO also thecis configuration of Pro 32  |lecular mechanics. The average violation numbers, for in-
could be established, in agreement with the previous NMRstance, increase nearly by one order of magnitude in the
and crystal-structure evidence. DISCOVER-refined ensemble, although similar figures as
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Fig. 2. Summary of the secondary-structure diagnostic NOEs observed from 500'NIED NOESY spectra op2-m. Sequential

and short-range NOE connectivitieSyg, j+13» dungi, j+17» danii, j+130 Qungi, j+21) @re indicated by bars of proportionally different height
indicating the intensity of the various NOEs. Grossly speaking, an extefssteicture could be inferred from this figure, although

the pattern appears somewhat discontinuous and hence different with respect to the analogous plot reported by Okon et al. (1992)
because only the NOE connectivities that could be actually used for modeling are shown (i.e., only those with an overlap <40%).

those obtained from DYANA are reached by shifting the Solution conformation g82-m

violation limits to looser but still meaningful values. The

degradation of the structure-quality parameters, systematiFhe best-fit superposition of the refined-structure family
cally experienced upon refinement of NMR-restrainedobtained from the present NMR study is shown in Figure 3.
structures, is preeminently due to basic geometry and forceAccording to standard secondary structure classification cri-
field-constant differences among the various modeling softteria (Kabsch and Sander 1983), eight strand3 stiructure
ware (Doreleijers et al. 1998), in particular for bond lengths,are identified, namely, within fragments 6-11 (strand 1),
angles, and group planarity constraints. Although such a®3-28 (strand Il), 35-36 and 39-40 (strand Ill), 45-46
outcome has to be considered as the unavoidable consgtrand 1V), 49-51 (strand V), 63—-68 (strand VI), 79-84
quence of current methodology limits, a number of indica-(strand VII), and 91-94 (strand VIII). It is worth noting, at
tors have been recognized to provide a suitable basis fahis point, that thes-strand numbering adopted by Okon et
validation of NMR-based structures (Laskowski et al. 1996;al. (1992) does not coincide with the one given for the low-
Doreleijers et al. 1998). Besides checking the deviations of{Bjorkman et al. 1987) and high-resolution (Saper et al.
the number of restraints per residue and the root-meant991) crystal structures. According to the latter structures,
square (rms) NOE violation from their statistical mean val-B2-m contains only sevep strands. An additional 2-resi-
ues, very stringent parameters are the compliancg-df  duep-strand segment, running approximately perpendicular
distribution with the most favorable region of the Ramach-to strand Ill and beginning the crossover back to the first
andran plot, referred to as Ramachandran quality, and thsheet of thgs-sandwich, was named strand I’ in the crystal
reliability of the backbone and side-chain torsion-angle disstructure but became strand IV in the NMR description. As
tribution expressed a3-factor (Laskowski et al. 1996). The a consequence, the NMR designation of the subsequent
latter is the log-odds score probability, computed from high-strands carried on the numbering shift, that is, strand IV of
resolution X-ray data, of a specific angle distribution within the crystal structure was referred to as strand V and so on.
the final structure family expressed as circular varianceHere we adopt the NMR notation.

(Allen and Johnson 1991) or order parameter (Hyberts et al. Slight variations of the strand limits are observed within
1992). These data are listed in Table 2 and allow one tehe refined conformational ensemble, and the results indi-
conclude that the presented structure matches the currenttyte that strand 1V is definitely missing in several members
accepted validation standards. A more extended documemnf the family (11 out 20); whereas, in most of them strand
tation of the validation parameters is available in the Supplev does not extend beyond residue 51. As a matter of fact,
mental Material. The structure coordinates can be retrievednly 3 structures show residue 55 involved in eithep a
from Brookhaven Protein Data Bank (PDB ID 1JINJ). bridge or a shorg strand comprising the flanking residues.
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Table 1. Structure quality parameters for humg#®2-m from restrained
dynamics (DYANA) and mechanics (DISCOVER) calculations

Parameter DYANA DISCOVER
Number of structures 20 20
Average target functioy1072 nnv) 1.64 £0.20[1.24-1.86] n.a.
Average number of violations
Distance upper limits > 0.02 nm 2.5+1.4[0-5] 30.5+2.9[27-38]
Distance lower limits > 0.02 nm 0.5 0.7 [0-3] 6.1+1.9[3-9]
van der Waals > 0.02 nm 0.7 +0.8[0-3] n.d.
Dihedral angles > 5 deg 0 8.0+1.1[6-10]
Average violation (fall restraints)
Distance upper limits (/I3 nm) 0.009 +0.001 0.026 + 0.001
[0.011-0.010] [0.024-0.028]
Distance lower limits (/10" nm) 0.002 + 0.000 0.006 + 0.001
[0.001-0.003] [0.004-0.008]
Average pairwise RMSD (residues 0—99)
Backbone (/10" nm) 1.24+0.21 1.27+0.21
Heavy atoms (/10" nm) 1.99+0.21 2.17+0.24
Average pairwise RMSD (residues 1-97)
Backbone (/10" nm) 0.83+0.10 0.87+0.11
Heavy atoms (/10" nm) 1.66+0.13 1.74+0.13
Average energy/kJ mol™?) +7290 + 518 -1697 + 84

Minimum and maximum values of the target function, violation numbers, and extents are
given in brackets.

n.a., not applicable.

n.d., not determined.

Overall 1541 meaningful distance restraints were employed (679 intraresidue, 281 sequential,
102 medium-range, and 479 long-range, along with 22 stereospecific assignments (13%), 66
¢, and 1x* dihedral restraints, giving a total of 1608 restraints. Only in one case the analysis
enabled defining a range fg torsion angle that was used as restraint within bounds of + 60°;
whereas, when the stereospecific assignment was defined; twsion restraint was addi-
tionally employed. Rather than using the same experimental evidence also for imgbsing
restraints, we preferred to check the agreement between the expected value range and the final
model to verify the correctness of the diastereotopic identifications without further restraint
bias.

The pairing pattern involves strands I, Il, VI, and V on the solution conformational family presented here. By consid-
one hand and strands Ill, VIl and VIII on the other in the ering the above listed regions of conformational dispersion
B-sandwich motif of the molecule, with the two sheets heldand the data of Table 3, it is seen that our results differ from
together by a disulfide bridge between Cys 25 and Cys 800kon and coworkers’ scheme of secondary structure that, in
The strand limits found in the present NMR-structure de-turn, is close to the X-ray classification. The largest differ-
termination are summarized in Table 3. An increased extentgnce occurs at the C-terminal three-residue moiety of strand
of conformational spreading, reflecting a reduced number o¥ that is largely missing in the conformation family of
NOEs, is observed at segments 0-2 (N terminus), 13-18igure 3. This latter feature, together with the shortening at
(loop between strands | and Il), 47-48 (loop 1V-V), 53-54 strand VI and the structural dispersion at segments 53-54
(strand V), 57-61 (loop V-VI) and 9699 (C terminus). and 57—61, appears consistent with the proposal of a slow
This can be seen in Figure 4, in which the residue local andonformational equilibrium in the region 56—62 f-m
global rms deviation (GUntert et al. 1991) over the 20 final(Okon et al. 1992). Also our evidence, while suggesting a
DYANA structures are depicted (similar features can befairly increased mobility at segment 58-59, confirms the
observed for the DISCOVER-refined structures). occurrence of anomalously broad lines for the flanking resi-
dues (56, 57, 60, and 61) and even for distant but closely
spaced ones (e.g., Pro 32). The implied conformational dy-
namics do not support a stalfesheet pairing at the end of
Some potentially relevant differences are recognized bestrand V and the start of strand VI.

tween the qualitative picture @2-m secondary structure in  The differences between the tertiary structur@®fm in
solution (Okon et al. 1992), its crystal structure, and thesolution and the crystal structure of the protein in the

Comparison with previous structural data
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Table 2. Structure validation parameters for humgz2-m sheet formed by strands | and Il (Fig. 5d). Obviously, over-
conformers from NMR data refinement (DISCOVER) lap to crystal structure is poor also for any other region of
the structural family in solution with significant conforma-
Consensus . . . . L
Parameter This work  standard tional spreading. This is, for instance, the case within seg-

ment 41-48 (Fig. 5¢), where the stretch 47-48 is quite dis-

L?ﬁ'breefg”fosr/] ?c?rlri(;tresd residties 280/83 74 ;"032/‘13;136 persed within the NMR ensemble; whereas, the preceding
Restraints per residgé 10.3 113445 moiety (fragment 41-46) appears much more conformation-
NOE rms violation(/10™* nm)® 0.079 0.061+0.043  ally homogeneous and, in fact, just displaced with respect to
Ramachandran qualify crystal structure. Net displacements, rather than conforma-
Residues in most-favored regions 70.5% 73.6 + 15.5% tional dispersion, are evident also for strand | and the sub-
Residues in additional allowed regions 28.2% n.a. sequent loop with strand Il (Fig. 5d) and for strand VI (Fig.
Residues in generously allowed regions 1.0% n.a. 5a). These deviations may bear relevance to rationalize the
Residues in disallowed regions 0.3% na. amyloidogenic behavior of2-m. In particular, the dis-
Average G-factofy’ placement and/or dispersion of nearly all strands and loops
A -1.13 n.a. of the first sheet, coupled to similar features within segment
§1 ;;‘Iy :é:gi e 41-48 and the splitting of strand 111, should lead to loosen-
overall ~0.98 na ing of the packing observed in the crystal structure. The
overall interaction between the two sheets of fhieand-
n.a., not available. wich should be weakened, though the disulfide bridge still
“From Doreleijers et al. 1998. holds strands Il and VII in their relative positions. The

b According to Doreleijers et al. (1998) the listed parameters, except for the . d t f th tal-struct t
NOE rms violation, were calculated on well-defined segments of the pro-CC'nsrJICLIOUS eparture from the crystal-structure geometry

tein, namely only those residues for which the average of the circulaiof the segment 56—62 (the largest observed segmental dis-
variance of the backbone anglésandys was <0.2 were included in the placement) is certainly linked to the loss of tResheet
selected segments. . .

©To avoid the redundancy of considering upper and lower bounds, only é"rrangement at the C-terminal moiety of strand V and the
single distance bound per internuclear separation was included in the courN-terminal residues of strand VI, though establishing

Thus, only 789 NOE and 67 dihedral angle restraints were included in thgyhether or not the former induces the latter may be mis-
count.

d Referred to the reduced NOE-restraint set above considered from WeIILeadmg The whole region extends out glong the pIane de-
defined segments. fined by strands V and VI rather than kinking toward the

- Referred to all residues. . . . core, as observed in the structure of the complex (Fig. 5a,b).
Low G-factors indicate low-probability conformations (Laskowski et al. . . . . .
1996). As a rule of thumb, acceptable overall values range around -1. This back-kink is even more pronounced in the isolated
bovine B2-m structure (Fig. 5e; Becker and Reeke 1985).
All these structural changes are induced by interaction with
MHC-I complex are highlighted in Figure 5, in which sepa- solvent of specifi32-m surface regions, normally in con-
rate panels show the overall best-fit superposition of thdact with the heavy chain of the histocompatibility antigen
average solution model over the crystal structure (Fig. 5agomplex. The rearrangements should entail separation of
and the details of the overlap in significantly displaced re-contiguous hydrophobic regions (Cheng and Rossky 1998),
gions using the whole collection of the solution ensemblethat is, decrease of tertiary packing. Inspection of MHC-I
(Fig. 5b—d). The overall backbone rms deviation betweerstructure (Saper et al. 1991) shows that strands | and Il and
the crystal and mean solution structure is 0.16 nm. Anythe loop between them are effectively solvent-protected by
comparison is drawn with the X-ray data of MHC-I com- the a; domain of the heavy chain that engages 10 out of its
plex (Saper et al. 1991) because the crystal structure df3 contacts with32-m in this region (the remaining 3 in-
isolated boving32-m (75% sequence identity; Becker and volving the C-terminal dipeptide and a residue side chain of
Reeke 1985) does not exhibit significant differences withstrand VI). Besides the displacement of strand | and the
respect to the structure in the complex except for a displacdellowing loop, the solvent accessibility difference between
ment at the loop between strands V and VI. Figure 5e disHLA-bound and isolate@2-m on removal of the.; domain
plays the superposition of the two-crystal structure and thacreening explains also the loss of the salt bridge between
average-solution model. Concerning the mentioned loopthe side chains of Glu 16 and Lys 19 that can be inferred
the MHCI-bound structure is somehow halfway between thdrom the structure based on NMR restraints. Conversely, the
isolated protein structure in solid and liquid phase (see beether 3 salt bridges observed in the HLA-bous&-m (in-
low). It is readily seen that, in addition to the fraying patternvolving the side chains of pairs Asp 38-Arg 45, Asp 38-Arg
at both termini of the solution structural family, more pro- 81, and Glu 77-Lys 94; Saper et al. 1991) appear conserved
nounced at the C terminus (Fig. 3), the largest changes anih the NMR structure because, already in the complex, the
consequently, rms deviations from crystal structure occur atorresponding locations are unscreened by the heavy chain
segments 56-62 (Fig. 5b) and 41-48 (Fig. 5¢) and for thédetailed information about the assessment of H-bond and
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Fig. 3. Stereoview of the best-fit superposition of the 20 final conformerg®im after DISCOVER refinement (MSI) of the
NMR-restrained ensemble obtained from DYANA(@er et al. 1997). Only backbone atoms are drawn. The backbone global rms
deviations (nm) along specific segments (in parentheses) of the structure ensemble in solution are 0.147 (1-5), 0.053 (6-11), 0.096
(12-22), 0.036 (23-28), 0.091 (56-62), 0.062 (41-44), 0.085 (45-46), and 0.121 (47-48).

salt-bridge occurrences in NMR-based solution structures is b ) h q |
available in Table A4 of Supplemental Material). On the |2P!€ 3. Comparison of the secondary structure elements of
. . ; human2-m from present work and previous NMR and

other hand, the interaction between and o, domains of

. . X-ray data
the heavy chain an@l2-m shields from solvent exposure the
following regions of the latter: the interstrand loops II-llI Residue limits
and V-VI, the final part of strand V and the preceding bulge,

and the N-terminal end of strand VI. Of the 15 contacts of NMR

B2-m with a; and o, domains, 13 occur at the mentioned Strand (sheet) X-ray*? Previous dafa  Present work®
Iocat_ions; yvhergas, the remaining 2 are observed at the N—(l) 6-11 3, 6.12 611
terminal tripeptide segment @2-m (Saper et al. 1991). (1) 230 20-28, 31 23.28
Upon exposing thi2-m interface region, the N-terminal 111 (2) 35-41 36-41 35-36, 39-40
fragment and the loop between strands V and VI diverge oulV (2) 44-45 44-45 45-46
of the plane of loop II-11l to accommodate local solvation at w(ll)) 50‘521_'7505‘56 50%?3'7 i5‘57 Ggfggl
the expense of the _re(_:lprocal contacts that _tlghten up the,, @) 78-84 77-83 79-84
folding of the protein in MHC-I complex (Fig. 5). This vy (2) 91-94 90-95 91-94
rearrangement literally opens one of the apical regions ofurns

B2-m and breaks down the local tertiary packing. In par- 41-44

ticular, the hydrophobic contacts of the crystal structure gZ‘g;

between the side chains of lle 1 and Arg 3 on one hand and

Phe 30 and His 31 on the other are tOIa”y lost in solution. Protein Data Bank record (1HLA) from X-ray structure determination of

as shown by the absence of any long-range NOE amongLA-A2 (Bjorkman et al. 1987; Saper et al. 1991).

those residues. At the same time. the spatial proximity be‘i Secondary structure were defined according to Kabsch and Sander algo-
X : i - ithm (1983).

tween these directly m'_teractlng residues and the |O_0p_ V-vi NMR-based secondary structure identification (Okon et al. 1992).

through the contacts with the same segment alomainis ¢ NMR-restrained solution structure after DISCOVER refinement. Second-

abolished. In the region between strands V and VI, includ2'y structure classification is reported by collecting the information from
ina the | d the flanki id lvation ind th PROCHECK-NMR analysis (Laskowski et al. 1996) over the 20-mem-
Ing the loop an € flanking residues, solvation INauces t@ereq NMR-structure ensemble. Strands I, 11, 111, VI, and VII were univo-

mentioned conformational rearrangement that breaks the l@ally defined within the family (occurrence >50%). Strand IV was present
cal packing and exposes not 0n|y Asp 53 and Lys 58 (a|in 9 out of 20 structures; whereas, strand V was identified in the majority

. . of them (13), though only 7 structures included also residue 49. Likewise,
fead)/ at the. mt.erface in the complex), but ‘?lso Asp 59strand VI encompassed segment 64-68 in 13 models, out of which the
(partially buried in the complex). Charge solvation also oc-limits extended to residue 63 in 6 cases.
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Fig. 4. (A) Local and B) global average rms deviations calculated over the 20 best DYANA conformers according to Gulnter et al.
(1991) for backbone (solid line) or heavy atoms (dashed line).

curs at Arg 3 and Lys 6 (strand I) and Lys 91 (strand VIII), these features survives in isolatpd-m, showing that sol-
all of which were exposed in the complex except in one cas&ation breaks the surface contiguity not only in hydrophobic
(Lys 6) with the screen of a salt bridge &g domain. Here  districts (Cheng and Rossky 1998) but also in hydrophilic
the packing is lost in isolate@2-m because solvation must ones.

not be as effective as the salt bridge required in the complex ) )

to screen a charge embedded onto a hydrophobic surface. |Riplications forB2-m amyloidogenesis

similar loss of packing arising from substitution of solvation From our examination of the deviations of isolatg®-m

for salt bridges is observed at the C-terminal stretch ofrom X-ray geometry, it follows that the loss-of-solvent
B2-m. The local charge cluster flanking the hydrophobicprotection froma,; and a, domains brings about the most
surface at the interface with the heavy chain is held with theemarkable consequences on the structure of the protein.
contribution of two salt bridges connecting thgdomainto  The deviations from crystal geometry of the N-terminal
residues 98 and 99 @2-m. The resulting geometry com- fragment and the loop V-VI (Figs. 3, 5a) are, in fact, crucial
pacts the C-terminal segment on the surface with a backmodifications toward the amyloidogenic transition. Al-
turning arrangement that allows the formation of a H-bondthough the loss of screening duectgdomain is responsible
between the side chains of Arg 97 and Asp 17. None ofor propagating further the deviation from X-ray structure,
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Fig. 5. Comparison between X-ray and solution structure@2im. (A) Overall backbone best-fit superposition of crystal (red) and

mean solution structure (black) over the refined ensemble. The overall backbone rms deviation between the crystal and mean solution
structure is 0.16 nm. The local backbone rms deviations (nm) between X-ray and mean solution structure are 0.212 (1-5), 0.156 (6-11),
0.154 (12-22), 0.092 (23-28), 0.277 (56-62), 0.196 (41-44), 0.180 (45-46), and 0.134 (47-48). Details of the best-fit superposition
of the X-ray (red) and the 20 best-refined (black) structures shovigpipép between strands V and VIC) strand 1V, and D) strand

I and II. (E) Best-fit superposition of the mean solution structure (black) and two available crystal structures, respectively MHC-I-
bound humarg2-m (red) and isolated bovir@2-m (blue). In addition to the displacement of loop V-VI mentioned in text, strand V
appears shifted in boving2-m with respect to human protein structures. However, the bovine sequence exhibits a deletion at position
48, that is, at the start of strand V, which should particularly contribute to the shift of the subsequent fragment.

displacements of both regions on the opposite sides of theially in the presence of chaotropes worse than sodium
loop II-1ll puts the protein in a state in which the balance phosphate, such as ammonium acetate (Esposito et al.
between hydrophobic and hydrophilic forces is very close t&2000). The role of pH and ionic strength @2-m fibrillo-

the edge. As shown previously (Bellotti et al. 1998; Es-genesis has been addressed at length by a recent study
posito et al. 2000), the removal of the N-terminal hexapep{McParland et al. 2000). Based on evidence from different
tide, implying the suppression of the charged Arg 3 and Lysspectroscopic techniques, the investigators conclude that a
6, distinctly facilitates protein aggregation and fibril forma- partially unfolded state of the protein, reached by titration of
tion. The same effects are observed with the full-lengthone or more residues with an apparent overall pK4.7, is
protein upon decreasing the pH, even just below 6, espea key intermediate in fibrillogenesis. The observed, ptay
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reflect the acid-base equilibrium of one or more of the 8 GluAt variance, we find that the 1D NMR spectrum is indeed
or 7 Asp residues of the molecule, although other residueaffected, even at a GUB2-m ratio of 1:10, just for the
with unusually low pK values, such as the buried His 84, aromatic resonances of His 31. By continuing to titrate, it is
cannot be ruled out. Among the other possibilities, the sameeen that already at a ratio 3:10 the His 3-HH** TOCSY
investigators also mention Asp 59 and Glu 74, which, ac-connectivity is totally lost (Fig. 7) due to the fast-exchange
cording to their calculations, should form salt bridges withaveraging of the metal paramagnetic perturbation; whereas,
Arg 3 and Arg 97, respectively (McParland et al. 2000).an attenuation due to a less specific interaction starts to arise
Besides the fact that none of these salt bridges is found ialso for His 13, that is, the next available His residue along
either the crystal structure and the solution conformationastrand I, which has the displacement that starts the transition
family presented here, salt-bridged carboxylates of Asp oto the partially unfolded intermediate. At the same time, no
Glu residues would be expected to shift their_piell be-  effects at all are observed for either His 51 and His 84, also
low 4.7, so the proposal appears obscure if not conflictingat metal protein ratiosl:1 (data not shown). Rather, a slow
Moreover fibril formation with very low yields has been increase of the sample turbidity is seen, which becomes
reported also at physiological pH, although under condiclearly visiblel wk after copper addition. Becaug2-m
tions of very high protein concentration and very low ionic precipitation is the hallmark of its partial unfolding and
strength (Connors et al. 1985; Stoppini et al. 1997). Takeraggregation into insoluble oligomers and®Cpromoteg32-m

all together these results suggest that an interpretation ainfiber formation and amorphous aggregate after a 6-d incuba-
ing at attributing to a single-residue titration a key role fortion (Morgan et al. 2001), our data show thatCreversible

the amyloidogenic transition g§2-m may be misleading. binding to His 31 induces a slow transition that begins with the
Rather, the whole body of evidence seems to confirm ouunpairing of strand | and leads to the amyloidogenic partially
previous proposal (Esposito et al. 2000). In the isolatedinfolded intermediate @§2-m under conditions (temperature,
protein, the hydrophobic versus hydrophilic balance of theprotein concentration, pH, and buffer) that otherwise support
region contacting thex, and o, domains of HLA heavy steady sample stability for several months.

chain is so delicate that altering the overall local charge,

even t_)y tltrat_|on of a §|ngle—r¢3|due S|de_ chain, induces th%onclusions

amyloidogenic transition, which starts with the detachment

of strand | from the first sheet of the molecule. By the endThe present investigation of the solution 3D structure of
of this work a communication appeared (Morgan et al.humanB2-m by*H NMR spectroscopy was performed un-
2001) that strongly supports our interpretation. Based on

electrospray mass spectrometry evidence, the formation of 2

specific complex between Eliand B2-m is reported that

and urea denaturation despite a nativelike conformation ap 4
pears to be retained bg2-m upon Ca@" binding. After
showing that denaturggl2-m binds four metal ions through
the 4 His residues of the sequence (Fig. 6), the authors argt
that C#* binding must probably occur at one or more of the
conserved His residues (His 31 and His 84) that should b H51
essential for the stability of the protein becausé Thind-

ing may affect the stability in a manner similar to His pro-

tonation. The authors further show thatXuinding and

destabilization uniquely promote de novo fiber formation at

37°C and neutral pH. The effects of the specific metal bind-

ing on the protein stability are totally consistent with the

structural picture and the unfolding pathway outlined by this

study. Even before any control, we could anticipate thai

Cu?* binding must have occurred at His 31, which in solu-

tion becomes exposed due to the loss of the interaction

with lle 1 and Arg 3 side chains (Fig. 6) and which is  H31 H84
located just at the top of the loop II-lll, in a region where

any minimal change of the charge status is likely to be fataI:ig' 6. Orientation of the histidine side chains in humgg-m crystal

for the foldi S isinalv. th ication by M structure (MHC-I-bound protein). The insets show the same side chains in
orthe tolding. surprisingly, the communication by viorgan the first 10 members of the solution structure family (black) with the

et al. (2001) also reports that the 1D NMR spectrum Ofcorresponding crystal structure (red), all drawn in frame with the backbone
B2-m is not significantly perturbed by the presence of Cu  best-fit superposition.

H51

H3
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der similar conditions as those used for the determination of
the secondary structure (Okon et al. 1992) and was not L
affected by protein precipitation problems.
A family of B2-m conformers was obtained from re-
strained molecular modeling of the NMR data that was sub-
mitted to refinement. The resulting structures were shown to
comply with the currently accepted standards for NMR
structure validation. By comparing this solution ensemble
with the B2-m crystal structure in the class | histocompat-
ibility antigen complex (Saper et al. 1991), a number of
deviations were observed. The most important rearrange-
ments were found for (1) strands V and VI (loss of the
C-terminal and N-terminal end, respectively), (2) inter-
strand loop V-VI, and (3) strand I, including the N-terminal
segment (both items diverging from the molecular core in A
opposite directions). These last modifications can be hy-
pothesized as the prodromes of the amyloid transition. The
close correspondence between regionspafm solution
structure that deviate from the crystal structure and contacts F2 (ppm)
with the heavy chain in MHC-I structure highlights the role
of solvation in undermining the stability of the isolated pro- -
tein. The unfoldingAG of 32-m, measured from GdnHCI @
H51

70 69

F1 (ppm)

76 75 74 73 72 74

T T T . 1 T l
85 84 83 82 81 80 79

7.0 69

titration at 293 K, 20 mM phosphate at pH 7.3, is 6.6 £ 0.2
Kcal/mole (De Lorenzi et al. 2001), that is, equal to typical
values observed for amyloidogenic proteins overcoming the
folding energy barrier (Hurle et al. 1994). Water exposure
washes out folding free-energy contributions by breaking
the contiguity of the surface hydrophobic patches at the L
interface with HLA heavy chain and the nearby region at
the surface charge cluster of the C-terminal segment. This =
partial unpacking also weakens or destroys a number of ;
hydrogen bonds and intramolecular salt bridge3afm.
Without the contacts with the heavy chain that must H84
stabilize the fold, even minor additional solvation injuries, B
subsequent to net charge variations in response to pH or ‘ ‘ ‘ ‘ ‘
ionic strength changes or also €ubinding, can easily 85 84 83 82 81
compromise the precarious hydrophobic/hydrophilic bal- F2 (ppm)
ance and trigger the transition into a suitable, partially un-
folded intermediate, the very start of the amyloidogenicFig. 7. Aromatic region from*H 2D TOCSY spectrum of 0.71 mM2-m
transformation. Based on both the present analysis and pré-70 mM phosphate buffer, 100 mM NaCl at pH 6.6,-T 310 K, (4) in
vious evidence (ESpOSitO et al. 2000: Monti et al. 2001’the_ absence an@Iin_the_presence_of Ctiat a metal/protein concentratio_n

. . . . ratio of 3:10. C@" titration experiments were performed by successive
pers.. F:Omm')’ this trans_formatlon should begm W_Ith theaddition of 1L aliquots from a 35 mM CuGlsolution. The histidine
unpairing of the N-terminal strand | and evolve into a 2 et cross-peak assignments are indicated. The complete bleaching of
conformation in which also strands Ill, IV, and V are lost the connectivity arising from His 31 in the presence ofCis consistent
or rearranged through intermolecular pairing invo|\/ing with a specific reversible binding of the ion to the imidazole ring of the
most of the former strand V and possibly strand Il prior residue. The extent of resonance attenuation reflects an efficient averaging

t initati Th It ted h ¢ th% the paramagnetic perturbation due to fastCexchange rate, that is,
0 preciprtation. € results presente ere sugges ster than the transverse relaxation rates of His 31 aromatic hydrogens.

further_ informz_;\tion can be gained through_the StrUCtl_Jra|PartiaI attenuation is also observed for the connectivity attributed to His 13,
analysis of suitablgd2-m mutants and work is already in the next available binding site along the partial unfolding pathway;

progress along this line. However, already at this stagevhereas, no effectis detectable for the other two histidine cross-peaks (His
an interesting hot-spot region of the protein has beeﬁl and His 84) and also on increasing the metal ion/protein ratio up to 1:1.

. - . In addition to the imidazole ring connectivities, only thé késonances of
identified that may be addressed for the design of PropPe€lis 31 and His 13 are detectably attenuated by furthér* @ddition (i.e.,

Iigands to St.ab”ize the folding and prevent the amyloido-peyond ion/protein ratio of 0.3), due to spatial proximity of the paramag-
genic transition. netic species binding site.

F1 (ppm)

76 75 74 73 72 741
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Materials and methods bond between His 31 and Pro 32 iria configuration (s5, = 0°),
according to the observed NOE pattern.
Explicit hydrogen bonds were not added in the restraint list
NMR spectroscopy despite that their locations could be inferred from observation of
the expected NOE pattern for regular secondary-structure elements
HumanB2-m with an additional Met at the N-terminus (Met 0) (Withrich 1986). We preferred to check the consistency between
was obtained as previously reported (Esposito et al. 2080). expectation and final model and compare the results with the re-
NMR spectra were collected at 500.13 MHz with a Bruker Avanceported exchange pattern (Okon et al. 1992; Esposito et al. 2000).
500 NMR spectrometer from 0.4 to 0.9 mM aqueous solutions
(H,O/D,0 (90/10) or 100% BRO) with 70 mM phosphate buffer, )
100 mM NaCl at pH 6.6, T= 310 K. A number of 2D TOCSY Structure generation procedures
(Braunschweiler and Ernst 1983), DQF-COSY (Piantini et al.
1982), and NOESY (Jeener et al. 1979) spectra were acquired wi : . ; ;
solvent suppression (Piotto et al. 1992 Hwang and Shaka 1995{estrained molecular dynamics (MD) simulations, performed by
1- to 1.5-sec steady-state recovery time, mixing timg} ¢f 20— sing the program DYANA 1.5 (Guntert et al. 1997).
50 ms for TOCSY and 50-150 ms for NOESY, quadrature DYANA runs were performed according to the default protocol

detection by TPPI (Marion and Wiithrich 1983), or States metho;g)rogimmamd anneg!ing (6000 steps Torsion Ar':gzlj’eSODyne:jmicls,
(States et al. 1982), or gradient-assisted coherence selection (ecHo- conjugate gradients minimization steps) wit randomly
antiecho; Keeler et al. 1994). The spin-lock mixing of the TOCSY Jénerated starting conformations. The 20 best structures of the
experimént was obtained with MLEV17 (Bax and Davis 1985) or DYANA ensemble were submitted to restrained minimization us-
DIPSI-2 (Shaka et al. 1988) pulse trainsy@,/2m = 710 kHz. ing DISCOVER (MSI) with the AMB_ER force field (Weiner et al.
The acquisitions were performed over a spectral width of 7002.801984). Overall, the same calculation procedure and parameters
Hz in both dimensions (or sometimes 8012.820 Hz) with matrix VE'® employed as described elsewhere (Esposr[o_et al. 1996). In
array size of 20483072 points inand 400-600 points iy and both DYANA and DISCOVER treatments, the restraintign was

32-128 scans/ FID. Reduced acquisition times were selected to handled indirectly, that is, through the violations of the intervening

observe fast-relaxing spin systems (e.g., some prolines). Data pr(Ejstances because it is in-built in the prolyl configuration (Pro 32).

cessing and analysis were performed using Felix (Molecular Simuf 0" this reason, it is excluded from the restraint count and any

lation, MSI) software with shifted (60-90 degrees) square sinebel arameters thereof (e.g., statistical quality indicators; see below).
apodization and 9th-order polynomial baseline correction for! "€ duality of the final structures was assayed by means of the

NOESY data. All spectra were referenced on the L2BiCreso- software AQUA and PROCHECK-NMR (Laskowski et al. 1996).

_ : . Il structures were visualized within the INSIGHTII framework
nance at ~0.58 ppm as previously reported (Esposito et al. 2000 MSI; Dayringer et al. 1986 and MOLMOL (Koradi et al. 1996).

Il the available experimental information was used as input for

Collection of the experimental restraints from Supp|ementa| material in the electronic appendix

NMR data . . :
H NMR chemical shift (Table A1)J,,n.. COupling constants

eak vol(TabIe A2), NOE count distribution histograms (Fig. A1) from
B2-m NMR data are given, along with additional structure quality
cross-peaks from Trp 95 (B-H®2, H**—H®, H"%-H?) as cali- parameters for the final DYANA conformers and their DIS-

: OVER refinement from restrained modeling (Table A3) and
brant. Because of the compactness of the structure (judged fro e X :
the spread and number oprOEs), only calibrant céjnngctivitieﬁom validation assessment (Figs. A2, A3) and the list of H-bonds

from a rigid location of the protein were employed. The effects ofand salt bridges (Table Ad).
local mobility (side chains of exposed residues) were assumed to
fall within the restraint allowance (x20%). Whenever recognizableA
cross-peak overlap exceeded 40%, the corresponding connectivi-

ties were considered only as a qualitative proximity indicationThis work was supported by MIUR (PRIN “Folding e misfolding
(=0.50 nm). Standard pseudoatom corrections were appliedelle proteine” and COFIN 2000 MM05221899) and Ministero
(Withrich et al. 1983). In addition to internuclear distances, NMR gg|la Sanita (Ricerca finalizzata sulla malattia di Alzheimer,

Qata were also employed to extract dihedral angle restra_ints a”@‘ZOALZOO/Ol). The help of Dr. A. Makek is gratefully acknowl-
infer hydrogen-bond occurrence. Most of thé'-HH* coupling edged.

constants forp torsion angle restraints were evaluated from the  The publication costs of this article were defrayed in part by
measurement of the corresponding TOCSY cross-peak line widthayment of page charges.This article must therefore be hereby

at half height Qvs2) as proposed by Wang et al. (1997). This marked “advertisement” in accordance with 18 USC section 1734
method appears robust only if the backbone motional regime of thgpjely to indicate this fact.

protein under investigation is homogeneous, as indeed was the

case with32-m. For about 10% the ¥+-H* cross-peaks, with peak

separations well above the upper limit of the amide-coupling conReferences

stant, the theoretical maximum of 10.1 Hz was imposed, corre-

sponding top = —-120 (Wang and Bax 1996). An allowance of Allen, F.H. and J_ohnson, O. 1991: Automat.ed conformqtio_nal _analysis from
+30 was introduced for eaah angle included in the restraint list. gﬂjgﬁféfgtf%ﬁ;fsfﬁf?g:\Qf;-aé'it'ggl descriptors for a distribution of torsion
Additional qualitative J-coupling determinations fgom_ DQF- 5. A and Davis, D.G. 1985. MLEV-17 based two dimensional homonuclear
CO_SY pattern Were_ _perfor_med for a numb_er ot pairs to magnetization transfer spectroscopgy Magn. Reson65: 355-360.

achieve stereospecific assignments (Esposito et al. 1987). An a@ecker, J.W. and Reeke Jr., G.N. 1985. Three-dimensional structup@-of
ditional dihedral angle restraint was imposed to force the peptide microglobulin.Proc. Nat. Acad. Sci82: 4225-4229.

Internuclear distances were quantified from the cross-p
umes of several NOESY spectra with = 100 ms using some

cknowledgments

498 Protein Science, vol. 11



B2-m structure and amyloid transition

Bellotti, V., Stoppini, M., Mangione, P., Sunde, M., Robinson, C.V., Asti, L., Keeler, J., Clowes, R.T., Davis, A.L., and Laue, E.D. 1994. Pulsed field gra-
Brancaccio, D., and Ferri, G. 19982-microglobulin can be refolded into dients: Theory and practicéleth. Enzymol239: 145-207.
a native state from ex vivo amyloid fibril€ur. J. Biochem258: 61-67. Koradi, R., Billeter, M., and Withrich, K. 1996. MOLMOL: A program for
Bjorkman, P.J., Saper, M.A., Samaroui, B., Bennet, W.S., Strominger, J.L., and display and analysis of macromolecular structureMol. Graphics14:
Wiley, D.C. 1987. Structure of the human class | histocompatibility antigen, 51-55.

HLA-A2. Nature 329: 506-512. Laskowski, R.A., Rullmann, J.A.C., MacArthur, M.W., Kaptein, R., and Thorn-
Braunschweiler, L. and Ernst, R.R. 1983. Coherence transfer by isotropic mix-  ton, J.M. 1996. AQUA and PROCHECK-NMR: Programs for checking the
ing: Application to proton correlation spectroscogy.Magn. Reson53: quality of protein structures solved by NMB. Biomol. NMR8: 477-486.
521-528. Linke, R.P., Hampl, H., Bartel-Schwarze, S., and Eulitz, M. 198Z-micro-
Capeiller-Blandin, C., Delaveau, T., and Descamps-Latscha, B. 1991. Structural  gjopulin, different fragments and polymers thereof in synovial amyloid in
mod|f|_cat|ons of humag2-microglobulin treated with oxygen-derived radi- long-term hemodialysisBiol. Chem. Hoppe Seyl&68:137—144.
calsBiochem. J277: 175-182. __Linke, R.P., Hampl, H., Lobeck, H., Ritz, E., Bommer, J., Waldherr, R., and

Cheng, Y.K. and Rossky, P.J. 1998. Surface topography dependence of biomo- g it; M. 1989. Lysine-specific cleavage p2-microglobulin in amyloid
lecular hydrophobic hydratioNature 392: 696—-699. deposits associated with haemodialy$igney Int.36: 675-681.

Chiti, F., Mangione, P., Andreola, A., Giorgetti, S., Stefani, M., Dobson, C.M. : e - i :
P V) ] Y P o ' ’ Marion, D. and Wiithrich, K. 1983. Application of phase sensitive two-dimen-
BeIIo_ttl, V - and T_addel, N. 2001. Detectl_on of two paf“a!'y structured sional correlated spectroscopy (COSY) for measurements of proton—proton
species in the folding process of the amyloidogenic prag@inmicroglobu- spin—spin coupling constants in proteiBsochem. Biophys. Res. Commun.
lin. J. Mol. Biol. 307: 379-391 113: 967-974

Connors, L.H., Shirahama, T., Skinner, M., Fenves, A., and Cohen, A.S. 198?/R:Parlz;1nd V.J .Kad N.M.. Kalverda. AP. Brown. A. Kirwin-Jones. P

In vitro formation of amyloid fibrils from intac2-microglobulinBiochem. Hunter, M.G., Sunde, M.. and Radford, S.E. 2000 Partially unfolded states

Biophys. Res. Commufh31: 1063—-1068. ) ) ; e .
Dayringer),l H.E., Tramontano, A., Sprang, S.R., and Fletterick, R.J. 1986. In- g;s[SSZ—Er;yeroglobulm and amyloid formation in vitroBiochemistry 39:

teractive program for visualization and modelling of proteins, nucleic acids_ . . . . A
prog gorp Miyata, T., Oda, O., linagi, R., lida, Y., Araki, N., Yamada, N., Horiuchi, S.,

d Il moleculesl. Mol. Graphics6: 82-87.
anc sma’ molecue Ol 2raphics Taniguchi, N., Maeda, K., and Kinoshita, T. 1982-microglobulin modi-

De Lorenzi, E., Grossi, S., Massolini, G., Giorgetti, S., Mangione, P., Andreola, fied with advanced glycation end products is a major component of hae
A., Chiti, F., Bellotti, V., and Caccial , G. 2001. Capill lectropho- M - ' ; ;
” erom and acciaanza apliary electropno modialysis-associated amyloidosik.Clin. Invest.92: 1243-1252.

resis investigation of a partially unfolded conformationg®-microglobu- . ] .
lin. Electophoresigin press). Morgan, C.J., Gelfand, M., Atreya, C., and Miranker, A.D. 2001 Kidney dialy-

Doreleijers, J.F., Rullmann, J.A.C., and Kaptein, R. 1998. Quality assessment of sis-associated amyloidosis: A molecular role for copper in fiber formation

NMR structures: A statistical survey. Mol. Biol. 281: 149-164. Mol. Biol. 309: 339-345. )

Esposito, G., Carver, J.A., Boyd, J., and Campbell, 1.D. 1987. High resolutionOkon, M., Bray, P., and Vucelic, D. 1992. 1H NMR assignments and secondary
'H NMR study of the solution structure of alamethicBiochemistry26: structure of humarg2-microglobulin in solutionBiochemistry31: 8906—
1043-1050. 8915.

Esposito, G., Fogolari, F., Damante, G., Formisano, S., Tell, G., Leonardi, A.Piantini, U., Sgrensen, O.W., and Ernst, R.R. 1982. Multiple quantum filters for
Di Lauro, R., and Viglino, P. 1996. Analysis of the solution structure of the elucidating NMR coupling networksl. Am. Chem. Sod.04: 6800-6801.
homeodomain of rat thyroid transcription factor 1#+NMR spectroscopy ~ Piotto, M., Saudek, V., and Sklenar, V. 1992. Gradient-tailored excitation for
and restrained molecular mechaniEsir. J. Biochem241: 101-113. single-quantum NMR spectroscopy of aqueous solution&iomol. NMR

Esposito, G., Michelutti, R., Verdone, G., Viglino, P., Hernandez, H., Robon- 2: 661-665.
son, C.V., Amoresano, A., Dal Piaz, F., Monti, M., Pucci, P., Mangione, P., Saper, M.A., Bjorkman, P.J., and Wiley, D.C. 1991. Refined structure of the
Stoppini, M., Merlini, G., Ferri, G., and Bellotti, V. 2000. Removal of the human histocompatibility antigen HLA-A2 at 2.6 A resolutidgnMol. Biol.
N-terminal hexapeptide from humgsR-microglobulin facilitates protein 219: 277-319.
aggregation and fibril formatiorProtein Sci.9: 831-845. Shaka, A.J., Lee, C.J., and Pines, A. 1988. Iterative schemes for bilinear op-

Gejyo, F., Yamada, T., Odani, S., Nakagawa, Y., Arakawa, M., Kunitomo, T.,  erators: Application to spin decoupling. Magn. Reson77: 274—293.
Kataoka, H., Suzuki, M., Hirasawa, Y., Shirahama, T., Cohen, A.S., andstates, D.J., Haberkorn, R.A., and Ruben, D.J. 1982. A two-dimensional nuclear

Schmid, K. 1985. A new form of amyloid protein associated with hemodi-  Qverhauser experiment with pure absorption phase in four quadiants.
alysis was identified a@2-microglobulin.Biochem. Biophys. Res. Commun. Magn. Reson48: 286—292.
129: 701-706. Stoppini, M., Bellotti, V., Mangione, P., Merlini, G., and Ferri, G. 1997 Use of

Guntert, P., Braun, W., and Wiithrich, K. 1991. Efficient computation of three- 55> microglobulin mAb to study formation of amyloid fibril€ur. J.
dimensional protein structure in solution from nuclear magnetic resonance  gjochem.249: 21-26.
data using the program DIANA and supporting programs CALIBA, HA- Sunde, M., Serpell, L.C., Bartlam, M., Fraser, P.E., Pepys, M.B., and Blake,
_BAS and GLOMSA.J. Mol. Biol. 217: 517-530. ) ) C.C.F. 1997. Common core structure of amyloid fibrils by sinchrotron X-
Gilintert, P., Mumenthaler, C., and Withrich, K. 1997. Torsion angle dynamics ray diffraction. J. Mol. Biol. 273: 729-739
for NMR structure calculation with the new program DYANA.Mol. Biol. Wang, A.C. and I.Se{x A .1996. Deierminatio.n of the backbone dihedral angles
273: 283-298. 9. AL X, £\ ' ; e ! ang
Hurle, M.R., Helms, L.R., Li, L., Chan, W., and Wetzel, R. 1994. A role for anqne?ucr:nha:anmubé%lgltiré'frzciln;:;egjgimetnzed empirical Karplus equations.
destabilizing amino acid replacement in light-chain amyloiddaiec. Natl. T e ’ . .
Wang, Y., Nip, A.M., and Wishart, D.S. 1997. A simple method to quantita-

Acad. Sci91: 5446-5450. . - .
Hwang, T.L. and Shaka, A.J. 1995. Water suppression that works. Excitation ~UVEly measure polypeptide,,,, coupling constants from TOCSY or
NOESY spectral. Biomol. NMR10: 373-382.

sculpting using arbitrary waveforms and pulsed field gradiehtsMag. . ] .

Reson112: 275-279. Weiner, S.J., Kollman, P.A., Case, D.A., Singh, U.C., Ghio, C., Alagona, G.,
Hyberts, S.G., Goldberg, M.S., Havel, T.F., and Wagner, G. 1992. The solution ~ Profeta Jr., S., and Weiner, P. 1984. A new force field for molecular me-

structure of eglin ¢ based on measurements of many NOE and coupling ghamcal simulation of nucleic acids and proteidsAm. Chem. Sod.06:

constantsProtein Sci.1: 736—751. 65-784.
Jeener, J., Meier, B.H., Bachmann, P., and Ernst, R.R. 1979. Investigation d#/thrich, K. 1986.NMR spectroscopy of proteins and nucleic acidéley &
exchange processes by two-dimensional NMR spectrosdo@hem. Phys. Sons, NY.
71: 286—-292. Wiithrich, K., Billeter, M., and Braun, W. 1983. Pseudo-structures for the 20
Kabsh, W. and Sander, C. 1983. Dictionary of protein secondary structure: common amino acids for use in studies of protein conformations by mea-
Pattern recognition of hydrogen-bonded and geometrical featBiegol- surements of intramolecular proton—proton distance constraints with nuclear
ymers22: 2577-2637. magnetic resonanck Mol. Biol. 169: 949-961.

www.proteinscience.org 499



